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Developing stable and efficient photocathodes with low-cost components is crucial for advancing the
commercialization of photoelectrochemical (PEC) water splitting devices, specifically for the hydrogen
evolution reaction (HER). In this work, we present a cost-effective solution-processed hybrid layer
composed of fullerene (Cgo) grafted onto nitrogen and sulfur-doped graphene (NSG), which serves as
a catalytic-protective overlayer for the earth-abundant kesterite Cu,ZnSn(S,Se), (CZTSSe) photocathode
in an acidic environment. The resulting CZTSSe/CdS/Cgo-NSG/Pt photocathode exhibits a current

2

density of —27.7 mA cm < at 0 V vs. the reversible hydrogen electrode (RHE), a half-cell solar-to-

hydrogen efficiency exceeding 3%, and an onset potential of 0.51 V, while retaining 80% of its initial
current density after 10 h of operation. Spectroscopic analyses and density functional theory studies
indicate that the Cgo-NSG hybrid layer improves carrier lifetime, facilitates efficient charge transfer, and

f\iz:gfe% %tgthLT;JZtZzOoZ;s provides catalytic sites with Gibbs free energy close to thermoneutral for adsorbed H species, leading to
higher HER activity and operational stability. Our findings highlight the potential of employing a cost-

DOI-10.1039/d5ta00165; effective solution-processed ‘carbon-based’ hybrid catalytic-protective layer on photocathodes for solar
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1. Introduction

Hydrogen (H,) is an environmentally friendly energy carrier that
has the potential to reduce our reliance on fossil fuels. Tradi-
tional methods of H, production, such as coal and oil gasifi-
cation or steam methane reforming, generate massive amounts
of carbon dioxide, exacerbating climate change."?
Photoelectrochemical (PEC) cells, which harness sunlight to
split water into H, and O,, offer a promising and sustainable
approach to H, production.** The key to efficient PEC cells is
high-performance photoelectrodes that can absorb a broad
spectrum of sunlight, facilitate rapid charge transfer at the
semiconductor/electrolyte interface, and maintain long-term
stability.
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Various materials have been explored as photocathodes for
PEC cells, including metal oxides,>® halide perovskites,”® III-IV
compounds,’® Si,"*** and chalcogenides such as chalcopyrite
Cu(In,Ga)Se, (CIGS),"** Sb,(S,Se); (ref. 15 and 16), and kesterite
Cu,ZnSn(S,Se), (CZTSSe)."”** Among these, metal oxides have
limited light absorption due to their wide band gap energy (E,)
(>2 eV), and halide perovskites suffer from instability in
aqueous environments. Although III-V or Si-based semi-
conductors have achieved excellent photocurrent densities and
high solar-to-hydrogen (STH) efficiencies, their high cost and
device complexity are significant hindrances for mass
commercialization.***°

CZTSSe, an earth-abundant, low-cost, and less toxic material,
stands out due to its tunable E, (1.0-1.5 eV) and ability to absorb
a maximum portion of the broad range of the solar spectrum.*
Notably, its promise in photovoltaic technology has already
been proved.>*?* However, CZTSSe-based photocathodes lack
stability under aqueous conditions, requiring a corrosion-
resistant protective layer that does not impede the effective
transfer of photogenerated carriers. Dense TiO, deposited via
atomic layer deposition (ALD) has been used as such a protec-
tive layer, often combined with noble metal-based catalysts like
Pt to improve the performance and stability of chalcogenide
photocathodes.”**” However, TiO, has poor adhesion to the top
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catalyst (e.g., Pt), leading to catalyst aggregation and desorption
in the electrolyte. Furthermore, the high photoreduction level of
TiO,, low hydrogen evolution reaction (HER) rate, and poor
charge transfer in thick TiO, layers on the photoelectrode
demand additional modification of the photoelectrode surface
to facilitate efficient photoelectron transfer.”® Though ALD HfO,
has shown promise in protecting the Cu,ZnSnS, (CZTS)
photocathode, the slow deposition rate of ALD limits its
productively.” Thus, there is a need for facile and cost-effective
deposition methods and materials to modify and protect
chalcogenide-based photocathodes.

