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Abstract. Pt-Ni/C alloy nanocatalysts synthesized by polyol method with
different atomic ratio are investigated to enhance activity of the oxygen
reduction reaction (ORR) for fuel cell applications. Prepared catalysts are
characterized by various techniques, such as X-ray diffraction (XRD), scanning
electron microscopy (SEM-EDX), and cyclic voltammetry (CV). XRD analysis
shows that all prepared catalysts with different atomic ratio exhibit face centered
cubic and have smaller lattice parameters than pure Pt catalyst. The mean
particle size of the catalysts are between 4.3 to 6.3 nm. Cyclic voltammograms
with scan rate 5 mV s-1 at 25oC obtain range the electrochemical active surface
(EAS) between 40 to 164 cm2/mgPt, mass activity (MA) and specific activity
(SA) of nanocatalysts PtNi/C in the potential range 900 mV versus RHE between
3.61 to 8.42 mA/mgPt, and 0.05 to 0.09.
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Introduction

Fuel cells are becoming a subject of intense applied research for portable,
stationary, and electric vehicle applications due to their highly efficient
conversion, high power density and low pollution. Among the various types of
fuel cell, the proton exchange membrane fuel cell (PEMFC) is an attractive
power source and the most suitable candidate for electric vehicle and residential
application. PEMFC can be operated at a low temperature of <100 oC. Each
hydrogen atom is split into a proton and an electron with the aid of a catalyst.
The electrons must go around the membrane through a circuit, doing work
along the way. Finally, the protons that pass through an electrolyte membrane
and electrons recombine with oxygen to form water and heat.
Carbon supported platinum (Pt/C) is widely used as the commercial
electrocatalyst in PEMFC. However, since platinum is expensive and the
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world’s supply of Pt is limited there is a need to promote alternatives to reduce
the use of Pt.
Therefore, how to improve the electrocatalytic activity is a very important issue
[1-3].The search for oxygen reduction reaction (ORR) catalysts that are more
active, less expensive and with greater stability than Pt has resulted in the
development of Pt-based transition metal alloys [4,5]. Some platinum-based
binary alloys have the best prospect to be used as a cathode catalyst such as
PtCr, PtZr, PtTi, that exhibit a higher catalytic activity for ORR in acid
electrolytes than pure platinum [3]. However to improve the performance of the
Pt-based metal alloys, it is necessary to taylor the electrocatalyst layer to
achieve the optimum membrane electrode assembly water balance under the
selected PEMFC operating conditions. Such alloy catalysts could improve the
activity against oxygen reduction by a direct four-electrons reaction without
involving the intermediate hydrogen peroxide step. The mechanisms for the
enhanced activity of platinum alloy catalysts againts oxygen reduction have
been studied extensively in recent years [4]. Mukerjee S. [5] has explained the
improvement in the PtCo catalytic activity based on an increase in the d-orbital
vacancy promoting a stronger metal-oxygen interaction, particle size, and the
inhibition of formation of Pt-OH at potentials above 800 mV vs RHE [5]. A
stronger Pt-O2 bond can cause a weakening and lengthening of the O-O bond
and an easier scission of the O-O bond, resulting in an increase in the reaction
rate. On the other side, an increase in the
d-band vacancy in Pt makes it
difficult to free an electron for oxygen reduction. The enhanced electrocatalytic
activity of the PtCr, PtCo, PtCu and PtNi can be explained by an electronic
factor, i.e. the change of the d-band vacancy in Pt upon alloying and/or by
geometric effects (Pt coordination number and based on the decrease in the PtPt distance) [6]. In the present research, nickel (Ni) transition metal was used.
This transition metal has received little attention in synthesizing the Pt alloying
catalyst, although Ni has almost similar atomic radius to Co and Fe. Ni had
been studied before in anode PEMFC, but the more critical issue is a study of
Ni in improving ORR activity, which has not been fully analyzed.
In this research PtNi/XC-72R was prepared and characterized by various
techniques. XRD characterization was carried out to determine the crystalline
stucture, the mean crystalline size and the lattice parameter of these prepared
PtNi/C nanocatalysts. EDX result was used to investigate the bulk composition.
CV tests are also conducted to determine EAS, MA, and SA as the ORR
activity.
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Materials and Methods

2.1

Preparation

3

The carbon supported PtNi catalysts are prepared by the ethylene glycol
method. H2PtCl6 and transition metal NiCl2. 6H2O precursor solution is mixed
well and added to carbon ethylene glycol solution, under mechanically stirred
conditions. 2.5M NaOH is added to adjust the pH of the solution to about 10.
The temperature is then refluxed at 190oC for 2 hours. The system was cooled
to room temperature, the obtained products were washed with distilled water,
and was filtered under vacuum. Finally, the solid residu was dried to yield
PtNi/C powder.
The used materials in the experimental work were: hexachloroplatinic acid
(H2PtCl6) from Aldrich, nickel chloride (NiCl2.6H2O) from Merck, and
activated carbon VulcanX72R from Cabot, sodium hydroxide (NaOH) from
Merck and ethylene glycol (EG) aqueous solution from Merck. For reference,
the Pt/C commercial electrocatalyst used was from E-TEK's product. PtNi/C
alloy has metal loading of 30 wt% and atomic ratio variations were follows:
Pt:Ni = 1:1 as PtNi11 sample; 3:1 as PtNi31 sample; 4:1 as PtNi41 sample.

