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ARTICLE INFO ABSTRACT

Keywords: Photocatalytic and photothermal carbon dioxide (CO2) hydrogenation are investigated as key strategies for CO5
TiO, ) depletion by transformation into valuable products. Ni and Ru are well known Sabatier’s reaction catalysts. In
Phlot";at?lym the present work we study their activity as Ni, Ru and bimetallic nanoparticles over the surface of titanium
Solar fuels . dioxide (TiO2) in the photocatalytic reduction of CO2, following a process of photo-assisted deposition that yield
COzhydrogenation . X . . . . .

CH, highly dispersed nanoparticles with sizes under 2 nm. Outstanding production of solar fuels was observed from

Ni and Ru 2-nm nanoparticles deposited onto P25 TiO2. The photocatalytic activity tests under light irradiation
from low-energy LEDs at different wavelengths, from UV-A at 365 nm to infrared at 940 nm at 523 K, rendered
up to 6 % CO, conversion under continuous feed, with CO and CHy4 productivities above 5 mmol/gca¢-h.

1. Introduction

Maintaining the energy demands of the world’s population while
protecting the natural environment is a challenging task. Scientific ev-
idence points to anthropogenic CO3 as the main cause of global warming
especially in activities related to power generation and transportation.
However, these are basic needs that cannot be avoided, and it is there-
fore imperative to achieve a sustainable state in the production and use
of energy, something that can only be achieved by implementing stra-
tegies that reduce the burden of greenhouse gases (GHG) in the atmo-
sphere. However, a record 1.9 GTm of GHG was emitted in 2021
attributed to the rapid post-pandemic growth of worldwide economies
and an unexpected surge in coal demand even as the capacity of
renewable sources increased [1]. The previsions of the International
Energy Agency pointed to 25 GTm of annual emissions if coal sources
run to the end of their lifetime. Despite these discouraging de-
velopments, the goal to net zero emissions by 2050 is still in the agenda

[2].

The search for sustainable fuels and a rational recycle of the emitted
gases is therefore an obligation while more efficient alternative energy
sources are explored. Among them, valorization of CO5 containing
streams by the production of value-added chemicals using reducing
agents from sustainable sources [3-5] seems an ideal approach. This
requires the development of efficient industrial processes for capturing
the atmospheric CO, and converting it via catalytic reduction into car-
bon monoxide [6], hydrocarbons (like methanol or methane) [7] or
carbon oxygenates [8]. It is in these processes where the use of
photo-assisted thermal reaction pathways is gaining interest [9-11].
This route has demonstrated an enhanced CO; reduction capacity using
catalysts with very diverse configurations and metal co-catalysts
[12-14], particularly effective in the case of Ni [15] or Ru [16]. The
photo-thermal effects depend on several factors based on the optical and
electronic structure of the catalysts [17,18]. For instance, nanosized
metal clusters deposited on metal oxide semiconductors undergo
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broadband optical absorption, followed by non-radiative relaxation of
photoexcited surface plasmons in the surface of metal nanocomponents
[19-23]. From a mechanistic point of view, photo-thermal hydrogena-
tion involves a cascade of photochemical processes at variable time
frames (from 107! s to 1 s), which controlling step depends on the
nature of the catalyst, reactants and reaction conditions: either gas or
liquid phase reactions [7,18]. Generally, the main steps in a
photo-assisted process are (i) light absorption and subsequent excitation
of an electron through the semiconductor band gap, which in turn
produces an electron-hole pair, (ii) migration of electrons and holes to
reduction and oxidation sites at the surface of the semiconductor and
(iii) surface reactions that involve adsorbed reactants and further
reduction and oxidation processes [20].

The most common catalyst used in photocatalysis is titanium dioxide
(TiO3), usually with adequate surface modifications [24-26]. For
photo-thermal applications, these consist in the deposition of nanosized
metal clusters, whereby metal nanoparticles improve the
photo-generated charge carrier separation acting as an electron sink
[27], along with the formation of catalytically active sites [28]. For this
purpose, photo-deposition has emerged as an efficient alternative for
synthesizing metal/semiconductor hybrids [29-31]. Compared with
other metal decoration procedures that need high temperature, an
additional redox agent, electric potential, or multi-step processing, the
photo-induced reduction method requires only the irradiation of a light
source at the adequate wavelength. With this technique, the size of
metal clusters can be controlled by adjusting the concentration of the
metal precursor, irradiation time and power [32]. Photo-deposition al-
lows a better dispersion of the metal clusters on the surface of the
semiconductor, with smaller particle sizes and higher catalytic activity.
In terms of photothermal catalysis, these dispersed nanosized metallic
particles confer the capacity to transfer the electron energy into thermal
energy, which further heats up the catalyst surface and enhances the
redox process [19].

