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Abstract
In this paper, Pd/C catalysts are synthesized via Ar glow-discharge plasma reduction using activated
carbon as the support and Pd(acac)2, Pd(NO3)2, K2PdCl4 and H2PdCl4 as the Pd precursors, and their
catalytic performance are investigated by hydrogen production from dodecahydro-N-ethylcarbazole (H12NEC). Pd/C-A, prepared from Pd(acac)2, with the smallest palladium nanoparticles (1.7 nm), the highest
dispersion (34%) and no residue of inorganic ions exhibits the best catalytic activity with a hydrogen
release of 5.28 wt.%, which is 2.2 times that of Pd/C-H. The order of the apparent activation energies of
as-prepared Pd/C catalysts from the kinetics of H12-NEC dehydrogenation reaction as follows: Pd/C-A ≈
Pd/C-N༜Pd/C-K༜Pd/C-H. For Pd(acac)2 with a large ligand, as a cation Pd precursor, the effect of Coulomb
attraction to Pd2+ during the plasma reduction process makes it difficult for Pd nanoparticles (NPs) to
migrate, which leads to the formation of ultrafine Pd NPs.

1. Introduction
Hydrogen, the lightest elements in the periodic table, is found to be easily produced by electrolysis and
photoelectrolysis of water, hydrocarbon reforming and biological processes. It is important new energy
due to its possess great merits, such as high heating value per mass, regenerative, non-toxic,
environmentally friendly, and so on (Das and Veziroǧlu 2001; Holladay et al. 2009; Modisha et al. 2019;
Veziroğlu and Şahi˙n 2008; Zhang et al. 2016). However, so far hydrogen energy cannot be applied on a
large scale due to its inability to be stored and transported efficiently (Moradi and Groth 2019). Liquid
organic hydrogen carrier (LOHC), a pair of organic compounds with high boiling points, is proposed to
store hydrogen via highly reversible hydrogenation and dehydrogenation reactions (Gianotti et al. 2018;
Preuster et al. 2017; Wulf and Zapp 2018). The LOHC-based technology has been indeed considered safe
and convenient solutions for hydrogen storage and has the potential to fulfill the demands of mobile
devices, especially automotive applications (Aakko-Saksa et al. 2018; Crabtree 2017; He et al. 2016).
Among the hydrogen storage cycle in LOHC systems, the hydrogenation process can be done in a factory
and reaction conditions are easy to be satisfied because its thermodynamically favorable, and Ru
catalysts have exhibited excellent catalytic performance. On the contrary, providing hydrogen, that is, the
dehydrogenation process is often used in a variety of mobile devices, which makes it face some
bottleneck problems, so the research for LOHC dehydrogenation was emphasized. (Eblagon et al. 2010;
Eblagon et al. 2012; Sotoodeh and Smith 2013).
Among numerous organic materials, the hydrogen storage density of LOHC candidate compounds must
meet a target of no less than 5.5 wt.% as promulgated by the U.S. Department of Energy for 2020, boiling
points above 200°C and melting points below − 40°C (Satyapal et al. 2007). In early times, some
cycloalkanes compounds, such as naphthalene and cyclohexane, were chosen as LOHC, but it was found
that dehydrogenation of these compounds required high temperature to maintain the catalyst activity and
resulting in the generation of a massive by-product because of the breakage of the C-C bond, which
would negatively influence the practical application of LOHC system (Aramendía et al. 1997; Hodoshima
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et al. 2003; Makowski et al. 2009). Recent studies on LOHC dehydrogenation have demonstrated that the
aromatic hydrocarbons with N-heterocycle such as N-ethylcarbazole (NEC), 2-(n-methylbenzyl) pyridine, 2methylpiperidine, can significantly reduce the dehydrogenation temperature and increase the H2 recovery
rate, which indicates that there were more suitable for hydrogen storage (Oh et al. 2018; Sobota et al.
2011; Xie and Milstein 2019). Up to now, many LOHC systems have been successfully developed. In spite
of that, because of its high hydrogen storage ability (5.79 wt%), NEC, as the earliest proposed LOHC, is
regarded as the most promising candidate for hydrogen storage and its low enthalpy of dehydrogenation
(Papp et al. 2014; Stark et al. 2015; Zhu et al. 2018). Complete dehydrogenation of dodecahydro-Nethylcarbazole (H12-NEC) that is the full hydrogenation product of NEC can be achieved below 200 ℃
(Yang et al. 2012). Compared with dodecahydrocarbazole and dodecahydrofluorene, the highest catalytic
activity for H12-NEC dehydrogenation was found owing to the ethyl group in H12-NEC prevented a strong
interaction between the catalyst and the N atom (Sotoodeh et al. 2012). However, H12-NEC
dehydrogenation faces many challenges,which leads to a certain distance to go to achieve the practical
application of the NEC/H12-NEC hydrogen storage. Based on the previous research results, we still need
to continue to do a lot of work to further accelerate the reaction rate, reduce the reaction temperature. The
key point of the research is to find catalysts with excellent dehydrogenation performance.
At present, the dehydrogenation catalysts on studying can divide into two kinds: heterogeneous and
homogeneous catalysts (Fei et al. 2017; Peters et al. 2015; Tarasov et al. 2018; Wang et al. 2009).
Although the homogeneous catalysts have high catalytic activity, the difficult separation and recycle of
the catalysts also limit their application (Wang et al. 2019b). Supported metal nanoparticles (NPs)
catalysts, as heterogeneous catalysts, have attracted intense attention because it shows outstanding
