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 ABSTRACT 

Selective hydrogenation is an important industrial catalytic process in chemical

upgrading, where Pd-based catalysts are widely used because of their high

hydrogenation activities. However, poor selectivity and short catalyst lifetime 

because of heavy coke formation have been major concerns. In this work,

atomically dispersed Pd atoms were successfully synthesized on graphitic carbon

nitride (g-C3N4) using atomic layer deposition. Aberration-corrected high-angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM) 

confirmed the dominant presence of isolated Pd atoms without Pd nanoparticle

(NP) formation. During selective hydrogenation of acetylene in excess ethylene,

the g-C3N4-supported Pd NP catalysts had strikingly higher ethylene selectivities

than the conventional Pd/Al2O3 and Pd/SiO2 catalysts. In-situ X-ray photoemission

spectroscopy revealed that the considerable charge transfer from the Pd NPs to

g-C3N4 likely plays an important role in the catalytic performance enhancement.

More impressively, the single-atom Pd1/C3N4 catalyst exhibited both higher 

ethylene selectivity and higher coking resistance. Our work demonstrates that

the single-atom Pd catalyst is a promising candidate for improving both selectivity 

and coking-resistance in hydrogenation reactions. 

 
 

1 Introduction 

Hydrogenation reactions are widely performed in 

industrial catalytic processes for chemical upgrading. 

Therein, Pd-based catalysts are often used because of 

their high hydrogenation activities. Nonetheless, there 

have been two major long-term concerns regarding 

this type of catalytic processes: (1) poor selectivity, 

especially at high conversions, and (2) severe coke 

formation, which could cause quick catalyst deactivation 
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by blocking catalytically active sites [1–3]. Tremendous 

efforts have been devoted to improving the catalyst 

selectivity and durability.  

Selective hydrogenation of acetylene or dienes is 

an industrially important reaction to remove trace 

amounts of alkynes or dienes from alkene streams [4–7]; 

adding a second metal [8–14] or applying an oxide 

overcoating [15–18] were the most frequently adopted 

methods to improve the Pd catalyst selectivity. Therein, 

the electronic properties of the Pd nanoparticles (NPs) 

were modified, and the continuous Pd surface ensembles 

were divided into much smaller ones by the second 

metal component or porous oxide overcoat. A single- 

atom alloy (SAA) catalyst represents one ultimate 

case of Pd-based bimetallic catalysts, in which Pd is 

usually present in low concentration and individually 

disperses on the second metal. For instance, Flytzani- 

Stephanopoulos and co-workers reported that single 

Pd atoms alloyed with Cu (111) surfaces were able to 

activate molecular H2, rendering the alloy surfaces 

much more efficient for selective hydrogenation of 

styrene and acetylene than the corresponding mono-

metallic Pd and Cu systems [19, 20]. Zhang et al. 

reported that Au- or Ag-alloyed Pd single atoms had 

significantly higher selectivities than an analogous 

monometallic Pd catalyst [21, 22]. They further showed 

that a PdZn intermetallic nanostructure with Pd−Zn−Pd 

ensembles was both highly active and selective for 

semi-hydrogenation of acetylene to ethylene [23]. 

Similar to SAAs, single-atom Pd catalysts also show  

a higher selectivity in hydrogenation reactions than 

Pd NP catalysts [24, 25]. Recently, we demonstrated 

an excellent single-atom Pd1/graphene catalyst per-

formance by showing about 100% butene selectivity 

at 95% conversion under mild reaction conditions (50 °C) 

for selective hydrogenation of 1,3-butadiene [25]. 

In addition, catalyst supports have large effects on 

the catalyst performance. For instance, Datye et al. 

reported that a carbon-supported Pd catalyst yielded 

a higher selectivity to ethylene at high acetylene 

conversions than that provided by oxide-supported Pd 

catalysts [26]. However, the selectivity improvement 

was less than 30% at conversions above 80%. Panpranot 

et al. showed that the use of mixed-phase Al2O3 with 

approximately 64% of the alpha-phase provided 

significant improvements for both acetylene conversion  

and ethylene selectivity [27]. Bertolini et al. also reported 

that the catalyst deactivation behavior strongly 

depended on the nature of the support [28], where 

the activities of the Pd/SiO2 and Pd/Si3N4 catalysts 

decreased rather rapidly in the first few hours, but 

the Pd/Al2O3 and Pd/SiC catalysts continuously lost 

their activity with time, even after 20 h on the reaction 

stream. Graphite-like carbon nitride (g-C3N4) based 

on tri-s-triazine (heptazine) units has received much 

attention for photocatalysis research because of its 

low cost, good stability, and excellent optical and 

electronic properties [29]. However, the use of g-C3N4 

as a catalyst support has been relatively less reported 

[30]. Recently, López and co-workers demonstrated 

that isolated Pd atoms could be confined into the 

six-fold cavities of g-C3N4 in a stable manner, enabling 

the design of a single-site Pd catalyst for hydrogenation 

of alkynes and nitroarenes [24].  

