
Mitigating catalyst deactivation in selective hydrogenation by 

enhancing dispersion and utilizing reaction heat effect 

Yanan Liu1,2, Shaoxia Weng1, Alan J. McCue3, Baoai Fu1, He Yu1, Yufei He1,2, Junting Feng1,2, 

Dianqing Li1,2,* and Xue Duan1 

1State Key Laboratory of Chemical Resource Engineering, Beijing University of Chemical 

Technology, Beijing, 100029, China 

2Beijing Engineering Center for Hierarchical Catalysts, Beijing University of Chemical 

Technology, Beijing, 100029, China 

3Department of Chemistry, University of Aberdeen, Aberdeen AB24 3UE, U.K. 

* Corresponding authors 

Address: Box 98, 15 Bei San Huan East Road, Beijing, China, 100029 

Fax: +86 (10) 6442 5385 Tel.: +86 (10) 6445 1007 

E-mail address: lidq@mail.buct.edu.cn (Dianqing Li) 

 

Abstract 

Pd catalysts with different particle size were investigated in a strongly exothermic 

acetylene hydrogenation by changing space velocity. It was found that larger Pd 

nanoparticles provoked the significant amounts of oligomers and accumulated reaction 

heat although space velocity had been greatly improved. When Pd particle size was 

reduced, the number of active sites increased, which contributed to a decrease in heat 

produced on a single active site, thereby hindered formation of hot spots over catalyst 

leading to lesser deactivation. Furthermore, by utilizing the features of highly dispersed 

catalyst without instantaneous heat accumulation, the target acetylene hydrogenation 

(exothermic) was coupled with acetylene dissociation (endothermic) by sharing 

reaction heat to construct supported Pd carbide catalysts. Modification of subsurface 

carbon inhibited the generation of green oil and thus further enhanced selectivity and 

stability. This work provides an alternative and counter-intuitive concept where more 

highly dispersed metal nanoparticles may in fact be more stable. 
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1. Introduction 

Catalyst deactivation, namely the loss of catalytic activity and/or selectivity as a 

function of time on stream, is a challenge of great concern in industrial processes, which 

incur substantial costs due to process shutdown and catalyst replacement.1,2 There are 

many intrinsic mechanisms for catalyst deactivation, 3 , 4 , 5  with the most widely 

encountered mechanisms being deposition of detrimental carbonaceous species and 

thermal sintering of metal particles. 6 , 7  Importantly, the external compensation 

temperature (i.e., the average reaction temperature) can be relatively low yet the 

phenomenon of coking and metal agglomeration can still be observed.8,9,10 This could 

be associated with a natural nonlinear matching between reaction heat generation and 

heat transfer, in which the reaction heat changes in a nonlinear exponential form, while 

the heat transfer rate of the system is directly proportional to the heat transfer area and 

temperature gradient (so varies linearly) and is affected by multi-phase flow, radiation 

and other processes. The mismatching leads to the instantaneous accumulation of heat 

generated by an exothermic process and thus provides the energy for chemical bond 

breaking, carbon chain growth and metal atom migration. Consequently, in addition to 

the design of a reaction engineering system (such as condensate, reactor type, heat 

transfer area etc),11,12,13 an ability to realize rapid heat transfer from the microscale 

(namely catalyst structure design) to avoid the occurrence of side reactions is also 

significant. Recently, Miao et al.14 explored the influence of support structure on an 

exothermic reaction, and found that the modification of an alumina array increased the 

number of active sites which in turn, effectively decreased the localized heat production 

rate, thereby avoiding the formation of hot spots in the catalyst. This study 

demonstrated that the regulation of catalyst microstructure could reduce the 

accumulation of reaction heat on active site.  

