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Abstract 1 

Generation of hydrogen using photoelectrochemical (PEC) water splitting has attracted researchers 2 

for the last two decades. Several materials have been utilized as an anode in a water splitting cell, including 3 

ZnO due to its abundance, low production cost and suitable electronic structure. Most research attempts 4 

focused on doping ZnO to tailor its properties for a specific application. In this work, atomic layer 5 

deposition (ALD) was used to precisely dope ZnO with hafnium (Hf) in order to enhance its PEC 6 

performance. The resultant doped materials showed a significant improvement in PEC efficiency compared 7 

to pristine ZnO, which is linked directly to Hf introduction revealed by detailed optical, structural and 8 

electrical analyses. The photocurrent obtained in the best performing Hf-doped sample (0.75 wt.% Hf) was 9 

roughly threefold higher compared to the undoped ZnO. Electrochemical impedance spectroscopy (EIS) 10 

and open-circuit potential-decay (OCPD) measurements confirmed suppression in photocarriers’ surface 11 

recombination in the doped films, which led to a more efficient PEC water oxidation. The enhanced PEC 12 

performance of Hf-doped ZnO and effectiveness of the used metal dopant are credited to the synergistic 13 

optimization of chemical composition, which enhanced the electrical, structural including morphological, 14 

and optical properties of the final material, making Hf-doping an attractive candidate for novel PEC 15 

electrodes. 16 

1. Introduction:  17 

Hydrogen generation enabled through photoelectrochemical (PEC) splitting of water is a 18 

recognized approach to providing a sustainable, storable alternative for fossil fuels. A PEC cell utilizes a 19 

semiconductor/electrolyte junction to absorb solar photons with energy larger than the band gap of the 20 

semiconductor, generating electron hole pairs (EHPs). These EHPs are separated by the built-in electric 21 

field. Consequently, the separated holes and electrons contribute to the oxidation and reduction reactions 22 

of water, producing O2 and H2, respectively [1, 2]. It is worth mentioning that concomitant and complete 23 

consumption of electron and holes is paramount for an active and stable photosystem.   24 
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The requirement for a stable material in such oxidant-rich conditions established the trend for metal 1 

oxides to be used as the semiconductor anode in a PEC cell. Common and highly studied materials are TiO2 2 

[3-6], Fe2O3 [7-10], and WO3 [11]. ZnO is another promising metal oxide that has been employed in various 3 

applications, including transistors [12, 13], light emitting devices [14, 15], photovoltaics [16-18], 4 

biosensors [19-21], and photo-catalytic applications due to its material abundance, low production cost, and 5 

low toxicity. As a result, researchers have used different methods to produce ZnO for water splitting 6 

purposes, such as hydrothermal, electrochemical, spray pyrolysis, sol-gel and sputtering [22, 23], with a 7 

preference for nanorods and nanowires over thin films, due to their larger surface area and short lateral 8 

carrier diffusion length [24, 25]. However, ZnO suffers from photocorrosion under UV irradiation [26-28] 9 

and in aqueous media, which raises the need for combining it with other materials to overcome this 10 

deficiency.  11 

Even though few research articles have investigated atomic layer deposition (ALD) grown ZnO for 12 

water splitting, ALD provides a method of depositing other materials that can be combined with ZnO to 13 

enhance light trapping and/or the durability of the semiconductor electrode [29-34]. In addition, ALD 14 

allows highly controlled, reproducible and, most importantly, conformal growth, due to the self-limiting 15 

nature of its reaction [35], which provides excellent coverage of highly performing 3D structures in water 16 

splitting applications [36]. Furthermore, this type of self-limiting reaction enables precise control over 17 

doping of the deposited layers. Doping has been extensively utilized to improve the PEC performance of 18 

