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Defect engineering has recently gained considerable interest
in electrocatalysis by extending the portfolio of materials’

design strategies toward more efficient and sustainable nano-
catalysts.1 This approach is highly versatile as the term “defect”
in crystallography refers to any interruption of the regular
pattern defining a perfect crystal. As such, point defects (atomic
vacancies, interstitial atoms, antisite defects), line defects
(dislocations, disclinations), planar defects (grain boundaries,
stacking faults, twinning, steps), or bulk defects (voids, pores,
cracks) are a nonexhaustive list of structural parameters to be
possibly tailored to meet a catalytic material’s functional
specifications. In contrast to former approaches in electro-
catalysis, within the defects’ engineering strategies, electro-
catalytic properties are tuned locally not globally. Indeed, defects
produce (simultaneous) local changes in key structural
parameters relative to catalytic performance, such as site
coordination, strain, or chemical composition.
Historically, density functional theory (DFT) calculations,

molecular dynamics, and kinetic Monte Carlo simulations have
been extensively used to connect the catalytic site local
environment to its catalytic properties from computational
screening over the trial-and-error approach.2 These methods
rely on the determination of catalytic site electronic structure
that can be further bridged to the catalytic performance through
the adsorption strength of reaction intermediates. Especially, for
a given reaction mechanism, focusing on the “limiting” reaction
step(s) in the frame of the Sabatier principle represents a
remarkably powerful and efficient route toward the reduction of
numerous system variables to a few “key” reactivity descriptors.3

In the case of the sluggish oxygen reduction reaction (ORR) on
Pt, which restricts the development of proton exchange
membrane fuel cells (PEMFC), the existence of so-called
scaling relations between the *O, *OH, and *OOH
intermediates’ adsorption strengths allows focusing on a single
of these adsorbates. In that frame, calculations predict the
optimal ORR rate is obtained by decreasing the adsorption
energy of *O (or by extension *OH and *OOH) by∼0.2 eV (or
∼ 0.1 eV) compared with Pt(111).4 The pivotal correlation
between the adsorption trends of the reaction intermediates and
the electronic structure of the catalytic sites is described by the d-
band model introduced by Hammer and Nørskov.5,6 Since from
this principle, the catalytic properties of a site can be determined
completely by its electronic structure, descriptors of the d-band
ultimately become (electronic) reactivity descriptors.
Figure 1a illustrates how the d-band theory applies to a model

Pt(111) surface, where all sites are equivalent (uniform

coordination, interatomic distances, and chemical environ-
ment). The surface thus features a Dirac type *OH adsorption
free energy (ΔG*OH) distribution, centered on the value
expected for a single Pt(111) site, and its global activity (star
symbol) can thus be virtually described by that of a single
catalytic site (circle symbol). In contrast, Figure 1b displays the
situation when structural disorder is present at the surface
(defect-engineered Pt(111) surface). Here, the coexistence of
sites with various local environments results in a broad, near-
continuous distribution of chemisorption properties.7,8 Suppos-
ing the scaling relations still hold, this implies that the global
catalytic activity of the surface can no longer be described by that
of a single site, but rather as the average catalytic activity of each
site. Consequently, whereas the ORR activity of flat Pt(111) is
limited by the overall too strong affinity with *OH species (left
branch of the volcano), a minority of catalytic sites with close-to-
optimal structural configuration, but exponential contribution to
the global activity (Butler−Volmer kinetics), ensures enhanced
ORR activity for the defect-engineered Pt(111) surface.
However, structure-sensitive, electronic descriptors alone

(such as the d-band center, εd) do not provide any clear-cut
reverse structural information about the catalytic site local
environment that could guide material design. Also, even if
computational methods from model structures can correlate a
fine local atomic motif and electronic properties (see
coordination-based descriptors such as CN,9 CNα,10 or
CNsd11), ensuring the successful implementation of such fine
atomic motif onto practical nanocatalysts surface remains
extremely difficult. That is because (i) it requires an atomic
scale control of the surface structure design (other than
atomically flat) and (ii) characterization techniques are limited
in describing such fine structural atomic motifs on “real-life”
nanocatalysts. This apparent dichotomy between extremely fine
theoretical insights on well-defined systems and the extreme
complexity of poorly defined practical systems is at the heart of
the defect engineering current challenge. Whereas the
uniformity of the catalytic sites was a convenient pillar of
surface science, here each surface atom has its own configuration
and should be considered individually (Figure 1). In that frame,
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Figure 1. Defect engineering approach. Schematic representation principle of the narrow vs near-continuous broad distributions of catalytic sites
configurations and electrocatalytic performance for (a) ordered, model vs (b) defective Pt(111) surfaces.

