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The ethylene obtained from naphtha cracking contains 
approximately 0.1 to 1% of acetylene by-products, which can 
disrupt Ziegler–Natta polymerization catalysts. To eliminate 
these traces of acetylene impurities, catalytic hydrogenation is a 
widely adopted technique in the industry.1–5 Two common 
configurations can be used for acetylene hydrogenation. In the 
front-end configuration, the feed stream typically contains an 
excess of H2 with an H2/C2H2 ratio of up to 60–100. A negligible 
(<1%) amount of CO is also present in the feed as an inhibitor of 
C2H4 hydrogenation. In the tail-end configuration, a stoichio
metric H2/C2H2 ratio is usually employed. Compared to the tail-
end configuration, the front-end configuration is significantly 
less studied.

In recent years, the PdM single-atom catalyst methodology 
has been successfully utilized in catalysis. A number of articles 
and reviews have been devoted to studying such catalysts in  
the selective hydrogenation of acetylenic compounds.6–8 
A significant increase in target selectivity has been demonstrated 
for PdAg,9–12 PdAu,13–15 PdCu,16–19 and PdFe20 systems. The 
authors attempted to determine specific structural and catalytic 
properties of single-atom systems and how they differ from 
classical bimetallic catalysts. For this purpose, the ratio of metals 
in the catalyst was varied over a wide range in order to eliminate 
multi-atomic Pd sites consisting of several atoms and to form 
Pd1 single-atom sites isolated from each other by atoms of the 
‘inert’ component. On the basis of the analysis of literature data, 
it was found that the modification of Pd with atoms from group 
11 metals plays a key role in the synthesis of highly selective 
catalysts for the hydrogenation of acetylene compounds.8

This study examines the impact of the Pd : Cu ratio on the 
performance of the single-atom PdCu/Al2O3 catalyst in the 
front-end gas-phase hydrogenation. To the best of our knowledge, 
studies on the front-end hydrogenation of acetylene over PdCu-

catalysts are extremely scarce.18 All catalysts were obtained  
via incipient-wetness impregnation and characterized by 
transmission electron microscopy (TEM) and Fourier-transform 
infrared spectroscopy (FTIR-CO). For more experimental 
details, please see Online Supplementary Materials.

The morphology of the as-prepared Pd and PdCu samples 
was characterized using transmission electron microscopy (see 
Figure 1). The micrographs of all samples clearly show nearly 
spherical particles. The average particle size of the Pd/Al2O3 
sample is 12.5 nm. The introduction of Cu results in a decrease 
in the average particle size. Thus, for the Pd1Cu1/Al2O3 sample, 
this value is ~10.6 nm. Further increasing the Pd : Cu ratio to 1 : 5 
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Single-atom Pd1Cun/Al2O3 catalysts were studied in front-
end acetylene hydrogenation. It was found that the selectivity 
to ethylene increases sharply as the Pd : Cu ratio changes 
from 1 : 1 to 1 : 10. Single-atom PdCu/Al2O3 catalysts 
demonstrate remarkable resistance to CO swings and retain 
high selectivity in its absence, which are crucial for industrial 
applications.
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Figure  1  TEM micrographs of single-atom (a) Pd/Al2O3, (b) Pd1Cu1/
Al2O3, (c) Pd1Cu5/Al2O3, and (d ) Pd1Cu10/Al2O3 catalysts. 
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and 1 : 10 results in smaller particle sizes of ~7 nm for 
Pd1Cu5 /Al2O3 and ~6.5 nm for Pd1Cu10  /Al2O3. This trend has 
been observed previously for Pd–Cu catalysts indicating that the 
size of Pd–Cu bimetallic nanoparticles can be modified by 
adjusting the Cu content.21,22 The authors attributed the decrease 
in particle size upon introduction of the Cu promoter to the 
formation of single-atom structures of active sites.

