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� The PTFE binder impacts phosphoric acid distribution in the catalyst layer.

� A transmission line equivalent circuit model is applied to fit the EIS data.

� The Pt (100) edge and corner sites are significantly covered by PTFE and phosphate.

� The effect of PTFE bind on the durability of HT-PEFCs is investigated.

� The PTFE network structure helps to reduce phosphoric acid leaching.
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In this work, new insights into impacts of the polytetrafluoroethylene (PTFE) binder on high

temperature polymer electrolyte fuel cells (HT-PEFCs) are provided by means of various

characterizations and accelerated stress tests. Cathodes with PTFE contents from 0 wt% to

60 wt% were fabricated and compared using electrochemical measurements. The results

indicate that the cell with 10 wt% PTFE in the cathode catalyst layer (CCL) shows the best

performance due to having the lowest mass transport resistance and cathode protonic

resistance. Moreover, cyclic voltammograms show that Pt (100) edge and corner sites are

significantly covered by PTFE and phosphate anions when the PTFE content is higher than

25 wt%. Open-circuit and low load-cycling conditions are applied to accelerate degradation

processes of the HT-PEFCs. The PTFE binder shows a network structure in the pores of the

catalyst layer, which reduces phosphoric acid leaching during the aging tests. In addition,

the high binder HT-PEFCs more easily suffer from a mass transport problem, leading to

more severe performance degradation.

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
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creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

High-temperature (140e180 �C) polymer electrolyte fuel cells

(HT-PEFCs) are considered to exhibit improved tolerance to

impurities, easier heat rejection and water management

compared to classic PEFCs (usually below 80 �C) [1e4]. How-

ever, several issues still exist that impede the commerciali-

zation of HT-PEFCs. One of the biggest challenges lies in the

cathode, i.e., required high Pt loading, low cathode perfor-

mance and high catalyst corrosion [5e7]. To reduce the cost

and improve the activity of catalysts to the ORR in HT-PEFCs,

non-noble metal and platinum alloys catalysts have been

investigated by several authors [8e10]. Some of the novel

catalysts exhibit higher activity towards ORR, but obviously

lower electrochemical stability compared to the commercial

Pt/C catalyst.

Optimizations of cathode morphology by employing

different binders are effective ways to reduce Pt loading and

improve HT-PEFCs’ performance. In early HT-PEFC models,

polybenzimidazole (PBI), as an amorphous basic polymer, is

the most commonly used binder in the catalyst layer due to

the high thermal stability and easy reaction with PA [11].

However, additional PBI polymers in the catalyst layer could

cause increased mass transport resistance due to the film

formed on the Pt/C catalyst and the PA flooding effect [12]. Su

et al. compared the performance of gas diffusion electrodes

(GDEs) with different kinds of binders, including PBI, poly-

tetrafluoroethylene (PTFE), polyvinylidene difluoride (PVDF)

and Nafion [13]. The results demonstrate that GDEs with PTFE

and PVDF have better electrochemical performance and sta-

bility. The high hydrophobicity is one of the most important

properties of PTFE [14], which obviously affects HT-PEFCs’

performance in three respects: 1) the PA flooding effect is

alleviated, thus leading to an enhancement of gas transport

[15,16]; 2) there is no interactionwith the phosphoric acid (PA),

resulting in high kinetic overpotential [17]; and 3) there is a

significant impact on PA leaching [18]. Another influential

property of PTFE is the non-conductivity, which 1) decreases

the electronic conductivity of GDEs; 2) blocks the active sites

and therefore decreases the active area of the catalyst parti-

cles [19]; and 3) affects the mechanical stability of GDEs [20].

Moreover, the content of PTFE has a strong impact on the

performance of GDEs. Jeong et al. reported that the GDEwith a

content of 20 wt% PTFE has optimal pore structures and ex-

hibits the best electrochemical performance [21]. Avcioglu

et al. noted that even low amounts of PTFE in GDEs could

reduce the Pt utilization and lead to reduced performance [22].

Martin et al. state that the absence of PTFE is beneficial for HT-

PEFC performance, particularly under high load operations

[23]. Theseworks provide different PTFE contents for electrode

optimization. It is still of great significance to further study the

mechanism of action of PTFE on the electrochemical perfor-

mance of HT-PEFCs. Moreover, the durability of cathodes with

different contents of PTFE binder has not been widely

investigated.

