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Abstract PtNi/C electrocatalysts were synthesised by boro-
hydride method on functionalised carbon support. Energy-
dispersive X-ray spectroscopy, X-ray diffraction, transmission
electron microscopy and both cyclic and linear voltammetry
were employed to characterise the composition, crystalline
structure, morphology and catalytic properties of the PtNi/C
electrocatalysts. Different Ni proportions in the PtNi/C
electrocatalysts were evaluated in the cathode or anode in a
H2/air proton exchange membrane fuel cells (PEMFC) by
polarisation curves. PtNi particles uniformly dispersed with
different proportions of metals obtained. The increase of Ni
proportion in the electrocatalyst led to materials with higher
mass activity values toward the oxygen reduction reaction
and a greater electrochemical-active surface area. PtNi/C
electrocatalysts in the cathode presented higher mass activity
values at high potential in the PEMFC. The best PEMFC
performance was obtained with PtNi 13 at.% Ni (cathode)
and Pt/C (anode) relative to the Pt/C (cathode and anode) with
identical Pt loadings. PtNi/C electrocatalysts in PEMFC may
be used as an alternative to Pt/C electrocatalyst.
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Introduction

Fuel cells are promising alternative energy sources because of
their negligible pollution generation and flexibility within

various applications. When fed with pure hydrogen fuel while
using air as an oxidant, the only reaction products are water,
heat and power. This type of system may be part of a sustain-
able cycle that uses hydrogen as a clean energy vector, which
is the basis of the hydrogen economy.

Fuel cells are devices that convert chemical energy into
electrical energy through highly efficient reduction and oxi-
dation reactions. Proton exchange membrane fuel cells
(PEMFCs) are devices that operate at low temperatures (until
80 °C). Currently, the most popular membrane used for proton
conduction is Nafion®, which is a perfluorinated polyolefin
chain with pendant sulphonic acid groups.

Many types of electrocatalysts have been described for
application in PEMFCs, but those involving platinum
nanoparticles on carbon support are the most prominent due
to their intrinsic activity and stability [1, 2]. Pt-PEMFCs show
high catalytic activity for both hydrogen oxidation reactions
and oxygen reduction reactions (ORRs) but have drawbacks
including high cost, limited availability of the noble metal and
deactivation of the catalyst by CO that may be contaminating
the hydrogen. Many researchers have focused on improving
PEMFC performance, including the use of alternative mate-
rials as electrocatalysts [3–5].

Binary or ternary alloys containing Pt are an attractive
alternative for PEMFC electrodes. This approach allows uti-
lise less platinum while maintaining the high performance of
the fuel cell [6–8]. Several alloys containing transition metals
and Pt have exhibited significantly higher catalytic activities
than pure platinum. These materials have been synthesised
with Co, Ru, Cr, Pd, W, Sn, Au and Ni [3, 7, 9–29]. These
alloys may be obtained by various methods, obtaining differ-
ent electrocatalysts in their morphologies, dispersions, com-
positions and performances [4, 12–20]. The borohydride re-
duction method has been successfully used to prepare PtNi/C
alloys with a nickel content of up to 50 at.% [11]. The
electrocatalytic activity of these materials may exceed the
activity of the Pt/C electrocatalyst when utilised in direct
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methanol oxidation [10]. PtNi/C electrocatalysts have also
proven to be more stable and active than Pt/C electrocatalyst
in the ORR [13, 19]. Several authors reported the catalytic
activity of electrocatalysts only in half-cell in acidic or basic
media. Full technological assessment of these materials re-
quires that they be evaluated in a fuel cell. To the best of our
knowledge, there are no reports comparing the performance of
a PEMFC with electrodes utilising different proportions of Ni
in PtNi/C electrocatalysts obtained by borohydride reduction
method. The aim of this work is to present the effect of Ni
proportion on the performance of the PEMFC using H2/air
and PtNi/C electrocatalysts synthesised by borohydride method
as anode and/or cathode.

