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Graphical abstract 

 

Highlights: 

• Warm plasma catalytic steam methane reforming (SMR) for distributed hydrogen production is demonstrated. 

• The methane conversion of 90% is achieved at total hydrogen (t-H2) production rate of 2.7 SLM. 

• The energy efficiency (of CH4 to t-H2) of 75% and the low energy cost of 1.5 kWh/Nm3 is achieved. 

• The formation of C2Hx can be suppressed by SEI and S/C at plasma zone, and completely dismissed at catalyst 

bed zone. 
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ABSTRACT  

Steam methane reforming (SMR) via thermal catalytic approach is one of the dominant sources of 

industrial hydrogen, however it proceeds with slow response and low specific productivity. Here we 

demonstrate a plasma catalytic SMR for distributed hydrogen production, for which warm plasma by 

gliding arc discharge initiates the reaction, followed by Ni-based catalyst in a heat-insulated reactor 

without extra heating. In terms of the plasma alone process, specific energy input (SEI), steam/CH4 ratio 

(S/C) and total inlet flow rate (Ft) contribute to the methane conversion. In parallel, SEI and S/C account 

for the decrease in C2Hx selectivity hence the increase in selectivity of CO and CO2, while with Ft all 

the selectivity is approximately constant. The reaction pathway represented by the selectivity can be in-

fluenced by SEI and S/C rather Ft. To utilize the heat and active species with the reaction in plasma 

zone, Ni/CeO2/Al2O3 catalyst bed is coupled. For the coupled process, the conversion approaches the 

thermodynamic equilibrium values, with the favorable dismissed C2Hx selectivity thus the complete se-

lectivity to CO and CO2. The coupled process was maintained steady for six hours, and the methane 

conversion of 90% at total hydrogen (t-H2) production rate of 2.7 SLM is achieved under optimum con-

ditions of SEI, S/C, Ft and gas hourly space velocity  (GHSV) of 110 kJ/mol, 3, 3 SLM and 18000 ml·g-

1·h-1. Compared to 59% and 2.3 kWh/Nm3 of the plasma alone process, such a coupled process achieves 

the energy efficiency (of methane to t-H2) of 75% and the low energy cost of 1.5 kWh/Nm3. Conse-

quently, our approach of plasma catalytic SMR features the merits of rapid response, compact system 

and high specific productivity, which can be anticipated for the emerging needs of distributed hydrogen 

generation.  

KEYWORDS: hydrogen production; steam methane reforming; plasma catalysis; gliding arc 

 

1. INTRODUCTION 

Hydrogen energy in combination with fuel cell electric vehicles (FCEVs) can be well deployed 

when the safety concern on the use of hydrogen and the on-demand accessibility are fully addressed. 
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Distributed hydrogen production is crucial to address (to minimize) the safety issue related to hydrogen 

storage and delivery. Currently, the blooming establishment of hydrogen station in California, U.S. (35 

open and 29 in development) is a sign for the needs of distributed hydrogen production [1].  

Fossil fuels are the dominant sources of industrial hydrogen. Recently, methane reforming for hy-

drogen production has been intensively investigated due to the abundance, ease of liquefaction, the 

highest hydrogen storage capacity (i.e., hydrogen/carbon ratio), and no carbon-carbon bond [2-6]. Steam 

methane reforming (SMR) reaction (R1) possesses theoretically the largest mole fraction of hydrogen in 

product gas, compared with partial oxidation [7]and autothermal reforming [8]. 

 CH4 + H2O → 3H2 + CO      ∆𝐻298.15 𝐾
⊝ = 206 kJ/mol                   (R1) 

Thermocatatlytic approach for SMR for industrial hydrogen production exhibits high selectivity of  

target product [9, 10]. Of strong endothermic reaction, thermocatalytic SMR occurs with necessary 

external heat supply, and thus large volumeric size and slow response, for which it is usually conducted 

for continuous stationary production of hydrogen at large scale.  

