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1. Introduction

Supported metal catalysts, which comprise metal nanoparticles 
deposited on various supports (Al2O3, SiO2, zeolites, carbon 
materials, etc.), are widely used in chemical, petrochemical, and 

oil refining industries. The key characteristics that should be 
varied to attain the optimal catalytic performance include choice 
of the support (metal – support interaction), particle size and 
structure, and particle distribution over the surface. Along with 
the above characteristics, the introduction of a second metallic 
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component into the catalyst is one of the main and most effective 
ways to control the catalytic performance of the supported 
systems. Therefore, bimetallic nanosystems attract considerable 
attention of researchers, first of all, in the field of heterogeneous 
catalysis.1 – 11 This is due to the fact that these systems often 
exhibit a higher catalytic activity, selectivity, and stability 
compared to monometallic analogues in quite a few important 
industrial chemical processes such as the synthesis of vinyl 
acetate,12 low-temperature CO oxidation,13 – 15 catalytic NO 
reduction,16, 17 direct synthesis of hydrogen peroxide,18 selective 
hydrogenation of acetylene (phenylacetylene) to ethylene 
(styrene),19, 20 selective oxidation of alcohols,21 etc. Higher 
catalytic performance of a bimetallic system compared to the 
sum of the catalytic performances of the monometallic 
components is referred to as the synergistic effect.6 The activity 
and selectivity of bimetallic catalysts are often discussed in 
terms of the so-called concepts of ensemble effect (geometric 
factors) and ligand effect (electronic factors).14, 22 – 26 The former 
implies the formation of certain surface structures on the 
domains of one metal (metal A) upon dilution by atoms of the 
second metal (metal B). The latter effect implies charge transfer 
between atoms A and B or change in the hybridization of atomic 
orbitals involving one or both metals via the formation of 
heteronuclear metal – metal bonds. Most studies currently 
available from the literature are devoted to the ensemble effect. 
As a rule, they imply that catalytic chemical reactions are 
accompanied by cleavage of chemical bonds to give molecules 
adsorbed on bimetallic alloy nanoparticles. These processes are 
mainly determined by the surface composition of the particles 
and, hence, the exact geometry of the polymetallic sites on the 
surface.

Despite numerous studies devoted to synergistic effects 
associated with the use of bimetallic catalysts, the mutual 
influence of components can hardly be generalized, because it 
may be considerably different for various catalytic systems. 
Nevertheless, most researchers agree that investigation of the 
composition of the sample surface is the key to understanding 
the role of the second component in bimetallic catalysts, since 
the component ratio on the alloy surface may considerably differ 
from the bulk composition of nanoparticles.1, 2, 5 – 9, 27, 28 This is 
due to the fact that the chemical composition and structure of the 
active sites in bimetallic systems are determined by not only the 
ratio of the metals specified at the catalyst synthesis. The surface 
structure can markedly change both under the action of the 
reaction medium, i.e., directly during the catalytic reaction,3, 4, 29 
and upon particular types of catalyst pretreatment with various 
gases.30 – 33 It is noteworthy that segregation effects related to the 
enrichment of the nanoparticle surface with one of the 
components upon adsorption of small molecules from a gas 
medium or during the catalytic reaction attract increasing 
attention of researchers specializing in this field. For example, 
factors determining the surface composition of bimetallic 
catalysts during adsorption of various gases were analyzed in 
detail by Nørskov and co-workers 34 and in a review of 
Zafeiratos et al.35 It was shown 36 that the adsorption-induced 
segregation can also considerably change the surface 
composition of core–shell nanoparticles. Although there are 
quite a few publications addressing the segregation, the 
deliberate use of this phenomenon to fine-tune the surface 
composition and morphology and, hence, to generate various 
types of active sites in bimetallic catalysts has not received 
adequate attention. Meanwhile, this approach has a considerable 
potential for practical applications. In particular, the adsorption-
induced segregation can be used to control the composition of 

the outer surface of the Pd-based bimetallic particles in order to 
optimize the properties of selective hydrogenation catalysts. 
This possibility was demonstrated by Anderson and co-
workers,37, 38 who established experimentally that the catalyst 
activity and selectivity in the triple C≡C bond hydrogenation to 
the double C=C bond can be tuned via adsorption of CO. Only 
in recent years, researchers began to be interested in using this 
approach to control the catalytic properties of bimetallic systems. 
For example, a quite recent review by Stakheev and co-
workers,39 devoted to single-site and single-atom alloy systems, 
includes a small part addressing fine tuning of the active site 
structure by adsorption-induced segregation. However, the 
possibility of using adsorption-induced segregation in catalysis 
and the growing interest in this area are only briefly indicated in 
the review.

It is noteworthy that the nature of segregation processes can 
differ considerably depending on the type of bimetallic system. 
Therefore, this review addresses palladium-based bimetallic 
systems in order to analyze the differences between these 
processes in substitutional solid solutions (PdAu, PdAg, PdCu, 
etc.) and intermetallic compounds (PdIn, PdGa, PdZn, etc.).

For example, in the case of PdAg and PdAu bimetallic 
systems, which form a continuous series of substitutional solid 
solutions 40 – 42 that are not prone to structural ordering, treatment 
with CO in a definite temperature range results in the surface 
enrichment with palladium to give single-atom sites and Pdn 
polynuclear surface clusters. Meanwhile, in the case of 
intermetallics such as PdIn or PdGa, the segregation caused by 
CO adsorption is manifested to a minor extent.42 – 44 However, 
the oxidative treatment with oxygen at elevated temperature 
induces predominant oxidation of the component that has higher 
oxygen affinity, that is, indium (or gallium). This enables 
controlled generation of surface structures with neighbouring 
metal (Pd) and metal oxide domains and also Pd@M2O3 
core – shell structures (where M = In or Ga).

This review presents literature data dealing with bimetallic 
systems based on palladium, since particularly these systems 
have been studied most actively in recent years regarding the 
adsorption-induced segregation effect. A brief account is given 
of different types of bimetallic catalytic systems, those based on 
substitutional solid solutions and intermetallic compounds, the 
segregation processes in these two types of catalytic systems, 
and the possibility of using these processes for fine tuning of the 
active site structure on the catalyst surface. The applicability of 
this phenomenon to control the catalytic properties in various 
reactions is considered separately. The Conclusion addresses the 
prospects for the development of this research area.

2. Adsorption-induced segregation  
in bimetallic systems

2.1. Different types of bimetallic systems
Since this review considers two types of bimetallic systems, 
substitutional solid solution and intermetallic compounds, it is 
necessary, first of all, to clarify what is meant by these two types 
of systems and what the difference between them is.45, 46 Figure 1 
shows the schematic view of formation of the two types of 
bimetallic systems described below that conventionally consist 
of two different metal atoms (A and B).

A substitutional solid solution can be represented as a binary 
system AxB1 – x, where metal A can be incorporated into the 
lattice of the second metal B (and occupy its sites in the crystal 
lattice) over a broad range of atomic ratios determined by the 
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solubility limit to form a mixed phase. It is important that this is 
not accompanied by pronounced structural transformations 
regarding the type of crystal lattice.47, 48 As an example, consider 
the PdCu alloy with 1 : 1 metal ratio and with a face-centred 
cubic (FCC) lattice composed of randomly alternating Pd and 
Cu atoms; the corresponding monometallic phases (Pd and Cu) 
also have the FCC structure. In this case, the single metals and 
the alloy have the same structure in which copper and palladium 
atoms occupy the same crystallographic sites in a random 
manner, that is, the atom alternation is stochastic. This alloy is 
referred to as the substitutional solid solution Pd0.5Cu0.5.49, 50

An intermetallic compound (IMC) can be conceived as a 
compound of strictly stoichiometric composition AxBy, formed 
from metals A and B with a structural ordering quite different 
from those of the components; thus, these compounds can be 
referred to as atomically ordered alloys. The IMC phases have a 
strictly definite composition AxBy, where x and y are integers 
and the atoms alternate in a regular manner.47, 51 As an example, 
consider Pd and Cu, which both have FCC lattice in a pure state, 
but upon mixing in various proportions, they can form, under 
certain conditions of synthesis, Pd1Cu1-IMC, which has an 
absolutely different structure, that is primitive cubic (PC) 
structure corresponding to B2 structural type (CsCl, space group 
Pm3–m) derived from the body-centred cubic (BCC) lattice, with 
heteroatoms in the lattice being strictly ordered, unlike those in 
the substitutional solid solution Pd0.5Cu0.5 (FCC).52, 53

The natures of the bond between two heteroatoms in these 
two types of bimetallic systems are also considerably different.

