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Catalysis plays a significant role in most processes of the chemical industry, especially in the emerging

areas of sustainable energy and clean environment. A major challenge is the design of catalysts with the

desired synergies in terms of activity, selectivity, stability, and cost. New insights into many fundamental

questions related to the challenge have sparked a surge of interest in recent years in the area of exploring

copper-based alloy catalysts. In this review, the most recent progress in the explorations of copper-alloy

catalysts will be highlighted, with a focus on the structural and mechanistic characterizations of the

catalysts in different catalytic reactions. The fundamental understanding of the detailed catalytic synergies

of the catalysts for the targeted heterogeneous catalytic reactions depends strongly on the utilization of

various analytical techniques for the characterization. Significant progress has been made in utilizing

advanced techniques, both ex situ and in situ/operando characterizations, demonstrating the abilities to

gain atomic/molecular level insights into the morphological, structural, electronic and catalytic properties

of copper alloy catalysts, especially the dynamic surface active sites under the reaction conditions or during

the catalytic processes. The focus on structural characterization in this review serves as a forum for

discussions on structural and mechanistic details, which should provide useful information for identifying

challenges and opportunities in future research and development of copper-alloy catalysts.

1. Introduction

Many of the environmental issues in the 21st century are
recognized as major as-yet-unsolved challenges, including air
and water quality improvement and ozone layer protection in
the coming decades.1–6 To date, catalysis has played a
significant role in addressing some of these challenges, with
a focus on sustainable energy and clean environment by
development of efficient catalysts.7 Indeed, there is a clear
drive to seek the most active, selective, robust, and low-cost
catalysts for targeted catalytic reactions. Various noble and
non-noble metals have been widely exploited as catalysts.8–12

Significant progress has been made in the exploration of
earth-abundant copper and copper-containing alloys as
heterogeneous catalysts for various reactions relevant to
sustainable energy and clean environment.13–15

In recent years, intriguing structural and catalytic
properties have been discovered for various copper-based
nanostructured catalysts, such as nanoparticles (NPs),
nanowires (NWs), nanoalloys (NAs), etc.,16–22 which have led
to increasing research interest in advancing the design and
preparation of nanoscale copper and copper-alloy catalysts
for enhancing the catalytic performances. This enhancement
depends strongly on the preparation of catalysts by design
and the understanding of the catalytic synergies in various
reactions, which rely heavily on our abilities to perform ex
situ and in situ/operando structural characterizations of the
catalysts for the targeted reactions (Fig. 1).21–25 In the last
decade, many advanced analytical techniques have been used
for the characterization of copper/copper oxide and copper-
alloy catalysts in terms of morphologies, structures, and
reaction mechanisms.

While ex situ characterization provides useful information
for establishing the synthesis methods and screening the
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catalysts in terms of structure changes before and after the
catalytic reactions, in situ/operando characterization provides
in-depth and insightful information for assessing the real-
time structures and structural changes of the catalysts under
the reaction conditions, which are highly dynamic from the
catalysis perspective. The understanding of the results from
both ex situ and in situ/operando characterizations has been
further aided by computational modeling, providing valuable
information for the preparation of active, selective and stable
copper and copper alloy catalysts by design.26–30

Since the progress of research in the synthesis and
preparation of different as-synthesized copper-based catalysts
has been discussed in several recent reviews,31,32 readers are
referred to those reviews for details on the catalyst
preparation aspect. This review focuses on the structural
characterization of copper-alloy catalysts, with limited
attention to some of the copper alloy preparation methods
and the post-synthesis treatments which refine the structures
and properties of the as-prepared copper-alloy catalysts. This
review will attempt to highlight mainly some of the insights
into the catalytic synergies of copper alloy catalysts in
selected catalytic reactions. Depending on the specific
structures, the synthesis and preparation of the as-
synthesized catalysts vary including traditional impregnation
and precipitation, hydrothermal, combustion, reduction,
hydrolysis, microwave, reverse micelle, and surfactant-
encapsulation method. The different preparation methods
have significant influences on the structural, morphological
and surface properties of the as-prepared catalysts. The
catalytic properties of the catalysts can thus be tuned by the
synthesis and preparation conditions (see ESI† Table S1).

Gaining an insight into the catalytic synergy or
mechanism strongly depends on the abilities to observe the
structures, morphologies, phase properties, active sites, and
reaction intermediate species on the surfaces and most
importantly their changes in catalytic reactions at the atomic
and molecular levels.33–46 As highlighted by selected
examples in this review, significant progress has been made
in many areas of structural and mechanistic characterizations
of the copper alloy catalysts with a number of advanced

analytical techniques, which are discussed in terms of ex situ
and in situ/operando characterizations separately.

It is important to emphasize that the grouping of the
topics of ex situ and in situ/operando characterizations is by
no means meant to be exhaustive. Rather, it serves as a
forum for discussions on the structural and mechanistic
details, which should provide some useful information for
identifying the challenges and opportunities in future
research and development of catalysts derived from copper
alloys.

2. Ex situ characterization

The interest in copper-alloy catalysts, especially those with
nanoparticle or nanowire structures, is a rapidly emerging
area of copper catalysts which have found a wide range of
applications in catalytic reactions. The deviation of the
nanoalloy structure for copper-alloy nanocatalysts from the
structures known for traditional copper or copper oxide
catalysts has led to a surge of research interest in the field of
heterogenous catalysis in the last decade. An alloy can be
broadly defined as a material with mixed metal components
with structures ranging from random to ordered mixing or
from single phase to phase-segregated states. Alloying copper
with other transition metals at the nanoscale leads to
intriguing physical and chemical properties that could
drastically differ from the monomeric copper or copper oxide
counterparts and could produce multifunctional synergies for
catalysis or electrocatalysis. As such, the understanding of
the copper alloy nanomaterials must involve consideration of
these properties and synergies in correlation with the alloy
structures, some of which are discussed in this section in
terms of ex situ characterization. Most notably are the
insights into the detailed nanoalloy phase structures and
surface atomic arrangements in copper alloy catalysts and
their roles in various catalytic reaction mechanisms, which
will be discussed in the next section in terms of in situ/
operando characterization.

2.1. Morphologies and composition distributions

For copper alloy nanocatalysts, the ability to control the
morphology and the element distributions in the
nanomaterials has been demonstrated to be key for tuning
and optimizing their catalytic properties. Significant progress
has been made in the past decade developing the ability from
the synthesis and thermochemical processing perspectives.
The progress stems in part from the use of various
characterization techniques to determine the morphologies
and composition distribution of copper-alloy catalysts,
focusing on tailoring and optimizing the functionality of the
copper-alloy nanomaterials by controlled chemical synthesis.
The nanoalloy morphologies and element distributions of a
host of copper-alloy catalysts have been determined by
scanning tunneling microscopy (TEM), high-resolution
scanning tunneling microscopy (HRTEM), high-angle annular
dark-field scanning transmission electron microscopy

Fig. 1 Illustration of the overall research activities on the preparation,
structural characterization and catalytic synergies of Cu and Cu-alloy
catalysts for various catalytic reactions.
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(HAADF-STEM), scanning tunneling microscopy (STM),
ambient-pressure X-ray photoelectron spectroscopy (AP-XPS),
X-ray energy dispersive spectroscopy (EDX), and synchrotron
high-energy X-ray diffraction (HE-XRD) coupled with pair
distribution function (PDF) analysis.

The catalytic performance of copper-alloy catalysts
strongly depends on the size, morphology, structure,
distribution, and other intrinsic properties. Copper-alloy
catalysts are increasingly attractive in heterogeneous catalysis
due to their lower cost, enhanced catalytic performance, high
resistance to poisoning and superior stability.42 To date,
copper-alloy catalysts with different morphologies were
reported, including nanocrystals, nanocubes, and nanowires.
The morphology can be regulated by the change of the
critical preparation parameters, aiming to improve the
generation of catalytically active sites.48–51 One example
involves the formation of AuCu nanocubes via structural
evolution in two different pathways: (i) wet chemical
reduction of mixed metal precursors and (ii) thermally-
activated cross-reactive processing of a binary solution of
metal nanoparticles (Fig. 2 middle panel).52

While the AuCu alloy nanoparticles formed by pathway-i
feature a spherical shape, the AuCu alloy formed by pathway-
ii displays a cubic shape (Fig. 2 top panel) which is evidenced
by both the lattice fringes and the fast-Fourier transform
(FFT) pattern revealing (200) interatomic planes. By
supporting the nanoparticles on carbon followed by
thermochemical treatment at 260 °C (in 15% O2) and then at
400 °C (in 15% H2), the nanoparticles show high crystallinity

and a uniform distribution of Au and Cu across the entire
nanoparticle, as evidenced by the HAADF-STEM imaging and
EDS elemental mapping (Fig. 2 bottom panel). These findings
demonstrate the tunability of the shape and the composition
for AuCu alloy nanoparticles by thermally-activated
interparticle coalescence. This tunability is important for
exploring the catalytic synergy of the AuCu catalysts in
catalytic reactions (e.g., CO oxidation, to be discussed in a
later subsection).

Bimetallic nanostructures have emerged as one important
class of active and selective catalysts for gas-phase reactions
and CO2 reduction reaction. The enhancements in the
selectivity of CO2 reduction to multi-carbon hydrocarbons
have been observed by tuning the morphologies of bimetallic
CuAg catalysts.53 Hoang et al. demonstrated the importance
of the morphology of copper–silver alloys for selective
electroreduction of CO2 to ethylene and ethanol.54 A wire-like
morphology of Cu is obtained by electrodeposition of Cu in
the presence of 3,5-diamino-1,2,4-triazole (DAT). The CuAg
film electrodeposited without DAT displays large particles,
whereas the nanoporous CuAg catalyst obtained in the
presence of DAT exhibits a wire-like morphology and high
porosity. The latter exhibits the best catalytic performance for
CO2 electroreduction to C2H4 and C2H5OH. The wire-like
morphology is associated with the high surface area,
homogeneous mixture of Cu and Ag and the stability of the
Cu2O overlayer.

