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In order to develop photoactive cobalt-doped TiO2 for the degradation of organic pollutants using visible
light irradiation, the effects of cobalt precursor on TiO2 microstructure were investigated. Three cobaltprecursors, i.e. CoCl2 , Co(NO3 )2 and CoSO4 with two doping levels (nominally 1% and 10%), and two
annealing temperatures (400 and 800 ◦ C) were adopted to prepare the doped titania through the sol-gel
method. The powder samples were characterized with XRD, SEM, BET surface area analysis and UV-Vis
absorption spectroscopy, and their photocatalytic activities were evaluated by the degradation of aniline
under visible light irradiation. The results showed that the distribution of titania phases, particle size,
morphology, surface area and the optical absorption of the catalysts were greatly dependent on the cobalt
precursors. Samples prepared from Co(NO3 )2 , especially for those doped at 1% and calcined at 400 ◦ C,
showed the highest photocatalytic activity towards the degradation of aniline, and the possible reasons are
discussed briefly.
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on the visible light photoactivity of the doped TiO2 ,
and to clarify the relationship between the microstructure and properties, three cobalt-precursors (CoCl2 ,
Co(NO3 )2 , CoSO4 ) with two doping levels (1% and
10%) at two annealing temperatures (400 and 800 ◦ C)
were chosen to prepare the doped titania via a sol-gel
process. Samples were characterized and their photoactivities were evaluated by the degradation of aniline in
aqueous solution under visible light irradiation.

I. INTRODUCTION

TiO2 is a well-known photocatalyst, and it has been
widely studied and applied in many fields [1-3]. However, it is only photoactive under UV illumination due
to its large band gap, i.e. ∼3.2 eV for anatase and 3.0
eV for rutile. In order to fully utilize the solar spectrum
for the photoreactivity of the photocatalyst, the photoresponse of the photocatalyst needs to be extended
into visible region. Many methods [2,3], such as impurity doping, surface sensitive, noble metal loading,
etc, have been developed to obtain modified TiO2 with
visible-light-response. Among them, transition metal
doping is a well-known and effective method, and it
has attracted extensive attention [2-8]. Using cobalt as
dopant,t the light adsorption of the catalyst can shif
into visible region [9-11] and the as-prepared photocatalyst was highly photoactive under visible light irradiation [11]. In our previous research [12], the values of
photocurrent for titania film electrodes doped with various metal ions, Co2+ , Cr3+ , Pb2+ , Sb3+ , Sn2+ , Cd2+ ,
were compared. The results showed that the cobaltdoped films had the largest photocurrent under irradiation with visible light. It was also noticed that the
photoelectronic conversion efficiency of the electrodes
prepared with Co(NO3 )2 as a precursor was much larger
than those with CoSO4 [13]. However, the detailed
mechanism has not been reported so far.

II. EXPERIMENTS
A. Preparation

All samples were prepared via a sol-gel process
with CoCl2 , Co(NO3 )2 and CoSO4 (≥99.0%, Shanghai Chemical Reagent No. 2 Plant) as cobalt precursor. In a typical synthesis, a desired cobalt compound
was dissolved in 400 mL HCl, HNO3 and H2 SO4 (containing 1 mol/L H+ ) aqueous solution, respectively.
Then the solution was added dropwise within 1 h to
the mixture of 42.5 mL titanium butoxide (≥98.0%,
Shanghai Chemical Reagent Co.) and 40 mL butanol
(≥99.0%, Hangzhou Shuanglin Chemical Reagent Factory) , with rigorous stirring at the room temperature.
Molar ratios of cobalt to titanium were nominally 1%
and 10%. Subsequently, the mixture was continually
stirred for 10 h to form the so-called mother liquor before it aged overnight. After discarding the supernatant
liquid (most butanol), the remaining (hydrolysis mixture) was put into an oven at 180 ◦ C for 24 h, resulting
in a so-called fresh powder. With an initial heating rate
of 200 ◦ C/h the fresh powder was calcined at a desired

