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Abstract

Photocatalysts of nominal composition (Ti1�xCox)O2�d with 0.001pxp0.05 were prepared via a sol–gel technique followed by air

firing (200–1000 1C). The incorporation of cobalt inhibited crystal growth and slightly raised the anatase to rutile transformation

temperature (�700 1C). An amorphous component was invariably significant with the maximum content (41–53wt%) appearing

simultaneously with the removal of anatase, suggesting that rutile crystallizes via an aperiodic structure. While the introduction of cobalt

shifted the apparent band gap to visible light energies this did not enhance performance as there was limited miscibility of cobalt in

titania, non-catalytic secondary phases were present, and active Ti3+ sites were displaced by cobalt.

r 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Titanium oxides (titania) in various polymorphic and
physical forms find application in air and water purifica-
tion, as pigments, gas sensors and antimicrobial agents,
and as corrosion resistant and non-toxic photocatalytic
materials [1–4]. However, effective photoexcitation re-
quires irradiation at wavelengths o400 nm, where photon
energies are similar to the semiconductor band gaps of the
common polymorphs anatase (3.2 eV, lp385 nm) and
rutile (3.02 eV, lp410 nm) [5–6]. Consequently, while
excitation is efficient under ultraviolet (UV) sources, it is
rather less so when exploiting the �5% UV fraction of
sunlight. Therefore, it would be advantageous technically
and economically to reduce the band gap energy to extend
catalytic activation deep into the visible range.

One method to induce bathochromic (red) shifts of the
band gap is the well established process of chemically
e front matter r 2007 Elsevier Inc. All rights reserved.
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doping titania to introduce either anions (X) such as F�,
N3�, C4� or S2� to produce oxygen deficient titanias
(TiO2�dX2d/n), or cations (A) including Co2+,3+, Ag+,
Pt6+, W6+ and V5+ to form Ti1�xAxO2�d compounds
[5–12]. In all these cases, superior catalytic activity is
generally taken to indicate that crystallochemical modifica-
tion of titania has been achieved though aliovalent or
altervalent substitutions such as O2�2S2�, Ti4+2Co4+,
Ti4+O2�2Co3+F�, or Ti4+O2�2W6+C4�. However,
direct evidence of such replacements is not usually
presented, as small crystallite sizes, low dopant concentra-
tions, and the difficulties of conducting microanalysis
(especially of anions) makes verification particularly
challenging. A further issue, that to date has not received
significant attention is the role of amorphous phases, which
may co-exist with rutile and anatase, especially when soft
chemical routes are used for synthesis.
It has been reported that cobalt doping of titania will

enhance photocatalytic properties. Barakat et al. [11] found
that titania containing 0.036mol% cobalt rapidly photo-
oxidised 2-chlorophenol, with greater or lesser amounts
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Fig. 1. Flow sheet for photocatalyst synthesis.

Table 1

Metals content of (Ti1�xCox)O2�d compounds

Sample code Nominal composition

Co(x) Ti Co/Ti

Co00l 0.001 0.999 0.001

Co005 0.005 0.995 0.005

Co0l 0.01 0.99 0.0101

Co02 0.02 0.98 0.0204

Co05 0.05 0.95 0.0526
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proving less active. While it was not possible to conclude if
cobalt was entering titania substitutionally, or present as a
discrete oxide, it was shown that after high temperature
firing rutile (TiO2) and ilmenite-type Co2+Ti4+O3 co-
existed. Broadly similar results were obtained by Iwasaki
et al. [12] who studied the degradation of acetaldehyde.
Although cobalt-doped titania is frequently reported as
[Ti1�xCox]O2, this formulation is evidently only correct
for tetravalent cobalt (a rare valence state), whereas
both experiment [11] and theory [13] suggest di- or tri-
valency are prevalent and a more correct crystallochemical
description is [Ti1�xCox]O2�d [14]. Additionally, these
idealized formulas neglect the possibility of metal vacancies
that have been recently reported [15] and thoroughly
investigated for sol–gel derived titania [16].

