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Abstract

The reverse water-gas shift (RWGS) reaction is a promising catalytic route for reducing CO, emissions
because its product, CO, is a key intermediate in various industrialized catalytic processes that produce
fuels and chemicals. We describe herein a MoO,/TiO,-supported Pt catalyst (Pt(3)/MoO,(15)/TiO,; Pt
loading = 3 wt%, MoO; loading = 15 wt%) that promotes the RWGS reaction at low temperature (200-
300 °C) with high activity and selectivity. The catalytic performance for both CO, conversion and
selectivity of Pt(3)/MoOx(15)/TiO, is better than those of Pt catalysts on other supports and other metal
catalysts supported on MoOx(15)/TiO,, as well as Cu- and Fe-Cr-based industrial catalysts. Moreover,
results of operando X-ray absorption spectroscopy studies show that the reaction takes place via reverse
Mars—-van Krevelen mechanism where H, acts as a reducing agent to create oxygen vacancies on the

supported Mo oxide species that are filled by CO, as an oxidizing agent.

Keywords: Pt/MoO,/TiO,, Reverse-water gas shift (RWGS), operando X-ray absorption spectroscopy

(XAS), reverse Mars-van Krevelen mechanism, oxygen vacancy

Introduction
Accumulation of a large amount of CO, as a greenhouse gas negatively impacts the global
environment. Thus, the development of efficient catalytic processes to obtain value-added
chemicals from CO, as a C1 source is strongly desired to suppress CO, emission and decrease
the concentration of atmospheric CO,."® Among various methods, catalytic hydrogenation using
H, as a reductant is one of the most extensively studied processes and it could be the key for the
vast utilization of CO, if a carbon-neutral and economically viable source of H, can be
developed.”-"" The catalytic hydrogenation of CO, produces several important bulk chemicals
including formic acid, methanol, and hydrocarbons.1213.22-24.14-21 Although this one-step CO,
conversion to value-added chemicals is attractive, there is difficulty associated with the fact that
CO, is kinetically unreactive and thermodynamically stable.2526

The catalytic hydrogenation of CO, to CO, also called the reverse water-gas shift (RWGS:
CO, + H, — CO +H,0) reaction, serves as a highly flexible strategy for utilization of CO, because
CO is an important intermediate in various well-established catalytic processes to manufacture
value-added chemicals.?” These processes include alcohol synthesis,?®2° Fischer-Tropsch (FT)
synthesis,3%:3! and other high-value-added product formation reactions.3? Considerable effort has
been devoted to developing efficient heterogeneous RWGS catalysts.33:3443.35-42 |n particular,
many studies have been conducted to develop and improve high-temperature RWGS processes

(typically above 300 °C).#2 One reason for this is that the RWGS reaction is endothermic, namely,
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high-temperature reaction conditions are favored to obtain high one-pass CO yields. However,
process operations at high temperatures are not always feasible in real-world applications
especially for future chemical plants where on-site/distributed systems are desired, and thus,
developments of low-temperature RWGS catalysts are of vital importance. Despite its demands
in industry, only limited effort has been devoted to the low-temperature RWGS process, and the
CO formation rate and the selectivity toward CO over CH, still needs to be improved to meet the
criteria for implementation in industry (see Table S1 in the Supporting Information for reported
RWGS performances (T < 250 °C)). Although other interesting approaches employing
photothermal catalysis*48 that operate at relatively low temperatures have also been examined
in recent years, they require an external light source that hinder industrial scale applications and
often still suffer from low activities.*® Therefore, it is clear that designing and synthesizing more
efficient standard thermal catalysts for the RWGS reaction, together with understanding the
precise nature of the catalysts are highly important.

In the present study, we used Pt nanoparticles supported on MoO,/TiO,
(Pt(3)/MoO4(15)/TiO,; Pt loading = 3 wt%, MoO; loading = 15 wt%) as a catalyst for the RWGS
reaction at temperature range of 200-300 °C. This Pt/MoO,/TiO, type catalysts are known to
exhibit high catalytic performance for various hydrogenation reactions including carboxylic acid
hydrogenation,%0:5" methylamine synthesis from CO,/H,/NH3,%2 and low-temperature methanol
production from CO,/H,.53 We found that the Pt(3)/MoO,(15)/TiO, catalyst is also effective for CO
production. The reaction mechanism was examined with operando X-ray absorption

spectroscopy (XAS).
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Results and discussion