Figure 2. Powder X-ray diffraction (PXRD) patterns’ broadening and sources of microstrain in PtM nanoparticles (M being an early or late transition
metal element). (a) Typical experimental PXRD patterns measured at the high-energy ID31 beamline of the European Synchrotron Radiation facility
on structurally disordered and structurally ordered catalysts (here hollow PtNi/C and cube Pt/C nanoparticles, respectively) plotted as a function of
the momentum transferQ. (b) Possible sources of microstrain in PtM nanocatalysts (grain boundaries, inhomogeneous alloying, or (electro)chemical
surface dealloying). The inset in (a) shows the influence of macrostrain, instrumental contribution, andmicrostrain on the position and the broadening
of the PXRD reflections. Adapted from ref 13. Copyright 2018 Springer Nature.
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practical descriptors able to bridge surface heterogeneous
structure and catalytic performance experimentally are of
primary importance.
This Viewpoint article intends to comment on the establish-

ment of practical descriptors able to guide the defect engineering
of practical nanocatalysts. We first discuss the case of the local
strain and especially how an explicit bulk physical parameter can
be turned to a surface structural descriptor: the surface
distortion (SD). Then, we show how cyclic voltammetry
experiments analyzed in light of SD can reveal electrochemical
adsorption fingerprint of structural disorder, thus providing a
versatile method to shortcut in-depth structural character-
ization. Importantly, we emphasize that, because structural or
adsorption properties are averaged over the whole catalyst (i.e.,
the spatial resolution is lost), such descriptors do not reveal the
nature of the active site but mostly provide statistical insights on
their emergence from disorder. Consequently, we finally discuss
the opportunities offered by emerging analytical techniques,
which we anticipate will advance our understanding of defect
characterization toward identification of electrocatalytically
active and stable motifs. Whereas Pt-based catalysts for PEM
fuel cell served as a discovery platform of the presentedmethods,
all results (except the cyclic voltammetry techniques) apply to
other types of nanocatalysts.

1. PHYSICALANDELECTROCHEMICALASSESSMENTS
OF LOCAL STRAIN TO DESCRIBE SURFACE
DISORDER
Microstrain Line Broadening in Powder X-ray Dif-

fraction. Many phenomena synergistically contribute to the
diffractograms profile observed in powder X-ray diffraction
(PXRD) experiments. As PXRD (especially from laboratory
sources) has become a routine technique in numerous fields of
research, simple analytical softwares have been developed to
extract sample structural information from PXRD data.
However, extracting reliable information related to the
quantification of structural disorder requires a rigorous method-
ology to minimize the impact of errors related to both
experimental and interpretation artifacts. Numerous analytical
approaches such as the Williamson-Hall method, the Warren-
Averbach method, the Fourier method, or full profile refinement
(Rietveld, Le Bail) methods can be used to investigate the
microstructure of a powder sample from PXRD data. In the case
of nanocrystals with sizes < 10 nm, extensive peak broadening
and overlap makes the methods based on the analysis of few
individual reflections inaccurate and full profile refinement
technique of PXRD patterns extending over a large Q-range are
preferred (see Figure 2a). This reason, together with the
versatility offered by the full profile refinement methods in terms
of the peak shape description and possible anisotropy
consideration, make the Rietveld method12 highly attractive,
despite its complexity due to the large number of control
parameters.
It is generally admitted that the Bragg peak profile (shape and

width) can be described as the convolution of three
contributions: (i) the incident X-ray beam monochromaticity,
(ii) the instrument optics (slit gaps and positions, detector pixel
size, etc.), and (iii) sample-related broadening effects. The latter
is the consequence of two microstructural properties of the
sample investigated, namely, the finite size of the coherent
domains (or grain size) and the presence of microstrain (or local
strain, the parameter of interest here), which reflects the local
variations of inter interplanar distances caused by some sort of

stress (disorder, stacking fault, twins, grain boundaries,
inhomogeneous alloying, etc.; see Figure 2b). As described in
the Supporting Information, the Rietveld method can
disentangle microstrain broadening from other contributions,
thus providing a physical parameter that is representative of local
strain originating from structural disorder.
Rietveld refinement of powder X-ray diffractograms becomes

limited when the nanoparticle size is substantially smaller than
the beam coherence length, (i.e., typically a few nanometers14)
and a periodic crystal-type description of the atomic arrange-
ment breaks down, as does the Bragg’s law. In such case, pair
distribution function (PDF) analysis of total scattering data can
provide quantitative information on the structural and micro-
structural properties of nanocatalysts.15 Experimentally, the
PDF is obtained from a PXRD pattern by realizing the Fourier
transform as:

