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Platinum-based fuel cell electrocatalysts are structured on a nano level in order to extend their active
surface area and maximize the utilization of precious and scarce platinum. Their performance is dictated
by the atomic arrangement of their surface layers atoms via structure—property relationships.

Transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM) are the
preferred methods for characterizing these catalysts, due to their capacity to achieve local atomic-level
resolutions. Size, morphology, strain and local composition are just some of the properties of Pt-based
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1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are con-
sidered to have an important role in the transition to clean
and renewable energy." While the hydrogen oxidation reaction
(HOR) on platinum nanoparticles is already highly efficient,
oxygen reduction reaction (ORR) electrocatalysts are lacking in
terms of both activity and stability.> Currently, improving ORR
to a desired level requires high loadings of noble metals. The
high cost of these noble metals impedes the widespread
implementation of PEMFCs.® Interestingly, the annual pro-
duction of Pt does not limit the commercialization of
PEMFCs.* Thus any improvement, in terms of reducing noble
metal loading and increasing intrinsic activity and stability, is
not only beneficial but necessary for making the renewable
energy framework economically competitive with the use of
fossil fuels.

Since they display many properties suitable for real
PEMFCs, Pt-based materials are a promising class of electroca-
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nanostructures that can be obtained by (S)TEM. Furthermore, advanced methods of (S)TEM are able to
provide insights into the quasi-in situ, in situ or even operando stability of these nanostructures. In this
review, we present state-of-the-art applications of (S)TEM in the investigation and interpretation of struc-
ture—activity and structure—stability relationships.

talysts for the ORR. Pt exhibits the highest ORR activity among
all other pure metals.> On the other hand, the limited avail-
ability and the associated high cost of Pt require it to be
implemented wisely. These two facts lead to the main chal-
lenge in designing Pt-based catalysts, which is to reduce Pt
loading while retaining, or in some cases, enhancing the
activity and equally importantly stability.>® To date, various
nanoalloys of Pt have been thoroughly investigated. These
alloys include metals such as Ni, Co, Fe, Cu, Au, Pd, La, Y and
many others.”"* While concerns with demand for metals such
as Au, Ni, Co and Y would be somewhat relevant in the large-
scale production of nanoalloy catalysts, the abundance of Pt is
approximately three orders of magnitude lower than that of
these metals (excluding Pd), rendering Pt as the bottleneck in
terms of demand and scarcity issues. The cost issue associated
with Au and Pd is alleviated through a significant improve-
ment in either the activity or stability of alloyed Pt-based elec-
trocatalysts. The general approach for maximizing Pt nanoalloy
activity is based on core-shell nanostructures, whose surface
composition is different from that of the particle core. Many of
these core-shell nanoalloys have displayed much higher
activity than Pt.”"> A subclass of core-shell catalysts involves
those with Pt shells that are comprised of a single or a few
monolayers, in which case it is often termed Pt-skin.® Another
benefit of core-shell structures is that they allow for alloying
with some metals that would otherwise easily oxidize and dis-
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solve under the harsh acidic conditions of PEMFCs."!
Although this opens up new possibilities for many different
catalysts, the stability of core-shell alloy structures remains
their biggest weakness. The dealloying of these alloys leads to
their inactivation, however, there are cases where controlled
leaching is used to obtain so-called Pt-hollow nanoparticles.">'*
The principal idea is that only the surface layer directly partici-
pates in catalysis, so the main aim of this approach is to
reduce the use of Pt while maintaining the activity. In some
cases, the activity is even increased, due to strain effects
induced by the nature of atoms and structures below the
surface. These can also induce surface reconstruction and
relaxation."® Besides the composition and structure of these
NPs, controlling their size and shape presents another avenue
for tuning electrocatalytic properties.’> Cubic, tetrahedral and
octahedral Pt are just some of the many shapes that these NP
alloys can be synthesized."® Additionally, the choice of support
is key for ensuring proper dispersion of the catalyst and in
many cases, the support also impacts the electrochemical per-
formance. Predominantly, carbon-based supports are used,
although many metal-oxide supports are being made and
examined as alternatives.'”

Many catalysts in use today were discovered by a trial and
error approach.'®'® However, catalysts have been improved to
such an extent that it is becoming more difficult to make
strides in this field utilizing this type of strategy. The perform-
ance of electrocatalysts is fundamentally governed by their
structure and composition at the atomic scale.?® Therefore, in
addition to simply evaluating catalyst performance, it is impor-
tant that it also gets rationalized by the underlying atomic
level structure-activity—stability relationship. One such
approach is bottom-up understanding, where we correlate the
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property of each nanoparticle based on its structure.”’ When
these are established, high-performance catalysts can be pre-
dicted and of course, further maximized by fine-tuning their
preparation and design.

