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We report a defect-engineered self-assembly route to a mesoporous ternary ZnCo2O4/nitrogen-doped
graphene nanoarchitecture as an anode material for lithium ion batteries through a hydrothermal and
thermal annealing process. A hetero-nanostructure showed flower-like ZnCo2O4 nanosheets which were
well dispersed and firmly decorated on nitrogen-doped reduced graphene oxide, as atomic-scale defects
such as nitrogen-doped sites and oxygen-functional groups in chemically modified graphene oxide can be
more reactive nucleation sites to anchor metallic nanoparticles strongly. Strong synergy between
N-doped graphene and ZnCo2O4 is observed as a high-performance anode electrode material for much
higher capacity levels and more durable electrochemical stability in lithium ion batteries. The meso-
porous nanoarchitecture electrode shows enhanced reversible performance in cyclic anode tests, main-
taining a specific energy capacity of 998 mAh g�1 after 30 cycles at current density of 100 mA g�1.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Lithium ion batteries (LIBs) are among the most broadly used
electronic gadgets of this century [1]. Due to their high energy den-
sity, LIBs are actively utilized as major power sources for portable
electronic devices such as mobile phones, notebook computers,
tablet computers, digital cameras, flashlights, and laptop comput-
ers. Thus far, single or binary transition-metal oxides have been
strongly considered as anode electrode materials for LIBs given
their high storage capacities for the past few decades due to their
versatile physical and chemical properties and their extraordinary
reversible capacities [2–4]. Nano-sized Cu, Fe, Ni, and Co oxides
have demonstrated high electrochemical capacities and superior
cyclic stability [5]. Several metal oxides along with a few
carbon-based materials also exhibited superior anodic perfor-
mances for LIBs [6–9]. However, ternary-metal oxides have not
been explored significantly for high-performance anode electrode
materials in LIBs as compared to binary metal oxides.
In recent years, mixed transition-metal oxides (MTMOs) with
stoichiometric ratios or non-stoichiometric ratios have been con-
sidered to be very promising candidates for different
energy-related applications. In general, a sophisticated combina-
tion of two low-cost transition metals leads to the formation of
MTMOs. These MTMOs mainly function as single-phase
ternary-metal oxides rather than as a simple mixture of two
binary-metal oxides. Owing to the presence of multiple valences
of the cations, high electrical properties, and the synergetic effect
of these characteristics, these new classes of transition-metal oxi-
des are capable of providing desirable electrochemical behavior
which is primarily useful for LIB applications. For the last several
years, various MTMOs such as NiCo2O4, FeCo2O4, MgCo2O4,
ZnCo2O4, MnCo2O4, CoMn2O4, ZnMn2O4, and ZnFe2O4 have been
investigated for LIB applications [10–18].

Among these MTMOs, ZnCo2O4 has been most widely studied
for LIB applications in recent years. This metal oxide has a spinel
structure in which bivalent Zn-ions occupy the tetrahedral sites
and trivalent Co-ions occupy the octahedral sites. This particular
alignment of metals allows ZnCo2O4 to undergo a conversion reac-
tion between the metal species and Li while also participating in
the reaction between Zn and Li, therefore enhancing the lithium
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storage capacity. Although various nanoarchitectures of ZnCo2O4

such as nanoparticles, porous nanoflakes, and nanowires have been
investigated for LIB applications, hybrid materials based on
MTMOs and carbonaceous materials have not been explored
widely thus far. Liu et al. reported the fabrication of an anode
material for LIBs based on hierarchical three-dimensional
ZnCo2O4 nanowire arrays and carbon cloth [19]. The remaining
main issue associated with hybrid electrodes is to create a strong
bond between MTMOs and carbonaceous materials. Strong bond
between MTMOs and carbonaceous materials closely contributes
to high cyclic stability in electrochemical tests. The synergistic
interaction between the MTMOs and carbon base materials plays
an important role to enhance the electrochemical performances
of the composite.

