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Photoelectrochemical Hydrogen Production Using
TiO2/Mn-CdS Photoanode with ZnS Passivation and CoPi as
Hole Transfer Relay

Hwapyong Kim, Chaitanya B. Hiragond, Sung Wook Koo, Orim Lee, and Su-Il In*

To improve photoelectrochemical water splitting efficiency, it is crucial to
simultaneously enhance light absorption, surface stability, and interfacial
charge transfer. This work reports the rational design and fabrication of a
multi-functional TiO2/Mn-CdS/ZnS/CoPi photoanode that integrates these
critical aspects. TiO2 acts as a robust and conductive mesoporous film that
absorbs UV light, while Mn-doped CdS broadens the absorption
spectrum into the visible region owing to its narrower bandgap and suitable
band alignment. To address the photocorrosion typically associated with CdS,
a ZnS passivation is applied, offering chemical stability without impeding
charge flow. Finally, cobalt phosphate is introduced as a surface catalyst to
accelerate the oxygen evolution reaction, enhancing interfacial hole transfer
and reducing the overpotential. This hierarchical architecture promotes
synergistic interaction between each component, enabling efficient charge
separation and transport. As a result, the TiO2/Mn-CdS/ZnS/CoPi
photoanode achieves an enhanced photocurrent density under illumination.
These results highlight the effectiveness of integrating light-harvesting,
protective, and catalytic components to achieve high-performance and stable
operation in PEC water splitting.

1. Introduction

Photoelectrochemical (PEC) water splitting has emerged as a
highly promising technology for the sustainable production of
hydrogen, a clean and renewable energy carrier. Since the pi-
oneering study by Honda and Fujishima, which first demon-
strated PEC water splitting using TiO2 nanocrystals, the field
has witnessed extensive exploration and innovation.[1–4] Among
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various candidate materials, titanium
dioxide (TiO2) has firmly established it-
self as a cornerstone in PEC systems,
owing to its widespread availability, low
cost, and remarkable resistance to pho-
tocorrosion. These characteristics make
TiO2 particularly attractive as a photoan-
ode material for water splitting in PEC
applications.[5–12]

However, despite its numerous advan-
tages, TiO2 suffers from a significant lim-
itation, namely relatively wide bandgap.
The rutile phase of TiO2 exhibits a
bandgap of ≈3.0 eV, while the anatase
phase has a slightly larger bandgap of
≈3.2 eV.[13–16] This restricts its ability to
absorb sunlight efficiently, particularly
in the visible region of the solar spec-
trum, thus constraining its overall pho-
toresponse and solar-to-hydrogen (STH)
conversion efficiency.
To overcome this challenge, many

studies have proposed the development
of heterostructures by integrating TiO2

with narrower bandgap semiconductors. Such heterojunctions
can significantly broaden the light absorption range and im-
prove charge carrier dynamics, ultimately enhancing the PEC
performance of TiO2-based systems under visible light irradia-
tion. In this context, cadmium sulfide (CdS) quantum dots (QDs)
stand out as highly promising photosensitizers. CdS possesses
a suitable bandgap of ≈2.4 eV, well aligned with the visible re-
gion of solar spectrum, and features conduction and valence
band positions that are thermodynamically favorable for water
splitting.[17–19]

Despite their potential, CdS-based photocatalysts face several
practical challenges that limit their practical application. One of
themost critical issues is photocorrosion, which deteriorates per-
formacne and long-term stability. Photocorrosion is a critical is-
sue wherein sulfur ions in CdS are attacked by photogenerated
holes, resulting in their oxidation to elemental sulfur. This pro-
cess leads to surface degradation and defect formation, and fa-
cilitates further redox reactions under aerobic conditions[20] and
compromising the integrity and functionality of the CdS photo-
electrode. Due to the photocorrosion problem of CdS,many stud-
ies have employed sacrificial agents, such as a combination of
sodium sulfide (Na2S) and sodium sulfite (Na2SO3) electrolyte, to
achieve high photocurrent densities exceeding 4 mA cm−2.[21–23]
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Na2S and Na2SO3 act as hole scavengers in the electrolyte, donat-
ing electrons to the photogenerated holes that would otherwise
oxidize the CdS lattice. However, the use of Na2S/Na2SO3 poses
several drawbacks, including the generation of environmentally
harmful byproducts, limited long-term stability, and increased
operational cost. For these reasons, the Na2SO4 electrolyte has
been considered as an alternative for photoelectrochemical hy-
drogen production, although its performance remains relatively
low.
Another key strategy explored in this research is the use of

doping to modify the intrinsic properties of semiconducting
nanocrystals. Doping with optically active transition metal ions,
such as Mn2+, has proven effective in tuning the electronic and
photophysical properties of CdS nanocrystals.[24] The incorpora-
tion of Mn2+ introduces new electronic states within the mid-
gap region of the sensitizer, thereby altering the charge sepa-
ration and recombination dynamics in sensitized solar cells.[25]

Additionally, Mn2+ ions can create shallow trap states, which
extend the lifetime of charge carriers by scavenging photogen-
erated holes, thereby improving the overall efficiency of the
photoelectrode.[26]

