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Abstract:

Exploring the origins of local transport resistance and characterizing the oxygen transport
resistances in catalyst layer (RcL) are critical for cost reduction. In this paper, a
comprehensive mesoscopic model for simulating coupled transport processes of oxygen and
water vapor for different structural parameters under different operation conditions in
reconstructed microstructures is proposed. The local transport resistance is calculated after
achieving the limiting current density. Results demonstrate that Rcp increases greatly with
decreasing platinum loading (Lp) and the transport resistances in other components of the cell
dominate for high-loadings. Both the reduced oxygen permeation coefficient in ionomer
thin-film and the adsorption resistance account for the origins of local transport resistance.
The local transport resistance increases with bare carbon ratio for constant Lp; and Pt/C ratio
due to the decreased effective ionomer surface, and increases with I/C ratio due to the
increased ionomer thickness and decreased Knudsen diffusivity. Due to the presence of liquid
water, a slight decrease followed by an increase of the local transport resistance versus
relative humidity is obtained. The contribution of ionomer thin-film to Ry is more sensitive

to liquid saturation compared with decreased diffusivity of the pores.

Keywords: PEMFC; Local transport resistance; Interfacial resistance; Structural parameters;

MRT-lattice Boltzmann method; Liquid water
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1. Introduction

The past two decades have witnessed a surge in the substantial research and tremendous
development of proton-exchange-membrane fuel cells (PEMFCs) due to their remarkable
high power density at a comparatively low operating temperature [1]. Of particular interest is
the cost reduction of PEMFCs to accelerate their worldwide commercialization [2]. Curtailing
the amount of the platinum-group-metal in the membrane-electrode-assembly (MEA) has
triggered an avalanche of activities in catalyst-layer (CL) research [3]. The US Department of
Energy set a technical target of the platinum loading (Lp,) of 0.125 mglicm2 for light-duty
vehicles by 2020 [4], while the state-of-the-art Lp, is still around 0.2 to 0.3 mg[Ilcm2 [5]. To
achieve this low-loading goal, researchers have proposed many innovative approaches to
increase the area specific activity and Pt dispersion by developing new deposition techniques
to obtain Pt alloy [6], core-shell [7], and nano-frame electrocatalysts [8]. Highly promising
achievements have been achieved at low current densities in ex-situ rotating-disk-electrode
studies [9]. However, their benefits at the MEA level are currently under debate with only a
few published results on their performance at high current densities [2].

Usually, PEMFCs operate at high current densities to improve the power density and
decrease the stack size and consequently investment cost. Nevertheless, as widely reported in
several critical reviews [2, 3, 10], unacceptable performance loss due to the vexing rise in

mass-transport resistance accompanying low Lp; has been repeatedly demonstrated. Detailed

analyses revealed that a local transport resis‘[anceROP‘2 ranging from 100 to 1000 s[im!

accounts for the voltage degradation [11], possibly due to the oxygen transport through the
ionomer thin-film [10]. Fig. 1 schematically illustrates the complex transport pathways for
oxygen in a cathode porous structure consisting of Pt, voids, ionomer, liquid water, and
carbon. As seen, within the CL, percolated networks must exist for reactant ingress and
product egress. The oxygen transport resistance of CL, R¢, depends on the porous structure,
the operation conditions, and the liquid water amount. The resistance can be separated into
resistances caused by the bulk diffusion and the non-diffusional one possibly due to the local
resistance at the ionomer/pore and Pt/ionomer interfaces [11-14]. Figs. 1(b) and (c) present

the detailed local transport process of O, permeating from voids to ionomer thin-films before

reaching Pt surfaces. Correspondingly, the genesis of ROPZ is assumed to stem from the bulk

resistance (R;) of ionomer thin-film, the interfacial resistance at the ionomer/pore interface
(Rg4is) due to the possible limited dissolution rate, and the interfacial resistance at the

Pt/ionomer interface (R,i) due to possible surface adsorption [10]. Experimental

2
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quantification of these pertinent resistances would be instructive; however, they are closely
coupled and cannot be readily separated [15]. In addition, the intrinsic heterogeneity of the
CL structure, in terms of the distributions of the carbon particle size and the ionomer thin-film

thickness, makes quantitative analysis difficult [16, 17].

Fig. 1 Schematic illustration of the oxygen transport process in the CL porous structure, (a)
oxygen transport in voids; (b) local transport resistances of oxygen in ionomer thin-film, (c)

oxygen permeation in ionomer thin-film

Experimental characterization on the morphology of the ionomer thin-film suggested that
transport properties of the reactant species in ionomer thin-film are reduced compared to its
bulk analogue due to confinement effects and substrate interactions [18]. Changes in its
properties such as the surface wettability and water uptake [19], and swelling [20] have been
witnessed. Freiberg et al. [21] corrected the H,/air PEMFC polarization curves at
low-loadings with the mass-transport loss obtained with a hydrogen-pump experiment. Little

difference among all the curves was observed, indicating the diffusion-dominated origin of

ROP;. This finding is also supported by Schuler et al. [22] who concluded that the bulk

transport resistance contributed over 70% of the local transport resistances. On the contrary,
Owejan et al. [12] demonstrated that the interfacial resistances were prominent to account for
the additional transport losses, and Pt particle dispersion should be considered to resolve the
performance loss apart from the Pt roughness factor (fp;, the effective electrochemical surface
area normalized by the active area). Kudo et al. [14] found that the interfacial resistances were
equivalent to the bulk resistance caused by the ionomer thickness of 30 to 70 nm. This
conclusion also was reached by Suzuki et al. [13], who experimentally measured the
thickness-dependent resistance of the ionomer thin-film in a planar electrode and ascribed the
non-zero positive intercept to the interfacial resistance. Shen et al. [23] addressed that the
interfacial resistance came from the ionomer/pore interface. However, this is contrary to Liu
et al. [24] who argued that the interfacial transport resistance at the ionomer/pore interface did
not exist by measuring the thickness-dependent transport resistance on an inert substrate.
They suggested that other effect such as anion poisoning at Pt surface was responsible for the

additional loss. By measuring the potential-dependent transport resistance in CL, Suzuki et al.

[25] attributed Rgz to the sulfonate coverage of the effective Pt surfaces. Molecular-dynamics

studies also revealed that the adsorption of the sulfonate groups on Pt surfaces mainly

hindered the oxygen transport and reduced its activity [26].
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In addition to ionomer thin-film, liquid water in CL may also account for the genesis of

ROPZ . Typically, the water-transport resistance affects the cell performance in two major ways.

Under dry conditions, the transport resistance of the produced water vapor keeps the ionomer
more humidified, thereby lowering R; and proton resistance. Under wet or very humid
conditions, the vapor may condense, thereby resulting in water flooding that hinders the gas

transport pathways [27]. This has been supported by Sui et al. [23], who observed an

increasing ROPZ with the oxygen fraction, and Nonoyama et al. [28], Shukla et al. [29] and Iden

et al. [30], who observed an increasing Rg‘2 with high relative humidity. Muzaffar et al. [31]

addressed that the tipping water balance dominated the transport loss as the oxygen

permeability and the exchange current density decreased with low Lp,. Mashio et al. [32] and

Ono et al. [33] attributed ROPZ to two local transport processes caused by the ionomer thin-film

and the liquid water.

