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Materials. All reagents were used as received without further purification. Titanium tetrachloride
(TiCly), ethylene glycol (EG), silver nitrate (AgNOs3) and sodium sulfate (Na,SO,4) were purchased
from Shanghai Aladdin Bio-Chem Technology Co., LTD. Ammonia solution (28-30 wt%) and
ethanol were purchased from Chengdu Kelong Chemical Co., Ltd.

Preparation of TiO, nanoparticles. 1 mL TiCl; and 30 mL EG were mixed and stirred for 30
minutes. Then, 1 mL water was added to the mixed solution and stirred for 10 minutes.
Subsequently, the mixed solution was transferred to a 50 mL Teflon lined autoclave and placed in
a 150 °C oven for 24 h. The hydrothermal products were washed several times and dried overnight
at 60 °C. The obtained hydrothermal products were heated to 500 °C and maintained for 6 h.
Materials characterization. To characterize the crystal structures of samples, PANalytical X pert
diffractometer (Cu Ko radiation, A = 1.5418 A) was used to record the X-ray diffraction (XRD)
data. UV-vis spectroscopy (Shimadzu UV-3600) was used to survey the optical properties of
samples with BaSO, being the reflection sample. The valence states and the composition of
photocatalysts were investigated by X-ray photoelectron spectroscopy (XPS, Thermo Fisher
Scientific ESCALAB250Xi). Thermo Fisher Scientific Talos F200S transmission electron
microscopy (TEM) operated at 200 kV was carried out to investigate the microstructure and
morphology of samples. Quadrasorb 2MP full-automatic specific surface aperture analyzer was
used to measure the nitrogen adsorption/desorption isotherms. Brunner-Emmet-Teller (BET)
method was carried out to get the specific surface area and pore size distribution. Time-resolved
photoluminescence spectra were recorded on Fluorescence spectrometer (FLS1000) and the
excitation wavelength was 275 nm. Photoluminescence spectra (PL) were obtained by a steady
state fluorescence spectrometer (Shimadzu RF-6000) at room temperature. CO temperature-
programmed desorption (TPD) experiments were carried out under a N, atmosphere in a quartz
micro-reactor. The sample (100 mg) was pre-treated in a flow of N, (50 mL min™') at 80 °C, and
then cooled to room temperature with N,. The 1% CO gas (50 mL min™') was then introduced
with N, (50 mL min™") to adsorb CO for 30 min. Then, the sample was purged with N, until the
baseline becomes stable. The sample was heated to 550 °C. The CO signal was monitored over
Thermo Scientific spectrometer (Nicolet iS10, Thermo Corp). Electron paramagnetic resonance
(EPR) spectroscopy spectra were measured on Chinainstru&Quantumtech (Hefei) EPR200-Plus

with continues-wave X band frequency.



Aberration corrected-HAADF-STEM. AC-HAADF-STEM and energy-dispersive X-ray
spectroscopy (EDS) experiments were performed on a Titan Themis G2 transmission electron
microscope operated at 300 kV, equipped with a probe spherical aberration corrector. Before the
characterization, the sample was ultrasonically dispersed in ethanol for 30 min, and then 40 M of
suspension was dropped on a copper TEM grid coated with a thin holey carbon film and dried at
60 °C.

XAFS measurements. X-ray absorption fine structure spectra (Ag K-edge) were collected at
beamline BL44B2 at the SPring-8 synchrotron in Japan. The storage ring of SPring-8 was
operated at 8.0 GeV with a maximum current of 250 mA. Using Si (111) double-crystal
monochromatic, data collection was carried out in transmission mode using ionization chamber.
All spectra were collected in ambient condition. The acquired EXAFS data was processed
according to the standard procedures using the ATHENA module implemented in the IFEFFIT
software packages'. The k3-weighted EXAFS spectra were obtained by subtracting the post-edge
background from the overall absorption and then normalized with respect to the edge-jump step.
Subsequently, k3-weighted y(k) data of Ag K-edge was Fourier transformed to real (R) space
using a hanging window (dk = 1.0 A-') to separate the EXAFS contributions from different
coordination shells. To obtain the quantitative structural parameters around central atoms, least-
squares curve parameter fitting was performed using the ARTEMIS module of IFEFFIT software
packages® 3.

