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Abstract
Selective hydrogenation of phenylacetylene to styrene plays a vital role in fine chemical synthesis with palladium 
(Pd)-based catalysts as the active components and usually suffered from low selectivity due to over-hydrogenation 
and low stability through polymerization (c.a. green oil generation). In this work, we found that by confining the Pd 
atom within a Pd-Ln (Ln: rare earth elements, such as Y, Lu, etc.) diatomic structure [diatomic catalyst (DAC)], the 
reaction performance of selective hydrogenation of phenylacetylene has been greatly promoted, in which 92% 
styrene selectivity has been determined at 100% phenylacetylene conversion. This would be attributed to the 
diatomic structure established, which was achieved by introducing Pd-Ln precursors and confirmed by high-angle 
annular dark-field scanning transmission electron microscopy (HAADF-STEM) and X-ray adsorption fine structure 
(XAFS) characterizations and it was demonstrated that slight electron transfer from Ln to the adjacent isolated Pd 
makes it slightly negatively charged and facilitated the styrene formation. Besides, a Langmuir-Hinshelwood model 
was established to describe the whole reaction mechanism. After a systematic kinetic investigation, it suggests 
that the C8H6

* + H* elementary step is probably the kinetically relevant for the whole reaction and the surface of the 
catalyst is mainly covered by C8H6

*. The energy relationship of each step along phenylacetylene hydrogenation was 
quantitatively described by means of parity fitting and gas isothermal adsorption, providing insights into the 
selective hydrogenation of phenylacetylene over 0.02%Pd-Ln/C (Ln = Y/Lu) catalysts and pave the way of 
catalytic design at the atomic level.
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INTRODUCTION
Styrene has extensive applications in industrial feedstock generations such as rubber, medicine, pesticides 
and pigments[1,2]. Typically, it is extracted from the cracked oil[3]. Within this process, as a toxic compound 
in the styrene ingredients, the amount of phenylacetylene should be controlled below 10 ppm; otherwise, it 
will be gradually enriched in the styrene extraction process, resulting in poisoning against the subsequent 
process of styrene polymerization[3,4]. Thus, the selective hydrogenation of phenylacetylene to styrene is a 
very important step before styrene utilization[5,6]. Nevertheless, as phenylacetylene might be over-
hydrogenated, an undesired byproduct ethylbenzene is inevitably produced. Hence, it is urgent to develop 
phenylacetylene semi-hydrogenation catalysts with both high selectivity and activity.

Owing to their outstanding catalytic performance and good application prospects, various heterogeneous 
metal  catalysts  have been widely applied in the select ive hydrogenation of  a lkynes 
[Supplementary Table 1][7,8]. Among them, palladium (Pd)-based catalysts have attracted great attention due 
to their superior overall intrinsic activity[9,10]. We summarized the results of phenylacetylene hydrogenation 
performance and catalytic stability of Pd-based catalysts in phenylacetylene hydrogenation in the literature 
[Supplementary Tables 2 and 3]. Unfortunately, unmodified Pd catalysts have low selectivity to olefines due 
to severe side reactions of excessive hydrogenation, which is mainly owing to the formation of β-hydride (β-
H) species on the subsurface of the Pd nanoparticles or clusters that are more active than those adsorbed 
surface hydrogen species[9]. For modified Pd-based catalysts, such as commercial Pd-Ag catalysts, they 
exhibit high activity and selectivity in the selective hydrogenation of alkynes[11]. However, due to the 
formation of green oil and coke on the surface of the catalyst, the stability is insufficient[8]. Accordingly, the 
“active site isolation” strategy had been developed to improve the stability by reducing the amount of 
adsorbed surface species that caused severe oligomerization (i.e., formation of green oil) and coking[8,12,13]. 
Surface modification, such as the addition of a second toxic metal (Pb, Sn, etc.) or organic reagents, is a 
common strategy to improve the overall reaction performance[14,15]. However, selectivity is usually improved 
by sacrificing reactivity, where a large percentage of the active sites was covered and inaccessible[8,16,17]. 
Increasing the surface atomic ratio of metal active sites in catalysts is an effective strategy for improving 
catalytic performance[18]. For example, reducing the size of metal particles and increasing metal dispersion 
can effectively increase the exposed metal active sites on the surface. Correspondingly, atomically dispersed 
materials (ADMs) have been developed by researchers. ADMs can maximize atomic efficiency, increase 
reactive sites, and reduce metal loss, and have been widely applied in different fields[19]. For example, Zhu 
et al. designed a p-block-element Bi-based catalysts made up of atomically dispersed Bi and Bi nanoclusters 
for highly selective electrocatalytic 2e- oxygen reduction reaction (ORR)[20]. Zhao et al. utilized the high 
reducing ability and suitable surface defects of MXene (Ti3C2) to prepare atomically dispersed Pt single-
atom catalysts (SACs) (Pt1/Ti3-xC2Ty) by self reduction method, demonstrating excellent catalytic 
performance in the formylation reaction of amines in carbon dioxide[21]. Recently, SACs, as a type of ADMs, 
have emerged as a new frontier in heterogeneous catalysis owing to their maximum atomic utilization 
nature and unique coordinately unsaturated sites preserved[22-26]. For instance, the Pd1/Ni@G SAC 
synthesized by Zhao et al. achieved 93% selectivity in styrene formation under complete conversion of 
phenylacetylene under mild conditions[3]. Similarly, the Pd1/TiO2 SAC prepared by Liu et al. can 
simultaneously achieve 99% conversion of phenylacetylene and 91% selectivity of styrene at room 
temperature[27]. Although SACs show good potential in selective hydrogenation of alkynes[28-30], they still 
suffer from low metal loadings, aggregation issues and poor stability[31]. It has been reported that due to the 
synergistic effect between the bimetals, the electronic structure and geometric structure of the active sites of 
the bimetallic Pd-based catalysts could be modified with great flexibility compared with monometallic Pd 
catalysts, providing more possibilities for improving the catalytic performance[32-34]. The adjusted electronic 
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structure could alter the adsorption configuration and strength of the reaction intermediates and regulate 
the catalytic reaction performance[35]. Changes in local chemical adsorption properties are on account of the 
arrangement of local atoms at the adsorption site, such as the adsorption configuration of reactant/product 
molecules, which could also regulate the adsorption intensity, thereby affecting the catalytic performance[36]. 
Compared with SACs, the diatomic catalysts (DACs) made from adjacent two isolated sites possess higher 
metal loadings, more complex and adjustable active sites, and potential synergistic effects between bimetals, 
providing more opportunities to achieve better catalytic performance[31-38]. It has been reported that alkyne 
hydrogenation can be improved by introducing a second metal to construct a diatomic structure and 
utilizing the synergistic effect between diatomic sites. For instance, the Pd-Ru@ZIF-8 bimetallic site catalyst 
synthesized by Li et al. obtained 98% phenylacetylene conversion and 96% styrene selectivity[38]. The 
problem relies on complexity of establishing this DAC system, especially on material preparations, 
compared with the SACs.

Rare earth elements, known as industrial vitamins, are extensively applied as dopants to enhance catalytic 
performance, so that the catalysts in the target reactions have excellent selectivity, reactivity and 
durability[39-41]. Rare earth elements have a unique electronic configuration, which give an additional rhythm 
to adjust their functional properties from the perspective of electronic modification, and have a significant 
prospect in improving the materials activity and stability[40]. Currently, DACs containing rare earth elements 
and noble metals are rarely studied in thermal catalytic reactions while being more often applied in 
electrocatalysis[42-47]. Therefore, this combination results in a new strategy in selective hydrogenation of 
phenylacetylene and will pave the way in catalytic design at atomic level.

