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Fig. S1 The tilt angle (θ) between nanoribbon and substrate for all planes in standard 
XRD data (PDF No. 15-0861).
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Fig. S2 (a) Synthesis of [001] preferential oriented Sb2Se3 via selenization in high 
vacuum-level (1E-4 Pa) quartz tube (11 cm3), a schematic structure of [001] oriented 
Sb2Se3 on Mo substrate and TEM cross-section of as-prepared Sb2Se3/Mo film. (b) 
Temperature change curves used for selenization synthesis.



Table S1 The surface energy of different orientation for Sb2Se3.1

Orientation Surface energy (J m-2)
010 0.25
120 0.32
110 0.33
100 0.44

(hk0)

221 0.53
211 0.56

(hk0)

001 0.46 (00l)
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Fig. S3 Synthesis Sb2Se3 on the diverse substrates using selenizaiton method. (a) XRD 
patterns of Sb2Se3 (b) The texture coefficients of Sb2Se3 films on the diverse substrate. 
The (hkl) planes are arranged according to the tilt angle between the ribbon and the 
substrate plane.



Fig. S4. (a) Schematic representation and (b) photograph of Sb2Se3/Mo/SLG 
photoelectrode with exposed Mo region connected to a copper core using silver paint, 
then capsulated by Loctite 9462 Hysol epoxy. (c) The set up of photoelectrochemical 
water splitting cell.
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Fig. S5 LSV curves of Bare FTO glass and Pt co-catalyst on FTO glass, respectively. 
The conduction band of Sb2Se3 is known to align ~0.35 V above the H+/H2 redox potential.2 
Since a kinetic overpotential of only ~0.2 V is required to drive the 25 mA cm-2 hydrogen 
reduction reaction on a Pt-catalyzed surface. Thus, Pt particles loading is enough to ensure 
efficient surface hydrogen reduction. 



Table S2 Sb2Se3 parameters and TiO2 parameters for band diagram simulation. 

Device Sb2Se3 TiO2

Thickness (nm) 750 20
Dielectric constant εr 153 554

Band gap Eg (eV) 1.25 3.26

Electron affinity χ (eV) 4.152 4.07

Electron mobility μn (cm2 V s) 16.98 0.19

Hole mobility μh (cm2 V s) 2.3910 0.19

Effective conduction Band Density NC 
(cm-3) 2.2E203 1E204

Effective valence Band Density NV (cm-3) 1.8E203 1E204

Doping density (cm-3) 2.0E15, acceptor* 3E17, donor4

* The donor density is determined by workfunction (5.055 eV) from scan kelvin scan 
microscopy (SKPM) measurement. The calculation details can be found below:

The workfunction of Sb2Se3 can be determined to be 5.055 eV using scan kelvin probe 
microscopy (SKPM). Then, the charge density can be described by the following 
equation:

exp( )V F
A V

E EN N
kT


 

Where NA and NV (1.8E20 cm-3) are acceptor density and density of states in valence 
band in the Sb2Se3. The Ev and EF are the valence potential and Fermi energy level, 
respectively. The kT (0.0259 eV) is the thermal voltage. The calculation parameters are 
listed in table S2. The NA was determined to be 2.0355E15.
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Fig. S6 Schematic diagram of maximum band bending (EBB) and photovoltage (Vph) for 
p-type semiconductor. The maximum band bending and photovoltage is equal to the 
difference of flat potential and redox potential before contact11



Table S3 Summary of PEC performance of recent reported planar Sb2Se3 
photocathodes (orange). And Benchmarks (or typical) PEC performance of emerging 
earth-abundant photocathodes (green) are also listed for comparison.

Material

Device structure pH

Current 
density at 0  
VRHE

(mA/cm2)

Reference

Pt/TiO2/ Sb2Se3/Mo 0.0 20.5 This work

Pt/TiO2/Sb2Se3/NiO/FTO 1.0 12.5 2019, ref 10

Pt/TiO2/CdS/Sb2Se3/Mo 6.5 8.6 2017, ref 12

Reported 
Sb2Se3

photocathode

MoS2/ Sb2Se3/Au/FTO 0.0 14.2 2017, ref 13

Pt/TiO2/ Sb2Se3/Au/FTO 1.0 30 2020, ref 14

RuOx/TiO2/Ga2O3/Cu2O/FTO 5.0 10 2018, ref 15
Pt/TiO2/CdS/GeSe 6.5 10.5 2019, ref 16
RuOx/TiO2/CdS/Cu2S/Au/FTO 5.0 6.0 2018, ref 17
Pt/CdS/CuSbS2/Mo 6.5 4.2 2016, ref 18
Pt/TiO2/CdS/CuBi2O4/FTO 6.7 0.95 2017, ref 19
PtTiO2/P3HT:PCBM/CuI/FT
O

1.0 8.0 2016, ref 20

Emerging 
Earth-
abundant
photocathode

Pt/TiO2/ZnO/CdS/CBTS/FTO 7 7.5 2017, ref 21
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Fig. S7 (a) XRD patterns and (b) enlarged XRD patterns of preferentially [001]-
oriented Sb2Se3 with 40, 60 and 80 min post-annealing at 500 oC. (c) The XRD patterns 
of Sb2Se3 films at different synthesis temperature using 1.0 mg Se (Please note that the 
Se content does not affect the results of the trend analysis). Standard diffraction data 
for Sb2Se3 (PDF No. 15-0861), Mo (PDF No. 42-1120), Sb (PDF No. 35-0732), and Se 
(PDF no. 86-2246) are listed for reference.
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