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ABSTRACT

Nitrogen-doped Multi-walled Carbon Nanotubes (N-doped MWCNT)/MnCo,0, hybrid is
synthesized by a facile hydrothermal method. The X-ray diffraction studies revealed the
single phase formation of cubic spinel structured MnCo,04 and their composites. The
presence of D and G band of MWCNT is identified through Raman spectral analysis. The
elemental oxidation state and nitrogen content is obtained using X-ray photoelectron
spectroscopy, which elucidates that Co and Mn exists in multivalence state and the ni-
trogen functional groups are in pyrolytic and pyridinic-type. FE-SEM shows the micro-
sphere formation of MnCo,0, and size exhibits in the range of 6—9 um. The N-doped
MWCNT/MnCo,0,4 hybrid catalyst exhibits an improved oxygen reduction electrocatalytic
activity in an aqueous alkaline medium when compared with pristine MnCo,0,.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The oxygen reduction reaction (ORR) is the state of art reaction
for the development of advanced clean energy storage devices
like metal-air batteries, fuel cells and electrochemical treat-
ment of waste water contamination [1-3]. It is well known
that ORR is sluggish and complex in nature and this reaction
takes place in two parallel ways. Transfer of four electrons
with the formation of H,0 is one way and transfer of two
electrons with the generation of hydrogen peroxide is the
other way [4]. However, the sluggish kinetics of ORR is one of
the major challenges. Normally, Pt and its alloys are
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considered as good candidates for ORR activity due to its low
over potential and high current density [5]. But, its high cost
and low abundance as well as sluggish kinetics prohibit the
use of commercial application [6,7]. So it is opened up a new
avenue to develop a Pt-free electrocatalyst to enhance the
electrocatalytic activities for the multifunctional electro-
chemical applications [8].

Recently, ORR activity of transition metal oxides including
Co304, Mn30,4 and «-Fe,0O3 were broadly investigated due to
their high electrochemical activity, low cost, high abundance
and the environmental friendliness [4,9,10]. Among these
catalysts, Co and Mn based oxides showed an excellent per-
formance, but their poor electronic conductivity affects the

E-mail addresses: sangarajus@dgist.ac.kr (S. Shanmugam), selvankram@buc.edu.in (R. Kalai Selvan).

http://dx.doi.org/10.1016/j.ijjhydene.2016.06.115

0360-3199/© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

j.ijjhydene.2016.06.115

Please cite this article in press as: Yuvaraj S, et al., Nitrogen-doped Multi-walled Carbon Nanotubes-MnCo,0, microsphere as elec-
trocatalyst for efficient oxygen reduction reaction, International Journal of Hydrogen Energy (2016), http://dx.doi.org/10.1016/