In this work, we first synthesized a single-atom 

Pd1/C3N4 catalyst using atomic layer deposition (ALD), 

which relies on self-limiting binary surface reactions 

between gaseous precursors and the substrate [31, 32]. 

Moreover, four different Pd NP catalysts on g-C3N4, 

Al2O3, and SiO2 supports were synthesized using 

different methods to compare the support effect. The 

g-C3N4-supported Pd NP catalyst had remarkably 

higher ethylene selectivities at high acetylene con-

versions than the Pd/Al2O3 and Pd/SiO2 catalysts for 

selective hydrogenation of acetylene in excess ethylene. 

More interestingly, the single-atom Pd1/C3N4 catalyst 

exhibited superior catalytic performances, including 

higher ethylene selectivity and higher coking-resistance 

over the g-C3N4-supported Pd NP catalysts. 

2 Experimental section 

2.1 Graphitic C3N4 support synthesis  

Bulk g-C3N4 was synthesized by a thermal treatment 

of urea [33]. Typically, 10 g of urea powder was placed 

in an alumina crucible with a cover, slowly heated to 

550 °C at a rate of 0.5 °C·min−1 in a muffle furnace, and 

maintained at this temperature for 3 h. After cooling 

to room temperature, ~600 mg of bulk g-C3N4 was 

obtained. Then, 100 mg of the as-prepared bulk g-C3N4 

was added to a 300-mL mixed solution of isopropanol 
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and water, with a volume ratio of 3:2, followed by 

20 min of sonication. The mixture was then sealed in 

a Teflon-lined autoclave at 120 °C under autogenous 

pressure for 24 h. The resulting product was dried at 

80 °C overnight to obtain the g-C3N4 support [34]. 

2.2 Pd/C3N4 catalyst synthesis  

Pd ALD was performed using a viscous flow reactor 

(GEMSTAR-6TM Benchtop ALD, Arradiance) at 150 °C 

using palladium hexafluoroacetylacetate (Pd(hfac)2, 

Sigma-Aldrich, 99.9%) and formalin (Aldrich, 37% 

HCHO and 15% CH3OH in aqueous solution) [35, 36]. 

Ultrahigh purity N2 (99.999%) was used as a carrier 

gas at a flow rate of 200 mL·min−1. The Pd(hfac)2 

precursor container was heated to 65 °C to reach a 

sufficient vapor pressure. The chamber was heated to 

150 °C, and the inlet manifold was held at 115 °C to 

avoid precursor condensation. The timing sequence 

was 120, 120, 60, and 120 s for Pd(hfac)2 exposure, N2 

purge, formalin exposure, and N2 purge, respectively. 

One cycle and ten cycles of Pd ALD were performed 

on g-C3N4 at 150 °C to obtain a single-atom Pd1/C3N4 

catalyst and a Pd NP catalyst (Pd/C3N4-NP(ALD)), 

respectively. 

We synthesized another Pd/C3N4 NP catalyst using 

the wet-impregnation (WI) method (Pd/C3N4-NP(WI)) 

[24]. Briefly, 0.94 mL of PdCl2 (0.02 mol·L−1) and 44 mg 

of citric acid (Sinopharm Chemical Reagent Co., Ltd., 

≥99.5%) were dissolved into 50 mL of water to form 

a Pd-citric acid solution. Next, 100 mg of g-C3N4 was 

added to the solution and mixed. An aqueous solution 

of NaBH4 (0.016 mol·L−1, 10 mL) was then added to this 

mixture and stirred for 8 h at 60 °C. Then, the mixture 

was separated by filtration, followed by a thorough 

washing with deionized water. The obtained material 

was then dried overnight in a vacuum oven at 50 °C. 

Finally, the dried material was calcined in 10% O2 in 

He at 300 °C for 2 h, and reduced at 200 °C for another 

0.5 h in 10% H2 in He to obtain the Pd/C3N4-NP(WI) 

catalyst.  

