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Anodic spark deposition is particularly spread as coating treatment of titanium in biomedical applications, as it allows to improve both durability and
biocompatibility of titanium and its alloys. This work proposes an analysis of different surface treatments on titanium, where surface etching in HF prior to
anodizing and final alkali etching of the anodic oxide are chosen as possible methods to alter surface roughness, crystal structure and chemical composition.
Anodizing was performed at two different voltages to produce different morphologies and crystal phases. Larger and more regular porosity was obtained at
higher voltages, together with the formation of sodium titanates. While the HF pre-treatment only affected surface roughness but not surface chemistry, the
NaOH post treatment promoted the formation of Na,TiO5 especially on high voltage formed oxides. This was identified as the cause for a larger presence of
radical species, which modify surface bioactivity and is responsible for a bacterio-static effect of the treatments reported in previous biological studies.
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1. Introduction

Titanium anodizing is a consolidated technology that is used to
produce the formation on the metal of an oxide film, always based on
titanium dioxide (TiO,) formation but with different thickness, crystal
structure, morphology and composition depending on process
parameters [1,2]. This treatment is particularly spread in biomedical
applications, where the favourable combination of mechanical
properties, durability and biocompatibility of titanium and its alloys
make them particularly suitable for dental and orthopaedic implants, as
well as for ostheosynthesis devices [3,4]. In such field, first applications
of titanium alloys - mostly as hip joints and dental implants - date back
to 1940s, while the development of ad hoc titanium anodizing
treatments started in late 1970s to further improve biocompatibility,
aimed at optimizing surface topography, enhancing corrosion
resistance, and manipulating oxide composition [5,6]. Anodic spark
deposition (ASD, also called plasma electrolytic oxidation, PEO, or
microarc oxidation, MAO) is currently the most frequently adopted
anodizing treatment for titanium as biomaterial [7]: it causes the
growth of a thick, crystalline ceramic oxide, with porous
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microstructure and composition altered by the incorporation of ions from
the electrolyte. The coatings can have high micro-hardness,
excellent adhesion and strength, and improved wear resistance,
which is one of the major drawbacks of titanium implants [5,7-9].

More specifically, surface modifications of titanium bone implants
address specific requirements that are vital to foster positive interac-
tions between the implant and surrounding tissues, maintaining the
characteristics of a bioinert surface through a reduction of ionic
release phenomena, or turning it into a bioactive one, thus favouring
osseointegration, bone ingrowth, cell proliferation and differentiation.
Another interesting task of a bioactive surface would be the obtaining
of an antimicrobial action. This may be achieved by two main routes,
i.e., either by coating/loading TiO, surfaces with antibiotics, peptides,
or other suitable drugs [10], or by introducing other metal species
with bacteriostatic capabilities in form of ions, nanoparticles, or nano-
composite with TiO, [11,12].

Yet, titanium dioxide may itself show antimicrobial activity, as
emphasized in several reviews [13-15]. This can be associated with the
well-known photocatalytic activity of titanium dioxide, which promotes
redox reactions between light-activated TiO, and water with consequent
generation of hydroxyl radicals and superoxide ions: these in turn react
with compounds present in the surrounding environment, in this case
with bacteria or other microorganisms, causing their
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degradation and/or inactivation [16-18]. Reactive oxygen species are
always indicated as responsible for the antimicrobial activity observed.

Although TiO, needs light irradiation, and specifically UV light, to
induce the formation of such species, an antibacterial effect was
noticed in a previous study on anodic TiO,, layers prepared by ASD and
further modified by alkali etching [19]. This activity towards a
multidrug resistant bacterium was observed to be close to the behaviour
of similar anodic layers modified with the addition of silver [11]. One
mechanism was envisioned as responsible for this unexpected
antibacterial activity, that is, the formation of reactive oxygen species due
to non-stoichiometry of the oxide film, and particularly to a large content
of T3 species as a result of oxygen vacancies: this, together with other
features related to TiO, nanoparticles rather than to anodic surfaces, was
already proved to be a possible source of antimicrobial effects [20,21].

