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Abstract: The possibility of controlling the photocatalytic activity of TiO, nanoparticles by tailoring their
crystalline structure and morphology is a current topic of great interest. In this study, a broad variety of
well-faceted particles with different phase compositions, sizes, and shapes have been obtained from
concentrated TiOCl, solutions by systematically changing temperature, pH, and duration of the hydrothermal
treatment. The guide to select the suitable experimental conditions was provided by thermodynamic modeling
based on available thermochemical data. By combining the results of TEM, HRTEM, XRD, density, and
specific surface area measurements, a complete structural and morphological characterization of the particles
was performed. Correlation between the photocatalytic activity in the UV photodegradation of phenol
solutions and the particle size was established. Prismatic rutile particles with length/width ratio around 5
and breadth of 60—100 nm showed the highest activity. The surface chemistry of the particles was also
investigated. Treatments that decrease the surface acidity, such as washing the powders with ammonia
solution and/or calcining at 400 °C, have detrimental effect on photocatalytic activity. The overall results
suggest correlation between particle morphology and photocatalytic activity and indicate that both electron—
hole recombination and adsorption at the surface can be rate-controlling processes. The systematic approach
presented in this study demonstrates that a substantial improvement of the photocatalytic activity of TiO,
can be achieved by a careful design of the particle morphology and the control of the surface chemistry.

1. Introduction polymorph and a well-defined particle stZeare required; for

Titanium dioxide, TiQ, is widely used in different applica- example, hydrothermal anatase With.primary particle s_ize of
tions because of its specific properties: photocatalytic activity, 10~14 nm showed the best performahaeDSSC. Contrasting
photovoltaic effect, medium dielectric permittivity, high chemi- "esults are reported about the influence of phase composition
cal stability, and low toxicity. Photocatalytic and photovoltaic @nd particle size on the photocatalytic oxidative degradation of
properties are influenced by surface area, crystallite size, phasé®rganic pollutants in air or water. Indeed, different authors
composition, nature and concentration of lattice defects, and 'ePorted that anatase works better than rdtiehers showed
impurities. Thus, specific applications, such as dye-sensitized the best results for rutilé,® and much experimental evidence
solar celld (DSSC) or advanced photochemical applicatidns, SuPported the existence of a synergistic effect of anatase and
require TiQ with well-controlled chemical and physical prop-  "Utile mixed phases in enhancing the photocatalytic activity:?
erties.

Titania exists in three crystalline forms: anatase (A), rutile 8; ﬁﬂﬁi sSt &g i;"ésig\;vgg, %?P?;r;taﬁjz'\g%tzerzﬁhﬂ},z_ooq 10, 2388.

(R), and brookite (B). In a number of applications, a specific (5) Barbe C. J.; Arendse, F.; Comte, P.; Jirousek, M.; Lenzmann, F.; Shklover,
V.; Gréazel, M. J. Am. Ceram. Sod 997 80, 3157.

" Department of Materials Science, University of Milano-Bicocca. (6) Linsebigler, A. L; Lu, G.; Yates, J. T., JEhem. Re. 1995 95, 735.
+ Department of Physical Chemistry, Environmental Research Centre, (7) E\;/\éatzsi)g, S. S.; Beydoun, D.; Scott, J. A;; Amal,Ghem. Eng. J2003
University of Milano. b . K- ;
§ Institute for Energetics and Interphases, Department of Genova, National ® %llgl)s A Lee, S-K.; Lepre, AJ. Photochem. Photobiol., 2003 155
Research Council. ) ) ) ) ) (9) Habibi, M. H.; Vosooghian, HJ. Photochem. Photobiol., 2005 174,
U Department of Physical Chemistry, University of Venezia. 45,
(1) Gréazel, M. Nature 2001, 414, 338. (10) (a) Bacsa, R. R.; Kiwi, Appl. Catal. B1998 16, 19. (b) Gumy, D.; Morais,
(2) Zhang, W. F.; Zhang, M. S.; Yin, Z.; Chen, @ppl. Phys. B2000, 70, C.; Bowen, P.; Pulgarin, C.; Giraldo, S.; Hajdu, R.; Kiwi,Appl. Catal.
261. B 2006 63, 76.
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While some authors claimed that high surface area or meso-

porous materials have higher efficieni®}2some others pointed
out the influence of crystalline and surface defééts. general,

of the solution and the reaction time. The resulting products
were fully characterized, and the effect of temperature, pH, and
reaction time on phase composition, crystal size, and morphol-

phase composition, specific surface area, pore size distribution,ogy was determined.

particle morphology, particle aggregation, primary and second-

The photocatalytic activities of the different titania samples

ary particle size distribution, bulk, and surface defects, bulk and in the mineralization of phenol in the presence af0z were

surface hydroxyl group®;16and impuritie$’” can play a crucial
role in determining the efficiency in specific applications. All

measured and correlated with the size, morphology, and
composition of the particles. The photocatalytic activity can be

the above-mentioned characteristics are directly associated toalso controlled by changing the surface chemistry of the
synthesis and processing routes. The shortcoming of the previouspowders. For this purpose, a study on the influence of different
investigations to provide a self-consistent picture that effectively washing treatments and thermal annealing was carried out. As
correlates phase composition and particle morphology to pho- a result, the synthesis and processing conditions corresponding
tocatalytic activity largely lies in the use of powders coming to optimized photocatalytic activity were identified.
from different synthesis routes and different synthesis conditions.
Therefore, the first step toward a better understanding of the
influence of the different parameters on the material perfor-  Precipitation and hydrothermal synthesis involve chemical
mances is the selection of a preparation route able to supplyreactions between ions or molecular species in aqueous solution
TiO, with controlled and reproducible properties. Titania can and one or more solid phases. The chemical composition as
be prepared by various methods, such as-gel ! hydrother- well as the properties of the solid phases can be controlled by
mal 1418 combustion synthesi$,and gas-phase methots20 changing the physical and chemical variables of the given
Among these preparation methods, a careful control over phasesystem, such as temperature, pressure, pH, reactant concentra-
composition and particle size and hence over photocatalytic tion. Phase-stability diagrams are very useful to understand
activity can be obtained by means of the hydrothermal method. which aqueous and solid phases predominate as a function of
In general, this is carried out by changing the chemicophysical pH and reactant concentration. Thus, the optimum synthesis
parameters of the system, such as temperature, pH, kind andconditions for which the desirable product is thermodynamically
concentration of reactants. Scale-up problems of the hydrother-stable can be predicted using a suitable thermodynamic model,
mal processoften related to lack of homogeneity in big without the need of a time-consuming trial and error experi-
reactors-can be resolved by the application of specific mental approach. Examples of the use of thermodynamic
strategieg!~23 modeling for the hydrothermal synthesis of ceramic oxides have
In this study, we report the results of an extensive investiga- been provided by Lencka and Rim#mn?®
tion on the hydrothermal synthesis of TiQising aqueous Here, we propose a similar approach for the systemFiO
TiOCl, and NHOH as reactants. Traditionally, the process H20—HCI=NH; where modifications in morphology, growth
parameters are empirically adjusted by trial-and-error until the rate, and phase composition of the solid phase can be related
given phase or particle size is obtained. It is generally reported to a change of the predominant aqueous species or variations
that at basic pH the main or exclusive phase is anatase, whileof the precipitate solubility. The calculations were based on a
at acidic pH, rutile formation is favore24-25 Herein, we realistic activity coefficient model of aqueous solutichsn
propose a more systematic and quantitative approach. Firstfact, the ideal solution model is highly inaccurate when
phase-stability diagrams were generated by using thermody-concentrated electrolyte solutions are used or when a multitude
namic modeling to understand which ionic species in equilibrium 0f competing reactions occur in a solution, making the equi-
with the solid phase predominates as a function of pH, librium concentration of various species strongly dependent on
temperature, and reactant concentration. Second, appropriat@ctivity coefficients. The distribution of the aqueous species was
temperatures for the hydrothermal synthesis were selected, andredicted as a function of temperature and pH. Calculations were