2 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (70T6> I—9

reaction kinetics. Further, the researchers are mainly focused
on manganese based spinel structured compounds like
Mn,Cos.xO4 [11], CoxMnsz O, [12], MnCo,0, [13,14] and
CaMn,04 [15]. The main advantageous properties of this type
of spinel metal oxides are higher electronic conductivity due
to its low activation energy and electron transfer between the
neighbouring cations. Here, the multiple valence state of the
cations facilitates higher ORR activity by providing donor-
acceptor chemi-sorption sites for reversible adsorption of
oxygen [16]. Prabu et al. have reported that the higher oxida-
tion state of Ni and Co metal ions considerably increased the
electrocatalytic activities of NiCo,04 due to the presence of
trivalent ions in the spinel structure [17]. Rios et al. has re-
ported that the manganese catalyst, i.e., Mn;Co; 4O, mixed
spinel provided ORR, but it restricted the oxygen evolution
reaction (OER) activity [11]. On the other hand, Chenget al. has
prepared both cubic and tetragonal phase of CoxMn; 04 and
reported that both the phases favoured the ORR and OER ac-
tivity, which depend upon the different binding energies of
adsorbed oxygen on Co and Mn defect sites [12]. Wang et al.
has reported that the catalytic activity of Co,FeO, was
increased while reducing the particle size from micro to nano-
level, since the surface to volume ratio increased as well as
this nano regime improved the reaction sites [18]. Further, the
metal oxides anchored CNT acted as best catalyst support,
since CNT has high electrical conductivity, structural flexi-
bility, high mechanical strength and large surface area
[19—22]. While dispersing metal oxides on the surface of CNT,
it improved the electronic conductivity which in turn excel-
lent electrocatalytic activities than the pristine compounds.
Overall, it can be concluded that the electrocatalytic activities
is attributed by different factors like crystal phases, oxidation
state, morphology, surface area and electronic conductivity.
In this context, the present work concentrated on the elec-
trocatalytic ORR activities of inverse spinel structured
MnCo,0,, since both the Mn and Co metal cations are existing
in mixed valence state [23]. Here, the MnCo,0, microsphere is
prepared by a facile hydrothermal method. Subsequently, the
MnCo,0, is supported on N-doped MWCNT to enhance the
electrocatalytic activity through altering the electronic con-
ductivity of pristine MnCo,0,. The prepared sample is analyzed
by various characterization techniques like XRD, Raman, XPS
and FE-SEM analysis. The electrocatalytic activities of prepared
MnCo,0, and N-doped MWCNT-MnCo,O, are analyzed
through the oxygen reduction reaction in alkaline medium.

Experimental details

The spinel structured MnCo,0, was prepared using the
starting precursor of Co(CH3COO),-4H,0, Mn(CH;COO),-4H,0,
ascorbic acid and ammonia solution, which were purchased
from Merck Pvt. Ltd, Mumbeai. For the typical synthesis, the
stoichiometric amount of Co(CH5C0O0),-4H,0 (0.996 g) and
Mn(CH5CO0),-4H,0 (0.49 g) was dissolved in 30 mL of water.
Further, 0.704 g of ascorbic acid was dissolved in 10 mL of
water and added into the above mixed solution. The pH of the
solution was maintained at 12 by adding 1.8 mL of ammonia
solution after that the solution was transferred into Teflon
lined stainless steel container and kept at 200 °C for 24 h under

hydrothermal treatment. The hydrothermal set up was
allowed to cool naturally and the obtained resulting powder
was washed with distilled water and ethanol to remove the
unwanted residues. Then the powder was dried at 80 °C for
12 h and calcinated at 500 and 800 °C for 3 h.

For the functionalization of MWCNT, 0.5 g of MWCNT was
dispersedin 3:1ratio of H,SO, and HNO; solution and refluxed at
110 °C for 6 h after that the MWCNT was washed with distilled
water until the pH was reached at 7 and then dried at 80 °C for
24 h. For the preparation of MWNCNT-MnCo,0,4 hybrid, 0.1 g of
functionalized MWCNT was mixed with the starting precursors
of MnCo,0, and keptat 200 °C for 24 h to obtain the composite of
MWCNT-MnCo,0,4. Subsequently, it was calcinated at 500 °C for
3hunder Ar atmosphere. Hereafter, the samples denoted as M1
(as prepared MnCo,0, calcinated at 500 °C), M2 (as prepared N-
doped MWCNT/MnCo,0, calcinated at 500 °C) and M3 (as pre-
pared MnCo,0, calcinated at 800 °C).

