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Abstract 

Hybrid metal oxide nanostructures have drawn much attention recently because of their ability 

to overcome the disadvantages of each individual material to achieve high performance solar 

water splitting. Using anodic electrochemical deposition, hybrid polycrystalline goethite (α-

FeOOH)  and hematite (α-Fe2O3) nanosheets (GOE/HM NSs) were successfully synthesised on 

yttrium doped ZnO nanorods (YZO NRs). The unique morphology, with GOE/HM NSs 

wrapped around the length of vertically aligned YZO NRs, is favourable for light harvesting, 

charge transfer and charge transportation. The density and the effective surface area of NSs was 

optimised for achieving a fine balance between light absorption and ion transportation between 

the photoanode and the electrolyte. The samples showed much improved water splitting 

efficiency under both UV and visible light excitation, which represents the synergistic effects 

of GEO/HM NSs with YZO NRs. UV-Vis absorption and IPCE measurements demonstrated 

appropriate band alignment at interfaces, in addition to reduced bandgap energy. EIS 

measurements showed greatly reduced charge transfer resistance. The hybrid material achieved 

an increase in water splitting ability by a factor of 4.5, from pristine ZnO NRs (0.2 mA cm−2) 

to GOE/HM NSs coated YZO NRs (0.92 mA cm−2). This represents a highly competitive 

strategy for improving the ability of ZnO for water splitting.  
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1 Introduction 

Photoelectrochemical (PEC) water splitting offers the ability to directly capture solar energy in 

the chemical form of H2, representing a key technology for tackling the energy crisis.1 The 

catalytic semiconductor material for this purpose must have the properties of rapid charge 

transport, suitable band edge alignment, acceptable bandgap energy for sunlight absorption and 

stability in water. However, very few prestine materials can own all of these characteristics.2 

For example, hematite (HM, α-Fe2O3) has a comparatively low bandgap of 2.1 eV and 

outstanding chemical stability.3,4 A plethora of research into this semiconductor over the last 

two decades has been published, particularly for the application of water photolysis.5–7 This 

interest has primarily focussed on surmounting the material shortcomings, such as poor charge 

transport properties. This is due to the short lifetime of photoexcited charge carriers and slow 

polaron charge transport in the bulk.8 Furthermore, pristine hematite has a non-ideal conduction 

band energy requiring large overpotentials to begin the water splitting reaction.9 Nevertheless, 

the nanostructuring of α-Fe2O3 has been a key method to overcome short minority carrier path 

lengths, while maintaining the effective surface area, leading to many morphologies yielding 

high water splitting performances.10–12 

Recently iron oxide hydroxides have drawn attention for potential application to solar 

water splitting and oxygen evolution catalysis.13,14 Out of various phases, goethite (GOE, α-

FeOOH) has been suggested to have a suitable bandgap (2.47 eV) and favourable band positions 

for the water splitting process based on computational study.15 Its effective photocatalytic 

properties were experimentally verified by the coating of α-FeOOH on Pt for impressive 

photocurrents in photocatalytic water splitting.16  

In this study, GOE coated HM nanosheets (NSs) were synthesised on vertically aligned 

conductive YZO nanorods using an anodic electrochemical deposition method. To the authors' 

knowledge, this iron oxide complex has not been studied with nanostructured ZnO previously. 

The NSs showed lateral growth in width whilst maintaining nanoscale thickness, yielding high 

contact area for the solid / electrolyte interface. This enables rapid charge transfer to the 
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electrolyte with efficient evolution of oxygen at the anode surface. The dimensions of the 

nanosheets were highly tunable, by varying the duration of the electrochemical deposition. 

While the width grew linearly with time, remarkably, the sheet thickness remained constant, 

~35 nm, offering a short path for the minority carriers to reach the electrolyte interface. 

Furthermore, by coupling the structures with vertically aligned ZnO NRs, the slow 

transportation of photogenerated electrons in HM was overcome by the superior conductivity 

in the ZnO NRs due to yttrium doping. 