ZnO, providing a facile and effective approach for modification of its properties, including surface area, 19 

crystallinity, surface defects and band gap energy [23, 24, 37-45].  20 

Hf doping of ZnO (HZO) presents a relatively new but promising dopant due to the high tunability 21 

it grants to the ZnO electrical and optical properties [46-49]. Previously, we have studied this material for 22 

application in solar cells, where it proved to be a worthy candidate [49]. However, there is only a single 23 

study reporting the enhancement of the photocatalytic activity of ZnO following Hf doping [47]. Here, Hf-24 

doped ZnO, in form of powder, has been tested for the degradation of water contaminants, revealing an 25 
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increased photoactivity compared to bare ZnO due to a high visible light absorption and the tendency of Hf 1 

to act as a reservoir for the photogenerated electrons. However, to the best of our knowledge, the effect of 2 

this dopant on water splitting PEC performance has yet to be reported.  3 

Herein, we report the impact of Hf doping of ZnO on its PEC response, prepared by ALD method. 4 

A detailed optical, electrical, structural and photochemical characterization is carried out, providing an 5 

insight into how different doping concentrations alter the physicochemical properties of ZnO, and 6 

eventually its PEC activity. 7 

2. Materials and methods: 8 

Hf-doped ZnO films, of different doping concentrations, were deposited using an Oxford FlexAL 9 

ALD system. ZnO was deposited using Diethyl-zinc (DEZ) and H2O as precursors, while Hf doping was 10 

added using tetrakis-ethylmethylaminohafnium (TEMAH), and H2O vapor. The amount of doping was 11 

varied by changing the cycle ratio of TEMAH+ H2O cycles to DEZ + H2O cycles. The deposition pressure 12 

and temperature were 200 mTorr and 250 °C, respectively. Briefly, the deposition was performed on three 13 

different substrates, fluorine doped tin oxide (FTO) coated glass, UV transparent fused silica slides, and 14 

<100> p-type Si. The fused quartz slides were used to measure optical transmission and reflection using a 15 

Shimadzu UV-2600 spectrophotometer over the range of 200 to 900 nm. Also, films grown on quartz were 16 

used to measure X-ray diffraction (XRD) using a Malvern Panalytical Empyrean X-ray diffractometer with 17 

Cu Kα radiation, and Bragg-Brentano geometry to perform θ/2θ -scans. The obtained peaks were fitted to 18 

a Voigt function, to calculate the d-spacing using Bragg’s law. 19 

The chemical composition of the HZO films grown on Si was analyzed through X-ray 20 

photoelectron spectroscopy (XPS), using an Ulvac-Phi Quantera II instrument with monochromatic Al Kα 21 

radiation and a 45° photoelectron take-off angle. Measurements were conducted under constant charge 22 

neutralization using low energy Ar+ and electrons [50]. Sputter depth profiles through the HZO thin films 23 

were acquired using 1 keV Ar+ rastered over 1x1 mm area, and the chemical composition calculated as an 24 
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average through three depths within the thin film, using sensitivity factors provided by the instrument 1 

manufacturer. 2 

A standard in-situ lift-out procedure was implemented to prepare lamellae for the 3 

Scanning/Transmission Electron Microscopy (S/TEM) analysis [51]. The lamellae were prepared in a dual-4 

beam FIB system (Thermo Fisher Scientific, Helios 650). As part of the fabrication process, a capping layer 5 

of Pt was deposited using the available precursor gas (CH3)3Pt(CpCH3)) in the dual-beam system. For the 6 

TEM and STEM study, an image corrected TEM system (Thermo Fisher Scientific, Titan G2) operating at 7 

300 kV was utilized. The tool has an X-field emission gun (X-FEG) source that provides a high quality 8 

electron beam. The system is equipped with analytical components such as, Energy Dispersive 9 

Spectroscopy (EDS) for elemental analysis, and a Gatan Imaging Filter (GIF Quantum SE) for energy 10 

filtered TEM (EFTEM) and electron energy loss spectroscopy (EELS) studies. 11 

Photoelectrochemical (PEC) analyses were performed using a three-electrode cell connected to a 12 

potentiostat/galvanostat (Metrohm Autolab PGSTAT302N). HZO films deposited on FTO, platinum and 13 

