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Liquid-alkaline water electrolyzers (LAWEs) use electricity to drive the conversion of water to H, and O, gas. These devices
benefit from the use of low-cost nickel electrodes and metal-oxide separators, but suffer from lower current densities and higher
cell voltages than proton-exchange-membrane water electrolyzers. Identifying the inefficiencies that result in this poor performance
is key to mitigating losses and optimizing LAWESs. Here, we report an experimentally-validated 1-D continuum model of a LAWE
that elucidates the gradients within the cell, simulates H, crossover, and projects the energy improvements made possible by
modulating the properties of the electrodes and separator. The model captures the Nernstian polarization losses and the distribution
of gas- and liquid-phases within the electrodes, enabling quantification of energy losses associated with kinetic, ohmic, and bubble-
induced (mass-transport) resistances. Simulations demonstrate that LAWE can achieve energy intensities of 50 kWh kg~ of H, at
1 A em™? using improved electrode and separator properties.
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Water electrolysis is a proven method for electrochemically
converting water to H, and O, gas, thereby storing renewable
electrical energy as chemical energy.! The H, produced by water
electrolysis can be stored under pressure during periods when the
production of electricity exceeds demand and then used in a fuel cell
to produce power during electricity deficits,> or combined with N,
or CO, gas to synthesize commodity chemicals such as ammonia,
ethylene, and sustainable aviation fuel. The cost of H, produced by
water electrolysis is dictated by electricity costs and the voltage
required to drive water electrolysis at high current densities (i.e., >1
A cm™2). This cost of H, produced by LAWE must be competitive
with the cost of producing H, by steam-methane reforming ($1.06
kg~ ' Hy)* to enable widespread deployment of clean H, and meet
the hydrogen Energy Earthshot target of $1 kg~' H,.”

Liquid-alkaline water electrolyzers (LAWESs) have been used
to produce H, in industry using excess electricity since the early
20th century. These devices benefit from the use of highly-stable
and inexpensive nickel electrodes that are used to catalyze the
anodic oxygen-evolution reaction (OER: Eq. 1) and cathodic
hydrogen-evolution reaction (HER; Eq. 2). However, LAWEs
achieve lower current densities than proton-exchange-membrane
water electrolyzers (PEMWEs) (Fig. 1a) due to integrated design
and faster transport of protons relative to hydroxides.® LAWEs
also suffer from performance losses caused by bubble accumula-
tion in the porous electrodes and safety issues associated with
crossover of H, during current cycling and pressurization,’
which are necessary operation requirements for LAWEs to
respond to changes when coupled with renewable electricity
sources.® Despite these issues that negatively impact the energy
efficiency of LAWEs, LAWEs are more commercialized than
PEMWEs. Therefore, an opportunity exists to optimize electrode
and separator architectures for LAWEs to manage ohmic,
kinetic, and bubble resistances and close the performance gap
between PEMWEs and LAWEs.

*Electrochemical Society Fellow.
“E-mail: azweber@1bl.gov

20H™ - %oz + Hy0 + 2¢” Ugg = 123 VvsRHE  [1]

2H,0 + 2e” — H, + 20H™ Ufjgr = 0.00 V vs RHE (2]

A competent mathematical model is necessary to navigate the
expansive design space of electrodes, separators, and operating
conditions for LAWEs. Zero-dimensional (0-D) models have been
developed that consider the effects of temperature, electrolyte
composition, and pressure on the equilibrium cell potential, ohmic
resistance, and overpotential of LAWEs.”!"! However, these 0-D
models do not describe ion transport or account for pH gradients
throughout the cell, which are impacted by the transport properties
(i.e., porosity) of the electrodes and separators. 0-D models neglect
these gradients by defining the total kinetic overpotential based on
the equilibrium cell potential. The kinetic parameters for HER and
OER (i.e., exchange current densities and transfer coefficients) that
are fit by 0-D models include lumped kinetic contributions from the
OER and HER that are convoluted with concentration polarization
effects at the electrodes, which occur because of gradients within the
cell. To model a LAWE device rigorously, one must capture these
gradients to define the equilibrium for each half-reaction correctly,
and how that equilibrium potential varies as a function of operating
conditions (i.e., Nernstian shift).

In this paper, we report an experimentally validated 1-D
continuum model of a LAWE (Fig. 1b). This model uses the
Nernst-Planck equation to define the ion fluxes through the porous
electrodes and separator and Tafel kinetics to determine the rates of
OER and HER. We accounted for the activity coefficients of water
and OH™ using a recently published protocol'> to determine
accurately the local pH and overpotential throughout the electrodes.
The model reveals gradients in pH, conductivity, and water satura-
tion in LAWESs and deconvolutes the applied voltage into kinetic,
ohmic, and polarization losses. Gradients within the electrolyzer are
shown to impact the equilibrium potential and reaction kinetics at the
electrodes. We demonstrate the utility of the model by applying it to
LAWE data collected with nickel-foam and nickel-felt electrodes to
explore the effect of electrode properties (e.g., surface area and
porosity) and separator thickness on the tradeoff between the energy-
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Figure 1. (a) Diagram showing the nominal operating current density and architecture of a liquid-alkaline water electrolyzer (LAWE) compared to a proton-
exchange-membrane water electrolyzer (PEMWE). (b) Schematic diagram of the 1-D continuum model showing the different phases present and the reaction

chemistry.

intensity of H, production and the crossover of H, gas from cathode
to anode.