In this work, we develop a Pd-based rare earth DAC for the selective hydrogenation of phenylacetylene in 
the gas phase, denoted as Pd-Ln/C (Ln = Y/Lu), the structure of which was confirmed by high-angle annular 
dark-field scanning transmission electron microscopy (HAADF-STEM) and X-ray adsorption fine structure 
(XAFS) characterizations. Under reaction conditions (0.3 kPa C8H6, 30 kPa H2, balance with Ar, 393 K), 
robust and optimized catalytic performance was achieved for the selective hydrogenation of 
phenylacetylene, in which the selectivity of styrene at complete conversion of phenylacetylene was 
determined at 92%. And systematic kinetic studies showed that 0.02%Pd-Y/C and 0.02%Pd-Lu/C probably 
experience the same rate-determining step (RDS) of “C8H6

* + H*” and both are primarily covered by C8H6
* 

[most abundant surface intermediates (MASIs)]. Meanwhile, combined with the thermodynamic and 
kinetic parameters acquired by parity fittings and isotherm gas adsorption experiments, the energy changes 
of the transition state of phenylacetylene hydrogenation were quantitatively described, and the entire 
reaction process was systematically described, which exhibits a good complement to the theoretical results 
in the literature.

EXPERIMENTAL
Synthesis of Pd-Ln (Ln = Y/Lu) precursor
The single-source precursors (SSPs) used for the synthesis of DACs were prepared according to the 
literature[48]. Whole synthesis operations were carried out under inert gas protected by nitrogen with a 
standard Schlenk-line and glovebox. In a typical synthesis process, complex I (0.2 g, 0.29 mmol) was 
dissolved in 2 mL of methylbenzene. Then, the solution was carefully added to another solution containing 
the ligand (Ph2PCH2NHPh) (0.169 g, 0.58 mmol) in 2 mL methylbenzene at room temperature under 
continuous stirring for 1.5 h. And the bright yellow aqua solution was filtrated and layered with 5 mL 
hexane at room temperature to yield the complex II as pale yellow crystals. Complex II (0.2 g, 0.20 mmol) 
dispersed in 2 mL methylbenzene was step-wisely added to a solution of (COD)Pd(CH2SiMe3)2 prepared 
following the reported procedure[49] (0.078 g, 0.20 mmol) in toluene (2 mL) at room temperature under 
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stirring for 2 h. And the bright yellow solution was filtrated and layered with 5 mL of hexane to yield SSPs as 
light-yellow crystals, too, which is the SSP received.

Synthesis of Pd-Ln/C (Ln = Y/Lu) catalysts
In the glovebox, 5 mg SSP was dissolved in 10 mL anhydrous toluene and the orange solution was kept in 
the refrigerator. In a typical synthesis procedure, the quantitative amount of the solution was added into the 
anhydrous toluene solution containing 100 mg of carbon support (Ketjen Black EC600J) under stirring. 
After stirring for 2 h, the toluene within the dispersion was removed in vacuum. The mixture was then 
transferred to a quartz boat and introduced into a tube furnace from the glovebox quickly. Before the heat 
treatment, air was removed from the tube furnace by introducing 10% H2/Ar (200 mL/min) gas mixtures. 
The tube furnace temperature was raised from room temperature to 473 K at the ramp of 10 K/min and 
held at this temperature for 2 h prior to cooling down to the room temperature. The sample acquired was 
denoted as 0.02%Pd-Y/C. By altering the amounts of SSP, we prepared the X%Pd-Y/C catalysts, in which X 
denotes the mass of Pd (X = 0.02, 0.05, 0.1, 0.5 and 1). Meanwhile, Pd-Lu/C catalysts were prepared 
following similar procedures.

Catalytic performance evaluation
Performance evaluation of phenylacetylene hydrogenation at atmospheric pressure was conducted in a 
packed-bed glass pipe reactor with 6 mm internal diameter. The temperature of the catalyst bed was 
monitored by a proportional-integral-differential (PID) controller provided with a K-type thermocouple, 
which was in direct contact with the catalyst bed. Prior to the evaluation of the catalytic performance, 20 mg 
catalyst was evenly mixed with silica (99%, Sigma-Aldrich) and pre-reduced for 1 h in 10 % H2/Ar (50 mL/
min) at 473 K, and then the system was purged with Ar (50 mL/min) at identical temperature. The overall 
pressure of the reaction system was fixed at 1 atm and balanced with Ar. In a 10 mL liquid syringe, 1 mL of 
phenylacetylene (C8H6, Macklin, 98%) was introduced as the reactant and mixed with 9 mL of cyclohexane 
(C6H12, Energy Chemical, 99.5%) as the solvent. The catalyst was stabilized under a typical reaction 
condition [30 kPa H2, 0.3 kPa C8H6, 2.784 kPa C6H12, balance with Ar, weight hourly space velocity 
(WHSV) = 63.6 h-1] before any catalytic test. The generated products were qualitatively and quantitatively 
calibrated by gas chromatography (SCION, 436-GC) equipped with a capillary column (HP Al S) and flame 
ion detector (FID). After ten hours of stability test, phenylacetylene conversion, styrene and ethylbenzene 
selectivity, and the hydrogenation rate were estimated in accordance with the formula below by analyzing 
the peak areas and factors of the reactants and products calibrated by gas chromatography:

where [C8H6]inlet and [C8H6]outlet denote the concentrations of phenylacetylene at the inlet and outlet, 
respectively. [C8H8]outlet and [C8H10]outlet indicate the concentrations of styrene and ethylbenzene at the outlet. 

(1)

(2)

(3)

(4)
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Moreover, [Pd] represents the quality of metal Pd in the catalyst.

RESULTS AND DISCUSSION
Catalyst characterizations
We have conducted various characterizations against the as-prepared catalysts, and the concrete 
characterization methods can be found in the Supplementary Materials (as shown in the Experimental 
procedure 1.1-1.4). Supplementary Figure 1 displays the sketch map of the synthesis of Pd-Y/C catalysts 
with diverse Pd loadings, in which the synthesized Pd-Y SSP and carbon powder were dispersed in 
anhydrous toluene and stirred for 2 h, after which the toluene solution was removed and the resulting 
sample was placed in a tube furnace for 2 h in a flowing 10%H2/Ar mixture at 473 K to obtain the Pd-Y/C 
catalyst. Supplementary Figure 2 displays the X-ray diffraction (XRD) patterns of the 0.02%Pd-Ln/C (Ln = 
Y/Lu) DACs, in which characteristic peaks of carbon support were selectively identified within the XRD 
patterns of 0.02%Pd-Ln/C (Ln = Y/Lu) DACs while the signal of Pd was almost invisible owing to the low 
content of metallic Pd in the catalyst. The Pd and Y distributions in 0.02%Pd-Y/C DAC were examined by 
the HAADF-STEM as displayed in Figure 1A and B. As shown by the yellow ovals in Figure 1A and C, the 
concentrated distribution separated bright points represent the Pd and Y atoms. In addition to the isolated 
single-atom centers and small clusters that could be assigned to Pd (or Y) single-atoms and Pd-Y small 
clusters, separately, abundant adjacent metal atoms or Pd-Y diatomic sites were determined. In current 
articles on diatomic or SACs, many scholars have used signal strength to characterize the existence of 
diatomic or single-atom structures. The Pd-Y bonding of the diatomic pairs was statistically analyzed and 
showed a distance of 0.24 ± 0.03 nm [Figure 1D], which approaches the distance of Pd and Y (~0.286 nm)[48] 
from the precursor as described in Supplementary Figure 3, indicating that the precursor was probably 
preserved. Since the difference in Z-contrast between Pd or Y and the carbon support, the intensity 
distribution of the labeled sites in Figure 1E suggests the presence of contiguous Pd-Y atomic pairs. The 
result of energy dispersive X-ray spectroscopy (EDS) revealed the coexistence of highly dispersed Pd and Y 
atoms anchored to the surface of carbon support [Figure 1B]. Therefore, the results observed under an 
electron microscope reveal the coexistence of Pd-Y diatomic species, Pd (or Y) single-atom species and 
small Pd-Y clusters.

