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Facile synthesis of MgCo2O4 nanowires as binder-free
flexible anode materials for high-performance Li-ion
batteries
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Abstract MgCo2O4 nanowires are synthesized for

the first time through two-step synthesis method,

followed by annealing of the MgCo2O4 precursors.

The microstructure and morphology of MgCo2O4

nanowires are examined by powder X-ray diffraction,

scanning electron microscopy, high-resolution trans-

mission electron microscopy, and X-ray photoelectron

spectroscopy. MgCo2O4 nanowires give rise to a BET

surface area of 45.1 m2 g-1 and the adsorption

average pore size of 11.5 nm. When tested as an

anode for lithium-ion batteries, the MgCo2O4 nano-

wires electrode exhibit exceptional properties in terms

of specific capacity, cycling performance, and rate

capacity compared with previously reported Co-based

binary metal oxides. For instance, when the current

densities increase from 5, 10, 15, and 20 A g-1, the

discharge capacities of the MgCo2O4 nanowires

electrode are about 649, 348, 188, and 121 mAh g-1,

respectively. The enhanced electrochemical perfor-

mance of the MgCo2O4 nanowires can be mainly

attributed to the nanostructures which lead to

decreased lithium-ion diffusion distances and

increased active sites for Li insertion/extraction

reactions.

Keywords MgCo2O4 � Nanostructures � Binder-
free �Anode � Lithium-ion battery � Energy conversion

Introduction

The depletable traditional energy resources and the

increasing urgent attentions to environmental pollu-

tion are main driving forces for the development of

renewable and clean energy sources (Mondal et al.

2014; Tian et al. 2007). As one of the most promising

type of energy storage device, lithium-ion batteries

(LIBs) have attracted more and more attention in

recent years due to its high-power capability, long

cycle lifetime, and fast charge and discharge rates,

such as mobile communication devices, portable

electronics stationary, and energy storage. (Lou et al.

2014; Zhao et al. 2012; Cherian et al. 2013). It is well

known that the capacity of anode material for lithium

storage relates to their morphology and microstruc-

ture. The precise design of materials with controlled

nanosized shapes provides one of the most effective

ways of developing high-performance energy devices,

because the high surface area of nanostructures leads

to decreased lithium-ion diffusion distances and

increased active sites for Li insertion/extraction reac-

tions (Bai et al. 2014;Wang et al. 2011; Fu et al. 2013).
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Recently, various nanostructured transition-metal

oxides (TMO) have been exploited as one of the most

promising candidates for potential application in

energy-related devices, owing to their higher theoret-

ical reversible capacities. (e.g., 782 mAh g-1 of SnO2

(Li et al. 2010); 717 mAh g-1 of NiO (Aravindan

et al. 2013); and 890 mAh g-1 of Co3O4 (Xiao et al.

2013). Among the TMO, cobalt-based nanomaterials

have shown the highest capacity and the best electro-

chemical performances, compared to nickel oxide and

iron oxides. (Du et al. 2011). However, cobalt is toxic

and expensive, numerous efforts are made toward

replacing Co3O4 partially with other inexpensive and

environmentally friendly metal oxides to lower the

toxicity and reduce the cost (Sharma et al. 2007a;

Mondal et al. 2014). To date, many binary metal

oxides, such as CuCo2O4 (Sharma et al. 2007b),

ZnCo2O4 (Luo et al. 2012), FeCo2O4, MgCo2O4

(Sharma et al. 2008), MnCo2O4 (Li et al. 2014a),

and NiCo2O4 (Shen et al. 2014), have also been

reported as preliminary anode materials for LIBs.

Among them, although NiCo2O4 and FeCo2O4 exhibit

higher theoretical reversible capacities (890 and

900 mAh g-1, respectively), the simple structures,

poor electric conductivity, and severe volume varia-

tions during the electrochemical reaction led to

structural instabilities and fast capacity decrease,

especially. They show poor rate capability which is

the most important for practical applications of LIBs.

