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Abstract
This work reports a facile two-step method of producing highly efficient ZnO photoanodes for
photoelectrochemical (PEC) water splitting under solar light conditions and describes the role
of surface oxygen vacancies (Vo) in their enhanced PEC performance. The photoanode
fabrication involves post-growth oxidation of a metallic Zn layer, which produces a
nanostructured ZnO film consisting of ~50 nm diameter nanorods containing a high
concentration of Vo defects. The PEC activity of the ZnO films is investigated by studying water
oxidation in an aqueous electrolyte under simulated solar illumination. The relationship of PEC
and charge transfer characteristics of the ZnO photoanodes with ionized surface Vo defects is
established using cathodoluminescence, X-ray photoemission, voltammetry, electrochemical
impedance spectroscopy and chronoamperometry. The combined results show that the
photoanode fabricated in this work possesses a high surface density of ionized Vo states that
facilitate the effective transportation of holes for water oxidation. It is found that the photoanode
exhibits an exceptional photocurrent density of 1.14 mA/cm? at 1.23 Vre, being one of the best
performances reported in the literature for ZnO-based photoelectrodes so far. Our results
demonstrate a simple, low-cost method for fabricating highly efficient Vo rich ZnO-based PEC

photoanodes that is suitable for large scale production.
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1. Introduction

Utilizing renewable energy from hydrogen sources is currently attracting considerable
attention to address energy and environmental issues. Photoelectrochemical (PEC) water
splitting is widely considered to be a viable technique to generate sustainable, clean and storable
hydrogen energy from water using solar radiation.[1-3] During water slitting, two separate half-
reactions are involved in the PEC redox process: a water reduction reaction (H, reduction,
2H,0 + 2e~ —» H, + 20H™) and a water oxidation reaction (O, production, 2H,0 + 4h* —
0, + 4H*).[3] When an n-type ZnO photoanode is immersed in a suitable water-based
electrolyte, conduction band (CB) electrons flow from the ZnO electrode to the solution since
the ZnO Fermi level is above the electrolyte redox potential. This outward flow of electrons to
the electrolyte creates a depletion layer at the ZnO photoanode surface with a build-in potential
and an associated electric field pointing towards redox interface that causes upward bending of
the near-surface band edges.[4, 5] Under solar illumination, e-h pairs generated within the
surface depletion layer by photoionization are formed and subsequently charge separated by the
electric field. Consequently, photogenerated holes drift towards the semiconductor/electrolyte
interface, where they oxidize water molecules creating Oz, while photogenerated electrons are
transported to the cathode through an external bias voltage to reduce water molecules generating
H2.[6] Of these two-half reactions, the water oxidation process is considered to be a bottleneck
in the PEC water splitting efficiency because it is a sluggish reaction requiring the rapid transfer
of four holes to the electrolyte to create one molecule of oxygen. In comparison, the water

reduction needs the transfer of a single electron to generate a molecule of hydrogen.

Several metal oxides such as Fe20s, CdO, TiOz, and ZnO have been evaluated as
potential photoanodes for PEC water splitting because of their low fabrication cost and high
stability in aqueous media compared with other types of traditional semiconductors.[1, 7-9]

However, to date most of most metal oxide photoanodes have been proven to be unsuitable for