In order to investigate the effect of cobalt precursors
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FIG. 1 XRD patterns for powder samples annealed at 400 ◦ C (A) and 800 ◦ C (B). (1a) 1% CoCl2 ; (1b) 10% CoCl2 ; (1c)
1% CoCl2 , fresh; (2a) 1% Co(NO3 )2 ; (2b) 10% Co(NO3 )2 ; (3a) 1% CoSO4 and (3b) 10% CoSO4 .

temperature for 3 h and then cooled to room temperature. For comparison, undoped titania samples were
prepared by the same procedure except without adding
any cobalt compounds. All chemicals were of reagent
grade quality and used as received. Water used in this
work was doubly distilled.

B. Characterization

Phase analysis of all samples was carried out
with powder X-ray diffraction (XRD, Rigaku D/max2500PC, Japan) using graphite-filtered Cu Kα radiation. The morphology was revealed by a scanning
electron microscope (SEM, FEI Sirion-200, Holand)
equipped with an energy dispersive X-ray detector
(EDX, EDAX Genenis-4000, USA) operated at 25 kV
with spot size 4. The specific surface area of the samples was determined by Brunauer-Emmet-Teller (BET)
method (Micromeritics ASAP2010, USA). UV-Vis absorption spectra of the samples were obtained (Analytikjena SPECORD-200, Germany) between 250 and
900 nm with a scan rate of 5 nm/s. Each sample (0.5
mg) was loaded on a piece of suprasil glass by annealing
at 350 ◦ C for 3 h, and the bare one cut from the same
piece of suprasil glass was used as reference. FT-IR
studies were carried out in the 400-4000 cm−1 wavenumbers range in the transmittance mode (NEXUS-470,
USA).

C. Photoactivity measurement

The photocatalytic activity of the samples was evaluated by the degradation of aniline in aqueous solution.
ISSN 1003-7713/DOI:10.1360/cjcp2006.19(5).463.6

The concentration of aniline in the solutions was determined by colorimetry (752 Spectrophotometry) [14].
Visible light-irradiation (λ>460 nm) was provided by a
beam emitted from a 1000 W Xe-lamp whose IR and UV
beams were removed by a 10-cm-thick water curette and
a 10-cm-long liquid filter containing 0.27 g/L K2 Cr2 O7
and 1 g/L Na2 CO3 aqueous solution [15]. All experiments were carried out in the same 50 mL beaker containing 25.00 mL solution with magnetical stirring at
the room temperature. An icy cooling watch glass was
used to cover the beaker to avoid evaporating of the solution. The powder sample (5 g/L) was dispersed into
the solution containing 5 mg/L aniline, keeping stirring for 12 h in dark to reach adsorption equilibrium
before the suspension was exposed to visible light irradiation. After illumination for 6 h, the slurry was
filtered through a 0.45 µm millipore membrane to remove powder particles and then about 1.0 mL liquor
was taken for analysis. Each experiment was repeated
and the deviation was less than 5%.

III. RESULTS AND DISCUSSION
A. Crystal structure and BET surface area

The photoactivity of titania depends on various parameters, including crystallinity, surface area, impurities and density of surface hydroxyl groups. However,
the most significant factor is crystal structure [16]. The
XRD patterns of the powder samples are shown in Fig.1,
the corresponding crystal phases and crystallite sizes
of the investigated samples were summarized in Table
I. The crystallite size was determined by the Scherrer
equation and the content of anatase and rutile was calc
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TABLE I Crystal line phases and crystallite sizes of the TiO2 samples
Tanealed /◦ C
400
400
400
400
400
400
800
800
800
800
800
800

Cobalt precursors
[C]
1% CoCl2
1% Co(NO3 )2
1% CoSO4
10% CoCl2
10% Co(NO3 )2
10% CoSO4
1% CoCl2
1% Co(NO3 )2
1% CoSO4
10% CoCl2
10% Co(NO3 )2
10% CoSO4