Carbon allotropes fullerene (Cgg), carbon nanotubes, and
graphene are promising alternatives for protecting photocath-
odes due to their low-cost, earth abundance, high electrical
conductivity, and excellent stability in aqueous solutions.****?”
Ceo, in particular, is known for its ability to promote photog-
enerated charge separation and protect semiconductor-based
photoelectrodes from photocorrosion.***° Studies have
demonstrated that incorporating Ce into TiO, nanostructures
enhances photocatalytic activity by facilitating charge separa-
tion and providing actives sites for the HER.”*' Similarly,
graphene-based materials like reduced graphene oxide (rGO)
have been shown to improve the stability and PEC performance
of chalcogenide photocathodes by providing adhesion sites for
catalysts.*” Despite the advantages of carbon-based materials,
their work function energies are generally lower than those of
chalcogenides, creating a large conduction band offset (CBO)
that hinders photoinjected electron transfer and limits PEC
performance.**** A promising strategy to overcome the limita-
tions of individual carbon allotropes is the development of
carbon-based hybrid materials, which can combine distinct
dimensionalities and surface chemistries while enabling
tunable work function energies for improved interfacial charge
transfer. Additionally, heteroatom doping in carbon-based
materials has been shown to enhance catalytic activity by
introducing more active sites and improving operational
stability.***® Despite these advantages, systematic investiga-
tions into Ceo and graphene-based hybrid protective layers or
co-catalysts, particularly for use with chalcogenide photocath-
odes such as CZTSSe, remain limited.

In this work, we demonstrate that a hybrid material
composed of Cgo and nitrogen (N) and sulfur (S) co-doped gra-
phene (NSG), denoted as Cg-NSG hybrid, functions as an
effective catalytic-protective layer when integrated onto
a CZTSSe photocathode (CZTSSe/CdS/Cey-NSG/Pt). This hybrid
layer significantly enhances the PEC performance and improves
operational stability. The Cg»-NSG hybrid facilitates efficient
collection and transfer of photogenerated electrons while sup-
pressing charge recombination, thereby reducing voltage loss.
To elucidate the underlying mechanisms, density functional
theory (DFT) calculations combined with experimental charac-
terization were carried out to investigate the work functions and
catalytic properties of the Cgo-NSG hybrid. Additionally, DFT-
derived free energy diagrams of key reaction intermediates
reveal the catalytic role of the Cg»-NSG hybrid in promoting
efficient electron transfer during the HER.
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2. Experimental details

2.1. Synthesis of the CZTSSe photocathode

CZTSSe photocathodes were prepared by a two-step (precursor
deposition followed by sulfo-selenization) fabrication process.
Metallic precursor thin films were deposited by sequential
sputtering of Zn, Sn and Cu metallic targets on molybdenum
(Mo)-coated soda-lime glass. Subsequently, the metallic
precursor thin films were annealed in a conventional tube
furnace under an Ar atmosphere at 300 °C for 60 minutes,
aiming to form pre-alloyed precursors (Cu-Zn and Cu-Sn
alloys). After that, 0.002 g sulfur and 0.198 g selenium powders
and the pre-alloyed precursor thin films were placed in
a graphite box in a closed isothermal chamber system and
annealed at 520 °C for 10 min. Before the deposition of the CdS
buffer layer, each CZTSSe thin film was etched with 0.2 M
potassium cyanide at room temperature for 120 s, and rinsed
using deionized water (DI) water for 60 s. After that, the CdS
buffer layer with 25 nm thickness was deposited onto the
CZTSSe absorber layers via the chemical bath deposition
method using a precursor solution consisting of 0.0031 M
CdSO,, 1.9 M ammonia, and 0.25 M thiourea at 60 °C for
14.5 min.

2.2. Synthesis of GO and NSG

First, GO was synthesized using a modified Hummer's
method.* In particular, natural graphite flakes (3.0 g) were
added to conc. H,SO, (70 mL) under stirring. Then, KMnO, was
added slowly and stirred for 0.5 h at 40 °C. Then distilled water
(150 mL) was added to the system and stirred for 15 min at 95 °©
C. The system was further treated with 30% H,O, (15 mL), fol-
lowed by filtering and washing with HCI and distilled water (1 :
10), and dried overnight at 60 °C. The synthesis of NSG was
carried out following our previous recipe with slight modifica-
tions.*® In a typical synthesis, ~200 mg of GO was dispersed in
50 mL DI water, and 630 mg of thiourea was added into the
solution and stirred for 4 h. The reaction was then transferred
into a Teflon-lined autoclave and heated at 160 °C for 12 h. The
resulting black powder was collected and alternately washed
with DI water and ethanol followed by overnight drying at room
temperature in a vacuum oven. The samples were further
annealed at 700 °C in an Ar atmosphere for 1 h before being
used for further characterization.

