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ABSTRACT

Sb2Se3 has emerged as an ideal photocathode candidate profiting from its superior 

optoelectronic properties, and has gained rapid development in photocurrent generation. 

However, achieving both high photocurrent density (Jph) and onset potential (Von) is of 

immense importance. In this work, self-assembled growth of Sb2Se3 with large crystal 

grains, benign orientation, and accurate composition was first fulfilled via a 

combination reaction involving sputtered and selenized Sb precursor. Then 

Mo/Sb2Se3/CdS/Pt photocathodes were constructed. In addition to the selenization 

condition-dependent Sb2Se3 film quality that influenced device performance, an 

additional Sb2Se3/CdS heterojunction post-annealing has demonstrated a strong 

positive effect. Thanks to the band alignment modification, charge transport 

strengthening, and surface wettability improvement, the champion device delivered Jph 

of 16.25 mA cm−2, Von of 0.52 VRHE, and HC-STH conversion efficiency of 2.58%. 

Such an interface engineering can pave the way for fabricating high Von Sb2Se3 

photocathode to broaden its scope of solar hydrogen production applications.
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1. Introduction

Due to the shortage of fossil fuels and deterioration of environmental condition, 

exploring renewable and environmental-friendly energy resources has become 

inevitable for a carbon-neutral and sustainable society. In recent years, solar energy and 

hydrogen energy, regarded as carbon-free and clean energy, have attracted tremendous 

research attentions [1]. Moreover, combining the advantages of those two energy forms, 

and achieving efficient solar-to-hydrogen (STH) seems more interest, especially for 

practical application scenarios. STH can be accomplished from water splitting via 

processes of photocatalysis, photovoltaic-electrochemical and photoelectrochemical [2]. 

Among them, the photoelectrochemical (PEC) process is a promising technique, 

involving a cell system that simultaneously function as a light harvester to absorb solar 

energy, and an electrolyser to perform chemical reactions to produce H2 [3]. To achieve 

a high STH conversion efficiency, the light absorbing photoelectrode materials should 

be capable of absorbing sufficient sunlight, transporting to the electrolyte efficiently, 

and remaining long-term stable without photocorrosion [4]. To date, numerous 

semiconductors have been developed for PEC solar hydrogen production, such as Si [5], 

SiC [6], Cu2O [7], CdTe [8], Cu-chalcogenides [9-12] and Sb-chalcogenides [13,14]. However, 

the continuous exploration of earth-abundant and low-cost candidates are still getting 

growing concerns.

Antimony selenide (Sb2Se3) has remarkable material advantages and superior 

optoelectronic properties when used in PEC processed solar hydrogen production. 

Sb2Se3 is a simple V-VI binary semiconductor with only one stable crystalline phase, 



the constitutes of Sb and Se also show low-toxicity, low-cost, and earth-abundant nature. 

Sb2Se3 possesses a proper bandgap of 1.0-1.2 eV, high absorption coefficient (>105 

cm−1), decent carrier mobility (~10 cm2 V−1), and long carrier lifetime (~60 ns) [15-17]. 

As a PEC photocathode, the theoretical maximum photocurrent density (Jph) of Sb2Se3 

can approach to 40.9 mA cm−2 under AM 1.5G solar light illumination with 100% 

photon-to-current conversion, which is comparable to those well-known utilizers of Si 

and Cu(In,Ga)Se2 [18-20]. Furthermore, Sb2Se3 has absolute internal stability in some 

commonly used neutral or acidic electrolytes, no obvious self-reduction or 

photocorrosion phenomena can be observed [21]. As Sb2Se3 has an intrinsic one-

dimensional (1D) crystal structure accumulated by [Sb4Se6]n nanoribbons with van der 

Waals forces along the [100] and [010] axes, strong covalent bonds along [001] axis, it 

tends to grow with 1D morphology [22]. For instance, Moon et al. used various Sb-Se 

molecular inks to grow 1D nanoneedle, nanowire, nanorod, and hierarchical nanorod 

structured Sb2Se3 photocathodes via spin coating method [23-26]. However, it has also 

been reported that compact film-type Sb2Se3 with favorable [hk1] preferential 

orientation enables higher carrier transportability and less boundary recombination loss, 

which can achieve much superior PEC performance compared with that of 1D 

nanostructured counterpart [27]. To date, only a few studies associated with thermal 

evaporation, close-spaced sublimation, and magnetron sputtering processed Sb2Se3 film 

photocathodes have been reported [18,27,28]. Compared with the extensive Sb2Se3 film 

deposition techniques for photovoltaic applications, the controllable preparation of 

Sb2Se3 photocathodes still needs further investigation.

Since the first Sb2Se3 photocathode for PEC water splitting reported by Moon et al. in 

2017 [23], extensive research has been focused on this interesting scenario. Various 

architectures and engineering efforts (e.g., absorber engineering, interfaces engineering, 



co-catalyst engineering, and tandem engineering) are continuously emerging [27,29-31]. 

Within a very short period of time, Sb2Se3-based photocathodes achieved a rapid 

development in terms of Jph from 2 mA cm−2 to 35 mA cm−2, a record half-cell STH 

(HC-STH) conversion efficiency of 4.7% based on FTO/Au/Sb2Se3/AL/PABA/TiO2/Pt 

configuration, and a record unbiased STH efficiency exceeding 10% via Sb2Se3 

photocathode coupled with semitransparent perovskite photovoltaic [14,23,32]. 

Accordingly, the Jph has reached 80% of its thermodynamic limit. Thus, in order to 

further improve the PEC performance of Sb2Se3 photocathode, future research should 

be focused on maximizing the Jph while producing sufficiently large photovoltage (i.e., 

onset potential, Von). A high Von is essential to compensate the unavoidable potential 

losses induced by charge transport within the photoelectrodes and/or the overpotentials 

at the electrode/electrolyte interface. Some experimental surface/interface engineering, 

such as decorating polycrystalline Sb2Se3 thin films at surface by conjugated molecules 

to passivate the surface defects, inserting n-type CdS buffer layer at the Sb2Se3/TiO2 

interface to reduce valence band mismatch, have been conducted as attempts to improve 

the Von of Sb2Se3 photocathodes [14,28]. Despite such endeavors, the further optimization 

of Von and STH efficiency via a simple and effective strategy also needs further 

exploration. 

