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Abstract Hollow spherical NiO particles were prepared

using the spray pyrolysis method with different concen-

trations of precursor. The electrochemical properties of the

NiO electrodes, which contained a new type of binder,

carboxymethyl cellulose (CMC), were examined for com-

parison with NiO electrodes with polyvinylidene fluoride

(PVDF) binder. The electrochemical performance of NiO

electrodes using CMC binder was significantly improved.

For the cell made from 0.3 mol L-1 precursor, the irre-

versible capacity loss between the first discharge and

charge is about 43 and 24% for the electrode with PVDF

and CMC binder, respectively. The cell with NiO–CMC

electrode has a much higher discharge capacity of

547 mAh g-1 compared to that of the cell with NiO–PVDF

electrode, which is 157 mAh g-1 beyond 40 cycles.

Keywords Spray pyrolysis � Nickel oxide anode �
CMC binder � Lithium-ion batteries

1 Introduction

Although carbon-based materials are the accepted anode

used in the majority of commercial lithium-ion batteries,

various new higher capacity anode materials are still being

studied to meet the increasing energy demands of modern

devices, especially electric and hybrid electric vehicles.

Among the most attractive candidates, transition-metal

oxides could be a new class of promising anode materials

for lithium-ion batteries. The transition metal oxides react

reversibly with lithium in lithium cells below 1.5 V and

demonstrate large capacity (about 700 mAh g-1) and long

cycle life [1]. Nickel oxide, NiO, has recently been inten-

sively studied as an anode material.

NiO can be prepared through various methods, such as

microwave-assisted and liquid oxidation combination

techniques [2], the plasma assisted oxidation method [3],

and the molten-salt assisted oxidation route [4]. These

preparation methods are, however, very complicated and

difficult to control. The spray pyrolysis technique, by

comparison, has several advantages. It represents a simple

and low-cost alternative for producing large-scale sub-

micron-/nano-particles with controlled composition and

morphology, good crystallinity, and uniform size distribu-

tion, all of which can be readily obtained in only one step.

In order to enhance the performance of lithium-ion bat-

teries, researchers and battery manufacturers are not only

trying to create new electrode materials, but also searching

for new binders, since battery efficiency is strongly

dependent on the electrode engineering [5, 6]. Recent

studies have shown that some binders used for electrode

preparation influence the electrochemical performance of

the batteries [7, 8]. The most common binder used in Li-ion

batteries is poly(vinylidene)fluoride, PVDF. The mechani-

cal and electrochemical properties of PVDF are a good

compromise between the multiple criteria described above.

However, using PVDF has the following drawbacks:

• PVDF is only soluble in organic solvents, and it is

expensive and dangerous to humans and the environment;

• Control of the humidity (less than 2%) is needed during

the electrode preparation.

Recently, aqueous binders have gradually replaced PVDF

binder for the anode material [9–12]. The advantages of
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aqueous binders are [13]: (1) low cost, (2) no pollution

problems, and (3) no requirement for strict control of the

processing humidity. Among the various water soluble

binders, carboxymethyl cellulose (CMC) is the most

attractive binder for improving battery performance. CMC is

soluble in environmentally friendly solvents such as water

[14], which is of importance for future electrode production.

In this research work, we prepared NiO by a simple

spray pyrolysis method. NiO electrode using CMC binder

is being reported for the first time. The capacity and

cycling stability are improved significantly compared with

the results published previously, in which the NiO elec-

trodes contained PVDF as the binder [15].

2 Experimental

Nanocrystalline NiO powders were synthesized by a spray

pyrolysis method [16]. Nickel oxide powder was prepared

using 0.1, 0.3, and 0.5 mol L-1 aqueous solutions of

nickel nitrate hexahydrate, Ni(NO3)2�6H2O (Aldrich

Chemicals). The solution was peristaltically pumped into

a three-zone spray pyrolysis furnace with the operating

temperature at 700 �C, using compressed air as the carrier

gas. The resultant powder was separated from the hot gas

stream via a collecting jar and collected into airtight

sample bottles.

Phase analysis was performed by powder X-ray diffrac-

tion (XRD) using a Phillips 1730 X-ray generator and dif-

fractometer with Cu Ka radiation. The morphologies of the

NiO powders were investigated by scanning electron

microscopy (SEM; JEOL JEM-3000, 30 kV), field emission

SEM (FE-SEM; JEOL JSM-7500F), and transmission elec-

tron microscopy (TEM; JEOL 2011, 200 kV). The elec-

trodes with different binders were studied by SEM before

and after cycling.