In some catalytic process, a product of reaction (a) can be a reactant in reaction (b), 

and the presence of reaction (b) makes reaction (a) possible, which can be called a 



coupled process. Coupled reactions generally involve an endothermic reaction which is 

stimulated by heat released from an exothermic reaction and such processes have 

attracted extensive attention.15, 16, 17 For instance, Chen et al.18 coupled CO2 and N2 in 

H2O to generate urea, which occurred via the production of C–N bonds through reaction 

between adsorbed and activated N2 and CO. Inspired by the above research idea (i.e., 

utilizing heat from an exothermic reaction to supply energy for a beneficial endothermic 

process), we have considered how this might be used to develop improved selective 

hydrogenation catalysts. In this case, the exothermic reaction is hydrogenation of 

acetylene and the endothermic reaction is dissociation of acetylene which can lead to 

the structural modification of active metal particles (i.e., carbide formation).  

In this work, two analogous samples with different Pd particle size were explored for 

the strong exothermic selective hydrogenation of acetylene. By combining systematic 

reaction studies with materials characterization, the essential relationship between 

metal dispersion and localized reaction heat was understood. Moreover, by utilizing the 

reaction heat, exothermic and endothermic reaction were coupled, resulting in the 

evolution of a novel supported Pd catalyst, which could further improve catalytic 

activity, selectivity and stability by inhibiting both particle agglomeration and 

deposition of detrimental carbonaceous species. 

 

2. Experimental 

2.1 Catalyst preparation. 1 wt. % Pd nanoparticles supported on carbon nanofiber 

(PR24-HHT, Applied Sciences Inc.; CNF) were synthesized by conventional 

impregnation as reported previously.19 The precursor was reduced at either 250 or 550 
oC in 10% H2/N2 for 1h to obtain two materials denoted as Pd/CNF-H-250 and Pd/CNF-

H-550. As described later these materials possessed different Pd particle sizes. These 

reduced Pd samples were then treated in the temperature range of 50-250oC (25oC 

increments, 5h time on stream at each temperature) in a flow of 0.6%C2H2/5.4% 

C2H4/1.2%H2/balance N2 with a space velocity of 240000 h-1. Following the entire 

sequence these samples were denoted as T-Pd/CNF-H-250 and T-Pd/CNF-H-550.  



2.2 Catalytic testing. 0.02 g of catalyst diluted with quartz sand was tested in a fixed-

bed microreactor at 1 bar in a gas stream of 0.6% C2H2/5.4% C2H4/1.2% H2/balance N2 

with gas hourly space velocity (GHSV) of 60000-240000 h-1. 5h time on stream was 

permitted for tests at each temperature in 50-250oC temperature range (25oC 

increments). Propane was employed as an internal standard. The analysis of products 

was performed online using a gas chromatograph (Perkin-Elmer Clarus 580) equipped 

with an elite alumina capillary column and a Flame Ionization Detector (FID). At least 

three tests for each point were carried out to obtain the quantitative measure of raw 

conversion/selectivity data repeatability. Equations for calculating acetylene 

conversion, ethylene and ethane selectivity were given as following: 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐴𝐴𝑐𝑐𝐴𝐴𝑐𝑐𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐𝐴𝐴 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)−𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (𝑜𝑜𝑜𝑜𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)

   (Formula 1) 

𝐸𝐸𝐴𝐴ℎ𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑒𝑒𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑒𝑒𝑐𝑐𝑒𝑒𝐴𝐴𝐴𝐴 = 𝐸𝐸𝐴𝐴ℎ𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (𝑜𝑜𝑜𝑜𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)−𝐸𝐸𝐴𝐴ℎ𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)−𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (𝑜𝑜𝑜𝑜𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)

    (Formula 2) 

𝐸𝐸𝐴𝐴ℎ𝑎𝑎𝐴𝐴𝐴𝐴 𝑒𝑒𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑒𝑒𝑐𝑐𝑒𝑒𝐴𝐴𝐴𝐴 = 𝐸𝐸𝐴𝐴ℎ𝑎𝑎𝐴𝐴𝐴𝐴 (𝑜𝑜𝑜𝑜𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)−𝐸𝐸𝐴𝐴ℎ𝑎𝑎𝐴𝐴𝐴𝐴 (𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)−𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (𝑜𝑜𝑜𝑜𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)

      (Formula 3) 

The selectivity to oligomers was calculated based on carbon balance. 

