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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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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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 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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 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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 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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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 






