However, pure semiconductor nanoparticles such as CdS re-
main vulnerable to surface damage and environmental degra-
dation. To mitigate these issues, surface modification of CdS
nanocatalysts is essential, although such treatments may affecte
their photocatalytic, chemical, and optical properties. This study
proposes a surface passivation strategy using a ZnS shell layer,
deposited via the successive ionic layer adsorption and reaction
(SILAR) method. The ZnS layer protects the CdS core from pho-
tocorrosion, thereby enhancing its chemical stability and overall
photocatalytic performance.
Moreover, in PEC water splitting, the sluggish kinetics of the

oxygen evolution reaction (OER) at the anode represent a ma-
jor bottleneck that limits the overall electrolytic efficiency. To ad-
dress this challenge, the development of highly active and sta-
ble OER catalysts is essential. For decades, water oxidation cata-
lysts (WOCs) have been in the spotlight for improving the PEC
performance by reducing the electron and hole recombination
rate.[27–31] The application of a WOCs can alter the reaction path-
way of water oxidation and decrease the associated energy barrier,
thereby accelerating the surface reaction kinetics. Among the var-
ious WOCs, cobalt phosphate (CoPi) has attracted considerable
attention as a cocatalyst for coupling with photocatalysts, ow-
ing to its efficient performance, earth-abundant, and self-healing
charateristics.[32–41] While the clear mechanism by which CoPi
modification improves PEC performance remains under debate,
a widely accepted explanation is that photo-induced holes oxi-
dize Co ions to a higher valence state, which subsequently fa-
cilitates water oxidation before the Co ions return to their ini-
tial oxidation state.[42] Numerous semiconductor materials have
been studied with the CoPi cocatalysts to take advantage of hole
transfer acceleration.[43–49] Furthermore, CoPi exhibits stability
and functionality across a broad pH range from 1 to 14.[50]

In this work, the PEC performance is further enhanced by de-
positing a CoPi OER catalyst onto the TiO2/CdS/ZnS photoan-
ode, which effectively improves the anode-side reaction kinetics
and boosts the overall water splitting efficiency. In summary, this
research contributes to the ongoing advances the field of PEC
water splitting technologies by integrating several synergistic

strategies—narrow-bandgap sensitization, transition metal ion
doping, surface passivation, and catalytic enhancement. Through
this multifaceted approach, the study aims to address key chal-
lenges in the field and pave the way for the development of effi-
cient PEC systems for sustainable hydrogen production.

2. Results

2.1. Physicochemical and Optical Properties of
TiO2/Mn-CdS/ZnS/CoPi Photoanodes

2.1.1. Structure Characterization

X-ray diffraction (XRD) analysis was conducted to exam-
ine the changes in the crystalline structure of photocatalysts
(Figure S1, Supporting Information). In the case of TiO2/Mn-
CdS/ZnS/CoPi, peaks were obserbved at 2𝜃 values, 25.56° (101),
37.95° (004), 48.36° (200), 54.16° (105), 55.23° (221), 69.03° (116),
and 75.5° (215) as consistent with previous reports (JCPDS Card
No. 21-1272).[51] Moreover, the XRD pattern of CdS exhibited
peaks 2𝜃 values at 26.88 (002), 51.79 (112), 66.10 (203). According
to a previous reported study, these XRD patterns indicate a struc-
ture of hexagonal phase CdS (JCPDS Card No. 96-101-1055).[52]

The XRD diffraction peak observed at 2𝜃 value of 33.50° (020) can
bematched with cubic ZnS (JCPDSCard No. 96-500-0089). How-
ever, the main peaks 2𝜃 values at 26.43° of CdS and at 28.91° of
ZnS are difficult to distinguish, and distinct peaks for CdS, ZnS,
and CoPi are not clearly observed in XRD patterns, likely due to
the low concentration of CdS, ZnS, and CoPi.[53]

XPS studies were conducted to investigate the chemical com-
position of the TiO2/Mn-CdS/ZnS/CoPi. In the fitted Ti 2p XPS
spectrum of TiO2/Mn-CdS/ZnS/CoPi, the peaks located at 464.00
and 458.20 eV are assigned to Ti 2p1/2 and Ti 2p3/2, respectively.
(Figure 1a). The energy difference between these two peak’s bind-
ing energy is approximately 5.8 eV, which is well assigned to Ti4+

state in the CdS-TiO2 samples.[54,55] After coating Mn-CdS onto
TiO2 by SILAR process, Ti 2p peaks shifted to lower binding ener-
gies while Cd 3d peaks shifted to higher energy compared to the
reported value of 404.75 eV for Cd 3d5/2 and 411.45 eV for Cd 3d3/2
(Figure S2, Supporting Information).[56] It suggests that electron
transfer makes the change of surface electron density, facilitat-
ing the formation of a built-in electric field between TiO2 and
CdS and the establishment of heterojunction.[57] In addition, O
1s peaks are confirmed at 529.4, 530.8, and 532.9 eV (Figure 1b).
The first peak of O 1s represents lattice oxygen of TiO2.

[58,59] The
second and third peak of O1s are related to surface-adsorbed
water species. It can be attributed to hydroxyl groups bonded
to bridging oxygen sites (ObrH: 532.9 eV) or to Ti sites (Ti-OH:
532.9 eV).[60]

The Cd 3d5/2 and Cd 3d3/2 were observed at 411.80 and
405.13 eV, respectively, for TiO2/Mn-CdS/ZnS/CoPi and were at-
tributed to Cd2+ state of CdS. The gap between 3d5/2 and 3d3/2 is
6.67 eV approximately, which corresponds to the presence of the
+2 Cd 3d at the surface on the TiO2 (Figure 1c).

