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ABSTRACT: The most vital component of the fuel cells and
metal—air batteries is the electrocatalyst, which can facilitate
the oxygen reduction reaction (ORR) at a significantly reduced
overpotential. The present work deals with the development of
surface-tuned cobalt oxide (Co;0,) nanoparticles dispersed on
nitrogen-doped graphene as a potential ORR electrocatalyst
possessing some unique advantages. The thermally reduced
nitrogen-doped graphene (NGr) was decorated with three
different morphologies of Co;O, nanoparticles, viz.,, cubic,
blunt edged cubic, and spherical, by using a simple
hydrothermal method. We found that the spherical Co;0,

nanoparticle supported NGr catalyst (Co;0,—SP/NGr-24h) has acquired a significant activity makeover to display the ORR
activity closely matching with the state-of-the-art Pt supported carbon (PtC) catalyst in alkaline medium. Subsequently, the
Co03;0,—SP/NGr-24h catalyst has been utilized as the air electrode in a Zn—air battery, which was found to show comparable
performance to the system derived from PtC. Co;0,—SP/NGr-24h catalyst has shown several hours of flat discharge profile at
the discharge rates of 10, 20, and 50 mA/cm? with a specific capacity and energy density of ~590 mAh/g_,. and ~840 Wh/
kg ., respectively, in the primary Zn—air battery system. In conjunction, Co;0,—SP/NGr-24h has outperformed as an air
electrode in mechanical rechargeable Zn—air battery as well, which has shown consistent flat discharge profile with minimal
voltage loss at a discharge rate of S0 mA/cm® The present results, thus demonstrate that the proper combination of the tuned
morphology of Co;0, with NGr will be a promising and inexpensive material for efficient and ecofriendly cathodes for Zn—air

batteries.
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1. INTRODUCTION

Batteries are getting ample attention from researchers in search
of renewable and sustainable energy sources. To date, Li-based
batteries (Li-Bs) are the most commercialized and, of late, they
are being applied to power various electronic devices and
electric vehicles."” However, Li-Bs have some limitations,
mainly related to their operation conditions and safety
aspects.”” Also, they do not satisfy the expectation of the
ever increasing demand of energy and power density, mainly
because of the limitations associated with their intercalation
chemistry, which reduces the shelf life.>~” On the other hand,
Zn—air battery (ZAB) is a fascinating energy generation or
storage system, thanks to its high achievable specific energy,
low cost, safety, and eco-friendliness due to the use of
nonreactive Zn and aqueous solvents.””'' ZAB has been
classified as a fuel cell, a primary battery, or a secondary battery,
according to the technological concept or the reaction
mechanism of the energy system.'””'* However, the secondary
ZABs suffer from several problems such as redistribution of Zn,
formation of undesirable Zn-morphologies, formation of
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nonconducting ZnO layer on the anode surface, etc., which
limit the lifetime of the Zn-electrode.'”*>™"” In addition, the
sluggish ORR at the cathode side decreases the overall
efficiency of the ZAB system.'****' Moreover, the high cost
and less availability of the currently used Pt-based electro-
catalysts are big challenges in front of the researchers. To
overcome these issues, one of the best solutions is to make
mechanical rechargeable ZAB (MR-ZAB) consisting of highly
efficient non-noble-metal-based ORR electrocatalysts,”* > so
that maximum output can be attained at a significantly reduced
investment.

In that view, recently, Klaus Mullen et al.** demonstrated an
MR-ZAB using nitrogen-doped hierarchically porous carbon as
an efficient cathode material. In another work, Chen et al.'®
reported that Co;O, nanowires developed on a stainless steel
(SS) mesh using as a current collector displayed significant
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activity in a ZAB. Similarly, Dai et al.”® examined a CoO/CNT
combined with NiFe-hydroxide as an electrocatalyst for the
ZAB application. A report by Liu et al.” highlights the high
electrocatalytic activities of hybrid MnO,/Co;0,4 nanoparticles
for rechargeable ZABs. The same group has highlighted the
rechargeable zinc—air battery fabricated with dual-phase spinel
MnCo,0, and spinel MnCo,0,/nanocarbon hybrids, which
shows catalytic activity toward oxygen reduction and evolution
and included a discussion on the importance of covalent
interaction of the metal oxide particles with the conducting
support.”” Chen et al.”' presented the core—corona structured
LaNiO/NCNTs as an exceptional electrocatalyst for ORR and
oxygen evolution reaction (OER) in rechargeable ZABs.
Recently, our group investigated the bimetallic Cu—Pt
nanocage structure as an efficient air electrode for primary
ZAB application under pure oxygen atmosphere.”®

From the literature review, it has been concluded that the
higher activity and cost effectiveness of the ORR catalysts are
the main requirements for achieving high performance and
marketization of ZAB. This could be achieved by marriage of
the right support substrate with a non-noble-metal-based ORR
active catalyst in an effectual manner. In that line, the nitrogen-
doped carbon allotropes have attracted the researchers to use as
efficient metal-free electrocatalysts. The credit goes to the
induced disorderness within the carbon framework due to the
doped nitrogen. Mainly, the doped nitrogen transfers the
electron to the neighboring carbon atom, which makes the
system nonelectron-neutral.”” > Under these circumstances,
the edge defects acquire enhanced catalytic activity compared
to the graphene plane. This is assigned to the more favorable
oxygen adsorgtion at the edge sites in comparison to the basal
planes.***~

Along with this, nonprecious metal-supported carbon-based
catalysts have shown better ORR activity in comparison to their
individual counterparts.”” >’ Among the family of the nonpre-
cious metal-based catalysts, cobalt oxides (types of Co,0,) are
considered to be champions in alkaline media.”**”*>*" In this
case, the mixed valancies (i.e., Co®* and Co®") in the fcc crystal
structure of Co;0, are being considered to be playing a vital
role. Moreover, the main beauty of this normal spinel crystal
structure, i.e, Co;0,, is the peculiar cation distribution in the
crystal where the Co** ions reside on the 1/8th of the
tetrahedral A sites while the Co®" ions occupy 1/2 of the
octahedral B sites.*” This arrangement makes the system more
viable for electrocatalytic applications.””*”*> Moreover, the
surface morphology of the metal oxide and its electronic
contact with the support material also play a decisive role
toward the catalytic activity.*** Herein, we developed a
process for dispersing spherical Co;O, nanoparticles on NGr
and applied this easily scalable material as a non-noble metal
based electrocatalyst for ORR in alkaline media. The important
aspect of the present strategy is that, the hydrothermal process
followed during the synthesis of the supported materials is
found to be inducing time dependent morphological alteration
of the Co;0, nanoparticles, and reaction duration of 24 h is
found to be producing spherical nanoparticles of Co;0, with
relatively high roughness factor. Concomitantly, NGr acts as
the support material by ensuring an even distribution of the
Co;0, nanoparticles. Here, the doped nitrogen of NGr is found
to be playing a dual role by acting as an eficient nucleating site
and also by assisting in controlling the growth kinetics of the
Co,0, nanoparticles.***” The tuning of the structural growth
pattern of the Co;0, nanoparticles and the associated

synergistic interactions existing within the system are found
to be significantly helping the supported material to acquire an
ability to reduce molecular oxygen at a significantly reduced
overpotential.”® Considering this advantage of the material, the
prepared catalyst has been investigated toward ORR in the
primary and mechanically rechargeable ZAB and is found to be
highly active and durable under the operating conditions.