In this work, Sb2Se3 light absorbing films with large crystal grains, benign orientation, 

and stoichiometric composition have been prepared via an effective combination 

reaction involved with pre-sputtered and post-selenized Sb metallic precursors. After 

sequential deposition of CdS buffer layer, and Pt co-catalyst, an efficient thin film 

photocathode with configuration of Glass/Mo/Sb2Se3/CdS/Pt was fabricated. 

Interestingly, a mediate temperature post-annealing of Sb2Se3/CdS heterojunction has 

been found to remarkably enhance the Von and PEC performance. A champion 



photocathode can deliver a Jph of 16.25 mA cm−2 at 0 V versus a reversible hydrogen 

electrode (RHE, VRHE), an interesting Von of 0.52 VRHE, and a HC-STH conversion 

efficiency of 2.58%. Our results provide a simple and bright avenue toward high Von 

Sb2Se3 photocathode for PEC processed solar hydrogen production.

2. Experimental section

2.1. Preparation of Sb2Se3 thin films

Soda lime glass was chosen as substrate, which need to be ultrasonically cleaned in 

sequential detergent, acetone, isopropanol, and ethanol solution for 10 min, respectively. 

Before Sb2Se3 thin film deposition, Mo as back contact layer was deposited first using 

DC magnetron sputtering based on a dense Mo target. A double-pressure sputtering of 

Mo (~ 1 um thickness) was applied with a first 1.5 Pa of 15 min to improve adhesion, 

and then 0.5 Pa of 60 min to ensure compactness. Meanwhile, high-purity argon gas 

(>99.999%) was introduced at a flow rate of 40 sccm, and the sputtering power was 

fixed at 30 W. In Subsequent, Sb precursor thin film was deposited using RF magnetron 

sputtering, with argon flux of 40 sccm, a fixed power of 35 W, and a relatively low 

deposition pressure of 0.5 Pa. To obtain crystalline Sb2Se3 thin films, an effective post-

selenization heat treatment of Sb precursor was implemented to induce in-situ 

combination reaction and self-assembled growth. In detail, the Sb film and high-purity 

Se powder (99.999%) were separately placed into a double-chamber vacuum tubular 

furnace. A working pressure of 5×104 Pa was maintained to provide sufficient Se partial 

pressure during the selenization. The Se powder side temperature was kept at 400 °C, 

while the Sb precursor side temperatures were ramped up to different setting values of 

360 °C, 380 °C, 400 °C, 420 °C, and 440 °C, respectively. After a dwelling process, 

the Sb2Se3 thin films were naturally cooled down to room temperature.



2.2. Preparation of Sb2Se3 photocathode

After the deposition of Sb2Se3 thin films, CdS buffer layer was deposited upside via 

chemical bath deposition (CBD) process. The deionized water, CdSO4 aqueous solution 

(0.015 M), thiourea aqueous solution (0.75 M), and ammonium hydroxide aqueous 

solution were sequentially added into a specific container with attached 

Glass/Mo/Sb2Se3 pieces. The container was then placed in a 80°C water bath under 

consecutive stirring for 9 min. Afterwards, the samples were rinsed with deionized 

water and dried in an oven. Importantly, an additional post-annealing treatment of 

Sb2Se3/CdS heterojunction interface was performed at 280 °C for 5 min using rapid 

thermal process (RTP) under argon atmosphere. Pt as co-catalyst was sputtered on the 

top side by using a 108 Auto Sputter Coater under an applied current of 20 mA for 50 

s. Finally, Mo substrate was exposed at the corner, and low-temperature (60 °C) 

solidified Ag colloids were painted onto this fresh surface to form metallic contact. 

Overall, Fig. 1 represents a schematic illustration of the preparation process of Sb2Se3 

thin film photocathode with configuration of Glass/Mo/Sb2Se3/CdS/Pt. 

2.3. Characterizations

The crystal structure of the as-prepared films was measured by X-ray diffraction (XRD, 

Ultima-iv) with CuKα radiation under operation conditions of 40 kV and 40 mA. The 

scanning electron microscope (SEM, SUPRA 55) was utilized to observe the surface 

and cross-sectional morphologies of the films, and an energy dispersive spectroscope 

(EDS, BRUKER QUANTAX 200) coupled with the SEM was used to analyze the 

corresponding chemical compositions. Transmission electron microscope (TEM) 

characterizations were performed by using a FEI Titan Cubed Themis G2 300 

microscope. The sample was prepared by ablating the film device using focused ion 



beam (FIB, FEI Scios). The surface morphologies and roughness of the films were 

examined using atomic force microscope (AFM) conducted by NT-MDT Spectrum 

Instruments under the semi-contact mode. The surface states were also analyzed via X-

ray photoelectron spectroscopy (XPS, ESCALAB 250Xi). Contact angles were 

measured on a contact angle meter (PERFECT WAM-100) at room temperature. A 

Lambda 950 UV-Vis-NIR spectrophotometer was used to investigate the optical 

properties of the Sb2Se3 films, the bonding information were further characterized 

through Raman spectroscopy (Renishaw, InVia). Capacitance-voltage (C–V) 

measurements were applied at an AC amplitude of 30 mV and a frequency of 50 kHz 

under dark condition at room temperature. The DC bias voltage during the C–V 

measurements was applied from -0.5 V to 0.15 V.

2.4. PEC measurements

PEC performance was measured by using a CHI660e electrochemical workstation with 

a conventional three-electrode configuration. Ag/AgCl in saturated KCl was used as 

the reference electrode, Pt-wire as the counter electrode, and the Sb2Se3 photocathode 

as the working electrode. It was performed under 100 mW cm−2 AM 1.5G simulated 

sunlight illumination in 0.5 M H2SO4 electrolyte. The measured potential (VAg/AgCl) can 

be converted to VRHE by employing the following Nernst equation [23]:

                                 (1)𝑉𝑅𝐻𝐸 = 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙 +0.059 × 𝑃𝐻 + 0.198

HC-STH conversion efficiency (corresponds to the real applied bias photon-to-current 

efficiency (ABPE)) was calculated according to the following equation [27]: 

                    (2)𝐻𝐶 ― 𝑆𝑇𝐻 (%) = 𝐽𝑝ℎ × (𝑉𝑅𝐻𝐸 ― 𝑉𝐻 + /𝐻2
)/𝑃𝑆𝑈𝑁 × 100%

where VRHE is the potential of the working electrode against the electrolyte with respect 

to RHE, Jph is the photocurrent density obtained under the applied bias of VRHE,  VH + /H2



is 0 VRHE, and PSUN is 100 mW cm−2.

