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A green and facile approach has been developed for the large-scale synthesis of nanosheets of reduced graphene oxide (rGO) and

nitrogenated reduced graphene oxide (N-rGO). This has been achieved by direct thermal decomposition of sucrose and glycine at

475 °C in ca. 7 minutes, respectively. The present protocols for synthesizing rGO and N-rGO are simple and environmentally

friendly as we do not use any harmful reagents, metal catalysts and solvents. Along with that, this method offers an inexpensive

route with high yields to prepare rGO with a high nitrogen content (20-25 atom %). To further improve the properties of the syn-

thesized rGO sheets, hydrogen treatment has been carried out to reduce the oxygen functional groups. Cyclic voltammograms and

charge—discharge experiments have been carried out to understand the supercapacitor behavior of rGO and hydrogen treated

(H-rGO) samples.

Introduction

Graphene, the one atom thick two-dimensional material of sp2-
hybridized carbon atoms has attracted much attention after its
discovery [1,2]. It is a fascinating material used in various ap-
plications owing to its excellent electrical, optical, mechanical
and thermal properties [3-5]. It has a unique electronic struc-
ture with a linear dispersion of Dirac electrons. Graphene oxide
(GO) and reduced graphene oxide (rGO) are chemically modi-
fied forms of graphene, which are extensively studied in the
field of science and engineering. Reduced graphene oxide has

attracted significant interest due to its similarities to pristine

graphene. It behaves like a semimetal or a semiconductor and is
therefore used in a variety of hybrid systems such as batteries
[6], electrodes [7] and photodetectors [8].

In 1958, Hummer and Offeman developed a chemical method
to synthesize graphene oxide by acid treatment of graphite [9].
The graphene oxide thus obtained contains oxygen functional
groups (-CO—, —COC-) on the surface and edges of the carbon
sheet, which lead to a disruption of the conjugated network and

the flow of charge carriers is reduced by several orders of mag-
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nitude [10]. Up to now, several methods including chemical
vapor deposition [11-13], arc discharge [14], aerosol pyrolysis
[15], mechanical exfoliation [1], solvothermal [16], hydrother-
mal synthesis [17], laser reduction of graphite oxide [18,19],
and photo thermal deoxygenation of graphene oxide by camera
flash have been developed to reduce the oxygen content of GO
in order to restore the conjugated network [20]. Recently, a
well-known chemical reduction method has been developed to
obtain rGO through the reduction of exfoliated GO using
various reducing agents such as hydrazine or dimethylhy-
drazine [21], NaBH4 [22], hydroquinone [23], or glucose [24].
However, these methods have not yet turned into a global
strategy to prepare pure rGO in a scalable fashion. Therefore,
searching for a new synthetic approach to obtain pure phases of
rGO is a highly desirable and great challenge for materials
chemists.

Herein, we report for the first time a generic and rapid method
for the synthesis of rGO nanosheets by direct thermal decompo-
sition of sugar, without the use of any solvents, metal catalysts,
reagents and hazardous chemicals. Similarly, N-rGO nano-

sheets have also been synthesized using glycine as precursor.

Beilstein J. Nanotechnol. 2020, 11, 68-75.

Results and Discussion

The typical XRD patterns of rGO and N-rGO nanosheets are
shown in Figure 1. The XRD pattern of the as-prepared rGO
(Figure 1a) exhibits a broad peak at 23.5° corresponding to an
interlayer d-spacing of 0.378 nm. The XRD pattern of N-rGO
(Figure 1b) shows a diffraction peak at 25.8° corresponding to
an interlayer d spacing of 0.345 nm. From the XRD patterns, it
is observed that the peak commonly obtained for GO around 26
of 10.3° does not appear indicating that the precursors were

directly converted into GO and N-rGO nanosheets.

Figure 2 shows the Raman spectra of the rGO and N-rGO nano-
sheets. The Raman spectrum of the rGO sample (Figure 2a)
shows D, G and 2D band at, respectively, 1362, 1594 and
2880 cm™!. The spectrum of the N-rGO sample (Figure 2b)
shows D, G and 2D band at, respectively, at 1354, 1581, and
2843 cm™!. The D-band is associated with the breathing modes
of six-membered carbon rings that are activated by defects and
structurally disordered, and the G-band originates from in-plane
vibrations of sp%-hybridized carbon atoms in the rGO domains.
The 2D-band is the second order of the D-band. The Raman
results are consistent with previous reports [5].
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Figure 1: XRD patterns of (a) rGO and (b) N-rGO nanosheets.
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Figure 2: Raman spectra of (a) rGO and (b) N-rGO nanosheets.
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Thermogravimetric analysis (TGA) was carried out to investi-
gate the thermal stability of the rGO and N-rGO nanosheets.
The study was performed in an oxygen atmosphere at a heating
rate of 3 °C-min~'. The results of rGO and N-rGO are shown in
Figure 3a and Figure 3b, respectively. The initial weight losses
occurring for rGO and N-rGO between room temperature and
ca. 150 °C can be attributed to the evaporation of physically
adsorbed water molecules.
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Figure 3: TGA curves of (a) rGO and (b) N-rGO nanosheets.

The second weight loss (93.4%) for tGO occurring between 350
and 540 °C can be ascribed to the decomposition of the carbon
network. For N-rGO nanosheets, a significant weight loss
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occurs in the temperature range between 400 and 625 °C, due to
the decomposition of N-rGO. The results are consistent with the
previous reports suggested in the literature [25,26].

Typical SEM and TEM images of rGO at different magnifica-
tions are shown in Figure 4a,b. The low-magnification SEM
image of the prepared rGO sample is composed of a large num-
ber of nanosheets, as shown in Figure 4a. The high-magnifica-
tion SEM image (Figure 4b) shows that the nanosheets possess
a smooth surface and are loosely stacked.

Energy-dispersive X-ray spectroscopy (EDS) was also
measured to determine the chemical composition of rGO.
Result from EDS shows (Figure 4c) that the product contains
only C and O. The atomic fractions of C and O are found to be
76.03% and 23.97%, respectively, as shown in the inset of
Figure 4c. The TEM image shown in Figure 4d indicates that
the rGO sample is comprised of nanosheets with a smooth sur-
face. The TEM image is in accordance with the SEM image
(Figure 4b) of the sample. The selected area electron diffrac-
tion (SAED) pattern of the rGO sheets (inset in Figure 4d)
shows a hexagonal pattern indicating the crystalline nature of
the rGO sheets.

SEM images of N-rGO are shown in Figure 5a,b. The SEM
images of N-rGO show morphological features that are similar

Figure 4: (a, b) SEM images, (c) EDS pattern and chemical composition (inset), and (d) TEM image and SAED pattern (inset) of the rGO nanosheets.
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to those of rGO. EDS shows (Figure 5c) that the product
contains only C, N and O. The atomic fractions of C, N and O
are found to be 66.26%, 21.94%, and 11.81%, respectively, as
shown in the inset of Figure 5c. The presence of nitrogen in the
as N-rGO sample is also confirmed by the estimation of N
content via CHNS analysis. The result shows that the weight
percentage of N element in the N-rGO nanosheets is found to be
approximately 20%, and this is in good agreement with the EDS
results.
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The TEM image in Figure 5d clearly shows that the N-rGO
sample is composed of nanosheets with a smooth surface. The
SAED pattern of the N-rGO sheet (inset in Figure 5d) shows a
hexagonal pattern suggesting the crystalline nature of the syn-
thesized N-rGO sheets.

AFM height images of as-prepared rGO and N-rGO nanosheets
are displayed in Figure 6a and Figure 6b, respectively. The rGO
and N-rGO nanosheets are flat with an average thickness of

Figure 5: (a, b) SEM images, (c) EDS pattern and chemical composition (inset), and (d) TEM image and SAED pattern (inset) of the N-rGO nano-

sheets.
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Figure 6: AFM images of (a) rGO and (b) N-rGO nanosheets.

Height (nm)

GARR0.6. 2 and:2
Width (um)

320.0 nm

7



about 3 nm and 3.5 nm, respectively, with their lateral dimen-

sion in the range of several hundred nanometers.

The experimental process and the digital photographs of rGO
and N-rGO products are shown in Figure 7. Sucrose consists of
one molecule of glucose and one molecule of fructose. The
sucrose molecule contains —OH, -CH,OH, and —C-O-C- func-
tional groups. At a temperature of 475 °C in a pre-heated muftle
furnace, within a short period of time, sucrose undergoes cova-

lent cross-linking reactions yielding the formation of C—C and

Sucrose 475 +10 °C
~7 min

Glycine 475 +10 °C
~7 min

Figure 7: Schematic diagram of the formation of rGO and N-rGO
nanosheets.
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C=C bonds through the removal of water and CO,. It is finally
converted into a lightweight fluffy kind of material called
graphene oxide nanosheets. The product was left in a furnace
for ca. 7 min to get the pure phase without any impurities. The
fraction of oxygen in the prepared sample is ca. 24 atom %, as
measured with EDS, and the XRD pattern of the sample shows
a broad peak around 23.5°. Therefore, the obtained product can
be considered to be reduced graphene oxide. Similarly, glycine
also undergoes a cross-linking reaction with the removal of CO,
and H,O leading to the formation of nitrogen-doped reduced
graphene oxide nanosheets. For comparison we have also syn-
thesized rGO sheets at 400 and 600 °C as well. The correspond-
ing XRD patterns, Raman spectra and SEM images are given in
Figure S1 and Figure S2, respectively, in Supporting Informa-
tion File 1.

In order to understand the supercapacitor behavior of rGO and
H-rGO (hydrogen-treated rGO) samples, we have carried out
cyclic voltammetry and CD experiments with three-electrode
system using 1 M H;SOy as electrolyte (Figure 8).

CV curves of rGO and H-rGO at different scan rates from 5 to

200 mV-s~! vs Hg/Hg,SO, are shown in Figure 8a and
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Figure 8: CV curves for (a) rGO and (b) H-rGO samples at different scan rates; (c) specific capacitance for H-rGO at scan rates from 5 to
200 mV-s~1; (d) charge—discharge curves of rGO and H-rGO at a current density of 0.5 A-g~"

72



Figure 8b, respectively. These curves show increase in current
density with decreasing scan rate, suggesting that the samples
have ideal capacitor characteristics. However, the H-rGO sam-
ple shows a higher current density and hence a higher specific
capacitance than rGO. The calculated specific capacitance
values from the CV of the rGO and H-rGO electrodes at
5 mV-s~! are 7 (not shown) and 139 F-g~!, respectively. We
have checked the rate capability of the working electrode at dif-
ferent scan rates of 10, 20, 40, 60, 80, 100, and 200 mV-s~! and
observed that the specific capacitance values were 96, 64, 43,
35, 30, 27 and 19 F-g~!, respectively (Figure 8c). For compari-
son, the charge—discharge (CD) curves for rGO and H-rGO
nanosheets were recorded at a current density of 0.5 A-g™! in
1 M H,SO,4 (Figure 8d). The specific capacitance values ob-
tained from the CD curves at a current density of 0.5 A-g~! for
rGO and H-rGO were 137 and 203 F-g~!, respectively. The CD
curve of H-rGO also shows a higher specific capacitance com-
pared to rGO. The higher specific capacitance of H-rGO is attri-
buted an increased conductivity due to the reduced number of
functional groups after hydrogen reduction of the rGO sample.
After 1000 cycles, the H-rGO sample shows 73% retention,
implying that the H-rGO has excellent stability (Figure 9). We
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Figure 9: Cycling stability of H-rGO.
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compared our result with other materials reported recently
(Table 1). For conductivity measurements, the H-rGO sample
was dispersed in ethanol and drop-cast on a gold gap electrode.
The average resistance measured using a Keithley source meter
is ca. 4 MQ. The corresponding electrical conductivity ob-
tained for H-rGO is ca. 0.068 S/m.

Conclusion

In conclusion, we present a very simple and efficient method
for the successful synthesis of nanosheets of rGO and of rGO
with high nitrogen content by the thermal decomposition of
sucrose and glycine. We measured the specific capacitance and
carried out charge—discharge experiments. The rGO nanosheets
that were hydrogen-treated (H-rGO) showed good supercapac-
itor behavior.

Experimental

Preparation of rGO and N-rGO nanosheets
Sucrose in the form of granulated table sugar from a retail store
and analytical grade glycine from Sigma-Aldrich were pur-
chased and used without further purification. Reduced graphene
oxide (rGO) was prepared by using granulated table sugar. 2.0 g
of sucrose was taken in a 100 mL borosil glass beaker. Then,
the beaker was directly introduced into the preheated muffle
furnace maintained at 475 + 10 °C in oxygen atmosphere. The
sugar undergoes dehydration, producing a black foam in
ca. 7 min. Finally, the resultant product was collected for
further analysis. A similar procedure was followed to prepare
N-rGO using glycine as precursor.