2.3. Synthesis of the Co-NSG hybrid

The synthesis of the Cg-NSG hybrid was carried out following
a previous recipe with slight modifications.” In a typical
process, NSG nanosheets (5 mg) were dispersed in toluene (10
mL) under an Ar atmosphere in a round bottom flask. In the
next step, 2.5 M of 0.8 mL n-butyllithium (n-BuLi) in hexane was
added dropwise into the above solution and sonicated for 2 h.
Further, Cq (45 mg) in toluene was added to the above reaction
mixture and sonicated for 3 h followed by overnight stirring.
The following day, a few drops of methanol were added to
terminate the reaction. The resultant black solid (Cgo-grafted
NSG, hereafter referred to as the ‘C¢-NSG hybrid’) was rinsed

This journal is © The Royal Society of Chemistry 2025
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twice using methanol and then dried in a vacuum at 60 °C
overnight for further characterization.

2.4. Deposition of the C4,-NSG hybrid onto the CZTSSe/CdS
absorber

The as-prepared Cg(-NSG hybrid (10 mg) was dispersed in either
1 mL of toluene solution and stirred well to get a homogeneous
mixture. Thereafter, the above solution was spin coated on the
CZTSSe photocathode with 3000 rpm for 30 s and then dried at
70 °C on a hot plate for 2 min. Different numbers of spin
coating cycles (from 1 to 6 cycles) were carried out to deposit the
Ce0-NSG hybrid with different thicknesses. A 10 nm-thick Pt
layer on the photoelectrode was prepared using the sputtering
technique at room temperature.

2.5. Characterization

The morphologies of the CZTSSe photocathodes were observed
using a field emission scanning electron microscope (FE-SEM,
FEI Nova Nano SEM 450). Cross-sectional transmission elec-
tron microscopy (TEM) specimens were prepared using an FEI x
T nova NanoLab 200 FIB system. The microstructure and
elemental distribution were investigated using a JEOL F200 with
a cold field emission gun scanning TEM. Fourier transform
infrared spectroscopy (FTIR) was performed in the range of
4000-500 cm " at a resolution of 4 em ™" using a PerkinElmer
Spectrum 10.5.2 FTIR/NIR system. Photoluminescence (PL) was
detected using a Glacier X TE Cooled CCD Spectrometer. The
excitation source for time-resolved photoluminescence (TRPL)
and PL was a laser operating at a wavelength of 532 nm. TRPL
was detected using an id110 VIS 100 MHz Photon Detector
operating in free-running mode. Ultraviolet photoelectron
spectroscopy (UPS) measurements were conducted with an Axis-
Supra using a He I discharge lamp that has 21.2 eV of photon
energy under 9 V bias. Raman spectroscopy measurements were
carried out using a 532 nm diode laser. X-ray photoelectron
spectroscopy (XPS) measurements were conducted utilizing an
ESCALAB250Xi (Thermo Scientific) under ultra-high vacuum.
An Al Koo monochromatic X-ray source (hv = 1486.68 eV) with
a binding energy scale calibrated using a carbon reference was
used. The PEC performances of the fabricated photocathodes
were measured using a PARSTAT 4000 (AMETEK Princeton
Applied Research) potentiostat. The PEC cell consisted of Ag/
AgCl (saturated KCl) as the reference electrode (RE), Pt wire as
the counter electrode (CE), and the sample thin films as the
working electrode; 0.5 M H,SO, solution (pH = 0.3) was used as
the electrolyte. A xenon lamp (AM 1.5G, 100 mW cm?),
a custom-made automatic chopper and a monochromator were
used for the illumination. Linear sweep voltammetry (LSV) was
conducted at a 2 mV s~ scan rate and the measured potentials
were converted to corresponding values vs. RHE (reversible
hydrogen electrode) using the Nernst equation (eqn (1)):

Erug = EAg/AgCl + 0.059 x pH + 0.1976 (1)

This journal is © The Royal Society of Chemistry 2025
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where, Eag/agci is the applied potential vs. Ag/AgCl, and 0.1976 V
is the standard potential of the Ag/AgCl reference electrode
at 25 °C.

