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Modelling and Simulating CO; Electro-Reduction to
Formic Acid Using Microfluidic Electrolytic Cells:
The Influence of Bi-Sn Catalyst and 1-Ethyl-3-Methyl
Imidazolium Tetra-Fluoroborate Electrolyte on Cell
Performance
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Abstract—A modified steady-state numerical model is developed
for the electrochemical reduction of CO: to formic acid. The numerical
model achieves a CD (current density) (~60 mA/cm?), FE-faradaic
efficiency (~98%) and conversion (~80%) for COz electro-reduction
to formic acid in a microfluidic cell. The model integrates charge and
species transport, mass conservation, and momentum with
electrochemistry. Specifically, the influences of Bi-Sn based
nanoparticle catalyst (on the cathode surface) at different mole
fractions and 1-ethyl-3-methyl imidazolium tetra-fluoroborate
([EMIM][BF4]) electrolyte, on CD, FE and COz conversion to formic
acid is studied. The reaction is carried out at a constant concentration
of electrolyte (85% v/v., [EMIM][BF4]). Based on the mass transfer
characteristics analysis (concentration contours), mole ratio 0.5:0.5 Bi-
Sn catalyst displays the highest CO2 mole consumption in the cathode
gas channel. After validating with experimental data (polarisation
curves) from literature, extensive simulations reveal performance
measure: CD, FE and COz conversion. Increasing the negative cathode
potential increases the current densities for both formic acid and H>
formations. However, H> formations are minimal as a result of
insufficient hydrogen ions in the ionic liquid electrolyte. Moreover, the
limited hydrogen ions have a negative effect on formic acid CD. As
CO: flow rate increases, CD, FE and CO: conversion increases.

Keywords—Carbon  dioxide,
microfluidics, ionic liquids, modelling.

electro-chemical  reduction,

[. INTRODUCTION

HERE is a clear correlation between rising CO;

concentration in the atmosphere and currently observed
changes in the global climate. In 2018, anthropogenic annual
CO; emissions were estimated to be about 36.8 billion tons with
concentrations approaching 408.71 ppm [1]. However,
increased usage of CO, as a building block for carbon-based
compounds and materials can provide a stepping stone in
moderating worldwide CO, emissions. Typically, CO;
conversion is achievable by chemical, photochemical, and
electrochemical reduction methods. In recent years, CO,
conversion using electrochemical approaches has gained
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considerable attention for several advantages. Primarily, CO,
electrochemical reactions are easily controlled by electrode
potentials, reaction pressure, pH and temperature. Secondly, its
supporting electrolyte is fully recyclable; its overall chemical
consumption is reducible to water or wastewater. Thirdly,
electricity used to drive the reaction is obtainable without
generating CO, e.g. from solar, wind, hydroelectric,
geothermal, tidal, and thermo-electric sources [2], [3]. Finally,
electrochemical reaction systems are compact, modular, on-
demand, and easy for scale-up applications. Increasing efforts
have been devoted to CO, electro-reduction using microfluidic
technology (MEC— Microfluidic Electrolytic Cell). This stems
from the primary reasons that MECs eliminate sweep away
effect of the flowing electrolyte, reduce carbonate formation,
and electrode dry-out/flooding [2]-[4]. Formic acid, the desired
product in this study recovered by liquid-liquid extraction from
the MEC electrolyte is the most significant organic compound
to be formed from ECRC— Electrochemical Reduction of
Carbon. Besides, formic acid represents a suitable storage
media for intermittent sources of energy as prospective
electrolytes in battery cells [2], [3]. Taking a look at CO,
electro-reduction using MECs, current developments in
literature are discussed, covering both experiments and
mathematical models. In addition, MFC (Microfluidic Fuel
Cell) models are discussed, due to the fact that, an MFC
operated in a reverse is an MEC.