2. EXPERIMENTAL SECTION

Materials. Cobalt acetate, zinc foil, graphite powder, phosphoric
acid (H;PO,), potassium hydroxide (KOH), sulfuric acid (H,SO,),
potassium permanganate (KMnO,), and melamine were procured
from Sigma-Aldrich. Hydrogen peroxide (H,0,), ethanol (EtOH),
and hydrochloric acid (HCI) were purchased from Thomas Baker. All
the chemicals were used as such without any post treatment. Carbon
paper was procured from Toray, Japan.

Synthesis of Graphene Oxide (GO). Improved Hummer’s
method was used for the GO synthesis.*” In brevity, graphite and
KMnO, were mixed well in the ratio of 1:6. Subsequently, the above
mixture was added slowly and carefully into a mixed solution of
H;PO,:H,SO, (1:9). The reaction mixture (RM) was subjected to
heating for 24 h (60 °C), after the complete addition. Consequently,
the obtained RM was slowly quenched into ice having 3% H,O,
solution. The yellow solution obtained was centrifuged and
consequently washed with deionized water. Later, the product was
washed with 30% HCI solution to get ride-off the metal impurities.
Finally, the obtained dark chocolate colored product was washed with
ethanol and acetone followed by diethyl ether and was kept for drying
in open atmosphere.

Synthesis of Reduced Graphene Oxide (Gr). The reduced
graphene oxide was synthesized by thermal reduction of GO. 500 mg
of GO was kept in a tube furnace under argon environment and
temperature of the furnace was increased to 800 °C while maintaining
a temperature ramp of 5 °C/min. The temperature of the furnace was
kept constant at 800 °C for 2 h. The obtained fluffy black colored
product was collected and is termed as Gr.

Synthesis of N-Doped Graphene (NGr). GO and melamine
were mixed in the ratio of 1:5 and this mixture was subsequently
dispersed in 100 mL of DI water by ultrasonication for 10 min. The
obtained mixture was kept on stirring for 24 h. The temperature of the
magnetic stirrer was maintained at 80 °C to get a dried uniform
mixture of GO and melamine. The obtained powder was calcined at
about 800 °C in an Ar atmosphere for 4 h. Finally the furnace was
cooled to room temperature in the same environment and a black
colored powder was collected, which is termed as NGr.

Synthesis of Co;0,-Supported NGr Catalysts. Sixty and forty
milligrams of cobalt acetate and NGr, respectively, were dispersed well
in a 3:2 mixture of ethanol and water by subjecting it for probe
ultrasonication for 30 min. Later, the above mixture was transferred
into a Teflon coated SS-autoclave (50 mL) and was kept in an oven at
120 °C for different time intervals (9, 12, 24, and 48 h). Finally, the
obtained product in each case was filtered and washed with DI water.
The materials thus collected were dried at 80 °C (for 10 h) in an oven.
The samples obtained corresponding to the time intervals of 9, 12, 24,
and 48 h are designated as Co;0,—NC/NGr-9h, Co;0,—BC/NGr-
12h, Co03;0,—SP/NGr-24 and Co;0,/NGr-48h, respectively. Here,
NC, BC, and SP stand for nano cubes, blunt cubes and spherical
particles, respectively, which represent the shape of the Co;0,
nanoparticles formed on the surface of NGr in each case.

Synthesis of Co;0,-Supported Gr Catalyst. For the purpose of
comparing the influential role of nitrogen doping on Gr, along with the
previously mentioned NGr based samples, we have also prepared the
Co;0, supported Gr sample by following the similar protocol used for
the synthesis of Co;0,—SP/NGr-24. Here, instead of NGr, Gr was
used as the support during the process. The obtained product is
named as Co;0,/Gr-24h.

Zinc—Air Battery Fabrication and Testing. ZAB was tested in
home-built electrochemical cells using Zn-foil and Co;0,—SP/NGr-
24h as the anode and cathode electrodes, respectively. The cathode

DOI: 10.1021/acsami.5b04865
ACS Appl. Mater. Interfaces 2015, 7, 21138—21149


http://dx.doi.org/10.1021/acsami.5b04865

ACS Applied Materials & Interfaces

Research Article

electrode was fabricated by using Co;0,—SP/NGr-24h. Before that,
the catalyst slurry was prepared by sonicating Co;0,—SP/NGr-24h in
isopropyl alcohol for 1 h. Later, 10 wt % Nafion solution was added
into the above sonicated solution and the mixture was kept for further
sonication of 1 h. The resulting catalyst slurry was brush coated on a
Toray carbon paper (GDL) and dried at 60 °C for 1 h to achieve a
catalyst loading of 1.0 mg/cm? (electrode area = 1.0 cm?). Moreover, a
rough surface-polished zinc foil was used as an anode of the same area.
Finally, ZAB was fabricated by pairing the Zn-foil and Co;0,—SP/
NGr-24h electrodes in 6.0 M KOH using the Celgard membrane as a
separator. Afterward, this fabricated ZAB setup was tested at room
temperature by using galvanodynamic experiment with a multichannel
VMP-3 model Bio-Logic potentiostat. The steady-state polarization of
the assembled ZAB setup was tested at 5 mV/s. The galvanostatic
discharge curves of ZABs were recorded at different current densities,
mainly 10, 20, and 50 mA/ cm?.

Material Characterization. The sample preparation for high-
resolution transmission electron microscopy (HR-TEM) analysis was
done by making dispersed solution of the catalysts (1 mg) in isopropyl
alcohol (S mL). The dispersed solution was drop-casted on a carbon
coated Cu grid and, after drying under a lamp, it was used for the
imaging purpose. All the TEM images were recorded by using FEI,
TECNAI G2 F20 instrument (accelerated voltage = 300 kV, Cs = 0.6
mm, resolution = 1.7 A. For the recoding of X-ray diffraction (XRD)
patterns, Rigaku Smartlab diffractometer for Cu Ka radiation (4 =
1.5406 A), at a scan rate of 2° min~' was used. Thermogravimetric
analysis (TGA) was accomplished by using a SDTQ600 TG-DTA
Instruments. All the TGA analyses were completed under oxygen
environment by maintaining a temperature ramp of 10 °C/min. X-ray
photoelectron spectroscopy (XPS) analysis was carried out by using
VG Microtech Multilab ESCA 3000 spectrometer. The XPS system
was equipped with an Mg Ka- X-ray source (hv = 1.2536 keV). For
the Raman analysis of the samples, an HR 800 Raman spectrometer
(Jobin Yvon, Horiba, France) with a 632 nm red laser (NRS 1500 W)
was used.