[61] The splitting
Zn 2p peaks of TiO2/Mn-CdS/ZnS/CoPi indexed to Zn 2p1/2 and
Zn 2p3/2 respectively, located at 1044.40 and 1021.38 eV, corre-
sponding to Zn bonded to sulfur (Zn-S) (Figure 1d).[62] Further-
more, S 2p spectra of TiO2/Mn-CdS/ZnS/CoPi exhibits a distinct
peak at 159.29-163.24 eV (Figure 1e). The prominent S 2p peaks
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Figure 1. XPS analysis a) Ti, b) O, c) Cd, d) Zn, e) S, and f) Mn of TiO2/Mn-CdS/ZnS/CoPi.

at 162.09 eV is the characteristic of the S2− valence state.[63] To in-
vestigate the interaction of Mn-CdS and ZnS, the binding energy
of Cd 3d and S 2p were compared before and after ZnS SILAR
process (Figure S3, Supporting Information). After ZnS coating
on TiO2/Mn-CdS photoelectrode, the binding energies of Ti 2p
are similar, while Cd 3d and S 2p shifted to higher energies. These
results suggest that Cd of TiO2/Mn-CdS could be partially substi-
tuted by Zn during ZnS SILAR process, indicating the formation
of Cd1−xZnxS between CdS and ZnS.

[64]

Mn 2p spectra indexed to Mn 2p1/2 and Mn 2p3/2 respectively,
located at 654.10 and 641.91 eV (Figure 1f). Notably, the Mn 2p3/2
at 641.91 eV was attributed oxidation state of +2.[65] This indicat-
ess that when Mn is doped into the CdS lattice, it can be detected
by XPS at the corresponding binding energy, confirming that Mn
predominantly exists in the +2 oxidation state.[66] Considering
that Cd exists as Cd2+ in the CdS lattice, the substitution of Mn2+

at Cd2+ sites is the most plausible doping process. Introducing
Mn into CdS causes the Cd 3d and S 2pXPS peaks to shift upward
by 0.25 and 0.20 eV, respectively (Figure S4, Supporting Informa-
tion). However, no peaks corresponding to Co were observed in
the TiO2/Mn-CdS/ZnS/CoPi samples due to the small amount
of Co species. Furthermore, we can confirm the shielding effects
of each coating layer. For example, the peak intensity of Ti 2p is
suppressed after Mn-CdS SILAR process, and the peak intensity
of CdS 3d diminishes after ZnS SILAR process. This shielding
effect can effectively hinder the photogenerated electron transfer
to the surface.[67]

Mn-doped cadmium sulfide (Mn-CdS) was deposited onto a
mesoporous titanium dioxide (TiO2) film to enhance the pho-
toelectrochemical (PEC) performance of the resulting photoan-
ode. The concentration of the Mn-CdS precursor solution was

carefully optimized based on the photoelectrochemical character-
istics, particularly the photocurrent density–voltage (J–V) plots
(Figure S5, Supporting Information). Through this optimiza-
tion, the optimal Mn-CdS loading condition (SILAR 4 cycles)
was identified to maximize light absorption while maintain-
ing efficient charge transport pathways within the photoanode
structure.
The structural features of the fabricated TiO2/Mn-

CdS/ZnS/CoPi photoanode were investigated using field-
emission scanning electron microscopy (FE-SEM), which
provided cross-sectional images confirming total film thickness
(Figure 2). To evaluate the spatial distribution and conformality
of the CdS nanoparticles within the porous TiO2 framework,
energy-dispersive X-ray spectroscopy (EDS) analysis was con-
ducted. The EDS elemental mapping confirmed a uniform
distribution of Cd throughout the TiO2 mesoporous film, in-
dicating successful and homogeneous adsorption of the CdS
sensitizer at each TiO2 mesoporous film (Figure 2). Although
the morphological difference between the TiO2 film and the
CdS particles was not clearly distinguishable under FE-SEM,
compositional analysis revealed that CdS was predominantly
deposited on the transparent TiO2 film (TiO2 (T)) rather than
on the scattering TiO2 film (TiO2 (S)). This selective depo-
sition is likely attributed to the difference in particle sizes
between the two films; the smaller particles in the TiO2 (T)
film (particle size: 15–20 nm) provide a larger specific surface
area than TiO2 (S) film (particle size: >100 nm), facilitating
higher CdS nanoparticle loading. The total thickness of the
TiO2/Mn-CdS/ZnS/CoPi photoanode was measured to be ≈7.48
μm (Figure 2). Further confirmation of well-dispersion was
obtained through EDS mapping of Cd, Zn, S, and Co, which
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Figure 2. Cross-sectional SEM image and EDS spectrum of each element (O, Ti, S, Zn, Cd, and Co) for TiO2/Mn-CdS/ZnS/CoPi photoanode.

demonstrated elemental distribution across the entire surface
of the TiO2 film, supporting the conformal coverage of the Mn-
doped CdS, ZnS, and CoPi in TiO2 film (Figure S6, Supporting
Information).
High-resolution transmission electron microscopy (HR-TEM)

studies showed that CdS and ZnS are well distributed on TiO2
anatase nanoparticles (Figure 3a). It can be confirmed that the
(002) plane of CdS and (111) plane of ZnS were attached to
the (101) plane of TiO2 (Figure 3b). The lattice fringes of TiO2,
CdS, and ZnS samples were clearly distinguishable, (101) of
TiO2, (002) of CdS, and (111) of ZnS also appeared. The (101),
(002), and (111) planes exhibited d-spacings were 0.352, 0.179,
and 0.316 nm, respectively (Figure 3c,d). Furthermore, elemental
mapping TiO2/Mn-CdS/ZnS/CoPi reveals a random distribution
of Co and Mn, indicating a non-uniform interfacial arrangement
(Figure 3e–l).

