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Porous transport layers (PTL) are key components of proton exchange membrane water electrolysis (PEMWE) cells controlling
species transport. Further optimization requires better understanding of how PTLs influence overpotentials. In this work, the data
from an electrochemical overpotential breakdown is compared to a state-of-the-art model, which includes a Nernstian overpotential
description, two-phase Darcian flow and advective-diffusive mass transport. Model parameters are derived from X-ray
tomographic measurements, pore-scale calculations, standard models for porous materials and by transferring ex situ measurements
from other materials. If the parameter set is available, model results and experimental data match well concerning PTL-related
overpotentials at different current densities and operating pressures. Both experimental and modeling results suggest that mass
transport through PTLs does not affect a considerable, pressure-independent share of mass transport overpotentials. Both model
results and experimental findings conclude that mass transport through the cathode PTL causes overpotentials more than twice as
high as through its anode counterpart. Further research opportunities regarding the relationship between PTL bulk properties and
experimentally determined mass transport overpotentials are identified.
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a Species’ chemical or thermodynamic activity, - 2 i)s()(;loustilton)ngorrnngn
c Molar concentration, mol m~> Y, I 1
d Pore diameter, wum X Mole fraction, mol mol
. . . . 2 —1
g"m Egi(t:rtll(\:]e gtlglls;?n\f oefficient, m"s Proton exchange membrane water electrolysis (PEMWE) is an
F Farada I;onstant’ 96 485.33 C mol " energy conversion technology that can contribute to improved
Gaseogs (in(:lex)’ ’ management of renewable resources and ultimately lower green-
‘lg Current density. A cm~—2 house gas emissions. In PEMWE, porous transport layers (PTL) are
. Mass flux denZ{t kes ! m-2 used to mechanically support the catalysts and membrane, to collect
JK Intrinsic ermeagilitg material-specific flow parameter and distribute electrical current and to enable the transport of
m? P Y P P ’ reactants and products to and from catalysts. PTLs are often
K, Henry volatility coefficient, Pa manufactured as sintered powders or felts, but alslogthe use of
k H Relative permeability matf;rial—speciﬁc flow parameter, - meshes, perforated plates or foils has been reported.  Generally,
]V’[ Molar mass. k molf’l ’ titanium is used on the anode side in order to resist the harsh
n Amount of ’co I%S tituents. mol conditions, i.e. relatively high potentials and an acidic milieu. Since
n Electroosmotic dra coéfﬁcient ) the titanium-based PTLs are primarily designed for applications in
d Pressure. Pa & ’ the filter industry, an optimization of PTL materials is still required
p Canilla ’ ressure. Pa for use in electrolysis in order to reduce investment costs and
II)QC unirz/ ers?l/ gas cons,tant R—=28314]mol-' K~! overpotentials.* It is, however, not fully understood how over-
S Phase saturation, fluid volume divided by pore space potentlal; are 1nﬂuenc§:d by PT.L properties. .
volume. m® m—3 Experimental publications imply several correlations between
T Tem er’ature K PTL properties and overpotentials, as briefly summarize below.
I Li uIi)d (in de;() Investigations suggest an optimal pore size between 9 pum to 20 pm
N Thciou h-plane spatial coordinate. m with respect to reducing overpotentials.” ™' However, the optimum
In- laI%e spatial‘foor dinate tranS\;erse to channel axis. m might be influenced by the operating conditions and by other cell
Y P pan ’ ? components’ properties. Larger }i)ore diameters were associated with
154 Phase subscript, 3 € {I, g} duced catalyst tact RIS " ites® and 1
Surface tension at fluid-fluid interfaces, N m ™" reduced catalys C%“ act area, ewer reaction sites” and lower
; Boundary of a domain ’ capillary pressures.” Concerning capillary pressures, however, there
B Electric gverpotential v is no consensus as to whether overpotentials increase with smaller
) . 5.6 : .
0 Contact angle between liquid and solid at gas interface, ° capillary pressures.”” Typically, a compromise between mass and
9 Temperature. °C ’ electrical transport resistances is sought as PTL properties can affect
P e activation, ohmic and mass transport overpotentials in different and
K Species superscript, k € {H,0, H,, O,} even opposite ways, 5101213
s Dynamic viscosity, Pas pp ys- . .
o Mass density, kg m—> Mass transport overpotentials are still among the least understood
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phenomena in electrolysis due to the complexity of the processes and
the lack of empirical data. They are quantifiable by a cell voltage
breakdown, which includes subtraction of other overpotentials from
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the measured cell voltage. Ongoing research on cell voltage break-
down consists of revising assumptions of ohmic and activation
nature, improving accuracy and linking overpotentials to distinct
processes. Being able to attribute overpotentials to transport pro-
cesses facilitates knowledge-based material optimization.

Some modeling efforts have been made to predict mass transport
overpotentials.”'>'4° Mass transport overpotentials are predomi-
nantly related via the Nernst equation to species concentrations,
which are derived from a mass transport model. We refer the reader
to Refs. 21-23 for a general overview of mass transport models for
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PTLs and focus subsequently on approaches applied for over-
potential modeling. The majority of these are continuum apProaches
considering either diffusive'>'®?%* or advective transport'>'%>>26
of water and oxygen through a PTL. A few models extend or replace
the continuum approach with liquid film formation,” nucleation'’
and bubble dynamics.>” For almost all published models, calculated
cell voltages generally agreed well with polarization measurements
or could be calibrated to reach agreement, but neither were
deviations from measured data quantified nor actual values for
mass transport overpotentials provided.”!'*1>18-20 All models
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Figure 1. A typical PEMWE cell setup and schemata illustrating the used model: (a) anode (left) and cathode (right) cell components as well as basic transport
trajectories of species; (b) model domains X, and . (half a channel and half a rib width high; visualized here horizontally stretched) and boundary condition
definitions; (c) qualitative phase saturation and phase pressure profiles along the through-plane coordinate x (y < 1/2 Wenannel)-
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predicted reduced mass transport overpotentials with smaller PTL
thickness in through-plane direction, except for a non-continuum
model proposed by Nouri-Khorasani et al.?’ In addition, mass
transport is facilitated either by high effective diffusion coefficients
if diffusion based models are used or by large pore sizes in
nucleation models. Alternatively, continuum two-phase flow models
predict reduced mass transport overpotentials with increasing
intrinsic permeability and wettability.'?

It should be noted that non-continuum approaches, such as pore
scale and pore network models, have been used to reproduce
microfluidic experiments mimicking flow through PTLs*® and to
describe two-phase flow in gas diffusion layers of PEM fuel
cells.>*' The advantage of these approaches is that no representa-
tive elementary volume is required, provided that the pore geometry
is given. However, path-connected flow has been observed in the
larger part of a model PTL in microfluidic experiments®? and a
Darcian behavior was observed for sintered powder and felt PTLs in
presence of both liquid and gaseous phases.®® Operando transport
visualizations for PTLs have so far only been performed for meshes
and perforated foils in which gas bubble dynamics were found to be
the predominant transport mechanism.***~*” Gas bubble diameters
of up to ca. 100 um were reported under operando conditions for
mesh sizes and perforation diameters of at least 100 pm >>433-38
Felts and sintered powders exhibit tortuous pores with diameters
generally smaller than 100 ym, which impedes the visualization of
transport processes. Neutron radiography saturation field measure-
ments, however, imply partly stationary phase distributions for these
materials.***°

In this work, we intend to provide a better understanding of how
PTLs influence mass transport overpotentials. We adopt a multi-
phase continuum modeling approach for the flow through porous
media*' in order to model the mass transport through an extensively
characterized sintered powder PTL. The model includes Darcian
fluid flux and advective as well as diffusive mass transport. Most
adopted model parameters have been previously derived from ex situ
X-ray tomographic microscopy structure analyses.*'> Gaps in the
parameter set are herein filled according to capillary flow gorosi—
metry measurements for a similar sintered powder PTL®® and
standard parameter models coming from soil sciences. From the
modeled fluid states, we further derive mass transport overpotentials
via an electrochemical model, which is based on the Nernst equation.
Model results are compared to an extensive data set generated by
electrochemical measurements for a differential cell setup with
identical PTLs used on the cell’s anode and cathode sides.> A
cell voltage breakdown method is applied in order to isolate mass
transport overpotentials from the measurements. Finally, the influ-
ence of several material properties are discussed by means of model-
experiment comparisons for two other PTL materials.