Keeping in mind the objective of net-zero emissions, our approach
pursues developing photocatalysts based on the abundant TiOy with
high activity in virtually the full solar spectrum. In the present work, Ni
and Ru metal nanoparticles were photo-deposited onto P25 TiO, support
to produce photocatalysts for COy hydrogenation in an expanded
wavelength range. The precipitation on TiO, of metal Ni from Ni2* salts
(E® = -0.257 V) has been described to synthesize photocatalysts for the
CO; reduction in the UV to visible light range [31], where the total
amount of Ni metal deposited on TiO5 was about of a 0.6 % of the total
weight of the material. On the other hand, the remarkable difference
between reduction potentials of Ni and Ru cations Ru3/Ru*t at E® =
0.2487 V [33]) burdens the photo-deposition of both metals in a single
step. Instead, a two-step process was necessary to first deposit Ni onto
TiO5 under UV irradiation to produce Ni-TiO,, which after separation
and drying serves as a suitable support for the photo-deposition of Ru
under UV irradiation. In these conditions, Ni clusters underwent a
light-induced galvanic replacement process with the Ru cations [34], in
which the overall amount of precipitated metal on the TiO3 support was
similar under both processes. With this process, bimetallic Ru:Ni nano-
particles were deposited over the surface of TiO,, which were catalyti-
cally active towards the CO, hydrogenation at low pressure and mild
temperature conditions, with a higher COy conversion and long term
CHy4 selectivity than their monometallic (Ni or Ru) counterparts.

2. Experimental section
2.1. LED-assisted photo-deposition of metals onto P25 TiO» nanoparticles

The synthesis of metal-loaded TiO, nanoparticles was performed
using the photo-assisted metal deposition procedure already published
elsewhere [31]. Briefly, nanosized P25 (Degussa, Germany) was alter-
natively dispersed in 17 ml of a 2.5-mM NiCl, aqueous solution (Ni:
45 % mol, Sigma-Aldrich) or 8 ml of a 0.3-mM RuCl3 aqueous solution
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(Ru: 45-55 % mol, Sigma-Aldrich) at 25°C under N, flow. After
degassing for 20 min, 1 ml of methanol (CH3OH, Sigma-Aldrich) was
added to the suspension and further exposed to UV irradiation under two
LED lamps (OSRAM LED Engin, Wilmington MA) at 365 nm for 270 s for
Ni deposition and for 600 s for Ru deposition, under continuous mag-
netic stirring. The obtained dark-colored solids were separated after
centrifugation at 7500 rpm for 5 min, washed three times with
double-deionized water and finally dried at 100 °C for 12 h. Bimetallic
materials were prepared performing the Ru photo-deposition procedure
over the Ni loaded TiO,. These nanomaterials were prepared at the
Synthesis of Nanoparticles Unit 9 of the ICTS “NANBIOSIS” at the Uni-
versity of Zaragoza.

2.2. Characterization techniques

Photo-deposited metals on the nanosized TiO, substrates were
comprehensively analyzed using a variety of techniques. The X-ray
diffraction (XRD) patterns were collected in a Bruker D8 Advance
Diffractometer (Bruker Corporation, Billerica MA) equipped with a
(002)-Ge monochromator using the CuK,; edge at 1.5405 A. The solid-
state diffuse reflectance UV-vis spectra were recorded in a Shimazdu
UV-2600 UV-vis/ NIR spectrophotometer (Shimazdu, Kyoto, Japan)
using a 60-mm UV-vis/NIR integrating sphere. Temperature-
programmed reduction (TPR) tests were performed in a Quantach-
rome ChemBET Pulsar TPR/TPD analyzer (Quantachrome Instruments,
Boynton Beach, FL) equipped with a Thermal Conductivity Detector
(TCD). Before TPR tests, the samples were submitted to a thermal pre-
treatment at 100 °C during 1 h under a 20 ml/min N5 flowing to remove
ambient moisture and adsorbed species in the surface of our photo-
catalysts. For the TPR tests, the gas flowing changed to a 10 % Hay:Ar
(20 ml/min) gas mixture and temperature was raised at a 10 °C/min up
to 700 °C, and held for 15 min before letting cool down to room tem-
perature. The metal loading of the final catalysts was evaluated by
digesting a 15 mg sample with HCI:HNO3 (3:1) mixture inside an
autoclave. These autoclaves were heated up to 200 °C for 15 min using
microwave irradiation. This digestion procedure was repeated three
times to prepare the samples. After dilution, the metal loading was
quantified using a microwave plasma-atomic emission spectrometer
(4100 MP-AES, Agilent). X-ray photoelectron spectroscopy (XPS) was
performed using a Kratos AXIS Ultra DLD spectrometer (Kratos
Analytical Ltd., Durham, UK), where binding energies were calibrated
using C 1 s (284.6 eV) as internal reference. Spherical aberration-
corrected scanning transmission electron microscopy (Cs-corrected
STEM) images were acquired using a high-angle annular dark-field
(HAADF) detector in an FEI XFEG TITAN electron microscope at
300 kV equipped with a CETCOR Cs-probe corrector (CeOS GmbH,
Germany). Electron-microscopy elemental analysis was carried out with
an EDX detector (Oxford Instruments, UK) in scanning mode to produce
electron-density mapping of the nanomaterial’s surfaces (AZtec soft-
ware, Oxford Instruments, UK).

