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A novel particulate photocathode composed of
CdTe-ZnTe solid solutions with a composition gradient
for solar hydrogen evolution from water

A CdTe-based particulate photocathode with a ZnTe contact
layer and composition gradient was developed to improve
hydrogen evolution efficiency. Charge recombination was
suppressed, and photocurrent onset shifted positively.
Additional enhancements, including a Cu back contact and
thermal annealing, led to =7 mA/cm? photocurrent and 1.1%
solar-to-hydrogen efficiency. The electrode achieved up to 36%
IPCE at 520 nm and over 10% across 440-800 nm, marking one
of the highest performances among particulate photocathodes.
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Particulate photoelectrodes are promising for the development of innovative unbiased water-splitting
devices by combining a photoanode and a photocathode. This configuration relaxes the requirements
for band edge potentials of oxygen- and hydrogen-evolution systems while enhancing the solar-to-
hydrogen conversion efficiency. However, particulate photocathodes often exhibit lower performance
than thin-film-based photocathodes because of the difficulty of implementing functional structures. In
this study, a novel CdTe-based particulate photocathode prepared via the modified particle transfer
method, along with a ZnTe contact layer introduced via the close-spaced sublimation method, is
presented. A Zn,Cd;_,Te (0 = x = 1) solid solution with a composition gradient is produced under
appropriate preparation conditions, and the conduction-band minimum gradient introduced by the
composition gradient suppresses charge recombination and shifts the onset potential of the cathodic
photocurrent to +0.7 Vgrye. The introduction of a Cu layer to the back contact and post-deposition rapid
thermal annealing further enhances the photocurrent, which reaches —7 mA cm~? at 0 Vgye and a half-
cell solar-to-hydrogen efficiency of 1.1% at 0.28 Vgyne. The photocathode also exhibits an incident
photon-to-current conversion efficiency (IPCE) of 36% at 520 nm and greater than 10% IPCE across the
wavelength range 440-800 nm, which is the highest IPCE reported thus far for a particulate
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Introduction

The environmental urgency surrounding greenhouse gas
emissions from the utilization of fossil resources highlights the
urgent need for a transition toward a carbon-neutral society.
Fossil fuels are used not only for energy generation but also to
produce essential chemicals such as ammonia, which is mainly
used for the production of agricultural fertilizers." Photo-
catalytic or photoelectrochemical (PEC) water splitting offers
a promising pathway to produce CO,-free H, directly from solar
energy. For efficient H, production from water using sunlight,
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photocathode. These findings demonstrate the potential of the method of introducing a composition
gradient for enhancing photoelectrochemical and photocatalytic hydrogen evolution.

the utilization of a wide wavelength range that includes visible-
infrared light is indispensable, indicating that narrow-bandgap
materials are required in addition to suitable band edge
potentials for the water-splitting reaction (i.e., a valence-band
maximum (VBM) deeper than the redox potential of O,/H,O
and a conduction-band minimum (CBM) shallower than the
redox potential of H'/H,).?-** However, because of their narrow
bandgap, visible-infrared-light-responsive materials cannot
easily fulfill the requirements for band edge potentials. n-Type
and p-type semiconductors act as photocathodes and photo-
anodes, respectively. When such photocathodes and photo-
anodes are combined, the resultant photoelectrodes can relax
the requirements for band edge potentials because their driving
forces for the reaction are summed.>*

One of the advantages of PEC water splitting is that partic-
ulate materials can be used because of the flexibility of solid-
liquid interfaces. Particulate-material-based PEC devices offer
a promising pathway for scalable and innovative designs in
integrated solar-to-hydrogen conversion devices such as pho-
tocatalyst sheets, particulate electrodes, and membrane pho-
toelectrode assemblies.>® However, thin-film- and/or single-
crystalline-wafer-based devices typically show superior perfor-
mance over particulate-material-based PEC devices. The
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reasons for the superior properties of PEC devices based on thin
films and/or single-crystalline wafers are the applicability of
layered structures and/or a smaller number of defects. In
particular, thin-film-based photoelectrodes can be fabricated
with well-designed layered structures, enabling the band
alignment to be optimized for the separation of photoexcited
carriers.”

Most semiconductors cannot alone drive the hydrogen
evolution reaction (HER) efficiently because of two primary
limitations: rapid recombination of photogenerated electrons
and holes before they reach the reaction sites and the inherent
slowness of the surface reaction itself, which increases the
likelihood of charge recombination. To address these chal-
lenges, researchers have developed layered structures as an
effective strategy for enhancing photocathode performance.
Sequential surface modifications with a thin n-type semi-
conductor layer and HER catalysts substantially accelerate the
HER by enhancing both charge separation and surface reac-
tions.* HER enhancement by the aforementioned sequential
surface modification has been reported for polycrystalline thin-
film systems such as Cu(In,Ga)Se,, Cu,ZnSnS,, (Zn,Cd)Te, and
(ZnSe)o.g5(Cu(Ing 7,Gag 3)Se€s)0.15.>*° This strategy is also appli-
cable to photocatalytic-particle-based photocathodes. For
example, Goto et al. applied sequential surface modifications to
a particulate (ZnSe),ss(Culn,,Gag3Se€s)o.15 solid solution
((znSe)o.s5(CIGS)y.15)-based photocathode fabricated using
particle transfer.'® The particulate (ZnSe), g5(CIGS), 15-based
photocathode with a Mo contact layer and Ti conductor layer
surface modified with Pt (Ti/Mo/(ZnSe) 5(CIGS),.15/Pt) exhibi-
ted a limited photocurrent of —0.5 mA cm™? at 0 Vgyg, with an
onset potential (OP) of 0.7 Vguyg under AM 1.5G simulated
sunlight. However, a Ti/Mo/(ZnSe), g5(CIGS).15 photocathode
surface sequentially modified with cadmium sulfide (CdS), zinc
sulfide (ZnS), and Pt (Ti/Mo/(ZnSe), g5(CIGS)o.15/CdS/ZnS/Pt)
yielded an exceptional photocurrent of —4.3 mA cm™ > at
0 Vgrug With a notably high OP of 0.8 Viyg and half-cell solar-to-
hydrogen conversion (HC-STH) efficiency of 0.83% at 0.33 Vgpg.
The authors attributed the observed increase in the cathodic
photocurrent and OP resulting from the introduction of CdS
and ZnS layers to appropriate band alignment and a thickened
depletion layer at the solid-liquid interface. Both CdS and ZnS
are n-type semiconductors, and surface modification of
a photocathode with a thin n-type semiconductor layer leads to
thickening of the depletion layer through modulation of the
built-in potential. The thicker depletion layer is beneficial for
charge separation. In addition, the considerably deep VBM of
ZnS and CdS prevents surface recombination because the
formed VBM offset acts as a barrier for holes, which are the
majority carriers in (ZnSe)o g5(CIGS)o.15. Furthermore, Pt plays
a crucial role as a cocatalyst by accelerating the reaction kinetics
of photogenerated electrons with H' ions by providing active
surface sites that facilitate reduction reactions. Beyond the
aforementioned strategies, introducing Na,S during the solid-
state reaction, which increased crystal quality, was found to
further improve the efficiency of the (ZnSe)yss5(CIGS)o.15
photocathode. The photocathode demonstrated a notable HC-
STH efficiency of 1.1% at 0.37 Vgug, Which is currently the
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highest reported value for a particulate photocathode. However,
the device performance remains limited by a low incident-
photon-to-current conversion efficiency (IPCE) of 25% at wave-
lengths shorter than 560 nm.

