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Abstract

The photocatalytic behaviour of a series of ammonium fluoride (NH4F) doped titania
(TiO,) photocatalysts has been investigated in the decomposition of acetic acid in
aqueous suspension and in the gas phase mineralization of acetaldehyde. Very similar
photoactivity trends, usually increasing with increasing the calcination temperature for a
given nominal dopant amount, were obtained for the two test reactions. Moderately
doped TiO, calcined at 700 °C, consisting of pure anatase, was the best performing
photocatalyst in both reactions. In order to shed light on the origin of the enhanced
photoactivity of such materials under visible light, acetic acid photooxidation was
investigated systematically as a function of the irradiation wavelength, by collecting so-
called action spectra. By comparing the shapes of the action spectra with those of the
absorption spectra of the investigated photocatalysts a model is proposed, based on
spectral features deconvolution, which allows a clear distinction between inactive light
absorption, ascribed to nitrogen-doping, and effective photoactivity in acetic acid
decomposition, possibly consequent to extrinsic absorption originated from surface

oXxygen vacancies or surface defects.



1. Introduction
Aiming at optimizing the photocatalytic performance of titania (TiO,), the most active
and suitable semiconductor photocatalyst, many efforts have been made in the last
decade’? in order to overcome one of its major drawbacks, i.e. its relatively large
energy band gap (3.2 eV for anatase phase®), which hampers the exploitation of solar
light in photocatalytic reactions. Anion doping with p-block elements has been
successfully pursued to sensitize TiO, towards visible light,** either by introducing
newly created mid-gap energy states, or by narrowing the band gap itself. The
effectiveness, but also the still not completely well understood nature of doping titanium
dioxide with main group elements, such as N,*®*2 C >1417 g 1820 g 13152125 p 2627 | 2829
and F,%3 have been ascertained in a great number of studies, which also demonstrated
that the insertion of dopant impurities in the oxide structure may increase the rate of
undesired recombination of the photogenerated charge carriers. In contrast, the latter
effect is known to become relatively lower, the higher is the crystallinity degree of the
oxide structure.

Conflicting results have in particular been reported on the effects of fluorine (F) as

dopant element for TiO,,%*°

most likely due to the different routes employed to prepare
the doped materials and also to difficulties in the interpretation of photocatalytic results
obtained with photocatalysts containing more than one dopant element, because of
possible synergistic effects.***° In most cases F-doping apparently did not cause any
appreciable shift of the fundamental band gap absorption edge of Ti0,.2%**>*" This is
consistent with the theoretical band calculations,** indicating that when TiO, is doped
with fluorine, localized high density energy levels, composed of F 2p states, reside

below the valence band of TiO,. But, in spite of this, F-doped materials exhibit visible-

light-driven photoactivity, whose origin is still very uncertain. In fact, F atoms included



in the semiconductor structure, thanks to their high electronegativity, could stabilize the
electron release upon oxygen depletion during the calcination treatments.*>*® In this
case visible light photo-excitation by extrinsic absorption bands of the so-generated
oxygen vacancies can generate free charge carriers which could take part to surface
chemical reactions. The enhanced photocatalytic activity of F-doped materials might
also be related to the peculiar formation of Ti** centres, obtained by charge
compensation effects consequent to the insertion of F~ ions in the O sites of the TiO,
lattice. Ti** surface states, forming a donor level just below the bottom of the
conduction band of TiO,,®" may efficiently trap photopromoted electrons and transfer
them to O, adsorbed on the TiO, surface, thus decreasing the electron-hole
recombination rate.

A systematic investigation has been recently performed by us on the photocatalytic
activity under visible light of a series of doped TiO, photocatalysts synthesized by the
sol-gel method in the presence of different amounts of NH4F, as dopant source, and
calcined at different temperature (500—700 °C).*’ The photoactivity of such materials in
the degradation of formic acid in aqueous suspensions, employed as preliminary test
reaction, was higher than that of undoped materials prepared by the same synthetic route.
Of course, aiming at verifying the effective visible light activation of doped materials,
the choice of an appropriate photocatalytic test reaction is crucial and the use of
substrates able to absorb visible light and inject electrons into the semiconductor from
their electronically excited state should be avoided.*

In the present work we explore the photocatalytic behaviour of an extended series of
NH4F-doped TiO; photocatalysts in two other reactions, i.e. the decomposition of acetic
acid in aqueous suspension and the gas phase mineralization of acetaldehyde. Both

substrates do not absorb visible light. In order to shed light on the origin of the



enhanced photoactivity of such materials under visible light, the photooxidation of
acetic acid was also investigated systematically as a function of the irradiation
wavelength, by collecting so-called action spectra. This type of analysis, representing
the most powerful photocatalytic characterization tool to determine the effective
wavelength-dependent response and activity of a photocatalyst,***? has never been
applied to similarly doped materials so far. By comparing the shapes of the action
spectra with those of the absorption spectra of the investigated photocatalysts a model is
proposed, which allows a clear distinction between light absorption and effective

photoactivity as a function of the irradiation wavelength.

