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Facile Synthesis of Anatase—Brookite Mixed-Phase N-Doped TiO,
Nanoparticles with High Visible-Light Photocatalytic Activity
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N-Doped anatase-brookite bicrystal TiO, nanocatalysts were
successfully synthesized by a facile solvothermal route. The
ratio of brookite to anatase can be easily tuned by changing
the composition of the phase-selective agents (acetyl-
acetone). The samples were fully characterized. The band-
gap energy, chemical states of Ti, O, and N species, and pho-
tocatalytic activity of the as-prepared catalysts were affected
by the mixed-phase effect of brookite and anatase. In the
optimum ratio range of the phase effect from 24.6 to 75.4 %

(brookite to anatase), the N-doped TiO, bicrystal catalyst ex-
hibits maximum activity under both visible and UV light,
which can be attributed to high quantum efficiency induced
by the high concentration of OHgytacer the relatively low
amount of Ti%* sites, active N~ species concentration, the rela-
tively large surface areas, and a moderate band-gap energy.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Research on the design and controlled synthesis of tita-
nium dioxide (TiO,) has attracted considerable attention in
the past decades!!?! because of its excellent photocatalytic
capability in degrading a large variety of environmental
contaminants such as organic materials, bacteria, and
viruses,*# especially after the discovery of photoinduced
water-splitting by TiO,.[>l However, in most cases, UV light
is needed when TiO, is used as a photocatalyst because of
its large band-gap energy (3.2 eV for anatase TiO,). There-
fore, they are not suitable for some important applications
that require easily activated photocatalysts with low band-
gap energies, such as daylight-induced chemical reactions.
In addition to its large band-gap energy, the low quantum
efficiency of TiO, also limits its application. Currently, it is
still of great importance to explore facile and reliable means
aiming at TiO, materials with improved catalytic perform-
ances (including the spectral response range and the quan-
tum efficiency) in order to be used in a broader spectrum
range more efficiently.[0-®]

A photocatalyst with a high reactivity under visible light
(4 > 380 nm) can utilize the main part of the solar spec-
trum, and even poor illumination of interior lighting. Till
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now, many studies have been attributed to the doping of
TiO, with transition-metal elements to enlarge its visible
spectral response.”'?l However, transition-metal-doped
TiO, always suffers from an increase in carrier-recombina-
tion centers and a decrease in photocatalytic activity under
ultraviolet light.['31 An alternative way to extend the light
response range is to use a nonmetallic doping element.
Since the first synthesis of an N-doped TiO, visible-light
photocatalyst by Asahi in 2001,['4 the modification of TiO,
with N dopants seems a powerful way to extend the absorp-
tion light from the UV area to the visible area, because the
substitution of lattice oxygen with nitrogen can narrow the
band gap by mixing the N;g and O,y states,['>"171 and this
avoids increased recombination centers given by the local-
ized d states of the cationic metals. However, the practical
application of N-doped titania is still hindered by its low
reactivity and quantum efficiency.'8! Further, up to now,
almost all N-doped TiO, samples are prepared by treating
TiO, under an NHj; atmosphere at high temperature. The
process is highly energy consuming and treatment at high
temperature usually results in low reactivity as a result of
the low surface area caused by agglomeration and de-
creased hydroxy group concentration on the surface of the
catalysts.!'8]

As for the enhancement in the quantum efficiency of
TiO,, there are three strategies commonly used: noble metal
deposition, coupling with other narrow band-gap semi-
conductors, and phase mixing.['>?1 Among the three strate-
gies, phase mixing is the most promising; a typical example
is commercial Degussa P25, an anatase-rutile mixed-phase
catalyst. With anatase as an active component and rutile as
an electron sink>'#21%1 (under visible illumination, the pro-
cess of electron transfer from rutile to anatase lattice trap-
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ping sites can also occur®'l), P25 shows slower rates of
recombination and thus higher photocatalytic activity than
its pure phase counterparts.

