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Anion Exchange Membrane (AEM) water electrolysis is a promising solution for hydrogen production that
consists of low-cost metals as the electrocatalyst and low-concentration alkaline solutions as the electrolyte,
overcoming common issues of other low-temperature cells. This technology is investigated by developing an in-
home-built Python model able to predict AEM electrolyser electrochemical performance under a dry cathode
configuration as a function of applied working conditions and microstructural parameters. Polarisation losses
derive from electrochemistry principles and consider effects due to the presence of bubbles that form on the
electrode surface and evolve within the electrolyte. It is noteworthy that the asymmetric behaviour of AEM cells
requires specific assumptions and equations for each side in view of different anodic and cathodic environments.
Following the model is preliminarily validated through an ad hoc testing campaign on a lab-scale cell. Simulation
results allow for identifying the limiting factors (i.e., current and solution molarity), distinguishing different
polarisation losses (activation and ohmic loss as the predominant factor in high and low concentrated alkaline
solutions, respectively), and quantifying losses due to bubbles (around 8% of total polarisation in the worst case).
In detail, the bubbles generate turbulence within the liquid, favouring the reactant diffusion mechanisms, but
decrease the effective active area and the electrolyte conductivity, resulting in the predominant effect.

photochemical and photocatalytic conversion [1]. Indeed, coupling with

renewables and obtaining oxygen as a byproduct allow for green

hydrogen synthesis with minimum environmental impacts [3].
Nevertheless, electrolysers still have several issues correlated to

1. Introduction

The extensive use of fossil fuels in the current energy infrastructure is

the main source of anthropogenic carbon dioxide emissions, which
significantly contribute to global warming and climate change. The
decline in crude oil reserves and some stricter emission regulations are
driving the search for alternative fuels and energy vectors. They should
be economically competitive, environmentally sustainable, easily
available, and practical and reliable to use. Hydrogen is one of the most
promising solutions, showing a higher specific energy content than
conventional fuels (120 MJ/kg Hy vs. 50 MJ/kg CH4 vs. 44 MJ/kg
gasoline (LHV)). Nevertheless, it is primarily found in the form of
compounds with other elements, making molecular hydrogen produc-
tion quite challenging. Hydrogen is derived mainly from the conversion
of natural gas and other light hydrocarbons through steam reforming
and partial oxidation, resulting in significant greenhouse gas emissions.
Water electrolysis is a promising solution among several understudied
processes, including  biomass thermochemical conversion,
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material costs, electricity consumption, and long-term cell operation in
view of mechanical and chemical instability, making them little
competitive on the energy market [2-4]. Merging the main benefits of
low-temperature cells, Anion Exchange Membrane Electrolysis Cells
(AEMECs) are a promising solution. This technology derives from
alkaline water electrolysis, where the conventional diaphragms are
replaced with an anion exchange membrane (i.e., quaternary ammo-
nium ion exchange membranes). Moreover, a low-concentration alka-
line solution can be used as the electrolyte, different from alkaline
electrolysers (1 vs. 5 M KOH). Anodic and cathodic electrode materials
are transition metal-based electrocatalysts, particularly nickel alloy and
Ni-Fe-Co materials, which are cheaper than noble metal catalysts used in
proton exchange membrane electrolysers [5,6].

AEM electrolysis consists of splitting water molecules into hydrogen
and oxygen through two half-reactions: water reduction at the cathode
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Nomenclature

A, A Geometrical and effective active area

Apubble; Apubble Area and average area of a single bubble

a, b Empirical parameters to compute water saturation
pressure in KOH alkaline solution

a Activity

b Kinetic constant for bubble growth

C Concentration

chulk  cmemb - csur  Byulk, electrode-membrane interface, electrode

surface concentrations
CAEM Ion concentration within membrane
D, D Molecular diffusion and effective diffusion coefficients
dan, deat;, dmemp Anodic catalyst layer, cathodic catalyst layer,
membrane thicknesses

Eact Activation energy

AEcen Cell voltage

AE,y, AEY, Reversible voltage and reversible voltage at reference
status

F Faraday constant

fgas Gas flow rate

H Henry’s constant

IEC Ion Exchange Capacity of membrane

j Current density

jo Exchange current density

J Current for the unit of volume

Jav Average current for the unit of volume

Kp Donnan equilibrium constant

k, k kK Kinetic constants

Kaifr Corrective term of diffusion coefficient due to bubble
presence

M Molarity

m Molality

MM Molecular weight

Npubbles Number of bubbles

P Pressure

Pref Reference pressure (i.e., atmospheric value)

Piio, Dom Pure water and KOH alkaline solution saturation
pressures

R Ideal gas constant

I, T'max ~ Bubble radius and its maximum value before detachment

T Temperature

tr Bubble residence time

u Ion mobility

\ Dimensionless diffusion volume

X Spatial coordinate in material balances

z Charge number

Greek letters
a Charge transfer coefficient
B, v, B, v* Kinetic orders

San, 6cat Anodic and cathodic gas diffusion layer thicknesses
13 Phase volume fraction

n Polarisation loss

Nact» Ndite» Mohm Activation, diffusion, ohmic overpotentials
3 Coverage factor due to bubbles

y Ion transport number

Pans Peat> Pmemb: Pohm» Ppol Anode, cathode and membrane
specific resistances, ohmic and polarization resistances

from EIS
OKOH, Oion» Omemb KOH solution, ionomer, membrane
conductivities
T Electrode tortuosity
Current density fraction generating dissolved oxygen
@ Bubble contact angle

generates hydroxide ions that migrate to the anode, where the oxygen
evolution releases water (Eq. (1), Eq. (2), Eq. (3)). According to the
operation, alkaline solution can be fed to both sides of the cell or just at
the anode, exploiting its permeation across the membrane to provide the
needed water for the hydrogen cathodic evolution [7]. Working below
100 °C, hydrogen and oxygen production results in bubble formation
and evolution with significant impacts on the cell performance [8].
Indeed, the bubble formation on the electrode reduces the available
surface, partially covering the reaction sites. Moreover, their motion
within the electrolyte influences both the charge migration by reducing
the alkaline solution conductivity and the material transport by gener-
ating some turbulence within the system.