Ag/AgCl electrodes were used as working, counter and reference electrodes, respectively. The electrolyte 14 

was 0.5 M Na2SO4 (pH 5.6). Photocurrent transients were recorded at a potential of 0.6 V vs. NHE. 15 

Electrochemical impedance spectroscopy (EIS) was performed in the frequency range of 0.1 Hz – 10 kHz 16 

with an applied potential of 0.6 V vs. NHE. Mott-Schottky (MS) experiments were performed under 10 17 

kHz with potential step of 50 mV. For measurements performed under UV/Vis light, samples were 18 

irradiated with a 250 W mercury UV lamp connected to an optical fiber. The average values of the 19 

irradiance reaching the sample surface, measured with a DeltaOhm 9721 radiometer, were 96, 205, 146 and 20 

373 W m−2 in the 200-280, 280-315, 315–400 and 450–950 nm ranges, respectively.   21 
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3. Results and discussion: 1 

3.1 Chemical Composition 2 

The number of cycles used, doping weight acquired from XPS analyses, and deposition thickness 3 

obtained from cross-sectional images (not shown) for HZO films under study are summarized in Table 1. 4 

 5 

Table 1 Deposition parameters, average Hf weight percentage for two sets of samples, and obtained thickness for HZO 6 
films under study 7 

Cycle ratio (Hf: ZnO) 0:1 1:9 1:4 1:1 

Hf weight percentage (wt.%) Not detected 0.67 ± 0.12 0.75 ± 0.13 1.70 ± 0.28 

Number of cycles 350 400 460 740 

Thickness obtained (nm) 72 78 78 85 

 8 

XPS analyses of the Hf 4f region clearly show an increase in Hf content with increase of Hf: ZnO 9 

cycle ratio, and no Hf signal in the undoped ZnO film. Observed doping is in the range of 0.00 - 0.42 at.% 10 

(0 - 1.70 wt.%), without apparent linear dependence between the concentration and the number of cycles. 11 

The relatively low intensity of Hf 4f creates some uncertainty in the estimation of Hf concentration. A 12 

possible explanation for the absence of a trend could be a non-uniform dopant distribution through the 13 

films. From the high-ratio film (1:1), it seems that Hf is present at higher concentrations close to the 14 

interface with the substrate but always with the same oxidation state (Figure S1). 15 

Figure S2 and S3 show the XPS analyses of the Zn 2p region for the pristine ZnO and HZO with 16 

high-ratio (1:1) films. The signal was fitted using a doublet ration separation of 23.1 eV [52, 53] and 17 

constrains for the area and peak width. The signal was fitted with a single component with the Zn 2p3/2 18 

signal maximum centered at 1022 eV consisting Zn in the form of ZnO [54, 55]. It is worth noting that the 19 
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signal for the HZO did not change after a couple of sputtering cycles, suggesting that Hf concentration is 1 

never high enough to perturb the Zn electronic structure significantly throughout the entire film.  2 

Figure S4 shows the XPS analysis of the Hf 4f region for the HZO with high-ratio (1:1) films. The 3 

signal was fitted using a doublet ration separation of 1.68 eV [56] and constrains for the area and peak 4 

width. The signal was fitted with a single component with the Hf 4f7/2 signal maximum centered at 17.5 eV 5 

consistent with Hf in +4 oxidation state [57]. It is worth noting that the Hf 4f signal position in the HZO 6 

film did not change after a couple of sputtering cycles despite the noticeable increase in Hf concentration, 7 

suggesting that Hf is present as Hf4+ throughout the entire film independently of its concentration.  8 