To fabricate the NiO electrodes, 70 wt% NiO powder

was mixed with 20 wt% carbon black and 10 wt% binder,

which was either sodium carboxymethyl cellulose (CMC,

average Mw: 250,000, Aldrich) or poly (vinylidene)fluo-

ride (PVDF, average Mw: 534,000, Aldrich), using de-

ionized water or N-methyl-2-pyrrolidinone (NMP) as the

respective solvents. The electrochemical characterizations

were carried out using CR 2032 coin-type cells, which

were assembled in an Ar-filled glove box (Mbraun, Unilab,

Germany) by stacking the NiO anodes with a porous

polypropylene separator and a lithium foil counter and

reference electrode. The electrolyte used was 1 M LiPF6 in

a 50:50 (v/v) mixture of ethylene carbonate (EC) and

dimethyl carbonate (DMC). The cells were galvanostati-

cally discharged and charged at a current density of

100 mA g-1. The discharge capacities are based on the

amount of active material in the electrodes.

3 Results and discussion

Figure 1 shows the XRD patterns of the NiO powders

prepared by the spray pyrolysis method at 700 �C using the

solutions of Ni(NO3)2�6H2O with concentrations of 0.1,

0.3, and 0.5 mol L-1, respectively. All the diffraction

peaks correspond well with standard crystallographic data

(Joint Committee on Powder Diffraction Standards

(JCPDS) File No. 04-0835). The structure is that of a cubic

unit cell with diffraction peaks at 37.38�, 43.38�, 62.92�,

75.28�, and 79.48�. The XRD peaks for the NiO powders

are very broad, indicating their nanocrystalline nature. The

average crystal sizes of the NiO powders were determined

by using the Traces software package and the Scherrer

formula. The crystal sizes are 10.52, 3.99, and 3.27 nm for

the NiO samples sprayed from solutions of 0.1, 0.3, and

0.5 mol L-1, respectively. The crystal size of the NiO

powders was reduced when the concentration was

increased. The results indicate that pure nanocrystalline

NiO powders with very small crystal sizes can be prepared

by the simple spray pyrolysis method.

An SEM image of the NiO powders prepared from the

0.3 M solution is shown in Fig. 2a. The particles are

mainly spherical agglomerates, which is a typical structure

for this spray process, with sizes in the range of 2–4 lm.

From the broken spherical particles, it can be seen that the

particles are spherical hollow balls. It also can be seen from

FE-SEM (Fig. 2b) that the wall thickness ranges from 300

to 500 nm. The spherical hollow balls are composed of

small spheroidal particles with sizes of 20–50 nm. The

hollow spherical structure is further confirmed by TEM

(Fig. 2c). In the selected-area electron diffraction (SAED)

pattern presented in Fig. 2d, all of the electron diffraction

rings can be indexed to cubic phase NiO, which also agrees
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Fig. 1 X-ray diffraction patterns for NiO powders from spray

pyrolysis solutions at different concentrations
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very well with the XRD analysis. The Brunauer–Emmett–

Teller (BET) results made it clear that an increase in the

concentration of the precursor solution caused a pro-

nounced decrease in the BET specific surface area, SBET.

The powder obtained from the 0.1 mol L-1 solution

exhibits a remarkably high SBET value of 42.4 m2 g-1. The

powders prepared using 0.3 and 0.5 mol L-1 solutions

have values of only 10.5 and 9.7 m2 g-1, respectively.

Figure 3 shows discharge capacities versus cycle num-

ber for cells made using NiO electrodes, where the NiO

was sprayed from different concentrations of the precursor

solution, and the two different binders. When using PVDF

as a binder, it was found that the capacities for all the

samples were high for the first few cycles; however, the

discharge capacities decreased dramatically over 10 cycles

and only showed 250, 157, and 102 mAh g-1 (for the 0.1,

0.3 and 0.5 mol L-1 precursor concentrations, respec-

tively) after 40 cycles. This phenomenon has been reported

Fig. 2 Images of NiO powder made from 0.3 M precursor: a SEM,

b FE-SEM, c TEM, and d corresponding SAED pattern to c
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Fig. 3 Discharge capacities versus cycle number for NiO electrodes

made from spray solutions at different concentrations with PVDF and

CMC binders

0 200 400 600 800 1000 1200 1400
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Capacity/mAh g-1