  Such metal oxides described act as heterogenous photocatalysts, as they are wide band 

gap n-doped semiconductors.17 Such materials are suitable for the photooxidation of water due 

to their high potential valence band positions; surpassing the oxygen evolution potential of 

water.2 Therefore, photogenerated holes will be transferred into the solution, a process which 

is accelerated in high surface area materials.18 For this reason, nanostructured materials are 

ideal, offering not only faster Faradaic charge transfer, but potentially favourable optical effects 

such as quantum confinement or plasmonic enhancement.19–21 In our previous work, the effect 

of yttrium doping on NR morphology was observed, it was found that small quantities of 

yttrium nitrate in the growth solution led to higher aspect ratio. These longer, thinner NRs had 

higher surface area, leading to improved water photolysis.22 

Many nanostructured forms of Fe2O3 such as thin films,10,23 nanowires,11,24,25 and mesoporous 

films have been synthesised which improved the surface area of photoanodes by orders of 

magnitude.12,26,27 There are several different methods for producing nanostructured Fe2O3.
28 

Within these, the most versatile technique is anodic electrochemical deposition, which has been 

used to create nanoparticles,29–31 nanowires,32,33 nanotubes,34–36 and nanoporous films.37,38 Such 

diversity was achieved by altering the substrate material, the deposition electrolyte, the reaction 

solution and/or the electrode potential. So far, the best performance achieved by the anodic 

deposited iron oxide species produced a photocurrent of 0.8 mA cm−2 at 1.4 VRHE.9 The solar 
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water splitting performance by hematite nanostructures could be further improved by introducing 

dopant or creating hybrid junctions with complementary materials.6,39  

Such strategies have also been applied to zinc oxide, a material with favourable band alignment 

to the water redox potentials, along with good charge mobility.40 The primary aim of doping and 

coating ZnO is to reduce its bandgap for improved visible light absorption.41 For example, 

hydrogen doping combined with CdS coating managed to achieve photocurrents greater than 5 

mA cm−2.42 Forming n-n junctions with ZnO and Fe2O3 has been investigated with mixed success. 

In several cases, raised onset potentials yielded negligible photocurrents at 1.23 VRHE.43–46 Despite 

this, both Qin et al. and Hsu et al. succeeded in enhancing photocurrent to 0.85 and 1.25 mA cm−2 

at this potential respectively.47,48 In both cases the use of FeCl3 likely caused the formation of 

ZnFe2O4, a low bandgap material with a far more positive conduction band, likely aiding the 

junction.47,49 Previously a study showed that electrodeposition was an effective method of coating 

ZnFe2O4 / Fe2O3 layers on ZnO NR.50 

Herein, we adopted an anodic electrochemical deposition method to create a specially 

designed nanostructure, combining GOE and HM in the form of nanosheets coated on YZO 

NRs. This presented a promising performance due to a narrow bandgap, large electrolyte contact 

area, improved charge separation, excellent photoelectron extraction, and better band edge 

positions for water splitting. The significantly improved electron extraction was achieved by 

highly conductive ZnO NRs. The highly conductive YZnO NR forms an electron conductive 

pathway that effectively collects the photogenerated electrons from  GOE / HM as demonstrated 

by the incident photon to current conversion efficiency (IPCE) measurement. The favourable 

charge transport properties and the improved visible light sensitivity were confirmed by 

electrical impedance spectroscopy and UV-Vis absorption spectroscopy. Overall the marriage 

of different nanostructured materials with different morphologies and electronic structures can 
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overcome the disadvantages of each semiconductor to achieve greater efficiency in water 

photolysis. With respect to pristine ZnO NRs, a 4.5 times improvement in photocatalytic water 

splitting was achieved by the GOE / HM NSs / YZnO NRs photoanode.  

2 Experimental Methods 

2.1 ZnO NR Synthesis 

Zinc oxide nanorods were prepared by a two-step chemical bath deposition method outlined in 

our previous work.51 Briefly, FTO glass substrates were cut and cleaned via sonication, 

followed by seeding with spin coating using 0.1 M zinc acetate solution at 800 RPM for 2 min 

followed by 2000 RPM for 30 seconds. Following oxidation via thermal annealing at 500◦C in 

the air to form ZnO nanocrystalline seeds, samples were placed face down in the aqueous 

growth solution containing 40 mM concentrations of Zn(NO3)2  and hexamethylenetetramine, 

for 16 hours at 85◦C. After this, the samples were annealed at 500◦C in the air for 30 min. 

Yttrium doping took place at the growth stage with the addition of 1% mol of Y(NO3)3, which 

yielded 0.1% doping in the final YZnO, as determined by ICP-MS.52 

2.2 FeOOH / Fe2O3 NS Growth 

The GOE (α-FeOOH) film formation on the ZnO NRs was carried out by performing an anodic 

electrochemical deposition in an Fe(II) solution. The solution was prepared by dissolving 10 

mM Fe(NH3)2(SO4)2 and 0.4 M NaCl electrolyte into 250 ml DI water. The pH of the Fe II 

solution (pH = 6.0) was adjusted to 8.0 using 1.0 M NaOH solution. The ZnO/FTO substrates 

were submerged into the Fe(II) solution in a round bottom flask together with a stainless steel 

counter electrode. The system is illustrated in Figure S1A, with a typical transient current curve 

for the deposition in Figure S1B. Air bubbles between the NRs could restrict contact with 

electrolyte so such air bubbles were removed by sonication and creating a vacuum in the flask. 

