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ABSTRACT: Developing catalysts capable of efficiently utilizing both
visible and near-infrared wavelengths of the solar spectrum for CO,
hydrogenation has led to growing interest in reduced TiO, materials.
Achieving efficient long-wavelength solar light harvesting requires a high
concentration of oxygen vacancies (Oy). However, extensive Oy
formation can lead to atomic rearrangements within TiOy, causing a
dispersion of Oy throughout the material, as opposed to creating localized
and distinct Oy, sites typical of crystalline TiOy, which interact directly with
reactants. In this study, we synthesized amorphous black TiOy (AM-TiOy)
catalysts and thoroughly characterized their surface properties, including
acidity and the desorption bond strengths of H, and CO,. Density
functional theory (DFT) simulations were performed to analyze the
hydrogen adsorption profile and structural changes in the material due to
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Oy formation. We found that hydrogen mobility on the surface is restricted due to strong hydrogen bonding. The CO,
hydrogenation process was investigated using in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS),
enabling the development of a reaction pathway to elucidate the catalyst's selectivity towards CO and the effect of light
irradiation on product formation rates. Notably, m-HCO;* formation was favored, with CO and CH, production proceeding
primarily via the formate pathway. To enhance catalyst stability against oxidation during reaction, the surface was
decorated with Ru particles. The findings of this study are relevant to catalysts that leverage extensive Oy formation as a
strategy to extend light responsiveness, as well as to the design of catalysts for CO, hydrogenation to CO.

KEYWORDS: oxygen vacancy, amorphous, catalytic CO, hydrogenation, hydrogen mobility, photo-thermal, reaction

mechanism analysis

1 Introduction

Carbon dioxide is a major contributor to global warming, with its
massive emissions from fossil fuel consumption leading to
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significant environmental consequences [1, 2]. However, CO, also
presents an opportunity as a valuable carbon source that can be
harnessed not only to produce commodity chemicals but also for
advancing sustainable technologies [3, 4]. In recent years, various
sustainable approaches for CO, hydrogenation and reduction have
been extensively studied, yielding promising results [5-7]. Among
these approaches, photo-assisted thermal catalysis and
photothermal catalysis stand out for their unique advantage of
utilizing solar energy to generate electron-hole pairs [8, 9]. In these
processes, the formation of charge carriers reduces the activation
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energy barrier of the catalyst, thereby enhancing the reaction rate at
lower temperatures [10, 11]. A recent strategy to optimize
semiconductor catalysts for visible and near-infrared (NIR) light
absorption, enhancing solar energy harvesting for both temperature
increase and electron-hole pair generation, involves the creation of
oxygen vacancies (Oy) [12, 13].

Reduced TiO,, commonly known as black TiO,, has recently
gained significant attention for its potential in photocatalytic CO,
reduction and hydrogen evolution [14-16]. The introduction of Oy
in TiO, extends its light absorption to longer wavelengths,
including the visible and NIR regions, addressing a major limitation
of this material in solar-driven photocatalysis [17]. To efficiently
harvest solar light-particularly in the NIR region, a high level of Oy
formation in TiO, is necessary. However, this modification also
intensifies charge carrier recombination, leading to a substantial
decrease in photocatalytic activity [18]. Additionally, the band edge
shifts associated with Oy creation result in a lower redox potential
[19], further diminishing the material’s photocatalytic efficiency for
oxidation reactions. To overcome these challenges, photocatalytic
CO, reduction and hydrogen evolution on black TiO, are often
facilitated by the addition of sacrificial reagents such as methanol or
triethanolamine, and by decorating the catalyst with noble metals
like platinum [20]. However, the use of sacrificial reagents
introduces additional pollutants and expenses to these otherwise
green and sustainable processes. Moreover, by taking advantage of
the synergistic effect of thermal energy and charge carrier formation
by light irradiation, black TiO, can be utilized for CO,
hydrogenation under sacrificial reagent-free conditions. For
instance, Jin et al. achieved a methane yield of 93.8% in
photothermal CO, hydrogenation over Ru/black TiO, at
temperatures below 300 °C, using a catalyst prepared by
hydrogenating crystallized TiO, [15].

The crystal and electronic structures of TiO,, as well as its
catalytic activity, are significantly influenced by the preparation
method. For instance, reducing crystalline TiO, through
aluminothermic or electrochemical processes, or using reducing
agents such as NaBH,, can create a disordered TiO, shell around a
crystalline TiO, core. The thickness of this reduced shell, along with
its heterojunction with the crystalline core, plays a crucial role in
determining the catalyst’s activity and selectivity towards either CO
or CH, during photocatalytic and photothermal CO, reduction in a
sacrificial reagent-free environment [21-23]. Another approach for
generating Oy in TiO, involves chemical reduction using
surfactants during synthesis. In this method, Oy are distributed
throughout the catalyst, from the surface to the bulk, and the
resulting material exhibits a high degree of amorphicity, as
evidenced by broad, low-intensity X-ray diffraction (XRD) peaks
[24]. Density functional theory (DFT) simulations of amorphous
reduced TiO, (AM-TiOy) have demonstrated that, unlike in
crystalline TiO, where Oy are localized, the amorphization process
disperses Oy throughout the structure. This amorphization
rearranges the atomic structure, making the Oy sites less distinct
compared to those in crystalline TiO,, where Oy are more easily
identifiable in the final structure [25]. Moreover, the electronic
states in reduced TiO, are influenced by polarons. A recent study
investigating the effect of polaron formation through the creation of
oxygen vacancies in crystallized rutile showed that surface polarons
enhance CO adsorption on 5-coordinated Ti atoms. In contrast, in
the absence of surface polarons, CO readily desorbs from the
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surface. The adsorbed CO can interact with subsurface polarons,
which may contribute to the reaction mechanism by enabling
electron transfer to the adsorbate [26]. In the case of amorphous
reduced TiO,, an increased Ti/O ratio (approaching 1) is associated
with expanded Ti coordination numbers (from 3 up to 7 [25]). This
structural change leads to the formation of deep charge carrier
traps, potentially limiting the ability of subsurface polarons to
participate in surface reactions. Consequently, this could change the
reaction mechanism and selectivity as compared to crystallized
black TiO,. To better understand how polarons affect the
adsorption and activation of CO, in amorphous TiO, (AM-TiOy),
a detailed DFT analysis is recommended. Such an investigation
could provide insights into how polaron dynamics influence
reaction pathways, particularly under varying defect concentrations
and surface conditions. In proposed mechanisms involving O, sites
in crystalline TiO,, where oxygen vacancies are more localized and
distinct, two common active modes of CO, adsorption have been
suggested. In one mode, CO, adsorbs directly via its oxygen atom
onto the Oy site, while in the other, CO, adsorbs in a bidentate
mode on Ti atoms adjacent to the Oy. These different adsorption
modes can significantly influence both the activation energy and
selectivity in the photocatalytic reactions [27]. Adsorption modes
that induce less symmetry in the CO, molecule can lower the
energy barrier for accepting electrons, thereby activating the
molecule for the reaction [28]. As a result, Oy in crystalline metal
oxide catalysts are regarded as highly active sites for CO,
hydrogenation [29]. However, the impact of Oyg in amorphous,
non-stoichiometric metal oxides on catalyst activity and selectivity
remains largely unexplored.