The half-cell solar-to-hydrogen efficiency (HC-STH) of the
photocathode was derived using the following equation (eqn

(2)):

HC-STH (%) = [photocurrent density (mA cm2) x applied bias
(V vs. RHE))/100 mW cm ™2 x 100% (2)

2.6. Density functional theory (DFT) methods

We used the VASP code for our DFT calculations.**** The core
electrons were treated using the projector augmented wave
method (PAW),** and the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional was employed. The kinetic
energy cut-off for the wavefunctions was 500 eV.>* All relaxations
proceeded until the residual forces on atoms were less than 0.03
€V A™'. Avacuum region greater than 10 A was used in necessary
directions to avoid interaction between the images.

A rectangular unit cell measuring 19.69 A x 17.05 A was
employed to model NSG, and the corresponding hydrogen
evolution reaction at various active sites. The free energy
changes upon adsorption were computed using the computa-
tional hydrogen electrode (CHE) approach,®®*” where the free

1
energy of (H" + e7) equals EHZ(g) for a standard hydrogen

electrode (SHE). The free energy of various intermediates is
calculated as:

G = Eciec + Ezpg — TS (3)

where, E.c. is the total electronic energy computed by DFT; Epg
is the zero-point energy (ZPE), T is the temperature and S is
entropy. For H adsorption, the change in free energy is
computed as AG = AEj. + 0.24 eV.

3. Results and discussion

3.1. Synthesis and characterization of Cg,-NSG hybrids

The catalytic-protective Cgo-NSG hybrid was prepared using
a lithiation reaction with n-BuLi.** It is well known that Cg, can
rapidly undergo nucleophilic addition due to its strong electron
affinity.®® Lithiation of NSG using n-BuLi facilitates direct
grafting of Ce onto the graphitic layer of NSG, enabling the
formation of a pure, all carbon Cg-NSG hybrid (Fig. 1a). The
formation of the C4,-NSG hybrid was confirmed by TEM, FTIR,
Raman spectroscopy, and XPS characterization studies as
shown in Fig. S1 and S2. A high resolution transmission elec-
tron microscopy (HR-TEM) image (Fig. S1a) for the Cg-NSG
hybrid clearly shows a nanosheet surface grafted by nano-
particles of average size ~20 nm, which are characteristics of
Ceo aggregates, implying strong interconnection between Cg,
and NSG. The scanning TEM (STEM) and elemental mapping
images of C»-NSG nanoparticles (Fig. S1b-f) indicate that the C
and O were randomly distributed in the nanoparticles, while the

J. Mater. Chem. A, 2025, 13, 35847-35856 | 35849
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Fig. 1

distribution of N and S was uniform in the Cg,-NSG. FTIR and
Raman spectroscopies further provide evidence for the grafting
of C¢o onto NSG nanosheets. Changes in IR peak positions are
observed in the Cg(-NSG hybrid compared to the individual Cg,
or NSG reference samples (Fig. 1b). The IR peaks at 1427 and
1154 cm ™' in the Cg-NSG hybrid could be derived from the
characteristic IR mode (1427 cm ™) and poly-fullerene clusters
(1181 em ™) of Cg, respectively.’ The relative shift in the IR
peak related to the poly-fullerene clusters indicates the func-
tionalization of Cg, by NSG.*® The Raman spectrum of the Cgo-
NSG hybrid (Fig. 1c) further reveals three Raman peaks at 1354,
1600 and 1476 cm™ ', which correspond to the D (1354 cm™ %)
and G (1600 cm™ ') bands of NSG and the Ay(2) (1476 cm™') of
Ceo, respectively. The upshift of the G band position in the Cgp-
NSG hybrid compared to pristine NSG indicates charge transfer
from the NSG network to the covalently bound Cg,, resulting
from strong electronic interaction between Cgo and NSG nano-
sheets.®* In addition, the chemical bonding properties of Cgp-
NSG were studied from XPS spectra. The high-resolution XPS
spectra in Fig. S2 indicate the presence of all the elements,
including C, N, and S, for C4-NSG samples. The core level
spectrum of C 1s can be deconvoluted into three major peaks,
sp’>-hybridized carbon (C-C) (284.6 eV), C-O (287.2 €V), and O=
C-O (289 eV), as shown in Fig. S2a. The dominant peak of sp*-
hybridized C at 284.6 eV indicates high electronic conductivity
and improved charge transfer at the surface.®® The N 1s core
level spectrum in Fig. S2b shows a major peak at 399.9 eV, which
corresponds to pyridinic N that creates defects not only at the
edge but also on the surface of the graphene nanosheets.*® One
peak at 168.5 eV in the core level S 2p spectrum can be assigned
to the C-SO,~C species, which are expected to form at the edges
of graphene (Fig. S2¢).*