Theoretical Model

Definition of pH.—LAWE:s typically used concentrated NaOH/
KOH as the electrolyte (e.g., 7 M)."* At this high concentration, the
ions are not entirely solvated and non-ideal solution behavior occurs.
Accordingly, the pH is defined by the activities of ions present in the
solution,l

AaH,0
pH = —log Ky — log ——— [3]
Youn

where ay,o is the activity of water, m is the solution molality (mol

KOH kgHzO‘l), you~ is the activity coefficient of OH™, and Ky is the
equilibrium coefficient for the water dissociation reaction,12

log (K,,) = —3.0039 x 10~°T* + 1.1302

x 107973 — 2.481 x 1074T? + 0.04338416T — 14.94571088
(4]

The temperature (7') and compositional dependences of the water
and hydroxide activities were measured using electromotive force
measurements as reported by Akerlsf et al.,'*!>

log 7oy~ = ﬁ + Bm + Cm® + Dm® + Em* (5]

—2m u
2303 4 55.51 55512

[1+m—21n(1+m)—ﬁ]

2 3 4 5
2 (Bm 20m | 3Dmt 4Em) 6]

T Sssi\ 2 3 4 5

log aH,0 =

Where u is the universal constant of the limiting law, and B, C, D,
and E are empirical parameters that depend on temperature in
degrees Celsius,

u=0486 + 6.9 x 10™*T + 8.14 x 107772 + 1.15
x 10773 — 5.68 x 1071074 [7]

B = 0.06629 + 0.0006135T — 0.0000110187
+ 0.00000004096T3 [8]

C = 0.010909 — 0.00017108T
+ 0.00000168957% — 0.000000007969T3 [9]
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D = —0.0007351 + 0.000009973T — 0.00000009347T>
+ 0.000000000621573 [10]

E = 0.000015502 — 0.000000198T
+ 0.000000001842472 — 0.0000000000176473 [11]

The molality (mgoy) in units is related to the concentration of
KOH (ckon) and its density (pkon)

ckoHMkoH

PKOH [12]
Myon (1 _ CKOHMKOH)

PKOH

MKOH =

Where Moy is the molar mass of KOH. pgop is calculated as a
function of density using a 3rd order polynomial fit of experimental
data (shown below for ),16

Pron = 298215 X 1075cgoy — 0.001154326¢3 0y
+ 0.048435198ckon + 0.972262119 [13]

Where pyon and cgon have units of kg m™ and M, respectively.

Governing equations.—The 1-D continuum domain was de-
signed to resemble a standard zero-gap LAWE architecture con-
sisting of porous anode, separator, and cathode domains (Fig. 1b).
The transport of dissolved species i (OH, K*, HY, Ox(aq)» and
Hy(.q)) was modeled throughout the electrodes and separator using a
differential mole balance,

Voni=e » Ryi+ X Reri+ Y Rer, [14]
i i i

where n; is the flux of species i and g is the volume fraction of the
porous electrode or separator occupied by aqueous KOH solution.
Rer,i and Ry ; are the source terms for of species i associated with
charge transfer reactions (i.e., the OER and HER) and water
dissociation/recombination, respectively. Rpr ; is the rate of transport
of O, and H, between the liquid- and gas-phases, which is given by,

Rpr; = kyr(ci — Hi[’,-) [15]

where kyr is the gas-liquid mass transfer coefficient, ¢; is the
concentration of dissolved species i, H; is the Henry’s constant of
species i, and p; is the partial pressure of species i. The Henry’s
constants of dissolved O, and H, were determined as a function of
concentration and temperature using the polynomial fits reported by
Hodges et al.'” The gas-liquid mass transfer coefficient kg, was
estimated based on the diffusion coefficient of dissolved O, or H,
(D), nominal radius of the nickel fibers (r¢), and the water
saturation (S;) using a Fick’s Law correlation reported by Weng et
al.'® with square-root dependences on the total current density and
gas pressure as reported by Kraakman et al.,"

kor = il ——— e [16]

Lp (1 = 1 =8)

where f is a fitted parameter obtained from Kraakman et al.'® and
Lg; is the nominal boundary layer thickness. The dependence of the
mass-transfer coefficient on the reciprocal of the square-root of
pressure arises from the increased bubble-holdup at elevated
pressures. The square-root dependence on the total current density
is associated with bubble-induced convection, which reduces the
mass-transfer boundary layer.>*?'

The Nernst-Planck equation (with consideration of convection)
was used to determine the flux of dissolved species in the pores of

the electrode and separator,
n; = —D.eff(vc- + z-iow) + ciuy [17]
i i i lRT i 4 i

Where z; is the charge of the species i, ¢; is the concentration of
species i, F is Faraday’s constant (96485 C mol '), R is the ideal gas
constant (8.314 J mol™! K1), Df"f is the effective diffusion
coefficient, u;, is the mass-averaged velocity in the liquid-phase,
and¢; is the electrolyte potential. For dissolved H, and O,, the
migration term in Eq. 17 is zero, and thus, only diffusion and
convection contribute to the net flux of these species. The Peclet
number associated with liquid-phase transport of OH™ is defined
here as the ratio between the magnitude of the convective and
diffusive fluxes,

COH™ U
Po = —lcontel - a (18]
|=Don-Veon-|

The electrolyte potential was determined by the electroneutrality
closure relationship,

Y zici=0 [19]

The transport of gaseous species j (Oy(g) and Hy () was modeled
using mass conservation,

V- Jj==) MRer, [20]
J

where J; is the mass flux of species j, M; is the molecular weight of
species j, and Rpr; is the rate of phase-transfer for species j. The
mass flux is defined using a mixture-averaged approach,

