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Abstract 

Nanostructured electrodes for photoelectrochemical (PEC) applications, such as water 

splitting, have rather low photocurrent density regarding their highly enlarged surface area 

compared to plain electrodes. This demands for further understanding of the relation between 

the 3D geometry and the PEC activity. To this end, we fabricate WO3/Si nanowire array 

photoanodes with various nanowire lengths (1.3 µm, 2.7 µm, 3.2 µm and 3.8 µm) and different 

WO3 thicknesses (10 nm, 30 nm and 50 nm) using wet chemical etching for nanostructuring of 

Si and atomic layer deposition for the deposition of WO3. It is found that by increasing the 

etching time, the nanowires become longer and the top surface area decreases. The photocurrent 

density first increases and then decreases with increasing Si etching time. This behaviour can 

be explained by different and opposite effects regarding absorption, geometry and materials 

specific properties. Particularly, the decrease of the photocurrent density can be due to: First, 

the longer the nanowires the heavier the recombination of the photogenerated carriers. Second, 

the long-time Si etching results in a loss of top part of the nanowire arrays. Because of 

shadowing, the WO3 located at the top part of the nanowires is more effective than that at the 

bottom part for the WO3/Si nanowire arrays and therefore the photocurrent is decreased. It 

reveals a trade-off between the top part surface area and the length of the nanowires. This study 

contributes to a better understand of the relation between the geometry of nanostructures and 

the performance of PEC electrodes. 
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1 Introduction 

Growing environmental concerns and an increasing energy demand drive the search for new, 

sustainable sources of energy. Converting solar energy to chemical fuels is considered as a 

potential pathway for renewable energy utilization1–3. Hydrogen production from photo-

electrochemical (PEC) water splitting has received continually attention since the first 

discovery by Fujishima and Honda4. PEC water splitting process involves two half-cell 

reactions, the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER). 

OER, which occurs at the photoanode, is more complex because it requires multiple bond 

rearrangements that involve the removal of four electrons and two protons from two H2O 

molecules5,6. Among all the photoanode materials, metal oxides, such as TiO2, WO3, Fe2O3, 

and BiVO4, have been studied elaborately for catalyzing OER reactions in PEC water splitting 

because of their suitable band edges positions and chemical stability7–12. To supply sufficient 

energy (including overpotential) for splitting water, the band gaps of metal oxides tend to be 

substantial (≥ 1.9), which limits their absorption of solar light13. 

To achieve more efficient use of the capable light, the nanostructured photoelectrodes with 

porous morphology are used to enhance the light absorption by decreasing light reflection and 

increasing transmission path of light13–16. In addition, compared with the film and bulk 

counterparts, nanostructured materials have much larger electrode/electrolyte interface area and 

shorter diffusion distance for minority carriers, which promote the separation and transfer of 

photogenerated carriers17,18. According to these reasons, various nanostructured metal oxide 

photoanodes have been designed and synthesized to enhance the PEC performance, like TiO2 

nanotubes19,20, WO3 nanoneedles21, nanoflowers22 and Fe2O3 nanoflakes23,24, etc. Furthermore, 

nanostructured heterojunctions have been developed, such as nanostructured WO3/BiVO4
25,26, 

WO3/ZnO27, and Fe2O3/ZnO27. 

In addition, n-Si nanowires have been used as substrate for metal oxide films to create a 

tandem structure PEC device. The optimum band structures of Si addresses the deficiencies of 

the metal oxides in light harvesting28. Moreover, the metal oxide/n-Si heterojunction works as 

a Z-scheme and creates photovoltage to enhance the charge transport property29–31. As reported 

in the literature, TiO2/n-Si nanowires showed a photocurrent density of ~0.25 mA/cm2, which 

is about 2.5 times higher than planar TiO2/n-Si14. The fabricated Fe2O3/n-Si in Mayer et al.31 

exhibited a current density of ~ 0.9 mA/cm2 at 1.23 V vs RHE, which was 5 times higher than 

the corresponding planar electrode31.  A hierarchically nanostructured WO3/Si achieved up to 

0.14 mA at 1.23 V vs RHE, which is a three times enhancement compared to the planar design. 