Model and Materials

This work focuses on the influence of anode and cathode-side
porous transport layers (aPTL and cPTL) on mass transport over-
potentials. The PTLs are located within a PEMWE cell as shown in
Fig. 1a. The two half reactions of water electrolysis associated with
the anode and cathode side, respectively, are the oxygen evolution
reaction (OER) and the hydrogen evolution reaction (HER).

Anode |OER: 2H,0 — O, + 4H" + 4e~
Cathode|HER: 2H' 4 2¢~ — H,

We consider the transport of mass, which consists of the species
water H,O, oxygen O, and hydrogen H,. Their transport trajectories
are roughly depicted in Fig. la. The molecules O, and H, are
produced inside or in the vicinity of catalyst layers and move from
there to the nearest flow field. Water is supplied to the cell through
the anode flow field and either moves from there to the OER reaction
sites, where it is consumed, or is transported by an electroosmotic
drag to the cathode side.

The herein adopted model for predicting overpotentials from PTL
properties consists of two parts, which will be introduced in this
section. The first part is the electrochemical model, which describes
how overpotentials depend on the conditions at the PTL-catalyst
layer interface. The second part describes the mass transport through
PTLs. Afterwards, the numerical solution method is briefly intro-
duced and model parameters are presented. At the end of this
section, the adopted analysis of electrochemical measurements, i.e.
the cell voltage breakdown, is described.

Electrochemical model—The adopted electrochemical model
determines the overpotentials related to mass transport through
PTLs, fmepr- Most commonly, mass transport overpotentials are
calculated by taking the difference between the half-cell reduction
potential £ at the transport path’s starting point and at its destination.
The potential at the starting point corresponds to the hypothetical
case in which transport resistances are zero. For the transport
through PTLs, the potentials at their surfaces on the flow field and
catalyst layer side are evaluated. Figure 1b depicts these surfaces
(blue and orange) as well as associated definitions of model
boundaries I". We sum the mass transport overpotentials of aPTL
and cPTL to obtain the total overpotentials 7y, prr, and calculate the
required potentials via the Nernst equation:

Mt PTL = TmtaPTL T Tt cPTL

= Eu — Ej + E,. — Ey
[ o)
= RT In a"o"2 — In Gar”
4F [ (a2 (ay)?

+ In((a;2)?) — In((ay>)))]

0, H, H,0
A 1T [ (R P ) Y i | ST
4F i gy’ an:fz Daf

The last row in Eq. 1 represents the most common grouping of
the logarithmic arguments in the electrochemical community. The
subscripts of the species’ activities a indicate the model boundary I
at which they are evaluated. Further quantities in the equation are the
universal gas constant R, the temperature T and the Faraday constant
F, which can also be found in the list of symbols at the end of this
work. Protons’ activities are not taken into account, as we assume
that they depend only on the proton transport through the catalyst
layers and membrane.

We assume that species can be present either in a liquid or
gaseous phase and that phase compositions are following Henry’s
and Rault’s laws. In this case, activities correspond to mole
fractions,42

n® c”
a® = XH = =-—,KE {02’ HZ’ HZO}, [2]
Niotal c

where n denotes the amount (expressed in moles) of mixture
constituents, i.e. species. We evaluate n over an arbitrary control
volume V and obtain the shown notation in molar concentrations, in
which ¢ without a superscript denotes the concentration of all
constituents regardless of their species. In the general two-phase
case, the activities are calculated by

Lomng S+ Sy a1
at = = .
Niotal Sl ca+ Sg Cq

The symbol S in above equation denotes the phase saturation and
the subscripts / and g stand for the liquid and gaseous phase,
respectively.

Phase composition.—The concentrations in Eq. 3 are determined
from the phase pressures p, and p; and the following assumptions.
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We require that both phases are at steady state conditions and
neglect nucleation and related supersaturation effects,*’ such that
thermodynamic equilibrium applies. It follows for the gas phase that
the constituents’ partial pressures are proportional to their molar
fractions according to Rault’s law,

Py = Xy Py (4]

We derive the gas density p, from the ideal gas law, neglecting
real gas effects, as compressibility factors for oxygen and hydrogen
are in the range of 0.978 to 1.001 at investigated operating
conditions W € [40 °C, 60 °Cl, pop € [Pambient» 50 barl.** If the
water vapor’s partial pressure is assumed equal to the equilibrium
vapor pressure ngzo = p;fgg , which can be calculated with standard
thermodynamic formulations,* all mole fractions X are known and
the species’ molar concentrations are obtained via

.

X, P,
. g Pg
= ——,

8 Mg

(5]

where M, is the gas phase’s mean molar mass. The gas viscosity j,
depends on the composition of the gas phase and is calculated
according to the Wilke method.** The composition of the liquid
phase is calculated using Henry’s law,
P P
X; = —5» k€ {02, Hp}. (6]
Ky

The Henry volatility Ky as well as the liquid viscosity y,; and the
liquid water concentration clH20 are calculated according to standard
thermodynamic formulations.*>**® The dissolved species’ influence
on ; and c,H20 is neglected and the solute concentrations are

obtained from

X/
of = x“ﬁ /%0, k € {0,, Hy}. [7]
1

Mass transport model.—The saturations for Eq. 3 as well as the
phase pressures are determined by the mass transport model. The
model’s domain definition and boundary conditions are chosen
according to the experimental setup described by Suermann et
al."* The transport through anode and cathode PTLs is modeled
within two distinct solution domains X, and X, as seen in Fig. 1b.
The flow field in the experimental setup is comprised of five 20 mm
long, straight channels. In such a differential cell setup, gradients of
any quantity are negligible along the channels. We therefore neglect
transport inside PTLs in this longitudinal direction. Instead of
modeling all five channels along the other in-plane direction, we
assume the same conditions under each channel and model only one.
We make use of symmetry axes by bordering the solution domain
along them and defining no-flow conditions on them, as shown by
the dashed lines in Fig. la. The oxygen and hydrogen evolution
reactions (OER and HER, see definitions above) are modeled as
mass flux boundary conditions at the interfaces between PTLs and
catalyst layers (CL). This corresponds to the assumption that both
reactions and nucleation processes take place at the boundaries I,
and I'.. or inside the CLs. At the boundary I',,., the following mass
fluxes j* are prescribed according to Faraday’s law:

: A rHO i M 02
iM and j02:71M

0 — (1 4 2p .
Jam = Do F 4F

(8]

We denote with i the current density and the signs of fluxes
correspond to the through-plane axis x (positive in the anode-to-
cathode direction). In addition to the OER, water flux due to
electroosmotic drag is also considered by introducing a non-zero
drag coefficient,

ng = 0.0134 lK -+ 0.03. [9]

Equation 9 describes the experimentally observed dependency of
the drag coefficient on membrane temperature.*’ On the cathode side
boundary I, the following mass fluxes are defined:

: H,O : H,
H20 iM and jH = ’;WF . [10]

Mass fluxes other than those in Eqs. 8 and 10, particularly those
due to gas crossover, are neglected in the current model.

For Egs. 8 and 10, an assumption for the current density
distribution along the in-plane coordinate y is required. We are not
aware of any published or unpublished current density mapping
results that differentiate the states under channels and ribs. We have
found, however, that varying current densities by +12.5% around a
mean value changes model results for averaged 7, prr by less than
+1% compared to a case with constant current density i(y) = const.
(results not shown). Due to the relatively small influence and the fact
that no experimental results are available, we have assumed constant
current densities for all shown simulations. It should be noted that in
this work, we always evaluate 7, pr;, Overpotentials averaged over
the y coordinate as we compare model results to integrally measured
data without any spatial distribution.

