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ABSTRACT: Cobalt-based coordination compounds were
successfully prepared via employing nitrilotriacetic acid
(NTA) as a complexing agent through a mild surfactant-free
solvothermal process. Cobalt ions are linked with the amino
group or carboxyl groups of NTA to become one-dimensional
nanorods that can be proved by Fourier transform infrared
measurement findings. The morphologies of the precursor
Co—NTA highly depend on the solvent composition, the
reaction time and temperature. The probable growth
mechanism has been proposed. After heat treatment, the
Co—NTA precursor can be completely converted into Co@C
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nanorods assembled by numerous core—shell-like Co@C nanoparticles, which preserved the rodlike morphology. The as-
prepared Co@C composites display a rodlike morphology with 4 ym length and 100 nm diameter. The electrochemical
performances of this novel Co@C material as the alkaline secondary Ni/Co battery negative electrode have been systematically
researched. The discharge capacity of the Co@C-1 composite electrode can attain 609 mAh g~ and retains about 383.3 mAh g~
after 120 cycles (the discharge current density of 500 mA g™*). The novel material exhibits a high discharge capacity of 610 and
470 mAh g at discharge currents of 100 and 1000 mA g™, respectively. This suggests that approximately 77% of the discharge
capacity is kept when the discharge current density is increased to 1000 mA g~' (10 times the initial current density of 100 mA
g~ "). The excellent electrochemical properties could be ascribed to the porous channels of the novel Co@C materials, which is
beneficial to electrolyte diffusion and electrons and ions transportation.
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1. INTRODUCTION

It is well-known that not only the composition but also the
phase, morphologies, size and size distribution have an
important impact on the inherent characters of the inorganic
materials.' > Therefore, preparation of inorganic materials with
particular compositions has been meaningful for developing
functional materials and much effort has been undertaken.*~
Synthesis of one-dimensional (1D) structures, for example,
rods, wires, tubes and belts, have been extensively studied for
energy storage.* "> The unique functional properties of such
structures, including high specific area and large channels
among the nanostructures, provide many reaction sites for
facile charge transfer and electrolyte penetration. 1D
nanostructures may further boost the electrical conductivity
and contribute the redox reaction because of the rapid ion and
electron transportation process. Thus, for modifying their
chemical and physical properties, many attempts have been
devoted to prepare 1D nanomaterials, and thus improve their
properties especially as the anode for alkaline rechargeable Ni/
Co batteries, which adopted Ni(OH), as the positive materials
and Co-based materials as the negative materials in an alkaline
aqueous solution."?™'
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Alkaline rechargeable batteries, the most promising energy-
storage equipment with a high energy and power density and
low price, have attracted considerable attention because of their
wide applications in many aspects.'””*®
been put on Ni/Co batteries as a new electrochemical energy
storage solution for alkaline rechargeable batteries. In this
battery system, Ni(OH), is employed as the cathode and
Co(OH), as the anode. According to Gao et al,"? this battery
type has a specific energy of about 160 Wh kg™, which is much
higher than the 70—90 Wh kg™ of commercial Ni/MH
batteries. Compared to cathode materials, recent research pays
more attention to the anode materials. Recently, more and
more research has focused on Co-based materials that include
cobalt oxides and hydroxides, Co-based alloys as the anode of
the rechargeable Ni/Co batteries.">'*~** The above-discussed
electrodes present a higher discharge capacity, more excellent
cycle performances and rate capability than other materials.
And the active substance to react during the charge/discharge

An increased focus has
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procedure was demonstrated to be metallic Co. Therefore, the
discharge capacity of Co-based negative materials could be
mainly attributed to the utilization of Co. Co—carbon materials,
for instance, Co—carbon nanotubes (CNTs) (prepared via
hydrothermal method), Co—CNTs (obtained by ball-milled)
and Co/CMK (synthesized by hydrothermal way) have been
covered to exhibit good electrochemical properties.'***** Not
only is the active substance dispersion improving but also the
materials electroconductibility is undergoing improvement after
introducing carbon to the anode.*>*® Moreover, porous Co@C
nanostructures with enhanced surface area, good capability to
alleviate large volume changes and more electroactive sites have
also been demonstrated to reinforce the electrochemical ability.
However, the existing methods to synthesize the Co—carbon
composites are distinctly painful and industrially unable with
tedious and time-consuming processes.

