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The nano-catalysts of PdxNiy bimetallic nanoparticles (NPs, the nominal atomic ratios of Pd

to Ni are 2:1, 3:2 and 1:1) supported on multi-walled carbon nanotubes (MWCNTs) (denoted

as PdxNiy/MWCNTs) have been synthesized by a thermal decomposition process using

room temperature ionic liquids (RTILs) of N-butylpyridinium tetrafluoroborate (BPyBF4) as

the solvent. X-ray diffraction (XRD), scanning electron microscope (SEM) and transmission

electron microscopy (TEM) were employed to characterize the morphology of the samples,

revealing that the prepared PdxNiy NPs were quite uniformly dispersed on the surface of

MWCNTs with an average particle size of w8.0 nm. Formic acid oxidation reaction (FAOR)

was investigated on the as-prepared catalysts by using cyclic voltammetry (CV) and elec-

trochemical impedance spectroscopy (EIS), demonstrating that the peak current on the

Pd3Ni2/MWCNTs catalyst was about three times higher than that on the Pd/MWCNTs. The

lower electrode potential and easier hydrogen evolution, based on the results obtained

from chronopotentiometry and CV, respectively, were thought as the main reasons for the

excellent electrocatalysis of the Pd3Ni2/MWCNTs toward formic acid oxidation reaction

(FAOR) when compared to other samples.

Copyright ª 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Although numerous kinds of platinum (Pt) or palladium (Pd)

based bi- or tri-metallic nanoparticles (NPs) have been used as
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catalysts for small organic molecule oxidation reactions, the

exact role of the second or third metal in the obtained com-

posite (or alloyed) NPs toward small organic molecule oxida-

tion reaction still remains unclear [1]. Compared to the direct

liquid (mainly including methanol and ethanol) fuel cells,
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formic acid-based fuel cells have been paid much attention

essentially due to its unique advantages such as nontoxicity,

inflammability at room temperature, higher theoretical open

circuit potential, lower crossover through the membrane and

the easy fuel storage and transport [2]. Thus, developing novel

catalysts for formic acid oxidation reaction (FAOR) has

become attractive in the research field of electrochemistry [3].

Although platinum (Pt) has beenwidely employed as catalysts

for small organic molecule oxidation reactions, the high cost

and limited supply of Pt have limited its application in fuel

cells [4].

Palladium (Pd) at nanoscale size has demonstrated its

unique ability to catalyze the oxidation of formic acid in fuel

cells in 1987 [5]. Recently, manymethods to synthesize Pd NPs

have been reported. For example, Wang et al. [6] reported a

facile method to synthesize Pd NPs supported on graphene

ribbon (GR), in which Na2PdCl4 was employed as the precursor

and graphene ribbon itself served as the reducing reagent,

stabilizer, and catalyst support for Pd. And the as-synthesized

Pd/GR electrocatalysts showed increased electrochemical

surface area and significantly enhanced catalytic activity for

FAOR compared with the conventional Pd/C electrocatalysts

in terms of peak current density and peak potential. Hong

et al. [7] reported that the carbon supported Pd NPs could be

produced via an ultrasound assisted way at room tempera-

ture, where chloropalladic acid and ethylene glycol were uti-

lized as the precursor and reducing reagent, respectively.

However, recent works revealed that the electrocatalytic sta-

bility of the Pd catalyst used in direct formic acid fuel cells

(DFAFCs) still remains unsatisfactory. Thus, to augment the

electrocatalytic stability of the Pd catalyst, various Pd-based

catalysts, such as PdeIr [8], PdeAu [9] and PdeCo [10] have

been developed, and the second or thirdmetal can remarkably

improve the electrocatalytic performance of the Pd catalyst.

Among the Pd-based bimetallic catalysts, PdeNi catalysts

have been prepared by various methods. The first is the

chemical reduction reaction. For example, Scott et al. [11] re-

ported the carbon nanofibers (CNFs) supported PdeNi nano-

particles that were prepared by a chemical reduction reaction

using NaBH4 as the reducing agent, in which the electro-

catalytic activity of the PdeNi/CNF for the oxidation of ethanol

instead of formic acid was examined by cyclic voltammetry.

Recently, Shen et al. [12] addressed the synthesis of a carbon

supported PdeNi catalyst via a high-temperature calcination

and chemical etching method. The electrocatalysis of the

PdeNi/C catalyst for formic acid oxidation was much better

than that of the Pd/C catalyst. The second method is the

electrochemical reduction reaction. For instance, Xiao et al.

[13] reported the fabrication of PdeNi alloy nanowires using

an electrochemical step edge decorationmethod, in which the

plating solution contained Pd(NH3)4Cl2 and NiSO4$6H2O.