TiO, powders were produced by systematically varying the pH performed with the OLI System softwaf®.
According to the general principles of chemical thermody-

namics, the equilibrium concentration of the different species
in the system can be calculated, provided that the standard Gibbs
energy of formation and the activity coefficient are known for
each specie¥28 Qverall, 23 chemical species and 18 inde-
pendent reactions were considered in the ;Fi8,0—HCI—

NH3; system, as shown in Scheme S1 (Supporting Information).
At the titanium concentration used in the present study (0.45
mol/kg), mononuclear Ti(IV) species are probably predomi-
nant3® and a number of these species were considered. It is
known that Ti(IV) species in agueous solution are octahedrally
coordinated. lonic ligands, such as Otind CI-, are commonly

2. Thermodynamic Modeling

(11) Watson, S.; Beydoun, D.; Scott, J.; Amal, R.Nanopart. Res2004 6,
193.

(12) Yan, M.; Chen, F.; Zhang, J.; Anpo, NL.Phys. Chem. BO05 109,8673.

(13) Peng, T.; Zhao, D.; Dai, K.; Shi, W.; Hirao, K. Phys. Chem. R005
109,4947.

(14) Yin, H.; Wada, Y.; Kitamura, T.; Kambe, S.; Murasawa, S.; Mori, H.;
Sakata, T.; Yanagida, S. Mater. Chem2001, 11, 1694.

(15) Vorontsov, A. V.; Altynnikov, A. A.; Savinov, E. N.; Kurkin, E. NI.
Photochem. Photobiol., 2001, 144,193.

(16) Nagaveni, K.; Sivalingam, G.; Hegde, M. S.; Madras ABpl. Catal., B
2004 48, 83.

(17) Deng, X.; Yue, Y.; Gao, ZAppl. Catal., B2002 39, 135.

(18) Cheng, H.; Ma, J.; Zhao, Z.; Qi, IChem. Mater1995 7, 663.

(19) Jones, A. C.; Chalker P. R. Phys. D: Appl. Phys2003 36, R80.

(20) Wang, W.-N.; Lenggoro, I. W.; Terashi, Y.; Kim, T. O.; Okuyama, K.
Mat. Sci. Eng. B2005 123 194.

(21) Hakuta, Y.; Ura, H.; Hayashi, H.; Arai, Knd. Eng. Chem. Re&005 44,
840

(22) Jongen, N.; Testino, A. Patent, International Publication Number WO 2005/
097705 A1, 2005.

(23) Chaudhry, A. A.; Haque, S.; Kellici, S.; Boldrin, P.; Rehman, I.; Khalid,
F. A.; Darr, J. A.Chem. Commur200§ 2286.

(24) Yanqing, Z.; Erwei, S.; Zhizhan, C.; Wenjun, L.; Xingfang, H.Mater.
Chem.200%, 11, 1547.

(25) Song, K. C.; Pratsinis, E. Am. Ceram. So2001, 84, 92.

(26) Lencka, M. M.; Riman, R. EChem. Mater1993 5, 61.

(27) Lencka, M. M.; Riman, R. EChem. Mater1995 7, 18.

(28) Lencka, M. M.; Anderko, A.; Riman, R. B. Am. Ceram. Sod.995 78,
2609.

(29) OLI Analyzer V 1.3; OLI System Inc.: Morris Plains, NJ, 2004, (http://

www.olisystems.com).

(30) Reichmann, M. G.; Bell, A. TLangmuir1987, 3, 111.
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Figure 1. Stability diagrams of the predominant aqueous species in théNIHy/HCI/H-O system calculated for different values of the overall Ti concentration.
(a) 0.20; (b) 0.3; (c) 0.45; (d) 0.75; (e) 1.00; (f) 0.45 mol/kg. (Inset (c): blue lines experimental rutile cont@atfoR220 °C and reaction time= 2 h).

bound to Ti, and water molecules may complete the vacant octa-posteriori by means of the GibbsThompson equation, as
hedral positions. Therefore the [Ti(Off} ™" and [TiCl]“ "+ shown later.

species (Scheme S1, Supporting Information) should be written  The calculations were carried out at different reaction
as [Ti(OHK(H20)6-n]“~"* and [TiCh(H20)s-n] “~"*. An im- temperaturesTg) in the range 26:300°C and for several values
portant species in concentrated and strongly acidic solutions isof titanjum concentration (0-21 mol/kg). Herein, the concen-
also the titanyl iorft TiO#*. With increasing acid and/or  tration is always expressed as number of moles per kilogram
titanium concentration, there is some experimental evidence thatof solution, molinity. The pH was adjusted by simulating the
the mononuclear species condense to form oligomers containingaddition of increasing volume¥/) of ammonia solution. The
Ti—O—Ti bonds¥**However, there are no thermodynamic data pressure in the hydrothermal reactor was assumed to be the
available for these species. Table S1 (Supporting Information) equilibrium vapor pressure of pure water (autogenous pressure)
shows the standard thermodynamic propeftiesed in the 4t the given temperature. This assumption was experimentally
equilibrium calculations; the activity coefficients were computed verified. Three different plots were then generated from the
by means of the OLI System software according to the approachcaculated equilibrium concentrations: (i) the stability diagrams
described in ref 26. As initial Conditions, the solution of TlQCl which show the predominant aqueous Species in equi"brium
in water was treated as a mixture of Ti(QHaq) and HCl (aq)  with solid anatase as a function & andVa (or pH); (i) the
according to the irreversible reaction 1 in Scheme S1 (Support- pH of the hydrothermal suspension as a functiom@andVa;

ing Information). The initial amount of HCI was given by the i) the solubility of TiO as a function offg andVa. Case (i)
experimental Fi/Ti"V molar ratio (see section 3.1). is described in more detail.

It is well-known that R is thermodynamically more stable
than A. However, when crystals are nanosized, rutile is less
stable than anatadé.3® Thus, only anatase is observed below
the critical size of 1316 nm. The model used in the
thermodynamic calculations does not take into account the
particle size, and all calculations were carried out with A as
solid phase. Replacement of A with R did not produce any
significant effects on the stability diagrams. The effect of particle
size on the solubility of the solid phase was evaluated

(i) The stability diagrams for the aqueous species, generated
for different values of the overall titanium concentration (620
1.0 mol/kg), show the predominant aqueous species as a function
of Tr andV, (Figure la-e) or pH (Figure 1f). Only the portion
of the diagrams corresponding to strongly acidic pH was
reported.

The lines on the diagrams represent the loci of points where
two predominant agueous species have the same concentration
and, consequently, they divide the diagram in several regions,

(31) Grazel, M.; Rotzinger, F. Plnorg. Chem.1985 24, 2320. each corresponding to a different predominant species. Over

(32) Comba, P.; Merbach, Anorg. Chem.1987, 26, 1315. i i i i i i

(33) Reichmann. M. G.. Hollander, F. J.: Bell, A, Acta Crystallogr.1987 10 dlffe_rent titanium species were taken into _account in _the
C43, 1681. calculations (Scheme S1 and Table S1, Supporting Information),

(34) Hu, Y.; Tsai, H.-L.; Huang, C.-LMater. Sci. Eng., 2003 344, 209. B B ;

(35) Zhang. H.. Banfieid, J. . Mater. Chem1998 8 2073. but there are only four predoml_nant species in the_ range of

(36) Zhang, H.; Banfield, J. Fl. Phys. Chem. R000,104, 3481. temperature, pH, and concentration examined. The increase of
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TiO, solubility caused by the small particles size was not

the resulting NH titer was 28.0 wt.%. The water used in the

considered in the calculation of the stability diagrams because experiments was always freshly distilled water.

it has only a minor effect on the location of the predominance
regions.