Structural analysis of Pt(3)/Mo0O,(15)/TiO,

Pt(3)/Mo0O,(15)/TiO, was produced through sequential impregnation employing TiO, (P25, 50 m?/g),
(NH4)sM07024-4H,0, and Pt(NH3)>(NO3),, and subsequent H, reduction at 300 °C (Please see the
electronic supplementary information for detailed preparation condition). The XRD pattern for TiO, has
peaks originating from both rutile and anatase phases (Figure S$1). The Mo oxide species in
MoO3(15)/TiO, exists as MoO;. Peaks from MoO; were also observed in the XRD pattern for the
unreduced sample (PtO,(3)/Mo0O3(15)/TiO,), which decreased after the H, reduction treatment. It is
important to note that peaks associated with Pt were not seen in the patterns. The BET specific surface
areas (Sger) of MoO3(15)/TiO, and Pt(3)/MoO,(15)/TiO, were determined by performing N, adsorption
isotherms to be 44 and 43 m?/g, respectively.

In order to examine the particle sizes and morphologies of the introduced Pt and Mo species,
bright-field (BF) and high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) observations were made (Figure 1). For images of TiO, and MoO3(15)/TiO,, see Figure S2.
Inspection of the STEM images of MoO;(15)/TiO, and Pt(3)MoO,(15)/TiO, indicates that Mo species was
highly dispersed on the TiO, surface. Moreover, the supported Pt was observed to be dispersed as
nanoclusters/nanoparticles with an average diameter of 2.6 nm. As shown in Figure S3, energy
dispersive spectroscopy (EDS) mapping was also carried out for Pt(3)/MoO,(15)/TiO,, confirming the
high dispersion of Mo species and the presence of Pt nanoparticles.

Mo K-edge XAS measurements were conducted to identify the states of Mo species in the RWGS
catalyst (Figure S4). The X-ray absorption near-edge structure (XANES) spectra showed that the shape
and edge position for PtO,(3)/Mo0O3(15)/TiO, were identical to those observed for the reference MoOs;.
For the Pt(3)/MoO,(15)/TiO, sample, the absorption edge shifted toward lower energy, demonstrating the
reduction of Mo species by the pretreatment with H,. This result was confirmed by temperature
programmed reduction (TPR) experiments using H, (Figure S5). A peak originating from the reduction
of Pt species was observed around -10 °C. Our previous study on a similar material demonstrating that
the Pt Lz-edge XANES of PtO/MoO,/TiO, after H, reduction at r.t. was identical to that of metallic Pt foil
corroborates this conclusion.53 A relatively small peak can be seen in the H,-TPR profile at around 270
°C. Since reduced Mo species were detected by XAS analysis of Pt(3)/MoO,(15)/TiO,, this peak was
assigned to the reduction of Mo oxides. A very broad reduction peak around 400-600 °C and another
reduction peak above 800 °C were also observed, indicating further reduction of the Mo species at those
temperatures. These results suggest that Pt addition promotes reduction of Mo oxide species.

X-ray photoelectron spectroscopy (XPS) measurements were carried out to obtain further insights

into the oxidation states of Mo. Figure 2 shows the XPS spectra of the Mo 3d region of the sample before
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and after H, reduction at 300 °C. The recorded XPS spectra for the Mo 3d region included signals from
both 3ds;, and 3ds, core levels for Mo. A 3ds, signal around a binding energy of 233.4 eV for
PtO,(3)/MoO3(15)/TiO, (unreduced sample) was assigned to Mo8*. On the other hand, the broad 3ds,
peak for Pt(3)/MoO,(15)/TiO, (reduced sample) indicated the presence of reduced Mo species that
should appear at a binding energy lower than 232 eV. This is consistent with the result from Mo K-edge
XAS measurements. Note that peaks corresponding to PtMo alloy and metallic Mo® (at around 228.7 eV)
were hardly observed.?*% XPS spectra of the Pt 4f region have also been collected on samples without
exposure to air (Figure S$6). Peak centers of 4f;, signals for Pt(3)/MoO,/TiO, (MoO; loading = 45, 15,
and 7.5 wt%) and Pt(3)/TiO, were observed to be 71.6, 71.3, 71.1, and 70.8 eV. All these peaks can be
assigned to metallic Pt,% which is consistent with the result from Pt L;-edge XAS measurements.
Although a negative shift was obserbed for Pt(3)/TiO, compared to the Pt 4f;, binding energy of bulk
metallic Pt° (71.2 eV)%¢ as observed previously for similar Pt/TiO, materials,5’-%° addition of Mo oxide
species suppressed the negative shift. Note that this negative shift of Pt 4f region is thought to be
originated from electron transfer from TiO, to Pt.57:%8

g 8
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Figure 1. BF- and HAADF-STEM images for Pt(3)/MoO(15)/TiO, with the size distribution of Pt
nanoparticles.
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Figure 2. XPS spectra of the Mo 3d region of PtO,(3)/MoO3(15)/TiO, (unreduced sample; navy) and

