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ABSTRACT

The reaction mechanism of reverse water-gas shift (RWGS) reaction was investigated using two
commercial gold-based catalysts supported on Al2O3 and TiO2. The surface species formed during
the reaction and reaction mechanisms were elucidated by transient and steady-state operando
DRIFTS studies. It was revealed that RWGS reaction over Au/AlbO3 proceeds through the
formation of formate intermediates that are reduced to CO. In the case of Au/TiO; catalyst, the
reaction goes through a redox mechanism with the suggested formation of hydroxycarbonyl

intermediates, which further decompose to CO and water. The Ti*"species, the surface hydroxyls,



and oxygen vacancies jointly participate. The absence of carbonyl species adsorbed on gold
particles during the reaction for both catalysts indicates that the reaction pathway involving
dissociative adsorption of CO2 on Au particles can be discarded. To complete the study Operando
UV-Vis spectroscopy was successfully applied to confirm the presence of Ti** and to understand
the role of the oxygen vacancies of TiO; support in activating CO- and thus the subsequent RWGS

reaction.
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1. INTRODUCTION

During the last decade increasing interests have been witnessed in developing novel catalytic
technologies and processes to utilize carbon dioxide as a C1 building block for the synthesis of
valuable chemicals and fuels 1. Among available options, hydrogenation of CO; is one of the most
intensively investigated reactions for the broad product scope. Various commercially important
products, from C1 molecules (CHs, CH30H) to higher molecular weight hydrocarbons and
alcohols through C—C bond formation, can be produced by CO, hydrogenation 2. Particularly,
reverse water-gas shift (RWGS) reaction (CO2 + Hz 2 CO + H20) is considered as the key step in
the catalytic hydrogenation of CO» to produce chemical fuels, since the established industrially
important syngas-based reactions (e.g. Fischer-Tropsch and methanol synthesis reactions) become
within reach 3. It is therefore obvious that developing more efficient catalysts and understanding

the nature of catalysts under RWGS conditions are of fundamental importance.

Pioneered by Haruta 4, Au-based catalysts are well known for their high catalytic activity in the

water-gas shift (WGS) and RWGS reactions when Au is highly dispersed on support materials >



12 Support material can influence the electronic properties of active metal centers and it can
participate directly in the reaction by interacting with the reactants. It has been proposed that
activation of COz occurs at the oxide support or the interfacial sites between the active metal and
the oxide support 1. Through a combined experimental and theoretical study, Yang et al. 14
demonstrated that an electronic polarization at the metal—oxide interface of Au nanoparticles
anchored and stabilized on a CeO/TiO> substrate generates active centers for CO, adsorption and
its low pressure hydrogenation, leading to an optimal catalytic performance. They found that
reduced oxides have a strong tendency to activate the CO; even causing direct C-O bond scission.
Thus, a proper tuning of Au-oxide interface can promote the hydrogenation of CO>. However,
there are still controversies with regard to the effects of support and it roles on the activity of

supported gold catalysts.

Generally, two major mechanisms are suggested for RWGS reaction; the regenerative redox
mechanism and the associative one. In the redox mechanism, hydrogen is proposed to be a
reducing agent without direct participation in the formation of intermediates in RWGS reaction.
Normally the support is of reducible nature 1. The validity of the redox mechanism is based on
the fundamental assumption that CO» can efficiently re-oxidize the partially reduced support at
low temperatures leading to the formation of CO. On the other hand, the associative mechanism
suggests that CO is formed from formate intermediates decomposition, derived from the
association of hydrogen with CO,. Since the formate intermediates cannot be decomposed on Au
nanoparticles, their transformation is strongly influenced by the support, according to a report 16.
In addition to the main redox and associative mechanisms, other authors proposed the so-called
carbonate mechanism for the RWGS reaction =18, For instance, Millar et al. 17 suggested this

mechanism over Cu/SiO; catalyst based on a combined temperature programmed desorption



(TPD) and infrared (IR) study of CO; and H: interactions. They found that increasing the
availability of activated surface symmetric carbonate species induced an increase in the formation
of formate species, stable intermediates in the methanol synthesis or the decomposition to CO and

water.

Monitoring the surface phenomena occurring over catalyst under reaction conditions is essential
to elucidate the relevant reaction steps, active sites and intermediates as well as to establish the
relationships between catalytic performance (reactivity/selectivity) and structure of the solid. This
knowledge is of great importance for the rational catalyst design and to improve their catalytic
properties for specific applications 12. IR spectroscopy is a very useful technique to identify the
adsorbed species and elucidate the reaction mechanisms in heterogeneously catalyzed reactions.
Nevertheless, IR spectroscopy has serious drawbacks such as the complexity to distinguish
reactive intermediates from spectators. IR spectroscopy may be combined with other
characterization techniques such as EPR, NMR, Raman, UV-Vis and XAFS, or integrated with an
optical microscope to analyze heterogeneities within and between catalyst grains. On the other
hand, UV-Vis spectroscopy is a powerful method for electronic structure studies as it can probe,
for example, the electronic d—d transitions for transition metals if present in the catalysts 2. For
instance, Gonzalez-Castafio et al. 7 investigated the influence of the support over Au and Pt
catalysts in WGS reaction by means of UV-Vis spectroscopy and they found that the catalytic

performance is directly correlated with the electronic properties of the metal/support interactions.