Accelerated stress tests (ASTs) are an effective method to

provoke degradation in membrane electrolyte assemblies

(MEAs) on a short time scale so as to study the effect of a

component on the degradation of HT-PEFCs [24e26]. The high
potential, especially the open-circuit condition, has proven to

be one of the most destructive factors in affecting HT-PEFC

durability. Park et al. conducted an accelerated stress test at

a high potential of 1.2 V to analyze the degradation of a Pt

catalyst and novel carbon-based support [27]. Meanwhile,

Zhao et al. applied open circuit voltage conditions as a stressor

to investigate and compare the degradation of three different

composite membranes [28]. Moreover, the low load operating

mode is frequently used as an effective stressor for acceler-

ated testing [29,30]. Søndergaard et al. applied an AST protocol

of potential cycling to investigate the effect of humidification

on catalyst durability [31]. Similarly, Schonvogel et al. carried

out an experiment on HT-PEFCs under load cycling to accel-

erated PA leaching and catalyst degradation [32]. Accordingly,

OCV and low load cycling conditions can be applied to accel-

erate the degradation process and compare the aging behavior

of HT-PEFCs with different PTFE contents.

For this work, gas diffusion electrodes with different PTFE

contents from 0 wt% to 60 wt% were fabricated and charac-

terized by the techniques that include scanning electron mi-

croscopy (SEM), energy dispersive X-ray (EDX), Brunauer-

Emmett-Teller (BET) analysis, polarization curves, electro-

chemical impedance spectroscopy (EIS) and cyclic voltam-

metry (CV). In addition, ASTs (i.e., OCV and low load cycling)

are applied to HT-PEFCs with different PTFE contents. The

degradation rates of the cells are compared and the loss rates

of Pt and PA are measured by means of inductively coupled

plasma mass spectrometry (ICP-MS).
Experimental

Preparation of single cell HT-PEFCs

The GDEs were prepared using a doctor blade method. The

preparation process of a GDE is as follows: First, 1 g of a

carbon-supported Pt catalyst (20 wt% Pt, Alfa Aesar) was

mixed with 3.0 mL of deionized water and 19.5 mL of iso-

propanol solvent, and then the mixture was sonicated for

4 min. Secondly, the necessary amount of PTFE, purchased

from Dyneon TF5032Z, was added in the ink, which was then

sonicated for 30 min to finely disperse the Pt/C catalyst and

binder in the solvent. Thirdly, the ink was coated in a

commercially-available gas diffusion layer (GDL), with a

microporous layer on one side (Freudenberg H2315C2), by a

blade with a speed of 7.5 mm s�1. Finally, the prepared GDEs

were dried in a fume hood overnight at 25 �C and cut into the

requisite size before use. The PTFE content in the anode was

maintained at 40 wt%, with a Pt loading of 0.6 ± 0.05 mg cm�2

and a thickness of 60 ± 10 mm. The cathodes of different binder

contents were prepared by using different spacers and recipes

of the ink, with the platinum loading maintained at

1.1 ± 0.1 mg cm�2. The parameters of the cathode catalyst

layers (CCLs) and recipes are shown in Table 1.

A cross-linked AM-55 membrane purchased from FuMA-

Tech GmbH/Germany was used in this work. The membrane

was immersed in the 85 wt% PA at 110 �C for around 18 h

under magnetic stirring to reach a PA doping level of

15 ± 0.5 mg cm�2 (approximately 11 mol per PBI unit) [33]. The

home-made MEA was made by sandwiching the membrane
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Table 1 e Parameters and recipes for the preparation of the CCLs.

PTFE
content/wt.%

Electrode
Thickness/mm

Pt loading/mg cm�2 Pt/C
catalyst/g

Water/mL Solvent/mL PTFE
solution/mL

Thickness
of spacer/cm

0 95 1.15 1.0 1.9 12.7 0 0.7

5 106 1.17 1.0 2.2 14.6 58 0.8

10 103 1.18 1.0 2.4 15.6 74 0.8

25 130 1.16 1.0 2.7 17.5 364 0.9

40 139 1.12 1.0 3.0 19.5 741 1.0

60 163 1.07 1.0 3.6 23.4 1670 1.3

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 1 4 6 8 7e1 4 6 9 8 14689
between the anode and cathode and then assembled in a

single HT-PEFC cell. During the HT-PEFC assembly process,

the torque applied to each bolt was typically 6 Nm to prevent a

gas leakage. Finally, the HT-PEFCs went through a gas leakage

test: 1) purging nitrogen on both sides until the pressure was

around 300 mbar and then closing the inlet and outlet; 2)

recording the pressure drop within 1 min. The gas sealing of

the HT-PEFCs only meets the requirement when the pressure

drop was lower than 40 mbar.