DRIFTS for CO adsorption. CO adsorption was collected on a Shimadzu IRTracer-100 with
HARRICK diffuse reflection accessory and an in situ high temperature reaction chamber. The
reaction chamber was swept with Ar (30 mL/min) at 300 K for 30 minutes after loading the
samples and then measured to record background spectra. Then, the samples were exposed to CO
(1% CO in Ar) for 60 min until saturation. Next, the reaction chamber was swept with Ar for 20
min to remove the CO in the gas phase. The final spectra were obtained with the background
spectra removed.

In situ DRIFTS for CO, photoreduction. The reaction chamber was swept with Ar (30 mL/min)
for 30 min after loading the samples and then heated to 500 K and maintained for 30 min. After
cooling to 298 K, the background spectrum was recorded. Subsequently, the CO, (10 mL/min)

saturated by water vapor was fed into the reaction chamber and continuous spectral recording was
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performed. After 10 minutes of feeding, the gas valve was closed and adsorbed under closed
conditions for 20 minutes to continue recording the spectra. At the end of adsorption, the spectra
were recorded for another 30 min under the illumination of a 300 W Xe lamp.

Measurement details of ultraviolet-visible diffuse reflection spectra (UV—vis DRS), time-
resolved photoluminescence spectra (TRPL) and steady-state photoluminescence spectra
(PL). In order to avoid the influence of oxygen, the measurements of ultraviolet-visible diffuse
reflection spectra (UV—vis DRS), time-resolved photoluminescence spectra (TRPL) and steady-
state photoluminescence spectra (PL) were performed by a quasi in situ method in a sealed
deoxygenated screw-top cuvette. Firstly, 2 mg catalyst powder was uniformly dispersed in 1 mL
ultrapure water by ultrasonic. Then, 100 pL resultant suspensions were injected into a screw-top
cuvette (Supplementary Fig. S28a) and dried in oven at 60 °C. After drying, the sample adhered to
the inner wall of the screw-top cuvette. Subsequently, the screw-top cuvette was covered by a
screw cap, and the oxygen was removed using a vacuum pump and argon gas for multiple cycles.
Finally, such obtained screw-top cuvette was placed on the sample stage in PL, TRPL and UV-vis
DRS spectroscopy to perform corresponding characterization of the resting-state Ag/TiO,
(Supplementary Fig. S28b). The screw-top cuvette (Supplementary Fig. S28c) that was
illuminated for 20 min was characterized to investigate the active-state Ag/TiO,. In addition, the
excitation and emission wavelengths of TRPL tests are 275 and 465 nm, respectively.
Photoelectrochemical measurement. First, 5 mg catalyst powder was uniformly dispersed in 950
puL ethanol and 50 pL nafion by ultrasonic treatment. Subsequently, 10 puL resulting suspension
was dropped onto the glassy carbon electrode and dried naturally. Afterward, Zahner CIMPS-2
electrochemical workstation was used to record electrochemical impedance spectroscopy (EIS),
photocurrent and Mott-Schottky plots. A standard three-electrode system was used with 0.5 M
Na,SO, as the electrolyte. The working electrode, counter electrode, and reference electrode were
glassy carbon electrode with catalyst, Pt foil, and Ag/AgCl, respectively. The electrolytic cell was
sealed before test, and argon gas was passed through the electrolytic cell continuously for 30 min
to remove oxygen, ensuring that the test was carried out in the absence of oxygen.

Quasi in situ XPS. Quasi in situ XPS measurements were performed on Thermo Fisher Scientific
ESCALAB 250Xi. The instrument contains an analysis chamber, an in situ reaction chamber and a

