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a b s t r a c t

At present study, carbon nanotube-graphene (CNT-G) supported PtAu, Au and Pt catalysts were prepared
by microwave-assisted synthesis method to investigate the direct liquid-fed sodium borohydride/
hydrogen peroxide (NaBH4/H2O2) fuel cell performance. Prepared catalysts were characterized by TGA,
XRD, TEM, ICP-OES, cyclic voltammetry and rotating disc electrode (RDE) voltammetry. The catalysts
were tested in a single NaBH4/H2O2 fuel cell with 25 cm2 active area to evaluate fuel cell performance.
The effects of temperature and fuel concentration on fuel cell performance were examined to observed
best operating conditions. As a result of direct NaBH4/H2O2 fuel cell experiments, maximum power
densities of 139 mW/cm2, 125 mW/cm2 and 113 mW/cm2 were obtained for PtAu/CNT-G, Au/CNT-G and
Pt/CNT-G catalysts, respectively. PtAu/CNT-G catalyst showed the enhanced NaBH4/H2O2 fuel cell per-
formance, which was higher than the Pt/CNT-G catalyst and Au/CNT-G catalyst at 50 �C. The enhanced
NaBH4/H2O2 performance can be attributed to synergistic effects between Pt and Au particles on CNT-G
support providing a better catalyst utilization and interaction. These results suggest that the prepared
PtAu/CNT-G catalyst is a promising anode catalyst for NaBH4/H2O2 fuel cell application.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Proton exchange membrane fuel cell (PEMFC) using high purity
hydrogen gas as fuel is not widely commercialized due to the limi-
tations imposed by the transport and storage safety of hydrogen gas.
Therefore, liquid fuels such as methanol, ethanol, propanol, ethylene
glycol and diethyl ether offer better safety in transportation and
storage for PEMFC [1,2]. Direct liquid sodium borohydride (NaBH4)
fuel cells have advantages over other gas-fed fuel cells due to the
high theoretical cell voltage, high power density, high energy den-
sity, easy refueling ability, harmless to the environment, quick
response properties and simple system design [3]. In addition to the
studies on fuel cell fuels, researches on liquid oxidants have
increased in recent years. Hydrogen peroxide (H2O2) is well-known
oxidizer used in the application of air independent propulsion (AIP).
Especially, H2O2 based fuel cell is an ideal solution for space or
submarine power applications [4]. H2O2 is the environmental
rim).
friendly chemical, it can be produced in high volume with very low
cost, and it is easy to store and transport [5]. Since H2O2 reduction in
fuel cells has a lower activation barrier and faster kinetics compared
to four-electron oxygen (O2) reduction, it is easier to reach higher
power densities thanH2eO2 fuel cells [6]. The theoretical cell voltage
of direct liquid feed NaBH4/H2O2fuel cells can increase up to 3 V
which exceeds cell voltages of H2eO2 fuel cells. In this way, fuel cells
can be operated at higher voltage than pure H2 feed PEMFC [7].
However, there are still some basic problems inNaBH4/H2O2 fuel cell.

The complete oxidation of and reduction of takes place anode
and cathode side is given Equation (1) and Equation (2), respec-
tively [8].

BH4
�þ 8OH� / BO2

� þ 6H2O þ 8e� (1)

H2O2 þ 2Hþ þ 2e� / 2 H2O (2)

However, in actual applications there are undesirable reactions
that compete at each electrode. If the borohydride hydrolysis re-
action occurs less than eight electrons are exchanged, and low cell
performance is achieved (Equation (3) and Equation (4)) [9].
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BH4
�þH2O /BH3OH�þ H2 (3)

BH3OH�þ H2O /BO2
�þ 3H2 (4)

Additionally, the released H2 can adsorb to the catalyst surface.
As a result, H2 can prevent ion transport in the active areas of the
catalyst and reduce electrode activity.