To evaluate this hypothesis, here we present a large experimental
campaign aimed at investigating the morphological, chemical and
struc-tural properties of anodic TiO, films obtained by ASD in silicates,
and the effect of alkali etching on their properties. To meet this aim,
the samples were fully characterized using Raman spectroscopy. From
the Raman spectrum of TiO, many different information can be
obtained: titanium oxide phase fraction [22,23], crystallinity, crystallite
size [24] and resid-ual stresses [25] down to a minimum coating
thickness of about 100 to 250 nm, depending on the substrate
chemistry [26]. Crystallographic al-terations caused by small amounts
of dopants into the TiO, structure can also be easily discriminated by
the appearance of their associated Raman bands [27], thus making
Raman spectroscopy adequate for the characterization of
functionalized titanium oxide layers [28-30]. The presence of a
characteristic Raman spectrum associated with sodium ti-tanate and
clearly discernible from the anatase and rutile spectra [31] was used
in order to evaluate the influence of the anodizing bath composition
and of the NaOH post-treatment on the final chemistry of the titanium
oxide surface, in particular taking into account that bioactivity of
sodium titanate, which plays an important role on the
osseointegration rate [32,33].

2. Experimental
2.1. Sample preparation

Anodizing treatments were performed on 12 mm diameter 0.5 mm
thick titanium discs. Ten discs were punched with a mechanical cutter
from a commercially pure grade 2 medical grade (ISO 5832-2) titanium
sheet. All punched discs were cleaned and degreased by ultrasonic rinsing
in acetone for 10 min, then by ultrasonic rinsing in Millipore water
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for other 10 min. The ten discs were finally dried in a thermostat oven
at37 °Cfor 1 h.

After cleaning, five discs were etched (E) for 120 s in a water solution
containing 5% (v/v) of hydrofluoric acid and 20% (v/v) of nitric acid.

An Anodic Spark Deposition (ASD) treatment was performed on
eight discs as described elsewhere [34]. Briefly, the considered ASD
treatments were performed in a water solution kept stirred and main-
tained at 0 °C (£ 1 °C). The considered solution contained silicon, calci-
um, phosphorous and sodium. In particular, the solution composition
was: 0.03 M of Na,SiO3+2H,0 + 0.1 M of B-glycero-phosphate
(C3H7Na,06P+5H,0) + 0.3 M of calcium glycero-phosphate
(CsH,0¢PCa) + 0.036 M of NaOH. All reactants were purchased by
Sigma-Aldrich. During the treatment, the titanium disc was connected
as anode to a DC power supply (National Instruments), while a titanium
mash was used as cathode. The ASD treatment was performed in galva-
nostatic conditions, imposing 10 mA/cm? up to two different final volt-
ages: 175V for four discs and 295 V for other four discs. Final voltage for
ASD 175 V was reached in 1'18” & 4" treatment time, while for ASD
295V samples the electrochemical treatment duration was 8'41” +
18", for etched and not etched samples.

A final alkali etching in a 5 M NaOH water solution for 2 h at 60 °C
was performed on four different discs.

Fig. 1 summarizes the treatments involved in the preparation of each
of the 10 samples. For brevity, samples etched before ASD will be re-
ferred as “E” and not-etched as “NE”. “175 V” and “295 V” will indicate
the final voltage reached by the ASD treatments. The wording
“+ NaOH” will indicate if the sample was finally alkali etched.

2.2. Characterization techniques

The morphological characterization and roughness analysis of the
samples surfaces was carried out using a confocal laser microscope
(Keyence, VK-x200 series, Osaka, Japan) with a 408 nm wavelength
laser source. The instrument high depth field and good spatial resolu-
tions granted reliable results in the range between 100 x to 1500 x mag-
nifications. For statistical purposes, at each magnification 9 maps were
acquired on each sample at randomized locations. Roughness (Ra)
was then measured and averaged between different acquisitions.

