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Abstract

Graphene oxide (GO) was employed as an additive to improve the electrochemical activity
of zinc oxide (ZnO) used as both a photoelectrocatalyst for water splitting and an electro-
chemical sensor for detection of diclofenac. To comprehend the influence of a small amount
of GO on the electrochemical activity of ZnO, a series of ZnO/xGO (x = 0, 0.1, and 0.5)
particles was synthesized by microwave processing of Zn(OH), precipitate in the presence
of 0.1 and 0.5 wt.% of previously prepared GO. The phase composition and crystal struc-
ture ordering of ZnO/xGO particles were investigated by XRD and Raman spectroscopy.
The optical properties were studied by UV-Vis DRS and PL spectroscopy. The particle
morphology was inspected by FE-SEM while the textural properties were analyzed by the
low-temperature nitrogen adsorption—desorption method. The (photo)electrocatalytic and
electrochemical sensing activities were examined on the ZnO/rxGO modified glassy carbon
electrodes (GCEs) prepared by in situ reduction of the ZnO/xGO modified GCEs for 120 s.
The electro- and photoelectrocatalytic activity of ZnO/rxGO modified GCEs for water
splitting was tested in dark conditions and after 60 min under illumination, respectively,
employing linear sweep voltammetry in 0.1 M NaOH and 0.1 M H,SOy as electrolytes. The
electrochemical sensing activity of ZnO/rxGO modified GCEs was tested for detection of
diclofenac in aqueous solution. The improvement in the electrochemical activity of ZnO
was correlated with the added amount of GO, structural defects, and particle morphology.
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1. Introduction

Contemporary society is facing parallel challenges related to the ever-growing demand
for energy and the increasing severity of environmental pollution, with water contamina-
tion holding a particularly important position. Population growth, inadequate management
of water and energy resources, climate change, and increased industrial activity have made
clean water and zero-carbon energy critical global resources [1,2]. In this context, the devel-
opment of multifunctional materials is drawing more attention from researchers, as they
enable simultaneous addressing of issues associated with sustainable energy production
and the efficient removal/detection of pollutants in aquatic systems [3].

One promising approach to fulfill the global energy demand is photoelectrochemical
water splitting for producing green hydrogen, an energy carrier with high energy density
and zero emission of harmful byproducts [4-6]. It involves the splitting of water into
hydrogen and oxygen through two half-reactions: the hydrogen evolution reaction (HER)
and the oxygen evolution reaction (OER), which are driven by absorbed solar energy using
photoelectrocatalysts [7-9]. Pt/C is recognized as the most efficient electrocatalyst for
HER, while IrO; and RuO; are the benchmark catalysts for OER. However, their scantiness,
high price, and poor chemical stability motivate the search for alternative HER/OER
electrocatalysts. Among these, wide-bandgap metal oxides, such as ZnO and TiO;, have
attracted particular attention due to their chemical stability, low price, and suitability for
photoelectrochemical applications [10-13].

In addition to energy-related considerations, growing concern about drinking, surface,
and groundwater quality has accelerated research in the field of electrochemical pollutant
detection. Electrochemical sensors offer high sensitivity and selectivity, and rapid, facile,
and low-priced analysis, which make them suitable for on-site monitoring of chemical and
biological pollutants, and their degradation products in aqueous matrices [14]. An interest
in on-site analyte detection inspired many electrochemical investigations to be focused on
pesticide and fertilizer sensing, especially because their residues are frequently present
in water sources and could deteriorate human health by being cytotoxic, carcinogenic,
and mutagenic [15-17]. Due to detrimental effects on human health and the environment,
there is also growing interest in developing electrochemical sensors for detection of per-
and polyfluoroalkyl substances (PFASs, known as “forever chemicals”) [18-20]. Until now,
electrochemical sensors have been tested for quantification of pharmaceutical components
in herbal medicine; this is especially important since some, e.g., flavonoid compounds,
often exhibit good antioxidant, anti-inflammatory, and anticancer properties, offering great
benefits to human health, while excessive intake may cause many adverse heathy risks such
as convulsions, dizziness, and coma [21]. It has been shown that electrochemical sensors
can be successfully used for monitoring heavy metal ions which are particularly hazardous
due to their high toxicity, environmental persistence, and bioaccumulation [22,23]. The
development of electrochemical sensors for dyes has been triggered by the necessity for
quick and effective quantifying of some synthetic azo colors utilized in food production,
especially since they may be extremely poisonous, resulting in DNA alterations [24]. A sig-
nificant part of the investigations is devoted to the development of biosensors for detection
of infectious diseases, cancer cells [25-27], etc. Among present-day pollutants, pharma-
ceuticals have also been recognized as particularly concerning due to their widespread
use, environmental persistence, as well as potential unpredictable and long-term effects
on ecosystems and human health [28]. Non-steroidal anti-inflammatory drugs, such as
diclofenac, are widely used and frequently detected in natural waters, thus requiring the
development of reliable and efficient detection and quantification methods [28-30].

Considering the increasing demand for zero-carbon energy sources and effective water
pollution controls, further research should therefore focus on the development of novel,
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stable, and efficient multifunctional materials that could integrate catalytic activity for HER
and OER with electrochemical pollutant detection capabilities. To the best of the authors’
knowledge, no material has been reported in the literature that has been investigated for
both HER/OER photoelectrocatalysis and diclofenac detection in the water environment.
This gap in the literature highlights a potential research opportunity for developing multi-
functional catalysts for energy and environmental monitoring applications. In this respect,
graphene oxide represents an attractive material due to its structural, electronic, and surface
properties, as well as its ability to form composites with transition metal oxides, such as
ZnO, making it a viable framework for the development of multifunctional materials in
photoelectrochemical and electrochemical applications [1,31].

Transition metal oxides have been extensively investigated in photocatalysis and
energy-related applications due to their semiconducting properties and ability to eas-
ily change oxidation states [3]. Among transition metal oxides, ZnO is one of the most
studied n-type semiconductors owing to its wide band gap, chemical stability, low cost,
biocompatibility, non-toxicity, and well-established applications in electronics and optical
devices [3,5,32]. Its ability to form various nanostructures (such as nanowires, nanorods,
nanoplates, etc.), which provides a high surface-to-volume ratio, and enhanced reactivity
make it a promising material for photoelectrocatalysis, as well as environmental appli-
cations like pollutant detection [3,32]. However, despite research efforts, the practical
performance of ZnO is limited by low electrical conductivity, high charge recombination
rates, and a tendency toward photodegradation under UV irradiation [3]. Consequently,
composite formation with other functional materials is commonly employed to improve
charge transfer, stability, and overall catalytic performance.

Graphene oxide (GO) is widely used as a material to improve charge transfer, particu-
larly in composites and hybrid materials for energy, catalytic, and sensing applications. GO
is a two-dimensional carbon material featuring rich oxygen-containing functional groups
(such as hydroxyl, epoxy, and carboxyl groups) distributed across its basal plane and
edges [33]. It possesses a large specific surface area (SSA), excellent thermal and mechan-
ical stability, and tunable electronic properties, which make it a convenient material for
various applications [1,22,34,35]. While GO itself exhibits limited intrinsic photocatalytic
activity, it has been successfully combined with semiconductor oxides, such as TiO, and
ZnO, to enhance photocatalytic performance [1]. Moreover, its large SSA contributes to
better exposure of active sites, which is beneficial for both water splitting and sensing
applications [4,36]. However, the high sheet resistance of pristine GO and potential struc-
tural defects can limit its conductivity, which is typically addressed by reduction and/or
composite formation [1]. Owing to these versatile characteristics, GO could serve as a
robust platform for designing multifunctional materials.