Among the various forms of carbon allotropes, graphene,
defined as a single-carbon-atom-thick sp2 hybridized honeycomb
lattice, has demonstrated tremendous application potentials in
various energy related fields including LIBs. Graphene and reduced
graphene oxide (rGO) have been considered as an efficient anode
material for LIBs due to their high surface area, excellent electrical
properties, and extraordinary mechanical flexibility. However, cur-
rent studies have closely examined the surface modification of gra-
phene. Heteroatom-doped graphene has shown superior Li storage
capabilities. Among the various hetero-atoms, nitrogen (N) is the
superior dopant for graphene, because the atomic sizes of C and
N are similar. Further, N-doping enhances the Li-adsorption ener-
gies due to the higher electronegativity of N as compared to C,
and due to the hybridization between the N lone pair and the p
system of graphene [20–22]. Reddy et al. demonstrated the direct
growth of N-doped graphene films on Cu through a CVD process,
demonstrating nearly double the reversible discharge capacity as
compared to pristine graphene [23]. Wu et al. reported the synthe-
sis of N-doped graphene through a heat treatment of graphene in a
NH3 atmosphere, showing reversible capacities of 1043 mAh g�1

with 83.6% reversible capacity retention after 30 cycles [24].
Wang et al. prepared N-doped graphene nanosheets through a heat
treatment of graphene oxide in a NH3 atmosphere with a 2 at.%
nitrogen content, exhibiting a high reversible capacity of
900 mAh g�1 at a current density of 42 mA g�1 and reversible
capacity of 250 mAh g�1 at a current density of 2.1 A g�1 [25].
Although N-doped graphene has been extensively investigated
for LIB applications, nanohybrids based on metal oxide and
N-doped graphene have not been explored as much. Li et al.
reported the in-situ growth of anatase TiO2 nanoparticles on
N-doped rGO which exhibited average reversible capacities of
226 mAh g�1 at a current rate of 0.2 C [26]. Jiang et al. demon-
strated a three-dimensional foam architecture of ultrafine TiO2

nanoparticles embedded in N-doped graphene networks through
a combined process hydrothermal self-assembly and freeze drying.
The electrode material showed a reversible capacity of
165 mAh g�1 after 200 cycles at a 1 C rate and a reversible capacity
of 143 mAh g�1 after 200 cycles at a 5 C rate [27]. In a recent study,
Yang et al. demonstrated the hydrothermal synthesis of a
MnO2/N-doped graphene composite using polypyrrole as the N
source, exhibiting a reversible capacity of 647.5 mAh g�1 at a cur-
rent density of 100 mA g�1 [28].

However, no reports are available on a defect-engineered syn-
thetic method to produce a well-dispersed mesoporous ternary
nanoarchitecture with strong bonding between MTMO and gra-
phene. In this work, we report a novel mesoporous nanoarchitec-
ture of ZnCo2O4/N-doped graphene that is synthesized through a
defect-engineered hydrothermal and thermal annealing process
and their potential as anode materials for LIB applications. The
novel hetero-nanostructure with a high surface area enabled
N-doped graphene/ZnCo2O4 to exhibit outstanding electrochemical
performance. To the best of our knowledge, this is the first report
on the LIB application of nanohybrids based on MTMO and
N-doped graphene, as well as the first report of a structural
and property analysis of nanohybrids based on ZnCo2O4 and
graphene/N-doped graphene.

2. Experimental

2.1. Preparation of self-assembled materials

2.1.1. Materials
Zn(NO3)2hexahydrates, Co(NO3)2hexahydrates and urea were

supplied by Sigma Aldrich. Ethanol and hydrazine monohydrate
were purchased from Daejung Chemicals and Metals Co. Ltd. All
chemicals were utilized as received, without further distillation.
For the synthesis of graphene oxide, graphite powder was pur-
chased from Samjung C&G (99.95%). Other chemicals, in this case
H2SO4, H3PO4, KMnO4, H2O2, and HCl, were obtained from Sigma
Aldrich.

2.1.2. Preparation of ZnCo2O4 (ZCO)
In a typical process, initially 1 mmol of Zn(NO3)2, 6H2O and

2 mmol of Co(NO3)2, 6H2O were dispersed in 40 ml of DI water.
Then, 4 mmol of Co(NH2)2 and 10 ml of ethanol were slowly added
to the solution. Subsequently, the entire solution was vigorously
stirred for 1 h. After stirring, the solution was transferred to a
100-ml Teflon-lined autoclave and heated at 120 �C for 6 h. After
the autoclave cooled to room temperature, the product was col-
lected, washed with water and ethanol through centrifugation
and then dried at 60 �C. Finally, the pink-colored product was ther-
mally treated at 400 �C for 2 h. After the thermal treatment, the
pink power became black ZCO.

2.1.3. Preparation of rGO/ZnCo2O4 (GZCO)
A similar process was adopted for the preparation of GZCO. In

this process, instead of DI water, transition-metal oxide precursors
[Zn(NO3)2, 6H2O and Co(NO3)2, 6H2O] were dispersed in a GO solu-
tion (5 mg/ml). Finally the obtained black-colored product,
through a hydrothermal reaction, was thermally treated at 400 �C
for 2 h in an Ar atmosphere to obtain the nanohybrids.

