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A B S T R A C T   

The support type and cluster size of the supported catalysts strongly affect their catalytic performance toward the 
targeted reaction. This study is designed to investigate the influences of support type and cluster size on C2H4 
selectivity and activity of C2H2 semi-hydrogenation; density functional theory calculations were utilized to 
illustrate C2H2 semi-hydrogenation mechanism on the catalysts with the different carbon material supported 
different sizes of metal clusters. The results show that for the different carbon material supported single-atom Cu 
or Pd catalysts, the support types greatly affect C2H4 selectivity and activity, among them, GDY support shows 
excellent catalytic performance. On the other side, as to the Mn/GDY (M=Cu, Pd) catalysts with different cluster 
sizes, the activity of Pdn/GDY is generally better than that of Cun/GDY; while the selectivity of Cun/GDY is better 
than that of Pdn/GDY. Interestingly, Pd1/GDY presents excellent C2H4 selectivity and activity for C2H2 semi- 
hydrogenation, attributing to its moderate Mulliken charge of metal atoms. This study could provide valuable 
structure clue for the obtaining of highly-efficient supported catalysts with suitable carbon material support and 
cluster size.   

1. Introduction 

Acetylene (C2H2) semi-hydrogenation to ethylene (C2H4) has been 
widely applied to purify C2H4 stream in the industry [1-3]. Pd catalysts 
are industrially used for C2H2 semi-hydrogenation due to its high ac-
tivity, while it exhibits low C2H4 selectivity [4, 5]. Further, Pd alloyed 
the second metal Cu [6], Ag [7], or Au [8] are used to improve C2H4 
selectivity, while the high cost of Pd limits its widespread use. 

Nowadays, great attention has been attracted about the single-atom 
catalysts (SACs) in terms of heterogeneous catalysis field due to its un-
usual catalytic properties, maximized atom utilization, unique elec-
tronic and geometric structures [9-11]. Importantly, the strong 
metal-support interaction plays a vital role in providing an ideal plat-
form for anchoring active center and optimizing the electronic and 
geometric structures of metal atoms [12, 13]. Thus, choosing appro-
priate support material is of great significance. In recent years, the high 
specific surface area and the unique physical and chemical properties 
make carbon material as the support well improve the catalytic perfor-
mance. For instance, the experiment found that Pd1/N-graphene 

exhibited 99% C2H2 conversion and 93.5% C2H4 selectivity [14]. 
Experimental studies by Huang et al. [15] showed that Cu1/ND@G 
(G=grephene) catalyst achieved 95% C2H2 conversion, 98% C2H4 
selectivity and more than 60 h stability; meanwhile, DFT studies indi-
cated that C2H4 desorption priority resulted in high C2H4 selectivity on 
Cu1/ND@G. The experimental and theoretical studies demonstrated 
that Co1/G showed excellent activity and selectivity for azoxy aromatic 
compounds in nitroarenes hydrogenation [16]. Pd1/graphene exhibited 
high selectivity toward 1-butene in 1,3-butadiene hydrogenation [17]. 
Pd1/graphene catalyst has nearly 100% butene selectivity and 95% 1, 
3-butadiene conversion in 1,3-butadiene hydrogenation [18]. Above 
results showed that the graphene supported single-atom catalysts unveil 
better catalytic performance for selective hydrogenation reaction. 

Extensive work has revealed that the defects on graphene affect the 
physical and chemical properties of graphene [19-22]. Graphene with 
single- and double-defects shows outstanding ability to anchor 
single-atom Fe [23]. Besides the defects on graphene, the moderate 
additive into carbon material is also a practical method to advance the 
catalytic performance. Both experimental and theoretical studies 
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demonstrated that the B-doped and N-doped graphene had better cata-
lytic performance, for example, the experiments elucidated that B-doped 
graphene is a valid electrocatalyst for hydrogenation evolution reaction 
[24]. Interestingly, the theoretical studies revealed that B-doped gra-
phene was reactive enough to chemically bind NO2 and NO [25]. 
Pt1/N-C exhibits superior performance for the hydrogenation among 
twenty-four SACs [26]. The Cu-N3 site of Cu-SA/HCNS experimentally 
shows an 86% benzene conversion and 96.7% phenol selectivity in 
benzene selective oxidation to phenol [27]. 

Further, nitrogenized holey doped graphene (g-C2N and g-C3N4) 
have been synthesized and attracted a lot of attention. Fe1Cu1@C2N 
processes better CO oxidation activity [28]. C2N-Co2+ facilitated 
HCOOH dehydrogenation via decreasing the rate-determining barrier 
[29]. The calculations showed that M1/g-C3N4 was highly selective for 
propane dehydrogenation, especially the single-atom V, Cr, Mn 
anchored on g-C3N4 [30]. Pd1/C3N4 single-atom catalyst has better C2H4 
selectivity and coking resistance for C2H2 hydrogenation [31]. 
Pd1/g-C3N4 exhibits high selectivity but low activity energy in C2H2 
semi-hydrogenation, which also agrees with the experiments [32]. 
Interestingly, graphdiyne (GDY), as a new type of carbon material, 
shows good prospects for industrial applications, for example, Lu et al. 
[33] investigated a series of M/GDY catalysts, Rh and Ir with low con-
centrations (about 1.37 at%) have the potential to be applied as single 
metal catalysts. DFT studies found that MxM’3-x/GDY (M, M’=Ru, Os) 
catalysts have high C2H4 selectivity in C2H2 semi-hydrogenation [34]. 
Meanwhile, both C2H4 selectivity and activity greatly depend on the 
composition and size of PdxMy/GDY (M=Cu, Ag, Au, Ni; x+y=1-3) 
catalysts [35]. 

