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1. Introduction
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Selective acetylene hydrogenation is a crucial reaction for purifying ethylene in the petroleum industry
and presents a promising non-oil route for producing ethylene by integrating acetylene production from
natural gas and coal. Despite significant advancements in catalyst development, achieving both high
catalytic activity and ethylene selectivity remains challenging due to competing side reactions, including
over-hydrogenation to ethane, C-C coupling leading to oligomers, and C-C bond cleavage resulting in
coke formation. This review provides a comprehensive overview of recent progress in the development
of catalysts and understanding of reaction mechanism for acetylene hydrogenation to ethylene. Firstly,
benchmarks for conversion and selectivity calculation are critically discussed. Then, research on active
site design is categorized into monometallic sites, disordered alloy sites, intermetallic compound (IMC)
sites, and single-atom (SA) sites, with a distinction between Pd-based and non-Pd-based catalysts. This
categorization highlights the active site design strategies and summarizes state-of-the-art performance
metrics. Emphasis is placed on the structure—performance relationships and the role of different active
metals in enhancing ethylene selectivity and catalytic activity. In addition, the roles of catalyst support
and modifiers are reviewed. Finally, we discuss challenges and future research directions in mechanistic
understanding and catalyst design, aiming to guide further innovations in this important field.

academic interest. In industrial applications, this reaction
serves as a crucial ethylene purification technology in the

The selective hydrogenation of acetylene to ethylene is a petrochemical industry, selectively removing trace amounts of
catalytic reaction with both significant industrial value and acetylene impurities from ethylene feedstock to ensure the

stability of downstream polymerization processes.' > Moreover,
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coal-based processes offers an alternative route for ethylene
production beyond petroleum dependence.*® From an academic
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perspective, this reaction is widely regarded as a model system for
selective hydrogenation, providing valuable insights into the
structure-activity relationship between active site configurations,
surface adsorption behaviors, and reaction selectivity.”™

The primary target product of acetylene hydrogenation is
ethylene, while undesired side reactions mainly include the
over-hydrogenation to ethane, C-C coupling reactions forming
oligomers, and C-C bond cleavage leading to coke formation.
Suppressing these side reactions to enhance ethylene selectivity
remains a key challenge in catalyst design. Palladium has long
been recognized as an outstanding active metal due to its
superior activity and ethylene selectivity. In 2006 and 2008,
Borodzinski and Bond reviewed Pd catalysts for acetylene
hydrogenation in ethylene-rich streams, addressing critical
aspects such as Pd phase evolution (PdC, and PdH, formation),
hydrogenation mechanisms over Pd sites, reaction kinetics,
and the effects of Pd particle size, carbon monoxide, and
promoters.’”> However, monometallic Pd catalysts alone fail
to fully meet the stringent industrial requirements for acetylene
selective hydrogenation, necessitating continuous efforts to
develop more advanced catalysts. The early introduction of
the “site isolation” concept, which minimizes neighboring Pd
active sites by incorporating a secondary metal, significantly
improved the catalytic performance. The most commonly stu-
died bimetallic catalyst, PdAg alloy, remains widely used in
modern petrochemical industries for removing trace acetylene
from ethylene-rich streams.” To further enhance catalytic per-
formance, researchers have explored various active site config-
urations, including disordered alloy sites, ordered intermetallic
compound (IMC) phases, and single-atom (SA) sites. Addition-
ally, to reduce the catalyst costs, the development of non-Pd-
based catalysts incorporating more abundant and cost-effective
elements has become an important research direction. Further-
more, the influence of supports and modifiers on the overall
catalytic performance has also been extensively investigated.
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Since 2008, significant efforts have been devoted to devel-
oping highly efficient catalysts for acetylene hydrogenation.
Previous reviews have summarized progress by categorizing
catalysts into Pd-based, Ni-based, IB metal-based, bimetallic/
trimetallic, and other types, with some focusing exclusively on
non-noble metal-based catalysts.>'® However, a review based
on active site types—monometallic sites, disordered alloy sites,
IMC phases, and SA sites—would provide more depth in mecha-
nistic understanding and guide further catalyst design. In addition,
the roles of supports and modifiers are also crucial for achieving
superior catalytic performance, yet a systematic review of these
aspects is still lacking. Furthermore, the use of inconsistent
calculation methods to report selectivity in the literature renders
direct comparisons of catalytic performance across studies difficult.
Therefore, it is timely to establish a comprehensive framework that
not only systematically addresses recent advancements in acetylene
selective hydrogenation but also defines standardized benchmarks
for performance evaluation.

This review classifies various active sites and elucidates their
roles in acetylene hydrogenation. Additionally, the effects of catalyst
support and modifiers are thoroughly examined to guide rational
catalyst design (Fig. 1). Section 2 provides an overview of industrial
processes and reaction pathways, with a particular focus on defin-
ing benchmark for selectivity calculations to establish a standar-
dized basis for comparing catalytic performance reported in the
literature. In Section 3, the active sites are structurally categorized
into monometallic sites, disordered alloy sites, IMC phases, and SA
sites, further distinguishing between Pd-based and non-Pd-based
catalysts to analyze the influence of different active metals on
acetylene hydrogenation performance. This section presents the
overall development trends and the state-of-the-art in active site
design, emphasizing the structure-performance relationship and
key research directions for enhancing ethylene selectivity and
activity. Density functional theory (DFT) calculations on acetylene
hydrogenation over different active sites are discussed in Section 4
to provide mechanistic insights and guide the rational design of
active sites. Sections 5 and 6 summarize the role of catalyst
supports and modifiers in improving catalytic performance, with
an emphasis on their effects on selectivity and activity. Section 7
discusses the varying catalyst design requirements across different
industrial processes for acetylene hydrogenation, highlighting the
challenges and future perspectives in mechanistic understanding
and catalyst development to anticipate future trends in this field. In
addition, this section discusses the extension of catalytic strategies
to the selective hydrogenation of other alkynes and dienes, as well
as the emerging alternatives to thermocatalysis, including electro-
catalytic and photocatalytic acetylene hydrogenation, highlighting
their opportunities and limitations.

2. Overview of acetylene
hydrogenation reaction
2.1 Industrial processes for acetylene hydrogenation

The primary application of acetylene selective hydrogenation is
in the modern petrochemical industry, where trace amounts of

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Overview of the scope of the review.

acetylene need to be effectively removed from ethylene-rich
streams. To meet the requirement of acetylene content
(<10 ppm or even lower) in polymer-grade ethylene, an extre-
mely high conversion of acetylene (>99.5% based on 0.2%
acetylene feed concentration) must be achieved while limiting
ethylene loss to no more than 1%. There are two main pro-
cesses for acetylene hydrogenation in ethylene-rich streams,
namely the tail-end and the front-end processes. The character-
istics, advantages, and disadvantages of these two processes
have been well summarized by Borodzinski and Bond.' The
primary difference between these processes lies in the feed
composition (Table 1). The tail-end process typically operates
with a H,/C,H, ratio of 1.2, while the front-end process exhibits
a H,/C,H, ratio of 110.

Another potential industrial application of acetylene hydro-
genation is the increased utilization of non-oil alternative

Carbon-based materials
Porous materials

 Sulfur

lonic liquid

Organic ligands and polymers
« Liquid phase hydrogenation

» Reaction mechanism

Catalyst design strategy

Catalyst stability and regeneration

Extension to other alkynes and dienes hydrogenation
Electrocatalytic and photocatalytic hydrogenation

resources to produce ethylene, such as coal and natural gas.
This potential route for producing ethylene involves first pro-
ducing acetylene, followed by its hydrogenation to ethylene.
Several commercial processes have been developed to produce
acetylene from these resources, including partial oxidation of
natural gas (POX), thermal plasma pyrolysis of coal (PPY), and
the calcium carbide process. The typical product concentra-
tions for these processes are summarized in Table 1. For the gas
products of POX and PPY, the concentrations of both acetylene
and CO are several times higher than those from naphtha
cracking. Similar to conventional acetylene hydrogenation in
the petrochemical route, the tail-end process can be used by
initially separating the large amounts of CO and H,. However,
this process incurs higher costs due to the separation
and operational complexities, as the conventional solvent
extraction process for separating C,H, from CO is both costly

Table 1 Typical composition of acetylene containing gas in industrial processes

Feedstock Process C,H, CcO H, C,H, Ref
Oil Naphtha cracking (tail-end) 2% 40 ppm 2.4% 71% 1
Oil Naphtha cracking (front-end) 0.2% 2800 ppm 22% 37% 1
Natural gas Partial oxidation 8% 20-25% ~50% ~0.2% 11
Coal Pyrolysis in thermal plasma 6-8% ~10% 70-80% ~1% 12

This journal is © The Royal Society of Chemistry 2025
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and energy-intensive. On the other hand, direct hydrogenation
of acetylene under high concentrations of CO and H,, similar to
the front-end process, simplifies the overall process. This
approach is particularly beneficial when the downstream pro-
cess involves CO, such as in hydroformylation of ethylene, as it
eliminates the need to reintroduce CO. Nevertheless, designing
highly efficient catalysts for acetylene hydrogenation under
these harsh feed conditions remains a challenge. The large
amounts of CO present can poison the metal active sites and
accelerate the formation of oligomers, complicating the cataly-
tic process.

2.2 Reaction pathway of acetylene hydrogenation

The reaction pathways for acetylene hydrogenation are illu-
strated in Fig. 2. Acetylene and atomic hydrogen adsorb onto
the catalyst surface, where subsequent reactions at the active
sites lead to the formation of ethylene, representing the pri-
mary reaction pathway. However, three main side reactions
may occur during the hydrogenation process. The first one
involves over-hydrogenation, where adsorbed ethylene or other
C, unsaturated intermediates further react with active hydro-
gen to form ethane. The second side reaction consists of
coupling, where adsorbed acetylene and ethylene species
undergo C-C coupling, leading to chain growth and the gen-
eration of Cy products such as 1,3-butadiene and butene.
These coupling by-products typically exhibit strong polymeriza-
tion tendencies on the catalyst surface, often resulting in the
formation of polymeric deposits (referred to as green oil, GO),
which can block the active sites and lead to catalyst deactiva-
tion. The third side reaction involves C-C bond cleavage,
leading to coke deposition that typically modifies the active
phase, including the formation of PdC, on Pd-based catalysts
under reaction conditions.

The hydrogenation of unsaturated carbon-carbon bonds is
an exothermic reaction. The standard molar enthalpy changes
(AH) of the main and side reactions in acetylene selective
hydrogenation are shown in eqn (1)-(5):

C,H, + Hy » CyH; AHjes = —172kJ mol™' (1)
C,H, + Hy » C,Hg AHje = —136 kf mol™*  (2)
2C,H, + H, —» C4;Hg AHSgs = —343Jmol™'  (3)
C,H, — 2C, + H, AHY9g = —433 kJ mol ™! (4)

{3 CoHel@)]  1CoHa(a) CzH, (9)

2 L] I

2 e H

1§ CoHe* = CH «— CHy*

S_.b T Hy J.
C*+CH, 2C*+H,
C-C breaking
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C,H, » C +CH, AHJs=—125 k] mol™*

()

In petrochemical processes, ethylene purification reactions are
typically carried out using gas-phase hydrogenation in fixed-
bed reactors. However, this process is susceptible to a phenom-
enon known as “thermal runaway”’, which can lead to sintering
of the active metal and catalyst deactivation. Furthermore, high
temperatures can accelerate the hydrogenation of ethylene to
ethane and promote the formation of green oil. In acetylene
hydrogenation for petrochemical processes, reactors generally
operate at low temperatures, with inlet temperatures around
50-60 °C and outlet temperatures ranging in 70-100 °C. In the
industrial route for producing ethylene from coal and natural
gas, the exothermic heat generated is much higher compared to
petrochemical processes (under the same gas space velocity),
due to the significantly higher concentration of acetylene. This
necessitates more rigorous catalyst specifications and imposes
stricter demands on both reactor engineering and process design
to effectively manage the high heat transfer requirements.

2.3 Benchmark for calculating acetylene conversion and
ethylene selectivity

Research on acetylene hydrogenation is generally carried out in
a fixed-bed or stirred reactor under continuous flow conditions.
The inlet and outlet gases are typically analysed by gas chro-
matography (GC) equipped with a gas sample loop. The GC
provides the peak areas of each product in the gas sample,
which can be used to further calculate molar concentrations.
However, it should be noted that the peak area ratio from
chromatogram should not be directly used as the molar
concentration. The accurate formulas for calculating the con-
version (X) and selectivity (S) are as follows:

- FCsz,in - FCZHz.oul o VinCCZHZ,in - VoulCCZHZ,out

X = =
Fc,H,in VinCc,H, in ©
6
_ Ccynyin — 6Ccymy out
CcyH, in
Fiouw — Fiin eCiout — Ciin
S,‘ - - (7)

Fo,Hyin — FoyHyout CoyHyin — €CcyH, 0ut

where F;;, and F, ., represent the molar flow rates of compo-
nent i, C;;n and C;o. denote the molar concentrations
of component i, v;, and v, are the volumetric flow rates, ¢ is

|

C,+ (green oil)

C-C coupling 1
| C4Hs(0) C4Hg/CyHyo (9) !
Hy | I H, I 3
——! CH,CHCHCH,* —— C,Hg/C,H,, |

Fig. 2 Reaction pathways for acetylene hydrogenation.
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the volume ratio of the outlet to inlet gases, and the subscript
“in” and ‘“out” refer to the inlet and outlet of the reactor,
respectively.

Ethylene selectivity is one of the most important indicators
for evaluating catalyst performance. In the feed conditions of
the petrochemical industry, the concentration of acetylene is
usually below 0.5%, therefore the volume change after the
reaction can be neglected (¢ ~ 1) when excess ethylene in the
feed does not undergo over-hydrogenation. Therefore, ethylene
selectivity can be expressed as:

s £CcHy0out — CoyHyin _ CoyHyout — CoyHyin
CHy = =
CcyHyin — 6CoHyout Coytyiin — CCyHy 0ut

(8)

Theoretically, ethylene selectivity can be calculated using
eqn (8). However, in acetylene hydrogenation within an
ethylene-rich stream, the concentration of ethylene is nearly
30-fold higher or more than that of acetylene. Considering
systematic errors from flow meter control, and GC sampling
and analysis, even a fluctuation of £1% in ethylene concen-
tration can result in more than +30% variation in S¢ p, directly
calculated using eqn (8). Therefore, several studies have cau-
tioned against directly measuring changes in ethylene concen-
tration for calculating Sg i, due to the inherent limitations in
measurement accuracy.

Over the past decade, several alternative methods have been
proposed for the indirect calculation of ethylene selectivity
under feed conditions involving ethylene-rich streams, as sum-
marized in Table 2. Methods A, B, C, and D estimate ethylene
selectivity indirectly by measuring ethane and C, components,
since these species can be accurately quantified due to their
absence in the feed. However, acetylene hydrogenation is often
accompanied by oligomerization, leading to the formation of
GO, which consists of deposited long-chain hydrocarbons. GC
used for quantitative analysis primarily detects light hydro-
carbons such as acetylene, ethylene, ethane, and C,, while
GO components remain undetected. The omission of GO in
Methods A, B, C, and D may result in an overestimation of
the intrinsic selectivity toward ethylene. Notably, Methods D

View Article Online

Review Article

consider only ethylene and ethane as products, disregarding
C; by-products and GO formation, which can further over-
estimate the intrinsic ethylene selectivity. Another strategy to
estimate the ethylene selectivity in ethylene-rich stream is to
carried out isotope labeling experiments, where Method E
was used to determine Sc,u, by using two different isotopes,
B¢ and "C, for ethylene and acetylene, respectively.'?

For acetylene hydrogenation in an ethylene-free feed stream,
the change in ethylene concentration can be accurately mea-
sured, enabling direct calculation of S¢u, using Method E.
Additionally, Methods F and G have been proposed as simpli-
fied approaches for calculating ethylene selectivity. However,
Method F neglects the formation of GO, while Method G
excludes both C, and GO by-products, potentially leading to
an overestimation of ethylene selectivity.

Based on the above discussion, the following recommenda-
tions are proposed for calculating ethylene selectivity:

(i) When comparing state-of-the-art catalyst performance,
a standardized ethylene selectivity calculation method should
be adopted.

(ii) For testing new catalysts for industrial processes invol-
ving ethylene-rich feed streams, the primary objective is to
reduce trace acetylene to the ppm level while minimiz-
ing ethylene loss. Therefore, the residual acetylene concen-
tration and the absolute ethylene concentration in the reaction
effluent are key performance indicators. To evaluate both
catalytic activity and selectivity, it is recommended to follow
the strategy proposed by Borodzifiski and Bond,” as illustrated
in Fig. 3.

(iii) To investigate the acetylene hydrogenation mechanism
over specific active sites, using an ethylene-free feed stream can
provide a more accurate determination of the intrinsic selectiv-
ity of the products.

(iv) For testing new catalysts for the production of ethylene
from coal and natural gas, the volume change after the reaction
cannot be neglected due to the high acetylene concentration.
Therefore, ¢ must be taken into account when calculating the
conversion and selectivity.

Table 2 Methods for ethylene selectivity calculation reported in the literature

Method Formula of S¢ u,

Advantages or limitations

Indirect method (in ethylene-rich feed stream)

A CCgHz,in - CCzHg,Oul
S, _
CHy =
Ce,H,.in — CcyHy 0ut+CoyHg out
B S CCsz‘in - CCsz.OU[
CyHy =
CCsz‘in - CC:HZ,OLll+CC2H6.0L11+2CC4‘0L|1
C Ce,ytgout — Cootgin + 2(Ceyout — Cyin)
S 1 26 26 4 4
cH, = 1 —
Cc,H,.in — CcyHy,0ut
D S 1 CCZH(,.oul - CCEH(,,in
oHy =1 ——————7——
CCgHz.in - CCZHg,out
E S CC3H4.out
CGHy, = 7~
Cc,H,.in — CcyH, out
F S _ C(72H4,uut
C,Hy =
CC3H4‘out+CC2H6‘out+2CC4,out
G _ CC:H4.0L[1
Sc,H, =

CCZ H4.out+ CCZ Hg,out

This journal is © The Royal Society of Chemistry 2025

e Selectivity definition differs from the conventional approach
e Overestimate the selectivity due to the neglect of C, and GO
e Selectivity definition differs from the conventional approach
e Overestimate the selectivity due to the neglect of GO
e Overestimate the selectivity due to the neglect of GO

e Overestimate the selectivity due to the neglect of C, and GO
e Direct method (in ethylene-free feed stream)

o Not suitable for ethylene-rich feed streams

o Accurately defines selectivity for ethylene-free feed streams
e Overestimate the selectivity due to the neglect of GO

e Overestimate the selectivity due to the neglect of C, and GO
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Fig. 3 Acetylene hydrogenation test for catalysts in ethylene-rich
streams. Reprinted with permission from ref. 2. Copyright 2008 Taylor &
Francis. The difference between T; and T is called the operating window
(OW). Catalyst with a large OW is more thermally stable at the temperature
necessary to remove acetylene from the feed.

3. Active sites for acetylene selective
hydrogenation

In acetylene selective hydrogenation, the active metal sites are
typically hydrogenation-active transition metals, such as Pd,
Au, Ni, and Cu. Based on their structural characteristics, active
sites for acetylene hydrogenation can be classified into mono-
metallic, disordered alloy, IMC, and SA sites. This section
provides a comprehensive summary and discussion of research
progress based on active site structures. Section 3.1 presents
the development trends and the current advances in active site
design. Given that Pd is the most extensively studied active
metal for acetylene hydrogenation, Sections 3.2 and 3.3 further
distinguish between Pd-based and non-Pd-based active sites,
respectively.

3.1 Overview and state-of-the-art of active site design

Acetylene selective hydrogenation requires the conversion of
C=C bonds to C=C while simultaneously suppressing both
over-hydrogenation to ethane and C-C coupling reactions that
lead to oligomerization. The key challenge in this reaction lies
in the design of active sites with high performance. It has been
reported that active sites composed of neighbouring active
metal ensembles preferentially stabilize di-c-bonded acetylene
and adsorbed ethylene, thereby promoting both ethylene over-
hydrogenation and C-C coupling reactions.>™ Despite its
relatively high ethylene selectivity among monometallic cata-
lysts, Pd nanoparticles (NPs) inherently feature adjacent active
sites that facilitate side reactions and thus compromise ethy-
lene selectivity.

An effective strategy to enhance ethylene selectivity is the
incorporation of a secondary metal to construct selective hydro-
genation active sites (Fig. 4a). The electronic interaction
between the secondary metal and the active metal modulates
the adsorption strength of C=C and C=C bonds, thereby
enhancing ethylene selectivity. In addition, site isolation by the
secondary metal or a single-atom structure spatially separates
the active metal sites, preventing C-C coupling reactions and

Chem. Soc. Rev.
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ethylene over-hydrogenation. Guided by these active site design
principles, research over the past decade has focused on
enhancing catalyst performance. Beyond monometallic sites,
the active sites in acetylene hydrogenation catalysts can be
classified into three distinct types (Fig. 4b):

(1) Multi-metallic sites with disordered alloy structures.
A representative class of multi-metallic catalysts consists of
disordered alloy phases. In such disordered alloys, the surface
atomic arrangement is unpredictable, leading to the presence
of adjacent active metal sites.

(2) IMC sites with well-defined structures. IMCs possess
precisely defined atomic compositions and ordered structures,
in which metal atoms are arranged in a highly specific manner.

(3) SA sites. By maximizing the spatial separation of metal
centers, SA structures completely eliminate neighboring active
metal sites.

Fig. 4c and d illustrate the number of annual publications
(since 2008) related to these active site categories for both Pd-
based and non-Pd-based catalysts, respectively. For Pd-based
catalysts, secondary metal modification has been widely
explored to enhance selectivity and stability. Additionally, since
the emergence of the SA concept, there has been a growing
interest in developing high-performance Pd SA catalysts, parti-
cularly in the past five years. Researchers have also increasingly
focused on replacing Pd with alternative metal sites, particu-
larly non-precious metals. Over the past five years, efforts have
primarily centered on the development of multi-metallic alloy
and IMC active sites.