Due to their excellent features including low-volatility,

non-toxicity and higher conductivity compared to common

organic solvents, and higher solubility for organic substances

compared with aqueous solutions, room temperature ionic

liquids (RTILs) have attractedmuch attention recently [14]. For

example, RTILs have been used as solvent in organic synthesis

[15] and electrolyte [16] in electrochemistry. To our knowl-

edge, except our previous work [17], reports on the application

of RTILs in a thermal decomposition process are rare.
Compared with CNFs [18] and graphene [19], carbon

nanotubes (CNTs) have attracted a great deal of attention [20]

due to their unique properties, such as high specific surface

area, electrical conductivity, and good thermal and chemical

stability, which make them a good catalyst support for fuel

cells [21]. For example, immobilizing metal NPs on CNTs has

become an interesting research field mainly due to the key

roles of CNTs and metal NPs in the field of electrocatalysis,

biosensors and so on [22]. To the best of our knowledge, the

immobilization of PdxNiy composite NPs on CNTs by amethod

of thermal decomposition has not been reported; though we

have anchored platinum (Pt) NPs on the surface of MWCNTs

by a thermal decomposition process using distilled water as

solvent successfully [23].

Although the Pd-based catalysts were reported to possess

much better electrocatalytic activity for formic acid oxida-

tion than that of the Pt-based catalysts [3], the exact catal-

ysis mechanism of the Pd-based binary or ternary metal

catalysts toward FAOR is still unclear. For example, Li et al.

[24] reported that the enhanced catalysis exhibited by the

PdeNi alloy should be ascribed to the largely increased

electrochemical active surface area (EASA) from smaller

particle size and better dispersion combining with the

electronic modification effect of nickel. Shen et al. [12]

reckoned that the PdeNi/C catalyst could be significantly

protected from CO poisoning, which can lead to excellent

electrocatalytic stability. The inconsistent interpretation on

the electrocatalysis of PdeNi towards FAOR is also the main

reason that stimulates us to further investigate the catalyst

of PdeNi.

In this paper, three kinds of PdxNiy/MWCNT nano-

composite catalysts with various atomic ratios of Pd to Ni

were prepared by a simple thermal decomposition method, in

which RTILs of N-butylpyridinium tetrafluoroborate (BPyBF4)

was used as the solvent. The morphology and crystalline

structures of the as-synthesized PdxNiy/MWCNT nano-

composites were probed by scanning electron microscopy

(SEM), transmission electron microscopy (TEM) and x-ray

diffraction (XRD). The electrochemical activities of the as-

prepared catalysts for FAOR were investigated by cyclic vol-

tammetry (CV), chronoamperometry and electrochemical

impedance spectroscope (EIS). The possible reasons for the

excellent electrocatalytic activity of the Pd3Ni2/MWCNTs to-

wards FAOR were also discussed.
Experiment

Materials

MWCNTs (purity >95%) with an average diameter of

10e20 nm were purchased from Shenzhen nanotech port

Co., Ltd. (China). Room temperature ionic liquid of N-

butylpyridinium tetrafluoroborate (BPyBF4) with a purity of

more than 99% was obtained from Hangzhou Chemer

Chemical Co., Ltd. (China). All the electrodes were pur-

chased from Tianjin Aida Co., Ltd (China). All the chemicals

were of analytical grade and used as-received without any

further treatment. Deionized water was used to prepare the

aqueous solutions.
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Fig. 1 e XRD patterns of pure MWCNTs, Pd/MWCNTs,

Pd2Ni/MWCNTs, Pd3Ni2/MWCNTs and PdNi/MWCNTs.
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Preparation of PdxNiy bimetallic nanocomposite particles

Firstly, 6mg PdCl2 was dissolved in 4mL BPyBF4 to prepare the

RTILs solution, and then a proper amount of Ni(CH3-

COO)2$4H2O was dissolved in the above solution. It should be

mentioned that the amount of Ni(CH3COO)2$4H2O employed

was determined on the atomic ratios of Pd to Ni (i.e., atomic

ratios of Pd to Ni were fixed at 2:1, 3:2 and 1:1, respectively).

Subsequently, 10 mg MWCNTs were added to the above so-

lution, generating a suspension solution, following 30 min

ultrasonication. The resultant suspension solutionwas placed

in a home-made autoclave at room temperature, and then the

well-sealed autoclavewas transferred to amuffle furnace. The

muffle furnace was maintained for 3 h to complete the ther-

mal decomposition process at 200 �C, whichwas carried out in

an SRJX-8-13 muffle furnace equipped with a KSY 12-16

furnace temperature controller. After cooling down to room

temperature, the filtered samples were thoroughly washed

copiously with distilled water and dried in ambient condition

to generate MWCNTs supported PdxNiy catalysts (denoted as

PdxNiy/MWCNTs). The Pd/MWCNTs and Ni/MWCNTs were

also prepared following the same procedures for comparison.