catalytic performance in various dehydrogenation reactions. Pd-based and Pt-based catalysts are
extensively studied and therefore the dehydrogenation mechanism of H12-NEC on these catalysts is
comparatively clear (Amende et al. 2014a; Amende et al. 2014b; Kim et al. 2021; Wang et al. 2020; Wang
et al. 2017). Previous studies had found that both Pd and Pt catalysts can significantly enhance the
dehydrogenation performance of H12-NEC compared with commercial catalysts but there were still some
gaps for them in terms of catalytic efficiency (Kim et al. 2017). Yang (Yang et al. 2014) investigated H12NEC dehydrogenation over Pd, Pt, Ru and Rh catalysts supported on Al2O3 and indicated that the initial
catalytic activity of Pd was better than other catalysts. There are many materials used as
dehydrogenation catalyst supports, such as carbon including its allotropes, Al2O3, SiO2 and so on.
Because of the various physicochemical properties of the support, the catalytic performance was very
different. Activated carbon is one of the simple, common and low-cost supports, with it as a support to
show high activity in dehydrogenation reaction. Xie and Milstein (Xie and Milstein 2019) prepared Pd
catalysts using different supports including activated carbon, SiO2, γ-Al2O3, CeO2 and boron nitrile. The
results of 2-methylpiperidine dehydrogenation showed that Pd/C was the most effective catalyst with the
conversion of 98% and hydrogen yield of 91% at 170 ℃. Cui (Cui et al. 2008) studied the effect of
support on 4-aminopiperidine dehydrogenation performance over Pd-based catalysts to find that the
Pd/C exhibited the highest catalytic activity.
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A critical step in the preparation of supported metal catalysts is the reduction process of metal ions. The
hydrogen reduction was carried out at the higher temperatures, which was not beneficial to the
distribution of metals due to serious aggregations. The chemicals used in the reduction process can bring
many environmental problems, which is not consistent with green chemistry principals (Deng et al. 1999;
Mallick et al. 2004; Schmidt 2001). Kim (Kim and Kim 2019) prepared Pd/C catalysts using NaBH4
reduction. It was observed that the Pd particles were typically agglomerated from 2.5 nm to 4.8 nm with
an increase of NaBH4, which resulted in a decrease in catalytic activity for formic acid dehydrogenation
reaction. Recently, alternative reduction technology has attracted much attention. Plasma is the fourth
state of a substance that is different from solids, liquids and gases, consisting of molecules, neutral
species, electrons, activated atoms and ions, which are excellent reducing agents (Zhang et al. 2018). The
use of glow discharge plasma for the preparation of supported metal nanoparticles can be accomplished
at near room temperature and without the addition of harmful reducing and stabilizing agents to avoid
metal nanoparticle agglomeration, which can obtain high dispersion and metal utilization efficiency
catalyst. This method is an in-situ, environmentally-friendly and straightforward technique (Liu et al.
2014; Liu et al. 2018; Xu et al. 2015). Liu (Liu and Bai 2016) prepared Pd nanoparticles (NPs) using N2
glow discharge plasma reduction method. It was found that the smaller particle size and higher
dispersion of Pd NPs were obtained compared to L-ascorbic acid reduction method, and thereby
improving catalytic performance for Suzuki coupling reaction. Liu (Liu et al. 2019) successfully prepared
Pd NPs supported on N-doped reduced graphene oxide (Pd/PNGO) catalyst via N2 glow discharge
plasma reduction method. Pd/PNGO for the reduction of 4-nitrophenol has higher activity (TOF of 366.9
h− 1). Zou (Zou et al. 2006) synthesized Pd, Pt, Ag and Ag NPs supported on TiO2 and Al2O3 by argon
glow discharge plasma. They found that all metal ions were completely reduced within 60 minutes and
the degree of reduction gradually increases with the prolonging of treatment time. Among these catalysts,
Pd had the smallest particle size of 2.1 nm. Di (Di et al. 2019) successfully prepared the Pd/C catalyst
(Pd/C-P) by dielectric barrier discharge cold plasma. Compared with the commercial Pd/C, Pd/C-P had
the better catalytic performance for the dehydrogenation reaction of formic acid. The total amount of gas
generated on Pd/C-P and commercial Pd/C was 317 ml and 212 ml, respectively. Zhang (Zhang et al.
2020) synthesized PdAu/C-P by an atmospheric pressure cold plasma reduction method, and its formic
acid dehydrogenation reactions were carried out. The results revealed that PdAu/C-P exhibited a better
catalytic performance than PdAu/C-C which was reduced by hydrogen at 300 ℃ for 2 h. This was mainly
due to the small particle size of PdAu/C-P and evenly distribution. Plasma provides a simple,
environmentally-friendly and effective approach for the preparation of various sizes, structures, active
sites and defects of supported metal catalysts.
For supported catalysts, the precursor is deemed to be one of the crucial factors for the nature of metal,
which would have a direct effect on catalytic performance (Baylet et al. 2008; Kinnunen et al. 2009;
Rotunno et al. 2006; Scirè et al. 2002). Li (Li et al. 2013; Xie et al. 2015) prepared Pd/SiO2 catalyst using
palladium(II) acetylacetonate (Pd(acac)2), Pd(NO3)2 and (NH4)2PdCl4 as precursors by impregnation
method. The catalysts synthesized by Pd(acac)2 exhibited excellent catalytic performance and antiPage 4/27

