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ABSTRACT

Zinc oxide (ZnO) is a promising photoanode material for photoelectrochemical (PEC) applications; however, its 
limitations, including a wide band gap and a high electron–hole recombination rate, hinder its performance. This study 
addresses these challenges by growing ZnO on graphene/nickel foam (Gr/Ni-foam) using a hydrothermal method, varying 
reaction parameters (time: 2, 4, 6, 8, 10 h; temperature: 150, 180 and 200 ºC). Results demonstrate significantly enhanced  
PEC activity via hydrothermal reaction temperature at 200 ºC for 8 h, attributed to the porous Ni-foam substrate, which 
improves electrolyte accessibility and light harvesting. Gr further reduces by about 50% the photocurrent onset potential, 
which in turn boosts charge transfer. Interestingly, ZnO on Gr/Ni-foam exhibits outstanding PEC activity (24.93 mA cm-2 
at 1.23 V vs RHE) compared to other tested substrates, primarily due to the advantages of the porous structure of Ni-foam. 
This research highlights the critical role of substrate selection, particularly the use of porous Ni-foam, in overcoming  
the intrinsic limitations of ZnO to enabling the development of high-performance photoelectrodes for efficient PEC water 
splitting.
Keywords: Graphene; nickel foam; photoelectrochemical activity; porous substrate; zinc oxide

ABSTRAK

Zink oksida (ZnO) adalah bahan fotoanod yang berpotensi dalam aplikasi fotoelektrokimia (PEC), tetapi prestasinya 
agak terhad disebabkan oleh beberapa kelemahan seperti sela jalur lebar dan kadar penggabungan semula pasangan  
elektron-lohong yang pantas. Untuk menangani isu yang dinyatakan, kajian ini menumbuhkan ZnO di atas grafin/busa 
nikel (Gr/Busa Ni) menggunakan kaedah hidroterma dengan mengubah parameter tindak balas (masa: 2, 4, 6, 8, 10 
jam; suhu: 150, 180, 200 ºC). Keputusan menunjukkan peningkatan aktiviti PEC yang ketara menggunakan tindak balas 
hidroterma pada suhu 200 ºC selama 8 jam yang disebabkan oleh substrat Busa Ni yang berliang dan ia meningkatkan 
kebolehcapaian elektrolit dan penyerapan cahaya. Kehadiran Gr mengurangkan keupayaan onset fotoarus sebanyak  
50% dan menyebabkan berlaku pemindahan cas yang lebih cekap. Menariknya, ZnO pada Gr/Busa Ni menunjukkan 
aktiviti PEC yang tinggi (24.93 mA cm-2 pada 1.23 V vs RHE) berbanding dengan substrat yang lain disebabkan oleh 
kelebihan struktur Busa Ni yang berliang. Penyelidikan ini menekankan kepentingan pemilihan Busa Ni berliang  
sebagai substrat fotoelektrod bagi mengatasi batasan intrinsik ZnO, seterusnya membolehkan pembangunan fotoelektrod 
yang berpestasi tinggi untuk pembelahan molekul air yang cekap melalui PEC.
Kata kunci: Aktiviti fotoelektrokimia; busa nikel; grafin; substrat berliang; zink oksida
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INTRODUCTION

Global warming occurs because carbon dioxide, methane, 
nitrous oxide, chlorofluorocarbons, and tropospheric 
ozone enable shortwave radiation from the sun to penetrate 
the atmosphere and warm the Earth’s surface. Therefore, 
renewable energy is required to prevent global warming, 
in addition to an alternative source of clean and sustainable 
energy, such as hydrogen (H2). Many methods for producing 
H2 have been established, but the photoelectrochemical 
(PEC) water splitting is promising because of its simple 
and direct process for water splitting, where H2 is 
produced from water by using sunlight as an energy source  
(Dias & Mendes 2019; Megia et al. 2021; Shaker et al. 
2024).