2.3 Characterization. The morphology, size and structure of the samples were 

assessed using a JEOL 2100F microscope operating at 200 kV in transmission mode 

(TEM). Elemental analysis for Pd was carried out using a Shimadzu ICPS-7500 

Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES). 

Thermogravimetric analysis (TG) was utilized to measure the carbon species on the 

surface of catalysts. TGA was performed using a TG/DTA X70 thermogravimetric 

analyzer (NETZSCH) that can heat samples in the range of 25-600oC in flowing air. 

CO chemisorption was conducted on a Micrometrics ChemiSorb 2920 instrument 

equipped with 50 μL loop. CO/Pd average stoichiometry of 1 was used for the 

calculation of dispersion.20 X-ray Photoelectron Spectroscopy (XPS) was carried out 

using a Thermo VG ESCALAB 250 spectrometer equipped with Al Kα anode to obtain 

insight into electronic structure with C 1s peak at 284.6 eV as a calibration. XRD 

patterns were collected using a Shimadzu XRD-6000 instrument with Cu-Kα radiation 

(λ = 1.5418 Å). Raman analysis was performed by using a HORIBA Jobin Yvon HR800 



Raman spectrometer to analyze the nature of carbon support, in which 532 nm argon 

ion laser was employed as the excitation source. 

 

3. Result and discussion  

3.1 Catalyst structure 

Two distinct Pd/CNF catalysts were obtained by impregnating and reducing at 250 

and 550oC. The formation of Pd nanoparticles after reduction at 550oC is confirmed by 

XRD (Figure S1) with good agreement between the observed 2θ values and those 

expected (PDF#46-1043, 2θ=40.1o for (111) facet in Pd). Representative high 

resolution TEM images of Pd/CNF-H-550 catalyst and the corresponding size 

distributions obtained by counting more than 200 particles from TEM micrographs are 

presented in Figure 1A. The majority of particles (ca. 190) are observed to be 1-6 nm 

in size, although a small number of larger particles (>7 nm; more than 30) appears. The 

particle size distribution determined from TEM gives a mean particle diameter of 3.7 

nm (Table S1). Whilst this type of average is generally used in catalysis, the volume-

weighted average particle size (8.5 nm) can also be considered since it gives greater 

weighting to smaller number of large particles. When using this approach, the particle 

size correlates well with the crystallite size estimated from XRD by application of 

Scherrer equation (8.0 nm). Pd nanoparticles reduced at 250oC has previously been 

characterized in detail with results reported elsewhere.21 It is important to appreciate 

that Pd precursor is also transformed into the active phase upon reduction at 250oC but 

possessing smaller Pd particles with a mean particle diameter of 1.6 nm (Figure 1B and 

Table S1). Figure S2 shows Raman spectra, in which two main bands with a shoulder 

are observed at 1350, 1580 and 1615 cm−1. These former two are attributable to D band 

indicating lattice disorder and G band responsible for E2g mode of graphite, while the 

latter is related to D′ band, being the characteristic for relatively low disorder structures. 

As expected, the intensity ratio of ID/IG in Pd/CNF-H reduced at 550oC is basically 

consistent with that of Pd/CNF-H-250, indicating that the nature of carbon support is 

not affected under different reduction condition. 