Moreover, when the spacing of the nanostructures in the photoelectrode is on the scale of the 

wavelength, photonic effects should be taken into consideration. Studies aiming at optimizing 

the overall light absorption have demonstrated the importance of a joint optimization of the 

nanostructure size, shape, and filling ratio.32–34 

Besides the studies mentioned above, PEC electrodes from metal oxide/Si nanowires can 

also address the question of spatial and functional decoupling of the geometry and the catalytic 

activity. This has not been studied sufficiently in the literature so fa and is the main aim of the 

current study. Therefore, we fabricate in this study Si nanowires by chemical etching and 

prepare WO3/Si nanowires photoanodes by atomic layer deposition (ALD) of WO3 films to 
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evaluate the effects of the geometry of the nanostructures on the PEC performance.  WO3 is 

selected as the functional layer due to its high electron mobility (~12 cm2V-1s-1 at RT) and 

suitable band-gap (2.6-2.9 eV)35,36. The geometries of WO3/Si nanowire arrays are varied 

regarding the nanowire length, total surface area, and top surface area by controlling the Si 

chemical etching time (20 min, 30 min, 40 min, 50 min).  

This research shows systematically the relation between the geometry of nanostructured 

electrodes and its PEC performance. The complexity in this relation is discussed in detail in this 

study and shows that several performance determining factors interfere. Such analysis guides 

towards designing high performing nanostructure photoelectrodes. 

2 Results  

2.1 Morphology, structure, and optical properties 

Figure 1 shows the morphology of the Si nanowires and ALD WO3 coated Si nanowires. 

As shown in the optical photographs in Figure 1a, the Si wafer changes from mirror-like to 

black after chemical etching. This is because the created nanowire structure minimizes the light 

reflection by trapping light inside the surface channels37.  Figure 1b and c show the SEM images 

of the Si nanowires fabricated by chemical etching for 50 min. The bright clusters in the top 

view image (Figure 1b) illustrate the top surface of the Si nanowires. The cross-sectional views 

(Figure 1c) show that the nanowire arrays are in a vertical direction and have a homogenous 

length of about 3.7 μm. Figure S1 shows the SEM images of Si nanowire arrays fabricated by 

chemical etching for different times, namely 20 min, 30 min, 40 min and 50 min. From the top 

view images, it can be seen that the density of the bright cluster decreases with increasing 

etching time, which reflects a decreased top surface area. The length of the nanowire arrays 

increases with increasing etching time. For different etching times, the nanowires are 1.3 μm 

(20 min), 2.7 μm (30 min), 3.2 μm (40 min) and 3.8 μm (50 min) long, error bar was derived 

from several samples as to be around 10%. Figure 1 c, d and e show the morphology of the Si 

nanowires coated with ALD WO3. Comparing with the plain Si nanowires, the WO3/Si 

nanowire arrays show more rounded cluster structure from the top view (Figure 1d) and the 

diameters of the nanowires also increase (Figure 1e). The FIB-cut cross-section of the WO3/Si 

nanowire arrays in Figure 1f demonstrates that the Si nanowires are fully covered by WO3 

(bright layer in Figure 1f). Figure S2 shows the SEM images of WO3/Si nanowires fabricated 

with different Si etching time and different WO3 thickness. The top surface area of WO3/Si 

nanowires increases with the WO3 thickness and decreases with the increasing Si etching time. 

Figure S3 shows the grazing incidence X-ray diffraction (GIXRD) spectra of WO3/Si nanowire 

arrays. The diffraction peaks of the WO3 agree well with monoclinic WO3 (JCPDS No. 83-

0950) indicating that monoclinic WO3 crystalline strucuture is obtained after annealing in Ar. 

The chemical states of the ALD WO3 films have been investigated by X-ray photoelectron 

spectroscopy (XPS) in our previous work38. The WO3 films were fabricated with the same 

method and annealed under the same condition; mainly W6+ and oxygen were identified at the 

surface which confirms the formation of WO3.  