Electrochemical Characterization. The electrochemical inves-
tigation has been done on a Bio-Logic potentiostat (model VMP-3)
using cyclic voltammetry (CV), linear sweep voltammetry (LSV), and
rotating ring disc electrode (RRDE) (Pine Instruments) techniques.
The test cell involves a three-electrode system. The catalyst-coated
glassy carbon electrode (GCE) was used as the working electrode,
mercury/mercury oxide (Hg/HgO) as the reference electrode and a
platinum flag as the counter electrode. Moreover, the catalyst ink was
prepared by mixing the catalyst (S mg) and 40 L of $% w/v Nafion in
1 mL of aqueous solution of ethanol (ethanol:water is 3:2) for 1 h. A
10 pL of the above prepared catalyst ink was drop-casted on the
surface of GCE. Prior to use, GCE was polished with aqueous alumina
slurry (size: 0.3 and 0.5 um). The catalyst coated GCE was
subsequently dried at room temperature and was used as the working
electrode for all the further electrochemical investigations. An aq. 0.1
M KOH was used as the electrolyte for CV, RDE, and RRDE studies.
For the ZAB testing, a 6 M KOH solution was used as the electrolyte.

3. RESULTS AND DISCUSSION

Scheme 1 depicts the synthesis methodology adopted for
preparing the Co;0, supported NGr catalysts by using the
hydrothermal method and the application of the best catalyst
derived in the series for the development of MR-ZAB. Co;0,
supported NGr is found to be giving different morphologies of
Co;0, by varying the reaction time, all the while keeping the
reaction temperature constant. The morphology acquired by
the Co;0, nanoparticles in each case could be confirmed
through the TEM analysis. Figures la and 2j, k show well-
defined dispersion of spherical nanoparticles of Co;0,
(C0;0,—SP) on NGr in the case of Co;0,—SP/NGr-24,
with the particle size falling approximately to 60 nm. However,
contrary to the NGr-based system, in the case of the Gr-
supported system, i.e., Co30,/Gr-24h, the dispersion of Co;0,

Scheme 1. Synthesis of Different Morphologies of Co;0,
Supported NGr Catalysts by Varying the Reaction Time in
the Hydrothermal Process; Application of the Developed
Co0;0,—SP/NGr-24h Catalyst As an Air Electrode for
Primary and Mechanically Rechargeable ZAB Has Been
Demonstrated in This Manuscript
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Figure 1. TEM images of Co;0,—SP/NGr-24h: (a) good dispersion
of the Co;0, spherical nanoparticles supported on NGr, (inset:
exposed spherical Co;0, particles), (b) Co;0,—SP/NGr-24h with
spherical edges, where the red colored margin indicates the surface
roughness of the Co;0, nanoparticle, (c) HR-TEM image with lattice
fringes (inset: lattice profile), and (d) SAED pattern of Co;0,—SP/
NGr-24h.

is found to be very poor (Figure 2a). The change in the
behavior of the Co;0, nanoparticles on Gr and NGr in terms
of their dispersion is mainly assigned to the effective bonding
between the nitrogen of NGr and the Co;0, nanoparticles.
Mainly, the doped nitrogen creates additional anchoring sites
which facilitate the dispersion of the Co;0, nanoparticles. In
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Figure 2. TEM images of the Co;0, nanoparticles supported Gr/NGr electrocatalysts synthesized at different reaction time intervals. (a, b)
Dispersion of Co;0, nanoparticles on the Gr support (i.e,, Co;0,/Gr-24h), (c) enlarged view of image b marked with the green colored dotted line,
(d, e) dispersion of Co;0, nanocubes on the NGr support (i.e., Co;0,—NC/NGr-9h), (f) enlarged view of image e marked with the black colored
dotted line, (g, h) dispersion of Co;0, blunt edge cubes on the NGr support (i.e,, Co;0,—BC/NGr-12h), (i) enlarged view of image h marked with
the cyan colored dotted line, (j, k) dispersion of Co;0, spherical nanoparticles on the NGr support (i.e., Co;0,—SP/NGr-24h), (1) enlarged view of
image k marked with the red colored dotted line (rough surface of Co;0,—SP is marked with the white colored line), (m, n) agglomeration of the
Co;0, particles on the NGr support (i.e, Co;0,/NGr-48h), and (o) enlarged view of image n marked with the yellow colored dotted line.

