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Field emission properties of spinel ZnCo2O4 Microflowers 
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J. Late,4,* and Chandra Sekhar Rout1,*  

Abstract: ZnCo2O4 microflowers were synthesized by a simple low temperature hydrothermal 

route. A single three-dimensional microflowers consists of hundreds of self-assembled petals, 

with a thickness of several nanometers. These microflowers have exceptionally thin edges with 

less no of petal layers. The ZnCo2O4 microflowers appeared to be stable and good field 

emitters.  

 

 

 

1. Introduction 

Recently, two-dimensional (2D) layered materials have 
attracted tremendous attention from the scientific community 
for their promising applications in field emission,1,2 
optoelectronics,3,4 energy storage devices like 
supercapacitors,5,6 lithium ion batteries,7–9 solar cells3 and 
sensing devices.10,11 Field-emission is also known as Fowler-
Nordheim tunneling, which is a form of quantum tunneling 
where electrons pass from an emitting cathode material (which 
is negatively biased) to the anode through a barrier (vacuum) in 
the presence of a high electric field.12,13 This phenomenon is 
highly dependent both on the properties of the material and the 
shape of the particular cathode. The materials with higher 
aspect ratios and sharp edges produce higher field-emission 
currents.1,2 2D materials, including graphene,14,15 metal oxides 
(ZnO, Co3O4),

16,17 chalcogenides such as MoS2,
18 VS2,

19,20 
WS2,

1 SnS2,
2,21 CuS22 and their hybrids including 

ZnO/graphene,23 WS2/graphene,1 SnS2/graphene,2 VS2/ZnO20 
and MoS2/CNTs24 etc. have been studied for field emission 
application. 
 Flower like structures are self-assembled 1D or 2D 
nanostructures having large proportions of numerous thin open 
edges, which make them a favorable material for field emission 
applications.25–29 Aligned CNT flower arrays have been 
reported to act as a suitable low turn on field emission device 
due to better lateral emission from CNTs than from their top 
surface.25,29 Graphene flowers exhibited enhanced field 
emission properties due to the electric field enhancement on the 
edges of the nano-slices and the sp3-like defects on the surface 
of the nanocrystalline graphitic film.26 Xu et al. reported field 
emission properties of ZnO flower structures with high 
emission current density and low turn-on field.27 Report by Li 
et al. on the field emission performance of MoS2 nanoflowers 
appeared to be superior with a current density of 0.01 and 10 
mA/cm2 at macroscopic field of 4.5–5.5 and 7.6–8.6 V/µm, 
respectively.28 ZnCo2O4 (ZCO) is categorized into the group of 
compounds having a typical spinel structure. It is structurally 
similar to that of other simple spinels like ZnCr2O4, MgAl2O4, 

ZnAl2O4 etc. and belongs to the space symmetry group 
��3�� ≡ ��

	. All the compounds in spinel category show a 
typical stoichiometry of the form AB2O4. Depending upon the 
different occupancy state of the interstices by the cations A2+ 
and B3+, a spinel structure can either be a normal spinel or an 
inverse spinel.30–34 A normal spinel has AB2O4 structure in 
which the divalent cations A2+ occupy the tetrahedral sites and 
the trivalent cations B3+ occupy all the octahedral sites. The 
anions (O2-) tend to coordinate both the cations A2+ and B3+, 
tetrahedrally and octahedrally respectively, forming a close 
packed FCC structure. A spinel unit-cell is made up of eight 
such FCC cells made by oxygen ions in the configuration 
2×2×2 and it comprises of 32 oxygen atoms along with 8 A 
atoms (8a Wyckoff positions) and 16 B atoms (16d Wyckoff 
positions),35–38 i.e. 24 cations in total. The same occurs in the 
case of an inverse spinel structure. However, in an inverse 
spinel structure, the tetrahedral sites are occupied by half of the 
trivalent cations (B3+) and the octahedral sites are occupied by 
the other half of the trivalent cations (B3+) as well as all of the 
divalent cations (A2+) making a structure similar to the 
stoichiometric formula B(BA)O4.

39,40 The ZCO compound 
reported here is a normal cubic spinel which consists of four 
tetrahedral primitive cells. The Zn2+ cations have higher affinity 
towards the tetrahedral lattice points, whereas Co3+ cations have 
more affinity towards octahedral lattice points as per the 
reported data.36,41–43 Among all other spinel structured 
compounds such as NiCo2O4 and MnCo2O4, ZCO possesses 
more simple compositional changes during the incorporation of 
Zn2+ with Co3O4.

44 In this paper we report the growth of 
ZnCo2O4 flowers consisting of 2D nanosheets prepared by a 
simple low temperature hydrothermal route and their field 
emission properties were investigated for the first time. 

