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Abstract

Hydrophobicity of the cathode catalyst layers (CCLs) crucially determines the performance of proton exchange
membrane fuel cells (PEMFCs) by affecting the transports of oxygen and liquid water. In this regard, polytetra-
fluoroethylene (PTFE) is usually used as a hydrophobic additive to facilitate the oxygen and water transports in CCLs.
So far, there remains lacking systematic effort to optimize the addition methods of PTFE in CCLs and the mechanisms
behind. In this work, the effects of the approaches for PTFE addition and the distribution of PTFE on the mass
transport of oxygen and the proton conduction in CCLs were studied by using a number of electrochemical char-
acterization methods and contact angle tests. It was found that direct adding PTFE molecules is a better way than
adding the PTFE-modified carbons to improve the electrochemical properties of CCLs, since the latter causes an
increase in the proton transport resistance, whereas the direct molecule addition results in the obviously improved
oxygen transport without affecting the proton conduction. In addition, the gradient distribution of PTFE in CCLs,
more specifically, adding PTFE near the interface between CCL and gas diffusion layer (GDL), yielded higher catalyst
utilization than the homogeneous distribution of PTFE due to the lower oxygen transport resistance.

Keywords: Proton exchange membrane fuel cells; Cathode catalyst layer; Hydrophobicity; Polytetrafluoroethylene;
Oxygen transport resistance

1. Introduction

The development of environmentally friendly
energy technology has been the common pursuit of
the society to cope with the global warming prob-
lems causing by fossil fuel consumption. Among the
various energy systems, proton exchange mem-
brane fuel cells (PEMFCs) have received wide-
spread attention for their high energy density, high
energy conversion efficiency, low operating tem-
perature, and almost zero emission [1,2]. However,
the cost of PEMFCs is a serious constraint to their
commercialization, and in order to reduce costs, it is
especially critical to improve catalyst utilization [3].
As the core component of PEMFC, the membrane
electrode assembly (MEA) is the site where the
electrochemical reaction takes place directly, and its
structure directly affects the catalyst utilization [4].
Compared with the anode catalyst layer where the

fast hydrogen oxidation reaction (HOR) occurs, the
design of cathode catalyst layer (CCL) structure re-
quiresmore consideration for its sluggish kinetics of
oxygen reduction reaction (ORR) and complex gas-
liquid transport process [5]. At high current den-
sities, the formation of liquid water inside could
substantially hinder the oxygen transport and cause
a significant voltage drop during operation [6].
Therefore, to facilitate the flowing of water and in-
crease the accessibility of oxygen to platinum (Pt), it
is necessary to optimize the hydrophobic structure
of the CCLs.
Most of research to optimize the hydrophobicity

is to add PTFE to the CCL [3,7,8]. Chi et al. [8]
prepared MEAs containing different PTFE load-
ings and found that the appropriate amount of
PTFE could significantly enhance the performance
and stability of MEA. They concluded that the
increased hydrophobicity of CCL effectively
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removed the excess water and the reaction gas
could reach the reaction site more easily. Avcioglu
et al. [7] used a two-step method to add PTFE into
the CL to construct hydrophobic mesoporous
channels, which reduced the oxygen transport
resistance at large current densities and increased
the power density of the MEA. However, the MEA
performance decreased dramatically when the
PTFE loading exceeded a certain amount, which is
generally attributed to the excess PTFE covering
the active sites of the catalyst and reducing the Pt
utilization [9]. To avoid the disorderly distribution
of PTFE within the CL, some composite hydro-
phobic additives formed by pretreatment of PTFE
have also been applied to the CL to improve the
water management. Wang et al. [10] combined
PTFE and solid carbon particles (XC72) at high
temperature to make a special strongly hydro-
phobic carbon material, achieving the goal of
constructing hydrophobic gas transport channels
without affecting the catalyst activity. Similarly,
Cai et al. [11] combined PTFE and carbon nano-
tubes (CNTs) to generate CNTs@PTFE, which were
added to the CL to improve water management.
These studies, as mentioned above, focused on

