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Metallothermic, especially magnesiothermic, solid-state reactions have been widely applied to synthesize various materials. How-

ever, further investigations regarding the use of this method for composite syntheses are needed because of the high reactivity of

magnesium. Herein, we report an in situ magnesiothermic reduction to synthesize a composite of Ge@C as an anode material for

lithium-ion batteries. The obtained electrode delivered a specific capacity of 454.2 mAh-g~! after 200 cycles at a specific current of

1000 mA-g~!. The stable electrochemical performance and good rate performance of the electrode (432.3 mAh-g~! at a specific cur-

rent of 5000 mA-g~!) are attributed to the enhancement in distribution and chemical contact between Ge nanoparticles and the

biomass-based carbon matrix. A comparison with other synthesis routes has been conducted to demonstrate the effectiveness of

contact formation during in situ synthesis.

Introduction
The significantly increasing energy consumption leads to the
exhaustion of fossil fuel sources such as coal, oil, and natural

gas. Additionally, there are various negative environmental

consequences of using fossil fuel energy, such as water pollu-

tion, increasing emissions of greenhouse gases, and air pollu-

tion [1]. Therefore, research regarding eco-friendly and ren

cew-
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able energy resources has emerged [2]. One of the best alterna-
tives to fossil fuels are solar and wind energy [3]. However,
high-power, high-energy, and long-lasting energy storage
systems are necessary to utilize these energy resources effec-
tively [4]. Moreover, to reduce greenhouse gas emissions,
various governments have committed themselves to develop
strategies for increasing the number of electric vehicles (EVs)
[5,6]. The most important component of EVs are suitable
energy storage systems, the further development of which will
be key to a more widespread use of this kind of transportation

[7].

Commercialized first by Sony company, lithium-ion batteries
(LIBs) and related systems have become the most popular
energy storage systems, with applications from mobile devices
to EVs and grid-scale storage [8,9]. However, the low specific
theoretical capacity of graphite limits the energy density of the
commercial LIBs [10-13]. Germanium, as a lithium alloying
material, is a possible alternative for graphite electrodes due to
its high theoretical capacity of 1623 mAh-g~! (four times higher
than that of graphite) and good rate performance due to high
electronic (2.1 Sm7L, 1 x 10% times higher than that of silicon)
and ionic (6.51 x 10712 cm2.s7!, 400 times higher than Si at
room temperature) conductivity [14]. However, electrodes
based on alloying suffer from deterioration during repeated
lithiation/delithiation because of the large variation in volume.
Despite the lower volume change ratio compared to Si (370%
for Ge and 400% for Si) and the structural robustness, for exam-
ple, a higher resistance to pulverization than Si, the durability of
Ge-based anode is not sufficient for practical applications [14].
To overcome this limitation, nanoscale control and composite

design are two effective strategies [15-19].

In addition to various Ge preparation routes, such as sputtering
deposition [20], wet-chemical reduction [21,22], thermal reduc-
tion [23], colloidal synthesis [24], and molten-salt synthesis
[25], metallothermic, especially magnesiothermic reduction, has
been widely applied in the synthesis of group-IV elements to
control the nanostructures of the obtained products because of
its simplicity in operation and the applicability for pseudomor-
phic transformations [26-28]. For instance, in our previous
study, a magnesiothermic reaction was applied for the reduc-
tion of GeO; to Ge nanoparticles [29]. In addition to improving
the cycling performance of Ge-based anodes, a carbon matrix is
the most popular choice to disperse nanoparticles, avoiding
their aggregation and reducing the internal stress induced by
volume variation, because of its flexible structure and high
conductivity [30-32]. In our recent study, the combination of Ge
nanoparticles and a carbon matrix using a hydrothermal route
has been reported, and the enhancement in the electrochemical

performance of Ge@C electrodes was demonstrated [33]. In
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this work, a one-pot synthesis route has been followed to
prepare a Ge@C composite using an in situ magnesiothermic
reduction of GeO, and biomass-derived carbon as precursor. A
series of experiments using other methods to combine Ge and
biomass carbon was also conducted for comparison. The in situ
synthesized electrode exhibits superior electrochemical perfor-
mance in lithium storage. This is attributed to a better contact

between the components obtained via this route.

Results and Discussion

Physicochemical characterization

The synthesis of Ge/C-iM750 (see Experimental section for
sample denominations) was carried out through a one-pot in situ
generation of Ge nanoparticles in the presence of a carbon
matrix. In this synthesis route, the newly formed nanoparticles
are deposited uniformly inside the carbon matrix, which is
favorable for the formation of good chemical contacts between
the components. The magnesiothermic reduction of GeO; to
form Ge is given in Equation 1. Accordingly, the stoichio-
metric molar ratio of Mg and GeO, should be 2:1. However, in
the previous report [29], up to a molar ratio of 2.5, the GeO,
phase still remained. Therefore, in this work, Mg and GeO,
powders were mixed at a mass ratio of 5:4 (approximately a
molar ratio of 3.5:1) to ascertain the formation of the pure Ge
phase. The XRD patterns of pure Ge, biomass-derived acti-
vated carbon, and as-synthesized Ge@C composites are shown
in Figure la. The pattern of Ge pattern exhibits reflections at
20 = 27.3°,45.3°, 53.7°, 66.0°, and 72.8°, corresponding to the
(111), (220), (311), (400), and (331) crystal planes of cubic Ge
(space group Fd—3m, JCPDS card No. 04-0545). There is no
observable signal related to the GeO, precursor. The XRD
pattern of the BC-800 carbon material exhibits a diffraction
signal at 20 = 26.3° attributed to the (002) plane of disordered
graphite-like carbon. The peaks at 206 = 28.1° and 44.0° corre-
spond to the (104) and (100) planes of the hexagonal structure
in graphite [34,35]. However, the intensity of the diffraction
peaks in the XRD pattern of BC-800 is mostly weak, which in-
dicates the poor graphitic structure with small crystallite sizes
of biomass carbon [36]. In the Ge@C composite sample, signals
related to the Ge phase are observable, while those of the car-
bon phase do not appear. There are no significant differences
between the XRD patterns of pure Ge and the composites,
which implies that the presence of carbon does not alter the
structure of Ge.

2Mg +GeO, —252MgO + Ge (1)

Chemical bonds and the carbon phases in the composites were

determined using FTIR spectroscopy, as shown in Figure 1b.

752



Beilstein J. Nanotechnol. 2023, 14, 751-761.

a T T T T T T T b T
Ge/C-SS750
Lo ] 00
¥ I ¥ f - f -
l Ge/C-HT180
—_ N T n T n : T — —~ 80
= ' 1 ' 1 ' 1 ' 5
i Ge/C-iM750 p
> l | . > :
T ¥ I } I } } - = |
§ Ge § 60 :
.E 1 1 I 1 l n l L 1 A .E :
mm— PDF#04-0545 Ge '
[ 1 . 40 :
T T T T T T T !
BC-800 O-H c=0/c=C C-0
N 1 " 1 N 1 20 " 1 " 1 " 1 N
20 40 60 80 4000 3000 2000 1000
o -1
. 6000 20 (V) - . - wav?number (cml )
L | 1400 |- ™ Ge |
& - o Jlo Ge/C-iM750
5000 - gl 2or 8 g Ge/C-HT180 ]
o 1000 |- 5’ Ge/C-SS750
i S - o F—— BC-800 ]
4000 - Wro | o 2 .
- ) ] o
5 i 600 - & 8 o o i
s T 00 | s g’
>300F & [ 2 .
- S 3 200 - N
5. [ % ok -
£2000F 3 § Lt 1 .
— ' 0 200 400 600 1200 1400 1600 1800
- o ° J
= g
1000 - l j g 3 i
a O]
ok Z ; AN - ’-M_—;——__——_—:
0 500 1500 2000

Raman shift (cm'1)

Figure 1: (a) XRD patterns, (b) FTIR spectra, and (c) Raman spectra of pure Ge, Ge/C-iM750, Ge/C-HT180, Ge/C-SS750, and BC-800 (see Experi-

mental section for sample denominations).

The FTIR spectra of pure Ge consist of two broad bands in the
wavenumber ranges of 500-600 and 800-1000 cm™!. The
former band corresponds to the bending modes, and the latter
band is attributed to the stretching modes of Ge—O—Ge bonds
[37] from the oxidized outer layer of the Ge nanoparticles. The
FTIR spectrum of BC-800 exhibits absorption bands at ca.
3500, 1400-1600, and 10001300 cm™!. The band in the high-
wavenumber region is ascribed to the vibration of hydroxy O-H
bonds [38]. The medium-wavenumber signals are assigned to
the stretching motions of C=0 and C=C groups. The remaining
band are stretching vibrations of alkoxy C-O or aromatic bonds
[39].

Further analysis of the structure of pure Ge, biomass-derived
carbon, and chemical contact between Ge and carbon matrix in

the composites was conducted using Raman spectra. As shown

in Figure 1c, the Raman spectrum of pure Ge exhibits a signal
at 83 cm™!, attributed to the transverse acoustic phonon mode,
and two peaks at 127 and 169 cm™! ascribed, respectively, to
the longitudinal acoustic and longitudinal optic phonon modes
of Ge-Ge bonds [40,41]. The sharp peak at 296 cm™! and a

low-intensity band around 550 cm™!

are assigned to the first-
order and second-order transverse optic phonon modes of crys-
talline Ge [41-43]. Moreover, the broadband detected at
449 cm™! corresponds to the customary Raman-active motion
of a-GeO, [44]. The presence of characteristic signals in the
Ge@C composite is similar to that of the samples prepared
through other direct coupling methods (Ge/C-HT180 and Ge/C-
SS750), except for the emergence of two bands at 1354 and
1608 cm™!, D band and G band, respectively, which signify
disordered and graphitic phases of carbon-based materials
[45,46]. The difference in Raman signals between Ge/C-iM750
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and pure Ge is more notable. New peaks appear at 252, 264,
438 and 509 cm‘l, indicating further in situ surface oxidation of
newly formed Ge and functional groups containing oxygen on

the carbon material [47].

The intensity ratio of the Ge-Ge (ca. 300 cm™!) and Ge-O
(ca. 440 cm™h) signals can be used to assess the thickness of the
oxide layer [48]. The Ige_o/IGe_Ge ratio shows a significant
increase from 0.134 (pure Ge) to 1.68 (Ge/C-iM750). The ratio
of Ge/C-SS750 is Ige_o/lGe—Ge = 0.721, which may be ex-
plained by the fact that oxygen-containing functional groups of
biomass carbon induce the oxidation of Ge [47]. However, the
lower ratio observed in Ge/C-SS750 suggests a less tight con-
tact between Ge and carbon matrix than in Ge/C-iM750. In ad-
dition, the emergence of a new signal at 208 cm™! and the de-
creased intensity of the transverse optic mode of crystalline Ge
suggest the development of a novel Ge-C bond, akin to what
has been observed in earlier studies on Ge—Sn and Ge—graphene
[49,50]. Upon closer inspection of the Raman spectra between
1200 and 1800 cm™., it can be observed that the Ipy/I intensity
ratio increases from .79 for BC-800 to 1.07 for Ge/C-iM750.
This indicates that the graphite structure has undergone defor-
mation, resulting in a highly disordered carbon matrix. Such a
transformation is anticipated to enhance the conductivity and to
increase the number of active sites for binding lithium ions
[51,52]. These results demonstrate the enhanced contact be-
tween the in situ formed Ge and the carbon matrix, which
promotes conductivity, accommodates volume variation, and
ultimately improves the electrochemical performance of the ma-
terial.

Beilstein J. Nanotechnol. 2023, 14, 751-761.

The morphology of the materials was observed using FE-SEM
and HR-TEM. As shown in Figure 2a, the spherical Ge nano-
particles are quite uniform, with dimensions of several nanome-
ters. In Figure 2b, the composite Ge/C-iM750 combines Ge
nanoparticles with porous activated carbon. The texture of
Ge@C composites was observed using TEM. According to
Figure 2d—f, the Ge nanoparticles in Ge/C-iM750 are well
dispersed in the porous carbon matrix, while they seem to be
aggregated on the carbon surface in Ge/C-HT180 or unevenly
distributed in Ge/C-SS750.

Electrochemical characterization

The electrochemical behavior during lithiation/delithiation of
Ge and Ge@C electrodes was investigated using CV curves. As
shown in Figure 3a, the first cathodic process of the Ge elec-
trode yielded a reduction peak at 0.17 V vs Li/Li* and a broad
band from 1.0 to 0.6 V vs Li/Li*. The lower-potential peak with
stronger intensity can be attributed to the lithiation of Ge to
form Li,Ge alloys with various compositions such as Li;Ge,,
LigGey, and Liy»Ge, [53-55]. The remaining shoulder can be
ascribed to the decomposition of the electrolyte and the forma-
tion of solid—electrolyte interface (SEI) layers [55,56]. In the
following cycles, the signal of the SEI layer formation at a
potentials of 0.3 V vs Li/Li* remains, demonstrating the contin-
uous loss of lithium in this irreversible process. This is consis-
tent with the fact that the alloying electrodes suffer from
damages caused by the volume variation during lithiation/
delithiation, leading to the continuous exposure of new active
material and electrolyte [57,58]. In the first anodic process, the
peaks at 0.30 and 0.56 V vs Li/Li* correspond to the dealloying

Figure 2: SEM images of (a) Ge and (b) Ge/C-iM750; TEM images of (c) Ge, (d) Ge/C-iIM750, (e) Ge/C-HT180, and (f) Ge/C-SS750.
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Figure 3: CV measurements of (a) pure Ge, (b) Ge/C-iM750, (c) Ge/C-HT180, and (d) Ge/C-SS750 electrodes.

reaction of Li,Ge alloys. This multistep delithiation correlates
to the stepwise alloying observed by the splitting of cathodic
peaks in the following cycles. Compared to the signals in the
first cycle, the subsequent cycles yield broad and low-intensity
peaks caused by the electrochemical milling of the active
material, leading to reduced size and amorphous structures
[59,60].

For the Ge@C electrodes, the first cathodic peaks in the poten-
tial range of 0.5-1.5 V vs Li/Li*, are assigned to the formation
of the SEI layer. They mostly disappear in the subsequent
cycles, which demonstrates the buffering role of the carbon
matrix in accommodating volume variation and stabilizing the
SEI layer [61]. Besides the peak at 0.2 V vs Li/Li* in the first

cycle, corresponding to the alloying of lithium ions, a new

signal was observed at 0.1 V vs Li/Li*, ascribed to the intercala-
tion of the carbon structure [55]. In the following cycles, multi-
step alloying processes of Ge appear in the range of 0.1-0.8 V
vs Li/Li*. In the anodic process, the deintercalation of lithium
ions from carbon (0.1 V vs Li/Li*) and from Li,Ge alloys
(0.3-0.6 V vs Li/Li*) is similar in all three Ge@C electrodes.
However, the CV curve of Ge/C-iM750 exhibits the highest
repeatability. This demonstrates the high stability and revers-
ibility during lithiation/delithiation of this electrode, which
could be explained by the better chemical contact between two
components, as previously discussed. Noticeably, compared to
the Ge component, the reversibly electrochemical signals of
carbon (0.1 V for carbon and 0.56 V for Ge) are much lower.
This partly indicates that the contribution of the carbon matrix

to the total capacity of the electrode is negligible.
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The galvanostatic cycling with potential limitation (GCPL)
profiles of all electrodes in the first three cycles are shown in
Figure 4. The first discharge curve of the Ge electrode consists
of two plateaus at 0.20 and 0.40 V vs Li/Li", corresponding to
the alloying of Li and Ge and the formation of the SEI layer. In
the first charge process, the plateau at 0.52 V vs Li/Li* is attri-
buted to the dealloying of Li,Ge. The long plateau from 0.65 to
0.25 V vs Li/Li* illustrates the continuous irreversible SEI for-
mation in the subsequent cycles. Meanwhile, the signal of SEI
formation (plateau at 0.75 V vs Li/Li*) in the first cycle
vanished in the next discharge, consistent with the CV observa-
tions. Compared to the pure Ge electrode, the Ge@C electrodes
exhibit lower specific discharge capacity and Coulombic effi-

ciency (CE) values in the first cycle. As summarized in Table 1,

Beilstein J. Nanotechnol. 2023, 14, 751-761.

the pure Ge electrode delivers specific discharge/charge capaci-
ties of 601.7/430.1 mAh-g~!, corresponding to a value of the
first CE of 71.5%, while the values of Ge/C-HT180 and Ge/C-
SS750 are 795.6/307.7 and 946.7/441.2 mAh-g~!, with values
of the first CE of 38.7% and 46.6%, respectively. The increase
in the first specific discharge capacities and the decrease in the
initial CE values of Ge@C electrodes can be attributed to the
large contribution of the irreversible SEI formation because of
the large surface area of biomass-derived activated carbon [62-
64], which is electrochemically inactive, as observed in the CV
results.

The first discharge/charge capacities of the Ge/C-iM-750 elec-
trode are 1008.5/791.7 mAh-g~!, accounting for value of the
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Figure 4: GCPL profiles for the three first cycles of (a) pure Ge, (b) Ge/C-iM750, (c) Ge/C-HT180, and (d) Ge/C-SS750 electrodes.
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Table 1: Summarized results of the electrochemical performance of all electrodes (the specific current was 100 mA-g~" for the first five cycles and

1000 mA-g~" for the subsequent cycles).

Electrode First specific discharge First Coulombic efficiency Specific discharge capacity at the Retention at
capacity (mAh-g~1) (%) 200th cycle (mAh-g~1) 200th cycle (%)
Ge 601.7 71.5 74.8 41.7
Ge/C-iM750 1008.5 78.5 454.2 95.2
Ge/C-HT180 795.6 38.8 168.3 86.2
Ge/C-SS750 946.7 46.6 204.8 90.2

first CE of 78.5%. The improved initial CE of Ge/C-iM750
could be attributed to the effect of the in situ magnesiothermic
reduction on the carbon structure, as observed in Raman results,
as well as the enhanced chemical contact between Ge and car-
bon matrix. In the subsequent cycles, the CE of all samples in-
creases and reaches approximately 100%, demonstrating the
good reversibility of these electrodes. Nevertheless, the slower
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increase in CE of Ge in the first few cycles is indicative of the
unstable SEI of this electrode.

The specific capacity values as function of the number of cycles
are shown in Figure 5a. After increasing the specific current to
1000 mA-g~!, the Ge electrode exhibits a rapid capacity fading
to 74.8 mAh-g~!, with a retention of 41.7% (compared to the
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Figure 5: (a) Cycling, (b) rate performance, (c) Nyquist plots of pure Ge, Ge/C-iM750, Ge/C-HT180, and Ge/C-SS750 electrodes, and (d) fit results of
the real part of the impedance (2, Q) as a function of the angular frequency to the power of —0.5 (w95, s-0-5),
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sixth cycle) after 200 cycles. This is explained by the break-
down of Ge particles during continuous lithiation/delithiation,
which causes high structural stress and leads to the loss of elec-
trical contact between active material and the current collector.
The Ge@C electrodes, after a short period of fading after the
change of specific current, deliver a stable specific capacity for
almost 200 cycles with retention values of 90.2, 86.2, and
95.2% for Ge/C-SS750, Ge/C-HT180, and Ge/C-iM750, respec-
tively. This observation demonstrates that the presence of a car-
bon matrix is useful in stabilizing the electrode by alleviating
the stress caused by volume change. Amongst the composites,
the electrochemical performance increases in the order of Ge/C-
HT180 < Ge/C-SSS750 < Ge/C-iM750. The origin of this
improvement is the better chemical contact between Ge and the
carbon matrix. The Raman results indicate that this chemical
contact is enhanced by the high-temperature treatment, which is
in agreement with the improved behavior of Ge/C-SSS750 com-
pared to Ge/C-HT180. In addition, the in situ synthesis induces
an improved contact between Ge and the carbon matrix, leading
to enhanced electronic and ionic conductivity, which was
further analyzed using rate performance and EIS results.
Figure 5b shows the rate performance of the Ge@C electrodes
at different specific currents. The common phenomenon of
capacity reduction at increasing specific currents is observed
in all electrodes. However, the higher specific capacity
(432.3 mAh-g™1) of Ge@C-iM750 indicates an improvement in
the kinetics of lithium storage reactions, even under the harshest
condition of 5000 mA-g~L.

The Nyquist plots of all electrodes (Figure 5¢) contain a semi-
circle in the high-to-medium frequency range and a sloping tail
in the low-frequency region. The former component is charac-
teristic of charge transfer resistance, while the latter presents the
diffusion of ions in the solid phase. Compared to the pure Ge
electrode, the diameters of the semicircle are smaller in the
Ge@C electrodes because of the higher electrical conductivity
of the additional carbon matrix, indicating the decrease in
charge transfer resistance of the composite electrodes. The EIS
results were fitted using an equivalent circuit model, including
an internal or electrolyte resistance (R,), a charge transfer resis-
tance (Ry), and two constant phase elements (CPE) [65]. Ac-

Table 2: Impedance parameters obtained from EIS fitting.

Electrode Re (Q) Rt (Q)
Ge 7.3 1023.7
Ge/C-iM750 10.4 221.4
Ge/C-HT180 5.2 335.2
Ge/C-SS750 6.8 267.1

Beilstein J. Nanotechnol. 2023, 14, 751-761.

cording to Table 2, the charge transfer resistances of all Ge@C
electrodes are much lower than the values of the pure Ge elec-
trode, and Ge/C-iM750 exhibits the lowest value. The ionic
conductivity was evaluated using the lithium-ion diffusion coef-
ficient (DLi ) using the following equation:

RT?

Lit Sy PR A2 )

in which, R (8.314 J-mol"1.K™!) is the molar gas constant, T
(289.15 K) is the temperature, A (cm?) is the effective surface
area of the electrodes, n is the number of electrons related to the
redox reaction, F (96485 C-mol~}) is the Faraday constant, C
(mol-cm™3) is the lithium concentration, and o (Q-s~0-) is the
Warburg coefficient derived from the linear fit of the real part
of the impedance (Z', Q) as a function of the angular frequency

to the power of —0.5 (0705, 5705,

Z=R,+R,+c - > 3)

As shown in Table 2, the DLi+ value of Ge/C-iM750 is
2.37 x 10710 ¢m2.s7!, 17.7 times higher than that of pure Ge.
Therefore, the presence of the carbon matrix, especially in the
in situ synthesized composite, plays a key role by not only
accommodating the volume variation but also significantly im-

proving the electrical and ionic conductivity of the electrode.

Conclusion

In this work, one-pot in situ synthesis of Ge@C composites
using magnesiothermic reduction was reported. Structural char-
acterization indicates a good binding between Ge and carbon
matrix after the in situ synthesis, which alleviates the structural
stress induced by volume change and increases the conduction
of electrons and ions in the composite electrodes. These obser-
vations are supported by the superior electrochemical perfor-
mance of the Ge/C-iM750 electrode with a specific capacity of
454.2 mAh-g=! after 200 cycles at a specific current of
1000 mA-g~!, which accounted for a retention of 95.2%, and an
acceptable rate capacity of 432.3 mAh-g~! at a higher specific

0 (Q-s709) D+ (em?s™)
932.1 1.34 x 1017
2225 2.37 x 10-16
646.3 2.79 x 10-17
439.8 6.03 x 1017
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current of 5000 mA-g~!. Other composites were also prepared
using hydrothermal and direct solid-state coupling. However,
these routes did not provide such a good chemical contact be-
tween the components, as demonstrated by their low specific
capacity and poor rate performance.

Experimental

Chemicals

The chemicals, including germanium oxide (GeO,) (99.99%)
from Sigma-Aldrich and hydrochloric acid (HCI) (35-37%),
magnesium powder (Mg) (99.95%), ethanol (C,HsOH)
(99.5%), and potassium hydroxide (KOH) (85%) from Xilong,
China, were used without further purification. Banana peels

were collected from Binh Dinh province, Vietnam.

Fabrication of activated carbon from banana

peel

A procedure similar to our previous work [33] has been used to
prepare carbon materials from banana peels. An appropriate
amount of banana peels was dried at 80 °C overnight in a
vacuum oven and ground into small pieces, then placed in a
ceramic crucible and heated to 800 °C for 5 h under argon gas
flow with a heating rate of 10 °C-min~!. The obtained solid was
washed with potassium hydroxide solution (KOH 20%) at
70 °C for 2 h, then leached with 2 M HCI at 70 °C for 15 h and
washed several times with de-ionized (DI) water, before being
dried in a vacuum oven at 110 °C for 12 h. The product was
further heated under air at 300 °C for 3 h. The activated carbon
was obtained after washing with 2 M HCL and DI water. It was
dried under vacuum and denoted as BC-800.

In situ fabrication of Ge/C-iM750 composite
material

A mixture of germanium dioxide, magnesium, and activated
carbon at a mass ratio of 5:4:10, was ground well and trans-
ferred into a ceramic crucible. The solid was heated to 750 °C
under Ar gas flow for 3 h. The obtained powder was rinsed with
1 M HCI to remove by-products. The sample, obtained after
rinsing with DI water and drying at 70 °C for 12 h, was denoted
as Ge/C-iM750.

An analogous route to our previous work [29] without adding
activated carbon was applied to synthesize pure germanium
(denoted as Ge).

Hydrothermal coupling to synthesize Ge/C-
HT180 composite

The hydrothermal synthesis was carried out according to our
previous work [33]. Ge and BC-800 at a mass ratio of 2:5 (ap-
proximate to that estimated from the Ge/C-750 precursor) were

added to a mixture of ethanol and DI water at a ratio of 1:1

Beilstein J. Nanotechnol. 2023, 14, 751-761.

(v/v). The dispersion was well stirred in a Teflon beaker, trans-
ferred into an autoclave, and held at 180 °C for 12 h. After cool-
ing to room temperature, the solid was collected and rinsed with
DI water to neutral pH. The dried solid was denoted as Ge/C-
HT180.

Solid-state reaction coupling to synthesize
Ge/C-SS750 composite

Relevant amounts of Ge and BC-800 at a mass ratio of 2:5 were
well ground and transferred to a ceramic crucible. The mixture
was heated at 750 °C in argon gas flow for 3 h. The obtained
solid was re-ground and denoted as Ge/C-SS750.

Material characterization

X-ray diffraction measurements (XRD, Bruker D8 Advance
with Cu Ka radiation (A = 1.5406 10%) at 40 kV and 40 mA) were
carried out for structural and phase information. Infrared (IR,
Shimadzu IR Affinity-1S) and Raman (LabRAM HR evolution
confocal Raman microscope) spectra were measured for bond
analysis. Field-emission scanning electron microscopy (FE-
SEM, Hitachi S-4800) and high-resolution transmission elec-
tron microscopy (HR-TEM, JEOL JEM-2100F) were con-
ducted for morphology and particle size investigation.

A well-blended mixture of active material, conductive carbon
C65, and polyvinylidene fluoride (PVDF) binder with a mass
ratio of 75:15:10 in N-methyl-2-pyrrolidone solvent was used
for fabricating the working electrodes. The obtained slurry was
cast onto copper foil using an automatic film coater and
dried in a vacuum oven at 80 °C for 10 h. Discs (diameter of
12 mm with a mass loading of the active material of around
1.2 mg-cm™2) punched from the film were used as a working
electrodes. CR2032 coin cells, in half-cell configuration, were
assembled in an argon-filled glovebox (MB 20 G, MBRAUN),
with oxygen content and moisture below 1.0 ppm. A disc-
shaped lithium metal foil was used as counter electrode, and a
glassy carbon fiber pad soaked in 1 M electrolyte of LiPFg in
ethylene carbonate/dimethyl carbonate/diethyl carbonate (1:1:1,
v/v) with 5% of fluoroethylene carbonate (by mass) was used as

separator.

Galvanostatic cycling with potential limitation (GCPL) was per-
formed on a LAND battery testing system CT-2001A in a
potential window of 0.1-3.0 V vs Li/Li* at specific currents of
100 mA-g~! for the initial five cycles and 1000 mAh-g~! for the
following cycles. The rate performance was measured under the
same conditions with different specific currents from 100 to
5000 mA-g~!. Cyclic voltammetry (CV) was carried out in the
above potential window at a scan rate of 0.1 mV-s™! on a
Biologic-MPG?2 instrument. Electrochemical impedance spec-

troscopy (EIS) was carried out at the open-circuit voltage of the
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assembled cells after 6 h of resting on a Biologic VSP3 poten-
tiostat. A sinusoidal signal with an amplitude of 10.0 mV and a
frequency varying exponentially from 10 mHz to 100 kHz was

used.
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Abstract

We present the in situ synthesis of silver nanoparticles (AgNPs) through ionotropic gelation utilizing the biodegradable saccharides

lactose (Lac) and alginate (Alg). The lactose reduced silver ions to form AgNPs. The crystallite structure of the nanocomposite
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AgNPs@Lac/Alg, with a mean size of 4-6 nm, was confirmed by analytical techniques. The nanocomposite exhibited high catalyt-

ic performance in degrading the pollutants methyl orange and rhodamine B. The antibacterial activity of the nanocomposite is

pH-dependent, related to the alterations in surface properties of the nanocomposite at different pH values. At pH 6, the nanocom-

posite demonstrated the highest antibacterial activity. These findings suggest that this nanocomposite has the potential to be tailored

for specific applications in environmental and medicinal treatments, making it a highly promising material.

Introduction

Silver nanoparticles (AgNPs) have raised significant interest for
their wide range of applications in biomedicine [1,2], treatment
of wastewater [3,4], and catalysis [5,6]. The utilization of eco-
friendly sources, such as plant extracts [7,8], fungi [9,10], and
bacteria [11], for synthesizing AgNPs is an important topic in
the field of nanotechnology. However, AgNPs synthesized in
that way have a number of drawbacks such as high cost and low
stability. Typically, AgNPs are loaded onto polymers/compos-
ites in order to enhance their performance in usage [4,10,12].
Among polymers, polysaccharides have shown significant
improvement in stabilization because of the hydroxy groups in
the sugar molecules of the polysaccharide chain, which can
form strong associations with AgNPs [13-15]. Previous studies
have reported that metallic nanoparticles can be easily incorpo-
rated into polysaccharides by an in situ reduction process that
requires no additional chemicals [16,17]. This technique using
polysaccharides such as alginate [18] or chitosan [19] in
conjunction with reducing agents enhanced cost efficiency and

reduced the amounts of impurities or toxic compounds.

AgNPs are widely used as antibacterial agents. One of the
advantages of AgNPs over bulk metal or salts is their ability to
controllably release silver as ions or particles, resulting in
prolonged protection against bacteria [20]. While the specific
mechanism of their antibacterial properties is not fully under-
stood, mechanisms such as release of silver ions or electrostatic
interaction between AgNPs and microbial cells, have been pro-
posed [21,22]. The AgNPs might release silver ions capable of
binding to nucleic acids, thereby, exhibiting antibacterial activi-
ty [23,24]. Consequently, any silver-containing composite ma-
terial with antibacterial properties can serve as a source of silver
ions. Another mechanism involves the electrostatic attraction
between negatively charged microbial cells and positively
charged AgNPs [25]. Because of their affinity to sulfur proteins
and through electrostatic attraction, silver ions can bind to both
cytoplasm and cell wall, leading to increased permeability and,
eventually, disruption of the bacterial cell wall [26]. This
disruption can deactivate respiratory enzymes, resulting in the
generation of reactive oxygen species [27] and the inhibition of
adenosine triphosphate release [26]. The antibacterial proper-
ties of AgNPs can be influenced by factors such as size, pH
value, and ionic strength of the medium [28-31]. Extensive

research has been dedicated to control the size and shape of

AgNPs through the application of various capping agents. In ad-
dition to their antimicrobial properties, AgNPs are also valu-
able catalysts for the removal of environmental contaminants in
aqueous solutions. The high surface-to-volume ratio of AgNPs
provides many active sites, thereby, enhancing their catalytic
activity [32]. The catalytic activity of AgNPs is also influenced
by the morphology and the use of capping agents [33]. The effi-
ciency of the catalyst can be improved by studying different
carrier materials [34,35]. Interface factors, including morpholo-
gy and capping agents, play a significant role in the catalytic ac-
tivity of AgNPs. The ionotropic gelation mechanism has been
recently employed to create nanocomposites using saccharides,
such as alginate, cyclodextrin, and lactose. This method allows
for the loading of metallic ions onto the nanocomposite, fol-
lowed by their reduction to nanoparticles [36,37]. The nano-
composite matrix can release silver in appropriate environ-
ments, exhibiting pH-dependent antibacterial activity [38].

In this study, we prepared a nanocomposite, Lac/Alg, to stabi-
lize AgNPs without any additives, utilizing lactose as a
reducing agent. The resulting nanocomposite AgNPs@Lac/Alg
was used for the catalytic degradation of toxic dyes and investi-
gated regarding its pH-dependent antibacterial activity.

Results and Discussion
Synthesis of AgNPs@Lac/Alg

Our recent work has demonstrated the successful synthesis of
AgNPs using a two-step process involving loading and reduc-
tion, resulting in nanocomposites composed of alginate and
cyclodextrins [36,38]. In the first step, silver ions were loaded
onto the nanocomposite [37,39], followed by reduction using
plant extract [36,38]. In the present work, we have developed an
in situ synthesis method for AgNPs using an alginate compos-
ite with lactose as reducing sugar. This method involves the use
of lactose as a negatively charged compound that disrupts the
cross-linking between CaZ* ions and COO™ groups of sugar
molecules in the alginate chains, leading to the formation of

soluble nanoparticles (Figure 1).

To obtain the nanocomposite AgNPs@Lac/Alg, Ag*@Lac/Alg
was reduced through a heating process, without the use of addi-
tional additives. The formation of AgNPs was confirmed by a

change in the color of the colloidal solution. To find the optimal
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Figure 1: Schematic illustration for route study on AgNPs@Lac/Alg.

reaction conditions, the synthesis of the nanocomposite was
carried out while varying the reaction conditions, such as tem-
perature, reaction time, and ratio of Ag* to blank composite.
Subsequently, AgNPs@Lac/Alg was characterized using
various analytical techniques and applied for the catalytic deg-
radation of contaminants and in bacterial activity assays.
Absorption spectra were analyzed to monitor changes in physi-
cochemical properties at the maximum peak region of surface
plasmon resonance (SPR) of the AgNPs, which falls in the
range of 400—450 nm.

The synthesis of stable AgNPs was performed at solution tem-
peratures ranging from 30 to 90 °C. The results are shown in
Figure 2A and Figure 2B. Below 70 °C, the SPR peak in the
UV-vis spectra disappeared, indicating that no AgNPs were
formed at lower solution temperatures. Increasing the reaction
temperature resulted in a high concentration of AgNPs in the
colloidal solution, with the highest intensity observed at a tem-
perature of 90 °C. However, the increase in temperature did not
significantly affect the morphology of the formed AgNPs, as
evidenced by the absence of any notable change in A, values.

To investigate the influence of the reaction time, the gel
Ag*@Lac/Alg was heated at a solution temperature of 90 °C
and the UV-vis spectra were measured every 20 min. As seen
in Figure 2C and Figure 2D, the formation of AgNPs in the
colloidal solution was significantly influenced by the reaction
time. The SPR band of AgNPs was not clearly observed within
the initial 60 min, indicating a slow formation of the nanocom-

posite. However, after this period, AgNPs were rapidly pro-
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duced, leading to a substantial increase in the absorbance values
up to 140 min. Throughout the synthesis process, the Anax
values showed a slight increase, which confirms the critical role
of reaction time in the synthesis of stable nanocomposites.

To assess the impact of silver ion concentration, ratios of silver
ions to gel in the range of 0.1-0.7 (w/w) were optimized at
90 °C and 140 min. As shown in Figure 2E and Figure 2F, the
concentration of silver ions strongly influenced the formation of
AgNPs. A clear absorption peak was not observed at a ratio of
0.1 (w/w), indicating no formation of AgNPs. However, the
increase in silver ions resulted in an increase in the absorbance
value in the UV-vis spectra. Minor changes in A, values were
noted from the absorption data, indicating a slight influence of
the silver-ion-to-nanocomposite ratio on the physicochemical
properties of the synthesized AgNPs. Considering these
findings, two ratios of silver ions to Lac/Alg, namely 0.3
(AgNPs@Lac/Alg-0.3) and 0.7 (AgNPs@Lac/Alg-0.7), were
selected for further physicochemical characterizations.

Physicochemical characterizations

The stability and size of the nanocomposites in the colloidal
solution were evaluated through zeta potential and DLS mea-
surements at a temperature of 25 °C. The results are presented
in Figure 3, demonstrating that all the synthesized nanocompos-
ites were stable. The zeta potential values of AgNPs@Lac/Alg-
0.3 and AgNPs@Lac/Alg-0.7 were —61.6 mV and —41.0 mV,
respectively. These values were lower than that of the blank
Lac/Alg nanocomposite (—102.7 mV) [37]. The decrease in zeta
potential suggests that the presence of AgNPs reduced the nega-
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Figure 2: UV-vis spectra of AQNPs@Lac/Alg (left) and plots of absorbance and wavelength (Amax) data (right) recorded as a function of temperature
(A and B), reaction time (C and D) and the ratio of silver ion to blank Lac/Alg (E and F).
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Figure 3: Zeta potentials (A) and size distribution obtained from DLS measurements (B) of AgNPs@Lac/Alg with different amount of AgNPs.
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tive charge of the nanocomposites, resulting in a decrease in
their stability. The DLS data indicated that both nanocompos-
ites exhibited wide size distributions ranging from 40-150 nm,
with mean sizes of 73.9 £ 19.2 nm and 80.2 + 24.1 nm for
AgNPs@Lac/Alg-0.3 and AgNPs@Lac/Alg-0.7, respectively.
These findings are consistent with a previous study on the syn-
thesis of gold nanoparticles using this nanocomposite [37].

Figure 4 presents the FTIR spectra of the AgNPs@Lac/Alg
nanocomposites. Both spectra exhibit similar signals, including
broad band at around 3400 and 2900 cm™, attributed, respec-
tively, to the —OH and —CH stretching vibrations of the sugar
units of polysaccharides [40]. Furthermore, single peaks at 1600
and 1436 cm™! are observed, corresponding to the symmetric
and asymmetric stretching vibrations of COO™ groups, respec-
tively [41]. Additionally, the peaks at 1034 and 826 cm™! are at-
tributed to the stretching vibration of C-OH groups and the
bending vibration of —CH groups [42]. Based on these data, it
can be inferred that the primary components of the nanocom-

posites are polysaccharides.

To determine the crystalline structure of the nanocomposites,
powder XRD patterns are evaluated and displayed in Figure 4B.
Both nanocomposites exhibit feature peaks of AgNPs crystals at
20 angles of about 38°, 44°, 64°, and 77°, indicating, respective-
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ly, the (111), (200), (220), and (311) planes of face-centered
cubic silver (card number 00-004-0783). The XRD pattern of
AgNPs@Lac/Alg-0.7 exhibits more intensive peaks compared
to AgNPs@Lac/Alg-0.3, likely because of the different contents
of AgNPs in the samples. The calculated XRD parameters
are shown in Supporting Information File 1, Table S1. Using
the Scherrer equation, the crystallite sizes of AgNPs in the
nanocomposites were estimated to be 17.3 £ 2.7 nm for
AgNPs@Lac/Alg-0.3 and 14.8 £ 2.5 nm for AgNPs@Lac/Alg-
0.7. The mean lattice parameter and the cell volume of AgNPs
in AgNPs@Lac/Alg-0.3 were determined to be 4.09 + 0.02 A
and 68.5 = 1.0 A3, respectively, while those of AgNPs@Lac/
Alg-0.7 were 4.09 + 0.2 A and 68.4 + 0.8 A3, respectively [43].
Thus, the XRD data provide evidence for the presence of

AgNPs in the nanocomposites.

To evaluate the thermal properties of the AgNPs@Lac/Alg
nanocomposites, TGA and DSC measurements were performed
on both the blank composite and the nanocomposites in an air
flow of 20 mL/min at a heating rate of 10 °C/min. The TGA
curve of AgNPs@Lac/Alg closely resembles that of the blank
composite. Between 37 and 200 °C, the nanocomposite
AgNPs@Lac/Alg-0.3 exhibited a significantly higher thermal
loss (28%) compared to the other compounds (ca. 10%), which
can be attributed to the presence of hydrate and volatile compo-
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Figure 4: FTIR spectra (A) of AgNPs@Lac/Alg-0.3 (a) and AgNPs@Lac/Alg-0.7 (b); XRD patterns (B) of card number 00-004-0783 (a), AgNPs@Lac/
Alg-0.3 (b), and AgNPs@Lac/Alg-0.7 (c); TGA (C) and DSC (D) curves of the different nanocomposites (the colors are the same as in panel (C)).
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nents. In the range of 200-800 °C, the binding between the algi-
nate chain and the AgNPs significantly stabilized the weight
loss of Lac/Alg [37]. The weight losses of AgNPs@Lac/Alg-0.3
and AgNPs@Lac/Alg-0.7 were approximately 52 and 48%, re-
spectively, while the blank nanocomposite underwent a weight
loss of about 68%. The presence of similar quality of ashes
remaining after the heating process confirms the presence of in-
organic components in the nanocomposites that are comparable

to those in the blank nanocomposite.

DSC analysis revealed weakly exothermic peaks in the range of
150-300 °C, corresponding to the oxidation of organic compo-
nents in the nanocomposites. The temperature peak for the
blank sample was found at 248 °C, while for the nanocompos-
ites AgNPs@Lac/Alg-0.3 and AgNPs@Lac/Alg-0.7, the peaks
occurred at 187 and 183 °C, respectively. These results suggest
that the nanocomposites should be used in temperature regions
below 200 °C.

TEM images and size distributions of AgNPs@Lac/Alg are
displayed in Figure 5. The TEM images demonstrate the pres-
ence of uniformly shaped spherical AgNPs. The size distribu-
tion analysis of AgNPs@Lac/Alg-0.3 and AgNPs@Lac/Alg-0.7
indicates that the highest frequency for AgNPs@Lac/Alg-0.3 is
at 6 nm while for AgNPs@Lac/Alg-0.7, it is at 4 nm, with sizes
ranging from 2 to 8 nm. The results show the similarity in phys-
icochemical properties of the AgNPs@Lac/Alg nanocompos-
ites. Thus, AgNPs@Lac/Alg-0.7 was selected for assessment of
its catalytic and antibacterial properties in this study.

Beilstein J. Nanotechnol. 2023, 14, 781-792.

Catalytic degradation of contaminants

Toxic organic dyes pose a serious threat to the environment,
and their non-biodegradability in aqueous media has led to the
consideration of various methods for their treatment [44,45]. In
recent years, catalytic degradation using oxidizing and reducing
agents such as HyO, and NaBH, has been frequently reported
[46-48]. Plasmonic nanoscale metal particles have demon-
strated enhanced catalytic performance in conjunction with
NaBHy. The surface of the nanoscale metal particles served as
an absorbent of dyes and BH,~ ions. Subsequently, an electron
transfer process occurs from BH,~ (electron donor) to the dyes
(electron acceptor) (Figure 6). As a result, the catalytic efficacy
of metal NPs is significantly influenced by factors such as the
surface characteristics and concentration of nanocatalyst, which
directly impact the binding/adsorption capability of the reactant
and the release/desorption of the reaction products [49]. This
study aims to investigate the catalytic activity of the nanocom-
posite AgNPs@Lac/Alg for the degradation of two toxic dyes,
methyl orange (MO) and rhodamine B (RhB), using various

doses of the nanocomposite.

The degradation of toxic dyes using a nanocomposite catalyst
was monitored in situ by measuring UV-vis absorption at
ambient temperature, with the concentration changing in a time-
dependent manner. The effectiveness of the reactions is con-
firmed by discoloration of the pollutant solution and a reduc-
tion in absorbance values in the UV-vis spectra. In a separate
study [45], it was shown that the dyes degraded weakly in the
absence of a catalyst. As seen in Figure 7 and Figure 8, the
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Figure 5: TEM images at different magnifications and particle size distributions of AgNPs@Lac/Alg-0.3 (A, B and C) and AgNPs@Lac/Alg-0.7 (D, E

and F).
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Figure 6: Proposed mechanism of AgNPs@Lac/Alg catalysis in reduction of methyl orange and rhodamine B using NaBHy4.
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constants (E) for the catalytic degradation of rhodamine B.

reduction of MO and RhB is achieved using different doses of
the AgNPs@Lac/Alg solution (1.0-3.0 pg/mL), resulting in the
reduction of the absorption peaks at 467 and 553 nm, respec-
tively. The reaction rate increases with the catalyst dose as evi-
denced by a decrease in the reaction time. For instance, the
degradation of MO at a dose of the colloidal solution of
1.0 pg/mL was completed in 8 min, while it took only 6 min in
the presence of 2.0 pg/mL and 3.0 ug/mL of the nano-
catalyst. The addition of the nanocatalyst also facilitated the
degradation of RhB, with complete reaction times of 12 min for
1.0 pg/mL and 6 min for 2.0 ug/mL and 3.0 pg/mL of the
nanocatalyst.

For the reaction kinetics, the plots of In(Ay/A) values versus
reaction time show good linear correlation with high determina-
tion coefficients for the degradation of the organic dyes, indicat-
ing a pseudo-first-order reaction (Figure 7E and Figure 8E).
Furthermore, the calculated rate constants increase with higher
concentrations of the nanocatalyst. Specifically, the rate con-
stant for MO degradation increases from 7.31 x 1073 s™! (R? =
0.94) for 1.0 pg/mL of AgNPs@Lac/Alg to 14.07 x 1073 s~!
(R%=0.97) for 3.0 pg/mL of AgNPs@Lac/Alg. For RhB degra-
dation, the calculated values at 1.0 pg/mL, 2.0 pg/mL, and
3.0 ug/mL of AgNPs@Lac/Alg are 6.41 x 1073 s71 (RZ = 0.96),
21.05 x 1073 s (R? = 0.98), and 21.98 x 1073 s™! (R? = 0.89),
respectively. The rate constants of AgNPs@Lac/Alg are found

to be higher than the values of metal NPs loaded on alginate-
based nanocomposites used in the solid state [36-38]. These
results suggest that amount and carrier property of the metal
NPs play a significant role in the catalytic degradation of
organic dyes.

Antibacterial activity

The effectiveness of AgNPs@Lac/Alg in inhibiting the growth
of bacteria was tested on the two microbial strains S. aureus
(Gram-positive) and S. typhi (Gram-negative) using the disk
diffusion method at different pH values. To establish the bioac-
tivity of the nanocomposite, antibacterial assays were also con-
ducted in media with different pH values without the nanocom-
posite. These resulted in no bioactivity against either of the
strains, indicating that the observed bioactivity was due to the
nanocomposite alone (Supporting Information File 1, Figure
S1). Inhibition images and inhibition zone plots of
AgNPs@Lac/Alg at different pH values are presented in
Figure 9. The results show that the antibacterial activity of the
nanocomposite is pH-dependent, and the ability to inhibit
bacterial growth can be attributed to the leaching of silver (ions
or nanoparticles) from the nanocomposite into the medium.
The nanocomposite exhibited the highest antibacterial activity
at weakly acidic and basic pH values, with the highest
inhibition zone diameters recorded at pH 6 against S. aureus
(10.8 £ 0.57 mm) and S. typhi (9.3 £ 1.34 mm). In contrast, the
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Figure 9: Antibacterial activity of AQNPs@Lac/Alg tested with various pH (4—12) against S. aureus (A, B and C) and S. typhi (D, E and F) and inhibi-

tion zone diameters as functions of the pH value (G).

nanocomposite showed no inhibition in highly basic media (pH
11 and 12) because of the aggregation of nanoparticles, which
hindered the leaching of silver into the medium. The antibacte-
rial effectiveness of the nanocomposite varied among the bacte-
rial strains and pH values, which may be related to the antibac-
terial mechanism of AgNPs and the cell wall and membrane
structure of each bacterial strain [50]. These findings suggest
that the antibacterial activity of the nanocomposite could be
tailored to specific pharmaceutical applications, such as drug
delivery, by adjusting the release medium.

To investigate the pH-dependent antibacterial effectiveness,
zeta potential and morphology of the nanocomposite were ex-
amined at pH 4, 6, and 12, as shown in Figure 10. The zeta
potentials of the nanocomposite were —23.3, —=27.5, and
—13.3 mV at pH 4, 6, and 12, respectively, indicating that the
stability of the nanocomposite was low in highly acidic and
basic media, leading to the aggregation of nanoparticles. TEM
images demonstrated significant variations in the morphology
of the nanocomposite in different media. At pH 4, AgNPs
aggregated to form larger particles compared to those formed at
pH 6. In contrast, at pH 12, the nanocomposite was disrupted,
leading to the aggregation of gel and a reduced interaction be-
tween AgNPs and the bacterial cell wall. This accounts for the
low activity of the nanocomposite in highly basic media.

Conclusion

A lactose/alginate nanocomposite was successfully employed
for the in situ synthesis of AgNPs. This study presents a novel
polysaccharide-based nanocomposite with a straightforward
synthesis approach. The AgNPs@Lac/Alg synthesized under
optimal conditions had an average size in the range of 4-6 nm.
Remarkable catalytic performance was demonstrated regarding
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Figure 10: Zeta potential (A) and TEM images of the nanocomposite
solutions at pH 4 (B and C), pH 6 (D and E) and pH 12 (F and G).
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the degradation of two contaminants. The antibacterial activity
of the nanocomposite was found to be pH-dependent, which can
be attributed to the varying surface properties of silver nanopar-
ticles. The highest bioactivity was observed at pH 6. These find-
ings suggest that the nanocomposite may be customized for spe-
cific applications in environmental and medicinal treatments,
making it a promising material.

Experimental

Materials

The following chemicals and reagents were purchased from
Acros (Belgium): silver nitrate (AgNO3), methyl orange (MO),
rhodamine B (RhB), calcium acetate hydrate, sodium alginate,
and sodium tetrahydroborate (NaBH,4). Lactose was obtained
from Yong Da (China). The chemicals were used without addi-
tional purification. Distilled water was utilized throughout the

experiments.

Synthesis of AgNPs@Lac/Alg

The AgNPs@Lac/Alg composite was produced by in situ
reduction of silver ions to form AgNPs with the aid of the Lac/
Alg nanocomposite. The Lac/Alg nanocomposite was synthe-
sized using an ionic gelation method as previously reported
[37]. Briefly, an aqueous solution of calcium acetate (14.36 mL;
6.5 mg-mL™!) was slowly added dropwise into an aqueous solu-
tion of sodium alginate (40 mL; 7 mg-mL~!) under stirring for
1 h at 1200 rpm. The mixture was allowed to equilibrate
overnight. Subsequently, the Alg/Ca2* spheres were separated
by centrifugation at 3000 rpm for 10 min and washed three
times with distilled water (20 mL each) to remove impurities.
Next, an aqueous solution of lactose (16.06 mL, 1.5 mg-mL’l)
was added to the Alg/CaZ* spheres and stirred for 1 h at
1200 rpm. To ensure the formation of a stable gel, the Lac/Alg
gel solution was ultrasonically treated for 30 min and left to
reach equilibrium overnight. After purification, the resulting
gel was freeze-dried at =80 °C for 24 h using an EYELA
FDU-2110 (Japan) instrument. Next, an aqueous solution of
AgNOj3 (15 mL) with different concentrations in the range of
7.9-55.6 ug-mL~! was mixed with 3 mL of an aqueous solution
containing Lac/Alg nanocomposite (4.37 mg-mL~!) and stirred
for 1 h. The mixture was heated, and the formation of AgNPs
was confirmed by a change in color of the mixture. The
influence of the reaction parameters, namely temperature
(30-90 °C), reaction time (0—180 min), and weight ratio of
silver to Lac/Alg composite (0.1:1 to 0.7:1 (w/w)), was scruti-
nized using UV-vis measurements (UV-5100, Shanghai Metash
Intruments Co. Ltd) in the range of 350-600 nm. For investigat-
ing the influence of temperature, a ratio of silver to Lac/Alg
composite of 0.6:1 was used for a reaction time of 120 min. The
influence of the reaction time was investigated with a ratio of

silver to Lac/Alg composite of 0.6:1 and a solution temperature

Beilstein J. Nanotechnol. 2023, 14, 781-792.

of 90 °C. The optimal ratio of silver to Lac/Alg composite was
determined in reactions at 90 °C for 120 min. The AgNPs@Lac/
Alg nanocomposite was then centrifuged and washed with
distilled water. The purified nanocomposite was stored at 4 °C

for further experiments.

Characterizations of AgNPs@Lac/Alg
nanocomposite

The size distribution and stability of the nanocomposites were
determined using dynamic light scattering (DLS) and zeta
potential measurements, which were measured on a nanoPar-
tica Horiba SZ-100 (Japan). Fourier-transform infrared (FTIR)
spectra were obtained using a Bruker Tensor 27 FTIR spec-
trophotometer (Germany). X-ray diffraction (XRD) patterns
were collected using a Bruker D8 Advance X-ray diffrac-
tometer. The morphology of the nanocomposites was investigat-
ed using transmission electron microscopy (TEM) with a JEOL
JEM-1400 instrument. Thermal analysis, including thermo-
gravimetry analysis (TGA) and differential scanning calorime-
try (DSC), was conducted using a LabSys Evo 1600 thermal
analyzer (SETARAM, France) under atmospheric conditions
from 25 to 800 °C with a heating rate of 10 °C/min.

Catalytic activity for degradation of
contaminants

Catalytic activity of the synthetic nanocomposite was evaluated
through the degradation of pollutants (MO and RhB) in the
presence of excess amounts of NaBHy [51]. In a quartz cell with
a path length of 1 cm, 2.5 mL of a solution containing 0.1 mM
of the contaminants and an aqueous nanocomposite solution of
catalyst (AgNPs@Lac/Alg-0.7, in which the ratio of Ag* to
Lac/Alg was 0.7:1, w/w) at concentrations ranging from 1.0 to
3.0 pg/mL were added. Subsequently, 0.5 mL of NaBH, solu-
tion (0.05 M) was introduced into the cell. Using a UV-vis
spectrophotometer, the catalytic degradation of the contami-
nants was monitored at ambient temperature in 2 min intervals.
The reaction kinetics were determined by measuring the reduc-
tion in absorption intensity at the corresponding absorption
peak. It is important to note that the catalytic degradation of
these contaminants in the presence of excess amount of NaBH,
is a pseudo-first-order reaction, which can be expressed by the
equation In(A/Ag) = —kt. Here, k is reaction rate constant, and
[Ag] and [A] are initial and current absorbance of the contami-
nant, respectively [43]. The catalytic efficiency of the nanocom-
posite was determined by calculating the rate constant from the
slope of the straight line obtained from plots of In(A/A) versus

reaction time.
Effect of pH value and antibacterial assay

The impact of pH value on the stability of the nanocomposite

was analyzed under various acidic and alkaline conditions
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within the pH range of 4 to 12. An aqueous solution of the
nanocomposite AgNPs@Lac/Alg-0.7 (1 mL) was added to HCI
or NaOH solutions, resulting in 3 mL solution with the corre-
sponding pH values. The solutions were used to experiment
antibacterial activity. The solutions with pH 4, 6, and 12 were
also used to determine stability of the nanocomposite through
zeta potential measurements and TEM.

The disk diffusion method was employed to assay the antibacte-
rial activity of the samples [52]. In order to conduct the antibac-
terial tests, the nanocomposite solution (0.3 mL) at various pH
values was diluted in DMSO (10 mL) to obtain a composite
solution (0.87 pg/mL) prior to the experiment. Staphylococcus
aureus (a Gram-positive bacterium) and Salmonella typhi (a
Gram-negative bacterium) were used for the tests. Each aliquot
(20 pL) was placed on paper disks with a diameter of 5.5 mm.
These disks were then placed on agar plates that were previ-
ously inoculated with bacterial cultures (1.0 mL, 10° CFU/mL).
The antibiotic ampicillin (0.01 mg/mL) and Luria Bertani broth
were utilized as positive and negative controls, respectively.
The same protocol was applied to evaluate media with the cor-
responding pH values and without the nanocomposite. The inhi-
bition zone diameter including the paper disk, was measured to
determine the activity.

Supporting Information

Supporting Information features physical parameters
calculated from XRD patterns and antibacterial activity of
controls without nanocomposite.

Supporting Information File 1

Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-14-64-S1.pdf]
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Abstract

The detection of harmful chemicals in the environment and for food safety is a crucial requirement. While traditional techniques
such as GC-MS and HPLC provide high sensitivity, they are expensive, time-consuming, and require skilled labor. Surface-en-
hanced Raman spectroscopy (SERS) is a powerful analytical tool for detecting ultralow concentrations of chemical compounds and
biomolecules. We present a reproducible method for producing Ag nanoparticles that can be used to create highly sensitive SERS
substrates. A microfluidic device was employed to confine the precursor reagents within the droplets, resulting in Ag nanoparticles
of uniform shape and size. The study investigates the effects of various synthesis conditions on the size distribution, dispersity, and
localized surface plasmon resonance wavelength of the Ag nanoparticles. To create the SERS substrate, the as-synthesized Ag
nanoparticles were assembled into a monolayer on a liquid/air interface and deposited onto a porous silicon array prepared through
a metal-assisted chemical etching approach. By using the developed microfluidic device, enhancement factors of the Raman signal
for rhodamine B (at 10~ M) and melamine (at 10~7 M) of 8.59 x 100 and 8.21 x 103, respectively, were obtained. The detection
limits for rhodamine B and melamine were estimated to be 1.94 x 10719 M and 2.8 x 1078 M with relative standard deviation values
of 3.4% and 4.6%, respectively. The developed SERS substrate exhibits exceptional analytical performance and has the potential to

be a valuable analytical tool for monitoring environmental contaminants.