A Field Emission Gun Scanning Electron Microscope (FEG-SEM, SE-
4300, Hitachi Co., Tokyo, Japan) was used to observe the surface
morphology at higher magnifications. The instrument is equipped
with an Electron Dispersive X-ray Diffraction (EDS) probe and a
Cathodoluminescence (CL) device. All images were collected at
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Fig. 1. Schematic representation of surface treatments on titanium.


Image of Fig. 1

10 um

Fig. 2. Surface morphology (a, b) and topographical maps (c, d) of titanium before (left) and after (right) etching, as observed by confocal laser microscopy.

low acceleration voltage (5 kV) at magnifications comprised be-
tween 2kx and 70k x.

All the Raman spectroscopic experiments described in this paper
were carried out in a backscattering configuration using a triple mono-
chromator (T-64000, Horiba/Jobin-Yvon, Kyoto - Japan) equipped with
liquid nitrogen-cooled charge coupled device (CCD), a confocal pinhole,
and (cross or parallel) polarization filters. In the present experiments,
the excitation source used was a 532 nm Nd:YVO, diode-pumped
solid-state laser (SOC JUNO, Showa Optronics Co. Ltd., Tokyo, Japan)

operating at the power of 200 mW. A neon lamp and a silicon substrate
(111) were used for the internal calibration of the spectrometer. An ob-
jective lens with a numerical aperture of 0.5 was used both to focus the
laser beam on the sample surface and to collect the scattered Raman
light. For each sample, 9 maps composed by 11 x 11 punctual Raman ac-
quisitions were processed. Each acquisition was performed on an inter-
val of 10 s for 2 repetitions, in the range between 0 and 800 cm™'. The
average Raman profile was then considered as representative for the
overall sample surface.

Fig. 3. Surface morphology (a, b) and topographical maps (c, d) of titanium anodized at 175 V (left) or at 295 V (right), as observed by confocal laser microscopy.


Image of Fig. 2
Image of Fig. 3

Fig. 4. SEM images obtained on the different etched samples at 20k x magnifications: a) sample E 175, b) sample E 175 OH, c) sample E 295, d) sample E 295 OH.

3. Results and discussion

The surface morphology of titanium before (a, c) and after (b, d)
etching with a HF solution, as acquired by confocal laser microscopy, is
presented in Fig. 2. The noticeable oriented scratches caused by the
machining of the sample can be easily spotted on Fig. 2a (the arrow
mark indicates the direction of the machining), but they are
completely removed by etching, as evident from Fig. 2b, where some
grain bound-aries have also been enlightened, showing an equiaxial
microstructure (blue marks for one example) with an average grain
diameter in the range of 10-20 pm. As it can be observed by the
topographical maps of Fig. 2¢c and Fig. 2d, etching clearly increases the
surface roughness of the pristine titanium substrate.

The specific effect of each ASD treatment on surface morphology is
clearly visible in the laser microscope images of Fig. 3. For the E 175V
treatment (Fig. 3a), the surface appears to be covered by a discontinu-
ous, porous oxide layer with pore diameters up to two microns. The
pores are of irregular, elongated shape and they are surrounded by a
rel-atively thin border of protruding titanium oxide. In the
discontinuity re-gions noncovered by the distribution of pores, the
surface appears to be pocked and rough. No morphological differences
could be clearly spot-ted in comparison with the not-etched substrate
and with the NaOH post-treatment using confocal laser microscopy.

A completely different morphology appears on the samples anod-
ized at the higher potential, E 295 V (Fig. 3b). Pore distribution is more
homogeneous and the average diameter is bigger, reaching almost 5
um. The pores are surrounded by a thicker border of protruding titani-
um oxide, forming a dispersion of crater-like structures. As in the
previ-ous case, no clear morphological differences between etched,
not-etched and NaOH post-treated samples were observed by laser
microscopy.