sintering for the oxidation of methane due to its highly dispersed Pd particles. They found that the (≡
SiOs)2Pd intermediate was formed through hydrogen bond between the Pd(acac)2 molecules and the
silanol groups, and acacH species appeared after it was reduced, which plays a key role in promoting Pd
particle dispersion. Panpranot (Panpranot et al. 2005) investigated hydrogenation of 1-hexene over Pdbased catalysts prepared respectively from PdCl2, Pd(OOCCH3)2, and Pd(NO3)2. The results revealed that
the silica-supported Pd catalysts using PdCl2 as a precursor showed the best metal sintering properties.
This was because the Pd particle size of these catalysts prepared by different precursors was different.
Wang (Wang et al. 2015) used Pt(NO3)2, H2PtCl6, and Pt(NH3)4Cl2 as precursors to prepare ZSM-22
zeolite loaded Pt-based catalysts, which was named 0.5P1, 0.5P2, and 0.5P3, respectively. The nhexadecane hydroisomerization activities of these catalysts can be ranked as 0.5P2 > 0.5P1 > 0.5P3.
They indicated that three factors affected the particle size and crystal structure of Pt, that is, the existence
of chloride ions in the precursor, the location and the initial valence state of Pt. The structure and
dispersion of metal particles are extremely dependent on the type of precursor. It is a valuable research
issue for supported metal catalyst prepared from different precursors by plasma reduction.
Generally, Pd/C catalysts are suitable for H12-NEC dehydrogenation. The catalytic performance of the
supported catalysts was strongly associated with the precursor and reduction method in the preparation
process. Compared with traditional reduction methods, glow discharge plasma reduction was easier to
obtain a catalyst with high dispersion, long thermal stability and good catalytic performance. Here, we
employed the argon glow discharge plasma reduction method for the preparation of Pd/C using different
precursors. The physicochemical properties of the catalysts were studied using a series of
characterization techniques and H12-NEC dehydrogenation reaction was chosen as a model reaction to
evaluate the catalytic performance.

2. Experimental
2.1 Materials
All reagents are used directly after purchase: Palladium chloride (PdCl2, AR, Sinopharm Chemical
ReagentCo., Ltd), Palladium acetylacetonate (Pd(acac)2, AR, Zhejiang Metallurgical Research Institute
Co.), Palladium nitrate (Pd(NO3)2·2H2O, 39.5 wt.%Pd, Xi'an Kaili Catalyst New Materials CO., LTD),
Hydrochloric acid (HCl, AR) and potassium chloride (KCl, AR) (Tianjin Tianli Chemical Reagent Co.),
Activated carbon (AC, WENZHOU FAVORED TRADING CO., LTD ), 5 wt.% Ru/Al2O3 (Alfa-Aesar), Nethylcarbazole (C14H13N, AR, Tianjin Guangfu Fine Chemical Co., Ltd), argon (99.99%, Harbin Qinghua
Industrial Gases Co.).
2.2 Synthesis of Pd/C Catalysts
The Pd/C catalysts were prepared via a simple wet impregnation route followed by Ar glow discharge
plasma reduction method, and the loading amount of Pd was 5 wt.%. Aqueous H2PdCl4 and K2PdCl4
solution (0.01 mol/L) were prepared by mixing PdCl2 with HCl and KCl in stoichiometric ratios. The
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aqueous Pd(NO3)2 solution and Pd(acac)2 toluene solution (0.01 mol/L) were prepared. 0.1 g AC and Pd
precursor solution was added to 20 ml of deionized water and stirred for 12 h, then centrifuged, dried at
80°C (120°C for Pd(acac)2) for 12 h. Then the obtained intermediate samples were reduced to Pd/C
catalysts by argon glow discharge plasma under the conditions of system pressure of 70 Pa, discharge
voltage of 2.1 A and reaction time of 90 min. The Pd/C catalysts prepared using Pd(acac)2, Pd(NO3)2,
K2PdCl4 and H2PdCl4 were denoted as Pd/C-A, Pd/C-N, Pd/C-K and Pd/C-H, respectively, and the above
catalysts are hereafter collectively referred to as Pd/C catalysts.
2.3 Dehydrogenation of dodecahydro-N-ethylcarbazole
A detailed description of the H12-NEC dehydrogenation can be found in our previous work (Feng et al.
2020). H12-NEC (prepared by NEC, see the supporting information) and Pd/C catalysts were mixed in a
three-necked flask for the reaction, and the molar ratio of Pd to H12-NEC was 0.03%. All reactions were
performed at 180°C and 101 KPa unless otherwise mentioned. The diagram of the dehydrogenation
reactor was shown in Fig. S2.
2.4 Catalyst Characterization
X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), N2 adsorption/desorption, H2
chemisorption, Thermogravimetric (TG) analysis, Zeta potentials analysis and high-resolution
transmission electron microscopy (TEM) were used to characterize the structure, composition and
morphology of activated carbon and the prepared Pd/C catalysts, with detailed test methods described in
the supporting information

