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1. Research procedure and methodology
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Figure S1. Flowchart of research procedure and methodology
2. Model Description

The Nernst equation is calculated form the difference of Gibbs free energy
between reaction products and reactants. When oxygen at the cathode of PEMFC is

consumed, which means its partial pressure F, decreases, resulting in a concentration

gradient of cathode reaction gas. We assume the humidity at cathode is saturated, then

the water vapor partial pressure F, , remains unchanged. At anode side, the

concentration difference caused by reaction of pure hydrogen is much lower than the

concentration difference of cathode, therefore the partial pressure of hydrogen P, can



be approximately set unchanged. The change of cathode electric potential can be

expressed as the correlation function of cathode oxygen partial pressure £, variation.

RT . P,
AV =—1 P)- 1 P)=—1In
AF () (R)= iF (P) (S1)
Since the change of oxygen partial pressure is positively correlated with the
change of oxygen concentration from the flow channel to the surface of platinum,

Equation (S1) can be written.
RT RT AC,
4F AC,

AV =

(S2)

AC is the oxygen concentration difference between flow channel C, and the

oxygen concentration on platinum surface C,, of the catalyst. According to Fick's law,

the linear diffusion flux equation of cathode oxygen diffusion flux J in the steady-state
process is simplified as the change of concentration gradient.

J=—D(%—f)=0(%> (s3)

The cathode current density i can be expressed as oxygen diffusion flux
multipling by transport electric charge of ion per mole (equation S4).

4FDAC
o

i=zFJ =

(S4)

z 1s oxidant for electron number, for oxygen is 4, F' is Faraday constant. When
all the oxygen which spreading to the platinum surface of cathode catalyst has been

reacted, the cathode catalyst platinum surface oxygen concentration C,, was equal to

zero, the current density of the PEMFC achieved its maximum. At this time AC is

flow channel oxygen concentration C,,, current density is PEMFC limiting current
density i .

i —zry=2F l; Co

(S35)

In general, the relationship between oxygen concentration at cathode catalyst C,,

and current density of PEMFC i can be obtained by (equation S6).

_4FD(C,,-C})
B 5

=zFJ

(S6)



It is assumed that AC, and AC, are the concentration differences between

limiting current density and general current. The reactant type, reactant concentration,
and reactant condition are also to be consider for the model calibration [49]. Then, the
analytical formula of PEMFC concentration overvoltage model (equation S7) is
obtained by substituting (equation S5), (equation S6) with (equation S2).

I/con :E(l—i_zj ln(l_L)
F\4 o »

(S7)

lim

The exchange current density analytic equation (equation S8) [43], which is used for the
initial value calculation of the exchange current density in order to calibrate the
activation overvoltage model.
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3. Methods for measuring oxygen transport resistance

(S8)

Table S1- Method for measuring oxygen transport resistances.

Experimental
Method

Experimental
variable

Theory

Summary

1. Intercept
method
(Zhaohui Wan)
[22].

cathode
pressure,
cathode
oxygen
concentration,
PEMFC
temperature

Using different cathode pressure £,

condition of C, /i _to calculate

R

ol » DlOting R, image in terms

of P, andget R, , reverse

lengthening image and get intercept

of R
condition and separate RCL, Knud

R
R

her » Change temperature

CL.ion *

other = RCL,Knud + RCL,ion

* The method can use
a conventional single
PEMEFC reaction
device.

* A MEA with a small
effective area and a
large flow rate of
reactive gas are
required to reduce the
effect of cathode
flooding on oxygen
transport resistance
measurement.

* This method
requires an adjustable
flow mixing device to
configure reactive
gases with different
oxygen
concentrations.

* This method
requires the
preparation of an inert
balanc gas.

* This method needs
relatively more
experiments.

2. Variable
humidity
measurement
method

cathode
pressure,
cathode
oxygen
concentration,

The method to get R, is same as
intercept method. Using the influence
of different humidity for R, ,,, to

* The humidity of the
cathode has a direct
effect on the drying of
the proton exchange
film (decreased




(Hwanyeong)
[4].

cathode
humidity

get the separation of R, . . and

R

CL,ion *

conductivity) or the
flooding of the
cathode gas diffusion
layer, catalyst layer,
etc. The above
interference factors
make the method
difficult to obtain

accurate RCL’ ion

measurement results.
Therefore, this method
is rarely used.

