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Section 1: ICP Results

Table S1. The Au and Ni** content of the studied samples

No Sample Allexp Altheo Ni2+exp Ni2+theo
' P Wt%)  (Wt%) (Wt%) (Wt%)
1 NiO/STO-SCO (HT) - - 0.31 0.30
2 Au-STO-SCO (HT) 0.90 1.00 - -
3 Au-NiO/STO-SCO (HT)  0.78 1.00 0.31 0.30
4 NiO/STO - - 0.27 0.30
5 Au-STO 0.91 1.00 - -

* Abbreviations in Table S1: exp — experimental, theo — theoretical.



Section 2: XRD Results
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Figure S1. XRD patterns of the STO-based catalysts in 20-80 26 (°).
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Figure S2. XRD patterns of the commercial catalysts (STO and SCO), STO-SCO (SM),
and Au-SCO, respectively.
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Section 3: XPS results

Table S2. Selected descriptors in association with their binding energy from Au-STO-
SCO (HT) and Au-NiO/STO-SCO (HT)

Descriptors Binding energy (eV)
Au-STO-SCO (HT) Au-NiQO/STO-SCO (HT)
Sr3d doublet 1 132.82 132.89
Sr3d doublet 2 133.79 133.85
Ti2p doublet 1 458.24 458.31
Ti2p doublet 2 471.71 471.83
2pg, Ni**

3

S Ni satellite

2

5

15

Ty

T T T T T T T T T T T T T
885 880 875 870 865 860 855 850
Binding energy (eV)

Figure S4. Ni 2p XP spectra in Au-NiO/STO-SCO (HT) (The assignment has been done

considering the references !?).
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Figure SS. a. Au 4f XP spectra in Au-STO-SCO (HT). b. Au 4f XP spectra in Au-NiO/STO-
SCO (HT) (Assignment performed considering ref. °).



Table S3. Experimental (XPS-based) and theoretical composition of the species in case of Au-
STO-SCO (HT)

Species Experimental atomic = Theoretical atomic composition
Au-STO-SCO (HT) composition (at %) in the bulk (mol %)
Sr 16.59 15.99
Ti 16.39 16.40
3.01
0] 52.2 64.46

Table S4. Experimental (XPS-based) and theoretical composition of the species in case of Au-
NiO/STO-SCO (HT)

Species Experimental atomic Theoretical atomic
Au-NiQ/STO-SCO (HT) composition (at %) composition in the bulk
(mol %)
0.14
0.18
Sr 16.73 17.75
Ti 16.09 18.42
3.19

0] 51.66 60.31




Section 4: SEM
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Figure S7. SEM image of STO (Iolitec).
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Figure S8. SEM image of NiO/STO.
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Figure S9. SEM image of Au-STO.
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Figure S11. SEM image of STO-SCO (SM).
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Figure S12. SEM image of Au-SCO.




Section 5: STEM

SrTiO3

Figure S13. HAADF-STEM images (left column) and corresponding ABF-STEM images
(right column) of Au-NiO/STO-SCO (HT) showing a magnification series of a NiO particle

(marked by orange frame) adhering to a SrTiOs (blue) particle surface. Gold particles have been
marked in yellow.



Figure S14. HAADF-STEM image (a) of Au-NiO/STO-SCO (HT) and EDX spectra (b) from
marked regions in (a) showing the presence of Ni and O in region 022 whereas Sr and Ti are
not present there. The spectra have been scaled to matching Cu-Kf intensities for better visual
clarity.

Figure S15. HAADF-STEM image of Au-NiO/STO-SCO (HT) (a), HAADF images overlaid
with elemental maps (b) and the single elemental maps of Ni (c), Sr (d), and Au (e). The two
assumed NiO particles are marked by arrow, as they are barely noticeable due to low x-ray
count numbers.
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Figure S16. HAADF-STEM image of Au-NiO/STO-SCO (HT) (a), HAADF images overlaid
with elemental maps (b) and the single elemental maps of Ti (¢), and Sr (d). Differences (arrow)
in Ti and Sr maps indicate local variations of composition.
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Figure S17. HAADF-STEM image (a) of Au-NiO/STO-SCO (HT) and EDX spectra (b) from
marked regions in (a) showing the compositional variation in the ratio of Ti and Sr.
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Figure S18. HAADF-STEM images (a, ¢), ABF-STEM image (b) of Au-NiO/STO-SCO (HT),

and EDX spectra (b) from marked regions in (c) providing the assignment of the smaller grains

to be SrTiO3 (green), the more intense particles (blue) to be Au and the large particle to be
SrCOs3 (red).
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Section 6: Textural properties of the samples