Non-thermal plasmas [11], e.g., cold plasma and warm plasma, possess the merits of compact, 

rapid response, which can be suitable for distributed hydrogen production at small scale. In terms of the 

rate and efficiency of hydrogen production, the cold plasmas including dielectric barrier discharge 

(DBD) [12-15] and corona discharge [16], are far inferior to the warm plasmas represented by 

microwave discharge [17-19] and gliding arc discharge [20-26]. As a consequence, the warm plasma for 

methane reforming is a very active subject [17-19, 23, 26]. Ni-based catalyst of a recognized industrial 

catalyst exhibits high catalytic performance with low cost [27-29]. So far, no such a work on the SMR 

using (gliding arc) plasma catalytic approach is reported.  

In the present work, the plasma catalytic SMR for distributed hydrogen production is performed, 

for which warm plasma by gliding arc discharge initiates the reaction, followed by Ni-based 

(Ni/CeO2/Al2O3) catalyst in a heat-insulated reactor without extra heating. Under the optimal conditions 

of plasma alone process, the coupled process performs well in terms of conversion, selectivity and effi-

ciency. The catalyst before and after stability test is observed by techniques of X-ray diffraction (XRD) 
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and X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and energy-

dispersive X-ray spectroscopy (EDS). 

 

2. EXPERIMENTAL PROCEDURES 

As described in our previous work [30], the experimental setup is shown in Figure S1. After vapor-

ization, a gas mixture of steam and methane (99.999% purity) is fed into a stainless steel reactor, which 

is insulated by ceramic fiber cotton.  An input of DC power is applied for the generation of gliding arc 

discharge at atmospheric pressure. For gliding arc discharge, the discharge current (I) equals the output 

current of the power supply, which is measured by a built-in ampere meter. The discharge voltage (U) is 

equal to the voltage of the current limiting resistance subtracted from the output voltage of the DC pow-

er. The plasma power (P) is obtained by the product of discharge voltage and discharge current.  

Catalyst is packed and located at post plasma zone in the reactor if applicable. Ten grams catalyst 

(3.5 cm height) is set at gas hourly space velocity (GHSV) of 18000 ml·g-1·h-1 after plasma zone. A gap 

of 4 cm between high voltage electrode and the entry of catalyst bed is set. The axial temperature profile 

of central catalyst bed in the reactor and the reactor wall is measured using two thermocouples. By 

incipient wetness impregnation method, the precursors of aqueous Ce(NO3)3 and Ni(NO3)2 are 

subsequently dispersed with γ-Al2O3 support (1-2.5 mm in diameter) for overnight, followed by drying 

at 110 oC for 6 h and 500 oC for 6 h. The catalyst of Ni/CeO2/Al2O3 with the loading of 11 wt.% Ni and 

8 wt.% Ce is achieved. 

As shown in Figure S1, two gas chromatographs (GC) are used in sequence, to analyze gasous 

product. For the accuracy, internal standard gas comes with sample gas. Specifically, helium gas as 

internal standard gas is used to quantify H2, and nitrogen as internal standard gas for CH4, CO, CO2, 

C2Hx hydrocarbon. The first GC (Agilent 1790T) consists of a thermal conductivity detector (TCD) and 

a TDX-01 column (2 mm inner diameter, 1.5 m length), which uses H2 as carrier gas to quantitatively 

determine CH4, CO, CO2. The second GC (Agilent 6890N) consists of a TCD unit (with a column of 

carbon molecular sieve 601), and a flame ionization detector (FID) unit (with a porapak-N column), 
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which uses nitrogen as carrier gas. The TCD unit is used to detect H2, and the FID unit is conducted for 

analysis of hydrocarbons, e.g., CH4 and C2Hx (C2H2, C2H4 and C2H6). The C2Hx hydrocarbon is quanti-

fied based on the molar ratio of C2Hx/CH4, for which CH4 is measured by the first GC. Using Gibbs free 

energy minimization by HSC Chemistry 7.0 software the thermodynamic equilibrium value (e.g., con-

version) is calculated. 

