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Titanium-dioxide (TiO2) is a low-cost, chemically inert material that became the basis
of many modern applications ranging from, for example, cosmetics to photovoltaics.
TiO2 exists in three different crystal phases � Rutile, Anatase and, less commonly,
Brookite � and, in most of the cases, the presence or relative amount of these phases
are essential to decide the TiO2 final application and its related efficiency. Tradition-
ally, X-ray diffraction has been chosen to study TiO2 and provides both the phases
identification and the Rutile-to-Anatase ratio. Similar information can be achieved
from Raman scattering spectroscopy that, additionally, is versatile and involves rather
simple instrumentation. Motivated by these aspects this work took into account various
TiO2 Rutile+Anatase powder mixtures and their corresponding Raman spectra. Essen-
tially, the method described here was based upon the fact that the Rutile and Anatase
crystal phases have distinctive phonon features, and therefore, the composition of the
TiO2 mixtures can be readily assessed from their Raman spectra. The experimental
results clearly demonstrate the suitability of Raman spectroscopy in estimating the
concentration of Rutile or Anatase in TiO2 and is expected to influence the study of
TiO2-related thin films, interfaces, systems with reduced dimensions, and devices like
photocatalytic and solar cells. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4992130]

I. INTRODUCTION

Titanium dioxide TiO2, also known as titania, is a semiconductor material with applications in
technological fields such as: photovoltaics,1,2 energy storage,3 photocatalysis4

� with emphasis on
environmental5 and health problems,6 optical coatings7 and sensors,8 just to mention a few of them.

Rutile and Anatase are the two main polymorphs of TiO2 in which the tetragonal coordination
applies.9 The third polymorph of TiO2 is Brookite that presents orthorhombic coordination and
that is the unusual phase of TiO2.10 Along with Anatase, Brookite is metastable and irreversibly
transformed into Rutile over a range of temperatures.11 In terms of their electronic properties, the
optical bandgaps (Eg) of the TiO2 polymorphs take place in the ultraviolet region (Eg

Rut ∼ 3.0 eV
(or ∼ 413 nm), Eg

Brook ∼ 3.3 eV (∼ 375 nm), and Eg
Anat ∼ 3.4 eV (∼ 365 nm)12) suggesting the limited

(or no) utility of natural TiO2 in applications involving visible or solar radiation. In spite of this, the
atomic structure and optical properties of TiO2 can be adjusted to comply with the desired application,
and the literature is plenty of successful examples of TiO2 in photovoltaics13 and photocatalysis.14 In
fact, the structural and optical properties of TiO2 are crucial in determining not only the application
target but, specially, its final performance. A classical demonstration of such influence is the effect that
the Rutile-Anatase phases exert on the efficiency of TiO2-based dye-sensitized solar cells (DSSC),
amongst which one can mention: larger interfacial area provided by nanocrystalline Rutile to extract
photogenerated electrons,15 electron energy shift from Rutile to Anatase to compensate variations
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in the photoelectrodes area,16 and improved short-circuit current due to the higher light scattering
originated from Rutile.17 Accordingly, the identification and quantification of the TiO2 polymorphs
is of great importance in the research and development of TiO2-based materials and devices.

Along the years, X-ray diffraction (XRD) has been the preferred technique to study TiO2, effi-
ciently exposing the presence of the Rutile, Anatase, and Brookite phases, their crystal orientation,
and the Rutile-to-Anatase ratio.11 Raman scattering spectroscopy is also able to precisely distinguish
between the different TiO2 crystal phases but, so far, the technique presented certain restrictions
to evaluate the Rutile or Anatase concentrations. Most of these shortcomings relied on:18–22 (i) the
recurring interest in the very strong Anatase-related phonon mode at ∼ 144 cm-1 that, unfortunately,
is also present in the Rutile phase; (ii) the study of a limited range of Rutile or Anatase concentrations
precluding any reliable conclusion; and (iii) the lack of a simple relationship � connecting the Rutile
or Anatase contents with their respective Raman features � that explains, at the same time, the whole
range of concentrations.

