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ARTICLE INFO ABSTRACT
Keywords: Hydrogen crossover in polymer electrolyte membrane electrolysis cells is important concerning faradaic effi-
PEM water Electrolysis ciency, flammability hazards, and degradation phenomena. In recent years, steady-state Ho-in-O, measurements

Hydrogen crossover
Macroscopic modeling
Dynamic simulation

have demonstrated that the hydrogen crossover increases with current density, due to mass transport limitations
in the cathode catalyst layer. However, hydrogen crossover during dynamic operation has not been investigated
yet. Therefore, this study investigates the hydrogen crossover with a dynamic macroscopic 1-D through-plane
model of a polymer electrolyte membrane electrolysis cell. The model focuses on the detailed description of
the dynamics of the reactions and mass transport of hydrogen in the membrane electrode assembly. Simulated
down steps in current density, lead to transient overshoots in the Hy-in-Oy content at the anode side. The
membrane acts as short-term mass storage for the dissolved hydrogen, and mass transport lags the instant
response of the current density. Under specific conditions with high cathode mass transport limitations, the lower
explosion limit of Hy-in-Oy can be transiently exceeded. This work provides for the first-time insights into
transient hydrogen crossover phenomena and is a further step into dynamic model-based analysis of polymer
electrolyte water electrolysis cells.

1. Introduction electrolysis cells is an important phenomenon that influences faradaic
efficiency, flammability hazards, and degradation phenomena [1].
Hydrogen crossover in polymer electrolyte membrane (PEM) Previous research has documented that the hydrogen crossover
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increases with temperature, cathode hydrogen partial pressure, and
current density [2-9]. In recent years, the increase of the hydrogen
crossover flux with current density was studied and discussed by several
groups in more detail [3,9-14]. In these studies, the increase of
hydrogen crossover varies strongly and can be equivalent to partial
hydrogen pressures in the cathode of several bar per A cm 2. In general,
this phenomenon can be explained by a local pressure build-up [3] or by
supersaturation of dissolved hydrogen in the cathode catalyst layer [10],
due to limited transport of evolving hydrogen from the catalyst into the
pore space [3,10,12]. Based on the model investigations by Trinke et al.,
the supersaturation concept seems more plausible [10,15]. Additionally,
it was discovered that the mass transport limitations in the cathode
catalyst layers are enhanced by high cathode catalyst layer ionomer
contents and high compression forces [12-14,16].

Although several works studied the increase of hydrogen crossover
with current density under steady-state conditions, no attention has
been paid to hydrogen crossover during dynamic operation. Flexible
dynamic operation of PEM electrolyzers can offer attractive revenues,
which can reduce the production costs of hydrogen. For example, fre-
quency control services can be offered to electrical grid operators
through short periods of increased or decreased power consumption in
the electrolysis operation [17,18]. Concerning hydrogen permeation,
the dynamic operation from high to low current densities needs to be
considered in more detail. At high current densities, the supersaturated
concentration of dissolved hydrogen in the membrane electrode as-
sembly (MEA) leads to increased hydrogen crossover. At the same time,
the increased hydrogen crossover flux is diluted in the anode by the high
formation rates of oxygen. If the current density is suddenly reduced, the
oxygen production rate will drop instantly. However, the hydrogen
permeation to the anode side will still be enhanced, as the membrane
may act as a mass storage capacity for the dissolved supersaturated
hydrogen. Based on these considerations, a transient overshoot of the
hydrogen in oxygen concentration in the anode is predicted for a down
step from high to low current density. This leads to the following
question: “How does the hydrogen in oxygen content behave during a down
step in current density?” The magnitude of this overshoot may even
exceed the lower explosion limit (LEL) on the anode side amid dynamic
operating conditions. Furthermore, excessively high Hj contents in the
anode may influence catalyst degradation. It has been demonstrated that
Ir oxide interacts with the permeated H [11] and it reduces under open
circuit conditions at rich Hy conditions [1]. Meanwhile, dynamic oper-
ation has been associated with an accelerating increase of the cell
resistance [11,19-21].

Capturing the dynamics of the hydrogen crossover is not possible
with the experimental set-ups used in steady-state hydrogen crossover
measurements, in which the hydrogen in oxygen concentration is
measured downstream the gas separator and condenser [10,11,13]. The
dynamic measurement of the hydrogen in oxygen concentration directly
at the anode outlet appears to be difficult, due to the complex two-phase
gas-liquid flow. Therefore, the dynamic hydrogen crossover is studied in
this work with a dynamic macroscopic 1-D through-plane model of a
PEM electrolysis cell.

Recent publications [22-25] give a good review on general macro-
scopic modeling of electrochemical cells, and specifically of PEM elec-
trolysis cells. Several discretized macroscopic models studied the
two-phase flow in the porous transport layers [26-29]. The water
transport inside the membrane in vapor-fed PEM electrolysis cell was
investigated by Fornaciari et al. [30] with a macroscopic 2-D model.
Garcia-Salaberri [31] developed a comprehensive 1-D through plane
model, but without considering the gas crossover in the membrane. The
first detailed 1-D steady-state model describing the increased gas
crossover and supersaturation effect was developed by Trinke [15].
However, there is a lack of dynamic water electrolysis models in liter-
ature [23]. In addition, Etzold et al. [23] highlighted the importance of
dynamic model analysis for better model validation and insights into
reaction and transport processes with different time constants.
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Moreover, dynamic model formulations allow deriving model-based
electrochemical impedance or even non-linear frequency response
analysis spectra for further analysis of nonlinear electrochemical sys-
tems [32].

This work contributes to the understanding of dynamic gas crossover
phenomena, as well as to the development of dynamic macroscopic
models and the simulation of electrochemical cells in general. To study
the dynamic Hs-in-O, content at the anode, the 1-D dynamic macro-
scopic model is formulated and parametrized with experimental steady-
state hydrogen crossover measurements from literature. Furthermore,
the influence of the electroosmotic drag on the hydrogen crossover is
discussed. During current density down steps, the H2-in-O2 content at
the anode side and the through-plane profile in the MEA are analyzed.
The influence of temperature, pressure, membrane thickness and the
anode water flow rate are also investigated.

