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Abstract—We have studied the phase transitions, morphology, and photocatalytic activity of composites
based on titanium(I'V) and cobalt(II) oxides at Co doping levels from 0.5 to 60 wt % and heat-treatment tem-
peratures from 80 to 1150°C. The highest photocatalytic activity under illumination in the spectral range
A =670 nm is offered by mesoporous X-ray amorphous and multiphase (X-ray amorphous phase, anatase,
rutile, and CoTiO3) nanomaterials containing 5—20 wt % Co, whereas two-phase materials (rutile + CoTiO3)

have the lowest photocatalytic activity.
DOI: 10.1134/S0020168516010143

INTRODUCTION

The need for more efficient solar power conversion
in photocatalytic processes of organic contamination
destruction by TiO,, a well-known photocatalyst,
requires improving its photocatalytic activity (PCA) in
the visible range by creating titania-based oxide com-
posites with a band gap under 3.1 eV, characteristic of
undoped TiO,. In connection with this, the develop-
ment of techniques for modifying the optical proper-
ties of TiO, in the spectral range A > 400 nm is of prac-
tical interest [1, 2].

The extension of the spectral range of PCA to the
visible and infrared spectral regions by doping TiO,
with the aliovalent ions W and Nb>* was the subject
of previous studies [3, 4]. It is reasonable to expect that
titania-based nanocomposites containing cobalt oxide
(band gap of 0.7 eV [5]) will be active in the visible
range.

Cobalt catalysts promoted with various metal
oxides, such as Co/Al,0;, Co/MgO, Co/ThO,
Co/K,0, and Co/TiO, [6], are widely used in the
preparation of chemical products: gasoline, oil, paraf-
fin, ethylene, potable alcohol, and others.

The synthesis and application of photocatalytic
CoO/Ti0O, oxide composites have been the subject of
relatively few reports. In particular, Zhang Guoge
et al. [7] demonstrated enhanced PCA of a CoO/TiO,
nanotube composite produced by cathode deposition
of titania in 0.05 M Co(NO;), onto carbon nanotubes
annealed at 450°C. Enhanced PCA of Co-doped tita-
nia powders prepared by a sol—gel process was also
reported by Xu Rui et al. [§8]. TiO,/Co photocatalyst
films annealed at 400°C were reported to have
enhanced PCA for methylene blue degradation [9].
Co migration into TiO, in the films was ensured by
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physical vaporization during heat treatment of alter-
nating TiO, and Co layers. Surkin et al. [10] described
a technique for the preparation of glasses having mul-
tilayer titanium-containing coatings with improved
functional and performance characteristics, using
high-temperature (500—700°C) heat treatment,
which produced a dense, crystalline TiO, film con-
taining impurity ions, including Co, penetrating the
titania layer via diffusion from intermediate layers.
Yu-Fen Wang et al. [11] discussed nonaqueous synthe-
sis of Co0,/TiO, dispersions with high photocatalytic
performance.

Known methods for the fabrication of such struc-
tures using mechanical doping or sol—gel processing
have insufficient technological feasibility for a number
of reasons [8—11]. We expect alkaline cohydrolysis of
Ti and Co salts to be a simpler and more efficient
approach.

The purpose of this work was to investigate the key
features of the formation of composites in the Ti—O—Co
system at doping levels from 0.5 to 60 wt % Co with the
aim of developing more readily available photocata-
lysts active in the visible spectral region.

EXPERIMENTAL

The composite materials for this investigation were
prepared through the cohydrolysis of the TiCl, and
Co(l, salts in aqueous ammonia at a temperature of
20 + 2°C, using procedures described previously
[3,4]. The dopant concentration in the hydrolysis
products was varied from 0.5 to 60 wt % Co. Heat
treatment in air at temperatures from 80 to 1150°C
yielded multiphase nanocomposites, which were char-
acterized by chemical analysis, X-ray diffraction
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Fig. 1. (a) Specific surface area and (b) particle size as functions of heat-treatment temperature and Co content for Co-modified

titanium dioxide samples.

(XRD) (DRON-3 diffractometer, CukK, radiation),
low-temperature nitrogen BET measurements (Flow-
Sorb II 2300 and TriStar 3020 V1.03), thermogravim-
etry (TG) (Netzsch STA 409 PC/PG), and scanning
electron microscopy (SEM) (SEM LEO-420). Their
PCA was assessed photocolorimetrically (FEK-56
PM) from the degree of decoloration (E, %) of ferroin
in response to illumination in the visible range and
with A > 670 nm light. The samples were identified by
a code, for example, 400-Co-0.5, which specified the
heat-treatment temperature (400°C), dopant (Co),
and doping level (0.5 wt %).