Herein, we investigated the possible pathways for CO formation in the RWGS reaction focusing
our attention on the role played by the support material over highly dispersed Au catalysts. For

this purpose, we selected two model supports: a non-reducible (Al.O3) and a reducible (Ti0O) one.



The differences in the reaction mecanism over the different nature oxides were studied by

operando DRIFTS and UV-VIS spectroscopy.
2. EXPERIMENTAL SECTION
2.1. Materials and characterization

The catalysts used in this investigation were the commercially available materials (AUROIlite™)
consisting of 1 wt.% of ca. 2.0 nm Au particles supported on TiO2 and Al>O3 supplied by STREM

in collaboration with Project AuTEK 2.,

We employed powder X-ray diffraction (XRD) to analyse the structure of the two Au supported
catalysts (see Figure S1 in the Supporting Information). The gold particles size and morphology
were studied by Transmission Electron Microscopy (HR-TEM) on a FEI Talos electron
microscope using an acceleration voltage of 200 kV with a field emission filament and a side
mounted Ceta 16M camera. A standard holey carbon-covered copper TEM grid was used for
supporting the catalyst. The average gold particle size for both fresh and spent catalysts, was

estimated considering around 200 particles as follows:

Ynd}
Dp = Srat (Eq. 1)

where n; represents the number of particles with diameter d;.
2.2. Catalytic testing

The catalytic activity of the gold catalysts in CO; hydrogenation was measured using a tubular
fixed-bed flow reactor (3.4 mm inner diameter) made of stainless steel. The catalyst (200 mg) was

sieved to the range of 200-300 um and then loaded in the reactor. Before testing, the fresh catalyst



was pre-treated at 250 °C for 1 h using a feed that contained 10 vol.% H in He to reduce and
remove moisture from the sample. Then, the reaction mixture was introduced into the reactor using
a flow rate of 50 mL min™! (5 mL min"! CO; and 20 mL min"! Hz, H2/CO; molar ratio of 4) and
GHSV of 12,000 h*!' for Au/Al,03 and 12,000 — 40,000 h™!' range for Au/TiO». The temperature
was increased to 450 °C in 25 °C increments and was held constant at each setting for 30 min to
ensure the stable isothermal activity. The effluent gas stream was passed into a transmission gas
cell of an IR spectrometer (Bruker ALPHA) for quantitative product analysis and estimation of

COz conversion. CO was the only observed product.

2.3. Operando DRIFTS measurements

Operando DRIFTS experiments were carried out using a reaction chamber (HVC-DRP, Harrick)
mounted in a Praying Mantis (Harrick) DRIFTS optical system equipped with ZnSe windows. The
spectra were collected in the range 650-4000 cm! using a Bruker Vertex 70V FTIR spectrometer
equipped with an MCT detector. About 50 mg of catalyst was placed in the cell for each
measurement. The flow of gases was controlled by means of mass flow controllers (Bronkhorst).
The gases pass through the sample (catalyst) packed-bed, mimicking the plug-flow condition of
the reaction. Prior to each measurement, catalyst was pre-treated in situ at 250 °C in H: diluted in

He stream (5 ml min™! H, and 45 ml min-! He) for 1 h.

To gain insights into the evolution of surface species over the Au catalysts, transient experiments
were performed by alternatingly passing 20% H> in He and 5% CO; in He at 10 mL min™! for
sufficiently long times to stabilize the DRIFTS signal. A four-way switching valve (VICI, 2
position and 4 port switching valve) was used to select the CO; or Ha-containing streams. On the

other hand, the reaction of CO; hydrogenation was performed by passing 20% H> and 5% CO> in



He (H2/CO; = 4 molar ratio) at 10 mL min'. The spectra were recorded every 30 seconds to follow
the reaction and stabilization process of the surface species. Both experiments were carried out at
the starting temperature of the catalytic test (250 °C), where the level of product formation was
low and all surface species unstable at high temperatures can be more clearly observed. The

effluent gas stream was analyzed on line by the IR spectrometer (Bruker ALPHA).

2.4. Operando UV-Vis spectroscopy

The catalytic cell used in the operando UV-Vis study is a modified version of the commercial
CCR1000 reactor cell from Linkam Scientific Instruments (Figure 1). A high-temperature
reflection UV-Vis probe formed by six radiating optical fibers and one reading fiber was located
inside the reactor cell above the catalytic bed to analyze the optical properties of the sample. The
experimental device allows to heat the sample under desired atmosphere and the gas effluents are
analyzed on-line by mass spectrometry (MS). In contrast to the generally used cell reactors with
spectroscopic quartz windows 2223, our catalytic cell does not use any window and the cell is sealed
by O-rings. Figure 1 includes a 3D schematic representation (Figure 1) of the catalytic cell. The
sample (about 50 mg) is positioned in a ceramic holder on a fiber filter and the reaction gas mixture
is passing through it from the top to the bottom of the catalytic bed. The temperature is controlled

by a Linkam TMS94 temperature controller.
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Figure 1. 3D schematic representation of operando UV-Vis spectroscopic cell for catalyst

characterization under reaction conditions.

