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The charge-transfer resistance (Rct) in electrochemical impedance spectroscopy (EIS) was applied as an
activity indicator to study the suppression of rotating disk electrodes (RDEs) and membrane electrode
assemblies (MEAs) with different Pt loadings by Nafion. The use of Rct avoids the uncertainty in activity
characterization caused by mass transfer in highly loaded catalyst agglomerates. Nafion exhibited a
stronger poisoning effect at lower Pt loadings in both the RDEs and MEAs. The simultaneous reduction
in working voltage further aggravates this poisoning, especially under low-Pt conditions. After poisoning,
the normalized Rct at 20 lg/cm2 increased by 8 times at 0.9 V and 21 times at 0.82 V. When the Nafion
adsorption coverage on the surface of Pt remained constant, the suppression of activity was enhanced as
the Pt loading decreased. Therefore, it is critical to consider Nafion poisoning when constructing MEAs
with low platinum loading and to take appropriate strategies to alleviate poisoning and achieve high-
performance.

� 2022 Elsevier Inc. All rights reserved.
1. Introduction

One major impediment to the commercialization of fuel cells is
the high cost of the precious metal Pt in the catalyst, which
accounts for up to 40% of the total cost [1,2]. Therefore, the devel-
opment of high-performance membrane electrode assemblies
(MEAs) with low platinum is important for the commercialization
of proton exchange membrane fuel cells (PEMFCs). However,
reducing the Pt loading results in a significant decrease in perfor-
mance [3–5]. This performance degradation is mainly caused by
polarization induced by the PFSA ionomer thin film covering the
Pt surface [6–9], Nafion for example, including poisoning by sul-
fonate on the side chain of Nafion [10].

The sulfonates on Nafion coordinate to Pt, occupying the active
sites of oxygen reduction and reducing Pt utilization [11–20]. The
activity suppression is related to the quantity of sulfonate
adsorbed on the Pt surface, which is proportional to the coverage
of the Nafion thin film on the Pt surface. Moreover, the activity
of the catalyst decreases significantly with increasing Nafion con-
tent and finally reaches a plateau, where the residual activity is
only half of the initial activity [7,19]. The poisoning effect is
strongly dependent on the morphology of the catalyst [16,21].
Since Pt deposition inside the pores of porous carbon-supported
Pt catalysts can be controlled and the Nafion coverage is limited,
the poisoning effect is significantly lower than that of solid
carbon-supported platinum catalysts [7]. Although the research
on the suppression of Pt catalyst activity by Nafion is relatively suf-
ficient, there have been no studies on the effect of Pt loading on
Nafion poisoning, which is a necessary research topic in the devel-
opment of high-performance MEAs with low Pt usage.

Current ex situ studies of Nafion poisoning are performed with
a RDE. The area-specific activity (SA) and mass-specific activity
(MA) calculated from the oxygen reduction kinetic current are gen-
eral activity standards. When using these standards, according to
Eq. (1), the tested apparent current must be corrected for mass
transfer to determine the oxygen reduction kinetic current [22].
However, in studies of the effect of Pt loading on Nafion poisoning,
RDEs with high Pt loading are thick enough that the mass transfer
characteristics are no longer satisfied, introducing significant
uncertainty into the tested activity[23–25]. Electrochemical impe-
dance spectroscopy (EIS) is a sensitive method for distinguishing
and analyzing charge and mass transfer processes, and it is often
employed to study diffusion phenomena in fuel cell structures
and catalyst kinetic behavior [26–29]. Springer et al. [30,31] pre-
sented a theoretical impedance spectroscopy study of the oxygen
reduction reaction (ORR) on porous gas diffusion electrodes in a
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liquid agglomerated electrode model in 1989. Since then, EIS has
been widely used to investigate fuel cell behaviors [29,31–36]. In
addition to analyzing the diffusion properties of porous electrodes,
the charge-transfer resistance (Rct) in the EIS spectrum has been
widely applied to analyze catalytic kinetic issues or as an indicator
of catalyst activity [37–41]. Kim and Zhang et al. [26,42] used the
Rct in EIS as a metric to evaluate the oxygen reduction activity of
non-platinum catalysts. In recent years, our research group pro-
posed Rct in EIS as an indicator for evaluating the electrochemical
activity of ORR catalysts in PEMFCs at the rated voltage [37,38].
The effectiveness of the Rct indicator has been studied using Pt/C
and PtCo/C catalysts.

jk ¼
jd � j
jd � j

ð1Þ

where j is the apparent current, jd is the limit current, and jk is the
kinetic current.