In substitutional solid solutions, one metal is mixed with the 
other one within the solubility limits to give a continuous series 
of compositions as a result of metal – metal bond formation 
between the metals.54 The IMC formation is possible only 
between the elements that differ in size and considerably differ 
in electronegativity; otherwise, according to the Hume-Rothery 
rules,55 they would form a solid solution. These rules list a set of 
basic conditions under which one metal can dissolve in another 
metal to form a substitutional solid solution:

1) the radius of the ‘solute’ atoms should differ from the 
‘solvent’ atom radius by more than 15%;

2) the crystal structures of the ‘solute’ and the ‘solvent’ 
should be the same;

3) the highest solubility occurs when the ‘solvent’ and 
‘solute’ atoms have the same valence. The greater the difference 
between the valences of the ‘solute’ and ‘solvent’ atoms, the 
lower the solubility;

4) the ‘solute’ and the ‘solvent’ should have similar electro-
negativities. If the electronegativity difference is too high, the 
metals tend to form intermetallic compounds rather than 
substitutional solid solutions.

Thus, according to these rules, IMC cannot be formed by two 
neighbouring elements in the Periodic Table.48, 56 However, it is 
worth noting that these rules are not laws, but they only help to 
predict the solubility of elements to form alloys; correspondingly, 
there are bimetallic systems that violate this trend. The main 
cause for the generation of a clearly defined periodic structure in 
intermetallics is the formation of an obvious covalent bond 
between the metal atoms that compose IMC. This nature of 
interaction gives rise to unique and complex crystal structures 
that differ from the structure of any of the initial metals, whereas 
in the case of substitutional solid solutions, the crystal structure 
of one of the initial metals (solvent) is preserved. The key 
features of IMCs that make them applicable for catalysis are 
high stability and strictly regular structure, with the electronic 
(ligand) and geometric (ensemble) effects, which are also 
considered for substitutional solid solutions, being the key 
factors relevant to the catalytic applications.57, 58

Thus, it can be stated that the main differences between these 
two systems as regards adsorption-induced processes are their 
different thermodynamic stability and the absence/presence of 
structural ordering at the atomic level. This indicates that the 
systems based on substitutional solid solutions are expected to 
be more susceptible to the influence of the reaction medium and/
or heat treatment than IMC-based systems.

2.2. Effect of CO on various types of bimetallic 
systems

2.2.1. Bimetallic systems based on substitutional solid 
solutions

As has already been noted, the surface segregation of bimetallic 
systems based on substitutional solid solutions by itself has been 
fairly long known and thoroughly studied. In this regard, 
palladium-based systems such as PdAg, PdAu, and PdCu are 
among the best known. In the literature, there are quite a few 
experimental and theoretical studies that discuss the surface 
segregation of the more reactive alloy component, palladium, in 
PdAu systems caused by stronger chemical bond of palladium 
with the adsorbate.14, 31, 59 – 63 For example, Goodman and co-
workers 14 studied the transformations that take place on the 
surface of a model system, the AuPd(100) single crystal, on 
exposure to carbon monoxide using the polarization modulation 
infrared reflection-absorption spectroscopy (PM-IRAS). As a 
result, the authors demonstrated that even at a relatively low CO 
partial pressure (~ 0.1 mbar), segregation of palladium atoms 
takes place to give extended sites on the surface of the bimetallic 
single crystal. Languille et al.60 also studied the effect of 
submillibar (less than 1 mbar) CO pressures on the surface of a 
bimetallic AuPd(110) single crystal using a set of surface-
sensitive techniques in situ such as scanning tunnelling 
microscopy (STM), X-ray photoelectron spectroscopy (XPS), 
and PM-IRAS. Analysis of the data indicated that exposure to 
CO is accompanied by formation of new adsorption sites, which 
attests to the surface segregation of palladium. Delannoy et al.31 
demonstrated segregation of Pd atoms for the AuPd/TiO2 

Figure 1. Schematic view of the formation of bimetallic substitu-
tional solid solutions and intermetallic compounds at the atomic level.
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bimetallic catalysts in a CO+O2 mixture using diffuse reflectance 
IR spectroscopy of adsorbed CO and transmission electron 
microscopy (TEM). The authors showed that the segregation of 
Pd atoms is accompanied by a decrease in the catalyst activity in 
the CO oxidation; this behaviour was attributed to the possible 
replacement of Au atoms in low-coordination sites by Pd atoms. 
Density functional theory (DFT) calculations 61 demonstrated 
that the relatively high CO adsorption energy on Pd is the driving 
force for the segregation of palladium atoms on exposure to CO. 
Ouyang et al.63 investigated the possibility of controlling the 
active site structure in the PdAu/SiO2 single-atom alloy (SAA) 
catalysts using CO-induced segregation. It was shown by the IR 
spectroscopy of adsorbed CO that the structure of palladium 
sites can be reversibly changed in the controlled manner (from 
isolated atoms to clusters) by varying CO treatment conditions: 
partial pressure and temperature. Using theoretical calculations, 
the same research group 64, 65 predicted that the CO-induced 
segregation effect could be used for tuning the surfaces of other 
SAAs: Pd/Au(111), Pd/Ag(111), Ir/Ag(111), and Ni/Cu(111).

A series of recent publications of V.I.Bukhtiyarov’s research 
group 29, 30, 66 – 68 is devoted to systematic study of CO-induced 
segregation for model bimetallic catalysts, PdAu and PdAg, in 
which particles of the active components are supported on the 
highly oriented pyrolytic graphite (HOPG) (Fig. 2). These 
model catalysts were investigated by in situ X-ray photoelectron 
spectroscopy (in situ XPS) at submillibar pressures with 
simultaneous control of the composition of reactants and 
reaction products in the gas phase (mass spectrometry).29 This 
approach allowed the authors to establish the correlation 
between the catalytic properties and the chemical state/structure 
of the active component on the surface of the operating catalyst. 
It was demonstrated that PdAu/HOPG model bimetallic catalysts 
(average particle size of 5 – 8 nm depending on the sample; Au/
Pd atomic ratio in the 0.4 – 0.9 range) are active in the CO 
oxidation at temperatures above 150°C. Under the action of the 
reaction mixture at temperatures below 150°C, palladium atoms 
segregate to the surface of bimetallic particles caused as a result 
of CO adsorption giving Pd – COads bonds. This assumption was 
confirmed by DFT calculations of the energy characteristics of 
reversible palladium segregation on the surface of PdAu 
bimetallic nanoparticles upon CO adsorption.30 In the initial 
state, in the absence of carbon monoxide, the bimetallic PdAu 
particle in which the upper layer completely consists of gold 
atoms is thermodynamically more stable. The calculations of the 
CO adsorption energy for different sites demonstrated that 
palladium atoms interact with the adsorbate more strongly 
(1.7 – 2.0 eV) than gold atoms (0.1 – 0.2 eV). As a result, 
adsorption of a relatively small number of CO molecules 
(~ 10 molecules per particle composed of two hundred atoms) is 

sufficient to make the Pd surface segregation in HOPG-
supported PdAu particles, without change in their size, 
energetically favourable. In the active state of the catalyst (at a 
temperature above 150°C), the Pd – COads bonds are cleaved 
upon CO desorption, resulting in the formation of PdAu alloy on 
the surface of bimetallic particles. It was suggested that exactly 
the PdAu alloy particles act as the active component in the CO 
oxidation. On cooling to room temperature, both a partial 
reversible metal redistribution along the depth of bimetallic 
particles and a change in their chemical state take place on the 
surface of the model catalyst, which attests to the reversibility of 
the CO-induced transformations.

A study of CO oxidation with PdAu/HOPG bimetallic 
catalysts with different Pd/Au ratios on the surface demonstrated 
that the activity depends on the initial Pd/Au atomic ratio 
specified at the catalyst synthesis (Fig. 3).67 The sample with a 

Figure 2. Schematic view of transformations of the HOPG-sup-
ported bimetallic PdAu particles taking place during CO oxidation, 
depending on the experimental conditions. (The Figure was created 
by the author using experimental data published in the Ref. 29. Copy-
right for the Figure belongs to the Russian Chemical Reviews). UHV 
is ultra-high vacuum.

