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A solvothermal method employing a solvent mixed with tert-butyl alcohol and ethylene glycol was used 

to prepare activated carbon-supported palladium nanoparticles (Pd/C). The transmission electron 

microscopy (TEM) and high-resolution transmission electron microscope (HRTEM) results showed that 

the Pd nanoparticles on this catalyst had a good dispersion, and that their average particle size was small. 

The X-ray diffraction (XRD) data indicated that the Pd nanoparticles loaded on the activated carbon 

presented a small particle size and were rich in the Pd (200) crystallographic plane, which provided a 

high electrochemical activity for the Pd/C catalyst. Furthermore, its activity was greatly improved by the 

small amount of PdxHy components. By analysing the redox peaks of the electrode loaded with the Pd/C 

catalyst in a KOH and methanol (ethanol) mixed solution via cyclic voltammetry electrochemical testing, 

the performances of the prepared catalysts were determined. The results showed that the Pd/C catalyst 

had an excellent activity and stability, while the Pd/C catalyst synthesised at 190 °C had the best activity 

and stability. Its current intensity for methanol electrooxidation reached approximately 687.4 mA mg-1 

Pd. In addition, this catalyst had a stronger oxidation ability for ethanol under alkaline conditions, and 

its oxidation current intensity of ethanol reached approximately 1177.6 mA mg-1 Pd. The 

chronoamperometry (CA) results showed that the Pd/C catalyst had an excellent durability, and the 

electrochemical impedance spectroscopy (EIS) showed that this Pd/C catalyst had an excellent charge 

transfer efficiency. 
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1. INTRODUCTION 

 

Direct methanol fuel cells have outstanding advantages in terms of effect, energy savings, 

pollution reduction, transportation, and storage, and have broad application prospects in new energy 

vehicles and mobile electrical equipment [1-3]. The demand for direct methanol fuel cells is increasing, 

and electrochemical catalysts are one of the key components of methanol fuel cells [4]. As the most 

mature electrochemical oxidation catalyst in alcohol fuel cells, Pt-based catalysts have a high activity 

and good stability [5, 6]. However, Pt-based catalysts have obvious defects; for example, in the catalytic 

oxidation of methanol, the active sites of Pt-based catalysts are easily occupied by the intermediate 

product CO [5,7], forming a poisoning reaction and hindering further oxidation [8,9]. In addition, the 

scarcity of Pt resources on Earth has resulted in the high price of Pt, which affects the manufacturing 

cost of Pt-based catalysts and restricts the possibility of large-scale industrial production [10-13]. 

Researchers have currently shifted from optimizing Pt-based catalysts to finding other high-performance 

and cheap metals to replace Pt [14-16]. 

In recent years, Pd-based catalysts have been extensively studied as excellent alternative 

materials for Pt-based catalysts [17-19]. As a platinum-based element, Pd has a similar electronic 

configuration to Pt. Pd is widely used in the aerospace, aviation, and automobile manufacturing 

industries due to its low price [20-22]. In addition, a large number of studies have shown that Pd-based 

catalysts have an outstanding performance in the catalytic oxidation of methanol under alkaline 

conditions [23-25].  

The preparation methods of Pd-based catalysts have been proposed in large numbers, such as 

plasma sputtering technology [26,27], electrostatic self-assembly and the in situ reduction method [28], 

electrical displacement method [29], electrodeposition method [30], chemical reduction method [31], 

polyol process [32], colloid method [33], etc. Synthesised Pd-based catalysts also have an excellent 

performance. However, most methods have the disadvantage of not being industrialised in large 

quantities. The preparation method affects the particle size, structure, and composition of the noble metal 

nanoparticles, thereby affecting the performance of the catalyst [34,35].  

The solvothermal method has been widely studied for its convenient operation, stable product 

performance and suitability for large-scale production [36,37]. Tert-butanol, as a catalyst for the 

preparation process, can also provide guidance for the formation of nanoparticles, with appropriate 

molecular structure hydrophobicity, as well as the required solution viscosity during the reaction process, 

which is usually used as a preparation solvent [38,39]. However, studies have shown that Pd-based 

catalysts prepared by the solvothermal method of tert-butyl alcohol have a large nanoparticle size [39]. 