These aspects define the purpose of the present work which shows the ability of Raman spec-
troscopy towards the quantitative determination of the Rutile or Anatase phases in TiO2 powders.
The study comprised several TiO2 mixtures, containing different amounts of Rutile and Anatase, and
their corresponding Raman spectra. The experimental results indicate a clear correlation between
the Rutile concentrations and the Raman data, as provided by the analysis of the proper Rutile-
and Anatase-related phonon modes. Within this context, Raman spectroscopy represents a powerful
characterization technique � acting either identifying or computing the Rutile or Anatase phases of
TiO2 � that is expected to advance the research of TiO2-containing materials with dimensions in the
sub-micrometers range and/or in the form of thin films.

II. EXPERIMENTAL DETAILS

All samples considered in the present work were achieved from commercial TiO2 powders by
mixing different amounts of the Anatase and Rutile phases in a digital balance (mass precision
100 µg). The mixtures ranged from pure Anatase to pure Rutile and were identified according to the
relative mass of Rutile as defined by:

MRut =
massRutile

massRutile + massAnatase
. (1)

An experimental accuracy of about 2.5% was attributed to MRut which took into account the
purity of the original Anatase and Rutile powders (> 99.99%), as well as eventual errors associated
with the weighting, handling, and homogenization of the powder samples. The TiO2 mixtures were
investigated by X-ray diffraction (XRD) and Raman scattering spectroscopy. The XRD measure-
ments employed the Cu Kα radiation (1.5406 Å) and a Bragg-Brentano θ-2θ configuration. The
diffractograms were registered in the 20-60o range with a step size of 0.02o (slit width of 0.3 mm)
and, typically, the x-ray beam probed a sample area of ∼ 50 mm2. The Raman spectra were obtained
in the ∼ 50-1500 cm-1 spectral range by exciting the samples with a HeNe laser (632.8 nm) in the
backscattering geometry. With the help of an optical microscope, Raman measurements can probe,
selectively, sample areas as small as ∼ 0.2 µm2 (x100 objective lens). However, in the present study,
a ∼ 80 µm2 (x5 objective lens) analyzed area and very low laser power (30 µW) were considered.

Following the above experimental conditions each XRD and Raman scan took around 30 and
6 min, respectively. These figures can be reduced by a factor of 4, with no loss of accuracy nor
information, by limiting the scanned ranges just to the regions of interest: 20-30o and 100-1000 cm-1,
for example. All measurements were carried out at room atmosphere and temperature.

III. RESULTS AND DISCUSSION

Allied to its relative simplicity, the XRD technique is well-known by its high efficiency in
determining the atomic structure-composition of materials.23 That arises from the fact that: to each
XRD peak (diffraction angle and diffraction intensity) corresponds a particular set of atomic planes
(arrangement and amount). Hence, XRD is particularly useful to study TiO2 since it clearly indicates
the presence of the Anatase and Rutile phases and yields a good estimate of their concentrations.24
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FIG. 1. XRD diffractograms of TiO2 powders with only the pure Anatase (MRut = 0%) or Rutile (MRut = 100%) phases. The
crystal orientation of some diffraction peaks are indicated in the figure. The inset presents the XRD pattern, in the 24-29o

diffraction range, of samples with different amounts of Rutile (MRut). All diffractograms were normalized for comparison
purposes.

These aspects are illustrated in Figure 1, which shows the XRD pattern of TiO2 powders
containing either the pure Anatase (MRut = 0%) or Rutile (MRut = 100%) phases. The crystal orien-
tation of some diffraction peaks were also indicated in the figure according to the JCPDS card files
#21-1272 (A for Anatase) and #21-1276 (R for Rutile). Within the most prominent crystal features
present in Fig. 1, are the A(101) and R(110) that occur at 25.36o and 27.49o, respectively. A closer
view of these two diffraction peaks is shown in the inset of Fig. 1 and points out their peculiar behavior
for samples with MRut = 0, 24.5, 53.4, 69.4, and 100%.