Cathode : 2H,0 + 2e —H, +20H, 1
1
Anode : 2OH('aq)—>H20 + QOZ + 2e” (@3]
1
Overall reaction : H,0—H, + 502 3)

In view of the system complexity, multidimensional models have
been developed to consider the co-presence of liquid and vapour phases,
setting the bases for cell process simulation as well. Commonly, one-
direction models have been reported to evaluate the species flux evo-
lution on the cell plane or along the thickness of electrodes and mem-
brane, focusing above all on water exchange between two sides of the
membrane [9-14]. CFD-based software has also permitted reaching a
higher detail level of pressure and temperature effects on the cell
behaviour [7,15-17]. Research facing AEMEC simulation has taken

reference to the models previously developed for other low-temperature
electrolysers, trying to adjust the differences (i.e., membranes instead of
separators, alkaline solutions instead of distilled water and so on).
Nevertheless, few works have proposed specific electrochemical for-
mulations for AEM cells, considering the bubble effect on polarisation
losses as well as the specific reaction environment at each cell side
[18-21].

This paper presents a performance predictive model for AEMEC
under dry cathode operation, meaning that no liquid electrolyte is fed to
the cathodic compartment, but water fed and produced at the anode
migrates across the permeable membrane and reacts at the cathode.
Here the cathodic side is characterised by only hydrogen and steam,
while the anode consists of an alkaline solution with Oy evolving bub-
bles. Firstly, overviewing previous reference works on low-temperature
cells, the physically based theoretical formulation was presented by
underlining peculiarities of the anion exchange membrane technology
operation. Schematising the cell as an electrical circuit, polarisation
losses were expressed as a function of easily measurable working con-
ditions, clearly distinguishing the weight of ohmic, activation and
diffusion loss among electrodes, electrolyte and membrane. Moreover,
the research work evaluated effects due to the bubbles on anodic reac-
tion, oxygen material transport and ion migration, quantifying a bubble
overpotential sum of all these phenomena. A preliminary experimental
validation checked model assumptions, and finally a sensitivity analysis
provided a first investigation of the main cell dependencies at variable
current densities, temperatures and fed electrolyte molarities.
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2. Methods
2.1. Theoretical formulation

The electrochemical behaviour can be described through I-V curves,
following electrochemistry principles and including possible effects due
to the bubble anodic evolution. A pseudo OD steady state system is
considered where all physicochemical features derive from a macro-
scopic perspective, assuming an isothermal cell with negligible pressure
drops and homogeneous reactant compositions on its plane. The AEM
cell performance is schematised as an electrical circuit to consider
occurring polarization losses (Fig. 1). The attended output consists of
evaluating the electrolysis cell voltage (AE) as a function of multiple
contributions related to the system thermodynamics, the electro-
chemical reaction kinetics, the charge migration and the reactant ma-
terial transport (Eq. (4)).

AEcen = AErey + et + Mohm T Naise (C))

Where AE,., represents the reversible voltage and 7 the over-
potentials by distinguishing the anodic and cathodic sides. Polarization
losses are computed in terms of homogeneous physicochemical prop-
erties, except for the concentration gradients (i.e., diffusion over-
potential sources) that derive from simplified material balances along
the electrode thickness divided in the Gas Diffusion Layer (GDL) and the
Catalyst Layer (CL).

The developed model in the Python script is presented in the
following, formulating the equilibrium voltage, the activation and
diffusion loss, the ohmic loss and, finally, identifying the bubble effect in
terms of a further cell overpotential.

2.1.1. Equilibrium voltage

The minimum required voltage, known as the reversible potential
(AErey), is a function of the operating temperature and the reactant
compositions according to the Nernst equation (Eq. (5)) [7].

12
T ay, 4,
AEe, = AE®, + R—ln( T2 70, ) )
zF an,0
AE, =1.229 — 0.9-103(T — 298) ©)

Where R is the ideal gas constant, T the temperature, z the charge
number, F the Faraday constant, a the component activities dependent
on their partial pressures at atmospheric conditions (i.e., ideal gas
behaviour), AE®,, the reversible voltage at reference status computed
through Eq. (6) as a function of the temperature (T in [K]). The water
activity calculation assumes the gas/liquid equilibrium achievement
(Eq. (7)), deriving from the saturation pressure of pure water (pfi., in
[Pa]) dependent on temperature (T in [K]) (Eq. (8)) and correcting it to
consider the presence of a KOH aqueous solution (pij, and pii, in

[atm]) (Eq. (9)) [22-23].

sat

ay,0 = CKOH %)
Pi,0
3816.4
sat  __ _

Pi,o = €XP (23'2 T- 46.16> ®)
Ndiff  Mohm Nact
<) M) . -
N\ A A

AEcell ) AEreu

Fig. 1. Electric circuit model for AEM electrolyser.
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Pt = 10°(piy)” ©)

Where the parameters a and b are calculated as a function of the
molality (m in [mol/kgsolvent]) of the KOH aqueous solution (Eq. (10),
Eq. (11)) [22].

a=-0.01508m — (1.6788 -10%)m* + (2.25887-10 °)m’® 10)

b=1-(1.2062:10%*)m + (5.6024-10 *)m? — (7.8228-10 °)m*® (11)

It is noteworthy that equal water activity can be assumed at both
electrodes due to the high anion conductivity of the membrane that
allows a basic environment at the cathodic interface, also without
feeding electrolyte solution in dry cathode cell operation. While the
activities of hydrogen and oxygen result in Eq. (12), assuming an
isothermal behaviour on two sides [7].

_ psat
g, = a0, = % a2
rel

Where p, is the reference pressure equal to atmospheric one.