One of the important parameters to overcome the limitations of
the NaBH4/H2O2 fuel cell is to develop suitable anode catalyst that is
electrochemically active for borohydride oxidation and is not
suitable for hydrolysis of borohydride to H2 [10]. Catalyst such as Pt
[11], Pd [12], Au [13e15], Ag [16], Co [17], Ni [18] and Os [19] have
been extensively investigated for NaBH4 electro-oxidation. The use
of noble metals is more advantageous because of their high cata-
lytic activity against NaBH4 oxidation. Among the noble metals, Pt
is the best choice with activity compared to others. Oh et al. [20]
investigated the effect of various catalysts such as Pt, Au, Pd, Ni, and
Cu supported on multi-walled carbon nanotubes on NaBH4 oxida-
tion and H2O2 reduction and compared their activity by fuel cell
performance tests. The catalytic activity of the anode catalysts on
NaBH4 decomposition was observed in the following order:
Pt > Pd > Ni > Cu > Au. However, carbon supported Pt has low
performance in NaBH4/H2O2 fuel cell applications. Oxidation of
NaBH4 ions in the presence of Pt catalyst is complicated by oxida-
tion of the intermediates and hydrolysis reaction [21]. To improve
the performance of NaBH4/H2O2 fuel cell, the development of
bimetallic PteM (M ¼ Au, Pd, Ru, Bi, etc.) catalysts has been
recognized as an effective strategy. Among them Au is a good
candidate for preparing Pt based bimetallic catalyst due to the
efficient NaBH4 oxidation [22,23]. Synergic interaction between Pt-
based bimetallic nanoparticles such as PtAu have been documented
for different application [24e26]. Nonetheless, Carbon Nanotube-
Graphene (CNT-G) supported PtAu bimetallic catalysts have not
been investigated for NaBH4/H2O2 fuel cells.

One of the important points in the development of fuel cell
catalyst is the use of suitable catalyst support material. The support
materials used in the fuel cell must have high electrochemical
stability, large surface area and corrosion resistance [27,28]. Various
types of carbon based materials have been used as supports in
PEMFCs including carbon black (CB) [29,30], graphene [31,32],
graphene oxide [33,34], carbon nanotubes (CNTs) [35e38], carbon
aerogel (CA) [39] and etc. Among them, there are several advan-
tages in using graphene as catalyst supports due to its structural
properties, high surface areas and superior properties [40e44].
Ishikawa et al. [28] showed that PtAu/graphene exhibited enhanced
electrocatalytic activity for formic acid oxidation compared to Pt/C
catalyst. However, when graphene is used as support material, the
problem of re-stacking of graphene layers is encountered. This
problem affects the distribution of the catalyst on the support
material and its performance in the fuel cell applications [45]. One
of the promising solutions is to prevent the re-stacking of the
graphene layers with another support material used with gra-
phene. The hybrid support materials aremore effective than single-
supported catalysts or composite catalysts due to the high active
area. Alpaydin et al. [46] investigated the effect of CNT and gra-
phene hybrid catalyst supports on the performance on PEMFC and
the results showed that the CNT and graphene hybrid catalyst is a
better support material than the carbon black. Inclusion of CNT in
graphene decreases the adhesion of graphene layers by increasing
p - p interactions and consequently helps increase the electro-
catalytic activity by providing more dispersed Pt nanoparticles to
be loaded on the support material. Therefore, the use of new
catalyst and electrode systems for NaBH4/H2O2 fuel cell is the most
critical factor affecting the cell performance and thus the final
conceptual design. In this regard, it is expected that graphene based
1352
composite material may be used as a support material for the next
generation catalysts in fuel cells.

Considering all these approaches, in this study, CNT-G hybrid
support material was selected to be used as support material for Pt
and Au based bimetallic catalyst for the NaBH4/H2O2 fuel cell
application. To our knowledge, no studies have been conducted to
investigate the use of CNT-G as a support material for the PtAu
bimetallic catalyst for direct feed NaBH4/H2O2 fuel cell application.
The CNT-G supported catalysts were characterized by XRD, TGA,
TEM, ICP-MS and their electro-catalytic behavior was evaluated
using cyclic voltammetry and RDE voltammetry. To observe the
suitability of the catalysts, they were evaluated by direct liquid feed
NaBH4/H2O2 fuel cell tests.

2. Experimental

2.1. Materials

H2PtCl6$6H2O and HAuCl4$3H2O precursors were purchased
from Sigma-Aldrich ® and used as received. CNT-G hybrid support
material was purchased from Nanografi (Turkey). H2O2 and NaBH4

were purchased from Sigma-Aldrich (USA). Since both chemicals
and solvents have high-grade reagents, they were used without
further purification. The commercial carbon paper Gas Diffusion
Layer (GDL) was supplied from Freudenberg (Germany). The
commercially available Pt/C (40 wt % Pt, Johnson Matthey, UK)
catalyst was used as cathode catalyst. Nafion® 115 membrane was
purchased from Fuel Cell Store (USA). Nafion solution (LIQUION™
Solution, 15 wt %) was obtained from Ion Power Inc. (Delaware,
USA). High-purity N2 gas was supplied from Linde gas (Turkey).