2.2

Characterization

All prepared catalysts are characterized by powder XRD pattern on an X-ray
diffractometer using CuKα radiation with a Ni filter and step scanning. The tube
current is 30 mA and tube voltage is 40 kV. The diffraction angles 2Ө (2 theta)
were selected from 35o to 80o. The Pt diffraction peaks are used to calculate the
mean size of the Pt particles according to Scherrer’s formula:
D = 0.9λKα1 / B2Ө cos θ
D is mean size of Pt particles, λ is the X-ray wavelengh, B is the half-peak
width for the peak in radians, θ is the maximum angle of the peak. The accuracy
of this method is around 5 nm.
The metal composition of these PtNi/C catalysts is determined by EDX and The
position of Pt atom is exposed by SEM mapping. The CV measurement uses an
Ag/AgCl electrode as the reference electrode and a platinum wire for the
counter electrode. It was performed using Potensiostat eDAQ instrumentation.
The nanocatalyst layer of the working electrode is prepared as follows : a
mixture containing PtNi/C catalysts, ethanol and 5 wt% Nafion are
ultrasonically blended in a glass vessel for half an hour to obtain a
homogeneous ink. The ink is brushed onto the surface of carbon electrode and
dried in an oven at 80oC for 10 minute to obtain a thin active catalytic layer.
The electrolyte is 1 M HClO4 solution (which is a weak anion adsorption acid
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and can be used to evaluate the mass activity well). CV is obtained after using
high purity nitrogen to clean the electrolyte solution for 20 min. The scan rate is
50 mV/s and scan range is from -0.2 to 1.2V (Ag/AgCl). The ORR tests are
started after the oxygen bubbling for 20 min. The ORR tests can be used to
evaluate the catalytic activity i.e. mass activity (MA) and specific activity (SA).

3

Results and Discussion

The metal bulk compositions of these PtNi/C catalysts determined by EDX are
shown in Table 1. From this table, PtNi31 sample is found to have higher Pt
loading than PtNi11 and PtNi41 sample. The Pt loading of all samples are lower
than the setting value. The nanocatalysts are strongly related to the alloy
composition on the surface. The properties will be different from those of the
bulk.
Table 1

Metal composition, lattice parameters, and particle size of Pt-Ni/C.

Sample

C: Metal

Pt:Ni

wt%

wt%
o

( A)

Lattice Particle
Parameters Size
(nm)

PtNi11

71:29

23:77

3.64

5.7

PtNi31

80:20

37:63

3.66

6.3

PtNi41
Pt/C E-TEK
Commercial

49:51

29:71

3.81

4.3

70:30

-

3.93

5.9

Figure 1 compares the X-ray diffraction patterns of the Pt/C and PtNi/C
catalysts. The diffraction peaks of the PtNi/C alloy catalysts shift to higher
angles as compared to that of Pt/C, indicating a lattice contraction arising from
the substitution of the smaller Ni atoms for the larger Pt atoms. All the XRD
peaks can be indexed as face-centered cubic (fcc) structure [7,8]. The lattice
parameters and the mean PtNi/C particle sizes were calculated with Scherrer’s
formula based on Pt(111) peak and listed in Table 1.
With the data given in Table 1, the lattice parameter and hence the average PtPt distance is decreased as the ratio of atomic Pt increased. The PtNi system of
PtNi11, PtNi31 and PtNi41 samples under this composition exhibit a single
phase with the PtNi3 type structures as evident in the phase diagram [9]. The
PtNi3 has a cubic structure in which the Pt atoms occupy corner positions and
the Ni atoms occupy the face-centered positions [10,11,12]. Because the
shoulder of around 2Ө = 70 o does not appear in the XRD results, it is
determined that the PtNi has a disordered phase of face-centered cubic structure
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in which the Pt and Ni atoms are randomly distributed at the corner and facecentered positions. Figure 2 compares the voltammetric behavior of PtNi11,
PtNi31, PtNi41 and Pt/C E-TEK commercial sample. From hydrogen
desorption peak areas in the CV curve, and the Pt single crystalline activity
surface area transition constant Qm = 0.21 mC/cm2Pt, the electrochemical active
surface (EAS) for these catalysts is calculated, of which the results are shown in
Table 2 and 3.
Pt(111)
Pt(200)
PtNi11
PtNi31
PtNi41

Commercial

Figure 1 XRD patterns of Pt/C and PtNi/C prepared by EG method.

Figure 2 Cyclic voltammograms for Pt/C commercial and PtNi/C in 1M
HClO4, saturated N2, the potential scan is 50 mV/s.
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Table 2
mV/s.