Introduction
Surface-enhanced Raman spectroscopy (SERS) has emerged as  capabilities of real-time analysis and label-free detection [1,2].
a powerful optical trace detection technique in various biochem-  SERS has been used to identify targets for single molecules in

ical applications because of its exceptional sensitivity and the chemical and biological systems [3,4] since its discovery by
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Martin Fleischmann in 1974 [5]. Electromagnetic and chemical
mechanisms are attributed to the SERS enhancement. In elec-
tromagnetic theory, the excitation of metal particles through
light leads to localized surface plasmon resonance due to the
collective oscillation of free electrons in the confined space of
the metal particles. The electric field is enhanced, and the
Raman enhancement factor (EF) can reach 100 [6]. The in-
duced amplification of the local field by plasmonic coupling
occurs in nanometer-scale regions around the metal particles,
the so-called electromagnetic “hot spots”. The chemical mecha-
nism suggests the formation of a charge-transfer complex be-
tween chemisorbed species and matrix material, which yields
enhancement when the excitation frequency resonates with a

charge-transfer transition [7].

Noble metal nanoparticles (NPs) have gained much popularity
in various fields, such as analytical chemistry and catalytic
chemistry, where they have been used to develop localized sur-
face plasmon resonance (LSPR) and SERS substrates [8]. For
example, Ag NPs yield a strong SERS effect at relatively low
cost. However, an issue often encountered in synthetic ap-
proaches is the non-uniformity of the Ag NPs. Homogeneous
Ag NPs are necessary for Ag-based SERS substrates to func-
tion well. The microfluidic approach is a technique for the fine
control and manipulation of fluids, in which capillary penetra-
tion is limited to the micrometer scale and mass transport domi-
nates [9,10]. Microfluidic devices are used in various fields in
industry and laboratories, such as chemical synthesis and
microreactors [11,12], drug screening [13], and clinical trials
[14]. They can create homogeneous reaction environments with
controllable parameters for synthesizing homogeneous colloidal
nanoparticles with a narrow size distribution [15-17]. Two types
of microfluidic devices are commonly used, namely droplet-
based and continuous devices. Continuous microfluidic devices
have several disadvantages when applied for chemical synthe-
ses, such as laminar flow formation due to the low Reynolds
number of fluids, which leads to a lack of uniform mixing [18].
In addition, nanoparticles tend to accumulate on the sidewalls of
the microfluidic channel, thus limiting the reuse of the device
[8,19]. In contrast, droplet-based microfluidic devices are based
on the formation of microdroplets using two or more immis-
cible fluids with reactants in segmented flow and oil in continu-
ous flow. They can control the reaction rates by mass transfer
through convection and diffusion [20,21]. Furthermore, droplet-
based microfluidic devices are frequently utilized to synthesize
complex materials of uniform size, as each droplet can function

as a separate microreactor [12,22].

A traditional approach to producing microfluidic devices
involves a three-step microfabrication process of (i) creating a

channel mold using photolithography, (ii) fabricating the chan-
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nels by casting the mold through soft lithography, and (iii)
bonding the channel device to a substrate [23]. This procedure
typically requires a clean room and expensive facilities such as
a photolithography machine, a spin-coater, and photoresist
agents, as well as long processing times and well-trained tech-
nical staff. Additionally, the photolithography process is limited
to planar fabrication, resulting in a low aspect ratio of the
achieved features.

Because 3D printing enables the creation and testing of objects
in short periods of time, it provides a new tool for constructing
microfluidic devices. This has led to fast and dynamic develop-
ments in chemical synthesis and analytical systems at low cost
[24-26]. There are two techniques for producing 3D-printed
microfluidic devices. In the first approach, monolithic micro-
fluidic devices are 3D printed [27,28]. Although this one-step
process offers the benefits of quick development and ease of
fabrication, reducing the channel dimension to a scale smaller
than a millimeter remains challenging [29]. In the second ap-
proach, 3D printing can replace photolithography to fabricate a
mold. This approach can achieve a better lateral resolution of
printed features down to 100 um with a higher aspect ratio of
the printed channel features [30]; also, it does not require a
clean room. The stereolithography (SLA) technique is an addi-
tive manufacturing technique in which a photopolymer resin is
cured and converted from a liquid to a solid by an ultraviolet
laser. The resolution of SLA printers is determined by the radial
beam scattering and the type of resin [31]. With particular
resins, SLA can fabricate features with lateral dimensions of
100 um and a mold-printed resolution of 50 um.

Over the past decade, numerous SERS substrates based on
various materials, including paper [32,33], polymers [34,35],
fibers [36], dielectrics [37], porous aluminum oxide [38], and
semiconductors [39] have been reported. Dielectric and semi-
conductor substrates, such as ZnO nanowires, silicon nano-
wires, and porous silicon (PS), are particularly popular because
of their larger contribution to the amplification of the Raman
signal and longer shelf life [40-42]. Silicon nanostructures with
high specific areas are especially popular because they have no
fluorescence properties.

In this work, we report on the synthesis of a highly sensitive
SERS substrate for detecting rhodamine B (RhB) and melamine
(MLM) and on the analytical properties of the developed
system. The substrate was prepared from Ag NPs by decorating
the surface of porous silicon with Ag NPs using self-assembled
monolayers (SAMs). The SAM method offers precise control,
versatility, simplicity, stability, and compatibility, making it a
valuable technique for surface modification in various scien-

tific and technological applications. The Ag NPs were synthe-
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sized using a droplet-based microfluidic device and a stereolith-
ographic 3D printing method. The microfluidic device was opti-
mized to produce uniform droplets, within which silver nitrate
was reduced by sodium borohydride. This method limits the
amount of precursor chemicals and enables the sequential flow
of droplets, resulting in silver nanoparticles of uniform shape
and size. We investigated the effects of different synthesis
conditions on the size distribution, dispersity, and LSPR wave-

length of the silver nanoparticles.

Experimental

Chemicals and apparatus

Silver nitrate (AgNO3, 99.9%) was purchased from Kojima
Chemical (Japan). Sodium borohydride (NaBHy, 98%) and
melamine (99%) were obtained from Sigma-Aldrich (Republic
of Korea). Hydrofluoric acid (48-51%), sulfuric acid (98%),
nitric acid (65-70%), rhodamine B (pure), mineral oil (light
molecular biology grade), sorbitan monooleate (SPAN 80), and
trisodium citrate dehydrate (TCD) (99%) were purchased from
Alfa Aesar (Republic of Korea). Sylgard 184 A&B was ob-
tained from Sewang Hitech (Republic of Korea), and the
XL-1500 UV cross-linker used for UV curing was purchased
from Krackeler Scientific (USA). Methyl alcohol, hydrogen
peroxide (35%), sodium hydroxide (<97%), ammonia water
(25-29%), acetone (99.5%), ethyl alcohol (95%), and
2-propanol (99.5%) were bought from Daejung (Republic of
Korea). The Formlabs 3D printer and clear V4 resin were pur-
chased from Formlabs (USA). Deionized water with a resis-
tivity of 18 MQ-cm™!, provided by a Milli-Q water purification
system (Millipore Corp., MA, USA), was used throughout all
the experiments.

The morphologies of Ag NPs and SERS substrates were exam-
ined using a field-emission scanning electron microscope (FE-
SEM, Mira II, TESCAN). A UV-vis spectrometer (Agilent
8453, Agilent, USA) and a micro-Raman spectrometer (NS200,
Nanoscope System, Republic of Korea) were used to record the

absorption spectra and Raman spectra, respectively.

Fabrication of the droplet-based microfluidic

device

The fabrication process of the microfluidic device is illustrated
in Scheme S1 (Supporting Information File 1). The 3D model
of the microfluidic device mold was designed using Solidworks
Professional 2022 SP3.1 software and printed on a Formslab 3
SLA 3D printer (Formlabs Inc., Somerville, MA, USA) using
Clear V4 resin. The mold was post-treated by being soaked for
20 min in a 90% (v/v) isopropanol solution, followed by 10 min
in deionized water, and then gently dried in a nitrogen flow.
After that, the mold was exposed to UV light at an energy level
of 120 mJ-cm™2 for 30 s and then annealed at 60 °C for 12 h in
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an oven for slow evaporative drying (Scheme Sla, Supporting
Information File 1). Before casting into the printed mold, poly-
dimethylsiloxane (PDMS) Sylgard™ 184 and curing agent
(10:1, w/w) were mixed for 10 min and de-bubbled in vacuum
for 30 min. The PDMS cast was dried for 18 h to cure after
being dried in air for 24 h (Scheme S1b, Supporting Informa-
tion File 1). After that, the cast was peeled off from the mold
and was immersed for 24 h in 1 M NaOH solution (Scheme
Slc, Supporting Information File 1). Finally, the cast was care-
fully adhered to the surface of a glass plate (Scheme S1d, Sup-
porting Information File 1) and treated at 90 °C for 5 min on a
hot plate. Following this step, silicon tubes were joined to the
inlets of the microfluidic device using Loctite superglue.

Synthesis of silver nanoparticles

The droplet-based microfluidic device was used to synthesize
Ag NPs. These droplets enable the uniform distribution of nano-
particles. Ag NPs were created by reducing AgNO3 solution
with NaBHy as a reducing agent and TCD as a stabilizer
[43,44]. Mineral oil served as a continuous phase when
combined with the surfactant Span 80 (2% w/v). To prevent
droplets from coalescing in the microchannel, Span 80 was
added to lower the interfacial tension between oil and aqueous
phase.

For the synthesis of Ag NPs, 20 mL of AgNO3 and 20 mL of
TCD were mixed in a 1:3 molar ratio to form the reactant solu-
tion, designated as solution (a). 20 mL of NaBH4 and NaOH
were mixed in a 1:3 molar ratio, designated as solution (b). Two
syringe pumps (NE-300 InfusionONE Syginge Pump, USA)
were used to inject mineral oil mixed with the surfactant Span
80 (2% w/v), solution (a), and solution (b) into the droplet-
based microfluidic system at flow rates of 20 and 80 uL-min~",

respectively.

The as-synthesized colloidal solution of Ag NPs was
centrifuged at 12,000 rpm for 5 min to separate the Ag NPs
solution and remove the oil phase. Finally, the Ag NPs suspen-
sion was stored in a dark vial at room temperature for further

experiments.

Fabrication of porous silicon (PS) substrate

A p-type Si(100) wafer with a resistivity of 0.01-0.09 Q-cm
was used in this work. The wafer was divided into 1 x 1 cm?
pieces, which were then cleaned with an ultrasonic cleaner in
acetone (20 min), ethanol (15 min), and deionized water
(10 min). The wafer pieces were oxidized in hot Piranha solu-
tion (45 mL of HpSO4/15 mL of H,O,) for 5 min. To perform
metal-assisted chemical etching (MACE), the wafer pieces were
placed in a beaker containing an etchant solution made up of

5 mL of 4.6 M HF and 5 mL of 0.02 M AgNO3. The etching
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timings were 0, 5, 10, 20, 40, and 80 min. After the etching
process, to remove the as-generated Ag dendrites, the sub-
strates were immediately submerged in concentrated HNO3,
rinsed with deionized water, and then dried at room tempera-
ture to produce the PS substrates.

Fabrication of the SERS substrate

The deposition of Ag particles on the substrates is based on the
SAM method. Colloidal Ag NPs solutions were generated at the
methanol/air interface by adapting the method described in [45].
Briefly, 5 mL of the colloidal solution of Ag NPs and 5 mL of
acetone were mixed in a 50 mL glass vial. This mixture was
quickly poured into another glass vial containing 5 mL of
hexane. The vial was shaken for 30 s and then stabilized for
10 min. The Ag NPs moved from water to hexane with the aid
of acetone. The porous silicon (PS) template substrate was
placed at the bottom of a beaker containing methanol. A pipette
was then used to gradually transfer the Ag NPs suspension in
hexane to the surface of methanol. After the hexane evaporated,
a tightly packed monolayer of Ag NPs appeared at the metha-
nol/air interface. The PS@Ag substrates were created by
depositing a monolayer of Ag NPs on the substrate surface after
allowing the methanol to slowly evaporate under ambient
conditions.

SERS substrate characterization

Raman spectra were obtained using a 24 mW laser and an inte-
gration time of 1000 ms. Asymmetric least-squares baseline
subtraction was utilized to remove the SERS spectrum back-
ground. Each Raman spectrum represents the mean of three
readings. Aqueous solutions of RhB and MLM were prepared at
varying concentrations, and the SERS substrate was loaded with
the analyte solution (30 pL) and air-dried at room temperature.

SERS signals were then collected from random locations.

Results and Discussion

Fabrication of droplet-based microfluidic
device using 3D printing

SLA 3D printing is an additive manufacturing technology that
employs a laser to transform a liquid resin into a solid plastic.
When exposed to laser radiation with an appropriate wave-
length, the short molecular chains in photocurable resins poly-
merize to form rigid or flexible solid geometries. As the
printing limit of the 3D line dimension suggested by the Form-
labs 3 printer manufacturer is 100 um x 100 um, a mold with
line features was created instead of printing the microfluidic
device directly. To minimize defects during the printing of the
mold, the microchannel was designed with larger dimensions.
Three inlets for the mixing channel were made with a width and

a depth of 200 pm x 150 pm, respectively, while the mixing
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channel had dimensions of 400 pm x 200 um. The total length
of the serpentine-shaped microchannel, which is the reaction
length, was 605.6 mm, as shown in Figure S1 (Supporting
Information File 1). The photograph of the prepared micro-
fluidic device is given in Figure 1. The droplet-based micro-
fluidic device was constructed with three inlets for introducing
reactants and oil, a long serpentine-shaped microchannel for
combining chemical solutions, and one outlet for collecting
suspended Ag NPs.

Inlet

Micro-channel

Glass plate

Figure 1: Photograph of the as-fabricated droplet-based microfluidic
device.

The PDMS cast was bound to a glass plate after peeling off
from the mold. There are various surface treatment methods
available, including oxygen plasma, UV/ozone, corona oxidizer,
and plasma pen [46,47]. In this study, we employed a previ-
ously reported chemical treatment method that uses 1 M NaOH
solution for 24 h [48]. Although this method takes longer, it is
more cost-effective, straightforward, and accessible. The chemi-
cal treatment of PDMS and the glass plate aims to decorate their
surfaces with silanol groups (Si—~OH), enabling the two sur-
faces to bond chemically at the atomic level [49]. To determine
the droplet size, we used two dye solutions and captured images
of the observed droplets (Figure S2, Supporting Information
File 1). Figures S3-S7 in Supporting Information File 1 show
data on the droplet size as functions of the flow rates of aqueous
solutions and oil. Our investigation revealed that the optimal
flow rates are 20 and 80 puL/min for the aqueous solutions and
oil, respectively.

Synthesis of silver nanoparticles

Different molar ratios of silver nitrate to sodium borohydride
were used to produce Ag nanoparticles in the microfluidic
device at room temperature, with flow rates of 20 and
80 uL/min for the aqueous solutions and oil, respectively, as de-
scribed in detail in Supporting Information File 1. The use of
high concentrations of AgNO3 resulted in the formation of nu-
merous Ag nuclei due to a rapid reduction process. The colli-

sion frequency of these nuclei increases significantly with
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higher concentrations of silver nitrate, promoting the formation
of larger particles. This phenomenon explains the observed
color change from yellow to greenish after three weeks, as illus-
trated in Figure S8 (Supporting Information File 1) [50,51].
NaBHjy is a relatively potent reducing agent that can reduce
Ag™. At higher concentrations of NaBHy, the formation of
silver nanoparticles occurs more rapidly [52]. When the concen-
trations of silver nitrate and trisodium citrate were kept con-
stant and the concentration of sodium borohydride was varied
from 5-20 mM, the relative amount of capping agent decreased,
resulting in a color change of the obtained solution from
yellowish to bright yellow after three weeks, as shown in Figure
S9 (Supporting Information File 1). The Ag NPs remained
almost unchanged after three weeks when the ratio of silver
nitrate to sodium borohydride was kept constant, especially
with a molar ratio of 10:10 (in mM) (Figure 2).
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FE-SEM micrographs of the samples are shown in Figure 3.
The average sizes of Ag nanoparticles were estimated to be
24.10 £0.15, 27.07 £ 0.16, 28.07 £ 0.17, and 30.88 £ 0.31 nm
by using the ImagelJ program. Based on the calculated data, it is
evident that the average size of Ag NPs increases with an
increase in the concentration of reactants.

Structural characterization of the SERS

substrate

In Supporting Information File 1, Figure S10a shows the SEM
image of the SAM of Ag NPs on the surface of methanol, while
Figure S10b displays the image of the PS substrate after
covering with the Ag NPs. The SEM image of PS@Ag reveals
the presence of nanoscale gaps between the Ag NPs, which act
as hot spots with a high electric field intensity when exposed to
laser irradiation (Figure S10c). To confirm the distribution of
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Figure 2: Images and absorbance spectra of Ag NPs synthesized using silver nitrate and sodium borohydride with molar ratios of (a) 5:5, (b) 10:10,

(c) 15:15, and (d) 20:20 (in mM).
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Figure 3: FE-SEM images of the synthesized Ag NPs with the molar ratios
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of AgNO3 and NaBH4 of (a) 1:1 mM, (b) 5:5 mM, (c) 10:10 mM, and

(d) 15:15 mM. Insets of the figures are size distributions obtained from the ImageJ software.

chemical elements on the SERS substrate, energy-dispersive
X-ray spectroscopy (EDS) was carried out, as illustrated in
Figure S11 (Supporting Information File 1). The EDS mapping
results indicate the uniformly distributed signal of the silicon
wafer, while oxygen and silver are discontinuously distributed
because of the space between PS and Ag NPs on the PS@Ag
substrate.

Optimization of the PS@Ag SERS substrate

fabrication

To optimize the etching time of PS on the wafers, a RhB solu-
tion (107> M) was chosen for estimating the SERS signal. The
wafer pieces were etched for 0, 5, 10, 20, 40, and 80 min. The
corresponding substrates were denoted PSOmin@Ag,
PS5min@Ag, PS10min@Ag, PS20min@Ag, PS40min@Ag,
and PS80min@Ag, respectively. The SEM images revealed that
the SAM of Ag NPs on the substrate without etching is not
uniform, as shown in Figure S12 (Supporting Information
File 1). The SAMs of the substrates with etching times of 5 and
10 min exhibited some islands that were not continuous, as
shown in Figure S12b,c (Supporting Information File 1). When
the etching time was extended to 20 and up to 80 min, the silver
nanoparticles were well ordered, especially after an etching time
of 40 min (Figure S12d—f, Supporting Information File 1).

Figure 4a shows the SERS spectra of RhB on substrates with
different etching times. The spectra exhibit peaks at 621, 1199,

1279, 1358, 1508, 1528, and 1647 cm™!. The peaks at 621,
1199, and 1279 cm™' are related to deformation vibrations of
the xanthene ring, the stretching of the C—C bridge bands, and
the bending of the aromatic C—H bonds, respectively. The peaks
at 1358, 1508, and 1528 cm™! are linked to the aromatic C—C
bending, while the peak at 1647 cm™! is determined by the
bending and stretching of the C—C bonds [53].

The SERS intensity increases with an extension of the etching
time of the PS substrate from 0 to 40 min, and it decreases
quickly when longer etching times are applied. The longer
etching results in the expansion of pores in the silicon (100)
wafer. These pores retain the Ag particles. As the pores become
deeper and larger, the distances between the Ag particles
increase, thereby reducing the hot spot effect on the Raman
signal. The intensities of the peaks from the sample
PSOmin@Ag are significantly lower than those of the other
samples. In comparison with the PS40min@Ag sample, the in-
tensity of the peak at 621 cm™! is approximately sixty times
lower (Figure 4b). This confirms that the etching time of PS is a
critical parameter for the fabrication of the SERS substrate. The
substrate with an etching time of 40 min (PS40min@Ag) exhib-
ited the best SERS performance and thus was chosen as the
optimal substrate for the subsequent tests.

The influence of the Ag NP size on the SERS signals was
studied. Four different sizes of Ag NPs (24, 27, 28, and 30 nm)
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time. (c) SERS spectra of RhB on Ag NPs with different diameters on the PS40min@Ag substrate. (d) Intensity of the 621cm~! SERS peak as a func-

tion of the size of the Ag NPs.

were self-assembled on the PS40min@Ag substrate, and the
SERS spectra of RhB (1075 M) were collected, as shown in
Figure 4c. A slight increase in intensity was observed as the di-
ameter of Ag NPs increased from 24 to 30 nm (Figure 4d). This
is because the gaps between the Ag particles become smaller
when the size of the particles increases, resulting in a stronger
hot spot effect. However, when the particle size exceeds a criti-
cal threshold, the Ag particles come into contact with each
other, causing the hot spots to dissipate. Based on these find-
ings, we selected Ag NPs with a diameter of 28 nm as the
optimal choice for the SERS substrate and used them for subse-

quent experiments.

Relationship between RhB concentration and

Raman intensity

The SERS spectra of RhB samples with different concentra-
tions, ranging from 107 to 10~ M, were collected using the
PS40min@Ag substrate (Figure 5a). The SERS intensity of
RhB increased as the concentration increased. Figure 5b illus-
trates the correlation between RhB concentration and the peak
intensity at 621 cm’l, which was used to create a linear calibra-
tion with a high regression coefficient of RZ = 0.99968. By

applying the 30/s method, where o is the standard deviation of

the blank and s is the slope of the linear regression equation, the
limit of detection was found to be 1.94 x 10710 M. The SERS
substrates showed an enhancement factor (EF) of 8.59 x 10° for
the 621 cm™! peak at an RhB concentration of 107 M. The
calculation details for the EF can be found in the “Enhance-
ment factor calculation” section of Supporting Information
File 1.

To investigate the uniformity of the SERS substrate, Raman
mapping was performed at 16 measuring positions in an area of
100 um x 100 ym . RhB with a concentration of 107 M was
added to the PS40min@Ag substrate. Figure 5c displays the
SERS spectra collected from each position, while Figure 5d
shows the SERS peak intensity at 621 cm™! for the different po-
sitions. The relative standard deviation (RSD) was calculated to
be 8%, indicating that the PS@Ag structure yielded homoge-
neous results because of the even deposition of the self-assem-

bled monolayer of Ag NPs on the PS substrate.

Detection of melamine using PS@Ag SERS
substrate

SERS spectra of MLM solutions at different concentrations
(10_7 to 1073 M) on the PS@Ag substrates were recorded, as
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shown in Figure 6a. The Raman spectrum of MLM exhibits
strong peaks at 583, 676, and 983 cm™!. The peak at 583 cm™!
is related to a mixed mode of N-C-N bending and NH, twisting
vibrations. The peak at 676 cm™! is attributed to the plane de-
formation modes of the triazine ring, and the peak at 983 cm™!
is ascribed to C-N-C bending vibrations [54,55]. The Raman
spectra of MLM on the PS@Ag SERS substrate shows peaks at
585, 679, and 985 cm™!, which are shifted compared to those in
the Raman spectrum of MLM because of the interaction be-

tween MLM and the Ag surface.

The SERS intensity at the fingerprint peak of 682 cm™! as a
function of the MLM concentration is displayed in Figure 6b.

The calculated limit of detection for MLM was found to be
2.8 x 1078 M, which is significantly below the safety limit
established by the US Food and Drug Administration [56]. The
SERS substrates displayed an impressive EF of 8.21 x 103 at
the 682 cm™! peak for an MLM concentration of 1077 M.
Further information on the calculation of the EF can be found in
the “Enhancement factor calculation” section of Supporting

Information File 1.

Conclusion
Using 3D printing, a droplet-based microfluidic device was suc-
cessfully fabricated without the need for expensive and time-

consuming photolithography. The resulting devices were
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Figure 6: (a) Raman spectra of powder and trace concentrations of MLM (10~7 to 10=3 M). (b) SERS intensity of the 682 cm~1 peak as a function of

the MLM concentration.

utilized to produce uniformly distributed silver nanoparticles
that were then applied to the surface of a porous silicon sub-
strate via a self-assembly technique. This created SERS
substrates detecting RhB and MLM with detection limits of
1.94 x 10710 and 2.8 x 1078 M, respectively. Enhancement
factors of 8.59 x 10° and 8.21 x 103 were achieved for RhB and
MLM, respectively. SERS mapping showed the substrate to
have good homogeneity with a relative standard deviation of the
peak intensities of 8%. These results demonstrate the excellent
analytical performance of the PS@Ag SERS substrate, making
it a promising tool for detecting environmental pollutants and
ensuring food safety.

Supporting Information

The Supporting Information features the following: four
steps of the fabrication process of a microfluidic device;
design of the mold; optimization of droplet generation;
synthesis of silver nanoparticles in the droplet-based
microfluidic device; FESEM images and EDX spectra of
the SERS substrate; SEM images of the SERS substrate
with RhB; and calculation of the enhancement factors for
RhB and MLM.

Supporting Information File 1

Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-14-65-S1.pdf]
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The combustion of fossil fuels has resulted in the amplification of the greenhouse effect, primarily through the release of a substan-

tial quantity of carbon dioxide into the atmosphere. The imperative pursuit of converting CO; into valuable chemicals through elec-

trochemical techniques has garnered significant attention. Metal-organic frameworks (MOFs) have occured as highly prospective

materials for the reduction of CO,, owing to their exceptional attributes including extensive surface area, customizable architec-

tures, pronounced porosity, abundant active sites, and well-distributed metallic nodes. This article commences by elucidating the

mechanistic aspects of CO, reduction, followed by a comprehensive exploration of diverse materials encompassing MOFs based on

nickel, cobalt, zinc, and copper for efficient CO, conversion. Finally, a meticulous discourse encompasses the challenges encoun-

tered and the prospects envisioned for the advancement of MOF-based nanomaterials in the realm of electrochemical reduction of

CO,.

Introduction

The emission of carbon dioxide resulting from the utilization of
fossil fuels has been identified as a primary cause of the green-
house effect, ultimately contributing to the severity of climate
change [1]. To mitigate these detrimental consequences, numer-
ous strategies have been implemented to address the issue of

CO; emissions. Among these, the carbon capture and storage

(CCS) technique plays a crucial role in curtailing the release of
CO; into the air. By capturing and containing approximately
90% of the CO, gas generated through the combustion of
conventional fuels utilized for human energy consumption
[2,3], this method proves instrumental in abating the pollution

caused by CO,. Nevertheless, CO, storage and transportation
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are expensive, necessitating the development of efficient adsor-
bents [3]. An auspicious avenue to tackle these challenges is the
conversion of CO, into valuable compounds through electro-
chemical reduction. The electrocatalytic process for CO; reduc-
tion reactions (CO,RR) encounters a persistent obstacle in the
activation of CO, [4]. The formation of CO,*~ necessitates a
high thermodynamic potential of —1.90 V vs the standard
hydrogen electrode. Subsequently, multiple electron transfers
occur, leading to the generation of diverse products such as
ethanol, methanol, and methane [5-7]. Therefore, to reduce the
activation energy and to improve selectivity, the meticulous
consideration of catalysts becomes imperative [8-16]. The first
work on electrocatalytic CO, reduction was published in 1870
using a Zn material to produce HCOOH [17,18]. Subsequent in-
vestigations have yielded numerous studies focusing on the de-
velopment of electrocatalysts for CO,RR. In 1994, Hori et al.
highlighted that the selectivity of products exhibited consider-
able variation depending on the elemental composition of pure
metal catalysts [19]. Notably, Au, Ag, and Zn catalysts exhibit
preferential CO generation, while Sn, In, and Pb catalysts prove

effective in producing formate ions (HCOO™) [20].

Metal-organic frameworks (MOFs) are established from metal
ions and organic linkers, and have been identified as prospec-
tive materials for CO,RR [21]. Therefore, a multitude of MOFs
structures have been explored in experimental studies [22,23],
exhibiting diverse applications such as gas storage [24], electro-
catalysis [25-27], glucose sensing [28-30], and biomedical [31]
applications. These materials are distinguished by their excep-
tional attributes, including a substantial specific surface area,
pronounced porosity, and modifiable chemical structures [32].
Within the catalytic domain, MOFs demonstrate catalytic activi-
ty stemming from both their metal sites and organic compo-
nents. Furthermore, their catalytic properties can be readily
modified through functionalization. For instance, Fu et al.
grafted —-NH, groups onto MIL-125(Ti) material to enhance
CO,RR for the production of HCOO™ [33]. The outcome indi-
cated that NH,-MIL-125(Ti) indicated superior catalytic activi-
ty compared to MIL-125(Ti). Notably, MOF-210 has estab-
lished a remarkable record in CO, adsorption among all porous
materials, boasting an adsorption capacity of 2870 mg-g~! [34].
Such properties facilitate favorable interactions between CO,
molecules and catalytic sites within MOFs, thereby enhancing
the CO,RR process. Besides, MOFs could be used as ideal pre-
cursors for the controlled dispersion of metal nanoparticles
within organic frameworks, either through operational condi-
tions or via the pyrolysis technique, thereby promoting efficient
CO; reduction [35,36]. The augmentation of MOF properties
can be accomplished by converting pristine MOFs into nano-
scale materials. A diverse array of MOF nanomaterials has been

reported, encompassing single-atom nanocatalysts (SACs),

Beilstein J. Nanotechnol. 2023, 14, 904-911.

hetero-atom-doped nanomaterials, and MOF nanofiber-based
aerogels, among others, as highlighted by Behera et al. in 2022
[37]. These derived nanomaterials showcase enhanced stability,
favorable morphologies, advanced functionalities, and precisely
controlled textural characteristics in comparison to their orig-
inal MOF counterparts.

Herein, we provide a comprehensive overview of the latest liter-
ature pertaining to the implementation of MOF-based nanoma-
terials for the electrochemical conversion of CO,. First, the
reaction pathway of the CO; reduction is described for the pro-
duction of different chemicals. Then, various structures, includ-
ing Ni-, Co-, Zn-, and Cu-based MOFs for electrochemical
CO,RR are presented. Finally, we present the potential path-
ways and current problems in progressing MOF-based nanoma-

terials for CO, conversion.

Review
Mechanism of COoRR

The process of CO, reduction consists of three steps. First, the
CO; molecules are adsorbed on the active sites of catalysts.
Second, charge transfer processes take place to create interme-
diates such as *CHO, *CO, and *COO. The process could
include many electrons attending in the electrochemical reac-
tion, and orientate the formed products. Finally, these species
are desorbed from the active sites of electrocatalysts to generate
various products, as shown in Figure 1. In addition to the prop-
erties of the catalyst material, other parameters, such as poten-
tial, pH, solvent, and temperature, also determine the formation
of desired products.

MOFs nanomaterials for electrocatalytic

reduction of CO»

Ni-based MOFs nanomaterials

Two-dimensional (2D) MOFs represent a novel addition to the
family of 2D materials. Particularly, 2D MOF nanolayers with
several outstanding characteristics, such as high surface area
and abundant exposed active sites, have been studied for
CO,RR. As a case in point, Wu et al. prepared 2D Ni-based
zeolitic imidazole framework (ZIF) nanosheets as efficient ma-
terial for electrochemical CO, conversion [39]. 2D Ni(Im); ma-
terials with various thicknesses were fabricated through varying
centrifugation speeds (Figure 2a). The outcome revealed that
the optimal sample, possessing a thickness of 5 nm, yielded the
highest performance of CO production (FEco = 78.8% at
—0.85 V vs RHE), compared to its bulk counterpart with a
value of 33.7% (Figure 2b). The optimal sample also showed a
high turnover frequency (TOF) and outstanding stability
after a testing period of 14 h (Figure 2c,d). The high catalytic
activity can be ascribed to the enhanced number of active sites

achieved through the transition from the bulk state to the nano-
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Figure 1: Schematic illustration of CO2RR for various chemicals production. Republished with permission of The Royal Society of Chemistry, from
[38], (“CO2 electrochemical reduction on metal-organic framework catalysts: current status and future directions” by D. Narvaez-Celada and A. S.

Varela, J. Mater. Chem. A, Vol. 10, Issue 11, © 2022); permission conveyed through Copyright Clearance Center, Inc. This content is not subject to
CCBY 4.0.".
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Figure 2: (a) Graphic representation of the synthesis of 2D Ni(Im),, (b) Faradaic efficiency of 2D Ni(Im)» with various thicknesses, (c) TOF of 2D
Ni(Im)2-5 nm and 2D Ni(Im)2-15 nm, (d) durability test and FE of 2D Ni(Im)2-5 nm at -0.85 V vs RHE for 14 h. Figure 2 was adapted with permission
of The Royal Society of Chemistry, from [39], (“Ultrathin 2D nickel zeolitic imidazolate framework nanosheets for electrocatalytic reduction of CO5” by

J.-X. Wu et al., Chemical Communications, Vol. 55, Issue 77, © 2019); permission conveyed through Copyright Clearance Center, Inc. This content is
not subject to CC BY 4.0.

material form. The optimal condition for the fabrication of 2D  Co-based MOFs nanomaterials
Ni(Im), was determined to be the utilization of 5 mL of Cobalt materials provide a diversity of reduction—oxidation

NH4OH. states and are, thus, considered potential candidates in electro-
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catalysis. Co-related MOFs have been extensively investigated
for their applicability in CO, conversion processes. Wang et al.
introduced an interesting work based on four distinct structures,
including Co-PMOF, Ni-PMOF, Fe-PMOF, and Zn-PMOF
(P: polyoxometalate) for CO, conversion. Co-PMOF displayed
the highest catalytic activity for CO,RR among the investigat-
ed MOFs, as illustrated in Figure 3a,b. Moreover, this catalyst
also showed remarkable durability, with the current density
remaining stable after 35 h of testing. To gain insights into the
reaction pathway and to provide explanations for the observed
outcome, the research team employed computational science
techniques. Density functional theory (DFT) calculations
implied that Co-PMOF possessed the lowest total free energy
leading to its superiority as a catalyst for CO,RR. The author
postulated that Co(Il) is converted into Co(I), which acts as a
redox center for the reduction of CO, into CO (Figure 3c,d).
Because of their poor conductivity, Co-MOFs are typically
grown on conductive templates, such as fluorine-doped tin
oxide (FTO), carbon cloth, and carbon pastes, which serve as
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cathodes for CO,RR. To illustrate, Kornienko et al. deposited a
Co-based MOF material onto an FTO substrate as a working
electrode for CO; conversion [40]. This material exhibited good
performance in CO generation, achieving a faradaic efficiency
(FE) of 76% (at —0.7 V vs RHE). The authors attributed the
active center for CO, conversion to Co(I) species generated
through the reduction of Co(1l).

Zn-based MOFs nanomaterials

Zinc (Zn) metal-based electrocatalysts have been identified as
outstanding candidates for CO; conversion into CO because of
their low cost, nontoxic nature, and high efficiency. Therefore,
considerable interest has been directed towards exploring the
potential of Zn-based MOFs in CO,RR applications. Wang and
co-workers successfully prepared ZIF-8 from different metal
salts for CORR [42]. ZIF-8 derived from ZnSOy4 yielded the
best performance for the electrochemical reduction of CO, into
CO, with an FE of 65%. The research group also revealed that
the Zn%* species operate as active sites in the catalytic process.
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Figure 3: (a) Polarization curves of various M-PMOFs (M = Co, Ni, Fe, Zn) for CO formation, (b) Faradaic efficiency for CO product on different mate-
rials, (c, d) proposed reaction pathway for the electrochemical CO» conversion with Co-PMOF. Figure 3 was adapted from [41]; (© 2018 Y.-R. Wang
et al., published by Springer Nature, distributed under the terms of the Creative Commons Attribution 4.0 International License (CCBY 4.0), http:/

creativecommons.org/licenses/by/4.0/).

907


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Another investigation shed light on the significance of organic
ligands within Zn-based MOF architectures for CO;RR. Jiang
et al. prepared four Zn-based ZIFs, including ZIF-7, ZIF-108,
ZIF-8, and SIM-1, employing various ligands while utilizing the
same Zn-containing salt [43]. These architectures were evalu-
ated under identical conditions to determine the role of ligands
in CO; conversion. The ZIF-8 variant with the 2-methylimida-
zole ligand exhibited the highest activity for CO,RR to carbon
monoxide (FE = 81% at —1.1 V vs RHE). This can be ex-
plained by the fact that ZIF-8 has the smallest adsorption energy

(@)

u Cu?* doping
=== oo————1
2hr aging

. Ni2* doping
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of hydrogen, facilitating the desired CO,RR process. The
outcomes of this study serve as a foundation for the exploration
of transition metal ion doping in ZIF-8, aiming to enhance the
performance of CO, conversion, as recently reported
(Figure 4a). Cho et al. revealed that Cu-doped ZIF-8 exhibited
the highest catalytic activity, surpassing both Fe- and Ni-doped
ZIF-8 [44]. Specifically, Cugy sZng 5/ZIF-8 yielded a large FEcq
of 88.5% at —1.0 V (RHE), whereas the values were 48.8% and
34.7% for Fe-doped ZIF-8 and Ni-doped ZIF-8 at -1.2 V
(RHE), respectively (Figure 4b). These results were confirmed
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Figure 4: (a) A graphic representation of the preparation of M,Zn,/ZIF-8, (b) Faradaic efficiency for the CO production using different materials,
(c) diagram of free energy for CO2RR. Figure 4 was adapted from [44], J. H. Cho et al., “Transition Metal lon Doping on ZIF-8 Enhances the Electro-
chemical COz Reduction Reaction”, Advanced Materials, with permission from John Wiley and Sons. Copyright © 2022 Wiley-VCH GmbH. This

content is not subject to CC BY 4.0.
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by theoretical calculations, which indicated the lowest COOH
adsorption energy of Cu-doped ZIF-8 (Figure 4c).

Cu-based MOF nanomaterials

Cu-based MOFs are high-potential materials for the electro-
chemical CO; reduction because of their cost-effectiveness,
nontoxicity, and diversity of active sites. Hinogami et al. re-
ported that a copper rubeanate MOF has a higher catalytic activ-
ity than Cu metal for the CO, conversion into formic acid,
primarily because of the weak adsorption of CO; on the MOF
surface [45]. Solvents also play a vital role in CO; reduction, as
highlighted in Kumar’s study [46], where the dimethylform-
amide solvent supplied protons for HCOOH formation with
high purity. Albo et al. assessed the catalytic activity of differ-
ent Cu-MOFs for CO, reduction [47]. The study revealed that
HKUST-1 showed the highest performance with a FE of 15.9%
at a current density of 10 mA-cm™~2 for methanol and ethanol
formation. In particular, FE(yethanoly i 5.6% and FE ethanor) 18
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10.3%. This result can be explained by two reasons. On the one
hand, HKUST-1 contains open metal sites (Cu?*), which are not
hindered by surrounding linkers, facilitating interaction with
intermediates and, thus, increasing CO, reduction. On the other
hand, the largest surface area also partially contributes to im-
proving the performance of CO; reduction. Later, the authors
improved the CO; reduction performance by mixing HKUST-1
with a Bi-based MOF (CAU-17) [48]. The optimized sample
demonstrated a considerably elevated FE for alcohol produc-
tion, reaching 36.9%. This enhancement was attributed to the
synergistic effects between Cu- and Bi-MOFs, which played a
pivotal role in promoting interactions between active species
and transition states. Notably, Bi centers in CAU-17 are the
main active sites in the generation of HCOO-, after which these
intermediates would move to open Cu metal sites (HKUST-1),
thus improving activity. In an interesting study by Wu et al.,
Cu-based MOF nanosheets were utilized for CO, reduction to
formate and acetate (Figure 5a,b) [49]. The authors observed
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Figure 5: (a) Crystal architecture of 2D Cuo(CuTCPP) nanosheets, (b) graphic illustration of the electrochemical CO» reduction, (c) Faradaic effi-
ciency of catalysts at various potentials, (d) Faradaic efficiency of catalysts as functions of the time. Figure 5 was adapted from [49]. (“Cathodized
copper porphyrin metal-organic framework nanosheets for selective formate and acetate production from CO, electroreduction”, © 2019 J.-X. Wu et
al., published by The Royal Society of Chemistry, distributed under the terms of the Creative Commons Attribution-Non Commercial 3.0 Unported
Licence, https://creativecommons.org/licenses/by-nc/3.0/). This content is not subject to CC BY 4.0.
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that Cu?* nodes underwent conversion to copper oxides under
operational conditions. The presence of these species, along
with a porphyrin—Cu(II) complex, resulted in an enhancement
of CO; reduction. As a result, this material exhibited a substan-
tial FE of 68.4% for formate generation at a voltage of —1.55V
(Figure 5c,d). However, the performance decreased after 5 h of
testing, attributed to a restructuring of the Cu-based MOF. In
addition, methane and ethylene were also considered as useful
compounds in specific applications. However, the utilization of
MOFs as electrocatalysts for the conversion of CO; into hydro-
carbons remains relatively limited. A recent study by Yang et
al. presented a potential MOF for the reduction of CO; to
methane and ethylene [36]. Cu nanoparticles were created
during when the Cull/ade-MOFs reconstructed and act as active

centers for CO, reduction to CH4 and CoHy.

Conclusion and Outlook

MOFs were recognized as promising nanomaterials for the
transformation of CO; into valuable products through electro-
chemical processes. This interest arises from their advanta-
geous properties, including high surface area, customizable
morphological structures, well-defined metal sites, facile modi-
fication, and compositional diversity. Overall, the catalytic gen-
eration of diverse products from the electrochemical reduction
of CO; is governed by the inherent characteristics of metal sites
and organic linkers within the MOF structure. Notably, MOF
nanomaterials based on Zn, Co, and Ni have demonstrated
potential for CO, reduction to CO, whereas Cu-related MOFs
are favorable for the conversion of CO, to formate, formic acid,
alcohol, and hydrocarbons. Numerous studies have proposed
reaction mechanisms based on the calculation of Gibbs energy
for intermediate species, providing insights into the underlying
processes involved in CO; electrocatalysis. However, they also
encounter some difficulties in the field of CO; reduction. In
particular, the low conductivity of MOFs hampers electron
transport, leading to sluggish electrochemical reaction kinetics.
To alleviate this problem, highly conductive materials such as
graphene, and carbon nanotubes were combined with MOFs to
improve overall conductivity. Additionally, the usage of pris-
tine MOFs as sacrificial agents to create metal or metal com-
pounds embedded in carbon matrices was considered a poten-
tial direction in CO,RR application. Systematic studies should
be conducted to control morphological structure and composi-
tion by changing reaction conditions (time, temperature, and
pressure) when converting individual MOFs into MOF-derived
carbon-support nanomaterials. Another issue is the durability of
the working electrodes. Many studies have employed drop
casting and the use of binders to affix MOFs onto the substrate
for electrode fabrication. This approach presents drawbacks
such as reduced accessibility to active sites and unstable MOFs/

substrate interfaces. Therefore, further studies are required to

Beilstein J. Nanotechnol. 2023, 14, 904-911.

develop binder-free electrodes by in situ synthesis of MOFs on
conductive substrates, such as nickel foam, copper foil, and car-
bon cloth, to overcome the aforementioned limitations and
advancing the field of CO,RR.
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The increasing recognition of the impact of CO, emissions as a global concern, directly linked to the rise in global temperature, has

raised significant attention. Carbon capture and storage, particularly in association with adsorbents, has occurred as a pivotal ap-

proach to address this pressing issue. Large surface area, high porosity, and abundant adsorption sites make metal-organic frame-

works (MOFs) promising contenders for CO, uptake. This review commences by discussing recent advancements in MOFs with

diverse adsorption sites, encompassing open metal sites and Lewis basic centers. Next, diverse strategies aimed at enhancing CO,

adsorption capabilities are presented, including pore size manipulation, post-synthetic modifications, and composite formation.

Finally, the extant challenges and anticipated prospects pertaining to the development of MOF-based nanomaterials for CO, storage

are described.

Introduction

One of the major issues associated with CO, emissions is the
heightened risk of climate change faced by our planet. Further-
more, there is an alarming issue of elevated levels of air pollu-
tion affecting human population [1]. One potential solution to
address this problem involves increased government funding for
the maintenance of existing renewable energy sources and the
development of new green energies [2,3]. However, the wide-

spread implementation of these solutions is hindered by the

challenges posed by nascent technology [4,5]. Another feasible
approach to tackle this issue is the advancement of carbon
capture and storage (CCS) methods, particularly those involv-
ing highly efficient adsorbents [6,7]. The CCS process has the
capability to effectively treat substantial volumes of CO; emis-
sions originating from conventional fossil fuel sources [8-10].
Therefore, identification and development of durable and effi-

cient adsorbents are critical to the successful implementation of
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CCS. Until now, various classes of materials have been investi-
gated for CO, adsorption, such as covalent organic frameworks,
molecular sieves, activated carbon, and metal-organic frame-
works (MOFs) [11-13]. Notably, MOFs constructed from metal
ions and organic linkers are expected to be alternative materials
to the organic alcohol amines in CCS [14]. These nanosized
materials posess unique properties such as ultrahigh surface
area, tunable pore size, open metal sites (OMSs), and facile
post-synthetic modifications, which allow for diverse strategies
towards efficient adsorption and separation of gas molecules
[15]. Among the nanosized MOFs, MOF-210 has demonstrated
a remarkable ability to adsorb CO, (54.5 mmol-g=! at 50 bar,
298 K) owing to its large surface area of 6240 m2-g~! [16-19].
However, several studies have indicated that the surface area is
not the sole determining factor in CO, storage at low pressure.
For instance, despite having a lower surface area than MOF-
177, HKUST-1 exhibited a greater CO, adsorption capacity of
4.16 mmol-g~! at 298 K and 1 bar [20]. This discrepancy can be
attributed to the presence of unsaturated Cu metal centers
within the MOF structure, which facilitate interactions with
CO; molecules. Additionally, the MOF-74 family, built from
metal(Il) oxide chains linked by 2,5-dioxido-1,4-benzenedicar-
boxylate, exhibited a high CO; adsorption ability with OMSs
ranging from 5.5 to 8.0 mmol-g~! at 296 K and 1 bar [21].
Moreover, acid Lewis sites within these MOFs effectively
interact with CO,, leading to increased adsorption. The pore
size plays a vital role in the adsorption and separation of CO,
from gas mixtures because of the different kinetic diameters of
gas molecules.

Herein, we present a comprehensive examination of the current
scientific literature pertaining to the utilization of metal-organic
framework (MOF)-based nanomaterials in the context of CO,
storage and conversion. This account focuses on the introduc-
tion of MOFs featuring chemical sites, such as open metal sites
(OMSs) and Lewis acid sites, for CO, adsorption applications.
Furthermore, we explore several approaches that have been em-
ployed to enhance CO, storage capabilities, including pore size
control, post-synthetic modification, and the development of
composites. Finally, the expected direction and existing chal-
lenges in progressing MOF-based nanomaterials for CO,
storage are discussed.

Review

Nanosized MOFs with adsorption centers for
CO» capture

MOFs with open metal sites

OMSs are a fundamental characteristic of MOF-based nanoma-
terials, generating strong interactions with other chemical

species. Extensive literature has been devoted to the investiga-

Beilstein J. Nanotechnol. 2023, 14, 964-970.

tion of MOFs with OMSs. Notably, HKUST-1, featuring copper
OMSs, displayed a CO, uptake of 4.1 mmol-g~! at 298 K and
1 bar [22]. The effectiveness of OMSs has been exemplified in
a study conducted by Caskey and coworkers [21]. Under condi-
tions of 296 K and 1 bar, the authors observed that Mg-MOF-74
exhibited the highest CO; absorption capacity, reaching
8.0 mmol-g~!, followed by Co-MOF-74 with 7.0 mmol-g~!. In
contrast, Zn-MOF-74 demonstrated the lowest performance,
displaying an adsorption capacity of 5.5 mmol-g~!. This
discrepancy was attributed to the shorter length of the Mg—-O
bonds, which facilitated enhanced electrostatic interactions be-
tween the Mg sites and CO, molecules. Moreover, Mg-MOF-74
exhibited a higher heat of adsorption than other variants. Kim et
al. synthesized bimetallic MOFs, specifically Mg/Zn-MOF-74
and Ni/Zn-MOF-74, for CO; storage [23]. The presence of dif-
ferent metal ions in bimetallic MOFs generated a synergistic
effect, leading to a higher CO, adsorption capacity compared to
Zn-MOF-74.

Also, several theoretical computations have been implemented
to elucidate the adsorption mechanism of CO, on MOFs
featuring OMSs. Wu et al. revealed that the interactions be-
tween the OMSs of Mg-MOF-74 and HKUST-1 and CO, mole-
cules are primarily of physical nature [24]. This type of adsorp-
tion mechanism offers the advantage of low energy require-
ments in material regeneration. Another significant contribu-
tion in the field of mechanism studies was made by Valenzano
and coworkers [25]. The recorded an adsorption angle of 129°
for CO, adsorption on Mg-MOF-74, which is smaller than the
corresponding angles observed for N, and CO, implying a
stronger interaction between Mg-MOF-74 and CO, (Figure 1).

MOFs with Lewis basic centers

N-containing linkers serve as secondary units in the construc-
tion of MOFs with Lewis basic centers (LBCs), producing
strong interactions with CO; gas [26]. An illustrative example
of this is demonstrated by Peikert et al., who employed 1,3,5-
benzenetricarboxylic acid (BTC) to prepare Cu-based MOF
nanoparticles (UHM-30) for gas storage, as depicted in Figure 2
[27]. The benefit of this strategy is the generation of both OMSs
and LBCs, resulting in an enhanced CO, adsorption capacity
for UHM-30 (5.26 mmol-g~!) compared to HKUST-1
(4.69 mmol-g™1). The effectiveness of amino groups in facili-
tating CO, adsorption has been further demonstrated by Si and
coworkers [28]. The authors used 2-amino-1,4-benzenedicar-
boxylate to fabricate an amine-containing MOF, which exhib-
ited a high CO, adsorption capacity of 7.2 mmol-g~!. Moreover,
MOFs constructed by N-containing aromatic ring linkers have
been examined for CO, capture. For instance, Shimizu et al.
used 3-amino-1,2,4-triazolate as a linker to create Zn-based

MOF nanomaterials, yielding a high efficiency in CO;, storage
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Figure 1: Distances (A) and angles of interaction between Mg-MOF-74, [Mg/DOBCD] (DOBCD: 2,5-dioxido-1,4-benzenedicarboxylate), with (a) CO,
(b) N2, and (c) CO.. Figure 1 was reprinted with permission from [25]. Copyright 2010 American Chemical Society. This content is not subject to CC

BY 4.0.

open metal sites
containing SBU

versatile functionality
containing Linker

Figure 2: Schematic illustration for the preparation of a CuBTC-NH, nanomaterial. Figure 2 was republished with permission of The Royal Society of
Chemistry, from [27] (“Amino substituted Cug(btc)2: a new metal-organic framework with a versatile functionality” by K. Peikert et al., Chem.
Commun., vol. 48, © 2012); permission conveyed through Copyright Clearance Center, Inc. This content is not subject to CC BY 4.0.

[29]. The result was attributed to the favorable interaction
between CO, and NH, groups. Likewise, Panda utilized
5-aminotetrazole to synthesize ZTF-1, a MOF nanomaterial
featuring LBCs [30]. This approach offered the advantage of
creating a synergistic effect, leading to a noteworthy CO,
adsorption capacity of 5.6 mmol-g~!.

Strategies for enhanced CO» storage in

MOF-based nanomaterials

Pore size control

Individual MOFs displayed promising capacities for CO,
adsorption. Nevertheless, to meet industrial criteria, it is neces-
sary to enhance the CO; capture performance of MOFs. There-
fore, various methods were applied to modify the physical and
chemical properties of MOFs, leading to improved perfor-

mance. The manipulation of pore size by modifying the size of
the ligands is an effective approach for accelerating CO,
adsorption. For instance, Yao et al. used different ligands to
fabricate various Zn-based MOF nanomaterials with distinct
pore volumes for CO, adsorption applications [31]. Notably,
SUMOF-2, characterized by the smallest pore diameter (5.9 A),
displayed the highest CO, adsorption capacity at 273 K. The
interpenetrated linkers contribute to the expansion of the cavity
and the creation of an electric field gradient, enhancing the
affinity for CO;,. Prasad et al. employed 4-(2-carboxy-
vinyl)benzoic acid to create nanosized SNU-70, which pos-
sesses a pore size of 9 A, whereas SNU-71, with a 4-(2-
carboxyethyl)benzoic acid linker has a pore size of 2.5 A [32].
The outcomes revealed that SNU-71 displayed a greater CO,
uptake than SNU-70, attributing to its smaller pore size.
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Pore space partition (PSP) is an intriguing strategy for
enhancing gas storage and gas separation, encompassing species
such as CHy, CO,, and Nj. This approach involves the introduc-
tion of additional linkers to divide large pores into smaller com-
partments [33]. PSP not only offers an increased number of
active sites but also enhances the efficiency of the cavity space.
To exemplify this, Zhao et al. used a 2,4,6-tri(4-pyridyl)-1,3,5-
triazine linker to split the pores of MIL-88, as shown in
Figure 3 [34]. Consequently, a substantial CO, adsorption
capacity of 5.6 mmol-g~! was recorded at 273 K and 1 bar,
comparable to that of MOF-74 under the same conditions. The
efficacy of the pore space partition strategy has also been indi-
cated in a report of Zheng and coworkers [35]. By combining
building units of [In(CO5)4]” and [In30]*, a core—shell kind of
In-based MOF was created, exhibiting a remarkable CO,
adsorption capacity of approximately 3.6 mmol-g~! at 273 K
and 1 bar.
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Figure 3: Graphic illustration of pore space partition by inserting TPT
in MIL-88 structure. (a) View along the ¢ axis and (b) side view of the
channels displaying the cylindrical pores. Figure 3 was reprinted with
permission from [34]. Copyright 2015 American Chemical Society. This
content is not subject to CC BY 4.0.

Post-synthetic functionalization

Amino groups, which have been widely recognized as LBCs in
MOFs for the purpose of capturing CO,, can be grafted onto
MOFs through a post-synthetic process. Several studies adopted

Beilstein J. Nanotechnol. 2023, 14, 964-970.

this strategy to modify the properties of MOFs for gas storage.
For instance, Zhang et al. used ethylenediamine to function-
alize ZIF-8, resulting in enhanced CO, adsorption and selec-
tivity [36]. A benefit of this approach is that the surface area
was improved (nearly 40%), while ED-ZIF-8 yielded a two-fold
higher amount of adsorbed CO, than pure ZIF-8. In a recent
study, Gaikwad et al. modified MOF-177 nanoparticles using
three different amines to enhance the amount of absorbed CO,
[37]. The optimally functionalized MOF-177, employing
tetraecthylenepentamine (TEPA), exhibited a remarkably higher
amount of absorbed CO, than bare MOF-177 under the same
conditions. This enhancement was attributed to the favorable
distribution of the relatively small-sized TEPA within the pore
space of MOF-177, allowing for more favorable interactions be-
tween CO, molecules and the amine centers. It is noteworthy
that modifications to MOFs have not been limited to the linker
molecules but have also involved the metal ions. For example,
Lau et al. used an ion exchange strategy to boost the amount of
adsorbed CO; in UiO-66 (Figure 4) [38]. After replacing
approximately 50% of the Zr** ions in UiO-66 with Ti**, a sig-
nificant increase in CO; adsorption capacity (81%) was
achieved. Several explanations can be considered for this obser-
vation. First, the substitution of heavy metal ions (Zr*h) with
lighter ones (Ti*") could result in an increased specific surface
area of UiO-66 (BET surface area: 1844 mz-g_l). Second, the
shorter Ti—O bond lengths compared to Zr—O bonds lead to a

‘Zr
@
Qo
@ c

Figure 4: Graphic illustration of the ion exchange by Ti(IV) in UiO-66.
Figure 4 was republished with permission of The Royal Society of
Chemistry, from [38] (“A route to drastic increase of CO» uptake in Zr
metal organic framework UiO-66" by C. H. Lau et al., Chem. Commun.,
vol. 49, © 2013); permission conveyed through Copyright Clearance
Center, Inc. This content is not subject to CC BY 4.0.
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reduced pore size in UiO-66(Zr/Ti), thereby facilitating im-
proved interactions between the MOF and CO, molecules.

MOF composites

Post-synthetic functionalization was recognized as an effective
strategy for enhancing the adsorption ability of nanosized MOF
structures. However, it demands chemical sites or an appro-
priate pore size for agent insertion. Many MOFs lack these
properties, rendering them unsuitable for post-synthetic strate-
gies. Fortunately, the development of MOF composites is a
promising solution to augment the quantity of CO, that can be
absorbed. As a case in point, Eshraghi et al. fabricated various
composites of Cr- and Cu-based nanosized MOFs and multi-
walled carbon nanotubes (MWCNTS) [39]. The authors found
that the amount of absorbed CO, increased significantly by
64% (at 298 K and 18 bar) for MIL-100(Cr) following modifi-
cation. Similarly, for Cu3(BTC),, there was a dramatic growth
of 3.46 mmol-g~! in the amount of absorbed CO, after the mod-
ification, ascribed to the improved pore space by MWCNTs. In
another work, MOF/carbon-based composites were reported by
Liu and coworkers [40]. The authors used graphene oxides as
templates for growing Cu-MOF nanograins for gas storage. A
benefit of this strategy was that surface area was enhanced, re-
sulting in a significant 30% increase in the amount of CO,
adsorbed for the optimal Cu-MOFs/GO composites. Likewise,
Kumar et al. employed graphene-based materials to reinforce

(I) Benzoic acid functionalized
graphene (BFG)

Graphene
reinforcement

MOF matrix

I Graphene reinforced MVDOBDC
composites MCG1-X)

Beilstein J. Nanotechnol. 2023, 14, 964-970.