In this study, we synthesized AM-TiOy catalysts with different
oxygen vacancy densities using a chemical reduction method. To
achieve an amorphous structure while avoiding excessive reduction,
SiO, was incorporated. Additionally, the incorporation of SiO,
could help reduce particle agglomeration, thereby enhancing the
specific surface area of the catalyst. The SiO, content was kept at
approximately 10 wt.% to avoid surface exposure and minimize
SiO,-TiOy interactions, which could affect catalytic activity. The
catalyst’s activity in both thermal and photo-assisted thermal CO,
hydrogenation was investigated. A reaction mechanism was
proposed based on in situ diffuse reflectance infrared Fourier
transform  spectroscopy (DRIFTS) of CO, hydrogenation,
supported by DFT simulations of hydrogen mobility over
amorphous TiO, with oxygen vacancies, to explain the high
selectivity of this catalyst for carbon monoxide production, and the
effect of visible light irradiation in CH, production enhancement.
Catalyst stability was also examined, and the role of Ru in stability
and reaction mechanisms was explored.

2 Experimental section

2.1 Materials

Titanium(IV) butoxide (98%, Sigma-Aldrich), ethanol (absolute for
analysis, Sigma-Aldrich), ammonia 30% (PanReac AppliChem),
hexadecyltrimethylammonium bromide (CTAB) (= 98%, Sigma-
Aldrich), hydrochloric acid (37%, Sigma-Aldrich), silicon dioxide
(nanopowder 5-15 nm, 99.5%, Sigma-Aldrich), Rutile TiO, nano
powder (Sigma-Aldrich), and ruthenium(IIl) chloride hydrate
(Tokyo Chemical Industry (TCI)) were used for the synthesis of
catalysts as received without further purification.
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2.2 Catalyst preparation

The synthesis method reported by Wang et al. [24], with slight
modifications, was applied for the preparation of the black TiOx
catalysts. First, 5 mL of titanium(IV) butoxide was slowly added to
20 mL of ethanol while being magnetically stirred. Then, 0.75 mL of
HCI was added to the solution. In a separate beaker, 0.5 g of CTAB
was dissolved in a 10 mL ethanol/DI water (1:1 volume) solution.
This latter solution was slowly added to the first solution while
being stirred. After a yellow gel formed, 1.5 mL of ammonia was
drop-fed into the yellow gel and left on a magnetic stirrer for 1 h
resulting in a white gel. In a separate beaker, a precise amount of
SiO, was added to a 100 mL solution of ethanol and deionized
water (1:1 by volume) to achieve approximately 10 wt.% SiO, in the
final catalyst. The mixture was then sonicated for 2 h. The white gel
was then added to this latter solution and vigorously stirred for 2 h.
The beaker was then placed in a pre-heated oven at 180 °C for 4 h.
The resulting solid was finely crushed and calcined in a muffle
furnace at 300 °C for 1 h with a heating ramp of 5 °C-min™. Finally,
the resulting black powder was calcined at 400 °C for 1 h in a
tubular furnace with N, gas flow, using a heating ramp of 5
°C:min”. This catalyst was labeled as AM-TiOy. To synthesize a
catalyst with a lower level of oxygen vacancies (Oy), the exact
procedure was repeated, but with the weight of CTAB reduced to
0.25 g. The resulting catalyst was labeled as AM-L-TiOy.

For the preparation of ruthenium-decorated AM-TiOy, a
calculated amount of AM-TiOy powder was added to a 100 mL
solution of ethanol/DI water (1:1 volume). A desired amount of
ruthenium(I1T) chloride hydrate was then added to this beaker and
stirred at room temperature for 1 h to achieve a 2 wt% Ru
decoration. The temperature of the solution was then increased to
70 °C and left on the hotplate while being stirred to evaporate the
solvent. The resulting powder was crushed and calcined at 400 °C
in a tubular furnace with N, gas flow, using a heating ramp of
5 °C-min™". This catalyst was labeled as AM-TiOx-2%Ru.

To prepare Rutile TiO, decorated with 2 wt% Ru as the
reference catalyst for CO, hydrogenation, TiO, nanopowder was
added to a beaker containing 100 mL of an ethanol/DI water
solution (1:1 by volume). While magnetically stirring the mixture, a
calculated amount of ruthenium(III) chloride hydrate was added.
The resulting suspension was continuously stirred for 24 h.
Subsequently, the mixture was dried in an oven at 80 °C overnight.
The dried powder was then finely crushed and calcined in a muffle
furnace at 400 °C for 2 h, with a heating ramp of 5 °C:min™. The
final catalyst was labeled as TiO,-2%Ru.

2.3 Characterization

The morphology of the catalyst was determined using both
transmission electron microscopy (TEM, Talos F200) and scanning
electron microscopy (SEM, Hitachi S-3400N), while the crystallinity
and bulk composition were analyzed by TEM and SEM,
respectively. Additionally, X-ray diffraction analysis was conducted
using a Bruker D8 Advance equipped with a Cu anode, Kal
(1.544 A) irradiation, a 26 range from 10° to 80°, and a scan rate of
0.02 °/min to determine the crystal structure of the catalysts.
Electron paramagnetic resonance (EPR) was recorded using a
Bruker EMXmicro spectrometer at 9.845 GHz. The
ultraviolet-visible-near infrared ray (UV-Vis-NIR) absorption
spectra were measured using a PerkinElmer Lambda 950
spectrophotometer. The N, adsorption—desorption isotherms were
collected at -196 °C using a Micromeritics 3Flex 3500 series
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coupled with a Smart VacPrep system. The specific surface area was
estimated using the Brunauer-Emmett-Teller (BET) theory, and
the pore volume was calculated using the Barrett—Joyner—-Halenda
(BJH) method. The oxidation state of the elements on the surface of
the synthesized catalysts was determined by X-ray photoelectron
spectroscopy (XPS) using an AMICUS spectrometer with Mg Ka X-
ray radiation (1253.6 €V) and Al K« X-ray radiation (1486.6 eV) at
15kV and 12 mA. X-ray absorption spectra (XAS) were collected in
transmission mode in beamline BL1.1W: Multiple X-ray
Techniques (MXT) of Synchrotron Light Research Institute (SLRI),
Thailand.