The PEC impedance spectroscopy (PEIS) was obtained under light illumination with 

frequencies ranging from 0.1 Hz to 100 KHz at 0 VRHE. Mott-Schottky (M-S) 

measurement was carried out to verify the flatband potential (Efb) of the Sb2Se3 thin 

film, which was conducted in dark, scanned from 0.2 to 0.5 VRHE with a Vrms of 0.01 V, 

and at frequency of 1 kHz. The Efb was determined from the equation [33]: 

                                   (3)
1

𝐶2
𝑠𝑐

= ―
2

(𝜀0𝜀𝑠𝑐𝐴2𝑒𝑁𝐴)(𝐸𝑎𝑝𝑙 ― 𝐸𝑓𝑏 ―
𝑘𝐵𝑇

𝑒 )

where Csc is the capacitance of the semiconductor spatial charge region, ε0 is the 

permittivity in vacuum, εsc is the dielectric constant (i.e., 15 for Sb2Se3 [34]), A is the 

active area, e is the elemental charge, NA is the density of acceptors, Eapl is the applied 

potential, kB is the Boltzmann constant, and T is the absolute temperature. The measured 

potential (vs. standard hydrogen electrode (SHE)) can be converted to absolute energy 

(vs. vacuum) by employing the equation [35]: 

                     (4)𝐸𝑛𝑒𝑟𝑔𝑦 (𝑣𝑠.  𝑣𝑎𝑐𝑢𝑢𝑚) = ―𝑒𝐸𝑎𝑝𝑙 (𝑣𝑠.  𝑆𝐻𝐸) ―4.44 𝑒𝑉

3. Results and discussion

3.1. Characterization of Sb2Se3 thin films

A low-cost Mo conductive film was sputtered first on the glass substrate to replace the 

conventional back contact layer of Au. It shows a prominent (110) crystallographic 

plane belonging to cubic phase of Mo, a smooth surface, and compact quasi-vertical 

growth crystals, according to the XRD pattern and SEM images (Fig. S1, Supporting 

Information). Afterwards, an effective combination reaction involved with sputtered 

and selenized Sb precursors was used to prepare high-quality Sb2Se3 light absorbing 

thin films. The XRD pattern of Sb precursor film reveals that all the diffraction peaks 

match well with the JCPDS standard card (No. 35-0732) of the hexagonal phase of 



metallic Sb (Fig. S1, Supporting Information). Surface and cross-sectional SEM images 

also demonstrate a non-compact morphology consisted of small grains, and a thickness 

of approximately 350 nm. The acquired uniform Sb films were subjected to selenization 

heat treatment at different temperatures and durations to obtain series of Sb2Se3 thin 

films. Fig. 2a shows the XRD patterns of the Sb2Se3 obtained at selenization 

temperatures of 360 °C, 380 °C, 400 °C, 420 °C, and 440 °C. All of the specimens are 

in good agreement with orthorhombic Sb2Se3 (JCPDS Card No. 15-0861, pbnm space 

group) without any detectable impurities or secondary phase. An obvious increase of 

peak intensities with increasing the temperature from 360 °C to 380 °C suggests an 

onset crystallization of the Sb2Se3 thin films upon heat treatment. Moreover, three 

major diffraction peaks of (211), (221), and (002) show sharp characteristics, indicating 

highly crystalline nature, also with a preferential growth orientation of [hk1]. Such 

perpendicular growth of the Sb2Se3 grains is highly beneficial to promote the charge 

carriers transport throughout absorber layer, and reduce the recombination loss at grain 

boundaries and interfaces [36]. The top-view SEM images, and the corresponding EDS 

determined Sb/Se elemental ratios of the Sb2Se3 thin films are also presented in Fig. 

2b-f. At a selenization temperature of 360 °C, the film was composed of tiny grains, a 

slightly higher Sb/Se ratio of 0.69 was referring to a partial crystallization. For the thin 

films selenized at 380 °C and 400 °C, a more compact and uniform coverage of the 

surface can be observed, accompanied by a synchronous increase of the average grain 

size from approximately 380 nm to 830 nm. The detailed temperature-dependent 

frequency histograms versus Sb2Se3 grain size distribution are depicted in Fig. S2 

(Supporting Information). Notably, the thin film selenized at 400 °C has a Sb/Se ratio 

(0.67) that is quite close to the standard stoichiometric ratio (2/3) for Sb2Se3. Further 

improving the temperature led to emerge pinholes on the surface (Fig. 2e), and then 



caused a serious decomposition with distinct micro-voids at a high temperature of 

440 °C (Fig. 2f), which can be attributed to Se re-evaporation from Sb2Se3 under its 

high vapor pressure, as confirmed by the EDS results. A parallel selenization duration-

dependent structure and morphology evolution also demonstrated a similar crystal 

growth, and an optimal selenization of 15 min (Fig. S3, Supporting Information). 

Therefore, it’s crucial to control the selenization scenario to obtain high-quality Sb2Se3 

thin film with high crystallinity, benign orientation, large grain size, and accurate 

chemical composition.

Raman spectra of the Sb2Se3 thin films exhibit two major peaks located at 190 and 210 

cm−1 (Fig. 3a). The dominant peak at 190 cm−1 could be ascribed to the Sb-Se vibration 

in the Sb2Se3 pyramidal symmetrical unit, while the secondary peak at 210 cm−1 was 

ascribed to heteropolar Sb-Se stretching vibration in Se chains [37]. The absence of other 

observable characteristic peaks belonging to secondary phase and/or oxidation of Sb 

further confirmed the high purity of the as-prepared Sb2Se3 thin films. To further 

investigate its optical properties, the reflection spectra were obtained via UV/Vis/NIR 

spectrophotometer by using glass as substrate and covering a range from 300 nm to 

1500 nm. The reflection spectra showed a similar short wavelength cut-off edge of 

approximately 1000 nm for Sb2Se3 films. The slight variation can be attributed to the 

difference in grain size and surface roughness of the thin films. The important 

information of bandgap (Eg) was further calculated according to the following formulas.

