Available online at www.sciencedirect.com

ScienceDirect
Energy Procedia 105 (2017) 4053 – 4058

The 8th International Conference on Applied Energy – ICAE2016

Numerical Modelling of a Dual Electrolyte Membraneless
Electrolytic Cell for CO2 to Fuel Conversion
Xu Lua, Dennis Y.C. Leunga,*, Huizhi Wangb, Jin Xuanb
a
Department of Mechanical Engineering, The University of Hong Kong, Pokfulam Road, Hong Kong
Institute of Mechanical, Process and Energy Engineering, School of Engineering and Physical Sciences, Heriot-Watt University,
Edinburgh, EH14 4AS, UK

b

Abstract
This paper reports a mathematical model for the calculation of various losses in a dual electrolyte membraneless
electrolytic cell (DEME) for CO2 to formic acid conversion. The microfluidic characteristics of the cell were explored.
Based on the electrochemical equilibrium states, major limiting factors, including mass transfer constraints, kinetic
losses, and overpotentials, were considered. In particular, the acid-base interface and the neutralization losses therein
were identified. We also quantified the electrical resistance losses on electrodes and within the micro-channels.
Computational results were validated against previous experimental data. To our best knowledge, this is the first model
studying the dual electrolyte arrangement and the associated losses, which can be used to develop future parametric
optimization strategies.
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1. Introduction
Electrochemical conversion of CO2 to fuel can contribute to both carbon mitigation and renewable
energy storage because of the highly controllable process under mild operation conditions; however, the
performance of current available systems should be further improved in terms of reactivity and selectivity.
With the innovative dual electrolyte technique[1], we have applied an acidic catholyte and an alkaline
anolyte to decrease the overpotentials of the cell, enhancing the current density and reactivity. A state-ofthe-art membraneless network was introduced and incorporated, with which not only would the cost be
significantly reduced, some existing limitations could also be addressed, such as minimizing water
management, alleviating salting-out issue and lowering ohmic loss. Thermodynamically favored pHs were
identified to be 2 for catholyte and 14 for anolyte, achieving a tripled reactivity compared with a
conventional single electrolyte arrangement and an improved peak Faradaic efficiency of 95.6%[1].
Experiment-based parametric study was conducted in the followed-up work[2], identifying the possible
improvement by optimizing the catalyte to Nafion ratio, feedstock flow rates, and micro-channel
dimensions.
However, present experimental efforts are not sufficient to obtain a comprehensive and deep
understanding of the intrinsic mechanisms, particularly with regard to the micro-level species transport and
the acid-base interface. Therefore, a mathematical model is established in this work to investigate the
electrochemical fundamentals involved and the polarization characteristics. Mass transfer constraints,
kinetic losses, overpotentials, neutralization energy dissipation, and electrical resistance losses are taken
into account. Validated by related experimental results, this model could be a useful tool to develop
optimization strategies for the reactor performance.
2. Methodology
2.1. Model description
This model considers a dual electrolyte membraneless electrolytic cell (DEME) as shown in Fig. 1 with
dimensions listed in Table 1, which is equipped with parallel, rectangular, multi-layered channels and
operates in a co-flow mode. CO2 enters the cathode gas channel, while the anode is open to the atmosphere.
Aqueous H2SO4 and KOH co-laminar electrolyte flows pass between two gas diffusion electrodes (GDEs).
The cathode is coated with catalysts at the electrode-electrolyte interface. A silver current collector backs
each GDE at the other side.
Table 1. Geometric parameters of the model
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Fig. 1. (1) Schematic diagram of the DEME geometry and associated dimensional designation; and (b) Interface thicknesses and
associated neutralization energy losses against flow rates

2.2. Mass transfer constraint
Four equilibrium states are assumed during the dissolution of gaseous CO2 into the liquid electrolytes:
Absorption: ଶ ሺሻ ՞ ଶ ሺሻ ··············································································Equ. ( 1 )
Hydrolysis: ଶ ሺሻ  ଶ  ՞ ଶ ଷ ·····································································Equ. ( 2 )
Overall: ଶ ሺሻ  ଶ  ՞ ଶ ଷ  כ, ሾ ଶ ଷ  כሿ  ؠሾଶ ሺሻሿ  ሾ ଶ ଷ ሿ ·······························Equ. ( 3 )
Pseudo-equilibrium: ଶ ଷ   כ՞ ା  ଷ ି ·····························································Equ. ( 4 )
2.3. Kinetics
At 298K, the cathode reaction in acidic environment is:
ଶ  ʹ ା  ʹି ՜  ·················································································Equ. ( 5 )
ʹ ା  ʹି ՜ ଶ ································································································Equ. ( 6 )
Anode reaction in alkaline environment is:
ଵ
ʹ ି ՜ ଶ  ଶ   ʹି ···················································································Equ. ( 7 )
ଶ
The equilibrium potential of CO2 reduction reaction comes from the Nernst equation, so do the cathode
side reaction, hydrogen evolution reaction (HER), and the anode oxygen evolution reaction.
ୡୟ୲୦୭ୢୣ  ൌ ୡୟ୲୦୭ୢୣ̷୮ୌୀ  െ
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2.4. Overpotential
The overpotentials are related to the partial current densities and electrolyte pHs. Tafel law and the
above-derived mass transfer constraint are applied:
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ቁ ···································································· Equ. ( 10 )
୨ౚ

