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Bicarbonate electrolyzers are devices designed to convert CO, released in situ from bicarbonate ions into chemicals and fuels
without an external source of CO, gas. A one-dimensional steady-state isothermal model is developed for the membrane electrode
assembly of a bicarbonate CO, electrolyzer with a bipolar membrane design. The model incorporates species transport in both the
anode and cathode electrodes due to convection, diffusion, and migration, and accounts for the catalyzed water splitting reaction at
the interface of the anion exchange layer and the cation exchange layer of the bipolar membrane. A direct comparison of model
simulations with available experimental data shows that the model can accurately simulate measured Faradaic efficiency and CO
yield for all operating current densities. The model can also accurately simulate most of the polarization curve, with the only
limitation being in the range dominated by mass transport. Compared to the other parameters studied in this paper, numerical
results show that the performance of the bicarbonate CO, electrolyzer is more sensitive to both aqueous electrolyte saturation in the
cathode catalyst layer and the catalyzed water splitting efficiency of the bipolar membrane.
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2 Applied potential at cathode, V
Agy Constant voltage drop at the interface of AELICEL, V
L) Bessel function of first-order
Nk Overpotential of reaction k, V
Ky Permeability of phase a, m>

A Membrane hydration

Ha Viscosity of phase a, Pa s

Pu Density of phase a, g cm™

s Conductivity of solid phase, S m™
; Mass fraction of gaseous species j
Subscript

aq Aqueous

elec Electode

g Gas

GL Gas to liquid

iorj Chemical species

k Reaction of OER, HER, or COER
l Liquid

MT Mass transfer

n Homogeneous reaction

outlet Outlet of the electrolyzer

PT Phase transfer

sat Saturated

TF Thin film

w Water

Superscript

0 Standard state

A Acidic conditions

B Basic conditions

K Knudsen

eff Effective

m Mass-averaged

ref Reference state

rel Relative

Acronyms

ACL Anode catalyst layer

AEL Anion exchange layer

AEM Anion exchange membrane
BPM Bipolar membrane

CL Catalyst layer

CCL Cathode catalyst layer

CEL Cation exchange layer

CEL Cation exchange layer

CEM Cation exchange membrane
CO2RR CO, reduction reaction

COER CO evolution reaction

HER Hydrogen evolution reaction
MEA Membrane electrode assembly
OER Oxygen evolution reaction
TEA Techno-economic analysis

Electrochemical conversion of CO, into value-added products
has rapidly gained attention and made significant progress in recent
decades.'™ Techno-economic analysis (TEA) studies have shown
that CO, electrolyzers must operate at high current densities (>100
mAcm ) and low cell potential (<3 V) in order to be industrially
viable.*® The current performance of such systems is still low and
needs further improvement to be industrially competitive. This will
require not only breakthroughs in materials development to promote
the CO, reduction reaction (CO,RR), but also new electrode and
electrolysis cell configurations to facilitate reactant transport in
aqueous electrolytes.

Bicarbonate CO, electrolyzers are a type of CO, electrolyzer in
which in situ generation of CO, molecules and direct conversion on the
cathode side occur. A typical architecture of a CO, electrolyzer consists
of an anode flow plate, a membrane electrode assembly (MEA), and a
cathode flow plate. The MEA is an ion-conducting membrane
sandwiched between the anode catalyst layer (ACL) and cathode
catalyst layer (CCL), as shown in Fig. 1. Depending on the membrane

used in its MEA, CO, electrolyzer configurations can be grouped into
three categories’: cation exchange membrane (CEM)-based,”® anion
exchange membrane (AEM)-based,> ! and bipolar membrane (BPM)-
based systems.'>!* A BPM consists of an anion exchange layer (AEL)
and a cation exchange layer (CEL), usually with an interfacial catalyst
layer between them that promotes the dissociation/association process
to maintain the supply or consumption of ionic charge carriers from
either layer of the BPM. A BPM can effectively prevent ion crossover
from one layer to another, which allows the use of distinct cathode and
anode electrolytes in the same cell. BPMs have been successfully
implemented in various electrochemical applications, such as fuel cells,
flow batteries, water, or CO, electrolyzers, but they have not been
optimized specifically for CO, electrolysis.?

Physics-based continuum modeling brings the most advanced
computational techniques to simulate the reaction mechanism and
transport phenomena in electrolysis systems and is a cost-effective
way to explore new materials and novel designs for performance
improvement. A comprehensive review of the modeling of porous
electrodes for electrochemical synthesis can be found in Ref. 14.
Delacourt, et al., built a model framework for a CEM-based CO,
electrolysis on flat gold and silver electrodes and used the model to
explain why a higher CO efficiency of ~90% is obtained on a gold
electrode vs a silver electrode.">'® Weng, et al., developed a
comprehensive model for a gas diffusion electrode of a CO,
electrolyzer.'” The model was validated using CO current density
and CO Faradaic efficiency (FEco). Modeling results demonstrated
that the catalyst layer wettability can significantly impact CO current
density and FEco. Later, the authors extended this gas electrode
model to a full MEA model for AEM-based electrolyzers by treating
the anode as an interface'® and employed the model to investigate
the fundamental limitations of two MEA designs: one with gaseous
feeds on both the anode and cathode sides and the other with an
aqueous anode feed and a gaseous cathode feed. The model
framework was further applied to a full Copper-catalyzed MEA
for an AEM-based CO, electrolyzer to study the performance and
limitations of CO, reduction with a Cu catalyst.'” A 2-D model was
developed for the cathode electrode of an AEM-based CO, electro-
lyzer where the catalyst layer was treated as a thin layer'' and the
model was employed to study species transport, especially CO,
penetration depth with/without an ionomer layer between the
catalyst layer and the electrolyte sub-domain. Coupled with machine
learning, McCallum, et al.,20 reported a computational model for an
AEM-based MEA of a CO, electrolyzer to successfully identify the
conditions for crossover mitigation and performance improvement.

BPM-based MEAs have many advantages compared to CEM-
and AEM-based approaches,”' including reduced species crossover,
allowing the use of two different electrolytes, enabling the use of
non-platinum Group Metal (PGM) materials for the anode oxygen
evolution reaction (OER), and regulating pH via in situ H/OH™
production, among others. A downside of using BPMs compared to
AEMs or CEMs is higher Ohmic losses.” Although mathematical
modeling of ion transfer in the BPM is well-developed®> > and
widely used in water electrolysis,”~° its adoption for the BPM-
based MEA of CO, electrolyzers is still unavailable due to the
numerical complexity when included in a full MEA model.

