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ABSTRACT: Electrochemical liquid-cell transmission electron
microscopy (e-LCTEM) offers great potential for investigating
the structural dynamics of nanomaterials during electrochemical
reactions. However, challenges arise from the difficulty in achieving
the optimal electrolyte thickness, leading to inconsistent electro-
chemical responses and limited spatial resolution. In this study, we
present advanced e-LCTEM techniques tailored for tracking Pt/C
degradation under electrochemical polarization at short intervals
with high spatial resolution. Our innovative approach combines
microfabrication-based sample preparation with in situ control of
electrolyte thickness, ensuring reliable electrochemical signal
acquisition and direct observation of sequential catalyst degrada-
tion. Quantitative imaging analyses conducted at both global areas and single-particle levels unveil a distinctive degradation
mechanism primarily driven by nanoparticle migrations. Smaller nanoparticles exhibit a higher susceptibility to migration, leading to
coalescence and final detachment in series. This migration-gated degradation mechanism provides a new perspective on the size-
dependent durability of supported nanoparticles, complementing the prevailing explanation centered on the size-dependent
dissolution kinetics of nanoparticles.

■ INTRODUCTION
Supported catalysts are central to energy conversion and
storage devices, including fuel cells, electrolyzers, and
batteries.1−11 Typically, these catalysts consist of metal
nanoparticles supported on conductive materials such as
carbon or metal oxides.2−4,12 Carbon-based supports are
particularly favored due to their high surface area and excellent
electrical conductivity, facilitating the dispersion of metal
nanoparticles and promoting electron transfer during electro-
chemical reactions.1−5,12−14 Despite the widespread use of
carbon-supported catalysts, however, challenges persist in
optimizing their stability against degradation under electro-
chemical conditions,1−3,12,15,16 necessitating a deep under-
standing of degradation mechanisms.
Structural dynamics of nanoparticles under electrochemical

polarization is not only determined by particle dissolution
trends but also gated by the interaction between catalyst
particles and supports.13,17,18 Electrochemical polarization is
known to mitigate the electronic and electrostatic interactions
between nanoparticles and carbon supports; however, the
detailed mechanism of the structural evolutions of nano-
particles driven by these perturbations remains largely
elusive.1−3,12,13,17−19 Previous post-mortem and identical-
location transmission electron microscopy (TEM)-based
analysis has identified various degradation phenomena such

as support corrosion, dissolution, coalescence, migration, and
particle detachment. However, these ex situ studies, without a
proper time frame of image acquisition, provide in most cases
only an overlap of multiple pathways, which lacks insights into
a full mechanistic picture that can explain the dynamic nature
of the catalyst evolution under polarization.
The electrochemical liquid-cell TEM (e-LCTEM) technique

has the potential to directly observe the structural dynamics of
catalysts at solid−liquid interfaces under electrical bias in real
time.20−27 While some e-LCTEM studies have explored the
degradation of Pt-based nanoparticles on carbon supports (Pt/
C), these studies fall short in providing a full comprehensive
mechanism.28−33 Critically, the electrochemical responses
measured under previous e-LCTEM conditions often deviate
significantly from those recorded under normal electro-
chemical conditions, raising concerns regarding the reliability
and integrity of the e-LCTEM studies. To avoid abnormal
electrochemical responses from the e-LCTEM setup, a thick
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electrolyte of several micrometers is typically introduced into
the liquid-cell, providing a conductive environment suitable for
three-electrode experiments.34 However, imaging through such
a thick electrolyte results in substantial electron-beam (e-
beam) scattering, compromising the spatial resolution for
imaging small catalyst domains (<10 nm).24

To mitigate this parasitic trade-off, we present herein a novel
e-LCTEM technique integrated with advanced sample
preparation and in situ thickness control of the electrolyte
(Figure 1a−d). This innovation enables a time-series analysis
of high-resolution scanning transmission electron microscopy

(STEM) images for small Pt nanoparticles (<3 nm) while
ensuring reliable electrochemical reactions within confined
electrolytes (Figure 1e−g). Using this tool, we explore the
degradation processes of representative ORR catalysts,
comprising Pt nanoparticles with varying sizes and loading
amounts on carbon supports, under accelerated stress test
(AST) conditions that simulate start−stop operations of the
fuel cell.19,35,36 Our analytic protocol applied for this system
allows for decoupling of overlapped degradation pathways and
the direct observation of sequential processes. Through
quantitative and direct imaging analysis at both global areas