In a previous study of titania prepared by hydrolysis of
titanium butoxide we confirmed the correlation of crystal-
lographic data derived from Rietveld analysis of powder
X-ray diffraction (XRD) patterns with that from high-
resolution transmission electron microscopy (TEM), and
demonstrated a blue shift in band gap with increasing
quantum confinement in nanosized crystals [17]. In this
paper, these techniques are used to characterize titanias as
a function of cobalt loading and sintering temperature. In
addition, the chemical, crystallographic and physical states
of cobalt are investigated, with particular attention given to
the abundance and role of X-ray amorphous materials.
General protocols for the use of methylene blue and formic
acid as target compounds for studying photocatalytic
activity in UV and visible light are given, and the
performance of cobaltiferous titania benchmarked against
pure titania prepared under identical conditions. In this
way, comparisons can be drawn between compounds that
are strongly adsorbed and perhaps partially reacted
(methylene blue) and those that degrade directly without
the formation of intermediates (formic acid). The manner
in which cobalt loading influences the anatase to rutile
transformation, crystal growth, and specific surface area
are also reported.

2. Experimental methods

2.1. Material synthesis

Oxides of nominal composition (Ti1�xCox)O2�d were
synthesized via a sol–gel technique with x ¼ 0.001, 0.005,
0.01, 0.02 and 0.05 (Fig. 1). Titanium tetrabutoxide [Ti(O-
Bu)4, 97%, Aldrich] was dissolved in absolute ethanol
(EtOH, 499.9%, Merck) prior to hydrolysis, with cobalt
introduced by adding a solution of absolute EtOH,
anhydrous CoCl2 (Merck), HCl (37%, Merck) and
deionized water dropwise. The molar ratio of EtOH,
deionized water and HCl was fixed at 15, 1 and 0.3 for all
the cobalt-doped titanias. The sol was homogenized by
stirring for 30min at room temperature followed by
gelation for 5 days. The gel was vacuum dried at 60 1C
then calcined at selected temperatures from 200 to 1000 1C
for 2 h. The heat-treated samples were washed with hot
water to remove chloride before using as a photocatalyst.
The sample codes are collated in Table 1.

2.2. Materials characterization

XRD patterns with angular range of 10–1401 were
collected using Bragg–Brentano geometry (CuKa source,
primary and secondary soller slits, 0.1mm divergence slits,
0.3mm receiving slit, secondary graphite monochromator)
with a Shimadzu Lab-XRD-6000 instrument. The diffract-
ometer resolution was refined by measurement of standard
LaB6 (NIST SRM 660a) employing the fundamental
parameter approach as implemented in TOPAS [18–19].
Quantitative phase analyses using the Rietveld method
included refinement of the background, surface roughness
according to Suortti [20], cell constants, scale factors,
titanium occupancy (anatase) and crystallite size. All
atomic co-ordinates and thermal parameters were kept
fixed to the values of the starting models of the crystalline
phases that included anatase [21], rutile [22] and CoTiO3

[23]. The mass of amorphous material and the relative
values of the cell parameters were determined by adding
30wt% of Al2O3 (NIST SRM 676) as an internal standard.
The amorphous content of SRM 676 has recently been
corrected from 2% to 8.25% [24] and the calculations
adjusted accordingly. Every sample was homogenized with
the Al2O3 standard by 20min of manual grinding in an
agate mortar to avoid the need to apply a correction for
microabsorption. The following refinement strategy was
employed: 1/x background function and a Chebychev
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Fig. 2. The evolution of weight% of anatase and rutile in (a) Co001 and

(b) Co05 versus calcination temperatures.

Fig. 3. The evolution of unit cell parameters, a and c, of anatase in Co01

versus crystallite size and annealing temperature.
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polynomial of order 4; lattice constants (a and c) of
alumina fixed at 4.75919 and 12.99183 Å provided by NIST
[24] and atomic parameters according to Toebbens et al.
[25]; zero shift, sample displacement, lattice parameters,
scale factors and crystallite size of anatase, rutile and
ilmenite optimized in turn. The isothermal parameters of
all phases were constrained to literature values. For
anatase, the titanium occupancy was refined, as Grey and
Wilson [16] had shown substantial metal vacancies in
sol–gel derived material. However, this earlier study used
the atomic form factor of Ti2+, rather than Ti4+ to model
the vacancies, as this gave a better match for well-
crystallized anatase where full titanium occupation was
presumed. In the present refinements, the form factor of
Ti4+ was used throughout.

