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Materials

The ammonium heptamolybdate ((NH4)6Mo7O24•4H2O, AR), cerium nitrate 

(Ce(NO3)3·6H2O, 99.95% metals basis) and commercial γ-Al2O3 (99.99% metals basis) 

were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. Anhydrous 

methanol (CH3OH, AR, ≥99.5%) and anhydrous ethanol (CH3CH2OH, AR, ≥99.5%) 

was purchased from Tianjin Damao Chemical Reagent Factory. Ar (≥99.999%), 

Hydrogen (≥99.999%), O2/Ar mixture gas (1 vol% O2), CH4/H2 mixture gas (20 vol% 

CH4) and Air (21%O2+N2) were supplied from Guangzhou Shengying Chemical Co. 

Ltd. Pure water (H2O, ≥18.0 MΩ*cm) was made by the pure water system produced by 

Nanjing Yipu Yida Technology Development Co., Ltd in the laboratory. The pure water 

was applied to the preparation of catalysts and the steam reforming reactions.

Evaluation of catalytic performance

The performance and stability testing method of steam reforming of dimethyl ether 

(DME) is the same as our previous work.[1] The steam reforming of DME (SRD) 

reaction was conducted in the self-built experimental device, and the reactor was a 

quartz tube which had the inner diameter of 6mm. The reactor was loaded with a 

mixture of 0.6 g sample dispersed in 1.5 g granulated quartz sand. Before the 

performance testing, all the samples were pretreated under CH4/H2 (20% vol% CH4) 

atmosphere (590 °C, 2 h). During the SRD reaction, water was injected into the reacting 

system after the preheater. In the performance test of steam reforming of methanol 

(SRM) reaction, the mixed solution of H2O and methanol (the molar ratio was 1:1) was 

vaporized and sent into the reacting system after the preheater. Ar was used as the 

balanced gas in the system, and the weighted hourly space velocity (WHSV) was 5500 

(ml·g·h)-1. After the reaction, the gas products were analyzed by a gas chromatography. 

The products of the reaction contained DME, methanol, H2, CO, CO2 and CH4. The 

amount of product gas was measured according to the following equations: DME 

conversion , Methanol conversion
= ( 𝐹𝐷𝑀𝐸,𝑖𝑛 ‒  𝐹𝐷𝑀𝐸, 𝑜𝑢𝑡

 𝐹𝐷𝑀𝐸, 𝑖𝑛
) ∗ 100



, , and 
= (𝐹𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙,𝑖𝑛 ‒ 𝐹𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙,𝑜𝑢𝑡

𝐹𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙,𝑖𝑛
) ∗ 100 𝐻2 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 =

𝐹𝐻2

𝑚𝑐𝑎𝑡

, , where  stands for 
𝐻2 𝑌𝑖𝑒𝑙𝑑 = (

𝐹𝐻2

6 × 𝐹𝐷𝑀𝐸,𝑖𝑛
) ∗ 100 𝐶𝑂2 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = ( 𝐹𝐶𝑂2

𝐹𝐶𝑂2
+ 𝐹𝐶𝑂) ∗ 100

𝐹𝐷𝑀𝐸,𝑖𝑛

the DME feed quantity (mol·min-1),  stands for the DME outlet quantity 𝐹𝐷𝑀𝐸,𝑜𝑢𝑡

(mol·min-1),  stands for the methanol feed quantity (mol·min-1),   𝐹𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙,𝑖𝑛 𝐹𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙,𝑜𝑢𝑡

stands for the methanol outlet flow (mol·min-1),  stands for the flow rate of H2 
𝐹𝐻2

produced,  stands for the flow rate of CO2 produced,  stands for the flow rate of 
𝐹𝐶𝑂2 𝐹𝐶𝑂

CO produced, and  is the weight of the catalyst.𝑚𝑐𝑎𝑡



Fig. S1 Catalytic performance of Mo2C-CeO2/Al2O3 catalyst for DSR reaction at different S/C 

ratio: (a) DME conversion; (b) hydrogen yield; and (c) CO2 selectivity. 

SRD reaction is greatly affected by steam-to-carbon ratio (S/C). DME conversion 

and CO2 selectivity increase with the increase of S/C at the same temperature. H2 yield 

first increases and then decreases with the increasing of S/C. This is because more H2O 

will promote the DME conversion, resulting in a higher H2 yield. However, the 

excessive H2O will dilute the reactants, leading to the decrease of the H2 yield. 

Faungnawakij et al.[2] also confirmed that the high portion of steam can not only reduce 

the carbon deposition, but also promote the DME hydrolysis by shifting the equilibrium 

of hydrolysis. Based on the experimental results, we selected the optimal S/C as 2.5:1 

in this paper.



Fig. S2 TEM images of: (a) Mo2C-CeO2(0.05), (b) Mo2C-CeO2(0.1), (c) Mo2C-CeO2(0.3); and 
EDS mapping of: (d) Mo2C-CeO2(0.05), (e) Mo2C-CeO2(0.1), (f) Mo2C-CeO2(0.3).

