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proton exchange membrane fuel cells†

R. Zeng, *abc H. Y. Zhang,abc S. Z. Liang,abc L. G. Wang,ac L. J. Jiangabc and X. P. Liuabc

Ionomer in the catalyst layer provides an ion transport channel which is essential for many electrochemical

devices. As the ionomer and electrochemical catalyst are packed together in the catalyst layer, it is difficult

to have a clear image of the ionomer distribution in the catalyst layer and how the ionomer is in contact with

Pt or carbon. A highly dispersed catalyst was deposited on the TEM SiN grid directly using the same

(ultrasonic spray) or a similar way as the catalyst was deposited on the membrane. By analyzing the

distribution of various elements (C, F, S, Pt etc.), we found that the ionomer may coexist in the catalyst

layer in three ways: ionomer covered Pt particles due to the relatively strong interaction between Pt and

the ionomer; ionomer covered C particles; packed free ionomer in between the aggregated catalyst

particles. The results show that the ionomer is prone to covering the surface of Pt particles as further

evidenced by the accelerated degradation test (ADT).
1. Introduction

Proton Exchange Membrane Fuel Cells (PEMFCs) are at the
beginning of commercial application and mass produced fuel
cell vehicles were introduced into the market in Japan in 2014.
However, their cost and durability are still remaining issues. To
address these issues, it is the main concern to lower the Pt
loading in the Membrane Electrode Assembly (MEA) and to
improve the performance.

MEA is the key part of PEMFCs and the ultra-thin catalyst
layer of MEA is a hot topic of the research. The catalyst layer (CL)
is a very complex chemical and geometric environment for
electrochemical reactions in PEMFCs. This porous CL is
composed of supported catalyst particles, ionomer etc. The
reaction occurs at sites where various reacting species such as
protons, electrons, and gases meet.

By using sum frequency generation spectroscopy (SFG),
Noguchi's1 work showed that the interface between the PFSA
(peruorosulfonic acid) thin lm and the Pt surface is different
from the interface between PFSA and a HOPG surface. Water
may be prone to accumulate at the interface between the PFSA
thin lm and the Pt surface. Based on our work on PEMFCs with
dead-end anode, we also suggested the possibility of water
accumulation at the interface between the PFSA ionomer thin
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lm and Pt surface even when the fuel cell was running without
external humidication.2 This highlights the need of further
study on the properties of the interface between the ionomer
and catalyst as well as the ionomer distribution in the catalyst
layer.

The structure and properties of CLs, the interface between
the ionomer and catalyst or ionomer distribution in CLs are
always the main concerns in promoting PEMFC performance. A
widely accepted model or assumption for the ionomer distri-
bution in the catalyst layer is that the ionomer covered the
aggregated Pt/C particles3–5 fully or partially. Eikerling's group
has done the computational researches on this topic.6–8 Their
work showed Naon ionomer formed a thin adhesive lm on
the graphite sheet when only graphite carbon and ionomer were
considered.7 The Naon ionomer is predominantly adsorbed on
the graphitized carbon sheet via the backbone, and the side
chains face toward the pore space. The interfacial packing
density of the sulfonic acid groups that face toward the pore
space could have signicant impact on the surface properties of
pores in CLs. The surface properties of the graphite sheet affect
the morphology of the Naon ionomer and water. In the pres-
ence of Pt nanoparticles, on the other hand, the ionomer phase
is more clustered and less connected with more anionic side
chains pointing toward the Pt/C surface.8 Ionomer mostly
covers the external surface of Pt/C aggregates (sizes < 50 nm)
when hydrophobic carbon like Vulcan XC72 is applied.
However, they did not discuss the interaction between the Pt
and the ionomer. In order to manipulate the wetting properties
of the micropores in the catalyst layer, Dowd Jr et al.9 suggested
a heat treatment of the CLs to form hydrophobic pores in CLs.
Gisu Doo et al.10 found that the CL structure changed as the size
of ionomer aggregates in the catalyst dispersion ink changed.
This journal is © The Royal Society of Chemistry 2020
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Park and his co-workers11 investigated four different carbon
structure and their effects on the Pt and ionomer distribution.
By N2 absorption analysis and TEM results, they suggested the
blockage of the pore of carbon by Pt and ionomer. Yang et al.12

also discussed the interaction between carbon (XC-72, NH2-
XC72, SO3H-XC-72) and Naon ionomer in the catalyst ink
dispersion. The size of the –NH2 functionalized carbon black
aggregates increased signicantly. This may signicantly affect
the CL structure.

