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1. Supplementary experimental information 

1.1 Synthesis of the indium-aluminum oxides support 
The binary metal oxide supports were synthesised using a co-precipitation method. The metal precursors 
were hydrated metal nitrate salts: Al(NO3)2·3H2O (Aldrich) and In(NO3)3·xH2O (Aldrich). Indium and 
aluminium metal nitrates with a desired In/Al ratio were dissolved completely in 150 mL deionised water 
to make a solution with a concentration of 0.05M. A Na2CO3 aqueous solution was prepared by dissolving 
7.5 g of Na2CO3 in 300 mL of deionised water. The solutions were added simultaneously into a beaker 
containing 50 mL of preheated deionised water at 80 °C. A delivery pump was used to inject the metal 
nitrate solution at a constant rate of 0.4 mL min-1 in an automatic and reproducible manner. An HPLC 
pump was used to deliver the Na2CO3 solution at a rate of 0.4-0.8 mL min-1. The mixture was stirred at 
1,000 rpm, with the pH of the precipitating solution carefully maintained at 9 ± 0.1. Once the addition of 
the precursor metal nitrate solution was completed, the resulting precipitate was aged in the solution for 
18 h. After the aging process, the precipitate was extracted by centrifugation at 5,000 rpm. The 
centrifuged precipitate was washed with deionised water several times at 5,000 rpm to remove residual 
Na+ ions and then washed with acetone before drying in a vacuum. The dried powder was then calcined 
in N2 at a ramp of 5 °C min-1up to the desired temperature (450 °C, if not indicated) for 4 h to get the final 
indium and aluminum oxide supports.  
 
1.2 Synthesis of the indium-modified Rh, indium-modified Ru samples with different In/Al ratios.  
The detailed information of the samples is listed in Table 1 of the main manuscript. In this part, the 
samples are classified into two categories: Those loaded Rh or Ru by the wet-impregnation method and 
those by co-precipitation method. For the wet-impregnation samples: Rhodium-indium supports with 
different recipe In:Al ratios were firstly synthesised using co-precipitation method. Then the derived 
support was immersed into an Rh(NO3)3 (Aldrich) aqueous solution and the mixture was kept stirring 
until the solid and liquid were mixed evenly. The slurry was set aside in air for one night before drying in 
an oven at 80 °C. The dried powder was then calcined in N2 at a ramp of 5 °C min-1 up to 450 °C for 4 h 
to get the final binary metal oxides supported Rh samples. The co-precipitation samples were prepared 
by the following process: metal nitrates (Rh(NO3)3 aqueous solution, Al(NO3)2·3H2O and/or 
In(NO3)3·xH2O) were dissolved completely in 150 mL deionised water to make a solution with a 
concentration of 0.05M. A Na2CO3 aqueous solution was prepared by dissolving 7.5 g of Na2CO3 in 300 
mL of deionised water. The solutions were added simultaneously into a plastic reactor containing 50 mL 
of preheated deionised water at 80 °C. A delivery pump was used to inject the metal nitrate solution at a 
constant rate of 0.4 mL min-1 in an automatic and reproducible manner. An HPLC pump was used to 
deliver the Na2CO3 solution at a rate of 0.4-0.8 mL min-1. The mixture was stirred at 1,000 rpm, with the 
pH of the precipitating solution carefully maintained at 9 ± 0.1. Once the addition of the precursor metal 
nitrate solution was completed, the resulting precipitate was aged in the solution for 18 h. After the aging 
process, the precipitate was extracted by centrifugation at 5,000 rpm. The centrifuged precipitate was 
washed with deionised water several times at 5,000 rpm to remove residual Na+ ions and then washed 
with acetone before drying in a vacuum. The dried powder was then calcined in N2 at a ramp of 5 °C min-

1up to the desired temperature (450 °C, if not indicated) for 4 h to get the final catalysts. 
 
 
1.3 Catalytic testing of CO2 hydrogenation reaction 
Catalytic testing in hydrogenation of CO2 to produce methanol was carried out in a tubular fixed-bed 
reactor (12.7 mm outside diameter) by using a catalyst weight of 0.1 g. Commercial Cu/ZnO/Al2O3 
catalyst (HiFUEL R120, Johnson Matthey) was used as the benchmark catalyst for the catalyst 
comparison. Before each test, the catalyst was pre-reduced at 290 °C for 2 h under the H2 flow of 20 
STP mL min-1 (STP = standard temperature and pressure; P = 101.3 kPa, T = 298 K). Once the reduction 
was completed, the catalyst bed was then cooled down to room temperature. CO2/H2 reaction mixture 
with molar ratios ranging from CO2 : H2 = 1 : 3 to 3 : 1 were fed into the reactor at a constant rate 
(depending on the WHSV applied, for WHSV = 18000 mL g-1 h-1 the flow rate is 30mL min-1) through the 
catalyst bed, and the system pressure was held at the desired pressure (1 bar, 20bar, or 45bar) 
controlled by a back-pressure regulator. After the pressure reached the target pressure and stabilised, 
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the reactant mixture composition was analysed by an online gas chromatograph equipped with two 
thermal conductivity detectors (TCD) and one flame ionisation detector (FID) with methanizer to get the 
peak areas of the unreacted CO2 and H2 for the calculations of the conversions. Afterwards, the system 
temperature was increased to 210 °C at a heating rate of 10 °C min-1. After the stabilisation period of 2 
hours, during which the temperature and pressure were both stabilised, the catalytic activity was 
repeatedly measured for 2 hours through monitoring the outlet gas composition by the online gas 
chromatograph and stable CO2 conversions were detected (the typical standard deviations lower than 
0.1%). The reaction temperature was then increased to 230 °C, 250 °C, 270 °C, 290 °C, 310 °C and the 
same catalytic activity recording procedure was applied on each temperature condition. The methanol 
space time yield (STY), expressed as gram of methanol per hour and per gram of catalyst, was calculated 
using the methanol production rate (methanol concentration in the outlet gas from the reactor per unit 
time) and the weight of the catalyst in the calcined form (0.1g) without considering oxygen loss during 
reduction.  
Notice that we performed most of the catalytic testing under the condition of H2/CO2 ratio = 3 in a fair 
comparative manner.  
 