PEC applications. For example, hematite (a-Fe20s3) exhibits poor charge separation in its surface
depletion layer due to a low hole drift mobility and short hole diffusion length,[10] CdO is not
suitable as Cd is highly toxic while TiO2 absorbs solar radiation poorly due to its wide bandgap
and poor hole transport.[11] In contrast, ZnO is an attractive PEC candidate due to its favorable
band edge energy positions with respect to the redox potentials of water, low toxicity, ability to
be grown in a variety of bespoke nanostructures, and significantly larger hole mobility compared
with TiO2 and Fe203.[12-14] Recently, it has been reported that the introduction of oxygen
vacancy (Vo) defects can be used to increase the PEC efficiency of oxide-based
photoanodes.[15-18]. Different methods have been attempted to create Vo defects in ZnO,
including hydrogenation, growth under oxygen-deficient conditions, post-growth annealing
under a reducing atmosphere, as well as lowering the Vo formation energy by the incorporation
of acceptor dopants.[19-22] Significantly, Duan et al.[17] used electrochemical reduction to
increase the Vo density in ZnO and observed a threefold increase in the PEC photocurrent
density. While the benefits of Vo incorporation into oxide photoanodes on the PEC performance
are clear,[1] no phenomenological model currently exists to explain the role of this defect in the
underlying electrical processes at metal oxide photoanodes. This work focuses on the
incorporation of Vo defects in ZnO photoanodes by the oxidation of metallic Zn films and their
role in mediating the PEC performance. It is found that Vo rich ZnO photoanodes fabricated
using this approach exhibit an exceptional photocurrent density of 1.14 mA/cm? at 1.23 Vree,
being among the best ZnO-based PEC performance values reported in the literature so far. These
ZnO photoanodes exhibit an intense signature green luminescence (GL) band associated with
Vo defects. Accordingly, we present a model that explains the relationship between the density
of Vo defects in ZnO photoanodes and their PEC activity, shown in the schematic in Figure 1.
Here, e-h pairs are separated by the electric field across the depletion layer efficiently

transporting holes to the ZnO photoanode/electrolyte interface rich in reactive charged V&*



surface sites that enhance the PEC water redox reaction. The high concentration of near interface

VZ&* is produced by the transformation of bulk V§ due to the surface upward bending of the

V02+/ 0 charge transfer level (CTL) above the Fermi level of the n-type ZnO photoanode. The

model is supported by cathodoluminescence (CL) and X-ray photoemission spectroscopy (XPS)
studies, which both confirm that the ZnO photoanode with the highest PEC performance has the
largest Vo concentration. We further present a facile, inexpensive method for producing high-
performance ZnO-based photoanodes that exhibit a high absorption efficiency in the visible

spectral range and low charge-transfer resistance.
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Figure 1. A schematic representation of the PEC and GL processes in a Vo rich ZnO photoanode.
Since the surface pinned Fermi level (EF) of the n-type ZnO photoanode is typically above the
electrolyte redox potential (Eredox), CB electrons flow from ZnO to the electrolyte. This charge
equalization produces a surface depletion layer (blue region) with an associated outward
pointing electric field that causes upward bending of the band edges. The e-h pairs photoexcited

within the depletion layer are charge separated by the electric field, which transports holes



(electrons) to the photoanode (cathode)/electrolyte interface to drive the oxidation (reduction)
reaction. Notably, the V02+/ ® CTL also bends upwards and when it rises above Er a near surface
layer of reactive VZ* defects (blue shaded region) is produced that promotes the PEC water
redox process. The V5" defects can also capture a free electron forming the V& (V21 + er) state
with a deeply trapped electron (er) that can radiatively recombine with a photogenerated free
hole, producing the observed GL (green arrow) and restoring the V4™ state.[23] Ultraviolet

emission (purple arrow) arises from the near-band-edge (NBE) e-h recombination in the ZnO

bulk.

2. Experimental

2.1 Fabrication of ZnO thin films for photoanodes
Two fabrication approaches were used to produce ZnO photoanodes. The first approach involved
depositing a metallic Zn film of ~ 200 nm on an FTO-coated glass substrate (Sigma-Aldrich,
8 Q/sq resistivity) using a DC sputtering system (NSC-4000, Nanomaster). The sputtering target
was metallic Zn (99.995 % purity, ACI alloys Inc.). The sputtering chamber had a base pressure
of 8 x 107¢torr and was maintained at a working pressure of 3 x 1073 torr during film
deposition at a DC sputtering power of 100 W, a constant Ar flow of 75 sccm for 10 mins. The
deposited Zn films were oxidized in ambient air using a tube furnace at 450, 550, and 650 °C
(denoted as Zn-450°C, Zn-550°C, and Zn-650°C, respectively). The furnace was heated at a rate
of 10 °C/min to the set temperature and the films were annealed for two hours. The second
approach was to deposit a ZnO film via DC reactive sputtering deposition in a 1:1 Ar/O2 gas
mixture. The film was then annealed for 2 hours at 550 °C separately in argon or air atmosphere
(denoted as ZnO-argon, and ZnO-air, respectively, and ZnO-AG for as-grown Zn0O). It is worth
noting that the fabricated ZnO photoanodes will exhibit upward surface bending of the band

edges due to chemisorbed oxygen species depleting electrons from the ZnO surface.