2. Methods - model description

The model domain is schematically shown in Fig. 1. The macroscopic
model includes the channels, the porous transport layers, the catalyst
layers and the membrane. The whole model is isothermal, consequently,
only mass and charge balances are solved in the different layers. The
channels are each modeled as a control volume based on an isobar and
isotherm continuous stirred-tank reactor (CSTR) approach with the
assumption of equal gas and liquid water outlet velocity.

The mass balances in the channels and catalyst layers (aCl, cCl) are
connected by simple Darcy’s-Law two-phase-flow equations in the
porous transport layers (PTL, GDL). The catalyst layers are modeled by a
macroscopic porous electrode approach and consist of a solid electrically
conductive phase, a proton conductive liquid water saturated ionomer
phase, and a pore space filled with gas and liquid. Each of these phases
has a specific volume fraction in the catalyst layer, which can be
calculated from the catalyst loading, the ionomer content, and the
catalyst layer thickness. To include the supersaturation phenomena,
hydrogen and oxygen are modeled to be produced in the dissolved gas
form in the water saturated ionomer phase of the cathode- and anode
catalyst layer, respectively.

In the catalyst layers, the electron and proton charge balances plus
the mass balances of oxygen and hydrogen in the dissolved form are
derived. The mass transport of the liquid water and the gas phases in the
pore space is described by two-phase flow equations, similarly to the
porous transport layers. The connection between the dissolved gas
concentration in the ionomer and the gas phase partial pressures in the
pore space of the catalyst layer is modeled by a mass transfer coefficient.

Based on experimental results in literature, it is well known that the
high-frequency resistance (HFR) of a medium-loaded MEA (1-2 mgy;
em2) is independent of current density or even decreases due to
increasing waste heat production, leading to an increased membrane
temperature and a higher ionic conductivity [33-35]. An increase in the
HFR with current density was measured only for high iridium loading
(~4 mgy cm~2) and the resulting thick catalyst layer. This effect was
explained by a slight drying-out of the membrane, due to the increased
mass transport resistance of liquid water in a thick electrode [34].
Consequently, the membrane and the ionomer phase in the catalyst
layers are assumed fully saturated and in equilibrium with liquid water,
resulting in a constant bulk ionomer conductivity. Therefore, the water
transport in the ionomer phase of the catalyst layers and the membrane
is not modeled. To account for the electroosmotic water drag, sinks and
sources are introduced in the liquid water balance in the anode- and
cathode catalyst layer pore space.

2.1. Potential fields
The equations used to simulate the potential fields are based on the

macroscopic porous electrode model described by Vidakovi¢-Koch et al.
[36]. The proton balances are formulated in the anode and cathode
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Fig. 1. Schematic representation of the 1-D model domains and the interfaces £2; between the domains. The z-axis is the direction of the spatial discretization.

catalyst layer, as well as in the membrane. The membrane is assumed as
an electric insulator. Therefore, the electron charge balances are only
valid in the catalyst layers. The porous transport layer (PTL) and gas
diffusion layer (GDL) are each considered by an additional electrical
resistance.

2.1.1. Balance equations
The electric potential ¢, in the catalyst layers follows from the
charge balance for the electron conductor

9 P
O:fa—z(fuﬁ{{[%)+aj e))

where aﬁfaft is the effective electrical conductivity of the catalyst, j the
local charge production density and a the surface of the catalyst per unit
volume of the electrode. The proton potential ¢, in the catalyst layers
and membrane can be calculated from the charge balance in the ionomer

0= —3(—5:{?'%) —aj. @
0z

In equations (1) and (2), the effective electrical conductivity oifaft and the

effective ionomer conductivity ag‘f are given by the Brueggemann
approach as

of =to o =, 3)
Tear Tp
with éecqr,ep and 7cqr, 7p the volume fraction and the tortuosity of the
catalyst and ionomer phases, respectively. The tortuosity can be esti-
mated by the Brueggemann’s correlation 1 = \/T/‘e The calculation of
the volume fractions of catalyst, ionomer, and pore space, as well as the
values of the bulk conductivitiescan be found in the supporting infor-
mation in section S1 and S3, respectively. The surface of the catalyst a
can be formulated as

Lmt
dcul

4

a=day

where qy is the catalyst surface area per unit mass of the catalyst, while
Lcq is the catalyst loading and d. is the thickness of the catalyst layer.

The spatially distributed overpotential in the catalyst layer is defined
as

N=@p — @p— Ap"™ (5)

with A¢™ the reversible potential of the electrode.
The reversible potentials of the anode A¢}” and cathode A¢[” are
described by the Nernst equation (6) and (7).

COZ .di:x) (6)

0
€0, diss

RT
A = Ag®(T) + Eln <

, RT | ( cu, giss
Mg =Ag - In| 2 7
@, P~ 5F H(C%MJ )

where co, giss and cp, giss are the dissolved gas concentrations of oxygen
and hydrogen in the electrode ionomer liquid phase. The equivalent
dissolved gas concentrations at standard conditions of 1 bar are
described by ¢4, and ¢y .. The standard reversible potential of the

anode A@?(T) is a function of temperature [15]
Ap?=1.478 —8.347e107* T (8)

The standard reversible potential of the cathode A¢? is set per defi-
nition to 0 V.