An increase of the overall amount of Ti leads to an increase
of the concentration of Cland H™ and of the ionic strength.
These variations determine the modification of the stability
diagrams observed in Figure-ta. Namely, the predominance
region of TiClh(aq), progressively extends toward lower tem-
peratures, while the predominance region of Ti(®HRq)
shrinks.

(ii) The pH of the hydrothermal suspension as a function of

the added ammonia volume was calculated for a Ti concentration

of 0.45 mol/kg. The variation of pH with temperature is mainly

the consequence of the temperature dependence on the watgy,

ionic product,ay+ aon—, Wherea denotes the activity (Figure
S1, Supporting Information). The variation of pH with, is
slow and progressive until the equivalent point is approached.
The calculated equivalence point correspond¥Ac~ 42 mL
(inset in Figure S1).

(iii) The solubility of TiO, was calculated for a Ti concentra-
tion of 0.45 mol/kg (Figures S2S3, Supporting Information).
The solubility strongly decreases with increasing temperature
and pH. It turns out that quantitative precipitation of %iO
(solubility <0.01 mol/kg) occurs above 10 in the experi-

The required amount of TiOgWas weighed in a 500-mL polyeth-
ylene bottle and diluted with water under stirring. The Nétlution
was slowly added at room temperature (5 mL mjrunder stirring.
The overall amount of water (partly used for dilution and partly
contained in the ammonia solution) was that required to have an overall
mass of 360 g for each experiment and a Ti concentration of 0.45 mol/
kg. All reagents were weighed with the accuracy=269.01 g. The
solution was vigorously stirred by a magnetic stirrer and immediately
transferred into a 600-mL Teflon-lined autoclave (Parr, model 4768Q).
The temperature during the hydrothermal treatment was measured by
means of a Teflon-coated thermocouple immersed in the solution. The
autogenous pressure was measured by means of an external transducer.
Magnetic stirring was applied during the whole hydrothermal process.
The autoclave was heated at 2.8Z/min to a temperature of 30C
elow the setup temperature and then at 0G/in up to the maximum
temperature (reaction temperatdig. The suspension was then aged
for a given reaction timetg, (1—6 h) with a maximum temperature
fluctuation of —1/+4 °C. The autoclave was cooled in air outside the
oven until the temperature dropped below°Td The suspension was
then recovered from the autoclave and concentrated by natural
decantation. If not otherwise specified, the final powder was washed
first with water, then with ammonia solution, and finally with acetone
and was recovered by filtration and dried under vacuum at room
temperature. The samples were labeled as SN where N is a progressive
number. Samples labeled with H, e.g., SNH, did not undergo ammonia
washing. Samples labeled with T, e.g., SNT, were further calcined at

mental conditions adopted in the present study. Figure S2a400-°C for 2 h in air.

shows the equilibrium solubility of Tigneglecting the influence

of the particle size. However, the solubility of nanoparticles is
strongly enhanced by their small dimension, as predicted by
the Gibbs-Thompson equatidh (see Figure S2, Supporting
Information). A value of 0.5 J m? was assumed in the
calculations for the solidliquid surface energy, according to
the results of first-principles calculatiofis® for low-energy
surfaces of anatase (0.44 Jhfor {101} and 0.53 Jm? for

3.2. Powder Characterization.X-ray diffraction (XRD) patterns
of the powders were collected with a Philips PW1710 diffractometer
(Co Ka radiation, voltage 40 kV, current 30 mA, secondary graphite
monochromator) in the range 280° 20 (26 step 0.025, count time
of 2 s per step). Calculation of unit cell parameters and polymorph
composition was performed by the Rietveld method using the GSAS
software and the ICSD database as reference. The crystallite size,
Lxro, Of TiO, was estimated from the broadening of the XRD peaks
by means of the Scherrer equation, after correction for instrumental

{1OQ).OE>§trapoIation from the data reported by Barnard and 1, qening, assuming negligible microstrain broadening. The peaks used
Curtiss? gives an average surface energy for anatase of 0.53 Jtor the calculation were 110 for R, 101 for A, and 211 for B.

m~2 for strongly acidic surfaces.
The results of the calculation for anatase nanoparticles with

High-resolution transmission electron microscopy (HRTEM) and
electron diffraction (ED) were performed using a Jeol 3010 apparatus

a diameter of 12 nm are shown in Figure S2b. The observed operated at 300 kV with a high-resolution pole piece (0.17 nm point-

trends are in general agreement with the solubility results
reported in literaturé! The increase of solubility is significant,

about 2 orders of magnitude near room temperature and aboug

1 order of magnitude at 300C. Nevertheless, complete
precipitation of TiQ (solubility <0.01 mol/kg) is predicted
above 140C. TiO; solubility as a function o¥, is reported in
Figure S3 (Supporting Information). As with the pH (Figure
S1), the calculated solubility shows a slow and progressive
variation until the equivalent point is approached.

3. Experimental Section

3.1. Synthesis of TiQ All chemical reagents were commercial
products used without further purification. The Ti content of the T¥OCI
aqueous solution (Aldrich, 99%) was determined as, Tiypgravimetric
analysis and was 3.16 mol/kg. The reactant acidity was titrated with
KOH, and the H/Ti"V molar ratio was determined to be 3.84 mol/mol.
The ammonia solution (Fluka; 25 wt.%) was titrated with HCI, and

(37) Sugimoto, TAdwv. Colloid Interface Scil987, 28, 65.

(38) Lazzeri, M.; Vittadini, A.; Selloni, APhys. Re. B 2001, 63, 155409.
(39) Lazzeri, M.; Vittadini, A.; Selloni, APhys. Re. B 2002 65, 119901(E).
(40) Barnard, A. S.; Curtiss, L. ANanoletters2005 5, 1261.

(41) Schmidt, J.; Vogelsberger, W. Phys. Chem. B006 110, 3955.

to-point resolution) and equipped with a Gatan slow-scan 794 CCD
camera. The powders were suspended in isopropanol, apd. amwp
f this suspension was deposited on a holey carbon film supported on
-mm copper grid for TEM investigation.

Scanning electron microscopy (SEM) observations were performed
using a LEO 1450VP instrument.

The densityp, of the powders was measured by helium picnometry
(Micromeritics, Accupyc 1330) after drying the samples at 20Gor
1h.

The specific surface area (BET meth§)dAger, and the pore size
distribution (BJH method, desorptions brafighwere determined by
nitrogen physisorption (Micromeritics, ASAP 2010), after evacuation
at 200°C for 12 h.

UV —vis diffuse reflectance spectra (DRS) were obtained on pellets
of pressed powders using a Perkin-Elmer Lambda 900 spectrometer
equipped with an integrating sphere and employing a Spectralon diffuse
reflectance standard.

(42) Larson, A. C.; Von Dreele, R. Bseneral Structure Analysis System (GBAS
Technical Report LAUR 86-748; Los Alamos National Laboratory: New
Mexico, 2000.

(43) Inorganic Crystal Structure Database (ICSD), Fachinformationsezentrum
Karlsruhe and Gemlin Institute, Karlsruhe (1997): Anatase #202242;
Brookite #36411; Rutile #64987.

(44) Brunauer, S.; Emmet, P. H.; Teller, £.Am. Chem. S0d.93§ 60, 309.

(45) Barret, E. P.; Joyner, L. G.; Halenda, PJPAmM. Chem. Sod951, 73, 373.

J. AM. CHEM. SOC. = VOL. 129, NO. 12, 2007 3567



ARTICLES Testino et al.

