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a b s t r a c t

In this study, carbon-supported PtNi alloys with different molar ratios synthesized by borohydride reduc-
tion were evaluated as anode catalysts for sodium borohydride fuel cells. The higher angle shifts of the Pt
peaks from X-ray diffraction (XRD) account for the alloy formation between Pt and Ni. The negative shift
of Pt 4f XPS spectrum for PtNi(7:3)/C also indicates an electronic structural change of Pt in the alloyed
eywords:
irect borohydride fuel cell
tNi/C catalyst
orohydride electrooxidation
lloy formation

PtNi/C catalyst. The cyclic voltammetry (CV) results show that the PtNi(x:10 − x)/C catalysts are elec-
trochemically active toward borohydride oxidation at the potential range between −0.6 V and +0.1 V vs.
Hg/HgO electrode, and PtNi(7:3)/C presents the strongest peak current density among three catalysts with
different molar ratios. The results of amperometric i–t curves (i–t) tests also show that the steady-state
current density is the highest on PtNi(7:3)/C among alloy catalysts. The higher electrocatalytic activity
of the PtNi(7:3)/C can be attributed to the alloy effect and the Pt electronic structure change due to the

addition of Ni.

. Introduction

Fuel cells have received increasing attention because of their
igh efficiency and low pollution in the past decades. Unfortunately,
ome kinds of fuel cells, such as the proton exchange membrane fuel
ell requiring gaseous hydrogen as the fuel, afford a relatively low
nergy density. Direct borohydride fuel cell (DBFC), as a direct liquid
uel cell with high energy density, i.e. 9296 Wh kg−1 for NaBH4, is
ttracting more interest recently [1,2]. In fact, a DBFC was first pro-
osed in the early 1960s by Indig, Snyder [3], and Jasinski [4]. The
lectrochemical reactions in a DBFC employing oxygen as oxidant
re as follows:

node : BH4
− + 8OH− → BO2

− + 6H2O + 8e−,

0 = −1.24 V vs. SHE (1)

athode : 2O2 + 4H2O + 8e− → 8OH−, E0 = + 0.41 V vs. SHE

(2)
verall : BH4
− + 2O2 → BO2

− + 2H2O, E0
cell = 1.64 V (3)

Borohydride is chemically stable in alkaline aqueous solution. It
s easily stored, transported, refilled, and handled. Moreover, there
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is not catalyst poisoning for anode catalyst and less crossover prob-
lem in DBFC compared to direct methanol fuel cell (DMFC), which
is one of the hottest research directions in direct liquid fuel cells.
Besides, as shown in reaction (3) above, DBFC has a theoretical
voltage of 1.64 V, which is much higher than other fuel cells using
hydrogen and methanol as fuels with theoretical cell voltages of
1.24 V and 1.19 V, respectively.

Electrocatalyst is one of the key components in DBFC. In the past
10 years, different metals have been studied as anode catalysts: Pt
[5–13], Au [1,5,6,14–17], Ag [18–21], Os [22,23], Ni [2,6,12,19,24–26],
Pd, Cu [6], and kinds of hydrogen storage alloys [27–31]. Among of
them, Pt and Ni are more attractive than other metals and proposed
as anode catalysts for DBFC by many researchers. BH4

− ion can
take place strong electrochemical oxidation on Pt metal surface [5].
Wang et al. and co-workers thought that Ni, as a non-noble metal,
also had visible electrocatalytic activity toward BH4

− electroox-
idation [25]. Employing Ni powder as anode catalyst, the DBFCs
exhibited a good performance of 40 mW cm−2 [26].