2.1.2. Activation and diffusion overpotentials

The activation overpotential () is the energy required to develop
the hydrogen and oxygen evolution reactions, while the diffusion
overpotential (174;) is the energy required to overcome material trans-
port limitations of reactant/produced species, considering their con-
centration gradients along the electrode thickness. Both terms can be
derived as two limiting conditions from the Butler-Volmer equation,
which expresses the electrochemical reaction rate in terms of the current
density (Eq. (13), Eq. (14), where the oxidation is the direct reaction)
[24-25]. Indeed, it depends on the reactant surface concentrations and
the temperature, as in the case of a chemical reaction, as well as on the
applied polarization (1 = 1 e + gige)-

_ARO
j=2F { Kox€XP {—aZF (AE:T AE'QV)] [1(c) exp (??7)

i

—(1—a)zF (AE e, — AEY, i —(1—a)zF
fkredexp{ ( ) (RT )}H(Cl )ﬂEXP{ ( RT) ”}}

i

(13)

7i Bi
.. c azFn c —(1 —a)zFy
() () ()

14

Where k are the kinetic constants referring to direct (i.e., oxidation)
and indirect (i.e., reduction) reactions, a the charge transfer coefficient, j
the current density, j, the exchange current density, C*** and C™* the
concentrations on the electrode surface and in the bulk, y and $ on the
kinetic orders for direct (i.e., oxidation) and indirect (i.e., reduction)
reactions, respectively.

The activation overpotential derives from a simplified Butler-Volmer
equation if negligible concentration gradients between active sites and
bulk are assumed, resulting in Eq. (15) and Eq. (16) (oxidation as the
direct reaction) for the cathode and the anode, respectively. It is note-
worthy that the bubble evolution reduces the available surface area;
here, the bubble coverage fraction (9) is included at the anode [26].

eat ZF cat —(1 — Geg)ZF cat
j :jgat{exp (a tRZTrIact> _ exp{ ( aRTt)Z nact:| } (15)
j .an QAanZF1o, —(1 — aan)zFig
alw o loe(a) oo 0o

The exchange current density is defined as the reaction rate at the
equilibrium conditions when the net current density is zero, matching
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the direct and indirect process rates. Developing the Butler-Volmer
equation and explicating the temperature dependence of the kinetic
constants according to an Arrhenius-type law, Eq. (17) and Eq. (18) are
obtained, where the exchange current densities are a function of the
activation energies (E,.), the pre-exponential coefficients considering

specific electrode microstructures (k) and the reactant bulk concentra-
tions to the power of partial reaction orders (y). Refer to the Appendix
section for the complete theoretical formulation of exchange current
densities.

scat _ 7% (bulk \73 —Eq

.](c)a = kcat (C:Ecat)) 26Xp< R-—;-Ct> (17)
— e 7Ean

i =R (Ch,) exp () as)

Where C"¥ refers to OH concentration in the bulk.

At the anode (Eq. (16)) the oxygen evolution occurs within the liquid
electrolyte; bubbles forming on the electrode surface cause a decrease in
the effective active area until they detach. This effect is considered by
the bubble coverage factor, which allows for calculating the effective
active surface dependent on the total number of bubbles and the average
area of a single bubble. Following the approach presented in [27] and
summarised in the Appendix section, a semi-empirical correlation is
applied as a function of current density (j in [A/mz]) in Eq. (19), as
already used in previous literature works on AEM electrolysis cells
[20-26].

8§ = costfy,s = 0.023 2 19)

Where f,, is the gas volumetric flowrate.

This formula has been validated for the whole range of the coverage
factor in the case of a stagnant electrolyte (i.e., an electrolyte without
flow and with unhindered bubble release), considering the oxygen
evolution reaction on Ni-based electrocatalysts at around 1 M KOH so-
lution molarity.

The diffusion overpotentials also derive from a simplified Butler-
—Volmer equation, if the reaction development is so favoured that the
ratio (j /j,) can be considered tending to zero (Eq. (20) and Eq. (21) for
cathode and anode, respectively).

n
RT JRT <%€ + 5C> R #iHo, 1,0 (% + 5a>
g =—=mn|1+—>——2 | +—Infl+
2k ZFDg; H20 (P - P?-?zto> zF 2ZFDg§ H0 (p N p%H)

r\ 71 72 P
Ci}lz Ci‘l(rCat) exp Acar ZFr i _ Ci?zro(cat) exp -(1- acat)ZFﬂseilftf
bulk bulk bulk
CH‘; C—chat) RT CHLZ‘O(cat) RT

14 P e\ P
Csfu(ran) exp (aa“ ZF”S‘&() _ ngro(an) ' ngz ’ exp {—(1 — Oan)ZF i
bulk bulk bulk
C—Lzan) RT CHl;O(an) CO; RT

Since the hydroxide ion diffusion coefficient is higher than the ox-
ygen and hydrogen ones, OH" gradients can be neglected in both GDL
and CL (the second in view also of its low thickness), usually avoiding
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stressful current densities above 2 A/cm?. Water concentration ratios
can also be simplified: at the anode a liquid solution is directly fed, while
at the cathode water supply is guaranteed by good membrane properties
working in a dry environment. Here, the diffusion overpotentials are
only dependent on Hy and O, (at the cathode and anode, respectively),
which could not be removed as quickly as they are produced at
increasing current densities and could partly block reaction sites by
slowing down the kinetics. In theory, these polarisation losses are due to

a concentration gradient formed between bulk (C™%) and electrode
surface (C*). Surface concentrations locally vary by occurring reactions
in the whole catalyst layer volume; however, a conservative approach
consists of evaluating the gradient between the bulk and the concen-
tration at the electrode-membrane interface (C™™P). Eq. (22) is finally
obtained by solving Eq. (20) and Eq. (21) for ideal reversible electrodes,
resulting in a Nernst-type formulation [24]. It is noteworthy that, ac-
cording to the following assumptions, the reaction orders of hydrogen
and oxygen are not evaluated for formulating exchange current densities
since their bulk concentrations are considered almost constant. In other
words, no previous constraint is imposed on equations of the diffusion
overpotential. Otherwise, there would be a correlation between reaction
orders used in the exchange current density and those used in the

diffusion overpotential.
Cmemb n Cmemb P2
e = 15+ 1y = In (C—> + i (C—> (22)
2 2

Bulk concentrations are computed at the equilibrium conditions,
while concentrations at the electrode-membrane interface are obtained
by O and H; simplified one-dimensional steady-state material balances
solved along the electrode thickness. In the gas diffusion layer, Fickian
diffusion is assumed to occur; in the catalyst layer, both diffusion and
reaction occur. At the cathode, there is only the gas phase with ideal
behaviour, working at atmospheric pressure. At the anode, the dissolved
oxygen concentration has to be considered due to the presence of liquid
electrolyte [8-28]. According to these hypotheses, Eq. (22) results in Eq.
(23).