Hydrogen treatment of rGO nanosheets
Hydrogen-treated reduced graphene oxide (H-rGO) was ob-
tained as follows. 0.5 g of the rGO sample was taken in a
ceramic boat and placed in a tube furnace. The sample was
heated at 700 °C for 1 h in a continuous flow of Hy/Ar gas
(5% hydrogen gas with Argon). After the reaction, the
temperature was allowed to cool down to room temperature
naturally. The resulting product was collected and used for
the electrochemical supercapacitor measurements. The ob-
tained results were compared with the as-synthesized rGO
nanosheets.

Table 1: Comparison of the specific capacitance of H-rGO sheets with reported values.

material structure

porous electrochemically rGO  nanosheets
graphene oxide nanosheets
RGO/H,PO, nanosheets
RGO nanosheets
H-rGO nanosheets

specific capacitance (F-g~1) reference
81+3 [27]
121 [28]
101 [29]
90 [29]
139 this work
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Materials characterization

The samples were characterized using transmission electron
microscopy (TEM), atomic force microscopy (AFM), X-ray
diffraction (XRD) and thermogravimetric analysis (TGA).
X-ray diffraction patterns of the samples were collected in the
range of 10-70° (20) using a Bruker D8 diffractometer with a
Cu Ka source (A = 0.154178 nm). The morphology of the sam-
ples was examined using a Tescan Mira3 field-emission scan-
ning electron microscope (FESEM) equipped with an energy-
dispersive X-ray spectroscopy (EDS). The TEM, HRTEM
images and SAED patterns were obtained on a TALOS F200S
G2, 200 kV FEG, and a CMOS camera (4k x 4k). The TEM
samples were prepared by suspending the samples in ethanol,
using an ultrasonic bath, and subsequent dripping of the suspen-
sion on the grid and drying. Raman spectra of the samples were
recorded using a Jobin Yvon LabRam HR spectrometer with a
514 nm Ar laser. Thermogravimetric analysis of the samples
was carried out in an oxygen flow with a heating rate of
3 °C-min"! using a Mettler-Toledo-TG-850 apparatus. AFM
measurements were performed using a CP2 atomic force micro-

scope.

Electrode preparation and electrochemical

characterization

The catalyst inks of as-synthesized rGO and reduced graphene
oxide H-rGO were prepared by ultrasonication separately. A
mixture of 4.0 mg rGO and 0.025 wt % (5 puL) of Nafion in
0.4 mL of dimethylformamide (DMF) was sonicated until a ho-
mogeneous dispersion was obtained. 3 pL catalyst ink was
taken and drop-cast onto a glassy carbon electrode, which was
allowed to dry at room temperature. A similar procedure was
followed to prepare the H-rGO electrode. The electrochemical
studies, including cyclic voltammetry (CV) and chronopoten-
tiometry charge—discharge (CD), were carried out at room tem-
perature in 1 M H,SOy4 solution in a standard three-electrode
cell using an electrochemical workstation CHI 660E. This
system consists of a glassy carbon working electrode (3 mM), a
platinum wire counter electrode and a Hg/Hg,SO, reference
electrode with 1 M H,SOy electrolyte. The specific capacitance
(SC) of rGO and H-rGO was calculated from CV curves, ac-
cording to Equation 1:

sc:jldV/zvm-AV, (1)

where [IdV is the area under the CV curve, m is the mass of the
active material, v is the potential scan rate (V/s), and AV is the
potential window. We have also calculated the specific capaci-
tance from CD curves using Equation 2:

SC=It/m-AV, )

Beilstein J. Nanotechnol. 2020, 11, 68-75.

where [ is the current, ¢ is the time of the discharge cycle, m is
the mass of the active material, and AV is the potential window

of the discharge cycle.

Supporting Information

Supporting Information File 1

Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-11-7-S1.pdf]
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Abstract

On-site peroxide generation via electrochemical reduction is gaining tremendous attention due to its importance in many fields, in-
cluding water treatment technologies. Oxidized graphitic carbon-based materials have been recently proposed as an alternative to
metal-based catalysts in the electrochemical oxygen reduction reaction (ORR), and in this work we unravel the role of C=0 groups
in graphene towards sustainable peroxide formation. We demonstrate a versatile single-step electrochemical exfoliation of graphite
to graphene with a controllable degree of oxygen functionalities and thickness, leading to the formation of large quantities of func-
tionalized graphene with tunable rate parameters, such as the rate constant and exchange current density. Higher oxygen-contain-
ing exfoliated graphene is known to undergo a two-electron reduction path in ORR having an efficiency of about 80 + 2% even at
high overpotential. Bulk production of H,O, via electrolysis was also demonstrated at low potential (0.358 mV vs RHE), yielding
~34 mg/L peroxide with highly functionalized (=23 atom %) graphene and ~16 g/L with low functionalized (=13 atom %)
graphene, which is on par with the peroxide production using state-of-the-art precious-metal-based catalysts. Hence this method
opens a new scheme for the single-step large-scale production of functionalized carbon-based catalysts (yield ~45% by weight) that
have varying functionalities and can deliver peroxide via the electrochemical ORR process.

Introduction

Hydrogen peroxide (H,05) is identified as one among the most
important 100 chemicals in the world, and its applications
extend from the pharmaceutical industry to water purification
[1-3]. Today, a majority of the required H,O, is produced
through the complex and energy-intensive anthraquinone

method [4], and although it is popular, it has drawbacks such as

side reactions, which consume the catalyst leading to the regen-
eration and hydrogenation of the catalyst [4]. Alternative routes
for peroxide generation include direct preparation of H,O, from
oxygen and hydrogen, oxidation of alcohols [5], photocatalysis
[6], and electrochemical processes such as the electro-Fenton

process [7], microbial electrosynthesis [8], and proton ex-
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change membrane (PEM) assisted synthesis [9]. Further, in situ
generation of peroxide from dissolved oxygen via electrochemi-
cal ORR is identified as an effective route for water treatment
technology, where economically viable, biologically friendly,
sustainable catalysts are required [10-14].

Of the various routes, the direct synthesis of H,O, through the
reaction between H; and O in the presence of a catalyst [15] is
one of the possible routes having high yield, while the direct
mixing of Hy and O, can be explosive in nature [16], and hence
requires a large quantity of another gas such as N and CO,
to dilute the reactant gases [17]. Electrochemical synthesis
methods such as the PEM fuel cell reactor-based method can
overcome this limitation; however, this method relies on expen-
sive membranes to separate hydrogen and oxygen and to
directly yield HyO, from them [18]. Later, this method was
modified by generating protons (H*) through water oxidation
which eliminated the direct purging of H, gas [9]. The major
roadblock in this method is the development of a sustainable
electrocatalyst for the selective reduction of oxygen to H,O,
[19-23]. Today, most electrochemical H,O, production
methods rely on precious-metal-based materials or transition
metal and/or metal oxides, and hence their economic viability
for the future technologies is highly questionable [10,24-27].
Hence new metal-free electrode materials for H,O, generation

are highly sought after for future technologies.

Recently, carbon-based catalysts have emerged as an alternate
material for existing metal-based technologies [28,29]. For ex-
ample, carbon nanotubes (CNTs) have been well studied for
their catalytic activity, although conflicting reports exist due to
the presence of unavoidable metallic impurities present [30-33].
With the emergence of graphene, heteroatom doping in sp?
graphitic structures is found to be an engineering pathway for
altering the inert catalytic activity of planar honeycomb lattices
of graphene and its derivatives [34,35]. It has been found that
certain heteroatoms doped into graphene can even outperform
the benchmark catalysts such as platinum (Pt/C) in their long-
run alkaline ORR process where the extended stability in elec-
trochemical processes is one of the crucial issues with Pt/C
[36]. In all of these doped systems, carbon atoms near to the
defect centers are found as catalytically active centers [37].
Recently, an ultra-small amount of selenium (Se) edge functio-
nalized graphene (reduced graphene oxide (rGO)) was found to
undergo a direct four-electron path ORR process in alkaline me-
dium, where rGO undergoes a two-electron path peroxide route
ORR [35]. In this process, Se acts as a single atom site catalyst.
In a nutshell, depending on the nature of the dopant and its posi-
tion in the host lattice, it has been well reported that one can
engineer the electrochemical activity of nanographitic systems

and the catalytic reaction pathways [31,38-40].

Beilstein J. Nanotechnol. 2020, 11, 432—442.

Very recently, oxidized graphitic structures were identified for
their efficacy towards the alkaline ORR process leading to
selective peroxide production. In a recently reported theoretical
study by Cui et al., the carbon atoms near the oxygen function-
alities are used for their ORR efficacy via a two-electron path-
way [37]. It was further experimentally shown that carbon ma-
terials such as CNTs, graphene, etc. can be oxidized via chemi-
cal treatment, and these oxidized forms of spZ—sp? carbon
systems prefer peroxide formation in alkaline ORR process
[25]. Such studies are supported by reports from other groups,
where McCloskey et al. showed that sp-hybridized carbon
near-ring ether defects along sheet edges are the most active
sites for peroxide production in rGO [3]. They also showed that
the performance of these rGO-based catalysts in alkaline condi-
tions under low overpotential outperform the existing state-of-
the-art catalysts. However, a large extent of oxidation may
hamper the charge transfer properties of functionalized
graphene (graphene oxide (GO) or other functional derivatives
of graphene) [41]. Hence the single-step method for the produc-
tion of large scale, controllably functionalized graphene is of
high demand, and in this work, we demonstrate such a method
to control the extent of oxidation. Further, although it was pro-
posed that C=0 (quinone) functional groups are the major
candidates in deciding the peroxide route O, reduction, here we
provide experimental evidence for tuning the quinone groups in

graphene and its correlation to the peroxide production.

In one of our previous works, different halogenated graphene
materials were developed via a single-step electrochemical
exfoliation (EE) method [42]. It was found that such a method
can produce graphene with varying degrees of oxygen function-
alities [43]. Here we explore the possibility of functional groups
to control graphene toward the electrochemical production of
H,0, in alkaline medium, and the amount of peroxide gener-
ated is quantified using a spectroscopic technique. A large
amount of HyO; is found to be formed via such simple modifi-
cation of the exfoliation parameters, and the details are dis-
cussed in this article.

Results and Discussion

The detailed physical characterization of electrochemically
exfoliated graphene (EEG) was given in our recent report,
where the variation in the oxygen functionalities, amount of
fluorine content in exfoliated graphene, etc. were shown [43].
As discussed previously, the surface oxygen functional groups
are crucial for the reduction of molecular oxygen to H,O, and
hence high-resolution O 1s X-ray photoelectron spectroscopy
(XPS) was carried out. The O 1s peaks of different EEG sam-
ples are shown in Figure 1a. It can be seen that the intensity of
the O 1s peak decreases from G-M1 to G-M4 (where G refers to
graphene and M1, M2, M3, and M4 refer to the respective
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Figure 1: (a) High resolution O 1s XPS spectra of different EEG samples. (b) BET isotherms of different EEG samples.

molarity of the electrolyte used for the exfoliation), and the
elemental composition calculated from the survey spectrum of
the materials revealed that the degree of oxygen functionaliza-
tion varies from ~21 to ~10 atom % from G-M1 to G-M4 (as
inferred from the XPS survey spectrum as well as the high-reso-
lution C 1s and O 1s XPS spectra (Supporting Information
File 1, Figure S1a)) [43]. The O 1s spectrum can be deconvo-
luted into two distinct peaks (as shown in Figure S2) centered at
532.2 eV and 533.4 eV, corresponding to alcoholic (C—OH)/
ether type of oxygen in ester functional groups and carbonyl
(C=0 in -COOHR) functional groups, respectively [42,44]. Inter-
estingly, irrespective of the degree of functionalization (oxygen
content), carbonyl groups are found to be the major component
in all the EEG samples. This correlates with the Fourier-trans-
form infrared spectroscopy (FTIR) based analysis (Figure S1b),
which also shows the presence of covalent C-F functional
groups in all the samples. The samples also contain fluorine as
one of the dopants with a content varying from 2.3 to
3.9 atom %. However, previous studies showed that the fluo-
rine-doped graphene systems follow a direct four-electron ORR
path [45-48], whereas some of the other fluorine-doped carbon
prefers the H,O, path during the ORR [49,50]. Along with the
degree of functionalization, the surface area of the material can
also influence the catalytic property of the materials since these
EEG samples are derived from bulk graphite using a single-step
exfoliation in different electrolytes. The BET isotherms of the
EEG samples are shown in Figure 1b. The shape of the nitrogen
adsorption and desorption curves displays a typical type III
behavior, which corresponds to that of a layered material
[42,51]. The surface area varies from 46 * 2 m2/g (G-M1) to
11 £ 2 m?/g (G-M4). The change in the surface area can be at-
tributed to the rate of exfoliation of the graphite rod which in

turn depends upon the availability of fluoride and hydroxide

ions at the anode (i.e., the higher the hydroxide ions the faster

the exfoliation), which is in line with our recent report [43].

