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Abstract. The optical absorption properties of porous Al2O3 host/Cr2O3 nanocomposites were
investigated. The results show that for each optical reflection spectrum, four absorption bands
(p1–p4) occur in the wavelength range 200–800 nm. The p2, p3 and p4 bands are induced
by the Cr3+ 3d3 electronic transitions from the4A2 ground-state energy level to the excited-
state energy levels:4T1, 4T2 and 4T′2 (4T′2 is formed from splitting of4T2), respectively. The
appearance of p1 is closely related to the Cr3+ and Cr4+ ions. For porous Al2O3 host/Cr2O3

nanocomposites, which are formed by assembling the porous Al2O3 host with nano-Cr2O3

particles, the positions of absorption bands can be modulated by means of pyrolysis of Cr(NO3)3
at different temperatures in air, reducing the samples in high purity H2 and the size confinement
of Cr2O3 particles by voids in the Al2O3 host. With increasing pyrolysis temperature, a blue
shift of the absorption bands appears and, inversely, a red shift of the absorption bands takes
place when heating the samples in H2.

1. Introduction

In 1963 McClure [1] reported the polarized optical absorption spectrum of Cr2O3 in thin
single-crystal plates at room temperature. He observed that three optical absorption bands
existed in the wavelength range 300–800 nm. He attributed two absorption bands (p2 and
p3) located in the range 400–800 nm to the Cr3+ 3d3 electronic transitions from the4A2

ground-state level to the excited-state levels,4T1 and 4T2, respectively. The origin of the
optical absorption band (p1), appearing in the ultraviolet light range, was not explained.
Up to now, the optical absorption on nano-Cr2O3 has not been reported. In this paper,
the characterizations of optical absorption for porous Al2O3/Cr2O3 nanocomposites were
investigated and compared with those of nanostructured Cr2O3 bulks of material. The aim
of this paper is to modulate the positions of optical absorption bands by means of assembling
the porous Al2O3 host with nano-Cr2O3 particles, pyrolysis at various temperatures in air
for Cr(NO3)3 and reducing the samples in H2.

2. Sample preparation and experimental studies

Nano-Cr2O3 powders with different particle diameters,d, were prepared by pyrolysis of
analytically pure Cr(NO3)3 · 9H2O at different temperatures (400, 700, 800, 900, 1000
and 1100◦C, respectively) for 4 h in air. The nanostructured Cr2O3 bulks with 13 mm
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diameter were performed by compacting the powder under a uniaxial pressure of 360 MPa.
The porous Al2O3 host/Cr2O3 nanocomposites were prepared by the following procedure:
porous Al2O3 host samples were obtained by compacting the powder ofα-Al 2O3 with
d0 ∼ 84 nm using a uniaxial pressure of 360 MPa and then annealed at 1100◦C for 4 h.
After that, they were immersed in a saturated aqueous solution of Cr(NO3)3 for 1 h. Ions
diffused into the water within the pores of Al2O3 bulks. After heating at 400, 700, 800, 900,
1000 and 1100◦C, respectively, in air nano-precipitates of Cr2O3 were formed in pores.

The x-ray diffraction was carried out on a x-ray diffractometer with CuKα radiation
(type D/MAX-rA). All samples were analysed in 10◦ 6 2θ 6 80◦ at 100 mA and 40 KV.
The phase identification was made by means of JCPDS cards. The average particle diameters
of Cr2O3 were calculated using Scherrers formula:d = 0.9λ/β cosθ , whereλ = 0.154 nm;
β (radians) is the width at half height of the diffraction peak, which is induced by the small
particle and equalsβm− β0, whereβm is the measured value of the width of the diffraction
peak at half height andβ0 is the width of the diffraction peak at half height caused by the
D/MAX- γA diffractometer. β0 = (π/1800) rad in 20◦ 6 2θ 6 60◦. Therefore, for each
x-ray diffraction spectrum six diffraction peaks of Cr2O3 in 20◦ 6 2θ 6 60◦ are chosen to
measure the widths at half height (βm1−βm6). According to Scherrers formula, sixd values
are calculated, respectively. Then, the arithmetic average values ofd1–d6 are obtained.
The Scherrers formula is an approximate formula. Whend is very small, for example,
d 6 25 nm, the error is about±2 nm. Whend is in the range 25–60 nm, the error becomes
larger, and reaches about±5 nm.