Apart from the experimental studies, numerical investigations including the agglomerate
model and mesoscopic method have been adopted to analyze the transport process in CL.
However, the large and random agglomerate size and film thickness in the traditional
agglomerate model were not supported in scanning electron micrographs (SEM) [34].
Chowdhury et al. [17] presented an analytical agglomerate model to describe the 1D transport
process. The effective ionomer thickness and the active mass-transport area per unit volume
were identified as two critical parameters in determining Rcp. Schuler et al. [22] further
extended the above model to consider the 2D mass-transport by introducing a focusing factor.
Interfacial transport resistances were considered in the agglomerate model proposed by Moore
et al. [35], Secanell et al. [36], and Suzuki et al. [13]. The micro-scale model termed as the
“catalyst coated particle” was combined with a two-phase flow model to analyze the
performance of the microporous layer by Zhou et al. [37]. Hao et al. [38] further extended the
model to characterize the micro-scale transport resistance by considering the Pt distribution
on the agglomerate surface. Nevertheless, most agglomerate models fail to match the
experimentally observed trends in exploring the impacts of the structural parameters on
Rc1[39]. Mesoscopic models are considered to be superior by fully considering the
heterogeneous and complex structures of CL. Zhang and Gao [40] explored the impact of
liquid water on cell performance. However, their work was actually based on an agglomerate
model without distinguishing the components of Pt and carbon. Sabharwal et al. [41] focused

on the oxygen transport and chemical reaction processes in CL. However, morphologies of
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ionomer and Pt were also not characterized and electrochemical reactions were assumed to
occur at all gas/solid surfaces. Cetinbas et al. [16, 42] explored the effective transport
properties of CL microstructures obtained with hybrid approaches including the nano-CT,
transmission electron microscopy (TEM), and X-ray scattering. Hou et al. [43] investigated
the impact of the structural parameters on the cell performance without fully considering the
detailed local transport process. Recently, we reported a comprehensive model that can
consider the local transport process including the interfacial transport resistances and bulk
resistances using the lattice Boltzmann method (LBM) [15]. However, the transport of water
in the CL was not included due to the prior focus on the anode CL to match with
hydrogen-pump experimental data.

As demonstrated above, the transport processes of oxygen and water are fully coupled.
To the best knowledge of the authors, few mesoscopic studies on the local transport resistance
of oxygen have considered water transport in detail, limiting their ability to reveal the coupled
mechanisms of the local transport behaviors in CL. The objective of the present work
therefore is to extend our previous work to consider the electrochemical reaction and transport
processes of oxygen and water vapor in a cathode CL, where the impact of liquid water on the
transport resistances is considered explicitly. With this model, the coupling of oxygen and
water transport processes at the mesoscopic level is achieved. Impacts of the structural

parameters together with the operation conditions such as the relative humidity and the molar

fraction of oxygen on the transport resistances are explored.
2. Transport resistances and physical model

2.1 Transport resistances

To characterize Rcp, a limiting-current measurement is usually employed. The
mass-transport limit is achieved by feeding the cathode CL with low amounts of O, diluted in
other inert species. A high flowrate of the reactant gas mitigates the variation of O,
concentration along the flow direction. The relative humidity (RH) is a critical operation
parameter to clarify the local transport resistance originated from the microstructure itself.
Typically, the cell RH is kept under 100% to avoid water condensation, but not too dry to
minimize ohmic limitations and the inherent non-uniform distribution of the current density.

Limiting current density, i;;,, can be obtained by decreasing the output voltage from open
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circuit until a constant current density is obtained. As the oxygen concentration at Pt surfaces

approaches zero at iy, the total oxygen transport resistance, Ry, can be calculated as

_4ch12 RouR 2
- Koy + Rgpp T L (1)

Lim

tot

where F andcg’2 are Faraday’s constant, and the oxygen concentration in channel (CH),

respectively. Rcy and Rgpp denote the oxygen transport resistances in CH and gas diffusion
layer (GDL), respectively. Based on a 1D diffusion model considering the electrochemical

reaction in the CL, Grezler et al. [11] deduced an analytical correlation to calculate Rcp,

Pt

R
R, = fo (1/y)coth(1/y) 2)

Pt

where [ is the CL thickness, and the quantity v is defined as y =./Dg' ¢ [Ro /fy, with

D" . denoted as the effective oxygen diffusivity in CL. The term ROPZ / fp, 1 defined as Rpiim

0,,CL
as it is completely attributed to the ionomer thin-film. Therefore, the contribution of pores

Rpyre t0 Rep 18 calculated as
RPore = RFilm (I/W)COth(l/l//) _1:| (3)
One can find that Rp. is closely related to Rgy,. As [/ approaches zero, Rpo. can be

further simplified with a Taylor-series expansion to

[

RPorc ~ 3Deff
0,,CL

(4)

Therefore, Eq. (2) can be expressed as

LR

+
CL eff
3D 0,,CL Sot

()

According to Eq. (5), a straight line with its slope of Rg‘z is produced by plotting Rcp

versus the inverse of fp.. Nevertheless, typical ways by altering the carbon dilution or / to

achieve a set of fp; may influence ROPZ to some extent. For one thing, the cell performance,

especially due to the water management, is sensitive to / [44]. Specifically, the water content 4

in CL may differ with / greatly, resulting in different R; as 4 affects the transport properties of
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O, in the ionomer. For another, ROPZ may be affected by Pt dispersion on the Pt/C mixture,

which has been evidenced by Owejan et al. [12] experimentally and Mu et al. [15]

numerically. Therefore, the accuracy of the linearly fitted ROPZ may be affected. In the present

work, ROPZ is analytically solved using Eq. (2) with Newton iterative method after DgfiCL and

Rcp are numerically resolved.
2.2 Physical model

To capture the detailed local transport processes, CL microstructures should be close to
the realistic ones as the ionomer morphologies affect the transport of the reactant and proton
directly. Cetinbas et al. [16] experimentally found that the primary carbon size ranged from
20 to 75 nm, and the ionomer thickness ranged from 2.5 to 27.5 nm. Due to its merits such as
low cost and easy implementation, stochastic generation method has been widely used to
reconstruct the CL microstructures [15, 16, 41, 45, 46]. Based on the total components
number of the reconstructed CL, physical models with two components (pore and ionomer)
[41, 46], three components (pore, ionomer and Pt/C mixture) [16, 45], and four components
(pore, ionomer, Pt and carbon) [15] have been proposed. The morphologies reconstructed
with our previous method feature a high accordance with the experimental observed ones in
terms of the distributions of the primary carbon size and ionomer thickness, and the roughness
factor fp¢[15], and therefore it is adopted here.

Prior to the reconstruction, the volume fractions of each components in the CL
determined based on the manufacture’s specifications, such as the mass fraction of platinum
in the supported catalyst (w), the ratio of ionomer and carbon by mass (y), the porosity (¢),

and the bare carbon fraction by volume (yp,re), are calculated as

L
Ep = (62)

- Ly,

Ec =(1—ybare)(1—8—gpt)/(1+pc;/] (6b)

Ioion
gion :l_g_gc/(l_ybare)_g}’t (6C)

where densities of carbon, platinum, and ionomer are given as 1.8, 21.45, and 2 gllcm>,
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respectively [15]. Notably, if the simulated water vapor is oversaturated, the liquid component
in CL is considered. Details on the calculation of the liquid water saturation will be
introduced in the following section.

Fig. 2 depicts the characterization of the reconstructed CL. Let (x,y,z) denote Cartesian
coordinates defined such that y and z span the cross-section, and x points along the thickness.
x=0 is the CL/GDL interface and x=/ is the CL/Membrane interface. Detailed structural
parameters of the simulated cases are listed in Table 1, which are based on the experimental
work carried out by Grezler et al. [11] and Owejan et al. [12]. Note that the reconstructed CL
is more for Pt on Vulcan carbon, where the Pt is on the outside of primary carbon particles.
For all simulated cases, a cross-section size of 250%250 nm is assigned with a mesh resolution
of 2.5 nm. The minimum size of the simulated Pt particles is 2.5 nm, which is supported by
the experimentally observed 2 to 3 nm reported by Guo et al. [47], and 2 nm reported by
Cetinbas et al. [16]. As shown in Fig. 2(a), all of the components are distinguished. The
primary carbon particles with different sizes are coated with ionomer. Platinum particles are
supported on carbons. Note that only the CL thickness ranging from 5.5 to 6.5 pm are shown
as the ratio of lengths in thickness direction is about 50 times higher than that in other
directions. For better visualization of Pt distributions in CL, we have plotted their locations of
cases 3 and 5 in Fig. 2(b). It can be observed that Pt number is higher and almost all of the
primary carbons are deposited with Pt particles for case 5. For comparison, only a part of
carbon particles is active for the dispersion of Pt particles, maintaining the same @ of Pt/C
mixtures for different Lp. Fig. 3(c) presents the distributions of carbon particle size and
ionomer thin-film thickness of case 3. An excellent match between the simulated data and the
experimental data carried out by Cetinbas et al. [16] is achieved. The mean size of the primary
carbon is around 45 nm, and the mean thickness of the ionomer thin-film is around 7.5 nm.
Fig. 2(d) illustrates Pt distributions with the same Lp; of cases 6 and 10. Due to their
difference in ypae, @ differs from 5% to 30%. It can be clearly found that the distribution of Pt
particles are deposited comparatively uniform for case 6. Based on the above analyses, the
present physical models can provide the detailed features of CL microstructures.

