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e Variance-based analysis of operating conditions on Pt mass loss is carried out.
e Low temperature and ionomer ratio, high acidity and Pt size increase lifetime.
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In the paper, the impact on durability of polymer electrolyte membrane fuel cells is
investigated when varying operating conditions applied in accelerated stress tests. By this,
the electric potential cycling protocol in given by a non-symmetric square profile. The
electrochemical degradation of a catalyst layer is caused by platinum ion dissolution and
oxide coverage. These mechanisms are described by the one-dimensional Holby—Morgan
model with a modified Butler—Volmer equation for the reaction rates. For efficient nu-
merical solution of the underlying nonlinear reaction-diffusion system, a variable time-
step implicit-explicit method is suggested. Computer simulations predict durability for
the catalyst by using a linear extrapolation up to the full platinum surface blockage. A
parameter sensitivity analysis is presented on different time scales and measures how the
platinum mass loss is impacted by the variation of specific parameters.
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Introduction

For high durability of polymer electrolyte membrane fuel cells
(PEMFC), the actual tasks include studying degradation of
valuable platinum catalysts [1—3], which are often used in
commercially available vehicles and portable power sources.
However, comparative analysis of experimental data is hardly
possible, in particular, because industrial organizations
explore quite different operating conditions. There are at-
tempts to standardize protocols for PEMFC testing made by
the European consortium on Fuel Cells and Hydrogen Joint
Undertaking (FCH JU). In this respect, an intelligent way con-
sists in mathematical modeling and numerical simulations
for understanding of that electrochemical mechanisms
causing the platinum surface degradation. We cite the studies
[4—6] for diffusive models of Pt degradation in a PEM catalyst
layer (CL). The relative modeling issues can be found, e.g., in
Refs. [7—9] for Poisson—Nernst—Planck diffusion equations in
multi-phase media with interface reactions, in Ref. [10] for the
Butler equation, in Ref. [11] for mechanical fracture, and
others.

Recently, Pahon et al. [12] published a comprehensive Re-
view on Accelerated Stress Tests (AST) applied over the world
to test chemical and mechanical durability of most important
components of polymer electrolyte fuel cells: membranes,
catalysator and catalyst layers, gas diffusion layers, bi-polar
plates. The authors demonstrated the evolution in the AST
elaboration and progress in developing mitigation strategies
directed to prolong lifetime of materials.

Since Pt catalysators are high-priced materials in the fuel
cells, degradation phenomena in catalysators and develop-
ment of mitigation strategies are focus of numerous studies.
Currently, the following degradation mechanisms have been
known [2,12].

e Mechanical degradation of the catalyst layers usually
caused by relative humidity (RH) cycling [13,14] or at stop/
start-up operations [15]. The mechanical degradation re-
flects in surface cracking, delamination and particle
detachment.
Chemical degradation of ionomer leads to a decrease in
proton conductivity of the catalyst layer, and, in this way,
to reduction of the proton flux to the membrane.
Corrosion of carbon support causes a drop of electron
conductivity of the catalyst layer, and also leads to
detachment of Pt particles. The intermediate product of the
carbon corrosion, carbon monoxide CO, covers Pt/C cata-
lyst, slowing the kinetics of Hydrogen Oxidation Reaction
(HOR).
Oxidation of Pt results in formation of PtO on the Pt parti-
cle, blocking the catalyst surface for Oxygen Reduction
Reaction (ORR).
Dissolution of Pt leads to formation of platinum (II) ions.
One part of Pt-ions diffuses into the membrane, another
part redeposits on neighbor particles. The mechanism of Pt
ions redeposition is known as Ostwald ripening and leads
to growth of the particle size.
e Migration and agglomeration of Pt particles: in order to
reduce the higher surface energy caused by the smaller

particle size, Pt nanoparticles usually migrate to agglom-
erate in larger particles.

All degradation mechanisms lead to a decrease in elec-
trochemical active surface area (ECSA). Additionally, the ion-
omer degradation, detachment of the particles and diffusion
of Pt*" ions into the membrane result in mass loss of Pt in the
catalyst layer.