Fabrication of PdxNiy/MWCNTs modified electrode

A glassy carbon (GC) electrode with a cross-sectional area of

0.07 cm2 was polished to a mirror finish with 50 nm alumina

nanopowder suspensions, and then served as a substrate for

the working electrode. The working electrodes were fabri-

cated by coating catalyst ink onto a GC electrode. The catalysts

ink was prepared by dispersing 1 mg catalyst in 1 mL Nafion

ethanol solution (0.1 wt%). And after ultrasonication for

20 min, about 15 mL ink was added on the surface of the GC

electrode. Finally, the PdxNiy/MWCNTs-coated GC electrode

was fabricated after drying in air atmosphere.

Characterizations

The particle morphology was observed by scanning electron

microscopy (SEM, HITACHI, S-570) and transmission electron

microscopy (TEM, HITACHI, H-7650). XRD analysis of the cat-

alysts was carried out on a Bruker D8 ADVANCE X-ray

diffractometer equipped with a Cu Ka source (l ¼ 0.154 nm) at

40 kV and 30 mA. The 2q angular region between 10 and 90�

was explored at a scan rate of 1�/step. Fourier transform

infrared spectrometry (FT-IR) measurements were carried out

on a Hitachi FT-IR-8900 spectrometer (Japan). Energy Disper-

sive X-Ray Spectroscopy (EDX) spectrum analysis were carried

out on an X-ray energy instrument (EDAX, PV-9900, USA).

Electrochemical measurements, including cyclic voltam-

metry (CV), chronoamperometry, chronopotentiometry and

electrochemical impedance spectroscopy (EIS) were carried

out on a CHI 660B electrochemical working station (Shanghai

Chenhua Apparatus, China) connected to a personal com-

puter. EIS was performed in the frequency range from 0.1 to

105 Hz with an amplitude of 5mV at the open circuit potential.

A conventional three-electrode system was employed, in

which a PdxNiy/MWCNTs modified GC electrode and a plat-

inum wire were used as the working electrode and counter

electrode, respectively. It should be noted that the reference
electrode was an Hg/Hg2SO4 saturated-K2SO4 electrode (0.64 V

vs. NHE). All potentials in this paper were reported with

respect to this reference electrode. A solution of 0.5 M H2SO4

containing 0.5 M HCOOH was used to study formic acid

oxidation activity. Prior to each electrochemical test, the

electrolytewas bubbledwith high purity nitrogen for 30min to

avoid the influence of oxygen dissolved in the electrolyte. All

the experiments were carried out at room temperature.
Results and discussion

XRD analysis

The XRD patterns of the as-prepared samples are illustrated in

Fig. 1. For pure MWCNTs, the diffraction peak at around 26�

can only be assigned to the (002) facet of MWCNTs [7,25]. For

the Pd/MWCNTs, four typical peaks corresponding to the

planes (111), (200), (220) and (311) are observed at 2q values of

about 39.9, 47, 68 and 82�, respectively, which are the char-

acteristics of the face centered cubic (fcc) crystalline Pd

(JCPDS, Card No. 01-089-4897). This result is well consistent

with the previous report [7]. Interestingly, for the other three

catalysts of PdxNiy/MWCNTs, only the characteristic diffrac-

tion peaks of fcc Pd are displayed compared with that of Pd/

MWCNTs, suggesting that the addition of Ni did not change

the crystalline structure of Pd though the intensities of all the

patterns are varied when altering the atomic ratios of Pd to Ni.

However, no diffraction peaks of metallic Ni or its oxides/hy-

droxides are observed, suggesting that the amount of Ni-

contained substance is too small to be detected, or their ex-

istence in amorphous phases [26]. Also, due to the properties

of RTILs of N-butylpyridinium tetrafluoroborate (BPyBF4), ox-

ygen and water in the above preparation system are very

limited compared to the aqueous system, which probably

should be responsible for the absence of Ni oxides/hydroxides

in the resultant samples. Evidently, compared to pure

MWCNTs, the intensity of the diffraction peak (002) facet is

greatly attenuated after the process, as shown in the circled
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Fig. 2 e XRD patterns of Ni/MWCNTs, Pd2Ni/MWCNTs, Pd/

MWCNTs and the standard pattern of Pd.
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part, implying that the structure of MWCNTs was changed

during the thermal decomposition. Meanwhile, a close check

reveals that the intensity of all the diffraction peaks for the

Pd3Ni2/MWCNTs, such as the peak at around 39.9�, is obvi-

ously higher than that of PdNi/MWCNTs and Pd2Ni/MWCNTs,

indicating that the crystallinity of Pd3Ni2/MWCNTs is the best

among all the three catalysts [27].

For comparison, the magnified XRD patterns of the Ni/

MWCNTs, Pd/MWCNTs and Pd2Ni/MWCNTs are displayed in

Fig. 2. For Ni/MWCNTs, no diffraction peaks of metallic Ni are

observed due to the too small amount of the well defined

crystalline metallic Ni. Significantly, an obvious diffraction

peak shift is observed to a lower instead of higher scanning

angle in the XRD patter for the Pd2Ni/MWCNTs than that of

Pd/MWCNTs. The decrease in 2q value should result in an

increase in the lattice parameters based on the Bragg’s law

and the observed shift of the diffraction peak toward lower

angle is probably due to the substitution of one Pd by Ni [28].
0 1 2 3 4

0

1x103

2x103

3x103

4x103

5x103

6x103

7x103

C
ou

nt
s (

a.
u.