In situ DRIFTS was conducted on a Bruker Invenio S
spectrometer equipped with a liquid nitrogen-cooled MCT
detector. The catalysts were loaded in a Praying Mantis HVC-DRP
reaction chamber with ZnSe and glass windows. The catalysts were
heated to 400 °C at a rate of 10 °C-min™ under a nitrogen flow of
15 mL-min™ and held at this temperature for 2 h prior to the
reaction (the recorded spectrum at this step was used as the
reference spectrum). For the AM-TiOy-2%Ru catalyst, reduction
was performed in a flow of hydrogen (13 mL-min™) and nitrogen
(15 mL-min™") at 400 °C for 30 min (the reference spectrum for this
catalyst was recorded at the end of the reduction step). Following
the heat treatment, a gas stream containing CO, (3 mL-min™), H,
(13 mL-min™), and N, (15 mL-min") was introduced into the cell.
The Fourier transform infrared (FTIR) spectra measured at specific
intervals were subtracted from the reference spectra. A laser pointer
with a wavelength of 405 nm was used for light irradiation through
the glass window of the Praying Mantis reactor cell.

For NH; DRIFT analysis, the catalysts were heated to 400 °C
with a heating ramp of 20 °C:min™ and a N, flow rate of 20
mL-min” in the Praying Mantis reaction chamber. The catalysts
were held at 400 °C for 2 h. After measuring the background
spectra at 400 °C, the reaction chamber was cooled down to 350 °C
and then to 40 °C for background measurement. The catalyst was
saturated with NH; using a 15% NH,/He gas flow for 30 min at 40
°C. Nitrogen gas with a 20 mL-min™ flow rate was then fed into the
reaction chamber to remove physically adsorbed ammonia before
measuring the spectrum. Subsequently, the temperature was
increased to 350 °C and then to 400 °C with a heating ramp of
10 °C:min"' to measure the spectra.

Temperature-programmed desorption (TPD) was performed
using a Micromeritics Autochem II 2920 Analyzer equipped with a
thermal conductivity detector (TCD). First, 100 mg of catalyst was
dried at 400 °C for 1 h under a helium gas stream. The adsorption
of H, and CO, probe gases (for H,-TPD and CO,-TPD,
respectively) was conducted at 40 °C for 1 h. After removing
physically adsorbed probe gases from the catalysts with a constant
stream of carrier gas and stabilizing the baseline, the desorption
spectrum was recorded with a heating rate of 5 °C-min™ from 40 to
800 °C.

24 CO,hydrogenation experiment

CO, hydrogenation experiments were conducted in the Praying
Mantis HVC-DRP reaction chamber. A thin layer of catalyst was
loaded into the reaction chamber. Prior to the CO, hydrogenation
reaction, all catalysts were heat-treated for 2 h at 400 °C in a
nitrogen gas stream. For the AM-TiOy-2%Ru catalyst, a mixture of
H,/N, gas was used to reduce the catalyst for 30 min. CO,
hydrogenation reactions were then carried out at 400, 350, 300, and
250 °C under stoichiometric methanation conditions (10 vol.%
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CO,, 40 vol.% H,, and 50 vol.% N,). The gas hourly space velocity
(GHSV) of 21,200 h™ was maintained constant for all catalysts. For
light irradiation, a visible light laser pointer (405 nm) was used to
focus the light on the catalyst through the glass window of the cell.
The inlet and outlet gas streams were analyzed by manual injection
into a GC-TCD (Shimadzu, GC-2014) equipped with a ShinCarbon
ST column and a GC-FID (Shimadzu, GC-2030) equipped with a
DB-5 column with online sampling. The detector and injector
temperatures of the GC-TCD were set to 120 and 100 °C,
respectively. The column temperature was held constant at 55 °C
for 3 min, then increased to 240 °C at a rate of 10 °C-min™, with
argon as the carrier gas. In the GC-FID, the injector and detector
temperatures were set to 150 and 200 °C, respectively. The column
temperature was held at 55 °C for 3 min, then raised to 70 °C at a
heating rate of 10 °C:min™' and held for 1 min. Subsequently, the
column temperature was increased to 240 °C at a rate of 20
°C-min', with helium as the carrier gas.

CO, conversion and CO selectivity were calculated using Egs. (1)
and (2), respectively

n(CO,,in) — n(CO,,out)

100% (1
1(CO,,in) x100% (1)

CO, conversion (%) =

m (CO, out)
(CO, out) — m(CH,, out)

CO selectivity (%) = - x 100% (2)
where n(CO,, in) and n(CO,, out) are the molar concentrations of
CO, in the feed and reactor outlet, respectively, and m(CO, out)
and m(CH,, out) are the molar production rates of CO and CH, in
the reactor outlet.

25 Computational details

Theoretical calculations were conducted using BIOVIA Materials
Studio 7.0. An amorphous TiO, structure was generated from an
anatase TiO, supercell containing 48 atoms through the melt-
quench method. The supercell was initially heated to 4726.85 °C at
a rate of 117.5 K:ps™ and maintained at this temperature for 40 ps.
Subsequently, it was cooled to room temperature at a rate of
0.235 K-ps™ and held for 10 ps. Simulations were performed with a
2 fs time step in an isobaric ensemble (NPT), using a Nosé-Hoover-
Langevin (NHL) thermostat and barostat with time constants of
0.1 and 0.4 ps, respectively [30]. DFT optimization was carried out
using the CASTEP module, employing the generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
functional and a plane-wave cut-off of 500 eV. For the projected
density of states (PDOS) simulation in the CASTEP module, the
amorphous structure from the previous step was reoptimized using
the PBE functional at the GGA level. Ultrasoft pseudopotentials
were used to represent the interaction between ions and electrons,
with a plane-wave cut-off energy of 500 eV. The Brillouin zone was
sampled with a 4 x 4 x 2 grid. Convergence criteria were set to a
total energy difference of 1 x 10~ Ha, a maximum force per atom of
0.002 Ha-A ", and a maximum displacement between cycles of 0.005
A. To achieve a better estimation of the bandgap, Hubbard terms
with values of Uy = 11.0 eV and U, = 1.0 eV were incorporated. For
the PDOS simulation of amorphous TiO, with 50% oxygen
vacancies, oxygen atoms were randomly deleted, and the structure
was optimized using the aforementioned methods and parameters.
The hydrogen adsorption simulation was conducted using the
DMol3 module by calculating the adsorption energy of hydrogen
on amorphous TiO,, both with and without one or two oxygen
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vacancies. Oxygen vacancies were introduced by removing oxygen
atoms from the amorphous TiO, structure. For structural
optimization and Gibbs free energy calculations in the DMol3
module, the GGA and Becke-Lee-Yang-Parr (BLYP) functional
were employed. The relativistic effects of transition metals were
accounted for using the DFT semi-core pseudopotential (DSPP)
approach and the double numerical (DN) basis set. The
convergence criteria for structural optimization were set as follows:
a total energy difference of 1 x 10~° Ha, a maximum force per atom
of 0.002 Ha-A"', a maximum displacement between cycles of 0.005
A, and Monkhorst-Pack k-point sampling of 1 x 2 x 1. Adsorption
energy was calculated using Eq. (3)
1

Ead - EH/sur - EEHZ - Esur (3)
where E,4 is hydrogen adsorption energy, E,, is energy of the bare
surface, Ey, is the energy of the hydrogen gas, and Eyy, is the

energy of adsorbed hydrogen on the surface.