Recently, Shokhen et al. [16] performed detailed analysis
some mechanisms of Pt/C degradation in a single PEMFC,
using identical location scanning electron microscopy (IL-
SEM). The degradation was stimulated using ASTs with square
wave voltage in a potential range of 0.6—1.0 V. The authors
reported five different degradation processes of the platinum
nanoparticles that were observed in the IL-SEM [16].

e Larger Pt particles tend to grow by absorbing dissolved
material from smaller, less stable neighbor particles, via
Oswald ripening.

e A minor percentage of the larger particles shrink to the
point of not being visible by SEM.

e Particles grow until they merge with nearby neighbors.

e Some particles grow during the initial ASTs, after which
they start to shrink during the later AST sessions.

e Particles close to each other tend to merge via crystallite
migration and coalescence, whereas particles further
away do not move toward each other. Particles that
grow by crystallite migration tend to form elongated
particles.

The development of mitigation strategies [17] for catalyst
layers has been based on joint efforts on experimental in-
vestigations of material properties [18,19] and durability of
fuel cell components [20—23], studies of degradation mecha-
nisms [24], and also on modeling and
[13—15,25—28].

One of the promising tools to study of degradation mech-
anisms in the catalysts layers are simulation codes with
physics-based models [4,5]. Usage of physics-based models
allow researchers to analyze processes, which could been still
undetectable by current instrumental techniques. Moreover,
the models are enabling to get a lot of important information
in quite short period of time and save valuable material and
manpower resources. The modeling of degradation phenom-
ena in catalyst layers of PEMFC started in 90s of last century
and mainly described kinetics of Pt oxidation and dissolution.
The current models enable to simulate almost all known
mechanisms of degradation: C corrosion and particle
agglomeration [29,30], diffusion of Pt ion in membrane
[6,24,31], delamination [13—15,25,32]. The particle agglomera-
tion significantly contributes to reduction of ECSA, therefore, a
few attempts have been directed to create structural design of
a nanocomposite catalyst layers with ultralow Pt loading
[33—35] and to elaborate mitigation strategies to decelerate
agglomeration process [36].

In our study we consider three mechanism of Pt/C catalyst
degradation: Pt dissolution and oxidation, as well as Pt ion
diffusion in the membrane. But, we neglect the growth of
particle size. In thus way, we monitor mass loss of Pt, a
decrease in the particle size, and estimate lifespan of Pt

simulation
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catalyst limited by these three degradation processes. The
present results will be important for developers of new types
of catalysators based on arrays and possessing high durability
to agglomeration and coalescence. As well the study could be
important for developers, who direct their attempts to stan-
dardize protocols for PEMFC testing.

In future studies we are going to integrate in our model the
effect of particle growth due the agglomeration and coales-
cence, in order to systematically study degradation effects
caused by single mechanisms.

The considered platinum degradation model was sug-
gested by Holby and Morgan [37] and developed further in
Ref. [31]. By this, the PEM catalyst layer is assumed to be filled
with Pt nano-particles, which are placed on a bound of carbon
support with an ionomer. Recently, Shimanuki et al. [38]
applied by cryogenic (cryo) SEM (scanning electron micro-
scopy) and cryo-TEM (transmission electron microscopy) to
study microstructure Pt/C catalyst binding with per-
fluorinated ionomer. As a result, the authors succeeded in
observing the pore structure of the catalyst layer in the
swollen state of the ionomer. The swollen ionomer surrounds
and encloses he Pt/C aggregates and bridges over the pores in
the catalyst layer. These experimental observations support
the physical model of the catalyst structure. The
Holby—Morgan model is based on two degradation mecha-
nisms of the platinum ion (Pt*") dissolution and the platinum
oxide (PtO) surface coverage according to the electrochemical
reactions:

Pt — =Pt +2e, (1)

Pt(s) + HQO(aq) «— A’PtO(s) + 2H:raq) + 2e”. (2)

The equations for (1) and (2) are described by modified
Butler reaction rates providing for the Gibbs—Thomson effect
in chemical potential. The Pt dissolution and oxidation takes
into account diffusion of building Pt ions into the ionomer
membrane directed across CL. This is worth noting that
degradation would be impossible without the diffusion.

In the previous works [39,40] we employed the
Holby—Morgan model for investigation of durability of PEMFC
under cycling conditions with respect to different electric
potential (called voltage) profiles used in the accelerated stress
test (AST). Three industrial protocols were taken in the shape
of a hat used by the U.S. Department of Energy (DOE), a square
employed by Tennessee Tech University, and a triangle
developed by Nissan. In the current work, we use the non-
symmetric square voltage profile suggested recently within
FCHJU programs (see Ref. [41]), as illustrated in Fig. 1 for three
cycles.