3 Results And Discussion
3.1 XRD
Figure 1 displayed the XRD pattern of the prepared Pd/C catalysts. All catalysts showed broad peaks at
21.6° corresponding to amorphous carbon, and a peak was found at 44.3° that can be assigned to the
C(111) (JCPDS No. 80 − 0017), which may be stem from the slight graphitization of the activated carbon
used itself. For Pd/C-N, Pd/C-K and Pd/C-H, the diffraction peaks at 40.2°, 46.8°, 68.3° and 82.4 were
derived from the Pd (111), Pd (200), Pd (220) and Pd (311) (JCPDS No. 87–0641), which belonged to the
face-centered cubic structure. Compared with other catalysts, no Pd peak was observed in Pd/C-A, which
may be attributed to its smaller particle size and higher dispersion (Li et al. 2014). For Pd/C-K, the
characteristic diffraction peaks of KCl (JCPDS NO. 75–0296) appear at 28.3°, 40.5° and 50.1°
corresponding to KCl(200), KCl(220) and KCl(222), indicating KCl was formed during the reduction of
K2PdCl4 using Ar glow discharge plasma.
3.2 XPS
The surface chemical composition of the prepared Pd/C catalysts and the chemical valences of Pd were
analyzed by XPS. It can be seen from the full XPS spectra (Fig. S3) that C, Pd, and O were common
elements for all samples, where Pd had two atomic orbitals, Pd 3d and Pd 3p. O elements may have
Page 6/27

originated from the testing process as well as from the surface adsorption of O and H2O. The peak of N
1s at 398.4 eV in Pd/C-N came from NO3− in Pd(NO3)2. Cl 2p and K 3p at 198.7 eV and 16.0 eV in Pd/C-K
were derived from KCl produced by the decomposition of K2PdCl4, which was consistent with the XRD
results. Similarly, the peak corresponding to Cl 2p also appeared in Pd/C-H, which may be derived from
residual Cl after H2PdCl4 was reduced by Ar glow-discharge plasma. Table 1 showed that the atomic
percentage of Cl (3.99%) of Pd/C-H was slightly higher than that of Pd/C-K (3.89%). Two spin-orbit
splitting peaks Pd 3d3/2 and Pd 3d5/2 of Pd can be observed from Fig. 2. at 341.06 eV and 335.76 eV,
which can be well fitted with two Pd0 and two Pd2+ isolated peaks. These results suggest that the Pd2+
could partially originate from the unreduced Pd precursor and light oxidation during testing and their
corresponding binding energy data were shown in Table 1. The peaks at 335.8 eV and 341.2 eV
correspond to Pd0 of Pd 3d5/2 and Pd 3d3/2, and the peak at 337.1 eV and 342.4 eV correspond to Pd
3d5/2 and Pd 3d3/2 Pd2+. There was no significant difference in the peak positions of Pd0 and Pd2+, which
indicated that the Ar gas glow discharge plasma was able to reduce the selected Pd precursor without
affecting the valence of Pd. The reduction degree of Pd/C was determined from the peak areas of Pd0
and Pd2+ and was listed in Table 1. The order of reduction degree was Pd/C-N > Pd/C-K > Pd/C-H > Pd/CA. The standard electrode potentials of Pd2+/Pd0 and [PdCl4]2−/Pd0 were 0.951 V and 0.591 V, indicating
that Pd(NO3)2 was more easily reduced to Pd0 than K2PdCl4 and H2PdCl4 under the same reducing
conditions, so the reduction degree of Pd/C-N was the highest. As reported in previous studies (Yoshii et
al. 2015), Pd(acac)2 with the lower electrode potential and the greater coordination capacity of
acetylacetonide compared to the halide-based anionic ligand, making it the most difficult to be reduced to
Pd0 and therefore the lowest reduction degree of Pd/C-A.

