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Synthesis of High-Temperature Stable Anatase Ti@Photocatalyst

Suresh C. Pillai,*T Pradeepan Periyat!* Reenamole Georgé;* Declan E. McCormack}
Michael K. Seery# Hugh Hayden," John Colreavy," David Corr,$ and Steven J. Hindef’

Centre for Research in Engineering Surface Technology (CREST), FOCAS Institute, Dublin Institute of
Technology, Camden Row, Dublin 8, Ireland, School of Chemical and Pharmaceutical Sciences, Dublin
Institute of Technology, Kén Street, Dublin 8, Ireland, NTera Ltd., 58 Spruceefiue, Stillorgan Industrial
Park, Blackrock, Co., Dublin, Ireland, and The Surface Analysis Laboratory, School of Engineeringysityi
of Surrey, Guildford, Surrey, GU2 7XH, United Kingdom

Receied: September 12, 2006; In Final Form: Member 9, 2006

In the absence of a dopant or precursor modification, anatase to rutile transformation in synthetisUEIly
occurs at a temperature of 66800 °C. Conventionally, metal oxide dopantsge Al,Oz and SiQ) are used
to tune the anatase to rutile transformation. A simple methodology is reported here to extend the anatase
rutile transformation by employing various concentrations of urea. XRD and Raman spectroscopy were used
to characterize various phases formed during thermal treatment. A significantly higher anatase phase (97%)

has been obtained at 80C with use of a 1:1 Ti(OPg)urea composition and 11% anatase composition is
retained even after calcining the powder at 900 On comparison a sample that has been prepared without
urea showed that rutile phases started to form at a temperature as low &4€.60Be effect of smaller
amounts of urea such as 1:0.25 and 1:0.5 Ti(@&®a has also been studied and compared. The investigation
concluded that the stoichiometric modification by urea 1:1 Ti(@QBm@a composition is most effective in
extending the anatase to rutile phase transformation byQ@@mpared to the unmodified sample. In addition,
BET analysis carried out on samples calcined at 80&Ghowed that the addition of urea up to 1:1 Ti(OPr
surea increased the total pore volume (from 0.108 to 0.22%g)rand average pore diameter (11 to 30 nm)
compared to the standard sample. Samples prepared with 1:1 Ti{@®&a)composition calcined at 90C
show significantly higher photocatalytic activity compared to the standard sample prepared under similar

conditions. Kinetic analysis shows a marked increase in the photocatalytic degradation of rhodamine 6G on

going from the standard sample (0.27 mindecoloration in 120 min) to the urea-modified sample (0.73
min~1, decoloration in 50 min).

1. Introduction titania with a definite phase compositid#r1> The production 48

S . . N of high-photoactivity material with high-temperature anatase
Nanocrystalline titania (Tig) has received significant atten- hase stability is one of the kev challenges in smart coati
tion in the last few decades due to the photoinduced electron-P y y 9 59

transfer properties associated with the anatase metastabldCMNOI0gY. Anatase-to-rutile 1;[81[? sformation in pure titania
phasée.~2 Titania usually exists in three different forms: anatase _usually oceurs at 600 to 70T. Phase transition to ru_tl_le52
(tetragonala = b = 3.78 A; ¢ = 9.50 A), rutile (tetragonala is nonreversible due to the greater thermodynamic stabilitysef
—b=458A'c=205 A),and brookite (thombohedral,= rutile phase®~20 Researchers at Toto Ltd. recently repofteds4
543 A'b =916 A c = 513 A). These crystalline structures @ Method to produce photoactive titania-Ag coatings on cerasic
consist’ of [TiQJ2 6ctahedra which share edges and corners materialsz. The composition contains up to 7% anatase present
, o 21 . : o
in different manners while keeping the overall stoichiometry at 900°C.* Any improvement in the anatase phase compositisn

as TiO.47 Even though anatase has more edge sharing at these high temperatures is expected to show a higser

octahedra, the interstitial spaces between octahedra are largefPhotocatalytic activity:! Conventionally metal oxide doping iss9

