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heterojunction photocathodes with high photovoltage and efficient interfacial
carrier transfer is often hindered by unfavorable band alignment between the
absorber and ETL. In this study, an ultrathin ZnS layer was employed as the ETL
for p-Si due to its low electron affinity, which enables a high theoretical
photovoltage for the heterojunction photocathode. Furthermore, a sulfidation
process was applied to passivate the ZnS layer. After sulfidation at 400 °C, the p-
Si/ZnS/Pt photocathode exhibited a positive onset potential of 0.5 Vrug and an
ABPE of 2.3% at 0.2 Vgue. EDS and XPS analyses confirmed the removal of
oxidized species and the formation of sulfur vacancies in suitable amounts, which
led to optimized carrier concentration and barrier height, thereby enhancing charge
transfer kinetics and suppressing carrier recombination.
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1. Introduction

Photoelectrochemical (PEC) water splitting is an attractive and environmentally friendly approach for
converting solar energy into storable hydrogen. Achieving highly efficient and stable PEC hydrogen evolution
reaction (HER) requires rational design of the photocathode [1-4]. An ideal photoelectrode should efficiently
absorb a broad solar spectrum and incorporate an effective p-n junction or solid/liquid interface to facilitate the
extraction and transport of photogenerated carriers while providing sufficient photovoltage to reduce external
energy input. Silicon (Si) has long attracted attention due to its high carrier mobility, narrow bandgap (1.12 eV),
and suitable conduction band position (more negative than 0 V vs. RHE) [5]. Despite extensive efforts to develop
Si-based photocathodes with various diverse architectures [6], achieving a cost-effective Si heterojunction system
that simultaneously ensures high PEC performance and efficient electron-transfer/catalytic interfaces remains
elusive. The primary bottleneck lies in silicon’s intrinsically low photovoltage, which necessitates substantial
external bias to sustain overall water splitting.
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Forming an appropriate built-in electric field is essential for accelerating carrier separation and providing
sufficient photovoltage to drive efficient PEC reactions. Strategies such as intrinsic thin-layer heterojunctions
(HIT) [7] and metal-insulator-semiconductor (MIS) structures [8—10] can enhance photovoltage, but both
approaches face limitations: HIT requires costly deposition and shows low carrier separation efficiency in near-
neutral electrolytes, while MIS structures may impede light absorption due to the metal layer. An alternative is to
construct a p-n heterojunction by depositing an n-type ETL on p-Si, where careful energy band alignment is
critical. A large Fermi level difference between p-Si and the ETL is necessary to achieve high photovoltage and
efficient charge separation.

Recent studies have demonstrated that ultrathin high-k dielectric layers, such as HfO, can provide excellent
surface passivation and significantly improve the open-circuit voltage and stability of Si photocathodes [11].
Meanwhile, carrier-selective, passivated contacts such as poly-Si/SiOy structures yield high photovoltage and
outstanding selectivity but often require complex fabrication and may cause parasitic absorption or interfacial
losses [12]. Among diverse ETL candidates such as oxides, sulfides, and nitrides [13—15], metal sulfides stand out
owing to their favorable band alignment, high electron affinity, and rapid carrier dynamics [16]. While CdS has
been widely applied, its relatively low bandgap (~2.4 eV) constrains solar spectrum utilization. In contrast, wide-
bandgap ZnS (>3.2 eV) is transparent to visible light, enabling efficient photon harvesting by the underlying p-
type absorber, while its deep Fermi level supports high photovoltage in p-Si/ZnS heterojunctions. Furthermore,
ZnS offers excellent chemical stability, functioning both as a protective layer and as a facilitating interfacial charge
transfer [17,18]. It’s facile chemical tunability through sulfidation to engineer sulfur vacancies. This
multifunctional ZnS layer thus acts as a transparent electron transport and passivation layer, effectively balancing
interfacial passivation and charge-transfer efficiency in buried-junction p-Si photocathodes. However, the large
conduction band offset (~1.0 eV) between ZnS and p-Si presents a barrier for electron extraction, requiring precise
optimization of ZnS thickness and defect states to promote tunneling while minimizing recombination losses.