Experimental

PtNi/C electrocatalysts were prepared by borohydride method
[19, 21–25] with 20 wt.% metal loading on Vulcan XC-72R
carbon (Cabot, 240m2 g−1). The precursors, hexachloroplatinic
acid (IV) hexahydrate (H2PtCl6.6H2O, Merck) and nickel (II)
chloride hexahydrate (NiCl2.6H2O, 98 %, Synth) were
dissolved in a mixture of water/isopropanol 1:1 (v /v) and the
Vulcan carbon previously treated with HNO3 was added [22].
The metals were reduced using sodium borohydride (NaBH4,
95 %, Vetec) at 25 °C for 30 min. The mixture was filtered and
the solid was washed with water and dried at 70 °C for 2 h.

The relative proportions of the Vulcan carbon, platinum
and nickel, as well as the material’s homogeneity were
obtained by energy-dispersive X-ray spectroscopy (EDX)
coupled with scanning electronic microscope on a JEOL-JSM
5800 with a 20 kV incident electron beam. The precision for
these weight ratios was ±3 %.

The crystalline structure, parameter lattice and Ni atomic
fraction of the PtNi/C electrocatalysts were obtained by X-ray

diffraction. The X-ray diffractograms were obtained using a
D500 Rigaku diffractometer (Siemens) operating at a scan rate
of 0.05° s−1 in the range of 2θ =20–90° using CuKα radiation
(1.54056 Å).

The dispersion of the metals on the carbon support and the
particle size distribution obtained by counting at least 600
nanoparticles was analysed by transmission electron micros-
copy (TEM) using a JEOL JEM 1200ExII microscope oper-
ating at 120 kV. The SigmaScan Pro 5 software was used to
analyse the dispersion.

The electrochemical measurements were performed with
an Autolab PGSTAT 30 potentiostat coupled with a GPES
module in a half-cell in a conventional three-electrode elec-
trochemical cell. A double junction saturated calomel elec-
trode was used as the reference electrode, a Pt grid was used as
the counter electrode and the synthesised electrocatalysts were
used as the working electrodes. The potentials are presented
relative to reversible hydrogen electrode (RHE). The working
electrodes were prepared using the thin porous coating tech-
nique [24, 30] with ca. 10 mg electrocatalyst, 15 mg 5 wt.%
Nafion® solution and 30 mg isopropanol and fixed onto a
glassy carbon rotating disc electrode (GCRDE). The cyclic
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Fig. 1 EDX of Pt/C (a) and PtNi/C 45 (b) electrocatalysts

Table 1 Characterisation of Pt/C and synthesised PtNi/C electrocatalysts
by EDX and DRX analyses

Electrocatalyst Metal
loading
wt.% (±3)

Ni at.%
(±3)

2θ (220)
degree
(±0.1)

a fcc Å
(±0.003)

xNi
at.%

Pt/C 20 0 67.5 3.919 0

PtNi/C 15 18 13 68.2 3.886 8

PtNi/C 25 15 24 68.7 3.861 15

PtNi/C 45 17 44 69.2 3.836 21
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Fig. 2 X-ray diffraction patterns of Pt/C and synthesised PtNi/C
electrocatalysts
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voltammetry (CV) was recorded between −0.05 and +0.95 V
RHE at a scan rate of 0.01 V s−1 in a de-aerated 0.5 mol L−1

H2SO4 solution. This cyclic voltammograms were recorded
after 30 activation cycles with the GCRDE rotating at
1,000 rpm [24]. The electrochemical active surface area
(SEAS) was calculated using the charge of hydrogen desorp-
tion from the electrode surface, assuming that the charge for Pt
is 0.21 mC cm−2 [20, 31]. The electrocatalyst’s durability
curves were determined using CVat 1,000 cycles, a scan rate
of 0.02 V s−1 and 1,800 rpm [9]. The measurement of the mass
activity for the ORRs (MAORR) was conducted in an air-
saturated 0.5 mol L−1 H2SO4 solution at room temperature
by linear voltammetrys from +0.92 to +0.61 V RHE at
1,800 rpm. The mass activity was determined using the

current values obtained at 0.85 V and normalised using the
weight of the Pt [24, 30] with a precision of ±3 %.