1.4 Characterisation Techniques 
 
X-ray powder diffraction (XRD)  
The X-ray diffraction (XRD) profile was collected by a Philips PW-1729 diffractometer with Bragg-
Brentano focusing geometry using Cu Ka radiation (lambda= 1.5418 Å) from a generator operating at 40 
kV and 40 mA.  
 
X-ray photoelectron spectroscopy (XPS) 
After the reduction in H2 at 290 oC, the reduced samples were carefully transferred in a glove bag filled 
with N2 to prevent air exposure and analysed by XPS. XPS was performed using a Quantum 2000 
Scanning ESCA Microprobe instrument (Physical Electronics) equipped with an Al Kα X-ray radiation 
source (hv = 1486.6 eV). A flood gun with variable electron voltage (from 6 eV to 8 eV) was used for 
charge compensation. The raw data were corrected for substrate charging with the BE of the C peak at 
285 eV, as shown in the XPS handbook. The measured spectra were fitted using a least-squares 
procedure to a product of Gaussian–Lorentzian functions after removing the background noise. The 
concentration of each element was calculated from the area of the corresponding peak and calibrated 
with the sensitivity factor of Wagner. 
 
Near ambient-pressure X-ray photoelectron spectroscopy (NAP-XPS) 
APXPS measurements were carried out at Versatile Soft X-ray (VERSOX) beamline B07 of Diamond 
Light Source. VERSOX is a soft x-ray (energy range 50-2800 eV) bending magnet beamline fitted with 
a differentially pumped nozzle that allows successful operation up to 100 mbar in the endstation without 
using any membrane. The beamline endstation, equipped with a differentially pumped Specs Phoibos 
150 NAP electron analyzer, allows in situ measurements of solid samples while dosing a gas/gas mixture 
in mbar range. In the geometry adopted during the experiments, photoelectrons were detected at an 
angle of 54.7° with respect to the direction of the surface normal, and linearly polarized light was used 
throughout the experiments. 
 
3mg of the calcined co-RhIn/(5In5Al)O powder was dispersed in 5mL ethanol followed by drop-casting 
and drying (at room temperature) to form a thin film on a gold-coated silicon wafer with an area of ca. 
0.5 cm2. The wafer was mounted onto a sample holder. The sample was heated in resistive mode, and 
the temperature was monitored with a K type (Ni/NiCr) thermocouple attached to the sample. Ultrapure 
gases were introduced through precise leak valves. The experiments were performed under following 
conditions: (i) the sample was exposed to 1 mbar Ar and heated to 290 oC for around 120 mins, (ii) 
chamber was vacuumed to lower than 0.0001 mbar and the gas feed was switched from Ar to H2 to 
reach 1 mbar for 120 mins (1st H2 exposure), (iii)  the catalyst was exposed to 1 mbar H2 and held for 
120 mins (2nd H2 exposure), (iv) the catalyst was exposed to 1 mbar H2 and held for 120 mins (3rd H2 
exposure),  (v) chamber was vacuumed to lower than 0.0001  mbar and then the catalyst was exposed 
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to 1 mbar H2 + 1 mbar CO2 and held for 120 mins. The experiment steps (i) to (v) are sketched in the 
figure below. 
 
Core level photoemission spectra were recorded at a constant temperature at 290 oC in each condition 
listed above (i~v). Rh 3d and In 3d spectral regions were recorded using the incident photon energy of 
1210 and 1340 eV, respectively, to ensure a similar probed depth. The spectra were corrected using the 
Fermi edge position. After subtraction of a Shirley background, the photoemission peaks were 
deconvoluted using Gaussian functions.  