Semiconductors have been used as photoelectrodes 
to split water while absorbing light (Hong et al. 2020; 
Rosman et al. 2021). Titanium dioxide (TiO2) is a  
well-known semiconductor developed by Fujishima and 
Honda in 1972 (Arifin et al. 2021). Yet lately, zinc oxide 
(ZnO) has received considerable interest as a substitute  
for TiO2 because of the nearly identical band energy 
properties (3.37 eV and 3.20 eV, respectively). Furthermore, 
owing to its stable structure, non-toxicity, strong exciton 
binding energy, ease to synthesis, excellent electric 
and magnetic properties, and outstanding thermal and 
mechanical stability, ZnO has a higher light absorption rate 
in the solar spectrum than TiO2 (Pruna et al. 2018; Raizada, 
Sudhaik & Singh 2019; Yusoff et al. 2017). However,  
the wide band gap of ZnO limits electron transport from the 
valence band (VB) to the conduction band (CB), resulting 
in the rapid recombination rate of electron–hole pairs and 
low PEC performance (Pratomo et al. 2023; Sohaib et al. 
2023). Various solutions have been explored, including 
doping ZnO with metals or non-metals, semiconductor 
coupling, carbon (C)-based integration, controlling crystal 
growth, and surface modification (Ong, Ng & Mohammad 
2018; Pirhashemi, Habibi-Yangjeh & Rahim Pouran 
2018). Among these, coupling with C-based materials is 
promising, as it enhances charge separation, reduces the 
band gap, increases light absorption, and improves the 
stability of ZnO.

Graphene (Gr), a two-dimensional (2D) hexagonal 
C material with high specific surface area, excellent 
carrier mobility, outstanding thermal conductivity, strong 
chemical stability, and high mechanical strength, can 
serve as an electron sink or co-catalyst to increase the  
PEC performance of ZnO photoelectrode (Geim & 
Novoselov 2007; Mohd Shah et al. 2021; Qiu, Xing & 
Zhang 2018). The photocatalytic performance of ZnO 
improves in the presence of Gr owing to a synergistic 
effect between Gr and ZnO (Mahmud et al. 2020; Xu et 
al. 2011). It can decrease the band gap energy of ZnO  
after adding Gr and broadening the light absorption 
range (Gaidi et al. 2018; Mohamed Saheed et al. 2021). 
Furthermore, the integration of Gr with ZnO can facilitate 

fast electron transport and efficient electron–hole pairs 
separation (Effendi et al. 2017). However, 2D Gr tends 
to aggregate and reduce the PEC performance (Li et 
al. 2016). Previous studies have shown that growing  
Gr on an interconnected three-dimensional (3D) network, 
such as nickel foam (Ni-foam) can increase photocurrent 
density and result in a high surface area and excellent  
light absorption (Gadisa et al. 2021; Karimizadeh et al. 
2018). This could be ascribed to the porous structure 
of Ni-foam that offers multiple channels for electron  
transport and light scattering. A 3D network structure 
provides an intimate contact between ZnO and Gr (Chen 
et al. 2015). This study extends beyond conventional 
ZnO on Gr/Ni-foam composites by investigating the roles 
of hydrothermal reaction time, temperature, substrate 
selection, and the synergistic effects on enhancing the PEC 
performance. By adjusting these parameters, we modify 
the material properties and employ the advantages of the 
porous Ni-foam to achieve improved PEC performance.

Several porous materials can be utilised as substrates 
for photoelectrodes, including metal foams, felts, and 
cloths. For PEC application, Ni-foam was the preferred 
substrate due to its superior conductivity, high surface 
area, and robust support for the active material. Therefore,  
Ni‐foam was employed as a substrate to grow Gr 
via chemical vapor deposition (CVD) followed by a 
hydrothermal method for decorating ZnO on Gr/Ni-foam 
photoelectrode. The effect of hydrothermal parameters  
for ZnO growth on Gr/Ni-foam has been studied along  
with Ni-foam- supported PEC activity. A comparative  
study between Ni-foam and Ni-foil showed that the 
utilization of Ni-foam as a substrate significantly enhanced 
PEC performance. As a result, ZnO on Gr/Ni-foam 
significantly enhanced PEC activity among all samples  
at 1.23 V vs RHE. 