addition to the dispersion, the doped nitrogen is also found to
be playing as an influential entity in controlling the size
distribution (Figure S1) of the Co;0, nanoparticles on NGr.
Among the various NGr samples prepared, the particle size of
Co;0, is also found to be strongly influenced by the duration
of the hydrothermal reaction. Accordingly, the particle size of
the homemade catalysts is found to be following the order of
Co;0, /NGr-48h (~150 + 30 nm) > Co;0,—SP/NGr-24h
(~60 + 3 nm) > Co;0,—BC/NGr-12h (~50 + 3 nm) >
C0;0,—~NC/NGr-%h (~40 + 3 nm). Mainly, the size of Co,0,
on NGr is found to be increased from 40 to 150 nm, when the
reaction time increased from 9 to 48 h (Figure 2d—o and
Figure S1). Moreover, the Co;O, dispersion on the non-
nitrogen-doped graphene (Gr) (Co;0,/Gr-24h) was found to
be inconsistent in size and distribution in comparison to the
NGr supported systems (Figure 2a—c). Along with the size
variation, the amount of Co;0, on NGr is also being varied
with the reaction time (Figure S2). It seems to be the 9 h
reaction time duration is not enough to achieve the complete
dispersion of Co3;0, nanoparticles. Therefore, the major
difference in the acquired sizes of Co;0, on NGr (Co;0,—
SP/NGr-24h) and Gr (Co;0,/Gr-24h), where the reaction
time was set as 24 h in both the cases, highlights the
significance of nitrogen doping in carbon network in achieving
proper dispersion of the Co;0, nanoparticles even though they
are prepared under similar experimental conditions.
Interestingly, we found that as the time of the reaction
increased, the edges of Co;0,—NC started to become blunt
before its agglomeration (Figure 2d—o). This can be visualized
from the transformation of the perfect cubical morphology of
Co;0, in the case of Co;0,—~NC/NGr-9h (Figure 2d—f) to
blunt edged cubes in the case of Co;0,—~BC/NGr-12h (Figure
2g—i) and thereafter to rough edged spherical particles in the
case of Co;0,—SP/NGr-24h (Figure 2j—1). This could be
assigned to the transformation of the higher to the lower
surface energy plane crystal structure. This structural trans-
formation is expected to lead to the formation of the mixed
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facets of the exposed Co-oxide crystals. Among the homemade
samples, Co;0,—SP/NGr-24h has shown the dominance of the
exposed (311) plane (marked in Figures 1c, d and 21 andFigure
S3). This has been confirmed from the lattice profile analysis,
where the calculated value of the d-spacing of Co;0,—SP/NGr-
24h is found to be 0.247 nm, which is assi%ned to the (311)
planes of Co;0,—SP (Figure lc, inset).”” " Fascinatingly, a
close inspection of the HR-TEM images of Co;0,—SP/NGr-
24h shown in Figures 1b and 21 reveal that the surface of Co;0,
nanoparticle is not uniform. It is found to have acquired a
rough surface morphology that might improve the surface area
and roughness factor in comparison to the all the other
prepared catalysts. Details about the surface area and roughness
factor calculation have been given in a later section of this
manuscript. In addition, the selected area electron diffraction
(SAED) pattern confirms the crystallinity of the particles
(Figure 1d). To acquire a more clear understanding of the
crystal structure transformation, we took the images of the 48 h
reaction sample, which is found to be an agglomeration of the
Co;0, nanoparticles (Figure 2m, n). The average particle size
of Co;0,/NGr-48h sample is measured to be around 150 + 30
nm (Figure S1). This transformation in the morphology of
Co;30, might be due to the overgrowth of the Co;0, crystals
with the increasing reaction time (Figure 2m, n).
Furthermore, X-ray diffraction (XRD) technique was used to
understand the phase of Co;0, and change in diffraction peaks
during the structural transformation (Figure 3). The XRD
analysis has been done in the range of 26 from 10 to 80°. The
XRD spectra (Figure 3) show a good crystalline structure of
Co;0, as verified by the well-defined sharp diffraction peaks
corresponding to the (111), (200), (220), (311), and (222)
crystal facets from the Co;0, particles. The XRD result
indicates that the present cobalt oxide is in the form of normal
spinel possessing the fcc crystal structure.”® The observed
diffraction peaks namely (111), (220), (311), (222), (400),
(511), and (440) at the 20 values of 19.84, 31.21, 36.66, 38.91,
42.13, 59.52, and 65.29°, respectively, are indicating the spinel
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Figure 3. Comparative X-ray diffraction patterns of NGr, Co;0,/Gr-
24h, C0;0,—NC/NGr-9h, Co,0,~BC/NGr-12h, Co,0,—SP/NGr-
24h, and Co03;0,/NGr-48h. The black colored arrow indicates the
position of the graphitic (002) plane.

characteristics of Co;0,."* The calculated d-spacing value from
the (311) peak is found to be ~0.249 nm, which matches well
with the d-spacing value derived from the HR-TEM results
(Figure 1c and Figure S3). Furthermore, the 5peak at ~26.39° is
assigned to the G (002) plane of NGr.”**> Importantly, the
relative intensity of the (311) plane of Co;0, is clearly found to
be gradually increasing as the reaction time goes to 24 h, which
clearly highlights the improved exposure of the (311) crystal
plane under the synthetic conditions.”®"” In addition, to
confirm the same, we have calculated the texture coefficient
(TC) for the diffraction peaks observed in case of Co;0,—SP/
NGr-24h, which is found to be greater than unity for (311) and
less than unity for all the other peaks.”” The TC has been
calculated by using the formula given in eq 1.”

I(hkl),
1,(hk),
TC(hkl) = —— 1(kl),
N &i=1 T (hkl), (1)

where I(hkl) = observed intensity of the (hkl) plane of Co;0,—
SP/NGr-24h, I,(hkl) = intensity of the (hkl) plane reported in
reference (JCPDS card no. 80—1545). N = total number of
reflections taken into account.

This highlights the (311) crystal plane is more exposed in the
Co0;0,—SP/NGr-24h. It should be noted that the relative peak
intensity of the (311) plane is found to be decreased for
Co0;0,/NGr-48h (Figure 3). This could originate from the
time-dependent intrastructural modifications affected on the
Co;0, nanoparticles, which lead to the transformation of the
cubical forms of the particles to the spherical forms as the
reaction time reaches to 48 h. This has been substantiated by
the TEM images (Figure 2d—i) of the sample, which indicate
the presence of spherical Co;O, particles on the NGr surface.

Furthermore, to confirm the extent of loading of Co;0, and
stability of the supported catalysts, TGA has been performed,
where the samples were scanned in the temperature range of
25—800 °C with a scan rate of 10 °C/min in an oxygen
atmosphere. Figure S2, provides the comparative TGA curves
of NGr, Co0;0,/Gr-24h, Co;0,—NC/NGr-9h, Co;0,—BC/
NGr-12h, Co;0,—SP/NGr-24h, and Co;0,/NGr-48h. In all
the cases, the initial weight loss at ~100 °C is assigned to the
loss of physisorbed water molecules and the weight loss
between 350 and 750 °C is assigned to the burning of carbon.
TGA curves of Co;0,/Gr-24h, Co;0,—NC/NGr-%h, Co;0,—
BC/NGr-12h, Co0;0,—SP/NGr-24h and Co;0,/NGr-48h
show a final weight of 19.61, 19.88, 23.90, 33.17, and 35.13%,
respectively, indicating the corresponding loading of the cobalt

oxide in the prepared samples. The cobalt oxide loading is
found to be different in all the samples and this indicates the
relationship with the reaction time and the nature of the
support substrate. The Gr supported sample (Co;0,/Gr-24h)
shows lesser % of Co;0, in comparison to that of the NGr
supported sample (Co;0,—SP/NGr-24h), even though both
the catalysts are prepared under the similar reaction conditions.
From the TGA data, it can be clearly seen that the doped
nitrogen is playing a very important role toward the anchoring
of the Co;0, nanoparticles and increasing the stability of the
overall catalyst in comparison to the Gr supported catalyst. This
could be assigned to the intimate contact between the doped
nitrogen of NGr and Co;0, particles. Moreover, the effective-
interaction of the present nitrogen of NGr and Co;0,
influences the basic electronic structure of Co;0, which
eventually helps during the electrocatalytic application of the
material.

