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Abstract

Excessive use of tetracycline (TC) antibiotics in aquaculture, particularly in Vietnam, has contributed to environmental contamina-
tion and economic losses. To address this problem, we developed a novel cellulose-based multicomponent adsorbent material
(PGC) synthesized from sodium carboxymethyl cellulose and investigated factors influencing its TC adsorption capacity. The syn-
thesis process was optimized using parameters derived from the response surface methodology. The surface and structural proper-
ties of PGC were characterized, and the TC adsorption efficiency of PGC was assessed using high-performance liquid chromatogra-
phy—mass spectroscopy (HPLC-MS). Elemental analysis of PGC identified four key mechanisms governing its endothermic TC
adsorption mechanism: surface complexation, electrostatic interactions, hydrogen bonding, and CH—m interactions, with surface
complexation between CaZ* and TCs being dominant. Batch adsorption experiments conducted to examine the factors influencing
adsorption capacity revealed that PGC achieved up to 70% TC removal efficiency at an adsorbent dosage of 40 mg and an initial
TC concentration of 60 mg-L~! at pH 6-7, reaching equilibrium after 12 h. The surface characteristics and structural properties of
PGC were determined using various material characterization techniques, including FTIR, SEM, EDX, and BET. Verification ex-
periments under optimal conditions confirmed that the adsorption process followed second-order kinetics and the Langmuir
adsorption isotherm model. Under optimal experimental conditions, a maximum adsorption capacity (g,,) of 123.2 mg-g~! was esti-
mated using the Langmuir isotherm model. These findings indicate that PGC demonstrates strong potential as an effective
adsorbent for the removal of average 70% TC antibiotic residues, particularly oxytetracycline, chlortetracycline, TC, and doxycy-
cline.
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Introduction

The aquaculture industry plays a crucial role in the global
economy, particularly for coastal nations, including Vietnam.
However, its multibillion dollar contributions are accompanied
by the growing problem of excess antibiotic usage, notably
tetracyclines (TCs), a widely used class of antibiotics in recent
years [1-4]. Recent studies indicate that oxytetracycline (OTC),
a TC derivative, is the predominant antibiotic used in Vietnam’s
white leg shrimp farming industry, particularly during the
10-30 day and 30-45 day rearing periods [5]. The extensive use
of OTC is primarily attributed to its broad-spectrum activity,
rendering it effective in controlling various bacterial infections
in shrimp. However, unregulated antibiotic usage poses signifi-
cant risks, including the presence of antibiotic residues in
seafood, which threaten human health. More broadly, overuse
of antibiotics diminishes aquatic biodiversity and leads to sub-

stantial economic losses.

Nowadays, various methods, including adsorption, biological
processing, photocatalysis, and electrochemical methods, have
been used to remove antibiotics from contaminated water. How-
ever, these conventional treatment methods are restricted by
costs, prolonged treatment durations, low adsorption efficiency,
water matrices, and secondary pollutant formation, limiting
their overall efficiency. A promising method for tackling tetra-
cycline antibiotics involves membrane technologies such as
osmosis membrane technology [6,7]. However, this approach
presents significant upfront investment and recurring mainte-
nance costs, while the contents of organic material and dis-
solved salts significantly affect the function of the membranes.
Furthermore, challenges related to the draw solution and the
necessity for integrating additional membrane processes for its
regeneration remain key hurdles. Photochemical processes have
also garnered significant research interest for tetracycline antibi-
otic removal, leveraging UV radiation [8,9]. While this ap-
proach offers cost-effectiveness, simplicity, and environmental
benefits, its efficacy is strongly influenced by the compound’s
adsorption spectrum, the sample matrix, and the radiation inten-
sity. Activated carbon is a conventional approach [10,11], how-
ever, a major drawback of activated carbon is its incomplete
recovery after adsorption. Because adsorption primarily relies
on physical interactions such as hydrogen bonding interactions,
electrostatic forces, and van der Waals forces, adsorbed antibi-
otics may desorb and reenter aquatic environments [12]. More-
over, activated carbon exhibits low selectivity and adsorption
capacity. Among novel adsorbents, metal-organic frameworks
[13] and molecularly imprinted polymers (MIPs) [14] are par-
ticularly notable for their high target specificity. Although MIPs
are effective, their synthesis requires exceptional precision and
is time-intensive. Meanwhile, magnetic solid-phase extraction

columns [15] have been explored for TC removal; however,
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they are impractical for processing large sample volumes. These
limitations have spurred the development of more effective and

versatile adsorbents.

Modern adsorbents are available in diverse compositions. More-
over, they are easy to manufacture and generally both cost-
effective and environmentally friendly. Cellulose-based adsor-
bents, in particular, have garnered increasing attention in recent
years. For instance, Yao et al. used three-dimensional cellulose-
based materials to remove various antibiotics from water, in-
cluding TC, exhibiting high adsorption capacity and good reus-
ability [16]. Moreover, three-dimensional cellulose-based aero-
gels, which feature high porosity and a large specific surface
area, have demonstrated adsorption efficiency across a wide pH

range [17].

Although previous studies have offered valuable insights,
further research is needed to optimize the structural and compo-
sitional properties of materials to improve their performance.
For instance, carboxymethyl cellulose (CMC), an anionic deriv-
ative of cellulose, is a linear polysaccharide consisting of anhy-
droglucose units linked by $-1,4-glycosidic bonds. The key
distinction between CMC and cellulose is that some hydroxy
groups in cellulose are replaced by carboxymethyl
(-CH,COOH) groups. The introduction of carboxymethyl
groups greatly enhances the water solubility of CMC relative to
that of cellulose. CMC, recognized as one of the most promis-
ing cellulose derivatives, was first synthesized in 1918 [18].
Owing to its unique surface properties, high mechanical
strength, abundance of raw materials, and cost-effective synthe-
sis, CMC is now widely used in food, textile, pharmaceutical,

and wastewater treatment industries.

This study aims to synthesize a cellulose-based multicompo-
nent adsorbent material (PGC) using commercial sodium CMC,
cross-linked with glutaraldehyde (GA) and polyvinyl alcohol
(PVA); and cationized with CaZ" and Zn2* for the removal of
TC from aquaculture effluents. Our approach involves optimiz-
ing the material’s synthesis using the response surface method-
ology, and a wide range of characterization methods was per-
formed to assess the surface characteristics and morphology of
the synthesized adsorbent. Additionally, the study examines the
adsorption mechanism of TC on the material’s surface and eval-
uates the effects of pH value, adsorbent dosage, and matrix

composition.

As a biodegradable and easily recoverable material derived
from natural cellulose, this adsorbent offers a sustainable alter-
native to synthetic materials that pose environmental risks. In

addition to wastewater treatment, this material could be utilized
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in medicine, pharmaceuticals, air purification, and environ-

mental monitoring.

Results and Discussion

Experimental optimization

Conventional production and modification methods typically
involve the manipulation of a single independent variable while
holding all other variables constant [19]. However, chemical
processes frequently involve a multitude of interacting factors,
necessitating the simultaneous evaluation of potential interrela-
tionships. To address this challenge, statistical experimental
design methodologies, notably response surface methodology
(RSM), have been developed. RSM, a robust integration of
mathematical and statistical techniques, is extensively em-
ployed for process optimization and the elucidation of interac-
tions among experimental variables, ultimately leading to en-
hanced results [20,21]. The application of RSM enables
researchers to substantially decrease the number of experiments
needed while simultaneously achieving a more thorough
comprehension of the process under investigation and the iden-

tification of optimal operating parameters.

A response surface plot (Figure 1) was used to visualize vari-
able interactions and determine optimal process parameters. As
depicted in Figure 1a, the TC removal efficiency of the adsor-
bent decreases when both CMC mass (X1) and PVA mass (X2)
increase simultaneously. This decline is expected, as increasing
both CMC and PV A concentrations results in a highly viscous
and non-homogeneous mixture, which deteriorates material
quality and reduces adsorption capacity. When evaluating X2
independently, the optimal PVA concentration is determined to

(a)

(%) A1anooay

X1: CMC mass

(9) X2: PVA mass
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4.0

Beilstein J. Nanotechnol. 2025, 16, 728-739.

be below 2.0 g. When the PVA concentration exceeds this
threshold, TC adsorption efficiency declines. This is because
higher PVA levels hinder dissolution and mixing, particularly
as viscosity increases. Similarly, TC adsorption efficiency
also declines as GA concentration increases. At high concentra-
tions, GA can dissolve PVA, compromising the material’s
stability. This interaction significantly influences the model
(p-value < 0.05), particularly through the GA volume (X3). The
interaction of the mole ratio between CaZt and MgZ* (X4) with
other factors also has a significant effect on the model, yielding
an optimal value of approximately 0.1. A substantial decrease in
X4 leads to a corresponding decline in the dependent variable
Y, particularly in the X1-X4 and X3-X4 interactions. This
effect arises because a reduction in X4 decreases water solu-
bility and hinders the formation of a homogeneous cellulose
mixture. Additionally, lower Ca?* concentrations impede
chelate formation between Ca2* and TC (Figure 1b). Response
surface methodology (RSM) optimization in MODDE 5.0 iden-
tified the following optimal values for maximizing the objec-
tive function: X1 = 1.5 g, X2 = 1.0 g, X3 = 0.01 mL, and
X4 = 0.1. These optimized parameters will be applied in the
synthesis of an adsorbent for TC removal from water.

Material characterization

FE-SEM and FTIR results

Figure 2 presents comparative field-emission SEM (FE-SEM)
images and FTIR spectra of commercial CMC and PGC.
Notably, the FE-SEM analysis of PGC (Figure 2d-f) reveals
significant morphological changes compared to pristine CMC
(Figure 2a—c). Specifically, the PGC surface exhibits numerous,
uniformly distributed spherical nanoparticles (<200 nm in diam-
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Figure 1: Response surface methodology (RSM) plots for synthesis optimization. (a) RSM plot showing the effect of X1 (CMC mass), X2 (PVA mass)
and (b) RSM plot showing the effect of X3 (mole ratio Ca2*/Mg?*) and X3 (GA volume) on the optimum efficiency of the synthesis.
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Figure 2: (a—c) FE-SEM images of commercial CMC, (d—f) FE-SEM images of PGC, and (g) FTIR spectra of commercial CMC and PGC.

eter), attributed to ZnO nanoparticles. The initial tubular struc-
ture of CMC is converted into a film-like structure owing to the
lateral bonding effect of GA and PVA, as well as the dissolu-
tion of cellulose by Zn2*. The rough, wrinkled surface and
cracks are likely due to the focused high-energy electron beam
during the FE-SEM imaging process [22]. Larger agglomerates,
possibly ZnSQy residues, are also apparent, which aligns with
the subsequent EDX results.

The FTIR spectrum (Figure 2g) of commercial CMC displays
distinct adsorption bands at 3219, 2875, 1424, 1325, 1053, 1029
and 893 cm™!. The broad band from 3219 to 3406 cm™! corre-
sponds to O-H stretching vibrations, reflecting the abundance
of hydroxy and carboxyl groups in commercial CMC. The
adsorption band at 2875 cm™! represents symmetric stretching
vibrations of the —CH, group. The strong peak at 1620 cm™!
likely corresponds to asymmetric C=0 stretching vibrations in
carboxyl groups such as -COONa. The sharp, symmetric peaks
at 1424 and 1325 cm™! correspond to symmetric stretching
vibrations of alkyl groups in CMC. The doublet at 1029 and
1053 ecm™! represents vibrations of pyranose rings formed
during cellulose synthesis, as well as C—O stretching vibrations.
Meanwhile, the peak at 893 cm™! corresponds to C—O-C
stretching vibrations, which are characteristic of cellulose.
These results are consistent with previous findings on commer-
cial CMC [23,24].

Owing to lateral bonding, the characteristic peaks of CMC
remain observable but exhibit shifts. For example, the alkyl
group vibration peak shifts to 1424 cm™!, while the C-O-C
stretching vibration peaks shift to 883 and 1105 cm™!. Mean-
while, the hydroxy group vibration peak becomes broader and
less intense, shifting to the 3240-3386 cm™! region, suggesting
the involvement of —OH groups in cross-linking. The intensity
of the peak at 1325 cm™! decreases significantly, while the
peak at 1620 cm™!, corresponding to carbonyl (-C=0)

stretching in carboxyl groups, nearly disappears, indicating
lateral bonding between PVA and GA. Additionally, the appear-
ance of the peak at 668 cm™! indicates the presence of a Zn—O
bond, while the peaks at 880 and 3416 cm™! correspond to
Zn—OH vibrations, suggesting the involvement of ZnZ* in
dissolving CMC. The sharp peak at 568 cm™! corresponds to a
Ca—-O bond [25].

EDX

EDX analysis revealed the elemental composition of the PGC
material, as detailed in Figure 3a,b. Notably, the detection of el-
ements, particularly Zn, in PGC confirms the role of Zn?* ions
in cellulose dissolution via hydrate bridge formation. Addition-
ally, the presence of Zn enhances the TC adsorption capacity of
PGC through a chemical adsorption mechanism.

According to our findings, Zn content increased significantly
from 12.45% in pristine CMC to 22.24% in PGC, aligning with
FTIR outcomes confirming the presence of Zn—-O and Zn-OH
bonds. Furthermore, the Ca content increased from 0.03% to
2.82%, accompanied by a rise in oxygen content. This increase
suggests the involvement of GA and PVA in the cross-linking
process, where the —OH groups in PVA and —CHO groups in
GA contribute to the rise in oxygen content. Additionally, the
detection of sulfur in PGC indicates the potential presence of
residual ZnSO4 precursor. Figure 3c—1 present significant
changes in the elemental distribution of O, S, Zn, and Ca in
PGC compared to pristine CMC. These elements display a
higher density on the surface of PGC.

Brunauer—Emmett-Teller method

Surface area characterizations of PGC determinded by the
Brunauer—Emmett-Teller (BET) method are shown in Table 1.
Specifically, the specific surface area of PGC is 1.3543 m2-g~!;
the pore volume is 0.000641 cm3-g~! and the average pore di-

ameter is 18.93 A.
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Figure 3: (a, b) EDX spectra and elemental compositions of commercial CMC and PGC, respectively; (c) morphology image of CMC; (d—f) elemental
mapping images of commercial CMC; (g) morphology image of PGC; and (h-I) elemental mapping images of PGC.

Table 1: Surface area characterizations of PGC determinded by BET
method.

Surface area (m2/g)

Single point surface area at P/Pg = 0.249674088 1.2965

BET surface area 1.3543
t-Plot micropore area 0.2295
t-Plot external surface area 1.1248

Pore volume (cmd/g)

Single point adsorption total pore volume of

pores less than 34.994 A diameter at P/Pg = 0.000641
0.398928826

t-Plot micropore volume 0.000101
BJH adsorption cumulative volume of pores 0.000461

between 17.000 A and 3,000.000 A diameter

Pore size (A)

Adsorption average pore diameter 18.930
BJH adsorption average pore diameter 20.758

Investigation of factors influencing the
maximum TC adsorption capacity of the
synthetic material

Effect of initial pH

The effect of pH on the TC adsorption capacity of PGC is illus-
trated in Figure 4c. Specifically, the adsorption capacity in-
creases significantly between pH 3 and 7, peaking at pH 7.
Beyond this point, it decreases rapidly, with the sharpest decline
observed between pH 10 and 11.

This occurs because, as pH increases, particularly around pH
6.8, keto-enol groups serve as preferential sites for chelate for-
mation between TC and Ca2* in a 1:3 ratio of CaZ* to TC [26].
In this pH range, reduced competition between H* ions and TC
for adsorption sites, along with the ionization of hydroxy groups
and the subsequent formation of hydrogen bonds with TC mole-
cules, results in a rapid increase in adsorption capacity. Beyond
pH 7, adsorption capacity decreases sharply as TC transforms
into negatively charged anions, causing repulsive interactions

with oxygen-containing functional groups on the PGC surface.
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Figure 4: (a) Effect of adsorption time and initial concentration on the adsorption capacity of PGC. (b) Effect of adsorbent dosage on the adsorption
capacity and adsorption efficiency of PGC. (c) Effect of pH on the adsorption capacity of PGC. (d) Effect of initial concentration on the adsorption

capacity of PGC.

Further, at pH 7.5 and above, the chelate complex between Ca2*
and TC preferentially forms at a 1:1 ratio [27]. Hence, the pH
range between 6 and 7 is selected as optimal for TC adsorption
and will be used in subsequent investigations.

Effect of initial TC concentration and time

As depicted in Figure 4a, the adsorption capacity (g.) increases
with higher initial concentrations of TC. Specifically, at low
initial concentrations, adsorption capacity is low owing to the
incomplete diffusion of TC molecules into the material struc-
ture. However, at higher initial concentrations, a larger concen-
tration gradient drives TC diffusion into the PGC surface, re-
sulting in a rapid increase in adsorption capacity. Notably, most
of the adsorption occurs within the first 12 h, during which
89-95% of TC is adsorbed. In the first 8 h, the adsorption rate
of TC increases rapidly at all concentrations but decreases sig-
nificantly afterward. This occurs because, during the initial
stage, numerous vacant adsorption sites on the surface allow for
the easy adsorption of TC. As TC molecules fill the vacant

adsorption sites, the adsorption rate decreases over time until
equilibrium is reached after 12—-16 h.

As depicted in Figure 4a, the adsorption efficiency at 60 mg-L™!
TC increases more rapidly in the first 12 h than at other concen-
trations. Therefore, a concentration of 60 mg-L™! was selected

for further investigations.

Effect of adsorbent dosage

An adsorption experiment was performed using 10 different
adsorbent dosages at an initial TC concentration of 60 mg-L™!
and pH 6-7. Figure 4b presents the effect of adsorbent dosage
on the TC adsorption capacity and efficiency of PGC. Notably,
as the adsorbent dosage increases, TC adsorption capacity
decreases, whereas adsorption efficiency improves owing to the
greater surface area available for TC adsorption. Adsorption
efficiency increases rapidly as the adsorbent dosage rises from
10 to 40 mg, but beyond this point, the rate of increase becomes

negligible. Doubling the adsorbent dosage to 80 mg results in
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an increase of no more than 10% in both TC adsorption
capacity and removal efficiency. However, the amount of TC
adsorbed per unit mass of adsorbent decreases as dosage in-
creases. Therefore, an adsorbent dosage of 40 mg is selected for
subsequent studies.

Adsorption isotherms

An adsorption test was conducted at pH 6-7 using a 40 mg
adsorbent dosage with varying initial TC concentrations. Linear
regression analysis was applied to C¢/g, and C, for the Lang-
muir model (Figure 5a) and to In g, and In C,, for the Freundlich
model (Figure 5b). To assess whether TC adsorption onto PGC
follows the monolayer adsorption mechanism described by the
Langmuir model, the degree of fit was evaluated using the equi-
librium coefficient Ry . Notably, the R, values, calculated in
Table 2 and presented in Figure 5c, range from 0.167 to 0.334,
indicating that TC adsorption onto PGC is favorable and
conforms to the Langmuir isotherm model.

The higher R? value for the Langmuir model compared to that
for the Freundlich model (Table 2, Figure 5a,b) suggests that
the Langmuir model better describes TC adsorption onto PGC.
This finding indicates that TC adsorption onto PGC occurs as
monolayer adsorption on a homogeneous surface.

Adsorption kinetics
Experimental data derived from the analysis of the effect of

contact time and initial TC concentration on adsorption capacity

Beilstein J. Nanotechnol. 2025, 16, 728-739.

were used to study the kinetics of TC adsorption using first-
order and second-order kinetic models. Table 3 and Table 4
present the first-order and second-order kinetic equations, re-
spectively. Although the first-order kinetic model yields rela-
tively high R2 values (0.89-0.98), the equilibrium adsorption
capacity calculated based on the model equations deviates sig-
nificantly from experimental values. Therefore, the first-order
kinetic model is unsuitable for describing TC adsorption onto
PGC.

