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Abstract
Undoped and Cobalt (Co) doped zinc oxide (ZnO & CZx) nanoparticles were synthesized by Solvothermal method. The sam-
ples were studied by X-Ray Diffraction (XRD), Energy Dispersive X-ray Spectroscopy (EDS), Inductively Coupled Plasma 
Atomic Emission Spectroscopy (ICP-AES), UV–Vis spectroscopy and Scanning and Transmission Electron Microscopy 
(SEM & TEM). Moreover the gas sensing properties of the nanoparticles for methane gas took place. Purity of the samples 
and Co concentration was investigated by EDS and ICP spectroscopy respectively. XRD results described the hexagonal 
wurtzite structure for all the samples in which crystallinity and the crystallites size decreased with increase of Co doping 
level. Using UV–Vis spectroscopy the band gap energy was evaluated and redshift of band gap energy was observed by 
increasing of Co concentration. SEM images demonstrated that nanoparticles were agglomerated with increase of Co doping 
level. TEM images revealed the nanoparticles size in the range 11–44 nm. Methane sensing properties was enhanced after 
Co doping of the ZnO nanoparticles for Co concentration up to 4%.

1  Introduction

Methane (CH4) is an organic gas which is used in various 
domains as industry and domestic applications, for example 
in hydrogen and ethylene production, [1, 2]. Heating and 
cooking [3, 4] etc. Since methane is a highly volatile gas in 
nature, it is explosive when mixed with air down to about 
5% of concentration [4, 5]. Moreover methane is abundant 
gas in the coal mines, so its monitoring in low parts (ppb) 
concentration level in the air by gas sensor is an important 
subject to avoid the accidental explosion in the coal mines 
and industrial sites.

In the last decades the nanostructures and nanocompos-
ites have attracted the researchers attention because of their 
potential applications in various scientific and industrial 
domains. For example photocatalytic application for air pol-
lution prevention [6–10], gas sensor applications [11, 15], 
and photoluminescence effect [12, 13]. Between the various 
compounds, zinc oxide (ZnO) nanostructures are well can-
didates for many applications because of their direct band 
gap (Eg = 3.37 eV), high transparency, large exciton binding 

energy (60 meV), good thermal stability, biocompatibility 
and high electron mobility [11–13]. These favorable proper-
ties and mature growth and easy preparation methods leads 
to construct functional of ZnO-based devices; for example 
field-effect transistors, light emitters, lasers, solar cells and 
gas sensors [14–21].

Recently, great efforts were effectuated to fabricate the effi-
cient methane sensor based on indium and Zinc oxide [22, 23, 
28]. ZnO doping changes its electrical, magnetic and sensing 
properties greatly [23–25], so the efforts for gas sensor fab-
ricating were based on thermal conductivity, IR absorption, 
optical interferometry, and so on [22, 23]. Sun et al. achieved 
to methane detection response of 500 ppm with response 
time about 30 s by fabricating a gas sensor based on four-
filament thermal conductivity [26, 28]. Li et al. fabricated a 
hybrid micro-sensor based on rhodium oxide/alumina with 
the response time less than 9 s and pre-alarm concentration 
10% lower than explosion limit [27]. Various researchers 
groups reported their results about improve of the methane 
sensing properties of ZnO [28–31]. Hu et al. fabricated the 
methane sensors based on Co doped ZnO microstructures 
using hydrothermal method with response time about 19 s for 
methane concentration down to 100 ppm [28]. Their results 
were compared with the results of Basu et al. [29, 30] and 
Chen et al. [32] that fabricated methane sensors based on ZnO 
thin films and ZnO nanowalls respectively [28] researching the 
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facile synthesis method, Pal et al. synthesized Co doped ZnO 
microstructures by solvothermal method, while they didn’t 
investigated the methane sensor properties [33]. In this work 
ZnO and Co doped ZnO (CZx) nanoparticles were synthe-
sized by facile solvothermal method. Then the structure, opti-
cal, magnetic and methane sensor properties of the samples 
were investigated. Finally the best efficiency of gas sensor was 
determined as a function of Co concentration, work tempera-
ture and gas concentration.

