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Experimental

Catalysts characterization

H2 temperature-programmed reduction (H2-TPR) were performed on an AMI-300 catalyst 

characterization system equipped with the TCD detector was set to 100 °C and the bridge 

current was set to 75 mA. 50 mg samples were pre-treated in an Ar flow (30 ml min-1) for 1 h 

at 300 °C to remove water and impurities in the catalyst, then switch to 10 vol% H2/Ar (30 ml 

min-1) by valve actuation and wait for the baseline to stabilize. The temperature is increased 

from 50 °C to 1000 °C with a temperature ramping rate of 10 °C min-1,the tail gas is fed into 

the TCD detector to record the data.

CO2 temperature programmed desorption (CO2-TPD) conducted using AMI-300 catalyst 

characterization system equipped with the TCD detector was set to 100 °C and the bridge 

current was set to 135 mA. 100 mg sample were pre-treated in an Ar flow (30 ml min-1) at 300 

°C for 1 h, then warmed to 800 °C for reduction for 1 h. After the reduction, the system was 

cooled to 50 °C and switched to CO2 (30 ml min-1) for static adsorption for 1 hour until 

saturation. Afterwards, the sample was purged with He (30 ml min-1) until baseline stable, later 

the temperature was risen from 50 °C to 800 °C with a temperature ramping rate of 10 °C min-

1,the tail gas is fed into the TCD detector to record the data.

NH3 temperature programmed desorption (NH3-TPD) also conducted using AMI-300 

catalyst characterization system equipped with the TCD detector was set to 100 °C and the 

bridge current was set to 135 mA. Samples (100 mg) were pre-treated were pre-treated in an Ar 

flow (30 ml min-1) at 300 °C for 1 h, then warmed to 800 °C for reduction for 1 h. After the 

reduction, the system was cooled to 100 °C and switched to NH3 (30 ml min-1) for static 
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adsorption for 1 hour until saturation. Afterwards, the sample was purged with He (30 ml min-

1) until baseline stable, later the temperature was risen from 100 °C to 800 °C with a temperature 

ramping rate of 10 °C min-1,the tail gas is fed into the TCD detector to record the data.

H2 chemisorption were performed on an AMI-300 catalyst characterization system 

equipped with the TCD detector was set to 100 °C and the bridge current was set to 75 mA. 200 

mg sample were pre-treated in an Ar flow (30 ml min-1) at 300 °C for 1 h, then warmed to 800 

°C for reduction for 1 h. After the reduction, the system was cooled to 50 °C and was purged 

with Ar (30 ml min-1) until baseline stable. Afterwards, switched to 10 % H2/Ar is pulsed in 20 

times and the tail gas enters the TCD detector to collect data. The difference between the 

measured stable H2 absorption peak area and the absorption peak area of each pulse is the total 

amount of H2 chemisorbed and the degree of dispersion of the active metal on the catalyst 

surface can be obtained by calculation. The calculation formula is shown in Eq (4).
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Table S1 The fitting results of surface oxygen species on the basis of O 1s spectra over the reduced 

catalysts.

Oα Oβ Oγ

Sample BE 
(eV)

Area (%)
BE 

(eV)
Area (%) BE (eV)

Area 
(%)

Ni/Al2O3 531.78 73.5 533.24 19.9 534.27 6.60

In/Al2O3 531.15 55.6 532.17 34.4 533.38 10.0

3Ni-2In/Al2O3 530.73 64.9 531.92 29.9 533.25 5.20



5

Table S2 NH3 desorption amount of the support and catalysts

Sample NH3 desorption (µmol/gcat)

Al2O3 315

Ni/Al2O3 468

In/Al2O3 302

4Ni-1In/Al2O3 437

3Ni-2In/Al2O3 407

2Ni-3In/Al2O3 406

1Ni-4In/Al2O3 390
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Table S3 Activity comparison of the Ni-based catalysts for DRM.