On the other side, in the supported metal cluster catalyst, the sizes of 
metal cluster affect the reactive performance. DFT calculations showed 
that Fe2 clusters exhibited superior activity for acidic oxygen reduction 
reaction among Fex(x=1-3) clusters on N-doped grapheme [36]. Among 
Aux(x=3, 4, 5, 6, 7, 13, 38) clusters, small planar clusters are more active 
for a series of Lewis acid and oxidation reactions [37]. The Gibbs free 
energy of HCOOH dehydrogenation on Nix@C2N(x=1-3) predicted that 
Ni2@C2N exhibits excellent catalytic activity [38]. Kuo et al. [39] 
showed that Pt nanoparticles in the subnanometer size regime exhibits 
remarkably high selectivity to C2H4 compared to the low selectivity on 
the large Pt nanoparticles. The theoretical studies by Ma et al. [40] 
studied C2H2 semi-hydrogenation over the oxygen-defected anatase 
TiO2(110) (Ana-Ov) supported Pt cluster (n=1, 2, 4, 8) catalysts, indi-
cating that the adsorption strength of C2H2 and C2H4 increases with the 
increasing of Pt cluster size, implying the higher catalytic activity is 
possible. Shi et al. [41] elucidated that the decreasing of Cu particle size 
reduces the activity considerably, however, both C2H4 selectivity and 
durability in C2H2 semi-hydrogenation were gradually improved; Cu 
SAC exhibited the highest C2H4 selectivity of 91% at the complete 
conversion along with excellent long-term stability for at least 40 h, 
whereas the rapid deactivation occurred on Cu nanoparticle catalysts. 

Reports in the above literatures, however, vary widely, and the 
catalytic performance of various carbon material supported metal 
single-atom or clusters for C2H2 semi-hydrogenation remains elusive. 
Several carbon materials, such as single-defect graphene, double-defect 
graphene, B-doped graphene, N-doped graphene, g-C2N, g-C3N4 and 
GDY, supported single-atom and metal cluster catalysts to exhibit better 
catalytic performance in selective hydrogenation reactions. However, 
for C2H2 semi-hydrogenation, the influence of carbon material type on 
the catalytic performance is still unclear. Meanwhile, when carbon 
material is the same, the influence of supported metal cluster sizes on the 
catalytic performance is also unknown. Thus, it is necessary to clarify 
what type of the support and what size of the cluster may be the most 
suitable for C2H2 semi-hydrogenation. 

This study is designed to identify the influences of support type and 
cluster size on the catalytic performance of the carbon material sup-
ported metal cluster catalysts for C2H2 semi-hydrogenation, DFT 
calculation method is used to systematically study the activity and 

selectivity of C2H2 semi-hydrogenation on different types of carbon 
material supported metal cluster with different sizes. Carbon materials 
mainly focus on single-defect graphene, double-defect graphene, B- 
doped graphene, N-doped graphene, g-C2N, g-C3N4 and GDY; metal 
clusters mainly consider different sizes of Cu and Pd clusters. The results 
are expected to obtain the most suitable carbon support type and cluster 
size for C2H2 semi-hydrogenation, which can provide a reference 
structure clues for screening and designing catalysts with excellent 
catalytic performance in C2H2 semi-hydrogenation. 

2. Computational details 

2.1. Computational method 

The Dmol3 code was used to carry out DFT calculations [42, 43]. The 
exchange-correlation was illustrated by generalized gradient approxi-
mation (GGA) realized by Predew-Burke-Ernzerhof (PBE) functional 
[44]. Considering the dispersion effect, DFT-D corrections was 
employed to describe the van der walls interaction [45-47]. A 3 × 3 × 1 
k-point was set in the structure optimization and other relevant com-
putations. The double numerical basis set plus polarization function 
(DNP) was utilized to treat the valence electron wave function [48]. The 
complete LST/QST method was used to search the transition state [49], 
TS Confirmation and frequency analysis methods were used to confirm 
the transition state. 

2.2. Computational models 

In order to illustrate the influence of support type in the carbon 
material supported metal catalysts, the single-defect graphene, double- 
defect graphene, B-doped graphene, N1-doped graphene, N2-doped 
graphene, N3-doped graphene, g-C2N, g-C3N4 and GDY are considered to 
support single-atom M (M=Cu or Pd), there are eighteen kinds of cata-
lysts, donated as M1/SVG, M1/DVG, M1/BVG, M1/NVG, M1/N2VG, M1/ 
N3VG, M1/C2N, M1/C3N4, M1/GDY. 

On the other hand, aiming at identifying the influence of cluster size 
in the carbon material supported metal cluster catalysts, GDY is 
considered to support different sizes of metal M (M=Cu or Pd) cluster 
catalysts, there are fourteen kinds of catalysts, donated as M2/GDY, M3/ 
GDY, M4/GDY, M7/GDY, M13/GDY, M38/GDY, M55/GDY. All optimized 
catalyst structures are shown in Fig. 1. 

