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1 1. Characterization of fresh X% Co/Cu-BDC-NH2

2

3 Figure S1. Scanning electron microscope (SEM) images of Cu-BDC-NH2 and SEM 

4 mapping of Cu-BDC-NH2.

5
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1
2 Figure S2. SEM images of (a) Cu-BDC-NH2 and (b) 10% Co/Cu-BDC-NH2.
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1 Table S1. Inductively coupled plasma optical emission spectrometry (ICP-OES) 
2 analysis of 5% Co/Cu-BDC-NH2, 10% Co/Cu-BDC-NH2 and 15% Co/Cu-BDC-NH2.

Catalyst Co content (wt%)
5% Co/Cu-BDC-NH2 4.4
10% Co/Cu-BDC-NH2 8.5
15% Co/Cu-BDC-NH2 14.2

3
4
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1 Table S2. SBET, pore volume and pore diameter of fresh catalysts.

Samples
SBET

a

(m2/g)

Pore volumeb 

(cm3/g)

Pore diameterc 

(nm)

Cu-BDC-NH2 24.5 0.06 10.5

10% Co/Cu-BDC-NH2 10.4 0.06 21.6

2 aThe Brunauer-Emmett-Teller (BET) method was used to determine the specific 

3 surface area of samples.

4 bThe single point method (at p/p0 = 0.99) was used to determine the total pore 

5 volume.

6 cThe BJH method was used to determine the average pore diameter.
7
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1

2 Figure S3. (a) Survey XPS spectra, (b) N1s XPS profiles, (c) C1s XPS profiles and (d) 

3 Cu 2p XPS profiles of Cu-BDC-NH2.

4
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1

2 Figure S4. (a) Survey XPS spectra, (b) N1s XPS profiles, (c) C1s XPS profiles and (d) 

3 Auger Cu LMM spectrum of 10% Co/Cu-BDC-NH2.

4
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1 2. Electrical characterization 

2
3 Figure S5. (a) The standard Lissajous figures and (b) the actual measured Lissajous 
4 figure.

5 Within each cycle of the sinusoidal voltage excitation, the gas gap in the dielectric 

6 barrier discharge (DBD) reactor underdoes two breakdown and two quenching events. 

7 When the applied voltage rises positively to the breakdown threshold, the gap breaks 

8 down and discharges, entering a conducting state, during which the voltage amplitude 

9 decreases. After the discharge quenches, the voltage continues to follow the sinusoidal 

10 waveform. An identical process occurs during the negative half-cycle. According to its 

11 equivalent circuit model (Figure S5a), the entire system can be represented by the 

12 series combination of the dielectric capacitor (Cd) and the gap capacitor (Cg) when the 

13 gas gap is not broken. Upon breakdown, the gap behaves as a short circuit, leaving only 

14 the dielectric capacitor in the circuit. This physical process manifests as linear segments 

15 with different slopes in the Lissajous figure. The slope of each linear segment in the 

16 figure has a clear physical meaning: it directly corresponds to the instantaneous 

17 equivalent capacitance of the system in that specific state. Specifically, the discharge 

18 stage (AB and CD section), and its slope corresponds to the dielectric capacitance Cd. 

19 The cut-off stage (DA and BC segments), and its slope corresponds to the total 

20 capacitance Ctotal of the system.

21  (S1)Cd = kAB
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1  (S2)Ctotal = kDA

2 Based on the series relationship of capacitors, the gap capacitance Cg can be 

3 calculated:

4  (S3)
Cg =

Cd × Ctotal

Cd - Ctotal

5 According to Table S3, the system capacitance increased progressively from 28.5 

6 pF (no catalyst) to 62.6 pF (15% Co/Cu-BDC-NH2) with catalyst filling, while the 

7 discharge power varied between 22.4 W and 26.7 W. 

8 Table S3. Capacitances properties

Sample  (pF)𝐶𝑑  (pF)𝐶𝑡𝑜𝑡𝑎𝑙  (pF)𝐶𝑔 P (W)

Plasma 132.2±1.0 23.5±1.0 28.5±1.0 23.4

Cu-BDC 114.4±2.0 24.1±1.0 30.5±1.0 25.8

Cu-BDC-NH2 111.1±1.0 31.4±2.0 43.7±1.0 22.4

5%Co/ Cu-BDC-NH2 110.5±1.0 34.8±1.0 50.8±1.0 25.6

10%Co/ Cu-BDC-NH2 117.3±1.0 38.8±2.0 57.9±1.0 25.1

15%Co/ Cu-BDC-NH2 120.2±1.0 41.2±1.0 62.6±1.0 26.7

9
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1 3. 1HNMR spectra of major liquid products

2
3 Figure S6. 1HNMR spectra of major liquid products.
4
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1 4. Catalyst stability results

2
3 Figure S7. Catalyst stability using 10% Co/Cu-BDC-NH2 (a) gas conversion and total 
4 liquid selectivity and (b) selectivity of main liquid products over time on stream.
5
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1 5. Characterization of spent catalysts

2
3 Figure S8. Characterization of fresh and spent 10% Co/Cu-BDC-NH2 (a) SEM 
4 images (b) FTIR spectra and (c) XRD patterns. XPS spectra of (d) C 1s (e) N 1s and 
5 (f) Co 2p.