3.3 Photocatalytic Activity. Photodegradation experiments were
carried out in a 400-mL pyrex discontinuous batch reactor with an

external cooling jacket and equipped with a UV 125-W Hg high- | i 1 L I . L
pressure lamp placed in a coaxial quartz cylinder. No optical filter was
adopted. The reactor was externally enveloped by an aluminum foil. k T_JL | S D W
Titanium dioxide (100+ 5 mg) was suspended by sonication in ; |
400 mL of an aqueous solution containing phenol (PhOH) with _l_J\JL__,; Aren AP
concentration of 121+ 2 ppm (93 + 2 ppm as C). Then, a i /U
he P, e A e

stoichiometric amount of a 35 wt %28, solution was added (PhOH/
H20, = 14 £ 0.01 mol/mol), the suspension stirred in the dark for 30 h A — e —
min, and then the UV source was turned on. The temperature of the
suspension was kept at 252 °C. The photoinduced degradation of g A S S
phenol was monitored by withdrawing suspension aliquots (6 mL) at
regular intervals. The Tigpowder was separated from the solution by

centrifugation. The clear solution was analyzed for the total organic
carbon (TOC). Reference experiments were performed in the absencez

of TiO; (blank) as well as by using Degussa P25 titanium dioxide as & /\J A " Moo
photocatalyst. TOC was determined using a Shimadzu TOC-V CSH

El
a
= il
2
z

analyzer. L9 e Y | WU
4. Results c A | Y e
N " A
4.1 Powder Characterization: Phase Composition, Mor- b )'uﬂ A A e

phology, Specific Surface Area, Band Gap.Forty titania A
samples corresponding to different experimental conditidgs ( = U S hn M

Va, tr) were synthesized and fully characterized (see Table S2,

Brookite || | . I liaad 0 [ P Y P M e

Supporting Information). Hydrothermal treatments were mainly Rutile | Lo I \
carried out at 160 and 22 for 2 and 6 h. Some experiments Anatase | | 1 . .
were also performed at lower temperature or for a shorter time. 5 % © 50 60 70 80
Below 100°C and short aging times, the reaction product was Angle (°26)

mainly composed of anatase with crystallite siZenm (Sample ) ) ) o
Figure 2. XRD patterns of samples obtained from a Ti@&blution with

S0, Table S, Supportlng information). Some preparan(.)n.s. WEI€ ;oncentration of 0.45 mol/kg after hydrothermal treatment for 2ahf)
repeated two or three times to evaluate the reproducibility of T = 220°C andV, = 0, 10, 20, 30, 40, 50 mL froma to f. (g—I) Va =
the process. The estimated variance in the phase compositior?0 mL andTg = 109, 132, 161, 184, 220, 25€ fromgto |. The vertical

was of the ordert5 wit. B e e
4.1.1. Phase Composition and Particle MorphologyFigure repetitions.

2 shows the XRD patterns of some selected products as typical
examples of both single and mixed TLi@hases. It is worth (Figure 3b); the facets at the end of the prisms carf Qikl}
noting that, afTr = 220 °C (patterns af) and depending on  (see section 5). For relatively long aging times (e.g., 6 h,
Va, the synthesis can be directed toward the production of pure sample S16, Figure 4) the particle size distribution becomes
rutile (30 mL), pure anatase (50 mL), or a phase mixture broader, and meanvalue decreases. As the rutile crystals grow
(0—25 and 36-45 mL). WhenVa = 20 mL (patterns ¢l), along thec-axis, the sizd.xrp calculated from the broadening
anatase is the predominant product at-2180 °C, whereas  of the 110 peak corresponds to the width of the crystals. Anatase
pure rutile is obtained at 22250 °C. For all samples, the  particles (Figure 3c) are more equiaxed, and the fringes
calculated lattice parameters agree with the ICSD referencecorresponding to the (101) crystallographic planes are most
valueg® within the experimental erroe0.002 A). This indicates  frequently observed. According to ref 48, the faces exposed are
that the concentration of lattice defects, such as hydroxyl ions, the{01¢} oriented perpendicular to the planes (101). The aspect
is relatively low. In agreement, no significant density differences ratio of A particles is +3 for most of the particles with a
are observed between as-prepared and calcined t€)0  smaller number of longer particles (Figure 3e). The (101) lattice
powders. Moreover, the experimental density and the theoreticalfringes are generally parallel to the direction of elongation of
density calculated from the unit cell volume agree withir3%o the anatase nanocrystals (inset Figure 3c); therefore, the size
(see Table S2, Supporting Information). Lxrp calculated from the 101 peak corresponds to the particle
TEM and HRTEM images of some representative samples width. The morphology of some of the elongated anatase
are reported in Figure 3. No internal pores or amorphous surfaceparticles, presenting steps and dimples, suggests growth by
layers were detectable. Particles are single nanocrystals, withoriented attachment of primary nanocrystals along the [101]
pronounced faceting, or ordered aggregates probably originateddirection and other directions (Figure 3d,e) (see section 5).
by oriented attachment of primary nanocrystals. Rutile particles However, as for the rutile particles, it is not clear if oriented

show elongated prismatic shape with an aspect mat{o. = aggregation has occurred during the hydrothermal treatment or
length/width) of about 5 (see Figure 3a); they grow in the [001] as a consequence of the drying treatment. The particle morphol-
direction and form aggregates with sharftilQ} faceg®4’ ogy was practically independent of the phase composition of
(46) Wu, J.-M.; Zhang, T.-WLangmuir2005 21, 6995. (48) Shklover, V.; Nazeeruddin, M.-K.; Zakeeruddin, S. M.; BarBe Kay,
(47) Hosono, E.; Fujihara, S.; Kakiuchi, K.; Imai, B. Am. Chem. So2004 A.; Haibach, T.; Steurer, W.; Hermann, R.; Nissen, H.-U./'t@&h M.

126, 7790. Chem. Mater1997, 9, 430.
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Figure 3. TEM (a,c,e,f) and HRTEM images (b,d). (a,b) Sample S371H, pure R. (c,d,e) Sample S22, pure A. (Inset c) HRTEM of an elongated A particle.
() Sample S17, 52% A, 48% R. (Inset f) ED pattern; rings correspond to A, bright spots were indexed according to R.

the sample, as shown by the example of A and R mixture in maximum (40%) close to the equivalence point\&{ ~ 42
Figure 3f. Brookite was identified by HRTEM analysis through mL, whereas it is of the order of the XRD detection liffit
selection of the electrons diffracted by the (211) planes. The (3%) and even less for acidic and basic pH values. The crystallite
crystallites present morphology similar to that of A and are sizelLxrp Of R increases from-25 to~80 nm with increasing
hardly distinguishable in the TEM images. Va, while for A and B it decreases from 16 to 10 nm (Figure
4.1.2. The Effect of the Volume of Ammonia SolutionVa, 5). At Tr = 161 °C (Figure 6) the fraction of both A and R
on the phase composition and crystallite size, was investigatedprogressively drops with increasings, whereas the fraction
at Tr = 220 and 161°C (Figures 5 and 6) witlir = 2 h. At of B increases. In any case, R is a minority phase-{2@%).
220°C (Figure 5) the amount of A increases from 50 to 70% Crystallite sizes have almost constant values of 10 nm for A
in the intervalVa = 0—11 mL, and then it decreases progres- and B and 22 nm for R.
sively to zero after addition of 2530 mL of ammonia solution. 4.1.3. The Effect of the Reaction TemperaturgTg, on the
The fraction of A increases again on further addition of ammonia phase composition and particle size was studied in the range
and attains 100% fova > 44 mL. Since A and R practically  110-250°C for tg = 2 h andVa = 20 mL (Figure 7). Up to
were the major phases observed ¥or = 30 mL, A and R 49) Li, G.; Li, L.; Boerio-Goates, J.; Woodfield, B. B. Am. Chem. So2005
present opposite trends. The fraction of brookite (B) shows a 127, 8659.
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Figure 4. SEM image of sample S16, pure R.
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Figure 5. Phase composition (columns) and XRD crystallite size (numbers
inside the columns, (nm)) of TiDsamples prepared at 22C with an
aging time of 2 h. Numbers at the bottom of the columns represent the
volume of ammonia solution.
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Figure 6. Phase composition (columns) and XRD crystallite size (numbers
inside the columns, (nm)) of TiDsamples prepared at 16C with an
aging time of 2 h. Numbers at the bottom of the columns represent the
volume of ammonia solution.