There is no need for data correction since the charge transfer
impedance can be directly obtained using the EIS test as an indica-
tor of catalyst activity. In our work, Rct is used as the activity indi-
cator, and ex situ RDE and in situ MEA tests are performed to
explore Nafion poisoning under different Pt loadings. The sulfonate
adsorption coverage on the Pt surface is investigated to establish
the correlation between the Nafion poisoning effect and the sul-
fonate coverage under different Pt loadings.
2. Experimental

Preparation of RDEs. Five milligrams of Pt/V catalyst (30% Pt/V
from TKK) was ultrasonically dispersed in an ice water bath for
20 min in a mixture consisting of Nafion solution (5 wt%, DuPont),
deionized water (>15 M�cm), and isopropanol (99.9 wt%, Sino-
pharm Group Chemistry Co., ltd.). An appropriate amount of dis-
persed ink was dropped on a clean glassy carbon electrode with
a diameter of 5 mm to prepare working electrodes. Therein, Pt
loadings of 20 lg/cm2, 30 lg/cm2 and 40 lg/cm2 were investigated
to identify the roles of Nafion ionomer in the RDE system. The
weight ratio of ionomer to carbon support (I/C) was 0.8; this value
is generally used by most researchers [18,43]. The electrodes were
spin-dried in air at 400 rpm and then dried at ambient temperature
for 24 h. The specific preparation of the electrodes with Nafion and
without Nafion was performed according to previous work [44].
The electrodes were labeled Pt/V-w-x (x represents the Pt loading).
For comparison, an additional set of electrodes without Nafion was
prepared and labeled Pt/V-w/o-x.

Preparation of MEAs. Using the same catalyst as that used for
the RDEs, catalyst layers with Pt loadings of 0.05 ± 0.008 mg/c
m2, 0.1 ± 0.008 mg/cm2, and 0.13 ± 0.007 mg/cm2 were created
and served as the cathode in a PEMFC. The preparation method
was described in earlier works [41]. The Pt loading (60% Pt/C,
TKK) in the anode was 0.4 mg/cm2. The I/C of both the cathode
and anode catalyst layers was 0.8, the same as in the RDE. The pre-
pared cathode and anode catalyst layers and proton exchange
membrane (PEM) were used to prepare a catalyst-coated mem-
brane (CCM) via the hot pressing decal transfer method. The CCM
was prepared with a gas diffusion layer (GDL) to form an MEA.
Each MEA had an active area of 25 cm2. The catalyst inks used to
obtain cathodes with different Pt loadings were the same, and
the Pt loading was controlled by changing the thickness of the cat-
alyst layer.

Electrochemical characterizations. All RDE tests were per-
formed on an electrochemical workstation (CHI660e, Shanghai
Chenhua Instrument Co., Ltd.). The electrolyte was 0.1 M perchloric
acid solution (HClO4). A platinum black electrode and a homemade
reversible hydrogen electrode were employed as the counter elec-
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trode and the reference electrode, respectively. To achieve rela-
tively steady performance, the prepared working electrode was
activated in N2-saturated 0.1 M HClO4 using cyclic voltammetry
(CV) at a scanning rate of 0.1 V/s in a potential range of 0 V to
1.2 V. CV measurements were then performed at 0.05 V/s to eval-
uate the ionomer-dependent electrochemical active surface area
(ECSA) of Pt/C. Finally, the EIS test was carried out under different
voltages with 10% AC amplitude and frequencies ranging from
10000 Hz to 0.1 Hz at 1600 rpm under O2-saturated conditions.