More information can be derived from surface topographic images.
Fig. 3¢ shows the topographic morphology of the E 175 V sample. It
can be observed that the underlying topography is similar to the
etched surface of Fig. 2d, meaning that the treatment does not
drastically mod-ify the roughness of the titanium substrate on which it
is applied. Changing the ASD voltage clearly modifies the surface
morphologies of the samples, as can be observed from a comparison
between Fig. 3¢

and the E 295 V sample surface of Fig. 3d. The increase in roughness is
evident and the features of the substrate are completely covered by
the deposited oxide layer.

Fig. 4 summarizes the SEM images obtained on the different etched
samples at 20kx magnifications. In Fig. 4a, a dispersion of porosities
with different diameter, from few hundred nanometers to about 3 um,
is visible on the surface of the E 175 sample. The effect of the treatment
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Fig. 5. Roughness of samples subjected to different surface treatments.
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Fig. 6. Raman spectrum of sample anodized at 175 V, with no etching treatment.

is not uniform and the ASD oxide layer is thicker around the larger po-
rosities, forming a crater with a smooth external surface (arrow
marks). The application of a NaOH post-treatment (Fig. 4b) drastically

modifies the sample, generating a wrinkled surface on which a net of
cracks can be clearly spotted (arrow marks). From a comparison with
Fig. 4a, it seems that not only the craters of the ASD oxide layer but
also the smooth and compact base oxide is etched by the post-
treatment. Fig. 4c shows the surface of the E 295 sample. The treat-
ment is more uniform when compared to Fig. 4a, with larger
porosities and thicker oxide craters with a smooth surface. When the
NaOH post-treatment is applied, once again the surface becomes
rough and a net of cracks is generated in the region between different
craters. No sensitive difference was observed between etched and
non-etched substrate using SEM.

Further confirmations on the morphological alteration effect of the
different surface treatments can be deducted from the roughness graph of
Fig. 5, which reports the average values of R, - measurement variability is
also reported, and is equivalent on all samples. As previous-ly stated, HF
etching has a clear effect in enhancing surface roughness of titanium by
about 40%. This effect is superior to the standalone ASD treatment at 175 V
- which causes an increase of about 15% - but slightly lower than the
combination of etching and ASD treatment, which together generate an
increase of about 50%, meaning that the dominant contribution to the
roughness of the 175 V samples is caused by etching. A subsequent
treatment in NaOH brings surface roughness of the non-etched 175 V
sample to an overall increase of about 40%, close to values
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Fig. 7. Different Raman spectra deconvolutions of region II: a) NE 175 V spectrum, b) NE 295 V + OH spectrum.
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Fig. 8. Raman spectra obtained on 175V treated samples: a) NE 175V, b) E175V,c) NE175V + OH,d) E 175V + OH.
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Fig. 9. Raman spectra obtained on 295V treated samples: a) NE 295 V, b) E 295V, ¢) NE 295V + OH, d) E 295V + OH.

obtained for the etched substrate, and that of the etched 175 V
sample to even higher values, with an overall increase of about 55%.
At 295V, even in the case of not-etched substrates, roughness values
are more than two times higher (increase of 130%) with respect to
pristine titani-um, and they are further augmented by a subsequent
NaOH treatment, for a total increase in roughness of about 140%. The
combination of etch-ing and anodizing at 295 V gives the highest
surface roughness, reaching a total increase of about 160%, but the
subsequent NaOH treatment shows only a limited effect, increasing
the roughness to about 165% of that of pristine titanium.