Diffuse reflection spectra in the wavelength range 200–800 nm were measured on
a visible-ultraviolet spectrophotometer (type Shimadzu UV-240). BaSO4 was used as a
reflection reference sample. For all nanostructured Cr2O3 bulks and porous Al2O3/Cr2O3

nanocomposites, before heating in high purity H2 and after heating at 600◦C in H2 for 2 h,
diffuse reflection spectra were measured.

3. Results

3.1. Phases and particle diameters of Cr2O3

Figure 1 shows the evolution of x-ray diffraction spectra for nanostructured Cr2O3 bulks
(sample 1) (a), porous Al2O3/Cr2O3 nanocomposites (sample 2) (b), sample 1 after heating
in H2 (c) and sample 2 after heating in H2 (d), respectively. From figure 1, it can be seen
that no phase transformation takes place as the pyrolysis temperatureTp increases. The
phase identification indicates that for nanostructured bulks the phase is hexagonal Cr2O3

and for porous nanocomposites the phases are the mixture ofα-Al 2O3 and hexagonal Cr2O3.
Heating nanostructured Cr2O3 bulks and porous Al2O3/Cr2O3 nanocomposites in pure H2

does not cause phase transformations to take place.
Table 1 gives the particle diameters,d of Cr2O3 formed at different pyrolysis

temperatures. It is clear that for porous nanocompositesd does not change with increasing
Tp, but for nanostructured bulksd increases with the increase ofTp and becomes larger
than that of porous nanocomposites.

3.2. Positions of absorption bands

Optical reflection spectra of nanostructured Cr2O3 bulks for different pyrolysis temperatures
without heating in H2 and after heating at 600◦C in H2 for 2 h are shown in figures 2(a)
and (b), respectively. It can be seen that four absorption bands (p1, p2, p3 and p4) occur
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Table 1. Phases, particle diameters of Cr2O3(d) and peak positions of absorption bands. The positionsp2 andp3, and the diametersd are in nanometres.

Tp(◦C)

400, 4 h 700, 4 h 800, 4 h 900, 4 h 1000, 12 h 1000, 4 h 1100, 4 h

Samples d p2 p3 d p2 p3 d p2 p3 d p2 p3 d p2 p3 d p2 p3 d p2 p3

Nanostructured 26 37 460 596 43 48 56 51 460 596 58 460 596
bulks Cr2O3 Cr2O3 Cr2O3 Cr2O3 Cr2O3 Cr2O3 Cr2O3

Nanostructured bulks 464 600 37 464 600 56 464 600 58 464 600
after heating in Cr2O3 Cr2O3 Cr2O3 Cr2O3

H2 for 2 h

Porous nanocomposites 20 20 460 596 22 460 596 21 456 596 23 450 590 22 453 590 22 450 590
Cr2O3 + Al 2O3 Cr2O3 + Al 2O3 Cr2O3 + Al 2O3 Cr2O3 + Al 2O3 Cr2O3 + Al 2O3 Cr2O3 + Al 2O3 Cr2O3 + Al 2O3

Porous nanocomposites 20 20 460 598 22 465 600 21 460 598 21 450 594
after heating in H2 for 2 h Cr2O3 + Al 2O3 Cr2O3 + Al 2O3 Cr2O3 + Al 2O3 Cr2O3 + Al 2O3 Cr2O3 + Al 2O3

