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11 Abstract

12 Electrochemical carbon dioxide reduction represents a promising path to utilize CO2 as a 

13 feedstock for generating valuable products such as fuels and chemicals. Faradaic efficiencies 

14 near 100% have been achieved for certain CO2 reduction products such as CO, but the 

15 electrolyzer outlet streams usually contain large fractions of unreacted CO2, dropping the 

16 product concentrations below 1% in many cases. The system disclosed here recycles the 

17 unreacted CO2 together with the products and flows them back into the CO2 reduction reactor, 

18 enabling much higher CO2 conversion rates without dropping the gas flow rate. However, 

19 simple recirculation is shown to accumulate significant amounts of hydrogen, impeding 

20 effective CO2 reduction. In this looped system, an electrochemical H2 pump is placed in series 

21 with the CO2 reactor, which effectively removes all the H2 from the recycled gas stream, 

22 increasing the concentrations of carbon-containing products. The system was initially tested 

23 with a CO-generating catalyst and CO concentrations above 70% were achieved in the recycled 

24 gas stream, compared to a maximum CO concentration of 8% in single-pass configuration. 

25 Results with a CO2 reactor targeting ethylene as the main product show that ethylene 

26 concentrations of at least 10% can be achieved, which is roughly 20 times higher compared to 

27 a single-pass system.
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28 Introduction

29 Ethylene is the largest-volume synthetic organic chemical world-wide, predominantly 

30 produced from steam cracking of alkanes.1–4 This traditional process of making ethylene 

31 generates the greenhouse gas carbon dioxide in significant quantities as a byproduct. In an age 

32 of rising temperatures due to increasing CO2 concentrations in the atmosphere, an alternative, 

33 more environmentally friendly process becomes highly desirable. Electrochemical CO2 

34 reduction is a particularly promising path since it uses CO2 as a feedstock – rather than 

35 generating it as a byproduct – to produce ethylene.

36

37 Since the initial reports of Hori et al.,5,6 much progress has been made towards improving the 

38 efficiency of electrochemical CO2 reduction to ethylene, particularly by tuning the 

39 microenvironment of Cu catalysts.7–12 However, most publications in the recent literature report 

40 ethylene concentrations below 10% in electrolyzer outlet streams, even with faradaic 

41 efficiencies above 50% and current densities higher than 1 A cm-2. In many of these reports, 

42 ethylene is actually produced at concentrations well below 1% (Fig. 1 and Table S1).13–26
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Fig. 1 Ethylene concentration values as a function of the cathode gas flow rate, calculated 

from recent reports in the literature.13–26 Detailed values are shown in Table S1 together with 

the calculation method.

43 To date, ethylene concentrations above 10% have only been achieved by reducing the inlet flow 

44 rate of CO2 significantly. However, this can lead to problematic flow conditions that starve 

45 catalytic sites of CO2, quickly resulting in the hydrogen evolution reaction (HER) dominating 

46 over CO2 reduction, and reducing CO2 electrolyzer performance. Additionally, current 

47 literature would suggest, as embodied in Fig. 1, that it is not clear if ethylene concentrations 

48 above 40% could ever be reached by further reducing the CO2 flow rates.

49

50 An alternative way to increase C2H4 concentrations in the outlet stream and simultaneously 

51 enhance CO2 utilization is to recirculate the generated fuel stream back into the electrolyzer. 

52 However, using a recirculation system will also concentrate any byproducts from CO2-to-C2H4 

53 conversion, such as H2, which we show can impede the production of ethylene. Therefore, we 

54 decided to develop a looped system for CO2 reduction that employs a hydrogen pump to remove 

55 H2 from the gas loop. While the operation of an H2 pump is generally challenging under 

56 conditions of high carbon monoxide concentrations, which effectively poisons the employed Pt 

57 catalysts, moving to temperatures above 160 °C can circumvent these poisoning issues, 

58 provided appropriate materials are chosen.27 With the above-mentioned recycling system, we 

59 were able to produce a gas stream with a peak ethylene concentration of 9.4%, a value roughly 

60 20 times higher than that achieved using a single-pass system operated under comparable 

61 conditions.

62

63 Materials and methods

64 System architecture
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65 A simplified version of the CO2 gas recycling setup is displayed in Fig. 2 and the detailed 

66 diagram is shown in Fig. S1.

