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The design and synthesis of active, selective and stable catalysts 
with uniform active sites is of great importance in modern 
catalysis.1 Currently, increasing attention is paid to intermetallic 
compounds (IMCs) as highly stable and selective heterogeneous 
catalysts.2–4 According to a general definition, IMCs are com­
pounds whose crystal structures are different from those of the 
constituent metals; thus, intermetallic phases and ordered alloys 
are included.5 The specific combination of ionic and covalent 
bonding in IMCs results in the homogeneity of both electronic and 
crystal structures providing unique catalytic properties. PdZn, 
PdPb, PdBi, PdFe and PdGa are intensively used IMCs.2,6–9 
Another promising intermetallic composition is PdIn, which 
was reported as an active catalyst for gas-phase and liquid-phase 
reactions.10–14

A specific surface characteristic of PdGa and PdIn is the 
isolation of active Pd by Ga or In (the active-site isolation 
concept, which is similar to the single-atom one).3,15 This surface 
structure prevents the formation of di-s-bonded adsorbed species 
suppressing undesired reactions and enhances catalyst selectivity 
and stability.2,3,16–18 Note that another specific property of PdGa 
and PdIn IMCs is a high oxophilicity of the Ga or In component. 
Thus, the formation of oxide phases in the presence of oxygen 
was observed for PdGa, PdZn, and PdTi IMCs.4 On the one 
hand, Ga and In oxophilicity can lead to the instability of IMCs 
in air, but, on the other hand, it may provide a method of tuning 
catalytic characteristics by mild and controlled oxidative treatment. 
To explore this possibility, we investigated the effect of mild 
oxidation on the surface structure and catalytic performance of 
PdIn/Al2O3.

For studying an effect of oxidative treatment, the reduced 
PdIn/Al2O3 catalyst was exposed to flowing commercial synthetic 
air (20 vol% O2/N2) at 25 and 150 °C, and its surface structure was 
investigated by DRIFT-CO and XPS techniques. The catalytic 
properties of PdIn/Al2O3 were studied in the liquid-phase hydro­
genation of diphenylacetylene (DPA). After oxidation experi­
ments, the catalyst was re-reduced at 250 °C in order to explore 

the reversibility of changes in the surface structure and catalytic 
performance caused by oxidation (see Online Supplementary 
Materials).

The distribution and morphology of PdIn nanoparticles were 
studied by TEM. A typical micrograph (Figure S1) demonstrates 
that, after reduction at 500 °C, the Pd–In/Al2O3 catalyst contained 
nearly spherical cubo-octahedral nanoparticles surrounded by a 
less contrast amorphous phase of the support. The particle size 
distribution is relatively narrow between 2.5 and 6  nm with a 
maximum at 4.5 nm.

Figure 1 shows the DRIFT spectra of adsorbed CO in the carbonyl 
region (1800–2200 cm–1) of the bimetallic Pd–In/Al2O3 sample 
after different treatments. The absorption band at 2090–2060 cm–1 
corresponds to linearly adsorbed CO on a palladium surface, 
whereas the peaks in a range of 2000–1800 cm–1 refer to multi­
bonded CO. For Pd–In catalyst after in  situ reduction (see 
Figure 1, spectrum 1), an intense absorption band at 2066 cm–1 
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The in situ DRIFT-CO and XPS data demonstrated that the 
mild oxidation of PdIn intermetallic nanoparticles results 
in  the partial oxidation of an In component and the trans
formation of isolated Pd1 sites to Pdn multiatomic ones thus 
enhancing PdIn activity in the liquid-phase hydrogenation of 
diphenylacetylene without sacrificing the alkene selectivity.

1.2

1.0

0.8

0.6

0.4

0.2

0.0

A
bs

or
pt

io
n 

(K
ub

el
ka

–M
un

k 
un

its
)

2200 2100 2000 1900 1800
Wavenumber/cm–1

1

2

3

4
2086

2066

2078
1963

1958

Figure  1  DRIFT-CO spectra for PdIn/Al2O3 catalyst after the following 
in  situ treatments: (1) reduction at 500 °C in H2 /Ar, 1.5  h, (2) oxidation 
at 25 °C in O2 /N2, 30 min, (3) oxidation at 150 °C in O2 /N2, 30 min, and 
(4) reduction at 250 °C in H2 /Ar, 1.5 h. For experimental details, see Online 
Supplementary Materials.
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is observed, which corresponds to the stretching vibrations of CO 
linearly adsorbed on palladium atoms.16 Note that the absorption 
maximum is shifted toward lower frequency relative to the linear 
CO adsorbed on monometallic Pd/Al2O3 (2090 cm–1). The complete 
absence of  bridge-bonded CO indicates the formation of an 
ordered PdIn intermetallic structure, where indium atoms isolate 
each Pd atom (Pd1 centers). The formation of isolated Pd1 sites 
is consistent with the previously reported DFT data.13