Fig. S3 Catalytic performance of CeO2/Al2O3 catalyst for DSR reaction: (a) DME conversion and 

H2 production rate; (b) Product composition of CO and CH4. (Reaction conditions: atmosphere 

pressure; S/C =2.5:1; WHSV= 5500 (ml·g·h)-1; 300-500 °C; carrier gas: Ar). 

The results in Fig. S3 (a) substantiate the low activity of CeO2/Al2O3 catalyst 

below 400°C; and the product composition of byproducts in (b) prove that large 

quantities of CO and CH4 are generated when the temperatures are above 400 °C.



Fig. S4 Production of CH4 and CO byproducts over Mo2C-CeO2/Al2O3 catalysts with different 

Mo/Ce ratios.

Fig. S5 Ce 3d spectra of: (a) Mo2C-CeO2/Al2O3(0.2)(fresh); and (b) Mo2C-CeO2/Al2O3(0.2)(used).

Ce 3d region of CeO2 is composed of ten peaks, which belongs to Ce4+ (v, v'', v''', 

u, u'' and u''',) and Ce3+ (v0 and v', u0 and u’) contributions.[3] XPS results prove the 

simultaneous existence of redox pair of Ce4+ and Ce3+ in Mo2C-CeO2/Al2O3(0.2) 

catalysts before and after the reaction, and the content of Ce3+ (Ce3+/(Ce3++Ce4+)) is 

47.6% and 40.2%, respectively.
 



Fig. S6 O1s spectra of (a) Mo2C-CeO2/Al2O3(0.2)(fresh); (b) Mo2C-CeO2/Al2O3(0.2)(used).

Three kinds of surface oxygen species on the catalyst surface are detected and can 

be classified as Oα, Oβ and Oγ species: Oα refer to lattice oxygen species, Oβ and Oγ 

species could be assigned to adsorbed hydroxyl and water species, respectively.[4] The 

quantity of active surface oxygen species of Mo2C-CeO2/Al2O3(0.2) (fresh) and Mo2C-

CeO2/Al2O3(0.2)(used) are 33.9% and 38.7% respectively, indicating that there are 

abundant active oxygen species on both fresh and used Mo2C-CeO2/Al2O3(0.2) 

catalysts.



Fig. S7 In-situ DRIFTS of DSR reactions over Al2O3 catalyst at 100 °C and 400 °C.

The SRD consists of DME hydrolysis and the consequent SRM. Therefore, in situ 

DRIFTS study of DME hydrolysis over pure Al2O3 catalyst was also performed. After 

the reactants are introduced into the reaction chamber, the characteristic peaks assigned 

to DME are observed at 100 °C with no characteristic peaks of methanol or methoxy. 

When the temperature increases to 250 °C and 300 °C, there are strong characteristic 

peaks attributed to vs(C-O) of methanol or methoxy at 1100cm-1-1000cm-1 at the 

wavenumber’s region, which is the evidence that the DME hydrolysis occurred over 

Al2O3 catalyst. However, the vs(C-O) is not detected in the DRIFTS spectrum of SRD 

reaction, which is speculated that the methanol or methoxy intermediate is consumed 

by the methanol steam reforming reaction as soon as it was generated, and the 

remaining methanol or methoxy is lower than the detection limit of in situ DRIFTS.



Fig. S8 Catalytic performance of CeO2 catalyst for SRM reaction: (a) Methanol conversion and H2 

production rate; (b) Product composition of CO and CH4. (Reaction conditions: atmospheric 

pressure; H2O/Methanol = 1:1; WHSV= 5500 (ml·g·h)-1; 300-500 °C; carrier gas: Ar).

Fig. S9 Characteristic of Mo2C-CeO2/Al2O3 with different Mo/Ce ratios: (a) Ce3+ concentration; 

(b) active oxygen species; and catalytic performance of Mo2C-CeO2/Al2O3 at 400 °C with 

different Mo/Ce ratios: (c) DME conversion; (d) H2 yield.

  



Table S1 Peak position and assignment of DME related species.[5]

Dimethyl Ether

vas(CH3) 2δs(CH3) vs(CH3) δ(CH3) vas(C-O-C) vs(C-O-C)

2979 cm-1, 2928 

cm-1

2891 cm-1 2834 cm-1, 

2812 cm-1

1459 cm-1 1195 cm-1, 

1173 cm-1

1117 cm-1, 

1093 cm-1

Table S2 Peak position and assignment of Methanol related species.[6]

Methanol

vs(O-H) Gaseous 

methanol

vas(CH3) vs(CH3) 2δs(CH3) δ(CH3) vs(C-O)

3750-

3600 cm-1

2865cm-1 2972 cm-1 2922 cm-1 2843 cm-1, 

2827 cm-1

1455 

cm-1

1056 cm-1, 1032 

cm-1, 1011 cm-1

Table S3 Assignment of steam reforming related intermediate species and products.

Formate

Bidentate formate Monodentate 

formate

Methyl 

formate

vas(OCO) vs(OCO) vs(OCO) vs(C=O)

CO CO2 Methane

1551 cm-1, 

1562 cm-1

1360 cm-1, 

1310 cm-1

1215 cm-1 1713 cm-1 2177 cm-1, 

2122 cm-1

2363 cm-1, 

2338 cm-1

3015 cm-

1
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