)

Energy (keV)

Ni

Pd

C

Fig. 3 e EDX spectra for the as-prepared Pd3Ni2/MWCNTs

catalyst.
According to the Scherrer formula using Equation (1) [29],

the average crystallite size of the catalysts was also estimated

from Pd (111) peak:

d

�
�A

�
¼ kl

b cos q
(1)

where k is a coefficient (0.9), l the wavelength of X-ray used

(1.54056 �A), b the full-width half maximum (FWHM) and q is

the angle at the position of peak maximum. The calculated

particle size, based on (111) plane for Pd/MWCNTs, Pd2Ni/

MWCNTs, Pd3Ni2/MWCNTs and PdNi/MWCNTs, is 17.0, 8.20,

7.60 and 10.0 nm, respectively. Thus, the particle size of

Pd3Ni2/MWCNTs is the smallest among all the prepared

samples, indicating a larger surface area relative to other

catalysts at the same particle loadings.

The typical EDX spectrum for the catalyst of Pd3Ni2/

MWCNTs is presented in Fig. 3, which confirms the presence

of element C, Pd and Ni in the as-prepared catalyst. According

to the results of EDX measurement, Pd3Ni2/MWCNTs catalyst
Fig. 4 e SEM images of (a) Pd2Ni/MWCNTs, (b) Pd3Ni2/

MWCNTs, (c) PdNi/MWCNTs.
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prepared in this work contains 25.5% (atomic content) of Pd

and 9.5% of Ni, which is larger than the stoichiometric ratio of

3:2 used in the starting materials. Therefore, the atomic ratio

of Pd to Ni in the prepared PdxNiy/MWCNTs should be the

nominal ratio rather than the real ratio in the resultant

samples.

Morphology characterization

Fig. 4 shows the SEM morphologies of the three catalysts.

Compared to pure MWCNTs, somewhite dots are observed on

the surface of MWCNTs after the process, indicating the for-

mation of nanoparticles on the surface of MWCNTs during the

thermal decomposition process. This result is consistent with

our previous report [23]. The TEM microstructures of these

three typical samples are illustrated in Fig. 5. The as-prepared

nanoparticles are observed to be uniformly dispersed on the

outer walls of the MWCNTs, and no obvious agglomerations

are found. Compared to water, BPyBF4 has a lower dielectric

constant [30]. Generally, the low charges and asymmetrically

distributed chargeswere deemed as the key factors to produce

nanoparticle aggregation [31], which is similar to the case
Fig. 5 e TEM microstructures of (a) Pd2Ni/MWCN
described by Wang et al. [32]. The solvent of BPyBF4 can

decrease the surface charge of the PdxNiy nanoparticles, thus

the newly formed Pd or Ni atoms canmigrate from the BPyBF4
to the BPyBF4/PdxNiy interface in sequence, which can be

analogous to the nanoparticle self-assembly at the toluene/

water or hexane/water interface in ethanol-mediated meth-

anol [33]. Consequently, the agglomeration of PdxNiy particles

is greatly inhibited, generating a uniform dispersion. The

particle sizes of the Pd2Ni/MWCNTs, Pd3Ni2/MWCNTs and

PdNi/MWCNTs are estimated to be 10.2, 9.2 and 11.0 nm based

on the TEM images, respectively. All these estimated particle

sizes are slightly larger than those calculated from the XRD

patterns, indicating that some nanoparticles were formed by

some small crystals.

Electrochemical characterization

Fig. 6 shows the cyclic voltammograms (CVs) of the PdxNiy/

MWCNTs catalysts in a solution of 0.5 M H2SO4 and 0.5 M

HCOOH. No peak is obviously displayed on the pureMWCNTs-

coated GC electrode, indicating that formic acid oxidation

reaction can not proceed on the MWCNTs. While for other
Ts, (b) Pd3Ni2/MWCNTs, (c) PdNi/MWCNTs.