The oxidative treatment of Pd–In/Al2O3 at 25 °C (see Figure 1, 
spectrum 2) leads to a shift of the linear CO band toward higher 
frequency by ~12 cm–1. The signal of linearly bonded CO becomes 
broader with a shoulder in the range of lower frequencies. The 
peak asymmetry indicates the presence of a part of the initial 
intermetallic PdIn species on the catalyst surface. In addition, 
the appearance of a broad peak at 2000–1900 cm–1 is attributed to 
the bridge-bonded CO. The following oxidation at 150 °C (see 
Figure 1, spectrum 3) leads to more pronounced changes in the 
surface state. The linear CO band maximum shifts to 2086 cm–1, 
which is closer to the linear adsorbed CO on a monometallic 
palladium surface (~2090 cm–1).16 The band at 2066 cm–1 almost 
completely disappears, while the peak intensity at 1963  cm–1 
increases. There are no absorption bands with a frequency lower 
than 1930 cm–1, indicating the absence of hollow-bonded CO.19 
This observation suggests the formation of a new type of active 
centers presumably consisting of two neighboring palladium 
atoms (Pd–Pd dimers) on the catalyst surface.20

The subsequent reductive treatment at 250 °C for 1.5 h (see 
Figure 1, spectrum 4) results in a reverse shift of the linear CO 
band to 2066 cm–1 and the complete disappearance of bridge-
bonded CO. These results demonstrate the complete recovery of 
isolated Pd1 sites upon mild reduction. The observed changes are 
consistent with previously reported data on easy transformations 
of a bimetallic PdIn surface upon different treatments.16

The mild oxidation on PdIn/Al2O3 surface structure was studied 
by X-ray photoelectron spectroscopy by monitoring the Pd 3d 
and In 2p regions (Figure 2, Table  1). For the catalyst reduced 
at 450 °C, the Pd 3d5/2 peak is observed at a binding energy of 
~335.7 ± 0.1 eV characteristic of Pd0. Note that the binding energy 
is higher than the binding energy characteristic of monometallic 
Pd (334.9 ± 0.1 eV) indicating the formation of PdIn intermetallic 
compound.21 The In 3d5/2 peak is located at 443.6 ± 0.1 eV typical 
of metallic In.22 The XPS data also indicate that the In/Pd atomic 
surface ratio (~1.05) corresponds to the stoichiometry of PdIn 
intermetallic compound. The data point to the absence of a notable 
surface enrichment in In or Pd, which is in line with published 
data on the stability of intermetallic compounds against segrega­
tion.4

Mild oxidation of the catalyst at 25 °C results in a minor shift 
of In 3d5/2 toward higher binding energies by ~0.3 eV. After the 
oxidation treatment at 150 °C, this shift becomes more pro­
nounced, and the peak maximum is observed at ~444.5  eV 
indicating the oxidation of In. Simultaneously, the In/Pd atomic 
ratio gradually increases to 1.40 and 1.60. These observations 
indicate that the mild oxidation of PdIn/Al2O3 results in the 
partial oxidation of an In component causing indium segregation 

on the surface of PdIn nanoparticles. The oxidative treatments 
do not affect the position of the Pd 3d5/2 line (335.7 ± 0.1  eV) 
indicating that Pd remains in a metallic state. The observed changes 
in PdIn surface structure caused by indium oxidation/segrega­
tion are consistent with the thermodynamic data: DGf(In2O3) = 
= –926.4 kJ mol–1, while DGf(PdO) = –115.6 kJ mol–1.23

By comparing the XPS and DRIFT-CO data, we can conclude 
that the oxidative treatments significantly affect the surface 
structure of PdIn nanoparticles. Because of high oxophilicity, 
the  In component is selectively oxidized, presumably forming 
InOx surface species. This results in the deterioration of Pd1 site 
isolation and the formation of Pdn multiatomic sites, as indicated 
by the appearance of a bridge-bonded CO peak in DRIFT-CO 
spectra. It is important that the Pd site-isolated structure can be 
easily recovered even by reduction at 250 °C. Such a treatment 
results in In reduction, which is accompanied by a decrease in 
the surface In/Pd ratio to a value characteristic of the inter­
metallic PdIn surface (~1.01). The disappearance of the bridge-
bonded CO peak and the shift of the linear adsorbed CO peak 
to  2066  cm–1 in DRIFT-CO spectra (see Figure  1, spectrum  4) 
evidence the restoration of isolated Pd1 sites.

