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21 Abstract 

22 Advanced manufacturing (AM) represents an appealing approach for creating novel 

23 electrochemical systems for chemicals synthesis. In this work, we demonstrate AM for rapid 

24 development and testing for improved performance for the carbon dioxide reduction reaction 

25 across an evolution of vapor-fed reactor designs. In our final design, we observe activation- and 

26 mixed- control regimes for a variety of operating conditions via inlet CO2 flow rate and 

27 electrochemical potential. Furthermore, we define a dimensionless number (Da) to identify mass 

28 transport regimes by exploring the impact of hypothesized underlying mass transport mechanisms, 

29 including consumption of CO2 via OH-, increased local temperatures, and partial penetration of 

30 electrolyte into gas diffusion layer. The accelerated pace of reactor design and development led to 

31 high geometric current densities (500 mA cm-2), heightened selectivity (85.5% FE C2+ products), 

32 and increased carbon dioxide conversion (16.6%) and cathodic energy efficiency (56.3% CO2R). 

33 Using AM vapor-fed reactors, we attain high ethylene (3.67%) and record ethanol (3.66%) yields 

34 compared to the literature. This work underscores the promise of AM for accelerating reactor 

35 design, understanding of governing phenomena, and improving the performance of catalytic 

36 systems.
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37 Broader Impact

38 Advanced manufacturing as a method to create novel electrochemical reactors opens the 

39 door to many different energy technologies ahead. In combination with CO2 electroreduction, 

40 excess renewable energy can effectively be stored as fuels and additives, as well as non-fossil 

41 derived consumer and industrial chemicals (e.g. monomers for polymerization and constructions 

42 materials) for longer-term sequestration of CO2 out of environment. Reactor design and 

43 manufacturing is central to achieving progress toward these goals; understanding of the mass 

44 transport phenomena occurring within the reactor must be developed to build more efficient and 

45 effective systems. The high activity, selectivity, cathodic energy efficiency, CO2 single-pass 

46 conversion and product yields achieved in this work were accomplished with a generic Cu catalyst 

47 in bulk neutral pH. This highlights the potential of this methodology in design optimization and 

48 enhanced system performance when sophisticated catalysts and/or reaction systems are employed. 

49 AM reactors represent a significant step towards de-risking scale-up and optimization of this game-

50 changing technology while developing design metrics that can promote commercial feasibility. 

51 This work also validates that cost-effective AM techniques can be utilized for rapid production of 

52 modular system components with high precision and reproducibility that are necessary for future 

53 industrial deployment.

54

55

56 Keywords

57 Advanced manufacturing, CO2 reduction, 3D printing, electrocatalysis, reactor design, 
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59 Introduction

60 The accelerating need to mitigate global emissions of CO2 has driven significant 

61 advancements in designing systems and strategies that transition towards a sustainable future.1–3 

62 However, a growing global population continues to rely on fossil-derived sources for power, 

63 chemicals, agriculture, and transportation sectors.4 Converting this CO2 to fuels and chemical 

64 feedstocks can be an effective way to reduce the CO2 footprint of many conventional chemical 

65 processes, thus promoting a circular carbon-economy.5 Considering the cheap (~ $0.02 kWh-1) and 

66 sometimes free renewable energy generated in certain parts of the world, such energy can be stored 

67 by converting CO2 to synthesis gas, future energy carriers (e.g. fuels and additives), and monomers 

68 for polymerization. Thus, electrochemical CO2 reduction (CO2R) to produce non-fossil sourced 

69 chemical products can be a significant milestone in decarbonizing the chemicals industry.

70 While there are several challenges associated with scaling up CO2R, much progress has 

71 been made to better understand a variety of complex phenomena and coexisting processes. 