As described earlier, transmission electron microscopy (TEM)
images of EEG samples indicate that the average lateral size is
about 3—5 pm (more images in Supporting Information File 1)
and scanning electron microscopy (SEM) images indicate the
formation of randomly oriented exfoliated graphene nanosheets
[43]. However, the TEM images show that the thickness of the
graphene increases from G-M1 to G-M4, where the G-M4 is
found to block the electron beam despite its layered nature
(Supporting Information File 1, Figure S2). Here the thickness
variation is confirmed using atomic force microscopy (AFM),
and the results are given in Figure S3. This indicates that with
an increase in the concentration of the electrolyte, the thickness
is increased from 40 nm to 140 nm (Figure S3), which corre-
sponds with the TEM analysis [43] and BET-based surface area
data. Hence from the TEM, BET, and AFM analysis, it can be
concluded that the electrolyte concentration is important for
the electrochemical exfoliation assisted synthesis of ultrathin
graphene layers, and the electrolyte concentration also deter-

mines the extent of functionalization of graphene.

The presence of the C=0 groups is further confirmed by cyclic
voltammetry (CV) measurements in alkaline and acidic elec-
trolyte. The CV profiles of the EEG samples (EEG-modified
glassy carbon electrode (GCE) as the working electrode in a
three-electrode set up) in the acidic and alkaline medium be-
tween —0.2 to 1.2 V vs RHE at 100 mV/s scan rate are shown in
Figure 2. Two distinct features observed in the CV profiles are:
the difference in the area under the curve of the different EEG
samples, which indicates the difference in the surface area of

the electrodes; and secondly, the Faradaic redox peaks in acidic
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Figure 2: The CV profiles of different EEG samples in (a) acidic (0.5 M HoSQO4) and (b) alkaline (0.1 M KOH) electrolyte at 100 mV/s scan rate. The
CV with low scan rate (5 mV/s) is shown in Supporting Information File 1, Figure S4a. The current densities are calculated using the geometrical area.

CV curves, which is nearly absent under alkaline conditions.
Under both conditions (alkaline and acidic), G-M1 shows the
highest surface area and G-M4 showed the lowest. This system-
atic variation in the electrochemical surface area corresponds
with the BET analysis.

As mentioned, the CV profiles in the acidic medium show
redox peaks at ~0.5 V (0.5 M H,SOy), which corresponds to the
redox reaction of oxygen functional groups such as quinone to

hydroquinone, as per the following equation [52-54]:

Q+2H" <> QH, 1)

Interestingly, the intensity of the peak increases with the degree
of functionalization, which further supports the assumption that
the redox peak at 0.5 V is due to functionalization. These results
are in good agreement with XPS data, as discussed previously.
These redox peaks are not observed (only broad peaks) in alka-
line medium (Figure 2b) under identical conditions due to the
lack of the supply of protons (in acidic media, the conversion is
2H*, 2¢” reduction while in alkaline media it is only 2e~ reduc-
tion where Q%" stabilized by water molecules and all species
Q%, QH™, QH?2" are present in equilibrium). This indicates the
presence of C=0 groups and their role in electrochemical pro-

Cesses.

The ORR activity of different EEG samples is estimated using a
conventional three-electrode system. The CV profiles of EEG-
modified GCE in 0.1 M KOH electrolyte saturated with N, and
O, gas are displayed in Figure 3. The electrodes exhibit capaci-
tive (double layer) behavior in N,-saturated electrolyte, while a

sharp reduction peak corresponding to oxygen reduction in

O,-saturated electrolyte is shown in all the cases. The intensity
of the peak (peak current density) corresponds to the ORR
process and varies with the degree of oxygen functionalities
(from G-M1 to G-M4), which reveals the effect of the degree of
functionalization in ORR. The CV profiles plotted using the
current densities calculated using the electrochemical surface
area also shown similar trends, as shown in Supporting Infor-
mation File 1, Figure S5 (the detailed procedure to calculate
electrochemical surface area is given in the Supporting Infor-
mation File 1, see Figure S6). To summarize, the G-M1 sample
showed the highest reduction current under the same experi-
mental conditions whereas G-M4 showed the lowest current
with the rest of the samples in between these two samples.

To understand the ORR reaction pathway, rotating ring and disk
electrode (RRDE)-based hydrodynamic voltammetry is con-
ducted. Figure 4a shows ORR linear sweep voltammetry (LSV)
scans of different EEG samples on GCE disk (4 mm diameter)
and the H,O, oxidation over the platinum ring (potential kept at
1.5 V vs RHE) at 10 mV/s scan rate at 1600 rotation per minute
(rpm) for the electrode. The experiments are also carried out at
different rotation speeds, and the data is given in Supporting
Information File 1, Figure S7. The electrochemical parameters
derived from these experiments (at 0.358 V vs RHE) are shown
in Table 1. As shown in the Figure 4, the current density and
onset potential of the reaction vary with the degree of (oxygen)
functionalization. A benchmark Pt/C catalyst performance is

also shown for comparison.

The onset potential of ORR is found to become more favorable
with a high degree of functionalization, reaching 860 mV for
the G-M1 electrode and 770 mV for the G-M4 sample. The
onset potential and current density of G-M2 and G-M3 are
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Figure 3: The CV profiles of different electrodes in 0.1 M KOH electrolyte saturated with N2 and O». The current density is calculated using the

geometrical surface area.

found to be between those of G-M1 and G-M4. Interestingly,
the difference in fluorine content (which is nominal) did not
affect the onset potential of the ring current. The shape of the
LSV scans shows a two-step in reduction, which is due to the
reduction of oxygen to H,O, at lower overpotential and its
further reduction to H,O at higher potentials [44]. This sug-
gests that the ORR proceeds through a two-electron reduction
path in EEG samples while the sharp Faradaic current enhance-
ment followed by a plateau in Pt/C shows that it is a one-step
reduction process.

The quantity of HyO, produced is analyzed using a platinum
ring electrode at 1.5 V vs RHE. The ring current is higher
(0.067 mA) for highly functionalized graphene and less
(0.028 mA) for less functionalized (G-M4) graphene, which
displays higher peroxide formation in G-M1. Hence G-M1
shows higher O, reduction current and higher peroxide oxida-

tion than the others because the oxygen functionalities possess

selective activity towards ORR, which is in line with the other
recent reports [37]. The number of electrons transferred per
oxygen molecule and percentage (%) of H,O, produced during
ORR are calculated (using the details given in Supporting Infor-
mation File 1), and the data are shown in Figure 4b and 4c, re-

spectively.

Table 1 gives the kinetic parameters calculated from Figure 4a
(LSV of ORR on RRDE) at 0.358 V vs RHE. As shown in
the table, all the EEG samples, irrespective the degree of
functionalization, show the number of electrons transferred
as ~2.4 electrons per oxygen and yield =80 * 2% H,0,
generation. Figure 4c shows the number of electrons trans-
ferred over a potential range from 0.608 to 0.108 V vs RHE.
Interestingly, the ORR follows the peroxide reduction path
(about 2.2 £ 0.1 electron per oxygen molecule at 0.4V vs RHE)
at lower overvoltage, and the slight increase can be observed in

the number of electrons transferred at higher overpotential. The

436



0.2

J(@)
0.1
N T X
< 0.0
£
— 0.1
c
)
= 0.2
S
(&)
-0.3
——Pt/C
—G-M1
0.4 4 G-M2
—G-M3
G-M4
0.5 T T T T T d T T
0.0 0.2 0.4 0.6 0.8 1.0
Potential / V vs RHE
1404 (C) - G-M1
] —@— G-M2
120 —@— G-M3
] -8 G-M4
« 1004 =8 Pt/C
ON 1 - - —
I 350 S =
(e
o -
S 60+ ©
40 1
204 o - - -~—a
0 ] 1 ) ] 1 ]
0.1 0.2 0.3 0.4 0.5 0.6

Potential / V vs RHE

Beilstein J. Nanotechnol. 2020, 11, 432—442.

7.(b) —8— G-M1

6 —— G-M2
@ —8—G-M3
o - G-M4
5° —&—Pt/C
Q
@ 44 - Py - Py P _
- —
® 31
R =— =
£,
2

14

0 ] v ] ) T 1 ]

0.1 0.2 0.3 0.4 0.5 0.6
Potetial / V vs RHE
0.4

0.2

<

E 0.0

=

-

c

g

= -0.2

5 |

(&}

-0.4

0.6 ¥——"——"—"F"—""—"—""—"T—"—"T——T——7
0 500 1000 1500 2000 2500 3000 3500

Time / sec

Figure 4: (a) LSV scans of O reduction and HoO» (HO2™) oxidation on different EEG-modified RRDE samples. (b) The number of electrons trans-
ferred during ORR per O2 molecule and (c) the percentage (%) of formed HoO» (calculated from Figure 4a) is shown. (d) Chronoamperograms of Oz
reduction and HoO» oxidation processes at 0.358 V and 1.5 V vs RHE on different electrodes.

Table 1: The RRDE experiment electrochemical parameters obtained at 0.358 V (vs RHE, from Figure 4a).

Active materials Disk current (mA)  Ring current (mA)

Onset potential (V)

Number of electrons (n) % H»0O» at 0.358 V

G-M1 0.24 0.067
G-M2 0.18 0.046
G-M3 0.12 0.031
G-M4 0.11 0.028
Pt/C 0.32 0.015

0.86 2.35 82.07
0.84 2.41 79.09
0.81 2.43 78.43
0.77 2.40 80.01
1.01 3.65 17

increase in the number of electrons can be attributed to fluorine
functional groups attached to graphene, which can undergo a
direct 4-electron path at higher overpotential, as reported previ-
ously [47,55]. Highly fluorinated EEG (G-M2) shows about
three electrons per oxygen at higher overpotential (0.3008 to
0.108 V). However, it is found that the fluorine content can be
reduced by reducing the concentration of the electrolyte, which
further improves the selective production of H,O, even at rela-
tively higher overpotential.

In order to test the stability of these catalysts, chronoamperom-
etry experiments were conducted using RRD electrodes where
the disk current was kept at 0.358V vs RHE and the ring poten-
tial was kept at 1.5 V vs RHE. Figure 4d depicts the chronoam-
perograms of the ORR at the disk and H,O, oxidation at the
ring electrode for 1 h at 1600 rpm, which shows reasonable
stability in the current over time (both electrodes). Furthermore,
the variation in the current at the ring and disk for different
EEG samples follows the same trend as that found in the LSV
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scans (Figure 4a). The stability of the EEG-based catalysts
is also tested by repeated cycling of LSV at 1600 rpm for
1000 cycles (at 100 mV-s~!). The LSV scans of ORR before
and after 1000 cycles are given in Supporting Information
File 1, Figure S8 and the results show that all the EEG samples,
irrespective of the degree of functionalization, display very little
degradation in performance. This indicates that the functionali-
zed EEG samples are stable electrocatalysts for electrochemi-

cal H,O, production even under harsh alkaline conditions.

Hence it can be concluded that the presence of oxygen func-
tional groups is a key factor in improving the ORR, and they
undergo the redox process during the reaction in acidic medi-
um (see Figure 2a). In order to test the durability of the materi-
als in acidic medium, chronoamperometry studies were carried
out in 0.5 M H,SOy4 at 0.45 V vs RHE for 3 h. The EEG sam-
ples were studied (before and after chronoamperometry) using
Raman and FTIR spectroscopy along with the electrochemical
performance in 0.1 M KOH solution, and the data is given in
Figure 5. In Figure 5a, the Raman spectra of EEG before and
after 3 h of chronoamperometry are shown, which show no
appreciable change in either the peak position or peak intensity.
This indicates that no additional defects are created during the
experiment. The important Raman peaks are marked in the
figure and the shoulder peak in “G” is due to the additional
single phonon intra-valley scattering process (named as D’)
which is due to the presence of defects. However, the FTIR
spectrum (see Figure S4b) shows evidence for the formation of
OH functional groups during the chronoamperometry, which is
suggests that most of the C=0 functional groups are converted
into —C—OH during the reaction. To study the effect of the
change in the functionalization on ORR, we recorded the CV of
ORR in 0.1 M KOH solution before and after chronoamperom-
etry. Such changes are found to have an insignificant effect on
the performance of the material towards ORR (see Figure 5b).
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To evaluate the EEG samples further, the kinetic parameters
such as rate constant and exchange current density are calcu-
lated from the Tafel plot analysis (in O,-saturated electrolyte)
and are shown in Figure 6. As expected, G-M1 shows a high
exchange current 1.2 x 107 A, and G-M4 shows a low ex-
change current 7.4 X 107° A, which demonstrates that G-M1 is
kinetically more favorable towards ORR than G-M4. The rate
constant (k) was calculated from the following equation [56],

which is derived from the Butler—Volmer model [56]:

iy = FAK o0~ cp ©))

where i, is the exchange current density, F is the Faraday con-
stant (96485 C), Cz) is the concentration of the oxidant, C;; is
the concentration of the reductant, a is the transfer coefficient,
A is the surface area of the electrode (0.07 cm?), and kY is the

-1
<L -2-
S
—
r— -3
o)
o
=,
—— G-M1
=51 —— G-M4
05 04 03 02 -0.1
Voltage / V

Figure 6: Tafel plots of ORR over EEG-modified electrodes in
0.1 M KOH Oq-saturated electrolyte.
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Figure 5: (a) Raman spectra of EEG samples before and after 3 h of chronoamperometry in 0.5 M H2SO4 solution at 0.45 V vs RHE. (b) ORR in

0.1 M KOH solution before and after chronoamperometry.
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heterogeneous rate constant. In this case, we considered Cg =
CRr = C, where C is the concentration of the dissolved oxygen
which is 1.26 x 10~ mol-cm™ [57,58]. The rate constant value
calculated from the above equation is 1.39 x 1073 cm-s~! for
G-M1 and 8.52 x 107* cm-s™! for G-M4 which follow the trend
observed in exchange current density. Both i, and k® emphasize
the importance of the quantity of functional groups in ORR.