2.2 Structural and optical characterization

The fabricated ZnO films were characterized using a broad variety of complementary
analytical techniques. First, the crystallinity of the ZnO films was examined using X-ray
diffraction (XRD, Rigaku Miniflex-600) using Cu Ko radiation A = 1.5406 A. The ZnO film
morphologies were investigated using Zeiss Supra 55VP scanning electron microscope (SEM).
The optical properties of the films were studied using a double-beam UV-Vis spectrometer
(Jasco V-570). CL measurements were performed on a FEI Quanta 200 SEM equipped with a
parabolic mirror collector and an Ocean Optics QE65000 spectrometer; all CL spectra were
corrected for the total system response. Chemical state analysis of the films was conducted using
XPS (ESCALAB250Xi, Thermo Fisher); binding energies were calibrated using the C 1s peak

at 286 eV. All samples were etched with Ar* ions for 30 seconds before XPS analysis.

2.3 Photoelectrochemical and photocatalytic measurements

The PEC performance of the ZnO photoanodes was investigated using chronoamperometry,
linear sweep voltammetry, and electrochemical impedance spectroscopy in a quartz cell
connected to a VVoltalab PGZ 402 potentiostat via a three-electrode measuring setup as described
previously.[24] ZnO thin-films, saturated calomel electrode (SCE), and platinum coil were used
as working electrodes, reference electrode, and counter electrode, respectively. The measured
potential (Vsce) was converted to the reversible hydrogen electrode (VrHE) potential using
Nernst equation:[25]

VRHE = VSCE + 0.0591 x pH + VSOCE Eq (1)

where Vs is the applied potential versus the SCE, and V&g (= 0.244 V) is the standard redox
potential of the SCE at 298 K. A 0.5 M Naz2SO4 solution was utilized as an electrolyte. The
photocatalytic activity of the ZnO photoanode was assessed under simulated solar light
irradiation using a Xenon lamp (Max-303, 300 W) with a light intensity of 100 mW/cm? in the

wavelength range of 300 — 600 nm The charge transfer resistance (Rct) of the deposited films



was determined using electrochemical impedance spectroscopy (EIS) in the dark and under
illumination. The EIS measurements were made over the frequency range from 10 mHz to

100 kHz.

3. Results and discussion

3.1 Fabrication of ZnO photoanodes rich with oxygen vacancies
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Figure 2. Typical SEM images of the ZnO films (a, b, and c¢) and the oxidized Zn films
(d, e and f). The ZnO films grow in the form of closely packed crystal grains, while the oxidized
Zn films are comprised of randomly oriented nanorods. The nanorods in the oxidized Zn films
become larger in both diameter and length as the post-oxidation temperature is raised from 450

to 650°C.

Typical SEM images of the ZnO films studied are displayed in Figure 2. The ZnO-AG film
is comprised of plate-like nanostructures, the platelets are ~ 100 nm in lateral dimensions as seen
in Figure 2(a). The morphology and surface features of the ZnO film prior to annealing are
analogous to those of the FTO substrate (see the SEM image of the bare FTO glass in
Supplementary Material Figure S1), suggesting that the surface structure of the FTO glass

substrate is responsible for the observed rough morphology and voids in the ZnO-AG film. The



annealed ZnO-air and ZnO-argon films have a granular texture consisting of densely packed
grains with a lateral size of ~ 50 nm, as shown in Figure 2(b, c). The morphology of the oxidized
Zn films is clearly different and comprises of randomly oriented ZnO nanorods with a ~ 20 nm
diameter (see Figure S2 for image analysis of these rod-like structures.) The nanorods are formed
during the annealing process as a result of interaction between the metallic Zn layer and oxygen,
and are found to enlarge with increasing annealing temperature. These results are significant as

the active surface area of a ZnO photoanode is directly proportional to its PEC activity.