To understand the exact local electronic and chemical
configuration of the Co;0, nanoparticles supported on Gr/
NGr, we have carried out XPS analysis (Figure 4 and Figure
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Figure 4. Comparative XPS: (a) survey scan and (b) Co 2p spectrum

of Co0;0,/Gr-24h and Co;0,—SP/NGr-24h. Deconvoluted N 1s
spectra of (c) NGr and (d) Co;0,—SP/NGr-24h.

S4). The N 1s spectra of NGr (Figure 4c) and Co;0,—SP/
NGr-24 (Figure 4d) have been deconvoluted into three
subpeaks in each case. In the case of NGr, these peaks are
appeared at 398.61 + 0.30, 400.48 + 0.30, and 402.84 + 0.30
eV, which are identified as the signatures corresponding to the
pyridinic-N, pyrrolic-N, and quaternary-N, respectively.”>> On
the other hand, the corresponding peaks in the case of the
deconvoluted N 1s spectra of Co;0,—SP/NGr-24 are appeared
at 397.2, 399.45, and 401.86 eV. Interestingly, the lower
binding energy shift by ~1.0 eV of all the N 1s subpeaks of
C0;0,—SP/NGr-24h, in comparison to the corresponding
subpeaks of NGr (N 1s), indicates the effectual bonding
between Co;0,—SP and the doped nitrogen of NGr and this
ascertains to the involvement of the transfer of electron
between the Co-oxide and NGr. This mutual electron transfer
is responsible for the shifting of the binding energy (lower
shift) of the N 1s of Co;0,—SP/NGr-24h in comparison to
that of NGr.*”** This is also authenticated from the different
electronegativity of nitrogen (3.0) and cobalt (1.8).°%°
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Furthermore, from the XPS spectra given in Figure 4c, d, the
nitrogen percentage in NGr and Co0;0,—SP/NGr-24h is
calculated, which is found to be 3.8 wt % in both the cases.
Moreover, the Co 2p spectra shows two main peaks at 780.50
and 795.80 eV, which are assigned to the Co 2p;/, and 2p,,,
respectively, with a characteristic peak difference of ~16.00 eV.
In addition to this, the trivial shift in the binding energy of Co
2p of Co;0,—SP/NGr-24h in comparison to Co;0,/Gr-24h
could be associated with the movement of electron between the
nitrogen of NGr and Co-oxide. This might help to strengthen
the bonding between the entities.

The comparative Raman spectra of Gr, NGr, Co;0,/Gr-24h,
and Co;0,—SP/NGr-24h (Figure S) show two prominent

-0

C0,0,-SP/NGr-24h, I,/I,= 139

C0,0,/Gr-24h, I/1 ;=121

Intensity (a.u.)

NGr, 1/1,= 1.43

1 1
500 1000 1500 2000 2500 3000
Raman shift (cm™)
Figure S. Comparative Raman spectra of Gr, NGr, Co;0,/Gr-24h,

and Co;0,—SP/NGr-24h samples (Inset: exposed Co;0, band,
corresponding to the low energy vibrational peaks).

peaks at ~1326.00 and ~1588.00 cm™', which could be
assigned to the D-band and G-band of the carbon material.*>*
The D stands for the defects and G stands for graphitic."”*
The G-band peak at 1588 cm™" is due to the in plane bond
stretching of C=C, which is strongly coupled in the hexagonal
sheets of graphene. Along with the D- and G-band peaks of the
carbon, additional peaks in the range of 150—750 cm™! are
observed which could be assigned to the longitudinal and
transverse optical phonon mode vibration 4}peaks of the Co;0,
nanoparticles supported Gr/NGr samples.”*® This represents
the vibration mode of the graphitic lattice with the E,,
symmetry, which is an indication of the highly ordered
graphitic carbon materials.”* The intensity ratio of the D and
G-band (Ip/I;;) gives information about the average size of the
sp2 domains with the degree of disorderness. The increased I,/
Ig ratio from 125 to 143 for Gr and NGr, respectively,
provides the evidence of higher degree of defects after the
nitrogen doping. However, the Iy/I; ratio slightly decreases
from 1.25 to 1.21 after the Co;0, decoration on the Gr
(Co;0,/Gr-24h) support. Similarly, in the case of the NGr
supported Co;0, sample (Co;0,—SP/NGr-24h), the Ip/I;
ratio is found to be decreased from 1.43 to 1.39. This observed
trend could be attributed to the restoring of the graphene
structure to some extent upon the Co;O, loading.' It is also
evident that in comparison to pristine NGr at the same region,
the D and G peaks of the Raman spectrum of Co;0,—SP/NGr-
24h show obvious peak shift toward higher wavenumber
(cm™). This shift in the spectra is mainly because of two
factors; one is the carrier density modulation induced by the
charge transfer and the other is the introduction of the
mechanical strain by the supported metals.”> %

To investigate the effect of the modulated properties of the
Co;0, supported Gr/NGr samples and their structural
transformation with the reaction time, electrochemical perform-

ance has been screened by CV, RDE, and RRDE studies.
Mainly, the prepared electrocatalysts have been screened for
ORR in 0.1 M KOH solution by keeping a constant mass
loading (0.05 mg) on a GCE. The commercial PtC has been
used for the comparison study.

The CV measurements in O,-saturated 0.1 M KOH showed
that the onset potential afforded by Co;0,—SP/NGr-24h (0.03
V versus Hg/HgO) catalyst is lower than that of PtC (0.10 V),
but higher in comparison to the other prepared samples
(—=0.10, —0.30, and —0.16 V for NGr, Co;0, and Co;0,/Gr-
24h, respectively) (Figure S5). Furthermore, to clearly
understand the intrinsic electrocatalytic activity, RDE studies
of the different catalysts have been performed (Figure S6).
Specifically, the comparative linear sweep voltammograms
(LSVs) of Co;0,—SP/NGr-24h, Co;0,/Gr-24h, Co,0,, NGr
and PtC recorded at 1600 rpm (scan rate: 10 mV/s) are shown
in Figure 6a. It can be seen that Co;0,—SP/NGr-24h has
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Figure 6. ORR performance of Co;0,—SP/NGr-24h and reference
catalysts: (a) ORR polarization plots of Co;0,—SP/NGr-24h and the
reference catalysts at 1600 rpm of the disc electrode in 0.1 M KOH
solution (the mass loading of catalysts was kept constant to 0.05 mg),
(b) Koutecky—Levich plots at —0.60 V (vs. Hg/HgO), (c)
comparative Tafel plots of NGr, Co;0, Co03;0,/Gr-24h, Co;0,—
SP/NGr-24h and PtC catalysts, and (d) mass activity of the catalysts
@ 0.0 V (vs. Hg/HgO) after normalizing with the mass of Co;0, and
support material, separately.