Recently, Lees, et al. developed a 1-D model for the cathode of a
bicarbonate electrolyzer with a BPM design.*! The model was used to
successfully predict the trends of FEco and CO yields at the cathode
electrode outlet. While this model provides a useful starting point for
simulation of species transport and system performance during the
electrolyzer operation, it only accounts for the cathode side of the
system, and does not include the anode and the whole BPM domain.
Building upon this previous work, we present here a 1-D, steady-state,
isothermal model that considers species transport within the entire
MEA domain, and includes the catalyzed water splitting reaction and
the Wien effect. The Wien effect is the phenomenon that stronger
electric fields can yield faster water dissociation rates.>? Potential
drops and pH variations through the MEA due to sharp changes in
species concentrations can also be identified. Proton flux from the
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— Figure 1. Schematic of a single cell of a bipolar
membrane CO, electrolyzer.
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catalyzed water splitting reaction is modeled by a quadratic function
of the electrolyte current density through the AELICEL interface of
the BPM. The potential loss due to internal resistance is also included
in the boundary condition of the applied electric potential on the
cathode side of the electrolyzer. The model was validated by three sets
of experimental data: FEco, CO yield, and polarization curve. In the
following sections, the formation of the model and its initial values
and boundary conditions are presented along with a detailed discus-
sion on the impact of MEA parameters such as porosity, saturation,
etc on the performance of the modeled electrolyzer.

Model Development

The MEA of a bicarbonate electrolyzer contains a nickel foam
anode, a silver foam cathode, and a BPM, as Fig. 1a.3! The nickel
foam anode is marked as an ACL while the silver foam cathode as a
CCL, shown in Fig. 1b. The source of the nitrogen is the result of the
purge process after each test. Gaseous reaction products formed at the
cathode were delivered to the sample loop of a gas chromatograph
(GC) using a stream of N, gas that was swept through the headspace
of the 3M KHCOj; reservoir. A more detailed system operating
diagram and different phase domains can be found in Refs. 12, 13, 31.

The model is developed based on the following assumptions:

All domains are considered isothermal.
Electrolyte flow is incompressible.
Porous electrodes and the BPM are isotropic.
The aqueous electrolyte saturations in both the ACL and CCL
are assumed constant. Here the electrolyte saturation means the
electrode saturation by an electrolyte.

® Gaseous species transport exists only in the ACL and CCL, not
in the AEL and CEL. AEL and CEL are hydrophilic materials and
the liquid supply (water at the AELICEL interface, anolyte, and
catholyte) makes both AEL and CEL swell. In addition, the
experiment13 shows that the CO, gas bubbles accumulated at the
interface of CELICCL and transported out through the CCL.

® The catalyst thin film between the AEL and CEL of the BPM is
to enhance the water splitting reaction and is considered as an interface.

¢ Dissolved CO, H,, N», and O, in electrolyte are neglected due
to their limited solubility.

® Bubbling induced convection in the liquid phase of both ACL
and CCL is neglected.

Reactions.—In the ACL, the OER occurs in both acidic and basic
environments, ' 8

2H,0 — O, + 4H™* + 4e™ [1]
40H™ — O, + 2H,0 + 4e™ 2]
In the CCL, CO, reduction reaction (CO,RR),
COz(aq) + H,0 + 2¢™ —» CO + 20H [3]
Similar to the OER, the H, evolution reaction (HER) in the CCL

occurs in both acidic and basic environments,

2H* + 2~ - H, (4]

2H,0 + 2¢~ — H, + 20H" (5]

The following acid/base homogeneous bulk reactions occur in both
the CCL and CEL,

ki
CO,(aq) + H,0—>H* + HCO3,

k-1

K = 107837 (6]
HCO; 25 HY 4+ COZ-, K, = 10-1032M (71
o
k
CO,(aq) + OH"—5HCO3, K; = Ki/K,, (8]

k-3

k
HCO3 + OH"—5H,0 + CO%™,
k_g

K, = Ky/K,, (9]

The non-catalyzed water splitting reaction takes place in the whole
domain (ACL, AEL, CEL, and CCL),
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Ky
H,0—5H* + OH™, K, = 1071*M? [10]

kw

The catalyzed water splitting reaction is the same as Eq. 10 but has a
different dissociation rate, and only occurs at the AELICEL interface
of the BPM. Protons produced from the catalyzed water splitting
reaction flow only into the CEL and the produced hydroxide ions
flow only into the AEL.

Mass transport in the gas phase—There are two gaseous
species, O, and Ny, in the ACL and four gaseous species in the CCL,
COy(g), H,, CO, and N,. All the -electrochemical reactions
(Egs. 1 ~ 5 and homogeneous bulk reactions (Eqs. 6 ~ 10) are
assumed to take place in the liquid phase of the corresponding
electrode. Due to their low solubilities, the dissolved O,, H,, and CO
in the liquid phase are neglected. Therefore, the source terms of O,,
H,, and CO are the production rates of the corresponding charge
transfer reaction.

The governing equation of mass conservation for the gas phase
species in the electrodes of a CO, electrolyzer is given by

V-Ngj =R [11]

where g denotes the gas phase, j represents the gas phase species,
ie., j =0, and N, in ACL, j = CO,(g), H, CO and N, in CCL,
N, is the mass flux of gaseous species j, and R, ; is the source/sink
term of gaseous species j.

The mass flux, N, is given by,

VM,
ff ff
Ng,j = —png:c V(D] - pnge w; Mn + pgug [12]

Y =1 [13])
J

where w; is the mass fraction of species j, p, and p; are the mass
density of the gaseous mixture and gaseous species j, respectively,
D_ff‘c is the effective diffusion coefficient of species j, M, is the
average molar mass of the gaseous mixture, and u, is the velocity of
the gaseous mixture.

-1
M, = (Z %] [14]

j J

here M; is the molar mass of gaseous species j = O, and N, for the
anode and j = CO,, H,, CO, and N, for the cathode.

The density of the gas mixture can be estimated by ideal gas law
as,

_ P

P = g [15]

where p; is the total gas pressure of the gaseous mixture, R is the
universal gas constant, and 7 is the temperature.