2. Experimental Section

2.1 Doped-TiO, preparation and characterization

The series of doped titania (D-TiO;) photocatalysts was prepared by the sol-gel method
in the presence of different amounts of NH4F, used as dopant source, and calcined at
different temperature (500-700 °C). The nominal dopant/Ti percent molar ratios were
equal to 3, 5, 12 and 25. More details on the preparation of doped materials and on their
characterization by XRD and BET analyses can be found elsewhere.*

XPS analysis was performed by a JEOL JPS-9010MC spectrometer with Mg Ko
radiation, 10 eV pass energy and 0.1 eV energy step. The analysis area of the sample
pellets was around 6 mm?, the depth about 1-2 mm. The charging effect on the analysis
was corrected considering the binding energy value of C 1s at 284.7 eV, due to
adventitious carbon. Quantification was obtained using the SPEC-SURF software
provided by Jeol. Diffuse reflectance spectra of the photocatalysts powders were
recorded on a Jasco V-670 spectrophotometer equipped with a PIN-757 integrating

sphere, using barium sulphate as reference, and then converted into absorption spectra.



The samples were labelled as D_(X) (YY), with X referring to the nominal dopant/Ti
percent molar ratio and Y to the calcination temperature in Celsius. Reference undoped
materials, prepared by exactly the same synthetic route in the absence of NH4F, are
referred as the D_0_(Y) photocatalysts series.

All reagents were purchased from Aldrich and employed as received. Water purified

by a Milli-Q water system (Millipore) was used throughout.

2.2 Acetic acid oxidative decomposition under polychromatic irradiation

The photocatalytic tests were performed in a glass tube (18 mm in inner diameter and
180 mm in length) with a ca. 35-mL volume. Each photocatalyst powder (50 mg) was
suspended in an aqueous solution (5.0 mL) containing 5.0vol.% of acetic acid. This
amount of photocatalyst powder in the suspension was high enough to ensure total light
absorption. The glass tube was sealed with a double-capped rubber septum and Parafilm,
to prevent leakage of gas and/or contamination during the runs.

The suspensions were irradiated using a 400-W high-pressure mercury lamp (Eiko-
sha) under vigorous magnetic stirring (1000 rpm). The wavelength of light was > 290
nm, with an average emission intensity of 390 mW, which was checked before
irradiation using a Molectron PM5200 laser power meter. The reaction temperature was
kept at 25 °C using a thermostated water bath. At regular time intervals during the runs,
0.2 mL samples of the gas in the tube were withdrawn with a gas-tight syringe and
analyzed using a Shimadzu GC-8A gas chromatograph with a TC detector, equipped
with MS-5A and Porapak-Q columns. The molar amount of carbon dioxide (CO,) was
calibrated considering the increase in pressure in the reaction tube consequent to the
increased amount of gas-phase molecules. The kinetic runs were monitored for 80 min

and repeated at least twice, in order to check their reproducibility.



2.3 Acetic acid decomposition—action spectra
The photocatalytic decomposition of acetic acid in aerated liquid suspensions was
investigated as a function of the irradiation wavelength, in quartz cells with a ca. 10.5-
mL volume. Each photocatalyst powder (20 mg) was suspended in an aqueous solution
(2.0 mL) containing 5.0vol.% of acetic acid. The suspensions were stirred in the dark
for 15 min, to attain the adsorption equilibrium of the substrate on the photocatalyst
surface, and then irradiated for 80 min under stirring. A 300-W xenon lamp
(Hamamatsu Photonics C2578-02) was employed as irradiation source within a
diffraction grating-type illuminator (Jasco CRM-FD), allowing the selection of the
irradiation wavelength in the 300-520 nm range, with a full width at half-maximum
intensity (FWHM) of ca. 17 nm, irrespective of the selected irradiation wavelengths
range, and a 20-nm step. The irradiation intensity, measured by a Hioki 3664 optical
power meter, was in the 15-20 mW range. All other conditions were similar to those of
photocatalytic activity tests under high-pressure mercury lamp irradiation. The action
spectra of selected photocatalysts were also measured in the 370-460 nm range with a
10-nm step and a narrower FWHM, under otherwise identical experimental conditions.
The wavelength-dependent apparent quantum efficiency ®.p, was calculated as the
ratio of the rate of photogenerated holes consumption and the flux of incident photons,
by taking into account that 8 electrons (holes) are required according to the

stoichiometry of the reaction: CH;COOH + 20, — 2CO, + 2H,0.

2.4 Acetaldehyde decomposition under polychromatic irradiation
The photocatalytic oxidative decomposition of gaseous acetaldehyde in air was carried
out in a closed cylindrical glass vessel, with a 357 mL volume and a 5.37 cm inner

diameter. The photocatalyst powder (20 mg) was uniformly spread on a glass plate (1.0



cm x 1.0 cm), placed on the bottom of the photoreactor, and pre-irradiated for 1 h, in
order to purify it from any adsorbed organic compound. Then gaseous acetaldehyde
(0.36 mL, corresponding to ca. 0.014 mmol) was injected into the photoreactor,
containing ambient air, thus attaining a 1000-ppm initial acetaldehyde concentration.
This injection was performed through a rubber septum, by using a lock-pressure syringe
that allows the organic substrate addition at the desired pressure, 1 atm in our case.