At the same time, studies have shown that the nanoparticle size of the product prepared by the microwave 

method using ethylene glycol as another reducing agent is significantly smaller [40]. 

Pd was one of the few metals capable of forming metal hydrides. The entry of H leads to the 

lattice expansion of Pd, which causes a change in the lattice constant, resulting in a superior performance 

in the field of catalysis [41]. The main methods reported to synthesise PdxHy were as follows: 1. Direct 

exposure of Pd to H2 via adsorption of gaseous H2 into H2 under a high pressure [42]. 2. Preparation of 

electrochemical hydrogen evolution [43]. 3. Solvothermal methods using dimethylformamide (DMF) 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220613 

  

3 

[44], sodium borohydride (NaBH4) [45] and formaldehyde (HCOH) [46] as H sources. According to our 

study, tertiary-butyl alcohol [47] can also provide H during high-temperature heating. 

To improve the activity and anti-poisoning performance of the Pd catalyst, the crystal plane 

distribution and the average particle size of Pd nanoparticles in the Pd/C catalyst were optimised in this 

study. Based on the ethylene glycol reduction method, a series of Pd/C catalysts were synthesised at 

160–190 °C with tert-butyl alcohol as the initiator, and their catalytic ability for methanol oxidation was 

studied. 

 

2. EXPERIMENTAL 

2.1 Synthesis of the catalysts 

A solvothermal method was used to prepare the Pd/C catalyst. The specific preparation methods 

were as follows: 0.048 g of pretreated activated carbon were mixed with 2 ml of a 0.0564 M PdCl2 

solution, 5 ml of ethylene glycol and 35 ml of tert-butyl alcohol in a 100 ml beaker. The beaker was 

stirred with ultrasonication for 25 min. To adjust the pH of the mixed solution, 5 ml of a 1 M KOH liquid 

solution was added to the mixed solution above. After the mixed solution was stirred with ultrasonication 

for 5 min, the mixed solution was poured into a stainless-steel reactor with a polytetrafluoroethylene 

liner, which was heated at 190 °C for 6 h. For a comparison, other Pd/C catalysts were synthesised using 

the same conditions, except that the reaction was performed at 160, 170, 180, and 200 °C. After cooling 

the stainless-steel reactor to room temperature, the mixed solution was diluted with anhydrous ethanol. 

The Pd/C catalysts were collected via vacuum filtration, and the samples were thoroughly washed with 

distilled water. After drying the sample in a vacuum oven at 60 °C for 6 hours, the dried samples were 

ground with an agate mortar and stored in a plastic centrifuge tube. Finally, a Pd/C catalyst was obtained. 

The prepared catalyst was denoted Pd/C-a, in which the value of “a” represents the preparation 

temperature of the reaction system. Thus, the catalysts were labelled Pd/C-160, Pd/C -170, Pd/C-180, 

Pd/C-190 and Pd/C-200. 

 

2.2 Characterization of the Pd/C catalysts 

The metal content of the Pd/C catalyst was measured using a PinAAcle 900 (PerkinElmer, 

PERKINELMER SINGAPORE PTE. LTD.) atomic absorption spectrometry (AAS). The morphologies 

of the Pd/C catalyst supported on activated carbons were characterised using JEM 1200EX (JEOL 

Company. JPN) and Tecnai G2 F30 S-TWIN (FEI Company. USA) TEM devices. X-ray diffraction 

(XRD) patterns were obtained on a BRUCKER D8 wide-angle goniometer employing a Cu target with 

radiation Kα = 0.15418 nm and a scanning range (2 theta) from 5° to 90° at 5°/min with a scan step 

length of 0.02/s. 

