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Abstract 8 

The pH-differential membraneless architecture could enhance the thermodynamic property and 9 

raise the electrochemical performance of a dual electrolyte microfluidic reactor (DEMR) for 10 

electrochemical conversion of CO2. Freed from hindrances of membrane structure and 11 

thermodynamic limitation, DEMR demonstrates the possibility of altering anolyte and catholyte 12 

pHs to achieve higher reactivity rates and efficiencies. Different operation condition parameters 13 

of a microfluidic network would affect the reactor performance to a certain extents, constraining 14 

further improvement. Therefore, we conducted experimental analysis to study the mechanisms 15 

and intrinsic correlations of catalyst to Nafion ratio, microchannel thickness, electrolyte flow rate 16 

and CO2 supply for an optimized outcome. A comprehensive investigation on the cell durability 17 

was also carried out in the way of repetitiveness and long period operation, regarding both 18 

reactivity and efficiency. It was found that the catalyst to Nafion ratio affects the performance in 19 

a parabolic relation and there exists optimal values of electrolyte flow rate and microfluidic 20 

channel thickness for maximized cell performance. The influence of the reactant CO2 supply rate 21 

                                                           
1 The short version of the paper was presented at CUE2015 on Nov. 15-17, Fuzhou, China. This 

paper is a substantial extension of the short version. 
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is not significant above a certain level where kinetics limitation is not dominant. The parametric 22 

study provides an operational point of view on the dual electrolyte microfluidic reactor and 23 

serves as a tool for DEMR optimization design. 24 

 25 

Highlights 26 

 pH-differential technique moves electrode potentials closer to equilibrium status 27 

 Key design parameters and operation conditions are optimized 28 

 High reactivity and Faradaic efficiency are obtained 29 

 30 
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 37 

1. Introduction 38 

Since the industrial revolution began the equilibrium state of carbon cycle, providing the habitat 39 

for all residents on earth, has been broken. It is a consensus that the emission explosion of CO2 is 40 

the primary greenhouse gas source and immediate measures should be carried out to address this 41 

issue. At present, the mainstream technique is carbon capture and sequestration (CCS), majorly 42 

involved in CO2 capture from centralized power plants. At the same time, the concept of CO2 43 

utilization and conversion also become attractive as CO2 could play multi-role as a working 44 
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fluid[1], a storage medium of renewable energy[2], and a feedstock for chemicals[3, 4]. Amongst 45 

these, electrochemical conversion of CO2 into usable fuels offers a more sustainable prospect 46 

regarding the mild operation conditions, high controllability, and advantageous industrial 47 

practicability. On top of this, any instantaneous surplus energy (for example, renewable energy 48 

with intermittent and unpredictable nature) can be effectively stored by conducting 49 

electrochemical reduction of CO2 in an electrolyzer and producing fuel. The fuel produced can 50 

be subsequently converted into electricity via fuel cell platform when power supply is needed.  51 

From the mass-balance point of view, no carbon emission is generated in this cycle because 52 

CO2 presents as an intermediate product, revealing a new solution towards CO2 mitigation and 53 

renewable energy utilization. This carbon-neutral energy supply system can be incorporated into 54 

future urban energy network. 55 

Amongst various possible products, formic acid earns credits with regard to commercial 56 

profitability, energy storage capability and required energy input. Commercialization of CO2 to 57 

formic acid conversion is considered to be feasible due to the broad market and wide application 58 

range. Value analyses conducted by some industrial bodies have concluded that this process is 59 

most likely to be profitable compared to its competitors such as methanol, CO and long-chain 60 

hydrocarbons[5-7]. Formic acid is also a useful energy storage medium storing 4.35 wt% 61 

hydrogen. Formate, the anion derived from formic acid, could be oxidized at similar potentials as 62 

hydrogen, indicating itself as a viable energy source[8, 9]. On top of this, renewable energy 63 

sources can be effectively stored in the form of formic acid by conducting electrochemical 64 

reduction of CO2 produced from fossil sources.  65 

However, most relevant researches on electrochemical CO2 reduction have been designed and 66 

developed on conventional membrane structure[10-13], whose restrictions include high 67 
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membrane cost, water management, cathode flooding, fuel crossover, membrane degradation, 68 

and so on. To address this problem, microfluidic electrolysis cells have been proposed[14-16] 69 