2.2. Catalyst preparation

PtAu (1:1)/CNT-G catalyst with 30 wt % metal loading was
prepared according to the NaBH4 chemical reduction method [47].
Firstly, 25 mg of CNT-G was dispersed in 10 mL DI water by ultra-
sonic mixing for 10 min. Simultaneously, 14 mg of H2PtCl6$6H2O
was dispersed in 15 mL DI water for 10 min by ultrasonic bath.
Then, these two solutions were stirred ultrasonically for 15 min.
3 mL of NaBH4 was added to the resulting solution and stirring was
continued for a further 20 min. After this step, 10.65 mg of
HAuCl4$3H2O was added to the solution and stirring was continued
at room temperature for 20min. The resulting mixturewas filtered,
washed with deionized water and dried in an oven at 80 �C during
overnight.

As a typical process for the synthesis of Au/CNT-G catalyst with
the Au loading of 30 wt %, 25 mg CNT-G was dispersed in a mixture
of 10 mL DI water and with ultrasonic bath for 10 min. After 10 min,
the solution was added into the 3 mL 0.1 M NaBH4 solution and
ultrasonic treatment was applied for 30 min. Then 22 mg
HAuCl4$3H2Owas added in this solution. The resultant mixturewas
mixed ultrasonically during 20 min at room temperature. Finally,
the resulting mixture was filtered, the solids washed with distilled
water and oven dried at 80 �C overnight. For comparison, Pt/CNT-G
catalyst was prepared by microwave synthesis according to our
previous study [45].

2.3. Characterization

X-ray diffraction (XRD) patterns were recorded on a Rigaku
Ultima-IV device using Cu Ka1 (l ¼ 1.5406 oA) as the radiation
source which is operating at 20e60 kV and 2e60 mA. The thermal
gravimetric analysis of the catalysts were studied by Thermal
Analyzer (Perkin Elmer Pyris 1) in the range of 100e900 �C with a
heating rate of 10 �C/min under the air. The homogeneity and size
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of the metal particles over the supports were characterized by JEOL
2100 JEM TEM instrument working at high-resolution (HR) mode.
The metal contents of the catalyst were determined by Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES, Perki-
nElmer Optima 4300DV).

2.4. Electrochemical characterization

The prepared catalysts were electrochemically characterized in
a standard three-electrode with a potentiostat (Wonatech ZIVE-
SP2) at room temperature. A glassy carbon (GC) disk with an area
of 0.07 cm2 was used as working electrode. Ag/AgCl filled with
saturated KCl solution and a graphite rod served as reference and
counter electrodes, respectively. The catalyst ink for working elec-
trodewas prepared bymixing the required amounts of the catalysts
with deionized water, 1,2-propandiol, and 15% Nafion® solution.
The ink was mixedwith ultrasonic bath, then 2 mL ink loaded on the
working electrode at the desired catalyst loading (21 mg/cm2) and
dried in air overnight. Prior to the experiments the electrolyte so-
lution was purged for 15 min with N2 to remove any O2. The cyclic
voltammetry experiments were performed at room temperature
with 100 mV/s between �0.25e1.2 V in 0.1 M HClO4 solution.
Electrochemical active surface area (ECSA) of the catalysts were
determined before and after the degradation tests [48]. To deter-
mine the borohydride electro oxidation reaction activity, cyclic
voltammetry (CV) curves were plotted at a potential range
from�1.2 to 0.6 V in a solution of containing 0.03MNaBH4 solution
in 2 M NaOH at 25 �C with a scan rate of 0.1 V/s. RDE technique was
applied to determine the BOR kinetics of the prepared catalysts.
RDE voltammetry experiments were performed at a 20 mV/s po-
tential sweep rate in 0.12 M NaBH4 þ 2 M NaOH solution with
different rotation rates.

2.5. Performance tests

The catalysts were used at the anode side of the direct NaBH4/
H2O2 fuel cell. The commercial Pt/C catalyst was selected as cathode
side catalyst. The catalyst ink was composed of 70 wt % catalyst and
30 wt % Nafion (on dry basis) in a solution of 1:7 ratio of water:2-
propanol. The catalyst ink was sprayed onto the gas diffusion
layer at 80 �C by the Sono-Tek ‘Exacta-coat’ ultrasonic spray coating
instrument to prepare the gas diffusion electrodes (GDE) with
0.5 mg/cm2 catalyst loading and 25 cm2 active area [49]. Finally,
MEA was prepared by pressing these GDEs onto the Nafion 115
membrane at 130 �C, 688 N/cm2 for 3 min [49].