The effect of different MRut onto the A(101) and R(110) diffraction peaks of some of the present
TiO2 R+A mixtures were investigated in detail and their main results are shown in Figure 2. The
figure presents the effect of MRut onto the concentration of Rutile (%Rut) as calculated in terms of
either the area or the intensity ratios of the A(101) and R(110) diffraction peaks:

%Rut(Int) =
IntR(110)

IntR(110) + IntA(101)
and %Rut(Area) =

AreaR(110)

AreaR(110) + AreaA(101)
. (2)

The figure also shows the %Rut as estimated from the Spurr and Myers (S&M) equation,
as well as the original data of S&M when studying similar TiO2 R+A mixtures.24 Based on the
results of Fig. 2 it is clear that: (a) as expected, there is a good agreement (within < 5%) between
the calculated %Rut and the MRut values � either involving the XRD intensity or area estimates;
(b) the original data of S&M (exclusively based on the IntA(101)/IntR(110) ratio) also matches (within
∼ 2%) the %Rut versus MRut representation; and (c) the use of the S&M equation to the present TiO2

R+A mixtures indicates Rutile contents almost 10% higher for the MRut in the ∼ 20-60% range. Con-
sidering the great similarity of the TiO2 phases (involving their X-ray mass absorption coefficient,
for example) and the very same XRD acquisition conditions, the results of Fig. 2 show the failure
of the S&M equation in estimating the Rutile or Anatase phase concentration. In fact, the results
provided by the XRD-S&M methodology are well-known to be inherently susceptible to factors11

such as: preferred orientation, crystal morphology and grain size, residual strain, presence of impuri-
ties, etc. A very appropriate way to overcome these issues is achieved by means of Raman scattering
spectroscopy.

Just like XRD, Raman spectroscopy represents a powerful technique towards the identification
and study of the structural-compositional properties of materials. It is non-destructive, requires no
sample preparation, and its modern instrumentation (involving special optics, lasers, and large-area
photon detectors) allows the study of very small areas in short times.25 Moreover, Raman spectrome-
ters can be found in portable/low-consumption versions and the technique is naturally suited to study
thin films and in-line processes. Owing to these attributes, Raman spectroscopy has been applied to
study the present TiO2 R+A mixtures.
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FIG. 2. Rutile concentration %Rut, as calculated from the intensity and the area ratios of the R(110) and A(101) x-ray
diffraction data, as a function of the Rutile mass (MRut). The error bars took into consideration uncertainties in sample
handling (MRut±2.5%) and data dispersion and processing (%Rut±5%). Also shown in the figure are: a straight line denoting
the linear relationship between the Rutile concentration and the mass of Rutile present in the mixture (%Rut = MRut), the
region in which %Rut = MRut±5%, the original data of Spurr and Myers (S&M), and the Rutile concentration as determined
by the S&M equation. The inset shows in detail the 65- 100% MRut range.

FIG. 3. Raman spectra of TiO2 powders in the Anatase (MRut = 0%) and Rutile (MRut = 100%) phases. The inset illustrates
the spectra of TiO2 samples with different MRut values. In this case, the spectra were background corrected and intensity
scaled for comparison purposes.