shown superior activity in comparison to Co;0,/Gr-24h,
Co30,, and NGr (Figure 6a). It should be noted that a well-
featured LSV profile could be obtained in the case of Co;0,—
SP/NGr-24h with a close matching performance characteristics
as that of the state-of-the-art PtC catalyst. The onset potential
for ORR in the case of Co;0,—SP/NGr-24h is 0.03 V, which
indicates that the overpotential experienced by the present
system over its Pt counterpart is only 70 mV. The half-wave
potential (E,/,), which is an indication of how well the system
performs under a demand of current, of Co;0,—SP/NGr-24h
(—0.11 V) is also found to be very close to the E;/, of PtC
(—0.07 V). The comparative E;/, values of all the prepared
catalysts are given in Table SI. This can be taken as a valid
indication on the high number density of the active sites
acquired along the surface of NGr. On the other hand, the
activity of Co;0,/Gr-24h is found to be significantly low in
comparison to Co;0,—SP/NGr-24h and this could be assigned
to the reasons like the lower surface-to-volume ratio, the weak

DOI: 10.1021/acsami.5b04865
ACS Appl. Mater. Interfaces 2015, 7, 21138—21149


http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04865/suppl_file/am5b04865_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04865/suppl_file/am5b04865_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04865/suppl_file/am5b04865_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b04865

ACS Applied Materials & Interfaces

Research Article

interaction of Co;0, with Gr and the nonuniform distribution
of Co;0, particles on Gr. All of these can be featured enough
to cause a low density exposure of the active sites in the case of
Co;0,/Gr-24h, which concurrently attracts a big penalty in
terms of both the onset potential and E,,, as can be observed
from the LSV profile of the sample (Figure 6a).

Despite the advantages obtained in the case of Co;0,SP/
NGr-24h, the similar Co;04-supported NGr systems prepared
at the lower as well as at very higher reaction time durations,
ie, Co;0,—NC/NGr-9h, Co;0,—BC/NGr-12h, and Co;0,/
NGr-48h, are found to be showing very high overpotential and
lower limiting current in comparison to Co;0,—SP/NGr-24h
(shown in Figure S6). The lower ORR activity of Co;0,—~NC/
NGr-9h and Co;0,—BC/NGr-12h might be assigned to the
structural variation along with the surface modification (shown
in Figure 2f, i). As mentioned earlier, Co;0, displayed cubical
as well as blunt-edged cubical structures in Co;0,—NC/NGr-
9h and Co;0,—BC/NGr-12h, respectively, which possess
different exposed crystal planes and other surface characteristics
(Figures 2d—i and 3). Contrary to these two cases, Co;0,—SP/
NGr-24h possesses superior activity in comparison to the rest
of the homemade samples, which could be due to the presence
of the rough surface and spherical morphology (Figure 2I) of
the Co;0, nanoparticles. It should be noted that this activity
modulation toward ORR has been accomplished solely through
the structural changes induced on the Co;0, nanoparticles
when the duration of the hydrothermal process elapse a limit to
attain the conversion of the oxide particles from cubical to
spherical.*** However, in the case of Co;0,/NGr-48h, which
also has spherical Co;0, particles, the performance is found to
be inferior to its 24 h counterpart. Here, in the former case, the
particles get agglomerated because of the higher reaction time
involved in the synthesis, which results in a lower surface-to-
volume ratio (lower specific surface area). Despite this, we
found smaller Co;0, particle size (higher specific surface area)
for Co;0,—NC/NGr-%h and Co;0,—BC/NGr-12h in compar-
ison to Co;0,—SP/NGr-24h. However, regardless of the
smaller size of the former two samples, the electrochemical
activity is found to be better for Co;0,—SP/NGr-24h.
Therefore, the higher activity of Co;0,—SP/NGr-24h is mainly
credited to the higher electrochemical surface area and
roughness factor originated from the uneven/rough surface of
the Co;0, nanoparticles (Figure 2I). The electrochemical
surface area (ECSA) has been calculated by recording the
noncapacitive CV with different scan rates in a potential
window of 0.1 V in the range of +0.05 V from the open circuit
potential (OCP) (Figure $7).%” Subsequently, the slopes of the
anodic and cathodic currents at OCP give the value of the
electrical double layer capacitance (Cy). The the ratio of Cy to
the specific capacitance (Cs), subsequently, gives the ECSA.”
The calculated ECSA follows the order of Co;0,—SP/NGr-24h
(1629 cm?) > Co;0,—BC/NGr-12h (9.25 cm?) > Co;0,—
NC/NGr-9h (8.58 cm?) > Co0;0,/NGr-48h (7.77 cm?).
Furthermore, the roughness factor (RF) has been calculated
from the ratio of ECSA to the geometrical area of the glassy
carbon electrode (GCE, 0.19625 cm?®). The obtained RF is
found to be higher for Co;0,—SP/NGr-24h (83.0) in
comparison to Co0;0,—~BC/NGr-12h (47.1), Co;0,—NC/
NGr-%h (43.7), and Co;0,/NGr-48h (39.59). In short, it can
be seen that the ECSA, RF, and morphology of Co;0, are
contributing significantly by bringing a direct impact on the
electrochemical activity.

To acquire further understanding on the reaction kinetics, we
have recorded the LSVs of Co;0,—SP/NGr-24h at different
rotation rates of the working electrode (Figure S8) and
investigated the kinetics of ORR with the help of Koutecky—
Levich (K—L) equations.”® The current density is found to be
increased with increasing the rotation rate, which could be
assigned to the better mass transport to the electrode surface
(Figure S8). The obtained current density (j) at different
rotation rates of the working electrode can be expressed by the
K-L equation for investigating the kinetics of ORR (details are
given in the Supporting Information). Figure 6b shows the K—
L plots (j_l/2 versus @~ /%) at —0.60 V (vs. Hg/HgO), where
the number of electron transferred per oxygen molecule (n)
reduction can be obtained from the slope of the plots. The
calculated n-value obtained for Co;0,—SP/NGr-24h electrode
is 3.7, which represents a major contribution by the 4-electron
(4e7) transfer mechanism as normally found in the case of PtC
(Figure 6b). From the K—L plots, the kinetic current density
values calculated for the prepared electrocatalysts are found to
be following the order of PtC (17.24 mA/cm?*) > Co;0,—SP/
NGr-24h (12.19 mA/cm?) > Co;0,/Gr-24h (5.88 mA/cm?) >
NGr (3.38 mA/cm?) > Co;0, (0.5617 mA/cm?). Because the
kinetic current density is generally being taken as a strong
indicator to quantify the intrinsic activity of the catalysts, the
above results unambiguously confirm the superior activity of
Co0;0,—SP/NGr-24h in comparison to the rest of the prepared
samples. From the aforementioned discussions, it can be seen
that in the case of Co;0,—SP/NGr-24h, multiple factors work
in favor of it to tune it out as a catalyst with modulated activity
characteristics toward ORR. The coordination of the nitrogen
functionalities with Co3;0,, the higher ECSA and RF acquired
because of the surface restructuring of Co;O, and the
homogeneous particle dispersion accomplished in the system
are the vital factors that induced a controlled interplay to attain
the desired property modulation in the case of Co;0,—SP/
NGr-24h. Similarly, the poor activity of the Co;0, and Co;04
supported graphene systems could be ascribed to the presence
of less functionality on Gr, weak interaction between the Co-
oxide particles and the support substrate, lesser active sites,
lower ECSA, and poor RF.