Figure 1. Selective catalyst loading and electrolyte thinning−refilling strategy. (a,b) Illustration of the selective loading of the catalyst on the top
chip. The microfabrication processes are presented from the top (a) and side view (b). (c) Optical microscope images of each fabrication process;
scale bar, 100 μm. (d) A scheme of the electrolyte thinning−refilling strategy. (e) CV curves of the Pt/C catalyst measured in the thick electrolyte
condition with 3 cycles. (f) The STEM image of Pt/C obtained in the thin electrolyte condition; scale bar, 50 nm. (g) CV profiles of Pt/C under
AST up to 400 cycles measured in the thick electrolyte condition.
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and single-particle levels, we uncover a distinct catalyst
degradation mechanism predominantly gated by migration of
Pt nanoparticles.

■ RESULTS AND DISCUSSION
Advancing e-LCTEM Protocols. We developed advanced

e-LCTEM protocols to acquire desirable spatial resolutions
and reliable electrochemical responses. The liquid-cell consists
of a top chip containing three micropatterned electrode
compartments and a bottom chip, both equipped with e-beam
transparent silicon nitride windows (Figure S1). The micro-
meter-scale dimensions of the glassy carbon working electrode
compartment make selective drop-casting or slurry deposition
of catalysts difficult, leading to undesirable catalyst loading
across other electrode compartments to cause short circuits or
unexpected electrothermal responses (Figure S2a). To solve
this issue, we implemented a photolithographic treatment
(Figure 1a−c and Materials and Methods, Supporting
Information). After spin-coating of the negative photoresist
(PR) on the top chip, UV exposure is applied on the PR-
coated chip with a photomask that blocks the region of the
working electrode compartment (Figure S3). The UV-exposed
chip is then immersed in a developer solution to selectively
remove the PR from the region of the working electrode. A
well-dispersed solution of Pt/C catalysts is drop-cast onto the
PR-patterned chip. Finally, removal of the remaining PR results
in the selective loading of Pt/C catalysts onto the working
electrode (Figures 1a−c and S2b). The developer solution has
a minimal impact on the active sites of the Pt/C catalysts, as
evidenced by the electrochemical active surface area (ECSA)
calculation of the Pt/C catalyst after immersion in the
developer solution using a rotating disk electrode (RDE)
(Figure S4). The assembled liquid-cell with the catalyst-loaded
chip is then filled by flowing a 0.1 M HClO4 electrolyte (Figure
1d). The selective loading of a sufficient amount of Pt/C
catalyst onto the working electrode enhanced electrochemical
signals without unwanted electrochemical responses (Figures
1e and S2c), as evidenced by the recorded CV spectra
featuring characteristic H adsorption/desorption and Pt oxide
formation/reduction peaks.35,37,38 Additionally, the positions

of the OCP values on the CV profiles of Pt/C catalysts
obtained in the e-LCTEM and a RDE are comparable,
indicating the reliability of the electrochemical environment in
e-LCTEM (Figure S5).
We next established an experimental strategy to control

electrolyte thickness, enabling the observation of the
degradation process of Pt/C catalysts with high resolution in
reliable electrochemical reactions. In the thick electrolyte,
sufficient connection in the three-electrode system patterned
on the top chip under beam blanking conditions facilitated
reliable electrochemical polarization (Figure 1d, left). Coupled
with the increased hydrophilicity of the top chip through an O2
plasma treatment (Materials and Methods, Supporting
Information), low-dose irradiation of the e-beam at low
magnification (50×) induced a slow generation of a bubble
within the liquid-cell (Figure 1d, middle, and Movie S1). This
control enhanced spatial resolution with reduced thickness of
the electrolyte (Figure 1d, right), allowing for the acquisition
of high-resolution STEM images (Figure 1d,f). The bubble can
be eliminated by introducing an additional fresh electrolyte
into the liquid-cell (Figure 1d, middle), restoring the
electrolyte thickness to a sufficient level for conducting reliable
electrochemical reactions (Figure 1d,g). This thinning and
refilling process can be repeated while potential-induced
structural changes are monitored in the catalysts (Figure 1d).
Notably, the gradual formation of the bubble does not affect
the locations of catalysts, allowing for the observation of the
same region of catalysts over successive electrochemical
reactions.
The e-beam, used as an imaging probe, potentially interacts

with materials of observation, causing physicochemical damage
to the observing material. Thus, careful use of the e-beam is
required to ensure high reliability of the e-LCTEM experi-
ments.20,33,39,40 Given that the beam effect is more pronounced
as the liquid layer is thinner, we conducted STEM imaging
with varying e-beam doses on commercial Pt10 wt %/C catalysts
in a thin liquid layer less than 500 nm without electrical biasing
(Figure 2a−d and Movie S2). When exposed to a continuous
e-beam dose of 10.01 e−/Å2 over 150 s, the Pt/C catalyst
exhibited coalescence of the Pt nanoparticles and aggressive