X-ray diffraction analysis was carried out using D2 PHASER

desktop diffractometer using Cu Ko radiation (A = 1.541 A).
Raman analysis was performed on the samples through Horiba
Jobin Yvon instrument with A = 514 nm laser source in the
frequency range of 100 cm™* — 3000 cm . The valence state of
the elements was analyzed using AXIS ULTA-AXIS 165 X-ray
Photoelectron  Spectrometer (Kratos Analytical). The
morphology of the sample was examined using FEI Quanta-250
Field Emission Scanning Electron Microscopy (FE-SEM). The
ORR activity measurements was carried out using computer-
controlled potentiostat (Bio-logic) instrument and all electro-
chemical experiments were carried out at a scan rate of
10 mVs~ ! and the experimental setup comprises of glassy car-
bon or rotating disk electrode, Pt wire and standard calomel
electrode (SCE) used as working, counter and reference elec-
trodes, respectively. All the potentials reported in this work
were against reversible hydrogen electrode (RHE). The as syn-
thesized M1, M2 and M3 catalysts were evaluated for electro-
chemical activity for oxygen reduction reaction (ORR) under
alkaline condition of 0.1 M KOH electrolyte. The catalyst ink
was prepared by dispersing 5 mg of catalyst in a solvent con-
sists of 160 pl of iso propyl alcohol (IPA), 30 pL of deionized water
and 10 pL of Nafion (5 wt %) were thoroughly ultrasonicated for
30 min in order to obtain a well dispersed catalyst ink. The
catalyst ink was dropped on to the surface of a glassy carbon
electrode and dried at room temperature. The electrocatalytic
behaviour of N-doped MWCNT/MnCo,0, was evaluated using a
loading of 0.25 mg cm™2 on the glassy carbon electrode.

Results and discussion

To identify the phase purity of the MnCo,04, the XRD analysis
is carried out and are given in Fig. 1. Fig. 1(a) shows the XRD
pattern of as-prepared MnCo,0, and their diffraction peaks
are indexed with the hexagonal phase of metal carbonates
such as CoCO; and MnCOj; that confirms through standard
JCPDS file no. 78-0209 and 85-1109, respectively. During the
synthesis process, ascorbic acid act as a reducing agent by
oxidizing of C=C bond and it reduces the pH of the solution by
generation of H" ions that leads to the formation of metal
carbonates [24].
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Fig. 1 — XRD pattern of as prepared MnCo,0, (a), MnCo,0,
calcinated at 500 °C (b), N-MWCNT/MnCo,0, calcinated at
500 °C (c), and MnCo,0, calcinated at 800 °GC for 3 h (d).

Fig. 1(b, c) shows the XRD pattern of MnCo,0, and N-doped
MWCNT-MnCo,0, calcinated at 500 °C. It indicates that the
shifting of 2 theta values to higher angles that represents the
excess oxygen present in the MnCo,0, for the compound
formation and the calculated d-spacing values are coinciding
with the cubic system of non-stoichiometric MnCo,04, ; phase
(32-0297). The calculated lattice parameter values are,
a = 8.1726 A and cell volume (V) is 5.458 A% for MnCo,0, (M1)
and a = 7.962 A, V = 5.0481 for N-doped MWCNT/MnCo,04
(M2) samples. Further increasing the calcinations temperature
to 800 °C (Fig. 1d), all diffraction peaks shifted to the lower
angle (20) and are well matched with the cubic structure of
MnCo,0, phase with Fd3 m space group (JCPDS no-23-1237)
without any impurity phases and its lattice parameter value
isa=28.27 Aand V = 566.70 A%, which is merely coincided with
the standard data. The observed high intensity diffraction
peaks elucidates the increase in crystallinity as well as grain
size. The XRD results confirmed that while increasing the
calcination temperature the excess oxygen is removed from
the crystal structure of MnCo,04, ; that leads to the formation
of pure phase of MnCo,04. The obtained results are well
agreed with the previous reports [25].

Fig. 2(a—c) shows the Raman spectra of M1, M2 and M3
samples which indicate the Raman bands at three regions like
460—470 cm™?, 600—610 cm ™! and 660—670 cm ™! corresponds
to Eg Fog and Ajg modes of spinel MnCo,0, [26]. The high wave
number region (660—670 cm %) is assigned to the vibration of
octahedral cations and F,g and E; mode gives the vibration of
tetrahedral and octahedral sites respectively [27]. In the case
of M2 sample, it consists of MWCNT which additionally shows
the two bands at 1351 and 1599 cm™* that represents the sp?
hybridized disorder carbon (D-band) and sp? hybridized
graphitic carbon (G-band) respectively [28].