Fig. 6 shows a representative Raman spectrum obtained on the NE
175 V sample. The spectrum has been divided in two regions, region I
up to 300 cm™ ! and region II from 300 cm ™' to 750 cm ™. The first re-
gion features two peaks that are commonly associated with the
anatase phase of TiO,, one more intense at about 146 cm™~! and a
smaller one at about 195 cm™ . Region II features three visible peaks
with an intensity comparable with the 195 cm ™" peak of region I. Due
to the high relative intensity of the 146 cm™! and the associated
difficulties in peak deconvolution in that region, analyses were
focused on region II.

Fig. 7 shows two different Raman spectra deconvolutions of region II,
as obtained for NE 175 V (Fig. 7a) and NE 295 V + NaOH (Fig. 7b) sam-
ples. It can be observed that the best fitting of the spectra for Fig. 7ais
obtained using not three but five different Raman bands due to the
asymmetric shape of the first and last peaks of the spectra. The five
peaks are at about 394, 429, 513, 610 and 637 cm™ . Of those, three
peaks are associated with the anatase phase, namely 394, 513 and 637
cm™ !, while two peaks are associated with the rutile phase, namely 429
and 610 cm ™. Due to its shape, completely covered by the stronger 637
cm™! peak, the position of the 610 cm™! had to be set in the
deconvolution considering previous literature data on rutile [35,36].

For the NE 295 V + NaOH, the best fitting was obtained taking into
account the previous five Raman bands plus additional two, one of
which at about 279 cm™', the other (667 cm™!) hidden under the
stronger peak at 637 cm™ !, broadening it. The complete peak list for
this sample is then 279, 395, 434, 514, 610, 637 and 667 cm™~!, which
are associated to the previously observed anatase and rutile phases
plus, at least, a third phase. Literature data [37-40] support our
hypothesis of the third phase being formed by a mixture of sodium
titanates

and sodium hydrogen titanates with different stoichiometry, with a
higher fraction of Na,TiOs;, which in literature is associated in
particular with the 279 cm ™' peak. Other more complex Na,TiyOyy -1
sodium tita-nates, such as Na,TigO13 [41] and Na,Tis0 [42], feature
an additional strong peak at 671 cm™'. The formation of wrinkles on
the surface of TiO, also supports the formation of titanates, which
were previously shown to create a three-dimensional network of
fibers and wrinkles on a titanium alloy immersed in NaOH [39,43].

Fig. 8 shows the Raman spectra obtained on all the 175 V treated
samples. The position of the different bands is marked with the letter
“A” for the anatase phase, “R” for the rutile phase and “T” for the
sodium titanate phase. It can be observed that samples anodized at
low voltage and not subjected to final alkali etching (Fig. 8a, b) do not
feature the “T” associated bands, therefore no titanates were revealed,
while the NaOH treatment (Fig. 8c, d) produced on both etched and
non etched samples the appearance of “T” bands, even if with low
relative intensity — espe-cially the 671 cm™' peak. The higher
intensity in the 279 cm™! band could underline a predominant
formation of Na,TiO3 within the other titanate structures.

Fig. 9 shows the Raman spectra obtained on all the 295 V treated
samples, where “A”, “R” and “T” marks indicate anatase, rutile and sodium
titanate, as above indicated. All four samples feature both “T” peaks: hence,
if anodizing proceeds up to 295 V, Na ions from the electrolyte

Table 1

Fraction of anatase, calculated as the ratio between two anatase and rutile peaks - at
395 and 435 nm, respectively, or at 634 and 610 nm, respectively - as a function of the
surface treatments: pre-etching, anodizing voltage and post-anodizing alkali etching.