Fuel cell operation. All single-cell tests were conducted on an
automated Greenlight Innovation fuel cell test station (G20,
Canada). Prior to the operation, the fuel cells were conditioned at
rated power for 8 h under 80 �C, 75% relative humidity (RH), and
a back pressure of 250 kPaabs, with hydrogen and air fed into the
anode and cathode, respectively[45]. The CV data were recorded
at 30 ℃ and 100% RH. The fuel cell was purged with H2 and N2 at
a flow rate of 200 sccm. The hydrogen crossover currents were
obtained from linear scanning voltammetry (LSV) curves, which
were obtained under the same conditions as CV, but at 80 �C.
The EIS tests were performed on a Gamry Ref.5000 potentiostat
using current control mode with an amplitude of 10% and a fre-
quency range of 20000 � 0.5 Hz. The test conditions were 80 �C,
100% RH, 250 kPaabs, and H2/O2 flow rates of 1500/2500 sccm.
The large gas flow with high backpressure was employed to mini-
mize the effect of the catalyst layer thickness on mass diffusion.

The method used to test the adsorption coverage of sulfonate on
the Pt surface by replacing sulfonates with CO was described in
earlier research works [8,46]. Since in HClO4, the anion ClO4

- can
also adsorb onto the Pt surface, which would interfere with the test
results, the measurements were not performed with the RDEs [46].
3. Results and discussion

To screen the Nafion ionomer effect on ECSA and the intrinsic
catalytic activity, dispersed catalyst ink with/without Nafion as
an additive was dropwise deposited on a clean glass-carbon RDE,
and electrochemical measurements were carried out in 0.1 M
HClO4. The typical cyclic voltammograms in Fig. 1(a, b) exhibit
the strong dependence of the recorded current on the applied cat-
alyst loading. Based on the hydrogen adsorption/desorption behav-
ior of the Pt-based catalyst, the ECSA was calculated and is shown
in Fig. 1(c, d)[47]. For the samples without Nafion, the ECSA slightly
decreased with increasing Pt loading. Apparently, high loading
increases the thickness of the catalyst layer, increasing the interfa-
cial resistance for electron and proton transport.

The average ECSA values of Pt/V-w/o and Pt/V-w electrodes
with various Pt loadings were 80.61 m2/gPt and 78.56 m2/gPt,
respectively. Note that the supplementation of protons is not as
sufficient or convenient from Nafion in aqueous HClO4 electrolyte,
although Nafion is widely used as a solid polymer electrolyte for
proton conductivity in PEMFCs. In contrast, Pt particles without
Nafion are in direct contact with the HClO4 solution, which indi-
cates high accessibility to protons. The same effect of Nafion on
ECSA was also verified in other research work [7].

Rct , as an essential descriptor for ORR activity, was extracted
by fitting the EIS results (Fig. S1, Supporting Information). Fig. 2
(a) clearly shows that the Rct of the Pt/V-w electrode increased
with decreasing Pt loading. In principle, Rct is inversely propor-
tional to the accessible active area of the Pt electrode [37]. For
the same catalysts, Rct normalized by ECSA will theoretically
remain unchanged without varying measurement conditions, as
observed from the Pt/V-w/o samples, especially at low potentials
(Fig. 2(b)). Moreover, only a slight change in the normalized
Rct occurred at high potentials. Rct exhibited the trend
Pt/V-w/o-20 > Pt/V-w/o-30 > Pt/V-w/o-40. The increased



Fig. 1. Cyclic voltammograms of (a) Pt/V-w/o electrodes and (b) Pt/V-w electrodes; ECSA histogram of (c) Pt/V-w/o electrodes and Pt/V-w electrodes as a function a function
of Pt loading.
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normalized Rct with the reduction in Pt loading might be attribu-
ted to the changed ORR proceeding pathway and products selec-
tivity [48,49].

When Nafion was used in the RDE, the Rct results without/with
ECSA normalization both increased significantly with decreasing Pt
loading (Fig. 2(c, d)). Obviously, the Nafion-containing electrode at
lower Pt loading suffered from more severe polarization loss. The
results of the Pt loading-versus-activity study are clearly different
from the conclusions of earlier work that specific activity and mass
activity served as activity indicators [50]. In particular, our obser-
vation shows the significance of the Nafion effect on Rct rather than
ECSA, suggesting the high validity of Rct as an indicator of catalyst
utilization.