Mohamed et al. reported FeCo2O4 nanoflakes, the

reversible capacity is *1570 mAh g-1 at a current

density of 0.2 A g-1, then *1433 mAh g-1 at

0.4 A g-1, and *1222 mAh g-1 at 0.8 A g-1 (Mo-

hamed et al. 2014). Li et al. synthesized NiCo2O4

microspheres, the discharge capacities of which are

753, 556, and 393 mA h g-1, as the current density

increased stepwise to 0.4, 0.8, and 1.6 A g-1, respec-

tively (Li et al. 2013). One strategy can be proposed to

buffer the volume variations and improve the rate

capability. It could use Co-based binary metal oxides

like ACo2O4 during the first discharge, cobalt metal

atoms are extruded from the pristine material, and a

metal atoms form inactive metal oxides particles,

which can inhibit the volume change (Chamas et al.

2013; Liu et al. 2014). Although MgCo2O4 shows the

lower theoretical capacity (*780 mAh g-1) com-

pared with FeCo2O4 and NiCo2O4, during the first

discharge, Mg atoms form inactive MgO. The inactive

MgO can remit volume variations effectively during

the electrochemical reaction. There are only a few

reports on the application of MgCo2O4 as an anode

material. Chowdari et al. first reported the preparation

of needle-shape MgCo2O4 as an anode material for

LIBs, the obtained MgCo2O4 showed electrochemical

performances with an initial reversible capacity

of 900 mAh g-1 and 17 % of the capacity

(160 mAh g-1) was retained over 50 cycles at a

current of 60 mA g-1(Sharma et al. 2008). However,

the needle-shape MgCo2O4 showed low reversible

capacity and poor cycling performance in practical

application. Therefore, it is necessary to further

improve the capacity, cyclic stability, and rate perfor-

mance of MgCo2O4.

In this study, we report a simple and mild route at

relatively low temperature (100 �C) to fabricate

MgCo2O4 nanowires by two-step synthesis method.

What’s more, there is still no report in the literature to

fabricate MgCo2O4 nanowires on Ni foam as binder-

free electrodes. MgCo2O4 nanowires connected

directly with Ni foam can provide numerous efficient

transport pathways for ions and electrons and avoid

the use of polymer binders and conducting additives.

When applied as anode materials for LIBs, the

MgCo2O4 nanowires exhibit remarkable rate perfor-

mance and excellent cycling stability even at a high

charge/discharge current density.

Experimental

Synthesis of MgCo2O4 nanowires on Ni foam

In a typical synthesis, 1 mmol Mg(NO3)2�6H2O,

2 mmol Co(NO3)2�6H2O, 12 mmol CO(NH2)2, and

6 mmol of hexamethylene-tetramine were dissolved

in 30 ml distilled water and stirred for several minutes.

After putting a Ni foam wafer (16 mm in diameter and

1 mm in thickness) treated with 3 M HCl solution for

30 min, the solution was then transferred into a 50 ml

Teflon-lined stainless autoclave and maintained at

100 �C for 8 h. During the hydrothermal process,

hydrolysis–precipitation took place, which produced

the precipitated precursor of Mg, Co-hydroxide-car-

bonate on the Ni foam wafer (Kang et al. 2013). After

hydrothermal growth, the resulting Mg, Co-hydrox-

ide-carbonate was taken out and washed with distilled

water and absolute ethanol for 10 times, and then dried

at 60 �C for 12 h. Finally, the precursor was annealed
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at a low temperature of 350 �C for 3 h to obtain

MgCo2O4 nanowires. The representative synthetic

process of the sample is illustrated in Fig. 1. For

comparison, the powder product of MgCo2O4 was also

produced by following the same procedure except that

no Ni foam wafer was introduced.

Material characterization

Powder X-ray diffraction (XRD) patterns of samples

were recorded by a Bruker D8 ADVANCE X-ray

powder diffractometer using Cu Ka radiation

(k = 0.15418 nm) at a scanning rate of 0.02� s-1 in

the 2h range from 30 to 70�. Scanning electron

microscopy (SEM) images of samples were carried out

by a FEI Quanta 400 ESEM-FEG (environmental

scanning electron microscope-field emission gun)

equipped with an X-ray energy dispersive spectrom-

eter (EDS). The microstructures of these nanowires

were observed by transmission electron microscopy

(TEM, FEI, Tecnai-20) and high-resolution transmis-

sion electron microscopy (HRTEM, J JEOL JEM-

3010). The specific surface area and pore size

distribution of the samples were recorded using

nitrogen adsorption via Brunauer–Emmett–Teller

(BET, TriStar 3020 analyzer) and Barrett–Joyner–

Halenda (BJH) method at 77 K.

