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Abstract (Pt-NbPO,)/multi-walled carbon nanotubes
(MWCNTs) with different NbPO, MWCNTs were prepared
by a simple microwave irradiation method. The (Pt-NbPO,)/
MWCNTs catalyst was characterized, and the kinetics
toward oxygen reduction reaction (ORR) was determined,
compared with that of PMWCNTs catalyst. It was found
that 10 wt% NbPO, was the best loading in terms of current
density. The number of exchange electrons for the ORR was
found to be close to four on both (Pt-NbPO,)/MWCNTs and
Pt/MWCNTs.

Keywords Electrocatalyst - NbPO, - MWCNTs -
Oxygen reduction reaction (ORR)

Introduction

A major impediment to the commercialization of fuel cell
technology is the low activity of platinum electrocatalyst used
for oxygen reduction [1-3]. Platinum has been alloyed with
transition metals like Ni, Co, etc, which show higher activity
than that of pure Pt [4, 5]. However, Pt is an expensive metal
of low abundance, and hence, finding a non-noble-metal
alternative is of interest. Zhang et al. [6] studied the ORR of
nano-manganese oxide and cobalt octacyanophthalocyanine
in alkaline media. Other materials like oxides [7], nitrides
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[8, 9], oxynitride [10], macrocycle [11-13], and carbide [14]
have been investigated as electrocatalysts for the ORR and
their stability in alkaline and acid media.

The mechanism and kinetics of the oxygen reduction
reaction (ORR) greatly depend on the choice of active
materials. The composition structure and nature of the active
substrate material are key to successful development of new
electrode for ORR. Carbon nanotubes (CNTs), as a new form
of carbon, have been suggested to be suitable catalyst supports
[15, 16] for air electrode due to their highly accessible
surface area, low resistance, and high stability. In our
previous works [17—19], different forms of carbon as catalyst
supports were successfully prepared and characterized. These
composite materials have shown good catalytic activity and
high catalytic oxygen reduction efficiency compared with the
other common active materials. Recently, it was reported that
the catalytic activity of platinum-based electrocatalyst was
enhanced when it was dispersed on iron phosphate [20, 21].
Hydrous transition metal phosphates are good proton and
water conductors. Phosphate can also be less prone to
poisoning (electrochemical activity degradation) than that of
metals. Phosphates are also known for their oxygen affinity
and therefore should increase the amount of oxygen transport
and store at the cathode. Many phosphate catalysts are
resistant to dissolving under the highly corrosive condition
and not limited to iron, niobium, tin, tungsten, molybdenum,
antimony, vanadium, tantalum, chromium, zinc, titanium,
zirconium, and cobalt. The phosphate catalyst can also be
combined with another conductive support, which can
provide additional electron conduction and reduce the amount
of phosphate catalyst needed [22]. In this paper, platinum—
niobium phosphate on multi-walled carbon nanotubes
(MWCNTs) support [(Pt-NbPOx)/MWCNTs] was prepared
by microwave irradiation method, and then its electrocatalytic
activity toward ORR was investigated by the rotating disk
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electrode (RDE) technique, which is a powerful tool for the
kinetics of ORR [23, 24]. The kinetic rate constants of ORR
were evaluated through a Koutecky—Levich plot and Levich
equation. The number of exchange electrons for ORR is
found to be close to four.

Experimental section
Oxidation treatment for MWCNTs

MWCNTs were purchased from Shenzhen Nanotech Port
(Shenzhen, China) and purified to >95%. The MWCNTs
had an outer diameter of 20—40 nm. The acid solution was
used for the oxidation treatment of MWCNTSs following the
procedure [15]. Briefly, 1.0 g of MWCNTs was dispersed in
150 ml HNO; (65%) solution under vigorous stirring and
refluxed at 393 K for 10 h. The resulting MWCNTs was
rinsed thoroughly to neutral with deionized water and then
dried at 373 K for 24 h.

