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Supplementary Note 1: Design of electrocatalytic reduction of plasma-activated CO2 or CO 3 

The Cu catalyst layer on the GDE was positioned on the side opposite to the plasma activation region 4 

of the polytetrafluoroethylene (PTFE) membrane, thereby avoiding direct exposure of the catalyst to 5 

the plasma and minimizing plasma-induced changes to the catalyst structure. The hydrophobic GDE 6 

prevents crossover of water into the plasma zone, enabling hydrogenation reactions to occur only 7 

through electrocatalysis and not in the plasma region, which contains only COx and He. 8 

 9 

Supplementary Note 2: Plasma-induced CO2 dissociation and its impact on electrocatalysis 10 

The decrease in CO and O2 generation with increasing plasma power might be attributed to more 11 

filamentary plasma characteristics, such that lower fractions of the feed gas are treated by plasma. 12 

Hydrocarbons and oxygenates were not observed in the plasma effluent, which is consistent with the 13 

lack of supply of H-containing reactants to the plasma tube (i.e., water from the electrolyte does not 14 

diffuse through the GDE into the plasma region). 15 

The plasma reaction products can affect the electrocatalytic reaction, particularly since the reduction of 16 

O2 (equation (1)) is thermodynamically favored compared to CO2RR as shown in equations (2-5). Given 17 

that metallic Cu also has O2 reduction reaction (ORR) activity, the reduction of O2 to H2O competes 18 

with CO2RR.1,2 19 

O2 + 4H+ + 4e- = 2H2O (E0 = 1.230 V)    (1) 20 

CO2 + 2H+ + 2e- = CO + H2O (E0 = -0.106 V)   (2) 21 

CO2 + 8H+ + 8e- = CH4 + 2H2O (E0 = 0.169 V)   (3) 22 

2CO2 + 12H+ + 12e- = C2H4 + 4H2O (E0 = 0.064 V)   (4) 23 

2CO2 + 12H+ + 12e- = C2H5OH + 3H2O (E0 = 0.084 V)  (5) 24 
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The charge consumption due to ORR was estimated by comparing the amount of O2 in the CO2 plasma 25 

effulent with that in the plasma-coupled electrocatalysis effluent, assuming that all O2 was 26 

electrochemically reduced to H2O, not H2O2
 (Fig. 3c and Supplementary Fig. 11c). 27 

 28 

Supplementary Note 3: Electrocatalytic reduction of a mixed CO2+CO feed 29 

In previous work, electrocatalytic reduction of a mixed CO2 + CO feed that simulated flue gas was 30 

reported to outperform pure CO2 conversion to multi-carbon products.3,4 However, these studies focused 31 

on enhancing the generation of C2H4. To the best of our knowledge, there have been no reports on a 32 

mixed CO2+CO feed demonstrating either an expanded product spectrum or enhanced C3+ product 33 

formation. 34 

Practically, co-feeding CO2 and CO could be achieved by optimizing an upstream CO2 reduction 35 

process to generate CO in the desired ratio, such as through a plasma or thermocatalytic reverse water 36 

gas shift reaction or via electrocatalytic CO2 reduction to CO. Mixtures of CO2 and CO may also be 37 

obtained directly from certain flue gas sources.5 Alternatively, strategies to remove O2 from a CO2 38 

plasma could be employed, e.g., by using a post-plasma carbon bed,6,7 to attain an O2-free gas for 39 

electrocatalysis. By engineering the plasma process to enhance selectivity, the formation of O2 40 

byproducts could be suppressed while promoting activation toward specific plasma species. Although 41 

several potential strategies could be employed to obtain a CO2 or CO feed practically, the results herein 42 

demonstrate the significant enhancement in the generation of C3+ hydrocarbons and oxygenates during 43 

CO2 or CO plasma-electrocatalysis. 44 

 45 

Supplementary Note 4: Plasma kinetic simulations 46 

Plasma kinetic modeling enabled identification of potential reactive chemical species, such as 47 

vibrational and electronic excitation modes and ground state reactive species. The experimental setup 48 
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and modeling were linked via the plug flow reactor approximation, with microdischarge filaments 49 

represented as a series of temporal pulses.8 This approach simplified the generation and relaxation of 50 

species, providing qualitative analysis and hypothesizing the effects of plasma activation on 51 

electrocatalysis. 52 

The parameters such as reduced electric field, current, and electron temperature govern electron kinetics 53 

and the consequent excitation of heavy particles. Vibrational excitation was studied in this context 54 

because it facilitated dissociation of CO2 via lower energy barriers compared to other pathways.9 55 

Vibrational excitation, which leads to vibrational-translational (V-T) non-equilibrium, where vibrational 56 

temperatures exceed gas (translational-rotational) temperatures, can also enhance surface reaction rates. 57 

For example, while excitation of the lowest-energy vibrational states may be insufficient to trigger 58 

homogeneous gas-phase reactions, such excited molecules may encounter significantly reduced 59 

dissociation barriers on catalytic surfaces.10 60 

Although the model for plasma kinetic simulations was validated for low-pressure conditions,11 its 61 

applicability was extended to atmospheric pressure in this study by including three-body reactions 62 

between neutral species, interactions with charged particles, and three-body electron-ion recombination. 63 

The inclusion of electron-ion recombination was particularly crucial for the stability of the simulations, 64 

as their absence would result in an unreasonably high ionization degree (approaching 10%) under the 65 

studied conditions. Moreover, despite the significant pressure difference between the previous study 66 

(6.7 mbar) and this study (1 bar), both discharges operated in a non-thermal regime where thermal 67 

chemistry held limited influence. Consequently, while thermal processes were included in the kinetic 68 

scheme, the lack of model validation for conditions involving substantial gas heating was not a limiting 69 

factor. In addition, both discharges exhibited only mild vibrational-translational non-equilibrium, 70 

ensuring the validity of the assumptions and scaling laws used in previous work.11 71 

The set of vibrational relaxation rates used in the vibrational energy balance equations was adopted 72 

from previous work.11 Moreover, vibrational deactivation of CO by collisions with helium atoms was 73 

included based on the rates reported by Billing and Cacciatore,12 with a rate coefficient of 1.66 x 10-24 74 
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e(35.48 - 157*Tg
-1/3 + 193*Tg

-2/3)  cm3/s. Transitions involving higher vibrational levels (up to level 5) were 75 

scaled according to the Schwartz–Slawsky–Herzfeld (SSH) theory.13 76 

The detailed chemical kinetics were modified and added considering electron-impact processes 77 

(Supplementary Table 5). The formation of solid carbon in the gas-phase was included,14 while the 78 

carbon surface reaction scheme was taken from previous research.15 Reverse rates were computed from 79 

the detailed balance principle, with enthalpy and entropy as function of temperature for each species 80 

taken from the NASA polynomials.16 81 

The simulation domain was obtained by dividing the reactor into slices, each corresponding to the width 82 

of a single microdischarge (2 mm), based on estimates from  similar conditions.17 The input flow rate 83 

for the simulations was calculated using equation (6). 84 

Q
slice

= Q
tot

 ×
Vslice

Vtot
     (6) 85 

where Q
slice

 is the flow rate for a single slice, Q
tot

 is the total flow rate, and Vslice and Vtot 86 

represent the volume of a single slice and the total reactor volume, respectively. 87 

The time between consecutive microdischarges within the same reactor slice was derived from the 88 

microdischarge frequency fMD  and the gas residence time (tres) inside the plasma zone. The total 89 

number of microdischarges a gas volume experiences was given by equation (7). 90 

NMD,total = fMD × tplasma on    (7) 91 

where tplasma on is the total plasma-on time per second. The number of microdischarges per slice is 92 

calculated by equation (8). 93 

NMD,slice = 
NMD,total

Nslices
     (8) 94 

where Nslices is the number of slices in the reactor. The time between two consecutive 95 

microdischarges within a slice is then given by equation (9). 96 
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tbetween MD = tres/NMD, slice    (9) 97 

Using the reactor geometry (12 cm plasma zone, 1 cm tube inner diameter), Nslices= 31.4, and based on 98 

the gas residence time (tres = 9.5 s), the calculated time between microdischarges was approximately 99 

1×10−4 s. These numbers are kept the same for all conditions investigated, as the microdischarge 100 

frequency remains nearly constant. 101 

The power input during tplasma on  was calculated from the charge per microdischarge q
MD

  and the 102 

applied voltage UMD (equation 10): 103 

PMD = (q
MD

 × UMD)/tMD,lifetime    (10) 104 

where tMD,lifetime was the microdischarge duration, which was set to 15 ns based on estimates from for 105 

similar conditions.18 The power density was obtained by dividing the power input by the microdischarge 106 

volume, calculated assuming a cylindrical shape, and was then used as input parameter for the model. 107 