E 120 1.0 9 —@— Adsorption
:” 1£00] ‘J‘é —@— Desorption
'm 1 OO _"’go.ow |
ME 1 éo.oosf ‘ STO-SCO(HT)
8 80 13 0,000 Niolsf;;;éiSkFrj"'
g 60 N ° " Porez?‘adiusg(()nm) 0 .
S 401
o] ]
o STO-SCO (HT)
2 20+
o) _
v
©T 0- .
3 _NiO/STO-SCO (HT)

00 02 04 06 08 10
Relative pressure (P/P,)

Figure S19. Nitrogen adsorption/desorption isotherms in association with the pore size
distribution (inset) in case of the STO-SCO (HT) and NiO/STO-SCO (HT) supports.
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Figure S20. Nitrogen adsorption/desorption isotherms in association with the pore size
distribution (inset) in case of the STO and NiO/STO supports.



Section 7: Optical properties of the samples

STO

] NiO/STO
— Au-STO
— Au-NiO/STO

Absorbance (a.u.)

200 300 400 500 600 700 800
A (nm)

Figure S21. The UV-Vis spectra of the reference sample series.
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Figure S22. Serial In situ EPR measurements (a. STO-SCO (HT), b. NiO/STO-SCO (HT), c.
Au-STO-SCO (HT), d. Au-NiO/STO-SCO (HT)).

Table S5. Comparative analysis of the literature data and the identified species in association
with the g values in the EPR spectra

Species Signal Ref 1 Ref 2 Ref3  Ref4 Our
work
OV trapped e Isotropic g1=g>=g3=2.003  2.005°  2.004 2.0047 2.004
4 6
Ti* Anisotropic 21=1.975 - - - 1.978
0=1.975

g=1.951 (Ti*

rutile) > %




Section 9: In situ DRIFTS
During the DRIFTS interpretation the following principles were applied: (i) the

assignment was done considering the simultaneous change of the vibrational features, (ii) both
raw and difference spectra were considered. At the same it worths to mention that the previous
principle regarding to the simultaneous assignment was not always possible since some groups
may not feature symmetrical and asymmetrical band due to the selection rules, or one band may
be covered by another band.

STO-SCO (HT), NiO/STO-SCO (HT), Au-STO-SCO (HT). According to Figure
S23- S28 and Table S6, carboxylates ?, and monodentate bicarbonates ' were identified in the
DRIFT spectra collected while using STO-SCO (HT), NiO/STO-SCO (HT) or Au-STO-SCO
(HT). Additionally, in the spectra of Au-STO-SCO (HT) the band at 1311 cm™! can be attributed
to bidentate carbonates '°. While the disturbance signal can be observed at 1410 cm™ for
NiO/STO-SCO (HT) (Figure S26), in the case of STO-SCO (HT) (Figure S24) it can be
identified at 1575 cm™!, which can be assigned to the interference of IR beam with the visible

light, even though the visible irradiation was performed at a very lowest intensity.

Table S6. Systematic approach for the assignment of vibrational bands (by specifying the
wavenumbers, at cm™') in the dark

Species Au-NiO/STO- Au-STO-SCO NiO/STO- STO-SCO (HT)
SCO (HT) (HT) SCO (HT)

Linearly 1270 1° -- 1281 1° 1281 1

adsorbed CO>

Monodentate 1586 '° -- 1582 10 158210

carbonate

Monodentate 1221 +1624 '° 1221 +1624 1° 1221+1687 10 1221+1682 1°

bicarbonates

Bidentate -- 131110 -- -

carbonate

Carboxylates 1350 +1624° 1350+1624 ° 1334+1644 ° 1334+1646 °

Au-NiO/STO-SCO (HT). The group of features at 1221 cm™ were identified not only
in the DRIFT spectra of Au-NiO/STO-SCO (Figure 5, Table S7), but in all DRIFT spectra
(Figures S23 — S28), which can be assigned to the bending vibrational mode of COH (6(COH))
from mono- and bidentate bicarbonate species '°. Considering its relatively low stability