Electrochemical measurements

Electrochemical measurements were performed at

25 �C using coin cells (CR2025) with pure lithium foil

as the counter and reference electrode. The MgCo2O4

microspheres electrode consisted of 80 % active

material, 10 % of acetylene black, and 10 % of PVDF

using N-methyl pyrrolidone (NMP) as solvent, and

then the mixed suspension was pasted on Ni foam

wafer (16 mm in diameter and 1 mm in thickness).

After drying in a vacuum oven for 12 h at 80 �C, the
nickel foam was pressed at 20 MPa so as to obtain

good contact between nickel foam and the active

material, the MgCo2O4 microsphere electrode was

thus obtained. The MgCo2O4 nanowires grown on Ni

foam wafer (MgCo2O4 loading: *2 mg cm-2) sam-

ple were directly used as working electrode without

any binders or conductive additives. Cells were

constructed in a glove box in argon atmosphere under

a dew point below -65�. The electrolyte was 1 M

LiPF6 dissolved in a mixture of dimethyl carbonate,

diethyl carbonate, and ethylene carbonate (1:1:1 by

volume), and the separator was microporous

polypropylene film. The electrochemical experiments

were carried out on a LAND battery program-control

test system in cut-off voltages of 0.005 and 3.0 V.

Cyclic voltammetry (CV) was carried out on a CHI

660D electrochemical workstation at a scan rate of

0.1 mV s-1 in the potential range of 0–3.0 V vs. Li/

Li?. Electrochemical impedance spectroscopy (EIS)

was performed by using the same electrochemical

workstation with the frequency range from 0.01 to

100 kHz.

Results and discussion

In order to study the crystal structure and phase purity

of the obtained products, MgCo2O4 nanowires grown

on Ni foam were sonicated for 1 h to peel the

nanowires off from the substrate. As shown in

Fig. 2, seven distinct diffraction peaks are observed

at 2h values of 31.03, 36.81, 38.27, 44.60, 55.19,

58.89, and 64.98�, respectively. All of these diffrac-

tion peaks can be indexed to (220), (311), (222), (400),

(422), (511), and (440) crystal planes and assigned to

MgCo2O4 with a spinel crystalline structure (JCPDS

No. 02-1073). No additional diffraction peaks from

Treated with HCl 
solution

Ni foam

Hydrothermal 
Deposition 

Precursor nanowires 

Calcination

MgCo2O4 nanowires

Fig. 1 Schematic mechanism of the fabrication process of MgCo2O4 nanowires
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other than MgCo2O4 are detectable, indicating the

high purity of the synthesized product.

The typical survey XPS spectrum of the product is

depicted by using a Gaussian fitting method, the Co 2p

emission spectrum (Fig. 3a) is best fitted with two

spin-orbit doublets, characteristic of Co2? and Co3?

(Xie et al. 2013). The peaks located at 51 eV in Fig. 3b

reveal the high-resolution Mg 2p spectrum, and the

results are in good agreement with the literature

(Casey et al. 2008; Corneille et al. 1994). Figure 3c

reveals the high-resolution O1 s spectrum; it com-

prises two oxygen contributions, the component O1 at

529.6 eV is typical of metal–oxygen bonds, another

peak at 532.5 eV corresponds to a higher number of

defect sites with low oxygen coordination usually

observed in materials with small particles(Yuan et al.

2012).

The morphology of the as-synthesized MgCo2O4

nanowires is characterized by SEM, as shown in

Fig. 4a–f. It can be clearly observed from Fig. 4a that

the Ni foam is constructed by plenty of Ni belts with

smooth surface. Figure 4b–d shows the gradually

high-magnification SEM images of MgCo2O4 nano-

wires. It is observed that these MgCo2O4 nanowires

are directly grown from and closely contacted with the

Ni substrate. These nanowires have an edge length of

1–3 lm and a uniform thickness of *60 nm. In

comparison, without the Ni foam as the substrate, the

formed MgCo2O4 nanowires are assembled in spher-

ical shapes without uniform direction (Fig. 4e, f); this

is because the nanowires unites often possess high

surface free energy, and they tend to stack together and

form sphere structure to minimize the total energy of

the system when no template is used to confine their

growth direction (Wang et al. 2013; Cao et al. 2009).