35850 | J Mater. Chem. A, 2025, 13, 35847-35856
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(a) Schematic diagram of the synthesis of the Cgo-NSG hybrid. (b) FTIR and (c) Raman spectra of Cgo-NSG, NSG and Cgo, respectively.

3.2. Characterization of the Cs,-NSG hybrid catalytic-
protective overlayer on CZTSSe photocathodes

Following successful synthesis of Cgo-NSG, this hybrid was
deposited onto a fresh CZTSSe/CdS sample using the Cg,-NSG
hybrid ink in toluene by spin coating. Due to the ultrathin
nature of the C4,-NSG hybrid layer, no detectable changes in the
morphology of CZTSSe/CdS were observed in SEM analysis
(Fig. S3). Similarly, the hybrid layer could not be detected by
STEM mapping of CZTSSe/CdS/Cey-NSG (Fig. S4) either. All
CZTSSe-based photocathodes exhibited comparable absor-
bance spectra in the visible and near-infrared wavelength
regions, regardless of the type of carbon-based hybrid catalytic-
protective overlayer used (see Fig. S5). To confirm the successful
deposition of these overlayers, XPS analysis was performed on
the photocathodes coated with Cgyp, NSG and the Cg,-NSG
hybrid. As shown in Fig. S6, the presence of C 1s, N 1s, S 2p, and
Pt 4f signals on the surface of the CZTSSe/CdS/Ceo-NSG/Pt
photocathode confirms the incorporation of the hybrid layer
and the Pt catalyst. In addition to XPS, we also used Raman
spectroscopy to confirm the deposition of the C4,-NSG layer on
top of CZTSSe/CdS. As seen from Fig. S7a and b, D and G bands

! and

from NSG were determined at around 1354 cm™
1600 cm ™', However, the dominant peak at 1476 cm ™" from Ceq
was not observed, which might be attributed to the narrow and
sharp A4(2) peak. This assumption is further confirmed by the
Raman result of CZTSSe/CdS/Cs, (Fig. S7c and d), showing the
presence of the board peak of Hy(8), but the absence of the
sharp peak of A,(2). The above results manifest that the ultra-
thin Ceo-NSG hybrid layer was successfully deposited on
CZTSSe/CdS. The hydrophobicity characteristics of CZTSSe/
CdS/Pt and CZTSSe/CdS/Ceo-NSG/Pt were studied by contact
angle measurements (Fig. 2a and b), showing that the contact
angles increased from 62.68 (CZTSSe/CdS/Pt) to 87.15° (CZTSSe/
CdS/Cgo-NSG/Pt). This means that the surface with the Cgo-NSG

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 The contact angle images for (a) CZTSSe/CdS/Pt and (b) CZTSSe/CdS/Ceo-NSG/Pt. (c) Linear sweep voltammograms of CZTSSe/CdS/
Cg0-NSG/Pt (orange) and CZTSSe/CdS/Pt (blue) photocathodes under light illumination (AM 1.5G) and (d) corresponding HC-STH of the
CZTSSe/CdS/Cgo-NSG/Pt and CZTSSe/CdS/Pt photocathodes. The scan direction is from negative to positive versus RHE. (e) A comparison of
onset potentials with various overlayers between this work and previously reported kesterite-based water splitting devices. Each symbol shows
onset potential with the overlayer (solid symbol) and without the overlayer (hollow symbol).

coating still exhibits hydrophilic characteristics. The surface
with hydrophilicity can attract and retain water molecules,
creating a microenvironment that enhances the interaction
between the electrolyte and the catalyst, thereby improving
catalytic efficiency.