2.1.2. Kinetics
The local charge production density j in the cathode catalyst layer is
given by the Butler-Volmer equation

L 2.303 2.303
J=joexp\—p—=n) —exp{ ——, =1 9

where b, and b, represent the anodic (HOR) and cathodic (HER) Tafel
slopes, and j, the exchange current density per surface of the catalyst.
The Tafel slopes and exchange current density of the cathode catalyst are
taken from rotating disk electrode experiments from Durst et al. [37]. In
the anode catalyst layer the Tafel equation is used and the exchange
current density and Tafel slope of the anode catalyst are fitted to
experimental data from Martin et al. [14] in the low current density
range as shown in the supporting information, in Fig. S3b. An overview
of the electrochemical kinetic parameters used in the anode and cathode
catalyst layer can be found in the SI, Table S1.
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2.1.3. Boundary conditions

In galvanostatic mode, the electric current density at the anode
channel/PTL interface 2; and GDL/cathode channel interface Qg is set
to the applied current density.

I,
0z

The electric potential at the GDL/cathode channel interface € is set
to zero and the electric potential at the anode channel/PTL interface £,
is the overall cell voltage U,y.

?p(26) =0 (1)

_UFEﬁ |~Ql :jnpplied i= 17 6 (10)

Pe (‘Ql ) =Ucen 12)

The membrane is assumed to not conduct electrons, consequently a
no-flux boundary condition is imposed for the electric potential at the
acl/mem interface 25 and for the ccl/mem interface Q4.

7P

=0i=3,4 Iek))
2,

Similarly, a no-flux boundary condition is implemented for the proton
potential at the acl/PTL interface €, and ccl/GDL interface Qs.

d
—oT%rl _o =25 (14)
0z | o

2.2. Dissolved gas concentration fields

The transport of dissolved gases in the water-filled ionomer is
considered only in the catalyst layers and the membrane. The dynamic
mass balances for the dissolved hydrogen and oxygen are formulated in
the concentration form as follows

acwdixs _ 1 ( 4 (
o Ep EH,0,ion 0z

eff acu,diss+ndragca,d[xx

adiss™ g j) + Laproa — I (l.rna.\'.s‘) a=H,,0, (15)

FCHZO

where c, 45 are the dissolved gas concentrations, cy,o the molar con-
centration of liquid water, ¢p is the ionomer volume fraction, eg,0,ion the
eff

a,diss
diffusion coefficient of the dissolved gases, which is given by

volume fraction of water within the ionomer and D the effective

pf Ep€m,0

a,diss Do giss @ =H,,0, (16)

P
with 7p the tortuosity of the ionomer. The calculation of the diffusion
coefficient of dissolved hydrogen and oxygen in pure water D, giss, as a
function of temperature can be found in supporting information, section
S1.

The production term I'yprq in equation (15) is only active in the
anode catalyst layer for oxygen and in the cathode catalyst layer for
hydrogen. The production rates of hydrogen and oxygen in the catalyst
layers in the dissolved form can be calculated as follows

||

in ccl : FHg,pmd :ﬁ F()Z.pmd =0 (17)
. aj
inacl:  T'hyproa=0 To,proa = ﬁ (18)

The term I'ynqs in equation (15) describes the mass transport of
hydrogen and oxygen from the dissolved phase through the ionomer to
the gas phase in the catalyst layer pore space and is defined as

Lo mass = k(z.mu.\x (Ca.di.v.\' - Crl..\ar) a=H,,0, (19)
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where kg mass is the mass transport coefficient and c, 54 the concentration
of the saturated dissolved gas. The mass transport coefficient ky mqss
determines the strength of the occurring supersaturation and is a yet
unknown complex function of parameters, such as current density,
temperature, pressure, liquid saturation, and local position and is
influenced by the structural properties of the catalyst layer, such as the
catalyst and ionomer loadings [12,16]. Furthermore, external in-
fluences, such as the compression forces on the MEA, can change the
structural properties in the catalyst layer and thus alter the mass
transport coefficient [14]. In a model-based analysis, Trinke linked the
mass transport coefficient with the ionomer content in the catalyst layer
and showed good agreement with experimental hydrogen crossover data
[15]. However, there is not yet a unified approach to describe quanti-
tatively the overall span in H2 permeation data, as well as the strong
nonlinear hydrogen crossover increase observed in some studies [9,
12-14]. As a simplification, the cathode mass transport coefficient is
fitted to steady-state experimental hydrogen crossover data from liter-
ature, to reproduce the linear behavior.

The saturated dissolved gas concentration is calculated by Henry’s
law

Ca,sar :paSa—HZO a= H2~, 0, (20)
with S,_p,0 the solubility of hydrogen or oxygen in pure water and p,
the partial pressure of the gas in the pore space of the catalyst layer. The
calculation of the temperature dependent solubilities of hydrogen and
oxygen in pure water can be found in the supporting information, sec-
tion S1. In the membrane, no reaction or mass transport from dissolved
to the gas phase occurs, and the dynamic mass balance is governed by
diffusion and the convective effect of the electroosmotic drag. The
recombination of oxygen and hydrogen back to water, by e.g. Platinized-
PTLs [2,5] or recombination catalysts [38,39] and interlayers [35,40,
41], can influence the local concentration and their profiles, but in the
absence of detailed information on recombination kinetics and oxygen
crossover [42] it is not considered in this model formulation.

2.2.1. Boundary conditions

The dissolved gas transport in the water-filled ionomer is continuous
at the interfaces between the catalyst layers and the membrane (23,04).
At the PTL/acl and ccl/GDL interfaces (£22, £2s) no-flux boundary con-
ditions are applied for the hydrogen and oxygen mass balance as follows

v OCH, diss  MdraeCadiss
_ Zfz./ﬁn l::)_z.du: d]»;z' a.dmj -0 l:2,5 (21)
H,0 Qi
0Co, diss | NdragCadiss . .
_ eofgdiss 0, diss drag (tdm] -0 1:2,5 (22)
0z Fewo Q.
i

The gases are produced and can be transported in the dissolved form
in the water filled ionomer of the catalyst layers and the membrane. The
transport of the dissolved gases beyond these boundaries is only possible
by the mass transfer from the dissolved gas phase in the catalyst layers to
the gas filled pore space via Eq. (19).