based on the fact that two microfluidic laminar flows would interact primarily through diffusion 70 

and form a limited mixing zone. Having a microfluidic architecture, the cell could utilize the 71 

laminar-flow interface to separate the streams of redox couple and allow high ionic conductivity 72 

without the need of a membrane.  73 

Another limitation is on thermodynamics, which restricted the lowering of the applied voltage, 74 

and hence the efficiencies. The solution to this issue is to utilize pH-differential technique, which 75 

alters the electrolyte pHs and reduces individual electrode potentials. With these concepts, not 76 

only several membrane-less related benefits could be achieved including low cost, simple 77 

assembly, reduced fuel crossover, wide pH adaptability and easy water management, the 78 

thermodynamic property is also improved. Previous studies of our research group have indicated 79 

that catholyte pH=2 and anolyte pH=14 output the optimal whole cell performance. In a dual 80 

electrolyte system, the reactivity was raised for ~3 times compared with a single neutral 81 

electrolyte arrangement and the peak Faradaic efficiency was improved from 81.6% to 95.6%, 82 

demonstrating the promise to achieve high reactivity as well as Faradaic efficiency. 83 

Most experimental or numerical researches on parametric optimization were conducted for 84 

membrane-based electrolyzers[17-19]. However, there exists a gap for microfluidic systems, 85 

especially when incorporated with pH-differential technique. The reaction kinetics and 86 

mechanism, along with the selectivity for the generation of formic acid, can be influenced by a 87 

variety of factors, such as channel size, reactant concentration, and electrolyte supply.  88 

In this manuscript, we report a dual electrolyte microfluidic reactor with high reactivity and 89 

efficiency for electrochemical reduction of CO2, which represents a significant advance of the 90 
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state-of-the-art in electrical energy storage. Different from most existing researches on the 91 

development of electrode materials, this study focuses on breaking the limitation of water 92 

window and obtaining thermodynamically favored electrode potentials based on microfluidics. 93 

Aiming at enhancing the cell design and operation condition, it is the first systematic 94 

investigation and parametric analysis on the optimization of catalyst composition, channel 95 

thickness, electrolyte and gaseous reactant flow rates to achieve high reactivity and efficiency. 96 

Besides these, investigations with respect to operation repetitiveness and long-term durability 97 

were carried out, revealing the design’s potential of future incorporation into large-scale energy 98 

conversion networks. Electrochemical conversion of CO2 has long been a concern for the whole 99 

research community, and also a hot topic in the energy industry. The method and optimization 100 

technique developed in this study for addressing today’s most challenging energy conversion 101 

issues, that is, CO2 utilization and renewable energy storage are believed to benefit researchers 102 

from multiple research disciplines, including engineering, material science and chemical sciences, 103 

thereby attractive to groups with diverse interests. 104 

 105 

2. Experiment 106 

2.1 Cell fabrication 107 

A microfluidic electrolysis cell was constructed with anode and cathode made of 108 

Polytetrafluoroethylene (PTFE)-hydrophobized carbon paper (HCP120, Hesen) with 5 mg/cm2 109 

PtRu and Pb, respectively. The two electrodes were housed between two 500-μm-thick PVC 110 

plates with a 0.2 cm (W) × 0.5 cm (L) window cut out to define the reactive area. Two 100, 150, 111 

300, 500, 1000 or 2000-μm-thick PVC plates were used to separate the electrodes and create 112 

identical anolyte and catholyte channels of 0.2 cm (W) × 7.5 cm (L), between which another 113 
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100-μm-thick PVC sheet with a 0.2 cm (W) × 0.5 cm (L) window was sandwiched to form the 114 

electrolyte contact area. A 5 cm (L) × 1 cm (W) × 0.5 cm (H) PVC chamber was fabricated as 115 

CO2 reservoir supplying CO2 to the cathode side. All layered components were fabricated using 116 

a carbon dioxide laser ablation system (VLS 2.30, Universal Laser System) and clamped 117 

together by binder clips (Highmark).  118 

Prior to the experiments, the cell was immersed into a beaker filled with water for tightness 119 

test, to ensure no leakage for gas or liquid. 120 

2.2 Catalyst preparation 121 

Commercially available carbon-supported Pb and PtRu (Johson Mattey Fuel Cells) were used as 122 

the electrode catalyst and Nafion solution (DuPont) as the catalyst binder. The electrode was 123 

manufactured by Hesen Electric Co., Ltd. Catalyst ink was prepared by sonicating the mixture of 124 