3.2 Structural and morphological properties 9 

Figure 1 presents the XRD patterns of the four samples deposited on fused silica. Diffraction peaks 10 

are in good agreement with the reference patterns for hexagonal wurtzite ZnO (JCP2.2CA 01-079-2205), 11 

which confirms that all HZO films consist of this phase [58]. The presence of (100), (002) and (101) 12 

reflections reveal the polycrystalline nature of the samples, while the highest intensity of the (002) 13 

orientation indicates that crystals are mainly composed of exposed (002) crystalline planes, resulting in a 14 

preferential growth along the c-axis perpendicular to the substrate [59, 60]. In comparison for films grown 15 

on a Si substrate, the presence of the (101) peak at 36.3° can be observed, in addition to the weaker signal 16 

intensity [49]. Nevertheless, similar to films deposited on Si, it is evident that the (002) peak intensity is 17 

increasing with doping, indicating a more columnar growth. Furthermore, it can be seen in Table S1 that 18 

the lattice constants are not significantly altered with doping, due to the close radius of Hf4+ (0.78 Å) to the 19 

radius of Zn2+ (0.74 Å) [61-64], confirming effective substitution in this range of low doping concentrations. 20 
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 1 

Figure 1 XRD pattern measured on fused silica substrates for different HZO film. 2 

 3 

SEM measurements corroborate this observation through the detected change of morphology of the 4 

films with doping. Figure S5 shows the evolution of the wedge-shaped microstructure in the undoped ZnO 5 

film into a columnar microstructure for the 1.70 wt% doped film, corresponding to (100) and (002) facets, 6 

respectively [65].  7 
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 1 

Figure 2 (a) A low magnification HAADF STEM image acquired from the prepared lamella. (b) A HRTEM image 2 
collected from the Hf-doped ZnO film (1.70 wt%). 3 

A low magnification cross-sectional view of the grown material (1.70 wt%) is shown in Figure 2a. 4 

Thickness of the deposited layer, as deduced from the high angle angular dark field (HAADF) STEM 5 

images, is found to be 85 nm. As can be seen in the images, no visible cracks or pores were observed. 6 

EFTEM images were collected from a selected region of the lamella and are shown in Figure S6. This 7 

indicates a homogeneous distribution of Zn and O. However, given the low concentration of Hf, Hf-edges 8 

due to core losses could not be observed in the EELS spectrum. Furthermore, high-resolution TEM 9 

(HRTEM) images are acquired from the doped ZnO film (Figure 2b). TEM investigations indicated the 10 

presence of a high degree of polycrystallinity, mostly dominated by (002) and (100) planes. In addition, no 11 

visible amorphous region was observed and the nanocrystalline regions were found to mostly be in 12 

columnar shape.  13 

In the context of water splitting, Pawar et al. studied the effect of ZnO crystal facets on the PEC 14 

performance [66]. A higher photocurrent for anodes with (002) facet was obtained in comparison to the 15 

(100) and (101) anodes, due to the fact that the (002) facets possess lower charge resistance at the interface 16 
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with the electrolyte. This facet engineering, mainly higher (002) facet exposure as a result of Hf doping, 1 

agrees well with our photoelectrochemical results below.   2 

3.3 Optical properties 3 

From the transmission and reflection spectra of the HZO films (shown in S7), the absorption 4 

coefficient was obtained through the following equation: 5 

α = −
1
𝑑𝑑

 ln
𝑇𝑇

1 − 𝑅𝑅
 (1) 

Subsequently, the band gap was obtained using Tauc method, in which the band gap energy can be 6 

determined through the intercept of the linear region of the (αhν)1/n curve with the photon energy (hν) x-7 

axis [67, 68], as shown in Figure 3a. 8 

(αhν)1/n ∝ (hν – Eg) (2) 

Where α is the absorption coefficient, h is Planck’s constant, ν is the photon frequency, and Eg is 9 

the optical band gap. n has a value of ½ for direct band gap materials. Urbach energy (EU) is another 10 

parameter that can be obtained from the absorption coefficient values near the band edge through equation 11 

(3) [69].   12 

α ∝ exp (
ℎ𝜈𝜈
𝐸𝐸𝑈𝑈

) (3) 

This equation characterizes the optical transitions between occupied states in the band tail of the 13 

valence band to unoccupied states of the conduction band edge. Urbach energy is obtained through the 14 

reciprocal of the slope of ln𝛼𝛼 in the linear region of the curve, as shown in Figure 3b. Results of the Eg and 15 