The effective diffusion coefficient of gaseous species j, Df”, is
estimated from the Bruggeman equation,

Djeff — (8)3/2Dj [16]

where € is the volume fraction of the gaseous phase in the anode or
the cathode electrode, and Dj; is the bulk diffusion coefficient of

species j.

e=¢e%(1 — ) [17]

-1
1 1

Di=|—+— 18

/ (D;-“ DF) e

where ° and s are the porosity and aqueous electrolyte saturation of
the anode or the cathode electrode. The mass averaged Stefan-

Maxwell diffusivity, D}", and Knudsen diffusivity, D,K, are calcu-
lated by,

pro_ 1@ 19
J— Z oM, [19]
i#i M;Dj;
and
D]K = 2r [8RT [20]
3\ =M;

respectively. Here Dj; is the binary diffusivity of species j and i, r is
the average pore radius in the anode or the cathode electrode.
The gas mixture velocity in Eq. 12 is determined by Darcy’s law,

u, =ty [21]
g pg
ﬂg

here p, is the viscosity of the gaseous mixture in the corresponding

electrode, and ngff is the effective permeability of the gas phase in

the electrode and can be estimated as,

K';ff = Ksat ngl [22]

where kg, is the saturated permeability and « is the relative

g
permeability of the gas phase. kg, is given by Carman-Kozeny

equation as,

£0)3
Ksat = Ks(it(l(_i)go)g (23]

and Kg“”l is calculated by,
ngl = (1 — )3 [24]

Here k., is the bulk saturated permeability of the related electrode.

The viscosity of the gas mixture in Eq. 21 can be calculated by,

_ Zj i/ (M

= o [25]
3, o/
where ; is the viscosity of gaseous species j.
The source/sink terms of gaseous species j, R, ;, in Eq. 11 are

listed in Table 1.
The source terms of O, in reaction OER, CO in reaction COER,
and H, in reaction HER are,

SOER,0,vi0ER
RoEr,0, = Mo, B [26]
OER

SCOER,CoaviCOER
Rcogr,co = ~Mco———————— [27]
ncoer F
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Table 1. Source/sink terms of gaseous species in the mass conserva-
tion Eq. 11.

Source term (kgm~3s~') ACL CCL
Ro, RoER,0,
RNZ 0 0
Ry, RyER Hy
Rco Rcogr,co
Rcoye) —Rpr.co,
and
SHER,H, @vIHER
RuprH, = —My, ———2——— [28]

nyeRr F

respectively. Where sy ; is the stoichiometric coefficient of species j
in reaction k (negative for reactants and positive for products), a, is
the active surface area, F is Faraday’s constant, n; is the number of
electrons transferred in reaction k, and i; is the current densities of
reaction k.

A
. . a F
IoER = —l(fOER exp (— (;f; UOER)
.B COH™ agERF [29]
—1 — | X -
0.0ER| ol P RT NoEr
. . CCo,( a F
IcoER = —10,COER refZ() exp (— — WCOER) [30]
€COo, (1 RT

A
. _ _:A cy* aper ¥
IHER = —I0,HER| o5 |SXP| ~ THER
Cir RT

B
. a F
- Z(EHER exp (— HLR ﬂHER) (31]

RT

where i(fOER, iOI?OER, i0,COER» i&HER and iol?HER are the exchange
current densities of acidic OER, basic OER, COER, acidic HER and
basic HER, respectively, ¢; and c;e'\ are the concentration and
reference concentrations of species j (j = OH™, CO(aq) and H™),

adir, abers acorr, afisr and apgg are the transfer coefficients of
acidic OER, basic OER, COER, acidic HER and basic HER,
respectively, and nogr, icoer and 7yer are the surface overpotentials
of OER, COER and HER, respectively.

2.303RT
Nogr = b5 = b1 = (USER - TpH) [32]
2.303RT
Ncoer = s — &) — (Ué)OER - TPH) [33]
2.303RT
NMur = @5 — &) — (UIEI)ER - TPH) [34]

where ¢ and ¢, are the potentials of solid and liquid phases,
respectively, Udgr, Ulopr and Ufgg are the standard reduction
potentials of OER, COER, and HER, respectively.

The exchange current densities of acidic OER, basic OER are
given by'®

E,

iforr = Adm exp(— k(;ER) [35]
E.

i(?OER = Ader exp (— Z(;ER) [36]

where E, ogr(kJ mol ') is the apparent activation energy of OER
and is pH-dependent,

E,or = 11 + 1 x pH [37]

pH = — log (cy+) (38]

with the unit of cg+ is ML L.
The phase transfer rate of CO, between gas phase and dissolved
phase in the CCL is estimated by,"”

Rpr,co, = avker,co,Mco,(Hco,P,Yco, = €C0,,1) [39]

where kg, co, is the gas-to-liquid mass transfer coefficient of CO,,
Hco, is Henry’s constant of CO,, yco, is the mole fraction of CO,,
and cco,; is the dissolved CO, concentration in the CCL.
Rpr,co, < 0 indicates that CO, transfers from the liquid phase into
the gas phase while Rpr,co, > 0 means that CO, changes from the
gas phase to the liquid phase.

The active surface area in the CCL is corrected by its aqueous
electrolyte saturation as,

ay = als [40]

where a? is the specific interfacial area of CCL.

The monotonous correction of active reaction surface on electro-
lyte saturation, Eq. 40, is based on the understanding that only those
catalyst particles in contact with liquid electrolyte are active.'” So
far, there is no better way to mathematically relate the active surface
area to liquid saturation and it needs to be investigated in the future.

The gas-to-liquid mass transfer coefficient of CO, is given by,

Dco,q
kgL,co, = TZ() [41]
TF

where Do, is the diffusion coefficient of CO, in the liquid phase,

and otr is the thickness of the thin film of electrolyte covering the
inner surfaces of those pores that are filled with electrolyte in the
CCL.

brr=r(1 =Vl —y) [42]
The Henry’s constant of CO,, Hco,, can be estimated by,18

| !
Heo, = 34 x exp| 2400 x [ —— - L 43
€0, Xp( (T[K] 298)) [43]

with the unit of mol m™> atm™".

Mass transport in the liquid phase.—In the CEL and CCL, the
liquid phase species are CO,(aq), K™, H", OH-, HCO3, CO%™, and
H,0, while in the AEL and ACL, the liquid phase species are K,
H", OH™, and H,O. The water concentration is assumed to be
constant so the governing equation for water is omitted.