Having in mind previously published results about GO nanocomposites with tran-
sition metal oxides, which demonstrated improved catalytic, photocatalytic, and sensing
properties [31,37-39], we were intrigued by the possibility of developing a cost-effective
and green procedure for processing ZnO/GO composites, where GO can be employed
to control the morphology, bulk and surface defect states, and photoresponse of ZnO
nanocrystals (where the migration efficiency of photo-induced electrons can be promoted,
while electron-hole recombination in carrier transfer processes can be inhibited). Thus,
the purpose of this research was to improve the electrochemical properties of ZnO by
employing a small amount of graphene oxide, i.e., 0.1 and 0.5 wt.% (relative to ZnCl,).
As an innovation compared to up-to-date published procedures for ZnO/GO composite
processing, GO particles were dispersed in ZnCl, solution before the process of Zn(OH);
precipitation by NaOH. In this way, GO particles served as seeds for Zn(OH), precipitation,
influencing further ZnO particle crystallization in the MW field. We examined how the rela-
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tive content of GO affects phase composition, crystal structure ordering—especially surface
and bulk oxygen vacancies—optical properties, morphology, and the textural properties of
prepared ZnO/xGO (x =0, 0.1, and 0.5) particles. To comprehend the influence of GO on
the functional properties of ZnO/xGO particles, we estimated their (1) photoelectrocatalytic
activity towards HER and OER, in both acidic and alkaline electrolytes, and (2) electro-
chemical performance for detection of diclofenac in a neutral aqueous electrolyte. Both sets
of experiments were completed on GCEs modified by ZnO/xGO after in situ reduction for
60 s, twice in a row. An improvement in the functional properties of ZnO/xGO compared
to bare ZnO was correlated with physicochemical properties influenced by the addition of
GO, highlighting the role of charge transfer and oxygen vacancies.

2. Materials and Methods
2.1. Materials

Zinc chloride (ZnCl,, >99.5%, Lach-Ner, Neratovice, Czech Republic), sodium hy-
droxide (NaOH, >98%, CARLO ERBA Reagents, Cornerado (MI), Italy), and graphene
oxide (GO, prepared in our laboratory according to the procedure described in a previous
publication [40]) were used in synthesis procedures. Distilled water and absolute ethanol
(Zorka, Sabac, Serbia) were used as the solvents for initial rinsing to remove salt residues
and the final rinsing of the synthesized powders, respectively.

2.2. Synthesis of ZnO/xGO (x = 0, 0.1, and 0.5) Particles

The ZnO/xGO (x =0, 0.1, and 0.5) particles were synthesized using the microwave
processing of a precipitate method. For the synthesis of zinc oxide (x = 0), 0.8977 g of ZnCl,
was dissolved in 100 mL of distilled water under magnetic stirring. After 5 min, 20 mL
of 1.75 M NaOH solution was added dropwise, resulting in the formation of an off-white
precipitate. The suspension was stirred at 50 °C for 90 min. The precipitate was then
transferred into a microwave oven (2.45 GHz, 130 W) and treated for 5 min, after which it
was cooled to room temperature under ambient conditions. The sample was collected by
centrifugation at 7000 rpm for 5 min at 22 °C and rinsed five times with distilled water and
five times with ethanol. The obtained particles were dried at 80 °C for 24 h and powdered
in an agate mortar. For the synthesis of ZnO/xGO particles with x = 0.1 and 0.5, a selected
volume of graphene oxide dispersion (8.5 mg mL~!) was added to 100 mL of distilled water
to obtain graphene oxide contents of 0.1 wt% and 0.5 wt% relative to ZnCl,. After 5 min of
stirring, 0.8977 g of ZnCl, was added, and the procedure was continued as described for
zinc oxide.

The synthesized particles were denoted as ZnO, ZnO/0.1GO, and ZnO/0.5GO, where
the numbers 0.1 and 0.5 indicate the wt.% of GO used for the synthesis relative to the mass
of ZnCl,.

2.3. Characterization of ZnO/xGO (x = 0, 0.1, and 0.5) Particles

X-ray diffraction (XRD) data were collected on a Philips PW 1050 diffractometer with
CuKay 5 (A = 1.54178 A) Ni-filtrated radiation, operating at 40 kV and 20 mA. The XRD
scans were conducted over the angular range from 10 to 70° 26, with a step size of 0.05°
and a dwell time of 5 s per step. The crystal phases were identified using Match!3 database
software (Version 3.5) [41], with reference to the Crystallography Open Database (COD)
patterns [42]. The XRD microstructural analysis was performed by the Rietveld refinement
method using the FullProf computing program [43,44]. In order to subtract instrumental
broadening, the XRD pattern of a LaBg standard was fitted. p-Raman spectra were recorded
on a Thermo Scientific DXR Raman microscope (Waltham, MA, USA), equipped with an
optical microscope and a CCD detector, using the 532 nm diode-pumped solid-state high-
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brightness laser as the excitation source, at a power of 2 mW. The spectra were recorded in
the frequency interval of 50-3500 cm ! with a resolution of 4 cm !, exposition time 10's,
number of expositions 10. Photoluminescence (PL) spectra were recorded in the 350-700 nm
range, using a Horiba Jobin Yvon Fluorolog FL3-22 spectrofluorometer equipped with a
xenon (Xe) lamp as the excitation source. Excitation was performed at a wavelength of
280 nm. The UV-Vis DRS was measured in the range from 800 to 200 nm using an Agilent
Cary 5000 spectrophotometer equipped with a diffuse reflectance accessory. A commercial
PTFE standard was used for baseline correction. The morphology and particle size of
the prepared samples were examined using field-emission scanning electron microscopy
(FE-SEM, Ultra Plus Carl Zeiss, Jena, Germany), before analysis samples were dispersed
in water for 5 min and immediately filtered through a polycarbonate membrane. The
membrane was fixed on carbon tape on an aluminum stub, and to ensure good electrical
conductivity during FE-SEM investigation, the samples were carbon coated using a PECS
(Gatan GmbH, Model 682, Munich, Germany). The specific surface area (S5SA) and the total
pore volume were determined based on a N; adsorption—desorption isotherm at —195.8 °C
using an ASAP 2020 (Micromeritics Instrument Corporation, Norcross, GA, USA). Prior
to analysis samples were degassed under reduced pressure at 120 °C for 10 h. The SSA
was calculated according to the Brunauer—-Emmett-Teller (BET) method from the linear
part of the N, adsorption isotherm. The total pore volume (V1) was estimated from the
adsorbed amount at a relative pressure p/p” = 0.998.

2.4. Electrochemical Measurements

All electrochemical measurements were accomplished using an Ivium VertexOne
potentiostat/galvanostat in a standard three-electrode setup consisting of the modified
glassy carbon electrode (GCE) as a working electrode, a platinum (Pt) foil as the counter
electrode, and a saturated calomel electrode (SCE) as the reference electrode. Prior to each
electrochemical measurement, in situ electrochemical reduction of GO of each ZnO/GO
modified electrode was performed by chronoamperometry in 0.1 M KCI (E = =14 V
vs. SCE) for 1 min, repeated twice. (In the text, the reduced electrodes are denoted as
ZnO/rxGO.) Following the reduction step, ZnO/r0.1GO and ZnO/r0.5GO were subjected
to electrochemical evaluation, together with the ZnO.

For photoelectrocatalytic activities of the ZnO particles, the working electrodes were
prepared by coating 5 uL of catalytic ink onto a glassy carbon, followed by drying under
an IR lamp for 60 s to enable solvent evaporation. The catalytic inks were prepared by
dispersing 10 mg of ZnO/xGO particles into a mixture of 10 puL of 5% Nafion solution
(Sigma-Aldrich, Saint Louis, MO 63103, USA), 50 pL of water, and 50 pL of ethanol in an
ultrasonic bath for 1 h.

Both acidic (0.1 M HSO4) and alkaline (0.1 M NaOH) electrolytes were used for
photoelectrocatalytic measurements using linear sweep voltammetry (LSV) at a scan rate
of 20 mV s~ 1. For OER measurements, LSV was performed in the potential range of 0.2 to
1.9 V vs. SCE in both media. For HER measurements, the applied potential ranges were 0.2
to —1.9 V vs. SCE in alkaline medium and 0.2 to —1.0 V vs. SCE in acidic medium.