On the domains’ flow field sides, outflow boundary conditions
are defined at the channels and no-flow boundary conditions are set
under the ribs. We assume for the channels that the liquid pressure
inside them is known and that all gas is immediately transported
away from the PTL surface. The latter assumption is based on the
aforementioned differential cell concept and the fact that convection
was reported for both anode and cathode flow fields'® and the
channel lengths of 20 mm are considered too short to facilitate
significant gas accumulation. To this end, we define the following
conditions on the boundaries I'ys and T’z p; = pop and S, =0, as
shown in Fig. 1b.

By defining a capillary pressure boundary condition p.>0
instead of the saturation condition (S, = 0), it is possible to account
for the case when the gas phase requires a higher pressure than p; in
order to exit the PTL. As the herein considered PTLs are hydro-
philic, the capillary pressure is defined as p. = p, — p;. The said
phenomenon was observed in microfluidic experiments at so-called
limiting throats.*® It is not known if limiting throats play a role for
the herein investigated materials. If so, for the investigated PTL type
with the product identification T10, the limiting throat diameter
could be approximated as 25.9 ym. This diameter has been
associated with bottleneck effects in mercury intrusion porosimetry
data for T10.* A corresponding capillary pressure boundary
condition can be calculated via the Young-Laplace equation,

). :4LS(6)’ [11]
d

assuming an often reported contact angle of 70° for this kind of
materials.'>?%*? Applying this capillary pressure boundary condition
on I'jy and I'., however, leads to virtually the same model results as
the saturation condition S, =0 (less than 1% difference in 7 prr
for i>0.1Acm 2 at default conditions Yop=50°C and
Pop = Pambient> Te€sults not shown). S, = 0 is therefore preferred for
T10. The influence of limiting throats could not be estimated for the
other investigated materials due to lack of data, which is further
discussed in the results section of this work.

In addition to the domain definition and the boundary conditions,
the model consists of the governing equation, which is a steady-state
mass conservation of the following form:
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ZV . (j"quif +j§;adv) =0, k € {0y, Hy, H,0}, B € {l, g}.
8
[12]
The governing equation incorporates both component transport

and fluid flow, which are assumed to follow Fick’s and Darcy’s
laws:

jgdif =-M" me,;;’i ch;, [13]
w o _pyuen Ko

]ﬂ,adv =-M C3 1 KVpd [14]
(6]

In Eq. 13, the effective diffusion coefficient Dy, g is calculated
according to the parallel pore model®® and a Millington-Quirk-type
tortuosity 7'

Domp = ¢ 75 83 Dg, 75 = ¢'/3S]3, B € {1, g). [15]

In this equation, ¢ is the PTL’s porosity and the phases’ diffusion
coefficients D are calculated according to Ref. 44. For the material
T10, diffusion of dissolved oxygen and hydrogen is negligible at
current densities i > 1 mA cm ™~ (diffusion’s contribution to j©2 and
j™ is less than 0.05% at default conditions Yop = 50 °C,
Pop = Pambient» a8 shown in the appendix), whereas vapor diffusion
might play a role at high gas saturations, cf. Eq. 15.

In Eq. 14, the intrinsic and relative permeabilities are K and k,,
respectively. The underlying continuum approach behind Eq. 14
assumes each phase to be continuously distributed throughout the
whole solution domain.*' It follows from this assumption that the
two-phase flow can be parametrized with saturation dependent
functions for the capillary pressure p.(S;) and for the relative
permeabilities k,,(S;) and k.,(S;). These parameter functions are
assumed to be unique and monotonic. For this reason, the model
yields monotonic spatial profiles for both phase saturations and
phase pressures, as seen in Fig. lc, with pressure gradients || Vps ||
being generally higher at locations with low phase saturation Sg.
Note that in this work, we focus on cases with balanced operating
pressures such that p; is identical on I';r and I'sr. Accordingly, there
is a pressure jump between both sides of the membrane that
corresponds to the electroosmotic pressure differential, as shown in
Fig. 1c. In this work, the pressure differential results from the PTL
models and is not calculated by an electroosmosis model.

Including potential energy in Eq. 14 did not influence simulation
results by more than 0.6% at default conditions (¥, =50 °C,
Pop = Pambient» Tesults not shown), therefore gravitational effects
are neglected in this work. Furthermore, model results are calculated
under the assumption of isothermal conditions. This simplification
has limited effect on the model results, as discussed in the results
section.

To summarize, the presented mass transport model takes the
current density i, the operating pressure p,, and the operating
temperature ¥, as inputs and also needs parameters for the intrinsic
permeability K, the porosity ¢, the capillary pressure function p.(S;)
and the relative permeabilities k,5(S;). The model’s outputs are the
phase saturations and phase pressures, the latter of which determine
the species concentrations cj.

The mass transport model is solved using the DuMuX
framework.”> The solution of the governing Eq. 12 is found by
time integration of its transient form,

. a(s’f C,b) .k K
Y oM” th + 2V Ugr td5aa) =05 [16]
3 B

from a fully liquid saturated initial state (S,(fo) = 1 over X, and %)
until steady-state conditions are reached. The box method is adopted
for spatial discretization and a backward Euler scheme is used for
time integration.”® A grid resolution of 80 by 160 elements was
employed after performing a grid sensitivity study (based on <1%
change in modeled overpotentials when doubling grid resolution in
both dimensions). The solution process, furthermore, includes
Newton-Raphson iterations in order to treat non-linearities and the
coupled nature of solved equations.

Parametrization.—The examined PTL materials are three sin-
tered titanium powders from type SIKA T5, T10 and T20 produced
by GKN (DE). As the materials were initially manufactured for the
filter industry, the numbering corresponds to the maximum particle
diameter (in pm) passing the material in through-plane direction.
All materials have a nominal thickness of 1 mm and have been
analyzed with X-ray tomographic microscopy by Suermann et al.'?
The porosities, intrinsic permeabilities and pore size distributions
have been derived by flow computations and geometric processing
using tomography data. The intrinsic permeabilities have been found
to be isotropic.'” The main material properties are listed in Table 1.

For T10’s capillary pressure function p.(S)), Lettenmeier et al.’
have calculated curve points with the pore morphology method
(material named “sintered Ti” therein). We adopt this curve and
interpolate between points using cubic hermite splines, see Fig. 2a.
For the materials TS5 and T20, no such calculations are available and
their capillary pressure curves can only be estimated, as discussed
later in this work.

Pore scale calculations of the relative permeabilities are not
available for the investigated materials. We therefore apply the
measured relative gas permeability curve of a sintered powder PTL,
which is similar to the herein investigated materials (see material
“sample 3” in Ref. 33). The k,, values, referred to in the publication
as “normalized dry cross-sectional area,” were obtained by capillary
flow porosimetry with a quasi-static liquid phase. Global saturations
were determined by weighing the sample. Global liquid saturations
were measured in the range from O to 0.75 (upper limit is determined
by breakthrough) which are herein linearly scaled to the [0, 1] range
in order to obtain local saturations (local liquid saturations at throats,
which dictate k,,, are generally higher than global saturations, of.??.

We are not aware of any published or unpublished measurements
of liquid permeabilities for sintered }Jowder PTLs and apply a curve
obtained with the Mualem model.>® The model is standard in soil
sciences and constructs the liquid permeability based on the capillary
pressure curve:

2 -2
- S ds; 1 ds;
krl(sz)—ﬁ(fo —pC(Sl)] (fo PC(SZ)] : [17]

Both an alternative standard model by Burdine®* and a constant
liquid permeability k,,(S;) = 1 yield virtually the same results as the

Table 1. Porous media properties of investigated PTL materials according to Ref. 13.