2.3. Two-phase gas and liquid flow

The mass transport in the pore space of the catalyst layers, as well as
in the PTL and GDL is described by a two-phase flow of a compressible
gas phase and an incompressible liquid water phase. The gas phase
consists of hydrogen, oxygen, and water vapor

Py =Pm, +Po, +Pmoy (23)

The gas phase pressure p, and the liquid phase pressure p; are con-
nected by the capillary pressure p,, which is a function of the liquid
saturation s; in the pore space as described in the supporting information
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S2
P(:(SI):Pg — P (24)

The transport of the gas and liquid phase through porous media is
modeled by Darcy’s law, which is an oversimplification of the complex
capillary-dominated transport [43]. To study the two-phase-flow
behavior, more realistic and complex models should be used instead
[44]. In this work, however, the focus lies on the coupled dynamic
reaction-transport processes of the dissolved gases in the MEA, therefore
the assumption of Darcy’s law is considered. The resulting equations are
three dynamic mass balances in the partial pressure form and one dy-
namic mass balance in the liquid saturation form. The dynamic mass
balances for the partial pressures of hydrogen, oxygen, and water vapor
in the gas phase are

%7 1 1
ot _(1 7.3'1) Epore

a o ani a d
_Walty Odite | b RT) +pa2t) a=Hy, 05, H,O (25)
0z 0z ot
)
mwzfqggfa:mxamo (26)
k.., K (0
Uy = — £ <&) 27)
He 0z

where p,, is the partial pressure in the gas phase, &yor. the volume fraction
of the pore space and u, the gas phase velocity. The relative gas
permeability k4, the hydraulic permeability K of the porous media, the
dynamic viscosity u, of the gas phase, and the effective gas phase binary

diffusion coefficients szf ; are defined and calculated in the supporting

information S2. The mass transport term I'g,omaess iS @ connection be-
tween the water vapor in the gas phase and the liquid water phase and
takes evaporation or condensation of water into account as follows

I't1,0,mass

=2 (s — Prco) (28)
with keye being the evaporation/condensation coefficient and pjf, , the
saturated water vapor pressure, which is calculated by the Magnus
formula [45] in the supporting information S2. The gas phase is assumed
to be always fully saturated with water vapor, hence the evapo-
ration/condensation coefficient is set to an infinitely large number. The
dynamic mass balance for the liquid saturation is formulated by

o 1 (0
Ot Epore \OZ

k.. K [0 _
- M]— <@£Z]>> + (Fiy0,react + T 0.drag — T 0.mass ) VH20> (29)
1

where k;; is the relative liquid permeability, y; the dynamic viscosity of
liquid water and Vy,o the molar volume of liquid water, which are
defined in the supporting information, section S2. In equation (29), the
term ['m,0reqce describes the consumption of liquid water due to the
electrochemical reaction, which is only active in the anode catalyst
layer. The electroosmotic water drag (ngq, = 2.5 [46]) is affecting the
liquid saturation balance in both catalyst layers and is described by the
term I'y,0,drag- Both terms are defined as follows

d/ aj ndmg

inacl:  Timoseaa= — 55 ihoda = 30
mac H,0,react oF H,0.drag F (30)

ajndrag

F

in ccl : 81

FHg().reucL =0 FHg().dmg =

2.3.1. Boundary conditions
The dynamic two-phase flow mass balances are only valid in the
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porous transport layers (PTL, GDL) and the catalyst layers (acl, ccl), thus
no two-phase fluxes are leaving or entering through the catalyst layers/
membrane interfaces (£23,£24). At the anode channel/PTL and cathode
channel/GDL interfaces (£2;,€) the following boundary conditions

apply

Pa (Ql ) = pZCh S (96) = SlaCh (32)

Pa(Q6)=pi™" 51(Q26) = 5" (33)

aCh

with p2 and p<¢" being the partial pressures of the gases in the anode

and cathode channel and 52", 5;°" the liquid saturations in the chan-
nels.

2.4. Mass balance in the channels

The anode and cathode channels are modeled by an CSTR approach,
similar to that described by Kim et al. [47]. The difference in this work is
that the model is not discretized along the channel coordinate and the
channels are each approximated as one isothermal isobar control vol-
ume. In the channels exists a liquid water phase and a gas phase, which
consists of hydrogen, oxygen, and water vapor. The dynamic mass bal-
ances of the gas phase in the concentration form can be formulated as
follows

deo (et —ume) oy
7 T + . (+’la.mnv + ”a.diﬂ') a=H,,0,,H,0 (34)
ch ch

where c, is the gas concentration with respect to the whole channel
volume, ug., the gas phase velocity in the channel, h;, the channel
height. The convective and diffusive terms that enter the channels from
the porous transport layers at the interfaces 2; and 4 are represented
by the terms rig cony and 1, gifr, respectively. The dynamic mass balance of
liquid water can be written as follows

in ain _ out out
dcy,oy (”Lchcyzo.I ul,cthQOJ) 1 (i ) (35)
= +-— n,0,conv
dt Ly hen

with cy,0; being the liquid water concentration in the whole channel
volume, u;, the liquid water velocity in the channel and rig,o conv the
convective liquid water flux entering or leaving at the channel/porous
transport layers interfaces (£21,£2). One of the main simplifications is
the assumption of equal gas- and liquid-phase velocities ugc, = ujcn in
the channels, which means that only one additional equation is needed
to calculate the channel velocity. This additional equation can be
derived from the fact that the total channel volume V, is the sum of the
gas and liquid volumes as follows

Ver=Vu, + Vo, + V04 + V0. (36)

The gas volumes V, and the liquid volume Vjy,0; can be expressed as
follows

v, = ct,0.Mu,0Ven 37)

c. Ve RT
o VHZ(),I =
4 Pu,0
Furthermore, the total channel volume is constant and does not

depend on time

dVy, —0= dVy, dVo, dVyo, i dVy,04
dt dt dt dt dt

(38)

Consequently equation (38) transforms with the expressions in equation

(37) to

0 V..RT <6c02 ocy,

a 39

> + aC‘Hzo,g> + MH20 Ven aCHzo‘z

ot ot ot Prs0 ot
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2.4.1. Inlet water flow rate
The cathode is assumed without a water inlet flow. The anode inlet

-anode
water flow rate F?{Z o is calculated as follows

w0 (U — 148 V)j

F (40)
08T py,o

H0 =

where U, is the operational cell voltage in Volt, 1.48 V the thermo-
neutral cell voltage, j the operational current density in A m ™2, Cp.H,0 the
specific heat capacity of liquid water (4180 kJ/(kg K)) and AT the
temperature difference between water inlet and outlet, which is set to 5
K.