Among the three crystalline phases of TiO, (anatase, ru-
tile, and brookite), anatase generally shows better perform-
ances than its rutile counterpart in photocatalytic applica-
tions.2?] The brookite phase is the least studied in many
aspects of its properties, mainly owing to the difficulties in
preparation, though it seems to have some special proper-
ties, like the marked photocatalytic activity (comparable to
anatase) in the dehydrogenation of propan-2-ol and in Ag
deposition.?’] Whereupon, the controlled synthesis and
study of the mixed crystal effect of the brookite and other
TiO, phases will open a new millennium for the develop-
ment of mixed-phase catalysts.

In our work, anatase—brookite bicrystal N-doped TiO,
was designed and synthesized by a facile solvothermal
method. The modification of TiO, with N dopants was
used to narrow the band gap and extend the absorption
from UV to visible light. The mixing of anatase and brook-
ite was designed to enhance the quantum efficiency of the
N-doped TiO, samples. It is found that the ratio of brookite
to anatase can be easily tuned by changing the composition
in an initial solution. The band-gap energy of N-doped
TiO,, chemical states of Ti, O, and N species on the surface
have been proved to be affected by the mixed-phase effect
of brookite and anatase. At the optimum ratio of brookite
to anatase (24.6 to 75.4%), the N-doped TiO, bicrystal cat-
alyst exhibits maximum activity both under visible and UV
light, which shows the same high activity as P25.

Results and Discussion

To determine the phase contents, all samples were exam-
ined by XRD (Figure 1). Figure 1a shows the pure anatase
sample prepared by solvothermal treatment of the tetrabu-
tyltitanate—-DMF system. When acetylacetone was added to
the reaction system (Kominami et al. reported the prepara-
tion of brookite TiO, by using titanium acetylacetonate as
a titanium source.’ Hence, it suggests that acetylacetone
can be used as a phase-selective agent to produce the
brookite phase through the formation of titanium acetyl-
acetonate in the reaction system), anatase—brookite mixed-
crystal samples were obtained (Figure 1b—e). The calculated
ratios of brookite to anatase in the sample (Table 1) indicate
that the brookite component increases along with the con-

Table 1. Experimental conditions and parameters of the catalyst.

centration of acetylacetone used. The crystal phase compo-
sitions and the crystal sizes of the samples are listed in
Table 1. It can be seen that with an increased content of a
certain phase, the corresponding size of the crystallites of
this phase increases gradually.
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Figure 1. XRD patterns of the as-obtained products in Table 1.

The surface states of the N-doped TiO, samples were
investigated by XPS, and the data listed in Table 2. Fig-
ure 2-1 shows the XPS spectra for the N;, region of N-
doped TiO, with different ratios of brookite to anatase. A
broad peak from the binding energy region 397-404 eV is
observed for each sample. Three binding energy regions
centered at 400, 401, and 402 ¢V are obtained through
curve fitting. All the five characteristic peaks can be steadily
indexed to NO and Ti—-O-N, O-Ti-N linkages, which are
the typical of N species in the TiO, lattice.”>! These results
clearly demonstrate that through solvothermal treatment of
the tetrabutyltitanate DMF solution, the N-doped TiO,
catalysts were obtained successfully. In light of doping with
NH; as a dopant, Scheme 1 briefly describes the possible
nitridation process.

In the beginning, DMF can hydrolyze to generate
NH(CH3), and HCOOH in the presence of a trace amount
of water [adsorbed water of Ti(OC4Hy),4, acac, and DMF;
step 1].2) This hydrolysis process can be confirmed by the

Sample Amounts of chemicals / mL Relative phase content / % Crystallite size / nm Optical band Particle BET surface
gap energy / size / area /
Ti(OC,Hy),  DMF ACAC brookite anatase brookite anatase eV nm m’g!
a 1.5 25 0 0 100 0 19.6 2.81 21 76.0
b 1.5 25 1 10.9 89.1 8.6 11.3 291 21 72.5
c 1.5 25 3 24.6 754 10.7 9.8 292 22 76.2
d 1.5 25 5 29.8 70.2 10.9 9.6 294 21 78.0
e 1.5 25 7 4384 51.6 11.0 9.5 297 2 76.5
P25 - - - - - - - 3.02 - 50.0
3728 www.eurjic.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2009, 3727-3733
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Table 2. XPS data of N, O, and Ti.
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Sample Atom ratio of O/TI/N Relative contents of the elements in the sample per atom / %
(0] Ti
OHsurlhcc Olattice Ti3+ Ti4+ -N- -NO Ti-O-N O-Ti-N
a 57.17:20.03:0.08 123 87.7 102 89.8 0 56.8 29 40.3
b 67.65:20.02:0.08 322 67.8 2.8 972 134 55.1 20.5 11.0
c 67.57:18.19:0.07 39.8 60.2 23 977 29.8 304 6.1 33.7
d 64.31:17.52:0.07 373 62.7 1.1 989 17.1 459 54 31.6
e 59.27:20.03:0.08 125 87.5 0.1 99.9 0 74.3 20.8 49
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Figure 2. High-resolution XPS analysis of N-doped TiO, samples
in Table 1: (1) Ny, region, (2) Oy, region, and (3) Ti,, region.