Conversion of CH4 (𝑋CH4
) and H2O (𝑋H2O) is calculated using equations E1-E3,  

𝑋CH4
=

𝐹CH4
𝑖𝑛 −𝐹CH4

𝑜𝑢𝑡

𝐹CH4
𝑖𝑛 × 100%                                                        (E1) 

𝑋H2O =
𝐹H2O

𝑖𝑛 −𝐹H2O
𝑜𝑢𝑡

𝐹H2O
𝑖𝑛 × 100%                                                       (E2) 

𝐹H2O
𝑜𝑢𝑡 = 𝐹H2O

𝑖𝑛 − 𝐹CO
𝑜𝑢𝑡 − 2𝐹CO2

𝑜𝑢𝑡                                                    (E3) 

where 𝐹i
𝑖𝑛 and  𝐹i

𝑜𝑢𝑡 (Subscript i = CH4, H2O, CO, CO2) represent the gaseous inlet and outlet flow 

rates, respectively. 

Selectivity and balance is calculated on the basis of carbon atom or hydrogen atom. For the carbon-

based, the selectivity of CO (SCO), CO2 (𝑆CO2
) and C2Hx (𝑆C2

𝐶 ) and the carbon balance (𝐵C) are calculat-

ed using equations E4-E7,  

𝑆CO =
𝐹CO

𝑜𝑢𝑡

𝐹CH4
𝑖𝑛 ·𝑋CH4

× 100%                                                        (E4) 

𝑆CO2
=

𝐹CO2
𝑜𝑢𝑡

𝐹CH4
𝑖𝑛 ·𝑋CH4

× 100%                                                       (E5) 

𝑆C2

𝐶 =
2(𝐹C2H2

𝑜𝑢𝑡 +𝐹C2H4
𝑜𝑢𝑡 +𝐹C2H6

𝑜𝑢𝑡 )

𝐹CH4
𝑖𝑛 ·𝑋CH4

× 100%                                        (E6) 

𝐵C = 𝑆CO + 𝑆CO2
+ 𝑆C2

𝐶                                                          (E7) 

where 𝐹i
𝑜𝑢𝑡 (i = C2H2, C2H4, C2H6) denotes the gaseous outlet flow rate of C2Hx. For the hydrogen-

based, the selectivity of H2 (𝑆H2
) and C2Hx (𝑆C2

𝐻 ), and the hydrogen balance (𝐵H), are calculated using 

equations E8-E10, 

𝑆H2
=

𝐹H2
𝑜𝑢𝑡

2𝐹CH4
𝑖𝑛 ·𝑋CH4+𝐹H2O

𝑖𝑛 ·𝑋H2O
× 100%                                                       (E8) 
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𝑆C2

𝐻 =
2𝐹C2H2

𝑜𝑢𝑡 +4𝐹C2H4
𝑜𝑢𝑡 +6𝐹C2H6

𝑜𝑢𝑡

4𝐹CH4
𝑖𝑛 ·𝑋CH4+2𝐹H2O

𝑖𝑛 ·𝑋H2O
× 100%                                                     (E9) 

           𝐵H = 𝑆H2
+ 𝑆C2

𝐻                                                             (E10) 

where 𝐹H2

𝑜𝑢𝑡 denotes the outlet flow rate of H2. 

The exothermicity of water-gas shift (WGS) reaction allows CO (with H2O) converted to CO2 and 

H2 but without any extra energy input. Hence, the converted H2 (from CO via WGS), would be counted 

to the present H2, for which the sum of the present CO (representing the converted H2) and the present 

H2 is called total H2 (t-H2).  