EU are presented in Table 2. The Urbach energy is increasing from 61 meV for the undoped film to 100 16 

meV for the 1.70 wt% film. This agrees with the commonly reported increase in Urbach energy as a result 17 

of doping in ZnO [34, 70, 71], and implies the increase of the width of the localized states in the band gap.  18 
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The broadening of the Urbach tails, along with an increase in Eg from 3.30 eV in the undoped 1 

sample to 3.46eV in 1.70 wt% sample, is indicative of a rearrangement of the band structure in doped films 2 

with a larger number of transitions from band to tail and tail to tail [71, 72]. The role of mid-gap states on 3 

the semiconductor photoresponse is not consensual. On the one hand, they can undermine the 4 

photoresponse, acting as recombination centers for the photocarriers, while on the other they can improve 5 

it, acting as further absorption centers, which can compensate for the intrinsic limitation of wide band-gap 6 

semiconductors in visible-light harvesting [73-75]. In addition to optical properties, other factors such as 7 

electrical and structural features’ impact on the PEC performance are discussed further on.  8 

 9 

Figure 3 a) Tauc plot and b) Urbach plot for different films. 10 

The majority of research attempts for improving ZnO anode performance focused on narrowing its 11 

band gap, to shift its absorption peak towards visible wavelengths. This results in higher charge carrier 12 

generation [24, 38, 76], but also a reduction of the material redox window, i.e., band edge redox power. 13 

Doping with Hf clearly increases its band gap, shifting its absorption further into the ultraviolet (up to 3.46 14 

eV), i.e., limited absorption range. Furthermore, Figure 3b also shows that the absorption coefficient 15 

decreases on increasing Hf-doping, creating electrodes highly suitable to work as transparent conductive 16 

oxide (TCO), but vaticinating lower photocurrents for anodes doped with Hf. Contrary to expectations, the 17 

Hf doping increases the generated photocurrent by roughly threefold comparatively to the undoped anode, 18 

as shown further on. PEC performance is governed by the complex interaction between optical, electrical 19 
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and structural properties. Therefore, doping with Hf changes the ZnO structural properties, including 1 

exposed facet, and enhances electrical properties to outweigh the drawbacks of band gap expansion 2 

observed. 3 

3.4 Photoelectrochemical properties 4 

MS plots were obtained to measure the flat band potential (EFB) and donor density (ND) in the 5 

space charge region, which can be extracted from the x-intercept and the slope of the plot (Figure 4). The 6 

capacitance (C) of the space charge region can be related to the applied voltage (E) through the following 7 

equation: 8 

1
𝐶𝐶2

=
2

𝜀𝜀0𝜀𝜀𝜀𝜀𝑁𝑁𝐷𝐷
(𝐸𝐸 − 𝐸𝐸𝐹𝐹𝐹𝐹 −

𝑘𝑘𝑇𝑇
𝜀𝜀

) (4) 

 9 

Where ε0 is the vacuum permittivity, ε = 10 is the permittivity of ZnO, e is the electronic charge, T is the 10 

temperature (ca. 298 K) and k is the Boltzmann constant. The positive slope of the MS plots confirmed the 11 

n-type nature of pure ZnO and Hf-doped ZnO. Doping increased ND and caused a negative shift of the EFB, 12 

decreasing from -0.158 in undoped to -0.299 V vs. NHE in the 1.70 wt% sample (Table 2). A more cathodic 13 

EFB is usually indicative of two main factors: (i) higher separation efficiency of the photogenerated carriers; 14 

(ii) upward-shift of the Fermi level and, in general, a more favorable energy level shifting against water 15 

redox potential [77, 78]. In compact, thin films with a relatively flat surface, like the ones under 16 

investigation, the conduction band edge (EC) differs only very slightly from EFB. Therefore, it can be 17 

assumed that EC and EFB are roughly equal and the valence band edge (EV) can be determined from EFB and 18 