The outermost components of an HT-PEFC were endplates

made of stainless steel, with a gas inlet and outlet on them.

Next to the endplates were expanded graphite (Sigraflex ®)

used for sealing and conducting. The next components were

three-channel serpentine flow fields made of graphite with a

width of 1 mm for the ribs and channels. The home-made

MEA was sandwiched by the flow fields and the outside of

the MEA were perfluoroalkoxy gaskets, which are used for gas

sealing and as a hard stop to achieve 15e20% MEA

compression.

Electrochemical measurements

After the assembly and gas leakage testing procedures, the

HT-PEFCs were investigated on an automated test station. At

first, a break-in procedure was carried out by running at

200 mA cm�2 for 70 h, with the anode and cathode supplied

with non-humidified pure H2 and air, respectively, at a stoi-

chiometry of 2/2. Then, the polarization curve was recorded

galvanostatically by increasing the current density in steps of

either 10 or 50 mA cm�2 every 2 min, depending on whether

the current densitywas belowor above 100mA cm�2, up to the

maximum current density of 800 mA cm�2.

The cathode EIS and CVmeasurements were conducted by

an IM 6 unit from Zahner-Elektrik. During the in-situ mea-

surements, the anode served as both the counter electrode

and the quasi-reference electrode; the cathode functioned as

the working electrode [32,34e36]. Before EIS measurements,

HT-PEFCs were kept at the desired current densities (i.e.,

200 mA cm�2) at 160 �C for 15 min to reach a steady state, and

then the Nyquist plots were recorded and fitted using the

THALES software. After that, the current load was switched

off for the CV tests. The anode and cathode were then sup-

plied with hydrogen and nitrogen with flow rates of

4.6 mL min�1 cm�2 and 6.9 mL min�1 cm�2, respectively. Five

cycles of CVs were measured between 0.05 V and 1.2 V at a

scan rate of 50 mV s�1, with the last cycle chosen for the

evaluation of the electrochemical catalyst surface area (ECSA).

The ECSA value was estimated according to the hydrogen

desorption charge on the electrode [35e38].
Ex-situ characterization methods

SEM and EDX mapping images of the prepared GDEs were

taken on a Zeiss Gemini Ultra Plus microscope. To compare

the PA leaching and Pt loss inside the GDEs with the amount

discharged from the MEA, the exhaust water was collected

from the cathode side by cooling the gas stream down to 7 �C.
The concentrations of PO4

3� and Pt in the water were

measured by ICP-MS. Phosphate was then determined by a

continuous flow analysis. The relative errors were 8%, 5% and

2% for concentrations ＜0.5 mg mL�1, 0.5e1 mg mL�1 and

1e3 mg mL�1, respectively. For Pt detection, three replicate

dilutions of each sample were prepared and analyzed. Due to

the small Pt concentration in the collected water near the

limit of detection, the standard deviation is relatively large.

The specific surface areas of the CCLs with different PTFE

contents were measured by a Micromeritics Gemini VII de-

vice with a software V1.03t. The Barrett-Joiner-Halenda

desorption analysis was used to determine the pore sizes

below 30 nm, with the BET values having an error of up to

10%.
Results and discussion

BET and SEM of the catalyst layer

To investigate the effect of the PTFE content on the pore

size distribution of the catalyst layer, a fresh catalyst was

scraped off the GDL and tested using the BET method.

Fig. 1A shows the differential pore volume of pores smaller

than 50 nm. Above 4.0 nm, the samples show a similar

pore size distribution, only shifted due to the different BET

areas. Comparing all samples, only minor differences are

found up to a pore diameter of 10 nm diameter. The most

striking differences were in the pore diameter range be-

tween 1.5 nm and 3.0 nm, with the maximum deviation

occurring around 2.2 nm. The BET values of the CCLs are

presented in Fig. 1B. It can be seen that the surface area

and pore volume decrease with increasing PTFE content in

the CCLs.

It has been reported that the pores with the size ＜100 nm

are termed as the primary pores and ＞100 nm termed as the

secondary pores [39]. The primary pores account for 5%e10%

of the total pore volume and a decreased volume of primary

pores can lead to an increase in the cathode protonic resis-

tance [40,41]. In Fig. 1B, the reduced BET value of the MEAwith

more PTFE contents is mainly caused by the blockage of the

secondary pores, whichmay result in a gas transport problem;
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Fig. 1 e (A) Average pore size distribution of the CCLs with different PTFE contents; (B) BET values of the CCLs.
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and affect the process of the oxygen reduction reaction (ORR),

as the ORR mainly occurs in the secondary pores [42].