From methane to total H2 (t-H2), the energy efficiency (η) of and the energy cost (EC) are calculat-

ed according to equations E11-E12, 

𝜂 =
(𝐹H2

𝑜𝑢𝑡+𝐹CO
𝑜𝑢𝑡)·𝐿𝐻𝑉H2

𝐹CH4
𝑖𝑛 ·𝑋CH4 ·𝐿𝐻𝑉CH4 +𝑃

× 100%                                             (E11) 

𝐸𝐶 =
𝑃

𝐹H2
𝑜𝑢𝑡+𝐹CO

𝑜𝑢𝑡                                                                  (E12) 

where  𝑃 represents plasma power, and 𝐿𝐻𝑉H2
, 𝐿𝐻𝑉CH4

 for the lower heating values of H2, CH4, 

respectively. 

For the product, dry-basis concentration of H2 (𝐶H2

𝑑𝑟𝑦
), CO (𝐶CO

𝑑𝑟𝑦
), t-H2 (𝐶𝑡−H2

𝑑𝑟𝑦
) is calculated using 

equations E13-E15,  

𝐶H2

𝑑𝑟𝑦
=

𝐹H2
𝑜𝑢𝑡

𝐹H2
𝑜𝑢𝑡+𝐹CH4

𝑜𝑢𝑡 +𝐹CO
𝑜𝑢𝑡+𝐹CO2

𝑜𝑢𝑡 +𝐹C2H2
𝑜𝑢𝑡 +𝐹C2H4

𝑜𝑢𝑡 +𝐹C2H6
𝑜𝑢𝑡 × 100%                            (E13) 

𝐶CO
𝑑𝑟𝑦

=
𝐹CO

𝑜𝑢𝑡

𝐹H2
𝑜𝑢𝑡+𝐹CH4

𝑜𝑢𝑡 +𝐹CO
𝑜𝑢𝑡+𝐹CO2

𝑜𝑢𝑡 +𝐹C2H2
𝑜𝑢𝑡 +𝐹C2H4

𝑜𝑢𝑡 +𝐹C2H6
𝑜𝑢𝑡 × 100%                            (E14) 

𝐶𝑡−H2

𝑑𝑟𝑦
=

𝐹H2
𝑜𝑢𝑡+𝐹CO

𝑜𝑢𝑡

𝐹H2
𝑜𝑢𝑡+𝐹CH4

𝑜𝑢𝑡 +2𝐹CO
𝑜𝑢𝑡+𝐹CO2

𝑜𝑢𝑡 +𝐹C2H2
𝑜𝑢𝑡 +𝐹C2H4

𝑜𝑢𝑡 +𝐹C2H6
𝑜𝑢𝑡 × 100%                         (E15)  

X-ray diffraction (XRD) measurement on the catalysts before and after six-hour stability test is 

conducted by an X-ray diffractometer (XRD-6000, Rigaku Smartlab 9) using a Cu Kα radiation (λ=1.54 

Å) at 45 kV and 200 mA in the 2θ ranging from 10o to 80o at 6o/min. X-ray photoelectron spectroscopy 

(XPS, ESCALAB 250Xi, Thermofisher, U.S.) measurement on the catalysts before and after the stabil-
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ity test, is conducted using an Al Kα X-ray source (1486.6 eV) operated at 15 kV and 10.8 mA. The 

binding energy is calibrated according to the XPS peak of carbon 1s at 284.6 eV. Energy dispersive X-

ray spectroscopy (EDS) for the observation of element mapping of the catalyst before and after stability 

test, is carried out on EDAX (AMETEK, U.S.). 

Supporting Information describes experimental setup (Figure S1), stability test (Figure S2), and 

morphology and element mapping (Figure S3). 

 

3. RESULTS AND DISCUSSION 

For the plasma alone process, the effects of energy density (SEI), steam/CH4 (S/C) ratio and total 

inlet flow rate (Ft) on SMR reaction were examined. The experimental conditions are listed in Table 1. 

With the reaction by plasma, the heat and the active species can be efficiently utilized by the subsequent 

catalyst, for which our warm plasma catalytic SMR was developed and performed well. The stability 

test was conducted, followed by the observations on the catalysts before and after the stability by XRD, 

XPS, and EDS. The energy efficiency and energy cost was analyzed compared to various plasma-related 

approaches.  