Scheme 1 shows the direct NaBH4/H2O2 feed fuel cell test station
flow scheme. The flow channel of the anode and cathode side was
serpentine type. Sodium hydroxide (NaOH) and hydrochloric acid
(HCl) were used for the stabilization of the fuels. The anode side
reactant and cathode side oxidant were composed of 2 M NаBH4 in
6 M NаOH and 2 M H2O2 in 1 M HCl, respectively. The fuel and
oxidant tanks were stored in special containers equipped with
temperature control. Each fuel was supplied at a rate of 10 mL/min.
The fuel cell was operated at 1 V until it came to steady state. After
steady state was achieved, starting with the OCV value, the current-
voltage data were logged by changing the current set of the elec-
tronic load. The current and voltage values were monitored and
logged throughout the operation with test station software.

3. Result and discussion

3.1. Characterization of CNT-G supported catalysts

Thermal gravimetric analysis (TGA) of the catalysts were per-
formed to identify the thermal behavior of the catalysts. As seen
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from Fig. 1 the CNT-G support was completely oxidized and evap-
orated from the sample and the weight loss wasmeasured. The first
loss region between 100 and 200 �C could be related to the elimi-
nation of volatile materials. The second weight loss between 200
and 400 �C was explained by the decomposition of carboxyl and
hydroxyl groups fixed on the CNT surface. The weight loss was very
profound from ~400 to 650 �C. After the loss of carbon support, the
steady value of weight in TGA plot indicates the weight percentage
of metal present in the catalyst. TGA results in air atmosphere
showed that themetal loading over the CNT-Gwere 30, 26wt % and
25% for Au/CNT-G, PtAu/CNT-G and Pt/CNT-G catalysts, respectively.
The metal content of the prepared catalysts was also confirmed by
ICP-OES analysis.

XRD patterns of the prepared catalysts are given in Fig. 2. In all
diffractograms can be clearly seen a broad peak at about 25.7�

associated with the CNT-G support [22,50]. The X-ray diffraction
measurements for Au/CNT-G, PtAu/CNT-G electro catalysts showed
five peaks, which were associated with the planes of the face-
centered cubic (fcc) structure characteristic of Au. For Au/CNT-G
electro catalyst it was observed five peaks at approximately
2q ¼ 38.11�, 44.30�, and 64.55�, 77.57� and 81.84� which were
associated with the (111), (200), (220), (311) and (222) planes,
respectively, of the face-centered cubic (fcc) structure characteristic
of Au and Au alloys. Au fcc peaks appeared at 38.09� for (111),
44.35� for (200), 64.56� for (220), 77.47� for (311) and 81.77� for
(222) planes for PtAu/CNT-G catalyst. For PtAu/CNT-G electro-
catalysts the diffraction peaks of the fcc phase were slightly shifted
compared to Au/CNT-G electrocatalyst, which indicates some lat-
tice expansion and that part of Au atoms could be incorporated into
the Pt lattice. The assignment of the main Pt diffraction peaks at
39.81� (111), 46.15� (200) and 67.37� (220) reveal that Pt was
crystallized in a fcc structure [51].

The mean crystallite size of the catalyst was obtained from XRD
analysis using the (220) reflections of the fcc structure according to
the Debye-Scherrer equation [44]:

D¼ 0:9� l

B� cosq
(5)

where D is the crystallite size (nm), l is the wavelength of x-ray
diffraction (0.154 nm), B is a full width at half maximum (FWHM)
(radians), q is the angle at the maximum of the peak (radians). The
crystallite sizes were determined as 6.94, 8.13 and 2.28 nm for
PtAu/CNT-G, Au/CNT-G and Pt/CNT-G catalysts, respectively.

Fig. 3 shows the typical TEM images of the Au/CNT-G and PtAu/
CNT-G catalysts. As is seen from TEM images the successful
attachment of Pt and Au on the CNT-G and state of dispersion was
proved. From the TEM images of PtAu/CNT-G catalyst, it was
determined that Pt and Au particles were homogeneously distrib-
uted on CNT-G support material and had an average particle size of
7.05 nm. A homogeneous particle distribution was determined due
to the good interaction of Pt particles with Au particles and syn-
ergistic interaction. When the TEM images of Au/CNT-G catalyst
and PtAu/CNT-G catalysts were compared, it was determined that
the Au/CNT-G catalyst had a bigger average particle size of 8.38 nm.
The Au particles were also clearly visible without agglomeration.

The mean particle sizes of the catalysts were also calculated
with Sauter mean diameter formula from TEM results [52]:

d32 ¼
Pn

i¼1nid
3
iPn

i¼1nid
2
i

(6)

where ni: number of particles in size range i, di: diameter of the
particle in size range i which calculated from TEM analysis. Table 1
shows the comparison of the average crystallite size, average



Scheme 1. Direct NaBH4/H2O2 fuel cell test station flow scheme.

Fig. 1. TGA and DTG curves of a) Au/CNT-G, b) PtAu/CNT-G and c) Pt/CNT-G catalysts.
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particle size and mean particle size of the CNT-G supported
catalysts.