Figure 2 shows the CO-DRIFT spectra in the 2200–1800 cm–1 
region for Pd/Al2O3, Cu/Al2O3, and PdCu/Al2O3 catalysts. The 
FTIR-CO spectrum of Pd/Al2O3 represents two broad absorption 
bands. The minor one centered at 2084 cm–1 is attributed to CO 
adsorbed linearly on palladium atoms, while a larger asymmetric 
band in the range of 2000–1800 cm–1 is ascribed to bridge-
bonded and threefold CO. The peak centred at 1989 cm–1 is 
attributed to compressed-bridged CO species, while the shoulder 
at 1947 cm–1 belongs to isolated-bridged CO.23 A small shoulder 
in the region of 1900–1800 cm–1 is indicative of CO adsorption 
on the threefold hollow Pd(111) site. The presence of bands 
below 2000 cm–1 indicates the presence of large palladium 
ensembles consisting of two or more adjacent Pd atoms, which 
serves as a hallmark of monometallic Pd.

The FTIR spectrum of adsorbed CO for the monometallic 
Cu/Al2O3 sample exhibits a broad infrared band centred at 
~2120 cm–1 with a small shoulder at 2098 cm–1. This band can 
be assigned to CO linearly bonded to Cu+ in the Cu–Al–O 
system, while Cu2+–CO carbonyls are usually observed in the 
range of 2220–2150 cm–1.24–26 The minor peak at ~2098 cm–1 is 
most likely attributed to Cu0–CO surface carbonyls.25,26 While 
the band near 2115 cm–1 is associated with Cu0–CO species in  
ref. 27, two bands observed at 2115 and 2110 cm–1 in ref. 28 
were ascribed to linearly adsorbed CO at Cu+ and Cu0 sites, 
respectively. 

The DRIFT-CO spectrum of the Pd1Cu1/Al2O3 sample 
exhibits main CO adsorption bands at 2121, 2098, 2070, and 
1989 cm–1. Since no bands below 2100 cm–1 are exhibited by 
Cu, in the case of bimetallic PdCu/Al2O3 catalysts, the bands at 
lower wavenumbers can be clearly ascribed to CO adsorbed on 
palladium atoms.28 The symmetric peak centred at 2070 cm–1 
belongs to linearly adsorbed CO on Pd. The shift towards lower 
wavenumbers (2070 vs. 2084 cm–1 in Pd/Al2O3) indicates an 
interaction between Pd and Cu atoms, suggesting the formation 
of a bimetallic PdCu alloy. An intense band with a maximum at 
1989 cm–1 has the same shape as in the FTIR-CO spectrum of 
Pd/Al2O3 and is related to bridge-bonded CO on Pd. 

Adding Cu to Pd catalysts lowers the intensity of the bands 
corresponding to bridged and hollow-bonded CO, and/or shifts 
the peak wavenumbers.29 Note that the enrichment of PdCu 

catalysts with copper leads to the complete disappearance of the 
absorption bands below 2000 cm–1, while the bands 
corresponding to linearly bound CO on Pd (~2063–2064 cm–1) 
are maintained. This indicates the presence of a surface structure 
wherein Pd atoms are separated from each other by Cu atoms, 
thereby forming isolated Pd1 active sites. It has been previously 
shown that the single atom structure can be accomplished by 
substantial (atomic ratio of M : Pd ³ 40) dilution of palladium 
atoms by atoms of the host element.18,19 Concurrently, evidence 
was presented demonstrating the formation of a single atom 
structure at a Cu : Pd ratio of 5.30 

The results of the catalytic tests in the front-end acetylene 
hydrogenation are shown in Figures S1 and 3. As expected, the 
monometallic Pd catalyst exhibited the greatest activity 
(Figure S1). Acetylene conversion reached 99% at 92 °C. Adding 
copper insignificantly reduced the activity of all single-atom 
PdCu catalysts. Acetylene conversion reached 99% at 98 °C for 
Pd1Cu1/Al2O3, at 100 °C for Pd1Cu5/Al2O3, and at 101 °C for 
Pd1Cu10 /Al2O3. The monometallic Cu catalyst had extremely 
low activity and was not included in the graph. Acetylene 
conversion reached only 12% at 212 °C.