Powdered samples deposited onto holey carbon coated
copper grids were analyzed using TEM performed at
200 kV on a JEOL JEM 2100F microscope, equipped with
double-tilt holder. Field limiting apertures used for selected
area electron diffraction (SAED) were 5, 20 and 60 mm in
diameter. High-resolution images were collected using a
high-contrast objective aperture of 20 mm, corresponding
to a nominal point-to-point resolution of 0.17 nm.

The chemical states of surface cobalt and titanium were
evaluated by X-ray photoelectron spectroscopy (XPS)
using a PHI 5600 instrument and a magnesium anode.
Survey scans covered the binding energy from 0 to
1000 keV calibrated against adventitious carbon, and the
multiplex spectra processed using computer aided surface
analysis (CASA) software [26].

Differential scanning calorimetry—thermogravimetric
analysis (DSC-TG) (Netzsch 409) established decomposi-
tion and crystallization temperatures, thermal stability, and
phase transformations of the dry gels. Samples were heated
to 1000 1C at a rate of 5 1Cpermin�1, with nitrogen used as
both the balance and sample gas at a flow rate of
50ml permin�1. Fourier transform infrared spectrometry
(FTIR) (Perkin Elmer GX) was used to detect organic
residues in the samples calcined from 200 up to 800 1C after
being well-ground with potassium bromide (KBr, IR grade,
Merck) and pressed into pellets (10mm diameter). Specific
surface area was determined using the Brunauer–Emmett–
Teller (BET) physisorption method (Micromeritics ASAP
2020). Prior to collection of the final isotherm data, the
powders were degassed overnight at 250 1C, except for
those materials calcined at 200 1C, where the degassing
temperature was reduced to 150 1C to avoid alteration.

Photocatalytic activity of cobalt-doped titania was
investigated by monitoring the photodegradation of
methylene blue and formic acid as a function of reaction
time under UV and visible light. Two protocols were
established for the photooxidation of methylene blue
(Protocol 1) and formic acid (Protocol 2) with NaCl (aq)
introduced in the former to remove the influence of
colloidal scattering during UV–visible spectroscopy mea-
surement. In Protocol 2, data calibration by chloride was
carried out after each capillary electrophoresis measure-
ment. The reactor schematics and experimental procedures
of these photocatalytic tests are deposited as supplemen-
tary information.

3. Results

3.1. Materials properties

3.1.1. Phase transitions

The X-ray amorphous dry gel powders crystallize as
anatase when heated to 200 1C and subsequently convert to
rutile at higher calcination temperatures such that the onset
of the phase transition increases to 700 1C with cobalt
doping (Fig. 2) as compared to a previous study of
pure titania (600 1C) [17]. In addition, ilmenite-type
Co2+Ti4+O3 appears at the highest cobalt concentrations
and firing temperatures. On the basis of diffraction peak
broadening, anatase crystals obtained at 200 1C have
thicknesses of �5 nm that expand to 20–30 nm at 600 1C
with growth suppressed marginally at higher cobalt levels.
For calcination at 800 1C, Co01 (x ¼ 0.01) contained trace
CoTiO3 (1.75wt%, �76 nm) with substantially more found
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in Co05 (9.9wt%, �97 nm). The ‘a’ unit cell parameter of
Co-doped titanias decreased from 3.787(4) to 3.783(1) Å,
with annealing temperature and crystallite size, while ‘c’
increased from 9.478(4) to 9.522(5) Å (Fig. 3). The ‘c’
dilation is closely related to crystal growth with the
expansion slowing as the crystallite size approaches 100nm.

Thermal analyses were consistent with the diffraction
data showing clear differentiation between high cobalt-
doped titanias (xX0.01) and those containing lower
Fig. 4. Quantitative Rietveld refinements of Co01 and 30wt% of SRM 676 ad