To mimic plug flow behavior, a continuous stirred-tank reactor (CSTR) model without inflow and 108 

outflow terms was employed. This approximation captured the effects of plasma-induced reactions 109 

within the reactor slices. 110 

 111 

Supplementary Note 5: Reactivity of carbon suboxide (C3O2) 112 

C3O2 has been used as a precursor to C3H6 and C3H8 in catalytic hydrogenation due to its high 113 

reactivity.19,20 In addition, C3O2 has been reported to spontaneously polymerize at room temperature.21 114 

Solids with chemical composition similar to C3O2 polymers formed from the monomer were also 115 

detected in an atmospheric pressure CO plasma.22 116 

 117 

Supplementary Note 6: In situ Raman control experiments using plasma-activated He, CO2, or 118 

CO 119 
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While feeding plasma-activated He, H2 from HER was the only detected product; accordingly, no peaks 120 

were observed in the Raman spectrum. This result confirms that plasma activation in the absence of 121 

carbon-containing gases cannot generate any CO2RR or CORR intermediates on the Cu surface and that 122 

the observed in situ Raman signals did not originate from plasma-induced artifacts or decomposition of 123 

the reactor or electrode components (Supplementary Fig. 62). In in situ Raman spectra obtained during 124 

plasma-activated CO2RR (Supplementary Fig. 63), reaction intermediates corresponding to *CHO and 125 

*(H)OCCOH were observed with enhanced intensities compared to plasma-activated CO2+CO 126 

reduction, supporting promoted CO2 activation and enhanced C-C coupling to multi-carbon products. 127 

Raman spectra collected under plasma-activated CO2 electrocatalysis also exhibited Cu oxide peaks 128 

over a wider potential range, which can be attributed to the presence of O2 derived from CO2 plasma 129 

splitting. This experiment also showed higher J than plasma-activated CO2+CO reduction 130 

(Supplementary Fig. 61), which resulted in significant bubble formation on the Cu surface and limited 131 

the collection of Raman measurements at more negative potentials. In situ Raman spectra were also 132 

collected during plasma-activated CORR (Supplementary Fig. 64), showing signals corresponding to 133 

*COrotation, *CHO, *(H)OCCOH, and *COatop, and providing further mechanistic insights when 134 

compared with plasma-activated CO2+CO. Reaction intermediates such as *(COOH), *COH, and *OC 135 

were observed under CO2+CO conditions but were absent with CO only, suggesting that these species 136 

are generated through CO2-derived pathways. In contrast, *COatop intermediates exhibited stronger 137 

intensities in plasma-activated CORR, implying that they are associated with CO-derived pathways. 138 

However, C deposition in plasma-activated CORR caused unstable and inhomogeneous plasma, as 139 

described earlier. 140 

 141 

Supplementary Note 7: Considerations for plasma kinetic simulation results 142 

The absolute quantities reported from simulation results may not reflect those of the real system, 143 

although we expect the trends—e.g., that vibrationally excited CO exhibits a longer lifetime than 144 

vibrationally excited CO2—to be accurate. Considering that our modeling was based on 0-dimensional 145 
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or pseudo-1-dimensional approximations, species spatial evolution, distribution, and mass transport in 146 

plasma activation processes were not considered. Moreover, the enhanced peak intensities 147 

corresponding to *CHO, *COH, and *(H)OCCOH intermediates observed in in situ Raman analysis 148 

cannot be adequately explained if C3O2 generated through plasma activation is assumed to be the only 149 

plasma species that reaches the electrocatalyst. For the enhancement of these intermediates, C3O2-150 

derived species would need to decompose and subsequently adsorb onto the catalyst surface; however, 151 

such a process is less likely given the intrinsic reactivity and polymerization tendency of C3O2.21 In 152 

addition, the enhanced formation of these surface species was similarly observed in plasma-activated 153 

CORR and plasma-activated CO2RR, whereas for the latter the formation of C3O2 was predicted to be 154 

negligible in the simulation. Taken together, these observations suggest that plasma species other than 155 

C3O2 are involved in the electrocatalytic reactions on Cu surface. 156 

 157 

Supplementary Note 8: Economic feasibility and future perspectives for plasma-electrocatalysis 158 

We evaluated the energy consumption per unit product (C2H5OH and C3H7OH) for plasma-coupled 159 

electrocatalysis compared to conventional electrocatalysis to provide preliminary assessment of 160 

economic feasibility (Supplementary Fig. 65). The analysis suggests that, for both products, even 161 

modest improvement in overall energy efficiency of product generation would justify a substantial 162 

amount of energy consumption from plasma activation. For example, if the current energy efficiency of 163 

CO2-to-C2H5OH electrocatalysis (~20%) could be improved to 30% by coupling with plasma activation, 164 

an additional energy consumption of up to 1.53 MJ mol-1 would be justifiable. This trend is even more 165 

pronounced for C3H7OH: improving the overall energy efficiency from the current level of ~10% to 20% 166 

would justify an additional energy consumption of up to 6.37 MJ mol-1. In other words, because current 167 

electrocatalytic CO2-to-multicarbon products conversion processes already consume substantial energy 168 

due to limited energy efficiency and high thermodynamic energy requirements, achieving an 169 

improvement in energy efficiency via plasma activation can render the associated energy overhead 170 

acceptable. Therefore, pre-activating CO2 or CO by plasma can provide a compelling strategy to 171 
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improve production rates for C3+ hydrocarbons and oxygenates, rather than feeding pure CO or 172 

modifying catalytic active sites through high-cost strategies such as alloying with noble metals, surface 173 

engineering, and composites. Overall, enhancing the conversion toward total liquid products such as 174 

alcohols can provide substantial economic and technological advantages,23 as these products not only 175 

possess high market value but also exhibit high energy density, making them suitable for storage and 176 

transportation in a final mixed liquid product stream.24 Liquid products can be readily condensed from 177 

the post-conversion gas stream, which can reduce separation costs.25 178 

The demonstration of a plasma-electrocatalytic CO2 reduction process reported herein illustrates the 179 

possibilities for one-step and rapid synthesis of a range of multi-carbon products, but vast unexplored 180 

directions remain to improve the product selectivity, product generation rates, and energy efficiency. 181 

For example, both plasma and electrocatalytic components can be tuned separately: The plasma 182 

activation process can be engineered to control the selectivity and formation rate of activated states and 183 

to optimize energy consumption (Supplementary Fig. 66). To illustrate the substantial enhancement 184 

possibilities, we find that reducing the discharge gap from 3 mm to 1 mm lowers power consumption 185 

from 46.9 W to 1.4 W, while still achieving similar enhancement in alcohols generation 186 

(Supplementary Fig. 67). Beyond DBD plasmas, other plasma types designed to target generation of 187 

species that can be utilized by electrocatalytic reduction may enable greater overall efficiency, such as 188 

gliding arc or microwave plasma for vibrationally excited species generation. Concurrently, 189 

electrocatalyst design strategies can focus on efficient reduction of oxidized C-C coupled species 190 

derived from C3O2. Catalyst properties can be tailored through alloying or structural modification to 191 

enhance hydrogenation activity rather than CO adsorption strength, or to tune binding affinities 192 

optimized for plasma-generated species including vibrationally excited CO2 or CO molecules. 193 

Fundamental understanding of the plasma-electrocatalyst coupling will reveal ways to further optimize 194 

and control the product generation pathways. Comprehensive investigations may tune the reactions 195 

toward specific desired products and gain additional insight into the coupling mechanisms through 196 

catalyst design, modification of the porous characteristics of the GDE, developing methods to improve 197 
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in situ characterization during plasma-electrocatalysis, and manipulating the plasma chemistry and 198 

physics. 199 



11 

 

 200 

  201 

Supplementary Fig. 1 | a-b, Schematic reaction diagram comparing activation energy barrier for 202 

CO2/CO conversion pathways starting from ground or plasma-activated states. (a) Ground and plasma-203 

activated COx were activated to *COx state, adsorbing on catalyst surface. (b) Ground and plasma-204 

activated COx were activated to different energy states. 205 
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 207 

Supplementary Fig. 2 | a-b, (a) Schematic illustration and (b) photograph of the plasma-208 

electrocatalysis combined flow reactor for CO2/CO conversion. 209 
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 211 

Supplementary Fig. 3 | XRD analysis of Cu phase in as-prepared gas diffusion electrode (GDE). 212 

Metallic Cu film with 400 nm thickness was deposited at a rate of 0.2 nm sec-1. 213 