Table 3: First-order kinetics equations and R2 values.

Concentration First-order kinetics R2
(mg-L™) equations

40 y =-0.1850x + 3.0307 0.9206
60 y =-0.1651x + 3.0311 0.8987
80 y =-0.1951x + 3.6012 0.9514
100 y =-0.1746x + 4.2163 0.9840
120 y =-0.1285x + 3.9464 0.9242

In contrast, the pseudo-second-order kinetic model exhibits
high R? values (>0.99) and excellent agreement between calcu-
lated and experimental equilibrium adsorption capacities, indi-
cating that it better describes TC adsorption onto PGC. This
suggests that the adsorption process is predominantly

chemisorption.
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Figure 5: (a) Langmuir adsorption isotherms. (b) Freundlich adsorption isotherms. (c) Variation of the equilibrium constant R|_ as a function of initial

concentration.

Table 2: Characteristic parameters and R? coefficients of the Langmuir and Freundlich models according to the linearized models.

Langmuir model

Adsorbent R2 gm(mg:g™") K (L'mg™")

PGC 0.9823 123.2 0.05

RL

0.167-0.334

Freundlich model

R2 Ke (Lg™)

0.9495 5.36 1.23
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Table 4: Second-order kinetics equations and R? values.

Concentration Second-order kinetics R?
(mg-L~") equations

40 y =0.0275x + 0.0303 0.9971
60 y=0.0181x + 0.0113 0.9995
80 y =0.0137x + 0.0103 0.9992
100 y =0.0118x + 0.0245 0.9946
120 y=0.0113x + 0.0212 0.9952

Mechanism

Elemental analysis of the synthesized PGC material confirmed
the presence of Ca2*, indicating the potential formation of
Ca?*-TC complexes. Notably, the formation of these com-
plexes depends on pH, as specific sites on the TC structure
undergo protonation before ionic bonding with Ca®* in the PGC
matrix. Among the four ionizable functional groups in TC, the
primary site remains predominantly protonated (86%) at pH 6.8

[26,28,29]. However, Ca2* coordination at this site is expected

Electrostatic “ou o
Interaction

Beilstein J. Nanotechnol. 2025, 16, 728-739.

to shift the ionization equilibrium toward the B-keto enolate
form, leading to the deprotonation of TC molecules and
complex formation with Ca?*. Experimental results indicate
that a 1:3 Ca2*/TC complex is favored at pH 6.8 (Figure 6a)
[29].

The adsorption mechanism of TC onto PGC is illustrated in
Figure 6b,c,d. This mechanism involves van der Waals forces,
which primarily represent electrostatic interactions. Notably,
TC is an aromatic organic compound with an amino group that
can accept protons (H*) from the environment, acquiring a posi-
tive charge. The CMC network within PGC includes oxygen-
containing functional groups (-OH, —C=0, and -COOH), which
confer a negative charge, enabling electrostatic interactions
(Figure 6b). FTIR spectroscopy (Figure 2g) confirms the pres-
ence of these oxygen-containing functional groups on PGC,
supporting this explanation. Thus, electrostatic attraction be-
tween the positively charged TC-N* complex and the nega-
tively charged PGC material drives the adsorption process. Ad-
ditionally, hydroxy groups may facilitate hydrogen bond forma-

Hydrogen
bonding

CH-n
Interaction

e

CONH,

Figure 6: (a) Structure of the Ca2*~TC complex formed at pH 6.8. Adsorption mechanism of TC onto the PGC surface through (b) electrostatic inter-

action, (c) hydrogen bonding, and (d) CH- interaction.
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tion between PGC and TC (Figure 6¢). Furthermore, the aro-
matic ring of TC contains conjugated double bonds, while the
hexagonal network of PGC contains —-CH groups, enabling

CH-m dispersion interactions [30] (Figure 6d).

Removal of antibiotics from water sample via PGC
material

As shown in Table 5, approximately 70% and 60% of antibiot-
ics content (including tetracyline (TC), oxytetracycline (OTC),
chlortetracycline (CTC), and doxycycline (DOX)) in standard
solution and sample solution, respectively, was successfully
eliminated from water during a single-stage PGC treatment.

Table 5: Antibiotics treatment performance in water sample after one
stage of the PGC process.

Matrix Removal efficiency (%)

standard solution oTC 71.03 £ 0.96
TC 72.24 +1.21
CTC 82.68 + 0.85
DOX 86.98 + 0.36
sample solution oTC 46.07 £ 2.31
TC 66.39 + 0.52
CTC 65.84 + 1.53
DOX 86.39 + 0.67

PGC material ultilization promotes the valorization of agricul-
tural waste, offering an effective strategy for its reuse, particu-
larly relevant for agricultural countries like Vietnam. This
provides an abundant and low-cost source of raw materials and
mitigates environmental issues linked to the burning or
improper handling of agricultural by-products. Notably, PGC
also shows strong potential for commercialization as an effi-
cient water treatment solution. Nonetheless, the presence of
humic and fulvic acids in the sample matrix may interfere with
the adsorption process, presenting a significant obstacle to the

effective use of PGC for TC removal.

Conclusion

This study developed and implemented a synthesis strategy for
a cellulose-derived adsorbent material (PGC) to remove TC
antibiotics (tetracyline, oxytetracycline, chlortetracycline, and
doxycycline) from aquaculture water. RSM was used to deter-
mine the optimal synthesis parameters for PGC, which were
CMC mass (1.5 g), PVA mass (1.0 g), GA volume (0.01 mL),
and Ca?*/Zn* molar ratio (0.1). FTIR, EDX, FE-SEM, and
BET analyses were used to assess the cross-linking perfor-
mance of GA and PVA and to elucidate the role of Zn2* in

cellulose dissolution. The adsorption of TC onto PGC was ex-
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plained by the formation of Ca2*—~TC chelate complexes, as
well as electrostatic interactions, CH— interactions, and hydro-
gen bonding interactions between the material surface and TC.
Additionally, the effects of contact time, pH, initial concentra-
tion, and adsorbent dosage on the TC adsorption capacity of
PGC were investigated. The results indicated that equilibrium
was reached after 12 h, with an optimal pH of 6-7, an adsor-
bent dosage of 40 mg, and an initial concentration of 60 mg-L ™!
TC. TC adsorption onto PGC followed pseudo-second-order
kinetics and conformed to the Langmuir isotherm model. Addi-
tionally, preliminary tests in real water samples revealed that
fulvic acid and humic acid in the water matrix affected the
adsorption process. Owing to its high efficiency, eco-friendli-
ness, versatility, and up to 70% removal efficiency of tetracy-
line, oxytetracycline, chlortetracycline, and doxycycline, the
synthesized PGC material shows great potential for addressing
environmental challenges and promoting sustainable develop-
ment. The PGC adsorbent, with higher porosity, enhanced
selectivity, more hydrophobicity, and a simple synthesis
process, along with cost-efficiency and high adsorption
capacity, holds promise as an effective adsorbent for the treat-
ment of aquaculture wastewater. Overall, this study lays the
groundwork for future research on synthesizing adsorbents from
sustainable, cellulose-based materials derived from agricultural
waste.

Experimental

Materials

Tetracycline hydrochloride (97.2%), oxytetracycline dihydrate
(98%), and chlortetracycline hydrochloride (94.6%), all sourced
from the Institute of Drug Quality Control, Ho Chi Minh City
(Vietnam), were used as reference antibiotics in this study. Ad-
ditional reagents included ciprofloxacin and enrofloxacin (both
from Pharmaceutical Joint Stock Company of February 3rd,
Vietnam), methanol (Merck, Germany), sodium carboxymethyl
cellulose (Zhanyun, China), PVA (95.5-96.5% hydrolyzed,
My = 85,000-124,000, Thermo Scientific Chemicals, USA),
GA (50%) (Zhanyun, China), calcium chloride anhydrous
(Xilong, China), and zinc sulfate heptahydrate (Xilong, China).
All reagents were of analytical grade, and deionized water was
used for all experiments.

Experimental optimization
MODDE 5.0 software was employed to identify key influ-
encing factors and optimize the synthesis process using RSM.
The independent variables included CMC mass (X1) [31], PVA
mass (X2), and GA volume (X3) [32], along with the molar
ratio of Ca?* and Zn?* (X4) [25].

Polyvinyl alcohol (PVA), characterized by a high density of

hydroxy groups attached to its polymer chain, is widely used as
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a binding agent in material synthesis. PVA promotes chemical
cross-linking between CMC molecules by interacting with
acidic and/or basic functional groups under thermal conditions
[33,34]. This cross-linking occurs when the polymer’s free
hydroxy groups interact with the functional groups of the cross-
linking agent, reducing the polymer’s water solubility while in-
creasing its stiffness and chemical stability [35,36].

Glutaraldehyde (GA), a linear five-carbon dialdehyde, is
regarded as a more effective cross-linking agent compared to
monoaldehydes (e.g., formaldehyde) and other dialdehydes (C;
to Cg) [37]. GA and PVA have been used as cross-linking
agents in CMC-based materials to enhance selectivity, stability,
and mechanical properties [38]. This method is both cost-effec-
tive and highly efficient in strengthening materials while im-

proving their mechanical strength and hydrophobicity.

Recent studies have revealed that inorganic salt mixtures, such
as zinc chloride and calcium chloride, effectively dissolve cellu-
lose, facilitating the fabrication of cellulose membranes for gas
separation and organic pollutant removal [38,39]. Specifically,
in a cellulose solution, Ca2* cross-linking with Zn—cellulose
chains enhance the mechanical properties of the resulting mem-
branes. These ions can be incorporated into the cellulose
polymer matrix with an appropriate ratio, forming a controlled
hydrogen bonding network that strengthens connectivity in the

overall polymer network [40].

Preparation of PGC

As illustrated in Figure 7, CMC was selected as the base materi-
al for the synthesis of PGC, in combination with the presence of
the following agents: PVA, which acts as a binder by facili-
tating chemical cross-linking of CMC molecules through inter-
actions with functional acidic and basic groups, the cross-
linking agent glutaraldehyde (GA), and an inorganic ion mix-
ture (Ca2* and Zn2*), which enhances the mechanical proper-
ties of the material by promoting the formation of a controlled

Beilstein J. Nanotechnol. 2025, 16, 728-739.

hydrogen bonding network, thereby reinforcing the polymer
matrix. To prepare PGC, 1.5 g of CMC, 0.25 g of CaCl,, and
3.637 g of ZnSO,4 were added to a beaker containing 30 mL of
distilled water, where they were completely dissolved under
magnetic stirring at 800 rpm for 30 min, forming solution A.
Subsequently, 1.0 g of PVA and 0.1 mL of 1% H;SO4 were
added, and the solution was stirred until a homogeneous mix-
ture was obtained. Next, 0.01 mL of GA was added, and the
stirring speed was increased to 1,000 rpm, continuing for 4 h.
Finally, the solution was dried at 65 °C for 24 h, yielding the
PGC adsorbent material for further use.

Characterization of PGC

FE-SEM and EDX

Field-emission SEM analysis was performed using a Merlin
Compact instrument (Carl Zeiss, Jena, Germany) with an SE2
detector. The sample was mounted on a clean silicon wafer and
coated with a nanoscale platinum layer using an ion sputter
coater (Q150T Plus, Quorum Technologies, UK). EDX analy-
sis was conducted using an Aztec Energy X-MaxN system
(Oxford Instruments, UK) at an acceleration voltage of 5 kV

and a working distance of 8.5 mm.

FTIR

FTIR analysis was performed using a Spectrum Two FTIR
spectrometer (PerkinElmer, MA, USA) equipped with a LiTaO3
detector and an attenuated total reflectance sampling accessory.
The scanning range was 400-4000 cm™!, with a total acquisi-
tion time of 60 s.

Brunauer—Emmett—Teller method

A 0.27 g PGC sample was analyzed at the Institute of Chemical
Technology, Ho Chi Minh City, over 3 h. The specific surface
area of this sample was determined using N, adsorption—de-
sorption isotherms at 77.3 K under controlled pressure condi-
tions. Before analysis, the sample was degassed at 150 °C for
2 h and 30 min under an N, atmosphere.

H,S0, 1%: 0.01 mL

ZnsO,: 3.637 g

GA: 0.01 mL

CMC:15¢g }\ /’ CaCl,: 0.25¢g

/{ PVA: 1.0g

=

30 mL of deion water

Figure 7: Synthesis procedure for PGC.

Solution B
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High-performance liquid chromatography-mass
spectroscopy (HPLC-MS/MS)

The HPLC-MS/MS system consisted of an AB Sciex 4000
QTRAP mass spectrometer equipped with a Turbo Ion Spray
source, which was operated in both positive mode and negative
mode (QTRAP®4000, AB SCIEX, Framingham, MA, USA).
The analyses of the tetracyclines were performed using a
Sunfire C18 column (150 x 2.1 mm i.d., 5.0 mm particle size)
from Waters (Milford, MA, USA), and the mobile phase con-
sisted of ACN and 0.1% FA, delivered at 0.25 mL-min~!.

Factors influencing adsorption capacity

Experiments were conducted to evaluate factors affecting the
adsorption capacity of PGC and determine optimal conditions.
The investigated factors included initial pH, initial concentra-
tion and time, adsorbent dosage, adsorption isotherms, and
adsorption kinetics.
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Abstract

Natural hydration shells are discovered to play an essential role in the structure and function of biomolecules (deoxyribonucleic
acid, protein, and phospholipid membrane). Hydration layers are also important to the structure and property of artificial graphene-
based materials. Our recent works prove that graphene-based hydrogels are supramolecular hydration structures that preserve
graphene nanosheets from the restacking through hydrophobic force, van der Waals force, and m—m interaction. In this manuscript,
density functional theory and high-performance computing (HPC) are used for modeling and calculating van der Waals force be-
tween graphene nanosheets in water-intercalated AB bilayer graphene structures. A layer of water molecules significantly decreases
the intersheet van der Waals force. A novel hydrogel of graphene oxide-silica gel-zinc hydroxide (GO-SG-ZH) is experimentally
synthesized to demonstrate the advantages of hydrated hydrogel structure in comparison with dry powder structure. The synthesis

of graphene-based hydrogels is a green chemistry approach to attain extraordinary properties of graphene-based nanostructures. An-
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alytical characterizations exhibited moisture contents, water evaporation rates, three-dimensional structures, elemental composi-

tions, aqueous dispersibility, and antibacterial activities. Hydration shells on graphene-based nanosheets in the hydrogel increase

intersheet distances to prevent the stacking of the nanostructures. Hydration layers in the GO-SG-ZH hydrogel was also lubricative

for direct brush coating on polymer substrates, typically polylactide films. Interfacial adhesion of graphene-based nanosheets on

polylactide substrates made the antibacterial coating stable for several application purposes. In general, supramolecular graphene-

based hydrogels are bioinspired hydration structures to advance nanoscale properties and nanotechnology applications.

Introduction

Biological cells are assemblies of biomolecules that are
hydrated with water molecules. The cell content includes about
70-95% water that creates an aqueous environment for biologi-
cal processes. Water molecules are bound to biomolecular sur-
faces and participate in the structuring and functioning of bio-
molecules, typically the folding of protein and the twisting of
the double helix of deoxyribonucleic acid (DNA) [1]. Water
molecules and their hydrogen bonding network function as
lubricants for biomolecular dynamics. Recent scientific works
have analyzed the important role of hydration shells on DNA,
proteins, and phospholipid membranes [2-4]. The first hydra-
tion shell (about 3.5 z&) at the interface of biomolecules has
considerably slower dynamics than water molecules in the bulk.
Besides, the first water layer on the interface is responsible for
hydration forces between biomolecular structures [5]. The
rearrangement of water molecules through hydrogen bonding
on hydrated surfaces generates repulsive hydration forces
when another surface perturbs the hydration layers [6-8].
Hydration shells and hydration forces keep the hydrated struc-
tures stable and functional in the natural concert of biological
processes.

In the aspect of artificial nanomaterials, it is proposed that
hydration also plays an important role in the stability and func-
tionality of nanoscale structures. Van der Waals forces are
supramolecular intermolecular interactions that govern the
agglomeration of nanomaterials. Carbon nanostructures with
m-conjugated systems (fullerene, carbon nanotube, and
graphene) have m— interactions, a type of van der Waals force,
for supramolecular attraction [9]. Particularly, graphene sheets
with a large surface area and m-conjugated network are likely to
stack together through hydrophobic agglomeration and m—m
interaction. Although 7— interactions are generally weaker than
hydrogen bonding, two graphene sheets in face-to-face geome-
try have a large interaction surface area to multiply the van der
Waals force per unit area, resulting in strong binding energy of
total attraction forces. The restacking of graphene-based nano-
sheets, including pristine graphene, graphene oxide (GO), and
reduced graphene oxide (RGO), causes the drawbacks of small
effective surface area and low dispersibility in media [10].

Several approaches have been reported to prevent the irre-

versible stacking of graphene-based nanosheets, including elec-
trostatic repulsion, nanoparticle intercalation, three-dimen-
sional assembly, and surface hydration [10-12]. In our previous
works, a number of graphene-based hydrogels (RGO-SnO,,
RGO-ZnO, and RGO) were synthesized to evidence the revers-
ible self-assembly of graphene-based nanosheets thanks to
water intercalation in the hydrated ensembles [13-17]. There-
fore, supramolecular graphene-based hydrogels with hydration
intercalation and hydration force are quite useful for preserving
and generating graphene-based nanosheets for many applica-

tions.

In this manuscript, we calculated van der Waals forces in bilay-
er graphene structures using density functional theory modeling
(DFT) and dispersion energy correction functional (DFT-D3).
The theoretical work aimed to elucidate the relationship be-
tween water intercalation and intersheet binding energy in
quantum mechanical level. The computational calculations
quantified intersheet distance, van der Waals force, bandgap
energy, and formation energy of the molecular system of
bilayer graphene intercalated with a water layer. In the
experimental aspect, green chemistry methods were applied
for synthesizing GO nanosheets, rice-husk-derived silica gel
(SG), nano-silica-zinc hydroxide nanoparticles (SG-ZH),
and graphene oxide—nanosilica—zinc hydroxide nanocompos-
ites (GO-SG-ZH). Graphite oxidation reaction in a cascade
design gives good efficiency values of energy, chemical
reaction, and reaction time [14,15]. The recycling of rice
husk ash waste into nanosilica products is eco-friendly and
sustainable for circular economy [18-21]. Especially,
GO nanosheets decorated with SG-ZH nanoparticles have
hydrophilic surfaces to retain hydration layers in the hydrogel
structure of the GO-SG-ZH nanocomposite. Hydration layers
in the GO-SG-ZH hydrogel also function as lubricants at
the nanomaterials interfaces, leading to facile brush coating on
plastic films of polylactide (PLA). Dehydrated GO-SG-ZH
coating is adhered to the PLA substrate through interfacial
interactions. Furthermore, antibacterial activities, coating
stability, and mechanical properties of the nanocomposite mate-
rials were investigated and described in the results and discus-

sion.
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Methods
Computation method of density functional
theory

First-principles calculations based on DFT were conducted
using the Vienna ab initio simulation software (VASP) and a
high-performance computing system (HPC). The projector-
augmented wave method (PAW) was implemented in elec-
tronic structure calculations. Generalized gradient approxima-
tion of Perdew—Burke—Ernzerhof (GGA-PBE) was used for
describing exchange-correlation energy of electron—electron
interactions. The correction of van der Waals dispersion energy
was applied using the DFT-D3 method proposed by Grimme
[22-24]. The modeling of infinite graphene sheets was extrapo-
lated from periodic supercells. The supercell of bilayer
graphene structure includes 16 carbon atoms (two graphene
sheets with eight carbon atoms per sheet). The modeling of
water-intercalated bilayer graphene structure used the supercell
of 16 carbon atoms, one oxygen atom, and two hydrogen atoms

(two graphene sheets and one water molecule).