High resolution transmission electron microscopy (HR-TEM)
and aberration corrected scanning transmission electron
microscopy (AC-STEM) are powerful and increasingly
more relevant characterization techniques in the field of
electrocatalysis.>>** Electron microscopy offers invaluable,
atomically resolved insights into the morphological, structural,
and compositional aspects of catalysts, including changes
resulting from activation and degradation.>* Ultimately, it can
aid in explaining the origin of a catalyst’s activity and stability
by establishing the structure-property relationships. In order
to obtain useful TEM or STEM micrographs, the sample has to
be transparent for an electron beam, in a range of approxi-
mately below 100 nm in thickness. HR-TEM operates using a
parallel electron beam to probe the sample, while STEM uses a
focused electron beam that is rastered across the sample.”®
HR-TEM uses coherent, elastically scattered electrons to
form high-resolution (nowadays often with atomic-resolution)
images. This is useful for examining particle size, shape,
crystal phase and defects. STEM is typically equipped with
bright field (BF) and annular dark field (ADF) detectors. BF
images are formed by Bragg scattered electrons. ADF images
are formed from incoherent, Rutherford scattered electrons
which are collected at higher angles, where the scattering
intensity is proportional to the atomic number squared (2°).>®
Most (S)TEM microscopes are constructed in such a way that
they can be used in both “traditional” TEM and scanning TEM
mode. However, there are microscopes solely built for TEM, as
well as purely dedicated STEMs. Since STEM has a scanning
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probe, it’s enabled for spatially resolved chemical composition
analysis. STEM microscopes are, therefore, commonly equipped
with detectors for energy-dispersive X-ray spectroscopy (EDS)
and electron energy loss spectroscopy (EELS). Since the
implementation of the Cg-corrector in most STEMs, they typi-
cally outshine HR-TEM as the superior choice for most appli-
cations, particularly due to their ability to perform chemical
analysis and Z-contrast imaging.>®”” The main downside of
STEM compared to HR-TEM is that it's more susceptible to
issues arising from scanning distortions and specimen drift,
particularly when doing atomic resolution imaging, as well as
slower image capturing, which can hinder in situ experiments.
By far the most significant advantage of (S)TEM compared
to other material characterization techniques, is the fact that it
is able to link material nano-structure (atomic structure) to its
macroscopic properties, such as electrocatalytic ones. As this
review will later cover, the application of identical location
STEM (IL-STEM) and in situ (S)TEM for this purpose is particu-
larly effective. This is extremely useful for unveiling the
relationship between structure and stability, and identifying
degradation mechanisms. However, the benefit of being able
to analyze the sample in great detail at the scale of a single or
a few nanoparticles (NPs) comes with a cost. While (S)TEM
provides an abundance of structural and chemical infor-
mation, properties examined by it are obtained for a small
fraction of the sample. Therefore, all microscopic data should
be carefully interpreted, as their statistical relevance cannot be
guaranteed. Making conclusions based solely on data acquired
by STEM is not ideal, and it is good practice to supplement
this data with corresponding bulk characterization techniques
such as different X-ray analyses: diffraction (XRD), photo-
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electron spectroscopy (XPS), fluorescence (XRF), absorption
spectroscopy (XAS), etc.

2. Properties of Pt-based
nanostructures — conventional (S)TEM
analysis

2.1. Particle size distribution

The electrochemically active surface area (relative to the
loading) will depend on nanoparticle size (Fig. 1).
Determining the particle size distribution is key when one
wants to assess the utilization of metals and how well the cata-
lyst is distributed over the support, especially in the case when
investigating highly dispersed systems such as single atom cat-
alysts (SACs).*®**° When investigating NPs, another important
attribute is the generalized coordination number of surface
atoms that was shown to be a descriptor for ORR activity.*'
The smaller the nanoparticles the more of their surface is
occupied by low-coordinated sites, which results in lower ORR
activity in the case of Pt. This effect is especially noticeable for
Pt-based particles below 5 nm. Interestingly some reports are
showing little effect on the ORR activity in that size range.*” In
general, NP size should affect their electronic structure thereby
directly affecting the active sites’ intrinsic activity. For obtain-
ing a particle size distribution, images with a larger number of
particles are desirable. Typical procedures involve defining a
model for the nanoparticle shape and using software to count
the number of particles. It is ideal to find and examine mul-
tiple regions of the catalyst with non-overlapping particles.

CO oxidation

Vacancy in
(111) terrace

Oxygen reduction
reaction

// Generalized coodination number

Fig. 1 Dependence of Pt catalytic activity for ORR and CO oxidation on the generalized coordination number. The coordination of the active site
has a clear impact on the performance of the catalyst. Reproduced with permission ref. 33. Copyright 2015, AAAS.
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Average particle size can also be determined by XRD and can
be used to verify the validity of the (S)TEM-determined size
distribution.

A study investigated how different annealing temperatures
affect the size distribution of Pt-M alloy NPs.” It’s shown that
the Pt-M NPs are somewhat larger than commercial Pt/C. The
alloys showed a relatively linear dependence of specific activity
with respect to average particle size. It was shown that, after
degradation tests, the particle size increased, probably as a
result of Ostwald ripening or coalescence. Interestingly, the
small nanoparticles (<6 nm) grew to a size of ~6 nm, irrespec-
tive of their initial size. The decrease of activity as particles get
smaller is a consequence of weaker coordination of surface
atoms, which in turn results in too strong binding between Pt
and oxygen containing species.>**** Yano et al. demonstrated
how Pt nanoparticle size affects Pt/C electrochemical stabi-
lity.*® The stability of nanoparticles was examined for three
different sizes (2, 3 and 4 nm). It was found that, after acceler-
ated degradation tests, the area-normalized activity was
retained for all catalysts despite the average particle size
increasing. The authors point out the impact of interparticle
distance on the resulting activity. For low Pt-Pt particle dis-
tances, the O, diffusion fields of multiple particles overlap and
the kinetic current density is decreased. It was also shown that
Pt/C synthesized via the nanocapsule method (n-Pt/C) showed
higher stability than commercial Pt/C (c-Pt/C). This was attrib-
uted to the high monodispersity of n-Pt/C, which suppressed
Ostwald ripening. There are other approaches to improving
catalyst stability for ORR, such as dispersing them on N-doped
carbon supports.®”

2.2. Morphology and shape

Based on the fact that the morphology and shape of nano-
particles can control their surface structure (Fig. 2), such as
facets, steps and surface composition, controlling these struc-
tural properties can be used to tune electrochemical perform-