The XRD patterns for both the ZnO and oxidized Zn film sets are shown in Figure 3. All the
diffraction patterns contain peaks (indicated by red dots) corresponding to the FTO coating layer
of the substrate. The annealed ZnO films (ZnO-argon and ZnO-air) exhibit a strong (0002) XRD
peak, indicating that these films possess wurtzite crystalline structure with a preferential c-axis
orientation. On the other hand, the ZnO-AG film is poorly crystalline, its ZnO XRD (0002) peak
is considerably weaker than the FTO peak at 26 ~ 34° and cannot be distinguished clearly due
to their strong overlap. However, the broadening of the ZnO-AG XRD line at ~ 34° on the high
20 side of the peak is consistent with the presence of a weak ZnO (0002) reflection. Since the
ZnO-AG film is not highly crystalline, its XRD (0002) peak is considerably weaker than the
FTO peak and thus cannot be distinguished clearly; this is in contrast to those of the annealed
crystalline films shown in the same figure. However, the broadening of the ZnO-AG XRD peak
at ~ 35° towards to the high 26 value is consistent with the presence of a weak (0002) peak.The
(0002) diffraction peak is weak in the ZnO-AG and enhanced substantially after annealing as
the film crystallinity improves. For the oxidized Zn films (Zn-450°C, Zn-550°C, and Zn-650°C),
multiple diffraction peaks are observed and can be indexed to (11-20), (0002), (10-11), (10-12),
(11-20), (10-13), and (11-22) planes of wurtzite ZnO since their XRD patterns are governed by
the growth of crystalline nanorods along random directions on the substrate (see Figure 2). These

XRD findings are consistent with the compositional and chemical state analysis results by XPS



for both the ZnO and oxidized Zn film sets shown in Figure S3, which confirms the successful
conversion of the metallic Zn films to highly crystalline ZnO by oxidative annealing. The Zn-

650°C film displays only slight improvement in its crystallinity compared with Zn-450°C and

Zn-550°C.
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Figure 3. XRD patterns for the oxidized Zn and ZnO films. The peaks are indexed as follows:

the red dots correspond to the FTO substrate while the dashed lines indicate reflections from the

ZnO films. All the ZnO peaks can be identified as the wurzite phase of ZnO, indicating the



successful conversion of the metallic Zn films (Zn-450°C, Zn-550°C and Zn-650°C) to highly
crystalline ZnO by oxidative annealing. The oxidized Zn films comprises of crystallites with
multiple orientations such as (0002), (11-20), (10-11) and (11-20), while the ZnO films (ZnO-
AG, ZnO-argon, and ZnO-air) have a predominantly (0002) growth orientation.

The optical properties of the ZnO films are determined using UV-Vis spectrometry
[Figure 4(a, b)]. The ZnO films exhibit absorption only in the UV spectral region with a sharp
absorption edge at 387 £ 3 nm (3.24 £ 0.02 eV from the Tauc plot extrapolation), close to the
bandgap of bulk ZnO, while the optical absorption spectra of the oxidized Zn films display an
exponential absorption edge over the visible spectral range. The extended absorption tails in the
spectra of the Zn-450°C, Zn-550°C, and Zn-650°C films can be attributed to light scattering in
the nanostructured films and the Urbach tail effect [26] caused by band edge potential
fluctuations produced by a high density of Vo defects. The light scattering effect in these films
could be significant since the size of the nanorods is of the order of the wavelength of visible
light. From the Tauc plot, the bandgap of these oxidized Zn films can be determined to be 3.01 £
0.02 eV, which is significantly narrower than that of the ZnO films. The narrowed bandgap
together with the exponential absorption edge enable these films to expand the absorption range