which makes rutile denser than anatase (the density of anatas&Sed t0 extend the anatase-to-rutile transformation temperagure
is 3.84 g/cm and that of rutile is 4.26 g/cHi*~7 Among the above 700C.22-26 various metal oxide dopants such as@{, 61

various phases of titania reported, anatase shows a bettefNiO: Si02 ZrOz, ZnO, and SEOs have already been studied ta2
photocatalytic activity and antibacterial performafic& A assess the effect on both anatase-to-rutile transformation @nd

stable anatase phase up to the sintering temperature of thedlteration of modification on textural properties of titaffaZ® 64
ceramic substrates is most desirable for applications on anti- Formation of secondary impurity phases (eAdTiOs, NiTiOs) = 65
bacterial self-cleaning building materials (g.gathroom tile, at high temperature is the main disadvantages of this technigae.

sanitary ware, et}:13-15 These applications require high-purity ~ Modifying the precursor characteristics by employing chelating
agents is another approach attempted earlier to obtain titasia

* Address correspondence to this author. E-mail: suresh.pillai@dit.ie. having specific propertie¥. %8 Recent research showed that urea

| FOCAS Institute, Dublin Institute of Technology. S has little effect on the phase formation in titaf¥&reviously, 70
Tect?r?(?lggly()f Chemical and Pharmaceutical Sciences, Dublin Institute of |,raq has been erT.]pllond to improve th.e pore parameters and

§NTera Ltd. morphology by utilizing it as a pore-forming agefit3! Zheng 72

b School of Engineering, University of Surrey. et al. reported preparation of mesoporous titania via sol-gel

10.1021/jp065933h CCC: $33.50 © xxxx American Chemical Society
Published on Web 00/00/0000 PAGE EST: 6.1
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reactions by using urea as a tempR&teéBakardjieva et al.
showed the formation of Ti©nanocrystals from titanyloxy

The FTIR spectra of the gel dried at 80 was measured by132
using a Spectrum GX-FTIR spectrophotometer in the wass
chloride by using urea as a precipitating agémklso there are number range 4060400 cnt?, using 70 scans per sample. 134
recent reports published which explain the visible light activity =~ X-ray Photoelectron Spectroscopy (XPS) analyses wese
of titania by doping with nitrogen where urea or thiourea is performed on a Thermo VG Scientific (East Grinstead, UK36
used as a precursét3” However, there is no systematic study Sigma Probe spectrometer. The instrument employs a morse-
available in the literature on the effect of various concentrations chromated Al Kt X-ray source [y = 1486.6 eV), which was 138
of urea on high-temperature stability of anatase. Here in our used at 140 W. The area of analysis was approximately 500
study the titania precursor gel has been prepared by hydrolysisum diameter for the samples analyzed. For survey spectras@a
and condensation reaction of titanium isopropoxide (Ti(@QPr) pass energy of 100 eV and a 0.4 eV step size were employed.
with various mole ratios of urea. The phase transformation For Cisand Ti, high-resolution spectra a pass energy of 20 ez
during heat treatment was investigated by X-ray powder and a 0.1 eV step size were used. Fegligh-resolution spectrai43
diffraction (XRD). The current study showed that a major a pass energy of 20 eV and a 0.2 eV step size were used.1kor
anatase phase (up to 97%) can be retained at “‘€@y N1s high-resolution spectra a pass energy of 50 eV and a step
modifying titanium isopropoxide with urea. On the other hand, size of 0.2 eV were used. Charge compensation was achiemed
the standard titania showed the presence of rutile at a temper-by using a low-energy electron flood gun. Quantitative surface
ature as low as 608C. This method has therefore been found chemical analyses were calculated from the high-resolution core
to be effective in extending the anatase-to-rutile phase trans-level spectra, following the removal of a nonlinear Shirlepo

formation by at least 200C without using any metal oxide
additives. Titania composition prepared by 1:1 Ti(QRiea
molar ratio calcined at 900C shows significantly higher

background. The manufacturer’'s Avantage software was used,
which incorporates the appropriate sensitivity factors amsd
corrects for the electron energy analyzer transmission functiosz.