Fig. 2 (a) Surface structure of a truncated octahedral nanoparticle. The
local coordination structure of a (b) {111} and (c) {100} surface atom. The
solid and dashed lines in (b) and (c) denote surface and sub-surface
atoms, respectively. Reproduced from ref. 43 with permission from the
Royal Society of Chemistry.
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ance. It is well known that the activity of Pt single crystals is
dependent on which facets are exposed to the electrolyte.*® In
weakly adsorbing electrolytes (e.g. HCIO,4), ORR activity on low
index facets is shown to be in the order Pt(111) ~ Pt(110) > Pt
(100).*° For strongly adsorbing electrolytes, such as H,SO,, Pt
(111) is heavily blocked by sulfates, and the activity trend is Pt
(100) > Pt(110) ~ Pt(111).*° The shape of Pt NPs can influence
how and which surface facets form.** For example, cubic Pt
NPs preferentially terminate with {100} facets, while for tetra-
hedral particles it’s {111} and {110}, and for hexagonal it’s
{100} and {111}. Wang el al show that nanocubic Pt NPs, which
have predominately {100} facets, show the highest activity in
H,SO, compared to NPs of other shapes, such as truncated
cubic or polyhedral.*> Another interesting finding is that
certain high-index facets of Pt exhibit greater activity than low-
index ones."®

Concave Pt nanocubes, terminated primarily with {720}
facets, were prepared by inhibiting crystal growth in the (100)
direction using a capping agent. The highly active {720}, as
well as {830} and {510} facets were confirmed by HRTEM."®
One approach to tuning the mass and specific activity of Pt
and Pt-based NPs is by synthesizing hollow particles. Using a
template removal method, Adzic et al. prepared hollow Pt NPs
which exhibited higher activity compared to “regular” Pt
NPs."? High-angle annular dark-field imaging (HAADF) STEM
line scan intensity profiles were used to confirm that the NPs
were hollow. Gan et al. performed an analysis of octahedral Pt-
Ni NPs and established that they are found in both branched
and near-spherical shapes.* The formation of octahedral par-
ticles was attributed to their low surface energy, while the
branched NPs formation was explained by kinetically favorable
anisotropic growth (Fig. 3). After a certain critical particle size
was reached, anisotropic growth dominated surface energy
minimization, resulting in hexapod-like particles. Pt;Ni alloys
doped with Mo, also synthesized in an octahedral shape,
display a tremendous activity increase of approximately 80
times compared to commercial Pt/C catalyst.>?

The work of the Stamenkovic group on polyhedral Pt;Ni
nanoframes is another example of how tuning catalyst shape
can enhance its activity and durability.*® The increased activity
is ascribed to the high surface area of the hollow nanoframe
structure, as well as ligand and strain effects imposed on the Pt
shell. The specific activity of the Pt;Ni nanoframes was over 16
times higher than the commercial benchmark Pt/C. The
remarkably high stability of the nanoframes was credited to the
modified Pt shell electronic structure, which weakens oxygen
binding strength and reduces the rate of Pt dissolution. Apart
from the mentioned NP shapes, many other nanostructures,
such as jagged nanowires’® and nanoplates,”” demonstrate
enhanced ORR activity and stability. Still, there are issues in
transferring these high ORR activities to application-relevant
environments (i.e., MEA), as can be seen from Fig. 4.

2.3. Strain

It is now well established that the electronic structure of a
material strongly influences its electrocatalytic activity.*®™*

This journal is © the Partner Organisations 2024
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Fig. 3 STEM characterization of Pt—Ni octahedral NPs. (a) HAADF-STEM image of the nanoparticles. (b) Particle size distribution, indicating that the
average size of the octahedral NPs is ~13 nm. (c) and (d) HAADF-STEM images (red) roughly representing the Pt distribution and EELS mapping of Ni
(green) of PtNiy s octahedra along [110] and [100], respectively. (e) Illustration of different stages of Pt—Ni nano-octahedra growth followed by the
degradation stages. Reproduced with permission ref. 44. Copyright 2014, AAAS.
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Fig. 4 A comparison of ORR mass activity of different Pt and Pt-based
catalyst nanostructures. The activities of more intricate nanostructures
exceptionally decrease when comparing an experimental half cell to
MEA, indicating that additional challenges arise in real fuel cell
implementation. Reproduced with permission ref. 48. Copyright 2016,
AAAS.

Since the development of the d-band centre theory, the per-
formance of alloys is often explained in terms of two main
phenomena arising when metals are alloyed, the ligand and
strain effect. The ligand effect refers to the inherent change of
electronic structure when combining the base metals to form
an alloy, as a result of different electronic configurations of the
metals. The strain effect refers to the influence of change in
interatomic distances on the electronic structure. Tuning cata-
lyst activity by exploiting the ligand and/or strain effect is a
popular approach to designing highly active alloy
electrocatalysts.>>>® It is generally considered that compres-
sively straining Pt leads to an increased activity towards the
ORR as a result of lowering the d-band and weakening the
adsorption of oxygen-containing species.>

This journal is © the Partner Organisations 2024

While strain measurements can be performed by XRD,>’
STEM and HR-TEM offer local visualization of the strain field
which is beneficial to assess which part of the NPs has an
effect on its catalytic properties.’® There are many strain deter-
mination methods that can be applied by both HR-TEM and
STEM. The simplest approach to determine strain is by directly
measuring distances between the atomic columns of a nano-
particle in multiple regions and comparing the d values. This
approach is straightforward, however it is somewhat impracti-
cal and imprecise, and also cannot be used for getting a com-
plete strain map of the particle(s). In general, strain mapping
methods can be classified into two groups: based on high
resolution images and based on diffraction patterns. Strain
maps can be extracted from high resolution images in four
main ways: peak-finding (PF) method, peak-pair (PP) method,
dark field electron holography (DFEH), and by geometric
phase analysis (GPA). The first three methods analyze the
images in real space, while GPA utilizes reciprocal space. With
the PF method, atom positions are fitted with 2D Gaussian
functions. An unstrained reference lattice (internal, from the
core of the particle) is then extrapolated and compared to the
real, strained lattice. The strain is calculated based on the dis-
placement of the real lattice relative to the extrapolated, ideal
lattice. Using this method, Gan et al. showed increased activity
in partially dealloyed PtFe nanoparticles as a result of a com-
pressively strained Pt-rich surface.”” By modelling PtFe NPs
with different distributions of Pt and Fe, and comparing simu-
lated strain values to measured ones, they concluded that the
dealloyed particles have a Fe-rich core and a Pt-rich shell.