tuning the hydrophobicity/hydrophilicity balance.
Another strategy for improving PEMFCs perfor-
mance and water management is to design the
CCLs structure [12e14]. Lee et al. [12] prepared a
double CCL structure of MEA with a hydrophilic
outer layer and a hydrophobic inner layer, which
was used for PEMFC at low relative humidity.
They found that the MEA with a double-layer CCL
had higher performance and lifetime than MEA
with a single hydrophobic CL or a single hydro-
philic CL. A double CCL structure MEA with a
hydrophilic inner layer and a hydrophobic outer
layer was designed by Qiu et al. [13]. Compared
with the conventional single-CCL structure, this
double-layer structure produced better Pt utiliza-
tion, reduced interfacial resistance between CL
and GDL, and enhanced gas transport, resulting in
a better performing MEA. However, most studies
usually focus only on the improvement on the
polarization curve and the mechanisms behind
have persisted incomplete.
In thiswork, wefirstly optimized the PTFE addition

method by catalyst coated membrane (CCM)
method, and then investigated the effects of direct
PTFE addition and hydrophobic carbon after PTFE
treatment on the MEA performance by electro-
chemical characterizations, and discussed the influ-
encing mechanisms of both proton transport and
oxygen transport. Further, based on the optimization
results, a special CL structure with the gradient dis-
tribution of PTFE was designed to investigate the

effect of different PTFE distribution positions on the
MEA performance.

2. Experimental

2.1. Preparation of MEAs

The active area of all the MEAs used in this study
was 4 cm2. Firstly, 40 wt% Pt/C catalyst (Johnson
Matthey) and 5 wt% Nafion solution (DuPont
D520, USA) were dispersed into isopropyl alcohol,
and then the mixture was sonicated for 120 min to
ensure uniform dispersion. Afterwards, the
required amount of hydrophobic additive (PTFE or
PTFE@XC72) was added to the CCL ink and soni-
cated for 30 min. The catalyst ink was then sprayed
on both sides of the proton exchange membrane
(NR211, DuPont, USA) using a gas-assisted
spraying method and heated at 80 �C to evaporate
the solvent to produce CCM. The loadings of Pt on
the anode and cathode were 0.1 and 0.2 mg$cm�2,
respectively, and the mass ratio of ionomer/carbon
was 0.5 (Figure S1 shows that the optimal mass
ratio of ionomer/carbon was 0.5). Finally, MEAs
were prepared by assembling the CCM and the
anode/cathode GDL (Ballard).
PTFE is a stable and high temperature resistant

polymer with a wide range of applications in the
MEA. Therefore, we believe that the addition of
PTFE into the CL will not adversely affect the sta-
bility of the PEMFC.
The parameters of the different MEA samples

prepared in this work are presented in Table 1. It is
worth noting that “In” and “Out” in the sample
names refer to the distributions of the additives
close to the PEM and close to the GDL, respectively.
For example, in the case of “MEAþ0.1 P-Out”, a total
of 0.1 PTFE/carbon mass ratio of 0.5 wt% PTFE
emulsion (Aladdin) was added in the CL, and all
PTFE was distributed in the CL near the GDL.

2.2. Preparation of PTFE@XC72

A certain amount of XC72 was weighed in a
beaker, and amixture of ethanol and ultrapurewater
was taken to submerge XC72 with the volume ratio
of 3:7 of ethanol to water. After an ultrasonic
dispersion, 0.5 wt% PTFE emulsion was added drop
by drop, the amount of PTFE emulsion required was

Table 1. Detailed information of fabricated CCMs.