 

2.3 Electrochemical measurements  

Electrochemical data were tested using a CHI760E electrochemical workstation (Shanghai 

Chenhua Instrument Co., LTD) in a three-electrode system at room temperature, with a saturated Ag 
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|AgCl electrode as the reference electrode and a graphite electrode (4 cm2) as the counter electrode. The 

glassy carbon electrode (Φ = 4 mm) modified by the Pd/C catalysts was used as the working electrode, 

which was fabricated according to the literature [48,49]. A 0.5 M H2SO4 solution was used as the acid 

test electrolyte, with the aim of determining the electrochemical surface area of the catalysts. To test the 

electrochemical activities for the methanol and ethanol oxidations, 0.1 M KOH/1 M CH3OH and 0.1 M 

KOH/1 M CH3CH2OH mixed solutions were used as the alkaline test solutions. High purity nitrogen 

was inflowed into those solutions in order to remove the dissolved oxygen in the electrolytes while 

keeping the temperature at 25 °C before all of the electrochemical tests. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Characterization of the Pd/C catalysts 

As shown in Table 1, the AAS analysis demonstrated that the actual Pd nanoparticle loadings of 

the Pd/C-190 catalyst were the highest among these catalysts. Moreover, the actual Pd loading of the as-

prepared Pd/C catalyst was lower than the theoretical loading, illustrating that Pd2+ was not completely 

reduced. It was not difficult to see that the loading of Pd nanoparticles first increased and then decreased 

with an increasing reaction temperature. As a result, the loading efficiency of the Pd nanoparticles in the 

Pd/C-190 catalyst was higher than that in the other catalysts. The reason for this phenomenon may be 

related to the reaction mechanism. As a reducing agent, tertiary-butyl alcohol and ethylene glycol 

generated reducing intermediate substances under alkaline conditions at a high temperature [38,50-52]. 

However, tertiary-butyl alcohol decomposed and lost its reducing property when the temperature was 

increased further [39,53]. 

Therefore, the reducing intermediate substances first increased and then decreased with an 

increasing temperature, leading to the reduction rate first increasing and then decreasing with 

temperature. This resulted in the Pd loading of the Pd/C catalyst being raised when the temperature was 

lower than 190 ℃. In this preparation process, the optimal reaction temperature was 190 ℃, under which 

the Pd nuclei were loaded on the activated carbon quickly, massively, and uniformly, thereby forming a 

highly Pd-loaded catalyst. When the reaction temperature was higher than 190 ℃, the nucleation rate 

was affected, which caused the Pd loading of the Pd/C-200 catalyst to be lower than that of the Pd/C-

190 catalyst [23,52,54].  

 

Table 1. Pd loading of the Pd /C catalysts measured by AAS 

 

Catalyst Actual loading 

(wt%) 

Theoretical loading 

(wt%) 

Pd/C-160 16.5% 20% 

Pd/C-170 16.9% 20% 

Pd/C-180 17.1% 20% 

Pd/C-190 17.4% 20% 

Pd/C-200 16.6% 20% 

 

mailto:Pd-PdH0.706@PdO-NiOxHy/C-190
mailto:Pd-PdH0.706@PdO-NiOxHy/C-190
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Figure 1. TEM images of the Pd/C -160 (a)，Pd/C -170 (b)，Pd/C -180 (c)，Pd/C -190 (d)and Pd/C -

200 (e) catalysts. The HRTEM image of the Pd nanoparticle in the Pd/C -190 catalyst (f). The 

inset in Fig. 1 (f) showed the distribution of the Pd and H atoms in the PdxHy component.  

 

 

The morphologies of the Pd nanoparticles in the Pd/C-160 (a), Pd/C-170 (b), Pd/C-170 (c), Pd/C-

190 (d) and Pd/C-200 (e) catalysts are shown in Fig. 1. The diameters of the Pd/C-160 (a), Pd/C-170 (b), 

Pd/C-180 (c), Pd/C-190 (d) and Pd/C-200 catalysts were 6.32 nm, 5.99 nm, 5.29 nm, 3.51 nm, and 3.84 

nm, respectively. It can be seen from the TEM images that the Pd/C catalysts had Pd nanoparticles with 

a uniform distribution, proving that it was feasible to prepare Pd/C via the solvothermal method using a 

mixed solution of ethylene glycol and tert-butanol. It can also be seen that the mean particle size of the 