Operando UV-Vis experiments were performed under steady-state conditions in the range of A =
200 — 1000 nm using an AVASPEC fiber optical spectrometer (Avantes) equipped with a DH-
2000 deuterium-halogen light source and a charge coupled device (CCD) array detector. Barium
sulfate was used as a white reference material. The UV-Visible spectra were recorded at room
temperature on a fresh sample and during the reduction treatment (total flow of 50 mL min™! of
10% H> in He) at 250 °C for 1 h and RWGS reaction (total flow of 50 mL min™! of H»/CO»/He =
32/8/60) in the 150-450 °C temperature interval after stabilizing the gas flows and temperature.
The spectra are presented either in absorbance (A) mode or in difference spectral mode, with the
latter highlighting the spectral changes during catalytic reaction. If A1 and A2 are the spectra
before and after the sample treatment a difference (A2-A1) > 0 corresponds to treatment induced

absorption and, if negative, disappearance of already existing light absorbing entities.

2.5. Oxygen storage complete capacity (OSCC) measurements



Oxygen Storage Complete Capacity (OSCC) of the samples was measured over 50 mg of sample
loaded in U-shaped reactor. The samples were pretreated in Ar flow at 350 °C for 1 h and the
temperature decreased to the first studied temperature (150 °C) at which the oxygen storage
capacity was measured. Once the temperature stabilized, ten O; pulses of 1 mL each were injected
every 2 min followed by ten CO pulses. The OSCC was calculated by the formed CO> during the
CO pulses. This experiment allows to calculate the stoichiometric coefficient for TiOx, where x
falls within the 1.5 - 2 range, with the first value corresponding to the presence of reduced (Ti*")
only and the last value to completely oxidized (Ti*") titanium ion. From this value, the degree of

reduction of Ti*" to Ti*" could be elucidated.

3. RESULTS AND DISCUSSION

3.1. Steady-state activity measurements

Figure 2 shows the RWGS CO; conversion as a function of the reaction temperature for Au/Al,O3
and Au/Ti0z. The COz conversion increased with the temperature for both catalysts. No products
other than CO were observed, although the formation of traces of alcohols or other oxygenated
compounds formed below our detection limit cannot be ruled out. Compared to Au/Al203, Au/TiO>
catalyst exhibited higher RWGS activity, reaching values close to the thermodynamic limit. To
ensure the kinetic regime of the reaction, the space velocity (GHSV) was increased to 40,000 h!

for Au/Ti0,, showing lower CO, conversion due to the decrease of the reactants residence time.
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Figure 2. Catalytic performance of Au/TiO2 and Au/AL2Os catalysts in RWGS reaction (H2/CO2

molar ratio = 4)

As the gold particles size could play a very important role in the catalytic performance, the possible
gold particle state changes were investigated by HR-TEM (Figure 3). The mean particle size of
the fresh catalysts was slightly larger than stated by the supplier, 2.7 and 3.5 nm were observed
for Au/Al,O3 and Au/TiO; respectively. The gold particles may have sintered during the catalyst
storage. The average particle size of the catalysts was found even bigger after reaction resulting in
sizes rounding 5 nm for both catalysts. This indicates that during the reaction and/or catalyst
pretreatment sintering of the gold nanoparticles occurs. This behavior was also found by Walther
et al. 2% for the same catalyst in reactions of CO and H» oxidation. However, the conversion

up/down was identical even reaching maximal temperature of 400 °C (Figure S2).
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Figure 3. TEM micrographs of the fresh and spent catalysts with their corresponding statistical

analysis of the mean particle size.

The catalytic activity was also evaluated in terms of turnover frequency (TOF), which was

calculated by using the following equation 1
TOF = DTTu [s71] (Eq. 2)

where 7 is the reaction rate expressed in molco produced Molau™ 871 and Dy is the metal dispersion.
Gold dispersion was calculated on the basis of a hemispherical ball model assuming the average
Au particle size estimated by TEM (Figure 3) for the spent catalysts. The dispersion discloses the
total number of gold atoms accessible for the RWGS reaction. Figure 4 shows TOFs plotted against
the reciprocal temperature expressed in Kelvin unit in order to estimate the apparent activation
energy (Eact). To approximate differential conditions, the estimated rate values were determined in

the 5-20% range of CO; conversion. The apparent activation energy obtained for Au/TiO; (30 kJ

11



mol!' — 0.30 eV) was very different from that of Au/Al>203 (79 kJ mol!' — 0.79 eV). Since the Au
loading and the average particle size, consequently the Au dispersion, for both catalysts are similar,
the results obtained for the activation energy clearly indicate that the reaction rate does not
straightforwardly relate to the Au particles state. As the only difference for the systems is their
support nature, it is fair to suppose that the support participates very actively in the reaction. Also
the differences found in the activation energy suggests distinct rate-determining steps for Au/TiO>
and Au/Al>Os. Very similar observation was reported by Shetkar et al. 12 when studying the WGS
reaction. They demonstrated that Au nanoparticles supported on TiO, showed higher catalytic rates
than those supported on Al2Os3 and relate it to the fact that the support directly participates in the
H>O molecules activation. Numerous studies propose that the reason for the notable activity
enhancement registered for reducible-oxide supported catalysts (as TiO) is due to the direct
participation of the support in the reaction through redox or formate mechanism > 7 2527, To
unravel the effect of support material on the reaction mechanisms and the catalytic performance,
we performed operando spectroscopic investigations under RWGS reaction conditions over both

Au catalysts.
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Figure 4. Arrhenius plot for the Au/Al,0O3; and Au/TiO; catalysts in RWGS reaction

3.2. Operando transient and steady-state DRIFTS measurements

DRIFTS experiments under transient conditions were performed to investigate the surface species
formed over Au/TiO> and Au/Al,O3 catalysts under operando conditions. We examined the
formation of surface species at 250 °C under the gas stream containing 5% CO in He, and
subsequently, by switching to 20% H> in He. The gas-phase was monitored by coupling to an IR
spectrometer equipped with a transmission gas cell. Prior to the measurements, the catalysts were
activated in 10% H> in He for 1 h at 250 °C and then stabilized in He to ensure the complete

removal of adsorbed and/or absorbed hydrogen species.