preparation chamber. Vacuum degree of analysis chamber was 5x10-'© mbar. Optimal energy
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resolution and minimum spatial resolution of detector were 0.43 eV and 1 pm, respectively.
Ag/TiO, XPS spectra were recorded under light irradiation.
Detailed procedures of quasi in situ AC-HAADF-STEM. Firstly, the sample was placed into a
transparent and sealed container. Then, the container was swept by Ar for 30 min to remove the
air and afterward was illuminated for 30 min to get Ag/TiO, transformed into active state.
Immediately, the resultant active-state sample was transferred to the chamber of aberration
corrected transmission electron microscopy. This transfer process was done as fast as possible to
ensure the sample was maintained at the active state. Specifically, only ~2 min was spent (see the
supplemented video of the process), which is far shorter than the bleaching time (~0.5 h).
Subsequently, the active state of Ag/TiO, was characterized.
Calculation details. All calculations were performed with the density functional theory (DFT)
implemented in the Vienna Ab initio Simulation Package.* 5 The ion-electron interaction is
described by the projector augmented wave potentials.® Spin polarized Perdew-Burke-Ernzerhof
functional of the generalized gradient approximation was employed to treat the exchange
correlation between electrons’. According to the testing results (Fig. S29), a plane-wave expansion
energy cutoff of 500 eV was adopted, which is sufficient for accurate results.® ® The D3 method
with Becke-Johnson damping function was utilized to improve the description of van der Waals
interactions. The effective parameter for Coulomb interaction correction of Ti atom was set to be
6.8 eV, which has been evaluated by comparing the band gap between the theoretical (3.16 eV)
and experimental (3.23 eV) value for anatase bulk TiO,.!9 According to the testing calculations of
the slab thickness, i.e. the number of O-Ti-O layer (Fig. S30), the TiO, (101) surface was modeled
using a slab consisting of two O-Ti-O layers, which is sufficient for accurate results, and a (2 x 3)
supercell was used. A vacuum slab of 20 A thickness along the ¢ direction was applied to separate
the interactions between neighboring images. Dipole corrections were applied throughout the
calculations.” The I'-centered k-point sampling grid of 3 x 3 x 1 and 5 x 5 x 1 were employed for
geometry relaxation and electronic structural calculations, respectively. The convergence
standards for energy and residual force were set to be 105 eV and 0.02 eV/A, respectively.

To simulate electronic excitation from the resting state to the active state, the occupation-
constrained DFT calculations were carried out,!' in which one electron was placed from the

highest occupied band to the lowest unoccupied band. The whole procedures are shown in Fig.
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S31. In Step I (from point A to point B), the structure at the ground state was firstly optimized to
obtain the total number of electrons (point A), and then, one electron was placed from the highest
occupied band to the lowest unoccupied band to obtain the electronic structure of excited state
(point B). In Step II (from point B to point C), the structure at the excited state was relaxed (i.e.,
keep the electronic structure of excited state) to obtain the approximate structure at the excited
state (point C). This approach has been used to study the phase change in Ge-Sb-Te alloys!? and
has been verified by time-dependent DFT molecular dynamic simulations.' It is found that Ag
atoms can modify the local structure of Ag/TiO, during the dynamic photochromic process. Such
structural modifications are similar to the structural variations induced by electron excitation.!!- 13

To evaluate the availability of protons during the CO, photoreduction, H,O dissociation was
investigated by using the climbing image nudged elastic band method.'#

The adsorption energies were calculated as

FEags = Evoral — Estab - Ex (1
Ea and Eg,, Ey are calculated energies of surface with and without X adsorbed. Ey is the total
energy of total energies of gas-phase species.

For CO,; photoreduction, the associated free energy change (AG) of each step was determined
according to a computational hydrogen electrode model proposed by Nerskov et al.,'> and was
calculated by
AG = AE + AZPE - TAS 2)
AE, AZPE and AS are total energy, zero-point energy and entropy change relative to the initial
state, respectively. ZPE was calculated from the vibrational frequencies, which were obtained by
considering the adsorption species and the surface atoms that provide corresponding adsorption
sites according to previous studies.'®!8 The entropy was taken from the NIST-JANAF
thermodynamics table for gaseous molecules.!® Temperature (7) was set to be 298.15 K. This
method is well-accepted in the photocatalytic CO, reduction community.?0-28