RESULTS AND DISCUSSION

The experimental data presented in Tables 1—4 and
Figs. 1—7 illustrate the influence of heat-treatment
conditions (¢, °C) and Co content (wt %) on the
chemical composition, phase composition (XRD
data), specific surface area (.S, m?/g), average particle
size (d, nm), pore volume (V, cm?3/g), pore depth (4,
nm), and pore diameter (D, nm) of our samples and
their PCA (E, %) for an indicator degradation reac-
tion under illumination in the visible range and with
A =670 670 nm light.

Doping of TiO, with 0.5—60 wt % Co ensures the
preparation of nanopowders (7—12 nm) with a specific
surface area from 180 to 320 m?/g, containing up to

6.6 wt % NH, and 1.06 wt % CI-. At low doping levels
(0.5—1.0 wt % Co), the hydrolysis products contain
about 79.9 wt % TiO,, which is closely consistent with
the formula of the titanium oxyhydroxide TiO(OH),
(81.6 wt % TiO,). Raising the heat treatment temper-

ature leads to a systematic decrease in NH, and Cl-
content, an increase in particle size, and, as a conse-
quence, a reduction in the specific surface area of the
powders (Table 1, Fig. 1).

Phase formation. XRD data (Table 1, Fig. 2) indi-
cated that the hydrolysis products were X-ray amor-
phous. The differential scanning calorimetry (DSC)
curves of the Co-modified materials (Fig. 3) were sim-
ilar to that of TiO, [11], indicating, in combination
with chemical analysis data, that the salt cohydrolysis
products had an oxyhydroxide nature.

Independent of the Co doping level, all of the DSC
curves had a single endothermic peak, corresponding
to dehydration of the hydrolysis products. Chemical
analysis data indicated simultaneous removal of vola-
tile components: chloride ions and ammonium group
(Table 1). The dehydration was mostly complete at
temperatures around the exothermic peak, with a
weight loss in the samples from =22 to =28% (Table 2),
which included the loss of the volatile components.

As suggested by XRD data (Fig. 2), the strong exo-
thermic peak in the DSC curves can be interpreted as

INORGANIC MATERIALS Vol. 52 No.2 2016
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Table 1. Phase composition and physicochemical properties of composites in the Ti—O—Co system

Weight percent S, m%/g d, nm
Sample t,°C - XRD results
TiO, Cl- NH; Co** BET
80-Co-0.5 80 79.1 — — 0.26 am 323 7.1
400-Co-0.5 400 — — — - a 82 19
700-Co-0.5 700 - — - — 20% a., 80% r - -
800-Co-0.5 800 - - - - r 1.05 1360
1150-Co-0.5 1150 - — - - r 0.24 5950
80-Co-1 80 78.6 - - 0.43 am - -
300-Co-1 300 - - - - am 288 8.0
400-Co-1 400 — - - — a 75 20
600-Co-1 600 98.8 0.97 99% a, 1% r 36 39
700-Co-1 700 — - - — 10% a, 90% r - -
1150-Co-1 1150 - — — - r 0.21 6800
80-Co-5 80 79.8 = 3.28 1.67 am 274 8.4
400-Co-5 400 - — 0.34 - a,am 216 7.1
500-Co-5 500 - - - — 95% a, 5% r 14 114
600-Co-5 600 94.7 - - 4.9 a, r, CoTiOy 13.4 111
800-Co-5 800 - - - - r, CoTiO; 0.74 1930
1150-Co-5 1150 - - - - r, CoTiO; 0.24 5950
80-Co-10 80 71.9 ND 4.51 5.14 am 264 8.7
400-Co-10 400 - - 0.46 - am 219 10
600-Co-10 600 88.8 ND ND 9.84 a, 1, CoTiO3 18 55
700-Co-10 700 - - - - 1, CoTiO4 - -
800-Co-10 800 - - - - r, CoTiO; 1.17 1160
1150-Co-10 1150 - - - - 1, CoTiO4 0.35 2720
80-Co-20 80 - - — — am 259 8.9
400-Co-20 400 - - - - am 213 11
600-Co-20 600 80.2 - - 19.8 a, 1, CoTiO3 13 74
800-Co-20 800 - - - - 1, CoTiO; 1.33 747
1150-Co-20 1150 - - - - r, CoTiO; 0.34 2820
80-Co-30 80 64.7 - - - am 180 13
400-Co-30 400 - 0.3 0.15 - am 113 20
600-Co-30 600 83.9 ND ND a, 1, CoTiO3 17 58
800-Co-30 800 - - - - 1, CoTiO4 4.54 211
1150-Co-30 1150 r, CoTiO; 0.17 5640
80-Co-40 80 64.6 - 6.60 - am 183 13
400-Co-40 400 - - 0.20 - am 149 16
500-Co-40 500 - - - - a, 1, CoTiO3 35 28
600-Co-40 600 76.8 - - - a, 1, CoTiO; 19 53
800-Co-40 800 - - - - r, CoTiO; 4.21 228
1150-Co-40 1150 - - - - 1, CoTiO4 0.12 9600
80-Co-60 80 - — - — — 254 9.1
400-Co-60 400 - — - - am 156 15
600-Co-60 600 41.9 - - 45.7 a, 1, CoTiO3 21 73
800-Co-60 800 - - - - 1, CoTiO; 4.45 321
1110-Co-60 1150 - - - - r, CoTiO; 0.11 9850