A series of DRIFT spectra recorded during CO: exposure and subsequent reaction in H> flow over
Au/Al,O3 catalyst are presented in Figure 5. The IR bands emerged during the CO2 exposure can
be assigned exclusively to adsorbed species on alumina support since no CO adsorbed species
were observed on the gold particles. The spectral features developed at 1229, 1437 and 1647 cm’!
clearly evidences the formation of surface bicarbonates 28. The bicarbonates are generated from
the reaction between CO; and the hydroxyl groups on the Al,Os support. After switching from
COz to H» stream, the bicarbonate bands gradually decreased while new bands appeared at 1372,
1392 and 1590 cm™!, which are attributed to adsorbed formate species on alumina 223, It is evident
from the presence of an isosbestic point at about 1600 cm™ that bicarbonates transform into
formate species at 250 °C. It has been reported that in the reaction of CO; hydrogenation on
Pd/Al,O3 and Ru/Al;Os, bicarbonates are intermediates to the formates via the reaction with
adsorbed H species on noble metal particles’®3L. Our results suggest that probably the same

mechanism for bicarbonates to formate species conversion is also valid for Au/Al,0s3. Gold is
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typically considered inactive for the Hz dissociation. However, it has been demonstrated that small
gold particles may present a peculiarly high activity 2. Since Al»O3 cannot activate H> under the
investigated conditions, Au should participate in the H» activation in a dissociative manner, being

the produced H species spilled over to the AlO; surface thus reducing the bicarbonates to

formates.
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Figure 5. Transient DRIFT spectra collected at 250 °C where the feed gas was switched from 5%
COz to 20% H: (both in He) over Au/Al>O3. Pretreatment condition: 250 °C in H; diluted in He

stream (5 ml min! H, and 45 ml min"! He) for 1 h

The identical experiment was performed for Au/TiO2 and the results are shown in Figure 6. Several
spectral features in the range of 1300-1650 cm! assigned to carbonates, carboxylates and formate
species adsorbed on TiO; support were observed. The band at 1527 ¢cm™ is characteristic of the
C=0 stretch vibration of bidentate carbonates whereas the feature appearing at 1430 cm! is
commonly assigned to asymmetric stretching vibration vas (COO) of monodentate carbonates 32.

The band with minor intensity observed at 1620 cm™ is typical of carboxylate species 33. The bands

14



at 1556 and 1360 cm™! gradually emerged and they can be attributed to formate species on the TiO;
surface 3234, These emergence of the two bands were accompanied by those of two weak bands at
2950 and 2870 cm! (not shown) that were assigned to vcu of formate species 3. No band was
observed around 1220-1250 cm! indicating the absence of bicarbonates species. It should be
stressed that bicarbonates could be formed and very rapidly reduced to formates in the presence of
vacancies and this process requires hydrogen 3¢. In our experimental conditions we observe the
formation of CO and it is well known that hydrogen can be produced by the reaction between CO
and hydroxyl species on the support 3”. Early studies on the interaction of CO with the surface of
Rh/ZrO; catalysts have shown that CO adsorbed on Rh sites may react with surface hydroxyls
groups of zirconia resulting in the formation of adsorbed formate species 8. Moreover, Senayaje
et al. 2 also suggested this hypothesis discarding the decomposition of formate species as hydrogen
source upon interaction of CO with hydroxyl groups. Following the reaction mechanisms typically
postulated in the study of the WGS, it is possible to ensure that the reaction of hydroxyls groups
with CO can produce formate, carboxyl, and/or carbonate species as key intermediates before the
final production of CO, and H; . After switching to H, flow, gaseous CO was detected and the
signals of formate and carbonate species disappeared gradually, which indicated that these species
formed over Au/TiO; are the main intermediates for CO formation. Presumably, surface formates
and carbonates species are initially formed at the Au-TiO: interface and they subsequently

migrated to more stable locations on the TiO; support.
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Figure 6. Transient DRIFT spectra collected at 250 °C where the feed gas was switched from 5%
COz to 20% H: (both in He) over Au/Ti0;. Pretreatment condition: 250 °C in H; diluted in He

stream (5 ml min"! H> and 45 ml min™' He) for 1 h

In order to gain further insights into the reaction intermediates leading to CO formation, surface
species during RWGS (i.e. the mixture of CO; and H) at 250 °C was studied by DRIFTS (Figure
7A-B). CO; was initially adsorbed over Au/Al,Os, forming surface bicarbonate species via the
reaction of CO; with surface OH groups. The H: dissociation, which takes place on gold, results
in the formation of Au-H species that attack surface bicarbonates forming adsorbed formate
species. Figure 7C displays the evolution of the band intensities for the bicarbonate and the formate
species with the reaction time evidencing a close correlation between both species. These data
clearly reveal that formates are directly formed from bicarbonate reduction assisted by hydrogen.
The formate species are finally decomposed to CO and the reaction follows clearly the associative

mechanism over Au/Al,Os.
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Figure 7. (A-B) Evolution of DRIFT spectra during RWGS reaction at 250 °C and (C) evolution

of the band height attributed to bicarbonates (1437 cm!) and formate (1590 cm™) surface species
on Au/ALO;3 as a function of the time on stream. Pretreatment condition: 250 °C in H; diluted in
He stream (5 ml min™! H» and 45 ml min"! He) for 1 h, and reaction conditions: 20% H» and 5%