Similarly, the PP method uses pairs of peaks in atomic
columns to compute interatomic distances and calculate strain
by comparing them to an unstrained region.® The main
advantage of PP and PF over GPA is that they are less computa-
tionally demanding and may be better suited for smaller
regions. DFEH strain analysis is done by passing one portion
of the electron beam through a reference, unstrained area and
another through the region of interest, after which the beams

Inorg. Chem. Front,, 2024, M, 323-341 | 327
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interfere with a biprism to form a hologram.>® The resulting
beam carries phase information about the sample, and by
using Bragg filters, strain can be extracted. The biggest advan-
tage of DFEH over other techniques is it enables capturing
strain maps with a wide field of view (FOV) while preserving
high strain sensitivity. The disadvantage is that a biprism and
a Lorentz-type lens are necessary. It should be noted that, for
very small nanoparticles, the ability to pass the beam through
a strained and non-strained region which are isolated from
one another may not be possible.*®

Geometric phase analysis (GPA) employs algorithms that
use fast Fourier transform (FFT) to analyze images. Local
strain fields are calculated from two non-collinear diffraction
spots selected in the FFT of the image.®’ The main advantage
of GPA is that the measured strain is less affected by optical
aberrations in (S)TEM, because the information is contained
in a local region of reciprocal space. The drawback of GPA is
its requirement that the images are very high resolution (i.e.
particles oriented on zone axis). An example of a strain map
obtained with GPA is shown in Fig. 5. Gamler et al. used GPA
to map strain in Pd@Pt, Rh@Pt and Rh@Pd core-shell nano-
particles.’” They show that the shell lattice of Pt in Pd@Pt is
barely deformed relative to the Pd core, meaning that the Pt
shell is compressively strained to match the lattice of the core.
A similar effect was observed for Rh@Pt and Rh@Pd. For the
same particles prepared with thicker shells, strain maps
showed expansive relaxation (relative to the core). Shell relax-
ation is a result of the weakening of strain effects with distance
from the core-shell interface. Shell expansion for the thicker
shell particles was expected, as all three of the investigated
core-shell NPs have shells containing metals with larger lattice
parameters than the metals present in the particle cores.

Like in the case of high-resolution image-based strain
mapping, obtaining strain maps from diffraction patterns can
be done in numerous ways. Key diffraction-based methods
include selected area electron diffraction (SAED), convergent
beam (CBED) and nanobeam electron diffraction (NBED). In
SAED and NBED, lattice parameters and their deviations are
measured based on diffraction spot positions (relative to the

View Article Online
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central spot).”> The main difference between the two is that
SAED uses an aperture to select a region of the sample, while
NBED utilizes a nano-sized (nearly) parallel electron beam.
SAED has ~2% error in determining lattice parameters,*” so in
some cases, it is more suitable for determining the presence of
different phases where there are larger variations of lattice
parameters, than for accurate determination of strain. Strain
mapping using NBED is more popular due to its higher pre-
cision and sensitivity compared to SAED.®* While the resolu-
tion in SAED is limited by the aperture size (~pm), in NBED
the beam size (~nm) defines the resolution limit. In this case,
a larger field of view can be analyzed compared to high-resolu-
tion image-based methods. However, dynamical diffraction
may cause difficulties in accurate identification of the diffrac-
tion disks or spots. CBED, on the other hand, can be used to
determine strain to a much higher precision, as lattice para-
meters can be determined with an accuracy of ~0.01%, by
examining the structure of the disks in the diffraction
pattern.®® The disks form as a result of combined Bragg scat-
tered electrons and multiple scattering electrons. The diffrac-
tion disk contains High order Laue zone (HOLZ) lines, whose
position and width are sensitive to lattice parameter values.®
The main disadvantage of CBED is that analysis of the diffrac-
tion disks can be complex and in some cases for thin samples
and nanoparticles the HOLZ lines are undetectable.®®

SAED strain measurements were used to explain improved
activity for ORR, demonstrated on biaxially strained Pt/PtPb
nanoplates.?” The phases of PtPb and Pt were examined by
comparison of experimental with simulated images, confirm-
ing a hexagonal PtPb and cubic Pt core-shell structure. They
explain that the formation of a biaxial strain, which is com-
pressive along [011] and tensile in the [100] direction, results
in a large increase in ORR activity. Even though there is gener-
ally a consensus that compressively strained Pt should have
enhanced kinetics, this finding shows that the approach of
compressively straining Pt may not always result in favourable
performance. Interestingly, they also show that nanoparticles
of the same composition show a much smaller activity increase
(in reference to benchmark Pt/C) than the Pt/PtPb nanoplates.

Fig. 5 Strain analysis of a PtCuz nanoparticle. Shear strain (,,) map (a) before and (b) after electrochemical activation.®® Open access, 2019.
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2.4. Composition