To more clearly illustrate the effect of Nafion poisoning, the nor-
malized Rct ratio curves of Pt/V-w and Pt/V-w/o electrodes with the
same loading are plotted in Fig. 3(a). As the applied potential
decreased, the slope of the ratio became steeper, corresponding
to an increased poisoning effect. The ratio of Pt/V-40 increased
from 6 at 0.9 V to 9 at 0.82 V, while that of Pt/V-20 increased from
8 at 0.9 V to 21 at 0.82 V, indicating that the Nafion additive has an
outsized poisoning effect at low Pt loadings. This result may be due
to the higher output current density at a lower rated operating
voltage, requiring more active sites [9]. There are insufficient Pt
active sites when using a low Pt loading. The change in normalized
Rct between Pt/V-w/o-40 and Pt/V-w/o-20 seems nearly indepen-
dent of the applied potential, and the magnification is approxi-
mately 1.3 in Fig. 3(b). The electrodes with Nafion exhibited a
considerable change, especially at low potentials. For instance,
the normalized Rct of Pt/V-w-20 at 0.82 V was approximately
3.34 times larger than that of Pt/V-w-40.
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To explore whether the observed Rct trend can be attributed to
the state of sulfonate adsorption coverage, the Rct and sulfonate
adsorption rates were tested in MEAs. Fig. S2a shows the CV curves
and corresponding ECSA of the MEAs in a PEMFC. For ease of com-
parison, all CV curves were corrected for background current [51].
The MEA measurements reveal that Pt loading had no important
impact on ECSA, consistent with the RDE observations. In contrast,
Rct exhibited a strong dependence on Pt loading, as shown in Fig. 4.
The Tafel plots in Fig. S3d were obtained under pure oxygen supply
and with correction for the high-frequency resistance (HFR), elec-
trode proton resistance, and hydrogen crossover. As the Pt loading
decreased from 0.13 mg/cm2 to 0.05 mg/cm2, the Tafel slope
increased from 70.7 mV/dec to 78.89 mV/dec. The increase in Tafel
slope also demonstrates the delay in reaction kinetics.

The sulfonate adsorption coverage in MEAs with various Pt
loadings (Fig. 5) was determined to study the interfacial properties
on the Pt-Nafion surface. For all studied MEAs, the same catalyst
slurry was applied in the preparation of the catalyst layers. By
using the same coating method, three different catalyst layers were
fabricated with different coating thicknesses. After the coating step
was completed, the catalyst layer was quickly dried and shaped so
that the distribution state of the catalyst and Nafion could be con-
sidered [52]. Fig. 5(a) and Fig. 5(b) show the current curves of CO
displacement and CO stripping, respectively. For comparison, the
background current has been subtracted from the curves in Fig. 5
(a) [46]. With the decrease in Pt loading, the charge generated by
displaced sulfonate on the Pt surface decreases, and the charge
generated by CO oxidative stripping also declines. After the
changes in electric charge were normalized by the Pt loading, as
shown in Fig. 5(c), the normalized electric charges of displacement



Fig. 2. Rct versus potential at different Pt loadings (a) Pt/V-w/o electrodes; (b) Pt/V-w/o electrodes and curves of normalized Rct versus potential at different Pt loadings (c) Pt/
V-w electrodes; (d) Pt/V-w electrodes.

Fig. 3. Ratio curves of (a) normalized Rct;withNafion and Rct;withoutNafion for electrodes with different Pt loadings and (b) Rct;Pt=V�20 and Rct;Pt=V�40 for electrodes with Nafion and
without Nafion.
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and oxidative stripping remained nearly constant. As presented in
Fig. 5(d), the calculated adsorption coverage of sulfonate on the
Pt surface was 12.04%, 12.24% and 12.44% for 0.05, 0.1 and
0.13 mg/cm2 Pt loadings, respectively. It can be concluded that
changes in Pt loading do not influence the sulfonate adsorption
rate on the Pt surface.