A

A

A

A

TiO2 phases*
Content/%
Crystallite sizes/nm
B, R
B (60.1), R (11.3)
(61.7), R (38.3)
A (8.3), R (11.8)
None
None
R
R (11.1)
(66.9), R (33.1)
A (8.3), R (12.4)
None
None
B, R
B (23.8), R (41.7)
R
R (48.7)
(66.6), R (33.4)
A (54.4), R (62.2)
R
R (52.2)
R
R (44.4)
(44.2), R (55.8)
A (58.8), R (60.4)

Other phases
None
None
TiOSO4 , CoSO4
None
None
TiOSO4 , CoSO4
CoTiO3
CoTiO3
None
CoTiO3
CoTiO3
CoTiO3

*TiO2 phases: A=Anatase, B=Brookite, R=Rutile.

culated according to literature [17].

1. TiO2 crystalline phases

Under the sample doping level and the same annealing temperature, TiO2 crystalline phases in the samples
were different for different cobalt precursors used for
preparation (Table I). All three titania phases, anatase,
rutile and brookite were simultaneously present only
in the fresh sample prepared from CoCl2 , as shown
curve (1c) in Fig.1 (A). Anatase mixed with rutile was
present in both samples prepared from Co(NO3 )2 and
CoSO4 and annealed at 400 and 800 ◦ C. Rutile mixed
with impurity brookite was detected in those prepared
from CoCl2 and annealed at 400 ◦ C. Pure rutile was
only present in the samples with Co(NO3 )2 annealed
at 800 ◦ C and those with 10% CoCl2 , while no pure
anatase was found in all the samples. In addition, no
titania crystalline phase was present in both 1% and
10% dosage samples derived from CoSO4 and annealed
at 400 ◦ C. This result was further confirmed by the observation of IR spectra as shown in Fig.2. Within a considerable broad wavelength range of 800-4000 cm−1 , the
two samples displayed the same characteristic peaks as
those of TiOSO4 (Alfa Aesarr , Johnson Matthey Co.).

FIG. 2 IR spectra for CoSO4 doped samples annealed at
400 ◦ C and commercial TiOSO4 .

at 800 ◦ C except that prepared with 1% CoSO4 . It is
worthy to mention that cobalt was still in the form of
CoSO4 , when the samples were prepared from CoSO4
and annealed at 400 ◦ C, as can be seen from curve (3a)
and (3b) in Fig.1(A).

3. Conversion of titania phases
2. Cobalt phases

No cobalt phases associated with titania was present
in the samples derived from either CoCl2 or Co(NO3 )2
when they were annealed at 400 ◦ C. This means that
cobalt was highly dispersed into the titania phases or
possibly amorphous on the TiO2 surface [18]. In contrast, CoTiO3 phase was present in all samples annealed
ISSN 1003-7713/DOI:10.1360/cjcp2006.19(5).463.6

Changing the dosage from 1% to 10%, the brookite
phase in the sample disappeared when CoCl2 was used
as a precursor, while the type of titania phases remained unchanged for the samples prepared from the
other precursors. For instance, both anatase and rutile
were present in the sample prepared from Co(NO3 )2
and CoSO4 in spite of an increasing dosage, as seen
in Table I. However, the content of anatase increased
c
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FIG. 3 SEM images of the 400 ◦ C-annealed samples with 1% cobalt from different precursors. (a) CoCl2 ; (b) and (d)
Co(NO3 )2 ; (c) CoSO4 ; (e) undoped sample prepared with HNO3 .

slightly with increasing the dosage, i.e. from 61.7% to
66.9%, when the samples were prepared from Co(NO3 )2
and annealed at 400 ◦ C. In comparison, the percentage
of rutile increased from 33.4% to 55.8% for the samples
derived from CoSO4 and annealed at 800 ◦ C.