(instantaneous desorption when no CO; is present), it is highly probable that this feature is



associated with a monodentate bicarbonate species in our case. Interestingly in the case of both
Au-STO-SCO (HT) and Au-NiO/STO-SCO (HT), considerable decrease in the intensity of the
feature at 1221 cm™! was observed under irradiation by light in the visible range (500-700 nm)
(in comparison to the irradiation via A: 320-500 nm), which may indicate the visible light
activity of Au-NiO/STO-SCO (HT), and implicitly the modification of the mechanism under
visible irradiation.

Furthermore, the features at 1624 and 1350 cm™ can be ascribed to the asymmetrical
OCO (vas (OCO)) and symmetrical CO stretching vibration (vs (CO)) of the surface carboxylates
? in the case of Au-NiO/STO-SCO (HT) (Figure 5) and Au-STO-SCO (HT) (Figure S27 — S28).
On the other hand, the feature 1624 cm™ may also be assigned to the asymmetric CO stretching
from strongly bound bidentate bicarbonates (vas(CO)) !, however considering the previous
reasoning related to the instantaneous disappearance of the band 1221 cm™ in the absence of
COy (which indicated the formation of monodentate bicarbonates), the assignment related to
the formation of (stable) bidentate bicarbonate has not been further supported.

Finally, while the feature at 1586 cm™ can be assigned to the asymmetric OCO
stretching mode (vas(OCO)) 2 from bidentate carbonates, the relatively low intensity feature at
1270 cm™! designates the linearly adsorbed CO in the DRIFT spectra related to Au-NiO/STO-
SCO (HT) (Figure 5).

Under irradiation negative bands were identified at 1435, 1400 and 1390 cm™ in the
case of all studied samples (Figures S24, S26, S28), which can be directly assigned to the
structural carbonates or spectator carbonate species present in the beginning of the
measurement. Moreover, in the case of Au-NiO/STO-SCO (HT) two additional negative
features were identified, at 1550 and 1515 cm™ (Figure 5). These structural carbonates or
spectator carbonate species can participate in the formation of (presumably) structurally very
different species. These newly formed species can be identified only in the presence of CO-,
and they completely disappear when CO; is removed. The potential assignment of the
previously mentioned features is the following: vas(OCO) at 1550 cm™ 13, v((OCO) at 1390 and
1435 ecm! % 1317 from bicarbonate species, respectively vas(OCO) at 1515 cm™ !, v4(COs) at
1435 13, vy(OCO) at 1400 cm™ ' from monodentate carbonate.

It should be highlighted, that under visible light irradiation (400-700 nm) the only
observable signals can be identified at 1414 and 1560 cm™' in Table S9. These can be associated
with the characteristic vibrational modes, i.e., vas(COH) at 1414 cm™! 1% 1%; v,((OCO) ! at 1560

cm! 1%, of bidentate carbonates. Furthermore, the previously formed bicarbonates (i.e., at 1221



and 1624 cm™!, under A= 320-400 nm) cannot be identified in the spectra recorded under A=400-

700 nm, which indicates their visible light-induced transformation.
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Figure S23. CO> adsorption over STO-SCO (HT).
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Figure S24. CO; adsorption over STO-SCO (HT) under irradiation.
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Figure S25. CO; adsorption over NiO/STO-SCO (HT).
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Figure S26. CO; adsorption over NiO/STO-SCO (HT) under irradiation.
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Figure S27. CO; adsorption over Au-STO-SCO (HT).
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Figure S28. CO> adsorption over Au-STO-SCO (HT) under irradiation.



Table S7. Systematic approach for the assignment of vibrational bands during CO>

adsorption over Au-NiO/STO-SCO (HT).