2.5. Numerical implementation

The model equations are discretized with the finite volume method.
Therefore, the upwind method is used for convective terms and the
central differences method for diffusion terms. After the discretization,
the model consists of a large differential-algebraic-equation (DAE) sys-
tem. This DAE-system is implemented and solved using the Julia pro-
gramming language [48] and the differential equation library
Differentialequations.jl [49]. The DImplicitEuler, a 1st order and stiffly
stable adaptive implicit Euler solver, is used. Furthermore, the Differ-
entialequations.jl library allows for using callback functions to handle
discontinuities, such as the desired down steps in current density.

3. Results and discussion

The simulation results are divided into four sections. First, the
cathode hydrogen mass transport coefficient is parameterized with
steady-state experimental hydrogen crossover measurements from
literature. Further, the influence of the electroosmotic drag on the
hydrogen crossover increase is discussed. In section 3.2, the hydrogen
crossover dynamics are studied by simulating down steps in current
density at different temperatures and pressures. The local 1-D dissolved
hydrogen concentration profile in the MEA during steady-state and dy-
namic operation is considered in more detail in section 3.3. Finally, the
influence of the membrane thickness and anode inlet water flow rate on
the dynamic hydrogen crossover is examined. All simulations are per-
formed with the Base Case parameter set (supporting information, sec-
tion S3, Table S1). If a parameter has been changed compared to the
Base Case, this is mentioned in the corresponding figure or in the text.

3.1. Model parameterization of the cathode hydrogen mass transport
coefficient

In the parameterization step, the cathode hydrogen mass transport
coefficient k;le is assumed constant over the whole current density range
and is fitted to steady-state experimental hydrogen permeation mea-
surements from literature. In Fig. 2 the hydrogen permeation measure-
ments from different sources are shown for Nafion 117 [2,11,12], N115
[16] and N212 membrane [12,14,50].

In Fig. 2a, the mass transport coefficient of the model is fitted for low
(k! = 3500 m s~} and high (k¢! = 540 m s™1) experimental hydrogen
crossover fluxes with Nafion 117 and 115 membranes. The measure-
ments of Trinke et al. [16] in Fig. 2a were taken at a membrane thickness
of 128 ym (N115) and are therefore not directly comparable with a
membrane thickness of 178 ym (N117), as they would be lower by a
factor of ~ 0.72. The data of Bernt et al. [12] were measured for
different ionomer to carbon ratios (I/C), while others measured for
different wt.% of ionomer in the catalyst layer [16]. The higher mass
transport coefficient of kf' = 3500 m s~! fits well in the range of the
experimental data with low ionomer loadings, (10-20 wt%) [16] and
(I/C=0.6/1) [12]. The steeply increasing hydrogen crossover fluxes [2,
11,16] are approximated by a mass transport coefficient of kf;zl =540 m

Journal of Power Sources 559 (2023) 232582

20 * —
a) --@-- [11], N117, 333K
A7 --@-- [12], N117, 353K, I/C — 0.6/1
x --&-- [12], N117353K, 1/C = 1.2/1
; [2], N1

15} / -@--[16], N1 S, 10wt. %
~ / --A-- [16], N115, 353 K, 20 wt. %
q ; - - [16], N115, 353K, 30 wt. %
g 'S -=%-- [16], N115, 353K, 40 wt. %
) J > —@— Model, N117, kyy = 3500m s~
< 10} Ki ‘ —4— Model, N117, ky, = 540ms™!
&

o=t

80

[14], N212, 353 K, 15 wt. %, cl

[14], N212, 353K, 15 wt. %, c4
--@-- |13, N K1
[ [--A- 13, N K2
-~ [13], N2 K3
@ [50], N21
@ [9], N212

6500m s~!
2000m s~!

—@— Model, N212, ky
—&— Model, N212, ky_

j(Acm—2)

Fig. 2. Experimental measured and simulated hydrogen crossover rates as a
function of current density for a) Nafion 115 and 117 and b) Nafion 212
membrane. The simulations were performed at 1 bar and 353 K with constant
cathode mass transport coefficients.
sL
In Fig. 2a, the model results show a slight down bending of the
hydrogen crossover at high current densities, caused by the influence of
the electroosmotic drag [42]. The dragged water carries dissolved
hydrogen towards the cathode, acting against the diffusive transport
mechanism. Since this convective hydrogen transport depends directly
on the applied current density, the hydrogen crossover increase bends
down at high current densities (see supporting information, section S5,
Fig. S2a). Further, the relative decrease of the hydrogen crossover,
caused by the electroosmotic drag, is stronger in thick membranes. The
electroosmotic drag does not affect the concentration profile in the
cathode catalyst layer, but it does in the membrane (see SI, Fig. S2b),
resulting in a nonlinear concentration profile and lower local concen-
trations in the membrane (see SI, Fig. S2b). These lower local concen-
trations lead to a lower total hydrogen crossover flux to the anode side.
Fig. 2b depicts experimental hydrogen crossover fluxes for a Nafion
212 membrane [9,12-14,50]. The hydrogen crossover data of Stahler
et al. [13] and Martin et al. [14] were measured at different GDL com-
pressions with c1 and K1 referring to the lowest compressions. The
measurements of Scheepers et al. [50] and Staehler et al. (K1) [13] are
characterized by a linear increase in the hydrogen crossover rate with
current density. Therefore, the model with a constant mass transport
coefficient of k! = 6500 m s~! fits in the range of measurements with
low compressions and low ionomer contents. However, at high com-
pressions, the measured hydrogen crossover rates display strong
nonlinear correlations at current densities above 1 A cm ™2 [14]. At even
higher current densities, the model reproduces the influence of the
electroosmotic drag, which was recently measured [9]. The model
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results and experimental measurements of Martin et al. [9] are further
compared in the supporting information, in section S5, Fig. S3. With the
assumption that the data from Staehler et al. (K2, K3) [13] and Martin
et al. (c4) [14] would also bend down at higher current densities, the
cathode mass transport coefficient was chosen to be kf_le =2000ms ! to
represent quantitatively the upper range of the experimental
measurements.