The existence of multi-structures of surface species was further confirmed by XAFS spectroscopy as 
described in Figure 2, in which both the chemical state and the coordination environments of Pd and Y 
within Pd-Y/C DACs and Pd within Pd/C SACs have been probed. It is worth noting that the 0.5%Pd-Y/C 
catalyst and 0.5%Pd/C were selected for XAFS analysis due to limited content of Pd and Y elements in the 
0.02%Pd-Y/C and 0.02%Pd/C samples that caused undetectable signals during X-ray analysis. Specifically, 
Figure 2A displayed the X-ray adsorption near-edge structure (XANES) spectra at the Pd K-edge for 
0.5%Pd-Y/C, 0.5%Pd/C and the reference Pd foil and PdO samples. The peak position of white lines of 
0.5%Pd-Y/C is close to that of the Pd foil and the adsorption profile near the edge is slightly greater than 
that of the Pd foil, demonstrating that the Pd species in 0.5%Pd-Y/C exhibited similar electronic state 
compared to metallic Pd and was slightly negatively charged. Figure 2B showed the extended X-ray 
absorption fine structure (EXAFS) oscillations in the R space for 0.5%Pd-Y/C, 0.5%Pd/C and reference 
samples. Similarly, as displayed in Figure 2C, the limited white line intensity of the Y K-edge indicated that 
the Y species in 0.5%Pd-Y/C has close to 0 valence states. Thus, probably the complex structure [Scheme 1] 
has been preserved or partially preserved during catalyst preparation; otherwise, Y should be more 
tentatively oxidized as reported in the literature[49-51]. There is probably an electronic interaction between Pd 
and Y in 0.5%Pd-Y/C, where the electron should shift from Y to Pd atoms since Pd is slightly negatively 
charged compared with Pd foil, and that is abnormal since this sample has already been exposed to the open 
air before XAFS analysis and the finely dispersed transition metal usually shows partially oxidized 
identity[52,53]. In addition, it has been reported that the binding of rare earth elements with transition 
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Figure 1. The characterizations of 0.02%Pd-Y/C. (A) Aberration-corrected HAADF-STEM images of 0.02%Pd-Y/C DAC (Pd-Y 
diatomic structures are emphasized by the yellow ovals, and Pd or Y single-atoms are marked with white circles); (B) TEM image and 
the EDS mappings of 0.02%Pd-Y/C DAC; (C) enlarged images of Pd-Y diatomic pairs; (D) statistical Pd-Y distance in the observed 
diatomic pairs; and (E) intensity distribution of ovals 1, 2, and 3 in image (C). HAADF-STEM: High-angle annular dark-field scanning 
transmission electron microscopy; DAC: diatomic catalyst; TEM: transmission electron microscopy; EDS: energy dispersive X-ray 
spectroscopy.

elements could induce charge transfer from the rare earth element to the transition metal leading to 
negatively charged chemical states[54]. All these findings could be further supported by the adsorption edges 
identified within the insert images of Figure 2A and C. In the Pd K-edge EXAFS spectra [Figure 2B], for 
0.5%Pd-Y/C, two distinct peaks were identified at about 1.63 and 2.54 Å, close to the Pd–O bond (1.51 Å) of 
PdO and the Pd–Pd bond (2.55 Å) of Pd foil, respectively. It is also hard to distinguish the scattering of Pd-C 
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Figure 2. The XAFS spectroscopy of Pd-Y/C catalyst. (A) Normalized XANES profiles for the 0.5%Pd-Y/C, 0.5%Pd/C and reference 
samples at the Pd K-edge; Insert image is the first derivatives of the Pd XANES spectra; (B) EXAFS spectra of the Fourier transformed k2

-weighted χ(k) data for 0.5%Pd-Y/C, 0.5%Pd/C and references at the Pd K-edge; (C) Normalized XANES profiles for the 0.5%Pd-Y/C 
catalyst and reference samples at the Y K-edge; Insert image is the first derivatives of the Y XANES spectra; (D) EXAFS spectra of the 
Fourier transformed k2-weighted χ(k) data for 0.5%Pd-Y/C catalyst and references at the Y K-edge. XAFS: X-ray adsorption fine 
structure; XANES: X-ray adsorption near-edge structure; EXAFS: extended X-ray absorption fine structure.

Scheme 1. Synthesis method of Pd-Ln (Ln = Y/Lu) SSP. SSP: Single-source precursor.

from Pd-P, Pd-N, Pd-O, etc. Nevertheless, due to the adsorption edge of Pd-Y DACs determined, the 
probed Pd is probably at a reducible chemical state and probably the first coordinated shell lies in a 
reducible environment; thus, Pd-C is more reasonable than any other possibilities considered. And the 
second shell was attributed to the Pd-Y scattering since negligible Pd clusters were determined by 
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transmission electron microscopy (TEM) analysis. Significant Pd-Pd scattering would not be prominent 
within this sample; thus, Pd-Y was assigned for the second peak in Figure 2B. In addition, according to the 
HAADF-STEM of 0.02%Pd-Y/C, the statistical average distance of Pd–Y bond was 2.4 Å, while the 
theoretical bond distance of Pd-Y in SSP is 2.86 Å[48]; thus, the peak located at 2.54 Å would be attributed to 
Pd-Y. For 0.5%Pd/C, only one obvious characteristic peak was identified at about 1.53 Å, close to the Pd–O 
bond (1.51 Å) of PdO, and no obvious characteristic peak of Pd–Pd bond was identified, indicating that 
0.5%Pd/C was in single-atom coordination environment, which also suggested that 0.02%Pd/C catalyst 
might also be in a single-atomic state. As displayed in Figure 2D, the Fourier-transformed (FT)-EXAFS 
analysis of 0.5%Pd-Y/C revealed a predominated peak at around 1.83 Å, close to the Y–O bond (~1.73 Å) of 
Y2O3. However, the valence state of Y in 0.5%Pd-Y/C is mainly ~0; thus, the peak located at 1.83 Å was 
assigned to the scattering of the Y-C path[50,51]. In addition, compared with the Y foil, the Y–Y bond with the 
dominant peak located at 3.29 Å was also detected in the 0.5%Pd-Y/C catalyst, indicating that the Y species 
was dispersed on the carbon matrix with a Y-C and Y-Y coordination and suffered from slightly sintering. 
In addition, the HAADF-STEM results of the 0.5%Pd-Y/C catalyst [Supplementary Figure 4] indicate that it 
is mainly composed of Pd-Y diatomic pairs and Pd-Y clusters. In a word, the XANES and EXAFS profiles 
probed the geometric structure and electronic structure of 0.5%Pd-Y/C catalyst. Clearly, the 0.5%Pd-Y/C 
catalyst mainly consists highly dispersed Pd-Y active components with well reduced Pd-Y pairs confined by 
the carbon support. Probably, there are mild electronic donations from the Y to the adjacent Pd. Small 
amounts of agglomerated structures were also determined.