The PEMFC performance was evaluated using a FC5-1H
cell with a 4.84 cm2 active area and a CDR50A-2 dynamic
charge from Electrocell. PtNi/C electrocatalysts were used as
the cathode or anode while the Pt/C electrocatalyst (20 wt.%
Pt EC-20-PTC, Carbon XC-72) was held as a pattern in the
opposite electrode. The electrodes were made by brushing
technique with 0.5 mg Pt cm−2 and 30 wt.% of Nafion®.
Nafion® 117 was used as the polymer membrane and was
previously treated with H2O2 and H2SO4. The membrane–
electrode assemblies (MEAs) were prepared by hot pressing
the electrodes onto the membrane at 125 °C and 50 kgf cm−2

for 2 min. The measurements were performed using
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Fig. 3 TEM micrographs and
particle size distributions of the
PtNi/C 15 (a), PtNi/C 25 (b)
and PtNi/C 45 (c)
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independent H2 (1 bar) and air (2 bar) feeds saturated with
water at 85 °C and flowing at 100 and 500 mL min−1, respec-
tively. The PEMFC performance was evaluated at 80 °C. Each
measurement was performed at least five times and the studied
parameters were obtained with a precision of ±2 %. The
polarisation curves were not corrected for the loss of internal
resistance. The current values were expressed in Ampere per
gram of platinum (mass activity) because the Pt loading was
0.5 mgPtcm−2 for all prepared MEAs.

Results and discussion

PtNi/C electrocatalysts were synthesised by direct reduction
with sodium borohydride on functionalised carbon support.
The EDX results show that materials were produced with
metal ratios of 13, 24 and 44 at.%Ni in the total metal loading;
the materials were named PtNi/C 15, PtNi/C 25 and PtNi/C
45, respectively. The EDX spectra in Fig. 1a,b show that Pt is
present in Pt/C and coexists with Ni in PtNi/C 45 [10]. The
metal loading on the functionalised carbon support was
maintained between 15 and 18 wt.% as shown in Table 1.
The metal composition varies less than 3 % across the five
areas of each sample.

The crystalline structure, lattice parameter (a fcc) and Ni
atomic fraction in each PtNi alloy (xNi) were obtained by
X-ray diffraction and the diffractograms are shown in Fig. 2.
The diffractograms of the PtNi/C electrocatalysts show the
same characteristic peaks as Pt/C. The carbon (002) support
peak appears at 2θ =25° and the Pt peak corresponding to the
(111), (200), (220), (311) and (222) planes appear at 2θ =
39.9°, 46.6°, 67.5°, 81.8° and 86.1°, respectively [14, 19,
32, 33]. These materials show face-centred cubic (fcc) struc-
tures characteristic of Pt metal. No peaks of metallic nickel or
nickel oxides/hydroxides were observed [25] indicating the
absence of segregated crystalline Ni phases. The peaks in the
diffractograms for the PtNi/C electrocatalysts are slightly
shifted to higher 2θ values relative to the corresponding peaks
in the Pt/C electrocatalyst. The (220) peak shifts from 67.5°
(Pt/C) to 69.2° (PtNi/C 45). Therefore, all of the PtNi/C
electrocatalyst samples have the same crystalline structure
and the slight shifts indicate that alloys incorporating Ni into
the Pt crystalline structure were formed. The formation of the
PtNi alloys is in reasonable agreement with the recently re-
ported results [34].