Although layered structures improve the HER efficiency in
particulate photocathodes, further improving the performance
requires strategies for harnessing photoexcited carriers near the
flat-band potential. When a semiconductor is immersed in
water, the electrolyte becomes the majority carrier and a deple-
tion layer is formed. The band bending resulting from forma-
tion of the depletion layer is the primary driver of charge
separation, and the height of the barrier formed by the band
bending is equal to the difference between the potential, the
Fermi level, and the flat-band potential of the photoelectrode.
In the region near the flat-band potential, the depletion layer
becomes thinner, substantially reducing the driving force for
charge separation. Introducing a composition gradient has
shown promise for enhancing the PEC properties of photo-
cathodes."” For instance, a (ZnSe), g5(CIGS),.15 thin-film photo-
cathode prepared with a bilayer structure composed of
a defined In-rich layer and a Ga-rich layer demonstrated a HC-
STH efficiency of 3.6% with an IPCE maximum of >60%.
Building on this approach, our group developed (ZnSe)y.gs(-
CIGS)y.15 thin films with a continuous composition gradient
between the In-rich and Ga-rich regions, producing a CBM
gradient that facilitates the collection of photoexcited electrons
generated outside the depletion layer to the HER sites. Conse-
quently, the composition-graded (ZnSe) g5(CIGS)y.15 thin film
achieved an HC-STH efficiency of 4.5% and a maximum IPCE of
89%. The CBM gradient is expected to be particularly effective
for enhancing the cathodic photocurrent at potentials near the
OP, where the thinner depletion layer formed at the semi-
conductor—electrolyte interface results in weaker charge sepa-
ration. However, the expected increase in the photocurrent at
approximately the OP was not observed clearly because of the
composition change resulting from the preparation conditions
used to form a composition gradient.

II-IV semiconductor compounds, such as cadmium telluride
(CdTe) and zinc telluride (ZnTe), are promising candidates for
use in photocathodes because they are simple binary
compounds composed of inexpensive elements, making them
realistic materials for large-scale industrial production. CdTe,
with its narrow bandgap of 1.5 eV, offers an absorption edge
wavelength of 830 nm, a high absorption coefficient of
>10* em ™! at wavelengths shorter than 800 nm, and an expected
photocurrent density of 29 mA ecm™> under standard AM 1.5G
sunlight.'®" ZnTe has been widely used as a hole-selective back
contact layer in CdTe-based photovoltaic devices.>® With a large
bandgap of 2.2 eV and a VBM closely aligned with that of CdTe,
ZnTe enables the formation of a CBM offset, promoting hole-
selective charge carrier diffusion to the backside electrode
and suppressing recombination.” In addition, CdTe and ZnTe
both have the zinc blende crystal structure, enabling the
formation of Zn,Cd; ,Te (0 < x < 1) solid solutions and, thus,
tuning of the bandgap and CBM potential through changes in
the composition ratio.*?

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Recently, a Zn,Cd; ,Te (0 < x < 1)-based photocathode with
a relatively high OP, >0.7 Viyg and a photocurrent approxi-
mately equal to the OP (—4.0 mA cm 2 at 0.5 Vgyg) has been
reported.” A Zn,Cd; ,Te (0 < x < 1)-based photocathode was
prepared by the Cu-mediated interdiffusion method, where
ZnTe and CdTe layers were sequentially deposited via the close
space sublimation (CSS) method and the presence of Cu
enhanced interdiffusion between the ZnTe and CdTe layers. As
a result, the melting point of Zn,Cd,; ,Te (0 <x < 1) was lowered,
enabling interdiffusion and the formation of a Zn,Cd, ,Te (0 <
x < 1) layer with a composition gradient. Interestingly, the
addition of Cu enhances the formation of thick and mono-
crystalline columnar grains, which are a preferable structure,
and decreases the series resistance. The composition gradient
introduced into the advantageously structured photocathode
enhances charge separation and enables the utilization of
electrons photoexcited outside of the depletion layer. The
photocathodes with a composition gradient exhibited a high
photocurrent density of —15.1 mA cm™> at 0 Vg and —4.0 mA
cm 2 at 0.5 Vg, which is the highest value reported for a CdTe-
and ZnTe-based photocathode, with an OP exceeding 0.7 Vgryg.>
We concluded that band engineering strategies such as the use
of a band offset in the backside contact and/or a composition
gradient are effective for suppressing the recombination of
photoexcited carriers in photoelectrodes. However, the appli-
cation of the strategy to particulate PEC devices has been
limited. Asakura et al. reported that introducing a band offset in
the back contact enhances the photocurrent by suppressing
charge recombination at the backside electrode.* To the best of
our knowledge, the literature contains no reports of a compo-
sition  gradient being introduced into particulate
photoelectrodes.