G r r

Qr

( ) 4 r ( )

2
Q S(Q) 1 sin( )dQ

Q

Q
0

min

max∫
π ρ ρ

π

= [ − ]

= [ − ]
(1)

where ρ(r) is the microscopic pair density and Q = 4π·sin(θ)/λ.
S(Q) is the total structure function, that is, the normalized
coherent scattered intensity obtained from the PXRD pattern
after subtraction of the environment and inelastic/incoherent
scattering and normalization. It is worth noting that the whole
diffraction pattern is used to obtain G(r), not only the Bragg
peak intensities as for Rietveld refinement. Therefore, the effects
of disorder, defects, and so on, which contribute to the pattern
through diffuse scattering outside of the Bragg peaks, will also be
included inG(r). The PDF yields the probability of finding a pair
of atoms separated by a distance r. It will oscillate in a way that is
characteristic of a given structure, about the average pair density
that would result from a completely unordered atomic
arrangement. Thus, it can be calculated from a structural
model describing the distribution of atoms in a sample. The
calculated PDF can be fitted to the observed one, as in a “direct
space Rietveld refinement”. The fit is carried out in a given
interatomic distance range, yielding accurate structural param-
eters relative to this range. Comparing refinements for very small
or longer distances allows revealing the presence of local
structural distortions with respect to an average long-range
atomic arrangement. In addition, the PDF signal vanishes for
distances longer than the structural coherence length (or
domain size), which provides a simple way to determine the
average nanoparticle size in a sample. On the other hand, the
effect of microstrain will be to broaden the distribution of
interatomic distances about their average values, which will
result in a broadening of the corresponding peaks of the PDF.
The PDF is thus sensitive to microstrain; however, its effect is
combined to thermal displacement and instrumental broad-
ening, from which it is difficult to extract. The PDF can also be
used with Reverse Monte Carlo minimization of large atomic
assemblies, which allows a statistical description of samples from
liquids and amorphous to crystalline nanoparticles.16

From Bulk Microstrain to Surface Distortion. The main
reason to correct microstrain values is related to the definition of
microstrain itself, which links a local variation of the interplanar
distance d between d−Δd and d+Δd according to:

d
d

ε = Δ
(2)
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In practice, there is a distribution of Δd/d within and across the
coherent domains. The refined ε value thus corresponds to the
root-mean-square <ε> , averaged over all crystallites in the
sample. Consequently, microstrain is a global and relative
estimation of structural disorder, since the even perfectly
ordered domains (Δd = 0) also contribute to the average value.
To build a consistent structure−activity relationship in
heterogeneous catalysis, a surface-specif ic and quantitative
structural descriptor is needed. To fulfill these requirements,
two complementary “corrections” of the as-measured micro-
strain values were proposed.13,17 These corrections derive from
experimental (electron microscopy observations18−23) and
theoretical studies,8,13,24 which suggest that microstrain can be
decomposed into two main and independent contributions:

• The surface microstrain mostly associated with the
presence of grain boundaries and/or arising from
dealloying. Despite being surface bound, such microstrain
values are relative and need to be corrected from the
crystallite size;

• The microstrain of the whole crystallite volume (mostly
arising from heterogeneous alloying and hereafter referred
to as “chemical disorder” in what follows). Such
microstrain is not representative of the surface and must
be estimated and subtracted.

As detailed in the Supporting Information, for PtM bimetallic
catalysts, these hypotheses allow to decompose the measured

microstrain as a sum of bulk chemical disorder ( f(%M),
estimated experimentally or fromDFT calculations) and surface
defectiveness (SD), weighted by the surface-to-volume ratio (D,
calculated using Montejano-Carrizales et al.’s model25):

f M Dmicrostrain (% ) SD= + * (3)

Figure 3 shows how the SD descriptor can be used to unveil
the “operating mode” of a library of Pt and PtNi nanocatalysts.
The ORR specific activity-SD plot in Figure 3k indicates that
enhanced ORR activity arises from two distinct approaches:

• The global surface tuning approach (null and low SD
values), derived from DFT calculations and single crystal
studies, which aims at enhancing the ORR rate by
synthetically tailoring and maximizing the density of
catalytic sites that weakly chemisorb the ORR inter-
mediates (in this category, octahedral PtNi nanoparticles
feature the highest ORR activity),

• The local surface tuning, or defect-engineering approach
(high SD values), in which the ORR rate is controlled by
the fraction of catalytic sites with close-to-optimal affinity
to the ORR intermediates.