TS T10 T20
Permeability K/(10~'2 m?) 1.4+0.0 3.4+0.1 7.7+02
Thermal conduct. o/(W m~' K1) 11.6+0.3 9.6+04 11.0£0.7
Porosity ¢/10~2 302 35+2 33+2
Mean pore d/pm 30 38 57
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Figure 2. Saturation dependent parameters for the T10 and a similar material: (a) T10’s capillary pressure curves as calculated with the pore morphology
method®; (b) T10’s assumed relative permeabilities: k., as measured for the “sample 3” material by Bromberger et al.** and k,; as predicted by the Mualem

model.

Mualem model (difference in calculated overpotentials is less than
0.01% at default conditions VYo, =50°C, pop = Pambient
i <4 Acm™? results not shown) and consequently, the model result
are found to be negligibly sensitive to k,;.

Cell voltage breakdown.—The considered PTL materials have
also been characterized by operando measurements and a cell
voltage breakdown.'® The voltage breakdown yields the overpoten-
tial ny,x Which includes all types of mass transport processes, cf.
Fig. 3a.

Mx = Ecen — Et(l)1 = Nact = Moy [18]

Here, E.. represents the measured cell voltage, El% the thermo-
dynamic cell voltage, 7, the activation overpotential and 7, the
ohmic overpotential. The ohmic overpotentials are obtained from
high frequency resistance (HFR) measurements and activation
overpotentials are determined via the Butler-Volmer equation
considering the transition state theory and the concept of a rate
determining step.”® The 7, Overpotentials include a number of
different loss types, where anodic and cathodic contributions are
merged. Such types of losses contain, but are not limited to, mass
transport resistances to and from the electrochemical active surface,
proton transport resistances within the CL and current density
dependent hydrogen and oxygen gas crossover through the

Current density ¢

(a)

Figure 3. Schematic diagram of the cell voltage breakdown and operating pressure dependency: (a) constituents of the cell voltage; (b) scheme of the

experimentally found convergence of 7),,x With balanced operating pressure
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membrane. The gas crossover leads to a concentration increase in
the ionomer of the CL shifting the thermodynamic equilibrium cell
voltage.’” The CL’s proton transport resistances are calculated using
further experimental data with identical materials using a transmis-
sion line model approach.>® According to the presented Nernst-type
electrochemical model, proton transport is isolated from considered
mass transport overpotentials:

Mt = Mmex — Ma,cLe [19]

See Table II for an overview of overpotentials.

Variations of operating pressures showed a decrease of mass
transport overpotentials with increasing operating pressure, espe-
cially for pressure configurations where both the anode and the
oxygen sides are pressurized.”® Moreover, 7y, overpotentials con-
verge in the higher two-digit pressure range (measured in bar at
symmetric pressure conditions) for all investigated PTL types,'® as
shown in Fig. 3b. This convergence allows a division of 7y,
overpotentials into pressure-dependent (above the converged value)
and pressure-independent (equal to the converged value) over-
potentials: 7m¢p—gep aNd e p—ing> respectively. The convergence
value is found to be approximately the same for all investigated
materials. Thus, a PTL-independent convergence value is found.
From this, we derive the hypothesis that all PTL-related mass
transport overpotentials 1, prr. are part of pressure-dependent mass

L —2
i=1Acm } Tlmt,p-ind

13,55

Balanced operating pressure pop

(b)

(solid curves for i = 1 A cm™2 and dashed curves for i = 3 A cm™2).



Journal of The Electrochemical Society, 2020 167 114511

Table II. Overview of examined overpotential types; in this work,
experimental data is available for 7, 75+ cLs Tmt AN Nt p—aep (@S @
result of voltage breakdown, mass transport overpotentials may also
contain overpotentials due to other unknown processes).

Overpotential Related mass transport process

Thmtx All

Mat cL CL proton transport

Mt All excluding CL proton transport
Tmt,p—ind Pop-independent part of 7y
Tmt,p—dep Pop-dependent share of 7,
TJmt,PTL Exclusively through bulk PTL

transport overpotentials 7m¢,—dep- In other words, we assume that
mass transport through PTLs does not affect 7 ,—ina OVerpotentials,
which account, depending on current density and PTL material, for
ca. 40% to 75% of ny, overpotentials at intermediate and high
current densities (i.e. at 0.5Acm ><i<4Acm > and default
operating conditions ¥, =50 °C, p,, = Pambiend)- > Model results
for PTL-related overpotentials are therefore compared to the
experimental data on 7y, ,—gep in this work. Breakdown data on
Mmip—dep 1S available for different operating conditions (current
density, pressure) as well as for different PTL types (TS, T10, T20).
Although this already constitutes a comparatively broad data set,
supplementary measurements would be helpful for further break-
down of m,x overpotentials, e.g. at different temperatures and
pressures, differential pressure conditions (in both directions) or
using a reference electrode separating anodic and cathodic contribu-
tions.

Results

In this section, model results are presented for the previously
introduced T10 material. The model parameters are chosen ac-
cording to the prior section, i.e. using pore scale simulations,
geometric analysis of tomography data, measurements and standard
parameter models. The corresponding model results are compared
with experimental breakdown data. Moreover, we examine the
model’s ability to reproduce the measured influence of changing
operating conditions.

Influence of the current density.—The adopted continuum
model with previously described parameters yields the results for
anode- and cathode-specific bulk PTL mass transport overpotentials,
NmtaPTL and 7 cprr, that are shown in Fig. 4. On both anode and
cathode side, the PTL consists of the T10 material and operating
conditions correspond to ambient pressure and an operating tem-
perature of 50 °C. The overpotentials attributed to the cathode PTL
are found to contribute by 68% to 71% to the total PTL-related mass
transport overpotentials 7 pry.-

Both model results and experimental results show that over-
potentials rise with current density due to increasing mass fluxes, as
shown in Fig. 4. As previously described, oxygen and hydrogen are
transported mainly by advection, as diffusive transport is negligible
at considered conditions. The increasing gas flow results in higher
gas saturations and gas pressures on the PTLs’ catalyst layer side
(opposite to the flow field). This is also evident from saturation and
pressure profiles along the through-plane coordinate x, Fig. 5. The
pressurization of gas additionally leads to heightened oxygen and
hydrogen concentrations in both liquid and gas phase, cf. Eqs. 4 and
6. All of these effects contribute to a gain in oxygen and hydrogen
activities, a decrease in water activities and consequently to an
increase in mass transport overpotentials. It has been observed for
modeled overpotentials that the changes in saturations are more
decisive than relative changes in concentrations, cf. Fig.1 in
supplementary data (is available online at stacks.iop.org/JES/167/
114511/mmedia). Note that at considered current densities, gas
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Figure 4. Experimentally determined and modeled mass transport over-
potentials for the T10 material at ¥} = 50 °C and pop = Pambient conditions:
model parameters are chosen as described in the previous section (without
any calibration); 7m apr1. and 7 cpr1. OVerpotentials account for the transport
in anode and cathode PTL, respectively, whereas 7, pr. comprises both
PTLs.

pressure drops are two to three orders of magnitude higher than
liquid pressure drops, as seen in Fig. 5. This is due to a higher
resistance for gas flow, which results from low gas permeabilities .,
at high liquid saturations, as shown in Fig. 2b. Gas pressure profiles
are similar on the anode and the cathode side due to three facts: (1)
molar concentrations cgf)z and cgfiz are the same at a given gas pressure
(follows directly from the ideal gas law and identical equilibrium
vapor pressures), (2) hydrogen’s stoichiometric factor in water
electrolysis is two times higher than oxygens’s, (3) vapor saturated
oxygen has a 1.93 times higher dynamic viscosity than vapor
saturated hydrogen at gas pressures close to pambiem.44 It follows
from Egs. 8, 10 and 14 that the second and third fact nearly balance
each other out for gas flow.