72 Aqueous-phase CO2R, performed in liquid-fed reactors (LFRs) leveraging electrochemical6–8 as 

73 well as photocatalytic9,10 driving forces, served as the primary platform for investigating selectivity 

74 trends and discovering new materials.11,12 Furthermore, studies in LFRs elucidated the effects of 

75 various intermediates, including *COOH8,13–15, *CO16,17, and even *C2O4
18 in light driven 

76 conditions, which aided in our understanding of reaction mechanisms. The transition from LFRs 

77 to vapor-fed reactors (VFRs) utilizing gas diffusion electrodes (GDEs) yielded higher performance 

78 metrics by minimizing the distance between the electrode and bulk vapor CO2 stream.19 Previous 

79 studies achieved high activity and selectivity towards the production of CO, HCOO-, C2H4, and 

80 C2H5OH by capitalizing on the increased complexity and tunability of GDEs.20 Despite recent 
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81 advances, it is unclear whether the understanding of kinetic mechanisms and mass transport 

82 phenomena in LFRs translates to industrially relevant current densities observed in VFRs.

83 To date, published reports on electrochemical reactors for CO2 reduction have all focused 

84 on components that rely on traditional manufacturing methods which are time- and resource 

85 intensive.21,22 Industrial deployment of CO2R technology to replace current production volumes of 

86 the chemical and petrochemical industry will require manufacturing millions of these system 

87 components with high precision and reproducibility for modular electrolyzers. Advanced 

88 manufacturing (AM) is a promising approach to overcome these limitations, as it allows for rapid 

89 prototyping and iteration of reactor components and parts with submicron control.23,24 These 

90 advantages of AM have led to novel materials and devices for energy storage,25 optics,26 drug 

91 delivery27, and carbon capture applications.28 However, there have been few studies to date that 

92 have employed AM for electrochemical reactor design,29 and none to date for electrochemical CO2 

93 reduction.

94 For the first time to date, we demonstrate AM for fabrication of CO2 electrolyzers with 

95 increased precision. This enables the rapid prototyping of different system components with 

96 conceptual design aspects and corresponding assessment of important design parameters. AM 

97 VFRs showcase promising results for CO2 reduction with an unoptimized electrode, membrane, 

98 and electrolyte, including high selectivity for multi-carbon products at high current densities. We 

99 identify and evaluate mass transport regimes for various flow rate and electrochemical potential 

100 conditions and investigate underlying mass transport mechanisms. Consequently, we propose that 

101 for a given reactor and system configuration, the use of the dimensionless Damköhler (Da) number 

102 can elucidate regimes based on the proposed mechanisms. Lastly, we introduce yield as a key 

103 metric for evaluating performance of CO2 electrolyzers. 
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104 Experimental methods

105 Reactor manufacturing and catalyst characterization

106 All experimental data was obtained from 3D-printed VFRs and components based on an informed 

107 and iterative reactor design process. Electrochemical reactors (Fig. S1) and electrolyte sparging 

108 chambers were first drafted using computer-aided design (CAD) software (AutoCAD Inventor). 

109 Each VFR was designed with a 1.4 cm2 geometric surface area for the cathode, anode, and 

110 membrane windows. As gas bubbles formed on the electrodes can influence mass transport and 

111 electric field uniformity within the reactor, compartments were designed with a tapered geometry 

112 to direct fluid flow for enhanced bubble management (Fig. S3). All components were then printed 

113 using a stereolithography (SLA) 3D printer (FormLabs Form2, 25 μm step size); all components 

114 were made from a polyacrylate-based commercial resin (Formlabs). After printing, each reactor 

115 component was sonicated in an IPA bath for at least 30 minutes to remove any excess or uncured 

116 resin, then cured with UV light at 60°C for 60 minutes. The components were then rinsed 

117 thoroughly in deionized water before use and rinsed thoroughly between experimental runs.

118 A 275 nm thick layer of Cu was deposited onto ePTFE (Sterlitech) using e-beam physical 

119 vapor deposition in a rotating chamber (see Supplemental Information for full details). Scanning 

120 electron microscopy (SEM) images reveals the coating of Cu catalyst on top of the ePTFE fibers 

121 (Fig. S6). X-ray photoelectron spectroscopy (XPS) validated both cleaned ePTFE and Cu/ePTFE 

122 samples (Fig. S7). To identify the facets post-deposition, we performed X-ray diffraction (XRD) 

123 and observed Cu(111), Cu(200) and Cu(220) peaks (Fig. S8). Double-layer capacitance was used 