and (b) calcined at 700 1C.
concentrations. The weight loss (40%) and exothermic
peaks below 400 1C reflect the oxidative elimination of
organic residues and water, while the exothermic reactions
between 450 and 550 1C, arise from rapid crystallization of
anatase and removal of trace organic compounds. The
formation of CoTiO3 for x ¼ 0.01, 0.02 and 0.05 corre-
sponds to the exothermic transitions at �650 and 770 1C.
The transformation of anatase to rutile took place in a
broad band between 700 and 900 1C.
ded for the determination of the amorphous content (a) calcined at 400 1C
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Prior to calcination, FTIR spectroscopy confirmed the
presence of physisorbed H2O with characteristic absorp-
tion at 1620 cm�1 [17,27,28]. Other features include: (i) free
and bounded hydroxyl (O–H) groups of tert-butanol that
absorb strongly from 3650 to 3200 cm�1; (ii) out-of-plane
bending of the bonded O–H group in the range
769–650 cm�1; (iii) a single band at 1384 cm�1 caused by
the O–H in-plane bending vibration of the tertiary alcohol
[26]; and (iv) C–O stretching absorptions from the band
range of 1023–1114 cm�1. After calcination at 200 1C,
Co001 showed strong C–H stretching absorption bands of
–CH3 at 2853, 2923 and 2951 cm�1 and a corresponding
disappearance of the O–H group due to the removal of
tert-butanol (with a boiling point of 83 1C). Treatment at
400 1C leaves trace organics that disappear at 500 1C in
agreement with the DSC-TG observations.

3.1.2. Phase assemblages

In addition to anatase, rutile and ilmenite, significant
amorphous content was present at all calcination tempera-
Fig. 5. Temperature dependence of amorphous content: (a) Co001 and (b)

Co01.
tures. Particularly at high temperatures the existence of
non-diffracting content is not intuitively obvious as a
characteristic ‘‘amorphous hump’’ is absent (Fig. 4b).
Quantitative Rietveld analyses showed that samples treated
at 200 1C contain 53wt% amorphous matter, that upon
higher temperature treatment initially decreases to
4–25wt% (Fig. 5). A further increase of calcination
temperature leads to a massive augmentation in amorphi-
city with a maximum of 41–53wt% at 800 1C when the
anatase completely disappears and rutile is the only
crystalline phase. In the case of Co001 heating was
continued to 1000 1C that reduced the non-diffracting
phase to 29wt%. The phase composition of Co001 and
Co01 calcined at different temperatures are summarized in
Tables 2a and b. The proportion of Ti-vacancies was refined
for anatase. At 200 1C a titanium occupancy of 83(5)% was
found which increased to 97(7)% at 300 1C and reached
100% at 500 1C. There was no indication of metal deficiency
in rutile. Titanium vacancies have been reported in sol-gel
derived anatase by Grey and Wilson [16] where they are
stabilized by the presence of hydroxyl anions that are
rapidly removed as water vapour on thermal treatment. In
this case, cobalt incorporation can be neglected as a
secondary effect due to the low concentration of the metal.
The sum formula of the deficient anatase can be given as
Ti1�xO2�4xOH4x under the assumption that bulk titanium
is tetravalent and charge balance is maintained by the
substitution of O2� by OH�, rather than by oxygen defects.

3.1.3. Microstructure and nanostructure

The material calcined at 200 1C contains nano-crystalline
anatase having a mean diameter of �5 nm (Fig. 6), a
Table 2a

Phase content of Co001 as a function of annealing temperature

Temperature (1C) Anatase Rutile Amorphous

200 47.1 0.0 52.9

300 53.7 0.0 46.3

400 56.6 0.0 43.4

500 64.2 0.0 35.8

600 74.2 0.0 25.8

700 65.6 3.6 30.8

800 0.0 47.1 52.9

1000 0.0 71.1 28.9

Table 2b

Phase content of Co01 as a function of annealing temperature

Temperature (1C) Anatase Rutile Ilmenite Amorphous

200 46.9 0.0 0.0 53.1

300 54.0 0.0 0.0 46.0

400 59.8 0.0 0.0 40.2

500 70.5 0.0 0.0 29.5

600 75.3 0.0 0.0 24.7

700 57.0 39.3 0.0 3.6

800 0.0 57.3 1.2 41.5
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Fig. 6. (a) Lattice image of Co05 calcined at 400 1C and (b) SAED patterns of powders calcined from 200 to 800 1C.

Fig. 7. (a) Bright field images of Co01 calcined at 800 1C; SAED and HRTEM images of sub-micrometric idiomorphic rutile crystals assemblages (b and

c) and nano-crystals of rutile embedded amorphous material (d and e).

