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ABSTRACT: Semiconductor photoelectrodes for photoelectrochemical (PEC) water splitting require efficient carrier
generation, separation, and transport at and beyond the space charge region (SCR) formed at the aqueous interface. The
trade-off between photon collection and minority carrier delivery governs the photoelectrode design and implies maximum water
splitting efficiency at an electrode thickness equivalent to the light absorption depth. Here, using planar ZnO thin films as a
model system, we identify the photocarriers beyond the SCR as another significant source to substantially enhance the PEC
performance. The high-quality ZnO films synthesized by pulsed laser deposition feature very few deep trap states and support a
long photocarrier lifetime. Combined with photoelectrochemical characterization, ultrafast spectroscopy, and numerical
calculations, it is revealed that engineering the exciton concentration gradient by film thickness facilitates the inward diffusion of
photocarriers from the neighboring illuminated region to the SCR and, therefore, achieves a record high quantum efficiency over
80% at a thickness far beyond its light absorption depth and the SCR width. These results elucidate the important role of the
photocarriers beyond SCR for the PEC process and provide new insight into exploring the full potential for efficient
photoelectrode materials with large exciton diffusivity.

1. INTRODUCTION

Since Fujishima and Honda’s pioneering work on water
photolysis over TiO2 electrodes,1 photoelectrochemical
(PEC) water splitting has attracted significant research interests
as a promising method for solar energy conversion.2−4 Efficient
water splitting requires fast charge carrier generation,
separation, and delivery in the semiconductor photoelectrodes.5

The carrier separation efficiency largely relies on the space
charge region (SCR) formed at the semiconductor−electrolyte
interface, which is also known as the depletion region due to
the depletion of majority carriers.6 To maximize the device
efficiency, it is a conventional wisdom to have the majority of
photocarriers generated in the depletion region, where carrier
relaxation is minimized and most minority carriers can be
delivered to the reactive interface. As such, a number of studies
have been focused on broadening the SCR, which is typically a
few tens of nanometers in width, to match the effective photon
attenuation depth dp, i.e., the depth that achieves an optical

density of 1 for incident photon.7,8 The popular solution of site-
selective or graded doping has been widely exploited either to
improve the incident photon collection in wide band gap
semiconductors such as TiO2

9−11 and SrTiO3
12 or to facilitate

the carrier transport in semiconductors such as BiVO4
13−15 and

Fe2O3.
16,17 However, it is also noticed that chemical doping

may inevitably compromise electrical or catalytic properties of
the host semiconductor and degrade the photocatalytic
performance.18−20

On the other hand, the transport behavior of photocarriers
beyond the SCR and its effect on the overall device
performance have received very limited attention. In the
conventional Gartner’s model, it is simply assumed that the
photoholes generated beyond SCR diffuse to SCR in a fixed
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probability that decays exponentially over the diffusion range.
In recent years, it has been reported that the carrier dynamics
beyond SCR can be nontrivial. For example, the formation of a
“dead layer” at the metallic back contact is known to severely
undermine charge carrier separation for hematite photo-
anodes.21,22 Here we use ZnO thin films grown by pulsed
laser deposition as a model system to investigate the
photocarrier transport beyond SCR and its effect on overall
PEC performance. ZnO was selected for being naturally n-type
doped,23 as well as its high carrier mobilities.24 In this study, we
find a strong thickness-dependent PEC behavior of ZnO film
photoanodes (25−800 nm). A maximum photocurrent density
of 0.77 mA/cm2 and a record high quantum efficiency over
80% are was obtained at a thickness of 400 nm, far beyond the
photon attenuation depth (dp) of about 140 nm. The thickness
dependence is found to deviate from the classical Gar̈tner’s
model that predicts the saturation of photocurrent when the
film thickness reaches dp.

25 Through numerical simulation of
carrier transport, we find that the deviation originates from the
long-range, backward diffusion of excitons that is not accounted
for in Gartner’s model.