2.3. The stability of various carbon material supported metal cluster 
catalysts 

The stability of all catalysts is evaluated by the calculation of the 
binding energy between the metal clusters and carbon material sup-
ports. The binding energy (Eb) is defined as follows: 

Eb = Ecluster/support − Esupport − Ecluster (1) 

Where Ecluster/support, Esupport and Ecluster stand for the total energy of 
the Mcluster/support system, the support and the metal cluster, respec-
tively. The more negative the binding energy is, the more stable the 
catalyst is. As listed in Table 1, the binding energy is below -300 
kJ•mol− 1, indicating that the carbon material supported metal cluster 
catalysts is extremely stable. 

2.4. Free energy calculation 

All the adsorption and reaction energies involved in this study were 
calculated at a finite temperature to consider the entropy and thermal 
contribution. 

The adsorption free energy (Gads) is calculated by the Eq. (2): 

Gads = Esurface + Gsurface + Eadsorbate + Gadsorbate − Esystem − Gsystem (2) 
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Where Esurface is the total energy of the clean catalyst surface, Ead-

sorbate is the total energy of the gas-phase adsorbate, and Esystem is the 
total energy of adsorbate-substrate system in its equilibrium state; 
Gsurface, Gadsorbate and Gsystem are the corresponding free energies cor-
rections at a finite temperature. Based on the above definition, the more 
negative the value of Gads is, and the stronger the adsorption ability of 
the adsorbed species on the surface is. 

Activation free energy (Ga) and reaction free energy (∆G) are 
calculated on the basis of the Eqs. (3) and (4) at a finite temperature. 

Ga = ETS + GTS − EIS − GIS (3)  

ΔG = EFS + GFS − EIS − GIS (4) 

Where EIS, ETS and EFS stand for the total energies of initial state (IS), 
transition state (TS) and final state (FS), respectively; GIS, GTS and GFS 
correspond to the corrections of the free energies at a finite temperature. 
The DMol3 output document of frequency analysis can directly obtain 
the values of GIS, GTS and GFS. 

3. Results and discussion 

3.1. Paths of C2H2 semi-hydrogenation 

As illustrated in Fig. 2, C2H2 hydrogenation not only generates 
gaseous C2H4, but also forms ethane due to C2H4 over-hydrogenation. 
Thus, three paths exist: C2H2+H→C2H3+H→C2H4 (C2H4 desorption 
path), C2H2+H→C2H3+H→C2H4+2H→ C2H6 (C2H4 intermediate path) 

Fig. 1. The structures of different carbon material supported Mn (M=Cu, Pd, n=1, 2, 3, 4, 7, 13, 38, 55) catalysts. (a) The supported single-atom M (M=Cu, Pd) 
catalysts; (b) The supported cluster Mn (M=Cu, Pd, n=2, 3, 4, 7, 13, 38, 55) catalysts. 

Table 1 
The binding energy (Eb/kJ•mol− 1) between the carbon material and the sup-
ported Mn (M=Cu, Pd, n=1, 2, 3, 4, 7, 13, 38, 55) cluster.  

Catalysts Eb/kJ•mol− 1 Catalysts Eb/kJ•mol− 1 

Cu1/SVG -568.8 Pd1/SVG -747.3 
Cu1/BVG -389.0 Pd1/BVG -543.4 
Cu1/DVG -713.4 Pd1/DVG -685.4 
Cu1/NVG -491.0 Pd1/NVG -565.7 
Cu1/N2VG -523.4 Pd1/N2VG -560.1 
Cu1/N3VG -490.2 Pd1/N3VG -438.3 
Cu1/C2N -523.3 Pd1/C2N -510.4 
Cu1/C3N4 -379.9 Pd1/C3N4 -330.9 
Cu1/GDY -434.9 Pd1/GDY -481.2 
Cu2/GDY -441.3 Pd2/GDY -608.9 
Cu3/GDY -652.1 Pd3/GDY -636.1 
Cu4/GDY -696.0 Pd4/GDY -653.0 
Cu7/GDY -555.9 Pd7/GDY -759.6 
Cu13/GDY -776.2 Pd13/GDY -924.1 
Cu38/GDY -1253.2 Pd38/GDY -1742.9 
Cu55/GDY -1480.9 Pd55/GDY -2244.7  

Fig. 2. Possible reactions of C2H2 semi-hydrogenation. (ads) and (g) stand for 
the adsorbed and gaseous states, respectively. 
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and C2H2+H→C2H3+H→CHCH3+2H→C2H6 (CHCH3 intermediate 
path). 

C2H2 selective hydrogenation on the Cu-based catalysts occurs at the 
temperature of 423~523 K [50, 51] and Pd-based catalysts usually oc-
curs at the temperature of 300~500 K under the experimental condi-
tions [52, 53]. On the other hand, “green oil” is generated by the 
polymerization process, which makes the catalysts deactivation [54, 
55], and previous studies found that the accumulation of green oil re-
sults in the decreasing of hydrogenation activity at low temperature [56, 
57]. Meanwhile, the higher H2/C2H2 ratio of 10: 1 is beneficial to sup-
press the formation of green oil and inhibit the irreversible deactivation 
of the catalyst [58, 59]. Thus, the high temperature and H2/C2H2 ratio 
are beneficial to prevent green oil formation. H2/C2H2 ratio of 10:1 and 
the temperature 425 K are chosen and the “green oil” formation is not 
considered in this work. Since C2H2 content in the raw C2H4 is only 0.1 
to 1%, C2H4 content is high as 89%, and the experimental pressure is the 
standard pressure [5, 60-61], correspondingly, 0.01, 0.1 and 0.89 atm 
are the partial pressures of C2H2, H2 and C2H4, respectively. 