thus enhances the PEC activity in the visible region.
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Figure 4. (a) UV-Vis absorption spectra measured from the as-grown and thermally
annealed ZnO and oxidized Zn films at 450°C, 550°C and 650°C. The ZnO films exhibit a sharp
optical absorption edge at 402 nm. In contrast, the spectra from the oxidized Zn films display an
exponential absorption tail due to the presence of a high concentration of Vo defects. (b) Tauc
plots for the films, yielding Eg = 3.24 = 0.02 eV and 3.01 £ 0.02 eV for the ZnO and oxidized
Zn films, respectively. (c) CL spectra of the ZnO and oxidized Zn films acquired under identical
conditions (300 K, 9 kV and 12.3 nA). The ZnO-AG film exhibits only a RL peak at 1.9 eV.
Conversely, the other films exhibit three emission bands: UV at 3.3 eV, GL at 2.45eV and RL
at ~1.9 eV, attributed to NBE e-h recombination, Vo and Vzn, respectively. (d) Gaussian fits of
the deep-level emission for the oxidized Zn-550°C film. The Zn-550°C spectrum has the largest
lcL/Inge ratio (see Table S1), indicating that this film has the highest Vo density.
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The defect structure in both the ZnO and oxidized Zn film sets is further studied using
CL spectroscopy [Figure 4(c, d)]. All the films, except the ZnO-AG, exhibit a characteristic NBE
emission at ~ 3.3 eV due to the radiative recombination of free excitons in wurtzite ZnO.[27]
The NBE emission is accompanied by a deep-level emission (DLE) comprised of a GL peak
centred at 2.45 eV and a red luminescence (RL) shoulder at ~1.80 eV; these luminescence bands
have previously been assigned to Vo and Vzn defects, respectively.[28, 29] The ZnO-AG film
displays only the RL and no NBE emission, indicating that this film contains an excess of Vzn
defects consistent with the oxygen-rich growth environment. The ZnO-air and ZnO-argon CL
spectra show the presence of an NBE emission as defects are gradually annealed out. For the
oxidized Zn films, the strong green emission indicates an abundance of Vo defects, which
improves their light absorption capability as observed in the UV-Vis results. The strong GL
emission observed in the oxidized Zn films confirms a high density of Vo. In wurtzite ZnO, Vo
has three possible charge states: neutral V3, singly ionized V§ and doubly ionized V3*.
Computational studies indicate that VF exhibits negative U behavior and is unstable under
thermal equilibrium.[30] Accordingly, V§ instantly transforms into its V3 or V&* charge state
by the gain or loss of an electron, depending on whether the ZnO Fermi level is above or below
the V02+/ °CTL, respectively (see Figure 1). However, V3 is the thermodynamically stable charge

state in the ZnO bulk due to its n-type nature with the Fermi level above the CTL. Conversely,

V4™ states exist within the near surface region of the depletion layer due to the V02+/O CTL
bending above the ZnO Fermi level. In addition, it is widely reported that the ionized Vo
signature GL emission intensity is strongest at the surface of ZnO nanowires.[31, 32] As a result,
the measured GL emission in Figure 4(c) results from radiative recombination involving Vo
defects. Here, a surface V5" defect captures a free electron and converts into a V state with a
deeply trapped electron that radiatively recombines with a photogenerated hole in the valence