The Raman spectra of pure Anatase and Rutile are presented in Figure 3. According to the spectra,
the frequency and symmetry assignment of the phonon modes due to the Rutile crystal phase take
place at:26 143±1 cm-1 (B1g), 235±5 cm-1 (combination of phonon modes), 448±2 cm-1 (Eg), and
609±2 cm-1 (A1g). A weak mode (B2g) is also verified at 826±5 cm-1. Related to Anatase, the phonon
modes appear at:27 144±1 cm-1 (Eg), 196±1 cm-1 (Eg), 395±1 cm-1 (B1g), 518±2 cm-1 (A1g+B1g),
and 639±1 cm-1 (Eg). Extra (weak) peaks can be verified at 320 and 795 cm-1 and are related to the
combination and to the overtone of other modes. In addition to these distinctive phonon modes it
is worth to notice the high scattering intensity of Anatase at 144 cm-1, as well as the presence of a
broad (∼ 50-800 cm-1) background in the Rutile spectrum. The Raman spectra of some TiO2 samples
containing different MRut are shown in the inset of Fig. 3.

The spectra in the inset of Fig. 3 were shortened and had their background removed by a straight
line from 300 to 800 cm-1. Such spectral region and background removal procedure proved to be
the most appropriate to evaluate the Rutile and Anatase phases present in the studied TiO2 samples.
Within the other approaches examined (and their main drawbacks) one can mention: (a) to consider all
the Rutile and Anatase phonon modes in the∼ 100-1000 cm-1 spectral range (high scattering intensity
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of the Anatase contribution at 144 cm-1); (b) to consider all phonon modes combined with a broad
Gaussian-like background (high intensity of the Anatase mode at 144 cm-1 and Gaussian functions
with very different parameters from sample to sample); (c) the combination of different Rutile and
Anatase phonon modes and their respective intensity or area ratios (distinct regimes depending on
MRut); etc. In all of these cases, no single-reliable relationship involving MRut and the concentration
of Rutile (or Anatase) was achieved.

In addition to the background removal in the 300-800 cm-1 range, the evaluation of the Rutile and
Anatase phases by means of Raman spectroscopy included the fitting of individual phonon modes with
either Gaussian or Lorentzian functions. The overall results yielded by any of these two mathematical
functions were almost identical with R-squared values higher than (or equal) to 0.99. To perform such
investigation, any data analysis software can be used. In the present study the OriginLab® platform28

and the following criteria were applied to a total of five individual phonon modes (3Anat + 2Rut): (1)
there exists no offset between them; (2) they were allowed to vary around their original frequencies
(i.e., those observed in pure Rutile or in pure Anatase) to within ± 5 cm-1; (3) their full width at half
maximum height (FWHM) were limited to 50 cm-1

� in close agreement with the values presented
by the pure Rutile and Anatase phases; and (4) obviously, the area of each individual mode in the
300 to 800 cm-1 range should be positive.

The results of the above method are illustrated in Figure 4, which shows the Raman spectra of
some TiO2 R+A mixtures (MRut = 24.5, 53.4, and 69.4%) along with their corresponding mathematical
fittings. As can be seen, it is clear the appropriateness of the analysis method as well as the scaling
of the Rutile-related phonon contribution as the MRut advances.

Following this approach, and analogous to XRD, the data provided by the analysis of the Raman
spectra can be used to estimate the concentration of Rutile phase in the TiO2 R+A powder mixtures
(Figure 5). The %Rut values were obtained by considering either the intensity (Int) or the area (Area)
of the Lorentzian functions according to:

%Rut(Int) =
IntR

IntR + IntA
and %Rut(Area) =

AreaR

AreaR + AreaA
, (3)

in which IntR and AreaR are the Raman contributions due to Rutile at ∼ 448 and 609 cm-1, and
IntA and AreaA the ones due to Anatase at ∼ 395, 518, and 639 cm-1. According to Fig. 5, the
correspondence between the Raman-derived %Rut and MRut is exceptionally good and, in most of
the cases, the agreement is better than 5%. The only exceptions occurring in the ∼ 30-50% MRut

(∼ 50-70% MRut) range for the %Rut estimated from the area (intensity) ratios of the Raman spectra.