In order to reach the adsorption equilibrium of the substrate on the photocatalyst
surface, the system was then kept in the dark for 1 h. Irradiation (A > 290 nm) was
performed through a top window of the photoreactor using a 300-W xenon lamp (ILC
Technology CERMAX-LX300F). Acetaldehyde and CO, concentrations were
automatically measured at fixed time intervals using Agilent 3000 MicroGC.

The evolution of CO, was also monitored during irradiation, in order to check if, in
the presence of the different photocatalysts, acetaldehyde was effectively converted into

CO; according to the reaction: CH3CHO + (5/2)0, — 2CO, + 2H,0.

3. Results and Discussion

3.1 Photocatalysts structure

The main structural features, resulting from XRD, BET and XPS analyses, of the
investigated series of undoped and doped TiO, photocatalysts are collected in Table 1.
The phase composition of all samples, obtained by Rietveld refinement of XRD data,
clearly shows that doping inhibits the anatase-to-rutile transformation occurring when
pure TiO, is calcined at temperature above 500 °C.*® This phase transformation is
inhibited by the addition of Ti** complexing ions (e.g. sulphates, phosphates, fluorides),
reducing the condensation of spiral chains of rutile TiOg octahedra.®® A similar

argument has been employed to account for the full anatase composition of sulphur-



doped anatase.”® The anatase crystallite dimensions da, calculated using the Scherrer
equation,*® clearly increased with increasing the calcination temperature for the same
nominal dopant amount. This trend was accompanied by a decrease in specific surface
area (SSA), as revealed by the BET analysis. Doping appears to be beneficial for
obtaining materials with larger surface area, especially if calcined at relatively low
temperature. The SSA of doped materials usually remained higher than that of pure
TiOy, even after calcination at 700 °C.

XPS analysis confirmed the presence of carbon, oxygen and titanium on the surface
of all samples,*® with a O/Ti ratio slightly higher than 2, together with roughly constant
surface amounts of nitrogen, on both undoped and doped samples (see Table 1). The
XPS signal in the F 1s binding energy region consisted of only one band, peaking
around 684 eV, due to surface fluoride ions.*>*® No XPS signal at 688 eV, assigned to
substitutional ions in the F-TiO, lattice, could ever be detected, possibly always being
below the detection limit of the XPS technique. The effective dopant/Ti molar ratio
determined by quantitative XPS analysis, also reported in Table 1, was usually lower
than the nominal value according to the synthesis of the different doped TiO, series.
Furthermore, the amount of fluorine ions physically adsorbed on the TiO, surface

usually decreased with increasing the calcination temperature.

3.2 Photocatalytic activity tests under polychromatic irradiation

3.2.1 Liquid phase acetic acid photocatalytic oxidation under UV light

The photocatalytic activity of doped TiO, photocatalysts was first evaluated in the
oxidative decomposition of acetic acid in aqueous suspension. The use of this substrate
as photodegradation test molecule presents several advantages, apart from the main pre-

requisite that it does not absorb visible light: 1) the reaction is relatively simple,



yielding CO, with few intermediates; 2) because of the acidity of the suspension, CO; is
promptly removed from the liquid into the gas phase, where it can be easily determined.

The photocatalytic evolution of CO, from suspensions containing acetic acid and
either pure or doped TiO, samples always occurred at constant rate, i.e. the rate obeyed
the zero-order rate law. Thus, the photocatalytic activity of the investigated
photocatalysts can be compared in terms of the zero-order rate constants of acetic acid
photooxidation reported in Fig. 1.

We notice, first of all, that in the presence of undoped TiO; the reaction proceeded at
a lower rate with respect to that attained in the presence of moderately doped TiO;’s.
Moreover, with undoped TiO, (D_0 series) the reaction rate decreased with increasing
the calcination temperature, most probably as a consequence of the anatase-to-rutile
transformation (Table 1).

Moderate doping increased the photocatalytic activity of TiO, and this effect
increased with increasing the calcination temperature of the photocatalyst, attaining a
maximum value for moderately doped D_5 700 calcined at 700 °C, in good agreement
with the results of preliminary photocatalytic tests of formic acid photodecomposition.*°
This may appear rather unusual, because the highest photoactivity was achieved with a
photocatalyst characterized by a relatively low surface area and large mean particle
sizes (see Table 1). Anyhow, doping seems to induce modifications of TiO, that
increase its photocatalytic activity and such effect is maximum for samples calcined at
high temperature. Although surface fluorination of TiO, is expected to retard the
photocatalytic oxidation of carboxylic acids, as verified in the case of formic acid,* this
effect cannot be attributed exclusively to surface effects, i.e. to the slightly lower
amount of surface fluorine detected on the surface of D-TiO, samples calcined at higher

temperature (Table 1). On the other hand, excessive amount of dopant (D_25 series)



could increase the extent of defects in the oxide structure, acting as recombination
centres of photogenerated charge carriers, with a consequent decrease of the
photocatalytic reaction rate.

