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Abstract: In CO2 hydrogenation reaction, selective synthesis of CO 
at low temperature and high pressure is needed to integrate the 
reverse water gas shift reaction with Fischer-Tropsch synthesis. Here, 
we show that a mixed oxide catalyst prepared by doping indium (In) 
into TiO2 produces CO with the formation rate of 22 µmol g-1 s-1. The 
CO selectivity was more than 99% at 350 °C and 3 MPa pressure. 
Moreover, the catalyst was durable for over 100 h on stream. During 
reaction the interfacial In3+–O–Ti4+ sites were first reduced in presence 
of H2 and then oxidized back with CO2 producing CO. Because of the 
redox mechanism, methanol and methane formation was limited. This 
study shows the development of a promotor free oxide catalyst for 
CO2 hydrogenation and the importance of the redox property at the 
oxidic interface for selective hydrogenation of CO2 to CO under 
unfavorable conditions. 

Introduction 

Hydrogenation of CO2 is an attractive way to produce chemicals 
and fuels without using fossil resources. Production of CO by 
partial reduction of CO2, also known as reverse water gas shift 
(RWGS) reaction (Equation 1), is of interest because the 
conversion of CO to hydrocarbon fuels and useful chemicals 
through Fischer-Tropsch synthesis (FTS) is already industrially 
established.[1–5] Usual operating condition for RWGS is above 500 
°C and atmospheric pressure.[4] Under these conditions several 
catalysts have been reported for RWGS that achieve high CO 
yield.[6,7] However, to effectively couple the two processes, the 
condition of RWGS reaction should match the subsequent FTS 
reaction, which is conducted at less than 400 °C and under a 
pressure of 1-3 MPa.[8] At lower temperature and high pressure 
CO selectivity reduces because RWGS reaction is endothermic 
in nature and formation of methanol and methane is favored.[9] 
Therefore, it is important to develop efficient catalysts that are 
selective for CO formation under unfavorable conditions of low 
temperature and high pressure to match with the subsequent FTS 
processes. 

𝐶𝐶𝐶𝐶2  +  𝐻𝐻2  → 𝐶𝐶𝐶𝐶 +  𝐻𝐻2𝐶𝐶   (1) 

Noble metal-based catalysts containing Pt has been 
reported for RGWS at low temperature. For example, Pt/mullite 
and PtCo/TiO2 catalysts showed high selectivity of CO with 

activity of 12.5 and 11.4 µmol g-1 s-1, respectively.[10,11] Single 
atom Pt catalysts are used to increase the atom efficiency of Pt 
metal. However, cost of noble metals is prohibitive and they are 
prone to deactivation due to aggregation of metal sites.[12–14] Non-
noble metal catalysts containing Ni or Co tend to produce CH4 
and higher hydrocarbons instead of CO.[15–17] Cu based catalysts 
are the exception because of their high activity for RWGS at low 
temperatures. In particular, Cu supported on reducible supports, 
especially CeO2 catalysts, are comparable to noble metals based 
catalyst for RWGS.[18–24] Cu supported over hollow nanosphere of 
CeO2 containing high density of oxygen vacancy produced 55 
µmol g-1 s-1 of CO at 350 °C.[23] Similarly, Cu/CeO2 catalyst 
derived from pyrolysis of a copper containing metal organic 
framework (MOF), produced CO at a rate of ca. 9.5 µmol g-1 s-1 at 
400 °C. Despite the excellent activity achieved by supported Cu 
catalysts they are prone to deactivation. For example, MOF 
derived Cu/CeO2 catalyst lost 25% of activity within the first 24 
h.[18] The cause of deactivation in Cu catalysts is aggregation of 
Cu metal particles.[25,26] Mixed metal oxide catalysts are 
considered as promising alternatives because they are stable 
under CO2 hydrogenation condition. Oxygen vacancy on the 
interface of mixed oxide adsorbs and activates CO2. However, the 
interfacial sites promote deep hydrogenation of CO2 to CH3OH 
and CH4 because the oxophilic vacancy tends to stabilize the 
reaction intermediates such as formate and methoxy species.[27,28] 