Catalytic performance evaluation
To investigate the catalytic performance of Pd-based rare earth DACs in the selective hydrogenation of 
phenylacetylene in gas phase, we first compared the catalytic hydrogenation results obtained with different 
heat treatment temperatures and Pd loadings of the Pd-Y/C catalysts under the same reaction conditions. 
As displayed in Supplementary Figure 5A, for the 1%Pd-Y/C catalyst, the phenylacetylene conversion 
gradually increased with reaction temperature as the catalyst heat treatment temperature increased (from 
723 to 923 K), while the selectivity of the main product styrene decreased and that of the by-product 
ethylbenzene increased rapidly [Supplementary Figure 5B and C]. We also considered the catalytic 
performance of Pd-Lu/C catalysts with various Pd loadings in the selective hydrogenation of 
phenylacetylene [Supplementary Figure 5D-F]. For the Pd-Lu/C catalysts, when the metal Pd loadings are 
higher than 0.1%, the full conversion of phenylacetylene can be achieved in the reaction temperature range 
of 393-473 K. However, the selectivity of styrene decreased from 77% to 1% with rising reaction 
temperature, and the selectivity of ethylbenzene as a by-product increased. For the 0.02%Pd-Lu/C catalyst, 
the conversion of phenylacetylene grew from 22% to 100% with the reaction temperature, and the selectivity 
of styrene reached the maximum of 93% at 393 K. Based on the TEM images and EDS mapping 
[Supplementary Figure 6A-D], it was known that there is significant amount of metal nanoparticles formed 
when the catalyst was heated to 923 K before the catalytic test compared with the sample treated at 723 K. It 
was reported that the subsurface of Pd nanoparticles is prone to facilitate the formation of β-H species 
leading to the over-hydrogenation of phenylacetylene[9]. After fixing the heat treatment temperature of the 
catalyst at 473 K and decreasing the loading of metal Pd, the styrene selectivity of 0.5%Pd-Y/C decreased 
from 86% to 2% as the reaction temperature increased from 333 to 473 K. In addition, with the increase of 
reaction temperature, the styrene selectivity of 0.1%Pd-Y/C decreased from 90% to 10%, and that of 
0.05%Pd-Y/C decreased from 93% to 79%. In contrast, for the 0.02%Pd-Y/C catalyst, the styrene selectivity 
was constantly maintained at around 92% within the reaction temperature range applied. To better 
understand the influence of the heat treatment against the catalyst and metal Pd loading on styrene 
selectivity, we compared the styrene selectivity of a series of Pd-Y/C catalysts at fully phenylacetylene 
conversion (c.a. ~100% conv.) at 393 K, as displayed in Figure 3A. The selectivity to styrene increases with 
decreasing catalyst heat treatment temperature and metal Pd loading.
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Figure 3. Catalytic performance evaluation. (A) Styrene selectivity comparison as a function of heat-treated temperature and Pd 
loadings at ~100% phenylacetylene conversion for selective hydrogenation of phenylacetylene over Pd-Y/C catalysts. Reaction 
conditions: 30 kPa H2, 0.3 kPa C8H 6, 2.784 kPa C6H 12, balance with Ar, 393 K. Catalytic performance of 0.02%Pd/C SAC and 0.02%Pd-
Ln/C (Ln = Y/Lu) DACs in selective hydrogenation of phenylacetylene: Phenylacetylene conversion (B) and styrene selectivity (C) as a 
function of reaction temperature; (D) Activity of these three samples at 393 K. Reaction condition: 30 kPa H2, 0.3 kPa C8H 6, 2.784 kPa 
C6H 12, balance with Ar, 393-473 K, WHSV = 63.6 h-1; (E) Durability test on 0.02%Pd-Y/C and (F) Durability test on 0.02%Pd-Lu/C in 
the selective hydrogenation of phenylacetylene for 20 h at 393 K. Reaction conditions: 30 kPa H2, 0.3 kPa C8H 6, 2.784 kPa C6H 12, balance 
with Ar, WHSV = 25.4 h-1. SAC: Single-atom catalyst; DACs: diatomic catalysts; WHSV: weight hourly space velocity.

For Pd-Ln/C nanoparticle catalysts, high phenylacetylene conversions were always accompanied by low 
styrene selectivity, especially at the elevated reaction temperatures, where a large number of styrene would 
be further hydrogenated to ethylbenzene. Alternatively, in Pd-Ln/C DAC, high styrene selectivity was 
obtained within a wide temperature range, which might be attributed to the dispersion of Pd active centers. 
Thus far, there has been consensus that selectivity depends mainly on the adsorption configuration and 
strength of reactants/intermediates on the catalytic surface, which, in turn, depends on the electronic and 
geometric configurations of the active sites[55,56]. Nanocatalysts typically exhibit a wide range of size 
distributions, and nanoparticles can present various facets with diverse atomic structures[57,58]. When 
concentrating on one nanoparticle, the atom may be located on the edge, terrace, corner sites, or at the 
interfaces between metal and support, and interact closely with the support[59], and each site experiences 
specific electronic structures and coordination environments. These multiple active centers would lead to 
various adsorption modes of the reactants or intermediates, consequently resulting in low catalytic 
selectivity during catalysis. For SACs or DACs, uniform electronic and geometric structure avoids multiple 
adsorption modes of reactants/intermediates, thereby improving the selectivity of the target product. A 
classic example is the adsorption of ethene on Pd(111) surface[55,60], in which ethene is intensely adsorbed as 
ethylidyne on 3-fold Pd active centers, moderately adsorbed in the di-σ mode onto the bridged Pd active 
sites, and weakly through π-mode onto the isolated Pd active sites. In our Pd-Ln/C diatomic catalytic 
system, Pd is the main active site and is dispersed in the form of atoms on the support. After the 
hydrogenation of phenylacetylene to styrene, styrene is probably adsorbed in a weak π-mode on the isolated 
Pd, resulting in easy desorption and improved selectivity. Similarly, the Pd1-Cu1/nanodiamond graphene 
(ND@G) DAC prepared by Huang et al. has a 92% ethylene selectivity under complete conversion of 
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acetylene, which is superior to Pd1/ND@G and Cu1/ND@G SACs[61]. This further supports that the diatomic 
structures have promising futures in the selective hydrogenation of alkynes.

