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Abstract

Pt-based electrocatalysts on the cathode side of proton exchange membrane
fuel cells (PEMFCs) generally undergo severe degradation, which contributes to
the short life span of PEMFCs. Thus, it is crucial to understand the structural degra-
dation of Pt-based electrocatalysts. Here, various degradation mechanisms of indi-
vidual Pt nanoparticles supported on Vulcan carbon during load-cycle accelerated
stress tests were investigated and quantified by identical-location transmission
electron microscopy (IL-TEM). The atomic-scale IL-STEM imaging revealed the for-
mation of Pt single atoms on the carbon support, which resulted from the dissolu-
tion of nanoparticles, and the following pathway change in the oxygen reduction
reaction (ORR) was analyzed by rotating ring-disk electrode tests. Our study pro-
vides new insight for understanding the relationship between the decline in the
ORR activity and the formation of Pt atomic species resulting from the electro-
chemical degradation of Pt/C.
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Pt-based nanoparticles are promising candidates for the
cathode catalysts of proton exchange membrane fuel
cells (PEMFCs) because of their high activity for the oxygen
reduction reaction (ORR).'® However, the corrosive envi-
ronment and high positive potential at the cathode side of
PEMFCs tend to deteriorate the activity of the cathode cat-
alyst, which accounts for the short life span of PEMFCs.” As
the activity of the catalyst is directly determined by the cat-
alyst structure,®'%"® understanding the structural degrada-
tion of Pt-based catalysts is a prerequisite for designing
efficient catalysts with enhanced stability.

The degradation mechanism of Pt/C has been studied
by applying an accelerated stress test (AST) to a half-
cell'"® or membrane electrode assembly.”'>'” The AST
can simulate certain stressful conditions of real-life opera-
tions to induce the degradation of catalysts in a short
time.'® Pt dissolution, one of the primary degradation
mechanisms, has been elucidated by analyzing the
amount of Pt species in the electrolyte using inductively
coupled plasma mass spectrometry.''?~2" Carbon corro-
sion, which is closely associated with the degradation of
active Pt catalysts, has been detected by measuring the

concentration of CO, using a nondispersive infrared gas
analyzer or mass spectrometer.”'>**?* Based on the
ensemble information obtained by XRD measurements,
structural changes in the Pt catalyst subjected to AST
can be used to explain the overall reduction in its cata-
lytic activity and electrochemically active surface area
(ECSA).***> In addition, the structural change of nano-
particles in terms of size, morphology, and crystal struc-
ture can be understood at the single-particle level by
acquiring numerous high-resolution transmission elec-
tron microscopy (TEM) images of the catalysts subjected
to the AST. Based on the size distribution obtained from
the TEM images, the key mechanism for the enlarged
Pt nanoparticles observed after the AST, whether due
to Ostwald ripening or agglomeration, can be deter-
mined.?® TEM further revealed structural changes in the
carbon support, such as the collapse of carbon particle
organization or amorphization.”’*® However, these stud-
ies only show ensemble-averaged differences before
and after the AST, and it is difficult to identify the exact
mechanism that determines the fate of active individual
Pt catalyst particles.
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Identical-location TEM (IL-TEM) can directly visualize
morphological changes in catalyst particles by observing
the same locations before and after AST.?° 3 By investigat-
ing their structural changes at the single-particle level,
IL-TEM enables the explicit specification of the pathways
responsible for activity degradation. More importantly, it
provides direct evidence of events that cannot be
observed using conventional TEM, such as particle detach-
ment.?*3'"33 The results also suggest the coexistence of
coalescence and Ostwald ripening, which were considered
as two independent mechanisms for the enlargement of
particles after AST3' Notably, few studies have employed
IL-TEM to quantitatively investigate the frequency of differ-
ent degradation phenomena and their effects on overall
activity loss and reduced ECSA. In addition, most studies
using IL-TEM have mainly focused on morphological
changes in catalysts.”>>'"3* However, various aspects
beyond the simple morphological degradation of the
active materials remained unclear. For example, Pt
atomic species formed by the dissolution of nanoparti-
cles potentially undergo diverse subsequent pathways,
such as re-deposition and diffusion to the electrolyte.'
Thus, a mechanistic understanding of the degradation
process of catalysts requires a quantitative comparison of
many individual Pt particles before and after AST on a
multiple-length scale, starting from a level that discerns
morphological changes to an atomic-scale resolution to
understand the dynamic behavior of Pt atomic species.