3.2. C2H2 and C2H4 adsorption 

The produced C2H4 contains 0.1~1% of C2H2 in the steam-cracking 
process, removing trace C2H2 in the raw C2H4 can be achieved when 
C2H2 adsorption is stronger than C2H4 [62]. Fig. S1 and Table 2 present 
the most stable configurations of C2H2 and C2H4 on the carbon material 
supported metal M (M=Cu, Pd) catalysts and its corresponding 
adsorption free energies at 425 K. 

For eighteen kinds of carbon material supported single-atom M cat-
alysts, see Table 2, both C2H2 and C2H4 are weakly adsorbed (19.9 and 
32.2 kJ•mol− 1) on Cu1-DVG; C2H2 adsorption is weaker than C2H4 
adsorption (-34.8 and -36.1 kJ•mol− 1) on Pd1-C2N. However, on other 
sixteen kinds of the catalysts, Cu1/SVG, Cu1/BVG, Cu1/NVG, Cu1/N2VG, 
Cu1/N3VG, Cu1/C2N, Cu1/C3N4, Cu1/GDY, Pd1/SVG, Pd1/BVG, Pd1/ 
DVG, Pd1/NVG, Pd1/N2VG, Pd1/N3VG, Pd1/C3N4 and Pd1/GDY, C2H2 
adsorption is stronger than C2H4 adsorption, trace C2H2 can be adsorbed 
on the catalysts for C2H2 subsequent hydrogenation. 

For fourteen kinds of GDY supported metal M cluster catalysts, see 
Table 2, C2H2 adsorption is still stronger than C2H4 adsorption, namely, 
trace C2H2 can be adsorbed on the catalysts for C2H2 subsequent 
hydrogenation. 

3.3. C2H2 hydrogenation on the supported M (M=Cu, Pd) single-atom 
catalysts 

3.3.1. C2H4 desorption and its hydrogenation 
As depicted in Fig 3 and Table S1, among above sixteen kinds of 

supported M single-atom catalysts, the reaction of C2H4+H→C2H5 is 
more favorable than C2H4 desorption in kinetics on five kinds of Cu1/ 
BVG (85.9 vs. 89.7 kJ•mol− 1), Cu1/N3VG (61.2 vs. 132.9 kJ•mol− 1), 
Pd1/NVG (56.0 vs. 78.8 kJ•mol− 1), Pd1/N2VG (90.5 vs. 123.2 kJ•mol− 1) 
and Pd1/N3VG catalysts (95.7 vs. 122.5 kJ•mol− 1), namely, the adsor-
bed C2H4 is difficult to desorb from the catalyst and subjected to over- 
hydrogenation to ethane. However, C2H4 desorption is more kineti-
cally superior to its hydrogenation C2H4+H→C2H5 on eleven kinds of 
Cu1/SVG (80.6 vs. 79.3 kJ•mol− 1), Cu1/NVG (120.1 vs. 77.1 kJ•mol− 1), 
Cu1/N2VG (100.6 vs. 93.7 kJ•mol− 1), Cu1/C2N (241.6 vs. 69.1 
kJ•mol− 1), Cu1/C3N4 (193.8 vs. 35.9 kJ•mol− 1), Cu1/GDY (81.9 vs. 69.6 
kJ•mol− 1), Pd1/SVG (69.0 vs. 39.1 kJ•mol− 1), Pd1/BVG (139.8 vs. 48.8 
kJ•mol− 1), Pd1/DVG (68.8 vs. 42.4 kJ•mol− 1), Pd1/C3N4 (99.9 vs. 83.2 
kJ•mol− 1) and Pd1/GDY (330.9 vs. 53.9 kJ•mol− 1), namely, the 
adsorbed C2H4 is easy to desorb from these eleven catalysts to generate 
gaseous C2H4. 

3.3.2. C2H2 semi-hydrogenation 
As mentioned above, eleven kinds of supported single-atom M cat-

alysts are screened out to favor C2H4 desorption to gaseous C2H4, thus, 
C2H2 hydrogenation is further examined on the Cu1/SVG, Cu1/NVG, 
Cu1/N2VG, Cu1/C2N, Cu1/C3N4, Cu1/GDY, Pd1/SVG, Pd1/BVG, Pd1/ 
DVG, Pd1/C3N4 and Pd1/GDY. 

As to the supported single-atom Cu catalysts, on Cu1/GDY, as shown 
in Fig. 4 and Table S2, the first step C2H2+H→C2H3 has an activation 
free energy of 34.0 kJ•mol− 1 and reaction free energy of 123.5 
kJ•mol− 1. Beginning with C2H3 intermediate, C2H4 formation is more 
kinetically favorable than CHCH3 formation (90.9 vs. 105.0 kJ•mol− 1), 
namely, C2H2 hydrogenation can easily generate C2H4 intermediate, 
followed by its desorption to gaseous C2H4. Thus, Cu1/GDY is more 
favorable to generate gaseous C2H4. Similar conditions appear on the 
Cu1/C2N (Fig. S3) and Cu1/C3N4 (Fig. S4). 