Pb/PtRu powder and a desired amount of 5 wt.% Nafion solution with dispersant for 1 hour to 125 

achieve 50:1, 40:1, 30:1, 20:1 and 10:1 catalyst to Nafion ratios. The ink was then sprayed onto 126 

the carbon side of a 2.5 cm (L) × 1.1 cm (W) PTFE-hydrophobized gas diffusion carbon paper. 127 

The final catalyst loading is 5 mg/cm2. 128 

2.3 Electrochemistry 129 

All the electrochemical tests were performed under ambient conditions using an 130 

electrochemistical station (CHI600E, CHInstruments, Inc). Results were obtained by 131 

chronoamperometry techniques under potentiostatic control. Each data point was collected by 132 

averaging the integration of a 100-second steady-state data after a 100-second stabilization 133 

period. Potentials of each individual electrode were recorded with digital multi-meters (Fluke) 134 

connected between each electrode and an external Ag/AgCl reference electrode in the exit 135 

electrolyte stream. The recorded current data were normalized to the geometric surface area of 136 
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electrodes (that is, 0.1 cm2). A dual-channel syringe pump (LSP02-1B, Longer Pump) was used 137 

for electrolyte supply. The gaseous CO2 (≥ 99.5% purity, Linde) was fed into the cathode gas 138 

reservoir at a flow rate of 50 mL/min controlled by a mass flow controller (GFC17, Aalborg).  139 

2.4 Product determination 140 

The method proposed by Sleat et al.[20] was implemented in this work to determine the amount 141 

of formic acid dissolved in electrolytes. A non-enzymatic reaction would form a red color with 142 

an absorption maximum at 510 nm when formate and several chemicals were mixed. On basis of 143 

this phenomenon, exit electrolyte streams were collected during each set of experiment for 100 144 

second under steady state condition. The sample was prepared by diluting the 250 μL extracted 145 

solution with 250 μL deionized water. Meanwhile, 50 mg citric acid was mixed with 1 g of 146 

acetamide followed by ultrasonic dispersion in 10 mL 2-propanol. Then, 500 μL of this mixture, 147 

together with 500 μL of the sample were dissolved in a mixture of 25 μL 30% w/v sodium 148 

acetate and 1.75mL acetic anhydride mixed for 1.5 hr. The absorbance of the solution mixture 149 

was obtained by a spectrophotometer (6105 U.V./Vis. Jenway) to determine the formate 150 

concentration. The calibration was conducted by quantitatively determining corresponding color 151 

formation in the presence of quantified amount of formate at 2.5, 5, 7.5, 10, 12.5, 15, 17.5 and 20 152 

mmol/L. 153 

2.5 Reynolds number calculation 154 

The Reynolds number is given by Re =
ρUL

μ
, where ρ  is the density of the fluid, U is the 155 

characteristic velocity, L is the Hydraulic diameter, and μ is the viscosity of the fluid.  156 

Hence, 157 

Re =
1000 × 

FR × 10−6

60 × CW ×CT 
 × 

2 × CW × CT

CW + CT

1 × 10−3 mPa∙s
=

 1000

30
×

FR 

CW+CT
                                                                (1) 158 

Where FR is flow rate (mL/min), CW is channel width (mm), and CT is channel thickness (mm). 159 
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2.7 Efficiency calculation 160 

Faradaic efficiency (FE), defined as the fraction of the electrons used for formic acid formation, 161 

evaluates the system’s ability of transferring the charge to facilitate the electrochemical 162 

conversion from CO2 to formic acid. Its correlated factor, energetic efficiency, reflects the 163 

portion of energy converted and stored in formic acid.  164 

By definition, 165 

FE =
eproduct

etotal 
× 100% ,                                                                                                           (2) 166 

where eproduct and etotal denote number of electrons used for generating desired products and 167 

total electrons passing through the reaction sites, respectively. The numerator can be obtained by 168 

the measured current and the denominator is based on the detected amount of formic acid. The 169 

amount of detectable HCOO− is calculated by the equation 
cHCOO−× FR

106×60
 mol/s; hence, the amount 170 

of electrons transferred to produce formic acid is 
2 × cHCOO−× FR

106×60
 mol/s. On the other hand, the 171 

number of electrons delivered to the electrode is Ampere × 1.04 × 10−5 mol/s, giving Faradaic 172 

efficiency as shown in Eq. 3. 173 

FE =
2×cHCOO−× 

FR

106×60

I×1.04×10−5 × 100%                                                                                               (3) 174 

where cHCOO− and I are the concentration of HCOO− and current density, respectively. 175 