All potentials were measured against the SCE and converted to a reversible hydrogen
electrode (RHE) scale using the Nernst Equation (1) [45]:

ERHE = ESCE + 0.059 pH +0.244 (1)

The measurements were accomplished in the dark and under illumination. For the
illuminated measurements, the electrodes were exposed to light produced by Spectromaster
250 W 6400 K CFL bulb (wavelength 400-700 nm, with peak around 450-500 nm) at an
irradiance of 100 mW cm 2 (the light intensity was measured by a PeakTech 5165 Digital-
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Lux-Meter, Ahrensburg, Germany) for 60 min. The distance between the electrochemical
cell and the light source was 10 cm.

The inks for electrochemical detection of diclofenac were prepared by combining
10 mg of ZnO/xGO particles, 1.5 mg of a Vulcan carbon additive (CABOT VULCAN
Carbon Black XC72R), 40 uL of a 5% Nafion solution, 225 uL of distilled water, and 225 uLL
of ethanol. The resulting mixture was briefly vortexed and then ultrasonically treated
for 1 h to ensure homogenization. The prepared ink was deposited as a thin film onto a
GCE, and then dried under an infrared lamp (Avide, 250 W). This procedure resulted in
modified GCEs.

Cyclic voltammetry (CV) was employed to evaluate materials’ electrochemically
active surface area (EASA) and heterogeneous electron transfer rate constant (k%). The
voltammograms were recorded within a potential window of —0.4 to 1.0 V vs. SCE, using
a potential step of 2 mV and a polarization rate of 20 mV s~!. Measurements were carried
out in a 5 mM K4[Fe(CN)¢] solution prepared in 0.1 M KCI, which served as the supporting
electrolyte. EASA and k° values were calculated based on the Randles-Sev¢ik equation and
Nicholson’s method, respectively, following the previously reported methodology [46].

Overpotential () was determined as the difference between the applied potential at a
fixed current density and the thermodynamic equilibrium potential of the corresponding
reaction. Overpotential at 10 mA cm ™2 (119) was calculated for HER and OER in both
acidic and alkaline media using Equations (2) and (3), respectively [45]:

NoER = Erug — 1.23V 2)

NuER = Erug — 0V 3)

The turnover frequency (TOF) was calculated for all samples under both dark and
illuminated conditions in alkaline and acidic electrolytes, using Equation (4) [47]:

TOF = (j:Na)/(n-F-T') (4)

where j is the current density (A cm~2), NA is the Avogadro number, n is the number of
electrons transferred (2 for HER, 4 for OER), F is the Faraday constant (96,485 C mol '), and
T is the surface concentration of active sites (sites cm~2) determined using Equation (5) [48]:

I'=EASA/ Ageom'anObalk (5)

where EASA is electrochemically active surface area, Ageom = 0.3 em? and T'z,0palk is
0.05-10%° sites cm ™2 [49]. The current density values used for TOF calculation were deter-
mined from the LSV curves at the fixed potentials: —0.25 V vs. RHE for HER in acidic
medium, —0.30 V vs. RHE for HER in alkaline medium, and 1.73 V vs. RHE for OER in
both acidic and alkaline media.

Linear sweep voltammograms (LSVs) were recorded to investigate the electroanalytical
response of the materials in the potential range from 0.2 V to 0.8 V vs. SCE, using a
potential step of 2 mV and at a scan rate of 20 mV s~ !. Electroanalytical measurements
were performed in 0.1 M phosphate buffer (pH~7). Diclofenac (Diclofenac HF, injection
solution, 75 mg/3 mL, Hemofarm STADA, Vrsac, Serbia) was added to the electrolyte in
successive 1 puL additions, with the solution being stirred for 5 min after each addition,
i.e., prior to electrochemical measurements. The limit of detection (LOD) and the limit
of quantification (LOQ) were determined according to Equations (6) and (7), where o
represents the standard deviation of y-intercept of the calibration plot and b denotes the
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slope of the same calibration line [50]. Additionally, b represents the sensitivity of the
analytical method.

30
100
LOQ = =~ @)

2.5. Computational Procedure

To comprehend the electrochemical activity of the ZnO/xGO systems, density func-
tional theory (DFT)-based calculations were performed utilizing the projector augmented
wave (PAW) method within the Vienna ab initio simulation package (VASP) [51,52]. In the
performed calculations, the surfaces were modeled as periodically repeated slabs consisting
of several atomic layers and separated by a vacuum region. For the ZnO (000-1) surface of
16 layers, the top 8 layers were allowed to relax pending the Hellmann—Feynman forces
being reduced below 0.02 eV /A, whereas the rest of the layers were held fixed, representing
the bulk crystal. For the graphene supercell of 128 carbon atoms, the borderline atoms
were kept fixed. The Perdew—Burke-Ernzerhof (PBE) generalized gradient approximation
(GGA) [53] was used for the exchange-correlation functional and the plane-wave basis set
cutoff of 500 eV. Self-Consistent Field (SCF) energy convergence threshold was 1076 eV.
Due to a large number of atoms and faster energy convergence, the k-point mash with
only the gamma point of the Brillouin zone was chosen. For the graphene lattice constant,
the literature value of 2.46 A was used [54]. After the surface optimization, the molecule
of diclofenac was put above the surface of both ZnO and graphene and the equilibrium
adsorption configuration, as well as the adsorption energy, were calculated. Bader’s atoms-
in-molecules theory [55] was used to calculate the charge redistribution between the atoms
in the investigated systems. For the Bader’s charges calculations, the energy convergence
criterion was set to 1078 eV. The bond orders and the overlap populations between orbitals
were calculated by the DDEC6 method for atomic population analysis in periodic and
non-periodic materials implemented in the Chargemol program [56].

Adsorption binding energy of a molecule to the surface was calculated using
Equation (8) [57]:

Eads = Ecomplex — Esurface = Emolecule 8)

where Ecomplex is the energy of the optimized complex consisting of the ZnO surface (or
graphene) and diclofenac molecule on top of it, Egyface is the energy of the ideal ZnO
surface (or graphene), and Egecule is the energy of the diclofenac molecule.

3. Results and Discussion
3.1. Physicochemical Characteristics of ZnO/xGO Particles

The influence of GO particles on the phase composition and crystal structure ordering
of ZnO/xGO particles was investigated using XRD and Raman spectroscopy analyses;
the diffraction patterns and Raman spectra are presented in Figure 1a,b. The diffraction
patterns indicate highly crystalline ZnO particles with a Wurtzite-type hexagonal symmetry
(P63mc space group; COD no. 96-230-0113); Figure 1a [42]. The XRD patterns show that
Zn0O/0.1GO and ZnO/0.5GO possess the same phase compositions as bare ZnO, which is
expected since a small amount of GO used for the synthesis cannot be detected by X-ray
diffraction. However, structural analysis performed by the Rietveld refinement full pattern
method confirm that even a small amount of GO influenced crystal growth, particularly the
unit cell parameters, crystallite size (calculated for three specific crystallographic directions
[100], [002] and [101], and average), average strain and crystallinity; the calculated values
are listed in Table 1. The unit cell parameters calculated for bare ZnO particles were found
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tobea =b=3.2497(3) A, c = 5.2103(6) A, V = 47.643(2) A3, matching the standard COD
parameters for the hexagonal ZnO crystals with a Wurtzite-type structure (COD no. 96-
230-0113). The crystallite sizes in three specific crystallographic directions, [100], [002], and
[101], were found to be 15.2, 14 and 13.3 nm, respectively. As can be noticed from data listed
in Table 1, the presence of GO in ZnO/0.1GO influenced the lattice parameters; the unit cell
parameters slightly decreased while the crystallite size in [100], [002], and [101] directions
increased to 26.0, 23.4, and 22.2, respectively. A further increase in the GO amount in
Zn0O/0.5GO provoked slight changes in both unite cell parameters and the crystallite size.
Variation in the crystallite sizes and the crystallinity degree in ZnO/xGO compared with the
bare ZnO can be explained by the fact that a small amount of GO acts as a substrate which
promotes the crystallization of ZnO [58,59]. However, an increase in GO concentration in a
mixture with ZnO induces a chemical reaction between the functional GO groups which
contain oxygen and ZnO, acting subsequently as an inhibitor of crystallite growth [60]. The
calculated average lattice strain varied from 6.1 x 1073 for the bare ZnO via 3.9 x 102 for
Zn0/0.1GO to 5.5 x 1072 for ZnO/0.1GO, implying the largest concentration of lattice
defects in ZnO and the most ordered crystal structure of ZnO/0.1GO [61]. In addition,
the calculated polarity values I(g)/I(100) were found to be 1.045, 1.026, and 1.045 for
ZnO, ZnO/0.1GO, and ZnO/0.5GO, respectively, indicating an almost isotropic nano-
crystallite growth [10]. The values of the polarity I(pp)/I(100) around 1, for all examined
ZnO/xGO particles, indicate a well-developed polar (0001) plane (inset in Figure 1a) with
a hexagonal platelike morphology, implying that synthesized nanoparticles could be very
electrochemically active. Considering the polarity and the calculated crystallite size in
[100], [002], and [101] directions, a more profound electrochemical activity can be expected
for ZnO/0.1GO which has the most developed crystallites.
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Figure 1. (a) XRD patterns with scheme of ZnO crystallites, (b) Raman, (c) PL, and (d) UV-Vis DRS
spectra, and Kubelka—-Munk plots for (e) direct, and (f) indirect bandgap of ZnO/xGO particles.