4 cm2 cathode
Au/Cu on carbon paper

Anion exchange 
membrane (Selemion)

4 cm2 anode
Ir on Ti mesh

1 M KHCO31 M KHCO3 + O2

20 ml reservoir, filled half
O2

Peristaltic pump
~ 6 ml min-1

CO2, CO, 
C2H4, H2 Recirculation

Flush

Peristaltic 
pump

CO2 cylinder

Vent

GC

Additional CO2
for closed loop

H2 → 2 H+ + 2 e-

2 H+ + 2 e- → H2

PEM - membrane

Electrochemical 
H2 pump (5 cm2)

H+

CO2, CO,
C2H4

H2

Electrochemical 
CO2 reduction cell

Fig. 2 CO2 gas recirculation system consisting of a 4 cm2 electrochemical CO2 reduction cell, 

a 5 cm2 electrochemical H2 pump with proton-exchange membrane (PEM), a gas 

chromatograph (GC), a 4-way valve to open/close the gas loop, a 3-way valve to enable flow 

of fresh CO2 into the loop and a peristaltic pump to move the gases. A more detailed diagram 

of the setup can be seen in Fig. S1.

67 Initially, CO2 flows from the gas cylinder through a peristaltic pump and then through the 

68 cathode of a CO2 reduction cell, the anode of a hydrogen pump and a gas chromatograph until 

69 it reaches a 4-way valve where the mixed gas stream is vented. The CO2 reduction cell was 

70 tested with Au and Cu catalysts in the cathode chamber, and generally produced a gas mix of 

71 H2, CO and C2H4 (no C2H4 with Au). The gas mix from the CO2 reduction cell outlet then flows 

72 into the H2 pump where H2 is selectively oxidized, yielding a pure stream of H2 and a gas mix 

73 in the loop which is essentially free of H2. After air is flushed from the system and the system 
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74 yields a stable performance, the 4-way valve is turned into recirculation mode, guiding the gas 

75 mix from the CO2 reduction cell outlet back to its inlet. An additional 3-way valve was installed 

76 to enable the addition of fresh CO2 into the closed gas loop, as a way of regulating CO2 partial 

77 pressure in the system.

78

79 CO2 reduction cell materials

80 A 4 cm2 platinized Ti mesh (~270 µm thick) was coated with 100 nm of Ir (0.23 mg cm-2) by 

81 sputtering and used as the anode of the cell. For the cathode, 4 cm2 large carbon paper (AvCarb 

82 GDS2230, 275 µm thick) with a hydrophobic, micro-porous layer (MPL) was sputtered with 

83 either 100 nm of Cu (0.09 mg cm-2) or 100 nm of Au (0.19 mg cm-2). Selemion AMV 

84 membranes (chloride form, ~100 µm thick) from AGC Engineering were used to separate anode 

85 and cathode. The endplates were machined from polymethylmethacrylate containing straight 

86 flow channels for the anode and serpentine flow channels for the cathode compartment. Laser-

87 cut, window frame-shaped silicone pieces served as gaskets. The thickness of the gaskets and 

88 the torque of the screws (0.1 N m) determined the cell compression. The electrodes were 

89 contacted by 25 μm thick tantalum strips, which were connected to the potentiostat clamps.

90

91 H2 pump materials

92 An acid-compatible 5 cm2 cell from Fuel Cell Technologies Inc. with aluminum endplates, 

93 gold-coated current collectors and graphite/Ti flowfields with serpentine flow channels for the 

94 anode/cathode was used as the hydrogen pump. Celtec P1100W Anode material (Fuel Cell 

95 Store), consisting of a woven carbon cloth with MPL and a Pt catalyst with a loading of 

96 ~1 mg cm-2, was used for both the anode and cathode, which were separated by a high-

97 temperature Celtec-P membrane (Fuel Cell Store). Teflon gaskets were employed to achieve 

98 roughly 20% compression of the electrodes by tightening the cell bolts to 4.5 N m.
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99

100 Measurement conditions

101 Unless otherwise mentioned, the following experimental conditions were used. A peristaltic 

102 pump pushed 1м KHCO3 at a flow rate of ~6 mL min-1 through the anode chamber of the CO2 

103 reduction cell. KHCO3 electrolytes were prepared using ACS reagent-grade powder from 

104 Sigma-Aldrich. CO2 was recirculated using a peristaltic pump and the pump tubing’s inner 

105 diameter was varied to change the flow rate. The pressure in the gas loop was controlled with 

106 a pressure regulator and by adjusting the flow rate of fresh CO2 entering the loop. A mass flow 

107 meter was used to precisely measure the flow rate and pressure in the gas loop. Argon was 

108 flowed at 5 sccm to flush the cathode of the hydrogen pump and aid with accurate product 

109 detection via gas chromatography. During the heating phase of the H2 pump, argon was also 

110 flowing through the anode side. After the temperature equilibrated, the anode gas flow was 

111 changed to H2 or the outlet of the CO2 reduction cell. All electrochemical measurements were 

112 performed in 2-electrode configuration and cyclic voltammograms were measured with a scan 

113 rate of 10 mV s-1.