As for energetic efficiency, considering voltage losses, the determination equation is:  176 

Energetic efficiency =
E0

E0+η
× FE                                                                                          (4) 177 

where E0 and η denote standard electrode potential and overpotential, respectively. 178 

2.8 Catalyst morphology characterization 179 

Scanning electron microscopy (SEM) images were acquired by Hitachi S-4800 microscope with 180 

an accelerating voltage of 5 kV. 181 
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 182 

3. Results and Discussions 183 

3.1 Catalyst to Nafion ratio 184 

The catalyst composition of cathode usually includes Nafion® for higher proton conductivity. 185 

However, active sites within the catalyst layer might be blocked in case of excessive Nafion and 186 

hence limiting the mass transport and redox reactions. To optimize catalyst performance, we 187 

prepared cathodes with different catalyst to Nafion ratios[21, 22] and conducted whole cell 188 

operation in 0.5 mol/L aqueous K2SO4 solution for comparison. 189 

Theoretically, at elevated current densities, the Faradaic efficiency would be lowered by CO2 190 

concentration polarization, and its coupled higher overpotentials would depress the energetic 191 

efficiency. However, the dependence of reactivity and efficiencies on current densities has been 192 

reported by contradictory literatures, such as parabolic relationship of Faradaic efficiency on 193 

current density on some metallic catalysts[23, 24]. To solve these contradictions that might be 194 

caused by the rate determining step in the kinetics of the formic acid generation reaction, applied 195 

voltages were varied to identify the intrinsic relationship in a microfluidic network. 196 

As can be found in the polarization curves (Fig. 1a), for catalyst to Nafion ratios from 50:1 to 197 

30:1, higher on-set electrolysis voltages were observed with lower current densities at voltages 198 

below 3.7 V. For the same ratios from 20:1 to 1:1, current densities dropped slower with lower 199 

on-set electrolysis voltages. This trend conformed to the individual electrode polarization curves 200 

in Fig. 1b. The curves demonstrated that different catalyst to Nafion ratios led to different 201 

cathode performance but did not affect the anode side, verifying the two electrodes being well 202 

separated by the two flow streams.  203 
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The final selection of optimal catalyst to Nafion ratio was based on Faradaic and energetic 204 

efficiencies because selectivity is the key parameter to evaluate a CO2 electrochemical reduction 205 

system and governs the purity of formic acid produced. As shown in Fig. 1c and 1d, a catalyst to 206 

Nafion ratio of 30:1 gave the highest Faradaic and energetic efficiencies over others, with peak 207 

figures being 80.7% and 41.2%, respectively, at 2.8V; 40:1 and 20:1 showed similar 208 

performance, which far exceeded that of 50:1, 10:1 and 1:1. It should be noted that the low 209 

selectivity under the ratios of 50:1, 10:1 and 1:1 corroborates to active site blockage in case of 210 

excessive Nafion and low proton conductivity on condition of insufficient Nafion[22]. Therefore, 211 

30:1 was chosen as the optimal catalyst to Nafion ratio for subsequent tests. 212 

 213 
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Fig. 1. (a) Polarization curves, (b) the corresponding individual electrode polarization curves, (c) 214 

Faradaic efficiencies, and (d) energetic efficiencies with different cathode catalyst to Nafion 215 

ratios. Cathode catalyst material was Pb and anode was PtRu. Catholyte pH=2 and anolyte 216 

pH=14 with a flow rate of 0.5 mL/min. CO2 supply rate is 50 sccm. 217 

3.2 Flow rate effect 218 

The electrolyte flow rate, as the most critical fluid dynamic factor, would affect the solubility 219 

and hence the migration capacity of gaseous CO2 through the cathode to the electrolyte. In 2006, 220 

