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Electrical Transport Properties of Large, Individual NiCo2O4 
Nanoplates
Understanding the electrical transport properties of individual semiconductor 
nanostructures is crucial to advancing their practical applications in high-
performance nanodevices. Large-sized individual nanostructures with smooth 
surfaces are preferred because they can be easily made into nanodevices 
using conventional photolithography procedures rather than having to rely 
on costly and complex electron-beam lithography techniques. In this study, 
micrometer-sized NiCo2O4 nanoplates are successfully prepared from their 
corresponding hydroxide precursor using a quasi-topotactic transformation. 
The Co/Ni atomic arrangement shows no changes during the transforma-
tion from the rhombohedral LDH precursor (space group R3̄m) to the cubic 
NiCo2O4 spinel (space group Fd 3̄m), and the nanoplate retains its initial 
morphology during the conversion process. In particular, electrical transport 
within an individual NiCo2O4 nanoplate is further investigated. The  
mechanisms of electrical conduction in the low-temperature range  
(T < 100 K) can be explained in terms of the Mott’s variable-range hopping 
model. At high temperatures (T > 100 K), both the variable-range hopping and 
nearest-neighbor hopping mechanisms contribute to the electrical transport 
properties of the NiCo2O4 nanoplate. These initial results will be useful to 
understanding the fundamental characteristics of these nanoplates and to 
designing functional nanodevices from NiCo2O4 nanostructures.
1. Introduction

Low-dimensional semiconductor nanostructures have attracted 
significant interest in the past few years due to their unique 
applications in next-generation functional nanodevices, such 
as field-effect transistors (FETs), photodetectors, light-emitting 
diodes (LEDs), solar cells, and sensors.[1–4] Of particular impor-
tance to semiconductor nanostructures is electrical transport 
through the nanostructure. This is because predictable, con-
trollable conductance is critical to many nanoscale electrical 
applications.[5–7] Therefore, study of the electrical transport 
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properties of low-dimensional semicon-
ductor nanostructures is crucial to pro-
moting their practical applications in high 
performance nanodevices.

Cobalt-nickel oxide (NiCo2O4) is an 
interesting transition-metal oxide semi-
conductor. It is generally believed to adopt 
a spinel-related structure in which nickel 
occupies the octahedral sites and cobalt 
is distributed over both octahedral and 
tetrahedral sites.[8] In recent years, the 
NiCo2O4 low-dimensional nanostructure 
has drawn considerable attention due to 
its useful physical properties and wide 
variety of applications, most notably its 
electrocatalytic activity, ferromagnetic 
properties, and applications in the nega-
tive electrodes of lithium-ion batteries, 
which have been widely investigated.[9–12] 
Most recently, we evaluated the optoelec-
tronic properties of NiCo2O4 nanofilm 
in high-frequency photodetectors.[13] The 
photodetector device constructed from this 
NiCo2O4 film showed good sensitivity and 
ultrafast response time of several micro-
seconds. However, the electrical transport 
mechanism of NiCo2O4 nanostructures 
remains unclear. Generally, evaluating the conductivity of indi-
vidual semiconductor nanostructures requires deposition of a 
pair of metal electrodes on each side of the nanostructure by 
a simple photolithography or a complex electron-beam litho
graphy technique.[14,15] Larger-sized individual NiCo2O4 nano
structures are especially suitable to this means of measurement 
because they require individual nanostructure-device construc-
tion only using a low-cost photolithography procedure rather 
than a costly electron-beam lithography technique.[14] However, 
almost all NiCo2O4 nanostructures yet reported show poor 
qualities, such as a rough surface, unsatisfactory crystallinity, or 
very small size.[8–13,16]

Recently, it was reported that large-sized, two-dimensional 
(2D) layered double hydroxide (LDH) nanostructures could be 
prepared easily through the wet-chemical routes.[17,18] These 
were regarded as ideal precursors to the preparation of the cor-
responding oxide nanoplates.[19] In this study, inspired by pre-
vious reports, we successfully synthesized hexagonal NiCo2O4 
nanoplates by thermal transformation from the corresponding 
CoNi-LDH precursors. We also further investigated the electrical 
transport properties of individual NiCo2O4 nanoplates in detail 
because the size and quality of the as-transformed NiCo2O4 
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nanoplates are large and high enough for electric transport 
measurement from an individual nanoplate-device. Although 
the electrical transport properties of one-dimensional (1D) oxide 
nanowires have been widely reported, this is the first study of 
electronic transport on individual 2D oxide nanostructure.[20–24] 
The present work provides a new means of constructing indi-
vidual 2D oxide nanostructure-based devices in an easy and 
inexpensive way. More importantly, the as-determined electrical 
properties noted in this work will be useful to the design of 
functional nanodevices from the NiCo2O4 nanostructures.