Preparation of graphene oxide from natural graphite
The improved cascade-design synthesis of graphite oxide (GrO)
was reported in our previous papers [15,16]. Briefly, 5 g of raw
material of natural graphite (Shanghai Zhanyun Chemical) was
soaked and agitated in 50 mL of 98% sulfuric acid. The solu-
tion of Mn(VII) compound was prepared by dissolving 10 g of
potassium permanganate in 100 mL of 98% sulfuric acid. The
graphite/H,SO,4 suspension was slowly poured into the Mn(VII)
solution. A cooling water bath and an infrared thermometer
were used for controlling the reactor temperature below 55 °C
(the peak of the reactor temperature is about 50 °C). After agita-
tion in room-temperature conditions for 4 h, the graphite/
Mn(VII)/H,SO4 suspension was slowly poured into 360 mL of
water (the exothermic heat increased the reactor temperature to
above 90 °C). After 2 h of agitation, the reaction was mixed
with 150 mL of a 5% H,O, solution and kept stirring for one
day. After washing to neutral pH, the material was dried and
ground to produce a GrO powder (moisture ~20%). Next, the
GrO powder was dispersed in water and sonicated for 1 h. After
natural sedimentation overnight, the suspension was decanted to
collect the supernatant dispersion of GO nanosheets.

Preparation of nanosilica from rice husk ash waste

Rice husk ash that was discarded from industrial boilers was
collected for recycling experiments. Our method of nanosilica
synthesis using potassium hydroxide and acetic acid was
mentioned in a recent paper [21]. Raw material from rice husk
ash waste was dispersed in a 7% potassium hydroxide solution.
The suspension was agitated for 1 h at a temperature range of

80-90 °C. After careful filtration, a clear yellow solution of
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potassium silicate was obtained and neutralized with a 15%
acetic acid solution. After that, the suspension of precipitated
nanosilica was incubated overnight and then thoroughly washed
with water. The obtained product of silica gel (SG) was used for
subsequent synthesis and brush coating experiments.

Synthesis of graphene oxide—nanosilica—zinc
hydroxide hydrogel

The suspension of 0.625 g GrO and 250 mL of water was
agitated and then sonicated for 1 h. The suspension was
decanted to collect about 250 mL of GO dispersion. An amount
of 4.4 g of Zn(CH3COO),-2H,0 was dissolved in 250 mL of
water to prepare a 250 mL ZnZ* solution. The Zn%* solution
was slowly dropped into the GO solution under stirring. The ob-
tained GO/Zn?* dispersion was sonicated for 30 min. Besides,
20 g of the SG material (moisture ~95%) was mechanically
dispersed in 480 mL of water for 15 min and then sonicated for
15 min. A volume of 500 mL of the as-prepared GO/Zn2*
dispersion was dropped into the 500 mL SG dispersion. The
mixture was agitated for 15 min and sonicated for 15 min.
Then, the reaction was adjusted to pH 10 using ammonia solu-
tion for Zn(OH), precipitation and kept stirring for 1 h. After
sedimentation, the material was filtered and thoroughly washed
with water. A hydrogel of graphene oxide—nanosilica-zinc
hydroxide (GO-SG-ZH hydrogel) was collected and analyzed.

To produce a GO-SG-ZH product in powder form, the GO-SG-
ZH hydrogel was dried at 80 °C and ground to obtain the
GO-SG-ZH powder. The graphene-based nanocomposites in
hydrogel form and in powder form were comparatively charac-
terized using moisture analysis, scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDS), and

aqueous dispersibility.

Brush coating of graphene oxide—nanosilica—zinc
hydroxide hydrogel on polylactide film

At first, commercial polylactide granules (PLA Luminy LX175,
TotalEnergies Corbion) was put in a steel mold for thermal
compression at 190 °C to produce a PLA plate. A piece of the
PLA plate was put in a thin plastic mold (polyethylene tereph-
thalate) for thermal compression at 190 °C. As a result, thin and
transparent PLA films were made with the average thickness of
0.2 mm.

In the next stage, the GO-SG-ZH nanocomposite in hydrogel
form (=95% water) was used as an aqueous paint for brush
coating on PLA thin films. After brush coating, the coated films
were left to air dry for 3 h and were mildly dried using a hair
dryer. The obtained coated films were denoted as GO-SG-ZH/
PLA. Besides, the as-synthesized SG hydrogel (*95% water)

was also suitable for direct brush coating on PLA films. A simi-
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lar procedure of brush coating was applied to produce PLA thin
films coated with nanosilica. The nanosilica-coated films were
denoted as SG/PLA.

Materials characterization

Materials weight and moisture values were measured using a
laboratory balance (Ohaus Pioneer, 220 g/0.0001 g) and a mois-
ture analyzer (A&D Weighing MX-50, 51 g/0.001 g), respec-
tively. Scanning electron microscopy and energy-dispersive
X-ray spectroscopy were performed using a JSM-IT200 system
(JEOL). Samples were coated with Pt before the SEM-EDS
analysis. X-ray diffraction was performed on a D8 Advance
instrument (Bruker). Fourier-transform infrared spectroscopy
(FTIR) was characterized with a FT/IR-6600 instrument
(Jasco). Ultraviolet—visible absorption spectroscopy (UV-vis)
and light transmittance spectroscopy were recorded using a
V-670 spectrophotometer (Jasco). Microscopic texture and
imaging were observed by a stereo zoom microscope (Optika
SZM). Agar diffusion assays were used for testing antibacterial
activity against E. coli and S. aureus (the positive control was
the antibiotic penicillin). Inhibition zone assays were used to
evaluate antibiofilm properties of uncoated and coated plastic
films [14,25]. Coating stability of plastic films in an environ-
ment simulating aqueous food was tested using the method re-
ported in our previous paper [14,26]. Measurement of tensile
properties was conducted using a universal tensile testing
machine (Yang Yi Technology, 500-N load cell) and the ASTM
D882-18 standard [14,27].

Results and Discussion

Density functional theory calculations of
intersheet distances, van der Waals forces
and bandgaps

The van der Waals force between two graphene nanosheets
arises from the m—m interaction between m orbitals of carbon
atoms in one graphene sheet and 7 orbitals of carbon atoms in
the other graphene sheet. The van der Waals force is responsi-
ble for AB graphene stacking in natural multilayer graphite
[28]. Production processes convert multilayer graphite into
single-layer graphene sheets dispersed in solvent medium.
However, after the drying process, solvation shells of graphene
sheets are removed, resulting in smaller distances between
graphene sheets and larger interaction surfaces. With a short
intersheet distance and large interaction surface area, van der
Waals forces between graphene sheets increase to a higher
binding energy which accounts for the restacking of graphene
sheets. The restacking of graphene materials at dry state is the
main cause of lower aqueous dispersibility and reduced surface
area of graphene-based materials in many applications, such as

aqueous dispersions, polymer nanocomposites, and water-based
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paints. Our previous works demonstrated that in graphene-based
hydrogel structures, the intercalation of water molecules be-
tween graphene-based sheets maintains large intersheet dis-
tances and low interaction surface area, which leads to reduced
binding energy of van der Waals force [14,15]. The simple
method of water intercalation in hydrogel structures is an effec-
tive bioinspired approach to prevent nanosheet stacking and

preserve graphene-based nanostructures.

Herein, DFT calculations were performed to quantify the van
der Waals dispersion interactions in pristine bilayer graphene
and water-intercalated bilayer graphene structures. In natural
multilayer graphite, graphene sheets stack together in an AB
configuration. Figure 1a shows the modeling of a bilayer
graphene structure that mimics the AB stacking in multilayer
graphite. DFT optimization calculation presented that pristine
bilayer graphene has the formation energy of —9.3778 eV/super-
cell, intersheet distance of 3.459 A, and van der Waals binding
energy of 0.064 eV/atom (Figure 1a and Table 1). The inter-
sheet distance is comparable to the values reported in other
papers [29-31]. The bilayer graphene structure has a small
bandgap of 0.06 eV which is slightly open in comparison to the
zero bandgap of a single-layer graphene sheet.

Besides, DFT modeling of the water-intercalated AB bilayer
graphene structure was also calculated by HPC. The resulting
formation energy is —10.6414 eV/supercell (Table 1). In the
optimal structure (Figure 1c and 1d), hydrogen atoms of the
water molecule are oriented toward graphene sheets due to the
hydrogen— interaction. It is noteworthy that the enlarged inter-
sheet distance of 6.626 A led to the intersheet binding energy of
0.04 eV/atom. A layer of water molecules in between two
graphene sheets significantly declined the van der Waals force
by 37.5% (from 0.064 to 0.040 eV). The bandgap of the water-
intercalated bilayer graphene structure increased to 0.09 eV. Al-
though the opening of the bandgap is still small, it is suggested
that the bandgap of the AB bilayer graphene can be further
opened by increasing molecular water layers in the intersheet
spacing as well as the spacing distance. The approach of water
intercalation in graphene-based structures is effective for
lowering van der Waals force and opening the bandgap. There-
fore, water-intercalated structures of graphene-based nano-
sheets should be experimentally synthesized to ameliorate the
nanostructures and properties for various applications in science

and industry.

Supramolecular hydration structure of
graphene oxide—nanosilica—zinc hydroxide
hydrogel

The computational DFT results confirm the importance of

supramolecular interaction of water intercalation in graphene-
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Figure 1: DFT modelling of AB bilayer graphene structures. The AB bilayer graphene with the intersheet distance of 3.459 A (a), and its
valence—conduction band structure in hexagonal Brillouin zone (b). The AB bilayer graphene structure intercalated with a layer of water molecules and
the intersheet distance of 6.626 A (c), and its electronic band structure in hexagonal Brillouin zone (d).

Table 1: Formation energies, intersheet distances, van der Waals forces, and band gaps of bilayer graphene structures.

Configuration Formation energy ~ C—C bond length Intersheet van der Waals Bandgap (eV)
(eV) (A) distance (A) force (eV)

Pristine AB bilayer graphene -9.3778 1.42 3.459 0.064 0.06

AB bilayer graphene -10.6414 1.42 6.626 0.040 0.09

intercalated with a water
layer

based structures. In this research, we synthesized graphene-
based hydrogels of graphene oxide—nanosilica—zinc hydroxide
nanocomposite (GO-SG-ZH hydrogel) as a supramolecular
hydration structure. Figure 2a describes the supramolecular
hydration assembly of the GO-SG-ZH hydrogel. GO nano-
sheets have brown color, and the hydration shells of water mol-
ecules is highlighted with blue color. Hydrophilic functional
groups on GO nanosheets, SG nanoparticles, and ZH nanostruc-
tures are attractive to water molecules to form hydration shells
on the surfaces. In addition to hydration layers, the three-dimen-
sional assembly of graphene-based nanosheets provides high
porosity as water reservoirs which supply water to intersheet

spacings. High water content and large spacing distance in the

hydrogel structure are key factors that prevent van der Waals

and m— interactions between graphene-based sheets.

Figure 2b depicts the hydrated assembly of biological cells in
nature. The natural hydrated structure includes intracellular
water, cell wall water, and intercellular water [32]. Hydration
shells on the cellular walls or biomembranes are important to
maintain cellular shape. The first bound water molecules on the
biomembranes is a biointerfacial water layer (2.6 A) which is
responsible for primary hydration force [33-37]. Hydration
forces in the range of 4-5 water layers contribute with repul-
sive energy to the biological system. Supramolecular hydrogen

bonding between biostructures and water molecules leads to
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(a) Supramolecular hydration assembly
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(c) Hydration structure of a GO-SG-ZH nanosheet

Brush painting
Drying
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(d) Antibacterial GO-SG-ZH coating on a PLA substrate

Figure 2: (a) lllustration of supramolecular self-assembly of a graphene-based hydrogel. (b) Depiction of a natural assembly of biological cells stabi-
lized by hydration structures (water molecules on cell wall membranes are highlighted with blue color). (c) Drawing of a synthetic graphene-based
nanosheet (GO-SG-ZH) covered by a hydration shell. (d) Presentation of a graphene-based coating (antibacterial GO-SG-ZH) that adheres to a sub-

strate (PLA film).

repulsive hydration forces when the surfaces are closely
approached. The artificial structure of graphene-based hydrogel
in Figure 2a is biomimetic to the natural system of biological
cells described in Figure 2b. Hydration shells on GO-SG-ZH
nanosheets, particularly the first interfacial water layer, generate
hydration forces to maintain intersheet distances and nanoscale
structures in the artificial system. The drawing in Figure 2c is
the presentation of a graphene-based nanosheet with a first
bound water layer which is responsible for the primary hydra-
tion force. In the next stage, after brush coating of the GO-SG-
ZH hydrogel on a polylactide film, hydration shells are evapo-
rated in the drying process, and the graphene-based nanosheets
adhere to the substrate through electrostatic interaction, hydro-

gen bonding, and van der Waals interaction (Figure 2d).

Experimentally, GO nanosheets, SG, nanoparticles, and SG-ZH
nanoparticles were synthesized and separately characterized as
exhibited in SEM images in Figure 3a—c. Particularly, artificial
nanocomposites of GO-SG-ZH powder (Figure 3d-f) and
GO-SG-ZH hydrogel (Figure 3g—i) were prepared for compara-
tive analysis. While the GO-SG-ZH powder is a dry solid
(moisture ~10%), the GO-SG-ZH hydrogel has a moisture
content of 95% and viscoelastic behavior. The hydrogel was
elastic to resist the deformation under gravitational force and
also viscous to slowly deform (see Supporting Information
File 1, Figure S2). The moisture content of the GO-SG-ZH

hydrogel is comparable with those of natural cellular systems
(moisture content of apple tissues is about 90%) [32]. In
Figure 3e and 3f, SEM images of GO-SG-ZH powder show a
macroscopic particle and its microscopic structure. Since the
material was dehydrated, graphene-based nanostructures could
be covalently cross-linked through esterification reaction of
carboxyl and hydroxyl groups on GO nanosheets [38]. The
GO-SG-ZH nanosheets agglomerated and stacked together to
form big particles (size of hundreds of micrometers, Figure 3e).
The GO-SG-ZH particles had low porosity or small spacing be-
tween graphene-based nanosheets (Figure 3f). Besides, the
GO-SG-ZH hydrogel was spread on a carbon tape and dehy-
drated for SEM imaging (Figure 3h and 3i). Although GO-SG-
ZH nanosheets agglomerated into microstructures (Figure 3h),
the self-assembly of graphene-based nanosheets was different
from the stacked morphology of the GO-SG-ZH powder. At a
higher magnification of 20,000x, SEM image in Figure 3i
revealed the porous structure with large spacing between
graphene-based nanosheets. As a result, the GO-SG-ZH
hydrogel is a three-dimensional assembly of water-intercalated

graphene-based nanosheets.

Results of EDS analysis in Table 2 disclose the elemental
contents of the as-prepared GO-SG-ZH powder and hydrogel.
Accordingly, atomic proportions of carbon, oxygen, silicon, and

zinc elements in both nanocomposites are relatively similar.
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Figure 3: SEM images of GO nanosheets (a), SG nanoparticles (b), and SG-ZH nanopatrticles (c). (d) Photograph of graphene oxide—nanosilica—zinc
hydroxide powder. SEM images of particles and nanostructures in GO-SG-ZH powder with the scale bars of 50 um (e) and 1 um (f). (g) Photograph of
hydrogel of graphene oxide—nanosilica—zinc hydroxide. SEM images of micro- and nanostructures in GO-SG-ZH hydrogel with the scale bars of

50 um (h) and 1 pm (i).

Table 2: EDS analysis of elemental compositions of GO nanosheets, SG nanoparticles, SG-ZH nanoparticles, GO-SG-ZH powder, and GO-SG-ZH

hydrogel.

Materials C (atom %) O (atom %)
GO 66.36 +2.13 33.64 £ 2.85
SG - 76.44 £2.79
SG-ZH - 61.51 +4.68
GO-SG-ZH powder 18.78 £ 1.22 57.53 £ 2.03
GO-SG-ZH hydrogel 23.66 = 1.59 51.90 £ 2.30

Theoretical contents of SiO; and Zn(OH), in the GO-SG-ZH
nanocomposite powder are estimated to be 37.92% and 33.12%,
respectively, so the remaining content of GO nanosheets is
about 28.96%. Similarly, SiO;, Zn(OH),, and GO contents
derived from the GO-SG-ZH hydrogel are calculated to be
34.89%, 38.43%, and 26.68%, respectively. In Figure 4, the

elemental mapping of the three-dimensional structure of the

Si (atom %) Zn (atom %)
23.56 + 1.36 -

22.31 + 2.57 16.18 £ 1.57
12.64 £ 0.84 11.04 £ 0.58
11.63 £ 0.95 12.81 £0.73

GO-SG-ZH hydrogel showed the presence and distribution of
carbon, oxygen, silicon, and zinc atoms on the graphene-based
surfaces. SG-ZH nanoparticles and oxygen-containing func-
tional groups on GO nanosheets are hydrophilic nanostructures
which retain hydration layers on the graphene-based nano-
sheets, leading to the supramolecular hydration structure of the
GO-SG-ZH hydrogel.
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Figure 4: SEM-EDS elemental mapping of carbon atoms (green dots), oxygen atoms (red dots), silicon atoms (yellow dots), and zinc atoms (blue
atoms) on the graphene-based nanostructure of GO-SG-ZH hydrogel after dehydration.

Water evaporation characteristics of the GO-SG-ZH hydrogel
were recorded and analyzed during drying processes in the
moisture analyzer (MX-50, resolution of 0.01%). Figure 5a de-
scribes the moisture curves during the drying process at 70, 85,
and 100 °C, corresponding to the drying times of 170, 100, and
70 min, respectively. Although the corresponding drying times
were different, the curves of cumulative evaporated water had a
similar shape and amounted to 1.87 g (93.5% moisture,
Figure 5b). The lower drying temperature of 70 °C was suffi-
cient to evaporate the hydration layers in the hydrogel. A scien-
tific report by Khan et al. demonstrated that the drying of apple
tissues at 70 °C is critical to the rupturing of cell membranes,
resulting in dehydration of the biological tissues [32]. In the
drying process, water at the outer surface evaporated first, fol-
lowed by the evaporation of intracellular water. Figure Sc and
5d exhibit the water evaporation rates as a function of drying
time and water content in the GO-SG-ZH hydrogel. In the first
period, the water evaporation rates increased to a plateau of
constant drying rate, corresponding to the evaporation of free
water molecules at the outer surface [39]. Then, the water evap-
oration curves entered into the decreasing rate period where
there is deficiency of free water at the outer surface and water
transport from the interior to the surface. The critical water
content at which the first decreasing rate period began was iden-
tified to be about 40% (the left dashed line in Figure 5d). It is

noticeable that at the water content of 20% (the middle dashed
line in Figure 5d), the water evaporation rates at 70, 85, and
100 °C were approximately half the initial water evaporation
rates at 5 min. There is a second decreasing rate period which
occurred at the critical water content of 4% (the right dashed
line in Figure 5d). Interestingly, in biological tissues, interfacial
water integrated in cell walls is also about 2-5% [32]. It
is explained that the significantly slower rates of water evap-
oration in the decreasing rate period are due to water
movement from the interior to the surface and the hydrogen
bonding of interfacial hydration layers on the hydrophilic nano-
structures.

