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Abstract

Polymer Electrolyte Membrane Fuel Cell (PEMFC), an electrochemical power generating technology, uses a
precious metal Platinum (Pt) catalyst for Oxygen Reduction Reaction (ORR), which is a major hindrance in its
commercialization. Using a non-precious group metal (NPGM) instead of Pt will reduces the cost of PEMFCs.
Herein MnO, carbon nanotubes (CNTs) were synthesized by impregnating the transition metal in large surface
carbonaceous material CNTs by hydrothermal synthesis techniques. To enhance the catalytic reaction and
increase the volumetric current density, the sample was pyrolyzed at 800 "C temperature under nitrogen
atmosphere. During pyrolysis, the nitrogen was also doped in the framework of carbonaceous materials. The
materials were then treated with acid, removing the unreacted metals and adding oxygen functional group to
the CNT framework due to which the activity of the catalyst is amplified. The catalysts have been characterized
by scanning electron microscope (SEM), X-ray diffraction (XRD), Catalyst activity has been calculated by
Rotating Disc Electrode (RDE) experiment. The resulting materials are stronger in experimental conditions in
alkaline environment and have high electro catalytic activity for oxygen reduction reaction (ORR). Linear
Sweep Voltammetry (LSV) depicts a current density of - 4.0 mA/cm’ and over potential of -0.3V vs. Standard
Calomel Electrode (SCE) in 0.1M KOH electrolyte. Rotating Disk Electrode (RDE) was conducted at 400, 800,
1200, and 1600 rpm. The results of MnO,CNT show a desirable future aspect in fuel cell commercialization.

Keywords: Carbon nanotubes (CNTs), Polymer Electrolyte Membrane Fuel Cell (PEMFC), Oxygen
reduction reaction.

1. Introduction: water, that is why it may be viewed as a greener
The Polymer Electrolyte Membrane Fuel Cell technology. Along with that, it has ease of refilling
(PEMFC) is a renewable energy technology that capabilities and larger operation time than
generates energy by Redox reaction of fuel batteries [1]. PEMFCs gained its popularity for
(Hydrogen) and oxidant (oxygen) at opposite powering vehicles and backup power system [2]. It
electrodes. It is better than internal combustion 1s a state of the art technology with wide range of
(IC) engines in term of its higher efficiency, zero applications; however, this technology is facing
carbon emission and neutral by product such as various commercialization challenges in term of cost
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and durability [3, 4]. The use of Precious metal
Platinum (Pt) as anode and cathode catalyst is the
key reason for its expensiveness [4]. Currently, the
high cost catalyst (Pt) is considered to be the half of
the fuel cell cost [5]. The prices of Pt is conspicuously
unstable and uncertain due to its uneven
geographical distribution, as roughly 90% of the Pt
is found in Russia and South Africa [6]. The unequal
distribution creates a hustle and may cause a huge
raiseinits prices at any time.

Till date Pt inculcated in carbon black and Pt alloys
are considered to be the efficient catalyst for
PEMFCs [7, 8]. The oxygen reduction reaction
(ORR) is sluggish at cathode side than the hydrogen
oxidation reaction at anode, so it requires high
activation sites and thus the loading at cathode is
higher than the anode. The research is going on to
develop more efficient, more active and more
abundant cheap catalyst for ORR [9] and efforts are
made by different researchers to replace the Pt
catalyst with non-precious group metal (NPGM)
catalyst. The NPGM catalyst should have high
volumetric activity and durability in acidic medium
[10]. The main problem of the NPGM is that it
erodes away in acidic medium. The transition
metals are strong candidates for replacing Pt as
they have high stability in oxygen and peroxide
environment and low over potential in 4e- oxygen to
water reduction transfer, however, they have
limited active sites. Despite the fact that the Pt
metal is still a promising catalyst, but its high cost
limits its use in commercial fuel cells. Research is
imperative in finding the abundant transition
metal having high volumetric activity and
durability so that they can be used as alternative to
Pt metal in Fuel cells [11]. Following the Jasinski's
work on Cobalt (Co) as metal catalyst, research on
metal and nitrogen embedded in the carbon (IM/N/C)
get started swiftly because their porous structure
provide large surface area, high electrical
conductivity and chemical stability with high
thermal robustness [12]. Although carbon has
intrinsically, less activity for Oxygen reduction
reaction (ORR) but it is perceived that nitrogen
engraving and non-precious metal impart catalytic
actives due to production of actives site [13]. Fe