The 10 wt% and 40 wt% PTFE GDEs are characterized by

SEM and EDX mapping to investigate the effect of PTFE on the

morphology of the catalyst layer. It can be seen in the SEM

cross-sectional images (Fig. 2A and B) that compared to the

high binder (40 wt% PTFE) catalyst layer, the low binder (10 wt

% PTFE) CCL shows more homogeneous distributions of PTFE

and Pt. Fig. 2C and D exhibit the SEM topography images of the

GDEs. PTFE agglomerations are observed in the high binder

GDE, and the PTFE binder exhibits a cross-linked network

structure in the pores. Furthermore, by comparing the higher

magnification (scale bar, 200 nm) images, as shown in Fig. 2E

and F, it would seem that the high binder catalyst layer ex-

hibits a more compact structure, which is consistent with the

lower BET value.

Comparison of electrochemical properties

Polarization curves
Figure. 3 shows the polarization curves of the HT-PEFCs of

different PTFE contents in the CCLs. It can be seen that there

are moderate differences in the cells’ performance in the so-

called Tafel region (j＜0.1 A cm�2), implying that PTFE can

affect the kinetics of the ORR on the cathode side. The dif-

ferences in the curves increase at higher current densities.

The HT-PEFC with 60 wt% PTFE in the CCL exhibits consider-

ably lower performance than the other HT-PEFCs, while the

10 wt% PTFE HT-PEFC exhibits the best electrochemical

performance.

Generally, the cell voltage can be described as follows [43]:

EiR�free ¼Ecell þ hohm ¼ Erev ðPH2
; PO2

;TÞ � hact � hconc (1)

where EiR-free is the cell voltage compensated for the iR drop,

Ecell the recorded cell voltage, Erev the reversible potential, hact
the activation overpotential, hohm the ohmic overpotential

and hconc the concentration overpotential.

In the Tafel region of the UI curves (j＜0.1 A cm�2), the hconc

can be neglected and the potential dependent current density

can simply be expressed by the Butler-Volmer equation

[44,45]:
j¼ j0

2
4eanFhact

RT � e�
ð1�aÞnFhact

RT

3
5 (2)

where j0 is the exchange current density, n the number of

electrons, hact the activation overpotential, and a the charge

transfer coefficient.

An increase in the current results in an increased hact,

which leads to either the forward reaction or reverse reaction

to dominate the process [46]. This is supported by the fairly

linear Tafel slopes obtained in the current density range of

10e100 mA/cm2 (see Fig. 3B). Therefore, Equation (2) is

simplified as:

j¼ j0e
anFhact

RT (3)

The simplified equation is transferred to the Tafel

equation:

hact ¼aþ blgj (4)

where a is a constant and b is the so-called Tafel slope.

Beneath the exchange current density, the Tafel slope is

another important indicator for the rate of electrode reaction

kinetics. At constant operation conditions, lower Tafel slopes

mean faster electrode reactions, like oxygen reduction on the

cathode catalyst [47]. Fig. 3B shows the hact-lg(j) graph in the

Tafel region from 0.01 A cm�2 to 0.1 A cm�2. Table 2 shows the

calculated Tafel slopes and voltages at 200 mA cm�2 of the

cells. It can be seen that the cells with 40wt% and 60wt% PTFE

exhibits higher Tafel slope values than the other cells,

demonstrating that the ORR kinetics are negatively affected by

an excessive amount of PTFE. In this case, the PA distribution

in the CCLs is different due to the different hydrophobicity

levels of the catalyst layers, probably leading to changes in the

ORR path or even causing changes in the Tafel slope [47].

Moreover, PTFE partially covers the Pt/C catalyst and thus

leads to a decreased ECSA value, resulting in both an

increased charge transfer resistance and Tafel slope [48]. The

result of Tafel slopes is consistent with that of the cathode

protonic resistance (Rp) (i.e., the 40 wt% and 60 wt% PTFE cells

exhibit obvious higher Rp values than the other cells), which

will be detailedly discussed later. In Table 2, the cell without
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Fig. 2 e (A and B) Cross-sectional SEM and EDX mapping images and (C and D) SEM topography images of the 10 wt% and

40 wt% PTFE catalyst layers; (E and F) higher magnification images of the GDEs.
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PTFE shows the lowest Tafel slope, but not the best electro-

chemical performance. This is because that the kinetic part

(i.e. the current density region of 10e100 mA cm�2) of the

overall performance is not only determined by the Tafel slope,

but also by the exchange current density. Due to the hydro-

philic surface of the 0 wt% PTFE electrode, PA molecules

significantlymigrate from themembrane to the CCL, resulting

in PA flooding of CCL pores. This means that the flooded parts

of the CCL would be more or less ‘dead’ because of the low

oxygen concentration, therefore leading to a decrease in the
exchange current density. On the other hand, the PA migra-

tion could result in a low PA content in the membrane and

thus an increased hydrogen crossover due to a membrane

thinning effect [49]. These effects lead to the reduced elec-

trochemical performance of the 0 wt% PTFE cell. Besides, the

voltage of the 10wt% PTFE cell ismore than 50mVhigher than

that of the 60 wt% PTFE cell at 200 mA cm�2 (0.639 V vs.

