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a b s t r a c t

In this paper, green Zn1-xCoxO nanopowders were synthesized via solid-state reaction at different
calcination temperatures. The effects of sinterring temperature on structure, morphologies, color and
infrared emissivity was investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM),
energy dispersive spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), UVevisible absorption
spectroscopy, Raman spectroscopy and IR-2 dual-band infrared emissometer, respectively. The results
show that the as-synthesized samples have hexagonal wurtzite structure and meantime the peaks of the
secondary phase, Co3O4, were observed when the sinterring temperature is below 900 �C. The sintering
temperature plays a vital important role in crystallite sizes, lattice parameters, volume of the unit cell as
well as microstructure. According to the EDS results, Zn ions were substituted by the Co ions in the ZnO
lattice where Co ions present in the þ2 state indicated via XPS analysis. Additionally, UVevisible ab-
sorption spectra shows that absorption edge have a red shift while the corresponding energy band gap of
the semiconductor nanoparticles decrease with the increasing sintering temperature, which affects the
thermochromic characteristics of materials significantly. The infrared emissivity is related to the
microstructure, grain size, conductivity and lattice vibration.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Recently, thermochromic materials have received significant
attention due to the potential utilization in various sectors such as
space, industry and military fields [1,2]. When they are applied in
industry fields, it can not only as temperature indicating coatings to
monitor instruments temperature, but also can as building coatings
to provide cool tones in summer and warm tones in winter and
therefore to decrease the energy consumption of a building envi-
ronment in any seasons [3]. The variable emissivity coatings, which
is based on thermochromism, have great application prospects to
spacecraft thermal control, owing to the lightness, low energy
consumption and facility [4,5]. The smart thermoresponsive coat-
ings can be used as chameleon coatings in military technology to
change the colors of military equipment to match its surroundings,
and then decrease the probability being detected [6,7].

According to the literatures, the materials used to synthesize
thermochromic materials mainly focus on VO2 [8] and La1-
xSrxMnO3 [9]. Nevertheless, it is evident that VO2 is not only
expensive but also dangerous. As for La1-xSrxMnO3, it usually has
high solar absorptance (over 0.8) and needs sophisticated in-
struments to control assistantly. Consequently, both of them are not
suitable to fabricate thermochromic materials.

As a non-toxic, cheap, readily available and environmentally
white pigment, zinc oxide with low light absorbance and high ra-
diation dispersion in the visible regio, which can be used in sun-
screen compositions to block UV radiation. Besides, the high
reflectance appears in near - infrared region makes it suitable
candidate for space applications [10]. It has wide band gap energy
(3.3 eV) at room temperature [11] and high excitonic binding en-
ergy (60 meV) [12]. As an important n-type semiconductor mate-
rial, ZnO has received extensive attention because of its remarkable
optical, magnetic, and electrical properties [13e17]. The transition
metal elements doped ZnO matrix is one of the most important
methods to modify the electronic structure and characteristics of
the host material [18e20]. Among all of the transition metals, Co
has been widely employed because of its variable oxidation state,
large magnetic and high solubility limit in ZnO due to the similar
ionic radius (0.072 nm) with Zn2þ atom (0.074 nm) [21e24]. In the
past several years, many studies referred to Co-doped ZnO have
focused on the magnetic properties [25e27]. The properties of
variable emissivity and thermochromic, however, are neglected.
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Fig. 1. TG-DSC results of Co2O3.
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There is no doubt that emissivity is one of the important physical
properties of materials, which have wide applications in various
fields. The materials with high emissivity at high temperature can
be used in furnaces lining, supersonic aircraft and other fields to
save energy or decrease the temperature by radiation [28,29]. Low
infrared emissivity (LIE) materials can prevent targets from being
detected by infrared detectors when coated on the surface of mil-
itary equipments [30e32]. However, thermochromic characteris-
tics and variable emissivity properties of ZnO-basedmaterials were
scarcely reported so far.