A solid-solution alloy ensures a homogeneous distribution
of the constituent elements. The bifunctional effects and the
change in the electronic state in solid-solution copper-alloy
catalysts were studied on novel Ru–Cu solid-solution alloy
nanoparticles, which are immiscible even above the melting
point in the bulk phase.55 The Ru0.5Cu0.5 nanoparticles were
prepared by the polyol method under a N2 atmosphere, using
ruthenium acetylacetonate Ru(acac)3 as a precursor. The
characterization results of Ru0.5Cu0.5 solid-solution
nanoparticles from high-angle annular dark-field scanning
TEM, EDX elemental mapping and synchrotron powder X-ray
diffraction show that Ru and Cu are homogeneously
distributed in the face-centered cubic (fcc) structure (Fig. 3).
The Ru0.5Cu0.5 solid-solution catalyst presents excellent CO
oxidation activity in comparison with Ru nanoparticles. Here,
Ru demonstrates a strong capability for CO adsorption, and
Cu has a high chemical affinity for the O atom. The
bifunctional effects and the change in the electronic state of
Ru contribute to the enhanced catalytic activity for CO
oxidation.

One-dimensional nanowires present unique properties.
One area of current research interest involves preparing
multi-metallic copper-alloy nanowires where synergistic
catalytic sites can be created along the surface of nanowires
in contrast to nanoparticle catalysts. The composition-
dependent catalytic synergy improves the catalytic
performance. PtCu nanowires of different compositions for
the methanol oxidation reaction were reported by Liao et al.,
in which the HAADF-STEM imaging and elemental mapping

Fig. 2 Top panel: HRTEM image (insert: fast Fourier transform (FFT)
pattern) of Au66Cu34 alloy nanocubes formed from a binary solution of
Cu nanoclusters and Au nanoparticles. Middle panel: Illustration of two
different pathways for synthesis and processing of AuCu alloy
nanoparticles: wet chemical reduction of the two metal precursors
(pathway-i) and cross-reactive evolution of a binary solution of Cu and
Au nanoparticles at or near the nanoscale melting temperature
(pathway-ii). Bottom panel: HAADF-STEM image and X-ray energy
dispersive spectroscopy (EDS) elemental mapping of a single carbon-
supported Au40Cu60 particle after thermochemical treatment.
Reprinted with permission from ref. 52. Copyright 2012 American
Chemical Society.
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data provided important information for assessing the roles
played by the morphology and composition in the catalytic
synergy.56 For example, Pt32Cu68 nanowires exhibit ultrathin
diameters and a uniform distribution of Pt and Cu along and
across the nanowire. The PtCu NWs feature an
interconnected network structure of NW bundles, and the
distributions of Pt and Cu elements are homogeneous
throughout the NW bundles. A close examination of the
bundles reveals well-aligned ultrathin NWs. The NWs are
highly monodispersed with a narrow diameter distribution
(1.3 ± 0.2 nm). The high-resolution TEM image of an
individual NW shows the (111) planes of the face-centered-
cubic (fcc) alloy. The composition-dependent alloying and
faceting properties of the NWs were shown to play a major
role in the bifunctional synergy responsible for the enhanced
electrocatalytic oxidation of methanol,56 an important
reaction in alcohol fuel cells.

Another example of a multi-metallic alloy nanowire is a
novel copper atom-pair catalyst anchored on alloy nanowires.
Various Cu and Cu-based catalysts have been developed and
employed for transforming CO2 to CO. It is important to
understand the active sites and corresponding catalytic
mechanisms for the production of CO from CO2 reduction.
In this respect, a two-adjacent-Cu catalyst involving Cu1

0–

Cu1
x+ atom-pair structure anchored on PdTe alloy nanowires

was recently reported for electrocatalytic CO2 reduction.57

XAFS spectroscopy and theoretical calculations have revealed
that the Cu1

x+ atom features adsorption of H2O and the
neighboring Cu1

0 atom is capable of absorbing CO2 in the

critical step of CO2 reduction, thereby promoting CO2

activation. This results in a faradaic efficiency of CO over
92% as well as the competing hydrogen evolution reaction is
almost completely inhibited.

Remarkably, Cu facets are closely related to the active sites
for the CO2 reduction reaction. Herein Nørskov et al. used
theoretical calculations to compare the effect of Cu facets
including (111), (100), and (211) on the energetics of
electrocatalytic CO2 reduction, proposing that the Cu (211)
facet is the most active in yielding CO as well as CH4.

58,59 By
contrast, Wang et al. identified that metastable facets
including (110) and reconstructed (110) would be likely the
active sites on the nanocrystalline Cu nanowire catalysts for
the low-overpotential electroreduction of CO2 to CO.60

Moreover, Yin et al., who created specific facets in metal
nanocrystals by a controlled chemical etching method, also
demonstrated that enriched high-energy Cu (110) facets
exhibit high activity for CO2 reduction.

61

Copper-alloy catalysts with different morphologies were
synthesized and characterized for catalytic applications in the
field of heterogeneous catalysis. The precursors for
preparation usually play an important role in the atomic-level
mixture of alloy catalysts.49,50,62 The evidence of synergy
between Cu and one or two other metal elements is obtained
by multi-characterization techniques. These new insights can
provide valuable information for modifying the catalytic
performance to favor the further development of rationally
designed copper-alloy catalysts.

2.2. Phase structures

The understanding of the atomic-level chemical structure and
phase structure of nanoalloy catalysts is essential for the
exploration of their unique catalytic properties in many
reactions. Significant progress has been made in recent years to
characterize the phase structure and composition distribution
for different nanoalloy catalysts due to advanced techniques
such as high-energy X-ray diffraction (HE-XRD) coupled with
pair distribution function (PDF), which provide detailed
information on the phase structures in terms of lattice strains
and interatomic coordination or spacing. Regular in-house
X-ray diffraction (XRD) has also provided limited information
for assessing the alloy structures. A series of copper-alloy
catalysts have been studied, focusing on understanding the
structure–activity correlation. The determination of atomic
arrangement in copper-alloy catalysts and the confirmation of
the detailed structural properties are necessary for probing the
relationship between the atomic structure and catalytic
performance.63 To date, the phase structure of alloy
nanomaterials has received increasing attention in order to
understand its role in heterogeneous catalysis.46,64 The
structural effect of copper-alloy catalysts is closely associated
with their catalytic behavior and alloy stability. This motivates
the exploration for the detailed structure responsible for
catalytically active species and the search for phase structure-
synergy correlation of copper-alloy catalysts.

Fig. 3 (a) HAADF image, (b) Cu-K STEM-EDX map, (c) Ru-L STEM-EDX
map, (d) reconstructed overlay image of the Cu-K STEM-EDX and Ru-L
STEM-EDX maps, (e) HR-STEM image, and (f) compositional line
profiles of Cu and Ru for Ru0.5Cu0.5. Red, Cu; green, Ru. Reprinted with
permission from ref. 55. Copyright 2017 American Chemical Society.
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The phase structures of copper-alloy catalysts strongly
depend on the chemical composition and the
thermochemical treatment of the catalysts. This is
demonstrated in a study of the copper-alloy catalysts
prepared by manipulating the bimetallic composition and
the temperature of the thermochemical treatment.65 Pd75Cu25
and Pd21Cu79 NPs appear as single-phase nanoalloys of the
fcc-type structure occurring with both bulk Pd and Cu. Pd48-
Cu52 NPs appear to be segregated into chemically ordered
bcc and disordered fcc-type phases occurring in the bulk
state. Pd and Cu atoms in the chemically ordered phase
occupy the vertices of two interpenetrating simple cubic
lattices, whereas Pd and Cu atoms in the chemically
disordered alloy phase occupy the vertices of an fcc-type
lattice at random. The correlation between phase structure
and catalytic performance is revealed by analyzing the details
of atomic arrangement in copper-alloy catalysts.

The phase structure is shown to play an important role in
the catalytic activity for CO oxidation in addition to the
surface oxygenation of Cu species on the PdCu catalyst. The
synergy of bimetallic nanoalloy displays a minimum of light-
off temperature, corresponding to a maximum of activity,
when the Pd : Cu ratio is close to 50 : 50.65 The structural and
catalytic properties are strongly dependent on the bimetallic
composition and the phase structure. The Pd and Cu atoms
on different facets are more intermixed in the fcc phase than
in the bcc phase, which is partially responsible for the
enhanced catalytic activity with the fcc-phase at a Pd : Cu
ratio of 50 : 50. Qualitatively, the ensemble effect plays an
important role in the enhanced catalytic activity for CO
oxidation over the PdCu catalyst with a Pd : Cu ∼ 50 : 50 ratio.

The phase structures of copper-alloy catalysts are varied
with tunable composition, further influencing the electronic
structure and catalytic performance. For example, Au–Cu
bimetallic thin films with varied composition were
synthesized by the magnetron sputtering co-deposition
method.66 As shown in Fig. 4 top, the alloy catalysts have one
dominant characteristic peak, corresponding to the
diffraction of the (111) plane in face-centered cubic (FCC)
crystal structure. The dominant peak shifts to the high-angle
direction with increasing content of Cu. Herein, no
characteristic peak of pure Au or Cu appears in XRD patterns,
indicating that Au and Cu are not phase separated but
alloyed in the samples. Interestingly, with increasing atomic
ratio of Au, the center of the d-band gradually deviates from
the Fermi level, resulting in the decrease of *CO binding
strength (Fig. 4 bottom). The weakened strength improves
the catalytic activity for electrochemical CO2 reduction to CO.
The studies indicate that the regulation of phase and
electronic structure via the variation of Au and Cu
composition achieves the purpose of improving the selectivity
for electrochemical CO2 reduction.

The insertion of Cu atoms or ions into the lattice of active
components or supports is believed to play an important role
in the change of the phase structure which affects the
catalytic performance.67,68 Han and his group69 studied the

role of copper in CoCu/SiO2 catalysts for the synthesis of
different alcohols. The main diffraction peaks for 5Co2.5Cu/
SiO2 (weight fraction) were found to be the same with those
of Co/SiO2, whereas the peaks for CuO were absent in the
5Co2.5Cu/SiO2 catalyst. The change of the lattice parameters
for 5Co2.5Cu/SiO2 was attributed to the insertion of Cu
atoms into cobalt oxides. The 5Co2.5Cu/SiO2 catalyst
displayed a three-fold increase in the selectivity to higher
alcohols in comparison with that for the Co catalyst. The
enhanced performance is explained by the insertion of Cu in
the lattice structure, which weakens the CO/HCO dissociation
and prevents the formation of CHx species. The presence of
Cu atoms facilitates the control over the size of Co
nanoparticles and impedes the insertion of CHx species.