Large-scale production of peroxide using these EEG samples
are conducted using bulk electrolysis. EEG-coated and
uncoated graphite paper was employed for the electrochemical
production of H,O,. The H,O, produced through ORR is also
quantified using a Ce(SOy,), solution assisted UV-visible absor-
bance based analysis, where the details and calibration are
given in Supporting Information File 1. Figure 7a shows
chronoamperograms of ORR on EEG-coated graphite papers at
0.358 V vs RHE in 0.1 M KOH electrolyte for 3 h. G-M1
shows the highest current where the current subsequently
reduced from sample G-M1 to G-M4. The amount of H,O, pro-
duced is calculated as 34.5, 31.6, 23.4, and 16.4 mg/L for
G-M1, G-M2, G-M3, and G-M4, respectively. The high quanti-
ty of H,O, production in G-M1 can be attributed to its high
degree of oxygen functional groups, particularly due to C=0.
The amount of peroxide formed by this method is found to be
higher or on par with recent reports [3]. This opens an efficient
pathway for the single-step large-scale production of peroxide-
generating carbon-based ORR catalysts.

The weight of the anode (graphite electrode) used for the elec-
trochemical exfoliation was ~0.374 g and the 1-2 h of exfolia-
tion resulted in the complete consumption of graphite, deliv-
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ering ~0.180 £ 0.005 g of exfoliated functionalized graphene.

Hence the average yield of this process was found to be ~45%.

Hence such chemically modified graphene powders, which are
proven to be dispersible in a variety of organic solvents [59],
offer alternate possibilities towards existing metal-based
peroxide generation technologies. Controlling the electronic
properties via the thermal reduction method can further tune the
charge transfer properties of such functionalized graphene

powders [60], opening a plethora of opportunities in this field.

Conclusion

An efficient single-step method (without any post-treatment)
has been developed for the high-yield synthesis of carbon-based
peroxide, generating ORR catalysts having varying functionali-
ties. The role of quinone-containing functional groups in
graphene towards the electrochemical ORR process is unrav-
eled, and the higher C=0 content results in a large amount of
H»O, production at a high rate. The other functionalities in
graphene such as fluorine have a minimal role in lower poten-
tial reduction reactions while they become prominent at higher
potentials, where they undergo a direct four-electron reduction
of O, to water. The concentration of the electrolyte was found
to be related to the thickness of the formed exfoliated graphene
and its functionalities, and the 1 M KF-based exfoliation
resulted in ultrathin layers for the sample G-M1, which had a
high amount of C=0 groups but fewer C-F functionalities.
These electrochemically exfoliated functionalized graphene
samples are found to be highly stable in alkaline electrochemi-
cal conditions, whereby 3 h of ORR produced ~34 mg/L of
peroxide for an applied potential of 0.358 V vs RHE, indicating

(b)

w w
o [$)]
1 A 1

N
[$)]
1 A

Hz(z2 / n:glL

G-M3

G-M1 G-M2 G-M4

Figure 7: (a) Chronoamperogram of O, reduction at 0.358 V on graphite paper modified with EEG. (b) The amount of HoO» produced by each sam-

ple is shown in Figure 7b.
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a production on par or higher than the recently reported state-
of-the-art catalysts [3].

Experimental

Materials

Graphite rods of 3 mm diameter and 150 mm length with
99.999% purity, sodium hydroxide (ACS grade), sulfuric acid,
and hydrogen peroxide (27% w/v) were obtained from Alfa
Aesar. Nafion solution (5% w/w) was purchased from Sigma-
Aldrich, and potassium fluoride (KF) and Ce(SQOy4), were ob-
tained from Sisco research laboratories, India. All of the high
purity chemicals were employed as-received without any
further purification. Ultrahigh purity oxygen (99.999%) was
used for electrochemical reactions.

Synthesis of electrochemically exfoliated
graphene (EEQG)

EEG was synthesized via a method reported previously [42,43],
where the degree of functionalization can be tuned by changing
the concentration of the electrolyte (KF) from 1 to 4 M. In this
process, two graphite rods were used as electrodes in KF
aqueous electrolyte having different concentrations. A regu-
lated DC power supply (Physitech electronics, model:
PHY8230) in galvanostatic mode (0.2 A/cm?) was employed to
carry out the electrochemical exfoliation. After the complete
consumption of the graphite rod (anode), a black precipitate
was collected from the electrolyte through centrifugation and
subsequently washed with 1 M H,SO4 followed by deionized
water until the solution becomes neutral pH. The powder was
dried at 60 °C for 12 h and used for further studies. The sam-
ples prepared in 1 M, 2 M, 3 M, and 4 M KF electrolytes were
named as G-M1, G-M2, G-M3, and G-M4, respectively.

Characterization

As prepared EEG samples were characterized using a Renishaw
Invia Raman spectrometer with a 532 nm laser as the excitation
source. XPS (Thermo Scientific EASCA lab 2000) and FTIR
spectroscopy were used to unravel the nature and degree of
functionalization along with the change in morphology of these
samples. The surface area of the samples was analyzed using
Brunauer—-Emmett-Teller (BET) adsorption isotherms from a
Quantachrome Nova 1200e surface area analyzer. AFM was
used to study the thickness of the exfoliated layers.

Electrochemical experiments

All of the electrochemical ORR experiments were carried out in
a conventional three-electrode system with a catalyst ink modi-
fied GCE as a working electrode, Hg/Hg,Cl, and platinum foil
(results were cross-checked with graphite rod counter electrode,
too) used as a reference and counter electrodes, respectively.

The electrochemical performance of the materials was analyzed

Beilstein J. Nanotechnol. 2020, 11, 432—442.

using cyclic voltammetry (CV), linear sweep voltammetry
(LSV), and rotating ring and disk electrode (RRDE) measure-
ments. A BioLogic SP-300 instrument was used for these con-
trolled experiments and an RRDE with a GC disk (4 mm diame-
ter) and Pt ring (5 mm and 7 mm outer and inner diameters, re-
spectively) electrode was employed for the RRDE-based exper-
iments. The catalyst ink for the electrochemical characteriza-
tion was prepared by dispersing 10 mg of functionalized
graphene in 375 pL of the solvent mixture consisting of iso-
propyl alcohol (IPA, 275 uL), water (50 uL), and N,N-dimethyl
formamide (DMF, 50 pL). 3 uL and 5 pL of the above-pre-
pared ink was drop cast over the well-polished GCE and RRDE
(GCE disk having 4 mm diameter), respectively. All of the elec-
trochemical experiments were carried out in 0.1 M KOH solu-
tion (for ORR process) and 0.5 M H,SO, solution (for electro-
chemical surface area measurements). The 0.1 M KOH elec-
trolyte was initially saturated with ultrahigh pure N, followed
by O, gas before the respective analysis. The details of the
calculation for the number of electrons transferred are given in

Supporting Information File 1.

The quantification of the H,O, produced was carried out using
a UV-vis spectrometer [37,61]. A calibration curve was made
using 1 mM Ce(SOy); (25 mL) solution, 1% H,O, solution
(30% H,0O, solution was diluted to 1%) and the details can be
found in Supporting Information File 1 (Figure S9) [61]. Bulk
electrolysis was conducted using the above-mentioned inks. In
brief, 100 uL of the above-prepared catalyst ink was drop cast
over a 1 cm? area of the Toray carbon paper having 100 mm
length and dried at room temperature. These electrodes were
used as working electrodes for bulk electrolysis wherein the
electrochemical cell constitutes 100 mL of O,-saturated
0.1 M KOH electrolyte and a constant potential of 0.358 V vs
RHE, applied for 3 h. Subsequently, the sample (3 mL of elec-
trolyte) was collected and used for the quantification of the
H,0,. The details of the quantification are given in Supporting
Information File 1.

Supporting Information

The supporting information includes additional TEM
images, a detailed description of the quantification of
H;,0,, deconvoluted XPS spectra of O 1s, AFM analysis,
FTIR spectra, ECSA calculations, and RRDE analysis for
all EEG samples.

Supporting Information File 1

Additional experimental results and analysis.
[https://www .beilstein-journals.org/bjnano/content/
supplementary/2190-4286-11-34-S1.pdf]
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MoOs is a versatile two-dimensional transition metal oxide having applications in areas such as energy storage devices, electronic

devices and catalysis. To efficiently utilize the properties of MoO3 arising from its two-dimensional nature exfoliation is necessary.

In this work, the exfoliation of MoQO3 is carried out in 2-butanone for the first time. The achieved concentration of the dispersion is

about 0.57 mg-mL~! with a yield of 5.7%, which are the highest values reported to date. These high values of concentration and

yield can be attributed to a favorable matching of energies involved in exfoliation and stabilization of MoO3 nanosheets in

2-butanone. Interestingly, the MoOj3 dispersion in 2-butanone retains its intrinsic nature even after exposure to sunlight for 24 h.

The composites of MoO3 nanosheets were used as an electrode material for supercapacitors and showed a high specific capacitance

0f 201 F-g~! in a three-electrode configuration at a scan rate of 50 mV-s~!.

Introduction

The advent of graphene has opened a new area of research in
the field of two-dimensional materials [1]. The extraordinary
properties of graphene have led researchers to look into other
layered materials, such as metal dichalcogenides (MoS;, WS,
WSe,), hexagonal boron nitride (h-BN), layered double hydrox-
ides, metal hydroxides (Ni(OH),, Co(OH);), metal oxides
(MoOj3, WO3) and phyllosilicates, for various applications in

different fields [2-5]. Among the layered materials, molyb-
denum oxide (MoOj3) has gained special attention because of its
numerous applications in electronics, catalysis, electrochem-
istry, solar cells and gas sensors [6]. Monolayered and few-lay-
ered MoOs has been reported to have better properties than the
bulk material [7]. Thus, it is crucial to exfoliate MoO3 for im-

proved performance in a variety of applications.
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Liquid-phase exfoliation (LPE) has been shown to be an effec-
tive technique for obtaining dispersions of two-dimensional ma-
terials. It also offers the advantages of low cost and scalability
[2]. The LPE process is initiated either by ultrasonic vibrations
or shearing in a liquid medium that facilitates the exfoliation.
To influence the energies relevant for the exfoliation in aqueous
media, additives such as surfactants and polymers are used [8].
However, their removal is quite tedious and the remnants are
detrimental for some applications. To alleviate this, LPE has
been carried out in organic solvents taking into account the
Hansen solubility parameters (HSPs) [9]. To exfoliate MoO3 in
organic solvents without any additives, Coleman et al. have
found that N-methyl-2-pyrrolidone (NMP), N-cyclohexyl-2-
pyrrolidone, and dimethylformamide are the best solvents [10].
The high boiling point of these dispersions (bp > 150 °C)
restrict the usage in flexible devices along with issue that these
solvents are also toxic (NFPA 704 health code above 2 [11]).

There are reports in literature where MoO3 has been exfoliated
in solvents with low boiling point, such as isopropyl alcohol
(IPA) [5]. Alternative approaches for obtaining MoQOj3 disper-
sions in low boiling point solvents have also been reported. For
instance, Alsaif et al. have exfoliated MoOj3 in mixtures of
water and alcohols (methanol, ethanol, IPA) [12]. In these dis-
persions molybdenum bronze (H,MoO3) was formed after
exposure to UV radiation, making MoO3 quasi-metallic rather
than semiconducting [13,14]. Thus, it is of highest priority to
produce MoOj dispersions of high concentrations and yields
while maintaining the semiconductor properties of MoO3.

In an attempt to address the aforementioned issues, we
exfoliated MoOj3 in 2-butanone, an environmentally benign
solvent (NFPA 704 health code = 1) with low boiling point
(bp = 80 °C) for the first time. We obtained MoO3 concentra-
tions up to 0.57 mg-mL~! with a yield of 5.7%. It is noteworthy
that, the chemical nature of the MoO3 dispersions was not
altered after exposure to sunlight (UV radiation) for 24 h. The
exfoliated MoO3 was used as electrode material for supercapac-
itor applications. The specific capacitance values were as high
as 221 F-g~! at 5 mV-s~! with good rate capability and capaci-
tance retention in a three-electrode system.