6 A comparison of the FTIR spectra before and after the reaction revealed the peak 

7 positions and shapes remained largely identical, while the intensities changed 

8 significantly. The high consistency in peak position and shape indicated that the main 

9 framework, core functional groups, and local chemical environment of the catalyst were 

10 not irreversibly altered or substantially degraded, preliminarily confirming its good 

11 chemical and structure stability. In contrast, the significant changes in absorption 

12 intensity suggested an evolution in the catalyst’s physical state. This was supported by 

13 XRD analysis, which showed a slight decrease in the crystallinity of the catalyst after 

14 reaction. The reduction in long-range order directly affected the infrared absorption 

15 efficiency of lattice vibrations, leading to an overall weakening of the characteristic 

16 peak intensity. Therefore, the observed spectral intensity changes were attributed 

17 primarily to the evolution of the catalyst’s physical structure — such as its crystallinity 

18 and micro-ordering — rather than to any fundamental change in its chemical 

19 composition.



14

1 Analysis of the C1s XPS spectra before and after reaction showed that the intensity 

2 of C-C/C-H peak at 284.3 eV remained unchanged. This indicated that the basic carbon 

3 skeleton of the catalyst remained stable during the reforming reaction, without 

4 significant consumption or coverage. Concurrently, a decrease in the intensity of the C-

5 N/C-O peak at 285.6 eV was observed, while that of the C=O peak at 288.5 eV 

6 increased. This change was likely due to the formation of carbonyl-rich (C=O) 

7 intermediate or oxygen-containing species during the reaction, which became strongly 

8 adsorbed or chemically bonded to the catalyst surface, thereby directly enhancing the 

9 C=O signal. This inference was further corroborated by the corresponding C=O 

10 signatures observed via plasma-coupled in-suit infrared spectroscopy. Moreover, 

11 analysis of the post-reaction N 1s spectrum revealed a reduction in the C-N peak at 

12 401.4 eV, consistent with the decrease noted in the C 1s spectrum.

13
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1 6. CO2-TPD results

2
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3 Figure S9. CO2-TPD of Cu-BDC, Cu-BDC-NH2 and 10% Co/Cu-BDC-NH2. 

4 As shown, Cu-BDC-NH2 exhibited higher CO2 adsorption capacity than pristine Cu-

5 BDC, confirming that -NH2 functionalization enhanced CO2 capture and promoted its 

6 conversion. SEM and TEM analysis indicated that Co exists in the form of 

7 nanoparticles. These nanoparticles not only exposed abundant strong Lewis basic sites 

8 but also directly interacted with CO2 to form stable carbonate species that require higher 

9 temperature for desorption. Furthermore, the introduction of Co may induce local 

10 structural reconstruction of the support, generating defects such as coordination 

11 unsaturated metal sites or oxygen vacancies. These defect sites typically exhibited a 

12 strong affinity for CO2 adsorption. Consequently, Co loading directly introduced a new 

13 strongly basic active phase and indirectly created highly active defect sites. This dual 

14 effect resulted in the appearance of a significant additional adsorption peak in the high 

15 temperature region of the CO2-TPD profile.

16
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1 7. CO-DRIFTS characterization results

2
3 Figure S10. (a) DRIFT spectra of Cu-BDC-NH2 during CO adsorption. (b) DRIFT 

4 spectra of Cu-BDC-NH2 after CO adsorption with subsequent Ar flush.