P

(23)

} =0 (20)

} _0 (21)

Where d and § are the CL and GDL thickness at the anode or cathode,

Di{vazo the hydrogen effective diffusion coefficient in the cathodic

gaseous mixture, Ho, 5,0 the Henry's constant for oxygen, Dgf;Hzo the

oxygen effective diffusion coefficient in the anodic liquid mixture, ¢ a
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corrective factor to consider the fraction of the current density to pro-
duce the dissolved oxygen in the electrolyte. Refer to the Appendix
section for the complete theoretical formulation of hydrogen and oxygen
simplified material balances.

The hydrogen molecular diffusion coefficient (Dle_,f;HZO in [m?/s])
derives from the Fuller law as a function of the temperature (T in [K]),
the pressure (p in [atm]), the molecular weights (MM in [g/mol]) and
the dimensionless diffusion volumes (V in [-]) [29]. This value is then
corrected by the cathodic porosity (ecat) and tortuosity (zcat) (Eq. (24)).
Note that equal values of porosity and tortuosity were assumed for the
gas diffusion layer and the catalytic layer in a first approximation.

€ 1.43.1077 T7®
Dilf:Hzo e 24)

Tcat 5 05 13 13 2
p <I/MMHZ+1/MMH20> (VHZ + VH20>

In the anodic contribution, the Henry's constant (Ho,n,0 in
[(atm-cm®)/mol] is calculated by a literature empirical formulation as a
function of temperature (T in [K]), referring to the oxygen dissolved in
water in a range between 45 °C and 100 °C (Eq. (25)) [30].

Ho, 1,0 = 5.08 -10° exp (%00> (25)

The oxygen effective diffusion coefficient considers the gas bubble
evolution (Eq. (26)), showing a semi-empirical dependence on the cur-
rent density (j in [A/m?]) [28]. The material transfer within
gas-evolving electrodes depends on the produced oxygen bubble flow
rate and the geometrical active area. Its validity limit recalls the points
illustrated for Eq. (19) in view of the strong correlation between the
bubble formation on the surface and the following transport within the
solution.

. 81.5
Dos im0 = kdiff(l)o'srﬂDOz 10 (26)

an

Where ¢,, and 7,, represent the porosity and tortuosity of the anode,
respectively, which were assumed equal in GDL and CL in a first
approximation, kg an empirical constant considering the bubble dual
effect on the material transport. On the one hand, the bubble presence
can enhance it by generating turbulence within the solution; on the
other hand, it reduces the effective available diffusion path (i.e.,
decreasing electrode porosity). The oxygen molecular diffusion coeffi-
cient (Do, n,0 in [cm?/s]) is calculated using an empirical formulation as
a function of temperature validated between 10 °C and 80 °C (T in [K]),
as reported in Eq. (27) [31].

2
{441%@— (%) ] 27)
DOz,HzO =10

2.1.3. Ohmic overpotential

Ohmic resistances are due to the electrical and ion resistances;
nevertheless, the first ones are usually negligible with respect to
contribution due to ion migration within the anodic alkaline solution,
the membrane and the cathodic ionomer in a dry cathode configuration.
This 1oss (1ym) is formulated by Ohm’s law, assuming layers in series
according to Fig. 1. Each resistance (p) is defined as the ratio between
the material thickness (d) and conductivity (¢), adjusted by the effective
volume fraction (¢) in the case of a non-continuous layer (Eq. (28)).

dan dmem dca .
;. Gmemb ¢ )J

(28)
OKOH 6‘},;15

Nohm = (pan +pmemb +pcat).] - ( Omemb O-iongjldfl

Referring to the anode in detail, Eq. (28) considers the active elec-
trode thickness (d,,), the KOH solution conductivity (oxon in [S/cm])
expressed by an empirical correlation as a function of molarity (M in
[mol/1]) and temperature (T in [K]) as shown in Eq. (29) [32], and the
correct electrode porosity (&,,) to consider the bubble presence too [8].
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Eq. (29) has been validated for temperatures from 0 °C to 100 °C and
KOH concentrations from 0 M to 12 M.

M
oxon = —2.04 M — 0.0027 M* + 0.005332 M T + 207.2 T
+0.00105 M® — 0.0000004 M* T* (29)

For the membrane as well, the ohmic resistance (p,,..,;,) is expressed
as the ratio between its thickness (dmemp) and conductivity (6memb)-
Specifically, this last term results in the sum of the conductivities of
available charge carriers (i.e., anions and cations), each multiplied by its
transport number (1), as shown in Eq. (30). The conductivity depends on
their concentration within the membrane (C*™™), their charge number
(z) and their mobility (u), distinguishing the anions (defined as “-”’) and
the cations (defined as “+).

Omemb = 440+ + A_0_ = A, (2, FC™u, ) + 1_ (z_FC*™u_) (30)

Since the cation mobility u, is lower than OH" value [33], Eq. (30)
can be rewritten as Eq. (31) (in other terms, A_ equal to 1).

