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New approach of modifying the anatase to rutile
transition temperature in TiO2 photocatalysts†

Ciara Byrne,ab Rachel Fagan,cd Steven Hinder,e Declan E. McCormackcd

and Suresh C. Pillai*ab

In pure synthetic titanium dioxide, the anatase to rutile phase transition usually occurs between the

temperatures of 600 �C and 700 �C. The phase transition temperature can be altered by various

methods, including modifying the precursor or by adding dopant or modifier to the TiO2 sample. In an

attempt to investigate the phase transition using aromatic carboxylic acids, the current study examines

the impact of increasing concentrations of benzoic acid (1 : 0, 1 : 1, 1 : 4 and 1 : 8 molar ratio

TiO2 : benzoic acid) on anatase to rutile transition. The samples were characterised using Raman

spectroscopy, X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and X-ray

photoelectron spectroscopy (XPS) studies. At 500 �C, all samples contained only anatase. At 600 �C, the
1 : 1, 1 : 4 and 1 : 8 samples contain only anatase and the control (which contains no modifier) was

a mixture of 27% anatase and 73% rutile. At 700 �C, the 1 : 1 molar ratio sample contained 50% anatase/

rutile, 1 : 4 and 1 : 8 molar ratio samples were observed to have a majority of anatase, 76% and 71%

respectively. When the temperature was increased to 800 �C, the sample with the 1 : 4 molar ratio

contained 10% anatase and at the same temperature the 1 : 8 ratio sample contained 7% anatase; the

remaining samples (1 : 0 and 1 : 1) at this temperature contained only rutile. These results show that

there is a significant % anatase still present when the doped samples were calcined to 700 �C when

compared with the control (100% rutile). There are small amounts of the anatase phase in the 1 : 4 and

1 : 8 samples at 800 �C. Therefore, benzoic acid has induced a delay in the rutile formation.

Introduction

Titanium dioxide (TiO2) can be employed for many applica-
tions, for example batteries, UV blockers, pigments for paint
and as a lling material in cosmetics, textiles and papers.1–3

TiO2 has recently gained increasing interest due to its ability to
act as a photocatalyst.4 The photocatalyst can be employed for
environmental applications, such as removal of pesticides,
fungicides and fertilizers from wastewater and drinking
water,5–7 and the removal of pollutants (such as volatile organic
compounds) from the air.5 Titania has been studied extensively
as a photocatalyst because of the ease of preparation, its low

cost, nontoxicity, strong oxidizing ability and long-term stability
and large band gap energy.8–14 The ability of titanium dioxide to
act as a photocatalyst is inuenced by a number of factors such
as phase ratio and purity, particle size, the type of dopant and
the concentration of the dopant.12

TiO2 occurs in nature in three main polymorphs,5,15–17 these
are anatase (tetragonal, a ¼ b ¼ 3.785 Å, c ¼ 9.54 Å), brookite
(orthorhombic, a ¼ 5.143 Å, b ¼ 5.456 Å, c ¼ 9.182 Å) and rutile
(tetragonal, a ¼ b ¼ 4.593 Å, c ¼ 2.959 Å).1,5,10,11,15–24 The TiO2

phases consist of [TiO6]
2� octahedra that are arranged by

sharing edges, corners or both depending on the phase, while
maintaining a stoichiometry of TiO2.10,11,25 The rutile phase is
identied as the most thermodynamically stable phase, while
anatase and brookite are both metastable and can be trans-
formed into rutile irreversibly at elevated temperatures.17,22,26

This transition temperature is not well dened, however in pure
synthetic titanium dioxide, this transition occurs between 600
�C and 700 �C.13,19 Dopants, chemical modiers and chemical
additives can be used in order to improve the photocatalytic
activity and alter the transition temperature.8

Among the three common titania polymorphs, anatase is
considered to be the most photocatalytically active phase.3,10,12

An improvement in the amount of anatase phase present at
high temperatures ($1000 �C), particularly at the processing
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temperature of ceramic substrates, will be useful for building
material applications.10,17