Table 1
XPS results of Pd/C catalysts
Catalysts

Pd 3d5/2 Binding
Energy (eV)

Pd 3d3/2 Binding
Energy (eV)

Degree of
Reduction (%)

Cl atomic
(%)

Pd0

Pd2+

Pd0

Pd2+

Pd/C-A

335.9

337.1

341.2

342.4

52.3

—

Pd/C-N

335.8

337.1

341.1

342.4

78.7

—

Pd/C-K

335.9

337.1

341.2

342.4

70.5

3.89

Pd/C-H

335.8

337.1

341.2

342.4

69.1

3.99

3.3 TEM
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To observe the morphology and size of Pd NPs on the prepared Pd/C catalysts, the TEM technique was
used and the results were shown in Fig. 3. From Fig. 3(a) (c) (e) (g), the Pd NPs on the prepared Pd/C
catalysts were similar and all of them were circular or elliptical particles, suggesting that the morphology
of the Pd NPs was not influenced by the Pd precursors. The size of Pd NPs was statistically estimated in
Fig. 3(b)(d)(f)(h) and the results indicated that the mean particle sizes of Pd NPs were as follows: Pd/C-A
< Pd/C-N < Pd/C-K < Pd/C-H, Pd/C-H, which were 1.7 nm, 2.3 nm, 2.9 nm, and 3.2 nm, respectively. The
significant difference in the size of Pd NPs was due to the following reasons. Firstly, among the four
selected precursors Pd(acac)2, K2PdCl4 and H2PdCl4 were coordination compound, and the ligand [acac]−
was significantly larger than the ligand Cl−. When Pd(acac)2 was used as the precursor, the Pd NPs
formed will have larger ligands around them, so it was not easy to migrate to form large Pd grains during
the reduction process. Secondly, since the electron mobility was much larger than that of metal ions in
plasma, a large number of electrons will migrate to the surface of the catalyst (Di et al. 2018; Liu et al.
2006). Due to a Coulombic interaction electrons will be attracted to cations and repelled by anions. Since
the Pd in Pd(acac)2 and Pd(NO3)2 was a cation, Pd2+ will be surrounded by a large number of electrons,
which will prevent the migration of Pd NPs. For K2PdCl4 and H2PdCl4, Pd was located in the anionic
[PdCl4]2− and the electrons will move away from [PdCl4]2−, which was the exact opposite of the cationic
Pd precursor. Finally, the kinetic diameters of K+ and H+ were 2.66 Å and 10− 5 Å, and the size of H+ was
almost negligible, which indicates that H2PdCl4 was neither protected by electrons nor blocked by any
ions in the plasma reduction process, so the largest Pd NPs size was obtained using it as Pd precursor.
Correspondingly, we believed that the smaller the particle size of Pd NPs, the better disperse on the
support surface. The metal dispersions of the prepared Pd/C catalysts were listed in Table 2. The
experimental results were consistent with the expected ones, the metal dispersion and the size of Pd NPs
exhibited an inverse relationship in the following order: Pd/C-A > Pd/C-N > Pd/C-K > Pd/C-H. The
schematic illustration for the above reduction process was shown in Fig. 4.
3.4 N2 adsorption-desorption and TG analysis
The results of the N2 adsorption-desorption characterization of the prepared Pd/C catalysts were shown
in Fig. S6 and Table 2. The results showed that the adsorbed amount of N2 of activated carbon surges in
the region of P/P0 < 0.1, and a significant hysteresis loop appears when P/P0 > 0.4, which was due to the
capillary coalescence phenomenon. According to the IUPAC classification, the adsorption and desorption
isotherm of activated carbon was type IV, indicating that it has both microporous and mesoporous texture
(Saka 2012). For the prepared Pd/C catalysts, its N2 adsorption-desorption isotherm was also type IV, but
the adsorbed amount of N2 showed a significant decrease, which might be caused by the Pd NPs
covering the surface of activated carbon and blocking the pores. From Fig. S6(b) and Table 2, it can be
seen that the pore size of Pd/C was larger in comparison with that of activated carbon, which may be due
to the Pd NPs block the pores with smaller pore size, besides, they accumulate to form large pores. As
shown in Table 2, there was almost no difference in the average pore size of the Pd/C, indicating that the
type of Pd precursor has no effects on the pore diameter via plasma discharge treatment. However, the
Brunauer-Emmett-Teller(BET) specific surface and pore volume of the prepared Pd/C catalysts both
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showed varying degrees of decrease compared to activated carbon. This was because the Ar glow
plasma was performed at a relatively lower temperature, the residues generated during the reduction
process and the Pd precursors that failed to be reduced will be retained in the pore of activated carbon
(Wang et al. 2018). The BET specific surface area and pore volume of Pd/C-A, Pd/C-K and Pd/C-H were
significantly lower than Pd/C-N, which can be explained by the fact that the Ar plasma can reduce NO3−
to NO2 and NO out of activated carbon in addition to reducing Pd2+ in Pd(NO3)2·2H2O, while other Pd
precursors will remain on the activated carbon surface in the form of complexes and block the pore, and
the reaction process as shown in equations (1)-(8) where H2O was derived from Pd(NO3)2·2H2O and the
water adsorbed on the surface of activated carbon. The Pd loadings of Pd/C-N were the highest, about
4.70 wt% closed to the theoretical Pd content of 5 wt% (Table 2) suggesting that activated carbon used
has a strong adsorption capacity for Pd(NO3)2(Zhang et al. 2019). The Pd loadings of Pd/C-K and Pd/CH were lower than Pd/C-N, and the surface charge distribution of activated carbon was one of the
possible reasons for this result. We tested the zeta potential distribution of activated carbon in an
aqueous solution, and the results were shown in Figure S5. It can be seen that activated carbon was
negatively charged. Due to the Coulomb effect, the activated carbon favors the adsorption of the positive
precursor Pd(NO3)2·2H2O, while on the contrary the negative precursors K2PdCl4 and H2PdCl4 are not
beneficial to be adsorbed by activated carbon(Toebes et al. 2001). the lowest Pd loading of Pd/C-A was
due to the bigger and more complicated structure (acetylacetonate complex Pd(acac)2)(Davies et al.
2005).
e−+Ar→Ar++2e− (1)
e−+Ar→Ar*+e− (2)
Ar*+ Ar*→Ar* + Ar + e− (3)
e−+ H→H++2e− (4)
e−+ H2O→H+ + OH + 2e− (5)
2e−+ Pd2+→Pd (6)
NO3−+ 2H++e−→NO2↑+H2O (7)
NO3−+ 4H++3e−→NO↑+2H2O (8)
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Table 2
Physical properties of AC and Pd/C catalysts
Samples