2. Results and Discussion

The CoNi-LDH precursor was synthesized via homogeneous 
precipitation as reported previously.[25] Then NiCo2O4 nano-
plates were obtained by thermal transformation from the LDH 
precursor at an optimal condition. Figure 1a and d show the 
transmission electron microscope (TEM) morphology of the 
hydroxide precursor and the as-transformed NiCo2O4 nano-
plate, respectively. As can be seen, the hydroxide precursor 
typically exhibits uniform hexagonal nanoplate morphology 
with a lateral size of about 3 μm and very high 2D anisotropy 
(Figure 1a). The nanoplate retains its initial morphology during 
the conversion process (Figure 1d). The selected area electron 
diffraction (SAED) patterns taken from individual hydroxide 
precursor and the as-transformed NiCo2O4 nanoplate dis-
play hexagonally arranged diffraction spots, suggesting that 
both hydroxide precursor and NiCo2O4 nanoplates exist as 
a single crystal (Figures 1b and e). The SAED patterns of the 
hydroxide precursor and the NiCo2O4 nanoplate can be indexed 
to the [001] and [111] zone axis patterns, respectively. Because  
the nanoplates lie flat on the copper grid perpendicular to the 
electron beam direction, the observed diffraction spots suggest 
that the top surfaces of the LDH and the NiCo2O4 nanoplates 
correspond to the (003) and (111) planes, respectively. This result 
indicates that the exposed (111) plane of the NiCo2O4 nano
plate evolved from the (003) plane of the hydroxide precursor. 
© 2012 WILEY-VCH Verlag G

Figure 1.  Typical TEM images of (a) an individual CoNi-LDH precursor n
from (b) a single CoNi-LDH precursor nanoplate and (e) as-transformed
(f) NiCo2O4 (111) crystal plane.

Adv. Funct. Mater. 2012, 22, 998–1004
Further study of the crystal structure verifies that the configura-
tion of Co/Ni atoms in the (111) plane of the NiCo2O4 crystal is 
similar to that of the (003) plane of the LDH crystal (as shown 
in Figure 1c and f). Accordingly, the Co/Ni atomic arrangement 
shows no changes during the transformation from the rhom-
bohedral hydroxide precursor (space group (S.G.) R 3̄m) to the 
cubic NiCo2O4 spinel (S.G. Fd 3̄m). This means a minimal 
reorganization of the Co/Ni atoms in the crystal, leading to the 
well maintenance of hexagonal shape of the nanoplates. Due 
to the removal of hydroxyl groups and water molecules during 
the formation of the oxide crystal, this process can be called a 
quasi-topotactic transformation, such as has been also observed 
in the thermal transformations of other layered hydroxide sys-
tems.[19,26,27] It is noteworthy that the NiCo2O4 core-ring nano
plates prepared by a co-precipitation method show porous 
surfaces and lateral sizes less than 150 nm.[10] In contrast, the 
as-transformed NiCo2O4 nanoplates in the present study dis-
play smooth surfaces without any cracks, as large as several 
micrometers in lateral size, and superior crystallinity. Further-
more, the line-scanning elemental maps of the as-transformed 
NiCo2O4 nanoplate are shown in Figure 2, demonstrating a 
uniform distribution of the compositional elements Ni, Co, O 
inside an individual NiCo2O4 nanoplate. Therefore, these large 
and high-quality NiCo2O4 nanoplates may facilitate the con-
struction of individual nanoplate devices and their subsequent 
electric measurement.

The UV–vis absorption spectrum of the as-transformed 
NiCo2O4 nanoplates is shown in Figure 3a. The absorption band 
gap energy, Eg, can be determined by the following equation:

(αhν)n = K (hν − Eg ) � (1)

Here, hν is the photoenergy, α is the absorption coefficient, K 
is a constant relative to the material, and n = 2 for an indirect 
transition and 1/2 for an allowed directed transition. The best 
fit gives n = 2, as shown in Figure 3b. The extrapolation of the 
straight line segment to (αhν)2 = 0 yields two absorption band 
gap energies of ≈2.0 eV and ≈3.3 eV. It is generally accepted 
that the electron configuration in the NiCo2O4 spinel structure 
mbH & Co. KGaA, Weinheim 999wileyonlinelibrary.com
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Figure 2.  Line-scan profile of elemental maps across an individual 
NiCo2O4 nanoplate.