114

115 Product analysis

116 The recycled gas stream was fed into a gas chromatograph in the gas loop from SRI Instruments 

117 (Multiple Gas Analyzer #5, 8610C) equipped with a thermal conductivity detector and flame 

118 ionization detector (FID). Prior to the FID, all products went through a methanizer to increase 

119 the minimum detection limit of some carbon-based products. The highest CO concentration 

120 available for calibration of the FID was 8.12%. If CO concentrations exceeded the calibration 

121 limits, a calibration curve for CO2, which was established for concentrations up to 100%, was 

122 used for calculating CO concentrations. Since both CO and CO2 are methanized before 

123 detection with the FID, they can be expected to yield very similar calibration curves. Liquid 

124 products were quantified using Nuclear Magnetic Resonance (500 MHz Bruker) with 0.05м 
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125 phenol and 0.01м dimethyl sulfoxide as the internal standards for quantification. A pre-

126 saturation sequence was used to suppress the water peak. Quantification was done with 400 μL 

127 of anolyte used for CO2 reduction and then added to 50 μL of internal standard solution and 

128 50 μL of D2O. The detailed determination of product concentrations is described by Prabhakar 

129 et al.28,29 It should be noted that liquid products were only detected in the anode, where product 

130 re-oxidation is possible and may potentially skew faradaic efficiencies.

131

132 X-ray photoelectron spectroscopy (XPS)

133 The chemical composition of Cu and Au electrocatalysts (Cu 2p and Au 4f) was obtained by 

134 XPS on a Kratos Axis Ultra DLD system at a take-off angle of 0° relative to the surface normal. 

135 An Al Kα source (hν = 1,486.6 eV) was used with a pass energy of 20 eV for the narrow scan 

136 of core levels and valence band spectra with a step size of 0.05 eV and 0.025 eV, respectively. 

137

138 Results and discussion

139 Hydrogen pump characterization

140 Before integration into the gas recycling loop, the hydrogen pump was characterized separately. 

141 Since hydrogen oxidation reaction (HOR) is catalyzed by the anode of the H2 pump and HER 

142 occurs at the cathode, the thermodynamic voltage for these coupled cell reactions is 0 V. Under 

143 feed conditions of pure H2, the maximum current can be determined as a function of the anode 

144 flow rate (Imax = 131 mA sccm-1) assuming a faradaic efficiency for HOR of 100%. As shown 

145 in Fig. 3a, the maximum current is achieved at voltages as low as 0.1-0.2 V, indicating low 

146 overpotentials.

Page 8 of 18Sustainable Energy & Fuels



9

0 0.2 0.4 0.6 0.8 1
Voltage [V]

0

200

400

600

800

1000
C

ur
re

nt
 [m

A
]

5 sccm H2
5 sccm cal. gas (no H2)

5 sccm cal. gas (with H2)

Theoretical limit

Theoretical limit

0 500 1000 1500 2000
Time [s]

90

100

110

120

C
ur

re
nt

 [m
A

]

180 °C cal. gas 0.1 V
160 °C cal. gas 0.1 V
140 °C cal. gas 0.1 V

140 °C cal. gas 0.3 V
140 °C cal. gas 0.5 V
140 °C CO2 + H2 0.1 V

(a) (b)

Fig. 3 Performance testing of the hydrogen pump with different anode feed gas compositions. 

(a) Cyclic voltammetry measurements at 180 °C indicate that the H2 pump operates near the 

theoretical limit even when fed by a CO-containing calibration gas (15.9% H2, 2.6% CO, 

1.7% CH4, 0.9% C2H4, 0.7% C2H6, 78.3% CO2). (b) Short-term stability tests with calibration 

gas (16.7% H2, 6.8% CO, 4.2% CH4, 3.3% C2H4, 2.5% C2H6, 66.5% CO2) and CO-free feed 

(15.5% H2, 84.5% CO2), flowing at 5 sccm at different cell temperatures and voltages, 

indicate CO poisoning effects at temperatures below 160 °C. The small current fluctuations 

appearing roughly every 800 s are caused by slight pressure changes due to GC injections.