The valence state of the prepared MnCo,04 and N-doped
MWCNT/MnCo,0, is examined through XPS analysis and are
given in Figs. 3 and 4. Fig. 3(a) shows the survey spectrum of
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Fig. 2 — Raman spectra of M1, M2 and M3 samples (a—c).

M3 sample thatindicates the presents of Mn, Co, O and carbon
from the substrate. Fig. 3(b) shows the two main peaks which
is assigned to the Mn 2p,;, and Mn 2ps,, region and their
deconvoluted spectra indicates the four broad peaks located
at 642, 652.4, 643.4 and 654.8 eV. The 642 and 652.4 eV is cor-
responds to the binding energy of Mn?* and 643.4 and 654.8 eV
is related to the binding energy of Mn>" valence state [29]. The
deconvoluted spectra of Co 2p region Fig. 3(c) containing two
sharp peaks and two satellite peaks. The two sharp peaks
located at the binding energy of 781.9 and 796.1 eV corre-
sponding to Co*" and Co>*, respectively. The observed two
satellite peaks represents the cobalt exists in 2 + and
3 + valence state [30]. The oxygen 1s region shown in Fig. 3(d)
which represents the two peaks at 529.8 and 531 eV corre-
sponds to the metal-oxygen bonds in MnCo,0, and metal-
surface hydroxyl groups respectively [14,16]. The XPS result
reveals that M3 sample consists of multivalence state of Mn
and Co, including 2 + and 3 + valence state.

Fig. 4(a) represents survey spectrum of M2 sample, which
indicates the presence of Mn, Co, O, C and N. Fig. 4(b and c)
shows the deconvoluted spectra of Mn 2p and Co 2p region
which implies that in MnCo,04, Mn and Co element exist in
mixed valence state as similar to M3 sample. Fig. 4(d) shows
the deconvoluted spectra of O 2p region, it shows the five
peaks at 529.8, 531, 531.8, 533.1 and 533.9 eV corresponds to
binding energy of metal-oxygen bond, metal-hydroxyl groups,
C—OH, O—C—0O and —COOH functional groups respectively
[31—33]. The deconvoluted spectra of carbon 1s region shown
in Fig. 4(e), denotes the three peaks at 284.4, 285.1 and
286.6 eV, which are assigned to the C—C, C—O and C=0
functional groups, respectively. In addition, Fig. 4(f) elucidate
the presence of nitrogen content at 398.8 and 400.4 eV ascribed
to the functional groups of pyridinic-N and pyrrolic-N and
their atomic percentage are 1.77% and 1.65% respectively [34].
The XPS result elucidates that different functional groups and
Mn and Co exist in multivalence state which confirms the
composite consists of functionalized N-doped MWCNT/
MnCo,0, and clearly indicates that nitrogen content is
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Fig. 3 — XPS survey spectrum of M3 sample (a) and deconvoluted spectra of Mn 2p (b), Co 2p (c), and O 1s (d).

attached to the MWCNT during hydrothermal treatment using
ammonia as a starting precursor [34].

Fig. 5(a, b) represents the morphology of M1 sample which
shows the formation of uniform microsphere in the size range
between 6 and 9 pm. The formation and evaluation of
MnCo,0, is explained as follows. In the first step, metal ace-
tates are dissolved into distilled water that produced its con-
stituent metal and acetate ions. After that the aqueous
ascorbic acid solution is added into the above solution there
no obvious precipitation takes place. But, while adding
ammonia, it produces more hydroxyl ions, which strongly
interacts with metal ions to form a corresponding metal hy-
droxides precipitation. As well as this large amount of OH™
ions decrease the solution acidity and driven the nucleation as
fast. Therefore, in a short while massive nanoparticles pro-
duced [35]. During the hydrothermal treatment, Ascorbic acid
was oxidized into dehydro-ascorbic acid (DHA) and it is hy-
drolyzed into 2, 3-diketogulonic acid and again it oxidized to
form the threonic acid and oxalate acid. Here, the threonic
acid is produced the CO5 ions through deep oxidation process
[36,37]. In high temperature around 200 °C, Metal hydroxides
are converted into metal carbonates due to weak interaction
between the hydroxyl group and metal ions through ion

exchange process [24]. Finally the MnCO3 and FeCO5 uniform
microspheres were formed. Similarly, MnCOj; is synthesized
using r-lysine as a carbonate source that produced the CO3
ions after de-carboxylation process [38].