Eg (Table 2) [73, 79]. Notably, all the doped samples showed a valence band edge lowering, denoting 19 

stronger oxidation ability from their holes and thus a larger driving force for water oxidation compared to 20 

pure ZnO. Doping also caused a marked rise in the donor density, increasing from 1.96 x 1019 in undoped 21 

film to 4.5 x 1019 cm-3 in 1.70 wt% doped one. The presence of electron donors responsible for the n-type 22 

conductivity in pure ZnO is usually ascribed to oxygen vacancies [80, 81]. On the other hand, the 23 
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proliferation of donor impurities with increasing doping may result from Hf4+ ions and boosting of further 1 

oxygen vacancies, which support the population of the conduction band and the Burstein Moss shift. It is 2 

believed that increasing ND is beneficial for PEC properties of semiconductor materials. However, high 3 

doping levels may also lead to degeneracy and increased charge recombination, causing an adverse PEC 4 

performance [63]. 5 

 6 

Figure 4 MS plots for HZO thin films prepared with different Hf concentrations. 7 

Amperometric measurements were carried out to investigate the photoresponse of the different 8 

films over time. Figure 5a displays the photocurrent transients at 0.6 V vs. NHE obtained during on/off 9 

illumination cycles under UV irradiation. All the samples exhibited an anodic stationary photocurrent with 10 

spikes of the same sign, indicative of an n-type behaviour. Undoped ZnO and 0.67 wt% doped films had 11 

similar steady-state photocurrent densities (J) of 2.2 and 2.6 μA cm-2, respectively, while 0.75 wt% film 12 

showed remarkably enhanced performance, with J about 2.5 times higher than that in pure ZnO. This 13 

suggests that low Hf doping (i.e. 0.75 wt%) significantly improves the charge separation and, consequently, 14 

the PEC activity. However, a further increase in Hf content (i.e. 1.70 wt%) did not result in any 15 

improvement, due to the increase in recombination centres introduced by Hf atoms. This can be further 16 
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understood through examining previously reported mobility values for those films [49]. It is observed that 1 

mobility decreases with doping, due to impurity scattering. The direct proportionality of diffusivity with 2 

mobility, also known as Einstein relation, also implies that films with higher mobility will have large 3 

diffusion length, potentially allowing more photogenerated carrier to contribute to the extracted current. 4 

Thus, the enhancement of photocurrent with doping reaches a limit where the low mobility of generated 5 

carriers becomes dominant, resulting in higher recombination rate. The solar to chemical conversion 6 

efficiency (η) was obtained by equation (5), after measuring the photocurrent J at different applied voltages 7 

(E) [73, 82]. 8 

𝜂𝜂 =
𝐽𝐽(1.23 − 𝐸𝐸)

𝐼𝐼𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 
 (5) 

Where 𝐼𝐼𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 is the power density of the incident light. As shown in Figure S8, the 0.75 wt% sample showed 9 

the highest efficiency (0.11%), almost four times time higher than that of undoped ZnO (0.03%).  10 

Figure 5b shows the Nyquist plots of the EIS measurements, aiming to study the kinetics of charge 11 

transfer between the HZO films and electrolyte. The inset of the same figure displays the equivalent model 12 

for a double capacitor used for fitting the EIS data. Such a model includes an ohmic resistance in series 13 

with two RC circuits [63, 73, 79-81, 83]. The series resistance Rs takes into account the electrolyte 14 

resistance, external contact resistance and FTO substrate; R1 and the constant phase element CPE1 accounts 15 

for the resistance and capacitance in semiconductor bulk/depletion layer (high-frequency contribution), 16 

while R2 and CPE2 represent the charge transfer resistance at the semiconductor/electrolyte interface and 17 

Helmholtz capacitance, respectively (low-frequency contribution). No significant changes were observed 18 

in R1, indicating a similar charge transfer in the bulk/depletion layer in all the samples. On the other hand, 19 