VM,
Ji= —pgD]fcffVan - pGD;‘ffij" + piuG [21]

n

where p, is the density of the gas-phase, w; is the mass fraction of
species j, M, is the mass-averaged molecular weight, p; is the mass
concentration of species j, and ug is the mass-averaged velocity of
the gas-phase. The effective diffusion coefficients (fof) were

determined based on a traditional parallel resistor model which
accounts for contributions from the mixed molecular diffusion

coefficients (D;") and Knudsen diffusion coefficients (D]’-‘). To

account for porosity and tortuosity, the effective diffusion coefficient
was modified by the Bruggeman correlation,

-1
DT = (1 - q)lﬁ(i + i) 2]

Dk _ 2lpath 8RT

23
) 3 M, [23]

where 4,4, is the mean free path in the pores of the electrode. The
molecular diffusion coefficient of O, in H, (Do, n,) Was determined
using the diffusion volume correlation introduced by Fuller et al.,**

_ 1073T [K]"73 (Mo, [g mol™']~! + My, [g mol~!]~1)03

0.33 033
pelam]l @, 5, + v, )?

Do, u,

[24]
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where vy, and vo, are the diffusion volumes of H, and O,. The
mixture-averaged molecular diffusion coefficients are given by,

1 — w;

m __ J
Dj - z A
n#j Djn

where y, is the mole fraction of species 7.

Conservation of electrical charge was applied to the solid-
fraction of the porous electrodes and the transport of electrons is
governed by Ohm’s law,

(25]

iy=—F Z ZiRer,i [26]

. 1

Iy = —V'(%) [27]
Teff

where i, is the electrical current density and ¢ is the electric
potential (i.e., the potential through the electron conducting phase).
The effective electrical resistance () of the nickel-foam electrodes
was determined using the correlation given by Liu et al.?

ol = 0.121(1 — g))2
1 - €]

refl = 3y [28]

where 0 is the resistivity of nonporous nickel.

Ionic conductivity model.—Given the strong correlation between
LAWE performance and separator properties (e.g., thickness),?* it is
necessary for the modeled ionic conductivities to match areal
resistance (AR) measurements. Therefore, the effective diffusion
coefficient for OH™ and K™ were determined based on the effective

conductivity (k) of either the separator or the electrodes,

t;xRT

eff _
D" = 22,
Z1 1

(29]

where 1, is the transference number for OH™ and K. The «°!' in the
electrodes was determined by correcting the bulk conductivity of
KOH (kgon)*® for the volume fraction of liquid (gz) using the
Bruggeman correlation,

K = &/ kgon [30]
kkon = —2.04cgon — 2.8 X 1073 CKOH +5.33
x 103 ckouT + 207 C"% +1.04 (31]

x 107330 — 3 x 107720 T?

The ohmic resistance of the separator was determined by
considering the tortuosity (¢) of the separator,>’

K= o [32]

The modeled areal resistance (AR) of the membrane was
determined as,

Lanozlt>+Lsﬂp 1
AR = ‘/L‘ano(h’ Keffdx [33]

where Ly, is the separator thickness and Lgu.q is the anode
thickness (i.e., the electrode thickness).

Hydrogen and oxygen evolution reaction kinetics.—The charge-
transfer source terms for OH™ are determined based on the

stoichiometry of reaction k (i.e., the OER and HER),

a si,kik
Reri = _M;—F [34]
k

where M; is the molar mass of species i, s;; is the stoichiometric
coefficient of species i in reduction reaction k (where reduced
species have positive stoichiometric coefficients and oxidized
species have negative stoichiometric coefficients), and n; is the
number of electrons transferred in reaction k. The nominal specific
surface area (a,) is the is given by the following correlation for
nickel-foam that is based on the ideal tetradecahedron model for
metallic foams,28

008 12741 — &3 — (1 = D1 = ey 47

ayo = [35]

foam
where the value of 30.03 and exponent of —1.4979 are fitted values
specific to nickel-foam, and dg,, and g are the average pore
diameter and nominal porosity of the foam, respectively. The local
volumetric current densities for the OER (ipggr,v) and HER (iggr.v)
are given as Tafel expressions,

. . Qq,0ERF
LOER,v = @yl0,0ERA0OH~ €XP TnOER [36]
. . o HERF

{HER,y = —dy 0 HER €XP (— CRT WHER) [37]

where a, is the effective specific surface area of the electrodes, iy ogr
is the exchange current density for the OER and ippgr is the
exchange current density for the HER. a,0pr and a.ppr are the
charge-transfer coefficients for the OER and HER, respectively,
obtained from Harverkort et al.”® The kinetic overpotentials for the
OER (nogr) and HER (yygr) are defined by the reversible cell
potential for the OER or HER (U,?) with consideration of the

Nernstian shift caused by changes in pressure, water activity, and
pH,

2.303RT

Mr = O — & — (UlgER - 2pH + log (PHZ)) [38]

2.303RT

Mo = b, — &) — (USER - 2pH — 0.5 log (Po,) + log (aHzo))

(39]
where the reversible potential for OER is derived from the Gibbs-

Helmholtz relationship between the enthalpy and Gibbs Free Energy
and defined with respect to a RHE,>*!

Uer = 1.50342 —9.956 x 107 T + 2.5 x 107 T2 [40]

where T is the temperature in Kelvin. The geometric current
densities for HER (iygg) and OER iggr) are calculated by integrating
the local volumetric current densities,

) Lacr+LseptLecr
IHER = f IHER,v dX [41]
Lacr+Lsep
. LHCL .
iOER = /0 ioER,v dX [42]

The total cell potential (V,,;) was calculated using the applied
potential (V,,,,) with consideration of the contact resistance (Rconzacr)
between the electrode and flow plate,
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Vee = Vapp + {111 Rcontact [43]

where i, is the total current density, which is equal to both the
HER or OER current density.