COz in He (H2/CO; molar ratio = 4) at 10 mL min™'.

For CO; hydrogenation over Au/TiO; (Figure 8 A-B), surface carbonate and formate species were
observed as possible intermediates leading to CO and water. A closer look in the region of
hydroxyl groups (3500-3700cm™") shows that a band feature at 3675 ¢cm™!, attributed to terminal
hydroxyl groups associated to Ti*" 4!, evolved with a distinct kinetics. Figure 8C shows the trends
of the intensities for hydroxyls group associated to Ti*', carbonates, and gaseous CO produced
with the reaction time. Obviously, the formation of Ti**, carbonates and CO (g) are well correlated.
In contrast, formates are accumulated over time. It has been reported that at low temperatures (150-
200 °C) most formates observed by IR are spectator species although this does not preclude the
possibility that there are some formates involved in the reaction. As the temperature is increased,

this formate path may become more probable 2°. In a study about the reaction mechanism of dry
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reforming of methane, Lercher et al. 42 proposed that the main route of CO; hydrogenation occurs
via initial formation of carbonate close to the metal-support boundary. Carbon on the metal reduces
the carbonate to formate by forming CO and the formate decomposes rapidly to CO and a surface
hydroxyl group that recombines to form water. Our data suggest that CO» is adsorbed over the
titania accompanying surface oxidation from Ti*" to Ti*" and forming carbonates and formates that
are decomposed to CO. As discussed above, CO; likely reacts with the hydroxyl groups with a
neighbor oxygen vacancy producing unstable bicarbonates species that are rapidly reduced to
formates. The absence of carbonyl species adsorbed on gold particles during the transient and
steady-state experiments for both catalysts indicates that the reaction pathway involving the
dissociative adsorption of COz on Au particles followed by the desorption of surface CO to the gas
phase can be ruled out. A reaction scheme involving CO; adsorption on the support and subsequent
reduction to gaseous CO assisted by the active dissociated hydrogen on the metal-support interface
more reasonably explain our experimental results. Similar mechanism is reported by Rodriguez et
al. ¥ for a CeOx/Cu(111) sample. They proposed a mechanism in which CO; is hydrogenated
yielding a hydroxycarbonyl intermediate (OCOH) with a relatively small calculated energy barrier
(40 kJ mol ™). This intermediate is easily decomposed into CO and OH, that subsequently produce
water from reaction from adsorbed H and OH species. The presence of this route can not be
discarded since the hydroxycarbonyl species are much more reactive than formate and carbonates,

especially at lower temperatures %3,
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Figure 8. (A-B) Evolution of DRIFT spectra during RWGS reaction at 250 °C, and (C) evolution
of the band height attributed to Ti(IV)-OH, carbonates and formate surface species on Au/TiO; as
well as the band area of gaseous CO as a function of the time on stream. Pretreatment condition:
250 °C in H» diluted in He stream (5 ml min! H, and 45 ml min"! He) for 1 h, and reaction

conditions: 20% Ha and 5% CO> in He (H2/CO; molar ratio = 4) at 10 mL min!and 250 °C

The above differences in RWGS catalytic activity can be attributed to the difference in interaction
of CO2 with the supports. When the interaction of CO> with the support is very strong, it is
considered to cause low conversion of CO> due to the high stability of the adsorbed species.
However, the presence of the oxygen vacancies on the support may enhance the formation of
surface carbonate intermediates which is further easily transformed into CO and water
regenerating the initial oxidation state on the support to initiate a new redox cycle. The adsorption
of CO; on titania leads to the formation of different types of carbonate-like species. The facile
formation and subsequent reduction of these species on titania can be attributed to its electronic
and defect structure. It is well known that TiO; in its reduced form contains a high concentration

of oxygen vacancies and CO; could be activated on these sites through an electron transfer from
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Ti3" to CO; adsorbed #*. In order to demonstrate the importance of the oxygen vacancies generated
through the reduction of Ti*" to Ti** of the support we have performed an operando UV-Vis

spectroscopic study.