2.1.2. Optical Characterization

The Mn-doped CdS (Mn-CdS) sensitized photoanode exhibited
enhanced light absorption compared to the bare TiO2 photoan-
ode, indicatingmore effective utilization of visible light for photo-
electrochemical applications (Figure 4a). This enhancement can
be attributed to the narrow bandgap and strong visible-light ab-
sorption properties of Mn-CdS, which effectively extend the op-
tical response of the TiO2-based system beyond the UV region.
The optical properties of the photoanodes were further exam-
ined by UV–vis absorption spectroscopy, and the corresponding
Tauc plots were used to estimate the optical bandgaps (Eg) of
the samples. All three photoanode configurations-TiO2/Mn-CdS,
TiO2/Mn-CdS/ZnS, and TiO2/Mn-CdS/ZnS/CoPi-demonstrated
bandgap narrowing compared to bare TiO2, with absorption
edges clearly extending into the visible light region (≈550 nm).
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Figure 3. a) TEM and b) HR-TEM images of TiO2/Mn-CdS/ZnS/CoPi and distinct d-spacing for c) TiO2 and d) CdS and ZnS, respectively. e) Element
mapping of Co, Mn, Zn, Ti.

Among them, the TiO2/Mn-CdS/ZnS/CoPi photoanode showed
an optical bandgap of ≈2.39 eV, as determined from the Tauc
plot (Figure 4b). Furthermore, the bandgap of cubic ZnS is
≈3.6 eV, and it absorbs the light of wavelength below 340 nm.[68]

TiO2/Mn-CdS/ZnS photoanode exhibited a slight blue shift com-
pared to TiO2/Mn-CdS without ZnS, indicating a bandgap in-
crease (≈ΔEg: +0.03 eV). However, the light absorption of pho-
toanode with CoPi was slightly lower than the photoanode with-
out CoPi. These results reveal that CoPi interacts with CdS only
at the surface via weak Co–S bonding and is not incorporated
within the CdS crystal lattice. Therefore, CoPi covers the surface
of photoanode and then blocks the light in the PEC even though
it does not absorb light.[69,70]

In addition, the color of each component depends on light ab-
sorption properties. TiO2 film exhibits white color thick film, but

CdS and ZnS show different colors depending on thickness.[59]

Bare TiO2 and TiO2/Mn-CdS films appeared white and brass-
colored, respectively. This observation indicates that TiO2, with
its wide bandgap, does not absorb visible light, whereas CdS
(>120 nm) absorbs photons with wavelengths shorter than
≈515 nm, leaving the yellow region unabsorbed and thereby im-
parting the characteristic yellowish (brass) color (Figure S7, Sup-
porting Information). However, ZnS is too thin to exhibit a dis-
tinct chromatic color. Also, CoPi has bright purple color, but it
was difficult to confirm a distinct color change after electrode-
position due to the low concentration of CoPi precursor.[72,73] To
confirm the electrodeposition of CoPi, chronomaperometrymea-
surements were carried out depending on the existence of CoCl2
precursor (Figure S8, Supporting Information). In the absence of
CoCl2, the current density remained negligible, indicating that no
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Figure 4. a) UV–vis Diffuse reflectance spectra and b) Tauc plot of Bare TiO2, TiO2/Mn-CdS, TiO2/Mn-CdS/ZnS, and TiO2/Mn-CdS/ZnS/CoPi samples.
c) PL analysis of TiO2/Mn-CdS/ZnS depended on CoPi and d) PL analysis of TiO2/Mn-CdS/ZnS/CoPi depended on Mn doping.

deposition on the photoanode surface. In contrast, when CoCl2
was added to the electrolyte, a distinct current density was de-
tected, which can be attributed to the electrochemical deposition
of CoPi.
Despite the additional deposition of ZnS and CoPi, the vari-

ation in the bandgap values among the three samples was not
substantial. This is likely because the ZnS passivation and CoPi
oxygen evolution reaction (OER) catalyst were deposited in rela-
tively small quantities, insufficient to induce significant changes
in the overall optical absorption characteristics of the photoan-
odes (Table S1, Supporting Information). These results collec-
tively suggest that the enhanced light-harvesting capability of the
photoanodes is primarily governed by the incorporation of Mn-
CdS, which plays a dominant role in expanding the absorption
range into the visible region, thereby improving the potential for
solar energy conversion.
The photoluminescence (PL) intensity of the TiO2/Mn-

CdS/ZnS photoanode decreased after CoPi electrodeposition
(Figure 4c). This quenching effect can be attributed to the extrac-
tion of photogenerated holes from the semiconductor to the CoPi
sites, which suppresses radiative recombination. Furthermore,
TiO2/Mn-CdS/ZnS shows a strong band-edge exciton lumines-
cence at 480 nm attributed toMn doping (Figure 4d). Also, the PL
intensity is slightly quenched after Mn2+ doping into CdS. There-
fore, excitations are separated into electrons/holes effectively, and
then electrons can move to the conduction band of TiO2. Mn2+

dopant can minimize charge recombination.[71–73] The electron
lifetime analysis was conducted by OCVD for TiO2-CdS with and
without Mn doping (Figure S9, Supporting Information). The in-

crease in electron lifetime upon Mn doping, together with the
suppressed radiative recombination observed in the steady-state
PL spectra, is consistent with prior studies reporting extended
carrier lifetimes and improved charge separation in CdS-based
structure.[74,75]