Tables 3-10 summarize the state-of-the-art catalytic perfor-
mance for acetylene selective hydrogenation, categorized
according to the active site classifications discussed above.
In Section 2.3, we highlighted the importance of using bench-
mark methods for calculating ethylene selectivity. Correspond-
ingly, we also include the specific calculation methods used in
each study in Tables 3-10. To ensure a fair comparison, the
performance of different catalysts is analyzed based on results
obtained using the same calculation method.

Fig. 5a and d illustrate the ethylene selectivity of Pd-based
and non-Pd-based catalysts under ethylene-free feed condi-
tions, with Sc y, calculated using Method E. A monometallic
Pd active site typically achieves ~60% ethylene selectivity (E)
due to ethane formation and C,. byproducts. Incorporating a
secondary metal, forming either a disordered alloy or an IMC
phase, typically enhances ethylene selectivity to 70-80% (E). For
Ni-based catalysts, monometallic Ni generally exhibits poor
ethylene selectivity due to the formation of C, species and
GO. Ni alloys and Ni-based IMC structures can improve ethy-
lene selectivity to some extent.

Under ethylene-rich feed conditions, ethylene selectivity is
predominantly calculated using Methods C and D (Fig. 5b, ¢, e
and f). Method D provides insights into the ability to suppress
the ethylene over-hydrogenation pathway. Notably, Pd SA sites
exhibit exceptional resistance to ethane formation even at
nearly 100% acetylene conversion (Fig. 5c). Similarly, Cu
single-atom catalysts effectively suppress both ethane and C,
formation, achieving S 1, above 90% (C) (Fig. 5e).

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic illustration of the active sites design strategy. (b) Four distinct types of active sites for acetylene hydrogenation. Annual published

papers for the corresponding active sties of (c) Pd-based catalyst and (d) non-Pd-based catalysts.

The catalytic activity is defined as the moles of acetylene
converted per hour per active metal site. It should be noted that
the activity is strongly influenced by reaction temperature and
acetylene concentration. These factors must be taken into
account when comparing catalytic performance from different
studies. Fig. 6 presents a comparative analysis of the hydro-
genation activity of different types of active sites under an
acetylene feed concentration of ~1%. Pd-based active sites
generally demonstrate significantly higher activity compared
to non-Pd-based active sites. For instance, Pd SA sites exhibit an
activity that is more than two orders of magnitude higher than
that of Cu SA sites.

3.2 Pd-based active sites

Pd-based active sites are the most extensively studied catalysts
for acetylene selective hydrogenation and are the primary catalysts
currently used in industrial acetylene hydrogenation processes.
Compared to non-Pd-based catalysts, Pd-based catalysts exhibit a

This journal is © The Royal Society of Chemistry 2025

significant advantage in catalytic activity. The evolution of Pd-
based active sites has progressed from monometallic Pd to Pd-
based disordered alloys, followed by Pd IMC sites and Pd SA sites.
In addition, Pd-based active sites coated with carbon or metal
oxide layer are reported as an efficient strategy to enhance the
catalytic performance. In this section, we summarize the catalytic
performance and research progress of Pd-based active sites across
the different structural categories.

3.2.1 Monometallic Pd active site. Monometallic Pd active
sites represent one of the earliest investigated catalysts for
acetylene hydrogenation. Their catalytic mechanisms and per-
formance have been reviewed by Borodzinski and Bond.” A key
conclusion from reported studies is that the turnover frequency
(TOF) of surface-exposed Pd active sites is approximately
proportional to particle size. This relationship arises due to
geometric effects induced by the carbonaceous layer deposited
on the Pd surface. In contrast, selectivity toward ethylene and
activation energy are almost independent of particle size.
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Table 3 Monometallic Pd catalysts for acetylene hydrogenation

View Article Online

Chem Soc Rev

Catalyst Description T, °C Feed?, % X, % S, % Activity” Method® Ref
Pd/CNF 8 nm Pd 150 2/4/0 36 1 4434.2 E 15
Pd/CNF 11 nm Pd 150 2/4/0 47 59 5789.1 E

Pd/CNF 13 nm Pd 150 2/4/0 43 62 5296.4 E

Pd/TiO, 31 1.1/3.3/95.6 43 50 204.1 D 16
Pd/TiO, H RF plasma treat 31 1.1/3.3/95.6 37 74 175.6 D

Pd/TiO, O RF plasma treat 31 1.1/3.3/95.6 30 90 142.4 D

Pd/TiO, Ar RF plasma treat 31 1.1/3.3/95.6 27 94 128.1 D

Pd/LDH Spherical Pd 50 0.3/0.6/32.9 20 85 53.1 E* 17
Pd/MgAI-LDH Tetra Pd 50 0.3/0.6/32.9 48 97 127.4 E*

Pd/MgAI-LDH Octa Pd 50 0.3/0.6/32.9 47 89 129.5 E*

Pd/MgAI-LDH L-Wires Pd 40 0.3/0.6/32.9 50 82 76.2 E* 18
Pd/MgAI-LDH S-Wires Pd 40 0.3/0.6/32.9 45 84 68.3 E*

Pd/MgAI-LDH Cuboctahedral Pd 40 0.3/0.6/32.9 45 84 68.0 E*

Pd/CNF Cubic Pd 120 1.5/20/0 13 62 — E 19
Pd/CNF Cuboctahedral Pd 120 1.5/20/0 13 64 — E

Pd/CNF Octahedral Pd 120 1.5/20/0 13 65 — E

Pd/Al,O5 Cubic Pd 60 0.6/1.2/49.3 75 32 133.1 E* 20
Pd/Al,O5 Spherical Pd 60 0.6/1.2/49.3 75 -5 51.2 E*

Pd/ZnO Octahedra Pd 100 2/4/0 25 90 6681.6 — 21
Pd/ZnO Cubes Pd 100 2/4/0 30 80 6472.8 —

Pd/SiO, Octahedra Pd 100 2/4/0 25 90 4554.0 —

Pd/SiO, Cubes Pd 100 2/4/0 20 80 2070.0 —

Pd/Al,O4 140 2/20/0 60 62 3420.6 E 22
Pd/C 75 1/1/0 92 50 — — 23
Pd-B/C Subsurface B atom 75 1/1/0 81 78 — —

Pd-Li/C Subsurface Li atom 75 1/1/0 83 79 — —

Pd/msAC 2 nm Pd 260 — 100 ~90 — — 24
Pd/CNTs PdC, 200 0.9/8.8/88.2 82 40 — B 25
Pd-ac/Al,O, PdC, 70 0.3/0.7/33 95 60 — E* 26
PdAI-120 PdC, 80 2/2.2/80 90 93 — D 27

“ The feed composition listed in the table corresponds to C,H,/H,/C,H,. b Activity is calculated as the number of moles of acetylene converted per
hour per total molar Pd active metal (molg y, molpq~* h™'). ¢ Method refers to the calculation method specified in Table 2. E* indicates that

Method E was applied under ethylene-rich feed conditions.

The formation of B-PdH, and PdC, phases has also been
reviewed."? The formation of both B-PdH, and PdC, contri-
butes to enhanced activity in acetylene hydrogenation, while
the B-PdH, phase reduces ethylene selectivity. Since 2008,
researchers have continued to investigate the effect of PdC,.
It has been reported that the PdC, phase promotes higher
ethylene selectivity. Compared to Pd/a-Al,O; catalysts, Pd/
a-Al,03-AAS catalysts containing the PdC, phase showed
improved ethylene selectivity, increasing from approximately
70% to 85% (calculated using Method E).*>°° Furthermore,
researchers have identified that metal precursors, additives,
and carbonization conditions significantly influence the for-
mation of a stable PdC, phase. The introduction of silane
coupling agents and the use of Pd(acac), as the metal precursor
have been identified as effective strategies for promoting the
formation of the PdC, phase.>®>°

Advancements in nanocrystal synthesis have led researchers
to investigate the influence of the Pd crystal structure on
catalytic performance. By synthesizing Pd NPs in various
shapes, including cubic (exposing only (100) faces), octahedral
(exposing only (111) faces), cuboctahedral (exposing both (100)
and (111) faces), and spherical Pd (primarily exposing (111)
faces), researchers have investigated how the exposed Pd crystal
facets affect acetylene hydrogenation activity and selectivity.
For instance, Kim et al.*® synthesized cubic and spherical Pd
NPs supported on alumina. Their results demonstrated that Pd

Chem. Soc. Rev.

sites on the (100) face of cubic NPs exhibited a TOF more than
twice that of Pd sites on the (111) face of spherical NPs.
Additionally, cubic Pd NPs displayed higher ethylene selectivity.
However, other studies have drawn contrasting conclusions. It
is commonly believed that the Pd(111) facet exhibits higher
hydrogenation activity and selectivity."”*' Yarulin et al'®
demonstrated that atoms on the (111) face are approximately
1.5 times more active than those on the (100) face. Recently,
Xing et al*°> combined experimental results with computa-
tional methods, including the atomic pair distribution function
and reverse Monte Carlo method. Their work revealed the
presence of surface Pd sites with compressive strain in sphe-
rical Pd NPs (Fig. 7). This strain downshifts the local d-band
and weakens the strength of ethylene adsorption, leading to an
enhanced ethylene selectivity.

3.2.2 Multi-metallic sites with disordered alloy structure

3.2.2.1 PdAg alloy. The PdAg alloy is the most commonly
studied bimetallic catalyst for acetylene hydrogenation and
remains widely used in the modern petrochemical industry.
The incorporation of Ag enhances the ethylene selectivity of
Pd-based catalysts through both electronic and geometric
effects. Electronically, the interaction between Ag and Pd
weakens ethylene adsorption on the surface, thereby suppres-
sing its further hydrogenation to ethane.”®® Geometrically, the
presence of Ag reduces the number of neighboring Pd surface
atoms, which in turn lowers the formation of oligomers.

This journal is © The Royal Society of Chemistry 2025
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Table 4 Pd-based alloy catalysts for acetylene hydrogenation
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Catalyst Description T, °C Feed?, % X, % S, % Activity” Method* Ref
PdAg

PdAg/Al,O; 35 1/1.4/30 70 ~67 C 28
PdAg/Al, O3 60 0.9/1.8/97.2 90 20 316.1 — 29
NiPdAg/Al,O3 60 1.1/2.2/96.8 87 25 355.9 — 30
Pd@Ag/TiO, 60 0.73/1.46/52.6 82 79 215.5 C 31
PdAg/SiO, 65 1/5/20 18 79 116.6 B 32
PdAg/AL,0; Egg-shell 30 1/1/30 44 75 325.7 — 33
PdAg/MgAl-LDH Mesocrystal 77 0.35/0.6/32.8 90 82 1.8 E* 34
Ag@PdAg/LDHs Core-shell 100 0.31/0.6/32 99.5 97 7.6 E* 35
PdAg/carbon material 45 4/excess/0 35 76 15963.0 E 36
100Pd,Ag/Al,O5 50 1.47/6.95/29.5 ~70 50 1400.0 B 37
90Pd;,Ag/Al,O; 50 1.47/6.95/29.5 ~70 60 B

75Pd,5Ag/Al,O, 50 1.47/6.95/29.5 ~70 70 B

50Pd;5,Ag/ALO; 50 1.47/6.95/29.5 ~70 75 B

PdAg/Al,O; 150 14.3/71.4/14.3 95 62 5416.0 E* 38
Pd/K*-b-zeolite 30 2.5/10/2.5 -5 E 39
PdAg/K'-b-zeolite 75 2.5/10/2.5 70 E

PdCu

PdCu/Al,O3 60 0.9/1.8/97.2 100 5 351.2 — 40
PdCu/Al,O3 90 0.6/1.8/0 70 62 E 41
PdCu/Al, 03 80 0.59/1.76/0 100 72 E 42
CuPd/Al, O3 Copper rich 50 0.59/1.76/0 35.3 63.4 E 43
PdCu/MgAl-cHT 100 0.3/0.6/32.9 100 84 367.3 E* 44
AgPd, ,/TiO, 40 1/25/25 <3 99 54.3 D 45
CuPd,0g/TiO, 40 1/25/25 <3 100 92.6 D

CuPd, (,/TiO, 40 1/25/25 <3 98.5 108.5 D

Pd/TiO, 40 1/25/25 <3 95 47.9 D

Pd/oCNTs 200 0.5/5/20.1 97.1 39 237.5 C 46
Pd;Cu/oCNT 200 0.5/5/20.1 98.5 55 228.0 C

Pd,Cu/oCNT 200 0.5/5/20.1 99.2 68 205.6 C

PdCu/oCNT 200 0.5/5/20.1 98.8 72 152.0 C

PdCu;/oCNT 200 0.5/5/20.1 98.5 71 106.0 C

Pd/BF-500/250 Pd-Cu-Zn 80 0.625/6.25/31.25 25 85 C 47
PdCu/C FCC phase 100 0.33/0.66/33 100 61 502.4 E* 48
PdCu/C BCC phase 100 0.33/0.66/33 100 86 460.9 E*

Pd;Cu,/C Pd:Cu =48:51 96 0.33/0.66/33 88 82 163.4 E* 49
Pd,Cu;/C Pd:Cu = 38:62 116 0.33/0.66/33 85 87 180.4 E*

Pd;Cuy/C Pd:Cu =34:66 135 0.33/0.66/33 80 98 145.7 E*

PdCu/siloxene 200 1/10/0 91 93 4323.3 E 50
Pd,Cugg Disorder phase 200 0.5/5/50 90 74 B 51
Pd,Cugg Order phase 200 0.5/5/50 90 92 B

PdCu/SiO, B2 phase 25 1/2/1 43 78 — 52
PdCu/SiO, FCC phase 25 1/2/1 13 71 —

CuPd-2/Al,05 B2 phase 90 0.5/3/0 100 95 E 53
Pd/SiO,(NS) 70 12.5/37.5/0 55 47 E 54
Pd,Cu,/SiO,(NS) 70 12.5/37.5/0 40 55 E

Pd,Cu;/SiO, 70 12.5/37.5/0 12 47 E

Au@PdCu/C 122 0.33/0.66/32.98 100 92 210.0 E* 55
PdAu

PdAu/MgAIO, Nanoflowers 100 0.3/0.3/31.7 94 53 376.0 E* 56
AuPd/TiO, 250 0.97/2.91/96.1 50 93 3632.4 D 57
Au@Pd/TiO, Core-shell 90 1.2/2.2/0 100 53 E 58
m-PdAuAg,/HT 140 0.33/0.6/32.8 99.5 76.2 391.9 E* 59
TiO,/AugPd@SBA 0.5/5/10 92 75 C 60
PdZn

Pd/y-Al,O3 60 1.2/2.5/96.3 47.2 31.3 118.8 A 61
Pd-Zn/y-Al,05 60 1.2/2.5/96.3 56.1 74.4 140.4 A

Pd/o-Al,O4 60 1.2/2.5/96.3 64.9 21.2 21.2 A

PdZn/a-Al,05 60 1.2/2.5/96.3 67.1 88.6 23.0 A

PdZn/carbon material 45 4/excess/0 40 73 18243.4 E 62
Pd/ZnO/SMFs PdZn 140 1.5/20/0 15 82 E 63
Pd/CNFs/SMFs 140 1.5/20/0 15 70 E

PdCo

CoPd/MgO 110 0.5/1/70 78 59 334.9 C 64
Pd/MgO 110 0.5/1/70 80 5 316.7 C

PdCo/Al, O3 85 0.33/0.66/33 99.5 88 522.6 E* 65

This journal is © The Royal Society of Chemistry 2025
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Table 4 (continued)

Catalyst Description T, °C Feed?, % X, % S, % Activity? Method* Ref
Pd/C 45 4/96/0 72 60 10946.1 E 66
PdCO(l : 0.5]/C 45 4/96/0 65 63 9881.9 E

PdCo(1:1)/C 45 4/96/0 50 66 7601.4 E

PdCo(l : 2)/C 45 4/96/0 30 67 4560.9 E

PdCo(1:4)/C 45 4/96/0 7 67 1064.2 E

PdX

SnPd/MWNTSs 160 10/20/0 100 93 E 67
Pd/MWNTs 160 10/20/0 100 87 E

PdTi/SiO,-T 110 1/4/0 100 89 E 68
Pd/SiO, 110 1/4/0 100 64 E
PdGa/MgO-Al,03 45 0.3/0.6/32.9 85.9 87.2 518.4 E* 69
Pd/MgO-Al,0; 45 0.3/0.6/32.9 89.5 54.7 E*

PdNi/MgAlO 70 0.3/0.6/32.9 92 70 E* 70
PdIn/Al,O3 60 0.6/1.8/0 95 70 779.9 C 71
PdMn-2-300/Al,05 40 1.05/1.94/5.01 87 81 449.1 E* 72
Pd NPs@Bi, 5/Al,0; 120 1/20/20 70 99 1995.4 D 73
Pd, 5L, 25/N-pgBC 70 1/2/0 94 53 E 74

% The feed composition listed in the table corresponds to C,H,/H,/C,H,.

b Activity is calculated as the number of moles of acetylene converted per

hour per total molar Pd active metal (molcsz molpg~* h™"). € Method refers to the calculation method specified in Table 2. E* indicates that

Method E was applied under ethylene-rich feed conditions.

An optimal Ag/Pd ratio was observed in the catalytic perfor-
mance of PdAg catalysts. An excessive amount of Ag can
significantly decrease hydrogenation activity, due to the poor
H, dissociation ability of metallic Ag. Delgado et al.*” reported
that PdAg catalysts prepared by one-pot synthesis exhibited the
best catalytic performance in terms of ethylene selectivity and
stability at a Pd/Ag atomic ratio of 1.0. However, other studies
have reported that Pd/Ag atomic ratios either below or above 1.0
also achieve optimal performance.*®*® This discrepancy can be
attributed to differences in catalyst preparation methods,
which significantly affect the microscopic mixing and struc-
tural configuration of PdAg NPs. PdAg bimetallic alloys exist as
solid solutions, where the Pd and Ag atom randomly distrib-
uted within the NPs. Identical overall composition may produce
a mixture of monometallic and bimetallic NPs with ill-defined
compositions. Surface segregation of Pd during reactions
further complicates the structure-property relationships. Wil-
liams et al®* reported an enhanced ethylene selectivity of
~80% (E) by synthesizing PdAg/SiO, catalysts via a galvanic
displacement method, which achieved near-atomic dispersion
of Pd on Ag surfaces. Thermal treatment under H, flow at 400-
500 °C enabled Ag intercalation into Pd lattices, generating a
Pd, 6Ag 4 solid solution with ~76% (E) ethylene selectivity.*®

The surface atomic composition and arrangement of NPs
play a crucial role in catalytic performance. The incorporation
of Ag effectively isolates neighboring Pd active sites. To inves-
tigate the geometric effect of Ag, researchers have directly
deposited Ag atoms onto Pd NP surfaces using electroless
deposition (ED) or surface redox (SR) methods.**?°**°* Their
results showed that both TOF and ethylene selectivity increased
with Ag coverage. Higher Ag coverage leads to the formation of
smaller Pd ensembles, which causes acetylene to adsorb as a
n-bonded species, favoring selective hydrogenation to ethylene.
Additionally, Pd@Ag core-shell catalysts have been proposed
to enhance catalytic performance.’’***° Compared with

Chem. Soc. Rev.

PdAg/TiO, catalysts prepared by co-impregnation, PA@Ag cat-
alysts synthesized via sequential photodeposition increased
ethylene selectivity from ~20% to ~80% (C).*!