Therefore, a novel self-template tactic has been verified for
the in situ preparation of 1D Co@C composites via a
solvothermal method, employing nitrilotriacetic acid (NTA)
as the carbon source, and the precursor Co—NTA serves as the
built-in template in the following annealing procedure. During
the heat treating process, the core—shell-like Co@C nano-
particle structure comes into being due to the fracture of an
atomic bond, which leads to the high surface area and porous
structure. These Co@C nanoparticles are intercrossed and
interconnected with one another, forming an intricate trans-
portation network to provide an excellent capability for fast
ions and electron transfer. Because of the low cost of Co—NTA,
it would be industrially feasible. Moreover, this method avoids
the use of hard templates, complex activations, corrosive
chemicals and specific precursors. The obtained 1D Co@C
nanorods own an elaborate 1D nanostructure and a three-
dimensional (3D) interconnected mesoporous structure, uni-
form mesopore size (18.1 nm) and high surface area (94.5 m*
g~"), which give rise to excellent performance as the negative
material in an alkaline Ni/Co battery. When evaluated as the
negative materials of the alkaline rechargeable battery, they
show a high initial discharge capacity (609 mAh g™") and could
retain a high reversible capacity of 383.3 mAh g™! after 120
cycles at a discharge current of S00 mA g~'. These excellent
results reveal that such uniquely structured Co@C nanorods
are promising in electrochemical energy storage applications.

2. EXPERIMENTAL SECTION

2.1. Synthesis. Cobalt chloride hexahydrate (CoCl,-6H,0) and
NTA were purchased from Alfa Aesar China Co., Ltd. The 1D
mesoporous Co@C nanorods were synthesized through solvothermal
methods followed by an annealing process. In a synthesis procedure of
the precursor, 1.5 g of CoCl,-6H,0 and 0.6 g of NTA were added to
10 mL of distilled water with vigorous stirring until dissolution. Then
30 mL of isopropyl alcohol (IPA) was added to the above solution
with stirring for another 10 min. The mixed solution was transferred
into a 50 mL Teflon-lined autoclave and then put in a drying oven.
The temperature was set in 180 °C and maintained for 6 h. The
precipitation was gathered by centrifugation, and washed with distilled
water and anhydrous ethanol for six times. After that, the collected
product was dried at 60 °C overnight in an oven. The obtained
product was named H1. The precursors H2 and H3 were prepared in a
mixture (20 mL of distilled water and 20 mL of IPA) and 40 mL of
IPA, respectively, without other changes. The 1D porous Co@C
nanorods were obtained by calcination of the precursor H1, H2 and
H3 at 500 °C for 2 h in Ar atmosphere. The corresponding samples
prepared from the precursor H1, H2 and H3 were designated as Co@
C-1, Co@C-2 and Co@C-3, respectively. The productivity of the 1D
Co@C nanorods can be calculated by the following equation:
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in which m,, is the actual mass value of the element Co in the Co@
C composite after the thermal reaction, My, qpeica i the theoretical
mass value of the element Co in the as-prepared Co@C composite.
The actual mass of the Co@C-1, Co@C-2 and Co@C-3 composites
are 0.1747, 0.1108, and 0.1282 g, respectively. The cobalt contents of
the as-prepared Co@C-1, Co@C-2 and Co@C-3 were characterized
by ICP and the amounts of the Co are 68%, 73% and 78%,
respectively. So, the element Co mass of the Co@C-1, Co@C-2, Co@
C-3 composites are 0.1188, 0.0809, and 0.0999 g, respectively. The
theoretical Co mass is 0.3715 g. Therefore, the productivities of the as-
synthesized Co@C-1, Co@C-2 and Co@C-3 are 32%, 22% and 27%,
respectively.

2.2. Structural Characterization. The composites of the
obtained Co@C-1, Co@C-2 and Co@C-3 were determined by
powder X-ray diffraction (XRD, Rigaku D/Max-2500). The
morphologies were conducted by scanning electron microscopy
(SEM, JEOL JSM-6700F field emission), transmission electron
microscopy (TEM), high-resolution transmission electron microscopy
(HRTEM) and energy-filtering transmission electron microscopy
(EFTEM) on a JEOL JEM-2100 transmission electron microscope.
The thermal performance of the Co—NTA coordination compound
has been investigated by the thermogravimetric analyzer-derivative
thermogravimetry technique (TG-DTA, TG209). The obtained Co@
C-1 composites were conducted by the X-ray photoelectron
spectrometer (XPS, PHI 5000 Versaprobe, ULVAC PHI). Raman
spectrum of the Co@C-1 composite was determined by Renishaw
inVia (excitation 514.S nm). FTIR spectra of the precursor H1 and the
pure NTA were determined by a FTIR-650 spectrometer (Tianjin
Gangdong, resolution of 4 cm™). Nitrogen adsorption/desorption
measurements (NOVA 2200e, Quantachrome Instruments) were
performed to characterize the BET specific surface areas and porous
instincts of the obtained Co@C composite. And the Co amounts of
the Co@C-1, Co@C-2 and Co@C-3 were determined by inductively
coupled plasma optical emission spectrometry (ICP-OES, ICP-9000).