BET surface area
(m2/g)

Pore volume
(cm3/g)

Mean pore diameter
(nm)

Dispersion
(%)a

Pd
(wt.%)b

AC

1263

0.920

2.9

-

-

Pd/C-A

840

0.708

3.4

34

4.49

Pd/C-N

1005

0.801

3.2

20

4.70

Pd/C-K

879

0.724

3.3

14

4.56

Pd/C-H

810

0.668

3.3

12

4.61

a

From H2 chemisorption.

b

Evaluated by TG analysis and the theoretical Pd loading was 5 wt.%.

3.5 Catalytic Dehydrogenation Study
The hydrogen release amounts for H12-NEC on the prepared Pd/C were shown in Fig. 5. It was found that
with the extended reaction time, the amount of hydrogen release first increases rapidly and subsequently
tends to level off gradually. The catalytic activity of the Pd/C prepared differed greatly, decreasing in the
order of Pd/C-A, Pd/C-N, Pd/C-K, and Pd/C-H. The particle size and distribution of Pd as the catalytic
activity center of H12-NEC dehydrogenation were closely related to the reaction activity (Wang et al.
2019a). It was found that Pd/C-A with the smallest Pd particle size of 1.7 nm had the highest H2
evolution, indicating catalytic activity of H12-NEC dehydrogenation was inversely associated with its
particle size. From the H12-NEC dehydrogenation results in Table 3, the hydrogen release of Pd/C-A at 1 h
was 1.41 wt.% which was 1.56 times of Pd/C-N and 3.61 times of Pd/C-K and Pd/C-H. For Pd/C-H, which
had the largest Pd NPs size, the hydrogen release was only 2.37 wt.% after 10 h. In addition, the catalytic
activity of the prepared Pd/C catalysts also correlated well with metal dispersion degree, which was
positively correlated with H12-NEC dehydrogenation activity (see Table 3), which was in strong agreement
with the findings of the H12-NEC dehydrogenation experiment. According to previous results, the presence
of inorganic ions such as NO3−, Cl−, and Br− negatively affects the activity of Pd catalysts (Aramendı́a et
al. 2001; Li et al. 2016; Ukisu et al. 2000; Xia et al. 2009). From the XPS results, it was clear that the
residual NO3− and Cl− on the surfaces of Pd/C-N, Pd/C-K and Pd/C-H, which was another reason that
affects their catalytic activities. Finally, Pd/C-K and Pd/C-H had smaller BET specific surface area and
pore volume across all samples that were not favorable for reactant adsorption and diffusion and thus
had lower catalytic activity.
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Table 3
H2 recovery of H12-NEC dehydrogenation over Pd/C catalysts
Catalysts

H2 recovery in 1 h (wt.%)

Final H2
recovery after 10 h (wt.%)a

Pd/C-A

1.41

5.28

Pd/C-N

0.91

4.91

Pd/C-K

0.39

3.96

Pd/C-H

0.39

2.37

a

Theoretical H2 recovery of H12-NEC is 5.79wt.%.

