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1. Computational details 

1.1. Thermodynamic equilibrium calculations 

For computing Figure 1, the free energies of forming Ag2O and Au2O3 at 1027C and Mn3O4, 

MoO3, RuO2, SnO2 and SnO at 1727C were extrapolated linearly from the available 

literature data (taking the available data within a range of 300C at the highest temperatures, 

yielding R
2
 > 0.996).

[1]
 

To quantify the correlation shown with Figure 3, we approximated the bulk-formation 

energies for BSCF and LSCF (both with oxygen vacancies formed at the Co atoms), LSM, 

and YSZ with those of Co3O4 (with a formal oxidation state of 2.27 vs. approximately 4 in 

BSCF and 3 in LSCF), Mn2O3 (with a formal oxidation state of 3.33 vs. about 3 in LSM), and 

ZrO2 respectively, i.e., with the bulk-formation energies of binary metal oxides in a relatively 

similar oxidation state. 

1.2. Electronic structure calculations 

To assess the possibility that the binding of CO at the metal oxide surface limits the solar-

driven isothermal reduction of CO2, the free energy of the CO adsorption, ∆GB[CO], was 

calculated via: 

Δ𝐺B[CO] = 𝐺surf+CO − (𝐺surf + 𝐺CO
r )       (S1)   

where Gsurf+CO, Gsurf and GCO
r
 are the free energies of the surface and CO adsorbed at a metal-

top site, the surface without the adsorbate and the reference energy of the CO adsorbate, i.e., 

CO in the gas phase respectively. 
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1.3. Oxygen self-diffusion constants 

We note the experimental value of the shown self-diffusion constant for CeO2 includes values 

for Ce0.9Gd0.1O2-
[2]

 and CeO1.95
[3]

 and the computed YSZ structure contains 25 mol% Y 

(metal basis) relative to 10-20 mol% for the experimental values.
[2],[4],[5],[6],[7]

 Furthermore, for 

comparability, the experimental values for Ag2O are the values of oxygen diffusing in 

metallic silver
[8],[9],[10]

 and the value for Cu2O is extrapolated for oxygen-vacancy conduction 

in Cu2O (rather than Cu vacancies diffusing in Cu2-O).
[11]

 

1.4. Reaction rate constants 

The turnover frequency of a unimolecular oxygen-vacancy conduction that is assumed to limit 

an isothermal solar-driven H2O splitting process liberating H2 and filling oxygen vacancies at 

a metal oxide surface, kH2 in molecules H2 site
-1

 s
-1

, can be estimated from the free energy of 

the transition state: 

𝑘H2
=

kB𝑇

h
exp {

−Δ𝐺TS[O]

kB𝑇
}         (S2)   

where kB is the Boltzmann constant in eV K
-1

, T is the absolute temperature in K
-1

, and h is 

the Planck constant in eV × s. Taking the approximate threshold of the transition state energy 

for oxygen conduction in metal oxides with a relatively low endergonic diffusion path (see 

Section 2.3), the peak H2 formation rate, rH2, can be estimated with: 

𝑟H2
=

𝑘H2𝐴BET

NA𝐴surface
𝑝H2O          (S3)   

where NA is Avogadro’s number in molecules mol
-1

, ABET is the specific surface area of the 

redox material in m
2
 g

-1
 (taken as 1.05 m

2
 g

-1
 for a hercynite redox material),

[12]
 Asurface is the 

specific area of a reaction site in m
2
 site

-1
 (taken as 30.24  Å site

-1
 for the 

La0.5Sr0.5Co0.5Fe0.5O3(010) surface model), and pH2O is the partial pressure of H2O during the 

oxidation (taken as 0.506 bar H2O, relative to a total pressure of 1 bar).
[12]
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2. Supporting results and discussion 

2.1. Surface energies 

 