It is noteworthy that as SD values are derived frommicrostrain
values, they are only sensitive to the local strain caused by defects
and do not take into account other ORR-relevant fundamental
parameters such as the average lattice contraction (global
strain), the near surface chemical composition, or the site

Figure 3.Using the SD descriptor to unveil the “operating mode” of a variety of ORR nanocatalysts. (a−j) TEM images of the various nanostructures
investigated. The insets show higher magnification TEM or STEM/X-EDS elemental maps. (k) ORR activity measured at 0.95 V vs. RHE plotted as a
function of the SD descriptor. The activity−SD plot quantitatively confirms that high ORR activity can be reached through the two approaches
presented in Figure 1. Panels (a−j) are reprinted with permission from ref 26. Copyright 2020 American Chemical Society. Panel (k) is adapted with
permission from ref 13. Copyright 2018 Springer Nature.
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coordination (that is why multiple ORR activities can be found
at low SD values). However, the fact that the ORR activities
increase almost linearly with the SD values (Figure 3k) is clear
evidence that (i) similar to the “classical” strain and ligand
effects, surface disorder plays a key role in ORR electrocatalysis;
and (ii) local strain alone is one of the most, if not the most,
influential facets of disorder on catalytic performance.
Quantifying Surface Distortion from Cyclic Voltam-

metry. As discussed previously, the fundamental and direct
consequence of structural disorder is the emergence of a wide
variety of catalytic site configurations on a given electrocatalytic
surface (Figure 1b). DFT calculations by Le Bacq et al.8,13 have
revealed a ±1 eV distribution width in *OH binding energy on
structurally disordered Pt surfaces. Whereas a fraction of these
catalytic sites is statistically close to the optimal configuration for
a given catalytic reaction (∼0.1 eV weaker chemisorption of
*OH in the case of the ORR), another fraction is in the optimal
configuration for a different reaction. Indeed, highly aggregated/
polycristalline nanocatalysts have demonstrated desirable
catalytic performances for a wide range of electrochemical
reactions including the ORR,17,27−35 the CO electrooxida-
tion,17,36 the methanol or ethanol electrooxidation,8,37−39 the
hydrogen evolution reaction (HER) and the oxygen evolution
reaction (OER).40−43 Consequently, surface disorder and
catalytic polyvalence must be somehow linked, and a similar
SD−activity plot should be found for almost any reaction, at
least involving *OH species.
In that frame, COads stripping (here referred to COOR) can

be chosen as a complementary reaction to the ORR to
investigate surface catalytic polyvalence because the prerequisite
for optimal COOR are different regarding *OH adsorption

strength (increased *OH binding by ∼ 0.4 eV relative to
Pt(111) according to Calle-Vallejo et al.).44 Simultaneous
improvement in ORR and COOR specific activity should
consequently evidence catalytic polyvalence and thus surface
defectiveness. The COOR activity (or CO tolerance) of a Pt-
based nanocatalyst can be quantified by the average COads
oxidation potential (μ1

CO, or the first moment of the potential
weight in the COads stripping voltammograms, see details in ref
17 and examples in Figure 4a).
As shown in Figure 4b, a drawback of using complementary

reactions to probe surface catalytic polyvalence is that it is not
generally applicable. If structural disorder must induce catalytic
polyvalence (μ1

CO generally decreases with increasing SD), the
inverse is not necessarily true. Indeed, the COOR overpotential
is not strictly governed only by *OH adsorption strength but by
an appropriate balance between the formation of *OH species
and their recombination with diffusing45 *CO species
(Langmuir−Hinshelwood mechanism). In practice, not only
structural disorder but also crystallite size, surface chemical
composition, and site coordination influence the *CO binding
energy and thus the μ1

CO values. A very good example of this was
provided by Stamenkovic et al.,46 who reported a simultaneous
negative shift of the COads stripping profile and tremendous
ORR activity for the Pt3Ni(111)-skin surface, in agreement with
results from shape-controlled nanoparticles displayed in Figure
5b, especially regarding PtNi octahedra. A method relying only
on *OH bond strength is consequently needed.
It is deduced from the extremely low COOR onset potential

observed in the case of the highly defective sponge PtNi/C in
Figure 4a (∼0.4 V vs. RHE) that *OH species are adsorbed on
the surface at such low electrode potentials. The idea of