Sample Type of additive Loading of additive

control MEA e e

MEAþ0.1 P PTFE PTFE/Carbon ¼ 10 wt%
MEAþ0.36mgPC PTFE@XC72 0.36 mgPC
MEAþ0.1 P-Out PTFE PTFE/Carbon ¼ 10 wt%

Journal of Electrochemistry, 2023, 29(9), 2207061 (2 of 10)



twenty percent of the mass of XC72 to calculate the
volume of PTFE. After the dropwise addition, the
sonication was continued until it was as disperse as
possible, and ethanol was added dropwise under
sonication oscillation until the volume ratio of
ethanol to water became 4:1. Themixed solutionwas
evaporated at 130 �C and PTFE was attached to the
carbon surface. The resulting product was calcined
at 330 �C for half an hour in an argon atmosphere to
obtain PTFE@XC72 solid particles, named PC.
The prepared PC and solid carbon XC72 pow-

ders were adhered to the conductive adhesive, and
their microscopic morphology was characterized
by SEM. As shown in Figure S2, the particle sizes
of hydrophobic carbon and XC72 nanoparticles
were similar, and there was no significant change
in the morphology and no large PTFE agglomer-
ates appeared, indicating that this hydrophobic
carbon preparation method could achieve uniform
distribution of PTFE on carbon.

2.3. Physical characterizations

The surface hydrophobicity of the CCL was char-
acterizedbyanoptical contact anglemeter. 5mLwater
droplet was dropped on the surface of the sample
with amicroinjector at room temperature, the surface
contact angle was obtained by photographing.
Scanning electron microscope (SEM, zeiss Merlin

Compact) was principally applied to examine the
surface morphology of MEAs. As shown in Figures
S3 and S4, all CLs had similar surface structures, i.e.,
a porous structure composed of catalyst and ion-
omer. Among them, all the catalysts in the CLs
prepared by different hydrophobicity optimization
methods were very uniformly dispersed with no
appearance of large agglomerates.

2.4. MEA electrochemical characterization

The electrochemical performance of the MEA
was evaluated through polarization curve (i-V
curve) measurements on the Scribner 850e fuel cell
system equipped with a load and frequency
analyzer. The cell temperature was set to be 80 �C
with pure H2 and O2 externally humidified (100%
RH) being fed to the anode and cathode, respec-
tively. Gas flow rates were constant at 0.6 L$min�1

for both the electrodes. The electrochemical
impedance spectra (EIS) were tested at
10 kHze0.1 Hz with a sine wave potential ampli-
tude of 10 mV.
The proton transport resistance in the CL was

measured at 80 �C using EIS [15]. H2 (100%RH) and
N2 (100%RH) were supplied at the anode and
cathode, respectively, at flow rates of 0.2 L$min�1.
Nyquist plots were recorded by BioLogic SP300 in

the potentioststic EIS mode at 0.4 V with the AC
amplitude of 15 mV from 100 kHz to 1 Hz.
The electrochemical surface area (ECSA) was

measured by cyclic voltammetry (CV) using a poten-
tiostat (CorrTest). The gas flow rates ofH2/N2 for both
the anode and cathode were 0.2 L$min�1 at 80 �C and
100%RH. The hydrogen-fed anode was used as both
the reference electrode and counter electrode. The
cathode as the working electrode was swept from 0.1
to 1.23 V and then back to 0.1 V at a potential scan rate
of 500mV$s�1. Thecyclewas repeateduntil nochange
in the CV shape was observed, and then 5 cycle scans
were obtained. The ECSA was calculated from inte-
gral charges corresponding to the hydrogen atom
adsorption ranging from 0.1 to 0.4 V.
The limiting current method was used to test the

oxygen transport resistance by stepping from the
open circuit potential to 0.1 V at a rate of change of
5 mV$s�1 and then returning to the open circuit
potential at the same rate, and repeating five times
to obtain the limiting current. The limit currents
were tested at the three pressures of 100 kPa,
150 kPa and 200 kPa, and four oxygen concentra-
tions of 1%, 2%, 4% and 8%. The slope of the
straight line obtained by fitting the limiting current
to the oxygen concentration gives the oxygen
transfer resistance of the CL.

