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1. Material Characterization.

UV-vis diffuse reflectance (DR) spectra were collected on a PerkinElmer UV Win Lab
spectrophotometer, and BaSO, was used as a reference. The crystal structure and phase
identification were characterized by X-ray diffraction (XRD, Rigaku, D/max-2500 X-ray
diffractometer) using Cu Ka radiation (A = 1.5406A). The PL and Raman spectra were
recorded with a Horiba Evolution Spectrophotometer System which under an excitation of a
325 nm and 488 nm Ar" laser. The morphology of the samples was characterized with a
transmission electron microscope (TEM, a JEM-2100 transmission electron microscope) at an
acceleration voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) experiments were
performed on a Thermo SCIENTIFIC ESCALAB 250Xi instrument with an Al Ka ADES (hv
=1486.8eV). Electron spin resonance (ESR) spectra were performed by a Bruker EMXnano
spectrometer. Spectra were recorded at 110K and acquired with a modulation frequency of
9.63 GHz, and microwave powers of 1.259 mW. O,-Temperature-programmed desorption
(TPD) measurement was performed on a Quantachrome TPRWin v3.52 instrument. 100 mg
sample was filled in an adsorption vessel. Then, the sample heated to 800 °C at a rate of
15 °C/min. The desorbed oxygen was monitored by thermal conductivity detector. 'H NMR
spectra were recorded on a Bruker AV 400 NMR spectrometer.

The procedure for measurement of ERDT according to the method developed by Ohtani
et al™ was briefly described as following: A stainless-steel sample holder was filled with
sample and set in a photoacoustic spectroscopy (PAS) cell equipped with an electret
condenser microphone and a Pylex window on the upper side. For PAS measurements, the
PAS cell was filled with nitrogen, and a light beam from a xenon lamp (Spectral Products
ASB-XE-175) with a grating monochromator (Spectral Products CM110 1/8m) modulated at
80 Hz by a light chopper (NF Corporation 5584A) was irradiated from 650 nm to 350 nm
through the cell window to detect the PAS signal using a digital lock-in amplifier (NF

Corporation L15630), and then photoacoustic (PA) spectra were recorded to a PA spectrum of
4



graphite. The conduction-band bottom, as energy from the top of the valence band (VBT), of
conduction-band bottom samples was estimated by the onset wavelength corresponding to the
bandgap of samples in units of eV. For RDB-PAS measurements, the PAS cell was filled with
methanol-saturated argon, and two light beams were introduced simultaneously using a UV
quartz combiner light guide (Moritex MWS5-1000S-UV3). One was a 625-nm light beam
from an LED modulated by a digital function generator (NF Corporation DF1906) at 80 Hz,
and the other was continuous monochromatic light from a monochromator with a wavelength
scanning from 650 nm to 350 nm with 5-nm steps. The raw spectrum obtained was
differentiated from the lower-energy side and calibrated with the reported total electron-trap

density in units of pmol g * measured by a photochemical method to obtain an ERDT pattern.

2. Catalytic Tests
2.1. Photocatalytic and photothermalcatalytic reduction of CO,

Catalytic reduction of CO, with H,O was conducted in a stainless autoclave reactor (100
mL) with a quartz window on the top. Solar light and visible light were provided by a Hayashi
LA 410 Xenon lamp (150 W). The solar light intensity was 100 mW cm™. Visible light was
acquired with a 420 nm long-pass filter with light intensity of 100 mW cm™ In the
photocatalytic test, 20 mg of catalyst was ultrasonically dispersed in 1 mL of deionized water
and placed in the reactor. Then, the autoclave was sealed, and the internal air was degassed
quickly and completely using high-purity CO, (99.999%) for 20 mins at room temperature
and atmosphere pressure. In the photothermalcatalytic test, the reactor was heated to 120 °C,
while other conditions kept the same as photocatalytic test. The gaseous mixture was
qualitatively and quantitatively analyzed using a Shimadzu 2014C GC instrument. The
isotopic experiment was carried out to check the product of CO, reduction using “*CO;

(Aldrich  Comp. 99%) as reaction gas. The experiment was performed on gas



chromatography-mass spectrometry (Agilent 6890 GC/59973MSD (EI), HP-MOLESIEVE

equipped with Micropacked column).