2. Experimental 

2.1. Chemicals 

Zinc Nitrate hexahydrate (Zn(NO3)2.6H2O, 99.5%), Cobalt 
Nitrate hexahydrate (Co(NO3)2.6H2O, 97%) and Ethanol 
(analysis grade) were brought from Merck Specialities Private 
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Limited (India). Urea (CH4N2O, extrapure AR, 99.5%) was 
purchased from Sisco Research Laboratories Pvt. Ltd. (India). 
All the above chemicals were used as received without any kind 
of alteration. All the glasswares were cleaned thoroughly with 
aqua regia (highly oxidizing mixture solution containing 
concentrated HNO3 and concentrated HCl in a volumetric ratio 
of 1:3) and thoroughly rinsed with DI water prior to usage. 

2.2. Synthesis procedure for ZCO microflower structure 

A low cost, low temperature hydrothermal route was followed 
for the synthesis of ZCO flower structures. Zinc and cobalt 
precursors were prepared from Zn(NO3)2.6H2O and 
Co(NO3)2.6H2O respectively. 3 mmol of Zn(NO3)2.6H2O and 6 
mmol of Co(NO3)2.6H2O were first dissolved in 20 ml of DI 
water and then 60 mmol of urea (CH4N2O) was added to it 
under constant stirring condition. DI water was further added to 
the above solution to make the net volume, 60 ml. The solution 
was further stirred for about an hour and then it was transferred 
to a 100 ml borosilicate glass bottle and was kept at 90 °C in an 
oven for 12 hrs. After cooling the solution to room temperature, 
the slight purple colored precipitate was collected by 
centrifugation and it was washed repeatedly with DI water and 
ethanol to remove any impurity as well as unreacted ions. The 
as collected precipitate was further heated at 200 °C for 8 hrs to 
ward off any impure phase growth. The hydrothermal method 
comprises of various growth and nucleation stages in order to 
produce the final flower like structures. Also, we have carried 
out growth of ZnCo2O4 on different substrates such as glass, 
SiO2/Si, ITO and ITO coated with ZnO seed layer (ZnO/ITO) 
to demonstrate possible ways of adhesion between the sample 
and substrates. From the experimental observation, it is found 
that the sample shows better bonding in case of ZnO/ITO in 
comparison to other substrates. ZCO on ITO/ZnO was 
characterized and the corresponding data can be found in the 
supplementary data. 

2.3. Characterization and Field Emission studies 

The shape, size and structure of ZCO were characterized by FESEM 
(MERLIN Compact with GEMINI I electron column, Zeiss Pvt. 
Ltd., Germany). Elemental analysis of the samples was carried out 
by EDAX analysis. Raman spectroscopy was performed by a micro 
Raman spectrometer (Renishaw inVia Raman microscope) with a 
laser excitation wavelength of 532 nm and laser power of 1 
mW/cm2. X-ray diffraction (XRD) patterns of the sample were 
obtained by a Bruker D8 Advanced diffractometer using Cu-Kα 
radiation (λ=1.54184 Å).  

2.4. Theoretical calculations 

Theoretical calculations were performed using density 
functional theory (DFT) as implemented in the CASTEP 
code.45 Ultrasoft pseudopotentials were used to describe the 
core electrons.46 The Perdew, Burke and Ernzerhof (PBE)47 
generalized gradient approximation (GGA) was employed for 
describing the exchange-correlation potentials. Brillouin zone 
sampling was made with the Monkhorst Pack scheme and a K-
Point grid of 7x7x1. It was found that the cutoff energy of 400 
eV is sufficient to give well-converged results. The structures 
were optimized until the total energy converged to less than 10-

5eV/atom and the maximum force converged to lower than 0.01 
eV/Å. ZCO (111) was built by cleaving the geometrically 
optimized ZCO (space group ��3��) structure followed by 
further relaxation. Thus obtained ZCO (111) cell had lattice 

parameter of a = b = 8.101 Å, which is in good agreement with 
previously reported values.48,49 A vacuum slab of length 20 Å 
was used in perpendicular direction to the ZCO (111) plane to 
ward off the spurious interactions with its own periodic image. 
The theoretical calculations results are summarized in Fig.1. 
The top and side view of optimised structure of (2x2) supercell 
of ZCO (111) surface are shown in Fig 1(a) and 1(b) 
respectively. Fig. 1(c) shows the electrostatic potential as a 
function of fractional coordinate for ZCO (111) surface. 
Considering the ZCO as stoichiometry, the work function has 
been estimated to be about 5.22 eV.  
 

 

Fig. 1: Optimized structure of ZnCo2O4(111) surface (a) top 

view  and (b) side view, the zinc, cobalt and oxygen atoms 

are denoted with grey, blue and red balls respectively. The 

lattice parameter direction is indicated by the arrow shown 

in the inset of (b), the electrostatic potential along c-axis 

considering vacuum as reference energy is shown in (c). Ef 

and Ev correspond to the Fermi and vacuum energy. 