The presence of small clusters in the DACs may affect the final phenylacetylene hydrogenation reaction 
performance, but due to the complexity of the catalyst structure, it is difficult to elucidate the specific effect 
of metals present in different forms in the selective phenylacetylene hydrogenation. It is impossible to 
establish a reaction system containing pure Pd-Y dual sites to date, we think. Compared with the isolated 
dual sites, the clusters may bind the styrene more strongly as suggested from the literature[7,8]. This is similar 
to the adsorption of acetylene on Pt (111) and Pt2Sn alloy in different intensities[62,63]. For Pt (111), acetylene 
is adsorbed through strong ethylidyne mode on three-fold Pt sites. For Pt2Sn alloy, the addition of Sn atoms 
eliminates all three-fold Pt sites, fragmenting the Pt surface into ensembles of only one or two neighboring 
Pt atoms. Therefore, acetylene is adsorbed through weak di-σ-mode on the bridged Pt dimers or π-bonded 
mode on isolated Pt atoms, thus possibly facilitating the desorption of the target product and promoting the 
selectivity. In our catalytic system, styrene may be adsorbed on clusters through strong ethylidyne mode on 
three-fold active sites, but adsorbed on dual sites through weak π-bonded mode. Consequently, the 
existence of the clusters would cause decreasing of styrene selectivity and over-hydrogenation. And 92% 
styrene selectivity was determined at ~100% conversion under optimized reaction conditions. We believe 
that the non-uniformed structure is not significant in our system.

To demonstrate that Pd-based rare-earth DACs are more selective for styrene generation than Pd SACs in 
the hydrogenation of phenylacetylene, we compared the hydrogenation reaction performance of 0.02%Pd/C 
with that of 0.02%Pd-Ln/C (Ln = Y/Lu). As shown in Figure 3B and C, 0.02%Pd/C SACs achieve complete 
conversion of phenylacetylene over the reaction temperature range, with a constantly higher conversion of 
phenylacetylene than the 0.02%Pd-Ln/C (Ln = Y/Lu) DACs. However, the selectivity to styrene decreased 
from 85% to 64% over the reaction temperature range and was consistently lower than the 0.02%Pd-Ln/C 
(Ln = Y/Lu) DACs. Moreover, the maximum yield of styrene on 0.02%Pd-Ln/C DACs is higher than that on 
0.02%Pd/C SACs [Supplementary Figure 7]. At 393 K, we compared the activity of 0.02%Pd/C SACs and 
0.02%Pd-Ln/C (Ln = Y/Lu) DACs [Figure 3D]. The activity of 0.02%Pd-Y/C and 0.02%Pd-Lu/C was 0.03 
and 0.07 molC8H6/gPd/min, respectively, while that of 0.02%Pd/C was 0.87 molC8H6/gPd/min. The results 
demonstrated that the activity of 0.02%Pd/C was one order of magnitude higher than that of 0.02%Pd-Ln/C 
(Ln = Y/Lu), thus leading to excessive hydrogenation of phenylacetylene and reducing styrene selectivity. 
Meanwhile, we compared the phenylacetylene hydrogenation rate and styrene formation rate of 0.02%Pd-
Ln/C DACs and 0.02%Pd/C SACs at similar conversions [Supplementary Figure 8A and B]. The results 
revealed that styrene selectivity of the 0.02%Pd/C SACs was lower than that of the 0.02%Pd-Ln/C DACs, 
mainly owing to the hydrogenation rate of phenylacetylene (specific activity) on the 0.02%Pd/C catalyst 
being greater and resulting in excessive hydrogenation and reduced styrene selectivity. Besides, the results of 
XANES and EXAFS profiles revealed that rare earth metal Y donated electrons to Pd, making Pd slightly 
negatively charged. The experiments show that negatively charged Pd can improve the alkene 
selectivity[64-66]. It appears that the higher electron density of Pd atoms on the catalyst surface would repeal 
the carbon-carbon double bond of styrene and the π-bonded styrene would desorb facilely[67]. This may be 
another reason why the styrene selectivity of the 0.02%Pd-Y/C is higher than 0.02%Pd/C.

To further assess the durability of 0.02%Pd-Ln/C (Ln = Y/Lu) in the selective hydrogenation of 
phenylacetylene, we tested the hydrogenation performance of phenylacetylene at 393 K. As shown in 
Figure 3E and F, 0.02%Pd-Ln/C (Ln = Y/Lu) showed good durability within 20 h of reaction time on stream 
(TOS) without any visible decrease in activity and selectivity. Probably, this is mainly due to the presence of 
rare earth elements and the coordinated foundational groups as described in Scheme 1 within the catalyst, 
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which enables the catalyst to perform stable catalytic hydrogenation behavior for a long time in the selective 
hydrogenation of phenylacetylene. Additionally, as displayed in Supplementary Figure 9, 0.02%Pd/C SACs 
also have long-term catalytic stability, but the selectivity of styrene is obviously lower than that of 0.02%Pd-
Ln/C DACs, indicating that the existence of this DAC structure is very important for this selective 
hydrogenation reaction.

In addition, in order to demonstrate the advantages of Pd-Ln/C DACs in the selective hydrogenation of 
phenylacetylene, we compared the Pd-Ln/C DACs with Pd-based catalysts in the literature [Supplementary 
Figure 10]. The Pd-based catalysts reported in the literature with superior activities are all Pd nanoparticle 
catalysts except Pd1/Ni@G[3]. The literature has shown that in most cases, only the surface atoms of the 
nanoparticles work as the active components, while the atoms inside the nanoparticles are spectators, 
leading to great waste in noble metal utilization. The synthesis of highly dispersed precious metals will 
enhance their atomic efficiency. Reducing the size of metal nanoparticles to single atoms will maximize the 
availability/utilization of the noble metals and reduce the cost of the catalysts[68,69]. Besides, the modification 
of Pd with Pb, Se, S and other toxic metals or organic molecules can improve the selectivity of styrene by 
sacrificing activity, but in the process of hydrogenation, toxic metals or organic molecules will cause catalyst 
deactivation easily[15,70]. In our Pd-Ln/C diatomic catalytic system, not only is the atomic utilization of metal 
Pd improved, but the catalyst also maintains good stability during the reaction process.

Kinetic analysis of phenylacetylene selective hydrogenation
Dependence of rates on reactant pressures for phenylacetylene hydrogenation
To investigate the hydrogenation mechanism of phenylacetylene over Pd-Ln/C (Ln = Y/Lu) catalyst, a 
detailed kinetic analysis was carried out. Prior to that, the internal and external diffusion resistance of the 
catalyst were excluded by the Koros-Nowak criterion[71] [Supplementary Figure 11A-D].