2.2. Catalytic degradation of gaseous acetaldehyde

The catalytic degradation was performed in 500 mL Pyrex glass vessel under solar light,
visible light and monochromatic light (blue and green), respectively. UV light and visible
light were provided by a Hayashi LA -410 Xenon lamp (150W) that the UV light intensity
was 3 mW cm™. Visible light was acquired with a 450 nm long-pass filter which light
intensity was 100 mW cm. The AQE was measured under the single pass filter with 365 nm,
400 nm, 450 nm and 500 nm, the light intensity was 1 mW cm™. The blue and green light
were acquired by LED and both the light intensity was 200 mW/cm?. In the photocatalytic test,
0.05 g of TiO, catalysts were spread over a square of 2.5 cmx2.5 cm glass sheet with 0.2 mL
deionized water and dried at 60 °C in the oven. The glass sheet was pretreated by ultrasonic
cleaning in ethanol and deionized water for several times, and irradiation under ozone-
ultraviolet for 30 min. The coated glass was put into glass vessel and then high purity air was
filled into glass vessel. 5 umol (200 ppm) of acetaldehyde gas was injected into the reactor
and dark adsorption for 30 min. The concentration of acetaldehyde and CO, were measured
on gas chromatograph (SP-2100A, BFRL Co.). In the photothermalcatalytic test, the reactor

was heated to 343 K, while other conditions were kept the same as that in photocatalytic test.

2.2.1 The equation for AQE calculation
AQE = (Nexnumber of produced molecule)/(number of incident photons) (1)
Number of incident photons = (light IntensityxA)/(Single electron energy) 2
Single electron energy = h c/A 3)
Ne X number of produced molecule= xnxNA 4

A: lightingarea  h=6.626x10>*J.s  ¢=3x10°m/s
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A: Incident wavelength (365 nm, 400 nm, 450 nm and 500 nm)

X: the number of electron transfer  n: amount of substance

3. Calculation method

All the DFT calculations were performed by Vienna Ab initio Simulation Package (VASP)
I with the projector augmented wave (PAW) method™ and the generalized gradient
approximation (GGA) of Perdew-Burke-Ernzerhof (PBE)® functional. The energy cutoff for
the plane wave basis set was set as 450 eV. The force on each atom less than 0.03 eV/ A was
adopted as convergence criterion during the geometry optimization. The self-consistent
calculations apply a convergence energy threshold of 10 eV. The supercell was constructed

by a three-layer 3X 1 TiO,(101) slab with 108 atoms and a 15 A vacuum, in order to avoid the

interaction between periodic structures. The 2x2x1 Monkhorst and Pack!”! k-point sampling

was used.

The free energies of the CO, reduction steps (CRR) were calculated by the equation:™®
AG = AEppr + AEzpgr — TAS, where AEpgt is the DFT electronic energy difference of each
step, AEzpe and AS are the correction of zero-point energy and the variation of entropy,
respectively, which are obtained by vibration analysis, T is the temperature (T = 300 K).
According to previous study,® corrections of -0.51, -0.08 and +0.13 eV have been used to
eliminate PBE error for gas-phase CO, H, and CO,, respectively.The climbing-image nudged
elastic band (CI-NEB) method implemented in VASP was used to search the saddle points

and minimum energy pathways.



4. Supplementary Figures

4.1 The Effects of SPP for TiO,(AB)
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Figure S1. (a) XRD patterns and (b) Raman spectra of TiO,(AB) treated by SPP for 0 and 2

hours.
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Figure S2. (a) N, adsorption-desorption isotherms curves of T-x; (b) the corresponding pore

size distribution plots of T-x, the insert is the larger apart.
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Figure S3. ESR spectra of T-0 h and T-2 h.
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Figure S4. XPS spectra of T-0 h and T-2 h.
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Figure S5. Other products formed in photothermal catalytic CO, conversion over T-2 h.
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Figure S6. Mass spectra of *CO obtained by the photothermal catalytic reduction of *CO,

over T-2 h.
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Figure S7. Recycling test of T-2 h catalyst via photothermal of CO, reduction.
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Figure S8. (a) XRD patterns and (b) Raman spectra of the T-2 h and the used T-2 h after
catalytic test.
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Figure S9. (a) Ti 2p and (b) O 1s XPS spectra of the T-2 h and the used T-2 h.
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Figure S10. ESR spectra of the T-2 h and the used T-2 h.
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Figure S12. (a) Overlooking and (b) side view of TiO»(101) surface with site No. 1 oxygen

vacancy after optimization.