The evaluation of microsphere is mainly arises from two
possible reactions. One is Ostwald ripening process where the
big particles grown by the expense of smaller ones due to the
process of dissolution and re-crystallization [39—43|. The next
one is the self-aggregation mechanism where the nano-
particles have higher surface energy that minimizes the
overall energy of the system; the nanoparticles underwent
self-aggregation process [41,42]. In the present case, the
generated MnCO; and CoCO; nanoparticles has high surface
energy hence it minimizes the surface energy therefore the
primary nanoparticles tend to aggregate each other and to
form microsphere through self-assembly process. Here, there
is no possible way for Ostwald ripening process because
ammonia source has the ability to release the large amount of
OH™ ions to the reactants, which induces the formation of
large number of nanoparticles at the shorter time and
simultaneously it prevent the dissolution and re-
crystallization process [35,44]. In this self-assembly process,
not only surface energy, crystal-face attraction, Van-der
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Fig. 5 — FESEM image of M1 (a, b), M2 (c, d), and M3 (e, f).

Waals forces and hydrogen bonds may also be involved
[45,46]. Finally, the as-prepared sample is calcinated at 500 °C
for 3 h, the metal carbonates are decomposed and leads to the
formation of MnCo,0, microsphere. The similar kind of
observation is reported in elsewhere [24].

Fig. 5(c) shows the FESEM image of M2 sample. It can be
seen that the N-doped MWCNT are uniformly distributed on
the MnCo,0, microspheres. Fig. 5(d) infers the interconnect-
ing behaviour of N-doped MWCNT with MnCo,0, and inset
Fig. 5(d) clearly shows the coalescence of MWNCNT. The
morphology of M3 sample is shown in Fig. 5(e, f), it shows the
formation of microsphere which is obviously seen that indi-
vidual nanoparticles and particle size exhibits in the range of
230 nm—250 nm. Compared M1 sample, the M3 sample has a
larger particle size and enhance the crystallinity which causes
due to heat treatment and it facilitates amorphous nano-
particles get agglomerate into larger particles that leads to
alter the crystallinity of the sample [47].

The electrocatalytic ORR activity of M1, M2 and M3 cata-
lysts was first evaluated using cyclic voltammetry. The cyclic
voltammograms of electrodes were obtained by loading a thin
film on glassy carbon electrode with active region of
0.1025 cm?. The CVs show the onset potential value of 0.81,
0.83 and 0.86 V for M1, M2 and M3 electrodes, respectively
(Fig. 6). The shift of ORR onset potential mainly comes from
the incorporated structure of MnCo,0, microsphere and
nitrogen-doped MWCNT functionality.

Further, the kinetics of electrocatalytic oxygen reduction of
N-doped MWCNT/MnCo,0, was evaluated linear sweep

voltammetry technique using rotating disk electrode (RDE) as
working electrode experiments. A set of ORR linear sweep
voltammogram traces from 400 to 2025 rpm in 0.1 M KOH
solution at a scan rate 10 mVs™* are presented in Fig. 7a. We
have recorded ORR polarization data by linear sweep vol-
tammetry technique (LSV) using rotating disk electrode as
working electrode in order to access the kinetics of ORR for
M1, M2 and M3 samples in O, saturated 0.1 M KOH electrolyte.