0.585 V). These results indicate that the binder content of PTFE

in the CCL has a considerable influence on HT-PEFCs’

performance.

https://doi.org/10.1016/j.ijhydene.2021.01.192
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Fig. 3 e (A) Polarization curves of the HT-PEFCs operated at T ¼ 160 �C, stoichiometry: Air/H2 ¼ 2/2 with different PTFE

contents after the 72 h break-in procedure; (B) Tafel plots of the cells in the range from 0.01 A cm¡2 to 0.1 A cm¡2.

Table 2 e Tafel slopes and voltages of the HT-PEFCs at
200 mA cm¡2.

PTFE/wt.% Tafel slope/mV dec�1 Voltage at 200 mA
cm�2/V

0 0.095 0.620

5 0.110 0.629

10 0.107 0.639

25 0.112 0.613

40 0.123 0.613

60 0.131 0.585
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The optimal PTFE content (10 wt%) is inconsistent with the

works of Mack et al. and Jeong et al., which show that the

optimal PTFE contents are 5 wt%. and 20 wt%, respectively

[19,21]. Table 3 shows the main MEA parameters of these

works and our own, indicating that the difference in optimal

PTFE contents is probably caused by the different PA doping

levels (i.e., a higher doping level needs more PTFE content in

the porous catalyst layer to achieve the greatest performance).

In addition, the manufacturing technique could also play an

important role in the electrodemorphology, thus affecting the

optimal PTFE content.

CV and EIS measurements
Figure 4A and B shows the cathode CVs of the HT-PEFCs

scanned from 50 mV to 1.2 V at a scan rate of 50 mV s�1.

The peaks in the red box from 0.1 V to 0.4 V in Fig. 4A are

related to hydrogen desorption, which are used to calculate

the ECSA of the HT-PEFCs [50]. As is shown in Fig. 4B, it is

obvious that the ECSA decreases as the PTFE content in-

creases, with the values of the 0 wt%, 25 wt% and 60 wt% PTFE

cells of 18.4 m2 g�1, 13.8 m2 g�1 and 11.6 m2 g�1, respectively.
Table 3 e Main MEA parameters of the works of Mack et al., Je

First author PA doping level/mol per PBI unit Optimal PTFE

Mack [19] 5 5%

Jeong [21] 29 20%

This work 11 10%
This result indicates that the existence of PTFE in the CCL can

lead to the blockage of Pt surface. In addition, the peaks at

0.13 V and 0.28 V are assigned to the hydrogen desorption on

the Pt (110) site and Pt (100) edge and corner sites, respectively

[51]. These two peaks are merged to some extent, due to the

adsorption of phosphate anions and the dry operating condi-

tions of HT-PEFCs [52,53].

Figure. 4C and D shows the cathode CVs recorded from

50 mV to 505 mV. The first thing should be noted is that

compared to Fig. 4A, the area of the hydrogen desorption peak

in Fig. 4C obviously decreases, with the peak current density

reducing from approximately 0.025 A cm�2 to 0.02 A cm�2.

This can be explained by that the upper potential in CVs is too

small (505 mV), leading to a deactivation of the electrode

because of the cathode poisoning. It means, that the hydrogen

desorption charge increases with increasing upper potential

until it reaches a saturation value (the true value) at upper

potentials higher than 1 V vs. reversible hydrogen electrode.

In Fig. 4D, separate peaks at 0.13 V and 0.28 V are

observed, which is different from Fig. 4B that only one peak

clearly appears. This is presumably due to the unsaturated

hydrogen coverage of the Pt surface, leading to the reduction

of the peak of the Pt (110) site, further the separation of the

peaks. Moreover, the peak at 0.28 V is small in the cells with

60 wt%, 40 wt% and 25 wt% PTFE in the CCLs. This observa-

tion is highly related to two factors. One is the blockage of the

Pt (100) site when the PTFE content exceeds 25 wt%. Similar

statements have been reported in classic PEFCs [54,55].

