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Abstract Nickel oxide nanoparticles are formed by
chemical precipitation and subsequent drying and calci-
nations at temperatures >523 K. Samples are characterized
using X-ray diffraction and BET surface area measure-
ments indicating the formation of a single NiO phase
whose crystallite size increases with increasing calcination
temperature. The electrical properties are examined by
measuring DC and AC conductivities and dielectric prop-
erties as functions of temperature. Electrical conductivities
first slightly increases with increasing particle size up to
7-10 nm and are about 8 orders of magnitude higher than
that of NiO single crystals. Further increasing the particle
size above 10 nm, leads to a monotonic decrease of con-
ductivity. The data are discussed in view of variations of
grain boundary as well as triple junction volume fractions
as the particle size varies. At temperatures above 0p/2 (Op
is the Debye temperature), the conductivity is ascribed to a
band-like conduction due to the large polaron. The acti-
vation energy of conduction was found to be minimal for
the highly conducting samples of 7-10 nm, and gradually
increases to ~0.5 eV with increasing the particle size
above 10 nm. For T < 6p/2, the conductivity is best
described by variable-range-hopping models. Model
parameters are thus estimated and presented as functions of
particle size. Frequency as well as temperature dependen-
cies of the AC conductivity and dielectric constant exhibit
trends usually observed in carrier dominated dielectrics.
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Introduction

Fabrication and characterization of nanostructured materi-
als has become the subject of intense research from both
theoretical points of view as well as for their potential
technological applications [1-6]. NiO was selected as a
model system of the present study because of its interesting
semiconducting properties and many technological appli-
cations such as its broad use as a p-type transparent con-
ductor, a potentially useful material for memory devices, a
functional sensor layer in chemical sensors, a conducting
phase in the anodes of fuel elements, and as an antiferro-
magnetic layer in exchange biased read head devices
[7-13].

Over the past decade, electrical, optical, and physio-
chemical properties of NiO thin films and nanoparticles
have been extensively investigated [13-17]. It is well
known that bulk NiO has a cubic (NaCl-type) structure
with a lattice parameter of 0.4177 nm and is classified as a
Mott—Hubbard insulator with very low conductivity of the
order of 107" Ohm ™' m™! at room temperature (RT) [18-
25]. However, the conductivity is drastically increased
when prepared in the form of thin films or consolidated
nanoparticles [13, 16], due to the holes generated by Ni
vacancies in the lattice. The electrical conduction is pri-
marily ascribed to the hopping of holes associated with the
Ni** vacancies. NiO nanoparticles and nanostructured thin
films have been prepared by various processes, reactive
sputtering [7, 8, 12], spray pyrolysis [14], sol-gel [15],
chemical precipitation [16, 26-28], and electrical explosion
of a Ni wire in oxygen atmosphere [29].

So far, and with few exceptions [14, 26], the conduction
mechanism at low temperature has not been investigated.
Moreover, the contribution of these hopping charge carriers
to polarization is not fully understood [17]. In the present
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article, we report on the electrical properties of NiO
nanoparticles with emphasis on its dependence on particle
size as well as the conduction mechanism in this system at
low temperatures.

Experimental

Nickel hydroxide Ni(OH), precursor was chemically pre-
cipitated by mixing a nickel nitrate Ni(NO;),-6H,O aque-
ous solution and an aqueous sodium hydroxide NaOH
solution whose pH was ~ 12 at RT. The resulting green gel
was washed several times with double distilled water until
free of sodium nitrate ions, centrifuged, and dried in air at
383 K. Samples of NiO were prepared by calcining por-
tions of the dried gel in air for 3 h at various temperatures
in the range 523 K < T < 1,073 K. Eleven specimens are
obtained and are given code names S;, S,,...S;;, respec-
tively. A Nova 3200 BET surface area analyzer was used to
measure the specific surface area of the particles via
nitrogen gas adsorption. X-ray diffraction (XRD) patterns
were obtained at RT using a Philips PW1700 diffractom-
eter equipped with an automatic divergent slit. Diffraction
patterns  were  obtained using CukK, radiation
(A =0.15418 nm) and a graphite monochromator. The
resultant patterns were matched with standard data for NiO
for the purpose of phase identification [30].

