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The Supporting Information includes:

Fig. S1. XRD patterns of un-reduced xGaCuMg catalyst.

Fig. S2. H2-TPR profiles of the xGaCuMg catalyst.

Fig. S3. Effects of H2O/MeOH mole ratio on H2, CO2, and CO selectivity and methanol conversion. 

(Reaction temperature = 200°C, pressure = 1atm, liquid flow rate = 0.002 mL/min, N2 flow rate = 

40 mL/min, GHSV = 2604 h-1)

Fig. S4. Effects of reforming temperature on H2, CO2, and CO selectivity and methanol conversion. 

(Pressure = 1atm, S/C = 1.5, liquid flow rate = 0.002 mL/min, N2 flow rate = 40 mL/min, GHSV = 

2604 h-1)

Fig. S5. SE-SRM performance of 18GaCuMg CS at different flow rates: a) methanol conversion, 

H2 selectivity, and CO2 selectivity; b) CO selectivity. (The GHSV values for 0.002 mL/min, 0.004 

mL/min, 0.006 mL/min, 0.008 mL/min and 0.010 mL/min are 2604 h-1, 2708 h-1, 2811 h-1, 2915 h-

1, and 3019 h-1, respectively.)

Fig. S6. Different research with similar GHSV values in SRM process and their methanol 

conversions. 

Fig. S7. Three different types of CO2 absorption modes on MgO: bicarbonate, unidentate carbonate, 

and bidentate carbonate.

Fig. S8. Comparisons of CO2 uptake curves of CSs (black dotted line) and lines plotted based on 

the double-exponential model: a) 0GuCuMg, adsorbed at 180°C; b) 0GuCuMg, adsorbed at 200°C; 

c) 0GuCuMg, adsorbed at 220°C; d) 0GuCuMg, adsorbed at 240°C; e) 18GuCuMg, adsorbed at 

180°C; f) 18GuCuMg, adsorbed at 200°C; g) 18GuCuMg, adsorbed at 220°C; h) 18GuCuMg, 

adsorbed at 240°C.

Fig. S9. Configuration of the Cu(111)/MgO(200) module. a) main view; b) side view; and c) top 

view.

Fig. S10. Configuration of the Cu(111)/Ga2O3(202)/MgO(200) module. a) main view; b) side view; 

and c) top view.

Table S1. Different research with similar GHSV values in SRM process and their main results. 

Table S2. Identification of species in the DRIFTS spectra.



1. CS characterizations

The XRD patterns of un-reduced xGaCuMg CSs are shown in Fig. S1. Besides the 

diffraction peak belongs to MgO (36.9°, 42.9°, 62.2°, 74.6°, and 78.5°) as mentioned 

above, the diffraction peaks of CuO with the 2θ value of 35.4° and 38.64°, which 

corresponds the (-111) and (111) plane respectively, can also be observed. The 

diffraction peaks ascribed to Ga oxide were still not detected, verifying the high 

dispersion of Ga oxide again.

Fig. S1. XRD patterns of un-reduced xGaCuMg catalyst.

The H2-TPR measurements were conducted to investigate the reducibility of Cu 

species over unreduced xGaCuMg CSs, as presented in Fig. S2. The reduction 

temperature and intensity of H2-TPR curves are different, demonstrating that the Ga 

doping exerted an effect on the reducibility of Cu species. According to reported 

literature, the reduction peak located at 150~300°C can be ascribed to the reduction of 

CuO species which contact intimately with carrier oxide due to the fact that the strong 

interaction between Cu and carrier oxide can promote the reduction of CuO; the peak 



at 300~350°C can be assigned to the poorly interacting and/or larger CuO particles that 

need to be reduced under higher temperature[1]. All xGaCuMg CSs exhibited the low-

temperature peak (150~300°C), and the reduction temperature of these peaks decreased 

with the increasing Ga doping, indicating the copper species were contacted closely 

with the carrier (mainly Ga2O3), and this interaction promoted the reducibility of copper 

species[2]. The results of H2-TPR also confirmed the conclusion inferred by XPS. 