Friedmann et al. found that the PTFE binder in CCLs could

cause a blockage of active catalyst sites and a decrease in the

hydration of the catalyst surface area, thus resulting in lower

catalyst utilization and poor proton conductivity [55]. The

second is that the increased blocking of the surface (when
ong et al. and our own.

content Pt loading/mg cm�2 Manufacturing technique

1.0 Airbrushing

1.1 Spraying

1.1 Doctor blade
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Fig. 4 e (A) Cathode CV curves recorded from 50 mV to 1.2 V at a scan rate of 50 mV s¡1, T ¼ 160 �C; (B) magnified area of (A)

in the red box; (C) Cathode CV curves recorded from 50 mV to 505 mV at a scan rate of 50 mV s¡1; (D) magnified area of (C) in

the red box. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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increasing the PTFE content) would affect the cathode

poisoning caused by the strong adsorption of phosphate

anions on the Pt surface. The blocking of active sites for ox-

ygen adsorption and reduction decreases the ECSA and thus

the cathode performance. PTFE decreases the ECSA further,

probably by a geometrical blocking of the Pt surface. Thus,

with increasing PTFE content, the,free’ surface decreases and

the Pt catalysts get more and more vulnerable to phosphate

poisoning. A widely-used method to clean an electrode sur-

face from (poisoning) adsorbates like phosphate is cyclic

voltammetry. Depending on the potential limits, the

removement of phosphate is more or less effective. Because

the cleaning effect does not apply to geometrical blocking

(e.g. by PTFE), the blocking effects by either phosphate or

PTFE can be distinguished by varying e.g. the upper potential

limit of the cyclic voltammograms, as shown in Fig. 4: if the

scanning potential is in the range of Pt oxidation and

beginning oxygen evolution (see Fig. 4A), the cleaning of the

Pt surface is muchmore effective than compared to CVs with

an upper potential limit far below Pt oxidation (see Fig. 4C). In

the former case, where phosphate is effectively removed, the

influence of PTFE blocking dominates. Thus, the ECSA

calculated from hydrogen desorption charge decreases with

increasing PTFE content. In the latter case, the poor cleaning

effect does not only decrease the ECSA as a whole, but leads
to a dominating blocking effect of phosphate and the influ-

ence of the PTFE content is negligible.

EIS measurements were carried out to investigate the

mechanism of action of PTFE on HT-PEFC performance. As is

shown in Fig. 5A, Nyquist plots were recorded at 200 mA cm�2

and fitted by a transmission line equivalent circuit model. RU

is the overall ohmic resistance. The 45� line in the Nyquist plot

at higher frequencies is caused by the cathode protonic

resistance (Rp), which is simulated by classical transmission

line impedance (Zt) in the THALES software [40,56,57]. The Rp

value is calculated by the equation below [58]:

Rp ¼Zt
�
3 [5]

The double layer charging in the PA electrolyte/electrode

interface is modeled by a constant phase element (CPEdl); the

resistance in parallel to the CPEdl represents the charge

transfer resistance (Rct) and the mass transport resistance

(Rm) is calculated by the Nernst impedance [59]. The fitting

error was kept below 3%.

Figure 5B shows that the Rct values for the different MEAs

are comparable. It has been discussed above that the ECSA

decreases as the PTFE content increases, which should affect

the number of triple-phase boundaries and thus the Rct [60].

The nearly constant Rct value of the HT-PEFCs, in this case, is

possibly ascribed to the excessive Pt loading in the CCL
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Fig. 5 e (A) Nyquist plots of the HT-PEFCs with different PTFE contents in the CCLs and the equivalent circuit model for EIS

data analysis; (B) the corresponding fitting results.
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(1.1 ± 0.1 mg cm�2) and the low utilization efficiency of the Pt

catalyst [61].

Rm varies significantly with the PTFE content, where the

smallest value is obtained at a medium PTFE content of 10 wt

%. This indicates at least two opposite effects. PTFEmolecules

are known to be hydrophobic and thus the increase of Rm at

PTFE contents lower than 10 wt% can be explained by an

increment of the amount of hydrophilic PA in the CCL.

Excessive amounts of PA lead to the PA flooding effect, which

hinders the O2 transport in the porous cathode [62]. At PTFE

concentrations higher than 10 wt%, the CCLs are strongly

hydrophobic with reduced PA content. Accordingly, PA should

have a relatively small effect on the oxygen transport. How-

ever, large PTFE agglomeratesmay block the porous structures

in the CCLs, leading to an increase in Rm.