Loading of nanoparticle catalysts on CNTs

Varying amounts of NbCls (98%, from ACROS) were
dissolved in 150 ml ethanol. The pre-treated MWCNTSs
was added and impregnated with NbCls stirring at room
temperature for 12 h, and then ultrasonic treatment for 0.5 h.
Fifteen milliliters 10% H3;PO,4 was dropped into the solution
under vigorous stirring [22]. Two milliliters hexachloropla-
tinic acid (H,PtClg:6H,0) (7.5 mg Pt/ml) ethanol solution
was added into the mixed solution, and pH was adjusted up
to 10 by 0.5 mol 1"" NH5-H,O. Ethylene glycol (EG) of
7.5 ml was dropped into the solution. The mixture was

heated in a household microwave oven (China, 2,450 MHz,
at a fixed power level of 500 W) for 50 s. The resulting
suspension was filtered, and the residue was washed with
acetone and then dried at 373 K for 12 h in a vacuum oven
[25]. Pt was 10 wt% and NbPO, was 5, 10, 15% by weight
based on the final (Pt-NbPO,/MWCNTs -catalyst, and
marked as A, B, and C, respectively. As comparison, 10 wt%
Pt/MWCNTs was obtained by the similar microwave irradia-
tion reduction procedure, marked as D.

Preparation of electrode

A RDE with glassy carbon (GC; 3 mm diameter) was
pretreated and used as working electrode [26]. (Pt-NbPO,)/
MWCNTs and PYMWCNTs were dispersed in 0.05%
Nafion (Aldrich) solution, and the resultant suspension
was agitated in an ultrasonic bath for 30 min. (Pt-NbPO,)/
MWCNTs/Nafion- or Pt/MWCNTs/Nafion-modified elec-
trodes were obtained by a drop of suspension coated on the
surface of GC electrode then air-dried for 1 h.

Instruments and measurement

The morphology of the catalysts was investigated by
scanning electron microscope (SEM; Leol430VP) and
transmission electron microscope (TEM; Hitachi H-600).
Energy dispersion spectrum (EDS) analysis (Leo1430VP
SEM) was used to characterize the chemical composition of
the catalyst. The RDE was used as working electrode, Ag/
AgCl (saturated with KCI) as reference electrode, and
platinum wire as an auxiliary electrode, respectively.
Electrochemical measurements were performed with an
Autolab PGSTAT302 (Metrohm, Switzerland) electrochem-
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ical workstation in the potential range of 0~—1.2 V. The
rotation rates were controlled by Model 636 motor
controller (EG&G, USA). All electrochemical experiments
were performed in 1 mol L™' KOH aqueous solution
saturated with O, at 298 K.

Result and discussion
Analysis of morphology and composition

The SEM images of the as-prepared B (Fig. 1a) catalyst and
D (Fig. 1b) are shown in Fig. 1. It can be seen that catalyst is
dispersed on the surface of MWCNTs. Although particle size
could also play a significant role in the catalytic activity [27],
significant variations in particle size with catalyst content are
not observed.
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Fig. 3 Cyclic voltammograms at D/Nafion-modified (¢) and B/

Nafion- (b) glass carbon (GC) electrodes in O, saturated 1 mol 1!
KOH solution. Scan rate: 5 mVs '
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Fig. 4 j(E) curves at a rotation rate w=1,600 rpm recorded in O,
saturated 1 mol 1" KOH solution for: C (a), A (b), and B (c). Scan
rate: 5 mV s

TEM image of B catalyst (Fig. 1c¢) shows the dispersion
of particles on the MWCNTSs surface. The result demon-
strates that nanoparticles have evidently formed on the
MWCNTs support by microwave-assisted heating of
H,PtClg in EG solution. The size of metal nanoparticles is
determined by the reduction rate of the metal precursor. The
dielectric constant (41.4 at 298 K) of EG are high, thus
rapid heating occurs easily under microwave irradiation. In
EG-mediated reactions (the ‘polyol’ process), EG also acts
as the reductive agent. The fast heating by microwave
accelerates the reduction of metal precursor and the
nucleation of metal clusters. The ease of the nucleation-
limited process greatly assists in small particle formation.
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Fig. 5 j(E) curves at a rotation rate w=1600 rpm recorded in O,
saturated 1 mol 1" KOH solution for: D () and B (b). Scan rate:
SmV st
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Fig. 6 j(E) curves at different rotation rate {2 recorded in O, saturated 1 mol 1I”! KOH solution for: B (a) and D (b). Scan rate: 5 mV s ! rotation

rate was indicated in the graph

Additionally, the homogeneous microwave heating reduces
the gradients of temperature and concentration in the
reaction medium and provides a more uniform environment
for the nucleation and growth of metal particles. The carbon
surface has the suitable sites for heterogeneous nucleation
and interrupts particle growth [25].