Crystallography, functional group, agueous
dispersibility and hydration lubrication

Dry powder of the GO-SG-ZH nanocomposite was analyzed
using XRD and FTIR. In Figure 6a, the XRD pattern exhibited
sharp characteristic peaks of the Zn(OH), crystal at 20 = 20.2°,
20.94°, 25.07°, 27.23°, 27.83°, and 32.97° [40-42]. Zinc
hydroxide nanocrystals (ZH) were formed on the nanocompos-
ite during the precipitation by alkaline ammonia in the synthe-
sis process (see Methods section). The constituents of GO and
SG nanomaterials had amorphous structures which did not give
obvious peaks in the XRD pattern. Regarding the FTIR spec-

trum in Figure 6b, most of obvious peaks are attributed to func-
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Figure 5: Analysis of moisture content and water evaporation of GO-SG-ZH hydrogel. (a) Curves of changing moistures of GO-SG-ZH hydrogel at dif-
ferent drying temperatures (70, 85, and 100 °C). (b) Curves of cumulative amount of evaporated water during drying at 70, 85, and 100 °C. (c) Plot of
water evaporation rates with respect to drying time. (d) Plot of water evaporation rates with respect to water content in GO-SG-ZH hydrogel.
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tional groups of nanosilica. The vibration band at 3772.1 cm™!

is assigned to silanol groups on the nanosilica surface (Si—-OH).
The bands at 3405.7 and 1628.6 cm™! are characteristic of
stretching and bending modes, respectively, of water molecules
adsorbed on the surface [43]. The bands at 1017.3 and
464.8 cm™! represent the stretching vibrations of siloxane
groups (Si—O-Si). Particularly, the FTIR band at 662.43 cm™ is
attributed to the bending vibration of Zn-O-Si bonds in the
GO-SG-ZH nanocomposite [44].

Supramolecular systems with non-covalent interactions and re-
versible cross-links are recognized to provide extraordinary
properties and applications [45-47]. Reversible self-assembly is
an advantage of supramolecular graphene-based hydrogels in
comparison with the powder form [13-16]. Hydration layers in
between graphene-based sheets not only reduce intersheet
binding energy (van der Waals force) but also generate repul-
sive forces for exfoliating the macroscopic assembly into nano-
scale structures especially under external sonication and me-
chanical stimuli. Reversible self-assembly of graphene-based
nanosheets in water is essential to many applications, such as
adsorption, photocatalysis, biosensing, drug delivery, aqueous
paints, and multifunctional coatings [48-50]. Figure 6¢ exhibits
the aqueous dispersions derived from the sonication of GO-SG-
ZH hydrogel and powder in water (see Supporting Information
File 1, Figure S3). Ultrasound waves vibrated water molecules
and created cavitation in the hydrogel structure, leading to the
exfoliation of graphene-based nanosheets in water. It is notable
that low concentrations (<50 ppm) are necessary to obtain
homogenous dispersions. The ultrasonic dispersion of GO-SG-
ZH hydrogels was faster and clearer due to the high content of
water intercalation. The GO-SG-ZH powder contained about
10% of water and approximate 60% of nanosilica and zinc
hydroxide nanoparticles, which functioned as spacing layers be-
tween graphene-based nanosheets. Therefore, the ultrasonic
treatment of GO-SG-ZH powder in water also yielded a homo-
geneous dispersion. However, the aqueous dispersion of
GO-SG-ZH powder was not completely exfoliated in the
aqueous environment and quickly settled down. Stacked
agglomerates of GO-SG-ZH powder at the bottom of the disper-
sion were observed in the micrograph of Figure 6¢, while the
micrograph of the dispersion of GO-SG-ZH hydrogel showed
the absence of stacked structures. In Figure 6d, UV-vis spectra
of aqueous dispersions of GO-SG-ZH hydrogel present light
absorption in the ultraviolet range (200-400 nm) that was
proportional to the colloidal concentrations (50, 40, 30, and
20 ppm). Small absorption peaks at 340 and 360 nm corre-
spond to nanosilica and zinc hydroxide nanoparticles, respec-
tively [21,43]. In addition, hydration lubrication in supramolec-
ular graphene-based hydrogels is important to applications in
paints and coatings [51,52]. While the GO-SG-ZH powder
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could not be directly used for brush painting, the GO-SG-ZH
hydrogel can be easily coated on various substrates using a
simple brush. In the scientific literature, it is elucidated that
water layers between graphene-based nanosheets significantly
lower the interfacial frictions of the nanomaterials [53-55]. In
this study, hydration lubrication makes supramolecular
graphene-based hydrogels suitable for direct brush coating on
PLA films.

Light transmittance spectroscopy,
microscopic structure and elemental
composition of graphene oxide—nano-
silica—zinc hydroxide coating on polylactide
films

Nanosilica hydrogels and graphene oxide—nanosilica—zinc
hydroxide hydrogels were utilized as aqueous paints for brush
coating on PLA films. After drying, thin coatings of SG and
GO-SG-PLA were formed on the plastic substrates. Regarding
appearance, while the blank PLA film was clearly transparent
(Figure 7a), the SG/PLA film was slightly opaque (Figure 7b),
and the GO-SG-ZH/PLA film was stripy with black lines of GO
color (Figure 7c). Light transmittance spectra in Figure 7d show
the transparency levels of the plastic films. In the visible light
range of 400-700 nm, the average light transmittance values of
blank PLA, SG/PLA, and GO-SG-ZH/PLA films are 94%,
90%, and 75% respectively. The SG coating made the trans-
parency decrease 4%, and the GO-SG-ZH coating resulted in
the transparency decline of 19% due to the white color of ZH
nanoparticles and black color of GO nanosheets.

Microscopic structures of the GO-SG-ZH coating on a PLA
film were observed and imaged using the optical stereo micro-
scope. Since the PLA substrate was almost transparent, pictures
in Figure 8a—c showed GO nanosheets, SG nanoparticles, and
ZH nanostructures of the GO-SG-ZH coating. Reflected light
from the GO-SG-ZH coating gave a three-dimensional vision of
the coating texture. The nanostructures in the coating morpholo-
gy are well-distributed. In Figure 8c, two-dimensional shapes of
GO nanosheets are visualized. In Figure 8d—f, SEM provided
high-resolution images of the GO-SG-ZH/PLA film. The brush-
coated layer of the GO-SG-ZH nanocomposite was not com-
pletely uniform since rough coating morphology was observed
on the substrate surface. Two-dimensional graphene-based
sheets appeared in Figure 8e, and nanoparticles of SG and ZH
were shown in Figure 8f. Integrated EDS analysis presented the
elemental composition on the surface of the GO-SG-ZH/PLA
film (Table 3). With the atomic contents of 8.13% of silicon and
6.36% of zinc, the atomic proportions of SiO; and Zn(OH), in
the nanocomposite were estimated to be 24.39% and 19.08%,

respectively.
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Figure 7: (a) A blank polylactide film (PLA). (b) A polylactide film coated with nanosilica (SG/PLA). (c) A polylactide film coated with graphene
oxide—nanosilica—zinc hydroxide (GO-SG-ZH/PLA). (d) Light transmittance spectroscopy of thin films of PLA, SG/PLA, and GO-SG-ZH/PLA.

Antibacterial properties of graphene
oxide—nanosilica—zinc hydroxide in hydrogel

and in coating structures

The EDS analysis in Table 2 showed that the solid nanocom-
posite of GO-SG-ZH hydrogel was composed of 12.81% zinc
atoms (derived from the Zn(OH), constituent). ZH nanoparti-
cles and GO nanosheets in the GO-SG-ZH hydrogel are anti-
bacterial and antibiofilm agents with low toxicity for food pack-
aging and biomedical applications [56,57]. The main antibacte-
rial mechanism of GO nanosheets is cell membrane damage
caused by direct contact of GO sharp edges with bacterial mem-
branes [57,58]. The crucial antibacterial activity of ZH nano-
structures is the delivery of Zn2" ions to disrupt bacterial mem-
branes and intracellular processes [59,60]. Antibacterial activi-
ty of the GO-SG-ZH hydrogel was tested in agar well diffusion
assays (Figure 9). The photographic results showed inhibition
zones against E. coli (Figure 9a) and S. aureus (Figure 9b). The
inhibition zones resulted from the diffusion of ZH nanoparti-
cles and Zn2* cations from the hydrogel to the surrounding
agar. As the GO-SG-ZH hydrogel is antibacterial, the brush

coating of the GO-SG-ZH hydrogel on PLA films produced an
antibacterial coating on the substrate.

Antibacterial tests of uncoated and coated PLA films are de-
scribed in Figure 10, where the interfaces between PLA films
and agar/E. coli plates are displayed. Before the incubation
process, E. coli bacteria did not grow to biofilms
(Figure 10a—c). After incubation at 37 °C for 24 h, stripy
biofilms of E. coli bacteria were formed on the agar plates
(Figure 10d—f). While stripy patterns were observed in the areas
of blank PLA film (Figure 10d) and SG/PLA film (Figure 10e),
the GO-SG-ZH/PLA film presented an inhibition zone at the
vicinity of its boundary (Figure 10f). PLA and SG/PLA were
not antibacterial materials, and the GO-SG-ZH coating was
effective against the growth of E. coli biofilm on the coating
surface. The antibiofilm result is attributed to the antibacterial
activities of GO nanosheets and ZH nanoparticles. Regarding
the antibacterial mechanism of the nanocomposite coating,
direct contact of bacterial cells with sharp nanostructures of the

coating is the cause of membrane damage and cell inactivation.
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Figure 8: (a, b, ¢) Micrographs of morphology and structure of GO-SG-ZH coating on a PLA film. (d, e, f) SEM images of GO-SG-ZH coating on a PLA

film.

Table 3: EDS elemental composition of the GO-SG-ZH coating on the PLA substrate.

Materials C (atom %)

O (atom %)

Si (atom %) Zn (atom %)

SG-GO-ZH/PLA film 45.86 + 1.84

Zn2* cations released from ZH nanoparticles and reactive
oxygen species generated by ZH nanoparticles and GO nano-
sheets are effective bactericidal agents that disrupt bacterial
cells [56-60]. The antibacterial actions and results are mean-
ingful for preventions of biofilm formation and surface-medi-
ated infections [14,25,61]. GO-SG-ZH/PLA is a good material
for packaging and biomedical applications thanks to its
antibiofilm, safety, and biodegradability properties.

Stability of graphene oxide—nanosilica—zinc
hydroxide coatings on polylactide films in
aqueous environments

SG/PLA and GO-SG-ZH/PLA films were immersed in an envi-
ronment simulating aqueous food for one month. The stability
of the coatings in aqueous environments was measured by
calculating the loss of coating weight. These experimental tests
are useful for studying packaging materials and chemical

releases over a time period in environments simulating food

39.64 + 1.98

8.13+0.70 6.36 + 0.47

[14,27]. Line charts in Figure 11 report the weight losses of SG
(Figure 10a) and GO-SG-ZH/PLA (Figure 10b) coatings after 1,
3,5, 7,10 and 30 days in aqueous solutions containing water,
3% acetic acid, 10% ethanol, and 50% ethanol. Both coatings
were quite stable in pure water as the weight losses were insig-
nificant even after 30 days. However, acidic and alcoholic solu-
tions gave more notable effects on coating stability. Especially,
the weight losses of SG coating in 50% ethanol were
0.32 mg/cm? after 3 days and 1.48 mg/cm? after 30 days. The
high coating weight loss indicated that the coating of silica
nanoparticles was not stable in 50% ethanol solution (equiva-
lent to a fatty food environment). Besides, the coating of
GO-SG-ZH nanocomposite showed weight losses of 0.3 mg/
cm? after 3 days and 0.62 mg/cm? after 30 days in 50% ethanol.
Although the coating weight losses were considerable in the
first 3 days, the trend curve became steady in the period from 3
to 30 days. The GO-SG-ZH coating was more stable than the

SG coating on PLA films. As demonstrated in our previous

817



Beilstein J. Nanotechnol. 2025, 16, 806—-822.

Figure 9: Agar well diffusion assay of the GO-SG-ZH hydrogel presents antibacterial activities of the GO-SG-ZH hydrogel against E. coli (a) and
S. aureus (b).

Figure 10: Antibacterial test of uncoated and coated PLA films against the growth of E. coli biofilm. (a, b, c) Pictures of a PLA film (a), an SG/PLA film
(b), and a GO-SG-ZH/PLA film (c) on agar plates inoculated with E. coli bacteria (before incubation). (d, e, f) Pictures of the PLA film (d), SG/PLA film
(e), and GO-SG-ZH/PLA film (f) on the agar/biofilm plates after incubation at 37 °C for 24 h.
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Figure 11: Stability testing of SG/PLA and GO-SG-ZH/PLA films in an environment simulating aqueous food (water, 3% acetic acid, 10% ethanol, and
50% ethanol). (a, b) Graphs of weight losses of SG coating (a) and GO-SG-ZH coating (b) in the period of 30 days in aqueous solutions. (c, d) Initial
SG/PLA film (c) and GO-SG-ZH/PLA film (d). (e, f) Pictures of SG/PLA films after 10 days (e) and GO-SG-ZH/PLA films after 30 days (f) in aqueous

environments.

paper, the coating of zinc hydroxide nanoparticles was not
stable in aqueous solutions [14]. In this study, the stability of
GO-SG-ZH coating is attributed to the role of graphene-based
nanosheets. Large GO nanosheets are important to provide
effective surface area for coating adhesion to the flat substrate
and cross-linking in the coating network. Interactions at the
interface between the coating and substrate include electrostatic
interaction, hydrogen bonding, and van der Waals attraction. In
the molecular dynamics simulations by Hasheminejad et al., the
interfacial interaction energy between graphene oxide nano-
sheet and polylactide matrix is assigned to van der Waals forces
and hydrogen bonds [62]. The bonding network of GO-SG-ZH
nanosheets in the coating is another reason for the coating
stability in environments simulating aqueous food.

Mechanical properties of polylactide films
with nanosilica-based and graphene-based
coatings

The thin coatings of SG and GO-SG-ZH considerably affected
the mechanical properties of plastic films. Tensile testing results
of blank PLA, SG/PLA, and GO-SG-ZH/PLA films are de-
scribed in Figure 12 and summarized in Table 4. Additional
data of measurement values and stress—strain curves are given
in Supporting Information File 1, Table S1, Figure S4, Table

S2, and Figure S5. Our previous paper presented that GO-ZnO
coating on PLA film led to an increase of elastic modulus and a
decrease of tensile elongation [14]. Similar trends were also
noted in the tensile properties of coated PLA films in this study.
Elastic moduli of SG/PLA and GO-SG-ZH/PLA films rose to
2447.08 £ 27.71 MPa and 2232.7 + 105.52 MPa, which were
respectively 31.89% and 20.34% higher than that of blank PLA
film. Nanosilica and graphene-based nanosheets were nano-
structures with high elastic modulus for reinforcement of PLA
films through load transfer mechanism. High elasticity of SG
and GO-SG-ZH coatings led to the increases in elastic moduli
of the coated films. Besides, considerable decrease of elonga-
tion was observed due to the propagation of cracks from the
coatings to the substrate. The tensile strength of the GO-SG-
ZH/PLA film (54.22 + 2.86 MPa) was slightly higher than that
of the blank PLA film. The enhancement of tensile strength of
the GO-SG-ZH/PLA film is explained due to the load transfer
from the polylactide substrate to the graphene-based coating
during the tensile process. Effective coating adhesion to the
substrate and high elastic modulus of graphene-based nano-
sheets contributed to the higher tensile properties. Supporting
Information File 1, Figure S6 shows SEM images of surfaces at
the fracture of a GO-SG-ZH/PLA film generated by the tensile

measurement.
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PLA films.

Table 4: Mechanical properties of blank PLA, SG/PLA, and GO-SG-ZH/PLA thin films.

Materials Tensile strength (MPa) Elastic modulus (MPa) Tensile elongation (%)
PLA 50.28 + 3.4 1855.36 + 138.56 8.16 £1.43
SG/PLA 49.31 +1.93 2447.08 + 27.71 4.31+£0.36
GO-SG-ZH/PLA 54.22 + 2.86 2232.7 £ 105.52 7.23+1.77

Conclusion

Supramolecular graphene-based hydrogels are bioinspired
structures which are biomimetic to natural hydration structures
of cellular membranes, proteins, and other biomolecules. While
hydration shells participate in the shaping and dynamics of bio-
logical structures, water intercalation in graphene-based hydro-
gels is proposed to reduce intersheet van der Waals interaction,
generate repulsive hydration forces, and facilitate hydration
lubrication of graphene-based nanosheets. DFT calculations
showed that a water layer in AB bilayer graphene enlarges
the intersheet distance from 3.459 to 6.626 A, and conse-
quently leads to a reduction of 37.5% in intersheet binding
energy of the van der Waals force. In our experiments, sustain-
able green chemistry approaches are used to synthesize
graphene oxide, silica gel, nanosilica—zinc hydroxide,
and graphene oxide—nanosilica—zinc hydroxide nanocompos-
ites. The chemical methods used saved chemical reagents and
production energy, converted rice hush ash waste into
nanosilica, improved materials quality, and contributed to envi-
ronmental sustainability. The GO-SG-ZH hydrogel is a supra-
molecular hydration structure with the advantages of aqueous
dispersibility, antibacterial activity, and hydration lubrication.
Water evaporation analysis suggested that the last 4% of water
in the GO-SG-ZH hydrogel are interfacial hydration shells on
graphene-based nanosheets. The first water shell is crucially re-

sponsible for primary hydration forces between nanostructures.

Additionally, hydration lubrication is another interesting effect
of water-intercalated graphene-based systems. As graphene-
based nanosheets in the hydrogel structure are in non-stacking
state, they can slide on each other owing to water lubrication
and low interfacial friction. After brush coating and water evap-
oration, the graphene-based coating is adhered to the polylac-
tide substrate through interfacial interactions. The GO-SG-ZH/
PLA films showed antibacterial activity, coating stability, and
enhanced tensile properties. In summary, the supramolecular
hydration structure of graphene-based hydrogels is a prospec-
tive nanotechnology approach to advance nanoscale structures
and interfaces for a variety of applications.

Supporting Information

Figure of SEM-EDS analyses of graphene-based powder
and hydrogel, figures of nanocomposite hydrogel and its
dispersions in water, figures and tables of tensile testing of
coated polylactide films, and figure of SEM images of
fractured polylactide nanocomposite films.

Supporting Information File 1

Additional figures and tables.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-16-61-S1.pdf]
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Abstract

The advancement of affordable, ultrastable, and efficient electrode materials for basic hydrogen evolution reaction (HER) plays a
crucial role in industrial hydrogen manufacture, resolving problems caused by carbon dioxide emissions. Ni-based electrocatalysts
have been well accepted as potential candidates to replace Pt-based electrocatalysts for HER because of their suitable Gibbs free
hydrogen adsorption energy, good intrinsic catalytic properties, and high stability. However, solution-based synthetic approaches
can be highly harmful to human beings. In this study, Ni/NiO nanolayers were prepared on stainless steel (SS) via a facile one-step
radio frequency magnetron sputtering with various O, flow rates. The O, flow rate not only changed the crystal phase but also
affected the morphology and atomic ratio of materials, leading to optimized HER efficiency. The evaluation of catalytic activities
revealed that the optimal sample of Ni/NiO/SS-10 displayed a higher HER performance than bare SS. To produce Hj at a current
density of 10 mA-cm™2, this electrode required a low overpotential of 184 mV and demonstrated remarkable durability over 12 h of
operation. The high efficiency is attributed to the collaborative work of the NiO and Ni metal components and the good electrical
conductivity of SS, which is advantageous for dissociative adsorption of water molecules, recombination of hydrogen atoms, and
improvement of electronic/ionic motion. This work may introduce a facile and eco-friendly strategy for fabricating noble metal-

free, efficient nanomaterials for electrocatalytic HER.