The material-sensitive and conductive atomic force micros-
copy (AFM) was used to show the ionomer distribution in
CL.13–21 The adhesion force image overlaid topography was used
to distinguish the ionomer and the aggregated Pt/C. The ioni-
cally conductive regions, which implied the ionomer region in
CL, could be recognized by their low adhesion signal. Xie et al.22

showed that the aggregation of catalyst decreased as the ion-
omer content increased by AFM and TEM. Cullen23 showed the
ionomer coating lm thickness is about 7 nm using AFM
technology. Hiesgen's group15–21 had done a series of works on
ionomer distribution in the CL by AFM. The AFM tip of nominal
radius of less than 1 nm was used and an image pixel size was
less than 1 nm (<0.36 nm) for high-resolution image. They
found that the ionically conducting network with lamella
structure was formed in the membrane15 and the cast ionomer
thin lm18 when forcing a current through the membrane or the
thin lm. The ionomer lm, covering the catalyst aggregates in
the catalyst layer, formed inhomogeneous structure15 in
a thickness of 4–15 nm.20 The opposite effects of ionomer
dimensional changes in membrane and catalyst layers were
detected by AFM technology too.19 Big ionomer area about
hundred nanometer size was shown in AFM images.17 The
ionomer lm thickness in CL was thinning and the ionomer
was redistributed and aggregated in terms of operation time.21

This irreversible degradation of the ionomer in CLmay result in
performance degradation of MEAs. Stiffness mapping and
current mapping were also used along with the adhesion force
mapping to discern Pt, C and the ionomer. The adhesion
mapping of AFM is a very good way to visualize the PFSA ion-
omer in CLs and deeper understanding of the effect of ionomer
on MEAs was achieved. However, as the Pt particle size is only
about 2–3 nm and carbon is about 30–50 nm in normal
commercial Pt/C catalyst, how the ionomer covers within the Pt/
C agglomerates is still unclear. The chemical information
around Pt or C can't be achieved by AFM adhesionmapping too.

High resolution TEM coupled with energy dispersive X-ray
spectroscopy (EDX) is a good way to give morphology and
chemical information of nanomaterials. However, the damage
of the PFSA ionomer lm is the main concern. S. Yakovlev
et al.24 discussed in detail about the morphology of Naon
membrane applying TEM technology. Damage of Naon
membrane structure was conrmed. In state-of-the-art to get
chemical information of the CLs, reducing the incident ux and
partial defocusing was applied to lower the radiation damage of
the ionomer during the test at the cost of sacricing the spatial
resolution. Cullen23 addressed the E-beam damage of thin PFSA
ionomer lm. By lowering the temperature to �100 �C and
electron dose (below 1 � 104 e� nm�2 s�1) at the cost of
This journal is © The Royal Society of Chemistry 2020
lowering the resolution, mass loss of F in the ionomer is below
10%. Multivariate statistical analysis (MVSA) was applied to
EELS and EDX spectrum to reduce the noise.

Hitchcock's group25–28 had made the attempts to quantita-
tively map ionomer in catalyst layers too. Instead of STEM-EDX,
they suggested scanning transmission X-ray microscopy (STXM)
spectro-tomography at the C 1s and F 1s edges to keep the
damage of thin ionomer lm within an acceptable level.25 The
electron beam spot size of STXM was about 50 nm. They further
applied so X-ray spectro-ptychography to quantitatively image
PFSA ionomers in PEMFC cathode. The 2D spatial resolution
better than 15 nm and a 3D spatial resolution better than 30 nm
were achieved.28 The authors suggested further reducing the
radiation dose and performing the test at cryogenic tempera-
tures in order to lower the damage of PFSA ionomer and to
improve the spatial resolution further.