Table 1. Unit cell parameters (with standard deviations), crystallite sizes (in specific crystallographic
directions and on average), average strain, polarity, crystallinity degree and textural (SSA and total
volume of pores) properties of ZnO/xGO particles.

Average Crystallinity SSA ** Vtot ***

Sample Unit Cell Parameters Crystallite Sizes, D (nm) Strain Polarity * Degree (%) (m?/g) (cm®/g)
Notation " N
a=b(A) V(A%) Dio Doz  Din  Dav € 1(002)/1(100) Xc
ZnO 3.2497 (3) 5.2103 (6) 47.643 (2) 152 140 133 145 6.1 x 1072 1.045 70 35 0.298
Zn0O/0.1GO  3.2487(7) 5.2042 (2) 47.568 (3) 260 234 222 286 39 %1073 1.026 71 34 0.348
ZnO/0.5GO  3.2494 (4) 5.2054 (8) 47.597 (3) 205 183 171 17.2 55x% 1073 1.045 76 35 0.353

* Calculated from XRD intensity for (002) and (100) planes. ** Standard, p/p° = 0.05-0.25. *** at p/p° = 0.99.
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Since XRD did not confirm the presence of GO in ZnO/xGO particles, we used Raman
spectroscopy as a powerful tool for inspecting the presence of a small amount of GO in
composites; Raman spectra are presented in Figure 1b. All bands in the Raman spectrum of
bare ZnO are distinctive for the Wurtzite crystal structure [10]. The most intense peak at
98 cm ™1, labeled as Eyy, is due to vibrations of the zinc sublattice in ZnO [10,62,63]. The
shoulder at 200 cm ™!, a sharp peak at 333 cm ™! and the weak shoulder near 380 cm ™! are
assigned to the second-order phonon mode 2Ejy;,, the multi phonon mode E;—Ejy, and to
A (TO) vibrations, respectively. The weak shoulder at 410 cm~! corresponds to the E; (TO)
mode. The existence of E; (TO) vibrational mode indicates the growth of ZnO crystallites
in a direction different than the c-axis typical of ZnO particles [10]; this is in agreement
with the almost isotropic crystallite geometry estimated from the XRD data for the [100],
[002], and [101] crystallographic directions (Table 1). The peak at 434 cm ™! is due to the
E»p mode and it is assigned to oxygen vibrations [64]. The asymmetry of the Eppy peak
points to lattice disorder while its intensity indicates crystallinity; thus, a high intensity of
the Eppy peak indicates a good crystallinity of ZnO particles which is in accordance with the
crystallinity of about 70% calculated from the XRD data (Table 1) [65,66]. A wide band in
the 510—740 cm ™! region consists of two peaks; the one at 570 cm ™! represents A; (LO)
and E; (LO) modes, whereas the other, at 635 cm ™1, represents a combination of acoustic
and optical modes (TA + LO). The A; (LO) mode is associated with bulk defects such as
oxygen vacancies, zinc interstitials or defect complexes containing both [64]. It has been
shown that the presence of defects strongly influences these modes, especially E; (LO) [66].
The relatively high intensity of the A; (LO) + E; (LO) modes in the Raman spectrum of
the ZnO sample, Figure 1b, points to a relatively large amount of oxygen vacancies and
zinc interstitials as intrinsic bulk defects. As we previously reported, these bulk defects
were provoked by fast crystallization induced by microwave irradiation [10,63]. A weak
peak at 483 cm ! (marked with an orange circle) is attributed to the interfacial surface
phonon mode 2LA [64]. The wide band in the wavenumber region 1090-1150 em 1 is
attributed to the optical overtone 2LO, explicitly to 24; (LO) and 2E; (LO). The Raman
spectra of ZnO/xGO look very similar, with bands typical for ZnO appearing in the 100 to
750 cm~! spectral range and two intense bands centered near 1340 and 1595 cm !, denoted
as the D- and G-band, respectively [67]. The D- and G-bands confirm the presence of GO
in ZnO/xGO particles, where the D-band is related to a structural disorder in graphene,
whereas the G-band is assigned to the sp? hybridized carbon atoms (C=C stretching),
confirming the presence of carbon in the materials [67]. In the spectrum of ZnO/0.1GO the
D- and G-bands are centered at 1341 and 1593 cm ™!, respectively, while in the spectrum
of ZnO/0.5GO the bands are negligibly shifted to 1343 and 1594 cm~!. We calculated
the intensity ratio of the D- and G-bands as a useful indicator of the structural defects in
graphitic materials [68]. The obtained values for Iy /Ig of 1.004 and 1.01 for ZnO/0.1GO
and ZnO/0.5GO, respectively, confirm an almost identical concentration of structural
defects in GO as a compositional part of ZnO/xGO.

The type and relative number of defects in the crystal structure of the ZnO/xGO
particles, especially their dependence on the GO amount, were studied by employing
photoluminescence (PL) spectroscopy. PL spectra of the ZnO/xGO particles, displayed in
Figure 1c, have the same shape but with different intensities depending on the amount of
GO. A broad emission band of high intensity centered at approximately 630 nm is associated
with bulk defects, while the low-intensity band observed near 420 nm indicates a negligible
amount of surface defects, inset in Figure 1c [10,63]. PL spectra indicate that even a small
amount of GO (0.1 wt.%) added to ZnCl, solution before the precipitation procedure leads
to a significant reduction in bulk defects in the ZnO crystal structure without an impact on
surface defects. An additional increase in the GO amount (to 0.5 wt.%) further decreases
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the number of bulk defects in the ZnO crystal structure with a slight increase in surface
defects. These results imply that ZnO/0.5GO possesses the most ordered crystal structure,
which is in accordance with the highest crystallinity (76%) calculated from XRD data.