e
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Fig. 6 — CV curves for M1, M2 and M3 in O, and Ar
saturated 0.1 M KOH electrolyte at a scan rate of 10 mVs
Catalyst loading: 0.25 mg cm ™2,
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Fig. 7 — (a) Oxygen reduction reaction RDE curve for M2 in
alkaline electrolyte at various rotation rates, (b)
Comparison RDE plots for oxygen reduction reaction at
1600 rpm of M1, M2, M3 and Pt/C catalysts in 0.1 M KOH
electrolyte at a scan rate of 10 mVs~ . MWNCNT-MnCo,0,4

loading on GCE is 0.25 mg cm ™2,

The polarization curve shows the diffusion limiting current
and mixed kinetic diffusion control region, whereas the
diffusion region limiting current starts from 0.7 V and ends
with 0.86 V, and the mixed kinetic diffusion control region
between 0.2 V and 0.7 V in case of M2 sample. The oxygen
reduction half-wave potentials of M1, M2, M3 and MWCNT
electrocatalysts were found to be 0.58, 0.75, 0.6 and 0.72 V,
respectively. The E;/, of M2 is 30 mV higher than MWCNT
electrocatalyst, 170 mV and 150 mV higher than M1 and M3
catalysts, respectively (Fig. 7b). Furthermore, MWNCNT-
MnCo,0, electrocatalyst showed a good diffusion-limited
current suggesting better oxygen reduction activity
compared with MnCo,0,4 alone. This result significantly re-
veals that M2 has better electrocatalytic activity towards ORR
than M1 and M3 samples evaluated at same amount of cata-
lyst loading. Moreover, the oxygen reduction current observed
for hybrid catalyst was 3 order of magnitude higher than M3,
suggesting that the coupling effect of nitrogen functionality of
MWCNT with MnCo,0, microsphere. We compare the ORR
activity of our catalyst with a commercial Pt/C catalyst (20 wt%

-10
| ——Mnco,0 mweNT
~e- PHC
-8
64

Current density (mAcm?)

v T Y T ) T ¥
0 5 10 15 20
Time (h)

Fig. 8 — Chronoamperometric response of M2 and Pt/C on
RDE electrode kept at 1600 rpm at applied potential of
0.70 V versus RHE in O,-saturated 0.1 M KOH electrolyte.

on Vulcan carbon). The onset and half-wave potentials are
about 0.92 and 0.81 V respectively, which are very close to M2
catalyst being 0.86 and 0.75 V, respectively. The varying rota-
tion rate were used to derive a Kotchey—Levich plot (inset of
Fig. 7a) with good linearity and slope remain constant over a
wide potential range of 0.2-0.6 V, from which electron
transfer number for oxygen reduction reaction on catalyst
were calculated, with obtained value of 3.9 for M2- MWNCNT-
MnCo,0,. This result suggests that ORR process catalyzed by
our unique structured material proceed through highly
favourable one step 4 electron transfer reaction. Further, we
evaluated the long term stability of the M2 and Pt/C catalysts
were assessed by chronoamperometry studies using RDE
three electrode cell configurations at the applied potential of
0.7 V shown in Fig. 8. The resulting M2 catalytic stability last
over 20 h, this performance comparably similar to commercial
available Pt/C catalyst should be noted.

Conclusion

The N-doped MWCNT-MnCo,0, microsphere was success-
fully prepared using a hydrothermal method. The phase pu-
rity, functional groups and oxidation state was thoroughly
investigated through XRD, Raman and XPS analysis. The
prepared MnCo,0, exhibits the microsphere formation which
is due to aggregation of smaller nanoparticles in an oriented
attachment. The oxygen reduction half-wave potentials of
MWNCNT-MnCo,04 is 30 mV higher than MWCNT and
150 mV higher than MnCo,0, catalyst. This enhanced elec-
trocatalytic behaviour was attained through synergistic effect
of MWNCNT and MnCo,04. Kotchey—Levich plot suggests that
ORR process is occur through 4-electron transfer reaction. So
this result assured that spinel type MnCo,0, combined with
MWNCNT is an efficient oxygen reduction reaction catalyst in
alkaline electrolyte.
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