Besides, all samples presented roughly symmetrical narrow peaks, implying the 

uniform size distribution of copper species in these catalysts.

Fig. S2. H2-TPR profiles of the xGaCuMg catalyst.



2. SE-SRM tests

The effects of S/C mole ratio on the SE-SRM performance were shown in Fig. S3. 

It can be seen that the increase of S/C mole ratio is first conducive to improve the H2 

selectivity, which may be due to the fact that an appropriate addition of water could 

promote the CO2 absorption performance of Mg-based absorbent via the reaction 

pathway of MgO→ Mg(OH)2→MgCO3[3]. However, when the S/C ratio achieved 

1.75, the CO2 selectivity increased which was possibly caused by the competitive 

adsorption between H2O and CO2 over catalyst surface[4]. For methanol conversion, a 

higher S/C ratio could promote the SRM reaction toward H2 generation and thus 

improve the methanol conversion, but this improvement became insignificant when the 

S/C ratio was higher than 1.50. Therefore, the S/C mole ratio of 1.50 was selected as 

the optimal ratio for the SE-SRM reaction. 

Fig. S3. Effects of H2O/MeOH mole ratio on H2, CO2, and CO selectivity and methanol conversion 
(Reaction temperature = 200 °C, pressure = 1atm, liquid flow rate = 0.002 mL/min, N2 flow rate = 
40 mL/min).

The effects of reforming temperature on SE-SRM are presented in Fig. S4. A 



higher reforming temperature was conducive to the conversion of methanol, while it 

could lead to increases in CO2 and CO selectivity due to the loss in CO2 capacity and 

aggravation of MD and RWGS reactions. It is noted that under the low reaction 

temperature of 180°C, the 18GaCuMg CS still exhibited a decent SE-SRM performance 

with the H2 selectivity, CO2 selectivity, and methanol conversion of 98.20%, 1.80%, 

and 91.39%, respectively. Simultaneously, no CO was generated during the reforming 

process. The results show the great potential of 18GaCuMg CS for low-temperature 

steam reforming of methanol. Due to the superior SE-SRM performance obtained at 

200°C, the reforming temperature of 200°C was seen as the optimal temperature for the 

SE-SRM reaction.

Fig. S4. Effects of reforming temperature on H2, CO2, and CO selectivity and methanol conversion 
(Pressure = 1atm, S/C = 1.5, liquid flow rate = 0.002 mL/min, N2 flow rate = 40 mL/min).

The detailed SE-SRM performance analysis of 18GaCuMg CS under different 

feed flow rates (or GHSVs) are discussed below:



As show in Fig. S5a, all methanol conversions under the flow rates of 0.002 

mL/min, 0.004 mL/min, 0.006 mL/min, and 0.008 mL/min are closed to 99.70%, 

confirming the high catalytic activity of 18GaCuMg CS. When the flow rate was further 

increased to 0.01 mL/min, the methanol conversion decreased slightly from 99.70% to 

99.40%. For H2 selectivity, approximate 100% selectivity under flow rates 0.002 

mL/min, 0.004 mL/min, 0.006 mL/min, and 0.008 mL/min. When the feed flow rate 

was further increased, a decrease in H2 selectivity and an increasement in CO2 

selectivity could be observed, which may be caused by the CO2 absorption saturation 

under high feeding flow rates of methanol. The variations for CO selectivity are shown 

in Fig. S5b. At the low flow rate of 0.002 mL/min, no CO was detected. With increase 

of feeding flow rate, the CO selectivity gradually increased from 0 to approximate 

0.06%. Although the formation of CO under high feeding flow rate cannot by inhibited 

completed, the CO selectivity of 0.06% has been already at a low level in the existing 

researches [5-7], which is conducive to the utilization by the high-temperature proton 

exchange membrane fuel cells (PEMFCs).