Introduction
The world is facing a critical challenge through the increasing  provide sustainable energy for future generations because there
consumption of fossil fuels, causing CO, emissions and result-  are no harmful emissions with only water vapor as a byproduct

ing in climate change [1]. Hydropower can be harnessed to  [2-4]. Also, hydropower offers better energy efficiency com-
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pared to gasoline, coal, and natural gas. Currently, hydrogen
produced by water electrolysis is well accepted as an ecologi-
cally clean, sustainable method compared to other techniques,
such as coal gasification and steam methane reforming [5-10].
According to reported works, Pt catalysts were recognized as
the best material for electrochemical hydrogen evolution reac-
tion (HER) [11-13]. However, it is challenging to use Pt-based
nanomaterials for industrial applications because of their non-
abundance and high cost. As a result, many studies have
explored Pt-free catalysts, such as MoS,, WS,, CoSe;, and
NiSe,, which displayed potential performance in acidic media
[14-16]. However, their HER efficacy is poor in alkaline envi-
ronments because of the lack of available protons, resulting in a
high required voltage to cleave H-OH bonds. To resolve this
problem, many groups fabricated metal/metal oxide-based
nanomaterials using various solution-based methods for alka-
line HER because of the efficacy of metal oxides in breaking
water molecules. In this context, Ni/NiO-based nanomaterials
were evaluated as promising catalysts for industrial applica-
tions because of their Gibbs free energy of hydrogen/water
adsorption. Also, inexpensiveness and high durability are posi-
tive aspects regarding large-scale applications. For instance,
Oshchepkov and coworkers revealed that the efficacy of NiO in
cleaving H-OH bonds accelerated the formation of hydrogen on
a Ni metal catalyst [17]. Yan and coworkers prepared Ni/NiO
nanosheets via a hydrothermal process and annealing, which
gave a high HER efficiency [18]. Wang et al. found that Ni
metal plays a crucial role in NiO,-based material for water elec-
trolysis [19]. However, using chemical methods to fabricate Ni/
NiO-based nanomaterials is accompanied by toxic solvents and
gases, influencing the environment and people’s health. One of
the most significant current discussions in water electrolysis is
finding green methods to prepare high-efficiency electrocata-
lysts. Thus, vacuum physical techniques have gained consider-
able attention in synthesizing electrode materials in recent years
because they offer a cleaner pathway than solution-based syn-
thetic processes [20-22]. Among vacuum deposition methods,
magnetron sputtering has been widely applied in industrial ap-
plications for fabricating thin films because of its advantages,
such as good adhesion and uniform distribution of materials on
various substrates [23-25]. For instance, Ren et al. used the
magnetron sputtering method to introduce Si into an iridium
electrode to achieve efficient water electrolysis [26]. Addition-
ally, this technique’s fast deposition rate and high level of the
preserved substrate are definite advantages. Although studies
have recognized the effectiveness of magnetron sputtering,
research has yet to systematically investigate the effect of the
O, flow rate on the HER efficiency of Ni/NiO catalysts.

Commercial stainless steel (SS) costs less than other conduc-

tive substrates such as nickel foam (NF), carbon cloth, and fluo-

Beilstein J. Nanotechnol. 2025, 16, 837-846.

rine-doped tin oxide [27-29]. Also, SS displays high electrical
conductivity, outstanding chemical stability, and good mechani-
cal properties. Therefore, numerous researchers have used SS as
a template to deposit nanomaterials using various electrocat-
alytic applications [30]. For instance, Wang et al. deposited
nickel-iron on SS, which was used as a high-performance elec-
trode for water oxidation [31]. Hence, in this study, we utilized
commercial 304 SS and coated it with the Ni/NiO catalyst
through a one-step radio frequency (RF) magnetron sputtering
route with various O, flow rates, including 5, 10, 15, and
20 sccm. The electrode showed a higher HER efficacy than SS
and Ni/SS, indicating the crucial role of NiO in water splitting.
Moreover, the optimal sample Ni/NiO/SS-10 exhibited remark-
able durability after 12 h of operation, suggesting great poten-

tial regarding industrial application.

Results and Discussion

Crystal structure and phase of the as-synthesized electrodes
were verified by X-ray diffraction (XRD) measurements with
20 ranging from 20° to 80°. Figure 1 displays the XRD patterns
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Figure 1: XRD patterns of SS, Ni/NiO/SS-5, Ni/NiO/SS-10,
Ni/NiO/SS-15, and Ni/NiO/SS-20 electrodes.
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of SS, Ni/NiO/SS-5, Ni/NiO/SS-10, Ni/NiO/SS-15, and Ni/
NiO/SS-20 electrodes. Regarding the commercial 304 SS sam-
ple, the typical peaks at 43.64°, 50.68°, and 74.56° were
indexed to the (111), (200), and (220) crystal planes of the
cubic y-Ni-Cr-Fe phase [27-33]. At a low O, flow rate
(5 scem), a Ni metal phase appeared, visible by the peak at
51.9°, identical to the Ni/SS sample (Supporting Information
File 1, Figure S1), whereas the NiO phase also began to appear
with low-intensity peaks. When the O, flow rate was increased
from 10 to 20 sccm in the synthetic process, the peak intensity
of the NiO phase was enhanced. More importantly, the XRD
image of Ni/NiO/SS-10 presents peaks at 37.20°, 43.21°, and
62.91°, which correspond to the (111), (200), and (220) planes
of the NiO phase (PDF 00-004-0835) [34,35]. Meanwhile, the
peak of the Ni metal phase still appeared in the Ni/NiO/SS-10
sample, proving the co-existence of metal and metal oxide
phases, offering a potential for HER. These outcomes indicated
the successful Ni/NiO thin film fabrication on SS substrates.
The uniformity of the electrocatalyst material is a vital factor
that has a direct effect on electrode performance.

Scanning electron microscopy (SEM) was carried out to analyze
the morphology of the Ni/NiO thin film on the SS substrate.
The as-synthesized Ni/NiO film at 5 sccm of O, flow rate
showed uniform and continuous appearance on the entire sur-
face of the SS substrate (Figure 2a,e). However, at high O, flow
rates, the surface of Ni/NiO/SS-10, Ni/NiO/SS-15, and Ni/NiO/
SS-20 electrodes became rougher, as shown in Figure 2b—d,
which was attributed to a higher metal oxide content. More im-
portantly, the composition of the samples (wt %) changed with

Beilstein J. Nanotechnol. 2025, 16, 837-846.

different O, flow rates in the sputtering process. The propor-
tion of O increases when the O, flow rate is increased, deter-
mined by energy-dispersive X-ray spectroscopy (EDX), as
shown in Table 1. Ni/NiO/SS-5 displayed the lowest O content
(4.69 wt %). In contrast, Ni/NiO/SS-20 showed the highest O
content (22.69 wt %), attributed to the highest O, flow rate in
the sputtering process. Ni/NiO/SS-10 exhibited a moderate O,
content (11.96 wt %), which could bring the highest HER effi-
ciency. The Ni/NiO ratio is the most crucial parameter in the
Ni/NiO catalyst system, influencing the electrode’s HER effi-
ciency, which Yan and coworkers proved [18].

Table 1: Nickel and oxygen fractions from EDX analyses.

Electrodes Ni (wt %) O (wt %)
Ni/NiO/SS-5 95.31 4.69
Ni/NiO/SS-10 88.04 11.96
Ni/NiO/SS-15 82.93 17.07
Ni/NiO/SS-20 77.31 22.69

The Raman spectrum of the Ni/NiO/SS-10 electrode displayed
the prominent peaks shown in Figure 3. The bands at 200 to
600 cm™! represent one phonon (1P), whereas the bands at 650
to 1100 cm™! could be assigned to two phonons (2P) of NiO
species in the electrode. In particular, the Raman peak at
552 cm~! was indexed into the 1P longitudinal optical (LO)
mode, whereas the peak at 1052 cm™! is attributed to the 2P
mode of the Ni-O bonds. These peaks indicate the existence of

Figure 2: SEM images of (a, e) Ni/NiO/SS-5, (b, f) Ni/NiO/SS-10, (c, g) Ni/NiO/SS-15, and (d, h) Ni/NiO/SS-20 electrodes.
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Figure 3: Raman spectrum of the Ni/NiO/SS-10 electrode.
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Ni defects in the Ni/NiO/SS-10 sample, which is favorable for
electrocatalytic applications [36-38]. Additionally, Figure 4
depicts EDX analysis and proves the uniform distribution of the
primary elements (Ni, O) in the Ni/NiO/SS-10 sample. This
outcome revealed that catalytic sites were also uniformly distri-
buted on the electrode’s surface. Figure 5a exhibits the X-ray
photoelectron spectroscopy (XPS) survey of the Ni/NiO/SS-10
sample. It can be seen that Ni/NiO/SS gives Ni and O peaks.
The chemical state of Ni is further analyzed by the Ni 2p3,
peaks. As depicted in Figure 5b, the Ni 2p3/, spectrum can be
deconvoluted into four peaks. The peaks at 8§52.8, 853.7, and
855.8 eV correspond to Ni%, NiZ*, and Ni3*, respectively.
Another broad peak at nearly 861 eV is attributed to a satellite
peak. The presence of Ni* can be ascribed to the formation of
NiOOH species originating from water adsorption on the sur-
face of NiO. The high-resolution O 1s spectrum can be decon-

Figure 4: (a) SEM image, (b) overall element mapping, and (c) nickel and (d) oxygen element mapping of the Ni/NiO/SS-10 sample.
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Figure 5: (a) Survey XPS spectrum of Ni/NiO/SS-10. High-resolution XPS spectra of (b) Ni 2p3,» and (c) O 1s.
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voluted into three peaks, namely, O-Ni2* (528.9 eV), O-Ni>*
(530.5 eV), and O-H (531.4 eV) [39].

To find the optimal O, flow rate for HER applications, we eval-
vated the HER catalytic activities of the SS, Ni/NiO/SS-5, Ni/
NiO/SS-10, Ni/NiO/SS-15, and Ni/NiO/SS-20 electrodes.
Linear sweep voltammetry (LSV) of electrodes was studied in a
solution of 1.0 M KOH. As shown in Figure 6a, Ni/NiO/SS-10
provides better HER efficacy than other as-synthesized cata-
lysts. To reach a cathodic current density of 10 mA-cm™2, SS,
Ni/NiO/SS-5, Ni/NiO/SS-10 Ni/NiO/SS-15, and Ni/NiO/SS-20
electrodes needed overpotentials of 431, 247, 184, 326, and
382 mV vs RHE, respectively. A smaller overpotential implies
a smaller energy barrier for water electrolysis to produce hydro-
gen. These outcomes indicate that Ni/NiO/SS-10 shows the
highest HER efficiency among the investigated electrodes. Its
overpotential is comparable with Ni-based nanomaterials in the
literature, as depicted in Table 2 [40-48]. Specifically, the over-
voltage of Ni/NiO/SS-10 is lower than those of NiO/C
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(565 mV) [40], Ni3S,/NC (199 mV) [44], NiCoP/rGO
(209 mV) [47], and NF-Ni3Se,/Ni (203 mV) [48]. Also, the
Tafel slopes indicate that the reaction kinetics of the Ni/NiO/
SS-10 electrode is faster than those of the other electrodes
(Figure 6b). Notably, the Tafel slopes are 161.1, 103.5, 90.5,
109.9, and 129.7 mV-dec™! for SS, Ni/Ni0Q/SS-5, Ni/NiO/SS-
10, Ni/NiO/SS-15, and Ni/NiO/SS-20 electrodes, respectively.
Moreover, the Tafel slope value of Ni/NiO/SS-10 is lower than
the published ones of Ni/NiO (114 mV-dec™!) [41], NiP,/NiO
(94 mV-dec™!) [45], NisP, (98 mV-dec™") [46], and NiCoP/rGO
(124.1 mV-dec™") [47]. Generally, Tafel slopes are used to de-
termine the HER mechanism, which could follow the
Volmer—Heyrovsky or Volmer—Tafel pathway [49]. In this
work, the Tafel value of Ni/NiO/SS-10 is between 40 and
120 mV-dec™!, revealing that the HER mechanism follows the
Volmer-Heyrovsky mechanism.

During the electrocatalytic process, the NiO components are
crucial in facilitating the dissociative adsorption of water mole-

(b)
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Figure 6: (a) Polarization curves of SS, Ni/NiO/SS-5, Ni/NiO/SS-10, Ni/NiO/SS-15, and Ni/NiO/SS-20 electrodes. (b) Corresponding Tafel slopes of
electrodes. (c) Nyquist plots of different samples recorded at a potential of —-200 mV vs RHE. (d) Double-layer capacitances obtained using cyclic vol-

tammetry (CV).
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Table 2: Summary of alkaline HER performance for various Ni-based electrocatalysts.

Catalysts Current density Overpotential Tafel slope Reference
(mA-cm=2) (mV) (mV-dec™)

NiO/C 10 565 77.8 [40]
Ni/NiO 10 120 114 [41]
N-NiO 10 154 90 [42]
NigS,@2DCo-MOF 10 140 90.3 [43]
NigSo/NC 10 199 72 [44]
NiP2/NiO 10 =131 94 [45]
NisP4 10 49 98 [46]
NiCoP/rGO 10 209 124.1 [47]
NF-NizgSeo/Ni 10 203 79 [48]
NiO/SnOy 10 157 155 [50]
NiO@TiOz 10 144 152.34 [51]
Ni/NiO/SS-10 10 184 90.5 this work

cules to generate adsorbed H atoms (H,qs). Also, NiO units are
vital in scavenging OH™ ions, which could reduce the catalytic
activity of metallic Ni phases [52]. Meanwhile, metallic Ni
phases favor the recombination of H,qs to produce H, gas,
implying a perfect pair of Ni/NiO for the HER catalytic process
[53-55]. Therefore, the Ni/NiO/SS-10 electrode exhibits higher
HER activity than SS and Ni/SS, as shown in Supporting Infor-
mation File 1, Figure S2. More importantly, the highest HER
efficiency of the Ni/NiO/SS-10 electrode could be explained as
follows: At a low O, flow rate (5 sccm), NiO is formed with
low content, resulting in a decrease in the dissociative adsorp-
tion of water molecules. In contrast, at high O, flow rates (15
and 20 sccm), NiO is produced with a large ratio of NiO/Ni,
which is indicated by XRD peaks of NiO with high intensity. A
high NiO concentration prefers the dissociative adsorption of
water molecules, while hydrogen desorption is limited. Besides,
the O content increased in the order of Ni/NiO/SS-5 < Ni/NiO/
SS-10 < Ni/NiO/SS-15 < Ni/NiO/SS-20, confirmed by EDX
analysis. Overall, the material obtained at 10 sccm O, flow rate
has the most suitable O/Ni ratio among the four materials and
thus exhibited the best HER efficiency [18].

Electrochemical impedance spectroscopy (EIS) was carried out
at a voltage of —200 mV to confirm the HER kinetics. Figure 6¢
shows the Nyquist plots of the various electrodes accompanied
by an equivalent circuit (inset of Figure 6¢). Ni/NiO/SS-10 has
a charge transfer resistance (R.¢) of 5.35 Q, which is much
smaller than that of SS (30.75 Q), Ni/NiO/SS-5 (9.79 Q),
Ni/NiO/SS-15 (10.58 Q), and Ni/NiO/SS-20 (19.87 Q). The
lowest R of Ni/NiO/SS-10 indicates the best electron/ion
transfer kinetics for HER, consistent with the Tafel slope analy-
sis. In general, the electrochemical surface area (ECSA) can be

predicted by measuring the double-layer capacitance (Cqy),

which is derived from the CV technique at various scan rates,
ranging from 20 to 120 mV-s~!, as depicted in Suporting Infor-
mation File 1, Figure S4. Notably, the Cq; of Ni/NiO/SS-10 is
0.71 mF-cm™2, which is higher than those of Ni/NiO/SS-5
(0.50 mF-cm™2), Ni/Ni0/SS-15 (0.47 mF-cm™2), Ni/NiO/SS-20
(0.25 mF-cm™2), and SS (0.23 mF-cm™2), offering its higher
ECSA along with a remarkable HER efficacy (Figure 6d).

To assess the intrinsic catalytic properties, the LSV curves were
normalized to the ECSA, as displayed in Figure 7a. Ni/NiO/SS-
10 presents a better intrinsic HER catalytic activity than the
other samples. Also, the turnover frequency (TOF) is a vital
factor for investigating the intrinsic catalytic activities of elec-
trodes for the HER [56]. Hence, we determined the TOF of dif-
ferent electrodes at an overpotential of 200 mV for comparison.
The TOF of Ni/NiO/SS-10 is 0.051 s~!, which is higher than
those of Ni/NiO/SS-5 (0.010 s™1), Ni/NiO/SS-15 (0.008 s71),
and Ni/NiO/SS-20 (0.004 s1), as shown in Figure 7b. This
outcome implies that Ni/NiO/SS-10 exhibits a better efficiency
regarding the active sites in the electrocatalytic HER process.
Finally, we evaluated the long-term electrochemical stability of
the Ni/NiO/SS-10 electrode via three methods, that is,
chronopotentiometry, CV, and chronoamperometry. The poten-
tial-time response revealed that approximately 91% of the
initial voltage is retained after 12 h of continuous hydrogen pro-
duction at a cathodic current density of 10 mA-cm™2
(Figure 7c). Also, the LSV curve of Ni/NiO/SS-10 exhibits
minimal changes after 2000 cycles (inset of Figure 7c). Addi-
tionally, the current density was maintained during the 12 h
testing of chronoamperometry, as depicted in Figure 7d. This
indicates the high stability of the Ni/NiO/SS-10 electrode for
alkaline water electrolysis. To explain the high HER efficiency
of the Ni/NiO/SS-10 electrode, we analyzed SEM and EDX
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Figure 7: (a) LSV curves (normalized to the ECSA) of SS, Ni/NiO/SS-5, Ni/NiO/SS-10, Ni/NiO/SS-15, and Ni/NiO/SS-20 electrodes. (b) TOFs of Ni/
NiO/SS-5, Ni/NiO/SS-10, Ni/NiO/SS-15, and Ni/NiO/SS-20 electrodes at an overpotential of 200 mV. (c) Potential-time response of the Ni/NiO/SS-10
electrode measured over a period of 12 h. Inset: Polarization curves recorded initially and after 2000 CV cycles of the Ni/NiO/SS-10 electrode. (d)

Chronoamperometric curve of Ni/NiO/SS-10 electrode recorded for 12 h.

after the stability test (Supporting Information File 1, Figure
S5). It is noted that there is no significant change in the mor-
phological structure and elemental distribution of Ni/NiO/SS-
10. However, EDX exhibits a slight increase in the weight frac-
tion of oxygen. A possible explanation for this might be that
OH™ ions are adsorbed by NiO species [57]. Another possible
explanation is that air oxidizes the electrode after chronoamper-
ometry [36].

Conclusion

Ni/NiO/SS self-standing electrodes were successfully prepared
through a facile magnetron sputtering technique and were used
as high-efficiency cathodes for the HER. By controlling the O,
flow rate of 10 sccm in the reactor, the HER performance of the
Ni/NiO/SS-10 electrode was optimized to a low overpotential of
184 mV at a current density of 10 mA-cm™2 and a moderate
Tafel slope of 90.5 mV-dec™!. Also, remarkable stability was
recorded after 12 h continuous hydrogen production by
chronopotentiometry and chronoamperometry, and 2000 cycles

of CV. This performance was ascribed to the collaborative work

of the NiO phases, metallic Ni, and high conductivity of SS,
which is advantageous for the Volmer step in alkaline solution,
the combination of adsorbed H atoms, and electron transport in
the catalytic process. These conclusions guide the fabrication of
binder-free, robust, affordable electrocatalysts using magnetron
sputtering for basic HER.

Experimental

Chemicals and materials

Nickel target (99.95%), Ar gas (99.9995%), and O, gas
(99.9995%) were provided by Nippon Sanso company. KOH
(99.95%) was provided by Sigma-Aldrich. Deionized water
(DI) was created on a Millipore Milli-Q apparatus. Commercial
304 SS with a thickness of 1 mm was used as a substrate for

catalyst growth.

Fabrication of the Ni/NiO/SS samples
Grade 304 SS was cut into pieces of 60 mm x 25 mm, washed
with soap, and then sonicated in a mixture of acetone and

ethanol to remove the impurities left on the SS template. After
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that, thin films of Ni/NiO were deposited on the SS substrate
through reactive RF magnetron sputtering with various O, flow
rates. In particular, the Ni/NiO nanolayers were deposited using
a pure Ni target at a deposition pressure of 5 x 1073 Torr, sput-
tering power of 70 W, and substrate temperature of 250 °C. In
this process, the Ar flow rate was kept at 80 sccm, whereas the
O, flow rates were to 0, 5, 10, 15, and 20 sccm to create various
electrodes, designated Ni/SS, Ni/NiO/SS-5, Ni/NiO/SS-10
Ni/NiO/SS-15, and Ni/NiO/SS-20, respectively. The obtained
products were stored under vacuum for further analysis.