The model with a constant mass transport coefficient cannot repro-
duce the nonlinear behavior of some experimental measurements. The
explanation of the nonlinearities still requires a more sophisticated
physics-based model approach with accurate structural information at
the nano-/meso-scale, which is not within the scope of this study.
Generally, the increase of hydrogen crossover varies quantitatively and
qualitatively over a broad range in literature [9,15]. The lower and
upper boundaries in Hy crossover fluxes are captured in the model
description by a high and low cathode hydrogen mass transport
coefficient.

3.2. Dynamic simulation of current density down steps

In this section, the dynamic behavior of hydrogen permeation is
studied. In this regard, the simulations were performed with the Base
Case parameters (SI Table S1) and the four different cathode mass
transfer coefficients. Different magnitudes of current density down steps
are examined. The initial steady-state current densities are determined
based on model polarization curves and for an upper operational cell
voltage of 2.3 V, providing 4.5 A cm ™2 for N117 membrane and 11.5 A
cm ™2 for N212 membrane, representing high overload operation (see, SI
Figure S4). The current density is reduced at t = 50 s with different
magnitudes. The resulting Ho-in-Oy contents in the anode channel are
plotted in Fig. 3 for Nafion® 117 and Nafion® 212, at 353 K and 1 bar as
a function of time. The predicted transient peak in Hy-in-O, content can

current density downsteps : N117, 1 bar, 353 K
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be clearly seen. The maximum of the transient hydrogen in oxygen
content increases with a larger down step in current density and with a
lower mass transport coefficient.

Further, quantitative consideration is given regarding the lower ex-
plosion limit (LEL) of 4 vol % hydrogen in oxygen. For Nafion® 117 and
a cathode mass transport coefficient of k§f =540 m s, the 50% LEL is
reached already at a current density step from 4.5 A cm™2 down to 1.62
A cm™2, which represents a shift from a high overload to a close to
nominal operation point (1.62 A cm ™2 at 1.8 V). Going down further in
current density, e.g., at 0.35 A cm™2, the transient hydrogen in oxygen
content in the anode channel can even reach the lower explosion limit.
On the other hand, the transient peaks are not very strong for a high
mass transport coefficient (Fig. 3a).

The first thing to notice in Fig. 3b is that all transients with a thinner
membrane (N212) are faster. The lower thickness and the higher anode
water inlet flow rate for the Nafion® 212, result in a lower residence
time in the anode flow channel. As calculated in section 2.4, Nafion®
212 operated at 11.5 A cm ™2 needs a higher water flow rate to maintain
the temperature difference of 5 K between inlet and outlet, due to a
higher heat production rate. The influence of the anode inlet water flow
rate on the transient is studied in more detail in section 3.4. Further-
more, the transient overshoots are much weaker with Nafion® 212. Only
with a low mass transport coefficient (k;le = 2000ms!) and a large
current density down step, the 50% LEL is transiently exceeded.

Fig. 3c and d compare the hydrogen in oxygen transients in the anode
channel and in the anode catalyst layer adjacent to the membrane. The
steady-state hydrogen in oxygen contents in the anode catalyst layer are
lower than in the channel. Due to the higher diffusion coefficient of
hydrogen compared to oxygen, Hy diffuses faster out of the anode
catalyst layer through the PTL into the anode channel than oxygen. The
transients in the anode catalyst layer start immediately after the current
density step, in comparison to the delayed response in the anode

current density downsteps : N212, 1 har, 353 K

b) —— Ky, - 2000m s,
...... ky, = 2000m s,
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...... Ky = 6300 m s
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Fig. 3. Dynamic simulation of the hydrogen in oxygen content in the anode channel during current density down steps at 353 K and 1 bar for (a) N117 and (b) N212.
The dynamic simulation of the hydrogen in oxygen content during current density down steps in the anode channel are compared to the anode catalyst layer adjacent

to the membrane for (¢) N117 and (b) N212.
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channel. The supersaturated dissolved hydrogen diffuses directly out of
the membrane into the anode catalyst layer, which leads to an instan-
taneous increase at t = 50 s. For the N212 membrane, the instant
transient overshoot in the anode catalyst layer is even stronger than in
the anode channel, because of the faster discharge of the dissolved Hy
stored in the membrane.

The influence of temperature (Fig. 4a) and pressure (Fig. 4b) on the
transient hydrogen overshoots in the anode channel are investigated for
the N117 membrane with the lowest cathode mass transport coefficient
(kfg =540 ms~!) and a current density step from an overload of 4.5 A
cm 2 down to 0.8 A cm™2. The threshold of 0.8 A cm ™2 represents the
lowest possible current density at which the 50% LEL is not exceeded
during common steady-state operation conditions (N117, 333 K, 30 bar
cathode). The steady-state hydrogen in oxygen content increases with
temperature and pressure due to larger dissolved hydrogen diffusion
coefficients and the higher cathode hydrogen partial pressures, respec-
tively. Therefore, as temperature rises, transients are accelerated and
intensified. Increased cathode pressures enhance hydrogen overshoots,
but they do not induce any qualitative change in the transient. A
maximum hydrogen in oxygen content of 2.6 vol % is transiently
reached in the anode channel (Fig. 4b).