 



3.2 Selective hydrogenation of acetylene 

Catalytic evaluation was firstly conducted over Pd/CNF-H-550 sample as a function 

of reaction temperature (50-250oC) at a fixed pressure (1 bar) and gas hourly space 

velocity of 60000 h-1. To demonstrate that the essentially same raw conversion and 

selectivity are obtained, namely the data repeatability,22 the error bars are given from 

three parallel experiments. Note that the reaction begins with a period at 50oC, prior to 

the reaction temperature increasing sequentially in 25oC increments up to 250oC. At the 

initial reaction temperature of 50oC, acetylene conversion is incomplete and limited to 

50% (see Figure 2A). This level of conversion leads to ethylene and ethane being 

produced in approximately equal proportions with relatively little oligomer formation 

(ca. 5%). At higher temperature (i.e., 75oC) complete acetylene conversion is observed, 

while the product distribution noticeably shifts towards ethane and oligomers with 

ethylene selectivity becoming negative (i.e., a portion of the ethylene in the feed gas is 

also converted). When the reaction temperature reaches or exceeds 175oC, the 

selectivity shifts towards ethylene with a corresponding decrease in ethane selectivity. 

Such an observation may be indicative of thermodynamic selectivity since the strength 

of alkyne adsorption is larger than the alkene (i.e., as temperature increases it becomes 

harder for ethylene to adsorb and react). However unfortunately, the production of 

oligomers remains at a high level and thus leads to the decrease of activity at 250oC.  

In order to decrease the production of oligomers/green oil, further tests were 

performed but with higher space velocity/decreased contact time. GHSV was varied 

from 60,000 to 240,000 h-1 by changing the linear gas flow rates and results are 

presented in Figure 2B and 2C. At 50oC, the space velocity has an impact on the initial 

activity with a decrease in acetylene conversion at higher GHSV. With increasing 

temperature, the catalyst shows a similar trend with that at a GHSV of 60,000 h-1. 

Increasing the space velocity to ca. 240000 h-1 has a positive effect on ethylene 

selectivity (although the value is still negative). However, increasing space velocity 

does not significantly reduce the quantity of oligomers formed and as a result the 

decrease of activity is still observed at end of the reaction sequence at 250oC. The above 

results indicate that when the catalyst structure is fixed, the impact of the 



microenvironment change of the operating catalyst (i.e., GHSV) is limited. 

Furthermore, the catalytic behavior over the catalyst with smaller particle size was 

also evaluated by varying the space velocity from 60000 to 240000 h-1 (Figure 3). 

Complete acetylene conversion was observed for this sample even at 50oC and this is 

likely related to the samples with higher dispersion/greater number of active sites 

(compare Figure 2 & 3). More importantly, relative to Pd/CNF-H-550 catalyst, 

Pd/CNF-H-250 sample exhibits the positive selectivity of ethylene, which indicates that 

Pd/CNF-H-250 sample is inherently more selective than that reduced at 550oC. Note 

that this sample at a space velocity of 240000 h-1 has been reported in the previous 

work.21 In order to prove the repeatability of the data and facilitate readers to compare 

the performance under different GHSV, this sample was re-performed at 240000 h-1 

GHSV and 250oC. Ethylene selectivity obtained at the above reaction condition in 

Figure 3C is ca. 74.0%, which is basically coincident with previous results, proving the 

accuracy of the data again. Also, it is found that Pd/CNF-H-250 significantly reduces 

the formation of oligomers when operating at GHSV of 240000 h-1. When comparing 

the two samples at equivalent space velocity, the sample with smaller Pd particles 

appears to form less oligomers. These results indicate that Pd/CNF-H-250 and Pd/CNF-

H-550 samples perform distinctly differently despite having what might otherwise be 

considered a relatively small dissimilarity in particle size (1.6 vs 3.7 nm). The key is to 

therefore understand the origin of this difference.  