R2 values were significantly different, suggesting a strong impact of the doping on the kinetics at the 20 

film/electrolyte interface. R2 values are summarised in Table 2. The trend was consistent with the 21 

photocurrent transients: (i) the film with 0.75 wt% doping was the sample with the lowest R2, resulting in 22 

the smallest arc radius in the Nyquist plot; (ii) undoped and 0.67 wt% samples exhibited similar charge 23 
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transfer resistance; (iii) above a certain threshold, the doping did not improve the charge transfer as shown 1 

by the 1.70 wt% doped sample. It can be said, therefore, that moderate Hf-doping benefits the PEC activity, 2 

as demonstrated by the 0.75 wt% doped sample, which allowed faster kinetics of the redox reaction at the 3 

thin-film surface. The lowest charge transfer impedance is the result of the high (002) orientation leading 4 

to more reactive catalytic sites in the material. Furthermore, an increased (002) facet exposure can also 5 

enhance the surface hydrophilicity, facilitating the supply of redox species to the electrode and, 6 

consequently, the PEC performance. Indeed, a (002) facet is a Zn-rich facet, where surface Zn atoms possess 7 

one dangling bond, which is responsible for the enhanced surface energy and thus hydrophilicity [66].  8 
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 1 
Figure 5 (a) Photocurrent transients at 0.6 V vs. NHE and (b) Nyquist plots for HZO samples. 2 

 3 
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The surface recombination process was investigated by open-circuit potential-decay (OCPD) 1 

measurements, in order to gain a better insight into the dissimilar charge transfer kinetics revealed by the 2 

different HZO samples. In Figure 6, the normalized OCPD curves obtained by relaxation upon interruption 3 

of the illumination are displayed for the various samples. The OCP is related to the difference between the 4 

Fermi level in the semiconductor and the Pt counter electrode [84]. In dark condition, this difference 5 

depends on the redox equilibrium. Under UV irradiation, due to the hole scavenging by H2O at the 6 

film/electrolyte interface, the electrons accumulate within HZO. This leads to a shift in the Fermi level, and 7 

therefore in the OCP, to more negative potentials. The OCP thus reaches a steady-state value at which 8 

charge recombination and electron accumulation are competing. After interrupting the illumination, the 9 

VOC shows a decay dictated by the recombination phenomena of the electrons by surface trapped holes 10 

and their scavenging by acceptor species in the electrolyte [85]. However, the OCP decay usually occurs in 11 

the time domain of few minutes, while charge recombination in lattice bulk of ZnO is a fast process (ns-μs 12 

domain). This implies that the OCPD can be mainly related to the recombination between the redox species 13 

in the electrolyte and surface trapped charges [86].  14 

The OCPD constant can be seen as a pseudo first-order constant kr, and can be calculated by fitting 15 

the exponential decay during relaxation using the following equation: 16 

𝐸𝐸𝑡𝑡 − 𝐸𝐸𝑝𝑝ℎ
𝐸𝐸0 − 𝐸𝐸𝑝𝑝ℎ

= 1 − exp(−𝑘𝑘𝑟𝑟𝑡𝑡) (6) 

 17 

Where Et is the OCP at any time t, while Eph and E0 are the steady-state OCP values under UV irradiation 18 

and in dark condition, respectively. The values of kr for the different samples are summarized in Table 2. 19 

Undoped and 0.67 wt% doped films showed similar recombination, while the OCPD was significantly 20 

retarded in 0.75 wt% and 1.70 wt% films. In particular, 0.75 wt% sample exhibited the lowest kr, meaning 21 

that the water oxidation by the holes is more effective than in the other samples. As a consequence, the 22 

accumulated electrons in the films survive longer resulting in a slower decay. This proves that Hf-doping 23 

suppresses the formation of surface states, which act as recombination centres for the photogenerated 24 
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carriers, and determine a more inefficient water oxidation by the holes (i.e. higher kr) in pure and lightly 1 

doped ZnO. However, high doping levels preclude a further improvement of the PEC performance, as found 2 

in 1.70 wt% doped film, likely due to the emergence of new surface states in the materials. 3 