The SEM micrograph, EDS microanalysis, and the

corresponding mapping images of the cross-section of

MgCo2O4 nanowires are shown in Fig. 5a–f. The EDS

microanalysis of Fig. 5b clearly indicates that the

MgCo2O4 nanowires constitute only Mg, Co, and O

elements with atomic ratio of almost of 1:2:4,

demonstrating the formation of pure MgCo2O4

nanowires. The elemental maps shown in Fig. 5c–f

provide clearer information about the element spatial

distribution within the cross-section of MgCo2O4
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Fig. 2 X-ray diffraction patterns of MgCo2O4 nanowires
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c O 1 s for the MgCo2O4 nanowires peeled down from the Ni

foam
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nanowires, which further confirm the formation of

pure MgCo2O4 nanowires products.

To further investigate the detailed morphology and

structure of MgCo2O4 nanowires, TEM, HRTEM, and

SAED analysis are employed (Fig. 6a–e). TEM image

in Fig. 6a clearly shows that the sample has an edge

length of 1–3 lm and a uniform thickness of*60 nm,

which is in good agreement with the SEM observation.

HRTEM image in Fig. 6b observation reveals that the

porous nanowire consists of quasi-continuous

nanoparticles of 10–20 nm in diameter. To analyze

the crystal accurately, a HRTEM image is derived

from the red rectangle in (Fig. 6c–d). The lattice

spacing is measured to be 0.288 nm, in a good

agreement with the theoretical interplane spacing of

MgCo2O4 (220) planes. SAED pattern in Fig. 6e

implies that these particles are single crystalline in

nature. Figure 6f shows a typical TEM image of the

MgCo2O4 microspheres, and it can be clearly seen that

each microsphere is composed of many aggregated

10μm

(a) (b)

(c) (d)

(e) (f)

10μm

1μm5μm

10μm 2.5μm

Fig. 4 a SEM images of Ni foam, b–d SEM photographs of the as-prepared MgCo2O4 nanowires, e, f SEM photographs of the as-

prepared MgCo2O4 microspheres
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nanowires. Such a phenomenon is consistent with the

SEM image (Fig. 4f).

Figure 7 shows the N2 adsorption–desorption

isotherms and the corresponding BJH pore size

distribution plot of MgCo2O4 nanowires and micro-

spheres. All of the isotherms in Fig. 7a, b can be

classified as type IV isotherm with a type-H4 hystere-

sis loop, implying the existence of mesoporous

structure in the material (Vinu et al. 2005). According

to the investigative results, the BET surface areas of

MgCo2O4 nanowires and microspheres are 45.1 and

30.6 m2 g-1, respectively. According to the corre-

sponding BJH pore size distribution (the inset of

Fig. 7) recorded from nitrogen isotherms, the adsorp-

tion average pore size is 11.5 nm for MgCo2O4

nanowires and 9.2 nm for MgCo2O4 microspheres,

which further confirmed the mesoporous feature of

these materials. The relatively large specific surface

area and identified porosity are beneficial for the Li?

diffusion and electrode–electrolyte contacts during the

electrochemical process.

The electrochemical properties of MgCo2O4 nano-

wires as a conductivity-agent-free and binder-free

anode for LIBs are examined by CV and discharging

and charging test. The initial three CV curves of the

electrode between 0 and 3 V (vs. Li/Li?) at a scan rate

(a)

(d) Co

3μm

Ni(e)

Mg(c)

(f) O

3μm3μm

3μm

(b)

AuC

3μm

Fig. 5 a SEM image and b EDS spectrum of MgCo2O4 nanowire, c–f corresponding elemental mappings of Mg, Co, Ni, and O for the

MgCo2O4 nanowire
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of 0.1 mV s-1 are shown in Fig. 8a. It can be seen

from the CV results in Fig. 8a that there is a substantial

difference between the first and subsequent cycles.