In this work, we report the synthesis of an In-TiO2 mixed 
oxide catalyst for RWGS reaction by doping In in TiO2. In atoms 
were atomically dispersed throughout the anatase TiO2 
framework. In–O–Ti interfacial site was partially reduced under 
CO2 hydrogenation condition and acted as a redox center for CO2 
hydrogenation to CO. The reducibility and oxidizability of both In 
and Ti at the interfacial site facilitated the redox mechanism 
leading to high activity and CO selectivity. Indium doped TiO2 
produced CO with >99% selectivity with high yield. CO selectivity 
did not reduce even under high pressure. 

Results and Discussion  

Catalyst synthesis and characterization 

mailto:ashrotri@cat.hokudai.ac.jp
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Initially, two types of catalyst with interfacial In–O–Ti sites were 
synthesized by doping indium in titania (In–TiO2) and by doping 
titanium in In2O3 (Ti–In2O3). Both catalysts were prepared by 
mixing In and Ti precursors with citric acid to form a sol that was 
dried and calcined to obtain the doped oxides. The atomic ratio of 
In:Ti in In–TiO2 was 1:28 (corresponding to 5 wt.% In loading) and 
the atomic ratio of Ti:In in Ti-In2O3 was also 1:28. Doping of In and 
Ti had little influence on the physical structure of their parent bulk 
oxides. Titania showed anatase crystal phase in In–TiO2, which 
was same as undoped TiO2 that was also prepared by the sol gel 
method (Figure 1a). Conversely, In2O3 exhibited cubic phase in 
Ti–In2O3, same as undoped In2O3. No crystal peak of dopant 

oxides was observed in both the doped catalysts. Doped oxides 
showed shifting of XRD peak as compared to their undoped 
analogues (Figure S1). When In was doped into TiO2, the 
interplanar distance increases because In3+ (0.8 Å) is larger than 
Ti4+ (0.6 Å). As a result, 2θ value of In-TiO2 XRD patterns 
decreased as compared to undoped TiO2 (Figure S1a). Due to the 
same reason, the XRD patterns of Ti-In2O3 shifted towards higher 
2θ value as compared to undoped In2O3 (Figure S1b). The doped 
catalysts also showed similar N2 adsorption isotherms and 
surface area as compared to their undoped counterpart oxides 
(Figure 1b and Table S1). 
 

Figure 1. (a) XRD pattern of In–TiO2 and Ti–In2O3 doped catalyst along with undoped single oxides. (b) N2 adsorption isotherms of In-TiO2, Ti-In2O3 and undoped 
analogues. (c) HAADF-STEM image of In-TiO2 showing anatase crystal structure of TiO2. EDX elemental mapping of the selected region (d) showing the 
homogeneous distribution of (e) Ti and (f) In. (g) Diffuse reflectance UV-Vis absorption spectra of In-TiO2 compared with undoped TiO2 and In2O3. 
 
Further characterization showed that the dopants were highly 
dispersed without agglomeration. In the high-angle annular dark 
field scanning transmission electron microscopy (HAADF-STEM) 
analysis of In–TiO2 (Figure 1c), only anatase titania phase was 
observed. In was highly dispersed in TiO2 as seen in elemental 
mapping by energy dispersive X-ray (EDX) analysis (Figure 1d-f). 
Also, the results from diffuse reflectance UV-Vis absorption 
spectroscopy show that In was atomically dispersed in In–TiO2. In 
the UV-Vis spectra absorption peak at 340 nm was observed 
corresponding to the electronic transition from valence band to 
conductance band for anatase titania (Figure 1g).[29] Features 
indicating formation of In2O3 crystals, such as electronic transition 
from valence band to conductance band and broadening until 600 
nm, were not present.[30]  

Similar to In-TiO2, HAADF-STEM image of Ti–In2O3 (Figure 
S2a) showed cubic In2O3 and TiO2 was not observed. Highly 
dispersed Ti was observed in the elemental mapping analysis 
(Figure S2b-d). In the UV-Vis analysis, the absorption peak 
position for Ti–In2O3 was shifted towards lower wavenumber as 
compared to undoped In2O3 due to the doping of Ti in In2O3 

(Figure S3).[31] These results show that mixed oxide of In–TiO2 
and Ti–In2O3 were formed and the dopant was dispersed in the 
parent oxide without formation of agglomerated particles.  