                                                 (5)2𝛼𝑑 = 𝑙𝑛 [
𝑅𝑚𝑎𝑥 ― 𝑅𝑚𝑖𝑛

𝑅 ― 𝑅𝑚𝑖𝑛
]

                                                  (6)𝛼ℎ𝑣 = 𝐶(ℎ𝑣 ― 𝐸𝑔)𝑛

where α is the absorption coefficient, d is thickness, the reflectance falls from Rmax to 

Rmin due to the intrinsic absorption of light by the sample [38]. The latter is a typical 

Tauc formula, where C is a constant, h is the Planck’s constant, v is the photon 



frequency, and n is an index defined by 0.5 for direct and 2.0 for indirect bandgap 

semiconductor. The thin films exhibited a similar direct bandgap of approximately 1.22 

eV under different selenization heat treatment, as described in Fig. 3c. The calculated 

Eg values agree well with that given in literature for crystalline Sb2Se3 thin film [39]. 

Moreover, such an ideal low-bandgap also permits an interesting broad sunlight 

harvesting, making Sb2Se3 an attractive candidate as PEC photocathode for solar 

hydrogen production.

3.2. PEC performance of Sb2Se3-based photocathodes

Fig. 4 shows the PEC performance of the Sb2Se3-based photocathodes by using the 

classical 3-electrode PEC measurements. A schematic illustration of this process is 

presented in Fig. 4a. The as-fabricated Sb2Se3 photocathode showed obvious layer 

structure with configuration of Glass/Mo/Sb2Se3/CdS/Pt (Fig. 4b). Sb2Se3 thin film 

consisted of large columnar grains was quasi-vertically grown on the substrate, and was 

uniformly covered by CdS buffer layer. Both the interfaces of Mo/Sb2Se3 and 

Sb2Se3/CdS showed characteristics of void-free and smooth contact, which was 

beneficial to suppress the possible interfacial recombination loss. Moreover, the 

obtained Sb2Se3 photocathode was homogeneous in appearance with an area over 4 cm2 

(inset in Fig. 4b), implying great potential in large-area application scenarios. Fig. 4c 

shows an experimental observed photograph with obvious hydrogen bubbles emerged 

from Sb2Se3 photocathode surface to the acidic electrolyte of 0.5 M H2SO4 (pH 0) under 

AM 1.5G simulated sunlight illumination. The chopped light determined current 

density-potential (J-V) curves of the pristine Sb2Se3, Sb2Se3/Pt, and Sb2Se3/CdS/Pt 

photocathodes are shown in Fig. 4d. Obviously, the pristine Sb2Se3 photocathode 

lacked significant PEC photoresponse with a very low cathodic Jph. After loading Pt 

co-catalyst, a slight improvement in Jph (~4 mA cm−2, at 0 VRHE) was achieved. With 



the further insertion of an n-type CdS buffer layer between Sb2Se3 and Pt, remarkable 

improvement in photocurrent and photovoltage can be observed, suggesting an efficient 

separation and transfer of the photo-generated electron-hole pairs, and therefore 

induced electrochemical reactions at the electrode/electrolyte interface. In addition, 

with increasing the selenization temperature of Sb2Se3 thin films from 360 °C to 400 °C, 

a synchronous increase of Jph can be observed (Fig. 4e). It was closely related to a much 

superior absorber layer quality with higher crystallinity, larger grain size, and more 

accurate chemical composition. The prominent [hk1] growth orientation of Sb2Se3 also 

enabled higher carrier transport and less recombination loss, thus improving the PEC 

performance. As a result, the champion photocathode selenized at 400 °C could achieve 

an interesting Jph of 16.25 mA cm−2 at 0 VRHE. Fig. 4f shows the linear swept J-V curves 

of the Sb2Se3/CdS/Pt photocathodes under dark and continuous simulated sunlight 

illumination, presenting similar variation upon the selnization temperature. Moreover, 

another important indicator of Von, typically defined as the potential at which the steep 

J-V curves begins, herein, was precisely determined by extrapolating the J-V curves at 

the rapidly increasing region (Fig. S4, Supporting Information). Accordingly, a first 

positively shifted Von values from 0.36 VRHE to 0.52 VRHE, and then decreased to 0.44 

VRHE, both matched well with the Jph variations, implying completely efficient 

contribution to Hydrogen Evolution Reaction (HER). Then the corresponding HC-STH 

conversion efficiencies were calculated (according to Equation (2)) to direct diagnose 

the efficiencies for PEC photoelectrodes with three-electrode configuration, assuming 

100% of the Faradaic efficiency and negligible overpotential of the counter reaction 

[14,40]. As shown in Fig. 4g, the maximum HC-STH values for the representative 360 °C, 

380 °C, 400 °C, and 420 °C selenized devices were 0.89% (at 0.18 VRHE), 1.73% (at 

0.22 VRHE), 2.58% (at 0.26 VRHE), and 2.10% (at 0.22 VRHE), respectively. Thus, an 



appropriate selenization of Sb2Se3 is important for not only the photocurrent, but also 

the photovoltage and fill factor. It is worth mention that a maximum Von of 0.52 VRHE 

represents one of the highest values for Sb2Se3 photocathodes. Especially, it is 

comparable to those devices with structure complicated CdS/TiO2 double buffer layer, 

or Sb2Se3 thin films with solution processed surface restoration by conjugated 

molecules [14,28]. Table 1 summarizes the key parameters of our Sb2Se3 thin film 

photocathode, compared to most of the reported Sb2Se3-based photocathodes [18,24,26-

28,41,42]. By contrast, the PEC performance of our device is comparable to those state-

of-the-art devices, especially with a higher Von.