The governing equation of mass conservation for each liquid
phase species of the electrolyzer is

V 'N],j = Rl,j [44]



Journal of The Electrochemical Society, 2023 170 123508

where [ denotes liquid phase, j represents the liquid phase species in
the anode or cathode electrode, i.e., j = K, HF and OH™ in the
anode electrode, j = CO,(I), K+, H, OH-, HCO3, and CO3~ in the
cathode electrode, N;; is the molar flux of liquid species j, and R is
the source/sink term of liquid species ;.

The flux of species j in Eq. 44 consists of diffusion, migration,
and convection terms, and is defined by the Nernst-Plank equation,

£

RT

i =F) N, [45]
J

ff eff
Nl,j = —Df VC] - Z]LJD]L V(ﬁl + ll[(,’j

where fof is the effective diffusion coefficient of species j, ¢; is the
molar concentration of species j, z; is the charge number, ¢, is the
ionic potential in the liquid phase, and w, is the superficial velocity
vector of the liquid phase.

The effective diffusion coefficient of species j in the ACL or
CCL is estimated by Bruggemann equation as,

Djeff — (EOS)I‘SD]' [46]

where D; is the bulk diffusion coefficient of species j in the liquid
phase of ACL or CCL.
The effective diffusion coefficient of species j in the AEL or
CEL of the BPM is calculated as,?*~'*
it _
D = 2D, (47

w

where f,, and x,, are the volume fraction and mole fraction of water
in the AEL or CEL, respectively, and they both are functions of the
membrane hydration (),

AV,
=t 48
Fu AV + Vi [48]
and
A
v = 49
S [49]

Where 1 is the membrane hydration, V;, and V,, are the molar
volumes of water and the membrane phase, respectively.

A linear dependence of the membrane hydration on the molar
ratio of protons in the CEL (hydroxide ions in the AEL) to fixed-
charge groups in the membrane is assumed,”

P Axyioy F XutAxye_,  in the CEM 501
- Axom-=o T XOH Axoy-—, in the AEM

where Ay = Argues, = 6 and A = Ay._, = 9 are hydration
values fit to experimental BPM data collected for a salt solution and
deionized water, respectively.

The superficial velocity vector in Eq. 45 is calculated by Darcy’s
law,

K_leﬂ

H

u = - Vp, [51]

where ; is the dynamic viscosity of electrolyte, p; is the liquid phase
pressure, and kT is the effective permeability of the liquid phase

and can be determined by,
Kleff = K K_lrel [52]

where /' is the relative permeability of the liquid phase in the

electrode and is given by,
K = (s) [53]

The concentration of species Kt, ck+, can be obtained from the
electroneutrality condition in the ACL or CCL electrolytes once the
concentrations of other species are available,

Y z¢=0 [54]
J

The source/sink terms in Eq. 44, R;;, are listed in Table II and
defined as follows.

The source terms related to the charge transfer reactions are given
by,

SCOER,C0,@viCOER

RcoEr,co, = ~Mco,—————— [55]
ncoer F
SHER,H*@vIHER
Rypru* = ~Myr———— [56]
nuer F
Rcoer+HER,0H™ = —Mon-
SCOER,0H @viCOER = SHER,0H @vIHER
X ( v v [57]
ncoer F nyeR F

The source terms related to the homogeneous bulk reactions are
calculated by,35

Rg,co, = Mco,[sco,1(kicco,1 — k-icu+cuco;)

+ 5c0,,3(k3cco,.1con™ — k-3cHCo;3)] [58]

Ry y+ = My+[su+1(kicco,1 — k_icutcuco;) + Su+2
X (kycuco; — kacntcepr-) + Sutw(kw — keweptcon)]  [59]

Table II. Source/sink terms of liquid species in the mass conservation Eq. 44.

Source term (molm=3s~!) ACL AEL CEL CCL

Rco,0) Rg,co, RcoEr,co, + RB,co, + Rpr,co,/Mco,
Ry+ 0 0 0

Ry+ Roprut + Rput Rg y+ Rp y+ Rypru* + Rpu*

Ron~ Rogr,on~ + Rp.on™ Rp.on~ Rp.on~ Rcoer+HER, 08~ + Rp.oH™
Ruco; RB HCO3 Rg Heoj

Reo? Ry ot~ Ry cot-



Journal of The Electrochemical Society, 2023 170 123508

Rg.on~ = Monu~[sou-3(k3cco,,icon~ — k—3¢HCo3) + SoH-4
X (kacuco; con™ — k-acco?-) + Sonw(kw — k_weyrcon)]

[60]
RB HCo; = Muco; [Sucos,1(kicco,1 — k-1cH+CHCO3)
+ sucoz .2 (kacucoy — k-acntceo?-) + Sueoz,3(k3¢co,,1CoH™
— k_scnco3) + sucos4(kacucos con — koaccp2-)] [61]
Ry o~ = M o2~ [scoi-2(kachcoy — kacu+c )
+ 5co3,a(kaCHcos Con™ — ksccp-)] [62]

where s;, is the stoichiometric coefficient of species j in homo-
geneous bulk reaction n (s;, < 0 for reactants and s;, > 0 for

products), k, and k_, are the forward and reverse reaction rate
constants for reaction n, respectively.

kn

ko, =
K,

[63]

where K, is the equilibrium constant of the reaction n.

Electron transport.—The governing equations for the electron
transport in the ACL and CCL are determined by Ohm’s law and
electroneutrality,

. . _aviOER, in ACL
Vig=-Vi = . 64
B " {—av(iCOER + ipgr), in CCL [64]
and
i, = —o;" Vg, [65]

where iy and i are the current densities in the solid and liquid phases,

respectively, ¢ is the electronic potential in the solid phase, and 6&f

is the effective electric conductivity of the solid phase in the
corresponding catalyst layer and calculated by,
o = (1 - %)%, [66]
where o is the bulk electric conductivity of the solid phase of the
corresponding catalyst layer material.

The electrolyte potential, ¢, can be obtained from the Nernst-
Plank equation Eq. 45.

Water splitting model in BPM.—The non-catalyzed water
splitting reaction occurs in the whole MEA domain. The forward
reaction rate constant of the noncatalyzed water splitting reaction
Eq. 10 is given by,

ky = kak_,, [67]

here k, is the dissociation rate constant.

Based on Onsager’s weak electrolyte theory, the electric field
enhances water dissociation (Second Wien Effect) which can be
taken into account by setting the dissociation rate constant, k;, as
follows,?*°

kg  Ti(V-2b)

k? J—b
1 2 3
I A S S S [68]
2 T T 3

and

|E]

_ 2
b = 0.09636[K¥mV] -7

[69]

Where k is the dissociation rate constant without electric field E,

e is the relative permittivity, and Ij(-) is the first order Bessel
function.