3. Switching
balance gas
method
(Nonoyama)
[21]

type of cathode
balance gases,
PEMFC
temperature

Using different diffusion coefficient
for oxygen in balance gases (N, .
He) to separate R, .
RDM,NZ _ DE)@[,HE _ R
R

- Df?/f
R

R
R

total ,N, — Nother

R

DM ,He total ,He -
+R

=R

DM ,N, other

other CL,Knud CL,ion

Separating RCL,Knud’ RCL,ion by

variable temperature conditions.

* This method
requires an adjustable
flow mixing device to
prepare low
concentration reactive
gas.

* This method
requires the
preparation of two
inert equilibrium gases
(e.g. N2, He).

* This method needs
fewer experiments and
it is widely applied.

4. Multiple
balance gases
intercept
method [28].

type of cathode
balance gases,
PEMFC
temperature

Applying the linear relation between
reciprocal of total mass transport

coefficient k£ and molecule mass of
balance gas, the ionomer phase mass

transport coefficient k, is separated.
i RTS
D ﬁ 1 1 1

5:—: _:_+_
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D= = KRT

e e

*In order to improve
the test accuracy, it is
necessary to prepare a
variety of high
molecule weight
balance gases in
advance, which
increases the difficulty
of the experiment.

5. Stacking
method (Baker
) [50-52].

cathode
pressure,
PEMEFC
temperature,
gas diffusion
layer of
different
thickness
(carbon paper
, microporous
layer)

A combination of gas diffusion layers
of different thickness is used (carbon

paper, microporous layer) to

separate R, from R_ .

* This method
requires to prepare
different thickness of
gas diffusion layers
(support layer,
microporous layer),
the preparation is
difficult and
complicated.

* Special gaskets with
corresponding
thickness to seal the
PEMEFC for different
gas diffusion layers
are required.

* This method cannot
completely separate all
three contributions
(molecular, Knudsen
diffusion, and ionomer
permeability) .




4. Humidification module and mass flow conversion module

Since this study focuses on cathode oxygen transport resistance of PEMFCs, the
cathode/anode inlet air pressure and humidity simulation accuracy are required to be
relatively high to simulate real humidification equipment. Therefore, it is necessary to
establish a cathode/anode inlet air humidifier module to humidify the reaction gas at a
specified flow rate and meet the purpose of cathode/anode inlet air pressure. The
humidifier can accurately adjust the inlet pressure of PEMFC cathode/anode by
controlling the inlet pressure of humidifier. According to the actual cathode input gas
flow, humidity, dry oxygen mole fraction and the setting target of gas output pressure,
temperature and humidity of the humidifier, cathode humidifier module can describe
detail gas mass flow, pressure, humidity, dry oxygen mole fraction and other parameters
at the outlet of the humidifier through the analytical formula of one-dimensional model.

Based on ideal gas state equation, the mass flow rate of cathode gas is.

_dn_My,op av PMo no My (1-5%)) ar g
4t RT  dt RT dt
The saturation vapor pressure of the cathode can be calculated by.
log,, (Py'y)=2.95x107-T=9.19x107° - T~ +1.44x107 - T (S10)
The specific humidity of cathode can be calculated by.
M atm M ) i
a)ca’wm — )% . ¢atmpsat — v . ,Cd, (Sll)

atm
a,ca,in patm - ¢atmpmt a,ca,in a,ca,in
The mass flow rate of dry air at cathode is expressed as.

ca,in

1+ w

ca,in

a,ca,in (512)
The modeling principle of anode humidifier module is the same as that of the
cathode. There is no need for further elaboration.
Most of the cathode/anode of PEMFC test stand takes the volume flow rate as the
unit of inlet gas flow. When estimating the cathode molecule diffusion resistance, it is

necessary to convert each inlet gas component (0,, N,, H,0,,,) into mass flow rate

in advance to facilitate the calculation of actual component content of each gas.
Similarly, in the calculation of Nernst reversible voltage, the partial pressure of each
gas also needs to be derived from the calculation result of gas mass flow. Therefore, it
is necessary to build a mass flow conversion module at the intake port of PEMFC. The
crucial physical quantities of the module are calculated as follows.

Oxygen mass fraction

B M 0, %0,
My x, + M, (1-x,)

Yo, (S13)



Nitrogen mass fraction

1 M, xo,
Yy, =17 (S14)
M, x, +M, (l—xo2 )
Oxygen mass flow = dry oxygen mass flow * oxygen mass fraction
Yo,
WOZ = X VVca,m (515)
(1 + a)ca,atm )
Nitrogen mass flow = dry oxygen mass flow * nitrogen mass fraction
In,
W, = —= (S16)

Table. S2 operating conditions and parameters of MEAT1 [21].