Fig. 4 shows the XPS spectra of the prepared catalysts. As seen
from Fig. 4, Pt 4f and Au 4f XPS spectra of Pt/CNT-G catalysts
represent two pairs of peaks from spin�orbital splitting of 4f7/2 and
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4f5/2. The peaks at 71.7 and 74.8 eV could be assigned to Pt 4f
spectra, while the peaks at 84.3 and 87.6 eV correspond to Au 4f
binding energies for PtAu/CNT-G catalyst. From the XPS analysis, it
could be examined that the Pt 4f binding energies was shifted to a
higher peak value for the PtAu/CNT-G bimetallic catalyst as



Fig. 2. XRD patterns of Pt/CNT-G, PtAu/CNT-G and Au/CNT-G catalysts.

Fig. 3. TEM images and particle size histogram of a,b,c) Pt/CNT-G, d,e,f) Au/CNT-G, g,h,i) PtAu/CNT-G catalysts.
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Table 1
Average crystallite size, mean and average particle size of the CNT-G supported catalysts.

Catalyst Average crystallite size by XRD (nm) Average particle size by TEM (nm) Mean particle size by TEM (nm)

PtAu/CNT-G 6.94 7.05 7.47
Au/CNT-G 8.13 8.38 8.61
Pt/CNT-G 2.28 2.31 2.56

Fig. 4. XPS spectra of the a) PtAu/CNT-G, b) Au/CNT-G and c) Pt/CNT-G catalysts.
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compared to the positions displayed for Pt/CNT-G catalyst. The Pt 4f
spectra of the Pt/CNT-G catalyst show the usual spineorbit
splitting into a 4f5/2 peak at 74.6 eV and a 4f7/2 peak at 71.5 eV. The
increase in the Pt binding energy for the PtAu/CNT-G catalyst
suggests electron transfer from Pt to Au, that can be related to the
electronic interaction between Pt and Au atomic orbit and alloy
formation [53]. The Auo 4f binding energies of the Au/CNT-G
catalyst features the usual spineorbit splitting into a 4f5/2 peak at
87.8 eV and a 4f7/2 peak at 84.1 eV. Similarly, Pt spectra, the Auo 4f
binding energies of Au/CNT-G catalyst shifting to a lower binding
energy as compared to the position displayed for of PtAu/CNT-G
catalyst.
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3.2. Electrochemical measurements of the catalysts

Electrochemical measurements were performed to evaluate
ECSA of catalysts. Fig. 5 displays the CV curves of the prepared
catalyst. The proton desorption peaks occurred in the potential
range from �0.2 to 0.1 V vs. Ag/AgCl and were used to measure the
ECSA.

In the forward scan, PtAu/CNT-G and Pt/CNT-G catalysts have
characteristic peaks between�0.25 and 0.1 V corresponding to Had/
Hde followed by the “double-layer” region. The potential range from
0.1 to 0.3 V corresponds to the charge of the double layer by the
oxygenated groups on the carbon support surface. The strong



Fig. 5. CV curves of a) PtAu/CNT-G and Pt/CNT-G catalysts, b) Au/CNT-G catalyst in 0.1 M HClO4 solution.

A. Uzundurukan, E.S. Akça, Y. Budak et al. Renewable Energy 172 (2021) 1351e1364
reduction peak at between 0.3 and 0.7 V vs. Ag/AgCl corresponding
to formation and reduction of PtAu alloy. The small oxidation peak
at 0.3 V vs. Ag/AgCl, which was attributed to the formation of gold
oxides or adsorption of OH� species on the gold surface. The oxygen
reduction peak at 0.38 V in Fig. 4 clearly suggests that the PtAu/
CNT-G was more electroactive towards the oxygen reduction
compared with Au/CNT-G. The ECSAwas calculated using Equation
(7) [48].

ECSA
�
cm2

g
ofmetal

�
¼

QH

�
mC
cm2

�

K
�

mC
cm2

�
� CL

�
gmetal

�
m2

� (7)

Where QH is the charge of H2 desorption, CL is the catalyst loading
(g/m2) and K is the conversion factor (KPt: 210 mC/cm2 [54] KAu:
1357
386 mC/cm2 [55] and KPtAu ¼ 298 mC/cm2). The electroactive surface
area of the Pt/CNT-G, PtAu/CNT-G and Au/CNT-G catalysts were
observed as 92, 25 and 6.5 m2/gmetal, respectively.