Catalytic activity 

After confirming the formation of mixed oxide containing 
interfacial In–O–Ti sites, these catalysts were tested for CO2 
hydrogenation reaction in a fixed bed flow reactor at 300 °C, 3 
MPa, 30,000 mL h–1 gcat

–1, H2:CO2 = 3:1. In the presence of In–
TiO2 catalyst, CO2 conversion was 7.4% with CO selectivity of 
more than 99% with traces of CH4 (Figure 2a). Undoped TiO2 
showed negligible CO2 conversion of 0.1%. Therefore, doping 
indium in TiO2 enhanced its activity for CO2 hydrogenation while 
favoring CO as the only product. For Ti–In2O3 catalyst, CO 
selectivity was 70% along with 4.6% CO2 conversion. In contrast, 
undoped In2O3 produced methanol as the primary product with a 
selectivity of 54% and CO2 conversion of 4.4%. Because Ti–In2O3 
and undoped In2O3 had similar surface area and they showed 
similar CO2 conversion, the shift in selectivity from methanol to 
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CO was attributed to doping of Ti in In2O3. Therefore, presence of 
In–O–Ti interfacial site favored the formation of CO in Ti–In2O3 
and In–TiO2 catalysts. 

 
Figure 2. (a) Comparison of CO2 hydrogenation activity of different catalysts. 
(b) Long term stability of In–TiO2 during CO2 hydrogenation. Reaction condition: 
300 °C, 3 MPa, 30000 mL h-1 g-1, H2:CO2 = 3:1. 
 

Further optimization of reaction condition over In–TiO2 
showed that the selective formation of CO was independent of 
hydrogenation reaction condition. Increasing the temperature to 
350 °C increased the CO2 conversion from 7.4% to 19.5% without 
any change in CO selectivity (Table 1). Typically, CO selectivity 
in RWGS reaction is favored at high temperature and low 
pressure.[32–34] In contrast, CO selectivity was more than 99% over 
In–TiO2 irrespective of change in pressure, temperature and 
space velocity. At 350 °C and 3 MPa, the CO space time yield 
(STY) was 18 μmol g-1 s-1, which was comparable to that of noble 

metal-based catalysts under similar reaction condition (Table S2). 
At an SV of 60,000 the STY increased to 22 μmol g-1 s-1. The 
catalyst was stable in long term reaction and did not show any 
loss in activity or selectivity after 100 h on stream (Figure 2b). 
Therefore, interfacial In–O–Ti sites formed on In–TiO2 showed 
remarkable activity and stability for selectively converting CO2 to 
CO over a wide range of reaction condition.  

Table 1. Activity of In-TiO2 catalyst at different reaction conditions.[a]  

T (°C) P (MPa)  SV 
(ml h-1 g-1) 

CO2 
Conv. (%) 

CO Sel. 
(%)  

STY  
(µmol g-1 S-1) 

300 0.1 30,000 1.0 100 0.98 

300 3 30,000 7.4 >99 6.9 

350 3 30,000 19.5 >99 18 

350 3 60,000[b] 11.7 >99 22 

[a]Catalyst: In-TiO2 200 mg, H2:CO2 = 3:1. 
[b]Catalyst amount was halved to 100 mg.  