160 °C phase composition and crystallite size remain almost
constant. ForTg > 160 °C the amount of R progressively
increases, as expected for acidic pH. B disappear2a0 °C,

and only traces of A are observed-a250 °C. The evolution
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Figure 7. Phase composition (columns) and XRD crystallite size (numbers
inside the columns, (nm)) of Tixsamples prepared with an aging time of
2 h after addition of 20 mL of ammonia solution. Numbers at the bottom
of the columns represent the temperature.
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Figure 8. Phase composition (columns) and XRD crystallite size (humbers
inside the columns, (nm)) of Tisamples prepared at 22Q for different
aging times and (&Ya = 0 mL, (b)Va = 20 mL, (c)Va = 50 mL. Numbers

at the bottom of the columns represent the reaction time.

of phase composition is accompanied by the progressive increase
of the crystallite size of R from 22 to 90 nm, while for A and
B, Lxrp values are reasonably constant.

4.1.4. The Effect of the Aging Time tg, on the phase
composition and particle size was investigated by varying the
duration of the hydrothermal treatment in the range61h
(Figure 8) forTg = 220°C andVa = 20 mL. Moreover, a few
syntheses were carried out for 1, 2da&hh using 0 and 50 mL
of NHj3 solution, in order to study the combined effects of
ammonia content and aging time. Ry = 20 mL, the increase
of tr produces a progressive increase of the R fraction, and a
decrease of the percentage of both A and B phases. The
crystallites of R grow from 45 to 110 nm. Fok = 0 mL the
phase composition corresponds to a A/R ratio close to 1 and
changes slowly with time. The crystallite size¥80 nm for R
and~15 nm for A. At basic pHYa = 50 mL) the product is
practically pure £98%) A with a constant crystallite size of
~15 nm.

4.1.5. Specific Surface Area and PorosityThe specific
surface areasAger) of selected samples are reported in Table
S2 (Supporting information). The equivalent particle diameter
(for spherical particles) or the mean edge length (for cubic
particles),Lget, can be calculated fromAger by the equation
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__6
pLeer

Ager 1)

As both rutile and anatase nanocrystals can be approximatec
as prismatic square-base particles with dimenslasis, Lger,
oLger (Figure 3), eq 1 becomes

_2(1+20) 1

o plger

TOC%

)

ET

whereo. can be evaluated from the TEM images (average value
for 50—100 particles). The same equation can be used to
estimate the expected surface ar@agp, from Lxrp, again
assuming square-base prismatic crystals with dimensiggs
Lxrp, 0Lxrp and considering the weight fraction of each phase.
The contribution from a small amount of brookite was neglected.
Axrp and Ager agree within 10% error (Table S2). This is an
|nd|gat|on that most Of. the_ surface qf the i@articles IS. ((dC/dt)may)- The arrows indicate the half-transformation tirhg). Kinetic
available for N adsorption, i.e., there is only a small fraction .- 5re normalized to the same mass 0fsTDO mg).

of compact aggregates (Figure 3); the prismatic shape assumed

Time (min})

Figure 9. Mineralization curves of phenol (TOC %) of some representative
samples[I: S371H;<: S18T;A: Degussa P253: S12T; x: blank).

The dashed lines are the best fit to experimental data according to eq 5.
The tangent straight line corresponds to the maximum mineralization rate

for the particles is approximately correct. No evidence of the 531

presence of amorphous titania was found for any of the samples. ° 5
TiO, powders withLger < 50 nm were mesoporous and show 481 siTivg

the typical nitrogen physisorption behavior matching that of the

type-4 Brunauéf isotherm (see Figure S4, Supporting Informa-  ~ 431 susT @ ST6HT

tion, as an example). It can be concluded that the measuredé a5 3710 .’.”",-""’.3411"‘

porosity (0.35-0.60 mL g1) mainly corresponds to the voids  § ~ 09 o @ SHTHT

between the packed particles, as revealed by the higher poreﬁé 23] S20mT MZ‘{

volumes-and smaller mean pore sizeneasured for the smaller g 00 ST ST

particles (Table S2). S 5157 o6 e
The thermal treatment at 40C for 2 h in air hachegligible \ -

effects on surface area, pore size distribution, and crystallite ;| ‘f :& P25

size. ®gigr ST Blank
4.1.6. Band Gap.The Kubelka-Munk function,F(r) = (1 1gfm===- AEREEEEEE LN LRI

— 1)?(2r), was used to calculate the optical absorbance from 0 20 40 60 80 100 120

the relative reflectancer) of the samples compared to the
standard. The direct band gap was estimated from the Taucrigure 10. Maximum mineralization rate against mean crystallite size. The
plot>1:520f the quantity E(r)-E)Y2 against the radiation energy,  labels denote some significant samples. The horizontal dotted line indicates

: h : the blank. For multiphase samples, the mean crystallite size was calculated
E, (Figure S5, Supporting Information) and corresponds to the as weighted average of the mean size of the different polymorphs. The

intercept of the extrapolated linear portion of the plot with the yajues of the maximum mineralization rate are normalized to the same mass
energy axis. Pure A samples show a mean band gap 0f43.13 of TiO, (100 mg).

0.02 eV, while for pure R samples the band gap was 2:98
0.02 eV, both in agreement with the literature valtfdegussa
P25 gave the value of 3.02 0.01 eV. Samples containing B,
such as S13, have a band gap of 3949.01 eV. All samples
with a significant R fraction have a band gap corresponding to
that of pure rutile. The influence of particle size, washing
treatment, and thermal annealing on band gap was negligible, !
at least for the conditions examined in the present work. The (dC/df)maxandty 2 values were normalized to the same mass
4.2. Photocatalytic Activity. The photocatalytic performance (100 mg) of TiQ. The relative mineralization ratewas
was evaluated by fitting the experimental data (TOC vs time) calculated by assuming a nil value for the blank and a unity

mean crystallite size (nm)

the mineralization curves for some representative samples and
the reference experiments (blank and P25).

The maximum mineralization rate, @dit)max and the half-
transformation timety,, calculated from eq 3 were taken as
representative parameters to compare the mineralization kinetics
of the different samples (Table S3, Supporting Information).

The influence of phase composition and particle size was

3

with the function value for P25. As expectedth, decreases with increasing the
(t—t)°
& |at
S

maximum degradation rate.
whereCy, A, to, ands are the fitting parameters. Figure 9 shows

TOCH) =Cy— A [ exp(—

(50) Brunauer, S.; Deming, L. S.; Deming, W. S.; TelletdEAm. Chem. Soc.
194Q 62, 1723.

(51) Tauc, J.; Grigorovici, R.; Vancu, A&hys. Status Solidi966 15, 627.