Pt(3)/MoO,(15)/TiO, (reduced sample; red).
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RWGS reaction
RWGS reactions were performed to investigate the properties of various catalysts. After pretreatment
with H, at 300 °C, the reactions were carried out using 50 mg of a catalyst in a fixed bed continuous flow
reactor under atmospheric pressure under the following composition of feed gas: 10 vol.% CO,, 40 vol.%
H.,, 45 vol.% He and 5 vol.% N, with a total flow rate of 100 cm?® min-'. The results are given in Table 1.
Pt(3)/MoO,(15)/TiO, afforded CO, conversion of 6.9% with 99.2% selectivity for CO and 0.8% selectivity
for CH, (entry 1). In contrast, using MoO3(15)/TiO, or other MoO,(15)/TiO,-supported metal catalysts
(entries 2-11) did not give high CO, conversion. It was also found that the other supported metal catalysts
show poor CO selectivity under the reaction condition employed. Ni and Ru, both of which are famous
as methanation catalysts,®06" showed particularly low selectivity for CO formation. In addition to the
unmodified support materials (entries 12-19), various metal oxides supported with species other than
Mo oxide were screened (entries 20-34). Pt(3)/VO,(15)/TiO, and Pt(3)/CeO,(15)/TiO, showed
comparable CO, conversion as the Pt(3)/MoO,(15)/TiO,-catalyzed system and even higher CO selectivity
(100%) under the reaction conditions employed for this catalyst screening, while the other supported Pt
catalysts showed inferior performances. Note that these Pt-based catalysts showed relatively high
selectivity for CO formation regardless of the types of supports. It was found by control studies using
supports other than TiO, (entries 35-36) that TiO, as a support in combination with Pt and MoO, was
effective for the RWGS process. Furthermore, commercial Cu/ZnO/Al,O; catalysts as low-temperature
WGS catalysts (MDC-7 and HiIFUEL® W220, entries 37 and 38, respectively) and a commercial
FeCrCuO, catalyst known as an Fe-Cr-based high-temperature WGS catalyst (HIFUEL® W210, entry
39)%2 were tested and found to be ineffective in this low temperature range.

For further investigation of the RWGS performance of some active catalysts (Pt(3)/MOy(15)/TiO,:
M = Mo, V, and Ce), additional catalyst screening was conducted using a smaller amount of the catalyst
(15 mg) to ensure the kinetic regime, as shown in Figure 3. Among the catalysts tested,
Pt(3)/MO,(15)/TiO, exhibited the best performance in all the temperature regions tested (200-300 °C).
Note that CO selectivity was 100% for all the reaction systems. In addition, other TiO, supports having
different crystal phases have also been tested under the same reaction condition at 250 °C. More
specifically, STR-100N (Sakai Chemical Industry) having rutile phase with specific surface area of 100
m?/g or ST-01 (Ishihara Sangyo) having anatase phase with specific surface area of 188 m?/g has been
used as a support instead of P25. Pt(3)/MO,(15)/TiO, made with STR-100N and ST-01 gave CO yields
of 5.0 and 3.3 % with 100% CO selectivity, respectively, while the Pt(3)/MO,(15)/TiO, made with P25
gave 5.1% CO yield. As a result, we concluded that the combination of Pt, Mo oxides, and TiO, (P25)
served as the best catalyst components for RWGS at 250 °C.
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Table 1. Results of catalyst screening for the RWGS reaction.?
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Entry Catalyst CO, conversion / % g::-)lectlwty [% CH.
1 Pt(3)/MoO,(15)/TiO, 6.9 99.2 0.8
2 Rh(3)/MoO,(15)/TiO, 2.6 96.8 3.2
3 Ir(3)/MoO,(15)/TiO, 1.9 96.7 3.3
4 Ni(3)/MoO,(15)/TiO, 1.3 27.5 725
5 Re(3)/MoO,(15)/TiO, 0.9 90.4 9.6
6 Ru(3)/MoO,(15)/TiO, 0.8 12.4 87.6
7 Pd(3)/Mo0O,(15)/TiO, 0.5 98.0 2.0
8 Cu(3)/MoO,(15)/TiO, <0.1 - -