Single crystal Cr2O3 p2 = 471 nm;p3 = 596–610 nm at room temperature [1]
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Figure 1. X-ray diffraction spectra of nanostructured Cr2O3 bulks (a), porous Al2O3/Cr2O3

nanocomposites (b), nanostructured Cr2O3 bulks after heating in H2 at 600◦C for 2 h (c) and
porous Al2O3/Cr2O3 nanocomposites after heating at 600◦C in H2 for 2 h (d). 1,Tp = 700◦C;
2, Tp = 1100◦C; α, α − Al 2O3; 1, Cr2O3.

in the wavelength range 200–800 nm for each curve. Their peak positions do not change
with increasingTp. The p1 band is situated in the ultraviolet light range 200–400 nm. The
p2, p3 and p4 bands possess peak positions of 460, 596 and∼710 nm, respectively. From
table 1, it can be observed that reducing in H2 causes the p2 and p3 peaks to shift towards
the long wavelengths (red shifts) for all nanostructured Cr2O3 bulks.

Figure 3 presents the optical reflection spectra of porous Al2O3/Cr2O3 nanocomposites
made by pyrolysis in air without heating in H2 (a) and after heating at 600◦C in H2 for
2 h (b), respectively. Curves 1–5 and 7 correspond toTp of 400, 700, 800, 900, 1000
and 1100◦C for 4 h, respectively. Curve 6 corresponds to 1000◦C for 12 h. Clearly, four
absorption bands (p1–p4) exist in each curve. In curve 1 the absorption bands become
too weak to be observed. Figure 3(a) and table 1 show that by increasingTp from 700
to 1100◦C, the p2, p3 and p4 bands of porous Al2O3/Cr2O3 nanocomposites exhibit blue
shifts. Namely, their positions shift from 460, 596 and∼710 nm to 450, 590 and∼700 nm,
respectively. Moreover, the absorption edge at the long-wavelength side of the p1 band
presents a blue shift.
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Figure 2. Optical reflection spectra of nanostructured Cr2O3 bulks without heating in H2 (a)
and after heating at 600◦C in H2 for 2 h (b). The arrows show the peak positions (a) Curves 1–
4 correspond to aTp of 400, 700, 1000 and 1100◦C for 4 h, respectively. (b) Curves 1–4
correspond to 400◦C for 4 h, 700◦C for 4 h, 1000◦C for 12 h and 1100◦C for 4 h, respectively.

For porous Al2O3/Cr2O3 nanocomposites, after heating at 600◦C in H2 for 2 h, there
also exist four absorption bands in each reflection spectrum, as shown in figure 3(b). The
peak positions of the p2 and p3 bands are listed in table 1. Table 1 demonstrates that:
(1) whenTp > 900◦C, the p2 and p3 bands of porous Al2O3/Cr2O3 nanocomposites without
heating in H2 display blue shifts in comparison with those of nanostructured Cr2O3 bulks
after heating in H2; (2) for porous nanocomposites after heating at 600◦C in H2 the p2

and p3 bands shift to long wavelengths (red shift) in comparison with those of porous
nanocomposites without heating in H2.
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Figure 3. Optical reflection spectra of porous Al2O3/Cr2O3 nanocomposites without heating
in H2 (a) and after heating at 600◦C in H2 for 2 h (b). The arrows show the peak positions
(a) Curves 1–5 and 7 correspond to the pyrolysis conditions of 400, 700, 800, 900, 1000 and
1100◦C for 4 h, respectively. Curve 6 corresponds to 1000◦C for 12 h. (b) Curves 1–4
correspond to 700◦C for 4 h, 800◦C for 4 h, 900◦C for 4 h and 1000◦C for 12 h, respectively.