In the present study, IL-TEM was used to investigate
the degradation processes of individual Pt nanoparticles
supported on Vulcan carbon before and after load-cycle
AST, allowing the quantification of various degradation
processes, including dissolution, ripening, migration, and
coalescence. Atomic-scale imaging using identical-location
scanning transmission electron microscopy (IL-STEM), com-
bined with rotating ring-disk electrode (RRDE) tests,
revealed that the dissolution of Pt nanoparticles results in
the formation of Pt single atoms on the carbon support,
which leads to the suppression and enhancement of the
four- and two-electron pathways in the ORR, respectively.

The Pt/C catalyst, where 10 wt% of Pt nanoparticles
were loaded on Vulcan carbon, was selected as a model sys-
tem for investigating the degradation processes of the cata-
lysts during the load-cycle AST. The load-cycle AST, a total of
20 000 cycles of square-wave potential cycling between 0.6
and 0.95 Vgyg, is typically used to induce the degradation of
Pt nanoparticles other than the carbon support.'® The deg-
radation of Pt nanoparticles supported on Vulcan carbon
was studied experimentally using the rotating disk electrode
(RDE) technique. To examine the extent of catalyst degrada-
tion in terms of catalytic activity or ECSA, basic electrochemi-
cal measurements, including cyclic voltammetry (CV) and
linear scanning voltammetry (LSV), were conducted before
and after the AST (Figure 1a). Structural changes that occur
in the catalyst during the AST were identified by IL-TEM, in
which the same catalyst particles at identical locations on
the catalyst were observed before and after the AST using
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TEM/STEM, and the results obtained are compared
(Figure 1b). The experimental details are described in the
Supporting Information S1.

In both CV curves acquired from the RDE tests
before and after the AST, typical characteristics of Pt/C,
including hydrogen underpotential deposition (Hypq)
region (0.05-0.3 Vyue), double layer region (0.3-0.7 Vgye),
and Pt-O formation (>0.7 Vgue in the anodic scan), are
observed (Figure 1c).' The ECSA was determined by
calculating the H,,4 area of the CV curve (details provided
in the Supporting Information S1). After conducting
the load-cycle AST, the ECSA decreased from 85.822 to
43.842 m?py/gpy, corresponding to a loss of approximately
48.903%. In the ORR polarization curves of the catalyst
before and after the AST, the half-wave potential (E, )
decreased by 48 mV from 0.784 to 0.736 V, as shown in
Figure 1e. The reduction in both the ECSA and E,, values
clearly indicates the degradation of Pt/C during the AST.

The structural changes in the same catalyst particles
were observed using IL-TEM at various magnifications. The
TEM images were acquired at several locations on the Pt/C
catalyst before and after the AST, as shown in Figure 2a,b,
respectively. The overall shape of the carbon support
barely changed (Figure 2ab), which is in agreement
with previous reports.”’?' Because the massive carbon
oxidation reaction mainly occurs at potentials higher
than 1.0-1.1 Vyue 2" carbon corrosion is not the main
process responsible for the degradation of the catalyst as a
load-cycle AST was applied in our experiment. Instead, the
load-cycle AST induced various structural changes in the
Pt nanoparticles, as shown in Figure 2c-h. Based on
the results, some nanoparticles did not undergo size change
or migration (Figure 2c), some particles grew in size
(Figure 2d), some disappeared after the AST (Figure 2e), and
new nanoparticles also appeared (Figure 2f). The migration
and coalescence of the nanoparticles were also observed, as
shown in Figure 2g,h, respectively. These phenomena are
consistent with the previously reported mechanisms for
Pt/C degradation."”"

In addition to confirming that these processes occur
during Pt/C degradation, IL-TEM also allows the quantifica-
tion of the contribution of each degradation process. The
frequency of each degradation process was quantitatively
determined by identifying the structural changes in several
individual nanoparticles using IL-TEM. The degradation
behavior of 266 nanoparticles was analyzed and catego-
rized into six groups: “unchanged,” “disappeared,” “size
change,” “migration,” “coalescence,” and ‘“appeared.”
Details of the categorization criteria are presented in the
Supporting Information S1. Approximately 68% of the
nanoparticles remained unchanged at the given spatial
resolution, as shown in Figure 2i. Among the nanoparticles
that undergo substantial changes, the frequencies of nano-
particles in the “disappeared,” “size change,” “migration,”
“coalescence,” and “appeared” groups are 12%, 11%, 5%,
4%, and 1%, respectively. The size distributions before and
after the AST were determined by measuring the size of
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FIGURE 1 (a, b) Scheme on the electrochemical experiments based on rotating disk electrode (RDE) technique and identical-location scanning

transmission electron microscopy (IL-TEM) approach, respectively. (c) Comparison of the cyclic voltammograms, (d) electrochemically active surface
area (ECSA), (e) polarization curves before and after 20 000 cycles of load-cycle accelerated stress test (AST).

