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1. Introduction

Bimetallic nanoparticle (NP) catalysts display extraordi-
nary physicochemical properties compared to their mono-
metallic counterparts.[1–4] When initially introduced by Sinfelt
et al. , Ni-Cu, Ru-Cu, and Os-Cu were found to reduce
undesired C@C activation for hydrogenolysis compared to
monometallic Ni, Ru, and Os, while maintaining their C@H
activation abilities for dehydrogenation.[5] This early discov-
ery triggered the exploration and widespread use of bimetallic
nanocatalysts, including Pt-Pd, Pt-Ru, Pt-Ir, Pt-Re alloys, to
induce selectivity shifts towards desired reaction products.[6–9]

Today, bimetallic NPs possess recognized abilities to promote
reforming, hydrogenolysis, (de)hydrogenation, and oxidation
reactions.[10] Recently, attention has been invested in the
development of bimetallic catalysts for upgrading biomass to
fuels and chemicals,[10, 11] the production of hydrogen,[12] as
well as in the use of earth-abundant transition (bi)metallic
nanocatalysts.[13] Bimetallic NP electrocatalysis[14] is another
application area, which however lies beyond the scope of this
Minireview.

The origin of the performance shift in bimetallic com-
pared to monometallic nanocatalysts is mainly attributed to
electronic (ligand) and geometric (ensemble) effects.[15] By
alloying a transition metal with a donor metal, the d-band
center shifts to lower energies, thereby reducing the adsor-
bate–metal bond strength, which alters its selectivity. The
geometric effect results from the decrease of the active metal
ensemble size at the surface of a bimetallic NP owing to the
presence of alloying metals. Such decrease can result in
(partial) inhibition of structure sensitive reactions for which
active metal islands are required, and hence forms a tool to
steer the catalyst selectivity.

Ideally, an atomically tailored bimetallic nanocatalyst can
be fabricated with meticulously selected NP shape, size,
composition, and stability to yield maximal activity and full
selectivity towards target reaction products. Whilst increas-
ingly realistic catalyst screening methods have been devel-
oped by computational approaches,[16] experimental charac-
terization of the bimetallic nanocatalyst is equally required.

Particularly, charting all possible active
sites in a single bimetallic NP and
probing their abundance and chemical
and structural nature during catalyst
formation and functioning will provide
input for the pursued rational de-
sign.[17] X-ray-based characterization
is ideal for monitoring the electronic
and structural state of (bi)metallic
nanocatalysts. In view of the decades-
long development of X-ray tools and
the advent of X-ray sources with
unprecedented opportunities, this
Minireview provides a brief overview
of the current X-ray toolbox for nano-
catalyst characterization and its appli-
cation under relevant conditions.

2. Bimetallic Nanocatalyst and its Complexity

(Bi)metallic catalysts were initially regarded as static
entities. However, the past decades have brought firm under-
standing that (supported) metal catalysts are dynamic nano-
materials with evolving properties over the catalyst lifetime.
For example, metal nanocatalysts in action can reversibly
switch between work and sleep mode, or communicate within
and between single NPs, reminiscent of living organisms.[18,19]

Understanding the intricate nanoscale phenomena which
underlie catalyst formation, functioning, and aging is a formi-

Bimetallic nanocatalysts are key enablers of current chemical tech-
nologies, including car exhaust converters and fuel cells, and play
a crucial role in industry to promote a wide range of chemical reac-
tions. However, owing to significant characterization challenges,
insights in the dynamic phenomena that shape and change the working
state of the catalyst await further refinement. Herein, we discuss the
atomic-scale processes leading to mono- and bimetallic nanoparticle
formation and highlight the dynamics and kinetics of lifetime changes
in bimetallic catalysts with showcase examples for Pt-based systems.
We discuss how in situ and operando X-ray spectroscopy, scattering,
and diffraction can be used as a complementary toolbox to interrogate
the working principles of todayQs and tomorrowQs bimetallic nano-
catalysts.
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dable challenge owing to their complexity. To decipher the
observed phenomena in greater detail, defining four layers of
complexity aids in deconvoluting the structural complexity of
bimetallic nanocatalysts. These four layers are shown in
Figure 1.

2.1. Layer 1: Active Site Heterogeneity

A NP is a solid ensemble of atoms with finite dimensions,
typically exposing low-indexed facets to minimize the Gibbs
free energy. The NP surface contains low-coordinated atoms
(the active sites) situated at corners, edges, kinks, and terraces
with different reactivity.[20] Such heterogeneity in the nature
of the active sites introduces the first layer of complexity in
structure–performance relationships, even for the most sim-
ple case of a monometallic NP. Cuenya et al. showed that
differently-shaped 1 nm Pt NPs have lower onset temperature
for 2-propanol partial oxidation owing to a higher degree of
Pt undercoordination.[21]

2.2. Layer 2: Second Metal

The second layer of complexity arises owing to the change
in the active site number and nature upon introduction of
a second metal to the NP. The active site distribution on the
bimetallic NP surface depends on its mixing configuration,
ranging from core–shell to ordered and randomly homoge-
neous alloys.[11] The mixing enthalpy and entropy determine
the intimacy of mixing and degree of alloy ordering,
respectively, and thereby the active site number and nature.
Typically, the metal with lowest sublimation temperature will
segregate to the NP surface (under specific conditions),

affecting the active site number.[5] Notably, nanoalloy for-
mation can lead to NP shape and size changes compared to
their monometallic analogues.

2.3. Layer 3: External Ligands: Support and Environment

The third layer of complexity arises from the structural
and chemical transformation of the bimetallic NP owing to
the reaction environment, either gas or liquid, and the
support. These interactions provide external ligands to the
bare bimetallic NP, which can strongly alter its shape, size,
composition, strain, and electronic properties, and thereby
the catalytic performance. For example, Mager-Maury
et al.[22] and Tao et al.[23] demonstrated that H2 and CO
change the shape and size of Pt NPs, respectively. Frenkel
et al.[24] provided evidence of gas- and support-induced lattice
strain in Pt NPs. The degree of charge transfer between the
support and the NP (Schwabb effect) can affect the NP
electron density, as shown by Lykhach et al.[25] for Pt/CeO2.