2.1.4. Preparation of N-doped graphene/ZnCo2O4 (NGZCO)
Hydrazine monohydrate was used as a N-doping precursor.

First, transition-metal oxide precursors were dispersed in 5 mg/ml
GO solution through sonication. Subsequently, 1 mmol of hydra-
zine monohydrate was added to the solution, followed by further
sonication. After the hydrothermal reaction, the obtained
black-colored powder was thermally treated at 400 �C for 2 h in a
N2 atmosphere in order to obtain NGZCO.

2.2. Characterization

The physical characterization of the unique mesoporous
ZnCo2O4/N-doped graphene nanoarchitecture was examined using
X-ray diffractometry (XRD, D/MAX-2500, Japan), field-emission
scanning electron microscopy (FESEM, Magellan-400, Nova230,
Japan), transmission electron microscopy (FETEM, Tecnai F20,
U.S.A.), high-resolution dispersive Raman spectroscopy (LabRAM
HR UV/Vis/NIR, France), Fourier-transform infrared spectroscopy
(FT-IR, 4100 Jasco, Japan), multipurpose X-ray photoelectron spec-
troscopy (XPS, Sigma Probe, U.K.), Brunauer Emmett Teller (BET,
Tristar ll 3020 V1.03, Micromeritics, U.S.A.) surface area character-
ization and a thermogravimetric analysis (TGA, 92-18, Setaram,
France). The electrochemistry of the electrode materials was stud-
ied using CR2032 coin cells. The ratio of active material, conducting
carbon (Ketzen black), and binder (Teflonized acetylene black) was
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70:15:15 by weight. The components were mixed thoroughly
using ethanol and the resulting thin film was pressed on a stainless
steel disk. The electrode disks were 1.6 cm in diameter with an
active material loading of 2.5 mg cm�2. The electrodes were dried
at 160 �C for 4 h before the cell assembly process. Metallic Li foil
was used as a counter electrode. A 1 M solution of LiPF6 in
Ethylene Carbonate/Dimethyl Carbonate (1:1 v/v) was used as
the electrolyte. The electrodes were separated by a microporous
poly propylene separator (Celgard, USA). Cyclic voltammetry and
electrochemical impedance spectroscopy data were obtained using
an electrochemical work station (SP-150, Bio-logic, France). The
frequency range was varied from 100 kHz to 100 mHz for electro-
chemical impedance spectroscopy studies under an applied volt-
age of 10 mV. The coin cells were cycled galvanostatically
between 0 and 3 V with a battery tester (WBCS 3000,
Won-A-Tech, Korea).
3. Results and discussion

3.1. Morphology and structural analysis

A facile two-step hydrothermal reaction followed by thermal
annealing was utilized for the synthesis of ZCO, GZCO, and
NGZCO. Based on few previous studies and on the morphological
and as well as structural features, we proposed the probable for-
mation mechanism of these three different types of nanohybrids,
as schematically illustrated in Fig. 1. For ZCO, upon the first sonica-
tion, the interweaving of Zn2+ and Co3+ cations with ethanol mole-
cules form nanoscale clusters (first-step). Under a hydrothermal
reaction, nanoclusters started to nucleate and forms regular gran-
ules (second-step). In order to reduce their surface energy and due
to their tendency to aggregate randomly, these granules started to
form nanosheets (third-step) and sustained this action to form a
flower-like porous network (forth-step) [12,29]. Further, thermal
annealing led to the formation of a flower-like mesoporous archi-
tecture (fifth-step). For graphene-based nanohybrids, regular gran-
ules of the metal cations arranged themselves on the rGO sheets
after nucleation and aggregation under a hydrothermal process.
The rGO skeletons were acted as superior templates for the growth
and formation of nanosheets of a mixed transition-metal oxide.
However, due to the weak bonding between the rGO and
ZnCo2O4, a few rGO sheets remained uncoated. For the mesoporous
ZnCo2O4/N-doped graphene (NGZCO), the N-doping precursor was
thermally decomposed and nitrogen atoms were incorporated into
the graphene network under a hydrothermal process. Atomic-scale
defects such as nitrogen-doped sites and oxygen-functional groups
in the chemically modified graphene oxide enhanced the bonding
between rGO and ZnCo2O4. With regard to this point, the
hydrothermal process played a crucial role both in the nitrogen
doping and the growth of the nanosheets. Hence, all rGO skeletons
were uniformly covered by the nanosheets after nucleation and
aggregation under the hydrothermal condition. Furthermore, the
thermal annealing process removed residual oxygen functional
groups from the rGO sheets and led to the formation of a
flower-like porous morphology with closely packed sheets and a
few undisturbed rGO sheets. Finally, a well-defined flower-like
morphology was observed for NGZCO.