PEMFC operating | Value

conditions

cathode pressure 150kPa

cathode flow 650cm’ /min
oxygen concentration 1%

Cathode stoichiometric 8

balance gases | N2 99%, He 99%
concentration

cathode humidity 90%

PEMFC temperature 50°C 60°C 70°C 80°C
MEA parameters Value

proton exchange | NRE211 25.4um
membrane type

Pt loading 0.2mg/cm?

carbon paper thickness 200um
microporous layer | 70pum

thickness

effective area of PEMFC | lcm?

I/C ratio 0.8

Table. S3 operating conditions and parameters of MEA2 [22].

PEMFC
conditions

operating

Value

cathode pressure

150, 200, 250, 300kPa

cathode flow 4000cm?®/min
oxygen concentration 0.5%, 1%, 1.5%, 2%
Cathode stoichiometric >14

cathode humidity 70%




PEMFC temperature 40°C 50°C 60°C 70°C
MEA parameters Value
proton exchange | EW870 15um
membrane model
Pt loading 0.4mg/cm?
thickness of gas diffusion | 250um
layer
effective area of PEMFC | 2 cm?
I/C ratio 0.8
5. Fuel cell test bench

Figure S2. 2cm?single fuel cell.

6. Structural parameters of MEA model

Table. S4 structural parameters of MEA1.

MEAI catalyst Value
h,,, » thickness of gas diffusion layer m 0.000110
Tema » Catalyst pore radius m 0.00000015

h., .effective thickness of catalyst layer m 0.0000069




1, » €ffects of agglomerate radius m 0.000000099
&, >pore volume fraction of catalyst layer 0.537
L ., > volume fraction of ionomer in|0.4
agglomerates

Table. S5 structural parameters of MEA2.
MEAI catalyst Value
h,,, , thickness of gas diffusion layerm 0.000250
Tema » Catalyst pore radius m 0.0000005
h., , effective thickness of catalyst layer m 0.000071
1, » Cffects of agglomerate radius m 0.000000050
&, » pore volume fraction of catalyst layer 0.537
L ., > volume fraction of ionomer in|0.4
agglomerates

7. Oxygen transport resistances simulation
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Figure S3. Oxygen transport resistances simulation result compared with experiment
data.

8. Concentration overvoltage model validation at 250 kPa cathode pressure
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Figure S4. Concentration overvoltage model validation with polarization curve at 250



kPa cathode pressure for MEA2. (a) General diagram of polarization curve. (b) Partial
enlargement of polarization curve.

9. Methods for measuring oxygen transport resistance in detail
The total oxygen transport resistance is composed of three mass transport
subresistances, namely the ionomer/water membrane permeation resistance, the

Knudsen diffusion resistance and the molecular diffusion resistance, 1i.e.

R = Repion T Rey sua + Rotp .Based on Faraday's law
R,. :£:4_FAC:4—FM x" , ACis the difference in oxygen concentration
g i, RT >

between the flow channel and the catalyst at the platinum surface, in the situation of

limiting current, AC is the oxygen concentration in flow channel. Therefore, R ,, can
be obtained simply by measuring the limiting current densityi, .

For R Rey kma and Ry, detailed quantification, the “switching balance gas”

CL,ion
method can be applied indirectly to obtain them. The core idea of the quantification

method is to separate R

tion > Rer xma» @0d R, one by one by taking advantage of the

different sensitivity of each oxygen transport subresistance by temperature and balance

gas type. The switching balance gas method uses oxygen transport subresistance for

pressure sensitivity to divide R where

o 1Nt0 R, and R

other ?

R

other

= RCL,ion + Res knua (S17).

Then the total oxygen transport resistance in nitrogen and helium can be expressed

as

(S18) and R,y 170 = Ruspsie) + Roper (S19)-

other

Rtotal(Nz) = RMD(NZ) +R

The diffusion coefficient of oxygen in a multicomponent gas (nitrogen/water, vapor

or helium/water, vapor) can be expressed as
-1
Ne oo x. w, M, . W,  -M
D02:N2 — Z J — N, Ca,in Va
=1 D, Wc«,m .MNz 'D02:N2 W(’a,m M

A:
Jj#A /

-1

cn | (S20).

va 2 0,va




4
D — i xj _ WHe ) MCa,in + WVa ) MCa,in (SZI)
Oy:He ~— - :
: j;:elA DAQ/' WCu.m 'MHe 'D023N2 Waz,m 'MV‘I "0y va
J

x; can be expressed as the molar fraction of helium, nitrogen, and water vapor.