In the past, there have been a number of approaches tried to
increase the temperature of the anatase to rutile transition to
over 700 �C.10,17,27–29 One of these approaches includes the use of
metal oxide doping.10,17,27–29 Al2O3, SiO2 and ZnO are examples
metal oxide dopants that have been studied in the past to
examine their effect on the anatase to rutile transition.10,23,28,29

While this method can be an effective one, there is one major
limitation identied to dope titania samples by using metal
oxides. At high temperatures impurities begin to form, for
example Al2TiO5, which results in decreased photocatalytic
activity.10,23 Instead, non-metal doping (e.g. carbon doping) is
examined for increasing the transition temperature.30,31 Using
carbon as a dopant has shown favourable results for visible light
activity when used with TiO2.22,32–34 When the carbon is doped
onto the TiO2 it narrows the band gap to <3.2 eV and improves
the photocatalytic activity in the visible region.8,22,35 While
nitrogen has been reported to be the most promising non-metal
dopant, using carbon has gained interest in recent years.24

Hanaor and Sorrell (2011) commented on the fact that there is
a lack of reported research on the effects carbon has on the
anatase to rutile phase transition.8 This is due to the oxidation
of carbon at temperatures lower than the transition tempera-
ture. They suggested that as carbon is a reducing agent, it would
likely to cause the sample to transform to rutile at lower
temperatures than normal.8 The current paper examines the
study of how the addition of various concentrations of an
aromatic acid (benzoic acid) affects the anatase to rutile tran-
sition in titanium dioxide. X-ray diffraction (XRD) and Raman
were employed to determine the % anatase and/or the % rutile
in the samples. Brunauer–Emmett–Teller method (BET) and
scanning electron microscopy (SEM) examined the texture and
surface morphology of the samples. While Fourier transform
infrared spectrometry (FTIR) and X-ray photoelectron spec-
troscopy (XPS) were used for determining the bonding involved
in the samples.

Experimental
Materials

Titanium tetraisopropoxide (97%), benzoic acid ($99.5%) and
isopropanol ($99.8%) were purchased from Sigma-Aldrich.
When preparing the samples, these were used without addi-
tional purication.

Preparation of nanomaterials

In a typical experiment for the preparation of the 1 : 1 TiO2 : benzoic
acid sample, 25 mL of titanium tetra-isopropoxide (TTIP) was
added to 200 mL of isopropanol (solution A). 10.31 g of benzoic
acid was dissolved in 100 mL of isopropanol and this solution
was heated until a clear solution was formed (solution B).
Solution B was then immediately added to solution A. The
mixture was stirred for 5 min and 150 mL of deionised water
was added, which was then stirred for a further 15 min. This
mixture was then aged at room temperature for 30 min. The

resulting gel was dried at a temperature of 100 �C for 24 h. A
similar procedure was applied for the preparation of 1 : 4 and
1 : 8 TiO2 : benzoic acid samples. The powders were calcined at
10 �C min�1 to 500 �C, 600 �C, 700 �C, 800 �C, 900 �C and 1000
�C, the samples were held at the required temperature for 2 h.

Characterisation

X-ray diffraction patterns (XRD) for all powder samples
(unheated, 500 �C, 600 �C, 700 �C, 800 �C, 900 �C and 1000 �C)
were obtained using a Siemens D500 X-ray powder diffractom-
eter with a diffraction angle range of 2q ¼ 10–80� using Cu Ka
radiation (l ¼ 0.15418 nm). The Spurr equation36 (eqn (1)) was
employed in order determine the quantity of rutile in each of
the samples.

FR ¼ 1

1þ 0:8½IAð101Þ=IRð110Þ� (1)

where FR is the quantity of rutile in mixed sample and IA(101)
and IR(110) are the intensities of the main anatase and rutile
peaks.

For Raman spectroscopy, the Horiba Jobin Yvon LabRAMHR
800 system was used. The grating that was used was 300 g
mm�1. The objective lens of 100� was used. The laser line used
was a 660 nm solid state diode laser standard bandwidth
version with double edge lter upgrade and the acquisition time
for the data was 3 seconds. The sample was placed onto
a microscope slide and was levelled off, and this was placed in
the slide holder for analysis.