124 to measure the electrochemically active surface area (ECSA) of the catalyst (Figure S10); the 

125 ECSA measured was similar to those measured other reports.30–32

126
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127 Electrochemical experiments

128 All electrochemical experiments were carried out using a multichannel potentiostat (Bio-

129 Logic). An IrO2 catalyst on a carbon paper electrode (Dioxide Materials) was cut and used as the 

130 anode. A Low-Profile silver/silver chloride (Ag/AgCl) electrode (Pine Instruments) was used as 

131 the reference electrode and connected to the catholyte compartment of the reactor. A 50μm 

132 Sustanion anion exchange membrane (Dioxide Materials) was inserted between the catholyte and 

133 anolyte chambers to mitigate the cross-over of impurities and products between the electrodes. 

134 Both catholyte and anolyte were recirculated using external 3D-printed chambers (each with a 

135 volume of 25 mL) to minimize local accumulation of products. Potentiostatic electrochemical 

136 impedance spectroscopy (PEIS) was used to measure the solution resistance (1) between the 

137 cathode and the reference electrode, and (2) between the cathode and the anode (Fig. S9). 

138 Chronoamperometry (CA) was performed for 5 minutes at a soft overpotential of -0.75 V vs. 

139 Ag/AgCl to reduce any oxide on the Cu surface. Finally, chronopotentiometry (CP) was performed 

140 at a given current density; the solution resistance was measured every 3 minutes to allow for 

141 correction of the voltage drop due to changes in electrolyte conductivity. The average resistance 

142 and potential from each run were used for analysis. Each experiment was duplicated to ensure each 

143 result was reproducible.
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144 Results and discussion

145

146 Fig. 1. Advantages of AM for electrochemical reactor design. (a) Schematic representation of three generations of 
147 reactors designed for CO2R with brief description of changes between generations. (b) Order of magnitude advantages 
148 of AM over conventional manufacturing (CM) with regards to cost and time to produce electrolyzer. (c) Potential 
149 realized at electrodes (represented as the difference of the cell potential and the potential lost to ohmic drop) and 
150 maximum current density in each generation. (d) Total cell resistance and Faradaic efficiencies of ethylene and ethanol 
151 at a fixed current density for all three generations.
152
153
154 We employed stereolithography 3D printing to develop several generations of vapor-fed 

155 electrochemical systems (Fig. 1a). Using AM instead of conventional manufacturing (CM), we 

156 reduced the cost and the amount of time to produce each reactor component by several orders of 

157 magnitude (Fig. 1b). Several metrics informed the rapid development from Generation 1 to 

158 Generation 3: the total cell resistance measured between the cathode and anode, the total cell 

159 potential to operate the reactor at 214 mA cm-2, and the current density achieved at a compliance 

160 voltage of ±10V (Fig. 1, c and d). Generation 1 reactors had a total cell resistance of 33.1Ω, split 

161 between the electrolyte (22.3Ω) and the membrane (10.7Ω), which led to a large voltage drop 

162 (~10V at 214 mA cm-2) and a maximum current density of 266 mA cm-2. Informed by these 
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163 findings, Generation 2 reactors decreased the distance between the electrodes by over half, which 

164 consequently reduced the ohmic resistance. Accordingly, Generation 2 reactors exhibited a total 

165 cell resistance of 21.2Ω, which represents a 34% decrease from Generation 1; however, the 

166 maximum current density achieved only increased to 297 mA cm-2, indicating that ohmic 

167 resistance of the electrolyte was not the only limiting factor.