Momentum balances and capillary pressure.—The momentum
balances on the liquid and gas phases are given as,

V- (pgue) = Qg [44]

V-(psur) = Q; [45]

where Qg is the net rate of mass generation in the gas-phase. pp, uz,
and Q) are the density, mass-averaged velocity, and net rate of mass
generation in the liquid-phase, respectively. pg, ug, and Qg are the
density, mass-averaged velocity, and net rate of mass generation in
the gas-phase, respectively. The mass generation/consumption
source terms are associated with the production of H, and O, gas,

Q¢ = D, Rpr.MW; [46]

Q, = Y, —Rer. MW, [47]

The convective velocity of the gas-phase (ug) and liquid-phase
(u.) was determined using Darcy’s law,

0

up = — Ksar KrL VPL [48]
H
0

ug = _KsakrG Vpe [49]
He

where k2, is the saturated permeability, ug is the viscosity of the
gas-phase, and g is the viscosity of the KOH solution. The gas-
phase viscosity was estimated using a simple concentration-
weighted average of the viscosities of H, and O,,

He = B, Yu, T Ho,Yo0, [50]

where py, and po, are the viscosities of H, and O, respectively, and yy,
and yo, are the mole fractions of H, and O,, respectively, in the gas
phase. The relative permeability (x,) of the gas-phase and liquid-phase
(k) were estimated based on a cubic dependence on water saturation
(Sz) used commonly in reservoir engineering and fuel cells, ™%

K= (1= 5)° (51]

K = Sz [52]

The water saturation (S, ) represents the volume fraction of liquid in
the pores. The water saturation was defined based on the capillary
pressure (p.qp) using a Leverett J-function for hydrophobic (non-wetting)
materials (i.e., materials with contact angles > 90 degrec:‘:s),3 3

pcap =PL ~ Pg [53]

€1,0
0

Ksar

0.5
Peap = —OKOH COS (9)( ) (1.428; — 2.125,%2 + 1.268}) [54]

where ogoy is the surface tension of the KOH solution, 6 is the
contact angle in radians, and & is the nominal porosity of the
electrodes. For the Zirfon separator, which is hydrophilic (i.e.,
contact angle < 90 degrees), the capillary pressure is defined as

0.5
€10
Peqp = —OKOH COS (6)(7] 1.42(1 — 8;)
sep

—2.12(1 = §;)* + 1.26(1 = S;)3 [55]

The capillary pressure curves for the electrodes and Zirfon
separator are shown in Fig. S1 using relevant parameters for each
material defined in Table S2.

The gas entrained in the liquid electrolyte can block surface sites
on the electrode and also reduce the electrolyte volume fraction. We
considered the active specific surface area (a,) to be the wetted area
of the nickel-foam with the remainder of the surface area covered by
bubbles. The fraction of available surface area and electrolyte
pathways for ion transfer were assumed to vary linearly with the
water saturation in the electrodes,

a, = av,OSL [56]

eL = €105 [57]

Water-dissociation equilibrium.—The rate of consumption/gen-
eration of species i (H" and OH™) by the water dissociation/
recombination reaction (Ry ;) was modeled as a bulk reaction in
the electrolyte to maintain thermodynamic equilibrium between H™,
OH", and H,O. This homogeneous reaction is described by the law
of mass action,

Rw,HJr = gL(kwaw - k—waH+aOH7) [58]

Rw,OH’ = gL(kwaw - k—waHJraOH_) [59]

ko

where k,, (Table S1) and k_,, = ra

are the rate constants.

Boundary conditions.—Dirichlet boundary conditions were used
to simulate the 7 M KOH cathode and anode feed streams,

con™lx=0 WM, LanodetLseptLeathode — ™ [60]

cutl = 107*M [61]
H™ [x=0 pm, Lapode+Lsep+Leathode —

CK* |X=0 pm, LapodetLsept+Leathode =7M [62]

The liquid- and gas-pressure at both the anode/flowplate and
cathode/flow plate interfaces were assigned values of,

Pr |X=0 pm, LanodetLseptLeathode = p”[’ + p““l’ [63]

P le=0 pm, LapodetLsep+Leanode — Pop [64]

where p,, is the operating pressure (1 atm for the Base case
simulation) and p,, is the capillary pressure which corresponds to
a water saturation of 0.9999. This boundary condition implies that
the electrodes are completely filled with KOH solution at the
electrode/flow plate interface, consistent with neutron imaging
studies by Zlobinski et al.>*

The gas-phase mass flux of H, and O, at the electrode/flow plate
interfaces were determined using an outflow boundary condition,

Jile=0 wm, Lunoaet Loep+Leatoae = PjUG [65]

—p,D§"Vay; = 0 [66]

where w; is the mass fraction of gaseous species j. This boundary
condition implies that there are no concentration gradients at the
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anode/flow channel interface (i.e., the channel is filled with the same
gas as what exists at the edge of the anode) and therefore convection
is the only transport mechanism across this interface.