4. Crystallite sizes

It can be found from Table I that the crystallites size
of all samples is almost the same when they were annealed at the same temperature, except for those prepared from CoSO4 which are slightly large in size. This
indicates that the cobalt precursors used have little effect on the crystallite size of the titania crystals.
BET surface areas of some samples are listed in Table II. Among the four samples, the one derived from
Co(NO3 )2 precursor had the largest specific area, which
are 2.5 and 17.5 times of those from CoSO4 and CoCl2 ,
respectively. This can be beneficial for the photocatalytic reaction. Additionally, an unexpected small BET
surface area was obtained for the sample prepared from
CoSO4 as listed in Table II, since this sample actually
contains no TiO2 but TiOSO4 , which is inclined to ag-

TABLE II Special surface area (SSA) of samples annealed
at 400 ◦ C
Precursors 1% CoCl2 1% Co(NO3 )2 1% CoSO4 *HNO3
SSA/(m2 /g)
41
105
6
89
*Undoped titania with HNO3 as hydrolysis catalyst

ISSN 1003-7713/DOI:10.1360/cjcp2006.19(5).463.6

gregate (see latter SEM results).

B. Morphology and particle size distribution

The SEM images of the samples are shown in Fig.3.
Unless specified, all of them were for doping with
1% cobalt and annealed at 400 ◦ C. It can be seen
that the samples derived from CoCl2 (Fig.3(a)) and
Co(NO3 )2 (Fig.3(b)) are slightly dispersive, showing
homogeneous particle morphology. Whereas, the sample prepared from CoSO4 ( Fig.3(c)) is compactly agglomerate, which evidently differs from the others. This
can be attributed to the fact that the latter sample contained no TiO2 but TiOSO4 , as revealed by the XRD
and IR results. Therefore, a much smaller surface area
is expected for this sample, which is fully consistent
with the BET results.
It is worthy to mention that there were a few large
spherical particles of ca. 4.37 µm (Fig.3(d)) in diameter dispersed in the sample prepared from Co(NO3 )2 .
Apparently, its formation cannot be attributed to the
doping of cobalt, since the undoped sample also had
these particles formed, as shown in Fig.3(e). The EDX
analysis revealed the amount of cobalt at position B
was about two times as much as that at position A
(Fig.3(d)). So it can be inferred that the cobalt ions
actually act as the nucleation centers, leading to an
increase in crystallinity and the grain size of the host
TiO2 . The EDX analysis also indicated that 13.56%
sulfur, 1.18% chlorine remained in the sample prepared
from CoSO4 and CoCl2 , respectively. But no perceptible nitrogen was detected in those prepared from
c
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Co(NO3 )2 .