 

3.3 Effect of in situ pretreatment on catalyst structure and performance 

To begin with, the particle size before and after the first reaction (namely in situ 

pretreatment) was characterized. It is found that for Pd/CNF-H-550, the particle size 

increases notably after reaction (4.6 nm after vs 3.7 nm before), while Pd/CNF-H-250 

sample exhibits no significant change (1.8 nm after vs 1.6 nm before) based on HRTEM 

results (Figure 4). When this information is combined with the catalytic results it would 

suggest that the control of metal dispersion can limit carbon accumulation whilst also 

hindering metal sintering caused by a thermal effect.23 

To verify how dispersion influences a catalysts ability to handle heat released during 



a reaction, we calculate the exothermic rate for the acetylene hydrogenation at different 

temperatures as below:24  

𝑄𝑄𝑅𝑅 = 𝐶𝐶𝐶𝐶2𝐻𝐻2 × 𝐴𝐴 × ∆𝐻𝐻  (Formula 4) 

𝑄𝑄𝑠𝑠𝑖𝑖𝐴𝐴𝐴𝐴 = 𝐶𝐶𝐶𝐶2𝐻𝐻2𝐴𝐴
𝑚𝑚×𝑤𝑤×𝐷𝐷

∆𝐻𝐻     (Formula 5) 

where QR represents the exothermic rate of the catalyst, 𝐶𝐶𝐶𝐶2𝐻𝐻2 stands for conversion, 

A is the C2H2 flow rate, ∆𝐻𝐻 is the enthalpy change for acetylene hydrogenation, Qsite 

represents the exothermic rate per active site, m is catalyst mass, w stands for metal 

loading and D is metal dispersion (calculated from pulse chemisorption, Table S1). As 

presented in Figure 5A, the QR value is larger for Pd/CNF-H-250 (0.186 kJ s-1) than for 

Pd/CNF-H-550 (0.167 kJ s-1). However, interestingly and importantly, the Qsite values 

for Pd/CNF-H-250 is lower than that for Pd/CNF-H-550. Especially, for Pd/CNF-H-

550 catalysts with large particles, a part of ethylene is also hydrogenated to generate 

the ethane (Figure 2). That is to say, the ethylene hydrogenation as the exothermic 

reaction could also lead to the heat effect. But unexpected, Qsite’ as the exothermic rate 

from ethylene hydrogenation on per active site, is difficult to be accurately calculated 

based on the calculation formula. This is since not only ethylene in the feed gas could 

be hydrogenated, but also the ethylene produced from acetylene hydrogenation also 

undergoes reaction to ethane, which influences the conversion and flow rate of ethylene 

on the catalyst surface (the ethylene inlet is not equivalent to converted ethylene). 

However, as long as ethylene hydrogenation occurs no matter how much heat is 

generated, the actual exothermic rate per single active site for Pd/CNF-H-550 should 

be higher than the exhibited one at present in Figure 5B (It is not sure a linear 

superposition, but the released heat from the hydrogenation of acetylene and ethylene 

must be higher than the individual one). That is to say, the actual exothermic rate per 

single active site for Pd/CNF-H-250 should be much lower than that for Pd/CNF-H-

550. This could be associated with higher metal dispersion which increases the number 

of reaction sites and in turn effectively reduces the heat produced per active site. If less 

heat is produced per active site then this limits accumulation of reaction heat and 

consequently reduces the generation of hot spots which could otherwise promote 



sintering and polymerization to form detrimental carbonaceous species.25 Based on the 

expected sintering mechanism, when heat is effectively dissipated, the localized metal 

particle temperature won’t reach Tammann temperature (~0.5 Tm) 1 and hence Ostwald 

ripening won’t occur26 thereby leading to greater sintering resistance.  

According to carbon deposition mechanisms,27 , 28  in addition to harmful carbon 

species (graphitic carbon), some harmless or beneficial carbon species (carbide or a 

carbon overlayer) can be produced in a reaction process at lower temperature. In detail, 

carbon species can enter into the octahedral lattice of Pd crystallites to form subsurface 

carbon, which suppresses the formation of subsurface hydrogen associated with alkyne 

over-hydrogenation. Furthermore, when the amount of carbon species increases to a 

certain extent, a thin but permeable carbon overlayer will be generated, which allows 

the diffusion of reactants to reach active sites yet can influence the adsorption modes 

of reactant molecules, potentially improving selectivity. It should be noted that typically 

the subsurface carbon atoms are formed from decomposition of C2 species in the feed 

for acetylene hydrogenation. 29  On the basis of thermodynamic data and 

thermodynamic principles, this is an endothermic process (Formula 6), requiring a 

certain amount of heat to break the C-C bond.  