Fig. 8. BET surface area of Co001, Co01, Co02 and Co05. (Error bars are

smaller than the symbol size).

S.H. Lim et al. / Journal of Solid State Chemistry 180 (2007) 2905–29152910
statistically smaller value compared to the 6–10 nm
reported previously for nano-titania without cobalt doping
[17]. The crystals grew to 10–12 nm at 400 1C, and further
increased from 25 nm at 600 1C to 95 nm at 800 1C. SAED
patterns contained featureless rings attributed to anatase at
400 1C, which became progressively differentiated at higher
temperatures due to enhanced crystal growth. Of particular
interest are results for the sample Co01 calcined at 800 1C
for 2 h (Fig. 7). The analyses indicate co-existing (i) sub-
micron idiomorphic rutile crystal assemblages (Fig. 7a–c),
and (ii) smaller non-idiomorphic rutile crystals (20–25 nm)
encapsulated in amorphous material as confirmed by the
SAED (Fig. 7d and e). HRTEM shows well-defined crystal
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Table 3

Chemical states of surface titanium and cobalt

Material Ti 2p3/2 Co 2p3/2

Cobalt

content, x

Firing

temperature (1C)

Chemical

state

Binding

energy (eV)

Atomic (%) Chemical state Binding

energy (eV)

0 400 Ti3+ 456.8 32.9

Ti4+ 458.7 67.1

0.001 400 Ti3+ 456.8 27.2 Less than lower limit of detection

Ti4+ 458.7 72.8

500 Ti3+ 456.8 18.3

Ti4+ 458.0 81.7

800 Ti3+ 456.8 14.0

Ti4+ 457.7 86.0

0.01 800 Ti3+ 456.8 14.0 Mixed Co2+ and Co3+ 780.1

Ti4+ 458.7 86.0

0.02 800 Ti3+ 456.8 14.3 Mixed Co2+ and Co3+ 780.9

Ti4+ 458.8 85.7

0.05 800 Ti3+ 456.8 14.1 Mixed Co2+ and Co3+ 781.5

Ti4+ 458.7 85.9

Fig. 9. Co XPS multiplex scan of Co01, Co02 and Co05 calcined at

800 1C.
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habit and irregular surfaces where smaller rutile nano-
crystals aggregate (Fig. 7c and d).

The BET surface areas of the Co-doped titanias are
summarized in Fig. 8. As noted previously, calcination at
200 1C initiates crystallization of anatase while most
organic compounds are oxidized completely after 400 1C.
Both processes cause shrinkage, and the loss of CO2 and
H2O vapour create a sponge-like structure of specific
surface areas ranging from 200m2/g (200 1C) to 80m2/g
(400 1C). The isotherm was characterized as Type IV [29]
indicating that these materials are mesoporous. A rapid
decrease of specific surface area from 300 1C onwards is a
consequence of crystallization and growth of anatase. At
calcination temperatures 4700 1C, the specific surface
areas were o1m2 g�1 [30].

3.1.4. Cobalt incorporation

XPS showed that surface titanium in pure and cobalt-
doped titania existed primarily as Ti4+ with less Ti3+ that
decreased with cobalt loading and sintering temperature
(4500 1C) (Table 3). Cobalt could not be detected at low
concentrations (0.001pxp0.01) but for Co01 calcined at
800 1C a Co 2p3/2 peak at 780.1 eV was evident (Fig. 9,
Table 3). The strong paramagnetic satellite peaks are
consistent with CoO, Co2O3 or mixed-valent Co3O4 [31],
but the chemical states of cobalt were not been confirmed
unambiguously as the binding energies of Co2+ and Co3+

could not be differentiated. At higher cobalt doping the Co
2p3/2 spectral lines of Co02 and Co05 were shifted to 780.9
and 781.5 eV. The intensity of Co 2p3/2 peak increased with
the concentration of cobalt. Under the synthesis conditions
used, the miscibility of cobalt in titania is limited with
CoTiO3 the preferred form, especially at higher tempera-
tures (4700 1C).
3.1.5. Band gap

The absorbances of pure titania and Co-doped titania
powders in the UV and visible regions (Fig. 10) suggested
the band gap energy of the former calcined at 400 1C is
2.97 eV which is lower than the reported value for anatase
(3.2 eV) when quantum confinement is operative [6,11].
After cobalt doping the band gaps narrow, although at the
highest loadings (x ¼ 0.05) it could not be satisfactorily
estimated by extrapolation of the spectrum. It is noted that
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Fig. 10. UV–visible spectra of pure titania and Co-doped titania powders

calcined at 400 1C (band gap energy: nano-titania—2.97 eV, Co001—

2.74 eV, Co01—2.45 eV and Co02—2.36 eV).