photocatalytic activity compared to the standard sample. Deg- Photocatalysis Studiesln a typical experiment, a 0.06 gi53
radation kinetics on a model dye, rhodamine 6G, demonstratestandard sample calcined at 90D was dispersed in 50 mL of154
that the urea-modified sample is more than three times asRhodamine 6G solutions having a concentration of 306 155
efficient as the standard sample, a fact attributed to the increasedVl. The above suspension was irradiated in a Q-Sun Xenon sofar
amount of anatase in the urea-modified sample. simulator chamber (0.68 W#mat 340 nm) with stirring. 157
Degradation was monitored by taking aliquots at increasing tinse
intervals. These aliquots were centrifuged and absorption spectsa
of the samples were recorded. Similar experiments were carnied

The reagents used in this study were titanium isopropoxide out for urea modified sample calcined at 90D. The rate of 161
(Aldrich) and urea (Aldrich). In a typical experiment to degradation was assumed to obey pseudo-first-order kinetizs
synthesize 1:1 titania precursor:urea solution, 46.80 mL of and hence the rate constant for degradationwas obtained 163
titanium isopropoxide (Ti(OPs) was added into 412 mL of  from the first-order plot according to eq 2 164
isopropanol. To the above solution, 10 g of urea dissolved in
70 mL of water was added. The solution was then stirred for 5 (Ao)

In = kt

2. Experimental Methods

A @)

min and aged fo2 h atroom temperaturre. It was then dried at
80 °C for 24 h. The dried powder was calcined at a constant
heating rate of 5 deg/min at 500, 600, 700, 800, 900, and 1000

°C and held at these temperatures for 2 h.

The same procedure is adopted to synthesize 1:0.25 and 1:0.
Ti(OPr):.urea samples. A standard sample without urea was also
prepared to compare the results. XRD patterns of the calcinedy paguits
gels were obtained with a Siemens D 500 X-ray diffractometer
in the diffraction angle range®2= 20—-70°, using Cu Kt 3.1. FTIR Spectroscopy.FTIR spectra of the precursoriey

radiation. The amount of anatase in the sample was estimatedsamples dried at 88C have been recorded. The absorption bamtb
by using the Spurr equation (eg®) at 3500-3000 and 1600 cnt in all spectra indicate hydroxyl 171

group stretching vibratior®.The broad peak at 500 crhfound 172
E —100 1 100 1) in the standard and urea modified samples indicates the T3
AT - O—Ti stretching vibrationg® The peak observed at 1035 th 174
1+ 0.80(101)Ax(110) corresponds to the FiO—C bond. The T+O—C bond is 175
) ) ) predicted to be the result of the interaction between the'i 176
whereF is the mass fraction of anatase in the sampleland  Laotwork and the €0 in the ure®® The peaks corresponding77
(101) andlr(110) are the integrated main peak intensities of , Ti—0—c bond increase in intensity when the urea concentras
anatase and rutile, respectively. tion increases (Supporting Information Figure 1). This is a goor
The BET (Brunauer, Emmett, and Teller) surface area indication that there is a great degree of interaction betwesn
measurements and pore analysis were carried out by nitrogenthe inorganic and organic components by the condensatien
adsorption with use of a Micromeritics Gemini 2375 surface reaction. The peak obtained at 1154 ¢nis assigned to the 182
area analyzer. The measurements were carried out at liquidstretching vibration of €N.2° The peak obtained at 1453 cfn 183
nitrogen temperature after degassing the powder samples for lis due to the deformation mode of ammonium ions formed by
h 30 min at 200°C. the decomposition of excess uf¥aETIR results thus show a1ss
Differential Scanning Calorimetry (DSC) measurements were strong chelation of urea molecules to the titania precursoridé
carried out with a Rheometric Scientific DSC QC. A small has been observed that the peaks at 1035 (which is assigsed
amount of the dried sample (less than 3 mg) was heated fromfor the Ti—O—C bond) and 1154 cm (C—N) were absent 188
room temperature (25C) to 400°C at a constant heating rate  above a calcination temperature of 280 and all additional 189
of 10 deg/min. peaks except FHO stretching are absent above 30D 190

whereA is the initial absorbancé\ is the absorbance after aes
ime () of the rhodamine dye degradation, akds the first- 166
rder rate constant. 167