The band gap of the ALD WO3 films is ~3.0 eV, which has been calculated with Tauc plots 

in our previous work.38 The light reflectance data is shown in the Supporting Information in 
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Fig. S4. Comparing with the planar electrode, the nanowires array structures decrease light 

reflectance. For 20 min Si etching with different WO3 thickness, the light reflectance increases 

with the reduced WO3 film thickness. 

 
Figure 1. (a) Optical photographs of Si wafer before (left) and after (right) chemical etching. (b-f) 

Scanning electron microscope (SEM) images of (b) top view of Si nanowires (50 min etching), (c) cross-

section of Si nanowires (50 min etching), (d) top view of 50 nm WO3 coated Si (WO3/Si) nanowires (50 

min etching Si) by ALD, (e) FIB-cut of WO3/Si nanowires, (f) enlargement of dotted box in (d). 

2.2 Photo-electrochemistry 

The PEC activity of the WO3/Si nanowire array electrodes are evaluated by the 

photocurrents as a function of the applied potential (0.3 - 1.7 V vs RHE), which were measured 

in 0.5 M H2SO4 under continuous AM 1.5 illumination. Figure 2 shows the photocurrent 

densities obtained from the WO3/Si nanowires with different Si etching time and thicknesses 

Chemical 

etching 

a 

b d 

c e f 



5 

 

of the ALD WO3 films. Among all the electrodes, the highest photocurrent density is obtained 

from the WO3/Si nanowire arrays with 40 min Si etching time and 50 nm WO3 coating. A 

photocurrent density of about 0.41 mA/cm2 at 1.23 V vs RHE was achieved. This is about 4 

times higher than that for planar WO3/Si electrodes. The data is comparable to the WO3 

nanowire and microwire photoanodes reported previously39,40. 

Comparing the WO3/Si electrodes with different WO3 thickness (Figure 2 a-c), it is found 

that the photocurrent density increases with increased WO3 films thickness, which is due to 

more photons harvested by the WO3, and therefore more photogenerated carriers contributing 

to the PEC reactions. Further increasing the thickness in a certain range can further increase the 

performance. However, if continually increase the thickness, the performance will decrease. 

One reason is that the recombination rate of the photogenerated electron-hole pairs will increase 

due to the limitation of the charge diffusion length (~150 nm) within WO3.
41 The second reason 

is the thicker WO3 film would close the nanostructure, which results in a decrease of the surface 

area. Thirdly, the closed nanostructure can result in a higher light reflectance, which would also 

decrease the PEC performance. Besides, with thicker WO3 films, the difference in photocurrent 

density becomes more significant for electrodes with different Si etching time. In addition, for 

each thickness of WO3, the PEC performance does not keep increasing as the Si etching time 

increased, even though the longer etching time resulted in an increased nanowires length. To 

clarify the tendency of the changing photocurrent densities, Figure 2d summarizes the 

photocurrent densities at 1.23 V vs RHE of all electrodes from Figure 2a-c. It shows that, for 

each thickness of WO3 film, the photocurrent density at 1.23 V vs RHE increases first and then 

decreases as the Si etching time increases. Besides, the highest photocurrent density obtained 

from each WO3 thickness falls at different Si etching time.  Respectively, for 10 nm WO3, the 

highest photocurrent is from 20 min etching Si; for 30 nm WO3, the highest photocurrent is 

from 30 min etching Si; for 50 nm WO3, the highest photocurrent is from 40 min etching Si 

(green dash circles in Figure 2d). This variation indicates a coupling effect of the amount of the 

catalyst and the geometry of the nanowire array. 
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Figure 2. Photocurrent density vs applied potential curves of WO3/Si nanowires with different etching 

time of the Si nanowires and different thickness of WO3 films: (a) 10 nm, (b) 30 nm and (c) 50 nm (light 

intensity: 100 mW cm−2; electrolyte: 0.5 M H2SO4, the dark current curves are all overlapping). (d) 

Photocurrent densities at 1.23 V vs RHE of WO3/Si nanowires with different etching time Si nanowires 

and different thickness of WO3 films. The error bars denote the standard deviation of two different 

repetitive measurements in two different samples. 