The model and experimental results are in excellent qualitative
and reasonable quantitative agreement, especially for current den-
sities above 0.5 Acm 2. As a quick reminder, the model results
shown in Fig. 4 are generated without any calibration of parameters.
However, as expected, the agreement is not as good at lower current
densities, i < 0.5 A cm™2, as briefly explained below. While the
model considers transport losses as soon as Faradaic reactions start,
ie. i>0A cmfz, the electrochemical breakdown method by
definition ignores any transport effects below approximately
0.1 Acm™2 An in-depth discussion of these different assumptions
is presented later in this work.

Influence of the balanced operating pressure.—So far we have
mainly discussed the influence of the operating parameter i, which is
the current density. From experimental findings we know that the
mass transport overpotentials decrease with increasing operating
pressure. From a theoretical, more fundamental perspective, fluid
states change at high operating pressures mainly due to the increase
in phase viscosities, dissolution and gas density, the first of which
raises transport resistance while the latter two reduce gas saturations
considerably. As gas saturations have a high influence on mass
transport overpotentials, the model matches the experimentally
observed falling trend in overpotentials with rising operating
pressures, as shown in Fig. 6. Between model results and breakdown
data, there is a difference considering the rate with which over-
potentials decrease at rising p,,, (as can be seen for the 10 bar case),
yet a quantitative agreement is observed again at 50 bar balanced
operating pressure.
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Figure 6. Model results compared to breakdown data for the T10 material at
Yop = 50 °C and three different balanced operating pressures pop.

Influence of the temperature.— Another crucial operating para-
meter for the PEMWE is the temperature, as it influences all main
overpotentials, as well as the fluid states and fluid properties. Model
results at increasing operating temperatures are determined by gas
expansion, increase in gas viscosity and outgassing of solutes. As a
result of these effects, higher gas saturations and mass transport
overpotentials are obtained at higher temperatures, as shown in

N
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Mass transport overpotential 7, / mV
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40°C, model
—50°C, model
—60°C, model
10
0 \ \ \ )
0 1 2 3 4
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Figure 7. Isothermal model results for T10 material at different operating
temperatures ¥, at ambient balanced operating pressure.

Fig. 7. There is unfortunately no breakdown data available for
comparison.

Nevertheless, it is known that temperature gradients are present
in PEMWE cells and temperature variations of about 8 K have been
measured by Suermann et al.'® at i=4Acm™? and nominal
operating temperature of 50 °C using the same PTL material T10
(with a thermal conductivity of about 9.6 Wm ' K™, cf. Table I).
The used model neglects temperature variations and assumes the
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nominal operating temperature everywhere in the solution domain.
An incorporation of temperature gradients in the model would yield
larger overpotentials compared to the isothermal results shown in
Fig. 7. However, non-isothermal solutions for ., =50°C are
expected to be still lower than the (brown) isothermal 60 °C curve
shown in Fig. 7 and the model error due to the isothermal
assumption is therefore less than 5 mV for current densities under
4Acm™>

Briefly summarized, the results in this section illustrate that a
very good match between modeled overpotentials and experimental
data can be reached at different current densities and balanced
operating pressures. In the presented case, where material properties
were either known or could be approximated based on measure-
ments, no parameter fitting was needed. Regarding PTLs’ influence
on mass transport overpotentials, both model and experimental
results suggest that the transport through PTLs contributes to a
pressure-dependent share of the mass transport overpotentials, which
converge towards negligible values at pressures over ca. 80 bar.
Furthermore, cathode-side mass transport through PTL is found to
cause more than twice as much overpotentials as the anode-side
mass transport processes if the same PTL material is used on the
anode and the cathode side. The model calculations predict that
PTL-specific mass transport overpotentials rise with increasing
temperature mainly due to gas expansion, although experimental
validation is still missing.

Discussion

In the following, conclusions are drawn from the presented
model and breakdown results and more context is provided for the
results by relating them to further experimental evidence found in
the literature.

Determining parameters of the flow and transport model.—The
PTL’s fluid mechanical properties affect fluid flow and consequently
advective transport of mass, which is found determinant for PTL-
related mass transport overpotentials. Accordingly, the adopted
model is sensitive to all material parameters considered in Darcy’s
law: (1) the intrinsic permeability K, (2) the relative permeabilities
k,; and k. and (3) the capillary pressure curve p.(S). These
parameters can be obtained either by an experimental approach, e.
g. capillary flow porosimetry and saturation measurements,>> or by
conducting pore scale or pore network simulations.?® If the satura-
tion-dependent parameters (2) and (3) are not or only partially
available, parameter models can be used to approximate these
parameters. This is carried out below for the PTL material T10,
which serves here as a reference.

The modified Kovdcs model® can be applied for predictions of
the capillary pressure curve. This parameter model requires a known
contact angle 6, which is not available for T10. However, the
modified Kovidcs model yields a similar curve as the pore mor-
phology calculation if  =70° is assumed according to literature
data for similar materials,'****" as shown in Fig. 8a.
Correspondingly, model results for 7, prr. are obtained with the
modified Kovidcs model that agree qualitatively with experimentally
determined overpotentials, yet overestimate them by up to 12 mV, as
seen in Fig. 9.

The Mualem model®® from soil sciences has been previously
introduced for predicting relative permeabilities. Regarding k,,(S)),
the model results were found insensitive at considered current
densities i <4 Acm 2 The predicted curve for k,,(S;), exhibits
relatively small values at high liquid saturations S; > 0.9, as shown
in Fig. 8b. Hence, applying a Mualem-type gas permeability for the
model yields large 7y, prr. Overpotentials at small current densities
(Fig. 9), which overestimate breakdown data by ca. 20 mV. Using an
alternative standard model for relative permeabilities, the Burdine
model,’* results in even (up to 17mV) larger overpotentials
compared to the Mualem model (results not shown). These findings
illustrate that model results are highly sensitive to the choice of

relative gas permeability, especially at low gas saturations, at which
standard parameter models possibly underestimate gas permeabil-
ities.

Changing material properties.—As mentioned in the introduc-
tion, the existence of an optimum pore size of the PTL has been
reported in various experimental works regarding the reduction of
total overpotentials. For a model-based optimization of the pore size,
it is essential to understand how pore diameters affects the
parameters to which the model is sensitive. As aforementioned,
the adopted continuum model’s results mainly depend on the
parameters intrinsic permeability K, capillary pressure curve p.(S))
and relative gas permeability k,,(S)) at investigated current densities
i<4Acm 2 In the following, the dependence of K and p.(S;) on
the mean pore size and how model results are affected by changes in
these parameters are discussed. The discussion of the relative gas
permeability k,,(S;) is omitted here, as standard models, which could
describe the pore size’s influence, were found to insufficiently
approximate k,.,(S;) at large liquid saturations (at S;> 0.9, see
previous section).

We consider variations of the mean pore size that correspond to
the previously introduced TS and T20 materials: a 20% reduction
and a 50% increase, respectively (d_9q = drs = 30 pum and
dysoq = drao = 57 pm, cf. Table I). In a previous study,13 pore
scale simulations yielded intrinsic permeabilites for TS and T20 that
follow a rising trend with increasing pore size, as also shown in
Table 1. This trend is reflected by the often-used Kozeny-Carman
approximtaion,®

K o 12, [20]

in which the mean hydraulic radius 7, scales with the mean pore size
d. Figure 10 shows T10’s capillary pressure curve that is transferred
to the varied pore sizes by applying the factor drjo/d according to
the Young-Laplace Eq. 11. It is evident from the above descriptions
that reducing pore sizes corresponds with lowering the intrinsic
permeability and increasing capillary pressures. While low intrinsic
permeabilities lead to increased transport resistances, higher values
for p. lead to lower mass transport overpotentials due to the gas
pressurization, as discussed above in context of the operating
pressure. Increasing p. values further facilitates gas flow, as slopes
in the p.(S)) curve usually also become steeper, cf. Fig. 10, yielding
higher gas pressure gradients || Vp, || for a given saturation field. For
the investigated cases, it is found that the influence of intrinsic
permeability on the mass transports outweighs that of capillary
pressure, as seen in Fig. 11. In general terms, however, the opposing
effects of K(d) and p.(d) support the experimental observations that
an optimum pore size d exists.