The AST test in each cycle has p = 40 s long period and
switches between the potential levels of Vi, = 0.6 (V) during
10 s, and Vpax = 0.9 (V) during 30 s. For numerical simulation
of the degradation model we combine an implicit-explicit and
variable time-step Runge—Kutta methods. For the square
voltage profile, a step-size is refined locally at the electric
potential lift-off from Vi, to Vmax. Indeed, lift-off of the
electric potential increases contribution of the Pt ion diffusion
over its transport, hence thermodynamic equilibrium is
reached at a slower pace. The local refinement gives us a

potential profile cyclying

0.9

0.6 — — —

40 50 80 90 120
time (s)
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Fig. 1 — The profile of the square potential cycling
considered in this study.

significant speed-up, thus advantage in the efficiency of nu-
merical simulations compared to a uniform stepping used
previously in Refs. [39,40].

The CL model under consideration has in total about 30
input parameters representing PEMFC operating conditions.
We aim to evaluate their impact on the degradation model
output, which can be quantified by the rate of Pt mass loss
during the electric potential cycling. Indeed, smaller platinum
loss will lead to a higher lifetime of catalyst: when Pt mass
becomes zero, then the fuel cell does not work anymore. From
a point of view of statistics, global sensitivity analysis studies
a simultaneous effect of multiple input parameters on the
variance output. It can be described by Sobol sensitivity in-
dexes usually estimated with Monte-Carlo methods (see e.g.
Ref. [42]). A local sensitivity analysis focuses on how a single
parameter perturbation impacts the output, known as one-
variable-at-a-time (OAT) method. In the case of close to
linear dependence, the Pearson correlation coefficient is
reasonable for the sensitivity index (see Ref. [43]). We use the
latter approach since a large number of input parameters.

A local sensitivity analysis is given for different 10, 100,
1000-cycle scales to measure how the platinum mass loss is
correlated with the following parameters: temperature, pH
value, ionomer volume fraction, Pt loading, particles diam-
eter, and diffusion. In the sensitivity analysis, the upper and
lower limits of the variable parameters are selected for
research on the basis of their physical values, and the values
taken from the literature. This variation of parameters results
in about 3% loss of the initial Pt ion mass, that is right for local
analysis. The coupling relationship between the operating
conditions and parameters has to be analyzed further.

Model and methods

The physical model under our consideration is based on the
following assumptions.
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e a semi-infinite cathode catalyst layer (CL) in PEMFC is
considered, which is posed between a gas diffusion layer
(GDL) and a membrane;

CL is filled with spherical Pt nano-particles placed on a

carbon support and fully surrounded by perfluorinated

sulfonated ionomer;

all gaps and PEM are filled with the same ionomer;

e two degradation mechanisms account for Pt ion dissolu-
tion into surrounding, and formation of platinum oxides on
the catalyst particle surface;

e platinum ions diffuse through the inonomer into PEM but
not into GDL;

e all quantities of interest change along one dimension
across CL and remain unchangeable in other directions.

Geometrically, we assume the space variable x € [0, L]
across the CL of thickness L, such that the left end at x = 0
meets GDL, and the right end at x = L confirms the interface
with PEM. The parameters of Pt particles filling CL are gath-
ered in Table 1.

The temperature T given on the Kelvin scale corresponds to
80 °C. The other physical parameters are taken from Ref. [39]
and presented in Table 2 for platinum ion Pt>* formation and
diffusion, and in Table 3 for platinum oxide PtO formation. For
further use we remind gas constant R = 8.31445985 J/(mol x K)
and Faraday constant F = 96485.3329C/mol.

We remark that Tables 2 and 3 contain some fitting pa-
rameters taken from the literature and used for simulation.