The a fcc were calculated using the (220) peak as a refer-
ence. The obtained values (Table 1) show a decrease that was
proportional to the increase in the Ni content of the
electrocatalysts: being from 3.919 Å (Pt/C) to 3.836 Å
(PtNi/C 45). This indicates that there was a contraction of
the crystalline lattice. These results corroborate the inclusion
of Ni in the crystalline structure of Pt because Ni has a smaller
atomic radius.
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The Ni atomic fraction in the xNi is defined by Eq. 1 [19]:

xNi at:%ð Þ ¼ a0−að Þ
a0−asð Þ

� �
xs⋅100 ð1Þ

where a0 is the lattice parameter for Pt (3.919 Å), aS is the
lattice parameter for Pt3Ni (3.820 Å) with 25 % of xNi and xS
is the Ni atomic fraction (0.25) [19]. The xNi content was
calculated for every electrocatalyst (Table 1). The xNi varied
between 8 at.% (PtNi/C 15) and 21 at.% (PtNi/C 45). The
amount of incorporated Ni in the crystalline lattice is lower
than the total Ni content observed by EDX. This difference in
the Ni proportion in the samples is attributed to the formation
of amorphous metallic or oxidised Ni outside of the Pt crys-
talline structure. These electrocatalysts present a higher xNi
value than similar, previously described materials [14, 19].

The TEM analyses, as shown in Fig. 3, revealed spherical
nanoparticles uniformly dispersed across the carbon, includ-
ing metal particles (in black) and the carbon support (in grey).
The average particle size (d ) was 5.6 (PtNi/C 15) or 6.2 nm
(PtNi/C 45). Therefore, the average particle size and distribu-
tion of the metal on the carbon support were not significantly
affected by Ni proportion in the PtNi/C electrocatalysts.

Electrochemical measurements in a half-cell were used to
determine the catalytic activity of the PtNi/C electrocatalysts
in the acidic medium. The CVs of the Pt/C and PtNi/C
electrocatalysts are shown in Fig. 4.

As expected, the hydrogen adsorption/desorption on the Pt
was observed from −0.05 to +0.4 V vs. RHE. The hydrogen
adsorption/desorption peaks for the PtNi/C electrocatalysts
were not well defined. These findings validate the presence
of polycrystalline electrocatalysts with disordered surface
structures [15]. The SEAS obtained were 29 m2 g−1 Pt,
43 m2 g−1 Pt, 51 m2 g−1 Pt and 55 m2 g−1 Pt to Pt/C, PtNi/C
15, PtNi/C 25 and PtNi/C 45, respectively. These values
agreed with those found in previous reports [35]. The results
show that the SEAS increased when the Ni proportion relative
to Pt was increased from 13 to 44 at.%. As expected, the Ni
increased catalytic activity of the platinum in the hydrogen
adsoption/desorption because the Pt–Pt bond (geometric ef-
fect) distance decreases and the 5d-band vacancy of Pt in-
creases for Pt alloys (electronic effect) [36].

The electrocatalyst’s durability curves indicated that there
was no change in the shape of the voltammetric curve as
observed in Fig. 5a,b for Pt/C and PtNi/C 45. The hydrogen
adsorption/desorption peaks were observed up to 1,000 cycles.

The electrochemical active surface area decreases only ca. 6 %
after the durability tests indicating that the electrocatalysts
remain active until this point. This loss in activity may be
attributed to partial leaching of metals in the acidic medium.

The ORR is very slow and is usually the limiting step of the
redox reactions performed in fuel cells. The mass activity
values were obtained at 0.85 V potential that corresponds to
the potential of a working cathode in a fuel cell. The MAORR

Table 2 Arrangement of different PtNi/C electrocatalysts in the MEAs

MEA Pt AC PtNi 15-C PtNi 25-C PtNi 45-C PtNi 15-A PtNi 25-A PtNi 45-A PtNi 15-AC

Cathode Pt/C PtNi/C 15 PtNi/C 25 PtNi/C 45 Pt/C Pt/C Pt/C PtNi/C 15

Anode Pt/C Pt/C Pt/C Pt/C PtNi/C 15 PtNi/C 25 PtNi/C 45 PtNi/C 15
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Fig. 6 Polarisation curves (a) for the Pt AC, PtNi 15-C, PtNi 25-C and
PtNi 45-C. The Tafel plots at high potential values (b). Nafion® 117
membrane; air flow=500mLmin−1, H2 flow=100mLmin−1, PH2=1 bar,
Pair=2 bar. Fuel cell temperature=80 °C. Current i is expressed in
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were 447, 521, 764, and 1,027 A gPt
−1 for the electrocatalysts

Pt/C, PtNi/C 15, PtNi/C 25 and PtNi/C 45, respectively. There
was an increase in the MAORR values when nickel was incor-
porated into the platinum crystalline lattice. This improvement
may also be related to the atomic fraction of Ni in the PtNi
electrocatalysts because the Pt–Pt distance decreases and the
electronic state of Pt changes when the appropriate amount of
Ni is incorporated [13].