To produce pure α-FeOOH, cyclic voltammetry was performed in a three-electrode set up with 
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a KCl saturated Ag/AgCl reference electrode, Figure S1A. Oxidation peaks were assigned to 

particular reactions and the potential for goethite production was set to be 0.56 V, Figure S1C. 

The potential was fixed for the deposition duration, which was varied to 2, 5, 10, 30 and 60 min 

to optimise the morphology of the GOE. The samples were then annealed at 550°C for 1 hour 

to partially convert GOE to HM, hence forming the hybrid GOE / HM NSs. 

2.3 Structural and Physical Characterization 

The morphological and crystallographic characterisation was performed by scanning electron 

microscopy (SEM, Leica Stereoscan 420) and powder x-ray diffraction (XRD, Siemens D500). 

SEM images were measured using Image J software (National Institutes of Health, USA), and 

elemental mapping was carried out with energy dispersive x-ray spectroscopy (Oxford 

instruments). To reveal the detailed morphology and to identify corresponding atomic spacing 

for different components in the hybrid material, high resolution transmission electron 

microscopy was used (HRTEM, JEOL-3010 at 200 kV). 

2.4 Photoelectrochemical and Optoelectronic Measurement 

A UV-Vis spectrophotometer (PerkinElmer, Lambda 265) was used to measure the optical 

absorption to calculate band gap energies. All the electrochemical measurements used 1 M 

KOH solution (pH 13.6) as the aqueous electrolyte. PEC water splitting was performed using a 

three-electrode set up with a potentiostat (EA163, eDAQ) varied from 0.4 to 1.8 VRHE, 

illuminated by a solar simulator (Oriel LCS-100, Newport, 100 mW cm−2 ) with a built-in AM 

1.5G filter. To determine charge transfer properties, electrochemical impedance spectroscopy 

(EIS) Nyquist analysis was performed under the identical illumination conditions as PEC, with 

fixed DC potential at 1 VRHE  modulated by an AC potential of 10 mV. The AC modulation 

frequency varied from 0.1 to 10,000 Hz using an electrochemical controller (Palm Sens 3, Palm 

Sens BV). Mott-Schottky plots were performed in the dark with the same controller, at a fixed 



7 

frequency of 1000 Hz, while the potential was varied from 0 to 2 VRHE. Data was processed 

using PSTrace 4.5 (Palm Sens BV) and equivalent circuit models were applied using Elchemea 

Analytical (DTU Energy). Chemical elements and valence band positions were identified by x-

ray photoelectron spectroscopy (XPS, Thermo Scientific K-alpha using Al Kα source). IPCE 

was determined at 1.23 VRHE using a 300 W xenon arc lamp and an optical monochromator. 

The light source was calibrated to 100 mW cm−2 using an optical power meter and a silicon 

photodiode detector (Newport). 

3 Results and Discussion 

3.1 Structural and Physical Properties 

A schematic representation of the proposed novel structures along with optical photographs of 

the colour changes can be found in Figures 1A and B. It consists of electrochemically deposited 

-FeOOH NSs wrapped vertically around YZO NRs. This 3D structure offers great advantages 

for the photolysis of water. It dramatically increases the photoanode surface area available for 

accessing the electrolyte via short pathways, facilitating water oxidation on the surface. It also 

increased the optical pathway into the photoanode, improving the light absorption. By 

calcination of FeOOH in air, some FeOOH was converted to Fe2O3 forming the GOE/HM NSs 

without affecting the original FeOOH NS morphology. The narrow band gaps of FeOOH and 

Fe2O3 offer photocatalytic activity under visible light absortion. Furthermore, by combining 

GOE/HM nanosheets with conductive YZnO NRs, it is possible to overcome the problems 

associated with either material in isolation, sensitising ZnO to visible light and quickly 

separating and transporting charge from FeOOH and Fe2O3.  

The results of cyclic voltammetry of the reaction can be found in Figure S1C, showing clear 

oxidation events associated with magnetite, goethite and lepidocrocite. The α-FeOOH NSs were 

grown on the surface via the following reaction.7 
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 Fe2+ + 2H2O → α-FeOOH + 3H+ + e− (1) 

Goethite is formed at a potential of -0.14 V vs saturated Ag/AgCl by oxidizing Fe2+, which is 

similar to the literature value.53 This corresponds to 0.56 V in a two-electrode configuration. 