In this paper, we still apply the high resolution TEM and
high-angle annular dark-eld scanning TEM (HAADF-STEM) to
get high resolution images and try to rebuild the ionomer
distribution based on the trace elemental distribution. The
electron dose is lower than 1 � 104 e� nm�2 s�1. We chose the
bottom up way to deposit the catalyst on the TEM grid instead of
making the TEM samples from the formed catalyst layer. This
helps us to image the ionomer distribution when the catalyst
layer is formed.
2. Experiments

The experiments were performed on Tecnai G2F20 (FEI, USA).
As F is very sensitive to electron dose in TEM tests, we try to
detect carbon and sulphur instead. Carbon can indicate where
the ionomer is, while sulphur indicates where the sulfonic acid
group is. SiN grid was used to prepare TEM samples so that
carbon distribution can be shown. The fresh catalyst ink was
prepared and ultrasonically sprayed on the SiN grid once to
three times or dropped on the SiN grid. The aged catalyst was
scratched from the aged catalyst layer in membrane electrode
assemblies (MEAs) aer 30k cycles of 0.6–1.0 V, redistributed in
ethanol and deposited on the TEM grid. The fresh and aged
catalysts were compared with each other. In order to improve
the stability of the ionomer under TEM test, the solvent in the
catalyst ink was evaporated off and formed free standing CL
which was similar to the ultrasonic way to form CLs. The given
CL was immersed in the 1.0 mol L�1 CuSO4 or Al2(SO4)3 for
30 min 3 times to transfer H+ in ionomer to Cu2+ or Al3+. Then
the CL was cleaned with water and re-dispersed in iso-propanol.
The prepared ink was dropped on the SiN grid for TEM test.
3. Results and discussion

The elemental content of the original SiN grid is shown in Table
1. Only Si, N, O and very low content of Cl (0.06 at%) are
detected, which means that the SiN grid is free of C, F, S. The
contents of Si, N, O are 42.82 at%, 44.41 at% and 12.71 at%,
respectively. HAADF images and EDXmaps of SiN grid is shown
in Fig. S1 (ESI†). Si, N and O are homogenously distributed.
RSC Adv., 2020, 10, 5502–5506 | 5503



Table 1 Elemental content of the original SiN and in the area of the
catalyst, away from the catalyst using ionomer in H+

SiN Catalyst Away catalyst

C (at%) — 62.83 48.51
Pt (at%) — 1.54 �0.05
S (at%) — 0.18 0.01
F (at%) — �0.21 �0.27
O (at%) 12.71 6.43 4.80
Si (at%) 42.82 18.52 22.09
N (at%) 44.41 10.71 24.92
Cl (at%) 0.06
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The TEM of the fresh catalyst covered with the PFSA ionomer
in H+, Cu2+ and Al3+ is shown in Fig. S2 (ESI†). As the ionomer
lm in Cu2+ or Al3+ are more robust than the lm in H+ when
exposed to the electron beam, the ionomer lm in Cu2+ or Al3+ is
clearly discerned from the SiN background. The ionomer lm in
Cu2+ or Al3+ doesn't cover the catalyst in an aggregated state as
expected, but forms a thin lm in between the aggregated
catalysts. Although there is no clear thin lm among the
aggregated Pt/C catalysts when using ionomer in H+, HAADF
images and EDXmaps of the ionomer in H+ (Fig. 1) conrm that
the thin lm of ionomer in H+ does exist among the aggregated
Pt/C catalyst particles. The atom concentration of C, Pt, S, F, O,
Si and N are shown in Table 1. As we know, PFSA ionomer is
sensitive to the electron beam energy and dose, and the mass
loss of the ionomer, especially the F mass loss is signicant. No
detectable F is found in the area of catalyst and away from the
catalyst. No detectable S is found in the area away from the
catalyst. The atom concentration of S on the catalyst is very low
(0.18 at%) but shows similar distribution as that of Pt, namely S
appears at the same position where Pt is. This means that S is
close to and interacts with Pt. It is possible that sulfonic acid
functional group of the ionomer covers Pt surface. O is shown at
Fig. 1 HAADF images (where the red rectangle show the mapping
area) and EDX maps with colored pixels indicating where the element
was detected above background in the area of the catalyst (the upper
images) and away from the catalyst (the lower images). C is red; S is
purple; F is blue; Pt is yellow; O is cyan; Si is grey; N is green.
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all the detected area. As the oxygen could be from the SiN
surface, it is hard to determine whether O comes from the
decomposed ionomer. However, carbon appears on the SiN
surface in the area away from the catalyst, where S and F are
hardly detected. The C concentration in the area of catalyst and
away from the catalyst is 62.83 at% and 48.51 at%, respectively.
However, the scenario of C distribution in the area of catalyst
and away from the catalyst is quite different. As shown in Fig. 1,
the EDX mapping image of C in the area of catalyst clearly
shows C is centralized as the carbon particle while C in the area
away from the catalyst is distributed homogenously. The
elemental EDX mapping in the area of the catalyst and away
from the catalyst with ionomer in Cu2+ and Al3+ are shown in
Fig. S3 and S4 (ESI†) respectively. The elemental contents in the
area of the catalyst, away from the catalyst with ionomer in Cu2+

