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Detailed procedures for gaseous and liquid product analysis

The gaseous products and toluene were determined by an on-line gas
chromatograph (GC, 7890A, Agilent Technologies, USA). Specifically, the permanent
gaseous products, including H>, CO and CO> were analyzed using a Carboxen 1000
packed column and a TCD, while light hydrocarbons (LHCs) and toluene were
measured using a DB-5 capillary column and a flame ionization detector (FID). The
injection valves, ovens, and detectors were maintained at 150 °C, 80 °C and 250 °C,
respectively.

The complex liquid byproducts of the plasma CRT reaction with and without the
Ni4Fel-R catalyst were collected with methanol and analyzed using gas
chromatography-mass spectrometry (GC-MS, Tracel300-ISQ7000, Thermo Fisher
Scientific, USA) equipped with an HP-5MS capillary column (30 m x 0.250 mm, 0.25
um; Agilent Technologies, USA). 1 uL of sample in methanol was injected using the
split sampling mode with a split ratio of 10:1. Helium was used as the carrier gas at a
flow rate of 1 mL/min. The temperature of both the ion source and the transmission line
remained at 280 °C. The GC oven was initially set to 50 °C for 5 min, then programmed
to 200 °C at a rate of 25 °C/min and held for 5 min, and finally increased to 280 °C at a
rate of 5 °C/min and held for 5 min. Chromatograms were recorded in full scan mode
with a mass range between 35 and 500 amu. Finally, the peaks were identified by

comparing their mass spectra to those in the NIST 11 mass spectra library.
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Fig. S2. XRD patterns of (a, b) as-synthesized Ni-Fe-Mg-Al LDH precursor, and (c)

fresh calcined LDH-derived catalysts.
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Fig. S3. Nz adsorption isotherm and pore diameter distribution of (a, b) calcined and (c,

d) reduced Ni-Fe/(Mg, Al)Ox catalysts.
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Fig. S4. FESEM images of as-synthesized (a) Ni4Fel-Mg-Al and (b) Ni-Mg-Al
hydrotalcite precursors, (c) calcined and (d) reduced Ni/(Mg, Al)Ox catalysts, (¢) AFM
image and (f) the height profile of as-synthesized Ni4Fel-Mg-Al hydrotalcite precursor.
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Fig. S6. (a) Ni and (b) Fe K-edge XANES spectra for reduced and spent Ni4Fel/(Mg,
Al)Ox catalysts.
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Fig. S7. Magnitude of the Fourier transform of the Fe K-edge EXAFs spectrum of the
reduced Ni4Fel/(Mg, Al)Ox catalyst, and the Ni and Fe K-edge EXAFs spectra of
standard Ni and Fe foils, respectively. The Fourier transform was taken over k = 3-12.
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Fig. S8. Toluene conversions over reduced Ni-Fe/(Mg, Al)Ox catalysts with different
Ni/Fe ratios during the plasma-catalytic CRT reaction (Reaction conditions: catalyst
weight 200 mg diluted with 300 mg inert SiO2, CO2/toluene/Ar 7:1:63, and discharge
power 36 W).
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Fig. S9. Applied voltage and current signals of (a-e) DBD coupled with different Ni-
Fe/(Mg, Al)Ox catalysts and (f) DBD without a catalyst.
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Element balance of carbon, hydrogen and oxygen

The elemental balances of carbon (EBc), hydrogen (EBn) and oxygen (EBo) were
calculated using Egs. (S1)-(S3), respectively, and the results are shown in Fig. S14. The
results demonstrate that the carbon balance calculated from the production of CO, CH4
and light hydrocarbons (C>-C4) was in the range of 44-52% for the plasma catalytic
system, which is relatively lower than that for the thermal catalysis system due to the
formation of abundant undesirable carbon-containing byproducts. As confirmed by the
GC-MS and TGA results, higher hydrocarbons (e.g., benzene and p-xylene),
oxygenates (maleic anhydride, benzaldehyde and benzyl alcohol) and carbon
depositions are responsible for the remaining carbon output in the plasma catalytic
system. H>O is an important byproduct that contributes to the element losses of
hydrogen and oxygen. However, the H>O amount determined by hydrogen balance was
higher than that determined by oxygen balance, as presented in Table S7. This
phenomenon could be explained by the generation of abundant byproducts with high
hydrogen contents, such as benzene, p-xylene, benzaldehyde and benzyl alcohol.