147 The initial current spike around 0.1 V in the forward scan direction can be explained by 

148 accumulation of H2 near the H2 pump’s anode, temporarily enabling the current to go beyond 

149 the theoretical limit at the beginning of the measurement. Since Pt catalysts were used to support 

150 HOR and HER, it is important to consider CO poisoning effects, as CO binds tightly to Pt at 

151 room temperature. However, sufficiently high temperatures can prevent CO accumulation on 

152 the Pt surface, enabling long-term operation.27 To investigate these effects, the H2 pump was 

153 fed with a calibration gas containing both H2 and CO (Fig. 3a). In this case, the theoretical 

154 current limit was again achieved at low voltages near 0.1 V, indicating that CO poisoning is 

155 absent when the cell is heated to 180 °C. Furthermore, HOR is not the only possible reaction at 

156 the anode of the H2 pump. For example, CO or ethylene oxidation to CO2 can also be coupled 
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157 to HER at the cathode. For this reason, a hydrogen-free calibration gas was fed to the H2 pump’s 

158 anode and the current measured as a function of the applied bias (Fig. 3a). During this test, no 

159 current is observed until ~0.5 V, at which point the overpotential is sufficiently high to drive 

160 oxidation of carbon-based molecules. Therefore, to prevent re-oxidation of CO2 reduction 

161 products in the gas recycling loop displayed in Fig. 2, it is important to operate the H2 pump at 

162 voltages below 0.5 V.

163

164 In a second series of tests, the minimum H2 pump temperature to prevent CO poisoning was 

165 examined (Fig. 3b). Lower temperatures are desirable for reducing operating costs and if side 

166 reactions such as ethylene hydrogenation to ethane are to be minimized, which may occur on 

167 the hot anode surface if ethylene and H2 concentrations are sufficiently high and the cell is not 

168 biased. The cell was again heated to 180 °C and tested, followed by temperatures of 160 °C and 

169 140 °C. While the performance between 160 °C and 180 °C is very similar at 0.1 V, the current 

170 drops significantly at 140 °C and hydrogen was detected at the anode outlet (Fig. S2), indicating 

171 that not all of the H2 was pumped across the membrane. While switching to higher applied 

172 voltages of 0.3 and 0.5 V can recover some of the current (Fig. 3b) and pump more H2 across 

173 the membrane (Fig. S2), it increases the risk of carbon-based molecules oxidation in the anode 

174 and is therefore not desirable. To confirm that CO is the performance-limiting factor at 140 °C, 

175 the H2 pump was also tested with a gas containing only H2 and CO2, which shows similar 

176 performance to the tests at higher temperatures with no signs of CO poisoning (Fig. 3b). In 

177 summary, it can be concluded that the minimum operating temperature to prevent CO poisoning 

178 is 160 °C.

179

180 CO2 reduction to CO

181 After the performance of the H2 pump was characterized, the gas recycling system shown in 

182 Fig. 2 was assembled and tested using a Au catalyst on the cathode of the CO2 reduction cell. 
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183 In this configuration the main expected products from CO2 reduction are H2 and CO. Since H2 

184 is removed from the recycled gas stream by the H2 pump, CO is expected to accumulate over 

185 time in the closed loop. An initial test with this system yielded a CO concentration of ~40% 

186 after 6 h of operation, up from 2% when using only single-pass conversion (Fig. S3). While 

187 this level of product accumulation marks a significant improvement, this experiment also 

188 revealed that a large fraction of gas concentrations could not be accounted for. Besides H2, CO 

189 and CO2, the only other gas expected in the looped stream is the carrier gas from the GC. Since 

190 the recycled gas stream flows directly through the sample loop of the GC, every injection of the 

191 GC will push carrier gas into the closed loop when the GC valve switches back to the default 

192 position. The concentration of the carrier gas in the loop cannot be measured directly by the GC 

193 but can be estimated by the volume of the sample loop (Fig. S4a). However, a control 

194 experiment with only CO2 recirculating in the loop revealed that the concentration of carrier 

195 gas in the loop can be much larger than expected since the carrier gas in the GC is pressurized, 

196 leading to a ~3x higher concentration than initially estimated (Fig. S4b). Therefore, the standard 

197 valve setup of the GC was modified to prevent carrier gas from entering the gas loop (Fig. S5).