Pd nanoparticles loaded on activated carbon decreased gradually with temperature. The most likely 

reason for this result was that the rising temperature and the increasing intermediate reducing substances 

produced by ethylene glycol and tert-butyl alcohol accelerated the nucleation rate, thus forming smaller 
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Pd nanoparticles [55]. However, when the temperature reached 200 °C, the Pd nanoparticles formed 

large agglomerated particles, and the particle size of the nanoparticles increased sharply. The possible 

reason for this was that the decomposition of tertiary-butyl alcohol leads to a decrease in the reducibility 

and a sharp reduction in the number of crystal nuclei, which is one of the most important reasons for the 

increase in the particle size of nanoparticles [56].  

Therefore, Pd/C-190 (d) was a catalyst with a uniform dispersion and the smallest nanoparticle 

size prepared by this experimental method, and the temperature had a great influence on the preparation 

of the Pd/C catalyst. Compared with the particle size (9.85 nm) of the Pd/C catalyst prepared by using 

tert-butanol as a reducing agent [39], the particle size optimization was obvious. The reason was that, in 

the solvothermal process, ethylene glycol, as a stabiliser, inhibited the growth of in situ-generated Pd 

nanoparticles, while activated carbon provided nucleation sites for Pd nanoparticles to prevent the 

aggregation of Pd nanoparticles [50,57].  

The HRTEM of the Pd nanoparticle in the Pd/C -190 catalyst was shown in Fig. 1 (f). It was 

obvious that the lattice spacings of the Pd nanoparticles in Fig. 1 (f) were 0.288 and 0.223 nm, 

respectively, in two fully separated regions, in which the boundary is denoted by the blue dashed line. 

0.223 nm corresponded to the (111) spacing of Pd on the left of the blue dashed line. At the same time, 

lattice deformation along the boundary was observed on the Pd (111) crystal plane in Fig. 1 (f), which 

would enhance its electrochemical activity [58]. However, the lattice spacing with 0.288 nm on the right 

of the blue broken line was consistent with the Pd1.5H2 (111) crystal plane. The lattice distribution was 

similar to that of the Pd (111) crystal plane, but the lattice spacing was much larger than that of the Pd 

(111) crystal plane. In this area, a small atom, which is presented by the yellow dotted circle, can clearly 

be seen beside a large atom in the red dotted circle, showing that other atoms were doped in the crystal 

lattice. According to a previous study, hydrogen gas, which was produced in situ by aldehydes generated 

by tert-butyl alcohol at high temperatures under alkaline conditions on metal catalysts [58], which was 

absorbed into the Pd nanocrystals to form PdxHy at a high pressure [47]. In the meantime, the small 

atoms were hydrogen atoms, which resulted in lattice expansion. This result was consistent with the 

literature [47]. Lattice expansion occurred in the product, resulting in an increase in the Pd atom distance. 

There was obvious lattice distortion between Pd and PdxHy, which led to a local lattice strain because 

the dislocation or deviation of the Pd atoms from their initial positions was due to structural defects [59-

61]. Meanwhile, a small amount of PdxHy may be synthesised on Pd nanoparticles, which also 

contributed to the performance of the Pd/C-190 catalyst. 
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Figure 2. XRD spectra of the Pd/C -160，Pd/C -170，Pd/C -180，Pd/C -190 and Pd/C -200 catalysts. 

 

 

The composition and structure of the Pd/C-160, Pd/C-170, Pd/C-180, Pd/C-190, and Pd/C-200 

catalysts were characterised via XRD, as shown in Fig. 2. There was a large diffraction peak in all XRD 

images from 2θ = 15° to 2θ = 33°, which was related to the diffraction of the carbon carrier (JCPDS, No. 

