Supporting Information

Thermodynamic Oxidation and Reduction Potentials of Photocatalytic Semiconductors in
Aqueous Solution

Shiyou Chen*1,; and Lin-Wang Wang* 1

Joint Center for Artificial Photosynthesis (JCAP), Lawrence Berkeley National Laboratory, Berkeley, CA 94720, United
States, and Key Laboratory of Polar Materials and Devices (MOE), East China Normal University, Shanghai 200241,
China

Table S1. The band edge positions (VBM and CBM) of semiconductors listed in Figure 3, and the possible reduction and oxidation
reactions and the corresponding potentials from which @™ and ®** are determined. Except those stated in the Notes column, the band
edge positions of the semiconductors are collected from Ref. [11, 23, 24] and the Gibbs free energy data of the reactants and products
used for calculating the potentials are collected from Ref. [20, 21]. When the reactants and products have different phases (crystal,
solution or gas), the phase with the lowest Gibbs free energy under 298.15 K and 1 Bar is considered in the calculation. The band edge
positions and potentials are relative to NHE in V. The (*) sign in the potentials column shows the potentials are independent on the pH
value, the (**) sign shows the potentials depend on the pH value but do not follow the Nernstian relation, and all other potentials with

no signs follow the Nernstian relation. VBO means the valence band offset.

VBM | CBM Reaction Potential Notes
Si 0.42 -0.76 Si+2H,->SiH, -0.15
Si+2H,0->Si0,+2H, -0.99
Ge -0.16 -0.90 Ge+2H,->GeH, -0.29
Ge+2H,0->GeO,+2H, -0.12
SiC 1.40 -1.00 SiC+2H,->CH,+Si -0.03
SiC+2H,->SiH4+C -0.31
SiC+4H,->SiH4+CHy -0.09
SiC+4H,0->Si0,+CO,+4H, -0.31
ZnS 2.10 -1.72 ZnS+H,->Zn+H,S -0.87
ZnS+H,0->ZnO+S+H, 0.61
ZnS+5H,0->ZnO+2H " +(S04)*+4H, 0.42 (**)
ZnS+4H,0->Zn*+(S0,)? +4H, 0.33
CdS 1.79 -0.72 CdS+H,->Cd+H,S -0.64
CdS+5H,0->CdO+2H " +(S0,)* +4H, 0.48 (**)
CdS+4H,0->CdSO,+4H, 0.37
ZnSe 1.53 -1.31 ZnSe+H,->Zn+H,Se -0.93
ZnSe+H,0->Zn0O+Se+H, 0.41
ZnSe+5H,0->Zn0+H,SeO4+4H, 0.87
CdSe 1.32 -0.59 CdSe+H,->Cd+H,Se -0.69 The Gibbs free energy of CdSe is
CdSe+H,0->CdO+Se+H, 0.65 ?gg:;zi;ia;irbg); l(t_s 1?;1122/17;?.1)’
without the entropy contribution.
CdTe 0.68 -0.90 CdTe+H,->Cd+H,Te -0.92
CdTe+H,0->CdO+Te+H, 0.52
CuGa$S, | 1.05 | -1.38 2CuGaS,+3H,->Cu,S+2Ga+3H,S -0.99 The band alignment is determined