Table 1 summarizes the reaction order of C8H6 and H2 over 0.02%Pd-Ln/C (Ln = Y/Lu) and 0.02%Pd/C 
catalysts. As described in Figure 4A, the hydrogenation rate of C8H6 increased gradually with the C8H6 
pressure ([C8H6], for convenience, the molecule X pressure is expressed as [X]). Specifically, the reaction 
order of C8H6 is 0.67 (r~[C8H6]0.67; 0.1-0.8 kPa C8H6) over 0.02%Pd-Y/C catalyst at 363 K, which is quite 
similar to the reaction order of C8H6 at 0.64 (r~[C8H6]0.64; 0.1-0.8 kPa C8H6) over 0.02%Pd-Lu/C at 363 K. 
The results suggest that the surface coverages of C8H6 on 0.02% Pd-Y/C and 0.02% Pd-Lu/C catalysts are 
quite similar at 363 K. After increasing the reaction temperature, the reaction order of C8H6 over 0.02%Pd-
Y/C and 0.02%Pd-Lu/C catalysts at 373 K is 1.05 (r~[C8H6]1.05; 0.1-0.8 kPa C8H6) and 0.58 (r~[C8H6]0.58; 0.1-
0.8 kPa C8H6), respectively [Figure 4B]. Compared to 363 K, the surface coverage of C8H6 is reduced on the 
0.02%Pd-Y/C after increasing the temperature to 373 K, while the surface coverage is almost unchanged 
over 0.02%Pd-Lu/C. As shown in Figure 4A, at 363 K, on the 0.02%Pd-Y/C catalyst, with the increase of H2 
pressure, the hydrogenation rate of C8H6 first slowly grew, and then slightly decreased, in which the reaction 
order of H2 dropped from 0.55 (r~[H2]0.55; 0.5-30 kPa H2) to -0.28 (r~[H2]-0.28; 30-50 kPa H2). Clearly, when 
the partial pressure of H2 is lower than 30 kPa, C8H6 and H2 are competitively adsorbed on the surface of Pd-
Y/C. After raising the partial pressure of H2 to 30 kPa, the negative reaction order of H2 demonstrates that 
H2 or its derivatives (i.e. H*) would be the dominated surface species over Pd. Similarly, the reaction order of 
H2 is 0.34 (r~[H2]0.34; 0.5-50 kPa H2) over 0.02%Pd-Lu/C catalyst at 363 K. After raising the temperature, the 
reaction order of H2 varies from 0.49 (r~[H2]0.49; 0.5-30 kPa H2) to -0.19 (r~[H2]-0.19; 30-50 kPa H2) over 
0.02%Pd-Y/C at 373 K [Figure 4B], which reinforces the competitive adsorption between C8H6 and H2. For 
0.02%Pd-Lu/C catalyst, the reaction order of H2 varies from 0.45 (r~[H2]0.45; 0.5-30 kPa H2) to -0.21 
(r~[H2]-0.21; 30-50 kPa H2) at 373 K. Compared with 363 K, the reaction order of H2 on 0.02%Pd-Y/C catalyst 
did not change significantly with the rise of the reaction temperature, revealing that the coverage of H2 did 
not change much with temperature. For 0.02%Pd-Lu/C catalyst, the reaction order of H2 becomes more and 
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Table 1. Reaction order of phenylacetylene and hydrogen over 0.02%Pd-Ln/C (Ln = Y/Lu) and 0.02%Pd/C catalysts during 
selective phenylacetylene hydrogenation

r-kapp[C8H6]x[H2]y

Catalyst T/K
x y

363 0.67 (0.1-0.8 kPa C2H2) 0.55 (0.5-30 kPa H2) 
-0.28 (30-50 kPa H2)

0.02%Pd-Y/C

373 1.05 (0.1-0.8 kPa C2H2) 0.49 (0.5-30 kPa H2) 
-0.19 (30-50 kPa H2)

363 0.64 (0.1-0.8 kPa C2H2) 0.34 (0.5-50 kPa H2)0.02%Pd-Lu/C

373 0.58 (0.1-0.8 kPa C2H2) 0.45 (0.5-30 kPa H2) 
-0.21 (30-50 kPa H2)

363 0.55 (0.1-0.8 kPa C8H6) 0.7 (0.5-50 kPa H2)0.02%Pd/C

373 0.49 (0.1-0.8 kPa C8H6) 0.68 (0.5-50 kPa H2)

Figure 4. Phenylacetylene hydrogenation reaction rates as a function of H2 (red □: 0.02%Pd-Y/C; green ■: 0.02%Pd-Lu/C) (0.5-50 kPa 
H2, 0.3 kPa C8H 6, 2.784 kPa C6H 12, balance with Ar, WHSV = 2,162 h-1) and C8H6 pressures (black ○: 0.02%Pd-Y/C; blue ●: 0.02%Pd-
Lu/C) (30 kPa H2, 0.1-0.8 kPa C8H 6, 2.784 kPa C6H 12, balance with Ar, WHSV = 2,162 h-1) at (A) 363 K and (B) 373 K; (C) Apparent 
activation energies for phenylacetylene selective hydrogenation over 0.02%Pd-Y/C (black ○), 0.02%Pd-Lu/C (red □) and 0.02%Pd/C 
(blue △) catalysts. Reaction conditions: 30 kPa H2, 0.3 kPa C8H 6, 2.784 kPa C6H 12, balance with Ar, WHSV = 2,162 h-1. WHSV: Weight 
hourly space velocity.

more negative with the rise of temperature, indicating that the coverage of H2 becomes even more 
dominated at the active Pd site. The similar reaction order of H2 and C8H6 obtained on 0.02%Pd-Y/C and 
0.02%Pd-Lu/C catalysts indicate similar kinetically relevant steps (KRS). Different from 0.02%Pd-Ln/C 
(Ln = Y/Lu) DACs, independent reaction orders of H2 were observed on 0.02%Pd/C SAC [Supplementary 
Figure 12], and the reaction orders of H2 on 0.02%Pd/C SAC were 0.7 and 0.68 at 363 and 373 K, 
respectively, indicating that 0.02%Pd/C SAC and 0.02%Pd-Ln/C (Ln = Y/Lu) DACs may follow separated 
RDSs. Based on relevant literature reports, the reaction order of C8H6 is generally between 0 and 1[72-75], 
which is similar to the reaction order of C8H6 in our work, demonstrating that the coverage of C8H6 on the 
surface of catalyst in the literature and this work is quite similar. While the reaction order of H2 is usually 1 
or 1.5[76], which is slightly different from the reaction order of H2 in this work and the detailed correlations 
between reaction rate and pressures of the reactants might be closely related to the nature of the catalyst and 
the catalytic reaction conditions applied. Specifically, in this work, the partial pressure of H2 is higher than 
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that in the literature, which might lead to a higher coverage of H2 in our system.

As displayed in Figure 4C, the apparent activation energies of 0.02%Pd-Y/C and 0.02%Pd-Lu/C DACs were 
compared, which give 43.1 and 46.2 kJ/mol, respectively. The received rates are in good correlation with the 
determined apparent reaction barriers, in which the activity of 0.02%Pd-Y/C is similar to that of 0.02%Pd-
Lu/C, further demonstrating that these two catalysts probably have the same or similar behavior of 
hydrogenation. In addition, the activation energies of 0.02%Pd-Ln/C DACs are clearly higher than that of 
0.02%Pd/C SAC at ~37.6 kJ/mol, indicating that we are following an activity compromise strategy to fine-
tune the selectivity of phenylacetylene hydrogenation that is quite similar to the reported work on acetylene 
hydrogenation[13,77].