Mechanistic Clarification 

After confirming the presence of interfacial In–O–Ti active site and 
its high activity for CO production, In–TiO2 catalyst was further 
analyzed to ascertain the mechanism of CO formation and the 
role of surface interface. Doping of In increased the H2 
dissociation ability of catalysts at lower temperature (Figure 3a). 
Undoped TiO2 showed little H2 consumption below 550 °C during 
temperature programmed reduction (TPR) under H2 flow. H2 
consumption in the temperature range of 250-400 °C was 
observed for In–TiO2 catalyst, which was assigned to reduction of 
In–O–Ti interface.  
Above 500 °C, surface indium atoms underwent complete 
reduction to form metal nanoparticles. This was evidenced by 
XRD of In-TiO2 treated at 550 °C under H2 (Figure S4). Above 
700 °C anatase TiO2 transformed to rutile phase. In the XRD 
spectrum of sample treated at 700 °C metallic In nanoparticle 
peak increased in size as In withing the bulk crystal also reduced 
during phase transition of TiO2 (Figure S4).
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Figure 3. (a) H2 TPR spectra of In–TiO2 and undoped TiO2. (b), (c), and (d) XPS spectra of In-TiO2 catalyst before and after CO2 hydrogenation for In 3d, Ti 2p 
and O 1s regions, respectively. (e) UV-Vis analysis for In-TiO2 before and after treatment under H2 atmosphere at 350 °C showing formation of Ti3+ species.  

The partial reduction of In–O–Ti interfacial sites at low 
temperature (below 400 °C) was evident from ex-situ X-ray 
photoelectron spectroscopy (XPS) and UV-Vis analysis. In XPS 
analysis of In–TiO2 catalyst after CO2 hydrogenation reaction, a 
peak for partially reduced In species was present at 443.9 eV 
(Figure 3b).[35] Similarly, in the Ti 2p XPS spectra, presence of Ti3+ 
at 458 eV in the used catalyst was also observed (Figure 3c).[36,37] 
This suggests that during reaction, both In3+ and Ti4+ present at 
the interface were partially reduced. As a result, an increase in 
oxygen defects was observed in the O 1s XPS spectra from 14% 
to 18% (Figure 3d). In the UV-Vis spectrum for In–TiO2 a broad 
shoulder appeared in the range of 400-700 nm after treating the 
catalyst under H2 at 350 °C (Figure 3e). This shoulder was 
assigned to formation of Ti3+ species due to reduction of the metal 
oxide interface.[29,38] Similar shoulder did not appear when 
undoped TiO2 was subjected to H2 treatment (Figure S5). 
Therefore, In-O-Ti interface underwent reduction during the 
reaction to form In0<δ<3+-Vo-Ti3+, where Vo denotes an oxygen 
vacancy.  

Oxide catalysts bearing oxygen vacancies are known to 
strongly adsorb CO2, which  increases their catalytic activity.[39] 
Such CO2 species, present in bent or carbonate form, undergo 
hydrogenation to form formate or carboxyl intermediate via 
associated mechanism. In a CO2 temperature programmed 
desorption (TPD) these species desorb at temperatures above 
300 °C.[39] However, TPD of CO2 adsorbed over H2 pretreated In–
TiO2 only exhibited CO2 desorption peak at 120 °C assigned to 
physisorbed and weakly adsorbed CO2 species (Figure S6a). 
There was negligible desorption of CO2 above 300 C indicating 
absence of strongly adsorbed CO2 species necessary for CO2 
conversion by associated mechanism. Investigation of adsorbed 
CO2 species using diffuse reflectance infrared Fourier transform 
spectroscopy (DRIFTS) further confirmed that bicarbonate and 
carbonate species formed during room temperature adsorption of 
CO2 disappeared before 250 °C and such species were not 
detected at 350 °C (Figure S6b). When the DRIFTS experiment 
was performed under in-situ conditions, intermediate species of 
RWGS reaction such as formate or carboxyl were not detected 
over In–TiO2 catalyst and only peaks for gaseous CO were 
observed at 2172 and 2109 cm-1 (Figure S7).[40] Over In2O3, 
carboxyl and formate species are known to be the intermediates 
for methanol and CO formation through the association 
mechanism.[41] Therefore, the formation of CO without the 
presence of any intermediate indicated that CO might be 
produced via, redox mechanism (also called reverse Mars-van 
Krevelen mechanism), where H2 reduces the In–O–Ti interface 
and CO2 directly oxidizes the interface to produce CO. 