In the present study, we constructed a powder-based
photocathode using photocatalytic materials with an absorp-
tion edge in the near-infrared region. We first created
a compositional gradient structure in photocatalytic particles,
which substantially promoted PEC hydrogen production. To
achieve the novel structure, we developed a modified particle
transfer (MPT) method that involves forming a composition
gradient structure through thermal diffusion. The aim of this
work was to design guidelines for photoelectrodes beyond the
appropriate control of solid-liquid interfaces based on physical
chemistry. The particle transfer method was used to fabricate
CdTe particle-based photocathodes.”® Conducting and semi-
conducting materials have been used to form preferred back
contacts, typically ohmic contacts. However, the back contact
can provide recombination sites because of the lack of hole/
electron selectivity. To overcome this issue, we used ZnTe as
the contact-layer material and formed a hole-selective back
contact with CdTe.

Another major disadvantage of particulate systems compared
with thin-film systems used as photoelectrodes is the difficulty in
using a layered structure that can facilitate charge separation. In
addition to modifying the surface with CdS and Pt, we successfully
introduced a composition gradient structure into the particulate
photocathode through interdiffusion between CdTe particles and
the ZnTe back contact and the formation of Zn,Cd; ,Te (0 <x<1).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The functional structure introduced into the photocatalytic
particles enabled us to efficiently use photoexcited electrons
outside the depletion layer, in addition to their photoexcitation
and efficient use within the depletion layer. A particulate CdTe-
based photocathode with a ZnTe back contact layer and Au
conductor layer was successfully fabricated via the CSS method for
the ZnTe layer and the vacuum evaporation method for the Au
layer. Structural analysis revealed the epitaxial deposition of an
approximately 4 pm-thick ZnTe film over the CdTe particles by the
CSS method. The insertion of a ZnTe back contact layer between
the particulate CdTe and the Au conductor layer led to a reduced
series resistance with a sixfold increase in photocurrent to 4.14
mA cm™ 2 at 0 Vgyp and a positive OP shift of +0.22 Vg, which we
attributed to the formation of a Zn,Cd;_,Te solid solution with
a composition gradient at the particle-film interface. Further
enhancement was achieved by addition of Cu after ZnTe deposi-
tion, followed by rapid thermal annealing (RTA), resulting in one
of the highest HC-STH efficiencies of 1.1% at 0 Vgyg and an OP of
0.7 Vgryg. The IPCE spectrum revealed a maximum value of 36% at
520 nm, with values exceeding 10% over a broad wavelength range
from 440 to 800 nm, representing the highest level IPCE values
reported thus far for a particulate photocathode.

Experimental
Preparation of CdTe particles

Micrometric and submicrometric CdTe particles were obtained
through a two-step process. In the first step, commercial CdTe
particles (Thermo Fisher Scientific, 99.9999% purity) were softly
ground with an alumina ceramic mortar until a homogeneous
powder was formed. The obtained particulate CdTe was then
subjected to ball grinding with 10 mm-diameter zirconia balls
for 1 h at 300 rpm in methanol. The ball-ground CdTe
suspension was placed in a conical tube and subjected to
centrifugal separation. Prior to the centrifugal separation,
precipitates containing coarse particles were removed and then
few-micron-sized CdTe particles were obtained by removing the
supernatant via centrifugal separation at 1500 rpm for 1 min.

Preparation of the photocathode by the MPT method

CdTe particles suspended in methanol were deposited onto 1 x
1 ecm?” glass slides by drop casting. A ZnTe layer was deposited
onto the particulate CdTe layer by the CSS method using
particulate ZnTe (Kojundo, 99.99% purity) as an evaporation
source. The ZnTe source temperature, substrate temperature
(Tsubstrate), and deposition time were 850 °C, 300-475 °C, and
105-780 s, respectively. The substrate-source distance, Ar flow
rate, and pressure in the CSS chamber were 10.5 cm, 50 sccm,
and 6.0 Pa, respectively. During the CSS deposition of ZnTe,
interdiffusion between CdTe particles and ZnTe occurred under
appropriate deposition conditions, as discussed below.
Following deposition of the ZnTe layer, a Cu layer with a thick-
ness of 3-24 nm was deposited by physical vacuum evaporation
(PVE). When the samples were annealed at 300 °C for 5 min
under ambient N, or vacuum conditions, Cu was introduced
into the photocatalytic material via thermal diffusion. Notably,

Chem. Sci., 2025, 16, 12833-12843 | 12835
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the doping by Cu substantially decreased the series resistance
(Rs) of the photocathode.

The photoelectrode fabrication scheme is summarized in
Fig. S1 in the ESL{ A nominally 2.5 pum-thick Au layer was
deposited onto the CdTe particles modified by deposition of the
ZnTe and Cu layers through PVE. During deposition of the Au
layer, the deposition rate of Au was adjusted to be 4 As™*, and the
chamber pressure was maintained at 10~ Pa. The assembly of Au
foil and modified CdTe particles was picked up and fixed onto
a glass slide using carbon tape as glue. The excess particles on the
photocathode were removed by sonication in water for 3 min, and
surface-modification treatments were applied. The photocathode
surface was first surface modified with a CdS layer via chemical
bath deposition (CBD) to promote charge separation at the solid-
liquid interface, as previously reported.’ A chemical bath
composed of a 50 mL aqueous solution of cadmium acetate
(Fujifilm Wako Pure Chemical, 98.0%), thiourea (Fujifilm Wako
Pure Chemical, 98.0%), and ammonia (Fujifilm Wako Pure
Chemical) at concentrations of 25 mM, 375 mM, and 14 wt%,
respectively, was used. The chemical bath solution in the beaker
was first cooled to 10 °C, and the samples were soaked in this
chemical bath. The beaker was then immediately soaked in
awater bath with a temperature of 60 °C. After 14 min of CBD, the
samples were picked up and sonicated in pure water for 1 min,
followed by annealing in air at 200 °C for several minutes. Finally,
as a HER catalyst, a nominally 2 nm-thick Pt layer was deposited
onto the CdS-modified photocathodes via PVE using a 0.5 mm-
thick Pt wire (Nilaco, 99.98%) as the evaporation source.
Finally, the Cu wire was connected to the Au foil and the photo-
cathode was encapsulated with an epoxy resin except for an active
area. Table S3 in the ESIT shows a summary of sample labels and
associated fabrication parameters.