Figure 3.  a) UV–vis adsorption spectrum of NiCo2O4 nanoplate.  
b) Optical band gap energy of NiCo2O4 nanoplate obtained by extrapola-
tion to (αhν)2 = 0.
can be described as follows: tetrahedral high spin Co2+ (eg
4t2g

3), 
octahedral low spin Co3+ (t2g

6), and Ni3+(t2g
6eg

1). The band struc-
ture of NiCo2O4 can be defined by taking the O 2p obital as the 
valence band and the Ni 3d and Co 3d orbitals as the conduc-
tion band. Since the high level Co 3d-eg orbital is partially filled, 
the excitation of electrons from the Co 3d-t2g orbital to the Co 
3d-eg orbital is possible.[10] Therefore, the as-observed two band 
gap energies in present study can be ascribed to the co-existence 
of high-spin and low-spin states of Co3+ in the NiCo2O4 spinel. 
Such a result has also been reported on the previous NiCo2O4 
core-ring structure.[10]

The direct current (dc) conductivity was then measured in 
an individual NiCo2O4 nanoplate-based nanodevice. First, the 
as-transformed NiCo2O4 nanoplates were dispersed in eth-
anol and then dropped on an oxidized Si wafer substrate with 
a 200-nm-thick SiO2 layer. Cr/Au (10 nm/100 nm) electrodes 
were deposited on an individual NiCo2O4 nanoplate to form a 
metal-NiCo2O4 nanoplate-metal nanodevice (Figure 4a). As can 
be seen in Figure 4b, the Cr/Au electrode pair is successfully 
© 2012 WILEY-VCH Verlag Gwileyonlinelibrary.com
bridged by only one single NiCo2O4 nanoplate benefited by its 
large lateral size. The distance between the two metal electrodes 
is about 2 μm. The typical I–V curve of each individual NiCo2O4 
nanoplate was measured at room temperature to study the elec-
trical transport within the (111) plane of NiCo2O4 nanoplate. As 
shown in Figure 5a and b, the as-obtained I–V characteristic is 
symmetrical and behaves linearly for applied voltages less than 
0.3 V. This can be explained by the ohmic mechanism of con-
ductivity in the low electrical field. The corresponding atomic 
force microscopy (AFM) image indicates an average thickness 
of about 70 nm based on statistical examination of more than 
20 platelets (Figure 6). Since the thickness of the nanoplate is 
more than 50 nm, the tunnel current can be ignored. The effec-
tive length and cross-section of the NiCo2O4 nanoplate are about 
2 × 10−4 cm and 4000 nm × 70 nm, respectively. Accordingly, 
the conductivity value, ≈62 S cm−1, can be deduced by ignoring 
the contact resistance. Such a value is much larger than that 
of polycrystalline NiCo2O4 (≈0.6 S cm−1 at 300 °C) in previous 
study,[28] indicating that the conductivity of NiCo2O4 can be sig-
nificantly enhanced in single-crystal nanostructures without 
abundant grain boundaries. The NiCo2O4 nanoplates with high 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 998–1004
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Figure 4.  a) Schematic illustration of an individual NiCo2O4-nanoplate 
device. b) The corresponding SEM image of the device with a high-reso-
lution image inserted.

Figure 5.  a) I–V curve recorded on an individual NiCo2O4 nanoplate at 
room temperature (300K). b) The enlarged part in (a) of applied voltage 
lower than 0.3 V. c) The experimental plot of ln(J) vs E1/2 at the electric field 
between 15 and 71 V cm−1. The red line illustrates a fitting curve to the law 
ln(J) ∝E1/2 at electric field intensity higher than 59 V cm−1.
conductivity may have potential applications on nanoelectrodes 
or nanosensors. The I–V curve increases exponentially as the 
applied voltage is further increased. To determine the dominant 
conduction mechanism, the logarithm of the current density (J) 
was plotted against the square root of the electric field (E1/2) as 
shown in Figure 5c. One can see that the straight-line depend-
ence of E1/2 on J at an electric field higher than 59 V cm−1 
(applied voltage: 0.3 V), suggesting Schottky emission. Gener-
ally, the Schottky current is expressed as follows:[29,30]

ln J = βSE

kT

√
E + ln( AT 2)− qϕ

kT ][
�

(2)

Here, A is a constant, Φ is the Schottky barrier height, q is the 
electrical charge, k is Boltzmann’s constant, and E is the electric 
field. The constant βSE is given as follows:

βSE =


q3

4πε0εr � (3)