(52) Serpone, N.; Lawless, D.; Khairutdinovt, RPhys. Chen995 99, 16646.

studied in detail. It was observed that (i) an increase of the R
fraction and/or (i) an increase of the particle size lead to an
increase of activity (Figure 10). Moreover, many samples have
(dC/dt)max higher than that measured for Degussa P25 photo-
catalyst. It is worth noting that conditions (i) and (ii) are not

mutually independent: increasing the rutile fraction, the mean
crystallite size-calculated taking into account the weight
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fraction of each phaseincreases, because of the growing 5—8) show that, at acidic pH, rutile is always the minor phase
contribution of the bigger R crystallites with respect to A and in the range 85160 °C, whereas there is a nonmonotonic
B crystallites (Table S3). In our experimental conditions, a variation of the rutile fraction at 220C with increasing pH,
relatively high mineralization rate was observed even in blank and A prevails forVa = 5—12 mL. Only at alkaline pH was
tests (without TiQ) due to the decomposition of ,B, in the predominant phase always anatase. It should be concluded
hydroxyl radicals Okunder UV irradiation. Samples containing that the partial charge model is not exhaustive in describing
B, such as S13T, showed a lower photocatalytic activity with the hydrothermal synthesis of titania, at least, at acidic pH.
respect to pure A or R samples. The decrease of the surface On the basis of the experimental results, we propose that the
area resulting from crystal growth does not produce a decreaseevolution of phase composition during hydrothermal synthesis
of photocatalytic activity, indicating that the photodegradation of TiO, in acidic condition is a dynamic process which occurs
process is not surface limited. For this reason the reactivity dataunder the influence of the different thermodynamic and kinetic
were not normalized by the sample surface. factors, from small A to bigger R particles. Initially, during the

Some samples were prepared by avoiding the washing with heating of the autoclave, massive precipitation of nanocrystalline
ammonia solution (i.e., washing only with water and acetone) anatase occurs when the temperature exceed€g5ize <5
and/or annealing in order to preliminarily examine the influence nm after 10 min). At higher temperature and for relatively longer
of these processing parameters on the photocatalytic activity.time (<1 h), anatase grows rapidly, from the initial size to a
It was observed that (iii) annealing of the powder lowers the final size of 10-16 nm. In acidic conditions, the final size
catalytic activity for R samples, whereas the activity of A decreases with increasing pH. (Table S2). Accordingly, (i) Zhang
samples is enhanced; (iv) washing with the ammonia solution and Banfield>36 have provided convincing evidence that A is
has a detrimental effect on the catalytic activity, in particular the stable phase when the particle size is smaller tharlél
for R samples. The best performances were obtained for samplesym (critical size) because of its lower surface energy with
S371H and S16H, consisting of pure rutile withgp of 58 respect to R (for bigger size, phase transformation from A to R
and 108 nm, respectively. They present a relative mineralization can occur spontaneously); (i) as indicated by the first-principles
rate of 3.3-3.5 (Table S3). Half-transformation of the organic calculations of Barnard and Curtié&he critical size decreases
substrate is obtained in a time corresponding te-B8% of with decreasing the surface acidity.
the time required for P25 and 334% of the time required for During the hydrothermal treatment, R particles grow signifi-
the blank. It has to be observed that the particles of S16H showcanﬂy with time and temperature (from20 to ~100 nm,
a lower mean aspect ratio (3 instead of 5) and a broader particleFigures 7, 8). On the contrary, the crystallite size of A (and B)
size distribution with respect to S371H (compare Figures 3 and does not change appreciably until complete disappearance of
4), as a result of the longer hydrothermal treatment (6 h insteadthe phase. This evidence agrees with a growth mechanism
of 2 h). mediated by aggregation of primary nanocrystatsPenn et
al. 5456 gave evidence of the oriented aggregation of A
nanocrystals in hydrothermal conditions. Badieal> showed

The discussion of the results reported in the present paperthat hindering the aggregation of A particles, the formation of
has a two-fold objective: (i) to provide a rationale for explaining R is suppressed. The aggregation of anatase nanocrystals in a
the evolution of phase composition and particle size during the highly oriented fashion with formation of elongated particles

5. Discussion

hydrothermal synthesis of Tis a function offr, Va, andtg, is supported by the TEM micrographs (Figure 3d,e). Once the
and (ii) to understand the correlations between powder propertiescritical size is exceeded, spontaneous transformation to rutile
and photocatalytic activity. crystals with high aspect ratio, can take place. The rutile particles

(i) Evolution of Phase Composition and Particle SizeThe then develop facets and grow further from residual supersatu-

evolution of the polymorph composition as obtained in the ration or by Ostwald ripening? A similar two-step growth
present study as a function of the different experimental mechanism has been reported by Zhang and Banfield for the
variables (Figures-58) does not conform to the conventional precipitation of ZnS nanoparticl&s.

explanation given in the literature. The Ti@rmation mech- On the basis of the foregoing discussion, the evolution of
anism is generally discussed on the basis of the partial chargephase composition and particles size during the hydrothermal
model318.24.53According to this approach, solid polymorphs are treatment is controlled by two driving forces which act
thought to form by condensation of octahedral [Ti(@H) simultaneously: the phase transformation from anatase to
(H20),]"" units in the precursor solution, and the relative amount thermodynamically more stable rutile crystals when the particle
of each phase varies with the acidity of the aqueous solution size exceeds a critical size (316 nm) and the reduction of
because the pH determines the nature of the prevalent octahedrahe solid-liquid interface and thus overall (free energy) by
species. A decrease of acidity (high pH) determines an increasecrystal growth. Growth and, consequently phase composition,
of the number of OH coordinated to Ti(lV) centers; conse- are mediated by mass transport, and the rate-determining step
quently, the probability of edge-shared bonding is high, this can be the transport process (diffusional or convective), the
favoring the A phase. Opposite, at low pH values, the number incorporation of new building units on the surface of the growing
of OH ligands is low; as the edge-shared bonding requires thatcrystal, and the dissolution of the smaller particles (Ostwald
two condensations between pairs of Ti(IV) centers take place ripening). Therefore, at strongly acidic pH, the observed
simultaneously, the corner-shared bonding may easily occur,

favoring the R phase. In contrast, the present results (Figures(54) Penn, R. L.; Oskam, G.; Strathmann, T. J.; Searson, P. C.; Stone, A. T;
Veblen, D. R.J. Phys. Chem. BR001, 105,2177.

(55) Penn, R. L.; Banfield, J. FSciencel998 281, 969.
(53) Yin, S.; Hasegawa, H.; Maeda, D.; Ishitsuka, M.; Sata].TPhotochem. (56) Penn, R. L.; Banfield, J. F5eochim. Cosmochim. Act999 63, 1549.
Photobiol., A.2004 163, 1. (57) Huang, F.; Zhang, H.; Banfield, J. Ranoletters2003, 3, 373.
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evolution of size and phase distribution may depend (i) on the
overall concentration of aqueous titanium species (solubility),
(i) on the specific species involved in the formation of new

building units, and (iii) on the species which are adsorbed at

trapped as Fit and O defect sites in the Ti@lattice, or
recombine (eq 5), with energy dissipation. Both electron and
hole may, in principle, react and generad radicals adsorbed
at the surface (egs 6, 7). TWOH radicals may be apparently

the surface and have to be desorbed/removed when a newproduced per adsorbed photon. However, by considering the

building unit is added.

