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Well-dispersed nanoparticles supported on carbon materials are synthesized successfully with a simple 

and facile method. Poly diallyldimethylammonium chloride (PDDA) functionalized helical carbon 

nanotubes (HCNTs) were used as the support material for the deposition of Pd nanoparticles by means 

of chemical reduction. The catalyst was characterized by scanning electron microscopy, transmission 

electron microscopy, energy dispersive X-ray spectroscopy, X-ray diffraction and X-ray photoelectron 

spectroscopy. The electrocatalytic activities of the prepared nanocomposites towards ethanol electro-

oxidation were studied by cyclic voltammetry and chronoamperometry. The results indicated that Pd 

nanoparticles, with an average size of 4 nm, were uniformly dispersed onto the HCNTs/PDDA with a 

metal weight percentage of 20 wt. %. The method provides a new vision for decentralization of the metal 

nanoparticles upon functionalized carbon supports for application as electrocatalyst in fuel cells. 
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1. INTRODUCTION 

Direct ethanol fuel cells (DEFCs) are considered one of the most competitive green power 

sources because of their high theoretical energy density, environmental friendliness and low 

temperatures [1-3]. Although Pt and Pt-based materials are effective catalysts for the oxidation of ethanol 

in alkaline media, their application is significantly limited by the high cost and scarcity of Pt in practice 

[4-6]. To reduce the costs of catalysts, extensive research have been put in this direction to replace Pt-

like catalysts by use of Pt-free materials. Among the substitutes, Pd has been intensively studied as a 

promising alternative electrocatalyst because of its superior electrocatalytic activity towards formic acid, 

methanol and ethanol oxidation reactions in alkaline conditions [6]. Furthermore, Pd-based catalysts 

present higher catalytic activity and poisonous tolerance toward ethanol than that of Pt and Pt-based 
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catalysts in alkaline solution due to a different reaction mechanism [7-10]. As supports for the catalysts 

in direct fuel cells, various carbon materials have been investigated. The structure and properties of the 

carbon supports have significant effects on the activity and stability of the catalysts [11, 12]. In these 

studies, graphene [13, 14], carbon nanotubes [15] and carbon nanofibers [16] play important roles in 

nanoscience because of its exceptional electrical, mechanical and optical properties. There is a vast 

amount of research going on for the development of its applications, especially in the field of 

electrocatalysis and sensors [17].  

Helical carbon nanotubes (HCNTs) were first observed in 1994 by Zhang et al [18]. Since then, 

scientists have directed much effort towards studying of the morphology and physical characteristics of 

carbon nanohelices, and have suggested potential applications due to their helical structure and unique 

physical properties [19, 20]. In our previous report, we had shown that the HCNTs have a larger surface 

area than that of CNTs, which enables an efficient area for the loading of metal particles [21]. In addition, 

HCNTs naturally contain more graphitic edge defects and edge planes which facilitate functionalization 

processes [22]. However, HCNTs are easily aggregate through strong wan der Waals’ and π-π 

interactions, resulting in a discontinuous and nonuniform film [23]. It has been reported that the 

aggregation of HCNTs can be prevented by ionic liquids through cation-π interactions between the ionic 

liquids and HCNTs. Poly diallyldimethylammonium chloride (PDDA), a linear positively charged 

polymer, has attracted much research interest owing to the capability of PDDA in effectively stabilizing 

carbon materials in aqueous phase. Moreover, the strong ionic polymer matrix of PDDA could allow the 

support material to be further decorated with Pd nanoparticles. This motivated us to investigate the 

feasibility of incorporating an ionic-polymer support into Pd-based catalyst for direct fuel cells 

application. 