Structural and morphological analyses of ZCO, GZCO and
NGZCO were conducted with SEM and HRTEM imagery. The SEM
images of ZCO show the flower-like morphology of the ZnCo2O4

spheres as shown in Fig. 2(a) and (b). The ZnCo2O4 spheres are
composed of closely packed sheets. A similar type of morphology
was observed by Hu et al. [12]. This flower-like porous microstruc-
ture is responsible for the high surface area of ZCO. However, as
observed in the SEM image of GZCO, the flower-like ZnCo2O4
spheres remain intact in the presence of graphene, although a
few graphene sheets remain uncoated as shown in Fig. 2(c). A
SEM image at a high magnification reveals the porous nature of
the GZCO in Fig. 2(d). The NGZCO shows a completely different
type of morphology. Closely packed nanoparticles are anchored
onto the surfaces of the N-doped rGO sheets in Fig. 2(e), while
Fig. 2(f) indicates the porous nature of NGZCO. The high- and
low-magnification SEM images illustrate the interconnecting net-
work structure and micrometer-sized rough surface morphology
of the NGZCO. This type of porous interconnecting network-like
structure is essential for the reduction of the mechanical stress
caused by the volumetric changes which arise during charging–
discharging cycling [28].

The HRTEM analysis delivers further structural information
about the nanohybrids. As observed in Fig. 3(c), the edges of the
ZnCo2O4 microspheres are composed of nanoparticles. The lattice
fringes indicate the presence of random pores in the ZCO. The spac-
ing between the lattice plans is found to be 0.24 nm, indicating the
(311) plane of ZnCo2O4, as shown in Fig. 3(d). The elemental map-
ping confirms the presence of Zn, Co, and O species in the ZCO.
HRTEM images of GZCO show a wormhole-like porous morphol-
ogy. However, a few uncoated graphene layers are also observed
in Fig. 3(e), which may be due to the weak interfacial bonding
between the rGO and the ternary transition-metal oxide particles.
However, the high-resolution image of GZCO shown in Fig. 3(f)
indicates the (311) plane of ZnCo2O4, while the elemental map-
ping confirms the presence of C, Zn, Co, and O species. The typical
TEM micrograph of NGZCO shows the novel wormhole-like porous
system. A uniform distribution of the ternary-metal oxide particles
on N-doped rGO surfaces is clearly shown in Fig. 3(a). The N-doped
rGO framework acted as a superior template for the proper disper-
sion of the metal-oxide particles as the doping of nitrogen reduces
the particle size and hence enhances the dispersion. Further,
N-doping creates numerous defects on the rGO sheets and thus
enhances the reactive nucleation sites. As a result, the interactions
between the ZnCo2O4 and N-doped rGO sheets are improved.
Similar to other nanohybrids, NGZCO also shows a fringe spacing
of 0.24 nm, indicative of the (311) plane of ZnCo2O4, as shown in
Fig. 3(b). The elemental mapping confirms the presence of C, N,
Zn, Co, and O species in NGZCO. Close contact between N-doped
rGO sheets and ZnCo2O4 particles can enhance the electrochemical
performance by improving the rate of electron transport during
cyclic charging–discharging.

A BET N2 adsorption–desorption analysis was carried out to
determine the specific surface area and average pore-size distribu-
tion of the ZnCo2O4-and ZnCo2O4-based nanohybrids at 77.3 K. The
BET N2 adsorption–desorption analysis data are summarized in
Table 1, and the corresponding N2 adsorption–desorption iso-
therms and pore-size distribution curves are shown in Fig. 4. In this
study, the surface area was chosen as the prime parameter to opti-
mize the concentration of graphene oxide for the preparation of
the NGZCO. ZCO exhibits a surface area of 34.4 m2/g. The surface
area of an electrode material has been observed to increase drasti-
cally with an addition of rGO. Among all of the rGO-based nanohy-
brids, ZnCo2O4/rGO (GZCO, 5 mg/ml GO conc.) exhibits the highest
surface area of 69.5 m2/g, which was found to be double the sur-
face area of ZCO. This significant increment of the surface area is
due to the high surface area of rGO. Strong bonding between rGO
and the mixed transition-metal oxide enhances the surface area
of GZCO. However, with an increase of the concentration of gra-
phene oxide, the surface area decreases, as listed in Table S1. As
the nanohybrids exhibits the highest surface area at 5 mg/ml GO
concentration, this particular concentration was utilized for the
doping process (NGZCO). After nitrogen doping, the surface area
increases (73.6 m2/g) due to the formation of a large number of
surface defects upon the incorporation of N atoms into the
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Fig. 2. SEM images of (a, b) ZCO and (c, d) GZCO under low and high magnification, and (e, f) NGZCO under low and high magnification.