The PEC performances of CZTSSe photocathodes with and
without the Cg,-NSG hybrid layer were studied for the HER in
a three-electrode configuration in a 0.5 M H,SO, electrolyte
(pH = ~0.3) under simulated AM1.5G solar illumination. Fig. 2c
shows the current density versus potential (J-V) curves of
CZTSSe/CdS photocathodes with and without the Cgo-NSG
hybrid layer under illumination. Both photocathodes were
decorated with the Pt catalyst on top. The HER performance of
the Cgo-NSG coated CZTSSe/CdS photocathode (CZTSSe/CdS/
Ceo-NSG/Pt) is much higher than that of the uncoated CZTSSe/
CdS photocathode (CZTSSe/CdS/Pt). The CZTSSe/CdS/Pt
photocathode has an anodic onset potential (0.14 Vieversible
hydrogen electrode (rHE)) and achieves a photocurrent density of

This journal is © The Royal Society of Chemistry 2025

—5.5 mA cm™ 2 at 0 Vgyg. In comparison, the CZTSSe/CdS/Ceq-
NSG/Pt has an anodic onset potential of 0.51 V, that is,
~510 mV relative to E°(H,/H,0) and achieves a photocurrent
density of —27.7 mA cm™2 at 0 Vgpg. During the measurement,
a large amount of H, bubbles evolves on the surface of the
photocathodes, as illustrated in Fig. S8. Fig. 2e shows
a comparison of onset potential values for both the present and
previously reported kesterite-based PEC water splitting devices
with various overlayers like carbon-based materials, TiO,, and
sulfide-based materials. The solid and hollow symbols indicate
bare photocathodes and overlayers on photocathodes, respec-
tively. The Cg,-NSG hybrid showed a comparable onset potential
value (~0.51 Vgyg) to those of previously reported overlayers on
kesterite-based photocathodes, indicating efficient charge
transfer characteristics.® The J-V curves of both photocathodes
with and without the Cgy-NSG hybrid layer show a negligible
current measured under dark conditions (Fig. S9a), implying
that parasitic electrochemical reactions are not present in the

J. Mater. Chem. A, 2025, 13, 35847-35856 | 35851
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sample. Furthermore, the calculation of HC-STH using the
current density—potential curves reveals that the CZTSSe/CdS/
Ce0-NSG/Pt photocathode demonstrates a HC-STH of ~3%
(Fig. 2d). To clarify the individual effects of Cs, and NSG on PEC
performance, CZTSSe photocathodes with the Cg, or NSG layer
were prepared and measured. As shown in Fig. S9b, the NSG
layer significantly improves the PEC performance of CZTSSe
photocathodes (—20.4 mA cm™?) in comparison with that of the
Cgo-only sample (—8.6 mA cm ™ 2). These results suggest that the
overall improvement of PEC performance of the CZTSSe
photocathode may mainly arise from the NSG layer rather than
the Cg layer.

3.3. Mechanism behind enhanced PEC performance

The underlying mechanism of improved PEC performance
induced by the Cqo-NSG hybrid layer is systematically investi-
gated as discussed below. TRPL measurements were performed
on CZTSSe photocathodes with and without the C4,-NSG hybrid
coating. Due to the trapping-detrapping behavior of kesterite,
the short component (7,) is more related to the real carrier
lifetime.®® Therefore, the t; of photocathodes was fitted by
a two-exponential function model (Fig. 3a). The carrier lifetime
of the CZTSSe photocathode with Cgo-NSG is 0.57 ns, higher
than that of the reference (0.35 ns), indicating slightly improved
electron transfer from the photoexcited kesterite to Cgo-NSG,
which is beneficial for a higher HER activity. Since efficient
electron transfer could be attributed to a desirable work func-
tion (®) between each layer in a photocathode system, ultravi-
olet photoelectron spectroscopy (UPS) was performed on
CZTSSe, CZTSSe/CdS and CZTSSe/CdS/Ceo-NSG to determine
the @ of CZTSSe, CdS and Cs,-NSG, respectively. As presented in
Fig. 3b, the ® of CZTSSe, CdS and Cs,-NSG is 5.38 €V, 5.43 eV
and 5.31 eV, respectively. According to the literature, the ® of
sputtered Pt is relatively high, ranging from 5.7 to 6.1 eV, which
is significantly larger than that of CdS (5.43 eV).** This
mismatch can result in the formation of a Schottky-type
potential barrier at the CdS/Pt interface, which inhibits effi-
cient electron transfer.* In contrast, the Cg-NSG hybrid
exhibits an intermediate ® (5.31 eV), positioned between those
of CdS and Pt, effectively reducing the potential barrier and
facilitating electron transfer. To further validate this, the ® of
Cs0-NSG was also investigated through DFT calculations of its
individual components, estimating theoretical values of ® of
5.03 eV for Cg, and 3.74 eV for NSG. These results are consistent
with the experimentally measured low @ value of the Cg»-NSG
hybrid, confirming its role in promoting interfacial charge
transfer in the photocathode architecture.