Surface treatments (samples labels) Anatase:rutile

Etching Voltage Alkali etch 395:435 634:610

NE 175 - 0.60:0.40 0.57:0.43
NE 175 OH 0.70:0.30 0.66:0.34
E 175 - 0.60:0.40 0.55:0.45
E 175 OH 0.72:0.38 0.70:0.30
NE 295 - 0.74:0.36 0.66:0.34
NE 295 OH 0.57:0.63 0.69:0.31
E 295 - 0.54:0.66 0.42:0.58
E 295 OH 0.55:0.65 0.64:0.36



Image of Fig. 9

60 -

50 4

B
o

Width [cm™]
8

Fig. 10. Crystallinity of samples as calculated from full width at half maximum (FWHM)
of anatase in Raman spectra at 513 cm ™.

are directly incorporated in the TiO, lattice, with consequent formation
of sodium titanate. In this case, the effect of the NaOH treatment is that
of increasing the quantity of sodium titanates already present in the
ma-terial. In fact, the relative intensity of “T” bands is higher than in
ASD 175 V samples and reaches the maximum value on the NE 295V +
NaOH sample (Fig. 9c). The 671 cm™' peak intensity and width, in
particular, is higher than that of the NaOH post-treated

175V samples, indicating the presence not only of Na,TiOs, but also
of different sodium titanate stoichiometries.

Raman data demonstrate that the final alkali etching is associated
not only with an increase in surface roughness, but also with the
forma-tion of sodium titanates through the reaction of TiO, with
NaOH and ex-pulsion of water, as proposed by Sun et al. [44]; Na* is
incorporated in the TiO, lattice between the edge-shared [TiOg]
octahedral layers [44-46].

The deconvoluted anatase and rutile peaks intensities were used to
estimate the effect of the treatment on the amount of phases present. As
a general trend, it was observed that the anatase over rutile intensity
ratio is usually higher in the 175 V samples when compared to the 295
V ASD ones. This effect can be due to a higher energy flux and larger
crystallite dimension associated with the 295 V voltage which allowed
the formation of higher amounts of rutile phase [47]. Nevertheless, the
ratios are affected by a strong scattering and the relative intensities
differed from point to point. More applied voltage steps are required in
order to have a solid confirmation of a specific trend.

Fractions of anatase and rutile in the oxide were measured by
applying a correlation between anatase and rutile peak intensities
(anatase peak at 304 cm™! vs rutile peak at 443 cm~! the anatase
peak at 636 cm~! vs the rutile peak at 608 cm™') calibrated with
mixtures of anatase and rutile with different ratios (see Appendix A).
The results are summarized in Table 1. At 175 V, the amount of
anatase increases from about 60% to about 70% after the NaOH post-
treatment, while the pre-etching of the titanium substrate doesn't
show a clear effect. In 295 V samples, the amount of anatase remains
almost constant after the NaOH post-treatment and it is independent
on the pre-etching.

The titanium oxide layers crystallinity was evaluated accounting the
full width at half maximum (FWHM) of anatase Raman peak at 513 cm
~1: the peak at 395 cm™! was also considered, but more scattered
results were obtained - yet presenting similar trend (data not shown).
The results are shown in Fig. 10. A lower FWHM was ob-served after
anodizing at 295 V with respect to 175 V, which corre-sponds to a lower
quantity of amorphous phase (higher crystallinity). In addition, the
NaOH treatment has an effect on further enhancing an-atase
crystallinity, probably preferentially dissolving the amorphous phase
[48]. No significant differences could be observed between the etched
and not-etched samples in absence of NaOH treatment.

Fig. 11 shows the peak intensity, position and FWHM of the sodium
titanate peak at about 279 cm™'. Peak intensity (Fig. 11a) is a function
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Fig. 11. a) peak intensity, b) position and ¢) FWHM of the sodium titanate peak at about 279 cm ™.
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of both ASD voltage and NaOH post-treatment. At the lower voltage,
only the NaOH post-treatment is able to generate a sodium titanate
phase, while anodizing at 295 V produces a higher titanate peak when
compared with the 175 V 4+ NaOH sample, meaning that high voltage
anodizing is more effective in producing titanate phases than NaOH
post-treatment. The combination of the two, anodizing and NaOH
treat-ment, generates even larger quantities of titanates, with peaks
almost three times more intense than those of the solely anodized
sample. No significant effect of substrate etching on peak intensity
could be ob-served at low voltage, while a slight effect - but not
consistent in the dif-ferent treatments — was noticed at 295 V.