In 2005, the first computational model for MFCs was
developed. It was considered a T-shaped formic acid MFC with
side-by-side streaming but suggested methods to improve the
electrodes were made [5]. In 2006, an extended theoretical
model was developed which included a Butler-Volmer model
for the electro-kinetics in a Y-shaped formic acid/dissolved
oxygen based cell [6]. A similar model for the planar was
presented in 2006, moreover, completed by a 2D theoretical
model of cathode kinetics in a co-laminar flow [7]. In 2007, a
Butler Volmer model was developed for the MFC employing
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hydrogen peroxide as fuel examining the effects of specie
transport and geometrical design [8]. A crude cathode model
for electro-reducing CO; to potassium formate in a continuous
"trickle-bed" reactor with Sn catalyst was also presented
followed by model for CO, electro-reduction in a solid oxide
electrolysis cell using Ni catalyst [9], [10]. In 2008, a 3D
steady-state and isothermal model with a trident-shaped
microchannel geometry was developed to determine the
optimum geometry in enhancing reactant distribution and fuel
utilization [11]. In 2010, a 3D model was developed to compare
flow and heat transfer characteristics in symmetric/ asymmetric
tree-like branching networks with symmetric/ asymmetric leaf-
like branching network in-cooperated in heat sinks. This led to
the conclusion that asymmetry minimally influenced the tree-
like branching network at low branching numbers [12]. In the
same year, a very comprehensive numerical study was made
using different 3D numerical models developed for different
MFCs, in order to determine the effect of different
modifications that have been implemented since its
introduction. The modifications included channel geometry
aspect ratio, electrolyte configuration, a flow between anolyte
and catholyte in the channel and a multiple placed inlets [13].
An air-breathing MFC was also presented which assumed a
constant oxygen concentration resulting in the poor
consideration of the naturally and forced convective mass
transfer resistance in the gas phase [14]. Finally, a detailed
model was proposed for electro-reducing CO, to CO in a cell
similar to a proton-exchange-membrane fuel cell including an
additional aqueous KHCOs buffer layer [15]. In 2011, a similar
study which entailed a numerical model to predict transport and
reaction patterns, and electrochemical performance under
different pH for an air-breading reversible MFC was carried out
[16]. In the same year, the same research group presented a
more detailed numerical model based on a forced-air-
convection MFC [17]. In addition, a computational model for a
microfluidic cell consisting of flow-through porous electrodes
was developed. The model which included fluid-flow, mass
transport and electrochemical kinetics was coupled and solved
with first principles in COMSOL Multiphysics [18]. In 2013,
the same research group presented a comprehensive theoretical
model studying air-breathing MFCs using a semi-empirical
Graetz-Domkohler analysis [19]. This research was
accompanied by a numerical analysis of the MFC geometry and
operation using finite-element simulations [20]. However, in
the same year, a model was developed for CO, electro-
reduction to formic acid in an MEC using Sn catalyst, the
computational approach for simulating the electrode-electrolyte
interface was unclear with potential distribution and definition
of over-potentials oversimplified [8]. In 2014, a 3D
computational model for air-breathing MFCs with flow-over
and flow-through anodes was presented. This model studied the
phenomena of fluid flow, species transport and electrochemical
reactions [21]. Followed by a hierarchical multiscale model for
vanadium MFCs, this model incorporated porous electrodes,
where diffusion coefficient was used as bridge between
microscale, mesoscale and macroscale using three-level-
theories setup [22]. In 2015, an agglomerate model for