Table 4

Degradation rate constant of nano-titania and Co-doped titania

Composition

(x)

Heat

treatment

Degradation rate constant (min�1)

Methylene blue Formic acid

Ultraviolet Visible Ultraviolet Visible

Blank 0.005 Negligible 0.004 Negligible

0 400 1C/2 h 0.067 0.002 0.186 0.001

400 1C/10 h 0.077 0.001 0.169 0.000

500 1C/2 h 0.035 0.001 0.092 0.001

0.001 400 1C/2 h 0.075 0.001 0.150 0.001

400 1C/10 h 0.070 0.001 0.151 Negligible

500 1C/2 h 0.038 0.001 0.101 0.000

600 1C/2 h 0.037 0.001 – –

700 1C/2 h 0.032 Negligible – –

0.01 400 1C/2 h 0.046 0.001 0.088 0.001

0.05 400 1C/2 h 0.025 0.000 0.055 0.001
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the Co05 powder was green. However, because at least two
phases—crystalline and amorphous—are invariably pre-
sent the estimation of the band gap energy is of limited
value, as the data contains a convolution of absorbances.

3.2. Photocatalytic oxidation

3.2.1. Methylene blue

A blank test using UV light partially bleached (C/Co ¼

0.7) methylene blue over 60min�1, but in the presence of
pure titania and Co001 catalysts calcined at 400 1C, the
suspension was rendered achromatic. For x40.001 photo-
catalytic efficiency decreased with the concentration of
cobalt, but for all compositions a linear decay of ln(C/Co)
with irradiation time was consistent with pseudo first order
kinetics.

Experiments in visible light yielded rate constants
10�3–10�4 slower than in UV light. In relative terms,
doping failed to produce enhancement in visible light
activity. Pure titania calcined at 400 1C performed best
during photo-mineralization of methylene blue under
visible light irradiation, with the rate constant of Co001
(which performed well in UV light) being much lower.
However, when calcined at 500 1C superior visible
light catalysis was observed, possibly because of better
crystallization of anatase with surfaces enriched with Ti3+

(Table 4).

3.2.2. Formic acid

A blank test demonstrated �20% photolysis after
60min�1 UV irradiation and a pseudo first order rate
constant of 0.004min�1 (Table 4), with pure nano-titania
calcined at 400 1C being more effective (0.186min�1).
Co001 calcined at 400 1C degraded formic acid most
effectively among the Co-doped materials delivering a rate
constant of 0.150min�1, however, catalytic activity dete-
riorated at higher cobalt levels, with the x ¼ 0.05 material
calcined at 400 1C least effective. Unlike the PCO of
methylene blue, the degradation rate of formic acid was not
influenced by longer calcination times to 10 h at 400 1C.
The rate constants of nano-titania and Co001 calcined for
2 and 10 h were similar, but calcination at 500 1C reduced
the rate constant to 0.101min�1.
Under visible light there was negligible degradation of

formic acid, and nano-titania calcined at 400 1C had the
highest rate constant of 0.001min�1. There was little
improvement in the PCO of formic acid using Co-doped
materials calcined at 400 and 500 1C (both at 0.001min�1)
(Table 4). For nano-titania and Co001 calcined at 400 1C
with a 10 h holding time, the degradation rate was
negligible.