intense amine odor from the solution after the reaction.
Step 2 is the surface adsorption of NH(CHjs), molecules
onto the nascent TiO, networks. Subsequently, the nitrogen
atom in NH(CHs;), dopes into the TiO, lattice by the for-
mation of the O-Ti-N and Ti—O-N species, as illustrated
in steps 3 and 4. A similar mechanism was reported with
NH; as a dopant.'! Another peak centered at a lower
binding energy (396¢V) is attributed to a chemically

Eur. J. Inorg. Chem. 2009, 3727-3733
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Scheme 1. Formation of O-Ti-N and Ti—O-N nitrides.

bonded N-species within the TiO, lattice. Following Asahi,
the peak at 396 eV is the active site and related enhanced
photocatalytic activity.'¥ This signal cannot be observed
for samples with a too high (48.1%) or too low (0%) brook-
ite content. For the other three bicrystal N-doped TiO,
samples, the intensity of this peak follows the order ¢ > d
> b (Figure 2-1).

As shown in Table 2, the ratio of the N species main-
tained in N-doped TiO, varies with changes in the phase
composition in the catalysts, indicating that the mixing of
brookite with anatase severely affects the chemical states of
the doped N. Moreover, all the as-prepared catalysts con-
tain a similar total N amount by XPS investigation, which
clearly reveals that the brookite content in the samples has
little influence on the concentration of the doped N.

Figure 2-2 shows the XPS spectra of the O, region. Gen-
erally, the photoelectron peaks of O, can be curve fitted at
about 529.9, 531.9, and 533.4 eV, which correspond to the
titania lattices, surface hydroxy groups, and adsorbed oxy-
gen mainly from adsorbed water molecules.[?”-28! This figure
also illuminates that the quantity of the adsorbed oxygen
on the surface of the N-doped TiO, samples could be ne-
glected, the mixing of brookite and anatase increases the
concentration of the surface hydroxy groups, and the se-
quence of the surface hydroxy concentration for the five
samples is ¢ > b > d >> e = a. As has been previously
reported, several factors, including the crystal phase, prop-
erties of external crystal planes, the absorbed H,O, may
have various effects on the surface OH distribution.l*”! In
present work, it is found that the OHg,r.ce cOncentration
changes with the ratio of anatase to brookite. The reason
3729
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may be with reference to the alternation of the properties
of external surface crystal planes induced by the variation
of the phase ratio. However, more in-depth study is still
needed to further understand the effects of the anatase—
brookite ratio on the surface OH concentration.

The binding energy at 458.8 and 464.6 eV can be attrib-
uted to the Tip3, and Tispy, core levels of the N-doped
TiO, samples, respectively (Figure 2-3).3% There is no ap-
parent change in the Ti,, peak position for all the samples.
According to the 0.7 €V (Tizp32) and 0.8 eV (Tizpy/2) nega-
tive shift of the chemical state of Ti** and Ti**, respectively,
the chemical states of titanium (Ti** and Ti**) are analyzed
in detail by deconvolution by using Gaussian mixture peak
fitting.3"! As shown in Table 1, compared with the pure an-
atase N-doped TiO,, the concentrations of the Ti** sites on
the surface of bicrystal N-doped TiO, catalysts are much
lower.