Fig. 6 compares cyclic voltammograms of the PtAu/CNT-G, Au/
CNT-G and Pt/CNT-G catalysts in the solution containing 0.03 M
NaBH4 þ 2 M NaOH at room temperature and at the scan rate of
10mV/s. From the Fig. 6, it can be seen that the CVvoltammograms of
Au/CNT-G, PtAu/CNT-G and Pt/CNT-G are similar, which means that
these catalysts have similar reaction mechanisms for BOR electro-
catalysis. Catalysis of the borohydride oxidation via the eight elec-
trons reaction without BH4

� hydrolysis is the most important
challenge to development of electro catalysts. In the positive sweep,
all catalyst show a broad oxidation peak (peak a1), which can be
attributed to the direct, potentially eight electron oxidation of BH4

�

[56]. The peak a1 for Au/CNT-G catalyst was observed to the potential
at about �0.2 to 0.2 V. According to the literature, this peak could be



Fig. 6. Cyclic voltammograms of the PtAu/CNT-G, Au/CNT-G and Pt/CNT-G catalysts in the solution containing 0.03 M NaBH4þ2 M NaOH at room temperature and at the scan rate of
20 mV/s.
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attributed to the direct, potentially eight-electron, oxidation of BH4
�

[57]. ComparedwithAu/CNT-Gcatalyst, peak a1’ and a100 of PtAu/CNT-
G and Pt/CNT-G catalysts shifted to a more negative potential [58].

Fig. 6 also shows a wide oxidation peak (a2) for Au/CNT-G
catalyst, which could be due to the oxidation of reaction in-
termediates on the partially oxidized catalyst surface. Gyenge
examined the Pt and Au electrodes for direct borohydride fuel cell
and found similar results for oxidation peak [59]. The highest cur-
rent densities for BH4

� oxidation were obtained on PtAu/CNT-G
catalyst (a2’) suggesting an enhanced catalytic activity than Au/
CNT-G (a2) and Pt/CNT-G (a200) catalysts due to the synergistic
interaction between Pt and Au particles on CNT-G support. During
the reverse sweep, an anodic peaks (c2, c2’ and c200) corresponds the
adsorbed BH3OH�, which might be seen as an intermediate during
the oxidation of BH4

� obtained during the direct sweep. Similar
peaks were obtained from Liu et al. [32].

RDE technique was applied to examine the BOR kinetics of the
catalysts. Koutecky-Levich equation was used to calculate the
number of exchanged electrons (n) involved in borohydride
oxidation (Equation (8)) [60].

1
j
¼ 1
jK

þ 1
jL
¼ 1

jK
þ 1

0:62nFD
2
3Cn�1

6u
1
2

¼ 1
jK

þ 1

Bu
1
2

(8)

where j is the measured current density, jL is the diffusion con-
vection limit current density and jk is the kinetic-controlled current
density, n is the transfer electron number of BOR, F is the Faraday
constant (96,485 C mol�1), D is the electrolyte solution diffusion
coefficient (1.35 � 10�5 cm2 s�1) [61], C is the volumetric concen-
tration of the electrolyte solution (mol L�1), n is the kinetic viscosity
of the solution (0.0114 cm2 s�1) [62], u is the angular velocity of the
RDE rotation.

Fig. 7 illustrates the parallelism of Koutecky-Levich plots for
different potentials. As seen from Fig. 7 the onset for BH4

� oxidation
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is at about �0.65 V vs. Ag/AgCl, and the currents increase with the
increase of rotation rate for Au/CNT-G catalyst. Similar results are
found Yi et al. for Au/C catalyst [63]. The apparent number of
electrons involved in BH4 electrooxidation at the Au/C, PtAu/CNT-G
and Pt/CNT-G electrodes were calculated as nAu/C ¼ 8, nPtAu/CNT-

G ¼ 7 and nPt/CNT-G ¼ 7.4 respectively.

3.3. NaBH4/H2O2 fuel cell tests

3.3.1. Effect of temperature
Operating temperature is an important parameter to avoid

performance losses in fuel cell. However, it is important to deter-
mine the optimum cell working temperature, since increasing the
operating temperature greatly increases the hydrolysis of NaBH4
and decomposition of H2O2. To investigate the effect of the catalysts
on NaBH4/H2O2 fuel cell performance, membrane electrode as-
semblies using Nafion 115 membrane solution containing 2 M
NaOH at 25 �C.

Fig. 8 presents the NaBH4/H2O2 polarization curves and the
corresponding power density curves by employing the PtAu/CNT-G
as the anode catalyst with 2 M NaBH4 in 6 M NaOH as anode side
reactant and 2 M H2O2 in 1 M HCl as cathode side oxidant at
25e50 �C working temperatures. For comparison, the temperature
effect on the performance of Au/CNT-G and Pt/CNT-G catalysts were
also examined.