50.926). The diffraction peaks near 2θ = 40.2, 46.8, 68.2, 81.9 and 86.6° correspond to the Pd (111), 

(200), (220), (311) and (222) lattice planes, respectively [62]. One of the important parameters for the 

Pd lattice structure was the intensity ratio between the diffraction peaks of different planes. According 

to the XRD data, the average strength ratios of the Pd (200) to Pd (111) lattice planes of the Pd/C-160, 

Pd/C-170, Pd/C-180, Pd/C-190 and Pd/C-200 catalysts were 0.357, 0.369, 0.383, 0.405 and 0.388, 

respectively. The average strength ratio of the Pd (200) to Pd (111) lattice plane of the Pd/C-190 catalyst 

was the highest, which was close to the strength ratio (≈ 0.42) calculated by the standard Pd XRD card 

(JCPDS, No. 5-0681). This meant that the number of Pd (200) lattice planes for the Pd/C-190 catalyst 

were greater than those for the other catalysts, which was also one of the reasons why the Pd/C-190 

catalyst had a higher electrochemical activity. The existence of PdxHy can be seen by the TEM of Fig. 

1f, but there was no diffraction peak in the XRD patterns. Presumably, ethylene glycol coated on the 

surface of Pd nanoparticles prevented the binding of Pd and H, which led to the amount of PdxHy being 

too low to be detected by XRD. 
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3.2 Electrochemical analysis of Pd/C nanocatalysts 
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Figure 3. CVs of the Pd/C -160，Pd/C -170，Pd/C -180，Pd/C -190 and Pd/C -200 catalysts in 0.1 M 

KOH + 1 M CH3OH (a), 0.5 M H2SO4 (b) and 0.1 M KOH + 1 M CH3CH2OH (c) at the scan 

rate of 50 mV s-1. (The 30th cycle) 

 

 

All cyclic voltammograms (CVs) in Fig. 3 were obtained via cyclic voltammetry tests at room 

temperature (25 °C) in a 0.1 M KOH + 1 M CH3OH solution at a scan rate of 50 mV s-1. As shown in 

Fig. 3 (a), the cyclic voltammograms (CVs) of the Pd/C catalysts showed that methanol began to be 

oxidised near −0.5 V, and the maximum anodic current density generated by each catalyst test was 

between −0.1 V and 0 V. The Pd loadings measured by AAS were used to normalise the data. Fig. 3 (a) 

shows that the maximum current densities of the Pd/C-160, Pd/C-170, Pd/C-180, Pd/C-190, and Pd/C-

200 catalysts were 409.2, 459.8, 547.7, 687.4, and 276.4 mA mg−1Pd, respectively. Obviously, the anode 

current densities generated by these Pd/C catalysts first increased and then decreased, and the current 

density on the Pd/C-190 catalyst test at −0.02 V was the highest among these Pd/C catalysts. Obviously, 

the change trend of these mass specific current densities with the reactor temperature was associated 

with those of the mean Pd particle size and the Pd loading with temperature because the small particle 

size and high Pd loading provided abundant active sites for the electrochemical reaction [50]. Otherwise, 

the unit active site had a great activity for Pd nanoparticles with small diameters due to the size effect 

[40]. The excellent electrochemical performance of the Pd/C-190 catalyst was also attributed to the good 

dispersion of the Pd nanoparticles in the Pd/C-190 catalyst because the high dispersion reduced the 

accumulation of intermediates in the methanol electrooxidation reaction on the surface of the Pd 

nanoparticles, making methanol more easily adsorbed on the electrode surface [63]. In addition, another 
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reason why the Pd/C-190 catalyst had a greater activity compared to the other Pd/C catalyst was possibly 

related to the amount of the Pd (200) crystal surface, which greatly contributed to improving the 

electrochemical activity [64,65]. However, the anode current density of the Pd/C-200 catalyst markedly 

decreased because the Pd nanoparticles of the Pd/C-200 catalyst agglomerated. 

As demonstrated in Fig. 3 (b), the maximum current densities tested in the 0.1 M KOH + 1 M 

CH3CH2OH solution of the Pd/C-160, Pd/C-170, Pd/C-180, Pd/C-190, and Pd/C-200 catalysts were 

369.0, 824.7, 1124.1, 1177.6, and 902.3 mA mg−1Pd, respectively. The activity of the Pd/C-190 catalyst 

was also the best among these Pd/C catalysts for ethanol electrochemical oxidation, which was caused 

by its small Pd nanoparticles with a good dispersion and a quantity of Pd (200) crystal planes. The reason 

why the high-index lattice plane, such as the Pd (200) lattice plane, improved the activity may be because 

the increase in the Pd atom spacing made the Pd (200) lattice plane provide more active sites than the 

Pd (111) lattice plane [66]. 