Experimental

Liquid-phase exfoliation of MoO3

Bulk molybdenum trioxide (MoO3) powder was purchased
from Sigma-Aldrich (99% purity, 300 mesh) and 2-butanone
was procured from Finar Limited (AR, 98% purity). All materi-
als were used without further purification. Bulk MoO3 powder
suspensions with different initial concentrations of 5, 7.5, 10,
and 20 mg-mL~! were sonicated with a probe sonicator Vibra
cell VCX 750. All exfoliations were carried out at 60% ampli-
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tude using a 13 mm diameter horn in a 100 mL cooling cell
maintaining the temperature below 20 °C. For comparison,
exfoliations in IPA and IPA/H,O (1:1) were also performed
using a similar protocol. After sonication, the dispersions were
allowed to rest for 12 h before centrifuging at 500 rpm (REMI
Neya-12) for 1 h to remove non-exfoliated flakes. Small
aliquots were collected at regular time intervals in order to
measure the concentration. The absorbance of the MoO3 disper-
sions was recorded using a UV—vis spectrophotometer (Perkin
Elmer Lambda 750) in 10 mm quartz cuvettes. The concentra-
tions of dispersions were determined by using thermogravi-
metric analysis. For this, 4 mL of MoOj3 dispersion was filled in
a 5 mL beaker followed by drying off the solvent at 80 °C in a
preheated oven. The remaining MoO3 powder in the beaker was
weighed to determine the concentration. The morphology of
MoOj flakes was characterized using field-emission scanning
electron microscopy (FESEM; Tescan Mira3), transmission
electron microscopy (TEM; FEI Talos, 200 kV) and atomic
force microsopy (AFM; Agilent 5500). Samples for FESEM
and AFM were prepared by dripping 10 pL of MoOj3 disper-
sion (diluted 100 times) onto a Si/SiO, (300 nm) substrate while
samples for TEM were prepared by dripping 10 puL of the
diluted dispersion on a 300 mesh lacey carbon grid. Raman
spectra (Horiba LABRam HR) of the MoOj layers were re-
corded using a 532 nm excitation laser. X-ray diffractograms
(XRD; Rigaku Smart lab) of the bulk and exfoliated MoO3 were
obtained using a Cu Ka (1.54 A) X-ray source. The surface
potential of MoOj3 dispersions was determined by zeta potential
measurements using a Malvern Zetasizer NanoZS. All electro-
chemical measurements were carried out using Autolab
PGSTAT302N.

Electrode preparation and electrochemical testing
Three-electrode system: A glassy carbon electrode (GCE,
0.3 cm diameter) as the working electrode, Pt wire as counter
electrode and a saturated calomel electrode (SCE) as reference
electrode were used for the electrochemical testing of the exfoli-
ated MoOj dispersions and its composites. In brief, the GCE
was cleaned with a polishing cloth using fine alumina abrasive
powders and washed thoroughly in deionized water. The re-
quired amount of the dispersion of known concentration was
dripped onto the cleaned GCE using a micropipette and dried
under ambient conditions. Nafion® was used as the binder. To
study the effect of the conducting additive, different ratios of
conductive carbon black (CB) were added and sonicated for
15 min to obtain homogeneous dispersions, which were then
dripped on the GCE. All electrochemical measurements were
performed in 1 M H;SOy4 electrolyte.

Two-electrode system: The optimized ratio obtained from

measurements of the three-electrode configuration were used to
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fabricate two-electrode devices. The respective amounts of
MoO3 and carbon black were mixed with 5 wt % of PVDF and
stirred overnight in NMP to form a thick paste. The paste was
used to make a thin electrode film on carbon paper (1.5 cm X
1.5 cm) and dried in an oven at 60 °C. To fabricate two-elec-
trode supercapacitors, two such electrodes were sandwiched be-
tween battery-grade steel current collectors, separated by filter
paper dipped in 1 M H,SOy4 electrolyte.

Results and Discussion

LPE assisted by tip sonication is an effective technique to peel
off mono- and few-layers from layered bulk materials. In the
crystal structure of a-MoO3 the atoms are connected to layers
through distorted edge- and corner-sharing MoOg octahedra.
The layers are linked through weak out-of-plane van der Waals
interactions. For exfoliation of MoQOj3, 2-butanone, a low boiling
point solvent, was chosen the HSP values of which match well
with those of MoO3 (Supporting Information File 1, Table S1).
To study the exfoliation efficiency, different initial concentra-
tions (Cj) of MoOj3 (5, 7.5, 10 and 20 mg-mL’l) were sonicated
for 1 h using probe sonication. The UV-vis spectra of the dis-
persions were collected and the absorbance per unit length (A/l)
is shown in Figure la. As Cj of the dispersion increases the A/l
value also increases. This suggest that with an increase of Cj,
the final concentration (Cy) of the dispersion also increases.
This is probably due to the larger amount of material available
for exfoliation. The inset in Figure 1a shows the Cy of the dis-
persions as a function of C;. To understand the impact of the
sonication time on Cy, MoO3 with C; = 10 mg-mL™! (time-de-
pendent studies with other C; values are shown in Figure S1,
Supporting Information File 1) was sonicated for different
periods of time (1, 3, 5, and 7 h). The UV-vis spectra of the dis-
persions were recorded and are shown in Figure 1c. From
Figure lc, it is evident that as the time of sonication increases
the A/l value increases, which indicates that C¢ increases with
increase in sonication time (a similar trend is also observed for
other Cj values (Figure S1, Supporting Information File 1). The
maximum Cy of 0.57 mg-mL~! (shown in inset of Figure 1b)
with a yield of 5.7% is achieved after sonication for 7 h. It is
worth noting that this is the highest concentration and yield of
MoO3 dispersions achieved to date, to the best of our know-
ledge (Figure 1c). The high concentration and yield can be attri-
buted to a favorable matching of the exfoliation and stabiliza-
tion energies between the solvent and the MoO3 nanosheets. It
has been theoretically reported that apart from the matching of
HSP values, factors such as the structure of the solvent, its bulk-
iness and its re-orientation on the exfoliated nanosheets are
other critical parameters to be considered for efficient exfolia-
tion [15,16]. These theoretical studies were also supplemented
with experimental observations where it was demonstrated that

the simple addition of a —CH, group to a solvent drastically
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changes the efficiency of the LPE process [17-19]. It is also re-
ported that the exfoliation efficiency of layered materials may

differ depending on the bulk precursor. To validate this, the
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Figure 1: (a) UV-vis spectra of MoOg dispersions obtained from differ-
ent initial concentrations (C;). The inset shows the final concentration
as a function of the initial concentration; (b) UV-vis spectra of MoO3
dispersions obtained from C; = 10 mg-mL~" after different sonication
durations. The inset shows the final concentration as a function of the
sonication time; (c) comparison of previously reported MoOg disper-
sion yields in different solvents [5,12,21].
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exfoliation of MoO3 was carried out from two different precur-
sors procured from different manufacturers. Similar concentra-
tions of MoQj5 dispersions were obtained under identical experi-
mental conditions (Supporting Information File 1, Figure S2)
[20].

The structural and chemical nature of the exfoliated MoOj
nanosheets was determined using microscopic and spectroscop-
ic techniques. The two-dimensional nature of MoOj3 is demon-
strated in the TEM micrograph in Figure 2a. Supporting Infor-
mation File 1, Figure S3c,d, also shows ultrathin nanosheets of
MoO3 suggesting a successful exfoliation. The selected-area
electron diffraction (SAED) pattern shown in the inset of
Figure 2a indicates that the MoO3 nanosheets are crystalline
after exfoliation. Crystallinity and retention of the orthorhombic
phase of exfoliated MoOj3 nanosheets are evident from XRD
(Figure S4, Supporting Information File 1). The HRTEM
micrograph in Figure 2b shows a d-spacing of 0.38 nm corre-
sponding to the (110) planes of orthorhombic MoO3 (indexed
with JCPDS file No. 05-0506). The AFM micrograph in
Figure 2c shows the topography of MoO3 nanosheets the thick-
ness values of which suggest the presence of 5-7 layers [6]. The
FESEM micrographs shown in Supporting Information File 1
corroborate the exfoliation of MoOj3. Figure S3a,b (Supporting
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Information File 1) shows bulk MoO3 and exfoliated nano-
sheets of MoO3, respectively.

Along with the morphological characterization it is also impor-
tant to assess the chemical nature of the exfoliated nanosheets.
It was previously observed that the exfoliation of MoOj3 in some
low boiling point alcohols (IPA, ethanol) and mixed solvent
systems based on H,O (IPA/H;0, ethanol/H,0) tend to lead to
the formation of molybdenum bronze (H,MoO3) when
exposed to UV radiation [12,21]. The mechanism of the reac-
tion is [13]:

MoO; —™ > MoO; +h* +¢,
2h* +H,0——2H" +0.50,,

MoO; +xH" +xe” ——>H MoO5.

H* ions, which are dissociated from the protic solvents, tend to
intercalate in MoOs layers forming H,MoOj3 and the MoOj dis-
persions change the color to blue. It is worth mentioning that
exfoliation in 2-butanone did not result in any color change
when exposed to sunlight (UV radiation) for 24 h unlike IPA
and IPA/H,0O mixture (Figure 2d). The probable reason is the
aprotic nature of 2-butanone, which does not support the forma-
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Figure 2: (a) TEM micrograph of MoO3 nanosheets. The inset shows the SAED pattern; (b) HRTEM micrograph of MoOg nanosheets; (c) AFM micro-
graph of MoO3 nanosheets; (d) photograph of MoOg dispersions in 2-butanone, IPA and IPA/H20 mixture; (e) Raman spectra of bulk and exfoliated
MoQg3 in different solvents; (f) zeta potential of MoOg dispersions in 2-butanone.
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tion of H* in the presence of UV light. This was further con-
firmed using Raman spectroscopy and UV-vis spectroscopy
(Supporting Information File 1, Figure S5). The Raman spectra
of bulk and exfoliated MoOj3 in 2-butanone, IPA and an IPA/
H;O mixture are shown in Figure 2e. Bulk and exfoliated MoO3
in 2-butanone has strong Raman peaks at 278, 334, 662,
816 and 992 cm™!, which are in good agreement with
orthorhombic a-MoOj3, suggesting that the exfoliated MoO3
retained its chemical structure [13]. Additionally, the increase in
full width at half maximum (FWHM) from 4 cm™! (bulk) to
8 cm™! (exfoliated in 2-butanone) confirms the exfoliation of
MoOj3. However, MoOj exfoliated in IPA shows additional
peaks at 415, 775 and 894 cm’l, which are due to a deforma-
tion of Mo-O bonds confirming the formation of H,MoO3 [13].
Similarly, the MoO3 nanosheets exfoliated in the IPA/H,O
mixture show the evolution of some new peaks at 485 and
733 cm™! suggesting the presence of MoOs_, [13]. The Raman
spectra clearly suggest that MoO3 nanosheets are chemically
stable in 2-butanone even after exposure to sunlight. Zeta poten-
tial measurements were carried out to determine the charge on
the surface of the nanosheets, which is critical for the stability
of the dispersions. The high zeta potential of —=33.5 mV
(Figure 2f) affirms the stability of MoOj dispersions in
2-butanone.

Exfoliated two-dimensional materials are known to exhibit
good electrochemical properties compared to the bulk materials
[22,23]. The electrochemical properties of the exfoliated MoOj3
nanosheets were evaluated using a three-electrode configura-
tion and are shown in Figure 3. Figure 3a shows the cyclic vol-
tammetry (CV) measurement of the electrodes recorded be-
tween —0.8 and —0.1 V with a scan rate of 50 mV/s. Initially,
pristine exfoliated MoO3 sheets were studied regarding the
charge-storage properties. But, the pristine MoO3 nanosheets
did not show any appreciable currents associated with redox
peaks and the calculated specific capacitance was found to be
very low (around 2 F-g~!, Supporting Information File 1, Figure
S6). This may be attributed to the poor intrinsic electronic
conductivity of the MoOj3 [24]. In order to enhance the electro-
chemical properties, composites of exfoliated MoO3 nano-
sheets and conducting carbon black (CB) were prepared. As
shown in Figure 3a, well-defined oxidation and reduction peaks
are observed after the addition of 2 wt % CB. The two sets of
redox peaks at —0.38 V/=0.47 V and -0.47 V/-0.66 V corre-
spond to the reversible intercalation of the H* ions into the
MoOj layers [25].