Toxide (07 V)

RT

Governing relations

For time t > 0, let the voltage V(t) square profile in cycles be
given according to Fig. 1 and express the electric potential
difference versus a reference of 0 V. Across the catalyst
thickness x € [0, L], we look for three unknown variables:
platinum ion concentration c(t, x) > 0 (mol/cm?), Pt particle
diameter d(t, x) > 0 (cm), and platinum oxide coverage ratio 4(t,

x) € [0, 1] (dimensionless). The governing system of reaction-
diffusion equations is formulated in Ref. [31] as follows:

2
%7 ﬁDpt% = Bsd*1gissol (€, d, 0, V) for t>0, x(0,L), (3)

where B; = nNpi/(2¢) (1/cm?) is denoted for short, and

o orsma(ed.0.V) fort>0, x<(O.L), @
0 200d 1
ST o= ene(8,V) fort>0, xe(0,1), ()

The partial differential equations are endowed with the
initial condition:

c=0, d=dp,, 6=0 ast=0, xe[0,L], (6)

and the mixed Neumann—Dirichlet boundary conditions:

ﬁ:o ast>0, x=0,
0x

implying no-flux condition at the GDL-CL interface, and zero
concentration of dissolved ions at the CL-PEM interface.

Following [37] the reaction rates in (3)—(5) are based on a
modified Butler equation, which describes in units of mol/
(cm? x s) the Pt ion dissolution (1) by

c=0 ast>0, x=L (7)

Tdissol(C; d, 8, V) = By(d, 6)exp{(1 — 8;)Ba(d, )V}

B, (d, 6)exp{ — $,Ba(d, 6)V} (8)

and the Pt oxide coverage (2) by

1 4 nF(1— 6) wh
= Fexp{ “RT (Hoge + /\9)} (Vr (1 - 5) exp{ _ % <Ufit + ﬁ)

+(1- Bz)niFv} — vy 10’219Hexp{nzl:ﬁ2 <Uﬁt + wb

noF
noF ‘52ﬁv}>'

The equations (8) and (9) employ the auxiliary quantity B,
given in mol/(cm? x s):

B, (d,a):vlr(l—weXP{R_lT(‘Hm_"m_m (Ueq}i?;&))) } ’
(10)

the quantity B, (cm/s):

Table 1 — Parameters for cathode catalyst layer.

Symbol Value Units Description

L 1x1073 cm CL thickness

dpt 3x 1077 cm Pt particle diameter

Vpe 1.5 x 10°%° cm?® Pt particle volume

Ppt 21.45 g/cm? Pt particles density

Dt 4x10* g/cm? Pt particles loading

€pt 0.02 Pt volume fraction across CL

Np¢ 1.32 x 108 1/cm? Pt number concentration in CL

€ 0.2 volume fraction of ionomer increment in cathode
T 353.15 K temperature
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Table 2 — Parameters for Pt ion formation and diffusion.

Symbol Value Units Description

2 1 x 10* Hz dissolution attempt frequency

vy 8 x 10° Hz backward dissolution rate factor

61 0.5 Butler transfer coefficient for Pt dissolution
N 2 electrons transferred during Pt dissolution
U 1.118 \% Pt dissolution bulk equilibrium voltage

Q 9.09 cm®/mol molar volume of Pt

r 24 x10°* J/cm? Pt [1 1 1] surface tension

Cref 1 mol/cm? reference Pt ion concentration

Hy fie 4 x 10* J/mol fit Pt dissolution activation enthalpy

Dyt 1x10° cm?/s diffusion coefficient of Pt ion in the membrane

Table 3 — Parameters for Pt oxide formation.

Symbol Value Units Description

pH 0 potential of hydrogen ions (protons)

vy 1 x 10* Hz forward Pt oxide formation rate constant

vy 2x 1072 Hz backward Pt oxide formation rate constant

r 22 x107° mol/cm? Pt surface site density

B2 0.5 Butler transfer coefficient for PtO formation

ny 2 electrons transferred during Pt oxide formation
Use 0.8 \Y% Pt oxide formation bulk equilibrium voltage

4 2 x 10* J/mol Pt oxide dependent kinetic barrier constant

Q 5 x 10* J/mol Pt oxide-oxide interaction energy

Hs e 1.2 x 10* J/mol fit partial molar oxide formation activation enthalpy

ra-6 1 40~-(6
B2(d‘0):%exp{ﬁ<7Hl_ﬁt+nPﬂl <Ueq7r;y+d()> > }s

(12)
and the quantity B4 (C/J):
O 401,06
By(d,0) = RT (7’1 - d >7 (12)
where the expression of v, in J/cm? is given by
*
_ 2 g o 2Pt
Yo(6) =y +TRT (01n (Vl* 10 ) +o=
(13)

+01n<§> +(270)1n<1fg>>.