To investigate the influence of the GO amount on the optical properties of the
Zn0O/xGO particles, UV-Vis DRS was recorded. UV—Vis DRS plots show characteris-
tic reflectance curves with the adsorption edge near 380 nm but with significantly different
absorption capacity, Figure 1d. As can be seen, ZnO particles reflect about 93% of visi-
ble light, i.e., they absorb only 7%; ZnO/0.1GO absorbs between 45 and 55% of VIS in
the range from 380 to 780 nm; while ZnO/0.5GO absorbs about 75%. As is known, GO
exhibits strong absorption in the UV spectral region, with a peak at 230 nm and a weak
absorption tail that extends up to 400 nm; thus, the significant enhancement in the visible
light absorption of ZnO/xGO particles cannot be attributed to the simple presence of GO
particles. The different absorption capacity in the visible spectral region could be attributed
to different morphologies of ZnO particles (see Figure 2). As we previously stated, particles
with a larger diameter or thickness have an enhanced absorption capacity due to a longer
optical path for light transport, while surface defects can additionally enhance visible light
absorption [63]. To estimate direct and indirect band gap energies (Epg) of ZnO/xGO parti-
cles, we employed the Kubelka-Munk method [63]. Tauc plots were constructed by plotting
[F(R) x E]?> and [F(R) x E]'/2 vs. photon energy E (eV), and the band gap energies were
estimated by extrapolation of the linear part of the curves to [F(R) x EJ?, i.e., [F(R) x E]'/2
to 0, Figure le,f. The estimated values for the direct band gaps were between 3.26 and
3.28 eV. The estimated values for the indirect bandgaps were 3.21 eV for all examined
samples. Thus, GO in ZnO/xGO particles caused a negligible shift in the band gap energy
toward the visible light region. The fact that, even after the introduction of GO to the ZnO,
the band gap energy of ZnO/xGO is negligibly adjusted can be explained by the XRD
results, which confirmed that ZnO particles retain the original Wurtzite structure within
the composite, thus keeping their intrinsic band gap.

11100

| 4 P

T 2000560,
- 4 J® R LY

Figure 2. FE-SEM micrographs of graphene oxide (GO) flakes on a filter membrane, taken at 2.0 kV,
and ZnO/xGO particles taken at 3 kV.
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The presented results imply that the amount of GO in ZnO/xGO particles has no
direct influence on structural and optical characteristics but an indirect one by influencing
crystallization and particle growth. Here, particle size influenced the capacity of visible
light absorption even without affecting the band gap energy.

Figure 2 shows the FE-SEM micrograph of graphene oxide (GO) flakes on a filter
membrane, taken at a 2.0 kV voltage. Graphene oxide flakes, prepared in our laboratory
according to the previously published procedure [40], are of sizes up to approximately
1 um. Aggregates, which can be observed on the filter membrane, are due to the filtration
procedure. FE-SEM images of ZnO confirm that under the applied experimental conditions,
nearly spherical, monodisperse nanostructured particles with an estimated average size of
30 nm are formed. The addition of 0.1 wt% of GO to the initial ZnCl, reagent mixture before
precipitation with NaOH resulted in the formation of platelike ZnO particles alongside
nanosized, nearly spherical particles with similar morphology to those observed in the
system without GO. The lateral size of the irregularly shaped platelets is estimated to be
up to 500 nm, with a thickness of up to 30 nm in both samples. The estimated proportion of
platelike particles in the sample containing 0.1 wt. % of GO is approximately 90%, while
in the sample with 0.5 wt.% of GO the proportion of these particles is slightly lower, at
approximately 80%.

FE-SEM analysis of the composite morphology confirms that even a small amount of
GO, added to the initial ZnCl, reagent solution before starting precipitation with NaOH,
influences the growth of Zn(OH), particles on GO as seeds, which further impacts the
crystallization in the MW field. Having in mind the results of the FE-SEM analysis together
with XRD and UV-Vis DRS, we suppose that ZnO nanoparticles are formed on the surface
of the GO sheets rather than being incorporated within the crystal lattice.

The results of BET analysis show that the addition of GO to ZnO has no influence
on SSA while having a slight influence on the total pore volume, which increase from
0.298 cm?/g for ZnO via 0.348 cm?3/g for ZnO/0.1GO to 0.353 cm?®/g for ZnO/0.5GO,
Table 1.

3.2. Photoelectrocatalytic Activity of ZnO/rxGO Particles

Zn0O/rxGO modified GCEs were tested as both anode and cathode depending on the
applied potential interval. The overall water splitting reaction mechanism depends on
the nature of the electrolyte—whether it is acidic or alkaline—and may be expressed by
two half-reactions [69]:

In acidic electrolytes: In alkaline electrolytes:

(HER on) cathode: 4H* + 4e~ — 2H, (HER on) cathode: 4H,O +4e~ — 2H; + 4OH™
(OER on) anode: 2H,O — O, + 4H* + 4e~ (OER on) anode: 4OH™ — O, + 2H,0 + 4e™
Total: 2H,O — 20, + 2H, Total: 2H,O — 20, + 2H,

The catalytic activity of the microwave-processed ZnO/rxGO particles toward HER
and OER in 0.1 M NaOH and 0.1 M H,5S0O, was examined in the dark, i.e., as electrocatalysts,
and under illumination, i.e., as photoelectrocatalysts, using linear sweep voltammetry
(LSV), Figure 3. The representative values for OER activity, the current densities at 2.2 V
vs. RHE and the onset potentials (vs. RHE) at 2 mA cm 2 are listed in Table 2. We
found that in the alkaline medium, the ZnO/r0.5GO composite showed the highest current
density of 37.68 mA cm~2 under illumination, compared to 26.81 mA cm~2 measured in
the dark. Simultaneously, the onset potential decreased from 1.636 V to 1.561 V vs. RHE
under illumination, indicating enhanced OER kinetics for ZnO/r0.5GO. The ZnO/r0.1GO
composite showed somewhat lower activity, reflected in a smaller increase in current

density from 11.91 to 19.98 mA cm~2 and a shift in onset potential from 1.751 to 1.63 V vs.
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RHE. ZnO showed the lowest PEC response, with current density increasing from 7.52 to
9.11 mA cm 2 and a minimal reduction in onset potential from 1.847 to 1.828 V vs. RHE.
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Figure 3. LSVs of ZnO/rxGO materials in: (a) 0.1 M HySOy, and (b) 0.1 M NaOH electrolyte recorded
before and after 60 min under illumination.

In the acidic medium, all samples exhibited significantly lower OER activity com-
pared to the alkaline solution. Specifically, higher onset potentials were observed both
in the dark and under illumination, while the current densities were consistently lower.
The ZnO/r0.1GO composite achieved the highest current density under illumination
(21.23 mA cm~2), compared to 9.36 mA cm ™2 in the dark. The onset potential decreased to
1.724 V vs. RHE under illumination, corresponding to a cathodic shift of 158 mV relative
to the dark. The ZnO/r0.5GO composite showed a similar trend, with the current density
approximately redoubling from 9.36 to 18.75 mA cm™~2 under illumination, accompanied
by a similar shift in onset potential. In contrast, ZnO showed the most significant reduction
in onset potential of 190 mV, while the current density had the lowest value of all samples,
both in the dark and under illumination.

The LSVs of ZnO/rxGO materials and the representative values for HER activity, the
current densities at —0.8 V vs. RHE and the onset potentials (vs. RHE) at 2 mA cm~2in
acidic (H,SO4) and 3 mA cm ™2 in alkaline media (NaOH), in dark conditions and under
illumination, are presented in Figure 3 and Table 2.

In the acidic medium, the ZnO/r0.1GO composite shows excellent catalytic activity
for HER, exhibiting the highest current density and the lowest onset potential. Precisely,
the current density was 58.59 mA cm~2 V vs. RHE under illumination, compared to
41.13 mA cm ™2 in the dark at the same potential. The onset potential shifted from —0.113
to —0.066 V vs. RHE, indicating improved reaction kinetics under illumination. The
ZnO/10.5GO composite showed an increase in current density from 9.96 to 17.31 mA g~!
with an onset potential shift from —0.247 to —0.113 V vs. RHE. Pure ZnO showed low
current density and adverse onset potentials of —0.702 V in the dark and —0.595 V after
illumination vs. RHE in acidic medium, indicating poor HER activity.