In this study, ZnS was selected as an ETL on p-Si for PEC water splitting. The Fermi level of ZnS (~—4 eV
with respect to the vacuum level), sufficiently negative relative to that of p-Si, favors enhanced photovoltage.
Systematic thickness optimization revealed that a 5 nm ZnS layer strikes an optimal balance, providing a high
barrier height and efficient charge transfer while minimizing interfacial transfer resistance. To further tune sulfur
vacancies and suppress photogenerated carrier recombination, a post-deposition sulfidation treatment was applied
to the ZnS layer. Electrochemical analyses, including Mott-Schottky measurements, reveal the evolution of flat-
band potential, bandgap, and charge-transfer resistance before and after sulfidation. Following 400 °C sulfidation,
the p-Si/ultrathin-ZnS/Pt photocathode achieves an onset potential of 0.5 V versus a reversible hydrogen electrode
(Vrae) and an ABPE of 2.3% at 0.2 Vryue. These results demonstrate that integrating ultrathin ZnS with defect
engineering constitutes an effective strategy for advancing high-performance PEC water-splitting devices.

2. Results and Discussion

Experimental details are provided in the Supporting Information. Buffer layers and Pt cocatalyst were deposited
onto p-Si wafers via magnetron sputtering to construct Si-based photocathodes. Figure 1 shows the 500 nm x 500 nm
surface morphology of p-Si, p-Si/ZnS, and p-Si/ZnS/Pt samples measured by atomic force microscopy (AFM).
Pristine p-Si exhibited a peak-to-valley height of 2 nm and an average roughness of 0.272 nm (Figure 1a). After
ZnS deposition, the average roughness slightly decreased to 0.231 nm (Figure 1b). Subsequent Pt deposition
increased the peak-to-valley height to 1.3 nm and the average roughness to 0.357 nm (Figure 1c). These results
confirm that both the ZnS buffer layer and Pt cocatalyst are uniformly deposited on p-Si, facilitating the formation
of a homogeneous heterojunction for PEC water splitting.

The PEC performances of p-Si/Pt and p-Si/ZnS/Pt photocathodes were evaluated using a three-electrode cell
in pH 5.7 phosphate buffer under AM1.5G simulated sunlight (100 mW/cm?). Figure 2a compares the performance
of silicon-based photocathodes with and without an optimized ZnS buffer layer. The p-Si/Pt photocathode
exhibited an onset potential of —0.02 Vrue and a photocurrent below 15 mA/cm? at —0.6 Vrug. Incorporation of
as-prepared ZnS degraded performance (—0.1 Vrug and ~5 mA/cm?), likely due to poor crystallinity serving as
carrier recombination centers. Air annealing partially recovered performance, shifting the onset potential by ~160 mV
(0.14 Vrug) and increasing the photocurrent above 20 mA/cm?. However, the photovoltage remained lower than
the theoretical Fermi level difference between p-Si and ZnS, likely due to oxidized ZnS species that altered the
bandgap and absorption [19].

To optimize the ZnS layer, a sulfidation treatment was introduced, and the effect of sulfurization temperature
on photocathode performance was systematically examined (Figure 2b). Compared with air-annealed samples,
sulfurized photocathodes exhibited positive shifts in onset potential. At 300 °C, the p-Si/ZnS/Pt photocathode
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achieved ~18 mA/cm? at —0.3 Vryur and an onset potential of ~0.3 Vrur. However, annealing temperatures above
450 °C caused significant photocurrent loss, most likely due to sulfur depletion [20]. The optimal performance
was obtained at 400 °C, where the onset potential reached 0.5 Vrur and a photocurrent approached ~32 mA/cm?
at —0.3 Vgrue. EDS analysis confirmed that the sulfurization temperature strongly affects ZnS stoichiometry
(Supplementary Materials Figure S2). The S:Zn ratios of samples at 300, 350, 400, 450, and 500 °C were 1.5, 1.0,
0.8, 0.59, and 0.56, respectively, showing a progressive decrease in sulfur content with increasing temperature,
indicating a systematic loss of sulfur. Such variation in stoichiometry is directly tied to defect states. In metal
sulfides, sulfur vacancies act as electron-donor defects, promoting charge separation and suppressing electron-
hole recombination [20,21]. Yet, when the vacancy concentration becomes excessive, recombination dominates,
ultimately impairing device performance.
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Figure 1. AFM images of p-Si (a); p-Si/ZnS (b); and p-Si/ZnS/Pt (¢), Ra represents average surface roughness.