Preparation of the tandem PEC device

The photoanode was prepared following the method reported
by Kageshima et al.*>* A commercially available Nb-doped SrTiO;
(Nb:STO) single-crystalline wafer was used as the front-side
photoanode component in the tandem PEC cell. A tantalum
(Ta) contact layer and an indium tin oxide (ITO) conductive
layer were sequentially deposited on the back side of the
Nb:STO wafer by radio frequency (RF) magnetron sputtering
(ULVAC, MNS-2000RF) at a power of 30 W and a substrate
temperature of 400 °C. Ta and ITO layers were deposited for 1
and 10 minutes, respectively. The Ta layer thickness was opti-
mized to balance photocurrent generation with optical trans-
mittance. Following deposition, the back-contact-modified
wafer was bonded to an ITO-coated glass substrate using In and
encapsulated with epoxy resin, leaving only the active area
exposed for PEC measurements. Finally, the photoanode was
positioned in front of the CdTe-based photocathode and elec-
trically connected via a Cu wire to complete the tandem PEC
device configuration as shown in Fig. S25 in the ESL{

Photoelectrochemical measurements

PEC measurements were conducted in a typical three-electrode
setup using a potentiostat (Hokuto Denko HSV-110 and
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Princeton Applied Research VersaSTAT4). An Ag/AgCl electrode
in saturated KCI and a Pt wire were used as the reference and
counter electrodes, respectively. The measurements were per-
formed using a gas-tight glass cell purged with Ar to avoid the
0O, reduction reaction and to measure the amount of evolved H,.
An aqueous phosphate electrolyte buffer solution (KPi) of 1 M
KH,PO,, whose pH was adjusted to 6.5, was used as an elec-
trolyte. A solar simulator (San-ei Electric XES-40S2) and a 300 W
Xe lamp (Lamp House R300-3]) connected to a monochromator
(Jasco CT-10) were used as light sources. The photon flux of
monochromatic light was measured using a calibrated Si
photodiode (Hamamatsu S2281-0). The gas product analysis
was performed using a gas-tight cell equipped with a micro-gas
chromatograph (microGC) (Agilent 490).

Characterization

Morphological and compositional characterization studies were
simultaneously performed using scanning electron microscopy
(SEM; Thermo Scientific Phenom ProX) in conjunction with
energy-dispersive X-ray spectroscopy (EDS). Electron back-
scatter diffraction (SEM-EBSD; JEOL JSM-7000F) mapping
images were obtained from cross-section samples, which were
prepared using an Ar-ion slicer (Cross-Section Polisher; JEOL
SM-09010CP). The structural and optical properties were char-
acterized by X-ray diffraction (XRD) using the Cu Ko line (Mal-
vern Panalytical Aeris) and by UV-Vis diffuse-reflectance
spectroscopy (UV-Vis DRS; Jasco V-670). The work function was
measured using photoelectron spectroscopy in air (PESA; Riken
Keiki AC-3).

Results and discussion

Top- and cross-sectional-view SEM images of CdTe-based
particulate photocathodes prepared by the MPT method are
shown in Fig. 1 and 2, respectively. The surface of a photo-
cathode prepared using particulate CdTe and a Au conductor
layer (Au/CdTe) was densely coated with CdTe particles (Fig. 1A).
Simultaneously acquired SEM-EDS mapping results (Fig. S2 in
the ESIf) indicate slight exposure of the Au conductor layer
between CdTe particles. The cross-sectional SEM-EDS observa-
tions (Fig. 2A and D) confirm the successful formation of
a monoparticle layer on the Au foil. Top-view SEM-EDS analysis
results for the particulate CdTe-based photocathode with an
approximately 3 pm-thick ZnTe back contact layer and 2 pm Au
conductor layer (Au/ZnTe/CdTe) (Fig. 1B and S3 in the ESIf})

Fig. 1 Plan-view SEM image of (A) Au/CdTe, (B) Au/ZnTe/CdTe, and
(C) Au/Cu/ZnTe/CdTe (RTA). Scale bars: 10 pm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Au/ZnTe/CdTe
Au/Cu/ZnTe/CdTe (RTA)

2 0.2 ]Au layer

Thickness (um)

Fig.2 Cross-sectional SEM images of (A) Au/CdTe, (B) Au/ZnTe/CdTe,
and (C) Au/Cu/ZnTe/CdTe (RTA) and the corresponding SEM-EDS
mappings (D-F, respectively). SEM-EDS line analysis results of the
cross-sectional images in (A—C) are indicated by dashed lines. Scale
bars: 4 pm.

confirm that the partial exposure of Au was almost eliminated
and that the ZnTe layer was substantially exposed under the
optimized preparation conditions. The partially porous surface
morphology of the CdTe layer indicates that the high deposition
temperature led to partial evaporation of the CdTe particles
during the CSS deposition of the ZnTe layer. The cross-sectional
SEM-EDS analysis results for the Au/ZnTe/CdTe photocathode
confirm the successful formation of monoparticle-layer Au foil
with a ZnTe layer between the CdTe and Au layers.

The top and cross-sectional SEM-EDS analysis results for the
CdTe-based photocathode with a ZnTe back contact, 6 nm Cu
addition, 2 um Au foil, and post RTA treatment at 300 °C for
5 min (Au/Cu/ZnTe/CdTe (RTA)) are similar to those for Au/
ZnTe/CdTe (Fig. 1C, 2C and D). The SEM-EDS line-scan anal-
ysis results (Fig. 2G) reveal that both Au/ZnTe/CdTe and Au/Cu/
ZnTe/CdTe (RTA) showed similar variations in the Zn/(Zn + Cd)
atomic composition ratio in the depth direction. The Zn/(Zn +
Cd) ratio increased toward the backside of the photocathode,
and the composition gradient region covered the entire CSS-
deposited part and some of the particle part. Notably, a few
microns of CdTe particles survived as-is. We concluded that the
Cu addition and post RTA treatment did not affect the photo-
cathode structure.