Vol. XXXXIX

catalyst were also developed mimicking the idea of
Fe hemocopper active center found in cytochrome
oxidase in enzyme oxygen reduction in prokaryotes
and mitochondria [14]. Nitrogen carbon nanotubes
can be either directly doped in the synthesis process
or can be doped after synthesis the as prepared
sample consisting of metal atoms (Fe, Co, Mn, Ni)
and nitrogen is imprinted on macro cyclic carbon
compound which exhibits high ORR activity [15].
The macro cyclic carbon technic has been found
offering good ORR activity, however, suffers
stability, particularly in acidic environment. To
enhance ORR activity, these material are also heat
treated but very high temperature instigate acute
losses 1.e. reduces the active site densities, hence
reduces the life time of catalyst [16]. But moderately
high temperature causes expansion in the carbon
structure forming Nanotubes, to which metals and
nitrogen are engraved on the surface, the newly
developed catalysts for fuel cells should have the
following characteristics, volumetric activity is
greater or equal to 1/10 that of Pt based catalyst,
Excellent mass transport, High durability.
Research has shown that the volumetric activity of
M/N/C catalyst is lower than required value [18],
but the loading of the NPGM can be increased to 1-5
mg/cm?2 as compared to Pt which is 0.1-0.4 mg/cm?2
and will be feasible technologically and
economically, which will allow the required mass
transport and activity.

In this study MnO2 CNT nanocatalyst was
synthesized using hydrothermal techniques. The
crystal structure and morphology was studied using
X-ray Diffraction and field emission scanning
electron microscope respectively. Linear sweep
voltammetry was conducted in 0.1M KOH
electrolyte using Rotating disk electrode (RDE) to
examine the ORR performance and durability of the
catalystin alkaline medium.

2. Characterization:

X-Ray Diffractometer (model Phillip's analytical X-
Ray PW 1830 Netherland Diffractometer with Cu
Ka radiation (?=0.154nm, 40 kV and 30 mA) with
step size of 0.05 degree and one second of dwell time
was used to investigate the catalysts. The structure
and morphology of catalysts were studied under
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Field Emission Scanning Electron Microscope
(Model HITACHI S-4700 FESEM). Linear sweep
voltammetry (LSV) curves of catalyst were obtained
by 3- Electrode Rotating Disk Electrode system
(Model AFE3TOGC, Pine Instruments) having
glassy carbon(GC) Electrode (4mm diameter).

3.Materials and Methods:
3.1 Materials used:

Potassium permanganate (KMnO4), Carbon
nanotubes (CNT), Deionized water (DI), Sulphuric
acid, Nitric acid. All these chemicals were
purchased from Sigma Aldrich (Shanghai, China).
Deionized water (>18 M c¢cm) was used in all
cleaning and rinsing procedures. All reagents
mentioned above were used without further
purification.

3.2 Experimental Setup:

The MnO2 CNTs were prepared hydrothermally
using Pristine Carbon nanotubes (CNTs) by
impregnating MnO2 on CNTs through reduction
pathway shown in the Fig 1. Before synthesizing,
the CNTs were subjected to a 3:1 concentrated

Sulphuric acid to concentrated Nitric acid solution
for 12 hours at ambient temperature for
purification. The sample was then collected,
washed with DI water simultaneously until the pH
of the water became 7 and dried at 120 °C for 12 h.

In the typical synthesis of MnO, CNTs, 0.1g of the
acid treated CNTs were dispersed in 25 ml DI water
and put on ultrasonic sonicator for 2h. A 0.3g of
Potassium permanganate (KMnO,) was added drop
wise to the above sample and the solution were fully
agitated by magnetic stirrer for 2h. The solution
was then transferred to stainless steel autoclave;
the autoclave was bolted and put in oven for 12 h
and providing temperature of 140 °C. A brown color
sample was collected after cooling the autoclave
naturally to ambient temperature by filtration,
washed with DI water and dried at 100 °C at
vacuum environment. For preparation of MnO,
sample, 95% conc. 0.2 ml H,SO, was pipetted to 0.3g
of KMnO, solution in 25 ml DI water. The solution
was then put in autoclave and sealed it tightly and
putinto electric oven at 1400C temperatures for 6h.

H,50,:HMNO, > CNT Filtering+ | Drying Mixing (25ml
31 12h washing DIW+0.1g CNT)
L 4
MnOL/CNT |l Filterings Autoclave < MixinglCNT € Sonocation
washing {12h at 140°) +KMn0; J2h Zh

L

0.3g
KMnO,

Figure 1: Hydrothermal synthesis of MnO2 CNT

2.3 Electrode Preparation:

Catalytic electrode was prepared by dispersing 7.6
mg of MnO2 CNT sample in 7.6 ml of DI water.

Isopropanol of 2.4 ml and 40ul of Nafion was added
to the solution and sonicated for 30 minutes.