the particles in the images. The average particle size
slightly increases from 2.14 to 2.22 nm (Figure 2jKk). The
slight change in the size distribution is supported by the fact
that a large portion of nanoparticles remained unchanged
after applying the load-cycle AST. This is probably due to
the relatively small loading of Pt nanoparticles (10 wt%) on
the carbon support used in the current study. At large inter-
particle distances, the coalescence between particles is likely
to be suppressed. Even though the size change or disap-
pearance of the nanoparticles clearly contributes to a
decline in the ECSA, a discrepancy still exists between the
small change in size distribution and the magnitude of the
decrease in ECSA after the load-cycle AST. This indicates
that the surface of the nanoparticles exists in an electro-
chemically deactivated state even though their morphol-
ogies remain unchanged after the AST.*®

The statistics for different types of degradation pro-
cesses obtained from the IL-TEM results revealed that the
disappearance and size change of the particles were
the major degradation mechanisms, as shown in Figure 2i.
The disappearance of the nanoparticles can be explained
by either particle detachment from the support or dissolu-
tion of the Pt nanoparticles. It is difficult to distinguish
between these two processes based on the IL-TEM analy-
sis. Nonetheless, the dissolution process is supposedly a
more major source of particle disappearance than the
other process. This is because particle detachment is
known to occur when the interaction between the nano-
particles and carbon support is weakened by carbon corro-
sion.?®32 The potential applied during the load-cycle AST is
insufficient to cause severe carbon corrosion.”’ In addition,

detached particles usually appear on the carbon film of the
transmission electron microscopy (TEM) grid when severe
particle detachment occurs®'; however, detached particles
were not observed in our IL-TEM results.

The disappearance and size change of the particles,
which were the apparent major degradation mechanisms
during the AST, are closely related to the dissolution of
Pt and diverse subsequent pathways. The dissolution of
Pt nanoparticles occurs under repetitive oxidation and
reduction of Pt during voltage cycling.?'*® Pt ions from
dissolved nanoparticles can diffuse through the electro-
lyte or along the support.”® Some of them might diffuse
into the bulk electrolyte or re-deposit on other nanoparti-
cles.” These processes decrease the size of the dissolved
nanoparticles and promote the growth of the re-deposited
nanoparticles, which lead to a change in the size distribu-
tion and contribute to a decrease in the ECSA.>® This phe-
nomenon prompts further study on the dynamic behavior
of Pt atomic species to elucidate their influence on the
overall activity of the catalyst.

Cs-corrected STEM in combination with an identical
location technique was used to monitor the pathway of
the Pt atomic species resulted from the dissolution of the
Pt nanoparticles. The IL-STEM images taken before and
after the AST are shown in Figure 3a,b, respectively. The
images are color coded to improve the visibility. The Pt
element is distinguishable by its darker contrast than that
of the carbon support. Regions showing notable changes
are marked with dotted boxes, as shown in Figure 3a,b,
whereas the magnified images are presented in Figure 3c.
The size of the Pt particles decreased due to dissolution,
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FIGURE 2 Representative identical-location transmission electron microscopy (IL-TEM) image of Pt/C (a) before and (b) after accelerated stress test
(AST). Regions are marked with boxes in in gray, green, blue, orange, purple, and yellow, which are examples for each category, “unchanged,”
“disappeared,” “size change,” “migration,” “coalescence,” and “appeared,” respectively. Magnified images of the marked regions are presented in
(c)—(h). (i) Frequencies of each categorized process. (j, k) Histograms of particle diameter before and after accelerated stress test (AST), respectively.
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FIGURE 3 Representative identical-location scanning transmission electron microscopy (IL-STEM) image of Pt/C (a) before and (b) after AST.
Images were color coded for visibility. Regions with notable changes are marked with dotted boxes. (c) Magnified images of the marked regions
in (a) and (b). (d) Histograms showing the pixel intensity of the images before and after AST. (e) Comparison of the integrated values for the

peaks of the histogram.

and a notable amount of Pt single atoms appeared near
those particles, as shown in Figure 3c. In addition, some
Pt single atoms appeared on the carbon support in the
regions where nanoparticles were absent initially (left
images in the bottom row in Figure 3c). An attempt was
made to quantify the increased number of Pt single atoms
on the support. Visible Pt nanoparticles were excluded
from the images (Supporting Information S1), and a histo-
gram of pixel intensity was acquired from each image
(Figure 3d,e). The two main peaks in the pixel intensity dis-
tribution (Figure 3d) are distinguished as follows: lower
intensity (orange) and higher intensity (purple), which cor-
respond to the carbon support and Pt single atoms,
respectively. The area of the histogram for each peak was
integrated and compared. After the AST, the integrated
value for the carbon support peak decreased, whereas the
value for the Pt single-atom peak increased, as shown in
Figure 3e. These results demonstrate that after the AST,

the Pt atomic species from the dissolved nanoparticles
were deposited on the carbon support and appeared as
Pt single atoms.