In addition, composites were prepared by adding 5 and 8 wt %
of CB, and the corresponding CV measurements are shown in
Figure 3a. The highest specific capacitance was observed for

the composite that contains 5 wt % CB with values reaching up
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to 221 F-g~!. The composites with 2 and 8 wt % CB show spe-
cific capacitance values of 205 and 149 F-g~!, respectively, at a
scan rate of 5 mV-s~!. The optimum amount of CB to make
conductive pathways in MoOj appears to be 5 wt % [26,27].
The change in specific capacitance as a function of the amount
of CB is shown in the inset of Figure 3a. The rate capabilities
can be understood based on the change in performance as a
function of the scan rate [28]. To study this, the composite with
5 wt % CB was cycled at different scan rates (Figure 3b). The
change in specific capacitance as a function of the scan rate is
shown in Figure 3c. Even at a high scan rate of 50 mV-s™! the
electrode retained a capacitance value of 200 F-g~! suggesting
that it is a suitable material for fast-charging applications. This
property could be assigned to the two-dimensional nature of the
MoO3 nanosheets, which possess a high surface area allowing
for almost unhampered diffusion and electrochemical interac-
tion [29]. To study the effect of exfoliation on the electrochemi-
cal properties, bulk MoO3 with 5 wt % of CB was fabricated
and tested under similar conditions. Compared to composites
with exfoliated MoOj3 the performance of the composite with
bulk MoQj is worse (Supporting Information File 1, Figure S6).
A comparison of the performance of MoOs3-based supercapaci-
tors is shown in Table S2 (Supporting Information File 1).
Galvanostatic charge—discharge measurements are a method to
study the charge—discharge characteristics of electrode materi-
als. The composite with 5 wt % CB was charged and discharged
at different current densities and pseudocapacitive behavior was
observed (Figure 3d). The charge—discharge profile shows a
change in slope, which could be due to the electrochemically re-
versible hydrogen intercalation, which was also seen in the vol-
tammetry curves. The charge and discharge times were found to
be 15 and 13 s at a current density of 1 A-g~1. Cycling stability
is a key factor for the commercialization of supercapacitors
[30,31]. The composite with 5 wt % CB was tested for about
500 cycles (Figure 3e). Initially the specific capacitance was
found to increase, which can be attributed to the wetting of the
active material in the initial cycles [26]. Electrochemical imped-
ance spectroscopy was used to study the effect of CB
(Figure 3f). The addition of carbon black leads to a reduction of
charge transfer resistance in the composites with 5 and 8 wt %
CB (6 Q) compared to the composite with 2 wt % CB (19 Q).
The charge—transfer curve is similar for 5 and 8 wt % CB,
which implies that the effect of the additive saturates at 5 wt %
CB. This observation also supports the observation from vol-
tammetry data where the composite with 5 wt % CB shows a

better performance.

Typically, electrode materials are tested for supercapacitor ap-
plications in a three-electrode configuration. But for practical
applications, it is appropriate to test them in a two-electrode

configuration. The optimized material from the three-electrode
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Figure 3: (a) CV measurement of MoOg/carbon black composites showing pseudo capacitive behavior, inset shows the change in capacitance with
increasing mass fraction of carbon black; (b) performance of a composite electrode with 5 wt % CB as a function of the changing scan rate; (c) capaci-
tance as a function of the scan rate, (d) galvanostatic charge—discharge profile of the 5 wt % CB composite; (e) capacitance retention of the 5 wt %

CB composite; (f) EIS of the composites.

system (MoO3/5 wt % CB composite) was chosen for fabri-
cating a two-electrode supercapacitor device (Figure 4). The
CV curve of the capacitor at a scan rate of 5 mV-s™! is shown in
Figure 4a in a potential window from 0 to 0.6 V. The humps in-
dicating a pseudocapacitance may be attributed to redox reac-

tions in MoQj as discussed for the three-electrode measure-

ments. CV measurements have been carried out at different
scan rates (Figure 4b). A maximum specific capacitance of
68.4 F-g~! at a scan rate of 5 mV-s~! was obtained. The capac-
itor also shows good rate capabilities (Figure 4c). The specific
capacitance values varied from 18 to 68 F-g~! at scan rates be-
tween 50 and 5 mV-s~!.
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Figure 4: Supercapacitor characterization of a MoO3/5 wt % CB composite in two-electrode configuration. (a) CV curve of the symmetric capacitor at
a scan rate 5 mV-s~'; (b) CV curve at different scan rates; (c) capacitance as a function of the scan rate; (d) galvanostatic charge—discharge;
(e) cyclic stability and (f) electrochemical impedance spectrum with enlarged view in the inset.

Charge—discharge characteristics of the capacitor are shown in
Figure 4d. It shows a capacitive charge—discharge response with
a small iR drop. This can be attributed to the better conduc-
tivity after adding CB. To study the stability of the composite,
cyclic voltammetry was carried out up to 2000 cycles. Initially,
the capacitance increases, which may be attributed to the
wetting of the electrode with the electrolyte and the activation

of available sites. Also, the composite shows a capacitance

retention up to 94% even after 2000 cycles. Electrochemical
impedance spectroscopy (EIS) is used to study the electrochem-
ical series resistance and ideal nature of the capacitor. As shown
in Figure 4f, EIS shows a typical plot having a semi-circular
loop followed by a straight line. The magnified view in the inset
of Figure 4f shows that the composite with 5 wt % CB has a
low internal resistance, supporting the observation from the
charge—discharge curve.
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Conclusion

The exfoliation of MoO3, carried out in the low boiling point
solvent 2-butanone using probe sonication, resulted in a concen-
tration of 0.57 mg-mL~! and a yield of 5.7%, which are the
highest values reported to date. Additionally, the MoOj3 disper-
sions in 2-butanone do not undergo any chemical transformat-
ion when exposed to sunlight. Composites of the exfoliated
MoO3 nanosheets with carbon black show a high specific ca-
pacitance of 201 F-g~! at 50 mV-s™! in a three-electrode config-
uration. In a two-electrode configuration, the electrode shows a
high stability for 2000 cycles with 94% capacitance retention.
We believe the process reported here can be used for the fabri-
cation of flexible supercapacitors for wearable electronics.
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Abstract

The influence of single-layer graphene on top of a SiO,/Si surface on the orientation of nonplanar lead phthalocyanine (PbPc) mol-
ecules is studied using two-dimensional grazing incidence X-ray diffraction. The studies indicate the formation of a mixture of
polymorphs, i.e., monoclinic and triclinic forms of PbPc with face-on (lying down) and edge-on (standing up) PbPc orientations, re-
spectively. The formation of monoclinic fractions is attributed to the presence of the graphene layer directing the 7 interactions be-
tween the highly delocalized macrocycles. The competing interfacial van der Waals forces and molecule-molecule interactions lead
to the formation of a small fraction of triclinic moieties. The nanoscale electrical characterization of the thin PbPc layer on
graphene by means of conducting atomic force microscopy shows enhanced vertical conductance with interconnected conducting
domains consisting of ordered monoclinic crystallites through which the charge transfer occurs via tunneling. These results
show the importance of a templating layer to induce the formation of a required phase of PbPc suitable for specific device applica-
tions.

Introduction

Organic semiconductors have been extensively used in, among  their optoelectronic properties through their molecular packing,
others, organic light-emitting diodes and organic photovoltaics. ~ which in turn is governed by substrate—molecule interactions
In particular, metal phthalocyanines (MPcs) have gained con-  [1-4]. Nonplanar MPcs, such as lead phthalocyanine (PbPc), are

siderable interest as they offer flexibility in the modification of  particularly interesting in the field of photovoltaics due to their
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extraordinary near-infrared (NIR) absorption. The chemical
structure of a PbPc molecule is given in Figure 1. The well-
known polymorphs of crystalline nonplanar MPcs are mono-
clinic and triclinic forms [5]. In thin films of MPcs, the mole-
cules may attain face-on or edge-on orientations with respect to
the substrate plane while forming the above crystal phases. The
monoclinic fractions are known to have strong absorption in the
visible range while the triclinic polymorph exhibits intense NIR
absorption bands [3,6]. The formation of specific crystalline
phases of nonplanar MPc molecules has been largely explored
by introducing various substrate modifications or templating
layers including 1H,1H,2H,2H-perfluorodecyltrichlorosilane
(FDTS), MoO3 and Cul. A FDTS layer induces the edge-on
arrangement regardless of the crystal phase, while a Cul inter-
layer induces the formation of triclinic PbPc moieties stacked
face-on to the substrate yielding enhanced NIR absorption [6].
Organic molecules such as pentacene, fullerene and sexithio-
phene have also been utilized for inducing the growth of the
triclinic phase [7,8]. These studies indicate that the growth of an
organic film depends on the delicate interplay between the sub-
strate—molecule and the molecule—molecule interactions. In the
case of CuPc molecules deposited on Cgg layers on highly
oriented pyrolytic graphite (HOPG) or SiO,, it has been re-
ported that CuPc attains different orientations resulting in sub-
stantial differences in donor—acceptor energy level alignment at
the interface. Thus, ordering and orientation of these molecules
significantly affect charge carrier injection and transport in

semiconductor devices [7].

Rresy
A

(b)

2.37A

14A

Figure 1: Chemical structure of lead phthalocyanine. (a) Top view and
(b) side view of a Pb(ll)Pc molecule.

Pristine substrate surfaces of HOPG and Si themselves can in-
duce orientation control over the growth of MPc structures

without the aid of additional templating layers. In our earlier

Beilstein J. Nanotechnol. 2020, 11, 814-820.

work, we have observed that orientation and molecular packing
of nonplanar PbPc molecules are influenced by the nature of the
substrate, which has been attributed to different substrate—mole-
cule interactions [9]. With the application of 2D materials, such
as graphene in device configurations, it is important to under-
stand the orientation of MPc molecules on these atomically thin
materials [10,11]. A single-layer of graphene can serve as a
transparent conducting electrode and function as donor or
acceptor when combined with suitable organic counterparts
[12,13]. However, graphene itself is supported on a rigid sub-
strate for device integration and, hence, it is important to
consider any influence of the underlying substrate on the MPc
orientation. It has been shown that a monolayer of graphene,
due to its extremely thin nature, exhibits transparency to the
wetting behavior on substrates where van der Waals forces are
the dominant surface—water interactions [14]. The wetting trans-
parency disappears with an increasing number of graphene
layers, and the wettability approaches that of graphite. The
underlying support substrate is reported to even influence the

chemical reactivity of a monolayer of graphene [15].

Most of the orientation studies of MPc on graphene deal with
planar MPc molecules such as FePc, CoPc, CuPc and ZnPc,
which form layers in a face-on configuration [16-19]. A combi-
nation of brilliant synchrotron radiation and a highly sensitive
2D X-ray detector are employed to establish the structure and
orientation of organic molecules such as MPcs, pentacene and
P3HT [6,11,20-22]. Studies concerning the orientation of
nonplanar MPcs on graphene are rare. Vanadyl phthalocyanine
(VOPc) has been reported to attain edge-on configuration on a
graphene surface [23]. The nucleation of CuPc on graphene is
reported to be influenced by the underlying Ir(111) substrate
[24]. It will be interesting to explore the molecular orientation
of nonplanar PbPc on single-layer graphene supported on a sub-
strate. In this study, we have investigated the molecular orienta-
tion of a PbPc film deposited on chemical vapor deposition
(CVD)-grown graphene transferred onto a SiO,/Si substrate,
using synchrotron two-dimensional grazing incidence X-ray
diffraction (2D-GIXRD). We show that although graphene in-
duces the face-on stacking of monoclinic domains, the under-
lying SiO; substrate can still cause edge-on triclinic orienta-
tions as well. We also present the electrical current mapping of
PbPc on graphene revealing interconnected highly conducting
domains.

Results and Discussion

The Raman spectrum of CVD-grown single-layer graphene
transferred onto a SiO,/Si substrate (referred to as SLG/Si0,/Si
hereafter) is presented in Figure 2. A sharp and strong peak at
2680 cm™!
and can be fitted with a single Lorentzian function (FWHM =

corresponds to the characteristic 2D band of SLG
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35.47 cm™1). The peaks at 1587 and 1342 cm™! correspond to
the G- and the D-band, respectively [25].

2D
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Figure 2: Raman spectrum of single-layer graphene on a SiO»/Si sub-
strate used as a template for the deposition of the PbPc film.
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The structure of the PbPc film on single-layer graphene was
studied using 2D-GIXRD. Figure 3a shows the 2D-GIXRD
pattern, which clearly shows a peak along the ¢, direction at
0.89 A1, d=17.06 A, corresponding to the (320) reflection of
monoclinic PbPc crystallites. Figure 3b shows the profile
section of Figure 3a in ¢, direction indicating the Braggs peaks
as discussed above. The signature of monoclinic moieties along
the g, direction indicates that the PbPc molecules exhibit
ordered stacking, normal to the substrate plane. This type of
vertical ordering known as cofacial arrangement can promote
charge transport in the vertical direction [6,9,26]. Further, a
small fraction of the (320) reflection is measured at an
azimuthal angle (Figure 3c). The 2D-XRD also shows the pres-
ence of a peak at 0.49 A~! along the g, direction, which may be
assigned to the (200) reflection of the monoclinic phase or the
(001) reflection of the triclinic phase, occurring at the same po-
sitions with d = 12.82 A (Figure 3a,b). This less intense peak in-
dicates that there is a small number of crystallites arranged in an
edge-on configuration [26]. There is a peak at 0.53 A~! corre-
sponding to the (100) reflection of the triclinic phase in the gy

(a) 1.0
0.8t (c) ex10’
5x103 | 1
~ 06} 0.53A"
< 3x103 |
S 04} ,
2x103 |
0.2_ ‘ 0 1 1 L 1 1
3L
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qy(A?) g
= 3x10° |
(b)
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Figure 3: (a) 2D-GIXRD pattern of a 10 nm PbPc film on SLG/SiO,/Si. (b) Profile section along the q, direction. (c) Intensity as a function of the

azimuthal angle for different Bragg peaks.
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plane with d = 11.87 A. This signature in the gxy plane may be
an indication of a tilted face-on arrangement of triclinic
moieties with respect to the substrate (Figure 3b,c). The aver-
age ratio between monoclinic and triclinic phase was roughly
estimated from the corresponding Bragg peaks, and the mono-
clinic phase constitutes 65-70% of the PbPc crystallites.