2. EXPERIMENTAL SECTION
Preparation of ZnO Photoelectrodes. ZnO target was prepared

by a conventional ceramic sintering method. ZnO films were grown on
either SrRuO3 (SRO, 20−30 nm in thickness) buffered single crystal
SrTiO3 (STO) (001) substrates or indium tin oxide (ITO) coated
glass substrates by pulsed laser deposition using a KrF excimer laser (λ
= 248 nm) with a laser fluence of 1.5 J/cm2 and a repetition rate of 5
Hz. For films grown on STO substrates, the SRO bottom electrode
was first deposited at 750 °C in 200 mTorr of oxygen, and ZnO films
were subsequently deposited under the same growth condition. For
films grown on ITO coated glass substrates, the growth conditions
were kept the same except that the substrate temperature was lowered
to 500 °C to avoid glass substrate melting. The film thickness was
controlled by adjusting the total number of laser pulses.
Microstructure, Optical, and Photoluminescence Character-

ization. The film microstructure and crystallinity were characterized
by X-ray diffraction (XRD, Rigaku Ultima III) and transmission

electron microscopy (TEM, JEOL 2100). The surface morphology was
studied with scanning electron microscopy (SEM, Hitachi S-4800) and
atomic force microscopy (AFM, Park NX20). UV−vis absorption
spectra were obtained with a UV−vis/NIR spectrophotometer
(PerkinElmer, Lambda 950). Photoluminescence (PL) spectra of
ZnO films were measured in an ISS PC1/K2 spectrofluorometer
equipped with a xenon lamp for optical excitation and a photon
multiplier tube for detection. An excitation wavelength of 280 nm was
selected by grating and passed through a band-pass filter. On the
detection side, the scattered excitation light was removed by a 320 nm
long-pass filter.

Photoelectrochemistry and Ultrafast Spectroscopy Meas-
urements. PEC measurements were performed with a potentiostat
(VersaStat4, PAR) in a three-electrode configuration with ZnO films
as the working electrode, a platinum wire as the counter electrode, an
Ag|AgCl|3 M KCl electrode as the reference electrode, and a 0.1 M
KOH solution (pH = 13) as the electrolyte. An active illumination area
of 0.18 cm2 was obtained from a 150 W solar simulator with an AM
1.5G filter (100 mW/cm2) calibrated by a thermopile optical detector.
Incident photon-to-current efficiency measurements were conducted
with a 300 W xenon arc lamp and a grating monochromator (Newport
CS310) equipped with band-pass filters to remove high-order
diffractions. The light power for each wavelength was measured by
an optical power meter (Newport 1918-C) equipped with a UV-
enhanced Si photodiode sensor. The time-integrated emission
measurement was carried carrier using a commercial Ti:sapphire
laser (800 nm, 100 fs, 3.5 mJ, 1 kHz) with an optical parametric
amplifier as the excitation source tuned to 280 nm. A portion of the
fundamental beam was focused onto the benzene (with a temporal
resolution of ∼500 fs) as the Kerr material for gating the ZnO
emission.

3. RESULTS AND DISCUSSION

ZnO thin film photoanodes are fabricated by pulsed laser
deposition (PLD) on conductive substrates, which are either
SrRuO3 (SRO, 20−30 nm in thickness) buffered SrTiO3 single
crystals (STO, ⟨001⟩ cut) or indium tin oxide (ITO) coated
glass substrates (Figure 1a). Surface morphology and micro-
structure of the ZnO thin film photoanodes are studied by
scanning electron microscopy (SEM), atomic force microscopy

Figure 1. (a) Schematic of ZnO-based photoanodes for PEC water splitting. Top-view SEM images of 400 nm-thick ZnO films on (b) SRO/STO
and (d) ITO glass substrates. (c) Cross-sectional STEM and (e) SEM image of ZnO films on SRO/STO and ITO glass substrates.

http://dx.doi.org/10.1021/acs.chemmater.7b00672


(AFM), and transmission electron microscopy (TEM). A
columnar morphology consisting of granular domains emerges
from the nucleation-assisted island growth, as evidenced by top-
view SEM images of a representative 400 nm-thick ZnO film on
SrRuO3/SrTiO3 (SRO/STO) (Figure 1b). The average domain
size increases from 54 to 180 nm as the film thickness increases
from 40 to 140 nm but remains steady for even thicker films
(Figure S1). Here the domain size is represented by the domain
width considering the irregular shape of ZnO domains. The
columnar growth extends across the entire film thickness,
according to the cross-sectional scanning TEM (STEM) image
of a 750 nm-thick sample (Figure 1c). The surface roughness
varies between 8 and 12 nm at a film thickness below 400 nm
and increases substantially for thicker films (Figure S2). The
films grown on ITO substrates exhibit a similar columnar
morphology with an average domain size of 130 nm (Figure
1d,e).
Orientation and crystallinity of the ZnO films are