3 Results and discussion

Figure 1(a) presents the XRD spectra of the prepared samples. The
spectra show a broad peak around 25°, indicating that the catalysts
are amorphous. Similarly, the XRD spectrum of SiO, powder
exhibits a broad peak near 23°, suggesting that these nanoparticles
are also amorphous [31, 32]. The reduced intensity of the SiO,
broad peak in the prepared samples could be attributed to the
formation of a TiOy shell around the SiO, nanoparticles [33].
Furthermore, the short-range order in the AM-TiOy catalyst was
studied using X-ray absorption near-edge structure (XANES). The
resulting normalized Ti K-edge spectra of the sample, along with
those of Anatase-TiO, and Rutile-TiO, as standards, are shown in
Fig. 1(b). The pre-edge peaks in the AM-TiOx XANES spectrum
are labeled as Al, A2, A3, and B. The A1 peak is typically assigned
to the quadrupole transition from the 1s core orbital to the 3d
valence orbital. The A2, A3, and B peaks correspond to dipole
transitions from the 1s core orbital to various components of 3d-4p
hybridized states [34, 35]. The position and intensity of the A2 peak
are particularly sensitive to interatomic bond distances,
coordination numbers, and bond angles. As the crystallinity of the
material decreases, the intensity of the A2 peak increases, reflecting
stronger p-d hybridization due to local disorder around the Ti
atoms [36-38]. Moreover, as disorder in the local atomic
environment around Ti increases, the white line broadens, and its
intensity decreases [39, 40]. XRD and XANES analyses confirm the
absence of both long-range and short-range orders in the prepared
sample.

Figure 1(c) presents the UV-Vis-NIR absorption spectra. All
catalysts exhibit light absorption in both the visible and NIR
regions. The AM-TiOy sample shows higher absorption in the near-
infrared region compared to the AM-L-TiOy sample, which has a
lower level of Oy. The black color and increased light absorption
are attributed to the excitation of electrons from defect-induced
energy states in the conduction band (CB) tail to the upper CB [25].
Thus, the higher absorption in both visible and NIR regions for AM-
TiOx can be attributed to its higher level of oxygen vacancies
compared to AM-L-TiOy. Additionally, the AM-TiOx-2%Ru
sample exhibits the highest absorption in both the visible and NIR
regions. This enhanced light absorption can be attributed to several
factors. Firstly, the metallic electronic structure of Ru introduces
energy states within the bandgap, close to the CB, of AM-TiOy [41].
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Figure1 (a) XRD patterns of the prepared catalysts, (b) Ti K-edge XANES spectra of the AM-TiOy sample compared with Anatase and Rutile TiO, standards, (c)

UV-Vis-NIR spectra, and (d) EPR spectra of all samples.

These new states facilitate increased light absorption. Furthermore,
the localized surface plasmon resonance (LSPR) of the ruthenium
oxide particles also contributes to enhanced light absorption across
the visible to NIR regions [42—44].

EPR measurements were conducted to examine the presence of
oxygen vacancies in the prepared samples, with the results shown in
Fig. 1(d). The AM-TiOy sample exhibits the most intense EPR
signal, with a g-value of approximately 2.0031. This g-value is
commonly attributed to unpaired electrons trapped at Oy, [45, 46],
suggesting a higher concentration of Oy in AM-TiOy compared to
the other samples. The AM-L-TiOy shows a reduced EPR signal
intensity and a slight g-value shift, indicating a lower Oy
concentration and a modified local environment for the unpaired
electrons [47]. The amorphous nature of the samples contributes to
a wider range of possible defect sites and electronic environments.

HT Mag |Mode |Size |Exp
200 kV | 500 kx | TEM | 4096 | 400 ms

Figure2 TEM images of AM-TiOy-2%Ru catalyst.
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The EPR spectrum of AM-TiOy-2%Ru reveals a further decrease in
the EPR signal, implying that the Ru decoration method has
resulted in a reduction in the level of Oy,.

Figure 2 shows the TEM images of the AM-TiOx-2%Ru catalyst.
The TEM analysis reveals that the nanostructure of the catalyst
consists of agglomerated spherical particles. Additionally, the
observed lattice fringes were measured, yielding a d-spacing of
0.300 to 0.319 nm, corresponding to the (110) plane of RuO,
(referenced by XRD card: COD 96-100-0059). As the measured d-
spacing does not match those of Anatase-TiO, (XRD card
reference: COD 96-101-0943), Rutile-TiO, (XRD card reference:
COD 96-900-1682), or Brookite TiO, (XRD card reference: COD
96-900-4138), it can be inferred that the TiOy is in an amorphous
form.

The morphology and chemical composition of the prepared

STREC-TEM Lab

Mag Mode | Size
TEM

Exp
4096 | 400 ms
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catalysts were analyzed using SEM and energy-dispersive X-ray
(EDX), as shown in Figs. S1 and S2 in the Electronic
Supplementary Material (ESM). The SEM images reveal that the
catalysts consist of agglomerated spherical particles. The EDX
analysis indicates that the atomic ratio of Ti/O increases from the
AM-L-TiOy to the AM-TiOy catalyst, suggesting a higher level of
Oys in the latter. Additionally, the elements are uniformly
distributed across the catalysts, with the Ru concentration measured
at 2 weight percent. Moreover, elemental composition analysis of
the TiO,-2%Ru catalyst reveals that Ru, comprising 2 wt.%, is
uniformly distributed across the surface of the rutile TiO,.

Figure S3 in the ESM shows the nitrogen adsorption—desorption
isotherms, and the estimated specific surface area, pore size, and
pore volume are reported in Table 1. All samples exhibit type IV
isotherms with H, hysteresis, indicating a mesoporous structure
[48]. Among them, AM-TiOy has the highest BET specific surface
area, but decoration with Ru significantly reduces this area, likely
due to pore blockage by Ru particles.

XPS was conducted to investigate the surface composition and
oxidation states of the elements in AM-L-TiOy and AM-TiOy
catalysts, with the resulting spectra presented in Fig. 3. Two main
peaks of Si with 2p and 2s excitation are reported to be positioned
at around 99 and 149 eV [49-52], respectively, the absence of these
two peaks in Figs. 3(a) and 3(d) (no peak was observed in around

Table 1 Specific surface area, pore size, and pore volume of the prepared
catalysts

100 to 200 eV region) confirms that Si is not on the surface of the
catalysts. The deconvolution of the Ti 2p XPS spectrum of the AM-
L-TiOy sample revealed two characteristic peaks corresponding to
Ti* at binding energies of 4585 and 464.1 eV, along with two
shoulders at 4564 and 462.0 eV, which are attributed to an
oxidation state of less than 4+ (represented as Ti* in Fig. 3(b) with &
< 4) [14, 53-55]. Similar peaks were observed in the deconvolution
of the Ti 2p spectrum of AM-TiOy (Fig. 3(e)). The O 1s spectrum
of the AM-L-TiOy catalyst (Fig. 3(c)) was fitted with three peaks at
binding energies of 529.8, 531.8, and 533.5 eV, corresponding to
lattice oxygen (Oy), Ti-OH (Ogyy), and surface-adsorbed hydroxide
complexes and water (Os), respectively [21, 56—61]. Similar peaks
were fitted to the O 1s spectrum of AM-TiOy.