4. Discussion

4.1. Mechanisms of nano-Cr2O3 absorption bands

McClure [1] observed three optical absorption bands (p1–p3) in the wavelength range 350–
800 nm at room temperature for Cr2O3 single crystal. He attributed the p2 and p3 peaks to
Cr3+ 3d3 electronic transitions from the ground-state energy level4A2 to the excited-state
energy levels4T1 and 4T2, respectively. Moreover, he pointed out that strain inside the
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Cr2O3 crystal led to the4T2 peak splitting into two peaks because the4T2 energy level
was split into two energy levels. For nanostructured Cr2O3 bulks and porous Al2O3/Cr2O3

nanocomposites, four absorption bands appear in the wavelength range 200–800 nm (p1–
p4) at room temperature and the positions of p2 and p3 shift to the shorter wavelengths
in comparison with those of Cr2O3 single crystals (see table 1). Therefore, the p2 and
p3 bands for nanostructured Cr2O3 bulks and porous Al2O3/Cr2O3 nanocomposites can be
attributed to the Cr3+ 3d3 electronic transitions from4A2 to 4T1 and4T2, respectively. Since
nano-Cr2O3 may be nonstoichiometric, in other words, more oxygen vacancies exist in each
nano-Cr2O3 particle, resulting in severe distorsions of the O2− octahedrons around Cr3+.
This distorsion causes the4T2 energy level to be split into two energy levels. Therefore,
the 4T2 peak is split into two peaks (p3 and p4).

The p1 band is located in the ultraviolet range. Hommerichet al [2] indicated that
the Cr4+ and Cr6+ ions could induce strong ultraviolet absorption. Houet al [3] reported
that there existed about 1% CrO2 in Cr2O3 formed by pyrolysis of Cr(NO3)3. Therefore,
it can be supposed that the p1 band in our experiments is closely related to the Cr4+ ions.
This does not imply, however, that the p1 band is mainly caused by the Cr4+ ions. From
figures 3(a) and (b), it is clear that when the pyrolysis temperature is 700 or 800◦C, the
p1 band of porous Al2O3/Cr2O3 nanocomposites after heating in H2 becomes obviously
strong in comparison with that of porous Al2O3/Cr2O3 nanocomposites without heating in
H2. As we know, reducing in H2 probably causes Cr4+ to change into Cr3+. If the p1

band is induced only by the Cr4+ ions, the p1 band for samples after reducing in H2 should
decrease. Therefore, the intensity increase of the p1 band suggests that the p1 band cannot
be attributed only to the Cr4+ ions and thus it is possible that the p1 band is associated with
both the Cr4+ and Cr3+ ions.

4.2. Movement of peak positions of absorption bands

With increasingTp all absorption bands of porous Al2O3/Cr2O3 nanocomposites exhibit
blue shifts (see figure 3(a) and table 1), but for nanostructured Cr2O3 bulks all bands do
not move (see figure 2(a) and table 1). As we know, the position of each absorption band
is mainly determined by the blue shift effect and the red shift effect. Before formation of
nanostructured Cr2O3 bulks, the Cr2O3 powder was obtained by pyrolysis of Cr(NO3)3 in
air at different temperatures. As a result, there are quite rare oxygen vacancies in Cr2O3

particles, because during pyrolysis enough oxygen in air is provided to form Cr2O3. In other
words, the number of oxygen vacancies in nanostructured bulks decreases slightly with the
increasingTp. This will cause the red shift effect of the absorption band to decrease. This
can be explained as follows. As we know, with decreasingDq/B (Dq is the crystal-field
strength andB is the crystal-field parameter), the spacing between the4A2 level and the4T1

level becomes smaller [5]. The existence of oxygen vacancies makes the average distance
between Cr3+ and O2− ions (R) increase; the more the oxygen vacancies, the largerR. Dq