Otherwise, the Pd/C-190 catalyst had a much higher electrochemical activity than the Pd/C 

catalyst reported in the literature [50]. This was relevant to the essential characteristics of the Pd/C-190 

catalyst. In addition to the merits of the small Pd nanoparticles, the high dispersion of the Pd 

nanoparticles, and the abundant Pd (200) lattice face, the PdxHy component in the Pd/C catalyst was 

another important factor [45]. First, the carrier mobility was increased due to the lattice distortion 

induced by PdxHy [67]. The interaction between H and Pd led to the split band of Pd, and the d-band 

centre of Pd decreased. The downwards movement of the d-band centre of Pd weakened the bond 

interaction between Pd and the reaction adsorbate, thereby improving the electrocatalytic performance 

[44]. Second, the PdxHy component had more active sites [68]. The reason was that the interstitial 

hydrogen atoms increased the electronic density, enlarged the bond distance, and lowered the 

coordination number of the Pd atoms [69]. Moreover, the increase in the Pd atom spacing improved the 

utilization of Pd atoms, which was similar to the Pd (200) lattice faces having more active sites. Third, 

the chemical state of the Pd atom in PdxHy was another possible reason. As shown in Fig. 3 (b), the 

reduction potential of PdO was higher than that for H2O, indicating that the bonding force between H 

and O is stronger than that between Pd and O. This illustrated that the electronegativity of H was stronger 

than that of Pd, resulting in negatively charged Pd ions. It was reported that the activity of low-valent Pd 

was better than that of high-valent Pd [39,68,70]. Therefore, the Pd/C-190 catalyst with the PdxHy 

component had a much better activity than the common Pd/C catalysts. For the preparation of the Pd/C 

catalysts, the small Pd nanoparticles and the high Pd loading of the Pd/C catalyst depended on the action 

of ethylene glycol, which was employed as a stabiliser in the reaction system, while the PdxHy 

component in the Pd/C catalyst was contributed to by the tert-butyl alcohol reactant, which provided the 

H source for generating PdxHy. Consequently, the mixture of tert-butyl alcohol and ethylene glycol was 

a perfect solvent combination to synthesise the Pd/C catalyst with high electrochemical activity. 

As shown in Fig3 (b), the CVs of the Pd/C catalysts in the 0.5 M H2SO4 solution had a cathodic 

current peak as the reduction peak generated by Pd oxide from 0.25 to 0.55 V [39]. The electrochemical 

active surface area (ECSA), an important indicator of catalyst activity, can be calculated by the cathodic 

current peak, according to the following equation [70]. 

 ECSA=Q/[Pd]*0.424               (1) 
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Which “Q” is the charge collected from 0.25 to 0.55 V, which was proportional to the cathode 

peak area shown in Fig. 3 (b). The result showed that the electrochemical active surface areas of the 

Pd/C-160, Pd/C-170, Pd/C-180, Pd/C-190, Pd/C-200 catalysts were 306.5, 344.3, 403.9, 469.0 and 303.6 

cm2 mg-1 Pd, respectively. It can be concluded that the ECSA of the Pd/C-190 catalyst is the largest  

because the Pd nanoparticles in the Pd/C-190 catalyst had a small size and a good dispersibility [72], 

which was consistent with the TEM results. This further confirmed the conclusion that Pd/C-190 had the 

best catalytic activity among these catalysts. According to the ECSAs of the Pd/C catalysts, the 

electrocatalytic specific surface current densities of the Pd/C-160, Pd/C-170, Pd/C-180, Pd/C-190, Pd/C-