2.4. Layer 4: Active-Site Modification and Poisoning

Supported bimetallic NPs under reaction conditions are
prone to reaction-induced active site modification and
poisoning. The former changes the nature of the metal site
and includes the incorporation of subsurface H and C in Pd
hydrogenation catalysts or oxidation state changes at the NP
surface.[26,27] These modifications can improve or inhibit the
catalytic activity. In contrast, poisoning hinders further
reaction and reduces the number of available active sites.
Most common are active site blockage by hydrocarbon-
derived CHx fragments or irreversible adsorption by CO or
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S.[28,29] NP sintering can be classified under poisoning as well,
considering it blocks the original metal site by the active
metal itself, causing an irreversible decrease in the number of
available sites.

3. The X-ray Toolbox

X-ray sources have revolutionized materials character-
ization at an unprecedented pace. Today, third-generation
synchrotrons emit collimated X-ray beams with variable
energy and spectral brightness 10 orders of magnitude higher
than X-ray tubes.[30–32] Typically, hard X-rays (> 2000 eV) are
used for characterization of (bi)metal catalysts owing to their
i) high penetrating power, required for in situ and operando
metrology, ii) high scattering cross-section for metal atoms
compared to lighter elements contained in hydrocarbons or
the support, and iii) element specificity originating from

element-dependent X-ray absorption edges. In contrast, soft
X-rays (< 2000 eV) have limited penetrative power but show
high sensitivity and element specificity towards lighter
elements, for example, contained in reaction products (for
example, CxHy), and metal valence-band properties. Figure 2

provides a brief overview of X-ray tools to study supported
metal catalysts, while Figure 3 shows which X-ray tools can be
used to yield structural or electronic information at specific
length scales. In what follows, the advantages and limitations
of these X-ray methods are discussed for the study of
bimetallic NPs.

3.1. X-ray Absorption, Emission, and Photoelectron Spectroscopy

In X-ray absorption spectroscopy (XAS), a core-level
electron is excited to unoccupied valence states or the
continuum.[33] By varying the incident X-ray energy across
an absorption edge, the X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure

Figure 1. Layers of complexity in bimetallic nanocatalysts. Layer 1:
intracrystal site heterogeneities at corners, edges, and facets. Layer 2:
change in active site number and nature by second metal alloying.
Layer 3: NP changes owing to external ligands. Layer 4: active site
modification and poisoning during reaction.

Figure 2. Overview of synchrotron-based X-ray tools. Monochromatic
X-rays irradiate the sample, leading to absorption, emission, scatter-
ing, diffraction, and photoelectron emission. XES, grouping HERFD-
XAS, non-resonant XES (NXES), resonant XES (RXES) or resonant
inelastic X-ray scattering (RIXS), and X-ray Raman scattering (XRS);
XAS, grouping XANES and EXAFS; SAXS-WAXS, grouping SAXS, XRD
and PDF; XPS.
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(EXAFS) are recorded. XANES yields information on the
unoccupied valence states and the local geometry, while
EXAFS provides structural details on the local environment
around the X-ray absorber. The main advantage of XAS over
other X-ray techniques is that it does not require long-range
order and the technique is element-specific.

The core hole generated during X-ray absorption is filled
by electrons from higher energy levels, leading to X-ray and
Auger emission. Fluorescence detection of the emitted X-rays
is advantageous compared to transmission XAS as it allows to
i) detect trace amounts with high sensitivity, ii) collect site-
specific XAS based on different spin states, iii) obtain high
energy resolution fluorescence detected (HERFD) XAS
owing to reduced core-hole lifetime broadening of fluorescent
decay channels, and iv) probe the (un)occupied density of
states and differentiate between different low-Z ligands by
(non-)resonant X-ray emission spectroscopy (XES).[34,35]

When the incident X-ray energy exceeds the binding
energy of core electrons, the energy of outgoing photo-
electrons can be measured by X-ray photoelectron spectros-
copy (XPS), yielding the composition, oxidation state, and
electronic structure of the X-ray absorbers. The advantage of
XPS relative to other X-ray tools is its surface sensitivity,
which allows for depth profiling in a small number of
monolayers. Although initially the technique required UHV
conditions, major progress has been made to allow near-
ambient pressure (NAP) XPS.[36]

3.2. X-ray Scattering and Diffraction

X-ray scattering results from diffuse and/or coherent
scattering, the latter known as Bragg X-ray diffraction
(XRD).[37] While intense XRD features mainly appear in
the wide-angle X-ray scattering (WAXS, > 588) region, diffuse
scattering is manifested in both the small-angle X-ray
scattering (SAXS, < 588) and WAXS region.[38] Diffuse scatter-
ing originates from (sub-)nm electronic density contrast,
providing i) nm-scale structural information on the NP shape,

size, and spacing at small angles, and ii) c-scale structural
information on the interatomic distances of X-ray scattering
atomic pairs at wide angles. From the latter, a pair distribution
function (PDF) can be obtained after inverse Fourier trans-
formation. PDF does not require long-range order (similar to
EXAFS) but displays sensitivity over longer length scales
without element specificity.

To reduce undesired bulk scattering from the catalyst
support, NP-decorated planar supports can be probed by
grazing-incidence SAXS and WAXS, respectively GISAXS
and GIWAXS.[39, 40] By setting the incident angle close to the
critical angle of the support, typically below 188, near-surface
scattering is enhanced, which provides high sensitivity to
(bi)metal NPs.