2.3 Pd/Al2O3 and Pd/SiO2 catalyst synthesis  

Pd/Al2O3 and Pd/SiO2 catalysts were also synthesized 

to study the support effect. The Pd/Al2O3 catalyst 

was synthesized by one cycle of Pd ALD on spherical  

alumina powder (NanoDur, 99.5%, Alfa Aesar) at 

150 °C using the same timing sequence. Meanwhile, the 

Pd/SiO2 catalyst was synthesized by the WI method 

[37]. Therein, 52 mg of palladium acetylacetonate 

(Sinopharm Chemical Reagent Co., Ltd.) was first 

dissolved into 50 mL of acetylacetone to prepare a 

1.04 mg·mL−1 impregnation Pd solution. Next, 30.2 mL 

of the Pd solution and 1 g of spherical SiO2 were 

co-added to a 100-mL flask and stirred at 25 °C for 

24 h, during which the solvent was slowly evaporated 

under stirring. The obtained solid was further dried 

at 110 °C overnight and then calcined at 500 °C under 

10% O2 in He for 3 h, followed by a reduction step at 

250 °C under 10% H2 in Ar for another 2 h to obtain 

the Pd/SiO2 catalyst. 

2.4 Characterization 

The Pd loadings in these samples were determined 

using an inductively coupled plasma atomic emission 

spectrometer (ICP-AES). The morphology was inves-

tigated using aberration-corrected high-angle annular 

dark-field scanning transmission electron microscopy 

(HAADF-STEM) at 200 kV (JEOL-2010F, University 

of Science and Technology of China (USTC)). The Pd 

particle size distribution was obtained by counting 

more than 200 Pd NPs from the HAADF-STEM images 

at different locations using the ImageJ software. 

In-situ X-ray photoemission spectroscopy (XPS) 

measurements were performed at the photoemission 

end-station at the BL10B beamline, National Synchrotron 

Radiation Laboratory (NSRL) in Hefei, China. Briefly, 

the beamline is connected to a bending magnet and 

covers photon energies from 60 to 1,000 eV. The 

end-station consists of four chambers: (1) analysis 

chamber, (2) preparation chamber, (3) quick sample 

load-lock chamber, and (4) high-pressure reactor. The 

analysis chamber, with a base pressure of <2 × 10−10 

torr, is connected to the beamline and equipped with 

a VG Scienta R3000 electron energy analyzer and a 

twin-anode X-ray source. The high-pressure reactor 

houses a reaction cell where the samples can be treated 

with different gases up to 20 bar and simultaneously 

heated up to 650 °C. After sample treatment, the reactor 

can be pumped down to high vacuum (<10−8 torr)  

for sample transfer. In the current work, a sample 
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was first treated with 10% H2 in Ar at 150 °C for 0.5 h    

in the high-pressure reactor. Next, the sample was 

transferred to the analysis chamber for XPS measure-

ments in the Pd 3d region without exposure to air. 

2.5 Reaction test 

Selective hydrogenation of acetylene in excess ethylene 

was conducted in a fixed-bed flow reactor. The total 

flow rate was kept at 50 mL·min−1. The catalyst amount 

was 50 mg, which was diluted with 1 g of 60–80 mesh 

quartz chips. Prior to the reaction test, all catalysts 

were reduced in 10% H2 in Ar at 150 °C for 0.5 h. 

Then the feed gas, which consisted of 0.5% acetylene, 

1% H2, and 25% ethylene with Ar as the balance gas, 

was introduced to the reactor to start the reaction. 

The reaction products were analyzed using an online 

gas chromatograph equipped with a flame ionization 

detector and a capillary column (ValcoPLOT VP- 

Alumina-KCl, 50 m × 0.53 mm). The acetylene con-

version and ethylene selectivity were calculated as 

follows 

 
  
 

2 2 in 2 2 out
2 2

2 2 in

[C H ] [C H ]
C H conversion 100%

[C H ]
  (1) 

 
    

2 6 out 2 6 in
2 4

2 2 in 2 2 out

C H C H
C H selectivity 1 100%

[C H ] [C H ]

[ ] [ ]
    

(2) 

3 Results and discussion 

3.1 Morphology of Pd catalysts 

The Pd loadings of the Pd catalysts are listed in Table 1. 