A reduction of T10’s mean pore size by 20% yields higher
modeled 7, pr1. values compared to T10’s overpotentials, as shown
in Fig. 11. This is in qualitative agreement with the corresponding
breakdown results of T5 materials. Even though the model results
for reduced pore size were obtained with T5’s mean pore size and
intrinsic permeability, a quantitative discrepancy of up to 30 mV can
be observed regarding the experimental data (cf. blue curves in
Fig. 11). The model results with T20’s mean pore size and intrinsic
permeability do not qualitatively reflect the experimental data, as
T20’s modeled overpotentials are smaller than those for T10 (due to
the relatively high intrinsic permeability), whereas T20’s experi-
mental curve exhibits the largest of all overpotentials. The following
three reasons can be given for the obvious discrepancy, especially
for T20. First, assumed parameters might deviate from T5’s and
T20’s actual ones, e.g. regarding the shape of saturation dependent
parameter curves. The transfer of parameters between materials
could also be complicated by the existence of discrete transport
effects, such as limiting throats. It should be noted that all model
results were obtained assuming the same contact angle for all
materials (otherwise T10’s capillary curve would have been trans-
ferred by the factor (dtio cos(#))/(d cos(ft10)) for T5 and T20, cf
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Eq. 11). Second, the adopted model assumes that reaction sites are
uniformly distributed and very close to the PTLs’ surface. As T20
consists of almost twice as large titanium particles as T5 and T10,"*
it exhibits a comparably rough surface topology and its electro-
chemically active surface area deviates from the others.>> Transport
processes close to T20’s (catalyst layer-side) interface might
contribute to the high mass transport overpotentials that were
experimentally determined for T20. Third, the experimental data
underlies inaccuracies that originate in assumptions made in the
breakdown method. These assumptions are discussed separately in
the next section.

Voltage breakdown and mass transport related overpoten-
tials.—Regarding modeled 7, pr overpotentials for the TI10
material, the cathode PTL’s share is in the range of 68% to 71%,
as seen in Fig. 4. This is qualitatively and quantitatively in good
agreement with electrochemical measurements using differential
pressure operation (Pop.q < Pop,» instead of balanced pressure
operation pop 4 = Pop,c) With up to 30 bar®! and up to 50 bar®?
differential pressure. However, further measurements at even higher
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Figure 10. The capillary pressure curves for the T10 material as determined
by pore morphology calculations® and transferred curves that account for
different mean pore sizes according to the Young-Laplace equation.

pressures and in combination with a third (reference) electrode could
yield a more precise data set concerning anodic and cathodic shares.

Nevertheless, all shown simulations consistently overestimate
breakdown data at current densities below ca. 0.5 A cm ™2 due to a
(fundamental) difference in model and breakdown assumptions. The
applied breakdown method attributes all iR-free overpotentials
(corrected by the ohmic overpotential) under ca. 0.1 Acm™> to
activation overpotentials and thus mass transport overpotentials are
neglected by definition. This breakdown method considers the
Butler-Volmer approach, transition state theory and concept of a
rate determining step”® and ultimately results in the Tafel approach.
Here, a Tafel-fit is made at small current densities in the linear
region (typically 0.01 A cm™><i<0.1 Acm ) of a Tafel-plot (iR-
free E.. versus log(i)) and extrapolated towards higher current
densities. For more details of this overpotential breakdown method,
we refer to the Ref. 63. The breakdown method’s assumption is
contrasted by the results of the adopted mass transport model, which
show that oxygen and hydrogen are transported predominantly in the
gas phase with considerable transport resistance at i = 0.1 A cm 2.
This model result is supported by operando gas saturation measure-
ments in various anode PTLs (including T5) yielding 8% to 46% gas
saturations at i = 0.1 A cm™2.***" Consequently, bubble nucleation
already occurs at those relatively small current densities causing
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Figure 11. Modeled PTL-related mass transport overpotentials for T10 and
two varied mean pore sizes (d_»pq = dps = 30 pm and dis0q, = dro =
57 pm, cf. Table I) compared to breakdown results for TS, T10 and T20;
T10’s parameter set is adopted for all model results except for the the p.(S;)
curves and intrinsic permeabilities, which are chosen according to Fig. 10
and Table I, respectively.

mass transport resistances. The current density at which bubble
nucleation is initiated might be determined by further saturation
measurements or by including nucleation into a transport model,
cf.*® Furthermore, the “Tafel-region” can be interpreted more
accurately by taking the concentration increases due to current
density dependent gas crossover into account.’’ Moreover, the
breakdown results can be improved by approximating the mass
transport overpotentials due to the (oversaturated) solute transport in
catalyst la‘yers, which strongly depend on their structural
properties.”” All these so far neglected effects may explain (part
of) the discrepancy between breakdown and model results. Further
work will shed light on it.

Continuum scale modeling of flow and transport in the PTL.—
Representative volume elements were found for all investigated
materials regarding their porosity'® and experimental investigations
showed a Darcian, path-connected flow in similar PTLs.**%
Therefore, if adequately parametrized, the adopted continuum
porous media model is expected to describe well the fluid states in
PTLs at changing thermodynamic and flow conditions. This is
reinforced by the agreement between model results and experimental
data for the T10 material at different current densities and operating
pressures, cf. Figs. 4 and 6. Non-continuum effects (e.g. limiting
throats, as discussed above) can affect the transferability of para-
meters between materials and might have thus contributed to the fact
that no match between model results and experimental data was
obtained for TS and T20 so far, yet previously discussed parameter
uncertainties and inaccuracies in the breakdown method are ex-
pected to play an at least equally important role.

Summary

A state-of-the-art model, which includes (1) a Nernst-type
description of overpotentials, (2) a continuum porous media model
for two-phase flow and (3) advective-diffusive transport of mass, is
used to investigate PTL-related mass transport overpotentials. The
model results are compared to experimentally determined, pressure-
dependent mass transport overpotentials, as these were observed to
be the only share in mass transport overpotentials to directly depend
on the choice of PTL material.

When both anode and cathode PTL consist of the T10 material,
for which most model parameters are known (only the relative gas
permeability had to be transferred from measured data for another

material), the experimental data and model results quantitatively
agree well and only minor differences up to 10 mV are observed.
The model also reflects the experimentally observed drop in mass
transport overpotentials by up to 88% increasing the operating
pressure from ambient pressure to 50 bar balanced pressure. At small
current densities, however, model results overestimate the results of
the breakdown method, which assumes negligible mass transport
overpotentials below ca. i=0.1Acm 2 by up to 5mV. It is
therefore yet an open question at which current densities transport
resistances begin to increase due to bubble nucleation and two-phase
flow. According to the model, the cathode PTL’s contribution to all
PTL-related mass transport overpotentials is ca. 70%, which is in
quantitative accordance with experimental results. These results
reassert that mass transport inside (the bulk of) PTLs affect
electrolysis efficiency to an extent that can be narrowed down to
pressure dependent mass transport overpotentials.