is directly proportional tor4/R5, wherer is the average radius of the Cr3+ 3d3 electronic
orbit. Therefore, the increase of oxygen vacancies leadsDq to decrease.B depends on the
repulsive action between electrons; the larger the repulsion, the higher the B value. The
elevation of oxygen vacancies leadsR to increase and the O2− 2p electrons to decrease,
so that the average coupling effect between Cr3+ 3d and O2− 2p electrons becomes weak
and the average screening effect of O2− 2p electrons to Cr3+ 3d electrons descends. This
induces the repulsive action between Cr3+ 3d electrons to be enhanced, resulting in the
ascension of the average repulsion between electrons. Therefore,B ascends with increasing
oxygen vacancies.
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According to the above discussion, the following conclusion can be obtained. With the
increase of oxygen vacancies,Dq/B decreases and, hence, the spacing between4A2 and
4T2 (and 4T1) descends. This will cause the red shift of the absorption bands to increase.
Inversely, the decrease of the oxygen vacancies gives rise to the red shift effect to drop.
This is why the red shift effect decreases with the increase ofTp.

In addition, whenTp increases from 700 to 1100◦C, d changes from 37 to 58 nm. This
makes the blue shift effect weaken. Since Cr2O3 possesses a semiconductor character, the
absorption spectrum of semiconductor nanocrystals is usually blue shifted relative to the bulk
sample [6–9]. The blue shift is attributed to the molecular character of the wavefunction
in the small particles. The atomic wavefunction overlap is smaller and the bands are flatter
and narrower in the small particles than in the large ones and the bulk [4]. This implies that
when decreasing the diameter of the particle, the spacing between the energy levels becomes
larger. As a result, the absorption band, which arises from the electronic transitions from
the lower energy level to the higher energy level, exhibits a blue shift. This is why the blue
shift effect becomes weak with increasingTp when the Cr2O3 particle diameter increases.

In summary, with raisingTp, both the red shift effect and the blue shift effect become
weak. Therefore, for eachTp the influences of blue shift and red shift cancel out each other.
This is why the absorption bands of nanostructured bulks do not move with increasingTp.

For porous Al2O3/Cr2O3 nanocomposites, however, the Cr2O3 particles are formed in
voids of the Al2O3 host by pyrolysis of Cr(NO3)3. In voids there is not sufficient oxygen
for Cr2O3 to form, resulting in an absence of oxygen in Cr2O3 particles. This causes the
fact that in Cr2O3 particles more oxygen vacancies exist than in the nanostructured Cr2O3

bulks; the higher the pyrolysis temperature, the fewer the oxygen vacancies. This causes
the red shift to decrease with increasingTp. The blue shift effect does not change withTp,
however, because the particles do not grow withTp owing to the confinement of voids (see
table 1). Therefore, all absorption bands of porous Al2O3/Cr2O3 nanocomposites present a
blue shift with increasingTp.

After heating in H2, in most cases, the absorption bands (p2–p4) of porous Al2O3/Cr2O3

nanocomposites show red shifts in comparison with those of porous Al2O3/Cr2O3

nanocomposites without heating in H2 (see figure 3 and table 1). For nanostructured Cr2O3

bulks after heating in H2 the red-shift phenomenon is also observed (see figure 2 and table 1).
This red-shift phenomenon is attributed to the increase of the number of oxygen vacancies
induced by reducing in H2.

5. Conclusions

(1) In the wavelength range 200–800 nm four optical absorption bands (p1–p4) exist for each
reflection spectrum of nanostructured Cr2O3 bulks and porous Al2O3/Cr2O3 nanocomposites.
The p2, p3 and p4 peaks are induced by the Cr3+ 3d3 electronic transitions from the ground-
state energy level,4A2, to the excited-state energy levels,4T1, 4T2 and4T′2, which is formed
from splitting of 4T2, respectively, and the p1 band is closely associated with both the Cr3+

and Cr4+ ions.
(2) For nanostructured Cr2O3 bulks only red shifts of the absorption bands can

be realized by heating the sample in highly pure H2, while for porous Al2O3/Cr2O3

nanocomposites the positions of the absorption bands can be modulated. Thus, red shifts
and blue shifts of the absorption bands are realized by heating the porous nanocomposites
in H2 and by increasing the pyrolysis temperature of Cr(NO3)3 in voids of the porous Al2O3

host when preparing porous Al2O3 host/Cr2O3 nanocomposites.
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