The deposition of goethite was confirmed by the noticeable colour change in the samples, from 

white YZnO to a light yellowish brown colour on the surface, shown Figure 1B. After thermal 

annealing in air at 550ºC, the α-FeOOH is partially dehydrated to form α-Fe2O3, accompanied 

by gradual colour change to deeper orange and red. During the dehydration process, the 

nanosheet morphology was maintained and it is likely that some residual α-FeOOH remained 

at the base of the nanosheets.  
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Figure 1: The schematic for the deposition process A, along with sample photographs B. On the 

left it shows the pristine YZnO NRs, with no coating, in the centre, the NRs with FeOOH 

nanosheet coating falling between the NRs after electrodeposition. On the right, the conversion 

of some α-FeOOH to Fe2O3 by thermal annealing in air. 

Overall this scheme would yield a ternary phase composite of YZnO, Fe2O3 connected by 

FeOOH near to the interfacial region at the root near the YZO NRs. The morphology of the 3D 

nanostructures is shown in the SEM images in Figure 2. The wurtzite structure of the YZnO 

NRs with their hexagonal facets can be seen in Figure 2A. The evolution of the morphology 
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after the deposition and annealing of the α-FeOOH nanosheets (NS) is shown in Figures 2B-E, 

recorded as a function of deposition duration. Both the hexagonal YZnO NRs and the α-

FeOOH/Fe2O3 NS morphology can be observed from the top-view images. The α-

FeOOH/Fe2O3 NSs were deposited between the YZnO NRs, rather than on top of the NRs. This 

is important for the diffusion and contact of electrolyte between the NRs. If the NSs were formed 

on the top of the YZO NRs, such access of the electrolyte to the bulk of the photoanode would 

be blocked. The density of the NSs increases with deposition duration. However, there are no 

significant effects on the morphology of YZO NRs under the preparation conditions for 

GOE/HM NSs. The YZnO NR diameters and length remains constant at 141 ± 6 nm and 2.2 ± 

0.3 m, respectively. Furthermore, the NS width increases linearly as a function of deposition 

duration, shown in Figure S2, while the thickness of the NSs maintains constant of 35 ± 3 nm. 

This growth characteristic allows direct control of the density and dimension of the α-FeOOH 

NSs for optimising their photocatalytic performance. The favoured growth direction of the α-

FeOOH sheets is along the polar (100) crystal plane of sidewalls of the YZO, forming NSs 

wrapped around the NRs structures.  

The larger width of the NSs provides greater contact with the electrolyte, but longer 

distances for charge to travel towards the ZnO  NRs. Also, a high density of NSs could block 

the channels between NRs and cover their tops. This will not only decrease the surface area, 

but also limit the electrolyte and gas transportation in and out of the film. Hence, there is an 

optimum density of NSs that will achieve maximum performance. Under such optimised 

condition, the strengths of the hybrid system begin to emerge. Not only do the NSs offer greater 

light absorption and large surface area, the thin sheet morphology and the excellent contact with 

the electrolyte offers reduced path length for holes resulting in reduced charge recombination.48 
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Figure 2: The top-down SEM images of (A) YZnO NRs. and coated samples after annealing, 

A-E, the morphology shows increased Fe2O3 nanosheets with greater deposition duration. The 

angled cross-section image of the 5 minute deposition sample is shown in F. 

The nanostructure morphology was further revealed by tilted cross-sectional SEM of the 

5 minute deposition sample, displayed in Figure 2F. It shows the favourable alignment of the 

GOE/HM NSs, reaching outward. There is also evidence of some deposition at the root of NRs 

near the FTO substrate, indicated by some cross-linking. The NR/NS junctions are well 

connected throughout the film, with the NSs wrapped around the NRs. This would allow good 

charge transfer between the materials, provided appropriate band edge alignment. Sonication 

under vacuum helped remove the air pockets between the NRs without which, aggregation on 

the top of NRs can occur. Elemental mapping of this sample is shown in Figure S3. EDX data 
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confirms the presence of Zn, Fe and O on the surface with their distributions supporting the 

model of GOE/HM NSs wrapped around YZO NRs. It shows the highly concentrated areas of 

Fe in the regions with a higher density of nanosheets, and higher Zn over the exposed NRs. It 

also shows some uniform distribution of Fe, this could be a thin layer of FeOOH forming on 

the ZnO surface during deposition, or a doping process whereby Fe3+ becomes mobile and 

infiltrates the ZnO. 