Model results at considered current densities (<4 A cm™2) were
mainly sensitive to three material parameters: capillary pressure
curve, intrinsic permeability and relative gas permeability.
Prediction of the latter by standard models lead to an overprediction
of experimental results (depending on the model, by ca. 20 mV or
more). The influence of changing mean pore sizes was investigated
regarding the intrinsic permeability, the capillary pressure curve and
the modeled mass transport overpotentials. The model predictions
qualitatively matched the experimental data for T5-type PTLs
indicating that T5’s low intrinsic permeability can be associated
with comparably high mass transport overpotentails, yet no agree-
ment was found for the T20 material. In conjunction with this
discrepancy, open questions regarding the transferability of para-
meters and the validity of the breakdown method were discussed.
Further modeling work would therefore greatly benefit from experi-
mental studies on PTLs’ capillary pressure curves (or contact angles)
and relative permeabilities. Finally, further electrochemical mea-
surements providing validation data at different conditions, e.g.
operating temperature, and using more precise breakdown methods,
e.g. by approximations of solute transport resistances in catalyst
layers or via reference electrodes, would be helpful.
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Appendix

A.l1. Diffusive transport of solutes.—Let assume for the
operating the conditions: i=1mA cm™> Yop=50°C and
Pop = Pambient- Moreover, the following holds for the T10 material:
transport path lengths / > 1 mm, porosity ¢ <0.37 and entry
pressure p, < 5 kPa.*'* The diffusion coefficient can then be
estimated as

Dyt < Dpm (¢ = 037, = 1) = ¢*/3 59322

T;
x 107 m? s !—2 <64 x 10710 m? 57|,
298.15 K

see Eq. 15 and Ref. 44. The concentrations are calculated according
to Henry’s law 6. Their averaged (over X, or X.) gradients are



with Eq. 7, xj = =
12351.27 Pa, K = 5.56087
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2, = Pop + 1) — (B, = Pop)

|VCIOZ H g 1
-3 _ -3
< 0.853 mol m 0.806 mol m~* _ m™4,
1 mm
H H.
Vel | < ¢ (B =Py + 1) = (B, = Pyp)
l ~
[
-3 _ -3
- 0.660 mol m 0623 mol m™" _ o, m,
1 mm
P~ Ph

/"0 = 54844.95 mol m~3, pQ =
x 10°Pa and K2 = 7.70828 x 10°Pa

4546 Einally, Egs. 8, 10 and 13 give

Gergely Schmidt
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i | 0.006% d
0, _ - < U o an
172G =1 mA cm™?)||
121
T —— < 0.046%.
/%G =1 mA ecm™?)|
ORCID

https://orcid.org/0000-0001-5517-5922
https://orcid.org/0000-0001-9685-7081
https://orcid.org/0000-0001-8685-7192

References

. M. Carmo, D. L. Fritz, J. Mergel, and D. Stolten, Int. J. Hydrog. Energy, 38, 4901
(2013).

. J. Mo, Z. Kang, G. Yang, S. T. Retterer, D. A. Cullen, T. J. Toops, J. B. Green, and
F.-Y. Zhang, Appl. Energy, 177, 817 (2016).

. Z.Kang, J. Mo, G. Yang, S. T. Retterer, D. A. Cullen, T. J. Toops, J. B. G. Jr, M.
M. Mench, and F.-Y. Zhang, Energy Environ. Sci., 10, 166 (2017).

. K. Ayers, N. Danilovic, R. Ouimet, M. Carmo, B. Pivovar, and M. Bornstein, Annu.
Rev. Chem. Biomol. Eng., 10, 219 (2019).

. S. A. Grigoriev, P. Millet, S. A. Volobuev, and V. N. Fateev, Int. J. Hydrog.
Energy, 34, 4968 (2009).

. P. Lettenmeier, S. Kolb, N. Sata, A. Fallisch, L. Zielke, S. Thiele, A. S. Gago, and
K. A. Friedrich, Energy Environ. Sci., 10, 2521 (2017).

. D. L. Fritz, J. Mergel, and D. Stolten, ECS Trans., 58, 1 (2014).

. C. M. Hwang, M. Ishida, H. Ito, T. Maeda, A. Nakano, Y. Hasegawa, N. Yokoi,
A. Kato, and T. Yoshida, Int. J. Hydrog. Energy, 36, 1740 (2011).

. H. Ito, T. Maeda, A. Nakano, C. M. Hwang, M. Ishida, A. Kato, and T. Yoshida,
Int. J. Hydrog. Energy, 37, 7418 (2012).

. H. Ito, T. Maeda, A. Nakano, A. Kato, and T. Yoshida, Electrochim. Acta, 100, 242
(2013).

. P. Lettenmeier, S. Kolb, F. Burggraf, A. S. Gago, and K. A. Friedrich, J. Power
Sources, 311, 153 (2016).

. B. Han, J. Mo, Z. Kang, and F.-Y. Zhang, Electrochimica Acta, 188, 317 (2016).

. M. Suermann, K. Takanohashi, A. Lamibrac, T. J. Schmidt, and F. N. Biichi,
J. Electrochem. Soc., 164, F973 (2017).

. P. Olivier, C. Bourasseau, and P. B. Bouamama, Renew. Sustain. Energy Rev., 78,
280 (2017).

. F. Marangio, M. Santarelli, and M. Calf, Int. J. Hydrog. Energy, 34, 1143 (2009).

. 1. Dedigama, K. Ayers, P. Shearing, and D. Brett, Int. J. Electrochem. Sci., 9, 2662
(2014).

. B. Han, S. M. Steen, J. Mo, and F.-Y. Zhang, Int. J. Hydrog. Energy, 40, 7006
(2015).

. E. T. Ojong, J. T. H. Kwan, A. Nouri-Khorasani, A. Bonakdarpour, D.
P. Wilkinson, and T. Smolinka, /nt. J. Hydrog. Energy, 42, 25831 (2017).

. B. Han, J. Mo, Z. Kang, G. Yang, W. Barnhill, and F.-Y. Zhang, Int. J. Hydrog.
Energy, 42, 4478 (2017).

. V. Liso, G. Savoia, S. S. Araya, G. Cinti, and S. K. Kar, Energies, 11, 3273 (2018).

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

A. H. Abdol Rahim, A. S. Tijani, S. K. Kamarudin, and S. Hanapi, J. Power
Sources, 309, 56 (2016).

B. Bensmann and R. Hanke-Rauschenbach, ECS Trans., 75, 1065 (2016).

N. Vorhauer, H. Altaf, E. Tsotsas, and T. Vidakovic-Koch, Processes, 7, 558
(2019).

F. Aubras, J. Deseure, J. J. A. Kadjo, I. Dedigama, J. Majasan, B. Grondin-Perez, J.
P. Chabriat, and D. J. L. Brett, Int. J. Hydrog. Energy, 42, 26203 (2017).

A. B. Goldberg, L. I. Kheifets, A. G. Vaganov, S. G. Ogryz’ko-Zhukovskaya, and
A. V. Shabalin, J. Appl. Electrochem., 22, 1147 (1992).

S. A. Grigoriev, A. A. Kalinnikov, P. Millet, V. I. Porembsky, and V. N. Fateev,
J. Appl. Electrochem., 40, 921 (2010).

A. Nouri-Khorasani, E. Tabu Ojong, T. Smolinka, and D. P. Wilkinson, Int. J.
Hydrog. Energy, 42, 28665 (2017).

H. Altaf, N. Vorhauver, E. Tsotsas, and T. Vidakovi¢-Koch, Processes
(Multidisciplinary Digital Publishing Institute) 8, 362 (2020).

L. Cindrella, A. M. Kannan, J. F. Lin, K. Saminathan, Y. Ho, C. W. Lin, and
J. Wertz, Journal of Power Sources, 194, 146 (2009).

R. B. Ferreira, D. S. Falcdo, V. B. Oliveira, and A. M. F. R. Pinto, Journal of Power
Sources, 277, 329 (2015).

. G. Zhang and K. Jiao, Journal of Power Sources, 391, 120 (2018).

32. C. Lee, J. Hinebaugh, R. Banerjee, S. Chevalier, R. Abouatallah, R. Wang, and

34.

35.

36.

37.

38.

39.

40.
41.

42.

57.

58.

59.

60.

62.

A. Bazylak, Int. J. Hydrog. Energy, 42, 2724 (2017).

. K. Bromberger, J. Ghinaiya, T. Lickert, A. Fallisch, and T. Smolinka, Int. J.

Hydrog. Energy, 43, 2556 (2018).

J. Mo, S. Steen, and F.-Y. Zhang, AIAA Propulsion and Energy Forum, AIAAiapws

(2015).