In the present work, we synthesized Pd-based electrocatalyst in the form of HCNTs/PDDA and 

Pd nanoparticles, which demonstrates excellent catalytic performance and high stability. We prepared 

HCNTs via using Fe particles as the catalyst. After HCNTs were functionalized with PDDA, well-

crystallized Pd nanoparticles were successfully deposited onto the surface of the HCNTs via a facile 

method. The adopted techniques of characterization cover SEM, TEM, XRD, EDS, XPS. The catalytic 

properties of the as-prepared materials towards ethanol electro-oxidation in alkaline media were also 

studied. In summary, the results show that the electrocatalyst developed in this work is quite promising 

as the anode for the construction of direct ethanol fuel cells. 

 

 

 

2. EXPERIMENTAL 

2.1 Materials and Apparatus 

NaOH, KOH, NaBH4, FeCl3·6H2O, PdCl2, 1,2-ethylenediamine, ethanol, ethylene glycol, 

sodium acetate and nafion were purchased from Sinopharm chemical reagent company. Poly 

(diallyldimethylammonium chloride) (PDDA, MW=200,000~350,000) and Vulcan XC-72(VX-72, 20 

wt. % Pd) were obtained from Sigma–Aldrich company. All reagents used are of analytical reagent grade. 

Double-distilled water was used throughout.  
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The size and morphology of these prepared samples were observed by a field-emission scanning 

electron microscope (SEM) and transmission electron microscope (TEM). The crystal phases of these 

samples were analyzed by X-ray diffraction (XRD) using Cu Kα radiation. The elemental states of the 

catalysts were analyzed by X-ray photoelectron spectroscopy (XPS). All electrochemical experiments 

were carried out on a CHI 660D workstation. The as-prepared electrocatalyst was the working electrode 

(GCE, 3mm diameter) and the Pt wire worked as the counter electrode, together with a saturated calomel 

electrode (SCE) as the reference electrode. 

  

2.2 Synthesis of helical carbon nanotubes 

High quality HCNTs were synthesized according to a previous report [24]. Briefly, 1.0 g of 

FeCl3·6H2O was dissolved in 20 mL of ethylene glycol to form a clear solution, followed by the addition 

of 3.0 g of NaAc, 0.8 g of NaOH and 10 mL of 1,2-ethylenediamine. These components were 

homogenized in an ultrasonic bath for 30 min and put in a clean autoclave. The autoclave was heated to 

and maintained at 200˚C for 8 h. The estimated precursors Fe3O4 particles were rinsed with absolute 

ethanol for 6 times and kept for full drying at 60˚C for 12 h. Then, 100 mg of the Fe3O4 was cast on a 

ceramic plate which was transferred to a reaction tube. The reduction process of Fe3O4 was performed 

under hydrogen atmosphere at 425˚C with 4 h holding time. Finally, pyrolysis of acetylene at 425˚C was 

maintained for 1 h on the reduced Fe catalyst. The HCNTs was collected once cooled to room 

temperature.  

 

2.3 Preparation of Pd/HCNTs/PDDA nanocomposites 

Scheme 1 depicts the procedure for the preparation of Pd/HCNTs/PDDA. A certain amount of 

HCNTs were dispersed into 0.20% PDDA solution by an ultrasonic emitter with power of 300 W at 60 

Hz for 20 min at room temperature. Residual PDDA was rinsed with water several times.  

 

 

Scheme 1. Typical procedure for the synthesis of the Pd/HCNTs/PDDA 
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14 mg of functionalized HCNTs/PDDA and 670 µL of PdCl2 solution (38.6 mM) were mixed in 

20 ml of ultrapure water. The suspensions were stirred for 1 h, followed by the dropwise addition of 

excess NaBH4 solution [25]. Later on, the product was centrifuged at the rotation rate of 9000 r/min and 

rinsed with deionized water several times. The collected black solid was dried under vacuum at 70˚C. 