3.3. In Situ and Operando Metrology

To probe all layers of complexity in bimetallic nano-
catalysts, in situ and operando characterization is essential to
capture their structural and electronic properties under
relevant conditions. Owing to their penetrative nature, hard
X-rays are powerful tools to monitor nanocatalysts under
harsh conditions, which resulted in the design of dedicated
high-temperature and high-pressure reaction cells.[41] Soft X-
ray tools favor UHV, though major progress has been made to
allow gas pressures and elevated temperatures to mimic
realistic conditions. For example, time-resolved NAP-XPS
gained prominence in operando characterization,[42] taking
advantage of small dead-volume reaction cells[43] and fast
delay line detectors. XRS can probe soft X-ray edges using
Raman scattered hard X-rays, allowing in situ and operando
conditions.

3.4. Time- and Spatially Resolved X-ray Characterization

In the past decades, time-resolved in situ or operando X-
ray metrology has become possible owing to the development
of i) beamline optics for time-resolved experimentation,
ii) high-temperature and high-pressure reaction cells (Sec-
tion 3.3) and product monitoring, and iii) improved detector
sensitivities and data transfer. Notable examples include
Quick-XAS,[44] Dispersive-XAS, and high-energy resolution
off-resonant spectroscopy (HEROS),[45] allowing (sub-)sec-
ond XAS data acquisition for monitoring the temporal
changes in catalysts. Scattering and diffraction tools mainly
benefited from improved detectors with larger 2D area to
capture wider 2q ranges in one snapshot, smaller pixel sizes
for better pattern resolution, and higher maximum count
rates for the use of more intense X-ray beams.

Current state-of-the-art X-ray nanoscopes have spatial
resolutions at best approaching 15 nm, which are still away
from the nm length scale required for imaging catalytically
relevant single NPs.[30] Even though tools like microfocus
XRD[46] and coherent diffraction imaging (CDI)[47] are
promising, to date (bi)metallic nanocatalyst characterization
still mainly uses bulk X-ray tools, more and more in tandem
with a posteriori data treatment. For a summary of the latest

Figure 3. Overview of structural and electronic information content
that X-ray tools provide on functional nanomaterials over different
length scales.
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developments in spatiotemporal imaging of heterogeneous
catalysts, we refer to a recent review.[30]

3.5. A Posteriori Data Treatment

As size and information content of datasets increase,
smart, often (semi-)automated a posteriori data treatment
methods can replace classic time-expensive and compara-
tively inaccurate analysis.[48] In X-ray spectroscopy, for
example, modulation excitation spectroscopy coupled with
phase sensitive detection (MES-PSD) increases the signal
sensitivity towards the active part of the catalyst, for example,
the NP surface in reaction, while filtering out the spectator
contribution.[49] Wavelet-transformed (WT) XAS can simul-
taneously determine the atom type (k-space) and location (R-
space) of the X-ray absorberQs neighbors, in contrast to k-
space-blind Fourier transformed (FT) EXAFS.[50, 51] For X-ray
scattering techniques, correlation methods are applied to
extract scattering fluctuations over the detector pattern
angles, termed X-ray cross-correlation analysis (XCCA),[52]

and time, named X-ray photon correlation spectroscopy
(XPCS),[53] yielding structural information and insight in the
system dynamics, respectively. A relatively recent approach,
applicable to a broad set of X-ray methods, is machine
learning, which can empirically link signal features to material
properties if trained thoroughly.[54]

4. Bimetallic Nanocatalyst Formation

To illustrate todayQs status and future potential of X-ray
tools, herein, we present showcase examples which mainly
focus on Pt-based bimetallic nanocatalysts. This catalyst class
can serve as archetypal example as it has been at the center of
decades-long catalysis research, especially for the develop-
ment and application of X-ray tools.

4.1. Birth of a Nanoparticle

In industry, impregnation methods are widely used to
deposit metal precursors on porous supports, followed by
drying, calcination, and reduction to yield supported NPs.[57]

Filez et al.[50] used WT XAS to study decomposition of
a Pt(acac)2 precursor impregnated on a Mg(In)(Al)Ox sup-
port. Prior to calcination, Pt@O bonds are observed typical of
the square planar Pt(acac)2 geometry (Figure 4a). The
double-scattering Pt@C@O@Pt foothill to the Pt@O peak
originates from the precursor ligand geometry. After calcina-
tion at 650 88C, Pt-Mg and/or Pt-Al support peaks appear
besides Pt@O bonds, showing a ligand change around Pt
owing to acac decomposition and strong Pt–support binding
during calcination (Figure 4b). No PtO2 or Pt NPs are formed
as their peaks are absent, which is rapidly checked by WT
XAS (Figure 4c,d), suggesting atomic Pt on the support.

Szlachetko et al.[45] used HEROS to monitor the decom-
position of Pt(acac)2 in H2 at 150 88C. By tuning the incident X-
ray energy below the Pt edge (off-resonant), single-shot XES

can be collected by a high-resolution dispersive spectrometer
with sub-second time resolution. XAS can then be obtained
from off-resonant XES by the Kramers–Heisenberg formal-
ism. Self-absorption does not occur in HEROS, opposed to
fluorescence XAS. A two-step Pt(acac)2 decomposition
mechanism is seen in H2 : i) a decrease of the white line
(WL) height owing to a decreasing density of unoccupied 5d
states, followed by ii) a peak shift showing reduction to
metallic NPs (Figure 4e,f). Notably, Saha et al.[58] used in situ
total X-ray scattering (1 s resolution) to study Pt and Pt3Gd
formation from their precursor states.