Fig. 5a-c displays the current density-time (J-T) curves of the representative 380 °C, 

400 °C, and 420 °C selenized Sb2Se3 photocathodes under AM 1.5G simulated sunlight 

illumination at 0 VRHE. As shown in Fig. 5a, when the light was on, the Jph rapidly 

increased form 0 mA cm−2 to 12.53 mA cm−2, and then sharply returned to its initial 

value as the light was turned off. This light response remained the same after over 110 

cycles, indicating the excellent reversibility and stability of this Sb2Se3 PEC 

photocathode. A similar photoresponse can be seen for other two photocathodes, 

presenting approximately Jph of 16 mA cm−2 and 14 mA cm−2, respectively, also 

consistent with their J-V measurement results. Importantly, the champion device 

maintained ∼87% of its initial Jph of 16 mA cm−2 after operation for 60 min (Fig. 5d), 

suggesting long-term stability, and is comparable to those reported Sb2Se3 

photocathodes with additional TiO2 or C60 as protection layer [26,31]. According to 

literature, the as-deposited CdS buffer layer may exhibit partial photocorrosion due to 

the accumulation of injected charge to a point where the redox of CdS becomes 

thermodynamically favorable [43]. However, herein, no obvious degradation in stability 

can be observed for Mo/Sb2Se3/CdS/Pt and Mo/Sb2Se3/CdS/TiO2/Pt photocathodes 



(Fig. S5, Supporting Information). It was possibly benefit from the additional 

Sb2Se3/CdS heterojunction post-annealing, which could improve the crystallinity and 

stability of CdS to some extent, and also promote the charge separation and transfer to 

kinetically suppress the photocorrosion of CdS, resulting in a qualified long-term 

stability of our device in absence of other protection layer. Afterwards, to further 

understand the intrinsic stability (i.e., life span) of the light absorbing material, a 

photocorrosion stress test was implemented for the bare Sb2Se3 thin film via cyclic 

voltammetry (Fig. 5e). The absence of significant photocorrosion currents or redox 

peaks after 200 cycles strongly confirmed the remarkable tolerance of Sb2Se3 for 

practical PEC processed solar hydrogen production.

3.3. Effects of heterojunction interface engineering on device performance

To emphatically analyze the origin of a high Von in this work, the important Sb2Se3/CdS 

heterojunction post-annealing should be first scrutinized. As mentioned in device 

preparation section, an additional interface engineering of Sb2Se3/CdS heterojunction 

post-annealing was performed with RTP process (Fig. 1d). It was designed according 

to the reported positive effects on Sb2Se3 solar cells with heterojunction heat treatment 

to induce elemental inter-diffusion, and energy-level alignment modification, therefore 

enhanced the open-circuit voltage and power-conversion efficiency [44]. Thus, for the 

sake of comparison, J-V curves of the optimized Sb2Se3/CdS photocathodes (with post-

annealing, denoted as W annealing), and the counterpart (without post-annealing, 

denoted as W/O annealing) are presented in Fig. 6a and b. Obviously, compared to the 

non-annealed photocathode with Jph of 6.18 mA cm−2, the annealed photocathode 

(Sb2Se3/CdS (W)) showed a significant enhancement of Jph to 16.25 mA cm−2 (at 0 

VRHE), indicating more effective carrier generation and less recombination loss. 

Likewise, the annealed device also exhibited higher HC-STH conversion efficiency at 



more positive potential, and an over two times increase of Von from 0.27 VRHE to 0.52 

VRHE (Fig. 6c, and Fig. S4 (Supporting Information)). More insights of the impact of 

Sb2Se3/CdS heterojunction post-annealing on the band alignment were proposed and 

analyzed. As shown in Fig. S6 (Supporting Information), the M-S plot has a negative 

slop, indicating the inherent p-type semiconductor characteristic of the as-prepared 

Sb2Se3 thin film. The obtained Efb of 0.65 VRHE was approximately considered as the 

valence band potential (EV) [45], and then the conduction band potential (EC) can be 

calculated combined with its optical bandgap (Eg of 1.225 eV). Fig. 6d shows the 1/C2–

V curves of the photocathodes based on C-V measurements, from which the 

heterojunction-dependent built-in voltage (Vbi) values can be determined. After linear 

fitting and extrapolating to x-axis, the yielded Vbi values were 0.29 V and 0.51 V for the 

non-annealed and annealed Sb2Se3/CdS heterojunction, respectively. Thus, the energy 

band diagram was illustrated in Fig. 6e, the SHE values of Sb2Se3 were converted to an 

absolute energy scale according to Equation (4) (see Experimental section), while the 

data regarding CdS energy levels was obtained from the reference [46]. For Sb2Se3/CdS 

(W/O) heterojunction, a little conduction band offset (CBO) would permit transfer of 

photo-generated electrons from bulk electrode to electrode-electrolyte interface for 

hydrogen evolution with assistance of Pt co-catalyst. Meanwhile, the large valence band 

offset (VBO) might create an energy barrier that prevent the transfer of photo-generated 

holes toward the electrode-electrolyte interface for recombination [47]. However, a quite 

small Vbi (0.29 V) would directly restrict the Von of PEC photocathode. Then for the 

Sb2Se3/CdS (W) heterojunction, as shown in Fig. 6e, a schematic of the post-annealing 

induced Cd and S atoms diffused into Sb2Se3 absorber layer was illustrated according 

to our hypothesis (more evidences will be given later). The valence electrons of Cd are 

less than that of Sb, thus replacing Sb with Cd (i.e., CdSb antisite) constitutes P-type 



doping, the increased shallow acceptor density can lead to a down-shifting of its quasi-

Fermi level position, and therefore enlarge Vbi according to the following equation [48]:

                                                  (7)𝑉𝑏𝑖 =
𝑘𝐵𝑇

𝑞 ln (𝑁𝐴𝑁𝐷

𝑛2
𝑖

)
where kB is the Boltzmann constant, T is the temperature, q is the elementary charge, ni 

is the intrinsic carrier concentration, NA and ND are the acceptor density and donor 

density in the Sb2Se3 layer and CdS buffer layer, respectively. Overall, such substantial 

improvement of Vbi (0.51 V) could promote the separation of photo-generated electron-

hole pairs, which was undoubtedly beneficial for the highly interesting Jph, Von and PEC 

performance for the annealed Sb2Se3/CdS (W) photocathode.

In addition to the energy-level alignment modification, the charge transport kinetics 

influenced by such interesting interface engineering was also in-depth investigated. The 

transient photocurrent decay spectra of the non-annealed Mo/Sb2Se3/CdS (W/O)/Pt and 

annealed Mo/Sb2Se3/CdS (W)/Pt photocathodes were measured and shown in Fig. 7a. 