The palladium loading of the catalyst was 20 wt. %. 5 μL of the catalytic ink was deposited on the clean 

glassy carbon electrodes and dried at room temperature. Finally, 3 μL of 0.05% Nafion solution was 

transferred on the surface of electrodes. As comparison, the commercial catalyst Pd/VX-72 was prepared 

under the same conditions. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Characterization  

As shown in Figure 1A and C, the majority of the obtained HCNTs clearly show that two helical 

segments with the same length often symmetrically grew from two sides of a catalytic particle with an 

average diameter of 80~100 nm. Figure 1B and D shows SEM and TEM images of Pd/HCNTs/PDDA 

at different magnifications. Uniform dispersion of Pd nanoparticles on the surface of HCNTs in 

Pd/HCNTs/PDDA electrocatalyst was observed from the images. It can be seen that the nano-sized 

particles of Pd were highly deposited onto the surface of the HCNTs, with an average size of about 4 

nm, exhibit similar morphologies in terms of grain size and distribution. The particle size distribution 

also shows a relatively narrow distribution ranging from 2.5 nm to 6 nm with a mean value of ca. 3 nm 

(Figure 1E), which is consistent with the results of the TEM image presented. Overall, the intimate 

contact of HCNTs with non-covalent PDDA facilitates uniform distribution of Pd nanoparticles on the 

surface result in more catalytically active sites for electrocatalytic reaction [26]. The corresponding 

energy dispersive X-ray (EDS) analysis showed that the species supported on the HCNTs was Pd 

element (Figure 1F). In summary, these results indicated that Pd/HCNTs/PDDA nanocomposites were 

successfully synthetized. However, in order to obtain the more suitable scientific data of the Pd 

nanoparticles on the carbon supports, XRD and XPS investigations were carried out. 
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Figure 1. SEM of HCNTs (A) and Pd/HCNTs/PDDA (B), TEM of HCNTs (C) and Pd/ HCNTs/PDDA 

(D), Histogram of particle size distribution of Pd/HCNTs/PDDA (E) and EDS analysis of the 

Pd/HCNTs/PDDA (F) 

  

Figure 2 shows the XRD profiles of HCNTs, together with the Pd/HCNTs/PDDA composites. 

For all the samples, the initial peak at a 2θ value of 25.9˚ and is referred to carbon (002) plane originates 

from carbon supports [27]. Meanwhile, the tiny diffraction peaks from 37.3˚ to 49˚ can be indexed to the 

Fe3C from Fe and carbon in the synthesis of the HCNTs. The strong peaks at 39.5˚, 45.9˚, 67.1˚, 80.0˚can 

be attributed to the diffraction peaks of Pd crystal face (111), (200), (220) and (311), respectively, 

indicating the presence of Pd nanoparticles in the composites and have single face structure [28]. 

However, there were no other distinct reflection peaks, demonstrating the high purity of the 

Pd/HCNTs/PDDA nanocomposites. 
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Figure 2. XRD patterns of HCNTs and Pd/HCNTs/PDDA 

 

 
 

Figure 3. XPS survey spectra of Pd/HCNTs/PDDA (A) and the XPS spectrum for Pd 3d regions (B) of 

Pd/HCNTs/PDDA 

 

The electronic states and surface characteristics of the catalysts were investigated by X-ray 

photoelectron spectroscopy (XPS). The full-scale XPS spectrum in Figure 3A not only reveals the 

presence of the C 1s peak at 284.4 eV and the O 1s peak at 532.2 eV, but also shows Fe 2p and Pd 3d 

elemental peaks in the catalyst. Figure 3B shows the Pd 3d XPS spectrum of the Pd/HCNTs/PDDA 

composites, in which two peaks at binding energies of 335.56 eV and 340.89 eV are ascribed to metallic 

Pd 3d5/2 and Pd 3d3/2 [29]. Through the analysis of SEM, TEM, XRD and XPS spectra of the 

Pd/HCNTs/PDDA, it could be confirmed that the Pd nanoparticles were successfully dispersed onto the 

surface of HCNTs. 
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3.2 Electrochemical analysis 

 
Figure 4. CV curves of the Pd/HCNTs/PDDA and Pd/VX-72 modified electrodes in nitrogen bubbled 1 