Samples for XPS were analysed on a Thermo VG Scientic
(East Grinstead, UK) ESCALAB Mk II spectrometer, which has
an XR3 twin anode X-ray source (AlKa/MgKa) and an Alpha 110
analyser. The twin anodes AlKa X-ray source (hn ¼ 1486.6 eV)
was used at 300 W (15 kV � 20 mA) for analyses of all samples.
For all survey spectra a pass energy of 200 eV and a step size of
0.4 eV were used. In order to acquire C1s, O1s and Ti2p high
resolution spectra a pass energy of 20 eV and a step size of 0.2 eV
were used.

The Fourier Transform Infrared spectrometer (FTIR) was
used with an attenuated total reection (ATR) accessory. A
PerkinElmer Spectrum 100 FT-IR spectrometer was used in
examining the samples, in a range of 400 cm�1 to 4000 cm�1,
a resolution of 4 cm�1, and 4 scans per sample. For all of the
samples, there were peaks present for Ti–O–Ti. In the case of the
samples that contain benzoic acid (Fig. 1), there are a number of
different types of binding that could be detected, e.g. for
benzene ring, C]O, C–O, C–OH, C–C, C]C and O–H.

Fig. 1 Benzoic acid.
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The Brunauer–Emmett–Teller method (BET) was used for
determining the specic surface area for the samples. Each
powder sample was degassed at 300 �C for an hour. The
adsorption isotherms were acquired at �196.15 �C. The scan-
ning electron microscopy (SEM) (Siemens TM1000) was
deployed for examining the surface morphology of the sample.

Results and discussion

The two main objectives of this study were to determine what
effect this doping had on the anatase to rutile transition (ART)
and investigate if that carbon was incorporated into the titania
structure or if it doped onto the surface.

X-ray diffraction (XRD)

In order to determine the effect of chemical modication on the
phase transition in titanium dioxide, XRD was employed. In
order to determine the fraction of anatase and rutile in
a sample, the intensities of the main anatase (101) and rutile
(110) peaks were used for the analysis using Spurr equation (eqn
(1)). All diffractograms showed only the presence of titania
peaks and there were no benzoic acid peaks (one at approx. 8�

and two peaks at approx. 16 and 17�) present for any of the
samples.37 All samples contained 100% anatase phase titania
when calcined at 500 �C. At 600 �C all samples that have benzoic
acid as a chemical additive contain 100% anatase, while the
control sample converted to 73% rutile phase (Fig. S1†). As
stated above the anatase to rutile transition occurs in pure
synthetic titania between 600–700 �C,13,19 the control for this
study followed this pattern as it was 100% rutile by 700 �C. The
samples with benzoic acid has a signicant increase in the
anatase phase at 700 �C when compared with the control, 1 : 1
has 50% anatase, 1 : 4 has 76% anatase and 1 : 8 has 71%
(Fig. 2). By 800 �C, the 1 : 1 sample had transitioned into 100%
rutile while the 1 : 4 and 1 : 8 samples at the same temperature
still had small amounts of anatase present (10% and 7%),
Fig. S2.† Fig. 3 shows the % anatase for all samples. Above

800 �C all samples are 100% rutile. These results show that
using benzoic acid as a carbon dopant does inhibit the anatase
to rutile transition, causing it to occur at higher temperatures
than normal.