Figure 3. Schematic view of 
the transformations taking place 
on the surface of PdAu particles 
during CO oxidation depend-
ing on the initial metal ratio. 
(The Figure was created by the 
authors using experimental data 
published in the Ref. 67. The 
Figure Copyright belongs to the 
Russian Chemical Reviews.)
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lower Pd/Au atomic ratio (~ 50.75, XPS data) on the surface 
showed catalytic activity even in the 100 – 150°C temperature 
range, whereas the PdAu/HOPG sample with a higher Pd/Au 
ratio (~ 1.0; XPS data) becomes active in the reaction only at a 
temperature of 200°C and above. The authors attributed this 
result to different efficiencies of the CO adsorption-induced 
segregation of palladium, which depends on the initial Pd/Au 
ratio on the catalyst surface. The lower efficiency of CO-induced 
segregation of Pd atoms observed for the catalyst with a lower 
atomic ratio may be attributed to lower CO adsorption energy on 
the particles formed on the catalyst surface. Indeed, recently, 
Sitja and Henry 69 used molecular beam method to study the 
adsorption of CO on bimetallic PdAu clusters containing 
140 ± 12 atoms with various metal ratios (the content of Pd 
atoms varied from 55 to 100%) supported on the model planar 
material Al2O3/Ni3Al(111) [alumina thin film grown on 
Ni3Al(111) single crystal]. The authors showed that increase in 
the Au surface concentration leads to a decrease in the energy of 
CO adsorption on bimetallic PdAu clusters. When carbon 
monoxide is in contact with Pd monometallic clusters, adsorption 
occurs on multiatomic palladium sites involving three Pd atoms. 
As the surface concentration of gold increases, CO starts to be 
adsorbed first in the bridging mode and then, as the concentration 
further increases, it is adsorbed linearly on the sites consisting of 
two and one Pd atoms, respectively. Returning to discussion of 
the results obtained by Bukhtiyarov et al.,67 it can be stated that 
in the active state of the PdAu/HOPG catalyst with a higher 
palladium content (200°C and above), the Pd – COads bond 
cleavage upon CO desorption occurs simultaneously with the 
formation of PdAu alloy. Meanwhile, in the case of the PdAu/
HOPG sample with a lower fraction of palladium, a considerable 
part of the PdAu alloy in the reaction mixture is located on the 
surface even at room temperature, probably, due to the lower 
energy of CO adsorption and/or insufficient quantity of 
accessible palladium atoms necessary to completely cover the 
particle surface and form Pd – COads bonds, which deactivate the 
catalyst.

Thus, analysis of published data provides the conclusion that 
the structure of the active sites of the bimetallic PdAu catalysts 
can be controlled by a combined use of two interrelated 
processes: change in the ratio between the metals at the stage of 
synthesis and tuning of the surface structure by using segregation 
effects induced by CO adsorption.

Similar studies of bimetallic PdAg/HOPG catalysts (average 
particle size of 6.5 nm; Pd/Ag atomic ratio of 2.5) in the 
oxidation of CO by a combination of in situ XPS and mass 
spectrometry techniques 68 showed that, like in the case of PdAu/
HOPG samples, segregation of Pd atoms induced by CO 
adsorption in the reaction medium is observed even at room 
temperature. However, unlike the PdAu bimetallic particles, in 
this case, increase in the sample temperature up to 150°C 
enhances this effect. Considering the results, the authors 
assumed that the efficiency of palladium segregation induced by 
CO adsorption in PdAg systems is mainly determined by 
thermodynamic factors rather than by surface coverage with CO 
molecules.

Quite a few studies published in the last decades have been 
devoted to the transformations taking place on the surface of 
bimetallic PdAg catalysts during the low-temperature CO 
oxidation; therefore, a certain progress has been attained in the 
understanding of these processes.70 – 76 These publications can 
be subdivided into two groups: those addressing real catalysts 
and using ex situ methods and those addressing bulk model 
systems, most often based on single crystals, and using in situ 

methods. For example, Venezia et al.70 investigated CO 
oxidation in the presence of pumice -supported bimetallic PdAg 
catalysts by a combination of X-ray diffraction, ex situ XPS, and 
mass spectrometry techniques. The authors demonstrated that 
the catalytic activity of these systems depends on the initial 
Ag/Pd atomic ratio, with the catalyst activity increasing with a 
decrease in this ratio. In addition, the authors investigated the 
activity of these catalysts after oxidative (in oxygen) or reductive 
(in hydrogen) pretreatment. Treatment in air at high temperature 
resulted in the diffusion of silver atoms into the bulk of bimetallic 
PdAg particles and gives rise to partially oxidized palladium; 
simultaneously, the authors observed an increase in the catalytic 
activity towards CO oxidation. It was assumed that the reaction 
proceeds by two different mechanisms at once. According to the 
first mechanism, CO adsorbed on the palladium metal directly 
reacts with oxygen from the gas phase to form CO2 , while the 
second mechanism implies the reaction of CO with lattice 
oxygen in the oxidized PdO species due to spillover. The 
subsequent hydrogen reduction of the catalyst at 350°C further 
increases the catalytic activity; however, this is accompanied by 
segregation of silver atoms back to the particle surface with 
simultaneous formation of extended silver sites (agglomerates), 
which, first, do not block palladium sites and, hence, do not 
inhibit the reaction, and, second, can be involved in the 
adsorption of oxygen, and thus contribute to oxygen activation.

Strømsheim et al.72 studied the variation of the surface 
composition of the Pd75Ag25(100) bimetallic single crystal 
during the oxidation of CO. The in situ XPS data provide the 
conclusion that the effect of the reaction medium induces the 
surface segregation of palladium atoms. The results of quantum 
chemical calculations suggest that the number of palladium 
atoms on the surface should decrease with increasing 
temperature, which was confirmed by in situ XPS data. The 
fraction of Pd atoms on the surface was lower in the active state 
at a temperature above 270°C than in the inactive state 
(T < 270°C). In addition, silver existed as the PdAg alloy over 
the entire temperature range (only one state is manifested in the 
Ag3d spectrum). At room temperature, palladium atoms in the 
reaction medium existed in two states (according to analysis of 
the Pd3d photoelectron spectrum): as the alloy localized in the 
near-surface layers and as CO-bound palladium on the 
Pd75Ag25(100) surface. As the temperature increased to ~ 250°C, 
the signal for the latter state in the Pd3d spectrum completely 
disappeared, which was attributed to the desorption of CO 
molecules.

Using in situ XPS and STM supplemented by DFT 
calculations, van Spronsen et al.73 studied a model bulk 
bimetallic PdAg system in which Pd was deposited on the 
surface of the Ag(111) single crystal to form an alloy. The 
authors studied the transformations that took place on the surface 
of this system on exposure to CO and O2 . They found that the 
surface composition of such a bimetallic PdAg system 
considerably depended on the pretreatment conditions. The DFT 
calculations demonstrated that the Ag/PdAg/Ag(111) system in 
which the surface was coated with silver and near-surface layers 
contain PdAg alloy was most stable under ultra-high vacuum 
conditions (UHV). The treatment of Ag/PdAg/Ag(111) with CO 
(0.5 Torr) at room temperature or with O2 (1 Torr) at 130°C 
induced the surface segregation of palladium. The authors 
suggested that the pretreatment (with CO or O2) of the bimetallic 
PdAg catalysts at relatively low temperatures and pressures may 
activate the catalysts because of segregation of palladium atoms.

Zhao et al.77 used a combination of XPS and low energy ion 
scattering (LEIS) spectroscopy to study the surface segregation 
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of the PdCu alloy in vacuum and in various gases (H2, CO, and 
CO2). It was found that, unlike the vacuum conditions in which 
Cu is segregated to the surface, in the presence of gases, 
adsorption affects the surface composition in different ways. For 
example, on exposure of the PdCu alloy to H2, CO, or their 
mixture, the surface is depleted in copper, that is, surface 
segregation of palladium atom takes place, whereas treatment in 
CO2 virtually does not change the alloy surface in comparison to 
that in vacuum. The thermodynamic model proposed by the 
authors explains these phenomena semi-quantitatively 
considering the adsorption energy as an additional driving force 
for palladium segregation. In a theoretical study, Padama et al.78 
investigated the transformation of Cu3Pd(111) on exposure to 
CO by the DFT method. It was found that CO adsorption causes 
the surface segregation of Pd atoms. The authors attributed this 
transformation by stronger CO–Pd interaction compared to 
CO – Cu, which facilitates the Pd segregation to the surface of 
CuPd particles. The same group of authors 79 used theoretical 
calculations to study the transformation of the PdCu(111) 
surface under the action of CO molecules and artificially 
modelled COH and HCO particles as adsorbates. The results 
provided the conclusion that the ultimate positions of palladium 
atoms on the surface and in near-surface layers is affected not 
only by the adsorbate binding energy, but also by the structure 
of sites preferable for the adsorption of a particular adsorbate.