In the alkaline medium, the ZnO/r0.5GO composite achieved the highest current
density of 27.17 mA cm ™2 under illumination compared to 18.18 mA cm~2 in the dark,
accompanied by a remarkable onset potential shift from —0.201 to —0.067 V vs. RHE. The
Zn0O/10.1GO composite showed an increase in current density from 10.27 to 14.28 mA cm 2
with an onset potential shift from —0.307 to —0.241 V vs. RHE. Pure ZnO showed no
photoresponse under alkaline HER conditions, maintaining the same current density of
4.32 mA cm 2 with a negligible onset potential change from —0.580 to —0.458 V vs. RHE.
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In acidic medium, the HER proceeds via direct H* reduction and primarily depends on
active sites and the efficiency of electron transport. A larger particle surface of ZnO/r0.1GO,
due to the platelike morphology and more developed (0001) plane, provides a larger
number of active sites, which directly influences its enhanced HER performance compared
to ZnO and ZnO/10.5GO. The OER mechanism in acidic medium is a multi-step process
and is more complex. Surface defects promote an earlier onset of the reaction, as observed
for ZnO/10.5GO, whereas a larger particle surface results in higher current densities once
the reaction is started, as in the case of ZnO/r0.1GO.

In alkaline medium, water dissociation is the main step in both HER and OER. The
presence of surface defects enhances the adsorption and activation of water molecules.
Therefore, the ZnO/r0.5GO composite, characterized by the highest defect density, exhibits
superior catalytic activity for both reactions in an alkaline electrolyte.

Moreover, the presence of even a small concentration of rGO in the composite signifi-
cantly improves charge transfer for HER and OER in both electrolytes [70]. By providing a
highly conductive network, rGO enables faster electron transport, reduces Ohmic losses,
and thus enhances the overall catalytic performance of the composite materials.

Previously, it has been shown that the photoelectrocatalytic activity of ZnO for overall
water splitting extensively depends on the crystallinity, crystallite size and polarity, along
with the particle size [10,71-73]. In particular, for metal oxide-based photocatalysts, it has
been verified that hexagonal platelike crystals exhibit 5-fold better photocatalytic activity
than rodlike ones, where the improved activity of platelike crystals has been explained by
ZnQ's crystalline structure [71-73]. Actually, ZnO has a Wurtzite crystalline structure with
layers containing either all positive Zn?* ions or all negative O, ions stacked alternatively
along the [0001] direction, resulting in the Zn-terminated (0001) and O-terminated (000-1)
polar planes [73]. The terminal polar planes (0001) and (000-1) were reported to be much
more active in photocatalysis as compared to the nonpolar facets perpendicular to them
(for example 1-100, or 01-10), mainly due to a higher density of defects such as oxygen
vacancies. The addition of graphene oxide significantly affects the crystallite polarity and
morphology of ZnO particles prepared by the microwave processing of the precipitate.

Table 2. Current density and onset potential of ZnO/rxGO materials for HER and OER in al-
kaline and acidic electrolytes recorded before and after 60 min under illumination, along with
literature-reported data.

Current Density (mAcm~2) Onset Potential vs. RHE (V) Reference
Materials Dark Illumination Dark Illumination
OER in 0.1 M NaOH
ZnO 7.52 9.11 1.847 1.828
Zn0O/r0.1GO 11.91 19.98 1.751 1.630 This paper
Zn0O/10.5GO 26.81 37.68 1.636 1.561
27n0O/1RuO, N/A N/A 1.737 1.566 [13]
10ZnO@RuO, N/A N/A 2.06 1.96 [12]
OER in 0.1 M KOH
RGO-ZnO N/A N/A 1.614 N/A [74]
ZnO@rGO N/A N/A 1.700 N/A [75]
CuO/ZnO@rGO N/A N/A 1.678 N/A [5]
OER in 0.5 M KOH
RGO/CuWOy/TizCTx 7.0 8.5 0.5 0.6 [76]
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Table 2. Cont.
Current Density (mAcm—2) Onset Potential vs. RHE (V) Reference
Materials Dark Illumination Dark Illumination
OER in 0.1 M HySO4
ZnO 7.67 17.34 1.882 1.692
Zn0O/r0.1GO 9.36 21.23 1.882 1.724 This paper
Zn0O/10.5GO 9.36 18.75 1.752 1.724
10ZnO@RuO, 2.15 2.01 N/A N/A [12]
HER in 0.1 M NaOH
ZnO 432 432 —0.580 —0.458
Zn0O/r0.1GO 10.27 14.28 —0.307 —0.241 This paper
Zn0O/10.5GO 18.18 27.17 —0.201 —0.067
27n0O/1RuO, N/A N/A —0.238 —0.164 [13]
10ZnO@RuO, N/A N/A —0.348 —0.376 [12]
HER in 1 M KOH
CuO/ZnO@rGO N/A N/A —0.358 N/A [5]
HER in 0.5 M KOH
ZnO/rGO N/A N/A —0.755 N/A [77]
RGO/CuWO,/TizCo Ty 1.7 2.0 —0.100 —0.100 [76]
7G0.5 10 15 —0.659 —0.600 [77]
HER in 0.1 M H;504
ZnO 0.34 1.68 —0.702 —0.595
Zn0O/r0.1GO 41.13 58.59 —0.113 —0.066 This paper
Zn0O/10.5GO 9.96 17.31 —0.247 —0.113
10ZnO@RuO, N/A N/A —0.714 —0.526 [12]
WS, /ZnO N/A N/A —0.201 —0.182 [78]
HER in 0.5 HySO4
rGO N/A N/A —0.1 N/A
Au/rGO N/A N/A —0.05 N/A [79]
PtAu/rGO N/A N/A —0.005 N/A
RGO-ZnO N/A N/A —0.348 N/A [74]

For additional insight into the catalytic activity of the ZnO/rxGO materials, the

overpotential at 10 mA cm ™2 (110) and the turnover frequency (TOF) were determined for
HER and OER in both electrolytes under dark and illuminated conditions; the calculated 11
and TOF values are displayed in Table 3. The calculated 119 and TOF values are consistent
with the trends observed for the onset potential and current density, i.e., ZnO/10.5GO
demonstrates the lowest overpotential and highest TOF for both HER and OER in alkaline
medium, while ZnO/r0.1GO shows superior activity for HER in acidic medium.
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Table 3. TOF and n1g of ZnO/rxGO materials for HER and OER in alkaline and acidic electrolytes
recorded before and after 60 min under illumination.

TOF (s 1) N10 (V vs. RHE)
Dark IMlumination Dark INlumination
OER in 0.1 M NaOH
ZnO 6.02 10.24 N/A N/A
Zn0O/r0.1GO 17.14 32.22 0.961 0.790
ZnO/r0.5GO 28.82 51.74 0.661 0.572
OER in 0.1 M H,S04
ZnO 1.68 8.46 N/A 0.862
ZnO/1r0.1GO 1.98 9.98 N/A 0.862
ZnO/1r0.5GO 1.65 8.29 0.972 0.851
HER in 0.1 M NaOH
ZnO 20.91 29.33 N/A N/A
ZnO/r0.1GO 40.45 49.71 —0.685 —0.585
ZnO/10.5GO 53.81 95.52 —0.478 —0.333
HER in 0.1 M H,SOq4
ZnO 0.14 9.13 N/A N/A
ZnO/r0.1GO 106.62 186.85 —0.315 —0.230
Zn0O/r0.5GO 13.38 35.45 —0.690 —0.510

For OER in both alkaline and acidic media, ZnO/r0.5GO showed the lowest overpo-
tential among the investigated samples, with 119 values of 0.661 V and 0.572 V in the dark
and under illumination in alkaline medium, and 0.972 and 0.851 V in the dark and under
illumination in acidic medium, respectively. Bare ZnO did not reach the current density of
10 mA cm ™2 within the investigated potential window in either medium in the dark and
under illumination in alkaline medium, while ZnO/rGO_0.1 did not reach this value in
acidic medium in the dark, indicating poor OER activity under these conditions. ZnO and
Zn0O/r0.1GO showed 1y values of 0.862 V under illumination in acidic medium, similar to
Zn0O/r0.5GO. The TOF values increased in the order ZnO < ZnO/r0.1GO < ZnO/r0.5GO
under both conditions in alkaline medium, with ZnO/r0.5GO achieving the highest values
of 28.82 and 51.74 s~ ! in the dark and under illumination, respectively. The TOF values
were significantly lower for all samples in acidic medium compared to alkaline, consistent
with the overpotential, onset potential, and current density values obtained for OER under
these conditions.