moles of carbon atoms in the products
EBc(%) = S1
C( A)) 7xmoles of toluene converted + moles of CO, converted ( )
0/ — moles of hydrogen atoms in the products
EBH( A)) 8xmoles of toluene converted (82)
moles of oxygen atoms in CO
EBo(%) = S3
O( A)) 2xmoles of CO, converted ( )
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Fig. S14. Average element balance of carbon, hydrogen and oxygen during the plasma-
catalytic CRT reaction (Reaction conditions: catalyst weight 200 mg diluted with 300
mg inert Si02, COz/toluene/Ar 7:1:63, discharge power 36 W and reaction time 240
min).



Interaction of CO2 and toluene

The effect of CO» concentration on the performance of the CRT reaction was also
examined to investigate the interaction of CO> and toluene, which was crucial to
understanding the mechanism of the CRT reaction in the plasma-catalytic system. Fig.
S15 shows that increasing CO> content resulted in a continuous decrease in CO»
conversion but an increase in CO selectivity since the conversion of CO; to CO and O
was promoted. The direct electron impact was expected to be the most dominant
pathway for the dissociation of gas phase CO. (Eq. (S4)), while excited Ar” also played
an important role in CO» dissociation (Eq. (S5)) [1]. The excited Ar” could also excite
toluene by transferring its energy in collisions to form C7Hs™ (Eq. (S6)), which was
highly reactive and easily decomposed by collisions with an electron or other excited
species such as O, as described in Eq. (S7). This reaction could explain the increased
selectivity of H» as CO; content increased from 5 vol% to 15 vol% due to the formation
of more reactive O species [2] (Fig. S15(¢)). However, further increasing the CO;
content to 20-30 vol.% reduced Ha selectivity, which could be attributed to the enhanced
reverse water-gas shift reaction, as shown in Eq. (S8) [3]. In this study, CH4 might be
produced by combining CHz and H (Eq. (S11)), which were generated by cracking
toluene (Egs. (S9) and (S10)).

To further elucidate the interaction of CO: and toluene, the plasma-catalytic
performance of separated toluene and CO: dissociation was studied. The absence of
CO> decreased H: selectivity significantly and the plasma discharge was quickly
terminated by the spark discharge (Fig. S15(c)). Furthermore, the absence of toluene
resulted in a much lower CO» conversion since the generated O species in Eq. (S4) were
inefficiently consumed. However, a nearly 100% selectivity of CO was achieved due

to the lack of CO-incorporated side reactions (Fig. S16).

CO2+e—CO+0+e (S4)
CO2+Ar" — CO+0O+Ar (S5)
C7Hs + Ar" — C7Hs" + Ar (S6)
C/Hs"+0O — CO+Hy+LHC (S7)
CO;+H, — CO+H,0 (S8)
C¢HsCH; +e — C¢HsCH2+H +e (S9)
Ce¢HsCHs +e — C¢Hs +CHz +e (S10)

CH; +H — CHy (S11)
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Table S1. Chemical compositions for the preparation of hydrotalcite precursors with various Ni/Fe ratios

Reagents Ni Ni4Fel Ni3Fel Ni2Fel NilFel
Mole (mol) Mass (g) Mole (mol) Mass (g) Mole (mol) Mass (g) Mole (mol) Mass (g) Mole (mol) Mass (g)

Ni(NO3)2:6H O 0.024 6.98 0.019 5.58 0.018 5.23 0.016 4.65 0.012 3.49
Fe(NO3)39H,O 0 0 0.005 1.94 0.006 242 0.008 3.23 0.012 4.85
Mg(NO3)»:6H,O  0.080 20.5 0.080 20.5 0.080 20.5 0.080 20.5 0.080 20.5
AI(NO3)39H,O  0.032 12.0 0.032 12.0 0.032 12.0 0.032 12.0 0.032 12.0

M2 /M3 3.25 2.70 2.58 2.40 2.09

MM M2 0.24 0.27 0.28 0.29 0.32

“ The molar ratio of divalent metal ions (Ni** and Mg*") to trivalent metal ions (Fe’* and AP");

b The value of M°*/M?"+M** between 0.17 and 0.33 is favorable for achieving a complete hydrotalcite structure.