 
Fig. S1. The scheme of the NAP-XPS experiment procedures 

 
X-ray absorption spectroscopy (XAS) Rh K-edge & Rh, In L-edge  
After the reduction in H2 at 290 oC, the reduced samples were carefully transferred to a nitrogen glove 
box. The reduced samples were then sandwiched and dispersed between Scotch Tape for the XAS 
experiments. Local structures surrounding Rh atoms were probed by using XAS technique at beamline 
BL01C of Taiwan Light Source at the National Synchrotron Radiation Research Center (NSRRC) in 
Taiwan. A Si(111) Double Crystal Monochromator (DCM) was used to scan the photon energy. The 
energy resolution (ΔE/E) for the incident X-ray photons was estimated to be 2×10-4. Fluorescence mode 
was adopted for Rh K-edge XAS measurements. To ascertain the reproducibility of the experimental 
data, at least two scan sets were collected and compared for each sample. The Rh and In L3-edge X-
ray absorption near edge structure (XANES) spectra were recorded with a beamline 16A1. The EXAFS 
data analysis was performed using Athena and Artemis. The spectra were calibrated with Rh foils as a 
reference to avoid energy shifts of the samples, and the amplitude reducing factor was obtained from 
EXAFS data analysis of the foil, which was used as a fixed input parameter in the data fitting to allow the 
refinement in the coordination number of the absorbing atom. In this work, the first shell data analyses 
under the assumption of single scattering were performed with the errors estimated by R-factor. 
 
Temperature-programmed reduction (TPR) 
Temperature-programmed reduction (TPR) measurements were obtained using a ThermoQuest TPRO 
1100 instrument. Inside the TPR quartz tube, 0.02 g of the calcined catalyst sample was sandwiched 
between glass wool, and a thermocouple was placed in contact with the sample during the measurement. 
The TPR tube was placed into the instrument for a helium pretreatment. The helium gas pretreatment 
(He running through the TPR tube at 10 mL min-1 at a temperature ramp of 10 °C min-1 from 40 to 150 °C, 
then held for 5 min before cooling) was employed to clean the catalyst surface by removing any absorbed 
ambient gas molecules. After the He pretreatment, a reduction treatment (5% H2 in Argon flowing through 
the TPR tube at 20 mL min-1 at a temperature ramp of 10 °C min-1 from 40 to 600 °C then cooling to 
room temperature) was carried out to reduce the Rh species and the surface In species in the sample. 
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The consumption of hydrogen gas changed the conductivity of the gas stream; therefore, the change in 
conductivity was measured and calibrated as a function of both temperature and time to produce the H2-
TPR profile. 
 
Transmission electron microscopy (TEM) 
Transmission electron microscopy (TEM) images were taken using an aberration-corrected TEM JEOL 
2200MCO operated at 80kV. Samples were reduced in H2 at 290 oC then dispersed in 1 mL ethanol for 
15 minutes (in N2 atmosphere) before the dropwise addition of the solution onto Agar Scientific Holey 
carbon-supported copper 400 mesh grid. After drying the samples were quickly placed into the vacuum 
chamber of the TEM to prevent or minimise re-oxidation. 
 
In-situ Fourier transform infrared spectroscopy (FTIR) 
In situ Fourier transform infrared (in-situ FTIR) spectra were recorded using a Thermo Scientific Nicolet 
6700 FTIR spectrometer equipped with a Specac's high-temperature high-pressure cell. Spectra were 
obtained by collecting 32 scans with a resolution of 4 cm-1 and are presented in absorbance units. The 
powders of the co-Rh/Al2O3 sample, co-RhIn/(5In5Al)O sample and the commercial Cu/ZnO/Al2O3 
catalyst were pressed into pellets and loaded onto the sample holder. The sample was then flushed with 
5% H2/Ar (20 mL min-1) for 20 min and then reduced for 2 h at 290 °C. After the pre-reduction, the 
backgrounds were recorded at 50 °C, 100 °C, 150 °C, 200 °C, 250 °C and 290 °C in the atmosphere of 
5% H2/Ar. After collecting the backgrounds, a gas mixture of CO2/H2 = 1/3 was passed through the 
reduced sample pellet and then the in situ FTIR spectra were collected at 50 °C, 100 °C, 150 °C, 200 °C, 
250 °C and 290 °C with each temperature maintained for at least 30 min. 
 
BET surface area analysis 
The surface area of the samples was determined by N2 adsorption-desorption at a liquid nitrogen 
temperature of -196 oC using the Micromeritics ASAP 2020M Analyzer. Sample degassing was carried 
out at 200 oC for 3 h prior to the acquisition of the adsorption isotherm. Calculations were conducted 
according to the Brunauer–Emmett–Teller (BET) method. 
Hydrogen/Oxygen titration method for measurement of Rh dispersion 
The metal dispersion analysis was conducted on the PCA-1200 Chemisorption Analyzer (Bejing Biaode 
Electronic Technology Co., Ltd, China). The samples were degassed at 300 oC for 1 hour under a 
constant helium flow (30 mL min-1). After that, the samples were reduced in hydrogen (30 mL min-1) at 
400 oC for 1 hour. After cooling down to 100 oC in helium, the samples were then oxidised with oxygen 
(20 mL min-1) at for 1h. The oxidised samples were then reduced at 200 oC with pulsed hydrogen until 
the peak area of hydrogen recorded by a thermal conductivity detector was unchanged. The metal 
dispersion was calculated based on the consumption of hydrogen. 
 