200 catalysts were 1.33, 1.34, 1.36, 1.47 and 0.91 mA cm-2, respectively. By comparison, the current 

density of the Pd/C-190 catalyst was the highest among these catalysts, showing that the activity of its 

single active site was better than that of the active site in another catalyst. There are two reasons for the 

high activity of the single active site in the Pd/C-190 catalyst. On the one hand, the number of Pd (200) 

lattice planes for the Pd/C-190 catalyst was greater than those for the other catalysts, which was also one 

reason why the Pd/C-190 catalyst had a higher specific surface activity. The further reason was that the 

Pd (200) lattice plane provided more adsorption sites than the Pd (111) lattice plane in the 

electrochemical reaction [73,74]. On the other hand, there were more PdxHy components in the Pd 

nanoparticles of the Pd/C-190 catalyst than in the other catalysts, which was led by its small Pd 

nanoparticles. The possible reason was that the surface of the small Pd nanoparticles was more easily 

combined with H to yield PdxHy components than the large Pd nanoparticles on the Pd nanoparticle 

surface due to the size effect [59]. 
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Figure 4. Chronoamperometric curves run at -0.02 V vs. Ag|AgCl on the Pd/C-160，Pd/C-170，Pd/C-

180，Pd/C-190 and Pd/C-200 catalysts respectively in the mixed solutions of 0.1 M KOH + 1 

M CH3OH (a) and 0.1 M KOH + 1 M CH3CH2OH (b) for 3600 s at 25 °C. 

 

 

As a reliable and important method for verifying the stability of catalysts, chronoamperometry 

is often used in electrochemical fields [63] under at − 0.02 V, where the electrode loaded with the Pd/C 

catalyst was subjected to 3600 s for the chronoamperometry test. As shown in Fig. 4, the current of the 

catalyst tended to be stable after 3600 s. The current densities at 3600 s for the Pd/C-160, Pd/C-170, 

Pd/C-180, Pd/C-190 and Pd/C-200 catalysts in the 0.1 M KOH + 1 M CH3OH solution were 0.80, 0.89, 

1.10, 1.12 and 1.10 mA mg−1 Pd, respectively. In the 0.1 M KOH + 1 M CH3CH2OH solution, the current 

densities of the Pd/C-160, Pd/C-170, Pd/C-180, Pd/C-190 and Pd/C-200 catalysts at 3600 s were 0.89, 

1.21, 0.94, 1.24 and 0.83 mA mg−1 Pd, respectively. From Fig. 4, the current density decreased sharply 

in the initial stage and then stabilised gradually in the later stage. The reasons were as follows: in the 

initial stage, the catalysts had sufficient active sites to catalyse the alcohol oxidation reaction. As the 

reaction proceeded, however, the intermediates accumulated and occupied the active sites of the Pd/C 

catalyst, resulting in a rapid decrease in the current density and a decrease in the catalytic performance 

[75]. It can be concluded that the Pd/C-190 catalyst had the best electrocatalytic stability in this series 

of catalysts and possessed an excellent CO-like tolerance because the small particle size and good 

dispersion of the Pd nanoparticles in the Pd/C-190 catalyst made outstanding contributions to the 

diffusion of CO-like intermediates from its surface [76]. 
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Table 2. EIS parameters of the catalysts 

 

Catalyst 0.1 M KOH + 1 M CH3OH 0.1 M KOH + 1 M CH3CH2OH 

R1/ohm R2/ohm CPE1T/μF CPE1P/μF R1/ohm R2/ohm CPE1T/μF CPE1P/μF 

Pd/C-

160 

57.01 1497 0.00021946 0.94513 64.75 1273 0.00027029 0.90257 

Pd/C-

170 

64.67 1744 0.00021933 0.93043 58.32 2695 0.00020927 0.91856 

Pd/C-

180 

61.58 5855 0.00021729 0.92082 54.15 1775 0.00018446 0.92032 

Pd/C-

190 

65.07 1217 0.00020553 0.96478 29.47 563.8 0.00047968 0.86526 

Pd/C-

200 

58.27 5743 0.00025453 0.92816 54.35 1878 0.00021773 0.91975 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Nyquist plots and Bode plots of electrooxidation on the Pd/C-160，Pd/C-170，Pd/C-180，
Pd/C-190 and Pd/C-200 catalysts in ((a) and (c)) 0.1 M KOH + 1 M CH3OH and ((b) and (d)) 

