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ABSTRACT: Using solar energy to promote the thermocatalytic CO> conversion is a promising
way to reduce the energy consumption and increase the sustainability. Au/TiO2 is known for its
good catalytic activity in both thermo- and photo- catalytic CO; conversion, however both the
reaction mechanisms in dark and in photo-thermo coupled reaction condition remain unclear. In
this work, the operando isotope-labelled spectroscopic and computational analyses are combined
to clarify these mechanisms. The redox mechanism that CO> direct dissociation at the oxygen
vacancy (Vo) is found as the main reaction pathway of CO; hydrogenation over Au/TiO,. The
plasmonic enhancement mechanism is proven to be the hot electrons facilitated Vo generation at
interface. The clear understandings of reaction pathway and plasmonic enhancement mechanism

are helpful for the future design of photo-thermal CO: conversion catalysts.
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1 Introduction

Environmental effects of CO> emission have drawn significant attentions from the whole society
[1]. Besides CO> emission control, the technology that converts CO; to profitable products is
believed as an important method to achieve the carbon neutrality. It is pivotal to use renewable
energy to drive the CO; conversion as much as possible to fulfil the initiate. The conventional
photocatalysis shows slow reaction rate and fails to meet the requirements of practical
implementation. Therefore, it is promising to combine the photocatalysis and thermocatalysis

together for a synergistic effect on boosting the CO» conversion [2-5].

For CO» hydrogenation, the reverse water gas shift (RWGS) reaction is often the first step of CO-
conversion. The CO product is an important feedstock for the synthesis of more valuable
chemicals. Au/TiO; shows good thermocatalytic CO; hydrogenation activity [6, 7] and is also
known as one of the best plasmonic photocatalysts for CO> conversion [8, 9]. Therefore, the
Au/TiO; is a promising catalyst for plasmon-enhanced thermocatalytic CO2 conversion
application. However, the reaction mechanism for RWGS reaction over Au/TiO> in dark is still
under debate due to insufficient investigations. The plasmonic enhancement mechanism under
photo-thermo coupled condition is even less understood. For RWGS reaction mechanism in dark,
the proposed ones in literature can be generally divided into two categories: redox and associative
mechanisms. The redox mechanism includes the direct CO> reduction to CO by the reduced
catalyst surface or metal clusters. For example, Wang et al. [10] demonstrated the CO> directly
dissociated on Au/CeOs. Liu et al. [11] proved that the CO» spontaneously dissociated into CO
under the co-effects of Cu(I) and reduced TiO2«. The indispensable role of Vo in Au/TiO; is

highlighted in literature [6, 12]. On the other hand, the associative pathway is characterised by the
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involvement of key reaction intermediates including carbonate[6, 13, 14], formate [15, 16] and
carboxyl (COOH", hydroxycarbonyl) [17-19]. For photo-enhancement mechanism, most of the
current researches focus on the demonstration that light irradiation can enhance the thermocatalytic
reaction rate or alter the product selectivity [2, 20-25], however the mechanism underpinning the
enhancement is still ambiguous. Clear understanding of the photo-enhancement mechanism is
indispensable for developing more efficient catalysts with desired product selectivity specific for
photothermal reaction condition. Some of the enhancement mechanism investigations [9, 26, 27]
focus on the reaction happens on the plasmonic metal cluster alone with little consideration of the
contribution of the reducible oxide supports. Other works propose the plausible mechanisms via
indirect evidences. For example, Upadhye et al. [17] reported the localised surface plasmon
resonance (LSPR) enhanced CO; hydrogenation to CO in reaction rate. And the mechanism of the
photo-enhancement was proposed to multiple reaction steps including the carboxyl (COOH")
decomposition, hydroxyl hydrogenation and desorption of the H,O" and CO". Liu et al. [28]
suggested that the plasmonic enhancement mechanism was the electron-assisted CO» dissociation
to O’ radical. Therefore, more investigations are needed to present direct evidences on elucidation
of the CO» reduction mechanism under photo-thermo coupled reaction condition. And the light-
induced enhancement cannot be unravelled without a clear understanding of the reaction pathway

in dark.

Herein, the reaction mechanisms of RWGS on Au/TiO> under thermocatalytic and plasmon-
enhanced thermocatalytic reaction conditions are investigated via operando diffuse reflectance
infrared fourier-transform spectroscopy coupled with mass spectroscopy (operando DRIFTS-MS),

ex-situ electron paramagnetic resonance (EPR) spectroscopy, steady-state isotope transient kinetic
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analyses (SSITKA) and kinetic isotope effects (KIE) measurements. The CO; directly dissociates
at the Vo site, the redox pathway, is proven as the main reaction mechanism of CO» conversion
over Au/TiO> under both thermal and photo-thermo coupled reaction condition. Both experimental
and theoretical evidences indicate that the plasmon-excited hot electrons in Au inject into TiO:

support and facilitate the Vo generation, which is the plasmonic enhancement mechanism.