The photoactivity data reported in Fig. 1 evidence that the best performing doped
materials were more active than two pure anatase phase materials, labelled JRC-TiO-8
and A45, possessing very different specific surface areas (see Table 1), and also than
commercial P25 TiO, from Degussa (Evonik), often employed as a de-facto standard

photocatalyst.

3.2.2 Gas phase acetaldehyde photodecomposition under xenon lamp irradiation

The photocatalytic degradation of acetaldehyde proceeded according to a first-order rate
law. The first-order rate constants for CH;CHO degradation on doped and commercial
photocatalysts can be compared in Fig. 2. They were obtained from the gas phase
CH3;CHO concentration vs. time profiles, neglecting the amount of substrate adsorbed
on the photocatalyst surface. This Kinetic behaviour is compatible with a diffusion-
limited reaction, with CH3CHO surface concentration always being close to zero,
because substrate molecules undergo oxidation as soon as they come in contact with the
irradiated photocatalyst surface. Under such conditions the diffusion rate, and
consequently the overall reaction rate, is proportional to the substrate concentration in
the gas phase.* Furthermore, the diffusion rate of the substrate is expected to increase
with increasing the photocatalyst surface area. In fact, if the thickness of the diffusion
layer is negligibly small, the diffusion cross section almost coincides with the surface
area, and a correlation between the photocatalytic reaction rate and the specific surface

area of the photocatalyst is usually expected.*®
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However, by considering the first-order rate constant values reported in Fig. 2, we
notice, rather surprisingly, that this kind of relation does not apply in the case of our
doped TiO, photocatalysts. In fact, the general trend of reaction rate increase with
increasing the calcination temperature obtained for doped TiO, in both formic and
acetic acid photocatalytic decomposition in the liquid phase was found also in this gas-
phase test reaction, with the highest photoactivity being achieved with samples
characterized by low surface area and moderately doped D_5 700 being confirmed as
the best performing photocatalyst. Opposite results would have been expected for this
gas-solid phase test reaction, whose rate was demonstrated to be positively affected by
photocatalysts’ large surface areas, ensuring fast diffusion of the acetaldehyde and O,
reactants.”

Only doped TiO, photocatalysts of the D_3 series showed in acetaldehyde
decomposition (Fig. 2) an opposite photoactivity trend vs. the calcination temperature,
with respect to that shown in acetic acid photooxidation (Fig. 1). In fact, within this
series the rate of acetaldehyde decomposition slightly decreased with increasing the
photocatalyst calcination temperature, most probably as a consequence of the anatase
into rutile transformation. Both the very low rutile content of D_3 600 and D_3 700
and the decrease of SSA with increasing the calcination temperature of these samples
(Table 1) concurred in reducing their overall photoefficiency. Anatase crystallites were
shown to be highly photoactive in both the present reactions under aerated conditions,
whereas a negative contribution of the rutile phase was demonstrated just in the case of

gas phase acetaldehyde decomposition.*

3.3 Action spectra analysis

3.3.1 Action spectra of acetic acid decomposition (300-520 nm range)
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In order to better elucidate the origin of the enhanced photoactivity of doped materials
and verify their possible activation in the visible region, the photooxidation of the
transparent acetic acid substrate was systematically investigated as a function of the
irradiation wavelength. The action spectra were first measured for the D_0, D_5 and
D_12 series in the 300-520 nm range, with a 20-nm wavelength step. The action spectra
and the absorption spectra of selected photocatalysts, normalized to the highest ®,p, and
absorption value, respectively, are compared in Fig. 3. For undoped and doped TiO,
samples calcined at high temperature, the onset wavelength of the action spectra was
red-shifted compared with that of the absorption spectra. This is probably due to the
relatively large FWHM of the light employed in photocatalytic runs compared to that
used for absorption measurements* and to the fact that at shorter wavelengths TiO,
absorbs more than at longer wavelengths in a given wavelengths range.

This effect was not observed in the case of doped TiO, calcined at 500 °C. In fact, as
shown in Fig. 3, these full anatase photocatalysts, though exhibiting a small absorption
at wavelengths longer than those typical of the TiO, band gap absorption onset, did not
show any appreciable photocatalytic activity under visible light irradiation. On the other
hand, as better outlined in the following systematic analysis of action vs. absorption
spectra, doped samples calcined at 700 °C were active also under irradiation at
wavelengths longer than that of their band gap absorption onset (see D_5 700 and
D_12 700 panels in Fig. 3).

The action spectra of acetic acid decomposition obtained in the presence of undoped
TiO, calcined at different temperature are shown in Fig. 4a. The apparent quantum
efficiency in the 300-400 nm wavelengths range decreased with increasing the

calcination temperature of these undoped materials, whereas their absorption spectra,
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reported in Fig 4b, exhibit exactly the opposite trend, i.e. a red-shifted band gap
absorption with increasing the calcination temperature, due to the phase transition from
anatase into rutile.