To further understand the catalytic performance of the Cgo-
NSG hybrid and unravel the origin of the catalytic activity of Cgo-
NSG/Pt, DFT calculations were performed. Fig. 3c and S10
depict structural models used to simulate different potential
active sites at Cg(,-NSG/Pt interfaces, with N atoms modelled in
both graphitic and pyridinic forms, and S atoms modelled in
both S-C3 and S-C2 coordination environments. The HER
active sites of the C¢o-NSG/Pt were identified by calculating the
free energies of the adsorbed hydrogen at different sites. Fig. 3c

35852 | J Mater. Chem. A, 2025, 13, 35847-35856

View Article Online

Paper

depicts the Gibbs free energy change for hydrogen adsorption
(AGy+) values for C¢(-NSG/Pt as well as the pristine Cgo, and NSG
with different N and S atoms. It is well understood that the
optimum HER catalyst requires a AGy+ value close to zero.*® The
free energy values of adsorbed hydrogen on NSG and Cg, are far
from thermoneutral, resulting in poor H* generation kinetics
(AGy+ of pyridinic-N = —2.27 eV, S-C2 = —0.82 eV, S-C3 =
—2.21 eV and AGy+ of Cgp = 0.50 €V). Graphitic N atoms from
the Cgo-NSG, on the other hand, have a moderate free energy
value, bringing them much closer to thermoneutral (—0.17 eV),
thus revealing that they could potentially participate as cata-
Iytically active sites for the HER process. The Pt site, as expected,
performs as a good active site for the HER with free energy very
close to thermoneutral (—0.09 eV, hollow site). Thus, overall, the
photoexcited electron can be efficiently dispersed from CdS to
the Pt catalysts prompted by the conductive Cg,-NSG hybrid
(Fig. 3d) and HER carried out at the active sites discussed above.

3.4. Stability analysis of the CZTSSe photocathode

The stability of CZTSSe/CdS/Ceo-NSG/Pt photocathodes was
monitored by measuring photocurrent density versus times
under light irradiation at 0.1 Vgyg (corresponding to an initial
Jsc of ~—24.5 mA ecm ™ ?) in 0.5 M H,SO, electrolyte. So far, poor
stability of the chalcogenide photocathodes has been mainly
linked to CdS photocorrosion caused by photogenerated holes
interacting with the CdS lattice.”” The PEC of the photocathode
could be significantly reduced within a few minutes if there is
no embedded protection layer for CdS.®® The control sample
exhibited rapid photocurrent degradation, with a loss of more
than 65% within 30 min (see Fig. S11). In contrast, photocath-
odes with catalytically active layers (CZTSSe/CdS/Ceo-NSG/Pt)
fabricated in this work showed an ~20% photocurrent decay
after 10 h of photoelectrolysis under acidic conditions (Fig. 4a).
Table S1 shows the PEC performance and stability results of the
kesterite photocathodes from the literature. The Cg,-NSG
hybrid overlayer on the CZTSSe photocathode exhibits slower
degradation, retaining 96% of PEC performance after around
1 h, compared to 91% for the TiO, layer over the same period.*
To further analyze the photocorrosion behavior of the photo-
cathode, we examined the evolution of the surface composition
in the CZTSSe/CdS/C¢»-NSG/Pt photocathode after a stability
test using XPS and STEM characterization. XPS spectra for core-
levels for Pt 4f and Cd 3d (Fig. 4b and c) were measured before
and after the stability test to determine the amounts of Pt and
Cd lost from the CZTSSe photocathode during the HER process.
The intensities of Pt 4f and Cd 3d from the CZTSSe photo-
cathode with the C4,-NSG layer decreased by about 21% and
13%, respectively after the stability test compared to the original
peak intensity. Such loss of Pt catalyst and destruction of the
CdS layer are reasons for the gradual reduction of photocurrent
density. However, we observe some of the regions without
noticeable loss of Pt and CdS layer (Fig. 4d). In other words, the
Cs0-NSG layer might play a role as a Pt catalyst binder as well as
a CdS protective layer, provided it achieves better surface
coverage of the CdS layer on a rough microstructure of the
CZTSSe photocathode. Fig. 4d and e show STEM images and
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Fig. 3 (a) TRPL at an excitation wavelength of 532 nm for CZTSSe photocathodes with and without the Cgo-NSG layer. (b) The work function (®)
of CZTSSe, CdS and Cgo-NSG measured by UPS. (c) Calculated HER free energy diagrams; inset figures: top and side views of the NSG structural
model used in DFT calculations. Brown, blue, yellow, and pinkish-white spheres represent carbon, nitrogen, sulfur, and hydrogen atoms,
respectively. (d) The device structure of the CZTSSe/CdS/Ceo-NSG/Pt photocathode (left) and schematic diagram of the HER at the CZTSSe/
CdS/Ceo-NSG/Pt photocathode (right).
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(a) The stability of the CZTSSe/CdS/Ceo-NSG/Pt photocathode for 10 h under AM 1.5G illumination at a fixed potential of O Vgrye.