Fig. S5. SE-SRM performance of 18GaCuMg CS at different flow rates: a) methanol conversion, 
H2 selectivity, and CO2 selectivity; b) CO selectivity. (The GHSV values for 0.002 mL/min, 0.004 
mL/min, 0.006 mL/min, 0.008 mL/min, and 0.01 mL/min are 2604 h-1, 2708 h-1, 2811 h-1, 2915 h-1, 
and 3019 h-1, respectively.)



The studies with similar GHSV value were also compared as shown in Fig. 1 and 

Table 1. It can be seen that, the prepared 18GaCuMg CS can reach a relatively high 

methanol conversion and hydrogen purity at a lower reforming temperature under the 

premise of a similar GHSV value, proving its superior activity in SE-SRM process.

Fig. S6. Different research with similar GHSV values in SRM process and their methanol 

conversions. 

Table S1. 

Different research with similar GHSV values in SRM process and their main results. 

Catalyst Reforming 
conditions

Methanol 
conversion 

(%)

Reformate (H2, CO2, 
and CO) selectivity (%)

Reference

Cu/ZnO/CeO2/ZrO2 T=240 ℃, S/C=1.2

GHSV=1200 h-1

95.2 H2=94.6, CO2=3.6, CO=1.8 [8]

Cu/MCM-41 T=300 ℃, S/C=3

GHSV=2838 h-1

89.5 H2=100, CO2=98.4, CO=1.6 [9]

Al2O3 and ZrO2 modified 

CuO/ZnO/Ga2O3

T=275 ℃, S/C=1

GHSV=2200 h-1

75 CO=0.3 [10]

ZrO2 promoted Cu/ZnO T=300 ℃, S/C=2

GHSV=2838 h-1

97.8 H2=99.0, CO2=99.6, CO=0.4 [11]

Cu/MgO/Al2O3 T=220 ℃, S/C=1.3

GHSV=2923 h-1

100 H2=99.3, CO<0.15 [12]

Cu/SiO2/ZrO2 T=260 ℃, S/C=1.3

GHSV=3500 h-1

70 H2=75, CO=25. CO≈0 [13]

Cu2O/ZnO T=250 ℃, S/C=2

GHSV=4000 h-1

70 CO2=100, CO=0 [14]



3. Mechanism investigation

Fig. S7. Three different types of CO2 absorption modes on MgO: bicarbonate, unidentate carbonate, 
and bidentate carbonate[15].

Table S2. 
Identification of species in the DRIFTS spectra.

Species Wavenumber (cm-1) Mode References
Methanol(g) 1455 δs CH [16]
Methoxy(ads) 1046 v CO [17]

2819 vs CH [18]
2929 vas CH [18]

Formaldehyde(ads) 2730/2737 v CH [19]
Formate(ads) 1353 δ CH [20]

1622 v OCOas [20]
2894 v CH [21]

CO2(g) 2090 v CO (R-branch) [22]
CO(g) 2358 vas CO (R-branch) [22]
OH 3734 v(OH) [23]

Explanations: v = stretching, δ = bending vibrations



4. Kinetic analysis

Fig. S8. Comparison of CO2 uptake curves of CSs (black dotted line) and lines plotted based on the 
double-exponential model: a) 0GuCuMg, adsorbed at 180°C; b) 0GuCuMg, adsorbed at 200°C; c) 
0GuCuMg, adsorbed at 220°C; d) 0GuCuMg, adsorbed at 240°C; e) 18GuCuMg, adsorbed at 
180°C; f) 18GuCuMg, adsorbed at 200°C; g) 18GuCuMg, adsorbed at 220°C; h) 18GuCuMg, 
adsorbed at 240°C.



5. DFT calculations

Fig. S9. Configuration of the Cu(111)/MgO(200) module. a) main view; b) side view; and c) top 

view.

Fig. S10. Configuration of the Cu(111)/Ga2O3(202)/MgO(200) module. a) main view; b) side view; 

and c) top view.
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