Mechanism of phenylacetylene selective hydrogenation
In Combination with the elementary steps of alkyne hydrogenation proposed in the literature[78-80], 
Podkolzin et al. considered the participation of vinylidene and ethylidene species as spectator species when 
predicting the elementary steps of acetylene hydrogenation on Pt (111) under high coverage of acetylene[78]. 
Vilé et al. and Deng et al. did not consider the participation of spectator species when describing the 
elementary steps of propyne hydrogenation on Ag-based catalysts and acetylene hydrogenation on Ni-based 
catalysts, respectively[79,80]. In our reaction system, phenylacetylene is at a lower partial pressure (0.3 kPa) 
than the partial pressure of hydrogen (30 kPa). We believe that the spectator species formed by 
phenylacetylene might have little effect on the elementary steps of the reaction; at least, they were 
undetectable. Consequently, the participation of the spectator species is not considered in the elementary 
steps of phenylacetylene hydrogenation reaction. According to the dissociative (Horiyti-Polanyi)[81] 
mechanism of phenylacetylene hydrogenation, a series of elementary steps has been proposed and 
summarized in Scheme 2, where * represents an unoccupied surface site, X* denotes the adsorbed species 
combined with a single Pd active center, and kx indicates the rate constant of step x. According to the 
literature, H2 can be adsorbed on Pd single-atom and dissociated into two H atoms in phenylacetylene 
hydrogenation reaction[3,30]. Besides, it has been proposed that a single metal atom can have multiple active 
sites. For example, Hoffman et al. found that Rh single-atom could adsorb two CO molecules in the study of 
“CO + NO” reaction on Rh1/γ-Al2O3 catalyst[82]. In addition, Zhang et al. studied aldol condensation and 
esterification on Ti-BEA catalyst, in which single-atom Ti could simultaneously adsorb two acetaldehyde 
molecules[83] In the 0.02%Pd-Ln/C (Ln = Y/Lu) catalytic system, Pd single-atoms may have different 
coordination environments (Pd-N, Pd-C, Pd-P, Pd-O, etc.). Therefore, Pd single-atoms may have multiple 
active sites. To simplify the model, we assume that there are more than two (adjacent) active sites on single 
Pd atoms. In the hydrogenation of phenylacetylene, phenylacetylene molecules are firstly adsorbed on the 
Pd active centers, and then hydrogen is also adsorbed and dissociated on Pd sites. Dissociated hydrogen 
atoms will successively combine with adsorbed phenylacetylene molecules to form C8H7

* and C8H8
* surface 

species. If the hydrogen barrier of styrene is higher than the desorption barrier of styrene, the styrene 
produced will desorb and the unoccupied active center will be regenerated. The RDSs of phenylacetylene 
hydrogenation over 0.02%Pd-Y/C and 0.02%Pd-Lu/C catalysts are discussed as follows:

In Pd-Ln/C DACs, the dissociative chemisorption of H2 occurs predominantly on the Pd sites rather than 
on the Ln (Ln = Y/Lu) sites or carbon support, and we compared the reaction performance of 0.02%Pd/C, 
0.02%Ln/C (Ln = Y/Lu) and carbon support in the selective hydrogenation of phenylacetylene. As shown in 
Supplementary Figure 13A-D, the conversion of phenylacetylene by 0.02%Ln/C (Ln = Y/Lu) and carbon 
support was about 2%. The catalytic activity of the 0.02%Ln/C (Ln = Y/Lu) and carbon support was 
negligible compared with the complete conversion of phenylacetylene by the 0.02%Pd/C catalyst at similar 
reaction conditions. Meanwhile, it has been shown in the literature that in the selective hydrogenation of 
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Scheme 2. The elementary steps of the dissociative (Horiuti-Polanyi) mechanism.

alkyne over a second metal alloyed/modified Pd SAC, the mainly active site of catalyst is the single-atom 
Pd[11,67]. Thus, the hydrogenation reaction of phenylacetylene was assumed to mainly occur on the Pd singe-
atom active site. Assuming the adsorption of reactants and the desorption of products in the reaction step 
are quasi-equilibrated (QE), and “C8H6

* + H*” is kinetically relevant, the active species can be represented as 
below:

(5)

And the hydrogenation rate of C8H6 will be expressed as:

(6)

Considering the QE hypothesis of C8H6 adsorption, H2 dissociation, C8H8 desorption and equilibrium of 
surface active centers:

(7)

(8)

(9)

(10)

Supplementary Note 1 gives a complete deduction of the rate expression, and Equation (6) can be expressed 
as:

(11)

Where the molecular term represents a series of steps to form the product, and the denominator represents 
the balance of active sites on the surface occupied by the reactants and their derivatives, as well as some 
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unoccupied active sites. When [C8H6] is low, the amount of vacancy sites (“*”, most likely to be occupied by 
H2 and C8H6) may be larger than the quantity of adsorbed C8H6-derived species, and Equation (10) 
predicates that the C8H8 turnover rate is first-order dependent on C8H6 pressure. When [C8H6] is higher, the 
C8H6-derived species will turn into the most abundant reaction intermediates (MARIs), and Equation (10) 
suggests that the rate is negligible or negatively first-order dependent with respect to [C8H6]. Similarly, after 
hypothesizing various species as MASIs, the rate expression would be simplified to half-order or negative 
half-order in H2, which is consistent with the observed pressure dependence very well. Therefore, the “C8H6

* 
+ H*” (step 3) may be the RDS of 0.02%Pd-Y/C and 0.02%Pd-Lu/C DACs. In addition, we have also studied 
the RDS of phenylacetylene hydrogenation reaction on 0.02%Pd/C SAC (Supplementary Note 2 for details). 
The results show that the RDS of 0.02%Pd/C is probably “C8H7

* + H*”, which is in good agreement with our 
previous research that the RDS of acetylene hydrogenation reaction on Pd-based catalyst varies with the 
catalytic activity[84].

According to the literature, modification of the core metal with a second metal atom can change the 
coordination environment and electronic structure of the latter[85-89]. For example, in the selective 
hydrogenation of acetylene on Pd1-Cu1/ND@G DACs[61], compared to Pd1/ND@G and Cu1/ND@G SACs, 
Pd1-Cu1/ND@G DACs exhibit a geometry advantage in simultaneously adsorbing acetylene and hydrogen, 
thereby transforming the competitive adsorption of reactants into relatively non-competitive adsorption. In 
addition, the electronic structure of Pd1-Cu1 atomic pairs facilitates the adsorption of reactants, altering the 
reaction pathway and providing a lower barrier from acetylene to ethylene. Similarly, in bimetallic site 
mesoporous silica (MS) stabilized Pd-Ru@ZIF-8 catalyst for selective hydrogenation of phenylacetylene[38], 
Pd atoms facilitate the formation of styrene, while Ru atoms facilitate the desorption of styrene. The 
synergistic effect of Pd and Ru atoms promotes the activation of phenylacetylene, with better catalytic 
performance than MS Pd@ZIF-8 and MS Ru@ZIF-8 catalysts. Combing literature reports and experimental 
results, in our Pd-based rare-earth DAC system, the Pd atom probably contributes to the activation of 
phenylacetylene, while the rare-earth element Ln (Y/Lu) helps stabilize this isolated structure and possibly 
facilitate the desorption of styrene since the desorption of styrene were determined to be facile over highly 
dispersed structures[38,61], thus avoiding further hydrogenation of styrene. The electronic modification of the 
Ln elements against isolated Pd is quite complex and would be further explained in our future work.

To confirm that the dissociation of H2 elementary step is not the RDS for 0.02%Pd-Y/C and 0.02%Pd-Lu/C 
catalysts, we tentatively assumed that dissociation of H2 is the RDS, and detailed kinetic derivation was 
included in Supplementary Note 1. Probably, the dissociation of H2 is facile and will not be the RDS in our 
reaction system. And it is reported that hydrogen is prone to dissociation on metal Pd[81], and in the kinetic 
model, it is recognized that the dissociation of hydrogen is not the RDS[90].