http://dx.doi.org/10.1016/j.ijhydene.2014.03.026
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Fig. 6 e CVs obtained on the PdxNiy/MWCNTs coated GC

electrode in the solution of 0.5 M H2SO4 D 0.5 M HCOOH at

the scan rate of 100 mV sL1.
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catalysts, peak 1 is centered at w�0.22 V in the anodic sweep

curve, and peak 2 is centered at w�0.26 V in the cathodic

sweep. These two well featured oxidation peaks indicate the

FAOR, which is consistent with the previous report [34]. As

shown by the green line, for both peak 1 and peak 2, the

largest peak current for the Pd3Ni2/MWCNTs catalyst implies

the best electro-catalytic ability towards FAOR when

compared to other catalysts. Moreover, all the current peaks

of FAOR decrease remarkably as plotted by the blue curve

when the atomic ratio of Pd to Ni is 2. Fig. 7 displays the CVs of

FAOR for the three catalysts, i.e., Pd3Ni2/MWCNTs, Pd/

MWCNTs and Ni/MWCNTs. It should be mentioned that all

the three catalysts were fabricated by the samemethod, i.e., a

thermal decomposition process employing RTILs of BPyBF4 as

the solvent. No oxidation peaks are displayed on the catalyst

of Ni/MWCNTs-modified GC electrode. Compared to the

oxidation peak of FAOR on Pd/MWCNTs, significantly
Fig. 7 e CVs obtained on the Ni/MWCNTs, Pd/MWCNTs and

Pd3Ni2/MWCNTs coated GC electrode in 0.5 M

H2SO4 D 0.5 M HCOOH at the scan rate of 100 mV sL1.
enhanced oxidation peaks are observed on the Pd3Ni2/

MWCNTs, strongly indicating that a proper amount of Ni

added to Pd can promote the electro-catalytic ability of Pd

toward FAOR.

Fig. 8 shows the chronoamperometric curves of 0.5 M

HCOOH in 0.5 M H2SO4 solution at the PdxNiy-coated GC

electrodes at�0.25 Vwith an aim to probe the electrochemical

stability of all the as-prepared catalysts toward FAOR [24]. It is

observed from Fig. 8 that the currents at the Pd, Pd2Ni, Pd3Ni2
and PdNi/MWCNTs catalyst electrodes are about 0.5, 2.3, 28.7,

16.6 mA at 550 s, respectively. This effectively confirms that the

electrocatalytic stability of the Ni-doped Pd/MWCNTs cata-

lysts has a better electrochemical stability than that of pure

Pd/MWCNTs, and the Pd3Ni2/MWCNTs sample shows the best

stability among all the prepared samples when used as a

catalyst toward FAOR.

Nyquist plot, one typical curve of electrochemical imped-

ance spectroscopy (EIS) [35], has been widely applied in

probing the electrochemical performance of a working elec-

trode. Generally, the semicircle appearing at the high fre-

quency region corresponds to a circuit having a resistance

element parallel to a capacitance element. The line with a 45�

slope appearing at the lower frequency region corresponds to

the Warburg resistance [35]. And the diameter of the semi-

circle corresponds to the charge transfer resistance (Rct) of the

electrochemical reaction occurring at theworking electrode. A

bigger diameter of the semicircle stands for a larger value of

Rct. It can be seen from Fig. 9 that for all the catalysts, the

Nyquist plots are constructed by a semicircle at high fre-

quency region and a line close to 90� at the lower frequency

region, indicating that all the catalysts of PdxNiy/MWCNTs

modified GC electrodes have a similar structure at the inter-

face between the working electrode and electrolyte. A close

inspection reveals that the values of the diameter for the

catalysts are different from each other. The diameter for the

catalysts is about 17.5, 13.2, 11.5 and 13.8 U for Pd, Pd2Ni,

Pd3Ni2 and PdNi/MWCNTs, respectively. It indicates that

Pd3Ni2/MWCNTs sample has the best electrocatalysis towards
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Fig. 9 e Nyquist plots for the catalysts coated GC electrode

in 0.5 M H2SO4 D 0.5 M HCOOH solution, in which the

catalysts are different. (a) Pd/MWCNTs, (b) Pd2Ni/MWCNTs,

(c) Pd3Ni2/MWCNTs and (d) PdNi/MWCNTs, respectively.
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FAOR, which is consistent with the results obtained from CVs

very well, Fig. 6.

To acquire more useful information of the electrical prop-

erties of the as-prepared catalysts, Bode plots are presented in

Fig. 10. It is evident that all the PdxNiy/MWCNTs coated GC

electrodes exhibit one symmetric peaks in the whole fre-

quency region, corresponding to a relaxation process of the

electrode/solution interface [36]. The higher phase angles of

the Pd3Ni2/MWCNTs coated GC electrode (66.5� at 0.02 Hz)

compared to other samples (52.0� at 0.02 Hz for Pd/MWCNTs,

58.1� at 0.02 Hz for the PdNi/MWCNTs, 29.0� at 0.02 Hz for the

Pd2Ni/MWCNTs) may be interpreted with respect to the

catalyst of Pd3Ni2/MWCNTs particles exhibiting more capaci-

tive behavior than that of other samples since ideal capacitive
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Fig. 10 e Bode plots, obtained for the catalysts coated GC

electrode in 0.5 M H2SO4 D 0.5 M HCOOH aqueous solution.

(a) Pd/MWCNTs, (b) Pd2Ni/MWCNTs, (c) Pd3Ni2/MWCNTs,

and (d) PdNi/MWCNTs.
systems should show phase angles of ca. �90� [37]. This result
proves that the micro-structure of the surface for the PdxNiy/

MWCNTs-coated GC electrodes differ from each other.