They were 0.5% and 0.3% after one Pd ALD cycle on  

Table 1 Pd loadings in the Pd catalysts 

Catalysts Pd loading (wt.%) 

Pd1/C3N4 0.5 

Pd/C3N4-NP(ALD) 3.5 

Pd/C3N4-NP(WI) 1.8 

Pd/Al2O3 0.3 

Pd/SiO2 1.0 

the g-C3N4 (Pd1/C3N4) and Al2O3 supports (Pd/Al2O3), 

respectively. The Pd loading increased to 3.5% after 

ten cycles of Pd ALD on g-C3N4 (Pd/C3N4-NP(ALD)). 

The Pd loadings were 1.8% and 1.0% on Pd/C3N4- 

NP(WI) and Pd/SiO2, respectively. 

Aberration-corrected HAADF-STEM measurements 

show that a high density of atomically dispersed Pd 

atoms formed after one cycle of Pd ALD on g-C3N4 at 

150 °C; neither the Pd NPs nor the subnanometer 

clusters were observed at low or high magnifications 

(Figs. 1(a)–1(d)). This is quite different than that 

observed for Pd ALD on oxide surfaces, where Pd NPs 

are often formed [35, 36, 38]. Indeed, Pd NPs with 

particle sizes of 2.8 ± 0.7 nm were formed on the Al2O3 

support under identical ALD conditions (Fig. 1(e)).  

 

Figure 1 Aberration-corrected HAADF-STEM images of the 
single-atom Pd1/C3N4 catalyst at different magnifications ((a)–(d)) 
and the Pd/Al2O3 catalyst, as well as its corresponding particle 
size distribution (e). The representative Pd single atoms in (d) are 
highlighted by white circles. 
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Recently, López and co-workers demonstrated that 

single Pd atoms anchored at the cavities of g-C3N4 

were very stable in hydrogenation reactions [24]. Du 

et al. used density functional theory calculations to 

show that Pd atoms can strongly bond to the six-fold 

cavity with a calculated binding energy of −2.17 eV 

[39]. Therefore, the formation of isolated Pd atoms 

instead of Pd NPs on g-C3N4 might be attributed to 

the presence of six-fold cavities, which provide strong 

anchor sites for stabilizing isolated metal atoms during 

ALD synthesis at elevated temperatures. During 

Pd(hfac)2 exposure, Pd(hfac)2 might dissociatively 

chemisorb at the six-fold cavities of g-C3N4 by forming 

Pd-hfac* and hfac* surface species, as shown in the 

schematic model in Fig. 2. Next, the hfac* ligand is 

removed by the formaldehyde reducing agent, and 

Pd single atoms are formed on the six-fold cavities; 

this is similar to depositing Pd on the surface of Au 

nanoparticles [37]. Nevertheless, the contributions  

of impurities, such as the oxygen-functional groups 

introduced during g-C3N4 synthesis, to Pd nucleation 

cannot be ruled out [25]. The detailed mechanism  

for the growth of Pd single atoms on g-C3N4 requires 

further investigation. 

When ten cycles of Pd ALD were performed on 

g-C3N4, the size of the Pd NPs increased to about 6.0 ± 

1.2 nm (Fig. 3(a)), similar to that for Pd ALD on active 

 

Figure 2 Schematic illustration of a single-atom Pd1/C3N4 catalyst 
synthesized by Pd ALD on pristine g-C3N4. 

 

Figure 3 STEM images (left) and particle size distributions 
(right) for (a) Pd/C3N4-NP(ALD), (b) Pd/C3N4-NP(WI), and (c) 
Pd/SiO2. 

carbon [40, 41]. In addition, we also synthesized two 

additional Pd NP catalysts on g-C3N4 and SiO2 supports 

for comparison. The Pd/C3N4-NP(WI) catalyst showed 

a very narrow Pd particle size distribution with an 

average size of 2.5 ± 0.3 nm (Fig. 3(b)), while the Pd/SiO2 

catalyst showed a Pd particle size of 5.4 ± 1.6 nm 

(Fig. 3(c)). 

3.2 Electronic properties of Pd catalysts 

The electronic properties of Pd single atoms or NPs 

in Pd1/C3N4, Pd/C3N4-NP(ALD), and Pd/SiO2 were 

selectively investigated by in-situ XPS in the Pd 3d 

region. As shown in Fig. 4(a), the Pd 3d5/2 binding 

energy on the single-atom Pd1/C3N4 catalyst was mainly 

located at 336.7 eV, with a pronounced shoulder at 

338.3 eV. Deconvolution of the XPS spectrum showed  
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Figure 4 Pd 3d XPS spectra of (a) Pd1/C3N4, (b) Pd/C3N4- 
NP(ALD), and (c) Pd/SiO2. 