High-resolution cross-sectional SEM backscattered electron
images and SEM-EBSD mapping images were acquired for the
Au/ZnTe/CdTe photocathode (Fig. 3 and S4 in the ESI}). The
SEM images show the formation of a Zn,Cd; ,Te layer with
minimal grain boundaries over the CdTe particles. Interest-
ingly, SEM-EBSD mapping revealed the epitaxial growth of ZnTe

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Cross-sectional SEM image and (B) SEM-EBSD map of Au/
ZnTe/CdTe. The EBSD maps are normal-direction inverse pole figures.
Scale bar: 10 pm.

and Zn,Cd; ,Te over the CdTe particles because ZnTe and
Zn,Cd, ,Te have the same crystalline orientation as the
underlying CdTe particles. The absence of grain boundaries and
epitaxial growth of ZnTe and Zn,Cd, _,Te on the CdTe particles
is beneficial for efficient charge separation without introducing
recombination sites on the functional structure.

XRD patterns for the Au/CdTe, Au/ZnTe/CdTe, and Au/Cu/
ZnTe/CdTe (RTA) are presented in Fig. 4. The XRD pattern of
Au/CdTe corresponds to the characteristic CdTe and Au
diffraction peaks. Peaks observed at 23.8°, 39.4°, and 46.5° are
assigned to diffraction from the (111), (220), and (311) planes of
CdTe, respectively.”® Those observed at 38.3°, 44.5°, and 62.5°
are assigned to diffraction from the (111), (200), and (220)
planes of Au, respectively. The XRD patterns for Au/ZnTe/CdTe
and Au/Cu/ZnTe/CdTe (RTA) are similar, showing diffraction
peaks originating from ZnTe and alloys in addition to those
from CdTe and Au. The diffraction peaks at 25.4°, 41.8°, and

Cu Ka.

O Au
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Fig. 4 XRD patterns for Au/CdTe, Au/ZnTe/CdTe, and Au/Cu/ZnTe/
CdTe (RTA) at the (A) frontside and (B) backside before Au deposition.
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49.7° are assigned to diffraction from the (111), (220), and (331)
planes of ZnTe, respectively. Notably, the diffraction peaks for
CdTe and ZnTe appear connected, suggesting substantial
formation of a variable-composition solid solution, Zn,Cd; ,Te
(0 = x = 1), at the interfaces between ZnTe and CdTe.*
Current-potential (I-E) curves for the photocathodes
composed of a Au/CdTe surface modified with CdS and Pt (Au/
CdTe/CdS/Pt), a Au/ZnTe/CdTe surface modified with CdS and
Pt (Au/ZnTe/CdTe/CdS/Pt), and a Au/Cu/ZnTe/CdTe (RTA)
surface modified with CdS and Pt (Au/Cu/ZnTe/CdTe/CdS/Pt
(RTA)) under intermittent simulated AM 1.5G sunlight are
shown in Fig. 5A. The Au/CdTe/CdS/Pt photocathode showed
a limited photocurrent and OP of —0.7 mA cm™ > at 0 Vgyg and
0.45 Vgug, respectively. Yokoyama et al. reported that the
introduction of CdS and Pt is essential for enhancing the
performance of a CIGS photocathode.”” CdS, an n-type semi-
conductor, forms a p-n junction with CdTe, which increases the
depletion-layer thickness at the solid-liquid interface. This
junction facilitates charge separation and suppresses surface
recombination by enabling the selective diffusion of electrons
to the surface. Meanwhile, Pt acts as a cocatalyst, providing
active surface sites and accelerating the hydrogen evolution
reaction. As shown in Fig. S5 in the ESI,;f Au/CdTe alone
exhibited a low photocurrent of —0.05 mA cm™ > at 0 Vgyg. Pt
modification of the Au/CdTe photocathode (Au/CdTe/Pt) resul-
ted in an approximately twofold increase in the photocurrent to
—0.09 mA cm ™2 at 0 Vryg as Pt catalyzed the water reduction.
However, the observed photocurrent was still limited. The CdS-
modified Au/CdTe photocathode (Au/CdTe/CdS) showed
a limited photocurrent of —0.07 mA cm > at 0 Vgyg. However,
Au/CdTe/CdS/Pt showed a greater than seven-fold increase in
photocurrent compared with the Au/CdTe photocathode, con-
firming that these surface modifications synergistically enhance
the charge separation and catalytic activity of the photocathode.
As observed for the Au/ZnTe/CdTe/CdS/Pt photocathode,
introducing a ZnTe layer resulted in sixfold and 0.2 V increases
in the photocurrent and OP to —4.1 mA cm™ > at 0 Vgy and 0.7
Vrug, respectively. The effect of introducing ZnTe is evident in
the substantial change in R. The R values were calculated from
the gradient of the I-E curves at 0.3 Vryg for Au/CdTe/CdS/Pt

A B4
% L 13]0Vae Au/CuiZnTelCdTe/CdS/Pt (RTA)
Vg 121 Au/ZnTe/CdTe/CdS/Pt
—~411A 111 Au/CdTe/CdS/Pt
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s
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Fig. 5 (A) Current—potential curves for photocathodes prepared from