Interestingly, on Cu1/SVG (see Fig. S5), the first step C2H2+H→C2H3 
has an activation free energy of 123.7 kJ•mol− 1 and reaction free energy 
of 167.6 kJ•mol− 1, beginning with C2H3 intermediate, CHCH3 forma-
tion is more kinetically favorable than C2H4 formation (93.2 vs. 260.4 
kJ•mol− 1), C2H2 is easily hydrogenated to generate CHCH3 intermedi-
ate, followed by hydrogenation to ethane. Thus, Cu1/SVG catalyst is not 
conducive to gaseous C2H4 generation. Similarly, such condition also 
occurs on the Cu1/NVG (Fig. S6), Cu1/N2VG (Fig. S7). 

As to the supported single-atom Pd catalysts, on the Pd1/GDY 
(Fig. 5), Pd1/BVG (Fig. S8) and Pd1/C3N4 (Fig. S9), gaseous C2H4 gen-
eration is the most favored. However, on the Pd1/SVG (Fig. S10) and 
Pd1/DVG (Fig. S11), CHCH3 formation is more favorable than C2H4 
formation in kinetics, these two catalysts are conducive to ethane gen-
eration. Wang et al. [35] also demonstrated that Pd1/GDY is in favor of 
C2H2 semi-hydrogenation to produce gaseous C2H4. 

3.3.3. Influences of support types on the selectivity and activity of C2H4 
formation 

When C2H4 desorption path is more superior than other two hy-
drogenation paths in kinetics, the energy difference between C2H4 hy-
drogenation activation free energy (Ga,hydr) and C2H4 desorption free 
energy (Ga,des) is employed as a descriptor to qualitatively and quanti-
tatively evaluate C2H4 selectivity, which is defined as follows: 

Ssel = Ga,hydr − Ga,des (5) 

When CHCH3 intermediate path is kinetically favorable than C2H4 
desorption path, the difference of the overall activation free energy 
between the reactions C2H3+2H→C2H5 (Ghydr,CHCH3) and 
C2H3+H→C2H4 (Ghydr,C2H4) is used as a descriptor to evaluate C2H4 

Table 2 
The adsorption free energies (Gads/kJ•mol− 1) of C2H2 and C2H4 species on the 
different carbon material supported Mn (M=Cu, Pd, n=1, 2, 3, 4, 7, 13, 38, 55) 
catalysts.  

Catalysts Gads Catalysts Gads 

C2H2 C2H4 C2H2 C2H4 

Cu1/SVG -98.0 -79.3 Pd1/SVG -44.6 -39.1 
Cu1/BVG -99.8 -89.7 Pd1-BVG -51.6 -48.8 
Cu1/DVG 19.9 32.2 Pd1-DVG -84.3 -42.4 
Cu1/NVG -95.2 -77.1 Pd1-NVG -95.6 -78.8 
Cu1/N2VG -103.2 -93.7 Pd1-N2VG -145.2 -123.2 
Cu1/N3VG -144.0 -132.9 Pd1-N3VG -143.4 -122.5 
Cu1/C2N -75.9 -69.1 Pd1/C2N -34.8 -36.1 
Cu1/C3N4 -76.3 -35.9 Pd1/C3N4 -104.0 -83.2 
Cu1/GDY -96.1 -69.6 Pd1/GDY -63.4 -53.9 
Cu2/GDY -134.3 -66.9 Pd2/GDY -117.5 -108.1 
Cu3/GDY -27.5 -17.6 Pd3/GDY -205.2 -153.1 
Cu4/GDY -75.5 -80.2 Pd4/GDY -177.8 -116.7 
Cu7/GDY -225.9 -98.8 Pd7/GDY -185.5 -80.7 
Cu13/GDY -171.7 -74.6 Pd13/GDY -204.0 -99.4 
Cu38/GDY -125.4 -49.1 Pd38/GDY -272.3 -94.9 
Cu55/GDY -125.2 -37.8 Pd55/GDY -246.0 -153.2  
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selectivity, which is defined as follows: 

Ssel = Ghydr,CHCH3 − Ghydr,C2H4 (6) 

When Ssel is positive, the catalyst shows good C2H4 selectivity, 
whereas it shows poor C2H4 selectivity. Meanwhile, two-step model is 
used to calculate C2H4 formation rate for evaluating catalytic activity 
(see details in the Supplementary Material). 

C2H4 formation activity (r/molecules•s− 1•site− 1) is calculated using 
the Eq. (7): 

r =
kBT

h
=

(

1 − PP
PR

eΔG
RT

)

P0

PR
e

Gad
R − Gde

R +Gde
P

RT + e
Gde

P
RT

(7) 

Where T, PR and PP are the reaction temperature, the reactant partial 
pressure and the product partial pressure, respectively. According to the 
experimental conditions, PR and PP are set to be 0.11 and 0.89 atm, 
respectively; P0 is the standard pressure, kB and h are the Boltzmann 
constant and the Planck constant, respectively. ΔG is the overall reaction 
free energy of C2H2 semi-hydrogenation to C2H4, the obtained value 
from DFT calculations is -206.3 kJ•mol− 1 at 425 K. Gad

R , Gde
R and Gde

p can 
be obtained by the potential energy map of C2H2 semi-hydrogenation to 
C2H4 