and Al3+ are listed in Table S1 (ESI†). The distribution and the
content of S, Pt, C, F, O, and Si are similar to that of the catalyst
with ionomer in H+. The content of C is as high as 48 at%, 83.24
at% and 83.88 at% on the surface of SiN in the area away from
the catalyst with ionomer in H+, Cu2+ and Al3+ respectively. It is
sensible that C content of ionomer in Cu2+ and Al3+ is higher
than that of ionomer in H+. As carbon can only be from the
ionomer in this area, it supports the hypothesis that part of the
ionomer in the catalyst ink is deposited away from the catalyst.
This implies that the ionomer in H+ does form thin lm among
the aggregated catalyst. The ionomer itself may pack together
when the catalyst ink is deposited layer by layer. If the ionomer
itself packs together during the rst few deposited catalyst
layers, the formed thin catalyst layer next to the membrane
could be denser than the catalyst layer away from the
membrane. This is consistent with our nding before that the
catalyst layer formed a condensed layer about 1 mm next to the
membrane when ultrasonically deposited the catalyst ink on the
membrane.29 The packed ionomer may also form the aggre-
gated ionomer in the CLs away from the membrane too. This is
consistent with the work before17 that there was big aggregated
ionomer up to several hundred nanometer size in the catalyst
layer.

The dri corrected spectrum of EDX linear scan of the
selected catalyst particle in STEM is applied to show more
details about the distribution of C, F, S, Pt and Al or Cu. S, Al, Cu
would indicate where the sulfonic acid hydrophilic functional
group is. The results are shown in Fig. 2. The trace line of the
EDX scan which can be clearly seen in Fig. 2(a) gives a hint that
the ionomer actually covers on the carbon surface but disap-
pears during the test. S or F from the damaged ionomer may
disseminate and escape away from the high vacuum chamber of
TEM equipment. However, the content of S changes coincident
with the content of Pt as shown in Fig. 2(a–c) no matter the
ionomer in the catalyst is in H+, Al3+ or Cu2+ form. It is sensible
because the theoretical absorption energy of S on fcc and hcp
site of Pt (111) is about 5.95 eV and 5.75 eV (ref. 30) respectively
which can cause strong absorption of S on Pt. As the interaction
distance of two atoms is short, this absorbed S on Pt implies
that the Pt surface is covered by S which is from sulfonic acid
functional group of the decomposed ionomer. It is consistent
with the elemental mapping results in Fig. 1 where S appears at
This journal is © The Royal Society of Chemistry 2020



Fig. 2 Characterization of the ionomer covered nanoparticles. HAADF
(right) and typical drift corrected spectrum (left) of EDX linear scan of
the selected particle in STEM for deposited catalyst with ionomer in H+

(a), Al3+ (b), Cu2+ (c). The red line in (a) where the line scan performed
was removed so that the track of the line scan can be seen (Pt: green;
S: black; F: blue; C: red; Al: purple; Cu: purple).

Fig. 4 Schematic of the ionomer distribution in the catalyst layer.
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the same position where Pt is. It is also consistent with Nogu-
chi's1 work and Eikerling's theoretical simulation8 which sug-
gested that the sulfonic acid group of the ionomer was prone to
cover the Pt surface. Besides S, the content of F, Al and Cu also
change coincident with the content of Pt although the peaks are
much weaker than S and Pt peak.