ΔH = ΣE (reactant) - ΣE (product)    (Formula 6) 

where E represents the bond energy and Σ stands for the sum of all bond energies. 

However, if too much heat is provided then polymerization of acetylene can take place 

via splitting of an ethylene carbon–carbon bond leading to green oil or surface carbene 

species, respectively. Moreover, the latter could be further hydrogenated to generate 

methane or dehydrogenated and polymerized to form a harmful type of carbon species. 

As the amount of carbon deposition by this route increases (i.e., thicker deposits of 

green oil or deposited carbon species), the accessibility of acetylene to active sites 

decreases; that is to say that fewer reactant molecules may access suitable sites to react 

with hydrogen, thus leading to the observed deactivation.30 

Based on this and by assuming that little or no instantaneous heat accumulates on the 

highly dispersed catalyst, the reaction feed involving C2H2/C2H4/H2 is passed into the 



reactor for temperature programmed treatment. The obtained catalyst (denoted as T-

Pd/CNF-H-250) was characterized by XRD analysis to explore the crystal structure (see 

Figure 6A). Interestingly, it is found that Pd (111) peak position shifts towards a lower 

angle to 38.7° with regard to the freshly reduced sample (40.1°, see Figure S1), 

suggesting the formation of a PdCx phase during the temperature programmed treatment 

with C atoms able to enter into the subsurface of Pd particles31 (theoretically proven to 

be energetically favorable32). Furthermore, Pd/CNF-H-550 was also treated using the 

same temperature programmed process. The obtained catalyst still displays the 

characteristic of Pd metal at 2θ of 40.1° (Figure 6A) but with very weak intensity and 

with no evidence to suggest that a carbide phase can form. Instead, it could be noted 

that Pd nanoparticles in this sample are instead covered by deposited oligomers, which 

lead to the blockage of active Pd sites and thus trigger more rapid deactivation.33 It 

should be noted that the deposited carbonaceous species cannot be effectively observed 

by XRD due to the overlap with the diffraction of C substrate, although they may also 

be amorphous in nature. 34  Moreover, the surface and near-surface information of 

samples were further investigated by using X-ray photoelectron spectroscopy (XPS). 

After in situ temperature programmed treatment, carbon atom enters the subsurface of 

Pd particles to form Pd carbide at 283.6 eV,35 which has been confirmed in previous 

report.21 However, the treatment for bigger Pd particles in T-Pd/CNF-H-550 leads to a 

rather broad peak observed around 284.6 eV with increasing peak intensity relative to 

Pd/CNF-H-550, shown in the C1s spectral region in Figure 6B. Also, the peak shape 

and position are identical to the type of carbon in graphene, indicating the large amount 

of coke forms except for the features of CNF support.36  

TG measurement of the reduced Pd/CNF-H before and after in situ pretreatment was 

also performed. Since TG data for T-Pd/CNF-H-250 had been reported in the previous 

work,21 the corresponding results is only briefly summarized here 

to facilitate the reader to understand. For the fresh Pd catalyst, no any weight loss is 

observed. However, in terms of T-Pd/CNF-H-550 catalyst, massive weight loss is 

observed at 350oC (Figure S3), indicating that the harmful carbon species deposits on 

larger Pd catalyst, which is well agreement with XPS results. However differently, T-



Pd/CNF-H-250 catalyst previous reported exhibited a smaller amount of weight loss at 

lower temperature of ca. 250oC, which was attributed to the combustion of harmless 

carbon, such as carbon atoms penetrating into the subsurface of Pd nanoparticles 

(combined with XPS analysis). The above data indicate that more effective heat 

dissipation results in multiple effects. Thermal sintering is lessened, while the nature of 

carbon deposition is also changed, both of which are beneficial effect on catalytic 

performance. 