J. Mo, Z. Kang, G. Yang, Y. Li, and S. T. Retterer, J. Mater. Chem. A, 5, 18469

(2017).

Y. Li, Z. Kang, J. Mo, G. Yang, S. Yu, D. A. Talley, B. Han, and F.-Y. Zhang, Int.

J. Hydrog. Energy, 43, 11223 (2018).

Y. Li, Z. Kang, X. Deng, G. Yang, S. Yu, J. Mo, D. Talley, G. Jennings, and F.-

Y. Zhang, Electrochim. Acta, 298, 704 (2019).

Z. Kang, J. Mo, G. Yang, Y. Li, D. A. Talley, B. Han, and F.-Y. Zhang,

Electrochim. Acta, 255, 405 (2017).

J. Seweryn, J. Biesdorf, T. J. Schmidt, and P. Boillat, J. Electrochem. Soc., 163,

F3009 (2016).

O. Panchenko et al., Journal of Power Sources, 390, 108 (2018).

J. Bear, Dynamics of Fluids in Porous Media (Courier Corporation, New York)

(2013).

I. Mills and T. Cvitas, Quantities, Units and Symbols in Physical Chemistry

(Blackwell Science, Oxford) 2nd ed. (1993).

. T. Kadyk, D. Bruce, and M. Eikerling, Sci. Rep., 6, 38780 (2016).

. R. C. Reid, J. M. Prausnitz, and B. E. Poling, The properties of gases and liquids
(McGraw-Hill, United States of America) (1987).

. IAPWS, Technical Report, IAPWS (1997).

. TIAPWS, Technical Report, IAPWS (2004).

. K. Onda, T. Murakami, T. Hikosaka, M. Kobayashi, R. Notu, and K. Ito,
J. Electrochem. Soc., 149, A1069 (2002).

. T. Schuler, R. D. Bruycker, T. J. Schmidt, and F. N. Biichi, J. Electrochem. Soc.,
166, F270 (2019).

. G. Strnad, N. Chirila, C. Petrovan, and O. Russu, Procedia Technology, 22, 946
(2016).

. R. Helmig, Environmental Engineering (Springer, Berlin Heidelberg) (1997).

. R. J. Millington and J. P. Quirk, J. Chem. Soc. Faraday Trans., 57, 1200 (1961).

. S. Ackermann, M. Beck, B. Becker, H. Class, T. Fetzer, B. Flemisch, D. Gliser,
C. Griininger, K. Heck, R. Helmig, J. Hommel, A. Kissinger, T. Koch,
M. Schneider, G. Seitz, and K. Weishaupt, (2017), DuMuX 2.11.0.

. Y. Mualem, Water Resour. Res., 12, 513 (1976).

. N. T. Burdine, J. Petrol. Technol., 5, 71 (1953).

. U. Babic, T. J. Schmidt, and L. Gubler, J. Electrochem. Soc., 165, J3016 (2018).

. J. O. Bockris, A. K. N. Reddy, and M. E. Gamboa-Aldeco, Modern

Electrochemistry 2A: Fundamentals of Electrodics (Springer, United States of

America) 2nd ed ed. (2000).

P. Trinke, G. P. Keeley, M. Carmo, B. Bensmann, and R. Hanke-Rauschenbach,

J. Electrochem. Soc., 166, F465 (2019).

M. Suermann, T. Kiupel, T. J. Schmidt, and F. N. Biichi, J. Electrochem. Soc., 164,

F1187 (2017).

M. Aubertin, M. Mbonimpa, B. Bussiére, and R. P. Chapuis, Can. Geotech. J., 40,

1104 (2003).

C. F. Berg and R. Held, Transp. Porous Med., 112, 467 (2016).

. M. Bernt and H. A. Gasteiger, J. Electrochem. Soc., 163, F3179 (2016).

M. Suermann, A. Patru, T. J. Schmidt, and F. N. Biichi, International Journal of

Hydrogen Energy, 42, 12076 (2017).

. M. Suermann, T. J. Schmidt, and F. N. Biichi, Electrochim. Acta, 211, 989 (2016).


https://orcid.org/0000-0001-5517-5922
https://orcid.org/0000-0001-9685-7081
https://orcid.org/0000-0001-8685-7192
https://doi.org/10.1016/j.ijhydene.2013.01.151
https://doi.org/10.1016/j.apenergy.2016.05.154
https://doi.org/10.1039/C6EE02368A
https://doi.org/10.1146/annurev-chembioeng-060718-030241
https://doi.org/10.1146/annurev-chembioeng-060718-030241
https://doi.org/10.1016/j.ijhydene.2008.11.056
https://doi.org/10.1016/j.ijhydene.2008.11.056
https://doi.org/10.1039/C7EE01240C
https://doi.org/10.1149/05819.0001ecst
https://doi.org/10.1016/j.ijhydene.2010.10.091
https://doi.org/10.1016/j.ijhydene.2012.01.095
https://doi.org/10.1016/j.electacta.2012.05.068
https://doi.org/10.1016/j.jpowsour.2016.01.100
https://doi.org/10.1016/j.jpowsour.2016.01.100
https://doi.org/10.1016/j.electacta.2015.11.139
https://doi.org/10.1149/2.13517109jes
https://doi.org/10.1016/j.rser.2017.03.099
https://doi.org/10.1016/j.ijhydene.2008.11.083
https://doi.org/10.1016/j.ijhydene.2015.03.164
https://doi.org/10.1016/j.ijhydene.2017.08.183
https://doi.org/10.1016/j.ijhydene.2016.12.103
https://doi.org/10.1016/j.ijhydene.2016.12.103
https://doi.org/10.3390/en11123273
https://doi.org/10.1016/j.jpowsour.2016.01.012
https://doi.org/10.1016/j.jpowsour.2016.01.012
https://doi.org/10.1149/07514.1065ecst
https://doi.org/10.3390/pr7090558
https://doi.org/10.1016/j.ijhydene.2017.08.211
https://doi.org/10.1007/BF01297416
https://doi.org/10.1007/s10800-009-0031-z
https://doi.org/10.1016/j.ijhydene.2017.09.167
https://doi.org/10.1016/j.ijhydene.2017.09.167
https://doi.org/10.1016/j.jpowsour.2009.04.005
https://doi.org/10.1016/j.jpowsour.2014.11.124
https://doi.org/10.1016/j.jpowsour.2014.11.124
https://doi.org/10.1016/j.jpowsour.2018.04.071
https://doi.org/10.1016/j.ijhydene.2016.09.114
https://doi.org/10.1016/j.ijhydene.2017.12.042
https://doi.org/10.1016/j.ijhydene.2017.12.042
https://doi.org/10.1039/C7TA05681H
https://doi.org/10.1016/j.ijhydene.2018.05.006
https://doi.org/10.1016/j.ijhydene.2018.05.006
https://doi.org/10.1016/j.electacta.2018.12.162
https://doi.org/10.1016/j.electacta.2017.09.170
https://doi.org/10.1149/2.0641607jes
https://doi.org/10.1016/j.jpowsour.2018.04.044
https://doi.org/10.1038/srep38780
https://doi.org/10.1149/1.1492287
https://doi.org/10.1149/2.0561904jes
https://doi.org/10.1016/j.protcy.2016.01.094
https://doi.org/10.1039/tf9615701200
https://doi.org/10.1029/WR012i003p00513
https://doi.org/10.2118/225-G
https://doi.org/10.1149/2.0031815jes
https://doi.org/10.1149/2.0171908jes
https://doi.org/10.1149/2.1361712jes
https://doi.org/10.1139/t03-054
https://doi.org/10.1007/s11242-016-0661-7
https://doi.org/10.1149/2.0231611jes
https://doi.org/10.1016/j.ijhydene.2017.01.224
https://doi.org/10.1016/j.ijhydene.2017.01.224
https://doi.org/10.1016/j.electacta.2016.06.120