Table 2 shows the comparison of the OCV and the peak power
density of the prepared catalyst. The OCV values of the NaBH4/H2O2

fuel cell using PtAu/CNT-G as catalyst were observed 1.65, 1.7 and
1.75 V at 25, 40 and 50 �C, respectively. The highest OCV values
were obtained for PtAu/CNT-G catalyst at all temperature. The cell
performance was improved with increasing working temperature
as expected. The highest power density was observed for PtAu/
CNT-G based MEA as 103, 118 and 139 mW/cm2, at 25, 40 and
50 �C, respectively. The maximum power density was observed for



Fig. 7. RDE voltammogram curves of (a) PtAu/CNT-G, (b) Au/CNT-G and c) Pt/CNT-G with different rotation rates in 0.12 M NaBH4 þ 2 M NaOH at the scan rate of 20 mV/s.
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Fig. 8. Cell polаrizаtion аnd power density curves of a) PtAu/CNT-G b) Au/CNT-G and c)
Pt/CNT-G catalysts temperatures ranging from 25 to 50 �C (Anolyte:
2 M NаBH4 þ 6 M NаOH; Cаtholyte: 2 M H2O2 þ 1 M HCl).

Table 2
Comparison of the OCV and peak power density of the prepared catalyst.

Catalyst OCV (V) Peak power density (mW/
cm2)

25 (�C) 40 (�C) 50 (�C) 25 (�C) 40 (�C) 50 (�C)

PtAu/CNT-G 1.65 1.70 1.75 103 118 139
Au/CNT-G 1.55 1.65 1.72 97 106 125
Pt/CNT-G 1.52 1.64 1.70 90 104 113
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Au/CNT-G based MEA as 97, 106 and 125 mW/cm2, at 25, 40 and
50 �C, respectively. Under the same fuel cell working conditions,
the highest performance for Pt/CNT-G catalyst was achieved as 90,
104 and 113 mW/cm2, at 25, 40 and 50 �C, respectively. Although
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PtAu/CNT-G catalyst has lower ECSA than Pt/CNT-G catalyst, it was
shown the most efficient catalyst among the other prepared cata-
lysts for NaBH4/H2O2 fuel cell. The enhanced fuel cell performance
could be attributed to synergistic effects between the PtAu bime-
tallic catalyst and the CNT-G support material [46]. It is observed
that the performance of all catalyst was increased by increasing the
temperature for all catalyst. The increase in NaBH4/H2O2 perfor-
mance at higher temperatures can be attributed to the enhanced
kinetics of both the anodic and cathodic reactions [64e66].
3.3.2. Effect of NaBH4 concentration
The effect of NaBH4 concentration on NaBH4/H2O2 fuel cell

performance of the PtAu/CNT-G catalyst at 50 �C is shown in Fig. 9.
When the NaBH4 concentration was 0.5, 1, 2 and 3 M, the highest
power density was 107, 116, 139 and 125 mW/cm2, respectively.
Borohydride oxidation rate increases with increasing NaBH4 con-
centration and the best fuel cell performance was achieved with
2 M NaBH4. However, excessive concentration decreases perfor-
mance by increasing NaBH4 cross over and increasing borohydride
hydrolysis [64].
3.3.3. Effect of H2O2 concentration
To study the influence of H2O2 concentration on the NaBH4/

H2O2 performance, the working temperature was kept at 50 �C and
the current-voltage and current-power polarization curves of a
NaBH4/H2O2 under different H2O2 concentrationwere investigated.
Fig. 10 shows the effect of H2O2 concentration on NaBH4/H2O2 fuel
cell performance at 50 �C.

As shown in Fig. 10, the increase in maximum power density
was determined by increasing the H2O2 concentration from 0.5 to
2 M. However, cell performance decreased as H2O2 concentration
increased to 3 M. With increasing H2O2 concentration, cathode
potential increased according to Nernst equation. However, as the
H2O2 concentration increases toomuch, the crossover of H2O2 from
the membrane increases and this decreases the voltage. When the
H2O2 concentrationwas 0.5, 1, 2 and 3M, the highest power density
was 93, 111, 139 and 117 mW/cm2, respectively. The noble-metal-
type catalysts as Pt generally tends to decompose peroxide very
quickly, although they do provide excellent fuel cell performance
[67]. In this study, commercial Pt/C catalysts were used on the
cathode side and possible H2O2 degradation increased due to the
increase in H2O2 concentration.