Li et al. have implied that formic acid generation reaction would be constrained by CO2 mass 221 

transfer in case of low solubility in aqueous electrolytes (<70 mM at STP)[25]. 222 

The higher the flow rate was, the narrower the acid-alkaline mixing layer would be; hence, the 223 

function of the mixing layer as an electrolyte separator could be enhanced. Besides, more ions 224 

dissolved in electrolytes were transferred to the active sites in case of higher flow rates, raising 225 

the conductivity. This phenomenon was validated by the electrochemical experiment as 226 

demonstrated in Fig. 2. The trend of increasing electrochemical performance with higher flow 227 

rate could be observed from the polarization curves in Fig. 2a and 2b. At a voltage of 4 V, the 228 

current density was raised from 270.2 mA/cm2 at 100 μL/min to as high as 345.5 mA/cm2 at 500 229 

μL/min. It should be noted that at flow rates above 500 μL/min, the current density became 230 

stabilized and no further increase of reactivity could be observed. Efficiencies follow the 231 

tendency. As shown in Fig. 2c and 2d, both Faradaic and energetic efficiencies remained close 232 

with each other until the flow rate was below 500 μL/min . At 300 μL/min , the Faradaic 233 

efficiency dropped for more than 10% compared with that of higher flow rates, and dipped to 54% 234 

at an applied voltage of 4V. The values for 100 μL/min were even lower, with a peak Faradaic 235 

efficiency of 46% at 2.8V and 21.6% at 4V. The trend of reactivity and efficiencies could be 236 
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more obviously observed in Fig. 2e and 2f, where the reactivity differences become more 237 

significant at higher applied voltages and there exist a ‘roof effect’ for efficiencies at Re≥ 7.9, 238 

that is, flow rate≥0.5 mL/min. 239 

Major cathode (Eq. 5) and anode (Eq. 6) reactions under dual electrolyte arrangement in a 240 

DEMR are shown below: 241 

Cathode reaction (acid): CO2 + 2H+ + 2e− → HCOOH;                                                        (5) 242 

Anode reaction (alkaline): 2OH− →
1

2
O2 + H2O + 2e−.                                                        (6) 243 

At low flow rates, besides the effect on acid-alkaline interface thickness and neutralization 244 

loss, the ions, such as H+  and OH−  were insufficiently supplied, limiting the kinetics for the 245 

generation of formic acid and oxygen. When reaching 500 μL/min, where the ion concentration 246 

and electrolyte conductivity were high enough to be kinetically favored, no more improvement 247 

could be achieved. Further increase of the flow rate would lead to the drop of efficiencies as the 248 

reactant mass transfer constrain became dominant. In addition, electrolytes at higher flow rates 249 

mean shorter residence time for CO2 to undergo electrochemical reaction. Possible turbulences 250 

might also be introduced, influencing the CO2 migration rate from the gas reservoir to the active 251 

sites[11]. Instability could also occur because of the liquid pressure and mixing layer 252 

perturbation. Excessive waste electrolytes would cause uneconomical operations. 253 
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 254 

 255 

Fig. 2. (a) Polarization curves, (b) the corresponding individual electrode polarization curves, (c) 256 

Faradaic efficiencies, (d) energetic efficiencies at different flow rates, (e) current densities versus 257 
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Re at different applied voltages, and (f) maximum Faradaic and energetic efficiencies versus Re. 258 

Cathode catalyst material was Pb and anode was PtRu. Catholyte pH=2 and anolyte pH=14. CO2 259 

supply rate is 50 sccm. 260 

Narrowing of the mixing layer is possible by modifying the channel configurations, such as 261 

counter-flow microfluidic network[26, 27]. It has been demonstrated that the optimization of 262 

flow mechanism would achieve a good control over the interface thickness at low electrolyte 263 

flow rate operation. Higher limiting current and power output could also be obtained, thanks to 264 

the improved reactant separation performance. For DEMR, this innovative design would help 265 

reduce neutralization and hence heat loss. 266 

It should be noted that the catholyte was prepared by adjusting 0.5 mol/L K2SO4 with 0.5 267 

mol/L H2SO4. K
+ was selected as the cation because it could shift the cathode potential of formic 268 

acid generation reaction to more positive values over hydrogen evolution reaction. Cations, such 269 

as Na+ and Li+ were also found to have similar effect, but less significant compared with K+[28]. 270 