35% Pd4+, 39% Pd2+, and 26% metallic Pd, according to 

the reported assignments [42]. Atomically dispersed 

Pd atoms in the Pd1/C3N4 sample were predominantly 

positively charged. However, different local chemical 

environments around the Pd atoms, such as defects 

and impurities, might cause different Pd single atom 

charges [34, 43]. This result is consistent with our 

previous observation where we found that Pd single 

atoms on reduced graphene were mainly in the 2+ 

state [25]. In addition, theoretical calculations also 

demonstrated that Pd atoms anchored on the six-fold 

cavities are positively charged [39]. On the 6.0 nm 

Pd/C3N4-NP(ALD) sample, the Pd 3d5/2 peak was 

mainly located at 335.5 eV, along with a smaller 

shoulder at 337.1 eV (Fig. 4(b)), which was about 68% 

Pd0 and 32% Pd2+. The metallic Pd component was 

still considerably shifted to a higher binding energy 

compared to that for bulk Pd [44]. While on the 5.4-nm 

Pd/SiO2 sample, Pd was completely reduced to the 

metallic state, and the Pd 3d5/2 peak was located at 

335.0 eV (Fig. 4(c)), which is very close to the value 

for the bulk Pd metal [44]. Clearly, a considerable 

charge transfer from Pd to g-C3N4 occurred on the  

g-C3N4-supported Pd single atoms or NP samples, in 

line with the case of metal on nitrogen-doped carbon 

[45, 46]. The charge transfer is likely attributed to the 

exchange-transfer mechanism, where the increased 

number of electrons on the Pd dxz+dyz and N pz orbitals 

is largely compensated by electron depletion on the 

Pd dz
2 and N px+py orbitals [47, 48], which clearly 

indicates a strong interaction between the lone-pair 

electrons of the neighboring pyridinic nitrogen atoms 

and the isolated Pd atoms. 

3.3 Catalytic performance 

The catalytic performances of these Pd samples were 

evaluated for the selective hydrogenation of acetylene 

in excess ethylene. As shown in Fig. 5(a), 100% 

acetylene conversion was reached on the 5.4-nm Pd/ 

SiO2 catalyst near 70 °C. The 2.8-nm Pd/Al2O3 catalyst 

required a much higher temperature (130 °C) for 

complete conversion, although its initial activity was 

close to that of Pd/SiO2. Such behavior on Pd/Al2O3 is 

likely due to more pronounced coke formation because 

heavier coke was usually formed on smaller Pd NPs 

in hydrogenation reactions owing to a larger fraction 

of low-coordination sites [49]. Meanwhile, we also 

noticed that Pd/C3N4-NP(ALD), with an average particle 

size of 6.0 nm, was more active than the 2.5-nm Pd/ 

C3N4-NP(WI) catalyst. This is not surprising because 

the ALD catalyst had a significantly higher Pd loading 

(Table 1). However, larger Pd NPs for Pd/C3N4- 

NP(ALD) might also contribute to the high activity, 

where larger Pd NPs often show a higher activity   

in hydrogenation reactions [49–52]. Interestingly, the 

activities of Pd/C3N4-NP(ALD) and Pd/C3N4-NP(WI) 

were generally higher than that of the Pd NPs 

supported on conventional Al2O3 and SiO2 supports, 

regardless of the Pd particle size. Higher Pd loadings 

in Pd/C3N4-NP(ALD) and Pd/C3N4-NP(WI) can certainly 

contribute to the higher activity. While the electronic 

effect induced by the g-C3N4 support (according to 

our XPS results in Fig. 4) might also significantly 

contribute to the improved activity. The single-atom 

Pd1/C3N4 catalyst showed a considerably lower activity, 

and the acetylene conversion was only about 13% at 

80 °C, and 100% conversion was achieved at 115 °C. 

Figure 5(b) illustrates the ethylene selectivity as a 

function of acetylene conversion over these Pd catalysts.  
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Figure 5 (a) Acetylene conversion as a function of reaction 
temperature on the various Pd catalysts in selective hydrogenation 
of acetylene in excess ethylene. (b) Ethylene selectivity as a 
function of acetylene conversion. The legends in (b) also apply  
to (a). Reaction conditions: 0.5% acetylene, 1% H2, 25% ethylene 
balanced in Ar; space velocity = 60,000 mL·g−1·h−1; pressure = 
0.1 MPa. 