4. Discussion

4.1. Crystal chemistry

Significant amorphous content is possibly ubiquitous in
titania synthesized through soft chemical routes. The
validity of the quantitative XRD was confirmed by using
well crystalline CaF2 as an alternate spike that delivered a
similar amorphous content as the NIST alumina standard
for Co001 calcined at 800 1C. Several aspects proved
essential for obtaining a reliable quantitative Rietveld
analysis: first, the sample and internal standard must be
thoroughly homogenized by fine-grinding to avoid micro-
absorption effects. Second, scanning over a wide 2y-range
is essential to decouple surface roughness and isothermal
parameters. Third, it is advisable to constrain the
isothermal parameters of all phases to values obtained
from single crystal or neutron data, at least during the early
stages of the refinement. Neglecting any of these issues may
easily lead to poor estimation of the amorphous content by
up to a factor of 2. The standard P25 titania (Degussa)
contains 10wt% of a non-diffracting phase if determined in
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exactly the same way as described in this study. For the
present sol–gel synthesized titanium dioxides, the findings
are best explained by the development of two amorphous
phases, rather than one. The first appears as a precursor to
anatase during low temperature treatment (200–600 1C),
and decreases substantially with the onset of crystal-
lization. Substantial amounts of a second amorphous
phase appear as an intermediary during the anatase-
to-rutile transformation (600–800 1C) and decreases quickly
to 29wt% on calcination at 1000 1C.

While it is generally agreed that sol–gel syntheses yield
more amorphous material than conventional solid-state
synthesis, it was presumed that these quickly crystallize
during calcination. Therefore, a substantial non-diffracting
component (29wt%) even after sintering at 1000 1C was
unexpected. Moreover, the relatively high reactivity and/or
sorption capacity of aperiodic structures raises questions
concerning their role during photocatalysis, and the need
to control their quantity, and quantify their influence. The
determination of amorphous content in nanocrystalline
anatase is not without difficulty, as results may be
compromised due to microabsorption. Moreover, small
anatase particles have been shown to exhibit significant
concentrations of titanium vacancies [16,32], with charge
balance maintained by introducing H+ through conversion
of O2� to OH� in the emptied octahedra (Fig. 11). The
resulting sum formula can be written as Ti1�xO2�4x(OH)4x

and this possibility has been included in these calculations.
However, a detailed analysis of our refinements showed a
strong correlation between amorphicity and the titanium
occupancy. Both the lattice parameters a and c dilate with
Fig. 11. [010] Projection of the structure of anatase featuring the distorted

TiO6-octahedra and titanium–titanium contacts.
increasing crystal size (Fig. 5) in agreement with Grey and
Wilson [16] who used a combination of experimental data
and density function theory calculations to show that this
trend correlates with the concentration of titanium
vacancies. Anatase being constructed of distorted, edge
sharing TiO6 octahedra, has the highest degree of
polyhedral condensation of all titania polymorphs. The
shortest titanium–titanium contact (3.04 Å) propagates in
the c-direction with the strong repulsion between Ti4+

cations compensated for by shortening of the shared edges
(O–O ¼ 2.66 Å) and expansion of unshared edges
(O–O ¼ 2.79 and 3.04 Å). Introducing metal vacancies
reduces titanium–titanium repulsions, leads to a contrac-
tion of the octahedra, and reduces the length of the c-axis.
In the case of sol–gel formed anatase, the concentration of
titanium vacancies decreases with thermal treatment while
particle sizes and the c-lattice parameter increase.
The c-axis behaviour in cobaltiferous titania is compar-

able to the undoped materials [16–17,25], but the a-axis
trend is subtly different from the data by Li et al. [17]
who reported a slight decrease (3.795–3.790 Å) in pure
titania while in this study ‘a’ is practically constant
(3.78370.002 Å) for all samples, as also observed by
Barakat et al. [31] in cobalt-doped material. However, as
the changes are small (40.001 Å) and quickly diminish as
the crystallite size increases beyond 10 nm, systematic
errors arising from differences in data treatment cannot
be discounted. For example, Grey and Wilson [16] used a
split Pseudo–Voigt function to model diffraction peak
profiles, while this study employed a profile shape based on
the fundamental parameter approach. As the empirical
function models peak asymmetry without accounting for
the shift in peak position, and the fundamental parameters
considers both shape and position, the lattice parameters
obtained from these methods are slightly different. Neither
should differences in the implementation of the Rietveld
method in the various programs be discounted.