2 Experimental

2.1 Materials

Isotopic gases including Deuterium (99.8% atom D>) and *CO> (99% atom 13C) are supplied by
the Sigma-Aldrich. High purity synthetic Air (zero grade), Ar (CP grade), H» (zero grade), CO
(research grade) and CO; (CP grade) used in the experiments are all supplied by BOC limited, UK.
Aeroxide® P25 with ~80% anatase and ~20% rutile composition is used as TiO support. The P25
and formic acid (reagent grade, stabilized by 2.5% water) are supplied by Sigma Aldrich.
HAuCls-3H20 (ACS reagent) and urea (99%) are purchased from ACROS organics. Ultrapure

water is used through the experiments.

2.2 Catalysts synthesis

Au/TiO; catalysts were synthesized following the standard deposition-precipitation (DP) method
with urea. 1.5 mmol HAuCls-3H>0 and 150 mmol urea were dissolved in 100 mL under vigorous
stirring. 1 g of TiO2 powder was dispersed inside the solution and the container was covered with
aluminium foil blocking the ambient light. Then the beaker was transferred into an oil bath and
heated up to 80 °C with continuous stirring. The solution was kept at 80 °C for 5 h. Before cooling

down to room temperature, the catalyst powder was vacuum-filtrated and washed with water for 8
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times to remove residual Cl ions. The filtered cake was dried inside a vacuum oven at 60 °C
overnight and then calcinated at 400 °C for 2 h inside a muffle furnace. The ramping rate for the

calcination was set to 1 °C min’'.

2.3 Catalysts characterization

The crystalline structure of the prepared catalysts was characterized by an X-ray diffractometer
(XRD, Brucker D2 Phaser). The oxidation states of both Au and TiO; were characterized by an X-
ray photoelectron spectrometer (XPS, Kratos Axis Ultra DLD). Electron paramagnetic resonance
(EPR) spectra were measured with an EPR spectrometer (Brucker A3000) at 77 K with a
microwave frequency of 9.857 = 0.002GHz. The morphology of the catalyst powder was analysed
with an aberration-corrected transmission electron microscope (TEM, JEOL ARM200F) using
high-angle annular dark field scanning transmission electron microscope (HAADF-STEM) mode.
The Au nanoparticle size distribution curve was calculated by measuring 160 nanoparticles. The
specific surface area (SSA) of Au/TiO, was characterized via N sorption isotherm at 77 K
(Quantachrome Autosorb 1Q). The loading of Au was measured using inductively coupled plasma
optical emission spectroscopy (ICP-OES) method. 20 mg of catalyst was dissolved using 10 mL
aqua regia inside the PTFE autoclave at 80 °C for 4 h. The 10 mL aqua regia was further diluted
to 500 mL with volumetric flask. The liquid analyte was then extracted by an autosampler of the
ICP-AES Spectrometer (Varian Vista-Pro). The ultraviolet-visible diffuse reflectance
spectroscopy analyses (UV-Vis DRS) were conducted using the praying mantis setup (Harrick) as
an accessory to a UV-Vis spectrophotometer (Shimadzu UV-3600 plus). BaSO4 power was packed

into the sample cup for background spectrum collection.
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2.4 Catalytic performance evaluation

The commercial praying mantis high temperature reactor was used as the reactor to ensure the
consistent condition with the in-situ spectroscopy analyses. Au/TiO> catalyst powder was first
pelletised and sieved into the size between 63-125 microns according to the standard palletisation
procedure. 10 mg powder was packed into the reactor every time. The temperature of the reactor
was calibrated for the whole reaction temperature range with an external thermocouple (0.5 mm
in diameter) immersed inside the powder and a thermometer (RS Pro) was used to read the real
temperature. CO2 (1 sccm), H> (4 sccm) and Ar (25 sccm) was controlled by mass flow controllers
(Omega engineering) and mixed before introduced into the reactor. The inlet and outlet gas line of
the reactor was kept at 130 °C to prevent condensation. The products of reaction were analysed
with a gas chromatography (GC, Shimadzu 2010 Plus) equipped with a thermal conductivity
detector (TCD) and a flame ionization detector (FID). A carbon molecular sieve micro-packed
column (Restek ShinCarbon ST Column) was used to separate the gaseous analytes for quantitative
analyses. The gas flows are regularly calibrated with an electronic gas flowmeter (Agilent).
External green (520 nm) and blue (445 nm) LED lights were introduced into the reactor from the
front quartz window via an optical liquid guide. The power intensities of green and blue light are
measured to be 250.1 and 320 mW cm™ respectively using a thermopile optical power meter

(Thorlabs, PM601).

2.5 Operando DRIFTS-MS analyses
The operando diffuse reflectance infrared Fourier-transform spectroscopy coupled with a mass
spectrometer (DRIFTS-MS) was used to in-sifu analyse the chemical species on the surface during

the reaction. The praying mantis (Harrick) mirror set with the reactor was installed inside an
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infrared (IR) spectrometer (Shimadzu, IRTracer-100) with the gas supplying system described in
the catalytic performance evaluation section. Buffering gas lines with Ar (30 sccm) or Air (30
sccm) are also included and controlled with mass flow controllers. The buffering gas lines and the
reaction gas lines are switchable with a four-way valve to ensure a fast and reliable exchange. A
liquid nitrogen cooled mercury cadmium telluride (MCT) detector was used to detect the IR signal
from 1000 to 4000 cm™! with the resolution of 4 cm™!. All the effluent gases during the operando

experiments were monitored with an on-line mass spectrometer (MS, QGA Hiden Analytical).