The dissolved gases were assumed to be in equilibrium with the
gas-phase at the electrode/flow plate interface. Therefore, the fluxes
of H, and O, in the electrolyte are defined as,

Ri=H, or 02 |x=0 pm, Lanodet Loep+ Leatnode = ki (P;pHi — €) [67]

where kyr,; is the mass-transfer coefficient for species i derived
based on correlations for flow perpendicular to a flat plate,

D:
kur.i = 0.664———Re}/?Sc!3 [68]

electrode

where D; is the diffusivity of dissolved H, or O, Lijecirode 1S the
length of the electrode. Re; and Sc; are the Reynolds number and
Schmidt number of species i. p;; is the partial pressure of dissolved
species i in the gas phase. Finally, the anode was set to a reference
potential of O V and the cathode voltage was set to the applied
voltage (Vapp)»

¢ |x=0 pm = ov [69]

P la= Lanode+Lsep+Leathode = Vapp [70]

Where V,,, was swept from —1.18 to —2.6 V to simulate the
experimental polarization curve.

Applied-voltage-breakdown analysis.—A primary feature of
electrolyzer models is the ability to deconstruct the total applied
voltage into its components.>> To do so, a power-loss analysis is
used to resolve the individual voltage contributions associated with
reaction kinetics, mass transfer, and Ohmic resistances. The voltage
loss due to the reaction kinetics (AVj;,ic) 1s derived from the Tafel
equation,

RTioER, v {OER,v
Lanode ayoprF  \ i0,0BRAy
Avkinetic, OER = f dx [71]

Ltotal

—RTiHER,v ( —IHER,v

LanodetLseptLeathode — a, yepF i0 HER@Y

AViinetic, HER = / )dx [72]

LanodetLsep Liotal

Where L.qmoqe 1S the thickness of the cathode. The voltage losses
associated with mass transfer (AVj;r) represent potential losses
associated with concentration polarization and are determined based
on the difference between the local and bulk concentrations,

ioEr,RT YOHCOH™
Lanode  aq,08RF YOH~. bulk¢OH, bulk
avir= [ ‘ d [73]
Liotal
The voltage loss due to ionic resistance in the electrodes and
separator is determined from Ohm’s law in the aqueous phase and is
given as

Luna(Ic+st/)+L£mh0de V '¢)1 i/
AViie = | ~ g [74]
0 Ltotal

where i, is the current density in the electrolyte. The voltage loss
associated with electron transport in the nickel electrodes is
determined from Ohm’s law in the solid phase and is given as,

Lanode V- i
AVeseeric = /(; —¢S Tdx + dx

Liotal

/‘ Lunml@"'Lsep"‘Lcarhude V . 45&‘ l&
LanodetLsep Liotal

+ ltatachomact

[75]

Finally, the overpotential associated with bubble formation was
determined by subtracting the current density obtained when bubble
formation is considered by the current density obtained without
bubble formation. This value represents the voltage loss associated
with the loss of surface area and electrolyte volume associated with
bubble formation.

Numerical methods and model parameters.—The governing
equations representing this model were solved in COMSOL
Multiphysics 6.0. The simulations in the present study were solved
using the PARallel DIrect SOlver (PARDISO) solver using
Newton’s Method with a tolerance of 0.001 and a recovery damping
factor of 0.35. The 1-D domain was discretized with 50,000
elements to ensure convergence. The parameters used in the model
are shown in Tables S1-S3.

Experimental Methods

Electrolyzer architecture and materials.—The electrolyzer used
in this study consists of two 5 cm? serpentine flow fields, ethylene
tetrafluoroethylene (ETFE) gaskets, a Zirfon separator (AGFA Perl
UTP 500), and either nickel-foam or nickel-felt electrodes. The
electrolyzer assembly was sourced from Fuel Cell Technologies Inc.
The nickel-foam electrodes were sourced from MSE Supplies and
the nickel-felt electrodes were sourced from Bekaert. The KOH salt
(>85%) used to make the electrolyte was purchased from Fisher
Chemical. The electrolyte solutions were prepared by adding the
KOH to deionized water. The ETFE material used to form the
gaskets was purchased from CS Hyde.

Scanning electron microscopy (SEM) images were collected for
the nickel-foam and nickel-felt electrodes (Fig. S2) with a Quanta
FEG 250 from Thermo Fisher (formally FEI) at an energy of 10 kV.
Micrographs of the electrodes were collected prior to electrolysis
under high vacuum (<2x 1075 Torr).

Electrolysis experiments.—The electrolyzer was operated at
constant current densities ranging from 0 to 2 A cm™ > using a
Biologic VSP potentiostat. Cell-voltage measurements were deter-
mined by averaging the potentials over 20 s of operation. During
electrolyzer operation, 7 M KOH was fed to the anode and cathode
at a flow rate of 20 ml min~' using a peristaltic pump. The
electrolyte reservoir used to store the 7 M KOH was held at a
constant temperature of 80 °C. Cartridge heaters embedded in the
electrolyzer were also set to 80°C. To determine the ohmic
resistances in the electrolyzer, electrochemical-impedance spectro-
scopy (EIS) was performed at a frequency range of 1 to 100 kHz at
each tested current density. The high-frequency resistance (HFR)
was determined by fitting the EIS data with an equivalent-circuit
containing a resistor and two resistor-constant phase elements.