2.3. Electrochemical Characterization. The Co@C composite
electrode was fabricated through a new smear method. In a typical
process, 25% the obtained Co@C composite active material, 70%
carbonyl nickel powders and 5% polyvinylidene fluoride were mixed
together. After the solution was stirred for about 30 min, the above
mixture changed to a paste and then was pressed on a Ni foam (2 X 2
cm) at a pressure of 10 kgf (cm?)™! for 30 s.

Electrochemical tests of the anode were performed in a three-
compartment cell. The Co@C composite electrode was the working
electrode. The NiOOH/Ni(OH), were the counter electrode. The
Hg/HgO served as the reference electrode. A 6 M KOH aqueous
solution was the electrolyte.

A LAND battery-test instrument (CT2001A) was used to test the
cyclic performances and rate capability of the Co@C composite
electrodes. The electrodes were fully charged at 500 mA g™ for 1.5 h,
standing for 5 min and then discharged at 500 mA g™' up to —0.5 V
(vs Hg/HgO reference electrode). All of the electrochemical
measurements were carried out at 25 °C.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of the Obtained
Co@C Nanorod. The morphology of the precursor H1 was
determined by SEM and TEM. The SEM images in Figure 1a,b
distinctly display that the obtained precursor H1 are made up
of nanorods of about 8 ym in length. The representative TEM
images (Figure lc,d) of the obtained precursor H1 show that
the precursor H1 has a smooth surface. The average diameter
of the precursor H1 nanorod is about 150 nm (Figure 1d). The
FTIR spectra in Figure le show the composition of the
obtained precursor H1 and NTA. According to the
literature,”” ~?° the band between 3100 and 2900 cm™ is
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Figure 1. SEM images (a, b) and TEM images (c, d) of the Co-NTA
precursor, FTIR spectra (e) of pure NTA and Co—NTA precursor, the
thermogravimetric analysis and different thermal analysis (TG-DTA)
curve (f) of the Co—NTA precursor.

designated for the stretching vibration of C—H. For precursor
H1, due to the introduction of Co’*, the peak at 3040 cm™
disappears, and the peak centered at 2992 cm™" shifted to 2977
cm™!. For NTA, the band located at 1720 cm™! is referred to
the stretching vibration of C=0."***' But the peak in
precursor H1 disappears, and two peaks located at 1687 and
1589 cm™" appear instead, demonstrating the formation of Co—
NTA coordination.”> The TG-DTA technique was employed
to research the thermal stability of the precursor H1 (Figure
1f). It is shown that the mass of the precursor H1 changed little
when the temperature was below 400 °C. Above 400 °C, the
weight loss can be as high as about 25.38%, which is ascribed to
the decomposition of the Co—NTA coordination to the Co@C
composite. On the basis of the above discussions, to ensure
complete decomposition of the Co—NTA precursor, the
calcinations temperature of the Co—NTA coordination to the
Co@C composite was set at 500 °C for 2 h.

After an annealing treatment at 500 °C, three target products
were formed. As shown in Figure 2, the three samples have
almost the same XRD pattern, which agrees well with the
standard cubic Co phase (JCPDS card no. 89-4307), and the
broaden peak around 25° can be ascribed to the amorphous
carbon. The diffraction peaks centered at 44.4, 51.7 and 76.0°
can be indexed to the (111), (200) and (220) planes of Co,
respectively. The unit cell dimension of the structure, a,, for
Co@C-1, Co@C-2 and Co@C-3 is calculated as 3.539, 3.540,
3.538 A, which is each very close to the value of 3.544 A given
in the JCPDS card no.89-4307 file for Co. In the XRD patterns,
except for the peaks of Co and amorphous C, there are no
other peaks are observed, indicating the full transformation of
the Co—NTA coordination to the Co@C composite. The
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Figure 2. XRD patterns of the as-prepared Co@C-1, Co@C-2 and
Co@C-3 composite.

cobalt contents of the obtained Co@C-1, Co@C-2 and Co@C-
3 were conducted by ICP and the amounts of the Co are 68%,
73% and 78%, respectively.