The normalized face-average fractions of different components of case 3, defined as the

face-average fractions normalized by the volume-average ones, are presented in Fig. 2(e) with

8
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the thickness ranging from 3.5 to 8.5um. Due to the high ratio of bare carbons diluted in Pt/C
mixtures and low volume fraction of Pt particles, the normalized face-average fraction of Pt
along the thickness direction differs greatly from O to 3.6. This is understandable as the
carbon particles are randomly chosen to support Pt particles. For the normalized face-average
fraction of 0, it suggests that no Pt particles are deposited at the current cross-section, and
thereby no electrochemical reaction occurs. For the rest of the components, only a small
variation of the face-average fractions is observed. To explore the local transport resistance
accurately, fp; is a critical parameter as demonstrated in Eq. (2). A statistical integrated Pt
surface with their neighboring nodes labelled as ionomer may overestimate fp; as some of the
ionomer may be isolated for proton transport. The inactive surface is excluded with the
method introduced in our previous work [15]. As depicted in Fig. 2(f), we have compared the
numerical predicted fp; with the experimental ones given by Grezler et al. [11] and Owejan et
al. [12]. It can be observed that the simulated fp; agrees well with the experimental data. A
plot of fp; versus Lp; produces the Pt-mass-specific electrochemical surface area agcsa. The
respective fitted apcss for the simulated data and Grezler’s data are 54.8 and 57.4 m2[gp,!,
with the relative deviation of 4.5%. The respective fitted agcsa for the simulated data and
Owejan’s data are 68.6 and 71.2 m?[gp;!, with the relative deviation of 3.7%. As only Lp; of
0.025mg[lcm~ is simulated (see cases 6 to 10 in Table 1) and the simulated fp; varies slightly
from 16.93 to 17.27 mp?[Imyea2, little difference of the simulated fp; can be observed in Fig.
2(f). Based on the aforementioned analyses, it is reliable to explore the oxygen and vapor

transport processes in CL at the mesoscopic level.

Fig. 2 Characterization of the reconstructed CL microstructures, (a) CL morphology of case
3 (void: white, carbon: black, platinum: red; ionomer: cyan); (b) locations of Pt particles for
different Lp, of cases 3 and 5, (c) comparison of the distributions of carbon particle size and
ionomer thin-film thickness between the simulated and experimental data [16] of case 3, (d)
locations of Pt particles for different vy, of cases 6 and 10, (e) normalized face-average
fractions of the components along the thickness direction of case 3; (f) comparison of fp,

between the simulated cases and experimental data [11, 12]

Table 1. Structural parameters of the simulated cases
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3. Numerical methodology

3.1 Governing equations

To analyze the coupling effect of oxygen and vapor transport processes in CL, both the
governing equations of oxygen and vapor concentrations are considered. The mathematical
model is subject to the following assumptions:

(1) Only the cathode CL is considered, which operates at steady-state.

(2) The CL is formed by a mixture of carbon, Pt, ionomer thin-film, and pore void.
Liquid water exists if the vapor concentration is oversaturated. Electrochemical reactions only
occur at the ionomer/Pt surfaces.

(3) Gas convection in CL is neglected, and the transport resistance of oxygen from CH to
CL/GDL interface, Roy, cu+GpL, 18 given based on the experimental results of Grezler et al.
[11]. Correspondingly, R0, cn+epL 1s calculated based on the ratio of molecular diffusion
coefficients of oxygen and vapor.

(4) The water content in ionomer thin-film during the whole transport process is assumed
to be in equilibrium with the local water activity. Liquid water saturation, defined as the total
nodes of the liquid water divided by the total nodes of the initial pore voids, is iteratively
calculated based on the liquid water flux governed by the capillary driven flow.

(5) Isothermal assumption is used as the current density is comparatively small due to the
low-concentration of oxygen [48].

(6) As pointed out by Yoon and Weber [48], isopotential assumption for proton is valid
if the proton conductivity is above 102 S[Im-!, which is about two order-of-magnitude lower
than that adopted in the present study. Detailed validation on this assumption can be found in
SI.

3.1.1 Oxygen transport

In CL, oxygen transports in the pore voids, ionomer thin-films, and the liquid water
before reaching Pt surfaces. At the interfaces of pore and ionomer, a possible limited
dissolution rate of oxygen may exist. At the interfaces of ionomer and Pt, a possible limited
adsorption rate may exist. At the interfaces of ionomer and liquid water, the partial pressure

of oxygen should be the same. At the interfaces of ionomer and Pt, electrochemical reaction

10
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occurs. To characterize the above processes, equations for the oxygen transporting in pores,

ionomer and liquid water are expressed as

V. (Dp’ 0.VC, 0, ) =0 (72)
\ '(Dion,ozvcion,o2 ) =0 (7b)
v (Dliq,Ozvcliq,Oz ) =0 (7¢)

where the subscripts of p, ion, and liq represent pores, ionomer and liquid water, respectively,
and D is the diffusion coefficient. Owing to the solubility difference of oxygen in pores and
ionomer or liquid water and the possible limited dissolution rate Aiongis OF Kiiqais (mCIs™),

conjugated boundary conditions at the corresponding interfaces yield

oc

p,O, __ ionO, _ eq
b, 0, ﬁn - ion,0, an - kion,dis (cion,O2 - Cion,Oz ) (83)
p . o Oeigo, _ k. (2 —c (8b)
p, 0, on lig,0, on — Miq,dis \ “1iq,0, lig,0,
C,: oc.
lig0, __ ion,0, eq _ eq
—Lig0, on = Dion,o2 o H liqCliq0, = H Cion,0, (8c)

where n denotes the unit normal vector perpendicular to the interfaces of pore and ionomer or
liquid water pointing toward the pores. ¢, o, is the oxygen concentration in pores at the
interfaces of pore and ionomer or liquid water. Equilibrium oxygen concentrations at

ionomer/liquid at the interfaces of pore and ionomer or liquid are calculated as

cf(jl’oz =RTc,, / H (9a)
Cﬁg,oz - RTCP,Oz / Hliq (b)

where R and T are the universal gas constant and absolute temperature, respectively. The

Henry constant H (Pallm>mol') is obtained with [13]

H=101325/(4.408—0.09712/1) (10)

with the water content 4 calculated as a function of the water activity a [49],

A=0.043+17.184-39.85a* +36a’ (a=p,, /) (11)

where the respective p,, and pg, denote the partial pressure of vapor and saturation pressure.

11



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Sustainable Energy & Fuels

The diffusivity of oxygen in the bulk ionomer D;,, 0, (m?[Is!) is calculated from the data

fit for a bulk ionomer [13],

D,

ono, = 1.14698x 10710 2%7% (12)
The bulk permeation coefficient, v, is calculated with the oxygen diffusivity in the bulk
ionomer divided by the Henry constant. To distinguish the permeation coefficient of the bulk
ionomer from that of the ionomer thin-film, we define yq, as the permeation coefficient of the
ionomer thin-film. The oxygen diffusivity in the ionomer thin-film is reduced compared to its
bulk analogue to mimic the confined effect.
The oxygen diffusivity in pores D, o is locally specified as a function of pore diameter

d, as the characteristic size of pores is close to the mean free path of gas molecules. It is

determined with a simple form of the Bosanquet formula,

Do, =(Diho, + Di ) (13)

with the Knudsen diffusivity Dk, o, (m?[Is™) calculated as

d, | 8RT
D =_r 14
Kn0x 3 \/ ™, (14)

where M is the gas molecular weight. The molecular diffusivity Dos.mix (m?[s!) for a binary

mixture of gases is calculated as [50],

-1
Yu,0 IN,
Doz:mix :(D - + . ] (153)

0,H,0 D02:N2

0.00000017" 7 _ _ 0.5
DOZ:HZO/NZ = " " 2 (Moi +Mnlom2) (15b)
P(Vo2 +VH20/N2)

where P, y and v are the total pressure (atm), mole fraction, and the diffusion volume of
species, respectively. In the present study, the diffusion volumes are 16.6, 17.9, and 12.7 nm?
for O,, N,, and H,O, respectively [50].