FIG. 4. Deconvolution of Raman spectra into the Rutile and Anatase phases. The experimental Raman spectra were
background corrected (straight line removal from 300 to 800 cm-1) and fitted with five different Lorentzian functions
(3Anat + 2Rut). See text for details.
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FIG. 5. Concentration of the Rutile crystal phase, as estimated by Raman spectroscopy, as a function of the relative mass
of Rutile in TiO2 R+A powder mixtures. The %Rut values were obtained by combining the intensities or the areas of the
Lorentzian functions corresponding to the phonon modes due to the Rutile and Anatase phases. The error bars took into
account uncertainties in the sample handling (MRut±2.5%) and data dispersion involving different Raman scans and fitting
results (%Rut±5%). For clarity reasons, no error bars were indicated in the %Rut data calculated from the intensity ratio.
A straight line denoting the linear relationship between the Rutile concentration and the mass of Rutile (%Rut = MRut), and
the region in which %Rut = MRut±5% are also shown. The inset shows the 0 ≤ MRut ≤ 30% range in detail.

It happened because, whereas the Raman spectra presented considerable changes in the ∼ 30-70%
mass concentration range (see Fig. 4), the Rutile- and Anatase-related intensity and area ratios didn’t,
rendering %Rut around 50%. In fact, this is consistent with the increased gap between the %Rut
values as provided by the Lorentzian intensities and areas ratios.29 Based on the results of Fig. 5
the best %Rut estimates were achieved by considering the Rutile-to-Anatase area ratios, such that
%Rut = MRut±5%, except around MRut ∼ 40% in which the deviation reaches ∼ 7.5%.

According to the above results and discussion it is possible to establish a comparison involving
XRD and Raman spectroscopy when applied to the study of TiO2. Clearly, both techniques are able
to distinguish between the Rutile and Anatase phases of TiO2 (Figs. 1 and 3), as well as to provide
their relative concentration with reasonable accuracy: around 2 and < 5% with XRD (Fig. 2) and
Raman (Fig. 5), respectively. Their main differences, however, stay in terms of: (1) instrumentation
� highly adaptable Raman setups (involving optical fibres and diode lasers operating at different
wavelengths) in contrast to the severe layout of XRD diffractometers; and (2) spatial resolution �
ranging from millimeters down to hundreds of nanometers by simply changing the Raman spectrom-
eter optics, figures that are hardly attained with standard XRD apparatuses.30 Furthermore, Raman
spectroscopy is naturally compatible with the analysis of interfaces, surfaces or thin films and, with
proper instrumentation it allows the achievement of 2d (or even 3d) maps with high spectral-spatial
resolution.25

IV. CONCLUDING REMARKS

Summarizing, TiO2 is a relatively simple material that find applications in photovoltaics, pho-
tocatalysis, pigments, optical coatings, electronic materials, etc. An important characteristic of the
TiO2-based materials and devices is related to the presence and relative amount of the Rutile and
Anatase crystal phases. In spite of its relevance, so far, the qualitative-quantitative analysis of the
TiO2 polymorphs has been performed almost exclusively by X-ray diffraction. Motivated by these
facts, this work presented an alternative method, based on Raman scattering spectroscopy, to estimate
the amount of Rutile or Anatase phases in TiO2 materials. Most of all, the method provides accu-
rate phase analyses without the need for standards or laborious experimental calibration procedures.
Within the main advantages of the present experimental approach one can mention: (a) it is relatively
fast (spectra acquisition and data analysis around 2-3 min); (b) it is based on simple, low-cost and, in
certain cases, portable instrumentation allowing its use in in-situ (academic or industrial) applications
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and; most importantly (c) it is naturally suitable to investigate thin films and systems with very small
dimensions (down the µm2 range, for example, by using a x100 objective lens). Bearing in mind
all of these attributes, the method is expected to contribute with the study of new materials and/or
devices based, total or partially, on TiO2. In special, one can envisage its use to investigate, with
high spatial resolution, the effect of different Rutile-to-Anatase TiO2 amounts (or distributions) in
surfaces, interfaces, low-dimension systems, photocatalytic devices, dye-sensitized solar cells, etc.
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