In this paper, we conducted a simple solid-state reaction to
synthesize green Zn1-xCoxO nanopowders successfully and studied
the effects of calcination temperatures on its crystal structures,
morphologies aswell as infraredemissivity. Besides, the colorof Zn1-

xCoxOnanopowders can graduallychange fromgreen toyellowwith
the increase of testing temperature and the changes are reversible.

2. Experimental details

The doped oxides Zn1-xCoxO were prepared by solid-state re-
action. Raw ZnO powders (9.503 g) and Co3O4 powders (0.497 g)
were mixed before calcination. This mixture was gently ground in
an agate mortar for homogenisation. The obtained powders were
calcined for 20 h in furnace at designed temperatures from 700 �C
to 1100 �C with a step of 100 �C with a constant heating rate of 4 �C/
min until reach the annealing temperature. After annealed, the
powder was cooled to room temperature gradually in furnace.
Finally, the pre-treated Zn1-xCoxO powders with different anneal-
ing temperature were obtained.

The decomposition temperature of the Co2O3 was investigated
by simultaneous thermogravimetry and differential scanning
calorimetry (TG-DSC), which was performed with a temperature-
increasing rate of 10 �C/min using a simultaneous TG-DSC
STA449C model analyzer in N2 atmosphere at 1100 �C. The crys-
talline phases of the sintered powders were examined by x-ray
diffraction using CuKa radiation (XRD Rigaku, D/max-RA) from 20�

to 80� (2q). The presence of Zn, Co, and O in the samples was
confirmed by the energy dispersive spectroscopy (EDS). The
chemical state of Co in Zn1-xCoxO samples was studied by Thermo
Scientific X-ray Photoelectron Spectrometer (XPS, PHI-5000 Ver-
saprobe) with a monochromatic Al Ka source with 1486.6 eV of
energy and 150 W of power. The microstructure of samples was
characterized by scanning electron microscopy (SEM, FEI SIRION-
100). To determine the optical band gap of different samples, the
optical absorptionmeasurementswere performedwith a Shimadzu
2450 UVeVIS spectrophotometer and the investigated wavelength
ranged from 200 to 800 nm. Raman spectra from 100 cm�1 to
700 cm�1 were acquired at room temperature using a Jobin-Yvon
T64000 Triple-mate instrument. The electrical resistivity of the
Zn1-xCoxO nanoparticles in room temperature was measured with
the two-electrode method in AC circuit (FT-303 serial resistivity
tester). The infrared emissivity in the range of 3e5 mm in different
temperature was detected by an infrared emissometer (IR-2 dual-
band emissometer, Shanghai Institute of Technical Physics, CAS,
China). The temperature dependence of infrared emissivity was
performed using BC-1 temperature control instrument (Shanghai
Institute of Technological Physics, China). The testing temperature
can range from 20 �C to 700 �C with a heating rate of 20 K$min�1.

3. Results and discussion

3.1. Thermogravimetry and differential scanning calorimetry study
(TG-DSC)

TG-DSC analysis result of the Co2O3 powders are shown in Fig. 1.
The pronounced loss of weight can be observed at 900 �C, which is
due to the fact that Co2O3 powders decompose into CoO at high
temperature condition. Correspondingly, a remarkable endo-
thermic peak in DSC curve is observed at the temperature around
900 �C. In addition, a small endothermic peak can be observed
around 700 �C because of the decomposition of Co2O3 into Co3O4. It
indicates that there are two step degradation processes in the
sample. The DSC result provides useful information to determine
the appropriate starting temperature for the calcination process.
Therefore, from the DSC, it can be seen that the properly annealing
temperature is 900 �C, which ensures the completely thermal
decompose of Co2O3. The result is similar to that reported by Z.D.
Nan et al. [33].