3. Results and discussion

3.1. Effects of PTFE addition methods

First, we investigated the effect of PTFE addition
on the electrochemical performance of the MEA.
From Fig. 1(a), it can be seen that with the increase
of PTFE content in the CCL, the peak power den-
sity first increases and then decreases, indicating
that the proper amount of PTFE enhances the MEA
performance, while the excessive amount of PTFE
weakens the MEA performance. The best MEA
performance was obtained when the mass ratio of
PTFE/carbon (P/C) was 0.1, showing the current
densities of 320, 2300, and 4261 mA$cm�2 at 0.8, 0.6,
and 0.4 V, respectively; and 337 mA cm�2 higher at
0.4 V than the MEA without PTFE in the CCL.
From the polarization curves, the addition of PTFE
mainly raised the performance in the large current
range, which seems to be similar to the reported
results [9]. As shown in Fig. 1(b), the CV curves
also show the same trend as the performance, that
is, the ECSA increasing from 236 cm2$mg�1 to
255 cm2$mg�1 with P/C ¼ 0.1, and then decreasing
to 201 cm2$mg�1 with P/C ¼ 0.2. At P/C ¼ 0.2, both
the MEA performance and ECSA were reduced,
because the excess PTFE might cover some Pt
active sites, increasing the charge transfer resis-
tance, and at the same time, it might block some of
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the pore, making the reaction gas transport limited
[8].
Fig. 1(c and d) shows the EIS of MEAs with

different PTFE contents. The high frequency inter-
section of the semicircle on the horizontal axis is the
high frequency resistance (HFR), which indicates
the total ohmic resistance of the MEA (RU) [16].
Generally, the ohmic resistance of MEA is mainly
related to the proton conductivity of PEM and the
conductivity of the CL. It can be seen that the HFR
data of each MEA are almost the same at 0.8 V and
0.6 V. This indicates that the small amount of PTFE
has little effect on the conductivity of the CL. At
0.8 V, as shown in Fig. 1(d), different MEAs present
similar impedance semicircle sizes. At this time, the
current density is low and electrochemical polari-
zation occupies the major part of the polarization
loss, which indicates that the proper amount of
PTFE has no significant effect on the activity of the
catalyst. As the cell voltage decreased from 0.8 V to
0.6 V, the current density increases and the diam-
eter of the semicircle in the Nyqiust plot decreases.
Fig. 1(c) shows the decreased EIS semicircle diam-
eter in an order: MEAþ0 P > MEAþ0.2 P > MEAþ
0.1 P. This corresponds to the polarization curve,
where the MEA with lower resistance has a better

performance. This indicates that the addition of
PTFE improves mainly the resistance at large cur-
rent density which may be due to the improvement
of gas-liquid transport channels.
As can be seen in Fig. 1, the addition of PTFE

mainly improves the performance at large current
density when mass transfer is the main factor
affecting the performance of MEA. In order to
investigate the reason for the improvement of PTFE
on the MEA performance, the proton transfer resis-
tance and oxygen resistance were characterized, as
shown in Fig. 2. It obviously demonstrates that the
oxygen transport resistance of the MEA containing
PTFE is significantly lower than that of the control
MEA. By inverting the linear relationship between
oxygen transport resistance and gas pressure to zero
pressure, the pressure-independent resistance (Rnp)
is obtained, which is mainly related to the oxygen
transport in CCL. As shown in Fig. 2(b), the Rnp fol-
lowed by the order of MEAþ0 P (0.78 s$cm�1) >
MEAþ0.2 P (0.72 s$cm�1) > MEAþ0.1 P (0.56
s$cm�1), indicating that PTFE improves the oxygen
transport in the CL. The addition of PTFE is benefi-
cial to both the diffusion of the oxygen in the CL and
the gas-liquid transport channels within the CL.
Fig. 2(c and d) shows the results of the proton

Fig. 1. Electrochemical responses of MEAs with different PTFE contents: (a) polarization and power density curves; (b) CVs and ECSA plots;
(c) EIS at E ¼ 0.6 V; (d) EIS at E ¼ 0.8 V.
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transport resistance test. As can be seen from the
figures, the addition of PTFE has no significant effect
on theproton transport resistance. This indicates that
the improvement of performance in the MEA is
mainly due to the reduction in oxygen transport
resistance.
To avoid the disordered distribution of PTFE in