MATERIALS AND METHODS

PREPARATION OF GRAPHENE/NICKEL FOAM (Gr/Ni-FOAM) 
SUBSTRATE

Gr/Ni-foam was synthesized via the CVD technique 
(Mohd Shah et al. 2022a), where methane (CH4) 
was used as the C source. The center of a quartz tube 
furnace (50  OD  ×  44  ID  ×  450  L  in  mm) was loaded 
with a 1.5  cm  ×  1.5  cm piece of cleaned Ni-foam. To 
minimize contamination from outside air and oxygen 
gas, the quartz tube was purged using argon (Ar) gas  
(Seravalli & Bosi 2021). Then, it was heated to 1000 °C 
for 50 min in the presence of Ar (100 sccm) and Ar/
hydrogen (H2) (400 sccm) gases, followed by 50 min of 
annealing. To grow Gr onto the Ni-foam substrate, CH4  
(20 sccm) gas was flowed along with Ar (150 sccm) and 
Ar/H2 (250 sccm) for 30 min. The sample was then rapidly 
cooled from 400 °C in the presence of Ar (500 sccm)  
before it was taken out from the tube furnace.
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PREPARATION OF ZINC OXIDE ON GRAPHENE/NICKEL FOAM 
(ZnO ON Gr/Ni-FOAM)

Zinc nitrate hexahydrate (Zn(NO3)2.6H2O) (0.5 M) was 
used as a precursor and mixed with 30 mL of deionized  
(DI) water and stirred for 30 min. The mixture was 
transferred to a 50  mL Teflon-lined stainless-steel 
hydrothermal autoclave, and several drops of NaOH  
(5 M) were added to adjust the pH to 4 before immersing 
the Gr/Ni-foam (Mohd Shah et al. 2022b). The  
morphology of ZnO is controlled by varying the reaction 
time from 2 - 10 h at a constant temperature of 150 °C, 
labeled as T-2, T-4, T-6, T-8, and T-10. Then, the best 
reaction time determined from this step was employed 
for further optimization of the hydrothermal reaction 
temperatures at 150 °C, 180 °C, and 200 °C, labelled as 
P-1, P-2, and P-3. All samples prepared were then rinsed 
with DI water before being heated to 450 °C for 1 h. To 
investigate the influence on porous substrate in enhancing 
the PEC activity, ZnO growth on Ni-foil has been carried 
out under the same conditions as those optimized for  
Ni-foam, including reaction time and temperature. Figure 1 
demonstrates the detailed preparation process.

CHARACTERIZATION

The morphological surface and structure of the 
photoelectrode were examined with a SUPRA 55VP field 
emission scanning electron (FESEM) microscope. The 
structural fingerprint of Gr was measured with a 532 nm 
laser Thermo Scientific DXR2xi Raman spectrometer. 
The X-ray diffraction (XRD) patterns (2θ = 20 – 80°) of 
the ZnO crystal structure were collected using a Bruker  
D8 Advance X-ray diffractometer.