First, the thermal stability of four different surface oxygen vacancies on TiO,(101) surface
was tested (Figure S11).0n the calculated surface, the unsaturated coordination site at No. 1
oxygen on the end surface is more likely to be detached, resulting in vacancy defect. The
relative energies of the four sites were 0, +0.41, +0.97 and +0.61 eV, respectively. The

optimized structure of oxygen vacancy at site No.1 is shown in Figure S12.
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Figure S13. (a) The top view and (b) side view after optimization of H-doped TiO,.

On the basis of finding the most stable O vacancy configuration and referring to previous
work!™® we carried out the calculation of bulk hydrogen doping, and the optimized structure
is shown in Figure S13. It can be clearly seen that hydrogen doping breaks the saturated Ti-O

bond in the adjacent position, causing the adjacent position O to rise.
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Figure S17. Compared ESR spectra of T-2 h (a) under UV light and in dark and (b) under
visible light and in dark.

23



T-2h
AT=1.1°C

T-0h
AT=0.3°C

Figure S18. Infrared thermal images of T-2 h and T-0 h with the heating temperature of 70°C

under UV light irradiation.
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Figure S20. Cycling test of Photocatalytic degradation curve under UV light irradiation for (a)

T-0 hand (b) T-2 h during the photocatalytic degradation of acetaldehyde.
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Figure S21. The AQE of T-x during the photocatalytic degradation of acetaldehyde under

monochromatic light.
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Figure S22. HRTEM images of (a) weak crystallized TiO,(AB) and (b) weak crystallized
TiO,(AB) with SPP for 8 h. The insert photo is FFT images of the selected area in (a) and (b)

marked with a white dot box.
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Figure S23. (a) XRD images and (b) Raman spectra of weak crystallized TiO,(AB) and weak

crystallized TiO,(AB) with SPP for 8 h.
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Figure S24. Transient photovoltage spectroscopy of T-x.
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Figure S25. O,-TPD profiles of T-x
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4.2 The impact of processing time for TiO,(AB) treated by SPP
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Figure S26. (a) TEM and (b) HRTEM images of T-4 h; (c) XRD patterns of T-x; (d) Raman

spectra of T-x, the insert in (d) is the regional enlarged spectra of T-x.

The result of the TEM, the HRTEM, the XRD and the Raman suggest that the phase

composition of TiO,(AB) is not changed through the SPP method with the increasing of the

time. The Raman spectral peaks of T-x have a trace shifting with the increased time of SPP,

we supposed that the lattice disorder of TiO,(AB) may be decreased.
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Figure S27. XPS spectra of (a) Ti 2p and (b) O 1s of T-x.
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Figure S29. ESR spectra of T-x under 90 K.
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Figure S30. Photo- and photothermal catalytic activities (PC and PTC, respectively) of CO,

reduction over T-x samples under visible light (A>420 nm).

For visible light photocatalysis, the formation rates of products are enhanced and follow an
order: T-2 h>T-4 h>T-0 h. These results indicate SPP can activate TiO,(AB) and SPP for 2
hours gives the best performance of CO, reduction. For visible light photothermal catalysis,
all samples show significant enhancement of catalytic activity. As shown in Figure S30, the

activity again follows the same order to that of photocatalysis: T-2 h>T-4 h>T-0 h.

36



@ L0 (®) 450 — T-0h
= = =—T2h )
£ - & —T4h P _
e 1501 1S e 004 e5§ // 100 £
o g o'™ES b S
I 1004 ~ = 8o ~—
O (@] ~ 7 : o~
o 8 - e 50 3
L 5041 32 (oK \ R ®)
S o © v% ;,é— %
04 \\)
0 uu Lo
0
Time (min) Tlme( )
¢ d) 300 —
© 1.0 70°c 9-T0h @ ~~T-0h
. o-T2h 250{ —~T-2h =
$ 0.8 . T-4h = ~>-T-4h S
%’ UV light orr®~ g_200 //
= 061 2o 7
g ~ 150 1 /
O 0.4 8 1 /,‘
) 100 | /
0.2 L/
© %0 %UVIighton
0.0 : e ' ' 70C'
30 0 20 40 60 30 0 20 40 60
Time (min) Time (min)

Figure S31. Time curves of acetaldehyde degradation and CO, generation over T-x under (a)
UV light irradiation and (b) visible light irradiation (A>450 nm); (c¢) Time curves of
acetaldehyde degradation and (d) CO, generation over T-x under UV light irradiation with

heating of 70 °C.