the CL, PC (PTFE@XC72) was added to the CL. As
shown in Fig. 3(a), the MEAþ0.36mgPC exhibited
the highest current density of 4185 mA$cm�2 at
0.4 V, which was 261 mA$cm�2 higher than that of
the control MEA. The polarization curve with the
PC addition is the same as the MEA with the PTFE
addition, and the addition of PC also mainly im-
proves the performance at large current density.
The CV test results (Fig. 3(b)) show that the addi-
tion of PC increased the ECSA value of the MEA to
266 cm2$mg�1, which improved the catalyst utili-
zation. The performance improvement of the MEA
with the PC addition was less than the expected as
compared to that of the MEA with the direct PTFE
addition, which may be due to the carbon particles
increasing the thickness of the CL, resulting in a
longer transport path of the reactant material. As
shown in Fig. 3(c and d), the HFR values were
almost constant at 0.6 V and 0.8 V, which indicates
that the addition of PC has little effect on the
conductivity of the CL.

As shown in Fig. 4(aeb), the Rnp values of the
MEA with three different PC contents were 0.78,
0.74 and 0.80 s$cm�1, indicating that the oxygen
transport resistance of the CL had a trend of
decreasing and then increasing with the addition
of PC. Fig. 4(ced) shows that the proton transport
resistance gradually increased from 10.5 mU to
21 mU with the increase of PC content in the CL
relative to the control MEA. As seen in Figure S5,
the increase in proton transport resistance might
be caused by carbons, and PTFE could suppress
this increase, i.e., reduce the proton transport
resistance. This means that although the addition
of PC can improve the channel of gas-liquid
transport. However, when too much PC is added to
the CL, the increase in the thickness of the CL will
elongate the reaction material transport path, and
thus increase the oxygen transport resistance and
proton transport resistance. This is the reason why
the effect of PC addition in MEA is not as effective
as that of PTFE addition.
To further investigate the effect of the change of

hydrophobicity of the CL surface on the MEA
performance, the contact angle of liquid water on
the surface of different CLs was characterized (as
shown in Fig. 5), and the contact angle of the
control CCL was 134.9�. As expected, the contact
angle was increased after the addition of

Fig. 2. The graphs showing oxygen transport resistances (aeb) and proton transport resistances (ced) of MEAs with different PTFE contents.

Journal of Electrochemistry, 2023, 29(9), 2207061 (5 of 10)



Fig. 3. Electrochemical responses of MEAs with different PC contents: (a) polarization and power density curves; (b) CVs and ECSA plots; (c) EIS
at E ¼ 0.6 V; (d) EIS at E ¼ 0.8 V.

Fig. 4. The plots showing oxygen transport resistances (aeb) and proton transport resistances (ced) of MEAs with different PC contents.
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hydrophobic additives. In particular, the contact
angle of the CL after the addition of PTFE was
138.5�, while that after the addition of PC was
145.8�. This indicates that both hydrophobic addi-
tives improved the gas-liquid transport channels
within the CLs, where the hydrophobicity of PTFE
and XC72 was improved even more after the heat
treatment. The trends of polarization curve per-
formance and contact angle were different, and the
current density values of MEAþ0.2 P and
MEAþ0.36mgPC were relatively close at each po-
tential. This can indicate that the change of hy-
drophobicity on the CL surface is not the key to
determine the MEA performance, while the
changes of oxygen transport resistance and proton
transport resistance within the CL are crucial.

3.2. Gradient distribution of PTFE

Based on the optimization of PTFE addition
method, the effect of the gradient distribution of
PTFE on the MEA was investigated by changing
the distribution of PTFE in the CL. Fig. 6 shows the
polarization curves, CV curves and EIS of the MEA
with the gradient distribution of PTFE. As shown
in Fig. 6(a), at P/C ¼ 0.1, there is a decreasing ten-
dency in the peak power density: MEAþ0.1 P-
Out > MEAþ0.1 P-In > MEAþ0.1 P. At 0.4 V, the
current density of the MEAþ0.1 P-Out was
426 mA$cm�2 and 515 mA$cm�2 higher than those
of theMEAþ0.1 P-In andMEAþ0.1 P. This indicates
that the gradient distributed structure near the GDL
is more favorable for the performance improve-
ment.With further increase in the PTFE content, this
gap decreased to 154mA$cm�2 and 396mA$cm�2 in
the MEAwith P/C of 0.2 (Figure S6). In the previous
results, the optimal ratio of PTFE was also 0.1. This
means that when an excess PTFE is added to the CL,
both the outer and inner distributions have a sig-
nificant effect on the MEA performance. Local
excess PTFE can block the gas-liquid transport
channels and even cause agglomeration of the
catalyst, thus hindering the reaction. The CV curves
show that the CL structure with PTFE distributed
close to the GDL has a higher catalyst utilization