C. Absorption spectra

Figure 4 shows the UV-Vis absorption spectra of
the 1% cobalt-doped samples prepared from CoCl2 ,
Co(NO3 )2 and CoSO4 . The undoped sample prepared
with HNO3 as hydrolysis catalyst was set for comparison. Since the sample derived from CoSO4 was actually
not titania when annealed at 400 ◦ C, the sample annealed at 800 ◦ C was measured instead. Compared with
the undoped titania, all the doped presented here absorbed light appreciably at wavelengths more than 400
nm, corresponding to the different colors they appeared:
tawny, light tawny, pale blue and bright white for the
samples prepared from CoCl2 , Co(NO3 )2 , CoSO4 and
the undoped one, respectively. The sample derived from
Co(NO3 )2 showed the largest absorption in the visible
light region, indicating a higher photoactivity. Meanwhile, all the samples displayed an absorption band in
the ultraviolet region begins rising at ca. 400 nm, which
can be assigned to the intrinsic band gap absorption of
pure TiO2 [2,3].
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powder samples are shown in Fig.5. It can be clearly
seen that the samples prepared from Co(NO3 )2 performed better in the adsorption of aniline as well as the
highest photoactivity. Although the samples prepared
from CoCl2 can adsorb more aniline than the others, the
amount of degraded aniline is nearly the least. It can
be explained by the composition of the titania phases
in each sample. Generally, anatase is more photoactive
than rutile [3,19], but the composite of anatase and rutile is beneficial to photoactivity [3,20]. For example,
the commercial photocatalyst, Degussa P25 TiO2 , is
known to contain about 70% anatase and 30% rutile.
The interface between anatase and rutile may act as
a rapid separation site for the photogenerated carriers
due to the different energy levels of conduction band
and valence band [20]. As indicated by the XRD results, all the samples (excluding the fresh one) prepared
from CoCl2 contained no anatase while those prepared
from CoSO4 contained almost all anatase and very minor mount of ruitle. So the former samples are less photoactive than the latter despite that the latter samples
adsorb less aniline due to its large crystallite size. Note
that the samples prepared from CoSO4 and annealed
at 400 ◦ C are not listed here for comparison because
they are TiOSO4 , which is beyond the investigation in
this work. In addition, the new phase formed by doping is usually not favorable for photoactivity because it
can act as the recombination center of photogenerated
carriers [2,3]. As seen in Fig.5, sample that contains
TiCoO3 phase is less photoactive towards the degradation of aniline in comparison with that prepared from
the same precursor. For instance, samples prepared
from Co(NO3 )2 and annealed at 800 ◦ C showed lower
photoactivity than those annealed at 400 ◦ C. The main
reason, besides the composition of titania phases, might

FIG. 4 UV-Visible absorption spectra of samples prepared
with different cobalt precursors. 1: Co(NO3 )2 ; 2: CoCl2 ; 3:
undoped; 4: CoSO4 .

D. Evaluation of photocatalytic activity

Experimental results show that no variation in the
concentration of aniline was observed when the solution
was exposed to the visible light illumination for 6 h in
the absence of photocatalyst. Moreover, neither perceptible adsorption nor degradation of aniline occurred
with Degussa P25 TiO2 or the undoped TiO2 prepared
from HNO3 (annealed respectively at 400 and 800 ◦ C)
as photocatalyst (unshown here).
The consumed amount of aniline due to adsorption
in dark and degradation under visible light over the
ISSN 1003-7713/DOI:10.1360/cjcp2006.19(5).463.6

FIG. 5 Consumed aniline due to adsorption (upper) in dark
and degradation (lower) under visible light over various powder samples. a. 1%, 400 ◦ C; b. 10%, 400 ◦ C; c. 1%, 800
◦
C; d. 10%, 800 ◦ C.
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be that TiCoO3 phase was presented in the formers.
The photocatalyse studies mentioned above showed
that the sample prepared from Co(NO3 )2 and annealed
at 400 ◦ C shows the most prominent activity in the
degradation of aniline. The main reasons might be
the following: (i) It contains majority anatase titania
phase mixed with rutile impurity, which has been confirmed to be a more favorable composition for photocatalytic activity. (ii) Its smaller particle size indicates
shorter diffusing time for the photogenerated carriers to
move from the inner part of the particle to the surface,
thereby reducing the chance of recombination [1]. (iii)
Its smaller crystallite size and larger surface area can
make more reactants adsorbed on its surface, as shown
above, so more available sites can be involved in the reaction [2,3]. (iv) As stated above, no impurity nitrogen
was found in this sample. Due to the remaining of precursor were generally detrimental to the photocatalytic
activity, since they might act as the recombination centers of photogenerated carriers [21]. (v) Better absorption ability in the visible light region was an indication
that more photogenerated carriers can participate in the
photocatalytic reaction.
IV. CONCLUSION

Cobalt precursor has an influence on the distribution of titania phases, particle size, morphology, surface area and optical absorption of the doped TiO2
particles. The photoactivity of the samples was also
closely related to the cobalt precursor used. Under the
present experimental conditions, the samples prepared
from Co(NO3 )2 , especially for the 1% doped sample and
calcined at 400 ◦ C, showed the highest photocatalytic
activity towards the degradation of aniline under visible
light irradiation.
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