M KOH with a sweep rate of 50 mV s-1. Inset: CV curve of Pd/VX-72 catalyst 

 

The cyclic voltammograms of the Pd/HCNTs/PDDA and Pd/VX-72 catalysts were measured in 

1.0 M KOH and the results are shown in Figure 4. The peaks in the region between -1.0 V and 0.8 V can 

be attributed to the adsorption and desorption of hydrogen. With the scans moving towards the high 

potential region, oxidation peaks appear due to the formation of surface oxides and, subsequently, the 

peaks corresponding to the reduction of the oxides show up during the negative scans. The 

electrochemically active surface area (ESA) of the samples can be measured from the area of the 

reduction peak of PdO which is an excellent index for the assessment of active sites of the catalysts in 

accordance with the following equation: 

E=Q/SL  

where S is the proportionality constant used to relate charge with area and L is the catalyst loading in g. 

A charge value of 405 μC cm-2 is assumed for the reduction of the PdO monolayer. Table 1 shows the 

calculated ESA values which are in the following order: ESA(Pd/HCNTs/PDDA modified electrode) > ESA(Pd/VX-72 

modified electrode). Quantitatively, the ESA of the Pd/HCNTs/PDDA electrocatalyst was approximately 34.7 

times larger than that of the Pd/VX-72 electrocatalyst. Uniform distribution of palladium nanoparticles 

could account for increased ESA values in contrast to that of Pd/VX-72 [30]. Moreover, compared with 

Pd/VX-72 catalyst, the 3D-helical and porous structure of HCNTs can provide more active reaction 

centers for electrons and molecules, which may facilitate the reaction kinetics on the modified electrode 

surface [31]. 
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Figure 5. CV curves (A) and LSV curves (B) of the Pd/HCNTs/PDDA and Pd/VX-72 obtained in 

nitrogen bubbled 0.1 M KOH in presence of 1.0 M ethanol with a sweep rate of 50 mV s-1 

 

The electrocatalytic performance of the Pd/HCNTs/PDDA catalyst for ethanol oxidation was 

evaluated in a mixed solution of 0.1 M KOH and 1.0 M ethanol at room temperature by cyclic 

voltammetry (see Figure 5A) and linear sweep voltammetry (see Figure 5B). All curves show two anodic 

peaks, a forward peak and a backward peak. Generally, the forward peak current represents the oxidation 

of the freshly chemisorbed species that result from ethanol adsorption, whereas the backward peak 

current corresponds to the removal of incompletely oxidized species that have accumulated on the 

catalyst surface during the forward scan. The peak current density normalized by the loading of Pt metal 

was defined as the mass activity to evaluate the catalytic activity toward ethanol electrooxidation. From 

Figure 5A and B, the onset potential for the Pd/HCNTs/PDDA catalyst is about –0.56 V, whereas the 
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onset potential for the Pd/VX-72 catalyst is located at –0.46 V, suggesting that the oxidation of ethanol 

is easier to accomplish with the Pd/HCNTs/PDDA catalyst. As shown in Figure 5A, the current density 

of the Pd/HCNTs/PDDA catalyst is approximately 695.1 mA mg-1, nearly 11.4 times more than that of 

the Pd/VX-72 catalyst. An oxidation peak appeared at -0.28 V in the back sweep is mainly assigned to 

the oxidation of intermediate products that are not entirely oxidized [32, 33]. The electrocatalytic 

performances of the nanocomposites Pd/HCNTs/PDDA as well as Pd/VX-72 are summarized in Table 

1. Based on the above results, ethanol oxidation peak current density at Pd/HCNTs/PDDA 

electrocatalyst was higher than that at Pd/VX-72, which revealed that the incorporation of palladium 

nanoparticles and HCNTs greatly enhanced its electrocatalytic performance for ethanol oxidation in 

KOH solution.  