The novel catalyst structure obtained by temperature programmed reaction treatment 

was explored for the selective hydrogenation of acetylene at 240000 h-1 GHSV in the 

50-250oC range studied for 5h time on stream at each temperature. Reaction with 

acetylene over T-Pd/CNF-H-250 (Figure 7A) exhibits full conversion at all 

temperatures. Note that the space velocity used is high for acetylene hydrogenation 

hinting that H-Pd/CNF-H-250 maintains high activity. Interestingly, ethylene 

selectivity is significantly higher than observed prior to the treatment (compare Figure 

7A with Figure 3C). For example, at 250oC, ethylene is generated with 93.2% 

selectivity with only a little ethane as side products (6.0%). Furthermore, oligomer 

selectivity is observed to be exceptionally low at this temperature (ca. 0.8%). This trend 

of performance change is basically in agreement with the previous report.21 The novel 

T-Pd/CNF-H-250 catalyst not only reduces the generation of oligomers, but also further 

promotes the selectivity of ethylene, attributed to the formation of the aforementioned 

carbide phase. The long period testing over 50h was assessed at relatively low 

conversion.37 T-Pd/CNF-H-250 catalyst gives the satisfactory stability, in which ca. 76% 

conversion and ca. 85% selectivity are maintained for 50h. An understanding of why 

this particular catalyst exhibits exceptional performance is not trivial. Firstly, the highly 

dispersed active metal limits the amount of localized reaction heat that can build up 

such that controlled acetylene decomposition leads to the formation of C atoms and 

subsequent subsurface C species. The presence of this species modifies the d-band 

center of Pd such that it apparently favors the ethylene desorption, which has been 

confirmed by XPS and DFT calculation.21  



TG analysis was performed over spent T-Pd/CNF-H-250 catalysts in an air 

atmosphere. As shown in Figure 7C, relative to fresh T-Pd/CNF-H-250 sample reported 

in previous work (ca. 11% of weight loss)21, there is no significant increase in the 

amount of combustible carbonaceous deposits after 50 h time on stream. This would be 

consistent with the exceptionally low oligomer selectivity observed for this sample at 

250 oC (Figure 7A) and at least partially explains the strong stability data (Figure 7B). 

For completeness it is also important to assess the performance of T-Pd/CNF-H-550 

sample. This material shows lower activity (Figure 7D) and evidence of deactivation at 

higher temperature, which is attributed to particle sintering and greater oligomer as the 

precursor for polymeric carbon species, confirmed by HRTEM, XPS and TG results 

(Figure S4-S6). This carbon species build up on active sites resulting in deactivation 

over a relatively short time of stream. 

In summary, Pd catalysts with different size were fabricated and applied in the highly 

exothermic selective hydrogenation of acetylene. It was found that with larger Pd 

particles (mean size 3.7 nm), large amounts of oligomers formed and Pd particles 

agglomerated during catalytic testing. These effects were not mitigated by operating at 

higher space velocity and thus resulted in deactivation by a combination of mechanisms 

(Scheme 1). Interestingly, when Pd particle size decreased (mean size 1.6 nm), little or 

no sintering was observed. Smaller Pd particles yielded smaller amounts of 

oligomers/green oil at an equivalent space velocity. This could be ascribed to less 

localized heat built up since higher dispersion increased the number of active sites. 