All parameters employed in system (3)—(13) are collected in
Tables 1-3.

Numerical methods

From a mathematical point of view, the numerical problem
consists in solving the diffusion system (3)—(7) with nonlinear
reactions of exponential type given by (8)—(13). For the phys-
ical consistency, Pt ion concentration and particle diameter
cannot be negative, and Pt oxide coverage ratio should lie
between 0 and 1. To preserve these non-negative thresholds
during evolution, the time step had needed to be taken suffi-
ciently small, otherwise the solution became negative and
destroyed. To speed up the computation, we suggest local
refinement at that times when the electric potential starts its
lift-off, and coarse time steps otherwise. The combination of a
4th order Runge—Kutta (RK4) and a second order implicit-

explicit scheme (IMEX2) described in Ref. [39] are applied for
discretization of the diffusion system on the non-uniform
time mesh. In the numerical tests we set the coarse time
step to Tcoarse = 1072 (s), and the uniform CL thickness spacing
h = L/10 (cm). Whereas the fine time 74,0 = 107* (s) was suf-
ficient inside (—Tcoarses Tcoarse)-neighborhood of the electric
potential V(t) lift-off from 0.6 to 0.9 (V) at the time tysorr = 10 s
during each period of p = 40 s (see Fig. 1).

During 3 cycles of the square voltage V(t) in Fig. 1, the
corresponding solution triple (c, d, ¢) is depicted versus time
t € [0, 120] (s) and CL thickness x € [0, L] (cm) in Fig. 2 in
plots (a), (b), and (c). In the plot (a) we observe that the Pt ions
distribution c(t, x) across the catalyst is varied periodically
from 0 to around 3.2 x 1077 (mol/cm?). By this, the concen-
tration is high at the left end meeting the interface with GDL,
and low at the right end when approaching PEM. The plot (b)
shows a decrease of Pt particle diameter d(t, x) in time. The
diameter values of Pt particle at the end of each cycle at the
point x = L are shown on z-axis. The diameter decreases
faster right at the catalyst layer than at the left. In the plot (c)
of Fig. 2, the oxide coverage 4(t, x) of the Pt surface is changed
periodically from O to approximately 90%. In every cycle, the
platinum oxide is formed at the high voltage Vy,ax, and the
reverse reaction reduces PtO to platinum at the low voltage
Vmin~

Results and discussion

On the basis of numerical simulations described in Section 2,
we investigate the degradation of platinum by the cycling
operating conditions.
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(a) Pt ion concentration

05 -3
x10

120

thickness (cm) time (s)

0

(c) Pt oxide coverage ratio

k, 1
4059 < |

80, -3
20 x10

- 120
thickness (cm) time (s) 0 thickness (cm)

Fig. 2 — P> concentration c (a), Pt particle diameter d (b), PtO coverage ratio 0 (c).

Pt mass loss

The electrochemical degradation of PEM can be measured by
the relative Pt mass ratio mp; € [0, 1] defined fort >0, x € [0, L]

as
4 (dt,x)\’ d(t,x)\>
() ()
which is found according to the Pt diameter d(t, x) in (4), and
scaled by the constant dp; due to the initial condition in (6) at
t = 0. In Fig. 3 (a) we plot mp(t, x) from (14) along the catalyst
thickness x € [0, L] during 10 cycles. In the plot we observe the
decay in time of mp, starting at 1, which implies loss of plat-
inum ions. The decay is weaker at the left end x = 0, and
stronger at the right end x = L. The values of Pt mass ration at
the end of even cycles at x = L are shown on z-axis.
When averaged over the catalyst thickness, this quantity is
expressed by

My (t, X) (14)

mp(t) = mean(mp(t, x)).
x€[0L]

(15)

In Fig. 3 (b) and (c) we plot the averaged platinum mass
ratio computed by formula (15) versus the number of cycles.
The plots are given in two different time-scales. The curve for
10 cycles during 6 min. 40 sec. is depicted in the plot (b) and
obeys a visible waving behavior in the fine scale. Whereas in

(a) Pt mass ratio at CL

(b) averaged Pt mass ratio

the plot (c) the curve is continued for 1000 cycles during 11 h
6 min. 4 sec. and visually close to the straightline in the coarse
scale. Based on the linear behavior, in the following we pre-
sent the simulations carried on 100 cycles during 1 h 6 min. 4
sec.