0.1M KOH + 1M CH3CH2OH at -0.02V vs. Ag|AgCl. 
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Electrochemical impedance spectroscopy (EIS) can be used to analyse electrode materials and 

electrode reaction kinetics. The prepared catalysts were analysed via electrochemical impedance 

spectroscopy at -0.02 V from 100 k to 0.01 Hz in the 0.1 M KOH + 1 M CH3OH and 0.1 M KOH + 1 

M CH3CH2OH solutions. The equivalent circuit model was constructed to fit the data. The corresponding 

data are listed in Table 2 and shown in Fig. 5. R1 represents the solution resistance, and R2 represents 

the charge transfer resistance, which is the resistance produced by the gain and loss electrons in the 

electrode reaction and is largely dependent on the difficulty of the electrode material itself [77]. For the 

EIS data, different catalysts led to different degrees of difficulty in obtaining and losing electrons on the 

electrode surface, and the reaction rate of methanol or ethanol oxidation can be determined from the 

radius in the EIS figure [78]. As shown in Fig. 5, the electrochemical impedance radius first decreased 

with an increasing catalyst preparation temperature and then increased rapidly. Bode plots (Figs. 5 (c) 

and (d)) exhibited three distinctive segments. In the higher frequency region with an increasing 

frequency, the log |Z| values tended to become minimum values, and the phase angle values fell rapidly 

towards 0◦. In the medium frequency region, a linear relationship can be observed between log |Z| against 

log frequency, with a slope near −1 and the phase angle tending towards −90◦. In the low-frequency 

region, the resistive behaviour of the electrode increases, but the region where log |Z| does not depend 

on log frequency, i.e., the direct current limit, is not completely reached [79]. The results indicate that 

the Pd/C-190 catalyst had the smallest electrochemical impedance radius, concluding that the Pd/C-190 

catalyst had the fastest charge transfer among these catalysts due to the small size, good dispersion and 

abundant Pd (200) crystal faces of the Pd nanoparticles with the PdxHy component in the Pd/C-190 

catalyst [50]. Interestingly, the impedance radius shown in Fig. 5 was roughly equal to half of R2 listed 

in Table 2. As shown in Fig. 5, the relationship between the real part (ZRe) and the imaginary part (ZIm) 

of the impedance in the equivalent circuit diagram was as follows [80]: 

(ZRe-RΩ-R2/2)2+ Z2
Im= (R2/2)2         (2) 

Plotting this formula, a semicircle with a radius of R2/2 is obtained. The radius was equal to the 

value of R2/2, which proved that the optimal fitting data were obtained [81].  

 

 

 

4. CONCLUSIONS 

A simple and industrialised hydrothermal synthesis method of the Pd/C catalyst using mixed 

ethylene glycol and tert-butanol as mixed solvents was explored, achieving good results. The 

characterization showed that the Pd nanoparticles were successfully loaded onto activated carbon with 

a good dispersion. The Pd/C-190 catalyst had a high actual load ratio of approximately 87% 

(17.4%/20%) and the tiny Pd nanoparticles had an average particle size of approximately 3.5 nm. This 

was because a large number of intermediate-reducing substances produced by ethylene glycol and tert-

butyl alcohol increased the nucleation rate of Pd nanoparticles at 190 °C. Moreover, the electrochemical 

tests showed that the Pd/C-190 catalyst had a reliable activity and stability. The anode mass specific peak 

current density for the electro-oxidation of methanol and ethanol reached 687.4 and 1177.6 mA mg−1 Pd, 

respectively. The reason that the Pd/C-190 catalyst had a good activity, and a high tolerance was related 

to its small Pd nanoparticles with good dispersion. Furthermore, its activity was greatly improved by the 
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small amount of PdxHy components and abundant Pd (200) crystal faces of the Pd nanoparticles. Overall, 

the experimental scheme was efficient and convenient and was an ideal industrial method for the large-

scale preparation of Pd/C catalysts with a high activity. The preparation of highly active Pd-based 

catalysts with this mixed solvent has a wide applicability and broad application prospects. 
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