The results of H12-NEC dehydrogenation were shown in Table 4. The catalytic activity of Pd/C-A was the
highest at 1 h, which was 4.61*10− 3 MH12−NEC/(gPd·s), indicating that it could activate more H12-NEC for
dehydrogenation at the same time, but its NEC selectivity was the lowest among all catalysts, illustrating
that the incomplete dehydrogenation products formed during the dehydrogenation process could be
stable on the Pd/C-A catalyst. The catalytic activity of Pd/C-H was slightly higher than that of Pd/C-K,
indicating that Pd/C-H can rapidly adsorb and activate H12-NEC to achieve dehydrogenation in the early
stage of the reaction. A subsequent kinetic study of the Pd/C catalyst showed that the initial
dehydrogenation rate of 4.49 mM·min− 1·gcat−1 for Pd/C-H was higher than that of 3.55 mM·min− 1·gcat−1
for Pd/C-K (Table 5), indicating that Pd/C-H can convert more H12-NEC within 1h and thereby its 8H-NEC
selectivity (74.0%) was higher than that of Pd/C-K (70.5%). The selectivity of the prepared Pd/C catalysts
for 8H-NEC was higher than that of the other two products, which was because 8H-NEC was not easily
activated by adsorption on Pd/C catalysts compared with the other products, which was consistent with
our previous results (Feng et al. 2020). The specific activity can be used to evaluate the utilization of Pd
atoms on Pd/C catalysts. Similarly, the order of specific activity of the prepared Pd/C catalysts was
consistent with their order of catalytic activity, where Pd/C-A has the highest specific activity of 4.44
molNEC/(molPd·min), which was 2.5 times higher than that of Pd/C-H. Overall, Pd/C-A has the best
performance in catalyzing the dehydrogenation of H12-NEC due to its smallest Pd particle size and
highest metal dispersion, as well as the absence of the influence of inorganic ions.
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Table 4
The results of H12-NEC dehydrogenation over Pd/C catalysts in 1 h at180℃ and101 KPa
Catalysts

Catalytic activity×10− 3 (mole
−1 −1
)
H12−NEC·gram of Pd ·s

Selectivity (%)

Specific activity
(molNEC/(molPd*min))

8HNEC

4HNEC

NEC

Pd/C-A

4.61

84.1

1.5

14.4

4.44

Pd/C-N

2.78

79.0

2.8

18.2

3.36

Pd/C-K

1.07

70.5

3.1

26.4

1.91

Pd/C-H

1.09

74.0

1.9

24.1

1.78

The distribution of H12-NEC dehydrogenation products was shown in Fig. 6. In addition to the target
product NEC, only two incomplete dehydrogenation products appear, octahydro-N-ethylcarbazole (H8NEC) and tetrahydro-N-ethylcarbazole (H4-NEC), which were consistent with the previously reported
literature (Sotoodeh et al. 2009). The distribution of H12-NEC and NEC on all the prepared Pd/C catalysts
was the same, the concentration of H12-NEC gradually decreased and the concentration of NEC gradually
increased as the reaction time was extended, and the maximum concentration of NEC on Pd/C-A was
3.92 mol/L at the end of the reaction. Due to the low catalytic activity of Pd/C-H, the production rate of
H8-NEC and H4-NEC was significantly higher than the consumption rate, and the concentration sustained
to increase, however, did not decrease within 600 min. In general, the precursors had no effect on the
species of H12-NEC dehydrogenation intermediates over Pd/C catalysts, and the dehydrogenation
pathways can be considered as H12-NEC→H8-NEC→H4-NEC→NEC, which was in keeping with
previously reported literature (Yang et al. 2014). There were large differences in the dehydrogenation
activity of the prepared Pd/C catalysts, which can adsorption and activation capacity of the
intermediates. Compared with the other catalysts, Pd/C-A with the highest catalytic activity was able to
convert more H12-NEC and consume the generated H8-NEC and H4-NEC in a shorter period of time.
It has been shown that the dehydrogenation of H12-NEC obeys the rules of the first-order kinetic reaction,
which can be seen by Eq. (9)(10), with time as abscissa and Ln(CH12−NEC/C0) as ordinate to make a
graph, and the slope of the line obtained after a linear fit was rate constant (Sotoodeh et al. 2009). Initial
dehydrogenation rates of H12-NEC dehydrogenation were calculated via Eq. (11), where CH12−NEC and C0
were the concentration and initial concentration corresponding to H12-NEC at time t, respectively, k was
the rate constant, t was the reaction time, and mcatalyst was the mass of the catalyst. The results of the
kinetic study were shown in Fig. 7 and Table 5.
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The R2 values fitted by the selected catalysts dehydrogenation results all reached 98%, indicating that the
fitted equations are very linear between t and Ln(CH12−NEC/C0), demonstrating that H12-NEC
dehydrogenation was a Pseudo-first-order reaction. Pd/C-A had the largest k value of 0.0074 min− 1 and
the highest initial reaction rate of 10.53 Mm·min− 1·gcat−1 than other Pd/C catalysts. This was mainly
because it has the highest catalytic activity and the strongest adsorption and activation capacity for H12NEC. The initial dehydrogenation activities of the prepared Pd/C were ranked as follows: Pd/C-A > Pd/C-N
> Pd/C-H > Pd/C-K. Due to the different physicochemical properties, the precursors significantly affect the
kinetic process of H12-NEC dehydrogenation over Pd/C catalysts. Therefore, we investigated the kinetic
characteristics of H12-NEC dehydrogenation at different reaction temperatures and calculated their
apparent activation energies using the Arrhenius equation.
Table 5
The kinetic results of H12-NEC dehydrogenation over Pd/C catalysts
Catalysts