2.3. Full range LED-assisted photocatalytic CO2 hydrogenation tests

Photocatalytic tests were carried out in a prismatic quartz reactor in
a fixed-bed configuration with sizes of 10 x 2 x 10 mm (Fig. 1). A mass of
about 50 mg of powdered catalyst was located in the quartz reactor and
a continuous gas stream of CO5 and Hy with a 1:4 molar ratio at an
absolute pressure of 1.7 bar was passed through the fixed bed at 15 ml/
min (in STP) during the experiment. Two equivalent high-irradiance
LED lamps with variable emission wavelengths were located at both
sides of the catalytic bed. These LED were alternatively set at UV light at
365 nm, white light in a RGB configuration and infrared light at 940 nm,
with a constant DC current at 0.9 A and 12 V during irradiation [31,35,
36]. The temperature of the reactor was continuously measured with a
wire thermocouple placed inside the catalytic fixed bed and between
LED emitters. During reaction tests, the temperature of the catalytic beds
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Fig. 1. Scheme of the fixed bed reactor configuration used for the photocatalytic CO, reduction tests under LED irradiation.

was controlled by adjusting the cooling airflow around the thermal
diffusers of both LED emitters. Under this configuration, the
photo-thermal effect for different irradiation wavelengths under the
same temperature and pressure conditions was analyzed. Outlet gases
were analyzed using an inline 490 micro-GC analyzer (Agilent Tech-
nologies, Santa Clara, CA) previously calibrated using a reference gas
mixture bottle with known concentrations of the main possible reaction
products and intermediates (Praxair). For the conventional thermal
catalytic activation experiments, 50 mg of powdered solids were packed
in a quartz tube adjusting the feed gas flow (1:4 CO2:Hy at 15 ml/min,
p = 1.7 bar) and space time as in photocatalytic experiments. Similarly,
bed temperature measured with a wire thermocouple immersed in the
catalyst and fixed to 250 °C with an electric furnace. The carbon mass
balance was calculated from the sum of the carbon-containing gas spe-
cies from the gas chromatograms to the amount of CO, gas feed to the
reactor. In all cases, this mass balance was nearly 99 %.

2.4. In situ analysis of the CO2 hydrogenation process

To better understand the CO» adsorption and hydrogenation pro-
cesses over the studied catalysts, Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (DRIFTS) analysis was conducted using a Har-
rick Praying-Mantis catalytic chamber equipped with ZnSe windows
coupled to a Bruker Vertex70 spectrometer. Before each analysis, the
samples were submitted to thermal treatment at 150 °C under vacuum
for 1 h to remove ambient moisture. After drying, the samples were
subjected to a thermal treatment under N5 gas flow at 250 °C to elimi-
nate adsorbed CO», which was confirmed by the disappearance of the
2340 cm™! bands of the v3 CO, vibration band. The DRIFTS analysis
over catalysts was separated in two successive tests: first the COq
adsorption and subsequent CO, hydrogenation. For CO, adsorption tests
at 250 °C, dried materials were submitted at CO5 gas flow at 15 ml/min
and p = 1 bar and DRIFTS spectra were taken every 5 min up to 1 h of
analysis. After this, CO, hydrogenation tests were conducted changing
from the CO; gas flow to a COy/Hjy stream with a 1/4 ratio and p = 1 bar
at 250 °C, recording DRIFTS spectra every 5 min up to 1 h of analysis. All
spectra were collected using a liquid nitrogen-cooled cadmium telluride
detector, with 40 scans per measurement and a resolution of 4 em L.
The Kubelka-Munk algorithm was applied to the reflected intensity. All
gas flows were controlled with Brooks 5844 mass flow controllers

(Brooks Instruments, Hatfield, PA).
3. Results and discussion
3.1. Characterization of the photodeposited materials

Metallic Ni clusters were firstly photodeposited onto TiOy nano-
particles, obtaining an atomic loading of 1.6 at% for the Ni-TiO, cata-
lyst. The Ru photo-assisted deposition led to an atomic loading of 0.5 at
% (Fig. 2f). For the intermetallic Ru:Ni-TiO catalyst, the Ni deposition
was followed by a second photo-deposition of metallic Ru over the Ni-
TiOq (Fig. 2a). This was performed since the difference in reduction
potentials of Ni2* (E® = - 0.257 V) and Ru®* (E® = 0.2487 V) cations led
to inconsistent and non-replicable simultaneous co-deposition of both
metals [37,38]. The partial replacement of Ni by Ru was identified by
the increase in the light absorption in the near-infrared range in the
absorption spectra of the solids after the sequential photo-deposition
method (Fig. 2e). This sequential process enabled the galvanic
replacement of a fraction of Ni atoms by Ru atoms, obtaining 0.43 at%
Ni and 0.46 at% loadings (Fig. 2f). Although, the analysis of bulk metal
concentration (Fig. 2f) showed that Ni was deposited in a larger extent
than Ru, the surface concentration of this latter is higher than that of Ni
(see XPS data of Table S1). This would suggest that Ni has a higher
interaction with support upon photodeposition and could be buried to
some extension in the TiOs, as it has been reported [31].