Figure 2. Fine control of an e-beam dose. (a−c) Snapshots of STEM movies for the Pt/C catalysts under e-beam irradiation with different e-beam
doses; scale bars, 100 nm. The e-beam doses are 10.01 (a), 5.47 (b), and 2.94 e−/Å2 (c), respectively. (d) Normalized cross-correlations of the
three STEM movies. The black, red, and blue profiles represent the normalized cross-correlations of the STEM movies under e-beam doses of
10.01, 5.47, and 2.94 e−/Å2, respectively.
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destruction of the carbon support (Figure 2a). Under an e-
beam dose of 5.47 e−/Å2 for the same duration, the Pt/C
catalyst displayed a slow but noticeable carbon degradation
(Figure 2b). However, reducing the e-beam dose further to
2.94 e−/Å2 resulted in no visible beam-induced structural
damage to the Pt/C catalyst even over 5 min (Figure 2c). The
lowest e-beam dose resulted in the fewest temporal changes in
the catalyst structures, as evidenced by the computed
normalized cross-correlation between the initial and subse-
quent STEM images (Figure 2d). Since capturing a single
STEM image in the e-LCTEM took about 30 s, it suggests that
the experiments were conducted with minimal e-beam effects.
Nonetheless, even limited e-beam irradiation could induce
temperature variations in the thin electrolyte, potentially
influencing electrochemical reactions. Our methodology

mitigates temperature variations, bolstered by two additional
key operational protocols. First, electrochemical measurements
were performed after replenishing the electrolyte in the liquid-
cell, ensuring that any minor temperature fluctuations in the
thin electrolyte condition are effectively mitigated by the
significantly thicker electrolyte layer.41 Second, the electro-
chemical reactions were executed under beam blanking
conditions, ensuring no e-beam exposure during CV cycling.
Based on these controls, we conducted STEM imaging with an
e-beam dose lower than 3 e−/Å2 in all our e-LCTEM
measurements, which ensures that the structural evolution in
observing catalysts is mainly attributed to the applied
electrochemical polarization.
Degradation Processes of the Pt/C Catalysts. Equip-

ped with our optimized protocols for e-LCTEM studies, we

Figure 3. The results of e-LCTEM experiments with reliable electrochemical reactions for the commercial Pt/C catalysts. (a,b) Alternately
obtained STEM images and CV profiles by modulating the electrolyte thickness, following the protocols indicated in the top panels, for the high-Pt
catalyst (a) and the low-Pt catalyst (b). The STEM images were acquired before and after the potential cycling; scale bars, 50 nm. The CV profiles
were measured under AST.
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Figure 4. Disparate degradation tendencies of the two commercial catalysts quantified by the binarization of STEM images. (a) Representative
examples of binarized STEM images observed in the high-Pt (top row) and the low-Pt catalysts (bottom row); scale bars, 50 nm. (b−d) Changes in
retention of the particle number (b), total binarized area (c), and particle locations (d) along AST cycles in several e-LCTEM experiments for the
high-Pt (red) and low-Pt (blue) catalysts. Error bars in (b-d) indicate standard errors obtained from multiple replicates. (e,g) Bandpass-filtered and
(f,h) LUT-applied STEM cropped images of the high-Pt (e,f) and low-Pt (g,h) catalysts before and after AST. Blue dotted circles represent
migration and coalescence of small Pt nanoparticles, and yellow arrows indicate low mobility of larger Pt nanoparticles.
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monitored the degradation processes of two benchmarking
ORR catalysts, commercial Pt10 wt %/C (low-Pt) and Pt40 wt %/
C (high-Pt), under a harsh AST condition.3,5,6,12,20,34,42−48 We
iteratively performed STEM imaging and potential cycling
between 0.4 and 1.4 V vs RHE, the condition used for
simulating start−stop operations of the fuel cell.19,35,36 This
measurement was performed through the optimized electrolyte
thinning−refilling procedures, ensuring the acquisition of
desirable resolution capable of imaging Pt nanoparticles
smaller than 3 nm (top panels in Figure 3a,b) and reliable
multiple CV profiles with a marginal shift (Figure 3).
Sometimes, a window shift may occur as a result of employing
a Pt pseudo-reference electrode, as illustrated in the CV profile
labeled as 4 in Figure 3a. However, it remains within the range
of ±0.05 V and does not significantly impact the overall
degradation trend.
STEM imaging during AST reveals distinct degradation