The peak at 0.33 V observed in the first discharge CVs

is ascribed to the formation of the SEI layer (Eq. (1))

and the reduction of Co3? to metallic Co, Mg2? is not

reduced to Mg0 due to the high bond energy of MgO

(Eq. (2)) (Connor and Irvine 2001). At the second

scan, the reduction peak shifts to about 0.8 V and

becomes broader compared to the first cycle, while the

anodic scans almost without changes. Two oxidation

peaks are found at 1.6 and 2.3 V. The weak peak at

1.6 V should correspond to the dissolution of the SEI

layer, and the strong peak at 2.3 V can be assigned to

5 1/nm

1nm

d(220)=0.288nm

5nm

500nm 20nm

1μm

(a)

(d)

(b)

(e)

(c)

(f)

Fig. 6 a TEM image of

MgCo2O4 nanowires,

b TEM image of aMgCo2O4

nanowire, c, d HRTE

images, e SAED pattern of

the as-prepared MgCo2O4

nanowires and f TEM image

of MgCo2O4 microspheres
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the reaction (Eqs. (3), (4)). Moreover, it is obvious

that the peak intensity drops significantly in the second

cycle, indicating the occurrence of some irreversible

reactions associated with the SEI formation.

Liþ þ e� þ electrolyte ! SEI ðLiÞ ð1Þ

MgCo2O4 þ 6Liþ þ 6e� ! 2Coþ 2Li2OþMgO

ð2Þ

2Coþ 2Li2O $ 2CoOþ 4Liþ þ 4e� ð3Þ

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

ð4Þ

Figure 8b shows the discharge and charge curves of

MgCo2O4 nanowires electrode for the 1st and 2nd at a

current density of 2.5 A g-1. The first discharge and

charge capacity are 1357 and 1029 mAh g-1, respec-

tively. Accordingly, the coulombic efficiency of

MgCo2O4 in the first cycle can be calculated to be

76 %. These values are higher than the theoretical

capacity of MgCo2O4. The extra capacity can be

ascribed to solid-electrolyte interphase (SEI) forma-

tion and the decomposition of electrolytes. Upon the

second discharge–charge process, the discharge and

charge capacities are 998 and 949 mAh g-1,
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respectively; and the coulombic efficiency increases

significantly up to about 95 %. Figure 8c gives a

comparison of reversible capacity versus cycle

number for MgCo2O4 nanowires and microspheres

electrode. As can be seen in Fig. 8c, from the second

cycle onwards, the MgCo2O4 nanowires electrode

exhibits slightly capacity decay and around 53 % of

the initial reversible capacity can be retained over 60

cycles at a current density of 2.5 A g-1. For MgCo2O4

microspheres electrode, after 60 cycles, the reversible

capacity is only 83 mAh g-1, and the initial reversible

capacity is only 22 %. MgCo2O4 nanowires electrode

also shows remarkable rate performance compared to

the MgCo2O4 microspheres electrode. As shown in

Fig. 8d, at the current densities increase from 5, 10, 15,

and 20 A g-1, and the discharge capacities of the

MgCo2O4 nanowires electrode are about 649, 348,

188, and 121 mAh g-1, respectively. More impor-

tantly, when the rate is switched abruptly from 20 to

2.5 A g-1, the specific capacity is exceptionally high

at 690 mAh g-1. These results indicate that the

MgCo2O4 nanowires structure has very significant

potential for high-rate anode materials in LIBs. While

the capacities of MgCo2O4 microspheres electrode are

155, 88, 75, and 31 mAh g-1 at the current densities

increase from 5, 10, 15, and 20 A g-1. Apparently, the

above results that the improvement in lithium storage

properties should attribute to the nanostructured

morphology, providing a high-specific surface area

to add the contact area between active electrode

materials and electrolyte. The high contact area can

Table 1 Lithium storage performance comparison of MgCo2O4 nanowires electrodes with previously reported Co-based binary

metal oxides

Binary metal oxide Capacity at low current density Capacity at high current density Ref.