9 Ag(3)/MoO,(15)/TiO, <0.1 - -

10 Co(3)/Mo0O,(15)/TiO, <0.1 - -

11 MoO,(15)/TiO, 0.4 100 0
12 Pt(3)/CeO, 59 100 0
13 Pt(3)/ZrO, 5.3 99.6 0.4
14 Pt(3)/TiO, 5.0 96.8 3.2
15 Pt(3)/Nb,Os 3.2 100 0
16 Pt(3)/MoO; 1.8 100 0
17 Pt(3)/Al,03 1.7 100 0
18 Pt(3)/SiO, 15 100 0
19 Pt(3)/HZSM-5(22) 0.3 100 0
20 Pt(3)/VO,/TiO, 6.8 100 0

21 Pt(3)/CeO,/TiO, 6.7 100 0
22 Pt(3)/ZrO,/TiO, 4.1 97.6 24
23 Pt(3)/WO,/TiO, 3.8 100 0
24 Pt(3)/MgO,/TiO, 3.3 100 0
25 Pt(3)/NaO,/TiO, 3.2 100 0
26 Pt(3)/GeO,/TiO, 1.9 100 0
27 Pt(3)/MnO,/TiO, 1.8 100 0
28 Pt(3)/AIO,/TiO, 1.4 98.9 1.1
29 Pt(3)/SnO,/TiO, 0.9 100 0
30 Pt(3)/Ga0,/TiO, 0.8 100 0

31 Pt(3)/CuQ,/TiO, 0.2 100 0
33 Pt(3)/BiO,/TiO, <0.1 - -

34 Pt(3)/SbO,/TiO, <0.1 - -

35 Pt(3)/Mo0O,/Ce0, 6.4 100 0
36 Pt(3)/MoO,/Al,O4 25 100 0
37 Cu/ZnO/Al,03 (MDC-7) 2.0 100 0
38 Cu/ZnO/Al,O3 (HIFUEL® W220) 1.8 100 0
39 FeCrCuO, (HIFUEL® W210) 1.2 95.5 4.5

aCatalyst (50 mg), CO,:H,:He:N, = 10:40:45:5 (N, as internal standard) with a flow rate of 100 mL min~', 250

°C.
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Figure 3. RWGS reaction over Pt(3)/MoO,(15)/TiO,, Pt(3)/VO,/TiO,, and Pt(3)/CeO,/TiO,. Catalyst (15
mg), CO,:H,:He:N, = 10:40:45:5, 100 mL min~".

With the best catalyst components in hand, the effects of the loading amount of Pt as well as Mo
were investigated next (Figure 4). The selectivity toward CO formation decreased and a larger amount
of CH, was formed when a Pt/MoO,/TiO, catalyst containing a higher amount of Pt such as 10 wt% was
employed. This indicates that larger Pt particles favor the CH, production over CO formation, which is in
accordance with previous studies on RWGS over heterogeneous catalysts such as Rh/TiO,,%3
Ni/SiO,,485 and Pt/TiO,.66 Moreover, the addition of Mo oxide species was found to have a large impact
on the efficiency of CO generation and that loadings of 5-15 wt% Mo were optimal for the catalytic process
considering both activity and selectivity. As a result, in this study, Pt(3)/MoO,(15)/TiO, was identified to
be the best for the RWGS process at 250 °C.

