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a b s t r a c t

CoAl2O4 nanocrystals were synthesized by sol–gel method using citric acid as a chelating agent at low
temperature. The as-synthesized samples were characterized by thermal analysis, X-ray powder diffrac-
tion, infrared spectroscopy and transmission electron microscopy. The results show that CoAl2O4 spinel is
the only crystalline phase with a size of 10–30 nm in the temperature range 500–1000 ◦C. The temperature
ccepted 28 September 2010
vailable online 8 October 2010
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dependence of the distribution of Al3+ and Co2+ ions in the octahedral and tetrahedral sites in nanocrystals
was investigated by X-ray photoelectron spectroscopy (XPS). It is observed that the inversion parame-
ter decreases with increasing annealing temperature. Analysis of the absorption properties indicates that
Co2+ ions are located in the tetrahedral sites as well as in the octahedral sites in the CoAl2O4 nanocrystals.
The origin of the green color (300–500 nm absorption band) should be due to the octahedrally coordinated
Co2+ ions.
ptical properties

. Introduction

Spinel-type oxides AB2O4, where A and B stand for two dif-
erent cations of comparable ionic sizes, are a class of chemically
nd thermally stable materials, which are suitable for a wide
ange of applications, such as magnetic materials, ceramics, and
atalysis [1–4]. In the spinel structure, the oxygen ions form
ubic close packed structure, and the A and B cations occupy
wo different crystallographic sites, tetrahedral and octahedral.
he distribution of A and B cations in these two sites is affected
y the combination and nature of the two cations and depends
trongly on the preparation and processing conditions. Studies
f cation distribution in spinels have attracted much attention
ecause they may allow better understanding of the correlations
etween structure and properties such as color, diffusivity, mag-
etic behavior, catalytic activity and optical properties, which are
trongly dependent on the occupation of these two sites by metals
5,6].

Among the class of materials, cobalt aluminate (CoAl2O4) spinel,
nown as Thenard’s blue, is widely used as catalyst, color filter
or automotive lamps or pigment layer on luminescent materi-

ls because of its thermal, chemical, photochemical stability and
eculiar optical properties [7–12]. In recent years, much work has
een done on the preparation and the optical properties of CoAl2O4
pinel materials [13–19]. A variety of techniques such as combus-
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tion [13], Pechini [14], sol–gel [15,17], and reverse microemulsion
[16] have been successfully used for the preparation of cobalt
aluminate oxide. Previous studies have shown that the color of
CoAl2O4 is strongly affected by the synthesis temperature [17–19].
In more detail, the sample is green when synthesized at relatively
low temperature, while it changes to blue when synthesized at rel-
atively high temperature. At present, the origin of the green color
of CoAl2O4 obtained at low temperature is still under debate. Some
authors assigned the green color to the crystalline Co3O4 existing
in CoAl2O4 spinel by referring to optical absorption measurements
[19], while others thought it was related to the octahedrally coor-
dinated Co2+ ions in CoAl2O4 spinel [20,21]. To clarify this issue, we
performed the structural investigations on nanocrystalline CoAl2O4
spinel.

X-ray photoelectron spectroscopy (XPS) is one of the most useful
tools to get the structural information of nanocrystalline materials.
It gives not only the chemical composition, but also the informa-
tion on the chemical states of elements in the near surface region.
Furthermore, the relative concentration of elements in different
environments can be obtained by XPS analysis.

In this study, the pure nanocrystalline cobalt aluminate spinel
was synthesized by the citrate sol–gel method. The evolution of
the microstructure with changing annealing temperature was char-
acterized by thermal analysis (TG/DSC), X-ray powder diffraction,

infrared spectroscopy (IR) and transmission electron microscopy
(TEM). The temperature dependence of the distribution of Al and
Co cations in CoAl2O4 nanocrystals was studied by XPS. The rela-
tionship between the structure and the optical properties was also
discussed.

dx.doi.org/10.1016/j.jallcom.2010.09.199
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:xlduan@sdu.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.09.199
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Fig. 2. XRD patterns of CoAl2O4 nanocrystals annealed at different temperatures.

Table 1
Particle size of CoAl2O4 nanocrystals obtained from XRD and TEM.

Annealing temperature (◦C) Particle size (nm)

XRD TEM

500 10.5 10
600 16 17

peaks related to CoAl2O4 became stronger, indicating the growth
of nanocrystals.