In other words, the reduction in PL intensity reflects acceler-
ated charge separation at the interface, as holes are transferred
from the valence band of Mn-CdS/ZnS to the CoPi cocatalyst.
This enhanced hole transfer not only mitigates electron–hole re-
combination within the semiconductor but also promotes more
efficient water oxidation at the surface, which is consistent with
the improved photocurrent observed in PEC measurements.
Ultraviolet and X-ray photoelectron spectroscopy (UPS-XPS)

measurements were carried out to determine band edge align-
ment of the photoanodes, providing insights into to thermody-
namic barriers associated with water oxidation. The energy cutoff
(EC) edges were measured for Bare TiO2 (16.47 eV), TiO2/Mn-
CdS (16.05 eV), TiO2/Mn-CdS/ZnS (16.07 eV), TiO2/Mn-
CdS/ZnS/CoPi (16.18 eV), respectively. Furthermore, the va-
lence band positions (EVB-XPS) for photoanodes were deter-
mined to be 2.40 eV (Bare TiO2), 1.10 eV (TiO2/Mn-CdS),
1.09 eV (TiO2/Mn-CdS/ZnS), 1.07 eV (TiO2/Mn-CdS/ZnS/CoPi)
(Figure S10, Supporting Information). Bandgaps of photoan-
odes were calculated from tauc plots and used to determine
the conduction band minimum for photoanodes. As shown in
the schematic illustration of band alignments, it indicates that
TiO2/Mn-CdS/ZnS/CoPi is thermodynamically favorable for wa-
ter oxidation reaction (Figure S11, Supporting Information).
The band positions of TiO2 and Mn–CdS are consistent with
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Figure 5. a) Schematic illustration of PEC using TiO2/Mn-CdS/ZnS/CoPi photoanode. b) Photocurrent density and c) ABPE plots of Bare TiO2, TiO2/Mn-
CdS, TiO2/Mn-CdS/ZnS, and TiO2/Mn-CdS/ZnS/CoPi photoanodes. d) IPCE spectra and integrated current density of photoanode samples.

previously reported values, indicating a favorable electronic cou-
pling and energy-level alignment among the components, which
supports the observed valence band shift in the XPS results. Re-
cent studies have also reported similar interfacial electronic in-
teractions in multicomponent photoanodes.[75] Furthermore, the
valence band edge of TiO2/Mn-CdS is higher than that of bare
TiO2, reflecting the electronic interaction between TiO2 and Mn-
CdS, as shown in Figure S10 (Supporting Information). This up-
ward shift of the valence band, together with the correspond-
ing conduction band alignment, modifies the overall band struc-
ture, which can explain the observed change in the visible appear-
ance of the photoelectrode. These results highlight that the color
change originates from the altered electronic structure. How-
ever, when comparing TiO2/Mn-CdS with TiO2/Mn-CdS/ZnS
and TiO2/Mn-CdS/ZnS/CoPi, the valence and conduction band
positions remain largely unchanged, resulting in a similar visible
appearance of the photoelectrodes.

2.1.3. Photoelectrochemical Analysis

The photocurrent density was systematically compared across
different photoanode configurations prepared using varying pre-
cursor compositions, with measurements conducted under both
light and dark conditions to evaluate their photoelectrochemical
responses (Figure 5a,b). As detailed in Table S2 (Supporting In-
formation), at an applied potential of 0.6 VRHE, the measured
photocurrent densities were 1.112 mA cm−2 for the TiO2/Mn-

CdS electrode, 1.233 mA cm−2 for the TiO2/Mn-CdS/ZnS, and
1.863 mA cm−2 for the TiO2/Mn-CdS/ZnS/CoPi photoanode.
The highest current density observed for the photoanode coated
with CoPi as hole transfer relay indicates a significant enhance-
ment in catalytic performance due to the presence of CoPi, which
acts as an efficient oxygen evolution reaction (OER) catalyst, fa-
cilitating hole extraction and improving interfacial charge trans-
fer. This result underscores the importance of surface mod-
ification and catalytic engineering in improving PEC perfor-
mance. The corresponding Applied Bias Photon-to-Current Ef-
ficiency (ABPE) curves, derived from the current density–voltage
(J–V) characteristics, also reveal that the TiO2/Mn-CdS/ZnS/CoPi
electrode exhibits the highest ABPE among the tested samples
(Figure 5c). Despite slight low light harvesting performance of
TiO2/Mn-CdS/ZnS/CoPi, TiO2/Mn-CdS/ZnS/CoPi exhibited the
highest incident photon-to-current efficiency (IPCE) among pho-
toanode samples (Figure 5d). It indicates that CoPi facilitates in-
terfacial charge transfer and thereby improves the photoelectro-
chemical response.
To investigate the effect of ZnS deposition on the photoelec-

trochemical performance, the number of ZnS deposited via suc-
cessive ionic layer adsorption and reaction (SILAR) was con-
trolled. The deposition cycles were adjusted to 1, 3, 5, and 7,
and the corresponding photocurrent densities were measured.
Among these, the sample with five ZnS SILAR cycles exhibited
the highest photocurrent density of 1.13 mA cm−2, indicating
that an optimal amount of ZnS can significantly enhance the in-
terfacial charge separation and transfer efficiency (Figure S12,
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Figure 6. a) Nyquist plot, b) equivalent circuit, c) Mott-schottky plot, and d) electron lifetime of TiO2/Mn-CdS, TiO2/Mn-CdS/ZnS, and TiO2/Mn-
CdS/ZnS/CoPi photoanodes.