Both devices showed a “spike-like” transit when under sudden illumination, indicating 

the existence of carrier recombination effect. However, the annealed photocathode 

possesses a smaller photocurrent spike as compared to the non-annealed counterpart, 

demonstrating attenuated charge recombination and enhanced carrier transfer, and it 

was closely related to the Sb2Se3/CdS interface engineering. Meanwhile, the charge 

transfer efficiency (ηtran) was also calculated, which was defined as the ratio of the 

instantaneous photocurrent density (Jinst) and the steady-state photocurrent density (Jss) 

[49]. The obtained ηtran of 70% for the annealed photocathode was significantly higher 

than that of the non-annealed counterpart with ηtran of 34%. Furthermore, the charge 

separation efficiency (ηsep) was also estimated from AM 1.5G solar spectrum (Fig. S7b, 

Supporting Information) and light harvesting efficiency (LHE, Fig. 7b), which can be 

calculated based on the following equations [25,50]:  



                                              (8)𝐽𝑝ℎ = 𝐽𝑎𝑏𝑠 × 𝜂𝑠𝑒𝑝 × 𝜂𝑡𝑟𝑎𝑛

                                                  (9)𝐿𝐻𝐸 = 1 ― 10 ―𝐴(𝜆)

                                 (10)𝐽𝑎𝑏𝑠 = ∫𝜆𝑒

300
𝜆

1240 × 𝑁𝑝ℎ(𝜆) × 𝐿𝐻𝐸(𝜆)𝑑𝜆

where Jph represents the measured photocurrent density, Jabs is the photocurrent density 

calculated by assuming 100% conversion of the absorbed photons to current density, λe 

is the absorption edge wavelength of the photocathode, Nph (λ) is the photon flux (mW 

m−2 nm−1), A (λ) is the absorbance at wavelength λ (see Fig. S7a, Supporting 

Information). The calculated ηsep values also showed a positive shift from 49% to 63% 

after heterojunction treatment. 

PEIS measurements were then performed on the non-annealed and annealed 

photocathodes, respectively. Fig. 7c shows the Nyquist plots, a graph with double arcs 

was emerged for the non-annealed photocathode, while only a single arc can be 

observed for the annealed counterpart. Similarly, the former bode diagram consisted of 

two regions, one at high frequencies (∼15 kHz), and the other at low frequencies (∼200 

Hz) (Fig. 7d). However, the latter bode plot exhibited only one region with a peak 

frequency of 3 KHz. Equivalent circuit was then employed for fitting the PEIS data, as 

shown in Fig. 7e and f. For the non-annealed photocathode, the equivalent circuit model 

consisted of one series resistance (Rs) and two parallel pairs of resistor-capacitor (R-C) 

components. To be specific, Rs represents the series resistance at Mo/Sb2Se3 back-

contact interface. R1 and C1 (high frequency arc derivate) represent the charge transport 

resistance between Sb2Se3/CdS interface, and the corresponding capacitance within the 

semiconductor heterojunction and depletion region. While, R2 and C2 can be ascribed 

to the charge transfer/reaction resistance and surface-state capacitance of the Helmholtz 

layer at the electrode-electrolyte interface, respectively [42,51]. Interestingly, as shown in 

Fig. 7f, the pair of resistance R1 and capacitance C1 was disappeared when fitting the 



results of the annealed device, implying the absence of recombination, further 

confirming a more efficient photo-generated charge carriers’ separation and transport 

inside the photoelectrode after an additional Sb2Se3/CdS heterojunction post-annealing. 

Meanwhile, compared to that of non-annealed photocathode, the smaller R2 value (26.7 

Ω) of the annealed photocathode indicated its quicker photoelectrons transfer kinetics, 

and more efficient HER reactions occurred at electrode-electrolyte interface. A 

schematic (Fig. 7e and f) illustration of the photo-generated electron-hole pairs, 

recombination at interface, behaviors of electron’s drifting and hole’s drifting are also 

clearly presented. Finally, the corresponding calculated values associated to charge 

transport kinetics parameters are summarized in Table 2. The reduced recombination 

and the promotion of charge separation/transfer/reaction enabling the overall 

improvement of PEC performance for the annealed photocathode.

3.4. Morphological and structural analysis of the Mo/Sb2Se3/CdS/Pt photocathodes

TEM analysis was performed to further characterize the morphological and structural 

characteristics of the Mo/Sb2Se3/CdS/Pt photocathodes. As shown in Fig. 8, the 

representative cross-sectional TEM image of the annealed device displays an obvious 

layered structure with approximate thickness of 800 nm, and 70 nm for Sb2Se3, and 

CdS layers, respectively. A thin MoSe2 interfacial layer (~30 nm) can also be observed 

between Mo conductive layer and Sb2Se3 absorber layer, which was reasonable to occur 

via combination reaction of Mo and Se during the selenization process. It has been 

reported that such an interfacial layer with appropriate thickness could improve the 

carrier transport and reduce the recombination loss, consistent with an acceptable Rs 

value (4.6 Ω) in PEIS results [52]. According to the high-resolution TEM (HRTEM) 

images taken at Sb2Se3/CdS interface (Fig. 8b), it displayed compact, well-adherent, 

and pinhole-free characteristics, which was really beneficial for reducing charge carrier 



recombination and current leakage. The absence of lattice distortion or amorphous layer 

further validated a high-quality Sb2Se3/CdS heterojunction upon post-annealing. A 

lattice fringe with 0.321 nm interplanar d-spacing can be assigned to (111) plane of CdS. 