The molecular orientation of both planar and nonplanar MPc
molecules on oxide substrates such as SiO; is well known. The
molecules were shown to preferably have an edge-on orienta-
tion [3,7,9,27-29]. In our earlier studies, we have reproducibly
obtained different crystallites of PbPc on substrates such as
HOPG, Au(111), Si and SiO,. Detailed studies using Raman
spectroscopy and 2D-GIXRD show ordered monoclinic and
triclinic moieties on HOPG and Si substrates, respectively,
while the Au(111) surface gives rise to disordered fractions due
to the absence of long-range ordering [9,26]. In the present
study, the presence of single-layer graphene on SiO; has a
templating effect and induces a monoclinic packing of PbPc in
the face-on configuration. Our previous theoretical studies have
shown that the PbPc molecule exclusively adopts a face-on con-
figuration on an unsupported graphene layer owing to m—m and
van der Waals interactions. For multilayer depositions, ordered
7 stacking of the macrocycles with Pb-up configuration is ex-
pected due to the dominant m—m interactions between the Pc
macrocycle and the graphene layer [9,26].

In the present study, although there is a graphene layer, triclinic
moieties with edge-on configuration are still observed. In the
case of CVD graphene transferred on to substrates by the
polymer method, it has been reported that the presence of
polymer residues can cause edge-on orientation for pentacene
on graphene [11]. However, in this work, effort has been taken
to remove any polymer residues via thermal treatment [30].
Recently, Rafiee et al. found, in the context of wetting, that the
van der Waals forces are not disrupted by the graphene sheet as

Beilstein J. Nanotechnol. 2020, 11, 814-820.

it is extremely thin (ca. 0.3 nm) [14]. Hence, we consider that
the edge-on configurations are formed under the influence of
the underlying SiO;. The presence of triclinic moieties in an
inclined configuration could be a result of competing interfa-
cial van der Waals and forces and the  interactions between the
graphene layer and the underlying SiO,. Thus more than one
layer of graphene may be required to diminish the weak interfa-
cial van der Waals forces from the SiO, substrate [7]. The pos-
sibility of interaction between molecules in the top layers
further away from the influence of graphene may also cause
inclined and random orientations [31]. Based on the 2D-GIXRD
measurements, a schematic of the molecular arrangement of
PbPc molecules with monoclinic and triclinic fractions on the
surface of SLG/Si0,/Si is inferred in Figure 4.

A A: A A Aﬁ Aﬁ Monoclinic.
AT }V A PbPc moiety
Az Triclinic

moiety

Single-layer
graphene

Figure 4: Schematic showing the molecular orientation of PbPc mole-
cules on SLG/SiO/Si.

The topography of the PbPc layer was studied using atomic
force microscopy (AFM, Figure 5). Figure 5a and the inset
show that the film consists of granular PbPc crystallites
deposited uniformly on the surface of a single-layer graphene
sheet. The size of the PbPc grains is 80-100 nm. The figures
show that the film is quite continuous and uniform. Figure 5¢
shows the profile section taken from the inset of Figure 5a indi-
cating the height variations across the film. The rms roughness
of the film was found to be 2.82 nm. Wang et al. carried out a
similar study by depositing a 10 nm thin ZnPc film on a

—~~
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Figure 5: (a) AFM image of a 10 nm PbPc layer on single-layer graphene. The inset shows a magnified image of a 2 pm x 2 ym area. (b) 3D view of
the inset image. (c) Profile section across the marked line in the inset of (a) showing the height variation.
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graphene/Si0,/Si substrate to study the effects of the molecular
orientation on the interfacial electronic properties. The rough-
ness of the film was reported to be 2.47 £ 0.28 nm [19]. The
crystallite size of PbPc was also derived from the 2D-GIXRD
peaks at 0.49 and 0.89 Al using the Scherrer equation with a
value of £ = 0.9 assuming spherical particles. Crystallite sizes of
14.37 and 33.58 nm were obtained from the Bragg peaks of
0.49 and 0.89 A~!, respectively.

Further, we have carried out electrical studies using conducting-
AFM (C-AFM). Figure 6a,b shows the topography and the cor-
responding current map of the film. The current response map
shows an average current value of about 1 nA across the sur-
face with highly conducting grains, which exhibit current values
as high as 8-9 nA (Figure 6¢). The conducting domains may
arise as a result of face-on monoclinic fractions that are verti-
cally stacked. Such stacked molecules can give rise to more
energy states near the bandgap aiding charge transport [9]. The

Current
S
1

T N T

01 02

03 04 05
Length (um)
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less conductive regions may have triclinic moieties or other
crystallite arrangements that do not facilitate charge transport.
Figure 6d is the I-V curve acquired from one of the conducting

domains in the vertical configuration.

The curve is non-linear as expected for PbPc and higher current
values are observed. The obtained /-V plot can be fitted to a
generalized Simmons equation indicating that the charge trans-
port in a thin PbPc layer is governed by tunneling (Figure 7). A
plot of In(/V2) as a function of V! indicates a logarithmic de-
pendence in the low-bias region showing direct tunneling,
which transforms into a linear dependence in the high-bias
region, suggesting Fowler—Nordheim (F-N) tunneling or injec-
tion tunneling. However, it is seen that the transition from direct
to F-N tunneling is not a sharp transition. Instead, there is a
seemingly linear slope between the two states. A sharp rise in
linear current is noticed beyond this region, which corresponds
to F-N tunneling [9]. Graphene has similar properties as graph-
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Current (nA)

Fallal
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19 1 2 3 4 5
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Figure 6: (a) AFM topography,1 um x 1 um scan area. (b) Corresponding current map of 10 nm PbPc thin film on SLG/SiO,/Si substrate obtained at
2 V sample bias. (c) Profile section of (b) along the marked line showing the current variation across the film. (d) /=V curve acquired from a conduct-

ing domain.
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ite and is expected to exhibit similar templating effects as ob-
served earlier on graphite due to its sp2-hybridized structure.
The vertically stacked monoclinic domains on the graphene sur-
face provide an uninterrupted path for electrical transport and
thus give rise to higher current values.

o{@ Vg =042V

-1 °/
S .
£ o =1

3 VA

v
o/
¥ 03 04 05 06
-4 4 Voltage (V1)

0 2 4 6 8 10 12 14 16
Voltage (V1)

Figure 7: (a) Plot of In(//V2) as a function of V-1 for PbPc on single-
layer graphene showing a transition from direct tunneling to F-N
tunneling and (b) linear fit for the region of F-N tunneling.

Conclusion

Structural studies of a thin layer of PbPc (10 nm) deposited on
CVD-grown single-layer graphene supported on a SiO,/Si sub-
strate show the presence of a mixture of monoclinic and triclinic
polymorphs with, respectively, face-on and edge-on configura-
tions. The presence of monoclinic fractions in a preferred face-
on orientation is ascribed to the m—m interactions between the
sp2-hybridized plane of graphene and the macrocycles of PbPc.
However, the presence of SiO; surface beneath graphene, which
exerts interfacial van der Waals interactions and intermolecular
interactions on the top layers, influences the orientation of PbPc
molecules leading to the formation of a very small fraction of
triclinic moieties in edge-on or tilted configuration. Further,
electrical characterization of these films in a vertical configura-
tion shows enhanced conduction. Monoclinic domains stacked
cofacially on the substrate surface facilitate the charge transport
by improved m-electron coupling. These studies demonstrate the
possibility to fabricate device architectures with the desired ori-
entation of the film by carefully choosing the substrate or intro-

ducing a templating layer.

Experimental

A 10 nm thin PbPc film on single-layer graphene supported on
a Si0,/Si substrate (SLG/Si0,/Si) was deposited using physi-
cal vapor deposition. The PbPc film was deposited at a base

pressure of 1 X 107> mbar while the substrate was held at

Beilstein J. Nanotechnol. 2020, 11, 814-820.

100 °C. The deposition rate was 1-1.5 A-s~!. Single-layer
graphene was synthesized by chemical vapor deposition (CVD)
on a copper substrate and transferred by a standard technique
using poly(methyl methacrylate) (PMMA) onto a SiO;
(300 nm)/Si substrate as reported elsewhere [30]. This process
is optimized with regard to minimal PMMA contamination.
Further after the transfer, the substrates were heated to 400 °C

in forming gas for 1 h to remove remaining polymer residues.

The structural characteristics of the single-layer graphene were
studied using a Horiba XploRA PLUS Raman spectropho-
tometer with a 532 nm laser and a 50X objective. The molecu-
lar orientation of the thermally deposited PbPc film on single-
layer graphene was studied using 2D grazing incidence X-ray
diffraction (2D-GIXRD) at the PETRA III PO8 beamline
(Deutsches Elektronen-Synchrotron, DESY) with a flat-panel
Perkin Elmer detector with 2048 x 2048 pixels of the size of
200 pm at a beam energy of 25 keV, corresponding to
A = 0.496 A. The obtained results were analyzed with the help
of the GIXSGUI software with MATLAB interface [32].

Morphological studies and electrical measurements of the PbPc
layer were carried out using an Agilent 5500 AFM. The AFM
was operated in C-AFM mode in which the PbPc layer is sand-
wiched between the conductive graphene layer, which served as
a bottom electrode, and the Cr/Au tip (diameter < 35 nm and
k =0.18 N-m~!, MikroMasch, USA), serving as a top electrode.
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Microwave irradiation of metals generates electric discharges (arcs). These arcs are used to generate nanoparticles of Cu and Ni and

one-dimensional nanorods of CuS, ZnF,, and NiF, protected with fluorinated amorphous carbon. We have also synthesized reduced

graphene oxide and partially rolled graphene by this method.

Introduction

The synthesis of nanomaterials in short time intervals with
fewer chemicals has become increasingly important in materi-
als science. Traditional routes of synthesizing nanomaterials, in-
cluding sol-gel synthesis, solvothermal synthesis, arc-dis-
charge synthesis, or laser ablation, require either large amounts
of chemicals or longer synthesis times, or both [1]. Microwave
synthesis has become popular in the last three decades as an al-
ternative route for synthesizing molecules and materials at a
significantly shorter time scale [2-8]. Dielectric heating under
microwave irradiation both in solution and in the solid state
rapidly increases the reaction temperature and helps to improve
reaction kinetics significantly. This reduces drastically the reac-

tion time [9,10]. Non-thermal effects may also influence the

reaction kinetics, which is still a subject of discussion [9,11].
Bulk metals generally reflect microwaves, whereas fine metal
powders or thin films can couple with microwaves (the penetra-
tion depth of microwaves in metals is 1-2 pum). This will
quickly increase the temperature through conduction mecha-
nisms, which enables the sintering of metals by using micro-
waves [12-14]. It was found that the sintering of metal powders
by microwaves produces products that are denser than and me-
chanically superior to the ones obtained by conventional heating
[14]. Other than reflection and conduction, metal particles
usually produce electric discharges (arcs) when exposed to
microwaves due to the formation of high electric field gradients

at sharp edges on the metal surfaces [12]. The generation of arcs
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might be the reason why microwave irradiation has not been
used to generate different nanomaterials from metal particles.
However, some studies show that the treatment of metals under
microwave irradiation in organic solvents can carbonize the
organic solvents forming carbon-coated metallic nanoparticles
[15,16]. Recently, Pentsak et al. have shown that metals, such
as Cu, Fe, and Mo, on carbon form nanometer-scale structures
under microwave heating [17]. However, the microwave dis-
charge technique, which is fast, solvent-free, and easy to set up
technically, has not been explored to its fullest potential to
synthesize different nanomaterials with controlled morphology.

In this communication, we report on the microwave-induced
electric discharge synthesis of Cu, Ni, und Zn nanoparticles
from metal particles. Also, we can control the morphology of
the nanomaterials, which has not been achieved before. ZnF,,
NiF,, and CuS nanorods covered with amorphous fluorinated
carbon were synthesized. We have also extended this procedure
to synthesize reduced graphene oxide and graphene without

using any solvents or additional surfactants.

Results and Discussion

Smooth surfaces on commercially available metal particles do
not create arcs under microwave irradiation. Instead, they heat
up or reflects the microwaves. Thus, activating metal surfaces
by acid treatment is essential before using metal particles in
further microwave arc experiments. All metal powders were
treated with 0.5 M nitric acid under sonication for 10 min to
create rough surfaces. In this process, copper partially gets
oxidized to CuyO. The X-ray diffraction (XRD) patterns show
reflections of Cu,O after acid treatment, while the majority of
Cu remains in the metallic form (Figure 1a). Scanning electron
microscopy (SEM) images of copper powder before and after
acid treatment are shown in Figure 1b and Figure Ic, respec-
tively. The SEM image clearly shows the sharp edges on acid-
treated copper. Graphitic carbon nitride (g-C3Ny) or graphite
powder (commercially available) are used as carbon source.
g-C3Ny is synthesized and characterized according to [18].
X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) confirms the formation of g-C3Ny4 (Figure S1 in Support-
ing Information File 1).