Owing to the electrochemical reaction and possible limited adsorption rate kg5 (m[Js™),

conjugated boundary conditions at the active Pt/ionomer interfaces yield

acion .
— = kads (cion,O2 - CPt,OZ ): -]/4F (16)

- ion,0, 8n

where n denotes the unit normal vector perpendicular to Pt/ionomer interface pointing toward

12
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the ionomer, cp > is the adsorbed oxygen concentration at Pt surfaces. The chemical reaction
rate j (A[Jm2) related to cp, 0, and the oxide coverage effect is given in SI.
3.1.2 Water transport

In the CL, the water vapor and the membrane water transport in the pore voids and the
ionomer thin-film, respectively. The liquid water transports in the pores due to the capillary
effect. To describe the above processes, equations for the water transport in pores and
ionomer thin-film are expressed as

v-(D

p, HZO

Ve

P, Hzo)

=0 (172)
\& (Dion,HzOvcion,HzO ) = 0 (17b)

Conjugated boundary conditions at the ionomer/pore interfaces for water transport are

D 66.p,HzO _ acion,HzO _
Lm0 on =~ Hionn,o on CionH,0 =

€. 1,0 (18)

The diffusivity of water vapor Do, mao (m?[1s™!) is calculated as [51]

-2346

D,i0=417x10"[161exp(-4)+1] exp{T} (3<<17) (19)

ion,H,O

Similar to D, o2, the vapor diffusivity in pores D, o 1s locally specified. Owing to the
electrochemical reaction at the Pt/ionomer interfaces, the conjugated boundary condition is

specified as

_D ion,H,0O - S (20)

ion,H,O a H,0
n

where n denotes the unit normal vector perpendicular to Pt/ionomer interface pointing toward
the ionomer. Spyo (mollim=s!) is defined as the source term of the membrane water.
Obviously, it equals j/2F without considering additional water fluxes caused by the
electro-osmosis drag (EOD), the vapor concentration gradient (VCG), and the liquid pressure
gradient (LPQG).

The water flux from anode to cathode by the hydrogen ions due to EOD is given as
Seop=nq j/F with the electro-osmotic coefficient (ny4) calculated as nq=2.54/22 [49]. The
membrane water flux transporting from cathode to anode, Syw (molllm2s'), can be

expressed by
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Prnem (ZCCL - ZACL ) 1)
ion,H20 EW 5

mem

Syw =

where Pmem, EW, ZCCL , and ZACL denote to the density of dry membrane, equivalent weight
of membrane, and the mean membrane water content in cathode and anode, respectively. As
only the cathode CL is simulated in the present work, /TACL is assumed to be in equilibrium

with the inlet water activity. As there is no source term of the water content in membrane,

linear distribution of water content along the thickness direction is expected. Dijoy a0 1S
specified with Eq. (19) with the water content chosen as an average of /TCCL and /TACL .
The water flux due to the vapor concentration gradient, Sycg (molllm>2s!), can be

expressed by

in . 0

(CHZO,CCL/GDL %0 ) / RHZO,CI-HGDL if Coccuopr < Co
Svea™ i , . (22)
(Csat - cHzO )/RHZO,CFHGDL if cHZO,CCL/GDL > Cant

where the inlet concentration of vapor in CH, c;lzo, is calculated based on the operating

conditions. The saturation vapor concentration, cg,, 1S corrected for the pore effects by the

Kelvin equation [52],
csat :Cgat eXp<pc,CLI7w /RT) (23)
where ¢}, is the uncorrected vapor concentration, p,, is the capillary pressure of the CL,

and V_ is the molar volume of water.

The water flux due to the liquid pressure gradient, Sypg (mollim2s™), is calculated with

[53],

SLPG — KGDLkliq (l_7liq, CcL l_7liq, CH)

liq
/uliqM H,0 Sanr

(24)

where piiq, Kedi, Kiigs Liigs Ogdls Diig cL > and Diq,cu denote the density of liquid water, the

intrinsic permeability of GDL, the liquid phase permeability, the dynamic viscosity of liquid
water, the GDL thickness, and the liquid pressure of cathode CL and CH, respectively. As the

stoichiometry ratio is high and the current density is low, the liquid saturation scy in CH is
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assumed to be 0. kjq is related to s as kjq =s [53]. According to the Leverett-J function, pjig

can be calculated as [49],
z 0.5
Piq = Py — D.=P, — 0 COS8 G(Ej J(s) (25a)

J(s)=1425-2.125* +1.265° for 6> 90° (25b)

where ¢ is the surface tension, ¢ is the contact angle, and p, is the gas phase pressure. In the
present work, p, is assumed to be a constant. The liquid saturation of GDL at the interface of

CL/GDL, scLpL, can be easily determined as the liquid pressure at the interface is continuous,

1.€., Diq L = Piiq cugpL - 1he saturation used to determine kj;q 18 obtained by averaging scriGpL

and scy. Based on the water flux balance, we have

(nd +O.5)jk52x 5
z F = (SMW+SLPG+SVCG)ACL = (SMW+SLPG)ACL +ZSH20,k5 X (26)

k k

where d%x is the local active electrochemical area, Ay is the CL cross-section area, and the

current density, i, is calculated by integrating the surface reaction rate ji over all the reaction

surfaces and then normalized by Acy, i.€., i= z Ji0x / A, . Combined with Egs. (21~26),
k

all the water fluxes can be solved by using Newton iterative method. The local water source

term Spy0 1S expressed as

ng+0.5  SywtSiee ) 27

SHZO,k = Jx ( F ;

Notably the source term is only present at the active Pt/ionomer surfaces where the
electrochemical reaction occurs. All the model parameters used in this section are summarized
in Table 2. Given the lack of relevant data for ki gis and kiiq 4is,» and based on the experimental
results provided by Liu et al. [24] and Suzuki et al. [25], they are specified as infinitely large
in the present work. To solve the above governing equations, as well as the conjugated

boundary conditions at mesoscopic level, the multiple-relaxation-time (MRT) LBM are

adopted [15, 54]. Details can be found in SI.
Table 2. Parameters for the electrochemical kinetics and the model [32, 38, 49]

3.2 Boundary conditions and solution strategy
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Due to the transport resistances of oxygen and vapor caused by CH and GDL, the
oxygen and vapor concentrations at x=0 varies with current density as their concentrations in
CH are determined based on the operation conditions. The simulated operation conditions are
x02=1%, T=353.15K, and p=110 kPa for the cases listed in Table 1. RH=62% for cases 1 to 5
based on Grezler’s experiement [11], and RH=80% for cases 6 to 10 based on Owejan’s
experiment [12]. The sum of Rcy and Rgpp for the oxygen transport is chosen as 46 s[im!
based on the experimental data [11], and that for the vapor transport is given as 37.8 s[im’!
based on the ratio of molecular diffusion coefficients of oxygen and vapor. Numerical
implementation for the oxygen and vapor transport processes at x=0 are specified as
(£0Ro,. oo =1) fa (x.1) + 6,

5DR02, cmopr T 1

fi(x,t+61) = (28a)

~ in
(gDRHZO, CH+GDL — 1) &> (X’ t) + &pChy0

+1

g (x,1+61)= (28b)

&p RHZO, CH+GDL

where the inlet concentrations of oxygen and vapor cglz and cglzo in CH are calculated based on

the operating conditions. Details on the distribution populations f(x, ) and g(x, ¢) can be
found in SI. Half-lattice, bounce-back condition is implemented at x=/ as the membrane is
impermeable for oxygen and vapor. Periodic conditions are implemented at the y- and z-
directions, enabling our model to simulate a sufficiently large cross-section. A detailed
simulation flowchart can be found in Fig. S2.

