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A B S T R A C T   

Tin(II) selenide (SnSe) is an attractive photocathode candidate for performing photoelectrochemical (PEC) 
hydrogen evolution reaction (HER), because of its negative conduction band position relative to the HER redox 
level and a high absorption coefficient for efficiently harvesting solar energy. To prepare thinner layered SnSe 
flakes from larger size commercial SnSe crystals, liquid phase exfoliation (LPEx) was employed in isopropanol/ 
water mixtures (IPA/H2O) and pure IPA. Macroscopic (1 cm2) electrodes were prepared from the exfoliated SnSe 
flakes by immobilizing them on glassy carbon electrodes. These flakes obtained by exfoliating the as-received 
commercial SnSe in pure IPA exhibited 10 times higher PEC activity than those prepared in IPA/H2O. An 
additional size separation to make three different size fractions of SnSe crystals served to further optimize the 
LPEx process. Electrodes prepared from the largest flakes showed the highest photocurrent density of 2.44 ±
0.65 mA cm–2 at − 0.74 V versus RHE under 1 Sun, and ~ 30% incident-photon-to-electron conversion efficiency 
at 900 nm. Decoration of the SnSe surface with Pt catalyst islands further improved the PEC activity to 4.39 ±
0.15 mA cm–2. This photocurrent density represents the highest value reported to date on macroscopic electrodes 
assembled from SnSe.   

1. Introduction 

Photoelectrochemical hydrogen evolution reaction (PEC HER) is a 
promising method for the conversion of solar energy to chemical energy 
(i.e., hydrogen) [1,2]. A low-cost and properly functioning semi
conductor photoelectrode constitutes the heart of such processes [3]. In 
recent decades, many semiconductors have been studied to fulfill this 
need [4–11], for example, metal oxides [4,5], metal chalcogenides 
[6–8], group IV, and group III-V compounds [9–11]. Among these ma
terials, metal chalcogenides have attracted increasing attention because 
of their favorable electrical and optical properties [6–8,12–14]. Unfor
tunately, high PEC performance was achieved only on single crystal 
metal dichalcogenides or in microelectrochemical cells, implying a 
limitation in the scalability of this solar energy conversion approach [15, 
16]. There is a clear need to study macroelectrodes prepared from 
polycrystalline semiconductors, for example in the form of flakes, and 
identify the opportunities and barriers for their applications [14]. 

Tin(II) selenide (SnSe) is a binary group IV-VI monochalcogenide 
with a layered orthorhombic structure [17–20]. Because of its ultralow 
lattice thermal conductivity, it has been already extensively investigated 

in the field of thermoelectrics [21–23]. It has a high absorption coeffi
cient of 105 cm− 1, and is a p-type semiconductor nature with a narrow 
energy bandgap (0.9–1.8 eV, corresponding to the thickness dependency 
from bulk to monolayer), making it a suitable candidate for photovoltaic 
and optoelectronic devices [24–26]. In addition, as a layered semi
conductor, bulk SnSe can be exfoliated to thinner flakes because of the 
weak van der Waals force between the layers. Exfoliation in turn causes 
a change in the bandgap, which can be exploited in different PEC pro
cesses [18,27]. Furthermore, both Sn and Se elements have large 
abundance, and SnSe has low-toxicity, which makes this material even 
more attractive. 

So far, various synthesis procedures have been reported for SnSe 
samples, such as hydrothermal method [28], chemical vapor deposition 
[26,29], electrodeposition [30–32], Li-intercalation exfoliation [33,34], 
and liquid phase exfoliation [27,35]. Most of these techniques, however, 
have their own drawbacks. For example, chemical vapor deposition 
generally requires a high reaction temperature and vacuum chamber 
[26]. Li-intercalation-based exfoliation may damage the crystallinity of 
the obtained flakes [18]. The hydrothermal method is not suitable for 
scaling-up a particular synthesis. Therefore, a facile and effective 
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approach is needed for the mass production of SnSe flakes to prepare 
electrodes with large geometric surface area. Liquid phase exfoliation 
(LPEx) is one such low-cost method affording high product yield, while 
employing a simple experimental setup. Hence, this method was 
deployed in this study. 