Au/CdTe/CdS/Pt, Au/ZnTe/CdTe/CdS/Pt, and Au/Cu/ZnTe/CdTe/
CdS/Pt (RTA). (B) HC-STH curves calculated from the current—
potential curves for Au/CdTe/CdS/Pt, Au/ZnTe/CdTe/CdS/Pt, and Au/
Cu/ZnTe/CdTe/CdS/Pt (RTA). Measurements were conducted under
chopped simulated sunlight in a 1 M aqueous KPi solution whose pH
was adjusted to 6.5. The applied potential was swept at +10 mV s~ 2,
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and at 0.45 Vgyg for Au/ZnTe/CdTe/CdS/Pt to be 6.1 kQ and
0.53 kQ, respectively. This difference in Ry is attributed to the
different interfacial structure between Au/CdTe and Au/ZnTe/
CdTe. The Au/CdTe interface is random because the CdTe
particles are unarranged, resulting in the formation of a defec-
tive Au/CdTe interface containing voids (Fig. 2A). However, the
Au/ZnTe interface is composed of straight lines (Fig. 2B)
because the surface of the CSS-deposited ZnTe is composed of
crystal facets (Fig. S61) in addition to the dense interface
between ZnTe and CdTe in Au/ZnTe/CdTe/CdS/Pt. As a result,
the introduction of a ZnTe layer substantially reduces the R
value. Cross-sectional SEM-EDS analysis reveals that the Zn/(Zn
+ Cd) ratio of the composition gradient structure increases as
the structure approaches the Au back contact (Fig. 2G).
According to the PESA results shown in Fig. S26 in the ESI, T the
VBM potentials of Au/CdTe and Au/ZnTe/CdTe samples do not
show a significant difference, indicating that the VBM potential
at the surface for both Au/CdTe and Au/ZnTe/CdTe is not
changed by introducing the ZnTe layer. On the other hand,
ZnTe shows a comparable VBM potential of 5.3 eV to CdTe,
5.2 eV.'>** However, the bandgap of ZnTe, 2.2 eV, is significantly
larger than that of CdTe, 1.5 eV. Consequently, the composition
gradient leads to the formation of a downward CBM gradient
toward the photocathode surface, in addition to the band
bending at the solid-liquid interface as summarized in Fig. S7
in the ESL{ This favorable band alignment is expected to
contribute to the increase of the cathodic photocurrent through
elongation of the lifetime of photoexcited carriers through
enhanced charge separation as observed in the photocurrent
decay measurement results shown in Fig. S32 in the ESL{ The
effects of the band alignment on the PEC performance will be
discussed later in detail.

To lower the R, value, we examined the effect of Cu addition.
The Au/Cu/ZnTe/CdTe/CdS/Pt (RTA) photocathode showed
a substantially greater photocurrent of —7.0 mA cm ™ at 0 Vryg
compared with that of Au/ZnTe/CdTe/CdS/Pt. The photocurrent
of this photocathode surpassed that of Au/ZnTe/CdTe/CdS/Pt at
0-0.5 Vrug, Whereas the OP and R, values of the Au/Cu/ZnTe/
CdTe/CdS/Pt (RTA) photocathode, 0.7 Vgye and 0.49 kQ,
respectively, were comparable to those of the Au/ZnTe/CdTe/
CdS/Pt photocathode, 0.7 Vryg and 0.53 kQ, respectively. For
enhancing the cathodic photocurrent, the post RTA treatment
under appropriate conditions is indispensable; the photo-
cathode with a Cu layer introduced and prepared without an
RTA treatment (Au/Cu/ZnTe/CdTe/CdS/Pt) showed a photocur-
rent similar to that of the photocathode without a Cu layer
introduced, Au/ZnTe/CdTe/CdS/Pt (Fig. S8 and S9 in the ESIf).
An increase in the hole concentration in both ZnTe and CdTe by
Cu addition has been reported, and the enhanced photocurrent
resulting from the post RTA treatment is due to the increase in
the hole concentration, especially around the Au/ZnTe inter-
face, as evidenced by the decrease of R;.">' Post-deposition RTA
treatment has also been shown to improve CdTe-based photo-
voltaic devices by passivating defects and activating Cu diffu-
sion into the ZnTe and CdTe layers. SEM-EDS analysis did not
detect the presence of Cu at the Au/ZnTe interface in the Au/Cu/
ZnTe/CdTe/CdS/Pt (RTA) photocathode as shown in Fig. 2F,
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suggesting that Cu diffused into the adjacent semiconductor
layers. It is reported that Cu exists in oxidation states between
+1 and +2 after diffusion and behaves as an acceptor.®** Hall
measurement confirmed that Cu addition improved conduc-
tivity of ZnTe and CdTe as summarized in Fig. S33 in the ESL}
The increase in the hole concentration induced by the Cu
doping leads to a reduction of series resistance through
increased conductivity of ZnTe and CdTe layers and thinning of
the barrier can be formed at the Au/ZnTe interface.>* Notably,
the XRD pattern did not substantially change at the optimal
RTA temperature of 300 °C, whereas the RTA treatments at 400
and 500 °C led to a clear change in the XRD pattern compared
with that for the material before RTA (Fig. S10 in the ESI{).*
XRD peaks assignable to the Zn,Cd,_,Te solid solution were
observed at angles intermediate between the angles of peaks for
CdTe and ZnTe; for example, the ZnTe and CdTe (220) diffrac-
tion peaks observed at 41.8° and 44.5° and the ZnTe and CdTe
(311) diffraction peaks observed at 46.5° and 49.7° became
more intense when the RTA temperature was greater than 400 °©
C, indicating that interdiffusion between ZnTe and CdTe was
substantially enhanced at temperatures greater than 400 °C.
The HC-STH curves obtained from I-E curves are shown in
Fig. 5B. The maximum HC-STH values for Au/CdTe/CdS/Pt, Au/
ZnTe/CdTe/CdS/Pt, and Au/Cu/ZnTe/CdTe/CdS/Pt (RTA) were
0.06% at 0.16 Vgyg, 0.64% at 0.28 Vrug, and 1.1% at 0.28 Viyg,
respectively. The maximum HC-STH value of Au/Cu/ZnTe/
CdTe/CdS/Pt (RTA) was more than 18 times greater than that
of Au/CdTe/CdS/Pt. Notably, among the particulate photocath-
odes, Au/Cu/ZnTe/CdTe/CdS/Pt (RTA) exhibits a HC-STH effi-
ciency similar to that for the (ZnSe),ss(Culn,,Gag35€3)o.15
particulate photocathode, whose HC-STH efficiency is the
highest reported to date as summarized in Table S4 in the
ESIL.}*® Moreover, it is worth noting that the particulate
photocathode exhibits a comparable photocurrent and a higher
onset potential compared to most of the thin film CdTe-based
photocathodes (please see Table S5 in the ESIt). The IPCE
spectra of these photocathodes (i.e., Au/CdTe/CdS/Pt, Au/ZnTe/
CdTe/CdS/Pt, and Au/Cu/ZnTe/CdTe/CdS/Pt (RTA)) at 0 Vgyg are
plotted in Fig. 6. The spectrum of Au/CdTe/CdS/Pt shows
a relatively low maximum IPCE value of 5.3% at 520 nm.
Notably, all of the photocathodes show a decrease in IPCE with
increasing wavelength in the region below 520-540 nm, and the
decrease is attributed to light absorption by the CdS layer.
Interestingly, a small peak of IPCE is observed at ~800 nm. This
IPCE peak might be caused by enhanced charge collection as
a result of the greater penetration depth at longer wavelengths.
Because the photocathode is composed of large particles, short-
wavelength light will be absorbed near the surface, whereas
longer-wavelength light will be absorbed in deeper parts. As
a result, the photoexcited carriers generated by longer-
wavelength light increase R, (Table S2 in the ESI}); thus, the
IPCE value increases when the wavelength of incident light is
~800 nm. However, because the optical absorption coefficient
decreases with increasing wavelength, the IPCE value begins to
decrease with increasing wavelength after the value reaches
a local maximum. In the case of Au/ZnTe/CdTe/CdS/Pt, IPCE
values were substantially increased compared with those of Au/
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Fig. 6 IPCE spectra obtained for Au/CdTe/CdS/Pt, Au/ZnTe/CdTe/
CdS/Pt, and Au/Cu/ZnTe/CdTe/CdS/Pt (RTA) photocathodes at 0 Vg
under monochromatic light.

