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Abstract
Photoelectrochemical (PEC) water splitting is a promising method that involves a direct route to produce green hydrogen (H2). An efficient semiconductor photoelectrode that has a suitable band gap between the valence and conduction band is stable in an aqueous solution and cost-effective. Efficient charge transfer and outstanding light absorption are required to achieve enhanced PEC water splitting performance. However, the wide band gap of current photoelectrode such as zinc oxide (ZnO) limits their ability to transport electron, causing photogenerated electron–hole pair recombination and poor PEC performance. This study aims to design an efficient photoelectrode by incorporating a three-dimensional (3D) graphene with ZnO, where 3D graphene serves as a co-catalyst/support to enhance the photocatalytic activity of ZnO. The 3D graphene was first synthesized on nickel foam (Ni-foam) via chemical vapor deposition method with the flow of argon, H2, and methane gas flow in a quartz tube, followed by the growth of ZnO via a hydrothermal method at 150 C and 200 C. FESEM, EDX and Raman confirmed the successful growth of ZnO on 3D graphene/Ni-foam. The flower-like ZnO was observed by FESEM after the hydrothermal method, and the highest photocurrent density was measured at 150 °C (108.2 mA cm-2). Therefore, flower-like ZnO flower-like on 3D graphene/Ni-foam can be used as an efficient semiconductor photoelectrode in PEC water splitting.
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Abstrak
Pembelahan molekul air secara fotoelektrokimia (PEC) merupakan kaedah yang menggunakan laluan yang mudah untuk menghasilkan hidrogen (H2). Fotoelektrod semikonduktor yang cekap mempunyai jurang jalur yang sesuai antara jalur valensi dan konduksi, stabil dalam larutan berair dan kos yang rendah. Pemindahan cas yang cekap dan penyerapan cahaya yang baik diperlukan untuk mencapai prestasi pembelahan molekul air PEC yang tinggi. Walau bagaimanapun, jurang jalur fotoelektrod yang lebar seperti zink oksida (ZnO) menghadkan kebolehannya untuk pengangkutan elektron, menyebabkan penggabungan semula lubang–elektron terjana dan prestasi PEC yang rendah. Kajian ini bertujuan untuk merekacipta fotoelektrod yang cekap dengan menggabungkan tiga-dimensi (3D) grafin dengan ZnO, di mana 3D grafin bertindak sebagai pemangkin bersama/sokongan untuk meningkatkan aktiviti fotokatalitik ZnO. 3D grafin disintesis pada busa nikel (busa-Ni) melalui kaedah pemendapan wap kimia dengan aliran gas argon, H2 dan metana dalam tiub kuarza, diikuti dengan pertumbuhan ZnO melalui kaedah hidrotherma pada 150 C and 200 C. FESEM, EDX dan Raman mengesahkan pertumbuhan ZnO pada 3D grafin/busa-Ni. Pertumbuhan ZnO seperti bunga dapat dilihat dengan alat FESEM selepas melalui kaedah hidrotherma dan ketumpatan foto arus yang tinggi diukur pada suhu 150 °C (108.2 mA cm-2). Oleh itu, ZnO berbentuk seperti bunga pada 3D grafin/busa-Ni boleh digunakan untuk fotoelektrod semikondutor yang cekap dalam pembelahan air secara PEC.
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Introduction
Photoelectrochemical (PEC) water splitting is a potential technology that involves a direct route using sunlight and water to produce green hydrogen (H2) for a variety of applications [1, 2]. Water is a primary source of H2, and the consumption and cycle of H2 are in a continuous loop. In addition, as compared to a photovoltaic-electrolysis system, the PEC system is simple and space saving with fewer components [3]. However, current solar-to-hydrogen (STH) efficiencies of the PEC system, 16.2% produced by a multijunction semiconductor, are insufficient compared with existing technologies. Thus, continuous, high-efficiency, and sustainable photocatalytic H2 evolution from water without the assistance of electron donors with STH values greater than 10% is necessary [4–6].

In general, semiconductor materials with an appropriate band gap are often used as photoelectrode for light absorption in the PEC system. Nevertheless, not all semiconductors fulfill the band gap requirements for overall water splitting, which require the conduction band (CB) to be more negative than the reduction potential of water to produce H2 and the valence band to be more positive than the oxidation potential of water to produce oxygen [7, 8]. The wide band gap of current photoelectrode, such as zinc oxide (ZnO), which is approximately 3.37 eV, inhibits the ability to transport electrons, resulting in the recombination of photogenerated electron–hole pairs [9–11]. Hence, three-dimensional (3D) graphene with a high surface area, high conductivity, and fast charge carrier transport as a co-catalyst/support can overcome the limitations of ZnO by extending the light absorption range and improving charge separation and transportation properties [12, 13].