The role of phase structures is investigated on bimetallic
copper-alloy catalysts in the oxygen reduction reaction (ORR),
providing a fresh understanding of the structure–activity
correlation. The structure of Pd and Cu atoms in Pd–Cu alloy
NPs shows atomic configurations of very different chemical
ordering patterns.70 This finding demonstrates subtle atomic
structure ordering–disordering processes triggered by
changes in the bimetallic composition. There is also a
significant impact of the thermochemical treatment on the
atomic structure of PdCu alloy NPs. The study shows that the
phase structures strongly influence the catalytic properties of
the catalysts. By different H2 thermal treatments, the fcc and
bcc structures were found to coexist from 200 to 800 °C.
Analyses of the atomic PDFs show that the phase states of
PdCu/C catalysts strongly depend on the H2 thermal
treatment temperatures (Fig. 5).70 PdCu/C (H2/30 °C) and
PdCu/C (H2/100 °C) catalysts feature single-phase alloys with
chemically disordered fcc structure. PdCu/C (H2/200 °C) and
PdCu/C (H2/400 °C) show phase segregation into a mixture of
chemically disordered fcc and chemically ordered bcc
structures. The analysis reveals 52% fcc and 48% bcc for the
PdCu/C (H2/200 °C) catalyst, showing a fcc-type lattice

Fig. 4 (Top) XRD patterns of binary metallic AuCu alloy catalysts.
(Bottom) Illustration of binding strength on the Cu and AuCu alloy
nanoparticles. Reprinted with permission from ref. 66. Copyright 2019
American Chemical Society.
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parameter of 3.812 Å. The percentage of fcc structure is
shown to decrease slightly to 49% when the temperature
increases to 400 °C.

This finding demonstrates that the phase structure of the
Pd–Cu alloy nanoparticles is highly dependent on the
thermal treatment temperature, which has been used as an
important pathway for engineering the nanostructures. This
study further reveals that the PdCu catalyst with a pure fcc
structure has a higher catalytic activity for the oxygen
reduction reaction than those featuring a mixture of fcc and
bcc phases.

The alloy surface segregation is linked to the stability and
catalytic activity of copper-alloy nanoparticles. Many efforts
have been made to reveal the structure–property relationship.
For example, Zhan et al. prepared AuCu alloys with face-
centered cubic (fcc) and face-centered tetragonal (fct)
structure for catalytic CO oxidation.71 As shown in
Fig. 6a and b, the XRD patterns of the fcc-AuCu and fct-AuCu
alloy shifted to the low-angle direction with increasing
calcination time, indicating Cu diffusion from the alloy
structure on the catalyst surface. The shift is more obvious
for fcc-AuCu in contrast with the fct-AuCu alloy (Fig. 6c), and
it suggests that Cu diffusion is easier in the former, which is
consistent with density functional theory (DFT) calculation.
From Cu 2p XPS spectra (Fig. 6d), the oxidation of metallic
Cu is confirmed during the calcination. It can be seen from
the schematic diagram at the bottom that AuCu alloy
nanoparticles are transformed into Au/CuO for fcc-AuCu and
AuCu/CuO for the fct-AuCu alloy. Furthermore, more Cu
atoms migrate to the surface of fcc-AuCu after the thermal
treatment at 250 °C in air compared with the fct-AuCu alloy.
The transformation has a direct influence on CO adsorption,
and the AuCu/CuO catalyst from the fct-AuCu alloy
demonstrates enhanced catalytic activity for CO oxidation,
which is attributed to the fine-tuning of crystal structure in
the AuCu alloy.

Significantly, the transformation of phase structure from a
disordered alloy to an ordered intermetallic structure offers a
possibility for precisely tuning the position of atoms in

copper-alloy catalysts, aiming to improve the catalytic
performance of alloy nanoparticles. For example, Yang et al.
showed that the atomic ordering transformation could
enhance the electrocatalytic selectivity and activity of AuCu
alloy nanoparticles for CO2 reduction.

72 Specifically, it can be
seen from Fig. 7a that the AuCu alloy nanoparticles
experienced the disorder-to order transformation.

XRD measurements (Fig. 7b) show that the crystal
structure transitions from face-centered cubic to face-
centered tetragonal. The faradaic efficiency of CO exhibits a
continuous increase with the ordering degree of AuCu
nanoparticles in the sequence from disordered AuCu (d-
AuCu), the first intermediate ordered AuCu (i1-AuCu), the
second ordered AuCu (i2-AuCu) and the most ordered AuCu
(o-AuCu). The o-AuCu nanoalloy selectively catalyzes CO2 to
CO with almost 80% faradaic efficiency, while the d-AuCu
nanoalloy favors hydrogen evolution.72 Gong et al. further
increased the CO faradaic efficiency to 90.2% by constructing
Cu vacancies over the ordered AuCu catalysts, leading to
enhanced *COOH intermediate absorption.39 These findings
indicate that regulating phase transformation from
disordered to ordered structure in alloy nanoparticles can
provide a means for tuning atomic precision and improving
the catalytic performance over copper-alloy catalysts.

The tunability of atomic arrangements is known to induce
changes in physical and chemical properties responsible for
catalytically active sites of copper-alloy catalysts.73,74

Extensive experimental studies have been made to prepare
well-defined copper-alloy catalysts and determine the

Fig. 5 Experimental (symbols) and crystal structure model-derived
(lines) atomic PDFs for PdCu/C after H2 treatment at different
temperatures. Insert on the right: An illustration of the possible phase
evolution of the PdCu nanocrystal in terms of fcc and bcc structures
and the impact on the catalytic activity for the oxygen reduction
reaction. Reprinted with permission from ref. 70. Copyright 2018
American Chemical Society.

Fig. 6 XRD patterns of (a) fcc-AuCu alloy NPs and (b) fct-AuCu alloy
NPs annealed at 250 °C for different times. (c) Corresponding 2 theta
for the (111) reflection peak of as-synthesized AuCu alloy NPs with
different annealing times. (d) Cu 2p XPS spectra of fcc-AuCu and fct-
AuCu alloy NPs. (Bottom) Synthesis illustration of the AuCu alloy NPs
and structure transformation annealed at 250 °C. Reprinted with
permission from ref. 71. Copyright 2017 American Chemical Society.
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composition–property relationship. The influence of phase
structure on the catalytic performance is also substantiated
by theoretical calculations which could bring a significant
breakthrough in designing new and efficient copper-alloy
catalysts.

2.3. Surface active sites and computational modeling

One of the main aims of contemporary catalytic science is to
determine the fundamental origin of the catalytic reaction,
which is often done by developing models of catalytic
processes at the molecular level. This aim relies on the
detailed understanding of the critical role of active sites in
the reaction mechanism (e.g., reaction pathway and rate-
determining step). High-resolution photoemission
spectroscopy (HR-PES) and XPS are powerful tools for
characterizing the molecular basis of catalysis. The
understanding of the results is also aided by DFT
computational modeling in terms of reaction energies and
barriers. The recent findings have demonstrated that the
active sites of nanoalloys can be rationally tuned by
controlling the composition, morphology, and interfacial
structure.

Understanding of the detailed surface chemistry on a
catalyst is critical for the design of the catalyst of
heterogeneous catalysis because the catalytic reaction occurs
on the surface of the catalyst.75–78 HR-PES or XPS
characterization is usually used to determine the surface

chemistry including the composition, and chemical and
electronic states. In addition, first-principles DFT calculations
can be applied to predict and study the active species on the
surface, the correlation of the catalytic performance with the
chemical composition and phase structures.79

Simultaneously, it also can be used to substantiate the
conclusions from experimental studies. When Cu is alloyed
with other metal elements, the adsorption energies, the
energy barrier of the reaction and the exchange–correlation
interaction may change, which can further improve or
suppress the process of heterogeneous reactions. The
combination of experimental and theoretical studies helps
elucidate the real active surface and reaction mechanism.

An XPS study was performed to investigate the electronic
state of Au–Cu alloy surfaces. Au is loaded on the surface of the
Cu substrate to form an alloy on the surface in order to reduce
the amount of gold used and to improve the catalytic
performance. For example, Kim et al.80 reported a study of a Au
thin layer on a Cu polycrystalline surface for electrochemical
reduction of CO2 to CO. The Au 4f7/2 peak at 84.0 eV is assigned
to polycrystalline Au. For the Au/Cu catalyst, the Au 4f7/2 peak
shifts to a higher binding energy at 84.2 eV, suggesting the
presence of charge overcompensation due to the decrease of sd-
hybridization. In this work, constructing a thin layer of Au on
polycrystalline Cu results in higher adsorption strength between
the catalysts and reaction intermediates, further improving the
catalytic activity and selectivity for the reduction of CO2 to CO,
which is due to the s-band electron transformation from Cu to
Au and the upshift of the d-band center of Au.80 This shows a
promising idea and method for optimizing the copper-alloy
catalysts.

The combination of XPS characterization and DFT
calculation has been utilized to study the active interface of
Cu and In as well as the reaction pathways. When the
composition, morphology, and/or interface are rationally
tuned, the CuIn compound catalysts show completely
different product formation trends or reaction pathways. For
example, Zangari et al. found that the selectivity of CO2

reduction depends on the In content of CuIn catalysts as they
investigated the dendritic CuIn alloy with various
compositions.81 Specifically, CO production increased with
lowering In content, while HCOOH production followed the

Fig. 8 Free-energy diagrams for (a) CO2 to CO, (b) H2 evolution, and
(c) CO2 to HCOOH on Cu(111), Cu(211), and In@Cu surfaces at 0 V vs.
RHE. The upper panels show the DFT-optimized geometries for each
reaction step on In@Cu. Reprinted with permission from ref. 82.
Copyright 2018 American Chemical Society.