458 S. Sahoo et al. / CARBON 94 (2015) 455–463
graphene layers. The average pore size for all of the electrode
materials was obtained from the desorption data and calculated
from the isotherm using the BJH model. The average pore size
decreases with an addition of rGO and N-doped rGO. With the
addition of rGO and with the doping process, the specific surface
area increases and the average pore size decreases, whereas the
average pore volume remains nearly identical. Hence, the number
of pores increases, which is coincident with the HRTEM analysis.
All of the sorption isotherms are type IV isotherms, indicative of
the mesoporous nature. GZCO exhibits a distinguished H2-type
hysteresis loop, whereas ZCO and NGZCO show distinct H4-type
hysteresis loops. This porous nature helps the nanohybrids to com-
pensate for the large volume change of the anodes during the
repeated Li+ insertion-extraction process [29–31].

A XPS analysis was conducted to understand the chemical nat-
ure and elemental valence of the nanohybrids. The XPS spectra of
ZCO, GZCO and NGZCO are shown in Figs. S2, S3, and Fig. 5, respec-
tively. The survey scan spectrum of each nanohybrid confirms the
presence of Zn, Co, and O species in ZCO; Zn, Co, O, and C in GZCO;
and Zn, Co, O, C, and N species in NGZCO. The high-resolution Zn 2p
spectrum shows two strong peaks at 1045.7 and 1022.6 eV, which
can be assigned respectively to Zn 2p1/2 and Zn 2p3/2, confirming
the Zn(II) oxidation state of ZnCo2O4, as shown in Fig. S2(b).
Further, the high-resolution spectrum of Co 2p in Fig. S2(c) dis-
plays two strong peaks at 796.6 and 781.1 eV, which may be attrib-
uted to Co 2p1/2 and Co 2p3/2, respectively, indicating the Co (III)
oxidation state [32,33]. The peaks at 530.5 and 532.1 eV in the O
1s spectrum shown in Fig. S2(d) confirm the presence of oxygen
species in ZCO. The XPS spectra of GZCO show the characteristic
peaks of Zn 2p1/2, Zn 2p3/2, Co 2p1/2, Co 2p3/2 and O 1s, but, the
peaks positions are slightly shifted due to the bonding between
the rGO and ZnCo2O4, as listed in Table S2. Additionally, the C 1s
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Table 1
Composition of the BET surface area, pore volume and average pore size of ZCO, GZCO
and NGZCO.

Sample name Surface area
(m2/g)

Pore Volume
(cm3/g)

Average Pore Size
(nm)