It is known that from the point of view of atom ordering, in 
the absence of adsorbates, under UHV conditions, bimetallic 
systems based on substitutional solid solutions such as PdAg 
and PdAu are very similar, and the most thermodynamically 
favourable state of these systems is a nanoparticle, in which 
atoms of the less active metal (Au or Ag) tend to be located in 
the topmost layer, as demonstrated, for example, in the 
theoretical work by Neyman’s group.30, 80 This preferential 
surface segregation of one metal relative to the other one in 
bimetallic systems is largely determined by the different surface 
free energies of these metals.35, 81 According to a simple 
empirical rule, the element with a lower surface energy 
segregates to the surface in vacuum. There are quite a few 
published studies based on both experimental data 82, 83 and 
results of theoretical calculations 84 – 89 demonstrating that the 
surface of bimetallic PdAg systems is enriched with silver atoms 
under UHV. These relative arrangement of metal atoms is due to 
lower surface energy of silver compared to palladium.83, 84, 87 
The surface energy difference between Pd (~ 75 – 80 kJ mol–1) 
and Ag (50 – 55 kJ mol–1) is approximately 25 kJ  mol–1,83, 90, 91 
which substantially exceeds the heat of mixing of the elements 
upon the formation of PdAg solid solution (4 – 5 kJ mol–1).92 As 
a result, the alloy surface is enriched with the element with a 
lower surface energy.

Eom et al.93 studied the formation of core–shell structures for 
45 various bimetallic combinations using molecular dynamics 
and Monte Carlo simulation. Finally, the authors showed that 
both bimetallic systems, PdAu and PdAg, tend to form core–
shell structures in which the core is enriched with palladium 
atoms, while the shell is enriched with gold or silver atoms. 
Furthermore, according to the obtained results, the surface 
segregation effect is even more pronounced for PdAg systems 
than for PdAu.

According to the data reported by Mamatkulov et al.,30 the 
adsorption of CO even up to a surface coverage of only 
0.3 monolayers is sufficient for thermodynamic stabilization of 
the structure of bimetallic PdAu particles in which all (111) 
terraces are occupied by palladium atoms. Considering the fact 
that the energies of CO adsorption on palladium and gold/silver 

are ~ 1.5 – 2 eV and ~ 0.1 – 0.3 eV, respectively,80, 94 the CO-
induced surface segregation of palladium atoms caused by 
stronger interaction of CO with palladium should also be 
observed in the case of PdAg-based substitutional solid 
solutions. Papanikolaou et al.65 investigated the structural 
changes of highly diluted bimetallic particles based on platinum 
group metals using DFT. The authors found that the strong 
interaction between CO and one of the metals significantly 
affects the surface morphology of catalysts and concluded that 
by varying the CO pressure, it is possible to control the structure 
of active metal ensembles on the surface of particles such as 
PdAu, PdAg, and PdCu. Using the DFT method, Svenum et al.95 
studied the effect of the adsorption-induced segregation in the 
presence of various adsorbates on the surface composition of 
thin membranes made of PdAg alloy with silver content of 
~ 20 – 25%. The authors drew the conclusion that adsorption of 
CO can induce segregation of palladium atoms to the surface of 
these systems and, hence, can change the surface composition. 
In this case, the adsorption-induced segregation is determined 
by the strong metal–adsorbate interaction; according to 
theoretical calculations, no changes in the valence states of 
atoms or in the crystal structure of the substitutional solid 
solution take place.

2.2.2. Bimetallic systems based on intermetallic 
compounds

One more type of bimetallic systems that are defined as 
promising catalysts are those based on intermetallic compounds. 
They are characterized by a high degree of atomic ordering and 
stability of the crystal structure and, as a consequence, high 
stability and reproducibility of the surface active site structure. 
The PdGa system, which has a high selectivity in acetylene 
hydrogenation, is among the best studied to date. However, the 
main drawback of these systems is low stability to oxidation: 
even on short-term storage of samples in air or on exposure to an 
oxidative medium, gallium and palladium oxides are formed. 
This is accompanied by decomposition of bimetallic particles, 
which, in turn, leads to degradation of catalytic properties, that 
is, decrease in the conversion and selectivity.96 Regarding 
electronic properties (the outer electron shell), indium is similar 
to gallium; therefore, the use of indium instead of gallium also 
leads to the formation intermetallic PdIn compounds,97 which 
are, however, less prone to oxidation than PdGa.

In the case of intermetallic systems such as PdGa or PdIn, 
exposure to CO does not induce surface changes, that is, no 
surface segregation of Pd or Ga takes place.42, 98 First of all, this 
is due to the fact that the addition of a second component, 
gallium or indium, sharply changes the electronic state of 
palladium due to formation of covalent bonds in the resulting 
IMC, which, in turn, affects the adsorption properties. For 
example, Rosenthal et al.99 investigated the electronic and 
geometric properties of a surface model system, PdGa(111) 
single crystal corresponding to the B20 (FeSi) structural type, by 
XPS, ultraviolet photoelectron spectroscopy (UPS), STM, X-ray 
photoelectron diffraction, and low-energy electron diffraction 
(LEED). By comparing the results of UPS and temperature-
programmed desorption (TPD) of chemisorbed CO for the 
PdGa(111) and Pd(111) single crystals, the authors were able to 
establish the correlation between the electronic structure and the 
adsorption capacity of palladium atoms. It was shown that CO 
desorption from Pd(111) takes place at a temperature of 
approximately 240°C, while in the case of PdGa(111), CO is 
completely desorbed even at –10°C. The authors attributed this 
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pronounced difference in the desorption temperature (250°C) to 
a sharp change in the electronic structure of palladium atoms. 
Thus, the presence of covalent bonds and the formation of a 
different crystal structure in IMC increases the density of states 
(DOS) in the outer levels (that is, leads to a higher degree of 
filling of d states), which gives rise to a partial negative charge 
on palladium atoms and, hence, changes the adsorption capacity. 
In other words, the energy of CO adsorption on palladium atoms 
in PdGa-IMC is significantly lower than that for monometallic 
palladium. Similar results were obtained in other studies,51, 100 in 
which the authors found a shift in the density of states upon the 
formation of PdGa intermetallic, which resulted in a change in 
the adsorption properties. For example, according to Kauppinen 
and Grönbeck,100 CO adsorption on PdGa gets weaker 
(–1.07 eV) compared with the palladium metal, for which this 
value is –1.5 to –1.6 eV. This may account for the stability of 
this system to CO-induced segregation of palladium atoms. The 
PdIn intermetallic is a close analogue of PdGa.43 It is also known 
that the electronic state of palladium in these systems changes in 
a similar way upon the addition of In or Ga compared to that of 
monometallic palladium.101 In our studies of model systems in 
which PdIn nanoparticles were supported on HOPG, carried out 
by XPS and STM,42, 102 we found that a thin intermetallic layer 
is already formed on the surface of bimetallic particles in the 
stage of thermal vacuum deposition of the second metal (indium) 
on the monometallic Pd/HOPG. The binding energy of the 
principal Pd3d5/2 line in the XPS spectra shifts to higher values 
by 0.9 eV and amounts to 336.5 eV, which attests to the 
generation of a local charge on the palladium atoms caused by 
the formation of a clear-cut covalent bond in the intermetallic 
compound. Like in the case of PdGa, the electronic properties of 
palladium markedly change. Thus, the PdIn stability to CO 
adsorption demonstrated by Fedorov et al.42 in relation to PdIn/
HOPG may be attributable not only to the higher stability of the 
PdIn intermetallic structure, but also to decreasing energy of 
carbon monoxide adsorption or, in other words, to weakening of 
the interaction between CO and palladium compared to that 
observed in monometallic palladium or PdAu or PdAg type 
substitutional solid solutions.