In terms of anions, there is a controversy that some researchers pointed out that CO3
2−

 and 271 

HCO3
−

 would favor the electrochemical reduction of CO2[23, 29] whilst some insisted on an 272 

independent relationship. The complexity is that in its slight base condition, there exists inter-273 

conversion amongst CO3
2−

, HCO3
−

 and CO2(aq)[28-30]. High concentration of CO3
2−

 would be 274 

beneficial to the chemical kinetics of the reaction: CO3
2− + CO2(aq) + H2O → 2HCO3

−
, which 275 

lowers the concentration of CO2(aq) and competes with formic acid generation[25]. For the case 276 

of HCO3
−

, the reaction: HCO3
− + OH− → CO3

2− + H2O would decrease the pH and hence breed 277 

hydrogen evolution reation (HER). Other anions, such as Cl−, Br−, would bring in the risk of 278 

electrolysis towards poisonous oxidants. Therefore, considering the stability of the cation and 279 

anions, sulfuric acid and potassium hydroxide are used as the pH adjustor. 280 
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3.3 Micro channel thickness 281 

For conventional membrane-based reactor, the effect of membrane thickness on the cell 282 

performance is critical due to its proton transfer resistance over electrodes and the consequential 283 

potential losses. In a microfluidic network, membrane is no longer a constraint; instead, the 284 

resistance to proton transport across the microfluidic channel becomes the limiting factor. 285 

Lowering the microchannel thickness would shorten the pathway traveled by protons, thus 286 

limiting the resistance and potential loss. In addition, the laminar characteristic of the electrolyte 287 

flow plays the key roles in a DEMR because it forms the acid-alkaline separator, hence should be 288 

maintained at low values. As shown in the equation of the Reynolds number, channel thickness 289 

determines the hydraulic diameter of a DEMR; the higher the thickness is, the higher the Re 290 

would be. In other words, the channel thickness has similar influence as the flow rate. 291 

Six dimensions, 100, 150, 300, 500, 1000 and 2000 μm, were applied during cell fabrication, 292 

corresponding to Reynolds number from 7.9 to 4.2 at a constant flow rate of 500 μL/min. As 293 

shown in Fig. 3a, electrochemical performance of the cell dropped gradually with increasing 294 

channel thickness and the decrease became significant at the channel thickness of 1000 and 2000 295 

μm. Under an applied voltage of 4 V, the current density decreased from 391.6 mA/cm2 at 296 

Re=7.9 to 312.5 mA/cm2 at Re=6.7, followed by 215.2 mA/cm2 at Re=5.6 and 126.6 mA/cm2 at 297 

Re=4.2. From individual electrode polarization (Fig. 3b), it can be seen that the fall of reactivity 298 

was majorly due to anode performance degradation. The efficiencies demonstrated similar trend, 299 

where the significant drop can be observed from Re=6.7 and onward. The peak Faradaic 300 

efficiency decreased from 94.7% at Re=7.9, to 50.7% at Re=4.2. This phenomenon indicates the 301 

fact that the higher the channel thickness is, the wider the acid-alkaline interface would be, 302 

leading to more energy loss and weakened performance. 303 
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 304 

Fig. 3. (a) Polarization curves, (b) the corresponding individual electrode polarization curves, (c) 305 

Faradaic efficiencies, (d) energetic efficiencies at micro-channel thicknesses corresponding to 306 

Reynolds numbers of 7.9, 7.8, 7.2, 6.7, 5.6, 4.2, (e) current densities versus Re at different 307 
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applied voltages, and (f) maximum Faradaic and energetic efficiencies versus Re. Cathode 308 

catalyst material was Pb and anode was PtRu. Catholyte pH=2 and anolyte pH=14 with a flow 309 

rate of 0.5 mL/min. CO2 supply rate is 50 sccm. 310 

3.4 CO2 flow rate effect 311 

Gas diffusion electrodes (GDEs) were used as the cathode, which created effective three-phase 312 

interfaces for gaseous reactants, electrodes and electrolytes, have been developed rapidly and are 313 

regarded as an effective solution towards low CO2 transfer rate and poor cell performance. A 314 