Catalyst
WHSV

(mL h-1 gcat
-1)

CH4/CO2/inert gas
CH4 conversion 

(%)
Temperature 

(°C)
Reference

Ni/Al2O3 18000 1CH4/1CO2/1N2 78.8 700

In/Al2O3 18000 1CH4/1CO2/1N2 9.1 700

1Ni-4In/Al2O3 18000 1CH4/1CO2/1N2 6.5 700

2Ni-3In/Al2O3 18000 1CH4/1CO2/1N2 21.6 700

3Ni-2In/Al2O3 18000 1CH4/1CO2/1N2 91.1 700

4Ni-1In/Al2O3 18000 1CH4/1CO2/1N2 66.8 700

This 
work

In0.5Ni@SiO2 18000 1CH4/1CO2 92 800 1

Ni-In/Al2O3 21000 49.5CH4/49.5CO2/1Ar 28 650
Ni-In/Ce-Al2O3 21000 49.5CH4/49.5CO2/1Ar 25 650

2

Ni-In/SiO2 40000 69CH4/30CO2/1Ar 19.5 600 3

2.5Co-2.5Ni@SGA 36000 1CH4/1CO2/1Ar 30 600 4

(NiMg)4Al 3840000 1CH4/1CO2/2N2 69.8 900 5

60000 1CH4/1CO2/3N2 93.0 750
Ni5/MgAl2O4(SA)

60000 1CH4/1CO2/3N2 74.2 650
6

12%Ni/Mg3Al 60000 1CH4/1CO2/2N2 88 750 7

Ni-Ce/ZrO2 24000 1CH4/1CO2 55 700
Ni-Y/ZrO2 24000 1CH4/1CO2 70 700

8

Ni-P/Al2O3 18000 1CH4/1CO2/1Ar 84 750
Ni-2P/Al2O3 18000 1CH4/1CO2/1Ar 65 750

9

Hollow-NiPt/SiO2 60000 1CH4/1CO2/1N2 94.9 800 10

Mo/Ni/Al2O3-CeO2 12000 1CH4/1CO2 72 700 11

0.01 %Rh/Al2O3 12000 47CH4/47CO2/6N2 83 750 12

Ni/ZrO2-Al2O3 25000 1CH4/1CO2 58 700 13

Co-Al/ZrO2 60000 2CH4/2CO2/1N2 67.6 850 14

Ni-Co/SiO2 50000 1CH4/1CO2/8He 80 700 15

Ga/MCM-41 39000 30CH4/30CO2/5N2 85 800 16

NiMg1Al1 80000 1CH4/1CO2 83 800 17

NaOH Ni/MgO-Al2O3 48000 1CH4/1CO2/2N2 91 800 18



7

Table S4 ID/IG ratios obtained from carbon-related peaks for each of the samples subjected to DRM 

reaction.

Sample ID/IG

Ni/Al2O3 1.19

In/Al2O3 1.35

3Ni-2In/Al2O3 0.44
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Fig. S1 The pore size distribution curves of the support and catalysts.
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Fig. S2 TEM images of reduced Ni/Al2O3 (A), In/Al2O3 (B), and 3Ni-2In/Al2O3 (C) (Ni and In 

particles are marked with white and yellow lines, respectively).



10

Fig. S3 HAADF-STEM image (A) and EDS profile of Al (B), Ni (C), In (D), and merged 

images (E) and (F) in reduced Ni-In/Al2O3 catalyst.

The composition of the reduced bimetallic particles in the catalyst was determined using scanning 

TEM (STEM) coupled with energy-dispersive X-ray spectroscopy (EDS), as shown in Fig. S3. The 

high-angle annular dark-field (HAADF) STEM image in Fig. S3A and EDS elemental mappings of Ni 

in Fig. S3C shows a clear agglomeration of Ni nanoparticles on the support surface due to the high 

temperature reduction process. According to EDS elemental mappings in Fig. S3B, the spatial 

distribution of Al is uniform. The agglomeration of Ni also affects the distribution of In particles, In 

particles also display a trend of partial concentration of distribution due to the interaction between Ni 

and In (Fig. S3D), and the merged image (Fig. S3E) further confirms the distribution of In was 

influenced by Ni.
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Fig. S4 Particle size distributions of Ni and In in the (A) Ni/Al2O3, (B) In/Al2O3, (C) and 

(D) 3Ni-2In/Al2O3 catalyst.
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Fig. S5 (A) CO2-TPD and (B) NH3-TPD curves of fresh calcined catalysts with different Ni-In ratios.
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Fig. S6 XRD patterns of the spent catalysts.