MOF structures for the improvement of CO, uptake [41]. The
authors used carboxylic acids to modify graphene nanolayers,
and then performed in situ synthesis of different MOF-74 mate-
rials on the graphene matrix via a solvothermal method
(Figure 5). Although the surface area of composites was only
slightly increased compared to the initial materials, the amount
of absorbed CO, was significantly improved. Notably, the
optimal Mg-MOF-74/graphene-based composite yielded a high
CO, adsorption capacity of 8.4 mmol-g~! at 298 K and 1 bar.

Grand canonical Monte Carlo simulation for

CO» storage prediction

Grand canonical Monte Carlo (GCMC) simulation is an effec-
tive method to predict the gas adsorption ability of porous mate-
rials. For instance, Tao et al. used the GCMC method to eval-
uate CO, adsorption on various materials, including MOF-5,
ZIF-8, and Mg-MOF-74 [42]. The authors found that the
computational results were in agreement with experimental in-
vestigations under 10 bar and 298 K. At pressures higher than
10 bar, computational and experimental results were significant-
ly different because of the unsuitable force field under high
pressure conditions. Recently, Stanton et al. also used the
GCMC technique to predict the CO, adsorption of various
MOF structures that were modified with amino groups [43].
This study could provide adequate information for further ex-
periments in CO, storage areas.

M2 =Mg¥,
Ni** and Co**

3 2,5-dihydroxyterephthalic
0 acid (linker)

Hexagonal 1D channels of
M/DOBDC

a)

Figure 5: Graphic illustration of the fabrication of MOF/graphene-based composites. Figure 5 was reproduced from [41], R. Kumar et al., “Remark-
able Improvement in the Mechanical Properties and CO, Uptake of MOFs Brought About by Covalent Linking to Graphene”, Angew. Chem., Int. Ed.,
with permission from John Wiley and Sons. Copyright © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. This content is not subject to CC

BY 4.0.
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Conclusion

Undoubtedly, MOFs have been widely recognized as promis-
ing nanomaterials for CO, adsorption, offering potential miti-
giation of the impact of CO, gas on global warming. However,
despite the considerable research efforts dedicated to MOFs in
the context of CO, adsorption, certain drawbacks still need to
be addressed. Primarily, a large number of MOFs have poor
CO, selectivity in the presence of water and acid gases. These
species have higher polarities, which promotes their interaction
with OMSs within the MOF structures. In this regard, MOFs
tend to exhibit instability under such conditions. Therefore,
design and selection of MOFs are imperative for effective CO,
adsorption, such as in the case of MOF-808. Furthermore, CO,
storage at low pressure is still limited due to poor CO/MOF
interaction. Although this challenge can be addressed by modi-
fying the ligand components of MOFs with hydrophilic groups,
such modifications result in a substantial increase in the cost of
adsorbent production. Finally, it is crucial to explore low-cost
and environmentally friendly methods for the synthesis of nano-

sized MOFs to cater to specific applications.
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Abstract

Modification of graphene oxide (GO) by vinyltriethoxysilane (VTES) was investigated to study the effect of silanized GO on
radical graft copolymerization of GO onto deproteinized natural rubber (DPNR). The modified GO, GO-VTES (a and b), was char-
acterized by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy, contact angle, thermal gravimetric analysis, and
scanning electron microscopy. The XRD results showed the appearance of an amorphous region of silica particles at a diffraction
angle of 22°. The formation of silica was investigated by 29Si NMR, and it was found that the hydrolysis and condensation of
VTES proceed more completely in basic conditions than in acidic conditions. The silica content of GO-VTES(b) was 43%, which is
higher than that of GO-VTES(a) (8%). Morphology of silica was observed by SEM. The DPNR/GO-VTES nanocomposites pre-
pared with the same amount of GO, GO-VTES(a), and GO-VTES(b) were characterized with tensile tests and dynamic mechanical
tests. The stress at break of DPNR/GO-VTES(a) and DPNR/GO-VTES(b) was 5.2 MPa and 4.3 MPa, respectively, which were
lower than that of DPNR/GO. However, it exhibited higher stress at small strains and higher storage modulus than DPNR/GO.

Introduction

The graft copolymerization of natural rubber (NR) has gained
significant interest for an extended period. This interest derives
from the desire to enhance the green strength of NR to achieve
the comparable mechanical properties of vulcanized natural
rubber (VNR) [1-3]. VNR is commonly utilized for NR com-

mercial products. However, due to its crosslinked structure,
VNR products cannot be recycled or degraded after diposal
[4,5]. Therefore, new approaches have been introduced to
process NR into eco-friendly commercial products [6,7]. Since

the discovery of the island nanomatrix structure of NR [8] and
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the development of effective methods to prepare deproteinized
natural rubber (DPNR) [9,10], graft copolymerization of NR
has had significant impacts on improving the mechanical prop-
erties of NR. Numerous studies have utilized suitable mono-
mers to graft onto NR via radical routes. For instance, graft co-
polymerization of styrene [11,12], methyl methacrylate [13,14],
and hydroxyethyl methacrylate [15,16] onto NR enhances the
green strength for NR. On the other hand, the grafting of
nanofiller onto NR to prepare NR nanocomposites has been

recently discovered.

Nanofillers, such as nanosilica and derivates of nanocarbon, are
the most well-known fillers that have been used in rubber tech-
nology. Nanosilica has been known to reduce the rolling resis-
tance and enhance the wet grip of rubber materials. Recently,
the usage of silane coupling agents as monomers to generate in
situ nanosilica into NR has been found to enhance the mechani-
cal properties of NR. Kawahara et al. [17] used vinyltri-
ethoxysilane (VTES) as a silane monomer for grafting on NR to
form an in situ nanosilica nanomatrix. The formation of
nanosilica particles improved the thermal and mechanical prop-
erties of the graft copolymer. Furthermore, a well-controlled
nanosilica nanomatrix structure in NR has been achieved in our
previous work [18], where VTES was grafted onto NR grafted
PS, gaining the best tensile strength at 19.23 MPa. This result
highlights the advantage of a nanosilica nanomatrix on the
improvement of mechanical properties of NR. On the other
hand, graft copolymerization of nanocarbon materials, such as
graphene and graphene oxide (GO) [19,20], has also attracted
significant interest. This material with exceptionally high spe-
cific surface area, high mechanical properties, and high thermal
conductivity is expected to prepare high-performance rubber
composites [21-23]. In our recent work [24], we successfully
designed a DPNR/GO composite by grafting GO onto DPNR.
The results show that the tensile strength of DPNR/GO in-
creased compared to that of DPNR, which proved the success-
ful grafting of GO onto NR by the radical route. However, GO
possesses a highly hydrophilic character, which is the opposite
of the highly hydrophobic nature of NR. Thus, GO has quite
poor compatibility with NR. It is necessary to modify GO to
have a better interaction with the NR matrix.

Various researchers have attempted to functionalize GO with
silane coupling agents to prepare hybrid GO/silica fillers
[25,26]. The concept is based on the hydrolysis and condensa-
tion reaction of VTES to form nanosilica on GO membranes,
using both acidic and basic conditions to catalyze these reac-
tions. The hybrid GO/silica fillers could enhance the interaction,
dispersion, and properties of various composites. For example,
GO/3-aminopropyltriethoxysilane and GO/3-glycidyloxypropy-

Itrimethoxysilane used in epoxy nanocomposites [27] or

Beilstein J. Nanotechnol. 2024, 15, 168-179.

reduced GO/vinyltrimethoxy silane used in low-density poly-
ethylene nanocomposites [28]. Additionally, Charoenchai et al.
[29] prepared a hybrid silica/graphene oxide, GO/VTES, cata-
lyzed under basic conditions. The hybrid filler was introduced
into the NR matrix through conventional mixing on a two-roll
mill. Mainly, GO/VTES was expected to improve its interac-
tion with NR, thus enhancing the mechanical properties of NR
at low deformation, along with other compressive and abrasive

properties.

Until now, the application of hybrid silica/GO fillers has been
limited to vulcanized NR. Moreover, nanoscale carbon-derived
materials such as graphene and GO pose limitations in tradi-
tional NR vulcanization due to their associated high production
costs. However, when ultilized in small quantities, nanoscale
carbon-derived materials demonstrate potential in graft copoly-
merization of NR. Hence, the functionalization of GO with a
silane coupling agent significantly contributes to exploring the
most optimal methods and conditions for preparing NR/GO
nanocomposites through graft copolymerization. Despite this,
research involving the hybrid filler GO/silica for grafting onto
NR remains unexplored. Therefore, applying this potential
hybrid filler to enhance the green strength of NR through
grafting techniques, forming a fine nanocomposite between NR
and GO/silica hybrid filler, could be necessary. This approach
may play a pivotal role in furthering the development of eco-

friendly NR products.

In the present research, we modified GO with VTES and inves-
tigated the possibility of grafting GO-VTES onto NR through a
radical route using tetraethylenepentamine (TEPA) and TBHPO
as initiators. Exceptionally, GO-VTES was prepared by modi-
fying GO with VTES under acidic and basic conditions to deter-
mine the ideal condition to modify GO for grafting onto NR.
The GO-VTES products were characterized using X-ray
diffraction (XRD), contact angle, 29si NMR, Fourier-transform
infrared spectroscopy (FTIR), and morphology analysis. The
GO-VTES was expected to improve the mechanical properties
of NR composite. The usage of GO-VTES may be suitable for
the preparation of NR composites for tire applications as the
composite may reduce water permeability and enhance the abra-
sion resistance of commercial products [30].

Experimental

Materials

The natural rubber used in this work is high-ammonia natural
rubber latex (HANR, dry rubber content (DRC) 60%) supplied
by Dau-Tieng rubber company. Sodium dodecyl sulfate (SDS,
97%) was bought from Nacalai Tesque, Japan. Graphite flake
powder (>99% purity) was obtained from Yen-Bai province,

Vietnam. The compounds KMnO,4, NaNOj (analytical grade),
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and TEPA were purchased from Sigma-Aldrich. Vinyltri-
ethoxysilanes, tert-butyl hydroperoxide (TBHPO), and urea

were purchased from Tokyo Chemical Industry, Japan.

Removal of proteins from natural rubber
According to the method reported in [24], deproteinization of
HANR was carried out using urea as a denaturing agent and
SDS as a surfactant. About 80 g of HANR (60% DRC) was in-
cubated with 80 g of water containing 1.6 g of SDS and 0.16 g
of urea for 1 h before the 1st centrifugation at 10,000 rpm at
15 °C for 30 min. The cream recovered after centrifugation was
redispersed in 80 g of water containing 0.8 g SDS and subject-
ed to a 2nd centrifugation under the same condition. The cream
fraction was again redispersed in water containing 0.16 g of
SDS before the 3rd centrifugation. The final cream was diluted
in a certain amount of SDS solution to obtain deproteinized
natural rubber (DPNR) with DRC (20%) and SDS (0.2%).

Preparation of graphene oxide and
silanization with VTES

The graphene oxide used in this work was synthesized from
graphite flakes using a modified version of Hummers’ method
[31], similar to those reported in [24]. About 1 g of graphite
powder was put into 23 mL of concentrated H,SOy, and 0.5 g
of NaNOj and 3 g of KMnO4 were added to the mixture. The
temperature was maintained between 0-5 °C, and the system
was kept for 2 h before heating up to 35 °C and kept for 1 h.
After that, water was added to increase the temperature to 90 °C

0.4g GO

o «— 160 mL H,0
Sonication 1 h

«— VTES
Stirring, 20°C, 3 h

«— HCI37%
Stirring, 75 °C, 2 h

Centrifugation

4

Solid mixture

Filteration and
rinsing until pH 7

«~——H,0

GO-VTES(a)
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for 30 min, and 10 mL of H,O, was dropped into the flask.
After 15 min, 100 mL of water was used to dilute the reaction.
The powder was filtered and washed with distilled water until it
had a neutral pH. The GO powder was then dispersed in water
and centrifuged at 10,000 rpm for 30 min to obtain the
suspended solution. The purified GO powder was collected
after drying the solution in a heating oven.

Vinyltriethoxysilane was used to modify GO [25,32] and it was
bonded on the GO surface by the sol-gel method, as shown in
Figure 1. Firstly, GO (0.4 g) was thoroughly dispersed in
distilled water. After that, VTES (1.8 g) was added to the mix-
ture, followed by the addition of concentrated HCI (1 mL) or
NH4OH (1.5 mL) as catalysts. When using HCI, the mixture
was stirred for 2 h under a temperature of 75 °C. Conversely,
when NH4OH was used, the mixture was stirred at 40 °C for
4 h. The solid mixture, obtained after centrifugation, was rinsed
and filtered until neutral. The collected solid was entirely dried
in an oven at 50 °C to obtain the final GO-VTES(a) and
GO-VTES(b).

Preparation of DPNR/GO-VTES composite

The DPNR/GO-VTES composite was prepared via graft copo-
lymerization technique using TEPA/TBHPO redox initiators,
similar to our previous work [24]. The experimental steps are
illustrated in Figure 2. First, GO-VTES powder (0.2 g) was
dispersed into 50 g of a 0.2% SDS solution followed by homog-
enization for 1 h to obtain a homogeneous GO-VTES disper-

0.4g GO

o «——— 160 mL H,0
Sonication 1 h

«— VTES
Stirring, 20°C, 3 h

«— NH,OH
Stirring, 40 °C, 4 h

Centrifugation

A\

Solid mixture

Filteration and

. +«— C,HsOH
rinsing

GO-VTES(b)

Figure 1: Silanization of graphene oxide in acidic condition (left) and in basic condition (right).
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sion. After that, approx. 200 g of DPNR (DRC 20%, SDS 0.2%)
was mixed with the GO-VTES dispersion, and the system was
bubbled with N, gas for 1 h to remove residual dissolved
oxygen. Then, 0.51 g of TEPA and 0.34 g of TBHPO initiators
were added to the reaction to initiate the radical reaction be-
tween GO-VTES and the rubber particles. The reaction was
carried out for 3 h with constant stirring under N, atmosphere at
30 °C. The reacted latex was subjected to rotary evaporation for
40 min to remove impurities. The resulting latex was cast on a
petri dish and dried in an oven at 50 °C, then in a vacuum to
obtain a DPNR/GO-VTES composite film. A similar procedure
was carried out with 0.2 g of GO, 200 g of DPNR (DRC 20%,
SDS 0.2%), and with the same amount of TEPA/TBHPO as in
the preparation of DPNR/GO-VTES.

DPNR (20% DRC, 0.2% SDS)

GO-VTES
dispersion
N, bubbling, 1h
30 °C, 300 rpm
<—— TEPA/THBPO

350 rpm, 3h, 30 °C

Y

Reacted latex

Rotary evaporation
40 min, 80 °C

Cast film

A 4

DPNR/GO-VTES

Figure 2: Preparation of DPNR/GO-VTES composite.

Characterizations

X-ray diffraction patterns of graphite and GO were acquired by
using a Panalytical X'Pert Pro X-ray diffractometer. The mea-
surements were performed at room temperature with the diffrac-
tion angle (2-theta) ranging from 5 to 80°.

Solid-state 29Si NMR spectra were recorded with a JNM ECA-
400 (JEOL, Japan) spectrometer operating at a magnetic field of

400 MHz. A suitable amount of rubber sample was inserted in
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an NMR tube and injected into an NMR system equipped with a
CP-MAS probe. The number of scans was 1000.

Contact angles of the samples were measured by taking a photo
of a drop of distilled water on the sample surface by a CCD
camera. The determination of the contact angle was monitored
by the SCA20 software using the Data-physic OCA20 system.

Thermal gravimetric analysis (TGA) of the samples was per-
formed on a TA Q500 instrument. The temperature was in-
creased at a heating rate of 10 °C /min from room temperature
to 900 °C in air atmosphere.

The morphology of the DPNR/GO-VTES was observed with
field-emission scanning electron microscopy (FE-SEM) per-
formed with HITACHI S-4800. The measurement was per-

formed at room temperature.

The tensile properties of the composite samples were measured
with a Tokyo Instron 5300 (Japan). The graft copolymer films
(thickness of 1 mm) were cut in a dumbbell shape described in
JIS K6251. Tensile measurements were done at room tempera-
ture with a speed test of 200 mm/min.

Dynamic mechanical analysis (DMA) of the graft copolymer
was measured with a MCR 301 (Anton Paar Physica, Japan)
analyzer using a 12 mm parallel plate (PP12) measuring system.
First, the samples were heated to 80 °C in gaseous N, and kept
for 40 min for the attachment of the sample to the measuring
system. The frequency-dependent measurement was performed
at an initial strain of 1% and at an angular frequency of
0.1-100 rad/s at 30 °C. The number of data points collected was
31.

Results and Discussion

Characterization of GO-VTES

XRD

Figure 3 shows XRD patterns for GO and silanized GO using
acid and base catalysts. The sharp peak at 20 = 11° is a diffrac-
tion pattern for GO [33]. This peak is evidence of the exfolia-
tion of the GO sheet synthesized by the modified Hummers’
method. After modification with VTES, two diffracting patterns
appeared in the XRD spectra for GO-VTES(a) and
GO-VTES(b). The peak at 20 = 11° belongs to the GO sheet,
and a new peak that appeared at 20 = 22° was assigned to the
amorphous silica. The broad peak of GO in GO-VTES may be
explained to be due to the intercalation of the GO sheet during
modification. Silica was formed after the hydrolysis and con-
densation of VTES. It is noted that the intensity ratio of the
silica region and the GO peak for GO-VTEs(a) was lower than
that of GO-VTES(b). This evidence may suggest that silica is
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more favorably formed in basic conditions than in acidic condi-
tions. These results are a clear evidence for the formation of a
silica layer on the surface of GO as a result of the reaction be-
tween GO and VTES.

GO-VTES(a)
GO
= GO-VTES(b)
8
>
s
C
g
jS
5 1I5 2I5 3I5 4I5 5I5 6|5

2-theta (degree)

Figure 3: XRD patterns of GO, GO-VTES(a) and GO-VTES(b).

29Si NMR spectroscopy

To understand the degree of hydrolysis and condensation of
VTES to form silica during GO modification, 2°Si NMR spec-
tra of GO-VTES(a) and GO-VTES(b) were recorded with a
solid CP/MAS probe. In 29Si NMR spectra, the complete hydro-
lysis and condensation of VTES will result in the signal T3, cor-
responding to the R-Si(OSi)3 structure, and the incomplete
hydrolysis and condensation of VTES will be accompanied by
the T, signal, which corresponds to R-Si(OSi);OC,H5 or
R-Si(0OSi);OH. As shown in Figure 4, two signals appeared
at chemical shifts —69 and —79 ppm. The signal at —69 ppm
was assigned to the Si atom in the T, structure (i.e.,
CH,=CH-Si(0O-Si),(0OC,Hs) or CH,=CH-Si(O-Si),(OH)). On
the other hand, the signal at =79 ppm was assigned to the Si
atom in the Tj structure (i.e., CH,=CH-Si(O-Si)3) [17]. It was
noted that the intensity ratios of T3 to T, signals for
GO-VTES(b) were higher than that of GO-VTES(a). The higher
intensity ratios of the T3 to T, signals demonstrated that hydro-
lysis and condensation were more completed in GO-VTES(b)
than in GO-VTES(a).

Attenuated total reflection—Fourier-transform

infrared spectroscopy results

The attenuated total reflection—Fourier-transform infrared spec-
troscopy (ATR-FTIR) results of GO, GO-VTES(a), and
GO-VTES(b) are shown in Figure 5. The absorption values
ranging from 3100 to 3700 cm™! corresponded to —OH and
—COOH groups on the GO surfaces and —OH group on silica
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Figure 4: 29Si NMR CP/MAS for GO-VTES(a) and GO-VTES(b).

particle surfaces [33]. However, the intensities of these signals
decreased in the FTIR spectra of GO-VTES(a) and
GO-VTES(b). This may be attributed to a decrease in the num-
ber of —OH groups of GO due to the reaction with VTES and
the presence of the vinyl group on the surface of silica particles.
The peak at the wavenumber of 1720 cm™ in the GO spectrum
corresponds to the C=0 bond in the carboxylic group -COOH.
However, after modification with VTES, the intensity of the
1720 cm™! signal significantly decreased. It may be due to the
removal of the -COOH group during GO modification. In the
spectrum of GO, the absorption peak at 1624 cm™! was ascribed
to vibration of the C=0 bonds on the ketone group [33]. Never-
theless, for GO-VTES(a) and GO-VTES(b), this absorption
peak overlapped with the absorption peaks at 1600 cm™!, which
appeared due to the appearance of C=C bonds in VTES [17]. In
the fingerprint region, the absorption peaks at approx. 950 to
1300 cm™! for GO were due to the vibration of C—O and C—-OH
bonds in GO. These absorption peaks decreased for
GO-VTES(a) and increased for GO-VTES(b) after modifica-
tion. The increased in these peaks for GO-VTES(b) was due to
the asymmetrical vibration of Si—O-Si linkages in silica parti-
cles during modification. This suggested that the silica particles
were more efficiently formed in basic conditions than in acidic
conditions. Note that the absorption at 780 cm™! was due to the
symmetrical vibration of Si—O and Si—C linkages. This absorp-
tion was due to the formation of silica particles on the GO layer

during modification.
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Figure 5: ATR-FTIR spectra of GO, GO-VTES(a) and GO-VTES(b).

Contact angle

The effect of GO modification with VTES on GO surface char-
acteristics was investigated by measuring the contact angle.
Figure 6 shows images of distilled water that was dropped onto
GO and GO-VTES surfaces. The value of the contact angle elu-
cidates the hydrophilicity or hydrophobicity of the surface. The
higher the contact angle, the higher the hydrophobicity. The
contact angle of GO is about 67°, and those of GO-VTES(a)
and GO-VTES(b) are 91 and 80°, respectively. The excellent

GO-VTES(a)

Figure 6: Contact angles of GO, GO-VTES(a) and GO-VTES(b).

hydrophilicity of GO may be due to various hydrophilic func-
tional groups (i.e., hydroxyl group, carboxyl group, and epoxy
group) that exist on the GO surface. However, after modifica-
tion with VTES, the contact angle increased. This suggests that
the formation of silica particles enhanced the hydrophobicity of
GO. Note that GO-VTES(a) has a higher contact angle than that
of GO-VTES(b), which indicates that GO-VTES(a) exhibited
higher hydrophobicity than GO-VTES(b). It may be due to a
vinyl group (-CH=CHy) or ethoxy group (-OC;,Hs) attached to

CA Lt = 80.701 Right = 80.660

GO-VTES(b)
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the silica surface. However, in the case of GO-VTES(a), the
hydrolysis was not completed. Thus, there were fewer —OH
groups on the silica and GO surfaces. This result is in agree-
ment with the 2°Si NMR and ATR FTIR analysis.

Thermal gravimetric analysis results

The degradation behavior of GO-VTES was investigated with
TGA. Figure 7 shows TGA and dTGA curves for GO-VTES(a),
and GO-VTES(b) and the weight loss percentage at three tem-
perature ranges and residual ash are given in Table 1. The
weight loss percentage from 30 to 100 °C for GO-VTES(a) and
GO-VTES(b) was approx. 6% and 4%, respectively. This
weight loss was attributed to absorbed water in GO-VTES. At
higher temperatures ranging from 150 to 250 °C, the weight
loss was due to the decomposition of oxygenous organic func-
tional groups present in GO-VTES. The weight loss percentage
in this temperature range was approx. 34% for GO-VTES(a)
and 12% for GO-VTES(b). The higher weight loss percentage
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Figure 7: TGA curve of GO-VTES(a) and GO-VTES(b).
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for GO-VTES(a) may be due to the higher amount of
combustible functional groups derived from incomplete hydro-
lysis of VTES. These results confirmed that silica formation is
more favorable in a basic medium than in an acidic medium.
From 500 to 800 °C, the combustion of carbon-containing
compounds occurs. The weight loss of GO-VTES(a) and
GO-VTES(b) were quite similar, approx. 52% and 42%, respec-
tively. After 800 °C, the residual ash was silica. The ash content
was 8% for GO-VTES(a) and 42% for GO-VTES(b). From the
ash content, it could be confirmed that the VTES was effi-
ciently attached to GO, and the attachment was more efficient in
basic conditions rather than acidic conditions.

Scanning electron microscopy images

Figure 8 shows SEM images for GO-VTES(a) and
GO-VTES(b). As can be seen, silica was produced with a size
of approx. 50 nm for GO-VTES(a) and GO-VTES(b). It proved
that VTES was hydrolyzed and condensed to generate the
nanosilica particles. Moreover, more silica particles were found
in SEM images of GO-VTES(b) than in GO-VTES(a). At the
same time, GO sheets were more visible in the case of
GO-VTES(a) but entirely invisible in GO-VTES(b). Nanosilica
was generated and covered most of the GO surface in
GO-VTES(b), and there was some small agglomerates of silica.

lllustration of GO modification with VTES

Figure 9 illustrates GO modification with VTES. First, VTES is
hydrolyzed to form —OH groups. These —OH groups will be at-
tached to the GO surface at the hydroxyl group by hydrogen or
chemical bonding. The formation of silica particles from hydro-
lysis and condensation of VTES may occur on the GO surface
and in water. The unreacted vinyl group in GO-VTES may have
possible interactions with rubber particles through radical graft
copolymerization, same as those reported on graft copolymeri-
zation of VTES onto NR [17,18].

Properties of DPNR/GO-VTES

Stress—strain curves

Figure 10 shows stress—strain curves for DPNR/GO-VTES(a),
GO-VTES(b), and DPNR/GO as a control sample. The amount
of GO, GO-VTES(a), and GO-VTES(b) used in graft copoly-
merization was 0.5 phr. The tensile strength of the unmodified

Table 1: Weight loss percentage of GO-VTES(a) and GO-VTES(b) at different temperatures.

Sample Weight loss (%)

3010 100 °C 150 to 250 °C 500 to 800 °C Residual amount
GO-VTES(a) 6 34 52 8
GO-VTES(b) 4 12 42 42
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Figure 8: FE-SEM images for GO-VTES(a) and GO-VTES(b) at 100k and 50k magnifications.

DPNR was approx. 2.2 MPa. It increased to 5.2 MPa for
DPNR/GO-VTES(a) and to 4.3 MPa for DPNR/GO-VTES(b).
However, these tensile strength values were slightly lower than
that of DPNR/GO, which was 5.9 MPa. This observation may
indicate that GO, after modification with VTES, was not well
chemically linked to rubber particles, resulting in a decrease in
the reinforcement effect for NR. The giant silica structure on
the GO surface, as proposed in Figure 9, may hinder the
mobility of GO to interact with rubber particles during radical
graft copolymerization. Table 2 shows the value of stress at
strain of 100%, 300%, 500%, stress at break, and strain at break
for DPNR/GO-VTES(a), DPNR/GO-VTES(b), and DPNR/GO.
The samples DPNR/GO-VTES(a) and DPNR/GO-VTES(b)
have higher stress values at 100%, 300%, and 500% than those
of DPNR/GO. This was due to silica particles on the GO sur-
face, providing the stiffness for DPNR/GO-VTES. Furthermore,

tensile strength for DPNR/GO-VTES(a) was slightly higher
than that of DPNR/GO-VTES(b), which suggested that
GO-VTES(a) may have better interaction with NR than
GO-VTES(b). The silica particles on the GO layer may hinder
the chemical interaction between GO and NR.

Dynamic mechanical properties

Dynamic mechanical properties of composite samples reveal
how much energy is stored or lost during applied cyclic
shearing force. Figure 11 shows the dependence of the storage
modulus (G'), loss modulus (G"), and loss tangent (tan d) of
DPNR, DPNR/GO, DPNR/GO-VTES(a), and DPNR/GO-
VTES(b) as a function of frequency at 30 °C. The G' value of
DPNR was 0.13 MPa. This value was much higher than that of
DPNR/GO0.5 (0.036 MPa). However, it was lower than those
of DPNR/GO-VTES(a) (0.284 MPa) and that of DPNR/GO-
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VTES(b) (0.334 MPa). The lower G' value of DPNR/GO could
be explained by thin and large surface GO layers. The GO sheet
could not withstand large shearing force, causing the rubber
particles to slip. The high G' value of DPNR/GO-VTES(a) and
DPNR/GO-VTES(b) may be due to hard silica particles, which
may contribute to higher energy storage for composite materi-
als. The G' values seemed to depend on the silica content; the
higher the silica content, the higher the storage modulus.

The dependence of loss modulus (G") on frequency for DPNR,
DPNR/GO, DPNR/GO-VTES(a), and DPNR/GO-VTES(b)
exhibited a little difference as shown in Figure 11. The G"
values of DPNR and DPNR/GO-VTES(a) slightly decreased
with frequency. However, the G" values for the DPNR/GO and
DPNR/GO-VTES(b) samples slightly increased as frequency
increased. These distinguishable behaviors suggested that
DPNR/GO and DPNR/GO-VTES(b) may have higher energy
dissipation while applying force than DPNR/GO-VTES(a) and
DPNR.

Table 2: Tensile stress at break, strain at break, tensile stress at strain of 100%, 300%, 500% of DPNR, DPNR/GO and DPNR/GO-VTES samples.

Sample Tensile stress at a strain of (MPa)
100% 300% 500%
DPNR 0.39 0.47 0.77
DPNR/GO 0.39 0.59 1.00
DPNR/GO-VTES(a) 0.47 0.69 1.16
DPNR/GO-VTES(b) 0.55 0.86 1.40

Tensile stress at break (MPa)  Strain at break (%)

2.2 864
5.8 1060
51 1006
4.2 941
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Figure 11: Dependence of storage modulus (G'), loss modulus (G"), and loss tangent (tan d) of (A) DPNR, (B) DPNR/GO, (C) DPNR/GO-VTES(a),

and (D) DPNR/GO-VTES(b) as a function of frequency.

The loss tangent (tan ) is defined as a G"/G' ratio. The depen-
dence of tan d with frequency for DPNR/GO samples was quite
similar to that of DPNR, in which tan d decreased as frequency
decreased. This phenomenon is appointed to the pure entropic
elasticity of NR. Notably, values of tan 6 for DPNR/GO-
VTES(a) and DPNR/GO-VTES(b) sharply decreased with fre-
quency. This suggests that the energy may be dissipated faster
in DPNR/GO-VTES(a) and DPNR/GO-VTES(b) than in DPNR
and DPNR/GO. The absence of chemical interactions between
NR and GO-VTES in DPNR/GO-VTES(a) and DPNR/GO-
VTES(b) may be responsible for a fast energy dissipation.
Consequently, DPNR/GO0.5 which uses unmodified GO,
shows both entropic and energetic elastic properties, as evi-
denced by the dependence of loss tangent versus frequency
[34].

Conclusion

Graphene oxide was modified by VTES under acidic and basic
conditions to produce GO-VTES(a) and GO-VTES(b), respec-
tively. The GO-VTES(a) and GO-VTES(b) samples were then
used for the preparation of nanocomposites with deproteinized
natural rubber via the graft copolymerization route. The DPNR/
GO-VTES(a) and DPNR/GO-VTES(b) samples exhibited lower
tensile strength values than that of DPNR/GO. However, they
showed higher stress values at small strain values than those of
DPNR/GO. This demonstrates that GO-VTES may have poorer
chemical interaction with DPNR than GO. From DMA analysis,
DPNR/GO-VTES(a) and DPNR/GO-VTES(b) may have more
viscous characteristics than DPNR/GO. The silica particles in
GO may decrease the chemical interaction between GO and NR

via graft copolymerization. However, it contributed to a higher
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storage modulus for DPNR/GO-VTES(a) and DPNR/GO-
VTES(b), which were approx. two or three times higher than
that of DPNR/GO. Our work provided insight into how modi-
fied GO interacts with rubber particles during radical graft co-
polymerization compared to unmodified GO. Then, a suitable
approach could be made in the future to fabricate NR/silica/GO
composite for abrasion resistance.
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Abstract

Theragnostics has become a popular term nowadays, since it enables both diagnosis and therapy at the same time while only using
one carrier platform. Therefore, formulating a nanocarrier system that could serve as theragnostic agent by using simple techniques
would be an advantage during production. In this project, we aimed to develop a nanocarrier that can be loaded with the chemother-
apeutic medication chlorambucil and magnetic resonance imaging agents (e.g., iron oxide nanoparticles and near-infrared fluoro-
phore IR780) for theragnostics. Poly(lactic-co-glycolic acid) was combined with the aforementioned ingredients to generate
poly(vinyl alcohol)-based nanoparticles (NPs) using the single emulsion technique. Then the NPs were coated with F127 and F127-
folate by simple incubation for five days. The nanoparticles have the hydrodynamic size of approx. 250 nm with negative charge.
Similar to chlorambucil and IR780, iron oxide loadings were observed for all three kinds of NPs. The release of chlorambucil was
quicker at pH 5.4 than at pH 7.4 at 37 °C. The F127@NPs and F127-folate@NPs demonstrated much greater cell uptake and toxici-
ty up to 72 h after incubation. Our in vitro results of F127@NPs and F127-folate@NPs have demonstrated the ability of these

systems to serve as medication and imaging agent carriers for cancer treatment and diagnostics, respectively.

180


https://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:thaodangluong@gmail.com
mailto:nhphuc@ntt.edu.vn
mailto:ltloc@ntt.edu.vn
mailto:caoxuanthang@iuh.edu.vn
mailto:tavy@ntt.edu.vn
mailto:vqhieu@ntt.edu.vn
https://doi.org/10.3762/bjnano.15.17

Introduction

Theragnostic nanoparticles (NPs) are a diagnostic and thera-
peutic delivery system. The delivery system is comprised of
three components: the carrier, the imaging agent, and the thera-
peutic drug, all of which need clinical approval before being
used in humans.

Poly(lactic-co-glycolic acid) (PLGA) is an approved biodegrad-
able and biocompatible material for clinical use [1]. Particular-
ly, PLGA is widely used for nanoparticle formulation because it
is a versatile material that can serve multiple functions, includ-
ing transporting of therapeutic drugs and imaging agents [2,3].
In addition, PLGA can be altered in numerous ways to increase
the half-life of nanoparticles in the blood and target efficacy. To
increase the blood half-life, stealth materials have been at-
tached to the nanoparticle surface to prevent protein adsorption
and immune cell phagocytosis [4]. Most sheath materials are
hydrophilic polymers such as poly(vinyl alcohol), poly(ethyl-
ene glycol), and poly(ethylene oxide) (PEO). To improve the
targeting ability of nanoparticles, ligands are typically designed
to be located on the exterior of nanoparticles. Typically, ligands
are cell-type-specific monoclonal antibodies, RGD peptides for
the overexpression of the asialoglycoprotein receptor on cancer
cells [5], mannose for the mannose receptor on activated macro-
phages [6,7], and folic acid for the overexpression of the
folate receptor on the surface of cancer cells and activated
macrophages [8]. Thus, in this study, PLGA was chosen for
NP formulation since it is a biocompatible and biodegradable

material.

Clinical use of superparamagnetic oxide nanoparticles
(SPIONs) has been authorized [9]. SPIONs have been
utilized in magnetic particle imaging (MPI), magnetic reso-
nance imaging (MRI), computer tomography (CT), and
additional imaging models [9-11]. SPIONs have been
modified to be applicable to a variety of fields. However,
SPIONGs typically serve as the core of nanoparticles, while
the outer shell is composed of stabilization coating materials
such as chitosan, mannan, poly(ethylene glycol) (PEG),
Pluronic™ F-127, or PLGA [7,12,13]. SPIONSs stabilized
with PLGA have attracted interest due to their high potential
applications in various fields, including theragnostics. The
PLGA SPION nanoparticles were modified to carry
siRNA for silencing the inflammatory cytokine Cox-2 in
activated macrophages and to serve as a tracer for locating acti-
vated macrophages in a mouse model of intra-uterine
urinary obstruction [14]. In another study, PLGA SPIONs
could transport chemotherapeutic agents for cancer
treatment and diagnosis [15]. Therefore, the combination of
PLGA and SPIONs promises a useful theragnostic system in

our study.
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In addition to the encapsulation of SPIONs in PLGA employed
for diagnostics, near-infrared (NIR) fluorescent dyes are a
potential alternative for the diagnosis and excision of residual
malignant cancer, which is invisible by conventional visual
examination and palpation [16-18]. Indocyanine green is the
only NIR dye permitted for clinical use [19]. Dyes such as
IR780 and IR783 are also promising diagnostic choices. Encap-
sulation of IR780 in nanoparticles can be used for imaging and
photothermal, photodynamic, and combinatorial cancer thera-
pies [20-22]. IR780 is also utilized in PEG-PLA nanoparticles
for photodynamic therapy of human breast cancer cells [23,24].
Thus, using IR780 in our NPs would bring advantages for local

imaging and treatment.

Chemotherapy medications assist in inhibiting the development
of tumors. Chemotherapeutic agents such as doxorubicin attach
to chromosomes and inhibit DNA replication, while paclitaxel
depolymerizes the cytoskeleton and chlorambucil (CHL)
inhibits DNA synthesis. These drugs can be encapsulated inside
nanoparticles for administration to increase the stability of the
medication in circulation and therapeutic efficacy. For example,
doxorubicin can be inserted into liposomes and paclitaxel
attaches to the protein particle [25,26]. PLGA is one of the
finest materials for transporting chemotherapy drugs. PLGA
transports not only hydrophobic but also hydrophilic drugs. The
encapsulation of chemotherapeutics in PLGA nanoparticles has
been extensively studied. PLGA has been loaded with doxoru-
bicin, for instance, for tumor treatment [27], and PLGA-chlo-
rambucil nanoparticles have been developed for the treatment of
breast cancer [28]. Due to the efficiency of CHL in cancer treat-
ment, CHL has been used as a drug model in order to evaluate

our formulated NPs.

Therefore, in this study, we propose to develop a carrier system
capable of transporting NPs that could carry iron oxide (10)
nanoparticles, IR780, and CHL for cancer theragnostic applica-
tions.

Materials and Methods

Chlorambucil (C0253), PLGA 504H (719900), IR780 (425311),
FeSO4-7H,0 (215422), FeCl3-6H,0O (236489), NaOH
(221465), oleic acid (364525), Pluronic™ F-127 (P2443),
poly(vinyl alcohol) (PVA) (P8136), phosphate buffered saline
(PBS) (P4417), dimethyl sulfoxide (DMSO) (472301),
dichloromethane (DCM), 3-[4,5-dimethylthiazol-2-y1]-2,5
diphenyl-2H-tetrazolium bromide (MTT) (M2128), and
coumarin-6 (442631), K3[Fe(CN)¢] (1049730100) were pur-
chased from Sigma-Aldrich. Dulbecco's Modified Eagle Medi-
um (DMEM) (11965092), fetal bovine serum (FBS)
(MT35010CV), antibiotic (15-240-062), and trypsin (25-200-
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056) were purchased from Gibco, Fisher Scientific. All other

solvents and reagents were of chemical grade.

Synthesis of iron oxide nanopatrticles

Iron oxide NPs were synthesized using a modified coprecipita-
tion method [13]. Firstly, 10 mmol of FeSO4-7H;0 and 5 mmol
of FeCl3-6H,0 were dissolved in 50 mL of deionized water in a
N, atmosphere. Then, 1 M of NaOH was carefully added into
the solution while swirling until the pH reached 14. Next, 1 mL
of oleic acid was added to the solution and heated to 70 °C for
30 min. The synthesized IO NPs were washed three times with
50 mL of DCM and stored at —80 °C for further experiments.

Synthesis of folate-F127

The synthesis was done as previously described [13]. The
Fourier-transform infrared spectroscopy (FTIR) results were
displayed in the Supporting Information File 1 (Supplementary
data 1) and Figure S1.

Formulation of nanoparticles F127-
folate@PLGA/IO/CHL/IR780 and others

In 2 mL of DCM, 20 mg of PLGA, 40 pg of 10, 2 mg of CHL,
and 0.1 mg of IR780 were mixed. The organic solvent was then
added to the aqueous phase, which contained 10 mL of 1.5%
PVA. The mixture was then emulsified by vortexing at
1000 rpm for 1 min, followed by sonication (Sonics, Vnibra
cells, USA) over an ice bath for 1 min at 40 W, 40%, 10 s pulse,
and 2 s rest. Then, the organic phase was magnetically stirred at
200 rpm and allowed to evaporate overnight in a dark area at
room temperature. In the next day, the nanoparticles were
centrifuged at 12,000 rpm for 30 min, then resuspended in
600 pL of distilled water. The nanoparticles were then separat-
ed into three 200 pL suspension tubes. Then, 2 mg of F127-
folate or 2 mg of F127 was separately added to the tubes, and
the ligand exchange was performed at 4 °C for one week. The
tube without added polymer was designated as PVA@PLGA/
IO/CHL/IR780 (PVA@NP). Then, the nanoparticles were
centrifuged for 30 min at 12,000 rpm and resuspended in
distilled water. The final formulations of the three nanoparti-
cles were F127-folate@PLGA/IO/CHL/IR780 (F127-
folate@NP), F127@PLGA/IO/CHL/IR780 (F127@NP), and
PVA@PLGA/IO/CHL/IR780 (PVA@NP).

Coumarin-6 (0.2 mg) was added to the organic phase to create
F127-folate@NP/Cou-6, F127@NP/Cou-6, and PVA@NP/
Cou-6 for the fluorescence assay in cells.

Hydrodynamic size and zeta potential
Dynamic light scattering (DLS) and zeta potential spectra were
obtained for three replicates on a nanoPartical Horiba SZ-100

(Japan) with the scattering angle of 90° to determine the size
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distribution and stability of the nanoparticles. The DLS mea-
surements were performed in both 0.1x PBS (13.7 mM of NaCl,
0.27 mM of KCI, 1 mM of NayHPOy, and 0.18 mM of
KH;POy, pH 7.4) and animal cell culture media containing
DMEM and 10% FBS.

Scanning electron microscopy

For scanning electron microscopy (SEM) experiments, 10 uL of
F127-folate@NP was loaded on the silica film for 1 min, and
water was allowed to evaporate. Then, the NPs were coated
with titanium and SEM images were acquired using a FE-SEM
S4800 HITACHI, Japan.

Loading capacity

Entrapment and release of CHL and IR780 in the NPs were
measured by the absorbance of CHL at 256 nm and IR780 at
780 nm using HPLC 1200 and NanoDrop OneC (Thermoscien-
tific, USA).

In brief, a small amount of freeze-dried NPs was weighted and
dissolved in 20 pL of acetonitrile. Then, 80 uL of methanol was
added to extract the drug. The mixture was centrifuged at
12,000 rpm for 30 min, and the supernatant was kept for drug
entrapment calculation.

Chlorambucil release

The NPs were kept in 0.1x PBS at pH 7.4 and pH 5.4 for 24,
48, 72, and 168 h at 37 °C. The NPs were then centrifuged at
12,000 rpm for 30 min. The pellet was collected and freeze-
dried. The remaining CHL concentration in NPs was calculated
as previously described.

Determination of iron content with the

Prussian blue protocol

The iron content was determined by measuring absorption of
Prussian blue at 562 nm (Biotek ELX800, Agilent, USA).
Briefly, the material was initially reduced for 10 min in 4%
HCIL. Then, 4% K3[Fe(CN)¢] was added and the mixture was in-

cubated for an additional 10 min.

Cell culture
The cell lines HepG2, MCF-7, 3T3, and Hek were cultured in
DMEM, 10% FBS, and 1% antibiotic at 37 °C and 5% CO,.

Cell uptake estimation

The cells were seeded onto 6-well plates at 100,000 cells/well
and were cultured overnight. On the next day, the cells were in-
cubated with 0.5 mg of F127-folate @NP/Cou-6, F127@NP/
Cou-6, and PVA@NP/Cou-6 in 1 mL of cell culture media
for 4 h. The cells were then washed with PBS three times

and trypsinized. The harvested cells were counted and
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20,000 cells/well were added to a black 96-well plate in tripli-
cates. The culture medium and cells without treatment were
used as controls. Fluorescent signals were obtained at an excita-
tion wavelength of 460 nm and emission wavelength of 510 nm
(Victor Nivo, Perkin Elmer, USA). After the measurements, the
cell signal was subtracted from the signal from the cells that did
not receive treatment. Then, the signals were normalized to the
signal of PVA@NP/Cou-6 for comparison.

The fluorescence image of the NPs in the cells were displayed
in Supporting Information File 1, Supplementary data 2 and
Figure S2.

Cytotoxicity effects of nanoparticles

The cells were seeded onto 96-well plates at 5,000 cells/well
one day prior to the tests. Then, the cells were treated with
various particle concentrations (0.5 mg/ mL, 1 mg/mL, and
1.5 mg/mL). Cells treated with CHL and untreated cells were

—PVA@NP in PBS —PVA@NP in cell culture media ——FI127@NPin PBS

% frequency
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used as controls. Cells were incubated with NPs for 48 and
72 h. The cell viability was evaluated by the MTT assay, and
the absorbance was read at 562 nm (Biotek ELX800, Agilent,
USA).

Results
The morphology, size, and zeta potential of

the particles

The hydrodynamic size of the three types of NPs (Figure 1A)
ranged from 245 + 11 nm to 246 + 2 nm with the polydispersity
index (PDI) smaller than 0.12, which shows the similarity in
size and highly homogeneity among the NPs (Table 1). The
zeta potential values of the nanoparticles were: PVA@NP:
-46 £ 0.7 mV; F127-folate@NP: —-67.4 = 2.3 mV, and
F127@NP: -81.13 + 2.4 mV (Table 1). It was also showed that
when the NPs were in cell culture media, their values of DLS
and PDI increased to approx. 280 nm and 0.24, respectively.

z ——F127-Folate@NP in PBS

F127@NP in cell culture media —F127-Folate@NP in cell culture media

Dlameter (nm)

$-4800 10.0kV 7.9mm x15.0k SE(M)

3.00um $-4800 10.0kV 7.

Diameter (nm)

m x30.0k SE(M)

1.00um

Figure 1: (A) DLS results for the NPs. (B) SEM images of F127-folate@NP at 15kx and 30kx magnifications.

Table 1: Hydrodynamic size and polydispersity index of the NPs in PBS and cell culture medium.

DLS (nm) PDI Zeta potential (mV)
F127@NP in 0.1x PBS 256 + 11 0.12 £ 0.03 -67.4+23
F127-folate@NP in 0.1x PBS 245+ 2 0.09 + 0.06 -81.13+24
PVA@NP in 0.1x PBS 246 +1 0.115+0.03 -46 £ 0.7
F127@NP in cell culture media 290 £ 19 0.464 + 0.07 —
F127-folate@NP in cell culture media 285+ 18 0.459 + 0.06 —
PVA@NP in cell culture media 275 £ 14 0.476 + 0.04 -
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The NPs were still well dispersed in cell culture media; howev-
er, the size increase suggested the adsorption of FBS proteins
onto the NPs.

The SEM results (Figure 1B) showed the actual size of the
nanoparticles, which had a round shape of approx. 150 nm.
However, there was a polymer layer covering the outside of the
NPs, which made the spherical shape of the NPs not clear.

Drug loading and release

Entrapment of chlorambucil

The entrapment of chlorambucil in the NPs was calculated by
measuring the OD absorption of CHL in NPs after purification
and freeze-drying. The results showed that there was approx.
0.5% of CHL in the NPs (Table 2). The encapsulation effi-
ciency of the single emulsion was approx. 5%. However, it was
reported that the encapsulation efficiency could be increased up
to 92% using the double emulsion method [28] or to 70% using
the nanoprecipitation method [29].

Table 2: The entrapment of chlorambucil, IR780, and iron oxide nano-
particles into NPs.

Drug loading capacity

chlorambucil 0.5%
IR780 0.9%
iron oxide nanoparticles 1.11%

The loading of iron oxide nanoparticles

The entrapment of iron oxide NPs into PLGA nanoparticles was
estimated by measuring the absorbance at 562 nm through the
Prussian blue reaction. The entrapment of 10 was approx.
1.11% of the total weight of nanoparticles (Table 2).

The loading of IR780 into nanoparticles

The IR780 loading capacity of the nanoparticles was evaluated
by measuring the absorbance at 780 nm. Approximately 0.9%
of IR780 was composed of PLGA nanoparticles (Table 2).

The release of chlorambucil from the nanoparticles

The release of chlorambucil from the NPs was monitored
during seven days of incubation in media with pH values of
7.4 and 5.4 at 37 °C, which mimicked physiological and
endosomal conditions (Figure 2). After seven days of incuba-
tion, the CHL concentration in nanoparticles was maintained
between 6% and 10%. The CHL remained in the NPs at
57.6 £ 2.4% and 35.26 + 5.2% during incubation at pH 7.4 and
pH 5.4, respectively, over the first 24 h. After 48 h, the concen-
tration decreased to 49.2 + 4.5% at pH 7.4 and 16.3 £ 4.2 at
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pH 5.4. On day three, the CHL concentration in the NPs was
329 £5.7% at pH 7.4 and 13 + 5.1% at pH 5.4. After 24, 48,
and 72 h, the CHL levels in the NPs were significantly lower
when incubated in pH 5.4 medium compared to that in pH 7.4
medium. The faster CHL drug release at pH 5.4 was due
to a faster degradation of PLGA at pH 5.4 than that at pH 7.4
[30].

120

100
—& - TimevspH74

\ —0— Time vs pH 5.4

80 A

60

40 4

20 A

Percentage of CHL inthe NP

0 20 40 60 80 100 120 140 160 180
Time (hours)

Figure 2: The release of chlorambucil from F127@NP at pH 7.4 and
pH 5.4 after seven days of incubation at 37 °C. n = 3.

Targeting of nanopatrticles to the cells

The NPs encapsulated with Cou-6 were utilized to demonstrate
the capacity of our NPs to target cells. In a 6-well plate, cells
were treated with 0.2 mg/mL of F127-folate@NP/Cou-6, F127-
folate@NP/Cou-6, and PVA@NP/Cou-6 for 3 h at 37 °C and
5% CO,. Cells treated with F127-folate@NP/Cou-6 and F127-
folate@NP/Cou-6 had stronger fluorescence signals than cells
treated with PVA@NP/Cou-6 (Figure 3). This was true for all
four types of cells. In 3T3, HEK, and MCF-7 cells, the signal of
F127-folate @NP/Cou-6 and F127@NP/Cou-6 was 1.4 times
stronger than that of PVA@NP/Cou-6. However, in HepG2
cells, it was only 1.2 times stronger. There was no significant
difference between the fluorescence signals of F127-
folate@NP/Cou-6 and F127@NP/Cou-6 in any cell type. The
appearance of F127-folate@NP/Cou-6 and F127@NP/Cou-6 to
MCF7 and HepG2 was also confirmed (Supporting Information
File 1, Figure S2). The F127-folate@NP did not show a superi-
or targeting effect to cancer cells, which might be due to the
fact that cancer cells were cultured in normal cell culture media.
Therefore, the expression of folate receptor was not as high
compared to that of cancer cells that grew in folic-acid-free cell
culture media.

Cytotoxicity of the nanoparticles

This experiment was conducted to assess the toxicity of CHL

nanoparticles to four distinct cell types (Figure 4).
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Figure 3: The fluorescence signal of F127-folate@NP/Cou-6, F127-folate@NP/Cou-6, and PVA@NP/Cou-6 in 3T3, HEK, HEPG2, and MCF-7 after

background subtraction (n = 3).

After 72 h of incubation, the IC50 of CHL for HepG2 was
0.45 pg/mL. After 72 h of NP exposure to HepG2, the cell
viability at the highest dose (1.50 ug/mL) was reduced to
approximately 60%. At 72 h, the viability was lower than that at
48 hours. The cellular toxicity at concentrations of 1 mg/mL
and 1.5 mg/mL at 48 and 72 h was the same. At 72 h, the con-
centration of F127@NP and F127-folate@NP was significantly
lower than that of PVA-NP. No significant differences existed
between F127@NP and F127-folate @NP.

The IC50 of CHL for MCF-7 was 0.4 ug/mL. After 72 h of
incubation, the NPs had some impact on the MCF-7 cells. At a
dosage of 1.5 mg/mL, the cell viability of both F127@NP and
F127-folate@NP decreased to approximately 50%. These
results were below PVA@NP (75%). Similar cell viability
results were observed with F127-folate@NP and F127@NP.

Chlorambucil was very toxic to 3T3 cells, with an IC50 of
0.4 pg/mL at 48 h and 0.35 mg/mL at 72 h. At the lowest nano-
particle concentration (0.5 mg/mL), the cell viability was
approx. 50% for all NPs tested. At a concentration of
0.5 mg/mL, the concentrations of F127 and F127-folate@NP
were approx. 50% after 48 and 72 h, whereas the concentra-
tions of PVA@NP were 71% and 55.6% after 48 and 72 h, re-
spectively. The cell viability decreased when the concentration
of used NP increased.

In the HepG2 cell line, the IC50 of CHL was 0.45 pg/mL at
72 h. However, cell viability even at the highest concentration

of NPs (1.5 mg/mL) was only about 60%. The cytotoxicity of
the NPs was significantly lower after 72 h of incubation than
that at 48 h. The toxicity effect was similar for both NP concen-
trations of 1.0 and 1.5 mg/mL at both 48 and 72 h. The cytotox-
icity results for F127@NP and F127-folate@NP was signifi-
cantly lower at 72 h than that for PVA@NP. There were no
statistically significant differences between F127@NP and
F127-folate@NP.

Discussion

Nanomedicines have their applications in a number of cancer
treatments and diagnoses, including tumor-targeted drug
delivery, hyperthermia, photodynamic therapy, and imaging.
Nanomedicines can be made from a variety of inert, biodegrad-
able, and in vivo biocompatible materials. Poly(lactic-co-
glycolic acid) is one of the most biodegradable and biocompat-
ible copolymers owing to its nontoxic breakdown products [3].
It has been encapsulated with a variety of drugs. One of the
contemporary concerns is theragnostics, in which PLGA nano-
particles have dual diagnostic and therapeutic roles. Various
imaging agents and medications have been encapsulated in
PLGA for this purpose. For theragnostic applications, we have
produced PLGA nanoparticles that carry chlorambucil as the
chemotherapeutic medication and iron oxide nanoparticles as
the imaging agent.

Li et al., 2023, published similar results on F127@PLGA nano-

particles and claimed that the F127 polymer flocculates over the
PVA layer when incubated with PVA@PLGA nanoparticles
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Figure 4: MTT assays of the nanoparticles incubated with HepG2, MCF7, 3T3, and HEK for 48 h (dark color) and 72 h (light color). Cells
(5,000 cells/well) were treated with CHL 0.2 pg/mL, 0.4 pg/mL and 0.6 pg/mL (black), F127-folate@NP (red), F127@NP (blue), and PVA@NP (green)

at 0.5 mg/mL, 1 mg/mL, 1.5 mg/mL.

[31]. Their research yielded similar findings to our own results.
First, F127 could briefly switch the ligand between PVA and
F127, or F127 PPO block could stick to the hydrophobic outer
shell of PLGA nanoparticles. The presence of F127 on
PLGA@NP decreases their charge (Table 1). The alteration of
NPs following the hardening of PLGA NPs apparently had no
effect on the loading of drugs (CHL) and imaging agents
(IR780 and I0) into NPs (Table 2).

Two criteria were necessary for the successful transport of a
nanoparticle to a target spot. One is the half-life of NPs in circu-
lation, and the other is nanoparticle targeting. The size, charge,
and coating materials of NPs have a considerable influence on
the half-life of NPs. It has been observed that nanomedicines

with a size of approximately 100 nm have a longer half-life in

the bloodstream, but those with a size over 200 nm activate
the lymphatic system and are more quickly removed from
circulation [32,33]. The core size and hydrodynamic size
of our nanoparticles were around 100 nm and 245 * 3 nm,
respectively, making them suitable for intravenous delivery.
Thus, the single emulsion/evaporation approach employing
3% PVA as the surfactant was suitable for encapsulating
iron oxide nanoparticles, CHL, and IR780, which created stable
nanoparticles with the desired size. Additionally, it was
documented that nanoparticles with a hydrodynamic size
above 100 nm are incapable of traversing the endothelium
and the glomerular basement membrane during glomerular
filtration in the kidney [34]. Thus, it may be assumed that the
half-life of our NPs in the bloodstream is longer than that of
smaller NPs.

186



In addition to the size of nanoparticles, negatively charged NPs
are more likely to have an extended half-life. When NPs are
administered, they come into contact with blood cells and
plasma proteins, which may cause adsorption or opsonization
by serum proteins [35]. However, these proteins will have a
reduced probability of interacting with our negatively charged
nanoparticles, as most proteins are likewise negatively charged.
Another element influencing NP elimination is glomerular
filtration. However, endothelial cell surfaces are negatively
charged [35], therefore less NPs will be excreted through the
kidneys.

In regard to extending the half-life of NPs in the bloodstream,
the stealth surface of NPs also helps to maintain its stability.
Poly(ethylene glycol) (PEG) on the surface of NPs would serve
as a brush to inhibit serum protein adsorption [4]. The PEO
block of F127 shares the same core structure as PEG; hence, the
emergence of a form of PEG would likewise improve the phar-
macokinetics of our NPs.