The type and strength of surface acidity significantly influence
the mobility and adsorption of reactants, intermediates, and
products during CO, hydrogenation [62]. Strong acid sites can
enhance the binding strength of hydrogen and other intermediates
on the catalyst surface, potentially saturating active sites and
restricting the adsorption and activation of H,. This limitation in
hydrogen mobility and accessibility can significantly impact the
catalyst’s selectivity, potentially favoring reaction pathways that
require fewer protons, such as CO formation, over those leading to
CH, production. To investigate surface acidity and its sensitivity to
light irradiation, NH; DRIFTS measurements were conducted at
different temperatures. The resulting spectra are depicted in Fig. 4
for AM-L-TiOx and AM-TiOy, and Fig. 5 for AM-TiOy-2%Ru.
The observed bands in Fig. 4(a) at 1225 and 1600 cm™ correspond

S BET surface  Pore size . to the symmetric and asymmetric bending vibrations of
ample s i Pore volume (cm®g™) . . o . .
area (m*g™) (A) chemisorbed NH; on Lewis acid sites [63-68]. Peaks with high
AM-L-TiOy 249.3 37.4 0.233 intensities are centered at 1403, 1438, 1667, and 1812 cm™
AM-TiOy 3335 359 0.299 (Fig. 4(a)), which are attributed to the asymmetric stretching
AM-TiO,2%Ru 1972 0.1 0.193 vibration of N-H in I\.TH4- and the symmetric .bendmg V1br.at10n of
NH," on Brensted acid sites [66—71], respectively, suggesting that
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Figure3 XPS spectra of AM-L-TiOy and AM-TiOy catalysts: (a) survey spectrum of AM-L-TiOy, (b) Ti 2p spectrum of AM-L-TiOy, (c) O 1s spectrum of AM-L-TiOy,
(d) survey spectrum of AM-TiOy, (e) Ti 2p spectrum of AM-TiOy, and (f) O 1s spectrum of AM-TiOy.
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Figure4 NH; DRIFT spectra of (a) AM-L-TiOy without light irradiation, (b) AM-L-TiOy under light irradiation, (c) AM-TiOx without light irradiation, and (d) AM-

TiOx under light irradiation.

NH; primarily adsorbs on Brensted acid sites. As the temperature
increased from 40 to 350 °C, the intensity of the peaks decreased;
however, the peaks corresponding to Brensted acid sites exhibited
the highest intensity. Further increasing the temperature to 400 °C
revealed that NH; is primarily adsorbed on Brensted acid sites at
elevated temperatures (Fig. 4(a)). The same measurement was
repeated for AM-L-TiOx under light irradiation (Fig. 4(b)). At
40 °C, no difference in the peaks was observed between
measurements with and without light illumination; however, the
intensity of the peak at 1403 cm™ measured at 350 and 400 °C was
significantly reduced. Similar measurements were performed for
the AM-TiOy catalyst, with peak assignments shown in Figs. 4(c)
and 4(d). For this catalyst, increasing the temperature to 350 and
400 °C, as well as exposure to light illumination, led to a slight
decrease in the peak intensity at 1403 cm™. The effect of light
irradiation on this catalyst is less pronounced compared to the AM-
L-TiOy catalyst. To explain the observed difference in the behavior
of the catalysts under light irradiation, it is essential to consider the
types and density of traps in reduced TiO, catalysts. Two common
defects in reduced TiO, are Oy and Ti** (Ti with an oxidation state
of less than 4+). These defects can be present both on the surface
and within the bulk of the material, depending on the catalyst’s
preparation method. Surface Oy can enhance photocatalytic activity
by trapping electrons and activating reactants, while bulk Oy can
improve the catalyst’s light responsiveness, especially to visible and
NIR light. Similarly, Ti* defects can prolong the lifetime of
photogenerated holes by trapping them, thereby further enhancing
the photocatalytic activity of the material. However, a high density
of these defects can have the opposite effect, significantly increasing
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the recombination of excited charge carriers and thereby reducing
the diffusion length of electron-hole pairs [72, 73]. For example, in
a study by Balog et al. [74] on the effect of defect density in reduced
TiO, on its electronic and chemical properties, they prepared three
TiO, catalysts with varying defect densities. Their photocurrent
measurements revealed that the catalyst with the highest defect
density (referred to as black TiO,) exhibited the lowest current
density, while the catalyst with the lowest defect density (referred to
as white TiO,) showed a substantially higher photocurrent. Notably,
a sacrificial reagent was added to ensure that the oxidation reaction
was not the limiting factor. In our case, the catalyst with a higher
defect density (AM-TiOy) is less responsive to light, likely due to
the extensive recombination of charge carriers resulting from the
higher density of defects.

Decorating AM-TiOy with Ru enhances both the Lewis and
Brensted acidity of the catalyst, as shown in Fig. 5(a). Furthermore,
a comparison between Figs. 5(a) and 5(b) reveals that light
irradiation significantly impacts the acidity of the AM-TiOx-2%Ru
catalyst. Under light exposure and elevated temperatures, the peak
at 1222 cm™, associated with Lewis acid sites, diminishes and
becomes barely detectable at 400 °C. In contrast, the peak at
1403 cm™, indicative of Brensted acid sites, sharpens and becomes
the dominant feature in the spectrum at 400 °C. This phenomenon
can be attributed to the formation and transfer of charge carriers.
Upon illumination, electrons are excited into the conduction band,
which mainly originates from Ti 3d orbitals, with contributions
from O 2p orbitals [75, 76]. Due to the high defect density and
short diffusion length of charge carriers in this catalyst, electrons
near the metallic Ru can transfer to the Ru particles, increasing the
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Figure5 NH; DRIFT spectra of (a) AM-TiOx-2%Ru without light irradiation and (b) AM-TiOx-2%Ru under light irradiation.

electron density at Ru sites and thereby reducing both their Lewis
and Brensted acidity (Ru-H sites act as Brensted acid sites).
Simultaneously, some electrons remain in the Ti 3d orbitals,
increasing the electron density around Ti atoms, further decreasing
the number of effective Lewis acid sites. Additionally, the electron
transfer to Ru generates more electron-deficient Ti sites near the Ru
particles, which can withdraw electron density from neighboring
OH groups. This withdrawal enhances the acidity of the protons in
these OH groups, thereby increasing the Breonsted acidity, as
reflected in the observed sharpening and dominance of the
1403 cm™ peak at higher temperatures under light illumination
(Fig. 5(b)).