band, restoring the V&* center and producing the GL (see Figure 1).[16, 23, 28, 33] Notably, the
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overall CL intensity of the oxidized Zn films increases with increasing annealing temperature as
expected due to the improvement in film crystallinity and the associated removal of non-
radiative defects, consistent with the XRD results as shown above. The DLE band is fitted with
two Gaussian components to find the integrated intensities of the GL and RL bands for each of
the ZnO photoanodes [Figure 4(d)]. The large variation of the GL and RL intensities in the ZnO
films are evidenced in Table S1, which shows the lcL/Inse and IrL/Inse intensity ratios. The ZnO
films process larger IrL than leL as the formation of Vzn is favourable in oxygen-rich growth
conditions. On the other hand, the GL is the dominate peak in the oxidized Zn films with the Zn-
550°C film exhibiting the largest lcL/Inse ratio, which renders this film with its high Vo density
suitable for PEC water oxidation. These CL point defect characterization findings are further
supported by the oxidation state XPS analysis shown in Figure S2. As displayed in this figure,
the O 1s spectra for the films can be deconvoluted into two peaks at 530.6 eV, which corresponds
to O% ions in the wurtzite fully coordinated ZnO, and at 532.3 eV ascribed to O% ions with a Vo
defect nearby.[34] The relative oxygen vacancy concentrations present in the films are estimated
by obtaining the intensity ratio of the two deconvoluted peaks; this ratio is found to be 1(Vo)/I(O-
Zn) = 0.28, 0.30, and 0.37 (x 0.2) for ZnO-air, ZnO-argon and Zn-550°C films, respectively.
This result further confirms that the Zn-550°C film has a higher Vo concentration compared to

the as-grown ZnO films.

3.2 PEC water splitting performance

The PEC performance of the ZnO photoanodes over the potential range of 0 — 1.4 VrHe
is shown in Figure 5(a) and the measured photocurrent density, Iphoto, at 1.23 VrHE IS presented
in Table S1. The ZnO-AG films show the lowest photocurrent density of 0.07 mA/cm? at
1.23 VrHEe due to their low film quality, consistent with the CL result that shows their optical
properties are dominated by defects. The photocatalytic activity increases slightly to 0.13 and

0.34 mA/cm? at 1.23 VrHe When the ZnO-AG film is annealed at 550°C in air (ZnO-air) and
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argon (ZnO-argon), respectively. This PEC performance enhancement could be attributable to
the improvement in the film crystallinity, and possibly a higher density of Vo defects as revealed
by the CL [see Figure 4(c)]. In comparison, the oxidized Zn photoanodes exhibit a three- to four-
fold increase over the ZnO counterparts; at 1.23 Vrre, the Zn-450°C and Zn-550°C photoanodes
have a photocurrent density of 0.87 and 1.14 mA/cm?, respectively. As discussed above, this
remarkable improvement can be attributed to several factors. First, the oxidized Zn photoanodes
have a much higher concentration of near-surface charged Vo defects. These reactive centres are
known to act as preferential active sites for the surface adsorption of reactive oxygen species,
such as H20, H and Oz, with their bonding at the Vo sites facilitating efficient charge transfer in
the PEC process.[17, 18] Second, the Vo rich oxidized Zn films have a narrower bandgap due to
the Urbach tail effect generating an exponential absorption edge that extends into the visible
spectral range, improving light absorption efficiency of the photoanode under solar light
irradiation. Third, the oxidized Zn films are comprised of nanorods with a large surface area that
significantly increases the interaction between the electrolyte and ZnO photoanode. Notably, the
oxidized Zn-650°C film has a lower photocurrent of 0.72 mA/cm? at 1.23 Vrue. Annealing FTO-
coated glass at temperatures above 600 °C has been shown to cause a reduction in its electrical
conductivity due to the diffusion of Sn from the FTO coating [35, 36]; the lower photocurrent in

the Zn-650°C photoanode can therefore be attributed to thermal damage to the FTO substrate.
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Figure 5. (a) Linear sweep voltammetry (LSV) plots, (b) chopped light chronoamperometry
curves, and (c) Nyquist plots from impedance spectroscopy measurements for the ZnO and
oxidized Zn photoanodes in 0.5M Na2SO4 aqueous solution and under 100 mW/cm? light
intensity. The oxidized Zn photoanodes show a higher photocurrent density and lower charge
transfer resistance, Rct, compared with the ZnO counterparts. (d) Impedance spectroscopy of the
Zn-550°C photoanode in the dark and under 1.23 Vrue illumination. The resistance is extremely
large in the dark, confirming that the photocurrent is generated by photogenerated e-h pairs