The results reported in Fig. 4 can be explained by assuming that the anatase phase is
more photoactive than rutile in acetic acid decomposition.”® In fact, the flat-band
potentials of TiO, depend on its crystalline form, being at -0.16 and 0.04 V vs. NHE
(pH 0) for anatase and rutile TiO,, respectively. In the case of photocatalytic oxidation
reactions, such as acetic acid decomposition, photoexcited electrons are scavenged by
molecular oxygen at the TiO, surface, where one-electron reduction of O, occurs.
Considering that the O,/HO;" potential is -0.046 V vs. NHE, anatase, but not rutile, is
expected to efficiently reduce O, to HO," under band gap excitation, resulting in the
relatively higher photocatalytic activity of anatase in acetic acid decomposition.
Furthermore, less active rutile in undoped D_0 600 and D_0_700 may also exert a so
called ‘inner filter’ action, by absorbing a fraction of light which is no more available
for anatase phase photoactivation.*>*®

For doped samples the wavelength-dependent apparent quantum efficiency in acetic
acid decomposition was found to vary with both the dopant content and the calcination
temperature of the investigated photocatalysts. The action spectra reported in Fig 5,
referring to samples containing different nominal dopant amounts (D_0, D _5and D_12
series), all calcined at the highest temperature (700 °C), showed that the apparent
quantum efficiency of doped materials was higher with respect to that of undoped TiO,.
This could be mainly ascribed to the full anatase phase composition of doped materials,
whereas D_0_700 also contains rutile, which, as already mentioned, is expected to be
less active in acetic acid photodecomposition. However, a higher amount of dopant

(D_12 series) led to a lower apparent quantum efficiency, especially under UV
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irradiation (300-340 nm), most probably as a consequence of the already mentioned
enhanced recombination of electron-hole couples photoproduced in this region, due to
the increased extent of defects in the oxide structure, acting as charge recombination
centres. The action spectra trend reported in Fig. 5 is in line with the photoactivity trend
obtained under full lamp emission in both liquid and gas phase oxidation reactions
investigated in the present work (see Figs. 1 and 2, respectively).

The effect produced by the calcination temperature on the photoactivity of samples
containing the same nominal dopant amount is enlightened by the action spectra of the
D_5 series, collected in Fig. 6. Two different relative photoefficiency scales can be
found, depending on the irradiation wavelength region. For Aiy < 400 nm the
photoactivity of doped samples slightly decreased with increasing the calcination
temperature, whereas for Aj; > 400 nm the opposite trend was observed, i.e. the
photoefficiency increased with increasing the calcination temperature of doped samples.
The same wavelength-dependent photoactivity trend was also obtained for the action
spectra of the D_12 series. This suggests that doping might produce beneficial effects in
the photoactivity of samples calcined at relatively high temperature, with a general
photoefficiency trend in this wavelengths region perfectly matching that achieved under
full lamp emission.

On the basis of these intriguing results the photoactivity of selected photocatalyst
series was investigated more in depth in a smaller wavelengths range, centred in the

near UV-Vis region.

3.3.2 Action spectra of acetic acid decomposition (370-460 nm range)
The action spectra in the 370-460 nm range obtained with a 10-nm wavelength step for

the D_5, D_12 and D_25 doped series, collected in Fig. 7, clearly confirm that within
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each series of doped materials a progressively higher calcination temperature ensured a
better apparent quantum efficiency in all this wavelengths region.

The most straightforward demonstration that a certain material is an effective
photocatalyst consists in the resemblance of its action spectrum with its absorption
spectrum.***? However, no appreciable and obvious similarity can be found by directly
comparing the action spectra of doped samples reported in Fig. 7 with their absorption
spectra reported in Fig. 8. In fact, all samples calcined at 500 °C, especially if
containing a relatively high dopant amount, absorb light at wavelengths longer than
those typical of the TiO, band gap absorption onset. However, this visible light
absorption did not induce any appreciable activity in acetic acid photodecomposition in
this irradiation wavelengths range. On the contrary, doped samples calcined at higher
temperature (600 and 700 °C) do not exhibit any noticeable extra absorption with
respect to undoped TiO,, but they show increased efficiency in acetic acid photo-
oxidation in the 370-410 nm range. By comparing the absorption properties of our
materials with their wavelength-dependent photocatalytic activity, a qualitative model
was developed, which provides a reasonable interpretation of our apparently

controversial results.

3.4 Model for absorption and action spectra deconvolution

3.4.1 Absorption spectra deconvolution

The absorption spectra of samples belonging to the same series, i.e. containing a fixed
nominal dopant amount, were compared first, to highlight the effects of calcination
temperature and evidence the presence of possible sub-bands, through a procedure of
absorption spectra subtraction. As shown in the examples reported in Fig. 9 referring to

the D_25 series, the absorption spectra of samples calcined at lower temperature were

15



subtracted from those of samples calcined at higher temperature. As all doped samples,
even if calcined at 700 °C, consist of pure anatase phase, any artifact in the difference
spectra due to rutile phase absorption can be excluded (vide infra).