MgCo2O4 nanowire *940 mAh g-1 at 2.5 A g-1 *550 mAh g-1 at 10 A g-1 This work

NiCo2O4 nanoflake *880 mAh g-1 at 0.5 A g-1 *540 mAh g-1 at 2 A g-1 Zheng et al. (2015)

MnCo2O4 microspheres *940 mAh g-1 at 0.2 A g-1 *400 mAh g-1 at 2.7 A g-1 Fu et al. (2014)

Ellipsoidal MnCo2O4 *950 mAh g-1 at 0.1 A g-1 *820 mAh g-1 at 0.4 A g-1 Huang et al. (2014)

NiCo2O4 microspheres *550 mAh g-1 at 0.8 A g-1 *390 mAh g-1 at 1.6 A g-1 Li et al. (2013)

ZnCo2O4 microspheres *970 mAh g-1 at 0.1 A g-1 *400 mAh g-1 at 5 A g-1 Hu et al. (2013)

ZnCo2O4 nanowires *1020 mAh g-1 at 0.2 A g-1 *340 mAh g-1 at 0.8 A g-1 Mohamed et al. (2013)

ZnCo2O4 flower-like *1200 mAh g-1 at 0.1 A g-1 *880 mAh g-1 at 1 A g-1 Chen et al. (2015)

Nano-phase-CuCo2O4 *820 mAh g-1 at 0.1 A g-1 *380 mAh g-1 at 0.752 A g-1 Sharma et al. (2007b)

FeCo2O4 nanoflakes *1570 mAh g-1 at 0.2 A g-1 *1220 mAh g-1 at 0.8 A g-1 Mohamed et al. (2014)

ZnCo2O4 nanostructure *1015 mAh g-1 at 0.5 A g-1 *606 mAh g-1 at 1 A g-1 Song et al. (2014)

Porous ZnCo2O4 *1550 mAh g-1 at 0.1 A g-1 *500 mAh g-1 at 5 A g-1 Hao et al. (2015)

Flower-like MnCo2O4 *330 mAh g-1 at 0.05 A g-1 *180 mAh g-1 at 0.2 A g-1 Wu et al. (2015)

MnCo2O4 nanowire *820 mAh g-1 at 0.2 A g-1 *340 mAh g-1 at 1 A g-1 Li et al. (2014b)
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Fig. 9 The Nyquist plots of a MgCo2O4 microsphere and

bMgCo2O4 nanowires material after the first cycle and the 60th

cycle
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also provide more active sites for lithium-ion inser-

tion/extraction. In addition, during the first discharge,

Mg metal atoms form inactive MgO, which can inhibit

volume variations effectively during the electrochem-

ical reaction. Based on the above discussed electro-

chemical performance of MgCo2O4 nanowires

electrode, it is found that our produced MgCo2O4

nanowires exhibited higher rate capability than those

of previously reported Co-based binary metal oxides

(Table 1).

To explore the cause for the large capacity degra-

dation, EIS of the MgCo2O4 microsphere and MgCo2-
O4 nanowires material after the first cycle and the 60th

cycle are shown in Fig. 9. The semicircle stands for

the charge-transfer impedance on electrode/elec-

trolyte interface (Cao et al. 2013). It can be seen

clearly that the diameter of the semicircle of the

MgCo2O4 nanowire electrode after the first cycle is

much smaller than that of the MgCo2O4 microsphere

electrode, demonstrating that the Ni substrate existed

in the system increased the charge-transfer process

compared to pure powder materials. The results

indicate that Ni substrate enhances the conductivity

of pure binary metal oxide materials. After the 60th

cycles, it is worth noting that the charge-transfer

resistance is enlarged for two samples. The increase in

charge-transfer resistance can give rise to capacity

decay during the cycling process.

Conclusion

In summary, we demonstrated a simple hydrothermal

reaction for the synthesis of MgCo2O4 nanowires at a

low temperature as 100 �C. MgCo2O4 nanowires,

assembled by plenty of quasi-continuous nanoparti-

cles, give rise to a BET surface area of 45.1 m2 g-1

and the adsorption average pore size of 11.5 nm.

When tested as an anode for LIBs, the MgCo2O4

nanowires electrodes exhibit exceptional properties in

terms of specific capacity, cycling performance, and

rate capacity compared with previously reported Co-

based binary metal oxides. The discharge capacities of

the MgCo2O4 nanowires electrode are about 649, 348,

188, and 121 mAh g-1, when the current densities

increase from 5, 10, 15, and 20 A g-1, respectively.

EIS measurements have confirmed that Ni substrate

enhances the conductivity of pure binary metal oxide

materials. In addition, MgCo2O4 nanowires with

nanostructure can provide numerous efficient trans-

port pathways for ions and electrons and relieve the

pulverization of active anode material during charg-

ing/discharging processes.
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