(Fig. 6(b)). This may be due to the fact that the
gradient distributed structure creates a hydrophobic
gradient, which facilitates the removal of liquid
water and improves the gas transport. Fig. 6(ced)
shows the EIS data at 0.8 V and 0.6 V. As can be seen
from the figure, the MEAþ0.1 P-Out exhibited the
lowest resistances at 0.6 V and 0.8 V, which is
consistent with the polarization curves. In addition,
all the EIS plots display the same high-frequency
impedance responses, indicating that the gradient
distribution of PTFE has a little effect on the elec-
tronic conductivity of the CL.
To further investigate the mechanism of the effect

of the gradient PTFE distribution structure on the
performance of the MEAs, the proton transport
resistance and oxygen transport resistance tests
were performed. From Fig. 7(a and b), it can be seen
that the proton transport resistances of all the MEAs
were close to each other, indicating that the effect of
this structure on proton transport is not the main
factor to improve the performance. Fig. 7(c and d)
shows the test results of oxygen transport resis-
tance, and it can be seen that the Rnp of MEAþ0.1 P-
Out was 0.52 s$cm�1, while that of MEAþ0.1 P-In
was 0.78 s$cm�1. This difference of oxygen transport
resistance is sufficient to illustrate the great influ-
ence of PTFE distribution location on oxygen
transport. As mentioned earlier, the addition of
PTFE in the CL near the GDL improves the con-
struction of gas-liquid transport channels and ac-
celerates the removal of liquid water inside the CL.
As shown in Fig. 8, the contact angle of

MEAþ0.2 P-Out was about 9� higher than that of
MEAþ0.2 P-In, while those of the CL within
MEAþ0.2 P-In and the control MEA were close to
each other. This indicates that the PTFE distribu-
tion is as expected from the experiment, with
almost all of the PTFE in MEAþ0.2 P-Out being
distributed in the CL near the GDL side, while
nearly all of the PTFE in MEAþ0.2 P-In being
distributed in the CL near the PEM side, and no
effect on the hydrophobicity of the CL near the
outer side. In other words, the improved MEA
performance is mainly caused by the gradient
distribution of PTFE in the CL.

Fig. 5. Contact angles for CCLs containing various additives.
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Fig. 6. Electrochemical responses of MEAs with the gradient distribution of PTFE: (a) polarization and power density curves; (b) CVs and ECSA
plots; (c) EIS at E ¼ 0.6 V; (d) EIS at E ¼ 0.8 V.

Fig. 7. The graphs showing proton transport resistances (aeb) and oxygen transport resistances (ced) of MEAs with the gradient distribution of PTFE.
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4. Conclusions

In summary, we prepared a series of MEAs with
different contents of additives, and conducted a
detailed electrochemical and physical character-
ization. The results revealed that the optimal
addition of PTFE had a predominant effect on the
performance enhancement of the MEA, signifi-
cantly reducing the oxygen transport resistance
while maintaining the smooth proton transport in
the CCL. In contrast, the addition of hydrophobic
carbon pretreated by PTFE led to an increase in
proton transport resistance, due to the extended
transport path of the reactants. Further, a structure
with the gradient distribution of PTFE was
designed. It is shown that when PTFE was located
near the GDL, the oxygen transport resistance
could be further decreased within the CCL and a
fast gas-liquid transport channel was constructed.
We believe that this work can provide new ideas
for the optimization and design of the CL
structure.
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