The TEM micrographs of the samples annealed at 500–900 ◦C
are shown in Fig. 4. The micrographs indicate that an average size
Fig. 1. DSC/TG curves of CoAl2O4 spinel precursor gel.

. Experimental

.1. Synthesis

Precursor sols of CoAl2O4 were prepared by a sol–gel technique using citric acid
s a chelating agent. Firstly, a certain amount of cobalt nitrate (Co(NO3)2·6H2O) and
luminum nitrate (Al(NO3)3·9H2O) was dissolved in deionized water. Then proper
mount of citric acid was added to the above solution with stirring. The molar
atio of metal ions to citric acid was 1:2. The mixed solution was stirred for 1 h
nd then heated in an 80 ◦C water bath until a highly viscous gel was formed. The
ink gels were dried in oven at 110 ◦C and then fired to the desired temperatures
500–1000 ◦C) for 5 h.

.2. Characterization

Thermogravimetry (TG) and differential scanning calorimetry (DSC) analyses
f the precursor were performed using a DSC/TGA analyzer (Model Q600 SDT) in
owing nitrogen atmosphere with a heating rate of 10 ◦C/min. The X-ray diffraction
XRD) patterns of the obtained powders were carried out by a Japan Rigaku D/Max-rA
iffractometer using a Cu-target tube (� = 0.15418 nm) and a graphite monochroma-
or. Fourier transform infrared (FT-IR) spectroscopy was conducted with a Nicolet
50 spectrometer. The morphology and the size of nanocrystalline CoAl2O4 after
eating at 500–900 ◦C for 5 h were observed by transmission electron microscopy
TEM) (JEM-100CXII).

X-ray photoelectron spectra were measured using an ESCALAB 250 spectrom-
ter with monochromatized Al K� X-ray radiation in ultrahigh vacuum (<10−7 Pa).
he binding energies were calibrated by taking C 1s peak (284.6 eV) of adventitious
arbon as reference. The peaks were deconvoluted after background subtraction,
sing a mixed Gaussian–Lorentzian function. Fractional atomic concentrations of
he elements were calculated using empirically derived atomic sensitivity factors
22]. Diffuse absorbance spectra after Kubelka–Munk transformation, were recorded
ith a step of 1 nm on a Varian Cary5000 spectrophotometer using an integration

phere at room temperature. Polytetrafluoroethene was used as reference.

. Results and discussion

The TG/DSC curves of the dried gel are shown in Fig. 1. The
ndothermic peak at 201 ◦C is due to the decomposition of nitrates,
ccompanied by significant weight loss. The exothermic peak at
34 ◦C corresponds to the crystallization of the CoAl2O4 spinel.
here is no distinct weight loss at temperature higher than 450 ◦C.

Fig. 2 shows XRD patterns of the CoAl2O4 gels annealed at
00–1000 ◦C for 5 h. Several diffraction peaks are observed in the
atterns and the position of these peaks closely resembles that of
ubic CoAl2O4 spinel (JCPD Card No. 10-458), indicating the for-
ation of cobalt aluminate phase. The presence of spinel phase is
lso confirmed by the appearance of the weak peak at about 2� = 49◦

331), which is characteristic for the CoAl2O4 phase. The intensity of
he diffraction peaks increases with increasing annealing tempera-
ure, which is associated with an increase in crystallinity. By means
f the Scherer formula, an average grain size of the particles was
800 24 25
900 27

1000 30

calculated to be 10–30 nm in the temperature range 500–1000 ◦C
and shown in Table 1.

The IR spectra of the annealed samples at 500 and 800 ◦C are
shown in Fig. 3. Several peaks are observed at around 670, 555 and
501 cm−1, respectively, which indicates the formation of CoAl2O4
spinel [17]. The broad absorption peak at 3413 cm−1 is assigned to
the vibration modes of metal attached hydroxyl groups. The peak at
1626 cm−1 represents the stretching vibrations of carboxyl groups
(COO−) of citrate ions complexed to the metal ions in polymetric
intermediates. The two peaks at 1401 and 1516 cm−1 are related to
NO3− ions [23]. As the heat-treatment temperature increased, the
Fig. 3. IR spectra of CoAl2O4 nanocrystals.
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Fig. 4. TEM images of CoAl2O4 nanocrystals heated at different temperatures: (a) 500 ◦C; (b) 600 ◦C; (c) 800 ◦C; and (d) 900 ◦C.