Thermodynamic predictions of equilibrium reaction states 
To get the reaction states according to equilibrium thermodynamics of the CO2 hydrogenation to 
methanol under our reaction conditions, thermodynamics predictions were thus performed to derive the 
equilibrium thermodynamics values (HSC Chemistry 6) where only the intrinsic properties of the gas 
species were considered. Here the reactant mixtures of 1 mole of CO2(g) and 3 moles of H2(g) were 
considered, and product species of H2O(g), CO(g) and CH3OH(g) (experimentally identified) were taken 
into account in the calculations. 
 
CO2 and H2 pulse analysis 
Pulse technique is used in this work to determine the surface adsorption under the atmosphere of CO2 
and H2 mixture over Cu nanoparticles, commercial Cu/ZnO/Al2O3, In2O3-Al2O3 support, co-Rh/Al2O3, and 
co-RhIn/(5In5Al)O samples. To perform the pulse experiment, 500 mg powder was loaded in a quartz 
micro-reactor of TPDRO 1100 (ThermoQuest). The sample was reduced in H2 flow at a rate of 20 mL 
min-1 at 330 oC for 2 h. After that, the sample was further heated to 380 oC under an argon flow at a rate 
of 20 mL min-1 for 0.5 h, and then the sample was cooled down to 50 oC for the in-situ chemisorption 
measurement: A gas mixture (25% CO2 and 75% H2) was pulsed through the sample 10 times via a high 
precision 0.445 mL loop valve system. The gas composition at the outlet of the micro-reactor was 
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analysed by an online mass spectrometer. An example of mass spectroscopic peaks for H2 (m/z = 2) 
over Cu/ZnO/Al2O3 sample is shown in the following figure:  
 

 

 
Fig. S2. a) Mass spectroscopic peaks for H2 (m/z = 2) over Cu/ZnO/Al2O3 sample in the CO2/H2 pulse 
experiment at 50 oC. b) Mass spectroscopic peaks for CO2 (m/z = 44) over In2O3/Al2O3 sample in the 
CO2/H2 pulse experiment at 50 oC 
 
 
The adsorbed CO2 or H2 amounts were then calculated based on the following equation,  

D =
N

m ∗ A
∗∑ (A − A1) + (A − A2) +⋯+ (A − An)

𝑛=7

1
 

Where D is the mole number of the adsorbed CO2 or H2. N is the mole number of CO2 or H2 in each 
pulse, m is the catalyst amount, A is the averaged area of the last three pulses. 
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2. Supplementary structural information of the Rh-containing catalysts 

 

 
 
Fig. S3. TEM images and particle size distribution diagrams of co-RhIn/(5In5Al)O, co-Rh/Al2O3, im-
RhIn/(5In5Al)O treated in H2 atmosphere at 290 oC for 3h, and the spent co-RhIn/(5In5Al)O is the sample 
retrieved after 24 h TOS test of CO2 hydrogenation at 270 oC, 45bar, CO2/H2=1/3 WHSV = 18000 mL g-

1 h-1. 
  



SUPPORTING INFORMATION          

9 

 

 

 
 

 

 

 
 
Fig. S4 a) HR-TEM images with the fast-Fourier Transform (FFT) analyses of the selected RhIn alloy 
nanoparticle in the freshly reduced co-RhIn/(5In5Al)O catalyst. b) HR-TEM images with measured d-
spacings corresponding to both the Rh-In alloy nanoparticles and the hexagonal In2O3 support in the 
spent co-RhIn/(5In5Al)O catalyst. Nonlinear filtering was applied in areas I and II to improve the signal-
to-noise ratio (see the images captioned ‘’de-noised’’). c) XRD patterns of the calcined (in N2) and spent 
co-RhIn/(5In5Al)O catalysts.  
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3. Supplementary catalytic testing results of the In-modified Rh catalyst 

 
 

 
 
 
 

 
 

Fig. S5. a) Comparison of methanol yields as a function of H2/CO2 ratio from co-RhIn/(5In5Al)O and 
Cu/ZnO/Al2O3 (temperature at 270 oC, pressure at 45 bar) and the maximum achievable methanol yields 
calculated from thermodynamic equilibrium product compositions. Calculations of thermodynamic 
equilibrium were performed on HSC Chemistry 6 Software. MeOH+RWGS: considering both methanol 
synthesis and RWGS routes; MeOH: considering methanol formation only. b) The stability test of CO2 
hydrogenation over co-RhIn/(5In5Al)O at 270 oC, 45bar, CO2/H2=1/3 WHSV = 18000 mL g-1 h-1. TOS: 
Time-on-stream. 
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4. Comparison of Rh-In catalyst to the traditional Cu-based catalysts and the state-of-the-art 
catalysts 

Table S1 gives a list of the state-of-the-art methanol production catalysts compared to the In-modified 
Rh catalyst in the current study. Note that this table only lists the references that have provided 
comprehensive catalytic testing data, e.g. CO2 conversion, methanol selectivity, methanol space-time 
yield, etc, otherwise references will be discussed and compared in the following text.  
 