2.6 SSITKA-MS and KIE analyses

Steady-state isotope transient kinetic analyses (SSITKA) were conducted using the same setup
with operando DRIFTS-MS. The stable isotope-labelled *CO, was used during the SSITKA-MS
experiments. The flow of '*CO was controlled with a mass flow controller and checked regularly
to keep it the same to the unlabelled '>CO: flow with an electronic gas flowmeter. The switch
between 2CO; and '*CO, gas flow was achieved by a four-way valve. The surface intermediates
were observed with the IR spectrophotometer and gaseous effluent from the reactor was monitored

by a MS.

The kinetic isotope effects were measured using the same setup with the catalytic performance
evaluation. Deuterium gas (D2) was used to replace the H> during the reaction and the gas flow of
4 sccm was calibrated using the electronic gas flowmeter to ensure the same flow with H> used in

the catalytic performance evaluation. The products were quantitatively measured by a GC.

2.7 Theoretical calculation
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The theoretical calculation based on density function theory (DFT) was conducted using the
Quantum Espresso package [29, 30]. The exchange-correlation energy and potential are described
at general gradient approximation (GGA) level with Perdew-Burke-Ernzerhof (PBE) functional
[31]. The potentials of nuclei and core electrons are approximated with ultrasoft pseudopotentials
(USPP) in “GBRV” library [32]. The kinetic energy cutoff for plane-waves and charge
density/potential were 45 and 450 Ry respectively according to convergence test results. A
gaussian smearing with 0.01 Ry width was used in the calculation to accelerate the convergence.
The energy and force convergence criteria for the structure relaxation were set to be 1x10™* Ry and
1x107 Ry Bohr™! respectively. Spin-polarization was considered for all the calculation in this work.
Bulk anatase TiO; and Au were calculated with their primitive cells with 6 x 6 x 6 and 16 x 16 x
16 k-points meshes, respectively. A Hubbard Uesr = 4.2 eV [33-35] correction was added to Ti 3d
orbitals in a simplified form [36] to have a better description of on-site Coulomb interaction. For
small molecule adsorption calculation, the unphysical dipole potential due to periodic boundary
condition was corrected along Z-direction. The van de Waals interaction is corrected using the
empirical Grimme-D3 method [37]. The transition states were searched with the climbing image
nudged elastic band (CI-NEB) method [38] with the convergence threshold of 0.03 eV A™!. All the
plots related to DFT calculation were generated with the VESTA [39]. The COHP bonding
analyses were conducted with the Lobster code [40] with the structure optimised with projected

augmented-wave (PAW) pseudopotentials from PSLibrary [41].

3 Results and discussion

3.1 Catalysts characterization



10

11

12

13

14

15

16

17

18

19

20

21

22

23

The catalysts used in this work is Au/TiO2 with Au loading of 2.76 wt%, which is determined by
inductively-coupled plasma optical emission spectrometry (ICP-OES). The Au particles size is
measured with high-angle angular dark-field scanning transmission electron microscope
(HAADF-STEM) images with typical images shown in Figure Sl(a, b) in supplementary
information (SI-Section 1). In the HAADF-STEM images, the TiO> supports (P25) exhibit darker
contrast comparing with Au nanoparticle due to its lower atomic weights. The size of the TiO2
powder is ~20 nm. The Au nanoparticles, showing brighter contrast, homogeneously distribute on
the TiO; surface. The mean Au particle diameter is calculated to be 4.79+£2.0 nm based on the
measurement of 160 Au nanoparticles in total (Figure S1(c)). Additional physical characterizations
and discussions including powder X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), N> sorption and ultraviolet-visible light diffuse reflectance spectroscopy (UV-Vis DRS)
analyses are described in SI-Section 1 and shown in Figure S2(a-d) respectively. In summary, the
2.76wt% Au/TiO; catalysts used in this work is a typical Au/Ti0; catalyst similar to those reported
in many former works for either photo- or thermo- catalytic applications [6, 17, 42-45]. The
characterization results prove the Au/TiO, is a suitable catalyst for plasmon-enhanced
thermocatalytic CO; hydrogenation. It also ensures the mechanism investigation results of this

work of general interests to the catalysis research community.

3.2 The plasmon-enhanced CO: hydrogenation performance at different

temperatures

The CO is the only product detected and the production rates (rCO) under different reaction
conditions are plotted in Figure 1(a). It shows that the both green and blue light-induced plasmonic

hot carriers do enhance the reaction rate for faster CO production at all temperatures investigated.