trends for the two model systems. While the high-Pt catalyst
exhibited minor displacement of the Pt nanoparticles (Figure
3a), the low-Pt catalyst showed a significant decrease in the
number and an enlargement of nanoparticles (Figure 3b and
Movie S3). The reduction in the Pt amount aligns with the
overlaid CV curve in Figure 3b, displaying a notable decrease
in the formation and reduction peaks of Pt oxides (Figure S6).
These different degradation trends are further corroborated by
independent measurements of ECSA using normal electro-
chemical setups and additional identical location TEM (IL-
TEM) analyses, ensuring the reliability and integrity of our e-
LCTEM method. When the same AST condition (0.4−1.4 V
vs RHE, 400 cycles) was applied to the model catalysts loaded
on a RDE, a higher reduction (60%) of ECSA was recorded in
the low-Pt catalyst compared to the other catalyst (33%)
(Figure S5 and Materials and Methods, Supporting Informa-
tion). This large difference in the ECSA is consistent with the
distinct degradation trends observed in the e-LCTEM results
(Figure S7 and Materials and Methods, Supporting Informa-
tion). Notably, the pronounced reduction in the ECSA in the
low-Pt catalysts aligns with the substantial decrease in the
particle number and the particle enlargement observed in e-
LCTEM. Additionally, ex situ tracking of Pt nanoparticles via
IL-TEM revealed a pronounced decrease in the number and
enlargement of Pt nanoparticles in the low-Pt catalyst, while
the high-Pt catalyst showed minute structural changes (Figure
S8 and Materials and Methods, Supporting Information). We
recognize that e-beam irradiation on the thin electrolyte can
generate small amounts of radiolysis products, potentially
affecting the carbon support and particle detachment, even at
low e-beam doses. However, the routine introduction of
micrometer-thick fresh electrolytes efficiently neutralizes these
radiolysis products, ensuring they do not significantly influence
the overall degradation trend. This is supported by the
consistent findings across both e-LCTEM and IL-TEM studies
(Figure S8), which show that our method effectively mitigates
the potential impacts of radiolysis on catalyst degradation.
To rigorously assess the degradation pathways of the two

catalysts, we conducted a quantitative analysis using binariza-
tion techniques on multiple STEM images sourced from
various e-LCTEM experiments. In these images, Pt nano-
particles are represented in black (as shown in Figures 4a and
S9 and described in Materials and Methods, Supporting
Information). For the high-Pt and low-Pt catalysts, image
series of 9 and 12 were utilized, respectively (Figures S10−
S15). The error bars presented in Figure 4b−d reflect the

standard errors calculated for each measurement cycle. The
analysis of the binarized images facilitated quantification of
catalyst degradation through three principal metrics: the
retention of particle numbers, the total binarized area
(indicative of the Pt amounts), and the shift in particle
location relative to their initial positioning. The retention of
particle location was quantitatively assessed by determining the
overlap percentage between binarized images of Pt nano-
particles in their pristine state and those after degradation. The
number of Pt nanoparticles in the low-Pt catalyst rapidly
decreased by ∼50% after AST 400 cycles (Figure 4b), whereas
the high-Pt catalyst exhibited a more gradual decline, retaining
∼90% of its particles after the same potential cycling (Figure
4b). Similarly, the total binarized area of the low-Pt catalyst
rapidly decreased to ∼50%, indicating a 50% reduction in its
amount, while that of the high-Pt catalyst maintained its initial
value (Figure 4c). While ∼80% of the Pt nanoparticles in the
low-Pt catalyst deviated from their initial positions, only ∼25%
of the Pt nanoparticles in the high-Pt were displaced from the
original locations (Figure 4d).
The applied AST conditions were capable of simultaneously