Second, the ligand attached to the nanoparticles would aid in
the accumulation of nanoparticles within the cells. Numerous
studies have employed different ligands to target overexpressed
receptors on cancer cells, including folate receptors [13,37],
integrins [36,37], and vascular endothelial growth factor
(VEGF) receptors [38,39]. The folate receptor was selected as a
targeting modality in our investigation. The findings of the
uptake assays (Figure 3), fluorescent assay (Supporting Infor-
mation File 1, Figure S2) and the cytotoxicity testing (Figure 4)
revealed that F127-folate@NP and F127@NP had the same
impact. However, both NPs produced superior outcomes than
those for PVA@NP control. It has been demonstrated that F127
can enhance the cellular uptake of NPs in vitro via clathrin-
mediated endocytosis and caveolae-mediated endocytosis
[31,40]. The absorption of F127 onto nanoparticle surfaces
would assist the NPs to enter the cells. Therefore, F127 has
been used as a nanoparticle component for drug delivery. For
example, doxorubicin-loaded L61/F127 NPs (SP1049C,
Supratek Pharma Inc., Montreal, Canada) have reached phase
three in clinical trials [41,42].

The F127-folate@NP has not shown a substantial increase in
cell uptake, probably because of the excess of folate moiety on
the NP surface. Due to its hydrophobicity, the folate moiety
may bind to itself, reducing the targeting impact. In a recent in-
vestigation of PLGA nanoparticles, we discovered that PLGA
nanoparticles did not develop when 100% PLGA-PEG-folate
was employed [22]. When the weight ratio of PLGA-PEG and
PLGA-PEG-folate was decreased from 50 to 1, the nanoparti-
cles exhibited significantly improved uptake capabilities. The

combination of F127 and F127-folate may thus be investigated

Beilstein J. Nanotechnol. 2024, 15, 180-189.

in our next work. Another explanation could be that the cell cul-
ture media in the study was not suitable for the targeting of NPs
due to the presence of folic acid in it. Therefore, using folic-
acid-free cell culture media would be the option for targeting

evaluation.

The uptake of both F127-folate@NP and F127@NP into the
cells has shown the potential application not only for cancer
therapy but also for diagnosis. First, the NPs are internalized
into the cells and gradually degrade in the low pH of the endo-
somes releasing CHL to interrupt the cell cycle. Second, the
NPs carry both imaging agents, IR780 and IO, which are suit-
able for near-infrared imaging and MRI. IR780 is used as the
tracer during operation and also in phototherapy [23,24]. The
IO NPs have been used as a contrast agent in MRI for diag-
nosis. Since MRI is a noninvasive and nonradiation technique,

it could be used multiple times to follow therapy stages.

Conclusion

We have formulated F127@NP and F127-folate@NP nanopar-
ticles coated with F127 and F127-folate, respectively, using the
emulsion/evaporation technique. The synthesized NPs showed
the appropriate size and charge for systematic applications. The
NPs also showed the ability to carry therapeutic drugs and
deliver them into cells. Besides, they also showed the potential

to be used as imaging agents for tracing and diagnosis.
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Abstract

Deep eutectic solvents (DESs) have recently emerged as an alternative solvent for nanoparticle synthesis. There have been numer-
ous advancements in the fabrication of silver nanoparticles (Ag NPs), but the potential of DESs in Ag NP synthesis was neither
considered nor studied carefully. In this study, we present a novel strategy to fabricate Ag NPs in a DES (Ag NPs-DES). The DES
composed of p-glucose, urea, and glycerol does not contain any anions to precipitate with Ag* cations. Our Ag NPs-DES sample is
used in a surface-enhanced Raman scattering (SERS) sensor. The two analytes for SERS quantitation are nitrofurantoin (NFT) and
sulfadiazine (SDZ) whose residues can be traced down to 10~ M. The highest enhancement factors (EFs) are competitive at
6.29 x 107 and 1.69 x 107 for NFT and SDZ, respectively. Besides, the linearity coefficients are extremely close to 1 in the range of
1078 to 1073 M of concentration, and the SERS substrate shows remarkable uniformity along with great selectivity. This powerful
SERS performance indicates that DESs have tremendous potential in the synthesis of nanomaterials for biosensor substrate con-
struction.

Introduction

Surface-enhanced Raman scattering (SERS) is a ubiquitous
technology for detecting and tracing substances, applied in
various kinds of sensors. The spectra of SERS-based biosen-
sors are simple but powerful results, in which every single com-
ponent of the analytes can be recognized via characteristic

vibrations of identical groups [1]. In particular, SERS is an ad-

vantageous and practical choice for biosensors in clinical
settings thanks to fast response [2], the ability of real-time mea-
surements [3], extremely high sensitivity [4], remarkable selec-
tivity [5], and tremendous versatility [4,6,7]. Many scholars
have taken advantage of these properties in cancer diagnosis

[8], detection of hazardous chemicals [9], tracing of microor-
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ganisms [7,10,11], and other analytical measurements regarding
food, medical, and environmental issues [12-14]. Undeniably,

SERS is the future for sensor design.

So far, most achievements regarding SERS rely on the develop-
ment of plasmonic materials. Noble metals (e.g., Au, Ag, and
Cu) are the most important group of plasmonic materials, which
extensively respond to electromagnetic waves with proper
wavelengths in terms of free electrons resonating to the inci-
dent waves [9,15]. This is the fundamental principle of surface
plasmon resonance (SPR). Moreover, plasmons are easily con-
trolled at the nanoscale through different sizes, shapes, and sur-
face morphologies of nanoparticles [16]. At the contacts among
adjacent nanoparticles, so-called “hot spots” form; here, electro-
magnetic fields are effectively enlarged, leading to localized
surface plasmon resonance (LSPR) [1,17]. Crucial parts of
SERS-based biosensors are commonly made of LSPR materials
[17]. With the development of synthesis techniques, numerous
nanostructures of noble metals have been extensively studied to

improve the intrinsic parameters of sensors.

Silver nanoparticles (Ag NPs) exhibit great performance in
sensing applications owing to the best LSPR properties among
the noble metals [18]. One of the decisive factors regarding the
SERS performance of Ag NP-based platforms is the agglomera-
tion state of the nanoparticles [19], which directly affects the
“hot spots”. There have been many studies in which agglomera-
tion of Ag NPs was adjusted by different kinds of surfactants
such as cetyltrimethylammonium bromide [20,21], polyvinyl-
pyrrolidone [18], and sodium dodecyl sulfate [21,22]. However,
these chemicals have many negative effects on the environment
including microbial, plant, soil, and marine ecosystems as re-
ported by Rebello and co-workers [23]. This restricts the appli-
cability of Ag NPs in the biomedical field and leads to the
requirement for more eco-friendly products.

Recently, deep eutectic solvents (DESs) have been introduced

to the chemical synthesis of nanomaterials. DESs show superi-

0
Glycerol

Urea | D-glucose

Figure 1: Schematic of the Ag NPs-DES synthesis.
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or properties including high thermal stability, high polarity, low
vapor pressure, and low toxicity, which makes DESs promising
candidates for the replacement of thousands of industrial sol-
vents [24,25]. DESs are so versatile that they have been used
for nanomaterials synthesis [26,27]. Regarding plasmonic mate-
rials, gold nanoparticles (Au NPs) were the first to be fabri-
cated in DESs [28,29]. SERS platforms based on Au NPs-DES
whose sensitivity and durability are competitive to the other
materials were successfully constructed [29,30]. However, no
attention has been paid to the potential of DESs in the fabrica-
tion of Ag NPs. The similarities between Ag NPs and Au NPs,
with the higher LSPR and SERS performance of Ag NPs
[18,31], led to the innovative idea of Ag NPs synthesis in DESs.

In this work, we present a novel strategy to fabricate Ag NPs
and demonstrate our hypothesis about the application of DESs
in stabilizing Ag NPs. The resulting Ag NPs-DES is used for
SERS detection of toxic antibiotics such as nitrofurantoin
(NFT) and sulfadiazine (SDZ). These substances have been
widely used since the 1970s because of rapid and absolute
results against microbes [32], but they are also responsible for
hormonal disruptions, methemoglobinemia, allergy, damaged
liver, nausea, and cancer [33-36]. Despite these side effects,
they are illegally overused in the food industry and medicine,
which threatens the human food chain and negatively affects
public health [37]. By evaluating the SERS parameters of the
Ag NPs-DES substrate regarding the detection of NFT and
SDZ, we demonstrate application aspects of our product,
showing the great potential of DESs in sensing and biomedical
applications.

Results and Discussion
Formation of Ag NPs-DES

We have developed new and simple strategy to fabricate Ag
NPs-DES in which ascorbic acid was used as reducing agent.
The synthesis protocol is summarily presented in Figure 1.
Also, to characterize our material, UV—vis and XRD measure-

ments were carried out. Figure 2A shows the broad adsorption

Ag NPs-DES solution

centrifuge
7000 rpm
10 min
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Figure 2: (A) UV-vis spectrum of the Ag NPs-DES solution. (B) XRD pattern of the Ag NPs-DES thin film.

band indicating the high number of excitons [38] on the surface
of Ag NPs due to SPR. The SPR peak is located at 390 nm,
which is suitable for SERS applications with 532 nm laser exci-
tation. Besides, the shape of the UV—-vis spectrum is in accor-
dance with Mie scattering theory calculations, as reported in
[39], proving the existence of Ag NPs in the solution. More-
over, the XRD pattern of the thin film (Figure 2B) shows four
characteristic peaks at 38.2°, 44.3°, 64.4°, and 77.6°, corre-
sponding to the (111), (200), (220), and (311) planes of face-
centered cubic (fcc) Ag, respectively. The crystallite size is
30.61 nm, calculated from the most characteristic (111) peak of
the Ag NPs [40]. From the presence of the fcc Ag lattice planes,
we claim that Ag NPs-DES have been successfully synthesized
[41].

The development of clusters into nanoparticles following our
strategy is supported by the DES. DESs have been reported to
be potential shape-controlling agents, and highly branched

nanostructures were the most common [30]. In our procedure,
AgNO3 was added right after L-ascorbic acid was dissolved in
the DES at room temperature. The color of the mixture gradu-
ally turned from yellow-orange to dark brown, indicating the
crystallization of Ag NPs. The synthesized Ag NPs-DES exhib-
its rod-like shapes of the NPs as well as a high aggregation state
(Figure 3A). This is because of the high viscosity of the DES,
which directly affected the stirring and yielded nonspherical NP
shapes. The aggregated Ag NPs are supported by pure DES in
which oxygen and hydrogen atoms of p-glucose, urea, and glyc-
erol tend to form hydrogen bonds. The DES acts as a surfactant
helping to stabilize Ag NPs. The rod-like appearance with
122.6 nm average length and small crystals on the surface of Ag
NPs crucially contribute to strengthening the LSPR phenome-
non thanks to the lightning rod effect [42]. As reported by other
scholars, the rod-like morphology is better than a spherical
one at increasing the extinction coefficient, about 10° to
10" M~L.cm™! higher [43,44), which proves the applicability of

Figure 3: (A) SEM images of Ag NPs-DES. (B) XRF mapping of the Ag NPs-DES thin film with pink dots representing silver.
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Ag NPs-DES in SERS biosensors. Furthermore, X-ray fluores-
cence mapping was used to evaluate the presence of silver in
the thin film (Figure 3B). The uniform distribution of silver
shows the uniformity of Ag NPs-DES thin film on the glass
substrate, which is crucial for the applicability of this material.

NFT detection

The most fundamental component of a SERS-based biosensor is
its SERS substrate. It directly affects the SERS performance of
the biosensor [6]. Herein, the Ag NPs-DES thin film with the
superiorly uniform Ag NPs-DES coating can be used as a SERS
substrate for the analysis of antibiotics. First, residue tracing of
nitrofurantoin (NFT) has been conducted in the range from
1073 M down to 1078 M (Figure 4A). At the limit of detection
(LOD) of 1078 M, the SERS spectrum clearly shows emerging
peaks, the highest enhancement factor (EF) of which reaches
6.29 x 107, proving the NFT residue tracing capability of the
Ag NPs-DES substrate. These peaks correspond to vibrations of
characteristic groups of NFT as reported in Table 1 with the
most intense ones at 1580 and 1321 cm™!. Consequently, these
two peaks were used to construct the calibration curves as
shown in Figure 4B. The R? values for 1580 and 1321 cm™! are
0.9956 and 0.9993, respectively, which is close to the ideal
value of 1. This indicates that the Ag NPs-DES substrate is
sensitive and can be used for quantitative analysis of NFT

following the two linear fitting equations:

I1550 =3265.610g[ NFT |+ 29828 )

11331 =2067.61og[NFT]+19071 )

Intensity (a.u.)

1800 1500 1200 900 600

Raman shift (cm™)
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Table 1: Vibrational modes assigned to specific peaks in Raman spec-
tra of selected antibiotics.

Chemicals Frequency Assignment? Ref.
(em™)
1580 v N-N=C, v -NO»
1321 w N-H

NFT 1162 p (furan ring) [45,46]
998 p (hydantoin ring)
787 v C-H
1567 w N-H, v (benzene ring)
1356 v C-N

SDZ 1055 v S=0 [47]
856 T (pyrimidine ring)
610  (benzene ring)

av: streching; w: bending; T: torsion; p: deformation.

For further investigations on the SERS performance of the Ag
NPs-DES thin film, NFT was again selected to test the stability.
In practice, a stable SERS substrate is not only able to with-
stand the conditions of storage but also exhibits consistent
Raman signals over the surface of the coating. Drops of 107° M
NFT were placed on six different spots of the Ag NPs-DES sub-
strate (Figure 5A). Then, the SERS spectra were analyzed by
considering the variation of peak intensity of the two Raman
peaks at 1580 and 1321 cm™!. In the diagram shown in
Figure 5B, the yellow lines indicate the average intensity, while
the areas covering all points represent the deviation. The peaks
show a comparatively low relative standard deviation (RSD),
namely 11.95% for 1580 cm™! and 4.69% for 1321 cm™. In ad-
dition, SERS mapping of 107 M NFT investigated on the sub-

= 1580 cm™
25000 Y =-3265.6X + 29828
R2=0.9956
20000 | e 1321 CI’T'I-1
Y =-2067.6X + 19071
El R? =0.9993
©
>. 15000 -
B
C
ko)
= 10000 |
5000 |
3 4 5 6 7 8
-Log C

Figure 4: (A) SERS performance of the Ag NPs-DES substrate in detecting different concentrations of NFT. (B) Linear fit of -log C and peak intensi-

ties at 1580 and 1321 cm~" (C stands for the concentration of NFT).
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Figure 5: (A) SERS spectra at different points of the Ag NPs-DES substrate. (B) Variation of peak intensity at the two chosen wavenumbers.
(C) SERS mapping of NFT (10-¢ M) detected on the Ag NPs-DES substrate.

strate also helps to provide a larger scope on the uniformity of
SERS signals. As shown in Figure 5C, there are plenty of high-
intensity dots corresponding to signal enhancement by the Ag
NPs-DES substrate, and the very even distribution indicates
good uniformity, that is, satisfactory stability. These results can
be explained by the LSPR of the rod-like Ag NPs synthesized in
DES, which plays an important role in the high intensity [48]
and the uniformity of the Ag NPs-DES coating proven in
Figure 3B.

SDZ detection and selectivity of Ag NPs-DES

substrate

Another antibiotic commonly used in infectious disease treat-
ment is sulfadiazine (SDZ). Both NFT and SDZ are effective
antimicrobial substances, but their overuse statuses were re-
ported to be hazardous as mentioned above. Since their molecu-
lar structures are partially different [36,49], SERS analysis is
meaningful for the selectivity test of the Ag NPs-DES substrate.
In our study, different concentrations of SDZ were measured on
the substrate to find out the LOD (Figure 6A). Collected peak
intensity data were also used to construct the calibration curves

shown in Figure 6B. The substrate shows a linear range from
1073 to 1078 M, in which the LOD value is 1078 M, and the
highest EF reaches 1.69 x 107. The vibrational modes of the
assigned peaks are listed in Table 1. There are two clearly en-
hanced peaks at 1567 and 1055 cm™!, whose correlation factors
R? are equal to 0.9984 and 0.9904, respectively. Along with the
parameters of NFT SERS analysis obtained previously, these
high R? values help to provide undeniable proof of the remark-
able quantity ability of our Ag NPs-DES substrate in antibiotic
residue tracing. The linear regressions of the two chosen analyt-
ical peaks of SDZ are as follows:

11567 =3340.510g[SDZ]+29771 3)

11955 =2006.6log[SDZ]+16562 )

Although the consistency in SERS signals recorded on the Ag
NPs-DES substrate has been investigated with 107® M NFT, we
need to evaluate the SERS mapping image of SDZ to ensure the

(A) ®) o
24000 = 1055 cm™’ 16000 .
Y = -2006.6X + 16562 SDZ 10°M
R? = 0.9904
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Figure 6: (A) SERS spectra of SDZ in the concentration range from 103 to 10-8 M. (B) Linear fit of SDZ concentrations and intensity of the peaks at
1055 and 1567 cm~'. (C) SERS mapping of 10-5 M SDZ on the Ag NPs-DES substrate.
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stability of our substrate when analytes are changed. Hence,
107> M of SDZ was added dropwise and let dry naturally before
the laser excitation. The SERS mapping shown in Figure 6C
shows an even distribution of high intensity over the entire
considered surface. This shows that the Ag NPs-DES coating
has good consistency despite the different analytes. DES is
supposed to play a crucial role in dispersing the Ag NP suspen-
sion via its hydrogen bonding networks [30], which increases
the possibility of linkage formation between —-NH, groups of
3-aminopropyl)triethoxysilane (APTES) and Ag NPs. This
eventually explains the evenness of the Ag NPs-DES thin film.

Another type of selectivity test was carried out with a solution
containing 107> M NFT and 10~ M SDZ. The SERS spectrum
in Figure 7A verifies the difference in Raman shifts among the
characteristic peaks of the two analytes. Here, the blue
diamonds represent SDZ’s key peaks, whereas the red arrows
stand for the ones of NFT. With the presence of all character-
istic peaks, NFT is effortless to detect in the solution thanks to
the high intensity. In contrast, the SERS spectrum of SDZ
shows solely three peaks instead of the common five. Addition-
ally, the two most intense peaks of NFT at 1580 cm™! and SDZ
at 1567 cm™! overlap, which makes it difficult to ascertain the
intensity for quantitative determination (Figure 7B). Therefore,
we propose the peaks at 1321 cm™! of NFT and 1055 cm™' of
SDZ as alternatives. Their intensity is comparable to the base of
the SERS spectrum, and they are separated from each other as
well as from the others. Based on the data experimentally
collected and the correlation between —log C and peak intensity
as given in Equation 2 and Equation 4, the concentrations of
NFT and SDZ can be determined. This surely can be applied to

(A)
1567 ¢
¢ SDZ(10° M)
5
s
2
‘B
[
[]
£

1000 1400
Raman shift (cm ")

600 1800

Intensity (a.u.)
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other solutions of various substances, indicating that the Ag
NPs-DES substrate has a good selectivity. Moreover, compared
to other studies on NFT and SDZ detection (Table 2), the Ag
NPs-DES material shows competitive LOD values and a linear
range. Thus, Ag NPs-DES is a promising candidate in SERS ap-
plications along with the tremendous potential of DES in Ag
NPs fabrication.

Conclusion

In this study, we have proposed a novel strategy for Ag NP syn-
thesis in a DES composed of b-glucose, glycerol, and urea. The
Ag NPs-DES sample was prepared successfully through chemi-
cal reduction, in which DES acts as solvent and shape-control-
ling agent. Using NFT and SDZ as probe molecules, the SERS
performance of Ag NPs-DES was discussed. The LOD value is
1078 M for the detection of NFT and SDZ. The EF values are
relatively high, 6.29 x 107 for NFT and 1.69 x 107 for SDZ, and
the linearity coefficients are very close to 1, proving the quanti-
tative residue tracing capabilities of the synthesized Ag NPs-
DES substrate. Besides the high sensitivity, the sensor exhibits
also uniformity of the coating, consistency in SERS signals, and
good selectivity. Overall, Ag NPs-DES is a promising candi-
date for SERS-based biosensor applications. This work hope-
fully provides useful information about the potential of DES in
nanomaterials fabrication and a possible guidance for low-cost

and effective SERS substrate construction in biosensors.

Experimental

Chemicals

L-Ascorbic acid (AA, CgHgOg, 99%), silver nitrate (AgNO3,
99%), (3-aminopropyl)triethoxysilane (APTES, 99%), NFT

12000 - EEINFT (10° M)
Il sz (10° M)

8000 |

4000 |

1321 1567 1580

Raman shift (cm ™)

1055

Figure 7: (A) SERS spectrum of NFT (10-3 M) and SDZ (10-5 M) solution. (B) Specific peak intensity identification corresponding to NFT and SDZ.
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Table 2: An overview of reported studies on NFT and SDZ detection.

Analyte Material Year
NFT Au NPs/GO 2021
BT/CNF/GCE 2021
N-CQD@Co0304/MWCNT 2020
NiO/BCN 2019
Ag NPs-DES 2023
SDZz SrWO,4 2021
Au NPs 2021
RGO/Ag - coated alloy fiber 2019
MIP - QDs 2019
Ag NPs-DES 2023

(C8H6N405, 980/0), and SDZ (C10H10N4OZS, 990/0) Were pur-
chased from Sigma-Aldrich Co., MO, USA. Urea (CH4N,O,
99%) was obtained from ACS, Reag. Ph Eur, Merck Co.,
Germany, whereas glycerol (C3HgOs3, 99%) was supplied by
Daejung Ltd., Korea. p-glucose (CgH{,0g, 99%) was pur-
chased from Fisher Ltd., UK. The microscope glass slides
(S8i0,, Na,O, CaO, and MgO) were manufactured by ISOLAB
Laborgerite GmbH, Eschau, Germany.

Fabrication of DES and Ag NPs-DES

The most ubiquitous DES studied vastly in recent years is
reline, composed of urea and choline chloride in a 2:1 molar
ratio [24]. However, this substance is not appropriate for Ag
NPs synthesis because of the C1™ anions in choline chloride,
which may unintentionally cause AgCl precipitation. Here, we
chose an alternative DES [56] without any anions precipitating
with Ag* cations. p-glucose, urea, and glycerol (molar ratio
1:1:2) were mixed and magnetically stirred at relatively high
temperature until a homogenous liquid formed. Then, the mix-
ture was cooled down gradually to room temperature while
keeping the vigorous stirring. 0.025 g of AA was dissolved in
10.195 g of fabricated DES, and 0.006 g of AgNO3 was added
later, which helped the reaction to occur. After 30 min of con-
stant stirring, the obtained Ag NPs-DES were washed with DI
water several times, and the pellets were re-dispersed in DI
water for further use.

The Ag NPs-DES thin film was prepared following the proce-
dure for self-assembly monolayer construction. A clean glass
substrate was treated with oxygen plasma to form reactive —-OH
groups on the surface. The substrate was then soaked in a 3%
ethanolic solution of APTES for 2 h, which helped to stabilize
the -NH, groups. A total of 2 mL of Ag NPs-DES solution

was used to deposit Ag NPs on the glass substrate via

Beilstein J. Nanotechnol. 2024, 15, 426—434.

LOD Linear range Ref.
5 ng/mL 5-500 ng/mL [46]
5x102M 45x10%t06x 108 M [50]
44 x108M 1.22x103t05x 108 M [51]
108 M 23x10%t05x108M [52]
10-8 M 10°3t0108 M this work
9x109M 235x10%t05x108M [53]
1 pg/L 1-100 pg/L [49]
1.9 ng/cm3 0.01-100 pg/cm3 [54]
6.7x 107’ M 4x10%t02x105M [55]
10-8 M 10°3t0108M this work

Ag-NH, linkage by fully immersing the treated glass for 2 h.
At last, the product was dried naturally at room temperature,
resulting in the successful fabrication of the Ag NPs-DES sub-
strate.

NFT and SDZ detection on the Ag NPs-DES

substrate

Various concentrations from 1073 to 1078 M of NFT and SDZ
were added dropwise on the Ag NPs-DES substrate (20 uL for
each measurement). The analyte was then dried at room temper-
ature, and the Raman spectra were recorded via laser excitation
at 532 nm. Other investigations on the SERS performance of
our sample were also carried out, including Raman mapping,
signal consistency, uniformity, and selectivity.

Instrument characterization and apparatus
The absorbance properties of the sample were recorded using a
V-730 UV-vis—-NIR spectrophotometer supplied by JASCO,
Japan. The crystallinity of the Ag NPs-DES thin film was deter-
mined using a D8 Advance diffractometer, Bruker, UK, with a
Ni-filtered Cu Ka X-ray source. To evaluate the nanostructure
and surface morphology of the nanoparticles, as well as the
elemental distribution of silver on the substrate, a S4800 field-
emission scanning electron microscope purchased from Hitachi,
Japan, and an M4 TORNADOP!"S Micro X-ray fluorescence
spectrometer with a Rh tube at 30 W micro-focus light element
from Bruker, UK, were used. Raman spectra were collected
with a XploRA ONE spectroscope (HORIBA, Japan), with a
laser wavelength of 532 nm, 1 mW power, and an accumula-
tion number of 60.

Funding
This research was funded by University of Science, VNU-HCM
under grant number T2023-149.

432



Conflict of Interest
The authors declare that they have no known competing finan-
cial interests or personal relationships that could have influ-

enced the work reported in this paper.

Author Contributions

Le Hong Tho: data curation; methodology; software; validation;
writing — original draft. Bui Xuan Khuyen: methodology; soft-
ware; validation; visualization. Ngoc Xuan Dat Mai: data cura-
tion; formal analysis; validation. Nhu Hoa Thi Tran: conceptu-
alization; data curation; resources; supervision; writing — orig-

inal draft; writing — review & editing.

ORCID® iDs

Ngoc Xuan Dat Mai - https://orcid.org/0000-0001-6752-4173
Nhu Hoa Thi Tran - https://orcid.org/0000-0002-1530-2402

Data Availability Statement

The data that supports the findings of this study is available from the corre-
sponding author upon reasonable request.

Preprint
A non-peer-reviewed version of this article has been previously published
as a preprint: https://doi.org/10.3762/bxiv.2023.65.v1

References

1. Alvarez-Puebla, R. A,; Liz-Marzan, L. M. Small 2010, 6, 604—610.
doi:10.1002/smll.200901820

2. Zhao, B.; Yang, T.; Qu, Y.; Mills, A. J.; Zhang, G.; He, L.
Sci. Total Environ. 2020, 716, 137097.
doi:10.1016/j.scitotenv.2020.137097

3. Liu, J.; Zheng, T.; Tian, Y. Angew. Chem., Int. Ed. 2019, 58,
7757-7761. doi:10.1002/anie.201902776

4. Arabi, M.; Ostovan, A.; Wang, Y.; Mei, R.; Fu, L.; Li, J.; Wang, X.;
Chen, L. Nat. Commun. 2022, 13, 5757.
doi:10.1038/s41467-022-33448-w

5. Lin, D.; Dong, R.; Li, P.; Li, S.; Ge, M.; Zhang, Y.; Yang, L.; Xu, W.
Talanta 2020, 218, 121157. doi:10.1016/j.talanta.2020.121157

6. Liang, X.; Li, N.; Zhang, R.; Yin, P.; Zhang, C.; Yang, N.; Liang, K.;
Kong, B. NPG Asia Mater. 2021, 13, 8.
doi:10.1038/s41427-020-00278-5

7. Savifion-Flores, F.; Méndez, E.; Lopez-Castafios, M.;
Carabarin-Lima, A.; Lépez-Castanos, K. A.; Gonzalez-Fuentes, M. A.;
Méndez-Albores, A. Biosensors 2021, 11, 66.
doi:10.3390/bios11030066

8. Li, L.;Jiang, R.; Shan, B.; Lu, Y.; Zheng, C.; Li, M. Nat. Commun.
2022, 13, 5249. doi:10.1038/s41467-022-32975-w

9. LaNgoc Tran, N.; Van Hoang, D.; Tuan Thanh Pham, A;
Tran Truc Phuong, N.; Xuan Dat Mai, N.; Chi, T. T. K.; Hien, B. T. T.;
Bach Phan, T.; Tran, N. H. T. J. J. Sci.: Adv. Mater. Devices 2023, 8,
100584. doi:10.1016/j.jsamd.2023.100584

10. Eskandari, V.; Sahbafar, H.; Zeinalizad, L.; Hadi, A.
ISSS J. Micro Smart Syst. 2022, 11, 363-382.
doi:10.1007/s41683-022-00103-x

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

2

—=

22,

23.

24,

25.

26.

27.

28.

29.

30.

3

har

32.

33.

34,

35.

Beilstein J. Nanotechnol. 2024, 15, 426—434.

Xia, J.; Li, W.; Sun, M.; Wang, H. Nanomaterials 2022, 12, 3572.
doi:10.3390/nan012203572

Lin, D. Y.; Yu, C. Y.; Ku, C. A.; Chung, C. K. Micromachines 2023, 14,
1343. d0i:10.3390/mi14071343

Schliicker, S. ChemPhysChem 2009, 10, 1344—1354.
doi:10.1002/cphc.200900119

Nguyen, D.-K;; Dinh, V.-P.; Dang, N. T.; Khan, D. T.; Hung, N. T_;
Thi Tran, N. H. RSC Adv. 2023, 13, 20565-20574.
doi:10.1039/d3ra02552g

Chegel, V. |.; Lopatynskyi, A. M., Eds. Molecular Plasmonics; Jenny
Stanford Publishing: New York City, NY, U.S.A., 2020.
doi:10.1201/9780429295119

Nickelson, L. Electromagnetic Theory and Plasmonics for Engineers;
Springer: Singapore, 2018. doi:10.1007/978-981-13-2352-2

Xu, T.; Geng, Z. Biosens. Bioelectron. 2021, 174, 112850.
doi:10.1016/j.bios.2020.112850

Truc Phuong, N. T.; Dang, V. Q.; Van Hieu, L.; Bach, T. N.;

Khuyen, B. X.; Thi Ta, H. K.; Ju, H.; Phan, B. T.; Thi Tran, N. H.
RSC Adv. 2022, 12, 31352-31362. doi:10.1039/d2ra06074d

Zook, J. M.; Rastogi, V.; MacCuspie, R. |.; Keene, A. M.; Fagan, J.
ACS Nano 2011, 5, 8070-8079. doi:10.1021/nn202645b

Igbal, N.; Iqubal, S. M. S.; Khan, A. A.; Mohammed, T.; Alshabi, A. M.;
Aazam, E. S.; Rafiquee, M. Z. A. J. Mol. Liq. 2021, 329, 115537.
doi:10.1016/j.molliq.2021.115537

. AL-Thabaiti, S. A.; Al-Nowaiser, F. M.; Obaid, A. Y.; Al-Youbi, A. O.;

Khan, Z. Colloids Surf., B 2008, 67, 230-237.
doi:10.1016/j.colsurfb.2008.08.022

Naseem, K.; Ali, F.; Tahir, M. H.; Afag, M.; Yasir, H. M.; Ahmed, K.;
Aljuwayid, A. m.; Habila, M. A. J. Mol. Struct. 2022, 1262, 132996.
doi:10.1016/j.molstruc.2022.132996

Rebello, S.; Asok, A. K.; Mundayoor, S.; Jisha, M. S.

Environ. Chem. Lett. 2014, 12, 275-287.
doi:10.1007/s10311-014-0466-2

Smith, E. L.; Abbott, A. P.; Ryder, K. S. Chem. Rev. 2014, 114,
11060-11082. doi:10.1021/cr300162p

Hikmawanti, N. P. E.; Ramadon, D.; Jantan, |.; Mun’im, A. Plants 2021,
10, 2091. doi:10.3390/plants10102091

Abo-Hamad, A.; Hayyan, M.; AlSaadi, M. A. H.; Hashim, M. A.

Chem. Eng. J. 2015, 273, 551-567. doi:10.1016/j.cej.2015.03.091
Das, N.; Kumar, A.; Rayavarapu, R. G. Beilstein J. Nanotechnol. 2021,
12, 924-938. doi:10.3762/bjnano.12.69

Liao, H.-G.; Jiang, Y.-X.; Zhou, Z.-Y.; Chen, S.-P.; Sun, S.-G.

Angew. Chem., Int. Ed. 2008, 47, 9100-9103.
doi:10.1002/anie.200803202

Raghuwanshi, V. S.; Ochmann, M.; Hoell, A.; Polzer, F.; Rademann, K.
Langmuir 2014, 30, 6038—6046. doi:10.1021/1a500979p

Mahyari, F. A.; Tohidi, M.; Safavi, A. Mater. Res. Express 2016, 3,
095006. doi:10.1088/2053-1591/3/9/095006

.Lismont, M.; Dreesen, L. Mater. Sci. Eng., C 2012, 32, 1437-1442.

doi:10.1016/j.msec.2012.04.023

Zhang, Y.; Yu, Z.; Yue, Z.; Gao, J.; Wu, S.; Zhang, Z.; Li, G.

J. Raman Spectrosc. 2019, 50, 1094—1102. doi:10.1002/jrs.5636
Kabbara, W. K.; Kordahi, M. C. J. Infect. Publ. Health 2015, 8,
309-313. doi:10.1016/}.jiph.2015.01.007

Lewkowski, J.; Rogacz, D.; Rychter, P. Chemosphere 2019, 222,
381-390. doi:10.1016/j.chemosphere.2019.01.144

Wu, W.; Mehedi Hassan, M.; Ding, X.; Wu, J.; Ouyang, Q.; Chen, Q.
Microchem. J. 2023, 191, 108765. doi:10.1016/j.microc.2023.108765

433


https://orcid.org/0000-0001-6752-4173
https://orcid.org/0000-0002-1530-2402
https://doi.org/10.3762/bxiv.2023.65.v1
https://doi.org/10.1002%2Fsmll.200901820
https://doi.org/10.1016%2Fj.scitotenv.2020.137097
https://doi.org/10.1002%2Fanie.201902776
https://doi.org/10.1038%2Fs41467-022-33448-w
https://doi.org/10.1016%2Fj.talanta.2020.121157
https://doi.org/10.1038%2Fs41427-020-00278-5
https://doi.org/10.3390%2Fbios11030066
https://doi.org/10.1038%2Fs41467-022-32975-w
https://doi.org/10.1016%2Fj.jsamd.2023.100584
https://doi.org/10.1007%2Fs41683-022-00103-x
https://doi.org/10.3390%2Fnano12203572
https://doi.org/10.3390%2Fmi14071343
https://doi.org/10.1002%2Fcphc.200900119
https://doi.org/10.1039%2Fd3ra02552g
https://doi.org/10.1201%2F9780429295119
https://doi.org/10.1007%2F978-981-13-2352-2
https://doi.org/10.1016%2Fj.bios.2020.112850
https://doi.org/10.1039%2Fd2ra06074d
https://doi.org/10.1021%2Fnn202645b
https://doi.org/10.1016%2Fj.molliq.2021.115537
https://doi.org/10.1016%2Fj.colsurfb.2008.08.022
https://doi.org/10.1016%2Fj.molstruc.2022.132996
https://doi.org/10.1007%2Fs10311-014-0466-2
https://doi.org/10.1021%2Fcr300162p
https://doi.org/10.3390%2Fplants10102091
https://doi.org/10.1016%2Fj.cej.2015.03.091
https://doi.org/10.3762%2Fbjnano.12.69
https://doi.org/10.1002%2Fanie.200803202
https://doi.org/10.1021%2Fla500979p
https://doi.org/10.1088%2F2053-1591%2F3%2F9%2F095006
https://doi.org/10.1016%2Fj.msec.2012.04.023
https://doi.org/10.1002%2Fjrs.5636
https://doi.org/10.1016%2Fj.jiph.2015.01.007
https://doi.org/10.1016%2Fj.chemosphere.2019.01.144
https://doi.org/10.1016%2Fj.microc.2023.108765

36. Mariyappan, V.; Keerthi, M.; Chen, S.-M.; Jeyapragasam, T.
J. Colloid Interface Sci. 2021, 600, 537-549.
doi:10.1016/j.jcis.2021.05.035

37.Ezhil Vilian, A. T.; Hwang, S.-K.; Bhaskaran, G.; Alhammadi, M.;
Kim, S.; Tiwari, J. N.; Suk Huh, Y.; Han, Y.-K. Chem. Eng. J. 2023,
454, 139980. doi:10.1016/j.cej.2022.139980

38.Hou, Y.; Zhang, W.; Li, S.; Wang, Z.; Zhong, H.; Liu, Z.; Guo, Z. Analyst

2018, 743, 3677-3685. doi:10.1039/c8an00405f

39. Perkampus, H.-H. UV-VIS Spectroscopy and Its Applications; Springer
Lab Manuals; Springer: Berlin Heidelberg, 1992.
doi:10.1007/978-3-642-77477-5

40. Sharbaf Moghadas, M. R.; Motamedi, E.; Nasiri, J.; Naghavi, M. R.;
Sabokdast, M. Heliyon 2020, 6, E04730.
doi:10.1016/j.heliyon.2020.e04730

41.Tran Truc Phuong, N.; Xoan Hoang, T.; La Ngoc Tran, N.;
Gia Phuc, L.; Phung, V.-D.; Kieu Thi Ta, H.; Ngoc Bach, T.;
Hoa Thi Tran, N.; The Loan Trinh, K. Spectrochim. Acta, Part A 2021,
263, 120179. doi:10.1016/j.saa.2021.120179

42.He, L.; Rahaman, M.; Madeira, T. |.; Zahn, D. R. T. Nanomaterials
2021, 711, 376. doi:10.3390/nano11020376

43.Murphy, C. J.; Gole, A. M.; Hunyadi, S. E.; Stone, J. W; Sisco, P. N.;
Alkilany, A.; Kinard, B. E.; Hankins, P. Chem. Commun. 2008, 8,
544-557. doi:10.1039/b711069¢c

44.Xia, Y. Anal. Bioanal. Chem. 2016, 408, 2813-2825.
doi:10.1007/s00216-015-9203-3

45.Chen, J.; Li, S.; Yao, F.; Xu, W.; Li, Y.; Chen, Q.; Liang, P.
Chemosensors 2023, 11, 232. doi:10.3390/chemosensors11040232

46.Wang, Y.; Chen, H.; Jiang, L. Analyst 2021, 146, 5740-5746.
doi:10.1039/d1an01185e

47.Shen, X.-R.; Zheng, H.; Pang, R.; Liu, G.-K.; Wu, D.-Y.; Tian, Z.-Q.
J. Phys. Chem. A 2019, 123, 9199-9208.
doi:10.1021/acs.jpca.9b07346

48.Francis, M. K.; Sahu, B. K.; Bhargav, P. B.; C, B.; Ahmed, N.; Das, A.;
Dhara, S. Phys. E (Amsterdam, Neth.) 2022, 137, 115080.
doi:10.1016/j.physe.2021.115080

49.Zhou, Z.-m.; Zheng, H.; Liu, T.; Xie, Z.-z.; Luo, S.-h.; Chen, G.-y.;
Tian, Z.-q.; Liu, G.-k. Anal. Chem. (Washington, DC, U. S.) 2021, 93,
8603-8612. doi:10.1021/acs.analchem.1c01530

50. Nataraj, N.; Chen, S.-M. J. Electroanal. Chem. 2021, 887, 115152.
doi:10.1016/j.jelechem.2021.115152

51.Muthusankar, G.; Devi, R. K.; Gopu, G. Biosens. Bioelectron. 2020,
150, 111947. doi:10.1016/j.bios.2019.111947

52. Kokulnathan, T.; Wang, T.-J. Composites, Part B 2019, 174, 106914.
doi:10.1016/j.compositesb.2019.106914

53. Kokulnathan, T.; Kumar, E. A.; Wang, T.-J.; Cheng, I.-C.
Ecotoxicol. Environ. Saf. 2021, 208, 111516.
doi:10.1016/j.ecoenv.2020.111516

54.Cui, J.; Chen, S.; Ma, X.; Shao, H.; Zhan, J. Microchim. Acta 2019,
186, 19. doi:10.1007/s00604-018-3105-y

55.8hi, T.; Tan, L.; Fu, H.; Wang, J. Mar. Pollut. Bull. 2019, 146, 591-597.
doi:10.1016/j.marpolbul.2019.07.010

56.Zdanowicz, M. Int. J. Biol. Macromol. 2021, 176, 387-393.
doi:10.1016/j.ijbiomac.2021.02.039

Beilstein J. Nanotechnol. 2024, 15, 426—434.

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.15.38

434


https://doi.org/10.1016%2Fj.jcis.2021.05.035
https://doi.org/10.1016%2Fj.cej.2022.139980
https://doi.org/10.1039%2Fc8an00405f
https://doi.org/10.1007%2F978-3-642-77477-5
https://doi.org/10.1016%2Fj.heliyon.2020.e04730
https://doi.org/10.1016%2Fj.saa.2021.120179
https://doi.org/10.3390%2Fnano11020376
https://doi.org/10.1039%2Fb711069c
https://doi.org/10.1007%2Fs00216-015-9203-3
https://doi.org/10.3390%2Fchemosensors11040232
https://doi.org/10.1039%2Fd1an01185e
https://doi.org/10.1021%2Facs.jpca.9b07346
https://doi.org/10.1016%2Fj.physe.2021.115080
https://doi.org/10.1021%2Facs.analchem.1c01530
https://doi.org/10.1016%2Fj.jelechem.2021.115152
https://doi.org/10.1016%2Fj.bios.2019.111947
https://doi.org/10.1016%2Fj.compositesb.2019.106914
https://doi.org/10.1016%2Fj.ecoenv.2020.111516
https://doi.org/10.1007%2Fs00604-018-3105-y
https://doi.org/10.1016%2Fj.marpolbul.2019.07.010
https://doi.org/10.1016%2Fj.ijbiomac.2021.02.039
https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.15.38

(J BEILSTEIN JOURNAL OF NANOTECHNOLOGY

Photocatalytic degradation of methylene blue under visible
light by cobalt ferrite nanoparticles/graphene quantum dots

Vo Chau Ngoc Anh'-2, Le Thi Thanh Nhi34, Le Thi Kim Dung', Dang Thi Ngoc Hoa,
Nguyen Truong Son', Nguyen Thi Thao Uyen2, Nguyen Ngoc Uyen Thu?,
Le Van Thanh Son®, Le Trung Hieu2, Tran Ngoc Tuyen2 and Dinh Quang Khieu™?

Full Research Paper

Address:

1University of Pharmacy and Medicine, Hue University, Vietnam,
2University of Sciences, Hue University, Vietnam, 3Center for
Advanced Chemistry, Institute of Research & Development, Duy Tan
University, Vietnam, 4Faculty of Natural Sciences, Duy Tan University,
Vietnam and SUniversity of Education and Science, The University of

Beilstein J. Nanotechnol. 2024, 15, 475-489.
https://doi.org/10.3762/bjnano.15.43

Received: 28 January 2024
Accepted: 26 March 2024
Published: 29 April 2024

Danang, Vietnam
This article is part of the thematic issue "Recent advances in synthesis

Email: and applications of organometallic nanomaterials".

Tran Ngoc Tuyen’ - tntuyen@hueuni.edu.vn;

Dinh Quang Khieu” - dgkhieu@hueuni.edu.vn Guest Editor: T.-D. Nguyen

* Corresponding author © 2024 Anh et al.; licensee Beilstein-Institut.

License and terms: see end of document.
Keywords:
cobalt ferrite; graphene quantum dots; methylene blue

Abstract

A simple approach was developed to synthesize cobalt ferrite nanoparticles/graphene quantum dots (CF/GQDs). The material was
prepared from a homogeneous mixture of iron nitrate, cobalt nitrate, and starch at 140, 180 and 200 °C in a 24 h thermal hydrolysis
process. The obtained materials were characterised by using X-ray diffraction, scanning electron microscopy, transmission electron
microscopy, ultraviolet—visible diffuse reflectance spectroscopy, Fourier-transform infrared spectroscopy, photoluminescence spec-
troscopy, vibrating-sample magnetometry, and nitrogen adsorption/desorption isotherms. Cobalt ferrite crystals of around 8—10 nm
and graphene quantum dots formed directly at 200 °C. Stacking GQDs sheets onto the CF nanoparticles resulted in CF/GQDs nano-
particles. The nanocomposite exhibits satisfactory fluorescent and superparamagnetic properties, which are vital for catalytic appli-
cations. The CF/GQDs catalyse significantly the degradation of methylene blue (MB) under visible light. The catalyst can be recy-
cled with an external magnetic field and displays suitable stability. Also, it was reused in three successive experiments with a loss
of efficiency of about 5%. The CF/GQDs are considered as an efficient photocatalyst for MB degradation and other dyes.

Introduction

Graphene quantum dots (GQDs) have unique properties, includ-  tum dots consist of graphene sheets that are single-, double-, or

ing photoluminescence, biocompatibility, slight chemical toxic- multilayered, all smaller than 10 nm in thickness and 100 nm

ity, inertness, and excellent photostability [1,2]. Graphene quan- in width. Therefore, GQDs possess an ultralarge specific
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surface area thanks to nanometre-sized graphene sheets.
Graphene quantum dots are fabricated via two techniques, that
is, by breaking graphene sheets or from molecules with aromat-
ic structure (fullerenes, starch, and carbohydrates) [3]. Howev-
er, often GQDs are only stable in solvents, which limits their
application in fields that require their solid form, such as in
adsorption and photocatalytic, or electrochemical applications

(4].

Several magnetic nanomaterials that can be recycled and reused
have been developed for catalysis or adsorption [5]. Among
them are ferrites with the general formula of MFe,0O4 (M: Mn,
Fe, Co, Ni, Cu, and Zn). They are important magnetic materials.
Among the spinel ferrites, CoFe,O4 (CF) is one of the most im-
portant soft-magnetic ferrite materials because of its ferromag-
netic properties, high magnetic and thermal stability, low
conductivity, and anisotropy [6]. The controllable synthesis of
spherical CF nanoparticles from corresponding salts and Arabic
gum as surfactant agent using a hydrothermal method was re-
ported [7]. The effect of oleylamine concentration on the physi-
cochemical properties of CF synthesized via a solvothermal
process has been presented [8]. However, ferrites exhibit self-
agglomeration due to their magnetic nature. Combining differ-
ent functional materials to prepare multiple-component photo-
catalysts is a common way to overcome the issues of single-
phase photocatalysts [9].

Stacking GQDs sheets onto CF nanoparticles not only prevents
CF from agglomeration but also forms heterojunction contacts,
which possibly reduce the recombination of the photo-induced
electron—hole pairs in photocatalytic processes. Ramachandran
et al. reported the synthesis of a CF/GQDs nanocomposite by
co-precipitating cobalt ferrite nanoparticles on graphene quan-
tum dots prepared from citric acid [10]. Naghshbandi et al. syn-
thesized CF/GQDs from a mixture of GQDs, prepared by
carbonising citric acid in a controlled manner, and CF; the ma-
terial was used to reduce 4-nitrophenol with a very high rate

constant compared to the individual components [11].

Despite various advancements in preparation techniques for
nanocatalysts, the development of a well-controlled method
remains a challenge. In this study, we describe an eco-friendly
facile hydrothermal method to prepare magnetic CF/GQDs
nanocomposites. The CF nanoparticles, 8-10 nm in diameter,
were highly dispersed in a graphene quantum dot matrix and
directly formed at 200 °C. Stacking GQDs sheets onto the CF
nanoparticles resulted in CF/GQDs nanoparticles. Magnetic
properties, morphology, structure, and fluorescence of the nano-
composites were studied, and the photocatalytic degradation of
methylene blue as a dye model and the mechanism of methy-

lene degradation were also addressed.

Beilstein J. Nanotechnol. 2024, 15, 475-489.

Experimental

Materials

Cobalt(II) nitrate hexahydrate (Co(NO3),-6H,0, 98%), iron(III)
nitrate nonahydrate (Fe(NO3)3-9H,0, 98%), and starch
((C6H1005),, 98%) were purchased from Merck, Germany.
Methylene blue trihydrate (C;gH;3CIN3S-3H,0), isopropanol
(C3HgO), potassium iodide (KI), and potassium bromate
(KBrO3) were also purchased from Merck, and benzoquinone
(CgH40,) was provided by Sigma-Aldrich, USA. Sodium
hydroxide (NaOH, 296%) and hydrogen chloride (HCI, 38%)
were purchased from Xilong, China.

Instruments

X-ray diffraction (XRD) patterns were recorded by using a
D8 Advance (Bruker, Germany) with Cu Ka radiation (A =
0.154 nm). Fourier-transform infrared (FTIR) spectra were
recorded on a IR-Prestige-21 (Shimadzu). Raman spectra were
recorded on an Xplora Plus instrument (Horiba, Japan) in a fre-
quency range from 200 to 2000 cm™! and with an excitation
wavelength of 785 nm. The nitrogen adsorption/desorption
isotherms were recorded by using a Tristar-3030 system
(Micromeritics, USA). The magnetic properties were measured
on a Micro Sense vibrating-sample magnetometer (VSM) at
room temperature. Scanning electron microscopy (SEM) obser-
vations and energy-dispersive X-ray elemental mapping (EDX
mapping) were carried out on a Hitachi S-4800 FESEM (Japan).
High-resolution transmission electron microscopy (HR-TEM)
observation was performed with a JEM 1010. The intermedi-
ates in the MB degradation were determined by using an
Agilent 1100 LC/MS-MS system with an electron spray ioniza-
tion source combined with an ion trap.

Synthesis of CoFe>0O4, CoFes04/GQDs, and
GQDs

Cobalt ferrite was synthesized through a thermal hydrolysis
method according to the literature [12]. Briefly, mixtures of
CO(NO3)2-6H20, Fe(NO3)3-9H20, and starch (C6H1005)n with
different compositions were prepared (Table 1). Each mixture
was heated to 80-85 °C for 1 h in a flask to hydrolyse the
starch. Then, the mixture was transferred to a 100 mL Teflon-
lined autoclave and heated at 200 °C for 24 h. After hydrolysis,
the product was cooled to room temperature. The brown solid
was centrifuged, washed several times with distilled water, and
calcinated at 700 °C for 3 h to obtain cobalt ferrite. The prod-
ucts were denoted as CF0.5, CF0.67, CF1.0, and CF2.0, where
the numeral is the initial Fe/Co molar ratio.

CoFe;04/GQDs were synthesized in a similar manner. A mix-
ture of Co(NO3),-:6H,0 (4.95 g), Fe(NO3)3-9H,0 (3.44 g), and
starch (CgH¢Os), (6.20 g) with a nCo/nFe/starch/nH,O molar
ratio of 2:1:4.5:540 was dissolved in a flask and heated to
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Table 1: Precursor compositions for cobalt ferrite samples from different Fe/Co molar ratios.

Co(NO3)26H20 (g)

CF0.5 4.95 3.44
CF0.67 3.71 3.44
CF1.0 2.48 3.44
CF2.0 1.24 3.44

80-85 °C for 1 h to hydrolyse the starch. Then, the mixture was
transferred to a 100 mL Teflon-line autoclave and heated at
140, 180, and 200 °C for 24 h. The brown solid was
centrifuged, washed several times with distilled water, and dried
at 100 °C for 24 h to obtain CoFe,04/GQDs. The material was
denoted as CF/GQDs-140, CF/GQDs-180, and CF/GQDs-200,
where the numeral symbol presents the hydrolysis temperature.

For the sake of comparison, GQDs were synthesized similarly
at 200 °C without cobalt and iron. The product mixture was
evaporated at 100 °C for 48 h and dried to obtain GQDs.

Photocatalysic studies

Kinetic study

The photochemical activity of the material was evaluated
through the photochemical decomposition of MB solution under
simulated sunlight conditions (160 W bulb, Osram, Germany).
0.05 g of the sample material was dispersed in 100 mL of
10 ppm MB solution in a 250 mL Erlenmeyer flask. Before illu-
mination, the solution was placed in the dark for 1 h under stir-
ring to achieve an adsorption—desorption equilibrium. Aliquots
of 2 mL were taken at certain time intervals during irradiation
and separated by centrifuging. In the supernatant, the MB con-
centration was determined via absorption spectroscopy at a

wavelength of 664 nm. The photochemical degradation effi-

G=G
C

where Cq and C; are the MB concentration at the beginning and

ciency of MB was calculated according to formula F' =
at time 7, respectively.

Effect of pH value

The CoFe,04/GQDs composite material was placed in flasks
sealed with aluminium foil and containing 20 mL of 10 ppm
MB solution at pH 3-11, adjusted with 0.01 M HCl or 0.01 M
NaOH. After 60 min of adsorption and photodegradation, the
tubes were placed in a photocatalytic cabinet for illumination
for 120 min. Then, the material was separated from the solution,
and the MB concentration was determined to evaluate the MB
decomposition efficiency.

Reusability
Reusability and stability of the CoFe,04/GQDs were assessed

in three cycles of 120 min. After each cycle, the catalyst was

Fe(NO3)3:9H20 (g)

(CeH100s)n (9) H20 (9)
6.20 82.7
517 68.9
414 55.1
3.10 41.4

separated from the MB solution with a magnet and dried at
100 °C for 2 h for use in the subsequent cycle. The photocata-
lytic reaction in each cycle was conducted under the same
conditions.

Scavengers

1,4-Benzoquinone (BQ, 10 mM), isopropanol (IPA), potassium
iodide (KI, 10 mM), and potassium bromate (KBrO3, 10 mM)
were used as scavengers for O3, *OH, h™, and ™ species in the
reaction. After adding 0.05 g of CoFe,04/GQDs material to
100 mL of a 10 ppm MB solution, the mixture was kept in the
dark and stirred continuously for 60 min. Then, 10 mL of each
scavenger solution was added, and the illuminator was switched
on. After specified time intervals, 10 mL of the sample was
taken and centrifuged to separate the material from the solution.
The concentration of remaining MB in the solution was deter-

mined by using UV-vis spectroscopy.

Identification of intermediates

Intermediate products and mineralization level of the MB pho-
todegradation were evaluated by using dual liquid chromatogra-
phy—mass spectrometry (LC/MS-MS) after the MB solution
samples were illuminated for 0, 60, 120, and 180 min. The
chemical oxygen demand (COD) of MB solution samples was
assessed after 0, 30, 60, 90, 120, and 150 min of light exposure.

Result and Discussion

Materials characterisation

The XRD patterns of cobalt ferrite with decreasing Fe/Co molar
ratio from 2 to 0.5 are presented in Figure 1a. The XRD patterns
of CF confirm that cobalt ferrite has a spinel structure, and all
main peaks correspond to the standard pattern of bulk CoFe;Oy4
(JCPDS 00-022-1086). It is notable that the XRD pattern of
cobalt ferrite with the initial Fe/Co ratio of 2 (stoichiometric
ratio) exhibits the diffraction of iron oxides at 26 of 24.2°,
33.2°,40.8°, and 49.6° (JCPDS no. 33-0664). This means that a
part of cobalt ions goes to the liquid phase during synthesis.
Therefore, it is necessary to ensure a higher amount of cobalt
than its theoretical ratio to achieve stoichiometric cobalt ferrite.
Cobalt ferrite with the initial Fe/Co molar ratio of 0.5 has also
spinel structure, and no additional and intermediate phase are

observed, indicating that a single-phase spinel was obtained.
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Figure 1: XRD patterns of (a) CF and (b) CF/GQDs.

Therefore, the initial Fe/Co molar ratio of 0.5 was used to
prepare CF/GQDs. Figure 1b presents XRD patterns of CF/
GQDs prepared at different temperatures. No diffraction peaks
of CF/GQDs prepared at 140 °C are observed; the character-
istic peaks of cobalt ferrite spinel appear for the samples pre-
pared at 180 and 200 °C. No signals for GQDs can be observed
because of the low crystallinity, high dispersion, and small
amount of GQDs in CF/GQDs.

The peak of the (222) plane is related to the octahedral sites,
while the peaks at the (220) and (422) planes are attributed to
the tetrahedral sites [13]. The ratio of the peak intensities be-
tween the (220) and the (222) planes as well as between the
(422) and the (222) planes are used to estimate the distribution
of cobalt ions in the tetrahedral sites or octahedral sites. The
values of the intensity ratios (Ip20/1722) and (I422/1272) for CF
and CF-GQDs-200 are 1.25 and 1.05, and 1.09 and 1.00, re-
spectively. The ratios in CF are higher than those in CF-GQDs,
indicating that the number of cobalt ions at tetrahedral sites in
CF is higher than that in CF/GQDs-200.

The crystallite size of the as-prepared CoFe,O4 ferrite particles
was calculated from the (311) peak of the XRD pattern by using

the Scherrer equation [14], Dy, = where Dy is the

crystallite size; k is the shape factor (0.89); 0 is the diffraction
angle; f is the full width at half maximum of the (311) peak,
and A is the X-ray wavelength (1.54 A). The average crystallite
sizes of the as-synthesized CoFe;0,4 and CF/GQDs-200 are, re-
spectively, about 17.2 and 9.2 nm. Since cobalt ferrite pos-
sesses an inverse spinel structure (space group Fd3m) [13], the
ferrite lattice parameter of CF and CF/GQDs-200 is 8.394 A,

agreeing well with the bulk value of 8.377 A [15].