investigated by X-ray diffraction (XRD). According to the θ−
2θ XRD scans, ZnO films grown on SRO/STO substrates have
two major orientations respectively along the (001) and (110)
axes, establishing local epitaxy along these two orientations with
SRO (Figure 2a). As the film thickness increases, diffraction
peaks from other orientations do appear, but with much lower
intensity. The formation of (001) and (110) oriented domains
is further confirmed by selective area electron diffraction
(SAED, Figure 2c) and high resolution TEM (Figure 2d),
reflecting the large lattice mismatch between ZnO and SRO/
STO. For comparison, ZnO films grown the ITO glass
substrate are highly polycrystalline with no preferred
orientations (Figure 2b).

A strong thickness dependence on the PEC activity is found
from the photocurrent density−potential (J−V) measurements
for ZnO thin film photoelectrodes deposited over SRO/STO
(Figure 3a). Under the simulated AM1.5G solar illumination,
steady anodic photocurrents are observed for all ZnO/SRO/
STO films. The dark current, on the other hand, is largely
negligible in the potential range of interest (Figure 3a, black
line). In this study, the ZnO film thicknesses is varied between
40 and 750 nm, where the lower limit is comparable to the
depletion width and the upper limit far exceeds the effective
photon attenuation depth. As the film thickness increases from
40 to 140 nm, we observe over 2-fold increase in the
photocurrent density, from 0.13 mA/cm2 to 0.33 mA/cm2 at
1.23 VRHE, as well as a 0.15 V cathodic shift of the photocurrent
onset potential. This can be understood by the fact that thicker
films have more efficient photon collection and deliver more
photogenerated carriers to the aqueous interface.
Optical absorption measurement determines an optical

bandgap of 3.27 eV for as-prepared ZnO thin films (Figure
4a). The absorption coefficient is corrected with the back-
ground intensity and calculated to be in the range of 3.85−4.35
× 105 cm−1 for λ < 370 nm, which is consistent with literature
reported values.26 This suggests that a 140 nm-thick film
already absorbs over 99% of the incident light with λ < 370 nm.
As such, one would expect, based on Gar̈tner’s model, that any
further increase of the film thickness should not improve the
photon collection or the photocurrent significantly.25,27

Contrary to this expectation, it is observed that the photo-
current improves continuously as the film thickness increases
beyond 140 nm, until it reaches 400 nm. The ZnO/SRO/STO
photoelectrode of this thickness exhibits the highest photo-
current density of 0.77 mA/cm2 at 1.23 VRHE, with an excellent

Figure 2. θ−2θ XRD scans of ZnO films on (a) SRO/STO (001) substrate and (b) ITO glass substrate. (c) Selected area electron diffraction
pattern of a 400 nm-thick ZnO film on SRO/STO. (g) High resolution TEM image of the ZnO/SRO interface showing the coexistence of (110)-
and (002)-oriented ZnO domains.
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filling factor and a low onset potential at 0.35 VRHE (Figure 3a).
The solar energy conversion efficiency (η) of this photo-
electrode reaches a maximum value of 0.25% at 0.73 VRHE,

which is calculated using η = ×° | −J 100%E E
I

(O H O)2 2

0
, where J

is the photocurrent density, (E°(O2|H2O) − E) the electrode
underpotential versus E°(O2|H2O), and I0 = 100 mW/cm2 the
illumination intensity of the AM 1.5G solar spectrum.25 ZnO

films grown on ITO glass substrates exhibit very similar
thickness dependence despite their lower film crystallinity, with
the photocurrent also maximized for a 400 nm-thick film
(Figure 3b), featuring a photocurrent density of 0.75 mA/cm2

at 1.23 VRHE, an onset potential at 0.32 VRHE, and a peak energy
conversion efficiency of 0.21% at 0.77 VRHE. The J−V curves of
ZnO/ITO photoelectrodes with other film thicknesses are
presented in Figure S3. Regardless of the back contact being

Figure 3. (a) Photocurrent density versus potential curves of ZnO films on SRO/STO with different film thicknesses. The dark current density curve
of a 400 nm-thick film is provided as a comparison. (b) Photocurrent density (left axis) and energy conversion efficiency (right axis) for ZnO films
on SRO/STO and ITO glass as a function of film thickness. (c) IPCE as a function of excitation wavelength and electrode potential of a 400 nm-
thick ZnO film on SRO/STO. (d) Wavelength-dependent IPCE at 1.23 VRHE for ZnO films on SRO/STO with different film thickness.