The Rp value remains almost constant when the PTFE con-

tent is below 25 wt% and increases dramatically thereafter.

This is presumably caused by 1) the decreased volume of pri-

marypores in theCCLwithhigherPTFEcontents (provedby the

BETmeasurements); 2) substantially increasedhydrophobicity

of the CCLs in the 40 and 60 wt% PTFE cells and thus consid-

erably decreased PA concentrations. Liu et al. state that a large

Rp can strongly reduceMEA performance [63]. In our work, the

differences in theHT-PEFC performance in the Tafel region are

considered to be highly related to the different Rp values.

RU is only little affected by the different PTFE concentra-

tions due to the excess PA doping of themembrane, as a result

of which the PA redistribution has no obvious effect on RU. The

60 wt% PTFE cell shows a slightly higher RU than the other

cells. This is explained by the fact that the absolute amount of

PTFE in the 60 wt% CCL is considerably greater than the other

CCLs, with 1670 mL PTFE solution used during the fabricating

process (see Table 1). The large amount of non-conductive

PTFE causes a decrease in the electron conductivity of the

catalyst layer and thus an increased RU [19].

Role of PTFE in HT-PEFC durability

According to the discussion above, the 10 wt% PTFE HT-PEFC

shows the optimum electrochemical performance. The
effect of PTFE on the durability of HT-PFECs should be another

important factor for optimizing the PTFE content.

OCV operation
A 100 h OCV operation is applied to accelerate the degradation

of the cells with different PTFE contents in the CCLs (i.e., 10 wt

% and 40 wt% PTFE). The voltage-time curves of the aging

process are shown in Fig. S1 (see Supplementary Materials),

and the 10 wt% and 40 wt% PTFE cells exhibit a similar OCV

aging trend, with the degradation rates of 112 mV h�1 and

120 mV h�1, respectively. As the OCV loss is considered to be

related to the increased hydrogen crossover caused by mem-

brane degradation [64], the similar degradation rate indicates

that the PTFE content in the CCL has no effect on the mem-

brane durability. Fig. 6A presents BOL and EOL polarization

curves of the HT-PEFCs and it is evident that both cells exhibit

pronounced performance degradation. The differences of the

BOL and EOL curves are plotted in Fig. 6B. It can be seen that at

current densities below 300 mA cm�2, there is only a minor

difference in the performance degradation. The difference of

the curves increases substantially at higher current densities,

with voltage losses of z35 mV and z61 mV at 800 mA cm�2

for the 10 wt% and 40 wt% PTFE cells, respectively. The results

signify that the HT-PEFC durability is influenced by the con-

tent of PTFE in the CCL.

To further understand the PTFE effect on the performance

degradation across the whole current-density range, the UI

curves and electrochemical characteristics are analyzed to

quantify the voltage loss contributions by Equation (1). Fig. 7

shows the BOL and EOL hact and hconc of the cells. By

comparing the hact curves in Fig. 7A, we can see that the hact

rises for both cells after aging, and the difference between BOL

and EOL increases as the current density increases. The same

trend is observed in the hconc of the high binder cell, as shown

in Fig. 7B; while the low binder cell exhibits a different

changing trend of the hconc, which remains almost constant

over the entire current-density range. At 800mA cm�2, the low

binder cell shows a slightly higher increase in hact than the

high binder cell (28.7 mV vs. 26.3 mV), while a considerably

lower increase in hconc (6.0 mV vs. 34.3 mV). Based on these
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Fig. 6 e (A) BOL and EOL polarization curves of the HT-PTFEs at 160 �C with anode/cathode l of 2/2; (B) comparison of

performance degradation for the HT-PEFCs.

Fig. 7 e (A) Activation overpotential and (B) concentration overpotential of the HT-PEFCs before and after the 100 h OCV

operation.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 1 4 6 8 7e1 4 6 9 8 14695
results, it can be concluded that the PTFE binder plays an

important role in affecting the gas transport under the stress

condition. This can be possibly explained by the fact that se-

vere carbon corrosion/oxidation and PA flooding take place at
Fig. 8 e (A) Single cycles and (B) voltage-time curves of the 0 wt

200 mA cm¡2 (20min) for 100 h at 160 �C, H2/air (l ¼ 2/2).
the cathode during the OCV hold test, which negatively in-

fluences the transport of reactant gases [65], and the high

binder cell with the less porous andmore compact structure is

more susceptible to a mass transport problem.
% and 60 wt% PTFE cells cycling between OCV (20 min) and
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Table 4 e Pt and PA concentrations in the water collected
from cathode gas stream.