performing a comprehensive electrochemical simulation of a
cathode layer was presented. The model could predict cell
performance at high CD which was not the case using
homogeneous model [23]. In the same year, follow-up study
was presented, which aimed at developing a 2D mathematical
framework at steady state/isothermal for modelling electro-
chemical conversion of CO; to CO using Ag catalyst in an MEC
[24]. In 2017, a comparative numerical study between co-flow
and counter flow cell was made, which revealed that short and
wide electrodes were more appropriate for counter flow MFCs
rather than conventional long and narrow ones. Nonetheless,
counter flow MFC exhibits great advantages on low flow rate
tolerance, contributing to an improved energy density and fuel
utilization. Summary of electrochemical performance in CO,
conversion to formic acid till date shows the highest recorded
formic acid CD of 150 mA/cm? FE of 98%, and CO»
conversion of 50% [25]. However, from literature, there is
currently no published research showing all three
simultaneously optimised model performance measures; FE (>
80 %), CD (= 100 mA /cm?) and CO, conversion (= 80 %) in
the electro-reduction of CO, to formic acid [2], [3], [5], [14],
[16], [25]-[27]. Moreover, modelling and simulating the
electrochemical conversion of CO; to CO, and HCOOH in
microfluidic reactors seemed complex and challenging. This
complexity was attributed to the insufficient understanding of
underlying fundamental integrations in the cell and their
influence on cell performance. Understanding fundamental
underlying integrations using mathematical models is of great
importance for development of MECs since experimental work
does not reveal this.

In this study, an approach using desired composition ratio Bi-
Sn nanoparticle catalyst and [EMIM][BF4] ionic liquid
electrolyte in a modified microfluidic electrolytic model is
carried out to find out strategies of maximizing formic acid FE,
and CD, and CO; conversion simultaneously. Bi and Sn
nanoparticle catalyst from literature has been proven to be
selective in formic acid production from CO, electro-reduction
with high HER (Hydrogen Evolution Reaction) over-potentials
[28]. In addition, [EMIM][BF4] ionic liquid electrolyte with
favourable characteristics including high ionic conductivity,
thermal stability and low water content, contributes to high
formic acid CD suppressing hydrogen evolution- a side
reaction. This brings us to a better understanding of the
fundamental integrations/reactions electrochemical
characteristics coupled with MEC processes. The model covers
transport of species and charges, momentum, mass
conservation and electrochemical reaction kinetics with
competing hydrogen reaction emphasizing on the cathode side.
Model-based parametric analysis is also carried out to find
optimize overall cell performance.

II. MATHEMATICAL FORMULATION

We consider the microfluidic electrochemical cell of Fig. 1,
which is equipped with parallel, rectangular, multi-layered
channels, and operates in a co-flow mode. A stream of CO,
enters the cathode gas channel, while the anode is open to the
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atmosphere. An ionic liquid electrolyte [EMIM][BF4] flows
between two gas diffusion electrodes (GDEs). The cathode is
coated with a Bi-Sn nanoparticle catalyst, while the anode is
coated with Pt blank at the electrode-electrolyte interface. A
graphite current-collector backs each GDE at the other side.
The model is calibrated and validated using experimental data
from literature, and the sensitivity of several designs and
operating variables is analysed via simulations. COMSOL
Multiphysics software is implemented in modelling using base-
case parameter values and solved using finite element method.

A. Electrode Reactions

To reduce CO; to formic acid in a microfluidic cell, we
supply current to the microfluidic cell, and the following
electrochemical reactions occur [24]:

At the anode:

20H — 0.50, + H,O +2e+0.82 V vs. SHE—Standard
Hydrogen Electrode (1)

At the cathode:

CO3 (aq)+ H20 + 2e-— HCOOH -0.613Vvs.SHE (2)

2H,0 +2¢" — Hy+ 20H" -0.41V vs.SHE 3)
Note, water reduces to H, gas via (3), but the H, produced is

negligible since an ionic liquid is the desired electrolyte used.
Numerical simulation is based on the following assumptions

and simplifications [15], [21], [24];

1. The system is isothermal and at a steady-state. Therefore is
a reasonable assumption for an electrochemical cell with a
flowing electrolyte.

2. Electrolyte used is an incompressible Newtonian fluid with

laminar flow.

Gas used is weakly compressible with laminar flow.

Side walls of the cell are impermeable, with zero slip.