It is well-known that the rate of transfer of electron, i.e.,
kinetics involved in ORR, is another important parameter
relevant to the activity of the catalysts that can be understood
from the Tafel plot. Co;0,—SP/NGr-24h has shown a Tafel
slope of ~76 mV per decade at lower current density, which
augments nearly comparable activity of Co;0,—SP/NGr-24h
to PtC (Figure 6¢c). As a standard, the commercial PtC has also
been tested, which displays a Tafel slope of ~68 mV per
decade. Overall, the order of Tafel slope of the prepared
samples is PtC (68 mV per decade) < Co;0,—SP/NGr-24 h
(76 mV per decade) < NGr (89 mV per decade) Co;0,/Gr-24
h (130 mV per decade) < Co;04 (146 mV per decade).
Therefore, such a lower Tafel slop of Co;0,—SP/NGr-24h
compared to the rest of the systems indicates that ORR is more
favorable on the surface of Co,0,—SP/NGr-24h.”""*> Fur-
thermore, to understand the quality of the electrocatalyst, mass
activity has been calculated at 0.0 V (vs. Hg/HgO). Figure 6d
provides the comparative mass activity of NGr, Co;0,, Co;0,/
Gr-24h, and Co;0,—SP/NGr-24h. The current at 0.0 V vs Hg/
HgO has been normalized with respect to the mass of Co;0,
and NGr, separately (Figure 6d). Co;0,—SP/NGr-24h is
showing higher mass activity (1.14 A/mg_c.04 and 0.62 A/
mg_yg:) in comparison to Co;0,/Gr-24h (0.21 A/mg_co304

DOI: 10.1021/acsami.5b04865
ACS Appl. Mater. Interfaces 2015, 7, 21138—21149


http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04865/suppl_file/am5b04865_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04865/suppl_file/am5b04865_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04865/suppl_file/am5b04865_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04865/suppl_file/am5b04865_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04865/suppl_file/am5b04865_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b04865

ACS Applied Materials & Interfaces

Research Article

and 0.10 A/mg_g,) at 0.0 V (vs Hg/HgO) (Figure 6d).
Looking it very closely, Co;0,—SP/NGr-24h is found to be
showing ~5.4 and ~6.0 times improved mass activity in
comparison to Co;O, and Gr/NGr, respectively. Again, this
improved mass activity of Co;0,—SP/NGr-24 h could be
attributed to the structure, higher ECSA, and RF associated
with the system.

Furthermore, to understand the ORR pathways of the
prepared materials, the peroxide species (HO,”) formation
during the ORR process was examined by RRDE measure-
ments (shown in Figure 7 and Figure S9). In case the system
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Figure 7. Electrochemical RRDE analysis: (a, b) plots for the
percentage of peroxide formation and the electron transfer number of
NGr, Co;0,, Co0;0,/Gr-24h, Co;0,—SP/NGr-24h, and PtC versus
the potential, (c) percentage of hydrogen peroxide and the number of
electron transfer calculated at —0.60 V (vs. Hg/HgO), and (d)
comparative LSVs of Co;0,—SP/NGr-24h catalyst before and after
the S000 potential cycles (inset: enlarged view of the half wave
potential region).

facilitates the oxygen reduction reaction through the undesired
2-electron pathway, which leads to hydrogen peroxide (H,0,)
as the product, the ring electrode in an RRDE can be used to
quantify this species. The ring current in Figure S8 corresponds
to the formation of H,O,, which shows an increase in its yield
in the kinetic region and exhibits a steady increase in the
diffusion region (<—0.20 V, vs Hg/HgO). Moreover, the ring
current starts to decline slightly at higher negative potentials
(—0.20 V vs. Hg/HgO) (Figure S9). This could be due to the
variation in the number of electrons involved with respect to
the potential of the disc electrode during ORR (Figure 7c).
Figure 7a depicts how the amount of H,0, (given in %) has
been changed with respect to the applied potential. The
estimated H,O, yield is found to be significantly high for
Co0;0, (75%) and Co;0,/Gr-24h (nearly 50%), whereas in the
case of Co;0,—SP/NGr-24h, the amount is found to be in a
significantly low level of 16% in the potential region of —0.30 to
—0.80 V (vs. Hg/HgO) (Figure 7a). The derived electron
transfer numbers from the RRDE estimation are found to be
3.75 and 3.92 for Co;0,—SP/NGr-24h and PtC, respectively
(Figure 7c), indicating the greater contribution by the direct
4e” transfer reaction in the reduction of molecular oxygen.
Thus, there is a close correlation in the obtained number of

electrons as calculated from RRDE and RDE for the ORR
process over the system.

To examine the electrochemical stability of the best catalyst,
C0;0,—SP/NGr-24h and PtC were cycled between the
potential range of 0.20 and —0.20 V at 100 mV/s in O,-
saturated 0.1 M KOH. Very less change in the nature of the
polarization profile can be seen in the cyclic voltammograms
recorded before and after the potential cycling (Figure S10),
indicating that the surface properties of the catalysts are
retained intact during the cycling. As shown in Figure 7d and
Figure S11, the changes in E;;, (~10.2 mV) after the 5000
continuous potential cycling are found to be 10.2 and 382 mV
for Co;0,—SP/NGr-24h and PtC, respectively (Figure S11),
which indicate the better structural integrity of the former
under the rigorous electrochemical condition. Nanoparticle
migration, coalescence and even detachment from the carbon
supports under the exposure of the electrochemical testing
environment are known to be the inherent issues associated
with the existing PtC catalysts. This stability issue is especially
prominent in the case of the alkaline fuel cells and metal—air
batteries and this still remains as a major challenge for the
widespread implementation of these technologies.”*~"