PHOTOELECTROCHEMICAL (PEC) ACTIVITY 
MEASUREMENTS

The PEC study was conducted using potentiostat (Ametek 
Versastat 4) with a three‑electrode system attached to 
a PEC cell. The working electrodes (Ni-foam, Ni-foil,  
Gr/Ni-foam, Gr/Ni-foil, ZnO on Ni-foam, ZnO on Ni-foil, 
and ZnO on Gr/Ni-foam) were fixed to 1.5 cm2 exposed 
area. The platinum (Pt) wire and silver/silver chloride 
(Ag/AgCl) saturated in 3 M potassium chloride were 
used as the counter and reference electrode, respectively. 
The photocurrent measurements were performed using 
the linear sweep voltammetry (LSV) function from 0 to  
1.0 V vs Ag/AgCl at a scan rate of 0.05 V s-1. The samples 
were examined in complete darkness and under xenon 
light illumination (100 mW cm-2) with a solar AM 1.5 
filter that imitates sunlight (Moridon et al. 2019). The 
Nyquist plot was carried out using electrochemical 
impedance spectroscopy (EIS) with a frequency 
range of 1 Hz to 100 kHz at 0.6 V vs Ag/AgCl in dark 
conditions, as this potential exceeds the thermodynamic  
water-splitting potential (1.23 V vs RHE) (Qian et al. 2021). 
This selection ensures that the samples operate within the  
steady-state photocurrent response, allowing for a 
more accurate evaluation of the charge transfer kinetics 
compared to the low-bias region. These measurements 
were performed in 30 mL of 0.5 M sodium sulfite (Na2SO3) 
electrolyte solution, which was constantly purged with 
nitrogen gas prior to measurements. Each condition was 
tested with three samples, and the results were averaged. 
All data was converted to RHE values (Chandrasekaran et 
al. 2016).

FIGURE 1. Schematic illustration for ZnO on Gr/Ni-foam photoelectrode synthesis via 
CVD and hydrothermal method
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RESULTS AND DISCUSSION

EFFECT OF HYDROTHERMAL REACTION TIME ON ZnO 
GROWTH OVER Gr/Ni-FOAM SUBSTRATE

Following the successful growth Gr on Ni-foam, ZnO 
were synthesized on the Gr/Ni-foam substrate using 
a hydrothermal method at a constant temperature of  
150 °C. By systematically varying the reaction time, 
precise control over the morphology of ZnO was achieved. 
The hydrothermal reaction time significantly influenced 
the nucleation and growth kinetics, crystallite size and 
orientation, surface morphology and coverage area of 
ZnO on Gr/Ni-foam, thereby impacting the photocatalytic 
properties and the PEC performance.

From Figure 2(a)-2(e), the ZnO nanostructures  
exhibit a significant change in surface coverage, as the 
reaction time increases. At the initial stage (T-2), it is in early 
stages for ZnO growth, thus the coverage is incomplete 
(Figure 2(f)). As the reaction time increased from T-4 to 
T-8, the samples exhibit a significant increase in surface 
coverage, forming a more compact and uniform flake 
network that covers the Gr/Ni-foam surface. This results  
in a hierarchical, interconnected structure that maximizes 
the active surface area for PEC reactions. However, 
beyond this temperature (T-10), a decrease in coverage 
and uniformity is observed, likely due to the depletion 
of precursor and OH- ions in the solution, leading to 
an equilibrium state and limiting further ZnO growth  
(Zhang et al. 2012). Furthermore, the formation of 
the nanoflake structure is attributed to the presence of  
OH-group, which coordinate to stabilize the Zn2+ terminated 
(0001) plane, suppressing c-axis growth caused by the 
strong charge interaction (Jung & Chu 2014). 

To confirm the presence of each element in 
the sample, XRD measurement was conducted  
(Figure 2(f)). The broad XRD peak at around 26.44° with 
PDF 98‑001‑2084 can be indexed to the (002) plane, 
which is close to graphitic carbon (Boruah et al. 2015).  
The intensity of the XRD peaks at 31.72° (010), 34.35° 
(002), 36.21° (011) and 43.16° (011) can be accurately 
assigned to ZnO (PDF 98-002-7821). It demonstrates 
that the samples are well crystallized hexagonal  
wurtzite-type and highly pure ZnO (Macclesh del Pino Pérez 
et al. 2019; Men et al. 2016). Besides, three peaks at 44.44°, 
51.79°, and 76.32° (PDF 98-006-2897), corresponding to 
the (111), (002) and (022) planes, respectively, indicate  
the presence of Ni (Yang et al. 2015). Notably, for the  
Ni-foam and Gr/Ni-foam samples, a distinct peak at 
38.32°, 45.47°, and 65.06°, corresponding to the (111), 
(111) and (110) plane of NiO (PDF 98-004-9131) were 
observed, likely resulting from surface oxidation during the  
annealing process (Nordin et al. 2025). Following 
ZnO deposition, the peak at 38.32° disappears, which 
is attributed to the chemical etching of the Ni surface 
oxide layer within the hydrothermal growth solution. 
These results confirm the successful growth of ZnO on  
Gr/Ni-foam substrate through hydrothermal method.