The elemental composition of NPs can be determined by energy
dispersive X-ray analysis (EDS) and electron energy loss spec-
troscopy (EELS). The major advantage these two techniques
have over other methods for elemental composition measure-
ments is the capability for local, spatially resolved analysis. Both
techniques are usually performed in STEM mode, as they
require a converged probe in order to map a localized feature. It
should be noted that, EELS can be used for mapping using
energy filtered TEM (EFTEM). Despite this, EELS mapping in
STEM mode is a more common approach. The composition can
be determined either as line profiles (1D distribution) or by
mapping (2D distribution). In general, EDS is better suited for
analyzing heavier elements, while EELS is better for lighter
elements.®” In terms of spectrum acquisition and mapping,
EDS generally requires less expertise from the user than EELS
and the interpretation of EDS results is also more straight-
forward. EDS has an energy (spectrum) resolution of ~120 eV.>°
This resolution is satisfactory for yielding qualitative and quanti-
tative information about the composition, however, it is not
possible to examine more detailed information such as the
chemical environment (chemical shift), valency, spin states and
other similar properties. On the other hand, EELS, when using
a field emission gun, can have an energy resolution of ~0.7 eV.
If the electron gun is equipped with a monochromator, it can
reach 0.2 eV. Newer designs have made it possible to achieve a
resolution of 4.2 meV.®® Another factor that needs to be con-
sidered is sample thickness. EDS can be performed indepen-
dent of specimen thickness, while EELS requires thin samples
in order to avoid multiple scattering events, which results in
poor S/N and a large background. The thickness of the sample
should ideally be equal or lower than the inelastic mean free
path of the given material, which in the case of most metals is
approximately 50-100 nm.*® EDS is extensively used for elemen-
tal composition mapping of alloy NPs in the field of electro-
catalysis. For example, it can provide an easy assessment of
whether the examined alloy NPs have metals homogenously
distributed’®”" or if a core-shell structure is formed.”” Sasaki
et al. deposited a Pt monolayer on PdAu NP cores via galvanic
displacement.”® EDS was used to measure the distribution of
the three metals and confirmed a higher Pt concentration at the
particle edges. The authors point out the importance of the
inclusion of a small amount of Au and its role in increasing
electrochemical stability. Hunt et al. established a self-assembly
method for controlled synthesis of transition metal carbide
(TMC) NPs coated with a Pt shell.”* They investigated the stages
of Pt/TMC nanoparticle formation by STEM. EDS line scans
were used to determine the distribution of Pt on WC, confirm-
ing that Pt is localized at the shell of the particles. Xie et al. syn-
thesized Pt-coated Pd nanocubes with tuneable Pt shell thick-
ness.”” Using different Pt precursor concentrations and tempera-
ture treatments, shells comprised of 1-6 atomic layers of Pt were
confirmed by STEM-HAADF images and EDS line scan profiles
of Pt and Pd. They demonstrated that, out of all the coated NPs,
those with just a monolayer of Pt show the highest mass activity.
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EELS has a wide range of applications for the characteriz-
ation of NP samples. Low-loss EELS spectra, corresponding to
phonon and plasmon excitations, provide information about
sample thickness, band gaps and electron density. While this
information can be useful, the core-loss region is of greater
interest for Pt-based ORR catalysts. The elemental composition
of the metals in nanoalloys, as well as their chemical environ-
ment can be probed. In addition to investigating the catalyst,
EELS can give valuable chemical information regarding the
support. For carbon-based supports, structural information
can be obtained from the carbon K-edge,”® while for metal-
oxide supports, valence states can be examined from the
intensity ratio of Ly and L, lines and their respective edge
thresholds.””””® A potential drawback could be high beam
exposure and thus altered and damaged specimen structure.

A study investigated the distribution of Pt and Co in Pt;Co/
C core-shell NPs.'* They demonstrate that the NPs have a Pt-
rich shell and an alloyed Pt;Co core. Additionally, the change
in particle composition with aging was studied. The particles
were found to have three distinct possible structures after
aging: Pt-Co core-shell NPs with a thicker Pt-rich, Pt-Co
“hollow” NPs with reduced Co content and pure Pt “hollow”
NPs where Co from the core is completely dissolved."* Another
study used EELS to investigate the compositional variation of
Pt,Ni, octahedral NPs.”® EELS line scans provided evidence of
Ni leaching preferentially at the {111} facets, resulting in
concave octahedral particles. The magnitude of change in the
shape was shown to be dependent on Pt:Ni ratio, and was
most evident for PtNi; 5. The activity, and how it changed
during the lifecycle of the particles, was shown to be governed
by Pt shell thickness, subsurface Ni concentration and fraction
of remaining {111} facets. Another interesting and recent
application of EELS was to analyze the ionomer.®® Previously
this has been done by labeling/staining the ionomer with Cs
and Ba ions and using EDS to map the ionomer coverage on
NPs.®' The main disadvantage of this approach is that it does
not guarantee homogenous staining. EELS bypasses the need
for labeling of the ionomer because carbon in the support and
ionomer have a different C K-edge structure. Vulcan XC72 gave
rise to a n* edge, originating from sp> bonding in amorphous
carbon, while this feature is absent for Nafion. In addition, a
shift in o* edge position was observed. Based on edge posi-
tions, it was concluded that Nafion gives rise to ¢* (C-C) and
(C-F) peaks, at higher energy losses compared to Vulcan XC72
o* (C-C) edge.®®

3. Deep insights into Pt-based
nanostructures — advanced (S)TEM
techniques and methods

3.1. IL-STEM

Identical location STEM (IL-STEM) is a method where samples
are analyzed before and after an electrochemical or, more gen-
erally, any treatment of the specimen. This is done using a
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TEM finder grid as the sample substrate, where the grid is
labeled in some way (e.g. alphabetically). We note that also
classical TEM grids can be used. The sample is first imaged
and characterized prior to any electrochemical experiments.
The grid is then transferred to either a rotating disk electrode
(RDE) setup or a modified floating electrode (MFE) setup. The
sample is subjected to any desired treatment (e.g. accelerated
degradation test) after which it is transferred to the microscope
and analyzed again. This procedure can be repeated multiple
times, for example, to identify different stages of catalyst
degradation.?”®® IL-STEM measurements are of paramount
importance in elucidating how catalyst structure, chemical
composition and morphology change with degradation, and
can help pinpoint the “stability bottleneck” of a particular
catalyst. At atomic-resolution, IL-STEM can help in the
bottom-up understanding of degradation mechanisms at a
more fundamental level and thus establish structure-stability
relationships.?*

For Pt-based NP catalysts, it is generally considered that
there are multiple different degradation mechanisms (Fig. 6)
that lead to loss of activity.*® How prominent a specific degra-
dation mechanism is will depend on the catalyst material and
working conditions such as pH, temperature, and electro-
chemical parameters (e.g. potential window for cycling). One
study demonstrated that the extent of Pt degradation is more
dependent on the number of potential cycles than on the scan
rate.®* For Pt-based materials, the most common degradation
mechanisms are particle detachment,®%¢ dissolution,?"%7:%

