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Solid-state processes of introducing oxygen vacancies and transference of fluorine to n-TiO2 nanopar-

ticles by co-milling with poly(tetrafluoroethylene) (PTFE) powder were examined by diffuse reflectance

spectroscopy (DRS) of UV, visual, near- and mid-IR regions, thermal analyses (TG-DTA), energy-

dispersive X-ray spectroscopy (EDXS), X-ray photoelectron spectroscopy (XPS), high-resolution trans-

mission electron microscopy (HRTEM) and X-ray diffraction (XRD). The broad absorption peak at

around 8800 cm�1 (1140 nm) was attributed to the change in the electronic states, viz. electrons

trapped at the oxygen vacancies (Vo) and d–d transitions of titanium ions. Incorporation of fluorine into

n-TiO2 was concentrated at the near surface region and amounted to ca. 40 at% of the total fluorine in

PTFE, after co-milling for 3 h, as confirmed by the F1s XPS spectrum. The overall atomic ratio, F/Ti,

determined by EDXS was 0.294. By combining these analytical results, a mechanism of the present solid

state processes at the boundary between PTFE and n-TiO2 was proposed. The entire process is triggered

by the partial oxidative decomposition of PTFE. This is accompanied by the abstraction of oxygen atoms

from the n-TiO2 lattices. Loss of the oxygen atoms results in the formation of the diverse states of

locally distorted coordination units of titania, i.e. TiO6�nVon, located at the near surface region. This

leads subsequent partial ligand exchange between F and O, to incorporate fluorine preferentially to the

near surface region of n-TiO2 particles, where local non-crystalline states predominate.

& 2012 Elsevier Inc. All rights reserved.
1. Introduction

Anion substitution in TiO2 has been extensively studied,
mainly in the interests of visible light responsive photocatalysts
[1–7]. One of the possible routes for anion substitution is milling
titania with some organic crystalline species (OCs) as anion
sources [8–15]. In contrast to the synthetic processes in a vapor
or liquid phase, co-milling oxide nanoparticles with OCs is a
solvent free solid state process and carried out at room tempera-
ture without requiring sealing or atmospheric control of the
reaction systems.

As we reported elsewhere [16], incorporation of anions by co-
milling is regarded as a solid state ligand exchange. We have also
studied associated mechanisms for the favorable chemical inter-
action between some drugs and inorganic excipients [17–21].
Those mechanochemical processes include a two-electron transfer
ll rights reserved.

).
route like an acid–base reaction, and a one-electron mechanism
under the concept of radical recombination. Usually, they occur
simultaneously [21,22]. Such a forced ligand exchange is signifi-
cantly enhanced when the ligand field symmetry is imbalanced
[23,24].

Co-milling an inorganic mixture, comprising acidic oxides like
SiO2 or TiO2 with basic hydroxides like Mg(OH)2 or Ca(OH)2, gives
rise to the precursors of the complex oxides [25–29]. These series
of solid state processes could be rather straightforwardly
explained by neutralization at the interface of dissimilar solids,
liberating a water molecule and leaving a hetero bridging bond
[27–29].

In the present study, we examine the solid-state processes at the
interfacial region between nano-particulate n-TiO2 and poly(tetra-
fluoroethylene) (PTFE) under mechanical stressing. Fluorine was
chosen for two reasons, i.e. (i) due to the close proximity of the ionic
radii of F� (e.g. the effective value of the Shannon diameter, 133 pm
[30]) to that of O2� (140 pm), and (ii) its potential to functionalize
titania toward photosensitivity [31,32], although any applicational
studies are out of the scope of the present report. PTFE was chosen
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as an OC of fluorine source because of its availability of stable fine
particulates. Emphasis is laid on the mechanisms of the solid state
processes at the boundary between PTFE and n-TiO2.
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Fig. 1. UV–vis diffuse reflectance spectra of co-milled samples.
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Fig. 2. UV–vis diffuse reflectance spectra of separately milled samples.
2. Experimental methods

2.1. Sample preparation

As starting materials, anatase nanoparticles (Toho Titanium,
TA50, average particle size 20 nm) and finely divided PTFE
(Sigma-Aldrich, o1 mm) were used as-received. Mechanical
stressing was performed by using a planetary mill (Fritsch,
Pulverisette 7) with a 45 mL vial and 15 balls of 10 mm in
diameter made from yttrium stabilized zirconia (YSZ). A mixture
comprising 3 g TA50 and 0.3 g or 0.6 g PTFE was subjected to
milling at 720 rpm for up to 3 h. The milling operation was carried
out in a tightly sealed vial without evacuating or controlling the
background gas. Annealing was carried out in air up to 300 1C
for 1 h.