It is expected that the vapor concentration in CL may probably surpass the saturated
concentration if the inlet RH or xq; is sufficiently high. In this case, the liquid condensation
may occur. To characterize the liquid saturation in CL for each time step, the liquid flux needs
to be known first. By using the water fluxes Syw and Sycg calculated in the last time step, the
liquid water flux Sy pg at the current time step can be obtained with Eq. (26). Then, the liquid
saturations in CL and GDL, scp and sgpr, can be iteratively calculated using Egs. (24) and
(25). Except for the liquid saturations, the saturation vapor concentration c, is updated at the
current time step. Owing to the vapor-phase transporting in CL, the vapor concentration in
pores only changes slightly (see Fig. S3). Therefore, liquid condensation occurs throughout

the layer, not merely at the reaction sites. The movement of the liquid water and the kinetics
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of evaporation and condensation are beyond the scope of the current study that focuses on the
transport resistances. Pores with their neighboring nodes labeled as non-pores will be
assigned as liquid water based on a small probability ¢4 and the calculated scp. Since the
newly inserted liquid water will affect the oxygen transport and the current density, the real
liquid saturation increases gradually to maintain its numerical stability. For example, we only
add 1% of scLeN,N,N; every 2000 time steps with N,, N,, and N, denoting to the nodes in x-,
y- and z- directions. The simulation will not stop until the relative variation of the current

density is smaller than 10~ every 2000 time steps.

4. Results and discussion
4.1 Determination of the limiting current density and the effective diffusivity

As addressed in section 2.1, the determination of the transport resistances in CL relies on

the limiting current density i, and the effective diffusivity of oxygen Dgfzf,CL. By altering the

cathode overpotential 7., the polarization curves of CLs with different Lp,, corresponding to
cases 1 to 5, are obtained. As seen in Fig. 3, current densities increase with the decrease of the
output voltage and then reach a constant. All the curves are insensitive to the output voltage
when the voltage is below 0.3V. The maximum current density due to the limited oxygen
transport through the ionomer thin-film is considered as i;,. As the thicknesses for all the
simulated cases are similar, it is expected that iy, increases with Lp; due to the high fp.. The
respective limiting current densities for Lp; of 0.1, 0.2, and 0.4 mg[Jcm are 3029, 3510, and
3886 Allm™. It is suggested that i;;,, only increases 28% despite of the quadruple Lp, from 0.1
to 0.4 mgllcm=2. The reason is as follows: the increased iy, corresponds to higher oxygen

concentration loss caused by Ro, cu+apL, hence resulting in lower oxygen concentration at the

interfaces of GDL/CL as cg‘z is held constant. This indicates that Ro,cpigpr dominates in

determining the cell performance for high Lp. A tradeoff between the cell cost and
performance needs to be balanced for the CL design. Detailed illustrations of the oxygen
concentrations in pores, ionomer, and Pt surfaces, and the vapor concentrations in pores,

water content in ionomer, and the surface reaction rate at ij;,, are provided in Fig. S3.

Fig. 3 Polarization curves of CLs with different Lp,
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To assess the validity of the predicted effective oxygen diffusivities DG , , the formation

factor F, defined as the effective diffusivity normalized by the molecular diffusivity, is used.
Three sets of the reconstructed microstructures are selected to obtain the average F?'¢ for a

given porosity. Due to the sufficiently large computational domain we adopted, all of the

maximum relative deviations ongfzfCL for the given porosities are within 1%. This is

supported by Fathi et al. [55], who conducted a parameter analysis of the domain size on the
effective diffusivity and found that there is a small variability for the domain size higher than
0.5 um. To compute the local Knudsen diffusivity, the pore size diameter at each pore voids
throughout the computational domain is required. Lange et al. [56] reported a
13-avearging-length algorithm to compute the pore size distribution, however, the pore size
distribution is overestimated as addressed by Zheng and Kim [57]. Following Sabharwal et al.
[58], a sphere-fitting algorithm is adopted to account for the local Knudsen resistance in the
present work. Fig. 4(b) presents the pore size distributions with porosities of 0.2~0.65. The
mean pore diameter decreases from 80.7 to 39.5 nm with porosity. The minimum pore size
that can be characterized is 2.5 nm due to the mesh resolution. As seen in Fig. 4(a), our results
match well with Zheng and Kim [57], Shin et al. [59], Sabharwal et al. [58], and Fathi et al.
[55]. Compared with the data predicted by Lange et al. [56], our data is relatively small due to
the difference in the algorithm to obtain the PSD. Compared with the data of Yu et al. [60],
our data is relatively high possibly due to the difference in the CL microstructures, which is

also addressed in Sabharwal et al. [58].

Fig. 4 Determination of the effective diffusivity in CL, (a) comparison of average formation
factor F8 for the stochastic reconstruction methods with existing studies [55-60]; (b) pore

size distributions for different porosities

4.2 Validation of the local transport resistances

As addressed before, the reduction of the oxygen permeability coefficient in ionomer
thin-film, the limited adsorption rate at Pt surface k.45, Or a combination of them, account for
the local transport resistance. Since the experimental quantifications of the interfacial

resistance are sparse as the ionomer thickness is limited to nanoscale, three sets of the model
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parameters are thus selected based on the parameter sensitivity analyses performed later in
this section. For the model parameters presented in Fig. 4, k,q'=0 s{im! means there is no
interfacial transport resistance and [y, '=1 means the adopted permeability coefficient in
the simulation is the same as the bulk one.

As shown in Fig. 5, the simulated Ry for cases 1 to 5 with three sets of model
parameters are in high accordance with the experimental data carried out by Grezler et al. [11].
Rcp presents a roughly linear relationship with the inverse of fp; and increases greatly with
decreasing Lp.. The fit slope k of the experimental data is 1282 s[im!. This suggests that a
combination of the model parameters such as wqo, and k.45 can well reproduce R for different
Lp; with the same structural parameters (e.g., @ and y). As the simulated three curves with

different model parameters are quite similar, only the curve with the model parameters of

kaast = 60 sLIm! and wo[lwo,'=5 is selected for the following analyses. The calculated ROPZ for

cases 1 to 5 based on Eq. (2) are 1237, 1283, 1286, 1306, and 1433 s[Im’!, respectively.
Therefore, approximately a 16% increase of Rg‘2 is observed for yp,. decreasing from 0.93 to 0
with constant @ and y. As addressed by Owejan et al. [12] and Mu et al. [15], fp; cannot be
served as the only indicator to characterize the performance loss; additional geometric
considerations accounting for the ionomer surface area relative to the Pt particles are required.
The ionomer roughness factor fi,,, defined as the total ionomer/pore interfaces normalized by
Act, can be regarded as the surface area for oxygen permeating from pores to ionomer. As

Sfionfp ! decreases, a relatively smaller effective surface area for the permeation of oxygen is
expected, thereby leading to a higher Ry’ .

Based on Eq. (5), the fit slope & for the simulated data by fixing the intercept of 46 s[Im!
(i.e. Roz, ch+gpr) is around 1292 slim’!, resulting in a maximum relative deviation around

11% between the linear fitted ROPZ and that calculated of case 5 using Eq. (2). The difference is
attributed to the fact that //y is far higher than 0. Take case 1 as an example, by substituting

the values /=13.6um, D" . =2.5963x10m2(Is"! (see Fig. 4(a)), fp=14.83 mp2impyia2 (see

0,.CL

Fig. 2(f) or Fig. 3), and R; =1237 sLim™ iny = /Dy’ ., IR /fPt , one can find that //y is
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around 0.25. This indicates that errors may be introduced to estimate Rgt2 to some extent by

the linear fitting method. Nevertheless, the fit slope &k can give a general accurate relationship

between Rcr and fp;, and therefore it is adopted in the following parameter analyses.

Fig. 5 Comparison of the total transport resistance versus fp, and Ry versus Lp, between the

experimental data [11] and the numerical predicted ones with three sets of model parameters

To examine the impact of the adsorption rate k., and the ratio of the permeation
coefficients ywyllwoy! on k, parameter analyses are performed by altering wo[lwo,™! from 1 to
12 and kuqs! from 0 to 150 s[Im-!. As depicted in Fig. 6, the fit slope k increases with k4! and
wollwoo !, For the model parameters of k.4, '=0 slim™! and w,[lwo,™! =1, the fit slope is around
150 slim!, which is about one order-of-magnitude lower than the experimental one. This
result agrees well with the existing studies [2, 3, 10]. The contour line with the slope k of
1292 sl im’! exactly fits the experimental data of Grezler et al. [11]. Different sets of the
model parameters at this line represent different origins of the additional transport losses. For
example, the additional transport resistance is mainly attributed to the adsorption resistance if
the model parameters of k.4, '=122 sl im™! and o[y, ! =1 are selected, or the reduction of
the transport properties if those of k,q'=0 s[Im ! and yo[lwo, ! =10.5 are selected. Therefore,
further validation work is highly needed to demonstrate the origins of the local transport
resistance, namely, different experiments with varying ionomers, CL structure, loadings,

operating conditions, etc.