It was reported that sulfonates on the Nafion side chain are
prone to adsorption on the Pt surface, where they occupy active
sites and hinder the dissociation of oxygen molecules [10]. Under
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the same Pt loading conditions, the electrode with Nafion is more
likely to generate hydrogen peroxide than the electrode without
Nafion [12,13]. Zhang et al. demonstrated that the Pt coordination
environment could control ORR products selectivity [53]. More-
over, the coordination of sulfonate with Pt would not only poison
the Pt atoms at the adsorption site, but also poison the adjacent
Pt atoms [9]. As a result, a small change in the amount of sulfonate
coverage will lead to a large decrease in activity [16,18]. Nafion
reduces the active sites and sacrifices the utilization of Pt, which



Fig. 4. MEAs with different Pt loadings: (a) curves of Rct versus potential; (b) curves of normalized Rct versus potential.

Fig. 5. MEAs with different Pt loadings: (a) CO displacement current and time curves; (b) CO stripping cyclic voltammograms; (c) CO displacement charge per unit mass of Pt
(right axis) and CO stripping charge (left axis); (D) sulfonate adsorption coverage on the Pt surface.
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is equivalent to reducing the loading of Pt. Therefore, the loading
effect should also apply in electrodes without Nafion, which can
be obviously observed from Fig. 2. The normalized Rct for elec-
trodes without Nafion still exhibited the same trends as electrodes
with Nafion. Many researches have investigated the Pt loading
effect on ORR [48,49,54,55]. The general view is that as the Pt load-
ing decreases, the ORR will be promoted to proceed via two-
electron pathway, leading to a higher yield of hydrogen peroxide.
The hydrogen peroxide is considered to be always produced during
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the ORR on Pt [56]. When the active sites continue to decrease, the
generated hydrogen peroxide cannot be reduced in time, resulting
in the accumulation of hydrogen peroxide [48], and the ORR path
changes accordingly. It was reported that the electrochemical
mechanisms related to the reaction of hydrogen peroxide during
the ORR could limit the PEFC performance [57]. Therefore, we
believe that when the Pt loading or effective active area decreases,
the increase of normalized Rct could be ascribed to the change of
ORR proceeding way. However, the detailed ORR mechanism
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changes are not well understood yet and deserve further
exploration.

Although the adsorption rate of sulfonate is only 12%, any factor
that reduces the effective Pt active area is fatal for MEAs with low
Pt loading [58]. Based on the results presented in Fig. 4 and Fig. 5,
although the sulfonate coverage of the electrodes remained
unchanged, the Rct of the electrode with lower Pt loading suffered
from more serious poisoning. Therefore, poisoning by sulfonate on
the side chain of Nafion should be considered when constructing
MEAs with low Pt loading and high performance. More impor-
tantly, appropriate strategies should be taken to alleviate this poi-
soning without affecting the transport of protons and oxygen [16],
which greatly favors the selection of MEAs with low Pt loading to
achieve high performance.

4. Conclusion

The Pt loading effect on Nafion-induced activity suppression in
RDEs and MEAs was investigated via our developed EIS technique.
The use of Rct in the EIS spectrum could avoid uncertainty in activ-
ity characterization, which cannot avoid mass transport loss, espe-
cially in highly loaded catalyst agglomerates. Our observations
reveal that a reduction in Pt loading amplifies poisoning by Nafion.
After Nafion was added to the electrode, the normalized Rct for a Pt
loading of 40 lg/cm2 increased by 6 times, while that for a Pt
loading of 20 lg/cm2 increased by 8 times at the same potential.
Moreover, a lower operating voltage induces more severe poison-
ing. The normalized Rct of the electrode with Nafion at a Pt loading
of 20 lg/cm2 was 6 times higher at 0.9 V than that without Nafion,
and this ratio even increased to 21 times at 0.82 V. Even under the
premise that the adsorption coverage of sulfonate on the catalyst
surface remains unchanged, the poisoning effect of Nafion
increases with decreasing Pt loading.
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