Fig. 7 Atomic ordering transformation of AuCu alloy nanoparticles. (a)
TEM images of the AuCu alloy catalysts prepared under different
conditions allowing for systematic tuning of the degree of ordering. (b)
XRD of the AuCu alloy nanoparticles. Reprinted with permission from
ref. 72. Copyright 2017 American Chemical Society.
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opposite trend, which is related to the adsorption strength of
the key reaction intermediates of CO2 to CO or HCOOH over
the CuIn surface. Meanwhile, Züttel et al.82 reported a facile
method to prepare CuIn alloys, including deposition,
oxidation and in situ electroreduction process. XPS confirmed
the formation of a CuIn interface after the above procedures.
DFT calculations substantiate the conclusion that the
interface of Cu and In plays a fundamental role in controlling
the selectivity and reaction pathway of CO2 reduction.
Explicitly compared with Cu (111) and Cu (211) facets, the
CuIn interface could decrease the free energy barrier for the
*COOH intermediate of CO production (Fig. 8a). It
suppresses the activity of competitive H2 and HCOOH
production reactions through the weak and strong adsorption
of *H and *OCHO intermediates, respectively (Fig. 8b and c).
A similar example is also found for the CuAg catalyst, which
displays an enhanced selectivity for CO production compared
to pure Cu, suggesting the synergistic effect of Cu-based alloy
components.40

Theoretical calculations have played an important role in
understanding the experimental data which help identify the
optimal compositions and origin of enhanced activities for
copper-alloy catalysts for different reactions. For example, the
study of Cu-alloy catalysts for CO oxidation reveals superior
catalytic performance for the nanoalloy with a Pd : Cu ratio
close to 50 : 50.83 The activation of both CO and O2 is
considered important for the understanding of the catalytic
synergy of Cu-alloy catalysts in CO oxidation. The origin of
the enhanced activity for CO oxidation and oxygen reduction
reaction over PdCu nanoalloy catalysts was studied by
theoretical modeling (Fig. 9a).83 With different configurations
of Pd55, Pd43Cu12, Pd27Cu28, Pd12Cu43, and Cu55 clusters
(Fig. 9a), the adsorption sites and modes of CO and O2 are
modeled. As shown in Fig. 9b, the theoretical and
experimental results show that the highest catalytic activity of
CO oxidation over the Pd50Cu50 catalyst is attributed to the
weakest adsorption strength of O2 and the smallest barrier
energy for CO oxidation. This finding is consistent with the
most pronounced charge transfer between Pd and Cu for CO
oxidation over the Pd50Cu50 catalyst.

DFT calculations are performed to access the active sites
of copper-alloy catalysts with a combination of noble metals
and Cu on the surface. For example, the correlation of O2

activation with the phase structure of fcc and bcc-structured
PdCu alloys has been studied in the ORR.70 Fig. 9c shows the
phase evolution of fcc and bcc structures for the PdCu
nanoalloy. The O2 adsorption energy on the fcc-structured
surface is greater than that on bcc-structured PdCu(100)
alloys (Fig. 9c). A lower reaction barrier and higher reaction
energy are displayed on the fcc-structured surface, indicating
that the fcc-structured PdCu(100) surface exhibits a higher
activity for the O–O cleavage reaction than the bcc-structured
PdCu(100) surface. The O–O bond distance (1.453 Å) on the
fcc-structured surface is longer than that on the bcc-
structured surface (1.405 Å). The fcc-structured (100) surface
extends the O–O bond and is expected to facilitate the

occurrence of an O–O cleavage reaction. The DFT calculation
results reveal a sharp difference and a clear correlation in
mass activity between fcc and bcc structures of the PdCu
nanoalloys, demonstrating the impact of phase structure on
the catalytic properties.

XPS and XRD, aided with DFT calculations, were applied
to probe the active Cu surfaces on copper-alloy catalysts,
gaining valuable insights into the nature of active sites. Most
recently, the combination of In or Sn with Cu has been
considered as a promising catalyst for converting CO2 to
CO.84–87 For instance, Takanabe et al. developed CuIn alloy
surfaces for electrochemical reduction of CO2, and showed
about 90% CO faradaic efficiency at 0.6–0.8 V versus
RHE.88,89 The XRD pattern of the as-synthesized sample
proves the generation of the CuIn alloy. XPS spectra indicate
the presence of Cu0 and In0 metallic states on the surface.
They also revealed, by theoretical calculations as shown in
Fig. 10, that In atoms prefer to replace less densely packed
Cu atoms and locate on the edge sites.88 Moreover, In atoms
hinder the adsorption of H and CO, but alter the adsorption
properties of neighboring Cu atoms. This kind of preference
for site occupation and altered adsorption of In atoms could
contribute to improving the selectivity for CO over Cu atoms,
which shows the total current density (jtot) and faradaic
efficiency of CO2 reduction over oxide-derived Cu (OD-Cu)
and CuIn (Cu–In) catalysts from −0.3 to −0.7 V (vs. RHE) in

Fig. 9 (a) Models of the metal and alloy nanoclusters, adsorption sites
and modes (from left to right): Pd12Cu43, and Pd27Cu28, O2 with “end-
on”, O2 with “side-on”, and CO with “end-on” configurations. (b) (from
left to right): Plots of adsorption energy of O2 and barrier energy of
CO oxidation vs. Cu %, and T10 values (CO oxidation light-off
temperature) and Ea vs. Cu % for CO oxidation over PdCu/C catalysts.
Reprinted with permission from ref. 83. Copyright 2017 American
Chemical Society. (c) Energetics of the O–O bond cleavages of the O2

molecule on the PdCu(100) surface of bcc and fcc crystal structures
(left) and correlation between the calculated energy barriers and ORR
mass activities (right). Reprinted with permission from ref. 70.
Copyright 2018 American Chemical Society.
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0.1 M KHCO3 solution. There was a similar total current
density, indicating the same electron transfer rates for CO2

reduction over OD-Cu and CuIn catalysts; however, the
presence of In atoms distinctly altered the selectivity. OD-Cu
is shown to convert CO2 to HCOOH and CO at more
negatively polarized potential. In contrast, the CuIn catalysts
improved the CO selectivity in CO2 reduction while inhibiting
the generation of HCOOH.

The information of Gibbs free energy and binding energy
of intermediates from DFT calculations can assist to analyze
the active sites and reaction pathway. For example, PdCu
alloy nanoparticles have been found to exhibit high selectivity
for the reduction of CO2 to CO. A new study shows that
alloying Pd with Cu can suppress hydrocarbon production as
well as efficiently enhance CO production to over 85%
faradaic efficiency.90 Compared with bulk Cu catalysts, the
DFT calculations show that the PdCu alloy can increase the
energy barriers to the CO* protonation step, and thus
suppress the conversion of CO2 to hydrocarbons. In another
report, the highly selective CO production over PdCu alloy
catalysts is attributed to an optimum ratio of Cu atoms and
low-coordination sites of Pd atoms. Similarly, the ordered
PdCu catalyst is shown to exhibit higher CO selectivity than
the phase-segregated or disordered PdCu catalysts.91

Mechanistic understanding of the alloy effect on catalytic
activity and selectivity is also achieved by a combination of
experimental and theoretical studies of PdCu bimetallic alloy
catalysts for CO2 hydrogenation to methanol. The formation
of the Cu alloy in catalysts is also another efficient strategy
for improving the catalytic performance for methanol
synthesis from CO2 hydrogenation. For example, Jiang et al.
reported that there were high methanol formation rates over
silica-supported PdCu catalysts, which was ascribed to a
strong synergistic alloy effect between Pd and Cu.92 Nie et al.
performed DFT calculations to investigate the mechanism of

the alloy effect of PdCu catalysts for CO2 hydrogenation to
methanol (Fig. 11a and b).93 The results suggested that the
PdCu alloy showed promising capability for the adsorption
and activation of CO2 and H2 during CO2 hydrogenation to
methanol. And the conversion of CO2 to methanol over the
PdCu alloy preferred the formate pathway (CO*2 → HCOO* →

HCOOH* → *H2COOH → *CH2O → *CH3O → *CH3OH),
whereas the RWGS (reverse water-gas shift reaction) + CO-
hydro pathway (*CO2 + *H2 → *CO + H2O → CHO → *CH2O
→ *CH3O → *CH3OH) more easily stayed at the formation of
CO (Fig. 11c).

Similar approaches have also been used to study the active
sites on CuSn alloy catalysts for selective electroreduction of
CO2 in aqueous solutions. CuSn alloy catalysts have been
investigated to achieve the efficient and selective reduction of
CO2 to CO.94,95 For example, Takanabe et al. electrodeposited
Sn species on the surface of oxide-derived copper to obtain a
CuSn bimetallic alloy catalyst, which showed >90% faradaic
efficiency for CO over a wide potential range (−0.4 to −0.8 V
vs. RHE) for a long time (>14 h).41 The formation of CuSn
bimetallic alloy phases is confirmed by XRD characterization.
DFT calculations show no dramatic shifts in the bulk
electronic structure after a Sn atom replaces a Cu atom. The
introduction of Sn on reduced oxide-derived Cu is not

Fig. 11 (A) (a and b) Structural and charge properties of the initial and
transition states associated with HCOO* formation. Reprinted with
permission from ref. 93. Copyright 2018 American Chemical Society.
(B) Plots showing the structure-sensitive selectivity for synthesis gas
(CO + H2) conversion over CuCo (211) toward ethanol and (111) toward
methanol. Reprinted with permission from ref. 97. Copyright 2018
American Chemical Society.

Fig. 10 (a) Density of states of Cu and of Cu11In9. (b) Site preference
of In replacing one Cu in the Cu55 (Ih) cluster. (c) Side views of the
three possible geometries of the (211) facet and top views of (100) and
(111) facets of Cu with one In atom replacing a Cu atom. Reprinted
with permission from ref. 88. Copyright 2015 Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim.
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conducive to hydrogenation because the active sites on the
CuSn alloy catalysts inhibit adsorbed H*, further improving
the CO faradaic efficiency. The theoretical thermodynamic
studies from DFT calculations reveal the active species,
synergistic interaction and reaction mechanism of copper-
alloy catalysts. Combining Sn with Cu to form CuSn catalysts
is another powerful way to enhance the selectivity and activity
for CO2 reduction to formate by bringing an extra synergistic
effect or stabilizing the reaction intermediates.96 Recently,
relevant work involving CuSn heterostructure, CuSn core–
shell structure, CuSn alloy catalysts, etc. has been widely
reported, showing improved performance for CO2 reduction
to formate.96

The CuCo alloy is an intriguing catalyst for syngas (CO +
H2) conversion towards higher alcohols, which is
demonstrated in a recent DFT and microkinetic modeling
study of the formation of methane, methanol, and ethanol
from syngas on a close-packed CuCo(111) and a stepped
CuCo(211) surface.97 A structure sensitive selectivity is
revealed. The CuCo(211) surface is selective toward ethanol,
whereas the CuCo(111) surface is selective toward methanol.
The origin of the high selectivity toward ethanol on the (211)
surface is attributed to the combination of the much lower
C–O dissociation barrier and the higher rate of the CHx–CO
coupling reaction.