To investigate the effect of geometry on the activity further, we carry out a quantitative 

analysis on the relation between photocurrent densities and 3D geometry of the WO3/Si 

nanowire arrays. We define several parameters to describe the geometry of the nanowire arrays 

as shown in Figure 3: the top surface area, ST; the wall surface area, SW; the bottom surface 

area, SB; the length of the contour of the top surface, LC; and the length of the nanowires, LW. 

ST and LC are determined from the SEM images using the commercial software (Gwyddion) 

for scanning image analysis. We derived the following equation for calculating the total surface 

area of the WO3/Si nanowire arrays: 

   𝑆𝑇𝑜𝑡𝑎𝑙 = 𝑆𝑊 + 𝑆𝑇 + 𝑆𝐵 = (𝐿𝐶 × 𝐿𝑊) + 𝑆𝑇 + 𝑆𝐵      (1) 

Figure 4 a-c illustrate the relation between the photocurrent density and the total surface area 

of the WO3/Si nanowire arrays. Due to the increased nanowires length LW, the total surface 

areas (blue curves) increase with the Si etching time for all three different thicknesses of WO3 

b 

c d 

a 
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films. However, the photocurrent density (black curves) does not show a consistent increase 

with increasing total surface area. For three different thicknesses of WO3 films, the photocurrent 

densities first increases and then decreases with increasing Si etching time. Particularly, the 

inflection points, which is the maximum value of the photocurrent density curves, are different 

for the three different WO3 thicknesses, i.e. the inflection point appears at a longer etching time 

when the WO3 thickness is thicker. 

 

Figure 3. Sketch of the geometry of the WO3/Si nanowires (ST: top surface area; LC: length of the 

contour of the top surface; LW: length of the nanowires; SW: wall surface area; SB: bottom surface area.) 

 

Figure 4. The total surface areas (blue) and photocurrent densities at 1.23 V vs RHE (black) of WO3/Si 

nanowires electrodes with different Si nanowires etching time (0 min, 20 min, 30 min, 40 min, 50 min) 

and different WO3 thickness: (a) 10 nm, (b) 30 nm and (c) 50 nm. The error bars denote the standard 

deviation of two different repetitive measurements in two different samples. 

3 Discussion 

Necessary conditions for PEC reactions to take place are an active photoelectrode with a lot 

of catalytic sites and optimal light illumination and management. For the nanowire WO3/Si 

photoelectrodes, the larger surface area of WO3 due to the nanostructure and conformal ALD 

deposition provide more catalytic sites than plannar electrodes. The reduced reflectance, which 

10 nm WO3 30 nm WO3 50 nm WO3 a b c 
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is due to internal reflection and absorption in the structure, results in better light harvesting than 

the plannar electrode (Figure S4). Moreover, the spacing between nanowires is on the scale of 

the wavelength, hence, photonic-crystal effects could also enhance the light harvesting32–34. 

These factors can explain the increasing part of photocurrent density as the Si etching time 

increases (Figure 4). However, longer Si etching times can also result in negative effects: First, 

due to a higher recombination rate of photogenerated carriers at the surface compared to in the 

bulk of Si, the enlarged surface area can result in more recombinations. Second, more defects 

in Si due to longer etching time can also cause more recombinations of photogenerated carriers. 

These factors result in a slower increase of the  photocurrent density as a function of the Si 

etching time. Furthermore, due to the grown structure of the nanowire array, shadowing causes 

lower PEC activity for the WO3 located at the lower part than the top part of the nanowires.42 

A sketch in Figure 5 illustrates the relation between the active surface area of the WO3/Si 

nanowire array and the Si etching time. Longer etching time results in a loss of Si volume and 

surface area in the top part of the nanowire array (Figure S1) and therefore less WO3 at the top 

part (Figure S2). When the etching time further increases, the increased lower part with lower 

activity can not compensate for the loss of the top surface area with higher acivity, and thus 

results in a decrease of photocurrent density. This is the reason that inflection points appear at 

the photocurrent density curves. In brief, for WO3/Si nanowire arrays with longer Si etching 

time, a lack of highly active WO3 at the top part limits the continous growth of the photocurrent 

densities. This is corresponding with the inflection points of the photocurrent density curves at 

different thicknesses of WO3 (Figure 2d and Figure 4). The thicker WO3 film delays the 

inflection point of the photocurrent density as the function of Si etching time, because a thicker 

WO3 film provides more catalytic material and results in a larger top surface area with high 

catalytic activity, which makes up the loss of the top surface area caused by longer Si etching 

times. 