The catalyzed water splitting reaction occurs only at the AELI
CEL interface of the BPM. The dissociation rate constant for the
catalyzed water SPlitting reaction is enhanced by the related
functional groups®*** and can be increased up to two orders of
magnitude.’® For simplicity, it is assumed in this work that the
reaction rate for the catalyzed water splitting reaction at the AELI
CEL interface is quadratic-dependent on the current density of the
electrolyte phase and therefore the flux of protons or hydroxide ions
from the catalyzed water splitting reaction can be estimated as,

i

Nw,catalyst = (a1 + asiy) [70]

nwp
where nyp is the number of electrons transferred per mole of H in
the water dissociation reaction, a; and a, are the fitting parameters
relating to the catalyzed water splitting reaction at the interface of
the AELICEL. Note that this quadratic function for proton flux is a
semi-empirical fit based on the fact that the water dissociation rate
depends highly on the gradient of electric potential.

Boundary conditions and initial values.—The boundary condi-
tions and initial values for mass transport are specified as follows.

For the mass transport in the gas phase, zero fluxes for all the
gaseous species are specified at the ACLIAEL and CELICCL
interfaces (x = x, and x = xy),

N, =0 71]

and at the anode channellACL and CCLIcathode channel interfaces
(x=x and x = x5),17

N = pokeni (@] — @) [72]

for j = Oy and N, in ACL, and j = CO,(g), Hy, CO and N, in CCL,
respectively. Here p, is the gas phase density, a)j(-) is the initial mass
fraction of gaseous species j in the corresponding catalyst layer,
ko Mt is the mass transfer coefficient of gaseous species j at the

anode channellACL or CCLIcathode channel interfaces, and given
by the Sherwood-Reynold-Schmidt correlation,

D:
kg nrj = (L—f) X 0.664

elec

ot L 12 u 13

g Lel

X Tg s meee x| —5 [73]
Hy P, D

where L. is the electrode length, u, and u, are the viscosity and
velocity of the gas phase.
The initial values for gas phase transport are specified as,

W = o] (741

Similar to Eq. 72, flux boundary conditions for the mass transport in
the liquid phase at the anode channellACL and CCLIcathode channel
interfaces (x = x; and x = x5) are specified as,V’

N = kimr, (C,0 - ) [75]
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for j=K-L,H" and OH  in the anode electrode,
Jj = CO,(]), K, HY, OH", HCO3, and CO%‘ in the cathode elec-
trode, respectively. Here cj(-) is the initial concentration of liquid
species j in the corresponding electrode, k; v is the mass transfer
coefficient of liquid species j at the anode channell ACL or CCLI
cathode channel interfaces, and given by the Sherwood-Reynold-
Schmidt correlation,

D:
kvt = ( ! ) x 0.664

elec
172 1/3
0,u;L
% PruiLelec x Hy [76]
Hy PiD;

where y; and u; are the viscosity and velocity of the liquid phase. u;
is given by,
u = i/ [77]
Aelec
here ¢, and A, are the flow rate and cross-section area of the flow
channel.
Zero fluxes are specified at x = x3,

N,;=0 [78]

for j = H" in the anode electrode, j = CO,(l), OH-, HCO3, and
CO%‘ in the cathode electrode, respectively, and

- +
_Nl,OH’(-’C = X3) = NI,HJr()C = X3 ) = Nw,catalyst

_ i _
Nix+x = x3) = Fl — Noop-(x = x3)

Nk = x7) = ';l — Npp+lx = x7) [79]

where the flux of K* is calculated from electroneutrality.
For liquid phase transport, the initial ion concentrations in the
corresponding electrolyte of anode or cathode electrode are,

G=¢ [80]

For Darcy’s law in the gas or liquid phase, the initial values and the
boundary conditions are specified as the corresponding inlet
pressure, respectively.

P = Plimy = Plizss = p° [81]

The boundary conditions for charge transport are set as follows.
There are no electrons crossing the ACLIAEL and CELICCL
interfaces (x = x, and x = xy),

= iS|X=X4 =0 [82]

is |x=x2

Similarly, no electrolyte current density is applied at the anode
channellACL and CCLIcathode channel interfaces (x = x and
X = Xs),

il|x=xl = il|x=x5 =0 [83]

Electric zero-potential reference is set at the anode channellACL
interface,

¢s |x=x1 =0 [84]

and an electric potential is applied at the CCLIcathode channel
interface,

¢5|x=x5 = ¢SO — a3 X il [85]
where ¢SO is the applied potential, i\, is the total current density
through the cell, a5 is a fitting parameter representing the Ohmic
resistance which is not included in the model.

Donnan equilibrium conditions are applied at the ACLIAEL and
CELICCL interfaces (x = x, and x = x3),

6 -, = XL ln( CLi ) [86]

ziF Cm,i

where ¢, is the potential in the membrane, ¢;; and ¢, ; are the
concentration of species 7 in electrolyte and membrane, respectively.

There is also an electric potential drop at the AELICEL interface
(x = x3) due to the differences in ion concentrations in the AEL and
CEL.>*" A constant voltage drop, Agy, is applied here,

¢l|x=x3+ = ¢1|x=x§ - A¢1 [87]
The electrolyte potential at x = x; is set to zero,
Gilx=q =0 [88]

The performance of the bicarbonate CO, electrolyzer is character-
ized by its CO Faradaic efficiency and CO yield which are calculated
by

i i
FEco= % = —— [89]
Liotal Ico + IH,

and

CcO }’ICld - CCO,outlet

[90]
CCO,,0utlet T €CO,outlet

here ico and iy, are the partial current densities for COER and HER
respectively, cco,outlet a0d Ccoouter are the concentrations of CO,
and CO at the outlet of the cathode electrode.

Numerical methods.—The model equations formulated above
were solved using COMSOL Multiphysics software and the built-in
Physics modules, i.e., Tertiary Current Distribution—Nernst Plank,
Darcy’s Law, and Transport of Concentrated Species. A fixed 250-
element mesh was applied in both ACL and CCL domains and a
predefined mesh with a distribution of 25 elements, 20 element ratio,
and a linear growth rate was used in both AEL and CEL domains,
and the mesh was then refined by a factor of 5. The default MUMPS
solver was used with a relative tolerance of 0.001. An auxiliary
sweep of the applied cathode potential (¢°) from —2.75V to
—4.85 V with an increment step of 0.0005 was employed to simulate
the required range of operating current densities.