2 theta (degree)

The suspension of CF/GQDs-200 after thermal hydrolysis was
filtered by centrifuging and divided into two parts, that is, solu-
tion and solid. The optical properties of the solution are shown
in Figure 2a. The inset in Figure 2a presents the 100 mL beaker
containing the GQD solution. The sample on the left was
exposed to white light, and it has a yellow-brown colour, char-
acteristic of GQDs prepared from the natural polymer starch
[16]. The solution on the right was exposed to 254 nm UV light,
and the colour changed to green. The typical absorption peak at
287 nm in the UV-vis spectrum of the aqueous GQD solution
(Figure 2a) can be attributed to the n—r* transition of graphitic
sp? domains, which is the characteristic band of a polyaromatic
structure [16,17]. Figure 2b presents the maximum emission at
a wavelength of 498 nm (blue line) with an excitation wave-
length of 410 nm (red line). The exact PL behaviour of GQDs is
still unclear. It is possible that electron-hole recombination,
quantum effects, and surface defects in the functional groups of
the GQDs are involved [18]. The XRD pattern of GQDs pre-
pared from starch without iron and cobalt salts is presented in
Figure 2c. The diffraction peaks of the GQDs are centred at 20
of 23°, 30.9°, and 39.6°, corresponding to d-spacing values of
0.52, 0.45, and 0.21 nm, respectively. A larger d-spacing value
manifests that GQDs contain oxygen functional groups. This
could be assigned to the size of GQDs. The broad nature of the
diffraction peaks is attributed to GQDs with nanoscale size
composed of few-layer graphene. These results confirm that the
supernatant contains GQDs. Similarly, the supernatants from
the CF/GQDs suspensions synthesized at 140 and 180 °C
(Figure 2c) also contain graphene quantum dots (Figure 2c).

Figure 3 presents some characterisations of the solid part
extracted from the suspension of CF/GQDs-200. The FTIR
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Figure 2: (a) UV—vis absorption spectra of the GQD solution; inset: GQD solution under white light (left) and ultraviolet light (254 nm, right); (b) photo-

luminescence excitation (PL) and photoluminescence emission spectra (PL
from prepared CF/GQD suspensions.

spectra of CF and CF/GQDs-200 are shown in Figure 3a. CF
has two broad bands at 387 and 580 cm™!, attributed to the
characteristic stretching vibrations of the iron and cobalt bonds
at the tetrahedral and octahedral sites, respectively [19]. For CF/
GQDs, the broad bands from 750-400 cm™! possibly involve
the vibrations of metal and oxygen in cobalt ferrite. The bands
at 3408-3450 cm™! are attributed to stretching vibrations of
O-H groups, while the bands at 1622, 1375, 1233, and
1080 cm™! are assigned to C=C vibrations of aromatic carbons,
O-H bending in carboxylic and carbonyl groups, C=0O vibra-
tions in epoxy groups, and stretching vibrations of C-O in
alkoxy groups, respectively [20,21]. These functional groups
prove the existence of GQDs in CF/GQDs. The Raman spectra
of CF and CF/GQDs are presented in Figure 3b,c. CF exhibits
four peaks at 469, 550, 614, and 690 cm™l, corresponding to the
T1g2)> T1g(1)> A1g(2)> and A1) Raman modes, respectively

E) of the GQDs; (c) XRD pattern of GQDs; (d) PL spectra of supernatants

[22]. For CF/GQDs, these modes are broad and weak, but these
results also confirm the existence of CF in GQDs.

In contrast to the spectra of pure CF, there are obvious vibra-
tions at 1200-2000 cm™! with two characteristic peaks of
graphitic carbon (G band) and disordered carbon (D band),
appearing at 1590 and 1298 cm™!, respectively. The Ip/Ig ratio
is 1.03, which is higher than that of graphene oxide (GO),
which is 0.93. The strong band in the Raman spectra at
690 cm™! is attributed to the A} (1) Symmetry (tetrahedral sites)
[22], and the band at 469 cm™! is assigned to the Tig2)
symmetry at the octahedral sites [19]. The ratio of intensities of
these two peaks at 469 and 690 cm™! also reveals the distribu-
tion of Co%* between the tetrahedral and octahedral sites [13].
This peak intensity ratio for CF is higher than that for CF/

GQDs-200. These results from Raman spectra are consistent
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Figure 3: (a) FTIR spectra of CF/GQDs and CoFe»0y; (b, ¢) Raman spectra; (d) TG/dTG curves of CF/GQDs-200.

with XRD analysis, indicating that Co®* in CF has a tendency
to settle at tetrahedral sites, while Co?* in CF/GQDs-200 does
not.

The TG-dTG curves of CF/GQDs-200 is presented in Figure 3d.
Weight losses are observed between 200 and 800 °C, and the
material remains stable at higher temperatures. The significant
loss from 200 to 700 °C of around 50.92% is attributed to
GQDs. These results show that the equation illustrating the syn-
thesis of CF/GQDs can be written as follows:

Co?" +Fe** +starch — CoFe,0,/GQDs + GQDs

SEM images of CF/GQDs synthesized at hydrothermal temper-
atures of 140, 180 and 200 °C are shown in Figure 4a—c. The
morphology reveals that CF/GQDs consist of heavily agglomer-

ated particles, several hundreds of nanometers in diameter,

because of their magnetic nature. Figure 4d and Figure 4e
present the TEM images of CF and CF/GQDs-200, respectively,
and the corresponding particle size distribution. CF has very
fine particles of around 15-20 nm. The intimate interfacial con-
tact between GQDs sheets and the CF nanoparticle is further
depicted in the TEM image (Figure 4e). In this image, the
deposited nanoparticles of around 9.2 nm are obvious on the
GQDs. Such a good interfacial contact between CF and GQDs
is favourable for the separation of the photogenerated charge
carriers in the CF/GQDs.

The elemental distribution of CF/GQDs was studied by EDX
mapping. The elements Fe, Co, O, and C are present, as ex-
pected. Figure 5 shows that the elements, such as iron and
cobalt, are evenly distributed in the GQDs matrix. No other ele-
ments were found, indicating no impurities in CF/GQDs. The
Fe/Co molar ratio of 2.05 in CF/GQDs is very close to 2, the

Fe/Co initial ratio.
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Figure 4: SEM images of (a) CF/GQD-140, (b) CF/GQD-180, and (c) CF/GQD-200; TEM observations and corresponding particle size distribution of
(d) CF and (e) CF/GQDs-200.

Element | Weight% Atomic%

CK 32.66 5283
OK 27.69 3362
FeK 26.18 9.11
CoK 1346 444

Totals 100.00
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Figure 5: EDX-mapping of CF/GQDs-200. (a) Electron microscopy image, (b) EDX spectrum, (c) carbon mapping, (d) oxygen mapping, (e) iron
mapping, and (f) cobalt mapping.
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As depicted in Figure 6a, the CF/GQDs nanoparticles exhibit a
significantly lower PL emission intensity than CF alone because
of the higher separation efficiency of charge carriers of the CF/
GQDs sample. The UV-vis DRS spectra of CF and CF/GQDs
(Figure 6b) show that the absorption intensity becomes stronger
after grafting the GQDs on CF, indicating that the resulting
composite can enhance the absorption capacity [11]. This obser-
vation is an agreement with previous works [11]. In addition, a

slight shift of the PL emission peak is also observed because of
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the blue shift in the UV-vis spectrum, which is consistent with
their bigger bandgap energy.

The magnetic characteristics of the CF/GQDs nanocomposite
were identified by using VSM. The magnetic parameters, in-
cluding the saturation magnetization (M), coercivity (H.), and
remanence (M;), are presented in Table 2. As can be seen in
Figure 6c, the hysteresis characteristics of CoFe,0O4 show hard

ferrites with high coercive field and magnetization, while the
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Figure 6: (a) PL spectra, (b) UV-vis diffuse reflectance spectra with Tauc’s plots in the inset, (c) magnetization curves, and (d) nitrogen adsorption/

desorption isotherms of CF/GQDs prepared at different temperatures.

Table 2: Physical properties of CF/GQDs.

Sample

COF9204

CF/GQDs-140
CF/GQDs-180
CF/GQDs-200

SgeT
(mg-g“)

21.0
11.3
59.3
85.2

Porous volume
(em3-g")

0.17
0.05
0.24
0.41

Crystallite size

(nm)

32.5

9.2

Mg
(emu-g™)

65.8

11.1
36.3

(emu-g~")

30.0

0.6
4.6
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hysteresis loops of CF/GQDs are reversible, indicating that
CF/GQDs exhibit superparamagnetic characteristics. The
magnetic saturation values of the CF/GQDs-140, -180 and
-200 samples are 0, 11.1, and 36.3 emu/g, respectively, at room
temperature. They are much smaller than the bulk value
(65.8 emu/g). The decrease in the saturation magnetization of
the CF/GQDs is attributed to the presence of the nonmagnetic
GQDs. The particles’ high magnetic permeability shows
that they could be separated with an external magnetic field.
The M, values of 0.6 emu/g for CF/GQDs-180 and 4.6 emu/g
for CF/GQDs-200 are taken from the inset in Figure 6¢. The ob-
tained H, value (146.6 Oe) for our sample is much lower than
that in the literature [23]. Generally, the CoFe,Oy4 ferrite parti-
cles may have a multidomain structure. The formation of
multiple domains and the easy movement of the domain walls
can result in a decrease in coercivity. The reduced particle size
leads to reduced coercivity, which could be expressed as a
transformation from a ferrimagnetic to a superparamagnetic
state [15].

100
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Figure 6d presents the nitrogen adsorption/desorption iso-
therms of CoFe,0,4 and CF/GQDs. All isotherm curves belong
to type V according to IUPAC. At a high relative pressure
(above 0.8), the hysteresis sloop indicates that the materials
have micro-meso structures. The surface area of CoFe,0y is
small because of heavy agglomeration (21.0 m2-g~!). However,
CF/GQDs have a significantly larger surface area compared
with that of CoFe,O4 (11.3 m2-g’l for CF/GQDs-140,
59.3 m2-g~! for CF/GQDs-180, and 85.2 m?-g~! for CF/GQDs-
200). This is possibly due to stacked GQDs in CoFe,Oy4 crys-
tals, making the structure of CF/GQDs more porous. The sur-
face area increases with increasing hydrolysis temperature
because the higher the temperature, the more the CoFe,Oy4 crys-
tals form, making it less agglomerated. The CF/GQDs-200 sam-

ple with the largest surface area was selected for further studies.

Photocatalytic studies
Figure 7a presents the decolourisation kinetics over different
CF/GQDs samples as catalysts. The decolourisation occurs in
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Figure 7: (a) MB decolourisation over different catalysts (V = 100 mL, Co(ug) = 10 ppm, m = 0.05 g, time of darkness adsorption: 60 min; time of light
irradiation: 120 min). (b) Effect of pH value on the MB decolourisation over CF/GQDs-200; the inset presents the point of zero charge (V = 20 mL,
Covp) = 10 ppm, m = 0.02 g, time of light irradiation: 120 min). (c) UV-vis spectra of MB and the treated solution (V = 100 mL, Covs) = 10 ppm,

m = 0.05 g, time of darkness adsorption: 60 min, time of light irradiation: 120 min). (d) Decolourisation kinetics (V = 100 mL, Covg) = 5-30 ppm,

m = 0.05 g, time of darkness adsorption: 60 min, time of light irradiation: 60 min).
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two steps. First, the catalyst was mixed with the MB solution in
the dark for 60 min to ensure the adsorption/desorption equilib-
rium; second, the lamp was turned on to irradiate the MB
solution under mechanical stirring. It is found that the rate
constant increases in the following order: CF/GQDs-200
(k = 0.0123 min™!) > CF/GQDs-180 (k = 0.0087 min~!) > CF/
GQDs-140 (k = 0.0059 min~!) > GQDs (k = 0.0034 min~!) >
CF (k = 0.0014 min!).

The CoFe,04 particles agglomerate heavily because of their
magnetic nature, as expected, and they exhibit slight MB
adsorption and decolourisation. The combination of GQDs and
CoFe,0O4 improves the decolourisation capacity significantly.
Stacking CoFe,0y crystals onto GQDs sheets not only prevents
agglomeration but also creates heterojunction contacts or inter-
mediate steps in the electronic structure. These heterojunctions
limit the recombination of photo-induced electron-hole pairs
and, thus, enhance catalytic decolourisation. Therefore, the CF/
GQDs-200 sample was selected for further studies.

The point of zero charge (pzc) of CF/GQDs-200 obtained by the
pH drift method is 6.6 (see the inset of Figure 7b). Therefore,
the surface of CF/GQDs-200 is negatively charged at pH > 6.6
and positively charged when pH < 6.6. Methylene blue pos-
sesses three basic sites, whose pK, values are 2.6 (pK,;), 11.2
(pK32), and 11.2 (pK,3) [24]. Based on the average pK, value of
MB, the point of zero charge for MB is calculated as 8.33 [25].
The MB dye can exist in several chemical forms, namely
MBH;2" (the tri-protonated form), MBH,* (diprotonated form),
MBH (monoprotonated form), and MB™ (deprotonated form)
[25].

With increasing pH, the decolourisation efficiency increases,
reaches its maximum at pH ca. 7, and decreases afterwards
(Figure 7b). This could possibly be due to the fact that at low

Beilstein J. Nanotechnol. 2024, 15, 475-489.

pH, the increase in pH makes the surface of CF/GQDs and MB
become less positive, and the attractive interaction increases. In
contrast, at high pH, the increasing pH makes the surface of CF/
GQDs and MB become more negative; as a result, the repul-
sion force of these species comes into play, reducing adsorp-
tion.

UV-vis spectroscopy was used to study MB decolourisation
(Figure 7c). The UV-vis spectra of MB present a strong adsorp-
tion band at 664 nm, corresponding to functional groups (n—m*
electron transition), and two adsorption bands at 246 and
292 nm corresponding to aromatic rings (m—m* electron transi-
tion). The colour intensity of the MB solution decreases only
slightly in the absence of catalysts (0 to 10 h), indicating that
MB is stable and exhibits weak self-degradation under incident
radiation. However, when CF/GQDs-200 was added, the peak
magnitude for MB at 246, 292, and 664 nm decreased remark-
ably. The colour disappearance and the cleavage of aromatic
rings were completed after 120 min of irradiation (Figure 7c).
The decolourisation kinetics of MB over CF/GQDs-200 is
shown in Figure 7d. The Langmuir-Hinshelwood first-order
kinetic model is widely employed to assess the kinetic data
of photocatalytic degradation. This model is as follows:
lng—(t) =—kt, where C; and C are the MB concentration at the
beginning and at the time ¢, respectively; k; is the first-order
kinetic rate constant. The slope of the linear plot of lng—(’) vs t
provides the value of k. The values of k;, along with others
from the literature, are presented in Table 3. However, because
the reactions were conducted under different conditions, the
comparison is arbitrary.

To clarify the mechanism of MB photocatalytic degradation,
10 mM isopropyl (IPA), potassium iodide (KI), potassium
bromate (KBrOs3), and p-benzoquinone (BQ) were used as scav-
engers to capture hydroxyl radicals ("OH), photo-induced holes

Table 3: A comparison of the rate constant of the present work with other values from literature.

Materials Mass of catalyst (mg)/mass of dye (mg) Light source k (min1) Ref
Cog.5Zng 5Fe204 0.51 visible light 0.064 [26]
CoFeo0y4 11 visible light 0.01 [27]
ZnFex0y 2001 UV-vis light 0.032 [28]
Cop.sMgo 5Fe204 200/1 UV-vis light 0.072 [28]
Zng.25C00.375Mgo.375F€204  200/1 UV-vis light 0.108 [28]
ZnFex04/Fex03 100/ 75 W mercury lamp  0.019 [29]
MnFe04/rGO 30/1 UV-vis light 0.0586 [30]
y-FeoOg/Fez0y4/ SiO2 211 UV light 0.01836 [31]
g-C3Ny4/CagFes0Os 156/1 natural sunlight 0.058 [32]
Cog.1Mgp.9Fe204 20/1 halogen lamp 0.005 [33]
CF/GQDs 50/1 160 W Osram bulb 0.0123 this work
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(h*), photo-induced electrons (e~), and superoxide anions ‘Oj,
respectively. As can be seen, IPA exhibits a strong interaction
with the hydroxyl radical through a simple electron transfer

process [34].

isopropyl-OH + "OH — isopropyl-O" + H,O

If the "OH radicals play a crucial role in the MB degradation,
the reaction rate is expected to decrease significantly. As
depicted in Figure 8a, adding an excess amount of 10 mM IPA
to the reaction mixture significantly suppresses the MB degra-
dation (by ca. 28.5%). The rate constant of MB degradation
decreases to 0.0015 min~! from 0.0123 min~!. This result indi-
cates that the "OH degradation pathway plays a critical role in
the MB photocatalytic degradation.

Iodide ions (I7) are strong scavengers that react with valence
band holes (hyg) [35].

I” +hyp — heat

Bromate ions (BrOj3) capture photoinduced electrons (ecp),
which leads to a reduction to form bromide ions [36].

BrO3 +6ecg +6H" — Br~ +3H,0

Figure 8a presents the effect of adding an excess of 10 mM KI
or 10 mM KBrOj on the MB degradation. The rate constant
decreases to 0.0059 min~! for KI and 0.0074 min~! for KBrOs,
and the decolourisation efficiency decreases by 9.9% for KI and
by 4.2% for KBrO3 compared with the absence of scavenger.

Beilstein J. Nanotechnol. 2024, 15, 475-489.

This means that the MB photocatalytic degradation is moder-
ately affected by KI or KBrOs, which indicates the role of h*
and ecp in the MB photocatalytic degradation.

p-Benzochinone reacts as a scavenger with superoxide anions
through a simple electron transfer process [37].

BQ+'0; »BQ™ +0,

The photocatalytic degradation of MB is mildly affected by BQ
(decolourisation efficiency drops by 13.5%, indicating the influ-
ence of O, during the photocatalytic degradation of MB [37].

The mineralisation of MB was estimated with COD measure-
ments (Figure 8b). The value of COD decreases with increas-
ing reaction time. The initial COD value is 87.4 mg-L™! and
decreases to 6.5 mg-L~! after 150 min of reaction, indicating
that the mineralisation was almost complete. Furthermore,
LC-MS was used to explore the MB degradation pathway.
Detailed data is provided in Supporting Information File 1. The
mass spectra of the oxidized MB solutions at different residue
times show the various intermediates due to demethylation and
hydroxylation processes [38]. Low-bond-energy intermediates
and ring-breaking products were obtained in the MB degrada-
tion (acetates, oxalates, and sulfates, Scheme 1). Finally, MB
could be mineralized to CO,, H,O, SO%{, and NOj3 [38].

In order to check the stability of the materials, the prepared CF/
GQDs-200 catalysts were reused in three cycles (Figure 9b).
After each run, the catalyst was separated with an external mag-
netic field. It was found that the present photocatalyst exhibits
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Figure 8: (a) Effects of addition of Kl, IPA, KBrOgz, and BQ on the visible-light-driven photocatalytic degradation of MB with CF@GQDs; (b) depen-

dence of the chemical oxygen demand on the reaction time.
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no significant loss of activity over three cycles. The CF/GQDs-
200 photocatalyst used in the cycling tests was characterised by
using XRD before and after the cycling experiments. The result
indicates that the as-obtained CF/GQDs-200 does not suffer
from photocorrosion and exhibits excellent reusability for the
degradation process.

The mechanism of MB degradation over the CF/GQDs catalyst
is illustrated in Scheme 2. Under visible light irradiation, photo-
generated holes (h") are created in the valence bands via the
transfer of photogenerated electrons (e”) from the valence band
to the conduction band (Equation 1). Hence, photoinduced elec-
tron transfer possibly takes place from CF to GQDs, which are
excellent acceptors [39] (Equation 2). This retards the recombi-
nation of electrons and holes in the nanocomposites [40]. The
photoinduced holes are, therefore, available to react with H,O
to produce “OH radicals. The electrons in the CB band directly
reduce MB to its degradation products or interact with oxygen
in the aqueous solution to form peroxy anion radicals ('O3). A
part of h* oxidizes water to form hydroxyl radicals ("OH), or it
can oxidize directly MB to its degradation products (Equations
4-6). Finally, the degradation products decompose into CO,.
The reactions are illustrated as follows:

CF+hv—>CF(e6B +h{’,B) )

CF(eaB ) > GQDs (eaB ) @)

GQDs (eEB ) +MB — degradation products 3)

d) -

3™ cycle

_ =4

2™ cycle

b 1t cycle

Raw

15 20 25 30 35 40 45 50 55 60
2 theta (degree)

Figure 9: (a) Cyclic photocatalytic degradation experiments of MB with CF/GQDs-200 photocatalyst; (b) XRD pattern of CF/GQDs and reused CF/

GQDs.
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Conclusion

CoFe;04/GQDs were successfully synthesized in a thermal
hydrolysis process from Co(NO3),, Fe(NO3)3, and starch. The
CoFe,04 nanoparticles of around 20 nm are highly dispersed in
GQDs. The CoFe,04/GQDs exhibit superparamagnetic proper-
ties and are separable by applying an external magnetic field
after the reaction. The mineralisation of MB via photocatalytic
degradation is complete. The remarkable enhancement of the
CoFe,04/GQDs is attributed to active sites of GQDs and excel-
lent heterojunctions between CoFe,04 and GQDs. The former
is favourable for more MB molecules to adsorb on the active
sites of the photocatalysts, and the latter can facilitate the GQDs
layers acting as electron acceptors, which are beneficial for sup-
pressing the recombination of photogenerated electrons and
holes. These results suggest that the CoFe,04/GQD nanocom-
posite is a potential catalyst for methylene blue degradation and

various environmental applications.
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Supporting Information

Fragmentation spectrum of MB and HPLC spectrum of MB

at initial and photocatalytic degradation after 180 min.

Supporting Information File 1

Detailed information on MS spectra and HPLC diagram.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-15-43-S1.pdf]
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Abstract

A TiO,/graphene quantum dots composite (TiO,/GQDs) obtained by in situ synthesis of GQDs, derived from coffee grounds, and
peroxo titanium complexes was used as electrode modifier in the simultaneous electrochemical determination of uric acid and
hypoxanthine. The TiO,/GQDs material was characterized by photoluminescence, X-ray diffraction, Raman spectroscopy, high-
resolution transmission electron microscopy, and energy-dispersive X-ray mapping. The TiO,/GQDs-GCE exhibits better electro-
chemical activity for uric acid and hypoxanthine than GQDs/GCE or TiO,/GCE in differential pulse voltammetry (DPV) measure-
ments. Under optimized conditions, the calibration plots were linear in the range from 1.00 to 15.26 uM for both uric acid and
hypoxanthine. The limits of detection of this method were 0.58 and 0.68 uM for uric acid and hypoxanthine, respectively. The pro-
posed DPV method was employed to determine uric acid and hypoxanthine in urine samples with acceptable recovery rates.

Introduction
Uric acid (7,9-dihydro-1H-purine-2,6,8(3H)-trione, URI) is the  diseases, such as gout, Lesch—Nyan disease, obesity, diabetes,
primary final product of the purine metabolism in humans. High  high cholesterol levels, and kidney diseases [1,2]. Hypoxan-

concentrations of URI in serum and urine are a sign of several thine (6-hydroxypurine, HYP), a purine derivative, is an indi-
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cator of hypoxia [3]. A lower HYP concentration in the cere-
brospinal fluid of patients compared to healthy individuals is
related to Parkinson’s disease [4]. The oxidation of HYP yields
xanthine, which can be further oxidized to URI. Meat from
shrimp, fish, and some other animals contain large amounts of
HYP. High consumption of these foods has been considered to
result in elevated levels of URI, associated with the risk of gout
[5]. Hence, simple and selective methods to determine the
purine content in food and dietary products are of interest
among researchers [6,7]. At the present time, several tech-
niques for the determination of URI and HYP are available,
such as high-performance liquid chromatography [8], liquid
chromatography—tandem mass spectrometry [9], and gas chro-
matography/mass spectrometry [10]. These approaches require
complex handling procedures. Electrochemical techniques have
been considered as a robust alternative for URI and HYP
sensing because of their simplicity, cost-effectiveness, and reli-
ability. The use of modified electrodes has shown to improve
significantly electrocatalytic activity and electrical conductivity
of electrodes.

Graphene, with sp-hybridized carbon atoms in a single layer,
has gained much attention because of its unique physicochemi-
cal properties. Graphene quantum dots (GQDs) are zero-dimen-
sional graphene derivatives consisting of one to few layers of
graphene sheets with a size of less than 20 nm in width [11].
The missing bandgap results in an absence of luminescence in
pristine graphene. However, a bandgap can be generated in
GQDs through edge effects. Edge-functionalized GQDs have
oxygen-containing functional groups such as hydroxy, carboxyl,
carbonyl, and epoxy groups, which can conjugate to various bi-
ological/organic/inorganic molecules such as proteins, anti-
bodies, or metal ions [12]. The capability of electron transfer/
energy storage derived from their conjugate structure makes
them effectively utilizable over the full light spectrum [13,14].
GQDs can be prepared through solvothermal/hydrothermal pro-
cesses or carbonization from suitable organic molecules (poly-
mers or biomass) [15]. Biomass waste (e.g., agricultural
residues and food waste) is a renewable resource for the prepa-
ration of high-value carbon materials. Among food wastes,
coffee grounds are a promising precursor to prepare GQDs with
new functionalities regarding a more sustainable materials
industry [16]. Considering the fields of catalysis and electro-
chemistry, combining GQDs with semiconductors, especially
TiO,, has been of interest. For example, GQDs have been suc-
cessfully introduced into TiO, [17] to enhance its photocatalyt-
ic activity. John Peter et al. reported TiO,/GQDs as anodes for
enhancing the short-circuit current in solar cells [18]. The lithi-
um-ion storage performance of C-GQDs/a-Fe,O3 composites in
lithium batteries presented excellent cyclability and rate capa-

bility [19]. Among several chemical approaches for the synthe-
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sis of titania, sol-gel processes have been commonly used for
practical application. In these sol-gel methods, titanium alk-
oxides and halides are extensively used as precursors [20,21].
Because of their high reactivity, a complicate control over the
reaction conditions is critical to achieve the desired crystalline
structures and morphology [22]. Recently, a synthesis using
stable water-soluble titanium complexes has been developed to
overcome the disadvantages of these precursors and to easily
obtain fine titania particles with a controlled shape [23]. The
synthesis of TiO,/GQDs from water-soluble titanium com-
plexes is expected to form a homogeneous suspension that is
convenient for developing modified electrodes used in electro-
chemical analysis. To the best of our knowledge, there are only

few reports on TiO,/GQDs for electrochemical analysis.

In the present work, TiO,/GQDs were prepared from coffee
grounds and peroxo titanium complexes by a hydrothermal
process. The simultaneous determination of URI and HYP
using a TiO»/GQDs-modified electrode were addressed.

Experimental

Materials

Coffee grounds were collected from the local area. Anatase
(98%), hydrogen chloride (39%), hydrogen peroxide (30%),
boric acid (99%), phosphoric acid (85%), acetic acid (99%),
uric acid (99%), and hypoxanthine (99%) were provided by the
Merck company, Germany. Stock solutions of URI and HYP
were prepared prior to use.

Equipment

The X-ray diffraction patterns of the suspensions of GQDs,
peroxo titanium complexes, and TiO,/GQDs were recorded on
a D8 Advance, Bruker, Germany with background subtraction.
The morphologies of GQDs were observed by using a JEM
2100 high-resolution transmission electron microscopy
(HRTEM), Joel, Japan. Raman spectroscopy measurements
were performed on a WiTec, Alpha 300R with a 532 nm laser.
Surface analyses of the obtained materials were carried out
using a S-4800 scanning electron microscope (SEM), Hitachi
(Japan). UV-vis absorption spectroscopy measurements was
carried out on an 8453 UV-vis spectrophotometer, Agilent,
USA. Photoluminescence (PL) spectroscopy measurements
were performed on a FL3C-22 spectrophotometer, Horiba,
USA.

Synthesis of TiOo/GQDs

Peroxo titanium complexes were synthesized in a hydrothermal
process. 0.25 g of TiO, and 12.5 mL of 10 M NaOH were
mixed under ultrasonic stirring. The suspension was then trans-
ferred to a teflon-lined stainless steel autoclave and heated to

130 °C for 10 h. The resulting white solid was separated by
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centrifugation and rinsed several times with 0.1 M HCI and
distilled water until a supernatant with neutral pH was obtained.
The solid was dried at 80 °C for 2 h. This product was then
mixed with 30 mL of HyO, (35%, d = 1.11 g-cm?) at 90 °C
under magnetic stirring for 1 h to obtain a clear yellow solution
of peroxo titanium complexes. The concentration of TiO; in the
complexes was found as 0.745% (w/w) (0.25 g of TiO; in
30 mL of H202).

GQDs were synthesized from coffee grounds. Coffee grounds
(0.2 g) were first suspended in water (50 mL). The suspension
was sonicated for 1 h before being transferred to the autoclave
and heated up to 180 °C for 10 h. The resulting product was
then cooled to room temperature and separated by centrifuga-
tion at 4000 rpm to obtain a dark brown solid. The concentra-
tion of GQDs calculated after subtracting the insoluble part was
0.249% (w/w) (0.125 g of coffee grounds in 50 mL of water).

TiO,/GQDs suspensions with different TiO,/GQDs ratios were
prepared by mixing different volumes of GQDs and peroxo tita-
nium complex suspensions under stirring at 50 °C for 1 h. The
samples are denoted as (0:4)TiO,/GQDs; (1:4)Ti0,/GQDs;
(2:4)Ti0,/GQDs; (4:4)TiO0,/GQDs; (4:2)Ti0,/GQDs;
(4:1)TiO2/GQDs; (4:0)TiO»/GQDs. The numbers in paren-
theses stand for the volume ratio of peroxo titanium complex to
GQDs solutions.

Electrochemical studies

Voltammetric measurements were performed at room tempera-
ture using a CPA-HHS electrochemical workstation, Vietnam.
A conventional three-electrode cell with a glassy carbon
working electrode (GCE, 3 mm diameter), a platinum wire
auxiliary electrode, and a Ag/AgCl reference electrode was
used. Electrolyte solutions were prepared using doubly distilled
water. Britton—-Robinson (BR) buffer solutions with pH be-
tween 2 and 6 were prepared by mixing boric acid solution,
phosphoric acid solution, and acetic acid solution in appro-

priate ratios.

To prepare a TiO,/GQDs-modified glassy carbon electrode
(TiO,/GQDs-GCE), 5 mL of TiO,/GQDs suspension in water
(0.1 mg/mL) was cast onto the surface of the bare GCE. The
modified electrode was allowed to dry naturally for some hours

at ambient temperature.

The urine samples for electrochemical measurement were pre-
pared by first diluting 1 mL urine to 20 mL with distilled water.
1.5 mL of this urine solution was added to 2 mL of 0.25 M pH 3
buffer and was diluted to 10 mL with distilled water in an elec-
trolysis cell. The solution was spiked with 10 pL of 500 uM
URI and 20 pL of 500 uM HYT before dilution to 10 mL.
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Results and Discussion

Characterization of materials

The mixtures of GQDs and TiO,/GQDs suspensions were
exposed to visible and UV light to confirm their fluorescence
behavior. Under visible light, the aqueous suspension of GQDs
is transparent and brown in color, while the suspension of the
peroxo titanium complex is opaque yellow. The prepared TiO,/
GQD aqueous suspensions, in contrast, display a light yellow
color, which gets darker as the ratio of TiO,/GQD in the com-
plex increases (Figure la). Under 365 nm UV irradiation
(Figure 1b), the GQDs displays green luminescence, while the
TiO,/GQDs samples exhibit different levels of fluorescence.
Figure 1c presents the emission spectra of GQDs and TiO,/
GQDs. GQDs exhibits an emission maximum at 450 nm corre-
sponding to the blue luminescence. The luminous intensity at an
emission wavelength of ca. 450 nm decreases with increasing
ratio of TiO,/GQDs in the material until it almost disappears
when the fraction of GQDs is lower than that of TiO,. This in-
dicates that mainly GQDs contribute to the luminescence of all
samples. Figure 1d presents the UV—vis spectra of the obtained
suspensions. The UV-vis spectra show absorbance bands from
200-400 nm that are typical for the colloidal systems with
nanoscale particles [24,25]. The UV-vis spectrum of GQDs
shows a characteristic feature of GO at =300 nm due to the
absorption of the graphitic structure [26], while that of titanium
complexes presents an absorption band at 240 nm. The combi-
nation of titanium complexes with GQDs resulted in higher

adsorption Ay ,x values.

XRD patterns of the obtained samples in suspension form are
presented in Figure 2. The XRD patterns of TiO, and TiO,/
GQDs suspensions show broad peaks of TiO, at 20 = 26°, cor-
responding to the (101) plane of the anatase phase (JCPDS file
73-1764) (Figure 2a). As the XRD measurements were made in
liquids instead of solid powders, the diffraction peaks are found
to be broad and weak. The diffraction peaks of the GQDs at 20
= 30.4° can be assigned to the (002) plane of graphene. The
broad nature of the diffraction peak is due to the structure of
GQDs containing only few layers of graphene sheets [27]. The
XRD pattern of TiO»/GQDs in solid form (dried at 100 °C for
3 h) exhibits characteristic peaks of anatase at 20 = 25.6°, 38.1°,
and 48.3°, corresponding to the (101), (004), and (200) planes,
respectively. This confirms that the (1:4)TiO,/GQDs suspen-
sion contains fine anatase nanoparticles. The broadening of
XRD peaks in suspension was employed to evaluate the size
(Dpkp) of the crystal domains. It was calculated from the full
width at half maximum (B) using the Scherrer equation
Doy :%g;e, where A is the X-ray wavelength (1.5406 A), 0
is the Bragg angle, and K is a constant (ca. 0.9). The average
crystallite size of the synthesized TiO, nanoparticles was found

to be 7.1 nm. It is notable that no typical peaks for GQDs can be
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Figure 1: Images of aqueous suspension of TiOo/GQDs samples (a) under white light and (b) under UV light. (c) Photoluminescence spectra excited
at a wavelength of 365 nm. (d) UV-vis adsorption spectra of TiO», GQDs, and TiOo/GQDs suspensions.

found in the XRD pattern of solid TiO,/GQDs. This is possibly
because of the low content of GQDs in the composites, which
clearly indicates that GQDs do not affect significantly TiO,
crystal structure.

Figure 2c presents the Raman spectra of the obtained materials.
Four characteristic Raman-active Eg, Bl o Al o and Eg modes
of anatase TiO, are seen at 144, 395, 516, and 639 cm_l, re-
spectively [28]. In the Raman spectrum of GQDs, the peak at
1353 cm™! can be attributed to the D band, which can be
assigned to the vibrations of carbon atoms because of the pres-
ence of structural defects. The peak at 1576 cm™! can be
assigned to the G band due to the vibrations of sp>-hybridized
carbon atoms in graphene. The ratio of I/l is characteristic for
the disorder of the graphene structure [29]. The characteristic

vibrations for anatase are also observed in the Raman spectrum

of the TiO,/GQDs sample. However, the D and G bands of
GQDs shift to 1357 and 1593 cm_l, respectively, in the TiO,/
GQDs spectrum. The difference in Ip/Ig ratio, 0.94 for GQDs
and 0.71 for TiO,/GQDs, may be due to the interaction be-
tween TiO, and GQDs.

Figure 3 presents TEM observations of the obtained materials.
The morphology of TiO; shows agglomerates of around
50-80 nm that consist of fine nanoparticles (Figure 3a), while
that of GQDs shows fine spherical particles around 3—5 nm with
high depression. In the composite sample, TiO, nanoparticles of
around 100 nm can be seen to be highly dispersed in the GQDs
matrix (Figure 3c). The TiO, particles in TiO»/GQDs in
Figure 3d were identified by HRTEM with an interplanar dis-
tance of (101) planes of 0.251 nm, which has also been revealed
by XRD of TiO; in anatase form.
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Figure 2: (a) XRD patterns of TiOp, GQDs, and (1:4)TiO2/GQDs in suspension form. (b) XRD pattern of (1:4)TiOo/GQDs in solid form. (c) Raman
spectra of TiO», GQDs, and (1:4)TiOo/GQDs in solid form.

Figure 3: HRTEM images of (a) TiO», (b) GQDs, (c) (1:4)TiOo/GQDs, and (d) of (1:4)TiOo/GQDs with high magnification.
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To further determine the composition of the prepared TiO,/
GQDs composites, EDX mapping was used (Figure 4). The ob-
tained results reveal that TiO,/GQDs contain C (30.6%),
0O (55.3%), and Ti (14.1%), evenly distributed across the sam-
ple. This is in agreement with the XRD, Raman, and HRTEM
observations.

Figure 4: EDX mapping of (1:4)TiO2/GQDs.
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Simultaneous voltammetric determination of

uric acid (URI) and hypoxanthine (HYP)

Cyclic voltammetric behavior of different electrodes
The cyclic voltammetric (CV) behaviors of different electrodes
are presented in Figure 5a. The CV curve of the bare GCE
shows broad and weak anodic peaks of URI and HYP oxida-
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Figure 5: (a) CV curves at different electrodes in a solution (0.05 M BR buffer, pH 4) containing Cygr) = CHyp = 25 UM at a potential scan rate v =
0.1 V-s~1. (b) Oxidation peak current of URI and HYP at different electrodes (the error bar represents the standard deviation of three measurements).
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tion. The electrochemical signals are significantly enhanced
when the electrode is modified with TiO,/GQDs. A well-
defined oxidation peak appears at 0.45 V for URI and at 1.26 V
for HYP at the TiO,/GQDs-GCE. It is notable that the electro-
chemical response is a function of the TiO,/GQDs composition
(Figure 5b). The oxidation peak currents of URI and HYP
increase with increasing amount of GQDs in TiO,/GQDs. How-
ever, the peak current of URI reaches its maximum when the
GQDs reach 67% in mass (2:4)TiO,/GQDs and decreases at
higher amounts of GQDs. Meanwhile, the HYP oxidation peak
current is highest when the amount of GQDs reaches 80% in
mass in (1:4)TiO,/GQDs. To balance between the peak currents
of URI and HYP, the electrode modified by (1:4)TiO,/GQDs
was chosen for further investigation. At the (1:4)TiO,/GQDs-
GCE, the oxidation peak currents for URI and HYP are, respec-
tively, 3.8 times and 5.1 times higher than those obtained at the

Beilstein J. Nanotechnol. 2024, 15, 719-732.

bare GCE. URI is a weak diprotic acid with pK,; = 5.4 and
pKap = 9.8 [30]. HYP contains an ionizable group with pK, =
8.7 [31]. The improved reversibility and sensitivity of the modi-
fied electrode may be due to the electrostatic interaction be-
tween positively charged URI and HYP and negatively charged
GQD at remaining COO™ groups, the complexation of titanium
to nitrogen or oxygen, or T— interactions between the phenyl
structure of purine and the planar hexagonal carbon structure of
graphene.

Effect of pH

Figure 6a presents the pH dependence of the electrochemical
response. The values of E}, and [, vary as a function of pH, indi-
cating that the oxidation process involves the transfer of
protons. The oxidation peak current of both analytes peaks at
pH 3 then decreases with further increase of pH. Therefore,
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Figure 6: (a) CV curves of URI and HYP at equal concentrations of 25 pM in 0.05 M BR pH 2—6 at the (1:4)TiOo/GQDs-GCE; potential scan rate v =
0.1 V-s~1. (b) Oxidation peak current of URI and HYP at different pH values. (c) Linear plots of peak potential vs pH.
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pH 3 was chosen for further experiments (Figure 6b). At the
same time, the peak potential of both analytes shifts towards
positive values with a linear relationship described by the

following equations (Figure 6c¢):

Eygy = (0.7354£0.0109) + (~0.0514 +0.0026)pH; R* = 0.9925
Eypyp = (1.5818+0.0290) + (—0.0569 + 0.0068)pH; R = 0.9585

The slopes of the Eygy vs pH and Eyyyp vs pH plots are close to
the theoretical value of the Nernst equation (0.0599), indicating
that the oxidation process involves the transfer of an equal num-
ber of protons and electrons.

Beilstein J. Nanotechnol. 2024, 15, 719-732.

Effect of scan rate

The effect of the scan rate on the electrochemical signals is
illustrated in Figure 7a. The linear relationship between peak
current and square root of scan rate is presented in Figure 7b
with the following linear equations:

Tug = (1.0832£0.3680) + (32.836140.9462)v"/2; R? =0.9950
Tigyp = (0.3592+0.2316) +(18.2315+0.5955)v"/2; R? =0.9936

The lines do not pass the origin, indicating that the oxidation
process of both URI and HYP are controlled by adsorption pro-

cesses [32].
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Figure 7: (a) CV curves of (1:4)TiOo/GQDs-GCE in 0.05 M BR buffer (pH 3) with Cygj = CHyp = 25 pM; scanning rate v = 0.07-0.35 V-s~". (b) Linear
curves of peak intensity as a function of v!/2. (c) Linear curves of peak potential of URI or HYP as a function of In v.
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The relationship between peak potential and natural logarithm
of scan rate is described by the Laviron equation [33]

(Figure 7¢).

Eyg; = (0.6228+0.0028) +(0.0214£0.0013) Inv; R? =0.9776
Eygyp = (1.4798+0.0051) +(0.0285+0.0024) In v; R? = 0.9600

The product na was found as 1.2 for URI and 0.9 for HYP. For
an irreversible system, a is assumed to be 0.5 [34]; therefore,
n =24 or 2 for URI and n = 1.8 or 2 for HYP, which indicates
that the oxidation of URI and HYP involves the transfer of two
electrons and two protons. Based on the above observations,
plausible mechanisms for the electrooxidation of URI and HYP
are proposed (Scheme 1), which are in good agreement with
previous reports, where the oxidation of URI generates a bis-
imine [35], and the oxidation of HYP forms 6,8-dioxypurine at
the N7=C8 double bond [36].

H
N NH N=">NH o
O-a/ I —>O=</ + 2H" + 2e
L Ak,

Uric acid

0 0
N N

< N ~ NH + -
er +H,0 — > er +2H" + 2e
NSy N™ NS0

Hypoxanthine

Scheme 1: Proposed oxidation mechanisms of URI and HYP at the
(1:4)TiOo/GQDs-GCE.

Relevant operational parameters

In the present work, the operational parameters accumulation
potential (E,..), accumulation time (z,..), pulse amplitude (AE),
and potential step (Ugep) were optimized. Eycc does not signifi-
cantly affect the oxidation signals (Ep and Ip) of URI and HYP
(Supporting Information File 1, Figure S1a,b) when it is varied
from —0.2 V to +0.4 V (vs Ag/AgCIlKCl 3 M). Specifically, Ep
and Ip for the oxidation of URI remain constant at 0.510 %
0.000 V and 13.43 £ 0.25 pA (n = 7), respectively; while the
values for HYP are 1.341 = 0.004 V and 7.204 * 0.055 uA
(n = 7), respectively. This shows that the TiO,/GQDs material
interacts well with URI and HYP during the accumulation step.
An E,. value of +0.1 V with low relative standard deviation
(RSD) values for Ip of URI and HYP of 0.81% and 2.92%, re-
spectively, was chosen to avoid any potential interference effect
in real samples. The variation of the potential scan rate during

DPV measurement reveals that the electrochemical reactions of

Beilstein J. Nanotechnol. 2024, 15, 719-732.

URI and HYP are determined by adsorption. Therefore, even at
tace = 0, the Ip values for URI and HYP are 3.787 £ 0.535 A
(n=3)and 4.193 £ 0.318 pA (n = 3), respectively (Supporting
Information File 1, Figure S1c,d). This phenomenon shows that
URI and HYP quickly adsorb on the surface of the modified
electrode at the beginning of the measurement. Therefore, when
the accumulation time increases from 5 to 20 s, the Ip values of
URI and HYP are not statistically different. However, it is
possible that the high concentration of URI and HYP in the
solution might saturate on the modified electrode surface.
Therefore, an accumulation time of 15 s was chosen for further
studies.

The effect of pulse amplitude (AE) was also studied (Support-
ing Information File 1, Figure S2a,b). When AFE gradually in-
creases from 0.04 to 0.08 V, the Ip of URI gradually increases,
reaches the highest value at 0.10 V, and then remains constant
up to AE of 0.12V. In contrast, the 1p of HYP rises with the
increase of AE, peaks at 0.08 V, and then slightly decreases at
higher pulse amplitudes. Furthermore, the HYP oxidation peak
broadens with an increase of the peak half-width from 0.167 to
0.180 V as the pulse amplitude increases (Supporting Informa-
tion File 1, Figure S2a). The oxidation peak of URI shifts posi-
tively as the pulse amplitude increases. This behavior might
reduce the selectivity of the analytical method. Therefore, a
pulse amplitude of 0.08 V was chosen for further studies. Ustep
in differential pulse anodic stripping voltammetry affects the
potential scan rate and the stripping signal. The influence of
Usiep was studied in the range from 0.004 to 0.010 V corre-
sponding to a potential scan rate from 13.3 mV-s~! to
33.3 mV-s~! with Istep = 0.3 s. It is clear that U, slightly
changes the oxidation potential of both HYP and URI. Theoreti-
cally, increasing the potential step might lead to an increase of
I,. However, a high Uy, might also trigger the oxidation of
other substances with similar oxidation potential, which greatly
affects the simultaneous quantification of substances with strip-
ping peaks close to each other. Therefore, a Ugep value of
0.008 V was chosen for further studies.

Linear range and limit of detection

DPV curves for mixtures containing equal concentrations of
URI and HYP are shown in Figure 8a. The peak current in-
creases linearly when the concentration of both analytes in-
creases from 1.00 to 15.26 uM (Figure 8b). The regression

equations are as follows:

Tury = (2.880440.0722) + (1.0818 +0.0106)Cygy; R = 0.9984
Tigyp = (0.3161%0.0511)+(0.6520 +0.0075)Ciryp; R> = 0.9978

The limit of detection (LOD) is described as 3S/M, where S is
the standard deviation and M is the slope obtained from the cali-
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Figure 8: DPV curves at the (1:4)TiOo/GQDs-GCE. (a) 0.05 M BR pH 3 with Cyr| = CHyp = 1.00-15.26 puM. (b) Linear plots of peak current vs URI
and HYP concentration. (c) 0.05 M BR buffer (pH 3) with Cyg| = 1.00-15.74 uM, Cryp = 15.74 UM, the inset presents a linear plot of peak current vs
URI concentration. (d) 0.05 M BR buffer (pH 3) with Cyyp = 1.00-15.74 uM, Cyp = 15.74 UM, the inset presents a linear plot of peak current vs HYP

concentration.

bration plot. The LOD values are 0.58 uM for URI and
0.68 uM for HYP. The cross-effect is a key factor for the simul-
taneous determination of analytes in a mixture. Figure 8c
presents the effect of HYP concentration, which was kept con-
stant at 15.74 uM, on the peak current intensity of different con-
centrations of URI. A linear response (the inset) is still found in
the range of 1.00-15.74 uM with the regression equation of
Iyrr = (0.7538 £ 0.1356) + (1.2783 % 0.0166)Cyg; (R% =
0.9988) (LODyg = 0.61 uM). A similar behavior can be ob-
served for the oxidation of an increasing amount of HYP
(1.00-15.74 uM) (inset) in the presence of 15.74 uM URI. A
linear calibration curve with a regression equation of Iyyp =
(=0.1160 * 0.0830) + (0.8376 = 0.0102)Cryp (R% = 0.9990)
with LODyyp = 0.57 uM (Figure 8d) was found. These results
indicate that the determination of URI in the presence of HYP
and vice versa at the TiO»/GQDs-GCE can be achieved with

acceptable selectivity and sensitivity. A comparison with previ-

ously reported data is shown in Table 1. It is noticed that the
performance of TiO,/GQDs-GCE is better than or comparable
with other electrodes with low detection limit.

Repeatability, stability and reproducibility

The parameters for validity of the proposed approaches are the
within-run precision (repeatability), reproducibility, and the
within-laboratory precision (long term-stability). The repeata-
bility of the method was evaluated by comparing the RSD of
the measurement to the RSD of the Horwitz function (RSDy). If
RSD is less than half of RSDy, the repeatability is acceptable.
The repeatability of this method was determined by analyzing
ten replicate measurements on four different mixtures contain-
ing equal concentrations of URI and HYP (2.5, 5.0, 7.5, and
10 uM). The results show that all RSDs are smaller than 5% and
0.5-RSDy (Figure 9a,b) indicating an acceptable repeatability.
The reproducibility was estimated by measuring electrochemi-
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Table 1: Comparison of URI and HYP determination at the TiOo/GQDs-GCE with the literature.

Electrode Method Linear range (uM) LOD (uM) Applicability Ref
URI HYP URI HYP

Nf—{RuDMSO-CI-H,0}-MM  SWV 100-700  50-300 0.372 2.37 human urine samples  [37]
E/GCE

CosFex04/rGO/GCE DPV 2-10 2-10 0.767 0.506 urine samples [38]
GCE/rGO/CS/Cro03/GCE DPV 10-500 2-300 0.8 0.85 fish meat [39]
PDAox—PTCA/GCE DPV 1.8-238 3.8-293 1.50 1.25 biologically species [40]
B-cyclodextrin/GCE DPV 10-225 10-270 5 5 human urine samples  [41]
TiOo/GQDs DPV 1.0-153 1.0-153 0.58 0.68 urine samples this work
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Figure 9: The RSD of ten replicate measurements of (a) URI and (b) HYP at the (1:4)TiOo/GQDs-GCE in 0.05 M BR buffer pH 3 with Cygr| = Cnyp =
2.5,5.0,7.5, and 10 uM. (c) /p of URI and HYP (Cygr| = Cryp = 12 uM) in 0.05 M BR buffer pH 3 at seven different (1:4)TiOo/GQDs-GCEs fabricated
using the same procedure. (d) /p of URI and HYP (Cygi = Chyp = 12 uM) in 0.05 M BR buffer pH 3 at the (1:4)TiO2/GQDs-GCE measured once a
week.

cal signals of URI and HYP with seven modified electrodes given in Figure 9c. The peak currents were found as Iyg;y
fabricated using the same procedure. The peak currents (three  14.99 + 0.34 (uA) with RSD = 2.26% and Igyp = 9.00
consecutive measurements) of equal concentrations of URI and  0.14 (uA) with RSD = 1.59%. An RSD smaller than 5% indi-

I+

HYP (Cygry = Cygyp = 12 uM) at each modified electrode are  cates that the proposed technique is reproducible. Stability is a
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critical characteristic of electrochemical sensors; it can be deter-
mined by comparing electrochemical signals from a single
electrode, which is kept at 4 °C in the BR buffer pH 3 between
the measurements, for a definite period. DPV measurements
were periodically performed once a week. Peak currents with
RSD smaller than 5% were found as Iygy = 15.36 £ 0.43 (nA)
(RSD = 2.82%) and Igyyp = 9.03 + 0.26 (nA) (RSD = 2.93%)
indicating good long-term stability of the (1:4)TiO,/QGDs-
GCE (Figure 9d).

In order to study the selectivity of the (1:4)TiO,/GQDs-modi-
fied electrode, common co-existing substances, namely, NH4Cl,
KCI, Na;S0O4, NH4NO3, CaCl,, ZnCl,, glucose (GLC),
glutamic acid (GLA), urea (URE), L-cysteine (LCY) and
xanthine (XTE), have been added to the analysis mixture con-
taining URI (10 uM) and HYP (10 uM) to investigate the inter-
ference effect on the electrochemical responses (Figure 10 and
Supporting Information File 1, Table S1). The results show that,
except LCY and XTE affecting the measurement of URI and
HYP at 40 and 60-fold excess, the other possible interferents

exhibit no interference effect (with less than £5% relative error)
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at 100-fold excess. This indicates that the designed modified
electrode is a highly selective sensor for URI and HYP.

A human urine sample was used as real sample to investigate
the reliability of the proposed method. The urine sample was
diluted 130 times with 0.05 M BR buffer pH 3 before measure-
ment. No other pretreatment process was required. The stan-
dard addition method was employed to test the recovery. The
results show an exceptional recovery range from 96.57% to
103.58%, which clearly indicates the applicability and relia-
bility of the proposed method (Table 2).

Conclusion

TiO,/GQDs were prepared from peroxo titanium complexes,
and GQDs were derived from ground coffee as precursor, which
offers several advantages such as easy dispersion and functio-
nalization during the synthesis. A simple strategy employing
TiO,/GQDs was used to fabricate a sensitive voltammetric
sensor for the determination of URI and HYP in real samples.
The decoration of nanoscale TiO, with GQDs can provide

excellent electrode modification because of the combination of
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Figure 10: Effect of possible interferents. (a) Inorganic compounds and (b) organic compounds.

Table 2: Determination of URI and HYP in real samples (n = 5) with the (1:4)TiOo/GQDs-GCE.

Sample Analyte Content £ SD (uM/) Spiked (ug) Found* £ SD (ug) Recovery (%)
human urine 1 URI 2.633 £ 0.072 0.841 0.814 + 0.029 96.84
HYP — 1.361 1.332 £ 0.030 97.88
human urine 2 URI 2.793 £ 0.066 0.841 0.860 + 0.027 102.30
HYP — 1.361 1.341 £ 0.018 98.53
human urine 3 URI 4.493 £ 0.117 0.841 0.812 £ 0.023 96.57
HYP — 1.361 1.410 £ 0.030 103.58
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enlarged active surface area and strong adsorptive capability of
the nanomaterials. Low LODs, high reproducibility, and simple
procedures for surface modification and analysis can be consid-
ered as the advantages of the proposed DPV method.

Supporting Information

Supporting Information File 1

Additional figures and tables.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-15-60-S1.pdf]
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A facile approach was employed to fabricate MIL-100(Fe) materials from Fe,O3 nanoparticles through a conventional hydrother-

mal reaction without the presence of HF and HNOj. Effects of trimesic acid content in the reaction system on the quality and

CO,/N, separation performance of the as-prepared MIL-100(Fe) samples were investigated. Using 1.80 g of trimesic acid in the

reaction system yielded the sample M-100Fe@Fe,O3#1.80, which proved to be the optimal sample. This choice struck a balance

between the amount of required trimesic acid and the quality of the resulting material, resulting in a high yield of 81% and an
impressive BET surface area of 1365.4 m2-g~!. At 25 °C and 1 bar, M-100Fe@Fe,0#1.80 showed a CO, adsorption capacity of
1.10 mmol-g~! and an IAST-predicted CO4/N; selectivity of 18, outperforming conventional adsorbents in CO,/N, separation. Im-

portantly, this route opens a new approach to utilizing Fe;03-based waste materials from the iron and steel industry in manufac-

turing Fe-based MIL-100 materials.

Introduction
Metal-organic frameworks (MOFs) are well-ordered porous
hybrid structures assembled from the fundamental components

of metal ion clusters and organic linkers. MOFs are well known

as multipurpose materials that serve a broad range of applica-

tions because of their unique construction variants, enormous

surface areas, high thermal stability, changeable pore system
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sizes, and customizable chemical surfaces [1-6]. The family tree
of MOFs holds giant lineages such as Zeolitic Imidazolate
Framework (ZIF), University of Olso (UiO), Material of Insti-
tute Lavoisier (MIL), Dresden University of Technology
(DUT), and others. Among them, the Fe-based MIL-100(Fe)
material stands out as an exceptional member of the MIL family
because of its distinct properties [7,8]. MIL-100(Fe) offers a
substantial number of unsaturated metal sites. These sites act as
Lewis acid sites once ligands (-OH and water) are removed
from the termini of iron octahedra in the secondary building
units (SBUs) through an activated-thermal process in a vacuum-
controlled environment [9,10]. Notably, density and oxidation
states of the formed unsaturated Fe sites (Fe(Il) and Fe(III)) are
temperature-dependent, influencing the strength of the Lewis
acid properties. Lower temperatures (approx. 150 °C) favor
Fe(IlI), while higher temperatures up to 250 °C promote Fe(II)
[9,10]. The MIL-100(Fe) structure is built from oxo-trimers of
iron octahedra as SBUs together with bridges of benzene-1,3,5-
tricarboxylate, yielding a hybrid supertetrahedral structure.
Following that, the hybrid structures self-assemble in a certain
sequence to form a topology resembling the MTN-type of
zeolite seen in Zeolite Socony Mobil Thirty-Nine (ZSM-39)
[11]. The MIL-100(Fe) structure has a cubic series containing
two types of large chambers with average diameters of 2.5 and
2.9 nm, which may accommodate guest molecules entering
through pentagon (0.47-0.55 nm) and hexagon (0.86 nm) aper-
tures; this is an extremely porous channel system with immense
surface area and pore volume [10,12]. Furthermore,
MIL-100(Fe) is also widely recognized for its low manufac-
turing cost, environmental friendliness, and biodegradability.
Because of the abovementioned advantages, MIL-100(Fe) has
gained popularity as a candidate for gas separation of CO/CO,
[9,13], CO/N; [14,15], CO,/CH4 [16], CH4/C,Hg/C3Hg [17],
and SF¢/N, [18].