Concentrations do not vary along the cell cross-section.

We impose no slip and zero species flux at the left and right

cell walls.

7. The overall internal environment of the cell is purged with
nitrogen before start, therefore assumed neutral.

Considering transport in gas channels, porous GDEs, and
electrolyte; material balance in the gas phase (cathode: CO,,
and H»; anode: O,) and electrolyte liquid phase (H", OH,

HCOO:, [EMIM]", [BF4]), the electric and ionic charge

balance; and charge transfer kinetics gives us the following

conservation equations [24]:

SNk w

V:(pu) =0 4

( —pu-Vu+Vv- (u(Vu + (Vu)™) —é u(v- u)I) (Gas channel)
Vp = {%((u ) + 7+ [2 (uvu + @) - 2u(v - wi)] - (£)u (GDE) (5)
—pu-Vu+ uV?u + pg (electrolyte)

Voni=0 (6)

V-i=0 7

where p, u, T, g, Di, €, nj, 1 and i respectively denote the density
of fluid (kg/m?), velocity (m/s), stress tensor (Pa), acceleration
due to gravity (9.8 m/s?), diffusivity of species i (m?s),
porosity, electron transfer number, dynamic gas viscosity and
CD of species.

o

o > -
— . Hz
Cathode gas channel
H0
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Anode CL
Ancde GDE
Anode gas channel . 03 H:0
A
A
a) 03 Hi0
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o
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Fig. 1 Schematics of (a) the front and (b) the side view of a
microfluidic electrochemical cell

Accounting for diffusion and convection in the cathode;
however, only diffusion in the anode is considered due to an
open boundary. In the electrolyte, we consider convection,
diffusion, and the migration of charged species. Then, molar
fluxes of the various species are as follows [24]:

—pDiVw; + (puw;) (Cathode)
n; = {—pDVw; (Anode) (8)
—D;VC; — Zjuy, ;C;V$, + Ciu (Electrolyte)

(Cathode: i = CO,, Hy)

(Anode: i =0,)

(Electrolyte: i = H", HCOO-, OH-, [EMIM]", [BF4]")

where wi, the mass fraction of species i, Dj, the multicomponent
diffusion coefficient, ¢, the electric potential of the liquid
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electrolyte, Cj, the local electrolyte concentration of species i.
We define the current densities at the electrodes and in the
electrolyte [24]:

(o, (GDEs) 0
Uz (=DiVC; = zjup ;C;V®,) (Electrolyte) ©)

(Electrolyte: i = H, HCOO, OH-, [EMIM]", [BF4]")
where ¢ and ¢ are the local electrode and electrolyte potential,
o, electric conductivity (S/m), Ci, the local electrolyte
concentration, F, the Faraday’s constant, z;, the electron transfer
number of the rate determining step, and Up, average normal
inflow velocity.

The electro-kinetics associated with (1)-(3) depends on CO,
concentration, electrolyte temperature, conductivity [24]:

incoon = 2FkpcoonCeoz €xp (—% TIHcooH) (10)
iz = i;‘;fexp (— %UHZ) (11)
lo2 = i(r)ezfexp (_ ZD;DTZF 7)02) (12)

where incoonrer 1S the HCOOH exchange CD, Ccoa, the local
CO; concentration, Ccoayrer, the reference CO, concentration,
ancoon, the charge transfer coefficient, F, the Faraday’s
constant, R, the universal gas constant, o, the charge transfer
coefficient, K, the permeability of the electrode, T, the system
temperature, and 7nucoon, the over-potential of HCOOH
formation reaction at the cathode.

The over-potentials of various species at the triple-phase-
boundaries are given by the difference between the potential
driving difference and the reversible potential of the half-cell
[24].

n=0s— 0, —E (13)

(1=HCOOH, Hs, O»)

where Encoon is the reversible potential of the half reaction for
HCOOH formation, ¢s and ¢, are local electric and electrolyte
potential, n;, the over-potential of species i.