 214 
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 215 

Supplementary Fig. 4 | a-b, XPS analysis of Cu oxidation states in as-prepared GDE. Metallic Cu film 216 

with 400 nm thickness was deposited at a rate of 0.2 nm sec-1. (a) Cu 2p and (b) Cu LMM spectra. 217 
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 219 

Supplementary Fig. 5 | a-b, Microstructure of as-prepared Cu GDE. (a) Low and (b) high 220 

magnification images. Metallic Cu film with 400 nm thickness was deposited on commercial 221 

polytetrafluoroethylene membrane at a rate of 0.2 nm sec-1. 222 
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 224 

Supplementary Fig. 6 | a-d, Product distribution of electrochemical conversion of ground state (plasma 225 

off) and plasma-activated CO2 at different plasma powers. (a) Plasma off, (b) 12.0 W plasma, (c) 28.7 226 

W plasma, and (d) 42.3 W plasma. e, Comparison of current density (J) versus applied potential. A 227 

mixed gas feed of 40 ml min-1 CO2 and 10 ml min-1 He was supplied. Each data point represents the 228 

mean and standard deviation of three independent measurements. 229 
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230 
Supplementary Fig. 7 | a-b, Evaluation of hydrogen evolution reaction (HER) during plasma off and 231 

plasma-activated CO2 electrochemical reduction at different plasma powers. (a) Faradaic efficiency (FE) 232 

and (b) partial J versus applied potential. Each data point represents the mean and standard deviation 233 

of three independent measurements. 234 
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 235 

Supplementary Fig. 8 | a-d, Partial J versus applied potential at different plasma powers and with 236 

plasma off for products that were exclusively detected with plasma coupling compared to 237 

electrocatalysis-only. Partial J of (a) C2H2, (b) C2H6, (c) C3H8, and (d) C4H10. Each data point represents 238 

the mean and standard deviation of three independent measurements. 239 
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 240 

Supplementary Fig. 9 | a-d, Partial J versus applied potential for products that showed an increase in 241 

generation rate with plasma coupling at different powers compared to electrocatalysis-only. Partial J of 242 

(a) CH4, (b) C2H5OH, (c) CH3COCH3, and (d) C3H7OH. Each data point represents the mean and 243 

standard deviation of three independent measurements. 244 
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 245 

Supplementary Fig. 10 | a-d, Partial J and FE versus applied potential for (a, c) carboxylic acids, 246 

HCOO-, and (b, d) CH3COO-, which showed similar FE with plasma coupling compared to 247 

electrocatalysis-only. (a, b) Partial J and (c, d) FE for ground-state CO2 and plasma-activated CO2 248 

electrochemical reduction at different powers. e, Partial J of C3H6 for plasma off and plasma-activated 249 

CO2 reduction at different powers. Each data point represents the mean and standard deviation of three 250 

independent measurements. 251 
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 252 

Supplementary Fig. 11 | a-b, Gas chromatogram of 42.3 W plasma-activated CO2. Gas chromatogram 253 

of (a) flame ionization detector (FID) and (b) thermal conductivity detector (TCD) columns. c, O2 peak 254 

before and during coupling with electrocatalytic reaction. d, Photograph of condensed H2O at gas outlet 255 

generated from oxygen reduction reaction on Cu GDE. A mixed gas feed consisting of 40 ml min-1 CO2 256 

and 10 ml min-1 He was used. 257 
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 258 

Supplementary Fig. 12 | a-b, Gas chromatogram of CO2+CO+O2 gas mixture (plasma off) for control 259 

experiment, including a gas feed consisting of 38 ml min-1 CO2 + 10 ml min-1 He + 1.7 ml min-1 CO + 260 

0.7 ml min-1 O2. (a) FID and (b) TCD column. 261 
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  262 

Supplementary Fig. 13 | a-b, Electrocatalytic conversion of the CO2 + CO + O2 mixed gas (plasma 263 

off) control experiment. (a) Partial J and (b) FE distribution versus applied potential. The flow rates of 264 

the gases in the mixed feed gas were 38 ml min-1 CO2 + 10 ml min-1 He + 1.7 ml min-1 CO + 0.7 ml 265 

min-1 O2. Each data point represents the mean and standard deviation of three independent 266 

measurements. 267 
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 268 

 269 

Supplementary Fig. 14 | Total current density for CO2 electrocatalysis, plasma-electrocatalysis, 270 

and mixed-gas control experiment. a, Linear sweep voltammetry (LSV) of CO2 electrocatalysis and 271 

CO2 + CO + O2 mixed gas control with a gas composition comparable to that of the plasma-activated 272 

CO2 effluent, without plasma activation. b, LSV of the mixed-gas control compared with CO2 plasma-273 

electrocatalysis using different plasma powers ranging from 12.0 to 42.3 W. Plasma-off operation 274 

(electrocatalysis-only) was used as a control. All measurements were performed in 1 M KOH electrolyte 275 

at a scan rate of 1 mV s-1. Each point is the averaged value of three independent measurements. 276 
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 278 

Supplementary Fig. 15 | a-d, Partial J comparison between electrocatalytic conversion of CO2 (plasma 279 

off) and CO2 + CO + O2 mixed feed (plasma off; simulated plasma effluent) versus applied potential. 280 

Partial J of (a) CH4, (b) HCOO-, (c) C2H4, and (d) CH3COO-. For the CO2 conversion, a mixture of 40 281 

ml min-1 CO2 + 10 ml min-1 He was fed. For the conversion of the simulated plasma effluent, a mixture 282 

of 38 ml min-1 CO2 + 10 ml min-1 He + 1.7 ml min-1 CO + 0.7 ml min-1 O2 was fed. Each data point 283 

represents the mean and standard deviation of three independent measurements. 284 
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 285 

Supplementary Fig. 16 | a-c, Partial J comparison between electrocatalytic conversion of CO2 (plasma 286 

off) and CO2 + CO + O2 mixture gases (plasma off) versus applied potential. Partial J of (a) C2H5OH, 287 

(b) C3H6, and (c) C3H7OH. d, Total J was compared between CO2 (plasma off) and CO2 + CO + O2 288 

mixture gases (plasma off) versus applied potential. For the CO2 conversion, mixed gas of 40 ml min-1 289 

CO2 + 10 ml min-1 He was fed. For the mixture gases conversion, mixed gas of 38 ml min-1 CO2 + 10 290 

ml min-1 He + 1.7 ml min-1 CO + 0.7 ml min-1 O2 was fed. Each data point represents the mean and 291 

standard deviation of three independent measurements. 292 
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 293 

Supplementary Fig. 17 | a-h, Microstructure analysis of Cu GDE after electrocatalytic conversion of 294 

(a, b) plasma off CO2, (c, d) 12.0 W plasma-activated CO2, (e, f) 28.7 W plasma-activated CO2, and (g, 295 

h) 42.3 W plasma-activated CO2. The reactions were conducted for 1 hour at -1.7 V (vs RHE, before 296 

IR compensation) in 1 M KOH electrolyte. (a, c, e, g) Low and (b, d, f, h) high magnification. A mixed 297 

gas feed consisting of 40 ml min-1 CO2 + 10 ml min-1 He was used. 298 
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 299 

Supplementary Fig. 18 | XPS analysis of Cu oxidation states after electrocatalytic conversion of 300 

ground state CO2 (plasma off) and plasma-activated CO2 at different powers. a, Cu 2p and b, Cu 301 

LMM spectra. Peaks at 567.8 eV in Cu LMM spectra correspond to Cu0 state. A shoulder peak at 572.5 302 

eV indicates the presence of native/subsurface oxide. The reactions were conducted for 1 hour at -1.7 303 

V (vs RHE, before IR compensation) in 1 M KOH electrolyte. A mixed gas feed consisting of 40 ml 304 

min-1 CO2 + 10 ml min-1 He was used. The surface layer was etched before XPS analysis using a C60 305 

gun. Peaks were calibrated based on C 1s spectrum as an internal standard. 306 
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 308 

Supplementary Fig. 19 | XRD pattern of Cu GDE after electrocatalytic conversion of ground state CO2 309 

(plasma off) and plasma-activated CO2 at different powers. The experiments were conducted for 1 hour 310 

at -1.7 V (vs RHE, before IR compensation) in 1 M KOH electrolyte. 311 
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 312 

Supplementary Fig. 20 | a-e, Analysis on microstructure, oxidation state, and phase of Cu GDE after 313 

electrocatalytic CO2 + CO + O2 (plasma off) conversion. (a) Low and (b) high magnification SEM 314 

images. (c) XPS Cu 2p spectrum, (d) XPS Cu LMM spectrum, and (e) XRD pattern. The flow rates of 315 

the mixed feed gases were 38 ml min-1 CO2, 10 ml min-1 He, 1.7 ml min-1 CO, and 0.7 ml min-1 O2. The 316 

experiment was conducted for 1 hour at -1.7 V (vs RHE, before IR compensation) in 1 M KOH 317 

electrolyte. 318 

a

1 μm

b

500 nm

40 50 60 70 80

In
te

n
s
it
y
 (

a
. 
u
.)