This process has been widely used to obtain thin flakes from two- 
dimensional (2D) materials, such as graphene and transition metal 
dichalcogenides (TMDCs) [36,37]. Applying centrifugation at different 
speeds after the LPEx process is a simple way to separate the flakes based 
on their different size parameters, i.e., area and thickness [38]. The LPEx 
method was used to prepare high-quality crystalline SnSe nanosheets in 
isopropanol (IPA), and a tunable optical bandgap was found [27,35]. A 
sonication-assisted LPEx method was applied to produce few-layer SnSe 
nanosheets in different solvents (such as N-methyl-2-pyrrolidone, 
dimethylformamide, ethanol, IPA) and a thickness-dependent bandgap 
was confirmed [35]. 

Decoration of the semiconductor nanoflakes with catalyst islands is a 
viable approach to enhance PEC performance. Thus, Pt catalyst was 
deposited on the surface of different semiconductors to capture/store 
photogenerated electrons from the semiconductor conduction band and 
thereby minimize charge carrier recombination. This chemical modifi
cation strategy also opens up a reductive reaction pathway for the 
electrons, leading to better HER performance [39,40]. Photodeposition 
is a simple and common approach to prepare Pt-decorated semi
conductor photocatalysts [41,42]. Table 1 summarizes the PEC HER 
performance of metal-chalcogenide macroelectrodes composed of flakes 
compared to our best-performing bare SnSe photocathode. In previous 
reports on TMDC flakes, the PEC HER performance has been limited to 
the µA cm–2 range reaching a maximum 1 mA cm− 2 photocurrent den
sity (using 150 mW cm–2 illumination) [7,35,43,44]. In the case of 
thermal vacuum evaporation prepared SnSe electrodes, somewhat 
higher 1.4 mA cm− 2 photocurrent density was obtained under 1 Sun 
illumination. 

In the spirit of exploring the full potential of the LPEx synthetic 

approach, we report here the preparation of SnSe photoelectrodes 
starting from commercial SnSe. The LPEx method was applied in 
different IPA/H2O mixtures and pure IPA to prepare dispersions of SnSe 
flakes. A sieve process was then employed to separate the as-received 
commercial SnSe crystals to three size fractions prior to the LPEx pro
cess being subsequently carried out in pure IPA. This further improved 
the PEC performance of SnSe electrodes, reaching a level twice higher 
than using as-received SnSe. Finally, Pt nanoparticles were anchored on 
the surface of SnSe flakes using photodeposition, and the effect of 
different deposition parameters on the PEC performance was investi
gated. Under optimal conditions, Pt decorated SnSe gave twice higher 
PEC activity than bare SnSe. Using intensity modulated photocurrent 
spectroscopy (IMPS) we show below that, the Pt catalyst enhances the 
charge transfer process and suppresses charge carrier recombination at 
the electrode/electrolyte interface. 

2. Experimental 

2.1. Materials 

Tin selenide crystal (SnSe, 99.999%, diameter ≤ 12 mm, Alfa Aesar), 
isopropanol (IPA, 99.5%, Sigma-Aldrich), and sulphuric acid (H2SO4, 
95%, VWR) were used without further purification. Ultrapure deionized 
water (Millipore Direct Q3-UV, 18.2 MΩ cm− 1) was employed in all the 
cases in the measurements described below. Glassy carbon plate (VWR, 
thickness: 2 mm, Type 2) was used as a substrate for electrode 
preparation. 

2.2. Preparation of SnSe photoelectrocatalyst 

SnSe flakes were produced by the LPEx of commercial layered SnSe 
crystals (as-received, named hereafter ar-SnSe) in IPA/H2O mixtures 
with different IPA contents or in pure IPA. Fig. 1 shows the scheme for 
how the photoelectrocatalysts (i.e., flakes) were prepared. 