Figure 4. (a) Tauc plot of a 70 nm-thick ZnO film determining an optical band gap of 3.27 eV. Inset is the corresponding optical film transmittance
versus incident photon energy. (b) Photoluminescence spectra of ZnO films (70, 140, 400 nm) on SRO/STO and a 400 nm-thick ZnO film on ITO.
(c) Time-resolved broadband emission spectrum of a 750 nm-thick ZnO film on SRO/STO. The kinetic trace in the inset determines a lifetime of
38 ps for the photoelectrons.
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SRO or ITO, the photocurrent decreases continuously for films
thicker than 400 nm, with anodic shift of photocurrent onset
potential, suggesting the degradation of charge carrier
separation and delivery. The photocurrent onset potential is
between 0.3 and 0.5 VRHE for all measured ZnO films with a
sample-to-sample variation of ±0.05 V. In general, the cathodic
shift is associated with larger photocurrent (Figure 3a),
although domain size variation and surface morphology may
also cause the variation of the photocurrent onset potential as a
result of carrier recombination.28

The incident photon-to-current conversion efficiencies
(IPCE) of the 400 nm-thick ZnO/SRO/STO photoelectrode
are measured at a set of electrode potentials between 0.56 and
1.46 VRHE (Figure 3c). For each tested potential, the IPCE
remains steady for direct band edge excitation and drops
rapidly at λ > 370 nm (Figure S4). In general, the IPCE
improves toward more anodic potential, owing to the improved
minority carrier delivery to the aqueous interface as the SCR
widens. In the case of excitation at 370 nm, the IPCE improves
from 41% at 0.56 VRHE to 86% at 1.23 VRHE. The thickness
dependence of their IPCE values at 1.23 VRHE largely follows
the same trend as their photocurrent densities under simulated
solar radiation (Figure 3d). For λ < 370 nm, the IPCE increases
continuously with increasing film thickness from 40 nm onward
and maximizes above 80% for the 400 nm-thick film. The IPCE
drops for even thicker films and reaches 66% at 750 nm-thick,
which may be due to increased photogenerated carrier
recombination from an extended photocarrier transport
distance. It is also noted that even thicker films feature much
larger surface roughness and more complicated orientations,
which may further compromise the charge carrier transport.
The observed high IPCEs reflect the high quality of ZnO

films, which is further confirmed by their photoluminescence
(PL) spectra (Figure 4b). Regardless of the film thickness or
the substrate, the ZnO films exhibit only band gap emission at
∼3.3 eV with no sign of any deep-trap emission at lower
energy. This facilitates a fairly long lifetime of photogenerated
carriers without being captured by deep trap states.29,30 Using
an ultrafast transient emission spectroscopy technique,31,32 we
monitor exciton recombination kinetics from a 750 nm-thick
ZnO film on SRO/STO and determine an exciton lifetime of
38 ps (Figure 4c).

Doping levels in the ZnO films are obtained through
electrochemical impedance spectroscopy (EIS) measurements
performed in the same electrolyte (0.1 M KOH) as the
photocurrent measurements. The donor density (ND) is
determined by the Mott−Schottky (MS) equation based on a
planar semiconductor/electrolyte interface:

εε
= − −

C e N
E E k T e

1 2
( / )B

sc
2

0 D
FB

(1)

where Csc is the space charge capacitance per unit area, e the
magnitude of the elementary charge, ε the semiconductor
relative permittivity (∼10 for ZnO), ε0 the vacuum permittivity,
E the electrode potential, EFB the flat band potential, and kBT
the thermal energy. Regardless of their thicknesses, all the ZnO
thin film electrodes show positive slopes in the MS (1/Csc