2q (degree)

c d

e

Cu 2p3/2Cu 2p1/2 Cu0
Cu2+

Cu+

970 960 950 940 930

In
te

n
s
it
y
 (

a
. 
u
.)

Binding energy (eV)

580 575 570 565

In
te

n
s
it
y
 (

a
. 
u
.)

Binding energy (eV)



31 

 

 319 

Supplementary Fig. 21 | Gas chromatograms showing product evolution during plasma on/off 320 

modulation in CO2 + CO plasma-electrocatalysis. a-b, Gas phase products were analyzed by GC 321 

during sequential plasma-on/plasma-off electrocatalysis using the same catalyst. A mixed gas of 30 ml 322 

min-1 CO2 + 10 ml min-1 CO + 10 ml min-1 He was supplied. A constant potential of -2 V (vs RHE, 323 

before IR compensation) was applied for 1 h, with plasma activation turned on during the first 30 min, 324 

followed by plasma-off (electrocatalysis only) operation for the remaining 30 min. (a) Gas 325 

chromatograms show the corresponding evolution of gas products upon plasma on/off with same y-axis 326 

scale. 1 M KOH solution was used as an electrolyte. (b) Product concentrations of major chemicals 327 

detected in the effluent gas stream from the reactor. 328 
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 329 

Supplementary Fig. 22 | Chemical state analysis of Cu catalysts after sequential plasma on/off 330 

operation. The chemical state of Cu was analyzed following a sequential plasma on/off experiment. A 331 

constant potential of -2 V (vs. RHE, before IR compensation) was applied for 1 h, with plasma-332 

electrocatalysis during the first 30 min followed by electrocatalysis-only operation for the subsequent 333 

30 min. a, Cu 2p XPS spectra. b, Cu LMM Auger spectra. Prior to XPS analysis, the samples were 334 

etched by a C60 gun to expose the catalyst surface. 335 
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 337 

Supplementary Fig. 23 | Gas product analysis of He plasma-electrocatalysis. a-b, Gas phase 338 

products generated in He plasma-electrocatalysis were analyzed under He feed of 50 mL min-1 with an 339 

applied potential of -2 V (vs. RHE, before IR compensation). The product gas stream was characterized 340 

by GC using (a) FID column and (b) TCD column. He was employed as the internal carrier gas for the 341 

TCD column, resulting in an inverted H2 signal. 342 
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 345 

Supplementary Fig. 24 | a-c, Gas chromatogram of 10.8 W plasma-activated CO. (a) FID and (b) TCD 346 

columns. (c) Magnified TCD column around O2 peak. O2 peaks were compared before and during 347 

coupling with electrocatalytic conversion. O2 was not detected. A mixed gas feed consisting of 30 ml 348 

min-1 CO and 20 ml min-1 He was used. 349 
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 350 

Supplementary Fig. 25 | a-c, Electrocatalytic conversion of CO with and without plasma. Product 351 

distribution of electrochemical conversion of (a) ground state CO (plasma off) and (b) 10.8 W plasma-352 

activated CO versus applied potential. (c) Total J comparison. A mixed gas feed consisting of 30 ml 353 

min-1 CO and 20 ml min-1 He was supplied. Each data point represents the mean and standard deviation 354 

of three independent measurements. 355 
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 356 

Supplementary Fig. 26 | a-b, Evaluation of HER during ground state (plasma off) CO and 10.8 W 357 

plasma-activated CO electroreduction. Comparison of (a) FE and (b) partial J versus applied potential. 358 

A mixed gas feed consisting of 30 ml min-1 CO and 20 ml min-1 He was supplied. Each data point 359 

represents the mean and standard deviation of three independent measurements. 360 
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 361 

Supplementary Fig. 27 | a-c, Comparison of partial J for C1 products between electrocatalytic 362 

conversion of ground state CO (plasma off) and 10.8 W plasma-activated CO. Partial J of (a) CH3OH, 363 

(b) HCOO-, and (c) CH4. A mixed gas feed consisting of 30 ml min-1 CO and 20 ml min-1 He was 364 

supplied. Each data point represents the mean and standard deviation of three independent 365 

measurements. 366 
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 367 

Supplementary Fig. 28 | a-f, Comparison of partial J for C2 products between electrocatalytic 368 

conversion of ground state CO (plasma off) and 10.8 W plasma-activated CO. Partial J of (a) CH3COO-, 369 

(b) C2H5OH, (c) CH3CHO, (d) C2H2, (e) C2H4, and (f) C2H6. A mixed gas feed consisting of 30 ml min-370 
1 CO and 20 ml min-1 He was supplied. Each data point represents the mean and standard deviation of 371 

three independent measurements. 372 
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 373 

Supplementary Fig. 29 | a-e, Comparison of partial J for C3+ products between electrocatalytic 374 

conversion of ground state CO (plasma off) and 10.8 W plasma-activated CO. Partial J of (a) C3H8, (b) 375 

C3H7OH, (c) CH3COCH3, (d) C3H6, and (e) C4H10. A mixed gas feed consisting of 30 ml min-1 CO and 376 

20 ml min-1 He was supplied. Each data point represents the mean and standard deviation of three 377 

independent measurement. 378 
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 380 

Supplementary Fig. 30 | a-b, (a) Photograph of filamentary CO plasma at 10.8 W power and (b) C 381 

deposition on the quartz tube wall after plasma operation. The flow rates of the gases in the mixed feed 382 

were 30 ml min-1 CO and 20 ml min-1 He. 383 

 384 

a

b



41 

 

 385 

Supplementary Fig. 31 | Gas chromatogram of plasma-activated CO2+CO with different feed 386 

compositions. The TCD chromatogram was magnified around the O2 peak. 387 
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 389 

Supplementary Fig. 32 | a-c, Gas chromatogram of 46.9 W plasma-activated CO2+CO. (a) FID and 390 

(b) TCD columns. (c) Magnified TCD column around the O2 peak. The O2 peak remained unchanged 391 

before and during coupling with electrocatalytic conversion, which suggested the absence of oxygen 392 

reduction. d, Image of the quartz tube after plasma operation. C deposition was mitigated compared to 393 

CO plasma at 10.8 W. The flow rates of gases in the mixed feed were 30 ml min-1 CO2 + 10 ml min-1 394 

He + 10 ml min-1 CO. 395 
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 396 

Supplementary Fig. 33 | Comparison of total production rate for C-containing products between 397 

ground state CO2, 42.3 W plasma-coupled CO2, and 46.9 W plasma-coupled CO2 + CO conversion.  398 
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 400 

Supplementary Fig. 34 | Evaluation of reaction activity and HER during plasma-electrocatalytic 401 

CO2 + CO conversion. a, LSV curves collected without (plasma off) and with 46.9 W plasma activation 402 

of CO2 + CO at a scan rate of 1 mV sec-1 in 1 M KOH electrolyte. b, Comparison of production rates 403 

of H2. A mixed gas was supplied consisting of 30 ml min-1 CO2, 10 ml min-1 CO, and 10 ml min-1 He. 404 

Each data point represents the mean of three independent measurements. 405 
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 407 

Supplementary Fig. 35 | Tafel slope analysis for plasma-activated versus ground-state CO2+CO 408 

electroreduction. The Tafel plots were obtained in the potential range where the slopes remain constant. 409 

Potential was swept at the scan rate of 1 mV sec-1 with and without plasma activation of CO2+CO in 1 410 

M KOH electrolyte. A mixed gas of CO2+CO+He was supplied with a ratio of 3:1:1. 411 

 412 

0.5 1.0 1.5 2.0 2.5 3.0

0.1

0.2

0.3

O
v
e

rp
o

te
n

ti
a

l 
(V

)

log [-J (mA cm-2)]

130 mV dec-1

94 mV dec-1

CO2 + CO (plasma off)

CO2 + CO (46.9 W plasma on)



46 

 

 413 

 414 

Supplementary Fig. 36 | a-c, Evaluation of C1 product formation during electroreduction of ground 415 

state (plasma off) CO2 + CO and 46.9 W plasma-activated CO2 + CO. Comparison of production rates 416 

of (a) CH4, (b) HCOO-, and (c) CH3OH versus applied potential. A mixed gas feed consisting of 30 ml 417 

min-1 CO2, 10 ml min-1 CO, and 10 ml min-1 He was used. Each data point represents the mean and 418 

standard deviation of three independent measurements. At -1.2 V for plasma-electrocatalytic 419 

experiments, three independent samples (six in total) were additionally analyzed to improve the 420 

reliability of the measurements. 421 
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 422 