 

Figure 5. Sketch of the active surface area of WO3/Si nanowire array with shorter and longer Si 

etching time. 
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To guide towards design rules for high performing nanowire array photoelectrodes, we 

summarize the effect of the top surface area and the length of the WO3/Si nanowires on the PEC 

activity, i.e. the photocurrent density of all electrodes at 1.23 V vs RHE. The data is summarized 

in the contour plot in Figure 6. To obtain optimal PEC performance, a trade-off has to be made 

between the top surface area and the length of the nanowires. At the upper of the contour plot 

according to the large top surface area, the photocurrent density is limited by the higher light 

reflection, which has been proven by the optical results of the WO3/Si nanowire arrays (Figure 

S4). On the contrary, the longer nanowires can reduce the light reflection, but if the top surface 

area is low (lower right corner of Figure 6), the photocurrent density is still limited, which is 

due to the loss of high active top surface area. Therefore, the best PEC perpormance is obtained 

for WO3/Si electrodes with relative long nanowires and also the largest top surface area possible.  

 

Figure 6. Contour plot of current density at 1.23 V vs RHE as a function of top surface area and 

nanowire length of WO3/Si nanowire photoelectrodes. 

4 Conclusion 

WO3/Si nanowire array photoanodes with various nanowire lengths (1.3 µm, 2.7 µm, 3.2 

µm and 3.8 µm) and different WO3 thicknesses (10 nm, 30 nm and 50 nm) are fabricated using 

wet chemical etching for nanostructuring of Si and atomic layer deposition for the deposition 

of WO3. The best performance is obtained by the WO3/Si nanowire array with 40 min chemical 

etching coated with 50 nm ALD WO3 film. It resulted in a photocurrent density of 0.41 mA/cm2 

at 1.23 V vs RHE, which is 4 times enhancement compared to a planar WO3/Si electrode. With 

a longer Si etching time, it is predicted that the PEC performance is enhanced because of an 

extended nanowire length, i.e. an enlarged total surface area. However, the photocurrent density 

decreases with the increasing nanowire length at a certain Si etching time. This can be attributed 

to multiple reasons: First, the longer nanowires cause more recombination of the 

photogenerated carriers. Second, due to the grown structure of the nanowires, shadowing causes 

lower PEC activity for the WO3 located at the lower part than the top part of the nanowires. 

Long time Si etching results in an increased total surface area but also a loss of top surface area 

of the nanowire arrays. The increased surface area, i.e. from the lower part of the nanowires, 
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has relatively lower activity,  which cannot compensate for the loss of the top surface area with 

relatively higher activity, and thus results in a decrease of photocurrent density. These results 

reveal a trade-off between the top surface area and the length of the nanowires.  

This systematic study contributes to a better understanding of the relation between the 

geometry of nanostructures and their performance as PEC electrodes. A nanowire geometry 

provides in principle effective means to enhance the PEC performance; however, high aspect 

ratios do not always bring the advantage that is expected due to long distance to the back contact 

and low conductivity. A new perspective for the future could be to integrate well-conducting 

paths to make the entire nanowire active.  

5 Experimental section 

Fabrication of Si nanowires array 

The Si wafers (n-doped, <100> orientation, resistivity 1-10 Ω cm, 280 μm-thick, single side 

polished, University Wafer) were cleaned sequentially in an ultrasonic bath of isopropanol and 

distilled (DI) water each for 20 min. Then, the Si nanowire arrays were fabricated by chemical 

etching, similarly as described in Peng et al.43 Briefly after cleaning, the wafer was immersed 

in a mixed solution of 4.4 M HF and 0.02 M AgNO3 at room temperature. The etching time 

determines the length of the nanowires. In this work, we used different etching times (20 min, 

30 min, 40 min and 50 min) to obtain varied lengths of the nanowires (1.3 μm, 2.7 μm, 3.2 μm 

and 3.8 μm, accordingly). After etching, the wafers were rinsed with DI water and then 

immersed in concentrated HNO3 for 15 min to remove Ag nanoparticle residue. Finally, the 

wafer was rinsed with DI water and dried by N2 blowing.  