10
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At 200 °C, the CO production rates reach 0.22, 0.70 and 0.30 pmol gea! s7! at dark, green and blue
light irradiation conditions. The reaction rate at 200 °C under dark is similar to the reported value
of typical Au/TiO» catalyst [6, 20]. The green-light induced plasmon significantly enhances the
reaction rate to ~ 318% of the dark reaction. Different from the green-light enhancement, the blue-
light is less effective in promoting the reaction rate, which shows only 136% promotion comparing
with dark reaction condition. It is noted that the net plasmon-induced CO production rate (7co-green
— F'CO-dark OT FCO-blue — ¥'CO-dark) ShOws a monoclinic increase with temperature rise. However, the
plasmonic enhancement ratios decline. The apparent E, of reaction on Au/TiO> under dark is
calculated to be 46+4.7 kJ mol™!, which is similar to literature [6, 17]. The blue and green light
induced plasmon-enhanced RWGS reaction exhibit a lower E, of 44.0+£2.9 and 37.0£0.9 kJ mol !,
respectively (Figure S3), which suggests the plasmonic hot electrons help to lower the kinetic
energy barrier of the rate determining step (RDS). Additionally, the correlation between light
intensity and plasmon-enhancement is also investigated. The CO production rates are plotted as a
function of green light intensity at different reaction temperature in Figure 1(b). Note that the CO
production rate increases linearly with the light intensity. The high linearity suggests the hot-
electrons rather than simple light induced thermal effects are likely to be responsible for the
reaction rate enhancement [46]. Further discussions on the quantum efficiency (QE) and the hot
electron enhancement are presented in SI-Section 2. It is found the QE also increases at higher
reaction temperature. It is also of interest to investigate the catalytic activity as a function of time.
As shown in Figure S4, the Au/TiO2 shows an activation process within the first 20 min of time
on stream and becomes stable after 120 min. The activation process is likely derived from the Vo
accumulation at first 20 min and reaching equilibrium concentration after 120 min. In summary,

these experimental results demonstrate that the light-induced plasmonic enhancement positively

11
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correlates with both temperature and light intensity. The apparent activation energy can be
significantly reduced by coupling light to thermocatalytic RWGS reaction. It is also worth
investigating the catalytic performance of pristine TiO> support under dark and green light
irradiation as control experiments. The corresponding results are shown in Figure S5. The pristine
TiO2 shows negligible activity at all temperatures under dark. The green light shows small
enhancements on CO production rate only at temperature higher than 300 °C. This result is
rationalized by the weak absorption of green light when Vo energy level is created within the
bandgap of Hz-reduced TiO; [47-49]. The net light-induced CO production rate (¥co-green — ¥'CO-dark)
over pristine TiO2 at 500 °C is measured to be 0.51 umol gea' s71, which is only 14.5% of the net
light-induced CO production rate of 3.52 umol gear! 57! over Au/TiOs. The more pronounced light-
enhancement is attributed to the plasmonic effects of Au nanoparticles. The roles of Au
nanoparticles in the thermo-photo coupled CO» hydrogenation reaction can be summarized to three
aspects: (1) facilitating H» dissociation; (2) facilitating Vo generation and (3) producing plasmonic

hot electrons [50-52].
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Figure 1. (a) The CO production rates of Au/TiO> at temperature ranging from 150 to 500 °C under
dark, green light and blue light irradiation. The inset is the magnification of columns at 150 and
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linear regression analyses.

3.3 Enhanced Vo formation elucidated by ex-situ EPR analyses

The ex-situ EPR measurements providing a direct understanding of Vo concentration in Au/TiO2
are used to elucidate the effects of light irradiation on Vo creation. The 4 groups of catalysts are
treated at 200 °C for 1 h to reach the equilibrium at the different light irradiation conditions and
atmospheres: (i) dark/air, (ii) dark/reaction atmosphere, (iii) green light/reaction atmosphere and
(iv) blue light/reaction atmosphere, respectively. As shown in Figure 2(a), the peaks at g = 2.004
in EPR spectra are assigned to Vo in Au/Ti02 [53-55]. To achieve a quantitative comparison of
Vo concentration [56], the microwave absorbances peaks at 2.004 are double-integrated and the
normalised peak areas are plotted in Figure 2(b). Note that the Au/TiO; under green light
irradiation and reaction atmosphere shows the highest Vo concentration. Comparatively, the Vo
concentration of Au/TiO> under dark condition with reaction atmosphere is only 48.6% of the
counterpart under green light irradiation. The control group of Au/TiO> treated under flowing air
in dark at the same temperature exhibits the lowest Vo concentration of 34.0%. The non-zero Vo
concentration is because the TiO; is a n-type semiconductor possessing intrinsic Vo in the lattice
even annealed in air [57]. The EPR analyses results prove that more Vo is generated under

plasmonic enhancement comparing with pure thermocatalytic reaction condition.

13
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Figure 2. (a) EPR spectra of samples treated at different light irradiation conditions and
atmospheres at 200 °C for 1h. (b) The corresponding double-integrals of ESR peak at g=2.004 at
different atmosphere and light irradiation conditions; the integrals are normalized to the maximum
value. The dark, blue and green represent the no irradiation, green light and blue light irradiation
conditions, respectively. The reactants atmosphere is the same to the atmosphere during the
catalytic performance evaluation.