An emerging method to deposit metal NPs with (sub-)nm
control is atomic layer deposition (ALD).[59] By combining O2

and N2 plasma (N2*) Pt ALD, Dendooven et al.[56] independ-
ently tuned the Pt NP size and center-to-center distance on
a planar support (Figure 5a). GISAXS showed that after
depositing a selected number of Pt NPs by MeCpPtMe3-O2

ALD, subsequent MeCpPtMe3-N2* ALD only increased their
size, while keeping the center-to-center distance constant:
i) the constant qy-values of the lobe maxima evidence the
constant NP spacing, while ii) the shift of the lobe minima in
qy and qz to lower values and the appearance of a secondary
lobe is characteristic for an increasing NP width and height,
respectively. Notably, a QXAS study showed that the Pt NP

Figure 4. Pt L3-edge WT XAS magnitude plots a) before and b) after
calcination of Pt(acac)2/Mg(In)(Al)Ox, with c) PtO2 and d) Pt referen-
ces. Pt L3 e) HEROS and f) the corresponding WL position and
intensity during 15088C H2 reduction of Pt(acac)2. Adapted from
Refs. [45,50].
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size and spacing can also be tuned after synthesis by redox
cycling, using a pre-selected temperature and reduction gas,
for example, H2 or CO.[60] This is in line with an early Turbo-
XAS study of Nagai et al.[61] showing temperature-dependent
in situ redispersion in Pt/CeZrYOx automotive catalysts upon
redox cycling.

While the Pt NP size and shape can be extracted from
XAS[62] and (GI)SAXS[63] modeling, the electronic properties
can be interrogated for example by RIXS.[35] Glatzel et al.[55]

used RIXS to map the occupied density of 5d valence states of
Pt6 NPs (by means of the energy transfer) in bare and CO-
adsorbed state (Figure 5b). CO adsorption atop of Pt6

lowered the 5d band center relative to the Fermi level. The
more the 5d band center moves below Fermi level, the weaker
the interaction with new adsorbates;[15] thus Pt adsorbates can
change catalytic activity.

4.2. Alloy Formation: Hydrogen Spillover and Metal Mobility

Ramachandran et al.[64] used XAS, in situ XRD and
GISAXS to study Pt-In nanoalloy formation starting from
Pt NPs on an In2O3 support. In situ XRD during H2-TPR
showed a gradual Bragg shift from Pt to Pt3In due to In-
incorporation in face-centered cubic (fcc) Pt (Figure 6a).
Pt3In alloying is confirmed by a XAS edge blue-shift relative
to bulk Pt and an In-contribution in its fcc-type EXAFS
fingerprint (Figure 6b). In situ GISAXS showed NP growth
during Pt-In alloying (lobe shift to smaller qy and qz values,
Figure 6c,d), with subsequent NP height increase upon
further heating (secondary lobe shift to smaller qz). Filez
et al.[65, 66] further detailed the alloying process as follows:
i) dissociation of H2 on Pt, ii) H spillover to and iii) long-range
transport across the support, iv) (partial) reduction of indium
oxide by H, v) short-range transport to Pt, followed by vi) full
reduction to In0 and (vii) Pt-In alloying.

Once formed, determining the size, shape, and composi-
tion of bimetallic NPs is crucial to link structural features to
catalytic performance. Tao et al.[67] used AP-XPS to study the
extent of metal mixing and segregation in bimetallic NPs
under different gas atmospheres. By measuring at different
incident X-ray energies, depth profiling is achieved, showing
that Rh0.5Pt0.5 alloyed NPs have good mixing properties but
expose more Rh at the NP surface in vacuum (Figure 7a).
Under 100 mTorr reducing H2 or oxidizing NO gas, the NP
surface composition changes, resulting in increased Rh
segregation (Figure 7b). Timoshenko et al.[68] recently devel-
oped a powerful approach to reconstruct 3D atomic models of
mono- and bimetallic NPs by combining WT XAS, supervised
machine learning, and molecular dynamics simulations (Fig-
ure 7c). Deriving the 3D NP structure in real-time from
in situ or operando XAS could revolutionize nanocatalysis.

5. Bimetallic Nanocatalyst Functioning

5.1. Active State

X-ray microscopy shows potential to map the nanocata-
lyst active state under reaction or relevant conditions. Using
microfocus scanning XRF combined with computed tomog-
raphy (m-XRF-CT), Price et al.[69] mapped the Pt and Mo
composition across a Mo-promoted Pt/C catalyst particle
during liquid-phase hydrogenation of nitrobenzene with 5 X
5 mm2 pixel size. Strong intraparticle heterogeneities were
observed, namely Mo residing mostly in the particle core
while Pt is strongly abundant at the edge (Figure 8a,b). In
contrast to the mm resolution of m-XRF-CT, Bragg coherent
diffraction imaging (CDI) can map in situ the lattice displace-
ment in a model Pt NP during methane oxidation with 14 nm
resolution.[47] Such displacements originate from reactant
adsorption and thus allow for active site localization. Strong
distortions are observed at the NP surface corner and edge
regions owing to methane oxidation, which are restored after
reaction (Figure 8c,d).

Figure 5. a) GISAXS patterns and overview of Pt NP morphology after
20 MeCpPtMe3-O2 ALD cycles plus i) 0, ii) 20, iii) 30, and iv) 40
MeCpPtMe3-N2* cycles. b) RIXS maps for bare and CO-adsorbed Pt
NPs. Adapted from Refs. [55,56].
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5.2. Dynamic Restructuring

Redekop et al.[70] investigated the dynamic phase changes
in activated Mg(Ga)(Al)Ox-supported Pt-Ga nanoalloys dur-
ing 600 88C H2–O2 redox cycling (Figure 9 a). Such conditions
mimic reaction–regeneration cycles in the industrial propane
dehydrogenation processes (for example, Oleflex) or rapid
redox cycles in car exhaust convertors. After one redox cycle,
H2 gas leads to Ga2O3/Pt reduction causing Pt-Ga nanoalloy
formation into a Pt-rich intermetallic or solid solution, and
a Ga-rich phase which disappears over longer timescales,
presumably a transient NP surface alloy, which might affect
the catalyst performance.