We associate equation (S19) with (S18).

RMD(Nz) = Rtotal(Nz) -R (S18)

other
Rypcey = Riovarcriey = Rother (S19)

When switching reaction balance gas (%1 oxygen/%99 nitrogen switching to %1

oxygen/%99 helium), R, R, xuma are not affected by the switching of balance gas,

Jon

i.e. R has zero sensitivity for switching balance gas. According to equations (S20)

other
and (S21), R,,, is highly sensitive to the reaction balance gas. Placing zero sensitivity

variables (0 sensitivity to reaction balance gas) on one side of the equation, equation
(S22) can be obtained by equation (S18) and (S19).
R D, R

MD(N,) _ 0,:He _ "Motal(N,) _Rother (822)

R D R R

MD (He) 0y:N, total (He) —

other

D, ..
and —2= , then R
0,:N,

By calculating R can be obtained. Nonoyama set 4

total other

PEMFC temperature measurement points (50°C, 60°C, 70°C, 80°C) for oxygen

transport resistance measurement, then 4 R , ~values and 4 R, values can be

other

obtained with the same procedure above.

2 8RT 57 H, .,
R ud ( )_0.5 (823) and R ion — %# (824)’
e 3rKnud A - Ai({lfc Dion,OzRT

In Equation (8), the ratio of diffusion coefficient D, to Henry's constant

ion,0,
Hion,Oz is
Dino, _ 35751075 ex 1 28(RE Y xexpl 22 L Lyj(s2s)
: pLl- P Sss T '

ion,0,

From this we conclude that the temperature sensitivity of R, x,,, and R, is



05 ~1_17200/RT :
T 7and T e , respectively.

-0.5 ~1_17200/RT
Therefore, RCL,Knud <I, RCL,ion =T e .

Since r,,,, 62 , and A7 are the hard-to-measure structural parameters of

ion ion

0% and AY as unknown

ion ° ion

R, kma and R, , respectively. We consider 7, ,

quantities. We make

Ry o = AT (S26), Ry, = BT '™ (827).
A and B are the coefficients of R x,.,, and R, ., , respectively, then

R — AT—O.S +BT—lel7200/RT (828).

other

The R values for four PEMFC temperature measurement points (50°C, 60°C,

other

70°C, 80°C) have been quantified. Then the coefficients 4 and B can be considered

as solutions of the quadratic equation of equation (S28). The solutions A and B of

equation (S28) are brought into equations (S26) and (S27), then R 4,,, and R,

at different temperature conditions are obtained.

The values of R

r.ion Repxma @nd R, can be obtained by indirect measurements of

using switching reaction balance gases method. Due to the complexity and irregularity

of the structure of gas diffusion layer, microporous layer and catalyst layer, the hard-to-

eff eff ;
measure structural parameters /4, , ., O, and A7 are the numerical values we
need to fit within a reasonable range after determining the oxygen transport
subresistances.

Similar to the method of “switching balance gas”, the “intercept method” can be used

to separate each value of R, ., Re, 4.0 and R, .

P-P
_AC_4F o 4FP-P

Firstly, equation R w x"e is used to obtain R, at
i i RT :

total total

different inlet pressures under limiting current condition. The image of the function is

plotted with horizontal coordinate P and vertical coordinate R_ . Since for R, R

total * total > “*MD



is positively correlated with P, while R, ,,

and R, ;.. are not affected by P,

therefore R

total

is linearly correlated with P. When P=0, it is considered that R, =0.

When the R - P linear image is extended in the reverse direction, the image is at the
intersection point of the vertical axis R, that means when P=0, R, =R , . Atthis
time, R, 1S separated at the temperature 7, . Subsequently, R, measurement

experiments are carried out at different temperature conditions. Then, at different

temperature conditions, R , ~can be quantitatively obtained. The quantification R

ther CL,ion

and R 4, methods are the same as the switching reaction balance gas method, which

is not repeated here. Similarly, the mass transport structural parameters h,,, , 7., 02

ion

and A7 are also the numerical values that need to be fitted in our manuscript.
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