V
ol

ta
ge

/V
 v

s.
 L

i/
L

i+

 PVDF
 CMC

Fig. 4 Typical charge–discharge curves for NiO electrodes

(0.3 mol L-1) with CMC and PVDF binders
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Fig. 5 Nyquist impedance plots of NiO electrodes (0.3 mol L-1)

with different binders (a) before and (b) after cycling
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in previous publications [15]. In order to improve the

cycling stability of the NiO samples prepared by the spray

pyrolysis method, CMC binder was tested using the as-

prepared NiO powders. The cycling stabilities of the cells

with CMC are obviously improved. The NiO electrodes

made from 0.1, 0.3 and 0.5 mol L-1 precursor concentra-

tions using CMC as the binder demonstrate capacities as

high as 693, 547 and 545 mAh g-1, respectively, after 40

cycles, which is an obvious improvement compared to the

electrodes using PVDF binder. Typical charge–discharge

curves of the cells made from the 0.3 mol L-1 precursor

concentration with the two different binders are presented

in Fig. 4. The first discharge capacities of the NiO elec-

trodes with PVDF and CMC binders are 1320 and

924 mAh g-1, and the first charge capacities of these NiO

electrodes are 747 and 698 mAh g-1, respectively. The

irreversible capacity loss between the first discharge and

the first charge is about 43 and 24% for the electrodes with

PVDF and CMC binders, respectively. These results con-

firm that the binder is an important issue affecting the

cycling stability [8, 12].

To investigate the relationship between the ac imped-

ance spectra and the cycling behaviors of electrodes with

different binders, we carried out electrochemical imped-

ance spectroscopy (EIS) tests on the NiO electrodes made

from the 0.3 mol L-1 precursor solution before cycling,

after 5 charge–discharge cycles, and after 40 cycles. The

Nyquist impedance plots of the NiO electrodes with dif-

ferent binders before and after cycling are presented in

Fig. 5. Generally, the high frequency semicircle and the

semicircle in the medium-frequency region are attributed to

the solid electrolyte interphase (SEI) film and/or contact

resistance, and the Li? charge-transfer impedance on the

electrode/electrolyte interface, respectively. The inclined

line at an approximate 45� angle to the real axis corre-

sponds to the lithium-diffusion processes within the elec-

trode [17]. From Fig. 5a, it can be clearly seen that the

diameters of the semicircles in the medium-frequency

region are similar before cycling for the two electrodes,

regardless of the binder. However, the diameters of the

semicircles for electrodes with CMC binder are smaller

than for the electrodes with PVDF binder after 5 and 40

Fig. 6 SEM images of NiO

electrodes (0.3 mol L-1) with

CMC binder (left) and PVDF

binder (right): a, b before

cycling; c, d after cycling;

e, f cross-sections of electrodes

after cycling. Insets in e and

f show enlargements of the

indicated areas

1418 J Appl Electrochem (2010) 40:1415–1419

123



cycles (Fig. 5b). The results indicate that the charge-

transfer resistance of the cell with NiO/CMC electrode is

much lower than that of the cell made from NiO/PVDF.

This phenomenon may be the reason why the capacity and

cycling stability of the cell with CMC are much better

compared to the cell with PVDF binder (see Fig. 3).

In order to explore the reasons why the charge-transfer

resistance is higher in the cell with PVDF binder after

cycling, a morphological study of the electrodes before

cycling and after 40 cycles was conducted (Fig. 6). As can

be seen, the electrode material is expanded and creased

after cycling for the cell with PVDF binder, while the

electrode particles of the cell with CMC are just slightly

agglomerated compared to the electrode before cycling

(Fig. 6a–d). The images of the electrode cross-sections

show that the electrode material with CMC has remained

adhered to the copper foil, while a big gap is found

between the active material and the substrate for the

electrode with PVDF after 40 cycles (Fig. 6e, f).

4 Conclusions

Nanocrystalline NiO hollow spheres were synthesized by

the spray pyrolysis method using different concentrations

of precursor solution and tested as anode materials with

CMC and PVDF binders. The as-prepared material

obtained from a lower concentration of precursor has a

larger BET specific surface area and therefore gives better

electrochemical performance. It was also found that the

capacity and cycling stability of the electrode using CMC

binder are significantly improved compared to the elec-

trode with PVDF binder. The preliminary results reported

here provide useful information for further research on

exploring new environmentally friendly water soluble

binders to replace the conventional organic solvent based

binders for battery applications.
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