3.2.2.2 PdCu alloy. Different from Ag, which primarily acts
as a promoter, metallic Cu exhibits intrinsic activity for acety-
lene hydrogenation. However, its hydrogen dissociation
capability is relatively weak compared to the Pd active sites.
The activation energy for H, dissociation on a Cu(111) surface
has been calculated to be 0.46 eV, significantly higher than that
on Pd(111) (0.20 eV).>®

To enhance the catalytic activity, Pd has been incorporated
into Cu-based catalysts at Cu/Pd atomic ratios ranging from
10 to 50.*7%%°% The PdCu catalyst with a Cu/Pd ratio of
43.6 exhibited a TOF that was an order of magnitude higher
than that of monometallic Cu.** At high Cu/Pd ratios, Pd atoms
can be isolated within Cu particles, where hydrogen dissocia-
tion occurs on Pd sites, followed by hydrogen spillover to
adjacent Cu sites, thereby enhancing the overall hydrogenation
activity."* The Cu/Pd ratio also plays a crucial role in determin-
ing ethylene selectivity. A PdCu catalyst with a Cu/Pd ratio of
50 exhibited an ethylene selectivity of 70-80% (E), while further
decreasing the Cu/Pd ratio to 10 led to excessive hydrogenation
of ethylene to ethane.***

PdCu catalysts with lower Cu/Pd atomic ratios (~1.0) have
also been investigated for acetylene hydrogenation.*®*4954
In these cases, Pd and Cu form a bimetallic alloy phase with
a solid-solution structure, where Pd and Cu atoms are ran-
domly distributed. Similar to PdAg catalysts, an optimal bal-
ance between catalytic activity and selectivity is closely related
to the PdCu ratio. At low Cu/Pd ratios (e.g., Pd;Cu), the catalyst
exhibited large Pd ensembles with minimal Pd isolation,
which promoted the over-hydrogenation of ethylene to ethane.
Conversely, at high Cu/Pd ratios (e.g., PdCu;), the catalysts were
limited by H, activation and thus showed higher selectivity

This journal is © The Royal Society of Chemistry 2025
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Table 5 Pd-based IMC catalysts for acetylene hydrogenation
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Catalyst Description T, °C Feed®, % X, % S, % Activity” Method* Ref.
PdGa

PdGa etched Bulk 200 0.5/5/50 91 56 — B 75
Pd;Ga, etched Bulk 200 0.5/5/50 65 48 — B

Pd/ALO; Pd 200 0.5/5/50 43 17 — B

Pd,Ga/Al, 05 Pd,Ga 200 0.5/5/50 88 67 6615.1 B 76
Pd/AlL,O5 Pd 200 0.5/5/50 42 49 2451.9 B

Pd,Ga/MgGa,0, Pd,Ga 200 0.5/5/50 98 70 28600.4 B 77
GaPd/Al, O3 Nano-PdGa 200 0.5/5/50 83.9 82 4140.0 B 78
GaPd,/Al,O4 Nano-Pd,Ga 200 0.5/5/50 87.6 66 7120.0 B

Pd/Al,O4 Pd 200 0.5/5/50 44.9 20 2450.0 B

GaPd,/a-Al,03 Pd,Ga 200 0.5/5/50 92 76 480.0 B 79
Sputtered GaPd, Pd,Ga 200 0.5/5/50 41.1 72 3930.0 B 80
Pd-Ga,0; Pd,Ga-Pd, 200 0.5/10/20 88 80 — C 81
Pd-Ga,0, Pd,Ga-Pd, 140 0.5/10/20 97 60 — C

PdIn

InPd, powder InPd, 200 0.5/5/50 90 80 — B 82
PdIn/MgAlL,O, PdIn 90 0.5/5/50 95 90 325.0 B 83
Pd;In/MgAlL, O, Pd;In 90 0.5/5/50 100 20 342.1

PdIn/CNT Pd;In 50 0.5/2.5/30 90 10 256.5 C 84
PdIn/CNT PdIn 50 0.5/2.5/30 50 90 142.5 C

PdIn/CNT Pd,In, 50 0.5/2.5/30 18 80 51.3 C

Pd/In,0,/Si0, PdIn 100 1/10/0 80 68 — E 85
PdZn

Pd/ZnO Pd,Zn, 60 2/20/0 98 70 1676.1 E 86
Pd/ZnO Pd,Zn, 80 2/20/40 92 89 — D

PdgZn,, PdgZn,, 100 1/31/18 100 82 — E 13
PdyZn,, PdyZn,; 100 1/31/18 100 70 — E

PdgAuZn,, PdgAuZn,, 100 1/31/18 100 63 — E

Pd; 0Zng /CNS Pd; oZne 1 60 1/20/19 40 90 — D 87
PdZn PdZn 60 1/20/19 15 45 — D

Pd;ZnC, Pd,;ZnC, 120 2/2.2/80 89 92 528.5 D 88
Others

Bulk-Pd,,Bi,Se, 200 0.5/5/50 75 93 — B 89
PdBi/Calcite Pd;Bi, 120 1/20/20 60 >99 380.1 D 90
PdBi/SiO, Pd;Bi 40 1/4/0 78 80 277.9 G 91
Sn-Pd/MWNTSs Pd,Sn 160 10/20/0 100 93 — E 67
Pd,Sn/C Pd,Sn 160 0.33/0.66/32.8 100 92 17.3 E* 92
Pd;P/TiO, Pd,P 225 1.2/2.4/0 100 78 — E 93
PdP,/TiO, PdpP, 225 1.2/2.4/0 100 84 — E

Ga,_,Sn,Pd, Bulk-Ga,Pd, 200 0.5/5/50 91 83 5.5 B 94
Ga,_,Sn,Pd, Bulk-Ga, ,Sn, 3Pd, 200 0.5/5/50 91 83 9.5 B

CaPdH, 100 1/10/0 85 81 — E 95

% The feed composition listed in the table corresponds to C,H,/H,/C,H,. b

Activity is calculated as the number of moles of acetylene converted per

hour per total molar Pd active metal (molcZHZ molpg~ " h™"). ¢ Method refers to the calculation method specified in Table 2. E* indicates that

Method E was applied under ethylene-rich feed conditions.

to polymerization byproducts.*® The ecrystal structure of
PdCu significantly influences acetylene hydrogenation perfor-
mance.*®*>*>?%7 1t has been reported that modifying the CugoPd,o
structure from a disordered phase to a partially ordered CsCl-type
structure increased ethylene selectivity from 74% to 92% (B).”
Moreover, PdCu alloys with a ordered body-centered cubic (B2)
structure have shown superior ethylene selectivity compared to
those with a face-centered cubic (FCC) structure.*®>>"

3.2.2.3 PdX alloy. In addition to widely investigated PdAg
and PdCu, other bimetallic PdX catalysts have been developed
for acetylene selective hydrogenation. The secondary metal (X)
includes Au, Zn, Co, Sn, Ga, Ti, In, La, and Mn.?”®4298:299 pye
to variations in reaction evaluation conditions and selectivity
benchmarks across studies, direct comparisons of catalytic

This journal is © The Royal Society of Chemistry 2025

performance among these bimetallic catalysts remain difficult.
To assess the effectiveness of bimetallic catalysts, researchers
typically provide performance data for the corresponding
monometallic Pd catalysts as references. Fig. 8 compares the
catalytic performance of monometallic and bimetallic catalysts
under identical reaction conditions, using a similar Pd metal
loading within the same study. In these investigations, the
catalysts were primarily synthesized via the impregnation or
colloidal solution methods, resulting in bimetallic NPs that
generally form an alloy phase without a well-defined structure.
Introducing a secondary metal (X) consistently improves ethy-
lene selectivity, though its effect on catalytic activity depends on
the specific element. Notably, metals like Zn, Sn, In, La, and Mn
enhance both selectivity and activity, outperforming mono-
metallic Pd catalysts.
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Table 6 Pd-based SA catalysts for acetylene hydrogenation
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Catalyst T, °C Feed?, % X, % S, % Activity” Method* Ref.
Carbon material supported

Pd,/C3N, 100 0.5/1/25 40 95 D 96
Pd,/ND@G 120 1/10/20 15 95 388.7 D 97
Pd,/Graphene 50 1/2/0 64 78 364.9 E 98
Pd,/C;N, 50 1/2/0 30 96 171.0 E

Pd-SAs-900 100 0.5/5/50 75 95 13.4 B 99
Pd,/MPNC 110 0.5/5/50 84 82 483.9 B 100
Pd;-Ng/CNT 40 2/4/50 62.6 96.4 2163.0 E* 101
Pd,Cu,/ND@G 90 1/10/20 67 93 2122.1 C 102
Pd;-N;C; 100 0.65/5/50 92 80 968.5 — 103
Pd/GDY 160 0.33/0.66/32.8 75 100 E* 104
Pd,/N-graphene 125 1/10/20 99 93.5 D 105
Pd,/N,S-C 150 0.5/5/50 100 80 2024.5 D 106
Pd,-Ndicy/hNCNC 160 1/215 90 87 3644.2 D 107
Metal oxide supported

Pd,/ZnO 80 2/20/40 99 84 33864.4 D 108
Pd;/MgO 150 1/10/0 25 74 49884.4 E 109
Pd,/MgO 120 1/10/20 30 94 D 110
Pd;-Fe,/Fe,03(012) 40 1/10/20 85 97 227.2 G 111
Pd,/MgO 120 1/2/0 39 42 1208.4 E 112
Pd,/CeO, 140 2/20/40 35 90 299.3 D 113
Pd,/o-Fe,0, 120 2/20/40 50 85 427.6 D

Single atom alloy

AuPd, ¢,/Si0, 120 1/20/20 50 80 6334.5 D 114
AgPd 1/Si0, 160 1/20/20 60 80 3694.0 D 115
CuPd, 06/SiO, 160 1/20/20 100 85 5770.3 D 116
Pd;Ni/SiO, 80 1/10/20 90 88 10126.9 D 117
PdCu-SAA 160 0.45/0.9/45 60 96 529.1 E* 118
Pd, 1Ni,/Si0,-GR-500R 130 1/10/20 60 90 2565.5 D 119
Pd,Ag/Al, 03 60 1/10/20 96 94 1368.3 — 120
Pd30 ppm/Fe;C, 80 1/3/0 38 82 E 121
Pd;-NiGa 110 0.5/2.5/40 100 96.8 593.9 C 122
Pd;Ag, /AL, 03 75 0.5/2.65/45.1 65 97 395.3 D 123
Pd,Cu,,/Al, 0, 120 0.33/0.66/33 100 82 D 124
Others

Pd; @Cu-Siw 80 0.5/5/50 12 92 2.8 B 125
Pd; @NENU-1 80 0.5/5/50 75 88 0.2 B

Pd,;@Y 80 0.5/5/50 35 60 7.6 B

T-Pd,/UiO-66-NH, 150 0.33/0.66/34.5 45 93 582.0 E* 126
BmimBF4-0.021Pd/HAP 100 2/20/40 95 88 D 127
Pd/Ni(OH), 105 0.65/5/50 80 75 14822.8 B 128
0.8 Pd/WS2 25 1/20/0 65 65 C 129

% The feed composition listed in the table corresponds to C,H,/H,/C,H,.

b Activity is calculated as the number of moles of acetylene converted per

hour per total molar Pd active metal (molcZHZ molpg~ " h™"). ¢ Method refers to the calculation method specified in Table 2. E* indicates that

Method E was applied under ethylene-rich feed conditions.

The structure of PdX bimetallic NPs significantly influences
their catalytic performance in acetylene hydrogenation. Core-
shell bimetallic catalysts, such as Au@Pd,”'® Pd@Pt,”'" and
Ru@Pd,*"* have been extensively developed for acetylene
hydrogenation. Core-shell architectures offer a distinct
approach to modulating the electronic and geometric proper-
ties of catalysts due to their unique strain effects and coordina-
tion environments, while maintaining a continuous and
abundant exposure of shell-metal ensembles. The shell thick-
ness plays a critical role in determining catalytic performance.
A monolayer of the shell metal exhibits the strongest electronic
interaction with the core metal, maximizing its electronic
effects. Studies have shown that a thinner shell generally
provides higher hydrogenation activity than a thicker one. For
example, a Ru(5.1 nm)@0.7ML-Pd catalyst with a 0.7 monolayer

Chem. Soc. Rev.

Pd shell exhibited more than twice the hydrogenation activity
compared to Ru(5.1 nm)@2.3ML-Pd with a 2.3 monolayer Pd
shell, while ethylene selectivity increased from 51% to 71%
(D).le

Trimetallic catalysts have also been investigated to enhance the
performance of acetylene hydrogenation, with examples including
Ni-Pd-Ag, Pd-Au-Ag, Al-Pd-Ru, and Pd-Cu-Zn.>%*">%3
Compared to the corresponding bimetallic systems, trimetallic
catalysts often exhibit better performance. For instance, under
conditions ensuring 100% acetylene conversion, the PdAuAg,
catalyst achieved an ethylene selectivity of over 75% (E*),
whereas monometallic Pd and bimetallic PdAu and PdAg
catalysts all exhibited selectivity below 65% (E*).>* However,
the introduction of a third metal increases the structural
complexity of the catalysts, making it more difficult to identify

This journal is © The Royal Society of Chemistry 2025
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Table 7 Monometallic non-Pd-based catalysts for acetylene hydrogenation

View Article Online

Review Article

Catalyst Description T, °C Feed®, % X, % S, % Activity” Method*® Ref.
Au

Au/CeO, Au-2 nm 270 0.1/0.7/0 75 100 7.4 G 130
Au/Fe,05 Au-3.5 169 0.11/15.4/0 50 95.9 3.0 E 131
Au/Si0,-R250 0O, plasma 150 0.8/16/83.2 80 76 D 132
Au/C-TiO,-R250 150 1.0/10.2/88.7 62 43 334.8 D 133
Au/C-TiO,-R250 150 1.1/5.4/93.5 40 79 227.6 D

Au/ZnO-F-0O 200 1/20/0 66 80 63.3 E 134
Au/CNA 250 0.6/3/0 14 98 81.0 E 135
Au/Ceg oZT 10, 250 0.6/3/0 9.4 E 136
Au/C-TiO,-am 185 1.1/2.2/96.7 98 78 D 137
Ni

Ni/MCM-41 250 1:3:0 100 40 524.1 E 138
Ni/AC-N-0.5 200 1:3:0 96 46 E 139
Ni/MCM-41 200 1:2:0 82 85 E 140
Cu

Cu(OH)Z—derived CuC 110 0.45/10/88.8 98 82 0.1 D 141
Cu-derived Cu,C-Cu 110 0.47/7/91.8 100 80 0.1 D 142
Cu,O derived Cu,C 110 0.45/10/0 100 52.4 E 143

% The feed composition listed in the table corresponds to C,H,/H,/C,H,.

b Activity is calculated as the number of moles of acetylene converted per

hour per total molar active metal (mol¢ y, MOlyear - h™"). © Method refers to the calculation method specified in Table 2. E* indicates that Method

E was applied under ethylene-rich feed conditions.

active sites and hindering mechanistic understanding. Unravel-
ing the structure-performance relationships in trimetallic sys-
tems remains a challenge.

3.2.3 Active sites with well-defined IMC structure. IMC
phases exhibit well-defined atomic compositions and ordered
structures, which endows IMC with unique electronic proper-
ties and geometric configurations. The incorporation of a
secondary metal modifies the electronic properties of Pd,
optimizing the adsorption strength of reactant species and
suppressing the over-hydrogenation of ethylene. Additionally,
the ordered arrangement of the secondary metal spatially
isolates adjacent Pd sites, inhibiting C-C coupling reactions.
Secondary metals such as Ga, Zn, and In form IMC phases with
Pd over a wide range of metal ratios and structural configura-
tions, leading to improved ethylene selectivity compared to
monometallic Pd (Fig. 9). Notably, the formation of PdGa IMCs
not only enhances ethylene selectivity but also promotes acet-
ylene hydrogenation activity.

3.2.3.1 PdGa IMC. PdGa IMCs are among the most exten-
sively studied IMC catalysts for acetylene hydrogenation.”®8%>'
Schlogl et al. first proposed that the well-defined crystal struc-
ture of PdGa IMCs could effectively isolate Pd atoms, thereby
modifying their catalytic properties."”®”” They synthesized
bulk PdGa and Pd;Ga, via the metal melting method and
evaluated their performance for acetylene hydrogenation.
These bulk samples exhibited excellent long-term stability
and significantly higher ethylene selectivity (70-75%, B) com-
pared to the Pd/Al,O; reference (17%, B).”> However, the
catalytic activity was relatively low due to the presence of
surface oxide species, which formed during the grinding or
milling process. Surface etching, which removed these oxide
species, enhanced the surface activity (g me. > h™?) to a level

This journal is © The Royal Society of Chemistry 2025

comparable to that of Pd/Al,O;. However, the ethylene selectiv-
ity decreased to ~50% (B), likely due to partial decomposition
of the IMC phase, leading to Pd-enriched surfaces.”®

To improve the dispersion of PdGa IMCs and enhance their
catalytic activity, researchers have focused on synthesizing well-
defined PdGa IMC NPs. Two-step synthesis and precursor-
based methods have proven effective in producing GaPd and
GaPd, NPs with particle sizes below 7 nm.”®*'* Investigations
of nanoscale PdGa IMC catalysts have demonstrated their
intrinsically higher activity compared to monometallic Pd in
acetylene hydrogenation. For instance, nano-GaPd,@Al,0O;
and nano-GaPd@Al,O; exhibited hydrogenation activities of
7120 and 4140 molgy, molpg ' h™', which were 2.9 and
1.7 times higher than that of Pd/Al,O3, respectively.”® Moreover,
the ethylene selectivity over nano-GaPd@Al,O; increased to
82% (B). The significantly enhanced catalytic performance of
PdGa IMCs was attributed to the presence of isolated Pd atoms
within their intermetallic structure. This conclusion was
further validated through precise atomic-level engineering of
the catalyst surface.®" The exposed surface structures of Pd,Ga
IMC were tailored via reactive metal-support interactions,
where increasing the reduction temperature induced a transi-
tion from the energetically favorable (013)/(020) facets to (011)/
(002). This structural evolution resulted in two distinct config-
urations (Fig. 10): Pd,Ga(Pd,), characterized by isolated Pd
atoms (Pd,), and Pd,Ga(Pd;), characterized by consecutive Pd
trimers (Pd;). Notably, Pd,Ga(Pd,) exhibited a higher ethylene
selectivity (80%, C) compared to Pd,Ga(Pd;) (60%, C).

3.2.3.2 PdZn IMC. PdZn bimetallic catalysts exhibit both
ill-defined alloy phases and well-defined IMC phases. The
formation of a well-defined structure is highly dependent on
the catalyst preparation method. Various PdZn IMC catalyst,

Chem. Soc. Rev.
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Table 8 Multi-metallic alloy catalysts for acetylene hydrogenation

View Article Online
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Catalyst T, °C Feed?, % X, % S, % Activity” Method* Ref.
NiX alloy

NiZn,/MgAl,O, 100 2/20/0 75 60 84.2 E 144
Ni/MgAlL,0, 100 2/20/0 75 47 29.5 E

NigIn/SiO, 180 1/10/0 100 60 11.8 E 145
Ni;oIn/SiO, 180 1/10/0 100 60 11.8 E

AgNio »5/Si0, 120 1/20/20 50 50 97.1 D 146
NiGa/a-Al, 04 160 15/58.2/0.8 37 72 46.5 E 147
NiZn/TiO, 150 2/20/0 67 81 842.8 — 148
Ni/Al,O3 200 0.5/10/20 100 —60 12.6 D 149
NiCo/Al,03 200 0.5/10/20 55 87 6.9 D

NiFe/Al,O3 200 0.5/10/20 99 79 12.5 D

NiMn/Al, 05 200 0.5/10/20 98 65 12.3 D

NiMo/Al, O3 200 0.5/10/20 64 95 8.1 D

Ni;Ga/SiO, 180 1/5/0 100 78 11.8 E 150
Ni,Sn/ZSM-12 250 1/2/0 100 84 E 151
Ni/ZSM-12 250 1/2/0 100 70 E

Ni/SiO, 250 1/2/0 97 55 E 152
Ni,Mg/SiO, 250 1/2/0 100 31 E

Ni,Sn/SiO, 250 1/2/0 100 65 E

Ni/8%Sn—-CeO, 250 1/2/0 100 83 153
NiCu alloy

NiCu/Al,O5 115 0.31/3.1/30.4 80 86 4.5 E 154
pre-NiCu/MMO 160 0.33/0.66/34.5 100 70 9.1 — 155
Ni&Cu-NP/Al,O; 130 1/2/0 100 71 E 156
CuNi 1,5/Si0, 160 1/20/0 95 62 364.3 E 157
NiCuy.1,5/MCM-41 250 1/3/0 100 62 E 158
CuNi,/ZSM-12 250 33.3/66.7/0 100 55 E 159
NiCu/ZrO, 220 1/10/20 100 93 1.1 D 160
Ni, 5C0, sCus@C/ALO, 120 0.5/10/0 98 80 E 161
CuNiCs/TiO, 180 0.33/6.6/33 98 92 E* 162
Au-Ni alloy

AuNi/y-Al,O5 58 4.3/8.7/87.0 64 >99.99 17.6 — 163
AuNi, 5/SiO, 100 1/20/0 48 39 1.7 164
Others

PtCo0,/Z 140 1/20/20 85 88 185.0 C 165
PtCuO,/Z 140 1/20/20 85 95 185.0 C

PtCu/Al,0; 150 1.1/11.1/22.2 65 85 17.8 C 166
Cuy.sZn, »(OH) 90 0.48/4/94.75 80 9 D 167
CuZnCo/HEOs — 0.71/2.86/70.72 100 90 — 168
AuAg/SiO, 250 0.8/16/83.2 82 55 D 169

“ The feed composition listed in the table corresponds to C,H,/H,/C,H,. ? Activity is calculated as the number of moles of acetylene converted per
hour per total molar active metal (mochHZ MOlperar” - h™Y). © Method refers to the calculation method specified in Table 2. E* indicates that Method

E was applied under ethylene-rich feed conditions.

including Pd,Zn,, Pd; ¢Zne 4, and the (Pd,Zn) y-brass phase, have
been successfully synthesized for acetylene hydrogenat-
ion."*#%87:216 pq/7n0, which predominantly contained the Pd,Zn,
phase (Fig. 11a), achieved a high ethylene selectivity of 89% (D)
under ethylene-rich feed conditions.®® The high selectivity sug-
gests that the Pd,Zn, phase effectively suppresses ethylene over-
hydrogenation to ethane. DFT calculations revealed that the Pd-
Zn-Pd ensembles in the Pd;Zn, phase exhibited a weak n-bonding
interaction with ethylene (Fig. 11b), consistent with the experi-
mental findings. However, it is noteworthy that the Pd/ZnO
catalyst does not effectively suppress the formation of oligomers.
Under ethylene-free feed conditions, Pd/ZnO showed an ethylene
selectivity of ~70% (E), while the selectivity toward oligomer (C,.)
products exceeded 20% (E).*

The site-isolation effect in acetylene hydrogenation was
further examined using the intermetallic (Pd, Zn) y-brass

Chem. Soc. Rev.

phase. PdgZn,,, which featured completely isolated Pd
sites, exhibited an extremely low formation rate of ethane
(Fig. 11c and d). Isotope labeling experiments enabled a
direct calculation of the intrinsic ethylene selectivity (Method
E) under ethylene-rich feed conditions, revealing an ethylene
selectivity of ~80%. However, it should be noted that the
acetylene hydrogenation rate over PdgZn,, was significantly
lower than that of Pd¢Zn,;, which contained Pd; trimer sites
on the surface. This difference is attributed to the limited
ability of PdgZn,, to activate H, dissociation, highlighting
a trade-off between site isolation and H, activation in
PdZn IMCs.