Recently, Filez et al.[71] refined the steps involved in
segregation alloying of Pt13In9 into In2O3/PtOx and back to
Pt13In9 during high-temperature O2–H2 redox cycling (Fig-
ure 9b). By kinetic modeling of QXANES data, partial
reaction orders, rate constants, and Arrhenius parameters
were estimated, allowing to construct the kinetic reaction

cycle that steers the dynamic restructuring of Pt13In9 nano-
alloys (Figure 9c). In O2, Pt13In9 decomposition and Pt surface
oxidation simultaneously take place with high activation
energy in which Pt oxidation is rate-determining (Figure 9d).
In contrast, the reverse processes in H2 steer the equilibrium
state from In2O3/PtOx back to Pt13In9 through In2O3 and PtOx

reduction followed by Pt-In alloying, both showing low
apparent activation energies. Kinetic modeling of QXAS
can thus identify the reaction steps governing the dynamic
restructuring of the nanocatalyst.

Beyond model redox cycling, Virnovskaia et al.[72] found
with AP-XPS that the surface of Pt-Sn nanocatalysts is Sn-
enriched during high-temperature alkane dehydrogenation
and Sn remains partially oxidized even in a highly reducing
hydrocarbon environment. Barbosa et al.[73] showed by AP-
XPS during methanol steam reforming that the surface of Pt-
In NPs is In-enriched, suppressing CO formation during
reaction.

Figure 7. Atomic Rh and Pt fractions at the surface of Rh0.5Pt0.5 NPs as a function of a) photoelectron kinetic energy and mean free path and
b) reducing and oxidizing conditions at 30088C, obtained by AP-XPS. c) neural network approach to derive the 3D NP structure based on WT
EXAFS. Adapted from Refs. [67,68].

Figure 6. In situ a) XRD and c) horizontal (qy) and vertical (qz) GISAXS pattern cuts during H2-TPR of Pt/In2O3 films. b) Pt L3-edge XANES and FT
EXAFS (inset) of Pt-In alloy after H2-TPR (green, dashed) and bulk Pt (blue); EXAFS model fit shown in black. d) mechanism of NP alloying.
Adapted from Ref. [64].
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5.3. Deactivation by NP Sintering

During NP sintering, the number of active sites decreases
by NP growth. Iglesias-Juez et al.[74] simulated possible Pt-Sn
NP structures based on Pt-Pt and Pt-Sn EXAFS coordination
numbers[75] for different dehydrogenation-regeneration
C3H8–O2–H2 cycle(s), showing: 1) NP size increase, 2) pro-
gressive Sn-enrichment of the NP, and 3) increased mixing
from core–shell- to random-type alloys (Figure 10a). A

gradual NP size increase is also observed by Filez et al.[71]

via a decreased XANES WL height under O2 during 60 H2–O2

redox cycles (Figure 10b). In O2, an In2O3/PtOx composite is
formed in which PtOx consists of a metallic core with oxidized
surface, the latter yielding increased WL heights. With
decreasing dispersion, which is due to sintering during redox
cycling, the fraction of oxidized surface decreases, leading to
a WL decrease. Notably, Solano et al.[76] also studied Pt NP
sintering with in situ GISAXS under different O2 partial
pressures to monitor the NP size and spacing in real time. The
observed behavior indicates the key role of the outer PtO2

shell, stable at low temperature, and its thermal reduction
creating mobile species that trigger particle sintering.

6. Conclusions and Outlook

A complementary X-ray toolbox is currently available to
extract the size, shape, composition, spacing, and electronic
properties of bimetallic NPs under in situ or operando
conditions. These tools include X-ray absorption, emission,
and photoelectron spectroscopy along with scattering and
diffraction, often in combination with advanced a posteriori
data treatment. This toolbox currently provides mechanistic
insights into the formation, functioning, and deactivation of
nanocatalysts in real time, leading to a more detailed under-
standing of bimetallic NPs.

Future trends will favor increased spatiotemporal reso-
lution of the X-ray experiment. On the one hand, X-ray
techniques allowing milli- to femtosecond time resolution
have strong potential to uncover currently scarce kinetic
descriptions of transient changes in catalytic solids and
molecular adsorption–desorption phenomena under reaction
conditions, respectively. On the other hand, the avenue of
spatially resolved X-ray micro- and nanoscopy will provide

Figure 8. a),b) m-XRF-CT cross-section of a single Mo-promoted Pt/C
catalyst particle, showing a) Pt and b) Mo elemental maps during
liquid-phase hydrogenation of nitrobenzene. c),d) Bragg CDI-recon-
structed 3D images showing the displacement distribution (lattice
distortion) on a single 220 nm Pt NP at the c) start and d) end of
methane oxidation. Adapted from Refs. [47,69].

Figure 9. a) integrated XRD peak intensities (Pt(111), Pt(200), Pt-rich
[Pt-Ga]a, Pt-poor [Pt-Ga]d) vs. H2-He-O2-He redox time at 60088C. Blue-
shaded areas indicate transient Pt-poor [Pt-Ga]d phase evolution.
b) Mechanism of reversible Pt-In alloying-segregation at the single H2–
O2 cycle level: (1–5) simultaneous Pt13In9 segregation, Pt surface
oxidation, (5–8,1) consecutive Pt reduction and Pt-In alloying. c) reac-
tion mechanism including Arrhenius parameters as derived from
QXAS kinetic modelling. d) Ea@ln(k) plot for (red, top) Pt oxidation,
(green, top) Pt-In segregation in O2 and (green, bottom) Pt-In alloying
and (red, bottom) PtOx reduction in H2. The rectangle width represents
the range to which ln (k) varies over the measured temperature range;
its height is the 66% confidence interval of Ea. Adapted from
Refs. [70,71].