In the main paper, we have demonstrated that co-RhIn/(5In5Al)O is superior to the commercial 
Cu/ZnO/Al2O3 catalyst (HiFUEL R120, Alfa Aesar) under realistic industrial applicable flow conditions 
with an acceptable range of H2/CO2 ratios (≤ 3). In Table S1 we further disclose that methanol productivity 
of co-RhIn/(5In5Al)O outperforms the ultrathin LDH-derived CuZnGa catalyst, a catalyst developed by 
our group that shows the best-reported methanol yield among all the Cu-based catalyst in the literature 
(catalyst No. 2 in Table S1).[1] The STY of co-RhIn/(5In5Al)O is 17% higher than that of the LDH-derived 
CuZnGa catalyst under the comparable CO2 hydrogenation condition.  Bimetallic Pd-Zn system[2–4] (see 
catalysts No. 3&4 in Table S1) is reported to be promising for CO2 hydrogenation to methanol due to its 
high selectivity (around 55% to 65%) toward methanol production. However, co-RhIn/(5In5Al)O gives 
even better methanol selectivity (70% to 90%) under both low-pressure (20 bar) and high-pressure (45 
bar) reaction conditions, when compared to those reported Pd-Zn catalyst systems[2–4].  
 
It is noted that for the hydrogenation of CO2, catalytic performance is highly dependent on the H2/CO2 
ratio used. Using higher H2/CO2 the yield and selectivity to methanol can be enhanced (see Fig. 1 in the 
main paper). As a result, there have been catalyst screening in the literature using artificial conditions 
with H2/CO2 ratios greater than >>3 to boost the catalytic performance whereas much lower H2/CO2 is 
practically expected. Recently, Pd-In2O3 catalyst system (catalysts No. 5~7 in Table S1) demonstrates 
promising methanol productivity,[5–7] but it should be noted that the high methanol STY of 0.89 and 1.01 
gMeOH∙gcat

–1∙h–1 from Pd/In2O3 and Pd-In2O3 CP catalysts, respectively, were obtained under an H2-rich 
condition with H2/CO2 = 4, temperature of 300 oC, and a high pressure of 50 bar[6,7]. Similarly, the 
Cu/CeOx/TiO2(100) flat model catalyst system provides the combination of metal and oxide sites in the 
copper-ceria interface, which shows extremely high TOF on methanol synthesis through a distinctive 
reaction pathway (CO2→CO→CH3OH).[8] The rate of methanol production on Cu/CeOx/TiO2(110) was 
found to be ~1280 times faster than on Cu(111) and ~87 times faster than on Cu/ZnO(000ī). However, 
such promising activity was achieved in the extremely high H2/CO2 = 9, this means that when applying 
the conditions of H2/CO2 < 3, the methanol production rate of the Cu/CeOx/TiO2(110) surface is expected 
to drop significantly. Besides, the authors also disclosed a result that the rate of RWGS is much higher 
than the rate of methanol synthesis: Rates of RWGS and methanol synthesis are estimated to be 
1800×1015

 molecules cm-2 s-1 and 2×1015
 molecules cm-2 s-1, respectively, at a reaction temperature of 

302 oC[8]. This indicates a significantly low methanol selectivity (value was not given by the authors) on 
the Cu/CeOx/TiO2(110) surface. Indeed, similar catalyst systems, e.g., CeOx/TiO2(110) supported metal 
nanoparticles[9] and Cu/CeO2 powder/nanocatalysts,[9–11] have been demonstrated to be highly active for 
the (R)WGS reactions. Therefore, to enhance the methanol selectivity and methanol production on the 
Cu/ceria catalyst system, very high reaction pressure and a reactant gas mixture with a high H2/CO2 ratio 
are therefore required.  
 
Intermetallic compounds of Ni-Ga and Pd-Ga as catalysts[12,13] were reported to have the same or better 
methanol synthesis rate as well as considerably lower production of CO in comparison with conventional 
Cu/ZnO/Al2O3 catalysts under atmospheric reaction pressure. Under such low pressure, our co-
RhIn/(5In5Al)O catalyst shows 2 times higher in methanol STY than Ni5Ga3/SiO2 catalyst (catalyst No. 8 
in Table S1). Note that under atmospheric pressure, the CO2 conversion is very low and that results in 
the difficulties in the actual gas analysis, hence a higher experimental error might be involved. Apart from 
the above-mentioned active metal-based catalysts, some recent progress has also been found on the 
metal-oxide based catalysts. Martin et al.[14] reported a highly active and methanol selective In2O3-ZrO2 
catalyst (catalyst No. 9 in Table S1) with remarkable stability. Compare to our Rh-In system, the In2O3-
ZrO2 catalyst gave lower CO2 conversion (5%) hence resulting in lower methanol yield (STY value is less 
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than half of that from co-RhIn/(5In5Al)O). In another recent study, Wang et al.[15] reported a highly active 
and methanol selective ZnO-ZrO2 solid solution catalyst (catalyst No. 10 in Table S1). Our co-
RhIn/(5In5Al)O shows comparable CO2 conversion, methanol selectivity and methanol yield under the 
reaction pressure around 45-50 bar. At low reaction pressure (20 bar), our co-RhIn/(5In5Al)O retains a 
decent CO2 conversion and methanol productivity (8% CO2 conversion, 0.36 gMeOH∙gcat

–1∙h–1 STY) over 
the ZnO-ZrO2 catalyst (3.4 % CO2 conversion, 0.25 gMeOH∙gcat

–1∙h–1 STY). This can particularly highlight 
the advantages of efficient H2 activation when using the active Rh-In catalyst for the mild reaction 
conditions.  
 