3.2.3.3 PdX IMC. Given its structural similarity to Pd,Ga,

Pd,In (Pnma) has been proposed as a potential IMC catalyst for
acetylene hydrogenation. DFT calculations revealed that Pd,In

This journal is © The Royal Society of Chemistry 2025
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Table 9 Non-Pd-based IMC catalysts for acetylene hydrogenation

View Article Online

Review Article

Catalyst Description T, °C Feed?, % X, % S, % Activity” Method*® Ref
NiX IMC
Niz;Ga-MIHMs NizGa 120 0.65/5/50 70 80 0.6 B 170
Ni/MHMs Ni 120 0.65/5/50 23 70 0.2 B
NiGa/MgAIO Nis;Ga; 190 1/10/20 80 75 30.2 C 171
NiGa/MgAIO NisGa; 90 1/10/0 75 78 28.3 C
NiGa/MgAIO NiGa 190 1/10/20 70 10 26.4 C
NiGa/MgAIO NiGa 90 1/10/0 25 82 9.4 C
Ni Ni 90 1/10/0 65 78 24.5 C
Ni;ZnC, ,/OCNT Ni;ZnCy 5 200 0.5/4.5/20 98 95 61.6 D 172
Ni/oCNT Ni 200 0.5/4.5/20 70 88 29.4 D
Ni;ZnC, ,/C 160 1/15/0 95 85 E 173
NiFeCuGaGe/SiO, CsClo-type 150 1.7/16.7/16.7 39 85 61.3 C 174
NiGa/SiO, Ni;Ga, 150 1.7/16.7/16.7 54 90 14.2 C
Crystalline CeNi, CeNi, 100 2/10/0 3 85 G 175
Amorphous CeNi,H, CeNi,H, 100 2/10/0 90 26 G
NiGa/MgAIO NizGa 110 0.5/2.5/10 100 65.1 C 176
Ni,GaCo 5 110 0.5/2.5/10 100 89.1 o)
Ni 110 0.5/2.5/10 100 46.7 C
NiSb/MgAIO P63/mmc NiSb 180 0.5/2.5/10 50 93 0.4 C 177
Niz;Zn/ZnO NizZn 100 1/20/0 98 80 9.1 E 178
NizZn/ZnO NizZn 125 1/20/20 20 70 1.8 D
NiZn/ZnO NiZn 100 1/20/0 16 12 1.5 E
NiZn/ZnO NiZn 125 1/20/20 54 75 5.0 D
NizGa/TiO, NI;Ga 150 1.8/18.2/9.1 30 90 59.0 C 179
(Nip.sCuyg.,);Ga/TiO, 130 1.8/18.2/9.1 40 95 78.6 o)
(Nip,6,CUg 33)3Ga/TiO, 110 1.8/18.2/9.1 60 92 117.9 C
NiMnyg ggFe, 1,Ge 210 1/20/20 30 95 0.0 C 180
Ni;GaCy s/oCNT Ni;GaCo 5 160 0.5/5/20 89 75 C 181
PtX IMC
PtGe/MCM-41 Pt,Ge, 200 14/29/0 72 64 — E 182
PtSn,; (@MSW Pt,Sn, 200 0.5/5.0/49.8 20 83 58.5 B 183
Pt;Fe/SiO, L1-Pt;Fe 180 1/2/0 99 83 27.4 E 184
Pt;Fe/SiO, A1-Pt;Fe-alloy 180 1/2/0 50 77 13.8 E
Others
BiRh Bulk-Rh;Bi; 200 0.5/5/50 95 88 0.6 — 185
RhZn/SiO, Rh,Zn, 150 1/15/0 50 92 275.9 E 186
RhZn/SiO, Rh,Zn, 217 1/15/0 100 91 E
Al,;Fe, 200 0.5/5/50 78 82 B 187
Al,;Fe, 200 2/10/88 16.5 75 — 188
CoSb 240 0.5/2.5/40 92 92 C 189

“ The feed composition listed in the table corresponds to C,H,/H,/C,H,. © Activity is calculated as the number of moles of acetylene converted per
hour per total molar active metal site (molg p, MOl ~ h™1). € Method refers to the calculation method specified in Table 2. E* indicates that

Method E was applied under ethylene-rich feed conditions.

and Pd,Ga exhibited only minor differences in their electronic
structures, as reflected in their density of states (DOS).*>
Catalytic performance evaluations revealed that Pd,In demon-
strated good stability and a slightly higher ethylene selectivity
of 80% (B) compared to GaPd, (75%, B).*> To further explore
PdIn IMCs for acetylene hydrogenation, compositions with
varying In/Pd ratios, such as Pd;In, PdIn, and Pd,In;, have
been developed. Generally, an increase in the In/Pd ratio
enhanced ethylene selectivity but reduced acetylene hydrogena-
tion activity. For example, as the In/Pd ratio increased from 1/3
to 1/1, the selectivity to ethylene significantly improved from
10% to 90% (C), whereas acetylene conversion decreased from
90% to 50%.%

Pd;Bi; has been reported to exhibit highly dispersed
Pd sites, which result in an extremely weak adsorption of
ethylene.’® This unique electronic structure effectively suppressed
the formation of B-PdH, and inhibited over-hydrogenation of

This journal is © The Royal Society of Chemistry 2025

ethylene to ethane. Consequently, the PdBi/Calcite catalyst
(Pd;Bi; phase) achieved an exceptionally high ethylene selec-
tivity (>99%, D) under ethylene-rich feed conditions. Pd;Bi;
was employed for acetylene hydrogenation under ethylene-free
feed conditions, where it exhibited an ethylene selectivity of
~80% (E) at full acetylene conversion.”

Several other IMCs, including Pd,Sn, Pd;P, PdP,, and
CaPdH,, have been investigated for acetylene hydrogena-
tion.”>%**'” These IMC phases effectively modify the Pd ensem-
ble structure and tune its electronic properties, leading to
enhanced catalytic performance. In addition, ternary IMC
catalysts have been developed to further improve the selective
hydrogenation of acetylene to ethylene.®>°**'® Notable exam-
ples include Pd,Ga; ,Sn, (0 < x < 1) and Pd,;Bi,Se,. The
introduction of Sn into Pd,Ga was found to enhance catalytic
activity. Specifically, bulk-Ga, ;Sn, 3Pd, exhibited an acetylene
hydrogenation rate of 9.5 molc p, molpg * h™%, nearly doubling

Chem. Soc. Rev.
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Table 10 Non Pd-based SA catalysts for acetylene hydrogenation

Catalyst Description T, °C Feed?, % X, % S, % Activity” Method* Ref.
Ni SA

Ni;/N-C 150 0.5/10/50 70 95 — 190
cal-Ni; @CHA 100 1/16/0 60 95 5.4 G 191
Ni;MoS/Al,O4 100 0.15/3.03/15 50 ~100 1.1 E* 192

120 0.15/3.03/15 100 90 2.2 E*

Ni;Cu,/g-C;N, Ni;—Cu, 160 0.5/5/25 80 90 4.1 C 193
Ni,/g-C3N, 160 0.5/5/25 13 85 0.7 C

Ni,/ND@G Fully exposed 190 1/10/20 100 85 91.0 C 194
Cu SA

Cu,/ND@G 180 1/10/20 40 98 13.6 C 195
Cu,/ND@G 200 1/10/20 90 98 30.6 C

Cu,/ND@G Cu cluster 200 1/10/20 20 93 6.8 C

0.5Cu/AlL,O3 Single atom 178 1/10/20 82 93 18.6 C 196
0.8Cu/Al, O3 3.4 nm Cu NPs 172 1/10/20 60 92 13.6 C

Cu,/ND@G 200 1/10/20 100 92 38.7 C 197
CuZn/NC2 Cuy,-Zn, 160 0.33/0.66/33 73 98 E* 198
Pt SA

Pt;-In,0; 135 0.5/2.5/5 95 90 C 199

“ The feed composition listed in the table corresponds to C,H,/H,/C,H,. © Activity is calculated as the number of moles of acetylene converted per
hour per total molar active metal (mol¢ y, MOlyear - h™"). © Method refers to the calculation method specified in Table 2. E* indicates that Method
E was applied under ethylene-rich feed conditions.
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Fig. 5 Ethylene selectivity versus acetylene conversion over (a)—(c) Pd-based and (d)—(f) non-Pd-based catalysts. Methods C, D, and E in the figures
correspond to the ethylene calculation methods specified in Table 2. The data are summarized from Tables 3-10.

that of bulk-Ga,Pd, (5.5 molc i, molpg ' h™'), while maintain- doping, atomically dispersed Pd species can be stabilized via
ing the same ethylene selectivity. Pd-N or Pd-C bonds.?®*°%1%%1% The unique structure of single-
3.2.4. Pd SA active sites atom Pd sites effectively inhibits the formation of non-selective
3.2.4.1 Pd SA sites supported on carbon materials. Carbon- subsurface hydrogen species while facilitating the desorption
based materials are among the most widely used supports for of surface C,H, species, thereby preventing the over-
anchoring SA sites (Fig. 12). Through defect sites or nitrogen hydrogenation of ethylene to ethane. Under ethylene-rich feed
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conditions, Pd;/ND®@G achieved a high ethylene selectivity of
90% (D) at full acetylene conversion.”” Li et al.®® developed a Pd
SA catalyst via the atomization of Pd NPs, achieving an ethylene
selectivity of 95% (B) at ~75% acetylene conversion.

The formation of Pd-N or Pd-C bonds weakened ethylene
adsorption and reduced H, activation, which leaded to sluggish
H, dissociation kinetics and alters the reaction pathway due to
the absence of metal ensembles in Pd SA."*® In the acetylene
hydrogenation over Pd SA sites, the support atoms forming
bonds with Pd were considered to participate in H, activa-
tion.”®°%1°121% However, the inherently low H, dissociation
ability of isolated Pd atoms limits hydrogenation activity,
necessitating significantly higher reaction temperatures to
achieve nearly 100% conversion compared to Pd NP catalysts
(180 °C vs. 20 °C).”” To overcome this limitation, dual-
atom'*>?*?° and triatomic'®* catalysts have been proposed to
introduce cooperative sites that facilitate H, dissociation and
acetylene hydrogenation. Ma et al.'®> designed a Pd;-Cu, dual-
atom catalyst (Pd;Cu;/ND@G), which exhibited a fivefold

This journal is © The Royal Society of Chemistry 2025
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increase in catalytic activity compared to Pd;/ND@G (Fig. 12d-f).
The proposed mechanism suggests that Cu sites serve as active
centers for H, activation, while Pd sites catalyze acetylene
hydrogenation, thereby significantly improving catalytic
performance.

3.2.4.2 Pd SA sites supported on metal oxide and other materials.
Metal oxides, such as ZnO, MgO, Fe,O;, CeO,, and Al,O3, have
been utilized as supports for anchoring Pd single atoms in
acetylene hydrogenation,'®®'1%111:113:221  Thege catalysts have
demonstrated good performance in suppressing the over-
hydrogenation of ethylene to ethane, achieving ethylene selectivity
exceeding 80% (D) under ethylene-rich feed conditions (Table 6).
Similar to carbon-supported Pd SA, Pd SA sites on metal oxides
exhibit limited efficiency in cleaving the H-H bond, thereby
restricting hydrogenation activity. The reduced hydrogenation
activity may accelerate the polymerization pathways. A 20% (E)
selectivity to C, products was observed over the Pd,/MgO catalyst.
Atomic Pd anchored on o-Fe,05(012) exhibited a unique Pd-Fe
pair structure, which enhanced d-electron dominance near the
Fermi level, thereby accelerating H, dissociation.'"!

Beyond metal oxides, Pd single atoms have also been
stabilized on other supports, including MOFs, hydroxyapatite,
and Ni(OH),."*>'?¢128 These catalysts typically enhance the
ethylene selectivity to some extent and leverage the intrinsic
properties of the supports to further enhance acetylene hydro-
genation. For instance, the abundant hydroxyl groups in
Ni(OH), promoted acetylene hydrogenation activity.">®

3.2.4.3 Pd single atom alloy. Pd;Cu single-atom alloy (SAA) is
among the earliest reported SAA catalysts for acetylene hydro-
genation. While monometallic Cu catalysts exhibit intrinsic
activity for acetylene hydrogenation, their weak H, dissociation
ability limits overall hydrogenation efficiency. To overcome this
limitation, researchers introduced isolated Pd single atoms
onto Cu surfaces as active sites for efficient hydrogen dissocia-
tion. Through a combination of DFT calculations and ultrahigh
vacuum (UHV) surface experiments, Sykes et al**> demon-
strated that Pd;/Cu(111) exhibits efficient H, dissociation
and highly selective hydrogenation of acetylene (Fig. 13a).
Zheng et al.>*® further revealed that Pd single atoms anchored
on Cu(100) displayed a higher hydrogen spillover rate and
enhanced hydrogenation activity compared to those on
Cu(111). Supported Pd;Cu catalysts were synthesized with an
ultralow Pd content, achieving a Cu/Pd atomic ratio of up to
160.11%224 The isolation of Pd by Cu weakened C,H, adsorption
(Fig. 13b), leading to a high ethylene selectivity of 85% (D) at
nearly 100% acetylene conversion. Beyond Pd;Cu, analogous
Pd SAA incorporating Au,'™* Ag,''>120:225226 Nj 17119 and
FesC,'*" have also been evaluated for acetylene hydrogenation.
Compared to Pd;Au (<70%, D), Pd;Ag exhibited higher ethy-
lene selectivity (~80%, D), particularly at acetylene conversion
levels exceeding 70%.'"?

3.2.5 Active sites coated with carbon or metal oxide layer.
Studies have reported that coating a thin carbon layer over
metal active sites can significantly enhance ethylene
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selectivity.”””>** This effect has been observed for various
metal catalysts. For example, PdZn alloy NPs encapsulated
within a few layers of graphene (PdZn@C/ZnO) exhibited an
increase in ethylene selectivity from 75% to 95% (D) compared
to PdZn/Zn0.>*' The enhanced selectivity resulting from the
carbon layer is primarily attributed to its electronic modulation
and confinement effects, which weaken ethylene adsorption.
DFT calculations by Fu et al>** further demonstrated that
within the confined sub-nanospace between two-dimensional
graphene monolayers and the Pd(111) surface, ethane for-
mation was thermodynamically unfavorable, effectively sup-
pressing ethylene over-hydrogenation reactions.

Metal oxides such as Bi,O; and Ga,O; have been deposited
onto metal to enhance acetylene hydrogenation
performance. These metal oxides can selectively decorate
specific regions of the metal core and improve both selectivity

cores
73,233

Chem. Soc. Rev.

and catalytic activity. Through precise structural design,
researchers have successfully enhanced catalytic performance.
For instance, atomic layer deposition (ALD) was employed to
deposit controlled amounts of Ga,0; adlayers on Pd NPs.***
This selective modification preferentially covered the edges and
open facets of Pd, effectively suppressing oligomer formation
(Fig. 14a). Lu et al.*®*® developed a Ga,O; coating of Ag@Pd
core-shell NP catalysts, which significantly enhanced the selec-
tivity and activity (Fig. 14b). Additionally, Pd/Bi,O;3 catalysts
featuring nanometer-scale metal/oxide interfaces were designed
to facilitate intra-cluster electron transfer, weakening ethylene
adsorption and improving selectivity (Fig. 14c).

3.3 Non-Pd-based active sites

Non-Pd-based metals, such as Au, Ni, and Cu, had already been
reported to exhibit selective hydrogenation activity for acetylene.

This journal is © The Royal Society of Chemistry 2025
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Although their hydrogenation activity is significantly lower than
that of Pd-based catalysts, ongoing research continues to develop
catalysts based on less expensive and more abundant metals. The
development of non-Pd-based catalysts follows a similar trajectory
to Pd-based catalysts, where the design of active sites evolve
from monometallic sites to disordered alloy structures, and
further to well-defined IMC structures and SA sites. This section
discusses the research progress of non-Pd-based active sites across
these categories. Additionally, a non-metallic type of active site,
known as frustrated Lewis pairs (FLPs), has also been applied in
acetylene selective hydrogenation and is further discussed in
Section 3.3.5.

This journal is © The Royal Society of Chemistry 2025

3.3.1 Monometallic active sites. Pd-based catalysts do not
fully resolve the challenges of selectivity at elevated tempera-
tures and oligomer formation. To address these limitations,
researchers have explored alternative non-Pd-based catalysts
for acetylene hydrogenation. Among them, Au is one of the
earliest metals evaluated due to its promising performance in
other hydrogenation processes."**>*® Au exhibits the capability
of suppressing the over-hydrogenation of ethylene to ethane
under specific conditions. When considering only C, product,
Au achieved nearly 100% ethylene selectivity (G) at an acetylene
conversion of 75%."*° Despite this, Au catalysts suffered from
rapid deactivation, with conversion dropping from 100% to
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below 60% within a 5-hour test."*° This instability is attri- inherently low hydrogen coverage over Au active sites."*'

buted to the oligomer deposition that negatively impacts the Increasing the H,/C,H, ratio can mitigate oligomer formation

Chem. Soc. Rev. This journal is © The Royal Society of Chemistry 2025
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SiO,

to some extent, but excessive hydrogen concentrations also
promote ethylene over-hydrogenation. For instance, as the
H,/C,H, ratio increased from 5 to 10, ethane selectivity rose
from 21% to 57% (D)."** Enhancing the interaction between
Au and its support has been shown to improve catalytic
performance.'**3%?37 Notable strategies include the use of
flower-like ZnO to generate a higher concentration of Au®*
species’* and C/N co-decorated alumina to modulate the
electronic properties of Au.'**

Both Pd and Au are precious metals, and from the perspec-
tive of reducing catalyst costs, non-precious metals such as
Nj'38238239 and Cu'®**° have been explored for acetylene
hydrogenation. Among them, Ni is considered one of the most
promising active metals due to its high efficiency in H, dis-
sociation. However, acetylene can easily decompose on the sites
of three-nickel-atom arrangements to form ethylidine
species.”* A major challenge associated with monometallic
Ni catalysts is the formation of substantial amounts of C, and
GO during hydrogenation."***° The selectivity toward oligo-
mers exceeded 40%, leading to rapid catalyst deactivation, with
acetylene conversion dropping from 100% to below 50% within
a 5-hour test."*® In comparison, monometallic Cu catalysts
suffer from intrinsically low activity due to their poor ability
to dissociate H,. Compared to Au, the activity of Cu can be
lower by up to two orders of magnitude.'*"'** Additionally,

This journal is © The Royal Society of Chemistry 2025
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other transition metals such as Co>** and Fe*** have also been
investigated for acetylene hydrogenation, but these catalysts
typically show low activity and selectivity for acetylene selective
hydrogenation.

3.3.2 Multi-metallic sites with disordered alloy structure

3.3.2.1 NiCu alloy. Monometallic Ni and Cu each exhibit
distinct advantages in terms of catalytic activity and selectivity,
respectively. To take advantage of both metals, researchers have
proposed Ni-Cu alloy catalysts as a strategy to enhance acet-
ylene hydrogenation performance.””*"*>'*°  Compared to
monometallic Ni, NiCu alloy catalysts showed improved ethy-
lene selectivity. Long-term stability tests revealed that pre-NiCu/
MMO (derived from NiCuMgAl layered double hydroxide)
maintained an ethylene selectivity above 50%, whereas imp-
Ni/MMO (prepared by impregnation method) experienced a
decline in selectivity to ~10%."*® To further optimize catalytic
performance, the Cu/Ni atomic ratio was varied'>***>° and the
optimal Cu/Ni ratio was identified to be in the range of 0.05-1.
For instance, while the ethylene selectivity over NiCu; and
NiCug g5 was ~55% (E), it increased to 62% (E) over NiCulg.155.">®
However, suppressing C-C coupling reactions on NiCu catalysts
remains a significant challenge.

3.3.2.2 NiX alloy. In addition to NiCu alloys, other Ni-based
bimetallic catalysts have been studied for acetylene hydrogena-
tion. Using DFT calculations, Ngrskov et al.>** predicted that
Ni-Zn alloys should exhibit selectivity comparable to Pd-Ag
systems. Experimental evaluations confirmed that a 25%Ni-
75%Zn catalyst displayed remarkably low selectivity to ethane,
even lower than that of a 25%Pd-75%Ag catalyst, under
ethylene-rich feed conditions. Subsequent research efforts have
focused on developing highly selective Ni-Zn alloy catalysts and
evaluating their intrinsic ethylene selectivity under ethylene-
free feed conditions."**'*® Compared to the ethylene selectivity
of 47% (E) over Ni/MgAl,O,, the selectivity was enhanced to
60% (E) over NiZn,/MgAl,0,."** Further increasing the Zn/Ni
atomic ratio increased ethylene selectivity, reaching 80% (E)
over NiZns."*® However, rapid deactivation was observed during
long-term stability tests. Beyond Ni-Zn, several other secondary
metals have been explored in Ni-based bimetallic catalysts for
acetylene hydrogenation, including In, Ag, Co, Fe, Mo, Mn, Ga,
and Sn.!'#71471507152245 Notably, NiGa catalysts exhibited
enhanced ethylene selectivity of 70-80% (E) at nearly 100%
acetylene conversion."*”">* Among the Ni-based bimetallic
catalysts with Fe, Co, Mn, and Mo as the secondary metals,
NiMo demonstrated the most effective suppression of ethylene
over-hydrogenation to ethane, achieving an ethylene selectivity
of 95% (D).'*°

3.3.2.3 Others multi-metallic alloy. Pt-based bimetallic cata-
lysts have been explored for acetylene hydrogenation (Table 9).
Chen et al.**® investigated acetylene hydrogenation over a Ni/
Pt(111) model surface in a batch reactor, demonstrating that
PtNi bimetallic catalysts exhibited both higher hydrogenation
activity and improved selectivity than monometallic Ni and Pt
catalysts. Further research has been conducted on supported
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Pt-based bimetallic catalysts, including PtAg, PtNi, PtCo, PtFe,
and PtCu, for acetylene hydrogenation.'®>16%247-249 Notably,
PtCo and PtCu catalysts achieved ethylene selectivity >85%
(C).*®>'® In contrast, Au-based bimetallic catalysts, such as
AuAg and AuNi, showed limited improvement in ethylene
selectivity."®>'®*% Under ethylene-free feed conditions, the
ethylene selectivity over AuNi remained below 80% (E)."®* Other
metal alloy catalysts, including CuZn'®” and ternary NiCoCu'®*
alloys, demonstrated the ability to suppress ethylene over-
hydrogenation to ethane. However, they still face challenges
in effectively suppressing the oligomerization reaction.