A thick buffer layer typically increases carrier transfer resistance, thereby accelerating photoinduced carrier
recombination and reducing PEC performance. To investigate this effect, we further examined the influence of
ZnS thickness under the optimized 400 °C sulfidation condition (Figure 2¢). The p-Si/ZnS-2 nm/Pt photocathode
exhibited an onset potential of ~0.5 Vrug, suggesting that a thin ZnS layer favors electron transport. However, its
low fill factor suggests limited passivation and poor interfacial separation. Increasing the thickness to 5 nm
improved both passivation and charge transfer, yielding the best performance with an onset potential of ~0.5 Vrug
and a photocurrent of 32 mA/cm?, representing the optimal balance between carrier transport and passivation.
Further thickening to 10 nm caused a sharp performance decline, likely due to unfavorable band bending in thicker
ZnS layers, which hinders electron extraction to the co-catalyst [22].

By jointly optimizing sulfidation temperature and ZnS thickness, a high-performance p-Si/ultrathin-ZnS/Pt
photocathode was obtained. Relative to air-annealed samples, the sulfidated electrode exhibited a positive shift of
~400 mV in onset potential and a 1.5-fold increase in photocurrent (~32 mA/cm? at —0.3 Vryg). Stability test
confirmed that ~66% of the photocurrent was retained after 1 h of continuous operation at 0 Vrug under simulated
sunlight (Supplementary Materials Figure S3), demonstrating robust stability for sustained PEC hydrogen
production. ABPE values (Figure 2d) further underscored the impact of sulfidation, with the maximum ABPE
increasing nearly 20-fold from 0.12% for air-annealed photocathodes to 2.3% after sulfidation. These results
confirm that the optimized p-Si/ultrathin-ZnS/Pt photocathode combines high efficiency and stability,
emphasizing the critical role of sulfidation in enhancing PEC hydrogen evolution. The Faradaic efficiency (FE)
for hydrogen (H») production on the p-Si/ZnS/Pt photocathode remains close to 100% at potentials above 0 V vs.
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RHE (Supplementary Materials Figure S9). However, the FE gradually decreases at more negative potentials,
which can be attributed to the intensified reaction at the photoelectrode surface. The EDS mapping results show
that the Pt/O atomic ratio decreases from 1:3 to 1:5.6 after 1 h of operation (Supplementary Materials Figure S10),
confirming substantial Pt leaching. XPS analysis further verifies notable chemical changes in the surface
composition following the stability test (Supplementary Materials Figure S11). Such degradation generates surface
defects that facilitate charge recombination rather than efficient carrier separation, resulting in parasitic charge
loss and a gradual decline in photocurrent density.
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Figure 2. (a) PEC performance of p-Si/Pt, p-Si/ZnS-as prepared/Pt and p-Si/ZnS-air annealing/Pt electrodes; (b)
PEC performance of p-Si/ZnS/Pt under different sulfidation temperatures; (¢) Comparison in the PEC performance
of p-Si/ thin ZnS/Pt with different thicknesses; (d) ABPE (Applied Bias Photon-to-current Efficiency, ABPE) of
p-Si/ ZnS/Pt photocathode with different annealing processes (as prepared, air annealing, and sulfidation).

To evaluate the generality of the sulfidation process, two commonly used n-type sulfide buffer layers (CdS
and In,S3) were extended sulfidation. For both materials, the optimal sulfidation temperature was identified as
200 °C (Supplementary Materials Figure S4a,d). After sulfidation treatment, the onset potentials of p-Si/CdS/Pt
and p-Si/In,S3/Pt photocathodes shifted positively to 0.45 Vrue and 0.3 Vrmg, respectively (Supplementary
Materials Figure S4b,e). Elemental analysis confirmed corresponding variations in sulfur content (Supplementary
Materials Figure S5). ABPE values were also significantly enhanced (Supplementary Materials Figure S4c,f),
demonstrating that an appropriate concentration of sulfur vacancies improves the electronic properties of ETLs.
These findings indicate that sulfidation effectively passivates surface defects generated during conventional air
annealing and broadly enhances PEC performance across different sulfide buffer layers.