Figure 4. Probing catalytic sites diversity and oxophilicity. (a) Background-subtracted COads stripping voltammograms recorded on Pt and PtNi
nanomaterials featuring increasing SD values and their associated average potential μ1

CO (dashed lines), (b) SD plotted as a function of the COOR
activity (μ1

CO) for a wide range of PtNi materials with different shape, size, or Ni content. (c) Background-subtracted Hads desorption curves (so-called-
HUPD region) of materials featuring increasing SD values pointing an extra electrochemical process at high potential ascribed to *H displacement by
*OHon extremely oxophilic sites and (d) SD plotted as a function of the ratioQCO/2QH for a wide range of PtNi materials with different shape, size, or
Ni content. In (b), the numbers displayed close to the experimental points are the SD values associated to these catalysts. In both (a) and (c), the
curves are normalized by the Pt surface area measured by COads stripping. Panel (d) is adapted with permission from ref 26. Copyright 2020 American
Chemical Society.
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concomitant adsorption of *OH and under-potentially
deposited hydrogen (HUPD) has been discussed many years
ago byMarichev et al.,47 Van Der Niet et al.,48 andmore recently
by Janik et al.49 The results of infrared spectroscopy (IRAS)50

and CO displacement measurements51 on extended surfaces, as
well as DFT calculations, have suggested that *H species
adsorbed on extremely oxophilic sites can be displaced by *OH
species, following an electrochemical reaction of the type:

H H O OH 2H 2e2* + ↔ * + ++ −
(4)

The displacement process described by eq 4 creates an extra
charge compared with the charge required just to desorb under-
potentially deposited H atoms (QH). Consequently, an increase
in QH compared to the COads stripping charge (QCO), as
experimentally observed in Figure 4c, supports the presence of
highly oxophilic sites on Pt-based surfaces.26

Most importantly, as displayed in Figure 4d, contrary to μ1
CO,

the QCO/2QH ratio measured on a wide range of nanocatalysts
decreases almost linearly only with strictly positive values of SD,
independently from other structural and chemical parameters.
This suggests that such highly oxophilic sites are possibly
generated only from structural disorder; that is, there are not the
“simple” undercoordinated sites found at nanoparticles surface
edges, steps, or kinks (otherwise, low QCO/2QH ratio would be
systematically found on nanocatalysts). In other words, the
QCO/2QH ratio quantitatively probes the fraction of highly
oxophilic sites, which catalyze the process described by eq 4.
Because such extreme *OH adsorption energies are more likely

reached via the broadening of the *OH adsorption energies
distribution than its simple uniform shift, the ratio indirectly
quantifies the structural disorder responsible for this broad-
ening. This hypothesis is supported by the SD-QCO/2QH plot in
Figure 4d and the ORR activity-QCO/2QH plot in Figure S2 of
the Supporting Information, which show that, counter-
intuitively, the ORR activity increases with increasing fraction
of highly oxophilic sites. This result is of primary importance
since theQCO/2QH ratio can thus be used to estimate the degree
of surface defectiveness of a given catalyst, just as the
synchrotron X-ray based SD descriptor does, yet in a much
more facile and accessible way. Besides, this method is by
definition truly surface sensitive, likely incorporating the effects
of coordination and/or chemical composition variations as well
as local strain. The method can also be employed operando (i.e.,
in a PEMFC device).26 Nevertheless, although these descriptors
(SD and/or QCO/2QH) have a great advantage to provide
insights on the statistical existence of active atomic motifs over
the whole catalyst surface, the exact structure of these motifs and
their location on the surface remain largely unknown.

2. PERSPECTIVES TOWARD THE IDENTIFICATION OF
THE ACTIVE STRUCTURAL MOTIFS

In the previous section, we showed how the local strain averaged
over the whole catalyst surface could serve as a powerful
structural descriptor to rationalize the unique electrochemical
behavior of practical disordered surfaces. The SD descriptor, in
addition to the QCO/2QH ratio, suggests that increasing surface