Platinum Dissolution

Agglomeration

Reshaping

View Article Online
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Ostwald  ripening,®®  agglomeration,””®" and support
corrosion.’”®> All mechanisms have in common either a loss
of active material or an increase in particle size. For a more
comprehensive review on degradation mechanisms and how
they are examined with IL-(S)TEM, the reader is referred to ref.
93. An atomic resolution IL-STEM study of Pt-Ni NPs revealed
that they preferentially dissolve on steps and corners and that
Pt redeposition occurs predominantly on {111} facets.”
Particle size distributions often reveal the dominant degra-
dation mechanism. An average particle size increase with a tail
towards smaller particle sizes is indicative of Ostwald ripening.
On the other hand, the appearance of a tail towards larger par-
ticle sizes is typically a result of agglomeration. If the size dis-
tribution doesn’t change much with degradation, it is con-
sidered that detachment is the primary mechanism. An
example of how the particle size of Pt/C NPs is affected by
potential cycling is given in ref. 95. Another possible conse-
quence of degradation is the appearance of single atoms
(Fig. 7).

A modified floating electrode (MFE) setup has also been
used for IL-STEM experiments®"°7°® (Fig. 8). In the MFE setup
for the ORR, the electrode is supplied with O,. As opposed to
RDE where the reaction takes place at the catalyst/electrolyte
interface, for MFE the reaction takes place at the gas/catalyst/
electrolyte interface. This inherently results in enhanced mass
transport and higher, industry-relevant currents. The MFE
setup takes advantage of the relatively straightforward use of
TEM grids as a backing electrode for catalyst deposition, allow-

Fig. 6 Anillustration of different degradation mechanisms of Pt nanoparticles supported by carbon.®® Open access, 2016.
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Single atoms

IL-STEM images of Pt—SnO,/C nanoparticles (a) before and (b) after 1000 electrochemical cycles from 0.05-9.8 V (vs. RHE) at different mag-

nifications. Single atoms appear after degradation and are shown to not move from beam exposure. Reprinted with permission from J. Phys. Chem.
C, 2018, 122(18), 10050-10058.°¢ Copyright 2018, American Chemical Society.
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Fig. 8 An illustration of the modified floating electrode (MFE) setup.®” Open access, 2020.

ing for direct IL-STEM. This setup was further upgraded to the
so-called Nano Lab concept.”® The idea of Nano Lab is to use
anodic oxidation of the TEM grid as a synthesis method, fol-
lowed by IL-STEM characterization of the grid. After this,
electrochemical characterization can be performed and
IL-STEM can be used again, to investigate the impact on the
catalyst and support.> This method is also complementary to
other characterization techniques, such as XPS, Raman spec-
troscopy or IL-SEM.

An important part of identical location measurements is
the image processing and data analysis that comes after. As a
means to aid in improving image quality, denoising and
extracting quantitative data, automated image analysis for

This journal is © the Partner Organisations 2024

TEM is highly useful. Examples of what can be obtained using
image analysis algorithms, such as determining atomic
column positions (Fig. 9), strain analysis and 3D reconstruc-
tion, are given in ref. 100.

3.2. Electron tomography

Investigating sample morphology is often done by scanning
electron microscopy (SEM), since secondary electrons contain
surface information from the interaction of the sample with
the beam, dependant on the accelerating voltage. Although the
possibility to couple it with an aberration corrected STEM as
an optional feature exists,'®’ when a full description of the
inner structure and further resolution is necessary, including
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Fig. 9 IL-STEM images of a Pt—Co nanoparticle (a) before and (b) after electrochemical activation. Atomic positions obtained via phase detection

using FFT patterns, (c) before and (d) after activation. (e) Density plot of atomic positions before and after, overlayed.’® Open access, 2021.

surface morphology, as is the case for samples of small NPs,
the use of (S)TEM is required.'®” TEM-based techniques give a
2D projection of a sample with 3D structure, so the mor-
phology cannot be examined directly and different projections
are necessary to construct a model.'®*'%® However, a full 3D
image can be reconstructed from a set of 2D images obtained
at different tilt angles (orientations) of the sample.'®* This
method is known as electron tomography (ET).

Shape and morphology studies in IL-TEM
benefit from tomography. In order to visualize the 3D arrange-
ment of nanoparticles and the support, before and after degra-
dation, IL-tomography was performed on a Pt/C catalyst before
and after degradation.’®'%” Particle growth and change of the
3D shape of the carbon support, indicating carbon corrosion,
are both clearly seen from the comparison of IL-tomography
images before and after degradation. It was shown that, after
degradation, a higher fraction of Pt particles are retained in
regions where multiple carbon particles are in contact, com-
pared to more exposed carbon regions.”® As a prospect, it
could, for instance, reveal the surface coordination of all
atoms and their stability if performed with atomic resolu-
tion,'®® and even information related to the local orientation
and the bond length,' as well as 3D strain distribution.'"°
Alternatively, in this regard, 3D information from a single
STEM ADF projection is possible if the material is composed
of a single element,'"" but when two or more elements are in
play, new approaches are needed."*? 3D chemical distribution
maps have also been part of the developing techniques in an
effort to try and investigate the complete picture of the
material despite certain limitations, such as the signal-to-
noise ratio.'™ Other issues include the long acquisition times,
which represent a drawback for the applicability of the tech-
nique in beam sensitive materials or during the impletmenta-

105,106 ¢an also
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tion of in situ experiments.'** Up until now, successful recon-

structions of Pt/C fuel cell catalyst nanostructures have been
achieved, where ADF tomography and inpainting algorithms
were employed to improve the visualization and hence mitigate
common artifacts.""> Automatization has also been part of the
current tomography developments, when investigating Pt cata-
lysts before and after accelerated stress testing,"'® allowing for
a better statistical analysis as the size of sampling increases, in
analysing and determining degradation in particles that are
either inside pores or outside the carbon support. Additional
examples involve the use of cryo-electron microscopy to reduce
beam damage and determine the morphology of layer aggre-
gates, including the ionomer layer and the location of Pt on
carbon supports."”