5
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1

2 Figure S11. (a) DRIFT spectra of 10% Co/Cu-BDC-NH2 during CO adsorption. (b) 

3 DRIFT spectra of 10% Co/Cu-BDC-NH2 after CO adsorption with subsequent Ar flush.

4
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1 8. Plasma-coupled in-situ infrared spectroscopy results

2
3 Figure S12. Plasma-coupled in-situ infrared spectroscopy of Cu-BDC during plasma-
4 catalytic DRM reaction (CO2/CH4 = 1:1, total gas flow rate = 30 mL/min, discharge 
5 power = 20 W)
6
7
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1
2 Figure S13. Plasma-coupled in-situ infrared spectroscopy of Cu-BDC-NH2 during 
3 plasma-catalytic DRM reaction (CO2/CH4 = 1:1, total gas flow rate = 30 mL/min, 
4 discharge power = 20 W)
5
6
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1

2 Figure S14. Plasma-coupled in-situ infrared spectroscopy of 10% Co/Cu-BDC-NH2 

3 during plasma-catalytic DRM reaction (CO2/CH4 = 1:1, total gas flow rate = 30 

4 mL/min, discharge power = 20 W)

5
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1 9. Supplementary tables

2 Table S4. Effect of catalysts on the conversion and total liquid selectivity (total flow 

3 rate = 40 mL/min, discharge power = 25 W).

Sample CO2 (%) CH4 (%)
Total liquid 

selectivity (%)
C balance (%)

No packing 15.7 20.6 21.3 96

Cu-BDC 18.3 23.7 43.1 97

Cu-BDC-NH2 19.6 24.9 45.4 98

5% Co/Cu-BDC-NH2 19.1 24.4 48.3 97

10% Co/Cu-BDC-NH2 22.7 27.1 53.9 98

15% Co/Cu-BDC-NH2 18.6 24.5 40.1 96

4
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1 Table S5. Effect of catalysts on the selectivity of gas products (total flow rate = 40 

2 mL/min, discharge power = 25 W).

Sample
H2

(%)

CO

(%)

C2H6

(%)

C2H4

(%)

C3H8

(%)

C3H6

(%)

C4H10

(%)

No packing 29.3 36.1 26.6 8.4 5 0.08 2.7

Cu-BDC 23.1 28.3 21.1 1 4.3 0.07 2.2

Cu-BDC-NH2 23.4 26.8 20.1 0.9 4.5 0.07 2.3

5% Co/Cu-BDC-NH2 23.2 25.5 19.2 0.9 3.9 0.06 1.8

10% Co/Cu-BDC-NH2 20.2 22.3 17.5 0.6 3.9 0.08 1.8

15% Co/Cu-BDC-NH2 25.8 29.9 21.3 1.2 4.6 0.1 2.3

3
4
5
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1 Table S6. Effect of catalysts on the selectivity of liquid products (total flow rate = 40 

2 mL/min, discharge power = 25 W).

Samples
CH3OH

(%)

C2H5O

(%)

CH3COOH

(%)

CH3CHO

(%)

C3H7OH

(%)

C3H6O

(%)

No packing 8.6 4.6 0.7 0.9 1.6 4.5

Cu-BDC 13.4 10.6 0.5 2.2 4.8 11.6

Cu-BDC-NH2 18.7 8.6 0.9 2.1 3.6 11.7

5% Co/Cu-BDC-NH2 16.1 10.7 1.2 2.5 4.4 13.4

10% Co/Cu-BDC-NH2 20 16.5 2.3 2.3 2.5 9.9

15% Co/Cu-BDC-NH2 16.3 11.2 0.9 1.9 2.2 7.2

3
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1 Table S7. Time-on-stream stability of 10% Co/Cu-BDC-NH2 about conversion and 
2 total liquid selectivity.

Time (min) CO2 (%) CH4 (%)
Total liquid selectivity

(%)

20 21.7 28.6 53.1

40 21.8 27.5 52.8

60 21.9 27.3 52.6

120 22.5 26.9 53.2

240 21.8 27.2 52.8

3
4
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1 Table S8. Time-on-stream stability of 10% Co/Cu-BDC-NH2 about selectivity of 
2 liquid products (Total flow: 40 mL min-1, Discharge power: 25 W) (average value).

Time

(min)

CH3OH

(%)

C2H5OH

(%)

CH3COOH

(%)

CH3CHO

(%)

C3H7OH

(%)

C3H6O

(%)

20 20.0 16.5 2 2.3 2.5 9.9

40 20.2 16.6 1.5 2.5 2.2 9.7

60 20.3 16.2 2.1 2.2 2.2 9.8

120 20.7 16.3 2.0 2.3 2.2 9.5

240 20.5 16.2 2.0 2.3 2.3 9.4

3
4
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1 Table S9. Spectroscopic characteristics of the main species detected in the CO2-CH4 
2 plasma.