For electrical measurements, powder samples were
pressed into pellets of thickness about 1 mm in a sample
holder constructed from Teflon. DC electrical measure-
ments were done using a Keithley 617 electrometer in the
temperatures range 115-465 K. AC conductivity and
dielectric constant were measured in the same temperature
range using a Stanford research SR720 RLC meter in the
C-D mode at four test frequencies. All measurements are
done in vacuum of 1072 Torr. A K-type thermocouple is
used to measure the temperature using a Keithley 181
nanovoltmeter. All samples are preheated in vacuum to
500 K and cooled down to 115 K; the measurement is
then done with increasing temperature at a rate of about
1 K/min.

Results and discussion
Structure and particle size

Figure 1 shows the XRD patterns of some representative
samples. Analysis of the diffraction patterns reveals that
the formed phase is pure fcc NiO without any observable
traces of Ni(OH), for samples annealed at temperatures
>523 K. Full profile fitting including a base line of the
diffraction patterns were done assuming pseudo Lorenzian
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Fig. 1 XRD diffraction patterns of NiO nanoparticles

line shape, which accounts for the asymmetry for each
peak, from which the Bragg angle, peak intensity, and the
angular width at half maximum intensity (B) were deter-
mined. The particle size was estimated from XRD line
broadening using a modified Debye Scherrer method [31].
In this method, plots of (B — b) cosf versus 2sinf were
extrapolated to zero to determine (B — b)y, the value of
peak broadening due to the crystallite size. Here 0 is the
Bragg angle and b is the instrumental broadening measured
for a bulk polycrystalline NiO sample obtained from the
same precursory after calcination at 1,273 K. The slope of
the line is an indication of the fractional peak broadening
arising from microstrains. The average particle size, d, was
then calculated using d = 0. 94/(B — b)y, where 4 is the
wavelength of the radiation used. Particle size was more-
over estimated from BET measurements assuming spheri-
cal shape of the particles and using density of bulk NiO for
all samples. Figure 2 displays the variation of the particle
size obtained by both methods with calcining temperature.
Agreement between these two methods in estimating the
particle size was excellent for average sizes <25 nm and
rather satisfactory for larger sizes. In the following, we will
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Fig. 2 Lattice constant and particle size of NiO nanoparticles as
functions of calcining temperature
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use the average particle size obtained from BET
measurements.

Close inspection to the diffraction patterns of Fig. 1
indicates that the diffraction peaks showed a systematic
shift to lower angles with decreasing particle size, which
indicates lattice expansions at smaller particle sizes. The
lattice constant was accurately determined using a least
squares refinement program [32] and was found to increase
above its bulk NiO value with decreasing particle size
below 25 nm as shown in Fig. 2. The lattice expansion
indicated in Fig. 2 corresponds to a negative pressure that
was probably produced by the strong repulsive interactions
of the parallel surface defect magnetic dipoles at small
particle sizes. Similar nanoscale lattice modifications have
been observed in same and other magnetic systems [26,
33]. The strongest peaks (200), (111), and (220) are used to
calculate the texture grade of the samples and were found
to be consistent with those of bulk NiO polycrystalline
material [30], indicating perfect random crystalline
orientations.

DC electrical conductivity
Size effect

Figure 3 displays the DC conductivity (o) of the obtained
pellets at different temperatures at and below RT as a
function of particle size. It is important to note that the DC
conductivities of all samples are much higher than that of
NiO single crystals; for instance sample S; that has a
10 nm particle size exhibits a RT conductivity nearly 8
orders of magnitude higher than that of NiO single crystals
at the same temperature [18]. Surface versus bulk con-
duction in pure stoichiometric NiO crystals has been dis-
cussed in details in ref. [34]. The main result was the
existence of a less stoichiometric high conductivity surface
layer of thickness about 50 atomic layers, which reveals a
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Fig. 3 DC conductivity as a function of particle size at indicated
temperatures
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defect-dependent conductivity mechanism for the surface
conduction [34]. Large conductivity of NiO nanoparticles
are previously observed and ascribed to the presence of
large number of Ni2* vacancies [16] on the surface of the
particle. Such vacancies correspond to an acceptor-like
level in the energy gap close to the Fermi level just above
the localized 3d band of Ni** and the wide 2p band of 0>~
[16]. Presence of each Ni2t vacancy in the lattice leads to
the transformation of two adjacent Ni** ions into Ni*" jons
to acquire charge neutrality and induces a lattice distortion
[19].