Results and Discussion

Model validation.—The model was validated using the experi-
mental data of FEcq, CO yield, and polarization curves published in
Ref. 38. It is worth noting that we assumed the proton flux from the
catalyzed water splitting reaction at the AELICEL interface is
proportional to the total cell current density in our cathode
model®' In the current work, we refined this relationship and
proposed a quadratic dependence of the flux on the electrolyte
current density as given by Eq. 70. The model also considers the
potential loss due to the internal resistance in the cell by introducing
an additional term in the boundary condition of the applied electric
potential at the cathode side (Eq. 85). The estimations of parameters
are: @ = 0.73, a; = —3e — 5m?A”! for the catalyzed water splitting
reaction. At present, commercial BPMs have a typical area-specific
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Table III. Parameters for model base-case simulation.

Parameter Value Unit References
Operating Conditions
T 293.15 K
p° 1 atm —
a 80 mL min™! 12
¢50 -2.75 to —4.85 \"%
Geometry
Actec 75 % 107° m? 31
Leiec 0.02 m 31
ACL/CCL properties
LacL, Lec 250 um 31
al 1 x 10° m™! 40
v
SACL»> SCCL 0.8 — 31
EACL»> ECCL 0.8 — 41
TACL,> TCCL 5 o ;mzl 41
Ks?n,ACL’ Ks(;t,CCL 8% 10 m 13
05, ACL»> Os,CCL 100 S cm™ 18
AEL/CEL properties
LapL, Lepl 75 um 41
IEC 1.99 mmol g’ 31
Emem 0.39 — 42
Pon 1 g mL™! 22
Aut—o 6 — 22
Ao 9 — 22
Homogeneous Reactions
k 371 x 107 7! 35
K 107537 M 35
ks 59.44 7! 35
K, 1071032 M 35
ks 223 x 10%,6.91 x 10° L mol™' 57! 35, 39
ks 6.0 x 10° L mol™' 57! 35
Water splitting reactions
a 0.73 — estimated
a, -3 x 107 m?2 A~ estimated
A 0.09636 K*>m V™! 24
koy 1.3 x 10" M 30
Ky 1o M? 24
erel 78 — 24
Electrochemical Reactions
Uo,rr -0.11 \% 17
10.COLRR 1.1 x 10° mA cm™ 17
Oc,COPRR 1 — 17
& e 1 M 17
Ul 0 A 17
- 9.79 x 107 mA cm™ 17
I8k 1.16 x 107 mA cm™ 17
alr 0.27 — 17
aBug 0.33 — 31
cxf 1 M 17
Ul 1.23 A 18
Adx 9.4 x 1077 mA cm™ 18
Al 123 x 107 mA cm™ 18
AOER 1 — 18
&t 1 M 18
Liquid phase transport
D+ 931 x 107° em? 57! 19
Dty 1.96 x 107° cm? 57! 19
Do 495 x 107 cm? s 19
Dycos 119 x 107 em’ 57! 19
D 2 0.80 x 107° em? 57! 19

CO3
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Table III. (Continued).

Parameter Value Unit References
Dcoyag) 1.66 x 107° em? 57! 19
Gas phase transport

Dy, co 0.743 em? 57! 18
Dy, 0.779 em” 7! 18
Do, 0.646 em? 57! 18
Dcon, 0.202 cm? 57! 18
Dco.co, 0.152 cm? 5! 18
Dyy.co, 0.165 em? 57! 18
Dy,.0, 0.219 em? 57! 18
Bulk concentrations in the liquid phase of the cathode

el 10782 M 31
c]g+ 3 M 31
P 10753 M 31
C}({]co3 3 M 31
cg()? 0 M 31
¢ 802 @ 0.008 M 31
Bulk concentrations in the liquid phase of anode (Calculated from 1 M KOH solution'?)

e 1.2550 x 107 M

c]g+ 0.79682 M

- 0.79682 M

on 0.20318 M

Bulk concentrations in the gas phase of the cathode

wgz 0.0005 — 13
0o 0.0005 — 13
® 802 0.002 — 13
a,lgz 0.997 — 13
Bulk concentrations in the gas phase of the anode

® 82 0.233 — 13
wlgz 0.767 — 13
Other parameters

a; 4.2 QO m? estimated
Ag, 1.5 v estimated

resistance of 3~10 Qcmz,2 and in our case, it is estimated as

az = 4.2 Qcm?. All the parameters used in the base-case simulation
scenario are listed in Table III. As pointed out by Borhani et al.,*
the reported value for k3 ranges from 2 x 10° to 5 x 10> L mol™" s
in the temperature range of 293-373 K for dilute and low concen-
tration of potassium carbonate solutions. A value of 5.91 X
10° Lmol™" s7' is obtained based on Astarita’s formula in Ref. 39
and listed in Table III for reference. ks = 2.23 x 10° Lmol™' s
from Ref. 35 is used in the current simulation. The values of a;, a,,
and a3 are all fitted by using experimental data of FEcq, CO yield,
and polarization curve published in Ref. 38.

The comparisons of model fitting and experimental results of
FEco, CO yield, and polarization curve are plotted in Figs. 2a—2c,
respectively. The operating current density range is from
20 mAcm 2 to 300 mAcm % It can be seen that the developed
MEA model can simulate the FEco and CO yield remarkably well
in the whole current density range. The calculated polarization
curve is highly consistent with the experimental data at low
current densities, however, there is a large discrepancy at the
high current density point of 300 mAcm 2. The sharp decrease in
potential at the higher current densities is due to bubbles forming
on both sides, blocking the electrodes and limiting access of
reactants and this mass transport limitation is not considered in in
the current model.