Rate constant, a k (min− 1)

R2

Initial rate (mM·min− 1·gcat−1)

Pd/C-A

0.0074

0.9955

10.53

Pd/C-N

0.0067

0.9800

9.48

Pd/C-K

0.0025

0.9806

3.55

Pd/C-H

0.0032

0.9829

4.49

a

First-order rate constant for H12-NEC consumption.

To ensure that the Pd/C catalyst also has high activity for the reaction at 160°C and reduce the
experimental error, the amount of catalyst was increased to adjust the Pd/H12-NEC (molar ratio) was
adjusted from 0.03–0.2% when calculating the k value of the H12-NEC dehydrogenation reaction at
different temperatures. Similarly, a linear fit was performed to calculate the k for the reaction results of
Pd/C catalysts at different temperatures, and the results of the fit were shown in Fig. S7 and Table S1.
The R2 was given in parenthesis. The fit results of H12-NEC dehydrogenation also showed good linearity
after increasing the catalyst dosage. At the same temperature, the rate constant of Pd/C-A was still the
largest, which was attributed to its high activity. The apparent activation energy of Pd/C catalysts was
obtained from the slopes of the lines fitted in Fig. S8, and the results were listed in Table S1. Combined
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with the previous discussion, it was clear that the catalytic performance of Pd/C-A was significantly
better than that of Pd/C-N, and we predicted that the apparent activation energy of Pd/C-N would be
higher than that of Pd/C-A, but the results did not match the prediction, and they were basically the same,
77 KJ/mol and 76 KJ/mol, respectively. This was probably because the BET specific surface area and
pore volume and Pd content of Pd/C-N were significantly higher than those of Pd/C-A. The larger specific
surface area and pore volume were favorable for the adsorption of reactants, the high Pd reduction
degree and content means that it has more active Pd species, these compensate to some extent the
performance gap of Pd/C-N due to the difference in Pd particle size, while eliminating part of the negative
effects caused by NO3−.

4. Conclusion
In summary, we prepared Pd/C catalysts via Ar glow-discharge plasma reduction, using activated carbon
as the support and Pd(acac)2, Pd(NO3)2, K2PdCl4 and H2PdCl4 as the Pd precursors. The
physicochemical properties of the prepared Pd/C catalysts were analyzed by comprehensive
characterization. It was found that the Pd/C-A has the smallest Pd particle size of 1.7 nm and the highest
dispersion of 34%. The H12-NEC dehydrogenation results showed that the Pd precursors had a strong
influence on the catalytic activity of the prepared Pd/C catalysts. The catalytic activities were arranged in
the following order of Pd/C-A༞Pd/C-N༞Pd/C-K༞Pd/C-H. Pd/C-A showed the best catalytic performance
with a specific activity of 4.44 molNEC/(molPd*min), which was 2.5 times higher than that of Pd/C-H. This
was attributed to a larger ligand of Pd(acac)2, and Pd NPs were not easy to agglomerate after in situ
reduction of plasma. Meanwhile, in Ar Plasma, the electron mobility was much greater than that of heavy
ions, for cationic Pd precursors electrons will be attracted around Pd2+ via Coulomb interaction, which
further prevents the growth of Pd particles. The reaction barrier for dehydrogenation of 12H-NEC over the
prepared Pd/C catalyst was calculated to obtain the apparent activation energy in the order of Pd/C-A (76
KJ/mol) ≈ Pd/C-N (77 KJ/mol) < Pd/C-K (114 KJ/mol) < Pd/C-H (143 KJ/ mol). The present work
provides a reference for us and our colleagues in the selection of Pd precursors for further design of Pd/C
catalysts using Ar glow discharge plasma.
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Figure 1
XRD patterns of Pd/C catalysts

Figure 2
XPS spectra of Pd 3d in Pd/C catalysts (a)Pd/C-A (b) Pd/C-N (c)Pd/C-K (d) Pd/C-H

Page 23/27

Figure 3
TEM image and NPs size histogram inset of Pd/C catalysts (a,b)Pd/C-A (c,d) Pd/C-N (e,f)Pd/C-K (g,h)
Pd/C-H
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Figure 4
Schematic illustration of Pd/C catalysts

Figure 5
Hydrogen release curves for H12-NEC dehydrogenation at 180℃ and 101 kPa over Pd/C catalysts
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Figure 6
Product distributions of 12H-NEC dehydrogenation over Pd/C catalysts at 180 ℃ and 101 kPa

Figure 7
The kinetics of H12-NEC dehydrogenation over Pd/C catalyst at 180 ℃ and 101 kPa
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