Pt nanoparticles are known to catalyze the four-
electron reduction pathway desired for the conversion of
0, to H,0 as Pt ensemble sites enable side-on adsorption
of O,, which leads to cleavage of the 0—O bond.>® In con-
trast, Pt single atoms tend to catalyze the two-electron
reduction pathway, which converts O, to H,0,, because
of the absence of an ensemble site.>’ The IL-STEM results
(Figure 3) show the dissolution of the nanoparticles and
the formation of the Pt single atoms on the carbon sup-
port, implying the possibility of the suppression of four-
electron pathway while enhancing two-electron pathway.
The RRDE test, which enabled us to quantify the H,0, for-
mation rate, was conducted to investigate the changes in
the ORR pathway as the catalyst underwent degradation.
In the RRDE test, O, was reduced at the disk to either

850807 SUOWIWOD 8A1E81D 3|edl|dde aup Aq peueAob afe Saolle YO ‘8SN JO S3INJ 0} Akeid 78Ul UO AB]I UO (SUORIPUOD-PUB-SWIBIAW0D A8 | IMAeIq U1 UO//:SANY) SUORIPUOD pue Swie | 81 88S [202/20/ST] Uo ARiqiTauliuo A8iMm ‘AIsieAlun uolieN [n0ss Aq 0692T S90/200T OT/I0P/W00" A3 1m AReid 1 puljuo//Sdny Wwioly papeojumod ‘9 ‘€20 ‘6V65622T



KWAG €T AL. BULLETIN OF THE 493
KOREAN CHEMICAL SOCIETY
@ ) 508 ©
Disk o Number of cycles %0 Number of cycles
O,+4H' +4e —2HO < —0 —0
0,+2H +2e- > HO, & 004] 1000 | © 40{ | 1000
- e-e ——10000 b \ ——10000
— .‘?
0 2 301
[&]
. 9
< e (:% =21 8:\.20'
< Q.
£ —41 I
. 10
2
A 0 Oy -6 1
mg . T T T T T T 0 T T T
H,0, = O, +2H" + 2e 00 02 04 06 08 10 12 0.0 0.2 0.4 0.6 0.8
V versus RHE (V) V versus RHE (V)
L
(d) o .. . Pt ®0 @H

FIGURE 4

(a) Scheme illustrating the reactions on rotating ring-disk
H,0, is oxidized back to O,. (b) Ring current and disk current recorded from the RRDE test after 0, 1000, and 10 000 cycles of accelerated stress test

(AST). (c) H,0, selectivity after 0, 1000, and 10 000 cycles of AST. (d) Sche

electrode (RRDE). At the disk, O, is reduced to either H,O or H,0,. At the ring,

me illustrating the formation of Pt single atoms on the carbon support during

AST and their effect on ORR pathway. Pt atomic species resulted from particle dissolution deposits on the carbon support and catalyzes two-electron

pathway, producing H,0,.

H,0, or H,O, whereas H,0, was oxidized back to O, at
the ring (Figure 4a). The ring and disk currents were col-
lected after 0, 1000, and 10 000 cycles of AST and are
presented in Figure 4b. The selectivity for H,O, and elec-
tron transfer number (n) were calculated from the col-
lected currents (details provided in the Supporting
Information S1). During the AST, the selectivity for H,0,
increased (Figure 4c), whereas the electron transfer
number decreased (Supporting Information S1), indicat-
ing that the four-electron pathway catalyzed by the Pt
nanoparticles is suppressed, whereas the two-electron
pathway catalyzed by the Pt single atoms is enhanced,
as shown in Figure 4d. The RRDE test confirmed that
the formation of the Pt single atoms, which provides a
route to alter the electrochemical pathway of the ORR,
observed in the IL-STEM images generally occurs during
the application of load-cycle AST.

CONCLUSION

In summary, we investigated the degradation process of Pt
nanoparticles supported on Vulcan carbon during the
load-cycle AST at multiple-length scales and its influence
on the overall activity loss. The quantitative analysis of the
degradation processes, enabled by the particle-by-particle

approach using IL-TEM, revealed that the structural
changes in the nanoparticles were mainly caused by Pt dis-
solution and various subsequent processes. The IL-STEM
results suggest that the deposition of the Pt atomic species
as single atoms on the carbon support is an important
pathway taken by the dissolved Pt ions formed from the
dissolution of the catalytic nanoparticles. Based on the
RRDE test results, the formation of the Pt single atoms on
the support leads to a change in the ORR pathway. Our
study highlights the importance of high-resolution imaging
to understand the behavior of atomic species during
catalyst degradation.
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