Looking at the best performance of Co;0,—SP/NGr-24h
with better stability during ORR in alkaline condition, we have
demonstrated a ZAB by employing this catalyst as the cathode.
In this case, a Teflon-coated carbon paper modified with
C030,—SP/NGr-24h was used as the cathode and a Zn foil was
employed as the anode. Moreover, the obtained performance
with the system derived from Co;0,—SP/NGr-24h has been
compared with a similar system made from the PtC-derived air
electrode. The measured open-circuit voltages for the systems
made from Co;0,—SP/NGr-24h (1.52 V) and PtC (1.48 V)
(Figure 8 and Figure S12) are consistent with the values
reported for the batteries in the literatures (Table S2). The
comparative steady-state cell polarization (Figure 8b) shows
peak power densities of ~190 and 200 mW/cm?® for the
electrodes derived respectively from Co;0,—SP/NGr-24h and
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Figure 8. Zn—air battery (ZAB) performance of the catalysts: (a)
schematic representation of the fabricated ZAB (catalyst loading:
cathode: 1.0 mg/cm? anode: zinc foil), (b) polarization plots of the
ZABs made with Co;0,—SP/NGr-24h and PtC as the air catalysts, (c)
long-time galvanostatic discharge curves of the ZABs with Co;0,—SP/
NGr-24h and PtC as the cathode catalysts until complete consumption
of the Zn anode, and (d) specific capacity calculated from the data of c
normalized with the mass of the consumed Zn.
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PtC under the identical conditions of the cells. The slight
difference in the ORR activity of the cells derived from these
two air electrodes could be directly correlated to the previously
observed difference in the overall electrochemical performance
in the three-electrode system performed in 0.1 M KOH
solution. To investigate the robustness of the system made
from the Co;0,—SP/NGr-24h catalyst, we recorded galvano-
static discharge curves at different discharge current density
(10, 20, and 50 mA/cm?) (Figure S12). Figure 8c, d clearly
reveals that the performance of the Co;0,—SP/NGr-24h-based
ZAB is comparable to the PtC-based system with the same
mass loading. The performance of the present system is found
to be even higher in comparison to the most of the reported
systems based on nonprecious metal electrocatalysts (Table
S2). It should be noted that the real cell validation displays a
performance characteristics which is consistent with the RDE
and RRDE half-cell results of Co;0,—SP/NGr-24h.

The primary ZAB performance of the as prepared Co;O4—
SP/NGr-24h sample is found to be very competitive to the PtC
based system even at higher discharge rates (Figure S12). The
setup fabricated with Co;0,—SP/NGr-24 h as the air electrode
has shown ~30 h of steady flat discharge profile at a discharge
current density of 10 mA/cm® The performance displayed in
this case has very close resemblance with the performance
characteristics of the system made from the PtC derived
electrode. A similar competitive behavior between the systems
has also been observed at the higher discharge rates of 20 and
50 mA/cm? It is also worth noting that the potential drop from
the system is found to be very small during the long-term
galvanostatic discharge profile measurements (Figure 8c). The
calculated specific capacity (Figure 8d) of the primary ZAB is
found to be ~590 mAh/g_,, whereas the PtC derived setup
shows a specific capacity of ~620 mAh/g .. The obtained
values thus indicate the close activity of Co;0,—SP/NGr-24h
with PtC. Moreover, both the systems show lowering of cell
potential with increasing the discharge current rate because of
the formation of the insulating Zn-oxide on the pristine Zn
anode (Figure 8c, d and Figure S12), an adverse effect which is
already reported in the literatures.”'*’®”” Furthermore, we
have carried out a real time demonstration of the fabricated
ZAB by lighting up 20 LEDs. For lighting the LEDs, we have
connected two ZABs in series which show an OCP of ~3.14 V.
We found that the LEDs (20 numbers) are lighting up to 8 h
without much loss of intensity (shown in Figure 9 and Video
S1, showing the continuous luminous recorded for 10 min).

After Battery
Connection

Figure 9. Demonstration of the assembled ZAB: (a) digital
photograph of 20 LEDs without connection to the assembled ZAB,
(b—f) digital photograph of the lighting LEDs connected with ZAB
recorded at different time intervals.

Interestingly, after the complete discharge of the battery, it
could be again recharged by refueling the anode (i.e, Zn) and
the electrolyte periodically. In this way, the cathode electrode
made with Co;0,—SP/NGr-24h could work robustly for more
than 20 h at a higher discharge current density (50 mA/cm?)
with minimal voltage loss (Figure 10), highlighting the high
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Figure 10. Recharging of the ZAB, using Co;0,—SP/NGr-24h catalyst
as the cathode material and by reloading the Zn anode and electrolyte
regularly. The recharging process is indicated by the arrows.
Conditions: electrolyte: 6 M KOH, discharge rate: 50 mA/cm?
anode: Zn-foil, cathode: Co;0,—SP/NGr-24 h derived catalyst.

stability of the Co;0,—SP/NGr-24h-based ZAB setup. Thus,
the robustness of Co;0,—SP/NGr-24h as the air electrode in
terms of activity and stability stands out as a strong aspect of
the system to find a special place in future metal—air battery
applications.

4. CONCLUSION

In conclusion, the manuscript deals with the synthesis of a
prospective non-noble metal based ORR electrocatalyst derived
by the dispersion of surface tuned Co;0, nanoparticles on NGr
by employing a simple hydrothermal method. The reaction
condition of the hydrothermal method is found to be playing a
vital role in tuning the structural and morphological features of
the Co;0, nanoparticles. The doped nitrogen also plays a
critical role as a supporting material to ensure good dispersion
of the oxide nanoparticles and in bringing in favorable activity
modulation in the system. We found that the spherical Co;0,
nanoparticle-supported NGr catalyst (Co;0,—SP/NGr-24h)
has acquired a significant activity makeover to display an ORR
activity that is closely matched with the state-of-the-art Pt-
supported carbon (PtC) catalyst in alkaline medium. This
activity enhancement has been originated by the controlled
interplay of multiple favoring factors in the system, which
includes the high roughness factor of Co;0,, increased surface
area of the catalyst, homogeneous dispersion of the oxide
nanoparticles and synergetic interaction between the doped
nitrogen and the Co;0, nanoparticles. Co;0,—SP/NGr-24h
has shown ~5.4 and ~6.0 times improved mass activity for
ORR in comparison to Co;0, and Gr/NGr, respectively.
Moreover, the performance of the ZAB fabricated by using
Co0;0,—SP/NGr-24h-coated carbon paper as the cathode is
found to be closely matching with the performance of the
system derived from the state-of-the-art PtC as the cathode.
The Co;0,—SP/NGr-24h based system has shown comparable
specific capacity and power density to its PtC counterpart. The
robustness of the Co;0,—SP/NGr-24h-based system could be
tested with mechanically rechargeable ZAB, which displayed
good stability characteristics throughout the testing.
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