Many electrocatalysts are studied only in half-cells;
however to accurately evaluate the catalytic system, the
electrocatalysts must be assessed in a PEMFC [15, 19, 31, 35].
The MEA’s effect was analysed by the polarisation curves (E
versus i ). Different MEAs were tested to evaluate the PtNi/C
electrocatalysts as the anode and/or cathode as illustrated in
Table 2.

Analyses of the experimental polarisation curves were
performed using the semi-empirical Eq. 2 [36]:

E ¼ E0−b log i−Ri ð2Þ

where, E0=Er+b logio. Er is the reversible potential of the
fuel cell (1.229 V), b is the Tafel slope, io is the exchange
current for ORR in the electrocatalysts and R is the system’s
ohmic resistance represented by linear polarisation compo-
nents. The R includes the charge transfer resistance of the
hydrogen oxidation reaction, the ionic resistance of the electro-
lyte inside the catalyst layer and membrane, the electronic
resistance and the linear diffusion terms due to diffusion limi-
tations inside the gas diffusion layer and/or in a thin electrolyte/
water film covering the electrocatalyst particles [36]. Figure 6
shows the MEAs’ polarisation curves for the PtNi/C
electrocatalysts in the cathode and the Pt/C electrocatalyst in
the anode as well as the Tafel plots at high potentials.

Typical polarisation curves for a PEMFC with Nafion® are
displayed in Fig. 6a [28]. The PtNi 15-C MEA shows higher
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Table 3 Kinetic parameters
(E0, b , R) and i0.85 V, i0.6 V,
Pmax of different MEAs

MEA E0 b i0.85 V i0.6 V R Pmax

V mV dec−1 A gPt
−1 A gPt

−1 Ω cm2 W gPt
−1

(±0.004) (±2) (±0.2) (±2) (±0.02) (±4)

Pt AC 0.862 64 3.0 260 1.37 236

PtNi 15-C 0.894 70 13.8 368 0.94 336

PtNi 25-C 0.886 70 7.0 250 1.38 218

PtNi 45-C 0.906 67 8.8 254 1.48 212

PtNi 15-A 0.907 – – 328 1.15 276

PtNi 25-A 0.901 – – 298 1.35 232

PtNi 45-A 0.906 – – 268 1.65 198

PtNi 15-AC 0.893 69 12.6 262 1.44 218
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Pair=2 bar. Fuel cell temperature=80 °C. Inset: The Tafel plots at high
potential values. Current i is expressed in Ampere per gram of platinum
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values for the limiting current and a better performance than
the MEAs samples containing PtNi/C or Pt/C in the cathode.
In the activation-controlled region (0.75–0.95 V; Fig. 6b), the
presence of Ni in the crystalline lattice directs the platinum’s
catalytic activity toward the oxygen reduction reaction
and produces higher mass activity values. The PtNi/C
electrocatalysts may promote lower adsorption strengths for
the oxygenated intermediate species on the Pt surface and
lower Pt–O coverage due to the faster Pt–O reduction. In
addition, Pt–OHad formation is inhibited on Pt sites by the Ni
oxides [19, 37]. The electrode’s kinetic parameters were
obtained from the experimental results reported in Figs. 6
and 7 and are presented in Table 3.