The XRD patterns of the as-synthetized materials (see Figure S1 in
supporting information) revealed that these retained the typical rutile
and anatase diffraction peaks of P25 TiO, nanoparticles. This result
indicated the small size and the good dispersion of the metallic particles
deposited on the TiO, surface. The HAADF-STEM images of the catalysts
showed that average diameters of metallic nanoparticles were 1.3 +
0.4 nm for Ni-TiO3, 0.96 + 0.2 nm for Ru-TiO,, whereas for Ru:Ni-TiO,
were 1.23 + 0.3 nm (see Figure S2). The EDX mapping revealed the
good dispersion of both Ni and Ru motifs over the surface of TiOy sup-
port in relatively close positions (Figure S3), suggesting that photo-
deposition induced the formation of NiO clusters that could facilitate
the secondary Ru>" photoreduction due to the stabilization of charge
carriers. Since electron microscopy images pointed out that Ru signals
were rather concentrated around Ni atoms, the formation of bimetallic
nanoparticles could be interpreted through a mechanism of galvanic
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Fig. 2. (a) Scheme of the UV-LED driven photo-deposition method, with the metallic salts used as precursors and the two steps process used for the synthesis of Ru:
Ni-TiO2; HAADF-STEM images of the Ni-TiO, (b), Ru-TiO, (c) and Ru:Ni TiO, (d), where scale represent 10 nm; (e) UV-Vis absorption spectra of M-TiO, photo-
catalysts; (f) MP-AES metal load in mol%.

replacement of metallic Ni by Ru®* cations [38]. Still, the resolution was 3.2. Temperature programmed reduction tests
not enough to distinguish whether bimetallic or intermetallic nano-

particles were formed. In order to have a deeper understanding of the Ni and Ru interaction
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Fig. 3. (a) Ho-TPR study of the as-synthetized materials (20 ml/min, 10 % Hs:Ar, 10 °C/min up to 700 °C); (b) Scheme of the oxygen vacancy generation on the TiOy
surface assisted by H, spillover driven by Ru sites.
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with the TiO, support, a Ho-TPR study was carried out for the synthe-
sized materials. The TPR curve of Ni-TiO; (Fig. 3a) shows a broad peak
centered at 287 °C, which can be assigned to the step reduction from
Ni%* to Ni* and Ni° of the photo-deposited nanoparticles [39,40]. For
Ru-containing materials, two reduction peaks are observed: the first
occurring below 100 °C and the second between 220 °C and 350 °C. In
the Ru-TiOo, a sharp reduction signal arose at 80 °C that corresponded to
the reduction temperature of highly dispersed Ru oxide nanoparticles
[41,42]. The second reduction signal can be attributed to the reduction
of TiO, after the hydrogen spillover, favored by the deposited Ru
nanoparticles [42-44]. Once reduced, the Ru nanosized clusters can
induce the Hj dissociation into radical H* species even at low temper-
atures [45,46]. These H* atoms could effectively displace the oxygen
atoms in the TiO3 surface to produce H20, thereby inducing the gener-
ation of oxygen vacancies (Vo) in TiO3 (TiO24 in Fig. 3b) [3,45]. The
reduction processes involving the Ru:Ni-TiO2 can be attributed to the
reduction of Ru oxides at temperatures below 100 °C. Recent reports
suggest the potential effect of Ru oxides to lower the reduction tem-
perature of NiO due to hydrogen spillover [43,47-52]. Therefore, the
shoulder observed would be consistent the reduction of Ni oxides nearby
Ru centers [43,47-52]. Moreover, this suggests that Ni and Ru species
are close on the TiO5 support, as expected due to the galvanic replace-
ment following the photo-deposition of Ni. In the second contribution,
there is an overlap of the reduction of NiO without interaction with
neighboring Ru atoms with the reduction of 0% anions of the TiO,
support due to the presence of Ru atoms [43,47].

3.3. XPS surface chemical analysis

The XPS surface chemical analysis showed that as-prepared materials
were populated with Ti-O and Ti-OH moieties (Figs. 4d and 4e). The
processes for deposition of metal units provoked no change in the TiO2
sublattice, corroborating that those metal particles were effectively
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deposited onto the TiO, support [53-56]. Before reaction, the Ni
nanoparticles deposited over the surface of Ni-TiO; were almost
completely oxidized, except a 1.5 % of metallic Ni (see Table S1 for the
fitting analysis of the O 1s, Ti 2ps/2, Ni 2p3/» and Ru 3ds/» photo-
emission regions). For Ru-TiO, (Fig. 4a), the as-deposited Ru was
completely oxidized (Fig. 4c). These features were attributed to the low
content of methanol used in photodeposition that would lead to an
oxidative process [42,57-60]. Under these conditions, the photo-
generated positive charge carriers (holes or h*) oxidized the sacrificial
electron donor (methanol) in the ionic solution and the remaining
photogenerated h' accelerated the photodeposition process, ruled by
the following oxidative process:

M (aq) + nh* +nHyO— MO,(s) + 2nH"

where M represent the metallic cations in the solution, and MO, (s)
are the metallic oxides deposited over the TiO surface.