Raman spectroscopy

Raman spectroscopy was employed as a complementary tool for
identifying the anatase and/or rutile phase formation at all
temperatures. As with XRD, there are characteristic peaks and
modes for both phases.10,12,38 The only peaks on the Raman
spectra, as with XRD, where those that indicate the presence of
the two titania phases. The active modes for anatase are A1g,
2B1g and 3Eg at 147, 197, 396, 516 and 638 cm�1.10,12,38–41 For
rutile they are A1g, B1g, B2g and 3Eg at 144, 238, 446, 612 and 827
cm�1.10,12,38–41 The results gained from Raman analysis concur
with those of XRD analysis. The 1 : 8 TiO2 : benzoic acid sample
calcined at 600 �C contains 100% anatase, the characteristic
anatase peaks for Raman can be seen in this sample can be seen
in Fig. 4. The 1 : 8 TiO2 : benzoic acid sample calcined at 900 �C

Fig. 2 XRD of all concentrations that have been calcined at 700 �C. (a)
Undoped TiO2 (b) 1 : 1 TiO2 : benzoic acid (c) 1 : 4 TiO2 : benzoic acid
and (d) 1 : 8 TiO2 : benzoic acid. A ¼ anatase and R ¼ rutile.

Fig. 3 Anatase present (in %) in each of the samples at various
temperatures.

Fig. 4 Raman spectra of the 1 : 8 TiO2 : benzoic acid sample calcined
at 600 �C, A ¼ anatase.
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contains 100% rutile; the characteristic rutile peaks for Raman
can seen in this sample can be seen in Fig. 5. When the sample
is a mixed phased sample the Raman peaks for anatase and
rutile will be present, see Fig. S3.†

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was used in order to
determine the bonding/binding that was occurring for each
sample. It was also employed for examining if the carbon was
integrated into the titania structure or if the carbon resided on
the titania surface. XPS was employed to determine the impact
of precursor modication on the binding energy (eV). XPS
analysis was only carried out on samples between 600–800 �C.
The binding energy (eV) for C1s for all four concentrations at
the three temperatures remained unchanged, see Table S1.†
The peak at 285.0 eV is indicative of adventitious carbon (C–C,
C]C and/or C–H bonds).12,23,38 The characteristic peak for Ti–C
(281.5 eV) was not present, which indicates that the carbon was

not doped into the TiO2 lattice but onto the TiO2 surface.10,38,42

When Yang et al. (2006) examined N–C doped TiO2, they also
found that there was carbon doping into the TiO2 lattice for the
TiO2 lms however in the lms containing carbon and nitrogen
it is suggest that the carbon is doped in the TiO2 lms.43 There
were also no peaks present for C–O, C]O and carbon bonded to
three oxygen, 287, 289 and 291 eV respectively.33,38,44–46 This
could mean that the benzoic acid is being burned off, FTIR
supports this observation. For all concentrations, there was
a slight decrease in binding energy of O1s as the temperature
increased, there was a similar decrease in the binding energy of
all samples for Ti2p3/2 (Ti–O),23 see Fig. 6 and Table S1.† The
slight decrease in O1s binding energy shows that the samples
are oxygen rich and as the temperature increases oxygen
vacancies begin to form. The slight decrease in the Ti2p3/2
binding energy also demonstrates the formation of oxygen
vacancies and this leads to the conversion of Ti4+ to Ti3+.23,40,47 In
a similar study, Yang et al. (2009) co-doped TiO2 with carbon
and nitrogen there was such a signicant decrease in Ti2p3/2
that it lead to the conversion Ti4+ to Ti3+ to Ti2+.43 This decrease
in the O1s and Ti2p3/2 signies that anatase is transitioning into
rutile. Fig. S4† shows the presence of Ti2p1/2 peaks for the 1 : 4
sample at all temperatures. Peaks for Ti2p1/2 are present in all
samples between 458.6–459.0 eV.34,43 These peaks donates the
presence of Ti the form of TiO2, i.e. in a tetravalent state.34,43

Fourier transform infrared spectroscopy

FTIR-ATR was used in order to examine the various bonds and
shis that are present as a result of the samples (1 : 1, 1 : 4 and
1 : 8) containing benzoic acid (C7H6O2). Each concentration was
examined when uncalcined, at 500 �C and 900 �C, see Fig. S5†
and Table 1.