2 � Experimental details

2.1 � Synthesis of ZnO microstructures

Synthesis of ZnO and CZx nanoparticles (nps) was carried 
out using solvothermal method. The solution was prepared by 
dissolving the mixture of Zinc nitrate hexa-hydrate (0.10 mol, 
Zn (NO3)2·6H2O) and oxalic acid di-hydrate (0.15  mol, 
C2H2O4·2H2O) as complexing agent in 100 ml of distilled 
deionized water. For Co doping, Cobalt nitrate hexa-hydrate 
(CoNO3·6H2O) was added to the initial solution and stirred 
for 30 min at 45 °C by magnetic stirrer. The Co/Zn weight 
ratio was x = 0.5, 1, 3 and 5 wt%. Based on Co concentra-
tion the samples were labeled as CZ0.5, CZ1, CZ3 and CZ5 
respectively. Subsequently, the solution was refluxed at 75 °C 
for 15 h and heated at 90 °C for 10 h in oil bath. Finally, after 
sintering at 130 °C for 2 h, the white powder of ZnO and green 
powder of CZx were obtained.

2.2 � Characterization

Structure and crystallographic phase of the samples were stud-
ied by XRD technique. The XRD patterns were recorded on 
a Bruker D8 Advance diffractometer (40 kV–40 mA, Cu Kα 
radiation, λ = 0.15406 nm). Diffractograms were recorded in 
the range of 2� = 10°–80° with a step size of 0.02°. The crys-
tallites size was estimated employing Scherer equation [34]:

in which D is the crystallites size, k is Scherrer shape factor 
and about 0.9 for spherical particles, β is the line broadening 
at Full Width at Height Maximum (FWHM), λ is the wave-
length of the X- ray beam and θ is the diffraction angle (peak 
position). The Bragge planes distance (d) was calculated by 
following equation [30]:
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in which a and c are the lattice constants, l is the bond length, 
and dhkl is the distance of the hkl Bragge plane which obtains 
from Bragge equation:

The lattice constants were calculated using the following 
equations [35]:

As it is seen in Table 1, the lattice constants in Co doped 
samples haven’t significant change, which is attributed to sub-
stitution of Zn2+ by Co2+ ions.

The bond length (l) and the volume of unit cell for ZnO 
were calculated by following equations [35]:

in which u is related to peak situation and was calculated 
by [35]:

The volume of unit cell was also calculated by the next 
equation [35]:

The microstrain was calculated by Eq. (9) [36]

In which β is the line broadening at Full Width at Height 
Maximum (FWHM) and θ is the diffraction angle (peak 
position).

Co molar concentration was measured by inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES) model 
GBC integra XL. The shape, size and morphology of the nano-
particles were investigated by transmission electron micros-
copy (TEM, CM30 300 kV), and scanning electron micros-
copy (SEM HITACH S-4160) respectively. Elemental analysis 
was performed by energy dispersive spectroscopy (EDS) inte-
grated into the SEM system. Absorbance measurements were 
carried out by UV–Vis spectrophotometer model Unico 4802 
double-beam in the range of 190–1100 nm, using dispersed 
nps in alcohol. The absorption coefficient was obtained using 
the following equation [34]:

(3)2d sin �hkl = n�hkl

(4)a =
�

√

3 sin �
100

(5)c =
�

sin �
002

(6)l =

√

a2

3
+
(

1

2
− u

)2

× c2

(7)u =
a2

3c
+ 0.25

(8)V = 0.866 ×
(

a2
)

× c

(9)� =
� Cos�

4

(10)� = 2.303
A

t



7132	 Journal of Materials Science: Materials in Electronics (2018) 29:7130–7141

1 3

in which A is the absorbance and t is the mean nps diameter.
The band gap energy of the samples was also obtained 

by extrapolating of the curve of the tauc equation for direct 
band gap [34]:

Magnetic properties of the samples were studied by 
vibrating sample magnetometer (VSM) model Lake shore 
7400 with a 1.8 T magnetic field.

2.3 � Fabrication and measurements of sensors

For sensor measurements, the discs of 12 mm diameter 
and 2.5 mm thickness containing 0.8 g of CZx nanopow-
der were fabricated by pressing under 30 Mpa pressure and 
calcined at 500 °C. Ohmic electrical contacts on the discs 
were made using Silver glue, followed by heating between 
120 and 150 °C for stabilizing the ohmic contacts. Figure 1 
represents a schematic image of the utilized experimental set 

(11)(�h�)2 = A
(

h� − Eg

)

up for methane sensing measurements. The discs were put 
into an evacuated chamber on the hot plate kept at 140 °C. 
Nitrogen was entered in the chamber for neutering of the 
chamber atmosphere. After stabilizing of the disk resistance, 
specified dose of Methane was entered in the chamber. Due 
to reaction between methane and the disc, resistance varies. 
After stabilizing of the resistance value, the final resistance 
was recorded.