In this work, 3D graphene was synthesized on nickel foam (Ni-foam) using chemical vapor deposition (CVD) method, followed by hydrothermal method to synthesize ZnO on 3D graphene/Ni-foam by using two different reaction temperature (150 °C and 200 °C) for 2 hours (Figure 1). The photocatalytic performance of 3D graphene/Ni-foam hierarchical flower-like ZnO exhibits a large surface area that can increase the charge separation efficiency, resulting in excellent photocatalytic performance.
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Figure 1.  Schematic illustration for preparation of ZnO on 3D graphene/Ni-foam

Materials and Methods
Preparation of three-dimensional (3D) graphene
The nickel foam (Ni-foam; 1.5 cm x 1.5 cm x 0.16 cm, Brand TOB) was used as a template to grow graphene via chemical vapor deposition (CVD) method. Acetone, ethanol, and deionized water were used during ultrasonic cleaning and dried using nitrogen blow. Then, the Ni-foam was placed in the center of the quartz tube and heated up to 1000 °C for 50 min at 20 °C/min. The temperature was maintained for another 60 min with argon (Ar, 100 sccm) and H2/Ar (400 sccm) gas flow. For 60 min of growth time, methane (CH4) with 20 sccm gas flow was introduced as the carbon source. The sample is rapidly cooled to room temperature.

Synthesis of 3D Graphene/ZnO on nickel foam (Ni-foam)
Zinc nitrate hexahydrate (Zn(NO3)2.6H2O), sodium hydroxide (NaOH) from Sigma-Aldrich, and deionized water were used throughout the experiment. 0.5 M Zn(NO3)2.6H2O solutions were prepared in 30 mL deionized water under stirring for 30 min. Simultaneously, 5 M NaOH solutions were prepared in 30 mL deionized water under stirring for the same duration. Zn(NO3)2.6H2O solution was transferred to a sealed Teflon-lined stainless-steel autoclave. Next, 3 drops of NaOH solution were added to the former solution to change the pH of the reactants, and the 3D graphene/Ni-foam was immersed into the reaction before being kept in a box furnace at 150 °C and 200 °C for 2 hours. Finally, the autoclave was taken outside, and the as-sample were dried for 2 hours at 80 °C.

Characterization techniques
Raman analysis was conducted using DXR2xi, Thermo Scientific, to confirm the presence of graphene on Ni foam. The morphology of the samples was examined by field emission scanning electron microscopy (FESEM) and energy dispersive X-ray (EDX) analysis to confirm the existence of graphene and ZnO (Carl Zeiss/GeminiSEM 500).

Photocatalytic measurements
UV-Vis Spectroscopy (Perkin Elmer/Lambda 35) was used to evaluate the band gap energy for ZnO on 3D graphene/Ni-foam at 150 °C and 200 °C for 2 hours. A three-electrode system was used to study the photocurrent of the as-samples, where the working electrode is ZnO on 3D graphene/Ni-foam, the counter electrode is Pt wire, and the reference electrode is Ag/AgCl (3.0 M KCl). A 0.5 M sulfuric acid (H2SO4) aqueous solution was used as the electrolyte, and it was purged with nitrogen before testing. 100 mW cm-2 Xe lamp was used as the light source, and the area of the ZnO on 3D graphene/Ni-foam exposed to light was 1.5 cm2.

Result and Discussion
Typically, 3D graphene can be synthesized by using CVD method based on the previous study [14]. FESEM was used to study the physical and structural characteristics of the resulting 3D graphene/Ni-foam, ZnO on 3D graphene/Ni-foam, and ZnO nanoparticles, as shown in Figure 2(a). Combining 3D graphene with metal oxide like ZnO can enhance the PEC performance through shifting the band gap energy, lowering electron–hole pair recombination, increasing charge separation efficiency, and producing smaller particle size with larger surface area [15]. Figure 2(b – c) shows the FESEM image of pristine graphene taken after the CVD growth. Two different color contrasts were observed on the image where the dark contrast corresponds to graphene, which will be validated through Raman and EDX analysis. The hydrothermal method was then performed to develop ZnO on 3D graphene/Ni-foam at 150 C and 200 C. The morphological images of flower-like  ZnO  on  3D graphene/Ni-foam in Figure 2(d – e) demonstrate a high coverage area of ZnO on 3D graphene/Ni-foam. During the hydrothermal process, ZnO nanoparticles were formed (Figure 2(f – g)), and the presence of graphene influenced the growth of hierarchical flower-like ZnO structures. The mechanism of flower-like ZnO was well explained in previous study [16].
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Figure 2. 	(a) Schematic illustration of the prepared sample. FESEM image of (b – c) 3D graphene/Ni-foam, (d – e) ZnO on 3D graphene/Ni-foam, and (f – g) ZnO on Ni-foam at the low and high magnification, respectively.



Raman spectra for 3D graphene/Ni-foam (Figure 3(a)) were determined. Two graphene fingerprint peaks, including G and 2D bands at ~1581 and ~2700 cm-1, respectively, were observed (Figure 3(b)). The graphene is successfully growth with high quality as there is no D band (~1350 cm-1) observed, in which the D band corresponds to the disorder and defect in graphene [17]. Thus, a sample at low temperature (150 °C) was selected to confirm the successful growth of ZnO using EDX mapping due to the good coverage and flower-like structure of ZnO. As shown in Figure 3(c – d), the existence of carbon (C), zinc (Zn), oxygen (O) and nickel (Ni) indicates the successful growth of ZnO using the hydrothermal method.