198

199 Another experiment was carried out with the modified GC valve setup, again targeting CO as 

200 the main product with the gas recycling system. Since carrier gas is now absent in the recycled 

201 gas stream, the CO concentration reached a much higher peak value of 72.5% (Fig. 4a), nearly 

202 doubling the concentration compared to the test without the modified GC valve setup (Fig. S3).
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Fig. 4 Recirculation experiment performed with Au as the CO2 reduction catalyst, operated 

at 3 V. (a) Concentration of gases in the recycling loop (in mol %). After 1 h of operation, 

the loop was closed and after 7.5 h, the flow of fresh CO2 was stopped. (b) Pressure and mass 

flow rate in the recycling loop.

203 During the first hour of the experiment, the CO concentration equilibrated near 8% using only 

204 single-pass conversion, after which the gas loop was closed, explaining the rise in CO 

205 concentration over time. After the loop was closed, the pressure in the gas stream was controlled 

206 via the flow rate of fresh CO2 flowing into the loop and set to ~19 psi (Fig. 4b). After 6.5 h of 

207 operation in closed loop mode, the addition of CO2 was stopped, causing a rapid pressure 

208 decrease since the remaining CO2 in the loop is consumed via reaction to CO and carbonate 

209 crossover through the membrane, and produced hydrogen is removed through the H2 pump. 

210 After CO2 was removed from the loop, a peak CO concentration of 72.5% was achieved at 

211 minimal concentrations of H2. 

212

213 In this case, the missing gas concentrations may be explained by a gas leak of the system, which 

214 allowed air to enter the loop as the loop pressure dropped below ambient pressure (~14.4 psi). 

215 Control experiments showed that the leak is not coming from any of the electrochemical cells, 

216 but likely arises from the tubing installed in the peristaltic pump. Other pumps which are 
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217 specifically designed to be leak-free for gases, such as gas-tight diaphragm pumps, are expected 

218 to yield even higher peak CO concentrations. Alternatively, the tubing around the pump could 

219 be put into a CO2 atmosphere, also preventing any air from entering the gas loop. However, this 

220 was beyond the scope of this manuscript. As shown by XPS measurements taken before and 

221 after this looped experiment, the Au catalyst composition was stable (Fig. S6).

222

223 CO2 reduction to Ethylene

224 In a separate set of experiments, the potential of the gas recycling loop to concentrate ethylene 

225 was examined. For this reason, the Au catalyst on the CO2 reduction cell’s cathode was swapped 

226 to a Cu catalyst. Initial tests in single-pass configuration indicate that C2H4 concentrations 

227 below 0.5% can be expected for gas flow rates of 7 sccm or higher (Fig. S7).

228

229 Switching from single-pass configuration to gas stream recirculation yielded C2H4 

230 concentrations near 1% if no H2 pump is used (Fig. S8). This recycling experiment clearly 

231 demonstrated that H2 accumulates very quickly with an exponential trend in the absence of an 

232 H2 pump, prohibiting the accumulation of C2H4. The exponential trend of HER can be explained 

233 by the decreasing availability of CO2 as HER starts to dominate, reducing the chances of CO2 

234 reduction and further enhancing the rate of HER, resulting in a self-accelerating switch to HER.

235

236 Similarly, a separate single-pass experiment was carried out where the CO2 cathode inlet feed 

237 was diluted step-by-step with inert Ar gas (Fig. S9). As the concentration of CO2 was reduced, 

238 the total device current increased quickly due to rising HER, with lower concentrations of CO2 

239 leading to a sharper increase of HER. This test also indicated that higher inlet flow rates enable 

240 operation with lower feed concentrations of CO2 without leading to dominating HER.

241
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242 As a next step, the hydrogen pump was integrated into the gas recycling loop as displayed in 

243 Fig. 2, and the whole system was operated. The result was a peak C2H4 concentration of 4.8% 

244 (Fig. S10), a value roughly 5x larger than that without integration of the H2 pump. However, 

245 within one hour of operation in closed loop mode, all of the CO2 in the gas loop was reacted or 

246 lost to carbonate crossover through the anion exchange membrane of the CO2 reduction cell, 

247 preventing further product accumulation.

248

249 After the test shown in Fig. S10, the gas loop was opened and all the accumulated products 

250 were flushed out for one hour. Afterwards, the gas loop was closed again at 3 h total operation 

251 time with fresh CO2 constantly flowing into the closed gas loop during this experiment. This 

252 enabled longer operation times and higher C2H4 concentrations, while keeping the pressure in 

253 the loop near atmospheric pressure (Fig. 5). 
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Fig. 5 Recirculation experiment performed with Cu as the CO2 reduction catalyst, operated 

at 4 V. The same system as in Fig. S10 was used and the gas loop was closed again after 3 h 

for this run. (a) Product and CO2 concentrations over time, indicating a peak C2H4 

concentration of 8.7% after 3 h of closed loop operation (6 h total operation time). 