Figure 3(a) depicts the photocurrent curve for 
all samples. The T-8 sample exhibited a significant 
increase in photocurrent density, reaching approximately 
86.22  mA  cm‑2 at nearly 1 V vs Ag/AgCl, which  
corresponds to 24.93 mA cm‑2 at 1.23 V vs RHE. As 
discussed in the following paragraph, this coverage area 
and morphological advantage is quantitatively supported 
by a significant reduction in charge transfer resistance, 
which facilitates more efficient charge carrier separation 
compared to the dense or incomplete structures found in 
the samples. Table 1 presents a comparison of the PEC 
activity of ZnO with different morphologies. The results 
demonstrate that the nanoflake ZnO structure exhibits 
the highest PEC activity among the samples investigated 
by others. Besides, the addition of Gr together with 
Ni-foam in ZnO system will enhance the PEC activity  
(Gadisa, Appiah-Ntiamoah & Kim 2019).

Electrochemical impedance spectroscopy (EIS) 
was conducted to examine charge transfer, as the 
efficient charge transfer at sample–electrode interfaces is 
critical for rapid redox reactions and enhanced the PEC 
activity. The Nyquist plot in Figure 3(b) shows that the  
Gr/Ni-foam exhibits the largest semi-circle arc, indicatives 
of the highest charge transfer resistance (8.83 Ω). This 
high resistance is attributed to incomplete Gr coverage, 
which permits the oxidation of the Ni-foam surface 
into insulating NiO (confirmed by XRD in Figure 2(f)), 
thereby hindering charge transfer. Notably, the growth 
of ZnO on Gr/Ni-foam significantly enhances charge 
transfer behavior, evidenced by the smaller semi-circle 
arc (Figure 3(b)). This improvement can be attributed 
to enhanced contact between ZnO and Gr/Ni-foam,  
resulting in lower interfacial resistance (Chen et al. 
2015). While T-2 exhibits a low charge transfer resistance  
(1.06 Ω), it exhibits 87% decrease compared to the 
substrate, it is the T-8 sample that demonstrates the most 
optimized interface (Figure 3(c)). This is evidenced by 
a lower series resistance between the substrate and the  
active material, as indicated by its starting point closer to 
zero on the Nyquist plot.

Furthermore, the quantitative charge transfer  
resistance values further elucidate the influence of 
morphology on interfacial charge transfer. Specifically, 
T-8 exhibits a lower charge transfer resistance (1.67 Ω) 
compared with T-4 (1.88 Ω) and T-6 (2.31 Ω), indicating 
that the transition to the thin, interconnected flake-like 
morphology in T-8 reduces the kinetic barrier. Although 
T-10 shows a lower charge transfer resistance (1.65 Ω), 
the superior photocurrent density of T-8 highlights its 
optimized architecture that ensures efficient electrolyte 
accessibility and rapid charge transfer. Consequently, 
the reduced series and charge transfer resistance in  
T-8 contribute significantly to its enhanced PEC 
performance, demonstrating its potential as a promising 
photoelectrode for efficient H2 evolution reaction. Given 
the excellent PEC activity of the T-8, it will be used as  
the basis for further investigation of the hydrothermal 
reaction temperature.
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FIGURE 2. FESEM images of ZnO on Gr/Ni-foam at various hydrothermal time (a) 2, (b) 4, (c) 6, (d) 
8, and (e) 10 h (all images were captured at the same magnification), (f) EDX mapping of T-2 and (g) 

XRD patterns of the as-synthesized samples

TABLE 1. PEC activities of different ZnO structures

Materials Method Morphologies of ZnO 
structures

Photocurrent densities
(mA cm-2 vs Ag/AgCl)