As shown in Figure 3, the shoulder of the absorption
spectrum of N-doped TiO, samples are significantly ex-
tended toward the visible light range, possibly owing to the
substitution of the lattice oxygen by nitrogen during TiO,
nitridation. This is of great importance for the application
of N-doped TiO, materials, as they can be activated even by
sunlight. The relative band-gap energies of the as-prepared
samples and P25 are shown in Table 1. The N-doped TiO,
sample possesses a narrower band gap than P25 owing to
the mixing of the N;g and the O, states.l*? It is interesting
that with an increase in the brookite content in the N-
doped products (from 0 to 48.4%), the band gap energies
widen from 2.81 to 2.97 eV. This may probably be attributed
to the decreased concentration of the Ti** states, which has
been found to be below the bottom of the conduction
band.3! In Figure 3, the as-prepared samples have larger
background signals than P25. This may be caused by nitro-
gen doping and aggregation of the product particle induced
by the post-treating process (the presence of the large aggre-
gates are confirmed by SEM observation of the synthesized
materials, see Figure S1).
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Figure 3. UV/Vis diffusive reflectance spectra of the samples in
Table 1 and P25.

The TEM images of the as-obtained samples are shown
in Figure 4. It can be seen that all of the five samples consist
mainly of ca. 20 nm nanoparticles, and the changing phase
composition has little influence on the morphology of the
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products. In addition, the Brunauer—-Emmett-Teller (BET)
surface areas of the as-prepared samples are measured by
nitrogen adsorption. The data are listed in Table 1. It can
be seen that all five samples have similar surface areas that
are higher than that of P25 (50 m?>g!),B* which will be
favorable to their photocatalytic activities.

Figure 4. TEM images of N-doped TiO, in Table 1.

Methylene blue (MB) is often selected as a model pol-
lutant for photocatalytic oxidation experiments, because it
is a common toxic azo dye in colored wastewater. Figure 5
describes the activity of as-prepared N-doped TiO, samples
under visible and UV light, where C and C, stand for the
remnant and initial concentration of MB, respectively. In
the visible-light region (Figure 5A), the N-doped samples
possess better photocatalytic activities than P25. The degra-
dation rate of MB on different TiO, catalyst samples under
visible light irradiation follows the order:c>d >b>a>¢e
>> P25. In contrast, the phase mixing also can remarkably
improve the UV-photocatalytic activities of N-doped sam-
ples. As shown in Figure 5B, with a properly controlled
phase composition, N-doped TiO, catalysts exhibit a com-
parable photocatalytic activity to Degussa P25. The degra-
dation rate of MB on different TiO, catalyst samples under
UV irradiation follows the order: c = P25 >d > b >e¢ >
a.

As is well known, the quantum efficiency affects activi-
ties of the photocatalysts significantly,®) and to monitor the
surface properties is an effective strategy to adjust the quan-
tum efficiency. One way to enhance the quantum efficiency
of photocatalysts is to increase the concentration of
OHgy face- According to the work of Nakamura,!3% the sur-
face hydroxy groups play two important roles in the photo-
catalytic reactions. First, the surface hydroxy groups act as
hole traps to improve the separation efficiency of electron—

Eur. J. Inorg. Chem. 2009, 3727-3733
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Figure 5. Photocatalytic degradation curves of MB on N-doped
TiO, samples and P25 (A) under visible light irradiation, (B) under
UV irradiation.

hole pairs and to enhance the quantum efficiency. Second,
through subsequent reactions, these hydroxy groups can
help to form oxidative species with a high activity to miner-
alize MB. Thus, an increase in the surface hydroxy concen-
tration will lead to enhanced photocatalytic efficiency under
both UV and visible light. To inhibit the charge, carrier
recombination is an alternative way to enhance the overall
quantum efficiency for interfacial charge transfer.®> It is
known that Ti** can cause the recombination of the
trapped electrons with photoholes h* (Ti** + h* — Ti**).
Therefore, a lower concentration of Ti*" sites will lead to a
lower recombination rate, a higher separation efficiency of
electron—hole pairs, and a higher photocatalytic activity.
Another important route to enhance the quantum effi-
ciency is to stabilize the charge separation through coupling
of different crystal phases. Two different models related to
stabilization of charge separation by photoinduced interfa-
cial electron transfer have been reported. One is the tradi-
tionally accepted model involving the transfer of electrons
from anatase to lower-energy rutile electron sites (as men-
tioned in the introduction for Degussa P25).2'2215] Hurum
et al. reported another model: under visible-light illumina-
tion (4 > 400 nm), the lower-energy rutile can be irradiated,
then rapid electron transfer from rutile to anatase lattice
trapping sites will occur in P25.121¢ In the present anatase—
brookite mixed-phase system, we take the traditional model