In the early stage, MIL-100(Fe) was produced using metal-
lic iron and iron salts, along with HF and HNO3, in a conven-
tional hydrothermal reactor operated at high temperatures
[9,10]. While HF and HNO3 improve yield and quality of
MIL-100(Fe), they are harmful to the environment because of
their toxicity and corrosiveness. As a result, scientists are
consistently working to eliminate HF, HNO3, and other
enhancing agents from the reaction process while maintaining
the material quality. Initially, trimethyl benzene-1,3,5-tricar-
boxylate and iron(IIT) chloride hexahydrate (FeCl3-6H,0) were
combined to create MIL-100(Fe) without using HF and HNO3.
This method resulted in high-quality MIL-100(Fe) with a Lang-
muir surface area of 2800 m2-g~!, but the yield was only 47%.
In addition, it extended the reaction time to three days and sig-
nificantly increased the cost because of the more expensive

trimethyl benzene-1,3,5-tricarboxylate compared to trimesic

Beilstein J. Nanotechnol. 2024, 15, 897-908.

acid [19]. These factors caused an immense rise in production
cost. Further efforts were made to enhance both product quality
and yield by using FeCl3-6H,0 and iron(IIl) nitrate nonahy-
drate (Fe(NO3)3-:9H,0) as iron precursors in a high-tempera-
ture reactor without HF and HNOj3. The findings revealed that a
high Fe(NO3)3-9H,0 concentration in the MIL-100(Fe) prepa-
ration resulted in excellent outcomes, achieving approximately
80% yield and a BET surface area of 1800 m2-g~!. These results
closely matched those from the original recipe, which utilized
metallic iron in the presence of HF and HNOs3, yielding 82%
and a BET surface area of 2050 m2-g_1 [20]. Since then, various
green synthetic routes from ferric nitrate and metallic iron
powder have been developed for generating MIL-100(Fe), in-
cluding low-temperature synthesis [21], solvent-free synthesis
[22], and dry gel conversion pathway [23]. It should be noted
that the observed BET surface area fluctuates between 1100
and 2100 m?.g~!, reflecting the quality of the obtained
MIL-100(Fe); it depends on the iron precursors, synthetic path-
ways, and the purification procedure to eliminate unexpected
components inside the pore system [20,24,25].

Additionally, iron oxides were considered as iron precursors re-
quired to make MIL-100(Fe). The first candidate FezO4 was
used to successfully fabricate MIL-100(Fe) in a hydrothermal
reactor in the absence of HF and HNOj3 [26,27]; it resulted in
enhanced porosity of the obtained material when increasing the
mass ratio between Fe;0,4 and benzene-1,3,5-tricarboxylic acid
in the reactor. Very recently, Freund et al. [28] employed Fe,0O3
to produce successfully MIL-100(Fe) in a conventionally
hydrothermal reaction at 150 °C for 27 h with the assistance of
HF and HNO3, which are hazardous chemicals to the environ-
ment. In contrast to metallic iron and iron salts, iron oxides are
acknowledged for their easy storage and abundant availability
in raw materials derived from natural iron oxidation processes
and steelmaking industry waste [29,30]. These characteristics
play a crucial role in the selection of economical raw materials
for the large-scale production of MIL-100(Fe). Utilizing iron
oxide as an iron precursor for manufacturing MIL-100(Fe) con-
tributes to the expansion of raw material options. According to
what we know, until now, there has been no report on a path-
way for generating MIL-100(Fe) from Fe,O3 without the assis-
tance of HF and HNO3.

In this study, MIL-100(Fe) nanoparticles were successfully
made utilizing a green synthetic route to convert Fe;O3 in a
traditional hydrothermal reaction with the assistance of trimesic
acid. A variety of analytical methods were employed to esti-
mate quality and yield of the as-prepared MIL-100(Fe) materi-
als, including thermogravimetric analysis (TGA), Fourier-trans-
form infrared (FTIR) spectroscopy, powder X-ray diffraction

(PXRD) measurements, determination of textural properties,
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scanning electron microscopy (SEM), and X-ray photoelectron
spectroscopy (XPS). Subsequently, the gas separation perfor-
mance of the as-prepared MIL-100(Fe) samples was assessed
by studies regarding CO, and N, adsorption isotherms at
various temperatures with pressures up to 1 bar.

Experimental

Materials

Iron(III) oxide (Fe,O3, 96%) and benzene-1,3,5-tricarboxylic
acid (H3BTC, 95%) were supplied from Sigma-Aldrich. An-
hydrous ethanol (EtOH, 99.5%) was acquired from Daejung
Chemicals (Korea). Deionized (DI) water was generated using
the Aqua Max ultra 360 system from Young-Lin (Korea). No

further purification was performed on the chemicals before use.

Preparation of M-100Fe@Fe>O3 and

MIL-100(Fe) materials

The Fe-based metal-organic framework (MIL-100) was fabri-
cated through a hydrothermal reaction system using iron(III)
oxide as the precursor and H3BTC as linker for Fe ion clusters.
The procedure was adapted from the method described by
Aslam and coworkers [26]. Typically, 0.9 g Fe,O3 and differ-
ent amounts of H3BTC, alongside 45 mL of DI water, were
introduced into a Teflon beaker and gently stirred for 15 min
at room temperature. The mixture was then carefully sealed
inside an autoclave made of stainless steel before being placed
inside an electrically heated oven operated at 160 °C for 12 h.
Once the resultant slurry had cooled to ambient temperature, it
was washed with DI water and EtOH at 60 °C three times.
Finally, the solid powder was collected after centrifugation
and drying at 70 °C for 12 h. The resulting products were
marked as M-100Fe@Fe,03#0.90, M-100Fe@Fe,03#1.35,
M-100Fe@Fe,03#1.80, and M-100Fe@Fe,03#2.25, corre-
sponding to H3BTC amounts of 0.90, 1.35, 1.80, and 2.25 g, re-
spectively.

A MIL-100(Fe) reference sample was prepared in accordance
with the protocol described in Horcajada's report [11], with ad-

ditional details provided in Supporting Information File 1.

Characterizations

The materials’ crystalline structure was identified via room-
temperature powder X-ray diffraction (PXRD) patterns from a
MiniFlex600 system (Rigaku, Japan). The scan covered a 20
range of 3-40° at a speed of 6°-min~!. Information regarding
the morphologies of Fe,O3 and M-100Fe@Fe,O3 materials was
collected using a field-emission scanning electron microscope
Leo-Supra 55 (Carl Zeiss STM, Germany). An attenuated total
reflectance (ATR) setup was adopted to record the Fourier-
transform infrared (FTIR) spectra of all samples on a Frontier

spectrometer (PerkinElmer, USA) in the wavenumber range of
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4000-400 cm™!. The thermal stability of the as-prepared materi-
als was investigated over a temperature range of 30-650 °C,
employing an acceleration rate of 5 °C-min~! in an air
stream, using a Q50 thermogravimetric analyzer (TA Instru-
ments, New Castle, USA). The chemical states of Fe and O in
the materials were examined using a K-Alpha photoelectron
spectrometer (ThermoFisher Scientific, USA). The isotherms
for N, adsorption and desorption at 77 K over the materials
were measured using a BELSORP-max apparatus (BEL, Japan).
This allowed for calculating the surface area, using the
Brunauer—-Emmett-Teller (BET) model, and the total pore
volume and pore size distribution, using the Horvath-Kawazoe
(HK) model. The samples were activated under vacuum at
150 °C for 12 h before being introduced into the porosity

analyzer.

CO» and N» adsorption test

The characteristic adsorption of CO; and N, on the as-prepared
materials was investigated in the range of 0—100 kPa at differ-
ent temperatures using a static adsorption system (BELSORP-
min II, BEL, Japan). Prior to implementation, approximately
250 mg of M-100Fe@Fe,O3 and MIL-100(Fe) samples were
degassed under vacuum at 50 °C for 2 h, followed by an addi-
tional 12 h at 150 °C in a glass tube before naturally cooling to
ambient temperature. To assess the adsorbent’s reusability, five
cycles of CO, adsorption and desorption were conducted at
25 °C. The adsorbent was refreshed for 2 h at 100 °C under
vacuum for each cycle.

Estimation of CO»/N» selectivity via ideal
adsorbed solution theory (IAST)

The TAST is widely recognized as a predictive means to eval-
uate the adsorption selectivity of an adsorbent towards a gas
mixture without experimental data for the gas mixture. Herein,
a binary mixture of CO; and N, containing 10 vol % CO; is
used to anticipate the CO,/N; selectivity of the as-prepared
materials. Initially, the experimental adsorption data for the
single components CO, and N, were measured in a range of
0-100 kPa at 25 °C, which were then described using the Lang-
muir—Freundlich model [31,32]. The fitted parameters are given
in Supporting Information File 1, Table S1 with high correla-
tion coefficient values (R? = 0.9998) for all samples. Subse-
quently, the CO,/N, selectivity over all samples was anticipat-
ed using IAST alongside the fitted parameters of the model. All
Langmuir-Freundlich and IAST-CO,/N; selectivity equations
are detailed in Supporting Information File 1.

Results and Discussion

Material characterizations
A range of M-100Fe@Fe,O3 samples was prepared from iron

oxide (Fe,O3) nanoparticles as precursor with H3BTC as
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organic linker through a hydrothermal reaction as shown in
Figure 1. The H3BTC concentration was incrementally intro-
duced into the reaction system to control the quality of the

as-prepared samples.

As shown in Figure 2, reflections of crystalline Fe,O3 were
detected in the p-Fe,O3 XRD pattern, which are in absolute
agreement with the simulated data, including the (220) and
(311) planes in the examined region (JCPDS 39-1346). After
the Fe,O3 nanoparticles underwent a highly conditional reac-
tion, the characteristic peaks of MIL-100(Fe) were verified in
the XRD profiles of the as-prepared M-100Fe@Fe,0O3 samples.
The XRD data of the reference MIL-100(Fe) sample and the
simulated data from CCDC 640536 were aligned, demon-
strating the successful preparation of MIL-100(Fe) crystals
from Fe,O3 nanoparticles under the studied conditions. A
further examination revealed that the measured peaks of
MIL-100(Fe) gradually increased, whereas those of Fe,O3 de-

O:C/OH

| |
OH OH

H;BTC

Fe,04

Figure 1: Pathway for preparing M-100Fe@Fe>O3 samples.

I:II::j O:C/©\C;O
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creased in intensity with increasing amounts of H3BTC
from 0.9 to 1.80 g. However, even after increasing the
H3BTC amount to 2.25 g in the reaction system, the
characteristic peaks of MIL-100(Fe) and Fe,O3 were still
preserved. This demonstrates that Fe,O3 nanoparticles were
partially converted into MIL-100(Fe) material, with the quality
of the obtained MIL-100(Fe) depending on the H3BTC concen-

tration.

To further reinforce this statement, the morphology of all
materials was examined via SEM analysis. Figure 3 reveals
that Fe,O3 nanoparticles appeared in spherical shapes, while
MIL-100(Fe) crystals displayed an octahedral morphology with
sizes around 1 uym. The SEM images of M-100Fe@Fe,O3
samples showed polyhedral nanoparticles, indicating the
successful preparation of MIL-100(Fe) crystals. It is important
to note that the morphology of the obtained MIL-100(Fe)
crystals depends on both the source of Fe-based precursor

H,0,150°C,12 h

MIL-100(Fe)

-
on
wv
\ Ll LT Simulated MIL-100(Fe)

Simulated p-Fe,O,

220
—T1311

Intensity (a.u.)

M-100Fe@Fe,0,#2.25

M-100Fe@Fe,0 #1.80

M-100Fe@Fe O #1.35

M-100Fe@Fe,0#0.90

20 (degree)

Figure 2: PXRD patterns of FexO3, MIL-100(Fe), and M-100Fe@Fe>O3 samples.
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Figure 3: SEM images of FexOg3, MIL-100(Fe), and M-100Fe@Fe»O3 samples.

and the synthetic approaches employed [24,25]. Additionally,
the SEM images showed that spherical nanoparticles
were easily observed in the M-100Fe@Fe,03#0.90
and M-100Fe@Fe,03#1.35 samples, whereas they
were harder to detect in the M-100Fe@Fe,O3#1.80 and
M-100Fe@Fe,03#2.25 samples. This suggests that the
concentration of MIL-100(Fe) crystals in the prepared
M-100Fe@Fe,03 samples increases in the following
order: M-100Fe@Fe,03#0.90 < M-100Fe@Fe,03#1.35 <
M-100Fe@Fe,03#1.80 < M-100Fe@Fe,03#2.25. This result
aligns well with the XRD data shown in Figure 2.

Figure 4 exhibits ATR-FTIR spectra of Fe,O3, MIL-100(Fe),
and as-prepared M-100Fe@Fe,O3 samples. Characteristic
peaks, including vibration bands in the region of 550 to
630 cm™!, were assigned to Fe—O bonds in the Fe,Oj structure

[33], and a signal at 620 cm™! was attributed to the vibration of
Fe(III)-O bonds in oxo-centered trinuclear iron complexes
(Fe3—0) within the MIL-100(Fe) framework [32]. Besides, the
vibrations at 712 and 760 cm™! as well as in the region of
13801620 cm™!, which were only detected on the FTIR spec-
tra of M-100(Fe) @Fe,O3 samples, are well known as character-
istic signals of MIL-100(Fe) [9,32]. It is noteworthy that the
distinctive signals of MIL-100(Fe) displayed increasing intensi-
ty, while the signals associated with Fe,O3 (specifically at 420,
440, 680, and 730 cm™!, as depicted in Figure 4) gradually
weakened as the H3BTC content was elevated from 0.90 to
1.80 g. These combined observations provide strong evidence
of the successful synthesis of MIL-100(Fe) from Fe,O3 nano-
particles; the proportion of MIL-100(Fe) in the final material
depends on the quantity of H3BTC introduced into the reaction
system.
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Figure 4: FTIR spectra of FexO3, MIL-100(Fe), and M-100Fe@Fe»O3 samples.

The textural properties of all materials were determined through
analysis of N, adsorption and desorption isotherms. Figure Sa
illustrates a dense structure for Fe,O3 nanoparticles, with iso-
therms exhibiting a type-III profile according to ITUPAC. It
reflects a limited BET surface area and a pore volume of
36.3 m2-g~! and 0.118 cm3.g~!, respectively (Table 1). In
contrast, the reference MIL-100(Fe) sample exhibited N
adsorption/desorption isotherms characteristic of type 1. Addi-
tionally, a pore size distribution was observed with three promi-
nent peaks at approximately 0.62, 1.30, and 1.75 nm within the
micropore region defined by IUPAC (less than 2.0 nm), as
depicted in Figure 5b. These observations confirm that the
reference sample has a microporous structure with a BET
surface area and a total pore volume of 1825.4 m2.g~! and
0.772 cm3.g7!, respectively. Similarly, the micropore structures
were also determined in the obtained M-100Fe@Fe,0O3 sam-

Table 1: Textural properties of FeoO3 and the as-prepared samples.

ples by examining the profiles of isotherms and pore size distri-
butions. Notably, the adsorbed amount of N, (Figure 5a) and
the pore volume of the three primary peaks (Figure 5b) exhib-
ited a gradual increase from M-100Fe@Fe,03#0.90 to
M-100Fe@Fe,0O3#2.25 samples. The BET surface area and the
total pore volume reached 858.9 m2-g~! and 0.451 cm3-g~! for
M-100Fe@Fe,03#0.90, respectively. Subsequently increasing
the H3BTC amount up to 1.80 g caused an improvement in
BET surface area to 1365.4 m2.g~! and total pore volume to
0.642 cm3-g~! for M-100Fe@Fe,05#1.80. There was a further
slight enhancement in the porosity of the obtained material
when increasing the H3BTC amount from 1.80 to 2.25 g, corre-
sponding to 1433.8 m2-g~! and 0.671 cm3-g~! for BET surface
area and total pore volume of M-100Fe@Fe,03#2.25, respec-
tively. Considering the trade-off between required H3BTC
amount and porosity of the obtained materials and within

Samples BET surface area (m2-g~") Total pore volume (cm3-g~1)
p-Fe,03 36.3 0.118
M-100Fe@Fe»>03#0.90 858.9 0.451
M-100Fe@Feo03#1.35 1065.1 0.526
M-100Fe@Fe»03#1.80 1365.4 0.642
M-100Fe@Feo03#2.25 1433.8 0.671
MIL-100(Fe) 1825.4 0772
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the scope of our investigation, M-100Fe@Fe,03#1.8 stands
out as the optimal sample, exhibiting a BET surface area of
1365.4 m?-g~!, which surpasses the values of 730 m2.g~! [26]
and 1244.6 m2-g~! [27] observed in MIL-100(Fe) samples pre-
pared from Fe3O,.
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Figure 5: (a) N, adsorption and desorption isotherms over Fe2Og,
MIL-100(Fe), and M-100Fe@Fe,O3 samples obtained at 77 K.

(b) Pore size distribution of M-100Fe@Fe2O3 and reference
MIL-100(Fe) samples calculated using the HK model.

Thermogravimetric analyses were performed on Fe,O3 and
M-100Fe@Fe,03 samples to confirm the presence of the
MIL-100(Fe) phase in the resulting materials and to estimate
the conversion of Fe,O3 into MIL-100(Fe) material. The TGA
profile of Fe,O3 (Figure 6) showed only a very small weight
loss in the investigated temperature range due to a small quanti-
ty of absorbed moisture in the sample. Contrarily, the TGA
profiles of M-100Fe@Fe,03#0.90, M-100Fe@Fe,05#1.35, and
M-100Fe@Fe,0O3#1.80 samples revealed similar mechanisms in
weight loss over a temperature range of 30 to 650 °C, coin-

ciding with three stages of weight loss observed in the refer-

Beilstein J. Nanotechnol. 2024, 15, 897-908.

ence sample MIL-100(Fe). Initially, the trapped molecules
(ethanol and water) inside the pore system were released at low
temperature around 100 °C. Subsequently, the ligands (water
and/or —OH ligands) connected to Fe sites of the iron oxo-clus-
ters were removed, leaving unsaturated metal sites inside the
framework. Finally, a significant weight loss (approx. 41.8%)
occurred due to the decomposition of the organic linkers in
the framework at high temperatures between 300 and 650 °C.
The process continued until the sample’s mass stabilized at
26.3 wt % of Fe,O3 at 600 °C [9,11,34]. As a result, the mass
percentage of MIL-100(Fe) was calculated to be 65.5% based
on the formula of MIL-100(Fe) (Fe30[CgH3(COO)3],) after
the removal of -OH and H,O at 300 °C. This result matches
with the value of 68.1% attained from the TGA profile of
MIL-100(Fe) at 300 °C. Similarly, at 600 °C, the mass
percentage of Fe,O3 reached 56.6%, 37.7%, and 34.5% for
the M-100Fe@Fe,03#0.90, M-100Fe@Fe,03#1.35, and
M-100Fe@Fe,03#1.80 samples, respectively (Figure 6).
As discussed, Fe,O3 was only partially converted into
MIL-100(Fe); hence, the obtained Fe,0O3 from TGA curves
included both Fe;O3 derived from M-100(Fe)@Fe,03 and the
original Fe,O3 reactant. Combining the obtained data from the
reference sample MIL-100(Fe), the mass percentages of Fe,O3
reactant were inferred to be 35.8%, 15.2%, and 6.6%,
corresponding to conversion rates of 36.7%, 59.6%, and 81%
for M-100Fe@Fe,03#0.90, M-100Fe@Fe,O3#1.35, and
M-100Fe@Fe,03#1.80 samples, respectively.
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» i ) A
» .
2 604——MIL-100Fe H |
Z |——M-100Fe@Fe,0,#2.25 —
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Figure 6: TGA curves of FeoO3, MIL-100(Fe), and M-100Fe@Fe»03
samples.

Figure 7 displays the oxidation states of Fe and O in both Fe,03
and M-100Fe@Fe,03#1.80 samples. In both cases, the Fe 2p

spectra feature two prominent peaks at approximately 710 and
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Figure 7: XPS spectra of FeoO3 and M-100Fe@Fe,O3#1.80 samples: (a) Fe 2p region and (b) O 1 s region.

725 eV, accompanied by two shoulder peaks at around 718 and
731 eV. These peaks were attributed to Fe(IIl), corresponding
to the Fe 2p3,, and Fe 2py; states, respectively [24,32]. Never-
theless, a substantial difference regarding the oxygen constitu-
ents was observed when examining the deconvoluted spectra of
O 1s in FepO3 and M-100Fe@Fe,03#1.80 samples. As shown
in Figure 7b, the O 1s spectrum of the Fe,O3 sample exhibits
two peaks, that is, a major peak at 530.1 eV standing for Fe—O

bonds and a minor peak at 532 eV assigned to oxygen-related

vacancies within the framework of Fe,O3 [35]. In contrast, the
O 1s spectrum of the M-100Fe@Fe,O3#1.80 sample was
composed of three peaks, namely, a major peak at 531.6 eV for
C=0 bonds and two minor peaks, one at 530.1 eV for Fe-O
bonds and the other at 533.5 eV for O-H bonds [32,36]. It is
noteworthy that Fe—O predominates in the Fe,Oj3 structure,
whereas in the M-100Fe@Fe,03#1.80 sample, the C=0
is predominant. This difference is due to the presence of O
atoms in the M-100Fe@Fe,O3#1.80 sample, which primarily
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correspond to bridges of benzene-1,3,5-tricarboxylate in the
MIL-100(Fe) framework.

CO4/N» separation performance

To evaluate the effectiveness of CO,/N, separation in the
as-prepared samples, the adsorption behavior of CO, and N
was investigated at pressures ranging from 0 to 100 kPa at
298 K. As exhibited in Figure 8, a series of the as-prepared
samples was arranged in the order of M-100Fe@Fe,03#0.90 <
M-100Fe@Fe,03#1.35 < M-100Fe@Fe,03#1.80 <
M-100Fe@Fe,03#2.25 < MIL-100(Fe) (reference sample) with
a gradual increment in adsorption capacity for both CO; and N,
due to the increasing BET surface area (Table 1). It is well
known that the MIL-100(Fe) framework contains an abundance
of active sites, including unsaturated metal sites, and —-OH and
free -COOH groups, which perhaps form adsorptive interac-
tions with CO, molecules [32]. Consequently, the samples
showed outstanding CO, uptake in comparison with N,. Addi-
tionally, in Figure 9, the CO,/N, separation performance of
samples is depicted through IAST prediction of the CO,/N,
adsorptive selectivity (Supporting Information File 1). These
predictions are based on a gas mixture containing 10% CO; and
90% Nj by volume at 298 K. As displayed in Figure 9, all sam-
ples showed high potential for CO,/N, separation at low pres-
sure; at higher pressures, the separation performance gradually
declined and reached plateau values. However, at the same bulk
pressure, the adsorptive selectivity for CO, over Nj of the
adsorbents increased gradually because of the rising BET
surface area resulting from an increase in the H3BTC amount
in the reaction system from 0.90 to 2.25 g. A similar trend
was observed in the porosity analysis when increasing the
H3;BTC amount from 1.80 to 2.25 g. It corresponds to a negli-
gible improvement in CO, uptake, changing from 1.10 to
1.18 mmol-g~! at 25 °C and 100 kPa. Taking into account the
balance between CO, adsorption performance and the quantity
of H3BTC consumed, M-100Fe@Fe,O3#1.80 stands out as
the preferred sample, exhibiting a CO, uptake capacity of
1.1 mmol-g~! and a CO,/N; selectivity of 18 at 25 °C and
100 kPa. These findings have been compared with the CO,
uptake capacities of MIL-100(Fe)-based adsorbents created
through different methods, as well as other MOFs and conven-
tional materials, all of which are detailed in Table S2 (Support-
ing Information File 1).

Isosteric enthalpy of CO» adsorption over
M-100Fe@Fe>O3#1.80 and its reusability
To explore the inherent relationship between the target gas
and the adsorbent, the adsorption behavior of CO, over the
M-100Fe@Fe,O3#1.80 sample was studied in a temperature
range from 5 to 35 °C. As observed in the isotherms in Figure

S1 (Supporting Information File 1), the CO, uptake was propor-
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Figure 8: Adsorption isotherms of M-100Fe@Fe>O3 and reference
MIL-100(Fe) samples at 298 K: (a) CO, adsorption isotherms, (b) N2
adsorption isotherms.
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tional to the pressure and inversely proportional to temperature,
suggesting that adsorptive interactions based on physical bonds
took place between CO, molecules and M-100Fe@Fe,03#1.80
[31,37]. To support this assertion, the Clausius—Clayperon
equation was employed to determine the isosteric enthalpy of
CO, adsorption (Supporting Information File 1). As anticipated,
the capture of CO;, molecules using M-100Fe@Fe,03#1.80
releases approximately 20 to 17 kJ-mol~! when the CO, uptake
is increased up to 1.0 mmol-g~! (Figure 10). The obtained
results fall within the value range defined for the physisorption
regime [37,38], implying that a spent M-100Fe@Fe,03#1.80
sample could be easily refreshed under soft conditions for reuse,
thus, extending the material’s life cycle. To affirm this aspect, a
conservative trial of five cycles for CO, adsorption/desorption
was carried out at 298 K as shown in Figure 11. The CO,
uptake over the M-100Fe@Fe,O3#1.80 sample was maintained
in comparison with the fresh sample after the five cycles.
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17.04

T T T T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0
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Figure 10: Enthalpy of CO5 adsorption over M-100Fe@FeO3#1.80
sample.

Conclusion

For the first time, a facile synthetic method was employed to
effectively fabricate MIL-100(Fe) from Fe,O3 using a typical
hydrothermal process. By adjusting the mass ratio between
Fe,03 and H3BTC in the reaction system, a continuous en-
hancement in the quality of the produced MIL-100(Fe) was
achieved. The optimal conditions for producing MIL-100(Fe)
material were determined to be 150 °C for 12 h, with a mass
ratio of 0.9/1.80 (g/g) for Fe;03/H3BTC, as a trade-off between
required H3BTC amount and BET surface area. This resulted in
an 81% conversion and a BET surface area of 1365.4 m2-g~!
for the M-100Fe@Fe,03#1.80 sample. Furthermore,
M-100Fe@Fe,03#1.80 demonstrated promising potential as an
adsorbent for CO,/N; separation, exhibiting a high CO, uptake
of 1.1 mmol-g~! and a CO,/N; selectivity of 18 at 25 °C and
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Figure 11: CO, adsorption/desorption isotherms over
M-100Fe@Fe,0O3#1.80 sample for five cycles at 298 K.

100 kPa. Importantly, it retained a significant CO, adsorption
capacity even after five reuse cycles. The use of Fe,0O3 in
conjunction with an ecologically benign technology offers a
new pathway for producing MIL-100(Fe), potentially utilizing a
cheap and readily accessible raw material source from the iron
and steel industry, thereby reducing production cost.

Supporting Information

Procedure to preparation of reference MIL-100(Fe).
Langmuir-Freundlich model and the calculated
IAST-CO,/N, selectivity equations. The
Clausius—Clayperon equation for calculating CO, heat
adsorption. The characteristic parameters alongside
correlation coefficients from fitting the
Langmuir-Freundlich model (Table S1). CO, uptake
capacity on various adsorbents at 1 bar (Table S2). CO,
isotherms at several different temperature on
M-100(Fe) @Fe,03#1.80 sample (Figure S1). EDX
mapping of elemental Fe and C on the
M-100Fe@Fe,03#1.80 sample (Figure S2).

Supporting Information File 1

Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-15-74-S1.pdf]
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Abstract

Rapid recombination of charge carriers in semiconductors is a main drawback for photocatalytic oxidative coupling of methane
(OCM) reactions. Herein, we propose a novel catalyst by developing a p—n junction titania—silicon nanowires (TiO,/SiNWs)
heterostructure. The structure is fabricated by atomic layer deposition of TiO; on p-type SiNWs. The TiO,/SiNWs heterostructure
exhibited an outstanding OCM performance under simulated solar light irradiation compared to the single components. This en-
hanced efficiency was attributed to the intrinsic electrical field formed between n-type TiO, and p-type SiNWs, which forces gener-
ated charge carriers to move in opposite directions and suppresses charge recombination. Besides, surface morphology and optical
properties of the the p—n TiO,/SiNWs catalyst are also beneficial for the photocatalytic activity. It is expected that the results of this

study will provide massive guidance in synthesizing an efficient photocatalyst for CH4 conversion under mild conditions.

Introduction
Methane (CHy), which can take the form of liquefied natural  ozone, causing severe air pollution. Because of its rising atmos-
gas, is one of the crucial sources of industrial chemicals and  pheric concentration, CHy poses a global warming potential

energy. However, CHy is a major precursor for tropospheric  approximately thirty fold larger than that of carbon dioxide
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(CO») [1-3]. Therefore, it is a challenging mission to eliminate
CHy from the atmosphere. Conventionally, CHy activation is
carried out at high temperatures (>650 °C) via thermal methane
conversion to value-added products. However, combustion of
CH, for energy production usually generates great amounts of
carbon dioxide as well as coke deposition on catalyst surfaces
[4-7]. Therefore, sustainable strategies for both green conver-
sion and atmospheric removal of CHy are urgently necessary
[8-11]. Semiconductor-based photocatalysis has been attracting
scientists’ attention because of its environmental friendliness
and easy handling [12-14]. Photocatalytic metal oxide semicon-
ductor materials have been utilized for converting solar energy
into valuable chemical energy in the field of CH4 conversion
[15-17]. Methane oxidation presents a particularly promising
strategy. The primary objective is to convert methane into
valuable products such as formaldehyde (HCHO), methanol
(CH30OH), and other value-added oxygenates, which serve as
essential precursors in various manufacturing and production
processes [18,19].

The n-type semiconductor titanium dioxide (TiO,) has been
discovered as a potential photocatalyst material because of its
high stability, good dispersibility, and narrow energy bandgap.
However, pristine TiO, shows only low photocatalytic effi-
ciency because of the high recombination rate between holes
and electrons and the low visible-light harvesting ability [20-
22]. The rapid recombination of charge carriers prior to their
participation in reactions significantly reduces the efficiency of
methane oxidation reactions [23,24]. To address these issues of
TiO, nanomaterials, many scientists have developed TiO;-
based nanostructure composites as advanced photocatalysts [25-
30]. The recombination of charge carriers is mainly attributed to
the anisotropic movement of generated electron—hole pairs in
semiconductors. Therefore, the implementation of a driving
force could remarkably accelerate the oriented motion of elec-
trons and holes, which could suppress recombination and even-
tually improve photocatalytic efficiency. For years, doping of
metal nanoparticles (NPs) into a semiconductor matrix has been
extensively studied to enhance photocatalytic CH4 oxidation
performance. Metal NPs in, for example, Au/TiO,, Au@Pd/
ZnO, and Pt@Cu/TiO, composites act as electron scavenger
centers and own more free electrons for reactions [25-27]. How-
ever, the generated electron affinity of metal NPs is sometimes
insufficient and cannot prevent recombination or maintain elec-

trons for further reactions.

As an advanced solution for catalysis modification, p—n junc-
tion photocatalysts with an intrinsic electric field formed at
the interface have emerged, which effectively force charge
carriers to move in opposite directions and hinder recombina-
tion [31-33]. Very recently, CupO/BiVOy4, Ag,0/Bi;,0,7Cl,

Beilstein J. Nanotechnol. 2024, 15, 1132-1141.

and CuFe;04/BiyTi301, composite powders have shown im-
proved efficiencies in water treatment based on p—n configura-
tion advantages [34-36]. However, the wetness impregnation
synthesis of those powder co-catalysts faces the issues of low
surface area, low reproducibility, and difficult control of large-
scale production. Therefore, the development of novel catalysts
with unique morphologies by using precise tools is extremely

essential and important [37-39].

Herein, we constructed a robust p—n junction catalyst by atomic
layer deposition (ALD) of TiO, thin films on a p-type SINW
substrate for enhancing the photocatalytic efficiency in CHy ox-
idation. Pristine p-Si wafers have limited surface area and are
highly susceptible to mechanical failure because of their brittle
nature; in contrast, the etched SiNW arrays exhibit superior
optical absorption and enhanced surface catalytic reaction prop-
erties. The intimate contact between 1D Si NWs and thin TiO,
layers reduces the recombination rate of electron—hole pairs.
Additionally, TiO,/SiNWs offer flexibility, improved bandgap
energy, and enhanced light harvesting across a broad spectrum,
leading to higher photocatalytic efficiency. Combining SINWs
and TiO, presents an opportunity to leverage the strengths of
both materials while mitigating their respective limitations. This
study offers new insights into the design of an efficient system
for OCM.

Results and Discussion

Structural and morphological properties

For understanding the crystalline structure of TiO, and SiNWs,
X-ray diffraction patterns were recorded as displayed in
Figure 1. The XRD pattern of a pure Si wafer and p-type
SiNWs display a main peak at 20 of 33.2°, which was attri-
buted to the reflection from (200) planes. Despite being etched
with concentrated acid and Ag" ions, there was no significant

v VY TiO,
* Si
* v
S [rioJsinws LA X Y |
©
~—
>
::
2]
c
(<]
-
=
p-SiNWs
p-Si wafer l
T T T T T T

10 15 20 25 30 35 40 45 50 55 60
20 (Degree)

Figure 1: XRD patterns of p-Si, p-type SiNWs, and the TiO2/SiNWs
sample.
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change in the peak position of p-type SiNWs, which corre-
sponds to the original Si phase (JCPDS No.27-1402) [40,41]. In
the case of the as-synthesized composite, the favored growth of
TiO,(101) on the surface of p-Si NWs has been noticed [42].
The minor (112), (200), (105), and (211) peaks at 20 = 38.2°,
48.5°, 53.3°, and 55.1° indicate the formation of anatase TiO,
(JCPDS No.21-1272) [43,44]. As expected, the crystal orienta-
tion of the TiO,/SiNWs catalyst obviously led to the creation of
a robust p—n junction photocatalyst.

The SEM analysis further confirms the morphological evolu-
tion during etching and TiO, ALD. As revealed in Supporting
Information File 1, Figure S1, the morphology of SiNWs is
characterized by individual nanowires that bunch together in a
highly ordered manner, resulting in well-oriented Si NW arrays
perpendicular to the Si bulk surface. Figure 2 shows cross-
sectional- and top-view SEM images of the as-prepared TiO,/
SiNWs sample. The TiO,/SiNWs arrays were well prepared
with an average length of 4 um. Moreover, the surface of the
SiNWs was fully decorated by the TiO, passivation layer and

Beilstein J. Nanotechnol. 2024, 15, 1132—1141.

became blurry. The active pure 25 nm TiO; layer exhibits flake-
like morphology as displayed in Figure 2c,d.

Optical properties

Nanowire arrays offer a better optical absorption than planar Si
wafers because of the specific morphology [45]. The optical
absorption of the as-prepared catalyst is shown in Figure 3a.
The UV-vis diffuse reflection spectrum of TiO,/SiNWs cata-
lyst is drastically reduced in comparison to the pure SINWs.
The superior antireflection property of the TiO,/SiNWs cata-
lyst may be attributed to the vertical wires, which enable strong
light scattering leading to enhancement in light harvesting. The
optical bandgap values of SiNWs and TiO,/SiNWs are esti-
mated at around 3.8 and 3.3 eV, respectively. Figure 3b displays
the current—voltage (I-V) curves of the photocatalyst under dark
and light conditions. The current of the sample under light
conditions is higher than that under dark conditions. The slope
of the I-V characteristic starts to increase, showing that gener-
ated electrons strongly influence the electrical properties of the

samples.

Figure 2: Cross-sectional view (a, b) and top view (c, d) SEM images of the TiO2/SiNWs device with a higher-magnification view of the red rectangles
on the right-hand side. A thin layer of TiO» (estimated at 25 nm) was deposited on the SiNWs by using ALD with 500 deposition cycles.
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Figure 3: The UV-visible diffuse reflectance spectra (a) and /-V curve under light/dark conditions (b) of the TiOo/SiNWs sample.

The surface interaction with gases during photocatalytic oxida-
tive coupling can be analyzed using water contact angle analy-
sis (as shown in Supporting Information File 1, Figure S2). The
wettability of pure p-Si and the p-Si NW array are illustrated in
Figure S3 (Supporting Information File 1). Pure p-Si had a
water contact angle of 50.24°. Because of the nanowire array
morphology, the p-Si NWs were more hydrophilic nature with a
water contact angle of 3.36°, which manifests superior photo-

catalytic oxidative coupling.

Raman spectra were conducted to confirm the surface composi-
tion of the synthesized photocatalysts. As depicted in Figure 4a,
the Raman spectrum of Si exhibits a single peak located at
519 em™!, corresponding to the first-order transverse optical
(TO) mode of Si [46]. For the TiO,/Si photocatalyst, two
distinct peaks were observed, namely, (i) the characteristic £y
vibration of TiO,, located at 146 cm™!, and (ii) the TO phonon

(a ) Si —— Si wafer
SiNW
3
K
>
=
[72]
c
(]
el
=
\Jt - >
200 400 600 800 1000 1200

Raman shift (cm™)

Figure 4: Raman spectra of pure p-Si and Si NW (a), and the TiO2/SiNWs

mode of Si (Figure 4b) [47-49]. Consequently, the combined
surface-sensitive Raman and bulk-sensitive XRD results reveal
that the n-type TiO, coating layer on p-type SiNWs does not in-

fluence the crystalline structure.

Photocatalytic OCM

The photocatalytic OCM activity of TiO,/SiNWs sample under
aerobic conditions is described in Figure 5. In a batch reactor,
the photocatalytic CH4 oxidation progresses as a function of ir-
radiation time. Besides ethane (C,Hg), carbon dioxide (CO,)
was detected as a by-product. Moreover, propane (C3Hg) and
H; were observed as result of the oxidative cross-coupling of
methane and ethane (Figure 5a). The conversion reaction of
CH,4 can be described as follows:

Tio,

2

—— TiO,/Si NW

Intensity (a.u.)

T T T T T T T T T T
100 200 300 400 500 600 700 800 900 100011001200
Raman shift (cm™)

thin film (b).
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Figure 5: Photocatalytic CH4 oxidation as a function of irradiation time (a) and different CHy/air composition (b) over TiOo/SiNWs. Reaction condi-

tions: TiO»/SiNWs chip (1 x 2 cm?), total pressure of 5 bar, 20 °C, reaction

To evaluate the reaction ratio-dependent photocatalytic OCM
efficiency, we varied the gas pressure ratios between CH, and
air. As shown in Figure 5b, more CO; was measured at lower
CHy-to-air ratios because of the higher O, content. Therefore,
optimizing the CHy/air ratio is important for improving the
OCM reaction. The highest coupling selectivity was around
90% at CHy/air = 4.5:0.5, comparable to or higher than that of
typical reported photocatalysts (Table 1). Although the TiO,/Si
composite did not achieve the best results compared to other
photocatalysts, it remains a viable option for methane oxidation
processes.

In order to investigate the individual effects of p-type SINWs
and TiO; layer on the photocatalytic OCM efficiency, compa-
rable samples were irradiated under the same conditions. The

methane coupling was analyzed with different samples using

timet=6hin (b).

pure p-type SINW, TiO,/SiNW, TiO,/glass catalyst, as shown
in Figure 6a. In fact, only negligible CH4 conversion was
discovered over p-type SiNWs, and TiO,/glass under the same
conditions. It can be explained that the superior wettability of
TiO,/SiNWs (hydrophilic surfaces) compared to TiO;/glass
(hydrophobic surfaces) enables partial adsorption of water
molecules, which facilitates the generation of radicals neces-
sary for photocatalytic reactions. Furthermore, the TiO, nano-
structure and p-type SiNWs are crucial in photogenerated
charge separation and adsorption enhancement under UV-vis
light. In other words, the ethane productivity of TiO,/Si NWs
was five times higher (210 umol/cm?) than that of pure p-Si
NWs (20 pmol/cmz) and glass/TiO, (30 pmol/cmz).

Photocatalytic OCM over TiO,/Si NWs catalysts was recorded
in a batch reactor under different wavelengths of light. As

Table 1: Comparison of the OCM performance of the TiO2/Si composite with previous photocatalysts.

Photocatalysts Amount of Reaction conditions

catalyst
Au@Zn»TizOg 0.03¢g CH4/O5 = 15:1, mild conditions
Pt@TiO» 0.075¢g CH4 and water
AuZnO@TiO» 0.029g CHg/air = 69:1, mild conditions
Ag HPW@TIO, 0.1g CH4 and air, 0.3 MPa
Au@ZnO 0.005¢g CHy4/O2 = 99:1, mild conditions
TiOo/Si 1 x 2 cm? CHy/air = 4.5:0.5, 0.5 MPa

Light Productivity (umol-g="-h~")  Ref.
and selectivity

50 W LED CoHg: 1219 [50]
Sel.: 81%

UV lamp CoHg: 57 [51]
Sel.: 62%

300 W Xe lamp  CoHg: 5020 [30]
Sel.: 90%

400 W Xe lamp  CoHg: 21 [52]
Sel.: 90%

2 LEDs Co-C4:684 [53]
Sel.: 83%

300 W Xe lamp  CyHg: 210 pmol/cm2in6h  this
Sel.: 90% work
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Figure 6: Photocatalytic CH4 oxidation over different types of catalyst (a), and under different types of irradiation (b). Note that only TiO2/SiNWs was

used in panel (b). Reaction conditions: 5 bar, 20 °C, t =6 h.

shown in Figure 6b, no products were detected under the
visible-light irradiation. The photocatalytic performance under
UV illumination was significantly lower than that under full
illumination.

Figure 7 shows the recyclability of the p—n TiO,/SiNWs photo-
catalyst. Note that after each cycle, the reactor was completely
evacuated, and fresh gases were refilled for the following run.
The photocatalytic activity of p—n TiO,/SiNWs remained
almost unchanged after four consecutive reaction cycles, indi-

cating a high recyclability in the batch reactor.
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Figure 7: Stability of photocatalytic CH4 oxidation reaction over the
TiO2/SiINWs sample.

Plausible charge transport mechanism

Figure 8 shows a schematic mechanism of the photocatalytic
activity of the p—n TiO,/SiNWs hierarchical structures. Accord-
ing to previous studies the energy bandgaps of p-Si and

n-type TiO, were assumed to be 1.1 eV and 3.3 eV, respec-
tively [54-56]. Because of the different electron affinities
(Eea,Tio2 = 4.10 €V, E¢y si = 4.05 €V) [57,58] the electrons are
excited and moved from the valance band minimum (VBM,
0.74V vs NHE) of SiNWs to the conduction band maximum
(CBM, 0.35V vs NHE) of TiO, to enter the equilibrium state
under irradiation following Aderson’s model [39]. The photo-
generated electrons tend to produce CoHg, C3Hg, and Hj from
H*. The photogenerated holes at the VBM of TiO, create
oxidized intermediates and H* [59-61]. The whole process can
be expressed by the S-scheme mechanism, as follows:

TiO, /Si NWs = TiO, (h* +¢” )+ Si NWs(h™ +¢7 ),

at the CB of n-type TiO,

02 +e +C —)COz,

and at the VB of p-Si NW

CH,+h* >H" +CH, +CH;+C —H, +C,H +C3Hg.

Conclusion

A p-n junction TiO,/SiNWs photocatalyst was synthesized via
ALD and utilized for light-driven OCM. TiO,/SiNWs revealed
excellent performance owing to the smooth transport of photo-
generated electrons in the p—n junction, which lowers the e-h
recombination rate. The nanowire array structure of the catalyst
provides a surface that can massively increase light absorption,
achieving an efficient C,Hg yield of 210 pmol/cm? in 6 h with
high selectivity under light illumination at room temperature.
This research could offer new insights into composite photocat-

alysts for methane coupling.
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Experimental

Chemicals and materials

Commercial p-type Si 3-inch wafers ({100) orientation,
boron-doped, resistivity = 0.01-1 Q-cm) were purchased
from Silicon Mitus Corporation, South Korea. Silver nitrate
(AgNO3, 0.1 M), hydrofluoric acid HF (50 wt %), nitric acid
(HNO3, 63%), acetone, and ethanol were provided from
Sigma-Aldrich. Deionized (DI) water was used for cleaning
steps.

Si NWs and TiOo/Si NWs preparation

First, a small piece (1 X 2 cm?) was cut from a commercial
p-type Si wafer and washed several times using DI water,
ethanol, and acetone in a sonication bath. Etching solution con-

Ag*
/N

_

SiNW Development

taining AgNOj3 (0.1 M), HF (50 wt %) and H,O (2:1:2 vol %)
was prepared and kept at 56 °C for 20 min. The clean Si sub-
strate was rapidly immersed in the etching medium and etched
by the Ag* ions for 25 min to obtain 4 pm long SiNWs. After-
wards, remaining Ag on the Si surface was removed using
HNOj (63 wt %) for 10 min. The etched p-Si NWs substrate
was eventually washed with DI water and dried under N, flow,
as shown in Figure 9.

Second, the as-prepared SiNWs sample was transferred to the
chamber of an ALD system (R200 Advanced Picosun, 2013) for
TiO; thin film deposition. The TiO, thin film deposition was
carried out at 300 °C using TiCly (98% purity, 0.2 s pulse time)
and H»O (0.1 s pulse time) as precursors. The vacuum level of

Tio, ALD

Ag* Removal by TiO,/SiNW chip

HNO,

Figure 9: Schematic illustration of TiO2/SiNWs chip fabrication starting from a p-type silicon wafer. A thin layer of TiO, was deposited on the Si NWs

via ALD.
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the chamber was kept at 8 x 1073 bar, and the deposition rate
was 0.051 nm/cycle. After cooling down to room temperature,
the sample was taken out from chamber for photocatalytic ex-

periments.

Photocatalytic tests

The as-synthesized catalyst was placed in a custom-made batch
reactor with a small transparent quartz window, which was
directly connected to a gas chromatograph (GC) with thermal
conductivity and flame ionization detectors. A 300 W Xenon
lamp was utilized as a light source (HAL-320). First, the reactor
containing the photocatalytic thin film samples was evacuated
using a vacuum pump for 10 min and filled with a mixture of
CHy/air (4.5/0.5 pressure ratio). The pressure ratio of the gas
mixture was varied to study gas composition-dependent effi-
ciency. The total pressure of gaseous reactants in batch reactor
was established at 5 bar, and the photocatalytic system was kept
in the dark (20 min) to reach equilibrium before exposure to
simulated solar light. The temperature was kept at room temper-
ature via a cooler.

Characterization

The crystalline structure and morphological properties of
as-synthesized samples were analyzed using an X-ray diffrac-
tion system (XRD, Rigaku, SmartLab) with a 20 range of
20-80° and a field-emission scanning electron microscope (FE-
SEM, Hitachi, S-4700). The absorption properties of the thin
films were analyzed using a diffuse reflectance UV-vis spec-
trometer (DRS-UV, Shimazu UV-2450). The chemical struc-
ture of the catalyst surface was analyzed using a Raman spec-
trometer (excitation of 532 nm, ANDOR Monora 500i). The
surface wettability of the thin film sample was measured using a
static contact angle system (Biosin Scientific), as shown in Sup-
porting Information File 1, Figure S2. The contact angle be-
tween horizontal sample surface and the perimeter of the water
drop was measured after 10 s of interaction. The in situ
photocurrent measurements were carried out in the presence of
gaseous reactants (CHy/air = 4.5/0.5) ranging from -2 V to
+3 V under dark and light conditions. Each measurement was
scanned with 0.05 V intervals. The bias supply and current
signals were provided and recorded by a Keithley system
adapted with an amplifier.

Supporting Information

Supporting Information File 1

Additional figures.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-15-92-S1.pdf]
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This study introduces a highly efficient and straightforward method for synthesizing gold nanoparticles (AuNPs) within a glucos-
amine/alginate (GluN/Alg) nanocomposite via an ionotropic gelation mechanism in aqueous environment. The resulting nanocom-
posite, AuNPs@GIuN/Alg, underwent thorough characterization using UV-vis, EDX, FTIR, SEM, TEM, SAED, and XRD
analyses. The spherical AuNPs exhibited uniform size with an average diameter of 10.0 nm. The nanocomposites facilitated the re-
cyclable reduction of organic dyes, including 2-nitrophenol, 4-nitrophenol, and methyl orange, employing NaBH,4 as the reducing
agent. Kinetic studies further underscored the potential of this nanocomposite as a versatile catalyst with promising applications
across various industrial sectors.
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Introduction

Gold nanoparticles (AuNPs) have garnered significant attention
because of their exceptional physicochemical properties and
diverse potential chemical applications [1-3]. The conventional
synthesis of AuNPs typically involves the chemical reduction of
Au3* ions using various reducing agents and stabilizers [4,5].
However, many of these chemicals are highly reactive, posing
risks to both the environment and biological systems. Conse-
quently, integrating green chemistry principles into nanotech-
nology has become a focus of nanoscience research [6,7]. Nu-
merous studies have highlighted the use of natural compounds
or natural sources in the green synthesis of AuNPs [8,9]. Poly-
saccharides, in particular, have demonstrated significant control
over the nucleation and growth of metallic nanoparticles.
Utilizing polysaccharide-mediated procedures for AuNP syn-
thesis offers several advantages over conventional methods, in-
cluding cost-effectiveness, energy efficiency, low toxicity, and
eco-friendliness [10-12].

Sodium alginate, derived from marine algae, consists of B-b-
mannuronic acid and its stereoisomer a-L-guluronic acid,
forming a linear block copolymer with branched chains [13,14].
This biopolymer possesses metal-binding functional groups that
readily cross-link through strong electrostatic bonds with multi-
valent metal cations (such as Ca2*, BaZ*, and Cu2*) to create an
extensive gel network in water [15,16]. The cross-linking of
saccharide chains within alginate generates macromolecules
ranging in size from micrometers to millimeters, resulting in
gelispheres insoluble in water. While gelispheres enhance the
physical and mechanical properties of sodium alginate, their
poor solubility limits their applicability.

Recently, an ionotropic gelation method has been developed to
produce nanoparticles from gelispheres through interaction be-
tween oligosaccharides (e.g., cyclodextrins) and the cross-linker
[17]. These materials find wide applications in drug delivery
[18] and the encapsulation of nanometals [19,20]. Reduction of
metallic ions can be achieved using various agents, including
plant extracts [21]. This reduction typically involves two steps,
namely, the loading of metallic ions onto the nanogel and the
subsequent reduction [22,23]. In recent studies, in situ reduc-
tion of metal nanoparticles (MNPs) has been explored to en-
hance synthetic efficiency and streamline procedures by em-
ploying disaccharides such as lactose [24,25]. However, the
potential of monosaccharides (e.g., glucose, fructose, and
glucosamine (GluN)) for the in situ synthesis of metallic nano-
particles onto alginate-based nanogels remains unexplored.

Toxic organic dyes, including nitrophenols and methyl orange
(MO), pose a significant environmental threat because of their

persistence in water. This challenge has spurred extensive
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research into various remediation methods. Recently, there has
been growing interest in catalytic degradation using oxidizing
agents such as H,O, and iron in Fenton reactions [26], as well
as reducing agents such as NaBH4 with nanometal catalysts.
Additionally, the reduction of dyes, such as 4-nitrophenol
(4-NiP) to harmless 4-aminophenol, a precursor for the synthe-
sis of drugs like paracetamol and phenacetin, shows promise for
producing dyes, cosmetics, and pharmaceuticals [27]. Plas-
monic MNPs enhance catalytic performance by absorbing both
dye molecules and BH,™ ions, offering a potent solution for dye
remediation [28].

In our ongoing research, we synthesized for the first time
AuNPs using GluN molecules, serving as both interaction
agents to cross-link Ca-Alg gelispheres and reducing agents,
thereby providing a novel material for the stabilization of
AuNPs. The resulting nanocomposites were characterized using
various analytical techniques and demonstrated efficacy in the
catalytic reduction of nitrophenols and methyl orange. A com-
parative analysis of the reduction processes was carried out to

confirm the enhanced efficiency of the nanocomposites.

Experimental
Materials

The study utilized reagents and chemicals without additional
purification. Glucosamine, gold(IIT) chloride, calcium acetate
hydrate, sodium alginate, sodium tetrahydroborate, 2-nitro-
phenol, 4-nitrophenol, and methyl orange were procured from
Acros Scientific (Belgium). Distilled water was used throug-
hout the experimentation.

Preparation of nanocomposites

The preparation of the blank GluN/Alg nanocomposite involved
an ionotropic gelation as outlined in our recent work [25]. In
brief, calcium acetate aqueous solution (7.18 mL;
583 mg-mL~!) was gradually mixed with sodium alginate
aqueous solution (20 mL; 7.0 mg-mL~1) while stirring for 1 h at
1300 rpm. Following overnight settling, the Alg/Ca®* geli-
spheres underwent centrifugation at 3000 rpm for 10 min and
were washed three times with 10 mL of distilled water each
time to remove any impurities. Next, an aqueous solution of
GIuN (12.0 mL; 1.6 mg-mL™!) was added to the Alg/Ca2* geli-
spheres and stirred for 1 h at 1300 rpm. The resulting GluN/Alg
suspension underwent ultrasonication for 30 min and was left
overnight to ensure the formation of a stable gel. The resulting
nanocomposite mixture was centrifuged at 3000 rpm for 10 min
and washed three times with 10 mL of water each time to obtain
the blank GluN/Alg nanocomposite, which was also used as the
standard sample for further characterization. To synthesize the

AuNPs@GIluN/Alg nanocomposite, aqueous AuClj solution
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(13 mL, 0.0061-0.0554 mg-mL~!) was added to GluN/Alg
suspension (8 mL, 1.0 g-mL™1). The reduction process was initi-
ated through heating the mixture and visually confirmed by a
change in color of the reaction mixture indicating the formation
of AuNPs on the GluN/Alg composite. UV-vis spectroscopy
within the range of 300 to 600 nm was employed to monitor this
process. Subsequently, the mixture underwent centrifugation at
3000 rpm for 10 min and was washed with distilled water to
eliminate impurities and unreacted metal ions. The resulting
AuNPs@GIuN/Alg nanocomposite powder was dried overnight
in an oven at 60 °C and stored for further analysis.

To optimize the reaction parameters, the synthesis of
AuNPs@GIuN/Alg was fine-tuned to determine the optimal
conditions. The impact of the mass ratio between metallic ions
and GluN/Alg gel was investigated at levels of 1%, 3%, 5%,
7%, and 9% (w/w). The reaction temperature ranged from 30 to
90 °C, while the reaction time varied from 0 to 140 min.

Physicochemical characterizations of
AuNPs@GIuN/Alg nanocomposite

The samples synthesized under optimal conditions underwent
physicochemical characterization and were used for the catalyt-
ic reduction of organic dyes. FTIR spectra of blank GluN/Alg
and AuNPs@GIuN/Alg were acquired using a Bruker Tensor
27 FTIR spectrophotometer, which scanned wavelengths from
500 to 4000 cm™'. KBr pellets were used for the measurements.
For morphological investigations of the nanocomposites, scan-
ning electron microscopy (SEM) was performed using a SEM-
S4800 instrument; transmission electron microscopy (TEM) and
selected area electron diffraction (SAED) were carried out using
a JEOL JEM-2100 instrument. Crystal structure characteriza-
tions of AuNPs were carried out via XRD diffraction. Zeta
potential and dynamic light scattering (DLS) measurements
were carried out on gel solutions (1.0 mg-mL~!) using a
nanoPartica Horiba SZ-100 instrument. Thermal analysis
through thermogravimetry (TGA) was performed using a
LabSys evo S60/58988 Thermoanalyzer (Setaram, France). The
oven-dried powder of both blank nanocomposite GluN/Alg and
synthesized composite AuNPs@GIuN/Alg underwent heating
from 30 to 800 °C at a rate of 10 °C-min~! in an airflow of
20 mL-min~! for TGA analysis.

Catalytic activity in the reduction of organic dyes

To evaluate the catalytic effectiveness of the synthesized
AuNPs@GIuN/Alg, we examined their ability to reduce the
organic dyes 2-nitrophenol (2-NiP), 4-NiP, and MO using an
excess of NaBHy. Initially, 3.0 mg of the AuNPs@GIuN/Alg
solid was placed in a quartz cell with 1 cm path length, along
with an aqueous solution of the organic dyes (2.5 mL, 0.1 mM).
Then, 0.5 mL of NaBH, solution (0.06 M) was added to start
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the reaction. The reduction process of the dyes was in situ
tracked over time using a UV-vis spectrophotometer, covering
the wavelength range of 200—600 nm at room temperature with-
out delay. We examined the kinetics of catalytic degradation by
monitoring changes in absorbance values at specific wave-
lengths.

Given the small quantity of nanocatalyst and the excessive
amount of NaBHy, we treated the catalytic reduction of these
dyes as a pseudo-first-order reaction. The reaction kinetics are
described by the equation In(C,/C() = —k-t, where k represents
the rate constant, and C( and C; denote the initial concentration
and the concentration at time ¢, respectively. The rate constant
was derived from the slope of the plots of In(C;/Cyp) as function
of the reaction time [29-31].

To assess the reusability of AuNPs@GIuN/Alg, we carried out
the dye reduction process re-using the nanocomposite.
Following each run, the nanocomposite was recovered from the
reaction solution, cleaned with ethanol, and then washed

multiple times with distilled water before being used again.

Results and Discussion
In situ synthesis of AUNPs@Gilu/Alg

AuNPs are incorporated into a nanocomposite composed of
GluN/Alg following the process depicted in Figure 1. Initially,
the blank nanocomposite GluN/Alg is synthesized using the
ionotropic gelation method, a technique previously described in
our research. GluN serves a dual purpose in this process; it
imparts negative charges, disrupting some cross-links within the
insoluble gelispheres of Ca—alginate, and acts as a reductant,
converting Au* into Au(0) during the synthesis of the nano-
composite AuNPs@GIluN/Alg without additional chemicals.
Alginate serves as a stabilizing agent. In the ionotropic gelation
mechanism, the cross-linking matrix of Ca—alginate, formed by
Ca2* jons and carboxyl groups in sodium alginate, becomes
insoluble, while the sugar molecules of GluN interact with CaZ*
ions, resulting in the formation of nanostructured particles and
forming a homogeneous gel solution of GluN/Alg [24,25]. To
synthesize AuNPs@GIluN/Alg, the blank nanocomposite is
centrifuged to remove impurities before introducing gold ions
into the gel solution. The resulting solution is heated to facili-
tate the in situ reduction of Au* to Au(0). The synthesis condi-
tions for AuNPs@GIuN/Alg were optimized, followed by phys-
icochemical characterizations using various analytical tech-
niques. Finally, the application of the nanocomposite in
catalyzing the reduction of organic dyes is explored.