168 The Generation 3 system design connected the cathode gas and catholyte compartments in 

169 a 3D-printed sparging chamber, saturating the electrolyte with CO2 and reducing pH gradients and 

170 concentration polarization (Fig. S2). This also eliminated pressure differences between the gas 

171 compartments and the liquid compartments, minimizing breakthrough of electrolyte and flooding 

172 due to a pressure gradient. Additionally, Generation 3 reactors featured a fourth compartment for 

173 removal of oxygen and degassed carbon dioxide33 from the anode at high current densities and 

174 maintained the same distance between the cathode and anode. With these changes to the reactor 

175 and system design, Generation 3 reactors achieved a lower cell resistance (17.7Ω), which is 

176 primarily the result of a lower bulk pH due to continuous CO2 saturation. At 214 mA cm-2, 

177 Generation 3 reactors resulted in a ~5V drop due to ohmic losses, almost 50% less than that of 

178 Generation 1 reactors; this generation also exhibited higher Faradaic efficiencies (FE) for ethylene 

179 and ethanol. This system reached current densities greater than 500 mA cm-2, establishing the 

180 viability of AM for high-rate electrosynthesis from CO2.
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181 Evaluating performance of AM VFRs for various inlet CO2 flow rates

182

183 Fig. 2. (a) CO2R partial current density as a function of total current density for various flow rates. Ethylene and 
184 ethanol fractions are shaded. Other CO2R products (CO, HCOO-, CH4, CH3COO-, CH3CHO, and C3H7OH) are 
185 grouped within the unshaded region. The CO2R Faradaic efficiency corresponding to condition is shown above each 
186 stacked column. (b) Electrochemical CO2 conversion as a function of total current density for various flow rates. (c) 
187 Ratio of oxygenates to hydrocarbons as a function of flow rate and current density.
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188
189 Building upon the advancements of the Generation 3 reactor, we explored the CO2R performance 

190 in depth for this AM system. We covered a range of CO2 inlet flow rates of 5, 10, 20, and 40 sccm 

191 on a simple Cu/PTFE catalyst and in 1 M KHCO3. For these conditions, we display the current 

192 density towards CO2-reduced products (Fig. 2a) and the corresponding electrochemical CO2 

193 conversion (Fig. 2b). Peak conversion occurs for all flow rate conditions at 357 mA cm-2, with a 

194 maximum of 16.5% at 5 sccm. We observed two distinct regimes regarding CO2 mass transport 

195 effects: an activation-controlled regime, which has sufficient transport of CO2 for electroreduction, 

196 and a mixed-controlled regime, where both kinetic and mass transport effects lead to insufficient 

197 concentrations of CO2 throughout catalyst layer.

198 We observe little to no effect of CO2 flow rate on the activity and selectivity of products at 

199 lower current densities (≤ 214 mA cm-2), indicating this regime is activation controlled for all 

200 tested flow rates. At higher current densities, electrolytic performance differs with CO2 flow rate, 

201 suggesting that some conditions operate in the mixed-controlled regime. At 357 mA cm-2, the total 

202 CO2R current (~235 mA cm-2) at 5 sccm is lower than that of the other flow rates (~300 mA cm-

203 2). For > 10 sccm, there is a positive correlation between ethylene production and CO2 flow rate, 

204 while ethanol production remains unaffected, thus increasing the ratio of ethanol to ethylene (Fig. 

205 2c). This trend is opposite of that observed in aqueous systems16; we attribute this to dramatic 

206 differences in the local environment and available CO2 between VFRs and LFRs. The selectivity 

207 for ethylene at the catalyst surface could be influenced by the diffusion of the gaseous products 

208 into the PTFE and out with the effluent gas stream; this diffusion depends on the flow rate of CO2 

209 in the reactor. The diffusion of ethanol into the electrolyte is not sharply influenced by the CO2 

210 gas flow, suggesting the ethanol pathway is preferred when CO2R is either partially or fully 
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211 diffusion-controlled. Furthermore, the consistent activity towards ethanol may be influenced by 

212 the heterogeneity of active sites34 and increased absorption of H on Cu.35 

213 At 500 mA cm-2, we observe a drop in CO2R current density across flow rates < 40 sccm; 

214 this is an extension of the effect seen at 5 sccm and 357 mA cm-2. A decrease in ethylene production 

215 corresponds to an increase production of hydrogen and methane, accounting for the remainder of 

216 CO2R current. At higher cathodic potentials, increased adsorption of hydrogen (*H) can suppress 

217 conversion of CO2 to multi-carbon products.17 Feeding CO2 at 40 sccm resulted in reaching the 

218 mass transport limited current density previously observed at 357 mA cm-2. This clear distinction 

