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Abstract Nickel/nickel oxide (Ni/NiO) nanocomposite was

synthesized by simple sol–gel process by using nickel nitrate

as a precursor and citric acid as a gelling agent. The obtained

samples were characterized by X-ray diffraction (XRD),

scanning electron microscope (SEM), energy dispersive

X-ray analysis, Fourier transformed infra-red spectroscopy

and vibrating sample magnetometer studies. The influence of

citric acid on the formation of Ni/NiO composition was pri-

marily studied by varying the mole ratios of nickel nitrate and

citric acid ((N:C) : 1:1, 1:2, 1:4, 1:6 and 1:8). The XRD studies

confirmed that the synthesized samples had a mixture of Ni

and NiO or single phase of NiO. The SEM observations

confirmed that the composites were spherical in shape with an

average size of about 70 nm for 1:1 mole ratio and about

40 nm for 1:8 mole ratio samples. At lower N:C mole ratios,

the obtained samples had mixture of ferromagnetic Ni and

NiO, while at high N:C mole ratios, the sample consisted of

almost single phase of NiO. The formation of ferromagnetic

Ni was attributed to reduction of some amount of NiO by

residual carbon.
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1 Introduction

Nanomaterials find extensive applications in energy con-

version and storage, catalysis, sensing, imaging, magnetic

recording media, luminescence, etc., because of their

unique physical and chemical properties [1–5]. The fasci-

nating properties of nanomaterials arise due to increased

surface area, surface to volume ratio (S/V) and changes in

the electronic states. For example, as the grain size

decreases, S/V ratio increases drastically. As a conse-

quence, there is increase in dispersion (ratio of surface

atoms to that of the bulk) and dangling state (missing

bonds) [1–3]. Nanostructured transition-metal oxides such

as NiO, CoO, CuO, ZnO, etc. are extensively studied for

different applications during the past decade. Among them,

NiO is a unique ceramic material which finds wide appli-

cations such as electrode material in Li-ion battery [3],

electrochemical capacitors [6], catalysts [7], high-temper-

ature gas sensors [8–11], etc. Nickel and nickel oxide (Ni/

NiO) nanocomposite has also been utilized as catalyst in

fuel cells [12]. It was reported that the use of Ni/NiO

mixture as anode delivered better performance compared to

pure NiO in Li-ion battery [3]. Cui and Lu [13] reported

improved efficiency of hydrogen generation by using Ni/

NiO mixture on TiO2. Hu et al. [14] have used Ni/NiO

mixture as internal reference for oxygen sensors. Rahulan

et al. [15] utilized Ni/NiO mixture for nonlinear optical

properties.

Both Ni and NiO crystallize in cubic phase. The mag-

netic state of metallic Ni is ferromagnetic, while NiO is

antiferromagnetic in the bulk. The saturation magnetization

(Ms) and coercivity field (Hc) of the bulk Ni are

55 emu g-1 and 100 Oe, respectively [16, 17]. It is

reported that these values are altered with decrease of grain

size. For example, Niasari et al. [18, 19] reported Ms value

of 54.2 emu g-1 and Hc value of 19 Oe. The altered values

were attributed to nanosize effect. The morphology (size,

shape and distribution) has strong influence on chemical

and physical properties of Ni and NiO. Several synthetic
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routes such as hydrothermal [6], thermal decomposition

[19], microwave [20], sonochemical [21], sol–gel [22], etc.

have been used to obtain different morphology. Among

them, sol–gel is one of the wet-chemical facile methods

with greater interest because of its simplicity, low cost and

low temperature. The sol–gel chemistry involves solution-

based route to obtain metal oxides with high porous and

surface area at low temperature. Generally, metal precursor

and gelling agent are mixed to form gel at low temperature.

Calcination of the gel leads to formation of oxide matrix

network with highly porosity. Wu et al. [23] reported the

sol–gel synthesis of NiO. They have extensively studied

various parameters such as pH, citric acid concentration,

calcination time, temperature and heating rate. Thota and

Kumar [24] studied the magnetic behavior of NiO nano-

particles obtained by sol–gel route using oxalic acid by

varying the calcination temperatures. It was observed that

the NiO nanoparticles exhibited superparamagnetic nature.

Teoh and Li [25] prepared NiO nanoparticles using a block

copolymer as surfactant via sol–gel route with varying

calcination temperatures and H2O concentrations. In all

cases, mainly NiO was resulted even in different experi-

mental conditions.