2.2. Characterization

The diffuse reflectance spectra (DRS) of milled powders were
measured in most cases in the wavelength range between 300 nm
and 800 nm using a UV–vis–NIR spectrometer (Perkin Elmer,
Lambda 900) equipped with a Praying Mantis accessory (Harrick).
In some cases, the range was extended to the near infrared region,
i.e. to 3000 nm. Diffuse reflectance spectra were also observed
with a high performance FTIR spectrometer (Brucker, Equinox 55)
to further examine the chemical changes of the ingredients of the
co-milling.

Thermal analysis (TG-DTA) was performed by Netzsch STA409,
using a heating rate of 10 K/min in air. Elemental analysis was
performed by energy dispersive X-ray spectroscopy (EDXS), using
an EDAX Genesis 4000 attached to a scanning electron micro-
scope (JEOL, JSM-6400). High-resolution transmission microscopy
(HRTEM) was made at 200 kV using a field-emission instrument
with small spherical aberration’s constant Cs¼0.5 mm (JEOL,
JEM-2100F – UHR). EDXS was calibrated by comparison with well
crystallized TiO2 microparticles (Alfa Aesar, 99.99%). Changes in
the crystallographical properties were monitored by conventional
X-ray diffractometry (Philips PW1820).

Anion incorporation was further examined by X-ray photo-
electron spectroscopy (XPS). XPS data were collected with an Axis
Ultra instrument (Kratos Analytical, Manchester, UK) under ultra-
high vacuum condition (o10�8 Torr) and using a monochromatic
Al Ka X-ray source (1486.6 eV) in the Surface Analysis Facility of
the Interdisciplinary Centre for Electron Microscopy at EPFL. The
emitted photoelectrons were sampled from a 700�350 mm2 area
with a 901 photoelectron take-off angle. The adventitious carbon
1s peak was calibrated at 285 eV and used as an internal standard
to compensate for any charging effects. Both curve fitting of the
spectra and quantification were performed with the CasaXPS
software, using relative sensitivity factors given by Kratos.
3. Results and discussion

3.1. Changes in the electronic spectra by co-milling

After milling a mixture comprising the white powders of
titania and PTFE, its color turned rapidly into dark gray and then
black with increasing milling time. Associated unique diffuse
reflectance spectra are shown in Fig. 1. We recognize that the
shift of the absorption edge occurs at the early stage of milling,
while the prolonged milling brings about a significant increase in
the absorption intensity at lower energies in the visible and the
near infrared (NIR) region. As the content of PTFE was increased
from 10% to 20% of TiO2, the absorption effect in the visible region
was reduced. This is one of the typical mechanochemical phe-
nomena, explained by the cushioning effect, i.e. the mechanical
stress is reduced due to the increasing fraction of the soft
ingredient, PTFE.

When titania or PTFE is milled separately, no spectral changes
were observed, except for a slight shift of the absorption edge, in
the case of titania, and a slight absorption in the UV range for
PTFE, as shown in Fig. 2, although both samples appeared white to
bare-eye inspection. Therefore, the absorption in the visible–NIR
region, shown in Fig. 1, must be a consequence of the chemical
interaction between titania and PTFE induced by the co-milling.

3.2. Introduction of oxygen vacancies

In the diffuse reflectance spectrum extended to the NIR region,
a broad absorbance band peaked at around 8800 cm�1 (approx.
1140 nm, or 1.09 eV) was observed, as shown in Fig. 3. In view of
the broadness of the observed electronic absorption band, there
may be several ways of deconvolution, other than the one shown
in Fig. 3. It is nonetheless recognized that there are components
attributed to oxygen vacancies associated with F-type color
centers [33], designated as peaks 1 and 2 at around 8000 cm�1
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Fig. 3. UV–vis–NIR diffuse reflectance spectrum of the mixture co-milled for 3 h.

Separated peaks 1 and 2 might be associated with oxygen vacancies with 1 and

2 electrons entrapped, while peak 3 is ascribed to d–d transition of Ti. See text for

details.

Fig. 4. Transmission electron micrographs: (a and b): intact n-TiO2; (c and d):

n-TiO2 with 10 wt% PTFE, co-milled for 3 h.
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Fig. 5. UV–vis diffuse reflectance spectra of co-milled and annealed samples.
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and 11400 cm�1, respectively. The band at about 24500 cm�1,
denoted as peak 3, is most probably attributed to d–d transition of
Ti ions [34,35].