A decrease in time of the Pt mass ratio during the voltage
cycling effects the catalyst durability: smaller loss rate en-
sures larger durability, larger rate leads to drop. We study how
important is the impact of operating conditions on the
degradation behavior. For this task, we refer to the values of
parameters fixed in Tables 1-3 and vary them in a suitable
range using the OAT principle: one variable at a time. The

result of mp; when varying the temperature T € {60, 70, 80, 90}°
Cand acidity pH € {0, 0.5, 1, 1.5} is depicted in the left and right
plots of Fig. 4.

Therise in the temperature from 60 °C to 90 °C results in 3%

loss of the initial value m p(0) = 1 after 100 voltage cycles.
Operating PEMFCs at relatively high temperatures has some
advantages that include greater tolerance to CO, providing
easier management of water and improved efficiency. Carbon
monoxide is built on the carbon support surface due to
incomplete oxidation of carbon. Higher temperature acceler-
ates CO oxidation to CO,. Water management is easier at
higher temperature, because most part of water is found in
vapour state and does not build liquid water droplets, which
could lead to flooding effect in the gas diffusion layer.

(c) averaged Pt mass ratio

= N 1 '
= . 0.9995 0.949
. v\«‘
. 0.9991 0.8981
0.9986 0.8471
¥ 0.9981 0.7962 .
1
2 0.9976 0.7452 -
|13100 _ 10 0 2 4 & 8 10 0 2 4 6 8 10
cycle x thickness (cm) cycle x 1 cycle x 100

Fig. 3 — mp, during 10 cycles (a), m p; during 10 cycles (b), m p; during 1000 cycles (c).
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Pt mass loss

0.9933

0.9867

ratio

—x— T=60°C

T=70°C
—6— T=80°C
—H— T=90°C

2 4 6 8
cycle x 10

0.9734

10

ratio

Pt mass loss
1
0.9933
0.9867
0.98
—6— pH=0
0.9734| —P— pH=0.5
pH=1
—>—— pH=1.5
2 4 6 8 10
cycle x 10

Fig. 4 — Pt loss depending on temperature (left) and acidity (right).

However, the increase in the operating temperature leads to
acceleration of the Pt dissolution and to reduction of the
catalyst lifetime as seen in Fig. 4. The tendency in the changes
in the Pt mass loss as well as the lifetime duration at varying
temperature is also demonstrated in Table 5. The rise in the
temperature from 60 °C to 90 °C shortens the lifetime of Pt/C
catalysator around in two and half time. In Ref. [44], Bi and
Fuller investigated temperature effects on cathode Pt/C cata-
lyst degradation using square-wave potential cycling between
0.87 V and 1.2 V. They observed rapid Pt/C degradation at
higher temperatures. The Pt degradation results in lower
performance, loss of Pt catalyst electrochemically active sur-
face area, and deposition of Pt in the membrane.

The increase in acidity from pH = 0 to pH = 1.5 positively
affects the Pt catalyst durability and prolongs its lifetime. The

Table 4 — Lifetime prognosis when varying operating
conditions: temperature, acidity, ionomer volume

fraction, Pt loading, particle diameter, diffusion
coefficient.

Parameters Ptloss Cycles Time
rate x 10°°  (#) (h)
(1/cycle)
T=80°C,pH=0,¢=0.2, 237.89 4203 467
Prt=4x107% dpy =3 x 1077, Dpr =1
T =60°C 123.42 8102  90.0
T=170°C 175.08 5711 635
T=290°C 308.81 3238  36.0
pH=15 4.99 200,547 2228.0
pH=1 98.95 10,105 112.0
pH =0.5 183.15 5460  60.7
e=0.1 22366 4471 497
=03 24214 4130 459
e=04 24417 4095 455
Pt = 3 x 10~ (g/cm?) 239.41 4176  46.4
Ppe = 2 x 107* (g/cm?) 240.89 4151  46.0
pre =1 x 107* (g/cm?) 242.56 4122 458
dpe = 4 x 1077 (cm) 73.59 13,588 151.0
dpr = 3.5 x 1077 (cm) 123.34 8107  90.0
dpe = 2.9 x 1077 (cm) 277.74 3600  40.0
Dpt = 3.4 x 10°° (cm¥/s) 247.76 4036  44.8
Dpe = 6.7 x 107 (cm?%/s) 249.84 4002 445
Dpy = 10 x 10°¢ (cm?/s) 250.55 3991 443

acidity is correlated with concentration of protons in the
catalyst, which depends on the dissociation degree of the
functional groups in the ionomer. The pH scale is logarithmic
and inversely indicates the concentration of hydrogen ions in
the solution

pH = —log(ay+).