Furthermore, we coupled the exothermic process (acetylene hydrogenation) and 

endothermic process (acetylene dissociation) by utilizing the reaction heat to construct 

novel supported Pd catalysts with subsurface carbon modification in a controlled 

manner. The presence of subsurface carbon on Pd further enhanced ethylene selectivity 

whilst also limiting oligomer selectivity and enhancing catalyst lifetime. This work 

therefore demonstrates two interrelated deactivation mechanisms (sintering and coking) 

can be influenced and to some extent controlled/utilized to create more effective 

catalytic materials. Higher dispersion inherently limits heat accumulation which makes 

it more feasible to retain carbon in a beneficial manner for Pd catalysts in acetylene 



hydrogenation. It is thought that this level of insight will be useful for the development 

of catalysts for other reactions as well. 
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Figures 

 

 
Figure 1 HRTEM images of (A) Pd/CNF-H-550 and (B) Pd/CNF-H-250 with the size distribution 

inset by randomly selecting more than 200 particles in different regions 
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Figure 2 Conversion (gray), selectivity of ethylene (yellow), ethane (cyan), and oligomers (pink) 

versus temperature over Pd/CNF-H-550 at GHSV of (A) 60000 h-1 (B) 120000 h-1 (C) 240000 h-1  
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Figure 3 Conversion (gray), selectivity of ethylene (yellow), ethane (cyan), and oligomers (pink) 

versus temperature over Pd/CNF-H-250 at GHSV of (A) 60000 h-1 (B) 120000 h-1 (C) Catalytic 

performances at 250oC with increasing space velocity. Color contour maps summarizing selectivity 

of (D) ethylene (E) ethane (F) oligomers at different temperatures and space velocities 

 

 

 



 
Figure 4 HRTEM images of (A) Pd/CNF-H-550 (B) Pd/CNF-H-250 after the first reaction (namely 

in situ pretreatment) with the size distribution inset by randomly selecting more than 200 particles 

in different regions 

  

 
Figure 5 (A) Exothermic rate of acetylene hydrogenation (B) exothermic rate per single active site 

in acetylene hydrogenation under different reaction temperatures for Pd/CNF-H-250 (blue) and 

Pd/CNF-H-550 (orange). The values (100% and 75%) on the column represent the conversion at 

the corresponding temperature 

 

  



36 38 40 42 44 46 48 290 288 286 284 282
 

 

 

In
te

ns
ity

 (a
.u

.)

2 Theta/degree

Pd (111)

C (102)

C (103)

T-Pd/CNF-H-550

T-Pd/CNF-H-250

A

Binding energy (eV)

 

In
te

ns
ity

 (a
.u

.)

 Pd/CNF-H-550

T-Pd/CNF-H-550

 

 

B 284.6

 

Figure 6 (A) XRD patterns of T-Pd/CNF-H-250 and T-Pd/CNF-H-550 samples (B) XPS spectra of 

C 1s over Pd/CNF-H-550 before and after in situ pretreatment 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 7 (A) Acetylene conversion (grey squares), selectivity of ethylene (yellow circle), ethane 

(cyan triangle), and oligomers (pink diamond) as a function of temperature (B) stability over T-

Pd/CNF-H-250 sample at 240000 h-1 GHSV (C) TG profile of spent T-Pd/CNF-H-250 catalysts (D) 

Acetylene conversion versus temperature over T-Pd/CNF-H-550 

 



 

Scheme 1 Top - Proposed deactivation mechanism of Pd/CNF catalyst with larger metal particles. 

Bottom – Proposed mechanism by which a highly stable and selective Pd/CNF catalyst can form 

when beginning with smaller metal particles 
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Figure S1 XRD patterns of Pd/CNF-H-550 and Pd/CNF-H-250 
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Table S1 Particle size and dispersion of Pd/CNF-H-550 and Pd/CNF-H-250 
Catalysts Particle size (nm) a Dispersion (%)b 

Pd/CNF-H-550 3.7 23.9 

Pd/CNF-H-250 1.6 55.7 

a Determined by HRTEM analysis;  b Determined by CO chemisorption 
 
 

 
Figure S2 Raman spectra using an excitation energy of 532 nm for Pd catalysts reduced at 

different temperature 

 

 

Figure S3 TG profiles of Pd/CNF-H-550 before and after the treatment 

 



 

Figure S4 HRTEM images of T-Pd/CNF-H-550 after reaction 

 

 

Figure S5 C 1s XPS spectra of T-Pd/CNF-H-550 after reaction 
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