First, the SnSe crystals were dispersed in the solvent with an initial 
concentration of 5 mg mL− 1, using a round-bottom flask, purging with 
Ar, and then sealed with parafilm. Then, the dispersion was processed by 
ultrasonication in a bath sonicator (Elmasonic P70H) operating at 
37 kHz and 100% power for 12 h, while the temperature of the bath was 
kept below 30 ◦C with a recirculating cooler system (J. P. Selecta, Dig
iterm TFT). The unexfoliated and thicker pieces of the crystals were 
removed from the dispersion after ultrasonication followed by decan
tation. The obtained dispersion was then centrifuged at 100 g (Hermle 
centrifuge, Z366K) for 15 min at 15 ◦C. The supernatant was removed 
with a pipette (~90% of the total volume) leaving behind the sediment, 
which was collected from the bottom of the centrifuge tube. To deter
mine the SnSe concentration in this sediment suspension, a certain 
volume was taken out to a vial, and then the mass of the vial was 
measured before and after a 1 h 110 ◦C drying process (hotplate, CAT 
Scientific, MCS78). This step was applied for every freshly prepared 
suspension. The SnSe flakes prepared from the ar-SnSe crystals in IPA/ 
H2O mixtures or pure IPA are denoted as IPA/H2O-SnSe, and IPA-SnSe, 
respectively. 

Size separation of the ar-SnSe crystals was performed in certain cases 
before the LPEx process, using a sieving system (Blau-Metall, Inc., with 
200 mm in diameter sieves of woven wire mesh). This step resulted in 
three different fractions of SnSe crystals with 12–1.6 mm, 1.6–0.69 mm 
and 0.4–0.16 mm size ranges named as L-, M- and S-SnSe, respectively. 
The SnSe flakes prepared by the above mentioned LPEx process, in IPA 
from the size fractionated crystals, are named hereafter as L-IPA-, M- 
IPA- and S-IPA-SnSe, respectively. 

2.3. Preparation of SnSe photoelectrodes 

The as-prepared SnSe flakes were deposited on glassy carbon (GC) 
substrates (Ageometric = 1 cm2) by either using a modified Langmuir- 

Table 1 
Comparison of the PEC HER performance, measurement conditions, and prep
aration methods of transition metal chalcogenides-based photoelectrodes.  

Material jmax 

(mA 
cm–2) 

Potential 
(V vs. 
RHE) 

Conditions Preparation 
method 

Ref. 

WSe2 0.03 0 1 M H2SO4; 100 
mW cm–2 

(Cree MCE4 LED) 

LPE [7] 

WSe2 0.04 0 1 M H2SO4; 100 
mW cm–2 

(Xenon lamp) 

LPE [43] 

WSe2 ~ 
0.01 

0.05 0.5 M H2SO4; 100 
mW cm− 2 

(Xenon lamp) 

aSLcS [44] 

MoS2 ~ 0.5 –0.5 0.5 M H2SO4; 150 
mW cm–2 

(Xenon lamp) 

hydrothermal 
method 

[45] 

WS2 ~ 1 –0.5 0.5 M H2SO4; 150 
mW cm–2 

(Xenon lamp) 

hydrothermal 
method 

[45] 

SnSe 1.4 –0.2 0.05 M H2SO4; 
100 mW cm–2 

(Optical fiber 
source, FX300) 

thermal vacuum 
evaporation 

[20] 

SnSe 0.06 –1.0 1.5 M Na2SO3; 90 
mW cm–2 

(polychromatic 
lamp) 

EC deposition [32] 

SnSe 0.02 –0.6 0.2 M Eu(NO3)3; 
100 mW cm–2 

(Xenon lamp) 

EC deposition [31] 

SnSe 2.44 –0.74 0.5 M H2SO4; 100 
mW cm–2 

(Xenon lamp) 

LPE This 
work  
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Blodgett (m-LB) method [14] (Fig. 1), or via spray-coating (Fig. 2). For 
the m-LB method, a beaker was filled with ultrapure deionized water, 
and the SnSe sediment suspension (from the centrifugation) was slowly 
dropped onto the surface of the water until film formation. Then, the GC 
substrate was inserted into the beaker and slowly removed by a tweezer, 
resulting in a film on the surface of the GC electrode. For spray coating, 
the concentration of the SnSe sediment-based suspension was set to 
2 mg mL− 1 by adjusting it with the same solvent used for LPEx process. 
Subsequently, the diluted suspension was spray-coated onto a GC pre
heated at 110 ◦C on a hot plate (Fig. 2). The mass loading of the SnSe 
films was measured in all cases. 