Insights into the mechanism for reduction of CO2 to
methanol have been greatly advanced with a deeper
understanding of the active species as well as the formation
of intermediates from experiments and DFT calculations.
More recently, the electrochemical reduction of CO2 to
methanol in aqueous solutions has also attracted a great deal
of interest.98–100 One example involves Cu2−xSe (x = 0.3–0.4)
nanocatalysts for electrochemical reduction of CO2 to
methanol with a selectivity of 77.6%,101 and PdCu alloy
aerogel for electrochemical reduction of CO2 to methanol.102

In addition, first-principles calculations predict that the
CuCo single-atom alloy could be a promising catalyst for
electrochemical reduction of CO2 to methanol through
lowering the reaction barrier by tuning the d-band of Co and
Cu atoms.103

These studies on computationally-screened copper-alloy
catalysts for enhanced catalytic activities have focused on
discovering superior catalysts in heterogeneous catalysis. The
reaction free energy for the elementary steps, activation
energy barriers and reaction kinetics which are related to the
production of intermediates can be acquired by first-
principles calculations. Combined with experimental effort,
the discovery of the reaction pathway and mechanistic
understanding have taken a big step forward with the
assistance of the above information from DFT calculations.

3. In situ/operando characterization

One of the longstanding problems in catalysis is the
understanding of the impact of the dynamic evolution and
change of atomic arrangements on the surface of a catalyst

on the catalytic reaction. For copper-alloyed catalysts, the
microscopic visualization and differentiation of surface
atoms on single-crystal facets or thin film substrates have
endowed researchers with the ability to address this problem
by monitoring the surface sites in correlation with the
catalytic mechanism. In some of the recent studies, the
atomic-scale details of chemical structures and active surface
sites involved in the reactions have been uncovered using
high-resolution AP-STM (ambient pressure STM) and HP-STM
(high-pressure STM) imaging tools for the characterization.
The characterization allowed researchers to investigate the
chemical nature of adsorption sites, molecular-scale
interaction, and reaction intermediates in relation to the
catalyst composition and structure. The results have shed
light on the nanoscale alloying mechanism, catalytic synergy,
and catalytic mechanism of copper-alloy catalysts, which are
significantly different from those of the monomeric copper
or copper oxide counterparts as discussed in the earlier
section.

3.1. Atomic-scale morphological changes in catalytic
processes

Using the STM technique, the nature of the H and CO
adsorption sites has been examined for probing the
synergistic interaction of H and CO on the active sites of
single-atom Pt/Cu alloy catalysts.104 For example, as shown in
Fig. 12a, clusters of mobile depressions are observed on the
Cu surface. H adatoms are detected on the terraces. The
adsorbed H on the surface is removed upon increasing the
bias to 200 Mv (Fig. 12b). The adsorbed CO is also removed
after applying 5 V pulses. Individual Pt atoms were revealed
underneath each removed CO molecule, suggesting that CO
is selectively adsorbed on the Pt sites. The strategy of
preparing the single-atom Pt alloy reduces the binding

Fig. 12 STM images of (a) H and CO adsorbed on the Pt–Cu(111) SAA
surface, (b) remove adsorbed H on the surface and (c) remove
adsorbed CO, individual Pt atoms are present underneath each
removed CO molecule. Reprinted with permission from ref. 104.
Copyright 2016 American Chemical Society. (d) STM image of the Pt/
Cu(111) single-atom alloy surface. Scale bar: 1.5 nm. (e) Wide-scale
image of the Pt/Cu(111) single-atom alloy surface. Scale bar: 1 nm.
Insert: Atomic-resolution image of the alloy surface. Scale bar, 0.5 nm.
Reprinted with permission from ref. 105. Copyright 2018 Springer
Nature.
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strength of CO on the surface of the catalyst and enhances
the ability of CO tolerance in the reaction of selective
hydrogenation from acetylene to ethene. In Sykes's group,
STM is also applied to investigate the alloying mechanism
and coke-resistant property of Cu-based catalysts.105 The Pt/
Cu single-atom alloys function as coke-resistant catalysts
under realistic operating conditions for C–H activation. It can
be observed from Fig. 12d that Pt atoms in the alloys are
monodispersed on the Pt/Cu(111) surface. In the wide-scale
image (Fig. 12e), Pt atoms are distributed on both the
terraces and the regions near the step edges. The Pt/Cu
single-atom alloy is found to be more efficient than Cu for
C–H activation and for coke resistance.

The STM identification of the single-atom alloy sites
reveals spillover of hydrogen atoms from the Pt site to Cu
sites for selective hydrogenation and CO adsorption on alloy
sites. The atomic-scale visualization of the catalytic activities
on the surface derived using copper as host atoms for Pt
atoms,39,104,105 as pioneered by Sykes' group, has paved the
way to single-atom alloy catalysis in a significant way.
Dispersing catalytically active metal atoms in a host of metal
atoms at the single-atom level allows the dissociation and
reaction sites to be decoupled which facilitates facile
dissociation of reactants to achieve efficient and selective
activity.

In situ AP-STM has been used to acquire detailed
information of atomic-scale active surface sites which
provides an insight into the catalytic mechanisms during the
reaction. For instance, Fig. 13a and b display the STM image
of the CuCo surface at atom resolution under 3 Torr CO.106 It
can be observed that the clusters are present as dimer rows,
which appear as pairs of bright spots along the [110]
direction. The 3.5 Å distance is larger than the atomic lattice
spacing of 2.55 Å of cobalt. However, the periodicity of 3 Å in
the [001] direction is less than the atomic periodicity of 3.61

Å of copper. As shown in the model of Fig. 13c, 1.75 CO
molecules per Co site and 0.19 CO per Cu site are
estimated.106 It is proposed that multiple CO adsorptions on
a single Co site can reduce the probability of C–O bond
cleavage by weakening the M–CO bond, which can explain
why the CuCo alloy has higher selectivity toward oxygenated
products in the Fischer–Tropsch synthesis.

The origin of the thickness-dependent oxidation of
ultrathin Cu films was investigated on Cu–Au alloy catalysts,
aiming to reveal the active sites and structure–function
correlation in heterogeneous catalysis. The oxidation
resistance of ultrathin Cu films has been an interesting
research hotspot. Herein, microscopic and visual
understanding via the STM technique is demonstrated at an
atomic scale from ultrahigh vacuum to near ambient
conditions.107 As shown in Fig. 14, monolayer (ML) and
multilayer Cu/Au(111) model catalysts were used. The strong
interfacial interaction between Cu and Au enhances the
stability of ultrathin Cu films on the surface of alloy catalysts,
displaying a thickness-dependent surface structure. The
sequence of oxidation resistance is Cu(111) < 2.4 ML Cu <

0.4 ML Cu < 0.4 ML Cu (annealed at 600 K). At O2 pressure
below 10−4 mbar, the formation of copper oxides is prevented
via subsurface diffusion of Cu and the formation of a Au-rich
surface alloy. However, CuO appears under near ambient
conditions for 0.4 ML Cu. Furthermore, increasing the
annealing temperature to 600 K inhibits the formation of
copper oxides due to Cu diffusion to the bulk substrate. The
findings provide insight into the evolution of copper-alloy
catalysts from ultrahigh vacuum to near ambient conditions.

Likewise, the growth of copper oxide thin films as reactive
sites was probed on the surface of Cu–Pt alloy catalysts, using
STM, XPS and electron diffraction. In the case of Cu–Au alloy
catalysts, Cu which is capable of gradually diffusing to the
bulk Au substrate with increasing annealing temperature to
600 K. Pt (111), with a similar lattice parameter to Au, was

Fig. 13 (a) STM image of the CuCo surface in the presence of 3 Torr
CO. (b) The expanded area of (a). (c) The surface structure of a
proposed model. Reprinted with permission from ref. 106. Copyright
2018 American Chemical Society.

Fig. 14 Schematic diagram of the thickness-dependent oxidation
kinetics of Cu layers on Au(111). Reprinted with permission from ref.
107. Copyright 2018 American Chemical Society.
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used to replace Au (111) as a substrate to study the
morphology, growth and electronic structure of copper oxide
thin films on the surface of alloy catalysts.108 The Cu–O films
are grown on a slab of Cu (111) at the Pt interface at low
temperature. The microscopic structures are like the “29”
and “44” configurations from Cu (111) oxidation, judging
from the size of their unit cells. With increasing preparation
temperature, the surface oxide goes through an order–
disorder phase transition, and a well-ordered Cu3Pt alloy
appears on the surface. At high temperature, Cu3O shamrock
units assemble into a well-ordered 2

ffiffiffi

3
p

phase on the surface,
which is a unique network on the Pt(111) support.

The reactivity and mechanism for the conversion of
methanol and methanol–water mixtures to formaldehyde are
studied over catalysts with oxygen-free Cu (111) and Pd/Cu
(111) alloy surfaces.109 Methoxy is grown on the flat Cu (111)
surface, and water inside hydrogen-bonded networks binds a
proton to drive OH bond scission. The introduction of isolated
Pd atoms near the Cu step edges improves the stability of
methanol on the Pd-rich areas at step edges, inducing more
OH bond activation on the Cu (111) surface. Six or more water
molecules collectively work to deprotonate methanol to
methoxy, which is stabilized at Cu step edges and/or Pd atoms
to selectively form formaldehyde at higher temperatures. The
results show that over a Pd/Cu alloyed surface, water is
capable of deprotonating methanol into methoxy at low
temperature, and then methoxy further dehydrogenates to
form formaldehyde on the surface of catalysts.