Supplementary Fig. 37 | a-f, Evaluation of C2 product formation during electroreduction of ground 423 

state (plasma off) CO2 + CO and 46.9 W plasma-activated CO2+CO. Comparison of production rates 424 

of (a) C2H2, (b) C2H4, (c) C2H6, (d) CH3COO-, (e) C2H5OH, and (f) CH3CHO versus applied potential. 425 

A mixed gas feed consisting of 30 ml min-1 CO2, 10 ml min-1 CO, and 10 ml min-1 He was used. Each 426 

data point represents the mean and standard deviation of three independent measurements. At -1.2 V 427 

for plasma-electrocatalytic experiments, three independent samples (six in total) were additionally 428 

analyzed to improve the reliability of the measurements. 429 
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 431 

Supplementary Fig. 38 | a-f, Evaluation of C3+ product formation and total reaction activity during 432 

electroreduction of ground state (plasma off) CO2 + CO and 46.9 W plasma-activated CO2+CO. 433 

Comparison of production rates of (a) C3H6, (b) C3H8, (c) CH3COCH3, (d) C3H7OH, (e) C4H10, and (f) 434 

total J versus applied potential. A mixed gas feed consisting of 30 ml min-1 CO2, 10 ml min-1 CO, and 435 

10 ml min-1 He was used. Each data point represents the mean and standard deviation of three 436 

independent measurements. At -1.2 V for plasma-electrocatalytic experiments, three independent 437 

samples (six in total) were additionally analyzed to improve the reliability of the measurements. 438 
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 439 

Supplementary Fig. 39 | Electrocatalytic alcohols generation using plasma-activated (plasma on) 440 

and ground state (plasma off) CO2 and CO conversion. a-b, Alcohols selectivity was compared 441 

between plasma-activated CO2 + CO (plasma on) with ground-state CO2 + CO (plasma-off) 442 

electroreduction. Estimated FE for (a) C2H5OH and (b) C3H7OH, where FE was calculated by assuming 443 

either pure CO2 or pure CO as the reactant. A mixed gas feed of CO2 (30 mL min-1), CO (10 mL min-1), 444 

and He (10 mL min-1) was supplied, with/without a plasma power input of 46.9 W. All measurements 445 

were conducted in 1 M KOH electrolyte. Each data point in (a) and (b) represents the mean and standard 446 

deviation of three independent measurements. At -1.2 V for plasma-electrocatalytic experiments, three 447 

independent samples (six in total) were additionally analyzed to improve the reliability of the 448 

measurements. 449 
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 450 

Supplementary Fig. 40 | FID gas chromatogram of electroreduction of 46.9 W plasma-activated 451 

CO2+CO at -1.1 V, magnified around 1, 2-butanol peaks (top). Standard chemicals were analyzed (2-452 

butanol, middle, and 1-butanol, bottom). The flow rates of gases in the mixed feed were 30 ml min-1 453 

CO2 + 10 ml min-1 He + 10 ml min-1 CO. The reaction was conducted in 1 M KOH electrolyte. 454 
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 456 

Supplementary Fig. 41 | Long-term operation of plasma-electrocatalysis and electrocatalysis, and 457 

post-reaction chemical state analysis of Cu catalysts. a, Evolution of total current density during 458 

prolonged operation at a constant potential of -1.4 V (vs. RHE, before IR compensation). A mixed gas 459 

feed of CO2 (30 mL min-1), CO (10 mL min-1), and He (10 mL min-1) was supplied. 1 M KOH solution 460 

was used as an electrolyte. b-c, Post-reaction analysis on catalyst chemical state. (b) Cu 2p XPS spectra 461 

and (c) Cu LMM Auger spectra after 25 hours of operation. The surface layer was etched before XPS 462 

analysis using a C60 gun. Peaks were calibrated based on C 1s spectrum as an internal standard. 463 
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 466 

Supplementary Fig. 42 | Surface hydrophobicity of Cu GDEs before and after reactions. Water 467 

droplet contact--angle images were collected to evaluate changes in surface hydrophobicity of Cu GDE. 468 

a, Water contact image of the Cu GDE before reaction. b, Water contact image after electrocatalysis-469 

only reaction. c, Image after plasma-electrocatalysis. Reactions were conducted for 2 hours at an applied 470 

potential of -2 V (vs. RHE, before IR compensation) in 1 M KOH electrolyte with a mixed gas feed of 471 

CO2 (30 mL min-1), CO (10 mL min-1), and He (10 mL min-1). Gas was plasma-activated at a power 472 

input of 46.9 W. 473 
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 475 

Supplementary Fig. 43 | Post-reaction images of the GDE backside and plasma-electrocatalysis 476 

coupling region. a, Image of GDE backside before reaction. b, Backside view of the GDE after 477 

electrocatalysis-only conversion. c, Backside view of the GDE after plasma-electrocatalysis. d, Image 478 

of the gas transport pathway following a series of electrocatalytic and plasma-electrocatalytic 479 

experiments. 480 
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 482 

Supplementary Fig. 44 | a-c, Measurement of power consumption and microdischarge current of DBD 483 

plasma. (a) Electrical circuit for the measurements, including a capacitor for power measurements and 484 

a Rogowski coil for microdischarge analysis. (b) Lissajous plots of CO2 plasma at different powers. (c) 485 

Power consumption was measured using the internal area of the Lissajous plots. A mixed gas feed 486 

consisting of 40 ml min-1 CO2 and 10 ml min-1 He was supplied. 487 
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 488 

Supplementary Fig. 45 | a-f, Measurements and characterization of microdischarge current of CO2 489 

plasma at a, 12.0 W, b, 28.7 W, and c, 42.3 W. A mixed gas feed consisting of 40 ml min-1 CO2 and 10 490 

ml min-1 He was supplied. Measurements were processed based on previous work.26 Blue and red lines 491 

show voltage and microdischarge current, respectively. The grey dashed line represents displacement 492 

current. 493 
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 495 

Supplementary Fig. 46 | Lissajous plot of 10.8 W plasma-activated CO. A mixed gas feed consisting 496 

of 30 ml min-1 CO and 20 ml min-1 He was supplied. 497 
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 498 

Supplementary Fig. 47 | Measurement and characterization of microdischarge current of CO plasma 499 

at 10.8 W. A mixed gas feed consisting of 30 ml min-1 CO and 20 ml min-1 He was supplied. 500 

Measurements were processed based on previous work.26 Blue and red lines show voltage and 501 

microdischarge current. The grey dashed line represents displacement current. 502 
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 503 

Supplementary Fig. 48 | Lissajous plot of 46.9 W plasma-activated CO2+CO. A mixed gas feed 504 

consisting of 30 ml min-1 CO2, 10 ml min-1 CO, and 10 ml min-1 He was supplied. 505 
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  506 

Supplementary Fig. 49 | a-b, Measurement and characterization of microdischarge current of CO2+CO 507 

plasma at 46.9 W. A mixed gas feed consisting of 30 ml min-1 CO2, 10 ml min-1 CO, and 10 ml min-1 508 

He was supplied. Measurements were processed based on previous work.26 Blue and red lines show 509 

voltage and microdischarge current. The grey dashed line represents displacement current. 510 
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 512 

Supplementary Fig. 50 | Modeling conditions for plasma simulation. Sketch of the plasma zone, with 513 

simulation volume outlined by dashed boundaries. Simulation conditions are described. 514 
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 517 

Supplementary Fig. 51 | Calculated reduced electric field (E/N, i.e., ratio of electric field over gas 518 

number density), current (I) and electron temperature (Te) as a function of time for the first pulse for (a) 519 

80% CO2 + 20% He, (b) 60% CO + 40% He, and (c) 60% CO2 + 20% CO + 20% He. The end of the 520 

plasma pulse and the beginning of the afterglow region are marked by a vertical dashed line. 521 
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 522 

Supplementary Fig. 52 | Effect of CO2 addition on vibrational mode of CO (TCO). Simulated time 523 

evolution of TCO during the first pulse when CO2 was added to 60% CO + 40% He. When CO2 was 524 

added, the same amount of CO was removed from the feed gas mixture. 525 

 526 
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 527 

Supplementary Fig. 53 | Relaxation of vibrational mode of CO. Time evolution of TCO in the afterglow 528 

after the 10th consecutive pulse for 60% CO + 40% He. 529 
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 530 

Supplementary Fig. 54 | Simulated molar fractions of the main electronically excited species as a 531 

function of time for a-b, 80% CO2 + 20% He and c-d, 60% CO + 40% He. (a, c) Evolution of 532 

electronically excited species during the first pulse and (b, d) over 10 consecutive pulses. CO(A1P), 533 