ZCO 34.4 0.3009 37
GZCO 69.5 0.3029 14
NGZCO 73.6 0.2911 15.9

S. Sahoo et al. / CARBON 94 (2015) 455–463 459
spectrum in Fig. S3 shows a broad peak at 284.6 eV, which can be
attributed to the sp2 C–C bond. Most importantly, the XPS spectra
of NGZCO indicate a significant signal of the N species, confirming
the N-doping of rGO in the presence of ZnCo2O4. The N 1s spectrum
of NGZCO shows sharp peaks at 401.7 and 400.2 eV, which can be
assigned to graphitic N and pyrrolic N, respectively. The pyrrolic N
component is dominant. However, the weak peak at 398.3 eV indi-
cates the presence of pyridinic N as well in Fig. 5(c). The N content
in NGZCO was found to be 2.38 wt.%, which is higher than a previ-
ously reported value [28]. The high-resolution C 1s shows four
peaks at 284.6 eV (C–C), 285.7 eV (C@N), 286.5 eV (C–OH, C–N)
and 288.7 eV (C@O). It is important to note that the presence of
C@N and C–N bonds indicate N doping in Fig. 5(d). The XPS analy-
sis confirms the N doping of rGO in NGZCO. This analysis also con-
firms the presence of strong synergistic effects between the
N-doped rGO and the MTMO, which is essential to achieve high
cyclic stability. For a further confirmation, a FTIR analysis of the
nanohybrids was performed.
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Fig. 4. Nitrogen adsorption and desorption isotherms and correspondin
Fig. 6(a) represents the FTIR spectra of all of the nanohybrids.
The FTIR spectrum of ZCO shows two characteristic absorption
bands at 587 and 669 cm�1 due to the M–O stretching vibration
mode for octahedrally and tetrahedrally coordinated metal ions
[34–36]. The shape peak at 3452 cm�1 is attributed to the hydroxyl
group of the adsorbed water. For GZCO, the characteristic peaks of
ZnCo2O4 are red-shifted by 10 and 16 cm�1. Moreover, the FTIR
spectrum of GZCO shows the presence of C@O carbonyl stretching
(1700 cm�1), C–O alkoxy stretching (1129 cm�1), C–O epoxy
stretching (1226 cm�1) and broad peak at approximately
3447 cm�1 due to the presence of an adsorbed water moiety.
However, the sharp peak at 1568 cm�1 can be assigned to the
skeletal vibration of the graphene sheets [32]. The FTIR spectrum
of NGZCO shows all of the characteristic peaks of ZnCo2O4 and
rGO with slightly shifted positions. Most importantly, as compared
to ZCO and GZCO, the characteristic peaks of ZnCo2O4 become
more sharpened for NGZCO, which indicates the strong bonding
between the N-doped rGO and ZnCo2O4.

A Raman spectral analysis was undertaken to investigate the
spectral features of the nanohybrids as well as the doping effect
of rGO. Fig. 6(b) compares the Raman spectra of ZCO, GZCO and
NGZCO. For ZCO, two Raman active peaks are observed at 556.5
and 650.2 cm�1, corresponding to the characteristic F2g and A1g

modes of ZnCo2O4 [37]. The A1g mode represents the disorderness
caused by the substitution of Zn at the Co octahedral sites in the spi-
nel lattices, and F2g represents the spinel phases of ZnCo2O4 [38].
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Interestingly, the types of characteristic peaks of ZCO are not
observed in the Raman spectra of GZCO. This anomalous phe-
nomenon may be caused by the weak interaction between the
ternary-metal oxide and the rGO. In general, rGO shows a charac-
teristic D band (�1350 cm�1), initiated by the formation of defects
caused by the breathing mode of A1g symmetry and the G band
(�1580 cm�1); this is associated with the mode of E2g symmetry
and related to the degree of graphitization [39]. However, for
GZCO, the characteristic D and G bands are blue-shifted to 1445.5
and 1687 cm�1, respectively. The upshifting of the D band may be
caused by the enhancement of electron–photon coupling [40].
The shifting of the band position of GZCO confirms the presence
of rGO and metal oxide, instead of only rGO. The ID/IG ratio of
0.996 represents the formation of a subsequent sp3 domain. In con-
trast, the characteristic peaks of the D band and G band of rGO as
well as the A1g and E2g modes of ZnCo2O4 are clearly visible in the
Raman spectrum of NGZCO, but in slightly shifted positions. As
compared to GZCO, the D band and the G band are red-shifted to
1359 and 1594.5 cm�1, respectively. This phenomenon can be
explained by the empirical relationship between the Fermi energy
and the Raman Peak position. The N dopants in NGZCO move up
the Fermi level of rGO and thus cause the downshifting of the D
and G bands [41]. The ID/IG ratio of NGZCO (1.006) was found to
be higher than that of GZCO, which suggests the formation of a large
number of defects caused by N doping and a proper reduction of GO
to rGO in the presence of ternary-metal oxide. Moreover, the char-
acteristic A1g and E2g modes of ZnCo2O4 are also shifted for NGZCO
due to the superior interaction between ZnCo2O4 and N-doped rGO.