Eur. J. Inorg. Chem. 2009, 3727-3733
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and propose that photoinduced interfacial electron transfer
from anatase to brookite may also occur. There are mainly
two reasons for this: (1) Anatase possess a higher band en-
ergy than brookite (3.19 to 3.11 eV)*l and a higher activity
in most cases.l%! (2) Brookite has a higher band energy than
rutile (3.11 to 3.0 eV)P® and is hard to irradiate by visible
light. (The band gaps of 3.19, 3.11, and 3.0 eV correspond
to the optical absorption edges of 388.7, 398.6, and
413.3 nm.[3%)

In addition to quantum efficiency, the visible-light pho-
tocatalytic activities of the samples are also related to the
component of the chemically bonded N~ species (at
396 eV). The reason is that the N species can serve as active
sites for photocatalysis under visible light. Moreover, it
should be noted that the BET surface area of the sample
also plays an important role for the photocatalytic proper-
ties, because a higher specific surface area usually leads to
more active sites.

According to the main parameters affecting the photo-
catalytic degradation process discussed above, the experi-
mental results in the present work are considered to be rea-
sonable. First, N-doping remarkably reduced the band gap
energy of TiO, materials and, thus, greatly improved photo-
catalytic activities in the visible-light region for the N-doped
samples compared with P25. Second, although the BET
surface areas of all five samples with different phase com-
positions are similar, the band-gap energies and the chemi-
cal states of the Ti, O, and N species on the surface of the
N-doped TiO, samples proved to be tunable by phase mix-
ing of brookite and anatase. Therefore, the photocatalytic
activities of the N-doped TiO, samples can also be tailored
by properly monitoring the phase composition. The highest
activity of the bicrystal N-doped TiO, catalyst with a phase
composition of 24.6%B and 75.4%A (sample c) can be at-
tributed to the relatively higher quantum efficiency and
active N~ specie concentration. The higher quantum effi-
ciency may arise from the relatively higher OHgy,pce CON-
centration and the lower number of Ti3* sites. Furthermore,
the relatively larger surface areas (compared with P25) and
moderate band-gap energy may also contribute to the high
activity of sample c.

Conclusions

In summary, the N-doped anatase-brookite bicrystal
TiO, with acetylacetone as the phase-selective agent was
designed and synthesized through a facile solvothermal
route. The ratio of the brookite to anatase can be easily
tuned by changing the composition of the initial solution.
The band-gap energy of the N-doped TiO,, the chemical
states of the Ti, O, and N species on the surface, and the
photocatalytic activity of the catalysts were affected by the
mixed-phase effect of brookite and anatase. At the opti-
mum ratio of brookite to anatase (24.6 to 75.4%), the N-
doped TiO, bicrystal catalyst (sample ¢) exhibits a maxi-
mum activity under both visible and UV light. Particularly,
the following points should be highlighted: (1) With an in-
3731
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crease in the brookite content in the N-doped products, the
band-gap energies of the catalysts become wider. (2) The
relatively larger surface area (compared with P25) leads to
more active sites. (3) The sober mixing of brookite and ana-
tase favors an increase in the concentration of OHg,,.. and
a decrease in the number of Ti** sites, which lead to an
increase in quantum efficiency. (4) The mixed-phase catalyst
has a maximum concentration of the chemically bonded N
species (at 396 eV), which serve as active sites for photoca-
talysis under visible light.

Experimental Section

Synthesis: Tetrabutyltitanate, dimethylformamide (DMF), acetyl-
acetone (acac), and methylene blue (MB) were all analytical grade
and purchased from Beijing Chemical Factory. All the N-doped
titania samples were synthesized by a single-step solvothermal
treatment. In a typical experiment, a certain amount of tetrabutylti-
tanate, DMF, and acac were mixed (Table 1), then the mixture was
transferred into a Teflon-lined autoclave and heated to 180 °C for
48 h. The solid product was filtered, washed, and dried in air at
room temperature. The information and the corresponding prepar-
ing parameters of five typical samples (identified as samples a, b,
¢, d, and e) are listed in Table 1.