Potential profiles.—The electrolyte and electric potential dis-
tributions over the thickness of the MEA at different applied cathode
electric potentials are shown in Fig. 3. The sudden changes in ion
concentrations through the interfaces of ACLIAEL and CELICCL
cause non-zero Donann potentials which are described by the
Donnan equilibrium conditions given by Eq. 86. For simplicity,
the potential drop at the interface of AELICEL is taken as a constant
in this case: A¢; = 1.5 V. Consistent with the behavior depicted in
Refs. 22, 25, the electrolyte potential decreases in the ACL from left
to the interface of ACLIAEL, then jumps to a higher level in the
AEL due to Donnan potential, then drops significantly in the CEL
through the interface of AELICEL because of Donnan potential and
internal resistance, and finally jumps slightly in the CCL through the
interface of CELICCL due to Donnan potential again. Decreasing the
applied electric potential will enlarge the drops both in the
electrolyte and electric potentials of the anode and cathode elec-
trodes, as shown in Figs. 3a and 3b, respectively. It is noted that the
anode electric potential profile is nearly identical for the given three
applied potentials compared to the cathode potential profiles,
indicating that the electric potential loss in the anode is negligible
compared to the loss in the cathode electrode. The electric potential
at the anode channellACL interface is grounded (Eq. 84) and Ohmic
loss in the ACL is small due to its high electric conductivity. When
the applied electric potential at the CCLIcathode channel increases
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Figure 2. Comparisons of modeling and measured results for BPM carbonate CO2 electrolyzers.(a) FEco, (b) CO yields, and (c) Polarization curve
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Figure 3. Simulated electrolyte and electric potential distributions at ¢S° =-2.8V, =38V, and — 4.8 V. (ACL: 0 ~ 250 um; AEL: 250 gm ~ 325 pm; CEL:

325 pm ~ 400 pm; CCL: 400 pm ~ 650 pm).

from —2.8 V to —4.8 V, almost all the increases are soaked up in the
cathode reaction overpotential, therefore, the electric potential
profiles in the ACL barely change.

Gas phase species profiles.—The mass fractions of gaseous
species in the cathode and anode electrodes are plotted in Fig. 4. At
high applied potential (corresponding to high current density), more
H,, CO, and O, are produced so their mass fraction profiles are
higher at a lower applied potential, as shown in Figs. 4a, 4c, and 4d,
respectively. Meanwhile, a higher current density results in more
CO,(aq) consumed in the COER and requires more CO,(g) transfers
to CO,(aq), therefore, less CO,(g) in the cathode gaseous phase, as
shown in Fig. 4b.

COx(aq) concentration, CO,(g) pressure, CO, phase change,
CO production, and pH.—Figure 5 shows the spatial distributions
of liquid phase CO, concentrations, gas phase CO, partial pressure,
rate of CO, phase transition, and rate of CO production for the three
applied electric potentials ¢ = —2.8 V, =3.8 V, and — 4.8 V. The
corresponding pH profiles are given in Fig. 6, where a highly acidic
thin layer (<300 nm) in the CEL close to the AELICEL interface
exists mainly due to the fast buffer reaction Eq. 7. In the CEL, the

concentrations of both proton and bicarbonate ions are higher close
to the AELICEL interface than the concentrations close to the CELI
CCL interface, therefore, the CO,(aq) concentration varies accord-
ingly based on the CO, hydrolysis reactions 6 and 8. Higher applied
electric potentials (higher current densities) correspond to higher
proton fluxes from the water splitting reaction at the AELICEL
interface, and lead to higher acidity in this thin layer (shown inset
within Fig. 6), and therefore, produce higher CO,(aq) in the CEL as
shown on the left side of Fig. 5. As demonstrated by Zhu et al.* for
the formic acid oxidation reaction, pH has a significant effect on
electrocatalysis and needs to be further investigated. CO,(aq)
concentration drops sharply across the CELICCL interface from
the CEL to the CCL due to both the highest phase change rate of
CO, from liquid to gas as shown in Fig. 5c and the highest
conversion rate of CO,(aq) to CO as shown in Fig. 5d in this
region. In the CCL, higher applied electric potentials result in higher
CO,(aq) consumption, and therefore, result in lower CO,(aq)
concentration profiles on the right hand side of Fig. 5 and lower
CO, gas partial pressure in Fig. 5b.

It is noted from Fig. Sc that, at low applied electric potential

(4580 = -2.8YV), the rate of CO, phase transition, Rprco, <0,
indicating CO,(aq) is adequate for the CO,RR and extra CO,
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Figure 5. CO,(aq) concentration, CO,(g) partial pressure, phase change rate, and current densities in the cathode electrode. (CEL: 325 ym ~ 400 ym; CCL:

400 pm ~ 650 pm).

transfers from the liquid phase to the gas phase. However, when
higher electric potentials are applied, the phase change of CO, from
liquid to gas (Rpr,co, < 0) only occurs in the CCL close to the CELI
CCL interface. For the rest of the CCL, the CO, phase changes from
gas to liquid (Rpr,co, > 0) due to higher CO,(aq) consumption of
the CO,RR.

The rates of CO production in the CCL for the three applied
electric potentials are plotted in Fig. 5d. The highest CO production

rate is found inside the CCL next to the CELICCL interface due to
the highest CO,(aq) concentration at this interface, as shown in
Fig. 5a.

Parametric study.— Effects of water splitting reaction.—
Simulation results show that the Wien effect of the non-catalyzed water
splitting reaction on the electrolyzer performance within the electrode
domain is negligible due to a weak electric field. For the catalyzed water
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Figure 6. pH distributions through the MEA at different applied electric
potentials. (ACL: 0 ~ 250 pm; AEL: 250 um ~ 325 um; CEL: 325 pym ~
400 pm; CCL: 400 pym ~ 650 pm).

splitting reaction at the AELICEL interface of the BPM, the maximum
electric field across the interface can be roughly estimated by (Eq. 38 in
Ref. 30): E,, # —Ag/(2Ascr) = 0.75 X 10° Vm~!, here A¢y = 1.5V
is the potential drop across the AELICEL interface, Agcg = 1 nm is the
thickness of the space charge region in the AELICEL interfacial region.
Studies®™** show that the electric field across the AELICEL interface of
a BPM is typically in the order of 10° Vm™, and kq/k? is in the order
of 10°. The enhancement of the electric field across the AELICEL
interface on the catalyzed water splitting reaction is essential for the
BPM-based bicarbonate CO, electrolyzers to obtain the demonstrated
performance as shown in Fig. 2. However, the abrupt increase/decrease
in the electric field strength across the AELICEL interface of the BPM
makes it extremely difficult to find a numerical solution for the MEA
model. Therefore, for the boundary condition of the protons or
hydroxide ion flux from the catalyzed water splitting reaction, we
proposed a quadratic dependence on the current density of the electrolyte
phase (Eq. 70). The effects of the electric field across the AELICEL

(a)

100 T
— a=0.63
80r — a1=0.73
— a1=0.83

60+

FEco (%)

40H

interface of the BPM can be indirectly investigated by adjusting the
parameter a; or a,.