2 vs
E) plots, which is characteristic of an n-type semiconductor
(Figure S5). The depletion width (dsc) is obtained from dsc =
εε0/Csc and is about 20−30 nm for all ZnO films on SRO/
STO. The calculated values of ND are on the order of 1 × 1018

cm−3, and EFB values vary between 0.40 and 0.49 VRHE
(Supporting Table S1). It is found that the PEC activity of
ZnO photoelectrodes is not very sensitive to the magnitude of
ND. For example, ND of the 400 nm-thick ZnO film on SRO/
STO (3.58 × 1017 cm−3) is much smaller than that of the film
of same thickness on ITO glass (1.43 × 1019 cm−3), but both
films show very similar photocurrent density (0.76 ± 0.01 mA/
cm2) and photocurrent onset potential (0.33 ± 0.02 VRHE). The
ND variation measured from MS plots may be due to different
surface roughnesses of ZnO films on SRO/STO and ITO glass.
AFM measurements determine a root-mean-square roughness
of 16.335 nm for a 400 nm-thick ZnO film on ITO, which is
nearly twice that (8.211 nm) for the ZnO film on SRO/STO
(Figure S6). The varied surface roughness makes it challenging
to derive accurate ND from MS analysis.33

The most striking feature observed here is that the
photocurrent does not saturate when the film thickness reaches
the photon attenuation depth dp (∼140 nm) but continuously
rises for thicker films. As illustrated in the top panel of Figure
5a, there are typically three regions emerging in a semi-
conductor photoanode upon front illumination. Immediately
next to the aqueous interface is the depletion region (Region I).
Further into the bulk is the quasi-neutral region, in which the
transport of photoholes is dominated by diffusion. The region

Figure 5. (a) Schematic of three regions emerging in a ZnO thin film photoelectrode. Region I is the depletion region that dictates the electron−
hole separation. Region II is the illumination quasi-neutral region which determines the maximum photon attenuation depth. Region III is the dark
quasi-neutral region that connects Region II and the conductive substrate. The bottom panel shows the corresponding electron density profile as a
function of depth x, i.e., the distance away from the aqueous interface. (b) Hole density profile and (c) hole current density as a function of depth x
across the three regions.
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may be divided into two, i.e., a top part (Region II) where
incident photons can reach and a bottom part (Region III)
which always remains dark. In the conventional Gar̈tner’s
model, a photohole generated in Region II is assumed to reach
the aqueous interface at a constant probability of e−x/dh, where
dh is the hole diffusion length and x the photohole’s initial
distance from Region I.25 As such, the photocurrent should
saturate once the film thickness reaches dp. The apparent
contradiction to our observation likely reflects the over-
simplification of thermal diffusion in Gar̈tner’s model. In
reality, thermal diffusion is collectively driven by concentration
gradient and is more complicated in the problem of interest.
The distribution and transport of charge carriers in a ZnO

thin film photoanode are numerically calculated by the finite
element method, using the drift-diffusion model.34 In the
calculation, a band bending of 1 V is set across a ZnO thin film
with ND = 1018 cm−3. Literature values are adapted for material
properties such as the effective masses and mobilities of
electrons and holes, as well as the relative permittivity and
optical constants of ZnO.24,35 Because of the large exciton
binding energy of ZnO (∼60 meV),24 most photoholes are
bound with electrons in the quasi-neutral region as excitons,
which are treated separately in the calculation. The exciton
lifetime is 38 ps according to our time-resolved photo-
luminescence measurement and its diffusion constant is given
by Jeong et al. as 5 cm2 s−1.36 The electron density profile given
by the calculation clearly indicates the formation of a depletion
region of about 30 nm thick (Figure 5a, bottom panel),
consistent with the expectation from Mott−Schottky analysis.
On the other hand, the steady state density of photoholes
exhibit a much more complicated profile (Figure 5b). In
general, the photoholes predominantly exist in the form of
bounded excitons outside the depletion region (Regions II and
III) and are almost completely dissociated to free carriers inside
(Region I). The total density of photoholes is maximized in the
depletion region because of the higher exciton generation rate
and the attraction from upward band bending. Intriguingly, a
local maximum of hole density emerges near the center of
Region II, around which the hole density spreads to a very wide
range and deeply into the dark Region III. The hole density
remains substantial up to a depth of 400 nm, far beyond the
photon attenuation depth of 140 nm.