 

 

Table 1. Experimental conditions for SMR in plasma zone. 

 

3.1 Gliding arc plasma 

3.1.1 Energy density 

Experiments SEI 

/ kJ/mol 

S/C ratio Ft  

/ SLM 

I 

/ mA 

U 

/ kV 

P 

/ W 

SEI effect 80-110 2.0 2.5 53-77 2.8-2.7 149-206 

S/C effect 100 1.5-3.0 2.5 75 2.5 187 

Ft effect 110 2.0 2.2-3.0 73-95 2.6 188-244 ACCEPTED M
ANUSCRIP
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With the increase in SEI, the formation of C2Hx hydrocarbon (that may cause coking) is suppressed 

thus favorably the selectivity is enhanced. SEI contributes to the endothermic SMR reaction (R1), 

however not much to water-gas shift (WGS, R2) reaction due to its exothermicity. The gaseous product 

consists of mostly CO and H2, with small amount of CO2 and C2Hx (mainly C2H2). 

CO + H2O → H2 + CO2   ∆𝐻298.15 𝐾
⊝ = −41 kJ/mol                           (R2) 

 

Figure 1. Effect of energy density, SEI, for SMR by warm plasma on (a) conversion, (b) carbon-

based selectivity and balance and (c) hydrogen-based selectivity and balance, under conditions of total 

flow rate Ft of 2.5 SLM, and steam/methane (S/C) ratio of 2. The energy density of plasma, represented 

by SEI, equals the plasma power over the moles of reactant molecules. 

 

In Figure 1a, with SEI, the methane conversion increases from 40% to 56% and water does from 

15% to 24%, which is consistent with literatures [24, 31]. With this non-volumetric work (electric, 

comparable to heat), the thermodynamic equilibrium of endothermic SMR reaction shifts forward, 

hence with the increase in conversion. In Figures 1b and 1c, the mass balance of reaction is shown 
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approximate 100%(±3%). For the carbon-based selectivity, with SEI the decrease in C2Hx (26 to 17%) 

approximately equals the increase in CO and CO2 (69 to 74% and 4 to 7%), which exactly means the 

conversion of C2Hx to CO and CO2. With SEI the increase in CO selectivity is a little larger than that of 

CO2. For the hydrogen-based selectivity, it has no obvious changes with SEI due to the very low 

concentration of C2Hx in product gas. In Figure 1c, the hydrogen-based selectivity of C2Hx drops 2% 

(from 5%) thus that of H2 rises slightly 2% (to 95%). 

3.1.2 S/C ratio 

With S/C ratio the formation of C2Hx is inhibited (thus the selectivity increases) and the WGS is 

promoted. Figure 2a shows that with the increase in S/C ratio from 1.5 to 3, the methane conversion in-

creases from 46% to 55%, while the water conversion decreases from 27% to 17%. It is attributed to 

that the SMR reaction equilibrium shifts forward with the increase in water concentration of reactant. 

Figure 2b shows that under the approximate 100% (±3%) carbon balance, with S/C ratio the carbon-

based selectivity of C2Hx reduces from 20% to 13%, the CO2 selectivity increases from 4% to 10%, and 

the CO selectivity keeps almost steady at 77%. The decrease in C2Hx selectivity approximately equals 

the increase in CO2 selectivity, while CO selectivity is constant. Interestingly, with the increase in S/C 

ratio, the CO selectivity increases because the SMR equilibrium shifts forward, however the CO conver-

sion is enhanced since the WGS equilibrium shifts forward. Consequently, with S/C ratio the CO selec-

tivity goes up for SMR (CO formation), and however the CO conversion rises for WGS (CO consump-

tion), which results in the steady CO selectivity for the total reaction. As shown in Figure 2c, there is no 

obvious change in the hydrogen-based selectivity due to the very low concentration of C2Hx in product 

gas, e.g., the selectivity of C2Hx drops 2% (from 4%) thus that of H2 rises slightly 2% (to 98%). 
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Figure 2. Effect of S/C ratio for SMR by warm plasma on (a) conversion, (b) carbon-based 

selectivity and balance and (c) hydrogen-based selectivity and balance, under conditions of total flow 

rate Ft of 2.5 SLM and SEI of 100 kJ/mol (the corresponding 𝑃𝑖𝑛 of 188 W). 