Table S1A: Metal oxide surface energies, Es

r-TiO2 Ti2O3 Ba0.5Sr0.5Co0.5Fe0.5 La0.5Sr0.5Co0.5Fe0.5

mt(001) 1.62 mt(001) 1.70 FeO2-SrO(001) 0.65 FeO2-SrO(001) a

Ot(010) 5.37 Ot(001) 2.17 BaO-CoO2(001) 0.64 LaO-CoO2(001) 0.93

Mt(010) 5.10 Mt(001) 3.79 SrO-CoO2(001) 0.78 SrO-CoO2(001) 0.70

mt(011) 1.14 mt(010) 1.41 FeO2-BaO(001) 0.83 FeO2-LaO(001) 0.80

Mt(011) 5.12 mt(011) 1.47 CoO2-BaO(001) 0.77 CoO2-LaO(001) 0.79

Ot(011) 5.35 Ot(011) 1.60 SrOFeO2(001) 0.67 SrO-FeO2(001) 0.70

Ot(110) 3.51 Mt(011) 1.49 BaO-FeO2(001) b 0.56 LaO-FeO2(001) 1.17

Mt(110) 3.22 mt1(101) 1.22 CoO2-SrO(001) 0.61 CoO2-SrO(001) 1.55

mt(110) 0.73 Mt1(101) 1.43 CoFeO4(010) 0.77 CoFeO4(010) 1.02

mt1(111) 2.33 Ot2(101) 1.62 BaSrO2(010) 0.63 LaSrO2(010) 0.63

mt2(111) 1.66 mt2(101) 1.64 SrO-FeO2(011) 0.99 SrO-FeO2(011) 1.08

mt3(111) 2.26 Ot1(101) 1.89 CoO2-BaO(011) 1.06 CoO2-LaO(011) 1.14

mt4(111) 2.65 Mt2(101) 1.64 FeO2-BaO(011) 1.10 FeO2-LaO(011) 1.18

Ot1(110) 2.26 SrO-CoO2(011) 1.00 SrO-CoO2(011) 1.19

mt1(110) 0.94 BaO-CoO2(011) 0.97 LaO-CoO2(011) 1.44

Mt1(110) 1.37 FeO2-SrO(011) 1.01 FeO2-SrO(011) 1.56

mt1(111) 0.99 CoO2-SrO(011) 0.96 CoO2-SrO(011) 1.45

mt2(111) 1.18 BaOFeO2(011) 0.96 LaO-FeO2(011) 1.32

mt3(111) 1.04 BaSrCoFeO2(110) a LaSrCoFeO2(110) 1.64

mt4(111) 1.00 BaSrCoFeO6(110) 1.28 LaSrCoFeO6(110) 1.61

mt5(111) 1.07 CoBaO(111) 1.07 CoLaO(111) 1.40

mt6(111) 1.06 SrFeO(111) 1.06 SrFeO(111) 1.38

BaFeO(111) 1.28 LaFeO(111) 1.23

CoSrO(111) 1.11 CoSrO(111) 1.27

FeSrO(111) 1.20 FeSrO(111) 1.45

BaCoO(111) 1.07 LaCoO(111) 1.31

SrCoO(111) 1.09 SrCoO(111) 1.46

FeBaO(111) 1.21 FeLaO(111) 1.52

Surface Es/ J m-2 Surface Es/ J m-2 Surface Es/ J m-2 Surface Es/ J m-2

The surface indicates the surface termination followed by the crystal facet (mti: mixed metal/oxygen-

terminated with i being a running index, Mti: metal-terminated, Oti: oxygen-terminated, chemical

species such as ‘CoFeO4’ indicate the composition of the terminating surface layer, two chemical

species such as ‘FeO2-SrO’ indicate the compositions of the surface and subsurface layer

respectively); a) not converged; not chosen in this work to directly compare BaSrO2(010)BSCF to

LaSrO2(010)LSCF; the selected low-energy surfaces are marked in bold and gray.
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La0.67Sr0.33O3 w-ZnO c-YSZ (Y2Zr6O15) MoO3