2.4. Pt photodeposition on SnSe photoelectrodes 

The Pt catalyst was photodeposited on the SnSe electrode surface 
from an aqueous electrolyte containing 5 mM H2PtCl6, 5 vol% meth
anol, and 0.25 mM H2SO4. Before deposition, the electrolyte was purged 
with Ar for 1 h in all cases to remove dissolved dioxygen. Then the 
electrode was illuminated by a solar simulator. The effect of the pho
todeposition parameters was investigated by using different illumina
tion times (90, 60, and 30 s), illumination intensities (100, 44, 
30 mW cm− 2), and H2PtCl6 concentrations (1, 5, and 10 mM). 

2.5. Characterization 

The morphology of SnSe flakes was analyzed using scanning electron 
microscopy (SEM, Hitachi S-4700 Type II) equipped with energy 
dispersive X-ray spectroscopy (EDS) probe. Transmission electron mi
croscopy (TEM) images were recorded on a FEI Tecnai G2 20 X-Twin 
type instrument, operating at 200 kV. The area and perimeter of SnSe 
flakes were analyzed with ImageJ software. The thickness of SnSe flakes 
was measured using NT-MDT Solver atomic force microscope (AFM) 
operated in the “tapping” mode with a silicon tip on a silicon nitride 
lever. Laser Raman spectra were recorded on a Senterra II Compact 
Raman microscope (Bruker) using a green laser (λ = 532 nm), operating 
at a power of ≤ 2.5 mW. X-ray photoelectron spectroscopy (XPS) (Mg 
Kα) was carried out on a SPECS instrument equipped with a PHOIBOS 
150 MCD 9 hemispherical analyzer. The analyzer was used in the 
transmission mode with 40 eV pass energy for the survey scans and 
20 eV pass energy for the high-resolution scans. Charge referencing was 
done to adventitious carbon (284.8 eV) on the sample surface as refer
ence. For XPS band deconvolution, CasaXPS commercial software 
package was used. 

2.6. Photoelectrochemical measurements 

PEC HER performance of the SnSe photoelectrodes was tested with 
an electrochemical workstation (Bio-logic SAS VMP-300) in a three- 
electrode configuration. SnSe-coated GC was the working electrode, 
while GC plate as counter electrode, and Ag/AgCl reference electrode 
(3 M NaCl, BASi®) were applied. The potential values were converted to 
the reversible hydrogen electrode (RHE) scale using the equation of ERHE 
= EAg/AgCl + 0.210 V + 0.0591 × pH. Linear sweep photovoltammetry 
was recorded in argon (Ar, Messer, 99.996%) saturated 0.5 M H2SO4 
with the scan rate of 2.5 mV s–1, under chopped illumination (on/off, 
10 s/10 s) (Newport LCS-100 solar simulator, 100 mW cm–2 flux). Long 
term chronoamperometry was performed for 1 h in Ar-saturated 
0.5 M H2SO4, under chopped illumination (on/off, 30 s/30 s) at a con
stant potential of − 0.54 V vs. RHE. 

Incident photon-to-electron conversion efficiency (IPCE) measure
ments were carried out on a Newport Quantum Efficiency Measurement 
System (QEPVSI-B). IPCE values were calculated using the following 
equation: IPCE (%) = (1240 × j) × 100/(P × λ), where j, P, and λ refer 
to the photocurrent density at − 0.54 V vs. RHE, photon flux, and 
wavelength, respectively. Intensity modulated photocurrent spectros
copy (IMPS) was performed on the SnSe electrodes using the same 
configuration as described in the cases of photovoltammetry and IPCE 
measurements, using an AUTOLAB PGSTAT302N potentiostat equipped 
with a FRA32 module and a light-emitting diode (LED) driver kit 
(Metrohm-Autolab). The spectra were recorded in the frequency range 
between 20 kHz and 0.1 Hz, applying a sinusoidal light intensity mod
ulation and bias illumination using a white light LED, in 0.5 M H2SO4 
solution. The amplitude of the sinusoidal modulation was ~10% of the 
original intensity. 