The peak position of the 175 V + NaOH (Fig. 11b), both with and
without substrate etching, is close to the literature values for the
Na,TiO5 phase, while peaks observed on the 295 V samples are wider
and shifted to higher wavenumbers, associated to secondary sub-
bands of additional sodium titanate Na,TiyOy, 4+ 1 stoichiometries.
Hence, anodizing promotes the formation of different forms of
titanates with respect to NaOH post-treatment, whose composition
cannot be precisely differentiated in their exact stoichiometries on
account of the only slight differences between possible titanates. The
presence of at least two different sub-bands is also in line with the
results obtained from the FWHM of the peak (Fig. 11c), where it can be
observed that all the samples treated with the highest applied
voltage feature a wider band.

4. Conclusions

In this work, the effects of HF etching, anodic spark deposition at
dif-ferent applied voltages and alkali etching post treatment in NaOH
on the surface morphology, crystal structure and chemical
composition of the resulting titanium oxide layers were investigated.

The HF pre-treatment only affects surface roughness, with no
signif-icant consequence on surface chemistry. Anodizing at 175 V
and 295 V promoted the formation of a titanium oxide surface layer
composed of anatase and rutile phases, but the higher voltage also
triggered the for-mation of a mixture of sodium titanates with
varying stoichiometries, while the NaOH post-treatment promoted
the preferential formation of Na,TiOs; with respect to the other
titanates. The combination of anod-izing and NaOH post-treatment
has a synergetic effect on the produc-tion of sodium titanates.

The ability of the treatments to form sodium titanate and conse-
quently increase the presence of radical species, which are likely to
form in presence of a more disordered structure - intermixing of pure
TiO, and titanates, and larger amount of defects and substoichiometry
- are surely playing an important role in the interaction with the
biological environment. Indeed, such peculiar surface features could
explain the enhancement of bioactivity as well as the bacteriostatic
effects of the treatments reported in previous biological studies.

Appendix A. Anatase/rutile quantification by Raman spectroscopy

A calibration was performed in order to evaluate the fraction amount
of anatase and rutile in the different ASD layers using Raman
spectroscopy. Commercially pure anatase (Wako, purity 98.5%) and
rutile (Wako, purity 99.9%) powders were mixed at different
concentrations (from 100% anatase to 100% rutile with 10% steps) and
their Raman spectra were acquired. Results are shown in Fig. A1. With
increasing amount of anatase in the mixture, the rutile related peaks
become weaker and finally disappear, while the anatase related peaks
gain intensity. Two couples of peaks were identified as potential
candidates for the calibration, the anatase peak at 304 cm ™! vs the rutile
peak at 443 cm ™! and the anatase peak at 636 cm ™' vs the rutile peak at
608 cm™ . The two couples were then used in Fig. A2aandFig. A2bto
evaluate the intensity ratio as a function of the anatase fraction. It can be
observed that the trends of both ratios follow a rational function fashion,
with an asymptote at x = 1. The coefficient is similar for both

g
Intensity [a.u.]

Anatase
fraction [%]

Ztlm 300 4!‘10 560 600 76!1 800
Raman shift [ecm1]

Fig. A1. Raman spectra of a mixture of anatase and rutile powders as a function of anatase
percent fraction.
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Fig. A2. Trend in the anatase to rutile peak intensity ratio as a function of anatase fraction,
calculated on the basis of anatase peak at 636 cm ™' and rutile peak at 608 cm~! (A) or of
anatase peak at 304 cm ™! and rutile peak at 443 cm™ ! (B).

numerators, 1.24 for Izgs/l443 and 1.56 for Ig36/l503 and both formulas
have a R? determination higher than 99.99%.
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