Species In the dark Under irradiation
A: 320-500 nm A: 500-700 nm
Linearly adsorbed 1270 1270 1270
CO;
Monodentate 1221 +1624 1° 1221 Disappeared,
bicarbonates +1375+1624 visible light induced
transformation of
monodentate bicarbonates

Bidentate carbonate 1586 1560+1309 1560 +1414

Carboxylates 1350+1624 ° -- --

Spectator carbonate --

species

1550, 1515,1435,
1400,1390

1550, 1515,1435,
1400,1390

Table S8. Systematic approach for the assignment of vibrational bands under irradiation 320-

500 nm
Species Au- Au-STO-SCO NiO/STO-SCO STO-SCO
NiO/STO- (HT) (HT) (HT)
SCO (HT)
Linearly adsorbed -- -- 1282 1280
CO2
Monodentate -- - 1582 10 1582 cm-1 10
carbonate
Monodentate 1221+1624 1221 +1624 10 1221 +1689
bicarbonates +1375 10 +1370'°
Bidentate -- -- 1221 +1689 1° 1221 +1685 1°
bicarbonate
Bidentate 1309+1560 1314 1° -- 1364 1
carbonate 10
Carboxylates 1350+1624 ° 1334+1650 ° 1332+1645
Spectator 1550, -- -- --

carbonate species 1515,1435,
1400,1390




Table S9. Systematic approach for the assignment of vibrational bands under irradiation from
the visible range (500-700 nm)

Species Au- Au-STO-SCO NiO/STO-SCO STO-SCO
NiO/STO- (HT) (HT) (HT)
SCO (HT)
Linearly adsorbed 1270 -- 1282 1280
COy
Monodentate —-- 1580 10 1582 10
carbonate
Monodentate Disappeared, 1221 +1624 '° 1221 +1687 1221 +1685'°
bicarbonates visible-light +1370 10
induced
transformation
of
monodentate
bicarbonates
Bidentate -- -- 1221 +1689 1221 +1685 1°
bicarbonate +1370 10
Bidentate 1560+1414 1314 1° -- 1364 ¥
carbonate
Carboxylates -- 1350+1624 1334 +1650° 1332+1645
+1256°
Spectator 1550,
carbonate species  1515,1435,

1400,1390




Section 10: CO: reduction experiments
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Figure S29: Concentration of CH4 and C2He formed over STO-SCO (HT) during batch
cleaning (BC) and CO> reduction (COared).
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Figure S30. Concentration of CH4 and C2Hs formed over NiO/STO-SCO (HT) during batch
cleaning (BC) and CO> reduction (COared).
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Figure S31. Concentration of CHs, C2Hs and H> formed over Au-STO-SCO (HT) during
batch cleaning (BC) and CO; reduction (COzred).
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Figure S32. Concentration of CHs, C2Hg and H> formed over Au-NiO/STO-SCO (HT) during
batch cleaning (BC) and CO; reduction (COored).
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Figure S33. Concentration of CH4 and C>Hg formed over STO during batch cleaning (BC)
and CO; reduction (COzred).
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Figure S34. Concentration of CH4 and C2Hs formed over NiO/STO during batch cleaning
(BC) and CO2 reduction (COzred).
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Figure S35. Concentration of CH4 and C2He formed over Au-STO during batch cleaning (BC)
and CO; reduction (COored).
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Figure S36. Concentration of CH4 and C,Hg formed over Au-NiO/STO during batch cleaning
(BC) and CO; reduction (COzred).



Section 11: The determination of the conduction and valence band edges of the

components

Component 1. STO

The Mott-Schottky measurement of STO was performed using a Zennium three-
electrode setup (Zahner, Germany). The reference electrode was Ag/AgCl (3 M NaCl), the
counter electrode was a Pt wire. The working electrode was prepared by the well-known coating
method. First, the mixture of 20 mg catalyst, 900 pl isopropanol and 100 pL nafion was
undertaken ultrasonication for 10 minutes. Second, the as prepared dispersion was dropped and
dried on a conductive glass (FTO, with an active surface 1.5x1.5 cm?). The electrolyte was 0.5

M aqueous solution of NaxSOs.
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Figure S37. Mott-Schottky plot of STO.