168
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Figure 1. FTIR spectra of the 80C dried titania precursor: (a) Temperature C

standard sample and (b) sample of 1:1 Ti(QRrka composition. Figure 3. Anatase content in the samples calcined at various
temperatures.
20r 250 °C for the samples calcined at 50€. The results are shown ino9
Table 1. Both isotherms for the standard and urea added samples
T e are type IV-like in their behavior (Supporting Information Figuret1
° 3). An earlier repof€ shows that the urea is a good pore forming2
g 10 agent so that it will help in the generation of mesoporosity m3
E I the titania framework. The current study also confirms that the
g 05r a 356 °C addition of urea (1:1) increases the pore diameter to 30 nm
bt compared to the 11 nm pore diameter of the standard sanzpée
£ oo (Table 1). BET analysis of the samples calcined at higher
- temperatures showed that the 1:1 Ti(QRirea sample possessesis
05 a higher surface area (152%m) at 800°C compared to the 219
170 standard sample calcined (S/q) at the same temperature. Thezo
4.0 T . . . r , surface area of both the 1:1 Ti(ORdrea sample and the221
100 200 300 400 standard sample at 90 showed surface areas of 5 and #2
Temperature(°C) m?2/g, respectively. 223
Figure 2. Differential scanning calorimetry of (a) standard and (b) 3.4. XRD Analysis.Titania precursor samples prepared witkp4
sample of 1:1 Ti(OPg)urea composition. urea indicated a significant rise in transformation temperatape
of anatase to rutile. As the amount of urea increased, the
TABLE 1. BET Surface Area Analysis at 500 °C transformation temperature is also raised to higher temperatupees
- (Figure 3). 228
surface area total pore av pore diameter . . )
material (m?/g) vol (cn?fg)  (nm)+10% The weight fraction of the anatase found in the sample was
standard Ti@sample 38 0108 11 calculgted by comparing the XRD mtegra.ted mtens!tles of (1G%)
1:1 Ti(OPr):urea 30 0.224 30 reflection of anatase and (110) reflection of rutile. All thes:
composition samples heated to 50C show only anatase phase (Figure 332
The standard sample showed the formation of rutile ates
3.2. Differential Scanning Calorimetry (DSC).Differential temperature as low as 60C (the anatase content was calculateds