The Gaussian blur processed high-angle annular dark field scanning transmission 

electron microscope (HAADF-STEM) image (Fig. 8d) obtained at the bulk region of 

the Sb2Se3 thin film clearly revealed its 1D crystal structure with (Sb4Se6)n nanoribbons 

stacked in parallel in the [001] direction. Fig. 8e presents an atomic resolution HAADF-

STEM image taken at the region near the Sb2Se3/CdS interface, i.e., the red rectangle 

area in Fig. 8b. It is known that the contrast of atomic columns in the image is 

approximately proportional to the mean square atomic number (Z2) of the constituent 

atoms [53]. Thus, combined with the atomic crystal structure of Sb2Se3 viewed along 

[001] direction (Fig. 8g), the “bright dots” with strong intensity can be assigned to the 

Sb-dominated atomic columns (ZSb of 51), while the “dark dots” with much lower 

intensity matched well with Se-occupied atomic columns (ZSe of 34). Fig. 8f shows the 

intensity profile of a row of atoms as marked by the red rectangle in Fig. 8e. Notably, 

an abnormal peak with lower intensity was observed at the original Sb-dominated site, 

implying a localized cation substitution by an element with a Z number between 34 and 

51. In this case, it was highly likely to be Cd (i.e., CdSb), which has been highlighted as 

blue sphere in the assumed position. Both the EDS elemental line scans and the TEM-

coupled EDS elemental mapping results (Fig. 8h and i) clearly demonstrated a uniform 

distribution of Sb and Se within the bulk Sb2Se3 absorber layer, while an inter-diffusion 

of Cd and S into Sb2Se3 layer occurred at the heterojunction interface. Such interesting 

atomic diffusion and substitution can be verifiably ascribed to the additional 

heterojunction post-annealing, especially compared to the results of the non-annealed 

device (Fig. S8, Supporting Information).



3.5. Surface wettability and states analysis

Finally, the wettability of the pure Sb2Se3, Sb2Se3/CdS (W/O annealing), and 

Sb2Se3/CdS (W annealing) films were investigated, which could directly affect the 

electrochemical reactions occurred at electrode-electrolyte interface. An important 

indicator of contact angle (CA) was determined by the surface characteristics of solid 

(e.g., roughness of solid surface, free energy of solid surface) and liquid (e.g., surface 

tension of liquid) [54]. As shown in Fig. 9a-c, CAs of pure Sb2Se3 and Sb2Se3/CdS (W/O 

annealing) films were derived to 44.31° and 45.36°, respectively. While the value of 

Sb2Se3/CdS (W annealing) dramatically dwindle to 19.28°, suggesting an obvious 

improvement of wettability after heterojunction post-annealing. The increased 

wettability could provide more exposed reaction sites, facilitate photoelectrons transfer 

from photoelectrode to electrolyte to induce HER reactions, and therefore improved 

PEC performance. To provide more insight into the impact of heterojunction post-

annealing on the surface wettability, AFM measurements were conducted to check the 

morphologies and surface roughness of the corresponding thin films. As shown in Fig. 

9d-f, after depositing CdS buffer layer, more clearly crystal grain profiles can be 

observed, especially with a minimum value of root-mean-square (RMS) surface 

roughness for Sb2Se3/CdS (W/O annealing) film. However, according to the roughness-

dependent wettability model proposed by Wenzel, the roughness will make a naturally 

hydrophilic surface (CA<90°) more hydrophilic [55]. Then in this case, Sb2Se3/CdS (W 

annealing) film with a higher RMS roughness value would improve its wettability, 

which has been corroborated by the CA measurement results. In addition, XPS 

measurements were further carried out to check the surface states of the Sb2Se3/CdS 

(W/O annealing) and Sb2Se3/CdS (W annealing) films. As shown in Fig. S9 

(Supporting Information), no obvious peak shift of both Cd-3d and S-2p XPS spectra 



can be observed, a slight decrease of the relative peak intensity further confirmed the 

Cd and S atoms diffused into Sb2Se3 absorber layer after heterojunction post-annealing. 

Overall, such surface modification really demonstrated an efficient RTP processed 

Sb2Se3/CdS heterojunction interface engineering, and therefore to achieve high 

performance photocathode.

4. Conclusion

In summary, Sb2Se3 light absorbing films were successfully prepared via an effective 

combination reaction involving sputtered and selenized Sb precursor films. Self-

assembled growth of Sb2Se3 with micron-sized crystal grains, [hk1] preferential 

orientation, standard stoichiometric composition, and suitable bandgap (~1.2 eV) can 

be fulfilled under an optimized selenization scenario. Sb2Se3 photocathodes with 

configuration of Mo/Sb2Se3/CdS/Pt were constructed, and the corresponding PEC 

performance were systematically investigated. The selenization condition-dependent 

device performance concluded an optimal temperature of 400 °C with duration of 15 

min. In addition, an interesting interface engineering of Sb2Se3/CdS heterojunction 

post-annealing has been found to significantly contribute to the device performance. 

Compared to the non-annealed counterpart, Jph increased from 6.18 mA cm−2 to 16.25 

mA cm−2 at 0 VRHE, Von increased from 0.27 VRHE to 0.52 VRHE, HC-STH conversion 

efficiency synchronously increased from 0.39% to 2.65%. The champion efficiency is 

comparable to the state-of-the-art Sb2Se3-based photocathodes, Von of 0.52 VRHE also 

represents one of the highest values so far. It has demonstrated that heterojunction post-

annealing could induce Cd and S inter-diffusion to modify the energy-level alignment, 

reduce the recombination of photo-generated carriers at the heterojunction interface, 

enhance the charge separation and transfer within the photoelectrode, and improve the 

surface wettability at the electrode/electrolyte interface, therefore enhance the overall 



PEC performance. This study clearly provides a simple interface treatment strategy to 

effectively optimize both Jph and Von of Sb2Se3 photocathode, making it an attractive 

candidate for highly efficient PEC processed solar hydrogen production applications.
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Fig. 1. Schematic illustration of the preparation process of the Sb2Se3 thin film 

photocathode. (a) Sb precursor thin film deposited by RF magnetron sputtering, (b) 

Sb2Se3 thin film obtained by post-selenization heat treatment, (c) CdS buffer layer 

obtained by CBD method, (d) Post-annealing of the Sb2Se3/CdS heterojunction, (e) Pt 

co-catalyst deposited by sputtering, (f) Schematic configuration of the as-prepared 

Sb2Se3 thin film photocathode.



Fig. 2. (a) XRD patterns, and (b-f) top-view SEM images of the Sb2Se3 thin films 

prepared at different selenization temperatures of 360 °C, 380 °C, 400 °C, 420 °C, and 

440 °C, respectively.



Fig. 3. Optical characterizations of the Sb2Se3 thin films selenized at different 

temperatures. (a) Raman spectra, (b) Reflection spectra, (c) Plot of ln[(Rmax-Rmin)/(R-

Rmin)]2 versus Energy, used to obtain direct bandgap.