The double-layer capacitance (Cq)) measured were performed in
a three-electrode system with a 1 M KOH electrolyte and the nickel
electrodes were used as the working electrodes. A graphite rod was
used as the counter electrode and a Ag/AgCl electrode was used as
the reference. The double-layer capacitances for the nickel elec-
trodes were determined by performing cyclic voltammetry in non-
Faradic potential windows at various scan rates. The double-layer
capacitance was then determined as

Cy = [73a]
1%



Journal of The Electrochemical Society, 2024 171 084502

.~
HC

» Foam (experiment)

— Foam (model)

Cell voltage (V)

- - Felt (experiment)
* Felt (model)

0 05 1 15 2
Current density (A cm™)

d)

0.1

0.08 1

0.06 1

0.04 1

0.02 4

Area resistance (Q cm™)

Manufacturer
specification

Model

b)

0.4
aas] * Foam (experiment)

03] — Foam (model)

- - Felt (experiment)
* Felt (model)

0.25+

Ohmic drop (V)
o
hS]

T

0 0.5 1 15 2

Current density (A cm?)

0.3
=
S 0.2
o
E — Model
o e Experiment
£
= 011
T
0 : : :
0 0.1 0.2 0.3 0.4

Current density (A cm?)

Figure 2. (a) Experimentally-measured and modeled polarization curves for the LAWE operated with nickel-foam and nickel-felt. (b) Experimental and
modeled ohmic drops. (¢) Comparison of the modeled area resistance to the manufacturer specification for Zirfon PERL UTP 500 separator at 90 °C. (d)
Modeled and experimental H, in O, (mol %) as a function of current density. The experimental values are reported by Haug et al.*® for a LAWE operated at 1 bar

and 80°C using a 30 wt% KOH electrolyte.

where i is the double-layer current densities collected from the cyclic
voltammetry measurements at the same potential and v is the scan rate.
The Cgq of the nickel-foam was measured to be 280 WF cm ™2 whereas

the Cy of the nickel-felt was measured to be 660 WF cm 2.

Results and Discussion

Model validation with experimental data.—FElectrolyzer experi-
ments were performed at 80 °C, ambient pressure, and constant current
densities ranging from 0 to 2 A cm > using either nickel-foam or nickel-
felt as both the anode and cathode. The 1-D continuum model of the
cathode, separator, and anode was developed to simulate the electro-
lyzer performance with each of these electrodes. The transfer coeffi-
cients for OER and HER (@, 0opr and a.ppr) were obtained from
literature® and the specific surface area of the nickel-foam was
calculated using the ideal tetradecahedron model for metal foams
(Eq. 35)*® with the pore diameter estimated using scanning electron
microscopy (Fig. S2). The specific surface area of the nickel-felt was
estimated by the ratio between the experimentally-measured double-
layer capacitances of the nickel-felt and nickel-foam, which was
determined to be 2.35. Double-layer capacitance is not a quantitative
measure of the absolute specific surface area due to the frequency

dependence and influence of surface oxides.***” Given this limitation,
the double-layer capacitance experiments were performed using the
same material (nickel) under the exact same operating conditions (room
temperature with 1 M KOH). Moreover, the ratio of the nickel-foam
and nickel-felt electrodes was used as a model parameter because the
relative values likely are more accurate. A detailed sensitivity analysis
examining the effect of specific surface area is discussed below to
understand the impact of this parameter on the simulation results.

The experiments show that the nickel-felt electrodes yield lower
cell potentials compared to the nickel-foam electrodes at all tested
current densities (Fig. 2a). The model was calibrated by fitting the
exchange current densities for the OER (iy ogr) and HER (ip ggr) to
the experimental data collected using the nickel-foam electrodes
(See Table S1 for kinetic parameters). The model was then used to
predict the performance of the nickel-felt electrodes using the same
kinetic parameters used to fit the nickel-foam data but with the
nickel-felt properties (Table S2). As shown in Fig. 2a, good
agreement is observed between the model predictions and experi-
mental results. These results indicated that the improved perfor-
mance with the nickel-felt electrodes is enabled, in part, by the
2.35x higher surface area (i.e., double-layer capacitance) relative to
the nickel-foam electrodes.
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The experimentally measured ohmic drops (determined by
electrochemical-impedance spectroscopy (EIS)) show that replacing
nickel-foam electrodes with nickel-felt ones reduces the ohmic or
high-frequency resistance of the electrolyzer (Fig. 2b). The modeled
ohmic drops agree well with the experimental data. Moreover, the
simulated area resistance of the Zirfon was compared to the
manufacturer specification (Fig. 2c), with nearly identical values.
These results confirm that the diffusion coefficients for OH™ used in
the Nernst-Planck equation effectively describe the ohmic resis-
tances in the separator.

Given that the same Zirfon separator is used for both the nickel-
foam and nickel-felt experiments, the difference in ohmic resistance
must be attributed to the differences in ionic and contact resistances
between the two types of electrodes. The simulated water saturation
in the nickel-felt electrodes (Fig. S3a) is lower than in the nickel-
foam electrodes (Fig. S3b) due to the lower effective permeability of
the felt electrodes reduces gas transport away from the electrolyte/
separator interface. Therefore, the higher water saturation in the
foam electrodes compared to the felt electrodes reduces the ohmic
drop associated with ion transfer by providing a larger volume
fraction of electrolyte. The water saturation in the Zirfon separator is
~1 (i.e., fully imbibed with electrolyte) and independent of current
density due to its hydrophilicity (Fig. S3). The other factor impacting
the ohmic resistance is the contact resistance, which is the most
dominant factor impacting ohmic resistances in the electrodes. The
contact resistance of the foam was fitted to a value of 12 m$ cm?
whereas the contact resistance for the nickel-felt was fitted to a value
of 3 mQ cm? due to the more compact fibers and higher surface area
for contact with the flow plate. Collectively, these results highlight
how electrodes with higher surface area and lower contact resis-
tances enable more efficient water electrolysis.