SEM and TEM were used to characterize the morphology of
Co@C-1 (Figure 3). Co@C-1 displays a rodlike structure with

Figure 3. SEM image (a), TEM images (b—d) and EFTEM images
(ef) of the prepared Co@C-1 composite.

about 4 ym length and 100 nm diameter. Thus, the SEM image
shows that the Co@C-1 nanorods are made up of a number of
nanoparticles, which may be more beneficial to electron
transfer. The TEM image shown in Figure 3b further confirm
the rodlike structure assembled by Co@C nanoparticles. Figure
3c shows that the fringe spacing is about 0.202 nm, which can
be referred to the (111) plane of cubic Co. We can also find
that the nanoparticle is composed of Co nanoparticles coated
by carbon. As we can see from the HRTEM image in Figure 3d,
the amorphous carbon is in the places notes as A and B, while
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the Co nanoparticles (places noted C and D) also exist in the
porous Co@C composite. Thus, the synthesized Co@C-1
composite has a Co core of approximately 10 nm in diameter
and a carbon shell of about 2 nm in thickness, which are
verified by the EFTEM images (Figure 3e,f). Remarkably, the
obtained Co@C-1 composite totally retains the 1D structure of
the precursor H1, which indicates its thermal stability (Figure
3).

In the XRD patterns (20° to 30°) of the porous Co@C-1
composite, a weak and broad peak from amorphous carbon can
be seen clearly (Figure Sla, Supporting Information). The
Raman spectrum of the Co@C-1 composite is depicted in
Figure S1b (Supporting Information) in which there are two
peaks and can belong to the disordered band (D band) (1367
cm™") and graphene band (G band) (1599 cm™). The peaks
are very broad, which indicates that the carbon structure is
amorphous. To further examine the carbon, the graphitization
degree I,/I; (the intensity ratio of the D band to the G band)
is calculated. The I/I; of the prepared Co@C-1 composite is
0.78, which is much higher than that of fully graphitized carbon
(0.09).>*7%° This result also proved the carbon is amorphous,
which gave a buffer space to volume expansion and improved
the conductivity of the composite.

XPS measurement was performed to evaluate the chemical
state of the elements in the as-prepared Co@C-1 composite.
The Co 2p and C 1s spectra are presented in Figure 4a,b,

b
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Figure 4. XPS spectra of Co 2p (a) and C Is (b) for the as-prepared
Co@C-1 composite.

respectively. As we can see from Figure 4a, the peak centered at
778.1 eV can be ascribed to the binding energy of Co 2p;,,
which indicates that the zero valence of Co exists. And the peak
located at 284.80 eV (Figure 4b) is well-referred to the sp® C-
sp” C. The above results illustrate that the zero valence of Co
and C come into being after calcination.

It is widely accepted that the intrinsic properties of the
solvent have impressive effects on the physical and chemical
behaviors of the chemicals and the intermediates. Herein,
different volume ratios between the distilled water and IPA are
employed and the corresponding samples were obtained. It can
be seen that both the precursors H2 and H3 display a rodlike
structure. Figure S2a,c (Supporting Information) reveals that
H?2 and H3 are uniform rodlike structures; the product Co@C-
2 obtained after annealing H2 displays rodlike structure
assembled by a number of nanoparticles, whereas Co@C-3
prepared after annealing H3 is entirely composed of various
nanoparticles (Figure S2b,d, Supporting Information). It seems
that the distilled water is favorable for the formation of the
nanorods structure.

The effect of synthesis condition on the phase formation was
investigated via regulating the reaction factors containing the
dwell time and the reaction temperature. Figure S3 (Supporting
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Information) displays SEM images of different precursors
prepared at different reaction times. At the initial step, the
purple precursor H1 is made up of bulk particles with a little
amount of splitting rods on them (Figure S3a,b, Supporting
Information). In the following stage, the bulk was splitting the
rodlike structures and finally the entire rod shape (Figure S3c,d,
Supporting Information). The conditional experiments also
show that the precursor H1 possessed different morphologies
that can be obtained through varying the solvothermal
temperature (Figure S4, Supporting Information).