As we know, bimetallic catalysts could achieve the higher activ-
ity and stability than monometallic ones. The bimetallic catalyst of
PtNi/C has been widely investigated focusing on methanol elec-
trooxidation and oxygen reduction reaction [32]. But researches
focused on applying PtNi for borohydride electrooxidation were
not widely investigated. For Ni, borohydride is a novel and special
reagent, due to it can not only affect the activity of Pt, but also has

activity toward the electrooxidation itself. Gyenge et al. [8] indi-
cated that PtNi(1:1)/C was more active than Pt/C as anode catalyst
for DBFC. However, only one specific molar ratio (1:1) of the PtNi/C
catalyst was evaluated, and the compositions and physical char-
acterizations of the PtNi/C catalysts were rarely analyzed. Geng et

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:gao_yunzhihit@yahoo.com.cn
mailto:yingphit@hit.edu.cn
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Pt and Ni metals have electrocatalytic activities for BH4
− electroox-

idation [5,6,25]. However, the electrocatalytic activity of Ni/C was
much lower than that of Pt/C. This result is different from the con-
clusions of the reference [12]. The different synthetic methods may
be one of the reasons.
86 G.-j. Wang et al. / Journal of P

l. [12] investigated three molar ratios of the PtNi/C catalysts with
ow amount of Pt. The result showed that the Ni37Pt3/C was the

ost active catalyst for BH4
− electrooxidation and the electrocat-

lytic activity of Ni/C was even higher than that of Pt/C, which was
pposed to the result published by others. Considering the impor-
ance of non-noble Ni in the electrochemical oxidation for BH4

− and
he contrary results in different literatures, more detailed informa-
ion about the effect of Ni on Pt for BH4

− electrochemical oxidation
s urgent to be clarified. Considering the puzzles above, we carried
ut our investigations.

In this paper, Pt–Ni alloy catalysts were prepared by the borohy-
ride reduction method and the effect of Pt alloying with Ni on the
lectrocatalytic activity toward the BH4

− oxidation was carefully
nvestigated by using cyclic voltammetry (CV) and i–t curves. The
-ray diffraction (XRD), energy dispersive analysis of X-ray (EDAX),
nd X-ray photoelectron spectroscopy (XPS) were also employed
o characterize the chemical properties of Pt and Ni in alloy cata-
ysts. The reasons for the electrocatalytic activity improvement of
he alloy catalysts were analyzed.

. Experimental

.1. Preparation of catalysts

Pt/C, PtNi(7:3)/C, PtNi(5:5)/C, PtNi(3:7)/C, and Ni/C were pre-
ared by the borohydride reduction method, with the same
heoretical metal loading of 20 wt.%. The details are as follows: Car-
on black powder (Vulcan XC-72, Cabot Inc.) was used as a support
or the catalyst. H2PtCl6·6H2O and NiCl2 were used as precursors.
he carbon black was ultrasonically dispersed in a solution of ultra-
ure water and isopropyl alcohol for 2 h. The precursors were added
o the ink and then mixed thoroughly for another 2 h. The pH value
f the ink was adjusted by a NaOH solution to 7 and then raised the
emperature to 80 ◦C. A solution of 0.1 mol L−1 NaBH4 was added
ropwise into the ink, and the bath was stirred for 3 h. The mix-
ures were cooled, dried, and washed repeatedly with ultrapure
ater until no Cl− ions exist. The catalyst powder was dried in a

acuum oven for 3 h at 80 ◦C and stored in a vacuum vessel.

.2. Preparation of working electrode

Glassy carbon electrode with diameter of 3 mm polished with
.05 �m alumina to a mirror-finish before each experiment was
sed as substrates for the carbon-supported catalysts. For elec-
rode preparation, 5 �L of an ultrasonically redispersed catalyst
uspension was pipetted onto the glassy carbon substrate. After the
vaporation of the solvent at 60 ◦C, the deposited catalyst was cov-
red with 1 �L of a dilute Nafion® solution. The resulting Nafion®

lm had sufficient strength to attach the Vulcan particles perma-
ently to the glassy carbon electrode without producing significant
lm diffusion resistances.