The so-obtained difference absorption spectra (Fig. 9) invariantly consist of a
positive part, labelled peak A, in the near UV region and a negative part at longer
wavelengths in the near visible region, which can be labelled as peak B. For each
difference spectrum, labelled as curve C in the example reported in Fig. 10, a
deconvolution of peaks A and B was then performed. Under the assumption that peak B
appearing in the longer wavelengths side is symmetrically shaped, the profile of peak A
was obtained after subtracting the so-obtained peak B from curve C. This procedure was
applied to each difference absorption spectrum for each D_5, D_12 and D_25 series.
Finally, by assuming that peak A and peak B are absent in the absorption spectrum of
doped samples calcined at 500 and 700 °C, respectively, within each series the
contribution of peaks A and B to the absorption spectrum of each doped sample was
finally calculated.

The so-obtained results, reported in Fig. 11, evidence that for each series of doped
samples the contribution of peak B (with a maximum around 420 nm) decreased with
increasing the calcination temperature, while that of peak A (with a maximum around
365 nm) increased. On the other hand, by comparing the contributions of peaks A and B
to the absorption spectra of samples calcined at the same temperature, but containing
different nominal dopant amounts, the maximum intensity of both peaks A and B was
found to increase with increasing the nominal dopant amount within the D 5, D_12 and
D_25 series (see for example Fig. 12). The maximum position of both peaks A and B

was not affected either by the calcination temperature or by the dopant content.
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In contrast, different results were obtained if the same kind of spectral subtraction
analysis was applied to the absorption spectra of the D_3 series. In this case sample
D_3 700 calcined at 700 °C did not consist of pure anatase, but contained ca. 7% of the
rutile phase (Table 1). The contribution of the so-obtained peak A for D_3_700 is also
included in Fig. 12: this extra absorption peak is clearly red-shifted with respect to
peaks A of the other D-TiO, series and should be ascribed to the typical band gap
absorption shift of the rutile phase with respect to the anatase phase. This confirms that
peak A with a maximum at about 365 nm obtained for D_5, D_12 and D_25 series is
originated by an absorption contribution different from that of the rutile phase.

The intensity of the absorption peak B of doped samples was found to linearly
increase with increasing the amount of surface fluorine detected by XPS analysis (Table
1), with a higher slope for samples calcined at 500 °C than for those calcined at 600 °C
(not shown). An analogous correlation could not be established for the maximum

intensity of peak A.

3.4.2 Action spectra deconvolution
Aiming at ascertaining whether absorption peaks A and B are active in acetic acid
decomposition, a subtraction procedure similar to that performed for the absorption
spectra was carried out also for the action spectra recorded in the 370-460 nm range
(Fig. 7). Thus, for each series of doped materials the action spectra of samples calcined
at 500 °C were subtracted from those of samples calcined at 600 and 700 °C. By this
way the difference action spectra reported in Fig. 13 were obtained.

In the visible light region (A > 420 nm) the action spectra of doped samples calcined
at 600 and 700 °C do not show any appreciable difference with respect to that of the

sample with the same nominal dopant amount, calcined at 500 °C. This demonstrates
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that absorption peak B, which is particularly evident in the absorption spectra of
photocatalysts calcined at 500 °C, does not produce any photoactivity in acetic acid
decomposition to CO, under visible light.

On the contrary, doped samples calcined at 600 and 700 °C showed an increase of
photocatalytic activity in the UVA region with a maximum slightly red-shifted with
respect to the maximum of absorption peak A. Such photoactivity enhancement was
higher for photocatalysts calcined at the highest temperature (700 °C), i.e. for
photocatalysts exhibiting the most intense absorption peak A, clearly demonstrating that
peak A is active in acetic acid decomposition. No clear trend could be ascertained
outside the experimental uncertainty for photocatalysts containing different nominal
dopant amounts, calcined at the same temperature (see maximum A®q,, values in Fig.
13). High doping probably plays a role also on this effect, due to the formation of a
higher concentration of charge recombination centres in the TiO; lattice. Of course, this
type of analysis was not performed at A < 370 nm, because in this wavelengths region
the test reaction is mainly promoted by anatase band gap absorption.

By comparing the difference spectra reported in Figs. 11 and 13, we may thus
conclude that doping TiO, with NH4F, followed by high temperature calcination,
extends anatase band gap absorption on the long wavelengths side (peak A) and that this
absorption in the UVA region is photoactive in acetic acid decomposition, whereas

absorption peak B, appearing at longer wavelengths, is inactive in this reaction.

3.5 XPS analysis before and after etching
Aiming at correlating absorption peaks A and B to the chemical composition of our
doped TiO, photocatalysts, a detailed XPS analysis of D_12 500 and D_12 700 was

performed before and after etching with Ar ions. High resolution XPS spectra of
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D_12 500 in the F 1s and N 1s binding regions are reported in Fig. 14 a and b,
respectively. The XPS spectrum in the N 1s binding energy region is dominated by a
rather broad signal with a maximum around 400 eV, typically assigned to different
forms of interstitial nitrogen dopants.>*"*° After etching a new component appeared,
peaking at 397 eV, usually associated to substitutional nitrogen located on an oxygen
lattice site.**3*® On the other hand, the F 1s XPS signal consisted of only one band
peaking at ca. 684 eV, attributed to F~ ions adsorbed on the photocatalyst surface,3*>*’
which decreased after etching. No signal located around 688 eV, originated from

fluorine substituting oxygen in the TiO, crystal lattice,3***

appeared either before or
after etching (Fig. 14a).