Overall, our In-modified Rh catalyst has very competitive methanol productivity when in comparison with 
the literature reported values. Most importantly, the Rh-In catalyst system further displays its advantages 
in terms of effective methanol production under H2-deficient/low H2 coverage conditions and efficient H2 
utilisation while minimising RWGS reaction.   
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Table S1 Comparison of indium-modified rhodium catalyst to the traditional Cu-based catalysts and the 
state-of-the-art catalysts 

 

Catalyst 

Reaction conditions Catalytic performance 

Ref. 
P (bar), 
T (oC) 

Space velocity H2/CO2 
CO2 

Conversio
n 

Methanol 
selectivity 

STYMeOH
b 

(gMeOH∙gcat
–1∙h–1) 

1. Copre-
Rh/(5In5Al)O 

45, 290 (W)a 18000 mL g-1 h-1 3 14.9 71.7 0.69 

This 
work 

45, 270 (W) 18000 mL g-1 h-1 3 9.8 84.4 0.53 

45, 270 (W) 18000 mL g-1 h-1 2 4.5 86.5 0.33 

45, 270 (W) 18000 mL g-1 h-1 1 2.6 83.1 0.28 

45, 270 (W) 18000 mL g-1 h-1 0.5 1.5 78.3 0.20 

45, 270 (W) 18000 mL g-1 h-1 0.3 1.1 73.2 0.16 

45, 270 (W) 22500 mL g-1 h-1 3 9.4 84.5 0.64 

45, 270 (W) 27000 mL g-1 h-1 3 8.2 89.6 0.71 

45, 270 (W) 36000 mL g-1 h-1 3 7.2 90.8 0.84 

45, 270 (W) 45000 mL g-1 h-1 3 6.8 91.2 1.00 

45, 270 (W) 135000 mL g-1 h-1 3 2.2 99.2 1.05 

20, 290 (W) 18000 mL g-1 h-1 3 8.1 69.2 0.36 

1, 230 (W) 18000 mL g-1 h-1 3 0.9 60.5 0.04 

2. CuZnGa 
AMO-LDH 

45, 270 (W) 18000 mL g-1 h-1 3 18.6 47.8 0.59 [1] 

3. Pd@Zn 

45, 270 (W) 18000 mL g-1 h-1 3 ca. 14.4 64.9 0.60 [2] 

20, 270 (W) 18000 mL g-1 h-1 3 ca. 7 67.3 0.30 [3] 

4. PdZn/ZIF-8 45, 270 (W) 21600 mL g-1 h-1 3 14.5 56.2 0.65 [4] 

5. Pd/In2O3 50, 300 (W) 21000 mL g-1 h-1 4 20 70 0.89 [5] 

6. PdIn-
In2O3/SiO2 

50, 300 (W) 63000 mL g-1 h-1 4 N.A. 24 ca. 0.3c [6] 

7. Pd-In2O3 CP 50, 280 (W) 48000 mL g-1 h-1 4 9.7 78 1.01 [7] 

8. Ni5Ga3/SiO2 1, 210 (G) 6000 h−1 3 N.A. N.A. ca. 0.02c [12] 

9. In2O3/ZrO2 50, 300 (G) 16,000 h−1 4 5.2 99.8 0.30 [14] 

10. ZnO-ZrO2 

50, 320 (W) 24000 mL g-1 h-1 3 10 86 0.73 
[15] 

20, 300 (W) 24000 mL g-1 h-1 3 3.4 87 0.25 

a(G) = GHSV = volume flow rate/bed volume, (W) = WHSV = mass flow rate/catalyst mass. 

b STY: Space-time yield of methanol (gMeOH∙gcat
–1∙h–1) calculated in this work (Copre-Rh/(5In5Al)O) as well as 

those reported in the references.  

c STY estimated from the methanol production rate and the weight of the catalyst given in the reference.   
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5. Supplementary result of X-ray absorption spectroscopy analysis    

             

 
 

Fig. S6 a) k3-weighted Rh K-edge EXAFS spectra for the reduced Rh-containing catalysts. b) In L3-edge 
XANES spectra of the co-RhIn/(5In5Al)O catalyst before and after H2 reduction with In foil as the 
reference. As seen, most In species in co-RhIn/(5In5Al)O catalyst stay as oxidic forms both before and 
after H2 reduction. 
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Table S2 The structural fitting parameters of the Rh K-edge EXAFS of the reduced Rh-containing 
samples. 