As water is crucial for reactions with multiple proton-coupling-electron-transfer steps,
explicit water solvation is considered by using a 4-layer H,O (Fig. S32), which is sufficient to
justify the results.?%3% In addition, the effect of protons on CO, and reaction intermediates is also
investigated. As shown in Fig. S33, on both surfaces, the presence of water layers enhances CO,

adsorption, while the addition of a proton slightly weakens the adsorption, similar to previous
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studies.®>-3® As for the other reaction intermediates, it is found that the addition of a proton
remarkably enhances the bonding strengths of the electron withdrawing groups (Fig. S24), such as
*O and *OH. This may be because extra H atoms in the water layer can be spontaneously
separated into solvated protons and excess electrons on the surface.3% 40 The resultant excess

electrons can promote charge transfer to these intermediates, thus strengthening their adsorption.
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Supplementary Fig. S1. (a) XRD patterns of Ag/TiO, with different amounts of Ag mass
loadings. TEM images of (b) TiO, and (c¢) Ag/TiO, (0.23 wt.%).
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Supplementary Fig. S2. (a) HRTEM image of Ag/TiO; (0.23 wt.%). (b) X—y line scan profile of
Ag/Ti0; (0.23 wt.%), measured from the rectangular region in Fig. 2a.
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Supplementary Fig. S4. (a) HAADF-STEM and (b-d) energy dispersive X-ray spectroscopy
(EDS) elemental mapping images of Ag/TiO, (0.23 wt.%).
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Supplementary Fig. S5. (a) EXAFS R space fitting curves of Ag/TiO,. (b) EXAFS k space
curves of Ag,0, Ag and Ag/TiO;. (¢) The Ag K-edge XANES first-order differential of Ag,O, Ag
and Ag/Ti0,. (d) Wavelet transform of Ag foil.
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a point. (i) A photograph of the test system for photocatalytic CO, reduction.
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Supplementary Fig. S14. Characterization of Ag/TiO; after cycle reactions: (a) XRD patterns, (b)
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Supplementary Fig. S15. Characterization of Ag/TiO, that was soaked in 5 umol (5 mM) H,0,
solution for 2 h: (a) XRD patterns, (b) HAADF-STEM image, (c-e¢) EDS mapping and (f) AC-
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Supplementary Fig. S18. (a) CO-DRIFTS of TiO, and Ag/TiO,. (b) Charge density difference of
CO adsorption at the Ti site on Ag/TiO,. Optimized adsorption configurations and the adsorption
energy (E,q) of CO, at the (c-d) Ag and (e) Ti site on Ag/TiO,(101), respectively. Optimized
adsorption configurations and desorption energy (Eqs) of CHy at the (f) Ag and (g) Ti site on
Ag/TiOy(101), respectively. E,q is calculated as E,q = Ex/sut — Esut — Ex, in which Exyg,r and Egy¢
are the total energies of the surface with and without an X (X = CO, and CHy) adsorbed and E(X)
is the total energy of an isolated X. Eg4 is calculated to be Eges = Equr + Ex — Exysurr 11 Situ
DRIFTS co-adsorption of a mixture of CO, and H,O vapor on (h) TiO, and (i) Ag/TiO,. In situ
DRIFTS for adsorption of D,O vapor on (j) TiO, and (k) Ag/TiO,. (I) Charge density difference
of H,O adsorption at the Ag site on Ag/TiO,. The yellow and cyan color represents electron
accumulation and depletion, respectively. The isosurface value is 2.5 x 1073 ¢ A=3. The blue, red

and purple balls represent Ti, O and Ag atoms, respectively.
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Ti-sitel Eog=-1.26 eV Ti-site2  Euge =-1.256V

Ag-sitel  Eng=-0.91eV Ag-site2  Eqg =-0.49eV

Supplementary Fig. S19. Possible inequivalent adsorption structures before (left panel) and after
(right panel) relaxation as well as the corresponding adsorption energies of H,O on Ag/TiO,. The

blue, red, purple and white balls represent Ti, O, Ag and H atoms, respectively.
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Ti-site  E,q =-1.26V

Supplementary Fig. S20. Adsorption structure before (left panel) and after (right panel)
relaxation as well as the adsorption energy of H,O on TiO,. The blue, red and white balls

represent Ti, O and H atoms, respectively.
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Supplementary Fig. S21. Potential energy surfaces of H,O splitting on (a) TiO, and (¢) Ag/ TiO,.
Corresponding structures at each state on (b) TiO, and (d) Ag/TiO,. The blue, red, purple and

white balls represent Ti, O, Ag and H atoms, respectively.
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Supplementary Fig. S22. Potential energy surfaces of H,O splitting on (a) TiO, and (b) Ag/TiO,
with optimized configuration at each state when *COOH is adsorbed nearby. Potential energy
surfaces of H,O splitting on (¢) TiO, and (d) Ag/TiO, with optimized configuration at each state