Gmemb = FCA™Mu_ (€19)

Working in dry conditions, the ion conduction at the cathode occurs
across the ionomer, which usually has electrochemical properties very
similar to those of the membrane. Therefore, in a first approximation,
the cathodic resistance can be written as the ratio between the active
electrode thickness (d.,:) and the ionomer conductivity (o;,,), assumed
equal to the membrane one and corrected by effective volumetric frac-
tion (g;on) using Bruggeman’s correlation [15].

According to previously discussed formulations, the polarization
contribution due to the bubble evolution can be quantified and
compared with an ideal system without penalising bubble effects.
Indeed, each polarization loss includes a corrective coefficient: the
activation overpotential by the bubble coverage factor that decreases
the theoretical exchange current density, the ohmic overpotential by the
porosity change in the anodic catalyst layer that decreases the conduc-
tivity with respect to a pure liquid solution, and the diffusion over-
potential by the current density-dependent empirical parameter that
influences the transport coefficient.

2.2. Experimental setup

The model was tuned on experimental data from a lab-scale cell.
These tests were expressly performed to permit a preliminary validation
of the developed code, since they were carried out in a limited range of
the cell possible operation. Here, the applied working conditions and the
cell structure were referred to common AEM electrolyser operation
without any specific layout or performance optimisation. The sample
consisted of a square-shaped cell. A commercial polimethylbenzimida-
zolium membrane was used with a KOH alkaline solution as the elec-
trolyte. Both electrodes were made of a Ni-felt support, where Pt/C-
based and Ni/Fe oxide-based electrocatalysts were applied to the cath-
ode and the anode, respectively, via spray deposition. These electrode
materials agree with AEM cell reference literature on lab-scale testing,
which proposes platinum and metal oxides as catalysts for hydrogen and
oxygen evolution reactions [34-36]. The experimental tests were per-
formed at atmospheric pressure while the cell operated under dry
cathode conditions (i.e., no liquid electrolyte was fed to the cathode) at a
constant anodic flow rate of around 30 ml/min, varying the working
temperature, applied current and fed anodic solution molarity (Table 1).
Electrochemical Impedance Spectroscopy (EIS) analysis and polarisation

Table 1
Studied working conditions under electrolysis cell operation.

Temperature Current density KOH solution molarity

60-70 °C 0-2 A/cm? 0.5-1 mol/1
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Table 2
Kinetic parameter identification.

Kinetic parameter Value Reference

Activation overpotential

Charge transfer Acat = 0.5 [41]
coefficients A = 0.4 [42]

Pre-exponential E:at —3.6x107 Experimental data fitting since
coefficients in exchange A /2 correlated to electrode
current densities i;“ _30x10° Microstructure

A/m?

OH’ kinetic orders in 75 =0 EIS analysis
exchange current y =0
densities

Activation energies in EQ =29.5kJ/  [39]
exchange current mol [40]
densities EX =43.6kJ/

mol

Ohmic overpotential

Membrane and ionomer
conductivity
parameters

EIS data fitting since correlated to
material microstructure and cell
assembling

~1
Ky = 0.23S/
cm?
~2
Kypm = 5.84 (S
1)/(mol ecm?)
Diffusion overpotential
Oxygen diffusion
parameter

b /kair = 1072
(A/m2)0.3

Experimental data fitting since
correlated to electrode
microstructure and assembling

curve measurements were performed using a BioLogic VMP-300
Potentiostat with a current booster.

3. Results and discussion
3.1. Experimental data and model tuning

The literature review has defined the theoretical background of the
model, obtaining formulations that describe the physics of the AEM
electrolysis cell. Specific parameters that consider working conditions
and cell materials derived from previous research works or, if not
available, from experimental results (Table 2). It is noteworthy that this
has to be considered a preliminary tuning of the model; an additional,
more detailed investigation could be performed focusing on the main
physicochemical features of each cell layer.

Referring to EIS data, Fig. 2 reports the trends of ohmic and polar-
isation resistance as a function of temperature and fed solution molarity.
The temperature dependence is minimal, also in view of the small
possible working range to avoid membrane drying. Molarity shows a
significant influence on the ohmic resistance with its drastic increase at
molarity reduction due to a lower anodic conduction but, above all, the
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growth of the membrane resistance. Indeed, this last term can be
influenced by the external environment due to different phenomena,
such as osmotic deswelling and co-ion sorption [37]. Effects on the
polarisation resistance are negligible, as already observed by [38] in the
same molarity range.

Referring to the activation losses, since the experimental data show a
minimum dependence on the electrolyte molarity, the reaction orders
with respect to OH’ ions in exchange current densities (Eq. (17), Eq.
(18)) were supposed to be equal to zero. While the activation energies in
the Arrhenius-type formulation of the exchange current densities were
derived from literature, resulting in 29.5 kJ/mol and 43.6 kJ/mol for Pt
and transition metal-based electrodes, respectively [39,40] Only the

pre-exponential coefficients ('12*) dependent on active site distribution
and material microstructure were detected by experimental IV curve
fitting since they are specific for each electrode. It is noteworthy that
there is a higher value for the cathodic term since the hydrogen evolu-
tion reaction is favoured, resulting in a higher exchange current density
(Table 2). Considering the charge transfer coefficients in the activation
overpotential equations (Eq. (15), Eq. (16)), they were evaluated from
Volcano plots. The hydrogen evolution reaction on a Pt-based electro-
catalyst has an almost symmetric behaviour in reduction and oxidation
processes, leading to a value of 0.5 [41] and permitting an explicit
formulation of the cathodic activation overpotential as a function of the
current density (Eq. (32)). In the case of the oxygen evolution reaction,
the Ni-based catalyst results in a value of 0.4 [42].