To confirm the redox nature of mechanism, In–TiO2 was first 
treated with H2 at 300 °C for 15 min and then purged with Ar to 
remove the residual H2 gas. Then a mixture of Ar and CO2 was 
passed over the catalyst and the evolution of CO was recorded 
using a GC. CO evolution was observed for more than 20 min 
even in the absence of H2 (Figure 4a). Repeating the reduction 
and oxidation cycle a second time gave identical result. In contrast, 
when undoped In2O3 catalyst was used, product evolution was 
poor (Figure S8). The redox cycle of In–TiO2 catalyst was also 
observed ex-situ by UV-VIS spectroscopy after each reduction 
and oxidation cycle (Figure 4b). Formation of Ti3+ species was 
apparent after the first reduction step owing to the appearance of 

broad shoulder at 400-500 cm-1 (Figure 4b, spectra a and b)). 
After CO2 treatment the intensity of the Ti3+ shoulder reduced in 
UV-Vis spectrum (Figure 4b, spectrum c). This phenomenon was 
reversible under repetitive reduction and oxidation cycles (Figure 
4b, spectra c-e). Therefore, we conclude that In–TiO2 catalyzed 
CO2 reduction to CO through reverse Mars-van Krevelen 
mechanism, at the interface of In and Ti atoms. 
Figure 4. (a) Rate of CO production over pre-reduced In–TiO2 when flowing 

CO2 in the absence of H2 at 300 °C. For each cycle catalyst was first reduced 
with H2 at 300 °C before flowing CO2. (b) UV-Vis spectra of In–TiO2 catalyst 
after successive treatment with H2 and CO2 showing transition between Ti4+ 
and Ti3+ species over the surface.  

Scheme 1 depicts the mechanism for CO2 hydrogenation 
over the surface of In–TiO2. Catalyst characterization has shown 
that doping In in TiO2 enhances reduction of the catalyst surface 
under the reaction condition. Formation of partially reduced In 
species and Ti3+ confirms the reduction of In3+–O–Ti4+ interfacial 
site. Although the surface reduction generated oxygen vacancy, 
it did not cause chemisorption of CO2 on the catalyst surface 
favorable for formate or carboxyl formation. Instead, the partially 
reduced In and Ti3+ at the interfacial site interacted with the O of 
CO2 and they were oxidized by CO2. The oxygen deficient site is 
replenished to recover In3+–O–Ti4+ species and CO was produced 
and removed from the catalyst surface. Because intermediates 
were not formed during the reaction their subsequent 
hydrogenation to methane or methanol was less likely. 
Furthermore, owing to high dispersion of In species and lack of 
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metal nanoparticles, hydrogenation of CO to methane was 
suppressed. Consequently, high CO selectivity was maintained 
even at low temperature and high pressure, which are favorable 
for methane formation. The reversibility of the In–O–Ti interface 
for redox reaction without undergoing over reduction ensured the 
stability of the catalyst. 

 
Scheme 1. Catalytic CO2 hydrogenation to CO over In–TiO2 catalyst through 
reverse Mars-van Krevelen pathway. 

Conclusion 

In summary, we show that doping of In into TiO2 led to the 
formation of highly active and selective interfacial active site for 
the RWGS reaction. The activity of CO production over In–TiO2 
catalyst was comparable to noble metal-based catalysts. More 
than 99% selectivity of CO was obtained 350 °C and 3MPa 
pressure. Under the reaction condition, interfacial In3+–O–Ti4+ site 
was first reduced in presence of H2 to form In0<δ<3+-Vo-Ti3+ and 
then oxidized back with CO2 producing CO. Consequently, the 
reaction proceeded through reverse Mars-van Krevelen 
mechanism. The formation of methane was suppressed because 
of lack of metal nanoparticles to catalyze hydrogenation of CO. 
As a result, RWGS reaction was possible at conditions similar to 
Fischer-Tropsch synthesis. The redox property at the interfacial 
site shown in this study can also be applied to reactions other than 
CO2 hydrogenation and can help in the development of promoter 
free oxide catalysts for redox reactions. 