Using this optimized catalyst, kinetic studies were conducted. The Arrhenius plot (Figure 5)
shows a linear slope in the applied temperature range (230-280 °C). Note that a lower catalyst amount
was employed to ensure appropriate kinetic studies. The calculated apparent activation energy (Ea) was
30 kJ mol™'. For comparison, the Arrhenius plot for the Pt/TiO, catalyst was obtained and the Ea was
determined to be 49 kJ mol™'. The change in Ea indicates a promotional effect of Mo species and
suggests that the RWGS reaction proceeds through different reaction mechanisms. In addition, apparent
reaction orders for CO,, H,, and CO were measured (Table 2). While the reaction orders for CO, and H,
were not that different, the reaction order with respect to CO was significantly smaller for
Pt(3)/MoO,(15)/TiO, (-0.48) than Pt(3)/TiO, (-1.42), indicating a less inhibitory effect of CO for the
Pt(3)/MoO,(15)/TiO, catalyst. This result was further supported by in situ IR experiments using CO as a
probe molecule (Figure S7). A significant amount of CO was adsorbed on Pt(3)/TiO, at 250 °C, whereas
almost no CO was adsorbed on Pt(3)/MoO,(15)/TiO, after purging with He.
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A durability test was conducted next, as shown in Figure 6. The CO yield observed at the reaction
time of 5 h was 4.1% and the corresponding CO formation rate was 1.11 mmol min-' g*, which is the
highest value reported so far below 250 °C (see Table S1 for literature comparison). Note that the CO
selectivity remained 100% throughout this durability test. Although the CO yield decreased over time, the
CO formation rate after 600 h of the reaction time remained the best. It was also confirmed by using
larger amount of the catalyst that the CO formation rate is high with 100% CO selectivity even at relatively
high conversion region (0.66 mmol min' g' at CO, conversion of 9.4%). Therefore, our
Pt(3)/MoO,(15)/TiO, catalyst stands out as the state-of-the-art catalyst for the low-temperature RWGS
reaction. To elucidate reasons of the catalyst deactivations, XRD and XAS measurements were
performed for the Pt(3)/MoO,(15)/TiO, catalyst after the long-term stability test (600 h RWGS reaction),
as shown in Figure S8. No significant change was found in the XRD patterns where only peaks from
TiO, were observed, indicating the absence of the crystalline species that are detectable by XRD except
the TiO, support. Mo K-edge and Pt L;-edge XANES were also identical, suggesting no significant
changes on states of Pt and Mo species. In contrast, curve-fitting analysis of the Pt L;-edge EXAFS
demonstrated that the coordination number of Pt—Pt bond became larger from 5.5 to 6.0 (Table 3). This
result indicates that Pt particles were aggregated to form larger particles during the RWGS reaction, and
this aggregation would be a reason for the activity loss observed. It should also be noted that formation
of Pt—-Mo bimetals can also be a possible reason for the deactivation3¢” although there is no obvious
clue for the formation of such species. In addition, temperature-programmed oxidation (TPO)
measurement was performed in order to check possibility of coke deposition during the long-term stability

test. No coke formation was found for the spent Pt(3)/MoOy(15)/TiO, catalyst.

10
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Figure 4. Effect of the loading amount of (A) Pt and (B) MoO; (Mo) on the RWGS reaction for
Pt/MoO,/TiO,. CO4:Hs:He:N, = 10:40:45:5, 100 mL min~', 250 °C. Catalyst amount was adjusted to
contain 0.5 mg of Pt. 15 wt% MoQ; loading was used for investigations on the effect of Pt loading while
3 wt% Pt loading was used for investigations on the effect of MoO; loading.
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Figure 5. Arrhenius plot for the RWGS reaction over Pt(3)/MoO,(15)/TiO, and Pt(3)/TiO,. Catalyst (5
mg), CO2:Hx:He:N, = 10:40:45:5, 100 mL min~*, 230-280 °C.

0.24

Table 2. Reaction orders for the RWGS reaction over Pt(3)/MoQO,(15)/TiO, and Pt(3)/TiO,.

Catalyst CO, H, CO
Pt(3)/MoO,(15)/TiO, 0.36 0.26 -0.48
Pt(3)/TiO, 0.51 0.20 -1.42

Catalyst (5 mg), CO,:H:He:N, = 10:40:45:5, 100 mL min~", 250 °C.

11
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Figure 6. Long-term stability test for the RWGS reaction over Pt(3)/MoO,(15)/TiO,. Reaction conditions:
catalyst (15 mg), CO3:Hy:He:N, = 10:40:45:5, 100 mL min~*, 250 °C.

Table 3. Pt L;-edge EXAFS curve fitting analysis for the Pt(3)/MoO,(15)/TiO, before (fresh) and after
the 600 h reaction (spent).

Catalvst Shell Coordination Bond distance = Debye-Waller Residual factor
y number (A) factor (A) (%)

Fresh Pt-Pt 5.5 2.76 0.008 0.8

Spent Pt—Pt 6.0 2.75 0.007 0.6

12
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Mechanistic Study

Two major reaction mechanisms are known for the RWGS reaction.® They include (i) the redox
mechanism and (ii) the associative mechanism. In the former, oxygen vacancies are formed on
the oxide (support) surface by H,, which acts as a reducing agent without direct participation in
the intermediates formation processes. CO, reoxidizes the partially reduced oxide to fill the
formed oxygen vacancies (so-called reverse Mars—van Krevelen mechanism®?), resulting in the
formation of CO. In the latter mechanism, CO is produced through decomposition of surface-
reactive intermediates such as formate, carbonate, and carboxyl species, which can be derived
from the reaction of hydrogen species with CO,.70-73