Combined with the information from the elemental linear
scan and mapping results, we suggest that the ionomer cover
the surface of the catalyst including the surface of carbon and
Pt, and the sulfonic acid functional group is near the surface of
Fig. 3 HAADF (right) and typical drift corrected spectrum (left) of EDX
linear scan of the selected aged particle in STEM of detached Pt
particle (a); C with Pt (b); C with no Pt (c) along with the scan line (Pt:
green; S: black; F: blue; C: red).

This journal is © The Royal Society of Chemistry 2020
Pt which shows a stronger interaction between Pt and the ion-
omer than that of carbon and the ionomer. The ionomer can
also be deposited on the surface away from the catalyst. We
prone to think that thin ionomer lm covers primary carbon
particle (�50 nm) surface based on our test and Eikerling's
simulation8 although we did not scan every Pt/C particle and it
is impossible to discern the ionomer thin lm attached on
carbon surface from the free ionomer lm deposited on carbon
surface. The scenario of forming the catalyst layer could be: the
catalyst including the carbon and Pt surface covered by the
ionomer and the free ionomer deposited layer by layer coexist.
The free ionomer may pack together to form the ion exchange
channel among the ionomer covered catalyst. As S is le beside
Pt, the hydrophilic side chain of the ionomer, which contains
the sulfonic acid functional group, covers the Pt surface.
Eikerling suggested that the ionomer covers the carbon surface
by the CF backbone and the sulfonic acid group faces the pores
in CLs.7 The ionomer covering Pt surface may be benecial to Pt
ions (Pt2+) by oxidizing Pt particles during fuel cell operation to
transfer through the ion exchange channels in CLs. It causes the
Pt depletion zone of CLs near the membrane and formation of
the Pt band in the membrane, or results in the growth of Pt
particles.31,32

The aged catalysts in cathode catalyst layer, cycled 30k cycles
from 0.6 V to 1.0 V at a scan rate of 50 mV s�1, are re-dispersed
in ethanol and deposited on the TEM Cu grid with carbon
ultrathin lm. The elemental linear scan of catalyst particle is
shown in Fig. 3. Similar to the fresh catalyst, the content of S
and Pt change coincidently at the detached Pt particles and the
Pt on C. It shows there is no S or F on carbon. As the relatively
strong interaction between S and Pt, the ionomer covered Pt
surface may be kept during the ageing process.

Based on the above observation, we suggest the ionomer
distribution in the catalyst layer shown in Fig. 4 instead of the
traditional images.3–5 There are three possible kinds of ionomer
coverage with different interaction with the catalyst: relatively
strong interaction between Pt and the ionomer where the ion-
omer covers Pt particles; interaction between C and the ionomer
where the ionomer covers C particles; packed free ionomer in
between the Pt/C aggregated catalyst particles. This challenges
the traditional understanding of the structure of the catalyst
layer. It may have profound effects on the structure changing of
catalyst layer when fuel cell runs for long time or reversal
voltage happens. The structure change of the CLs when reversal
voltage happens will be discussed in the near future. The new
model of the composition distribution or structure of the
catalyst layer may also cause profound effects on the simulation
of ion, water and gases transportation in the catalyst layer.
RSC Adv., 2020, 10, 5502–5506 | 5505
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4. Conclusions

Highly dispersed catalyst is deposited by ultrasonic spray or
dropped on the TEM SiN grid directly the same or similar way as
the catalyst is deposited on the membrane. Although TEM
technology can't give the real image of the ionomer distribution
in the catalyst layer due to the mass loss of the ionomer espe-
cially F, the trace S and C elemental distribution reveal the
ionomer distribution near and away from the catalyst by using
SiN grid for high resolution TEM. The results show that the
ionomer may coexist in the catalyst layer in three ways: the
ionomer covers Pt particles due to the relatively strong inter-
action between Pt and the ionomer; ionomer covers C particles;
packed free ionomer among the catalyst particles possibly
forming ionomer agglomerates in CLs.
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