The CO, adsorption capacity of all catalysts was evaluated using
CO,-TPD, with the results presented in Fig. 6(a). In the CO,-TPD
profiles, peaks observed between 50-200 °C are attributed to weak
CO, adsorption sites, those between 200-400 °C to medium-
strength sites, and peaks above 400 °C to strong adsorption sites
[77, 78]. All catalysts exhibit strong adsorption sites, as indicated by
the prominent peaks above 400 °C. A comparison between AM-
TiOx and AM-L-TiOx shows that the intensity of the CO,
desorption peaks around 250 °C (see Fig. $4 in the ESM) and above
400 °C (Fig. 6(a)) increases significantly with a higher density of
Oys, indicating enhanced adsorption capacity with increasing Oy,
density. However, when comparing AM-TiOy with AM-TiOx-
2%Ru, the intensity of the shoulder peak around 250 °C is higher
for AM-TiOy, while the presence of Ru significantly enhances the
intensity of the stronger CO, desorption peak above 400 °C. In
addition, hydrogen adsorption behavior was measured, and the
results are presented in Fig. 6(b). Similar to the CO,-TPD profiles,
hydrogen desorption peaks were observed at high temperatures in
the H,-TPD profiles, indicating strong hydrogen adsorption on the
catalyst surface. Desorption peaks at around 90-300 °C are
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commonly attributed to the release of molecular hydrogen, while
peaks above 300 °C are associated with dissociatively adsorbed
hydrogen [79]. When comparing the H,-TPD profiles of the AM-L-
TiOx and AM-TiOx catalysts, similar peaks were observed. Both
catalysts exhibited a peak at around 250 °C and two peaks at
approximately 450 and 600 °C. The presence of these peaks
suggests that hydrogen mobility on the surface is limited due to
strong hydrogen adsorption. For the AM-TiOx-2%Ru catalyst, a
small shoulder peak shifts slightly towards higher temperatures (see
Fig. $4 in the ESM), with a dominant peak appearing at around
550 °C. The intensity of this peak is the highest among the catalysts,
suggesting the largest quantity of adsorbed hydrogen, despite this
catalyst having the smallest specific surface area. Additionally, the
interaction between Ru and the AM-TiOy support significantly
increases the strength of hydrogen adsorption, indicating that while
hydrogen dissociation on Ru is facilitated, hydrogen mobility on the
surface is restricted.

The results of the thermal and photothermal CO, hydrogenation
reactions are presented in Fig. 7 for AM-L-TiOyx and AM-TiOy,
and in Fig. 8 for AM-TiOx-2%Ru. Initial observations reveal that no
products were formed at 250 °C for both AM-L-TiOy and AM-
TiOy. However, increasing the temperature to 300 °C led to the
formation of CO (15 mmolh™g.") and CH, (1.2 mmolh™g_™)
on the AM-L-TiOy catalyst, while only CO (14 mmolh™-g_") was
detected for AM-TiOy at this temperature (Fig. 7). Repeating the
experiments under light irradiation did not activate either catalyst at
250 °C but altered the selectivity at 300 °C. For AM-L-TiOy, CO
selectivity decreased to zero, while the CH, formation rate increased
to 2 mmolh™g, " In contrast, AM-TiOyx exhibited a different
behavior, as neither CO nor CH, was detected under light
irradiation, indicating that this catalyst is less responsive to light.
Therefore, light irradiation influences both the rate of product
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Figure 7 Thermal and photothermal catalytic performance of AM-L-TiOx and AM-TiOx for CO, hydrogenation.

formation and the selectivity of the catalysts. Based on the findings
from NH;-DRIFTS, CO,-TPD, and H,-TPD studies of the catalysts,
the reaction temperature was increased to 350 °C. As shown in
Fig. 7, this temperature-increase significantly enhanced the
production rates of CH,4 and, particularly, CO for both catalysts.
Repeating the experiment under light irradiation resulted in a
decrease in the CO formation rate and an increase in the CH,
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formation rate for both catalysts. However, the reduction in CO
production was more pronounced for the AM-TiOyx catalyst.
Further increasing the temperature to 400 °C led to a substantial
enhancement in the production rates of both CH, and CO for both
catalysts. The highest CO production rate was 192 mmolh™.g_ ",
while the highest CH, production rate was 6.3 mmol-h™g_", both
observed for the AM-L-TiOy catalyst. Regarding the effect of light
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Figure8 Thermal and photothermal catalytic performance of AM-TiOx-2%Ru for CO, hydrogenation.

irradiation on both catalysts, CO production decreased, while CH,
production increased. Additionally, the thermal CO, hydrogenation
experiment at 400 °C was conducted using the TiO,-2%Ru catalyst
as a reference, with the results presented in Fig. S5 in the ESM. The
CH, production rate of approximately 120 mmolh™.g., " was
achieved throughout the experiment, while the CO production rate
was around 10 mmolh™g_,". This corresponds to a CO selectivity
of roughly 8% for the TiO,-2%Ru catalyst, which is significantly
lower than the CO selectivity achieved with the amorphous TiOx
catalysts.

A distinct effect of light illumination on CH, and CO production
rates is observed for the AM-TiOx-2%Ru catalyst, as shown in
Fig. 8. Unlike the AM-L-TiOx and AM-TiOyx catalysts, light
illumination does not affect the CH, production rate for AM-TiOy-
2%Ru (Fig. 8(a)), while it increases the CO production rate,
exhibiting an opposite trend. This catalyst also demonstrates activity
at temperatures higher than 250 °C, with CO selectivity decreasing
below 90%. Given the significant difference in the specific surface
areas of these catalysts (the BET surface area of AM-TiOx-2%Ru is
1972 m*g', compared to 3335 m*g' for AM-TiOy), we
normalized the CH, and CO production rates by the BET surface
area to better illustrate the role of Ru. The normalized results are
presented in Fig. S5 in the ESM. Notably, the AM-TiOx-2%Ru
catalyst exhibits the highest CH, production rate in both thermal
and photothermal processes (Figs. S5(a) and S5(b) in the ESM). At
300 °C, this catalyst shows a higher CO production rate compared
to the other catalysts. Furthermore, it achieves a comparable CO
production rate to AM-L-TiOy at 300 and 350 °C. Additionally, the
CO production rate for AM-TiOx-2%Ru slightly surpasses that of
AM-TiOy at 400 °C. All catalysts were also tested in a continuous
photo-assisted reaction for 6 h at 400 °C to evaluate their stability,
with results presented in Fig. S7 in the ESM. The formation rates of
both CO and CH, decreased for the AM-L-TiOy and AM-TiOy
catalysts, while the rates remained nearly constant for AM-TiOx-
2%Ru (these rates are not normalized by specific surface area).
After the stability test, the used catalysts were characterized by EPR,
as shown in Fig. S8 in the ESM. The AM-L-TiOy and AM-TiOy
catalysts exhibited significant oxidation, whereas the AM-TiOx-
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2%Ru catalyst showed slight reduction.