It is noteworthy that no such drastic changes in the electronic 
properties of palladium are observed upon the addition of silver 
atoms.103 In a recent paper,104 the local structure of single Pd1 
sites on the surface of α-Al2O3-supported Pd1In1 intermetallic 
nanoparticles was studied by a combination of IR spectroscopy 
of adsorbed CO and DFT. The CO adsorption energies for 
various Pd and PdIn-IMC surface sites found by DFT calculations 
are summarized in Table 1.104 According to calculations, CO is 
not adsorbed on indium atoms; adsorption occurs only on Pd 
sites. It can be seen from these data that the energy of CO 
adsorption on the PdIn-IMC surface is much lower than that on 
the monometallic palladium surface. The energy of CO bridge 
adsorption on the (110) face is low (–0.09 eV). This accounts for 
the fact that this absorption band was not observed in 
experimental diffuse reflectance IR spectra of CO. This low 
adsorption energy as compared with the CO bridge adsorption 
on monometallic palladium (–1.51 to –1.71 eV, see Table 1) is 
attributable to different geometries of Pd2 sites in PdIn(110) and 
Pd metal. In the case of Pd metal, the distance between the 
neighbouring Pd atoms is 2.8 Å, whereas for PdIn(110), this 
distance is 3.35 Å.

Meanwhile, the lower tendency for CO-induced Pd 
segregation observed in the case of PdIn-IMC can be attributed 
to higher strength of the Pd – In bond compared to Pd – Au bond 
(as an analogue of Pd – Ag). Indeed, analysis of the reported 

bond energies that were calculated for stoichiometric PdIn-
IMC 105 and PdAu solid solutions of various compositions 106 
provides the conclusion that the Pd–In bond energy (–0.44 eV or 
–42.5 kJ mol–1) is much greater than the Pd – Au bond energy 
(from –0.25 eV/–24.1 kJ mol–1 to –0.31 eV/–29.9 kJ mol–1, 
depending on the ratio of the metals).

One should also bear in mind the ‘kinetic’ stability of 
intermetallic structures to segregation processes, which is 
usually determined by diffusion barriers.35 The bond between 
the Pd and In atoms in IMC is predominantly covalent, as was 
shown previously for various Pd-containing intermetallics by 
calculating the electron localization function (ELF).43, 51, 107 
From this, it follows that for the diffusion to the surface, Pd 
atoms must overcome a relatively high activation barrier caused 
by the requirement of cleavage of the Pd – In bonds, which are 
essentially covalent in this case. If the path of Pd atoms towards 
the surface of PdIn IMC is represented as a series of jumps over 
vacancies, then each jump is the displacement of a Pd atom 
either to an indium vacancy or to a palladium vacancy. However, 
in the case of IMC, indium vacancies are specific to indium 
atoms and, therefore, they are poorly accessible for Pd atoms for 
energy reasons, while palladium vacancies are rather remote 
from Pd atoms, which are mainly surrounded by indium, since 
the structure of intermetallic is ordered;65 hence, the diffusion of 
Pd is hindered in this case. In Pd-based substitutional solid 
solutions with random distribution of Pd atoms, the migration of 
Pd atoms via Pd vacancies is facilitated because there are more 
neighbouring sites that are expected to be occupied by atoms of 
the same type; therefore, the surface segregation of Pd atoms 
occurs much more easily.

2.2.3. Effect of CO (generalization)

The above analysis of the available literature provides the 
conclusion that CO is, beyond doubt, promising to be used as a 
tool for fine tuning of the surface in bimetallic catalysts based on 
substitutional solid solutions such as PdAu, PdCu, and PdAg. 
For this purpose, it is necessary to take into account the initial 
ratio of the metals (specified at the stage of synthesis) in the 
bimetallic system and to vary the conditions of CO treatment 
(partial pressure, temperature). Catalysts based on intermetallic 
compounds are stable on exposure to CO.

Table 1. Energy of CO adsorption and positions of IR absorption 
bands for various surface sites of Pd and PdIn-IMC according to DFT 
calculation results and experiments.104 

Surface Type of adsorption
(site)

Eads,
eV

n(CO), cm–1

DFT 
calculations

experi-
ment

Pd(111) Linear –1.17 2092 2086
Pd(111) Bridge –1.51 1925 1942
Pd(111) Threefold 

coordination
–1.62 1848 1896

Pd(100) Linear –1.33 2122 not detected
Pd(100) Bridge –1.71 1949 1977
Pd(100) Threefold 

coordination
–1.58 1756 not detected

PdIn (110) Linear –0.39 2058 2055
PdIn (110) Bridge –0.09 – not detected
PdIn(111) Threefold  

coordination
–0.77 2065 2064
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2.3. Effect of O2 on various types of bimetallic 
systems

2.3.1. Bimetallic systems based on substitutional solid 
solutions

It is known that oxygen treatment of bimetallic systems based on 
substitutional solid solutions such as PdAg or PdAu can also 
induce the surface segregation of Pd;71, 108 – 111 However, in this 
case, segregation is accompanied by the formation of surface 
palladium oxide. For example, Guesmi et al.108 used DFT 
calculations to investigate the segregation energies of isolated 
palladium atoms in the PdAu(111) alloy depending on the 
surface coverage with oxygen. It was found that 0.3 oxygen 
monolayers are sufficient to induce palladium segregation to the 
surface; analysis of the density of d-states showed that this is 
due to the high oxygen affinity of palladium, i.e., the segregation 
is accompanied by the formation of a strong Pd – O bond. 
Theoretical calculations for the oxygen-induced segregation of 
palladium on the Ag3Pd(111) and Au3Pd(111) surface 109, 110 
demonstrated that the manifestation of these effects directly 
depends on the composition of the reaction medium. When the 
oxygen content is low (nearly UHV conditions), the Pd 
segregation is hindered, since at higher pressure, the segregation 
should give a stable oxidized palladium species. Golio and 
Gellman 111 studied the oxygen activation of AgxPd1 – x bimetallic 
films with different compositions towards ethylene 
hydrogenation. The authors also demonstrated the surface 
segregation of palladium via the formation of the oxidized 
palladium phase on the surface. For example, for PdAg, these 
changes in the surface structure caused by the treatment with 
oxygen are consistent with thermodynamic data. Indeed, the 
Gibbs energy of formation of the oxide ΔGf(PdO) is 
–115.6 kJ mol–1,112 while for silver oxide, 
ΔGf(Ag2O) = –31.0 kJ mol–1. This provides the conclusion that 
in substitutional solid solutions such as PdAg, first of all, 
palladium oxidation takes place and only after that, silver oxide 
is formed. Therefore, treatment with oxygen can hardly be 
applicable for fine tuning of the surface active sites in the 
systems based on substitutional solid solutions. In the reactions 
that involve oxygen, the surface is spontaneously adjusted to the 
reaction conditions (oxygen deficiency/excess, temperature), 
and in the case of hydrogenation, for example, selective 
hydrogenation of the C≡C bond, palladium must be first reduced, 
which is likely to yield extended palladium ensembles on the 
surface and, hence, would lead to the loss of the advantages of 
bimetallic systems. Thus, it can be stated that the surface of 
bimetallic catalysts based on substitutional solid solutions 
cannot be controlled by treatment with oxygen. Therefore, this 
issue is not discussed below.

2.3.2. Bimetallic systems based on intermetallic 
compounds

The selective catalytic hydrogenation is the most efficient way 
to remove acetylene and its homologues from olefin feedstock 
in order to achieve polymerization purity (~ 1 ppm). In industry, 
this is done using Pd-containing catalysts; however, despite the 
high activity, these catalysts lose their selectivity at high 
conversions of acetylene, that is, complete hydrogenation to 
ethane takes place. This is attributed to the presence of extended 
Pd sites (Pdn where n > 2) on the surface of monometallic 
palladium catalyst. The IMC-based systems are promising 
catalysts for selective hydrogenation of C≡C bond to C=C bond, 
as they are distinguished by a high degree of ordering and crystal 

structure stability and, hence, by high stability and reproducibility 
of the active site structure on the sample surface.45, 113 Among 
these catalysts demonstrating exceptionally high selectivity in 
the acetylene hydrogenation, PdGa has been most studied.114 – 116 
However, this catalyst has a low oxidation stability, and even a 
short-term storage of the catalyst in air leads to formation of an 
oxide of more active metal (gallium); this is accompanied by 
degradation of bimetallic particles, which decreases their 
activity and selectivity.117 Since indium resembles gallium in 
the electronic structure, and, in addition, PdIn-based catalysts 
are more stable to oxidation,97, 113 these systems also have a 
great potential as catalysts in the selective hydrogenation of 
unsaturated hydrocarbons.118, 119 Catalysts based on PdIn 
demonstrate high efficiency in a number of other important 
reactions such as reduction of nitrates,120 steam reforming,121 
hydrogenation of CO2 to methanol,122, 123 etc. Most researchers 
agree that the catalytic properties of these systems are determined 
by both the geometric arrangement of metal atoms and the 
electronic properties of intermetallic particles. For example, the 
catalytic activity and selectivity to CO2 in the steam reforming 
of methanol markedly depend on both the Pd : In ratio and the 
total amount of the metals.121 The high selectivity of PdIn/Al2O3 
catalysts to CO2 is caused by the formation of the PdIn alloy, 
while palladium metal, which does not form bonds with indium, 
is in charge of the selectivity to CO. García-Trenco et al.122 
showed that the rate of methanol formation in the hydrogenation 
of CO also depends on the Pd : In atomic ratio. For example, 
excess palladium in the catalyst (Pd : In ratio > 1 : 1) leads to a 
decrease in both methanol selectivity (50%) and catalyst activity. 
The catalyst with PdIn intermetallic particles (Pd : In = 1 : 1) 
deposited on the surface is most active in this reaction. It is 
obvious from the above that the activity of these IMC-based 
systems directly depends on the surface structure and the 
electronic state of metals present on the surface.