Experimental Section 

Catalyst preparation 

Indium nitrate (In(NO3)3·3H2O), aqueous titanium chloride solution 
(aqueous solution of 20% TiCl3 containing 5% HCl) and citric acid were 
purchased from Fujifilm Wako Pure Chemical Corporation. All catalysts 
were prepared using a sol-gel method in the presence of citric acid. A 
typical procedure to obtain In-TiO2 catalysts is as follows: In(NO3)3·3H2O 
(0.435 mmol) and TiCl3 (12.5 mmol) solution were added to a beaker 
containing 60 mL of H2O along with 20 mmol of citric acid. The beaker was 
placed on a hot plate maintained at 150 °C and stirred until a foaming gel 
was formed. The gel was then dried in an oven maintained at 150 °C for 5 
h. The resulting composite was crushed and calcined at 500 °C for 3 h 
(ramp rate: 2 °C min-1) to obtain the final catalyst. For Ti-In2O3, 0.453 mmol 
of TiCl3 and 12.5 mmol of In(NO3)3.3H2O were used and same method was 
followed. Undoped oxides were prepared in the same manner without the 
presence of the dopant.  

Catalyst Characterization 

X-ray diffraction (XRD) pattern was measured with Rigaku MiniFlex using 
CuKα X-ray (λ = 1.54 Å) operating at 40 kV and 20 mA. N2 adsorption 

isotherms were measured at −196 °C using a Belsorp mini analyzer. Prior 
to the adsorption, all samples were degassed under vacuum at 120 °C for 
2 h. Surface area was calculated by using BET theory between the relative 
pressure range 0.05 to 0.35 in the N2 adsorption isotherm. X-ray 
photoelectron spectroscopy (XPS) was performed with JEOL JPS-
9010MC instrument. Charge correction was done by adjusting the carbon 
peak to 284.6 eV. STEM images were obtained in a JEOL JEM-ARM200F 
atomic resolution electron microscope at an acceleration voltage of 200 kV 
equipped with EDS detector EX-24221M1G5T. Temperature programmed 
reduction (TPR) of catalysts was carried out in presence of H2-Ar mixture 
(H2 = 5%) in a BELCAT II instrument equipped with a TCD detector. Prior 
to measurement, catalysts were pretreated at 200 °C for 1 hour under Ar 
flow. Measurements were done at a total flow rate of 50 mL min-1 with ramp 
rate of 10 °C min-1. CO2 TPD experiment was performed in the BELCAT II 
instrument equipped with BELMass gas mass spectrometer. Prior to 
measurement, the samples were pretreated under He at 200 °C for 60 min 
followed by CO2 adsorption at room temperature for 30 min. After purging 
with He for 30 min TPD was performed with a ramp rate of 10 °C min-1. 
DRIFTS experiments were done using a Perkin Elmer Spectrum 100 FTIR 
spectrometer equipped with MCT detector cooled with liquid N2. The 
catalyst was first pretreated under He at 300 °C for 30 min. One spectrum 
of catalsyt was recorded as background under He before flowing reactant 
gases (H2:CO2 = 3). Final IR spectrum of the adsorbed species was 
obtained by subtracting the background spectrum of the catalyst. The UV-
Vis analysis was carried out in a JASCO V-650 spectrophotometer. To 
check the redox property of the catalyst in the reactor, first the catalyst was 
reduced under H2 for 15 min at 300 °C followed by the Ar flow to remove 
H2 gas. Then the catalyst was treated with a mixture of Ar and CO2 and 
the evolution of CO was recorded in GC-TCD. This whole procedure was 
repeated on the same catalyst bed to ensure the reproducibility of the 
redox process. The UV-Vis analysis of the redox process was done by 
treating the same batch of catalyst under different atmospheres and 
quickly analyzing the treated catalyst in the spectrophotometer. For 
comparison between different samples, peak intensities were normalized 
according to the primary peak intensity of undoped TiO2. 