The increase in the E 0 values for nickel-containing
electrocatalysts is caused by the improved reaction kinetics.
The Tafel slope (b ) values are near 70 mV dec−1, which is the
expected value for the ORR on Pt alloy electrocatalysts as
previously reported [38]. The increased catalytic activity to-
ward the ORR may also be observed by the mass activity at
0.85 V (i0.85 V). As expected, Ni incorporated in the platinum
crystalline lattice seems to favour the ORR but not in the same
way as was observed in the half-cell. Interestingly, the best
result found in the PEMFC at 0.85 V was using the PtNi 15-C
MEA and not the PtNi 25-C or PtNi 45-C MEAs because to
maintain the equivalent amounts of platinum in the PtNi/C 25
and PtNi/C 45 required a larger amount of electrocatalyst.
These thicker MEAs increase the resistance of the electrode.
This behaviour may be confirmed by the R values that in-
crease with increasing Ni proportion and therefore with the
increasing amount of electrocatalyst in the MEAs. Conse-
quently, these features imply that the performance of the
electrocatalyst in the PEMFC depends on the Ni proportion
and on the MEA preparation method. Furthermore, the mass
activity values at 0.6 V (i0.6 V), which represents the effect of
the ion flow through the electrolyte and the electron flow in
the electrode were higher to the PtNi 15-C MEA as well as
observed at 0.85 V. The PtNi 15-C MEA provided better
results because it exhibits higher mass activity, minor ohmic
resistance and, therefore, higher maximum power values rel-
ative to the other PtNi/C electrocatalysts and the Pt/C
electrocatalyst.

Figure 7 shows polarisation curves for the MEAs with the
PtNi/C electrocatalysts in the anode and the Pt/C electrocatalyst
in the cathode. The PtNi 15-A MEA also shows higher values
for the limiting current and a better performance than the MEA
samples containing PtNi/C or Pt/C in the anode. The mass
activity at 0.6 V are 328, 298 and 268 A gPt

−1 for the PtNi
15-A, PtNi 25-A and PtNi 45-A, respectively. With respect to
the electrocatalysts based on PtNi/C, the Ni modifies the elec-
tronic structure of Pt improving the hydrogen oxidation reac-
tion [39]. However, to optimise the use of Ni-based
electrocatalysts, the influence of the proportion and amount of
electrocatalyst in the anodemust be considered. Similar to what

was observed at the cathode when increasing the amount of
electrocatalyst at the anode, the electrode resistance increases
and therefore reduces the maximum power of the PEMFC.

Figure 8 shows the PEMFC performance of the PtNi 15-AC
MEA that contains the PtNi/C 15 electrocatalyst in both elec-
trodes. The PEMFC of the PtNi 15-AC MEA produced lower
values of the limiting current. The PtNi 15-AC MEA might
maintain the i0.85 V (12.6 A gPt

−1), E0 (0.893 V) and b
(69 mV dec−1) values, similar to PtNi 15-C MEA, indicating
that using the PtNi/C 15 in the anode did not affect the
ORR. However, the PEMFC of the PtNi 15-AC MEA pro-
duced lower i0.6 V value and maximum power than of the PtNi
15-A or PtNi 15-C MEAs. Therefore, the electrode resistance
begins to influence the system because the R value was
increased.

Conclusion

PtNi/C electrocatalysts were prepared by the borohydride
method on a functionalised carbon support and proven effec-
tive in the cathodes or anodes of PEMFCs. Homogeneous
distribution of the PtNi on the carbon support and different Ni
proportion were obtained. The PEMFC performance was
evaluated using PtNi/C 15 in the anode or cathode producing
higher mass activity values than were observed with the Pt/C
electrocatalyst. The maximum power also increased in the
systems that contained the PtNi/C 15 electrocatalyst in the
cathode relative to the Pt/C electrocatalyst. The electrocatalyt-
ic performance in the fuel cell depends on Ni proportions in
the electrocatalysts and on the MEA preparation method. The
PEMFC performance was enhanced when PtNi/C
electrocatalysts were used; this effect is important by itself
and has a secondary benefit: the reduction of costs because the
noble metal (Pt) was partially replaced with a less expensive
one (Ni).
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