N = ail;F arcsinh (#(C)at)

According to EIS analysis observations, the ohmic loss can be further
simplified. Starting from Eq. (28) and assuming an equal formulation for
membrane and ionomer conductivities (i.e., Gmemp = Oion), Eq. (33) is
obtained where anion mobility is considered a constant in view of an
almost temperature independent profile of the ohmic resistance derived
from EIS analysis (Fig. 2). It is noteworthy that, as in the case of water
activity in the Nernst equation (Eq. (5), Eq. (7)), a sufficiently high anion
conductivity within the membrane is supposed to allow a basic envi-
ronment also at the cathodic CL without feeding electrolyte solution in

dry cathode cell operation.
Amemb dea
( Fu_ Fu,silni)
+ J

(32)

d
dmemb + 1%
dan €ion

- | da
b = =
o OkoHELY Omemb OkoHELY CAEM
(33)
Eq. (33) can be rewritten considering CMM a5 a function of molarity,
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Fig. 2. Logarithmic plots of temperature (A) and molarity B) on ohmic and polarisation resistances derived from EIS analysis.
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resulting in a more concise formulation for a model preliminary vali-
dation. Solving the Donnan equilibrium at the bulk solution-membrane
interface [43-44], ion concentrations within the membrane depend on
ion concentrations within the fed alkaline solution (i.e., solution
molarity) (Eq. (34)). Simultaneously, OH™ concentration has to be equal
to cation one, formulated as the sum of K™ ion concentration and posi-
tive sites on the membrane, defined as Ion Exchange Capacity (IEC), to
guarantee the electroneutrality in the membrane (Eq. (35)). Solving Eq.
(34) and Eq. (35), a formulation for the OH- concentration is computed
(Eq. (36)).

C/iEMCéEM — KDC'iUIkCEUlk — KDMZ (34)
CAM = c™M 1 TEC (35)

crm _ TEC+ IEC? + 4KpM?

(36)

Where Kp is the Donnan equilibrium constant. Referring to the
studied molarity range (Table 1), Eq. (36) can be rewritten in first
approximation with a linear dependence on the solution molarity to
obtain a simplified formulation of the ohmic polarisation (Eq. (37)).

_ dan 1 .
Nohm = 15 + ~1 ~2 ] (37)
OKOHEan kohm + kohmM

Where El)hm and Eihm are two empirical parameters that include
microstructural features, such as thickness and ionomer volumetric
fraction, as well as physicochemical features, such as ion mobility and
ion exchange capacity of the membrane. Both were derived from EIS
spectra fitting and are intended to be cell specific as including properties
directly correlated to the cell materials and assembling.

Looking at diffusion losses (Eq. (23)), the anodic contribution (Eq.
(38)) contains two unknown variables combinable into a unique
empirical parameter (¢/kqisr) that was derived from IV curve fitting
since it is also influenced by the electrode specific microstructure.

P2

¢iHo, 1,0 (%ﬂ + 5a>

- 15
27FKqie (J)OSST”T';DOL w0 (P — PESy)

an

Naige = ﬁln

(38)

Table 2 summarises applied kinetic parameters in this preliminary
model validation. It is noteworthy that values correlated to the elec-
trocatalyst intrinsic features, such as charge transfer coefficients, acti-
vation energies and reaction orders, are also applicable when testing

3.0

2.8
2.6 n
241 .
2.2

1.0 T T T T T T T T T
1.0 1.2 14 1.6 1.8 2.0 22 24 2.6 2.8 3.0
Vsim [V]

Fig. 3. Experimentally measured voltages vs. simulated voltages of AEM
electrolyser.
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other samples. Whereas extrinsic parameters linked to material micro-
structure, cell layer sintering and assembling could be variable, and for
this reason they were specifically derived by experimental data fitting.

Fig. 3 compares the measured and simulated cell voltage values,
resulting in an average relative error of 2.5%.

3.2. Cell electrochemical characterization through modelling

Model tuning allowed for a preliminary characterization of the cell
electrochemical performance, with the aim of distinguishing the
contribution of different polarisation losses as well as the effects due to
bubble evolution by evaluating the percentage weight of used corrective
coefficients.

A sensitivity analysis was performed by varying the working tem-
perature, the applied current density and the molarity of the fed anodic
solution. The reference point consists of an operation at 60 °C, 1 M KOH
and 1 A/cm?. As already reported in [13,20] at this condition the main
contribution is due to the activation overpotential, resulting in around
57% of the total losses, followed by the ohmic (around 32%) and the
diffusion ones (around 11%). Applied load and electrolyte molarity have
a significant influence on the cell performance, changing the weight of
both activation and ohmic losses. Differently, the diffusion overpotential
always results in the lowest term in each analysed case. In theory, the
product accumulation in catalyst layers could slow down the electro-
chemical process. However, the hydrogen diffusion at the dry cathode
has negligible effects in view of its small molecular size. The oxygen
diffusion within the anodic solution is not the bounding factor as well,
working far from the limiting current density.

Increasing temperature within a safety working range (Table 1) fa-
vours both the reaction development, the ion conduction and the reac-
tant diffusion according to an Arrhenius-type dependence. Nevertheless,
this variation has no visible effect on the weight of different cell losses
on the total polarisation at a fixed electrolyte molarity (Fig. 4 A-B).
While the current density increase causes a rise of all losses, resulting in
higher percentages of the ohmic term in view of its linear dependence
(Eq. (28)): around 6% vs. around 42% at 0.1 A/cm? and 2 A/cmz,
respectively, at each considered temperature. The activation over-
potential remains the main contribution in view of the high ionic con-
ductivity favoured by feeding 1 M KOH electrolyte. In the case of
decreasing molarity (Fig. 4 C-D), there is a significant rise of the ohmic
contribution correlated to ion conductivity worsening of both the
alkaline solution (Eq. (29)) and the membrane that is influenced by the
surrounding environment (Eq. (37)). While activation losses have no
variation, considering the exchange current densities dependent just on
temperature according to EIS analysis (Table 2). This leads to an in-
crease of the ohmic loss percentage and a reduction of the activation
one, above all at high currents where it becomes the main polarisation
contribution (around 62% due to ohmic contribution vs. around 32%
due to the activation term at 0.5 M KOH and 2 A/cmz).