 

Sample Scatterer R (Å) C.N. D-W R factor 

im-RhIn/(1In9Al)O 

O 2.04(1) 3.3(1) 0.004(1) 

0.5% Rh 2.66(1) 2.3(1) 0.008(1) 

Rh 3.05(3) 0.8(2) 0.015(2) 

im-RhIn/(3In7Al)O 

O 2.07(1) 2.9(2) 0.005(1) 

1.9% Rh, In 2.68(1) 2.3(2) 0.011(1) 

Rh, In 2.94(2) 1.0(2) 0.011(2) 

im-RhIn/(5In5Al)O 

O 2.04(2) 0.5(1) 0.006(2) 

0.6% 

In 2.64(1) 3.3(1) 0.006(1) 

Rh 2.71(1) 2.4(2) 0.005(1) 

In 2.82(2) 2.1(2) 0.007(2) 

Rh 3.07(2) 1.7(4) 0.007(2) 

co-RhIn/(5In5Al)O 

O 2.06(2) 0.6(2) 0.005(2) 

1.4% 

In 2.62(2) 3.1(3) 0.004(2) 

Rh 2.73(3) 1.9(2) 0.004(1) 

In 2.83(1) 2.5(3) 0.010(2) 

Rh 3.07(2) 2.3(4) 0.015(2) 

im-RhIn/In2O3 

In 2.64(1) 4.4(1) 0.004(1) 

0.4% 

Rh 2.73(1) 2.3(2) 0.004(1) 

In 2.80(1) 1.4(3) 0.007(2) 

Rh 3.03(1) 1.4(3) 0.006(2) 
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6. Computational Details 

The spin-polarised DFT calculations were performed using the Vienna ab initio Simulation Package 
(VASP).[16] The Perdew–Burke–Ernzerhof exchange-correlation functional[17] with a kinetic energy cutoff 
of 400 eV was used for all calculations. The project-augmented wave (PAW) method was used to 
describe the core–valence electron interactions.[18] We used a Hellman−Feynman force criterion of 0.02 
eV/Å on each relaxed ion.  
 
The bulk Rh and Cu were optimised using a 16 × 16 × 16 Monkhorst–Pack k-points grid mesh. The 
calculated lattice parameters of the bulk Rh and Cu are 3.82 and 3.63 Å, respectively, which are very 
close to the corresponding experimental values of 3.80 and 3.61 Å.  
 
The pure Rh(111) surface was modeled using a four-layer slab repeated in a 2 × 2 surface unit cell; the 
pure Rh(211) and pure Cu(211) contain five layers of metal in the [111] direction and are repeated in a 
2 × 4 surface unit cell; two In-doped Rh(211) with half or all Rh at the step edges substituted by In and 
two Zn-doped Cu(211) with half or all Cu at the step edges substituted by Zn were constructed to simulate 
RhIn and CuZn surface alloys (Fig. S7). For each surface slab model, only the bottom layer was fixed 
(to the bulk parameters) during optimization. The k-point mesh was sampled using a 5 × 5 × 1 Monkhorst-
Pack grid. To avoid interactions between slabs, all slabs were separated by a vacuum gap greater than 
14 Å. 
 
The H adsorption energy (Eads) was calculated by: 
 
Eads = EH/sub – Esub – ½EH2, 
 
where EH/sub, Esub, and EH2 are the DFT energies of the adsorption complex, clean substrate, and gas-
phase H2 molecule, respectively. 
 
The energies of adsorbed HCOO and COOH species (denoted as EHCOO* and ECOOH*) were calculated 
respectively by: 
 
EHCOO* = EHCOO/sub – Esub, 
ECOOH* = ECOOH/sub – Esub, 
 
where EHCOO/sub, ECOOH/sub, and Esub are the DFT energies of the HCOO/substrate adsorption complex, 
COOH/substrate adsorption complex, and clean substrate, respectively. 
 
 
The selection of the Rh surface model 
The flat Rh(111) and the stepped Rh(211) surfaces were first determined to represent the Rh catalysts 
without and with surface defects, respectively. Table S3 shows calculated H adsorption energies (Eads, 
in eV) and energies of adsorbed HCOO and COOH species (EHCOO* and ECOOH*, in eV) on Rh(111) and 
Rh(211). As can be seen that Rh(211) with step edges has stronger H, HCOO, and COOH binding 
energies than the ideal defect-free Rh(111), indicating the effect of surface defects. To study the effect 
of indium doping, we then constructed RhIn surface alloys. Considering the small size (more surface 
defects) of the synthesised In-modified Rh catalyst nanoparticles (the majority is 1-3 nm), the (211) 
surface should be a more realistic model than the (111) surface for the further study of the indium doping 
effect. 
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Table S3. Calculated H adsorption energies (Eads, in eV) and energies of adsorbed HCOO and COOH 
species (EHCOO* and ECOOH*, in eV) on Rh(111) and Rh(211). 
 