To verify the reaction model proposed, the experimental rates were systematically correlated to the 
predicated ones over 0.02%Pd-Y/C and 0.02%Pd-Lu/C catalysts following parity plot fittings, and the 
corresponding kinetic constants were obtained at the same time. The parity plots over 0.02%Pd-Y/C and 
0.02%Pd-Lu/C catalysts are shown in Supplementary Figure 14. For both catalysts, the experimental and 
predicated rates are well distributed on a straight line with a slope of 1 and an intercept of 0, indicating that 
the dissociation mechanism of phenylacetylene on Pd-based rare earth DACs is reasonable. The rate 
constants (k3) and equilibrium constants (K1, K2) acquired by regression are shown in Table 2. The 
equilibrium constants of 0.02%Pd-Y/C and 0.02%Pd-Lu/C catalysts acquired by parity fitting are very close, 
demonstrating that the transition state energy barriers for the adsorption of reactants and hydrogenation of 
reaction intermediates on the two catalysts are quite similar. Besides, these regressed kinetic constants 
acquired by parity fitting can be used to estimate the coverages of different species, where at different 
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Table 2. The equilibrium constants and rate constants of C8H6 hydrogenation over 0.02%Pd-Y/C and 0.02%Pd-Lu/C catalysts at 

363-373 K determined by parity fittings

Equilibrium and rate constants
Sample T/K

k3/s-1 K1/kPa-1 K2/kPa-1

363 4.99 1.31 0.020.02%Pd-Y/C

373 6.61 1.12 0.01

363 0.67 3.68 0.030.02%Pd-Lu/C

373 1.25 1.50 0.02

reaction temperatures, the regressed equilibrium constant K1 of phenylacetylene adsorption acquired is 
always more significant than the K2 of hydrogen. For example, for 0.02%Pd-Y/C catalyst, the K1 values at 
363 and 373 K are 1.31 and 1.12, respectively, which are obviously larger than the K2 values at 363 and 373 K 
(respectively at 0.02 and 0.01), the results suggest that C8H6

* is probably the MARIs of this reaction during 
catalysis, which is in good consistency with our hypothesis according to the kinetic evaluations.

Thermodynamic discussion
Kinetic analysis suggested that for the 0.02%Pd-Ln/C (Ln = Y/Lu) DAC with high styrene selectivity, “C8H6

* 
+ H*” elementary step is probably the RDS of this reaction. In addition, when the partial pressure of H2 is 
below 30 kPa, C8H6 and H2 compete for the active sites from the surface of the catalyst, and when the partial 
pressure of H2 is above 30 kPa, H2 is the main adsorbed species. At the same time, the results of parity fitting 
between the experimental rates and the predicated ones also verified the correctness of our catalytic model. 
Moreover, researchers can also estimate the thermodynamic parameters in the catalytic process through 
parity fitting. For example, in the selective hydrogenation of acetylene previously studied in our group[84], 
the thermodynamic parameters were determined by parity fitting and some isothermal adsorption 
experiments. Therefore, we would like to understand the phenylacetylene semi-hydrogenation in a similar 
way, which would undoubtedly provide additional information on the basis of DFT calculations.

As the 0.02%Pd-Y/C and 0.02%Pd-Lu/C catalysts have similar activation energies and probably the same 
RDS, we chose the 0.02%Pd-Y/C catalyst as an example to determine the relevant energy of every reactive 
intermediate before and after C8H6 hydrogenation in the transition state to reflect the change in specific 
energy along C8H6 hydrogenation. Combining our own kinetic analysis with the theoretical calculation[91], 
the entire hydrogenation procedure over 0.02%Pd-Y/C sample was described following the transition state 
theory (TST) [Figure 5]. Supplementary Table 5 lists the energy parameters acquired through parity fitting 
and H2 isothermal adsorption. The detailed derivation results can be found in the Supplementary Note 3. 
First of all, we set the activation enthalpy of gaseous C8H6 at 0.3 kPa and H2 at 30 kPa as 0 kJ/mol. As 
expected, phenylacetylene hydrogenation is an exothermic reaction. According to the parity fitting and 
isothermal H2 adsorption experiments [Supplementary Figure 15A and B], the adsorption heats of C8H6 and 
H2 on 0.02%Pd-Y/C catalysts are respectively at 45.6 and 17.2 kJ/mol. These adsorption heats are quite 
similar to that reported in the literature[92]. For instance, Cheng et al. studied the hydrogenation of 
benzaldehyde on Pd/C catalyst, and the H2 adsorption heat measured by H2 isothermal adsorption 
experiment was about 14 kJ/mol[92]. In addition, Li et al. calculated the adsorption heat of C8H6 on different 
Pd-based catalysts by DFT calculations and suggested that the value should be within the range of 27.6-
81.1 kJ/mol[38], which matches the value we determined quite well. For the transition state potential of C8H6 
hydrogenation, it appears that the potential of C8H6 hydrogenation is essentially increasing gradually, even 
though the whole transition state energy barriers cannot be determined. The apparent activation energy of 
the 0.02%Pd-Y/C DAC determined experimentally is lower than the intrinsic transition state energy barrier 
for phenylacetylene hydrogenation determined in Figure 5. According to the literature, the apparent 
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Figure 5. Simplified energy diagram for hydrogenation of phenylacetylene over 0.02%Pd-Y/C catalyst. The solid rectangle represents 
the real results measured based on the kinetic and thermodynamic parameters, and the dotted rectangle represents the assumed values.

activation energy of phenylacetylene hydrogenation on Pd-based catalysts ranges from 30 to 70 kJ/mol 
[Supplementary Table 6]. The apparent activation energy of the catalyst acquired in the experiment 
conforms to the range of activation energies reported[3,93,94]. In the relevant theoretical calculation results, the 
intrinsic transition state energy barrier of phenylacetylene hydrogenation is usually greater than 100 kJ/mol, 
which is much higher than the apparent activation energy of the catalyst measured experimentally. 
Generally, the theoretical calculation focuses on the energy difference between the ground state and the 
transition state[38,91,95], which is in good agreement with the values determined in this work. In addition, the 
activation enthalpy of the intermediates in phenylacetylene hydrogenation displays a downward tendency, 
which could cause the intrinsic energy barrier of phenylacetylene hydrogenation to be greater than the 
determined apparent energy barrier. Through the measured parameters of kinetic and thermodynamic, the 
TST explains the whole process of phenylacetylene hydrogenation reaction well.

CONCLUSION
In brief, we developed Pd-based rare earth DACs (0.02%Pd-Ln/C, Ln = Y/Lu) for the selective 
hydrogenation of phenylacetylene in this work. The XANES and EXAFS characterizations showed that the 
rare earth metal Y donates some electrons to the adjacent isolated Pd, making Pd slightly negatively charged 
and promoting the styrene selectivity. Through the synergistic effect between diatomic Pd and Ln (Ln = Y/
Lu), 92% styrene selectivity was obtained upon complete conversion of phenylacetylene. Meanwhile, the 
0.02%Pd-Ln/C (Ln = Y/Lu) DACs can maintain the stability and durability for up to 20 h at 393 K. Kinetic 
analysis and apparent activation energy assessment suggest that the 0.02%Pd-Y/C and 0.02%Pd-Lu/C DACs 
probably follow the same reaction path and had the same RDS, that is, “C8H6

* + H*”. Besides, C8H6
* and H* 

were the primary adsorbed species on 0.02%Pd-Ln/C (Ln = Y/Lu). The parameters of kinetic and 
thermodynamic were acquired by parity fitting and isothermal H2 adsorption experiment, the energy 
relationship along the hydrogenation elementary steps of phenylacetylene was quantitatively described, and 
the entire hydrogenation process of the phenylacetylene hydrogenation was interpreted by the TST well. 
The overall reaction performance of selective hydrogenation of phenylacetylene to styrene was selectively 
improved by the diatomic structure of Pd-Ln.
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