Fig. 4. (a) Schematic diagram of the 3-electrode PEC measurement. (b) Cross-sectional 

SEM image of the representative Mo/Sb2Se3/CdS/Pt thin film photocathode, and a 

photograph of the entire photocathode (inset). (c) An experimental observed 

photograph with hydrogen bubbles emerged from photocathode surface to the 

electrolyte under illumination. (d) J-V curves of bare Sb2Se3, Sb2Se3/Pt, and 

Sb2Se3/CdS/Pt photocathodes under chopped illumination of AM 1.5G simulated 

sunlight. (e) Chopped light illumination, and (f) dark and continuous light illumination 

determined J-V curves of the Sb2Se3/CdS/Pt photocathodes with Sb2Se3 thin films 

selenized at different temperatures, enlarged view of the onset potential are also inset 

in (f). (g) The corresponding HC-STH conversion efficiencies.



Table 1. Summary of the PEC performance for some recently reported Sb2Se3 

photocathodes

Photocathode Electrolyte Jph (mA cm−2 at 

0 VRHE)

Von 

(VRHE)

HC-STH

(%)

Ref.

SLG/Mo/Sb2Se3/CdS/Pt 0.5M H2SO4 16.25 0.52 2.58% This work

SLG/Mo/Sb2Se3/CdS/TiO2/Pt 0.5M NaSO4 8.6 0.43 N/A [28]

SLG/Mo/Sb2Se3/TiO2/Pt 1M H2SO4 20.2 0.30 1.36% [18]

SLG/Mo/grad-S:Sb2Se3/TiO2/Pt 1M H2SO4 14.2 0.42 2% [41]

SLG/Mo/Sb2Se3/In2S3/MoSx 0.1M H2SO4 27 0.40 2.6% [42]

FTO/Au/Sb2Se3/TiO2/Pt 0.1M H2SO4 12.5 0.35 N/A [24]

FTO/Au/Sb2Se3/CdS/TiO2/Pt 0.1M H2SO4 13.5 0.47 N/A [26]

FTO/Au/Sb2Se3/CdS/TiO2/Pt pH 1 H2SO4 19 0.50 3.4% [27]



Fig. 5. (a-c) J-T curves of the Sb2Se3/CdS/Pt photocathodes at 0 VRHE under AM 1.5G 

simulated sunlight illumination, wherein the Sb2Se3 thin films were selenized at 380 °C, 

400 °C and 420 °C, respectively. (d) Photocurrent stability test of the champion Sb2Se3 

photocathode at 0 VRHE under illumination within 60 min. (e) Cyclic voltammetry 

measurement of a bare Sb2Se3 thin film in 0.5 M H2SO4 under illumination.



Fig. 6. (a-b) J-V curves of the Mo/Sb2Se3/CdS/Pt photocathodes with (W) or without 

(W/O) post-annealing of the Sb2Se3/CdS heterojunction, and under chopped light and 

continuous light illumination, respectively. (c) The corresponding HC-STH conversion 

efficiencies. (d) 1/C2-V plots of the photocathodes. (e) Schematic illustration of energy-

level alignment of the Sb2Se3/CdS (W/O) (left), Sb2Se3/CdS (W) (right), and a diagram 

of the post-annealing induced elemental inter-diffusion of Cd and S (middle).



Fig. 7. (a) Transient photocurrent response, and (b) Light harvesting efficiency (LHE) 

of the Mo/Sb2Se3/CdS/Pt photocathodes with (W) or without (W/O) Sb2Se3/CdS 

heterojunction post-annealing. PEIS characterizations of the photocathodes: (c) 

Nyquist plots, and (d) Bode plots. Equivalent circuit diagrams and schematic 

illustrations of the charge transfer processes associated to (e) the non-annealed device, 

and (f) the annealed counterpart.

Table 2. Summary the values associated to charge transport kinetics parameters

Device Structure ηtran ηsep Rs (Ω) R1 (Ω) C1 (μF) R2 (Ω) C2 (μF)

Mo/Sb2Se3/CdS (W/O)/Pt 34% 49% 4.6 2.03 1.89 32.1 280

Mo/Sb2Se3/CdS (W)/Pt 70% 63% 4.6 / / 26.7 4.57



Fig. 8. TEM characterizations of the annealed Mo/Sb2Se3/CdS (W)/Pt photocathode. 

(a) Cross-sectional TEM image of the device, (b) HRTEM image of the Sb2Se3/CdS 

heterojunction interface, (c) HRTEM analysis of the selected CdS buffer layer region. 

(d) and (e) represent the HAADF-STEM images (with Gaussian blur processed) of 

Sb2Se3 taken inside the bulk absorber layer region and near the interface region, 

respectively. (f) The intensity profiles of the HAADF signals from the marked red 

rectangular frame. (g) Atomic configuration of Sb2Se3 with (Sb4Se6)n ribbons stacked 

in parallel in the [001] direction. (h) EDS elemental line scan profiles across Sb2Se3 

bulk region and Sb2Se3/CdS interface region. (i) The corresponding EDS elemental 

mappings of Cd, S, Sb, Se, and Mo, used to reveal the compositional distribution.



Fig. 9. (a-c) The measured CAs of pure Sb2Se3, Sb2Se3/CdS (W/O annealing), and 

Sb2Se3/CdS (W annealing) films, respectively. (d-f) The corresponding AFM 

topographical images.

Graphical Abstract



Mo/Sb2Se3/CdS/Pt photocathode was constructed for PEC processed solar hydrogen 

production. Interestingly, an efficient interface engineering of Sb2Se3/CdS 

heterojunction post-annealing strongly improved device performance through 

modifying energy-level alignment, reducing interfacial recombination loss, and 

strengthening charge transport.

Highlights

 Self-assembled growth of high-quality Sb2Se3 via sputtered and selenized Sb 

precursor

 Mo/Sb2Se3/CdS/Pt photocathode delivers Jph of 16.25 mA cm−2, Von of 0.52 VRHE 

 An interface engineering of heterojunction post-annealing plays an important role

 It can modify band alignment, reduce recombination, improve charge transfer, and 

wettability 

 Enhancing overall PEC performance with HC-STH conversion efficiency of 2.58%