when *OH is adsorbed nearby. The blue, red, purple and white balls represent Ti, O, Ag and H

atoms, respectively.
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Supplementary Fig. S23. The optimized adsorption structure of CO, reduction to CH4 on (a)TiO,
and (b) Ag/TiO,. The blue, red, purple, brown and white balls represent Ti, O, Ag, C and H atoms,

respectively.
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Supplementary Fig. S24. (a) Side views of protonated water layer structure on TiO,(101). The
blue, red, white and black balls represent Ti, O, H and the extra proton, respectively. Free energy

diagrams of photocatalytic CO, methanation on (b) TiO, and (¢) Ag/TiO, with and without an

extra proton in the water layers.
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Supplementary Fig. S25. Optimized adsorption configurations and desorption energy (Eges) of
*OH to form an *OH from (a) TiO,(101) and (b) Ag/TiO,(101) as well as Ag/TiO,(101) with a (c)
*CO or (d) *COOH adsorbed at the Ag site. Eqe is calculated to be Eges = Egur + E.on — Exonsurt:
E«onssurr and Egy,r are the total energies of the surface with and without an *OH adsorbed and E.qon
is the total energy of an isolated *OH. (e) The energy profiles for *OH desorption from
Ag/TiO,(101) via the path of *OH + «OH — *H,0, — * + H,0, with optimized structures at each
state. The gray, red and blue lines indicate the process on pristine Ag/TiO,(101) and that on
Ag/TiO,(101) with an adjacent *CO or *COOH, respectively. The blue, red, purple white and

brown balls represent Ti, O, Ag, C and H atoms, respectively.
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corresponding optimized structure (b-i) at each state on step of TiO,.
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ra
; Ti site

Supplementary Fig. S27. The adsorption configurations (left panel) and corresponding charge

density difference (right panel) of *CHO at the (a) Ti and (b) Ag site. The yellow and cyan color
represents electron accumulation and depletion, respectively. The isosurface value is 2.5 x 107 ¢

A73. The blue, red, purple and white balls represent Ti, O, Ag and H atoms, respectively.
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Blank

Ag/TiO,-after light Ag/TiO,-0, bleaching

Supplementary Fig. S28. (a) The empty screw-top cuvette. The screw-top cuvette containing

sample (b) before irradiation, (¢) after irradiation and (d) after O, bleaching.
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Supplementary Fig. S29. Testing calculations about cutoff energy: the adsorption energies of CO

on TiO,(101) and Ag/TiO,(101).
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Supplementary Fig. S30.Testing calculations about the number of O-Ti-O layer used in the

systems: the adsorption energies of CO on TiO,(101) and Ag/TiO,(101).
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Supplementary Fig. S31. Procedures of calculating electron excitation via occupation-

constrained DFT.

38



b ---»dhwater layer <10
P Q@ P q ‘ :’ E
' ST T rd
I e P ¢ » 3 water layer > .08}
; ; E -0.664 -0.661
Q_’p P -9 p g & 'oo»2nd water layer uc) o6k
:_ ¢ ¢ o8 d :_ ----- »1st water layer _5
a -04r
o 3
@
%GK ﬁ& P 8 0.2}
N /S © ~
f ‘,Ljf p % 8 0.0
- . . .
Gm &0 3 4
d ~ ~

Number of water layer in TiO,
Supplementary Fig. S32. Testing calculations about the number of water layers in the simulation
of explicit water solvation. (a) Side views of water layer structure on TiO,(101). The blue, red,

white and black balls represent Ti, O, H and the extra proton, respectively. (b) Adsorption energy

of CO, on TiO,.
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Supplementary Fig. S33. Adsorption energies and configurations of CO, on TiO, (upper panels)
and Ag/TiO, (lower panels): (a, b) in the absence of water layers, (¢, d) in the presence of water
layers and (e, f) in the presence of protonated water layers. The blue, red, purple, white and black

balls represent Ti, O, Ag, H and the extra proton, respectively.
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Supplementary Table S1. The least-squares FT-EXAFS fitting quantification structural
parameters of Ag,O, Ag and Ag/TiO,.