The TiO, support underwent few changes after the photocatalytic
process. The relative positions of the Ti-O and Ti-OH signals were
maintained, and no significant changes in the oxidation state of the
support were observed. However, changes in the state of the photo-
deposited metal species (see Fig. 2 above) were observed after the
photocatalytic reaction. The low fraction of metallic Ni disappeared
after deposition of Ru in the Ru:Ni-TiOz catalyst before reaction. In
contrast, a remarkable fraction of metallic Ru (34.1 %) was identified
(Fig. 4c and Table S1), reinforcing the interpretation of the galvanic
replacement process upon photodeposition [60-62]. After photo-
catalytic activity tests (vide infra), the metallic fraction of both Ni and Ru
increased due to the reductive conditions of the reaction, except for Ni in
the Ru:Ni-TiO,. The atomic ratio of surface Ni/Ti and Ru/Ti in the mono
metallic catalysts showed similar values before and after the photo-
catalytic experiments. For the bimetallic Ru:Ni-TiO,, surface atomic
ratios were cut by a 50 % and 24 % factor for Ni/Ti and Ru/Ti values
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c
o

286 285 284 283 282 281 280
Binding energy (eV)

CPS

866 864 862 860 858 856 854 852 850

Binding energy (eV)

CPS

@Tizp ¢
Ru:Ni-TiO, +

(d)Oo1s 7

CPS
CPS

286 285 284 283 282 281 280
Binding energy (eV)

535 533 531
Binding energy (eV)

529 470 465 460
Binding energy (eV)

Fig. 4. XPS spectra of Ru:Ni-TiO, materials: (a) C 1 s + Ru 3d region of Ru-TiO,, (b) Ni 2p region and (c) C1s + Ru 3d region of Ru:Ni-TiO,, (d) O 1 s and (e) Ti 2p

regions of Ru-TiO,, Ru:Ni-TiO, and bare TiO, as a reference.
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respectively. This reduction was ascribed to the partial sintering of the
Ru:Ni nanoparticles under reaction conditions [63-65], which was
confirmed by HAADF-STEM analysis where the size of these increased
from 1.23 + 0.4 nm to 1.94 + 0.5 nm after photocatalytic activity tests
(see Figure S2).

3.4. LED-driven photocatalytic CO2 hydrogenation tests

The photocatalytic activity tests under different wavelength irradi-
ation conditions over Ni:Ru-TiO, showed notable differences (Fig. 5).
For instance, the reaction over Ni-TiOy induced similar productivities
(about 1 mmol/gc,¢th for both CO and CHy4) and selectivity profiles from
ultraviolet to NIR. The CH4 productivity progressively decayed with
time, regardless of the irradiation wavelength used (Fig. 5a), while the
CO productivity showed a nearly stable pattern. For Ru-TiO5 (Fig. 5b), a
remarkable increase in total productivity and selectivity to CHy4 was
achieved in the early stages of the experiment, especially under NIR
illumination (Fig. 5b) with total conversion under continuous flow
conditions above 6 %. However, when illuminated under UV light dur-
ing the first hour of the experiment, the selectivity to CH4 dropped from
98 % to 55 % (Figure S5). Interestingly, when switching back to UV
irradiation, the productivity profile also went back the trend marked in
the first stage of UV irradiation, decreasing strongly for CH4 and
increasing for CO. A clear difference was then observed in productivity
and selectivity to CHy4 in the visible and NIR irradiation steps, with
selectivity values about 90 %. As UV-vis spectra showed (Fig. 2e), the
absorption in visible and NIR regions is attributed to the deposition of
Ru on TiO; and it can be expected that when irradiating with these
wavelengths, the Ru particles (already reduced, as described in the TPR
spectra in Fig. 3) were responsible for the light absorption. This change
in the absorbed light wavelength, combined with the V, generated at the
TiO4 surface due to the hydrogen spillover, would cause this change in
selectivity. On the other hand, the Ru:Ni-TiO, photocatalyst maintained
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a CHy selectivity over 98 % throughout the whole the experiment, which
could be attributed to the interaction between Ru and Ni [66,67].