Evaluation of catalytic activity 

Catalytic activity for CO2 hydrogenation was evaluated in a stainless-steel 
fixed bed flow reactor system. Products were analyzed using an online GC 
(Shimadzu, GC 8A) equipped with two columns – Porapak Q and 
Molecular Sieve and a TCD detector. Gas line from the outlet of the reactor 
to the inlet of the GC was heated at 150 °C to prevent condensation. 
Typically, 200 mg of catalyst was loaded into the reactor and held in place 
by quartz wool. A thermocouple was inserted into the reactor to measure 
catalyst bed temperature. The reactor was pressurized to reaction 
condition using a mixture of H2 and CO2 having the ratio H2:CO2 = 3:1. 
After the system pressure was stable, reactor temperature was increased 
to desired value. Total flow rate was 100 mL min-1 to maintain space 
velocity at 30,000 mL h-1 g-1. Reactions at space velocity higher than 
30,000 mL h-1 g-1 were carried out by reducing the amount of catalyst.  

CO2 conversion, selectivity of CO and CH3OH and space time yield (STY) 
of CH3OH were calculated using the following equations. 

CO2 conversion (equation 2): 

𝑋𝑋(𝐶𝐶𝐶𝐶2) = � 𝑛𝑛𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜+ 𝑛𝑛𝐶𝐶𝑛𝑛3𝐶𝐶𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑛𝑛𝐶𝐶𝑛𝑛4 𝑜𝑜𝑜𝑜𝑜𝑜

𝑛𝑛𝐶𝐶𝐶𝐶2 𝑜𝑜𝑜𝑜𝑜𝑜+𝑛𝑛𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜+𝑛𝑛𝐶𝐶𝑛𝑛3𝐶𝐶𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜+ 𝑛𝑛𝐶𝐶𝑛𝑛4 𝑜𝑜𝑜𝑜𝑜𝑜
�× 100%    (2) 

CO and CH3OH selectivity (equation 3-4) 

𝑆𝑆(𝐶𝐶𝐶𝐶) = � 𝑛𝑛𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜
𝑛𝑛𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜+𝑛𝑛𝐶𝐶𝑛𝑛3𝐶𝐶𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜+ 𝑛𝑛𝐶𝐶𝑛𝑛4 𝑜𝑜𝑜𝑜𝑜𝑜

�× 100%           (3) 

𝑆𝑆(𝐶𝐶𝑛𝑛3𝐶𝐶𝑛𝑛) = � 𝑛𝑛𝐶𝐶𝑛𝑛3𝐶𝐶𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜
𝑛𝑛𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜+𝑛𝑛𝐶𝐶𝑛𝑛3𝐶𝐶𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜+ 𝑛𝑛𝐶𝐶𝑛𝑛4 𝑜𝑜𝑜𝑜𝑜𝑜

� × 100 %   (4) 
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Space time yield (STY) of CO (equation 5): 

𝑆𝑆𝑆𝑆𝑆𝑆(𝐶𝐶𝐶𝐶) = �𝑆𝑆𝑆𝑆×[𝐶𝐶𝐶𝐶2]×𝑋𝑋(𝐶𝐶𝐶𝐶2)×𝑆𝑆(𝐶𝐶𝐶𝐶)

224× 3600
�                                     (5) 

Where nCO2out, nCOout, nCH3OHout, nCH4out are moles of CO2, CO, 
CH3OH and CH4 calculated from GC analysis. SV is space velocity in mL 
h-1 g-1, [CO2] is the concentration of CO2 present in the feed gas mixture 
in %. STY of CO is reported in µmol g-1 s-1. 
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