The results of the dynamic simulations suggest that transient over-
shoots up to several vol. % hydrogen in oxygen can occur, due to down
steps in current density, but only for strong cathode mass transport
limitations found in cathode catalyst layers with unnecessary high ion-
omer contents (30-40 wt % [16]) or compression forces [13,14]. The
LEL can be transiently exceeded, with large current density down steps,

Temperature variation : N117, 30 bar, j: 45Acm=2 — 0.8 Acm—2

St a) T=323K ky = 50ms-!
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Fig. 4. Influence of temperature (a) and cathode pressure (b) on the transient
hydrogen overshoot in the anode channel for an N117 membrane, a cathode
mass transport coefficient of kfle =540 ms~! during current density step from
4.5 A cm 2 down to 0.8 A cm ™2,
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thick membranes, and low cathode mass transport coefficients.

3.3. Transient through-plane concentration profile

In this section, the 1-D through plane dissolved hydrogen concen-
tration profiles in the catalyst layers and membrane are investigated in
more detail. Therefore, a Nafion® 117 membrane is simulated with
kf_le =540ms~! at 353 K, 1 bar and a current density step from 4.5 A
cm~2 down to 1.62 A cm2. The resulting transients in the anode
channel and at the anode catalyst layer/membrane interface are shown
in Fig. 5a.

The dissolved hydrogen concentration in the through plane view is
presented in Fig. 5b, at different times. The x-coordinate is normalized to
the thickness of the individual layers for a better visibility of the dis-
solved hydrogen distribution in the cathode catalyst layer.

The steady-state dissolved hydrogen concentration profiles in the
MEA are shown in Fig. 5batt; =50s (4.5 A cm~2) and ts =565 (1.62 A
em™2). An increase in the dissolved hydrogen concentration in the
cathode catalyst layer is clearly visible towards the membrane. This
increase is stronger for the steady-state current density of 4.5 A cm ™2
and starts from a dissolved hydrogen concentration of around 55 mol
m~3 near the GDL and rises to over 120 mol m™ close to the membrane.
This effect can be explained by an increased production rate of hydrogen
close to the membrane, due to the proton- and electron conducting
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Fig. 5. Dynamic simulation for k“zl =540 ms~! and a Nafion® 117 membrane
with a current density step from 4.5 A cm~2 down to 1.62 A cm~2 a) The
hydrogen in oxygen content in the anode channel as a function of time with
marked time points. b) The 1-D through plane dissolved hydrogen concentra-
tion profiles in the catalyst layers and in the membrane at the times marked in
(a). The x-coordinates are normalized to the thickness of the individual layers to
clearly show the dissolved hydrogen concentration distribution in the cathode
catalyst layer.
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properties of the catalyst layer [15]. According to the charge balances,
the reaction front in the cathode catalyst layer moves closer to the
membrane as the proton conductivity of the cathode catalyst layer de-
creases, in comparison to its electrical conductivity. In the model, the
cathode catalyst layer protonic conductivity is one order of magnitude
lower than the electrical conductivity (see Table S1 in the SI). This
phenomenon can contribute to an upward bending of the hydrogen
crossover with current density, but not enough to match strong non-
linearities. Furthermore, in both steady-state profiles, the effect of the
electroosmotic drag on the dissolved hydrogen concentration can be
observed, which deforms an otherwise linear concentration profile in
the membrane (Fig. S2 in the supporting information).

At the time t; = 50.01 s, the dissolved hydrogen dropped almost
instantaneously in the cathode catalyst layer, and the dissolved
hydrogen in the membrane diffuses out to the anode and cathode sides.
As a result, the maximum dissolved hydrogen concentration moves
further inside the membrane. At this time, the oxygen production is
already lower at the anode, but the membrane is still supersaturated
with dissolved hydrogen, resulting in the transient overshot in hydrogen
in oxygen content in the anode catalyst layer and channel. At time t3 =
50.15 s, the dissolved hydrogen concentration in the cathode catalyst
layer almost reached the new steady state, and the maximum concen-
tration moved even further inside the membrane. The maximum dis-
solved hydrogen concentration moves closer to the anode and hydrogen
diffuses out of the membrane to both sides. At t4 = 50.9 s, the hydrogen
in oxygen content in the anode catalyst layer is maximal (Fig. 5a) and
most of the dissolved hydrogen has already diffused out of the mem-
brane. With a slight delay, the maximum is also reached in the anode
channel. The MEA and the channel attain the new steady after 6 s.

3.4. Influence of membrane thickness and anode inlet water flow rate

The influence of the membrane thickness and the anode water inlet
flow rate on the transient hydrogen in oxygen overshot in the anode
channel is presented in this section. Both parameters are varied for a
current density step of 4.5 A cm ™2 to 0.35 A cm ™2 and a mass transport
coefficient of k! = 540 ms~!.

The resulting transients for different membrane thicknesses are
depicted in Fig. 6a. The membrane thickness (at 25 °C and RH 50%) is
varied from 254 down to 90 ym. The different steady-states in Hp-in-Oy
vol. % in the anode channel are due to the different membrane thick-
nesses, i.e., the thinner the membrane the higher the steady-state Hy-in-
O, contents at the same current density. Furthermore, the magnitude of
the overshoot increases, and the dynamic response shifts to longer times
with membrane thickness, due to the increase of the mass storage ca-
pacity. A larger mass storage capacity results in higher dissolved
hydrogen amounts that diffuse to the anode side, where the same
amount of oxygen is produced regardless of the membrane thickness. On
the other hand, the influence of the electroosmotic drag is stronger with
thicker membranes (Fig. S2a in the supporting information), lowering
the mass storage capacity of dissolved hydrogen, but not enough to skew
the influence of membrane thickness. Moreover, the diffusion out of
thick membranes requires more time, resulting in longer transients.