Optimizing the synthesis conditions is crucial for the formation

of AuNPs@GIluN/Alg. In this study, we focused on deter-

mining the most favorable parameters for nanocomposite syn-
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Figure 1: Schematic workflow illustration of the current study.

thesis, including the ratio of Au’* ions to GluN/Alg gel, the
reaction temperature, and the reaction time, by using UV-vis
spectroscopy. Changes in the physicochemical properties, such
as morphology and particle size of AuNPs, were monitored
through absorbance and the A, values of the surface plasmon
resonance (SPR) band. Figure 2 illustrates the impact of synthe-
sis conditions on the formation of AuNPs@GIuN/Alg. We
explored the Au3* ion-to-gel ratios ranging from 1% to 9%
(w/w). The results indicate that the concentration of Au3* ions
profoundly influences the formation of stable AuNPs. An
increase in Au* concentration led to a corresponding rise in the
absorbance values at the SPR band, indicative of increased
AuNP formation, while the A« values exhibited insignificant
changes (Figure 2A,B). However, at higher Au3*-to-gel ratios
(9%), we observed the presence of solid material after synthe-
sis, likely due to nanocomposite aggregation. Therefore, to
achieve homogeneous nanoparticles, we opted for an Au3*-to-

gel ratio of 7% for further investigations.

Figure 2C,D illustrates the significant impact of the reaction
temperature on the formation of nanocomposites. As the tem-
perature increases, the UV-vis absorbance rises, reaching a
peak at 70 °C, after which the absorbance declines again at
higher temperatures (80 and 90 °C). This decrease in AuNP
concentration in the colloidal solution is attributed to nanoparti-
cle aggregation. Elevated temperatures can cause the detach-
ment of the polysaccharide chains from the surface of the
AuNPs, promoting the collision and attachment of nanoparti-
cles to form larger aggregates, followed by coalescence [32,33].

Additionally, the morphology of AuNPs changes significantly

Beilstein J. Nanotechnol. 2024, 15, 1227-1237.

Physicochemical Characterizations
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at higher temperatures, as evidenced by a reduction in the Ay,
values.

The optimization of reaction time was carried out within a range
of 0 to 140 min. Figure 2E,F demonstrates the profound effect
of the reaction time on AuNP formation under heating at 70 °C.
The SPR band of the AuNPs only becomes evident after 40 min
of heating, with the absorbance values peaking at 100 min, and
the Mpnax values stabilize after this duration. Thus, the optimal
conditions for synthesizing AuNPs@GIluN/Alg were deter-
mined to be a Au3* ions-to-gel ratio of 7% and heating at 70 °C
for 100 min. These optimal samples were further characterized

and evaluated regarding their catalytic activity.

Characterization of AuNPs@GIuN/Alg

Zeta potential analysis was employed to assess the stability of
nanoparticles in the colloidal solution. Figure 3A shows that
both the blank and AuNPs@GIuN/Alg nanocomposites exhibit
negative zeta potentials of —22 and —35 mV, respectively. The
increased negativity in the zeta potential of AuNPs@GIuN/Alg
is attributed to the presence of AuNPs within the composite.
The highly negative zeta potentials of both nanocomposites in-

dicated their high stability in the aqueous solution.

The functional groups present in the nanocomposite were iden-
tified through FTIR spectroscopy, with the blank nanocompos-
ite serving as a reference for the analysis of AuNPs@GIuN/Alg.
Figure 3B illustrates the similarity between the spectra. Peaks in
the blank nanocomposite occur at specific wavenumbers (3447,
2924, 2854, 1748, 1632, and 1037 Cm_l), with slight shifts ob-
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Figure 2: UV-vis spectra of AUNPs@GIuN/Alg measured under varying reaction conditions (left) and plots of absorbance as function of various syn-
thesis parameters (right). (A, B) Au®* ions-to-gel ratio (w/w), (C, D) reaction temperature, and (E and F) reaction time. The upper photographs

showing the corresponding color change.

served in the corresponding bands of AuNPs@GIuN/Alg (3445,

2925, 2850, 1750, 1621, and 1035 cm™!). The broad band

around 3445 cm™!

corresponds to O—H groups of sugar mole-
cules in the polysaccharides, while the vibrations at 2925 and
2850 cm™! are attributed to symmetric stretching of C—H bonds.
The peaks at 1750 and 1620 cm™! signify carboxyl groups in

alginate chains, with the peak at 1035 cm™! indicating

stretching vibrations of C—O bonds [34,35]. The FTIR spectra
suggest the critical role of polysaccharides as stabilizing agents
for AuNPs within the nanocomposite.

EDX analysis (Figure 3C) was conducted to determine the

elemental composition of AuNPs@GIuN/Alg. Strong signals at
approximately 2.2 and 3.60 keV confirmed the presence of gold
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and calcium in the sample [36,37]. The identification of calcium
reaffirms the formation of cross-links within the nanocompos-
ite. Calculations revealed an average gold fraction of 17.4%
(w/w) in the nanocomposite. This high concentration of gold
nanoparticles is anticipated to impart excellent catalytic perfor-
mance in the reduction of organic dyes.

Thermal properties of blank and AuNPs@GIluN/Alg
nanocomposites were assessed through TGA measurements in
an airflow of 20 mL/min and a heating rate of 10 °C/min
(Figure 3D). Similar kinds of thermal behavior were observed
for both samples, characterized by three stages. At the initial
stage, both nanocomposites exhibited a weight loss of approxi-
mately 17% in the temperature range of 30—100°C, attributed to
the desorption of water absorbed during storage [38]. This
showed that the dried nanocomposites can absorb moisture from
the ambient environment well. The second stage revealed a
slightly higher thermal stability of AuNPs@GIuN/Alg (25%
mass loss in the range of 210-290 °C) compared to blank GluN/
Alg (31% mass loss in the range of 210-320 °C), indicating that
AuNPs enhance the thermal stability of the polysaccharides. In

the final stage, the weight loss of AuNPs@GIluN/Alg was sig-
nificantly lower than that of the blank nanocomposite in the
temperature range of ca. 300-800 °C). Consequently, the ash
residual of the AuNPs@GIuN/Alg nanocomposite (30% of the
initial mass) exceeded that of the blank sample (20% of the
initial mass), suggesting the presence of inorganic components
within the nanocomposite.

SEM and TEM analyses were performed to determine the mor-
phology, and XRD and SAED patterns were used to evaluate
the crystalline structure of AuNPs@GIuN/Alg, as illustrated in
Figure 4. The SEM images show that the AuNPs are uniform
spherical particles with a size below 30 nm (Figure 4A,B). TEM
images of AuNPs@GIuN/Alg indicate an even geometry of the
spherical particles (Figure 4C,D). A narrow size distribution of
AuNPs was observed in the range of 3-27 nm with the highest
frequency at 10 nm.

The crystalline structure of AuNPs was determined through

XRD and SAED analysis. The XRD pattern showed Bragg
reflections at 20 values of 38.1°, 44.1°, and 64.5°, associated to,
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Figure 4: (A, B) SEM images with different magnifications, (C, D) TEM images with different magnifications, and (E) XRD and (F) SAED patterns of

the AuNPs@GIuN/Alg nanocomposite.

respectively, the (111), (200), and (220) planes of face-centered
cubic (fcc) Au (card no. 96-901-1613) [39,40]. Moreover, the
SAED pattern revealed rings of atoms with a d-spacing of 2.38
+£0.12A,2.92+0.09 A, and 1.22 + 0.02 A, corresponding to,
respectively, the (111), (200), and (311) planes of fcc Au. Both
analyses confirmed the presence of crystalline AuNPs in the

synthesized nanocomposite.

Catalytic reduction of organic dyes

We investigated the catalytic efficiency of the AuNPs@GIuN/
Alg nanocomposite in reducing organic dyes using NaBHy as a
model reaction. The persistence of toxic organic dyes poses a
significant environmental hazard because of their poor
biodegradability in aqueous environments [41]. The reduction

mechanism involves the transfer of electrons from BHy™ (the
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electron donor) to the dye (the electron acceptor) facilitated by
the surface of the metal nanoparticles [42,43]. Prior to electron
transfer, dye and BH, ™ are adsorbed onto the catalyst surface, as
depicted in Figure 5. Consequently, the effectiveness of this
reaction hinges on the catalytic surface, influenced by both
reagent adsorption and product desorption. We monitored the in
situ reduction of organic dyes using the nanocatalyst via time-
dependent UV—-vis absorption measurements at ambient temper-
ature. Confirmation of reduction was evidenced by the discol-
oration of the dye solution and the corresponding decrease in
absorbance.

Figure 6 illustrates the results of the reduction of organic dyes.
Initial experiments were conducted without the nanocatalyst
and monitored over one week (Figure 6A,E.I). The findings
revealed a gradual reduction in the concentration of 2-NiP by
approximately 15% within the first hour and around 30% over
the course of one week. The reduction of the other dyes was
minimal in the absence of the nanocatalyst over the same period
of time. Intriguingly, when the nanocomposite was introduced,
a rapid decrease in absorbance values at specific wavelengths
(413 nm for 2-NiP, 400 nm for 4-NiP, and 463 nm for MO) was
observed, indicating efficient reduction. The varying reduction
rates can be attributed to the structural differences among the
dyes. The reduction of 2-NiP reached approximately 65% after
the initial 5 min and was nearly complete (ca. 99%) after 9 min.
The reduction of 4-NiP and MO took longer, with about 50%
reduction after the initial 5 min and reaching near completion

SOgNa

AuNPs

o

Alginate
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(ca. 99%) after 20 and 15 min, respectively. This variance
underscores the different rates of dye adsorption and product
desorption on the surface of the gold nanoparticles. Additional-
ly, the polysaccharides can interact with functional groups
within the dye structure, further influencing the adsorption/de-
sorption dynamics of organic dyes on the surface of the AuNPs
[44].

Regarding the reaction kinetics, the plots depicting In(C,/Cy) as
function of the reaction time exhibit strongly linear correlations,
with high determination coefficients, indicating pseudo-first-
order kinetics for the degradation of organic dyes
(Figure 6C,G,K). The rate constant for the reduction of 2-NiP
(426 x 1073 571, R? = 0.994) surpassed that for the reduction of
4-NiP (2.05 x 1073 s71, R? = 0.995). This variance may stem
from the hindrance caused by the interaction between the
hydroxy group in 4-NiP and functional groups in the polysac-
charide chains, impeding the adsorption/desorption dynamics
on the surface of the AuNPs. The rate constant for MO reduc-
tion was determined to be 4.04 x 1073 571, with R? = 0.998. Ad-
ditionally, the recyclability study revealed that the highest re-
cyclability was achieved after the reduction of 2-NiP, with over
98% retention after three cycles, while the recyclability
regarding 4-NiP and MO notably declined in the third cycle,
with 70% and 80% retention, respectively. These findings
underscore the effectiveness of AuNPs@GIuN/Alg in facili-
tating the recyclable reduction of 2-NiP. A comparison of
MNPs-alginate-based catalysts shows that the AuNPs@GIuN/

NaO3S

L L
NH» OH

Figure 5: Proposed mechanism of the reduction of 2-NiP, 4-NiP, and MO using NaBH, in the presence of AuUNPs@GIuN/Alg catalyst.
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Figure 6: UV-vis spectra during the reduction of 2-NiP (A, B), 4-NiP (E, F), and MO (I, J) without and with nanocatalyst and plots of kinetic data and

recyclability regarding 2-NiP (C, D), 4-NiP (G, H), and MO (K, L).

Alg nanocatalyst significantly enhanced catalytic performance
in the reduction of organic dyes (Table 1).

Conclusion
This study introduces a novel approach for synthesizing gold
nanoparticles within glucosamine/alginate nanocomposites via

an in situ method. Comprehensive characterization using

various analytical techniques was performed, revealing crys-
talline gold nanoparticles with an average diameter of 10.0 nm.
The recyclable catalytic potential of the nanocomposite was
then assessed for the reduction of 2-nitrophenol, 4-nitrophenol,
and methyl orange utilizing NaBH,4. Remarkably, the reactions
exhibited rapid kinetics, with pseudo-first-order rate constants
ranging from 2.05 x 1073 to 4.26 x 1073 s~1. Notably, the nano-

Table 1: Comparison of the catalytic activity of alginate-based nanocomposites in the reduction of organic dyes.

Dye Catalyst Catalyst mass
2-NiP TiO—Ag@Alg 10.0 mg
Ce0,-SnO@Alg 10.0 mg
AuNPs@GluN/Alg 3.0 mg
4-NiP AgNPs@PVP/ Alg —
AgNPs@HPCD/ Alg 3.0 mg
PdNPs@HPCD/Alg 5.0 mg
AuNPs@GluN/Alg 3.0 mg
MO AgNPs@HPCD/ Alg 3.0 mg
AuNPs@Lac/Alg 3.0 mg
Cu/Alg-CNBs 3.6 mg
AuNPs@GluN/Alg 3.0 mg

Time (min) Rate constant (s~1) Ref.
40 0.5x 103 [45]
9 0.57 x 1073 [46]
9 4.26 x 1073 this work
8 1.23x 1074 [47]
25 1.51 x 103 [21]
24 1.78 x 1073 [22]
20 2.05 x 1073 this work
22 1.79 x 1073 [21]
22 2.86 x 1073 [24]
17 2.25 x 1073 [48]
15 4.04 x 1073 this work
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composite demonstrated excellent recyclability in the reduction
of 2-nitrophenol. Consequently, this innovative nanocomposite
emerges as a promising catalyst for organic dye reduction,
offering considerable potential for diverse industrial applica-

tions.
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This work presents a simple chemical vapour deposition (CVD) method to grow ZnO nanostructures. By annealing Zn powder

under atmospheric pressure conditions, we collected nanocrystals with various morphologies, including rods, pencils, sheets,

combs, tetrapods, and multilegs. Raman scattering study reveals that the samples are monophasic with a hexagonal structure, and

fall into the P63mc space group. Depending on the morphology and crystal quality, their photoluminescence spectra have only a

strong UV emission associated with the exciton radiative recombination, or both UV and defect-related visible emissions with their

relative intensity ratio varying with the excitation power density. The obtained results prove that ZnO exhibits many novel nano-

structures that can foster the development of next-generation optoelectronic nanodevices and new applications in biological and

biomedical fields.

Introduction

In recent decades, nanomaterials whose diameters are in the
range of 1-100 nm have been of intensive interest because they
exhibit dimension-dependent intriguing behaviours that are dif-
ferent from their bulk counterparts. These special behaviours

come from quantum confinement and surface effects dependent

on the surface-to-volume ratio, which directly influences the
electronic structure and the crystal structure symmetry. Thus,
the study and fabrication of nanomaterials not only aim at
exploring novel approaches of quantum physics, but also at

realizing new multifunctional electronic/optoelectronic devices,
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energy storage/generation systems, and renewable energy
conversion devices with high performance and low-power

consumption [1-3].

In comparison to semiconductors, ZnO has attracted much more
attention. This is due to ZnO having outstanding semiconductor
behaviours in comparison to other compounds [4-6]. Specifi-
cally, its large bandgap energy Eg ~ 3.4 €V is comparable to
GaN - a typical material for blue-light-emitting diode (LED)
technology [7,8]. Also, its exciton binding energy is higher than
the thermal energy at 300 K, and it has high-quality optical
microcavities [9]. Additionally, it is a transparent semiconduc-
tor with significant piezoelectricity [10]. These noble character-
istics suggest ZnO to be a potential material in the fabrication of
UV/blue/green LEDs, solid-state random lasers, UV-absorption
devices, and nanogenerators [9,11-13]. Magnetic ordering can
also be established in ZnO lattices upon doping with transition-
metal and/or rare-earth elements (known as magnetic semicon-
ductors, DMSs). This is expected to enable the development of
next-generation spintronic devices [14] applicable to quantum
and neuromorphic computing for artificial intelligence and
internet of things [15-17].

Particularly during material fabrication processes, it has been
discovered that ZnO exhibits many interesting structures in the
nanoscale, such as rods, wires, rings, tubes, helixes, stars, bows,
propellers, and cages [18-24]. Together with DMSs, these nano-
structures will be beneficial to the development of new ZnO-
based materials for photocatalytic [25], biomedical [26], gas
sensing [27,28], and flexible electronic/optoelectronic applica-
tions [29,30]. They are usually fabricated by chemical vapour
deposition (CVD) or solid-vapour phase thermal sublimation
[18,23], thermal evaporation [21], hydrothermal method [31-
33], and other facile chemical/physical routes [34]. The changes
in fabrication and processing conditions will influence the shape
and size of ZnO nanostructures.

When using CVD, vapour sources can be Zn powder or a mix-
ture of powdered ZnO and C that are placed in the centre of the
tube furnace. They are heated to high temperatures to create Zn
vapours, which will be transported by a carrier gas and
deposited onto substrates arranged at the downstream/upstream
end with a suitable temperature range to form nanostructures
[23,35,36]. Our current work uses this simple method to grow
ZnO nanostructures. After fabrication, the crystal quality of
nanostructures is assessed through Raman scattering (RS) and
photoluminescent (PL) measurements at room temperature.

Experimental
As mentioned above, CVD was utilized to prepare ZnO nano-

structures. A commercial Zn powder was used as the starting
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material (a vapour source) which was loaded in a ceramic bath.
Clean Au-coated Si(001) substrates were arranged upstream on
an alumina plate that was placed on the bath, nearby the vapour
source. This system was placed in the centre of a horizontal
quartz tube furnace, see [37] for more detail. The furnace tube
was also connected with a gas line and a rotary vacuum pump
oil. Before the growth, air was sucked out of the tube by back-
filling it with argon (Ar) gas, and then pumped out until the
base pressure went to ~2 X 1073 Torr. After that, the gas mix-
ture of Ar/O, ~ 4:1 at a flow rate of ~300 sccm was introduced
and used as a transport gas, which ensured the growth condi-
tion to be at atmospheric pressure. The growth was executed at
a temperature range of 7 = 600-700 °C. After growth for
6—10 h, the CVD system was cooled down to collect white
products formed on Si substrates. They were characterized by
scanning electron microscopy (SEM, JEOL-6330F) and energy-
dispersive X-ray (EDX) spectroscopy. Renishaw’s RS and PL
spectrometers operating with laser wavelengths of 488 and
325 nm were also employed to study phonon vibrational and

emission spectra, respectively, of typical nanostructures.

Results and Discussion

We performed multiple experiments of growth of nanostruc-
tured ZnO materials by CVD under temperature and gas condi-
tions as aforementioned described. After each growth, we ob-
tained white products deposited on Si substrates. The analysis
of their EDX spectra in the energy range of E = 0-20 keV
shows the presence of Zn and O only, as representatively shown
in Figure 1. It means that ZnO crystals were formed, and no
impurity was generated during the material fabrication.

Recorded SEM images indicate the products grown on
Au-coated Si substrates with various sizes and interesting mor-
phologies. In general, these structures were sensitive to temper-
ature change and were usually formed at temperatures in the
range of T = 620-650 °C. Hereafter, we shall in turn present
nanostructures obtained by CVD.

Figure 2a—f show SEM micrographs of some 1D-type nano-
structures. They were grown at temperatures 7 = 620-630 °C.
The first structure is typical of hexagonal-prism-shaped
nanorods, named R and R in Figure 2a,b. Their diameter can
be of several tens to hundreds of nanometres, and their length is
about 10—15 pum. The second type of nanostructure has a shape
which resembles that of matches or drumsticks, which was
mixed with several hexagonal prism-shaped nanorods, named
M in Figure 2c. We also collected images of nanopencils,
named P and P, in Figure 3d,e, which have hexagonal prism-
shaped bodies with sharp tips similarly to pencils. Their tip
lengths can be of several hundreds of manometers [38] or

several micrometres — see Figure 2e. Nanopencils with sharp
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Figure 1: A representative EDX spectrum recorded from ZnO nanorods showing the presence of Zn and O in the product.
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Figure 2: SEM micrographs of some nanostructures: (a, b) rods (R1 and R»), (c) matches or drumsticks (M), (d, e) pencils (P1 and Py), (f, g) pins (Pi4

and Pip), and (h) rods with wires (RW).
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Figure 3: (a—d) SEM pictures of nanoscale tetrapods (T1—T4) with different morphologies.

tips can be called nanopins [39], denoted as Pi; in Figure 2f.
During the growth, we could collect images of rods with two or
three pins, named Pij as shown in Figure 2g. In this case, rods
are usually combined from several single rods. Apart from these
structures, we collected images of cylindrical rods with long
wires, named RW in Figure 2h. It has been demonstrated that
all of these 1D-type structures are single crystals developing
along the ¢ = {0001) direction [39]. Top and bottom sides/sur-
faces of these structures are terminated with Zn and O atoms
forming positively charged Zn-terminated (0001) and nega-
tively charged O-terminated planes, respectively. Such 1D-type
structures have many potential applications in optoelectronic
devices [5,39,40], photocatalytic degradation [41], and water
splitting for hydrogen technologies [38].

Figure 3a—d show SEM images of ZnO tetrapods. These various
morphologies were grown at approx. 625-650 °C. The first one,
named T in Figure 3a, has needle-like arms of =1 ym of
length. The dimeter of the arms is less than 50 nm. They
converge at the origin with a size of 100 nm. For the second
morphology, named T, in Figure 3b, the tetrapods have long

arms of 8—10 um, where arms are nanorods with diameters of
200-500 nm. Another tetrapod type shown in Figure 3c, named
T3, has a morphology similar to that of T, but with shorter arms
of =5 um. The other tetrapods shown in Figure 3d, named T4,
have pestle-like/cylindrical arms with unchanged diameter sizes
of 800 nm, which were mixed with some multi-arm structures.
According to the octa-twin model [42], the central nucleus is an
octahedral multi-inversion twin that has eight trigonal pyra-
midal crystals with three {1122} twin planes and a {0001} basal
plane [43,44]. Thus, the arms of the tetrapod grow along the
(0001) c-axis directions, starting from the central nucleus with
{1122} planes. Depending on the growth conditions, not only
tetrapods but also octapods and multipods/multilegs (as shown
in Figure 4) with different shapes and sizes of arms were also
obtained [43,45].

Figure 5a,b show SEM micrographs of nanosheets (named S)
recorded under different magnifications. They were developed
at a temperature 7 ~ 600 °C. Their length and width are approx.
10-20 and 5-10 pum, respectively. Meanwhile, their thickness is
less than 50 nm. Apart from these sheets, we have also collected
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Figure 4: A micrograph showing ZnO multipods grown via CVD.

images of sheets glued with long nanorods that grew along the
sheet width, named S; in Figure 5Sc. Such two-dimensional
structures of ZnO are different from those prepared by hydro-
thermal process [46], radio-frequency magnetron sputtering
[47], pulsed laser ablation [48], and electrodeposition methods
[49]. They have many application potentials in dye-sensitized
solar cells [46], self-powered energy-harvesting devices [47],
photocatalysts [48], and turbid lenses [50]. It has been sug-
gested that the preferential growth direction along the length of
ZnO sheets is (1010), while that along the width is the (0001)
direction [51]. This result is similar to the case of comb ribbons
found in single-sided tooth combs, as shown below.

We also collected a mixture of single- and double-sided tooth
combs that were developed at temperatures of 7 = 630-640 °C.

1,000
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Their length is several to tens of micrometres and the diameter
of the teeth is about 50 nm, as shown in Figure 6a—c. As
partially shown in [37], electron diffraction analyses indicated
all combs to be single crystals. For single-sided tooth combs,
named C; in Figure 6a,b, comb ribbon and teeth grew along the
(10T0> and (0001) directions, respectively. Meanwhile, for
double-sided tooth combs, named C, in Figure 6¢, comb
ribbons are formed from two crystals interfaced at {1013}
planes, and teeth still grew along the {0001) directions. Besides
single- and double-sided tooth combs, there is also a sword-like
nanocrystal, see Figure 6c¢. It is the comb ribbon formed before
the teeth are constituted and developed. Combs reported by
research groups have various morphologies and sizes, remark-
ably depending on fabrication conditions [46,52-57]. They are
highly sensitive in gas-sensing applications [58,59], and can
be used to tune second harmonic polaritons coupling with
nanocavity modes and generating polariton cavity modes [60].

The aforementioned results indicate the variety of ZnO nano-
structures as well as complex physical mechanisms occurring
during their growth. Basically, these structures are formed ac-
cording to the following processes [61]:

Zn(solid) — Zn(vapour) evaporation,
Zn(vapour)+ 0, — ZnO(seed) combustion,

Zn(seed) —> ZnO(crystal) growth,

where the oxygen source was from the carrier-gas mixture.
For the ZnO hexagonal structure, surface planes {0001},

10pm WD1Bmm

Figure 5: SEM pictures of (a, b) CVD-grown nanosheets, and (c) sheets glued with long nanorods.
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Figure 6: SEM pictures of (a, b) single- and (c) double-sided tooth combs.

{1120}, and {1010} are known as referential and fast
growth directions (0001), <11§0>, and <10T0>, respectively,
with the surface energy values in the following order:
Eroo01y > Eq130, > EyroToy [511- At temperature and saturated
vapour pressure values suitable for referential growth direc-
tions, ZnO crystals develop from Zn droplets working as nuclei/
seeds, which react with oxygen in order to develop character-
istic nanostructures.

Following morphological characterizations, we performed RS
spectroscopy to check the crystal structure and quality of fabri-
cated ZnO nanostructures. Figure 7 shows RS spectra of typical
samples (namely Ry, P, Pi, T, T3, M, and S labelled in
the SEM images) recorded in the wavenumber range of
250-800 cm™!. All spectra include vibration modes centred at
approx. 331, 380, 409, 437, and 582 cm™L, They are known as
characteristic modes of the P63mc hexagonal structure of ZnO
[17,62]. It has been assigned the strongest mode at ~437 cm™!
to E»(L) while the others 331, 380, 409, and 582 cm™! are in
turn associated with Eo(H)-E»(L), A{(TO), E{(TO), and E{(LO)
processes [62], as labelled in Figure 7. Spectral features re-
corded from these samples are almost the same. There are no

anomalous modes induced by lattice defects, structural disor-
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ders, and impurities [17,63,64]. For some nanostructures, how-
ever, there are differences in RS intensity of some peaks, which
could be due to different crystal orientations and thicknesses.
Such results show that our fabricated ZnO nanostructures
have a high quality and are single phase in the hexagonal struc-

ture.

We also measured PL spectra of typical samples under
an excitation wavelength of 325 nm, which were measured
at wavelengths of 350-700 nm. In this investigation, the
maximum excitation laser-power density (I,) was maintained
at ~170 kW/cm?, and filters were utilized to tune the excitation
density on experimental samples [65]. Recorded results
revealed two main features of PL spectra which can be based on
to classify the ZnO nanostructures into two sample groups. The
first group gives only a UV emission at approx. 384-390 nm,
such as Py, Ty, M, and S shown in Figure 8a. Here, the UV
emission is associated with the exciton radiative recombination
[66]. An excitation-density increase would remarkably enhance
the UV-emission intensity and cause a slight redshift and broad-
ening of the UV line (due to the Coulomb interaction among
carriers and exciton—exciton collision processes [67]), see
Figure 8b.
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Figure 7: Raman scattering data of some ZnO nanostructures excited at a wavelength of A = 488 nm. Apart from a Raman mode of Si substrates at

~520 cm~, all other modes are from ZnO nanostructures.
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Figure 8: (a) PL spectra of some typical nanostructures (namely P+,
Ta, M, and S) showing only a UV emission with laser intensity of 0.1/,
and (b) spectra of nanosheets (namely S) excited by different laser
power densities.

However, the PL spectra of the second group consist of both
UV and visible emissions, typically the samples named Ry, R,,
and RW, as shown in Figure 9a. The UV emission peaks at
~384 nm while the visible one peaks at approx. 510-525 nm —
corresponding to the green emission that is usually assigned to
donor (Vg)/acceptor (Vz,) recombination [68], O; defects [69],
or Vg defects [70,71]. These defects are intrinsic and nonavoid-
able during the fabrication of ZnO nanostructures, and are
usually dependent on a surface area-to-volume ratio of nanopar-
ticles. Because of this reason, the relative intensity ratio of UV
to visible lines can be used to evaluate the ZnO crystal quality
[65]. By changing the excitation density, the intensity ratio of
these two emissions could also be changed, as illustrated in
Figure 9b and its inset for the case of nanorods R;. In these
samples, after laser excitation, the exciton-related UV emission
is partially absorbed by defect centres occupying lower energy
levels in the forbidden region. Different from the samples
belonging to the first group, defects are insignificant due to
their good crystal quality. Their exciton-related UV emission is
not massively absorbed by defect centres playing a role as
carrier traps, and always give a strong intensity.

Conclusion
We used CVD to grow ZnO nanostructures, such as rods,

pencils, pins, sheets, combs, tetrapods, and multilegs. Their size
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Figure 9: (a) PL spectra of nanorods (R1 and Rz) showing only two UV
and visible emissions with laser intensity of 0.1/y, and (b) spectra of
nanorods Ry excited by different laser-power densities — the inset is
the spectrum for an excitation density of 0.01/.

can be changed in the range from several tens to hundreds of
nanometres. These structures usually grow at a temperature
range of 7= 600-650 °C. Raman spectra analysis for character-
istic vibration modes proved that the collected ZnO nanostruc-
tures are single phase in the P63mc hexagonal structure. The
study of characteristic PL spectra revealed that the fabricated
samples could be classified into two groups with different
crystal qualities. The first one with a better crystal quality intro-
duced only a UV emission due to the exciton recombination
taking place near the band edge. Meanwhile, the other group
introduced a PL spectra consisting of both UV and visible/green
emissions. Here, the green emission at ~525 nm is associated
with point defects induced during growth. The intensity ratio of
these two emissions is strongly dependent on the excitation den-
sity of the laser power. We believe that the successful fabrica-
tion of single-phase ZnO nanostructures with such optical char-
acteristics will be important for the development of electronic/
optoelectronic nanodevices. They also have potential applica-

tions in biological, biomedical, and environmental fields.
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Abstract

A novel electrochemical sensor for the detection of enrofloxacin (ENR) in aqueous solutions has been developed using a carbon
paste electrode modified with a mixture of metal-organic frameworks (MOFs) of CuBTC and FeBTC. These MOFs were success-
fully synthesized via a solvothermal method and characterized using various techniques, including X-ray diffraction, Fourier-trans-
form infrared spectroscopy, Brunauer—Emmett-Teller analysis, and X-ray photoelectron spectroscopy. The MOF mixture exhibited
a particle size ranging from 40 to 100 nm, a high surface area of 1147 m?/g, a pore volume of 0.544 cm3/g, and a capillary diame-
ter of 1.50 nm. Additionally, energy-dispersive X-ray mapping demonstrated the uniform distribution of the two MOFs within the
electrode composition. The synergistic effect of the electrocatalytic properties of CuBTC and the high conductivity of FeBTC sig-
nificantly enhanced the electrochemical response of ENR, increasing the signal by more than ten times compared to the unmodified
electrode. Under optimal analytical conditions, the sensor exhibited three dynamic ranges for ENR detection, that is, 0.005 to
0.100 uM, 0.1 to 1.0 uM, and 1 to 13 pM, with coefficients of determination of 0.9990, 0.9954, and 0.9992, respectively,
depending on the accumulation duration. The sensor achieved a low detection limit of 3 nM and demonstrated good reproducibility,
with a relative standard deviation of 3.83%. Furthermore, the sensor demonstrated effective performance in analysing tap and lake

water samples, with recovery rates ranging from 90.2% to 121.3%.
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Introduction

Enrofloxacin (ENR) is a quinolinemonocarboxylic acid and a
third-generation fluoroquinolone. This antibiotic is extensively
used in livestock and aquaculture as an antibacterial agent,
showing high activity against both Gram-negative and Gram-
positive bacteria [1,2]. ENR, like other fluoroquinolones, is
used to treat susceptible bacteria responsible for infections of
the skin and soft tissue. The overuse of ENR causes severe
adverse effects, including skeletal, reproductive, immune, and
digestive disorders; moreover, ENR cannot be completely
absorbed by most animals, it easily enters the environment
through the excrement of organisms, also in the form of
metabolites [3,4]. Nowadays, the concentration of ENR in prod-
ucts, especially animal products intended for human consump-
tion is limited in the USA, the EU, and China [1,4]; the FDA
also bans the use of ENR in both poultry and livestock [5].
Therefore, the determination of ENR residues is an urgent
requirement. Various analytical techniques and methods have
been developed to detect ENR, including microbiological
methods, such as enzyme-linked immunosorbent assay (ELISA)
[6], chromatography-mass spectrometry (LC-MS), chromatog-
raphy (HPLC, UPLC), [3,7,8], flow immunochromatographic
assays [9], and fluorescence measurements [10]. However,
these methods have high requirements regarding instruments,
chemicals, time consumption, and preparation of the samples.
Electrochemical methods to detect ENR have attracted great
attention because of benefits including high accuracy,
simplicity, and environmental friendliness [11-14]. Electro-
chemical methods exhibited high efficacy in the detection of
ENR with quick response, low cost, and simple handling;
hence, these methods are promising to quantify ENR [15,16].

Noble metals and metal-organic frameworks (MOFs) are the
most typical electrode materials to detect antibiotics [17,18].
MOFs emerged as the outstanding material for electrochemical
sensor applications because of their high loading quantity and
surface area, defined structures, and chemical stability [19,20].
Since the first report by Yaghi and his group in 1994 [21],
MOFs have attracted great attention. The first publication
related to a fluorescent sensor was presented by You et al. in
2002 [22]. MOFs are crystalline hybrid materials with network
structures formed by the self-assembly of metal ions or metal
clusters and organic ligands, which give them ultrahigh porosity
and enormous internal surface area. However, using MOFs for
electrochemical sensors has some limitations associated with
the low conductivity of MOFs. Therefore, the coupling with
conducting materials, such as carbon-based materials, metal
nanoparticles, and polymers, has been performed to enhance the
electron charge transfer of MOFs [23,24]; single MOFs
combined with carbon-based materials have been extensively

studied [12,25-28]. A sensitive and simplified electrochemical
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sensor using a Cu3(BTC),-modified carbon paste electrode for
detecting 2,4-dichlorophenol was reported by Dong and his
group [29]. Owing to the large specific surface area, high
absorption capacity, and an acceptable efficacy of the electron
transfer, Cu3(BTC), exhibited a good sensitivity to 2,4-
dichlorophenol in the range from 0.04 to 1.00 uM with a limit
of detection (LOD) of 9 nM in differential pulse voltammetry
measurements. Moreover, the combination of metal oxides and
MOFs showed better electrochemical detection ability than pris-
tine MOFs. For example, Wang et al. developed a MOF/TiO,
composite to quantify chlorogenic acid in a range from 0.01 to
1.00 uM with a low LOD of 7 nM [30]. Utilizing carbon-based
materials can provide not only enhanced electron transfer but
also catalytic functions for the MOFs. A sensor for simulta-
neously detecting hydroquinone and catechol in water using a
Cu-MOF-graphene composite was developed by Li and
colleagues. Measurement ranges beginning at 1.0 x 1070 and
1.0 x 1073 M were achieved, with LODs of 5.9 x 10”7 M and
3.3 x 1077 M for hydroquinone and catechol, respectively [31].
In addition, the coupling of MOFs with conducting polymers
was investigated to modulate their electrical properties. Con-
ducting poly(3,4-ethylenedioxythiophene) nanotubes were
coated with porphyrin-based MOFs to detect dopamine in
the range of 2 x 107° to 270 x 10™® M with a LOD of
0.04 x 107° M [32]. The combination of two types of MOFs has

been rarely investigated for the detection of antibiotics.

To our current knowledge, no reports have been made on the
use of electrodes modified with a mixture of MOFs for the
detection of enrofloxacin. In this study, a sensor was developed
using a mixture of CuBTC and FeBTC to modify carbon paste
electrodes for the determination of enrofloxacin. The characteri-
zation and properties of the fabricated electrode, including mo-
lecular structure, morphology, and electrochemical characteris-
tics, were thoroughly investigated using various analytical tech-
niques. The synergistic effects of CuBTC and FeBTC are
considered promising for enhancing the performance of

enrofloxacin sensors in aqueous solutions.

Results and Discussion

Characterization of (Cu)(Fe)BTC

In the XRD pattern in Figure 1a, the FeBTC sample shows
peaks at 20 values of 6.26°, 10.34°, 10.85°, 19.10°, 20.12°,
24.07°, and 27.82°, which are associated with the crystalline
structure of FeBTC (CCDC card No. 640536). The CuBTC
sample exhibits reflection peaks at 20 values of 6.77° (200),
9.65° (220), 11.73° (222), 13.57° (400), 14.76° (331), 15.24°
(420), 16.6° (422), 17.56° (500), 19.16° (440), 20.36° (600),
21.40° (620), 23.55° (444), 24.27° (551), 26.11° (731), 29.47°
(751), 35.30° (773), and 39.21° (882), characteristic for the
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CuBTC phase (CCDC card No. 112954) [28,33,34]. The XRD
pattern of (Cu)(Fe)BTC exhibits a characteristic peak at 20 of
10.85° assigned to the (842) crystal planes of the Fe-BTC
phase, and all characteristic peaks of CuBTC appear. It can be
observed that the characteristic peaks of pure FeBTC have a
much lower intensity than those of pure CuBTC; therefore, the
intensity of the characteristic peaks of the CuBTC phase
predominates in the (Cu)(Fe)BTC pattern. The simultaneous
presence of FeBTC and CuBTC phases in the (Cu)(Fe)BTC
sample indicates the successful synthesis of (Cu)(Fe)BTC com-
posite.

The N, adsorption/desorption isotherms of the (Cu)(Fe)BTC
sample are of type I with H4 hysteresis ring according to
IUPAC classification (Figure 1b) [35]. The N, adsorption iso-
therm for (Cu)(Fe)BTC shows rapid adsorption of nitrogen in
the low-pressure range (P/Py < 0.1), suggesting a predomi-
nance of micropores [36]. Surface area, pore volume, and capil-
lary diameters of the (Cu)(Fe)BTC sample are 1147 mz/g,
0.544 cm3/g, and 1.50 and 1.90 nm, respectively. Total pore
volume, average pore diameter, and surface area of FeBTC are
1.46 cm3/g, 2.38 nm, and 1211 m?/g, respectively [37]. Surface
area, total pore volume, and average pore diameter of CuBTC
are 1134 m2/g, 0.49 cm3/g, and 1.74 nm, respectively [38].

The full-scan XPS spectrum of (Cu)(Fe)BTC (Figure 2a) shows
the existence of C (284 eV), O (532 eV), Fe (712 and 726 eV),
and Cu (935 eV). The C 1s XPS spectrum of the (Cu)(Fe)BTC
sample (Figure 2b) reveals four peaks attributed to C=C/C-C
(284.78 eV), C-0 (285.42 V), C=0 (286.11 eV), and O-C=0
(288.62 eV) [39]. The high-resolution O 1s XPS spectrum

(Figure 2c) can be decomposed into oxygen in carboxyl groups
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v o 28 5 oy
g 58 3 ¢ FeBTC

50
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(531.74 eV) and physically adsorbed —OH groups (533.30 eV)
[40].

In the Fe 2p XPS spectra (Figure 2d), the binding energy peaks
of Fe 2ps, correspond to Fe2* and Fe?* with peak positions at
711.42 and 713.35 eV, respectively. The Fe 2p;,, peaks corre-
spond to Fe2* and Fe?* with central peak positions at 724.20
and 726.31 eV, respectively. In addition, there are two shake-up
satellites at 718.08 and 732.04 eV (denoted as sat.). The Fe2*
and Fe3* components account for 51.62% and 48.38% in the
(Cu)(Fe)BTC determined by peak area. In the Cu 2p XPS spec-
trum (Figure 2e), the binding energy peak of Cu 2pj3);
(934.9 eV) can be attributed to Cu?*.

Characterization of (Cu)(Fe)BTC@CPE
Morphology

The TEM image of the (Cu)(Fe)BTC sample shows unevenly
distributed particles with different particle sizes fluctuating in
the range of 40 to 100 nm (Figure 3).

After mixing the electrode blend, SEM and EDX mapping were
used to investigate the distribution of CuBTC and FeBTC on
the electrode surface (Figure 4). Figure 4a clearly shows the
scattering of bright CuBTC and FeBTC particles on the graph-
ite flakes. Figure 4b confirms the homogenous distribution of

Fe, Cu, and O in the electrode material.

Electrochemical property

The Nyquist diagrams in Figure 5 were obtained using electro-
chemical impedance spectroscopy (EIS) in a 0.1 M KCI solu-
tion containing 5 mM [Fe(CN)6]3’/4’. Based on the EIS analy-
sis, the charge transfer resistances (R.) of CPE, CuBTC@CPE,
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Figure 1: (a) XRD pattern and (b) N2 adsorption/desorption isotherms of the (Cu)(Fe)BTC sample.
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Figure 2: Full-scan (a) and high-resolution C 1s (b), O 1s (c), Fe 2p (d), and Cu 2p (e) XPS spectra of the (Cu)(Fe)BTC sample.
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and (Cu)(Fe)BTC@CPE were calculated to be 742, 1710, and
547 Q, respectively. It is evident that CuBTC increased the R,
of the CuBTC@CPE electrode more than twofold compared to
the CPE electrode, likely because of its low electron conduc-
tivity [41,42]. However, the addition of FeBTC, which has a
low R of 220 Q and significantly better conductivity [37], to
the (Cu)(Fe)BTC@CPE led to reduction to about a third in R;.
This reduction in charge transfer resistance is advantageous for
the enhancement of electrochemical oxidation on the electrode

surface.

Electrochemical behaviour of enrofloxacin on
the (Cu)(Fe)BTC@CPE electrode

The electrochemical behaviour of ENR was studied on both

CPE and modified electrodes using cyclic voltammetry in the

Fe Kal CuKal

Figure 4: SEM images of (Cu)(Fe)BTC@CPE (a) and EDX maps of (Cu)(Fe)BTC@CPE (b).
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Figure 5: Nyquist plots of the modified electrodes in 0.1 M KCl solu-
tion containing 5 mM [Fe(CN)g]3/4-.

potential window from 0.4 to 1.2 V. A modified electrode con-
taining 5% CuBTC and 5% FeBTC was used for the investiga-
tion. The green line in Figure 6a shows the voltammogram in
ENR-free blank solution with no electrochemical response for
ENR. In phosphate-buffered saline (PBS) containing ENR,
there is a peak at 0.85 V on all four electrodes, attributed to the
oxidation of ENR during the anodic scanning. No reduction
peak was observed, revealing that the electrochemical reaction
mechanism of ENR is irreversible. The experimental results are
consistent with previous studies [16,43,44]. Besides, the ENR
peak obtained on (Cu)(Fe)BTC was much higher than those on
CPE, CuBTC@CPE, and FeBTC@CPE, likely because of the

catalytic properties of two MOF materials in the electrode com-

position.
a
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For the determination of ENR, square wave adsorptive strip-
ping voltammetry (SW-AdSV) was employed because of its su-
perior performance in comparison to the cyclic voltammetric
method. Figure 6b illustrates the square wave voltammograms
(SWVs) depicting the electrochemical response of ENR in PBS
solution containing 1 uM ENR. These SWVs reveal distinct,
well-defined, and sharp peaks corresponding to the electro-
chemical oxidation of ENR. The peak height recorded on the
(Cu)(Fe)BTC-modified electrodes is approximately ten times
higher than that on the unmodified electrode, and the peak
position shifted to more negative values compared to the CPE.
This phenomenon highlights the significantly enhanced catalyt-
ic activity of the modified electrode. Additionally, the
(Cu)(Fe)BTC@CEPE electrode exhibited a significantly sharper,
more symmetric, and higher peak than both the CuBTC@CPE
and FeEBTC@CPE electrodes. These observations support the
conclusion regarding the synergistic effects of the catalytic ac-
tivity of CuBTC and the good conductivity of FeBTC, which
together contribute to the enhanced performance of the elec-
trode.

Effect of MOF content on the enrofloxacin
signal

The electrode has three components, namely, CuBTC, FeBTC,
and carbon paste. The carbon paste content was maintained at
90%, resulting in the total of CuBTC and FeBTC being 10%.
By altering the proportions of CuBTC and FeBTC in the elec-
trode composition, significant variations in the ENR signal were
observed (Figure 7). Specifically, an electrode composition with
0% CuBTC and 10% FeBTC produced an ENR signal of only
1.5 pA. Increasing the CuBTC content to 3% resulted in an
ENR signal of 3 nA. The balanced composition of 5% each of
CuBTC and FeBTC generated the highest ENR signal of nearly

(b) 20 —— (Cu)(Fe)BTC@CPE
CUBTC@CPE
FeBTC@CPE
151 —cee

Blank

0 T T T T
0.7 0.8 0.9 1.0

. 1.1
EN

Figure 6: (a) Cyclic voltammograms of (Cu)(Fe)BTC@CPE and CPE electrodes in a 200 pM ENR solution in PBS at scan rate of 0.1 V/s The green
line shows a voltammogram measured in ENR-free solution. (b) Square wave voltammograms of the studied electrodes in 1 pM ENR solution at an
accumulation time of 90 s. The green line shows a voltammogram measured in ENR-free solution.
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8 uA among all tested formulations, underscoring the signifi-
cance of optimizing the ratio of these two components for effec-
tive electrochemical detection of ENR. Further increasing the
CuBTC content to 7% resulted in a diminished ENR signal of
5 uvA. Finally, a composition with 10% CuBTC and 0% FeBTC
yielded a peak ENR current of approximately 6 pA. Therefore,
the optimal weight percentages of 5% CuBTC and 5% FeBTC
were chosen for electrode fabrication in the subsequent experi-

ments.

< TT—e
.
\Q.
= o
4t
o
2 L L L L L
Cu0% Cu3% Cub5% Cu7% Cu10%
(CPE) Fe7% Fe5% Fe3%

Ratio of CuBTC& FeBTC in CPE

Figure 7: The impact of electrode composition the peak current of
1 pM enrofloxacin.

Effect of supporting electrolyte on the ENR
signal

The electrolyte plays a crucial role in the oxidation reaction of
ENR. Four electrolytes, that is, PBS, Britton—Robinson (BR),
KCl, and NaNOj3, were tested to determine the most suitable
environment for ENR oxidation. The voltammograms in
Figure 8 show no clear SWV peak in KCI and NaNO3 elec-
trolytes. In contrast, PBS and BR yielded well-defined peaks at
0.85 and 0.88 V, respectively. The ENR peak in PBS is higher,
sharper, and more symmetric compared to that in BR. There-
fore, PBS was selected as the optimal electrolyte for subse-

quent experiments.

Effect of pH of the electrolyte on the ENR
signal

The effect of pH on the ENR signal was investigated by per-
forming SW-AdSV using the (Cu)(Fe)BTC@CPE electrode in a
1 uM ENR solution in PBS at different pH values (Figure 9a).
The height of the ENR peak was significantly affected, as
shown in Figure 9b. The ENR peak current increased signifi-
cantly while the pH changed from 5 to 7 and reached the
highest value at pH 7. As the pH value increased further, the
peak current gradually decreased to nearly a half at pH 9.

Beilstein J. Nanotechnol. 2024, 15, 1522—-1535.
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Figure 8: Square wave voltammograms of 1 uM ENR in different elec-
trolytes.

0.7

Therefore, PBS solution with pH 7 was selected for the experi-
ments in the next section.

The Nernst equation describes the relationship between the peak
potential Ej, and pH as follows: E,, (V) = 0.059(m/n) pH + b,
where n and m denote the quantities of electrons and protons
involved in the electrochemical reaction, and b is the intercept.
Figure 9c shows that, in the pH range from 5 to 7, there is a
linear relationship between E}, and pH value described by the
equation E}, = —0.052 pH + 1.229 with a correlation coefficient
of 0.952. The slope of the curve of 0.052 (close to 0.059) indi-
cates that the ratio of protons to electrons participating in the
oxidation reaction is 1 to 1, which is in accordance with
previous publications [44,45].

Adsorption time

The accumulation time (#,..) of enrofloxacin on the electrode
surface is a critical factor in optimizing the ENR signal. In this
study, ENR concentrations ranging from 0.02 to 2 uM were
studied with adsorption times varying from 0 to 600 s, as illus-
trated in Figure 10. At the lowest concentration of 0.02 pM, no
peak was observed for ¢, shorter than 240 s. However, from
240 to 600 s, the peak height increased linearly with the adsorp-
tion duration. This indicates that sufficient time is necessary for
the ENR molecules to adsorb onto the electrode surface at this
low concentration, and the signal improves with longer accumu-
lation times within this range.

For a concentration of 0.2 pM, the peak current increased grad-
ually and reached a steady state at 7,.. exceeding 300 s. This
suggests that, at this intermediate concentration, the electrode
surface reaches saturation after 300 s of accumulation, beyond
which the peak current stabilizes. At the highest concentration
tested (2 uM), the peak current experienced a significant

increase with increasing ,.. up to 120 s, followed by a gradual
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Figure 9: (a) SW-AdSV measurements of (Cu)(Fe)BTC@CPE in 1 uM ENR/PBS solution at different pH values from 6 to 9. (b) Plot of peak current vs

pH. (c) Plot of peak potential vs pH.
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Figure 10: The relationship between ENR peak currents and accumu-
lation time at different concentrations of ENR of 0.02, 0.2, and 2 uM.
Inset: rescaled plot for 0.02 pM ENR.

rise, until it reached equilibrium at #,.. from 300 to 600 s. This
behaviour indicates a rapid initial adsorption at high ENR con-
centration, with the surface reaching almost saturation relative-
ly quickly, and then a slower adsorption to full saturation. These
observations highlight the importance of optimizing 7, for dif-

ferent ENR concentrations to achieve the best analytical signal.

Longer accumulation times are beneficial at lower concentra-
tions, while higher concentrations require shorter times to reach
equilibrium.

Repeatability and reproducibility of the
(Cu)(Fe)BTC@CPE electrode

Figure 11a depicts eight successive measurements conducted in
0.20 uM ENR solution using a single electrode without
renewing the electrode surface. Clearly, in the second measure-
ment, the ENR response decreased dramatically by over 50%.
In the seventh and eighth measurements, the peak current of
ENR remained at only about 15%. This phenomenon arises
from the reaction product covering the active working area of
the electrode, resulting in the low peak current observed in
these measurements.

The electrode reproducibility performance was evaluated by
comparing SWV signals in 0.2 pM ENR solution obtained on
an electrode whose surface was renewed before each measure-
ment (Figure 11b). The data indicated slight fluctuations in peak
currents among eight measurements, with a relative standard
deviation (RSD) of 3.83%. These results demonstrate good
reproducibility of the developed electrodes.
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Figure 11: SW-AdSV measurements of successive measurements obtained in 0.20 uM ENR solution using electrodes (a) without renewal of the elec-

trode surface and (b) with renewal of the electrode surface.

Calibration curve

Under the above optimal conditions, a calibration curve was
established in the ENR concentration range from 0.005 to
0.100 puM at #,c. of 600 s (Figure 12a). Increasing SWV peaks
as a function of the concentration were observed, and a linear
relationship was established, described by the regression equa-
tion I, (WA) = 56.136 X Cgnr (UM) + 0.340. SW-AdSV mea-
surements were carried out with ENR concentrations from 0.1
to 1.0 uM to build the calibration curve at #,.. of 90 s. The ob-
tained signals, as shown in Figure 12b, exhibit a linear correla-
tion between the ENR oxidation peak height and ENR concen-
tration, described by the regression equation I}, (pA) = 11.373 x
Cenr (UM) + 0.128 (R% = 0.9954). Figure 12c illustrates the
calibration curve established for ENR in the concentration range
from 1 to 13 uM at an accumulation time of O s. The linear rela-
tionship obtained is represented by the regression equation
I, (MA) = 1.225 x Cgnr (M) + 0.557 (R% = 0.9992). The
consistently high correlation coefficients indicate the robust

performance of the developed sensor.

From the calibration curve at the lowest concentration range
from 0.005 to 0.100 uM, a detection limit for ENR of 3 nM was
calculated through the formula LOD = 30/b, where o is the
standard deviation of blank signals, and b is the slope of the
regression line. The LOD is quite comparable to those in
previous studies [16,46-49]. Additionally, the sensitivity of the
sensor was calculated to be 56.14 pnA/uM.

Anti-interference study

This study aimed to investigate the influence of organic and in-
organic substances on the performance of a sensor by evalu-
ating the changes in the ENR signal when these substances were
present in the analytical solution. Figure 13 illustrates that, at a
concentration 100 times higher than that of ENR, ions includ-

ing K*, Na®, Ca?*, Mg2*, Zn2*, Ni?*, CI7, NO3~, SO,4%,
HCO3™, and CH3COO™ had a negligible impact on the ENR
signal, leading to a reduction in the ENR signal of less than 5%.
Regarding the influence of organic substances, when their con-
centration was 10 times higher than that of ENR, the impact on
the ENR signal was small for ascorbic acid (AA), erythromycin
(ERY), chloramphenicol (CAP), paracetamol (PARA), and
amoxicillin (AMX). In contrast, cephalosporin (CEF), oxalic
acid (OXA), and glucose (GLU) significantly reduced the
signal, bringing it down to approximately 30%. At a 50-fold
concentration, CAP and PARA still had no noticeable effect on
ENR analysis. However, the presence of AA and CAP substan-
tially affected the ENR signal, decreasing it to around 60%
(data not shown here). It is worth noting that, within this con-
centration range, no ENR signal was detectable in the presence
of CEF, OXA, or GLU. The experimental findings indicate that
the sensor demonstrated good performance in detecting ENR in

samples with a complex matrix.

Analysis in real sample matrices

The performance of the developed sensor was assessed by
quantifying ENR levels in tap water and lake water. Different
amounts of ENR were added to samples, ranging from 0.2 to
3.0 uM. ENR concentrations were determined using the stan-
dard addition method (Table 1). Notably, no ENR was initially
detected in the original samples. However, in the spiked sam-
ples, the sensor yielded favourable results with recoveries
ranging from 90.2% to 121.3%, indicating the reliability of the
sensor and its effectiveness in real-world applications.

Conclusion

CuBTC and FeBTC metal-organic frameworks (MOFs) were
successfully synthesized using a solvothermal method. The
mixture of these MOFs demonstrated a high surface area, sub-
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Figure 12: SW-AdSV measurements of ENR and calibration curves for (a) 0.005-0.100 pM (tcc of 600 s), (b) 0.1-1.0 uM (tac of 90 s), and

(c) 1-13 UM (tacc 0of 0's).

stantial total pore volume, and small capillary diameters. This
hybrid material was then utilized as an electrode material for an
electrochemical sensor designed to detect enrofloxacin through
adsorptive stripping square wave voltammetry. The sensor
fabricated with an optimal weight ratio between CuBTC and
FeBTC (5:5) exhibited the highest signal for enrofloxacin detec-
tion. Notably, the sensor showed excellent performance with
good reproducibility (RSD = 3.83%), a large dynamic range
from 0.05 to 13 pM, a low detection limit of 3 nM, and high

selectivity. Under the experimental conditions, the sensor provi-
ded satisfactory recoveries ranging from 90.2% to 121.3% in

both tap water and lake water samples.

Experimental

Reagents and apparatus

Reagents

Enrofloxacin (ENR, C19H,,FN303, 98%) was purchased from
Thermo Fisher Scientific. Graphite powder and paraffin oil
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Figure 13: Influence of (a) inorganic ions and (b) organic compounds on the ENR signal.

Table 1: Analysis of ENR in spiked samples conducted with the
(Cu)(Fe)BTC@CPE sensor.

Sample CenR (UM) Recovery (%)
added ' found .
concentration  concentration
0 not detected  —
0.2 0.229 114.5
0.4 0.434 108.5

tap water 0.6 0.634 105.6
1.0 1.108 110.8
2.0 2.029 101.5
3.0 3.639 121.3
0 not detected = —
0.2 0.181 90.5
0.4 0.392 98.0

lake water 0.6 0.606 101.0
1.0 0.923 92.3
2.0 1.854 92.7
3.0 2.706 90.2

were supplied by Thermo Scientific Acros. Trimesic acid
(H3BTC, 98%), CuCl,-2H;0 (299%), FeCl3-6H,0 (98%), N.N-
dimethylformamide (DMF, 98%) and C,HsOH (96%), H3POy4

(85%), KOH (285.0%), KH,PO4 (299.5%), KoHPO,4 (298.0%),
KClI (>99.5%), and HCI (37%) were bought from Fisher and
Sigma-Aldrich. All chemicals and reagents were of analytical
grade and used without further purification. K3[Fe(CN)g]
(299.5%) and K4[Fe(CN)g] (299.5%) were purchased from
China. Phosphate-buffered saline (PBS) was prepared by
mixing 0.2 M KH;PO,4 and 0.2 M K,;HPOy in double-distilled
water. The pH of the solution used for the optimization of elec-
trolyte solution was changed from 6.0 to 9.0 by controlling the
amount of these phosphate salts. Enrofloxacin stock solution
was prepared by dissolving ENR powder in double-distilled
water. The ENR solutions with desired concentrations were pre-
pared daily by diluting the ENR stock solution in with PBS

solution.