For carbon material supported single-atom Cu catalysts, as listed in 
Table 3, C2H4 selectivity on the Cu1/C2N, Cu1/C3N4, Cu1/GDY are 
172.5, 157.9 and 12.3 kJ•mol− 1, C2H4 formation rates are 1.35 × 10− 6, 
1.08 × 10− 9 and 8.67 × 103 molecules•s− 1•site− 1, respectively. How-
ever, C2H4 selectivity on the Cu1/SVG, Cu1/NVG, Cu1/N2VG are -167.2, 
-179.9 and -256.9 kJ•mol− 1, C2H4 formation rates are 5.54 × 10− 3, 7.67 
× 10− 4 and 3.77 × 10− 32 molecules•s− 1•site− 1, respectively. C2H4 
selectivity is in sequence of Cu1/C2N>Cu1/C3N4>Cu1/GDY>Cu1/ 
SVG>Cu1/NVG>Cu1/N2VG, and the activity sequence of C2H4 forma-
tion is Cu1/GDY>Cu1/SVG>Cu1/NVG> Cu1/C2N>Cu1/C3N4>Cu1/ 
N2VG. Thus, the Cu1/C2N, Cu1/C3N4 and Cu1/GDY favor C2H4 desorp-
tion path to generate gaseous C2H4, Cu1/GDY shows poor C2H4 selec-
tivity, but the best activity; whereas the Cu1/C2N and Cu1/C3N4 exhibit 
poor activity of C2H4 formation, but the best C2H4 selectivity. 

For carbon material supported single-atom Pd catalysts, C2H4 
selectivity on the Pd1/BVG, Pd1/C3N4, Pd1/GDY are 91.0, 16.7 and 
277.0 kJ•mol− 1, C2H4 formation rates are 2.23 × 100, 1.66 × 104 and 
2.78 × 109 molecules•s− 1•site− 1, respectively. However, C2H4 selec-
tivity on the Pd1/SVG and Pd1/DVG are -89.2 and -153.9 kJ•mol− 1, 
C2H4 formation rates are 7.02 × 107 and 7.35 × 10− 3 molecule-
s•s− 1•site− 1, respectively. C2H4 selectivity is in sequence of Pd1/ 
GDY>Pd1/BVG>Pd1/C3N4>Pd1/SVG>Pd1/DVG, and the activity order 

of C2H4 formation is Pd1/GDY>Pd1/SVG>Pd1/C3N4>Pd1/BVG> Pd1/ 
DVG. Thus, Pd1/BVG, Pd1/C3N4 and Pd1/GDY catalysts are in favor of 
C2H4 desorption path to generate gaseous C2H4, Pd1/GDY shows better 
gaseous C2H4 selectivity and activity than Pd1/C3N4 and Pd1/BVG. 

Thus, six kinds of Cu1/GDY, Cu1/C2N, Cu1/C3N4, Pd1/GDY, Pd1/ 
C3N4 and Pd1/BVG are favorable to produce gaseous C2H4 with better 
catalytic performance. 

3.3.4. Electronic properties of the supported single-atom Cu and Pd 
catalysts 

Mulliken charge of metal atom on above six kinds of Cu1/GDY, Cu1/ 
C2N, Cu1/C3N4, Pd1/GDY, Pd1/C3N4 and Pd1/BVG catalysts is 0.015, 
0.376, 0.423, 0.198, 0.131 and 0.222 e, respectively, suggesting that the 
electron transfer occurs from the metal atom to the support. As shown in 
Fig. 6, the relationship of Mulliken charge with C2H4 formation activity 
(lgr) shows a quasi-volcanic curve. Cu1/GDY (0.015 e) and Pd1/C3N4 
(0.131 e) with less charge show poor activity of C2H4 formation (3.938 
and 4.221 molecules•s− 1•site− 1); Pd1/BVG (0.222 e) with more charge 
also exhibits the worst activity of C2H4 formation (0.349 molecule-
s•s− 1•site− 1); Cu1/C2N and Cu1/C3N4 catalysts with the most charge 
exhibits the worst activity of C2H4 formation (-5.870 and -8.967 mole-
cules•s− 1•site− 1). However, Pd1/GDY with moderate charge (0.198 e) 
exhibits the best activity of C2H4 formation (9.444 molecule-
s•s− 1•site− 1). Similarly, for Pd1/GDY catalyst, it also exhibits the best 
C2H4 selectivity (277.0 kJ•mol− 1) with the moderate charge of metal 
atom. Based on above analysis, the different support results in different 
electron transfer between the metal atom and the support, which alters 
the electronic properties of metal active center, and then affects the 
adsorption stability of reaction intermediates to exhibit an extremely 
different catalytic performance. 

3.4. C2H2 semi-hydrogenation on the Mn/GDY (M=Cu, Pd; n=2, 3, 4, 7, 
13, 38, 55) 

Above results show that Pd1/GDY exhibits excellent catalytic per-
formance for C2H2 semi-hydrogenation. Meanwhile, Cu1/GDY exhibits 
poor C2H4 selectivity and better C2H4 formation activity. Thus, the in-
fluence of cluster size on the catalytic performance of C2H2 semi- 
hydrogenation was further explored on fourteen kinds of the sup-
ported Mn/GDY (M=Cu, Pd; n=2, 3, 4, 7, 13, 38, 55) catalysts. C2H2 and 
C2H4 adsorption free energy and the stable configurations are shown in 
Table 2 and Fig. S1. 