For boundary conditions, constant compositions and flow
rates at the inlets is ensured; constant reference pressure with
no diffusive species fluxes at outlets; zero slip and flux at the
cathode gas channel walls; charge insulation and zero slip at the
GDEs vertical walls; constant potentials at electrode-gas
channel interface; molar fluxes and current densities at the
electrode/electrolyte interfaces.

The numerical model above was implemented in COMSOL
Multiphysics, with base case parameter values shown in Table
I, and solved using the finite element method.

B. Model Input Parameters

Fundamental input parameters for model simulations are
obtained from literature and summarised in Table I. Novel
materials include Bi-Sn nanoparticle catalyst and [EMIM][BF4]
ionic liquid electrolyte.

Charge transfer coefficient of HCOOH

TABLE 1
KEY INPUT PARAMETERS OF THE MODEL
Parameter Value Unit Ref.
Temperature 298 K [24]
Exit Pressure 101.3 kPa [24]
Electrolyte flow rate 0.7 ml/min [24]
formation half-cell -0.05 B (21]
Charge transfer coefficient of H, formation 05 _ 21]
half-cell
Charge transfer cc})‘efﬁcient of O, formation 0.16 R 21]
alf-cell
Exchange CD at cathode HCOOH formation 0.1 A/m? [21]
Channel Length 0.015 m [21]
Channel Width 0.025 m [24]
Height of cathode gas channel 5.08E-4 m [24]
Height of the cathode GDL 3E-4 m [24]
Height of the electrolyte channel 0.0015 m [24]
Electrolyte ionic conductivity 5.5E-6 S/m [29,30]
Diffusion coefficient of CO, 9.8E-4 m%/s [26,31]
Porosity of cathode GDL 0.4 - [24]
Permeability of the cathode GDL 102 H/m [3]

C.Materials Used in Model

*  Electrodes; anode (platinum) and cathode (Bi-Sn alloy)
*  Bi-Sn nanoparticle catalyst

85 % v/v. [EMIM][BF4] electrolyte

e CO;gas

III. RESULTS AND DISCUSSION

A.Model Validation

Model validation is carried out by comparing anode and
cathode performances individually. Model simulations are
compared with experimental results from [2]. Computed results
agree well with both experimental and theoretical results in
literature.
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Fig. 2 Comparison of (a) Cathodic HCOOH CD (b) Cathodic H» CD
(c¢) Anodic O2 CD from numerical results and experimental data

B. Mass Transfer Characteristics

In the MEC, the cathode, where CO, is reduced to formic
acid is a critical component in determining the cell performance
and chemical efficiencies, and is the primary focus of this work.
The cathode-CL is comprised of a bimetallic nanoparticle
catalyst at varying mass ratios. The electrolyte used is an ionic
liquid ((EMIM][BF,]) with concentration of 85 % v/v.

1)Mass Transfer Characteristics with Bi-Sn Nanoparticle
Catalyst at Varying Weight Ratios

Concentrations of CO, and H, (negligible) distributions
inside the gas channel and the GDE are calculated, with
contours shown in Figs. 3 (a)-(g).

Sy

€
Ex

Fig. 3 Concentration contour of COz in gas channel (mol/m?): mole
ratio 0.5:0.5 Bi-Sn particle catalyst;

C.Electrochemical Characteristics

The different electric conductivities of Bi-Sn catalyst at
different mole ratios have an impact on the concentration
contours of CO; in the gas channel. By order of the highest
electric conductivity, the catalysts mole ratios are as thus;
0.7:0.3 >0.2:0.8 > 0.3:0.7 > 0.05:0.95 > 0.4:0.6 > 0.025:0.975
> 0.5:0.5. However, it is noted that 0.5:0.5 Bi-Sn catalyst mole
ratio on the cathode electrode displays optimum CO,
consumption in reaction. Therefore, this research concentrated
on mole ratio 0.5:0.5 Bi-Sn catalyst. Fig. 4, presents a simulated
CD -potential. Increasing the negative cathode potential
increases the current densities for both HCOOH and H,
formations.