In the present investigation, sol–gel process was

explored for generating Ni/NiO nanocomposite by varying

nickel nitrate to citric acid mole ratio (N:C). Interestingly,

it was observed that the N:C mole ratio had strong influ-

ence on the formation of Ni/NiO composition. The

obtained samples were characterized by X-ray diffraction

(XRD), scanning electron microscope (SEM), energy dis-

persive X-ray analysis (EDX), Fourier transformed infra-

red spectroscopy (FT-IR) and vibrating sample magne-

tometer (VSM) studies. For the first time, it was observed

that the modulation of N:C mole ratio could produce either

a mixture of ferromagnetic Ni and NiO almost in equal

amount or single phase of NiO. The detailed sol–gel pro-

cess and characterization studies are reported here.

2 Experimental

Citrate-based sol–gel method was used to prepare Ni/NiO

nanocomposites. Chemicals such as nickel nitrate

[Ni(NO3)2�6H2O] and citric acid (C6H8O7) were of ana-

lytical grade and used as received. Deionized water was

used throughout the experiment. The nickel nitrate con-

centration was kept constant at 0.1 M, while the concen-

trations of citric acid were 0.1, 0.2, 0.4, 0.6 and 0.8 M, so

as to obtain the mole ratios of nickel nitrate to citric acid

(N:C) to be 1:1, 1:2, 1:4, 1:6 and 1:8. An appropriate

quantity of nickel nitrate was dissolved in deionized water

and stirred at 80 �C for an hour on hotplate for complete

dissolution. To this hot solution, citric acid solution was

added in dropwise and then the temperature was increased

to 130 �C to form the gel. Then, the gel was allowed to dry

at the same temperature for overnight. Finally, the dried gel

was subjected to calcination at 500 �C for 3 h in the air.

The crystal structure and phase purity of the obtained

samples were characterized by powder XRD analysis by

using diffractometer (Bruker D8 Advanced) equipped with

Cu Ka radiation (wavelength, k = 1.5418 Å). FT-IR

spectroscopy data were obtained by using FT-IR spec-

troscopy (Thermo Nicolet 6700) in the frequency range of

400–4,000 cm-1. The surface morphology and elemental

analysis of the samples were carried out by using scanning-

electron microscope equipped with elemental microanaly-

sis system (SEM/EDX - Hitachi S3400N). The field

dependent magnetization (M–H) curves were obtained by

using VSM (Lake shore 7404).

3 Results and discussion

3.1 Crystal structure and morphology

The crystal structure and phase purity of the sol–gel

derived powders were carried out by XRD. Figure 1 shows

the XRD patterns of the samples obtained from each of the

various N:C mole ratios. In all samples, XRD pattern

consists of distinct Bragg peaks which indicate that the

samples are crystalline in nature. For the samples obtained

from lower N:C mole ratios (1:1 and 1:2), the set of Bragg

peaks observed at diffraction angles (2h), 44.5�, 52.0� and

76.4� could be conveniently indexed to the cubic phase of

Ni as per the standard JCPDS PDF # 897128, while the set

of Bragg peaks appeared at 37.4�, 43.3�, 62.9�, 75.62� and

79.5� could be assigned to cubic phase of NiO as per the

standard XRD pattern of JCPDS # 731519. On the con-

trary, for the samples obtained from the higher N:C mole

ratios (1:4, 1:6 and 1:8), the set of peaks appeared at dif-

fraction angles of 37.4�, 43.3�, 62.9�, 75.62� and 79.5�
could be indexed to a single phase of NiO (JCPDS PDF #

731519). It is interesting to note that at lower N:C mole

ratios (1:1 and 1:2), the sample consisted of a mixture of Ni

and NiO, while at higher N:C mole ratios (1:4, 1:6 and

1:8), only single phase of cubic NiO was resulted. Thus, it

is confirmed that citric acid concentration had strong

influence on the formation of Ni/NiO composition in the

sol–gel process. To the best of our knowledge, there are no

reports on sol–gel process which observed a mixture of Ni

and NiO. So far only nickel oxide was reported with

insignificant amount of Ni at high citric acid concentration

[23]. This is the first time the formation of Ni along with

NiO almost in equal amount is observed in the sol–gel

process. So, it is recommended for use of lower N:C mole

ratio to obtain Ni/NiO composite and higher N:C mole
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ratio for getting pure NiO. The crystallite sizes of each of

NiO and Ni were calculated from their respective Bragg

peaks by using Scherer formula given in Eq. (1).