Due to limitations in terms of relatively low pressure and
low temperature for AP-STM to operate, it is challenging to
obtain information for assessing the temperature/pressure
dependence of the atomic-scale surface structures and active
sites of the catalysts. Nevertheless, the advances in AP-STM
or HP-STM have made it possible to visualize the atomic-
scale details of the surface and interface structures and the
reaction intermediates at certain reaction pressures and
temperatures. Moreover, the presence of gas reactants not
only alters the morphology and chemistry on the catalyst
surface, but also changes the oxidation states of surface
species as a result of adsorbate–catalyst interaction, which
are subjects of further AP-STM or HP-STM investigations.

The observation of the atomic-scale morphological
changes of copper-alloyed catalysts in real-time aids the
understanding of how the alloyed-copper surface undergoes
dynamic changes under the reaction gas atmosphere.
Recently, environmental transmission electron microscopy
(ETEM) was used to visualize the dynamic evolution of the
atomic adlayer over CeO2-supported AuCu catalysts under CO
oxidation conditions operated at 0.01 mbar pressure.110 The
in situ experiment involved the use of the (010) surface of a
AuCu/CeO2 catalyst and HRTEM with fast Fourier
transformation (FFT) analysis capability. Luo et al. found that
the AuCu alloy features an FCC alloying characteristic and is
terminated by {111} and {010} surfaces.110 Compared to
intact {111} surfaces, an atomic “adlayer” was formed over
{010} surfaces under a CO + O2 atmosphere, reflecting a

strong interaction with gas molecules through Au–CO
bonding at low-coordinated surface metal atoms and a
dynamic evolving structure with no fixed distance between
atoms. DFT calculation was also used to understand whether
Au or Cu tends to segregate to the subsurface during the
oxidation reaction. The results show that the adsorption
energy of CO on both flat and stepped AuCu1-sub (100) is
stronger than that on AuCu1-sur (100), indicating that Cu
tends to remain at the subsurface sites upon CO adsorption.
This finding provides an important insight into the atomic
mobilities on the surface and subsurface of AuCu alloy
nanoparticle surfaces.

3.2. Structural evolution and dynamic reconstruction

The surface atoms or structures of a catalyst are highly
dynamic under catalytic reaction conditions. However,
fundamental understanding of how the atoms on the copper
alloy surface operate synergistically with noble transition
metals in the highly-dynamic process of phase structure,
chemical ordering/disordering, lattice straining during
catalytic reactions has been very challenging. Recent studies
have provided some insights into this understanding for
copper nanoalloy catalysts, which have relied largely on in
situ/operando studies of the nanoscale composition,
nanocrystal structure and phase structure transformations of
catalysts in heterogeneous catalysis.111–114 Among the
different studies, in situ/operando HE-XRD is a powerful tool
for unraveling crystalline structure and phase properties in
correlation with the catalytic activity of the catalysts during
the reaction. The coupling of HE-XRD to PDF analysis
provides the ability to reveal the phase structural evolution of
catalysts with atomic level details under the reaction
atmospheres.28,115–118 The in situ/operando XRD/PDF
technique has also been used in combination with other
characterization techniques (e.g., DRFITs, EDS mapping, etc.)
for providing an in-depth understanding of structure–
reactivity correlations under reaction conditions.

The evolution of the phase state of PdCu alloy NPs
thermally sintered from mixed Pd and Cu NPs is monitored
in real-time using in situ synchrotron XRD. The conditions
involve isothermal heating under a He atmosphere at 300 °C
(a) and then heating under a H2 atmosphere (b) to 700 °C
(Fig. 15).65 A chemically ordered bcc (B2-type) alloy phase is
formed from Pd and Cu NPs at 300 °C, He (Fig. 15a). At 450
°C, H2, a chemically dis-ordered (fcc-type) alloy phase is
formed. Both chemically disordered and ordered PdCu
nanoalloy phases coexist up to 700 °C, H2 (Fig. 15b).
Mukundan et al.116,117 further showed that the combination
of metal–support interaction and reactive/non-reactive
environment influences the thermal structural evolution and
ultimate structure of the nanoalloys formed from the Pd and
Cu nanoparticles. This finding demonstrates not only the
propensity of Pd–Cu nanoalloy formation from heating a
mixture of Pd and Cu nanoparticles but also the dynamic
nature of the phase structure under heating conditions.
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The detailed structural evolution of the alloy catalyst
during thermochemical treatments was further monitored by
in situ/operando synchrotron HE-XRD/PDF measurements
(Fig. 16A).65 Starting with a fresh PdCu nanoalloy catalyst
characteristic of a single-phase alloy, the heating treatment
under O2 is shown to induce phase segregation at 400 °C,
which is enhanced upon cooling back to room temperature
(Fig. 16B-a). As shown in experimental atomic PDFs (Fig. 16B-
b), the first peak for the fresh Pd21Cu79/C catalyst is
symmetric and positioned at about 2.58 Å that is very close to
the first neighbor Cu–Cu distance in bulk Cu (2.56 Å). At 400
°C, the first PDF peak splits into two components positioned
at 2.78 Å and 3.25 Å, respectively, indicating nanophase
segregation. The phase state depends on the bimetallic
composition, as evidenced by the observation of phase
segregation at a Pd : Cu ratio of ∼50 : 50 whereas a single
phase is observed with lower or higher Pd : Cu ratios. This

finding demonstrates that the phase state and the atomic-
scale structure can be changed by either changing the
bimetallic composition and/or by thermochemical treatment,
which constitutes important pathways for fine-tuning the
catalytic properties of nanoalloys.

Another example of in situ HE-XRD/PDF characterization
involves the study of copper-alloy catalysts under a O2 or H2

atmosphere at different temperatures, revealing
nanostructural alloying and evolution. In a recent study, the
phase structures of AuCu alloys thermochemically treated
under an oxidative or reductive atmosphere are examined.109

The nanoalloy features high crystallinity and multiple facets,
and the detected Cu and Au concentrations in the
nanoparticles show a good degree of alloying across the
entire nanoparticle. As shown in Fig. 17A, a lattice
“expanding–shrinking” phenomenon is revealed by the PDF
data for the AuCu alloy catalyst upon the oxidative and
reductive thermochemical treatments. The degree of the
lattice expansion and shrinking depends on the composition
of the alloy catalyst. The catalyst after reductive treatment
displays a better catalytic performance for CO oxidation than
the catalyst after oxidative treatment. A partial melting and
re-solidification mechanism are proposed to realize
nanoscale alloying and structural evolution toward an fcc-
type nanoalloy. The presence of bifunctional sites on the
nanoalloy surface is believed to enhance the catalytic activity
for CO oxidation.

Fig. 16 (A) The experimental setup for a gas flow/furnace/sample cell
used in the in situ HE-XRD experiment. (B) In situ HE-XRD/PDF data: (a)
HE-XRD patterns obtained upon heating Pd21Cu79/C under O2 to 400
°C; (b) the respective experimental PDFs (symbols) with the
corresponding fitting curves (red lines). Reprinted with permission from
ref. 65. Copyright 2015 The Royal Society of Chemistry.

Fig. 17 (A) Atomic PDFs for the Au51Cu49/C catalyst under oxidative
(O2) and reductive (H2) atmosphere. The symbols represent the
experimental data; the red lines represent the computed data based
on an fcc-type structure. (B) Illustration of surface sites for oxygen
activation on a supported AuCu catalyst in either reduced (A) or
oxidized nanoalloy (B) states, where Cu provides sites for surface
oxygenation involving O2− and Oδ− species and phase-segregated state
(i.e., Au NPs supported on CuOx) (C) (“I” site for O2 activation exists
largely on the reduced nanoalloy surface (case a), not on the oxidized
one where the surface is completely blocked by the oxide species
(O2−, case b). “II” sites for O2 activation exist for case C). Reprinted with
permission from ref. 52. Copyright 2012 American Chemical Society.

Fig. 15 Evolution of the intensity of peaks in the XRD patterns over
the PdCu catalyst. (a) Formation of the chemically ordered B2-type
phase under a He gas atmosphere. (b) Transformation of the B2/bcc
alloy phase into a chemically disordered fcc-type alloy phase under a
H2 atmosphere. Reprinted with permission from ref. 65. Copyright
2015 The Royal Society of Chemistry.
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The finding from the in situ HE-XRD/PDF characterization
provided some clues for understanding the catalytic synergies
of the AuCu catalysts for CO oxidation (Fig. 17B). The
bifunctional active sites mentioned above are strongly
dependent on the thermochemical treatments. The CO
oxidation over AuCu nanoalloy catalysts is shown to depend
on the degree of surface oxygenation.52 While the activity of
the catalyst treated in O2 (deep surface oxygenation) was low,
the activity is significantly increased upon a reduction
treatment of the catalyst in H2 (light surface oxygenation).
This finding indicates that light surface oxygenation (under
CO + O2 reaction conditions) of the nanoalloy increases the
activity, reflecting the role of surface oxygenated species on
the Cu species in the reaction, as supported by the in situ
HE-XRD/PDF analysis.118 It provides oxygen storage and
release capacity, creating bifunctional surface sites where the
Au-site activates CO, whereas the oxygenated base metal
activates oxygen. The copper species in the AuCu nanoalloys
provide activated Oδ− species in the oxidation reaction of CO
under the conditions of <90% Cu in the AuCu alloy. This
type of O2 activation site exists largely on a reduced nanoalloy
surface (Fig. 17A, left). Upon oxidation, the surface is
completely blocked by oxide species (Fig. 17A, right). When
Cu is >90%, the alloy either does not exist on the oxidized
nanoparticle surface, or the oxygenated copper species
undergo phase segregation to produce CuOx supported Au
nanoparticles where certain Au sites on the surface are fully
surrounded by CuO. This result demonstrates that the degree
of surface oxygenation of AuCu nanoalloys plays an
important role in the activation of oxygen species for the CO
oxidation reaction.