.3. Electrochemical measurements

Electrochemical measurements were carried out in a con-
entional three-electrode electrochemical cell. A glassy carbon
lectrode deposited with catalyst powder was used as the working
lectrode. A piece of Pt foil (1 cm2) was used as the counter one. The
g/HgO electrode (MOE) and standard hydrogen electrode (SHE)
ere used as the reference electrodes in electrocatalytic activity

nd electrochemical active surface area measurements, respec-

ively. All chemicals used were of analytical grade. All the solutions
ere prepared with ultrapure water (MilliQ, Millipore) and purged
ith ultrapure argon gas. All electrochemical experiments were

erformed using a CHI630A electrochemical analysis instrument
CH instruments, Inc). Rotating disc electrode (RDE) experiments
Sources 195 (2010) 185–189

were carried out by using a glassy carbon disc electrode (3 mm
diameter) coupled with the RRDE System (EG&G, Model 636). The
electrocatalytic activity measurement (CVs and i–t) and electro-
chemical active surface area measurement (CVs) were recorded at
rotating rates of 3000 rpm and 0 rpm, respectively. The scan rate of
CVs was 0.1 V s−1. CV curves were plotted at a potential range from
−1.0 V to +0.4 V for electrocatalytic activity measurement in a solu-
tion of 6.0 mol L−1 NaOH containing 0.1 mol L−1 NaBH4 and from
0.05 V to 1.2 V for electrochemical active surface area measurement
in a solution of 0.5 mol L−1 H2SO4. The amperometric i–t test was
carried out at −0.6 V for 400 s. All experiments were conducted at
25 ± 1 ◦C.

2.4. Physical characterization

The catalysts were characterized with X-ray diffraction (XRD,
Japan D/max-rB diffractometer using a Cu K� X-ray source oper-
ating at 45 kV and 100 mA). The metal loading of the catalysts
were analyzed through energy dispersive analysis of X-ray (EDAX,
attached to SEM system, Hitachi S4700).

X-ray photoelectron spectroscopy (XPS) analysis was performed
to determine the chemical state of Pt and Ni with a Physical Elec-
tronics PHI model 5700 instrument. The Al X-ray source operated at
250 W. The sample to analyzer takeoff angle was 45◦. Survey spec-
tra were collected at pass energy (PE) of 187.85 eV over a binding
energy range from 0 eV to 1300 eV. High binding energy resolution
Multiplex data for the individual elements were collected at a PE of
29.55 eV. During all XPS experiments, the pressure inside the vac-
uum system was maintained at 1 × 10−9 Pa. Before analysis above,
all the samples were dried under vacuum at 80 ◦C overnight.

3. Results and discussion

3.1. Electrocatalytic activity

The cyclic voltammetric (CV) curves of NaBH4 electrooxidation
on the PtNi/C catalysts with different molar ratios in an alka-
line media are depicted in Fig. 1. By aid of RDE, the influence
of concentration diffusion of fuel was markedly reduced and the
reproducibility of the results was excellent. It can be seen clearly
that there are remarkable oxidation peaks in CVs of pure Pt/C and
Ni/C (insert part in Fig. 1), which confirms the conclusion that both
Fig. 1. CV curves of NaBH4 electrooxidation on PtNi/C catalysts with different molar
ratios. Scan rate: 0.1 V s−1; electrolyte solution: 0.1 mol L−1 NaBH4 + 6 mol L−1 NaOH;
rotating rate: 3000 rpm; temperature: 25 ± 1 ◦C.



G.-j. Wang et al. / Journal of Power Sources 195 (2010) 185–189 187

F
−
r

w
i
h
n
p
b
A
s
1
t
a
p

u
m
s
N
s

P
r
r
T
P
fi
t
t
m

d
w
A
a
r
o
P
p
t
s
w

3

(

could be the result of alloy formation between Pt and Ni since plat-
inum is known to be alloyed well with Ni [34]. Besides, an obvious
angle shift of the Pt peak occurs on the PtNi(7:3)/C. As shown in
Fig. 4, the 2� of the Pt(1 1 1) peak for Pt/C and PtNi(7:3)/C are 39.92
ig. 2. The i–t curves of NaBH4 on PtNi/C catalysts with different molar ratios at
0.6 V vs. MOE. Electrolyte solution: 0.1 mol L−1 NaBH4 + 6 mol L−1 NaOH; rotating

ate: 3000 rpm; temperature: 25 ± 1 ◦C.