For photocatalysis and photothermal catalysis, TiO,(AB) with increasing time of SPP

treatment shows a volcano removal of acetaldehyde and evolution of CO,. As shown in

Figure S31, T-2 h shows the best photoactivity, while the photoactivity of T-4 h decreases.
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4.3 The Effects of SPP for other TiO,
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Figure S32. HRTEM images of (a) 450-0 h and (b) 450-2 h; (c) XRD patterns and (d) Raman

spectra of 450-0 h and 450-2 h.
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Figure S33. XPS spectra of (a) Ti 2p and (b) O 1s spectra of 450-0 h and 450-2 h.
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Figure S34. ESR spectra of 450-0 h and 450-2 h.
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Figure S35. Photothermal catalytic activities (PTC) of CO, reduction over 450-0 h and 450-2

h samples under solar light.
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4.4 The Effects of SPP for other semiconductor oxides

(a) 7oon] ® woon (€ Ta,0,-0h

——7n0-4 h —W03-2 h —Ta.205-4 h
- -
5 | El c
. Y
S L L Lk s s
= > 2
2 Z :
O] c @
c 2 c
— C —

- ' I ‘
10 2'0 3b 4b 5b BIU 7'[] 80 10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
2 Theta (deg.) 2 Theta (deg.) 2 Theta (deg.)

Figure S36. XRD patterns of different semiconductor oxide samples untreated or treated by

SPP: (a) ZnO-0 h and Zn0O-4 h; (b) WO3-0 h and WO3-2 h; (¢) Ta;0s-0 h and Ta,0s-4 h.
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Figure S37. Raman spectra of different semiconductor oxide samples untreated or treated by

SPP: (a) ZnO-0 h and ZnO-4 h; (b) WO3-0 h and WO3-2 h; (¢) Ta;0s-0 h and Ta,0s-4 h.
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Figure S38. The ultraviolet-visible absorption spectra of different semiconductor oxide
samples untreated or treated by SPP: (a) ZnO-0 h and ZnO-4 h; (b) WO3-0 h and WO3-2 h; (c)

Ta,05-0 h and Ta,0s-4 h; the inserts are their photo.

To determine whether SPP is applicable to other semiconductor oxides, we have selected
three commercial semiconductor oxides as following: ZnO, WO;3; and Ta;Os. The
characterization of XRD and Raman prove that the phase composition of them is not changed
after SPP treatment. Figure S38 displays the diffuse reflectance UV—vis spectrum of untreated

and treated semiconductor oxides. Before and after the SPP treatment, the intrinsic band edge

of ZnO and Ta,0s has no noticeable shift. WOj; treated by SPP shows same results with TiO,.
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Figure S39. Time curves of acetaldehyde degradation and CO, generation over different
semiconductor oxide samples untreated or treated by SPP: (a)-(b) ZnO-0 h and ZnO-4 h; (c)-
(d) WO3-0 h and WO3-2 h; (e)-(f) Ta20s-0 h and Ta,0s-4 h under UV light irradiation at room

temperature (RT) and 70 °C.

The photocatalytic activity of untreated and treated semiconductor oxides was assessed by
monitoring the degradation of acetaldehyde gas under UV light irradiation, and the course of
degradation of acetaldehyde and the evolution of CO, were displayed in Figure S39. The
activity follows the order to that of photocatalysis: treated semiconductor oxides > untreated
semiconductor oxides. The activity of photothermalcatalysis show the same trend with that of

photocatalysis. Therefore, SPP is also generally applicable to other semiconductor oxides.
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Table S1. Comparison of photocatalytic activity of CO, reduction over TiO,-based catalysts.