3.4.1. C2H2 semi-hydrogenation 
For the supported Cun/GDY (n=2, 3, 4, 7, 13, 38, 55) catalysts, on 

Fig. 3. C2H4 desorption free energy and its hydrogenation activation free energy on the different carbon material supported Cu and Pd single-atom catalysts.  
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Cu2/GDY, Cu3/GDY, Cu7/GDY, Cu38/GDY and Cu55/GDY, see 
Figs. S13~S17, C2H4 desorption path exhibits more priority than other 
two paths, C2H4 selectivity is 115.9, 267.3, 64.3, 123.4 and 188.2 
kJ•mol− 1, C2H4 formation rates are 2.61 × 10− 1, 6.89 × 10− 12, 1.81 ×
10− 18, 3.42 × 10− 14 and 6.73 × 10− 11 molecules•s− 1•site− 1. Wang et al. 
[35] also showed that Cu2/GDY and Cu3/GDY are favorable for gaseous 
C2H4 formation. However, on the Cu4/GDY and Cu13/GDY, see Figs. S18 
and S19, CHCH3 intermediate path is the most favorable, C2H4 selec-
tivity is -104.6 and -42.4 kJ•mol− 1, the rates are 1.81 × 10− 10 and 1.51 
× 10− 20 molecules•s− 1•site− 1. 

For the supported Pdn/GDY (n=2, 3, 4, 7, 13, 38, 55) catalysts, on the 
Pd4/GDY, Pd7/GDY, Pd38/GDY and Pd55/GDY, see Figs. S20~S23, C2H4 
desorption path is superior to other two paths with better C2H4 selec-
tivity of 40.1, 57.8, 45.9 and 27.1 kJ•mol− 1, and C2H4 formation rates 
are 8.81 × 107, 2.91 × 10− 1, 5.23 × 10− 14 and 1.43 × 10− 9 molecule-
s•s− 1•site− 1, respectively. However, on the Pd2/GDY and Pd3/GDY, see 
Figs. S24 and S25, C2H4 intermediate path is preferred in kinetics with 
poor C2H4 selectivity of -44.8 and -68.7 kJ•mol− 1 and the rates of 1.20 

× 108 and 1.23 × 1011 molecules•s− 1•site− 1. Meanwhile, Wang et al. 
[35] also elucidated that Pd2/GDY and Pd3/GDY catalysts are favorable 
for C2H4 intermediate path. On Pd13/GDY, see Fig. S26, C2H2 hydro-
genation is easy to form CHCH3 and then successive hydrogenation to 
form ethane with poor C2H4 selectivity (-56.4 kJ•mol− 1) and C2H4 
formation rate is 2.81 × 10− 6 molecules•s− 1•site− 1. 

3.4.2. Influences of cluster sizes on the selectivity and activity of C2H4 
formation 

As listed in Table 3, for the supported Cun/GDY catalysts, C2H4 
selectivity is in sequence of Cu3/GDY>Cu55/GDY>Cu38/GDY>Cu2/ 
GDY>Cu7/GDY>Cu1/GDY> Cu13/GDY>Cu4/GDY, and the activity 
order is Cu1/GDY>Cu2/GDY>Cu4/GDY> Cu55/GDY>Cu3/GDY>Cu38/ 
GDY>Cu7/GDY>Cu13/GDY. C2H4 formation activity generally shows a 
decreased trend with the increase of cluster size; while C2H4 selectivity 
does not depend on the cluster sizes. Among them, Cu1/GDY has better 
C2H4 selectivity (12.3 kJ•mol− 1) and the best activity (8.67 × 103 

molecules•s− 1•site− 1); Cu2/GDY has excellent C2H4 selectivity (115.9 

Fig. 4. Free energy profiles of C2H2 semi-hydrogenation with the initial states, transition states and final states on Cu1/GDY catalyst.  
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Fig. 5. Free energy profiles of C2H2 semi-hydrogenation with the initial states, transition states and final states on Pd1/GDY catalyst.  

Table 3 
C2H4 selectivity (Ssel/kJ•mol− 1), its formation rate (r or lgr/molecules•s− 1•site− 1) on the different carbon material supported Mn (M=Cu, Pd, n=1, 2, 3, 4, 7, 13, 38, 
55) catalysts at 425 K.  

Catalysts Ssel r lgr Catalysts Ssel r lgr 

Cu1/SVG -167.2 5.54 × 10− 3 -2.257 — — — — 
Cu1/NVG -179.9 7.67 × 10− 4 -3.115 Pd1/SVG -89.2 7.02 × 107 7.846 
Cu1/N2VG -256.9 3.77 × 10− 32 -31.423 Pd1/BVG 91.0 2.23 × 100 0.349 
Cu1/C2N 172.5 1.35 × 10− 6 -5.870 Pd1/DVG -153.9 7.35 × 10− 3 -2.134 
Cu1/C3N4 157.9 1.08 × 10− 9 -8.967 Pd1/C3N4 16.7 1.66 × 104 4.221 
Cu1/GDY 12.3 8.67 × 103 3.938 Pd1/GDY 277.0 2.78 × 109 9.444 
Cu2/GDY 115.9 2.61 × 10− 1 -0.583 Pd2/GDY -44.8 1.20 × 108 8.080 
Cu3/GDY 267.3 6.89 × 10− 12 -11.162 Pd3/GDY -68.7 1.23 × 1011 11.091 
Cu4/GDY -104.6 1.81 × 10− 10 -9.742 Pd4/GDY 40.1 8.81 × 107 7.945 
Cu7/GDY 64.3 1.81 × 10− 18 -17.743 Pd7/GDY 57.8 2.91 × 10− 1 -0.536 
Cu13/GDY -42.4 1.51 × 10− 20 -19.802 Pd13/GDY -56.4 2.81 × 10− 6 -5.551 
Cu38/GDY 123.4 3.42 × 10− 14 -13.466 Pd38/GDY 45.9 5.23 × 10− 14 -13.282 
Cu55/GDY 188.2 6.73 × 10− 11 -10.172 Pd55/GDY 27.1 1.43 × 10− 9 -8.84  
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kJ•mol− 1) and better activity (2.61 × 10− 1 molecules•s− 1•site− 1). 
For the supported Pdn/GDY catalysts, C2H4 selectivity is Pd1/ 