H2 Desorption and EAS for Pt/C and PtNi catalysts, scan speed 50

Sample

H2
Desorption

Electrochemical
Surface Area

(QH)mC

(EAS)(cm2/mg)

PtNi11

2.38

36.56

PtNi31

1.78

135.71

PtNi41

4.1

155.95

Pt/C E-TEK
Commercial

7.4

160.54

Pt/C commercial has the largest electrochemical surface area (EAS), followed
by PtNi11 and PtNi31. When the transition metal is added, the surface area
becomes smaller. It can be seen that the platinum in the surface is replaced by
nickel. The cyclic voltammograms results were evaluated by SEM mapping
characterization.

PtNi31 Sample

Pt/C ETEK Commercial

PtNi11 Sample

Figure 3 SEM Mapping of PtNi11, PtNi31, and Pt/C ETEK Commercial
samples.
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Figure 3 shows SEM mapping image of the Pt particle distribution of PtNi31,
PtNi11, and Pt/C commercial samples. The detected element qualitatively is
platinum (Pt). The map is a result of the sweeping of the backscattered electrons
(BE) signal with specific energy. The lighter color shows the Pt particle at
surface position. Pt/C commercial has the most exposed Pt atoms than PtNi31
and PtNi11. It was found that the exposed Pt atoms on PtNi/C have the good
distribution. The influence of the Pt ratio on the exposed Pt atoms affects the
catalytic activity.
Table 3
5 mV/s.

Electrochemical Activity for Pt/C and PtNi catalysts, scan speed
At 900 mV vs RHE
Sample

I0,9V

Mass

Specific
Activity (SA)
(mA/cm2)
0.099

PtNi11

1.01

Activity (MA)
(mA/mgPt)
3.61

PtNi31

0.47

6.71

0.049

PtNi41
Pt/C E-TEK
Commercial

1.01

8.42

0.054

1.05

4.77

0.03

(mA)

The ORR tests can be used to evaluate the catalytic activity [13]; there are
generally two ways to express the catalytic activity : first is mass activity (MA),
and the second is specific activity (SA). MA is the current per unit amount of
catalyst and MA has practical implications in fuel cells because the cost of the
electrode is largely dependent on the amount of platinum used. SA is the current
per unit surface area of catalyst and the specific activity provides a measure of
the electrocatalytic activity of platinum atoms in the particle surface. The MA
and SA can be obtained through the following equations:
MA (mA/mg) = i0.9V / W,
SA (mA/cm2) = i0.9V /EAS,
where: W is the mass of Pt calculated
EAS is the electrochemical surface area.
The ORR test results of the catalysts are shown in Figure 4. The ORR current is
negative, the absolute values of ORR for these catalysts are used. The ORR
current of all sample is smaller than that of Pt/C commercial, even though the
reaction potential for the PtNi11 and PtNi41 samples is lower by 0.03V than
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that of Pt/C. The reaction potential for PtNi31 sample is lower by 0.12V than
that of Pt/C. The activity results are shown in Table 3. Since the main concern is
with the effects of formation Pt-OH, the attention will be focused on the region
where the potential exceeds 0.9V vs RHE [5]. In Figure 4 and Table 3, it is
found that PtNi41 Sample has the highest MA of 8.42 mA/mg and the highest
EAS of 164.16 cm2/mg, but PtNi11 sample has the highest SA of 0.09 mA/cm2.

Figure 4 The polarization curves for ORR on Pt/C commercial and Pt-Ni in 1M
HClO4, The potential scan is 5 mV/s.

Moreover PtNi/C shows a higher ORR activity than that of Pt/C
E-TEK
commercial. This may be attributed to the adition of Ni to Pt/C catalyst. The
more electropositive Ni transition metal, to which the oxygen species is
attached, provides an electrochemical force that favors the four electron oxygen
reduction electrochemical pathways, and consequently improves the ORR
activity of the catalyst [6]. This phenomenon is results of the adsorption
property of oxygen on Pt surface by dual site mode. The addition of Ni to Pt/C
catalyst not only reduces the Pt lattice parameter (the Pt-Pt nearest-neighbor
distance plays an important role in determining the adsorption behavior), but
also enhances the catalytic activity. Therefore the alloying effect is an important
factor affecting the catalitic activity towards ORR.

4

Conclusions

In this study, the Ni transition metal was used to synthesize Pt alloy
nanocatalysts. XRD and EDX characterizations are carried out to determine the
structure of crystalline fcc and the Pt element composition that predicts a
nanocatalysts surface of the single phase of PtNi 3 type structure. The mean
crystalline size of these PtNi/C nanocatalysts ranges from 4.3 to 6.3 nm. The
replacement platinum indicate a lattice contraction arising from the substitution
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of the smaller Ni atoms for the larger Pt atoms. Electrochemical experiments
cyclic voltammetry (CV) is also conducted to obtain the range of the
electrochemical active area of alloy Pt nanocatalysts between 40 to 164 cm2/mg.
Cyclic voltammograms with scan rate 5 mV s-1 at 25oC determines MA in the
potential range 900 mV versus RHE with the result between 3.61 and 8.42
mA/mgPt, while SA is between 0.05 and 0.09. PtNi11, PtNi31, and PtNi41
Samples produced by polyol method have a more competitively mean size
particle, EAS, MA, and with more SA values than that of Pt/C commercial.
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