For HER in alkaline medium, ZnO/r0.5GO exhibited the lowest overpotential and the
highest TOF among the investigated samples, with 111g values of —0.478 and —0.333 V, and
TOF of 53.81 and 95.52 s~ in the dark and under illumination, respectively. ZnO/r0.1GO
showed 119 of —0.685 and —0.585 V, and TOF of 40.45 and 49.71 s~ ! in the dark and under
illumination, respectively, while pure ZnO did not achieve 10 mA cm~? in alkaline medium.
In acidic medium, ZnO/10.1GO showed the lowest overpotential with njp of —0.315 and
—0.230 V, and the highest TOF of 106.62 and 186.85 s ! in the dark and under illumination,
respectively, significantly exceeding those of ZnO/r0.5GO (13.38 and 35.45 s~!) and bare
ZnO (0.14 and 9.13 s~1). The same trend was observed upon comparison of the onset
potential and current density values.
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3.3. Electroanalytical Measurements of Microwave-Processed ZnO/rxGO Particles
3.3.1. Determination of EASA and k°

Figure 4a shows CVs of GCEs modified with ZnO/rxGO materials, recorded in 5 mM
K4[Fe(CN)g] with 0.1 M KCl as the supporting electrolyte. Based on these measurements,
two important electrochemical parameters—EASA (Figure 4b) and k° (Figure 4c)—were
estimated for all three investigated materials. EASA values decrease in the following order:
Zn0O/r0.5GO (1.315 cm?) > ZnO (1.289 cm?) > ZnO/r0.1GO (1.092 cm?). The k° values
indicate that the addition of GO to ZnO increases the heterogenous electron transfer rate
constant of ZnO/r0.5GO (0.826-103 cm s~ !) and ZnO/r0.1GO (1.173-1073 cm s~ 1) for 28
and 82%, respectively, compared to ZnO (0.644-10~% cm s~ !). Overall, the improved k°
values suggest enhanced charge transfer kinetics for the ZnO/rxGO composites compared
to pure ZnO.
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Figure 4. (a) Cyclic voltammograms of ZnO/rxGO materials, recorded in 5 mM K4[Fe(CN)g] with
0.1 M KCl as supporting electrolyte, at a scan rate of 20 mV s~1 with the corresponding (b) EASA,
and (c) k° values.

3.3.2. Electroanalytical Measurements

Figure 5 presents the electrochemical response of the investigated materials for dif-
ferent diclofenac concentrations. As shown in Figure 5a—c, two well-defined character-
istic anodic peaks were observed. The anodic peak located at around 550 mV vs. SCE
is assigned to the direct electrochemical oxidation of diclofenac, and the products ob-
tained are 2,6-dichloroaniline and 2-(2-hydroxyphenyl) acetic acid. The second anodic
peak, appearing at approximately 300 mV vs. SCE, is attributed to the oxidation of 1-
hydroxy-2-(hydroxyphenyl)ethanolate, a product of the electrochemical transformation
of diclofenac [80]. This oxidation process of diclofenac is shown in Scheme 1. In accor-
dance with the literature reports, diclofenac can therefore be determined both directly and
indirectly through the anodic peaks at 550 mV and 300 mV, respectively [81].

Based on the anodic peak current responses obtained by LSV, calibration curves were
constructed for both direct and indirect determination of diclofenac. The corresponding
calibration plots for each investigated material are presented in Figure 5d—f, while the
calculated relevant statistical and electroanalytical parameters are summarized in Figure 6
and Table 4. ZnO displays two linear fitting ranges for diclofenac detection, whereas
Zn0O/rGO composites exhibit a single linear region described by one calibration line,
for both direct and indirect approaches. ZnO exhibited the closest agreement with the
linear fit showing the correlation coefficient (R?) of 0.998 for the second calibration line at
550 mV. The lowest R? value observed is 0.944 (ZnO/r0.1GO at 550 mV), indicating strong
agreement for all measurements.
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Figure 5. (a—c) LSVs of ZnO/rxGO materials recorded in the neutral 0.1 M phosphate buffer, with the
addition of diclofenac and at scan rate of 20 mV s~!, and (d—f) the corresponding calibration plots.
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Scheme 1. Electrochemical oxidation of diclofenac (the freeware ChemSketch computing program
was used to draw the molecules).

As presented in Table 4, pure ZnO showed the highest sensitivities for diclofenac
detection, reaching 2.728 HApM 1 (300 mV) and 2.108 pApM ! (550 mV); however, these
enhanced sensitivities are achieved only within very narrow concentration intervals de-
fined by the second linear regions. In contrast, ZnO/rGO composites display moderate
but uniform sensitivities described by a single calibration line, with ZnO/r0.1GO show-
ing the highest sensitivity among the composites (1.040 pApM ™! at 550 mV) (Figure 6a).
Lochab et al. investigated an indium tin oxide electrode with asparagine-functionalized
multi-walled carbon nanotubes and ionic liquid (Asp-MWCNTs/IL/ITO) for electrochemi-
cal detection of diclofenac in neutral media by the CV method [82]. All tested ZnO/rxGO
materials showed comparable or higher sensitivity values than those reported for Asp-
MWCNTs/IL/ITO (0.4657 pAuM 1) and significantly higher than was found for glassy
carbon electrodes modified with copper nanoparticles and reduced graphene oxide (Cu
NPs/rGO/GCE) by the amperometry method in 0.1 M NaySOy4 (pH = 7.0) proposed
by Yu et al. (0.0356 pAuM 1) [83] (Table 4). The lowest LOD/LOQ values (Figure 6b,c)
were obtained for ZnO, 2.2/7.3 uM at 300 mV and 4.4/14.8 uM (at 550 mV), followed by
Zn0O/r0.1GO which showed values of 4.4/14.7 uM with detection at 300 mV. ZnO/rGO
composites exhibit slightly higher but comparable detection and quantification limits.
Additionally, it should be noted that for the same material, lower LOD/LOQ values
are obtained for indirect determination at 300 mV. Comparison with the literature data
(Table 4) reveals that previously reported studies typically exhibit comparable or lower
detection limits than those obtained in this study. In contrast to pure ZnO, which shows
narrow and separated dynamic ranges, ZnO/rGO composites offer a single, broader dy-
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namic range, making them more suitable for practical sensing applications. The widest
dynamic range of 16.9-43.9 uM is obtained for the ZnO/r0.1GO composite at 300 mV
(Figure 6d). Aidli et al. proposed an electrochemical sensor that features a benzoquinone-
modified vertically aligned mesoporous silica film on a carbon screen-printed electrode
(BQ/VMSE/aSPCE) for diclofenac detection in neutral phosphate buffer by the DPV
method [84]. BQ/VMSE/aSPCE, as well as the aforementioned Asp-MWCNTs/IL/ITO,
exhibited narrower linearity ranges (1-10 uM and 0.0675-0.54 uM, respectively) than pre-
sented herein, while oxygen plasma-treated ZnO nanoflowers on a screen-printed electrode
proposed in the work of Zhang et al. [29] showed a linearity region as wide as 0.01-40 uM
(Table 4). These findings indicate that the ZnO/r0.1GO composite demonstrates the most
balanced electroanalytical performance for diclofenac detection, offering an extended dy-
namic range while still preserving sufficiently low LOD at 300 mV. The superior sensing
behavior of ZnO/r0.1GO compared to ZnO and ZnO/r0.5GO correlates with its highest k°
value and relatively high EASA, indicating that the synergistic interaction between ZnO
and rGO facilitates more efficient electron transfer, as well as promoting an active surface
of the electrochemical sensor.
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Figure 6. (a) Sensitivity, (b) limits of detection, (c) limits of quantification, and (d) dynamic ranges of
ZnO/rxGO materials for direct and indirect determination of diclofenac in neutral phosphate bulffer.
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Table 4. Statistical and electroanalytical parameters for diclofenac detection obtained for ZnO/rxGO,
along with literature-reported materials.