As has already been noted, treatment of PdIn or PdGa-IMC 
systems with oxygen at elevated temperature results in the 
predominant oxidation of the component that has a higher 
oxygen affinity, that is, indium (or gallium); this makes it 
possible to form surface structures with adjacent metal (Pd) and 
metal oxide domains and Pd@M2O3 core–shell systems (where 
M = In or Ga). Although this process is often called adsorption-
induced segregation, like that observed on contact of CO with 
substitutional solid solutions, the nature of this process is fairly 
different. The IMC structure is destroyed as a result of selective 
oxidation of the oxophilic In(Ga) component (corrosive 
chemisorption), which leads to its migration to the nanoparticle 
surface to give the surface oxide. The structural changes of IMC 
affect both the particle surface and bulk via removal of the 
oxophilic component from IMC. Thus, the oxidative surface 
treatment of these systems can be used as a tool for fine tuning 
of the active site structure. Nevertheless, only a few publications 
are devoted to the possibility of deliberate control of the surface 
structure of PdIn-IMC-based catalysts by redox 
treatment.102, 124, 125 Bukhtiyarov et al.102 studied the effect of 
oxygen on the model PdIn/HOPG catalysts (the average particle 
size depending on the sample was 4.1 – 4.2 nm; the In/Pd atomic 
ratio was in the 0.35 – 1.0 range) by ex situ XPS. The experiments 
were carried out in a high-pressure cell; this made it possible to 
pretreat the samples with various gases at pressures of up to 
1 bar and at temperatures ranging from room temperature to 
500°C and then to measure the XPS spectra without intermediate 
contact of the samples with air. The oxidative treatment was 
carried out at 200 mbar O2 pressure at two temperatures: room 
temperature and 100°C. It was shown that this mild oxidative 
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treatment of PdIn/HOPG led to partial oxidation of In, thus 
causing its segregation to the surface of PdIn nanoparticles. This 
was also accompanied by changes in the Pd3d5/2 spectrum: an 
additional state with binding energy of 335.7 eV, which is 
characteristic of Pd metal, appeared even at room temperature. 
Therefore, the authors concluded that PdIn-IMC partially 
decomposed. The observed changes in the PdIn surface structure 
caused by indium oxidation/segregation are consistent with 
thermodynamic data: ΔfG (In2O3) = –926.4 kJ mol–1 and 
ΔfG (PdO) = –115.6 kJ mol–1.112 The subsequent heating of the 
sample in vacuum at 500°C led to the back redistribution of 
metals on the surface (the In/Pd atomic ratio on the surface 
decreased to the initial value) and to complete restoration of the 
PdInIMC structure.

Panafidin et al.124 also studied the model PdIn/HOPG 
bimetallic catalysts by a combination of scanning tunnelling 
microscopy and synchrotron radiation X-ray photoelectron 
spectroscopy (SR XPS), in particular in the in situ mode. The 
main goal was to elucidate the particle structure and the 
composition and chemical state of the particle surface after 
long-term storage in air and to study the nanoparticle evolution 
during treatment in O2 in the submillibar pressure range at 
elevated temperature. According to SR XPS data, long-term 
storage of PdIn/HOPG catalysts in air leads to almost complete 
decomposition of IMC, with the sample surface being strongly 
enriched with indium, which segregates to the surface upon 
oxidation to give surface indium hydroxide and subsurface 
indium oxide uniformly distributed over the depth of Pd0. The 
successive heating of the samples under ultra-high vacuum is 
accompanied by a gradual decrease in the In/Pd ratio for all 
samples, and after sample heating at 500°C, the In/Pd ratio 
virtually coincides with that for freshly prepared samples, which 
attests to the back metal redistribution in the particle; as a result, 
metal distribution over the depth becomes more uniform; Pd and 
In are completely incorporated into IMC, which attests to 
complete restoration of IMC structure under these conditions. 
According to the results of in situ XPS, mild oxidative treatment 
with O2 (0.25 mbar) at 150°C results in indium segregation (the 
In/Pd atomic ratio increases), and the resulting oxide InOx is 
uniformly distributed over the PdIn particle depth. Meanwhile, 
treatment with oxygen at 200°C leads to enrichment of the 
particle surface with this oxide. Treatment of PdIn samples 
under more drastic oxidative conditions (long-term storage in air 
or O2 treatment at higher temperatures or pressures) gives rise to 
the surface indium oxide and/or hydroxide, which presumably 
fully blocks the active surface of bimetallic particles (Fig. 4).

In relation to the PdIn/HOPG model catalysts, it was 
demonstrated 102, 124 that the adsorption-induced segregation 
caused by the treatment of these systems with oxygen can be 
used to change the surface composition by varying both the 

oxygen pressure and the treatment temperature. Thus, this 
approach can serve for targeted tuning of the surface structure of 
PdIn catalysts (by O2 pretreatment) in order to attain the best 
catalytic performance (catalytic activity/selectivity relationship) 
in a particular reaction.

Smirnova et al.125 studied the transformations occurring in 
the bulk and on the surface of Al2O3-supported PdIn intermetallic 
particles during reductive and oxidative treatment. According to 
the results of IR spectroscopy of adsorbed CO and extended 
X-ray absorption edge fine structure (EXAFS) and X-ray 
absorption near-edge structure (XANES) techniques, the 
reduction of the initial sample (after contact with air) with H2 at 
500°C gives rise to intermetallic PdIn nanoparticles with a 
uniform Pd and In distribution. IR spectroscopy of adsorbed CO 
showed that oxygen treatment at 25°C for 30 min leads to partial 
decomposition of PdIn-IMC to give Pd0 on the surface (~ 29%). 
As the temperature of oxidative treatment was raised to 250°C, 
the fraction of Pd0 increased (~ 62%), and the spectrum did not 
exhibit absorption bands typical of PdO. Considering the 
EXAFS and XANES data, the authors concluded that the 
reductive and oxidative treatments give neither In0 nor PdO. 
Also, according to EXAFS and XANES data, in the initial 
sample, ~ 65% of indium occurs as In2O3 and ~52% of palladium 
occurs as Pd0, and after reduction with hydrogen, they are 
completely incorporated in PdIn-IMC. The oxidative treatment 
at room temperature and at 250°C induces partial decomposition 
of PdIn-IMC to give palladium metal and indium oxide, the 
fractions of which amount to ~ 21 and ~ 40% (at 25°C) and ~ 45 
and ~ 66% (at 250°C), respectively. On the basis of the results, 
the authors concluded that the oxidative treatment gives rise to 
core–shell particles, with the core being composed of In-
depleted PdIn-IMC, apparently with a Pd0 inner core, and the 
shell being a mixture of Pd0, In2O3 , and a small amount of PdIn-
IMC (Fig. 5).

2.3.3. Effect of O2 (generalization)

The above analysis of the available literature considering PdIn 
catalysts provides the conclusion that the adsorption-induced 
segregation phenomenon caused by the oxygen treatment of 
IMC-based bimetallic systems can be used to change the surface 
composition by varying both the oxygen pressure and the 
treatment temperature.

3. Adsorption-induced segregation as a way 
to control the composition of the catalyst 
surface
Despite the fact that numerous publications are devoted to the 
segregation phenomenon, the deliberate use of this phenomenon 

Figure 4. Schematic view of 
the evolution of PdIn interme-
tallic particles on the HOPG 
surface depending on the type 
of treatment. (The Figure was 
created by the authors using 
experimental data Published 
in the Ref. 124. The Figure 
Copyright belongs to the Rus-
sian Chemical Reviews.)
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for fine tuning of the surface composition and morphology and, 
hence, for the formation of various types of active sites in 
bimetallic catalysts receives virtually no attention. Nevertheless, 
this approach has a great potential for practical application, as 
evidenced by the increasing number of studies addressing the 
use of adsorption-induced segregation in the post-synthetic 
modification of active site structure of bimetallic catalysts to 
achieve the optimal catalytic performance (activity and 
selectivity).