Why did the PdxNiy catalysts with various molar ratios of

Pd to Ni show such different electrocatalytic activity toward

FAOR? To disclose the possible reasons, CVs of four catalysts

in 0.5 M H2SO4 are plotted in Fig. 11. Generally, the multiple

peaks between �0.7 and �0.4 V are attributed to the hydrogen

absorption/desorption (Hab) process and hydrogen adsorp-

tion/desorption (Had) process [38], and the smaller pair of

peaks at the more positive potentials was thought to be an

indication of real surface area of catalysts. However, in this

case, only one pair of peaks appears probably due to the fact

that both Hab and Had have merged into broad Hab peaks [38].

Thus, the area of the peak at around �0.57 V in the negative-

direction potential scanning is used to estimate the real active

surface of the catalysts approximately. It is clear that the

hydrogen absorption peak is not displayed for the pure Pd/

MWCNTs, while for the other Ni-doped samples, the area of

theHab peak changes dramatically with the addition of Ni. The

largest area of the Hab peak is observed in the catalyst of

Pd3Ni2/MWCNTs, which are due to the smaller particle size

and its better crystallinity as justified by the TEM observations

and XRD analysis. For the pure Pd/MWCNTs, a reduction peak

appears at around 0 V, corresponding to the reduction of PdO,

being consistent with the previous report [3]. Moreover, for the

other catalysts of PdxNiy/MWCNTs, no reduction peak of PdO

is observed,which is different from the formerly reported data

of PdxNiy/C [24]. That is to say, the properties of PdxNiy/

MWCNTs prepared by this method using RTILs as the solvent

are different from those of previously reported samples. Based

on the onset potential (as shown by the red arrow) of the

hydrogen absorption peak and its peak area, it can be deduced

that the hydrogen absorption process at the Pd3Ni2/MWCNTs

catalyst proceeded easily compared to those occurring on the

other catalysts.

Commonly, the electrooxidation of the formic acid on Pd

nanoparticles follows a dual path mechanism, i.e., a dehy-

drogenation path to the direct formation of CO2 and a dehy-

dration path, and the adsorption of CO intermediate from the
Fig. 11 e CVs of various PdxNiy catalysts modified GC

electrodes in 0.5 M H2SO4 at a scan rate of 20mV sL1.
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dehydration path significantly poisons the activity of Pd cat-

alysts [34] according to the following process:

HCOOH / CO2 þ 2Hþ þ 2e� (2)

HCOOH / COads þ H2O (3)

COads þ H2O / CO2 þ 2Hþ þ 2e� (4)

While, in our case, at the initial stage of the formic acid

oxidation process, for example, at the potential of �0.7 V,

more OH� groups were generated due to the facile process of

hydrogen evolution, thus, the protons produced in the process

(2) and (4) can be easily consumed by the produced OHe,

leading to an accelerated process of (2) and (4) according to the

chemical equilibrium shifting principle of Le Chatelier’s

principle [39]. In other words, in the vicinity of the surface of

PdxNiy nanoparticles, especially for the catalyst of Pd3Ni2, a

basic micro-environment was fabricated due to the hydrogen

evolution process. That is to say, the micro-environment of

the surface of Pd3Ni2 is different from those of other catalysts,

which is responsible for its superior electrocatalysis when

compared to other catalysts.

Fig. 12 displays the curves of open circuit potential (OCP)

against time. A sharp increment of OCP value is observed

within the initial period time of 400 s, and then the value of

OCP reaches a stable status. This shape of OCP curves for all

the catalysts is analogous to the previously reported one [3].

Evidently, the values of OCP are various when altering the

atomic ratios of Pd to Ni. For example, at the working time of

3000 s, the values of COP for the catalysts of Pd, Pd2Ni, Pd3Ni2
and PdNi/MWCNTs are �0.04, �0.098, �0.21 and �0.093 V,

respectively. The lowest value of OCP is presented by the

sample of Pd3Ni2, implying that the electrons can be released

from the catalyst of Pd3Ni2 easier than the other catalysts

according to the Nernst Equation [40]. That is to say, protons

can be reduced to generate hydrogen atoms or hydrogen gas
Fig. 12 e Open circuit potentials of various catalyst

modified GC electrodes in 0.5 M H2SO4 D 0.5 M HCOOH.
facilely on the catalyst of Pd3Ni2 relative to other samples,

which is testified by the CV curves, Fig. 11.