In the positive scanning direction in CVs, it can be seen that a
ide oxidation peak a1 appears between −0.6 V and +0.1 V, which

s attributed to the electrooxidation of the intermediate of BH4
−

ydrolysis reaction, i.e. BH3OH−. The peak c1 in the negative scan-
ing direction is also due to BH3OH− electrooxidation, but on the
artially oxidized Pt surface [5]. The current density of peak a1 can
e employed to evaluate the electrocatalytic activity of the catalysts.
mong PtNi/C catalysts with different molar ratios, PtNi(7:3)/C pre-
ented the highest peak current density (0.242 A cm−2), which was
0% higher than that of Pt/C catalyst (0.220 A cm−2). Furthermore,
he onset peak potential of PtNi(7:3)/C shown in Fig. 1 is more neg-
tive than that of other catalysts. The more negative of the onset
eak potential is, the higher performance of fuel cell is.

The steady-state current densities at a constant potential were
sed to compare the performances of PtNi/C catalysts with different
olar ratios for BH4

− electrooxidation. Fig. 2 shows i–t curves mea-
ured in an Ar-saturated solution of 0.1 mol L−1 NaBH4 + 6.0 mol L−1

aOH at 25 ± 1 ◦C. A potential of −0.6 V was employed when mea-
uring i–t curves.

As shown in Fig. 2, the initial current densities of Pt/C and
tNi(7:3)/C are similar. The current decay over time is parabolic and
eached an apparent steady state within 400 s. The current decay
ate over time on Pt/C catalyst is faster than that of PtNi(7:3)/C.
he final current densities of Pt/C, PtNi(7:3)/C, PtNi(5:5)/C and
tNi(3:7)/C are 11.7, 14.59, 8.04 and 4.69 mA cm−2, respectively. The
nal current density of PtNi(7:3)/C is the highest one (24.7% higher

han that of Pt/C) at the same potential(−0.6 V), i.e. the activity of
he PtNi(7:3)/C is the best. This result is consistent with that of CV

easurement.
For the sake of analyzing the effect of Ni on Pt, the final current

ensity of PtNi(7:3)/C, PtNi(5:5)/C and PtNi(3:7)/C are normalized
ith respect to the amount of Pt in Pt/C, which is defined as Ipt.
nd then, the Ipt of Pt/C, PtNi(7:3)/C, PtNi(5:5)/C and PtNi(3:7)/C
re 11.7 mA cm−2, 16.47 mA cm−2, 10.46 mA cm−2 and 8.0 mA cm−2,
espectively. The Ipt of Pt/C and PtNi(5:5)/C are closed. The Ipt

f PtNi(7:3)/C is 40.7% higher than that of Pt/C. But the Ipt of
tNi(3:7)/C is lower than that of Pt/C. Thus, we consider that a
roper content of Ni can enhance the Ipt of PtNi/C catalysts due to
he electronic structure change of Pt. But if too many Ni are added,
everal Pt surface would be covered by Ni or its oxides/hydroxides,
hich would result in a lower activity of catalyst.
.2. Effect of Ni on the performance of Pt/C catalyst

It is well known that larger electrochemical active surface area
SEAS) would be one of the reasons of higher activity of the Pt/C
Fig. 3. CV curves of the Pt/C and PtNi(7:3)/C catalysts in 0.5 mol L−1 H2SO4. Scan
rate: 0.1 V s−1; temperature: 25 ± 1 ◦C.

catalyst. To analyze the effect of Ni on the SEAS of the Pt/C cata-
lyst, the SEAS of the Pt/C and PtNi(7:3)/C catalysts were measured
comparatively.