3.2. X-ray diffraction study (XRD)

Fig. 2 gives the XRD spectrums of Co2þ ions doped in ZnO
nanoparticles. Clearly, all the peaks well match with the JCPDS date
of pure ZnO (card no.36-1451) with space group of p63mc, indi-
cating that all samples possess a wurtzite (hexagonal) zincite
crystal structure with a more preferential orientation along the c-
axis perpendicular. However, a small amount of impurity peaks are
captured arisen from the secondary phase (Co3O4) when sintered at
800 �C or below. The secondary phase may be due to the incom-
pletely decomposition of Co2O3 below 900 �C. This result is
consistent with TG-DSC study. The RIR method was employed to
calculate the phase composition of the hybrids quantitatively, ac-
cording to the following equations [34,35]:

Wa ¼ Ia
Ia þ ðIb=ðRIRb=RIRaÞÞ

Wb ¼ Ib
Ib þ ðIa=ðRIRa=RIRbÞÞ

¼ 1�Wa

The weight ratio of Co3O4 at calcination temperatures of 700 �C
and 800 �C is 3.7% and 2.8%, respectively. This also implies that
higher temperature is helpful for Co2þ doping into ZnO lattice.
Moreover, different starting materials, for example CoO or Co, may
need different calcination temperature to achieve pure single ZnO
phase [36,37].

Fig. 2(b) shows that the higher the temperature is, the diffrac-
tion peaks have a little shift to higher angles, and their values are
tabulated in Table 1. As we all know the radius of Co2þ (0.72 Å) is



Fig. 2. (a) XRD patterns of Zn1-xCoxO nanoparticles at different calcination tempera-
tures; (b) magnified XRD patterns of samples.
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smaller than that of Zn2þ (0.74 Å). According to the Bragg's law [38].

2d sinq ¼ nl

where q is the diffraction angle, l is the incident wavelength
(l ¼ 1.5406 Å) and n is the diffraction series (n ¼ 1 in normal
conditions). For hexagonal wurtzite structure of ZnO, the inter-
planar spacing d is related to the Miller indices h, k and l as well as
Table 1
Structure parameters of the sample.

T(�C) Position of (002) peak (degree) Position of (101) peak (degree) Intensity of (10

700 34.401 36.239 3328
800 34.440 36.260 3209
900 34.441 36.258 3046
1000 34.460 36.261 2944
1100 34.481 36.271 1849
lattice parameters ‘a’ and ‘c’ by the following equation [39].

1
d2

¼
(
4
3

 �
h2 þ k2 þ hk

�
a2

þ l2

c2

!)

The calculated lattice parameters ‘a’ and ‘c’ and c/a ratio of pure
and Co2þ doped ZnO nanoparticles are shown in Table 1. With the
increasing of temperature, the lattice parameter ‘a’ is found a little
increasing, whereas ‘c’ parameter is found decreasing. The higher
temperature makes the bigger doping concentration of Co2þ into
ZnO, which results in the shift of 2q into large angles. Actually, the
replacement of Zn ions by Co ions decreases the lattice constant c
and this shrink in the z-axis of the unit cell causes an elongation in
the x axis, so it leads to a little increase of the lattice constant a.
These results are in good agreement with those reported earlier
[40,41].

The average crystallite size (D) of nanoparticles was calculated
from the Debye Scherrer's equation [42].

D ¼ 0:9l
b COSq

where, D is the crystallite size. l is the wavelength of X-ray
(l ¼ 1.54056 Å), q is the Bragg's angle and b is the full width at half
maxima of the most intense diffraction peaks. As shown in Table 1,
the decrease of the full width at half maximum of the diffraction
peak reveals that the attained particle size has increased from
56.969 nm to 61.166 nm with the increasing of the calcination
temperature from 700 �C to 1000 �C, which could be attributed to
the fact that as the temperature went high, many neighbouring
particles tended to fuse together to form larger particle size by
melting their surfaces [43]. When the sintering temperature is at
1100 �C, the average crystallite size is found to decrease to
55.460 nm. This phenomenon could be explained as follows: the
distortion in the host ZnO lattice [44]. The introduction of foreign
impurity contributes to the decrease of nucleation rate and the
growth rate is decreased subsequently. A. Goktasa et al. [45] and
S.D. Birajdar et al. [67] have reported that the crystalline size de-
creases with increase of Co2þ content in ZnO.