Lhkl ¼ 0:9 k = b cos h ð1Þ

where, Lhkl denotes crystallite size, k is X-ray wavelength,

b is the full width at half maximum (FWHM) of the Bragg

peak (in radians), and h is the Bragg angle. It was found

that the average crystallite size was about 50 nm for Ni and

60 nm for NiO.

To identify the presence of undecomposed citrate mol-

ecules or partially decomposed products of citric acid and

the metal–oxygen bond, FT-IR spectrum was recorded.

Figure 2 shows the FT-IR spectra of the samples obtained

from each of various N:C mole ratios. The strong peak

appeared at 570 cm-1 confirms the presence of Ni–O bond

in all the samples. The peak at 1,000 cm-1 is characteris-

tics for C–H bond which could have come from the pre-

cursor molecules or partially decomposed products of the

precursor. It is noteworthy that as the N:C mole ratio

increased, the intensity of the peak at 1,000 cm-1 is

increased significantly. This could be due to the presence

of more amounts of partially decomposed products of citric

acid. The peak at around 1,300 cm-1 is due to presence of

carbonyl band of metal-carboxylate stretch (carboxyl group

of citric acid coordinated to Ni) [26].

The surface morphology of as-synthesized Ni/NiO

samples was examined by SEM analysis. Figure 3 shows

the representative SEM images of the samples obtained

from N:C mole ratios, 1:1 and 1:8. It can be seen that the

surface of the sample obtained from (1:1) N:C mole ratio

consisted of almost uniform shape of spherical grains with

average size of about 70 nm. Also, it is noted that the

surface of the sample synthesized from higher N:C mole

ratio (1:8), the grains are significantly lower in size (about

40 nm). To quantify the size distribution, size of particles

from several SEM images was measured and plotted

against frequency. The obtained histogram is given in

Fig. 3. It can be seen that the size distribution is centered at

about 70 and 40 nm for N:C mole ratios of (1:1) and (1:8),

respectively.

The elemental composition examined by EDX analysis

confirmed the presence of Ni as the only metallic element

in the samples. Based on the aforementioned XRD, FT-IR

and SEM/EDX results, it is confirmed that the N:C mole

ratio had strong influence on the formation of Ni/NiO

composition. Lower N:C mole ratios lead to a mixture of

Ni and NiO, and higher N:C ratios lead to the single phase

of NiO.

3.2 Magnetic properties of Ni/NiO nanocomposite

Since the use of low N:C mole ratio resulted in the for-

mation of Ni/NiO mixture which has ferromagnetic Ni, the

magnetic behavior of all the samples was studied by VSM

technique. The obtained field dependent magnetization

Fig. 1 XRD pattern of Ni/NiO composites synthesized by sol–gel

process using each of various mole ratios of nitrate and citric acid

Fig. 2 FT-IR spectra of Ni/NiO composites synthesized by sol–gel

process using each of various mole ratios of nitrate and citric acid
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(M–H) plots of all the samples are shown in Fig. 4a. It is

seen that in the case of the samples obtained from the N:C

mole ratios (1:1) and (1:2), as the field strength is

increased, the magnetization increased and reaches a clear

saturation. Upon the removal of magnetic field strength, the

magnetization curve followed the path with significant

hysteresis (shown in expanded view, Fig. 4b). The

appearance of the hysteresis confirms the presence of fer-

romagnetic Ni in the sample. Interestingly, in the case of

the samples obtained from higher N:C mole ratios, M–H

plot did not have hysteresis. The absence of hysteresis loop

is characteristics for superparamagnetic material in the

sample. It is well known that when the grain size of

magnetic material is reduced to nanoscale, it transforms

into superparamagnetic [27]. Thus, it seems that, in the

case of the samples synthesized from above 1:4 (N:C) mole

ratios, the antiferromagnetic NiO is transformed into su-

perparamagnetic due to nanosize effects. It is noteworthy

that the hysteresis loop of (1:1) and (1:2) N:C mole ratio

samples, is symmetric with respect to zero magnetic field

(Fig. 4b). No significant displacement was observed. If

there is ferromagnetic/antiferromagnetic coupling, there

will be a displacement in the hysteresis loop towards left

leading to shift in Hc value. The shift in Hc can be mea-

sured as exchange bias field (Heb) [28]. It is noted that in

the present work, there was no displacement in the

hysteresis loop which indicates that ferromagnetic/anti-

ferromagnetic coupling is very week at the measured

temperature.