Supporting Information). In addition to the ZnS coating opti-
mization, the CoPi catalyst was introduced via electrodeposition
to further improve the photoanode performance. The electrode-
position duration was varied systematically, at 70, 110, 150, and
190 seconds, to determine the optimal CoPi loading. Among
these, the sample treated for 150 seconds exhibited the highest
photocurrent response, suggesting that this deposition time pro-
vides the most effective CoPi coverage without causing excessive
recombination or blocking of active sites (Figure S13, Supporting
Information).
To evaluate the durability of the photoanodes, daily J–V cy-

cle tests were conducted by recording J–V plots every 24 h for
3 consecutive days (Figure S14, Supporting Information). After 3
days, the remaining photocurrent densities were 74%, 64%, 80%,
and 79% for bare TiO2, TiO2/Mn-CdS, TiO2/Mn-CdS/ZnS, and
TiO2/Mn-CdS/ZnS/CoPi, respectively. These results suggest that
the incorporation of a ZnS passivation significantly improves the
photostability of the Mn–CdS sensitized photoanode. In partic-
ular, the TiO2/Mn-CdS/ZnS photoanode exhibited higher reten-
tion compared to TiO2/Mn-CdS, indicating the protective role of
ZnS.
To analyze the charge transfer and recombination of the fab-

ricated photoanodes at the photoelectrode/electrolyte interface,
electrochemical impedance spectroscopy (EIS) analysis was per-
formed using TiO2/Mn-CdS, TiO2/Mn-CdS/ZnS, and TiO2/Mn-
CdS/ZnS/CoPi configurations. The Rs shows the series resis-
tance of the photoelectrochemical device, such as solution resis-
tance affected by electrolyte concentration. The Rs values of all

photoanodes show similar value, indicating that other system re-
sistance does not significantly influence to results (Table S3, Sup-
porting Information).
The charge-transfer resistance (Rct), derived from fitting

the Nyquist plots to an equivalent RC circuit, reflects the
charge-transfer kinetics at the photoanode–electrolyte inter-
face (Figure 6a,b). Among the samples tested, the TiO2/Mn-
CdS/ZnS/CoPi photoanode exhibited the lowest Rct value, indi-
cating significantly improved charge transfer compared to the
other photoanodes. The further decreased Rct value of TiO2/Mn-
CdS/ZnS/CoPi photoanode suggests that the presence of CoPi
creates more favorable physicochemical conditions for hole
transfer from surface of photoanode to electrolyte, created by
the CoPi site. As a result, water oxidation reaction at pho-
toanode was easier to reduce the charge resistance barrier as
reported.[39] Therefore, the CoPi introduced onto the surface is
reasonably identified as a hole transfer accelerator at the photo-
electrode/electrolyte interface, enabling fast surface chemical re-
action.
To evaluate the flat-band potential (VFB) and carrier concentra-

tion of each photoanode, Mott-Schottky (M-S) analysis was per-
formed (Figure 6c). All photoanodes exhibited MM-S plots with a
positive slope, consistent with n-type properties of TiO2 and CdS
semiconductor. The donor concentration (Nd) and VFB are listed
in Table S4 (Supporting Information). TiO2/Mn-CdS/ZnS/CoPi
photoanode exhibits the most negative VFB and the highest
Nd among four photoanodes, which is attributed to more ef-
ficient charge separation and photogenerated charge transfer

Adv. Sustainable Syst. 2025, e00741 e00741 (8 of 12) © 2025 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH
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compared to other photoanodes. These results can be attributed
to reduced electron recombination at the interface of electrolyte
and nonradiative recombination for TiO2/Mn-CdS/ZnS/CoPi
photoanode.[14]

Further analysis of charge recombination dynamics was con-
ducted using the open-circuit voltage decay (OCVD) method to
evaluate the electron lifetime (𝜏e) of each photoanode. In this ap-
proach, the photoanodes were illuminated under constant light
intensity (100 mW cm−2), followed by abrupt cessation of illu-
mination while monitoring the decay of the open-circuit voltage
(Voc). The electron lifetime was calculated from the transient Voc
plots using the established relationship between 𝜏e and the rate of
voltage decay. The TiO2/Mn-CdS/ZnS/CoPi photoanode demon-
strated the longest 𝜏e, suggesting suppressed electron-hole re-
combination and more efficient charge separation (Figure 6d).
These findings confirm that the sequential introduction of ZnS
and CoPi enhances the PEC performance. In particular, ZnS
mainly serves to passivate surface defect states in CdS, thereby
reducing non-radiative recombination and promoting more ef-
ficient charge separation. W CoPi further accelerates interfacial
hole extraction, leading to improved overall photoelectrochemi-
cal reaction.
The hydrogen evolution performance of the fabricated pho-

toanodes was systematically evaluated through chronoampero-
metric measurements conducted under continuous AM 1.5G il-
lumination for 1 hour in a standard photoelectrochemical cells
setup. A constant external bias of 0.6 VRHE was applied during the
measurements to drive the hydrogen evolution reaction (HER).
Hydrogen gas produced at the counter electrode was collected in
the headspace of the PEC reactor and subsequently quantified us-
ing gas chromatography (GC), enabling accurate determination
of the evolved hydrogen volume. Three different photoanode con-
figurations: TiO2/Mn-CdS, TiO2/Mn-CdS/ZnS, and TiO2/Mn-
CdS/ZnS/CoPi were tested. The amount of hydrogen evolved var-
ied significantly depending on the surface modification applied
to the base Mn-CdS sensitized photoanode. Among the three
samples, the TiO2/Mn-CdS/ZnS/CoPi photoanode achieved the
highest hydrogen production, clearly outperforming the other
two photoanodes (Figure 7). This superior performance can be at-
tributed to the synergistic effects of the ZnS passivation and the
CoPi OER catalyst. The ZnS plays a critical role in suppressing
surface recombination by passivating trap states in the Mn-CdS
and facilitating efficient charge transport.
To investigate the effect of the ZnS passivation on the stability