The acidity at the catalyst/ionomer interfaces depends on
the dissociation degree of functional group of the ionomer, in
the studied case it is Nafion. Nafion is a super-acid ionomer,
the dissociation of its functional group is a function of water
concentration in the membrane [45], and this water con-
centration increases with rising relative humidity (RH).
Therefore, in the paper we speak about the relationship be-
tween pH and humidity. Since Nafion is very strong acid
ionomer, it acidity pH usually lies between 0 and 1.5 [46]. The
lower pH corresponds to a higher dissociation degree and a
higher proton concentration. The dissociation degree in-
creases with rising relative humidity. It means, higher rela-
tive humidity results in a lower acidity. In Ref. [44] Bi and
Fuller investigated the loss rate of Pt mass at 60 °C at two
different relative humidity: 50 and 100%. The investigation
showed that at the higher RH the Pt dissolution is higher.
These experimental results confirm the present simulation
at different acidity: with growing acidity (a higher acidity,
PH, is corresponding to a lower RH) the Pt mass loss de-
creases, that results in longer lifetime of Pt catalyst in the
PEMFC. A significant increase of the cathodic dissolution
with drop in pH was mentioned in Ref. [47].

In Fig. 5 we depict the variation of ionomer volume fraction
e € {0.1,0.2, 0.3, 0.4} and Pt loading pp; € {1, 2, 3, 4} x 107* (¢/
cm?) in the left and right plots, respectively.

In [48] authors reported acceleration of reversible degra-
dation at cathodic Pt loadings 0.2 < pp; < 0.4 (mg/cm?). As seen
from the figure, increasing the ratio of the ionomer in the
catalyst layer, the Pt mass loss slightly rises. This effect is
attributed with Pt dissolution process: the catalyst layer with a
higher content of the ionomer provides more space for diffu-
sion of Pt-ions occurring during the Pt dissolution reaction.
The Pt loading practically does not affect the rate of the Pt
mass loss.
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Fig. 5 — Pt loss depending on ionomer volume fraction (left) and Pt loading (right).
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Fig. 6 — Pt loss depending on Pt particle diameter (left) and diffusion coefficient (right).

In the following Fig. 6 we depict the variation of Pt particle
diameter dp; € {2.9, 3, 3.5, 4} x 1077 (cm) and diffusion coeffi-
cient Dp; € {1, 3.4, 6.7, 10} x 107° (cm¥s).

The smaller Pt particle diameter 2.5 nm will lead to
m pe = 0.94 after 100 cycles, which is far below the range 0.9667
... 1 for the Pt mass loss plotted in the figures, hence the value
2.9 nm is set. As seen from the figure, with rising size of Pt
particles the Pt mass loss decreases. It is connected with
Gibbs—Thomson energy (GT) reflecting a change in the
chemical potential of a particle as a function of diameter: GT
energy grows with decreasing particle diameter [49]. Thus, the
particles with a lower diameter dissolve easier than the

Table 5 — Variances and correlation coefficients for input
and output parameters.

Parameter Var(X) Var(m p,) Px
X = ppt 13 x 1078 3.00 x 10~ %2 —0.999
X = pH 0.31 7.76 x 107° —0.993
X = dpy 3.13 x 107 % 3.87 x 102 —0.976
X = Dp¢ 1.15 x 101 2.58 x 10~ 0.844
X=¢ 0.01 6.41 x 10711 0.918
X=T 125 4.81 x 107° 0.997