3.3. 4D STEM

4D STEM is a sub-technique of STEM that consists of captur-
ing a 2D diffraction pattern with a fast camera at each probe
position of a STEM image."'® The name comes from the fact
that each pixel in a 2D image contains a complete 2D diffrac-
tion pattern. 4D STEM can be used for very accurate strain
mapping by NBED.**''® An example of strain mapping using
4DSTEM is shown for core-shell Rh@Pt nanocubes.'?° In this
work, a comparison of strain mapping using GPA, atomic
column tracking and 4DSTEM nano-diffraction are given. The
authors establish some key advantages of 4DSTEM, such as a
lower variance of the measured strain compared to the other
two methods. The method is also more robust against
drift and scan-distortion effects compared to the other two
methods. With the implementation of scanning NBED, crystal
phase maps and orientation maps can be obtained."*!
Furthermore, the use of precession electron diffraction has
also been shown to enhance the clarity of the diffraction pat-

This journal is © the Partner Organisations 2024
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terns, helping in a better and easier identification of the
crystal structure.'®® Centre of mass (COM) and differential
phase contrast (DPC) analysis of diffraction patterns can high-
light sample features that are of interest. COM analysis, for
example, can be used to obtain electric field and charge distri-
bution maps.'*® This is particularly useful for investigating
catalyst-support interactions, in cases where charge transfer
between the two is significant. The structure and chemical
composition of the catalyst/support system are frequently
shown to govern the electronic structure and the resulting
activity and stability of the material."**"*® Zachman et al.
established a protocol in which 4DSTEM is used to map the
charge distribution on an Au/SrTiO; catalyst/support
system.'”” The direction of charge transfer was shown to be
independent of particle size. Although a net negative charge
was measured on Au particles, individual atoms of Au close to
O atoms of the support were positively charged. It was also
demonstrated that the charge transfer direction can be
inverted using post-synthesis treatments. Tuning catalyst
activity, selectivity and stability by controlling catalyst-support
charge transfer is, as of now, a far more widespread method in
the field of heterogeneous catalysis than in electrocatalysis,
leaving a lot of room for studying ORR electrocatalysts with
this kind of approach. Another interesting phase imaging tech-
nique that derives from 4DSTEM is electron ptychography,
which enables enhanced imaging reconstruction’*® and a
more accurate structural representation using low beam doses.
This facilitates theinvestigation of beam sensitive materials'>’
and theimaging of light and heavy elements at the same
time."*° In addition, electron ptychography has been used in
combination with depth sectioning for 3D reconstructions.'*!
Alongside, a recently developed method named bright-field
balanced divergency (BBD), has shown significant advantages
as a non-iterative, dose-efficient and noise-robust reliable way
for phase retrieval, being complementary to current phase
imaging approaches.'*?

3.4. In situ (S)TEM

The previously mentioned applications of electron microscopy
only deal with analyzing the catalyst at given points during its
lifecycle. In situ (S)TEM provides information about how the
catalyst is influenced by given conditions and the structural
changes it undergoes during reactions."*® This is extremely
useful as it eliminates the need for any speculation about the
intermediate states of the catalyst material. In situ (S)TEM,
compared to other analytical in situ techniques, is distin-
guished by its capability to monitor the morphological evol-
ution of the electrocatalyst during either crystal growth or
electrochemical reactions."®® The most common forms of
in situ TEM used for electrocatalysts are liquid and gas atmo-
sphere environmental TEM (ETEM). Liquid iz situ TEM can be
realized either by differential pumping'®® to increase the
pressure sufficiently in order to keep the liquid from evaporat-
ing or by using a closed-cell setup.’®® In this regard, spatial
and temporal resolution play an important role when imaging
dynamic processes, and additional effects arising from sample
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thickness and stability need to be considered.®” One of the
first in situ liquid cell TEM studies analyzed the nucleation
and growth of Cu via electrodeposition.'*® The cell used was
constructed as two Si wafers, separated by a SiO, ring and
etched to create a window on which Au working electrode was
deposited.

An in situ study of octahedral Pt-Ni alloy NPs, using an
electrochemical liquid cell TEM chip showed that, under a
high potential, the particles rapidly agglomerate preferentially
along {111} facets."*® Large (20-50 nm) Ni-rich alloy particles
displayed nearly complete dissolution, as opposed to octa-
hedral (~8 nm) particles partially protected by surface Pt. It
was also revealed that startup/shutdown potential changes
accelerate coarsening of the catalyst. Carbon corrosion was
shown to be far more prominent during a potential hold at
high potential, compared to potential cycling. Gong et al. con-
ducted an analysis of the influence of heating atomically dis-
ordered PtCu nanoframes on their restructuring and formation
of ordered intermetallic PtCu.'*® In addition to this, by coup-
ling a tomography approach with EDS, the distribution of Pt
and Cu was mapped in 3D during the ordering of the nano-
frames. It was concluded that while this reduces leeching of
Cu, it leads to aggregation of the nanoframes.