The applicability of this approach was demonstrated by 
Anderson and co-workers.37, 38 In particular, the authors 
ascertained that the CO-induced segregation can be used to 
enhance the performance of the PdCu/Al2O3 catalysts in the 
selective hydrogenation of the C≡C bond. The conditions 
required for the surface segregation of palladium atoms were 
determined by diffuse reflectance IR spectroscopy of adsorbed 
CO. In the case of the PdCu10/Al2O3 sample, the fraction of the 
single-atom Pd surface sites increased from 4% to 5.3%, and 
also dimeric Pd–Pd sites (5.7%) appeared. As a result, the 
catalyst activity in the selective acetylene hydrogenation to 
ethylene increased (acetylene conversion measured at 50°C 
increased from 96 to 100%). In the case of the PdCu25/Al2O3 
sample, the fraction of single-atom Pd sites increased from 2% 
to 5.6%, but dimeric sites on the surface were virtually absent 
(< 0.2%), and the catalyst activity also increased (acetylene 
conversion measured at 50°C increased from 29 to 70%). The 
achieved beneficial effects were retained throughout the whole 
catalytic process, indicating that the active sites formed on the 
surface upon CO adsorption are rather stable under reaction 
conditions.

Ouyang et al.63 demonstrated the possibility of controlling 
the active site structure in the PdAu/SiO2 SAA catalysts (ranging 
from single atoms to clusters) by using CO-induced segregation. 
These sites were found to have different selectivity in ethanol 
dehydrogenation. When SAA structures (single-atom sites) 
predominated on the surface, high selectivity to acetaldehyde 
(100%) was observed. In the case of clusters, CO treatment of 
the sample induced an increase in the activity (the conversion 
measured at 300°C increased from 20 to 90%), but the selectivity 
to acetaldehyde decreased down to ~ 60%. Thus, the authors 
demonstrated that CO treatment of the sample can provide 
control over the reaction pathway by tuning the active site 
structure.

The influence of pretreatment of PdAg/Al2O3 catalysts with 
H2 or CO on their behaviour in the formaldehyde and CO 
oxidation was studied by Meng et al.126 The main investigation 
methods included specific surface area determination by the 
Brunauer – Emmett – Teller (BET) method, X-ray diffraction, 
XPS, and O2-TPD. It was found that the pretreatment leads to 
surface reconstruction, resulting in increasing amount of active 

oxygen and, as a consequence, higher activity of the catalysts in 
both mentioned reactions: in the formaldehyde oxidation, the 
conversion at 40°C increased from 30 to 80%, while in the CO 
oxidation, the conversion at 80°C increased from 20 to 90%. 
Thus, treatment with CO was more efficient than the treatment 
with hydrogen.

Shetty et al.127 showed that the performance of PdAu 
nanowires in the electrocatalytic oxidation of methanol can be 
improved via CO-induced segregation of palladium atoms. In 
the case of bimetallic nanowires pretreated by heating in CO, the 
reaction potential decreased, which is due to higher Pd content 
on the surface; meanwhile, the specific activity of the catalyst 
did not change. The authors also performed DFT calculations, 
which were in good agreement with the experimental data. Thus, 
it was shown that it is possible to develop a strategy for 
independent control of the reaction potential and nanocatalyst 
activity via the use of adsorption-induced segregation.

The applicability of the adsorption-induced segregation 
effect based on CO treatment for enhancing the performance of 
PdAg/Al2O3 catalysts in the selective hydrogenation of acetylene 
to ethylene was demonstrated by Stakheev and co-workers.128, 129 
The relationship between the spectroscopic data on the surface 
structure and the performance of the PdAg3/Al2O and PdAg2/
Al2O3 catalysts was established by IR spectroscopy of adsorbed 
CO and XPS, in particular in the in situ mode. As a result, it was 
shown that sample pretreatment with CO markedly increases the 
catalytic activity. Complete conversion of acetylene over freshly 
reduced catalyst was achieved at ~ 150°C, while in the case of 
the CO-pretreated sample, this already occurred at 125°C, with 
the selectivity to ethylene remaining the same. The results of IR 
spectroscopy of adsorbed CO and XPS indicated that the 
observed increase in the catalytic activity is attributable to 
surface enrichment of bimetallic PdAg particles with palladium 
atoms and to partial transformation of Pd1 isolated sites into 
Pd – Pd dimers as a result of CO-induced segregation. It is 
noteworthy that CO-induced segregation leads to the formation 
of only Pd2 active sites, but there is no formation of larger 
ensembles of three or more neighbouring Pd atoms, which are 
expected to markedly decrease the catalyst selectivity to 
ethylene. An in situ XPS study of the PdAg2/Al2O3 catalyst 129 
showed that treatment with CO results in a considerable 
segregation of Pd atoms to the surface of bimetallic particles. 
This specific configuration of particles in which the surface is 
enriched with palladium atoms is also quite stable without CO. 
The reduction with hydrogen at 450°C restores the initial 
structure of the nanoparticle surface. It is important that the 
modified surface remains stable throughout the reaction. Note 
that acetylene hydrogenation in in situ experiment proceeded 
only by the selective hydrogenation pathway, i.e., the selectivity 
to ethylene was 100%, which is not surprising considering the 

Figure 5. Preliminary models 
of supported PdIn nanopar-
ticles after the reductive and 
 oxidative treatments of the 
PdIn/Al2O3 catalysts.125
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low acetylene conversion (~ 20%). The relationship between the 
catalytic properties and changes in the PdAg catalyst surface 
that take place as a result of CO-induced segregation are 
schematically depicted in Fig. 6. It can be seen that the 
pretreatment of the PdAg2/Al2O3 catalyst with CO results in 
increasing catalytic activity. Equal partial pressures of C2H4 
were observed at ~ 70°C and 53°C for the freshly reduced and 
CO-treated catalyst, respectively, which means that the catalytic 
activity is much higher in the latter case. These results clearly 
demonstrate that the adsorption-induced segregation can 
actually be used as a tool for fine tuning of the surface of PdAg 
bimetallic catalysts and, hence, for controlling the catalytic 
performance via targeted formation of certain types of palladium 
active sites. The optimal conditions of CO treatment to attain the 
most pronounced enhancement of the performance of these 
bimetallic catalysts include a temperature in the 200 – 250°C 
range and a broad pressure range from a few to a few hundred 
mbar.

The same research group 130, 131 reported data on the 
applicability of segregation induced by adsorption of O2 for fine 
tuning of the surface of bimetallic PdIn nanoparticles supported 
on alumina to improve the catalytic performance (activity, 
selectivity) in the selective hydrogenation of diphenylacetylene 
(DPA). Diffuse reflectance IR spectroscopy of adsorbed CO and 
XPS, including in situ mode, were also used to correlate the 
spectroscopic data on the surface structure and the catalytic 
performance of PdIn/Al2O3 (2.5% Pd – 2.7% In). The redox 
treatments were carried out over a wide range of temperatures 
(from room temperature to 500°C) and oxygen pressures (from 
a few to a few hundred mbar). According to the results of 
catalytic experiments, the O2-induced segregation can be used 
for the targeted controlled and reversible tuning of the catalytic 
performance (activity/selectivity) of the PdIn/Al2O3 intermetallic 
catalyst in the selective hydrogenation of DPA. After the 
reduction with hydrogen at 500°C, the PdIn/Al2O3 catalyst had 
an exceptionally high selectivity to stilbene (~ 98%), but a 
relatively low activity in this reaction. A mild oxidative 
treatment with oxygen in the temperature range of 25 – 150°C 
increased the activity several-fold, but the selectivity somewhat 
decreased. The oxidative treatment under more drastic 
conditions (250°C) led to a sharp increase in the hydrogenation 
rate by more than an order of magnitude. However, the increase 