 

 Eads EHCOO* ECOOH* Ediff 

Rh(111) -0.55 -27.02 -27.01 -0.01 

Rh(211) -0.59 -27.62 -27.37 -0.25 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

            
 
Fig. S7 a) Optimised structures and relative energies of single-In-doped Rh(211). Rh and In atoms are 
in cyan and brown, respectively. Only the first layer of metals is represented by balls; the other layers of 
metals are represented by lines. The result indicates that In strongly favours to substitute Rh at the step 
edge site. b) Perspective views of Rh(111), Rh(211), RhIn(211)_a, RhIn(211)_b, Cu(211), CuZn(211)_a, 
and CuZn(211)_b. The pure Rh(111) surface was modeled using a four-layer slab repeated in a 2 × 2 
surface unit cell; the pure Rh(211) and pure Cu(211) contain five layers in the [111] direction and are 
repeated in a 2 × 4 surface unit cell; two In-doped Rh(211) (RhIn(211)_a and RhIn(211)_b, respectively) 
with 50% or 100% of the step-edge Rh sites substituted by In, and two Zn-doped Cu(211) (CuZn(211)_a 
and CuZn(211)_b, respectively) with 50% or 100% step-edge Cu sites substituted by Zn were 
constructed to simulate RhIn and CuZn surface alloys. 
 
 
 
 
 
 

(a) 

(b) 
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Table S4. Bader charges of surface Rh and indium-modified Rh. 
 

 Rh(211) RhIn(211)_a RhIn(211)_b 

step edge -0.06 -1.60 / 

terrace_1 -0.01 -0.30 -0.74 

terrace_2 -0.03 -0.47 -0.55 

terrace_3 / -0.02 / 
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7. Supplementary result of in-situ FTIR analysis 

Fig. S8 shows that in the co-Rh/Al2O3 sample (no In addition), the Rh(CO)2 gem-dicarbonyls species 
(through Rh-C interaction) were adsorbed on Rh, giving the peaks at 1960-1990 cm-1 and 2030-2050 
cm-1.[19] Other weakly adsorbed species, namely linear CO, bridging CO, adsorbed H2O, and mono-
dentate formate[20,21] could also be observed in the temperature range from 50 oC to 290 oC, but the 
intensities of the adsorbed H2O and mono-dentate formate greatly decreased as temperature increased. 
In contrast, the co-RhIn/(5In5Al)O sample showed different adsorbed species on the surface where the 
intermediates including bi-dentate and poly-dentate carbonates as well as mono-dentate and bi-dentate 
formates (formed via adsorbed HCOO), which are regarded as the key intermediates for the methanol 
production,[22,23] were prevalently observed. It can also be noted that a weak band attributed to the linear 
CO appeared at around 2000-2010 cm-1.[24] As the temperature was raised, this linear CO band was 
apparently increased. However, there was no formation of characteristic strong and broad bands of 2110 
and 2180 cm-1 attributable to the gas-phase CO.[25] Thus, this surface CO (and COOH) is expected to 
be in equilibrium with other surface species (i.e. HCOO) without the direct desorption to the gaseous CO. 
As for the Cu/ZnO/Al2O3 catalyst, the small sharp peaks at around 2060-2080 cm-1 are the bands 
corresponding to the chemisorbed CO on a low Miller-index plane of Cu.[23] As the temperature increased, 
the vibrations of water vapour enhanced. In addition, two strong and broad bands at 2110 and 2180 cm-

1 attributed to the gas-phase CO demonstrated that the RWGS reaction is favoured on this catalyst.[25] 
Note that the absence of the surface adsorbed intermediates on Cu/ZnO/Al2O3 catalyst is showing a 
consequence of the low residence time as well as relatively weak adsorption on the Cu-based surface   
 
 

 
Fig. S8. In-situ FTIR spectra of the adsorbed species on the reduced catalysts. A gas flow of 25% CO2 
and 75% H2 is passed through the catalyst pellets made by 20 mg of samples at various temperatures. 
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8. A discussion on the active sites in the co-RhIn/(5In5Al)O catalyst 

It is clear from our characterisations that Rh-In2O3 metal-support interaction could lead to electronic 
modification of Rh and the EXAFS data of Rh-In can account for such interaction. Although this direct 
interaction could be taken place, the readily hydrogen spillover from Rh can concomitantly lead to the 
reduction of In2O3 to give RhInx species (Rh on In2O3 is clearly unstable under the conditions). From the 
XPS result, we noted that the partial reduction of In2O3 was clearly taken place to give In0 when this 
supported catalyst was subjected to H2 exposure. Besides, dark clusters in the TEM images of both 
reduced and spent co-RhIn/(5In5Al)O were found to have Rh-In alloy structures. Therefore, Rh-In 
bimetallic species are the result of the identified solid products to be responsible for the enhanced 
methanol selectivity. Since we cannot exclude the possibility that the 4d-orbitals of indium ion (post-
transition metal ion) although being contracted to the core may still directly overlap with that of metallic 
Rh to offer an electronic modification, we propose to investigate the use of In ions in a totally stable solid 
matrix to verify the direct metal-support interaction in future.  
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