Apparatus

The electrochemical properties of the developed electrode and
enrofloxacin were evaluated through cyclic voltammetry by
using a custom-made potentiogalvanostat (supplied by Labora-
tory of Informatics in Chemistry, Institute of Chemistry,
Vietnam Academy of Science and Technology). Electrochemi-
cal impedance spectroscopy (EIS) was performed by using an
Autolab PGSTAT 302 in a frequency range of 100 kHz to
0.01 Hz. A three-electrode electrochemical setup was used in-
cluding a platinum wire counter electrode, an Ag/AgCl/satu-
rated KCI reference electrode, and a carbon paste electrode
(CPE) or MOF-modified electrodes as working electrodes.

Physical and chemical properties of MOFs were characterized
by using field-emission scanning electron microscopy (FESEM,
Hitachi S-4800, Japan), energy-dispersive X-ray spectroscopy
(EDX, Horiba 7593-H, England), and X-ray photoelectron spec-
troscopy (XPS, Thermo VG Multilab 2000).
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Synthesis of CuBTC, FeBTC MOFs

CuBTC and FeBTC were synthesized using the solvothermal
method as described in our previous reports [37,38]. Specifi-
cally, 12 mmol of trimesic acid was fully dissolved in 120 mL
of N,N-dimethylformamide (DMF) (solution 1), and 12 mmol of
the chloride salt of the corresponding metal was dissolved in
40 mL of water (solution 2). Solution 1 was then slowly added
to solution 2 under vigorous stirring for 30 min before being
transferred to a Teflon bottle. The mixture was heated at 150 °C
for 12 h and stirred continuously to facilitate the MOF forma-
tion process. Finally, the synthesized powder was separated
from the solution using a centrifuge at 6000 rpm, washed
several times with DMF and ethanol, and dried to obtain
CuBTC and FeBTC MOFs.

Preparation of (Cu)(Fe)BTC@CPE

Modified electrodes were prepared using a standardized proce-
dure. CuBTC and FeBTC were carefully mixed to obtain a mix-
ture called (Cu)(Fe)BTC. Then, paraffin oil, graphite powder,
and (Cu)(Fe)BTC powder were combined in various weight
ratios (as specified in Table 2) and thoroughly mixed in an
agate mortar. The resulting mixture was then tightly packed into
a Teflon electrode body (inner diameter 5 mm) to create
the modified electrode named (Cu)(Fe)BTC@CPE with a
geometrical surface area of 19.63 mm?. Prior to experimenta-
tion, the electrode surface was polished using a balance paper to
achieve a smooth surface. Carbon paste-modified electrodes
containing either CuBTC or FeBTC were also fabricated for
comparison and labelled as CuBTC@CPE and FeBTC@CPE,
respectively.

Table 2: Components of the studied electrodes.

Electrode Electrode component (wt. %)
CuBTC FeBTC Carbon paste
1 0 0 100
2 3 7 90
3 5 5 90
4 7 3 90
5 10 0 90

Detection of enrofloxacin

Enrofloxacin was electrochemically detected by using square
wave adsorptive stripping voltammetry (SW-AdSV) in PBS.
Briefly, the modified electrode was immersed in the analytical
solution for different accumulation times (0, 90, and 600 s)
under stirring for enrofloxacin adsorption on electrode surface.
Then, the SW-AdSV response of enrofloxacin was recorded in
the potential window of 0.6-1.1 V.

Beilstein J. Nanotechnol. 2024, 15, 1522—-1535.

Spiked samples of tap water and lake water were used to eval-
uate the performance of the modified electrode. After spiking
known concentrations of enrofloxacin into the water samples,
the added concentration was determined using the standard ad-
dition method. All experimental work was performed at room
temperature (25 = 1 °C).
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Abstract

L-Carnosine is a dipeptide with notable antioxidant, antiglycation, metal chelating, and neuroprotective properties. Despite its many
biological roles, applying L-carnosine as a capping agent in nanoparticle synthesis has remained underexplored. This study explores
the potential of L-carnosine in synthesizing tunable plasmonic silver nanoparticles (L-car-AgNPs). The formation of L-car-AgNPs
was confirmed via UV-vis optical absorption spectroscopy, showing single and double plasmonic peaks, depending on the synthe-
sis conditions. Physicochemical characterization using TEM, FTIR, and Raman spectroscopy, as well as EDX and XRD revealed
controlled aggregation, successful capping, and crystalline growth of the L-car-AgNPs. The L-car-AgNPs exhibited promising
sensing capabilities with limits of detection of 141.79 ppb (1.2 uM) for Cd2*, 131.33 ppb (0.63 uM) for Pb%*, 215.35 ppb (2.8 uM)
for As3*, and 245.49 ppb (4.7 uM) for Cr>*. Additionally, these nanoparticles demonstrated catalytic activity regarding the degra-
dation of p-nitrophenol (P-NP), achieving complete degradation of 0.25 and 1 mM solutions within 5 and 10 min, respectively. This
study reveals the potential of L-car-AgNPs for both heavy metal ion detection and catalytic degradation of P-NP, indicating their
suitability for environmental monitoring and remediation applications. Further optimization and research are needed to expand their

environmental applications and to understand their interaction mechanisms with various contaminants.
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Introduction

The persistent rise in environmental pollution, notably from
heavy metal ions and organic pollutants, has propelled the de-
velopment of innovative and efficient environmental monitor-
ing and remediation methods. Five heavy metals, namely,
mercury (Hg2"), lead (Pb2*), cadmium (Cd2*), chromium
(Cr3"), and arsenic (As3"), pose severe risks to human health
and ecological systems because of their non-biodegradable
nature and long biological half-lives, leading to bioaccumula-
tion and biomagnification [1]. Similarly, organic pollutants such
as p-nitrophenol (P-NP), from agricultural and industrial pro-
cesses, are of significant concern because of their toxicity and
resistance to degradation [2]. Consequently, detection and
removal of these contaminants have become crucial for environ-

mental sustainability and public health.

Silver nanoparticles (AgNPs) have attracted the interest of
researchers worldwide in recent years because of their promis-
ing use in environmental chemistry. The unique optochemical
properties of AgNPs, including high surface area to volume
ratio, optical absorbance, excellent conductivity, and potent cat-
alytic activity, make them ideal candidates for environmental
monitoring and remediation [3]. Modifying silver nanoparticles
with various biological molecules, peptides, proteins, and en-
zymes has further enhanced their functionality, stability, and
selectivity towards specific pollutants [4-6]. Biomolecule-
capped silver nanoparticles, particularly those stabilized by
naturally occurring peptides such as L-carnosine, have shown
exceptional sensing and catalytic degradation capabilities.
L-Carnosine, a dipeptide consisting of f-alanine and histidine,
stabilizes the nanoparticle structure and imparts functional attri-
butes such as metal ion chelation and catalytic enhancement.
These features make L-carnosine-capped AgNPs an ideal candi-
date for environmental applications. It was also reported that
pristine AgNPs significantly interact with L-carnosine [7].

Traditional methods for heavy metal ion monitoring in environ-
mental samples involve complex analytical instrumental tech-
niques such as atomic absorption spectroscopy, inductively
coupled plasma mass spectrometry, and high-performance
liquid chromatography [8,9]. Environmental remediation of
P-NP requires processes such as Fenton-like oxidation or
ozonation [10]. These techniques require expensive equipment,
specialized operational skills, and extensive sample preparation,
making them less practical for on-site testing, frequent monitor-

ing, and remediation.

In response to these challenges, recent advancements in nano-
technology have ushered in the development of nanoparticle-
based systems that offer promising alternatives because of their

simplicity, cost-effectiveness, and potential for real-time appli-
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cations. Plasmonic nanoparticles, such as silver, have been
widely explored for their unique plasmonic and catalytic prop-
erties [3,11,12]. These include localized surface plasmon reso-
nance (LSPR), which can be utilized to detect heavy metal ions.
The catalytic properties can be applied to degrade nitrophenolic
compounds such as P-NP. Also, it is well documented that the
properties of silver nanoparticles can be modulated through sur-
face chemistry and other parameters such as size and shape
[13]. Késtner and Thiinemann described the catalytic degrada-
tion of P-NP using silver nanoparticles with the activity
depending on the capping agents [14]. To design a dual-func-
tional system for environmental applications, a potential
capping and stabilizing agent is required for silver nanoparticle

synthesis.

Maiti et al. demonstrated that the dipeptide L-carnosine inter-
acted highly with pristine silver nanospheres [6]. However, its
role as a stabilizing/capping agent was never explored for nano-
particle synthesis and advanced environmental applications.
Current research has paved the way for developing L-carnosine-
capped AgNPs (L-car-AgNPs) enabling environmental monitor-
ing and remediation applications. In addition, L-carnosine is a
natural compound widely present in the human brain and meat
products. Also, it was reported that grafting magnetic nanoparti-
cles with L-carnosine significantly enhanced the catalytic per-
formance of the nanoparticles [15]. In another study, metal-
organic framework nanoparticles fabricated with L-carnosine
were employed for arsenic removal via an adsorption mecha-
nism. The maximum removal of arsenic was 94.33 mg/g at a pH
of 8.5 and 0.4 g/L adsorbent [16]. These studies confirmed that
L-carnosine adsorbed on metal surfaces has widespread environ-
mental applications. However, magnetic nanoparticles or MOFs
coated with L-carnosine were applicable only for environmental
remediation but were incapable of detecting heavy metal ions.
This drawback was overcome by using L-carnosine in combina-
tion with silver nanoparticles, as their strong interaction was re-
ported previously. Silver nanoparticles with other capping
agents can also be used for either heavy metal sensing or degra-
dation of P-NP. A study explored the potential of gelatine-em-
bedded silver nanoparticles in the degradation of P-NP, but it
was not used for heavy metal ion sensing [17]. Similarly,
citrate-stabilized silver nanospheres were used for the colori-
metric detection of Ni2* with a threshold limit of 0.75 mM
without any catalytic activity [18]. Therefore, it was hypothe-
sized that the synthesis of silver nanoparticles capped with
L-carnosine may provide two functionalities, that is, monitoring
heavy metal ions and degradation of P-NP. Another challenge
in sensing heavy metals with capped silver nanoparticles is to
detect multiple metals simultaneously via ionic interactions be-

tween the exposed functional groups of the capping agent and
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metal ions. This issue can be addressed using L-carnosine-
capped nanosilver because the interaction of L-carnosine with
different metal ions has already been reported [19]. The electro-
chemical detection of HgZ*, PbZ*, and Cd?* was achieved via
L-carnosine—metal interaction [20,21]. With this study, an
attempt has been made to address the issues associated with
traditional environmental monitoring and remediation systems.
This article aims to develop a metal ion sensing and catalyst
platform with in situ synthesized L-carnosine-capped silver
nanoparticles. The metal ion selectivity (regarding Cd2*, Pb2*,
As3*, and Cr3*) was monitored via colorimetric and spectropho-
tometric approaches. Furthermore, the catalytic activity was
assessed using P-NP as a reagent. Through this study, we aim to
contribute to the advancement of nanoparticle-based technolo-
gies to tackle some of the most pressing environmental chal-

lenges of our times.

Materials and Methods

Materials

L-Carnosine (cat. no. 29825, purity 295%), silver nitrate
(AgNO3, cat. no. 1.93200.0027, purity 299.5%), and sodium
borohydride (NaBHy, cat. no. 480886, purity 99.99%) were ob-
tained from Cayman Chemical, Merck, and Sigma Aldrich, re-
spectively. p-Nitrophenol (P-NP, cat. no. 144956, purity 99.5%)
and sodium chloride (NaCl, cat. no. 41721, purity 99.9%) were
purchased from SRL Chemicals, India. Sodium hydroxide
(NaOH, cat. no. TC1460, purity 99.0%), along with a NIST-
grade metal standard including arsenic (As3*), aluminum
(AI’), cadmium (Cd%*), zinc (Zn%*), mercury (Hg2*), nickel
(Ni2"), copper (Cu?*), chromium (Cr3*), iron (Fe3*), molyb-
denum (Mo2*), and lead (Pb2*) were acquired from CDH Fine
Chemicals. The chemicals were used without further purifica-
tion. Before the experiment, glassware was cleaned with aqua

regia and rinsed twice with double distilled (DD) water.

Methods

Tunable plasmonic silver nanoparticle synthesis
using L-carnosine

Silver nanoparticles with tunable plasmon wavelength were
synthesized using a wet-chemical reduction approach. L-Carno-
sine-capped silver nanoparticles were prepared in the presence
of NaBHy, a strong reductant. The synthesized L-carnosine-
capped silver nanoparticles were named according to their in-
creasing order of plasmon peaks, that is, L-car-AgNP1, L-car-
AgNP2, L-car-AgNP3, L-car-AgNP4, and L-car-AgNP5.

L-car-AgNP1 was synthesized at room temperature (RT =
25 °C), with the addition of 1 mL r-carnosine (0.01 M) to 5 mL
DD water followed by sequential additions of 100 uL NaOH
(1 M), 1 mL AgNO3 (0.01 M), and 1 mL NaBHy (0.001 M).
The other samples, L-car-AgNP2, L-car-AgNP3, L-car-AgNP4,
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and L-car-AgNP5, were synthesized at temperatures of 40, 60,
and 80 °C and at boiling temperature, respectively. The synthe-
sis procedure for L-car-AgNP2 to L-car-AgNP5 was similar,
with the reaction mixture comprising 1 mL r-carnosine (0.01
M) added to 5 mL DD water, followed by sequential additions
of 50 uL NaOH (1 M), 1 mL AgNOj3 (0.01 M), and 2 mL
NaBH,4 (0.001 M). The term “L-car-AgNPs” is used throughout
the article to refer to the synthesized silver nanoparticles collec-
tively. Furthermore, nanopowders of the samples were pre-
pared using 1 M NaCl solution via the precipitation method,
and the obtained precipitate was air-dried.

Characterization of L-carnosine-capped silver
nanoparticles

The spectral absorbance of L-car-AgNPs was recorded using an
Epoch2 spectrophotometer (BioTek, USA) in the 300-900 nm
range. Zeta potentials and average hydrodynamic diameters of
L-car-AgNPs were determined using a Zetasizer (Nano ZS,
Malvern, UK). The hydrodynamic size of L-car-AgNPs was
measured by placing them in 1 mL disposable cuvettes
(DTS0012), while the zeta potential was measured using zeta
cuvettes (ZEN1020). The r-car-AgNPs samples were observed
under a transmission electron microscope (TEM, 120 kV, FEI
Tecnai, Netherlands) for a detailed examination of size and
morphology. The crystalline structure of L-car-AgNP1 was de-
termined using X-ray diffraction (XRD, Rigaku Smartlab,
Japan) within a 20 range of 35° to 80°. Nanoparticle solutions
were air-dried, and the obtained nanopowders (20 mg) were
used for measurements. The functionalization of AgNPs with
L-carnosine was validated through Fourier-transform infrared
spectroscopy (FTIR, Thermo Scientific Nicolet iS5, USA). For
this, 10 mg of air-dried nanopowder was placed over a dia-
mond, and the software (OMNIC ™) was run over the spectral
range of 400-4000 cm™!.

The Raman spectra of L-carnosine-capped silver nanoparticles,
as well as L-carnosine, as solid and in aqueous solution, were
recorded at RT using an excitation source of 532 nm. The light
source was a diode-pumped solid-state Nd3*: YAG laser (Cobolt
Samba 0532-01-0500-500, Cobolt AB, Sweden). For solid
L-carnosine and L-car-AgNPs, powdered samples were placed
on glass slides, and the Raman signal was collected in a
backscattering geometry using a 50X long working distance
objective. The incident laser of approximately 10 mW power
had a spot size of approximately 50 pm on the sample surface.
Aqueous L-carnosine solutions were analyzed using a standard
cuvette (1 cm), and the Raman-scattered light was collected at
an angle of 180°. The Raman signal detection was achieved
with a charge-coupled device (CCD, Synapse, Horiba Jobin
Yvon) attached to a monochromator (LabRAM HR800, Horiba

Jobin Yvon, France) and edge filter using 532 nm as an excita-
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tion source. The Raman signal of the silicon wafer at 520 cm™!
was considered the reference point for spectrometer calibration,
ensuring a spectral measurement accuracy better than 1 cm™!.
The Raman spectra acquisition times were approximately 25 s
for solid L-carnosine and L-car-AgNPs and 100 s for L-carno-

sine in aqueous solution.

DFT calculations

Theoretical insights into the FTIR and Raman measurements
were obtained through molecular structure optimization of
L-carnosine, its anionic form, and probable L-carnosine—(Ag)4
complexes. The structure optimization was performed in
vaccum and water as solvent using the SCRF (CPCM) model to
account for the effect of the environment. The computations
were performed using density functional theory (DFT) with the
B3LYP functional [22] and split basis sets 6-31+G* for all
atoms (C, O, N, and H), and LANL2DZ for Ag atoms. Calcula-
tions were executed using Gaussian 09, Revision A.02 software
[23]. The optimization process was conducted without symme-
try restrictions. The convergence criteria were an energy change
of less than 1.0 X 107 Hartree and a gradient of less than
3.0 x 107 atomic units. The vibrational frequencies of L-carno-
sine, its anion, and the probable Ag, complexes were computed
at the optimized geometries. Subsequently, the theoretical
vibrational spectra were compared with the experimental
Raman spectra of L-carnosine in various forms, namely, in the
solid state, in aqueous solution, in alkaline solution, and as

capping agents in silver nanoparticles (L-car-AgNPs).

Sensing of heavy metals

Metal standards (NIST grade, 1000 ppm) of As3*, AI3*, Cd2*,
ZnZ*, Hg?*, Ni2*, Cu?*, Cr3*, Pb%*, Mo?*, and Fe3* were
diluted to a concentration of 10 ppm. A uniform concentration
of nanoparticles in terms of optical density (OD) was main-
tained throughout the experiment. The L-car-AgNPs were fixed
at an optical density of 1 £ 0.2 OD for the sensing experiment.
The final volume of L-car-AgNPs and the corresponding metal
ions was 1 mL. In a typical sensing experiment, the metal ions
were spiked in water to an end concentration of 0.5 ppm, fol-
lowed by the addition of L-car-AgNPs as a sensing probe. The
dispersion was then examined for colorimetric/spectrophoto-
metric changes. Finally, the limit of detection (LOD) and the
limit of quantification (LOQ) of the developed nanosensors
were estimated through a linear plot of the absorption as a func-

tion of the concentration of the detected metal ions.

L-carnosine-capped silver nanoparticles as the
catalytic agent

L-car-AgNPs were evaluated regarding their catalytic perfor-
mance in the degradation of P-NP as a model substrate. P-NP is

reduced and forms p-aminophenol (P-AP) in the presence of
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nanoparticle catalyst and NaBH,. All catalysis experiments
were performed at RT in a 3.5 mL quartz cuvette. The reagents
were introduced in the sequence of 2 mL P-NP (0.25 mM or
1 mM), 1 mL of NaBH4 (100 mM), and 50 uL of rL-carnosine-
capped AgNPs (1 £ 0.2 OD). The degradation of P-NP and the
formation of P-AP were monitored by recording UV-vis spec-
tra in the 300-900 nm range. The disappearance of the yellow
color, characteristic of the nitrophenolate ion, was observed
upon the addition of the AgNP catalyst, accompanied by a con-
comitant decrease in the absorbance intensity. The catalytic effi-
ciency was quantified using the following equation:

G -C
% efficiency = (%j -100,
0

where Cy represents the initial concentration at # = 0 and C;
denotes the concentration at time ¢.

Results and Discussion
Synthesis of L-carnosine-capped tunable

silver nanoparticles

L-car-AgNPs were synthesized using a wet-chemical reduction
approach. The precursor metal salt was reduced in the presence
of the stabilizing or capping agent. Figure 1 shows a schematic
representation of the L-car-AgNP synthesis. The sample L-car-
AgNP1 was synthesized at room temperature by sequentially
mixing water, NaOH, L-carnosine, AgNO3, and NaBHy. The
obtained nanoparticles were bright yellow in color, confirming
their spherical shape, as reported in previous studies. For the
synthesis of the tunable L-car-AgNP2 to L-car-AgNP5 samples,
a slightly modified protocol was used compared to L-car-
AgNP1. The modifications in terms of temperature and the ratio
of NaBH4 to NaOH led to the formation of L-car-AgNPs with
different colors. The color of the obtained nanoparticles sug-
gested that they were in a controlled aggregated state. Further
characterization was performed to analyze the physicochemical
properties of the synthesized L-carnosine-capped silver nanopar-

ticles.

Optical spectroscopy of L-carnosine-capped
silver nanoparticles

The synthesized silver nanoparticles capped with L-carnosine
were assessed regarding their absorption peaks, as illustrated in
Figure 2. The sample L-car-AgNP1 exhibited a single absorp-
tion peak at 410 nm (Figure 2a). All other samples displayed
two absorption peaks, that is, the first near 400 nm and the
second at 500 nm (r-car-AgNP2), 530 nm (L-car-AgNP3),
590 nm (r-car-AgNP4), and 650 nm (r-car-AgNP5) (Figure 2b).
The observed absorption bands are attributed to LSPR. This
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Figure 1: Schematic representation of the synthesis of tunable L-carnosine-capped silver nanoparticles (L-car-AgNPs) along with the critical parame-
ters. The samples L-car-AgNP1, AgNP2, AgNP3, AgNP4, and AgNP5 were synthesized at RT, 40, 60, and 80 °C and at boiling temperature, respec-

tively.
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Figure 2: Optical absorbance of (a) L-carnosine-capped AgNP1 and (b) L-carnosine-capped AgNP2—-AgNP5. The insets of the figure show

photographs of the synthesized nanoparticle suspensions.

phenomenon is an intrinsic property of noble metal nanoparti-
cles [3]. The inset in Figure 2 shows a change in color from
bright yellow (L-car-AgNP1) to dark yellow, ruby red, blue, and
blackish blue for L-car-AgNP2, AgNP3, AgNP4, and AgNP5,
respectively. The sample L-car-AgNP1 shows a single absorp-
tion peak and a bright yellow color, which confirms that the
nanoparticles are spherical and monodispersed. However, silver
nanoparticles with anisotropic shape were reported to have two
absorption bands, namely transverse and longitudinal [24].

Furthermore, the color of the anisotropic nanosilver is different

from yellow, which is also observed in the samples L-car-
AgNP2 to r-car-AgNP5. The transverse and longitudinal
absorption bands might be correlated to the formation of poly-
disperse nanoparticles prepared at higher temperatures because
it has been reported that Ostwald ripening occurs faster at
higher temperatures [25]. Therefore, it is assumed that the
higher temperature, along with the ratio of NaOH to NaBHy, led
to the formation of aggregated L-car-AgNPs. These results
contradict earlier reports and confirm the formation of aggre-

gated L-car-AgNPs with two absorption bands. However,
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despite the different shapes, absorption bands and colors of the
L-car-AgNPs samples are similar to those published on CTAB-
capped silver nanorods [24]. The formation of aggregated nano-
particles in the current study is probably due to the capping of
L-carnosine instead of CTAB. In addition, L-carnosine induces a
second absorption peak in the pristine silver nanospheres upon
interaction. The appearance of the redshifted peak might be due
to charge transfer or aggregation [7]. An increased nanoparticle
size leads to a further redshift of the plasmonic peak [26].
Hydrodynamic size, zeta potential, and morphology of the
L-car-AgNPs are shown in Figure 3.

Information on average hydrodynamic size and distribution of
nanoparticles in colloidal solution was obtained from DLS mea-
surements. The hydrodynamic sizes of L-car-AgNP1, L-car-
AgNP2, L-car-AgNP3, L-car-AgNP4, and r-car-AgNP5 were
36.26, 43.05, 70.09, 127.3, and 483.6 nm, respectively
(Figure 3a and Supporting Information File 1, Figure S1). The
sequential increase in nanoparticle size confirms nanoparticle
aggregation or formation of bigger particles and is consistent

with the absorption spectra in Figure 2.

The polydispersity index (PDI) is a dimensionless value that
measures the width of the size distribution of particles in a
sample. The PDI values of L-car-AgNP1, L-car-AgNP2, r-car-
AgNP3, L-car-AgNP4, and r-car-AgNP5 were 0.113, 0.250,
0.299, 0.397, and 0.268, respectively (Figure 3a). A PDI value

(a)

oy

Nanoparticles = Hydrodyna PDI Zeta SXs

mic size potential

(nm) (mV)
L-car-AgNP1 36.26 0.113 -40.9+3.42
L-car-AgNP2 43.05 0.250 | -39.5£3.43 | ™=
-~

L-car-AgNP3 70.09 0.299 -40.0+3.94 &
L-car-AgNP4 127.3 0.397 -38.614.58
L-car-AgNP5 483.6 0.268 -40.8+4.80
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below 0.3 typically indicates a relatively narrow and well-con-
trolled size distribution [27]. L-Carnosine forms a monolayer
around the nanoparticles, providing a consistent and uniform
surface coverage. This uniformity in surface passivation con-
tributes to the narrow size distribution of the nanoparticles.
The formation of stable silver nanoparticles capped with
L-carnosine was confirmed via zeta potential measurements.
The zeta potential values of L-car-AgNP1, L-car-AgNP2, L-car-
AgNP3, L-car-AgNP4, and L-car-AgNP5 were —40.9 + 3.42,
—39.5 £ 3.43, -40.9 £ 3.94, -38.6 = 4.58, and —40.9 * 4.80,
respectively. Zeta potentials beyond +30 mV indicate excellent
colloidal stability due to strong repulsive forces among the
nanoparticles (Figure 3a and Supporting Information File 1,
Figure S2) [28]. The highly negative zeta potential values are
probably due to the exposed functional group of L-carnosine
molecules. The negatively charged carboxyl groups (COO™) of
L-carnosine are attracted towards the positively charged sur-
faces of silver.

The morphology and size of silver nanoparticles capped with
L-carnosine were measured using TEM (Figure 3b—f). The TEM
micrograph of L-car-AgNP1 (Figure 3b) indicates the formation
of spherical particles with high monodispersity and is consis-
tent with the optical absorbance and DLS measurements. How-
ever, L-car-AgNP2-5 (Figure 3c—f) show L-carnosine-induced
controlled aggregation (formation of bigger size particles) upon

increasing the temperature, which is also consistent with the

Figure 3: (a) Hydrodynamic size and zeta potential of L-carnosine-capped silver nanoparticles and TEM micrographs of (b) L-car-AgNP1, (c) L-car-

AgNP2, (d) L-car-AgNP3, (e) L-car-AgNP4, and (f) L-car-AgNP5.
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optical absorption and DLS measurements. The micrograph of  and the diffraction pattern of L-car-AgNPs were assessed using
samples with two absorption peaks indicates that the nanoparti- FTIR, Raman, EDX, and XRD, as shown in Figure 4.
cles aggregated. The results confirm that L-car-AgNP2-5 nano-

particles are polydisperse. Figure 4a shows the FTIR analysis of pure L-carnosine and its

interaction with the silver nanoparticles in L-car-AgNPs. In the
FTIR, Raman spectroscopy and X-ray case of pure L-carnosine, a characteristic NH, asymmetric
diffraction stretching frequency at ca. 3243 cm™! overlaps with the broad

In addition to TEM analysis, the interaction between functional ~OH peak of H>O. The imidazole (C=C) stretching and carbox-

groups of L-carnosine and silver, the elemental composition, ylate (COO™) asymmetric stretching frequencies are observed at
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Figure 4: (a) FTIR spectra of L-carnosine and L-car-AgNPs. Raman spectra of (b) L-carnosine (solid and aqueous solution) and (c) L-car-AgNPs. SEM-
EDX data confirms the presence of silver in (d) L-car-AgNP1 and (e) L-car-AgNP2. (f) XRD pattern of L-carnosine AgNP1.
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1568 and 1404 cm™!, respectively [7]. However, in the case of
L-car-AgNPs, the peak at 3243 cm™! disappeared, which might
be due to the interaction of the NH, groups with silver nanopar-
ticles or their proximity to the nanoparticles’ surface. Several
prominent overlapping peaks were observed at 1576 cm™!
(imidazole C=C stretching), 1404 cm™! (carboxylate, COO™
asymmetric stretching), and 878 cm™! (asymmetric NH,
wagging) in L-car-AgNPs. This suggests that the nanoparticles

were capped with L-carnosine.

Figure 4b shows the Raman spectrum of pure L-carnosine in
solid and aqueous phases at normal and alkaline pH values. The
prominent Raman bands in solid L-carnosine are observed at
3204 cm™! (symmetric NH, stretching), 3082 cm™! (imidazole
(imz) ring CH stretching), 2906 cm™' (symmetric CH,
stretching), 1560 cm™! (imz ring C=C stretching), 1458 cm™!
(imz ring C-N stretching), 1422 cm™! (amide NH bend),
1281 cm™! (imz ring breathing), 1219 cm™! (CH, twist),
1156 cm™! (NH, twist), 1051 cm™! (CH, rock), 982 cm™! (imz
ring deformation), 854 cm™! (NH, wag), 623 cm™! (amide NH
out of plane bend), 528 cm™! (amide NCO bend), 339 cm™!
(CO, bend) and 273 cm™! (imz ring rotation). The Raman spec-
tra of a saturated solution of L-carnosine at normal (and alka-
line) pH shown in Figure 4b display strong peaks at 3265
(3266), 2903 (2909), 1639 (1628), 1560 (1577), 1481 (1516),
1428 (1428), 1298 (1299), 1260 (1249), 1223 (1222), 1037
(1057), 981 (997), 935 (941), and 863 (862) cm™!, which are
assigned to symmetric NH; stretching, symmetric CH,
stretching, amide C=0 stretching, imz ring C=C stretching, CH;,
scissoring, amide NH bend, imz ring breathing, imz ring C-N
stretching, CH; twist, CH; rock, imz ring deformation, C—CO,
stretching, and NH, wagging, respectively. The symmetric CO,
stretching vibration in L-carnosine at normal (alkaline) pH
appears weakly at 1388 (1391) cm™!. The observed shift in the
Raman bands of L-carnosine in aqueous solution compared to
those in the solid is probably due to solvent effects.

Figure 4c shows surface-enhanced Raman spectra (SERS) of
L-carnosine-capped silver nanoparticles. The signal-to-noise
(S/N) ratio follows the order L-car-AgNP4 > r-car-AgNP3 >
L-car-AgNP2 > r-car-AgNP1 > r-car-AgNP5. Therefore, the
results show maximum SERS enhancement for AgNP4. This is
probably because of the greater surface roughness of the nano-
particles, leading to maximum electromagnetic enhancement in
AgNP4. The SERS spectra of the L-car-AgNPs are almost
similar and show Raman bands at 1623 cm™! (amide C=0
stretching), 1505 cm™! (imz ring C=C stretching), 1365 cm™!
(CO, symmetric stretching), 1204 cm™ (CH, twist), 1092 cm™!
(C-NH; stretching), 994 cm™! (imz ring deformation),
943 cm™! (C-CO, stretching), 792 em™! (imz ring NH bend),
685 cm™! (CO, bend), 660 cm™! (amide NH bend), 473 cm™!

Beilstein J. Nanotechnol. 2024, 15, 1576—1592.

(NH; twist) and 215 cm™! (Ag—O stretching). The observation
of the abovementioned prominent peaks in the SERS spectra
confirms the capping of silver nanoparticles with L-carnosine.
The SERS enhancement observed in various vibrations associ-
ated with imidazole ring, CO,, and NH, groups suggests that,
at alkaline pH, the anionic form of L-carnosine is bound to
the AgNPs surface through the carboxylate group and the
imidazole as well as amino groups remain close to the silver
nanoparticles’ surface. The optimized structure of the L-carno-
sine—(Ag)4 complex (Supporting Information File 1, Figure
S4c) supports the experimental results well.

FTIR and Raman spectroscopy confirm the successful capping
of silver nanoparticles with L-carnosine. The presence of Ag in
L-carnosine-capped AgNPs was also assessed using SEM-EDX.
Figure 4d and Figure 4e confirm that Ag is present in L-car-
AgNP1 and L-car-AgNP2, respectively. The insets of Figure 4d
and Figure 4e indicate 2.13 and 3.2 wt % of silver in L-car-
AgNP1 and L-car-AgNP2, respectively. However, apart from
silver, high fractions of sodium and chlorine were observed.
This is probably due to the preparation of the nanopowders
using the precipitation method with NaCl. In addition, NaOH
used in the synthesis process acts as a source of sodium in the
EDX spectrum.

Crystalline structures of L-car-AgNPs were analyzed using
X-ray diffraction. The XRD pattern of one sample representa-
tive of all synthesized L-carnosine-capped silver nanospheres is
given here (Figure 4f). There are prominent peaks at 38.2°,
44.3°, 64.5°, and 77.4°, attribtuted to the (111), (200), (220),
and (311) crystal planes, respectively, of face-centered cubic
silver. These results are consistent with [29]. However, two
minor peaks are also observed at 55.04° and 73.14°, which have
also been observed in another study regarding nanoparticles.
The peaks are attributed to the (200) and (220) planes of silver
oxide [30]. The characterization of L-car-AgNPs confirms that
L-carnosine caps the silver nanoparticles and, thus, can be
utilized as a sensing and catalytic agent against environmental

contaminants.

DFT results

The optimized geometries of L-carnosine are shown in Support-
ing Information File 1, Figure S3. L-Carnosine may exist in two
H-bonded forms (Supporting Information File 1, Figure S3a,b)
where the carboxylic acid and amino groups remain close, and
the O-H moiety of the carboxyl group forms a H-bond with the
N atom of the amino group. L-Carnosine may also exist in forms
where the carboxylic acid and amino groups are far apart (Sup-
porting Information File 1, Figure S3c,d). From the optimized
energies, it is observed that the conformation in Figure S3a is

the most stable, followed by the ones in Figure S3b, Figure S3c,
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and Figure S3d, with relative stabilization energies of 0, 1.093,
4.779, and 5.473 kcal/mol, respectively. The optimized geome-
tries of the anionic form of L-carnosine in water are shown in
Supporting Information File 1, Figure S4a,b. The optimized
energies of the two forms suggest that the form in Figure S4a is
more stable than the form in Figure S4b by 2.242 kcal/mol. The
optimized geometries of the L-carnosine—(Ag), complexes are
shown in Figure S4c,d. The optimized energies of the L-carno-
sine—(Ag)4 complexes suggest that the form in Figure S4c is
more stable than the one in Figure S4d by 1.713 kcal/mol.
The infrared and Raman frequencies were computed for all
possible forms of L-carnosine, its anionic form, and the L-carno-
sine—(Ag)4 complexes. The observed FTIR and Raman peaks
are assigned based on the theoretical (B3LYP/6-31+G*)-com-

puted frequencies.

Detection of Cd?*and Pb*2 using

L-car-AgNP1

The L-carnosine-capped AgNPs were evaluated regarding the
detection of heavy metals via UV-vis spectrophotometry. A
series of metal ions, namely As3*, A13*, Cd2*, ZnZ*, Hg?™,
Ni2*, Cu?*, Cr3*, Pb2*, Mo?*, and Fe3*, was used for the
sensing experiment. Figure 5 shows the absorption spectra of
L-car-AgNP1 mixed with various metal ions. The concentration
of L-car-AgNP1 was fixed in terms of optical density at 1 + 0.2.
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Figure 5a shows the optical absorbance spectra of L-car-AgNP1
after adding Cd2* and Pb%* and all other metals at a concentra-
tion of 0.5 ppm. Figure 5b confirms the specificity of r-car-
AgNP1 towards Cd*" and PbZ*" compared to the control. The
plasmon peak with A, = 410 nm gradually decreases upon
adding Cd2* and Pb%* ions. This is accompanied by a redshift
of the absorbance wavelength or the formation of a new peak.
Also, L-car-AgNP1 shows a significant color change (yellow to
brownish-yellow) in the presence of Cd** and Pb>" (Figure 5¢).
The color and absorption spectra change can be attributed to the
nanoparticles’ aggregation [31]. A slight increase in the intensi-
ty of L-car-AgNPs after the addition of Cr3* ions was also ob-
served, possibly due to the metal-AgNP complex that decreases
the interparticle distance followed by a plasmonic and colori-
metric change [32]. The L-carnosine structure has amine or
carboxyl functional groups. However, zeta potential measure-
ments confirmed that L-car-AgNPs are negatively charged, and
the overlapping peaks in FTIR suggested that carboxyl is the
exposed functional group. Based on the earlier reports, free
—NH; and carboxyl groups are believed to participate in cross-
linking and forming complexes between r-car-AgNP1 and
Cd2*/Pb2* ions. The Cd%* and Pb2* ions interact with lone elec-
tron pairs of these exposed groups. We hypothesize that the
complexation between L-car-AgNP1 and Cd2*/Pb%* decreases
the distance between the nanoparticles. This results in a redshift
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Figure 5: Heavy metal ion sensing using L-car-AgNP1. (a) UV-vis spectrophotometric determination of Cd2*, Pb2*, and the other metal ions.
(b) Optical absorbance of L-car-AgNP1 with and without Cd2* and Pb2*. (c) Colorimetric detection of Cd2* and Pb2* using L-car-AgNP1 compared to
control (no. 1, without metal ions). The dashed line and the red dashed boxes show the spectrophotometric and colorimetric change upon adding

Cd?* (no. 4) and Pb2* (no. 10).
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and the emergence of shoulder peaks in the absorption spectra,
followed by a decrease in absorption intensity compared to the
control. Abate et al. showed that L-carnosine can interact with
bivalent ions, including ca*+ [19]. This study also confirms that
the bivalent metal ions Pb>* and Cd?* prominently interact with
L-car-AgNP1.

Detection of As3+ and Cr3+: using L-car-
AgNP2 and L-car-AgNP5

As3* and Cr3* were detected using L-car-AgNPs that showed a
dual absorption bands (transverse and longitudinal). The sam-
ples L-car-AgNP2, L-car-AgNP3, and L-car-AgNP4 could detect
As>* and Cr3* via colorimetric and spectrophotometric observa-
tions (Figure 6a,b,d and Supporting Information File 1, Figure
S5). In contrast, L-car-AgNP5 did not detect any metal ions,
which might be due to the formation of larger aggregates of
silver nanoparticles (Figure 6¢). L-car-AgNP2 exhibited a
prominent colorimetric and spectrophotometric sensing ability
towards As>* and Cr3* (Figure 6a). The concentration of L-car-
AgNP2 was fixed at an optical density of 1 + 0.2, and the con-
centration of added metal ions was 0.5 ppm. The results show
that only the tubes containing As3* and Cr3* display a promi-
nent color change from ruby red (control) to dark yellow
(Figure 6d). This implies that L-car-AgNP2 has strong selec-
tivity towards As3* and Cr3*. Figure 6b shows the UV—vis
absorption spectra of L-car-AgNP2 without metal ions and with
As3* and Cr3*. The absorption curves reveal that As>* and Cr3*
lead to hypsochromic (530 nm) and hyperchromic (400 nm)
shifts, respectively, of the plasmon peak. The interaction be-
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tween negatively charged L-car-AgNP2 and positively charged
As3* and Cr3* leads to changes in AgNPs depending on the
metal ion concentration, resulting in the deformation of aniso-
topic to isotropic particles. A similar plasmonic shift has been
observed in the literature, where As3* induced the formation
of spherical silver nanoparticles after being added to silver
nanoprisms [33]. In addition, negatively charged silver nanopar-
ticles are prone to interaction with As3* and Cr3* under basic
conditions (pH 10). Earlier reports have confirmed the interac-
tion of Cr3* with metal nanoparticles at basic pH [34]. There-
fore, it is assumed that L-car-AgNP2, L-car-AgNP3, and L-car-
AgNP4 can stabilize the AgNPs under alkaline conditions
(pH 10) and can detect As>* and Cr>* in all samples. This is due
to the interaction of As3* and Cr>* with the exposed functional
groups on the surface of the silver nanoparticles. In the case of
L-car-AgNP35, the nanoparticles lose the ability to interact with
the trivalent metal ions because of the formation of bigger parti-
cles, which was confirmed by TEM and DLS measurements.

Interference study and quantification of the
detection limit for Cd2* and Pb2* using
L-car-AgNP1

The ability of L-car-AgNP1 as a probe for the selective detec-
tion of Cd2* and Pb2* in the presence of multiple metal ions
was assessed using an interference study, where several groups
of metal mixtures were prepared (Figure 7). The metal ions,
namely As3*, A3, Zn2*, Hg?*, NiZ*, Cu?*, Cr3*, Mo?*, and
Fe3+, were mixed in a volume of 1 mL with a final concentra-

tion of 0.5 ppm for each metal. The metal ion mixtures were

L-car-AgNP2
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Figure 6: Heavy metal ion sensing using L-car-AgNP2 and L-car-AgNP5. (a) UV-vis spectrophotometric determination of As3+ and Cr3*+ (marked by
arrows). (b) Optical absorbance of L-car-AgNP2 with and without As3+ and Cr3+. (c) Optical spectrometry confirmed no metal ion interaction with L-car-
AgNP5. (d) Colorimetric detection of As3+ and Cr3* using L-car-AgNP2 compared to the control without metal ions. (e) No colorimetric change was ob-
served in L-car-AgNP5 with or without the metal ions. The dashed lines and the red dashed boxes show the spectrophotometric and colorimetric

change upon adding As3* and Cr3+.
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grouped as groups G1-7, where G1 included no metal ions
(control group). G2 and G3 included all metal ions except either
Cd%* or Pb?*, respectively. G4 included all metal ions except
both Cd?* and Pb?*. G5 contained all metal ions including
Cd2* and Pb2*. After adequate mixing of the metal ions,
L-car-AgNP1 was dispersed into the test system and underwent
colorimetric and spectrophotometric investigations. The slight
color changes in G2, G3, and G5 indicate the detection of cazt
and PbZ" even when mixed with other metal ions (Figure 7a). In
G2, a slight increase and shift in peak intensity in the presence
of different metals (Apyax = 420 nm, 1.11 OD) compared to the
control (Apax = 410 nm, 1.0 OD) was observed, possibly be-
cause of Pb*. A similar behavior was noticed in the case of G3,
because of Cd2*. G5 exhibited a peak value of Apgx = 420 nm
and 1.11 OD, because of the presence of both Cd%* and Pb2*.
The value did not shift much, possibly because of the presence
of a metal mixture instead of single metal ions. Similarly, no
prominent color change in the different groups was observed,
in accordance with the optical absorbance measurements
(Figure 7a,b). However, a slight change in color and absor-
bance in group 4 was observed, which consists of all metal ions
except Cd?* and Pb2". This suggests that other metal ions also
interfere with the nanoparticles. Therefore, G6 and G7 were
included in the study, including all metal ions except Cd2* and
Pb2* and either As* or Cr3*, respectively. No prominent color
change was observed in G6 and G7. An increase in absorption
intensity in G6 was observed, which was not the case for G7.

This confirmed that As>* slightly interferes in a metal ion mix-

ture. After successful qualitative detection and development of
a sensing probe, quantification of the detection limit for Cd2*
and Pb%* using

L-car-AgNP1 was carried out, and LOD and LOQ were calcu-
lated. In Figure 7c and Figure 7e, only a single metal (i.e., Cd**
or Pb2*) was added to L-car-AgNP1, and the changes as func-
tions of the metal ion concentration were measured. The
changes in absorbance were plotted as functions of the concen-
trations of Cd%* and Pb%* (Figure 7d,f). The linear fit for Cd2*
showed an excellent R? value of 0.9739 with LOD and LOQ
values of 141.79 ppb (1.2 uM) and 238.56 ppb (2.12 uM), re-
spectively. In the case of Pb2*, LOD and LOQ were found to be
131.33 ppb (0.63 uM) and 397.99 ppb (1.92 uM) with an R?
value of 0.9866. In Table 1, recent studies on the colorimetric
detection of Cd** and Pb%* using nanoparticles are summarized,

along with their detection limits.

Interference study and quantification of the
detection limit for As3* and Cr3+ using
L-car-AgNP2

The usability of L-car-AgNP2 as a probe for the selective detec-
tion of As3 and Cr3* was assessed in an interference study,
where several groups of metal mixtures were prepared
(Figure 8). For the interference study, metal ions, namely, A3,
Cd2* Zn2*, Hg?*, Ni2*, Cu?*, Pb2*, Mo?", and Fe3*, were
mixed in a volume of 1 mL with a final concentration of
0.5 ppm for the metal ions. The metal ion mixtures were

grouped as sample groups S1-7, where S1 included no metal
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Table 1: Recent studies on sensitive colorimetric metal detection using various nanoparticles.

Nanoparticles

cysteine- and methionine-capped AgNPs

glutathione-capped AuNPs
citrate-capped AgNPs

Boswellia sacra extract-stabilized AgNPs

starch-stabilized AgNPs
chlorophyll-coated AgNPs

morin + PVP-capped AgNPs

secnidazole functionalized AgNPs

grape juice-stabilized AgNPs

Annona muricata extract-stabilized AuNPs
orange peel extract-stabilized AuNPs

curcumin AgNPs
maltol-capped AgNPs
L-carnosine-capped AgNP1

L-carnosine-capped AgNP2
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Figure 8: Interference study regarding the metal ion selectivity of L-car-AgNP2. (a) Optical absorbance of different groups S2—7 and the control sam-
ple (S1). (b) Colorimetric observation of metal ion selectivity in the presence of groups S1-7. (c) UV—vis spectral absorbance of L-car-AgNP2 with dif-
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ions (control group). S2 and S3 included all metal ions except

either As3* or Cr3, respectively. S4 included all metal ions

except both As3* and Cr3*. S5 contained all metal ions, includ-

ing As* and Cr3*. After adequately mixing the metal ions,

L-car-AgNP2 was dispersed into the test system and underwent

colorimetric and spectrophotometric investigations. The slight

color change observed in S2, S3, and S5 indicated the success-

ful detection of As3* and Cr3*, even in the presence of other
metal ions. The colorimetric detection was further validated
through optical spectrometry, which showed increased
absorbance (Figure 8a) in S2 (Apax = 515 nm, 0.52 OD), S3
(Amax = 530 nm, 0.62 OD), and S5 (Apax = 530 nm, 0.56 OD)
compared to S1 (control, Ay, = 500 nm, 0.8 OD). However, a

slight change in color and plasmon peak was observed in S4
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(Mmax = 510 nm, 0.53 OD) (Figure 8b). This suggested that
other metals also interfere with the nanoparticles. Therefore, S6
(Amax = 505 nm, 0.62 OD) and S7 (Ayax = 500 nm, 0.67 OD)
were included in the study, which included of all metal ions
except As3* and Cr3* and either Cd%* or Pb%™, respectively.
However, no prominent color change was observed in S6 and
S7, but an increase in the plasmon peak intensity in S6, but not
in S7. This confirmed that Cd2* slightly interferes with
detecting As* and Cr3*. This is probably due to the interaction
of L-car-AgNPs with bivalent metal ions, as reported elsewhere
[19].

After successful qualitative detection and the development of a
sensing probe, quantification of the detection limit for As>* and
Cr3* using L-car-AgNP2 was carried out, and LOD and LOQ
were calculated. In Figure 8c and Figure 8e, only a single metal
(i.e., As3* or Cr3*, respectively) was added to L-car-AgNP2,
and the changes as functions of the metal ion concentration
were measured. The changes in absorbance were plotted as
functions of the concentrations of As3* and Cr>* (Figure 8d.1).
The linear fit for As>* showed an R2 value of 0.9691 with LOD
and LOQ values of 215.35 ppb (2.8 uM) and 591.42 ppb
(7.8 uM), respectively. In the case of Cr3*, the obtained values
of LOD and LOQ were 245.49 ppb (4.7 uM) and 743.92 ppb
(14.2 uM), respectively, with an R2 value of 0.9533. In Table 1,
recent studies on the colorimetric detection of As3* and Cr3*

using nanoparticles and their detection limits are summarized.

Beilstein J. Nanotechnol. 2024, 15, 1576-1592.

Catalytic potential of L-car-AgNPs in
degradation of p-nitrophenol

The catalytic efficacy of L-car-AgNPs was evaluated using the
degradation of P-NP and the formation of P-AP as a model
reaction. This transformation, catalyzed by noble metal nano-
particles in the presence of NaBH, as reducing agent, is widely
utilized to assess the catalytic performance of nanomaterials
[14]. All catalytic experiments were performed in a standard
quartz cuvette, and the spectral changes were monitored as the
reaction progressed. The reaction mixture consisted of an
aqueous solution of P-NP (0.25 and 1 mM) and 0.1 M NaBH,
to which L-car-AgNPs were added. It was noticed that, upon
introducing NaBHy, the light yellow color changes to intense
yellow-green, accompanied by an absorption shift from 317 to
400 nm, indicating the formation of p-nitrophenolate ions (an
intermediate) in the basic reaction medium [47]. These interme-
diate ions were further degraded in the presence of L-car-AgNPs
as a nanocatalyst to the stable product P-AP. The conversion of
P-NP to P-AP was monitored through UV-vis spectroscopy. In
UV-vis measurements, there was a decrease in absorption in-
tensity at 400 nm, and a minor peak around 300 nm was ob-

served due to the formation of P-AP (Figure 9).

Figure 9 illustrates the P-NP degradation at 0.25 mM using
L-car-AgNPs (1 £ 0.2 OD). L-car-AgNP1 led to the degradation
of 0.25 mM P-NP within 90 s of the reaction, achieving a degra-

dation efficiency of 95.5% (Figure 9a). In comparison, L-car-
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Figure 9: (a—e) UV-vis absorption measurements showing the catalytic degradation of 0.25 mM P-NP using L-carnosine-capped AgNP1-5. The inset
graphs show pseudo-first-order kinetics for the degradation of P-NP. (f) Color change in P-NP solutions before and after the addition of L-car-AgNPs.
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1588



AgNP2, L-car-AgNP3, r-car-AgNP4, and L-car-AgNP5
achieved complete P-NP degradation within 100, 160, 140, and
220 s, respectively, with catalytic efficiencies of 96.18%,
96.52%, 94.61% and 95.71% (Figure 9b—e). The color change
from yellow to colorless indicates complete degradation of
P-NP and, thus, the catalytic potential of the nanoparticles
(Figure 9f). Increasing the P-NP concentration to 1 mM re-
quired longer times until full degradation, as documented in
Supporting Information File 1 (Figure S6). The degradation
times for 1 mM P-NP using L-car-AgNP1, L-car-AgNP2, L-car-
AgNP3, L-car-AgNP4, and r-car-AgNP5 were 270, 330, 300,
270, and 420 s, respectively (Supporting Information File 1,
Figure S6). The different degradation times might be attributed
to differences in particle sizes and monodispersity. TEM and
DLS measurements revealed that L-car-AgNP1 nanoparticles
were spherical and monodisperse, whereas the other nanoparti-
cles (L-car-AgNP2-5) exhibited polydispersity and non-spheri-
cal shapes. This is in accordance with results from Jiji et al.,
where different shapes of gold nanoparticles had varying effi-
ciencies in the catalytic degradation of nitrophenol compounds,
with spherical nanoparticles being highly effective [48]. Kinetic
analysis was performed based on pseudo-first-order reaction
kinetics for the concentration of 0.25 mM P-NP. The spectral
absorbance at a concentration of 1 mM P-NP exceeded 4 OD,
necessitating a dilution factor of 10 to achieve an observable
OD of 1.2 (Supporting Information File 1, Figure S6). Given
the excess NaBHy used in the reaction, the borohydride concen-
tration was assumed to remain constant. The rate constants (k)
were computed from the linear plots of In(A/Ag) as a function of
time, where A and A denote the absorbances at time ¢ and 7 = 0,
respectively. The calculated rate constants were 0.019, 0.028,
0.020, 0.023, and 0.014 s~! for L-car-AgNP1, r-car-AgNP2,
L-car-AgNP3, L-car-AgNP4, and r-car-AgNP5 respectively, at
25 £ 2 °C. This suggests that the catalytic activity of the nano-
particles is in the order of AgNP5 < AgNP1 < AgNP3 < AgNP4
< AgNP2. Interestingly, the catalytic activity of L-car-AgNPs
does not depend on the hydrodynamic size of the nanoparticles
obtained from DLS. These results confirmed that the catalytic

activity of metal nanoparticles does not necessarily increase
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with decreasing size, potentially because of the strong curva-
ture of the surface of very small particles, which has also been
reported [14,49]. In addition, the obtained rate constants for
L-car-AgNP4, L-car-AgNP3, and L-car-AgNP2 are nearly the
same, but the lower rate constant in case of AgNP5 might be
due to the formation of larger aggregates, which was confirmed
by optical spectroscopy and TEM analysis. The high efficiency
of AgNP2 might be due to its quasi-spherical shape.

The catalytic degradation of P-NP by L-car-AgNPs can be attri-
buted to the unique optical and catalytic properties of AgNPs,
which are enhanced by their high surface-to-volume ratio and
plasmonic effects. The observed pseudo-first-order kinetics
suggest that the rate-determining step involves the adsorption of
P-NP onto the nanoparticle surface, followed by the electron
transfer from NaBH, to the adsorbed P-NP molecules facili-
tated by the AgNPs. The obtained rate constants indicate that
L-carnosine-capped AgNPs are comparable to or more efficient
than other noble metal nanoparticles (Table 2), underscoring
their potential as cost-effective catalysts for the degradation of
nitroaromatic compounds, which are prevalent in industrial

effluents and pose significant environmental risks.

Conclusion

Silver nanoparticles with tunable absorption bands were synthe-
sized for the first time using L-carnosine as a capping agent.
This novel approach has facilitated the development of nanopar-
ticles that exhibit controlled size and stability, which is crucial
for various applications. L-carnosine-capped silver nanoparti-
cles, designated as L-car-AgNPs, were extensively character-
ized using UV-vis absorbance, DLS, zeta potential, FTIR,
Raman spectroscopy, TEM, SEM-EDX, and XRD. This
comprehensive analysis elucidates the optical absorbance, sizes,
surface charges, functional group interactions, elemental com-
positions, and diffraction patterns of L-car-AgNPs. Furthermore,
different sizes of L-car-AgNPs (L-car-AgNP1 to L-car-AgNP5)
were explored regarding their potential as metal ion sensors.
Among them, L-car-AgNP1 showed selective detection of Cd2*
and Pb2*. In contrast, L-car-AgNP2, r-car-AgNP3, and L-car-

Table 2: Comparative study of the degradation of P-NP using various nanoparticles.

Nanoparticles

Acacia nilotica (stem)-stabilized AgNPs 10
citrate-capped Au- NPs 14

citrate-capped AgNPs 120
cobalt (Co)-doped ZnO NPs 180
cobalt oxide nanocomposites 15
L-car-AgNPs <5
<10

Time of degradation (min)

Catalyst concentration  P-NP concentration Ref.
5mg 0.1 mM [50]
200 pL 0.2 mM [51]
0.54 mg 0.1 mM [52]
30 mg 30 mg/L (30 ppm) [53]
200 pL (1 mg/mL) 9.03 mg/L (9.030 ppm) [54]
50 uL (1 £ 0.2 OD) 0.25 mM (34.75 ppm)  this
work

1 mM (139 ppm)
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AgNP4 showed affinity towards As>* and Cr>* detection. Inter-
estingly, L-car-AgNP5 did not detect any metal ions. The quan-
titative limits of detection (LODs) of Cd?*, Pb2*, As3*, and
Cr3* were 141.79, 131.33, 215.35, and 245.49 ppb, respective-
ly. These values suggest a competitive sensitivity compared to
other nanoparticle-based sensors reported in the literature.

Additionally, the catalytic activity of L-car-AgNPs was studied
regarding the degradation of 0.25 and 1 mM concentrations of
p-nitrophenol (P-NP) within 5 and 10 min, respectively. The
catalytic efficiencies for 0.25 mM P-NP were 95.5%, 96.18%,
96.52%, 94.61%, and 95.71% achieved with L-car-AgNPI,
L-car-AgNP2, L-car-AgNP3, L-car-AgNP4, and r-car-AgNP5,
respectively. The rapid degradation demonstrates the catalytic
prowess of L-car-AgNPs and highlights their potential in envi-
ronmental remediation applications. The successful synthesis of
L-car-AgNPs with tunable plasmon resonance has paved the
way for their application as colorimetric sensors for heavy
metal detection and as efficient catalysts for the degradation of
nitroaromatic compounds. The selectivity regarding metal ions
based on the nanoparticle size demonstrates the potential for
developing tailored sensors for specific applications. The cata-
lytic activity of the nanoparticles in the degradation of p-nitro-
phenol highlights their potential as cost-effective and environ-
mentally friendly catalysts for the remediation of industrial
effluents. Future studies will focus on optimizing these nano-
particles for broader applications and understanding their inter-

action mechanisms at the molecular level.

Supporting Information

The file contains six figures. Figures S1 and S2 show
hydrodynamic sizes and zeta potentials obtained from DLS
measurements. Figures S3 and S4 show optimized
geometries of L-carnosine and the L-carnosine—AgNPs
complex, respectively. Figure S5 shows the colorimetric
and spectrophotometric detection of metal ions using
L-car-AgNP3 and r-car-AgNP4. Figure S6 shows the
catalytic degradation of 1 mM p-nitrophenol using
L-car-AgNPs.

Supporting Information File 1

Additional figures.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-15-124-S1.pdf]
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