Based on a vast number of the published electronic absorption
spectra of TiO2, Kuznetsov et al. [36] concluded that the absorp-
tion peaks at photon energies below 2 eV are associated with
electronic transitions involving various defects related to the
reduction of titania [37]. Most of the absorption peaks in the
visible to the NIR region are attributed to the intrinsic defects of
TiO2, irrespective of the incorporation or substitution of anionic
species. The absorption edge shift observed in Fig. 2 can, there-
fore, be explained by the increased concentration of the defects
created at the near-surface region of n-TiO2 nanoparticles. The
broadness of the absorption peak in Fig. 3 also indicates the
diversity of the contributing electronic transition modes. This will
further be discussed in Section 3.5.

3.3. Changes in the particle morphology

As shown in Fig. 4(a), the starting n-TiO2 comprises fairly
uniform cube-shaped particles of ca. 20 nm on the average.
Higher magnification revealed well crystallized state including
near surface region, see Fig. 4(b). After milling a mixture for 3 h,
nanoparticles were partially disintegrated and severely agglom-
erated (Fig. 4(c)). Development of non-crystalline states in the
near surface region extending up to 5 nm is also recognized upon
higher magnification, as shown in Fig. 4(d). Note that mechanical
stress-induced near surface amorphization less than 5 nm thick
was observed even without any additives [38]. Therefore, the
observed structural degradation in the near surface region is not
necessarily the consequence of the mechanochemical reaction.
These morphological changes are in line with the absorption edge
shift mentioned in Section 3.2. Mechanical stress-induced surface
destruction could reduce the effective electron mass due to the
local decrease in the density and delocalize the electrons created
by the reduction of the material, as the DFT study of Di Valentin
et al. [39] implies, although the results based on the well defined
models used in their DFT studies cannot directly be applied to the
present case involving extensive lattice imperfections.

After annealing in air, absorption intensity extending to the
NIR region was significantly reduced, while the absorption edge
shift remained almost unchanged, as shown in Fig. 5. These
spectroscopic observations suggest the partial annihilation of
oxygen vacancies upon annealing in air. The slight shift of the
absorption edge toward higher energies is attributable to the
partial recovery of the near surface disorder in n-TiO2 [36].

3.4. Partial decomposition of PTFE

Representative infrared spectra of the system under study are
shown in Fig. 6. In the pristine PTFE and its mixture with n-TiO2

before co-milling, the typical signal of PTFE, i.e. symmetric
and asymmetric C–F vibrational bands, are observed at around
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Fig. 6. Diffuse reflectance IR spectra of intact and co-milled samples.
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Fig. 7. TG-DTA profiles of n-TiO2 with 10 wt% PTFE, co-milled for 3 h.

Fig. 8. XPS spectra of intact TiO2 and co-milled samples: (a) O1s, (b) Ti2p and

(c) F1s.
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1200 cm�1 [40,41]. After co-milling, the intensity of these peaks,
together with those ascribed to Ti–O and Ti–O–Ti vibrational
bands at around 600 cm�1 [42], was reduced. The relative
intensity of the band due to PTFE with reference to those of
TiO2 also was decreased. The latter indicates the dissociation of
PTFE during milling in the presence of TiO2. Indeed, we observed a
surplus vial pressure as we opened the vial after milling, even
after cooling down to room temperature. After annealing at
300 1C for 1 h in air, the PTFE peaks completely disappeared from
the FTIR spectra. This is another indication of PTFE degradation
during co-milling with TiO2.

TG-DTA profiles of the sample n-TiO2 with 10 wt% PTFE, co-
milled for 3 h are shown in Fig. 7. The weight loss levels off at
about 600 1C, where the total weight loss amounts to 7.8%. Since
the starting mixture contained 9.1 wt% of PTFE, weight loss
during co-milling was 14.0% of the total amount of PTFE in the
initial mixture. We also note that the weight loss amounts to 5%
by heating up to 322 1C, where the first exothermic process was
completed. Since the pristine PTFE is much more stable, i.e. by
heating in air at 465 1C for 1 h brings about a weight loss of about
1% [43], the severe degradation of PTFE by co-milling with TiO2 is
quite obvious from the thermal analysis as well.