Max CH, Yield Max CO Yield Selectivity

Catalyst Reaction conditions Products Ref.
pmol gth~ 1 pmol gt h™ 1 of CH,
TiO,-Ov 50 mg cat., 1.33 bar CO,, 393 K, 2 0.4829 13.362 12.63%
CH,4, CO [11]
TiO,-Ov-Co mL H.0, UV light. 10.051 16.403 71.02%
50 mg cat., 2 bar CO,, 6 mL H,0, CH,, CO,
H-TiO,-Ov 16.2 42 79% [12]
solar light. H,
50 mg cat., 2 bar CO,, 6 mL H0, CH,, CO,
H-TiO-Oy 14.3 48 74% [13]
solar light. H,
20 mg cat., 0.2 Mpa CO,, 4.0 mL CH,, CO,
P25 1.2 25 65.7% [14]
Hzo, UV-Vis |Ight H,
100 mg cat., 300 W Xe lamp,
TiO, 1.35 [15]
atmospheric pressure
Reduced 30 mg cat., 300 W Xe lamp,
CH,, CO, <03 <0.18 [16]
{001}-TiO, AM1.5
300 W Xe lamp, Vis-light,
Ti**-brookite TiO, CH,, CO, 11.9 235 66.95% [17]
continuous CO,
100 mg cat., 300 W Xe lamp, Vis-
Ti**-rutile TiO, CH,, CO, <0.7 <0.1 [18]
light, 1 atm
1000 W Xe lamp, A < 700 nm, CH,, CO,
P25 particles 0.1 [19]
343K H,
200 mg cat., 0.2 MPa CO,, 323 K, CH,, CO,
TiO, 0.38 1.2 55.88% [20]
4 mL H,0, UV-vis light H,
200 mg cat., CO,, 100 uL H,0O, CH,, CO,
TiO, microsphere 0.94 2.32 19.68% [21]
Hg UV lamp H,
Ti**-anatase TiO, CO,, 1 mL H,0, 5.57 5.08 81.43%
CH,4, CO [22]
Ti**-rutile TiO, A 300 W Xe lamp 1.63 1.06 86.01%
50 mg cat., 1.33 bar CO,, 393 K, 2 This
T-2h CH,, CO, 38.99 11.93 55.0%
mL H,0, UV light. work
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Table S2. Compared the relationship between products and reaction conditions in

photocatalytic CO, reduction

Photocatalyst Light source Experimental condition Main products Reference

Single-crystalline 300 W Xe lamp CO, and H,0 vapor CHas [23]

Zn,Ge0y

nanobelts

Defective TiO, (anatase, 150 W solar simulator CO, and H,0 vapor CH4 [24]

rutile, and brookite)

Codoped TiO, 300 W Xe lamp CO, and H,0 vapor CO, CH,4 [25]
(A > 420 nm)

Anatase TiO, 300 W Xe lamp CO; and H,0 vapor CHg4 [26]

Cu/Degussa P25 150W solar simulator CO; and H,0 vapor CO, CH, [27]

WO; 300 W Xe lamp CO, and H,0 vapor CHg [28]

Titanate nanosheet 150 W Xe lamp CO, saturated water CH30H [29]

assembled Yolk@Shell (> 420 nm) (NaHCO3+HCI)

Microspheres

AgBI/TiO; 150 W Xe lamp CO, saturated KOH CH,, CH30H, C,HsOH, [30]
(»>420 nm) solution Cco

Defective single-unit-cell 300 W Xe lamp CO; saturated water CH30H [31]

BiVO, layers (AM1.5)

Ag /TiO, 8 W Hg lamp CO; bubbled solution CH4, CH30H [32]

Ag ITiO, 500 W Xe lamp CO; saturated H,O CH30H [33]
(A > 420 nm)

Additionally, the products of C1 are dependent on the experimental conditions. In general,
the reported researches on CO, reduction with H,O can be classified into two types
(summarized in Table S2): CO, reduction by H,O vapor and CO; reduction by H,O liquid.
Therein, CO, reduction by H,O vapor mainly produces CO and CH,. Differently, CO,
reduction by H,O liquid mainly produces CH3OH. In our work, the photothermal catalytic
reduction of CO, is performed in H,O vapor. CO and CH,4 are main products, which is in

consistence with previously reported works.
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