Multiple effects due to the bubble evolution were preliminarily
investigated for each polarisation loss in view of their weight on the cell
performance. Both anodic ohmic and activation losses are negatively
influenced by the bubble presence, modifying the electrolyte conduction
and the active site distribution. In the case of diffusion loss, there are two
adverse phenomena. The bubble presence increases the transport path of
the produced oxygen, slowing in theory the diffusion; on the other hand,
their evolution can generate some turbulence that favours the material
transport. Referring to the percentage weight of losses due to bubbles at
variable temperatures (Fig. 5-A), there is no visible effect. While a sig-
nificant increase is present at high current densities since more bubbles
are generated in the system, reaching up to around 6.8% of the total
losses at 2 A/cm?. Variations on fed electrolyte molarity have a more
evident influence (Fig. 5-B). Bubble growth depends on the current, but
high molarity favours the ion conduction by reducing the weight of the
bubble losses on the total polarisation: for instance, around 5% at 1 M
KOH and 1 A/cm? vs. around 7% at 0.05 M KOH and 1 A/cm? The
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Fig. 4. Contribution of ohmic (A-C) and activation losses (B-D) with respect to total polarisation at variable temperatures and current densities (A-B), at variable
electrolyte molarities and current densities (G-D); the stars point out the reference working point @60 °C, 1 M KOH and 1 A/cm?

maximum value of around 8.4% is reached at 0.05 M KOH and 2 A/cm?.

Considering directly the influence on cell physicochemical properties
allowed a more detailed investigation of occurring phenomena due to
the bubble evolution. Bubble growth on the electrode surface penalises
the electrochemical reaction, blocking the active sites and thereby
reducing the exchange current density. According to the model, the
effective active area decreases rapidly at low loads (around 82% at 0.1
A/cm?), reaching then more gradually a value of around 55% at 2 A/
em?, with the consequent halving of the exchange current density
(Fig. 6-A). In view of these still high coverage factors, the anodic acti-
vation loss increases up to 2%. Bubble motion within the liquid reduces
the ion conduction with respect to a monophase system by increasing
the effective transport path. Here the anodic ohmic overpotential can
reach up to 180 mV at 2 A/cm?, with a direct influence on the cell total
ohmic resistance, which increases around 15%. In other terms, the
anodic solution shows an ion conduction characterising lower KOH
concentrated liquids. For instance, at the reference working point of 60
°C and 1 MOH, the simulated conductivity of the alkaline electrolyte is
reduced from 31 S/m without considering bubbles to 8 S/m considering

bubbles, which would correspond to a solution at 0.02 M KOH and
without bubbles. Finally, the oxygen transport is also influenced; at low
currents the bubble presence penalises the transport by reducing the
diffusion coefficient, while it improves at increasing currents since the
positive effects due to turbulence prevail. Oxygen diffusion in water
would be around 0.004 mm?/s; this value decreases by around 20%
under 0.05 A/cm? but then improves and doubles above 1 A/cm?. Here a
reduction of the diffusion losses is evaluated (Fig. 6-B). It is noteworthy
that increasing currents would favour the diffusion referring to proposed
formulations (Eq. (26)) compared to a system without bubbles; however,
other factors should be balanced for values higher than 2 A/cm? working
to the limiting current density.

4. Conclusions

Anion exchange membrane electrolysis cells are a promising tech-
nology for hydrogen generation, but further research studies are still
needed to characterise the cell operation and optimise working condi-
tions. Indeed, they are quite complex, resulting in a multi-phase system
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with asymmetric behaviour when the electrolyte is just fed at the anode
side (i.e., dry cathode feed configuration). Starting from physically
based principles, a theoretical formulation is presented to evaluate
polarisation losses as a function of working and material parameters.
Global cell performance in terms of voltage-current pair is correlated to
local phenomena, such as ion migration within electrolyte and mem-
brane, hydrogen and oxygen diffusion, bubble evolution in the alkaline
solution. The result is a pseudo 0D model for anion exchange electrolysis
cells, which was preliminarily validated by deriving some semi-
empirical parameters on a lab-scale cell composed of state-of-the-art
materials and tested in a limited range of temperatures and solution
molarities. The developed simulation tool is suitable for performing a
sensitivity analysis at variable current densities, working temperatures
and fed anodic solution molarities. All polarisation losses depend on
temperature, but the molarity value has the major influence on cell
performance. The exchange current density seems independent from
electrolyte molarity according to EIS analysis, while both anodic and
membrane ohmic resistances significantly increase below 1 M KOH. The
model evaluates the activation overpotential as the main contribution at
high molarity values (reaching up to around 75% of the total losses at
0.1A/ cmz, 1 M KOH and 60 °C), while the ohmic term prevails at lower
molarity values (reaching up to 62% of the total losses at 2 A/cm?, 0.5 M
KOH and 60 °C). Bubble evolution at the anodic side leads to additional
resistances that also represent around 8% of total losses. They are above
all influenced by the applied current density, increasing the number of
bubbles that block active sites and hinder species migration within the
electrolyte. All these observations consist of preliminary results to be

Electrochimica Acta 565 (2026) 148753

improved through following detailed material analysis and electro-
chemical testing that will allow a more rigorous model validation in
wider ranges of working cases.
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Appendix: details on activation and diffusion overpotential formulation

e Exchange current density formulation

The activation overpotential contribution, prevailing at low loads, is detected by assuming negligible concentration gradients between active sites
and bulk, resulting in a simplified formulation of the Butler-Volmer equation (Eq. (15), Eq. (16)). In these formulas, the exchange current density
represents the dynamic equilibrium condition, and it derives according to Eqs. A.1 and A.2, where reactant concentrations are only considered.