୨ౚ బ

ቁ ····························································· Equ. ( 11 )

2.5. Neutralization reaction loss
At catholyte pH=2 and anolyte pH=14, ion diffusion dominates the cross-electrolyte transfer mechanism
because of the unbalanced acid-alkaline state[1]. In this case, the neutralization reaction area and its
affiliated loss could be determined by a diffusion model[3] using a finite element analysis software,
COMSOL Multiphysics (COMSOL Group).
2.5.1. Transport of concentrated species
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In the present microchannel, the Re number is significantly less than 1, the steady state Navier-Stokes
equations are applicable without the problematic convective term:
 ή ሺɏሻ ൌ Ͳ ···································································································· Equ. ( 12 )
 ൌ െɏ ή   Ɋଶ   ɏ ················································································ Equ. ( 13 )
2.5.2. Catholyte & anolyte interface
Fick’s law can be used to describe the diffusive transport. The mass-balance equations for the solute are:
െ ή ሺെୌశ   ሻ ൌ Ͳ ··················································································· Equ. ( 14 )
െ ή ሺെୌష   ሻ ൌ Ͳ·················································································· Equ. ( 15 )
2.5.3. Diffusive flow characterization
Peclet number could be deduced to be ͳ͵ʹ ͳ ب, hence it is necessary to maintain numerical stability
when solving the Fick’s equation.
2.5.4. Boundary conditions
Constant species mass fraction and constant inlet velocity are prescribed at the inlets, while zerodiffusive flux of species and constant outlet pressure are for the outlets. On electrodes, non-flux boundaries
are set. Non-slip condition is assumed for walls.
2.5.5. Neutralization reaction loss
The model outputs the concentration at the catholyte outlet, which could be used to derive the interface
thickness. For 1 second, ା involved in neutralization reaction is ͺǤ͵͵ͷ ൈ ͳͲିଵଵ ൈ Ȁ.
Under standard conditions, the neutralization reaction ା   ି ՜ ଶ  has a Gibb’s free energy of
െͻǤͻ  ଶ .
Hence the neutralization energy loss rate could be expressed as Ǥͷ ൈ ͳͲି ൈ .
2.6. Electrical resistance loss
The electrical resistance losses includes two sources: the carbon-supported electrodes and flowing
electrolytes inside the micro-channel. Calculations are based on the definition:
 ൌ ɏᇱ

ᇲᇲ
ୗ

ଵ

ᇲᇲ

ఙ

ୗ

ൌ ൈ

···························································································· Equ. ( 16 )

3. Results and discussion
Table 2 shows he respective values used in this model. As indicated by its low Reynolds number (ا1),
the electrolytes flow laminarly through the micro-channels. The catholyte and anolyte, with different pHs,
are therefore separated by an effective mixing layer.
The bulk concentration of dissolved CO2 (aq) is determined by the limitation of mass transfer under
different electrolyte pHs. Assuming gas-liquid equilibrium of the reactant ଶ ሺሻ, which is absorbed by
the cathode from gas phase into the flowing catholyte and to the liquid/solid interface followed by
hydrolysis, the bulk concentration of ଶ ሺሻ could be obtained as ͲǤͲʹͻȀ.
As for the kinetics, it reveals the impact of electrolyte pHs on equilibrium electrode potentials, which is
unique for this model because of the co-existence of two different electrolyte pHs. The equilibrium
potentials on cathode and anode sides were shown below:
ୡୟ୲୦୭ୢୣ  ൌ െͲǤͲͶʹ െ ͲǤͲͳʹͺ͵ͻ ή ሺ

లǤయవ

భబǤయమ

ଵା  ήሺଵା  ሻ ଵ
ή మሻ
యǤళఱ
ଡ଼
ଵା


··············································· Equ. ( 17 )