3.3.3 Active sites with well-defined IMC structure

3.3.3.1 NiX IMC. Ni-based IMC catalysts are the most exten-
sively studied non-Pd-based IMC catalysts for acetylene hydro-
genation. Fig. 15 summarizes the catalytic performance in
terms of activity and selectivity compared with benchmark
catalysts.

Initially, intermetallic NiZn was identified as a cost-effective
alternative to PdAg catalysts through DFT descriptor-based
analysis across late 3d transition metal alloys.>** However, early
studies primarily synthesized NiZn as a disordered alloy phase
rather than a well-defined IMC phase, limiting the ability to
establish clear structure-performance relationship. Rioux et al.>*

Chem. Soc. Rev.

successfully synthesized a series of bulk Ni-Zn IMC phases,
including Ni,Zn, Ni;Zn,, and Nis;Zn,,, and evaluated their cataly-
tic performance using isotopic labeling in a batch reactor. As the
Zn/Ni ratio increased, the intrinsic ethylene selectivity (E)
increased from <10% (Ni) to ~20% (Ni,Zn & Ni;Zn,) and further
to ~50% (NisZn,;). Despite these advancements, a major chal-
lenge remains in effectively suppressing the formation of oligo-
mer products.’”®

NiGa IMCs have also been investigated for acetylene hydro-
genation, exhibiting a similar trend between the Ga/Ni
ratio and ethylene selectivity as observed in the NiZn IMC
system."”'”! As the Ga/Ni ratio increased from 0 to 1, ethylene
selectivity increased from 78% to 82% (C)."”" Atomically isolat-
ing Ni sites has been proposed as a strategy to mitigate
oligomer formation. Furthermore, coupling this approach with
the electronic modification effect of a secondary metal can
further enhance catalytic performance. For instance, Sb, which
has a higher electronegativity than Ni, was incorporated into
the Ni lattice, forming Ni;Sb;. This IMC catalyst exhibited
high ethylene selectivity (93%, C) at nearly 100% acetylene
conversion.'””

Incorporating interstitial carbon atoms into the lattice of
NiX IMCs has been demonstrated as an effective strategy to

This journal is © The Royal Society of Chemistry 2025
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simultaneously enhance both catalytic activity and selectivity.
Representative intermetallic carbides include Ni3;ZnC,, and
Ni;GaCqs."”>"7*'7® Compared with Ni/CNT, the Ni;ZnC, ./
CNT catalyst exhibited a twofold increase in activity, while the
ethylene selectivity improved from 88% to 95% (D)."”> Under
ethylene-free feed conditions, the ethylene selectivity was
enhanced from ~70% (E) over Ni;Zn/CNT to 85% (E) over
Ni;ZnC, ,/C.*"?

Recently, multi-metallic IMC and high-entropy intermetal-
lic (HEI) catalysts have been proposed for acetylene hydro-
genation (Fig. 15b and c). Multi-metallic IMCs offer additional
opportunities for tuning the electronic properties of the Ni
active sites while preserving the geometric structure essen-
tial for reactant adsorption and activation. For instance,
partial substitution of Ni in the Niz;Ga IMC phase with Cu
((Nip.67Cuy 33)3Ga/TiO,) nearly doubled the hydrogenation
activity.'”® Moreover, the HEI NiFeCuGaGe/SiO, catalyst
exhibited more than a fourfold increase in activity compared
to Ni;Ga,/Si0,."”*

3.3.3.2 Other IMCs. PtX IMC catalysts, including Pt;Ge;,
Pt;Sn;, and Pt;Fe (L1,), have been evaluated for acetylene
hydrogenation.'®*'®" The transformation of disordered Pt;Fe
(A1) particles into an ordered Pt;Fe (L1,) phase resulted in the
formation of isolated three-fold hollow Pt sites, with electronic
properties finely tuned by neighboring Fe single atoms
(Fig. 16). This structural modification led to a twofold increase
in acetylene hydrogenation activity, while ethylene selectivity
increased from 77% to 83% (E).'**

Rh-based IMCs, such as Rh,;Bi; and Rh,Zn,, have demon-
strated enhanced performance for acetylene hydrogenation as
well."®>'8¢ Lan et al.'®® proposed a Zn atom emitting-trapping-
ordering (Zn-ETO) strategy, which enabled the synthesis of
highly pure-phase IMC catalysts. Compared with monometallic

This journal is © The Royal Society of Chemistry 2025
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Fig. 16 Geometric arrangements of Pt and Fe atoms in the PtzFe Al and
L1, NPs. Reprinted with permission from ref. 184. Copyright 2023 Elsevier.
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Rh/SiO,, the Rh;Zn,/SiO, catalyst synthesized via the Zn-ETO
method significantly enhanced ethylene selectivity from 50%
to 92% (E).

Another approach in IMC catalyst development involves
replacing noble metals with cost-effective alternatives. MoP
and Al;;Fe, have been explored for acetylene hydrogenation,
exhibiting moderate hydrogenation activity and selectivity.'®”*#%>>!
Specifically, Al;;Fe, achieved an ethylene selectivity of 82% (B) at a
conversion of 78%.'® However, challenges remain in terms of
limited activity and rapid deactivation.

3.3.4 Non-Pd-based SA sites. Non-Pd-based SACs for acet-
ylene hydrogenation primarily involve single atom of Pt, Rh,
Ni, and Cu anchored on carbon materials or metal oxide
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supports.?919%?%2253 gimjilar to Pd-based SACs, these non-Pd-
based catalysts also face a trade-off between activity and
selectivity, governed by the linear free energy and Bronsted-
Evans-Polanyi (BEP) relationships.>**

Karim et al®® investigated the electronic and catalytic
properties of TiO, supported Pt SA and subnanometer clusters
(Fig. 17a). Their results demonstrated that as the size of Pt
species decreased from 2.1 nm to single atoms, the TOF
significantly dropped from 2.5 x 107> s~ to 6.0 x 107> s~
(at 70 °C), while ethylene selectivity within the C, products
increased from 50% to 100% (G). A comparable trend was observed
for Cu-based SA catalyst (Fig. 17b). As the size of Cu in Cu/AL,O3
decreased from 9.3 nm to single atoms, the TOF dropped from 147
h™* to 4 h™*, while ethylene selectivity improved from 84% to 91%
(C).*® In addition to enhancing selectivity, SACs also demonstrated
a certain degree of suppression of undesired coupling side reac-
tions, leading to significantly improved catalyst stability."**'*>'%”
Compared with Cu NP catalysts, Cu SACs exhibited a much lower
coking rate after ~5 h on stream, achieving a steady state following
an initial deactivation.'®

To further enhance catalytic performance in acetylene
hydrogenation, multi-heteronuclear SA catalysts have been
proposed, such as Ni;Cu,/g-C;N,*** and dual-atom CuZn/
NC,."*® Compared with Ni,/g-C;N,, Ni;Cu,/g-C3N, exhibited
higher catalytic activity, ethylene selectivity, and catalyst stabi-
lity. Characterization and computational studies revealed that
the Ni active site, confined within two stable hydroxylated Cu
grippers (Fig. 17c and d), underwent dynamic structural rear-
rangements. These rearrangements involved the breaking of
interfacial Ni-support bonds upon reactant adsorption and
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their reformation upon product desorption, thereby optimizing
the overall catalytic efficiency.'®?

3.3.5 Frustrated Lewis acid-base pair site. FLPs represent a
class of non-metallic hydrogenation catalysts. FLPs have been
shown to effectively activate small molecules such as H, and
alkynes, exhibiting low activation barriers. Many FLP-based
catalysts have been developed for acetylene hydrogenation
(Table 11). Li et al>*® recently reviewed the role of non-
metallic catalysts for acetylene hydrogenation, emphasizing
the catalytic mechanisms over FLPs, including the adsorption
and activation of acetylene and H,, as well as the formation of
ethylene. In the current review, we focus primarily on the
catalytic performance of these types of catalysts.

FLP catalysts for acetylene hydrogenation include both metal
oxide and carbon materials. Carbon materials such as graphene,
graphene oxides, and multi-walled carbon nanotubes generally
exhibited higher hydrogenation activity, with rates exceeding 1.0
e, Sar - h1.2%82%5727 However, these materials typically showed
low selectivity for ethylene, due to over-hydrogenation of ethylene to
ethane and the formation of a significant amount of oligomers.

Metal oxides, including Ce0,,>*”:*6%6%2%8 1,0,,**° CrO,,>*
and FeO,,”***% have also been investigated for acetylene
hydrogenation, where the intrinsic selectivity to ethylene can
be enhanced to >70% (E). It has been demonstrated that ceria
catalysts with stoichiometric surface OH groups (Ceria-O) were
crucial for enhancing ethylene selectivity. Compared to ceria
with surface oxygen vacancies (Ceria-Vy) or hydride species
(Ceria-H), the Ceria-O catalyst increased ethylene selectivity
from <20% to 75%.2°* However, it should be noted that metal
oxides face significant challenges in terms of hydrogenation
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Fig. 17 Size effect of (a) Pt active site and (b) Cu active site on the activity and selectivity for acetylene hydrogenation. Reprinted with permission

from refs. 255 and 196. Copyright 2019 American Chemical Society and

2020 American Chemical Society. (c) and (d) Structural characterization of

Ni;Cu,/g-C3N4 catalyst. Reprinted with permission from ref. 193. Copyright 2021 Springer Nature.
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Table 11 FLPs catalysts for acetylene hydrogenation
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Catalyst T, °C Feed®, % X, % S, % Activity” Method* Ref.
CeO, 250 1/30/0 80 85 11.86* E 257
Graphenes 110 1.05/3.2/95.7 81 — 56.63 258
In;05 300 1/30/0 70 84 3.63* E 259
Ni-CeO, 75 0.5/2.0/0 46 63 2.05 D 260
CrO,/y-Al, O3 120 0.48/36.5/9.3 55 — 2.53 261
r-Ce0,-500 200 2.5/75/0 13 74 2.09 E 262
h-Al,O3/FeO, ,5 130 0.7/13.5/52.7 83 85 — E* 263
Cerial-Vo 200 2.5/75/0 3 12 0.12 E 264
Cerial-H 200 2.5/75/0 2 20 0.08 E

Cerial-O 200 2.5/75/0 7 75 0.28 E

“ The feed composition shown corresponds to the ratio of C,H,/H,/C,H,.

b Activity is expressed as the amount of acetylene converted per hour per

gram of catalyst mass (mmolc 1, g ' h™'); values marked with an asterisk (*) are calculated per unit volume of catalyst (mmolc gy, MLea ' h™7).
¢ Method refers to the selectivity calculation method defined in Table 2. E* denotes Method E applied under ethylene-rich feed conditions.

activity. Even at high reaction temperatures of 200 °C, the
catalytic activity was lower than 0.1 gc i, geac ~ ™.

4. Theoretical studies of acetylene
hydrogenation

Experimental studies have demonstrated that the composition and
structure of active sites significantly influence the performance of
acetylene hydrogenation. In earlier studies, researchers could only
infer possible reaction mechanisms based on the adsorption
behavior and kinetic fitting models from experimental results.
With the rapid advancement of computational quantum chemistry,
researchers now have a powerful toolkit to investigate the struc-
ture-performance relationships of active sites at the atomic level. In
the past two decades over 100 studies have focused on the reaction
mechanisms of acetylene selective hydrogenation from a theoretical
perspective. These computational studies have not only rationalized
experimental observations but also offered theoretical insights to
guide the design of improved active sites.

To summarize these theoretical investigations, we categorize
these studies according to the structural characteristics of the
studied active sites. The computational models are classified
into Pd-based and non-Pd-based categories and further sub-
divided into monometallic, disordered alloy, IMC, and SA site
types, following the framework established in Sections 3.2 and
3.3 for experimental studies. The key research themes and
major findings are summarized in Tables 12 and 13. DFT
studies on the reaction mechanism of acetylene selective hydro-
genation typically focus on three key aspects:

(1) Adsorption energetics and geometries. This is the com-
mon type of DFT calculation, where researchers model the
adsorption behavior of reactants on different active sites,
analyzing their binding energy and geometric configurations.

(2) Energy profiles of reaction pathways. These studies go
beyond adsorption and map out the transition state pathways
for elementary reaction steps, providing a deeper understand-
ing of reaction barriers and intermediates.

(3) Activity and selectivity analysis based on DFT-calculated
energy profiles. Several models have been proposed to evaluate
catalytic activity and selectivity, helping to rationalize experimental
observations and guide the design of more efficient catalysts.

This journal is © The Royal Society of Chemistry 2025

This section will discuss the progress of DFT studies on acetylene
selective hydrogenation from the above three perspectives.

4.1 Adsorption energetics and catalyst structural evolution

DFT calculations are widely used to model adsorption ener-
getics and geometries of reactants and intermediates. Surface
science experiments have postulated possible adsorbed species
and adsorption geometries in acetylene hydrogenation
(Fig. 18a), including m-adsorbed acetylene, di-c-adsorbed acet-
ylene, vinyl species, ethylidyne, ethylidene, top-adsorbed acet-
ylene, and vinylidene.?®> DFT calculations can determine the
adsorption energies (E,q) of these surface intermediates on
different model surfaces. An effective catalyst should exhibit
relatively strong acetylene adsorption (Ead_csz as negative as
possible) to enhance acetylene hydrogenation and weak ethy-
lene adsorption (Eaqc,u, as positive as possible) to improve
selectivity. Nerskov et al.>** proposed scaling relations between
adsorption energies of reactants and intermediates and identi-
fying a descriptor for catalytic activity and selectivity, which
should enable efficient screening of high-performance acety-
lene hydrogenation catalysts (Fig. 18b and c). Charge analysis
and density of states (DOS) calculations further quantify charge
transfer and electronic properties of adsorption models, pro-
viding additional insights into the electronic interactions
between active sites and adsorbed species.?®3*¢*

DFT calculations are also used to analyze catalyst structure
evolution during acetylene hydrogenation. Experiments have
reported dynamic changes in the structure and composition of
active sites, such as PdC, phase formation and surface-
segregated Pd in PdAg catalysts, which have been investigated
and confirmed by DFT calculations.>”*>?%° Sautet et al.>’® com-
bined DFT calculations with atomistic ab initio thermody-
namics to study the influence of reaction conditions on PdC,
phase formation (Fig. 18d). They introduced the Gibbs free
energy of formation(Ay") as a criterion to evaluate the likelihood
and stability of carbide phase formation.

4.2 Energy profile of reaction pathways

Acetylene hydrogenation generally proceeds via the Horiuti-
Polanyi mechanism,****°® with the reaction network (Fig. 19)
classified into three main pathways: C, hydrogenation, C-C

Chem. Soc. Rev.
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Table 12 DFT calculations for Pd-based active sites
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Active site Investigation theme Key observations Ref.
Monometallic Pd Pd,, (n = 2-12) cluster size e Pd, cluster showed more selectivity while Pd,, showed higher activity. 270 and
effect 271
Exposed Pd crystal surface e Clean Pd(111) surface exhibits higher selectivity and activity compared to 272-274
Pd(100).
e Pd(100) is more prone to forming PdC, phase, and in its carbide form,
Pd(100) demonstrates higher activity than Pd(111).
Subsurface or interstitial e Subsurface H increase the overall activity while decrease in the ethylene 275-280
atoms of C, B, H, et al. selectivity.
e Subsurface C increase the ethylene selectivity.
e B-modified Pd surfaces show similar properties with C-modified Pd.
Molecule coverage effect o Coverage-dependent microkinetic model gives a much more reasonable 281 and
TOF (1.41 s ). 282
PdX (X = coinage Promotion effect of Ag e Ag promotes ethylene and hydrogen desorption, reducing their further =~ 283-285
metals of Ag, Cu, Au) reaction.
e Pd-Ag(100) hinders carbon deposit migration, leading to low selectivity
due to hydrogenation of carbonaceous species.
Ratio of Ag to Pd and Pd,Ag, e Pd;Ag; is proposed as a potential phase with optimized catalytic 286-289
cluster structure performance
Surface restructure o Surface Pd contents in PdAg and PdAu tend to increase under acetylene 290 and
hydrogenation conditons 291
Core-shell structure e Cu@Pd core-shell structure showed better activity and selectivity than 292 and
Au@Pd and Ag@Pd 293
Screen of PdX alloy e Coinage metals in Pd promote the ethylene selectivity and hinder the 294-301
formation 1,3-butadiene.
e Pd;Cu;, Pd;Ag; and Pd;Au, catalysts show better activity and ethylene
selectivity and inhibit the formation of oligomer.
Pd-based IMC PdGa IMC e PdGa IMC surface terminations significantly impact catalytic pathways,  302-307
activity and selectivity.
e Ga-enriched GaPd,(010) surfaces showed enhanced ethylene selectivity.
Pd,Sn, and AIPd IMC e The B20-type AIPd compound exhibits potential as an active and selective 308,309
hydrogenation catalyst.
e High-coverage model calculations show comparable hydrogenation
barriers on Pd(111) and Pd;Sn(111).
Pd SA Pd,/gC3Ny, Pd,/TiO,, Pd,/ ¢ H diffusion is significantly modified by the type of single metal atoms 310-312
Fe;04
Pd SAA Screen the Pd-based SAA e Pd;M(100) (M = Cu, Ag, Au) with surface Pd coordination number of 313 and
8 exhibits the best catalytic performance 314
Pd;Ag e H, and C,H, can simultaneously bind with a single Pd doping atom in Ag 225, 315
clusters and 316
Pd;Cu e High selectivity on Pd,Cu(111) arises from facile ethylene desorption and 317-320

moderate H, dissociation activity.

bond breaking, and C-C coupling. In the C, hydrogenation path-
way, acetylene undergoes sequential hydrogenation to ethylene,
which can be further hydrogenated to ethane under excess hydro-
gen conditions. In the C-C breaking pathway, intermediates such
as CH, CCH, CCH,, and CCH; are formed through C-C and/or C-H
bond cleavage, which can lead to PdC, formation and coke
deposition.?®**17*% In the C-C coupling pathway, reactive species
like CCH, CCH,, CHCH, and CHCH, can couple to form 1,3-
butadiene, a known precursor to green 0il.>*”?*° When calculating
the energy profiles of each pathway, the transition state (TS) of each
step is identified, and the activation energy (AE,) is determined as
the difference between the transition state energy (Ers) and the
corresponding initial state energy (Eys).

Many studies evaluate catalytic performance based solely on
the C, hydrogenation pathway, where catalytic efficiency is
determined by the energy barrier of the rate-determining step.
For ethylene selectivity, ethylene from the gas phase can re-
adsorb onto the surface and undergo further hydrogenation to

Chem. Soc. Rev.

ethane. A selective active site should have a higher activation
barrier for ethylene hydrogenation (AE,.c u,) than for ethylene
desorption (AEges.c,n,)- On Pd(111), AE,cu, and AEgesc,n,
were comparable, leading to ethylene over-hydrogenation to
ethane. In contrast, PdAg catalysts exhibited a much higher
activation barrier for ethylene hydrogenation, thereby enhan-
cing ethylene selectivity (Fig. 20a). Similarly, NiZn has been
predicted to suppress ethane formation due to a much higher
AE, c,n, than AEge ¢ u, (Fig. 20b).