219 between activation- and mixed-controlled regimes highlights the importance of both CO2 inlet 

220 flow and applied current density on mass transport effects within electrochemical reactors. 
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221 Mass transport limited current density in AM VFRs 

222

223 Fig. 3. (a) Selectivity towards 0-carbon (H2), 1-carbon (CO, HCOO-, CH4), 2-carbon (C2H4, C2H5OH, CH3COO-, 
224 CH3CHO), and 3-carbon (C3H7OH) products at different current densities. (b) Partial current densities of select 
225 products and CO2R, as well as total current density, as a function of applied cathodic potential.
226

227 We also investigated the effects of the electrode potential on electrocatalytic performance at 10 

228 sccm CO2 flow rates. The system demonstrated remarkable selectivity for CO2R across a wide 

229 range of current densities (Fig. 3a), including over 90% FE for CO2R from 142 mA cm-2 to 285 

230 mA cm-2; at 142 mA cm-2 we observed the maximum CO2R cathodic energy efficiency and FE for 

231 the system at 49.6% (Fig. S13) and 92.8%, respectively. Total C2+ FE reached a maximum of 

232 85.9% FE at 214 mA cm-2, which is one of the highest reported to multi-carbon products for CO2R; 

233 the two major products formed were ethylene (50.7% at 214 mA cm-2) and ethanol (33.9% at 357 

234 mA cm-2). Strikingly, we show here that high selectivity for CO2R and CO2 conversion can be 

235 achieved in bulk pH-neutral environments with no modifications or additives to either the catalyst 

236 or electrolyte. This compares favorably to previous reports using further-developed Cu electrodes 

237 and/or operating in alkaline conditions,32,35–42 while mitigating issues associated with bulk 

238 electrolyte consumption of CO2 that is particularly problematic in alkaline environments and can 

239 lead to lower overall system efficiency.33 
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240 Hydrogen, the only zero-carbon product, remained below 8% from 142 to 285 mA cm-2, 

241 agreeing with previous reports depicting a preference for CO2R within this current density 

242 range.33,43 At current densities ≤ 285 mA cm-2, hydrogen decreased in FE from 34% to 8% while 

243 2-carbon products rapidly increased from 24% to 81%; formation of single-carbon products were 

244 consistently low in this regime. This inverse relationship is a result from several factors, including 

245 sufficient adsorption of *CO17,43 and *COOH8,13–15 intermediates on the catalyst surface and 

246 favorable kinetics for carbon-carbon coupling.7,8,44 Furthermore, suppression of HER occurs via 

247 an increasing pH in the local environment;32,33 we predict an increase up to 5 units for pH in our 

248 system (Fig. S21). 

249 Similar to the results from the flow rate study, we observed both activation-controlled and 

250 mixed-controlled regimes based on partial current densities and the corresponding electrochemical 

251 potential (Fig. 3b). The potential range from -0.87V to -0.97V vs RHE corresponds to the 

252 activation-controlled regime; CO2R current density increases exponentially as a function of 

253 potential, with product activities tracing the behavior of Butler-Volmer kinetics.45 The partial 

254 current densities of the 2-carbon products (C2H4, C2H5OH, and CH3COO-) increase at similar rates 

255 in this regime; their slopes suggest the sharing of some reaction pathways and carbonaceous 

256 intermediates.7,12,17,46

257 A plateau in CO2R current density of around ~300 mA cm-2 is a result of a transition from 

258 activation- to mixed-controlled regimes (≤ -0.97V vs. RHE). While ethylene and ethanol current 

259 densities reach an asymptote, H2 and CH4 partial current densities increase and agree with previous 

260 literature (Fig. S12).12,47,48 This relationship suggests a higher *H coverage on the catalyst surface, 

261 increasing the probability of protonating adsorbed single-carbon species. Interestingly, acetate 

262 partial current density increases throughout both regimes, suggesting acetate formation may 
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263 correlate with concentration of OH-.49 As the total current density approaches 500 mA cm-2, total 

264 CO2 conversion decreases, suggesting a modified reaction environment that favors hydrogen 

265 evolution. At higher overpotentials, an high local pH and lower concentrations of KHCO3 likely 