The influence of the anode water inlet flow rate is depicted in Fig. 6b.
The anode water inlet flow rate is varied from 10.9 ml min~! cm ™2 in the
Base Cases to a minimum and maximum of 0.68- and 43.6-ml min~?
cm 2, respectively. The steady-state hydrogen in oxygen content is not
influenced by the anode inlet water flow rate. However, the water flow
rate has profound effects on the dynamics. At higher inlet water flow
rates, stronger and shorter transient hydrogen in oxygen overshoots
occur because the residence time in the anode channel decreases,
allowing the entire transient to shift to the new steady state more
quickly. Meanwhile, the lower gas volume fraction in the anode channel
is causing stronger overshoot in the hydrogen in oxygen content, due to
the decrease of the dilution effect of the gas phase. In summary, under
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Fig. 6. Dynamic simulation for 1 bar and 353 K with a current density step
from 4.5 A cm~2 down to 0.35 A cm 2 and a cathode mass transport coefficient
of kﬁg =540 s~1. a) Transient hydrogen in oxygen concentrations in the anode
channel for different nominal membrane thickness. b) Transient hydrogen in
oxygen concentrations in the anode channel for different anode water inlet flow
rates with Nafion® 117.

the same current density down steps, thicker membranes cause stronger
and longer overshoots and higher anode water inlet flow rates stronger
but shorter overshoots.

4. Conclusions

A dynamic macroscopic 1-D through-plane model of a PEM elec-
trolysis cell was developed in this work to study for the first time the
dynamics of hydrogen crossover. First, the model was parameterized
with steady-state hydrogen crossover measurements from literature. The
influence of the electroosmotic drag on the dissolved hydrogen con-
centration decelerates the increase of hydrogen crossover with current
density.

Instant down steps in current density were simulated and transient
hydrogen in oxygen overshoots on the anode side were clearly seen in all
dynamic simulations. The dynamic simulations suggest that an over-
shoot of up to several vol. % hydrogen in oxygen in the anode can occur,
due to down steps in current density, but only for strong cathode mass
transport limitations found in cathode catalyst layers with unnecessary
high ionomer contents and compression forces.

Under specific conditions with high cathode mass transport limita-
tions, even the 4 vol % lower explosion limit can be transiently reached.
For thin membranes, e.g., N212, there is an instantaneous short transient
overshoot in the anode catalyst layer, that can be even stronger than in
the anode channel. Increase of temperature leads to faster and stronger
transient, whereas cathode pressure only enhances the magnitude, but
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with higher steady-state hydrogen in oxygen contents after the current
density down step. Furthermore, the results indicate that for the same
current density down step, thicker membranes and higher anode water
inlet flow rates favor stronger hydrogen overshoots due to the larger
mass storage capacity for the dissolved gases and lower gas volume
fractions in the channel, respectively.

However, strong overshoots reaching the lower explosion limit can
be prevented by a careful cathode catalyst design with ionomer contents
of around 10-20 wt% and medium MEA compression forces. Never-
theless, it’s a matter of discussion whether transiently exceeding the
lower explosion limit is a real safety issue, since the small amounts of
overshot hydrogen are diluted fast downstream, in the large gas volume
of the gas-liquid separator and therefore would not be a thread to safety
issues. Apart from the safety perspective, there might be implications
regarding catalyst degradation, due to the redox atmosphere during
strong overshoots. These may be prevented using recombination in-
terlayers inside the membrane or recombination catalysts in the anode
catalyst layer, which are now becoming state of the art.

The presented study highlights the importance of dynamic modeling
and simulation as an effective tool to investigate phenomena in advance
without building expensive elaborate experimental setups and deter-
mine beforehand experimental operating conditions at which the
hydrogen overshoot phenomenon can be measured the best.

Nomenclature

a internal catalyst surface area m2, /m3

ap catalyst surface area per unit mass of the catalyst m?, /g,
Tafel slope V dec™?

c molar concentration mol m~3

cp isobaric specific heat capacity kJ kg ™! K™

D Diffusion coefficient m? s

d thickness m

EW equivalent weight Kg mol !

F Faraday constant C mol

F volumetric flow rate m® s

h height m

j current density A/m2,

Jjo local exchange current density A/m2,

K hydraulic permeability m?

k mass transport coefficient s

kr relative permeability

L loading kg/m?

1 length m

M molar mass kg mol

n molar flux mol m 2 s™?

Tdrag electroosmotic drag coefficient

p pressure Pa

Pe capillary pressure Pa

R Gas constant J K~ mol !

S Solubility coefficient mol m~3 Pa~?

s saturation

T Temperature K

t time s

U voltage V

u flow velocity m s~

\ volume m®

v molar volume m® mol !

w weight fraction

z through-plane coordinate m
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Greek letters

a charge transfer coefficient
r volumetric molar flux mol m~3 s™1
7 surface tension N m~!
A" reversible potential V

Ag® standard reversible potential V
€ porosity - n overpotential V
A membrane water saturation
u dynamic viscosity Pa s

p density kg m 3

o conductivity S m-!

T turtosity

@ potential V

Subscripts

a anode

c cathode

cat catalysator

ch channel

conv convection

diff diffusion

diss dissolved

drag electroosmotic drag

E electric

eva evaporation

g 8as

H, hydrogen

H,0 water

HER hydrogen evolution reaction
ion ionomer

1 liquid

mass mass transport

mem membrane

0O, oxygen

OER oxygen evolution reaction
P protonic

Pt/C Platin/Carbon

prod production

react reaction

sat saturated

Superscripts

ach anode channel

cch cathode channel

ccl cathode catalyst layer

eff effective

in inlet

out outlet

sat saturated

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jpowsour.2022.232582.
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