3.5. Thermal catalytic CO2 hydrogenation tests

To evaluate the contribution of light to the CO, hydrogenation
process and discern it as photocatalytic or photo-thermal process, con-
ventional non-irradiated continuous catalysis tests were additionally
performed under the same reaction temperature and pressure conditions
(Fig. 6). For monometallic Ni-TiO, and Ru-TiO,, the reaction results
were similar to the photocatalytic tests, showing that the initial selec-
tivity towards CH4 was progressively shifted to CO (Fig. 6 and
Figure S6). Interestingly, CO, conversion rate over Ru-TiOz was 1.1 %
under conventional catalysis conditions, much lower than the rate ob-
tained under UV irradiation (3.3 % to the end of the experiment), under
visible light irradiation (2.6 %) and under infrared irradiation (4.2 %).
For this material, the increase in conversion rates and the differences
observed by changing the irradiation wavelength at the same tempera-
ture highlights the photocatalytic contribution in the CO, hydrogena-
tion. On the other hand, Ru:Ni-TiO3 led to an almost complete selectivity
towards CHy4 and the highest productivity among the studied materials,
achieving about 9.5 mmol/g.,th of CH4 and a CO; conversion of 5.2 % at
the end of the experiment. As described before, Ru® clusters would boost
the Hj dissociation even at low temperatures, thereby enhancing the
hydrogenation of adsorbed CO; near the oxygen vacancies (Vo) and
leading to improved selectivity to CH4. On the other hand, the contin-
uous formation of Vg on the surface of Ru-TiO5 seemed to produce a
high concentration of surface defects that, despite favoring CO,
adsorption on the TiO,., surface, slowed down the hydrogenation pro-
cess until it became negligible.

To clarify this apparent contradiction, COy conversion and CHy
selectivity data have been analyzed in different parts of the catalysis and
photocatalysis experiments (Fig. 7). For Ni-TiOy and Ru-TiOg,
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conversion values under photocatalytic conditions were always superior
to those obtained under thermal catalysis conditions, suggesting that
these materials were catalyzing the COy reduction through a photo-
catalytic process. Actually, in terms of CH4 selectivity, single-metal
doped materials showed low CH4 productivity under both LED irradia-
tion and conventional thermal activation to the end of experiments.
The highest conversion and CHy4 selectivity results were obtained
over Ru:Ni-TiO9, with a nearly total yield of CHy4. Over this catalyst, the
CO, conversion was higher under thermal catalysis than under

photocatalytic conditions at any of the wavelengths tested. Neverthe-
less, the influence of the excitation wavelength seemed to be strong
enough to enhance the values of CO, conversion even under IR light.
This would suggest that the CO hydrogenation on Ru:Ni-TiO, under the
different LED lights follows a photo-thermal process.

In terms of the energy barrier of the thermal reaction, the activation
energy over Ru-TiO, was about 25 kcal/mol while for Ni-TiO5 and Ni:
Ru-TiO; was slightly higher, around 45 kcal/mol (see Arrhenius plots in
Figure S9 and Table S3). These values suggest are comparable to those
found in literature for CO, reduction towards CO in a RWGS reaction
[68,69].

Current gas-phase photocatalysts are based in TiO, as well as other
metal oxide semiconductors decorated with different nanosized metal
particles, which serve either as nano-heaters or as stabilizers of the
electron-hole pairs. A quick look on the catalysis literature showed that
the light activation of the photocatalyst was mostly done using solar
simulator lamps with variable light irradiances and reaction tempera-
tures (see Table 1 and references therein). In all reported cases, CO;
hydrogenation mostly leads to CH4 and CO as reaction products, with
some reported cases of CH3OH or CaHg production. A closer look to the
reported data points to the fact that most of catalysts and reactors give
their maximum production at temperatures over 300°C, at which CO,
hydrogenation might also occur in the dark. Obviously, the energy
consumption to produce a mole of reduced carbon fuels is also a factor
consider in the design of efficient CO; reduction processes and there is a
very wide dispersion on the irradiation intensities and reaction tem-
peratures used.

3.6. Identification of reaction intermediates by in situ DRIFTS analysis

The CH4 productivity observed over Ru:Ni-TiOy under UV and IR
irradiation was comparable with those found in literature (see Table 1),
even at higher irradiation and temperature conditions. More remarkable
was the change in selectivity towards CH4 over Ru:Ni-TiOy, which
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Table 1
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Reported literature data of photothermal/photocatalytic CO, reduction over different metal-containing materials.

Catalyst Reaction conditions Light source Irradiance, I (W/ CO, Productivity (mmol/
m?) Conversion g'h)
Bi»0,4/BiOBr nanosheets [70] NaHCOs3 + H5SOy4, 20 °C 300-W Xe lamp 1530 2.5 (CO)
Co/Co-Al,O3nanosheets [71] CH4/CO4 (1/1), 700 °C 500-W Xe lamp (> 420 nm) 3.54.10° 25 (CO)
CoFeAl-LDH on Al,03 [72] COy/Hy/Ar (15/60/25), 300 °C, 300-W Xe lamp 216 80 % after 2h 0.95 (CHy)
1.77 atm (200-800 nm)

M/Al,03(M = Rh, Co, Pd) [73] COy/H; (1/4), 350 °C 300-W Xe lamp 428.6 20 (CH4)
M-TiO, nanotubes (M = Au, Rh) CO,/CH4 (1/1), 130°C 500-W Hg lamp 2 1.7 (CO)