Table S2. D-spacing and lattice parameters of the as-synthesized Ni-Fe-Mg-Al LDH precursors determined by the XRD patterns.

d-spacing” (nm) lattice parameters” (nm)
catalyst
d(003) d(006) d(012) d(110) a ¢

NilFel-HTs 0.7615 0.3805 0.2584 0.1528 0.3056 2.2845
Ni2Fel-HTs 0.7660 0.3827 0.2591 0.1528 0.3056 2.2980
Ni3Fel-HTs 0.7673 0.3841 0.2583 0.1526 0.3052 2.3019
NidFel-HTs 0.7570 0.3869 0.2592 0.1531 0.3062 2.2710
NilFe0-HTs 0.7799 0.3910 0.2590 0.1528 0.3056 2.3397

* Calculated according to Bragg's law,
b Calculated by the formulas: a = 2 d(110) and ¢ = 3d(003).



Table S3. Actual and nominal element compositions of calcined catalysts determined by ICP-OES.
Element  Loading (wt%) NilFel-F Ni2Fel-F Ni3Fel-F Ni4Fel-F NilFe0-F

Ni Exp.? 10.3 13.4 14.8 15.2 19.6
Nom.” 10.5 14.0 15.8 16.9 21.2
Fe Exp. 9.2 6.7 5.1 4.1 /
Nom. 10.0 6.7 5.0 4.0 /
Mg Exp. 29.5 29.5 29.6 29.2 29.2
Nom. 29.0 29.1 29.1 29.1 29.2
Al Exp. 13.2 12.9 12.9 12.9 13.1
Nom. 12.9 12.9 12.9 13.0 13.0
@) Exp. 37.8 37.5 37.6 38.6 38.1
Ni/Fe 11 2 2.9 3.7 /

“ Measured element composition by ICP-OES.

b Nominal element composition calculated by the stoichiometric ratio.



Table S4. Surface element compositions of reduced and spent Ni—Fe/(Mg, Al)Ox catalysts determined by XPS spectra.

Catalyst Surface nickel species Surface oxygen species Surface iron species

Ni® Ni?* Lattice oxygen Adsorbed oxygen Fe Fe?* Fe3t

B.E. (eV) Area(%) B.E.(eV) Area (%) B.E. (eV) Area(%) B.E.(eV) Area(%) B.E. (eV) Area(%) B.E.(eV) Area(%) B.E.(eV) Area (%)

NilFel-R 852.5 66.3 855.2 33.7 530.0 41.7 531.2 583 706.5 19.1 709.4 22.8 711.2 58.1
Ni2Fel-R  852.6 63.4 855.2 36.6 530.0 55.5 531.6 44.5 707.1 35.6 710.2 29.8 712.8 34.6
Ni3Fel-R  852.0 65.3 855.8 34.7 530.2 63.2 531.9 36.8 706.8 384 710.0 28.8 712.2 32.8
Ni4Fel-R 8523 60.5 855.5 39.5 531.1 69.2 532.9 30.8 707.3 41.7 710.9 252 712.9 33.1
NilFe0-R 852.8 59.6 856.0 40.4 531.0 62.9 532.7 37.1 / / / / / /

NilFel-S  852.8 62.0 855.5 38.0 530.8 78.1 532.7 21.9 706.6 9.7 710.9 65.2 713.0 25.0
Ni2Fel-S 8529 68.2 855.5 31.2 530.9 78.6 532.7 214 707.0 17.8 711.0 52.6 712.4 29.6
Ni3Fel-S 852.4 58.3 855.2 41.7 530.8 76.3 532.5 23.7 706.9 15.2 710.3 50.5 713.0 343
Ni4Fel-S 8523 573 855.4 42.7 530.9 70.2 532.5 29.8 706.6 29.7 710.1 40.7 711.9 29.6

NilFe0-S  852.8 66.3 856.0 33.7 530.8 76.3 532.5 23.7 / / / / / /




Table S5. EXAFS fitting parameters for the Ni4Fel-R catalyst.