266 result in a dominant proton-donor shift to H2O.50 The CO2 mass transport limitation observed in 

267 this region is analogous to results that have been observed in aqueous, liquid-fed CO2R systems.12 
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268 CO2 mass transport-limiting phenomena

269 There are several mass transport phenomena that control how CO2 reaches the catalyst surface in 

270 aqueous electrolyte VFRs: diffusion of CO2(g) through the PTFE layer to the catalyst layer, 

271 dissolution of CO2(g) into the electrolyte to form CO2(aq), and diffusion of CO2(aq) to the catalyst 

272 surface. Many studies show that OH- production at the cathode and consequent homogenous 

273 consumption of CO2(aq) to form carbonate can result in variable reactant concentrations, alter 

274 product selectivity, and limit CO2 transport to the catalyst layer.32,51–54 However, high current 

275 densities (> 1 A cm-2) to reduced products in alkaline conditions40,42 suggest additional mass 

276 transport limiting phenomena must be present in these bulk neutral-media, AM VFR systems. 

277

278 Fig. 4. Measured cathode temperature during electrolysis for CO2R and HER at 10 sccm. Modeling of the expected 
279 increase in temperature based on resistive heating is represented as the solid black curve.
280

281 We propose that temperature can change the concentration of CO2 at the gas-liquid 

282 interface, contributing to CO2 mass transport limitations. While there is previous literature on the 

Page 16 of 32Energy & Environmental Science



17

283 effect of temperature on CO2R,55–57 there remains a lack of experimental understanding on how 

284 temperature changes within VFRs during CO2 electrolysis. We measured the temperature change 

285 of the catholyte near the cathode surface for both HER and CO2R (Fig. 4). At current densities < 

286 300 mA cm-2, the increase in temperature across the cathode is < 7°C for all experiments; this 

287 results from resistive heating of the electrolyte, as seen by the simulated temperature change from 

288 the model. As resistive heating is dependent on the applied current and electrolyte resistance, the 

289 measured increase in temperature for HER and CO2R are similar in this range. At current densities 

290 > 300 mA cm-2, the increase in temperature is higher in CO2R (max of ~24°C at 500 mA cm-2) 

291 than in HER (max of ~12°C at 500 mA cm-2). The exothermic reaction of OH- with CO2 and the 

292 heats of reaction from all electrochemical reactions at the catalyst surface contribute significantly 

293 to the difference in temperature increase.

294 Dynamic changes in temperature change several key variables that can impact CO2 mass 

295 transport. At higher temperatures, the solubility of CO2 decreases from 33.4 mM at 25°C to 20.0 

296 mM at 45°C. Coupled with higher concentrations of OH- in the electrolyte, this can reduce the 

297 amount of CO2 that is available to the catalyst, leading to a mass transport limited current density 

298 for CO2R. Additionally, temperature increases can change the conductivity of the electrolyte and 

299 the diffusion of various species in the aqueous phase; it can also influence the kinetic barriers for 

300 CO2R reaction pathways, which can alter the selectivity of the catalyst and limit the rate of CO2R 

301 at high current densities.
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302

303 Fig. 5. (a) Contact angle measurements for ethanol/water mixtures on bulk PTFE. This represents a conservative 
304 estimate for wetting of electrodes, as the Cu catalyst is more hydrophilic than PFTE. (b) Calculated maximum ethanol 
305 concentrations at the gas-liquid-solid interface as a function of total current density. Shaded and unshaded zone 
306 represents neutrally wetted and non-wetted regions, respectively.
307

308 Additionally, we hypothesize that changes in wettability of the PTFE support can 

309 contribute to CO2 mass transport limitations.58 Solvent water does not wet the PTFE support and 

310 the triple phase interface remains abrupt and close to the cathode.32 Liquid products 

311 (particularly ethanol) that are produced in the catalyst layer can wet the PTFE support by 

312 changing the solvent surface tension.58 Based on contact angle measurements (Fig. 5a), only a 

313 small concentration of ~2% (by mass) of ethanol is sufficient to change the hydrophobicity of the 

314 PTFE from non-wetting (Θ > 105°) to neutrally wetting (75° < Θ < 105°).59 We calculate a 

315 maximum ethanol concentration of > 3.5% for a range of current densities in our reactor (Fig. 5b); 

316 this suggests that the electrolyte could begin penetrating the neutrally wet PTFE interface. 