CO(a3P), CO(a3Su), O(1D), and O2(a1) stand for CO(A1π), CO(a3π), CO(a’3Σ+), O(1D), and O2(a1Δg), 534 

respectively.  535 
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  536 

Supplementary Fig. 55 | a-b, (a) Optical emission spectra (OES) of plasma-activated CO2 at different 537 

plasma powers. Spectra were acquired in the wavelength range of (a) 250 to 500 nm and (b) 500 to 800 538 

nm for 500 ms. A mixed gas feed consisting of 40 ml min-1 CO2 and 10 ml min-1 He was supplied. 539 

Highlighted region in pink indicates electrically excited CO2 band. 540 
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 541 

Supplementary Fig. 56 | a-b, (a) OES of plasma-activated CO at 10.8 W plasma power. Spectra were 542 

acquired in the wavelength range of (a) 250 to 500 nm and (b) 500 to 800 nm for 500 ms. A mixed gas 543 

feed consisting of 30 ml min-1 CO and 20 ml min-1 He was supplied. 544 
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 545 

Supplementary Fig. 57 | a-b, (a) OES of plasma-activated CO2 + CO at 46.9 W plasma power. Spectra 546 

were acquired in the wavelength range of (a) 250 to 500 nm and (b) 500 to 800 nm for 500 ms. A mixed 547 

gas feed consisting of 30 ml min-1 CO2, 10 ml min-1 CO, and 10 ml min-1 He was supplied. Highlighted 548 

region in pink indicates electrically excited CO2 band. 549 
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 550 

Supplementary Fig. 58 | Simulated ground state species concentrations. Temporal evolution of the 551 

molar fractions of the ground state species formed upon CO and CO2 dissociation and recombination 552 

processes, a-b, during the first pulse for (a) 80% CO2 + 20% He and (b) 60% CO2 + 20% CO + 20% 553 

He, and c-d, over 10 consecutive pulses for (c) 80% CO2 + 20% He and (d) 60% CO2 + 20% CO + 20% 554 

He. 555 
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  557 

Supplementary Fig. 59 | Fourier transform infrared spectrum of deposited carbonaceous materials on 558 

KBr substrate placed in the location of the GDE in the plasma-electrocatalysis cell after ~30 hours of 559 

extended CO2+CO plasma activation. A mixed gas feed consisting of 30 ml min-1 CO2, 10 ml min-1 CO, 560 

and 10 ml min-1 He was supplied. The spectrum was baseline subtracted using a pristine substrate. 561 
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 563 

 564 

Supplementary Fig. 60 | Reactor setup for in situ Raman analysis in plasma-electrocatalysis. a, 565 

Schematic illustration of the plasma-electrocatalysis reactor configured for in situ Raman spectroscopy. 566 

Cu powder was loaded onto a commercial carbon GDE and was used as the working electrode. Ag/AgCl 567 

electrode and Ni foam were used as reference and counter electrodes, respectively. The cathode and 568 

anode compartments were separated by an anion exchange membrane to prevent possible oxidation of 569 

Cu during reactions. Aqueous 1 M KOH electrolyte was circulated through the cathode compartment. 570 

Plasma-activated or ground-state CO2 + CO (mixed ratio = 3:1) was supplied from the bottom of the 571 

reactor. b-c, Photographs of the reactor showing the (b) upper and (c) lower parts in the Raman setup. 572 

Horiba LabRAM HR Evolution was used. The excitation source was a 633 nm laser with a power of 573 

12.5 mW. 574 
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 576 

Supplementary Fig. 61 | Current for electrocatalytic CO2+CO reduction (plasma off), CO2 and 577 

CO2+CO plasma-electrocatalysis in in situ Raman reactor. Reaction activity was evaluated by 578 

measuring total current under a series of constant potentials ranging from 0 to -1 V (vs RHE, before IR 579 

compensation). All measurements were performed in 1 M KOH electrolyte. Mixed gas feeds of 580 

CO2+CO+He (ratio of 3:1:1) and CO2 +He (ratio of 4:1) were supplied. 581 

 582 
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 583 

Supplementary Fig. 62 | In situ spectroscopic investigation of surface intermediates in plasma-584 

activated He electroreduction. a-b, In situ Raman spectra were collected to probe adsorbed reaction 585 

intermediates on Cu catalysts in plasma-activated He electroreduction collected in the range of (a) 200-586 

1100 and (b) 1100-2100 cm-1. Spectra were acquired at OCV and under applied potentials ranging from 587 

0.03 to -0.87 V (vs. RHE, before IR compensation). Pure He was supplied during all measurements. 1 588 

M KOH solution was used as electrolyte. The laser source was 633 nm. 589 
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 591 

Supplementary Fig. 63 | In situ spectroscopic investigation of surface intermediates in plasma-592 

activated CO2 electroreduction. a-b, In situ Raman spectra were collected to probe adsorbed reaction 593 

intermediates on Cu catalysts in plasma-activated CO2 electroreduction collected in the range of (a) 594 

200-1100 and (b) 1100-2100 cm-1. Spectra were acquired under applied potentials ranging from 0.03 to 595 

-0.27 V (vs. RHE, before IR compensation). A mixed CO2+He gas feed with a ratio of 4:1 was supplied 596 

during all measurements. 1 M KOH solution was used as electrolyte. The laser source was 633 nm. 597 
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 599 

Supplementary Fig. 64 | In situ spectroscopic investigation of surface intermediates in plasma-600 

activated CO electroreduction. a-b, In situ Raman spectra were collected to probe adsorbed reaction 601 

intermediates on Cu catalysts in plasma-activated CO electroreduction collected in the range of (a) 200-602 

1100 and (b) 1100-2100 cm-1. Spectra were acquired under applied potentials ranging from 0.03 to -603 

0.87 V (vs. RHE, before IR compensation). A mixed CO+He gas feed with a ratio of 3:2 was supplied 604 

during all measurements. 1 M KOH solution was used as electrolyte. The laser source was 633 nm. 605 
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 607 

Supplementary Fig. 65 | Evaluation of overall energy efficiency of the plasma-electrocatalysis 608 

process considering the additional energy overhead introduced by plasma activation. a-b, The 609 

analysis was performed for two alcohols: (a) C2H5OH and (b) C3H7OH. The blue region indicates 610 

conditions where the overall process becomes less energy efficient due to the extra energy consumption 611 

of plasma activation, assuming that the overall plasma-electrochemical reaction operates at the 612 

corresponding energy efficiency. In contrast, the yellow region represents cases where plasma coupling 613 

enhances energy efficiency of the overall electrochemical reactions, making the overall plasma-614 

electrocatalysis process more energy efficient compared to current electrocatalysis-only conversion 615 

technology (i.e., the plasma energy consumption is justified by the enhanced efficiency of product 616 

generation during electrocatalysis). The dashed lines represent the plasma energy consumption per unit 617 

product, calculated based on the C2H5OH and C3H7OH production rates reported in this work, assuming 618 

an active area of 10 cm2 and a plasma power of 1.4 W. The underlying calculations used for this analysis 619 

compare energy consumption of electrocatalysis-only conversion (
∆𝐺𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
) 620 

and that of plasma-electrocatalysis (
∆𝐺𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝐸𝑛ℎ𝑎𝑛𝑐𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝑥)
+621 

𝑝𝑙𝑎𝑠𝑚𝑎 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑦)), where Enhanced energy efficiency is a variable that represents 622 

the overall energy efficiency for generating a given product using plasma-electrocatalysis, and 623 

∆𝐺𝑝𝑟𝑜𝑑𝑢𝑐𝑡 is the theoretical reaction energy to generate a specific product. 624 
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 626 

Supplementary Fig. 66 | Reduction of plasma power consumption via plasma reactor discharge 627 

gap engineering. a, Photograph of the plasma reactor configuration used for results reported in the 628 

main text figures, featuring a discharge gap of 3 mm. b, Photograph of the modified plasma reactor in 629 

which the quartz tube for the plasma region was thinned to reduce the discharge gap to 1 mm. c, 630 

Lissajous plots for power measurement, corresponding to energy consumption of 46.9 W for the 3 mm 631 

discharge gap and 1.4 W for the 1 mm discharge gap. A mixed gas feed of CO2 (30 mL min-1), CO (10 632 

mL min-1), and He (10 mL min-1) was supplied. The applied alternating voltage had a frequency of 19.1 633 

kHz. 634 
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 636 

 637 

 638 

Supplementary Fig. 67 | Evaluation of electrocatalytic CO2 + CO conversion using varying plasma 639 

reactor discharge gap. a-b, Electrocatalytic conversion of plasma-activated CO2 + CO was evaluated 640 

using a 1 mm discharge gap (1.4 W plasma) and 3 mm discharge gap (46.9 W plasma). Production rates 641 

for (a) C3+ products and (b) alcohols. C3+ products include C3H6, C3H7OH, C3H8, CH3COCH3, and 642 