The kinetics of the CO, hydrogenation reaction were further
analyzed using Arrhenius-type plots [80, 81], with the results
presented in Fig. S8 and Table S1 in the ESM. A comparison of the
apparent activation energy (E,) for CH, formation revealed a
significant decrease under photo-assisted thermal conditions for the
AM-L-TiOx and AM-TiOy catalysts, while only a slight decrease
was observed for the AM-TiOy-2%Ru catalyst. For CO formation, a
slight reduction in E, was observed in the photo-assisted thermal
process for the AM-L-TiOy and AM-TiOy catalysts. However, for
the AM-TiOx-2%Ru catalyst, the E, for CO formation increased
under photo-assisted thermal conditions. Overall, the AM-TiOx-
2%Ru catalyst exhibited the lowest E, for CO, hydrogenation to
Co.

The projected density of states (PDOS) for amorphous TiO, and
amorphous TiO structures is shown in Fig. 9. A comparison
between the DOS of amorphous TiO, and amorphous TiO reveals
that the introduction of oxygen vacancies causes a shift in the VB
edge away from the Fermi level. This shift suggests that the material
can be excited by shorter wavelengths. The presence of Oy also
leads to the formation of energy states in the CB tail, derived from
the Ti 3d and O 2p orbitals. These defect-induced energy states act
as recombination centers for charge carriers, resulting in a shorter
diffusion length. Furthermore, the formation of Ti 3d and O 2p
states in the CB tail indicates an increased electron density around
Ti and O atoms, which can influence both hydrogen adsorption
energy and the mode of CO, adsorption. Therefore, we simulated
the hydrogen adsorption energy on amorphous TiO, with one and
two oxygen vacancies, and the results are presented in Fig. 9(c).
Notably, simulations on amorphous TiO (50% Oy) were
unsuccessful, so we instead focused on amorphous TiO,,
introducing two oxygen vacancies by removing oxygen atoms. The
simulation results indicate that increasing the number of oxygen
vacancies enhances the stability of adsorbed hydrogen on the
catalyst’s surface. This enhancement in hydrogen adsorption energy
can be explained by considering electron density redistribution on
Ti and O atoms. The formation of Oyg increases the electron
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Figure9 Projected density of states of (a) amorphous TiO,, (b) amorphous TiO, and (c) adsorption energy profile of hydrogen on catalysts with and without oxygen

vacancies.

density of the nearby Ti atoms. Due to the higher electronegativity
of O atoms, electron density on Ti is partially redistributed to the
adjacent oxygen atom, resulting in an increased electron density on
the oxygen atom. This increase in electron density stabilizes the
O-Hbond.

To elucidate the mechanism of CO, hydrogenation over the
prepared catalysts, we investigated the evolution of surface species
during both thermal and photo-assisted thermal reactions using in
situ FTIR spectroscopy. The corresponding spectra and band
assignments are presented in Figs. 10 and 11. For the AM-L-TiOy
and AM-TiOy catalysts (Fig. 10), the FTIR spectra in the range of
1100 to 1800 cm™ indicate that monodentate bicarbonate (m-
HCO;s¥, 1400, 1444, and 1618 cm™), which forms via the
chemisorption of CO, on hydroxyl groups, is the predominant
intermediate species [82—89]. Additionally, two characteristic peaks
of bicarbonate are observed at 3629 and 3594 cm™ in the region
above 3200 cm™ (Fig. S9 in the ESM) [90]. The intensity of the m-
HCO;* band increases significantly over the course of the reaction,

(& 27w | Sci@pen

94907218 (11 of 17)

highlighting its role as the dominant intermediate species. A small
peak at 1340 cm™ is also observed, corresponding to the symmetric
stretching vibration of the C-O bonds within formate species
(HCOO*) [77, 91]. Additionally, the broad peak in the range of
1560 to 1655 cm™ (more pronounced in Fig. 10(d)) likely results
from overlapping bicarbonate and formate ions adsorbed on the
surface, with the formate ion contributing a peak at 1640 cm™ [27,
92, 93]. The more prominent shoulder within this range for AM-
TiOy correlates with the enhanced CH, formation rate under light
irradiation. Moreover, a broad peak around 2800 cm™ is evident for
all catalysts, attributed to overlapping CH,0* and HCOO* species
[83, 94, 95] (Figs. 10 and 11). Characteristic peaks for gaseous CO
are detected at 2113 and 2173 cm™, while the CH,(g) band at
3015 cm™ appears with very low intensity, consistent with the high
selectivity of both AM-L-TiOy and AM-TiOy catalysts towards CO
production [78, 86, 96, 97]. Similar measurements under light
irradiation (Fig. 10 and Fig. S9 in the ESM) show that the detected
intermediates and products are consistent with those observed in

Nano Research, 2025, 18, 94907218


https://www.sciopen.com/article/10.26599/NR.2025.94907218
https://www.sciopen.com/article/10.26599/NR.2025.94907218
https://www.sciopen.com/article/10.26599/NR.2025.94907218
https://www.sciopen.com/article/10.26599/NR.2025.94907218
https://www.sciopen.com/article/10.26599/NR.2025.94907218
https://www.sciopen.com/article/10.26599/NR.2025.94907218
https://www.sciopen.com/article/10.26599/NR.2025.94907218
https://www.sciopen.com/article/10.26599/NR.2025.94907218

Fereidooni et al.

Nano Research | Vol. 18, No. 3

CH,
HCoO

Absorbance (a.u.)

803 /\K
< A

014 N ——— AR

0.4 4

o
w

o
N

o
i

—— 120 min
—— 115 min
«|— 105 min
—— 95 min
——85min
|75 min
—— 65 min
—— 55 min
——45min
——35min
; 25 min
~——— 15 min
10 min
5 min
0 min

T T T T T
3200 2800 2000 1600 1200
Wavenumber (cm™
(c) avenumber (cm™) (d)

T T
2000 1600

Wavenumber (cm™)

T
2800

CH m-HCO,'

= Heoo

m: - CH,0’ co(g)
W N
804 M\
2 /\/\Vﬁ\-/\s

< /Y~\\«\\

m-HCO; | Hcoo'
|

s

Absorbance (a.u.)

m-HCO," | 04
I

o
N
i

o
L

0.0

—— 120 min
| —— 105 min
3| ——95min
—— 85 min
. [[——75min
—— 65 min
—— 55 min
——45min
——35min
25 min
15 min
10 min
5 min
0 min

.
2000
Wavenumber (cm™)

T T
3200 2800 1600 1200

3200

T
2000
Wavenumber (cm™)

T
2800 1600

Figure 10 In situ DRIFT spectra of CO, hydrogenation at 400 °C over (a) AM-L-TiOx without light irradiation, (b) AM-TiOy without light irradiation, (c) AM-L-TiOx

under light irradiation, and (d) AM-TiOy under light irradiation.

the absence of light, further confirming the reaction mechanism.