WO3 film deposition 

A FlexAL atomic layer deposition (ALD) reactor from Oxford Instruments, equipped with 

an inductively coupled plasma (ICP) source, was used to deposit WO3. The metalorganic 

precursor (tBuN)2(Me2N)2W (99% purity, Sigma Aldrich) was used as the tungsten source and 

O2 plasma was used as the co-reactant. The deposition rate was 0.025 Å/s. The thickness of the 

WO3 films were controlled by the number of ALD cycles. In this work, WO3 films with three 

different thicknesses (10 nm, 30 nm, and 50 nm) were prepared to study the effect of thickness. 

The main parameters of the ALD process are listed in Table 1. The details of the plasma 

enhanced ALD process are described in detail in ref.38,44. 

Table 1: ALD process parameters for WO3 deposition. 

Parameter Value 

Base pressure <10-6 mbar 

Table temperature 300℃ 

O2 plasma power  250 W 
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Precursor dosing 3 s 

Co-reactant O2 plasma exposure 3 s 

 

After deposition, all samples were annealed at 450°C in Ar for 1 h with a ramping rate of 

5°C/min using a tubular furnace with a quartz tube (Carbolite Gero). The Ar gas flow was 

started 30 min prior to annealing to guarantee a complete Ar atmosphere. 

Characterizations 

The morphologies of the micropillar array electrodes were investigated by a field emission 

scanning electron microscope (SEM) (Zeiss Sigma, Germany) with an in-lens detector and 5 kV 

accelerating voltage. Cross-sectional SEM samples were prepared using a focused ion beam 

(FIB) (FEI, the Netherlands). 

PEC measurements 

A three-electrode PEC cell with a quartz window was used to measure the PEC performance 

at room temperature. Simulated sunlight illumination was performed by an AM 1.5 class A 

solar simulator (LCS 100, Oriel Instruments) using a 100 W Xe lamp with a calibrated 

illumination intensity of 100 mW cm−2 at the sample position. The light source was calibrated 

with a calibrated reference cell and meter (Newport, model 91150 V). For the assembly of the 

WO3/n-Si nanowires array photoanodes (working electrodes), a small area of fresh Si was 

exposed on the NW array surface by scraping away the NWs with a blade and roughing the Si 

with a diamond pen. For ohmic contact to the n-Si (backside of the electrodes), a drop of Ga/In 

eutectic (Sigma Aldrich) was used for contact between the Si and a copper wire. Then, the 

devices were encapsulated in epoxy (Loctite EA 9492) resulting in an exposed micropillar 

arrays area of about 0.2 cm2. The exact geometrical area of the exposed electrode surface was 

determined by calibrated digital images and ImageJ. A coiled Pt wire (0.8 mm in thickness) 

was used as the counter electrode and an Ag/AgCl/Sat. KCl electrode (XR 300, Radiometer 

Analytical) was used as reference electrode. An aqueous solution of 0.5 M H2SO4 (pH ~0.3) 

was used as electrolyte. The potential of the electrode was controlled with a BioLogic SP-150 

potentiostat. All potentials reported in this study are given versus reversible hydrogen electrode 

(RHE) through the relation2 

Φ𝑅𝐻𝐸 =  Φ𝐴𝑔/𝐴𝑔𝐶𝑙 +  Φ𝐴𝑔 𝐴𝑔𝐶𝑙 ⁄ 𝑣𝑠  𝑅𝐻𝐸
𝑜 + 0.059 × 𝑝𝐻   (2) 

with ΦºAg/AgCl is 0.197 V versus RHE at 25°C. Linear sweep voltammetry (LSV) measurements 

were performed at potentials between 0.3 V and 1.7 V versus RHE at a scan rate of 10 mV s-1. 

For each processing condition, two samples were prepared. Each sample was measured for 3 

times. The contour plot in Figure 6 was created with 12 sets of data, i.e. 3 different thicknesses 

and 4 different nanowire lengths. 
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