The in situ HE-XRD/PDF technique has also been utilized
to study the crystalline structural evolution of the nanoalloy
catalysts inside a fuel cell under the operating conditions
(Fig. 18A). One example involves the study of fresh and
potential-cycled Pt37Ni29Cu34 alloy catalysts in a fuel cell, in
which the PDF data reveal a change of the catalyst from fcc
to a mixture of tetragonal and fcc phase structures (Fig. 18B-
a). Fig. 18B-b shows nanophase analysis, color maps of the
phase content and corresponding reactivity of the Pt37Ni29-
Cu34 alloy nanocatalyst vs. time of electrochemical cycling.26

Pt37Ni29Cu34 experiences weight loss of Cu and Ni species
and segregates into a mixture phase of tetragonal (44 vol%)
and cubic-type (56 vol%) in about 1 h, and tetragonal (41
vol%) and cubic-type (59 vol%) in about 6 h. Both the
structure type of the fresh Pt–Ni–Cu alloy and the trajectory
of structural phase transformation under operation
conditions reflect the phase diagram of the bulk alloys. The
in situ/operando evidence of the structural evolution provides
an insight into the nanophase structures in correlation with
the activity and stability of the alloy catalysts.

Analyses of the operando PDFs also provide insights into
the correlation between the nanostructure and the
electrocatalytic performance of the catalyst in a fuel cell. For
example, the Pd–Cu nanoalloy with a chemical composition
close to Pd1Cu1 is shown to exhibit higher catalytic activity

than Pd1Cu2 and Pd3Cu1 for the oxygen reduction reaction
(ORR). PDF analysis of the in situ/operando HE-XRD data
indicates that the structural changes of Pd–Cu nanoalloys
during the reaction result in the decay of the catalytic
activity.119 There is a link between the ever-adapting
structural state of the Pd–Cu catalyst and the catalytic
performance.120 The Pd50Cu50 nanoalloy with a mixed phase
of bcc and fcc shows the optimal catalytic activity among Pdn-
Cu100−n nanoalloys with different compositions, which
gradually changes to a single-phase upon potential cycling
under ORR conditions.120 The degree of Cu dissolution in the
nanoalloys depends on the composition, phase state and
surface properties of the PdCu catalysts.

In situ/operando HE-XRD coupled to atomic PDFS analysis
reveals the detailed phase-type and atomic arrangement of
copper-alloy catalysts. The information obtained from the use
of this technique would also be useful for understanding the
results from ex situ studies involving alloys of lighter group
11 elements Cu and Ag that are not only more prone to size
change but also more structurally disordered at the
nanoscale than heavier group 11 elements such as Au,121 and
the molecule-solid duality concept for nanoscale control of
size, shape and alloying is revealed for binary copper gold
nanoclusters or nanoparticles towards alloy nanocubes.122

The B2 phase in PdCu 3 : 1 mixtures dominates after
isothermal annealing at 450 °C, but a significant disordered
alloy fcc phase is also formed. The B2 phase transforms into

Fig. 18 (A) Illustration of the setup for the in situ/operando HE-XRD
measurement of the catalyst in a PEM fuel cell. (B) (a) Operando HE-
XRD/PDF data for fresh and potential-cycled Pt37Ni29Cu34 alloy
catalysts in a fuel cell. Experimental PDFs (black line) are matched with
computed PDFs (red line) derived from models. (b) Plots of lattice
strains and color maps for the phase content of the alloy catalyst vs.
time of potential cycling. The retention of the initial GSA (geometric
surface area, red) and effective MA (mass activity, blue) of the catalyst
for the ORR (oxygen reduction reaction) are included in the plots. The
composition change by potential cycling is indicated in the upper part
of the plots. Reprinted with permission from ref. 26. Copyright 2018
Elsevier.
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a disordered fcc alloy at higher temperatures (>450 °C).
During annealing at 750 °C, the disordered fcc phase grows
at the expense of the B2 phase.116 Pd and Cu atoms in the
PdCu nanoalloy display crystal structures in ordered bcc and
disordered fcc.123 These findings are valuable for exploiting
the unique catalytic properties of copper-alloy catalysts,
finding opportunities for fine-tuning the structure, and
inspiring future effort toward the search for superior alloy
catalysts.

Recently, the change of nanoscale phase structure of Pt75-
Cu25 alloys during PEMFC operation was explored by a
“search and match” procedure using in situ PDFs
(Fig. 19a).119 Through “matching” atomic PDFs computed
from the model nanophases of Pd3Cu1 and the experimental
PDF for Pd75Cu25 alloys that underwent 1450 potential cycles
under PEMFC operation, it reveals that the NPs feature an fcc
Pd–Cu alloy whose surface is enriched with Pd (Fig. 19b).
During potential cycling, the Pt75Cu25 alloy was shown to
experience significant intermittent fluctuations. However, it
largely preserved the fcc alloy type structure depending on
the bimetallic composition. The leaching of Cu species from

the NPs was shown to induce losses in the ORR activity and
atomic-scale changes of Pd–Cu alloy NPs, including changes
in the relative phase composition, GSA and bonding
distances. These changes were found to be highly correlated
(Fig. 19a). This finding could aid the further efforts in the
design of Cu based electrocatalysts for controlling the mass
transport and interdiffusion of Cu atoms in the catalyst
under fuel cell operation conditions.

There are many other relevant examples involving in situ
spectroscopic techniques for the study of Cu-alloy catalysts.
For example, the local coordination structure of atoms in the
alloy catalyst is examined by XAFS in terms of metal–metal
coordination, metal–oxygen coordination, and metal
oxidation state, providing important information for
assessing the interaction between copper and other metals.
Recently, an extended X-ray absorption fine structure (EXASF)
study, aided by DFT calculations, has revealed the correlation
of the active sites and structure with the catalytic
performance for CO2 reduction over Au/Cu alloy catalysts.84

The Au/Cu alloy structures are emerging as a promising
system for the electrochemical CO2 reduction reaction.
Kauffman et al. reported that the thiol-ligand plays an
important role in the selectivity of AuCu bimetallic catalysts
toward CO2 reduction.84 The studies found that the presence
of Cu atoms in the ligand shell sustained the CO selectivity
under the conditions of reduced precious metal amount
because the copper–thiol surface structure is favorable for
stabilizing key *CO intermediates rather than *H binding.
Removing a significant fraction of the thiol ligands by
prediction, the strength of *CO binding increases, resulting
in the decrease of selectivity for electrochemical CO2

reduction.
The findings could provide some information for

assessing results from other ex situ/in situ studies. One
example involves the nanoporous CuAg alloys in terms of
catalytic selectivity toward C2 products.53,124,125 Huang et al.
discovered the indispensable role of CuAg interface in
promoting electrochemical CO2 reduction to ethylene.126

They developed a seeded-growth colloidal synthesis to form
AgCu nanodimers with tunable Cu domain size including
Ag1–Cu0.4, Ag1–Cu1.1, and Ag1–Cu3.2, wherein the Ag1–Cu1.1
catalyst reached a 3.4-fold enhancement in the faradaic
efficiency for ethylene compared with the pure Cu
counterpart. The enhancement could be mainly attributed to
tandem catalysis and charge transfer, which were both
induced by the coupling of segregated Cu and Ag atoms
through their interface.

For the water-gas shift (WGS) reaction, the synergistic
effect of the active surface sites on bimetallic PdCu alloy
catalysts is investigated in situ extended X-ray absorption fine
structure (EXAFS).127,128 For example, in the study of the
synergistic effects of PdCu on a hydrotalcite-carbon support
on the oxygenated coupling reaction by Goulas et al., the Pd–
Cu alloy catalyst with a 3 : 1 ratio of Pd to Cu was shown to
greatly decrease the undesirable decarbonylation reaction
and maintain high catalytic rates.129 From the X-ray

Fig. 19 (a) (left) Color map of the low-r part of the in operando
atomic PDFs for Pd75Cu25 alloy NPs. The U-shaped arrow highlights
the sequence of abrupt dips and rises in the intensity of several PDF
features occurring within the initial 700 PEMFC cycles. The vertical
arrow highlights another abrupt drop and rise in the intensity of the
same features this time occurring after 1200 PEMFC cycles. The
highlighted PDF changes can be related to distinct stages in the
evolution of the ORR (MA) activity of Pd75Cu25 NPs during the PEMFC
operation, as discussed in the text. (right) Change in the ORR (MA)
activity (red squares) and GSA (orange rhombs) of Pd75Cu25 NPs during
1450 PEMFC cycles. The NPs remain single fcc Pd–Cu nanophase rich
in Pd at the surface throughout the PEMFC cycling. (b) Exemplary
experimental and simulated nanophase analysis for Pd75Cu25 NPs that
underwent 1450 PEMFC cycles (insert: snap-shots of the respective
nanophases). Reprinted with permission from ref. 119. Copyright 2018
Royal Chemical Society.
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absorption near edge structure (XANES) spectra of the Pd
edge and Cu edge of the PdCu supported on hydrotalcite-
carbon (HT) catalysts, the status of Cu is Cu2+, which replaces
Mg2+ and Al3+ in the HT structure, resulting in a small
amount of Cu available for alloying with Pd. Interestingly, Cu
preferentially alloys with Pd on carbon-supported catalysts.
This finding is explained by the prevention of
decarbonylation pathways from Pd sites due to the formation
of the alloy and the enhancement of reactivity via the
production of Cu sites, demonstrating the important role of
the copper component in the catalytic synergy of the
bimetallic catalyst in the reaction. This understanding is also
useful for assessing results from other ex situ studies such as
the rate-determining step and reaction mechanism for
efficient NO reduction on Cu–Pd alloy nanoparticles,130

where a single-atom alloy structure (i.e., Pd atoms well
isolated by Cu atoms) was identified upon 5 : 1 alloying which
displayed excellent catalytic activity, selectivity, and stability
for NO reduction by CO.

In situ EXAFS, HAADF-STEM, temperature-programmed
desorption/reaction (TPD/R), and STM measurements in
ultra-high vacuum (UHV) gas chambers have been used to
probe the active sites on single atom alloys, e.g., PtCu, for
selective dehydrogenation of methanol to formaldehyde and
hydrogen.131 The first commercial production of
formaldehyde began in 1890 via methanol dehydrogenation
by using a copper catalyst. For methanol dehydrogenation to
formaldehyde, iron and molybdenum-based catalysts are
widely used.109,132–135 However, the current commercial
catalysts need oxygen to facilitate methanol dehydrogenation.
Formaldehyde is required to separate from water for
application as an intermediate, and it is an energy-
consuming process.