DRIFTS measurements of CO, hydrogenation, both with and
without light illumination, were conducted on the AM-TiOx-2%Ru
catalyst, with the results shown in Fig. 11 and Fig. S10 in the ESM.
Similar to the Ru-free catalysts, the m-HCO3* species exhibited the
highest intensity. A notable difference in the DRIFT spectra of this
catalyst is the increased intensity of the broad peak in the range of
1560 to 1655 cm™, indicating a greater amount of formate ions
(HCOO*) on the Ru-containing catalyst. This observation
correlates with the higher rate of CH, production for this catalyst.
Furthermore, a distinct formate (HCOO*) peak appears at 1750
cm™ [93]. A small peak at 1304 cm™, observed under both reaction
conditions, corresponds to the asymmetric stretching vibration of
*CO5* [98]. In addition, two new bands at 1910 and 2051 cm™ were
attributed to bridged and linear CO species adsorbed on Ru,
respectively [95, 99, 100]. Measurements under light illumination
did not lead to the formation of new intermediates. Thus, methane
formation follows the formate pathway on all catalysts.

DRIFTS measurement of CO, hydrogenation over TiO,-2%Ru
(reference catalyst) was performed at 400 °C without light
illumination. The resulting spectra, along with the assignment of

C)] (b)

active species, are provided in the Fig. S11 in the ESM.

To fully understand the reaction mechanism, it is essential to clarify
how the catalyst’s amorphous structure influences the formation of
monodentate carbonate upon CO, adsorption. In crystalline metal
oxides with low levels of oxygen vacancies, these vacancies are
distinct and localized, making specific sites available for reactant
interaction. In contrast, amorphous TiOy catalysts with a near 1:1
Ti/O ratio exhibit a high concentration of oxygen vacancies, which
results in a structural rearrangement that causes these vacancies to
spread throughout the material rather than remain localized. This
distribution affects how CO, interacts with the surface. Zhong et al.
[25] demonstrated through simulations that in amorphous reduced
TiOy, a high oxygen vacancy concentration (up to 50%)
significantly reduces the number of 6-coordinated Ti atoms, while 3-
and 4-coordinated Ti atoms, as well as Ti-Ti pairs, increase. This
suggests that the material redistributes its oxidation states to address
its oxygen deficiency, potentially forming metal clusters as a
stabilization mechanism. Upon CO, adsorption on the Lewis basic
sites of amorphous TiOy, the interaction between the negatively
charged oxygen of the adsorbed CO, and the electron-rich Ti sites
creates electrostatic repulsion. This repulsion decreases the
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Figure 11 In situ DRIFT spectra of CO, hydrogenation at 400 °C over (a) AM-TiOx-2%Ru without light irradiation and (b) AM-TiOx-2%Ru under light irradiation.
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likelihood that oxygen will coordinate with the electron-rich Tij,
favoring monodentate rather than bidentate adsorption. As a result,
monodentate adsorption is preferred on the amorphous TiOx
surface. Another important factor that can significantly affect the
selectivity of the products is the strength of the hydrogen bond on
the surface of the amorphous TiOx. As shown by H,-TPD
experiments and DFT simulations on the hydrogen adsorption
profile, hydrogen mobility is restricted due to the high stability of
the O-H bond. Based on in situ DRIFT measurements, the CO,
hydrogenation mechanism on amorphous TiOy proceeds via two
distinct reaction pathways, as depicted in Fig. 12. The first pathway
(Fig. 12(a)) illustrates the mechanism on Ru-free surface sites or on
active sites located away from Ru particles. Upon adsorption and
initial hydrogenation of CO, on the catalyst surface, monodentate
bicarbonate is identified as the primary active species, which
subsequently undergoes further hydrogenation to form formate
(HCOO*) species. The formate intermediate can then either
decompose thermally or undergo additional hydrogenation to
release CO and H,O. Alternatively, a portion of the formate species
can be hydrogenated further to yield methoxy (CH,0%*), which acts
as a key intermediate in the pathway leading to CH, formation. In
the final step, methoxy undergoes further hydrogenation steps to
produce methane. Due to limited hydrogen mobility on the catalyst
surface, attributed to strong hydrogen bonding, the reaction
pathway favoring CO formation (which requires fewer
hydrogenation steps) is more prevalent. When the catalyst is
illuminated, photoexcitation causes electron transfer to Ti, which
subsequently decreases the electron density of the oxygen atoms
bonded to hydrogen. This reduction in electron density weakens
the hydrogen bonds at these sites, thereby enhancing the mobility
of hydrogen atoms. Increased hydrogen mobility means that more
hydrogen is available for CO, hydrogenation, favoring the
additional hydrogenation steps required for methane production
over CO. Furthermore, the EPR analysis of the used catalysts
indicates oxidation of the catalyst during the reaction. This
oxidation is likely driven by strong interactions between CO, and
the catalyst surface, which facilitate electron transfer from the
catalyst to the adsorbed CO,. This electron transfer can oxidize the
catalyst and subsequently reduce its activity over time.

In the second reaction pathway (Fig. 12(b)), monodentate

(2)
I e
co, AM-TiOx k .I
s/ |
| co AM-TiOy

AM-TiOyx
Co, />
T ,

carbonate remains the primary intermediate species, similar to the
previous mechanism. However, DRIFT analyses also reveal the
presence of bridged and linear *CO species. These CO species likely
result from the decomposition of formate intermediates, followed
by subsequent adsorption on the Ru surface. Between the two
forms, bridged CO is more stable due to its stronger binding on the
catalyst, and it can undergo further hydrogenation to yield CH,.
The presence of Ru particles plays a critical role by facilitating
hydrogen dissociation, thereby supplying the necessary hydrogen
for methane formation. Additionally, under illumination, the CH,
formation rate remains unchanged while the CO formation rate
increases. This behavior is attributable to electron transfer to Ru
upon excitation of the catalyst. The electron transfer weakens the
Ru-CO bond, particularly affecting linearly adsorbed CO, which
promotes its desorption and accounts for the enhanced CO
formation rate in the photo-assisted reaction compared to the
thermal process. Additionally, EPR analysis of the used AM-TiOx-
2%Ru catalyst (Fig. S12 in the ESM) shows a slight reduction after
reaction, a result contrary to that of the Ru-free catalyst. The
reduction can be attributed to the ability of Ru to effectively
dissociate hydrogen, creating a locally reduced environment around
Ru particles. This environment facilitates electron transfer from Ru
to neighboring Ti atoms, reducing the TiOy catalyst. Furthermore,
protons generated on Ru can spill over onto the TiOy, contributing
to its reduction via water formation.

4 Conclusions

Amorphous TiOy catalysts with two levels of Oy, were prepared,
and their performance in CO, hydrogenation under both thermal
and photo-assisted thermal conditions was investigated. The effect
of Oy on surface acidity, both with and without light illumination,
was examined. Additionally, DFT simulations of hydrogen
adsorption, together with H,-TPD experiments, revealed restricted
hydrogen mobility on the catalyst surface. In situ DRIFTS studies of
CO, hydrogenation indicated that m-HCO,* is the primary
intermediate in the reaction, with subsequent hydrogenation to
formate leading to high selectivity for CO production and only
minimal CH, formation. Notably, the catalyst with the higher level
of Oy showed lower activity for the formation of both products.
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