As shown in Fig. 3, the conductivity first increases with
increasing particle size from 5 to 10 nm, whereas it
decreases monotonically with increasing particle size
above 10 nm. On the other hand, the RT conductivity of a
sample with microsized particles obtained after calcina-
tions at 1,473 K was found to be ~ 10~° Ohm™! m_l, only
2 orders of magnitude larger than that of NiO single
crystals [18-25]. The result represents a finite-size phe-
nomenon indicating various competing contributions to the
conductivity as the particle size varies. A possible expla-
nation of such dependence is to consider grain boundary as
well as triple junction contributions to the conductivity, as
a large portion of the material resides in the intercrystalline
region [35-37]. Triple junctions are intersection lines of
three or more adjoining crystallites and have a major
contribution particularly for particle sizes less than 10 nm
[36]. Neither spheres nor cubes are reasonable or suitable
for driving triple junction volume fraction. Palumbo et al.
[38] has previously considered the grains to have regular
14 sided tetrakaidecahedron shapes with hexagonal faces
representing grain boundaries and edges corresponding to
triple junctions. As shown in Fig. 4 and assuming the
maximum diameter of an inscribed sphere as the grain size
(d) and the intercrystalline component as an outer ‘skin’ of
the tetrakaidecahedron with thickness of A/2, the inter-
crystalline volume fraction has been calculated as:

Intercrystalline

Grain Boundary
Region {

Triple Junction

Fig. 4 Cross-sectional view of the intersection of three adjoining
tetrakaidecahedra (along a polyhedral edge), where the triple junction
is considered a triangular prism extending into the page [38]
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Vie=1—1[(d—A)/d]’.
The grain boundary component has been assessed as:
3
Ve = 1 — [3A(d — A)Z]/d

and, therefore, the volume fraction associated with triple
junctions Vj; is then given by

Vi = Vie = Veb.

All of the above equations are valid and have a physical
sense for d > 2A. Figure 5 displays the variation of Vi, Vg,
and V,; for A/2 = 0.5 nm as functions of grain size (<) and
suggests that these values can be as much as 70-80% at very
small sizes 2-3 nm. Vg, slightly increases and then falls
smoothly as the particle size increases, whereas V; falls
sharply as the particle size increases from 2 to 10 nm. For
nanoparticles with small average particle size, the effect of
the intercrystal region in conductivity should be viewed as
the sum of the contributions due to grain boundaries and
triple junctions. It has been reported that in polycrystalline
NiO samples, the grain boundary enhances the conductivity
since it contains a large number of Ni?* vacancies [18, 19,
39]. If we assume that the triple junctions have a reverse
effect on conductivity, we obtain an effective volume
fraction Vegr = Vg, — Vi3 The physical basis for this
assumption lies in the fact that triple junctions, like
dislocations, should correspond to maxima of a potential
barrier, causing scattering of charge carriers and there by
decreasing the electrical conductivity [37]. Assuming that
the effects of grain boundary and triple junctions on
conductivity are linear, we may account for the variation of
the conductivity with grain size according to:

0 X Veff = (ng — th).

The variation of V. with particle size is shown in
Fig. 5. This pattern is identical to the pattern of Fig. 3 and
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Fig. 5 Variation of volume fractions of total intercrystal (V;.), grain
boundaries (Vg,), triple junctions (Vy;), and effective (V) regions as
functions of average particle size

explains the observed variation of ¢ with particle size. It
should also be mentioned that grain boundaries in NiO
bi-crystals may increase or decrease the electrical
conductivity by 2 orders of magnitude depending on the
nature of the boundary, temperature, and pressure
conditions [40].