References

ZnO/ITO Dip coating, 
Hydrothermal

Nanorod 0.19 at 1 V Mohd Fudzi et al. 
(2018)

ZnO/ITO Radio frequency 
magnetron sputtering

Nanoflake 0.005 at 0.4 V Sreedhar et al. (2019)

ZnO/ITO Dip coating, 
Hydrothermal

Nanoflower 0.44 at 1 V Holi, Ayal and Baqer 
(2019)

ZnO/Ni-foam Hydrothermal Nanorod 30.00 at 0.9 V Gadisa et al. (2021)
ZnO/Ni-foam Hydrothermal Nanorod 17.18 at ~ 1 V This work

ZnO/Gr/Ni-foam CVD, Hydrothermal Nanoflake 86.22 at ~1 V This work
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EFFECT OF HYDROTHERMAL REACTION TEMPERATURE ON 
ZnO GROWTH OVER Gr/Ni-FOAM SUBSTRATE

The morphological, structural, and PEC properties of 
ZnO on Gr/Ni-foam at different hydrothermal reaction 
temperatures were investigated using FESEM, XRD, 
and PEC activity, respectively. Figure 4 represents 
the FESEM images of the surface morphology of the 
ZnO on Gr/Ni-foam depending on the temperature. 
Initially, nanoflake ZnO were grown randomly on the  
Gr/Ni-foam at 150 ºC (Figure 4(a), 4(d) and Figure 2(d)). 
Then, increasing the temperature to 180 ºC led to the 
formation of the hexagonal structure at the flat ends of  
ZnO (Figure 4(b), 4(e)). As the reaction temperature 
increases to 200 ºC, the hexagonal structure of ZnO 
stacked up becomes a spherical structure (Figure 4(c), 
4(f)). It can be concluded that the temperature affected 
the structure, coverage area and density of ZnO on  
Gr/Ni-foam. In addition, increasing the temperature 
through the use of NaOH can lead to a higher  
concentration of OH ions, which promotes the formation 
of [Zn(OH)4]

2- complexes and consequently influences 
the growth of ZnO (Edalati et al. 2016; Mohamed et 
al. 2019). Besides, the growth rate of ZnO increases at 
high temperatures, primarily due to increased interfacial 
reactions facilitated by higher activation energies, 
resulting in more rapid morphological changes (Raha & 
Ahmaruzzaman 2022).

Furthermore, the EDX mapping analysis of sample  
P-3 showed the existence and distribution of zinc (Zn), 
oxygen (O), C, and Ni elements in the scan area which 
further confirmed the successful growth of ZnO on  
Gr/Ni-foam during hydrothermal reaction (Figure 4(g)). 
This method produces high surface areas and offers  
more active sites using Ni-foam substrate (Gao et al. 2021; 
Zhang et al. 2012).

The information on the phase and crystallinity 
of ZnO on Gr/Ni-foam synthesized at different 
reaction temperatures was determined using an XRD  
(Figure 5(a)). The diffraction peaks of Ni were detected 
at 44.50°, 51.82°, and 76.32° for all samples, can be  

attributed to Ni-foam. In contrast, the crystal orientation 
of (002) at 26.44°, associated with graphitic carbon,  
decreased in intensity as the hydrothermal reaction 
temperature increased (Rosman et al. 2025). This 
could be ascribed to the high coverage area of the ZnO 
layer, which overlays the surface of Gr/Ni-foam. The  
hexagonal ZnO wurtzite structure was obtained, and the 
results agree closely with the values in the PDF number 
stated in previous section for peaks at 31.72° (010), 34.44° 
(002), 36.19° (011), 47.46° (012), 56.56° (110), 62.85° 
(013), 66.35° (020), 67.92° (112), 69.06° (021), and 77.02° 
(022). Similar findings have also been reported by Cai et 
al. (2016). The sharp and intense (011) peak ZnO at P-3 
demonstrates high crystalline and high-density ZnO has 
grown along the yz-axis but not exactly perpendicular to 
the surface of Gr/Ni-foam, which could be attributed to  
the presence of Gr. Additionally, ZnO favored (011) 
orientation due to the reduction of internal stress and 
surface energy (Mohamed et al. 2019). The intensities of 
the ZnO peaks greatly increase with increasing reaction 
temperature, owing to the strain in the crystal lattice of 
ZnO with the high thermal energy supply, facilitating 
the migration of atoms to the suitable lattice position 
(Goswami, Adhikary & Bhattacharjee 2018; Koutu,  
Shastri & Malik 2017).