The type of binding a carboxylate group displays can be
observed with the use of FTIR.19 The difference between the
carboxylate stretches and the asymmetric carboxylate vibra-
tions, D ¼ nas(COO

�) � ns(COO
�), is used for identifying the

type of binding.19,48 The D for ionic carboxylate is reported to be
191 cm�1.49 Bridge coordination relates to when one divalent

Fig. 5 Raman spectra of the 1 : 8 TiO2 : benzoic acid sample calcined
at 900 �C, R ¼ rutile.

Fig. 6 XPS of 1 : 4 TiO2 : benzoic acid at 600 �C, 700 �C and 800 �C for (a) O1s and (b) Ti2p3/2.
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titanium cation binds to one of the oxygens in the COO� group,
another to the remaining oxygen. This results in the ionic
moiety occurring at the same place as the asymmetric
stretch.19,48,50 There are four pairs of electrons in the carboxylate
functional group (Fig. 7) that have the ability to react with the
titanium.19 The lone pair of electrons are pushed apart at an
angle of 120�, they are labelled syn and anti-lone pair of elec-
trons depending on their position, Fig. 7.

Many studies report that when D(COO�)formate complex #

D(COO�)sodium salt there is the formation of the bidentate
bridging carboxylate.19,51–55 Nolan et al. (2009) suggested that the
titanium centre will interact with the formate group in the
bidentate bridging mode, in syn–syn or syn–anti formation.19 It
is noted that the benzoate group reacts with the Ti centre in the
same manner as the formate group. However, due to the bulky
nature of the benzene ring and steric hindrance, it is antici-
pated that syn–syn formation (Fig. 8(a)) will be favoured over the
syn–anti formation, Fig. 8(b).

When control samples were examined with FTIR-ATR, the
only peaks that were present were those for Ti–O–Ti (570–
430 cm�1). The peaks for the three temperatures all occurred at
similar points: uncalcined materials contained peaks at
515 cm�1 and 527 cm�1 with weak signal and 538 cm�1 and 547
cm�1 with very weak signal; 500 �C contained peaks of 515
cm�1, 526 cm�1, 547 cm�1 and 554 cm�1 all of very weak signal
and the samples at 900 �C contained peaks at 515 cm�1, 523
cm�1, 531 cm�1 and 546 cm�1 all of weak signal.56

As with the control, when examined with FTIR all 1 : 1
samples contained low Ti–O–Ti peaks, uncalcined at 548 cm�1,
500 �C at 546 cm�1 and 900 �C at 537 cm�1. The uncalcined

sample was the only one at 1 : 1 that a small peak could be
observed for a benzene ring, at 1026 cm�1 and 1071 cm�1, the
absence of this peak for the calcined sample could mean that
the benzene ring has broken into simple hydrocarbon chains. It
should be noted that the peak at 1286 cm�1 in the uncalcined
sample indicates a carboxyl group (COOH) and is not present in
the other samples. The uncalcined sample contains a medium
C–O symmetric stretch (1411 cm�1), while 500 �C shows a weak
C–O symmetric stretch (1417 cm�1).19,48 This is not present at
900 �C. The remaining peaks on the uncalcined spectra, 1515
and 1596 cm�1 and 1693 cm�1, accounting for low asymmetric
C–O and C]O stretches, respectively.19,48

All 1 : 4 samples (Fig. S4†) contained very weak Ti–O–Ti
peaks, uncalcined at 559 cm�1, 500 �C at 564 cm�1 and 900 �C at
569 cm�1. The uncalcined and 500 �C samples both showed the
presence of benzene ring(s), with a medium peak at 1025 cm�1

for uncalcined and a weak peak at 1125 cm�1 for the sample
calcined to 500 �C. There is also peak at 1289 cm�1 in the
uncalcined sample for a carboxyl group (COOH) and one at 1319
cm�1 that indicates the presence of C–OH and is not present in
the other samples. The uncalcined sample contains a strong
C–O symmetric stretch (1403 cm�1), while 500 �C shows
a medium C–O symmetric stretch (1417 cm�1). This is not
present at 900 �C. There are also peaks that show weak asym-
metric C–O (uncalcined – 1593 cm�1 and 500�C – 1593 cm�1)
and C]O (both – 1600 cm�1) stretches.