Figure 5. Determining the nature and structure of the catalytically active sites. (a) 3D atomic displacements measured in a FePt nanoparticle using
GENFIRE algorithm from AC-STEM images; (b) Atomic resolution STEM images, with atomic displacement and strain maps within two
crystallographic planes, as indicated in the Pt nanoparticle; (c) APT data showing the atom map from a Ag@Pd nanoparticle; (d) Sketch of the BCDI
setup, 2D slice of the strain field through the center of a reconstructed Pt nanoparticle under Ar/CO flow and associated probability density of the
strain field; (e) Scheme explaining the concept of using EC-STM noise analysis to reveal the catalytic sites under reaction conditions. Panel (a) is
adapted with permission from ref 22. Copyright 2017 Springer Nature. Panel (b) is adapted with permission from ref 21. Copyright 2018 Springer
Nature. Panel (c) is adapted with permission from ref 63. Copyright 2011 Springer Nature. Panel (d) is adapted with permission from ref 68. Copyright
2019 American Chemical Society. Panel (e) is adapted with permission from ref 80. Copyright 2017 Springer Nature.
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disorder promotes the emergence of only a fraction of active
catalytic sites, in detriment of another fraction. Further insights
on the nature of these active sites (such as their location,
structural environment, or which kind of defect generates them)
would certainly guide the optimization of defective nano-
catalysts. In the following section, we review several emerging
analytical techniques that we believe will play a key role in that
purpose.
Electron Microscopy Tomography. Recent advances in

transmission electron microscopy (TEM) methodology regard-
ing spherical and chromatic aberration correction and improve-
ments of cameras, energy resolution of electron guns, and
processing algorithms52 now allow the imaging and/or 3D
reconstruction of nanoparticles at the atomic scale. For example,
using aberration corrected scanning transmission electron
microscopy (AC-STEM) operated in annular dark field mode
(STEM-ADF) tomography coupled with a generalized Fourier
iterative reconstruction (GENFIRE) algorithm, Yang et al.22

determined the coordinates of each atom composing a face-
centered tetragonal (L10) PtFe nanoparticle (Figure 5a). Atomic
coordinate determination represents the ultimate structural
characterization one can expect, and the results showed that a
nominally ordered particle was in fact composed of 8 individual
grains, each featuring a different phase, including ordered L10
and L20 or disordered face-centered cubic (fcc) phases. Each
surface atom coordination, local displacement compared with
the perfect crystal structure and local chemical environment can
be determined from suchmeasurements. Similarly, an increasing
number of studies18−23 have successfully mapped the distribu-
tion of strain in extended surfaces or mono- and bimetallic
nanoparticles. Using high-resolution scanning transmission
electron microscopy (HRSTEM), Nilsson et al.21 have reported
that the bulk of Pt nanoparticles supported on alumina or ceria is
(“rather”, as employed by the authors) deformation-free.
Interestingly, local strain was systematically detected close to
twin boundaries, at high surface curvature (convex edge sites or
concavities) and at the nanoparticle−support interface (see in
Figure 5b), in agreement with other TEM studies.22,23,53,54 In
addition, the “true” surface strain distribution was directly
deduced from the data, which constitutes an improvement
compared with SD that requires numerous hypotheses. This
direct strain−defect type correlation is precious for the defect
engineering approach. It also evidences that coordination and
strain are strongly linked.
However, these measurements are extremely resource

demanding and are usually limited to a limited number of
nanoparticles, which are supposed to be representative of the
whole catalyst. In addition, identical-location-aberration-cor-
rected scanning STEM (IL-AC-STEM) measurements23

evidenced that atomic coordinates measured under TEM
vacuum conditions change upon exposure to a PEMFC-relevant
electrochemical environment, which compromises the straight-
forward establishment of valid structure−activity relationships
from ex situ TEM imaging. Moreover, while environmental in
situ TEMmethods are also progressing,52 the dramatic impact of
electron-irradiation on nanomaterials’ structure and chemistry
in liquid cells is a major issue that cannot be neglected.55

Atom Probe Tomography (APT). Kelly et al.56 have stated
that “The ideal microscope would reveal the position and
identity of all atoms in a specimen for as far as the user wishes to
see” and have added that “atom probes approach this ideal”.
APT is based on the evaporation of a specimen atom by atom,
layer by layer, from its surface by the field effect, the ions being

further projected onto a position sensitive detector. The
detector allows the simultaneous determination of position
and the element evaporated. The position and the order of
arrival of the ion impact on the detector allows one to
reconstruct the original position of the atoms on the initial tip
and the time-of-flight of the ions contains their elemental
identity via the mass to charge ratio. The sample must be in the
form of a very sharp or a needle-shape tip. This is critical because
the atoms are progressively removed from the tip allowing the
reconstruction of a 3D image of the sample at the atomic scale.
In relation with the concerns of the present paper, the
combination of highly sensitive composition measurement and
three-dimensional microstructural characterization represents a
useful tool for the characterization of structural defects. Indeed,
APT has the unique capacity to study chemical segregation to
crystalline defects such as dislocations, stacking faults, and grain
boundaries.57