DFT calculations limited to the C, hydrogenation pathway
reveal the ability of a catalyst to inhibit ethylene over-
hydrogenation, but they do not address the competing C-C
coupling pathway. Experimental studies have shown that some
catalysts produce significant amounts of oligomers, sometimes
even exceeding ethane formation. Thus, incorporating C-C
coupling pathway analysis is essential for a comprehensive
evaluation of catalytic performance. 1,3-Butadiene formation
is often used as a representative descriptor of the C-C coupling

This journal is © The Royal Society of Chemistry 2025
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Table 13 DFT calculations for non-Pd-based active sites

Active site Investigation theme Key observations Ref.
Monometallic Cu e B- or N-doped Cu(111) has excellent C,H, activity and selectivity and greatly 321-
inhibits green oil. 324
o Cugcna.g With defect site is screened out to inhibit green oil and presents excellent
C,H, activity and selectivity
Ni e Ni(111) surface with defect sites showed better catalytic activity and selectivity of 325
ethylene and
326
Pt e Pt/a-WC(0001)-W enables selective C,H, hydrogenation to C,H, (—0.44 eV) while 327,328
preventing over-hydrogenation and catalyst deactivation by suppressing CCH;
formation.
Others (Au, transition metal e a-MoC(101) exhibits Pt-like electronic properties with enhanced C,H, activity, 329-
carbide, Rh) selectivity, and stability against green oil formation. 333
Multi- Cu-based e PdCu(211) and AgCu(211) surfaces favor C,H, desorption, indicating Pd and Ag 334
metallic enhance selectivity for C,H, formation. and
335
Ni-based e Au, Ag, and Cu doping on Ni modulates acetylene adsorption, enhancing catalytic 149
activity. and
336
Pt-based o PtCu; IMC is screened out as the optimal catalyst among Pt-M (M = Au, Ag, Cu) for 337
acetylene hydrogenation
IMC NiX IMC (X = Ga, In, Sn, Ti) o A targeted subspace of IMC enables access to new Brgnsted-Evans-Polanyi 338-
relationships. 341
e Niln and Ni,In; suppressed ethane formation but promoted oligomerization.
Al,;Co, and Al;Co, e Active sites are pentagonal CoAls clusters but not isolated Co atoms. 342-
o The rate-limiting activation energies on CoAls are comparable to those of 345
conventional Pd or PdAg.
Metal phosphide o FeP(101)-1 exhibits Pd-like performance with enhanced performance compared to 346
Pd and other M,P, catalysts (M = Mo, W, Fe, Co, Ni, and Pd).
SA Supported Ni single atom o Single-Ni-doped catalysts with four-N-modified C34 universally exhibit high 347~
ethylene selectivity 350
e Ni;(OH),/TiO,(101) favors acetylene adsorption and promotes the heterolytic
dissociation of H,
Pd,/TiO, and Pt;/Cu o Pd,/TiO, shows the highest ethylene selectivity but lowest activity among Pt,/TiO,, 351-
e Pt;—Cu(111) exhibits the highest selectivity and stability among Pt;-X(111) 353
(X = Cu, Ag, Au),
FLPs CeO, and TiO, e Ce/O FLPs facilitate heterolytic H, dissociation and the resulting O-H and Ce-H 354
species drive acetylene hydrogenation. 359
o Doped metals such as Ga, Cu, Ni, Pd, Pt, or Co promote surface oxygen vacancy
formation and generate diverse FLP types with surface O atoms.
Perovskite oxyhydride e POHs are capable of selective hydrogenation due to their rich hydrogen 360
(POHSs) and carbon nitride surface-redox chemistry and
361

pathway in DFT calculations. Previous studies suggest that
oligomerization on Ni surfaces occurs via C-C bond formation
between adsorbed acetylene and vinyl, with the reaction path-
way beginning with partial acetylene hydrogenation to vinyl,
followed by C,Hs formation and subsequent hydrogenation to
butadiene (Fig. 20c). Zhang et al.>*73%*3?*3%¢ proposed three
primary C-C coupling routes, including CHCH-CHCH cou-
pling, CHCH-CHCH, coupling, and CHCH,-CHCH, coupling
(Fig. 20d). DFT results further reveal that Group 1B metals in
Pd-based catalysts, such as CuzPd;, can effectively suppress the
C-C coupling pathway and consequently green oil formation.
Experimental studies revealed that the PdC, phase forms
during acetylene hydrogenation, with carbon species derived
from acetylene decomposition. DFT calculations have been
employed to investigate the C-C breaking pathway, showing
that reducing the size of Pd ensembles can inhibit C-C bond
cleavage. Specifically, carbon deposition on the 0.01 ML Pd/
Cu(111) surface exhibited a significantly higher activation

This journal is © The Royal Society of Chemistry 2025

energy (2.00 eV) compared to the 1.00 ML Pd/Cu(111) surface
(1.30 eV), suggesting that smaller Pd ensembles suppress
carbon accumulation by making C-C cleavage less favorable.*"”

4.3 Activity and selectivity analysis from DFT calculations

The energy profile results provide activation energies for each
step, which can be used to calculate elementary reaction rates
based on transition state theory (TST). Several models have
been proposed to further evaluate the overall activity of reaction
pathways, including the energetic span model, the two-step
model, and the microkinetic model.

The energetic span model, originally introduced by Amatore
and Jutand®®” and further developed by Kozuch and Shaik,**®
quantifies the efficiency of catalytic cycles through TOF, which
is closely related to the highest transition state and the most
stable intermediate in the energy profile. By applying this
model, researchers can analyze acetylene hydrogenation activ-
ity over different catalyst structures.>’833¢34% por instance,

Chem. Soc. Rev.
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Fig. 19 Reaction network of acetylene hydrogenation for DFT calculation.

Pd,Ag,C exhibited the highest TOF among Pd,, Pd;Ag;, Pd;Ags, The two-step model, proposed by Hu et al.,>>"*7>?%% treats
Pd,Ag,, and Pd,Ag,C catalysts,”®® while Au/Ni(111) demon- acetylene hydrogenation as a kinetic process consisting of two
strated higher activity than Ni(111), Cu/Ni(111), Ag/Ni(111), and steps: adsorption and desorption. The adsorption rate (r,q) and
Au(111).%*° desorption rate (rqc) are determined by the effective energy

Chem. Soc. Rev. This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs01237b

Open Access Article. Published on 15 July 2025. Downloaded on 7/27/2025 4:20:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

View Article Online

Review Article

a o b o5
CH, (@)
— NiZn
-0.5 -0.5¢
-1 ~ -1
) S
C L sk
3-1.5 3-1.5 (:"" L
= ool Qv i (9)
5 2 s 2_‘}__&_:;5_ MPIRCL
w.2s = -2.5¢ J
v
3 -3t
= IS CH@ & __
-4 -4
Reaction Coordinate Reaction Coordinate
250
N 0 .------:_ﬁ?_?’_’j{‘?l_’_’:‘z‘_gj ______________ - d Co(1) 1S3 2130
200 TS6 182.7
“ & — NiZn
. - TS7 1503
~ -1 (I'j‘ : — Ni = 150 4 TS1 1323
$ 3 : g
e o < = 100+ .
> ;) S TS2719  rgs 702 TSS 766
§ =21 9 Et 50 - TS4 455
w < g
2 %) s 0420
g -3t § CHy o (WC,H,) 7
& = s0 CHHEICH/C,Hy) 219 CHCH(HY -287 Cqiy 482
-af oo 733 Salls 73
100 4 CH () 920 C s 919
sk 150 4 CyHlg 1409

Reaction Coordinate
Fig. 20

Reaction coordinate

(a) and (b) Energy diagrams of C, path for acetylene hydrogenation on Pd(111), PdAg(111) and NiZn(110). Reprinted with permission from ref. 244.

Copyright 2008 The American Association for the Advancement of Science. (c) Energy diagram for the oligomerization of acetylene on Ni(111) and
NiZn(101). Reprinted with permission from ref. 250. Copyright 2014 Elsevier. (d) Energy diagram for the possible oligomerization paths over Cu(111).
Reprinted with permission from ref. 323. Copyright 2022 American Chemical Society.

barriers for reactant adsorption and product desorption,
respectively. Under steady-state conditions, the overall reaction
rate (r) is obtained from r = r,q = rq..”’> Using this model,
reaction rates can be predicted, as demonstrated by the case of
Pd¢Ag,, which exhibited the highest reaction rate among
Pdy;_Ag, clusters.”®

The microkinetic model for acetylene selective hydrogena-
tion was developed based on the Langmuir-Hinshelwood (L-H)
mechanism, where the adsorption and desorption of C,H, and
H, were assumed to be in equilibrium, and TST was applied to
determine rate constants for each elementary step based on the
energy profile.”®"?%%29%351 Additionally, the model assumes
that the sum of the total coverage of all intermediates and free
adsorption sites equals to unity. The steady-state approxi-
mation is employed by setting the time derivatives of all
intermediate coverages to zero. The microkinetic model pro-
vides insights into each step of various reaction pathways as a
function of reaction temperature and reactant ratio. For
instance, studies based on the microkinetic model have identi-
fied CHCH and CHCH, as the main fragments responsible for
C-C coupling on PdM(111) (M = Cu, Ag, Au), and revealed that
high temperatures and high H,-to-C,H, ratios inhibited of
green oil formation.>®® Furthermore, coverage-dependent
microkinetic models have been proposed to incorporate the

This journal is © The Royal Society of Chemistry 2025

effects of surface coverage on E,q for all intermediates. For
example, a model was used to quantify the coverage (0) effect on
E.4, demonstrating that the coverage-dependent microkinetic
model obtained a significantly more reasonable TOF (1.41 s
at 300 K) compared to the coverage-independent model (3.16 x
1024 S—l).281

Ethylene selectivity was also analyzed based on the energy
profiles.”*>>%*> A simplified metric for ethylene selectivity was
defined as the difference between the activation energy for
C,H, hydrogenation and the desorption energy of C,H,:

AEselect = AEa-CZH4 - AEdes»CZH4

©)

A more positive AEgec value indicates a higher selectivity
toward C,H, formation. This approach has been widely used
to evaluate the selectivity of different model surfaces and the
effects of crystal structure and metal composition.”

5. Effect of catalyst supports on
acetylene hydrogenation

Acetylene hydrogenation catalysts are typically metal catalysts
supported on solid materials, making the selection of support
material crucial to overall catalytic performance. On one hand,
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the inherent properties of the support can directly affect
acetylene hydrogenation. For instance, the acid-base charac-
teristics of the support can influence C-C coupling reaction
pathways. On the other hand, the support can modulate the
properties of metal active sites, further influencing the overall
catalytic performance. For example, high-surface-area supports
enhance metal dispersion, while reducible supports (e.g., TiO,)
exhibit the strong metal-support interactions (SMSI) effect. The
most commonly used supports for acetylene hydrogenation
catalysts are metal oxides and carbon-based materials. In
addition, porous materials, such as zeolites and metal-organic
frameworks (MOFs), have also been explored. The performance
of active sites on different supports for acetylene hydrogenation
is summarized in Tables 14 and 15. This section summarizes
the effect of supports on acetylene hydrogenation.

5.1 Metal oxides

5.1.1 Al,O;3-based supports. Al,0O;-based oxide materials
are among the most widely studied supports for acetylene
hydrogenation. Researchers have investigated how the physical
and chemical properties of Al,O;-based oxides influence the
catalytic performance of active metals, focusing on factors such
as the Al,O; crystal phase and acidity. To further optimize the
catalytic properties, secondary metal oxides have also been
introduced to modify the characteristics of Al,O3.

Al,O; exists in several crystalline phases, including B, v, 1, %,
K, p, 0, 0, and a, each of which exhibits distinct structural,
physical, and chemical properties.>®*?”%*'%**"3 The choice of
phase has a significant impact on catalytic performance for
acetylene hydrogenation. Using Pd/Al,O; as an example, the
0-Al,O; phase had a low surface area (0.1-2 m> g '), which
limited Pd dispersion and consequently reduced catalytic activ-
ity. In contrast, the y-Al,O; phase typically exhibited a much
higher surface area, promoting metal dispersion, however, it
also introduced a greater number of acidic sites, which accel-
erated the formation of oligomer products.**® It is reported that
oligomer formation was about four to five times faster on Pd/y-
Al,O; compared with the o-Al,Oz-supported catalyst.*'* The
phase transformation of Al,O; is highly dependent on the
calcination temperature. As the heating temperature increased
from 900 °C to 1100 °C, the phase transition proceeded as
follows: y — (y+ 8 + 6) at 900 °C — (& + 6) at 1000-1050 °C — o
at 1100 °C. During this transformation, the surface area of
Al,O; decreased significantly from 244 m* g~ "to 16.4 m> g~ ".>"°
Catalytic evaluations have shown that Pd/Al,O; calcined at
1050 °C (containing & and 6 phases) exhibited the highest
ethylene selectivity. However, some studies have reported that
a-Al,O; generally resulted in the lowest hydrocarbon deposition
and the highest ethylene selectivity, while at the cost of catalytic
activity.*'° Although some variations exist in reported results, a
common conclusion is that reducing the acidity of the Al,O;
support can effectively suppress the formation of oligomer
products, thereby improving ethylene selectivity.

Basic oxides, such as MgO, have been introduced to reduce
the acidity of Al,O; while preserving its high surface area,
thereby balancing both acetylene hydrogenation activity and
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ethylene selectivity. MgO can be directly deposited onto the
Al,O; surface via impregnation with a magnesium
precursor.’®*1* Alternatively, it can be incorporated into the
support during synthesis to form Mg-Al composite oxides, such
as Mg-Al-layered double hydroxide (MgAl-LDH),>"%382:416
hydrotalcite (HT),*”® palygorskite,*®" and spinel.*®* The incor-
poration of MgO significantly improves ethylene selectivity. For
instance, Pd supported on HT (Pd/HT) exhibited an ethylene
selectivity of 75% (E), considerably higher than that of Pd/MgO
(48%, E) and Pd/Al,O; (38%, E).*”° Additionally, MgO-Al,O;,
composite oxides derived from MgAI-LDH exhibited a larger
surface area and lower surface acidity, which not only enhanced
ethylene selectivity but also improved catalytic activity com-
pared with Pd/Al,0;.37841¢

The properties of Al,O; can also be tuned by incorporating
second metal species such as Zn, Fe, and Ce. 73774177419
Studies have shown that doping o-Al,O; with Zn and Fe via
the sol-gel method effectively reduced the acidity of the sup-
port, which mitigated deactivation caused by oligomer for-
mation and enhanced ethylene selectivity.’”>*'” Similarly,
impregnating Al,O; with a Ce precursor decreased its acidity,
but an optimal Ce loading was necessary to achieve the best
catalytic performance.’”® In addition to acidity regulation,
electronic interactions between CeO, and the active metal were
observed, which also contributed to the catalytic activity
enhancement.’”*?7”

Al,O5-based oxide supports with unique structures have been
designed to improve catalytic performance, including o-Al,O;@SiC
core-shell structures, microfibrous AIOOH/Al-fiber, microrod Al,O;,
and array-modified molded alumina.?”*~373420:421 Thege tailored
structures exhibited optimized acidic properties, enhanced the
interaction between the support and active metal to improve
metal dispersion, and modified the electronic properties of the
active metal via electronic effects. These synergistic effects
contribute to enhanced catalytic activity and selectivity.

5.1.2 Ti-containing oxides. TiO, is a reducible metal oxide
that exhibits the SMSI effect, where Ti species migrate onto the
surface of active metal under specific reduction conditions.
These migrated Ti species reduce the number of multi-coordi-
nated Pd sites through geometric effects while also altering the
electronic properties of active sites, thereby enhancing ethylene
selectivity and suppressing oligomer formation, 3874227424
It should be noted, however, that the surface coverage of Ti
species also decreases the hydrogenation activity. Experimental
results revealed that Pd/TiO,/MCM-1 catalysts without high-
temperature reduction treatment underwent rapid deactiva-
tion, with acetylene conversion decreasing from 100% to below
60% within 10 h.**° In contrast, samples reduced at 500 °C
exhibited significantly improved stability, maintaining a con-
version of ~50%. Additionally, plasma treatment was reported
to further enhance ethylene selectivity by generating more Ti**
species.**

To further optimize catalytic performance, secondary metal
oxides such as La, Ni, and Mg have been incorporated into Ti-
containing oxides.?****®3%% These additional oxides further
modified the geometric and electronic properties of the active

This journal is © The Royal Society of Chemistry 2025
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Catalyst Description T, °C Feed?, % X, % S, % Activity” Method® Ref.
Al,O3-based oxides

Pd/y-Al, 05 40 1.5/1.7/96.8 52 78 — 369
Pd/a-Al,O4 40 1.5/1.7/96.8 70 82 —

Pd/o&y-Al, O, 65% 0-Al,0; 40 1.5/1.7/96.8 80 88 —

Pd/y,8,5-A1,0, 60 1/1.5/60 16 18 C 370
Pd/6,5-Al,05 60 1/1.5/60 78 65 C

Pd/a-Al,O4 55 0.45/0.71/92.4 99 36 E 371
Pd/o-Al,O;@SiC 65 0.45/0.71/92.4 95 48 E

Pd-Ag/o-Al, 05 55 0.45/0.71/92.4 100 41 E
Pd-Ag/o-Al,0;@SiC 65 0.45/0.71/92.4 99 57 E
0.05Pd-Cat-600/400 70 0.33/0.66/33.3 55 62 180.5 C 372
0.05Pd-Cat-100/400 70 0.33/0.66/33.3 100 36 313.6 C

Pd/meso-Al, O3 130 0.33/0.66/33.3 100 85 D 373
Pd/com-Al,03 130 0.33/0.66/33.3 98 25 4008.1 D

Pd/a-Al,05-C 50 0.3/1.5/6 45 61 188.5 C 374
Pd/Al,05-1400 50 0.3/1.5/6 64 63 320.4 C

Pd/a-Al,O4 1.5/1.7/96.8 82 65 E 375
Pd/Fe-modified a-Al,O5 1.5/1.7/96.8 84 72 E

Au/Al, 03 250 0.6/3/0 4 87 17.5 E 376
Au/0.3%Ce0,-Al, 05 250 0.6/3/0 7 100 30.7 E
Pd/Zn/0.1Ce/Al,O4 100 2/2.2/80(1MPa) 84 93 19969.7 D 377
Pd/Al,O4 40 0.3/0.6/33.1 12 88 44.6 D 234
Pd/Al,O4 100 0.3/0.6/33.1 90 <0 334.6 D
1c-Ga,0;-Pd/AlLO; Ga,05-ALD 40 0.3/0.6/33.1 15 95 55.8 D
1c-Ga,0;-Pd/ALO; Ga,05-ALD 100 0.3/0.6/33.1 100 0 371.8 D

Pd/Al,O5 80 0.91/1.82/97.3 68 83 E* 378
Pd/MgO-Al,0; 80 0.91/1.82/97.3 95 95 E*

Pd/HT 55 0.35/0.6/0 97 75 195.3 E 379
Pd/MgO 80 0.35/0.6/0 96 48 198.1 E

Pd/Al,O4 100 0.35/0.6/0 85 38 177.6 E

Au/Al, O3 250 0.6/3/0 5 92 7.3 E 380
Au/3%MgO,-Al, O3 Reduced at 550 250 0.6/3/0 12 92 20.9 E

Pd/A-Pal Air roasting 70 1/2/0 98 52 3491.9 E 381
Pd/N-Pal NH;-roasting 70 1/2/0 50 58 890.8 E

3D-Al-Pd/MMO 55 0.33/0.66/34.5 95 88 126.5 F 382
Pd/AlLO, 55 0.33/0.66/34.5 30 90 40.2 F

Pd/Al,O5 100 0.33/0.66/34.5 98 10 F

Pd/MgAl,0,-400 80 1/5/20 48 92 5473.0 D 383
Pd/MgAl,0,-600 80 1/5/20 17 98 1938.4 D

Cu/MgAIO, 225 0.33/1.02/32.86 64 95 E* 384
Cu/Fe,.1,MgO; 215 0.33/1.02/32.86 79 98 E*

Pd/MgO 50 4/96/0 79 49 18015.4 — 385
Ti-containing oxides

Pd-Si0,/300 60 1/10/0 87 5 — 386
Pd-1La-0.2Ti/300 60 1/10/0 87 40 —

Pd-0.2Ti/300 60 1/10/0 87 5 —
Pd-1Nb-0.2Ti/300 60 1/10/0 94 48 —

Pd-Ti/SiO, 60 0.98/1.96/97.05 95 34 — 387
Pd/SiO, 60 0.98/1.96/97.05 93 15 —

PdAg/TiO, 85 0.32/0.6/32.9 90 75 238.7 E* 388
PdAg/NiTi-LDH 70 0.32/0.6/32.9 90 82 242.1 E*

PdAg/TiO, 65 0.33/0.66/32.8 50 68 76.4 E* 389
PdAg/Mg 5Tio 0y 65 0.33/0.66/32.8 67 71 102.4 E*

PdAg/Mg, 5Tio 50, 65 0.33/0.66/32.8 92 86 140.6 E*

PdAg/Mg, ;Tiy 30, 65 0.33/0.66/32.8 81 79 123.8 E*

PdAg/MgO 65 0.33/0.66/32.8 64 62 97.8 E*
Pd/1c-TiO,/MCM-41 Reduced at 500 °C 40 0.1/0.2/2.5 50 75 E* 390
Si containing oxides

1-Pd/M-SiO, 50 1/7/0 87 38 E 391
Pd/C-SiO, 80 1/7/0 95 66 E

PdAg/Na + -B-zeolite 50 2.5/10/2.5 35 52 807.0 E* 392
PdAg/K + -B-zeolite 50 2.5/10/2.5 18 68 415.0 E*

PdAg/Rb + -B-zeolite 50 2.5/10/2.5 47 50 1083.6 E*

Pd(v)/FG Fiberglass 85 0.49/0.74/59.4 99 60 356.8 B 393
Pd-HNT-az-Ac Halloysite nanotube 30 1.05/1.94/5.01 27 76 E* 394
Others

Au/CeO,(R)-air 250 0.6/3/0 17 100 18.2 E 395

This journal is © The Royal Society of Chemistry 2025
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Table 14 (continued)

Catalyst Description T, °C Feed?, % X, % S, % Activity? Method*® Ref.
Au/CeO,(R)-H, 250 0.6/3/0 6 93 6.4 E

Ni-Cu/CeO,-NP 90-180 0.6/2.4/5.4 85 84 E 396
Ni-Cu/CeO,-NC 90-180 0.6/2.4/5.4 85 50 E

Pd, ¢/Bi,0,/TiO, 40 1/20/20 61 93 151.2 D 235
Pd-SrTiO; 100 1/10/20 96 90 1094.6 C 397

“ The feed composition listed in the table corresponds to C,H,/H,/C,H,. ? Activity is calculated as the number of moles of acetylene converted per
hour per total molar active metal (molg u, MOl e ' h ™). € Method refers to the calculation method specified in Table 2. E* indicates that Method

E was applied under ethylene-rich feed conditions.