SrLaMn2O6(001) a Ot(001) 4.77 OtVL4(001) 5.05 Ot1(001) 1.78

SrLaMnO3(001) 0.73 Mt(001) 4.88 MtVL3(001) 5.52 Ot2(001) 2.02

La2Mn2O6(001) 0.71 mt1(001) 1.56 OtVL3(001) 4.18 mt(001) 2.41

La2MnO3(001) a mt2(001) 1.46 MtVL2(001) 5.49 Ot3(001) 2.51

LaSrMn2O6(001) 1.13 mt1(010) 2.36 OtVL2(001) 3.71 Ot4(001) 1.33

LaSrMnO3(001) 1.11 mt2(010) 0.87 MtVL1(001) 6.84 mt(010) b 0.77

MnO2(010) 1.08 mt(100) 0.89 OtVL1(001) 3.35 mt(100) c 0.05

La2SrO3(010) 1.04 Mt1(011) 2.98 MtVL4(001) 4.22 Ot1(100) 3.95

La2MnO4(011) 1.20 Ot1(011) 1.68 OtVL1(010) 3.71 Ot2(100) c -0.13

SrLaMnO2(011) 1.28 Mt2(011) 1.77 MtVL2(010) 3.85 Mt1(100) 3.30

La2MnO2(011) 1.42 Ot2(011) 1.73 OtVL2(010) 4.22 Ot3(100) 4.69

SrLaMnO4(011) 1.38 mt1(101) 1.83 MtVL1(010) 4.45 Mt2(100) 7.87

LaSrMnO4(011) 1.34 mt2(101) 1.81 mYZrOtVL4(011) 2.55 mt1(011) 0.73

LaSrMnO2(011) 1.40 Ot(101) 2.50 OZrtVL1(011) 2.78 mt2(011) 1.75

La2SrMn3O6(110) 1.03 Mt(101) 2.62 mZrOtVL3(011) 3.05 mt1(101) 1.32

La2SrMn3O3(110) 1.97 mt1(110) 0.89 OYZrtVL2(011) 3.29 Ot(101) 1.44

La2SrMn3O9(110) 1.66 mt2(110) 2.36 mZrOtVL2(011) 3.07 mt2(101) 1.08

La2MnO4(111) 1.46 Ot1(111) 2.21 OYZrtVL3(011) 3.13 mt3(101) 1.07

LaSrMn2O6(111) 1.63 Mt1(111) 2.35 mYZrOtVL1(011) 1.93 mt1(110) 0.75

LaSrMnO4(111) 1.51 mt1(111) 1.67 OZrtVL4(011) 1.98 mt2(110) 1.37

SrLaMn2O6(111) 1.57 Ot2(111) 1.56 mZrOtVL2(110) 1.11 mt1(111) 1.07

SrLaMnO4(111) 1.54 Mt2(111) 3.78 mYZrOtVL1(110) 1.21 Mt1(111) 1.30

La2Mn2O6(111) 1.70 Ot3(111) 3.26 OYZrtVS4(111) 1.86 Ot1(111) 1.95

mt2(111) 1.44 mYZrOtSL2(111) 1.93 Mt2(111) 1.78

mt3(111) 1.58 OYZrtVS3(111) 1.67 Ot2(111) 1.57

mYZrOtVS3(111) 1.84 mt2(111) 1.57

OYZrtVS2(111) 2.03 mt3(111) 1.93

mYZrOtVS4(111) 1.93

OYZrtVS1(111) 2.31

mYZrOtVS1(111) 2.30

Table S1B: Metal oxide surface energies, Es

Surface Es/ J m-2 Surface Es/ J m-2 Surface Es/ J m-2 Surface Es/ J m-2

The surface indicates the surface termination followed by the crystal facet (mti: mixed metal/oxygen-

terminated with i being a running index, Mti: metal-terminated, Oti: oxygen-terminated, chemical species such

as ‘SrLaMn2O6’ indicate the composition of the terminating surface layer, for c-YSZ surface species are given

in addition to the mt, Mt, and Ot notation for clarity and VLj marks the layer of the bulk model that contains the

natural oxygen vacancy); a) not converged; b) the most commonly studied MoO3 surface that is only by about

43.5 mJ m-2 less stable than the more complex surface chosen in this work; c) unstable due to separation of

the surface layers; the selected low-energy surfaces are marked in bold and gray.