3.3. Operando UV-Vis spectroscopy

Figure 9A presents the UV-Vis spectra of Aeroxide® TiO2 P25 during activation in 10% H> and
under RWGS reaction conditions. At room temperature (dashed line) the sample shows only one
absorption band at around 320 nm corresponding to the absorption edge of the valence to
conduction band transfer of semiconducting TiO2. During the activation in H> a spectral change
appears as a broad band in the 400-800 nm range. Liu et al. % reported three types of interactions
between H» and TiO; at different temperatures. Below 300 °C, H» interacts weakly with the lattice
whereas when the temperature rises the electrons are transferred from the H atoms to the lattice
oxygen of titania and its vacancies are formed with H>O release. The formation of Ti** ions are
suggested above 250 °C when electrons are transferred from the oxygen vacancies to Ti*" ions.
Further increase of temperature leads to Ti*" —[JTi** conversion rate increase, and higher relative
quantity of Ti** and oxygen vacancies. The titania reduction could be also promoted by the UV
irradiation 6. However this possibility has been excluded as the UV-Vis spectra in absence of H»
were different, allowing to assume that the reduction of titania is provoked solely by H». It was
reported that upon reduction the titania crystals, more precisely the rutile ones, displayed very
broad absorption signal ranging from 400 to 1000 nm with poor spectral features and originated
from a variety of coexisting intrinsic bulk and surface defects, identified as neutral singly and
doubly charged oxygen vacancies and trivalent and tetravalent Ti interstitials at different structural
positions®’. All these defects result in three superposed bands in the 400-700 nm range without

clear “type defect/band” attribution. The d-d transitions of the Ti** ions could also be present when
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the number of Ti** sites becomes significant and should appear in the long wavelength region (>
700 nm). In any case, the appearance of the broad band at 400-700 nm unequivocally suggests the
presence of oxygen defects on titania. Considering the literature indications and the observed
spectral features for the TiO, P25 sample under reduction treatments at 250 °C (Figure 9A, orange
spectra), the formation of defects attributed to oxygen deficient sites and Ti*" sites are evident. The
same material under the RWGS reaction condition (Figure 9A, blue spectra) did not show
significant spectral changes till 350 °C when RWGS starts taking place with CO evolution. The
difference spectra (Figure 10A) demonstrates an increasing formation of defect sites under the
RWGS gas mixture upon heating up to 300 °C, supported by the changes registered in the 400-800
nm region and also by the intensity increase of a positive band at around 350 nm suggesting a
bandgap modification caused probably by the contribution of the formed Ti** levels. When the
temperature rises to 350 °C, the TiO; starts to convert CO2 and H; into CO and H>O and the defect
bands disappear as confirmed by the negative contribution in the 400-800 nm range suggesting the

direct participation of these sites in the reaction.
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Figure 9. UV-Vis spectra of (A) Aeroxide TiO2 P25 and (B) Au/Ti0O; catalyst during the activation

(50 mL min™' of 10% Ha in He at 250 °C for 1 h) and RWGS reaction at 150-450 °C on the samples
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Logically it is expected that Au/TiO2 presents similar spectral features to those of TiO2 P25.
However, the wide Au plasmon band appearing at around 550 nm renders the identification of
spectral features in the 400-800 nm range impossible (Figures 9B). The difference spectra in Figure
10B show contribution of the Au energy levels to titania bandgap changes (the positive band
around 350 nm) coupled with the contributions of the titania vacancies formation confirmed by
the asymmetric shape of the band toward 450 nm. Higher the temperature, more asymmetrical the
shape becomes. This indicates the use of the vacancies created during the reaction (negative

contribution appearance tending to increase the asymmetry of the band in the long wavelength

range).
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Figure 10. Evolution of difference UV-Vis spectra in function of the RWGS reaction

temperature for the samples (A) Aeroxide TiO2 P25 and (B) Au/TiO; catalyst

When the band intensity is compared to the observed CO2 conversion presented in Figure 2, the
increase of the intensity of the band centered at 360 nm is proportional to the RWGS reaction rate

as can be observed in Figure 11. This indicates that the catalytic performance of Au/TiOz is
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correlated with the presence of Ti**, and consequently with the formation of oxygen vacancies of

the support and their concentration.
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Figure 11. Relationship between the intensity of the UV-Vis band associated to Ti** and the

RWGS reaction rate for Au/TiO; catalyst

We can conclude that the oxygen vacancies generated over titania surface directly participates in
COz activation generating carbonates species, as also suggested by IR, which are easily reducible

to CO and water in presence of hydrogen.
3.4. Oxygen storage complete capacity (OSCC)

According to the operando UV-Vis results, the superior performance of Au/TiO; catalyst in
RWGS reaction can be associated with the increase in the oxygen vacancies concentration of
titania. The validation of this affirmation in a quantitative manner generally requires a reasonable
measurement of the exact number of oxygen vacancies on the surface and on the gold-support

interface. Such estimation is provided by measuring the oxygen storage complete capacity
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(OSCC). The obtained results are included in Table 1. TiO> P25 is usually considered as oxide
with low oxygen mobility and indeed the measured OSCC value is very low and barely influenced
by the temperature. The presence of gold, in contrast, boosts significantly the oxygen mobility of
titania; almost doubled when the temperature rises from 150 to 250 °C. At 250 °C the calculated
coefficient for the TiOx stoichiometry is 1.96 corresponding to maximal titania reduction of around
7 % and suggesting indirectly the presence of Ti*". This is in a good agreement with the results
obtained by operando UV-Vis, in which Ti*" species are also detected at this temperature. At 350
°C the OSCC value decreases which can be tentatively explained by a possible changes in the
gold/titanium contact. As detected by TEM (Figure 3) gold nanoparticles sinter during the reaction
suggesting diminution of the gold/titanium interface which could reflect in a decrease in the

oxygen mobility of titania at this temperature.