3.4 In-situ spectroscopy analysis of reaction mechanism

3.4.1 Steady-state operando DRIFTS-MS analysis

In order to elucidate and compare the RWGS reaction pathways under dark and plasmon-enhanced
reaction conditions, the operando DRIFTS-MS measurements are conducted at reaction
temperature of 200 °C in dark for 30 min, which is followed by an instant switch-on of green light
for another 30 min (Figure 3). To ensure a reliable IR assignment for peaks in our work,
12C0»/'3CO; adsorption and formic acid adsorption control experiments are conducted on this
specific Au/TiO; catalyst (details in SI-Section 3). The corresponding IR spectra and
deconvolutions are illustrated in Figure S6 & S7 and the peak assignments are summarized in

Table S2 & S3.
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As shown in Figure 3(a), the time-resolved DRIFT spectra of Au/TiO> under dark at 200 °C show
that the steady state is reached within 30 min. 4 different species are observed on the surface: H>O,
carbonate, bicarbonate and formate. The peaks at 1620 cm™ are assigned to adsorbed H2O™ [58]
due to the consistent peak position in '2CO; and '*CO, adsorption spectra (Figure S7). The peaks
centred at 1560, 1338 cm™ are assigned to the asymmetric and symmetric stretching of O-C-O
(vas(O—C—0) and vs(O—C—-0)) respectively in bidentate carbonate (b-CO;3") group. Similarly, the
Vas(O—C—0) and v{(O—C-0) of monodentate carbonate (m-COs") group exhibit the corresponding
peaks at 1535, 1510 and 1382 cm™' [59-63]. In the case of bicarbonate, the peaks emerged at 1455,
1440 and 1424 cm™' are assigned to either monodentate or bidentate bicarbonate (m-HCOs" or b-
HCOs") on the surface [61-64]. Formate is featured by its C-H vibration peaks at 2955 and 2887
cm’! [65-68]. Additionally, the peaks at 1553, 1360 cm™! are assigned to the asymmetric and
symmetric stretching of O-C-O (vas(O—C—0) and v{(O—C—0)) in formate species (HCOO"). After
achieving the steady state of surface species under dark reaction condition, the green light is
switched on to provide a plasmon-enhanced reaction condition. It can be seen from Figure 3(b)
that the CO production rate indicated by MS signal increases as soon as the green light is turned
on, which confirms the existence of plasmon-enhancement. After green light switch-on, the
evolution of characteristic peaks for each species are normalized and plotted as a function of time
(Figure 3(c)). The most significant difference after the green light switch-on is the peak intensity
drop of H,O" (1620 cm™) and HCOs" (1455, 1440, 1424 cm™). The peaks corresponding to HCOO"
and CO;" remain stable under light irradiation. In summary, HCOO®, COs;" and HCO;3" surface
species are observed during the reaction. The green light irradiation doesn’t introduce extra
adsorbed species on the surface, while the adsorbed H>O" are strongly depressed by light

irradiation. Note that the peak at 3412 cm! is relatively stable, which is very different from

15



molecular HxO" at 1620 cm™. In literature, the 3412 cm™' peak assignment is an unresolved
question, which is either assigned to OH" or H2O". A very recent combined experiment and
simulation work by Mino et al. [69] suggested the peak at around ~3420 cm™ was derived from
H-bonded OH" group. Considering the different behaviours of peaks at 3412 and 1620 cm’!, the
3412 cm™! peak might be either OH" or H-O" adsorbed at site far away from Au/TiO: interface,

which are less affected by plasmonic effects.
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Figure 3. (a) Time-resolved operando-DRIFT spectra and corresponding (b) CO MS signal (m/z
=28) of Au/TiO> interaction with reaction gas mixture (CO2 1 sccm, Hz 4 scem, balanced with 25
sccm Ar) at 200 °C. The green light is switched on at 30 min after reaction reaches steady state
under dark. (c) The time-resolved IR peak intensity changes representing surface species of CO3*,
HCOO*, HCOs* and H,O*. The IR peak intensities are normalized to their individual maximum.

3.4.2 Reaction intermediate analysis by SSITKA-MS

To distinguish the observed species in in-situ DRIFTS-MS experiments as reaction intermediates
or spectators, the SSITKA-MS experiments can provide more convincible evidences. As shown in
Figure 4(a, b), the IR spectra of Au/TiO; under dark reaction condition at 200 °C reach steady-
state within 60 min. The peaks stabilized on the surface are assigned to HCOO®, HCOs", COs"
respectively, which are consistent to Figure 3(a). At 60 min, the '2COs is instantly switched to
13CO; and the IR peaks of CO;" and HCOs™ exhibit a gradual decrease. It is noticed that the
H'2COO" at 2955 and 2887 cm™! shows no shift or decrease after switching from '>CO» to 3CO;
within 0.5 h. The effluent 2CO/"*CO is monitored via a mass spectrometer and the results are
shown in in Figure 4(c). The SSITKA-MS experiment for plasmon-enhanced reaction condition is
conducted following the same procedure with the dark counterpart except that green light
irradiation is implemented throughout the experiment. The time-resolved DRIFT spectra and
corresponding IR peak intensity evolutions are presented in Figure 4(g, h). Similar phenomena are
observed in plasmon-enhanced reaction that the IR peaks of HCO;", CO;" shift to lower
wavenumbers and the H'2COO" peak stays stable under plasmon-enhanced reaction condition. In
MS plot (Figure 4(i)), it is noted that the decrease of '>CO MS signal is faster in plasmon-enhanced
reaction condition than the dark counterpart. To further verify the correlation between the light
induced plasmonic enhancement with the surface life time of adsorbed species, a control group
with green light power density of ~150 mW (60% of the full power used in Figure 4(g, h)) is

conducted following the same SSITKA-MS protocol. The recorded DRIFT spectra and CO MS
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signal evolution are presented in Figure 4(d, e) and (f). The corresponding mean surface lifetime

of H'?CO;", '>CO;" and '>CO’(r -and 7., ) are calculated and summarized in Table 1.