Cu2O c-ZrO2 Ag2O CeO2

Mt(001) 1.17 Ot(001) 5.51 Mt(001) 0.83 Ot(001) 6.86

mt(001) 1.37 Mt(001) 5.45 mt(001) 0.95 Mt(001) 3.82

Mt(011) 0.92 mt(011) 1.36 Mt(011) 0.62 mt(011) 5.40

mt(011) 0.97 mt(111) 6.64 mt(011) 0.67 mt(111) 4.24

mt(111) 0.62 Mt(111) 6.64 mt(111) 0.39 Mt(111) 4.78

Ot(111) 1.52 Ot(111) 6.55 Ot(111) 1.07 Ot(111) 1.39

Mt(111) 1.40 Mt(111) 0.97

Table S1C: Metal oxide surface energies, Es

Surface Es/ J m-2 Surface Es/ J m-2 Surface Es/ J m-2 Surface Es/ J m-2

The surface indicates the surface termination followed by the crystal facet (mti: mixed

metal/oxygen-terminated with i being a running index, Mti: metal-terminated, Oti:

oxygen-terminated); the selected low-energy surfaces are marked in bold and gray.
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2.2. CO chemisorption 

 
 

2.3. Electronic structure 

 
Figure S1: The metal (M) d projected density of states plots for the indicated bulk metal 

oxides (all calculations are with the Hubbard U = 0). The Fermi level is marked with a solid 

line and plots for both spins (s) are given for La0.67Sr0.33O3 to show the correctly computed 

half-metallicity. 

 

 

 

Table S2: Free energies of CO adsorbed at

metal oxide surfaces

surface

TiO2(110)

Ti2O3(110)

LSM(001)

BSCF(010)

LSCF(010)

Cu2O(111)

ZnO(010)

ZrO2(011)

YSZ(110)

MoO3(011)

Ag2O(111)

CeO2(111)

EB[CO] / eV

0.44

0.07

0.37

0.32

0.30

-0.96

0.34

0.14

0.20

0.39

-0.44

0.27

a) not adsorbed

top site

Ti

Ti

Mn

Sr

Sr

Cu

Zn

Zr

Zr

a

Ag

Ce

dM-C / Å

2.67

2.17

2.26

3.27

3.16

1.82

2.27

2.64

2.67

-

1.99

-
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2.4. Oxygen-vacancy formation 

 
Figure S2: The DFT-calculated free energy of forming oxygen vacancies at a stable metal 

oxide surface vs. the free energy of reducing the bulk oxide at 25C and 1 bar to the metal 

(except reduction of the highly oxidized MoO3 to MoO2). A solid line marks a linear 

regression: ∆Gv,surface[O] = 0.8041 × ∆Gred,bulk - 0.7872 eV. 

 

We note, while the correlation of the free energy of forming oxygen vacancies at a metal 

oxide surface with the bulk-formation energy of a metal oxide (Figure 3) includes the 

discussed approximations for the bulk-formation energies of the mixed metal oxides: 

Δ𝐺v,surface[O] = −4.088 × 10−3 eV × mol O2

kJ
𝐺f,bulk

25C,1 bar − 1.029eV   (S4)   

excluding these approximations from the correlation: 

 

Δ𝐺v,surface[O] = −4.116 × 10−3 eV × mol O2

kJ
𝐺f,bulk,binary

25C,1 bar − 0.9458eV   (S5)   

yields a relative error of 100% × (𝐺f,bulk
25C,1 bar − 𝐺f,bulk,binary

25C,1 bar ) 𝐺f,bulk
25C,1 bar ≈ 4.7%⁄ . 

 

2.5. Oxygen-vacancy conduction 

While Brønsted-Evans-Polanyi (BEP) relations have been employed to describe surface 

reactions at structurally similar metal oxide surfaces
[13]

 we find that a simple BEP relation 

does not describe the oxygen conduction across structurally different metal oxide surfaces 

(Figure S3). The vacancy diffusion can be described thermodynamically by the energy 

difference between the free energy of forming the vacancy at the surface and in the subsurface, 

∆Gred,bulk / eV
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such that Grxn = ∆Gv,subsurface[O] - ∆Gv,surface[O] describes the conduction of vacancies from 

the surface into the subsurface (Figure S3A). This reaction is limited kinetically by an 

activation energy, Gact = ∆GTS - ∆Gv,surface[O] that is determined by the free energy of the 

transition state.  