 

Table 1. Comparison of CV results of the different catalyst electrodes 

 

Catalyst 
ESA 

(m2 g-1) 

Eonset 

(V) 

If 

(mA mg-1) 

Ib 

(mA mg-1) 
If/Ib 

Pd/HCNTs/PDDA 451.3 -0.56 695.1 454.8 1.52 

Pd/VX-72 13.0 -0.46 61.1 82.4 0.74 

 

In general, the ratio of forward peak current to backward peak current (If/Ib) usually imply the 

electrocatalyst tolerance to carbonaceous intermediates accumulation. As shown in Table 1, the (If/Ib) 

ratio of Pd/HCNTs/PDDA is 1.52, which is higher than Pd/VX-72 (0.74), indicating that the as-prepared 

catalyst effectively enhances the complete oxidation of ethanol to CO2, and fewer CO-like carbonaceous 

species accumulate on the electrode surface [34]. High catalytic activity of as-prepared 

Pd/HCNTs/PDDA catalyst can be related to its unique structure. Helical structure allows the ethanol 

molecules to penetrate through the open pore and reach to the active sites easily and that the 

nanostructure increase accessible surface area and catalytic active sites.  

Chronoamperometry under constant potential at –0.1 V, operated in 0.1 M KOH aqueous solution 

containing 1.0 M high purity ethanol for 2000 s is to evaluate the durability of these catalysts. As shown 

in Figure 6, in the beginning the potentiostatic currents decreased rapidly for all catalysts due to the 

formation of double layer capacitance. The following current decrease should originate from the loss of 

surface active sites caused by the adsorption of intermediate species on the catalyst surface [35]. 

However, the current density at Pd/HCNTs/PDDA is higher and decreases more slowly compared with 

that at Pd/VX-72 catalyst. At the end of the measurement, the oxidation current on the Pd/HCNTs/PDDA 

modified electrode is considerably higher than that of Pd/VX-72, which can be clearly observed in the 

curves. This result suggests that the support material HCNTs/PDDA and the Pd nanoparticles enhance 

the electrocatalytic activity and stability of the catalyst. Compared with the other catalysts in literatures, 

the prepared catalyst in this work has good electrocatalytic activity. More details for the ethanol 

oxidation are summarized in Table 2. 
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Figure 6. CHA curves of the Pd/HCNTs/PDDA and Pd/VX-72 measured in nitrogen bubbled 0.1 M 

KOH in presence of 1.0 M ethanol with a sweep rate of 50 mV s-1 

 

 

Table 2. Comparison of electrocatalytic activity with different catalysts 

 

Catalyst 
Specific activity 

(mA cm-2) 

Mass activity 

(mA mg-1) 

ESA 

(m2 g-1) 
Ep Ref. 

Pd-rGO hybrids 1.11 42.16 3.7 -0.174 [36] 

Pd-NrGO hybrids 0.51 32.76 6.3 -0.112 [36] 

PtPd/PDA-rGO — 281.5 352.1 0.130 [37] 

Pd/P-C 1.1 325 — -0.12 [38] 

Pd/HCNTs/PDDA 19.5 695.1 451.3 -0.122 This work 

 

 

4. CONCLUSIONS 

In this study, we introduced a simple and facile method to prepare Pd nanoparticles on PDDA-

functionalized helical carbon nanotubes for the electro-oxidation of ethanol. The nano-sized particles of 

Pd, with a diameter of approximately 4 nm, were uniformly deposited in high numbers onto the surface 

of the HCNTs. The nanocomposites Pd/HCNTs/PDDA greatly enhanced the electrocatalytic activity and 

stability towards ethanol, which could be attributed to the following: (1) The 3D-helical and porous 

structure of HCNTs can provide more active reaction centers for electrons and molecules. (2) The high 
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dispersion nanoparticles in Pd/HCNTs/PDDA can cause high specific surface area and exposing 

sufficient catalytic sites. These results confirmed that Pd/HCNTs/PDDA catalyst synthesized in this 

work is a favorable candidate for alkaline direct ethanol fuel cells. 
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