Conduction mechanism

Figure 6 shows the temperature dependence of the con-
ductivity of three samples (S;, Sy, and S;;) of particle sizes
6.3, 28.6, and 100 nm presented in log(c7) versus 1000/T
plot. For sample with the largest particle size, the con-
ductivity displays a plateau of slight slope at 7 < 150 K
and increases rather linearly with increasing 7 for
T > 150 K. Similar results are obtained for other samples
whose particle sizes are greater than 25 nm. However, the
temperature at which the linear curves bends to plateau
shifts to lower temperatures with decreasing the particle
size. For samples whose particle size are <25 nm, the
temperature dependence of the conductivity is rather dif-
ferent; the plateau region does not exist in the studied
temperature range down to 115 K.

In bulk NiO, at temperatures below 1,000 K, two
competing mechanisms contribute to the conductivity, one
due to small polarons in the 3d band of Ni*" and the other
due to large polarons in the 2p band of O*~ [19]. At
temperatures above 100 K, small polarons conduct only by
means of thermally activated hopping with activation
energy of 0.01 eV [18, 25, 39]. On the other hand, in the
temperature range 200-1,000 K, the band like conduction
due to the large polarons in the 2p band of O®~ with
activation energy of ~0.6 eV is dominating [19]. The
result indicate that for samples with particle size larger
than 25 nm, thermal activation hopping of small polarons
is responsible for conductivity for temperatures below

< 8§;:63 nm
0 S,: 28.6nm
O 844:100 nm

log [6T(Sm™'K)]

1000/T (K)
Fig. 6 Temperature variation of the DC conductivity of NiO

nanoparticles at indicated particle size. Solid lines are the linear fits
for T > 0p/2
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150 K. While above 150 K, the conductivity curves
become rather linear, at higher temperatures deviation from
linear behavior occurs around 0p/2 (200-250 K, depending
on the particle size), where 0p is the Debye temperature.
The activation energy for conduction (AE) was estimated
from such high temperature linear fits shown in Fig. 6,
using the equation o = (6o/T) exp(—é—?). AE shows a
minimum of about 0.30 eV for the 7-10 nm size particles
and increases with further increasing the particle size and
becomes 0.5 eV for the largest ones as displayed in
Table 1. Similar particle size dependence of AE has been
previously observed for grain as well as grain boundary
conduction in the same system [26]. In Table 1, Op is
quoted within an error at most +10 K due to the uncer-
tainty of determining the exact temperature at which the
curves deviates from linearity.

At low temperatures (7 < 0p/2), the temperature
dependence of the conductivity presented in Fig. 6 is
deviated from linearity, the data are thus represented in a
different formalism. We attempted to apply the variable—
range—hopping (VRH) models proposed by Mott [41, 42]
and Greaves [43]. In Mott model, the conduction is based
on a single optical phonon approach and the conductivity is
expressed as:

( TO>1/4
o =Aexp -T

where

Ty = 256[20° /9nkpN (Er)]

and

A = [¢2/2(8m) 2vo [N (Er) JaksT)] .

N(EF) is the density of states at the Fermi level A and T, are
obtained from the log(s) versus T plots shown in

0.25 0.26 0.27 0.28 0.29 0.30 0.31

T (K-1/4)

Fig. 7 Dependence of log(s) on T~ "* of NiO nanoparticles. The
solid lines are the linear fits for T < 0p/2

Fig. 7. It is commonly held that much use of the exponent
To has been made to extract values of N(Eg), given
assuming values for o = 10 nm~! [44, 45]. The values of
the exponent 7, and N(Ey) are displayed in Table 1 as
functions of particle size. T, was found close to those
reported in various transition metal oxide glasses [45]. We
further apply Greaves formula [43] for the VRH, which is
known to be valid for the intermediate range of temperature
below 0p/2. In view of this model, the conductivity is given
as:

1/4
oT'? = Bexp —E
T )

Figure 8 displays the log(¢T"?) versus T~"* plots for
some representative samples. The data are typically linear
confirming Greaves model. The fitting parameters obtained
for this model are also displayed in Table 1. It is obvious
that the two VRH models are found suitable to explain the
low temperature conductivity data below 0p/2.