To investigate the composition of the (Pt-NbPO,)/
MWCNTs catalyst, EDS analysis was carried out. The EDS
spectrum of B catalyst clearly shows the presence of Pt, Nb,
P, and O elements in the final product (depicted in Fig. 2).

Cyclic voltammetry study

The electrocatalytic properties of B and D for ORR are
shown in Fig. 3. The (Pt-NbPO,)/MWCNTs/Nafion- or Pt/
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MWCNTs/Nafion-modified GC electrodes exhibits a well-
defined reduction peak approximately at —0.4 V in O,
saturated KOH solution. In summary, the obvious enhance-
ment of the cathodic current for (Pt-NbPO,)/MWCNTs
electrode indicates that the electrocatalytic activity of B is
higher than that of D for ORR.

Electrocatalytic activity towards ORR

Figure 4 presents the j(£) polarization curves for (Pt—
NbPO,)/MWCNTs/Nafion with a loading 5, 10, and 15 wt%
NbPO, at a rotation rate of 1,600 rpm. The higher current
densities were obtained.

The polarization curves of the oxygen reduction in the
1 mol I"! KOH solution at room temperature were detected

0.0

1/j@mA ' cm®)
o o
[~ -] f -8
1

[
=
[

_1-6 1 M 1 a 1 i 1
0.02 0.03 0.04 0.05

uQ'

Fig. 7 Koutecky—Levich plots for catalyst B (a) and D (b) catalysts at different potentials: —0.6, —0.7, —0.8, —0.9, =1.0 V vs Ag/AgCl
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Table 1 Kinetic parameters for catalytic reduction of oxygen at B/Nafion- and D/Nafion-modified glass carbon (GC) electrodes in O, saturated

1 mol L' KOH solution

E/V vs Ag/AgCl (Pt-NbPO,/MWCNTs P/MWCNTs
K-L slopes n(mol) KT .(cm/s) K-L slopes n(mol) KT o(cm/s)s
-1.0 9.75 3.85 0.072 10.82 3.50 0.041
-0.9 9.85 3.71 0.086 10.65 3.46 0.053
—0.8 9.71 3.87 0.065 10.94 3.49 0.038
-0.7 9.86 3.69 0.073 10.71 3.52 0.027
—0.6 9.56 3.87 0.081 10.48 3.59 0.044

between 0 to —1.2 V and characterized of (Pt-NbPO,)/
MWCNTs and PUMWCNTs electrocatalyst in this solution.
The larger cathodic current indicates that a higher electro-
catalytic activity is obtained with 10 wt% NbPO, loading.
Excessive phosphate is thought to decrease the active area of
the MWCNTs accessible to hydrogen peroxide and thus
leads to a partial loss of its catalytic disproportionation
activity towards hydrogen peroxide. In the low current
density region, the voltage drop in the potential—current
curve, generally known as activation polarization, reflects the
sluggish kinetics intrinsic to the ORR at the cathode surface.

As shown in Fig. 5, the onset of reduction wave at B
catalyst shifted towards positive potential for about 50 mV
in comparison with that of D catalyst. The current density
of B/Nafion-modified electrode is larger than that of D/
Nafion-modified at equal rotation rates. This indicates that
(Pt-NbPO,)/MWCNTs has better electrocatalytic activity
than that of PUMWCNTs.

Kinetic of oxygen reduction

Figure 6 shows the polarization curves of ORR obtained at
different rotation rates for B (Fig. 6a) and D (Fig. 6b)

a

0.4 0.6 0.8 1.0 12

Overpotential( M)V

catalyst in 1 mol 1" KOH solution. The Koutecky—Levich
plots 1/j vs 1/w ™" are shown in Fig. 7.