Crossover of H, gas at low current densities is a safety issue for
any electrolyzer, and especially LAWEs due to their porous
separator. To analyze this effect, we compare the mole fraction of
H, in O, in the anode compartment to data collected by Haug et al.*®
for experiments performed with separated electrolyte cycles (i.e., no
mixing of anodic and cathodic electrolytes) at the same operating
conditions as our cell experiments (1 bar; 80 °C). While the nickel
electrodes in the study by Haug et al. are slightly different than the
ones used in this work, we do not observe a significant dependence
of H, crossover on electrode properties (the fraction of H, in O,
perfectly overlap for our simulations of nickel-foam and nickel-felt
electrodes). This result is expected, since at a constant current
density the same amount of gas is produced at both electrodes
regardless of the electrode structure and properties. Thus, the gas
crossover rate is predominantly governed by the separator properties
and the solubility of gas (which depends on the concentration of
KOH and temperature of the electrolyzer). Overall, the results show
good agreement between the modeled and experimental values
(Fig. 2d). Moreover, the H, in O, mole fraction was found to be
below the lower flammability limit for H, (4%). However, the H, in
0O, mole fraction does approach 1% at current densities less than
0.01 A cm™?, indicating that a minimum current density must be
respected during load cycling to prevent safety issues.

Simulated concentration and flux profiles.—The model affords
the opportunity to examine the different concentration profiles
within the LAWE. The results show that the consumption and
generation of OH™ by the OER and HER, respectively, induce a
concentration gradient across the cell (Figs. 3a, 3b). The consump-
tion of OH™ reduces the rate of OER because of the first-order
dependence of this reaction on OH™.** Moreover, the bulk ionic
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conductivity is reduced in both the anode and cathode due to the
deviation in KOH concentration from the bulk value of 7 M (Fig. 3
c).12 The water activity also deviates from the bulk value of 0.61,
which shifts the equilibrium potential of the reactions (Fig. 3d).
Together, these gradients in pH and water activity make the
equilibrium potential of the HER more negative by ~60 mV and
the equilibrium potential of OER more positive by ~40 mV at 2 A
em ™2, as per the Nernst equation. Compared to 0-D models,” the
model herein can resolve these spatial gradients and thus account for
changes in the equilibrium potential of the anode and cathode
reactions, something that 0-D models cannot. Furthermore, this 1-D
model is exploring how the local conditions impact the equilibrium
half-cell reactions to elucidate which electrode is responsible for the
majority of losses in the cell.

To understand the dominant modes of transport in the electro-
lyzer, one can look at the liquid-phase Péclet number (Pe) and fluxes
of OH™ (Fig. S4). Throughout the separator, the Pe is zero (Fig. S4a)
due to the low convective flux of OH™ (Fig. S4b), which arises from
the low permeability of Zirfon (7.5x107'° m?).® The convective flux
of OH™ in the electrodes increase with increasing current density due
to the production of dissolved H, and O, and subsequent mass-
transfer from the liquid to the gas phase. A larger convective flux is
observed in the anode than the cathode because of the larger mass
loss from the liquid-phase associated with O, evolution compared to
H, evolution. The asymptotes observed in the Pe are caused by the

peak in OH™ concentration within the electrodes (Fig. 3a), where the
diffusive flux of OH™ is zero (Fig. S4c). Within the separator, the
diffusive flux of OH™ is negative (i.e., diffusional transport is from
cathode to anode), indicating that diffusion of OH™ contributes
positively to the current density in the liquid-phase. However, the
dominant mechanism for OH™ transport in the separator is migration
(Fig. S4d), which accounts for ~91% of the total OH™ flux.

The liquid-phase pressure is practically constant across the
electrolyzer because of the high permeability and water saturation
of the electrodes (Fig. S5a). The liquid-phase mass-averaged
velocities are positive in the anode and negative in the cathode,
indicating that liquid is flowing into the cell (Fig. S5b). The gas
pressure in the electrodes increases as the current density is
increased due to the production of O, and H, gas (Fig. S5c). The
mass-averaged velocity of the gas-phase (Fig. S5d) is significantly
higher than that of the liquid-phase because of the lower density of
H, and O, compared to the KOH electrolyte. This gas-velocity is
negative in the anode and positive in the cathode, indicating that
bubbles formed from OER and HER transport out of the electrolyzer
by convection.

Applied-voltage-breakdown and sensitivity analyses.—The total
cell potential was decomposed into its constituent components usin%
the power-loss-analysis technique introduced by Secanell et al.***
(Figure S6). Higher kinetic overpotentials are observed for OER
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behavior.

than HER, but the HER overpotentials are still significant because of
the highly-alkaline conditions. This result is consistent with the work
of Haverkort et al.”® and highlights the importance of a spatially-
resolved model. Bubble resistances were found to contribute ~20
mV to the total applied potential at 2 A cm ™2 The modeled ohmic
resistance in the separator is a primary contributor to the total
applied voltage, and this model result matches well with the EIS
measured ohmic drop (Fig. 2). These results point to the need to
develop improved electrode and separator architectures to improve
LAWE performance.

To determine methods for reducing ohmic resistances, we
simulated the effect of reducing the separator thickness and
tortuosity on the polarization behavior (Fig. 4). The results show a
dramatic improvement in current density when the separator thick-
ness is reduced from 500 to 300 pm (Fig. 4a). A reduction in
separator tortuosity from 1.5 to 1.3 also decreases the cell potential,
but to a lesser extent than reducing the separator thickness (Fig. 4b).
While reducing the separator thickness and tortuosity is shown to
improve electrolysis performance, these improvements come at the
expense of increase H, crossover (Figs. 4c, 4d).