Recently, APT has met fundamental electrocatalysis. The
oxidation/reduction behavior of Pt-based alloys has been
studied at different temperatures to show preferential
segregation effect of one metal. The oxidation of PtRhRu alloy
was dynamically monitored, and it was shown that oxidation is
initiated at grain boundaries and propagates to form a Ru and
Rh-rich oxide.58 APT also revealed the interplay between surface
structure/composition, activity for OER, and stability of
electrochemical Ir oxide.59 At first stage of the metallic Ir
oxidation by anodic polarization, the high OER activity was
rationalized by the formation of nonstoichiometric Ir oxide
(IrOx with x < 2) clusters composed of a very limited number of
atoms (only few tens) predominantly located at grain
boundaries. This structure gradually evolves toward more stable
but less active IrO2. By combining isotope labeling, APT, and
inductively coupled plasma mass spectrometry, the same group
has demonstrated that oxygen from the hydrated Ir oxide
participates in the formation of molecular oxygen, and that this
mechanism accelerates Ir dissolution.59 Lastly, spatially resolved
elemental compositions achieved by APT have also demon-
strated surface compositional changes of NiP catalysts used to
electrocatalyze the OER upon aging in alkaline medium. The
APT results provided evidence of the complete depletion of P
along with the presence of amorphous and resistive NiO at the
near-surface layers of the catalyst, and these results were used to
rationalize the OER activity decay.60

Nevertheless, APT sample preparation remains an issue to
envision the use of this technique in the (electro)catalysis field.
The specific geometry of the APT tip with an end-tip radius of
30−100 nm is hardly compatible with powder samples such as
supported or even unsupported nanoparticles.61 Similarly,
analysis of porous materials usually designed by dealloying
processes requires a specific preparation. Pores and voids have to
be previously filled to avoid overlapping ion trajectories and
distorted reconstructions induced by porosity.62 Nevertheless,
these recent results show that APT is a growing analytical tool in
(electro)catalysis and its emergence provides hope for detailed
characterization of the topmost atomic surface layers of
nanostructured electrocatalysts, keeping in mind that APT
overcomes the main limitations of regular TEM. For example,
Tedsree et al.63 successfully used APT to reveal the internal
structure of an Ag@Pd core@shell nanoparticle (Figure 5c),
where the close proximity of Ag and Pd elements in the periodic
table makes the imaging contrast extremely challenging in TEM.

Advanced (Coherent) X-ray Methods. Beyond the
averaged microstrain values extracted from PXRD, Bragg
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coherent diffraction imaging (BCDI) is an emerging technique
designed specifically for resolving the 3D strain field inside
individual nanocrystals using nanofocused X-rays64 (see Figure
5d). Strain fields inside a nanocrystal create phase shifts in the
diffracted beam, producing an interference pattern at the
detector. A single 3D rocking curve coherent diffraction pattern
can recover 3D images of the electron density and strain inside
Pt nanoparticles. Complete data sets can be acquired on the
order of minutes per nanocrystal.65 Strain maps of single
nanocrystals allow the structural influence of individual crystal
defects to be resolved. The strain field present at the surface of
the particle can be quantitatively determined, and different types
of strain-inducing defect structures can be visualized (e.g.,
vacancies from alloy leaching vs dislocation loops).66

The strain and real space resolutions of BCDI have benefited
from ongoing improvements in synchrotron brightness and
coherent flux and now approach those of electron microscopy.
The most significant advantage of X-ray based techniques is that
they can be performed in situ67,68 with much less beam damage
artifacts and easier electrochemical control compared with TEM
methods. The extremely small size of commercial fuel cell Pt
catalyst particles (<5 nm) remains, however, below the present
spatial resolution limit of BCDI, but shape-controlled model
systems and other electrocatalysts are already within reach.69

The phase sensitivity and strain resolution in BCDI vastly
exceeds the real-space electron density resolution of the
nanocrystal. More specifically, the presence of point defects
can be detected, even when they cannot be atomically resolved,
because the locally induced strain field propagates several unit
cells away. The increased coherence of X-ray (nano)beams at
fourth generation synchrotron sources, such as the Extremely
Brilliant Source (EBS) at the European Synchrotron Radiation
Facility (ESRF) are expectedly to rapidly advance the ease and
applicability of BCDI for in situ electrocatalyst strain imaging at
the single particle level, under the environment of a PEMFC
device.
Complementarily, if one of the major advantages of high

energy X-ray based techniques over othermethods is their ability
to probe practical catalysts in situ or even operando, the
coherent diffraction imaging principles can be also applied to
“revisit” model surfaces. The advantage over experiments on
practical nanoparticle systems is that specific defects can be
introduced on single crystal surfaces in a well-controlled
manner, using techniques such as ion irradiation,70 cathodic
atomization,71 and plasma or laser etching.72 The structure of
such model-defect-engineered surfaces can be resolved in situ
from surface X-ray diffraction73 and electrochemical scanning
tunneling microscopy (EC-STM).74,75 Coherent X-ray diffrac-
tion can also be used to reconstruct the local strain fields on
extended surfaces. Although experimental protocols and X-ray
methodology still require further development, the first steps in
this direction have already been taken.76,77