Table 15 Catalysts with different supports for acetylene hydrogenation

Catalyst T, °C Feed®, % X, % S, % Activity” Method*® Ref.
Carbon material as support

Ni;0C0go@C 0.5/10/20 95 81 D 398
Pd/C 85 0.49/20.77/34.27 80 30 376.3 E* 399
Pd/CNTs-out 80 0.87/0.87/42.26 97.7 83.1 30.3 E* 400
Pd/CNTs-in 80 0.87/0.87/42.26 95.4 73.3 29.6 E*

Pd/CNT 80 1/3/20 80 15 684.1 C 401
Pd/N2.1-CNT 80 1/3/20 100 40 855.2 C

Pd@NMC-850 100 0.35/0.70/30.5 65 83 C 402
Pd/AL O3 60 0.35/0.70/30.5 90 30 C

chrGO/Pd-NP 90 1/2/80 89.68 41.72 12.2 E 403
Pd/CMK-3 180 11.25/45/0 95 84 E 404
Porous material

PdZn-1.2@ZIF-8C 120 0.65/5/50 88 79 186.3 B 405
PdZn-2.7/ZIF-8C 60 0.65/5/50 88 84 26.1 B

Pd@SOD 80 0.6/6/0 20 95 E 406
Pd/SOD 80 0.6/6/0 60 23 E

Other supports

Pd/TiO, 80 1/2/0 98 65 172.4 E 407
Pd/siC 80 1/2/0 90 85 160.3 E

1.06-Pd/SizN, 160 0.66/6.6/32.9 100 95 91.3 E* 408
Pd/C 160 0.66/6.6/32.9 100 77 89.6 E*

Pd/B-Mo,C-600 120 1/10/0 70 80 E 409

“ The feed composition listed in the table corresponds to C,H,/H,/C,H,. ? Activity is calculated as the number of moles of acetylene converted per
hour per total molar active metal (molczH2 MOl * h™1). © M refers to the calculation method specified in Table 2. E* indicates that Method E

was applied under ethylene-rich feed conditions.

metal while also tuned the surface acid-base characteristics,
contributing to improved catalytic activity and selectivity.

5.1.3 Si-containing oxides. SiO, is generally regarded as an
inert support for acetylene hydrogenation due to its inability to
exhibit SMSI effects under high-temperature reduction treat-
ment. To evaluate the influence of Si species on the catalytic
performance of active metals, chemical vapor deposition (CVD)
was employed to deposit Si onto the active metal surface.*>¢28
Experimental results demonstrated that Si modification had a
similar effect to TiO,, reducing the number of multi-
coordinated Pd sites and thereby suppressing oligomer for-
mation. Moreover, surface Si exhibited synergistic effects with
other catalytic components, such as La oxide and NiZn alloy,
further enhancing catalytic performance. 2428

Beyond SiO,, other Si-containing materials have also been
explored for the design of highly efficient acetylene hydrogena-
tion catalysts, including zeolites, fiberglass, halloysite and por-
ous hollow silica nanoparticles.’*?739*429-431 These materials

Chem. Soc. Rev.

offered unique properties that promoted small particle sizes
and uniform dispersion of Pd NPs.*****' Additionally, these
supports have also been reported to regulate the adsorption of
reaction intermediates to improve the catalytic activity and
selectivity.*9>*3°

5.1.4 Other oxides. Ohter metal oxides, including CeO,,
Ga,0;, Bi,0;, ZnO, and SrTiOz;, have been investigated for
acetylene hydrogenation.”**>*%397432 These oxides can either serve
directly as supports for active metals or function as promoters to
modify metal NPs. The morphology of the metal oxide support also
plays a crucial role in catalytic performance. For example, Au
supported on ZnO with a needle-like morphology (exposing non-
polar planes) exhibited higher activity compared to Au supported
on platelet-shaped ZnO (exposing polar planes).***

5.2 Carbon-based materials

Carbonaceous materials represent another widely used class of
supports for heterogeneous catalysis. Owing to their varied sp>

This journal is © The Royal Society of Chemistry 2025
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carbon atom arrangements and structures, these materials
exhibit unique electronic properties that can effectively modify
active metal sites. Studies have shown that Pd supported on
carbonaceous materials demonstrated higher ethylene selectiv-
ity and reduced oligomer formation compared to Pd/Al,O;
catalysts.**>*** Various carbonaceous materials have been
explored for acetylene hydrogenation, including carbon nano-
tubes (CNTs), carbon nanofibers (CNFs), and graphene
oxide,0%493:434435 Notably, compared with CNTs, CNFs with a
stacked structure provided a more finely dispersed Pd phase,
leading to enhanced hydrogenation activity.**>

Nitrogen doping in carbonaceous materials has been shown
to further improve catalytic performance,*°"**4367438 gpecifi-
cally, graphitic nitrogen modulates the electronic properties of
active sites, facilitating the desorption of ethylene and thereby
increasing ethylene selectivity. For example, Pd supported
on nitrogen-doped CNTs (Pd/N;,-CNT) exhibited 1.5 times
higher hydrogenation activity compared to Pd/CNTs, with
ethylene selectivity improving from 40% to 55% (C) at 90%

conversion.*°?

5.3 Porous materials

In acetylene hydrogenation reactions, porous materials such as
zeolites,**®*3° MOFs,*0>*107443 and covalent triazine frame-
works*** have also been explored as catalyst supports. The
confinement effect of these materials facilitates the formation
of smaller active metal NPs, while the electronic interactions
and spatial constraints between the porous support and the
active metal further enhance catalytic performance. Addition-
ally, novel reaction mechanisms have been proposed. For
instance, encapsulating Pd within sodalite (SOD) zeolite pre-
vented the direct interaction of acetylene and ethylene with Pd
active sites, while H, could diffuse into the SOD pores and be
activated by the encapsulated Pd nanoclusters. A hydrogen
spillover process subsequently generated OH species on the
SOD surface, which then reacted with acetylene, leading to
selective hydrogenation. As a result, PdA@SOD exhibited signifi-
cantly higher ethylene selectivity compared to Pd/SOD.**°

6. Effect of catalytic modifiers and
reaction media on acetylene
hydrogenation

In addition to catalytic active sites and catalyst supports,
modifiers also play a crucial role in influencing reaction
performance. Among them, CO has been employed as a modi-
fier to suppress the over-hydrogenation of ethylene to ethane.
In industrial ethylene purification, small amounts of CO are
intentionally introduced into the feed gas to enhance hydro-
genation selectivity and mitigate the risk of temperature run-
away. Alkali metals are effective catalyst modifiers that enhance
catalytic performance of acetylene hydrogenation. The mecha-
nism and effects of CO and alkali modification have been
reviewed in previous work.”” DFT calculations revealed that
CO exhibited a comparable adsorption strength to acetylene

This journal is © The Royal Society of Chemistry 2025
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but bound more strongly than ethylene on the Pd(111)
surface,**>**® reducing the number of available active sites
for hydrogenation. Moreover, the remaining free sites on the
CO-covered Pd(111) surface led to significantly weaker ethylene
adsorption, further suppressing ethylene over-hydrogenation.**>
However, it should be noted that CO also accelerated green
oil formation on Pd catalysts, particularly in tail-end process.
A similar phenomenon has been observed on Ni-based cata-
lysts.'*4*47:418 For instance, it was reported that the addition of
550 ppm CO reduced ethane selectivity from 20% to 10%, while
increasing oligomer selectivity from 35% to 51%.**®

Beyond CO and alkali, other modifiers, such as sulfur,
organic ligands, and ionic liquids, have been employed as
catalyst additives, which will be further discussed in Section
6.1. Additionally, the liquid phase has been reported as a
process modifier, as it influences the reactant concentration
around active sites due to the solubility differences of reactant
gases in the liquid solvent. This aspect will be further discussed
in Section 6.2.

6.1 Catalytic modifiers

6.1.1 Sulfur. Sulfur species have been introduced into
catalysts for acetylene hydrogenation, leading to enhanced
catalytic performance due to the formation of metal sulfides.
Among various metal sulfides, Pd sulfide exhibited the highest
ethylene selectivity compared to Ni and Cu sulfides.****"
It has been reported that increasing the reduction temperature
resulted in sulfur loss from the catalyst, leading to a phase
transition from sulfur-rich PdS to intermediate Pd,¢S,, and
finally to sulfur-lean Pd,S.**! Experimental results revealed that
Pd,S exhibited the best catalytic performance, achieving an
ethylene selectivity of 82.8% at 250 °C. Zhang et al®%*>>*>3
investigated the effect of sulfur on Cu- and Pd-based catalysts for
acetylene hydrogenation using DFT calculations. Their theoreti-
cal results indicated that sulfur-decorated model surfaces, such
as S/Pd;Ag; and S/Pd;Au,, exhibited a d-band center shifted
further away from the Fermi level, which improved ethylene
selectivity and catalytic activity.’*® Additionally, the reduced
spatial availability of active sites due to the presence of sulfur
effectively suppressed the formation of oligomer byproducts.

6.1.2 Ionic liquid. Ionic liquids (ILs) are non-volatile due to
their extremely low vapor pressure, making them promising
additives and catalyst coatings for enhancing selectivity in
hydrogenation reactions. Coating supported metal catalysts
with ILs introduces an additional diffusion barrier between
reactant molecules and metal active sites.*>***° Studies have
shown that ILs exhibit high solubility for acetylene while
maintaining low solubility for ethylene. For instance, the
solubility of C,H, in [Prmim][CI] reached 1.05 mmol g ', which
was 5.5 times higher than that of C,H, (0.19 mmol g~'). This
selective solubility reduces the extent of over-hydrogenation of
ethylene to ethane.*®" Compared to Pd/SiO,, the introduction
of an IL layer increased ethylene selectivity from 70% to
85% (E).***

Beyond the solubility effects, ILs also modify the electronic
properties of active metals. It has been reported that certain ILs
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formed unique carbene structures around Pd active sites,
facilitating the desorption of ethylene.*®® This electronic effect
enhances ethylene selectivity. However, catalyst deactivation
due to oligomer formation remains a challenge for IL-coated
catalysts.’®>*®* The use of Pd@S-1 core-shell materials coated
with ILs has been reported, showing improved stability for
acetylene hydrogenation.*®*

6.1.3 Organic ligands and polymers. Organic ligands have
been employed to tune the electronic properties of metal active
sites, thereby enhancing the ethylene selectivity for acetylene
hydrogenation. Early studies evaluated phenyl phosphine
and phenyl sulfide as modifiers for Pd-based catalysts.**> *°®
These ligands effectively altered the electronic structure of Pd,
improving ethylene selectivity by suppressing the over-
hydrogenation of ethylene. Another class of ligands includes
nitrogen-containing compounds, such as amines,****”® amino
acids,”" and 1,10-phenanthroline-5,6-dione (PDO).
hand, the strong interaction between Pd and histidine influ-
enced the structural characteristics of the active metal, leading
to increased metal dispersion. On the other hand, the electro-
nic effect of nitrogen atoms weakened reactants adsorption on
Pd, thereby improving ethylene selectivity. More recently,
hydrophobic ligands have been explored to modify catalyst
surfaces (Fig. 21a). The presence of hydrophobic chains on
Cu surfaces introduced steric hindrance, effectively suppres-
sing undesired C-C coupling side reactions, thereby improving
ethylene selectivity.*”?

The concept of dynamic metal-polymer interaction was
proposed by Choi et al for acetylene hydrogenation.*’**’® In
their study, polyphenylene sulfide (PPS) chains were utilized to
encapsulate Pd particles through strong metal-polymer inter-
actions, effectively suppressing the over-hydrogenation of ethy-
lene to ethane. The proposed mechanism (Fig. 21b) suggested
that the Pd-PPS interface selectively facilitated H, activation
only in the presence of acetylene, which strongly bound to Pd
and disrupted the Pd-PPS interaction. Once acetylene under-
went hydrogenation to form ethylene, which exhibited weaker
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binding on Pd, the PPS chains rapidly re-adsorbed onto the Pd
surface. This dynamic re-adsorption repelled ethylene, prevent-
ing its further hydrogenation to ethane and thereby enhancing
ethylene selectivity.*”**7°

6.2 Acetylene hydrogenation in liquid phase

The introduction of a liquid phase medium in acetylene
hydrogenation was first reported by Edvinsson et al. in
1995.%% In their study, heptane was used to form a liquid film
on the catalyst layer within a monolith reactor, which improved
catalyst stability by efficiently removing green oil deposits.
Later, Shitova et al.*®" employed N-methylpyrrolidone (NMP)
as a liquid solvent in a shaker-type flow reactor, achieving high
ethylene selectivity. Acetylene exhibits high solubility in polar
solvents such as acetone, NMP, dimethylformamide (DMF),
and certain ionic liquids, whereas ethylene has much lower
solubility in these solvents.*®>™*** For instance, the selective
solubility factor () of acetylene to ethylene in NMP exceeded 11
at temperatures below 100 °C.*5? As a result, the actual reactant
concentration in the vicinity of the active sites is significantly
modified by the liquid solvent, effectively suppressing the over-
hydrogenation of ethylene to ethane (Fig. 22a). Compared to
the gas-phase process over Pd/SiO, catalysts, the introduction
of the liquid phase media increased ethylene selectivity from
<60% to >80% (E).**?

The liquid phase hydrogenation is typically conducted in a
stirred-tank reactor (CSTR) (Fig. 22b), where the dissolved
composition in the solvent remains nearly constant and closely
matches the outlet composition once a steady state is reached.
At high acetylene conversions, acetylene rapidly and uniformly
dissolves within the liquid phase upon entering the reactor,
maintaining a relatively low acetylene concentration. This
characteristic reduces the formation of oligomerization pro-
ducts. A theoretical model was developed for the liquid phase
hydrogenation process, integrating reaction kinetics, mass trans-
fer, and reactor modeling under different reaction conditions.**®
The simulation results suggested that the liquid phase process
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operated at a lower acetylene concentration and a higher H,/C,H,
ratio, particularly at high acetylene conversions, effectively inhi-
biting the formation of oligomer byproducts.

The choice of the liquid solvent has a significant impact on
the performance in liquid phase hydrogenation. A solvent with
a higher o value is expected to enhance ethylene selectivity.
A typical comparison was made between NMP and decane.
Decane exhibited a lower « value of 0.8, meaning that acetylene
and ethylene had comparable solubilities in this solvent. As a
result, when decane was used as the liquid phase over Pd/SiO,,
the ethylene selectivity remained below 70%, lower than that
observed with NMP (> 80%, E).*** ILs exhibited extremely high
o values, making them promising candidates for acetylene
selective hydrogenation. For instance, 1,3-dimethylimida-
zolium methylphosphite (([DMIM][MeHPO;]) had an o value of
45, suggesting its potential as an effective liquid solvent.
However, [DMIM]|[MeHPO;] also possessed a high viscosity
(363 mPa's), which was much larger than that of NMP
(1.65 mPa s). The high viscosity leaded to severe mass transfer
resistance, significantly reducing the overall reaction activity
when ILs are directly used as the liquid phase.*®

Building on the liquid phase hydrogenation process,
researchers have further investigated the catalytic performance
of different bimetallic catalysts, including PdGa,**¢*%% pdFe,**°
PdZn,"%*" and PdAg.*®**> It has been reported that the
intrinsic selectivity of the bimetallic active sites can be partially
combined with the benefits of liquid phase hydrogenation. For
example, PdAg/C catalysts exhibited higher ethylene selectivity
than PdZn/C and PdGa/C in the liquid phase process.*#¢%3
However, optimizing the combination of specific catalysts with
liquid phase hydrogenation processes requires further study.

7. Conclusions and perspectives

Acetylene selective hydrogenation has undergone extensive
development over the past two decades. This review attempts
to establish a standardized framework for evaluating catalytic
performance and summarizes trends and advances in active
site design. Multiple classes of active sites, including mono-
metallic, disordered alloy, IMC, and SA sites, have been strate-
gically engineered to achieve high activity and selectivity. In
addition, catalyst supports and modifiers have emerged as
effective strategies for enhancing catalytic performance.
Despite these advancements, further research is needed to
improve both the intrinsic activity and ethylene selectivity of
catalysts. Key challenges and future opportunities are discussed
below to guide the continued development of efficient catalytic
systems for acetylene hydrogenation.

7.1 Reaction mechanism and structure-performance
relationship

Understanding the reaction mechanism and structure-perfor-
mance relationship is crucial for designing high-performance
catalysts. However, this remains challenging for acetylene
hydrogenation due to difficulty in identifying the true active
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sites under reaction conditions and the structural evolution of
these sites during the reaction. For instance, monometallic Pd
active sites may form PdC, and PdH, phases under reaction
conditions, while certain Pd-based active site structures, such
as Pd;Ga; IMC and Pd SA, have been reported to suppress the
formation of PdC, and PdH,. The Pd species in PdAg catalysts
tend to segregate to the surface under reaction conditions,
while some IMCs, such as NizZn, gradually transform into a
Ni;ZnC phase. These structural evolutions can have varying
effects on catalytic performance. For example, the formation of
the Ni;ZnC phase has been shown to enhance ethylene selec-
tivity, whereas PdAg segregation may promote side reactions,
leading to catalyst deactivation. Therefore, unraveling the real-
time structural evolution of active sites under reaction condi-
tions and its correlation with catalytic performance is essential
for the rational design of improved catalysts. Furthermore,
acetylene hydrogenation involves multiple reaction pathways,
each consisting of various elementary steps and intermediate
species (Fig. 19). The specific elementary reactions at different
active sites require further investigation. A deeper understand-
ing of these aspects will facilitate theoretical modeling and
computational studies to elucidate the reaction mechanism,
ultimately providing valuable guidance for the design and
optimization of catalytic active sites.

In situ characterization technologies play a crucial role in
gaining the above-mentioned insights. These techniques have
been widely employed to determine the structure of active sites
under reaction conditions.****°® For instance, in situ XANES
and EXAFS have been used to investigate carbide formation and
decomposition in Pd NPs under different gas atmospheres. It
was observed that a mixture of acetylene and hydrogen induced
the formation of a hydride phase, whereas exposure to pure
acetylene leaded to the decomposition of the hydride phase and
rapid formation of carbide species.**”**® In situ TEM revealed
that under reaction conditions, Pd(100) facets transformed into
stepped facets, resulted in a decline in ethylene selectivity.**
Surface-sensitive techniques such as in situ XPS and in situ
prompt gamma activation analysis (PGAA) have provided valu-
able insights into the surface chemical properties of active sites
under reaction conditions. These studies demonstrated that
PdGa exhibited high stability, effectively inhibiting both alloy
segregation and subsurface chemical interactions involving C
and/or H atoms, which were phenomena commonly observed
in monometallic Pd.’*® Additionally, various in situ spectro-
scopic techniques, including polarization-dependent reflection
absorption infrared spectroscopy (RAIRS),**® diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS),>°" inelastic
neutron scattering spectroscopy (INS),’°> and Raman
spectroscopy,’®* have been employed to identify reaction inter-
mediates and probe their adsorption geometries on active sites.

DFT calculations serve as a powerful tool for investigating
the reaction mechanism of acetylene selective hydrogenation
and have been widely applied to elucidate the structure-activity
relationships of different active sites (Section 4). However, DFT
calculations are inherently limited by their static nature, as
they require assumptions about surface structures and reaction
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Reactor models for gas phase (PBR) and liquid phase (CSTR) hydrogena-
tion. Reprinted with permission from ref. 485. Copyright 2024 Elsevier.

mechanisms. In this regard, in situ characterization techniques
provide crucial information about active site structures and
reaction intermediates under realistic conditions, which greatly
benefits for constructing more accurate DFT models and reac-
tion pathways. Moreover, DFT calculations should comprehen-
sively consider all possible reaction pathways, especially the
C-C coupling reaction pathway. Many DFT studies have pri-
marily focused on the C, hydrogenation pathway, which have
contributed to understanding the mechanism of ethylene over-
hydrogenation. However, in many cases, the formation of C-C
coupling products is non-negligible and can even constitute the
major side reactions. Understanding the oligomerization
mechanism is therefore crucial for designing catalysts with
high selectivity and stability. It is important to note that the
elementary reaction network of C-C coupling is significantly
more complex than that of the C, hydrogenation pathway.
Establishing a simplified yet accurate elementary reaction
scheme remains a key challenge in DFT calculations of acet-
ylene hydrogenation. In addition, combining DFT calculations
with microkinetic modeling provides a more effective and
accurate approach (Section 4.3). By incorporating coverage
effects and real reaction conditions, microkinetic models
enable the evaluation of intrinsic catalytic performance for
different active sites under practical conditions, thereby enhan-
cing the predictive power of DFT calculations.

7.2 Catalyst design for acetylene selective hydrogenation

The ideal catalyst for acetylene selective hydrogenation should
efficiently adsorb and activate H, and C,H,, facilitate the con-
version of acetylene to ethylene, and exhibit weak adsorption of
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ethylene to prevent its over-hydrogenation to ethane.***
To achieve this, the site isolation concept has been proposed
and widely applied in active site design. In this review, the
active sites are categorized into monometallic, disordered alloy,
IMC, and SA sites (Section 3). The introduction of a secondary
metal has proven to be an effective strategy for developing
active sites with enhanced ethylene selectivity. Additionally,
engineering bimetallic active sites into ordered phases has
been demonstrated to modulate the adsorption strength of
key intermediates, thereby improving ethylene selectivity.
Another critical approach is to maximize the spatial separation
of metal centers, forming SA sites, which effectively minimize
the side reactions.

A trade-off between activity and selectivity exists due to
the linear free energy relationships and BEP scaling on metal
surfaces. Achieving higher ethylene selectivity often comes
at the cost of reduced hydrogenation activity, as weakening
ethylene adsorption also decreases the ability to activate H,.
To overcome the trade-off between activity and selectivity,
further efforts are required to design novel active sites. Dual-
atom sites and fully exposed atomic sites have been proposed
as strategies to retain the site isolation concept while simulta-
neously providing additional sites for H, activation and
intermediate stabilization. Additionally, multi-metallic active
sites, such as trimetallic IMCs, offer an alternative approach to
balancing activity and selectivity. Recently, machine learning (ML)
has emerged as a promising tool for catalyst-design and for
uncovering the atomic-scale reaction mechanisms of acetylene
hydrogenation.”® The integration of DFT calculations and ML
has provided deeper insights into the PdAg catalytic system,
guiding the identification of the optimal Pd;Ag; alloy crystal active
sites.””*% Furthermore, ML has been employed to screen and
predict potential single-atom alloys,>*
based IMCs®® for acetylene hydrogenation. ML holds great pro-
mise for accelerating the development of highly efficient acetylene
hydrogenation catalysts. Further research is necessary to elucidate
the reaction mechanisms and establish key catalytic descriptors,
particularly for the complex reaction pathways involved in acet-
ylene hydrogenation.