[74] (190-2000 nm)
Ni/CeO, [75] COy/CH4 (1/1), 600°C 500-W Xe lamp 3.63-10° 6 (CO)

(200-2400 nm)
NiAl-LDH (Hj-reduced) [76] CO,/Hy/Ar (15/60/25), 290°C, 300-W Xe lamp (> 420 nm) 428.6 80 % 278.8 (CH,)
1 atm

Pd@Nb,0s [13] CO4/H; (1/1), 470°C 300-W Xe lamp 42 110 (CHy)
Pt/CeO, mesoporous nanorods CO,/CH4 (1/1), 600°C 500-W Xe lamp 3.71-10° 6 (CO)

[77] (200-2400 nm)
Ru/NaTaOg [78] CO2/Hz (1/1), 0.8 atm 300-W Xe lamp (< 200 nm) 428.6 0.052 (CH4)
Ru/Si Nanowires [79] CO4/H; (1/4), 150°C 300-W Xe lamp 14500 0.8 (CHa)
Ru@MgAI-LDH [16] COy/H; (1/4), 350°C 300-W Xe lamp 10000 90 % 277 (CHy)
RuO,/v-Al;03 (6 wt% Ru) [80] COy/H; (1/5), 3.5 atm Solar simulator 10100 60 (CH4)
Ru-TiO, nanotubes [81] COy/H, (1/4), 1.5 atm Solar simulator 1000 2.4 (CHy)
Ti-Silicalite [82] COy/H, (1/3), 1 atm Hg lamp (UV) 1000 0.003 (CHy)
Ru:Ni-TiO; (this work) COy/H; (1/4), 250°C LED (UV to IR) 1536 (UV) 3% 3.8 (CH4 under UV)

980 (IR) 5.77 (CH4 under IR)

suggested different mechanisms for COy hydrogenation. Indeed, in situ
DRIFTS analysis performed over the catalysts under thermal reaction
conditions confirmed several changes in the surface of catalysts (Fig. 8).
The spectra from Ni-TiOy showed the band around 2077 em™}, associ-
ated to the physically adsorbed CO2 molecules at 250 °C (marked as
CO»* in Fig. 8), which increases in intensity as the exposure time to CO5
increases 1 [83]. Similar trend was observed for the bands assigned to
carbonyl groups located around 2020 and 1910 cm ™! (marked as Ni-CO
in Fig. 8) [40,84-86]. Also, bridging carbonate groups are detected on
the substrates (-CO3 b at 1620-1670 cm’l), together with monodentate
carbonate (-CO3 m at 1470-1530 cm™ 1), bicarbonate (-COsH at
1400-1450 cm ™) and formate (-CO2H at 1330-1380 cm ™) [40,84,85,
87]. These bands could confirm the adsorption of CO, molecules
through the hydroxyl terminal groups of the Ni-TiO, materials [88].
When exposed to the gas reaction mixture at 250 °C, the band intensity
of the adsorbed CO, and that of Ni-CO remained apparently unchanged
(Fig. 8). However, there was a noticeable increase in the signals attrib-
uted to -CO3 m, -COsH and -CO,H, whereas the -CO3 b remained at a
more similar intensity. Since the reaction products observed under the
CO9 hydrogenation tests, both under illumination or heating, were CO
and CHy, the proposed reaction mechanism would involve the hydro-
genation of adsorbed carbonate species over Ni clusters towards formate
intermediates were further reduced to adsorbed CO (denoted CO*).
Then the reaction can proceed to the complete hydrogenation of the CO*
to CHy, as seen at the initial steps over Ni-TiOy in thermal catalysis
experiments. After a few hours, the hydrogenation of CO* intermediates
was reduced and CO gas was the main reaction product.

Moreover, DRIFTS spectra of Ru-TiOy under reaction conditions
revealed significant differences with respect to those of Ni-TiO,. During
the CO5 adsorption step, spectra showed a stronger contribution of
adsorbed -COs3H species, together with weaker signals attributed to
-CO2H and -CO3 m species. In contrast, -CO3 b were absent (Fig. 8c),
suggesting Ru co-catalyst would favor the slower hydrogenation of the
adsorbed species than Ni. In addition to CO,* at 2077 em™), a band
located around 2060 cm™! was detected and assigned to carbonyl
groups attached to Ru (Ru"-CO) [89,90]. Under reaction conditions,
the relative intensity of CO,* and Ru""-CO signals were stable and a
band around 1880 cm ™, associated to CO* was detected. The precise
assignation of this latter band was challenging since the frequency is too
low to be assigned to carbonyl groups adsorbed on Ru oxides, which are
reported between 2200 and 2050 cm ! [91]. In the literature, this band
was assigned to linear carbonyl groups adsorbed on metallic Ru sites

(RuO—CO) or as bridged Ru-CO on Ru clusters [92,93]. As mentioned
above, the TPR analysis (Fig. 3) showed that Ru™" to Ru® reduction
occurred at 80°C, pointing out that at 250 °C the surface Ru was reduced.
It is then reasonable to assign the 1880 cm ™! band to CO adsorbed onto
Ru® in these conditions. The noticeable increase in the intensity of -CO3
m and -CO3H bands without the resulting increase in -CO2H band would
suggest the rise in the adsorption capacity that would be favored by the
presence of oxygen vacancies (Vo). However, this feature would pre-
sume a lower hydrogenation capacity of the adsorbed intermediates
under reaction conditions. Finally, the change in the evolution of reac-
tion intermediates was in agreement with the increase in the selectivity
to CO over Ru-TiO5 under thermal catalysis.