SEAS of the catalyst can be calculated from the charge transfer
(QH, mC mg−1 Pt) for the hydrogen adsorption [33] or desorp-
tion [32] in the hydrogen region (0.05–0.4 V, corresponding to the
hatched parts in Fig. 3.) of cyclic voltammograms. We choose the
average of them here in order to reduce the experimental error.
The constant for SEAS calculation is 0.21 mC cm−2 [33] and then the
value of the SEAS is obtained from: SEAS = QH/0.21.

Fig. 3 shows the CVs of the Pt/C and PtNi(7:3)/C measured in
0.5 mol L−1 H2SO4 aqueous solution at a scan rate of 0.1 V s−1. By
calculation, the SEAS of Pt/C and PtNi(7:3)/C are 17.26 m2 g−1 Pt and
16.55 m2 g−1 Pt, respectively. The result indicates that the two cat-
alysts have the similar SEAS. On the other hand, the theoretical Pt
metal loading of PtNi(7:3)/C is only 88.6% that of Pt/C. PtNi(7:3)/C
with less SEAS, however, has a higher electrocatalytic activity toward
BH4

− electrooxidation due to the addition of Ni. Hence, the fac-
tor of electrochemical active area cannot be the key reason for the
electrocatalytic activity improvement of the PtNi(7:3)/C catalyst.

The X-ray diffraction (XRD) patterns of the Pt/C and PtNi(7:3)/C
catalysts as shown in Fig. 4 clearly demonstrate the characteris-
tic peaks of the Pt fcc structure, but no characteristic peaks of Ni
or its oxides/hydroxides are detected in PtNi(7:3)/C catalyst. This
Fig. 4. X-ray diffraction patterns of the Pt/C and PtNi(7:3)/C catalysts.
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peaks at the binding energies of 855.8 eV, and 857.1 eV are ascribed
to Ni(OH)2 and NiOOH, respectively [34].

Furthermore, with reference to Pt/C, the Pt 4f XPS spectrum
of PtNi(7:3)/C experiences peak shifts −0.4 eV both for Pt 4f7/2
(71.1 eV for Pt/C) and Pt 4f5/2 (74.4 eV), which indicates an electronic
Fig. 5. EDAX pattern of the PtNi(7:3)/C catalyst.

nd 40.17, respectively. The same trend is also shown in 2� of the
t(2 0 0) peaks [46.32 (Pt/C), 46.76 (PtNi(7:3)/C)]. The higher angle
hifts of the Pt peaks also indicate an alloy formation between Pt
nd Ni, which is the evidence that the PtNi alloy nanoparticles are
uccessfully deposited on carbon black powder (Vulcan XC-72). The
ydrogen adsorption and desorption on the surface of Pt would be
eakened by alloy formation between Pt and Ni [35], which maybe

ne reason of that the SEAS of PtNi(7:3)/C becomes smaller than that
f Pt/C (Fig. 3).

On the other hand, the angle shifts of the Pt peaks are not very
igh, i.e. 0.25 and 0.54 for Pt(1 1 1) and Pt(2 0 0) peaks, respectively.
aybe alloy formation is not the only effect approach of Ni on the

ctivity of Pt.
The average particle sizes of Pt/C and PtNi(7:3)/C catalysts from

RD patterns are about 4.9 nm and 5.0 nm, respectively, as calcu-
ated using the Debye–Scherrer Formula (Eq. (4)) [35], where the d
s average particle size, k is a constant of 0.9, � is the wavelength
f X-ray, � is the angle of (2 2 0) peak, and ˇ1/2 is the peak width at
alf height.

= k�

ˇ1/2 cos �
(4)

The average particle sizes between Pt/C and PtNi(7:3)/C catalysts
re almost similar, indicating that the particle size effect of catalyst
annot account for the higher electrocatalytic activity of PtNi(7:3)/C
n comparison to Pt/C.