Fig. 6 Parameter sensitivity analyses of the adsorption rate k.4, and the ratio wy lyoy"! on the

fit slope k

Simulation work on cases 6 to 10 is conducted based on the experimental work
performed by Owejan et al. [12]. The operating conditions and the structural parameters of
CLs are the same with their experiment. Lp, is held as a constant at 0.025 mgllcm? by
diluting the bare carbons in Pt/C mixtures with different w. I[llustration of the Pt distribution is
provided in Fig. 2(d). As depicted in Fig. 7, the result predicted with the model parameters of
kaas =60 sLIm™! and wy[Jwoo ! =5 matches well with the experimental data. The simulated Rcp

for the studied model parameters increases with yy.. Or @. This suggests that the dispersion of
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Pt particles in carbon particles should be as uniform as possible to achieve better cell
performance. The Pt particles dispersed on the supporting primary carbons increase with o,
resulting in shorter transport pathways for oxygen permeating from pores to the active
Pt/ionomer surface [48]. However, the effective ionomer roughness factor f,,, is highly
reduced with the decreasing Pt/C mixture particles, and therefore the oxygen flux relative to
discrete Pt particles decreases due to lower f,,[Ifp;!, which also agrees with our previous
work on modeling the hydrogen transport resistance [15]. One can also find that Ry changes

the most if the model parameters of k.4 '=0 slim™! and o[y, =10.2 are adopted. This is

reasonable as ROP‘2 predicted with the above model parameters is completely attributed to the

oxygen permeation through the ionomer thin-film. Based on the above analyses in terms of
different structural parameters and the operation conditions, it is convincible to choose the
parameters of k,q,'=60 s[Im! and w, lyoo! =5 for the following studies. This also indicates
that the origin of the additional local transport resistance is attributed to the combined effects
of the reduced transport properties and the adsorption resistance at the Pt/ionomer surfaces.
The reduction of the transport properties is also supported by Mashio et al. [32], who found

that the gas permeability of the ionomer thin-film was 5 to 25% of its bulk material.

Fig. 7 Comparison of the impact of the carbon dilution on Rc; between the experimental data

[12] and the simulated ones with three sets of model parameters

4.3 Impact of the relative humidity

Typically, the cell RH is kept high enough to avoid the ohmic resistance limiting and a
resulting non-uniform current distribution. However, liquid water may accumulate and lead to
dramatic changes to Rp,.. by blocking pore voids and R, by developing an additional liquid
film. Regardless of the effect of the possible liquid water, the variation of the oxygen
permeability wo, with RH also impacts the local transport resistance. In essence, wo, is
exponentially proportional to RH as the increase in the diffusion coefficient Dj,y 0, 1s more

significant than the decrease in solubility H [34].

To explore the impact of RH on ROPZ , three different cases with Lp, of 0.03, 0.1 and 0.4

mglcm? (corresponding to cases 1, 3, and 5 in Table 1) are selected. The oxygen molar
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fraction xo, is given as 3%. RH varies from 20 to 100% while keeping the remaining

operation conditions the same. As depicted in Fig. 8(a), a slight decrease followed by a
sudden increase of ROP‘2 with RH can be observed. Qualitatively, a similar trend can be found in
the experimental works of Nonoyama et al. [28], and Iden et al. [30]. The simulated
saturations sy for different Lp, are also presented in this figure, indicating that the increase of
ROP‘2 with higher RH is mainly attributed to the presence of the liquid water. Kudo et al. [14],
Schuler et al. [22], Shen et al. [23] and Conde et al. [61] also reported a decreasing local
transport resistance with RH up to a maximum tested RH of 90%. It should be noted that

Dgfj,CL is corrected here by multiplying 1-s¢p. to include the effect of the liquid saturation on

tortuosity for the determination of ROPZ. For RH increasing from 20 to 60%, Rgt2 values

decrease 288.44, 344.58, and 408.70 slim! for Lp; of 0.03, 0.1, and 0.4 mgllcm?,

respectively. As no liquid water exists with RH up to 60%, the drops of ROPZ is entirely

attributed to the bulk diffusion in the ionomer thin-film. The limiting current density for Lp, of

0.4 mg[lcm™ is the highest, Rgt2 thereby reduces the most owing to the most humid ionomer.

Approximately a drop by 24% of Rgt2 for RH increasing from 20 to 60% is observed for Lp; of

0.4 mgllcm2. As RH increases, the water vapor in the pore voids condenses and develops

additional liquid film, resulting in higher ROP‘Z. It can be found that the liquid saturation

increases slightly with RH, which is due to the fact that the oxygen partial pressure decreases
with RH. Specifically, the oxygen partial pressure is about 19% larger at 20% RH compared
with 100% RH for the same total pressure. The relatively lower oxygen concentration may
result in a lower current density and therefore a smaller water production.

Fig. 8 (b) shows the detailed limiting current density ij;,, and the transport resistance Rcr

versus RH. Similar with ROPZ , Rcp decreases with RH first and then increases slightly. Note

that Rcp varies the most for Lp; of 0.03 mg[lcm™ owing to its smallest fp.. iji, is highly related
to the oxygen partial pressure and Rcp, and a tradeoff between the variations of the oxygen
partial pressure and Rc versus RH results in a complicated relationship between ij;,, and RH

for different Lp. For example, iy, for Lp, of 0.03 mgllcm? increases firstly owing to the
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reduced Rpjm, and then decreases owing to the decreased oxygen partial pressure and the

increased liquid saturation. Combined with the analyses above, it can be inferred that the

water transport process in CL should be considered simultaneously to analyze ROP‘2 .

At RH=80%, water vapor throughout CLs is oversaturated for Lp, of 0.1 and 0.4
mglcm?2. Fig. 8 (c¢) illustrates the liquid-water distributions in CLs for different Lp, at
RH=100%. In this figure, the liquid water is colored with cyan and the solid components of
CL (carbon, platinum and ionomer) are colored with black. As described in Section 3.2, liquid
water is randomly attached on the solid components to form water films. It is reasonable that

the liquid saturation sc increases with Lp, from 0.101 to 0.127 at RH=100%. An increase by

12% of Rg‘2 for RH increasing from 60 to 100% is found for Lp, of 0.4 mg[lcm2. Reasons can

be explained as follows. The volume fraction of liquid water at RH=100% is around 0.0826 (a
product of scp and porosity &), which is approximately 51% of the volume fraction of ionomer
thin-film (0.1628). Meanwhile, the permeation coefficient of oxygen in liquid water is
approximately 11.9 times higher than that in the ionomer thin-film. In addition, only the
liquid water film coated on non-diluted carbon mixtures contributes to the local transport
resistance. The above three factors make the hindering effect of liquid water on the local
transport resistance of oxygen insignificant. Notably, the isothermal assumption made in this
work may overestimate liquid condensation as the local heat generation (and hence
evaporation) increases as loading decreases. Therefore, additional transport resistance
originated from the liquid water may be overestimated. Finally, it should be noted that we
assume the same underlying microstructure for the various studies. This assumption is
somewhat at odds with recent results that demonstrate that CL formation is also a function of
the processing and base material interactions, which could change due to solvent, ionomer
ratio, etc. [62]. In our simulation, we do not consider this due to a lack of relevant
experimental data.

Based on the above analyses, it is suggested that a smaller oxygen concentration and
lower Lp, are favored to avoid the accumulation of liquid water. RH should be kept under 80%.

As the local transport processes of oxygen and water are closely coupled, one cannot ignore

the influence of the water transport to clarifyROP‘Z. Apart from RH, the molar fraction of
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oxygen xo; is also essential as ij;,, presents a positive relationship with xp,. The impact of xg,
on the transport resistances of oxygen is thereby presented below to further illustrate the

deconvolution of the transport resistances.