When the conversion was above 20%, the ethylene 

selectivity dropped rapidly on both the Pd/Al2O3 and 

Pd/SiO2 catalysts, which is consistent with our previous 

work [17] and Ref. [53]. However, we surprisingly 

found that the ethylene selectivity was preserved at 

higher conversions on the two g-C3N4-supported Pd 

NP catalysts, regardless of the synthesis methods. At 

a conversion of 84%, the ethylene selectivities were 

about 94% and 86% on Pd/C3N4-NP(ALD) and Pd/ 

C3N4-NP(WI), respectively, which were both much 

higher than that of the Pd/Al2O3 (26%) and Pd/SiO2 

(26%) catalysts. The enormous improvement in the 

ethylene selectivity on the two g-C3N4-supported Pd 

NP catalysts compared to Pd/Al2O3 and Pd/SiO2 was 

significantly greater than the selectivity improvement 

observed on the carbon-supported Pd catalyst, where 

the ethylene selectivity was less than 30% at conversions 

above 80% [26]. The selectivity improvement here is 

certainly not related to the Pd particle size because 

the two g-C3N4-supported Pd NP catalysts with smaller 

(2.5 nm) and larger (6.0 nm) Pd particle sizes both 

showed a similar selectivity enhancement. Considerable 

charge transfer from the Pd NPs to g-C3N4 likely 

plays an important role, according to our XPS results 

in Fig. 4. 

The single-atom Pd1/C3N4 catalyst exhibited even 

higher ethylene selectivity at high conversions, com-

pared to that for Pd/C3N4-NP(ALD) and Pd/C3N4-NP 

(WI). An ethylene selectivity of 83% was achieved on 

Pd1/C3N4 at 99% conversion (Fig. 5(b)). In contrast, 

the ethylene selectivity dropped quickly above 84% 

conversion, and it was 35% and 22% on Pd/C3N4- 

NP(ALD) and Pd/C3N4-NP(WI), respectively, at 99% 

conversion. A remarkably higher selectivity was 

achieved on single Pd atoms than Pd NPs, which is 

consistent with our previous work, where we found 

that single-atom Pd1/graphene catalysts had a much 

higher butene selectivity in selective hydrogenation 

of 1,3-butadiene [25]. On a continuous Pd surface, 

acetylene partly converts to ethylidyne after adsorption. 

Sandell reported that it forms an ordered ( 3 3) 

R30° structure [54]. These adsorbates divide the Pd 

surface into so-called “A” and “E” sites, where the 

“A” sites adsorb acetylene and hydrogen but do not 

adsorb ethylene because of steric hindrance [3, 55].  

A higher ethylene packing density is expected on a 

single-atom Pd catalyst; thus, Pd single atoms represent 

only the “A” sites and remarkably improve the ethylene 

selectivity. 

We further examined the durability of the Pd/C3N4- 

NP(WI) and Pd1/C3N4 catalysts at 55 °C for 100 h, as 

shown in Fig. 6. On Pd/C3N4-NP(WI), the initial con-

version was 53% after introducing the reaction gas to 

the reactor for 5 min; it then increased to a maximum 

of 82% after about 7 h (Fig. 6(a)). Then, the conversion 

decreased quickly and stabilized at 47%. The activity 

decrease between the maximum, and the stabilized 

conversion was 35%. Meanwhile, the selectivity 

decreased from 95% to 87% after the 100 h long-term 

test. In addition, a reasonable amount of liquid green  
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Figure 6 Durability test on (a) Pd/C3N4-NP(WI) and (b) 
Pd1/C3N4 in the selective hydrogenation of acetylene in excess 
ethylene for 100 h at about 55 °C. The insets are the photographs 
of the reactor outlet after the long-term stability test; considerable 
green oil was formed when using the Pd/C3N4-NP(WI) catalyst. 
Reaction conditions: 0.5% acetylene, 1% H2, 25% ethylene 
balanced in Ar; space velocity = 60,000 mL·g−1·h−1; pressure = 
0.1 MPa. 

oil formed in the reactor outlet after the long-term 

test (inset of Fig. 6(a)). The single-atom Pd1/C3N4 

catalyst exhibited an initial conversion of 35% after 

5 min and reached a maximum of 54% after 30 h 

(Fig. 6(b)). Then, the conversion slowly decreased and 

stabilized at 46%. The activity drop was 8% from the 

maximum, much less than that on Pd/C3N4-NP(WI). 