 

3.1.3 Total flow rate 

Total flow rate, Ft contributes to the increase in methane conversion, however has no contribution 

on the inhibition of C2Hx formation (thus no changes in the selectivity), indicating the identical reaction 

pathway (of methane reforming) herein. Figure 3a shows that with Ft from 2.2 to 3 SLM the methane 

conversion increases from 53% to 60% and that of water from 22% to 27%. Under conditions of the 

same SEI and S/C ratio, total flow rate does not influence the chemical equilibrium of SMR. Interesting-

ly, with total flow rate the conversion of methane and water increases, which is attributed to the elonga-

tion of arc and the increase in rotation frequency of arc. In Figures 3b and 3c, the selectivity (of carbon-

based and hydrogen-based) of CO, CO2 and C2Hx keeps basically constant with total flow rate. 
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Figure 3. Effect of total inlet flow rate for SMR by warm plasma on (a) conversion, (b) carbon-

based selectivity and balance and (c) hydrogen-based selectivity and balance, under conditions of SEI of 

110 kJ/mol, S/C ratio of 2 (the corresponding 𝑃 of 188-244 W). 

 

So far, for the plasma alone process,  two factors of SEI and S/C ratio contribute to the inhibition of 

C2Hx formation (thus the increase in the selectivity), however Ft has no such contribution. In terms of 

methane conversion three factors of SEI, S/C ratio and Ft contribute. More interestingly, for the plasma 

catalytic process, the methane conversion is further enhanced favorably with the complete 

disappearance of C2Hx. 

 

3.2 Gliding arc plasma catalysis 

For the plasma alone process, the stream remains high energy generated by gliding arc discharge 

(with the reaction). To efficiently utilize the heat and the active species sourced from the plasma zone, 

the catalyst bed is coupled subsequently. Since there is no extra heating and the only heat source from 
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the former plasma zone, the catalyst-bed temperature profile drops dramatically for the endothermicity 

of SMR reaction. Symbols Tc and Tw, and 𝑥CB represent the axial temperature of catalyst bed and reactor 

wall, and the axial distance from the entry of the catalyst bed, respectively. In Figure 4a, the catalyst-

bed temperature, Tc drops dramatically from 977 to 726 oC at the first 2 cm in catalyst-bed height, and 

slowly down to 651 oC at the end of catalyst bed.  The temperature of reactor wall, Tw keeps steady at 

around 605 oC. For consistency, the end temperature of catalyst bed, 651 oC is set for that of thermody-

namic equilibrium state for SMR.  

 

Figure 4. (a) Axial temperature profile of Ni/CeO2/Al2O3 catalyst bed, and the comparison of SMR 

by approaches of warm plasma, warm plasma catalysis, and the thermodynamic equilibrium state in 

terms of (b) the conversion, and (c) the selectivity, under optimum conditions of SEI, S/C ratio, Ft,  𝑃, 

and GHSV of 110 kJ/mol, 3, 3 SLM, 246 W, 18000 ml·g-1·h-1, respectively.  

 

In Figure 4b, compared with that of plasma alone process, the remarkable increase in the conver-

sion of methane from 65 to 90% and water from 21 to 42% is observed, which approaches the thermo-
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dynamic equilibrium state value at 651 oC of the end temperature of catalyst bed. Apparently, the endo-

thermic SMR reaction performs well at catalyst-bed zone (after plasma zone) with efficient utilization of 

the energy sourced from warm plasma, which is evidenced by this remarkable increase in methane con-

version. The strong endothermicity of SMR accounts for the significant drop in catalyst-bed tempera-

ture, i.e., the higher temperature represents the faster reaction kinetics hence the much steeper drop in 

temperature (at the first 2 cm). Moreover, Figure 4c shows the decrease in CO selectivity from 77 to 

52% and the increase in CO2 selectivity from 10 to 46%. Hence, the changes in selectivity of CO and 

CO2, is the evidence for the WGS (R2) over the catalyst. Clearly, at the catalyst bed zone the WGS is 

more promoted than the SMR. Inspiringly, the complete conversion of the C2Hx (that was generated at 

plasma zone) occurs with the hydrogen selectivity rising from 96% to around 100% in Figure 4c.  