Based on the above experimental results, different annealing conditions can effectively regulate the properties
of ZnS and influence the PEC performance of the photoelectrode. To clarify this effect, we investigated ultrathin
ZnS under different annealing processes using Mott-Schottky (MS), UV-vis, and XPS analyses. The as-prepared
ZnS exhibited a flat-band potential of —0.78 Vrug, which shifted positively by 0.1 V after air annealing, likely due
to the formation of oxidized species. In contrast, sulfidation induced a negative shift in flat-band potential from
—0.67 Vrue to —0.92 Veag, indicating the effective removal of oxidized compounds. As shown in Figure 3b, the
bandgap of ZnS increased from 3.0 eV (as-prepared) to 3.2 eV (air-annealed) and 3.6 eV (sulfidated), reflecting
changes in defects and chemical states. XPS analysis further confirmed these trends (Figure 3c,d). For as-prepared
ZnS, the S 2p peaks at 161.8 eV and 163.0 eV correspond to S 2p3/2 and S 2p1/2 of ZnS [23], while the O 1s peak
at 531.6 eV arises from adsorbed oxygen. Air annealing introduced lattice oxygen at 530.1 eV in addition to
adsorbed oxygen (531.8 eV) [24], confirming oxygen incorporation into ZnS that acts as an impurity. Sulfidation
eliminated the lattice oxygen signal (Figure 3d), suggesting that the bandgap increase originates from ZnO
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reduction. Additionally, no obvious shift was observed in the Zn 2p peaks after sulfidation (Supplementary
Materials Figure S6), whereas the S 2p peak exhibited a negative shift of 0.16 eV, indicative of sulfur vacancies [25].
Taken together, these results suggest that oxidized species influence both bandgap and carrier concentration, and that
sulfidation improves carrier density by removing oxides and generating an optimal concentration of sulfur vacancies.
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Figure 3. (a) Mott-Schottky plots and (b) UV-vis spectrums for ZnS with different annealing processes (as prepared,
air annealing, and sulfidation). (¢, d) XPS spectra of S 2p and O1s of ZnS with different annealing processes.

Similar trends were observed for CdS and In,Ss, as shown in Supplementary Materials Figure S7a—f. MS
plots and UV-vis spectra confirmed changes in carrier concentration and bandgap after sulfidation. The flat-band
potential shifted from —0.20 Vrug to —0.40 Vrue for CdS and from —0.30 Vrug to —0.33 Vrag for InyS;. UV-vis
spectra also showed band gaps in both CdS and In,S;. XPS analysis verified the reduction of oxidized species in
these sulfides after sulfidation (Supplementary Materials Figure S8), which likely contributes to the observed
variations in bandgap and carrier concentration. In addition, Nyquist plots (Supplementary Materials Figure S7c,f)
demonstrated improved charge transfer kinetics, highlighting the beneficial role of sulfidation.

Nyquist plots further illustrate the enhanced carrier transfer in sulfidated ZnS, as shown in Figure 4a. In a
three-electrode configuration with p-Si/ZnS/Pt as the working photoelectrode, the solution resistance (Rs)
remained comparable across as-prepared, air-annealed, and sulfidated ZnS. However, the charge transfer resistance
(Rt) decreased from 181.0 Q (as-prepared) to 123.8 Q (air-annealed) and 91.2 Q (sulfidated) according to EIS
fitting, demonstrating that sulfidation improves carrier transport and reduces transmission losses. The barrier
height of p-Si/ZnS was evaluated via Mott-Schottky measurements in potassium ferricyanide solution, following
previous reports [26]. The as-prepared ZnS exhibited a flat-band potential of 0.2 V and a calculated barrier height
0f 0.35 eV, likely due to imperfect crystallinity and unfavorable band alignment. Air annealing increased the flat-
band potential to 0.55 V, while sulfidation further raised it to 0.7 V, indicating stronger band bending at the
semiconductor/liquid junction and facilitating electron transfer and rapid hole extraction (Figure 4b). Calculated
barrier heights under illumination (Figure 4c—e) confirm that sulfidation increases the effective barrier height.
These results demonstrate that sulfidation improves barrier bending, thereby enhancing photovoltage and
promoting efficient carrier separation.
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Figure 4. (a) Nyquist plots of p-Si/ultra-thin ZnS/Pt photocathode with different annealing processes at 0 Vrug
under simulated light; (b) Mott-Schottky plots of p-Si/ZnS/Pt with different annealing processes. (c-e) Band
diagram of p-Si/ultra-thin ZnS/Pt photocathode with different annealing processes.