The reactions were carried out in quartz or Teflon beakers. A
Teflon beaker also served as a carbon and fluorine source for
the experiments. Typically, 100 mg of acid-treated metal
powder mixed either with graphite powder or g-C3Ny (50 mg)
were placed inside a domestic kitchen microwave (2.54 GHz,
power 700 W) and treated for periods of time between 5 s and
2 min. Arcs were generated in the activated metal, which evapo-
rated the metal along with carbon. Carbon-coated metallic

nanoparticles formed on the top lid of the reaction vessel. For
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Figure 1: (a) XRD patterns of commercially available Cu powder and
Cu powder after treatment with 0.5 M HNO3. (b) SEM images of pure
Cu powder and (c) acid-treated Cu powder.

synthesizing nanorods, sulfur was used as a growth promoter.
Typically, a mixture of activated metal (100 mg), sulfur powder
(25 mg) and g-C3Ny4 (50 mg) were added to a Teflon beaker and
irradiated with microwaves. It is important to note that in the
absence of carbon (graphite/g-C3Ny), the arc synthesis yielded a
mixture of metal and metal oxide nanoparticles and the particle
sizes were found to be difficult to control.

In Figure 2a, we show a schematic of a reaction vessel inside a
microwave device. Figure 2b shows the optical image of plasma
generated in the reaction vessel during microwave irradiation.
Microwave irradiation of activated metals mixed with either
graphite or graphitic carbon nitride (g-C3Ny) yields carbon-
coated or nitrogen-doped carbon-coated metallic nanoparticles.
When these reactions are conducted in a Teflon reactor, the
products are further functionalized with fluorine. Figure 3a
shows XRD patterns of Cu and Ni nanoparticles generated after
1 min of microwave treatment of activated Cu and Ni powders
in the presence of g-C3Ny. The patterns show pure phases of Ni
and Cu. The formed nanoparticles are covered with fluorinated
amorphous carbon. Figure 3b shows the SEM image of Cu
nanoparticles covered with amorphous fluorinated carbon with
an average size of 80 nm. The C-F bonds at the surface of the
metallic nanoparticles could be further functionalized for differ-
ent applications such as drug delivery [19]. A SEM image of Ni
nanoparticles is shown in Figure S2 in Supporting Information
File 1. Figure S3 in Supporting Information File 1 shows the
SEM images of Cu nanoparticles covered with amorphous fluo-
rinated carbon synthesized using graphite as carbon source. The
structural and morphological features of these Cu nanoparticles
are similar to those of Cu nanoparticles produced using g-C3Ny.

In contrast to Cu and Ni, microwave irradiation of zinc metal in

1020



Reaction mixture product

Beilstein J. Nanotechnol. 2020, 11, 1019-1025.

Figure 2: (a) Schematic of the synthesis in a microwave reactor, (b) plasma generated with metal particles under microwave irradiation.

Intensity (a.u.)

Angle (26)

Figure 3: (a) XRD patterns of carbon-coated Cu and Ni nanoparticles and ZnF» nanorods. (b) SEM images of carbon-coated Cu nanoparticles.
(c) SEM images of ZnF5 nanorods. (d) SEM image and EDS elemental mapping of a single ZnF» nanorod.

the presence of Teflon and g-C3N4 creates ZnF, nanorods
inside fluorinated carbon. From XPS (Figure S4, Supporting
Information File 1) the carbon-to-fluorine ratio was calculated
to be 3:2. Zn is highly electropositive and reacts readily with
fluorine from Teflon and forms ZnF,. The XRD patterns in
Figure 3a confirm the formation of ZnF,. Both nanorods and
nanoparticles of ZnF, were formed as can be seen from the
SEM image (Figure 3c). Figure 3d shows the energy-dispersive
spectroscopy (EDS) mapping of Zn and F, which confirms the
presence of Zn and F in the nanorod. The average diameter of
the nanorods is 100 nm and the length ranges from 2 to 3 pm.
The formation of external amorphous fluorinated carbon nano-

tubes helps as a template in the formation of ZnF, nanorods.

It is well established that sulfur acts as a growth promoter for
carbon nanotubes and carbon fibers [20,21]. Thus, sulfur was
introduced to the reaction mixtures to improve the yield of

nanorods. The microwave treatment of activated Zn metal with

g-C3Ny4 and sulfur in a Teflon container produced ZnF,
nanorods in high yield. The XRD patterns in Figure S5 in Sup-
porting Information File 1 confirm the phase purity of ZnF,.
Figure S6 in Supporting Information File 1 shows the SEM and
transmission electron microscopy (TEM) images of ZnF,
nanorods produced in the presence of sulfur. The SEM images
indicate the high yield of ZnF, nanorods. The high-resolution
TEM (HRTEM) image in Figure S6d (Supporting Information
File 1) confirms the single-crystalline nature of ZnF;. Similarly,
microwave treatment of Ni in the presence of sulfur in a Teflon
beaker yielded NiF, nanorods along with Ni nanoparticles
(Figure S5 and Figure S7, Supporting Information File 1). It is
important to note that a similar experiment without sulfur
yielded only Ni nanoparticles. Figure S7 in Supporting Informa-
tion File 1 shows SEM and TEM images of NiF, nanorods. The
EDS mapping in Figure S7c (Supporting Information File 1)
confirms the presence of Ni, F and C in the NiF, nanorods. A

TEM image of NiF, nanorod covered with amorphous carbon is
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shown in Figure S7d (Supporting Information File 1). The
HRTEM image (Figure S7e, Supporting Information File 1)

clearly shows the single-crystalline nature of the NiF; nanorod.

Interestingly, microwave treatment of copper in the presence of
sulfur in Teflon yielded CuS nanorods instead of CuF/CuF,
nanorods. The reactivity of Cu with sulfur is higher than that
with fluorine as soft—soft interactions between Cu and S domi-
nate the product stability compared to soft-hard interactions be-
tween Cu and F. The XRD pattern in Figure 4a confirms the
hexagonal covellite structure of CuS. The SEM image in
Figure 4b and the TEM image in Figure 4c confirm the one-
dimensional nature. CuS nanorods are single-crystalline as can
be seen from the HRTEM image in Figure 4d. CuS nanorods
were found to grow along the [101] direction. The average core
diameter of the CuS nanorods is about 25 nm and the thickness
of the amorphous layer on top of the CuS nanorods is about
5 nm.

Reports on the generation of inorganic nanomaterials from
metals by electric arcs under microwave irradiation are rare.
Here, we have shown that metals can effectively interact with
microwaves when metallic particles contain rough surfaces or

sharp edges. When electrically conducting rough surfaces are

Beilstein J. Nanotechnol. 2020, 11, 1019-1025.

exposed to microwaves, electric fields distribute inhomoge-
neously along the surface of the conductor. At tips and sharp
edges, very high electric field gradients occur, leading to the
ionization of the material and the surrounding gas, followed by
electric discharges [12]. These discharges might lead to the
melting of the metal and the evaporation of metal, surrounding
carbon, sulfur, and fluorine (from Teflon). A chemical reaction
between the metal and sulfur and/or fluorine leads to the
formation of metal sulfides and/or fluorides depending on the
reactivity. Cu and Ni, in the presence of graphite and /or
g-C3N, and the absence of sulfur produce metallic nanoparti-
cles. This might be due to the reducing capability of carbon at
high temperatures preventing the metals from getting oxidized.
When sulfur is used in the reaction mixture along with g-C3Ny,
sulfur helps to produce carbon nanotubes instead of carbon
nanospheres. The reactivity of sulfur with the end caps of nano-
tubes does not allow the carbon nanotubes to close. These
amorphous carbon nanotubes help as a template to intercalate
metal fluorides/metal sulfides. As the local temperatures are
very high, metal fluorides and sulfides melt and fill the nano-
tubes via capillary forces. The liquids solidify as one-dimen-
sional nanorods inside the nanotubes. The usage of g-C3Ny,
instead of graphite, was found to be beneficial, especially for
obtaining high yields of nanorods. However, the choice of

=] (a) ae C,N,+Cu+S
L] <2

=)

1)

c

Q

et

c

20 30 40 50 60
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Figure 4: (a) XRD patterns of CuS nanorods synthesized in the presence of sulfur by microwave irradiation of copper in the presence of g-C3N4 in a
Teflon beaker for 2 min. (b) SEM, (c) TEM and (d) HRTEM images of CuS nanorods. The asterisk (*) in panel (a) indicates the reflections from Cu.
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graphite or g-C3Ny has shown little to no difference in the syn-
thesis of nanoparticles.

We have also studied exfoliation of graphite and graphite oxide
(GO) under microwave irradiation in the presence of Zn metal.
We have observed exfoliation of graphite into few-layered
graphene. We have also seen a partial rolling of graphene sheets
into nanoscrolls (Figure 5a,b). The formation of ultrasmall
nanoparticles of ZnO along with graphene was detected (see
Figure S8 in Supporting Information File 1). In the case of GO
exfoliation, we have observed the formation of nanosheets of
reduced graphite oxide (Figure 5c¢). These nanosheets still
keep hexagonal structure under microwave irradiation as can be
seen from the selected area electron diffraction pattern in
Figure 5d.

Conclusion

We have shown that microwave-induced electric discharges on
rough metallic surfaces can be effectively used to synthesize
nanomaterials with controlled morphology. Cu and Ni metallic

Beilstein J. Nanotechnol. 2020, 11, 1019—1025.

nanoparticles are stabilized through amorphous carbon.
Nanorods of ZnF;, NiF, and CuS are synthesized inside fluori-
nated amorphous carbon nanotubes in the presence of sulfur.
External C-F bonds can be further functionalized readily with-
out disturbing internal materials. We could also produce
reduced graphene oxide and graphene partially rolled into nano-
scrolls. We hope that this work encourages further research
exploring the possibilities to synthesize other inorganic nano-
materials by microwave-induced electric discharge without the

need for surfactants and solvents.

Experimental

Roughening the surface metal powders
Commercially purchased micrometer-sized metal powders (Ni,
Cu and Zn) are treated with nitric acid to create rough surfaces.
In a typical reaction, 100 mg of metal powder is transferred to a
beaker containing 10 mL of 0.5 M nitric acid and sonicated for
10 min. The resultant powder is washed with water several
times until pH 7 and dried it in an oven at 50 °C for 2 h before
being used in further microwave experiments.

Figure 5: (a, b) TEM images of few-layered graphene partially rolled into nanoscrolls synthesized by irradiating graphite with microwaves in the pres-
ence of Zn metal for 30 s. (c) TEM image of graphite oxide after exfoliation trough microwave irradiation in the presence of Zn metal for 30 s and

(d) the corresponding selected area electron diffraction pattern.
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Synthesis of graphitic carbon nitride (g-C3Ng)
g-C3Ny is synthesized and characterized according to [18]. In a
typical reaction, melamine (150 mg) and urea (71 mg) are
mixed in a quartz boat and heated at 650 °C under nitrogen flow
for 2 h to obtain bulk g-C3Ny as orange product.

Generation of nanomaterials using
microwave-induced discharge

To generate nanoparticles by microwave-induced discharge,
the reaction is conducted either in a quartz or a Teflon
beaker. A Teflon beaker also serves as a carbon and fluorine
source for the experiments. Typically, 100 mg of acid-treated
metal powder mixed either with graphite powder or g-C3Ny
(50 mg) and placed inside a domestic kitchen microwave
(2.54 GHz, power 700 W) and treated for 5 s to 2 min. The
product containing carbon-coated metallic nanoparticles
are collected from the lid of the reaction vessel. For synthe-
sizing nanorods, sulfur is used as a growth promoter. Typically,
a mixture of activated metal (100 mg), sulfur powder (25 mg)
and g-C3Ny (50 mg) is placed in a Teflon beaker and irradiated
with microwaves. The products are collected from the lid of the

reaction vessel. The above experiments are performed in air.

Preparation of few-layer graphene and
graphite oxide nanosheets

In a typical experiment, 50 mg of acid-treated Zn metal is
mixed with 100 mg of either graphite or graphite oxide in a
quartz beaker and irradiated with microwaves for 1 min. Prod-
ucts are collected from the reaction vessel, sonicated in ethanol
for 1 min and centrifuged for 5 min at 6000 rpm to separate big
metal particles and unreacted graphite. The supernatant solu-
tion is collected for further characterization.

Characterization of products

The reaction products are characterized by X-ray diffraction
(PANanalytical X’pert PRO), field-emission scanning electron
microscopy (JEOL JSM 7600F, combined with energy-disper-
sive spectroscopy (EDS)), transmission electron microscopy
(JEOL JEM 2100F) and X-ray photoelectron spectroscopy XPS
(Thermo VG Scientific MultiLab, ESCA).

Supporting Information

Supporting Information File 1

Characterization details of g-C3Ny by XRD and XPS.
Electron microscope analysis of Ni, Cu, ZnF;, NiF,, and
ZnO nanostructures.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-11-86-S1.pdf]
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