HCOo3’ Tco;
The details of derivation are described in SI-Section 4. The MS-CO decay profiles are plotted

together for a clear comparison as shown in Figure S8.

The SSITKA-MS experimental results can provide following insights. Firstly, the HCOO" can be
identified as the spectator in both the thermo- and plasmon-enhanced thermocatalytic reactions,
because IR peak of HCOO" shows no shift after switching from 2CO, to 3CO, in SSITKA-MS
experiments conducted in dark or green light irradiation (Figure 4). Secondly, the CO3" and HCO3"
can be ruled out as the main reaction intermediates. As demonstrated in Table 1, the surface
residual time t

: and 7,4+ shows no correlation to the 7¢o [19]. Additionally, the Tco; and

co CO;

Tyco; are not sensitive to the power density of incident light. Another control experiment with

HCO
12C0,/BCO; isotope exchange in the absence of Hy is conducted to further support this argument.
As shown in Figure S9, the IR peaks of CO3" and HCO;" also shift to lower wavenumber after
switching from '2CO> to *CO; even without the involvement of H,. This result indicates that the
COs" and HCO;" adsorb weakly on the TiO». In summary, the HCOO", HCO;" and CO;" are all

identified as the spectators and the redox reaction pathway is strongly suggested.
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Figure 4. The operando-DRIFT spectra of Au/TiO> during SSITKA experiments under (a) dark,
(d) green light with 60% power and (g) green light in full output, 200 °C. The corresponding time-
resolved IR peak intensity decays of '?HCOs3, '>CO3 in (b) dark, (e) 60% output green light and (h)
full power green light. The corresponding '2CO MS signal decays in (c) dark, (f) 60% power green
light and (i) full power green light. 2CO MS signal is measured with m/z =28. 0 min represents
the moment '2CO; is switched to '3CO».
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Table 1. Gas-phase (MS) and surface (IR absorbance band) kinetic mean surface lifetime of CO,
COs" and HCOs" derived from SSIKTA-MS experiments under different reaction conditions at
200 °C.

GC MS IR

(Cu(r)ngie;igl s Tco (8) Teo; () Theoy (8)
Dark 0.22 307.2418.6  50.642.0 474524
S:f;li (N}‘;z) 60% 945 231.047.8  45.145.4 44.8+6.6
OGJf;; in 100% 4 79 185.4427.6  42.048.4 45.6+14.4

3.4.3 Spontaneous dissociation of CO:2 on reduced Au/TiO2x

Another key evidence to support the redox mechanism of RWGS over Au/TiOz is that the CO; can
be reduced by Au/TiO,« to CO without the assistance of "H (or Hz). The direct experimental
evidence has not been reported before on Au/TiO». To provide a solid evidence of spontaneous
dissociation of CO; to CO on Au/TiO2«, the isotope-labelled CO, adsorption experiments are
conducted at both 30 and 200 °C. The catalysts are firstly in-situ treated with flowing air (30 sccm)
at 400 °C for 30 min to remove the absorbed H™ and carbon species on the surface. Then the
Au/TiO; catalysts are treated with flowing Ar (30 sccm) at 400 °C for another 30 min to create Vo
[70, 71]. After cooling down, the '2CO» or '3CO» balanced in Ar is introduced and the surface
species evolution is monitored by time-resolved DRIFTS. As shown in Figure 5(a), the peaks at
2176 and 2077 cm™' emerge immediately after the '2CO» interacts with Au/TiO2«. These peaks are
assigned to the '2CO adsorption on the Ti*" and Au® sites of reduced Au/TiO» surface. To rule
out possible interventions from residual carbon, isotope labelled *CO> is used and the
corresponding DRIFT spectra are presented in Figure 5(b). Two peaks at 2138 and 2039 cm!
ascribed to *CO show up, which match the theoretical frequency shift due to larger reduced mass
(Equ. S6-S7 in SI-Section 3). More unambiguous spectroscopic evidence of dissociative

adsorption of COz on the Au/TiO2 is achieved at 30 °C with the same experimental procedure
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(Figure 5(c, d)). The peaks at the same vibration frequency emerge with a higher intensity. Control
experiment (Figure S10) is conducted to rule out the possibility that CO™ might be derived from
the CO contaminant in CO2 gas. The absence of CO" during the CO; interaction with irreducible
Au/ALOs (Figure S10) suggests CO” observed in Figure 5 is not from the contaminants but due to
the CO» dissociation with the replenishment of Vo on Au/TiO2.x. Another control experiment of

CO; interaction with reduced TiO»x was presented in SI-Section 7 without observation of CO”

either.
(@) 200 °C b) 200 °C (c) 30 °C (d) 30 °C
2E-4 2E-4 - i
I +9CO-Ti* 0.0011 —
g‘lo_f-f-in *CO-Au® 2458 s & in
i 2077 g 2036

| 2039
\// min JB

Absorbance (a.u.)
7
Absorbance (a.u.)
Absorbance (a.u.)
Absorbance (a.u.)

min

2200 2100 2000 2200 2100 2000 2200 2100 2000 2200 2100 2000
Wavenumber (cm™)

Figure 5. Time-resolved DRIFT spectra of CO; interaction with reduced Au/TiO2 in flowing Ar
with the absence of Ha: (a) >)CO; (b) *COz at 200 °C and (c) '2COx (d) 1*CO; at 30 °C.