particles with a bigger one. The model applied in this study
takes into account the GT energy, and this consideration re-
flects in the simulation results: with growing Pt particle
diameter the Pt mass loss decreases. Our simulation results
agree with experimental data summarized by Cherevko et al.
in Ref. [50]. The authors analyzed lifetime of Pt/C catalyst
investigated at steady state and also at cycling voltage con-
ditions published in Refs. [51—-53]. The analysis showed, that
both at steady state voltage and at cycling voltage the Pt
dissolution rate is higher for Pt particles with a lower diam-
eter. For example, the increase in Pt particle diameter from
2.2 nm to 5.0 nm rose the lifetime of Pt catalyst studied at
triangle-cycling voltage 0.6—1.0 V in more than four times. In
our simulation, studying the effect of the square cycle
0.6—0.9 V, the increase in the diameter from 3.0 nm to 4.0 nm
raises the Pt durability more than in three times (see Table 4).
Thus, these experimental observations are well verifying the
simulation results. The studied values of the diffusion coeffi-
cient of the Pt ions practically does not affect the lifetime of
the catalyst, as seen from Fig. 6 on the right.

Moreover, a linear decay of mp allows us to predict a

lifetime for the catalyst as follows. From the data depicted in
Figs. 4—6, we calculate the rate of the averaged Pt mass loss
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(which is just the slope m ;t of the straight lines) and linearly

extrapolate it with respect to a number of cyclesup tom p; =0.
At this time, no Pt particles remain on the carbon surface, and
the catalyst layer does not work anymore. We present the
lifetime prognosis in Table 4 in descending order with respect
to the predicted number (#) of live cycles, respectively, hours
of work. For comparison between the varied parameters, the
reference parameters are given in the first row.

To compare the relative impact of operating conditions we
apply parameter sensitivity analysis. Namely, we set the Pt

— !/ . . .
mass loss rate m, found in simulations as the measured
output from variation of input parameters X, and use the
Pearson correlation coefficient

o M)y (16)

Var(X)Var (fn ;t)

By this, the magnitude of |px| describes how sensitive is the

model output m ;t to variation of the specific parameter X.
Whereas the positive sign px > 0 indicates, that increase of X
would increase the Pt mass loss, thus reduce a lifetime.
Respectively, a negative sign px < 0 implies decrease of the
platinum loss and raise of lifetime. For the selected six pa-
rameters X € {T, pH, ¢, ppt, dpt, Dp} from Table 4, the corre-
sponding correlation coefficients computed according to (16)
are collected in ascending order in Table 5.

Conclusion

This paper is devoted to study the mass loss of Pt in the
catalyst and catalyst lifetime in low temperature fuel cells at
non-symmetric square cycling voltage 0.6—0.9 V. The mass
loss of Pt and the catalyst lifetime are investigated at varying
parameters: operating conditions as temperature and acidity;
structural parameters as ionomer ratio, Pt particle size, Pt
loading; and the transport characteristics of Pt ions — Pt
diffusion coefficient. The study is performed using the one-
dimensional Holby—Morgan model with a modified
Butler—Volmer equation considering the effect of
Gibbs—Thomson energy on the reaction rates. This model has
been already applied in our previous papers to investigate Pt
catalyst lifetime for different protocols of Accelerated Stress
Tests [39] and at varying profile of voltage cycling [40].

We use the same 1D model, which has been used in pre-
vious research, in order to obtain a systematical analysis on
impact of different factors on the CL degradation. This anal-
ysis should be a basis for understanding of the model and also
for its further development. In order to analyze the degrada-
tion state in space, we have to couple this 1D model with a 3D
performance model, often applied in CFD simulation. In this
case, all operating conditions required for the calculation in
the Pt degradation model should be considered locally. The
local operating conditions strongly depend on the design of
fuel cells. We can assume that at inlet of O, or air, the
degradation rate of Pt will be higher due to increased tem-
perature and higher O, concentration. According to the model,

at points with higher water concentration and higher tem-
perature, the Pt degradation will be accelerated.

The present simulation results show that rising tempera-
ture speeds up Pt mass loss, the increase in acidity slows
down the Pt dissolution, the higher ionomer ratio slightly
accelerates the Pt degradation. The Pt mass loss is strongly
depending on the Pt particle size. The smaller particles are
exposed to higher dissolution rate due to Gibbs—Thomson
energy. In the investigated ranges of Pt loading and diffusion
coefficient of Pt ions we do not detect any pronounced effects
on the Pt mass loss and lifetime.

Our theoretical results are consistent with experimental
results documented in the literature on durability of fuel cells
[44,47-50].
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