F(AE® — AE? s —(1- F(AE® — AE?
jgat ZFkZit (szlk)ﬁ (CELEICl;t))VZ exp |:acatZ ( rev rev):| ZFkS:tti (Cl?llilé()(cat)) exp{ ( acat)Z ( Tev rev):| (A.D
F(AE™ — AE? B Iz —(1- F(AE™ — AE?
Jgn ZFk:: (CE‘:Lkn))VEXp |:(lanZ ( Tev rev):| ZFk:‘d <CE§“&3“)) 1 (C]C);;lk> 2€Xp |: ( (Xan)Z ( Tev rev):| (A.2)

Solving the previous equations (Egs. A.1 and A.2) and explicating the temperature dependence of the kinetic constants according to an Arrhenius-
type law, Eq. A.3 and A.4 are obtained. Therefore, exchange current densities depend on both the reactant concentrations and the temperature.
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It is noteworthy that only the ion concentrations C™) are potentially relevant in Eq. (17) and Eq. (18). Indeed, bulk hydrogen, oxygen and
cathodic steam concentrations derive from liquid/vapour equilibrium conditions, resulting in a function of the temperature with minimum variations
between 50 °C and 75 °C. Moreover, anodic water composition is an almost constant value, feeding an excess solution.

e Bubble coverage factor formulation

At the anode (Eq. (16)), the effect of bubbles reducing the electrode surface is considered by the bubble coverage factor, which allows for

calculating the effective active surface (Aeg) in Eq. A.5.

NpubblesAbubble

Aeff = A(l — 19) with 9 = A

(A.5)

Where A represents the geometrical area, Nyypbies the total number of bubbles and Apyhi. the average area of a single bubble. The area of a single
bubble is defined by assuming an ideal sphere of radius (r) that evolves during the time. Considering the bubble growth as the rate-determining step,
the radius time change is expressed in Eq. A.6 and then substituted in the formula for the single bubble area (Eq. A.7).
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r = bv/t with b = r% (A.6)
r2
Apubble = 7r2sin*(180° — ¢) = n%tsinz(lw —0) (A7)

T

Where b represents the kinetic constant defined as the ratio between the bubble radius just before detachment (rm.) and the square root of the
bubble residence time (t,), ¢ is the bubble contact angle.

With that aim of simplifying the previous formulation (Eq. A.7), an average area of a single bubble (Apuppie ) is introduced by the integral mean over
the time (Eq. A.8).

max

t 2

tr r?ﬂax 22 o
o 7op SIT(180T—9)dt o Gn2(180 ) (A.8)

Apubble =

While the number of bubbles forming on the electrode (Npybbies) is correlated to the gas volumetric flowrate (fgas), assuming again ideally spherical
bubbles (Eqg. A.9).
fgasgtr

Nbubbles = s (A.9)
By combining Eq. A.8 and A.9, a formulation for the bubble coverage factor is obtained (Eq. A.10).
f as br in? 1 " —
8:3gt51n(80 ®) (A.10)

8roaxA

All terms in Eq. A.10 can be considered constants except for the gas flowrate, which depends on the applied current density through the Faraday
law, resulting in the semi-empirical formulation of Eq. (19). It is noteworthy that a just fraction of the current density has to be considered since the
produced oxygen both forms bubbles and dissolves within the solution.

e Hydrogen and oxygen material balance formulation
In the diffusion overpotentials (Eq. (23)), the concentrations at the electrode-membrane interface (C™*™") are computed by solving simplified one-

dimensional steady state material balances in two control volumes (Fig. A1): one where only diffusion occurs (GDL - Gas Diffusion Layer) and one close
to the membrane where both diffusion and reaction occur (CL - Catalyst Layer).
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Fig. Al. Cell view specifying control volumes for cathodic and anodic 1D material balances (refer to bottom and top axes, respectively).

Under the assumptions of a steady-state, one-dimensional model and a Fickian diffusive flux, the hydrogen concentration profile in the cathodic
GDL derives from the following material balance (Eq. A.11). As boundary conditions, L/V equilibrium according to Eq. (8) is considered for the bulk
concentration (Eq. A.12), while the flux continuity is computed at the GDL-CL interface (Eq. A.13).

0*Cy
a2 =0 (A.11)
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X = 0-Cy, = Gk = 2P0 (Aa12)
o
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Subsequently, the hydrogen concentration profile in the CL is computed by applying Faraday’s law for the generation source (Eq. A.14). Boundary
conditions derive the hydrogen concentration at the GDL-CL interface (Eq. A.15) from the previous balance in Eq. A.11 and consider a perfectly
impermeable membrane to hydrogen flux at the CL-membrane interface (Eq. A.16).

aZCHz J;?/[

Do g = o5 (A14)
X = 6ea—Ca, = C* + J‘sﬁ‘ (A.15)
zFDy, m0
e
X= 5cat + dcat_)aitz =0 (A16)

Where J,y is the average current for the unit of volume over the CL thickness.

Regarding the anodic compartment, the dissolved oxygen concentration has to be considered due to the presence of a liquid electrolyte [8,28]. In
the anodic GDL, the material balance results in Eq. A.17 by assuming a Fickian diffusive flux. The boundary conditions assume L/V equilibrium
according to Henry’s law (Eq. A.18) and the flux continuity at the GDL-CL interface (Eq. A.19).

0*Co,
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The concentration profile in the CL is obtained by the following material balance (Eq. A.20), deriving from Eq. A.17 the oxygen concentration at the

GDL-CL interface (Eq. A.21) and assuming an impermeable membrane to the oxygen flux at the CL-membrane interface (Eq. A.22).

(A.19)
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It is noteworthy that the current density in Eq. A.14 and Eq. A.20 should be a function of both local reagent concentrations and potentials according
to the Butler-Volmer equation when moving to one-dimensional modelling [45]. The formulation was here simplified, considering an average value by
the integral of the current per the unit of volume mean over the CL thicknesses that results in a constant (Eqs. A.23 and A.24).

fX:5c31+dca\ J (X) dx _]

cat _ JX=0cat — A2

T Qe den (A29)
Soom Imdx _

Jop = ==0 = (A.24)

dan dan
Solving previous material balances (Eqs. A.11, A.14, A.17 and A.20), the diffusion overpotentials result in Eq. (23).
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