am = amorphous as determined by X-ray diffraction, a = anatase, r = rutile, ND = not detected; the symbol — denotes that no determi-
nation was made.

INORGANIC MATERIALS Vol. 52 No.2 2016
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Fig. 2. X-ray diffraction patterns of Co-modified titanium dioxide at various heat-treatment temperatures (numbers at the scans,
degrees Celsius) and Co doping levels: (a) 1, (b) 5, and (c) 40 wt % Co.

evidence of simultaneous crystallization processes: the
formation of cobalt-containing anatase and transfor-
mation of the anatase into rutile, accompanied by
cobalt release in the form of the CoTiO; metatitanate
(Fig. 3, Table 2). The increase in the temperature of
the exothermic peak due to crystallization from 424.3
to 527.3°C as the cobalt content increases from 0.5 to
40 wt % may be due to specific features of Co: the crys-
tallization of cobalt oxides requires high energy con-
sumption [12]. The same is evidenced by the diffrac-
tion patterns in Fig. 2: as the Co doping level increases
from 1 to 40 wt %, reflections from anatase, a crystal-
line phase, disappear in the XRD patterns of the sam-
ples calcined at 400°C (Fig. 2¢).

As the temperature is raised from 400 to 1150°C,
XRD data demonstrate a number of phase transitions
of TiO,, which depend on the Co doping level. At dop-
ing levels of 1 wt % Co or lower, XRD data indicate
only the formation of anatase (3.52 A) and then rutile
(3.24 A) at a temperature of =700°C. A small amount
of CoTiO; that is presumably formed together with the
above phases cannot be detected by X-ray diffraction.
At Co doping levels above 5 wt % and temperatures

near the exothermic peak, we observe the anatase—
rutile phase transition, accompanied by cobalt precip-
itation in the form of CoTiO;(2.72 A). Tt is reasonable
to assume that Co has a promoting effect on the rutile
formation process. In particular, an increase in doping
level from 0.5 to 10 wt % Co is accompanied by a
decrease in the temperature of the anatase—rutile
phase transition from 700 to 500°C and cobalt metati-
tanate crystallization. Note that, over the entire range
of doping levels examined, no cobalt oxides were
detected, and the cobalt crystallized only as CoTiO;.

Thus, a characteristic feature of the synthesis prod-
ucts in the Ti—O—Co system is the formation of several
phases, depending on the doping level and heat-treat-
ment temperature (Fig. 4).

Morphology. The specific surface area of the
hydrolysis products was 180—330 m?/g (particle size,
7—13 nm); that of the anatase + rutile + cobalt metati-
tanate mixed-phase materials was smaller, 36—70 m?/g
(40—57 nm), and that of the rutile + cobalt metatitan-
ate two-phase composites did not exceed 0.1—
4.5 m?/g (0.3—10 um). Thus, at heat-treatment tem-
peratures below 800—900°C, both the X-ray amor-
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Fig. 3. DSC curves of Co-modified TiO, samples at various
Co doping levels.

phous powders and multiphase composites had a large
surface area and nanoscale character. With the devel-
opment of the agglomeration process at temperatures
above 900°C, the particle size of the powders increased
to microns (Table 1).
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Fig. 4. Phase composition of the synthesized composites in
relation to Co content and heat-treatment temperature.

The texture characteristics of some of the synthe-
sized composites are summarized in Table 3 and Fig. 5.
The samples with incomplete dehydration were simi-
lar in texture characteristics. The pore depth and
diameter in the samples heat-treated at 400°C or lower
temperatures were comparable: for example, 4.47 and
4.30 nm, respectively, in the 400-Co-20 sample.