Figure 5(b) shows the PEC activity of ZnO on Gr/
Ni-foam at different hydrothermal reaction temperatures. 
All samples exhibit a positive curve, indicating that 
the prepared samples are n-type semiconductors with 
electrons as the majority carriers, known as photoanodes 
(Abe 2010; Hossain et al. 2023). The high current 
is likely contributed by the porous structure of the  
Ni-foam substrate, which has good electrical conductivity  
(Su et al. 2021). Among the samples, P-3 demonstrates 
the highest photocurrent density followed by P-1 and 
P‑2, with approximately 24.93, 16.10, and 12.87 cm mA-2  
at 1.23  V  vs  RHE, respectively. This trend is consistent 
with the ABPE results (Rosman et al. 2025), where the 
P-3 sample achieves a maximum ABPE of 0.80% at 
1.12 V vs RHE, which is 2.96 and 4.04 times higher than 

FIGURE 3. (a) Photocurrent activity, (b) Nyquist plot, and (c) Charge transfer resistance of 
synthesized samples
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P-1 and P-2, respectively, at 1.13 V vs RHE (Figure 5(c)). 
The superior PEC activity of  P-3 could be attributed to  
the high crystallinity and coverage area of the well-defined 
hexagonal ZnO growth on the Gr/Ni-foam, as supported  
by FESEM and XRD analysis.

Notably, P-1 outperforms P-2 despite the higher 
thermal energy provided during the synthesis of 
P-2. This performance trend can be explained by the 
morphological transition of the ZnO, where P-1 maintains 
a high-surface-area nanoflake morphology that facilitates 
efficient charge transfer. In contrast, P-2 shows a  
transition toward bulkier hexagonal ZnO, which reduces 
the active surface area and increases the R2, as confirmed 
by the larger arc radius in the EIS results (Figure 5(d)). 
The arc radius of the semi-circular of P-3 is smaller 
than the arc radius of P-2 and P-1, indicating the rapid 
electron charge transfer with low resistance at the  
sample–electrolyte interface at higher temperature  
(Figure 5(d)). The equivalent circuit that fits the 
measured EIS result is tabulated in Table 2, where the 
Rs denoted the series resistance between the ZnO and  
Gr/Ni-foam substrate, R1 and R2 denote the charge transfer 
resistances within the sample and the sample–electrolyte 
interface, respectively, and CPE1 and CPE2 belong to 
the R1 and R2 dispersive resistance factors, respectively  

(Fareza, Nugroho & Fauzia 2022). Based on the CPE2 
and R2 values, P-3 had the lowest internal resistance 
between sample–electrolyte interface among other 
samples, showing that this sample has high conductivity, 
which leads to better charge transfer and hence increases 
photocurrent density (Hayakawa et al. 2022; Saha, Gupta 
& Gómez García 2024). Therefore, the P-3 sample will be 
examined to acquire a better understanding.