inducing particle dissolution (Pt dissolution) and particle
migration (carbon oxidation). The dissolution-gated degrada-
tion mechanism is characterized by the electrochemical
dissolution of Pt particles at their surfaces, resulting in the
formation of Pt ions. These ions either diffuse into the
electrolyte or redeposit onto other particles. This process
predominantly occurs at the particle surface rather than near
the carbon support, which prevents weakening of the Pt−C
interaction and leads to localized Pt dissolution. Conversely,
the migration-gated degradation mechanism involves an
increased mobility of particles due to the mitigation of the
Pt−C interaction caused by carbon oxidation. This increased
mobility facilitates the coalescence and detachment of the
particles. The fundamental difference between these mecha-
nisms lies in the mobility of the particles driven by changes in
the carbon substrate.
To ascertain the dominant degradation mechanism, we

evaluated the degradation processes by aligning our exper-
imental data with theoretical models and examining their
impact on three specific indicators throughout the AST cycles
(Figure S16). Should particle dissolution dominate, we would
expect to see a reduction in particle size at fixed locations,
significantly diminishing the Pt content while maintaining
consistent particle numbers and positions. However, this
expected pattern sharply contrasts with our observations
(Figure S16). Conversely, if particle migration were the
primary degradation mechanism, significant changes in both
the particle number and location would be evident, as
particularly observed in the low-Pt catalyst. This would likely
lead to particle displacement, either toward or away from the
carbon support, potentially resulting in enlarged Pt nano-
particles through coalescence and a reduction in their number
due to detachment (Figure S16). The more rapid decrease in
the retention of particle locations (Figure 4d) compared with
the decay in particle numbers (Figure 4b) and total areas
(Figure 4c) in the low-Pt catalyst indicates a predominance of
migration-induced degradation over dissolution-driven mech-
anisms. Additionally, trajectories of Pt nanoparticles with sizes
ranging from 3 to 4 nm, tracked over cycles of the AST, clearly
indicate their migration on the carbon support (Figure S17).
Moreover, the observed discrepancies in decay rates among the
retention numbers in the high-Pt catalyst further suggest that
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dissolution-driven mechanisms alone cannot fully explain the
degradation observed. While our findings highlight important
insights into the role of migration in catalyst degradation, we
recognize that our analyses do not definitively rule out the
contribution of Pt dissolution to catalyst degradation. Both
dissolution and migration likely contribute to catalyst
degradation to varying degrees, depending on specific
electrochemical operating conditions.
Additionally, we performed additional e-LCTEM experi-

ments with the low-Pt catalyst under mild AST conditions
(0.6−0.95 V vs RHE, 500 cycles, see Materials and Methods,
Supporting Information).49 Subsequent STEM imaging
revealed smaller displacement and slight enlargement of Pt
nanoparticles after this mild AST (Figures S18 and S19).
Furthermore, our binarization analysis showed that degrada-
tion in both the number and total amount of Pt nanoparticles
was approximately two times slower under these mild
conditions compared to observations under harsh AST. This
data suggests that the lower upper potential limit, which

mitigates carbon oxidation, leads to substantially slower
catalyst degradation and significantly curtails Pt nanoparticle
migration relative to harsh AST conditions. This additional
evidence may also support the notion that a dissolution-driven
mechanism alone is insufficient to explain the extensive
degradation observed in the low-Pt catalyst under harsh AST
conditions.
Tracking particles at a fixed localized area revealed their size-

dependent mobility, which can explain the different degrada-
tion patterns apparent in the two commercial catalysts. We
found that small Pt nanoparticles in both low-Pt and high-Pt
catalysts commonly exhibit greater mobility than larger Pt
nanoparticles within the corresponding samples (Figures 4e−h
and S20). Along with different particle size distributions of the
low-Pt (2.5 ± 0.6 nm) and the high-Pt catalysts (4.3 ± 0.9 nm)
(Figures 3 and S21), the observed averaged higher mobility of
the low-Pt then can be attributed to the higher numbers of
smaller constituent particles as compared to the high-Pt.
Additional e-LCTEM studies of the size-controlled Pt/C