One of the ultimate goals of nanofocused X-ray beam
techniques is to study nanostructured materials in situ and
operando conditions utilizing the X-ray equivalent of a TEM.
The main advantage of direct, real space nanofocused beams
over reciprocal space imaging techniques is the ease of use and
significantly simpler data analysis, due to the lack of the
diffraction phase problem. Currently, dedicated dark-field hard
X-ray microscopy (DFXRM) instruments are being developed
at ESRF.78 The first imaging results are encouraging, but the
instrument still lacks the necessary resolution to study catalyst
particles in nanometre range. The spatial resolution ultimately

depends on the quality of the imaging lens, which is the current
bottleneck. However, recent developments in multilayer Laue
lenses give hope that this obstacle will be soon surpassed and
imaging at the few-nanometre scale can be achieved in the near
future.79

Electrochemical Scanning Tunneling Microscopy
Noise Measurements. Whereas the various methods
described above shed light on the complex local structure of
disordered surfaces, identification of the electrocatalytically
active sites/motifs is pivotal to the further development of the
defect-engineering approach. In that frame, it is worth pointing
electrochemical scanning tunneling microscopy noise measure-
ments (n-ECSTM) first introduced by Pfisterer et al. in 2017.80

This technique is based on the energy barrier difference for
electrons tunneling from a sample to a STM tip in aqueous
electrolyte. The tunneling barrier is sensitive to all the molecules
present along the electrons’ path, such as those adsorbed on the
electrocatalytic surface81 and those diffusing to/from the
electrochemical double layer.82,83 Local modifications of the
tunneling barrier in turn allow identification of the most active
sites for a given reaction (Figure 5e). The n-ECSTM technique
revealed that Pt(111) terraces best electrocatalyze the ORR in
alkaline media84 and that step sites and concave sites are the
most active in acidic media.80,84 Besides ORR, this technique
revealed that the edges of single MoS2 and MoSe2 flakes are
more active than basal planes for the HER, but that the latter can
be activated upon bombarding with He-ions.85

■ CONCLUSIONS

In summary, the defect engineering approach has the
particularity to touch the extreme complexity of nanoscale
intrinsic structural disorder. Contrary to the “classical” surface
science approach, the connection between theoretical compu-
tations (and their necessary simplifying assumptions) and
experimental measurements on practical systems is not yet
established. Numerous theoretical descriptors have nonetheless
been applied to complex surfaces. For example, the generalized
coordination number (CN) theory predicts the benefits of
locally concave surface curvature but without considering the
local strain possibly generated by surface roughness. On the
contrary, experimental observations (electron microscopy, X-
ray diffraction) reveal significant local strain in the vicinity of
structural defects. From this factual result, local strain alone
(without considering the coordination effect) is a desirable
experimental structural descriptor of surface defectiveness that is
able to rationalize the electrochemical adsorption behavior of
disordered nanocatalysts, whereas each surface CN remains
hardly accessible in practice.
Consequently, there are currently no clear theoretical

guidelines driving the “defective-by-design” engineering of
catalytic materials, and computational models must be adapted
to better describe experimental observations (and not the other
way around). Practical descriptors, however, suggest that
maximizing surface distortion is an efficient approach to boost
catalytic performance, and the introduction of grain boundaries
or surface dealloying was identified as an experimental lever to
implement such distortion. If practical structural descriptors
inherit the limitations of their characterization technique(s)
(resolution, artifacts, (un)realistic sample environment, etc.),
the constant technical development and fast progresses of
instrumental tools predict an ongoing improvement of their
descriptive power.
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Finally, one could reasonably think that the ultimate goal in
the defect engineering approach is to identify the structure of the
most catalytically active site and to maximize its implementation
on the nanocatalyst surface. This would be missing an important
subtlety of this approach: the most active site is not necessarily
desirable. It depends on the compromise between the resulting
site activity and the number of (neighboring) sites that are
“sacrificed” for this purpose. This adds an extra layer of
complexity above the previously mentioned. One thing is
certain: there is still a lot to uncover.
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