S1




2CuGaS,+Hy->2Cu+Ga,S;+H,S -1.36 based on the calculated
CuGaS,+2H,->Cu+Ga+2H,S -0.81 VBO(ZnS/CuGaSz):l.IS eV and
the experimental band gap 2.43
2CuGaS,+4H,0->Cu,0+Ga,03+4S+4H, 0.73 eV,
2CuGaS,+5H,0->2Cu0+Ga,03+4S+5H, 0.71 The Gibbs free energy of CuGaS,
2CUGaS,+20H,0->Cu,0+Ga,05+8H +4(S0, | 0.45 (**) is approximated by its f.ormatlon
). energy (-4.36 eV/f.u., cited from
)7+16H, Ref. [S1]), without the entropy
contribution.
Cu,ZnG | 1.07 -1.21 Cu,ZnGeS +4H,->2Cu+Zn+Ge+4H,S -0.40 The band alignment is determined
¢S, CU,ZNGeS,+H,->Cu,S+ZnS+GeS+H,S 0.25 based on the calculated
VBO(CuGaS,/Cu,ZnGeS4)=-0.02
eV, and the band gap (2.28 eV) of
Cu,ZnGeS, cited from Ref. [S2].
The Gibbs free energy of
N - Cu,ZnGeS, is approximated by its
Cu,ZnGeS,+20H,0->Cu,0+Zn0+GeO,+8H" | 0.39 (**) calculated formation energy (-5.39
+4(SO4)?+16H, eV/f.u.), without the entropy
Cu,ZnGeS,+2 1H,0->2Cu0+Zn0+GeO,+8H+ | 0.41 (*¥) contribution.
4(SO,)*+17H,
Cu,ZnS | 0.78 -0.72 Cu,ZnSnS,+4H,->2Cu+Zn+Sn+4H,S -0.38 The band alignment is determined
nS, CU,ZNSNS+H,->CU,S+ZNS+SnS+H,S -0.06 based on the calculated
" VBO(CuGaS,/Cu,ZnSnS,)=0.34
Cu,ZnSnS,+20H,0->Cu,0+Zn0+Sn0,+8H 0.39 (**) eV, and the experimental band gap
+4(S0,)%+16H, 1.5¢V.
The Gibbs free energy of
Cu,ZnSnS, is approximated by its
calculated formation energy (-5.35
eV/f.u.), without the entropy
contribution.
GaN 231 -1.21 2GaN+3H,->2Ga+2NH; -0.28 The formation energy (-129.289
2GaN+3H,0->Ga,05+Ny+3H, 015 kJ/mol) and entropy (3.4.120
J/mol/K) of GaN are cited from
2GaN+9H,0->Ga,05+2H +2(NO3) +8H, 0.76 (**) Ref. [S3].
AlP 1.84 -0.70 2AIP+3H,->2Al1+2PH,4 -0.55 The Gibbs free energy of AlP is
2AIP+3H,0->Al,0:+2P+3H, 1.00 approx1m§1ted by its formation
energy, without the entropy
2AIP+11H,0->ALO3#+2H;PO,+8H, -0.60 contribution.
GaP 109 | -1.25 2GaP+3H,->2Ga+2PH; -0.27 The Gibbs free energy of GaP is
2GaP+3H,0->Ga,0:+2P+3H, 2028 approx1m§1ted by its formation
energy, without the entropy
contribution.
ZnGeP, | 1.15 | -1.05 2ZnGeP,+3H,->2Zn+2GeP+2PH, -0.14 The band alignment is determined
ZnGeP,+3H,->Zn+Ge+2PH, -0.49 based on the
VBO(GaP/ZnGeP,)=-0.06 eV
ZnGeP,+3H,0->Zn0+Ge0,+2P+3H, 0.11 cited from Ref. [S4].
The Gibbs free energy of ZnGeP,
is approximated by its calculated
formation energy (-1.24 eV/f.u.),
without the entropy contribution.
InP 0.72 -0.70 2InP+3H,->2In+2PH;4 -0.31
2InP+3H,0->1n,03+2P+3H, 0.06
AlAs 1.14 -1.11 2AIAs+3H,->2A1+2AsH; -0.60 The Gibbs free energy of AlAs is
2AIAS+3H,0->Al,05+2As+3H, 116 approximated by its formation

energy (-1.22 eV/f.u.), without the
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entropy contribution.

GaAs | 054 | -0.98 2GaAs+3H,->2Ga+2AsH; -0.47
2GaAs+3H,0->Ga,03+2As+3H, -0.26

Ta,Os | 3.48 | -0.42 Ta,05+5H,->2Ta+5H,0 -0.75
2Ta,05+20H"+20CI->4TaCls+10H,+50, 1.79 (*)

Ta;Ns | 1.57 | -0.53 2TagNs+15H,->6Ta+10NH; -0.42 The Gibbs free energy of Ta;Ns is
2TagNs+15H;0->3Ta,0+5N,+15H, 0.27 ?gg;‘:;i:;a;‘irbg’; 1(ts9cgl30:$/t§(111)
2TagNs+45H,0->3Ta 05+ 10H +10(NO3) 0.71 (**) without the entropy contribution.
+40H,

TaON | 2.15 -0.35 2TaON+5H,->2Ta+2H,0+2NH; -0.58 The Gibbs free energy of TaON is
10TaON+15H,->2Ta,05+6 Ta+10NH; -0.47 ?ﬁﬁ;ﬂfﬁﬁigyy ‘ES6°;17CZ$;§3)
STaON+5H,->TagNs+2Ta+5H,0 -0.81 without the entropy contribution.
2TaON+3H,0->Ta,05+N,+3H, -0.23
2TaON+9H,0->Ta,05+2H +2(NO3) +8H, 0.73 (**)

TiO, 338 [ 0.15 TiO,+2H,->Ti+2H,0 -1.07
TiO,+Hy->TiO+H,0 -0.81
TiO+4H +4CI->TiCl,+2H,+0, 1.75 (*)