 4 

Figure 6 Normalized OCPD curves for HZO samples. 5 

 6 

Table 2 Eg, Eu, EFB, EC, EV, ND, R2, Kr values for HZO samples 7 

Sample Eg (eV) EU (meV) 
EFB  ≈ EC  

(V vs. NHE) 

EV  

(V vs. NHE) 

ND x 1019 

(cm-3) 
R2 (Ω cm-2) 

kr  x 10-2  

(s-1) 

Undoped 3.30 61 
-0.158 ± 

0.006 
3.142 ± 0.006 1.96 ± 0.07 1778 ± 20 1.28 ± 0.08 

0.67 wt% 3.39 85 
-0.175 ± 

0.005 
3.215 ± 0.005 2.38 ± 0.05 1761 ± 17 1.47 ± 0.08 

0.75 wt% 3.43 97 
-0.252 ± 

0.007 
3.178 ± 0.007 3.05 ± 0.08 822 ± 21 0.63 ± 0.06 

1.70 wt% 3.46 100 
-0.299 ± 

0.002 
3.161 ± 0.002 4.50 ± 0.09 1194 ± 25 0.82 ± 0.02 

 8 
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3.5 Photostability 1 

To study the photostability of Hf-doped ZnO, both optical and structural properties for films 2 

deposited on FTO were measured before and after the PEC experiment. Figure S9 present the XRD 3 

diffractogram and optical transmittance of ZnO film deposited on an FTO substrate, before and after the 4 

PEC runs. The results show that the ZnO film post-experiment exhibits similar behaviour to the FTO 5 

substrate, optically and structurally. This is indicative of the occurrence of corrosion phenomena during the 6 

PEC tests, agreeing with literature for the low stability of ZnO in aqueous solution [27, 87]. However, 7 

repeated runs confirmed that the anode exhibits a stable performance throughout the photocurrent transient 8 

and OCPD measurements. This observation suggests that the instability of the material may be triggered at 9 

a later stage by the potential and frequency sweeps set in EIS and MS experiments, which cause the HZO 10 

films to partly dissolve and corrode in the electrolyte. This limitation is also observed for other anode 11 

candidate materials [27, 88]. The aforementioned phenomenon stresses the need for a high conformity 12 

deposition technique such as ALD, to combine the highly promising doped ZnO with more stable films, 13 

such as TiO2 in a single reactor. In this regard, Lui et al. utilized ALD to create an ultra-thin shell of TiO2 14 

over ZnO nanowires, combining the enhanced electronic properties of ZnO (in comparison to TiO2) and 15 

the high stability of TiO2 [32]. Similarly, Li et al. employed ALD to deposit a Ta2O5 protective layer on 16 

ZnO NR photoanodes, achieving a praiseworthy stability of 5 hours [89].   17 

4. Conclusion 18 

In this work, ALD grown Hf-doped ZnO was studied as a semiconductor photoanode for water 19 

splitting applications. A low doping concentration (i.e. 0.75 wt%) is found to be sufficient for improvement 20 

of the PEC performance, resulting in a photocurrent threefold higher than undoped ZnO. This is attributed 21 

to a good balance between carrier concentration and mobility, higher (002) facet exposure, along with a 22 

marked reduction of recombination centers, ensuring faster charge transfer kinetics at the electrode-23 

electrolyte interface. 24 
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This research, in addition to proving the viability of utilizing ALD Hf-doped ZnO films for water 1 

splitting applications, also proposes Hf doping of ZnO using other deposition methods and/or other 2 

structures, such as nanowires or nanorods. In this respect, ALD Hf-doped ZnO may be grown on appropriate 3 

templates and/or combined with more porous materials in order to increase the effective surface area of the 4 

electrode. 5 

 Finally, a monolithic approach, in which ALD technique can be used to introduce further materials 6 

in the photoanode, coupling unstable highly active Hf-doped ZnO with an appropriate protective layer, is 7 

an attractive option to overcome the aforementioned limitations of those films before its practical 8 

application in water photosplitting.  9 
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