3. Results and discussion 

The morphology of the SnSe flakes obtained by exfoliation was 
investigated by SEM and AFM. Fig. 3a and b show the SEM and AFM 
images of IPA-SnSe, which exhibits angular shapes. To quantify the size 
of the flakes, the area and perimeter were determined by the SEM im
ages, while the thickness was measured by AFM. The average area and 
thickness of IPA/H2O-SnSe and IPA-SnSe were found to be 4.0 
± 1.3 µm2, 2.8 ± 0.9 µm2, and 297 ± 189 nm, 266 ± 119 nm respec
tively. The statistical analysis of the morphology characteristics is shown 
in Fig. S1. A log-normal fit was employed, as such distribution is char
acteristic of a random multiplicative process, for example ball milling, 
cavitation, representing that the exfoliation follows a linear fragmen
tation model (process is driven by an external source, such as ultrasonic 

Fig. 1. Schematic illustration of liquid phase exfoliation of as-received SnSe crystals, selection of flakes using centrifugation, and preparation of SnSe flakes- 
based electrodes. 

Fig. 2. Schematic illustration of liquid phase exfoliation of the size-selected SnSe crystals, selection of flakes using centrifugation, and preparation of SnSe flake- 
based electrodes. 
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waves) [46,47]. The mode values of the morphology characteristics are 
listed in Table S1. Exfoliation in IPA/H2O resulted larger average area, 
perimeter, and thickness compared to flakes prepared in IPA. The edge 
density was calculated by dividing the perimeter by the area: the 
IPA-SnSe samples had higher edge density compared to IPA/H2O-SnSe, 
in good agreement with the literature [7,48]. 

Laser Raman spectroscopy was employed to investigate the atomic 
vibrational modes in the SnSe flakes (Fig. 3c). Regardless of the solvent 
used for the exfoliation, four characteristic peaks were found in the 
samples at 72.0, 99.1, 124.5, and 152 cm− 1 corresponding to A1

g, B3
g, A2

g, 
and A3

g vibrational modes of SnSe, respectively [49]. An additional peak 
located at ~ 182.5 cm− 1 was identified as the Raman active A1

g mode of 
SnSe2, corresponding to in-plane vibrations [50]. This latter mode is 
more prominent in the case of IPA/H2O-SnSe, compared to IPA-SnSe. 
The presence of SnSe2 in SnSe samples has been reported earlier [19, 
51]. SnSe2 is an n-type semiconductor with an energy bandgap ~ 
1.5–2.2 eV, varied in the function of thickness [29,52–54], which can be 
formed by nonstoichiometric combination of Sn and Se or local phase 
segregation during SnSe formation [17,55]. 

Linear sweep photovoltammograms (LSV) of SnSe films showed p- 
type photoactivity for both IPA/H2O-SnSe (SnSe loading: 0.29 
± 0.03 mg cm–2) and IPA-SnSe electrodes (SnSe loading: 0.28 
± 0.06 mg cm–2) (Fig. 4a). The photocurrent gradually increased at 
more negative potentials. The IPA-SnSe electrode gave higher 

photocurrent density (calculated by subtracting dark current density 
from total current density from the LSV curves) compared to the IPA/ 
H2O-SnSe electrode, yet it was coupled with a higher dark current, 
which can be explained by the higher edge density of IPA-SnSe flakes 
[56]. The small fraction of SnSe2 phase in the SnSe sample might 
improve the PEC properties, as reported previously [17,57]. The SnSe2 
as the secondary phase, however, destroys the stacking order of SnSe, 
and produces more defects inside of SnSe sheets [58], which becomes a 
recombination center for the charge carriers. Based on the Raman 
spectra (Fig. 3c), more SnSe2 was found in the IPA/H2O-SnSe case. 