Fig. 13 displays the chronopotentiometric curves of the

various catalysts of PdxNiy coated GC electrodes at a constant

current density of 0.14 mA cm�2. Theoretically, the electrode

potential will increase to a higher value when charged by a

positive current based on the electrochemical principle, as

shown in the previous work [41]. For the electrodes modified

by Pd, PdNi and Pd2Ni, the electrode potentials reach as high

as 3.28 V at 150 s, and then an almost constant potential is

attained at the time of 3500 s. However, for the Pd3Ni2 coated

electrode, it took almost 1000 s for the electrode to attain a

stable electrode potential of 0.42 V, and then the electrode

potential increased slowly from 0.42 to 0.95 V within the

whole measuring period. The markedly different shape of the

Vet curve strongly indicates that these various catalysts

exhibited different electrochemical responses when being

charged. It is evident that the electrode potential of Pd3Ni2
coated electrode remains the lowest value among all the

samples. That is to say, even under the charged condition, the

catalyst of Pd3Ni2 can be thought as a reducing agent, which

may facilely reduce the oxidative agents relative to other

catalysts. This result probably can account for the enhanced

peak current of FAOR observed on the catalyst of Pd3Ni2 in

some degree. To our knowledge, no reports discussing the

electrocatalysis of PdxNiy toward FAOR from the electro-

chemical viewpoint are published so far. On the other hand, in

our previous report [35], it has been proved that the newly

generated hydrogen can reduce PdO to Pd, and thus released

more active surfaces of Pd towards electrochemical reaction.

Similarly, the catalyst of Pd3Ni2 was “cleaned” by the newly

formed hydrogen atoms (or gas), leading to an increased

oxidation peak current of FAOR.

From the viewpoint of electrochemistry, in an acidic me-

dium, a microcell may form where Ni served as the negative

electrode and Pd as the positive electrode, respectively.

Meanwhile, compared to Pd, Ni is prone to release electrons to

form Ni2þ since the standard electrode potential of Ni2þ/Ni
Fig. 13 e Chronopotentiometric curves of FAOR obtained on

the as-prepared catalysts in 0.5 M H2SO4 D 0.5 M HCOOH at

0.14 mA cmL2.
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Fig. 14 e Pictures of the samples in experiments (a) pure BPyBF4, (b) BPyBF4 containing Pd2D and Ni2D before thermal

decomposition process pyrolysis, and (c) BPyBF4 containing Pd2D and Ni2D after thermal decomposition process.
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(�0.257 V vs. NHE) is markedly lower than that of Pd/Pd2þ

(0.915 V vs. NHE) [42]. The formed micro-battery may change

the micro-environment of the interface between the Pd3Ni2/

MWCNTs and formic acid when compared to that at the

interface between Pd/MWCNTs and formic acid. The newly

formed micro-environment may have a significant effect on

the FAOR. This new concept of forming a microbattery may

provide a novel interpretation for explaining the fact that

many binary or ternary composite catalyst particles, such as

PdeCu [43], PdeAu [44] and PdeCo [10], compared to pure

metal Pd, have excellent electro-catalysis towards organic

small molecules reactions occurring in the fuel cells.

To discuss the mechanism of the thermal decomposition

process, photos of the filtered RTILs before and after the pro-

cess are shown in Fig. 14. For pure RTILs of BPyBF4, a colorless

solution was observed, and a brown solution was observed

after adding Pd2þ and Ni2þ, indicating that the starting mate-

rials can be dissolved in the RTILs. Interestingly, after the

thermal decomposition process, a light brown color was

observed, demonstrating that somemetal ions in BPyBF4 have
Fig. 15 e UVevis absorption spectra of (a) pure BPyBF4, (b)

BPyBF4 containing Pd2D and Ni2D before thermal

decomposition process and (c) BPyBF4 containing Pd2D and

Ni2D after thermal decomposition process.
been consumed in the thermal decomposition process, which

may be due to the reaction between themetal ions and BPyBF4
or MWCNTs.

Ultravioletevisible (UVevis) absorption spectra for the

BPyBF4 before and after the thermal decomposition process

are presented in Fig. 15. As shown by curve a, for the pure

BPyBF4, two absorption peaks located at around 213 and

258 nm were observed. It was reported that the spectra in the

far-UV region (200e250 nm) corresponded to the peptide

n / p* electronic transition [45]. For the BPyBF4 containing

Pd2þ and Ni2þ before thermal decomposition process, as

shown by curve b, the intensities of all the absorption peaks

were significantly attenuated relative to that of pure BPyBF4,

suggesting that the n / p* electronic transition was greatly

inhibited by the introduced ions of Pd2þ and Ni2þ. Generally,
the empty orbits, such as d-orbit, in Pd2þ or Ni2þ can react with