3. Conclusions

In this work, we introduce a sulfidation process on ultra-thin ZnS to passivate defects and construct an
efficient Si-based photocathode. EDS and XPS analyses reveal that, compared with conventional ZnS air
annealing, sulfidation removes oxidized species while introducing a controlled concentration of sulfur vacancies.
By optimizing the sulfidation temperature and ZnS thickness, the resulting photocathodes exhibit an onset potential
of ~0.5 Vrug, @ maximum photocurrent of ~32 mA/cm?, and a maximum ABPE of 2.31% at 0.2 Vgrug. Mott-
Schottky and EIS measurements further confirm that sulfidation increases carrier concentration, enhances electron
transfer kinetics, and suppresses recombination losses. Moreover, extending this process to other ETLs such as
CdS and In,S; demonstrates its universality, indicating that sulfidation can generally improve carrier transfer
characteristics. These results highlight that integrating an ultrathin ZnS ETL with defect passivation provides a robust
strategy for designing high-performance photocathodes and guiding related PEC hydrogen production research.

Supplementary Materials

The additional data and information can be downloaded at: https://media.sciltp.com/articles/others/2511171
424119458/LDM-25090121-Supplementary-Materials-FC-done.pdf. Figure S1: Schematic diagram of the sulfidation
process; Figure S2: S:Zn ratio under different sulfidation temperatures; Figure S3. Stability test of p-Si/ZnS/Pt
electrode after 400 °C sulfidation. The test was carried out in phosphate buffer (pH 5.7) under AM 1.5 G
illumination, with applied voltage of 0 Vrug; Figure S4: The effects of sulfidation treatment on the PEC
performance of p-Si/CdS and p-Si/In,S; photocathodes. (a,d) The influence of sulfidation temperature of p-Si/CdS
and p-Si/In,S3 on PEC performance. (b,e) PEC performance comparison before and after the sulfidation process.
(¢c,f) ABPE comparison of p-Si/CdS and p-Si/In,S3 before and after the sulfidation process; Figure S5: S:Zn ratio
variation of the mentioned ETLs after sulfidation. The S content increased after sulfidation process for all buffers.
Before the sulfidation process, the S:Metal ratio is 0.56, 0.67, and 0.69 for ZnS, CdS, and In,S;, indicating the
unreasonable content of sulfur element. After the sulfidation process, this ratio increased to 0.80, 0.82, and 0.83;
Figure S6: XPS binding energy variation of Zn 2p before and after sulfidation; Figure S7: The electronic and
interfacial property changes of p-Si/CdS and p-Si/In.S; photocathodes before and after sulfidation. (a,d)
Comparison of flat-band potential and carrier density of p-Si/CdS and p-Si/In,S; before and after sulfidation. (b,e)
Comparison of absorption band gap of p-Si/CdS and p-Si/In,S; before and after sulfidation. (c,f) Comparison of
electrochemical impedance spectroscopy of p-Si/CdS and p-Si/In,S; before and after sulfidation, measured at 0
Vrue under AM 1.5 G simulated sunlight irradiation in phosphate buffer; Figure S8: XPS binding energy variation
before and after sulfidation. (a—c) CdS; (d—f) In,S;; Figure S9: FE of the p-Si/ZnS/Pt-400 °C photocathode tested
under 0.3 V, 0 V, and —0.3 V vs. RHE during PEC hydrogen evolution; Figure S10: The morphology changes of
the p-Si/ZnS/Pt-400 °C photocathode before (a) and after (b) PEC hydrogen evolution under 0 V vs. RHE for 1 h.
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The energy-dispersive X-ray spectroscopy (EDS) mapping images for the p-Si/ZnS/Pt-400 °C photocathode before
(c,d) and after (e,f) PEC hydrogen evolution under 0 V vs. RHE for 1 h; Figure S11: High-resolution XPS spectra of
the p-Si/ZnS/Pt photocathode before and after 1 h PEC hydrogen evolution at 0 V vs. RHE. (a) Pt 4f; (b) O 1s; (¢)
Zn 2p; and (d) S 2p. Slight changes in Pt intensity and S:Zn ratio, along with increased O 1s signal, indicate partial
Pt dissolution and minor surface reoxidation/stoichiometry changes in ZnS after operation. References [27-32] are
cited in the supplementary materials.
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