Similar results were obtained for the highly photoactive D_12_ 700 sample calcined
at 700 °C (Fig. 14 c and d). In this case the F 1s signal at 684 eV was lower than in the
high resolution XPS spectrum of the D_12 500 sample (Fig. 14c vs. Fig. 14a),
indicating a lower amount of adsorbed fluorine. This signal almost completely
disappeared after etching (Fig. 14c), i.e. the fluorine content in the bulk was below the
detection limit of XPS analysis. Concerning the high resolution N 1s XPS signal, the
component picking at 397 eV, increasing after etching and attributed to substitutional
nitrogen, in Fig. 14d is even more evident than in Fig. 14b, confirming the presence of
nitrogen in the photocatalyst bulk, also after calcination at 700 °C.

These results exclude the possibility of detecting fluorine in bulk D-TiO,, especially
in samples calcined at high temperature, whereas they confirm the persistence of
nitrogen species in the D-TiO, structure of photocatalysts calcined at 700 °C, even
though this does not correspond to any absorption under visible light irradiation. Present

0

results are in line with previous findings obtained by EPR analysis,* revealing the

persistence of nitrogen species within the TiO; structure even after calcination at 700 °C.
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In fact the EPR spectra of both D_5 and D_12 series were dominated by the 4-lines
signal attributed to the photocatalytically inactive paramagnetic nitric oxide (NO)
radical encapsulated in microvoids, which almost completely masked the possible

presence of Ti®* centres.

3.6 Origin of absorption peaks A and B

XPS analysis clearly demonstrates that our D-TiO, photocatalysts contain both fluorine
and nitrogen. Although the nominal N/F molar ratio in all samples was fixed to 1, they
most probably contained a higher amount of nitrogen with respect to fluorine, in line
with the results recently obtained on similar systems.®* According to DFT calculations
reported in the literature,*” N-impurities give rise to localized states a few tenths of an
electronvolt above the valence band and also greatly favour oxygen vacancies formation.
Paramagnetic N-containing species, though being in concentration around three orders
of magnitude lower than bulk and surface doping levels,*® were indicated as responsible
for visible light absorption and for the photoinduced electron transfer to adsorbed
electron scavengers, such as molecular oxygen.*” On the other hand, the main effect of
fluorine doping was the retardation of transformation of the anatase phase into

rutile,303°

yielding a highly crystalline anatase phase also after calcination at 700°C,
according to HRTEM analysis.*® Substitutional F dopants induce the formation of Ti**
species in the bulk of polycrystalline anatase,* that introduce localized states in the
band gap, some tenths of electronvolt below the conduction band, but do not induce
absorption in the visible region.**®" Finally, N-F co-doping produces a charge
compensation between p-type (N) and n-type (F) dopant, which reduces the energy cost

51
l.

to dope the material.”~ Consequently, a smaller number of oxygen defects are expected

to be present in N—F co-doped TiO, with respect to N-doped TiO..

20



Aiming at ascertaining the origin of extra absorption peaks A and B, we first of all
notice a strong similarity between the absorption features of D_X 500 samples (Fig. 8)
and N-doped TiO; in the visible region. The ‘long tail’ absorption at A > 400 nm of
more of less pale yellow N-doped samples is commonly attributed to nitrogen species of
different dopant sources."*"*? Furthermore, the intensity of this visible light absorption
increases with increasing the dopant amount and decreases with increasing the
calcination temperature, with a trend identical to that observed for N-doped Ti0O,.*#°3>4

Therefore peak B, being most evident in the absorption spectra of doped samples
calcined at 500°C and decreasing in intensity with increasing the calcination
temperature (see Figs. 8 and 11), can safely be attributed to nitrogen doping.>* However,
no photoactivity in acetic acid decomposition corresponds to this absorption peak, a not
totally unexpected result, because the holes generated by visible photons in intra band
gap states of N-doped TiO,, possibly due to their insufficient oxidizing power and/or
low mobility, were already shown to be ineffective in oxidizing several substrates,>**°
for example formic acid.*

Concerning peak A, its evidence was obtained for the first time by the spectral
subtraction analysis performed in the present study. At difference with respect to peak B,
absorption peak A is active in acetic acid decomposition (see Figs. 11 and 13). We tried
to ascertain if its intensity may be correlated to the amount of Ti** species detectable by
EPR analysis, and with the possibly formed oxygen vacancies, but unfortunately this
was not possible, because the EPR spectra of our NH4F-doped photocatalysts were
dominated by the signal of photocatalytically inactive NO radicals.*® However, by
taking into account that the intensity of peak A, and the consequent activity in acetic

acid decomposition, increased with increasing the photocatalyst calcination temperature,
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this absorption feature might be attributed to extrinsic absorption originated from

surface oxygen vacancies or surface defects,***°*%’