Scheme 1 displays the probable growth mechanism of the as-
prepared composite assembled by numerous core—shell-like

Scheme 1. Schematic Illustration for the Possible Growth
Mechanism of the As-Prepared Composite Assembled by
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Co@C nanoparticles. At the initial step, metal cobalt ions and
NTA molecules become a ternary complex Co—NTA during
the solvothermal process. The bulk Co—NTA precursors split
to the rodlike structures and finally an entire rod shape with
increased dwell time. Then Co@C nanorods preserved the
precursor morphology could be synthesized after the thermal
treatment of the Co—NTA precursor. During the heat treating
process, the core—shell-like Co@C nanoparticle structure
comes into being due to the fracture of atomic bond, which
leads to the high surface area and porous structure. On the basis
of the discussions in the above, the probable growth process of
the Co@C-1 composite can be summarized in Scheme 1.

The porosity of the as-prepared Co@C composite is further
investigated by BET analysis. The N, adsorption/desorption
isotherm and the corresponding pore-size distribution plot of
the Co@C-1 composite are displayed in Figure S and the inset
therein. The isotherm can be ascribed as a type IV isotherm,
along with H3 hysteresis loops in the 0.5—0.95 relative pressure
range, demonstrating the existence of a mesoporous structure.
The BET surface area of the Co@C-1 composite is around 94.5
m® g~ '. Moreover, the pore size distributions indicate that
almost pore size is 18.1 nm. The specific surface areas of Co@
C-2 and Co@C-3 are about 89.2 and 85.5 m” g™/, respectively
(Figure SSa,b, Supporting Information). It is well-known that
the relatively large surface area and porous features are critical
to offer more active sites within pores for fast electrochemical
reaction and facilitate the ions and electrons transfer in the
electrolyte/electrode interface, resulting in greatly enhanced
energy storage performances.
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Figure S. N, adsorption/desorption isotherm and the pore size
distribution (inset) of the Co@C-1 composite.

3.2. Electrochemical Performances. Owing to the 1D
porous structure, core—shell-like Co@C nanoparticles and
small particle size, these obtained Co@C samples might be
advantageous for electrochemical energy storage. On the basis
of the Faraday’s law and two-electron reaction during the
charge/discharge procedure, the theoretical electrochemical
capacities of Co, Co@C-1, Co@C-2 and Co@C-3 are
calculated to be 909, 618, 664 and 709 mAh g_l, respectively.
Figure 6a displays the cycle performances of the Co@C-1,
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Figure 6. Cycle Curves (a) of the as-prepared Co@C-1, Co@C-2 and
Co@C-3 composite electrodes at a current rate of 500 mA g~', and
rate capability (b) of the Co@C-1 composite electrode.

Co@C-2 and Co@C-3 composites as the negative electrode
materials of alkaline rechargeable batteries. As it can be seen,
the Co@C-1 electrode shows the highest discharge capacity
and best cycle performance among the three samples. And the
maximum discharge capacity can reach 609 mAh g~', which is
very close to the theoretical value. Even after 120 cycles, the
value can still remain at 383.3 mAh g~'. The capacity retention
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rate (Ciy0/ Cpnay) is 62.9%. This may be due to its highest carbon
amount and the largest BET surface area, which improve the
electrical conductivity and the contact area of the electrode and
electrolyte, further leading to the increasing utilization of the
active material Co. And the Co@C-1 electrode displays the best
cycle stabilities, which may be due to the ordered array of Co@
C nanoparticles in nanorods that facilitated the electron
transfer, leading to the enhanced electrochemical proper-
ties.'"”*” High rate performance is one of the most important
factors evaluating a practical battery. The rate capability of the
Co@C-1 electrode was measured at various discharging
currents to examine the kinetic properties. As shown in Figure
6b, the discharge capacities of the Co@C-1 composite
electrode are 610, 590, 570 and 470 mAh g_l, respectively.
The results indicate that the Co@C-1 composites could
significantly possess high specific surface area and large
channels among the nanostructures, provide more reaction
sites for facile charge transfer and electrolyte penetration to
enhance the electrochemical properties of the Co@C-1
composite electrode.