Species Electron transition Wavelength (nm) Reference

283.4 [1], [2]
CO b3Σ2u-a3Π1g

296.6 [1], [2]

CO+ B2Σ-X2Σ 288.8 [1]

305.8 [1], [7] 

327 [1], [7]

351.8 [6], [7]
CO2

+ A2Πu-X2Πg

368.3 [6], [7]

A2Δ-X2Π 431.4 [6], [2], [3], [4]

B2Σ-X2Π 388.2 [6], [2], [4]CH

C2Σ+-X2Π 314.6 [6], [7], [4]

450.7 [6], [8]

483 [6], [8]

520 [6], [8]

559.3 [6], [8]

CO

B1Σ-A1Π
(Angstrom 

system)

608.1 [6], [8]

469.4 [6], [7]

471.5 [6], [7]C2 d2Π-a3Π (Swan)

516.8 [6], [7], [3]

Hα 3d-2p 656.3 [6], [7] 

3
4
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1 Table S10. Species identified in the plasma-catalytic DRM reaction over 10% Co/Cu-

2 BDC-NH2 by plasma-coupled in-situ infrared spectroscopy.

Species Assignment Wavenumber (cm-1) Reference

Alcohols C-O stretching vibration 1016 5

*CH3O H-C=O bending vibration 1106 6, 7

*CH3O C-O stretching vibration 1157 8, 9

Bidentate carbonates 1306 10, 11

Monodentate carbonates 1480 10, 12

-NH2COOH C=O stretching vibration 1730 13,14

*CO Bridging CO adsorbed 1970 15, 16

*CO Linear CO adsorbed 2032 15, 17, 18

CO (g) 2190 19, 20

CO2 (g) 2362 21, 22

*HCOO 2642 23

*CH3 C-H stretching vibration 2810 24,25

CH4 (g) 3016 26

Surface OH O-H stretching vibration 3364 27

Isolated OH O-H stretching vibration 3566, 3600, 3625 28,29

CO2 (g) Overtone of CO2 3725 21

3
4
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1 Table S11. Summary of conversions and liquid selectivity reported in the literature.

Reference CO2 (%) CH4 (%)
Total liquid 

selectivity (%)

Alcohols 

selectivity 

(%)

[30] 18 22 40.1 35

[31] 30.2 34.7 55 38.3

[32] ~12.2 ~22 ~25 ~10

[33] ~7.3 ~11.6 ~25 ~19

[34] ~7 ~17 ~45 ~38

This work 22.7 27.1 53.9 38.9

2 Table S12. Summary of mechanisms and strategies reported in the literature.

Reference Strategy Mechanism

[30] DBD reactor

AC power

1. Methanol is formed mainly via CH₃ coupling 

with OH radicals. 2. The pathway is enabled by 

efficient CO₂ activation and OH radical 

enrichment, both driven by the iron active species.

[31] DBD reactor

AC power

1. Liquid product formation proceeds via stepwise 

CO hydrogenation coupled with CHx and OH 

radical coupling. 2. This mechanism is facilitated 

by the high-performance catalyst prepared through 

the grinding method.

[32] DBD reactor

AC power

1. The prepared CuSA-CN catalyst's well-defined 

Cu–N₄ single-atom sites enable acetic acid 

synthesis via a bidirectional mechanism. 2. The 

charge transfer between metal and support 

facilitates reactant activation, while the sites also 
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lower the energy barriers for key steps like CH₄ 

dissociation and C–C coupling.

[33] DBD reactor

AC power

1. Water participates as a reactant, cooperating with 

the copper catalyst to promote CH₃ and OH 

coupling into methanol 2. Water facilitates 

methanol desorption from the catalyst surface, 

enhancing efficiency and preventing over-

conversion.

[34] DBD reactor

AC power

1. In plasma-catalyzed DRM, copper valence state 

and loading jointly determine alcohol product 

distribution. 2. Cu²⁺ species enhance alcohol 

selectivity, while increased copper loading shifts 

the major product from methanol to ethanol.

This work DBD reactor

AC power

1. The Co/Cu-BDC-NH₂ catalyst enhances CO₂ 

adsorption via basic -NH₂ groups and improves CO 

utilization with loaded Co. 2. Its mechanism acts as 

a "molecular shunt switch" to dynamically regulate 

the reaction pathway. 3. -NH₂ functionalization 

shifts the route from stepwise CO hydrogenation 

toward OH/CHx coupling. Co addition then 

reverses this shift, restoring CO hydrogenation as 

the main pathway. Co and -NH₂ also work together 

to regulate CH₃O intermediate formation and 

consumption.

1 Building upon the established mechanism by which metal active sites or metallic 

2 oxide active sites mediate the coupling of CHx and OH radicals to form oxygenated 

3 products, this study proposed a novel catalyst design strategy. The synthesized Co/Cu-
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1 BDC-NH2 material enabled dynamic modulation of the reaction pathway through the 

2 introduction of –NH2 groups and Co species. Their synergistic interaction likely 

3 allowed more flexible regulation of key intermediates, thereby endowing the catalyst 

4 with enhanced CO2 conversion efficiency and improved product selectivity.

5
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