The XRD patterns of the spent catalysts are shown in Fig. S6, and compared with the fresh catalysts, 

it is clearly observed that a strong carbon species peak at 26.6° (JCPDS no. 89-8487) of the Ni/Al2O3, 

In/Al2O3, 4Ni-1In/Al2O3, and 1Ni-4In/Al2O3, indicating a large amount of carbon generated during the 

reaction. However, there is no obvious carbon peak for the 2Ni-3In/Al2O3 catalysts and 3Ni-2In/Al2O3 

catalysts, indicating little or no carbon deposition in these two catalysts during the reaction.
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Fig. S7 Raman spectra of the spent catalysts.

In the spectrum, two prominent peaks appear in the wavenumber ranges of 1336-1340 cm-1 (D 

band) and 1575-1590 cm-1 (G band). The D band is attributed to structural defects of carbon, 

representing amorphous carbon or whisker carbon with flaws, while the G-band is attributed to the 

stretching vibration of the sp2 bond in ordered graphitic carbon 19. The intensity of the D-band peaks of 

the 3Ni-2In/Al2O3 catalysts was significantly lower, indicating that the amount of amorphous or whisker 

carbon produced on the spent 3Ni-2In/Al2O3 catalysts was less compared to the other two catalysts The 

relative intensity between the D and G bands (ID/IG) reflects the degree of crystallinity of the carbon 

deposition. The change in the ID/IG ratio of different catalysts is illustrated in Table S4, In/Al2O3 

catalysts (1.35)> Ni/Al2O3 catalysts (1.19)> 3Ni-2In/Al2O3 catalyst (0.44). The ID/IG ratio for the spent 

Ni/Al2O3 and In/Al2O3 catalysts is more than 1, which indicates that the crystallinity of carbon deposition 

generated on these two monometallic catalysts is low, and the carbon generated is mainly amorphous 

carbon or filamentary carbon, and it can be known from the results of TG and TEM that the carbon 

deposition generated on the In/Al2O3 catalysts is amorphous carbon and that the carbon generated on 

the Ni/Al2O3 catalysts is mainly filamentary carbon. For the 3Ni-2In/Al2O3 catalyst, the heights of the 

D-band peak and G-band peak were significantly lower than the Ni/Al2O3 and In/Al2O3, indicating that 
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less carbon was generated on the catalyst during the reaction process. The ID/IG ratio was 0.44, indicating 

that the carbon generated during the reaction process exhibited higher crystallinity and graphite carbon 

is formed, and the graphitic carbon generated can be oxidized by CO2 to form CO without affecting the 

DRM reaction.
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Fig. S8 TEM images of spent Ni/Al2O3 (A), In/Al2O3 (B), and 3Ni-2In/Al2O3 (C).



17

Fig. S9 Particle size distributions of Ni and In in the (A) spent Ni/Al2O3, (B) spent 

In/Al2O3, (C) and (D) spent 3Ni-2In/Al2O3 catalyst.
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Fig. S10. HAADF-STEM images (A) and EDS profile of Al (B), Ni (C), In (D), and 

merged images (E) and (F) in spent Ni-In/Al2O3 catalyst.

A typical HAADF-STEM image and the corresponding elemental mapping reveal the elemental 

distributions of Ni, In, and Al in the spent Ni–In/Al2O3 samples, as shown in Fig. S10. The Ni particles 

in the spent catalysts were found to be more uniformly distributed than those in the reduced catalysts. 

This is due to the interaction between the two metals during the reaction, the instability of the In oxides 

increases the concentration of reactive oxygen near Ni, suppressing the agglomeration effect of Ni 

particles and making the reaction more active, and the Ni particles are more dispersed in the spent 

catalyst than in the reduced catalyst, the uniformly dispersed Ni reduces the emergence of carbon species 

during the reaction process, enhancing DRM stability.
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