Fig. 6(c) depicts the XRD patterns of ZCO, GZCO and NGZCO. In
the XRD pattern of ZCO, the peaks at 2h = 18.9�, 31.26�, 36.78�,
38.41�, 44.74�, 55.57�, 59.24�, 65.17� and 77.32� are correspond-
ingly attributed to the reflections of the (111), (220), (311),
(222), (400), (422), (511), (440) and (533) planes of ZnCo2O4.
The diffraction profile of ZCO shows significant characteristics of
cubic ZnCo2O4 with a spinel structure (JCPDS Card No. 23-1390).
No other additional peaks are observed, which indicates the
absence of any other metal oxides or impurities. However, the
XRD pattern of GZCO shows an additional broad peak at 25.34�,
indicating the (002) plane of graphitic carbon [42]. The peak inten-
sities of the characteristic peaks of ZnCo2O4 were decreased for
GZCO. This can be explained by the weak interaction between
rGO and ZnCo2O4. The XRD pattern of NGZCO shows all of the char-
acteristic peaks of ZnCo2O4. Further, the broad peak at around
25.74� can be attributed to the disordered rGO layers. As compared
to GZCO, the peak intensities of all of the characteristic peaks are
enhanced, indicating strong bonding and superior compatibility
between the N-doped rGO and ZnCo2O4. This observation is in good
agreement with the results of the morphological analysis of the
nanohybrids. Most importantly, the characteristic peak at 10.4�
for GO is entirely absent in the XRD patterns of GZCO and
NGZCO. Based on the XPS and FTIR analyses results, the probable
structure of NGZCO has been explored, as schematically shown in
Fig. 5(d), which represents different types of N environments of
N-doped rGO in the presence of ZnCo2O4.

3.2. Li-ion batteries performance

Fig.7(a) shows the first discharge–charge curves of ZCO, GZCO
and NGZCO as evaluated under galvanostatic conditions at a cur-
rent density of 0.1 A g�1 against metallic lithium. All of the samples
exhibit excellent electrochemical performance with a first dis-
charge capacity amounting to 1897, 1884 and 1842 mAh g�1,
respectively, which is correlated to a consumption of �17 mol
equivalents of lithium per mole of ZnCo2O4. The initial capacity val-
ues expressed here are higher than in other reports in the literature
[43,44] and thus complement the morphological features and
higher surface areas obtained, especially for the NGZCO sample.
The characteristic discharge curves show have a sudden drop from
the open-circuit potential until 1.3 V, representing the starting
point of the conversion reaction and the destruction of the struc-
ture of ZnCo2O4 to form corresponding metals without the Li inter-
calation reaction [44]. A flat potential plateau was observed as the
voltage fell from 1.3 to 0.7 V which corresponds to alloy formation
between Lithium and Zinc. A further reduction in the voltage led to
a continuously decreasing voltage profile, representing the forma-
tion of the SEI layer. Metallic Zinc and Cobalt formed during the ini-
tial discharge and were then converted to the representative oxides
of ZnO, CoO and Co3O4 during the subsequent charging cycle.
Therefore, the initial discharge reaction is irreversible and the oxi-
des formed during the initial charging cycle remain active during
further cycling and are responsible for the reversibility of the rep-
resentative negative electrode material. The reversible Li storage in
ZnCo2O4 is based on the conversion reaction mechanism. It under-
goes the following electrochemical reactions:

ZnCo2O4 þ 8Liþ 8e� ! Znþ 2Coþ 4Li2O

Znþ Liþ þ e� $ LiZn;ðLiZn! Li2Zn3 ! LiZn2 ! Li2Zn5 ! LiZn4Þ

Znþ Li2O$ ZnOþ 2Liþ þ 2e�

2Coþ 2Li2O$ 2CoOþ 4Liþ þ 4e�

2CoOþ 2=3Li2O$ 2=3Co3O4 þ 4=3Liþ þ 4=3e�

During the first charging cycle, up to 3.0 V, all three samples
regained their charge capacity equivalent to �50% of the
Coulombic efficiency. The charge curves showed two distinct pla-
teaus at 1.7 and 2.1 V, which represents the formation of oxides
of Zn and Co. The voltage profiles of the discharge–charge reaction
match the electrochemical reactions well. The distinct feature of
NGZCO compared to ZCO and GZCO is the decrease in the voltage
polarization, which is considered to be the difference in the plateau
voltage between the charge and discharge curves; hence, good
cycle ability is presumed.

The cycle performance curves of ZCO, GZCO and NGZCO are pre-
sented in Fig. 7(b). The bare ZCO sample retained a higher dis-
charge capacity compared to GZCO and NGZCO for the initial 10
cycles, with a second-cycle discharge capacity of 1128 mAh g�1