GDE usually comprises of a conventional catalyst layer, where carbon black is usually utilized to 315 

support catalyst particles, and a gas diffusion layer. GDL is usually made from porous materials 316 

and dense array of carbon fibers. Two common examples are non-woven carbon paper and 317 

woven fabric carbon cloth. On the cathode side, gaseous CO2 passes through the surface of the 318 

gas diffusion electrode and reaches the active sites, where electrons are transported from the 319 

current collector to the reaction sites through the electron conducting particles. After gaseous 320 

CO2 is adsorbed as ·CO2(ad), it undergoes electronation to yield ·CO2
—(ad). Subsequent 321 

reactions of·CO2
—(ad) and H2O form released OH— ions and adsorbed HCO2, which undergoes 322 

further electronation to yield formate ions HCO2
—. As electrons are paired after electronation, 323 

the HCO2
— species are desorbed from the electrode surface. 324 

The effect of CO2 flow rate was shown in Fig. 4. It can be observed that there was no obvious 325 

difference until the CO2 flow rate was reduced to 10 mL/min. At this flow rate, the whole cell 326 

and cathode polarization implied a water electrolysis process, with an on-set voltage of ~1.2 V. 327 

However, the anode performance was not affected, corroborating the good separation function 328 

contributed by microfluidics. The reason that no further improvement in cell performance could 329 

be found when increasing the CO2 flow rate above 50 mL/min is that CO2 transportation from 330 
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the gas reservoir to the active site is limited by the CO2 mass transfer rate of the gas diffusion 331 

layer on the cathode side. The mass transfer could be improved in case of thinner gas diffusion 332 

layer with higher porosity because of the reduction in CO2 diffusion resistance[31]. Nevertheless, 333 

high porosity would introduce an adverse effect on the electron transport through the solid matrix 334 

pathway, increasing the contact resistance and onset current density of the mass transport 335 

limitation[32]. The ohmic loss does not appear to be the major limiting factor because of the high 336 

conductivity of the carbon fiber materials.  337 

It should be noted that larger CO2 flow rates would introduce uneconomical CO2 wastage and 338 

excessive gas penetration into the catholyte channel, disturbing the laminar flow and causing 339 

instability of the cell. 340 

 341 
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Fig. 4. (a) Polarization curves, (b) the corresponding individual electrode polarization curves, (c) 342 

Faradaic efficiencies, and (d) energetic efficiencies at CO2 flow rates of 300, 200, 150, 100, 50, 343 

10 mL/min. Cathode catalyst material was Pb and anode was PtRu. Catholyte pH=2 and anolyte 344 

pH=14 with a flow rate of 0.5 mL/min. 345 

3.5 Repetitiveness 346 

To study the feasibility of the future incorporation of a DEMR into an energy network, six sets of 347 

repetitive experiment were carried out on one single cell to test the performance stability on one 348 

single cell. Results, as plotted in Fig. 5, indicated that both the reactivity and efficiencies 349 

remained steady. The variation of current density was within 10% and the range of peak Faradaic 350 

efficiency was 94.8% ± 0.7.  351 

 352 
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Fig. 5. (a) Polarization curves, (b) the corresponding individual electrode polarization curves, (c) 353 

Faradaic efficiencies, and (d) energetic efficiencies at different sets of repetitive tests. Cathode 354 

catalyst material was Pb and anode was PtRu. Catholyte pH=2 and anolyte pH=14 with a flow 355 

rate of 0.5 mL/min. CO2 supply rate is 50 sccm. 356 

3.6 Durability of reactor 357 

In order to conduct a complete investigation on the reactor durability, a 30,000-second operation 358 

was conducted to determine the degradation of reactivity and Faradaic efficiency with applied 359 

voltage set at 2.8 V. As implied by Fig. 6, the current density dropped consecutively for 14%, 18% 360 

and 17% during the operation of the first, second and third 10,000 seconds. In total, the fall of 361 

reactivity after the 30,000-second operation was 41%. The Faradaic efficiency remained within a 362 

small range from 95.7% to 92.5% until 13,000 seconds, followed by a relatively significant 363 

decrease and ended at ~84% at the end of the 30,000 seconds. Fluctuations were also observed 364 

during the long period operation. The regression suggests that the proposed microfluidic pH-365 

differential system should be further improved for long-period electrochemical conversion of 366 

CO2 to formic acid at functional rates and efficiencies. 367 
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 368 