The flat band potential of SrTiO3 was experimental determined from Mott-Schottky plot (Ers
=-1.21 V vs Ag/AgCl at pH=7). To calculate the potential value against the normal hydrogen
electrode (NHE), Equation (1) was used with Egg Jagal = 0.21V 202!

Erg(sto) = Eag/agal + Efg/agci =-1.2140.21 =-1.00 V vs NHE (pH=7) (1)



The experimentally determined flatband potential for STO is in concordance with the values

reported by Wang and coworkers 22.

Furthermore, the CB edge of SrTiOs is then calculated as given in Equation (2):

Ecesto = Ersto — 0.1 = —1.10 Vvs NHE (pH =7) (2)
The VB edge of STO is then calculated by Equation (3) with AE;=3.2 eV.

EVB,STO = EVB,STO + AEg' =-1.10 + 3.2 =2.1Vvs NHE (pH =7) (3)

Component 2. NiO

The flatband position of NiO was reported in the literature, and it is equal to 0.30 V vs NHE at
pH = 7 2. Furthermore, the experimentally determined value for the valence band edge of NiO
was 0.37 V vs. NHE at pH=7%. Considering the band gap value of NiO from the literature (i.e.,
3.4 eV %), it can be concluded that the position of CB edge of NiO is located at -3.03 V vs.
NHE atpH =7.

Component 3. SCO

The CB and VB edges of SrCO3 were taken from the values reported in the literature based on

experimental findings »°.
Ec,sicos =-0.97 V vs SCE
Evs, srco3 =3.93 V vs SCE

To calculate the potential value against the normal hydrogen electrode, Equation (1) was

applied.
Elqlg/ngclz = 0.334Vin 0.1 M KC] 2%-2!
Ecpsrcos = —0.97 + 0.334 = —0.636 V vs NHE (pH = 7)

Evp.srcos = 3.93 + 0.334 = 4.264 V vs NHE (pH = 7)

With this information the VB and CB edge positions of the materials before contacting them

are plotted in Figure S38.



=7)

SITiO, NiO
_ 34ev

Potential (V vs. NHE, pH
o
[

Figure S38. Overview of the band edge positions of the components.



Section 12: Charge transfer mechanisms

Before contact
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Figure S39. Scheme of charge transfer in case of SrTiO3-SrCOs by neglecting the formation
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Figure S40. Charge transfer mechanism in case of NiO/SrTiO3 (The electronic data was taken

from 7).
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Section 13: DFT calculations

Density states of bulk SrTiO3 and SrCO3

At first, density of states of bulk SrTiO3 and SrCOs are calculated and compared with references
2939 The band gap of bulk SrTiOs calculated with DFT method is 1.78 eV (Fig. S42), which is
much underestimated compared with experiment value (3.75 eV ?°). To overcome this problem,
the Hubbard interaction corrected DFT+U formalism was used. Based on Ahmed’s work %,
DFT+U method with U = 14.5 eV in Ti-3d orbital resulted in band gap of 3.72 eV for SrTiOs3,
which is closely matched with the experimental value. Thus, all calculations including Ti used
U = 14.5 eV to obtain reasonable results. The density of states of orthorhombic SrCOs3 bulk are
shown in Fig. S43. The DFT calculated band gap of 4.42 eV is consistent with the reference
value (4.45 eV) *°.
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Figure S42. Total density of states (TDOS) and its projection onto O, Sr and Ti atoms of
cubic SrTiO3 bulk; (a) using DFT; and (b) using DFT+U method.
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Figure S43. Total density of states (TDOS) and its projection onto O, Sr, and C atoms of
orthorhombic SrCOs3 bulk using DFT.
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Figure S44. Model of SrO-terminated SrTiO3(110) (a) and TDOS (b); Model of C doped
SrO-terminated SrTiO3(111) (¢) and TDOS (d).
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Fig.S45. Model of TiO-terminated SrTiO3(110) (a) and TDOS (b); C doped TiO-terminated
SrTiO3(111) (¢) and TDOS (d).
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Figure S46. Model of SrCO;(111) (a) and TDOS (b); model of C doped SrCO3(111) (c) and
TDOS (d).
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