317 Electrolyte penetrating the PTFE could block pores and extend the gas-electrolyte interface, 

318 inhibiting CO2 mass transfer.51,58 It is challenging to determine the exact depth of electrolyte 

319 penetration due to species transport, local pressure, capillary forces, and the specific geometry of 

320 PTFE fibers. 
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321 Insights from dimensionless number analysis

322

323 Scheme 1. Proposed phenomena that can impact CO2 mass transport to the catalyst surface: temperature effects, 
324 homogenous reaction, and partial penetration into diffusion media.
325
326 We sought to use a single parameter that incorporates the aforementioned mass transport 

327 mechanisms (Scheme 1) to better understand operating regimes. The Damköhler number, Da, is a 

328 dimensionless quantity that represents the ratio between diffusion and reaction time scales. We 

329 define Da to solicit a regime diagram for transport within the GDE (Eq. 1):

330 𝐷𝑎𝑑𝑖𝑓𝑓 =
𝜏𝐷𝑀𝑙

[𝐶𝑂2,0]𝑃/𝑚 =
𝜈𝑃

[𝐶𝑂2,0]𝐷𝐶𝑂2

   (1)

331 Where m represents the molar consumption per unit area from reduction (m = j/nF, where 

332 j is the current density), and P is the liquid penetration depth into the ePTFE. We performed a 

333 timescale analysis representing diffusion of CO2 to decouple activation- and mixed-controlled 

334 regimes. When the timescale for CO2 diffusion to the catalyst layer is greater than the timescale 
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335 for surface reactions, we define the system to be operating in a CO2 mass transport limited regime 

336 (Da > 1). As higher current densities are reached, the combination of mass transport limiting 

337 mechanisms can push the system towards the Da > 1 regime. 

338

339 Fig. 6. Contour plots of Da, with contour lines at near the mass transport limitation boundary of Da~1 (Da=0.75-1.25), 
340 representing two conditions for CO2 concentration at the gas-liquid interface corresponding to (a) 33 mM (25°C) and 
341 (b) 21 mM (45°C).
342

343 Contour plots (Fig. 6) elucidate different mass transport regimes based on CO2 gas-liquid 

344 interface concentrations of 33 (25°C) and 21 mM (45°C). For a system operating ≥ 100 mA cm-2 

345 with an interfacial CO2 concentration of 33 mM (Fig. 6a), we predict that ≤ 5 μm of electrolyte 

346 penetration will push the system towards a Da > 1 regime. As current density increases, this effect 

347 is exacerbated due to increased OH- generation. When extending this to lower interfacial CO2 

348 concentrations, we see the quantity of penetration to induce mass transport limitations is further 

349 decreased. At 21 mM – a concentration corresponding to the temperature measurements during 

350 electrolysis – the system enters the mass transport limited regime at ≤ 2 μm penetration at ≥ 100 

351 mA cm-2 (Fig. 6b). 

352 This model provides the framework for using Da as a relevant dimensionless number to 

353 distinguish when a VFR is CO2 mass transport limited for any reactor and system design. Other 
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354 additional variables, including the contributions from catalyst deformation, are not accounted in 

355 this model; however, those effects are less likely to lead to our observations. Using Da to 

356 understand the primary drivers and bottlenecks for species transport can lead to better design and 

357 operation of reactors to overcome these limitations. Furthermore, AM presents a promising 

358 platform for coupling with computational fluid dynamics for greater understanding of these 

359 electrochemical systems.
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360 Achieving high yield of ethanol and ethylene in AMVFRs