For Ru:Ni-TiO,, the direct adsorption of molecular CO; (CO5*) and
CO (CO*) could be also detected in the spectra (Fig. 8e). Again, bands
attributed to -CO3 b and -CO3 m, together with -CO3H and -CO,H were
clearly observed during the COy adsorption step. Under the reaction
mixture (Fig. 7f), the signal associated to adsorbed carbonates faded,
leaving only the -CO3H and -CO,H bands. In addition, the CO,* signal
decreased and an intense CO* signal was detected suggesting that the
combination of Ni and Ru would significantly accelerate the hydroge-
nation of adsorbed species to formate and then to carbonyl. This feature
could explain the selectivity to CH4 both in conventional thermal
catalysis experiments and photocatalysis under LED irradiation. The
absence of carbonate signals, expected reaction intermediates in CO5
methanation [87], together with the decrease in CO,* bands and the
increase in those of CO* under a Ha-rich environment, would suggest a
reaction mechanism where oxygen defects (Vo) in the TiOy support
played a central role. This mechanism (Fig. 9) would consist of the
adsorption of CO5 occupying an oxygen vacancy, being released as CO
gas or being hydrogenated until released as CH4 [63]. This was consis-
tent with the TPR results (Fig. 2), where the deposited Ru atoms on the
TiO4 surface induced the partial reduction of the TiO5 support and the
subsequent formation of oxygen vacancies (Vo) at the reaction tem-
perature (250 °C) utterly favored by the hydrogen spillover.

The CO; hydrogenation mechanism over the studied catalysts would
therefore consist in the following adsorption and surface reaction
sequence: -CO3 — -COsH — -COH — -CO — CHg4. The presence of
reduced Ru in the surface would reduce the initial adsorption of
carbonyl (-CO) species in comparison with Ni-loaded catalysts. How-
ever, preferential direct CO, adsorption was observed for Ru-containing
materials in the form of bicarbonate (-COsH) species, along with the
formation of carbonyl (-CO) on the surface under reaction conditions.
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Fig. 8. In situ DRIFTS spectra of the thermal CO; gas adsorption (15 ml/min, p = 1 bar at 250 °C) and CO; hydrogenation (COz/H 1/4, p = 1 bar, 15 ml/min at 250
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Fig. 9. Scheme of the proposed mechanism of CO, hydrogenation to CH4 over
the surface of Ru:Ni-TiO; assisted by the hydrogen spillover and subsequent
generation of oxygen vacancies (Vo) on the TiO; surface.

Over these catalysts, the presence of oxygen vacancies (Vo) in the sup-
port, due to the hydrogen spillover on TiO3, would accelerate the hy-
drogenation process. For Ru:Ni-TiOg, the intermetallic clusters seemed
to enhance the initial adsorption of CO, as both -CO and -CO2H species,
which further favored the methanation process. Similarly, the presence
of these Vo in the vicinity of the intermetallic Ru-Ni clusters would in-
crease the direct adsorption of CO5 as CO*, which in turn would enhance
the selectivity to CHa.

4. Conclusions

The photo-assisted precipitation process under UV irradiation at
365 nm was effective for synthesizing highly dispersed Ni and Ru
monometallic clusters over the surface of P25 TiO, nanoparticles. Ru
introduction as a monometallic catalyst on TiOy enhanced photo-
catalytic performance towards CO2 hydrogenation with respect to Ni
with strong changes in selectivity depending on the irradiation wave-
length. These features were due to the generation of oxygen vacancy
defects (Vo) on TiOs, after the hydrogen spillover facilitated by adsorbed
Ru, which enhanced CO, adsorption and hydrogenation to CH4 under
visible and IR illumination. High selectivity to CO was otherwise
preferred under UV light. Intermetallic Ru:Ni clusters deposited onto
P25 TiO, nanoparticles notably improved the photocatalytic activity
under NIR and maintain the selectivity to CH4 under long irradiation
periods at any of the wavelengths used, or even under thermal catalysis.

Single-metal catalysts (Ni-TiO2 & Ru-TiOy) favored CO; hydroge-
nation through a photocatalytic process, whereas over intermetallic Ru:
Ni-TiO, the dominant process was the photothermal CO; hydrogena-
tion. In all cases, these Ni:Ru-TiO, nanostructured catalysts provided
outstanding results in terms of CO, conversion and selectivity towards
CHy, being of great interest for the development of photoactive systems
for carbon capture and utilization technologies.
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