The effect of the solvent used in the LPE process on the PEC per
formance was further investigated using 4 different IPA/H2O mixtures. 
The photocurrent density values decreased by reducing the IPA content 
in the exfoliation solvent mixture of IPA/H2O (Fig. 4b). The IPA/H2O 
(1:0) electrodes showed 1.18 mA cm–2 photocurrent density at − 0.69 V 
vs. RHE, which was 10 times higher compared with IPA/H2O (1:3) 
(0.11 mA cm–2) case. The averaged values presented on Fig. 4b at four 
different potentials were obtained for 3 different electrodes for each 
SnSe sample. The mixture of IPA/H2O with varying ratios had different 
surface tensions, which in turn facilitated different interactions between 
the solvent and the SnSe crystals during the exfoliation process. This can 
result in different morphologies and product yields [59]. The overall 
yield of exfoliation for SnSe flakes was calculated by using the equation: 
overall yield = mass of flakes / starting SnSe mass [60]. IPA-SnSe showed 

Fig. 3. Morphological and structural characterization of the SnSe flakes. (a) SEM and (b) AFM images of selected IPA exfoliated flakes. (c) Representative laser 
Raman spectra of SnSe samples exfoliated in different solvents. The dashed and solid lines correspond to the SnSe and SnSe2 vibration bands, respectively. 

Fig. 4. (a) Linear sweep photovoltammograms of electrodes derived from SnSe flakes [the flakes were obtained by exfoliating ar-SnSe in different IPA/H2O mixtures 
(IPA: H2O = 1:0 and 1:3)] at 2.5 mV s− 1 sweep rate, in Ar saturated 0.5 M H2SO4 solution. (b) Bar diagrams of photocurrent density of electrodes made from SnSe 
flakes obtained by exfoliating ar-SnSe in different IPA/H2O mixtures (IPA: H2O = 1:0, 3:1, 1:1, 1:3) at four different potentials. The averaged values and error bars 
were obtained of 3 replicate electrodes for each case. 
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higher yield (63%) than IPA/H2O-SnSe (25%). 
The effect of flake size on the PEC HER performance was also 

investigated applying a sieve-based method to prepare SnSe suspensions 
with controllable particle size. Size-selected SnSe crystals were then 
exfoliated in IPA, according to the process shown in Fig. 2 above (noted 
as L-IPA-, M-IPA-, S-IPA-SnSe). Table 2 shows the yield values of L-, M-, 
S-SnSe upon exfoliation in IPA, showing an increasing overall yield with 
decreasing initial SnSe crystal size. TEM and AFM measurements 
confirmed that all specimens exhibited random angular shape (Fig. S2) 
and smaller size (Fig. S3, Table S2) than those obtained by exfoliating 
the ar-SnSe crystals. The S-IPA-SnSe showed a more monodispersed 
distribution than the other 2 fractions, which may be traced to the 
original narrower SnSe crystal size distribution. 

Spray coating was employed instead of m-LB method to have a better 
control on the catalyst loading of the electrodes. The loading depen
dence of the PEC performance in the case of L-IPA-SnSe is presented in 
Fig. S4. The optimal loading of the SnSe film on GC was identified as 
0.3 mg cm–2. The effect of flake dimensions on the PEC HER perfor
mance was compared applying the optimal 0.3 mg cm–2 loading for 
other sized catalysts as well (Fig. 5a). No significant PEC activity dif
ference was observed among the differently sized sample (Fig. 5b). L-, 
M- and S-IPA-SnSe showed the maximum photocurrent densities of 2.44 
± 0.65, 2.34 ± 0.19 and 2.14 ± 0.34 mA cm–2 at − 0.74 V vs. RHE, 
respectively. These all displayed higher PEC activity than IPA-SnSe 
(1.18 ± 0.28 mA cm–2) demonstrating that the spray-coating and 
sieve-based method conspired to achieve higher PEC activity. 

To test the stability of the SnSe electrodes, 1 h long chro
noamperometry measurement was performed under continuous stirring 
and chopped illumination (on/off every 30 s) at − 0.54 V vs. RHE of the 
L-IPA-SnSe photocathode (Fig. 5c). The sample still exhibited 52% of the 
initial activity after 1 h, indicating a relatively good stability. The PEC 
activity of the exfoliated SnSe flakes was studied as a function of the 
storage time of their suspension to check their stability in IPA. For this 
purpose, the fresh L-IPA-SnSe suspension was divided into several por
tions. These were purged with Ar gas, sealed into the vial, and kept 
under dark, cooled condition. Each week, one of the portions was spray 
coated on GC with SnSe loading of 0.3 mg cm–2 and measured. The fresh 
one was considered as a reference. The photocurrent density gradually 
decreased (Fig. S5). The SnSe flakes in the IPA did not appear to be 
stable under the conditions employed, restacking could have occurred 
[20]; this possibility needs further investigation. Therefore, the results 
presented in this work were recorded on fresh samples. 