Figure 10. a) simulated Pt-Sn NP morphologies for the fresh, 1 W and
10 W [C3H8-O2-H2] cycled catalyst. b) XANES WL height evolution during
O2–H2 redox cycling of a Pt-In nanocatalyst. Adapted from Ref. [71,74].
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the means to map the composition and structure of metal
catalyst particles and single crystals under real conditions, for
example by (S)TXM,[77, 78] m-XRD-CT,[46] or CDI,[47] uncover-
ing particle heterogeneities commonly present in heteroge-
neous catalysts.[79, 80] As the spatial resolution of state-of-the-
art X-ray nanoscopes (ca. 15 nm) still exceeds the dimensions
of catalytically relevant NPs, machine learning methods for
obtaining the 3D NP structure show disruptive potential to
revolutionize this field of research.[30, 68] Methods which
increase the sensitivity of a technique, such as wavelet
analysis[50] or MES,[49] can be used to efficiently extract
apparently hidden information.

Future advances greatly rely on new X-ray sources. The
advent of X-ray free-electron lasers (XFELs) announces
highly coherent, intense, and short-pulsed X-ray beams,
facilitating the investigation of matter dynamics on atomic
length scales with femtosecond time resolution.[81] Further-
more, laboratory-based XAS, XES, and (GI)SAXS become
increasingly popular, allowing everyday access to traditional
synchrotron techniques.[82] These evolutions hold bright
prospects for X-ray tools in nanocatalysis, and more general
in functional materials research.
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Nat. Mater. 2016, 15, 284.

[26] Y. Suchorski, M. Datler, I. Bespalov, J. Zeininger, M. Stçger-
Pollach, J. Bernardi, H. Grçnbeck, G. Rupprechter, Nat.
Commun. 2018, 9, 600.

[27] D. Teschner, J. Borsodi, A. Wootsch, Z. R8vay, M. H-vecker, A.
Knop-Gericke, S. D. Jackson, R. Schlçgl, Science 2008, 320, 86.

[28] J. J. H. B. Sattler, J. Ruiz-Martinez, E. Santillan-Jimenez, B. M.
Weckhuysen, Chem. Rev. 2014, 114, 10613.

[29] A. Kolpin, G. Jones, S. Jones, W. Zheng, J. Cookson, A. P. E.
York, P. J. Collier, S. C. E. Tsang, ACS Catal. 2017, 7, 592.

[30] F. Meirer, B. M. Weckhuysen, Nat. Rev. Mater. 2018, 3, 324.
[31] A. M. Beale, S. D. M. Jacques, B. M. Weckhuysen, Chem. Soc.

Rev. 2010, 39, 4656.
[32] J.-D. Grunwaldt, C. G. Schroer, Chem. Soc. Rev. 2010, 39, 4741.
[33] D. C. Koningsberger, B. L. Mojet, G. E. Van Dorssen, D. E.

Ramaker, Top. Catal. 2000, 10, 143.
[34] J. Singh, C. Lamberti, J. A. van Bokhoven, Chem. Soc. Rev. 2010,

39, 4754.
[35] F. de Groot, A. Kotani in Core Level Spectroscopy of Solids,

CRC Press, Boca Raton, FL, 2008.
[36] D. E. Starr, Z. Liu, M. H-vecker, A. Knop-Gericke, H. Bluhm,

Chem. Soc. Rev. 2013, 42, 5833.
[37] A. M. Beale, S. D. M. Jacques, E. K. Gibson, M. Di Michiel,

Coord. Chem. Rev. 2014, 277 – 278, 208.
[38] T. Li, A. J. Senesi, B. Lee, Chem. Rev. 2016, 116, 11128.
[39] K. Devloo-Casier, K. F. Ludwig, C. Detavernier, J. Dendooven,

J. Vac. Sci. Technol. A 2014, 32, 010801.
[40] G. Renaud, R. Lazzari, F. Leroy, Surf. Sci. Rep. 2009, 64, 255.
[41] S. Nikitenko, A. M. Beale, A. M. J. van der Eerden, S. D. M.

Jacques, O. Leynaud, M. G. OQBrien, D. Detollenaere, R.
Kaptein, B. M. Weckhuysen, W. Bras, J. Synchrotron Radiat.
2008, 15, 632.

Angewandte
ChemieMinireviews

13229Angew. Chem. Int. Ed. 2019, 58, 13220 – 13230 T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

https://doi.org/10.1021/acs.chemrev.7b00776
https://doi.org/10.1021/ar50109a003
https://doi.org/10.1126/science.195.4279.641
https://doi.org/10.1039/c2cs35184f
https://doi.org/10.1021/acs.chemrev.6b00211
https://doi.org/10.1021/acs.chemrev.6b00211
https://doi.org/10.1039/C2CS35261C
https://doi.org/10.1039/c2cs35188a
https://doi.org/10.1039/c2cs35188a
https://doi.org/10.1039/c2cs35296f
https://doi.org/10.1039/c2cs35201j
https://doi.org/10.1039/c2cs35201j
https://doi.org/10.1039/C6CS00629A
https://doi.org/10.1038/nchem.121
https://doi.org/10.1038/nchem.121
https://doi.org/10.1038/nchem.2226
https://doi.org/10.1038/nchem.2226
https://doi.org/10.1038/s41557-018-0022-y
https://doi.org/10.1038/nmat2319
https://doi.org/10.1021/ja106679z
https://doi.org/10.1002/cctc.201000324
https://doi.org/10.1126/science.1182122
https://doi.org/10.1021/ja809182v
https://doi.org/10.1038/nmat4500
https://doi.org/10.1126/science.1155200
https://doi.org/10.1021/cr5002436
https://doi.org/10.1021/acscatal.6b02765
https://doi.org/10.1038/s41578-018-0044-5
https://doi.org/10.1039/c0cs00089b
https://doi.org/10.1039/c0cs00089b
https://doi.org/10.1039/c0cs00036a
https://doi.org/10.1023/A:1019105310221
https://doi.org/10.1039/c0cs00054j
https://doi.org/10.1039/c0cs00054j
https://doi.org/10.1039/c3cs60057b
https://doi.org/10.1016/j.ccr.2014.05.008
https://doi.org/10.1021/acs.chemrev.5b00690
https://doi.org/10.1116/1.4851716
https://doi.org/10.1016/j.surfrep.2009.07.002
https://doi.org/10.1107/S0909049508023327
https://doi.org/10.1107/S0909049508023327
http://www.angewandte.org


[42] K. Roy, L. Artiglia, J. A. van Bokhoven, ChemCatChem 2018,
10, 666.