Fig. 6. Current density and Faradaic efficiency during long-term CO2 electrochemical reduction 369 

operation. Cathode catalyst material was Pb and anode was PtRu. Catholyte pH=2 and anolyte 370 

pH=14 with a flow rate of 0.5 mL/min. CO2 supply rate is 50 sccm. 371 

Catalyst degradation mechanism was also critical to determine the durability of a reactor. 372 

Similar with our previous research[33] in a dual electrolyte regenerative microfluidic fuel cell, 373 

microscopic investigations on catalyst characterization before and after long-term CO2 reduction 374 

operation were conducted in this study. As can be seen in Fig. 7, SEM images indicated no 375 

obvious corrosion of carbon support and ignorable change of catalyst surface morphology (that is, 376 

catalyst loading, surface morphology, and particle size) on both cathode and anode electrodes. 377 

These microscopic observations revealed the high catalyst-level durability and reliability for 378 

future practical applications. 379 
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 380 

Fig. 7. Catalyst durability characterization before and after 30,000-second electrolysis operation 381 

by SEM of (a) the cathode Pb catalyst, and (b) anode PtRu catalyst. 382 

3.7 Summary and discussion 383 

Figure 8 summarizes the improvement of energetic efficiency and reactivity introduced by the 384 

parametric optimization, which could be useful for future industrial application. As quantitated 385 

by the peak energetic efficiencies and their corresponding current densities, it could be observed 386 

that a moderate catalyst to Nafion ratio (Fig. 8a), in this case 30:1, would neither block the active 387 

site nor limit the proton conductivity. Experimental results regarding Reynolds number, such as 388 

implementing different electrolyte flow rates (Fig. 8b) and channel thicknesses (Fig. 8c), 389 

revealed that Re=7.9 output the optimal reactor performance and further increase would have 390 

limited improvement space. The supply rate of gaseous feed (Fig. 8d) also indicated a threshold, 391 

that is, 50 mL/min, above which the mass transfer and gaseous migration would not constrain the 392 
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reactor performance. For future development and application, these threshold values could 393 

provide the criteria when determining reactor dimensions.  394 

 395 

Fig. 8. Peak energetic efficiencies and corresponding reactivity quantitated by current densities 396 

with parametrically optimized (a) catalyst to Nafion ratio, (b) electrolyte flow rate, (c) channel 397 

thickness, and (d) gaseous CO2 supply rate. 398 

 399 

4. Conclusion 400 

This paper reports a membraneless electrolytic cell that implement pH-differential electrolyte 401 

configurations for converting gaseous CO2 into formic acid. Without membrane, not only would 402 

the cost be significantly reduced, some existing limitations could also be addressed, such as 403 

minimizing water management, alleviating salting-out issues and lowering ohmic loss. The study 404 

quantifies the effects and optimal values of key parameters, including catalyst to Nafion ratio, 405 

electrolyte flow rate, microchannel thickness, and CO2 flow rate. It appears that catalyst to 406 
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Nafion ratio, electrolyte flow rate, and channel thickness are key parameters on the cell 407 

performance. Experiment on CO2 flow rate demonstrates no significant improvement when 408 

reaching 50 mL/min. In addition, the cell durability was assessed with regard to its repetitiveness 409 

and long period operation. After a 30,000 second operation, the reactivity rate and Faradaic 410 

efficiency ended up with a degradation of 41% and 11.5%, respectively. The effect of 411 

temperature is worth further studying. Researches on membrane-based reactor have indicated 412 

that the elevated reaction temperature would indeed favor the intrinsic selectivity for formate 413 

generation over hydrogen evolution, whilst adverse effects would also exist on CO2 solubility 414 

and hence lower the intrinsic kinetics because of CO2 mass transfer constraint. The consequence 415 

of the opposing facts was a net decrease of formate generation with higher temperature and this 416 

dilemma should be studied specifically for the microfluidics network. 417 

Overall, this study demonstrates the use of a microfluidic network as the tool for parametric 418 

optimization, promoting the understanding of interactions between microfluidic mechanics and 419 

electrochemical kinetics. The results not only provide a blueprint towards the improvement of 420 

current CO2 utilization system, but also offer a sustainable prospect for a powerful and efficient 421 

energy conversion system with zero carbon emission in future energy grids. 422 
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