3 � Results and discussion

3.1 � EDS and ICP results

Figure 2 represents the elemental analysis results that was 
performed by EDS spectroscopy for CZ1 and CZ3 samples. 
In spite of strong and so near Lα peaks, Kα peaks of Zn, O 
and Co species are not so obvious. While the results confirm 
the purity of the microstructures. ICP spectroscopy was also 
effectuated for determining the precise Co molar concentra-
tion. A solution of CZ1 and CZ3 samples in nitric acid was 
prepared for breaking the chemical bonds and separating of 
Co2+ and Zn2+ ions. Figure 3 shows the emitted spectra cor-
responding to Co2+ and Zn2+ ions. Calculation of the ratio of 
the area under the curves, results in molar ratio of [Co]/[Zn] 
which was found as 0.7 and 2.6% for CZ1 and CZ3 samples 
respectively and in accordance with their mass concentra-
tion (x value).

3.2 � XRD results

Figure 4 represents the XRD results of CZx nps as a function 
of Co concentration.The XRD pattern showed that all the 
samples exhibited the hexagonal wurtzite structure (JCPDS 

Table 1   XRD parameters of 
CZx microstructures for three 
strongest peaks and different Co 
concentration

Sample hkl 2θ FWHM d (Å) ɛ D (nm) a (Å) c (Å) l (Å) V (Å3)

ZnO 101 36.28 0.577 2.47 0.137 18 3.24 5.20 1.974 47.40
100 31.82 0.492 2.83 0.118
002 34.45 0.502 2.60 0.119

CZ0.5 101 36.24 0.692 2.48 0.164 15 3.25 5.20 1.975 47.45
100 31.77 0.598 2.82 0.143
002 34.44 0.604 2.61 0.144

CZ1 101 36.30 0.694 2.47 0.164 15 3.24 5.20 1.976 47.48
100 31.84 0.589 2.81 0.141
002 34.45 0.554 2.60 0.132

CZ3 101 36.30 0.723 2.47 0.171 13 3.24 5.20 1.976 47.52
100 31.84 0.596 2.81 0.143
002 34.44 0.651 2.61 0.155

CZ5 101 36.26 0.771 2.47 0.183 13 3.25 5.21 1.977 47.56
100 31.80 0.656 2.82 0.157
002 34.43 0.712 2.61 0.170

Fig. 1   A schematic image of gas sensing setup
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NO: 036-1451). The peaks at 31.84°, 34.40°, 36.28°, 47.56°, 
56.6°, 62.88°, 66.56°, 67.92°, 69.12°, 72.52°, are attributed 
to (100), (002), (101), (103), (200), (112), (201), (004), 
planes respectively. The preferred orientation was found 
at [101]. The symmetry group was P63mc and the lattice 
parameters were found a = b = 3.2498, C = 5.2066. In this 
work the [100], [101] and [002] were considered as pref-
fered orientations and their corresponding planes are under 
investigation and their structural parameters were repre-
sented in Table 1. It is seen that nanocrystallites size (D) (see 
Eq. 1) decreased and microstrian (ɛ) (see Eq. 9) increased by 
increasing of Co content.

As it is seen in XRD pattern, the intensity of the peaks 
were generally reduced by increasing of Co concentration. 
Moreover contrary of the other reports [28], no other sec-
ondary phases, such as Co clusters or cobalt oxides. Similar 
results were also reported by other groups [37, 38] which 
indicates that the dopant Co2+ ions with ionic radius of 
0.58 Å are substituted in the inner lattice of Zn2+ ions with 
ionic radius of 0.6 Å [39]. Small shift of diffraction peaks 
to higher angles and the peak broadening was observed by 

increasing of Co content (see Table 1). Diffraction peak shift 
could be due to decrease of planes distance which is caused 
by the increase of microstrain after doping [40]. The peak 
broadening may be due to the size reduction and microstrain 
(see Table 1) [41] of CZx nps. Size reduction of the nps is 
also attributed to the distortion in the host ZnO lattice by 
the Co2+ ions; this leads to decrease of the nucleation and 
subsequent growth rate of ZnO nps [36]. Figure 5 represents 
a general increase of the unit cell volume and bond length 
by increasing of Co content (x value). Due to Co doping, 
the lattice constants varies and according to Vegard’s law, 
higher Co content could to increase of the volume of the 
unit cell [36, 42].