CdTe/CdsS/Pt and the maximum IPCE value was increased to
18.5% at 540 nm from only 5.4% at 540 nm by the introduction
of the ZnTe layer. The IPCE spectrum of Au/ZnTe/CdTe/CdS/Pt
shows similar features (i.e., a decrease at wavelengths shorter
than 540 nm and a local maximum at ~800 nm) to the spectrum
of Au/CdTe/CdS/Pt because of light absorption by the CdS layer
and a decrease of R, by the photoexcited carrier. The monotonic
decrease in the IPCE at 540-760 nm can be caused by the
composition gradient structure, and a similar trend has been
reported in the case of a thin-film photocathode.?® However, the
trend is more significant in the case of this Au/ZnTe/CdTe/CdS/
Pt. This sharp decrease in IPCE is attributable to the non-
negligible presence of ZnTe and Zn,Cd,; ,Te on the photo-
cathode surface. The UV-vis DRS spectra (Fig. S11 and S27 in
the ESIt) show that Au/ZnTe/CdTe exhibits a slight decrease in
light absorption from 700 to 800 nm, suggesting that Zn,-
Cd;_,Te contributes to light absorption. Consequently, Au/
ZnTe/CdTe/CdS/Pt shows a monotonic decrease in the IPCE
with increasing wavelength.

The enhanced IPCE values observed for photocathodes
incorporating the ZnTe layer are attributable to the charge
separation mechanism being dependent on the light absorption
region, as summarized in Fig. S12 in the ESI.{ As confirmed in
Fig. S13 in the ES],} the interdiffusion between ZnTe and CdTe
particles forms a ~1 pm-thick Zn,Cd,_,Te layer with a compo-
sition gradient from the interface into the CdTe particle.
Notably, the underlayer, nominally the ZnTe layer, is largely
occupied by the Zn,Cd, _,Te layer with a composition gradient,
which forms by interdiffusion between CdTe and ZnTe. As
shown in Fig. S13 in the ESI,} the effective thickness of the CdTe
layer is sensitive to the particle size. The particle size is less than
5 um, resulting in photocathodes in which the effective thick-
ness of pure CdTe (L) ranges from 0 to 4 um. According to the
simulation results in Fig. S14 in the ESI,t the charge separation
mechanism can be categorized into three different cases: (1)
large particles with L > 3 um, (2) intermediate-sized particles
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Fig. 7 (A) Hydrogen and oxygen evolution and (B) time course of the

photocurrent for the Au/Cu/ZnTe/CdTe/CdS/Pt (RTA) photocathode
under simulated sunlight in a three-electrode configuration with an
applied potential of O Vgue. The expected amounts of hydrogen and
oxygen (denoted as e /2 and e /4, respectively), as calculated from
the observed photocurrent, are shown as dashed lines. A 1 M aqueous
KPi solution whose pH was adjusted to 6.5 by addition of KOH was
used as the electrolyte. The photoelectrode area was 0.488 cm™2.

with 0 < L < um, and (3) small particles occupied by Zn,Cd; ,Te
with a composition gradient (L = 0). To better understand how
these structural modifications influence charge collection, we
conducted simulations to obtain the band diagram and eval-
uate the relationship between total recombination (7)) and L
at wavelengths of 400, 600, and 800 nm (Fig. S13 in the ESIY).
Notably, as a consequence of the absorption coefficient of CdTe,
the photoexcited carriers are generated within 3 pm of the
surface (Fig. S15 in the ESIT).

For large particles (L > 3 pm), the generation of photoexcited
carriers occurs in the pure CdTe layer and the change in rio iS
limited against L. In this case, the Zn,Cd; ,Te underlayer
primarily functions as a hole-selective back contact because the
CBM of Zn,Cd,_,Te is shallower than that of CdTe. However,
a limited number of photoexcited carriers can reach the back
contact; the enhancement of the hydrogen evolution is limited
as a consequence. Notably, even though charge generation
mainly occurs in the CdTe layer, the recombination rate was
suppressed in Zn,Cd;_,Te because of the existence of the
composition gradient (Fig. S16 in the ESIT).