Fig. 8 Impacts of the relative humidity RH on the transport process in CL for three different

Lp, (a) ROPZ versus RH; (b) Rcy and iy, versus RH, (c) snapshots of the liquid distributions for

X ranging from 5.5 to 6.5 um

4.4 Impact of the oxygen molar concentration

To avoid the condensation of liquid water, the maximum xp, at a given RH is typically
determined by gradually increasing xo, and examining the oxygen transport resistance until a
sufficiently large variation is observed [34]. In the present work, we have examined the
impact of xp, on the transport resistances of oxygen. Three different cases with Lp; of 0.03,
0.1 and 0.4 mglicm? (corresponding to cases 1, 3, and 5 in Table 1) are selected. RH is

specified as 80%, and xq, varies from 1 to 7% while maintaining the rest parameters the same.

As illustrated in Fig. 9 (a), ROPZ value remains to be a constant for Lp; of 0.03 mg[lcm™
with xo, up to 3%, and only a 0.3% drop is observed for xo, ranging from 1% to 3% due to a
slightly humidified ionomer thin-film caused by the water production in CL. However, the
respective increases by 4.1% and 9.7% of ROP‘2 for xp, increasing from 1% to 3% are
witnessed for Lp, of 0.1 and 0.4 mg/lcm™ owing to the presence of liquid water. As xo, and
Lp; increase, the liquid water appears earlier due to a higher limiting current density.

Qualitatively our result agrees well with the experimental data provided by Oh et al. [34],

who suggested that the oxygen should be supplied at a concentration less than 4% and a RH
below 90%. Shen et al. [23] also reported a slight variation of Rg‘z when xo, ranges from 1% to
2%, and an 45% increase ROP‘2 for xp, ranging from 1% to 8%. Due to a higher RH we adopted,

the simulated liquid saturation for Lp; of 0.4 mg[lcm increases from 0.11 to 0.155 for xo;

varying from 3% to 7%, and correspondingly ROPZ increases from 1434.3 to 1494.6 s{Jm™!. The

slightly changed scr, together with the high permeation coefficient of oxygen in the liquid

water, accounts for the insignificant variation of ROPZ versus xpp. In the present study, an
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increase by 14% of ROP‘2 for xo, ranging from 1% to 7% is found. Based on the above analyses,

both Lp; and xp, should be kept as low as possible to avoid the occurrence of liquid
condensation.

Fig. 9 (b) presents the impacts of xp, on the transport resistances contributed by ionomer
Rriim and pores Rpg.. Definitions on these two transport resistances are given in Section 2.1.
For Lp; of 0.4 mgllcm™2, Rp,. increases from 1.5 to 1.7 sCim ! due to the decreased effective
diffusion coefficient and the increased local transport resistance; while Ry, increases from
5.9 to 6.8 s[Im™! due to the presence of liquid water. For Lp; of 0.03 mg[lcm=2, Rp,, increases
from 1.5 to 1.7 sUUm’!, and R, increases from 75.2 to 77.5 slIm'!. It can be found that Rg;j,
is more sensitive to the liquid saturation than Rp., and the contribution of Rp,. to the total
transport resistance can be ignored for low-loaded CL. Fig. 9 (c) illustrates the snapshots of
the liquid distributions of Lp; of 0.1 mg[lcm for different xo,. The liquid nodes colored with

cyan increase with xp,, making the oxygen permeating from pores to Pt/ionomer difficult.
Therefore, it can be found that the operation conditions are critical to clarify Rgt2 originated
from the structure itself. To maintain an under-saturated condition inside the cell, xg, of 1%

and RH of 62% are selected to investigate the impacts of the structural parameters on the

transport resistances.

Fig. 9 Impacts of the oxygen molar fractions xp; on the transport process in the CL for three

different Lp, (a) ROPZ versus Xoz, (b) transport resistances versus xoy, (c) snapshots of the

liquid distributions for x ranging from 5.5 to 6.5 um

4.5 Impact of the structural parameters

As the CL design depends on several fundamental structural parameters, i.e., Pt/C ratio @

and I/C ratio y, a comprehensive understanding of these structural parameters on ROP‘2 is

essential. To explore the impact of I/C ratio y on the transport resistances in CL, the structural
parameters of /=12 um, Lp, = 0.2 mglcm 2, o = 51.8%, and yy,c=0.5 are held as constant, and
only y changes from 0.6 to 1.3. The corresponding & and the simulated fp; with the
reconstruction method are presented in Fig. 10 (a). It is understandable that fp, increases with y

as more Pt surfaces become active for electrochemical reactions. Possibly due to the
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sufficiently higher w we adopted, only a ~6% increase is observed. With more ionomer added

in CL, ¢ decreases accordingly. As seen in this figure, ROPZ increases monotonically with y due

to a relatively thick ionomer thin-film coated on the reaction sites. The volume fraction
distribution of the ionomer thickness for y =0.6 and 1.3 are depicted in SI. The mean

thicknesses of the ionomer thin-film for y =0.6 and 1.3 are 6.5 and 15.6 nm, respectively. This

explains a higher local transport resistance ROP‘2 with y. A 42% increase of ROP‘2 is observed for y

ranging from 0.6 to 1.3. By using a hydrogen-limiting-current strategy, a 64% increase of the
local transport resistance of hydrogen for y ranging from 0.6 to 1.1 was experimentally
observed by Schuler et al. [22]. We also numerically reported a 60% increase of the local
transport resistance of hydrogen for y ranging from 0.6 to 1.1 [15].

Mashio et al. [63] attributed this phenomenon to the difference in porosity as the
effective Knudsen diffusion coefficient is affected by the porosity. Therefore, the transport
resistances of ionomer and pores versus y are also plotted in this figure. It can be found that
Rpore increases from 2.0 to 5.0 sCim™! and Ry, increases from 8.2 to 11.0 sCim’!. Therefore,
Rpyre occupies 20% to 31% of the total transport resistance for y ranging from 0.6 to 1.3. It

indicates that both the increased ionomer thickness and the decreased Knudsen diffusion

coefficient account for the increased transport resistance in CL with high y. As expected, ROPZ

increases linearly with y. However, our recent experimental data suggested that ROPZ

increases more at higher y because of more secondary-pore filling and possibly a different
structure of the CL due possibly to changing interactions of the ionomer and catalysts. In the
present study, the porosity of the CL only changes from 0.417 to 0.584 for y ranging from 1.3
to 0.6, therefore a little bit of the secondary pores may be filled due to the relatively high
porosity.

Fig. 10 (b) presents the impact of Pt/C ratio @ on the transport resistances of CL. The
structural parameters of CL are specified as /=12 pm, &=0.5, y=0.95, and y,,,.=0.5. Detailed @
and the corresponding fp, are listed in the figure. Accordingly, Lp, can be easily calculated as
agcsa is fitted as 67.11 mpLgp L. Note that Pt/C ratio w represents the catalyst mass fraction

of the undiluted Pt/C mixture. Although the ionomer thin-film may become more humidified
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with high Lp, and hence lower the local transport resistance. However, the water content
changes slightly from 4.79 to 5.21 due to the low ij;,. The ionomer roughness factor f,,, for
different @ changes slightly from 534.7 to 523.4 m;.,>[lmypa~2, while fp; changes from 20.6 to

166.5 mp[Imypa~2. This results in a decreasing effective surface area of ionomer relative to

the reactive surfaces fi,,[fp!, thereby giving rise to an increasing ROP; with w. A 49% ROPZ

increase is observed for Lp; varies from 0.03 to 0.25 mgllcm?2. As Rpy, is inversely

proportional to fp (i.e. Lp,), it decreases from 44.3 to 8.1 sLim"!. A slight change of Rp,.. due

to the impact ongt2 is observed from 3.1 to 2.6 sLim'!. Rp.. accounts for 6.5% to 24.3% of

Rcr with @ increasing from 9.8% to 60.9%, respectively. Comparing Lp; of 0.05 mg[lcm™
with that of 0.20 mgllecm?, Rcp less than triples upon quadrupling Lp. Therefore, it is
economic to design the electrode with lower @ as higher current density can be produced
under constant Lp,. This result agrees well with the distribution of the electrochemical reaction

rate j shown in Fig. S3 (a).