Figure 5. High-resolution STEM tracking of individual nanoparticles in the low-Pt catalysts. (a) A STEM image of low-Pt catalysts at the pristine
state; scale bar, 50 nm. (b) Cropped images of area 1 before and after the potential cycling; scale bar, 20 nm. (c) Histograms for the particle size
distribution of the cropped STEM images. (d) Cropped images of area 2 before and after the potential cycling; scale bar, 20 nm. Green arrows
indicate coalescence of Pt nanoparticles. Yellow and blue dotted circles represent migration and detachment of Pt nanoparticles, respectively. (e)
Magnified representations of the sections marked as (i,ii) in the cropped STEM images of area 2 along AST; scale bars, 10 nm. Migration (i) and
detachment (ii) of coalesced particles were observed. (f) A STEM image of the low-Pt catalyst at the pristine state; scale bar, 50 nm. (g) Cropped
images in the STEM image before and after the potential cycling; scale bar, 20 nm. Yellow and blue dotted circles represent migration and
detachment of coalesced particles, respectively.
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catalysts (1.9 ± 0.3 vs 5.4 ± 0.8 nm) but with a similar loading
amount revealed an identical size-dependent trend, indicating a
greater size effect over the effect of loading amount on catalyst
degradation (Figure S22a,b).50,51 While the Pt/C catalyst of
smaller nanoparticles exhibited a substantial decrease in the
number and an enlargement of Pt nanoparticles after AST 100
cycles (Figure S22c), the Pt/C catalyst of larger nanoparticles
underwent minor changes in the number and location of Pt
nanoparticles (Figure S22d). This trend is further corroborated
by independent measurement of ECSAs using a RDE. After
500 cycles of CV ranging from 0.4 to 1.4 V vs RHE, the Pt/C
catalyst of smaller nanoparticles showed a 64% decrease in
ECSA, whereas the Pt/C catalyst of larger nanoparticles
exhibited only a 23% reduction (Figure S22e,f). The minor
impact of the loading amount, in contrast to particle size, is
further substantiated by comparing the changes in ECSAs of
additional samples prepared to have the same size but different
loadings (Figure S23). Taken together, these findings highlight
the critical role of the nanoparticulate size in determining the
degradation of the Pt/C catalyst, particularly when their
migration is a key to the degradation pathways. Additionally,
the extent to which each mechanism contributes is influenced
by the structural characteristics of Pt nanoparticles and is
supported by this size-dependent degradation tendency.
Smaller particles in the low-Pt catalysts are more susceptible
to carbon oxidation, rendering the migration-gated mechanism
predominant and resulting in high particle mobility. In
contrast, the high-Pt catalysts, consisting of larger particles,
exhibit a reduced contribution to the migration-gated
mechanism, leading to low particle mobility.
Direct Monitoring of Serial Degradation Processes.

High-resolution STEM tracking of individual Pt nanoparticles
(Figure 5) reveals a holistic picture of catalyst degradation and
its dynamic nature under polarization. Aligned with the above
ensemble analysis conducted on global areas, the focused
examination of a local region within the low-Pt catalyst (area 1
in Figure 5a) reveals a reduction in the number of Pt
nanoparticles and an increase in their sizes (Figure 5b,c). The
changes in the number and size distribution of Pt nanoparticles
within the focused areas and its additional IL-TEM (Figure

S24) analysis corroborate the prevailing migration-induced
degradation, rather than dissolution-driven degradation.19

Individual particles within the local region (area 2 in Figure
5a) display noticeable migration (yellow dotted lines), which
results in subsequent coalescence (green arrows) and detach-
ment (blue dotted lines) (Figure 5d). The coalescence appears
to maintain the mobility of the corresponding particles, leading
to subsequent migration and their final detachment (Figure
5e). These coupled events in series are generally operative, as
evinced by multiple e-LCTEM experiments (Figure 5f,g).
Refined Degradation Pathways. Previous TEM-based

analysis offers basic statistics, such as changes in the number
and size distribution of nanoparticles, before and after applying
electrical bias or electrochemical reactions (Figure 6a, top).
The timing of the TEM image acquisition is critical for
observing individual elementary degradation pathways before
subsequent steps proceed. In many cases of ex situ TEM
analyses, only an overlap of multiple pathways is captured in
each image (Figure 6a, top). For instance, a significant loss in
the overall particle number may result not only from
dissolution but also from competing particle detachment.
Also, the size increment of nanoparticles may stem from
particle coalescence or Ostwald ripening. Distinguishing
between or quantifying the relative contribution of these
individual pathways is critical for unraveling holistic catalyst
degradation mechanisms.
Our advanced reliable e-LCTEM methods enable tracking

the catalyst degradation under electrochemical polarization at
short time intervals with improved resolution. Our analytic
protocol facilitates the decoupling of overlapping degradation
pathways and the direct observation of sequential processes,
thus providing an unprecedented unified picture (Figure 6a,
bottom). While Pt dissolution has been suggested as a primary
pathway of Pt/C degradation, leading to secondary degrada-
tion mechanisms such as Ostwald ripening, there is no
indication of prevailing nanoparticulate dissolution in our
analysis. Through quantitative and direct imaging analysis at
both global areas and single-particle levels, we uncover a
distinct catalyst degradation mechanism predominantly gated
by the migration of Pt nanoparticles instead. Within this