The selectivity decreased slightly from 96% to 92%. 

In this case, the reactor outlet was rather clean, and 

green oil was not observed. Therefore, our results 

clearly imply that coke formation on the single-atom 

Pd1/C3N4 catalyst was largely suppressed compared 

to that for the Pd NP catalyst. The improved coking- 

resistance on Pd single atoms is likely due to the 

geometric effect, on which the multiple adjacent  

adsorption sites that are required for polymerization 

of acetylene or ethylene to form green oil (or coke) [3] 

are not available, rendering less opportunities for coke 

formation than on an extended Pd NP surface. 

Figure 7 shows the morphology of the single-atom 

Pd1/C3N4 catalyst after the long-term durability test 

at 55 °C for 100 h. A few Pd NPs with a particle size 

of ~8 nm were observed. In addition, a large number 

of isolated Pd atoms survived (Figs. 7(b)–7(d)). The 

aggregation of Pd atoms under these reaction con-

ditions is likely induced by strong metal-reactant  

 

Figure 7 (a)–(d) Representative aberration-corrected HAADF- 
STEM images of the single-atom Pd1/C3N4 catalyst after 100 h of 
reaction time on stream at about 55 °C. Some of the representative 
Pd single atoms in ((b)–(d)) are highlighted by white circles. 
Photographs of (e) as-prepared g-C3N4 and (f) the g-C3N4 support 
after reduction at 400 °C in 10% H2 in Ar for 0.5 h. 
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interactions [56]. Consequently, the slight decrease in 

both activity and selectivity on the single-atom Pd1/ 

C3N4 catalyst, shown in Fig. 6(b), can be attributed to 

aggregation of Pd atoms because the number of Pd 

active sites was largely reduced by aggregation, and 

coking was further accelerated on the formed Pd NPs. 

These results imply that the single-atom Pd catalyst, 

in principle, is an ideal candidate for improving both 

the selectivity and coking-resistance in hydrogenation 

reactions once aggregation of Pd atoms was prevented. 

The g-C3N4 support itself is very stable under the 

current reaction conditions because no visible change 

in the color of g-C3N4 (light yellow) was observed, 

even after the high-temperature reduction at 400 °C 

in 10% H2 in Ar for 0.5 h (Figs. 7(e) and 7(f)). 

4 Conclusions 

In conclusion, we successfully synthesized a single- 

atom Pd1/C3N4 catalyst using the ALD method. 

HAADF-STEM confirmed the dominant presence  

of isolated Pd atoms without Pd NP formation. The 

six-fold cavities on g-C3N4 are likely the anchor sites 

for Pd atoms. In addition, four different Pd NP catalysts 

on g-C3N4, Al2O3, and SiO2 supports were synthesized 

using different methods for investigating the support 

effect. In selective hydrogenation of acetylene in excess 

ethylene, it was very surprising to find that g-C3N4 

supported Pd NP catalysts had both remarkably higher 

ethylene selectivities at high acetylene conversions 

and higher activities than that of the Pd/Al2O3 and 

Pd/SiO2 catalysts, regardless of the Pd particle size. 

In-situ XPS measurements revealed that considerable 

charge transfer from Pd NPs to g-C3N4 likely plays  

an important role for the catalytic performance 

enhancement. Next, we compared the catalytic per-

formance of g-C3N4-supported Pd NP catalysts with 

the single-atom Pd1/C3N4 catalyst. Pd1/C3N4 exhibited 

much higher ethylene selectivity than the Pd NP 

catalysts at near complete conversions, although the 

activity was lower. More importantly, the single-atom 

Pd1/C3N4 catalyst demonstrated a high resistance to 

coke formation.  

In brief, our results show that g-C3N4 has a high 

stability in either reducing or oxidizing environments at 

high temperatures and appears to be a very promising 

catalyst support for tailoring the electronic properties 

of metal NPs, thereby greatly enhancing the catalytic 

performance. Moreover, the findings provide strong 

evidence that a single-atom Pd catalyst, in principle, 

can be an ideal candidate for improving both selectivity 

and coking-resistance in hydrogenation reactions, once 

aggregations of Pd atoms are prevented. 
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