Materials characterization

The crystal structure of materials was confirmed by XRD using
Cu Ka radiation with a wavelength of 0.154 nm on a X-ray
diffractometer (D8 Advance, Bruker). The morphology of the
obtained products was analyzed utilizing SEM on an S-4800
Hitachi. Chemical components and element distribution in ma-
terials were studied using EDX. The Raman spectra were
studied using a LabRAM-HR Evolution Raman microscope
with a laser wavelength of 532 nm. The composition of the thin
films was investigated using XPS on a Thermo Scientific
K-Alpha XPS system.

Electrochemical measurements

The HER catalytic activities were assessed on an electrochemi-
cal workstation (VMP-3e Multichannel Potentiostat, Biologic)
in a three-electrode system. A Hg/HgO electrode was used as a
reference electrode, while a carbon rod was utilized as the auxil-
iary electrode. The self-standing Ni/NiO on the SS substrate as
a working electrode was cut into pieces of 1 cm X 0.5 cm and a
catalyst loading area of 0.5 cm X 0.5 cm. LSV was carried out at
a scan rate of 2 mV-s~!, followed by 85% iR compensation, in a
solution of 1.0 M KOH. EIS was investigated at a potential of
—200 mV vs a reversible hydrogen electrode (RHE) in a fre-
quency zone from 107 to 0.1 Hz. Cq; values of the samples were
obtained by using CV in the non-faradaic potential range at dif-
ferent scan rates. The Nernst equation was used to convert the
measured potential relative to Hg/HgO into RHE potential:
ERHE = Eng/Heo + 0.098 + 0.059pH.

Supporting Information

Supporting Information File 1

XRD and HER performance of Ni/SS; EDX spectra of
various Ni/NiO/SS electrodes; CV curves in non-faradaic
zone of electrodes at various scan rates (20—120 mV-s™1) in
1.0 M KOH.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-16-63-S1.pdf]
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polyvinyl alcohol

Abstract

Biopackaging materials are gaining significant attention compared to traditional synthetic polymers thanks to their biodegradable
and biocompatible nature to be used in food, pharmaceutical, and cosmetic industries. The current major gaps in research regarding
these biopackaging materials are their low mechanical strength and the introduction of functional additives to enhance their range of
applications. In this paper, a biopackaging material is formulated using polyvinyl alcohol with glycerol as a plasticizer, rice straw-
derived nanocellulose as a mechanical property enhancer and cinnamon essential oil Pickering emulsion as the main functional
ingredient for strawberry preservation. With the combination of nanocellulose and Pickering emulsion, this study finds that the
packaging material exhibits good heat-resistance, mechanical, and water-barrier properties. At an emulsion concentration as low as
10% (v/w) in the casting solution, high UV absorbance capacity (up to 100% UVC), high antibacterial activity (92.4% Escherichia
coli inhibition), and good antioxidative properties (up to 43% DPPH radical scavenging) were observed. These bioactive properties
and the inherent moisture barrier property of the packaging material are utilized for strawberry preservation with a significant pres-
ervation time of 21 days compared to control samples that start to grow a white fungus on day 11. This combination of biopack-
aging with a naturally derived functional additive is proven to be effective in preserving fruits, especially easily spoiled ones like
strawberries.

Introduction
Biopackaging materials are alternative materials to traditional particularly in the food, pharmaceutical, and cosmetic sectors
oil-based plastic packaging that help mitigate environmental thanks to their good mechanical properties, high biocompatibili-

and health concerns relating to food preservation. They are used  ty, and biodegradability [1-3]. Polyvinyl alcohol (PVA) has
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been shown to provide better biodegradability compared to
other polymers such as polyethylene, polyvinyl chloride, and
polystyrene [4-6] due to its secondary alcohol groups being
susceptible to enzymatic oxidation and its water solubility
enhancing microbial access [7]. PVA also exhibits superior bio-
compatibility as evidenced by its high safety threshold (LD5g of
15-20 g-kg™1), low systemic absorption, absence of mutagenic
effects, and established medical applications, making it a reli-
able choice for biopackaging without concerns of harmful deg-
radation byproducts [8,9]. One problem is that the hydrophilic
structure of PVA gives it a high water-solubility, water uptake,
and worse mechanical properties [10,11]. Different filler and
nanomaterials including silica [12-14], graphene [15,16], and
metals [17,18] have been added to PVA to develop composite

materials with superior properties.

Compared to other inorganic nanomaterials, nanocellulose (NC)
has been noted to be a highly potential sustainable and bio-
based filler that can be obtained from otherwise wasted agricul-
tural byproducts like rice straw [11,19]. NC can enhance
polymer matrix properties, including tensile strength, elasticity,
and thermal stability, due to its high surface area, hydroxy
groups forming hydrogen bonds, and excellent dispersion
within the matrix [20,21]. This improvement is attributed to
interaction between hydroxy groups in NC and PVA, effec-
tively reinforcing the nanofiber structure and providing better
resistance to moisture-induced degradation [22]. Studies have
shown that the addition of NC can significantly enhance the me-
chanical properties of PVA where tensile strength has been re-
ported to increase from around 20 MPa to well over 30 MPa
[23,24]. Similarly, the water vapor permeability has also been
reported to change. It generally decreases with the incorpora-
tion of nanocellulose [24], thereby preventing the drying out of
the fruits to be preserved, which can greatly reduce their quality
[25].

One factor to be considered with this reduced permeability is
that the trapped moisture with the inherent highly nutritious
components of the fruits can also inversely introduce the growth
of microbials, thereby facilitating the spoiling process [26]. This
pushes recent research to focus on the incorporation of bioac-
tive ingredients to introduce antimicrobial and antioxidation
properties that can offer extended shelf life [27-29]. Essential
oils are great candidates and possess a variety of bioactive prop-
erties while maintaining a high biocompatibility [30].
Cinnamon essential oil (CEO) is one of the best-known essen-
tial oils with strong activity against a range of Gram positive
and Gram negative bacteria thanks to the cinnamic aldehyde
and eugenol content in its composition [31-33]. The effective-
ness of incorporating CEO in the preservation of fruits has been

demonstrated. The preservation of mangoes was extended by
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7 days [34] and the color of persimmons was maintained up to
63 days in cold storage [35].

The major challenge of using CEO is its hydrophobic nature,
which prevents it from blending with the biopackaging casting
solution, and its volatile and unstable structure, which can lead
to significant loss of efficacy over time [36]. Encapsulation
strategies, like Pickering emulsions (PEs) stabilized by bio-
based particles, address these challenges [37]. Nanocellulose is
a promising candidate for stabilizing Pickering emulsions
because of its high surface area, nanoscale dimensions, and
amphiphilic nature [20]. This not only improves the
dispersibility of essential oils in biopolymer matrices but also
enhances the overall compatibility and performance of the
biopackaging material [22]. Our previous research has demon-
strated that nanocellulose can effectively encapsulate CEO into
a PE with small particle sizes (<700 nm), high stability, and
strong antimicrobial and enhanced DPPH inhibition properties
[38].

This study represents the first attempt to integrate rice straw-
derived nanocellulose both as a biopackaging reinforcing filler
and as a carrier for cinnamon essential oil Pickering emulsions
(PE-CEO) into a single biopackaging material. While earlier
studies have focused on either nanocellulose as a reinforcement
or Pickering emulsions for bioactive delivery, their combined
potential in scalable solutions has not been explored. By inte-
grating nanocellulose and essential oils, biopackaging can
achieve superior mechanical strength, enhanced bioactivity, and
greater environmental sustainability. This synergy paves the
way for scalable, eco-friendly solutions that align with indus-
trial demands for highly functional packaging materials. To
validate its real-world applicability, the biopackaging was tested
on strawberry, a nutritious fruit that is highly susceptible to
microbial contamination and mold growth [39] to highlight its
potential to extend shelf life and improve postharvest quality.
The findings indicate that this bioactive film could serve as an
effective alternative to conventional packaging, offering both

sustainability and enhanced food safety [30].

Results and Discussion

Physicochemical properties

FTIR spectroscopy (Figure 1a) was used to study the PVA/glyc-
erol biopackaging (BP), NC-reinforced BP (rBP), and PE-CEO-
containing rBP (rCBP) composite films. BP exhibited character-
istic peaks at 3330 cm™! (O-H stretching), 2900 cm™! (C-H
stretching), and 1420 cm™! (C—H bending), which align with the
chemical structure of PVA [22,24]. When NC was added, the
O-H stretching peak became broader and shifted slightly to
3315 cm™!, which can be attributed to the hydrogen bonding be-
tween PVA and NC [24]. For rCBP, additional peaks appeared
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Figure 1: Effect of NC and PE-CEO on properties of biopackaging materials. (a) FTIR spectra, (b) DTG, (c) XRD, and (d) tensile strength and elonga-

tion at break.

at 1510 and 1745 cm™!, corresponding, respectively, to the aro-
matic rings and C=0 stretching of cinnamaldehyde of CEO
[31]. The little difference found between rCBP and rBP sug-
gests a low effect of CEO on the biopackaging, which can be
explained either by the low concentration of CEO or the trap-

ping effect of the polymer matrix on CEO [31].

XRD analysis (Figure 1c) shows that all biopackaging samples
exhibit only large peaks at around 22° and 26°, which corre-
spond to the (101) and (200) planes of the PVA structure [40].
It is to note that a slight peak shift to higher angles can be seen
for rBP compared to BP, which indicates a decrease in inter-
planar spacing, suggesting that NC has infiltrated the PVA
lattice structure. For rCBP, with the addition of PE-CEO that
has a larger particle size (=700 nm [38]), the peaks were shifted
towards lower angles and the peak intensity was visibly lower.
This may be related to the disruption of the crystalline structure
of PVA after encapsulation of essential oil. For rBP and rCBP,

which also contains NC, a small rise in the XRD signal can be
seen at around 18°, which may be from the (110) plane of the If
cellulose crystalline phase [32].

Differential thermogravimetry (DTG) results (Figure 1b)
revealed three distinct stages of weight loss. The first stage
(30-130 °C) was attributed to water evaporation, consistent
with the hydrophilic nature of PVA [41]. The second stage
(260-380 °C) involved polymer chain degradation and volatile
compound release [42]. At temperatures above 380 °C, carbona-
ceous residues decomposed. The addition of NC shifted the
degradation onset temperature to a higher range, indicating im-
proved thermal stability. This could be due to the rigid nature of
NC particles, which enhance the structural integrity of the com-
posite, delaying its decomposition [24]. CEO did not signifi-
cantly alter the thermal degradation pattern, confirming that its
incorporation did not compromise the thermal stability of the
samples. These findings indicate that PVA-NC films are ther-
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mally suitable for applications like food packaging, where mod-

erate temperature resistance is required.

Figure 1c illustrates the mechanical properties of biopackaging
films, including tensile strength and elongation at break. The in-
corporation of NC significantly enhances the tensile strength of
the films by more than 40%, reaching 31.06 MPa, due to the
reinforcing effect of nanocellulose within the polymer matrix
[41]. The presence of PE-CEO slightly decreases tensile
strength and elongation at break to 24.82 MPa and 190%, re-
spectively [43].

FTIR spectra of the biopackaging films containing different
concentrations of CEO are shown in Figure 2a. The character-
istic peaks confirm the presence of functional groups associat-
ed with PE-CEO and polymer interactions. The broad absorp-

tion band around 3300 cm™! corresponds to O-H stretching
vibrations, indicating hydrogen bonding between the biopoly-

mer and PE-CEO components [24]. The intensity of the peaks
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at 1730 em™! (C=0 stretching from ester or carboxyl groups)
and 1600 cm™! (C=C stretching of aromatic rings) changes with
increasing PE-CEO concentration, suggesting interactions be-
tween PE-CEO and the polymer network [44]. These variations
indicate successful incorporation of PE-CEO, which could in-
fluence the physicochemical properties of the films.

Thermogravimetric analysis (TGA) (Figure 2¢) shows how in-
creasing the PE-CEO concentration may affect the thermal
stability of the sample. At lower PE-CEO concentration, almost
no variation between the rCBP samples can be observed. At
10% (v/w) PE-CEO concentration, a notable decrease in mass
can be observed, which is attributed to the high volatility of
CEO and the fact that the high oil concentration in the biopack-
aging matrix makes it harder to fully load and encapsulate CEO.
All biopackaging samples maintain masses of more than
50 wt % at up to 300 °C, indicating that these biopackaging are
thermally suitable for applications like food packaging where
moderate temperature resistance is required.
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Figure 2: Effect of cinnamon essential oil Pickering emulsion concentration (2%, 4%, 6%, 8%, and 10% (v/w)) on properties of biopackaging materi-

als. (a) FTIR spectra, (b) water vapor permeability, (c) TGA, and (d) DTG.

1237



The effect of CEO concentration on water vapor permeability
(WVP) of the biopackaging films is illustrated in Figure 2b.
WVP is a critical factor for packaging applications, influencing
barrier properties against moisture transmission. The results
show that adding CEO reduces WVP values compared to the
control. At 4% (v/w) PE-CEO, WVP decreases by approxi-
mately 23.5%, reaching 4.12 x 10712 g¢m~1.s"1.Pa~! due to in-
creased hydrophobicity and reduced polymer chain mobility
[43]. When CEO content exceeds 8%, WVP slightly increases
to 5.27 x 10712 g.m~L.s7L.Pa~1, likely due to structural hetero-
geneity and phase separation within the polymer matrix [45].
These findings suggest that an optimal PE-CEO concentration
exists to balance water resistance and mechanical stability,
making PE-CEO-infused films promising candidates for
biopackaging applications requiring controlled moisture perme-

ability.

The surface morphology of the biopackaging materials was ex-
amined using scanning electron microscopy (SEM) (Figure 3).
As shown in our previous research, nanocellulose in suspension
has a size of around 20-30 nm and a length below 300 nm, and
size increase due to structural collapse would be seen upon
drying [24,46]. A SEM image of the nanocellulose sample is
given in Figure 3a. After freeze-drying, some coagulation
occurred, increasing the size of the sample to reach ~4 pm in di-

ameter and ~1 ym in length.

Pure BP films (Figure 3b) exhibited a relatively smooth surface
with visible small pores, indicative of weak intermolecular
interactions. The incorporation of NC into the PVA matrix sig-
nificantly reduced surface roughness and void formation,
suggesting enhanced structural integrity due to the strong
hydrogen bonding between NC and PVA (Figure 3c) [22]. The
addition of CEO further modified the film structure, forming a
more compact and homogenous surface, which likely contribut-
ed to improved mechanical properties and moisture resistance
(Figure 3d) [31].

Bioactive properties

The DPPH radical scavenging (Figure 4a) showed a linear
increase in scavenging activity with increasing CEO concentra-
tion, reaching a maximum of 43% at 10% (v/w) CEO incorpo-
ration. This trend suggests a direct correlation between the
phenolic content of CEO and its ability to inhibit DPPH free
radicals [47]. The antioxidative performance of the films aligns
with previous studies on essential oil-infused biopolymer
matrices, confirming their potential to enhance food packaging
stability by preventing oxidative degradation [48].

With increasing CEO concentration, transmittance decreased
significantly in the UV region (300-400 nm) (Figure 4b),
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demonstrating strong UV blocking capability [49]. The
transmittance even dropped to near zero in the UVC range
(280-315 nm). Above 400 nm, the transmittance was higher but
remained below 100%, highlighting the dual function of
PE-CEO in absorbing harmful UV rays while partially limiting
visible light transmission (Figure 4d). This makes rCBP ideal
for preserving light-sensitive products such as fruits and vegeta-
bles, protecting them from photodegradation and extending
their shelf life [24]. This effect can be attributed to the presence
of cinnamaldehyde and other phenolic compounds in CEO,
which act as natural UV absorbers [50].

The antimicrobial properties of the biopackaging were assessed
by a time-kill assay against E. coli and S. aureus after 24 h of
exposure (Figure 4c,e). rBP exhibited slight inhibitions of
E. coli and S. aureus (<20%): This can be due to the presence of
hydroxy groups in PVA, which can disrupt hydrogen bonds and
dissolve the peptidoglycan membranes of the bacteria [51].
CBP showed a drastic time-kill effect of more than 90% for
both types of bacteria, attributed to the potent antibacterial
functional groups in CEO (cinnamaldehyde and eugenol)
[33,52].

The release of CEO from the films was studied over time
(Figure 5a). The release pattern had two phases, namely, a
fast initial release of 42% within the first 100 min, followed by
a slower phase up to 300 min. The fast release happened
because some CEO was near the surface of the film, while the
slower phase was controlled by how CEO moved through the
polymer.

Mass loss and appearance of the strawberry samples when
covered by the biopackaging material are presented in
Figure 5b,c. Strawberry is in the focus of this research since its
moist and soft structure can support the growth of microorgan-
isms, making them spoil as early as 1-2 days after harvest with-
out any processing [39]. Several attempts have been made that
could extend strawberry preservation only up to 6, 9, and
10 days, respectively, with PVA/chitosan/1,8-cineole/cyclo-
dextrin [53], PVA with lids [54], and modified atmosphere
polypropylene [55]. In this research, without any biopackaging,
the strawberry would grow moldy right on day 11 and become
dryer and reduced in size, which led to the fastest decrease in
mass. In contrast, at no or very low concentration of CEO (up to
2% (v/w)), the time until fungal growth was extended to day 15,
which is due to the bioactive properties of CEO. When increas-
ing the CEO concentration to 6% and 10% (v/w), no fungal
growth was recorded up to day 21. It is important to note that at
low CEO concentrations, the biopackaging acts as a moisture
barrier to prevent moisture escape from the sample, making the

sample wet and foggy at day 21. At higher CEO concentrations,
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c) rBP

Figure 3: SEM images of the samples. (a) Nanocellulose (NC), (b) biopackaging (BP), (c) NC-reinforced biopackaging (rBP), and (d) reinforced
biopackaging with PE-CEOQ at 6% (v/w) (rCBP).

the biopackaging enables moisture escape to further prevent the  these results showed that rCBP biopackaging materials are
proliferation of fungi and contaminations. This led to slightly effective in extending the strawberry preservation time up to

higher mass loss upon preservation in these samples. All in all, 21 days.
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Conclusion

This study successfully developed an innovative biopackaging
material by integrating rice straw-derived NC and cinnamon
essential oil stabilized within a Pickering emulsion (PE-CEQO)
into a polyvinyl alcohol matrix. The incorporation of NC has
been shown to enhance thermal stability, mechanical strength,
and water vapor barrier property of the films, while the addi-
tion of PE-CEO imparted strong UV blocking, antimicrobial,
and antioxidative properties. TGA and mechanical strength tests
confirmed that NC improves the structural integrity. The con-
trolled release of CEO helped to ensure prolonged bioactive
effects, providing a dual-function material suitable for food
preservation applications. The resulting films demonstrated
their practical potential by extending the shelf life of strawber-
ries to 21 days, compared to 11 days for unwrapped samples,
therefore highlighting the potential of combining renewable ma-
terials and natural functional additives to create scalable, eco-
friendly packaging solutions.

Experimental
Materials

Rice straw used for NC synthesis was provided by Loc Troi
Group from An Giang province, Viet Nam. Cinnamon essential
oil (CEO) was obtained from pure Cinnamomum verum bark
through steam distillation by Notessen Co. Ltd. (Viet Nam) and
exhibited a cinnamaldehyde content greater than 96%. All
chemicals, including sulfuric acid (H,SOy), polyvinyl alcohol
(PVA), and glycerin (C3HgO3), were obtained from commer-
cial sources and used as received.