Catalytic Activity Measurements: The photocatalytic activities of
the samples was evaluated by the photodegradation of MB in an
aqueous solution at room temperature under ultraviolet and visible
light irradiation. In the process, the catalyst (0.09 g) was suspended
in a fresh dye aqueous solution (for the UV-induced reaction: C,
= 8X107°M; Vis: C, = 4X10°m, 45mL). The suspension was
stirred in the dark for 20 min to allow an adsorption—desorption
equilibrium of MB dye. Then oxygen was bubbled into the reactor.
After 20 min, the solution was illuminated whilst stirring. At a cer-
tain interval, a certain amount of sample (4 mL for the UV-induced
reaction, 3 mL for the Vis-induced reaction) was drawn from the
system, centrifuged and then the absorption spectrum at 664 nm
of the dye was monitored. The UV source was a 100 W mercury
lamp (4 > 330 nm). The visible light irradiation source (1 >
400 nm) was obtained by putting an appropriate cut-off filter in the
front of a 500 W mercury lamp to completely remove wavelengths
shorter than 400 nm. The photoreactor was placed on a magnetic
stirrer to ensure homogeneous mixing during irradiation.

Characterization: The XRD patterns of the catalysts were recorded
with a Rigaku DMAX-2000 X-ray diffractometer by using a Cu-
K, radiation source (4 = 1.54056 A). The XRD patterns were used
to identify the crystal phase, ratio of anatase to brookite, and crys-
tallite size. The fraction of brookite in the sample was estimated
from the following equation:37!

Wy = kgApl(kaAa + kgAg)

where A, represents the integrated intensity of the anatase (101)
peak, and Ag the integrated intensity of brookite (121) peak, and
ka and kg are two coefficients of anatase and brookite, respectively
(ka = 0.886 and kg = 2.721). Due to the overlap of the anatase
(101) peak with (120) and (111) of brookite, a numerical deconvol-
ution technique was used to separate these peaks (Figure 6). The
XRD intensity of anatase (101) peak at 20 = 25.3°, and brookite
(121) peak at 20 = 30.8° were analyzed. The values of full-width-
at-half maximum (FWHM) of the (101) peaks for anatase and
(121) peaks for brookite were used to calculate the crystallites size
of the samples by Scherrer’s equation D, = KA/(fcos 0),1*8] where

3732
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D, K, A, f, and 0 is the size of crystal, Scherrer constant (0.89),
the wavelength of X-ray, FWHM of a selected peak, and diffraction
angle for the selected peak, respectively.

Intensity

|
>(121)

24 25 26 27 28 29 30 31 32
20/°

Figure 6. Deconvolution of XRD patterns of sample e in Table 1.

UV/Vis absorption spectra for the dry pressed disk of the samples
were obtained by using a UV/Vis spectrophotometer (Varian Cary
5000), which was used to calculate the optical band energy of the
samples. Absorption spectra were referenced to BaSO,. TiO, is
known as an indirect band gap semiconductor, for which the rela-
tion between the absorption coefficient and incident photon energy
(hv) can be written as:

ace(hy — Eg)*hyi36-3

where E, is the band gap energy of the sample. Plots of (a/hv)"? vs.
hv from the spectroscopic data of Figure 3 is presented in Fig-
ure S2. Extrapolating the linear part of the curves give the band
gap energy.

XPS measurements were made with a PHI Quantera SXMX spec-
trometer with an Mg-K,, source (1253.6 e¢V). The samples are ana-
lyzed at pressures less than 1077 Pa. Binding energies were mea-
sured for Oy, Tisp, and Njg The Cyg binding energy of 284.8 eV
was taken as the standard for correction of experimental binding
energies. The O/Ti/N atomic ratios were also given by the XPS
measurements. TEM images were obtained with a JEM-2100F elec-
tron microscope.

Supporting Information (see also the footnote on the first page of
this article): Detailed SEM images of sample ¢ and P25; illustration
for determining the band-gap energies.
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