361
362 Fig. 7. Comparison of literature and this work for (a) % ethylene and (b) % ethanol yield as a function of partial 
363 current density. Indigo colored data represents VFRs with bulk alkaline pH including [e] Ma et al.;36 [f] Zhuang et 
364 al.;60 [g] Dinh et al.;32 [h] Hoang et al.;61 [i] Wang et al.;37 [j] Hoang et al.;38 [k] Lv et al.;39 [l] Wang et al.;62 [m] 
365 Arquer et al.;40 [n] Luo et al.;35 [o] Li et al.;63 [p] Wang et al.;41 [q] Yang et al.;64 [r] Ma et al..42 Light blue colored 
366 data represents VFRs with bulk neutral pH including [a-d] this work; [o] Li et al.;63 [s] Tan et al.;43 [t] Li et al.;65 [u] 
367 Ma et al..33 Green colored data represents MEA VFRs including [l] Wang et al.;62 [v] Garbardo et al..66 Point shapes 
368 represent catalyst layer composition class: Cu/Cux, Cu modified with a non-metal additive, and Cu-based bimetallics. 
369
370 When assessing the feasibility of these systems, optimization of operating conditions and 

371 system components toward specific products has seen significant advancements. However, this 

372 does not account for the flowrate of CO2 into the cathodic gas compartment; maximizing product 

373 formation per molecule of CO2 is imperative for improving the economic viability of CO2 

374 electrolysis. This ratio, known as yield, is defined for an CO2R process below:

375 𝑌𝑖𝑒𝑙𝑑 =
𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑜𝑢𝑡
𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠 𝑖𝑛 =

𝑚𝑜𝑙 𝐶𝑥𝐻𝑦𝑂𝑧 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
𝑚𝑜𝑙 𝐶𝑂2 𝑖𝑛    (2)

376 Product yield is critical as a primary metric to evaluate the reactor performance in many 

377 industries. Considering the differences in catalyst composition and reaction area, local electrolyte 

378 environment, and reactor and system design, we employ it here as a quantitative metric that can 

379 be used to compare results from many reports across the field. 
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380 We compare the ethylene (Fig. 7a) and ethanol (Fig. 7b) yield for the highest performing 

381 set of conditions from various reports. We classify the results from literature into three categories 

382 for the electrolyte environment (neutral pH, alkaline pH, and membrane electrode assembly or 

383 MEA) and three categories for the catalyst composition (Cu/CuOx, Cu/additive, and bimetallics). 

384 The AM VFRs in this work achieve high yield towards ethylene (3.67%), which is amongst the 

385 highest performing systems for neutral electrolytes in literature (Fig. 7a). As expected, there is an 

386 inverse relationship between product yield and CO2 flow rate (Fig. S28).

387 On a partial current density basis, ethanol production is limited by challenging kinetics and 

388 a focus on conditions that favor the competing ethylene pathway.32,40,65 While various reports have 

389 shown improved selectivity toward ethanol,35,39,41 these findings are attributed to advanced catalyst 

390 formulation and/or tuning of electrolyte and environment. With consistent production of ethanol 

391 in AMVFRs across a range of CO2 flow rates, we report the highest yield to date towards ethanol 

392 (3.66%). This work affirms that high yield towards multi-carbon products from CO2 can be 

393 achieved with generic Cu catalysts in moderate electrolyte conditions.
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394 Conclusions

395 In this work, we introduce a new paradigm for chemical production using advanced 

396 manufacturing. We highlight prospects of AM for accelerated improvement and development of 

397 CO2 electrolyzers via reactor design; using 3D printing instead of conventional machining can lead 

398 to significant improvements in activity, selectivity, yield, and energy efficiency through rapid 

399 iteration. We realize reactor design, in addition to electrode and electrolyte engineering, as a key 

400 variable for CO2 reduction. Insights gained from this work can be employed for all vapor-fed 

401 reactors to improve performance and build understanding. 

402 The potential of this design strategy can lead to well-characterized and scalable systems, 

403 especially when coupled with computational efforts and technoeconomic analyses. Furthermore, 

404 we anticipate the implementation of AM for deterministic electrode, catalyst and membrane 

405 development. This work demonstrates, for the first time, AM as a platform for creating robust 

406 vapor-fed reactors and components for high-performance CO2 reduction. We are optimistic that 

407 AM will transform our approach towards designing systems for catalysis and propel the design of 

408 novel reactors for the next generation of chemicals synthesis.

409
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