Fig. 10 Impacts of the structural parameters of CLs on the transport resistances, (a) 1/C ratio
y for the structural parameters of | = 12 um, Lp, = 0.2 mgllem ™2, o = 51.8%, and ypa,.=0.5;

(b) Pt/C ratio w for the structural parameters of | = 12 um, &= 0.5, y=0.95, and ypq.=0.5

5. Conclusion

Oxygen transport resistances in a reconstructed microstructure of a cathode CL were
numerically predicted using a mesoscopic method considering the detailed local transport
processes of oxygen in pores, ionomer, and liquid water. Characterizations of the
reconstructed microstructures in terms of the distributions of the carbon size, ionomer
thin-film thickness, and roughness factor were carried out. Limiting current densities for
different structural parameters under different operation conditions were obtained and
compared against experimental data based on the oxygen-limiting-current method. Local
transport resistance and the contribution of pores to Rc were analytically solved after the
effective diffusivity of CL was achieved. The main conclusions are as follows.
(1) Oxygen transport resistances in other components of the cell (i.e. CH and GDL) dominate

for high Lp. The oxygen concentration distribution in the pores is relatively uniform,
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while that in ionomer varies greatly due to the ionomer distribution and uneven

electrochemical reaction rate.

(2) The maximum relative deviation of ROP; predicted with the linear fitting method and the

analytical method is around 11%. Parameter analyses, together with the validation work
between the simulated data and the existing experimental studies in terms of different
RH and structural parameters, suggest that the combination of the reduced permeation
coefficient and the adsorption resistance accounts for the origins of the local transport

resistance.

(3) A slight decrease followed by an increase of ROPZ versus RH can be found, with the

increasing trend attributed to the presence of the liquid water. Compared with Rpyre, RFiim

is more sensitive to the liquid saturation. ROPZ increases with the oxygen molar fraction

and the platinum loading owing to the presence of the liquid water. ROPZ increases with

I/C ratio y and the Pt/C ratio @ due to the increased ionomer thickness and the decreased
Knudsen diffusion coefficient, and a decreasing ionomer surfaces area for the permeation

of oxygen per Pt site, respectively.
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Figure Captions

Fig. 1 Schematic illustration of the oxygen transport process in the CL porous structure, (a)
oxygen transport in voids; (b) local transport resistances of oxygen in ionomer thin-film; (c)

oxygen permeation in ionomer thin-film

Fig. 2 Characterization of the reconstructed CL microstructures, (a) CL morphology of case 3
(void: white, carbon: black, platinum: red; ionomer: cyan); (b) locations of Pt particles for
different Lp; of cases 3 and 5; (c) comparison of the distributions of carbon particle size and
ionomer thin-film thickness between the simulated and experimental data [16] of case 3; (d)
locations of Pt particles for different yu.e Of cases 6 and 10; (e) normalized face-average
fractions of the components along the thickness direction of case 3; (f) comparison of fp

between the simulated cases and experimental data [11, 12]

Fig. 3 Polarization curves of CLs with different Lp;

Fig. 4 Determination of the effective diffusivity in CL, (a) comparison of average formation
factor F**9 for the stochastic reconstruction methods with existing studies [55-60]; (b) pore

size distributions for different porosities

Fig. 5 Comparison of the total transport resistance versus fp, and R, versus Lp; between the

experimental data [11] and the numerical predicted ones with three sets of model parameters

Fig. 6 Parameter sensitivity analyses of the adsorption rate kags and the ratio wo'woe™ on the

slope k

Fig. 7 Comparison of the impact of the carbon dilution on RCL between the experimental data

[12] and the simulated ones with three sets of model parameters

Fig. 8 Impacts of the relative humidity RH on the transport process in the CL for three

1
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different Lp, (2) Rgg versus RH; (b) Rc. and iim versus RH; (c) snapshots of the liquid

distributions for x ranging from 5.5 to 6.5 um

Fig. 9 Impacts of the oxygen molar fractions xo2 on the transport process in CL for three

different Lp, (a) Rg; Versus Xop; (b) transport resistances versus Xop; (€) snapshots of the

liquid distributions for x ranging from 5.5 to 6.5 um

Fig. 10 Impacts of the structural parameters of CLs on the transport resistances, (a) 1/C ratio y
for the structural parameters of | = 12 pm, Lpy = 0.2 mg-cm 2, ® =51.8% , and Ypare=0.5; (b)

Pt/C ratio w for the structural parameters of | = 12 um, >.= 0.5, y=0.95, and ypa=0.5
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Dissolution-diffusion

Fig. 1 Schematic illustration of the oxygen transport process in the CL porous structure, (a)
oxygen transport in voids; (b) local transport resistances of oxygen in ionomer thin-film; (c)

oxygen permeation in ionomer thin-film
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Fig. 2 Characterization of the reconstructed CL microstructures, (a) CL morphology of case 3
(void: white, carbon: black, platinum: red; ionomer: cyan); (b) locations of Pt particles for
different Lp; of cases 3 and 5; (c) comparison of the distributions of carbon particle size and
ionomer thin-film thickness between the simulated and experimental data [16] of case 3; (d)
locations of Pt particles for different yu.re 0f cases 6 and 10; (e) normalized face-average
fractions of the components along the thickness direction of case 3; (f) comparison of fp;

between the simulated cases and experimental data [11, 12]
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Fig. 3 Polarization curves of CLs with different Lp;
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Fig. 4 Determination of the effective diffusivity in CL, (a) comparison of average formation

factor F** for the stochastic reconstruction methods with existing studies [55-60]; (b) pore
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Fig. 5 Comparison of the total transport resistance versus fp, and Rc versus Lp; between the

experimental data [11] and the numerical predicted ones with three sets of model parameters
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Fig. 6 Parameter sensitivity analyses of the adsorption rate kags and the ratio oo™ on the

slope k
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Fig. 7 Comparison of the impact of the carbon dilution on RCL between the experimental data

[12] and the simulated ones with three sets of model parameters
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Fig. 9 Impacts of the oxygen molar fractions Xo, on the transport process in CL for three

different Ly, (@) R Versus xoz; (b) transport resistances versus xoo; (¢) snapshots of the

liquid distributions for x ranging from 5.5 to 6.5 um
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Fig. 10 Impacts of the structural parameters of CLs on the transport resistances, (a) I/C ratio y
for the structural parameters of | = 12 pm, Lp; = 0.2 mg-cm 2, ® = 51.8%, and Ypare=0.5; (b)

Pt/C ratio w for the structural parameters of | = 12 um, >.= 0.5, y=0.95, and Ypare=0.5
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Table Captions

Table 1. Structural parameters of the simulated cases

Table 2. Parameters for the electrochemical kinetics and the model [32, 38, 49]



Table 1

Structural parameters of the simulated cases

Sustainable Energy & Fuels

Case | Lp(mgllcm?) [ (um) £ y 1) Vbare
1 0.03 13.6 0.65 0.95 50% 0.93
2 0.05 13.6 0.65 0.95 50% 0.89
3 0.10 11.3 0.65 0.95 50% 0.72
4 0.20 12.7 0.65 0.95 50% 0.50
5 0.40 12.2 0.65 0.95 50% 0.00
6 0.025 11.0 0.53 0.95 5% 0.00
7 0.025 10.8 0.53 0.95 7.5% 0.34
8 0.025 10.7 0.53 0.95 10% 0.51
9 0.025 10.4 0.53 0.95 15% 0.69
10 0.025 11.3 0.53 0.95 30% 0.88

The cases numbered from 1 to 5 are based on Grezler’s experimental work [11], and those numbered from

6 to 10 are based on Owejan’s experimental work [12].
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Table 2

Parameters for the electrochemical kinetics and the model [32, 38, 49]
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Parameter Value Parameter Value
Co2.ret (Mol Jm3) 4] 3.39 R (JUmol'K-1) 8.314
Diig 02 (m?[Js ) 321 6.7x107 o, B8] 0.8
E. (kJ[Jmol1) [38] 67 Piiq (kgim?3) [49] 970
EW (kg[1mol-1) [4] 1.1 Prmem (kg[m3) [4°] 1980
F (COmol) 96485 Spw (um) 200
Hiiq (Pallm>mol!)
126252 Omem (M) 40
[32]
o (AT m2) B38] 0.3 o (NOm!) 49 0.0625
Kionnigs dis (m[Js™) [ Ocrigor (°) 4 95,120
kags (ms71) 0.01667 iiq (kglm!s 1) 4] 3.51x10*
Kcrgpr (m?) 4] 1x10°13, 2x10°12 . (kJ[Jmol-1) [38] 3.0