The effect of PdIn/Al2O3 oxidation/reduction on the per­
formance in DPA hydrogenation is shown in Figure  S2 (see 
Online Supplementary Materials) by comparing H2 uptake profiles 
for the reduced catalyst and the catalyst subjected to oxidative 
treatments at 25 and 150 °C. Table  2 summarizes the rates of 
hydrogen uptake at the stages of alkyne (r1) and alkene (r2) hydro­
genation, turnover frequencies at both stages, and selectivity for 
diphenylethylene (DPE) on the reduced and oxidized catalysts.

Analyzing the kinetic profiles of H2 uptake and TOF values for 
the reduced PdIn/Al2O3 and the catalyst after oxidative treatment, 
we can conclude that oxidation significantly increases the rate of 
hydrogenation. Thus, turnover frequency in alkyne hydrogenation 
(TOF1) increases twofold after oxidation at room temperature 
from 0.018 to 0.044 s–1 and almost by an order of magnitude (to 
0.17 s–1) after oxidation at 150 °C.

The observed activity enhancement presumably stems from 
the transformation of isolated Pd1 to multiatomic Pdn centers 
(presumably dimeric Pd2 sites, as evidenced by DRIFT-CO). 
This observation is in line with the previously reported results,20 
indicating that the presence of the Pd–Pd dimers on the surface 
of PdCu clusters enhanced activity in acetylene hydrogenation. 
A possible explanation of the activity enhancement was confirmed 
by DFT calculations, which demonstrated that Pd clusters in the 
surface and sub-surface regions of PdCu are more effective sites 
for H2 dissociation than isolated Pd1 centers.24

Table  1  XPS data for the PdIn /Al2O3 catalyst.

Treatment

Binding  
energies/eV In/Pd In/Al Pd/Al (Pd+In)/Al

Pd 3d5/2 In 3d5/2

H2, 450 °C, 100 mbar 335.7 443.6 1.05 0.015 0.015 0.034

O2, 25 °C, 200 mbar 335.7 443.9 1.40 0.021 0.015 0.036

O2, 150 °C, 200 mbar 335.6 444.5 1.60 0.023 0.014 0.037

H2, 450 °C, 100 mbar 335.7 443.6 1.01 0.015 0.015 0.034

435 440 445 450 455 460330 335 340 345 350
Binding energy/eV Binding energy/eV

335.7 443.6 444.5

H2, 450 °C
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O2, 25°C

(a) (b)

Figure  2  (a) Pd 3d and (b) In 3d XPS spectra of PdIn/Al2O3 catalysts treated 
under different conditions. For experimental details, see Online Supple­
mentary Materials.
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Remarkably, PdIn /Al2O3 retains high selectivity in alkene 
formation after oxidation at 150 °C (see Table  2) despite the 
transformation of isolated Pd1 sites to multiatomic Pdn surface 
centers upon oxidative treatment. This observation suggests that 
the high selectivity of PdIn /Al2O3 is due to the hindering of sub-
surface hydride formation (since PdIn is not capable to adsorb 
hydrogen18) rather than site isolation of Pd1 centers.

It is important that the subsequent reduction at 250 °C completely 
restores the catalytic characteristics of PdIn/Al2O3 (see Table  2), 
which is in agreement with CO-FTIR and XPS data.

Thus, a comparison of the characterization data and the catalytic 
results for PdIn /Al2O3 demonstrate that the mild oxidative treat­
ment makes it possible to tune the structure of active sites on the 
surface of Pd nanoparticles. Partial oxidation of indium component 
deteriorates the isolation of Pd sites and leads to the transforma­
tion of a part of isolated Pd sites to multiatomic Pdn centers 
demonstrating high hydrogenation activity.
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Table  2  Kinetic parameters of liquid-phase alkyne hydrogenation and selectivity for DPE formation at PH2
 = 5 bar and T = 25 °C.a

Treatment r1/mmol min–1 gcat
–1 r2 /mmol min–1 gcat

–1 TOF1/s–1 TOF2 /s–1 TOF1/TOF2 Scis (%)b Strans (%)b
S=

 (%)c

X º50% (%) X º 95%
 (%)

H2, 500 °C 0.25 0.007 0.018 0.0005 36.0 95.4 4.6 97.0 96.0
O2 /N2, 25 °C, 30 min 0.62 0.015 0.044 0.0011 40.7 94.7 4.3 96.8 95.3
O2 /N2, 150 °C, 30 min 2.38 0.121 0.169 0.0086 19.6 93.5 4.5 96.7 94.3
H2, 250 °C 0.26 0.007 0.019 0.0005 38.0 95.6 4.4 97.1 95.9
a See ref. 25 for details of calculations. b Selectivity was determined at DPA conversions of 95% (X º 95%). c Selectivity was determined at DPA conversions of 
50% (X º50%) and 95% (X º 95%).