of hydrogen evolution, the time-dependent hydrogen yield was
compared for TiO2/Mn-CdS photoanodes with and without ZnS.
The TiO2/Mn-CdS photoanode without the ZnS exhibited a rapid
decline in hydrogen evolution rate, with the hydrogen yield reach-
ing saturation after ≈30 minutes of illumination. In contrast,
the TiO2/Mn-CdS/ZnS photoanode, which incorporates the ZnS
passivation, maintained a steady and continuous hydrogen gen-
eration rate throughout the entire 60-minute reaction. This ob-
servation indicates that the ZnS passivation effectively enhances
the photochemical stability of the photoanode by suppressing
surface recombination and protecting the underlying Mn-CdS
from photocorrosion, thereby enabling sustained hydrogen pro-
duction under prolonged illumination.
Meanwhile, the CoPi enhances the kinetics of the oxygen evo-

lution reaction (OER), reducing the overpotential for OER and ac-

Figure 7. Hydrogen and oxygen yield over time measured at 0.6 VRHE of
photoanodes.

celerating hole extraction from the photoanode surface. To evalu-
ate the effect of the CoPi OER catalyst on the photoelectrochemi-
cal performance, time-dependent hydrogen generation was mea-
sured for TiO2/Mn-CdS/ZnS photoanodes with andwithout CoPi
modification. The incorporation of the CoPi significantly en-
hanced the catalytic reaction, resulting in approximately a four-
fold increase in hydrogen yield compared to the photoanode
without CoPi. This improvement highlights the critical role of
CoPi in facilitating hole extraction and promoting water oxida-
tion kinetics, thereby enhancing overall charge separation effi-
ciency and catalytic activity during the PEC process. These com-
bined effects significantly improve the spatial separation of pho-
togenerated electron–hole pairs, making more electrons avail-
able for hydrogen evolution at the counter electrode. The in-
cremental improvement in hydrogen evolution across the three
photoanodes—from TiO2/Mn-CdS to TiO2/Mn-CdS/ZnS, and
finally to TiO2/Mn-CdS/ZnS/CoPi—demonstrates the effective-
ness of each sequential surface modification step. These results
confirm that both ZnS and CoPi contribute additively and syner-
gistically to enhancing the overall photoelectrochemical perfor-
mance of the TiO2/Mn-CdS absorbed photoanode configuration
under visible-light-driven conditions.

3. Conclusion

To achieve enhanced photoelectrochemical (PEC) efficiency, it
is essential to simultaneously address multiple critical factors,
including light absorption, surface passivation, and interfacial
transfer. In this study, TiO2/Mn-CdS/ZnS/CoPi photoanode was
strategically designed and fabricated to synergistically incorpo-
rate these key functionalities. TiO2 serves as a stable and con-
ductive substrate that primarily absorbs ultraviolet light from
the solar spectrum, while the Mn-doped CdS extends the light-
harvesting capability into the visible region due to their narrower
bandgap and favorable band alignment. To mitigate photocor-
rosion, which is a common issue for CdS-based materials un-
der irradiation, a ZnS passivation was deposited as a passiva-
tion. Furthermore, the outermost deposition of cobalt phosphate
serves as an oxygen evolution reaction (OER) catalyst, promoting

Adv. Sustainable Syst. 2025, e00741 e00741 (9 of 12) © 2025 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH
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efficient interfacial hole transfer from the photoanode to the elec-
trolyte. The presence of CoPi enhances the kinetics of the anodic
reaction, reducing the overpotential required for oxygen evolu-
tion and further contributing to overall performance improve-
ments. As a result of this hierarchical and rational material de-
sign, the TiO2/Mn-CdS/ZnS/CoPi photoanode demonstrated an
enhanced photocurrent density of 1.863 mA cm−2 at 0.6 VRHE
and produced 1.96 μmolH2 during 1 hour using 0.2 cm

−2 surface
area. Compared to other previous reported studies, ZnS passiva-
tion andCoPi combination for TiO2/CdS exhibits superior perfor-
mance in neural pH (≈pH 7.0) electrolyte (Table S5, Supporting
Information). Overall, the performance enhancement is ascribed
to the Co–Pi-mediated acceleration of hole transfer, supported by
EIS and PL studies, and the increased durability is confirmed by
J–V cycling tests.
These findings underscore the importance of combining light

harvesting, surface protection, and catalytic enhancement strate-
gies in a single architecture to achieve efficient and stable PEC
water splitting.

4. Experimental Section
Mesoporous TiO2 Photoanode Fabrication: Fluorine-doped Tin Oxide

(FTO) glass (Pilkington, TEC-A7) was cleaned by sonification (15 min for
acetone and ethanol) and UV/O3 treatment (15 min). For the coating of
a dense TiO2 thin film onto the FTO glass, 7.5% solution of titanium di-
isopropoxide bis(acetylacetonate) in n-butanol was spin-casted, followed
by annealing in the air (450 °C, 20 min). A commercial TiO2 paste (Ti-
Nanoxide T/SP, Solaronix, particle size: 15–20 nm) was further coated by
the doctor blade technique and subsequently annealed in the air (500 °C,
30 min). A commercial TiO2 paste (Ti-Nanoxide R/SP, Solaronix, particle
size: >100 nm) was further coated by the doctor blade technique and sub-
sequently annealed in the air (500 °C, 30 min).