Powder X-ray diffraction data, Figure 3A, confirms both the deposition and the annealed 

samples of the GOE/HM NSs on YZO NRs. XRD patterns of GOE/HM thin films and YZO 

NRs on FTO are also shown in Figure 3A as references. The YZO NR sample showed a high 

intensity (002) peak at 34.8°, evidencing the strong vertical alignment due to stifled growth in 

the lateral planes.52 

The presence of α-FeOOH and Fe2O3 were confirmed by comparison with their reference 

patterns with key peaks indexed (ICSD collection code 239321 and 7797, respectively). At a 

deposition duration of 5 min, no noticeable iron oxide peak was observed. With increased 

deposition time, peaks associated with GOE and HM can be identified, and their intensites 

increase monotonically with the increase of depositon duration. In addition to the peaks from 

YZO NRs and the FTO substrate, peaks at 24.3°, 43.2° and 49.6° correspond to the diffraction 

from the (012), (202) and (024) planes of hematite were seen. The peaks at 25.8° and 33.3° and 

47.5° are attributed to the (120), (130) and (041) planes of goethite.53 However, the 33.3° peak 

shares a strong overlap with the 104 plane of hematite and therefore cannot be used to 

distinguish between the two phases. The prominence of this phase could be beneficial to the 

oxygen evolution reaction as well as the absorption of visible light.54 This represents the first 

time these three materials have been used together as a photoelectrochemical water splitting 

anode. 
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Figure 3: A Shows powder XRD patterns of the annealed samples with increasing deposition 

duration, alongside patterns of pure ZnO and pure GOE/HM on FTO glass. B Shows HRTEM 

images of the NS and NR structure, with higher magnification images of the labelled regions: 

i) The NR in C; ii) the Fe2O3 NS region in D and iii) the FeOOH NS region in E with respective 

FFT insets.  
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To confidently identify the crystal phases in association with particular morphological 

features, HRTEM images are shown in Figure 3B. From the low magnification image, both 

nanosheets and nanorods are visible. Upon magnification to atomic resolution, the NR portion 

of the sample, zone I (Figure 3C), shows a lattice spacing of 0.261 nm, corresponding to the 

(002) lattice plane of ZnO as the preferred growth orientation. This identification is bolstered 

by the FFT (inset), where the orthogonal (100) plane is also observed. The NS region, zone ii 

(Figure 3D), showed the clear crystalline lattice of hematite, 0.273 and 0.461 nm spacings 

corresponding to (104) and (006) respectively. The bright spots in the FFT suggest the good 

crystal quality of hematite. Compared with the (006) spots, the (104) spots are sharper and 

brighter. This, along with the strong XRD diffraction intensity, confirms the strong (104) 

directional growth of the NSs. Some evidence for goethite planar spacings were also observed 

in the NS close to the ZnO interface, Figure 3E. Appearing close to the surface of the NRs, the 

exposed GOE surfaces could act as oxygen evolution centres with reduced  overpotential 

requirement, as determined by its electronic structure.  

High resolution XPS scans of the Fe2p and O1s orbitals were measured in order to more 

confidently determine which iron species were present on the surface of the sample, Figure S4. 

Firstly the Fe2p scan shows two strong peaks at 724.4 and 710.9 eV, likely corresponding to 

2p1/2 and 2p3/2 electrons respectively, demonstrating splitting due to spin orbit coupling of 13.5 

eV.55 These peaks confirm the presence of iron on the nanostructure surface, although this 

feature is typical of both hematite and goethite species.56 The O1s spectra offers more important 

information about the oxygen environments at the surface, two peaks infers that two dominant 

environments are present. The larger peak at 529.6 eV is assigned to metal oxides, in this case 

to α-Fe2O3, closely matching literature.57 The higher energy peak at 531.4 is likely to be an 

oxygen in an OH environment, either surface adsorbed H2O or α-FeOOH. Typically adsorbed 

H2O yields a higher energy peak than this, at 533.1 eV.55 Therefore, this peak is more likely to 
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occur due to the presence of goethite, closely matching the literature value for this species at 

531.4 eV.58 To summarise the O1s XPS spectrum suggests a majority Fe2O3 species at the 

surface with the presence of some FeOOH. 

3.2 Optoelectronic and Photoelectrochemical Properties 

A highly effective strategy of ZnO water splitting enhancement is sensitisation. UV-Vis 

absorption spectroscopy was used to measure the ability of the junction to harvest visible light. 