As the CdTe layer becomes thinner (0 < L < 3 pm), the
photoexcited carriers are generated in the pure CdTe layer and
partially in the Zn,Cd,_,Te layer. According to the simulation
results in Fig. S13 and S14 in the ESI} ry decreases with
decreasing L in the case of 800 nm light because long-
wavelength light can reach the Zn,Cd,_,Te layer. By contrast,
in the cases of 400 and 600 nm light, the light is absorbed
within 1 pm and the Zn,Cd, ,Te layer only acts as a hole-
selective back contact, leading to minimal changes in the 7y
values. With a further decrease in the CdTe layer thickness (L <
0.5 pm), photoexcited carriers are generated in both the pure
CdTe and Zn,Cd;_,Te layers at all wavelengths, resulting in
a noticeable reduction in ry,. Interestingly, a substantial
decrease occurs when the particles are smaller than 1 um (L =
0), where all of the CdTe particles become Zn,Cd; ,Te with
a composition-gradient structure, resulting in a one-order-of-
magnitude reduction in ry.,, effectively suppressing charge
recombination.
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In comparison with the Au/CdTe/CdS/Pt and Au/ZnTe/CdTe/
CdS/Pt photocathodes, the Au/Cu/ZnTe/CdTe/CdS/Pt (RTA)
photocathodes exhibited clearly higher IPCEs across the whole
spectrum. The Au/Cu/ZnTe/CdTe/CdS/Pt (RTA) photocathodes
exhibit a maximum IPCE value of 36% at 520 nm, which is the
highest IPCE value reported thus far for a particulate photo-
cathode, with >10% IPCE in a wide wavelength range of 440-
840 nm. On the basis of these IPCE values, the expected
photocurrent under AM 1.5G light is 6.8 mA cm™> for Au/Cu/
ZnTe/CdTe/CdS/Pt (RTA), consistent with the current-poten-
tial curve shown in Fig. 4. We concluded that the composition
gradient structure is clearly advantageous for photo-
electrochemical and photocatalytic water-splitting reactions.

To confirm the faradaic efficiency of the Au/Cu/ZnTe/CdTe/
CdS/Pt (RTA) photocathode, we used a microGC to measure
the amounts of H, and O, evolved under irradiation with an
applied potential of 0 Vgyg. As shown in Fig. 7, we confirmed
stoichiometric water splitting with faradaic efficiencies for H,
and O, evolution of almost 100%, whereas the time course of
photocurrent indicates durable H, evolution for 1 h. To assess
the durability for a relatively long period, the time course of the
photocurrent for 21 h was measured, and the result shown in
Fig. S28 in the ESIT indicates that the photocathode works
longer than the period. However, the cathodic photocurrent
consequently decreased to be —1.7 mA cm™ 2 after the reaction
for 21 h. The XPS analysis results shown in Fig. S29 and S30 in
the ESIT revealed that the degradation is mainly because of
detachment of Pt.

Finally, we demonstrated overall PEC water splitting using
a Au/Cu/ZnTe/CdTe/CdS/Pt photocathode coupled with
a Nb:STO based photoanode. The photoanode was positioned
in front of the photocathode and the device was illuminated
with AM 1.5G simulated sunlight without applying external bias
voltage. As shown in Fig. S31A in the ESI,} current-potential
curves of the photocathode and photoanode are overlapped,
and current matching is satisfied at 0.4 Vgpyg, indicating the
capability of unbiased PEC water splitting. Fig. S31B in the ESIT
confirms stoichiometric evolution of H, and O,, with a 2:1
molar ratio, validating overall water splitting using the con-
structed PEC cell. Based on these results, the solar-to-hydrogen
conversion efficiency of the tandem PEC device was estimated
to be 0.2%, which aligns with the photocurrent limitations
imposed by the Nb:STO photoanode. Future work should focus
on optimizing the deposition parameters to improve the CdTe
surface coverage and on integration with an O, evolution reac-
tion system which has an absorption edge in the visible light
region to construct an efficient unbiased water splitting device.

Conclusion

In this study, we constructed a novel photocathode composed of
photocatalytic particles with an induced composition gradient.
The effects of the composition gradient were assessed on the
basis of the experimental and simulation results, and the IPCE
and HC-STH were the highest reported thus far: 36% at 520 nm
and 1.1% at 0.28 Vgyg, respectively. The novel structured
photocathode was prepared using a modified particle transfer
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method. In this method, a 3 pm-thick ZnTe layer deposited via
the CSS method was used as a contact layer to form a contact
method preferable to particulate CdTe for selective extraction of
holes to the Au back contact. Interestingly, the ZnTe contact
layer formation process resulted in the growth of ZnTe on CdTe
particles. Moreover, Zn,Cd,_,Te was also formed through the
interdiffusion between CdTe particles and the ZnTe layer. With
optimization of the substrate temperature, the Zn,Cd;_,Te
formed between the particulate CdTe and the ZnTe layer
resulted in an appropriate composition gradient that enhanced
charge separation. The photocathode prepared under opti-
mized conditions with the composition gradient showed an
approximately six-fold enhanced photocurrent of —4.1 mA cm™>
at 0 Vrue and positively shifted the onset potential of the
cathodic photocurrent by +0.2 Vggg to 0.7 Vrgg compared with
the cathodic photocurrent of the Au/CdTe/CdS/Pt photocathode
(see Fig. S5 in the ESIt). According to the simulation, the
formation of Zn,Cd; _,Te with a composition gradient produces
a CBM gradient that enhances the charge separation, indicating
suppression of charge recombination. Further incorporation of
a Cu layer and application of a post RTA treatment substantially
improved PEC hydrogen evolution, increasing the photocurrent
to —7 mA cm™ 2 at 0 Vgyg. This improvement was attributed to
enhanced electrical properties, such as a decreased Rs and an
associated reduction of the height of the Schottky barrier
formed at the Au-ZnTe interface. Consequently, among the
investigated particulate photocathodes, the Au/Cu/ZnTe/CdTe/
CdS/Pt (RTA) photocathode prepared under optimized condi-
tions demonstrated the highest HC-STH value of 1.1% at 0.28
Vrue and a high level of IPCE value of 36% at 520 nm, with
>10% IPCE over the 440-800 nm range. We expect the results of
this study to provide guidance in the development of efficient
particulate photoelectrodes and photocatalysts by introduction
of composition gradients.
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