The volume of the unit cell was calculated by using the following
equation:

V ¼
ffiffiffi
3

p

2
a2c

where V is the volume of the hexagonal unit cell, ‘a’ and ‘c’ is the
lattice parameter. It was found that the volume of the unit cell
decreases with increasing of sintering temperature, which is dis-
played in Table 1.

From the XRD patterns in Fig. 2(b), it is found that the intensity
of the (101) plane for all the samples gradually decreases with the
increasing of sintering temperature, which indicates that the
dopant of Co ions substitute in the inner lattice of Zn ions [46,47].
1) peak (a.u.) FWHM degree D002 (nm) Volume (Å) Lattice
parameters

c/a ratio

a(Å) c(Å)

0.146 56.969 47.64 3.25024 5.20719 1.60209
0.142 58.578 47.59 3.25033 5.20438 1.60119
0.138 60.276 47.60 3.25057 5.20312 1.60068
0.136 61.166 47.58 3.25065 5.20152 1.60015
0.150 55.460 47.56 3.24993 5.19951 1.59988
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When the sintering temperature is 1100 �C, the diffraction peak
intensities is weakened, which may be due to the weakened crys-
talline quality.
3.3. Scanning electron microscopy (SEM)

Fig. 3AeE shows the morphology of Zn1-xCoxO at various tem-
peratures with the same magnification. The SEM images imply that
the temperature plays an important role in the technical process of
morphology-controlled synthesis. It can be observed that the
samples consist of spherical particles and construct a loosely
porous structure when the sintering temperature is at 700 �C. The
grain size of powders appears to increase with higher sintering
temperature, and the block grains are formed when the sintering
temperature reaches 1000 �C. It is believed that the increase of
grain size is due to the effects of the liquid phase sintering process.
Fig. 3. SEM images of the Zn1-xCoxO nanoparticles with different sinterin
And the liquid phase helps facilitate ion diffusion and enhances the
grain growth mechanism during sintering process [48]. The grain
growth could bring about the loss of specific surface area. However,
when the sintering temperature continues rising to 1100 �C, the
particle diameter has no apparent growth.
3.4. Energy dispersive spectrometer

In order to analyze the chemical compositions and amount of Co
contents in doped ZnO, the powders were examined by EDS and
their spectrums are shown in Fig. 4. All samples have one zinc peak
at 1.01 KeV and O signals at 0.52 KeV. The cobalt peaks at 0.78 KeV
and 6.94 KeV are observed in all samples. These verify the presence
of Co ions in ZnO and suggest that the Co ions substituted the Zn
ions in the ZnO lattice. The percentages of Co ions in all samples are
less than the target composition 2.5%. This is probably due to the
g temperatures: A 700 �C; B 800 �C; C 900 �C; D 1000 �C; E 1100 �C.
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decomposition and volatilization of Co3O4 at high temperatures
and the low detection limitation in SEM-EDS measurement system.
The concentration of Co2þ at calcination temperatures of 700 �C,
800 �C, 900 �C, 1000 �C and 1100 �C is about 0.57%, 0.99%, 1.46%,
1.58% and 2.30%, respectively. It can be seen that with the increase
of calcination temperature, the concentration of Co2þ become
larger, which is consistent with XRD study as well.