and capacity retention (from 2 to 10 cycles) of 91%; however, the
discharge capacity decreased to 470 mAh g�1 after 30 cycles and
the cycle efficiency was reduced to 42%. On the other hand, the
presence of graphene improved the cycle efficiency of GZCO to
81% after 30 cycles due to the enhanced connectivity between
the particles and the improved electronic conductivity. For the
N-doped graphene composite, NGZCO, the second cycle discharge
capacity was 1045 mAh g�1 and the capacity retained after 30
cycles was 998 mAh g�1 at 0.1 A g�1 with capacity retention of
95%. The capacity retention of NGZCO is higher than those of
ZCO and GZCO due to the presence of uniformly distributed ZCO
particles over the N-doped graphene, the formation of a highly
conducting network due to the complete reduction of graphene,
the ability to accommodate volume changes effectively due to high
porosity, and the presence of defects in the N-doped graphene
which improves the reactivity of the meal oxide during the dis-
charge–charge reactions. Another important aspect of the compos-
ite materials is that the Coulombic efficiency was regained to
nearly 97% and 99% for GZCO and NGZCO, respectively, after the
initial cycle, while the ZCO sample had a slow recovery of the
Coulombic efficiency 91% within a few cycles and maintained this
level up to 30 cycles, which explains the continuous decreasing
cycle life for ZCO. The lower Coulombic efficiency implies higher
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consumption of the electrolyte and lithium during the decomposi-
tion process, which in turn affects the cycle life [45]. Thus, the cycle
life data obtained for the ZCO, GZCO and NGZCO samples are
substantiated.

In order to corroborate the results obtained from the discharge–
charge studies, cyclic voltammograms are recorded between 0 and
3 V at a 50 lV s�1 scan rate. These results are shown in Fig. 7(c).
During the initial reduction cycle, an uninterrupted profile was
observed until the voltage reached 1.5 V; a further reduction leads
to the destruction of ZnCo2O4 and the subsequent formation of a
sharp peak at 0.7 V corresponding to metal formation and the
alloying of Li and Zn. A further reduction leads to the formation
of a SEI layer, which is marked by the peak near 0 V. During the
subsequent oxidation process, two notable peaks at 1.7 and 2.1 V
are observed; theses can be attributed to the oxidation of metallic
Zn and Co. The conversion reaction follows a different mechanism
from the second cycle onward, as clearly observed from the shift in
the reduction peaks to 1.3 and 0.8 V, while the oxidation peaks
does not change. The cyclic voltammetry results for ZCO, GZCO
and NGZCO followed a similar pattern for all of the samples. In
addition, the data was in good agreement with the electrochemical
reactions and the corresponding discharge–charge curves obtained
through galvanostatic cycling studies, in accord with the findings
in other reports [13,35,44]. The effect of the internal charge trans-
fer resistance of the as-prepared half cells will be helpful to those
assessing the cause of the improved performance levels of NGZCO
as compared to the levels of ZCO and GZCO. Electrochemical impe-
dance spectroscopy was conducted to determine the resistance of
the as-prepared cells. The impedance plots consists of a semicircle
that intercepts the real axis in a high-frequency region, represent-
ing the solution resistance due to the electrolyte, while the other
end of the semicircle meets the real axis at a medium-to
low-frequency region which corresponds to the total resistance
of the cell. The difference between the total and solution resistance
gives the charge transfer resistance encountered by the electrode
material. The sloping line in the low-frequency region is related
to the diffusion of lithium ions in the electrode. A calculated charge
transfer resistance of �100 O was obtained for the ZCO and GZCO
samples, while the NGZCO sample had a resistance of 77 O, which
is comparatively low relative to its counterparts. The lower charge
transfer resistance helped the NGZCO maintain good capacity
retention by promoting easy access for charge migration during
cycling. Overall, from the discussion, it is concluded that the meso-
porous ZnCo2O4/N-doped rGO composite presented in this study is
a promising anode material for LIBs.
4. Conclusion

We have developed hydrothermal and thermal annealing pro-
cess to synthesize novel mesoporous ZnCo2O4/N-doped rGO
nanoarchitectures for use as high-capacity anode materials in
LIBs. The strong synergy between N-doped rGO and ZnCo2O4

helped to enhance the bonding in the composite and to create a
uniform dispersion of ZnCo2O4 on N-doped rGO sheets, leading to
a highly conducting network system. Also, the wormhole-like
structure has an exceptional ability to accommodate volume
changes effectively due to its high porosity and the presence of
defects in the N-doped rGO, which improve the reactivity of the
ZnCo2O4 during discharge–charge reactions. Moreover, the meso-
porous ZnCo2O4/N-doped rGO nanoarchitecture electrode shows
enhanced reversible performances during cyclic tests, maintaining
the specific capacity of 998 mAh g�1 after 30 cycles at 0.1 A g�1.
These unique mesoporous ZnCo2O4/N-doped rGO nanostructures
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show good potential for use in backbone conductive networked
structures of anode materials in LIBs.
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