Scatter C.N. R (A) o’ (A?) E. (eV) R-factor
Ni edge Ni-O 1.321.4 2.08+0.01 0.0074+0.0170 10.448.8
Ni-Ni (Fe) -1 6.1£1.4 2.49+0.01 0.0064+0.0016 6.0£2.6 0004
Ni-Ni (Fe) -2 3.5+0.7 3.45+0.03 0.0098+0.0035
Fe edge Fe-O 2.8€1.5 2.08+0.06 0.0105+0.0112 5.63+4.59 0.009
Fe-Fe (Ni) 6.9+1.4 2.52+0.01 0.0061+0.0014 -2.53+2.01




Table S6. EXAFS fitting parameters for the Ni4Fel-S catalyst.

Scatter C.N. R (A) o’ (A? E. (eV) R-factor
Ni edge Ni-Ni(Fe)-1% 84+0.9 249+0.01 0.0084+0.0010 3.7+1.2 0.011
Ni-Ni (Fe) -2 4.2 +0.5 3.47+0.02 0.0109+0.0281
Fe edge Fe-O 3.240.9 2.00+£0.03 0.0114+0.0062 -0.95+£2.93 0.005
Fe-Fe (Ni) 5.6 +0.8 2.52+0.01 0.0062+0.0011 -3.65+1.44




Table S7. Estimated H>O production rate from hydrogen and oxygen balance in the plasma-catalytic system (mmol/min).

Catalyst NilFel-R Ni2Fel-R Ni3Fel-R Nid4Fel-R NilFe0-R Plasma

H>0 amount determined by H balance 0.184 0.179 0.168 0.158 0.185 0.202

H>0 amount determined by O balance 0.056 0.067 0.069 0.074 0.060 0.049




Table S8. In situ FTIR bands of the surface adsorbed species on the LDH-derived Ni-Fe/(Mg, Al)Ox catalysts during the plasma-catalytic CRT
reaction at 35 °C and 1 bar.

Wavenumber/cm™! Assignment Surface species Reference
3730, 3630 v(0O-H) vibration bicarbonate ("HCO3) [4, 5]
3700,3600 CO; overtones

. . gas-phase CO» [4, 6]
2362, 2339 stretching vibration of C-O bonds
3262, 3267 vibration bands of C;H; C.H; [7]
3015, 1305 v(C-H) stretching vibrations of CH4 gas-phase methane [6, 8]
2172,2119 stretching vibrations of C-O bonds gas-phase CO [6, 9]
1718, 1506 v(C=0) stretching vibrations of unsaturated aliphatic acid surface maleate species  [10, 11]
1697, 1646 v(C=0) stretching vibration benzaldehyde species [12]
1605 asymmetric stretching vibration of COO™ formate species [13]
1540, 1342 asymmetric and symmetric stretching vibration of COO- _
- - - benzoate species [12-14]
1268 C-O stretching vibration
1458 bending vibration of C-OH
1352 CH> deformation vibration of benzyl species benzyl alcoholate [12-14]
1245 C-O stretching vibration
949 v(C=C) vibration short-chain olefin [10]
3075,3037 v(C-H) stretching vibration of aromatic ring
1612, 1499, 1459 skeleton v(C=C) vibration of aromatic ring aromatic ring [15, 16]
1075,1030 in-plane v(C-H) bending of aromatic ring
2937, 2881 symmetric or asymmetric v(C-H) stretching of methylene
. T methylene (-CHz) [17]
1420 bending vibration of methylene

1041 C-0 vibration band benzoyl oxide species [18]
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