In the range 80—800°C, the micropore volume V as
a function of temperature has extrema, which is possi-
bly the consequence of the rapid water removal from
the oxyhydroxide hydrolysis products. Next, the pore
volume decreases because of the agglomeration. The
micropore volume in the X-ray amorphous materials

Table 2. Thermal events and XRD data in the Ti—O—Co system

S | DSC Am, % XRD
ampe fins °C fnao °C (TG at 11,y dr A, at 1, phase
Co-0.5 129.7 427.3 22.2 3.52,2.38 Anatase
Co-5 130.2 475.9 28.5 3.52,2.38 Anatase
3.71,2.73, 2.53 CoTiO;
Co-10 134.2 507.9 27.5 3.52,2.38 Anatase
3.25,2.50 Rutile
3.71,2.73, 2.53 CoTiO;
Co-20 133.7 518.5 24.6 3.52,2.38 Anatase
3.25,2.50 Rutile
3.71,2.73, 2.53 CoTiO;
Co-40 123.2 527.3 23.5 3.52,2.38 Anatase
3.25,2.50 Rutile
3.71,2.73, 2.53 CoTiO;
INORGANIC MATERIALS Vol. 52 No. 2 2016
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Fig. 5. Sorption isotherms of the synthesized composites after heat treatment at various temperatures (specified at the curves in
degrees Celsius) in relation to Co content: (a) 5, (b) 20, (c) 30, and (d) 40 wt % Co.

ranges from 0.15 to 0.29 cm?3/g. As the temperature is
raised to above 600°C, the pore diameter increases
more rapidly than the pore depth: 7.9 and 20.4 nm in
the 800-Co-20 sample. In particular, the micropore
volume in the 800-Co-60 sample is as small as
0.024 cm?3/g. At the same time, it is worth noting that
increasing the Co content of the samples helps to
maintain the micropore size at elevated temperatures
as well.

The sorption isotherms of both the X-ray amor-
phous and crystalline samples (Fig. 5) have the form of
S-shaped absorption—desorption curves with hystere-
sis loops, which point to a mesoporous nature of the

composites [13]. The onset of crystallization processes
reduces the mesoporosity of the powders. The sorption
curves of the composites calcined at temperatures
above 900°C have negligible hysteresis.

Thus, both the X-ray amorphous and crystalline
multiphase composites in the Ti—O—Co system with a
specific surface area from about 15 to 330 m?/g have a
mesoporous structure. Mesoporous materials are
thought to have considerable potential as catalysts for
conversion of three-dimensional organic molecules,
because the presence of mesopores may help to over-
come diffusion limitations [13] characteristic of
micropores.

INORGANIC MATERIALS Vol. 52
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Table 3. Influence of cobalt content and heat-treatment temperature on the texture characteristics (V, 4, and D) of Co-

modified TiO, samples
t,°C V,cm/g h, nm D, nm 1,°C V,cm3/g h, nm D, nm
Co-0.5 Co-1
80 — — — 80 0.29 3.71 3.97
300 0.27 3.39 4.09 300 0.29 4.09 3.84
400 0.19 9.03 6.95 400 0.18 8.85 6.86
600 — — — 500 0.054 9.15 7.05
Co-5 Co-10
80 0.26 3.93 4.12 80 0.22 3.60 4.11
300 0.29 4.11 3.99 300 0.22 3.79 3.96
400 0.28 4.96 4.32 400 0.26 4.60 4.20
500 0.042 10.4 8.82 500 0.049 11.4 9.76
Co-20 Co-30
80 0.22 3.66 4.40 80 0.16 3.95 4.43
300 0.23 3.80 4.11 300 0.17 3.99 4.26
400 0.25 4.47 4.30 400 0.19 6.24 5.06
500 0.16 10.5 8.68 500 0.16 16.9 13.6
Co-40 Co-60
80 0.15 3.75 4.18 80 0.158 2.98 3.40
400 0.19 4.94 4.33 300 - — -
500 0.16 17.5 13.8 400 0.173 4.49 3.78
600 - — - 600 0.158 28.41 24.75
800 0.019 7.9 20.4 800 0.024 8.30 20.96

SEM images of the Co-containing materials
obtained at heat-treatment temperatures in the range
from 400 to 1150°C (Fig. 6) demonstrate that the
materials have broad particle size distributions. The
X-ray amorphous materials consist of irregularly
shaped, large, layered aggregates of nanoparticles.
With increasing heat-treatment temperature, the par-
ticle size increases in all of the samples, and the parti-
cles form separate rounded crystallites. At 1150°C,
they sinter to form large agglomerates (up to tens of
microns in size) having bumps with smooth surfaces,
indicative of mesopore collapse because of the rapid
growth and agglomeration of indistinguishable rutile
and CoTiO; crystals.