It is interesting to note the gradual change of saturation

magnetization (Ms) with increase of N:C mole ratio (shown

as inset in Fig. 4a). It is noted that as the N:C mole ratio

increased, the Ms value decreased significantly. The sample

consisting of Ni/NiO nanocomposites synthesized from

(1:1) N:C mole ratio exhibited the highest saturation

magnetization (28 emu g-1). The highest Ms value is

attributed to the presence of ferromagnetic Ni grains. In the

case of the sample obtained from (1:2) N:C mole ratio, the

Ms value is significantly less than that of the bulk, indi-

cating size effect. The coercivity field of each sample is

significantly different due to obvious size effect. It can be

seen that the samples obtained from higher N:C mole ratios

(above 1:4) exhibited very low Ms and Hc values due to

superparamagnetic nature.

It is noted that the samples obtained from (1:1) and (1:2)

N:C mole ratios annealed under air atmosphere, got

attracted to the physical magnet. The magnetic attraction is

due to presence of the ferromagnetic Ni. On contrary, the

samples obtained from N:C mole ratios above (1:4)

annealed under air atmosphere, hardly attracted. These

observations substantiated the VSM results discussed

above.

Fig. 3 SEM images of Ni/NiO

composites obtained by sol–gel

process using a 1:1 and b 1:8

N:C mole ratios
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3.3 Explanation for the formation of Ni/NiO

composition

It was observed that the concentration of citric acid on

nickel nitrate (N:C, mole ratio) had strong influence in the

formation of Ni/NiO compositions. At lower N:C mole

ratios (1:1 and 1:2), the sample consisted of a mixture of

nanosize Ni and NiO. As the N:C mole ratio increased (1:4

and above), the sample consisted of almost single phase

NiO. It is usually reported that the sol–gel process lead to

the formation of metal oxides rather than metal. Interest-

ingly, in the present investigation, at lower N:C mole ratio,

a mixture of Ni/NiO was obtained. The formation of Ni

could be due to reduction of some amount of NiO by the

residual carbon (from citrate decomposition). It is expected

that higher citric acid concentration would lead to forma-

tion of Ni metal, as more amount of residual carbon can

reduce NiO to Ni. So, it is believed that at higher N:C mole

ratios, the high residual carbon content would have lead to

complete reduction of NiO to Ni with reduced grain size

(40 nm). Since nano metal grains are highly reactive, the

formed Ni seemed to be completely oxidized to NiO. Thus,

at higher N:C mole ratios (1:4 and above), single phase of

NiO was resulted. It is expected that annealing under inert

atmosphere would lead to formation of more Ni, irre-

spective of N:C mole ratios. So, to verify this as well as the

above assumption, the dried gels were annealed under N2

atmosphere. The obtained samples were characterized by

XRD (not shown). It turned out that the (1:1) N:C mole

ratio sample had more of Ni and the 1:8 mole ratio sample

had almost equal amount of Ni and NiO. In the case of

(1:8) N:C mole ratio sample, it was observed that the peaks

of NiO (200) and Ni (111) were overlapping due to

nanosize effect. It is noted that the (1:8) N:C mole ratio gel

annealed under air resulted in NiO single phase (Fig. 1),

while the gel annealed under N2 had a mixture of Ni and

NiO. In addition, it was found that the samples annealed

under N2 got attracted to physical magnet, irrespective of

N:C mole ratios due to presence of ferromagnetic Ni. It

seems that annealing under N2 atmosphere lead to forma-

tion of more Ni, irrespective of N:C mole ratio by virtue of

the inert atmosphere. This confirms oxidation of nano grain

Ni under air annealing in the case of (1:8) N:C mole ratio.

4 Conclusion

It was demonstrated that N:C mole ratio had strong influ-

ence on the formation of Ni/NiO composition. In lower

N:C mole ratios (1:1 and 1:2), a mixture of Ni and NiO and

in higher N:C mole ratios, single phase of NiO was

obtained. The samples synthesized from lower mole ratios

(1:1 and 1:2) exhibited high Ms value because of the pre-

sence of ferromagnetic Ni, while the samples obtained

from N:C mole ratios above (1:4), consisting of only NiO,

exhibited superparamagnetic nature. The obtained Ni/NiO

nanocomposites will be utilized for sensing of toxic gases

at high temperature.
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