[43] J. Knudsen, J. N. Andersen, J. Schnadt, Surf. Sci. 2016, 646, 160.
[44] M. A. Newton, A. J. Dent, J. Evans, Chem. Soc. Rev. 2002, 31, 83.
[45] J. Szlachetko, M. Nachtegaal, J. S#, J.-C. Dousse, J. Hoszowska,

E. Kleymenov, M. Janousch, O. V. Safonova, C. Kçnig, J. A.
van Bokhoven, Chem. Commun. 2012, 48, 10898.

[46] A. Vamvakeros, S. D. M. Jacques, M. D. Michiel, D. Matras, V.
Middelkoop, I. Z. Ismagilov, E. V. Matus, V. V. Kuznetsov, J.
Drnec, P. Senecal, et al., Nat. Commun. 2018, 9, 4751.

[47] D. Kim, M. Chung, J. Carnis, S. Kim, K. Yun, J. Kang, W. Cha,
M. J. Cherukara, E. Maxey, R. Harder, et al., Nat. Commun.
2018, 9, 3422.

[48] A. J. Medford, M. R. Kunz, S. M. Ewing, T. Borders, R. Fushimi,
ACS Catal. 2018, 8, 7403.

[49] A. Urakawa, T. Bgrgi, A. Baiker, Chem. Eng. Sci. 2008, 63, 4902.
[50] M. Filez, E. A. Redekop, H. Poelman, V. V. Galvita, G. B. Marin,

Anal. Chem. 2015, 87, 3520.
[51] H. Funke, A. C. Scheinost, M. Chukalina, Phys. Rev. B 2005, 71,

094110.
[52] P. Wochner, C. Gutt, T. Autenrieth, T. Demmer, V. Bugaev, A. D.

Ortiz, A. Duri, F. Zontone, G. Grgbel, H. Dosch, Proc. Natl.
Acad. Sci. USA 2009, 106, 11511.

[53] S. K. Sinha, Z. Jiang, L. B. Lurio, Adv. Mater. 2014, 26, 7764.
[54] J. Timoshenko, D. Lu, Y. Lin, A. I. Frenkel, J. Phys. Chem. Lett.

2017, 8, 5091.
[55] P. Glatzel, J. Singh, K. O. Kvashnina, J. A. van Bokhoven, J. Am.

Chem. Soc. 2010, 132, 2555.
[56] J. Dendooven, R. K. Ramachandran, E. Solano, M. Kurttepeli,

L. Geerts, G. Heremans, J. Rong8, M. M. Minjauw, T. Dobbe-
laere, K. Devloo-Casier, et al., Nat. Commun. 2017, 8, 1074.

[57] P. Munnik, P. E. de Jongh, K. P. de Jong, Chem. Rev. 2015, 115,
6687.

[58] D. Saha, E. D. Bøjesen, K. M. Ø. Jensen, A.-C. Dippel, B. B.
Iversen, J. Phys. Chem. C 2015, 119, 13357.

[59] J. Lu, K.-B. Low, Y. Lei, J. A. Libera, A. Nicholls, P. C. Stair, J. W.
Elam, Nat. Commun. 2014, 5, 3264.

[60] A. M. G-nzler, M. Casapu, F. Maurer, H. Stçrmer, D. Gerthsen,
G. Ferr8, P. Vernoux, B. Bornmann, R. Frahm, V. Murzin, et al.,
ACS Catal. 2018, 8, 4800.

[61] Y. Nagai, K. Dohmae, Y. Ikeda, N. Takagi, T. Tanabe, N. Hara, G.
Guilera, S. Pascarelli, M. A. Newton, O. Kuno, et al., Angew.
Chem. Int. Ed. 2008, 47, 9303; Angew. Chem. 2008, 120, 9443.

[62] A. I. Frenkel, C. W. Hills, R. G. Nuzzo, J. Phys. Chem. B 2001,
105, 12689.

[63] P. Nolte, A. Stierle, N. Y. Jin-Phillipp, N. Kasper, T. U. Schulli, H.
Dosch, Science 2008, 321, 1654.

[64] R. K. Ramachandran, J. Dendooven, M. Filez, V. V. Galvita, H.
Poelman, E. Solano, M. M. Minjauw, K. Devloo-Casier, E.
Fonda, D. Hermida-Merino, et al., ACS Nano 2016, 10, 8770.

[65] M. Filez, E. A. Redekop, V. V. Galvita, H. Poelman, M.
Meledina, S. Turner, G. Van Tendeloo, A. T. Bell, G. B. Marin,
Phys. Chem. Chem. Phys. 2016, 18, 3234.

[66] M. Filez, E. A. Redekop, H. Poelman, V. V. Galvita, R. K.
Ramachandran, J. Dendooven, C. Detavernier, G. B. Marin,
Chem. Mater. 2014, 26, 5936.

[67] F. Tao, M. E. Grass, Y. Zhang, D. R. Butcher, F. Aksoy, S. Aloni,
V. Altoe, S. Alayoglu, J. R. Renzas, C.-K. Tsung, et al., J. Am.
Chem. Soc. 2010, 132, 8697.

[68] J. Timoshenko, C. J. Wrasman, M. Luneau, T. Shirman, M.
Cargnello, S. R. Bare, J. Aizenberg, C. M. Friend, A. I. Frenkel,
Nano Lett. 2019, 19, 520.

[69] S. W. T. Price, K. Geraki, K. Ignatyev, P. T. Witte, A. M. Beale,
J. F. W. Mosselmans, Angew. Chem. Int. Ed. 2015, 54, 9886;
Angew. Chem. 2015, 127, 10024.

[70] E. A. Redekop, V. V. Galvita, H. Poelman, V. Bliznuk, C.
Detavernier, G. B. Marin, ACS Catal. 2014, 4, 1812.