To = (2.1)*[o /ksN(EF)).

Table 1 Electrical parameters of NiO nanoparticles as functions of particle size

Code Calcining dggr (nm)  AE (eV) 0p (£10 K) Mott model parameters Greaves model parameters
temperature (K)
Ty (K) N(ER) Ty (K) N(ER)
(x10Y ev~! cm73) (><1O]9 ev! cm73)
S, 523 6.30 0.32 392 19.52 x 10 10.75 2225 x 10 10.13
S, 573 7.20 0.29 388 22.88 x 10°  9.17 2598 x 10°  8.68
S3 623 10.1 0.30 392 17.37 x 10®  12.08 19.88 x 10° 11.34
S, 673 13.6 0.34 400 19.13 x 10*  10.96 21.86 x 10°  10.32
Ss 723 18.0 0.34 404 25.74 x 108 8.15 29.19 x 108 7.72
Se 773 21.9 0.32 422 30.00 x 108 6.99 33.86 x 108 6.66
S, 823 28.6 0.36 414 2391 x 10% 8.77 27.11 x 108 8.32
Sg 873 37.7 0.38 462 29.39 x 10% 7.14 33.24 x 108 6.78
Sy 923 50.0 0.43 482 32.72 x 108 6.41 36.98 x 108 6.10
Sio 973 62.3 0.44 486 26.64 x 108 7.88 30.33 x 108 7.43
S 1,073 100 0.50 500 31.27 x 108 6.71 35.48 x 108 6.36
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Fig. 9 AC conductivity of Ss (18 nm) measured at three test
frequencies as a function of temperature. Inset is a log—log plot for
estimating the exponent n at indicated temperatures

AC electrical properties

Figure 9 displays the variation of the AC conductivity with
temperature for sample S5 (18 nm) at indicated frequen-
cies. The conductivity increases with increasing tempera-
ture at all frequencies implying that more charge carriers
are produced at higher temperatures, contributing to the AC
conductivity. It is clear that the conductivity is higher at
higher frequencies confirming polaron hopping at low
temperatures in the present system [46]. As shown in the
inset of Fig. 9, the ¢’ increases with increasing f and is a
power function of f with an exponent n = 0.87 at 153 K,
which is very close to the previously reported values in
NiO films and nanoparticles [28, 29]. Similar trends are
observed for other samples with different particle sizes.
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Fig. 10 Dielectric constant of Ss (18 nm) measured at three test
frequencies as a function of temperature

Figure 10 displays the variation of the real part of the
dielectric constant, &, with temperature of Ss (18 nm) at
indicated test frequencies. It can be seen that ¢’ in the range
1-100 kHz decreases with increasing frequency at constant
temperature. On the other hand, ¢ increases with increasing
temperature at constant frequency. The higher dielectric
constant at higher temperatures can be understood in view
of the increase of the concentration of charge carriers with
increasing temperature as usually observed in carrier
dominated dielectrics. The increase of the ¢ with increas-
ing temperature over the three test frequencies for all the
samples with well-defined activation energies means that
the polarization is due to some thermally activated mech-
anisms such as charge carrier transport rather than due to
permanent dipoles [47]. It should be mentioned that details
of the dielectric behavior and AC conductivity as functions
of particle size in a wider frequency range for the present
system is under study.

Conclusion

Nickel oxide nanoparticles whose crystallite size varies
from 6 to 100 nm are obtained by a chemical route. Particle
size as well as temperature dependencies of the electrical
properties are studied. Electrical conductivities first slightly
increases with increasing particle size up to ~ 10 nm and
are about 8 orders of magnitude higher than that of NiO
single crystals and decreases with further increase of the
particle size. For T > 0p/2, the conductivity is ascribed to a
band like conduction due to the large polaron. The acti-
vation energies showed a minimum of about 0.3 eV cor-
responding to 6-10 nm size particles, and increases
monotonically to ~0.5 eV for the largest particles. For
T < 0p/2, the conductivity is best described by VRH
models. Frequency as well as temperature dependencies of
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the AC conductivity and dielectric constant exhibit trends
usually observed in carrier dominated dielectrics.
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