Peak

. Sensitivity LOD Dynamic
2
Electrode Method Pc::;r‘l;)lal R (LAUM-1) (M) LOQ (uM) Range (uM) References
Electrolyte 0.1 M phosphate buffer (pH = 7.0)
300 2.2 7.3
. X 0.997 0.480
first 1 0.6 2.2
(first line) (0.6 ppm) (2.2 ppm) 13.5-30.4
300
(second line) 0.961 2.728 / / )
0 v 550 44 14.8 This paper
L 0.979 0.464 ) ’
first 1 1.3 4.4
(first line) (1.3 ppm) (44 ppm) 10.1-30.4
550
(second line) 0.998 2.108 / /
44 14.7
300 0.985 0.719 16.9-43.9
(13ppm) (44 ppm) .
ZnO/r0.1GO LSV 6.0 19.9 This paper
550 0.944 1.040 ) ) 6.8-27.0
(1.8 ppm) (5.9 ppm)
6.3 21.1
300 0.963 0.718 13.5-37.2
(19ppm) (62 ppm) ,
Zn0O/r0.5GO LSV 6.9 231 This paper
550 0.959 0.796 ) ’ 10.1-27.0
(2.0 ppm) (6.8 ppm)
BQ/VMSF/aSPCE DPV / 0.996 / 0.73 / 1-10 [84]
Asp-
MWCNTs/IL/ITO Ccv / 0.9885 0.4657 0.0094 / 0.0675-0.54 [82]
Gd,03/Graphene DPV / / / 0.028 0.086 5.89-66.7 [85]
Electrolyte 0.1 M NaySOy4 (pH = 7.0)
Cu "
NPs/1GO/GCE A / / 0.0356 0.008 / 20-400 [83]

A*—amperometry.

3.4. DFT Calculations

Initially, the diclofenac molecule was bonded on the (000-1) ZnO surface via a hy-
drogen atom from the 2,6-dichlorophenyl ring, but after the relaxation, the molecule was
slightly shifted and relaxed in the vicinity of the surface. This resulted in interatomic H-O
distances between hydrogen ions from the molecule and oxygen ions from the surface of
2.18 and 2.21 A, respectively. Bond orders and charge overlap analyses by the DDEC6
method [56] shows that these bonds have orders of 0.382 and 0.336 while mutual overlaps
cover 0.335 and 0.312 e™. According to the Bader analysis, zinc ions in the highest Zn-layer
of the (000-1) ZnO surface mainly lose an average of 0.02 to 0.06 e~ while oxygen ions
from the highest O-layer received more electrons on average, mostly from 0.07 to 0.15 e in
interaction with the molecule relative to the e™ transfer on the pure (000-1) ZnO’s surface,
Figure 7a.

After the relaxation of the system consisted of a diclofenac molecule and reduced
graphene, the distances between the hydrogen ions (H) in the phenyl ring of the diclofenac
molecule and the nearest carbon (C) atoms in the graphene slab are 2.76, 2.87, and 2.97 A.
These increased distances are partly due to a descent of the carbon atoms under the
molecule from the initial plane up to 0.55 A as a consequence of the interaction between the
diclofenac molecule and the graphene. The DDEC6 analysis shows that the mentioned C-H
bonds have bond orders of 0.023, 0.047, and 0.045 overlapping up to 0.038 e~. The results
obtained by the DDECS6 calculation suggest that the possibility of the diclofenac molecule
chemically bonding to the graphene slab is negligible.
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Figure 7. (a) The view of charge density of ZnO (000-1) surface along (00-1) direction without (top)
and with (bottom) diclofenac molecule (DCF) in its vicinity. Colors depict e~ density from the
lowest (blue) to the highest (red) [86]. (b) The charge difference of the diclofenac-graphene system
A0 = 07n0+DCF — 0ZnO — ODCF is obtained by applying the VASPKIT software (Version 1.5.1) [87]
on self-consistently converged charge densities, where 0z,0+DCE, 0zn0, and opcr, are the charge
densities of the complex consisting of the ZnO surface and diclofenac molecule on top of it, ideal
ZnO surface, and the diclofenac molecule, respectively. The electron redistribution is depicted by
VESTA software (Version 3.90.0a) [86]; yellow (electron-enriched area) represents the positive and
cyan represents the negative charge difference. The view from the top of the c-axis (top), from the top
of the b-axis (bottom left) and a general view (bottom right).

The carbon atoms under the molecule lose up to 0.09 e~. The electric dipole moment of
the molecule calculated relative to the molecule mass center has a direction almost parallel
with the x—y plane (theta = 89.93 degrees), and an azimuth angle phi = —54.75 degrees.
This direction matches the negative—positive charge areas of graphene (see Figure 7b). Such
a position of the molecule relative to the surface may indicate the existence of long-range
electromagnetic interactions that hold the molecule near the graphene slab.

In this case the calculated adsorption binding energy of the diclofenac-graphene
complex is +0.092 eV whereas for the diclofenac-(000-1) ZnO it is —3.60 eV. Results of the
DEFT calculations show that diclofenac exhibits a weak chemical interaction/chemisorption
with the (000-1) ZnO surface, while it does not bond to the graphene layer. This result
suggests that in the composite, ZnO contributes to the binding with the pollutant molecule,
while the reduced graphene oxide predominantly affects the charge redistribution and
electron mobility.

Results of the ab initio calculations support experimental results which we presented in
this paper and our conclusion that the improved electrochemical activity of ZnO/xGO com-
pared with bare ZnO is due to platelike particles consisting of well-developed crystallites
with a displayed (000-1) surface.

4. Conclusions

We established that a relatively small amount of GO used as seeds for precipitation of
Zn(OH); influenced crystallite growth and polarity in spite of the short period of microwave
irradiation. The presented results show that the addition of GO to ZnO influences the
crystal structure ordering, particle morphology, the amount of surface and bulk defects and
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visible light absorption capacity. The synergy of these properties significantly enhanced the
electrochemical properties of ZnO/rxGO particles.

We reveal that in alkaline medium, the ZnO/r0.5GO composite exhibits the highest
catalytic activity for HER and OER in the dark as well as under illumination. Precisely, with
Zn0O/10.5GO as the photoelectrocatalyst under illumination, the current density attained
was 37.68 mA cm ™2 and the onset potential was 1.561 V vs. RHE for OER, and the current
density was 27.17 mA cm 2 and the onset potential was —0.067 V vs. RHE for HER. In
acidic medium, all samples exhibited similar activity for OER but ZnO/r0.1GO composite
demonstrated the highest activity for HER in the dark and under illumination; i.e., under
illumination the current density attained was 58.59 mA cm~2 V vs. RHE and the onset
potential was —0.066 V vs. RHE.

Due to having the fastest charge transfer rate (k’ = 1.173 x 1072 cm s~ !) and favorable
electrochemically active surface area, the composite exhibited the best analytical perfor-
mance as the electrochemical sensor for diclofenac in a neutral environment. ZnO/r0.1GO
showed the broadest dynamic range of 16.9-43.9 uM at 300 mV and a sulfficiently low LOD
of 4.4 uM.

This study demonstrates that the addition of small amounts of GO to ZnO represents
an effective strategy for tailoring the surface properties and charge transfer characteristics
of the ZnO/xGO composites, enabling their application as a multifunctional material for
photoelectrocatalytic water splitting and electrochemical detection of diclofenac as a water
pollutant. The results highlight the importance of rGO content as a key parameter in
controlling the balance between surface area and defect density, which is significant for
specific applications such as water splitting or the detection of pollutants.
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