Here, ε0 is the permittivity of the free space, and εr is the dielec-
tric constant. The dielectric constant obtained from the slope is 
11.9. The individual NiCo2O4 nanoplate here studied exhibited 
a combination of ohmic mechanism at a low applied voltage 
(<0.3 V) and Schottky emission at a high applied voltage (>0.3 V). 
This has also been observed in single NH4V3O8 nanobelt and 
Sb2S3 nanowire devices described by other groups.[30,31]

The temperature dependence of electrical conductivity is a 
key characteristic of electric transport in any inorganic semi-
conductor system. In the present study, temperature dependent 
I–V measurements were taken at 10 K increments from a 
temperature of 8 to 300 K. As shown in Figure 7a, the current 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 998–1004
values of both the forward and reverse biases increased progres-
sively with increasing temperature. The exponential decrease in 
resistance (R) versus temperature (T) (as shown in Figure 7b)  
bH & Co. KGaA, Weinheim 1001wileyonlinelibrary.com
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Figure 6.  A typical AFM image of the as-transformed NiCo2O4 platelets 
dispersed on a Si substrate.

Figure 7.  a) I–V curves of the individual NiCo2O4 nanoplate device 
recorded within the temperature range of 8–300 K. b) Temperature 
dependence of the resistance (R) as a function of temperature (T).
demonstrates typical semiconductor characteristics.[32] How-
ever, the conductivity σ cannot be fitted by the thermal excita-
tion model given as σ = σ0 exp(−E

kT ), where σ0 is a constant 
and ΔE is the activation energy, excluding the simple thermal 
excitation mechanism for the increased conductivity as temper-
ature increases. Then we consider hopping conduction models 
to fit the observed electrical properties. As proposed by Mott 
et al., two typical hopping mechanisms, called variable range 
hopping (VRH), which takes place at low temperatures, and 
nearest neighbor hopping (NNH), which takes place at high 
temperatures, are generally accepted from some semiconductor 
materials. The relationship between σ and T for the so-called 
VRH and NNH mechanisms can be expressed by the following 
equations:[33,34]

σ1 = σ0 exp [ ]−( T0

T
) 1

4 ( VRH)
�

(4)

σ2 = [ν0 e2c(1−c)
kTr ] exp (−2αr) exp (−E

kT )
�

(5)
 

(NNH, T > θD, θD: Debye temperature)

Here, T0 is the VRH characteristic temperature associated with 
the density of localized states at the Fermi energy, σ0 is a con-
stant, υ0 is the longitudinal optical phonon frequency, α is the 
rate of wave-function decay, r is the average hopping distance, c 
is the fraction of sites occupied by electrons or polarons, and ΔE 
is the activation energy. In the present study, when the temper-
ature was below 100K, the σ–T curve of our NiCo2O4 nanoplate  
could be well fit by the NNH model: σ1 = 102 exp[−( 720

T )
1
4 ],  

with σ0 = 102, T0 = 720 (as shown in Figure 8a). When the tem-
perature was higher than 100 K, the σ–T curve corresponded 
with the addition of the VRH and NNH models (Figure 8b): 
σ = σ2 + σ1 = 133252

T exp(− 0.066
kT ) + 102 exp[−( 720

T )1
4 ]. The acti-

vation energy (ΔE) of the NiCo2O4 nanoplate was calculated 
to be 0.066 eV, which is a little larger than the value reported 
for NiCo2O4 bulk (0.03 eV).[35] The fitting results demonstrate 
that the NNH model dominates electrical transport at low 
© 2012 WILEY-VCH Verlag 02 wileyonlinelibrary.com
temperatures. As the temperature increases, both the NNH 
and VRH mechanisms contribute to transport of the carrier at 
a critical temperature of 100 K (Debye temperature). The hop-
ping conduction suggests the presence of some surface defects 
or vacancies in our NiCo2O4 platelet despite of its single-crystal 
nature.

According to previous studies, both NiO and Co3O4 are 
intrinsic p-type semiconductors. However, it is still not clear 
whether p-type conductivity is maintained or if some transition 
to n-type conductivity occurs in NiCo2O4 spinels.[36,37] Because 
the exact conduction type of NiCo2O4 is still ambiguous,[38] the 
present study developed a preliminary understanding as fol-
lows: In Mott’s mechanism, the conductivity of a semiconductor 
takes place as the carriers hop inside the material, and this elec-
tron hopping is assisted by atomic displacement in the lattice 
(phonons).[35] First, for the VRH model, a hopping step does not 
necessarily take place between nearest-neighbor hopping-sites, 
but may span a greater distance. The as-observed VRH conduc-
tion mechanism at T < 100 K may be explained by the fact that 
the optical phonons do not have enough energy to assist hop-
ping as the temperature decreases.[20] Therefore, conductivity of 
the NiCo2O4 platelet at low temperatures is determined by the 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 998–1004
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Figure 9.  Schematic illustration of the hopping process in NiCo2O4 
spinel nanoplate.