Photocatalytic activity. According to our prelimi-
nary results, the PCA of the Co-modified titanium
dioxide samples for ferroin degradation in suspensions
exposed to visible light is a rather strong and intricate
function of the doping level, heat-treatment tempera-

INORGANIC MATERIALS
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ture, and phase composition. Almost all of the Co-
modified TiO, samples exhibit higher PCA than does
the commercially available photocatalyst AEROXIDE
P25, manufactured by Degussa (P25), under illumina-
tion with the entire solar spectrum and, especially,
with filtered light in the range A. > 670 nm, which nom-
inally corresponds to a reduction in the band gap of the
composites to 1.85 eV (Table 4, Fig. 7).

Note that the highest PCA is offered by the meso-
porous X-ray amorphous and multiphase samples with
the largest specific surface area, whereas the two-
phase samples consisting of only rutile and cobalt
metatitanate, which have the smallest specific surface
area, with no mesoporosity, exhibit the lowest PCA.
Clearly, the spectral sensitization of the nanocompos-
ites to longer wavelengths is due the Co in combina-
tion with the phase states of TiO,.

The composition dependences of PCA for the
composites obtained at 600°C or lower temperatures
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Fig. 6. SEM micrographs of the surface of composite particles synthesized at temperatures from 400 to 1150°C (see Fig. 4 for the
phase compositions of the particles).
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Table 4. Influence of Co content, heat-treatment temperature, phase composition, and particle size on the PCA (E, %) of
Co-modified TiO, samples for ferroin under illumination in the visible range and with A > 670 nm light

E, %
Sample XRD d, nm
visible light A >670 nm
P25 86% a, 14% r 30 45 0
400-TiO, a 9.9 94 47
80-Co-1 am — 96 78
400-Co-1 a 20 82 61
600-Co-1 99% a, 1% r 39 77 59
800-Co-1 r 1320 60 47
1150-Co-1 r 6800 58 46
80-Co-5 am 8.4 96 91
400-Co-5 am, a 7.1 89 82
600-Co-5 a, 1, CoTiO; 13 76 70
800-Co-5 1, CoTiO; 0.74 56 52
1150-Co-5 r, CoTiO3 0.24 54 49
80-Co-10 am 8.7 100 96
400-Co-10 am 10 92 89
600-Co-10 a, 1, CoTiOs 55 81 77
800-Co-10 1, CoTiO; 1160 68 65
1150-Co-10 1, CoTiO; 2720 62 58
80-Co-20 am 8.9 95 90
400-Co-20 am 11 87 84
600-Co-20 a, 1, CoTiO3 74 82 77
800-Co-20 r, CoTiO; 747 69 65
1150-Co-20 1, CoTiO; 2820 62 54
80-Co-40 am 13 77 67
400-Co-40 am 20 74 66
600-Co-40 a, 1, CoTiO3 58 77 67
800-Co-40 1, CoTiO; 211 76 65
1150-Co-40 1, CoTiO; 5640 62 56
80-Co-60 am 9.1 69 57
400-Co-60 am 15 66 54
600-Co-60 a, 1, CoTiO3 73 58 51
800-Co-60 1, CoTiO; 321 54 47
1150-Co-60 1, CoTiO; 9850 55 44

a = anatase, r = rutile, am = amorphous as determined by X-ray diffraction.
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Fig. 7. PCA isotherms of the synthesized composites at
various Co doping levels.

(Fig. 7) have extrema. Doping in the range 10—20 wt %
Co was found to increase the PCA of the composites.
The rather high PCA of the samples calcined at tem-
peratures near 600°C suggests the possibility of regen-
erating photocatalysts through the thermolysis of
organic compounds.

CONCLUSIONS

We have studied the phase transitions, morphology,
and PCA of composites based on titanium(IV) and
cobalt(II) oxides at Co doping levels from 0.5 to 60 wt %
and heat-treatment temperatures from 80 to 1150°C.

The highest PCA under illumination in the spectral
range A > 670 nm is offered by mesoporous X-ray
amorphous and multiphase nanomaterials containing
5—20 wt % Co, whereas rutile and two-phase samples
(rutile + cobalt metatitanate) have the lowest PCA.
The nanocomposites may be X-ray amorphous or con-
sist of various multiphase mixtures of X-ray amor-
phous phases, anatase, rutile, and cobalt metatitanate
with a crystallite size of up to 100 nm.

Thus, the observed increase in PCA and spectral
sensitization under illumination with light in the range
A =670 nm are due to the formation of multiphase
structures and to the fact that the addition of cobalt
enhances the semiconducting properties of titanium
dioxide.
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