Although without electrochemical control, Liao et al. inves-
tigated Pt nanocube growth and the kinetics of facet growth."*"
The nucleation and growth of particles was stimulated by
beam irradiation. At early stages of growth, all three low index
facets ({100}, {110} and {111}) grew at similar rates. When par-
ticle size reached 2.5 nm, the {100} facet ceased to grow. This
effect is contrary to thermodynamic considerations, such as
what would be expected based on Wulff construction.'*? This
inhibition of {100} growth was explained by taking into
account kinetic effects, involving different ligand (surfactant)
hopping energy barriers on different facets. The anisotropic
nature of structural changes of Pt is also revealed to be present
in cathodic corrosion, demonstrated on Pt single crystals in a
H, gas cell.'*® The formation of PtzFe nanorods from nano-
particles has been studied by liquid cell in situ TEM.'** The
nanoparticles first formed via beam induced reduction of Pt
and Fe precursors. The interactions of these nanoparticles
then lead to formation of chains. It was demonstrated that
inclusion of an additional surfactant results in straightening
of NP chains into single-crystal nanorods. Increasing the
resolution of in situ (S)TEM was demonstrated through an
approach utilizing a graphene liquid cell."*>'*® An MoS,
monolayer separated by hexagonal BN from graphene cell
windows was developed and used for monitoring the adsorp-
tion and diffusion dynamics of Pt atoms on MoS,."*

ETEM, while not directly of interest from the perspective of
electrocatalysis, is highly relevant for studying the structural
dynamics during the synthesis of electrocatalysts. Synthesis of
PtCo/C NPs in a H, atmosphere was monitored in situ.'*” The
study revealed that during annealing of Pt and Co precursors,
the formation of small (<3 nm) and ordered tetragonal PtCo
particles begins at 450 °C. Despite this, the majority of par-
ticles at this stage were disordered FCC alloys. At temperatures
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above 700 °C, completely ordered FCC PtCo and Pt;Co NPs are
formed, with particle sizes >4 nm. After reduction at 700 °C,
the number of smaller NPs drastically decreased, signifying
that Ostwald ripening and agglomeration had occurred. The
average size of the synthesized particles had increased roughly
three times compared to precursor particle sizes.

It is important to note that in situ TEM conditions that
can currently be realized are far from real working
conditions.”*'*®'*® The main reason for this is the fact that
high gas pressures in gaseous TEM cells, and thick liquid
layers in liquid TEM cells are undesirable, as the electron
beam would suffer too much scattering from the medium."°
From the electrochemical point of view, liquid cell electro-
chemical TEM is still not capable of replicating bulk electro-
chemistry quantitatively, as a consequence of the size con-
straints of liquid cells,"* which leads to different cell geometry
and non-uniform electric fields during operation.'*® Beam-
induced radiolysis was also shown to change the local redox
chemistry of an aqueous system.'>> The beam sensitivity of
both the sample and surrounding medium are also a concern
and this can be the main limitation for experiments that
require long exposure times.'*® An overview of beam induced
effects on electrochemical systems is given in ref. 153.

It must be emphasized that adding electrodes to the liquid
TEM cell and thus controlling the potential of the specimen is
still considered a big challenge. However, with the great pro-
gress in cell designs and sufficient lowering of the beam dosage,
this should in principle be possible now. In addition, carrying
out an operando and a multimodal analytical approach, there
have been relevant experiments revealing new insights regarding
degradation in nanocrystals.">* In situ TEM has been applied
with great success in neighbouring research areas such as syn-
thesis and crystal growth,'>® heterogenous catalysis,">® cor-
rosion™®” and batteries.'*® On the other hand, the most recent,
and groundbreaking improvements of in situ set-ups, are yet to
be fully utilized for characterization of Pt-based ORR electrocata-
lysts at reaction conditions. Surprisingly, a relatively high
number of studies concerning Cu-based catalysts for CO,
reduction using in situ TEM have been reported, such as.'>*¢!

Lastly, with the recent capability to implement artificial
intelligence tools in the analysis of microscopy data,'®>'®
namely, in structural imaging, chemical analysis, and momen-
tum-resolved (4D) STEM, new opportunities arise for improve-
ment and automation, from enhancing imaging in structural
dynamics videos,'®* to planning experiments, including the
manipulation of matter at the atomic scale.'®® Nevertheless,
one of the goals currently being solved is to be able to handle
large amounts of data, required to train models, and the cre-
ation of an effective interface to interpret the information in a
friendly manner."®®

4. Summary

PEMFCs play a vital role in the renewable energy framework.
Despite many achievements in the field of ORR electrocatalyst
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research, the main goal of a highly active, stable, and affordable
catalyst is yet to be realized. While there are several reports on
Pt-based nanocatalysts which fulfill the requirements in terms
of activity, the stability of these materials often remains med-
iocre, while the cost is still relatively high. The performance of
electrocatalysts is governed by their atomic structure. At present,
approaches that consider synthesis optimization in order to
control nanocatalyst structure and thus tune its activity seem to
be the best course of action. Combined with electrochemical
benchmarking experiments, the use of (S)TEM to probe the
atomic structure is vital in order to achieve a more thorough
understanding of the underlying structure-activity-stability
relationship. Degradation phenomena, particle size effects,
shape and facet-dependent behavior, catalyst-support inter-
actions, strain induced effects, elemental distribution and more
fine chemical information are all properties that can readily be
investigated by multimodal analytical transmission electron
microscopy. Insights into electrochemical degradation and the
catalyst-support interactions seem to be of the highest impor-
tance in unraveling the influence of structure and composition
on activity and stability. At present, detailed information about
catalyst degradation can only be obtained using IL and in situ
STEM. Catalyst-support interactions remain difficult to examine
directly, however, the use of 4D STEM to reveal more about
these interactions is a promising prospect. Thin window liquid
cell design improvements for in situ TEM, reducing beam
damage effects, and increasing the efficiency of acquisition and
reconstruction in tomography are just some of the areas where
boundaries can be pushed. Despite this, (S)TEM is regularly and
effectively used in electrocatalysis studies and can be regarded
as an essential catalyst characterization technique. It should
once more be emphasized that interpretation of (S)TEM images
and data should be done cautiously considering that results are
collected locally, from a small area of a sample. For this reason,
complementary information using bulk analytical methods is
always desirable, such as crystallographic data from XRD or
chemical composition analysis from ICP-OES or ICP-MS.
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