The internal-photon-to-electron-conversion-efficiency (IPCE) of L- 
IPA-SnSe is shown on Fig. 5d. The sample presented the highest con
version efficiency at 900 nm which is due to the narrow bandgap of SnSe 
(1.1 eV) [61]. Additionally, two maximal values were found (550 nm) 
and 900 nm), representing the different absorption characteristics of 
SnSe2 and SnSe, respectively. The IPCE spectra of L-, M- and S-IPA-SnSe 
electrodes in Fig. S6 displayed same absorption edge and similar ab
sorption, indicating similar compositions. The corresponding SnSe2 
phase in the electrode material was detected by IPCE measurement and 
Raman spectroscopy (Fig. 3c). The presence of this phase can improve 
the charge carrier separation and the interfacial charge transfer 
compared to pure SnSe, as reported previously [17,57]. 

To enhance the PEC HER performance of SnSe, Pt islands were 
deposited on SnSe electrode by the photodeposition method. In this case, 
the S-IPA-SnSe was employed as bare SnSe reference. Figs. S7a, b and c 
show the photocurrent densities of Pt decorated SnSe with different 

photodeposition parameters (irradiation time, irradiation power den
sity, Pt precursor concentration) recorded at 5 potentials. The optimum 
Pt deposition parameters were 60 s illumination time, 44 mW cm–2 

illumination intensity and 5 mM H2PtCl6. XPS was employed to inves
tigate the surface elemental composition of bare and Pt decorated SnSe. 
As shown in Fig. S8, two peaks appeared at binding eneries of 76.1 and 
72.6 eV were ascribed to Pt 4 f5/2 and 4 f7/2, respectively, indicating the 
deposition of Pt on SnSe surface. Fig. 6a shows representative photo
voltammograms of bare and Pt decorated SnSe prepared under these 
optimal deposition conditions. Clearly, for Pt decorated SnSe: i) notably 
higher photocurrents were achieved; ii) dark currents were higher and 
started to develop earlier; iii) the onset potential shifted to more positive 
potential. The onset potential (ca. − 0.25 V) of PEC HER on Pt decorated 
SnSe electrodes is more negative than the desired positive than 0 V vs. 
RHE. This issue could be explained by the effect of structural domains (i. 
e., in plane defects, edges, and thickness of sheets) on the PEC activity of 
TMDCs [14,48,62]. The PEC HER activity of thermal vacuum prepared 
SnSe thin films has been investigated recently, in the function of sele
nization time, to repair defects aiming to improve the PEC activity. Such 
treatment increased the photocurrent and shifted the onset potential to a 
more positive value [20]. Fig. 6b shows that SnSe electrodes with Pt 
catalyst could yield two-times higher photocurrent than bare SnSe (i.e., 
4.39 mA cm–2). 

IMPS was employed to investigate the effect of Pt catalyst on the 
charge carrier transfer and recombination kinetics [40,63]. Fig. 7a and b 
show a set of IMPS spectra for bare and Pt decorated SnSe recorded at 
different potentials ranging from –0.24 to − 0.67 V vs. RHE. Two semi
circles could be found in the 3rd and 2nd quadrant, typical of the 
behaviour for p-type semiconductors [64]. Almost perfect circles could 
be found at less negative potentials, meaning that the measured 
steady-state photocurrent was close to zero. Thus, surface recombina
tion dominated the PEC behaviour of the system. No upper semicircle 
was observed below − 0.67 V vs. RHE for bare SnSe, and below − 0.57 V 
for Pt decorated SnSe. Kinetic parameters, charge carrier transfer (ktr) 
and surface recombination (ksr) could be determined from the IMPS 
data, and are plotted versus applied potential in Fig. 7c and d. After Pt 
deposition, the electrode showed higher ktr values at same potential 
until − 0.5 V vs. RHE. Smaller ksr was determined for Pt decorated SnSe 
below − 0.3 V vs. RHE, as expected from Pt supressing the charge carrier 
recombination. The Cole–Cole plot is showed in Fig. S9 for bare and 
Pt-decorated SnSe electrodes as the function of the applied potential 
determined from the IMPS data. There is a peak on the spectra around 
2.5 kHz and 2.2 kHz for bare SnSe, and Pt decorated SnSe electrodes, 
respectively. This peak can be attributed to the charge transport [65] in 
the SnSe film, representing higher imaginary frequency dependent EQE 
for Pt decorated SnSe. 