(b) Pressure and mass flow rate in the gas loop. The mass flow rate of fresh CO2 was tuned 

to stabilize the loop pressure. Pressure spikes are due to GC injections.
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254 Due to the longer operation time of the closed loop system, an ethylene concentration of 8.7% 

255 was achieved. Interestingly, the concentration of CO also increased over time even though CO 

256 is a known intermediate for C2H4 generation,30 suggesting that produced CO is not likely to 

257 react further after its desorption. Modification of the catalytic microenvironment in the CO2 

258 electrolyzer cathode may enhance re-adsorption of CO and its subsequent conversion to C2H4, 

259 representing a promising pathway to even higher C2H4 concentrations.

260

261 While for the CO2 reduction to CO system (Fig. 4), it was beneficial to operate slightly above 

262 ambient pressure to prevent air from entering the gas loop, elevated gas pressure is expected to 

263 drop the faradaic efficiency for C2H4 on Cu catalysts and promote formate generation.31 For 

264 this reason, the pressure was kept near ambient pressure with the Cu-based system, enabling air 

265 to enter the gas loop more easily and dilute the formed products while adding the possibility of 

266 oxygen reduction reaction as another possible, undesirable side reaction in the CO2 reduction 

267 cell. XPS measurements taken before and after this looped experiment indicate a change in the 

268 Cu catalyst composition. Specifically, the relative intensities of the Cu (0/I) and Cu (II) 2p core 

269 levels are shown to switch during operation, with Cu (II) signals becoming more prominent 

270 after CO2R operation (Fig. S11).

271

272 The effect of the gas leak in the loop becomes even more evident during a longer, 24-hour 

273 closed loop experiment (Fig. S12). After 10 h of operation, increases in ethylene and CO 

274 concentration were arrested, indicating that formation of CO2 reduction products equaled their 

275 leak rate, resulting in dropping faradaic efficiencies over time. After the flow of fresh CO2 was 

276 stopped in this longer test, a peak C2H4 concentration of 9.4% was reached, only a marginal 

277 improvement over the 3-hour test shown in Fig. 5 considering the much longer operation time. 

278 However, this peak value marks a roughly 20-fold improvement over the single-pass system 
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279 operated at a similar flow rate (Fig. S7). Furthermore, a propylene concentration near 0.5% was 

280 also detected during this experiment (Fig. S12d).

281

282 Finally, the peak concentration achieved with the CO2 reduction cell within the described closed 

283 loop system was compared to the same CO2 reduction cell operated in single-pass configuration 

284 at the minimum gas flow rate that maximizes ethylene outlet concentrations. At a much-reduced 

285 outlet flow rate of ~0.8 sccm, the CO2 reduction cell yielded an C2H4 concentration of 7.5% 

286 (Fig. S13), a value which is lower than with the gas recirculation system even with the present 

287 gas leaks. In fact, if inert gases in the closed loop system are ignored (no leaks), the peak C2H4 

288 concentration is actually 37.9%, which is 5 times higher than what is possible with the single-

289 pass system operating at a significantly reduced flow rate. 

290

291 Conclusion

292 Ethylene production at significant concentrations is necessary to make CO2 reduction 

293 viable for commercial applications and enable its steady-state coupling to downstream 

294 chemistries such as ethylene oligomerization. We demonstrated successful operation of a gas 

295 recycling system which accumulates CO2 reduction products by incorporating a hydrogen pump 

296 that produces a pure stream of H2 as a byproduct. CO concentrations of at least 72.5% (96.9% 

297 ignoring leaks) were demonstrated using a Au catalyst. Swapping to a Cu catalyst with faradaic 

298 efficiencies of ~20% for C2H4 yielded C2H4 concentrations of at least 9.4% (37.9% ignoring 

299 leaks). This marks a 20-fold increase in C2H4 concentration compared to a single-pass system 

300 operated at a similar flow rate and also shows a path for going beyond the limits associated with 

301 ultra-low flow single-pass systems. Finally, while the demonstrated values mark a significant 

302 improvement over single-pass systems, it can reasonably be expected that even higher C2H4 
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303 concentrations are achievable with a more selective CO2 reduction cell that produces C2H4 at 

304 faradaic efficiencies over 50% or is more efficient at reducing any produced CO to C2H4.

305
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