3.5. Incorporation of fluorine into titania

Oxygen 1s XPS profiles shown in Fig. 8(a) are slightly shifted to
higher energies after co-milling. The shift is in line with the
transfer of electrons to the neighboring oxygen vacancies. We also
observed a similar shift for Ti2p, as shown in Fig. 8(b). This might
suggest migration of electrons bound to oxygen and titanium ions
toward oxygen vacancies, the latter serving as electron traps
[44,45]. This tallies well with the observed DRS shown in Fig. 3.
On the other hand, these shifts are also associated with the uptake
of fluorine by n-TiO2, as discussed below.

Independent of the spectral changes mentioned in Section 3.1,
the chemical interaction between titania and PTFE is also verified
by XPS analysis. As shown in Fig. 8(c), a new F1s peak appeared at
around 685 eV after co-milling. Since this peak was not found in
the pristine PTFE, as shown in Table 1, it must be ascribed to the



Table 1
Change in the XPS C1s and F1s by co-milling.

Sample XPS signal relative intensity (%)

C1s 292 eV C1s 290 eV C1s 288 eV C1s 286 eV C1s 285 eV F1s 689 eV F1s 685 eV

PTFE 32 1 67

TiO2þPTFE co-milleda 11 12 10 4 11 31 21

a TA50þ10 wt% PTFE after co-milling for 3 h.

Fig. 9. X-ray diffraction profiles of TiO2 milled with and without PTFE: (a) pristine

TiO2 (TA50), (b) TA50 milled for 3 h and (c) TA50 and PTFE co-milled for 3 h.
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product of the mechanochemical reaction of PTFE with n-TiO2.
The signal is similar to the one observed in TiOF2 [46–49], so that
we may reasonably conclude that fluorine has been incorporated
into n-TiO2, thereby changing its electronic states. Note that the
relative XPS peak area of the new F1s, and hence the relative
amount of fluorine incorporated from PTFE to the near surface
region of n-TiO2 particles, amounted to about 40%. While the XPS
atomic ratio is restricted to the near surface region, the overall
apparent atomic ratio F/Ti estimated by EDXS was 0.294. These
results of XPS and EDXS are indicative of preferred accumulation
of fluorine transferred from PTFE to the near surface region of
titania, although quantitative discussion in this context is not
possible at the present stage.

Electronic d–d transitions, suspected from the electronic spec-
tra shown by peak 3 of Fig. 3, is often associated with Ti3þ , while
we did not observe the corresponding XPS signal at around
457 eV [50]. It is well known, however, that forbidden electronic
transitions like d–d or f–f turn partially to be allowed when the
coordination symmetry is locally distorted. As a matter of fact,
there are a number of phosphors whose photo- or electro-
luminescent properties rest upon those ‘‘forbidden’’ transitions
[51,52]. Local distortion around Ti4þ is very likely to have taken
place due to the introduction of oxygen vacancies and partial
ligand exchange from oxygen to fluorine, e.g. the change from the
octahedral coordination of TiO6 to TiO5F via TiO5Vo or, more
generally, TiO6�nVon. The very broad absorption peak shown in
Fig. 3 is in line with the diversity of the TiO6�nVon states, to be
expected from the HRTEM image shown in Fig. 4(d). The apparent
absence of a Ti3þ signal in XPS further suggests preferential
incorporation of fluorine containing species from the oxidatively
decomposed PTFE to fill the oxygen vacancies at the contact
points to n-TiO2.

3.6. Compositional and structural changes during co-milling

As shown in Fig. 2, milling titania separately brought about a
negligible change in the color of the material. In contrast, co-
milling with PTFE increased the absorption intensity in the visible
region considerably. This is partly associated with electronic
absorption due to oxygen vacancies as shown in Fig. 3 and
discussed in Section 3.2.

As Kitahara et al. [53] reported, decomposition of PTFE in air
produces various species including CF2O, CF3CFO, etc. They
observed those oxidatively decomposed products in air at tem-
peratures well above 400 1C. In our mechanochemical process, in
contrast, the IR absorption peak from PTFE completely disappeared
by annealing the co-milled products at 300 1C, as mentioned in
Section 3.3. When we combine the observed destabilization of
PTFE and the introduction of oxygen vacancies, it is reasonable to
assume that partial oxidative decomposition of PTFE has taken
place during co-milling with TiO2, by abstracting oxygen ions.

According to the thermogravimetry shown in Fig. 7, 14% of
PTFE was lost during co-milling, as mentioned in Section 3.4. The
oxygen atoms needed for the oxidative decomposition of PTFE
during co-milling can be preferentially supplied by the substrate,
titania, which is forced to close contact with PTFE under mechan-
ical stressing. The intake of oxygen from the ambient air in the
vial may not categorically be excluded, but may be less probable,
because the gaseous oxygen must be dissociated in order to
trigger the oxidative decomposition of PTFE, whereas oxygen ions
in the substrate titania are ready to transfer and are located
immediately next to the PTFE surface. Possible participation of the
radical species is yet to be examined.