3.5 The inverse H/D kinetic isotope effects

To further unravel reaction pathway and the plasmon-enhancement mechanism for CO:
hydrogenation on Au/TiO2, H/D kinetic isotope effects are measured at both dark and green-light
irradiation conditions at 200 to 400 °C (Figure 6). The inverse KIE, the ratio between reaction rate
using Hz and D> smaller than 1, is observed on both dark and green irritation conditions at all

investigated temperature. At reaction temperature of 200, 250, 300, 400 °C, the KIE values are
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0.56, 0.59, 0.61, 0.79 under dark and 0.61, 0.64, 0.72, 0.80 under green light irradiation,
respectively. Two results are worth notices: first, the KIE of reaction under green-light irradiation
condition always shows the higher value (closer to 1) than the counterpart in dark; Secondly, the
KIE value differences between reactions under green light irradiation and dark show an abrupt
drop to 0.01 at 400 °C. Since the overall apparent KIE can be a result combining the equilibrium
isotope effects (EIE) and KIE, spectrokinetic tests are conducted to determine the EIE of H/D
adsorbed on the surface. After annealing the Au/TiO2 in H> (or D) balanced by Ar at 200 °C for
30 min, purging with Ar flow for 5 min can remove the gaseous H> (or D) from the reaction
chamber. After the introduction with CO,, the HCOO" (or DCOO") formed on the surface is a
spectator and stable on the surface (Figure 4, SSITKA-MS experiments). As shown in Figure
S12(a, b), peak intensity of HCOO" and DCOO" located at 1571, 1568 cm™ are compared [72].
The ratios of their absorbances are summarized in Figure S12(c), which represents the equilibrium
concentration of H"/D" on the surface. It confirms a positive EIE of ~1.5 at 200 and 300 °C, which
are not affected by the irradiation condition. In summary, based on the observed inverse apparent

H/D KIE and the normal EIE, the inverse KIE of the reaction is proven.

The observed inverse H/D KIE strongly supports the redox mechanism. If the elementary step
involving the bond formation/cleavage with H/D is the RDS, a normal KIE is expected, as reported
in the literature for Au based catalysts [73-75]. The inverse KIE can be plausibly explained by the
steric effects of HoO" adsorbed at the Vo site [76, 77]. The high energy (1.38 eV, Figure 7(a))
required for H>O" desorption for Vo generation indicates the H>O" desorption is another possible
rate-limiting step at low temperature. This argument is supported by the evolution of inverse KIE

value at higher temperature. At 400 °C when H>O" is not stable on the surface any more [78, 79],
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an insignificant inverse KIE is observed, which indicates the RDS is irrelevant to H/D". Under
green light irradiation, the KIE values are significantly shifted to 1, comparing with the
corresponding dark counterparts. It suggests that the light irradiation can significantly facilitate
the desorption of the H,O" and creation of Vo. The ex-situ ESR analyses (Figure 2) confirm that
more Vois formed during the plasmon-enhanced RWGS reaction under green light irradiation than

in dark.
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Figure 6. H2/D: kinetic isotope effects of RWGS reaction under dark or green-light irradiation
condition at different temperature.

3.6 The theoretical analyses of redox reaction pathway and the plasmonic

enhancement mechanism

The redox mechanism is further supported by the DFT calculation results. The Au/TiO> catalysts
are modelled with an Au nanorod supported by anatase (101) surface, as illustration in Figure S14.
Unlike the Au nanocluster on rutile (110) facet most commonly used in the literature, the model
presented here is more suitable due to the following two considerations: (i) the anatase constitutes
~80% of the commercial P25 TiO> used as the support for catalysts in the experiments; (ii) the

(101) facet is the most stable surface of anatase [80]. Anatase (101) facet is cleaved based on the
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relaxed bulk structure and enlarged to a 2 % 3 supercell with 3 O-Ti-O trilayers. During the
calculation, the bottom O-Ti-O layer is fixed to mimic the bulk effects and the top 2 layers are free
to relax. The Au nanorod (32 atoms in total) is built in a structure of 3 layers, which are constituted
by 3, 3, 2 atoms in cross section, respectively. The Au nanorod axial direction is optimized in a
box with 15 A vacuum space at the rest two directions. Then, the (111) surface of Au nanorod is
exposed at the Au/TiO; interface leaving a small residual compressive strain of 5.1% on Au
nanorod. It is similar to the reported value of 5.53% [81] and 3.7% [82]. A vacuum layer of 17 A
is added for Au/TiO; slab model along Z-direction. Due to the supercell of Au/TiO> contains 248
atoms in total and possesses 20.8, 11.4 and 26.5 A lattice constants along X, Y, Z direction

respectively, the gamma point sampling provides converged results.