the electron pairs in the N atom of BPyBF4, which may reduce

the intensity of the absorption peak. This kind of interaction is

very similar to that occurring in the formation process of the

self-assembled monolayer between the gold substrate and

calmodulin [46]. For the filtered BPyBF4 after the thermal

decomposition process, curve c, the intensities of the ab-

sorption peaks were further attenuated, suggesting that the

interaction betweenmetal ions and BPyBF4 and the molecular

structure of BPyBF4 was demolished markedly, owing to the

formation of PdxNiy catalyst particles from the BPyBF4 solu-

tion. The FT-IR spectra of the BPyBF4 used for preparing the

catalyst of Pd3Ni2/MWCNTs are presented in Fig. 16. Based on

the previouswork [47], the bands at 1176 and 1577 cm�1 can be

assigned to the in-plane CeH deformation vibration and in-

plane CeN stretching vibration of the imidazole ring, respec-

tively [47]. The bands at 767 and 858 cm�1 are assigned to the

BF4
�1 stretching vibration and CeH in-plane vibration of the

pyridinium ring, respectively. And the broad band at

1469 cm�1 is assignable to the CH3 bending vibrations [47]. It

can be seen that for the precursor before the thermal

decomposition process (curve b), i.e., BPyBF4 containing Pd2þ

and Ni2þ, the intensities of all the absorption peaks were

evidently augmented compared to those of pure BPyBF4 (curve

a), indicating that some groups in BPyBF4 have reacted with

the introduced Pd2þ and Ni2þ. How does one understand this

result? Probably, the steric structure of BPyBF4 has been

http://dx.doi.org/10.1016/j.ijhydene.2014.03.026
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Fig. 16 e FT-IR spectra of (a) pure BPyBF4, (b) BPyBF4
containing Pd2D and Ni2D before thermal decomposition

process, and (c) BPyBF4 containing Pd2D and Ni2D after

thermal decomposition process.
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readjusted by the introduced ions of Pd2þ and Ni2þ, showing

more detectable groups since the band intensity of FT-IR

spectra is proportional to the groups of BPyBF4 [48]. After the

thermal decomposition process, the band intensities of the

FT-IR spectra (curve c) were decreased instead, implying that

some groups of BPyBF4 have been consumed by the reaction

between the introduced Pd2þ, Ni2þ or MWCNTs and BPyBF4.

The analysis from the FT-IR spectra strongly not only

demonstrated that there is an interaction between the doped

ions (Pd2þ and Ni2þ) and ionic liquid of BPyBF4, but also indi-

cated that the above mentioned interaction was destroyed by

the thermal decomposition process in some degree. In other
Fig. 17 e FT-IR spectra for the pure MWCNTs before

thermal decomposition process (black curve) and the

resultant sample of Pd3Ni2/MWCNTs (red curve). (For

interpretation of the references to color in this figure

legend, the reader is referred to the web version of this

article.)
words, there were some reactions in the developed thermal

decomposition process.

What is the reducing reagent in the aforementioned ther-

mal decomposition process? Evidently, there must be some

substances releasing electrons to the ions of Pd2þ and Ni2þ,
leading to the formation of PdxNiy. Fig. 17 displays the FT-IR

spectra for the pure MWCNTs before thermal decomposition

process and the resultant catalysts of Pd3Ni2/MWCNTs. Based

on the previously published works, the strong peak at

3463 cm�1 can be attributed to HeO stretching vibration of

absorbed water on the MWCNTs [49], and the peaks occurring

in the wavenumber range of 1050e1250 cm�1 are assigned to

the stretching vibrations of CeC [49] or the stretching vibra-

tions of CeO in ethers and phenols [49]. An obvious peak at

2360 cm�1 is displayed for pure MWCNTs, interestingly, after

the thermal decomposition process this band almost dis-

appeared, illustrating that some groups of the MWCNTs were

consumed by the thermal decomposition process. That is to

say, carbon nanotube itself was employed as the reducing

reagent in the thermal decomposition procedure.
Conclusion

For the first time, using RTILs of N-butylpyridinium tetra-

fluoroborate (BPyBF4) as solvent, PdxNiy bimetallic composite

nanoparticle catalysts were fabricated by a simple thermal

decomposition process in the presence of MWCNTs. The re-

sults demonstrated that due to the small particle size and

higher crystallinity, the Pd3Ni2/MWCNTs catalyst exhibited

the best electrocatalysis toward formic acid oxidation in an

acidic electrolyte among all the prepared PdxNiy/MWCNTs

catalysts. In the electrolyte of 0.5 M H2SO4, a larger hydrogen

evolution peak with the most positive onset potential was

displayed at the catalyst of Pd3Ni2/MWCNTs when compared

to other catalysts. This may lead to a facilitated generation of

OH�, which was considered as the possible reason for the

enhanced peak current of FAOR on Pd3Ni2/MWCNTs. Results

of chronopotentiometric tests indicated that the electrode

potential of Pd3Ni2/MWCNTs-coated electrode was lower than

other samples, which may be responsible for its electro-

catalytic ability toward FAOR in some degree based on the

electrochemical principle. Apart from describing the electro-

chemical performance of the composite NPs toward FAOR, the

disclosed information, including a proposed microbattery

formed in the bimetallic catalysts when exposed to an elec-

trolyte, and the application of RTILs as solvent in a thermal

decomposition process to synthesize NPs, is also the main

contribution of this work, which is expected to be helpful for

understanding the role of the second or third metal in the Pd-

based catalysts and developing novel catalysts towards small

organic molecules oxidation reaction.
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