To check how the catalyzed water splitting reaction affects
the electrolyzers’ performance, three different a; values, a; =
0.63, 0.73 and 0.83, are used to conduct the simulations and the
results are presented in Fig. 7. A larger a; value means a higher proton
flux from the catalyzed water splitting reaction at the AELICEL
interface going into the CEL that provides higher acidity in the acidic
thin layer of the CEL, as shown in Fig. 7c. The higher acidity will
produce more CO, based on the homogeneous reactions 6 and 8§,
thereby accelerate the CO,ER reaction and generate more CO.
Therefore, a larger a; value leads to higher FEco and higher CO
yield as shown in Figs. a and 7b, respectively. It is worth noting that
smaller g; values will also significantly reduce the maximum
attainable current density of the electrolyzer because of higher bubble
formation rates on both sides, resulting in the mass transport
limitations previously discussed.

Effects of the membrane porosity.—The effects of the membrane
porosity on electrolyzers’ performance are shown in Fig. 8. On the
one hand, increasing the membrane porosity will increase the
available liquid volume to the membrane and dilute the proton
concentration, and therefore, reduce the CO, generation in the CEL
and lower the FE-o and CO yield of the electrolyzer. On the other
hand, a larger porosity will allow more catholyte to participate in the
homogeneous reaction of the CO, production and then improve the
performance. Overall, the former mechanism is found to dominate
the latter one and so both the FEco and CO yield of the electrolyzer
have been marginally reduced.

Effects of the catalyst layer porosity.—Figure 9 compares the
performance resulting from variations in the catalyst layer porosity.
Both the FEo and CO yield are improved when the catalyst porosity
is increased from 0.7 to 0.9 because larger porosity is beneficial to
the transport of both CO,(aq) from the CEL into the CCL and CO
out of the CCL.

Note: The specific surface area is determined by the composition
and the pore network/microstructure of the electrode. The active
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Figure 7. Effects of water splitting reaction on the electrolyzers’ performance and pH.
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Figure 8. Effects of the membrane porosity on the electrolyzers’ performance.
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Figure 10. Effects of the electrolyte saturation in the cathode catalyst layer on the electrolyzers’ performance.

specific surface area of an electrode changes with its porosity. This
dependence of the active surface area on porosity is too complex and
is not considered in the current work, and will be studied in the
future.

Effects of the electrolyte saturation.—Experiment'® shows that
CO, bubbles out of the cathode indicating that the cathode is not
fully flooded during the electrolysis process. The CEL of the BPM is
fully flooded where Bicarbonate ions are converted to aqueous CO,
when reacting with protons coming from the catalyzed water
splitting at the interface of the BPM. Some of the aqueous CO, is
transitioned into gaseous CO, to form CO, bubbles at the ELICCL
interface due to capillary pressure. The triple-phase boundary/
interface (CO, bubbles, liquid electrolyte, and Ag catalyst) exists
in the CCL, hence the electrode is not fully flooded. Assuming the
electrolyte saturation s < 1, only § portion of the pore domain is
used to provide water and bicarbonate fluxes to the reaction zone,
(1 — s) portion is used for gas phase transport. The gas phase

transport Eq. 11 is solved using the Transport of Concentrated
Species Interface (tcl) module in the COMSOL software. The liquid
phase transport Eq. 44 is solved using the Tertiary Current
distribution-Nernst Planck Interface (tcd) in the COMSOL software.
These two sets of equations are coupled by the related source terms
R;.

It is demonstrated that electrode wettability plays an important
role in the electrochemical reduction of CO,.*> The electrolyte
saturation depends highly on the electrode wettability. The COER
reaction takes place in the liquid phase of the CCL and converts
CO,(aq) into CO. CO gas, together with H, from the HER and other
gaseous species (CO,(g) and N,), transports out through the void
space of the CCL. Increasing the electrolyte saturation in the CCL
will accelerate the CO,(aq) conversion of the COER by enlarging its
reaction surface area and reaction volume (Eq. 40). However,
increasing the electrolyte saturation will reduce the void space in
the CCL and slow down the phase transfer of CO,(g) into CO,(aq)
(Eq. 39), therefore, increase the CO,(g) concentration at the outlet.
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Figure 11. Effects of the flow rate on the electrolyzers’ performance.
As expected, increasing the electrolyte saturation in the CCL will References

improve the FE-o but worsen the CO yield, as shown in Figs. a and
10b respectively.

Effects of the flow rate—The calculated FEco and CO yield of
the electrolyzer under different flow rates are plotted in Fig. 11 as
functions of current density. The FE( is slightly improved with the
flow rate increase because a higher flow rate will enhance the
bicarbonate transport in the cathode electrode, benefit the CO,(aq)
generation from the homogeneous reactions 6 and 8, and increase the
phase transfer from CO,(g) to CO,(aq). Therefore, the higher
CO,(aq) concentration leads to better CO,RR and then better
FEco, as shown in Fig. 11a while a higher CO,(g) concentration
results in lower CO yield as shown in Fig. 11b.

Modeling simulations are also performed for the polarization
curves and it is found that all the above parameters have negligible
effects on the corresponding polarization curves.

Conclusions

This study reports a 1-D mathematical model for the MEA of a
bicarbonate CO, electrolyzer with a BPM design. The model
incorporates catalyzed water splitting at the AELICEL interface
and non-catalyzed water electrolysis through the model domain with
the Wien effect. Furthermore, the model captures the discontinuities
in the potential and species concentrations at ACLIAEL, AELICEL,
and CELICCL interfaces.

The model can simulate the FEco, CO yield, and polarization
curve with good agreement with available experimental data when a
quadratic dependence on the electrolyte current density is used for
the proton flux from the catalyzed water splitting reaction at the
AELICEL interface. The modeling results demonstrate that there is a
highly acidic thin layer (<300 nm) in the CEL close to the AELICEL
interface where CO, is rapidly produced. Among the parameters
used in the parametric study, the model simulations suggest that the
catalyzed water splitting reaction and the aqueous electrolyte
saturation in the CCL have the highest impacts on the FEco and
CO yield of the electrolyzer, indicating that the catalyst development
for water splitting reaction and the hydrophobicity treatment for the
cathode catalyst layer are critical for performance improvement of
bicarbonate electrolyzers.

A more complicated cell model including ion species crossover
and flow channels is required to capture the mass transport limitation
phenomenon. In addition, the quadratic dependence for the proton
flux on the electrolyte current density for the catalyzed water
splitting reaction at the AELICEL interface needs to be directly
validated by experiments.
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