3.3 � Optical properties

Figure 6 represents the absorbance spectra of the dispersed 
nanoparticles in ethanol. As it is observed, a significant 
decrease is observed for absorbance of CZ1 nanoparticles 
with no significant shift in absorption edge. For higher 
x values, the absorbance increases and absorption edge 
has a redshift. Absorbance changes could be attributed 
to nanocrystallites size change in accordance with XRD 
results. Nanocrystallites size of CZ1 sample decreased 
significantly, and subsequently increased for higher x val-
ues (see Table1). Redshift of absorption edge also could 
be attributed to band gap narrowing in CZx samples. This 
result was confirmed by the results of Figs. 7 and 8 contain-
ing direct band gap measurements. The band gap narrow-
ing could also be attributed to sp–d exchange interaction 
between band electrons of ZnO and localized electrons in 
d orbitals of Co2+ ions. In fact interaction between s–d and 
p–d orbitals guides the positive and negative charges to con-
duction and valence bands edge which leads to reduction 
of band gap energy [36]. Anyway band gap narrowing is 
directly proportional to Co concentration which suggests 
the possibility of band gap engineering by controlling of 
Co concentration. The optical results suggest that Co dop-
ing doesn’t change the ZnO structure confirming the XRD 
results [36]. In the literature, there are the reports concern-
ing blueshift of the absorption edge in Co:ZnO nanostruc-
tures and band gap energy increased from 3.33 (pure ZnO) 
to 4.13 eV (for 7% Co) [36]. The blueshift was attributed 
to active transitions involving 3d levels in Co2+ ions and 
strong sp–d exchange interactions between the itinerant ‘sp’ 
carriers (band electrons) and localized ‘d’ electrons of the 
dopant [43].

3.4 � Microscopy images

SEM and TEM images are represented in Figs. 9 and 10 
respectively. SEM images describe that ZnO microstructures 
have quasi-spherical shape with diameter around 1.5 µm. In 

Fig. 2   EDS spectroscopy results for CZ1 and CZ3 samples
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Fig. 3   ICP spectra of Co (up) and Zn (down) and their concentration in CZ1 sample
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Co doped samples the microstructures get disorder shape. 
For higher Co content, the microstructures are more agglom-
erated and porosity increased. The TEM image represents 
the CZ1 nps. The nps diameter was found between 11 and 
40 nm with hexagonal structure.

3.5 � Magnetic properties

Figure  11 represents the hysteresis curve of the CZ1 
sample. As it is observed, for Co concentration as 1%, 
ZnO represents ferromagnetic property. The narrow 
curve confirms that the sample is a soft ferromagnetic. 

The saturation magnetization (Ms), remained magneti-
zation (Mr) and magnetic helicity (Hc) were found at 
7.9285 × 10−3 (emu/g), 7.4165 × 10−3(emu/g), and 81.762 
G respectively. Theoretical studies suggested the transi-
tion metals doped are well candidate for room temperature 
ferromagnetism (RTFM). The ferromagnetism property 
was also reported for iron doped [44] and Co doped ZnO 
by other research groups [31]. For non-magnetic III–V 
or II–VI semiconductors, substitution of the cations by 
magnetic dopants as Mn, Fe, Co leads to produce of 
diluted Magnetic Semiconductor. Although the origin of 
the (RTFM) is under controversy, the last reports suggest 
that the oxygen vacancy have important role for magnetic 
properties [31].

3.6 � Methane sensing measurements

Gas sensor properties of ZnO and CZx samples were stud-
ied using the experimental set up introduced in Sects. 2–3. 
Mechanism of methane sensing was well explained else-
where [28]. In this work, the best sample for methane sen-
sor applications were found CZ1 and CZ3. After a sys-
tematic study, the temperature of 140 °C was found as 
optimal operating temperature. Moreover response time 
of the samples was measured for different methane con-
centrations. Influence of Co doping onto methane sensing 
properties was investigated in Figs. 12 and 13. Response 
of the sensor was defined as Ra/Rg in which Ra is resist-
ance of the sensor in the air and Rg is the resistance in the 
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Fig. 5   Variations of the bond length and cell volume as a function of 
Co concentration
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gas. As it is observed in the Figs. 12 and 13 and Table 2. 
Comparing of the sensing parameters of CZx with ZnO 
samples at the same experimental conditions, describes 
that all of the parameters were modified after Co doping. 
Lowest response/recovery time at (25.2/6.6 s) was found 
in CZ3 sample for 100 PPM of methane at 140 °C. While 

response value (1.10) of the CZ1 is the best between the 
others. A comparison of the methane sensor performance 
between present results and the other groups results [28] 
was represented in Table 2.