Here, HER is a competing reaction with little or almost no
impact on the main cathode reaction at pH 7 with current
densities of 0 to 2.5 mA/cm?. However, from Figure 4, it is clear
that there is a correlation between an increased negative
electrode potential and increased HER. This in turn, leads to a
high FE for HCOOH formation. Thermodynamically, HER
occurs immediately the cathode potential is lower than -1.02 V
vs. SHE [3]. However, our results reveal that HER occurs as the
potential drops below 1 V. This is attributed to the high electric
conductivity of the electrolyte although HER kinetically should
take place after -1.02 V due to small exchange CD. The HER
partial CD in Figure 4 is about two orders of magnitude lower
than HCOOH partial CD. Further increase in the applied over-
potential does not substantially increase HER; this is attributed
to the lack of sufficient H' in the ionic liquid electrolyte and at
the selective cathode catalyst interface. On the other hand, when
a higher negative over-potential is applied for HCOOH
formation, HCOOH CD increases as a result of optimum
catalyst composition applied, high electrolyte CO- solubility
[32,33], and electrolyte ionic conductivity for CO, electro-
reduction reaction. Moreover, the cationic species of the
electrolyte contributes to increased FE and CD of the reaction
process. This is attributed to its high formic acid selectivity as
a result of high affinity for CO, molecules [27].

D.Effect of HER Kinetics

HER can greatly reduce the MEC performance via two
mechanisms, i.e. cathode reaction competition and dilution of
CO,. Efforts have been devoted to suppressing the HER by
coating a more selective cathode catalyst and using an ionic
liquid electrolyte. These efforts fundamentally aim to reduce
the exchange CD of HER. The effect of HER exchange CD on
current efficiency is studied. In the literature, experimental data
showed that the superficial HER exchange CD on porous GDE
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structures lies typically in a range of 0.01 to 1 mA/cm? [2]. It is
found in Fig. 5, that the impact of HER on the FE of MEC is
relatively small with the FE averaging 94.34%. A high
efficiency would imply that eliminating HER by employing
appropriate electrolyte and selective catalysts is key.

70
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E © Total current density
g 40
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Fig. 4 Cathode total CD, HCOOH partial CD and HER partial CD
versus electrode potential at 85% v/v. [EMIM][BF4] electrolyte

]
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2
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Fig. 5 Cathode FE for formic acid versus electrode potential using
[EMIM][BF4] ionic liquid electrolyte

0 * [ ] ®
4 3 -2 -1 0 1 2 3 4
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Fig. 6 CO2 conversion versus applied potential using [EMIM][BF4]

E. Effect of Channel Length

Figs. 8 (a) and (b), show the effect of channel length on CO,
consumption/reaction in the cathode gas channel. Fig. 8 (a),
shows an initial CO, concentration of 0.055 mol/m? at the inlet,
before peaking to 0.07 mol/m? at 0.002 m x-direction before
gradually decreasing along the entire gas channel. In Fig. 8 (b),
CO; concentration spikes from 0.07 mol/m? to 0.085 mol/m? at
about 0.0018 m x-axis direction from inlet, before decreasing
exponentially along the entire gas channel. The high CO,
consumption is attributed to increased residence time in the gas
channel and a longer channel improves CO, conversion [24].
However, while a longer gas channel increases CO, conversion
it does so at the expense of the CD and FE.