The resulting spectra can be found in Figure 4A, where the various iron deposition durations 

are compared to the GOE/HM on FTO, ZnO and YZnO. These three samples each display its 

characteristic absorption onset, corresponding to their band gap energies. Both ZnO and YZnO 

show an absorption onset from 385 nm to shorter wavelengths. The hybrid iron oxides 

(GEO/HM) without YZO shows good visible light absorption, with a significant increase at 

wavelengths shorter than 600 nm. Due to the similarities in band gap energy, the absorption 

onsets for Fe2O3 and FeOOH cannot be resolved. Since the majority of solar photons fall at 

wavelengths greater than 400 nm, iron oxide has the advantage in solar applications.59 The iron-

coated YZnO samples share this feature with each showing higher absorbance through the 

visible range. The longer the coating duration, the higher the light absorption across the visible 

region (450-550 nm). Distinct ZnO and iron oxide absorption onsets can be observed after the 

iron deposition and annealing. When looking in more detail at the ZnO onset, it is red shifted 

in the Y doped sample, then further red shifted in the iron coated samples. The Y doping 

introduces new electronic states near the conduction band minimum, as described in more detail 

in our previous work.52 These shallow states allow the donation of conduction band electrons 

at thermal energies, yielding higher conductivity. The large red shift after the iron oxide / oxide 

hydroxide coating is likely due to the limitation of surface doping at an n-n junction between 

the materials. 
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To quantify the shifts in band gap energies, Eg, Tauc plots were used for the direct 

transitions, as shown in Figure 4B.60 The pristine ZnO and YZnO samples give bandgap 

energies of 3.28 and 3.23 eV, respectively. This corresponds to the expected values for NRs 

grown by chemical bath deposition,41 which confirmed a 0.05 eV red shift after Y doping. For 

clarity, a linear extrapolation for the pure GOE/HM without YZO is presented in the inset, which 

corresponds to the first absorption onset with a band gap of 2.13 eV, typical of iron oxides.11 

The 30 minute iron coating on YZnO resulted in two band gaps at 3.04 and 2.28 eV 

corresponding to absorption by YZnO and iron oxide, respectively. However, this represents a 

significant red shift for the YZnO by 0.19 eV, coupled with a blue shift for the iron oxides by 

0.15 eV. This is most likely due to the  transition metal ion exchange at the interface between 

the YZnO and iron oxides during the extended high temperature annealing step. Specifically, at 

550◦C, Fe3+ ions are able to migrate into the ZnO lattice, causing a known band gap reduction 

as a dopant.61  
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Figure 4: A) The UV-Vis absorption data of the various sample coatings, along with pure ZnO, 

Fe2O3 and YZnO. B) The Tauc plots of the selected samples for band gap measurements. C) 

The Nyquist plots of the illuminated samples, including FeOOH/Fe2O3, ZnO and YZnO, and 

D) The  Nyquist plots of GOE/HM NSs on YZO NRs at various coating durations. 

Meanwhile, Zn2+ ions could migrate into the iron oxides causing p-type doping, possibly by 

introducing electronic states below the valence band.62 

The electronic properties of the samples were analysed using electrochemical impedance 

spectroscopy (EIS), at a fixed DC potential of 1 VRHE modulated with a sinusoidal AC of 10 

mV at frequency varied from 10,000 to 0.1 Hz, shown in Figures 4C and D. This was used to 
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determine the charge transfer resistance, using the equivalent circuit shown in Figure S5A. 

Typically, the arc radius is proportional to the charge transfer resistance, Rct, an indication of 

recombinative energy losses.63 In nearly all the samples, two arcs were observed, a small arc at 

high frequencies associated with charge transportation through the materials, Rct1, and a large 

low frequency arc associated with the large resistance at the interface, Rct2. The values of Rct 

are plotted in Figure S5B. The Y doped sample shows a significant reduction in both Rct1 and 

Rct2 with respect to ZnO due to a negative shift in the flat-band potential allowing for more 

effective faradaic charge transfer.52 The iron oxide sample, meanwhile, shows orders of 

magnitude higher Rct due to its poor charge mobility resulting in a high charge recombination 

rate. This explains the main disadvantage of pure iron oxide as a water splitting photoanode.12  

A dramatic reduction in arc radius is observed with 5 min coating (inset) showing the 

smallest Rct1 and Rct2 values of 33 and 208 Ω, respectively. A decrease in Rct1 is possibly due to 

the generation of a large number of photoexcited charge carriers in the conduction band from 

visible light absorption by the GEO/HM, since its charge transportation is trap mediated.64 The 

reduction in Rct2 confirms that there is good electron transfer from GEO to YZnO, which reduces 

the charge recombination with improved electron hole separation, by effectively transferring 

the photoexcited electrons into the conductive YZnO electron highways.48 This indicates a good 

band alignment due to the presence of FeOOH, acting as a surface catalyst. Furthermore, larger 

surface area would also reduce Rct2, as it provides a higher density of surface reaction centres 

facilitating the physical contact between electrode and electrolyte. Greater deposition duration 

sees the values of charge transfer resistances monotonically increase. The performance of iron 

oxide as a photocatalyst is limited by its very short hole diffusion length (2~4 nm). The NSs 

which were wrapped around the YZO NRs have dimensions larger than twice that of the hole 

diffusion length, increasing the possibility of charge recombination, resulting in higher charge 

transfer resistances.  
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Figure 5: A) Comparison of photoelectrochemical water splitting performances in ZnO and 