3.5. XPS analysis

The oxidation states of Co, Zn, and O in Co-doped ZnO samples
have been detected via X-ray photoelectron spectra (XPS). The re-
sults of the sample which calcined at 1000 �C are shown in Fig. 5(a).
Fig. 4. EDS spectra of the Zn1-xCoxO powders with different calcination
In the XPS spectra, all the binding energy of relevant elements in
the sample system is referenced to C 1s hydrocarbon signal at
284.8 eV. As can be seen from the high-resolution Co 2p spectrum
of the sample, the obtained binding energies at 781.0 eV and
796.4 eV are attributed to Co 2p3/2 and Co 2p1/2, respectively. It
indicates that the oxidation number of Co in the ZnO lattice is 2þ, It
should be noted that each of the two peaks in the spectrum is
followed by satellite peak, which is due to the exchange between
valence electrons and core hole, resulting in the change of voltage.
It can be seen that the valence electrons are created by the core hole
[49], and this is a feature of Co2þ ions. The binding energy of Co 2p3/

2 and Co 2p1/2 signals are different from that of Co3þ ions 780.0 eV
and 795.2 eV as well as Co metal 777.8 eV and 792.0 eV. This shows
temperatures: A 700 �C; B 800 �C; C 900 �C; D 1000 �C; E 1100 �C.



Fig. 5. (a) XPS spectra of the sample calcinated at 1000 �C; (b) the O1s spectra of different samples.
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that Co dopants entered into the ZnO lattice only as Co2þ ions [50].
As can be seen from the O 1s signal, more than one state of O in the
ZnO lattice is the main reason causing asymmetry of the O 1s peak.
The state of Co doping in ZnO has been studied by using two
Gaussian functions to fitting O 1s XPS spectra. The binding energy
of 532.8 eV is attributed to the oxygen which is adsorbed on the
surface of the ZnO powder. The highest peak in the spectra is
contributed by O2� ions in hexagonal wurtzite structure of ZnO. The
peak at 531.7eV is the signal of oxygen vacancies. The binding en-
ergies of Zn 2p3/2 and Zn 2p1/2 are 1021.3 e V and 1044.4e V, which
is in agreement with the standard data of zinc oxide.

Fig. 5(b) shows the O1s spectra of different samples. Their
relative areas can be correlated with the contents of oxygen va-
cancies. It is found that the vibration peak at about 530.1 eV de-
creases while another peak at about 531.7 eV increase with the
elevation of calcination temperatures. The area ratio of oxygen
vacancies can be calculated from the XPS spectra. As shown in
Table 2, the area ratio of oxygen vacancies increased from 24.86% to
Table 2
The area ratio of each peak in the O 1s XPS spectra for different samples.

T(�C) Area ratio%

530.1(eV) 531.7(eV) 532.8(eV)

700 72.56 24.86 2.58
800 72.33 25.44 2.23
900 62.77 35.58 1.65
1000 59.10 37.63 3.27
1100 56.22 42.03 1.75
42.03% with the improvement of sintering temperature from
700 �C to 1100 �C.

3.6. Raman spectra

The Raman spectra for different samples are shown in Fig. 6. The
wurtzite structure of ZnO, with space group C4 6v, has four Raman-
active optical phononmodes (A1þ E1þ 2E2) and one inactivemode
(B1). The infrared active modes of A1 and E1 are split into longitu-
dinal modes (LO) and transverse modes (TO). The spectral peak
locates at about 333 cm�1, corresponding to the multi phonon
mode of ZnO. The peak at 378 cm�1 mode is attributed to the
transverse optical mode (TO). A very weak shoulder locates at the
low energy side of 437 cm�1 peak in pure ZnO sample, corre-
sponding to the mode of E1(TO) at 410 cm�1. It disappears at high
sintering temperature which is due to the disorder induced by the
Co doping. As shown in Fig. 6, the sharp peak located at 437 cm�1

corresponds to the nonpolar optical phonon E2 mode, which is the
characteristic peak of wurtzite structure of ZnO, and that is sensi-
tive to the crystalline quality crystal and stress of the samples. With
the increase of sintering temperature, the E2 (high) modes of the
samples decreased in different degrees. That is to say, the ZnO
crystal structure is destroyed by the Co substitution [51]. When the
sintering temperature increases upto 1100 �C, the Raman line of E2
(High) becomes very broad and weak, indicating decreased crys-
tallinity. The E2 (high) mode redshift is adequately attributed to the
phonon softening caused by the in-plane lattice expansion [52].
The peak at 578 cm�1 is due to the defects such as oxygen vacancies
and Zn interstitials. An additional peak was observed at 545 cm�1