CO; concentration (mol/m?)
e

i L L f

0 0.002 0.004 0.006 0.008 001 0.012 0.014
Length of cathode gas channel (m)

(a)
)35 = | = T T T T T T

E 08} ]
g st 1
g w7 F -
g St = 1
g .06 S -
= N
S 55t -
S st : .
o g

045 | ]

0 0.002 0.004 0.006 0008 0.01 0.012 0.014
Length of cathode gas channel (m)

(b)
Fig. 8 COz concentration contour along the x-axis of cathode gas

channel at 0.0028 S/m cathode catalyst—(a) Channel length of 0.015
m. (b) Channel length of 0.35 m

IV. CoNCLUSIONS

A first-principles electrochemical model for CO; reduction to
formic acid in a microfluidic cell was presented and validated.
It accounts for all significant physics and electrochemistry such
as momentum and mass conservation, transport of species and
charges at the cathode side of the MEC. It is found that high FE
is attributed to high diffusion of CO; in the GDE porous media
and elimination of HER. After parametric analysis were
performed using increased channel length, increased gas flow
velocity, and increased in feed CO; concentration, it was
evident that there was a trade-off between three performance
measures; FE, CD and CO, conversion. These performance
measures indicted CO; transport and surface catalyst contact
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are key in CO; electro-reduction rather than just catalyst
selectivity. Improved MEC design includes a cell geometry
included in Table 1, 0.5:0.5 Bi-Sn catalyst mole ratio, 85 % v/v.
[EMIM][BF4] ionic liquid electrolyte, cathode gas channel
length of 0.35 m, and CO, gas flow velocity of 0.1 m/s and a
feed CO» concentration of 0.25 mol/m?. However, the design
didn’t provide satisfactory formic acid CD (~60 mA/cm?). The
former is attributed to hydrogen evolution, while the latter is
attributed to insufficient hydrogen ions available in the
electrolyte to produce formic acid. Moreover, FE (~98%) and
CO; conversion (~80, ~90 % ) at =3 V and 2 V vs. SHE was
satisfactory. This provides basis for further optimization with
the aim of increasing formic acid FE.

APPENDIX

List of Abbreviations

CD Current Density

CL Catalyst Layer

ECRC Electro-Chemical Reduction of Carbon
FE Faradaic Efficiency

GDE  Gas Diffusion Electrode

GDL  Gas Diffusion Layer

MEC  Microfluidic Electrolytic Cell
MFC  Microfluidic Fuel Cell

SEM  Scanning Electron Microscope
SHE  Standard Hydrogen Electrode

Nomenclature

Ci concentration of species i, mol/m

Dij multicomponent diffusion coefficients, m?%/s

Ei reversible potential of the half-cell corresponding to
formation of species i, V

F Faradaic constant, 96485 C/mol

g  acceleration due to gravity, m/s?

i CD,A/m?

ii  transfer CD corresponding to the formation of species i, A/m?

iiret exchange CD corresponding to the formationof
species i, A/m?

Mi  molecular mass of species i, kg/mol

n; mass flux of species i, kg/(m?s)

pressure of gas, Pa

mass source term, kg/(m?:s)

universal gas constant, 8.314 J/mol-K

temperature, K

velocity, m/s

velocity in the x direction / stream wise direction, m/s

average normal inflow velocity, m/s

velocity along the y direction / normal direction, m/s

vi  diffusion volume of molecule i, used in the correlation by
Fuller, Schettler, and Giddings

xi  molar fraction of species i

a  fitting parameter for through-plane diffusion in the Tomadakis-
Sotirchos model

ai  charge transfer coefficient of the half-cell corresponding to the

formation of species i

porosity of the gas diffusion layer or catalyst layer

over-potential of the formation reaction species i , V

permeability of the gas diffusion layer or catalyst layer, m

eigenvalues

dynamic viscosity, kg/m-s

density of gas, kg/m?

electric/ionic conductivity, S/m

QOS::H;UO'U
P

S ™

AT ®E >

¢

wi

Q

(1]

(2]

(3]

(4]

(3]

(6]

(7]

1]

[10]

(1]

[12]

[13]

[14]

[15]

(1e]

electric potential

mass fraction of species i

modified Damkohler number, modified the dimensionless
constant Damkohler by a length scale.
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