50ul Nafion
W
Mixing (MnO, Sonication
Aml IPA F—> > =
£ mRIER CNT+DIW) “1  30min

Figure 2: Preparation of MnO2 CNT Ink
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4. Results:

Figure.3 (a) shows the XRD patterns of MnO,
sample having no CNT which shows eight main
peaks of (110), (200), (220), (310), (211), (301), (411),
(600), showing that pure MnO, crystals were formed
based on comparison with JCPDS No 44-0141.
Fig.3(c) shows the XRD patterns of CNT, high peaks
were observed of (002), (100) at 2 theta values of 26°
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and 42°respectively of the CNT [24]. Figure.3 (b), (c)
shows the XRD patters of CNT, MnO,CNT
respectively. Except from the CNT characteristic
peaks (002) and (100), all the other peaks could be
indexed to the tetragonal phase of MnO, (JCPDS
No0.44-0141) showing the MnO, has been
incorporated into MnO,CNT hybrid sample.
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Figure.3: XRD pattern of (a) MnO,, (b) CNT, (c) MnO, CNT

The surface morphology of MnO, and MnO, CNT
catalyst was studied using SEM as shown in Figure
4 (a) and (b) respectively. It was observed that MnO,
CNT catalyst haslarge size nanotubes ranging from
40 -100 nm, the oxide particle are smoothly
dispersed on the nanotubes attached to the CNT
backbone and having no agglomeration. The
particle size has been reported [21] of significant
role in enhancement of ORR. The MnO, CNT
outperform MnO, electrochemically. The MnO,
catalyst nanorods have larger diameter ranging

$
.ﬁ
f'l-

v amy an com =

Figure 4 (a): SEM of MnO, (b) SEM of MnO,CNT

from 0.01 to 0.1 micrometer with a clear
agglomeration on the nanorods halting the catalytic
activity shown in Figure 4 (a). The heat treatment
transformed the Nano rods of short length and
larger diameter to nanotubes of larger length and
smaller diameter due to the effect of increasing
temperature thus increased the aspect ratio of
MnO, CNT. The transformation increases the
surface area, increasing the catalytic sites and

ultimately enhancing the activity toward ORR in
PEMFCs.
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3.1. ORR performance:

Figure.5 (a), (b), (¢) shows the linear sweep
voltammetry (LLSV) curves of catalyst MnO, CNT,
MnO, and commercial Pt/C in 0.1 M KOH
electrolyte environment. The oxygen is purged for
30 minutes before the inception of the experiment
[22, 23]. The MnO,CNT curve depicts a substantial
reduction current with a reduction peak at -0.2V
(vs standard calomel electrode, SCE) in the oxygen
saturated environment. The reduction peaks of
MnO,and commercial Pt/C occurred at -0.35V and -
0.045V (vs SCE) respectively. The reduction
potential of Pt/C is mere 0.08V positive than MnO,
CNT, which indicates that the catalytic activity of
Pt/C is a modicum amount larger than MnO,CNT.
The reduction potential of MnO, CNT shifts from -
0.28 to -0.32 at 1600 rpm. The onset potential for
the reduction current of MnO,CNT is -0.2V and the
order of onset potential for reduction current are
Pt/C (-0.045V) > MnO, CNT (-0.2V) > MnO, (-
0.35V). MnO, CNT has more positive onset
potential than MnO, but insignificantly less than
Pt/C catalyst. The onset potential is regarded as
the indicator of the catalytic activity [24]. These
results and comparison suggests that MnO, CNT
has higher catalytic activity, which might be
associated with the nanotubes formation due to
heat treatment, disordered morphology, higher
edged structure resulting larger active sites,
nitrogen doping in sintering and the addition of
oxygen functional groups with CNT. The rotating
disk electrode Voltammetry for MnO, CNT at
various rotation rate of 400, 800, 1200 and 1600
shown in Figure 5. (a) shows that an increase in
current density can be seen with the rise in
rotating speed and this is due to more oxygen
diffusion and electron transfer number. The
rotation rates were selected based on the optimized
parametric data available in the literature. MnO,
current has the lowest current density (-
2.5mA/cm’) at a reduction potential of -0.6V vs SCE
shown in the Figure.5 (b), the commercial Pt/C has
the highest current density of -4.6mA/cm® in
oxygen saturated environment with a Pt loading of
45pg/em® at a reduction potential of -0.2 V (vs SCE)
shown in the in Figure.5 (c).
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Figure. 5 (a): Polarization curve of heat treated
MnO2 CNT (02 sat. and 0.1M KOH)
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Figure.5 (c): Polarization curve of commercial Pt/C
(02 sat. and 0.1M KOH