Figure 6. Refined mechanistic picture. (a) A scheme of the difference between ex situ TEM (top) and e-LCTEM analysis (bottom) for the catalyst
degradation. (b) Refined degradation mechanisms of Pt/C catalysts under the harsh AST.
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mechanistic picture, smaller nanoparticles are more susceptible
to initial migration than larger particles, and the coalescence of
the small nanoparticles enhances mobility, leading to final
detachment. While dissolution-driven catalyst degradation has
traditionally been explained by the Gibbs−Thomson ef-
fect,45,52 accounting for the size-dependent surface energy of
constituent particles, our new proposed mechanism highlights
the size-dependent mobility of nanoparticles under the
conditions of carbon oxidation or anodic polarization.
The migration-gated degradation likely stems from the

carbon oxidation or polarization-induced mitigation of
electronic and electrostatic Pt−C interactions under the AST
conditions applied in this work (Figure 6b). The magnitude of
Pt−C interaction would depend on the strength and extent of
attachment of Pt nanoparticles to the carbon support. Smaller
nanoparticles, with higher surface energy, may tend to bind
more strongly to the support. Conversely, larger nanoparticles,
adhering to the carbon supports with a wider contact area, may
exhibit greater interaction with the supports. The observed
high mobility of small Pt nanoparticles under AST conditions,
contrasting with the low mobility of larger particles, implies
that particles with numerous adsorption sites on carbon
supports are more resistant to catalyst degradation induced by
carbon oxidation (Figure 6b, left and middle). Although the
high weight of larger Pt nanoparticles may impact their low
mobility, considering the high mobility of enlarged particles
after coalescence, their influence is presumed to be
insignificant. The high mobility of the coalesced particles can
be attributed to their weak interaction with the carbon support,
likely stemming from structural reorganization during
coalescence, accompanied by particle rotation to align lattice
mismatches, atomic rearrangement to rectify defective crystal
structures, and/or particle reshaping to minimize surface
energy.53−55 This can explain why large particles, after
coalescence, exhibit weaker resistance against migration
compared to the large particles anchored onto the carbon
support in their pristine state (Figure 6b, right). The foregoing
discussion strongly suggests that understanding and controlling
the polarization-induced dynamics of the interactions between
catalysts and support materials should be very critical for
attaining optimal durability of supported catalysts under
polarization.

■ CONCLUSIONS
We report a novel e-LCTEM technique integrated with
advanced sample preparation and in situ thickness control of
the electrolyte, which enables a time-series analysis of high-
resolution STEM images for small nanoparticles (<3 nm)
while ensuring reliable electrochemical reactions. Using this
advanced tool, we explore the degradation processes of
representative ORR catalysts, comprising Pt nanoparticles
with varying sizes and Pt loading amounts on carbon supports,
under AST conditions that simulate start−stop operations of
the fuel cell. Our analytic protocol applied for this system
facilitates decoupling of overlapped degradation pathways and
direct observation of sequential processes, thus providing an
unprecedented holistic mechanistic picture. Through quanti-
tative and direct imaging analysis at both global areas and
single-particle levels, we uncover a distinct catalyst degradation
pathway predominantly gated by migration of Pt nanoparticles.
We observe that smaller nanoparticles display greater
susceptibility to migration, resulting in their successive
coalescence and detachment. This migration-driven degrada-

tion mechanism, likely originating from polarization-induced
mitigation of Pt−C interactions, provides a novel perspective
on the size-dependent durability of supported nanocatalysts,
complementing prevailing explanations based on the size-
dependent dissolution kinetics. Ultimately, this study suggests
that controlling the polarization-induced dynamics of the
interaction between catalysts and support materials could offer
a way to achieve optimal durability of supported catalysts
under electrochemical polarization conditions.
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