induced by solar irradiation.
A chopped light chronoamperometry test reveals a similar photoactivity trend at
1.23 Vrue under AM 1.5G solar simulator irradiation. Figure 5(b) shows the photocurrent

density Jphoto Versus time under on/off solar irradiation. In the absence of solar irradiation, all the
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photoanodes do not produce a measurable photocurrent. When the photoanode is illuminated, a
large number of charge separated photoexcited carriers accumulate at the photoanode/electrolyte
interface, resulting in the instantaneous generation of photocurrent spikes. Notably the Zn-550°C
photoanode with the highest Jpnoto also contains the highest Vo density. With the annealed ZnO
photoanodes, an exponential drop in photocurrent is observed with increasing light exposure
time which is repeated after blanking the optical excitation cycle as shown in Figure 5(b). This
decrease in the photocurrent could arise from shallow defects trapping the charge separated
carriers producing an opposing electric field that screens the in-built surface field. In contrast,
with the Zn-450°C, Zn-550°C, and Zn-650°C photoanodes, following light exposure after the
initial spike, the photocurrent slowly increases, saturates and maintains its intensity at re-
exposure after most light-off cycles. These time dependent photocurrent kinetics are likely
caused by the high density of ionized Vo defects being effective centers for carrier trapping and
de-trapping, preventing free holes reaching the surface of the photoanode until a steady state

condition is achieved.[37, 38]

The kinetics of the PEC process at the ZnO photoanode/electrolyte interface was
assessed using the EIS technique at 1.23 Vrue under 100 mW/cm? light intensity and the Nyquist
plots for the six photoanodes are shown in Figure 5(c). The semicircle diameter of the Nyquist
plot represents the charge transfer resistance (Rct), which is shown in Table S1 for both the ZnO
and oxidized Zn photoanodes. For the ZnO-AG photoanode, the plot is an incomplete semicircle,
indicating a very large Rct value. While with the annealed ZnO samples Rct = 1.66 and 1.42 kQ
for the ZnO-air and ZnO-argon photoanodes, respectively. In comparison, the electrical
impedance is an order of magnitude lower for the Zn-450°C, Zn-550°C, and Zn-650°C
photoanodes with Rct = 0.24, 0.12, and 0.50 kQ, respectively. The relatively high Rct for the Zn-
650°C photoanodes is likely due to the thermal damage of the FTO substrate caused by the high

annealing temperature. The remarkably high electrical conductivity of the Zn-550°C photoanode
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can be attributed to the high surface density of ionized Vo states, which creates a layer of holes
at the photoanode/electrolyte interface as a result of the electric field across the depletion layer
in the photoanode (see Figure 1). Moreover, the oxidized Zn films are comprised of randomly
oriented nanorods with a large surface area that enhances its interaction with the electrolyte. The
EIS of the Zn-550°C sample was also measured both in the dark and under light exposure at
100 mW/cm? intensity [Figure 5(d)]. In the dark, the Nyquist plot is an incomplete semicircle
and only a straight line is present due to very high resistance. This finding is consistent with the
dark photocurrent exhibited in the LSV and chopped light chronoamperometry results [see
Figure 5(a, b)], which confirms that the photocurrent is generated by photogenerated e-h pairs
induced by solar irradiation and is not an electrochemical current. It also confirms the extremely

high PEC activity of the Zn-550°C photoanode.