C4H10. Alcohols include CH3OH, C2H5OH, and C3H7OH. Electrocatalysis-only conversion was used as 643 

a control. A constant potential of -2 V (vs. RHE, before IR compensation) was applied. 1 M KOH was 644 

used as an electrolyte. A mixed gas feed of CO2 (30 mL min-1), CO (10 mL min-1), and He (10 mL min-645 
1) was supplied. Each data point represents the mean and standard deviation of at least three independent 646 

measurements. 647 
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 649 

 650 

Supplementary Fig. 68 | Distance-dependent plasma coupling effects in plasma-electrocatalytic 651 

CO2 + CO conversion. a-c, Plasma-electrocatalytic coupling was systematically modulated by 652 

adjusting the position of the ground coil, thereby controlling the transport distance for plasma species 653 

between the plasma and the GDE. The distance from the plasma end to the GDE was set to (a) ~2.5 cm, 654 

(b) ~6.0 cm, and (c) ~8.8 cm. A mixed gas feed of CO2 (30 mL min-1), CO (10 mL min-1), and He (10 655 

mL min-1) was supplied during all measurements. 656 
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 658 

Supplementary Fig. 69 | Dependence of CO2 + CO conversion on plasma-electrocatalyst distance. 659 

a-d, Effect of the distance between the end of the plasma and the GDE on reaction activity and product 660 

generation rates. Plasma-electrocatalytic conversion was compared with electrocatalysis-only as a 661 

control. (a) Total current density. Production rates for (b) C3+ products, (c) alcohols, and (d) products 662 

not detected with electrocatalysis alone. C3+ products include C3H6, C3H7OH, C3H8, CH3COCH3, and 663 

C4H10. Alcohols include CH3OH, C2H5OH, and C3H7OH. Products not detected with electrocatalysis 664 

alone include CH3OH, C2H2, C2H6, C3H8, and C4H10. 30 ml min-1 CO2 + 10 ml min-1 CO + 10 ml min-1 665 

He was supplied. A 400 nm thick Cu film on PTFE membrane was used as an electrode, with the PTFE 666 

side facing the plasma, and the Cu film contacting the electrolyte. 1 M KOH aqueous solution was used 667 

as an electrolyte. Constant potential of -2.0 (V vs RHE, before IR compensation) was applied for 1 hour. 668 

Each data point represents the mean and standard deviation of three independent measurements. 669 
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Supplementary Table 1 | Comparison between our work and previous research on electrocatalytic 671 

conversion of CO2/CO to C3+ products. FE and partial J in this work were calculated assuming products 672 

were generated from CO2. For studies where cathodic EE was not explicitly reported, the values were 673 

calculated based on the potential and FE provided in the corresponding works. 674 

Catalysts Reactant Products 
Reactor 

type 
FE (%) 

Cathodic 

EE (%) 

Partial J 

(mA cm-2) 
Reference 

Cu GDE CO2 + CO 

C3H6, C3H8, 

CH3COCH3, 

C3H7OH, C4H10 

Plasma-

coupled 

flow 

reactor 

15.4±1.5 

(estimated) 

~6 

(estimated) 

53.2±4.4 

(estimated) 
This work 

Ni 

phosphide 
CO2 

Methylglyoxal 

2,3-furandiol 
H-cell 71 - < 0.5 [27] 

CuOD-Cu CO2 C3H7OH H-cell 17.9 <10 8.51 [28] 

Ag-Ru-Cu CO C3H7OH 

Membra

ne 

electrod

e 

assembl

y 

36±3 24 108 [29] 

Cu 

nanocavity 
CO C3H7OH 

Flow 

reactor 
21±1 ~10 7.8±0.5 [30] 

Fragmented 

Cu 
CO C3H7OH 

Flow 

reactor 
20 

10.8 

(full cell) 
8.5 [31] 

Cu2S-Cu-V CO2 C3H7OH H-cell 7 ~18 28 [32] 

Metal ion 

cycled Cu 
CO2 C3H7OH H-cell 14 ~20 15 [33] 

Cu3N-

derived Cu 
CO2 

C3H7OH, allyl 

alcohol 
H-cell 12.2 ~8 2.3 [34] 

2D Cu 

nanosheet 
CO C3H7OH 

Flow 

reactor 
9.8 ~1 0.98 [35] 

Ni 

phosphate-

derived Ni 

CO2 C3-C6 products H-cell 6.5 ~1 0.9 [36] 

Au0.02Cu0.98 CO2 C3H7OH H-cell 18.2±0.6 ~17 16.6 [37] 

Pb-rich Cu CO C3H7OH 
Flow 

reactor 
47±3 

25, 

18 

(full cell) 

38±2 [38] 

LSN-Cu CO C3H7OH 
Flow 

reactor 
54 29 71 [39] 

Sn-Cu CO C3H7OH 

Membra

ne 

electrod

e 

assembl

y 

47 
24 

(full cell) 
70.5 [40] 

ZnSnAuBiC

uO 
CO C3H7OH 

Flow 

reactor 
47 20.9 47 [41] 

 675 

676 
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Supplementary Table 2 | Comparison between our work and previous research on electrocatalytic 677 

conversion of CO2/CO to alcohols. FE and partial J in this work were calculated assuming products 678 

were generated from CO2. For studies where cathodic EE was not explicitly reported, the values were 679 

calculated based on the potential and FE provided in the corresponding works. 680 

Catalysts Reactant Products Reactor type FE (%) 
Cathodic 

EE(%) 

Partial J (mA 

cm-2) 
Reference 

Cu GDE CO2 + CO 

CH3OH, 

C2H5OH, 

and 

C3H7OH 

Plasma-

coupled flow 

reactor 

48.1±0.9 

(estimated) 

23.4 

(estimated) 

199.2±14.7 

(estimated) 
This work 

Supersaturated 

Ag-Cu 
CO2 C2H5OH 

Membrane 

electrode 

assembly 

40.4 
14.4 

(full cell) 
51.6 [42] 

NGQ/Cu-nr CO2 

C2H5OH 

and 

C3H7OH 

Flow reactor 52.4 ~12 147.8 [43] 

Cu-Zn film CO2 C2H5OH Flow reactor 25 
11 

(full cell) 
93 [44] 

Functionalized 

Ag-Cu 
CO2 C2H5OH Flow reactor 16.5 ~17 54.5 [45] 

Cu/BaO CO2 

C2H5OH 

and 

C3H7OH 

Flow reactor 61 30 244 [46] 

Ag0.14/Cu0.86 CO2 C2H5OH Flow reactor 41.4 ~20 103.5 [47] 

N-C/Cu CO2 

C2H5OH 

and 

C3H7OH 

Flow reactor 52±1 31 156 [48] 

Defect-site-

rich Cu 
CO2 

C2H5OH 

and 

C3H7OH 

Flow reactor ~60 ~17 ~100 [49] 

FeTPP[Cl]-Cu CO2 C2H5OH Flow reactor 41 ~23 124 [50] 

Cu/C-0.4 CO2 C2H5OH 
Rotating disk 

electrode 
91 ~30 1.1 [51] 

SnS2/Sn1-O3G CO2 C2H5OH H-cell 82.5 ~27 17.8 [52] 

Im-MoP CO2 C2H5OH Flow reactor 77.4 63.3 54.9 [53] 

Cu2O/Ag CO2 C2H5OH Flow reactor 40.8 22.3 326.4 [54] 

CoPc CO CH3OH Flow reactor 84 39.5 20 [55] 

Cu/Cu2O CO C2H5OH Flow reactor 68.8 40.9 111 [56] 

681 
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Supplementary Table 3 | Maximum cathodic conversion efficiency of ground state CO2 (plasma off), 682 

plasma-activated CO2 at different powers, and 46.9 W plasma-activated CO2+CO for C2H5OH and 683 

C3H7OH production. Energy efficiency was calculated assuming products were generated from CO2. 684 

Efficiency (Energy efficiencycathodic half–cell) was calculated based on equation (11): 685 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐 ℎ𝑎𝑙𝑓−𝑐𝑒𝑙𝑙 =
1.23−𝐸𝑖

°

1.23−𝐸𝑎𝑝𝑝𝑙𝑖𝑒𝑑
× 𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦𝑖  (11) 686 

where 𝐸𝑖
° is the standard reduction potential for the cathodic reaction i, and 𝐸𝑎𝑝𝑝𝑙𝑖𝑒𝑑 is the applied 687 

cathodic potential. 688 

Half-cell conversion 

efficiency 

Reactant 
C2H5OH (%) C3H7OH (%) 