XPS spectra of (b) Pt 4f and (c) Cd 3d taken before and after the 10 h long-term stability test on the CZTSSe/CdS/Cgo-NSG/Pt photocathodes.
(d and e) The two locations of STEM and elemental mapping images of the CZTSSe/CdS/Ceo-NSG/Pt photocathode after a 10 h stability test.

corresponding elemental mapping images of the photocathode
after 10 h stability tests, where we focused on two different
interface regions to elucidate the observed photocurrent decay.
As shown in Fig. 4d, no noticeable loss of Cd and Pt was
observed after 10 h of photoelectrolysis. In contrast, elemental
mapping in other regions (Fig. 4e) exhibits no loss of Pt but
partial loss of Cd, indicating that the photocorrosion of CdS
occurred in the region. The insufficient protection of the CdS
layer may be attributed to the limited uniformity and poor
surface coverage of the Cg(-NSG hybrid when deposited via spin-
coating, particularly on the rough photocathode surface.
Nevertheless, the enhanced HER activity and stability of the
CZTSSe/CdS/Csp-NSG/Pt system can be ascribed not only to the
intrinsic catalytic properties of Cgo and NSG but also to the
unique multifunctional characteristics of the Cg-NSG hybrid.
These include (i) the ability to bind the Pt catalyst, (ii) a pathway
for efficient charge collection and transfer to the Pt catalyst; (iii)
a protection barrier by reducing photocorrosion of the photo-
cathode in the electrolyte.

Conclusions

In summary, we demonstrate a CZTSSe/CdS/Cg,-NSG/Pt photo-
cathode that achieves stable and efficient solar water reduction,
delivering a high photocurrent density of —27.7 mA cm 2 at
0 Vrue and an onset potential of 0.51 Vgyg, while retaining 80%
its photocurrent after 10 h of sustained photoelectrolysis under
strong acid conditions. Comprehensive structural and chemical
analyses of the photocathode using Raman, FTIR, TEM, and
XPS, conducted before and after stability tests, along with
electrochemical studies of the Cgo-NSG hybrid, revealed its dual
role as an effective protective and catalytic overlayer. Spectros-
copies characterization combined with DFT calculations

35854 | J Mater. Chem. A, 2025, 13, 35847-35856

confirmed that the improved HER activity and operational
stability originate from the unique properties of the Cqo-NSG
hybrid, such as enhanced charge transfer, improved carrier
lifetime and effective photocorrosion protection. Furthermore,
the Cgo-NSG hybrid exhibited a near-optimal Gibbs free energy
for the adsorbed H species at the identified active sites, facili-
tating efficient electron transfer to the catalyst surface. The
successful integration of the carbon-based ‘C¢o-NSG hybrid’ as
a protective-catalytic overlayer indicates its broad applicability
to various inorganic semiconductor photoelectrodes and offers
a promising strategy towards a cost-effective solar-fuel produc-
tion system.
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