For catalyst active site design, the choice between Pd-based
and non-precious metals is also an important consideration.
In Section 3, we have summarized the performance of Pd-based
and non-Pd-based active sites for acetylene hydrogenation.
Non-Pd-based active sites are primarily based on non-precious
metals such as Ni and Cu. Pd-based catalysts generally exhibit
activities that are more than two orders of magnitude higher than
those of non-precious metal catalysts. Additionally, Pd-based
catalysts typically offer superior ethylene selectivity and stability
compared to Ni- and Cu-based catalysts. However, from the
perspective of cost and sustainability, non-precious metal catalysts
have significant advantages over Pd-based systems. Although Pd-
based catalysts have been widely applied in industrial acetylene
hydrogenation, developing advanced non-precious metal catalysts
remains a key research direction. For Pd-based active sites, enhan-
cing intrinsic activity and reducing Pd loading, such as through SA
or cluster sites, are important strategies, while catalyst stability and

metal oxides,”®” and Ni-
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regenerability should be considered. For non-precious metal sys-
tems, active site design regarding metal composition and atomic
arrangement is essential to improve activity and selectivity, espe-
cially by suppressing C-C coupling reactions to achieve long-term
stability.

Catalyst performance is also closely related to the support
and modifiers (Sections 5 and 6). Supports play a crucial role in
stabilizing active sites and providing synergistic effects, while
modifiers can enhance catalyst selectivity and stability by
tuning the electronic structure of active sites and regulating
the local reaction environment. Beyond designing high-
performance active sites, optimizing suitable supports and
modifiers is essential for further improving catalytic perfor-
mance and advancing industrial catalyst development. In addi-
tion, the development of high-performance catalysts also relies
on effective synthesis strategies. For example, traditional
impregnation methods often lead to heterogeneous metal dis-
tributions in the synthesis of targeted active sites, resulting in a
mixture of monometallic species, disordered alloys, and IMC at
the nanoscale. Such structural complexity hinders the estab-
lishment of a clear structure-activity relationship. Therefore,
developing strategies for precise catalyst synthesis to achieve
desired active sites with high-phase purity and scalability is
crucial for both fundamental mechanistic understanding and
catalyst design for industrial applications.

7.3 Effect of feeding composition in acetylene selective
hydrogenation

The selective hydrogenation of acetylene is primarily applied in
two industrial processes: (1) the removal of trace acetylene
impurities in ethylene production via naphtha cracking and
(2) the hydrogenation of acetylene derived from non-oil alter-
native resources such as natural gas and coal. It is important to
note that the composition of feed gases in these two processes
differs significantly (as detailed in Section 2.1 and Table 1). The
feed composition has a profound impact on the catalytic
performance. For instance, a high concentration of acetylene
tends to promote C, hydrocarbon formation, while an
increased hydrogen concentration can suppress oligomeriza-
tion to some extent but potentially promotes the side reaction
of ethylene over-hydrogenation. Therefore, when developing
industrial catalysts, it is crucial to distinguish between the
targeted processes and select representative feed compositions
accordingly.

In the petrochemical industry, acetylene hydrogenation
requires the removal of trace acetylene to a residual concen-
tration below 10 ppm, or even lower, while minimizing ethylene
loss. Therefore, an ideal catalyst must achieve an exceptionally
high conversion (>99.5%) while preventing ethylene loss as
much as possible. When evaluating catalysts under ethylene-
rich feed conditions, particular attention should be paid to the
benchmarks for selectivity and conversion calculations (Section
2.3). Direct measurement of ethylene concentration changes to
calculate ethylene selectivity is not recommended unless isotope
labeling experiments are conducted. Given the stringent require-
ment for acetylene removal, researchers are more concerned with
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catalyst performance at high acetylene conversions. Due to the
challenges in direct calculation of selectivity, it is suggested to
evaluate the individual concentration changes of acetylene and
ethylene instead (Section 2.3 and Fig. 3). Another critical parameter
for catalyst evaluation is the operating window (OW), as a wider
OW ensures better catalyst stability at the required temperature
for acetylene removal. Currently, industrial catalysts for this
process are Pd-based catalysts, with lifespans exceeding one year.
To reduce catalyst costs, the development of non-precious metal
catalysts or more efficient Pd-based catalysts is of great signifi-
cance. When developing alternative catalysts, researchers should
consider catalyst stability to ensure long-term industrial viability.

For the potential application of acetylene hydrogenation in
ethylene production from natural gas or coal, the feed gas is
ethylene-free, and the acetylene concentration is significantly
higher (Table 1). Most reported catalysts are designed for feeds
with acetylene concentration of <29%, whereas higher acetylene
concentrations impose more stringent requirements on catalyst
performance. Under such conditions, C-C coupling reactions
become more pronounced, with selectivity to coupling products
exceeding 10%.°3°>%117:139182 Notably, over monometallic Pd
and bimetallic PdCu catalysts, the selectivity to GO can even
surpass 40%.>* Therefore, suppressing C-C coupling reactions
remains a major challenge in catalyst development for high-
acetylene-concentration hydrogenation. An alternative strategy
involves reactor and process design to regulate the actual
acetylene concentration adjacent to the catalytic active sites.
For example, replacing the PBR with the CSTR can help mitigate
high local acetylene concentrations (Fig. 22b). Acetylene hydroge-
nation in liquid phase reactors has been reported to effectively
suppress oligomer formation. Additionally, acetylene hydrogena-
tion is a highly exothermic reaction, and higher acetylene concen-
trations further intensify heat transfer challenges. Efficient heat
removal is essential to maintain catalyst stability and prevent
runaway reactions. In this regard, liquid phase hydrogenation
offers distinct advantages due to its superior heat transfer proper-
ties. Therefore, the development of catalysts tailored for high-
acetylene-concentration liquid phase hydrogenation represents a
promising research direction.

The gas products derived from partial oxidation (POX) and
pyrolysis (PPY) processes contain large amounts of CO and H,.
Direct acetylene hydrogenation under such CO- and H,-rich
conditions can simplify the overall process. CO can effectively
inhibit the over-hydrogenation of ethylene to ethane, however,
excessive CO concentrations significantly reduce catalyst activ-
ity and promote C-C coupling reactions. Additionally, gas
products from POX and PPY often contain sulfur species, which
are highly toxic to catalysts. Although sulfur species can be
removed via adsorption or other desulfurization pretreatments,
their complete removal significantly increases operational
costs. In addition, CO is also often present in the feed that
can lead to the poison of metal active sites from competitive
adsorption. Therefore, developing high-performance catalysts
with tolerance to sulfur and CO is essential for such systems.
One effective approach is tuning the intrinsic electronic proper-
ties of active sites to enhance sulfur tolerance. For instance,
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trace sulfur can actually improve the selectivity of Pd catalysts
(as discussed in Section 6.1.1), but maintaining active sites in a
sulfur-lean phase, such as Pd,S, is critical, as excess sulfur can
severely poison catalytic activity. Other Pd-based active sites,
including PdsP, and Pd,Si, have also demonstrated good sulfur
tolerance in hydrogenation reactions.’*>>'® Furthermore, con-
finement strategies, such as encapsulating active sites within
N-doped graphene shells or zeolites, can effectively prevent
sulfur poisoning.>'"*'> Future catalyst development for these
systems must carefully balance sulfur tolerance with high hydro-
genation activity and selectivity. To improve CO tolerance, tailoring
the electronic structure of active sites to weaken CO adsorption is
critical. Studies have shown that SA sites and tightly coupled
metallic Ru-Ni clusters exhibit weakened CO binding, thereby
enhancing CO tolerance in hydrogenation.”"**'* From the per-
spective of balancing the adsorption energies of CO and reactants,
combining DFT calculations with ML to screen active sites offers a
promising approach.

7.4 Catalyst stability and regeneration for acetylene selective
hydrogenation

Catalyst stability plays a crucial role in industrial applications.
It is widely accepted that catalyst deactivation during acetylene
hydrogenation mainly arises from the formation of GO and
coke. A deactivation process has been proposed for monome-
tallic Pd catalysts.’*>*'® In the initial stage, light green oil
accumulates on the Pd surface, resulting in a slight decline in
catalytic activity. As deactivation progresses, 1,3-butadiene
undergoes polymerization, forming heavy green oil that blocks
catalyst pores and restricts hydrogen diffusion, leading to a
substantial loss in activity.

The formation of coke and GO primarily arises from side
reactions, including C-C bond cleavage and C-C coupling.
Section 3 summarizes how active site design strategies can
mitigate these pathways. Since C-C coupling generally requires
adjacent active metal sites, one effective approach is to dilute
the active metal using secondary metals to adjust active site
geometry, thereby suppressing oligomer formation. In multi-
metallic systems, two typical geometric structures exist: dis-
ordered alloys and IMC. Disordered alloy structures tend to
feature adjacent active metal sites and, under reaction condi-
tions, active metal segregation can occur at the nanoparticle
surface (e.g., in PdAg alloys), limiting their ability to inhibit C-C
coupling. In comparison, the ordered arrangement of second-
ary metals in IMC structures spatially isolates adjacent active
sites, providing a unique geometry that effectively suppresses
C-C coupling. Another approach is the use of SA structures,
which completely eliminate neighbouring active sites. Although
both IMC and SA structures geometrically favour the suppres-
sion of C-C coupling, active site design must also account for
H, activation. It is important to recognize that the C, path and
C-C coupling path are competitive parallel reactions. Insuffi-
cient H, activation can lead to increased selectivity toward C-C
coupling products, as activated C,H, species tend to couple in
the absence of adequate hydrogenation sites. Although site
isolation is designed to eliminate neighbouring active metal
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sites and suppress C-C coupling reactions, experimental results
showed that a certain extent of oligomerization can still occur,
even on IMC or SA sites. The exact reaction mechanism for C-C
coupling pathways remains unclear, and interactions between
active metal sites and support materials, such as acidic-basic
properties, may also contribute to oligomer formation.
Beyond the geometry of active sites, catalyst supports and
reaction conditions also play critical roles in determining
catalyst stability. Metal oxides are the most widely used sup-
ports for acetylene hydrogenation, with Al,O; being commonly
employed in industrial PdAg catalysts. It is well established that
support acidity promotes C-C coupling reactions; thus, redu-
cing support acidity can enhance catalyst stability. However,
this must be balanced against other important support proper-
ties, such as surface area, which is crucial for effective metal
dispersion. Regarding reaction conditions, the ratio of H,/C,H,
significantly affects catalyst stability. In industrial practice,
acetylene hydrogenation is typically performed via two main
processes: the tail-end and the front-end processes. The front-
end process offers better catalyst stability due to a much higher
H,/C,H, ratio compared to the tail-end process.”” For indus-
trial acetylene hydrogenation, these typical reaction composi-
tions are generally fixed by upstream processes and are difficult
to adjust. However, for potential applications of acetylene
hydrogenation in ethylene production from natural gas or coal,
optimizing reaction conditions remains essential for achieving
high ethylene selectivity and catalyst stability. While a high H,/
C,H, ratio improves catalyst stability, it also promotes over-
hydrogenation of ethylene to ethane. Striking a balance between
these factors is a key challenge in future process design. Addi-
tionally, the introduction of solvents can help modulate the local
concentrations of reactive species near the catalyst surface.
Regeneration is another crucial aspect for the industrial
application of catalysts. Under practical reaction conditions,
it is nearly impossible to completely avoid the formation of
GO and coke. As these deposits accumulate, catalytic activity
gradually declines. A common approach to compensate for this
decline is to incrementally increase the reaction temperature
until catalyst activity drops below acceptable production levels.
At that point, catalytic activity is typically restored through
high-temperature calcination (up to 350 °C) in an oxygen-rich
atmosphere. However, this regeneration process can induce metal
sintering, causing irreversible loss of catalytic activity.”"”>>° Since
sintering originates from the high-temperature hydrothermal
environment of regeneration, optimizing the regeneration process
and developing milder regeneration conditions remain challen-
ging yet essential for extending catalyst lifetime. Some studies
have addressed this by adjusting parameters such as regeneration
temperature and O,/steam feed rates to reduce sintering.>*"***
Others have explored alternative regeneration strategies, such as
using superecritical carbon dioxide instead of conventional oxida-
tive treatments.>**”** It is worth noting that most current regen-
eration studies focus on the industrially established PdAg/Al,O;
catalysts. Although the active site design strategies discussed in
Section 3 can partially mitigate the formation of GO and coke, the
regeneration ability of these advanced catalysts remains relatively

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs01237b

Open Access Article. Published on 15 July 2025. Downloaded on 7/27/2025 4:20:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

underexplored. Further efforts are needed to evaluate and
improve catalyst regeneration performance for broader industrial
applications.

7.5 Extension to selective hydrogenation of other alkynes and
dienes

Selective hydrogenation is a critical process for removing trace
alkynes and dienes from alkene streams to meet polymer-grade
requirements (< 10 ppm).>*>~*” In addition to acetylene hydro-
genation for polymer-grade ethylene production, selective
hydrogenation is also applied to propyne (for polymer-grade
propylene), 1,3-butadiene and butynes (for polymer-grade
C4 olefins), and phenylacetylene (for polymer-grade styrene).
Similar to acetylene, these alkynes undergo hydrogenation
pathways including semi-hydrogenation to target alkenes,
over-hydrogenation to alkanes, and side reactions such as
C-C coupling to form oligomers.>**>*’

For terminal alkynes such as propyne, 1-butyne, 1-pentyne,
and phenylacetylene, the adsorption configurations on active
sites are in general analogous to those of acetylene, including
end-on (vinyl or vinylidene) and flat-lying (n- or di-c-bonded)
configurations.'”>> Therefore, the design principles of active
sites for acetylene selective hydrogenation should also be
applicable to these systems. Catalyst development for terminal
alkynes has followed a similar trend, where active sites evolve
from monometallic sites to disordered alloy structures, and
further to well-defined IMC structures and SA sites. Pd-based
systems (e.g., PdAg, PdCu, PdZn) are the most widely
investigated,”®®*! among which PdAg catalysts are already
industrially employed for propyne removal from propylene-
rich streams. IMC catalysts such as Pd,Ga, which enable
electronic and geometric tuning of C=C and C=C groups
adsorption, have shown promising performance in phenylace-
tylene hydrogenation.>*> To replace precious metal Pd, non-
precious metal IMCs such as Ni;Sb; and Niz;Sn, have been
developed for propyne hydrogenation, achieving improved
propylene selectivity.’**>** Additionally, the site isolation strat-
egy for constructing SA sites have been effective in suppressing
over-hydrogenation and C-C coupling pathways for alkynes
hydrogenation.”**~>*° While terminal alkynes have mechanistic
similarities with acetylene, the effect of substituent groups on
the C=C bond introduces additional complexity. For instance,
phenylacetylene, with its bulky phenyl group, exhibits different
adsorption behavior from acetylene. DFT calculations revealled
that phenylacetylene preferentially adsorbed on top of isolated
Pd atoms, whereas acetylene favored bridge sites at the Pd-Ag
interface on Pd;/Ag(111) surfaces.>*®

For 1,3-butadiene selective hydrogenation, the reaction
pathway is inherently linked to that of acetylene hydrogenation
(Fig. 19), as 1,3-butadiene serves as a key intermediate in the C-
C coupling of acetylene, which contributes to the formation of
GO. Several catalysts that demonstrated promising perfor-
mance in acetylene hydrogenation have also been investigated
for 1,3-butadiene selective hydrogenation. These include dis-
ordered alloy (e.g., PdAg and PdCu)**°~>** and IMC (e.g., NizZnC
and NizIn)>**>** catalysts, which exhibited enhanced 1-butene
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selectivity. More recently, SA sites engineering has emerged as
an effective strategy to further improve 1-butene selectivity.>*> >*3
The mechanism by which SA sites enhance 1-butene selectivity
is largely attributed to the distinct adsorption configurations of
1,3-butadiene. On conventional Pd(111) surfaces, the most stable
adsorption configuration for 1,3-butadiene was the 1,2,3,4-tetra-c
mode, in which the molecule interacts with four adjacent Pd
atoms.>*" When Pd was maximally isolated into SA sites, the
adsorption mode shifted toward mono-r interaction,>*®**” which
favored the formation of 1-butene while significantly suppressing
its further hydrogenation to butane due to steric hindrance,
ultimately leading to improved 1-butene selectivity.>*®

7.6 Emerging alternatives to thermocatalytic acetylene
selective hydrogenation

Electrocatalytic and photocatalytic acetylene hydrogenation
(EAH and PAH) have recently emerged as promising alterna-
tives to traditional thermocatalytic process. EAH can be con-
ducted in aqueous media using water as the proton source and
powered by renewable electricity under ambient conditions.>**>%°
PAH utilizes visible light as the energy input and typically employs
water or other non-H, proton sources.”>>>* PAH has demon-
strated exceptionally high ethylene selectivity (>99%), but still
faces significant challenges in terms of overall process efficiency
and the production of polymer-grade ethylene.”>'** Compared
with PAH, EAH has been more extensively studied and holds
greater potential for replacing traditional thermocatalytic routes
in industrial applications.

In addition to conventional performance indicators such as
acetylene conversion, ethylene selectivity, and catalyst stability,
EAH introduces several electrochemical metrics, including
overpotential, current density, and faradaic efficiency (FE),
which are critical for evaluating electrocatalytic performance.’*°
Besides the typical side reactions of over-hydrogenation and C-C
coupling observed in thermocatalysis, EAH faces a unique chal-
lenge from the competitive hydrogen evolution reaction (HER),
which significantly diminishes the FE toward ethylene (FEc y ).
For practical and industrial relevance, achieving high FEg ,
at elevated current densities is essential. Zhang et al. have
shown that ethylene production vie EAH became economi-
cally viable when FE¢ 4, exceeded 85% at current densities
>200mA cm 2%

EAH was first reported in 1964 using a palladized cathode in
an alkaline aqueous solution, demonstrating the feasibility of
this approach.”® However, the inherently low solubility of
acetylene in aqueous media limited the performance of early
EAH systems operated in batch cell reactors, resulting in low
FEc,u, (<70%) and restricting operation to low current densi-
ties (<3.5 mA cm ), even when using precious metal-based
electrocatalysts such as Pd, Pt, and Ag.>**°*>*>® The develop-
ment of flow cells and membrane electrode assemblies has
successfully overcome mass transport limitations caused by
poor acetylene solubility, significantly enhancing the feasibility
of EAH using water as the proton source. Over the past decade,
substantial efforts have been devoted to designing advanced
electrocatalysts for EAH in flow-cell configurations.>>*” Among
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them, Cu-based catalysts have received the most attention due
to their earth abundance and theoretically predicted suitability
for EAH catalysis.>®® Various Cu-based architectures, includ-
ing Cu dendrites,>*® microparticles,” single atoms,’*>**' and
nanodots,*®® have been developed to improve EAH perfor-
mance. For instance, Cu dendrites supported on gas diffusion
electrodes achieved a high FE y, of 97% at —0.7 V vs. RHE and
an ethylene partial current density of ~130 mA cm 2 under a
pure C,H, feed.>>® Cu nanodots have also exhibited excellent
performance, delivering a FEg y, of ~95.9% at —0.15 V vs. RHE
and current density exceeding 450 mA cm™>.>*> Bimetallic Cu
catalysts, such as Cu NP/Fe-NC,*** Cu-Cd,*** Cu-Pd,>*> and
Cu-Zn,**® have been explored to tailor adsorption properties.
Notably, Zn doping enhanced acetylene adsorption while
increasing the *H-*H binding energy barrier, effectively low-
ering the overpotential and suppressing both hydrogen evolu-
tion and over-hydrogenation side reactions.’®® Beyond Cu-
based systems, Ni-, Co-, and Ag-based electrocatalysts have also
been developed.’®’>”° For example, Ag nanocubes exposing
(100) facets achieved a high partial current density of
337 mA cm™ > at —1.5 V vs. RHE, significantly outperforming
(111)-facet analogues.’®” Recently, 2-thiolimidazole, a metal-
free catalyst, was reported to achieve ethylene partial current
density and FEg y, values comparable to those of metal-based
systems such as Cu and Pd.””!

Although significant progress has been made in the devel-
opment of advanced electrocatalysts for EAH, challenges
remain before this technology can be translated into
industrial-scale applications. Current research in EAH mainly
focuses on two feed conditions: ethylene-rich feeds (aimed at
removing trace acetylene impurities) and ethylene-free feeds
(targeting ethylene production from acetylene). For ethylene-
rich feed conditions, several catalysts have demonstrated the
ability to reduce residual acetylene concentrations to below
5 ppm while achieving high FE¢ 4;.>°>*”? In particular, a mem-
brane flow cell equipped with Cu dendrite catalysts achieved
<5 ppm residual acetylene with a specific ethylene selectivity of
97% at a high space velocity of 9.6 x 10* mL g " h™",
comparable to those used in thermocatalysis.>*® However, the
current density was relatively low (1.6 mA em™?), far from the
level required for industrial-scale operation. In contrast, indus-
trial current densities have been used under ethylene-free feed
conditions.’”*>”® For example, a fluorine-modified Cu catalyst
achieved a partial current density of up to 760 mA cm > with an
FE i1, exceeding 90% using a 70% C,H,/Ar feed.””> Nevertheless,
the acetylene conversion under these conditions remained low
(~32.6%), highlighting the inherent difficulty in simultaneously
achieving high ethylene current density and high acetylene con-
version. This trade-off is further reflected by the inverse correla-
tion between acetylene concentration and both FEcy, and
ethylene partial current density. As the acetylene feeding concen-
tration decreases from 50% to 1%, FEc p, declines from 90% to
20%, while the current density drops from ~300 to ~100 mA
cm 2" Therefore, significant efforts are still required to develop
EAH processes that can simultaneously deliver high activity,
ethylene selectivity, and durability under industrially relevant
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current densities and acetylene conversion. Moreover, the scalable
synthesis of high-performance electrocatalysts and the scale-up of
electrochemical reactors are critical steps toward the commercial
implementation of the EAH technology.>*°
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