Carbon incorporation into n-TiO2 due to the decomposition
and fragmentation of PTFE during co-milling is also conceivable.
As shown in Table 1, the C1s XPS signal of the milled mixture
became much more manifold than that of pristine PTFE. The
difference may be explained qualitatively by the coexistence of
the decomposed fragments of PTFE. Detailed discussion of the
decomposition products of PTFE and of the related possibility of
carbon co-dope remain as open questions at this stage.

3.7. Mechanochemical processes at n-TiO2/PTFE contact points

Once the partially decomposed PTFE is brought in intimate
contact with the surface of n-TiO2 nanoparticles, ligand exchange
can easily occur, from the intact TiO6 to TiO5F [54,55] via
TiO6�nVOn. This process can be eased under mechanical stressing,
where the long range ordering of the TiO6�nVOn, units is severely
disturbed, as shown in Fig. 4(d), and the atomic distances
between Ti and F can become small enough for the fluorine atoms
to enter into the ligand field of Ti. The XPS spectrum shown in
Fig. 8(c) provides strong evidence for such a ligand exchange. A
similar XPS profile was observed by Chiang et al. [56] in a
TiO2—poly (vinyldene fluoride) composite film.

As shown in Fig. 9, the changes observed in the X-ray diffracto-
gram remain rather conventional. No appreciable peak shifts were



Fig. 10. Scheme of the reaction processes: (a) pristine mixture, (b) oxygen

abstraction from TiO2 and (c) fluorine migration from PTFE to TiO2.
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observed, indicating that fluorine transferred from PTFE to titania
was confined at the near surface region, where the crystallinity was
severely reduced, as shown in Fig. 4(d). The phase transformation
from anatase to rutile induced by milling, which is revealed by the
diffractograms is well documented [57,58]. Broad peaks of rutile are
also explained conventionally by the small size of the crystallites. In
contrast, the coexistence of a third phase, tentatively denoted as
TiO2-II, may need explanation. The TiO2-II phase has been reported
by Dachille et al. [59] as a high pressure phase. The appearance of
high pressure phases during milling is frequently observed, see e.g.
CaCO3 [60] or PbO2 [61]. Usually, this is also associated with the
incorporation of impurities, which becomes even more appreciable
when particle size is in the nanometer regime [62]. The appearance
of the TiO2-II phase in the present study may, therefore, be
associated with the introduction of oxygen vacancies and the uptake
of fluorine atoms.

As shown in Fig. 4(d), the disordered state of titania is
restricted to the near surface region, within a few nanometers.
The electron micrograph observation is in line with the X-ray
diffractograms shown in Fig. 9, where no appreciable line broad-
ening was recognized. Fig. 10 summarizes the proposed mechan-
isms of the present mechanochemical processes at the boundary
between PTFE and n-TiO2 nanoparticles.

Finally, we would like to mention the importance of introducing
defects on the surface of titania, as Chen et al. [63] recently
mentioned with the interests in the enhanced solar absorption.
The mechanochemically modified n-TiO2 in the present study is in
line with their concept of disorder-engineered titania, although the
application to the utilization of solar absorption of our modified
titania nanoparticles is out of the scope of the present study.
4. Conclusions

By co-milling a mixture of n-TiO2 and PTFE, significant
amounts of oxygen vacancies were created in titania nanoparti-
cles. Incorporation of fluorine into n-TiO2 was concentrated at the
near surface region and amounted to ca. 40 at% of the total
fluorine in PTFE, after co-milling for 3 h, as confirmed by the
F1s XPS spectrum. The overall atomic ratio, F/Ti determined by
EDXS was 0.294. By combining these analytical results, a mechan-
ism of the present solid state processes at the boundary between
PTFE and n-TiO2 was proposed. The entire process is triggered by
the partial oxidative decomposition of PTFE. This is accompanied
by the abstraction of oxygen atoms from the n-TiO2 lattices. Loss
of the oxygen atoms results in the formation of the diverse states
of locally distorted coordination units of titania, i.e. TiO6�nVon,
located at the near surface region. This leads subsequent partial
ligand exchange between F and O, incorporate fluorine preferen-
tially to the near surface region of n-TiO2 particles, where local
non-crystalline states predominate.
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