Material synthesis

Nanocellulose synthesis process

Rice straw served as the source material for nanocellulose pro-
duction. Following a previously established procedure [46], two
alkaline pretreatment steps and a bleaching stage were used to
extract cellulose from the straw. In the first acid hydrolysis

step, the cellulose was treated with 62% H,SOy4 solution at a
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solid-to-liquid ratio of 1:12 (g-mL~1), continuously stirred at a
temperature of 40—42 °C for 2 h. The reaction was then
quenched by 10-fold dilution of the solution. The solution was
washed by centrifugation three times and filtered through a
10 um nylon mesh filter membrane. In the neutralization step,
the solution was neutralized by dialysis with deionized water,
which was replaced every 6 h, and sonicated using a Hielscher
UP400St ultrasonic homogenizer (Germany) to create the
NC suspension. Our previous research has stated that the size
of the NC crystals was around 20-30 nm in width and
300 nm in length [24,46]. The NC concentration in the suspen-
sion was analyzed by dripping 3 mL of the suspension onto a
pre-dried Petri dish. Subsequent drying was performed
in a convection oven at 60 °C until a constant weight was
achieved. The NC content was then determined by applying
Equation 1:

Yomyc = (my —my)[(my —my), (1

where m( represents the mass of the dried petri dish, m is the
mass recorded after adding the suspension, and m is the mass
measured after the sample had dried.

Stabilization of oil-in-water Pickering emulsions
using nanocellulose

The cinnamon essential oil Pickering emulsions (PE-CEO) were
prepared by combining essential oil at 15% (v/v) with nanocel-
lulose suspensions at 0.6% (w/v). The mixture of essential oil
and nanocellulose suspensions was then sonicated using a
Hielscher UP400St ultrasonic homogenizer (Germany). The
sonication process was conducted at a power of 200 W with
each cycle consisting of 2 min of sonication followed by 2 min
of rest for a total of six cycles, corresponding to a total sonica-
tion time of 12 min.

Preparation of essential oil Pickering emulsion
containing biopackaging

PVA was dispersed in water at 6% (w/v) using a magnetic
stirrer with heating at 80 °C for 3 h and 1 mL of glycerol was
added to create the biopackaging (BP) film-forming solution
[24]. NC suspension at a myc/mpya ratio of 6% (w/w)
was added to form the NC-reinforced BP solution (rBP).
PE-CEO was added at mpg/mpy ratios of 2%, 4%, 6%, 8%,
and 10% (v/w) for the corresponding NC-reinforced PE
containing biopackaging (rCPB-2, rCPB-4, rCPB-6, rCPB-8
and rCPB-10). The film solution was then sonicated in a water
bath to remove any bubbles and cast onto a mold and dried at
70 °C for 12 h. All concentrations were based on the mass of
PVA.
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Characterization

Physicochemical properties

Fourier transform infrared spectroscopy (FTIR) spectra were re-
corded in the range of 4000-500 cm™! using a Bruker ALPHA

II spectrometer (Germany) at a spectral resolution of 4 cm™.

Thermal stability was determined using thermogravimetric anal-
ysis (TGA) and differential thermogravimetric analysis (DTG).
Samples were heated from 25 to 500 °C at a rate of 10 K-min™!
under Nj atmosphere (50 mL-min~!) in a METTLER TOLEDO
3+ Large furnace (Switzerland).

X-ray diffraction (XRD) was performed using an Aeris Miner-
als Edition from PANalytical (UK) with Co radiation at 40 kV.
Biopackaging samples were clipped on a 16 mm holder and the

measurement was performed using a 1/8° diffraction slit.

Mechanical strength was determined at room temperature using
a Testometric X350 testing machine (UK) following the ASTM
D882 standard. Testing was performed at a crosshead speed of

1

50 mm-min~" using a 1 N load cell on 1 cm X 7 cm specimens

at room temperature.

Water vapor permeability (WVP) was measured using a modi-
fied ASTM E96/E96M-16 method. 90 mm diameter biopack-
aging samples were wrapped around cups containing 40 mL of
distilled water and sealed with plastic lids with a 50 mm diame-
ter opening. The weight of each cup was recorded every hour
for 8 h to calculate the water vapor transmission rate (WVTR)
and repeated three times. The water vapor transmission rate
(WVTR) was calculated based on the weight loss over time
(Equation 2), and WVP was subsequently determined using
(Equation 3):

WVTR =G/(t- 4), 2)

where WVTR is the water vapor transmission rate (g-h~1-m=2),
G is the change in mass (g), ¢ is the test duration (h), and A is
the test area (mz).

WVP =(WPTR-L)/AP=(WVTR-L)/(S(R - R,)). (3)

where WVP is the water vapor permeability of the sample
(g~m_l-h_1-Pa"1), L is the sample thickness (m), AP is the vapor
pressure difference (Pa), S is the saturation vapor pressure at the
test temperature (Pa), R is the relative humidity inside the dish,
and R is the relative humidity at the cup.
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The surface morphology of the biopackaging materials (BP,
rBP, and rCBP) was observed using a scanning electron micro-
scope (SEM), model Primas E (US). The samples were coated
with Pt for 30 s prior to measurement.

Bioactive properties

UV absorption. Transparency and UV absorption of the films
were determined using UV-vis spectroscopy in the wavelength
range of 250-700 nm on a 754 STECH INTERNATIONAL
spectrophotometer (China). Five samples (1 x 4 cm?) were
measured with transparency and UV protection assessed by
measuring transmittance at 600 nm and 280 nm, respectively.
The opacity of the biopackaging is calculated based on its ab-

sorbance at 600 nm and its thickness as (Equation 4).

. Ab
opacity = —0%0 C)
t

where Abgg represents the absorbance at 600 nm and 7 is the
biopackaging thickness [49].

Antimicrobial properties. The antimicrobial activity of the
films was evaluated using a time-kill method. Escherichia coli
ATCC 25922 and Staphylococcus aureus ATCC 29213 were
grown in tryptic soy broth and standardized to a concentration
of approximately 1.5 x 108 CFU-mL™! (McFarland 0.5). Prior
to analysis, the test films (BP, rBP, and rCBP) were sterilized
under UV light for 5 min using a 30 W UVC lamp at a distance
of 15 cm. Semicircle biopackaging samples (roughly 55 cm?,
from half a Petri dish) were added to the microbial suspensions
in saline water and incubated for 24 h. A control tube without
the film was prepared in parallel. After 24 h of incubation at
37 °C, serial dilutions were prepared and plated on
Mueller-Hinton Agar (MHA) and colony-forming units (CFU)
were counted to determine the antimicrobial activity of the
films. Inhibition rates were calculated according to

CC -CC

control

CC

sample

(%)= : )

control

where CC.onirol 18 the cell count of the control tube substance
and CCgymple is the cell count of the sample after 24 h.

Antioxidation properties. The antioxidant capacity of the sam-
ples was assessed using the 1,1-diphenyl-2-picrylhydrazyl
(DPPH) radical scavenging assay. Exactly 1.00 g of biopack-
aging samples were added into 1.8 mL of 80% methanol. After-
wards, 3.2 mL of 0.1 mM DPPH solution was added to ensure
that the absorbance of the control was above 0.6, and the sam-

ples were kept in the dark for 30 min. Measurements was per-
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formed using a 754 STECH INTERNATIONAL (China)
UV-vis spectrophotometer at 517 nm. The DPPH radicals scav-

enging ability was calculated using (Equation 6):

7 (% ) _ Asontrol ~ (AAsample = Aeolor ) ’ ©)

‘control

where A ontrol 18 the absorbance of the sample without the test
substance, Agample i the absorbance of the sample containing
both the test substance and DPPH, and Ao is the absorbance
of the sample containing the test substance without DPPH.

Controlled release profile. The controlled release of CEO
from the films was evaluated every 20 min over 380 min by
soaking exactly 1 g of film sample into 10% (v/v) ethanol solu-
tions. The released CEO was measured by analyzing the CEO
concentration in the solution through the absorbance at 290 nm
using a 754 STECH INTERNATIONAL spectrophotometer
following a previously established CEO standard curve [38].

Strawberry preservation

Strawberries were chosen for this study. Unripe strawberries,
slightly green in color, were selected and soaked in 80% ethanol
to eliminate potential microbial contamination on the outer sur-
face before storage. The strawberries were wrapped in a layer of
biopackaging and stored under the same refrigeration condi-
tions at 10 °C. The weight of each strawberry, including its
packaging, was recorded on the first day of the experiment.
Daily photographs and weight measurements were taken to
monitor changes in mass and appearance. The experiment was
carried out for a period of 21 days, which is the final time where

all strawberries were covered with a white layer of fungi.
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Abstract

This study investigates the fabrication of BiVO,4 photoanodes using a controlled-intensity current electrodeposition method to
improve their photoelectrochemical (PEC) performance. The impact of varying the deposition current density and VO(acac), con-
centration was systematically analyzed to optimize the crystallinity, surface morphology, and electronic properties of the films.
Subsequently, an electrochemical deposition method was developed to facilitate the uniform distribution of V,05 among Bi—O-I
flakes to homogeneously enhance the conversion reaction. The XRD pattern confirms the monoclinic scheelite BiVOy, structure
with dominant (121) and (004) peaks. FESEM imaging revealed that the different deposition conditions influenced the surface mor-
phologies of the BiOI and BiVOQy films. Photocurrent density measurements showed that BiVO4(326) achieved 1.2 mA-cm™2 at
1.23 V vs RHE, representing a significant enhancement compared to the other samples. The surface hole injection efficiency was
measured to be 47%, whereas the incident photon-to-current efficiency reached a peak of 18.1% at 420 nm. The applied bias
photon-to-current efficiency of BiVO4(326) was also superior to that of the samples fabricated with lower current density, high-
lighting the benefits of the optimized electrodeposition conditions for the former.

Introduction
In the context of the increasing global energy demand, the de- electrochemical (PEC) water-splitting systems hold significant
velopment of renewable and sustainable energy sources has promises for converting abundant solar energy into chemical

become a top priority in science and technology [1,2]. Photo-  fuels, such as hydrogen [3,4]. However, their widespread appli-

1289


https://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:danghuuphuc@iuh.edu.vn
https://doi.org/10.3762/bjnano.16.94

cation is still limited by material challenges, including insuffi-
cient light absorption, high electron-hole recombination rates,
and poor stability under operating conditions [5,6]. Among
various semiconductor materials, bismuth vanadate (BiVOy)
has attracted considerable interest due to its strong visible light
absorption, moderate bandgap (2.4 eV), high theoretical
photocurrent density (=7.5 mA-cm™2), and chemical stability in
aqueous environments [7-9]. Nevertheless, BiVOy4 suffers from
intrinsic drawbacks such as low charge carrier mobility, limited
conductivity, and rapid recombination of photogenerated charge
carriers, which severely restrict its PEC performance [10-12].

Various strategies have been explored to overcome these chal-
lenges and optimize the structural, electronic, and surface prop-
erties of BiVO, [13,14]. Hydrothermal synthesis has been used
to produce highly crystalline BiVOy4 films with large surface
areas; for instance, Yun He et al. [15] reported flower-like
BiVO,4 photoanodes achieving a photocurrent density of
0.81 mA-cm~2 at 1.23 V vs RHE. However, the hydrothermal
method often requires high temperatures and prolonged reac-
tion times, and offers limited control over film thickness. Alter-
natively, Liu et al. [16] employed RF sputtering with a single
BiVO, target, but the volatility of Bi in a vacuum environment
often led to an imbalanced Bi/V ratio, requiring precise regula-
tion of oxygen partial pressure. Gong et al. [17] utilized DC
co-sputtering of Bi and V targets to produce BiVOy thin films at
high deposition rates; however, this method resulted in irregu-
lar grain structures and significant material defects, limiting the
PEC performance improvements. Electrodeposition has
emerged as a promising low-cost and scalable technique for
BiVOy film fabrication, offering better control over film mor-
phology and crystallinity under mild conditions. Kim et al. [18]
reported that BiVOy films fabricated via electrodeposition
achieved a maximum photocurrent density of 1.4 mA-cm™2 at
1.23 V vs RHE. These films exhibited a three-dimensional
nanoporous structure that facilitated charge carrier transport;
however, their uneven porosity and high charge recombination
rates hindered their PEC performance improvement. McDonald
and Choi [19] introduced a facile electrodeposition method
based on p-benzoquinone reduction to fabricate ultrathin BiOl
films, which could be thermally converted into porous BiVOy,
photoanodes. This approach yielded electrodes with enhanced
PEC activity, achieving a photocurrent density of approxi-
mately 1.25 mA-cm™2 at 0.5 V vs RHE in neutral phosphate
buffer under AM1.5G illumination. This study highlighted the
potential of BiOI-derived BiVOy as a template-guided route for
improving water oxidation performance. However, the use of a
constant-potential deposition technique presents limitations in
controlling the film thickness, morphology, and uniformity,
which are crucial for consistent BiVO4 performance after

conversion. Variability in the BiOI film quality remains a sig-
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nificant challenge, affecting the reproducibility and optimiza-

tion of the final photoanodes.

Building on these limitations, in this study, we introduce a
novel controlled-intensity current electrodeposition method to
precisely tailor the deposition conditions of BiOI and subse-
quently optimize its conversion to BiVO,. By systematically
adjusting the deposition current density and vanadium precur-
sor concentration, we achieved fine control over the crys-
tallinity, grain size, porosity, and optical properties of the result-
ing films. This level of tunability leads to substantial improve-
ments in PEC performance. Our method offers a higher degree
of control over both the intermediate BiOI layer and the final
BiVOy structure, thereby enabling enhanced charge separation
and surface reaction kinetics. Furthermore, this approach
provides a deeper understanding of the relationship between the
synthesis parameters and PEC activity, while presenting a scal-
able and reproducible route for fabricating high-performance
BiVOy4 photoanodes.

Experimental

Material

Bismuth nitrate pentahydrate (Bi(NO3)3-5H;0, 99.9%, Sigma-
Aldrich) and vanadyl acetylacetonate (VO(acac);, 98%, Sigma-
Aldrich) were used as Bi and V sources, respectively. Potas-
sium iodide (KI, 99.5%, Sigma-Aldrich) was used for the initial
deposition of BiOI. p-Benzoquinone (CgH40,, 98%, Sigma-
Aldrich) was used as a redox mediator in the electrodeposition
process. Nitric acid (HNOs, 65%, Merck) and sodium hydrox-
ide (NaOH, 99%, Sigma-Aldrich) were used to adjust the pH
during deposition. Ethanol (CoHsOH, 99.9%, Merck) and de-
ionized (DI) water were used for cleaning and dilution, respec-
tively. Fluorine-doped tin oxide (FTO) glass substrates
(7 Q-sq”L, Pilkington) served as the conductive support for elec-
trodeposition.

Fabrication of BiVO4 photoanodes

The BiVOy, film was deposited using electrochemical deposi-
tion. A solution of 0.2962 g Bi(NOj3)3 dissolved in 50 mL
distilled water was ultrasonicated for 30 min. Subsequently,
400 mM KI and 5% HNO3 were added to adjust the pH to 2.
Additionally, 50 mM p-benzoquinone (0.2 g) was dissolved in
10 mL of ethanol via ultrasonication for 30 min and added to
the solution. The FTO glass substrates were cleaned with
ethanol and distilled water via sequential ultrasonication. The
BiOl film was electrochemically deposited onto the FTO sub-
strate at various current deposition intensities (14, 22, and
32 mA) using a reference electrode saturated with Ag/AgCl and
platinum foil at various potentials vs Ag/AgCl. This process
was adapted from the p-benzoquinone-based method reported

by McDonald and Choi [19], in which benzoquinone serves as a
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redox mediator for BiOI formation. However, unlike the orig-
inal study, which applied constant potential conditions, our
method employs a variable current-controlled deposition
strategy. This approach enables the fine-tuning of the nucle-
ation and growth behavior of BiOI flakes, resulting in en-
hanced control over the thickness, grain structure, and unifor-
mity, which are key factors that influence the subsequent
BiVOy4 conversion and PEC performance. Then, a 0.2 M
VO(acac), solution in ethanol was coated onto the BiOl film via
spin coating with two different volumes of solution (0.4 pL and
0.6 pL). The BiOlI film (1 cm x 1 cm) with the VO(acac), layer
was annealed at 450 °C for 2 h. Finally, the BiVOy, electrode
was rinsed with 1 M NaOH to remove excess V,05 from the
surface, followed by rinsing with distilled water and drying at
room temperature. The photoanode BiVO,4 was named
BiVOy(xy), where x indicates the current intensity for BiOI
deposition, and y denotes the vanadium precursor volume
(x =14, 22, 32; y = 4, 6).

Note on BiVO4(144) sample exclusion

The BiVOy4(144) sample was excluded from the detailed photo-
electrochemical (PEC) and comparative analyses because of its
poor film uniformity and significantly lower performance
metrics. Preliminary characterizations showed that the film
exhibited inhomogeneous coverage and an inconsistent PEC
response, which could lead to misleading interpretations when
comparing the material trends. Therefore, these samples were
not included in subsequent analyses to maintain the clarity and
consistency of the dataset.

Characteristics of materials

X-ray diffraction (XRD, Bruker D8 Advance) and Raman spec-
troscopy (LabRAM Odyssey Semiconductor) were used to
analyze the crystal structures of photoanodes. UV-vis absorp-
tion spectra were obtained using a Cary 60 spectrophotometer.
X-ray photoelectron spectroscopy (XPS, VG ESCALAB250)
was employed to determine the chemical states of each
photoanode. All photoanode morphologies were examined
using field-emission transmission electron microscopy
(FESEM, Hitachi SU8010).

Photoelectrochemical measurements

PEC experiments were performed in a conventional three-elec-
trode cell using an electrochemical workstation (CHI650E, CH
Instruments, USA). The three electrodes included a working
electrode (BiVO, photoelectrode, 1.0 x 1.0 cm?), counter elec-
trode (Pt plate), and reference electrode (Ag/AgCl). The elec-
trolyte used in the photoelectrochemical measurements was
0.50 M Na,SOy4 (pH 5.6), and the xenon lamp was 300 W (PLS-
SXE 300C, 100 mW-cm™2) equipped with an AM1.5G filter to

simulate solar light conditions. Linear sweep voltammetry
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(LSV) measurements were performed by scanning the potential
from —0.6 to 1.2 V (vs Ag/AgCl), at a scan rate of 0.05 V-s~1.
In the LSV test, the light source illuminated the sample from the
back of the FTO glass. Under AM1.5G illumination, electro-
chemical impedance spectroscopy (EIS) measurements were
performed at an open-circuit voltage, covering a frequency
spectrum from 1 Hz to 10 kHz. Mott—Schottky curves were re-
corded at a frequency of 1 kHz in a dark light.

Applied bias photo to current efficiency
The applied bias photon-to-current efficiencies (ABPEs) of the
different photoanodes were determined using [20]:

Jox (Bl ~
ABPE(%) =100x— ( = app), (1)

o

where J}, is the photocurrent density (mA-cm~2) obtained from

the LSV curve, [, is the incident light intensity of the solar
[

simulator (100 mW-cm™2), and Erev' is the standard reversible

potential for the water-splitting reaction (1.23 V).

Incident photon-to-current conversion
efficiency

From the excitation at wavelengths of 300-900 nm at 0.5 V, the
incident photon-to-current conversion efficiency (IPCE) was
evaluated using a chopped monochromator with a 150 W Xe
lamp as the simulated light source (developed by HS Technolo-
gies, Korea).

J %1240

IPCE(%) = .
igl

x100%, )

where Pjigp¢ is the power density of monochromatic light
acquired at a given wavelength, and J is the photocurrent densi-
ty (mA-cm™2) under illumination at a wavelength (mW-cm™2).