in the activity was accompanied by a significant loss of the 
selectivity to stilbene from ~ 97 to ~ 82%. The observed changes 
in the catalytic performance were shown to be fully reversible 
in the repeated oxidation and reduction cycles; hence, the  
O2-induced segregation can be used to tune the properties of the 
catalyst to achieve an optimal activity/selectivity balance. 
Detailed analysis of the data obtained by studying the PdIn/
Al2O3 catalyst using a combination of in situ XPS and IR 
spectroscopy of adsorbed CO allowed the authors to distinguish 
several clear-cut stages of transformation of PdIn nanoparticles 
during the reductive or oxidative treatment depending on 
temperature and, hence, to propose interpretation for the 
reversible changes in the catalytic performance caused by these 
types of treatment.131 The schematic view of the evolution of 
palladium sites on the surface of Al2O3-supported PdIn particles 
depending on the treatment conditions is shown in Fig. 7. The 
hydrogenation of DPA over the pristine PdIn/Al2O3 catalyst 
(after long-term storage in air) apparently occurs on the Pd0 and 
Pd-IMC active sites; in this case, monometallic Pd0 predominates 
on the surface. The observed decrease in the catalytic activity 
after the reduction with hydrogen at 500°C is caused by the 
transformation of a mixture of different Pd sites (Pd0, Pd-IMC) 
into Pd1In1 intermetallic nanoparticles, in which palladium 
mainly exists as isolated sites. The authors attributed the 
decrease in the catalytic activity to electronic and geometric 
effects. The increase in the activity after mild oxidative treatment 
(at 25 and 100°C) is presumably caused by two factors: 
(1) transformation of a part of the isolated monoatomic Pd1 sites 
into multiatomic Pdn sites and (2) change in the electronic state 
of Pd atoms due to decrease in the number of neighbouring 
indium atoms as a result of their ‘oxidative leaching’ and 
replacement of In atoms by Pd atoms. The oxidative treatment 
of the PdIn/Al2O3 catalyst at 150 – 250°C induces more 
pronounced changes in the structure of metal particles, 
particularly, almost complete degradation of intermetallic PdIn 
particles. Therefore, DPA hydrogenation mainly occurs on 
multiatomic Pd0 sites, which provide a higher activity, but a 
lower selectivity to the olefin, as in the case of monometallic Pd 
catalyst. The catalytic properties of the PdIn/Al2O3 catalyst 
reduced once again are identical to those observed for the 
catalyst after the first reduction, indicating the reversibility of all 
changes that occur during redox treatments.

Figure 6. Schematic view 
of the relationship between 
the catalytic properties and 
changes in the PdAg cata-
lyst surface that take place 
upon CO-induced segre-
gation. (The Figure was 
created by the authors us-
ing experimental data pub-
lished in the Ref. 129. The 
Figure Copyright belongs 
to the Russian Chemical 
Reviews.)
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Thus, the above material indicates that the rational use of the 
adsorption-induced segregation as a tool for fine tuning of the 
surface structure and optimization of the catalytic properties of 
various bimetallic systems deserves very close attention.

4. Conclusion. Prospects for development

The published data surveyed in this review suggest the following 
ways to control the active site structure in bimetallic systems: 
(1) variation of the ratio of metals at the stage of catalyst 
synthesis; (2) variation of the temperature of post-synthetic 
annealing of the catalyst; (3) use of adsorption-induced 
segregation. It can be stated that the adsorption-induced 
segregation can be successfully used to generate sites with a 
definite structure in palladium-based bimetallic catalysts such as 
PdAg, PdAu, PdCu, and PdIn. This, in turn, makes it possible to 
optimize the catalytic performance of these systems in various 
reactions such as selective hydrogenation of triple C≡C bond. 
The studies of these effects for bimetallic catalytic systems are 
focused on the use of surface-sensitive methods in situ, for 
example, XPS and diffuse reflectance IR spectroscopy. It should 
be noted that these methods are mutually complementary: XPS 
provides detailed information on the chemical composition and 
structure of the surface during the reaction or catalyst treatment 
in the gas phase, while diffuse reflectance IR spectroscopy 
provides data on the structure of active sites on the surface of 
bimetallic particles. Using this approach, it is possible to obtain 
detailed information on the evolution of the active component in 
these catalysts depending on the treatment conditions, which, in 
turn, gives information on the structure of the most effective 
sites involved in the reaction. As a result, it is possible to develop 
a strategy for selecting the pretreatment conditions for these 
systems in order to attain the optimal catalytic properties in a 
particular reaction.

A reasonable further development of research in this area 
may be the multi-parameter optimization of the catalysts by 

varying the metal ratios together with using the adsorption-
induced segregation effect.

In the case of catalytic systems based on substitutional solid 
solutions, so-called highly dilute alloys have been gaining 
popularity among researchers.41, 132 – 136 These systems are 
bimetallic alloys consisting of an inert metal (for example, Cu, 
Au, or Ag) and a minor amount of an active platinum group 
metal. Catalysts based on dilute alloys are very important for 
industry, as they exhibit high activity and selectivity in a wide 
range of reactions, with the content of the expensive component 
being minimized. The above examples suggest that for further 
optimization of catalysts, it is necessary to move towards 
decreasing palladium content with simultaneous selection of 
conditions for implementation of the most significant beneficial 
effects of the CO-induced segregation of palladium on the 
catalytic performance in various reactions. For example, Markov 
et al.137 recently demonstrated the efficiency of using the CO-
induced segregation to enhance catalytic performance of the 
Pd1Ag10/Al2O3 SAA catalyst in the selective hydrogenation of 
acetylene to ethylene.

In the case of intermetallic PdIn systems, an interesting line 
of research that receives considerable attention in the literature 
is investigation of catalysts with a stoichiometry other than 1 : 1 
and the effect of pretreatment with oxygen under various 
conditions on the catalytic activity. In addition, in a recent 
publication,138 another approach was proposed to control the 
active site structure on the surface of PdIn/Al2O3 intermetallic 
catalysts. In order to change the structure of Pd active sites, the 
authors proposed to carry out reduction of the pre-oxidized 
catalyst surface (e.g., after long-term storage in air), instead of 
using oxidation of the catalyst surface with oxygen. As a result, 
it was shown that variation of the reduction conditions may give 
any intermediate active site structure/combination ranging from 
completely oxidized Pd and In and up to PdIn-IMC with isolated 
Pd sites on the surface. This alternative method of surface 
modification may help to produce an optimal catalyst for 

Figure 7. Schematic view 
of the evolution of palla-
dium sites on the surface 
of Al2O3-supported PdIn 
particles depending on the 
treatment conditions. (The 
Figure was created by the 
authors using experimen-
tal data published in the 
Ref. 131. The Figure Cop-
yright belongs to the Rus-
sian Chemical Reviews.)
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selective hydrogenation. Furthermore, this way of controlling 
the surface composition can be transferred to other similar 
systems such as PdGa.

Systematic research of this type should end in the elaboration 
of an integrated strategy for the generation of an active site 
structure on the surface of Pd-containing bimetallic catalysts 
based on the combined use of the adsorption-induced surface 
segregation of the active component and optimization of the 
composition of bimetallic nanoparticle. This method for the 
control of catalytic performance is completely zero-waste and, if 
implemented in industry, this will allow targeted modification 
of the properties for a catalyst that has already been loaded into 
the catalytic reactor; this may markedly increase the efficiency 
of some industrial processes. In addition, the adsorption-induced 
segregation and the understanding of the involved processes can 
be used not only for tuning of the catalyst active surface, but also 
for catalyst regeneration, thus increasing the service life of 
expensive catalysts.

This work was supported by the Ministry of Science and 
Higher Education of the Russian Federation (Agreement No. 
075-15-2022-263). The investigations were performed using 
large-scale research facilities ‘EXAFS spectroscopy beamline’ 
at the Siberian synchrotron and terahertz radiation center.

5. List of abbreviations

BCC — body-centred cubic lattice;
BET — Brunauer – Emmett – Teller determination of the 

specific surface area;
DFT — density functional theory;
DOS — density of states;
DPA— diphenylacetylene;
ELF — electron localization function;
EXAFS — extended X-ray absorption fine structure;
FCC — face-centered cubic lattice;
HOPG — highly oriented pyrolytic graphite;
IMC — intermetallic compound;
LEED — low-energy electron diffraction;
LEIS — low energy ion scattering (spectroscopy);
PM-IRAS — polarization modulation infrared reflection-

absorption spectroscopy;
SAA — single-atom alloy;
SR XPS — synchrotron radiation X-ray photoelectron 

spectroscopy;
STM — scanning tunnelling microscopy;
TEM — transmission electron microscopy;
TPD — temperature-programmed desorption;
UHV — ultra-high vacuum;
UPS — ultraviolet photoelectron spectroscopy;
XANES — X-ray absorption near-edge structure;
XPS — X-ray photoelectron spectroscopy.
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