 

Figure 5. (a) Energy efficiency and energy cost, and (b) dry-basis concentration of H2, CO, t-H2 for 

SMR by approaches of warm plasma and warm plasma catalysis under the same conditions as Figure 4. 
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Figure 5a shows the energy efficiency (of methane to hydrogen) of 75% and the energy cost of 1.5 

kWh/Nm3 for warm plasma catalysis, compared to 59% and 2.3 kWh/Nm3 for warm plasma. Figure 5b 

shows the dry concentration of H2 (also t-H2) up to 76% (79%) and CO down to 11% for SMR by warm 

plasma catalysis. The increase in H2 (also t-H2) concentration and the decrease in CO concentration 

arise from the remarkable increase in methane conversion in Figure 4b, thus the less remained methane, 

and the complete conversion of C2Hx in Figure 4c. 

 

3.3 Stability test and the characterization on catalysts 

Figure S2 shows six hours stability test for warm plasma catalytic SMR. Methane conversion and 

water conversion keep steady at 90% and 42%, and the selectivity of CO, CO2 and H2 does at 52%, 46% 

and approximate 100%, respectively. The stability test manifests that warm plasma zone and Ni-based 

catalyst bed zone work well under the optimum conditions of Figure 4.  

 

Figure 6. XRD measurements on (a) the fresh and (b) the used Ni/CeO2/Al2O3 catalysts before and after 

six-hour stability test under the same conditions of Figure 4. 
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Figure 6 shows XRD spectra of the fresh and the used Ni/CeO2/Al2O3 catalysts before and after 

six-hour stability test. The assigned peaks of Al2O3, CeO2, NiO were observed for the fresh sample. For 

the used sample, the weaker peaks of CeO2 appear, meanwhile the peaks of NiO disappear completely 

with the appearance of peaks of metallic Ni at 44.5° (strong), 51.9° and 76.4° (weak). It is evidence that 

Ni-based catalyst can be auto-reduced during the reaction, which allows no pre-reduction process [21]. 

Using Scherrer equation, the calculated Ni nanoparticles are around 17.2 nm in average size. 

 

Figure 7. XPS spectra of Ce 3d for (a) the fresh and (b) the used Ni/CeO2/Al2O3 catalysts before 

and after six-hour stability test under the same conditions of Figure 4. 

     

Figure 7 shows XPS spectra of Ce 3d of the fresh and used catalyst samples. Three peaks are dis-

tinguished by the deconvolution of Ce 3d spectra for both samples. Consistent with literature [32], the 

peaks of Ce 3d3/2 are marked as u, and that of Ce 3d5/2 as v1, v1', v2',v3 and v3'. For the fresh sample, the 

peaks of v1 (881.9 eV, 3d94f2) and v3 (887 eV, 3d94f1) are assigned to Ce4+ and u (880.1 eV, 3d94f2) to 

Ce3+[32, 33]. For the used sample after the reaction, the peaks of v1'(881.8 eV, 3d94f2) and v3'(887.2 eV, 
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3d94f1) are assigned to Ce4+, and v2'(884.9 eV, 3d94f1) to Ce3+[34]. During the reaction, the Ce4+ on the 

surface of catalysts can be easily reduced. Before the reaction a very small amount of Ce3+ (indicated by 

the weak peak u) appears in the fresh catalyst, while after the reaction a large amount of Ce3+ (stronger 

peak v2') appears in the used catalyst, which is attributed to the reduction of Ce4+ to Ce3+ during the re-

action. More interestingly, after the reaction, the remarkable increase in the amount of Ce3+ is consistent 

with and accounts for the decrease in the peak intensity of CeO2 (representing Ce4+) of XRD spectrum 

in Figure 6.  