 

3. Results and discussion 

3.1. Characterisation of the sample 

Fig. 2 shows FESEM images of the sample at different reaction 
times. At reaction time of 0.5 hr (Fig. 2(a)), nanoparticles of 
Zn-Co-LDH are formed which become the platform for the 
nucleation and growth of the microspheres.50,51 After reaction 
time of 1 hr (Fig. 2(b)), the nanoparticles aggregate in order to 
minimize their surface energy and form nanoflake like 
structures. The nanoflakes gradually grow in size and number 
to form microflakes as shown in Fig. 2(c). After 1.5 hrs 
orientation of those microflakes occurs due to crystallization 
and subsequently they form agglomerate (Fig. 2(d)) and after 2 
hrs, the microflakes starts to grow in a highly ordered manner 
which initiates the growth of Zn-Co-LDH microflowers (Fig. 
2(e) and 2(f)). The final product is further annealed at 200 °C 
for 8-10 hrs and as a result the Zn-Co-LDH composite oxidize 
and form highly crystalline ZCO microflowers with numerous 
edge growths. Fig. 3 shows the schematic of the mechanism on 
formation of ZCO microflowers in an illustrative way. 
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Fig.2: FESEM images of the sample at different reaction 

times, (a) 0.5 hr, (b) 1 hr (high magnification), (c) 1 hr (low 

magnification), (d) 1.5 hrs, (e) and (f) 2 hrs. 
 

 

Fig.3: Schematic interpretation of growth mechanism for 

ZCO flower structure. 

 
FESEM image (Fig.4a) shows uniform formation of ZCO 
microspheres. 

 

 

 

 

Fig.4: FESEM images of spinel ZnCo2O4 flowers: (a) 

uniform formation of ZnCo2O4 flower-like microspheres 

and (b) an enlarged portion shows the 2D nanosheets which 

wrap up to form the spherical structure. (c) Further 

magnification reveals the thickness of the nanosheets which 

lies within the range ~20-30 nm. (d) EDS pattern of the 

ZCO sample. 

 
 
 
A magnified view of the sample (Fig.4b) reveals that the 
diameter of the microspherical structure is within the range of 
6-10 µm. The structure is formed due to the wrapping up of 
ZCO nanoplates (Fig.4c) which have a thickness of the order of 
~20-30 nm. The EDS pattern (Fig.4d) shows the peaks from all 
the three composing elements contained in the as prepared ZCO 
sample. Both Co and O show characteristic X-ray emission 
from their respective K-shells whereas in case of Zn, the X-ray 
emission occurs due to the electron returning to the L-shell. 
Table-1 shows the datasheet of EDS report in which the weight 
percentage and atomic percentage of all the three elements have 
been put and also the corresponding shells are shown inside the 
parentheses. It shows the presence of the elements in somewhat 
right proportions as expected considering the stoichiometric 
formula for ZCO. Both the weight percentage and atomic 
percentage are not 100% because of the presence of aluminium 
in traces and it constitutes the rest of the percentage. It occurred 
because the samples were prepared for EDS analyses on 
aluminium foils. 
 
Table-1: 

 

       Element       Weight %       Atomic % 

        O (K)         24.17         54.33 

        Co (K)         43.35         27.45 

        Zn (L)         22.49         14.23 

 
Fig.5 shows the typical TEM and HRTEM image of ZCO 
sample indicating highly crystalline nature of our sample. The 
lattice spacing and corresponding Miller indices are also being 
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denoted in the figure. Structure and morphology of the prepared 
ZCO sample was confirmed by XRD analysis. Fig.6 shows the 
XRD analysis of ZCO which indicates prominent growth along 
(311) direction. The diffraction peaks are attributed to the 
cubical spinel structured ZCO (JCPDS file: 23-1390). 
 

 

 

 

 
 

Fig. 5: TEM and HRTEM images of spinel ZnCo2O4 

microflowers. 

 

 

 

 
                  Fig.6: (a) XRD pattern of the ZCO sample 

 
Though a typical spinel structure consists of 56 atoms in total, 
only 14 atoms are required to construct the simplest primitive 
cell structure. Therefore only 42 vibrational modes can be 
realized in this case. According to factor group analysis, there 
are 3 acoustic and 39 optical modes in a simple spinel like 

ZCO.38,52 Thus Raman spectra (Fig.7) for the ZCO spinel can 
be distributed as follows. 
 The Raman band at 472 cm-1 corresponds to strong 
vibration due to the stretching of the bonds between Co-O and 
Zn-O to which the Raman active mode 
� can be assigned. The 

sharp band at 512 cm-1 corresponds to ���

��

 mode which is due 

to the stretching of the Co-O bond. The peak at 610 cm-1 

corresponds to ���

��

 symmetry. The band at 682 cm-1 reveals the 

���  mode with a Raman shoulder peak at 658 cm-1 to which 

again the vibrational mode ���is assigned. Peaks from 610 cm-1 
to 682 cm-1 corresponds to the Co-O bond stretching. All the 
peaks defined here are attributed to cubic spinel structured ZCO 
and other normal spinels which are structurally more or less 
similar to ZCO (such as ZnCr2O4) as illustrated in earlier 
reports.38,53–61 
 
 
 

 

              Fig.7: Raman spectra of spinel ZnCo2O4 flowers. 