The relatively high density of photoholes in the dark Region
III attributes to the backward diffusion of photoholes. As shown
in Figure 5c, the steady state hole current (Jh) is dominated by
drift current in the depletion region but evolves to diffusion-
dominated toward the quasi-neutral region. The diffusion
current is toward the aqueous interface in the front portion of
Region II but turns backward at deeper regions, which
diminishes only at a depth beyond 400 nm. Therefore, for
ZnO films thinner than 400 nm, a significant portion of
photoholes can reach the metallic back contact for recombi-
nation with free electrons, which leads to lower overall
photocurrent and reproduces the trend observed experimen-
tally. In other words, the dark Region III provides a diffusion
barrier that prevents photoholes from reaching the back contact
for recombination. The steady state electron current (Je) is
presented in Supporting Information (Figure S7). The
photocarrier density in ZnO films can be further tuned by
adjusting the incident illumination intensity using neutral
density filters. Maximum photocurrent is seen for the 400 nm-
thick ZnO film regardless of the incident illumination intensity
(Figure S8), verifying the significant role of exciton diffusion in
the enhanced PEC activity.
The role of exciton diffusion and recombination at the back

contact is further demonstrated by comparing J−V measure-
ments under front (Jfront) and back (Jback) illumination. ZnO/
ITO glass photoelectrodes are used for this measurement since
ITO glass has low optical absorption in the spectral range of
320−400 nm. Nevertheless, to achieve a fair comparison, a bare
ITO glass substrate is inserted into the excitation beam path for
the front illumination configuration to compensate the ITO
light absorption in the back illumination configuration. We find
that Jback is smaller than Jfront for all the samples. For instance,
the Jback/Jfront ratio is only 64.7% at 1.23 VRHE for the 25 nm-
thick sample (Figure 6a). Given that the film is completely
depleted of majority carriers, the lower performance for back
illumination can only be explained by elevated carrier
recombination at the ZnO/ITO interface, near which more
carriers are generated at this configuration. As the film thickness
increases, the Jback/Jfront ratio decreases further, implying that
the photoholes generated near the ZnO/ITO interface are
getting lower probability to reach the aqueous interface by
diffusion. On the other hand, the Jback/Jfront ratio remains ∼10%
even for the 800 nm-thick sample, again reflecting the

Figure 6. (a) Back/front photocurrent density ratio of ZnO films on ITO as a function of film thickness. Inset shows the front-illuminated and back-
illuminated J−V curves of a 400 nm-thick ZnO/ITO photoanode. (b) Wavelength-dependent IPCE at 1.23 VRHE for the 400 nm-thick ZnO/ITO
photoanode under front and back illumination.
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extraordinarily large exciton mobility in ZnO. IPCE measure-
ments for the 400 nm-thick film indicate that the IPCE ratio of
back illuminations is about 2% for above band gap excitation
(Figure 6b). It is quite intriguing that the ratio rises significantly
toward lower energy and surpasses 10% at 3.26 eV (380 nm).
This can be explained by the lower optical absorption near the
band edge, so that back illuminated light can penetrate deeper
into the ZnO film and lead to more carrier generation near the
aqueous interface, thus improving the carrier delivery efficiency.

4. CONCLUSION
High-quality ZnO thin film photoelectrodes are fabricated by
pulsed laser deposition to investigate the photocarrier dynamics
beyond the SCR for PEC water splitting. Photoluminescence
measurements reveal very few deep trap states and fairly long
charge carrier lifetime in as-prepared ZnO films regardless of
the underlying substrate and the film crystalline orientation.
Engineering the film thickness controls the photocarrier
concentration profile and directs long-range diffusion of
excitons from the illuminated quasi-neutral region to the
SCR, thus leading to dramatically enhanced PEC activity and
very high IPCEs. A maximum photocurrent density of 0.77
mA/cm2 and a record high quantum efficiency over 80% are
obtained at a thickness of 400 nm, far beyond the photon
attenuation depth and the SCR width. These results emphasize
the importance of charge carriers beyond the SCR that is
usually neglected in the classical Gartner’s model in improving
the photoelectrode performance. Semiconductors with large
exciton binding energies, such as ZnO (∼60 meV) and GaN
(∼23 meV),37 may feature enhanced PEC performance
through inward diffusion of photocarriers from the neighboring
illuminated region to the space charge region. For semi-
conductor materials such as α-Fe2O3, TiO2, and SrTiO3, the
exciton binding energy is no more than a few meV and the
exciton diffusion is very limited, in which the photoelectrode
design is dominated by the canonical Gartner’s model. This
study sheds light on the design of photoelectrode materials with
large exciton diffusivity for efficient PEC water splitting.
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