EFFECT OF SUBSTRATE ON PEC ACTIVITY

To further understand the influence of the substrate, the 
PEC activity on Ni-foil was also examined and compared 
to the results obtained with Ni-foam. The graph in  
Figure 6 provides beneficial information, with ZnO on 
Gr/Ni-foam possessing the highest photocurrent density, 
followed by Gr/Ni-foam, ZnO/Ni-foam, Ni‑foam,  
Gr/Ni-foil, ZnO on Ni-foil and Ni-foil. Interestingly, it 
confirmed that Ni-foam substrates outperformed Ni‑foil 
in terms of PEC activity due to its porous nature, which 
provide an excellent interface between sample and 
electrolyte compared to non-porous substrate (Anuar et 
al. 2024; Liu et al. 2017). Furthermore, the photocurrent 
density of the sample on Ni-foam substrate continues to 
increase even at high positive voltage, possibly because 

FIGURE 4. FESEM images of (a, d) P-1 (different magnification from FESEM image in 
Figure 2), (b, e) P-2, and (c, f) P-3 (ZnO hexagonal shape in f-i, f-ii, and f-iii), and  

(g) EDX elemental mapping images of sample P-3
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FIGURE 5. (a) XRD patterns, (b) Photocurrent density-potential curves, (c) ABPE curves, 
and (d) Nyquist plot obtained from EIS analysis with the equivalent circuit of ZnO on 

Gr/Ni-foam

TABLE 2. Impedance and photocurrent density of synthesized samples

Sample Rs (Ω) CPE1 R1 (Ω) CPE2 R2 (Ω) Photocurrent density (1.23 V vs RHE)
Ni-foam 1.38 - - 6.95 × 10-5 3.21 2.49
Gr/Ni-foam 1.35 4.68 × 10-5 7.68 × 10-2 2.87 × 10-5 8.71 6.42
P-1 0.69 1.69 × 10-5 4.33 × 10-7 13.73 × 102 2.16 16.10
P-2 0.85 4.12 × 10-4 1.93 × 10-7 3.27 × 102 5.05 12.87
P-3 0.93 4.95 × 10-4 6.63 × 10-1 1.02 × 10-8 1.80 24.93

FIGURE 6. The PEC activity using Ni-foam and Ni-foil substrate (a) Current  
density-potential and (b) Photocurrent density-potential curve
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of efficient charge transport and separation, resulting 
in effective rapid charge transfer. Besides, the onset 
potential shifted positively, from 0.6 V for Ni-foil and 
0.4 V for Ni-foam to as low as 0.2 V for ZnO on Gr/Ni-
foam. This near-zero onset potential highlights the role of  
Ni-foam substrate in facilitating water oxidation and 
confirms the photoanode characteristics of the ZnO 
on Gr/Ni-foam sample (Romeiro et al. 2017; Shinde 
et al. 2016). Beyond the structural advantages of the 
porous substrate, the use of Na2SO3 electrolyte as 
hole scavenger further enhances the PEC activity. The 
Na2SO3 effectively suppresses charge recombination by  
scavenging photogenerated holes, thereby reducing 
electron–hole recombination, promoting efficient charge 
transfer, and enhancing the overall PEC efficiency  
(Guo et al. 2018).

CONCLUSION

This study demonstrates that the introduction of Gr as  
a co-catalyst and Ni-foam as a porous substrate  
significantly enhances the PEC activity of ZnO. The 
morphology of ZnO growth on Gr/Ni-foam was 
successfully controlled by tuning the reaction time and 
temperature during the hydrothermal process, resulting in 
a highly crystalline structure ZnO was achieved, leading 
to improved PEC activity. Interestingly, the incorporation 
of Gr enhanced the charge transport property by  
reducing the onset potential. Not to mention, the 
porous structure of Ni-foam offers two key advantages:  
(a) improved light harvesting through increased light 
scattering and absorption, and (b) enhanced charge  
transfer due to larger surface area, facilitated charge 
transport within electrolyte, and reduced recombination  
of photogenerated electron–hole pairs during PEC  
reactions. It can be supported by experimental  
observations, with ZnO on Gr/Ni‑foam exhibited 
a remarkable 9.6- and 29.35-times enhancement in 
photocurrent density compared to Ni‑foam and Ni-foil, 
respectively, at 1.23 V vs RHE in 0.5 M Na2SO3. These findings 
highlight the potential of porous substrates for developing  
high-performance photoelectrodes for PEC applications.
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