YZnO with and without 5 minute GOE/HM NSs coatings. B) Photoelectrochemical water 

splitting performances as a function of iron deposition duration. C) The electronic band 

structure showing the charge transfer route. D) The IPCE curves of YZnO with and without 

GOE/HM coating.  

These advantages leading to a vital impact on solar water splitting performance. The 

photocurrent densities measured under simulated solar illumination demonstrating their 

correlation with the iron oxide deposition duration, are shown in Figure 5. The chopped 

illumination performances of the key samples can be found in Figure S6A-C, which confirms 

that the currents achieved were the results of photoexcitation. In 5A the overall enhancement 

due to the synergy of Y doping and GOE/HM NS coating is displayed. The undoped chemical 

bath deposition ZnO gave a photocurrent of 0.22 mA cm−2 at 1.23 VRHE, typical of this pristine 
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nanostructured material. 5 min of iron coating applied to the undoped ZnO NRs, yields an 

enhanced photocurrent of 0.36 mA cm−2, a remarkable 60% improvement. Improving the charge 

transport properties of the ZnO by Y doping, gave a photocurrent of 0.57 mA cm−2. However, 

by combining the Y doping and GOE/HM NS coating offers more than 4 times the enhancement 

in comparison to the pristine ZnO sample, yielding 0.91 mA cm−2 at 1.23 VRHE. This promising 

result for the hybrid nanostructured photoanode is amongst the highest in the ZnO and Fe2O3 

water splitting literature. Typically pristine ZnO nanostructures achieve photocurrents of around 

0.20 mA cm−2.65–69 However, novel synthetic methods, such as microwave heating, lead to 

values as high as 0.70 mA cm−2.51 The hybrid ZnO/Fe2O3 materials can yield negligible 

photocurrent at 1.23 VRHE.43,44,46 Our nanostructured GOE/HM on YZnO also outperform the 

Fe2O3 coated ZnO NRs synthesised by Qin et al., which achieved 0.85 mA cm−2 at 1.23 VRHE, 

prior to Fe2PO4 encapsulation.47 Our performance fell short of the work by Hsu et al. who 

achieved 1.27 mA cm−2,  likely due to their superior ZnO morphology.48 A further comparison 

against literature can be found in Table S1. 

The optimisation of deposition duration is shown in Figure 5B. The highest performance 

occurs at 5 min of deposition time. This could be directly linked to the minimum Rct values of 

the sample. Photoelectrons are generated by visible light photons absorbed by the hematite 

layer, which are then delivered rapidly to the YZnO electron highway through the goethite 

buffer layer. The photocurrent decay curves in Figure S6D, where the lifetime of current in the 

hybrid photoanode is longer than that of the YZnO, suggesting the extended electron lifetime 

benefited from effective charge separation. This leaves holes in the hematite to oxidize water at 

the solid/liquid interface. The performance is highly sensitive to the deposition time, with 2 min 

of coating only slightly improving the photocurrent as there is little visible light absorption. At 

depositions over 5 min, the water splitting performance decreased, the 30 min sample gave the 

lowest photocurrent of  0.36 mA cm−2, lower than that of the YZnO. The longer diposition time 

results in wider GOE/HM NSs. When the width of the NSs is significantly larger than the charge 
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diffusion length in the iron oxides,  the probability of electron hole recombination increases, as 

evidenced by the increased Rct. The high density of NSs also causes the blockage of channels 

between YZO NRs for the diffusion of electrolyte. No significant difference was found in the 

samples’ dark currents, displayed in Figure S7. 