24 Journal of the Pakistan Institut

Figure 6 shows the LSV curve comparison
between the catalytic activities of MnO, CNT,
MnO, and commercial Pt/C catalysts at same
environment and same revolution. Although
Pt/C has high current density but it is clearly
evident that the current density of the MnO, CNT
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was enhanced with heat treatment due to
structural expansion, the temperature was set at
140 °C. It is also conformed from XRD that there
is a clear crystallographic growth at (002) and
(100) indices, which is favorable for catalytic
activity of ORR.
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The reduction of oxygen to water proceeds in
different ways, whether it proceeds in four electron
transfer having water as end product or proceeds
through two electron transfer forming peroxide

O,+H +e +N
OOHN + N
ON+H e
2(OHN+H' +¢
The number n of electron for oxygen reduction can

be calculated using Koutecky-Levich (K-L)
equation drawn from RDE data for various

7N =t =1 4+ it

J

1 _ (BW1/2)‘1 +jit

B = 0.62nFC, (Dy)*/? v=1/®

0.4
5 SCE(V)
Figure 6: LSV comparison of MnO,, heat treated MnO,CNT, Pt/C (O, sat. and 0.1M KOH)

0.2 0.0

ions. For conformation the peroxide ion can be
detected by testing the outflow water from the
PEMFCs. The reaction of four-electron transfer
proceeds in the following order

OOHN

OHN +O N
OH N

H,0 +N)

voltages shown in fig 7. Equation (1), (2), (3) is used
to calculate the electron transfer number. The K-L
equationis as follow.
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Where J is the current density, jK and jL is the
kinetic and diffusion limiting current density, w is
the angular velocity of rotating disk, n is the
electrons transferred in oxygen reduction. Here, F
is the faraday constant (96485 Cmol-1) , C, is the
bulk concentration of oxygen (1.2 X 10-6 molecm™) , 0
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is the kinematic viscosity of electrolyte (0.01 cm®s™)
and D, is the diffusion coefficient of O,in 0.1M KOH
solution (1.9 X 10-5 cm2 s-1) [24]. First, the slope is
calculated using the K-L plot shown in the figure 7,
and then plugged the value in the equation to get
electron transfer number.
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Figure 7: K-L plot for MnO,CNT at various potentials

Considering equation 1, 2 and 3 the electron
transfer number was 3.4,3.2,3.0,2.7 at potential of -
0.4, -0.45, -0.50, -0.55 vs SCE. The result suggest
that reaction will proceeds with four electron
transfer at higher voltages producing water as end
product, which depicts the catalyst is preferable in
fuel cell at higher potential; on the other hand, at
low potential the reaction prefer two electron
transfer which is detrimental for fuel cell, it will
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corrode away the catalyst in the high corrosive
environment. However, it will be preferable for the
other reaction in chemical industries i.e. production
of peroxide ion. For corroboration the crystallite
size, Full width half maximum (FWHM) technique
is used to calculate the size of crystallite, it was
calculated by the following method shown in the
figure 8, the data acquired was then put in the
equation 4 to calculate the diameter of crystallite.

D = KX/(dCOSO)- -+ wwrvremeenennn

A0

base: y=0
center: x =0
FWHM: w=4
area A=10

Y=Y, +A/ W sqr(PI4"In(2))))

| Area

A

N
“,

X

Figure 8: Graph for calculating of FWHM
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D is the crystal size, K is shape factor close to unity
(0.9), [ is the X-ray wave length (11 = 1.54060 for Cu
ka), d is broadening at half maximum intensity
(units are in radians), 0 is Bragg angle. From the
above equation we have calculated crystals size
ranging 6-7.5nm. They have broader peaks and
smaller crystallite size, hence enhancing the
surface area for catalyst site and catalytic activity
ultimately. According to the average diffusion time
equation (5)

T = TZTTZD ............... (5)'

Where D is the diameter, T is the time of diffusion
and r is the radius of crystallite. Larger particle size
of crystallite will lead to longer diffusion time and
will delay reaction time; hence catalytic reactivity is
proportional to the particle size. Herein crystallite
size is small (40-100nm), exhibiting that MnO, CNT
catalyst has higher reactivity which is obviously
evidenced in Fig 5, which is promising candidate for
ORR in PEMFCs.

4. Conclusions:

MnO, CNT nanotubes were successfully
synthesized by hydrothermal process. The heat
treated MnO,CNT exhibits high catalytic activity of
-4.0 mA/cm®, which is much higher than MnO, (-2.5
mA/cm®) and more or less comparable to commercial
Pt/C catalyst (-4.6 mA/cm®. They have low onset
potential with an avalanche of electron transfer at -
0.3V. It has high surface area with a 40-100nm-
crystallite structure size. The impregnating of
Nitrogen and addition of oxygen functional group
adds up the catalytic property to MnO, CNT. High
intensity growth is located at (001) and (002)
indices. It has high durability in alkaline medium.
Electron transfer number is calculated to be 3.4, 3.2,
3.0, 2.7 e-, the reaction proceeds in both 2 and 4
electron pathways
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