4.2. Surface chemistry and catalytic activity

The dependence of lattice parameters on metal vacancy
concentrations precludes establishing a simple correlation
with cobalt incorporation. The substitution of Ti4+

(IR ¼ 0.605 Å) by Co3+ (0.61 Å) or Co2+ (0.745 Å) would
lead to dilation, but this effect if present, is masked by
increasing cation–cation repulsions as occupancy rises and
explicit evidence for replacement of titanium by cobalt in
anatase could not be established. However, a combination
of surface analysis and catalytic performance is consistent
with limited miscibility of cobalt in anatase under the
current synthesis conditions.
It has been reported that Ti3+ defects, generated by

annealing or ion sputtering, may be charge balanced
through the creation of oxygen vacancies in a manner that
enhances photocatalytic activity [33]. It remains unclear if
Ti3+ is formed on titania surfaces during processing, or is
created via photogeneration of electrons (Ti3+ species) and
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holes (O� species) during UV radiation [33]. Lee et al. [10]
found that the surface concentrations of Ti3+ and OH� in
titania thin films controlled hydrophilicity during photo-
catalysis, and Liu et al. [34] reported that Ti3+ plays an
important role as an electron trapping center at the
liquid–solid interface in silver-loaded titania powder water
suspensions. In this case, it is believed that oxygen radicals
transfer electrons to Ti4+ and generate Ti3+.

In the current work, the Co 2p3/2 XPS peak at
780.1–781.5 eV may be attributed to mixed 2+/3+ valences.
It is suggested that the appearance of Co3+ is due to the air
exposure of surface Co2+ ions precipitated from the titania
that had migrated to the surface during thermal treatment.
Illumination may result in the following reversible photo-
excitation processes that occur on the titania surface in the
present of Co2+ and Co3+ [35]:
(1)
 Electron–hole pair generation:

ðTi4þ �O2�
Þ !

hv
ðTi3þ �O�Þ
(2)
 Recombination: Co3++hv-Co2++hVB
+

(3)
 Photoionization: Co2++hVB
+ -Co3+
(4)
 Trapping: Co2++hv-Co3++eCB
�

The recombination process of Co3+ shown in equation
(2) can limit the formation of photogenerated electrons
(Ti3+ species) and holes (O�). By displacing Ti3+ and
scavenging electrons that would otherwise be available for
photocatalysis, surface enrichment in Co3+ degrades
catalytic activity. Consequently, cobaltiferous catalysts
were generally less effective notwithstanding the apparent
narrowing in band gap energy. This phenomenon is more
significant at higher concentrations (x40.01) where the
majority of cobalt is divalent and partitions to CoTiO3,
and for these compositions heat treatment above the
anatase to rutile transition temperature completely re-
moved activity.

5. Conclusions

The introduction of cobalt raised the anatase to rutile
transformation temperature from �600 to 700 1C as
compared to pure titania prepared from the metal
alkoxide. This behaviour is in contrast to the observation
of Barakat et al. [29] using TiCl4 as a precursor and serves
to emphasize the sensitivity of the product to the reagents
used [16]. The role of X-ray amorphous phases and
titanium vacancies in controlling phase evolution and
photocatalytic activity remains to be fully explored. These
investigations show that the amount of non-diffracting
phases is both larger and more persistent than generally
assumed. While there remain questions as to the exact
amount and nature of these aperiodic phases, it can be
concluded that they are too prominent to be neglected in a
discussion of these materials and their properties. Further
studies with neutron powder data are in preparation to
address these remaining questions. Additionally, the
concentration of titanium vacancies in anatase is not
negligible and will significantly impact photocatalytic
characteristics. The presence of metal vacancies can be
monitored by following the shift in the ‘c’ lattice parameter
as the crystallite size increases.
Because the abundance of surface Ti3+ significantly

influences photocatalytic activity its oxidation to Ti4+ and
the increase of Co3+ limits the number of active surface
sites. Increasing cobalt content and more complete
transformation of anatase-to-rutile at higher temperatures
degraded photocatalytic oxidation performance for both
methylene blue and formic acid protocols. The degradation
of both methylene blue and formic acid over pure titania
and Co-doped titanias obeyed pseudo first order kinetics.
There was no enhancement of visible light catalysis in
cobaltiferous titanias because the miscibility of cobalt was
limited, fewer active sites were available, and secondary
non-catalytic components such as ilmenite detracted from
overall performance.
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