The thermodynamic calculations do not show any sudden
variation of pH (Figure S1, Supporting Information) or BiO
solubility (Figures S2, S3, Supporting Information) with tem-
perature or volume of ammonia solution in relation with the

competition between reactions expressed by eq 7 and-et3,9
the production ofOH radicals by & (eq 7) should be strongly
inhibited>® Hydroxyl radicals, due to their high oxidizing
potentiaf® (2.80 V), react with the majority of the organic
substrates (S), till complete mineralization (eq 11). Hydrogen

observed changes of phase composition. On the contrary, wherperoxide reactant in eq 7, can be directly supplied to the system

the stability diagrams (Figure 1) are compared with the evolution
of phase composition (Figures—%), some interesting trends
can be found. At 220C, the first minimum of the rutile fraction
(30% rutile, Va 10-12 mL) corresponds well with the
boundary (pH= 0.2) between the Ti(OHJ and Ti(OH}?"
predominance regions, while the maximum (100% rutfle=
25—30 mL) lies on the boundary (pH 0.6) between the
Ti(OH),2" and the Ti(OH) predominance regions (Figure 1c).
Below 180°C, Ti(OH),2" is the only predominant aqueous
species at acidic pHMa < 42 mL). A monotonous decrease of

or produced from gaseous oxygen (eq 8).

The experimental kinetic data are related only to the overall
process (eq 12), i.e. to the disappearance of the organic carbon,
and no other intermediate chemical species followed. Neverthe-
less, a limited number of stages can be identified and discussed.
The whole process (eq 12) is promoted if: (i) the organic
molecules S, (ii) HO,, and (iii) OH™ are efficiently adsorbed
on the surface, (iv) BD, and (v) electror-hole pairs are
efficiently produced on the surface, and (vi) electrdmole
recombination is inhibited. Each stage may give a significant

both A (major phase) and R fraction, and hence an increase ofcontribution to the whole process (eq 12), but some speculation

B fraction up to 50%, was observed at 18D (Figure 6). It is
possible that, at this relatively low temperature, the transforma-

on their relative importance can be formulated.
First, the stages related to®, (iv) and electror-hole pairs

tion of A to R is rather slow and is mediated by the formation () production, have minor relevance. In fact hydrogen peroxide
of brookite. ForT > 180°C (Figure 7) rutile coarsening is fast. ;55 ysed as reactant in photodegradation experiments and its
This suggests that the rate-controlling process could be anpoqyction from gaseous oxygen is not strictly required (eq 8).
activated process as the incorporation of new building units by e glectror-hole pairs production depends on the irradiation
surface reaction or nucleation of new steps on the flat crystal intensity and on th&, value. As the irradiation conditions were
surface. Thus, it is plausible to suppose that the nature of the nchanged in the photodegradation experiments, differences in
building units or the species that are adsorbed onto the surfacepe electron-hole pairs production among different samples

(e.g., Ti(OHY?" for R and Ti(OH), for A) are related to the

should be ascribed to differed, values. However, the small

prevalent species in solution, and this relationship is the reasongitference between band gaps of pure titania sample9)

of the correspondence depicted in Figure 1c.
(if) Photocatalytic Activity. A general simplified scheme of

the photomineralization process of an organic substrate is given

by egs 4-11 where S indicates the organic substrate. Equation
12 schematizes the whole procéss.

TiO, ¢ +h' (4)
e +h" —energy (5)
B . Tio, .
OHads+ h OHads (6)
_ TiO, N B
H202,abs+ € OHabs+ OHabs (7)
Tio,
Oz,gas+ 2H20ads 2H202,ads (8)
_ Tio,
OZ,gas+ € OZ,ads (9)
B . Tio, B
Oz,ads+ OHads OZ,gas+ OHads (10)
TiO,
OH,t+ S,,c— CO, + H,0 (12)
Tio,hy
S+ H,0,—— CO, + H,0 (12)

Only photons with energy equal to or higher than that of the
semiconductor band gafd), are able to promote the formation
of electronr-hole (e, h*) pairs (eq 4). Charge carriers can be

should not exert any significant influence on the photocatalytic
activity 17:52.60

Second, the adsorption stages-i{i are expected to be
strongly affected by pH and ionic strength as well as different
organic substrates -Sand their intermediate degradation
products-can be differently adsorbed on the titania surface. In
the present paper, all the photocatalytic tests were performed
with the same kind and amount of substrate (phenol) and
electron acceptor (#0,), maintaining pH and ionic strength
unchanged. Consequently, the ability of the different species
to chemisorb on the surfaceii) can be only attributed to
the nature of the surface itself. Besides, for a given crystalline
phase, each crystallographic surface exposed to the solution/
irradiation may present different adsorption proprietfe®:62

Third, electror-hole recombination (vi) is often considered
of primary relevancé?#17:60.6365 Recombination may occur on

(58) Sclafani, A.J. Phys. Chem1996 100, 13655.

(59) Bellobono, I. R.; de Martini, G.; Tozzi, P. M.; Canevali, C.; Morazzoni,

F.; Scotti, R.; Bianchi, RInt. J. Photoeng200§ 8, no. 26870.

(60) Riegel, G.; Bolton, J. Rl. Phys. Chem1995 99, 4215.

(61) Morris Hotsenpiller, P. A.; Bolt, J. D.; Farneth, W. E.Phys. Chem. B.

1998 102,3216.

) (a) Ohno, T.; Sarukawa, K.; Matsumura, New J. Chem2002 26, 1167.

(b) Taguchi, T.; Saito, Y.; Sarukawa, K.; Ohno, T.; Matsumura,Néw

J. Chem 2003 27, 1304.

(63) Du, Y.; Rabani, JJ. Phys. Chem. B003 107,11970.

(64) Emilio, C. A.; Litter, M. I.; Kunst, M.; Bouchard, M.; Colbeau-Justin, C.
Langmuir2006 22, 3606.

(65) Kominami, H.; Kato, J-i.; Muratami, S.-y.; Ishii, Y. a; Kohno, M.; Yabutani,
K-1.; Yamamoto, T.; Kera, Y.; Inoue, M.; Inui, T.; Ohtani, Batal. Today
2003 84, 181.

(62
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the surface or in the bulk and is in general catalyzed by  Maodifications of the surface chemistry of the powders induced
impurities, defects, or all factors which introduce bulk or surface by changing the washing treatment (exclusion of the ammonia
imperfections into the crystéf. According to these arguments, washing) or thermal annealing were found to have a notable
well-crystallized faceted particles showed enhanced photoac-effect on the photocatalytic properties. Ammonia washing
tivity with respect to powders with poorly crystalline sur- (samples S371 and S371H) and calcination at 4Ddor 2 h
face?1446,53,62.6567 gnd the photoreactivity increased with the (samples S16H and S16HT; S411H and S411HT) resulted in a
crystallite size*17:66.6&%he surface itself being an intrinsic defect. decrease of performance. Both effects can be attributed to a

As a result of these considerations, stage (vi) (recombination) decreasing number of the surface acidic sites and the direct
and stages iii) (adsorption), associated to the surface proper- influence of these sites on the absorption stagesiiXi A
ties of the solid, may be considered of primary relevance in prolonged thermal treatment (10 h) at higher temperature (550
determining the rate of phenol photodegradation and may be °C) performed to increase the particle size of anatase (from 9.5
suitably related to the phase composition, crystallite size, and 22.5 nm) resulted in an improvement of the photocatalytic
particle morphology of the powders. activity. This indicates that the beneficial effect of coarsening

Inspection of Figure 10 reveals that the general linear trend overcomes the detrimental effect of the thermal treatment itself
includes most of the samples, independently of their phase (Samples S12T and S20TT, Figure 10, Table S2). In agreement
composition. This suggests that the property mainly influencing With our results, the increase of the number of surface acidic
the photocatalytic behavior is the crystallite size and that the Sites was cited as a reason of improved performafités well-
reasons of the higher photocatalytic activity of R samples, with known that their concentration can be modified by washarg
respect to A, are related to the larger size and higher aspectoy thermal treatmen€$:" 1 The above considerations suggest that
ratio of rutile particles (as discussed later). Photochemistry the overall efficiency of the photocatalytic degradation process
similar for A and R was reporté#|17:5863.69.7Qyhen particles is determined by the combined effect of stages (vi) ardiifi
with the same size and morphology are compared. In particular
Sclafani and co-worket$ ascribed the often reported reason
of the higher reactivity of A with respect to R to its highes O A systematic approach was applied to the hydrothermal
exchange ability, while in the presence of different electron synthesis of TiQ@ nanoparticles to gain insight into the
acceptor species, such as@4, R has revealed a significant fundamental factors controlling phase composition, particle size,
catalytic activity, comparable to that of anatase. crystal morphology, and photocatalytic activity.