whose formation is expected to be
favoured by F-doping at high calcination temperature. Indeed, photoluminescence
signals attributed to such features were reported to increase with increasing the
calcination temperature of F-doped TiO, materials,®® though the amount of oxygen
defects in N—F co-doped TiO; is expected to be lower than in N-TiO,.>' Recent
calculations seem to indicate that the peak near the absorption edge of the imaginary
part of the dielectric function of TiO, shifts to lower energy upon F-doping.*® On the
other hand, as peak A appears as an extra absorption on the longer wavelengths side of
the band gap absorption itself, we cannot exclude that it might simply be a consequence
of the higher crystallinity of D-TiO, samples calcined at higher temperature, with
respect to those calcined at 500 °C, resulting in a higher absorption capability, as
originally proposed by Hattori et al. in the case of F-doped TiO,.*® This hypothesis can
hardly be verified, because of the intrinsic difficulties of evaluating the effective amount
of crystalline material in our photocatalysts.**

In order to provide a definitive attribution of absorption band A, enlightening an
eventual role of nitrogen doping on photoactivity, and to better ascertain the origin of
peak B, together with possible synergistic effects due to the co-presence of N and F

dopants, a series of F-doped TiO, photocatalysts containing no nitrogen has now been

synthesised and is presently under investigation.
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Table 1. Phase composition and crystallite dimensions, da, obtained from XRD analysis,
by assuming the absence of amorphous phase; specific surface area (SSA), obtained
from BET analysis; and surface F/Ti and N/Ti molar ratios, obtained from XPS analysis

of the investigated photocatalysts series.

dopant/T_i anatase brookite rutile surface . surface .
Sample molar ratio (%) (%) (%) da/nm  ssa/m?g" molar F/Ti molar N/Ti

(%) (%) (%)

P25 80 - 20 25 50

A45 100 - - 35 45

JRC-TiO-8 100 - - 4 338
D_0_500 0 99 1 - 15 15 - 2.8
D_0 600 0 90 - 10 32 9 - 2.8
D_0_700 0 38 - 62 65 7 - 3.0
D_3 500 3 98 2 - 16 65 n.d. n.d.
D_3_600 3 97 - 3 32 32 n.d. n.d.
D_3 700 3 93 - 7 40 22 n.d. n.d.
D_5 500 5 98 2 - 13 63 6.0 2.9
D_5_600 5 100 - - 44 31 4.3 2.6
D_5_700 5 99 - 1 49 16 3.7 2.9
D_12 500 12 100 - - 19 43 7.1 2.9
D_12 600 12 100 - - 33 23 5.0 3.0
D_12_ 700 12 99.5 - 0.5 48 12 4.4 4.2
D_25 500 25 100 - - 19 39 9.6 3.4
D_25 600 25 100 - - 47 15 6.5 3.3
D_25 700 25 100 - - 110 8 115 2.6

n.d. = not determined
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Figure Captions

Fig. 1 Zero-order rate constants of CO, photocatalytic evolution during acetic acid
decomposition under polychromatic irradiation on commercial TiO, photocatalysts and
on doped TiO, photocatalysts containing different dopant amounts and calcined at

different temperature.

Fig. 2 First-order rate constants of CH3CHO photodegradation under xenon lamp
irradiation on photocatalysts containing different dopant amounts and calcined at

different temperature.

Fig. 3 Action spectra of acetic acid decomposition (full circles) and absorption spectra

(dashed lines) of selected photocatalysts.

Fig. 4 a) Action spectra of acetic acid decomposition and b) absorption spectra of

undoped TiO; calcined at different temperature.

Fig. 5 Action spectra of acetic acid decomposition obtained in the presence of undoped

(D_0) and differently doped samples (D_5 and D_12), all calcined at 700 °C.

Fig. 6 Action spectra of acetic acid decomposition obtained in the presence of

moderately doped samples (D _5 series) calcined at different temperature.

Fig. 7 Action spectra of acetic acid decomposition in the 370-460 nm wavelengths

range of the a) D_5, b) D_12 and c) D_25 doped TiO, photocatalysts series.

Fig. 8 Absorption spectra of the a) D_5, b) D_12 and c¢) D_25 doped TiO, series.
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Fig. 9 Difference absorption spectra calculated for the D_25 series: the absorption
spectra of samples calcined at lower temperature were subtracted from those of samples

calcined at higher temperature.

Fig. 10 Deconvolution of peaks A and B from the difference of the absorption spectra

of samples D_25 700 and D_25_600.

Fig. 11 Contributions of peaks A and B in the absorption spectra of photocatalysts of

the a) D_5, b) D_12 and c) D_25 series, calcined at different temperature.

Fig. 12 Contribution of peak A to the absorption spectra of doped samples calcined at

700 °C. Only D_3 700 contains a low amount of the rutile phase.

Fig. 13 Difference action spectra of the a) D_5, b) D_12 and ¢) D_25 photocatalysts
series. The action spectrum of each sample calcined at 500 °C was subtracted from

those of samples calcined at higher temperature.

Fig. 14 High resolution XPS spectra of the F 1s (a and c) and the N 1s (c and d)
binding energy regions of D_12 500 (a and b) and D_12 700 (c and d) before (solid

line) and after etching with Ar ions (dotted line).
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