3.3 Comparison with other ZnO photoanodes

The PEC performance of the optimized Zn film is compared with the reported results for
ZnO photoanodes in the literature in Table 1. Comparison is made for photoanodes exposed to
AM 1.5G sunlight and similar illumination conditions. As seen in the table, the Zn-550°C film
has a photocurrent density of 1.14 mA/cm? at 1.23Vrue, Which is higher than most previously
reported for ZnO photoanodes in the literature. The superior performance of this film can be
attributed to several factors. First, this film consists of randomly oriented nanorods, giving rise
to a large interaction surface area with the electrolyte compared with the ZnO films fabricated
by conventional sputtering or chemical vapor deposition (CVD) methods.[39-42] The high
quality crystalline nanorods in the oxidized Zn film possess a high density of ionized Vo defects
that facilitate the effective transportation of holes to the surface of the photoanode to oxidize the
water. Second, the reduction in the ZnO bandgap to 3.0 eV achieved with the Zn oxidation
method is significantly greater than that achieved in nanostructured ZnO thin films.[15, 43-48]

Third, the oxidized Zn film exhibits an extended absorption tail in the visible spectral region
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produced by a high density of Vo defects. These structural and optical properties enable this film

to capture a large fraction of the solar radiation.

Table 1. Comparison of ZnO photoanodes and their PEC performances reported in the literature.

Compared to previous reports, the Zn-550°C photoanode has excellent PEC performance with

Jonoo = 1.14 mA/cm? at 1.23 V vs RHE. This photocurrent density is the largest among the ZnO

photoanodes investigated to date, which include nanostructured thin films produced by physical,

chemical and chemo-physical methods.

Fabrication Photoanode Jphoto Bias Electrolyte Light source Ref.
method structure | (mA/cm?) | voltage (V)

Oxidation of Zn Nanorods 1.14 1.23 0.5 M NaxSO4 AM 1.5G This

films (100 mW/cm?) | WOk

Hydrothermal Nanorods ~1.30 1.23 05MNa;SOs | AM 15Gsolar | [45]

Chemical Nanorods 0.705 1.23 0.5 M NaSOq4 AM 1.5G [15]
synthesis (100 mW/cm?)

Dip coating Nanorods 0.39 1.23 0.5 M NazSO4 Xe lamp [46]
(100 mW/cm?)

Aerosol assisted Thin film 0.3 11 0.1 M Na;SO4 | AM 1.5G solar [41]

CvD

RF sputtering Thin film 0.25 1.23 0.1 M KOH 150 W Xe lamp [39]

Chemical bath | Nanosheets 0.2 1.23 300 W Xe lamp | [44]
deposition - (100 mw/cm?)

Chemical bath Nanowires ~0.15 1.23 0.1 M NaOH UV lamp [49]
deposition (11.5 mW/cm?)

MOCVD Nanowires 0.11 1.23 0.35M NaSO3; | 300 W Xe lamp | [50]

+0.25 M NaS
DC reactive Thin film 0.05 1.23 0.5M Na;SO4 | AM 1.5G solar [40]
sputtering
Hydrothermal Nanowires 0.03 1.23 0.1MNaS+ | 500W Xelamp | [48]
0.2 M NaOH
Hydrothermal Nanorods ~0.01 1.23 0.1 M NaOH - [47]
Sol-gel coating Thin film 0.005 1.00 0.5M Na,CO3 | 500 W Xe lamp | [42]
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https://www.sciencedirect.com/topics/chemical-engineering/magnetron-sputtering

4. Conclusions

This study demonstrates a facile, inexpensive method for fabricating Vo-rich ZnO photoanodes
with high PEC activity under solar light irradiation. The method involves post-growth oxidation
of a metallic Zn film, which produces a ZnO film comprised of randomly oriented nanorods that
contain a high concentration of Vo defects. These nanostructured ZnO films are well suited as
PEC photoanodes in water splitting applications due to their large surface area, strong optical
absorption in the visible spectral range and charge transfer characteristics. Compared with
previous reports on ZnO photoanodes, our Vo-rich ZnO photoanodes exhibit outstanding PEC
performance with an exceptional photocurrent density of 1.14 mA/cm? at 1.23 Vruxe. Using
correlative characterization techniques, we establish a direct relationship between the density of
charged Vo defects in the subsurface region of ZnO photoanodes and their PEC activity. Our
results demonstrate that the PEC efficiency and electrical conductivity of ZnO photoanodes can
be considerably enhanced by controlling the surface defect structure to increase the generation

and charge transfer of photoexcited carriers.
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