[bookmark: _Hlk94882299]Photocatalysts with a narrow band gap can harvest visible light and generate excellent efficiency in photocatalytic applications. The reflectance spectra and Kubelka-Munk plot were used to determine the band gap energy for pure Ni-foam, 3D graphene/Ni-foam and ZnO on 3D graphene/Ni-foam at 150 °C and 200 °C at 2 hours, respectively. Figure 4(a) shows a significance decrease around 380 nm. This decrease is related to the electron transitions occurring the optical band gap. The Kubelka-Munk function was used to convert the UV-Vis reflectance spectrum to measure the precise value of the band gap. As a result, the band gap energy of pure Ni-foam and 3D graphene/Ni-foam are Eg= 3.217 eV and ZnO on 3D graphene/Ni-foam at 150 °C and 200 °C for 2 hours are Eg= 3.218 eV, respectively (Figure 4(b)). There are no significance changes of band gap energy with the introduction of ZnO. However, the presence of ZnO enhances the photocatalytic performance, where the highest photocurrent density is achieved with ZnO on 3D graphene/Ni-foam at 150 °C, approximately 108.2 mA cm-2 (Figure 4(c)). Considering that the coverage of ZnO for 150 °C is larger than that for 200 °C, the structure of ZnO starts to agglomerate with the increase of temperature to 200 °C, thereby decreasing the surface area and resulting in a low photocurrent density [18]. In addition, the electron transfer rate of reaction for all samples is evaluated. Electrochemical impedance spectroscopic (EIS) analysis (Figure 4(d)) demonstrates that ZnO on 3D graphene/Ni-foam at 150 °C has the smallest arc radius of a semicircle, implying that the sample experienced faster interfacial electron charge transfer. This finding could be explained by the porous structure of 3D graphene, which has a large surface area, excellent mechanical and electrical properties, good electron transport, and electron–hole separation, making them suitable for PEC applications [7,8,14]. As shown in Table 1, ZnO on 3D graphene/Ni foam shows higher photocurrent density as compared with other conventional methods and materials for PEC water splitting.
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Figure 3.  	(a) FESEM image and (b) Raman spectra of 3D graphene/Ni-foam. EDX (c) mapping and (d) analysis of ZnO on 3D graphene/Ni-foam at 150 °C for 2 hours
[image: ]

Figure 4.  (a) Diffuse reflectance spectra, (b) Kubelka-Munk plot, (c) Photocurrent density at 0.0 – 1.0 V vs Ag/AgCl and (d) EIS analysis using Nyquist plot for pure Ni-foam, 3D graphene/Ni-foam, ZnO on 3D graphene/Ni-foam at 150 °C and 200 °C for 2 hours


Table 1.  PEC performance of modified ZnO using various methods
	Materials
	Methods
	Structures of ZnO
	Photocurrent Densities (mA cm-2)
	Reference

	ZnO on 3D graphene/Ni-foam
	CVD and hydrothermal
	Flower-like
	108.2 at 0 – 1.0 V vs Ag/AgCl
	This work

	ZnO-C@Ni-foam
	Hydrothermal
	Mixed of nanorods and flower-like
	100 at 0 – 0.9 V vs Ag/AgCl
	[19]

	ZnO@Ni-foam
	Hydrothermal
	Mixed of nanorods and flower-like
	30 at 0 – 0.9 V vs Ag/AgCl
	[19]

	ZnO/rGO foam
	One-step hydrothermal
	Nanorods
	0.27 at 1.0 V vs Ag/AgCl
	[20]
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Figure 5 illustrates a possible mechanism for efficient electron transport in ZnO on 3D graphene/Ni-foam based on the results of the PEC test. When sunlight illuminates ZnO on 3D graphene/Ni-foam, electrons in the VB of ZnO are excited to jump to the CB using 3D graphene/Ni-foam as a co-catalyst/support. Hydrogen was produced on the surface of ZnO and 3D graphene/Ni-foam. The incorporation of 3D graphene/Ni-foam provides a good electron transport channel in the ZnO on 3D graphene/Ni-foam structure.
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Figure 5.  Schematic illustration of PEC water splitting using ZnO on 3D graphene/Ni-foam.




Conclusion
ZnO on 3D graphene/Ni-foam was successfully synthesized by a two-step approach, CVD and hydrothermal methods. The highest photocurrent density was achieved at 150 °C for 2 hours (108.2 mA cm-2). Therefore, a photoelectrode with a high surface area, which provides more active sites, can enhance the photocatalytic performance by increasing charge separation efficiency. Thus, ZnO on 3D graphene/Ni-foam could be a potential photoelectrode for PEC water splitting.
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