Fig. 6. Raman spectra of Zn1-xCoxO samples with different sintering temperatures.
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corresponding to a multiphonon peak due to the substitution of Co
with Zn in the lattice.
Fig. 7. (a) UVevisible absorption spectra Zn1-xCoxO nanoparticles; (b) the plot of
(ahv)2 verses photon energy (hv) of Zn1-xCoxO nanoparticles.
3.7. UVevis absorption spectra and optical band gap

To explore the optical properties and band gap of different
samples, UVevis absorption spectra was measured at room tem-
perature. From Fig. 7(a), three absorption peaks can be observed at
565 nm, 610 nm, and 660 nm, respectively. These absorptions are
attributed to the ded transitions of the Co ions, corresponding the
transitions from 4A2(F) to 2E(G), 4A2(F) to 2T1(P), and 4A2(F) to
2A1(G), respectively [53]. These absorption peaks indicate that Co2þ

ions have partially substituted Zn2þ ions in all the samples [54]. The
absorption edge is found to red shift with increase of the sintering
temperature as exhibited in Fig. 7(b).

The optical band gap of all samples can be obtained by Kubelka-
Munk function [55]:

ðahvÞ2 ¼ A
�
hv� Eg

�
where, a is the absorption coefficient, h is the Planks constant, A is a
constant, hv is the photon energy and Eg is the optical energy band
gap. The optical band gap energies were found to be 3.16 eV,
2.76 eV, 2.64 eV, 2.58 eV, and 2.44 eV of the Zn1-xCoxO powders
obtained at various calcination temperature, namely, 700 �C,
800 �C, 900 �C, 1000 �C and 1100 �C. Inspecting Fig. 7(b), it is
obvious that the Eg value of all samples decrease with the increase
of the calcination temperature, which mainly originated from the
sped exchange interactions between the band electrons and the
localized d electrons of the Co2þ ions substituting Zn2þ ions. The
exchange interactions between sed and ped orbital give rise to a
negative correction to the conduction-band and a positive correc-
tion to valence-band edges, which results in the decrease in band
gap [56]. Additionally, the high concentration of oxygen vacancy
creates an impurity level near the valence band and induces the
band gap narrowing [57]. This red shift of the band gap may be also
due to large lattice strain and heat treatment [58].
3.8. Colour and thermochromic analysis

The colour of pure ZnO powders is white, while Co2þ doped ZnO
powder is green. Fig. 8(a) reveals that the green becomes darker,
transiting from apple green to moss green, when the sintering
temperature increases from 700 �C to 1100 �C. The color of all the
samples can transformate from green to army yellow at high
temperatures and the phenomenon is much more obvious with the
enhancement of testing temperature. Fig. 8(b) shows the color
under different test temperatures of the samplewhich calcinated at
900 �C. Besides, it is also interesting to note that the color-changing
temperature has decreased with increasing calcination tempera-
ture from about 400 �C at 700 �C to around 200 �C at 1100 �C. The
phenomenon of color-changing could be explained as follows: ZnO
has typical crystal lattice defects such as oxygen vacancies. At high
temperature, more and more oxygen vacancies emerge in ZnO due
to the flowing away of oxygen atoms, which would lead to the
absorbtion of the colour centre and then the samples become yel-
low gradually. However, the oxygen comes back upon cooling and
the color recover at the same time. It was found that the color of
pure crystalline ZnO can change from white to yellow when the
temperature increases to >500 �C, and then transform from yellow
to white upon cooling to room temperature. It means ZnO is
reversible thermochromism material. Similar result has been re-
ported in the literature [59]. A decrease in the color-changing
temperature with increasing calcination temperatures is



Fig. 8. (a) The color of Zn1-xCoxO samples with different sintering temperatures: A 700 �C; B 800 �C; C 900 �C; D 1000 �C; E 1100 �C; (b) the colour of the sample calcinated at 900 �C
under different test temperatures. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. The electric resistivity of Zn1-xCoxO samples with different sintering
temperatures.
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attributed to the decreased energy band gap, as evidenced by
UVevis absorption spectra and optical band gap analysis. From the
XPS results, it can also be said that the high concentration of oxygen
vacancies can induce the band gap narrowing and lead to the
enhancement of visible light absorption capability. Similar result is
also available [57]. The temperature dependency of the ZnO band
gap energy (Eg) can be shown by the following equation, given by
Ref. [60].