 

 

 

3.2. Field Emission properties of the sample 

For field emission measurements, the ZnCo2O4 powder was 
sprinkled over carbon tape coated on a copper stub and loaded 
in a manner as to parallel phosphor coated conducting glass 
anode screen. The distance between the cathode and anode was 
manipulated by using a linear mechanical drive. Prior to 
readings, the emitters were kept at about 1KV for few minutes. 
The FE measurements were carried out inside a vacuum 
chamber at low pressure of about 2.8 x 10-8 Torr. The typical 
curve of the emission current density as a function of the 
applied field (J-E) plot is shown in Fig.8 (a). From the J-E plot 
the turn on field, defined as the field required to draw emission 
current density of 0.1µA/cm2 is found to be 7.4 V/µm and the 
threshold field (which is defined as the applied field required to 
draw emission current density of 0.1mA/cm2) is 12.2 V/µm. 
The corresponding F-N curve shown in Fig.8 (b) is observed to 
be non-linear. One of the parameters responsible for the 
nonlinear behavior of F-N plot is the ‘effective’ work function. 
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It is believed that initially, when the applied field is low, the 
emitted electrons originate mainly from the conduction band 

states, and as the applied field is increased, the valence band  
 
electrons also tunnel out and contribute to the emission current. 
As the effective work function values for these two types of 
electrons (originating from CB and VB) are different, the F-N 
plot will show deviation from linearity. In addition, to this other 
factors such as field penetration, band bending, and screening 
also contributes to nonlinearity of the F-N plot.  

The slope of the F–N plots has an inverse ratio to the field 

enhancement factor β and can be listed as follows 

m

2/33 )108.6( φ
β

×−
=        (1) 

On the basis of our DFT calculations, the work function of 

ZnCo2O4 microflower is 5.22 eV.  

 

. 

 

                  Table 2: Comparison of ZnCo2O4 field emitters with semiconducting nanostructures and nanocomposite 
 

 

Emitter Morphology Synthesis  method 
Turn-on 

(V/µm) 

Stability testing 

and fluctuations 
Ref. 

Co3O4 Nanowalls Thermal evaporation 6 ---------- 62 

ZnO Nanowires Vapor phase deposition 6 ----------- 63 

ZnO Nanotubes Hydrothermal method 7 24h, <10% 64 

ZnS Nanowires Vapor phase deposition 11.7 ----------- 65 

ZnCo2O4 Microflowers Hydrothermal method 7.4 3h, <5% Present work 
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Fig.8: Field emission from spinel ZnCo
2
O

4
 flowers. (a) Applied electrical field as a function of emission current density. (b) F-N 

plot showing non-linear behavior indicating emission current from the semiconducting emitter. (c) Long term field emission 

current stability testing indicates fairly stable emission current. (d) Field emission image of the emitter operated at an electric 

field of 13.2 V/µm-1 
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 From the slopes of F–N plots the field enhancement factor β 

for ZnCo2O4 microflower obtained to be 6058. Along with the 

emission characteristics, the field emission current stability is 

one of the important parameters in the context of practical 

applications as a cold cathode. The current versus time (I–t) 

plots of ZnCo2O4 microflower recorded over the duration of 3 h 

is shown in Fig. 8(c) and it shows no obvious degradation of 

current density. Fig. 8(d) shows the field emission image of the 

emitters operated at an electric field of 13.2 Vµm-1. The light 

spots on the fluorescent screen are uniform and denser. Since 

the turn on field and threshold field both are dependent upon 

the contact performance, thus a better mechanical adhesion and 

electrical contact between microflowers and substrates will 

allow efficient electron injection, thereby reducing turn-on field 

and improving emission current density.  

            Table 2 depicts compilation of some semiconducting 

nanostructures and nanocomposites. As seen from the table 2, 

the present emitter ZCO exhibits comparable values of turn on 

and threshold fields. 

Conclusions 

In conclusion, ZnCo2O4 microflowers were synthesized for the 
first time by a simple low temperature hydrothermal route. 
Hundreds of petals self-assembled to form microflowers with 
exceptionally thin edges. This sharp edges microflowers proves 
to be a good field emitter with high aspect ratio for next 
generation field emission based devices. 
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