The Cu-based catalyst has also shown promise to play a role
in methanol dehydrogenation to formaldehyde in the absence
of oxygen.64,136–138 In this work, small amounts of highly-
dispersed isolated Pt atoms form PtCu single atom alloys on the
Cu surface, which are the active sites for dehydrogenation of
methanol to formaldehyde and hydrogen in the absence of
oxygen adatoms. The studies found that the highly-dispersed
isolated Pt atoms have a significant promotional effect on the
catalytic performance under realistic reaction conditions, which
is attributed to the stabilization of H atoms by water, resulting
in methanol dehydrogenation to methoxy, and then further to
formaldehyde. The discovery has practical value for exploring
the active sites and reaction mechanism under realistic reaction
conditions.

The ability to detect atomic-scale phase separation and
clustering of solute atoms in AuCu alloys was recently
demonstrated by Zhou's research group. Their measurements
involved in situ dynamic, atomic-scale electron microscopy
observations and theoretical modeling.139 The disparity in
the adatom–substrate exchange barriers is shown to separate
Cu adatoms from a Cu–Au mixture, forming a fluid phase
enriched with Au adatoms towards clusters. The atomic-scale
mechanism is associated with the nucleation, rotation and

amorphization–crystallization oscillations of the Au clusters.
As shown by the in situ HRTEM images of the nucleation of
crystalline Au clusters on the edge along the (110) facet of the
substrate in Fig. 20, the aggregation of Au adatoms results in
a small cluster that remains noncrystalline (Fig. 20a and b).
Upon growing the cluster larger than 2 nm, it transforms into
a crystalline state (Fig. 20c and d). The as-crystalized clusters
are randomly oriented, and undergo gradual rotation to align
with the substrate (Fig. 20c–e), i.e., (111)Au//(220)Cu(Au). The
cluster size is shown to play a significant role in controlling
the amorphous-to-crystalline phase transition and the cluster
rotation kinetics.

In the latest DFT and in situ HRTEM study,110 CO
adsorption is shown to induce Au segregation on the AuCu

Fig. 20 In situ HRTEM images of the AuCu alloy substrate at 600 °C
and 1 × 10−3 Torr of H2 gas flow, showing amorphous-to-crystalline
transition and grain rotation of Au clusters. a–d) The aggregation of Au
atoms results in the formation of clusters 1 and 2 that subsequently
transform into a crystalline state with the appearance of Au(111) lattice
planes and cluster rotation. e and f) Growth of crystalized clusters,
where cluster 1 stays relatively stationary, while cluster 2 undergoes
slow rotation. The insets in c and d are the zoom-in view showing the
presence of crystalline lattice in clusters 1 and 2. g and h) Nucleation
and growth of cluster 3 followed by subsequent amorphous-to-
crystalline transition and grain rotation. Scale bar, 4 nm (a–h).
Reprinted with permission from ref. 139. Copyright 2020 Springer
Nature.
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nanoparticle surface. The O2 dissociative adsorption leads to
oxidation of Cu and segregation of subsurface Cu to the
surface sites, which provides extra active sites (Au-rich).140

This finding provides strong evidence for the highly-dynamic
nature of the AuCu nanoparticle catalysts.

The structure durability of copper-containing nanoalloy
catalysts has also been probed by in situ/operando HE-XRD/
PDF. One recent example involves the study of the Pt20Pd20-
Cu60/C catalyst in terms of compressive strain and high
durability,141 revealing the operation of dynamic realloying in
the catalyst under fuel cell operating conditions (Fig. 21). The
partial dissolution of Cu into the electrolyte during the initial
potential cycles is followed by a realloying process, leading to
a highly effective self-healing process that realloys the
remaining metals in the partially dealloyed NPs toward a
thermodynamically-stable alloy. Understanding the universal
nature of the dynamic self-healing process has implications
for advancing nano-engineered alloy catalysts and achieving
low-cost, active and stable alloy electrocatalysts for fuel cells.
As demonstrated by the DFT calculations, the participation of
Cu in the catalyst greatly reduces the activation barriers for
some key elementary steps during the ORR, boosting the
reaction energetics.

The exploration of the realloying synergy depends heavily
on the understanding of the dynamic atomic-scale structural
change of metals in the nanoalloys under reaction
conditions,142,143 including reaction temperature, surface
adsorbate, chemical environment, applied electrochemical
potentials, etc. The dynamic evolution of the core–shell/alloy
structures under the reaction conditions plays a crucial role
in the catalytic performance of the nanocatalysts. In this
regard, the employment of advanced techniques, especially in
situ/operando synchrotron high-energy X-ray diffraction and
pair distribution functional analyses, provides significant
insights into the highly dynamic processes.

AP-XPS is a powerful technique for gaining an insight into
the surface species on the catalyst. For example, AP-XPS was
applied to study the adsorbates and chemical states of
elements on the surface of copper zinc alloy catalysts under

the reaction conditions. For example, CO2 activation and
reaction over Zn-deposited copper catalysts, e.g., Zn(0.31 ML)/
Cu(111), were systematically studied by AP-XPS144 in the
temperature range of 299 to 473 K (0.8 mbar CO2 + 0.4 mbar
H2 + 0.05 mbar D2O) (Fig. 22).

There are two adsorbate peaks in the O 1s spectra
(Fig. 22a). The wide peaks at 532.2 eV are attributed to CO3

2−,
hydroxyl or formate. The peak at 529.9 eV corresponds to the
O atom from the ZnO overlayer. In the C 1s region (Fig. 22b),
the peak at 289.0 eV is assigned to formate (HCOO), which is
an intermediate for CO2 hydrogenation. Zn is oxidized by the
adsorbates of atomic oxygen, hydroxyl, or formate (Fig. 22c),
which is closely associated with the addition of water,
whereas Cu maintains a metallic state (Fig. 22d). The results
suggest that hydroxyl from dissociative adsorption of water is
a source for CO2 hydrogenation.

4. Summary and future perspectives

Taken together, there has been clear progress in the recent
research and development of copper-alloy catalysts for a wide
range of catalytic reactions. Part of the progress can be
attributed to the abilities of ex situ and in situ
characterizations using different advanced analytical
techniques which have allowed researchers to gain insights
into the detailed morphologies, structures, and surface sites
of the copper-alloy catalysts. The overall progress has led to
exciting opportunities of research and development in the
cutting-edge areas of sustainable energy and clean
environment. It also opens a new landscape for chemical
feedstocks in terms of the conversion of bio-renewable fuels
and the exploitation of solar energy. The exploration of these
opportunities will be an important force to push the further
advancement of the catalysis field to bring greater societal
impact. While not exhaustive in all aspects of copper alloy
catalysts in the relevant catalytic reactions, this review has
tried to focus on discussing some of the representative
examples involving structural characterization of the catalysts

Fig. 21 A schematic illustration of the realloying process in the
PtPdCu nanoalloy as a result of dealloying in the liquid cell (top panel)
and the membrane electrode assembly (bottom panel). Reprinted with
permission from ref. 141. Copyright 2021 Springer Nature.

Fig. 22 AP-XPS spectra of the Zn(0.31 ML)/Cu(111) surface under 0.8
mbar CO2, 0.4 mbar H2, and 0.05 mbar D2O: (a) O 1s, (b) C 1s, (c) Zn
2p3/2, and (d) Cu 2p3/2. Reprinted with permission from ref. 144.
Copyright 2019 American Chemical Society.
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and their catalytic mechanisms by leading researchers in
heterogeneous catalysis. The inclusion of the limited
examples for the synthesis and application of the catalysts
and the computational modeling of the catalysts mainly
reflects part of the general scope of the insights from the
structural characterization, rather than repeating what have
been discussed in several excellent recent reviews.

The focus of structural characterization in this review is to
provide a forum for researchers to discuss the fundamental
issues involving the catalytic synergies and mechanisms of the
copper alloy catalysts in catalytic reactions. The development
and utilization of advanced analytical techniques, especially in
situ/operando techniques, have played an important role in
addressing the challenge, generating significant insights into
the atomic/molecular level catalytic mechanisms of catalytic
reactions over copper-alloy catalysts.

While significant progress has been made in the above
frontiers, major challenges remain in both fundamental
understanding and practical applications of copper-alloy
catalysts. There are several most important issues of future
studies of Cu-alloy catalysts. First, the precise identification
of the active copper species and sites on the Cu-alloy catalysts
remains challenging due to the propensity of the
transformation of the various oxidation states such as Cu0,
Cu1+, and Cu2+ during the heterogeneous catalytic reactions.
Second, there is a clear lack of atomic-scale insights into the
catalytic mechanisms for catalytic reactions over Cu-alloy
catalysts, calling for further development and increased
utilization of in situ/operando characterization in the
investigations. Third, there is an increased need for
understanding of the control over the stability of Cu-alloy
catalysts synthesized by current methods, which are
important for the applications of the catalysts in industrial
processes. Fourth, there is a clear need to establish the
correlation between the bulk structure and the surface-active
sites under reaction conditions so that the desired catalysts
can be prepared and controlled by design. Finally, the
complexity of multiple variables that govern the dynamic
surface processes, e.g., dealloying, realloying and sintering,
and catalytic synergies of copper-alloy catalysts, e.g.,
bifunctional or multifunctional surface sites, is very
challenging for the precise determination of the structure–
composition–activity relationships.

There is a clear need of advanced characterization
techniques for gaining the much needed insights. This need
calls for innovative approaches to probing the complexity
through effective coupling of experimental characterization
and theoretical modeling towards establishing a database for
the dynamic structure–activity correlation. Part of this aspect
is exemplified in a latest study of the sintering process of
gold–copper alloy nanoparticles on surfaces,145 where the
subtle differences in the two atoms in terms of nanoscale-
enhanced atomic diffusion, surface mobility and surface
interaction energies are shown, experimentally and
theoretically, to contribute to the low-temperature surface-
mediated sintering of the nanoparticles. Given the challenges

and opportunities, further advancement of the in situ/
operando characterization techniques is essential as novel
and high-performance catalysts are rapidly emerging from
the preparation of copper-alloy catalysts. In situ/operando
characterizations will continue to play an increasingly-
important role not only in the design and optimization of the
catalysts for various catalytic processes in the chemical
industry, but also in the emerging fronts of catalysis science
for advancing the cutting-edge areas of sustainable energy
and clean environment.
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