EgðTÞ ¼ Egð0Þ � aT2

T þ b

where, EgðTÞ is band gap energy of ZnO at TK, a ¼ �5.5*10�4ev/K,
b ¼ � 900 k and T is the temperature (in Kelvin). Based on the
equation, it is seen that Eg decreases with the increase of temper-
ature. Only when the photon energy (hv) is larger than the band
gap Eg, could the optical absorption be emerged [61]. It probably
was another reason that yellow ZnO becomes darker at higher
testing temperature. These results confirm that the decrease of
optical energy band gap is very beneficial to thermochromism
properties. Thus, the properties have potential values in application
of visible light and stealth materials.

3.9. Electrical resistivity measurements

Because the samples were in powder form, measured resistance
are affected by the powder density and contacts between grains.
Thus, the resistance of Zn1-xCoxO nanoparticles with a fixed weight
of 0.2 gweremeasuredwith aF2mmmould under 5MPa pressure.
The resistivity can be calculated from the following equation:

r ¼ RA=h
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where r is the resistivity (MU$mm) of the powders, A is the cross
sectional area (mm2) and h is the thickness (mm) of the pressed
Zn1-xCoxO slice powders.

As shown in Fig. 9, the influences of sintering temperature on
the electrical resistivity of Zn1-xCoxO nanoparticles were investi-
gated at room temperature. It can be observed that the resistivity of
Zn1-xCoxO nanoparticles shows a decreasing tendency initially with
the increase of sintering temperature from 700 �C to 1000 �C.
When the sintering temperature was increased to 1100 �C, the
electrical resistivity of Zn1-xCoxO nanoparticles is increase, which
means that the electrical conductivity decrease. The primary
reason of the decrease in resistivity at low sintering temperature is
attributed to the strengthened carrier mobility due to the improved
crystalline quality. However, further increase of the sintering
temperature leads to a finer grain and poor crystalline quality as
evidenced by XRD and Raman spectra analysis. Obviously, the fine
grain would result in more grain boundaries, along with more
defects. Surface-roughness scattering and grain boundary scat-
tering mainly lower the carrier mobility in Zn1-xCoxO semi-
conductor nanoparticles and therefore the resistivity increased.
Besides, the oxygen vacancies are deep donors and have high for-
mation energies in n-type samples [62]. These oxygen vacancies
cannot act as charge carriers to decrease resistivity, even though
there is the highest concentration of oxygen vacancies of the
sample calcinated at 1100 �C.
Fig. 10. Infrared emissivity of Zn1-xCoxO samples under different test temperatures.

Fig. 11. Schematic diagram of infrared radiation behavior of s
3.10. Infrared emissivity analysis