ୌୖ  ൌ െͲǤͲͷͻ െ  ൈ ͳͲି଼ ············································································ Equ. ( 18 )
ୟ୬୭ୢୣ  ൌ െͲǤͲͷͻ  ͳǤʹʹͻͳ ············································································ Equ. ( 19 )
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Another two major losses are overpotentials on electrodes and neutralization losses within the acid-base
interface. The former could be prescribed by the Tafel law and the latter is plotted in Fig. 1 (b). Numerical
model indicates that at a flow rate of 500 ɊȀ, the output concentration of KOH is 0.22 Ȁଷ , hence
 ହ ൌ ͲǤʹʹ. In this case, the neutralization energy loss rate equals to ͳǤͶ͵ ൈ ͳͲିଽ W, contributing
an insignificant voltage loss to the whole cell polarization.
In terms of electrode electrical resistance, given that ɏᇱ ᇱᇱ ൌ ͷǤͷȳ ή ଶ (Shanghai Hesen Electrical)
and the surface area  ൌ ͲǤͳ ଶ , it is calculated to be ͲǤͲͷͷȳ.
For electrolyte resistance, three zones should be considered: catholyte, interface and anolyte, whose
effective lengths are derived at the end side of the interface. It should be noted that the resistance of
catholyte at room temperature should be based on the resistivity of K2SO4 solution for the sake of a
workable conductivity[4]. The molar conductivity of 0.5 mol/L aqueous K 2SO4 solution is referenced at
ɐ ൌ ͲǤͲͺȀ [5]. Accordingly, the resisivity of the catholyte is ʹǤͺʹȳ. The resistance of the anolyte at
room temperature could be simply determined by the resistance chart[6], stating that the conductivity of 1
mol/L KOH solution at 25Ԩ is 0.2153 S/cm. Thus the resistivity of the anolyte is ͳǤͲʹȳ.
On the other hand, the electrolyte within the interface zone could be regarded as a mixture of 1.98
mol/L KOH and 0.5 mol/L K2SO4 considering the offset due to acid-base neutralization reaction. The
theory of Debye and Hückel[7] implies that the sum of conductivity contributed from two electrolyte
solutions are additive, giving the conductivity of the electrolyte in the interface zone to be ͲǤʹͻ͵͵Ȁ 
and resistivity at ͲǤ͵ͷȳ.
Considering the above-mentioned equilibrium states and losses, Fig. 2 demonstrates a comparison
between experimental results and mathematical model. Quantitatively, the difference between experimental
and numerical approaches is less than 15% at the level of interest, validating the effectiveness of the
mathematical model.

Fig. 2. (a) Polarization curves and (b) the corresponding individual electrode polarization curves of the DEME obtained by
experiment and mathematical model.
Table 2. Values of key parameters of the model
Parameter

Value

Parameter

Value

Parameter

ܮᇱ

ͲǤʹͺ

μ

ͳ ή 

ܭᇱ

ܮ௧ ᇱᇱ

0.11 mm

Re

0.0378

ܭ

Value
ሾுమ ைయ ሿ
ሾைమ ሺሻሿ
ሾுమ ைయ  כሿ
ೀమ

ൌ ʹǤ ൈ ͳͲିଷ

ൌ ʹǤͻͶ ൈ ͳͲିସ

ሾு శ ሿሾுைయ ష ሿ
ሾுమ ைయ  כሿ

ܮ௧௬௧ ᇱᇱ

0.22 mm

ߣ

0.005 N/m

ܭଵ

ሺߛ ଶ ሻ

ܮ௬௧ ᇱᇱ

0.22 mm
-0.042 V

ߤ
ߛ

0.002 Pa·s
0.05 m/s

ܴ
ܦு శ

ͺǤ͵ͳͶି ܭܬଵ ݉ି݈ଵ
ͻǤ͵ͳ ൈ ͳͲିଽ ݉ଶ ି ݏଵ

ఓ 

ߩ

ͳͲͲͲ݇݃Ȁ݉ଷ

ܦைு ష

ͷǤ͵Ͳ ൈ ͳͲିଽ ݉ଶ ି ݏଵ

ܶ

ʹͻͺܭ

ݖ

2

ܧ௧ௗ̷ுୀ 
T-junction geometry
Pe

ఒ

7132

ൌ ͶǤͷ͵ ൈ ͳͲି
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ɋ
ߙுாோ
ܭ௫ଵ
݆ுாோ 

ͲǤͳ͵ͷȀ
-0.5
0.0017
ͲǤͲͲͳ݉ି݉ܿܣଶ

ܨ
ߙௗ
ܭ௫ଶ
݆ௗ 

ͻͶͺͷି݈݉ܥଵ
0.16
0.000033
ͲǤͲͲʹ݉ି݉ܿܣଶ

ߙ௧ௗ
ܭௗଵ
݆௧ௗ 

-0.05
0.024
ͲǤͲͳ݉ି݉ܿܣଶ

4. Conclusion
This work has demonstrated an experiment-validated mathematical model for a DEME. The
microfluidics and diffusive flow were characterized. Major losses were considered, such as mass transfer
constraint, overpotentials and electrical resistance losses. Besides, this model presents the first systematic
investigation on the acid-base co-existence system in a microfluidic reactor. It is found that the intrinsic
kinetics could be notably altered by the dual electrolyte arrangement, whilst the neutralization energy
dissipation is insignificant. Further numerical characterization of the electrolyte flow pattern and associated
electrochemical performance in industrial-scale applications could be conducted. The effectiveness of this
model also indicates its usefulness for future comprehensive parametric optimization to evaluate the effects
of structural parameters, flow conditions and material properties.
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