    In Figure S3 EDS mapping is conducted on the fresh and used catalysts. It shows that the distri-

bution of Ce and Ni elements on catalyst surface appears no obvious changes. It is quite consistent with 

the results of stability test, i.e., the conversion and the selectivity keep steady for six hours. Also it indi-

cates the good stability of the reaction of warm plasma catalytic SMR. 

  3.4 Plasma-based approaches for SMR 

 

Figure 8. Energy efficiency with production rate of H2 and CO for SMR reaction by various non-

thermal plasma-based reforming approaches under conditions in Table 2.  
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In Figure 8 it shows the comparision among plasma-based approaches for SMR. Although total H2 

(t-H2) is used anywhere in the present work, herein the term of the production rate of H2 and CO is used 

for consistency with references. In general, warm plasmas  possess much higher energy efficieny (also 

with larger conversion in Table 2) than cold plasmas. The energy efficiency of gliding arc plasma can be 

up to 35 times that of DBD (excluding DBD of literature [14] due to the calculation). The calculated 

energy efficiency of literature [14] excluded the extra heating (that was used), which needs to be in-

formed. Worth noting is that, in this work warm plasma catalytic SMR is conducted, achieving high 

energy efficiency of 75% at large production rate of H2 and CO of 2.7 SLM, which far exceeds the re-

sults of non-thermal plasma-based approaches for SMR for hydrogen production. 

Table 2. Conditions and conversions for various non-thermal plasma-based approaches for SMR 

for hydrogen production. 

Plasma Catalyst S/C 𝑋CH4
(%) reference 

gliding arc Ni/CeO2/Al2O3 3 90 this work 

gliding arc  3 65 this work 

DBD Ni/Al2O3 2 46 [14] 

DBD  0.25 19 [12] 

DBD  1 4.8 [15] 

microwave  3 95 [19] 

microwave Ni/Al2O3 3 80 [18] 

 

CONCLUSIONS 

In this work plasma catalytic SMR for distributed hydrogen production was conducted, for which 

warm plasma by gliding arc discharge initiates the reaction, followed by Ni-based (Ni/CeO2/Al2O3) cat-

alyst in a heat-insulated reactor without extra heating.  
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For plasma alone process, energy density SEI and S/C ratio contribute to the methane conversion 

due to the forward shift of chemical equilibrium, and inhibit the formation of C2Hx resulting in the in-

crease in the selectivity of H2, CO, CO2. Moreover, total flow rate Ft contributes to the methane conver-

sion, however has no influence on the selectivity, indicating the identical reaction pathway (of methane 

reforming).  

To efficiently utilize the heat and the active species sourced from the plasma zone, such a coupled 

process of warm plasma catalytic SMR is performed. For the plasma catalytic process, the methane 

conversion is further enhanced favorably with the complete disappearance of C2Hx. The changes in se-

lectivity of CO and CO2 are the evidence for the WGS (R2) over the catalyst.  

Warm plasma catalytic SMR was performed steady for six hours under optimum conditions of SEI, 

S/C ratio, Ft, and GHSV of 110 kJ/mol, 3, 3 SLM, 18000 ml·g-1·h-1, respectively. It achieved  methane 

conversion of 90% at production rate of total H2 (t-H2) of 2.7 SLM. Compared with warm plasma alone 

process, the energy cost of warm plasma catalytic process reduces from 2.3 to 1.5 kWh/Nm3, and the 

energy efficiency (of methane to t-H2) from 59% to 75%. 

XRD and XPS measurements were conducted on the catalysts before and after stability test, and it 

was observed that Ni/CeO2/Al2O3 catalysts can be auto-reduced during the reaction.  
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