The optimization of electrodes properties is complicated by
trade-offs between ohmic and kinetic overpotentials in different
current-density regimes. For example, the simulation shows that

thinner electrodes reduce the current density of the electrolyzer at
voltages < 2 V (Fig. 5a). Kinetic overpotentials are dominant in this
regime, and therefore, the thinner electrodes perform worse than the
thicker electrodes due to a lower surface area for HER and OER.
This is consistent with the sensitivity analysis on specific surface
area, which shows that a 2x increase in specific surface area leads to
a significant increase in current density (Fig. 5b). At cell potentials
> 2V, the thinner electrodes achieve similar current densities as the
thicker electrodes because the resistance in the liquid-phase results
in the reaction distribution being shifted to next to the electrolyte/
separator interface and thus essentially the same amount of electrode
is being utilized. In this potential regime, the reduction in ohmic
resistances enabled by thinner electrodes is offset by the larger
kinetic overpotential associated with a lower surface area.

The model shows that decreasing the electrode porosity from
95% to 75% increases the applied voltage required to achieve current
densities >1 A cm™? due to increased ohmic resistances associated
with ion transport in the electrodes (Fig. 5c). Decreasing the
permeability of the electrodes also results in a higher applied voltage
at high current densities (Fig. 5d). Since convection is not a
dominant mechanism of ion transport in the electrodes (Fig. S4a),
the permeability of the electrodes mostly impacts the rate of gas-
transport out of the electrolyzer. Therefore, the modest improvement
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in performance with more permeable electrodes is a result of
increased water saturation in the electrodes, which reduces ohmic
resistances.

The energy intensity of H, production (expressed in terms of
kWh kg™!) is a key metric, which defines the technoeconomic
feasibility of water electrolyzers. The applied-voltage-breakdown
and sensitivity analyses point to separator thickness and electrode
surface area as the key factors that determines the performance of
LAWE. We therefore investigated whether modulating these two
key parameters could enable LAWE:s to achieve a benchmark energy
intensity for H, production of 50 kWh kg™, which is a key target for
low temperature water electrolysis.’

The “Base case” simulation obtained with nickel-felt electrodes
shows that a current density of 1 A cm™2 is achieved at ~2.17 V
(corresponding to an energy intensity >57 kWh kg™') (Figs. 6a, 6b).
The “Improved case,” which was simulated with a 5x higher specific
surface area (i.e., 65000 cm?cm®) and 5x thinner separator (i.e.,
100 pm) than the “Base case,” was found to enable a current density
of 1 A cm? at 1.87 V, corresponding to an energy intensity of
50 kWh kg~' at 1 A cm™2. A primary factor in achieving this
improved performance is the reduction in ohmic drop, which is made
possible by the thinner separator (Fig. 6¢). However, this use of a
thinner separator is predicted to increase the H, in O, to dangerous
levels at low current densities (Fig. 6c). This tradeoff could be

overcome by engineering the mixture of polysulfone and metal-
oxide precursors used to synthesize LAWE separators that maximize
jonic conductivity while mitigating H, crossover.*> Moreover, the
enhanced electrode surface area simulated here may be achievable
with coatings or nanoparticles deposited on the nickel-felt surface.
Collectively, these results demonstrate that LAWEs are capable of
achieving energy-intensities rivaling PEMWEs by modulating the
specific surface area of the electrodes and thickness of the separator,
but new approaches to separator design including the use of gas-
recombination catalysts are necessary to realize this performance.*’

Model limitations.—The 1-D model reported here encompasses
physics that accurately capture the Ohmic resistances and thermo-
dynamics of the half-cell reactions. However, the model neglects the
kinetics and dynamics of bubble nucleation and flow within the
electrode by assuming the gas- and liquid-flows obey Darcy’s Law
(i.e., continuous phases), likely leading to an underestimation of the
effect of bubble formation and coverage on overpotentials. This
limitation of the model may lead to inaccurate fitting of the exchange
current densities in this work, as the effective specific surface area
directly correlates with the half-cell reaction rates. Notwithstanding,
more sophisticated models and experimental analysis of bubble
formation in LAWESs show that the effect of bubbles constitutes only
4% to the total overpotential at 0.5 A cm™> (similar to the results
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shown in Fig. $6).** Thus, we do not expect this model limitation to
impact the results of this study significantly. Furthermore, the model
treats the wettability of the porous media with a constant property
(i.e., contact angle) that could change due to pore shape and
chemistry,*® and thus the model can be improved with measured
capillary-pressure/saturation curves that is a current area of research.

Summary

In this study, a continuum model is developed and used to
deconvolute energy losses and investigate the effect of material proper-
ties on liquid-alkaline water electrolyzer (LAWE) performance. The
model shows that gradients within the electrodes lead to a Nernstian-shift
that increase the equilibrium potential of the oxygen-evolution reaction
(OER) while reducing the equilibrium potential for the hydrogen-
evolution reaction HER. H, and O, gases that are formed by the
electrode reactions are shown to be concentrated near the electrode/
separator interfaces, thereby increasing the kinetic overpotentials by
reducing the surface area in contact with the electrolyte and increasing
ohmic overpotentials by increasing ionic-transport tortuosities. Sensitivity
analyses show that reducing the separator thickness and increasing the
surface area of nickel electrodes are promising means of increasing
LAWE performance, but new approaches for separator design must be
devised to manage crossover in thinner separators. This study under-
scores the importance and value of using spatially-resolved models to
identify, quantify, and mitigate energy losses in LAWEs.
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