 

Figure S3: (A) Definition of the activation energy, Gact, and the free energy of reaction, 

Grxn, for the vacancy diffusion shown schematically for Cu2O(111). Exergonic (endergonic) 

diffusion of oxygen vacancies (marked with black circles) from the surface into the 

subsurface is shown in red (gray). (B) Brønsted-Evans-Polanyi relations for an exergonic (red 

symbols) or endergonic (gray symbols) oxygen-vacancy diffusion. The numbered surfaces 

area: 1) Cu2O(111), 2) Ag2O(111), 3) CeO2(111), 4) BSCF(010), 5) Ti2O3(110), 6) 

LSCF(010), 7) YSZ(110), 8) ZrO2(011), 9) TiO2(110), and 10) ZnO(010). 

 

Opposite to the expected linear correlation, we find that for an exergonic diffusion process 

(e.g., for Cu2O) the activation energy scales linearly with the amount of energy that is 

liberated during the diffusion step, while for an endergonic diffusion process (e.g., for ZnO) 

the activation energy scales linearly with the amount of energy that is absorbed during the 

vacancy diffusion. However, given the lack of self-similarity in the set of modeled metal 

oxide surfaces and the lack of monotony in the discussed endergonic and exergonic 

correlations, a definite conclusion on the use of simple BEP relations for the conduction of 

oxygen in metal oxides across the periodic table requires additional studies. 
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Figure S4: Free energy diagrams for the formation of an oxygen vacancy at the surface and 

the transition state for the diffusion of the surface vacancy to the thermodynamically most 

favorable subsurface position (where negative free energies indicate spontaneous processes, 

i.e., below the dashed line). All energies are relative to the stoichiometric oxide surface and 

oxygen in the gas phase. The specific metal oxide surface is indicated with the metal oxide 

bulk stoichiometry. For clarity, the free energies values of the transition state are shown with 

dotted lines and are in eV: 0.04 (BSCF), 0.41 (Ag2O), 0.74 (LSCF), 1.64 (Cu2O), 2.96 (Ti2O3), 

3.25 (ZrO2), 3.38 (ZnO), 3.59 (YSZ), 4.30 (TiO2), and 4.47 (CeO2). 

 
Figure S5: Free energy diagram for the oxygen-vacancy formation and diffusion for BSCF, 

Ag2O, LSCF and Cu2O respectively (detail from Figure 7; the metal oxide surfaces are 

indicated with the stoichiometric metal oxide composition). Negative free energies indicate 

spontaneous processes, i.e., below the dashed line. All energies are relative to the 

stoichiometric surface and oxygen in the gas phase. The correlating charge density differences 

of the transition state are shown on the right (a schematic of the surface is given as reference, 

where M1 = Ag or Cu and M2 = La or Ba) in units of the elementary charge per Å
3
 (shown 

qualitatively with a scale bar that indicates 0) at the height of the oxygen vacancy. 
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Figure S6: The average oxygen self-diffusion constant at 763  39 C (taken from the 

literature cited within the article, Figure 6) vs. the difference between the free energy of the 

transition state, ∆GTS, and the limiting free energy of the oxygen-vacancy formation at the 

surface or subsurface, ∆Gv,lim[O] for metal oxides of the group with a thermodynamically 

highly endergonic diffusion path. ∆Gv,lim[O] is the energy value that is closer to the value of 

the transition state, such that the oxygen vacancies are assumed to diffuse into the direction 

that is favored thermodynamically, i.e., away from the metal oxide surface if ∆Gv,subsurface[O] 

< ∆Gv,surface[O] and ∆Gv,lim[O] = ∆Gv,surface[O], and vice versa. The surface models are 

indicated with the stoichiometric metal oxide composition. The solid line is a linear regression. 
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