Figure 7a depicts the charge—discharge curves of the Co@C-
1 electrode at the 1st, 2nd, 3rd, 10th and 30th cycles. As we can
see from Figure 7a, the discharge capacity is 609 mAh g™" at the
Ist cycle and decreases to 472 mAh g™ at the 30th cycle. Two
potential plateaus have appeared in all the charge curves as well
as one potential plateau of the discharge curves for each cycle.
The first plateau of the charge process is at around —0.88 V,
and the other one located at —1.02 V can be ascribed to the
water electrolysis. The only plateau of discharge curves for each
cycle centers at about —0.78 V. These results are accordant with
the potential plateaus of the Co-based materials when used as
the anode for the rechargeable Ni/Co batteries.>'>'#16>12338
Figure 7b illustrates the CV curves of the Co@C-1 electrode in
the first three cycles. For the Co@C-1 electrode, a cathodic
peak appears at —0.98 V, and also an anodic current peak at
near —0.72 V can be found in all the three CV cycles,
corresponding to the reduction—oxidation reaction during
charge/discharge procedure. Thus, the curve shape, the anodic
and cathodic peak positions of the Co@C-1 electrode are
highly accordant with the previous reported Co-based electrode
material, demonstrating the same reduction—oxidation reac-
tion.>*® In addition, the integral area of the CV curves gradually
decreases, suggesting that the discharge capacity of the first
three cycles gradually reduces, which further confirms the cycle
performances results of the Co@C-1 electrode.

To further investigate the electrochemical reaction mecha-
nisms of the Co@C-1 electrode during the charge and
discharge processes, an XRD measurement was performed to
characterize the composition of the Co@C-1 electrode at
different charged/discharged states (Figure 8). The electrodes
for XRD measurements are prepared by using acetylene black
as a conductive agent instead of the carbonyl Ni, which is due
to the strong intensity of the carbonyl Ni diffraction peaks.
There is little cobalt hydroxide and metallic Co after the first
fully charged process. And also, little amounts of Co and cobalt
hydroxide appear at the first fully discharged state. After the
second fully charged procedure, the cobalt hydroxide phase still
exists as well as the metallic Co, suggesting a partially
irreversible conversion of the metallic Co and cobalt hydroxide
during the charge/discharge procedure. In addition, with the
cycling, the diffraction intensity of cobalt hydroxide at the fully
discharged state gradually increases. These indicate that the
reduction—oxidation of the electrode irreversibility increases.

dx.doi.org/10.1021/am4048392 | ACS Appl. Mater. Interfaces 2014, 6, 3863—3869
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Figure 8. XRD patterns of the Co@C-1 electrode at charged or
discharged states after first and second cycles.

On the basis of the above discussions, the reaction mechanism
of the Co@C composite electrode during charge and discharge
process can be ascribed to the redox reaction of Co and cobalt
hydroxide.'>'**"*%% In other words, during the discharge
process, metallic Co is oxidated to cobalt hydroxide, and cobalt
hydroxide is reduced to metallic Co under the charge
procedure. This can be expressed in the following equation:
_ discharge

Co + 20H™ /= Co(OH), + 2e
charge

There are several factors contributing to the Co@C
composite having a high discharging capacity, excellent cycle
performance and high rate capacity. First, the subsequent in situ
process is beneficial to the formation of the Co@C hybrid
material with high interfacial interaction between the C and Co
nanoparticles. Second, the unity of the Co nanoparticles and
high conductivity carbon supplies electron superhighways,
which permit rapid and efficient charge transportation and
result in the overall electronic conductivity increase. Third, the
1D porous nanostructure could reduce the transport path and
offer a robust retention of electrolyte ions to meet the demands
of fast charge and discharge reactions. And the large specific
surface area could guarantee more effective contact between the
electrolyte ions and the active materials, thus raising the
electrochemical performance.

4. CONCLUSION

In summary, 1D porous Co@C nanorods have been
successfully synthesized by pyrolysis of Co-based precursor
(Co—NTA) nanorods. The Co@C nanorods show enhanced
electrochemical performance used as an electrode material for
alkaline secondary battery. The obtained porous Co@C
electrode delivers a high discharge capacity of 609 mAh g™
at 500 mA g, desirable rate capacity (470 mAh g™' at 1000
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mA g~') and excellent stability (retains about 383.3 mAh g™
after 120 cycles). The porous structure and large specific
surface area have a significant effect on the electrochemical
activity of Co@C. In addition, the dominate reduction—
oxidation reaction of Co@C composite electrode is the
conversion of Co and Cobalt hydroxide during the charge/
discharge process.
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