The result of the EDAX pattern of the PtNi(7:3)/C (Fig. 5) presents
he existence of Pt and Ni. It shows that the total metal loading of
tNi(7:3)/C is 23.6 wt.% and the molar ratio of Pt and Ni is 7:2.4. Both
he measured values agree mainly with the expected theoretical
nes, i.e. 20 wt.% and 7:3, respectively. The values of metal loading
nd molar ratio of Pt and Ni were obtained automatically by EDAX
ttached to SEM system, but not calculated artificially.

To further investigate the chemical properties of PtNi nanoparti-
les, XPS analyses were performed. The spectra of Pt 4f (Fig. 6) and Ni
p (Fig. 7) were mutiplely fitted with a mixed Gaussian–Lorentzian

ine shape. Table 1 shows the XPS data and the possible chemi-
al states of Pt and Ni in Pt/C and PtNi(7:3)/C catalysts. No XPS
eaks of chloride were found, showing that the chloride ions were
ompletely removed during washing.

As shown in Table 1, the content of Pt(II) in PtNi(7:3)/C is almost

he same as that in Pt/C, but the content of Pt(0) in PtNi(7:3)/C
69.0%) is 10% more than that in Pt/C (59.8%), at the same time, the
ontent of Pt(IV) in PtNi(7:3)/C (12.1%) is 10% less than that in Pt/C
23.7%). Considering the content of Pt in total metal for PtNi(7:3)/C
88.6%), the content of Pt(0) in total metal for PtNi(7:3)/C is 61.1%
Fig. 6. Pt 4f XPS spectra of the Pt/C (a) and PtNi(7:3)/C (b) catalysts.

which is also bigger than that in Pt/C (59.8%). As a result, the higher
content of Pt(0) could be one of the reasons for a catalyst to generate
higher electrocatalytic activity. The presence of Ni oxides, such as
Ni(OH)2 and NiOOH, could result in the increase of the Pt(0) and
the decrease of Pt(IV) due to the electronic effect of Ni on Pt.

In contrast, the Ni 2p spectrum shows a complex structure with
intense satellite signals of high binding energy adjacent to the main
peaks, which may be ascribed to a multielectron excitation (shake-
up peaks) (Fig. 7.). Curve fitting of the Ni 2p signal gives different
nickel species. Considering the shake-up peaks, the Ni 2p3/2 XPS
Fig. 7. Ni 2p XPS spectra of the PtNi(7:3)/C catalyst.
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Table 1
XPS data and the possible chemical states of Pt and Ni in the Pt/C and PtNi(7:3)/C catalysts.

Sample Pt(0) Pt(II) Pt(IV) Ni (Ni(OH)2) Ni (NiOOH)

Pt/C 71.39a, 74.72 72.79, 76.12 74.73, 78.06
59.8%b 16.5% 23.7%

PtNi(7:3)/C 71.03, 74.37 72.80, 76.13 74.61, 77.94 855.7, 873.2 857.1, 874.8
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69.0% 18.9%

a B.E. in eV.
b Content percent.

tate change of Pt when it was alloyed with Ni. Most likely, Ni(0)
eplaces Pt atom and occupies the platinum lattice, which cannot be
aptured by XRD, and the metallic grains are intermixed with amor-
hous Ni hydroxides, such as Ni(OH)2 and NiOOH revealed in the
PS spectra. Peaks due to the hydroxides or oxides of Ni are not also
bserved by XRD because of their amorphous nature [36]. More-
ver, the Ni hydroxide layer has some other favorable properties,
uch as proton and electronic conductivity.

. Conclusions

Carbon-supported Pt, Ni, and PtNi alloy catalysts were prepared
y borohydride reduction method. The CVs results show that both
t and Ni have obvious electrocatalytic activity to BH4

− oxida-
ion. Among PtNi/C catalysts with different molar ratios, PtNi(7:3)/C
resents the highest electrocatalytic activity. The addition of Ni to
t/C results in the improvement of the electrocatalytic activity. PtNi
lloy formation induces the co-catalytic effect of Ni on the BH4

−

lectrooxidation. The higher content of Pt(0) in PtNi(7:3)/C could
e another reason for its higher electrocatalytic activity compared
o Pt/C.
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