Figure 8.  a) A plot of ln σ as a function of T−1/4 (the red dashed line is the 
fit to the NRH model when T < 100 K). b) A black plot of σ (experimental 
data) as a function of T when T > 100 K. The red and blue plots represent 
the fitting results of the VRH and NNH models, respectively. The solid 
line is the best fits with the addition of the VRH and NNH models.
acoustic single-phonon-assisted hopping process, according to 
Schnakenberg’s theory.[39] Second, as the temperature increases, 
NNH-mechanism electrical transport gradually become promi-
nent. For the NNH model, the conduction process is consid-
ered in terms of optical-phonon-assisted hopping of small 
polarons between localized sites. Small polarons, for our 
NiCo2O4 platelet, can be regarded as the holes or electrons 
that are localized around the lattice sites. Because the localized 
carriers polarize the lattice around themselves, the coherent 
motion of free charge carriers through the lattice is destroyed, 
and the carriers must hop between localized states.[40] The hop-
ping process inside the NiCo2O4 spinel nanoplate is schemati-
cally illustrated in Figure 9. We expect that these initial results 
will be useful to understanding the fundamental characteristics 
of NiCo2O4 and to designing functional nanodevices from both 
individual NiCo2O4 nanostructure and NiCo2O4 polycrystalline 
film. For the NiCo2O4 film consisted of numerous NiCo2O4 
nanostructures, the conduction mechanism contains the hop-
ping conduction inside individual NiCo2O4 nanostructure and 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 998–1004
the hoping process between the grain boundariers due to the 
existence of junction barriers, which is consistent with the 
Schottky contact observed in the NiCo2O4 nanofilm-based pho-
todetectors reported in our previous study.[13]

3. Conclusions

In conclusion, high-quality micrometer-sized NiCo2O4 nano-
plates have been successfully prepared by a quasi-topotactic 
transformation from the hydroxide precursor, and the first 
electrical transport study of NiCo2O4 was performed based on 
an individual-NiCo2O4-nanoplate-device. A study of this nano-
plate’s temperature-dependent dc conductivity revealed expo-
nential behavior, which shows the semiconductive nature of the 
NiCo2O4 nanoplate. The mechanisms of electrical conduction 
at low temperatures (T < 100 K) can be explained in terms of 
Mott’s variable range hopping model. At high temperatures 
(T > 100 K), the electrical transport properties of the NiCo2O4 
nanoplate contribute through both the variable range hopping 
and nearest neighbor hopping mechanism. Further investiga-
tion of the in-plane electrical transport properties along dif-
ferent directions inside the (111) top-surface of a hexagonal 
NiCo2O4 nanoplate through an electron-beam lithography tech-
nique is under way.

4. Experimental Section
Synthesis of NiCo2O4 Platelets: The NiCo2O4 platelets were prepared 

from their corresponding CoNi-LDH (layered double hydroxide) 
precursor (Ni1/3Co2/3(OH)2Br1/3·nH2O). First, CoNi-LDH was 
synthesized by homogeneous precipitation as described previously.[25] 
Typically, 5 mmol of cobalt chloride (CoCl2·6H2O), 2.5 mmol of nickel 
chloride (NiCl2·6H2O) and 45 mmol of hexamethylenetetramine (HMT) 
were dissolved in 1000 cm3 of deionized water. The CoCl2-NiCl2-HMT 
solution was refluxed for 5 h under continuous magnetic stirring and 
nitrogen protection. The light-pink precipitate (Brucite phase) was 
recovered by filtration, washed with deionized water and anhydrous 
ethanol in turn, and finally air-dried at room temperature. Then, 2 mmol 
(0.186 g) of the light-pink Brucite phase were dispersed in 100 cm3 
of acetonitrile containing 6.67 mmol of bromine. The mixture was 
sealed in an airtight capped flask and magnetically stirred for 24 h. The 
yellow-green product, identified as bromide intercalated CoNi-LDH, 
was collected by centrifugation and washed with copious amounts 
of anhydrous ethanol to remove the excess bromine adsorbed on the 
powder.[25] Second, NiCo2O4 platelets were obtained by the thermal 
transformation of the CoNi-LDH precursor at 500 ºC for 1 h with a 
heating rate of 1 °C min−1.
bH & Co. KGaA, Weinheim 1003wileyonlinelibrary.com
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