Table 1. OSCC properties of TiO2 support and Au/TiO; catalyst at 150, 250 and 350 °C

Stoichiometric % Surface
OSCC for TiO; OSCC for Au/TiO2

Temperature / °C coefficient x for = reducibility
umol [0] g'! umol [0] ¢!
Au/TiOx on Au/TiO>
150 10.2 298.4 1.98 4.2
250 11.1 516.6 1.96 7.2
350 12.7 343.6 1.98 4.8

3.5. Discussion of plausible reaction mechanism

Data obtained from operando DRIFTS and UV-Vis experiments suggest considerable differences

in the prevailing mechanism for the RWGS reaction on Au/Al,O3 and Au/TiO,, respectively.
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According to the proposed mechanistic pathways of RWGS reaction over supported noble metal
catalysts reported in the literature, two reaction mechanisms have been widely accepted, namely
regenerative redox mechanism and associative mechanism with a further possibility that surface
formates could be considered intermediates involved in the rate determining step >. RWGS reaction
proceeds through a concerted pathway where support and gold particles play key roles in the CO»

activation and the dissociation of Hs.

Our results support that the activation of CO2 over the two catalysts does not occur via direct
dissociation of CO» to CO and O on the Au particles. In the case of Au/Al,O3, CO» first reacts with
the hydroxyls on alumina to form bicarbonates species. This step does not require the participation
of the gold particles 22. The following steps involve the dissociation of hydrogen over Au and
dissociated H atoms can spillover to the support to react with the bicarbonates leading to the
formation of formates, which can be decomposed to CO. It has been suggested that this reaction
of formation and decomposition of formates preferentially takes place on the interfacial sites
between metal and alumina support 3. Scheme 1 shows this reaction mechanism via formates
intermediates proposed for the RWGS reaction on Au/AlO3. Alumina is an irreducible support
and thus the absence of oxygen vacancies leads to a decisive role of the hydroxyl groups in the
mechanism of the reaction. The participation of hydroxyl groups in the formation and
transformation of surface bicarbonates species is fundamental to understand the reaction
mechanism on Au/AlO; catalyst. If we assume that the formation of surface bicarbonates involves
hydroxyls groups on the surface then the rate of transformation into formates species will depend
also on the surface OH concentration. The H: dissociation takes place on the gold particles and the
Au-hydride formed reduces the bicarbonate species to adsorbed formate species at the metal-

support interface. We propose that the surface formates are initially formed at the Au-support

25



interface and subsequently decomposed into CO and water. However, they can also migrate to
more thermodynamically favourable sites, leading to an accumulation of formates on alumina
support. We propose surface formate and bicarbonates species observed by DRIFTS as key
intermediates in the RWGS reaction on Au/Al,Os. Senayake et al. 32 studied the properties of
adsorbed formate on Au(111) using synchrotron-based core level photoemission, near-edge X-ray
absorption fine structure (NEXAFS), IR absorption spectroscopy and density functional theory
(DFT) calculations. DFT calculations indicate that formic acid can be adsorbed on Au(111) as
bidentate formate (0.65 eV) or monodentate formate (0.75 eV). In other DFT study by Mavrikakis
and coworkers ¥ on formic acid decomposition on Au(111) surface, they predicted an energy
barrier of 77 kJ mol™! for the C-H cleavage in the Au-bound formate species. A similar value of 75
kJ mol™! was experimentally estimated by Filonenko et al. for the CO> hydrogenation on Au/Al>Os.
On the basis of these considerations, our results of apparent energy activation (79 kJ mol™)
experimentally determined allow us to affirm that the formation and reaction of formates in the
metal-support interface is the rate-determining step for the RWGS reaction over Au/Al,Os3. The
amount of formates accumulated on the alumina surface depends markedly on the temperature.
According to Meunier et al. 26, the most of formates observed under reaction conditions are
spectators, although there are other highly reactive formate species (so-called “fast formates™)
whose fraction is enhanced at higher temperature and that are easily observable by transient

DRIFTS experiments.
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Scheme 1. Proposed mechanism of RWGS reaction for Au/Al,Os catalyst

In the case of Au/Ti0», titania is a reducible support being able to create oxygen vacancies mainly
at the interface metal-support as a consequence of the Shottky function >°. We identified that there
exists a direct correlation between the relative concentration of oxygen vacancies of titania support
and the RWGS reaction rate. In general, support oxides containing oxygen vacancies are able to
well disperse Au, which leads to excellent catalytic activity .. Scheme 2 illustrates the
participation of the support in the RWGS mechanism over Au/TiO;. In accordance to the DRIFTS
results, the carbonyls route in which CO; is directly dissociated to CO on Au can be ruled out.
Rather the carbonates route was suggested as the main pathway to produce gaseous CO. In this
route, CO is adsorbed forming surface carbonates that react directly with the oxygen vacancies in
the titania, from which CO is released. The results obtained by operando UV-Vis also shows that
TiO: can be reduced in the absence of noble metal facilitating the creation of oxygen vacancies.
In a reference catalytic test using titania a low production of CO was observed. The main roles of
the gold particles are likely the activation of hydrogen and its subsequent spillover to TiO; surface

to increase the concentration of oxygen vacancies and thus the number of sites available to react
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with COs. Goguet et al. >2 proposed a similar mechanism for the RWGS reaction over Pt/CeQs.
They suggested an additional pathway that involves a possible migration of carbonate towards the
metal-support interface, where it decomposes via metal-bound carbonyl intermediates.
Nevertheless, this route may be discarded in our case since no metal-bound carbonyl was observed.
Scheme 2 also includes an additional route associated with the decomposition of formate species
on the vacancies, although on the basis of the DRIFTS results it is unlikely that formate is an
important intermediate. The carbonates mechanism can be considered a special case of the redox
mechanism that involves the formation of a “carbonate-type” intermediate on the support. It
implies a direct reaction of CO> with the surface oxygen vacancies to form carbonate species and

the latter decomposing into CO (g) according to the following elementary reaction steps:

CO2 () + (O + 0)-Ti*" > [COs7-Ti* (1)
[CO57]-Ti* + Au-H < CO-Ti*" + OH- )
CO-Ti** + OH <> CO(g) + H20(g) + (O + 0)-Ti** 3)

where O denotes a surface oxygen vacant site on titania. A similar mechanism was proposed by
Kalamaras et al. > to explain the reaction mechanism of the WGS over Pt/CexZr1xO: catalyst. On
the other hand, Rodriguez et al. 3* proposed another mechanism in which the formation of a
hydroxycarbonyl (OCOH) intermediates at the gold-titania interface takes place and involves the

following steps:

H» (g) > 2Hads (4)

CO2 (g) + Hags <> OCOHads (5)
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OCOHads <> COads + OHads (6)

OHags + Hads <= H20a4s (7)
H2044s < H2O (g) (8)
COads < CO (g) (9)

The formation of hydroxycarbonyl (OCOH) species is hardly detectable by DRIFTS since these
species are very unstable and has a very short lifetime on the gold surface. By means of DFT
calculations, Rodriguez et al. 3* predicted that the formation of an OCOH intermediate requires
an energy barrier of 0.3 eV in the metal-oxide interface. This barrier is in good agreement with the
apparent activation energy obtained for the Arrhenius plot (Figure 4), and it could be assumed that
the formation of these intermediate is the rate-limiting step of the reaction with an activation
energy of 0.3 eV. In another study, Rodriguez et al. 43 studied the mechanism of CO; hydrogenation
reaction on Au/TiOz and Au/CeO«/TiOz. They observed high energy barriers for the hydrogenation
of CO2 to HOCO and for the hydrogenation of CO to HCO concluding that the first hydrogenation
is the rate-determining step and the presence of vacancies are essential for the binding and
conversion of CO2 in good agreement with our results. Therefore, on Au/TiO> catalyst the reaction
most probably proceeds through a redox mechanism with the formation of a hydroxylcarbonyl
intermediate, which further decomposes to CO and water. The formate or carbonate-like species
could be simply spectators bound to oxide support. At higher temperatures, where desorption
and/or decomposition of formate and carbonate species will be very fast, we would anticipate that

the carbonates/formates routes would become predominant.
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In summary, we attribute the difference in the formation rate of CO by RWGS reaction observed
for Au/Al,O3 and Au/TiO; to the presence of oxygen vacancies on TiO; able to activate the CO,
more efficiently. We have demonstrated that the nature of the support has a strong influence on

the activity of the catalysts.

4. CONCLUSIONS

The reaction mechanisms of the RWGS reaction over Au/TiO2 and Au/Al,O3 were investigated.
DRIFTS results indicate that CO, cannot be dissociated to CO directly on the Au particles. The
RWGS reaction over Au/Al,O;3 proceeds via formation of formate reaction intermediates that are
reduced to produce gaseous CO. In the case of Au/Ti0: the reaction proceeds at lower temperatures
through a redox mechanism with the formation of a hydroxycarbonyl intermediate which further

is decomposed to CO and water, where Ti**, surface hydroxyl, and oxygen vacancies jointly
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participate in this route. At higher temperatures, where desorption and/or decomposition of
formate and carbonate species occur faster, the carbonates/formates routes would become
predominant. The presence of Ti** and the generation of vacancies of oxygen were confirmed by
operando UV-Vis spectroscopy, demonstrating the superior performance of Au/TiO2 in RWGS
reaction can be associated with the increase in the concentration of oxygen vacancies in the titania

support.
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EXPERIMENTAL DETAILS

X-ray diffraction (XRD) measurements were performed on an X’Pert Pro PANalytical
diffactometer. Diffraction patterns were recorded using Cu Ka radiation (40 mA, 45 kV) over a

10-90° 26-range and a position-sensitive detector using a step size of 0.05° and a step time of

240 s.
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Figure S1. XRD patterns of Au/Al,03; and Au/TiO;

Due to the observed variations in the gold particle size of both catalysts during the RWGS reaction,
the catalytic activity was also evaluated in terms of conversion up/down curves. As example, we
have included in Fig. S2 the obtained results for Au/TiO: catalyst under kinetic regime conditions
at GHSV = 40,000 h'!. As can be observed the conversion up/down is identical even reaching
maximal temperature of 400 °C (Fig. S2A) and one can guarantee that Ea is not under-estimated

(Fig. S2B).
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Figure S2. (A) Conversion up-down curves and (B) Arrhenius plot for the Au/TiO; catalysts in

RWGS reaction. Reaction conditions: GHSV = 40,000 h™' and H»/CO; molar ratio = 4
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