GDY>Pd7/GDY> Pd38/GDY>Pd4/GDY>Pd55/GDY>Pd2/GDY>Pd13/ 
GDY>Pd3/GDY, and the activity is Pd3/GDY>Pd1/GDY>Pd2/ 
GDY>Pd4/GDY>Pd7/GDY>Pd13/GDY>Pd55/GDY>Pd38/GDY. The ac-
tivity of C2H4 formation generally decreases with the increase of cluster 
sizes, while C2H4 selectivity does not depend on the cluster sizes. Among 
them, Pd1/GDY has both outstanding C2H4 selectivity (277.0 kJ•mol− 1) 
and activity (2.78 × 109 molecules•s− 1•site− 1); Pd4/GDY also shows 
better C2H4 selectivity of 40.1 kJ•mol− 1 and the activity of 8.81 × 107 

molecules•s− 1•site− 1. 
In general, C2H4 formation activity on Pdn/GDY is much higher than 

that on Cun/GDY, whereas C2H4 selectivity on Cun/GDY is better than 
that on Pdn/GDY. Further, as listed in Table 2, the cluster size affects the 
adsorption strength of C2H2 and C2H4, correspondingly, the adsorption 
free energy generally increases and then decreases with the change of 
cluster size; thus, the change of C2H4 adsorption free energy alters C2H4 
desorption ability to affect C2H4 selectivity, and the change of C2H2 
adsorption free energy alters C2H2 activation ability to affect C2H2 semi- 
hydrogenation activity, namely, the reaction rate depends on the cluster 
size. 

3.4.3. Electronic properties of the supported Mn/GDY catalysts 
On above four kinds of Cu1/GDY, Cu2/GDY, Pd1/GDY and Pd4/GDY 

screened out with better catalytic performance toward gaseous C2H4 
formation, the average Mulliken charge of metal atoms is 0.015, 0.218, 
0.198 and 0.194 e, respectively. As shown in Fig. 7, the relationship of 
average Mulliken charge with C2H4 selectivity and its formation activity 
(lgr) show a quasi-volcanic curve. Cu1/GDY (0.015 e) and Pd4/GDY 
(0.194 e) with less charge show poor C2H4 formation activity (3.938 and 
7.945 molecules•s− 1•site− 1); Cu2/GDY (0.222 e) with more charge ex-
hibits the worst C2H4 formation activity (-0.583 molecules•s− 1•site− 1). 
However, Pd1/GDY (0.198 e) with moderate charge exhibits the best 
C2H4 formation activity (9.444 molecules•s− 1•site− 1) and the excellent 
C2H4 selectivity (277.0 kJ•mol− 1). 

4. Conclusions 

DFT calculations are employed to identify the catalytic performance 
of C2H2 semi-hydrogenation on the different carbon material supported 
Mn (M=Cu, Pd) cluster catalysts with different sizes, aiming at obtaining 
the influences of support type and cluster size on C2H4 selectivity and its 
formation activity. Nine kinds of the carbon material are considered 
including the single-defect graphene, double-defect graphene, B-doped 

graphene, N1-doped graphene, N2-doped graphene, N3-doped graphene, 
g-C2N, g-C3N4 and GDY. Different carbon material supported single- 
atom Cu or Pd catalysts were constructed to present the influence of 
support type, among them, the most suitable carbon material support 
with the best performance, GDY, was obtained; Further, Mn/GDY 
(M=Cu, Pd) catalysts were applied to present the influence of metal 
cluster size, indicating that the activity generally shows a decreasing 
trend with the increasing of cluster sizes. The analysis of electronic 
properties unveiled that the best catalytic performance of Pd1/GDY to-
ward C2H2 semi-hydrogenation is ascribed to the moderate Mulliken 
charge of metal atom. In general, the activity of Pdn/GDY is better than 
that of Cun/GDY; while the selectivity of Cun/GDY is better than that of 
Pdn/GDY. Thus, adjusting the support type and cluster size of the carbon 
material supported metal cluster catalysts is one of the effective method 
to improve the catalytic performance of C2H2 semi-hydrogenation to 
gaseous C2H4 formation. 
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Fig. 6. The relationship of C2H4 selectivity and its formation activity with the 
Mulliken charge (e) of metal atoms on the different carbon material supported 
Cu and Pd single-atom catalysts. 

Fig. 7. The relationship of C2H4 selectivity and its formation activity with the 
average Mulliken charge (e) of metal atoms on the supported Mn/GDY (M=Cu, 
Pd, n=1,2,4) catalysts. 
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intermetallic compounds as highly selective semi-hydrogenation catalysts, J. Am. 
Chem. Soc. 132 (2010) 14745–14747. 
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