The electronic band structure of the hybrid photoanode material is shown in Figure 5C. The 

flat-band potential of hematite (0.69 VRHE) was calculated from the Mott-Schottky plot shown 

in Figure S8A. Its valence band position was determined from the low energy boundary of the 

photoelectron spectrum, shown in Figure S8B. The band edge values of YZnO were taken from 

our previous work.50 Meanwhile, the band positions for goethite were adopted from the 

literature.15 The surface (010) plane of goethite was selected in this study as it represents the 

majority plane exposed to the electrolyte. From this schematic based on experimentally 

determined values, the charge transfer mechanism can be elucidated. An n-type triple junction 

cascade is formed as the conduction band potential is lower for Fe2O3 than for YZnO and 

FeOOH. Although in vacuum the band positions appear unfavourable for electron transfer from 

FeOOH to YZnO, upon equilibration of Fermi levels, greater n-type doping in the YZnO would 

determine its role as donor.70 Therefore, populous photogenerated electrons will be transferred 

from the low band gap Fe2O3 to the conductive YZnO, uninterrupted by intermediate FeOOH. 

Applying this proposed structure to the valence band position shows a suitable pathway for 

photoexcited holes to oxidise the electrolyte.   

The three materials together form two sequential heterojunctions. From HRTEM, the 

goethite is in contact with both hematite and YZnO, hence it is positioned between them.  From 

the relative band edge positions, it is clear that once the hematite is photoexcited, the electron 

in its conduction band can flow into the conduction band of the YZnO, passing through GOE. 

Meanwhile, holes generated in the hematite are blocked by the valence band of GOE at a more 

positive energy. By absorbing UV light, holes will also be generated in the YZnO valence band. 

Following the decreasing of valence band from GOE to HM, these holes can flow from YZnO 



22 

to HM and eventually reach the solid/liquid interface. The n-n junction causes depletion regions 

to form at the YZnO/FeOOH/Fe2O3 interfaces and causes a higher concentration of electrons in 

the Fe2O3 and holes in the ZnO. This explains the shifts in Fermi levels allowing the equilibrium 

to form. The proposed band structure, evidenced by XPS, EIS and UV-Vis explains the 

electronic mechanism for the successful enhancement of solar water splitting efficiency. 

Furthermore, for practical applications, it is important to have stable activity. Our 

photoanodes showed no decline under chopped illumination at a fixed 1.23 VRHE potential for 

300 s, shown in Figure S6C. Meanwhile, the utilisation of visible light is demonstrated by the 

incident photon to current conversion efficiency measurement, shown in Figure 5D. It is clear 

that the photoconversion from our hybrid photoanode starts from the wavelengths of 550 nm. 

This is in clear contrast to the YZnO, which has a sharp onset from 400 nm, corresponding to 

its direct band gap. Hence, it is reasonable to conclude that the visible light activity from 550 to 

400 nm is coming from the GOE/HM NSs. Therefore, the enhanced photocatalytic performance 

has contributions from the wider range of light absorption, in addition to the favourable 

nanomorphology and a suitable electronic junction for charge transfer coupled with rapid 

electron transportation in the YZnO. 

4 Conclusion 

In summary, a novel hybrid metal oxide nanostructure was constructed using anodic 

electrochemical deposition to grow GOE/HM NSs wrapped around conductive YZnO NRs. 

This growth process gave a high degree of control, allowing nanosheets of variable width to 

grow with time. After annealing at 550◦C, the formation of GOE/HM NSs was confirmed with 

XRD, SEM and HRTEM. The iron oxide NSs sensitised ZnO to absorb visible light, as 

confirmed by UV-Vis absorption and IPCE measurements. The novel hybrid sample showed 

greatly reduced charge transfer resistance, as demonstrated by impedance measurements. The 
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combination of these materials makes an efficient system for the generation of photoexcited 

charge, whilst maintaining desirable transportation properties. This is due to the relatively small 

band gaps of FeOOH (2.47 eV) and Fe2O3 (2.28 eV), absorbing more abundant visible solar 

light, and suitable band alignment allowing rapid charge transportation in addition to the high 

conductivity of YZnO. Overall the novel structures achieved a 4 times enhancement in water 

splitting photocurrent with optimised deposition condition. This work paves the way for further 

exploration into the other triple junction materials with further improved photocatalytic 

efficiency.  

Supporting Information 

Within the supporting information a schematic of the electrodeposition is displayed, along with 

a current time plot for the 10 minute deposition as well as a cyclic voltammagram using a  three 

electrode cell and an identical deposition solution. Plots of the sheet width / deposition charge 

density measured by SEM against the duration are shown, as well as EDEX plots of the top 

down view of the nanosheet / nanorod surface. High resolution XPS scans of the Fe2p and O1s 

orbitals are displayed, as well as the equivalent circuit used to fit EIS beside resultant charge 

transfer resistances. Chopped linear sweep voltammagrams are shown as well as the current 

decay from chronoamperometry. This is followed by all the relevant dark current plots, a table 

detailing a literature performance comparison, Mott-Schottky plot, XPS valence band survey 

scan and finally chronoamperometry of selected samples. 
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