Table 2
XPS data for Al 2p spectra of CoAl2O4 nanocrystals annealed at different
temperatures.

Temperature (◦C) Binding energy (eV) Area ratio FWHM (eV) L/G (%)

600 74.14 1.0 1.85 30
73.26 0.17 1.85 30

800 74.14 1.0 1.85 30
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Table 4
Reference XPS data for O 1s and Co 2p (eV).

Compound Co 2p3/2 O 1s Refs.

Co 778.2 [24,25]
CoO 780.4 530.1 [26]
Co2O3 780.5 529.9 [27]
Co3O4 779.7 530.2 [26]

the as-prepared CoAl2O4 nanocrystals are partially inversed spinel-

T
B

73.26 0.14 1.85 30
1000 74.14 1.0 1.85 30

73.26 0.12 1.85 30

f the CoAl2O4 nanocrystalline particles is 10–30 nm in diameter,
hich is consistent with the XRD analysis (Table 1). When the heat-

reatment temperature was increased to 900 ◦C, the particles tend
o agglomerate.

The survey XPS spectrum of CoAl2O4 nanocrystals annealed at
000 ◦C indicates that no other elements were detected except for
he original components and contaminated carbon (as shown in
ig. 5a). The C 1s peak at 284.6 eV of contaminated carbon was used
s reference. The high-resolution photoelectron spectra of Al 2p, Co
p and O 1s for the samples annealed at 600–1000 ◦C are displayed

n Fig. 5b–d, respectively. The quantitative XPS data for Al 2p spectra

re shown in Table 2. The binding energies (BE) of Co, Al and O core
evels of the as-synthesized nanocrystals are listed in Table 3. For
omparison, the XPS data of cobalt-containing reference materials
re listed in Table 4 [24–28].

able 3
inding energies of Co 2p, O 1s, Al 2p core level (eV) and inversion parameter (x) of CoAl2

Temperature (◦C) Co 2p3/2 Co 2p1/2 O 1

600 781.74 797.24 531

800 781.94 797.44 531

1000 781.98 797.48 531
780.9 529.7 [28]
CoAl2O4 781.4 531.3 [34]

781.7 [31]
781.8 [32]

According to the report by Pawlak in 1999, the Al 2p binding
energies of octahedral and tetrahedral Al3+ ions are at 74.13 and
73.26 eV, respectively [29]. In our experiment, the Al 2p binding
energy of all annealed samples are in this region, which indicates
that the Al3+ ions occupy these two different sites in CoAl2O4
nanocrystals. As shown in Fig. 5c, the Al 2p spectra are deconvo-
luted into two peaks using the octahedral and tetrahedral Al3+ BE
values of 74.13 and 73.26 eV, respectively. The detailed deconvo-
lution parameters are shown in Table 2. The octahedral Al3+ ions
are dominant in nanocrystals. Based on the result, we think that
structure. The inversion parameter x, is defined as the fraction of
Co2+ ions in octahedral sites (or two times the fraction of Al3+ ions
in tetrahedral sites). Taking account of cation distributions, the for-
mula of the compound can be written as (Co1−xAlx)[CoxAl2−x]O4,

O4 nanocrystals annealed at different temperatures.

s Al 2p (percentage of overall Al 2p peak areas %) x

.5 74.14 (85.5) 0.29
73.26 (14.5)

.5 74.14 (87.8) 0.24
73.26 (12.2)

.5 74.14 (89.3) 0.21
73.26 (10.7)



1082 X. Duan et al. / Journal of Alloys and Compounds 509 (2011) 1079–1083

F 00 ◦C (
a

w
o
a
t
i
t
t
w
e
i
t

e
w
w
C
r
M
i
t
c
r
n
a
h

ig. 5. Survey XPS spectrum of the as-prepared CoAl2O4 nanocrystals annealed at 10
t different heat-treatment temperatures.

here parentheses and square brackets denote the tetrahedral and
ctahedral sites, respectively. The parameter x can be estimated
ccording to the area ratio of the two peaks, which correspond to
he tetrahedral and octahedral Al3+ ions, and the result is shown
n Table 3. It can be seen that the x value is 0.29 for the nanocrys-
als annealed at 600 ◦C, and decreases to 0.21 when the annealing
emperature is 1000 ◦C. The change of the inversion parameter
ith increasing annealing temperature is consistent with the lat-

st report [30]. The result indicates that the amount of Al3+ ions
n the tetrahedral sites decreases with increasing heat-treatment
emperature.