Fig. 11 illustrates the short term stability of NaBH4/H2O2 fuel cell
performance of the PtAu/CNT-G catalyst at 50 �C. Stability of the
NaBH4/H2O2 fuel cell was tested by monitoring the cell voltage
change vs. time at a constant current density of 135 mA/cm2. The
cell using PtAu/CNT-G catalyst maintained 98% of its voltage after
10 h short term stability test. According to the results of experi-
ments, PtAu/CNT-G catalyst can be a potential candidate for
enhanced NaBH4/H2O2 fuel cell performance.

Peak power densities of the different catalysts used in direct
NaBH4/H2O2 fuel cell in the literature are listed in Table 3 for
comparison. Compared to the literature, both PtAu/CNT-G and Au/
CNT-G catalysts gave higher performance. When Au/CNT-G catalyst
and PtAu/CNT-G catalyst was compared, it was seen that PtAu/CNT-
G shows higher performance. The observed improvement in
NaBH4/H2O2 fuel cell in the presence of the PtAu/CNT-G catalyst
was mainly due to the increase in the number of active sites by
increasing surface area with CNT-G support and the metal inter-
action in the bimetallic catalysts. Therefore, it could be concluded
from the comparison that the synthesized PtAu/CNT-G is efficient
catalyst for direct NaBH4/H2O2 fuel cell application.



Fig. 9. Effect of the NaBH4 concentration on NaBH4/H2O2 fuel cell performances of the PtAu/CNT-G cаtаlyst at 50 �C (Cаtholyte: 2 M H2O2 þ 1 M HCl).

Fig. 10. Effect of the H2O2 concentration on NaBH4/H2O2 fuel cell performances of the PtAu/CNT-G catalyst at 50 �C (Anolyte: 2 M NаBH4 þ 6 M NаOH).
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4. Conclusion

In this study, CNT-G hybrid material supported catalysts were
prepared as an efficient anode catalyst for NaBH4/H2O2 fuel cell. The
chemical reduction synthesis method was applied to prepare the
PtAu/CNT-G, Au/CNT-G and Pt/CNT-G catalysts. The structure of
catalysts was characterized by TGA, XRD, ICP-OES and TEM analysis.
The incorporation of CNT into G decreases the sticking of the gra-
phene sheets due to pep interactions and the higher loading of
dispersed Pt nanoparticles, resulting in the enhanced electro-
catalytic activity of the prepared electrocatalysts. TEM images
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proved that metal particles were uniformly dispersed in the mixed
carbon substrates with slight agglomeration. It was found that the
particle size of the PtAu/CNT-G was ~7 nm with good particle
dispersion. In addition, the electrocatalytic activity of the catalysts
was investigated by CV analysis. It has been found by CV and RDE
analyses that the Au/CNT-G and PtAu/CNT-G catalysts show higher
electrocatalytic activity for the direct BH4 electrooxidation. NaBH4/
H2O2 fuel cell performances under different operation conditions
were studied including operation temperature, NaBH4 concentra-
tion, and H2O2 concentration. According to the NaBH4/H2O2 fuel
cell performance experiments, highest maximum power density of



Fig. 11. Short term stability test of NaBH4/H2O2 fuel cell performances of the PtAu/CNT-G catalyst at 50 �C (Anolyte: 2 M NаBH4 þ 6 M NаOH).

Table 3
Comparison of the NaBH4/H2O2 fuel cell anode catalysts.

Anode catalyst Cathode catalyst Membrane Temperature (�C) Peak power density (mW/cm2) Reference

Pt/C Pt/C Nafion 117 25 35 [68]
NiPt/C Pt/C Nafion 117 60 133.4 [69]
Pt67Sn33/C Pt/C Nafion 117 25 91.5 [70]
Pt67Co33/C Pt/C Nafion 117 25 79.7 [70]
Pt50Cu50/C Pt/C Nafion 117 25 79.9 [71]
Au/C Pt/C Nafion 117 20 34 [72]
Au/C Pt/C Nafion 117 60 85 [56]
Au Pt/C Nafion 115 27 33 [73]
Au67Cu33/C Au/C Nafion 117 20 46 [74]
AuZn/C Au/C Nafion 117 20 40 [75]
PtAu/C Pt/C Nafion 115 65 161 [76]
PtAu/C Pt/C Nafion 115 40 112 [76]
Pt50Au50/CNT-G Pt/C Nafion 115 50 139 This study
Au/CNT-G Pt/C Nafion 115 50 125 This study
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the PtAu/CNT-G catalyst was observed as 139 mWcm �2 for
2 M NаBH4 in 6 M NаOH anolyte аnd 2 M H2O2 in 1 M HCl cаtholyte
at 50 �C. The results of fuel cell tests indicate that PtAu/CNT-G
catalyst is a potential candidate for enhanced NaBH4/H2O2 fuel
cell performance.
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