R factor
Sample Shell aN bR (A) g2 (A2) dAE, (eV) %)
0
Ag foil Ag-Ag 12* 2.86+0.002 0.0096 0.57+0.28 0.4
Ag,O Ag-O 2% 2.06+£0.017 0.0037 5.86+1.99 0.7
Ag/TiO, Ag-O 2.1+£0.2 2.02+0.004 0.0054 8.53+1.40 1.4

4N: coordination numbers; “R: bond distance; ‘62: Debye-Waller factors; Y4E,: the inner potential
correction. R factor: the goodness of fit.
So? was set as 0.8 for Ag data, which was obtained from the experimental EXAFS fit of Ag foil,

reference by fixing coordination numbers as the known crystallographic value and was fixed to all

the samples.
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Supplementary Table S2. Pore diameter and surface area of TiO, and Ag/TiO,.

Samples Pore diameter (nm) Surface area (m? g'!)
Ag/TiO, 11.85 45.08
TiO, 11.75 57.46
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Supplementary Table S3. The photogenerated charge lifetime (7, T, and T,,.) of samples.

Samples T, (ns) T, (ns) Tove (NS)

TiO, 22164 40.5443 35.4473
Resting-state Ag/TiO, 1.7376 38.5879 32.8774
Active-state Ag/TiO, 1.2828 26.9329 15.4931
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Supplementary Table S4. Comparison of photocatalytic CO, reduction yield and CH,4 selectivity

of various noble metal supported catalysts.

Electron selectivity

Materials Product and yield (umol g! h'!) for CH, (%) Ref.
this
Ag/TiO, CO 18.4, CH, 46.0 91

work

Cu/Au/ALO5/p-GaN CO 600 0 S4141
IrQPY/CoPc CO 40 0 S4242
Co Ru/g-C5Ny CO 273 0 S4343
TiO,/AC-5-Ag C0O 0.91 0 S4434
Ag/TiO, CO 0.575 0 S4545
Au.-C-Co H, 1.539 CO 3.451, CH4 0.075 6 S46%
Au/g-C3Ny CO28.3,CH4 1.3 16 S4747
Pd/g-C3N,4 CH;0H 3.17,CH, 0.4 34 S4848
Au/Ti0,(0) CO259,CH;5.3 45 S4949
Au/CdS H,7.9,C032.2,CH4 11.3 53 S50%0
Au/g-C3Ny CO 9.729, CH4 4.8 66 S5151

1.5Ag
i . CO0.7,CH4 5.8 97 S52%2
Nanoparticles/TiO,

Pd/g-C3N,4 CO 0.46, CH420.3 99 S53%3
1.0Pt/In,O4 CO 8.6, CH,4 21.0 91 S5454
Pt,/3DOM-SrTiO; CO 4.1, CH, 26.7 96 S55%5
AWTIOW 5040 CO 2.57, CH, 35.55 98 85656
PtRu/TiO, H, 16.8, CO 2.6, CH, 38.7 89 S5757
Pd-TiO, CO 34, CH, 48 85 S58%8
Ag/TiO, CO 205, CH, 100 66 $59%
Pd Nanoparticles/TiO, CH,4 237.4 100 S6090
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Supplementary Notes 1: The carrier migration rates and migration efficiencies are calculated as
follows:®!- 62
1 1

Carrier migration rates k= Tave(modified) - 7, (bare) @)

ave

7,..(modified)
=l ——
Carrier migration efficiencies Tave(bare) 2)
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Supplementary Notes 2: Photocatalytic CO, reduction mechanism on TiO, and Ag/TiO,.

COx(g) + H,0 — 2H* + CO52 (1)
* 4+ COy(g) — *CO,, or * +2H* + CO3> — H,0 + *CO, )
* COyt+ e + H* — *COOH 3)
*COOH + H* + &~ — *CO +H,0 (4)
*CO + H* + &~ — *CHO, or *CO —CO(g) + * (5)
*CHO + H' + ¢ — *OCH, (6)
*OCH, + H' + ¢ — *OCH; 7)
*OCH; + H* + e~ —*CH, +O* (8)
*CH, + *O + H* + e — CHy(g) + *OH 9)
*OH + H* + e~ — H,0* (10)
H,0* — H,0 + * (11)
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