The selectivity to ethylene also varied among the studied 
catalysts (Figure 3). Pd/Al2O3 exhibited the lowest selectivity, 
dropping to ~60% with acetylene conversion of ~88%. The 
single-atom Pd1Cu1/Al2O3 catalyst exhibited selectivity that was 
approximately 10% higher at comparable acetylene conversion 
(70 at 89%). Increasing the Cu content led to higher selectivity, 
reaching ~83% at acetylene conversion of 92% for 
Pd1Cu5 /Al2O3 and ~93% at acetylene conversion of ~93% for 
Pd1Cu10 /Al2O3. Note that the last two samples retained high 
selectivity at conversions exceeding 90%, including in the 
practically important range above 99%. This effect stems from 
the transformation of multiatomic Pdn (n > 2) active sites into 
single-atom Pd1 sites due to their isolation by the Cu one. This is 
confirmed by the DRIFTS-CO data. The generation of single-
atom Pd1 sites is evident in the complete disappearance of 
absorption bands below 2000 cm−1, which are typical of bridged 
or multi-coordinated CO adsorption. The structure of the Pd1 
sites completely eliminates strong di-s-bonded adsorption of  
the ethylene intermediate. Therefore, the transformation of 
monometallic Pd to Pd1-containing species decreases the 
adsorption energy. Consequently, desorption from the catalyst 
surface is more favourable for the ethylene intermediate than 
overcoming the activation barrier of undesired hydrogenation 
into ethane.

CO is a potential inhibitor of the hydrogenation activity of 
precious metal catalysts. Therefore, its content in the feedstock 
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Figure  2  Normalized DRIFT-CO spectra for in situ reduced monometallic 
Pd/Al2O3 and Cu/Al2O3 and bimetallic PdCu/Al2O3 catalysts.
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Figure  3  Dependence of C2H4 selectivity on C2H2 conversion for the 
Pd/Al2O3  and Pd1Cun/Al2O3 catalysts in the front-end acetylene hydro
genation. For reaction conditions, please see Online Supplementary 
Materials. 
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is crucial to the stable operation of industrial front-end 
hydrogenation reactors. An important characteristic of front-end 
selective hydrogenation catalysts is how they respond to CO 
fluctuations in the feedstock. In industry, such swings are 
dangerous because a drop in CO could lead to uncontrolled 
hydrogenation of ethylene and temperature runaway. 

To investigate the effect of CO under front-end conditions, 
additional tests were conducted without adding CO to the 
feedstock. Figure S2 shows the selectivity to ethylene at 90% 
acetylene conversion for the Pd/Al2O3 and PdCu/Al2O3 catalysts. 
For the Pd/Al2O3 catalyst, a CO drop-off led to a dramatic 
decrease in selectivity from 55% to –60% and, thus, to temperature 
runaway. The negative selectivity indicates that ethylene was 
largely involved in the reaction.15,18,19 Bimetallic catalysts are 
less sensitive to CO swings. Under the same conditions, selectivity 
decreased from 68 to 40% for Pd1Cu1/Al2O3. The most stable 
was the Pd1Cu10 /Al2O3 catalyst whose selectivity decreased from 
94 to 86%. It can be concluded that the addition of Cu increases 
both the ethylene selectivity under front-end hydrogenation 
conditions and the stability to CO fluctuations in the feedstock.

Strong influence of CO on selectivity may be attributed to its 
strong adsorption on active sites with bridged-CO adsorption, 
which are associated with low selectivity. Under steady-state 
reaction conditions, the adsorption quasi-equilibrium ‘turns off’ 
the multi-point active sites that contribute to low ethylene 
selectivity. For bimetallic catalysts with a significantly lower 
concentration of these sites, this effect is less pronounced. This 
is particularly evident with the Pd1Cu10 /Al2O3 catalyst, for 
which the selectivity increased by 8%. According to DRIFT-CO 
spectroscopy, the characteristic bands of multi-point adsorption 
are undetectable on the surface of this catalyst, confirming 
single-atom structure formation.

Several trends can be seen from the results of this study. Firstly, 
it was observed for PdCu catalysts that the size of PdCu bimetallic 
nanoparticles could be effectively modified by adjusting the 
content of the Cu counterpart. Secondly, the FTIR-CO data 
revealed that enrichment of the Pd catalyst with Cu in Pd:Cu 
molar ratios ³1 : 5 can be sufficient to form a surface single-atom 
structure, thereby providing excellent selectivity towards ethylene 
in the front-end acetylene hydrogenation reaction. Thirdly, as the 
Pd : Cu ratio increases, catalysts’ activity in the front-end selective 
hydrogenation of acetylene decreases insignificantly while the 
selectivity to ethylene increases sharply. In addition, single-atom 
PdCu/Al2O3 catalysts exhibit remarkable resistance to CO swings 
and maintain selectivity in its absence, which is crucial for 
industrial applications.
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