BaTiO; | 3.81 0.43 BaTiO3+Hy->Ba+TiO,+H,0 231
BaTiO3+H,->BaO+TiO+H,0 -1.66
BaTiO3+2H,->BaO+Ti+2H,0 -1.50
BaTiO3+2H,->Ba+TiO+2H,0 -1.56
BaTiO;+3H,->Ba+Ti+3H,0 -1.49
2BaTiOs+12H +12CI->2BaCl,+2TiCl+6Hy+ | 1.41 (*)

30,

FeTiO; | 333 | 043 FeTiOgz+H,->Fe+TiO+H,0 -0.27
FeTiOg+H,->FeO+TiO+H,0 -1.01
FeTiOg+2H,->Fe+TiO+2H,0 -0.54
2FeTiOs+12H +8CI->2Fe* +2TiCl+6H,+30, | 1.60 (*)
2FeTiOy+14H+8CI->2Fe* +2TiCl,+7H,+30, | 1.52 (%)
2FeTiO3+6H"->2Fe3* +2TiO,+H,+2H,0 1.17 (*)

WO, 322 | 053 WO +H,->WO,+H,0 0.04
WO3+3H,->W+3H,0 -0.09
2WO5+12H*+12CI->2WClg+6H,+30, 1.89 (*)

CuWO, | 2.65 | 0.40 2CUWO,+H,->Cu,0+2WO3+H,0 -0.08 The band alignment is cited from
CuWO4+Hz>Cur WOsHH,0 020 ?ﬁ: ([}Sliis free energy of CuWO,
CuWO +2H,->Cut WO, +2H,0 0.12 is approximated by its formation
CuWO,+8H"+8CI->CuCl,+WClg+4H,+20, 1.78 (*) energy, without the entropy

contribution.

Cu,0 1.30 -0.70 Cu,0+H,->2Cu+H,0 0.47 The band alignment is cited from
Cu,0+H,0>2CuO+H, 0.64 Ref. [S6].
Cu,0+4H"+4CI">2CuCly+H,+H,0 0.43 (*)

Cu,0+3H,0>2Cu(OH),+H, 0.58

PbO 323 | 046 PbO+H,->Pb+H,0 0.25
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PbO+H,0->PbO,+H, 1.08
2PbO+4H"+4CI->2PbCl,+2H,+0, 0.71 (*)

ZnO 3.58 0.17 ZnO+H»->Zn+H,0 -0.43
2ZNO+4H*->2Zn?*+2H,+0, 0.90 (*)

SnO, 4.07 0.51 SnO,+H,->Sn0+H,0 -0.14
SnO,+4H*+4CI™->SnCl,+2H,+0, 1.56 (*)

Fe,0; 2.90 0.58 Fe,O3+H,->2FeO+H,0 -0.01
F6203+3H2->2FC+3H20 -0.05
2Fe,05+12H"->4Fe3 +6H,+30, 1.27 (%)

BiFeO; | 2.63 0.44 2BiFe03+3H,->2Bi+Fe,03+3H,0 0.26 The band alignment is cited from
2BiFeOy+H,->Bi,05+2Fe0+H,0 0.36 Ref. [S7]. .

] ) The Gibbs free energy of BiFeO,
BiFeO3+2H,->Bi+FeO+2H,0 0.19 is approximated by its formation
2BiFeO4+12H"+12CI->2BiCl;+2FeCly+6H,+ | 1.36 (*) energy (-768.4 kJ/mol) cited from

Ref. [S8], without the entropy
30, L
contribution.

BiVO, |2.10 |-0.30 2BiVO,+3H,->2Bi+V,05+3H,0 0.26 The band alignment is cited from

2BiVO,+Hy->Bi;05+2VO0,+H,0 0.42 Ref. [S9]. o
] ) The Gibbs free energy of BiVO, is

2BIVO,+5H,->BI,03+2V+5H,0 -0.31 approximated by its calculated

BiVO4+4H,->Bi+V+4H,0 -0.05 formation energy (-11.78 eV/fu.),

4BIVO,+12H +12CI->4BiCl3+2V,05+6H,+3 1.24 (%) without the entropy contribution.

O;

2BiVO,+12H +12CI'->2BiCl;+2VOCL+6H,+3 | 1.37 (¥)

0,

Co;04 1.02 -1.16 C030,+H,->3C00+H,0 0.55 The band alignment is cited from
C040,+4H,>3Co+4H,0 0.23 Ref. [S10].
2C0304+18H+->6C0>" +8H,0+H, 2.33 (%)

C0304+9HF'>3COF3+4H20+0.5H2 3.51
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