The Co 2p core level spectra of CoAl2O4 nanocrystals at differ-
nt heat-treatment temperatures show peaks at 781.86 ± 0.12 eV
ith the broad satellite around 786.5 eV, and 797.36 ± 0.12 eV
ith the satellite around 803 eV, which are due to Co 2p3/2 and
o 2p1/2, respectively. The Co 2p3/2 values are similar to those
eported by Zsoldos and Guczi [31] (781.7 eV) and Chung and
asslth [32] (781.8 eV). There is no peak at around 780 eV, which

ndicates the absence of Co2O3 or Co3O4 phases. The peaks and
heir intense shake-up satellites are typical for divalent high spin

obalt [33]. However, the Co 2p3/2 peak with the fwhm of ∼3.4 eV is
ather broad. Based on the above analysis, the structure of CoAl2O4
anocrystals is partially inversed. Therefore, the broad peak should
rise from the distributions of Co2+ ions over tetrahedral and octa-
edral sites. The binding energy of Co 2p3/2 slightly increases
a), and XPS spectra of (b) O 1s, (c) Al 2p, (d) Co 2p core levels of CoAl2O4 nanocrystals

with increasing annealing temperature, indicating that the relative
amount of Co2+ ions in tetrahedral sites increases and the inver-
sion parameter decreases. The O 1s signals show symmetric and
only one peak at 531.5 eV for all the annealed samples (Fig. 5b).
The binding energy value of O 1s is similar to that of O in bulk
CoAl2O4 reported by Patterson et al. [34], which is 531.3 eV when
C 1s of 284.6 eV was used as reference.

To study the correlation between cation distribution and opti-
cal properties of CoAl2O4 nanocrystals, we measured the diffuse
absorption spectra of the samples annealed at 800–1000 ◦C. Fig. 6a
shows the absorption spectrum of 800 ◦C-annealed sample in the
wavelength range 250–1900 nm. The intense absorption peak at
600 nm and the broad band centered at 1400 nm are characteris-
tic of Co2+ ions in tetrahedral sites in crystalline materials [35,36].
The peak at 600 nm is assigned to the 4A2(4F) → 4T1(4P) transition
and the broad absorption band in the near-infrared is assigned
to the 4A2(4F) → 4T1(4F) transition of tetrahedrally coordinated
Co2+ ions. In addition, an absorption band at 300–500 nm appears
in the spectrum. With regard to the above discussions and the
cation distribution previously characterized, this new band, lead-

ing to a green color, could be due to the Co2+ ions in octahedral
sites. The similar band generated by octahedrally coordinated Co2+

has been reported by other authors [37,38]. The intensity of the
absorption band at 300–500 nm decreases with the increase of
the heat-treatment temperature (Fig. 6b). This is because the frac-
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ig. 6. Absorption spectra of (a) CoAl2O4 nanocrystals annealed at 800 ◦C in the
avelength range 250–1900 nm, (b) CoAl2O4 nanocrystals annealed at 800 ◦C (solid

urve) and 1000 ◦C (dot curve) in the wavelength range 250–750 nm.

ion of octahedrally coordinated Co2+ ions decreases. Based on the
bove discussion, it is confirmed that the origin of the green color
300–500 nm band) is related to the octahedrally coordinated Co2+

ons of the (Co1−xAlx)[CoxAl2−x]O4 nanocrystalline structure.

. Conclusions

Pure CoAl2O4 nanocrystals with a size of 10–30 nm have been
ynthesized by the citrate sol–gel method. The coordinative envi-
onment of aluminum and cobalt ions in CoAl2O4 nanocrystals
as been investigated by XPS. The Al3+ and Co2+ ions occupy

oth octahedral and tetrahedral sites in nanocrystalline structure.
he as-synthesized CoAl2O4 nanocrystals are partially inverted
pinel and the inversion parameter decreases with the increasing
nnealing temperature. The optical properties of the nanocrys-
als are discussed based on the structural results. The 300–500 nm

[
[
[

[

mpounds 509 (2011) 1079–1083 1083

absorption band, responsible for the green color, is related to the
octahedrally coordinated Co2+ ions of the (Co1−xAlx)[CoxAl2−x]O4
crystalline phase.
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