3.7 � Methane sensing mechanism

As well discussed in the literature [28] pure ZnO gas 
sensor properties are based on the surface-adsorption of 
oxygen species [45, 46]. By exposing the n-type ZnO gas 
sensor to air, oxygen species can be absorbed onto its sur-
face, this leads to formation of various anions as O2

−, O−, 
and O2−, through capturing electrons from the conduction 
band (CB). So a depletion layer is formed near the ZnO 
surface. After exposing of the sensor in the atmosphere 
of a reducing gas as methane, the gas will react with ionic 
oxygen species and release the captured electrons back to 
the CB. This results in reduction of electrons in the deple-
tion layer and contraction of electron transport potential 
barrier [11]. In Co doped ZnO (CZx) gas sensors, this 
mechanism is different, because p-type Co3O4 nanoparti-
cles are attached on the surface of n-type ZnO microstruc-
tures. This leads to diffusion of electron–hole carriers 
in opposite directions similar to other p–n junctions and 

Fig. 7   Extrapolation of the 
curve of (αhυ)2 versus hυ and 
bandgap of CZx samples as a 
function of Co content (x)
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formation of internal electric field between their inter-
face. This results in energy band bending in the depletion 
layer for equalizing the Fermi levels (EF) and formation 
of P–n heterojunction. When CZx sensor is exposed to 
air, due to capture of electrons from CB and existence 
of potential barrier of depletion layer the resistance 
increases even higher than pure ZnO [47]. While exposed 
to methane gas the oxygen species react with methane 
molecules and release electrons into the CB which causes 
to decrease of resistance. Moreover methane gas releases 

electrons to combine with holes in p-type Co3O4. These 
phenomena lead to increase of electron concentration and 
decrease of hole concentration, which results in reduction 
of concentration gradient on both sides p–n heterojunc-
tion, diffusion of carriers is weakened and the potential 
barrier is decreased; therefore the resistance of gas sensor 
decreases. Based on above discussion, existing of Co3O4 
phase is necessary for the explained reactions. Relating to 
synthesis method, if Co3O4 phase is observed in XRD pat-
terns, it causes to increase the sensor performance [28]. 

Fig. 9   SEM images of the CZx microstructures. a ZnO, b CZ0.5, c CZ1, d CZ3, e CZ5, f upward and low resolution image of CZ1
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While in this work no trace of Co3O4 was observed, and 
so the mechanism of CZx methane sensors could not be 
valid for present work. As observed in Table 2, the per-
formance of present CZx sensors is better than pure ZnO 
while not better than other groups CZx sensors [28]. It 
could be attributed to increase of the surface/volume ratio 
due to decrease of nanograins size (see Fig. 8) after Co 
doping which leads to increase of oxygen surface absorp-
tion also electrons in CB. It seems that well substituting 

of Co2+ ions in the inner lattice of the Zn2+ ions is not an 
advantage for gas sensor applications and Co3O4 phase is 
necessary which depends on synthesis method. In spite 
of facility of solvothermal method and well quality of the 
structure and ferromagnetism property, methane sensing 
properties aren’t extraordinary comparing the other syn-
thesis methods [30, 36].

4 � Conclusions

In this work Co doped ZnO microstructures were pre-
pared by solvothermal method. XRD results showed the 
Hexagonal wurtzite structure with preferred orientation 
along [101]; the bond length and cell volume increased 
by increasing of Co content. Moreover no Co trace was 
found in XRD pattern which was attributed to well sub-
stitution of Co2+ ions in the inner lattice of the Zn2+ ions 
due to their close ionic radius. [Co]/[Zn] molar ratio was 
measured by ICP spectroscopy for CZ1 and CZ3 samples 
as 0.7 and 2.6% respectively. Significant band gap energy 
reduction was observed for CZx samples (x ≥ 0.5) which 
was attributed to sp–d exchange interaction between bond 
electrons of ZnO and localized electrons in d orbitals of 
Co2+ ions. Methane sensing results described the increase 
of senor performance after Co doping the. Optimal sensor 
response and response time was found in the CZ3 sensor 
for 100 ppm of methane concentration at 140 °C. Since no 
trace of Co3O4 was found in XRD results, enhancement 
of sensor properties was attributed to increase of surface/
volume ratio after doping.

Fig. 10   TEM images of CZ1 nanoparticles
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