To clarify the reaction mechanism, operando XANES measurements were conducted under a
flow of CO,, H,, CO,+H, at 250 °C. Simultaneous analysis of the gas phase products was performed
using gas chromatography (GC). For that purpose, 10%CO,/He, 40%H,/He, and 10%CO,+40%H./He
were introduced consecutively with an interval of He purge prior to the CO, introduction. For operando
Mo K-edge XANES measurements, the weight/volumetric flow rate (W/F) ratios were set to be similar to
the reaction conditions employed in Figure 3. Figure 7A shows the corresponding Mo K-edge XANES
of Pt(3)/MoOy(15)/TiO, measured just after the pretreatment and under a 10%CO,/He flow. The XANES
of Pt(3)/MoO,(15)/TiO, shows that the absorption edge shifted to higher energy by the CO, introduction.
Simultaneously, CO was detected by GC. Mass spectrometry was used to confirm that the remaining H,
in the gas lines was completely evacuated by the He purge. Therefore, these results clearly demonstrate
that CO, acted as an oxidant, and as a result Mo species were oxidized. More specifically, the surface
defect sites induced by the H, reduction played an important role for the CO formation. Subsequently,
the partly oxidized MoO, species were reduced by H, introduced, as shown in Figure 7B. It is noteworthy
that CO formation was not detected upon the introduction of 40%H./He, suggesting that H, does not
participate in the CO formation process, but rather contributes to the formation of oxygen vacancy sites
where CO, is reduced to CO. Moreover, the edge position for the Mo species remained almost
unchanged during the RWGS condition (10%C0O,+40%H,/He).

Operando Ti K-edge and Pt L;-edge XANES spectra were also obtained employing the same
protocol described above, except for amounts of the samples and gas flow rates, in order to obtain good
XAS spectra with the transmission measurements (Figure S89). The edge positions for both Ti K-edge
and Pt L;-edge XANES spectra were hardly changed following the introduction of CO,, suggesting that
the redox of TiO, and Pt was not directly involved in the RWGS reaction.

Operando diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was also
performed to investigate surface adsorbed species that can potentially be involved in the reaction. DRIFT

spectra obtained at 250 °C after the H, reduction pretreatment and after subsequent introduction of 100%

13
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CO, are given in Figure S10. A band at around 2078 cm-', which can be assigned to CO adsorbed on
metallic Pt, was seen immediately after the introduction of 100% CO,. Simultaneous formation of CO in
the gas phase was also observed by using an IR gas cell equipped at outlet of the DRIFT cell. Although
a small band at around 1508 cm', which can be assigned to carbonate species,®® appeared gradually,
the evolution trend of this band does not match the trend of the CO formation in the gas phase. This
result indicates that surface adsorbed species are not involved in the RWGS reaction over
Pt(3)/MoO,(15)/TiO,. These results coming from operando XAS and DRIFT indicate that the RWGS
process over Pt(3)/MoO,(15)/TiO, proceeds through a regenerative redox mechanism in which supported

Mo species undergo redox by CO, and H, as oxidizing and reducing substrates, respectively.

(A) (B)
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Figure 7. (A) Operando Mo K-edge XANES of Pt(3)/MoO,(15)/TiO, obtained at 250 °C after the H,
reduction pretreatment (navy blue line) and after subsequent introduction of 10%CO,/He (red line). (B)
Results of the operando Mo K-edge XAS measurements. Changes in the shift of the absorption edge
and the amount of CO in the gas phase (GC peak area) under flowing 10%CO./He, 40%H./He, and
10%C0O,+40%H,/He at 250 °C.
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Conclusions

The catalytic RWGS reaction was carried out at 250 °C under ambient pressure employing a
Pt(3)/Mo0O,(15)/TiO, catalyst and various other catalysts that include MoO,(15)/TiO,-supported
and oxide-supported catalysts as well as commercially available Cu/ZnO/Al,O3; and Fe-Cr-based
catalysts. Pt(3)/MoO,(15)/TiO, showed the best performance in terms of CO productivity among
the catalysts tested. The reduced MoO, species was identified by operando XAS studies as
playing an important role in reducing CO,. Employing metal oxide species that show efficient
redox properties toward reactions with CO, and H, at working temperatures would be a key to

realizing efficient RWGS catalytic processes.
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