Fig. 10 shows the emissivity values at the wavelength of 3e5 mm
of all the samples at various test temperatures from room tem-
perature 20 �C to high temperature 700 �C, with an interval of
50 �C. It can be seen that the infrared emissivity decrease with the
increase of sintering temperature from 700 �C to 1000 �C when the
test temperature is 20 �C. This phenomenon may be caused by
different morphology. Particles are loosely agglomerated and
nearly spherical at low sintering temperature while nuclei aggre-
gate interact and nearly block at high calcination temperature.
Nanoparticles with large specific surface area such as sphericity
could enhance the infrared radiation absorption [63]. The model is
shown in Fig. 11. Form Fig. 11a, it can be seen the sample is loosely
spherical particles and most of the infrared radiation have been
absorbed and only little radiation can be reflected. According to
Kirchhoff's law, when a system is in the thermal equilibrium status,
the absorbance is strictly equal to the emissivity. Thus, loosely
spherical particles could lead to higher emissivity. When the par-
ticles aggregate interact and merge each other, as can be seen in
Fig. 11b, the infrared radiation absorption decreases and infrared
reflection increases and consequently lead to a lower emissivity.
However, the infrared emissivity increases when calcination tem-
perature reaches 1100 �C. The reason accounting for this phe-
nomenon is the poor conductivity arisen from small particle size as
well as poor crystallinity conductivity. The effect of conductivity on
the infrared emissivity has been proved in previous works [64,65].
As was evidenced by electrical resistivity analysis, the poor crys-
talline quality leads to a higher emissivity [66].

The infrared emissivity values of the samples in 3 ~ 5 mm were
measured at different test temperature, and the corresponding
testing results are shown in Fig.10. As seen from Fig.10, the infrared
emission values of the samples whichwere calcinated at 700 �C and
800 �C, rise at first and then reduce with the increased test tem-
perature. This phenomenon could be explained as follows: the n-
type donor carrier concentration of Zn1-xCoxO semiconductor
nanoparticles would increasewith the increase of test temperature,
which would cause the resistivity decrease [67]. Thus the infrared
emissivity decrease at first with the improvement of conductivity
[68]. Nevertheless, rotation and vibration of atoms and molecules
would increase with the elevated test temperature. These changes
could enhance the lattice vibrational absorption, and consequently
lead to a higher absorption of infrared radiation. When the influ-
ence of lattice vibrational absorption on infrared emissivity is
greater than that of conductivity, the emissivity would increase.

The infrared emissivity increases with the increase of test
temperature from 20 �C to 700 �C when the powders are annealed
at 900 �C, 1000 �C and 1100 �C. It may be due to the fact that the
amples with different morphology: a sphericity; b block.
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impacts of lattice vibrational absorption were greater than that of
conductivity in the text temperature range if the annealing tem-
perature exceeds 900 �C. Besides, when the test temperatures vary
from room temperature 20 �C to high temperature 700 �C, the
changes of infrared emissivity at calcination temperatures of
700 �C, 800 �C, 900 �C, 1000 �C and 1100 �C is about 0.289, 0.362,
0.396, 0.412 and 0.422, respectively, which indicates that the
changing rates of infrared emissivity has increased with the in-
crease of calcination temperature. These results suggested that the
sintering temperature is really a crucial factor for the infrared ra-
diation properties of materials.

4. Conclusions

In summary, the green Zn1-xCoxO nanopowders were prepared
by solid-state reaction. XRD results confirm that the as-synthesized
samples have hexagonal wurtzite structure, but the peaks of the
secondary phase, Co3O4, were observed when sintering tempera-
ture is 700 �C and 800 �C. Besides, the sintering temperature have
an important impact on crystallite sizes, lattice parameters, volume
of the unit cell and microstructure. EDS results provided strong
evidence that Co ions substituted the Zn ions in the ZnO lattice. XPS
analysis indicates that Co-ions are þ2 state in ZnO lattice. It was
found that with the increase of the sintering temperature, the area
ratio of oxygen vacancies is increased. The optical energy band gap
was found to decrease with the increase of sinterring temperature,
indicating a red shift. The results of colour and thermochromic
analysis show that the color-changing temperature of Zn1-xCoxO
nanopowders is concernedwith the energy band gap. The electrical
resistivity of Zn1-xCoxO nanoparticles relies on the crystallite sizes
and crystallinity. The emissivity of Zn1-xCoxO nanopowders not
only relies on the morphology but also the electrical conductivity.
In addition, the changing rates of infrared emissivity has increased
with the increase of annealing temperature. As a novel kind of
thermochromic materials, the Zn1-xCoxO nanopowders have great
potential applications in visible light stealth coatings and spacecraft
thermal control coatings.
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