All TiO , powders investigated in the present study are well  Phase-stability diagrams were generated using a thermody-
crystallized and well faceted as a consequence of the coarseninghamic model of the Ti@-H,O—HCI—NH3; system to under-
and ripening processes occurring under hydrothermal conditions.stand which aqueous titanium species in equilibrium with solid
Indications of the absence of low-density phases, amorphoustitania predominate as a function of pH, temperature, and
surface layers, high concentration of lattice hydroxyl groups reactant concentration. The solubility of the solid phase was
and closed porosity are provided by the good agreement betweertalculated as a function of the above chemicophysical variables.
the measured and calculated density as well as by the cor-TiO; nanoparticles were prepared using a Ti@&llution with
respondence of the valuesofrp, Lger, andLrem (Table S2). concentration of 0.45 mol/kg by hydrothermal synthesis at
Therefore, the particles can be considered to contain a relativelydifferent temperatures in the range-8860 °C, mainly at 160
low concentration of defects, both in the bulk and on the surface. and 220°C. Control of the phase composition and particle size
The larger the crystal size, the smaller is the specific surface was attained by changing the temperature of hydrothermal
area with a further decrease of the number of intrinsic surface treatment, the pH (by addition of volumes of ammonia solution),
defects, resulting in a lower recombination rate, which explains and the reaction time. Repetition of the same experiment
the general trend shown in Figure 10. indicated that the reproducibility of phase composition was

It was reported that oxidation and reduction sites on the R within £5 wt %. During heating up, massive precipitation of
particles occur on thg011} and the{ 110} faces, respectively,  nanocrystalline anatase with particle size-& nm occurs when
while, for A particles, the oxidation sites are mainly on the the temperature exceeds 86. As the temperature increases
{001} faces, and the reduction sites are mainly on {{b&1} further, this initially precipitated solid phase undergoes coarsen-
faces®? Therefore, the presence of well-developed faces on TiO ing (from 5 to 16-16 nm) and then transformation in brookite
particles is advantageous for providing both oxidation and and rutile. However, the evolution of phase composition is
reduction sites. Moreover, it is expected that the efficiency of strongly dependent on final temperature, pH, and reaction time.
electron-hole separation is enhanced because of the differenceComparison with the thermodynamic stability diagrams suggests
in the electronic band structure between different crystals a correlation between the phase composition and the predomi-
surfaces. This suggests that R, which has higher aspect rationant agueous titanium species in solution. At high temperature
than A and larger surfaces, should present higher spatial (180—250°C) and strongly acidic pH, formation of rutile from
separation between oxidation and reduction sites with lower preexisting anatase is associated to Ti(gH)and Ti(OH}*

6. Summary and Conclusions

probability of recombination. as predominant ions. At pH 0.5, Ti(OH) becomes the
predominant aqueous species, and the formation of rutile is
(66) Cho, C. H.; Kim, D. K.J. Am. Ceram. So2003 86, 1138. slown down. At basic pH, anatase is the exclusive hydrothermal
7 XY;”,‘Q',;,R\-,_KL*, Ju A \ggt;'_”’AT'é;wgﬂgo'\ggLéilgailg_]e"J' C.iNolte, Wi nroduct. Below 18(°C, the predominant titanium species in
(68) Grela, M. A,; Colussi, AJ. Phys. Cheml1996 100, 18214. acidic environment is always Ti(OkP". In these conditions,

(69) Kiselev, A.; Andersson, M.; Mattson, A.; Shchukarev, AjI®jm, S.;
Palmquist, A.; Gterlund, L.Surf. Sci.2005 584, 98. - -

(70) Koelsch, M.; Cassaignon, S.; Ta Thanh Minh, C.; Guillemoles, J.-F.; Jolive, (71) Bakardjieva, S.; @brt, J.; $engl, V.; Dianez, M. J.; Sayagues, M.Appl.
J.-P.Thin Solid Films2004 451—-452, 86. Catal., B2005 59, 193.
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the powders are mainly composed of anatase and brookite,most common reference material Degussa P25 observed for
whereas the rutile fraction i5s20%. This suggests that the faceted, well-dispersed, and relatively big prismatic rutile
transformation of anatase to rutile is strongly slowed down at crystals (width 56-100 nm, length 256500 nm) results from

low temperature, with formation of brookite as intermediate the combination of three factors: (i) the increase of photocata-
phase. lytic activity with increasing particle size and rutile content,

As a consequence of the hydrothermal treatment, the TiO (ii) the high aspect ratio of the rutile crystals, and (iii) a high
powders are well-crystallized and well dispersed, without concentration of acidic surface sites.
formation of large aggregates. The morphology of the rutile  |n conclusion, optimization of the photocatalytic properties
crystals corresponds to faceted and elongated prismatic particlesf hydrothermal TiQ has been obtained through a systematic
with an aspect ratio (length/width) of5. The anatase particles  investigation of the influence of temperature, pH, and duration
have aspect ratios between 1 and 3. The particle size can bef the hydrothermal treatment on phase composition, particle
controlled by changing the experimental conditions and varies size and shape, with the support of a thermodynamic model.
between 10 and 16 nm for anatase ane- 200 nm (width) for ~ As the large majority of the operative cost of an industrial
rutile. The size of the brookite nanocrystals is almost constant photominaralization unit can be ascribed to the energy supplied
(10 nm). According to literature, transformation to rutile seems to the UV source, an increase of the mineralization rate
to occur when the anatase nanocrystals have attained a criticatorresponds to a decrease of the operating costs, with a
size which depends on the pH. Growth of anatase and significant advantage coming from the use of a well-optimized
transformation to rutile can be also mediated by oriented photocatalyst powder. Moreover, the simple, low cost and
attachment of anatase nanocrystals along the [101] and othefreproducible synthesis process reported herein makes it of
directions. Once transformation has occurred, the rutile crystals potential interest for industrial exploitation.
can grow further in the [001] direction.
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the photocatalytic activity increases with increasing crystallite

size. This suggests that the electrdrole pair recombination . . . . .
99 P sidered in the thermodynamic calculations are reported in

plays an important role during the photodegradation of phenol, . .
at least under the present experimental conditions. Recombina—SCheme Sl and the corresponding reference thermochemical

tion is apparently slower in well-faceted and big rutile particles, _data n Table_Sl;_ preparation conditions apd propertlgs of all
thus promoting a higher activity, despite the decrease of specificmvesu.gated “‘a.”'a samplgs are reported in Tablg S2; photo.-
surface area. Modification of the surface chemistry of the catalytic properties of titania samples are'shown in Table 8.3'
powders was also found to significantly affect the kinetics of fu_rther results of thgrmod_ynamlc calcu_latlon_s are reported_ n
the photomineralization process. Thermal annealing at>@00 Figures .81_.83; typ|(?al nitrogen physisorption |so_therm IS
and washing with ammonia solution depress the photocatalytic ;epcl;rteg n Flgurle SI4,_Tau_c plr?t of slc:)me repres_(la_ﬂyatlve samlp _Ies
activity probably because the concentration of acidic surface orband gap caicu ation IS shown Figure SS. ] IS material Is
sites is decreased by these treatments. Therefore, the degradatio‘%Vallable free of charge via the Internet at hitp://pubs.acs.org.
rate (relative mineralization rate of 3.5), higher than that of the JA067050+
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