Results and Discussion
Structural analysis (XRD)

X-ray diffraction (XRD) measurements were conducted to in-
vestigate the crystal structures of the BiVO, photoanodes under
various deposition conditions (BiVO4(146), BiV0y4(224),
BiV04(226), BiV0O4(324), and BiVO4(326)), as shown
Figure 1. The diffraction peaks of all photoanodes matched
those of monoclinic BiVO4 (JCPDS PDF #14-0688) and fluo-
rine-doped tin oxide (FTO) substrate (JCPDS PDF #46-1088)
[21-23]. The peaks at approximately 28.9°, 30.6°, 34.6°, and
35.2° were assigned to the (110), (121), (040), (200), and (002)
planes of monoclinic BiVOy, respectively. Notably, the (121)

plane exhibited the highest intensity across all samples, which
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Figure 1: (a) XRD patterns of BiVO4(146), BiVO4(224), BiVO4(226), BiVO4(324), and BiVO4(326) photoanodes.

aligns with its high refractive index and superior photocatalytic
properties owing to the enhanced adsorption and deionization of
water molecules in the structure. Additionally, the (040) peak
intensity exhibited a systematic increase at higher electrodeposi-
tion current densities, suggesting preferential growth along the
crystallographic direction. Higher deposition currents influence
ion migration rates and nucleation kinetics, potentially leading
to a preferential orientation along the (040) plane. The intensity
and sharpness of the peaks increased with increasing current
density and VO(acac), concentration, indicating improved crys-
tallinity and potentially larger grain sizes of the films. This vari-
ation in crystallographic properties is expected to influence PEC
performance by affecting charge transport and surface reaction
kinetics. The average crystallite size (grain size) of the BiVOy,
films was estimated using the Scherrer equation based on the
full width at half maximum (FWHM) of the (121) diffraction
peak.

The Scherrer equation to calculate average crystallite size (grain
size) [24,25] is

kA

- BcosO’ ®

where A is the X-ray wavelength, 6 is the Bragg angle in
radians, B is the full width at half maximum of the peak in
radians, D is the particle size, and k is a constant with a value of
0.9.

As shown in Table 1, an increase in the deposition current
and VO(acac);, concentration led to narrower peak widths
and larger crystallite sizes, indicating an improved crys-
talline quality. BiVOy4(326) exhibited the largest average

crystallite size (=40 nm), consistent with the enhanced PEC per-

Table 1: Estimated crystallite sizes of BiVO4 photoanodes (from the Scherrer equation).

Sample 26— (121) Peak FWHM (B) (°)
BiVO4(146) 28.76 0.32
BiVO4(224) 28.82 0.29
BiVO4(226) 28.88 0.26
BiVO, (324) 28.94 0.23
BiVO4(326) 28.99 0.20

Crystallite size D Estimated particle ~ Notes

(nm) size (FESEM) (nm)

25.1 =400-500 large, irregular
particles

27.6 =300—400 rougher morphology

30.8 =250-350 more uniform
particles

34.9 =300-450 larger, loosely
packed

40.1 =200-300 densely packed,
porous
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formance and reduced lattice strain observed in the Raman anal-

ysis.

Morphological characterization (FESEM)

Field-emission scanning electron microscopy (FESEM) images
highlighted the evolution of the surface morphology under dif-
ferent fabrication conditions. The transition from two-dimen-
sional plate-like BiOlI crystals to three-dimensional BiVOy par-
ticles was accompanied by the formation of submicrometer-
scale voids, indicative of grain growth and recrystallization
during the annealing process (Figure 2a,c,e). At lower current
densities (e.g., BiVO4(146)), the BiVOy films exhibited larger
and more irregular particles with relatively low surface cover-
age (Figure 2b). In contrast, higher current densities (e.g.,
BiV04(324) and BiV0O4(326)) resulted in more uniform and
closely packed particles, along with visible submicrometer-
scale voids (Figure 2f,g). This morphology maximizes the
active surface area available for photoelectrochemical reactions.
Additionally, the observed submicrometer voids, which were
more prominent in films deposited with larger VO(acac),
volumes, suggested improved charge separation and transport
pathways. These voids facilitate the diffusion of the reactants
and products, reducing the recombination rates and enhancing
the water-splitting efficiency. The finer particle sizes and in-
creased porosity, as observed for BiVO4(326), align with the
optical and Raman results, highlighting the impact of the opti-
mized deposition parameters on PEC performance. The FESEM
images also revealed that the films prepared at higher current
densities exhibited well-defined grain boundaries, which corre-
lated with the reduced lattice strain observed in the Raman
spectra. These structural features are critical for improving the

electronic and catalytic properties of BiVO4 photoanodes.

To complement the XRD-derived crystallite sizes, the particle
sizes were estimated from the FESEM images. As shown in
Table 1, the particle size trends do not perfectly follow the crys-
tallite size evolution. For instance, BiVO4(326) exhibits the
largest crystallite size (=40 nm) but has smaller surface particle
aggregates (200-300 nm) than BiVOy4(324). This mismatch
arises because the particles observed via SEM are often
composed of multiple crystalline grains. This distinction sug-
gests that while the crystallite size governs the internal crys-
talline quality and carrier mobility, the particle size affects the
surface area and interface kinetics. Ideally, a material such as
BiVO4(326) with both large crystallites and small, porous parti-
cles offers superior PEC performance owing to improved
charge transport and enhanced surface reaction sites.

Optical properties (UV—vis)
UV-vis absorption spectroscopy (Figure 3) showed that BiVOy,

samples absorb visible light, with absorption edges between 502

Beilstein J. Nanotechnol. 2025, 16, 1289-1301.

and 541 nm and optical bandgaps between 2.46 and 2.30 eV
(Figure 3b). Bandgap values were determined using Tauc plots
for indirect allowed transitions, based on (ahv)? o (hv — E,),
where o is the absorption coefficient, / is Planck’s constant, v is
the frequency, and E, is the bandgap energy. The (0hv)? values
plotted against the photon energy determined Ej; at the absorp-
tion edge intersection, as shown Figure 3b. Samples prepared
with higher electrodeposition currents and larger VO(acac),
amounts exhibited redshifted absorption edges, indicating en-
hanced light harvesting due to improved crystallinity and
reduced disorder. XRD and Raman spectroscopy confirmed
these improvements through stronger peaks, suggesting fewer
defects. The decrease in the bandgap (=0.16 eV) is consistent
with research linking oxygen vacancies to band tailing in
BiVOy films [26]. Besides, Figure 3a shows that the
BiV04(326) and BiVO4(324) samples have absorption that goes
beyond 520 nm, with some absorption still measurable up to
about 650 nm. This sub-bandgap absorption occurs because of
the creation of mid-gap states, mainly caused by missing
oxygen atoms and structural issues that arise during high-cur-
rent electrodeposition or when using higher amounts of the
VO(acac), precursor. The redshifted tails indicate that there are
special energy states in the material that allow it to absorb light
even at energies lower than those normally expected. The
BiV04(326) sample, in particular, exhibited the most pro-
nounced tailing, consistent with its enhanced photoelectrochem-
ical performance. The evidence suggests an optimal concentra-
tion of oxygen vacancies that broadens light absorption while
avoiding excessive recombination of the charge carriers. In
contrast, BiVO4(146) has a clear absorption edge and very little
tailing, indicating that it has fewer defects but does not absorb
light well beyond 520 nm. These findings match other studies
that connect oxygen vacancies to the spread of light absorption

and smaller optical bandgaps in BiVOy4 [26].

Vibrational properties (Raman)

The Raman spectra (Figure 4) corroborated the XRD findings,
displaying characteristic peaks of monoclinic BiVOy at 219,
329, 370, 712, and 830 cm™! [27]. These bands correspond to
the vibrational modes associated with the VO, tetrahedral
structure, which directly affects the electronic properties of the
material [28]. The band at 830 cm_l, assigned to the symmetric
stretching of the V-0 bond [29], appears in samples prepared at
higher current densities and larger VO(acac), volumes. This ob-
servation suggests that improved crystallinity enhances the
structural uniformity of the VO, tetrahedra, leading to more
efficient charge-transfer pathways. Furthermore, the appear-
ance of sharper and more intense Raman peaks with increasing
deposition parameters indicates a reduction in the structural
defects and lattice strain. The vibrational modes at 329 cm™!

and 370 cm™!, corresponding to the asymmetric and symmetric
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Figure 2: FESEM images of (a), (c), and (e) BiOl film under various intensities of current deposition, and (b) BiVO4(146), (d) BiVO4(226),
(f) BiVO4(326), and (g) BiVO4(324) films.
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Figure 3: (a) UV-vis spectrum, (b) bandgap energies of BiVO4(146), BiVO4(224), BiVO4(226), BiVO4(324), and BiVO4(326) photoanodes. Minor fluc-

tuations above 500 nm are due to light scattering from porous films.

deformations of the V-O bond [30,31], respectively, showed a
strong correlation with XRD-derived grain size variations.
Larger grains typically result in fewer grain boundaries,
reducing phonon scattering and enhancing vibrational coher-
ence. Raman spectra also provide insights into the influence of
fabrication conditions on surface chemistry. The relative inten-
sities of the peaks suggest that higher deposition currents
promote the formation of active crystal facets, which are criti-
cal for PEC performance. These results align with the enhanced
photoelectrochemical activity observed for BiVO4(326), as the
improved vibrational characteristics reflect more efficient light
absorption and charge separation.
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Figure 4: Raman spectrum of BiVO4(146), BiVO4(224), BiVO4(226),
BiVO4(324), and BiVO,4(326) photoanodes.

Photoelectrochemical performance

Linear sweep voltammetry (LSV) was used to evaluate the
water-splitting efficiency of the photoelectrochemical (PEC)
system in a 0.50 M Na,SO, solution (pH 5.6) under AM1.5G
illumination (100 mW-cm™2). The optimal PEC performance
was achieved for the BiVO4(326) sample, synthesized using a
current intensity of 32 mA and VO(acac), precursor volume of
0.6 uL. As shown in Figure 5a, this sample exhibited the
highest photocurrent density of 1.2 mA-cm™2 at 1.23 V vs RHE,
indicating efficient photoelectrochemical activity. This superior
performance can be attributed to the combined effects of en-
hanced crystallinity, film morphology, and preferential crystal
orientation. As shown in the XRD patterns (Figure 1),
BiV04(326) displays the most intense (121) and (040) diffrac-
tion peaks among all the samples, suggesting preferred growth
along these planes, which are known to facilitate efficient
charge separation and transport. Previous studies have reported
that the (121), (040), and (010) facets of monoclinic BiVOy4
contribute to enhanced photocatalytic activity by serving as
active sites for oxidation and reduction reactions [32,33]. In
particular, the large surface area of the (010) facet is associated
with the effective suppression of charge recombination. Al-
though other samples also exhibited these orientations, the rela-
tively higher (121)/(040) intensity ratio and sharper peaks for
BiV04(326) indicate improved structural ordering, which,
together with its more porous and interconnected morphology
(Figure 2), likely promotes better carrier mobility and PEC effi-
ciency.

The ABPE curves (Figure 5b) demonstrate that BiVO4(326)
achieved the highest efficiency of 0.4% at 0.8 V vs RHE, com-

pared to the lower efficiencies of the other samples. This
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Figure 5: (a) LSV curves, (b) ABPE curves, (c) hole injection efficiency (Nsurface) curves, and (d) EIS plots for each photoanode.

improvement is attributed to the synergistic effects of enhanced
light absorption, reduced charge recombination, and increased
charge transport efficiency, which are facilitated by the opti-

mized fabrication parameters.

To investigate the influence of different chemical components
on charge separation within the BiVOy4 bulk and surface charge
transfer, LSV experiments were conducted in a 0.50 M Na;SOy4
(pH 5.6) solution with 1 M Na;SOj3 as a hole scavenger
(Figure 5¢). The hole injection efficiency was calculated as the
ratio of the photocurrent density values obtained with and with-
out the Na,SOj3 hole scavenger. The hole injection efficiency of
the BiVO,4(326) photoanode at 1.23 V vs RHE was 47%, which
was higher than that under other conditions. This indicates that
the formation of films with larger surface areas reduces the
charge recombination rate and facilitates faster charge transfer

rates.

AC impedance measurements were performed on the photoan-
odes to assess their charge transfer capabilities. As shown in
Figure 5d, BiVO4(326) exhibited a smaller impedance arc under
illumination, indicating a minimal charge-transfer resistance.
This is favorable for the rapid utilization of photogenerated
holes in water oxidation reactions. Overall, these results demon-
strate that the optimized BiVO4(326) configuration provides
improved photocatalytic activity by enhancing charge transport,
reducing recombination, and maximizing the active surface area
for efficient PEC water splitting.

The LSV results revealed that the photoanodes fabricated at
higher current densities and larger VO(acac), volumes (e.g.,
BiV04(326)) exhibited the highest photocurrent density at
1.23 V vs RHE, reaching 1.2 mA-cm™2. This is nearly 4.9 times
higher than that of BiVOy4(146). The enhanced photocurrent

density correlated with the increased crystallinity, optimized
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grain size, and improved surface area observed in the XRD,
Raman, and FESEM analyses, which collectively improved
charge separation and transport. The chopped illumination data
(Figure 6a) confirmed stable photoresponses with minimal
decay over time, indicating the high photostability of the opti-
mized photoanodes.

The IPCE measurements (Figure 6b) over the wavelength range
of 300-500 nm showed that BiVO,4(326) exhibited a peak IPCE
value of 18.1%, which was significantly higher than the 8.9% of
BiVO4(146). This increase is consistent with the improved
optical absorption and structural properties, as well as the
reduced electron—hole recombination rates observed in the
Raman and UV-vis analyses.

The long-term photoelectrochemical stability of the optimized
BiV0,4(326) photoanode was evaluated using chronoamperom-
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etry under continuous AM1.5G illumination at 1.23 V vs RHE
in 0.50 M Na,SOy electrolyte (Figure 6¢). The photocurrent
density initially peaked at approximately 1.6 mA-cm™2 and
stabilized quickly at ~1.2 mA-cm~2, maintaining this value
consistently for 600 min (10 h) of operation. This stable behav-
ior demonstrates the excellent PEC durability of the
BiV04(326) photoanode and confirms the robustness of its
structural and surface properties under prolonged operational
conditions. The stability is attributed to the optimized
crystallinity, reduced recombination, and uniform morphol-
ogy achieved through controlled-intensity current electrodeposi-
tion.

The PEC performance of BiVO4(326) was benchmarked against
similar studies employing hydrothermal synthesis, direct elec-
trodeposition, and BiOI-derived conversion methods. As sum-
marized in Table 2, our sample achieved a photocurrent density

16 20
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Figure 6: (a) LSV curves under chopped illumination, (b) IPCE curves for each photoanode, and (c) chronoamperometry curve of BiVO4(326)
measured at 1.23 V vs RHE under continuous AM1.5G illumination in 0.50 M NaxSO4 for 600 min.
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Table 2: Summary of recent single-layer BiVO,4 photoanodes and their PEC performance.

Study Method Photocurrent Stability (duration) Notes Ref
density (mA/cm?)

McDonald and BiOl-derived BiVO4 (simple ~1.25@0.5V not reported BiOl precursor, no [19]
Choi, (2012) electrodeposition) stability test
Kim et al. (2014) electrodeposition of BiVO, ~14@123V not reported nanoporous BiVO, [18]
Yun He et al. hydrothermal BiVO4 ~0.81 @1.23V few minutes flower-like BiVOy, high  [15]
(2017) recombination
Mohamed et al. electrodeposition (needle-like =0.32 not reported petal-like morphology, [21]
(2021) nanoflower) 7 min ED time
Fuentes-Camargo pulse plating of Bi, then =~0.35 stable and focused on pollutant [34]
et al. (2020) conversion to BiVOy, reusable degradation under Xe

lamp
Pelissari et al. SILAR (5 cycles), annealed 1.95 not reported highly optimized [29]
(2021) multilayer thin film
Qiuhang Lu et al. RF magnetron sputtering =2.1 not reported precise thickness [35]
(2022) (BiVQy4 target) control, but lower

crystallinity
this work controlled-intensity BiOl — 1.2 600 min stable tuned crystallinity,

BiVOy4 (electrodeposition)

of 1.2 mA-cm2 at 1.23 V vs RHE, which is comparable to or
better than the values reported for other BiVOy4-based photoan-
odes. Notably, this performance was achieved under mild syn-
thesis conditions and was supported by excellent long-term
stability (600 min), which many previous reports do not
provide. The enhanced performance in our study can be attri-
buted to the optimized grain structure, controlled crystallinity,
and superior film uniformity achieved via the controlled-inten-
sity current electrodeposition of BiOl.

Surface chemical composition (XPS)

X-ray photoelectron spectroscopy (XPS) was employed to in-
vestigate the surface chemical states and composition of the
BiVOy4 photoanodes, focusing on the optimized BiVOy4(326)
sample. The survey spectrum (Figure 7a) confirmed the pres-
ence of Bi, V, and O, which is consistent with the BiVOy struc-
ture. High-resolution Bi 4f spectra (Figure 7b) show a charac-
teristic doublet at binding energies of 159.0 eV (Bi 4f7,) and
164.2 eV (Bi 4fs),), corresponding to Bi3* in the monoclinic
phase of BiVOy, [36,37]. The V 2p region (Figure 7d) exhibits
peaks at 516.2 eV (V 2p3p) and 524.1 eV (V 2py)»), indicating
the presence of V* species associated with the VO43~ tetra-
hedra [38,39]. The Bi 4f and V 2p spectra remained unchanged
after testing, confirming chemical and structural stability of the
electrode during long-term PEC operation. The O 1s spectrum
(Figure 7c) was deconvoluted into two main peaks: the domi-
nant peak at 530.1 eV is attributed to lattice oxygen (O27),
while the broader shoulder around 531.8 eV corresponds to sur-
face hydroxy groups and oxygen vacancies [40-42]. Notably,

post-PEC testing revealed an increase in the intensity of the

porosity, and facet
orientation

oxygen vacancy-related component, suggesting the formation or
activation of surface defects during prolonged photoelectro-
chemical operation. These oxygen vacancies are known to play
a crucial role in enhancing charge separation and facilitating
surface water oxidation reactions, thereby contributing to im-
proved catalytic performance [43]. The post-stability XPS anal-
ysis also showed that BiVO4(326) was chemically stable and
that oxygen vacancies helped maintain its long-term photoelec-
trochemical activity.

Conclusion

This study demonstrates the successful synthesis of high-perfor-
mance BiVO, photoanodes through controlled-intensity current
electrodeposition, emphasizing the critical role of fabrication
conditions on the structural, optical, and photoelectrochemical
properties. XRD and Raman analyses confirmed the enhanced
crystallinity and reduced lattice strain in the samples prepared
under higher current densities and greater VO(acac), volumes,
which correlated with improved charge transport and reduced
recombination losses. UV—vis absorption spectroscopy and
FESEM imaging revealed that the optimized conditions led to
better light-harvesting capabilities and enhanced surface area
owing to finer particle morphologies and increased porosity of
the photocatalysts. XPS analysis highlighted the presence of
oxygen vacancies and well-defined chemical states, further con-
tributing to the improved catalytic activity and charge separa-
tion. Photochemical measurements demonstrated that the
BiV04(326) sample achieved the highest photocurrent density
of 1.2 mA-cm™2 at 1.23 V vs RHE, a surface hole injection effi-
ciency of 47%, and a peak IPCE of 18.1%, outperforming the
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Figure 7: X-ray photoelectron spectroscopy (XPS) analysis of the BiVO4(326) photoanode before and after PEC stability testing in 30 min (0.5 M
NaxS0Oy). (@) XPS view scans of survey spectrum and high-resolution spectra of (b) Bi 4f, (c) O 1s, and (d) V 2p.

other samples. These results highlight the synergistic effects of
an improved crystalline structure, optimized morphology, and
enhanced electronic properties. This study provides a compre-
hensive understanding of the interplay between fabrication pa-
rameters and PEC performance, paving the way for efficient
BiVO-based photoanodes for solar-driven water-splitting appli-
cations.
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