HT-PEFCs ICP-MS measurement

Pt loss PA loss

0 wt% binder 0.11 mg L�1 1.59 mg mL�1

60 wt% binder 0.07 mg L�1 0.96 mg mL�1
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During the OCV operation, HT-PEFCs’ performance is

influenced by both reversible and irreversible processes [66].

The irreversible degradation is considered to be originated

from catalyst agglomeration, carbon corrosion andmembrane

degradation; reversible degradation is mainly caused by Pt

surface oxidation and PA redistribution [28]. It is reported that

relatively high load cycling tests can be used to recover cells’

performance by removing the effect of reversible processes

during the OCV operation [26,66]. To exclude the effect of

reversible processes on the voltage drop, the HT-PEFCs are

operated under a current cycling profile. As is shown in Fig. S2

(see Supplementary Materials), after the 100 h aging and re-

covery processes, the performance degradation of the 40 wt%

PTFE cell is still considerably higher than that of the 10 wt%

PTFE cell when the current density is higher than

300 mA cm�2. These results demonstrate that different PTFE

contents of the CCLs can lead to different irreversible degra-

dation behavior in HT-PEFCs.

Low-load cycling test
To further investigate the effect of PTFE content on the PA

leaching and Pt loss, the low-load cycling condition was

applied as an effective stressor to accelerate the durability

test. Due to the limited amount of PA leaching during the 100 h

aging at low current densities [67], the experiments were

performed by using sampleswith significant differences in the

PTFE content, i.e. 0 and 60 wt%. Fig. 8A shows single cycles of

the low load cycling profile, with the current density jumping

between OCV and 200 mA cm�2 every 20 min. The changes in

voltages during the 100 h aging are recorded in Fig. 8B.

Compared to the 60 wt% PTFE cell, the 0 wt% PTFE cell shows

the same OCV loss rate of 220 mV h�1, while a notably lower

voltage loss rate at 200 mA cm�2 (340 mV h�1 vs. 620 mV h�1).

These results are consistent with the 100 h OCV aging test

discussed previously, i.e., the lower binder cells show lower

performance degradation after the aging tests.

The PA leaching and Pt migration outside the cathodes are

compared by ICP-MS. In our previous work, it has been proved

that Pt corrosion reaction occurs under the acidic and high-

temperature conditions [5], as shown in Equation (6):

Pt/Ptzþþze� (6)

The Pt loss outside HT-PEFCs with the amount discharged

from the MEA is compared. In Table 4, both of the HT-PEFCs

exhibit a negligible amount of Pt loss, indicating that cata-

lyst migration outside the cells is not the cause of perfor-

mance degradation [36]. In addition, the 0 wt% PTFE cell

exhibits more severe PA leaching. This is probably due to the

observed network structure of the PTFE agglomeration in CCL

pores, as is shown in Fig. 2D, which may hold the PA in the

CCLs during the cycling tests. Su et al. made a similar
statement in Ref. [18]. Due to the short-time operation, the

higher PA leaching of the 0 wt% PTFE cell is not reflected on

the voltage loss.
Conclusions

In this work, HT-PEFCs with different contents of PTFE binder

in the cathode catalyst layers (CCLs) are compared by the ex-

situ measurements and electrochemical performance under

accelerated test conditions. The results indicate that the

charge transfer resistance and the ohmic resistance don’t

significantly change with different PTFE contents. The PTFE

binder influences HT-PEFCs by:

� Adjusting the phosphoric acid (PA) distribution and thus

affecting the mass transport resistance and the cathode

protonic resistance of the CCLs. The 10 wt% and 25 wt%

PTFE cells show the lowest mass transport resistance and

cathode protonic resistance. The lack of PTFE in the CCL

leads to the PA flooding effect, while excessive PTFE in the

CCL causes poor proton conductivity on the CCL.

� Blocking Pt catalyst surface and porous structures, result-

ing in lower BET values and more compact morphology of

the CCL.

� Trapping the impregnated PA in the PTFE network of the

CCL, resulting in lower PA leaching in higher binder cells.

According to the experimental results, a relatively low

PTFE content (10 wt%) is beneficial for HT-PEFC perfor-

mance. It should be noted here that the result is based on

the short-term running of HT-PEFCs. During long-term op-

erations at high loads, PA leaching becomes a non-negligible

issue that influences HT-PEFC durability. In this case, a

higher PTFE content of 10 wt%-25 wt% is suggested for the

CCL, as PA can be held in the PTFE network structure. This

results in a reduced PA loss rate and a more stable Pt

catalyst.
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