CO2 (plasma off) 16.1 1.9 

CO2 (12.0 W plasma on) 16.9 2.3 

CO2 (28.7 W plasma on) 15.8 2.7 

CO2 (42.3 W plasma on) 12.6 2.7 

CO2+CO (46.9 W plasma on) 18.1 5.3 

 689 
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Supplementary Table 4 | Molar fraction of vibrationally excited CO2/CO molecules. Molar fraction 690 

of vibrationally excited CO2 and CO molecules, calculated at the end of the last microdischarge after 691 

100 µs, based on the ratio of excited state number densities of CO + CO2, over the total number density 692 

of gas molecules, for different CO2:CO ratios and vibrational temperatures (which define the extent of 693 

vibrational excitation, assuming a Boltzmann vibrational distribution). Calculated with a pseudo-1D 694 

model, thus not accounting for mass transport and interactions with the gas diffusion electrode, hence 695 

only providing qualitative estimates. 696 

CO2:CO ratio 
Vibrational 

Temperature (K) 

Total density 

(m-3) 

Excited density 

(m-3) 

Molar fraction of 

vibrational 

excitation 

10:90 300 2.45×1025 7.56×1020 3.09×10-5 

5:95 500 1.47×1025 2.92×1022 1.99×10-3 

2:98 760 9.66×1024 1.64×1023 1.7×10-2 

1:99 900 8.15×1024 2.63×1023 3.22×10-2 

0:100 1200 6.12×1024 4.69×1023 7.68×10-2 

 697 
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Supplementary Table 5 | Rate coefficients added or modified in this work compared to previous 698 

research.11 The electron-impact processes, described by energy-dependent cross sections and the 699 

electron energy distribution function (EEDF), are taken from specific databases within the LxCat 700 

database, as detailed in the reference column. M is a colliding partner, which includes all neutral species, 701 

unless specified differently. 702 

Reaction 

Rate coefficients (s-1, cm3 s-1, cm6 s-1, for 

unimolecular, bimolecular and trimolecular 

reactions, respectively) 

Reference 

e + CO2 → 2e + CO2
+ EEDFa [57] 

e + CO2 → 2e + CO + O+ EEDF [57] 

e + CO2 → 2e + O + CO+ EEDF [57] 

e + CO2 → 2e + O2 + C+ EEDF [57] 

e + CO2 → 2e + C + O2
+ EEDF [57] 

e + C → 2e + C+ EEDF [58] 

e + He → e + He EEDF [59] 

e + He → 2e + He+ EEDF [59] 

e + He → e + He(S) EEDFb [59] 

e + He → e + He(T) EEDFb [59] 

Electronic relaxation 

CO(a3π) + He → CO + He 1 × 10-14 [60] 

O(1D) + He → O + He 3 × 10-16 [60] 

O2(a
1∆g) + He → O2 + He 8 × 10-21 (Tg/300)0.5 [61] 

O2(b
1
Σg

+) + He → O2(a
1∆g) + 

He 
1 × 10-17 (Tg/300)0.5 [61] 

He(S) → He 1.27 × 10-4 [62] 

He(S) + M → He + M 8 × 10-15 [63] 

Penning ionization 

He(T) + CO → e + He + CO+ 9.4272 × 10-11 [64] 

He(T) + O2 → e + He + O2
+ 6.39 × 10-11 [65] 

He(T) + CO2 → e + He + CO2
+ 6.9 × 10-10 [63] 

Penning dissociation 

He(T) + CO → C + O + He 3.93 × 10-12 [64] 

He(T) + O2 → 2O + He 4.548 × 10-11 [65] 

Thermal chemistry 

2O + He ↔ O2 + He 1 × 10-33 [61] 

2O + He ↔ O2(a
1∆g) + He 9.88 × 10-35 [61] 

O + O2 + He ↔ O3 + He 3.4 × 10-34 (Tg/300)-1.2 [61] 

O + O2 + O3 ↔ 2O3 2.3 × 10-35 e(-1057/Tg) [61] 

C + CO + M ↔ C2O + Mc 1.5 × 10-31 [66] 

C + CO + He ↔ C2O + He 6.3 × 10-32 [67] 

C + CO ↔ C2 + O 3.32 × 10-7 (1/Tg) e(-58000/Tg) [68] 

2C + M ↔ C2 + M 2.76 × 10-32 Tg
-0.5 [63] 

C + C2O ↔ C2 + CO 7.47 × 10-13 Tg
0.5 [69] 

2C2 ↔ C3 + C 8.3 × 10-13 Tg
0.5 [63] 

2C2 + M ↔ C4 + M 2.76 × 10-21 Tg
-3 [14] 

C2 + O2 ↔ CO2 + C 6.6 × 10-13 [70] 
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C2 + O2 ↔ 2CO 1.83 × 10-12 [70] 

C2O + O → 2CO 1.2 × 10-11 [71] 

C2O + CO(a3π) → 2CO + C 2 × 10-9 [71] 

C2O + O2 → CO + CO2 3.3 × 10-13 [72] 

C2O + C2O ↔ C2 + 2CO 9.96 × 10-12 e(-2770/Tg) [69] 

C2O + C2 ↔ C3 + CO 7.47 × 10-13 Tg
0.5 [69] 

C2O + C3 ↔ C4 + CO 7.47 × 10-13 Tg
0.5 [69] 

C3O2 + M ↔ C2O + CO + M 2.49 × 10-9 e(-29470/Tg) [69] 

C3O2 + C ↔ C2 + 2CO 5.98 × 10-10 e(-2770/Tg) [69] 

C3O2 + C2 ↔ C3 + 2CO 7.47 × 10-13 Tg
0.5 e(-10200/Tg) [69] 

C3O2 + C3 ↔ C4 + 2CO 7.47 × 10-13 Tg
0.5 e(-10200/Tg) [69] 

C3O2 + O ↔ 3CO 5.2 × 10-13 [73] 

C3O2 + O ↔ C2O + CO2 4.1 × 10-14 [73] 

C3 + M ↔ C2 + C + M 6.64 × 10-8 e(-75480/Tg) [14] 

C3 + O ↔ C2 + CO 5 × 10-11 Tg
0.5 [70] 

C3 + O2 ↔ C2 + CO + O 1 × 10-12 [70] 

C3 + O2 ↔ C2 + CO2 1 × 10-12 [70] 

C4 + O ↔ C3 + CO 5 × 10-11 Tg
0.5 [70] 

C4 → 4Cs 8 × 103 [14] 

Ion-neutral reactions 

O- + He(S, T) → O + He + e 3 × 10-10 [61] 

O2
- + He(S, T) → O2 + He + e 3 × 10-10 [61] 

O3
- + He(S, T) → O3 + He + e 3 × 10-10 [61] 

O4
- + He(S, T) → 2O2 + He + e 3 × 10-10 [61] 

CO3
- + He(S, T) → CO2 + O + 

He + e 
3 × 10-10 [61] 

CO4
- + He(S, T) → CO2 + O2 + 

He + e 
3 × 10-10 [61] 

He+ + O ↔ He + O+ 5 × 10-11 (Tg/300) 
0.5 [61] 

He+ + O2 ↔ He + O + O+ 1.07 × 10-9 (Tg/300) 
0.5 [74] 

He+ + O2 ↔ He + O2
+ 3.3 × 10-11 (Tg/300) 

0.5 [61] 

He+ + O3 ↔ He + O2 + O+ 1.07 × 10-9 (Tg/300) 
0.5 [61] 

He+ + C ↔ He + C+ 3.25 × 10-17 Tg 
0.968 [75] 

He+ + CO ↔ He + C + O+ 1.4 × 10-16 Tg 
-0.5 [70] 

He+ + CO ↔ He + O + C+ 1.4 × 10-9 [76] 

He+ + C2O ↔ He + CO + C+ 1 × 10-9 (Tg/300)-0.5 [70] 

He+ + CO2 ↔ He + CO2
+ 5 × 10-12 [74] 

He+ + CO2 ↔ He + O + CO+ 7.7 × 10-10 [74] 

He+ + CO2 ↔ He + CO + O+ 1.8 × 10-10 [74] 

He+ + CO2 ↔ He + O2 + C+ 4 × 10-11 [74] 

He+ + CO2 ↔ He + C + O2
+ 5 × 10-12 [74] 

aIncludes ionization to electronically excited CO2
+, with instantaneous relaxation to ground state CO2

+ 703 

bExcitation to triplet (T) and singlet (S) states are lumped together 704 

cM = all neutrals, except He 705 

 706 
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