The relative transfer efficiency can be calculated by the equation: ηtr 
= ktr/(ktr+ ksr) [66]. As shown in Fig. 6c, significantly enhanced ηtr 
values were found in the case of Pt decorated SnSe electrodes. At more 
negative potentials, however, bare SnSe can also reach a similar ηtr 
(~90%). The processes taking place at the bare and cocatalyst decorated 
SnSe are summarized in Fig. 8. In the case of bare SnSe, electrons, 
excited to the conduction band, can either move to the surface states and 
recombine with valence band holes (1) or directly reduce H+ to H2 (2). 
The first means that electrons do not participate in HER. Depositing Pt 
nanoparticles on the surface can passivate the surface states, thereby 
inhibiting charge carrier recombination (1). Meanwhile, the electrons 
can be transferred to Pt, then reduce H+ directly via Pt (3) [67]. This 
dual role of Pt results in the enhancement of the PEC HER activity for 
SnSe. 

4. Conclusions 

In this work, we fabricated macroscopic photocathodes by depositing 
SnSe flakes, made from commercial SnSe crystals using a LPEx method, 
on glassy carbon. The as-received SnSe crystals were exfoliated in IPA or 

Table 2 
The overall yield of SnSe fractions exfoliated in IPA.  

Fractions Overall yield (%) 

L-IPA-SnSe 5.6 ± 0.2 
M-IPA-SnSe 17.1 ± 0.8 
S-IPA-SnSe 85.3 ± 8.5  
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IPA/H2O mixture. Pure IPA was found to be the optimal solvent to 
prepare flakes and for achieving the highest PEC activity. A sieve-based 
method was further employed to separate the as-received SnSe crystals 
to three different size fractions. These size-selected crystals were also 

exfoliated in IPA, and the PEC activity of the photocathodes made from 
them were investigated. These samples showed a maximum photocur
rent of 2.44 mA cm–2, twice higher than using as-received crystal exfo
liated in pure IPA. 

Fig. 5. (a) Linear sweep photovoltammograms of electrodes made from SnSe flakes (obtained by exfoliating size separated (L, M, S) SnSe in IPA) with 2.5 mV s− 1 

sweep rate, in Ar saturated 0.5 M H2SO4 solution. (b) Bar diagrams of photocurrent density of the electrodes made from SnSe flakes obtained by exfoliating size 
separated (L, M, S) SnSe in IPA at five different potentials. The averaged value and error bars were obtained over 3 replicate electrodes for each case. (c) Transient 
photocurrent density profile and (d) quantum efficiency curve of L-IPA-SnSe electrode. The data in panels (c) and (d) were acquired at a fixed potential of − 0.54 V 
vs. RHE. 

Fig. 6. (a) Photovoltammograms for the illuminated cells assembled with bare and Pt decorated SnSe electrodes. (b) Bar diagram of photocurrents plotted versus the 
potential, and (c) the determined charge transfer efficiency as a function of applied potential for bare and Pt decorated SnSe electrodes. 
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Platinum catalyst islands were photodeposited on the surface of 
SnSe, and different deposition parameters were investigated. The best 
performance was 4.39 mA cm–2, twice higher than bare SnSe. IMPS re
sults showed that the Pt catalyst improved charge transfer kinetics and 
also supressed charge carrier recombination. Overall, the solvent for 
exfoliation, the edge density of SnSe flakes, immobilization method and 
Pt co-catalyst affected the PEC HER performance. By optimizing these 
factors, the photocurrent density of SnSe was enhanced from 0.11 to 
4.39 mA cm–2. These results indicate the merit of employing SnSe 
electrodes for PEC HER and afford further opportunities for exploring 
PEC processes on such 2D electrodes. 
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original draft, Supervision. Ádám Vass: Investigation. Krishnan 
Rajeshwar: Conceptualization, Writing – review & editing. Csaba 
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