The FTIR results for the 1 : 8 samples are discussed in detail
in the ESI.†

Brunauer–Emmett–Teller method (BET)

BET analysis was performed in order to determine the surface
area and porosity of the sample. The surface area of the samples
was 30.7, 15.8, 40.4 and 21.2 m2 g�1 for the control, 1 : 1, 1 : 4
and 1 : 8, respectively. The porosity for all samples were very
similar varying only by �1 Å, 20.72 Å (control), 20.63 Å (1 : 1),
20.76 Å (1 : 4) and 20.79 Å (1 : 8).

Scanning electron microscope (SEM)

SEM analysis was employed in order to determine the
morphology of each of the sample. These analyses showed that
the samples are highly agglomerated and no specic shapes
were identied. A typical SEM image is shown in the ESI
(Fig. S6†).

Table 1 FTIR results for control, 1 : 1, 1 : 4 and 1 : 8 at 500 �C

Sample Bond Peak(s) cm�1 (strength)

Control Ti–O–Ti 515, 526, 547, 555 (all very weak)
1 : 1 Ti–O–Ti 546 (weak)

C–Osymmetric 1417 (weak)
1 : 4 Ti–O–Ti 564 (very weak)

Benzene ring 1125 (weak)
C–Osymmetric 1417 (medium)
C–Oasymmetric 1593 (weak)
C]O 1600 (weak)

1 : 8 Ti–O–Ti 530 (weak)
Benzene ring 1025 (weak)
C–Osymmetric 1416 (medium)
Carboxylate moieties 1538 (weak)
C–Oasymmetric 1590, 1690 (weak)

Fig. 7 Carboxylate functional group.

Fig. 8 Bidentate bridging modes of the benzoate group and TiO2 (a)
syn–syn and (b) syn–anti.
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From XRD and Raman spectroscopy analysis it was shown
that modifying TiO2 with benzoic acid increased the anatase to
rutile transition temperature. Nolan et al. (2009) found that
increasing the amount of water causes the resulting sol to
become less acidic during the hydrolysis of TTIP.19,57–59 This
minimised the chelation effect, which weakened gel network
and consequently lowers the transition temperature.19,57–60 It
has also been noted Kung et al. (1996) that the size and number
of branches within the gel network directly effects the porosity
of the gel.60 This then has an impact on resulting material's
surface area, porosity and thermal stability during calcination.60

The current study kept the volume of water constant and the
addition of increasing amounts benzoic acid caused the sol to
become increasingly acidic. It can be concluded that the
increase in acidity causes the chelation effect to increase, thus
strengthening the gel network and causing the anatase to rutile
transition to occur at elevated temperatures.19 FTIR showed the
presence of the characteristic bonds for benzoic acid (C–O, C]
O, COOH, benzene) to various degree depending on the
concentration of doped benzoic acid (1 : 1, 1 : 4, or 1 : 8) and
the calcination temperature (uncalcined, 500 to 1000 �C). FTIR
analysis, along with XPS, revealed that the carbon was on the
TiO2 surface. This is indicated by the fact only the peaks for Ti–
O–Ti are present on the FTIR spectra. The 1 : 4 sample proved to
be the optimum sample for all analysis.

Conclusions

The current investigation examined the effect that chemically
modifying TiO2 with benzoic acid (at various concentrations)
had on the anatase to rutile transition temperature, using XRD
and Raman spectroscopy. Whether the carbon was included in
the titania structure or if the carbon sat on the surface of the
titania was examined with FTIR and XPS. There were large
amounts of anatase present at 700 �C in the 1 : 1, 1 : 4 and 1 : 8
doped samples (50, 76, 71% anatase). There was also anatase
present in 1 : 4 and 1 : 8 at 800 �C, 11% and 7% respectively.
These results were conrmed when the samples were analysed
with Raman spectroscopy. This is an increase on the anatase to
rutile transition temperature; rutile is normally formed fully at
700 �C. With the use of XPS and FTIR it was determined that the
carbon was present on the surface on the titania.
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