Because the important role of Vo has been both confirmed by the experimental results in this work
as well as in the literature [6, 12], the redox and carboxyl pathways are compared at the Vo site.
As shown in Figure 7(a, b), the Vo creation is initialised with the heterolytic Hz dissociation at the
perimeter site of Au/TiO2 [50]. In our case, the adsorption energy of Hy is calculated to be -0.11
eV and calculated activation energy (E,) for H» dissociation is 0.46 eV, which is close to the
reported values determined by calculations [50, 81] and experiment [83]. The generation of H,O"
and Vo through the addition of H" to the HOxc site on the TiO» (101) surface exhibits an even
smaller £, of 0.25 eV. In contrast to the two smaller E, barriers for Vo formation, the desorption
of the H,O" from the Vo site is an endothermic process requiring a high energy of 1.38 eV. At Vo
site, the energy profiles of the two plausible pathways, direct CO> dissociation and carboxyl
formation, are compared. As shown in Figure 7(b), the most energy-favourable CO> adsorption at

the Vo sites is in bended configuration with the adsorption energy of -0.85 eV. The direct
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dissociation of CO2" with the formation of CO" on Au and replenishment of Vo exhibits the E, of
0.65 eV. By contrast, the formation of COOH" at the Vo site requires an £, of 0.96 eV, which is
1.48 times as large as the E, of CO," dissociation step. The calculation results suggest COOH
pathway is less favourable than redox pathway. Although the DFT calculation results, inverse KIE
and spontaneous CO» dissociation at 30 °C all suggest the redox mechanism is the main pathway,
it is also worth mentioning that the COOH pathway is likely to be the minor reaction mechanism
at 200 °C. In Figure 4, the MS-CO signal decays don’t follow a perfect exponential function, which
suggest a minor reaction pathway exists at 200 °C. Since we have completely ruled out the HCOO

pathway, the most plausible candidate is the COOH pathway.

The light-enhanced Vo creation can be explained by the plasmonic hot electron indirect transfer
model [84]: plasmonic hot electrons fill into the electron orbitals of adsorbed molecules. For
Au/TiO», the schottky barrier smaller than 1 eV [85] is low enough for plasmon-excited hot
electrons to overcome and inject into TiO> conduction band within a short timescale ~20 fs [86].
This physical model is verified by the in-situ IR spectra of CO adsorption on Au/Ti0; under dark
and green light irradiation (Figure S13). As shown in Figure S13, the blue-shift of CO-Au peak
proves that the Au under green light irradiation is positively charged and the excited electrons
inject into the TiO» support. Because H-O" desorption and CO," dissociation are the two plausible
RDSs, the electronic structure analyses of H2O" and CO," adsorbed at Vo site of Au/TiO2-x are
conducted to provide insights on the roles of hot electrons. As shown in Figure 7(c, e), the crystal
orbital Hamilton population (COHP) bonding analyses are conducted between the O atom in H>O
and two adjacent Ti atoms in TiOz slab. It can be seen that the antibonding states are very close to

the Er (0.16 eV above Ef). Especially for O-Ti2, there are major peaks of anti-bonding states
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existing above the Er within 2.34 eV (the photon energy of 530 nm green light). Comparatively,
in the COHP analyses of CO;" at Vo site, the lowest unoccupied C-O1 antibonding state peak
locates at 1.94 eV above the Er (Figure 7(d, f)). Another possible plasmonic enhancement
mechanism is the facilitated H» dissociation induced by hot electrons. However, since the
molecular orbitals of H> only weakly couple with Au/TiO», the antibonding orbital is higher than
~2.5 eV above the Er (Figure S15). In summary, the COHP analyses indicate the plasmonic hot
electrons are more likely to fill into the antibonding orbitals of H,O" on Au/TiO; and significantly

enhance its desorption. As the result, the Vo formation is remarkably promoted.
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4 Conclusion

The redox mechanism is proven to be the main reaction pathway of CO> hydrogenation to CO
reaction over Au/TiO under both dark and green light irradiation conditions at 200 °C. The
HCOO®, HCOs™ and CO;" observed in the operando DRIFT spectra are identified as the spectators
based on SSITKA-MS experimental results. The isotope-labelled DRIFTS experiments
demonstrate the dissociative adsorption of CO; at the Vo site of Au/TiO2« in the absence of Ha.
Theoretical calculation and inverse H/D KIE further support the redox mechanism and suggest the
RDS is likely to be the Vo creation step. Additionally, the facilitation of Vo formation is proven
to be the main plasmonic enhancement mechanism by multiple experiments: ex-situ EPR
spectroscopy analyses confirm a higher Vo concentration is formed during the reaction under green
light irradiation; the H>O IR peak is suppressed by light-irradiation during DRIFTS-MS
experiments; the inverse KIE is significantly shifted to 1 under plasmonic enhancement. The
COHP bonding analyses suggest the plasmonic hot electrons are most likely to transfer to the
antibonding orbitals of HoO" adsorbed at the Vo site, which promotes the H>O" desorption and Vo
formation. The insights on the mechanism of plasmonic promotion provided by this work can
inspire the design of high-performance catalysts specific for photo-thermo coupled catalytic CO»

conversion in the future.
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