According to the Levich and Koutecky—Levich equations
[28]

iL = 0.620nFADy w215 (1)
ix = nFAKT C} (2)
R L (3)

i1 = 1 /(nFAK T C}) +1 / (0.620nFAD§/3w‘/2y—1/6c0*)
(4)

where iy, (4) is the limiting current for the electrode reaction
of reactive species by the diffusion-controlled process, ix
(A) is the kinetic current for the reaction of reactive species
at the electrode surface, n (mol ') is the electron transfer
number per mole of reactive species, F (96,500 C mol ') is
Faraday constant, 4 (cm?) is the electrode area, Dy (cm*s ')
is the diffusion coefficient of O, in 1 mol I"! KOH solution

log( ).&u‘n:m2

0.4 0.6 0.8 1.0 12

Overpotential(n)V

Fig. 8 Tafel polarization curves of B/Nafion- (a) and D/Nafion-modified glass carbon (GC) electrodes (b)
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(=1.76x107° em® s '), w(s ") is rotation rate, {cm? s ) is
kinetic viscosity of solution (=0.01 cm® s™"), C; (mol cm )
is the concentration of O, in 1 mol I"' KOH solution at
298 K (=1.103x10"° mol em ) [29], K (M ' s7") is kinetic
rate constant for catalytic reaction, and [, (mol cm ?) is the
quantity of catalyst on the surface of the electrode. The
kinetic analysis result of ORR at the modified electrode was
summarized in Table 1.

Those reactions at B/Nafion- and D/Nafion-modified
electrode were an approximately direct four-electron pro-
cess. With the decrease of potential, the rate constant
becomes significantly larger and the kinetic rate constant
for catalytic reaction is also of the same order. The analysis
shows that (Pt-NbPO,)/MWCNTs electrode has the
higher electrocatalytic activity for ORR, and NbPO, could
enhance the utilization of Pt. MPO, (M=metal) has micro-
porous open frame work structure, which can facilitate high
protonic conduction [30]. This suggested that the activity of
(Pt-NbPO,)/MWCNTs was improved due to both NbPO,
and MWCNTs, which enhanced the contact area of three
phases. It is well known that the ORR is a complex process
including many electrochemical (chemical) steps with
different intermediates [31]. Toda et al. [32] and Mukerjee
et al. [33] explained that the improvement to the catalytic
activity was based on an increase of the d-orbital vacancy,
promoting a stronger metal-oxygen (M—O) interaction and
the formation of stronger Pt — O, bond with the adsorbed
O, species. The stronger Pt — O, 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. Shukla et al. [34] and Arico et al. [35], on the
other hand, have attributed the increased catalytic activity to
a decrease in surface oxides and an enrichment of active Pt
sites. Mukerjee et al. [33] explained the enhancement in
activity based on the decrease in the Pt-Pt distance and the
Pt—Pt coordination numbers. Better catalytic efficiency for
oxygen reduction is caused by facilitation of O, interactions
with the adsorption sites (so-called active sites) on the
surface of the catalyst [36, 37].

Tafel measurements

A plot of log i vs overpotential (1) for the B/Nafion-(a) and
D/Nafion-(b) modified electrodes was shown in Fig. 8. The
Tafel slope is —70 mV/decades for the (Pt-NbPO,)/
MWCNTs/Nafion-electrode and —100 mV/decade for the
Pt/MWCNTs/Nafion-electrode. Any correction has not
been used for any mass transfer effects, and the values
vary depending upon the substrates [38]. The slope
observed for the PtMWCNTs/Nafion-electrode is consis-
tent with literature values [39, 40]. The exchange current
density is obtained by extrapolating the linear region to zero
overpotential. The value of exchange current density obtained

@ Springer

from this analysis is 1.2x10*A cm > for (Pt-NbPO,)/
MWCNTs/Nafion, which is an order of magnified higher
than the value of 1.8x10°A cm 2 for the PYMWCNTs/
Nafion-electrode. The former value compares very favorably
with the value of 1.09x107’A cm ? reported for a
commercial catalyst such as Platinum black [41]. Because
the exchanged current density depends on the nature of the
electrode [42], this suggests that the (Pt-NbPO,)/MWCNTs
is a better electrocatalyst to promote the ORR.

Conclusion

(Pt-NbPO,)/MWCNTs catalyst has been prepared by
microwave irradiation reduction method. Compared to Pt/
MWCNTs, (Pt-NbPO,)/MWCNTs shows better electro-
catalytic activity towards ORR in KOH solution. (Pt—
NbPO,)/MWCNTs catalyst with initial 10 wt% NbPO,
shows the best performance. MWCNTs as the support
should be emphasized in terms of increase of the catalyst
active surface, the coordination effect of catalyst, and the
distribution of active catalytic sites.
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