[71] M. Filez, H. Poelman, E. A. Redekop, V. V. Galvita, K.
Alexopoulos, M. Meledina, R. K. Ramachandran, J. Dendooven,
C. Detavernier, G. Van Tendeloo, et al., Angew. Chem. Int. Ed.
2018, 57, 12430; Angew. Chem. 2018, 130, 12610.

[72] A. Virnovskaia, S. Jørgensen, J. Hafizovic, Ø. Prytz, E.
Kleimenov, M. H-vecker, H. Bluhm, A. Knop-Gericke, R.
Schlçgl, U. Olsbye, Surf. Sci. 2007, 601, 30.

[73] R. L. Barbosa, V. Papaefthimiou, Y. T. Law, D. Teschner, M.
H-vecker, A. Knop-Gericke, R. Zapf, G. Kolb, R. Schlçgl, S.
Zafeiratos, J. Phys. Chem. C 2013, 117, 6143.

[74] A. Iglesias-Juez, A. M. Beale, K. Maaijen, T. C. Weng, P. Glatzel,
B. M. Weckhuysen, J. Catal. 2010, 276, 268.

[75] A. M. Beale, B. M. Weckhuysen, Phys. Chem. Chem. Phys. 2010,
12, 5562.

[76] E. Solano, J. Dendooven, R. K. Ramachandran, K. V. de Kerck-
hove, T. Dobbelaere, D. Hermida-Merino, C. Detavernier,
Nanoscale 2017, 9, 13159.

[77] I. K. van Ravenhorst, C. Vogt, H. Oosterbeek, K. W. Bossers,
J. G. Moya-Cancino, A. P. van Bavel, A. M. J. van der Eerden,
D. Vine, F. M. F. de Groot, F. Meirer, et al., Angew. Chem. Int.
Ed. 2018, 57, 11957; Angew. Chem. 2018, 130, 12133.

[78] I. Gonzalez-Jimenez, K. Cats, T. Davidian, M. Ruitenbeek, F.
Meirer, Y. Liu, J. Nelson, J. C. Andrews, P. Pianetta, F. M. F.
de Groot, et al., Angew. Chem. Int. Ed. 2012, 51, 11986; Angew.
Chem. 2012, 124, 12152.

[79] B. M. Weckhuysen, Angew. Chem. Int. Ed. 2009, 48, 4910;
Angew. Chem. 2009, 121, 5008.

[80] I. L. C. Buurmans, B. M. Weckhuysen, Nat. Chem. 2012, 4, 873.
[81] E. Weckert, IUCrJ 2015, 2, 230.
[82] J. G. Moya-Cancino, A.-P. Honkanen, A. M. J. van der Eerden,

H. Schaink, L. Folkertsma, M. Ghiasi, A. Longo, F. M. F.
de Groot, F. Meirer, S. Huotari, et al., ChemCatChem 2019, 11,
1039.

Manuscript received: March 6, 2019
Accepted manuscript online: April 1, 2019
Version of record online: July 24, 2019

Angewandte
ChemieMinireviews

13230 www.angewandte.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2019, 58, 13220 – 13230

https://doi.org/10.1002/cctc.201701522
https://doi.org/10.1002/cctc.201701522
https://doi.org/10.1016/j.susc.2015.10.038
https://doi.org/10.1039/b100115a
https://doi.org/10.1039/c2cc35086f
https://doi.org/10.1021/acscatal.8b01708
https://doi.org/10.1016/j.ces.2007.06.009
https://doi.org/10.1021/acs.analchem.5b00109
https://doi.org/10.1073/pnas.0905337106
https://doi.org/10.1073/pnas.0905337106
https://doi.org/10.1002/adma.201401094
https://doi.org/10.1021/acs.jpclett.7b02364
https://doi.org/10.1021/acs.jpclett.7b02364
https://doi.org/10.1021/ja907760p
https://doi.org/10.1021/ja907760p
https://doi.org/10.1021/cr500486u
https://doi.org/10.1021/cr500486u
https://doi.org/10.1021/acs.jpcc.5b03394
https://doi.org/10.1021/acscatal.8b00330
https://doi.org/10.1002/anie.200803126
https://doi.org/10.1002/anie.200803126
https://doi.org/10.1002/ange.200803126
https://doi.org/10.1021/jp012769j
https://doi.org/10.1021/jp012769j
https://doi.org/10.1126/science.1160845
https://doi.org/10.1021/acsnano.6b04464
https://doi.org/10.1039/C5CP07344H
https://doi.org/10.1021/cm502658d
https://doi.org/10.1021/ja101502t
https://doi.org/10.1021/ja101502t
https://doi.org/10.1021/acs.nanolett.8b04461
https://doi.org/10.1002/anie.201504227
https://doi.org/10.1002/ange.201504227
https://doi.org/10.1021/cs500415e
https://doi.org/10.1002/anie.201806447
https://doi.org/10.1002/anie.201806447
https://doi.org/10.1002/ange.201806447
https://doi.org/10.1016/j.susc.2006.09.002
https://doi.org/10.1021/jp309401q
https://doi.org/10.1016/j.jcat.2010.09.018
https://doi.org/10.1039/b925206a
https://doi.org/10.1039/b925206a
https://doi.org/10.1039/C7NR04278G
https://doi.org/10.1002/anie.201806354
https://doi.org/10.1002/anie.201806354
https://doi.org/10.1002/ange.201806354
https://doi.org/10.1002/anie.201204930
https://doi.org/10.1002/ange.201204930
https://doi.org/10.1002/ange.201204930
https://doi.org/10.1002/anie.200900339
https://doi.org/10.1002/ange.200900339
https://doi.org/10.1038/nchem.1478
https://doi.org/10.1107/S2052252514024269
https://doi.org/10.1002/cctc.201801822
https://doi.org/10.1002/cctc.201801822
http://www.angewandte.org