CdS and ZnS Coating by Successive Ionic Layer Adsorption and Reaction
(SILAR): SILAR deposition segregates the precursor reagents into two
precursor solutions, the cation and anion dissolved in each respective so-
lution. The substrate is then sequentially dipped into each precursor solu-
tion for a given period with subsequent rinsing. For CdS SILAR deposition
from Cd2+ and S2− precursors dissolved in ethanol, one SILAR cycle is typ-
ically defined as “metal cation precursor solution, rinse, anion precursor
solution, rinse”. Mn-CdS is deposited by 2–5 cycles.

During the first dip, Cd2+ adsorbs to the substrate surface. The solvent
rinse removes unbound ions, and the second dip in S2− facilitates the re-
action with the surface-bound Cd2+ to yield CdS at Cd2+ adsorption sites.
The rinsing step between successive precursor dips in the SILAR deposi-
tion scheme promotes heterogeneous growth because unbound ions are
washed away, resulting in a semiconductor film in intimate contact with
the substrate. ZnS are deposited by 1–7 cycles of a successive ionic layer
adsorption and reaction (SILAR) process.

CoPi Catalyst Electrodeposit: For the synthesis, a three-electrode sys-
tem was employed, comprising a 0.2 cm2 working electrode, a Pt mesh
counter electrode, and a saturated Ag/AgCl reference electrode. Cobalt(II)
chloride hexahydrate served as the Co source, and a 0.1 m (pH 7) potas-
sium phosphate buffer (KPi) was prepared by mixing ≈0.1 m NaH2PO4
and ≈0.1 m Na2HPO4, and 0.5 mm cobalt chloride hexahydrate. The elec-
trodeposition was conducted at a voltage of 0.95 VAg/AgCl, with the mea-
surement time varied to achieve CoPi with different thicknesses on the
film.

Photoelectrochemical Performance Test: The PEC performance was
evaluated in a quartz cell with a three-electrode system using a poten-
tiostat. Working electrodes were used as photoanodes, and Pt mesh and
Hg/HgO electrodes were used as counter electrodes and reference elec-
trodes, respectively. The electrolyte for the PEC measurement was com-
posed of 0.5 m sodium sulfate (Na2SO4) in deionized water (pH 7.0). Prior

to measuring the J–V plots, dark current measurements were repeated five
times to stabilize the photoanodes. Subsequently, the photoanodes were
illuminated under 1 sun irradiation, and an external bias was applied us-
ing a potentiostat. From the J–V plots, ABPE was calculated according to
where Jph (mA cm−2) is themeasured photocurrent density, and Vrev is the
standard-state reversible potential of water (1.23 V) using Equation (1).
Vapp (V) is the applied external potential versus RHE, and Pin is the power
density of the incident light (100 mW cm−2).

ABPE (%) =
Jph ×

(
Vrev − Vapp

)
Pin

(1)

Electrochemical impedance spectroscopy (EIS) analysis was carried out
at 0.6 VRHE using potentiostat. A sinusoidal perturbation of ±10 mV with
frequency range from 100 mHz to 1 kHz was applied for the nyquist plot
analysis. M-S plot analysis was performed with an AC frequency 1 kHz and
DC voltage from +1.02 VRHE to 0.02 VRHE. The incident photon-to-current
efficiency (IPCE) wasmeasured under an applied potential of 0.6 VRHE and
one-sun illumination using a 450 W solar simulator equipped with an AM
1.5 G filter and a monochromator (Cornerstone 130 1/8 m, Newport).

Mott–Schottky (M–S) measurements were performed in the potential
range of+1.01 to 0.00 VRHE under dark conditions at a frequency of 1 kHz.
The donor density (Nd) and flat-band potential (VFB) of the photoanodes
were determined from the slope of theM–S plot and the extrapolated x-axis
intercept, respectively. The electron lifetime (𝜏e) value in each photoan-
ode was evaluated using the open circuit voltage decay (OCVD) method.
OCVD curves were obtained to measure the electron lifetime (𝜏e) of the
photoanode. The photoanode was irradiated by a constant light (100 mV
cm−2), which was suddenly switched off, and the photovoltage decay was
thenmonitored. The 𝜏e values of the photoanode were calculated from the
OCVD curves according to V based on the equation: Where Voc (V) is the
open-circuit voltage. The decay of open-circuit voltage (VOC) caused by
electron recombination at the photoanode-electrolyte interface after sta-
tionary illumination (1 sun condition) was suddenly switched off. The elec-
tron lifetime is calculated by Equation (2).

𝜏e (s) =
(
KBT
e

)(
dVOC
dt

)−1
(2)

Characterization: The absorption spectra of various samples are ob-
tained using an ultraviolet-visible near-infrared (UV-Vis-NIR) spectrome-
ter (Agilent Technologies, Santa Clara, CA, USA, Cary 5000). The photolu-
minescence (PL) spectra of the samples were recorded using a FluoroMax-
4 spectrofluorometer (Horiba Scientific) with an excitation wavelength
of 380 nm. X-ray photoelectron spectroscopy (XPS) measurements were
performed on a Thermo VG K-alpha system using an Al K𝛼 radiation
source. The crystalline structures of the prepared samples were examined
by ex situ X-ray diffraction (XRD) using a Rigaku MiniFlex-600 equipped
with a HyPix-400 MF 2D hybrid pixel array detector (maximum power:
600 W, tube voltage: 40 kV). Field-emission transmission electron mi-
croscopy (FE-TEM) images were obtained with a Hitachi HF-3300 micro-
scope (Japan) operated at an acceleration voltage of 300 kV.
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