Scanning Calorimetry (DSC) studies have been carried outas 80%). However, all the urea-modified samples except the
(Figure 2) to investigate the amorphous-to-crystalline transition 1:0.25 (only 6% rutile; 94% anatase) calcined at 830show 236
of the titania precursor. An endothermic peak at 2@has a complete anatase phase, indicating that a lower percentagsmof
been observed for the 1:1 Ti(ORDrea sample and this peak urea has little effect on the anatase rutile transformatigss
has been assigned as the thermal decomposition of the titania (Supporting Information Figure 4). 239
urea precursor. The exothermic peaks (Figure 2a,b) at 250 and At 700 °C the standard sample showed rutile as the magan
356 °C respectively for the standard and 1:1 Ti(QRnea phase with 12% anatase (Figure 3) while the samples with 1:226
samples indicate the amorphous-to-crystalline formatidhis and 1:0.5 Ti(OPgurea composition showed the presence pf2
therefore evident from Figure 2 that the amorphous-to-crystalline 40% and 86% anatase, respectively (Supporting Informatizn
formation is delayed in the case of the urea-modified sample. Figure 5). At 800°C standard (Figures 3 and 4, and Supportirgs
XRD analysis has been conducted to confirm the crystallization |nformation Figure 6), 1:0.25 and 1:0.5 Ti(OPtdrea composi- 245
characteristics at 250C. An amorphous phase was obtained tion showed a lower anatase content (0%, 23%, and 27%6,
for the 1:1 Ti(OPr):.urea samples while a crystalline anatase respectively). A significantly high anatase content (97%) was
phase was observed for the standard sample (Supportingobtained for sample with the highest urea content, i.e., 1:1 s
Information Figure 2). (OPr);:urea, up to a temperature of 80Q (Figures 3 and 4). 249
3.3. Surface Area MeasurementsBET surface area and total ~ All the samples except a sample with the composition of 1240
pore volume are calculated pfpp, = 0.99 by the BET method  Ti(OPr),:urea turned to fully rutile at 90€C. The sample with 251
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Figure 4. XRD of the samples calcined at 80CQ (A = anatase; R= 0 200 400 6001 800 1000
rutile) of (a) standard sample and (b) sample prepared by 1:1 T{OPr) Raman Shift (cm™)
urea composition. Figure 6. Raman spectra of titania sample with 1:1 (Ti(Oprea)
calcined at 900C (A = anatase; R= rutile).
A
i 400-402 eV and Gs will show a binding energy of 281287 277
A eV.* The signal (Figure 7a) observed at 400 eV was explairzd
previously as a result of the molecular chemisorbed nitrégéh. 279
- However, there was no indication of-¥N bond formation (396 280
- eV)42 281
> A Three forms of carbon have been identified previously whigke
g A are surface adsorbed (287.5 eV), solid solution (285 eV), asd
2 the carbide T+C (281.5 eV)!! It can be seen from the XPS2s84
% spectra (Figure 7b) of sthat the majority of the carbon preseniss
£ A in the TiO, matrix exists as a solid solution (285 eV). A smalise
surface adsorbed carbon peak is found in all the samples exssn
though the intensity of this peak decreases at ®0There is 288
no indication of the formation of any HC phase. Carbon canzsy
T locate as a solid solution within the tetrahedral and octahedsal

y y T y T y T T
0 200 400 600 800 1000

interstices existing within the anatase cryétal. 291

Raman Shift (cm") 3.7. Photocatalytic StudiesPhotocatalytic studies have beepoz

Figure 5. Raman spectra of titania sample with 1:1 Ti(Qprea carried out by studying the decomposition reaction of rhodamize
calcined at 800C (A = anatase). dye in the presence of standard and the urea modified sampes.

The urea modified sample 1:1 Ti(ORQrea shows more than29s
a composition of 1:1 Ti(OPgurea showed 11% anatase at 900 three times the activity of the unmodified titania. The futios
°C (Supporting Information Figure 7). decolorization of the rhodamine dye occurred within 50 min 97
XRD studies concluded that the modification by urea 1:1 Ti the case of 1:1 Ti(OPxurea sample calcined at 99C whereas 29s
(OPr):urea has been effective in increasing the anatase-to-rutilethe standard sample takes more than 120 min to completezte
transformation to high temperature. degradation process. This enhanced efficiency is reflected Bv@a
3.5. Raman Studies.Raman spectroscopy was applied as kinetic analysis of the results. The degradation process, involviag
an additional tool to probe the phase formation of standard hydroxyl radical formation and subsequent degradation of the
(Supporting Information Figures 8 and 9) and 1:1 Ti(QPr) dye by the hydroxyl radical, obeys pseudo-first-order kineticss
urea titania samples. Figures 5 and 6 show Raman spectraFirst-order degradation rate constants, obtained by plotting the
obtained with samples of composition 1:1 Ti(QRmea calcined natural logarithm of the absorbance against irradiation time, ase
at 800 and 90C°C. According to factor group analysis the 0.27 + 0.02 mirr?® for the standard sample and 0.230.06 306
anatase phase consists of six and the rutile phase consists ofnin~? for the urea-modified sample. A similar trend is observedr
five Raman active modes (i,eanatase 144, 197, 399, 513,  with the urea-modified sample calcined at 8D, which has 308
and 639 cm?; rutile—144, 446, 612, and 827 cr¥). Figure 5 more than three times the degradation rate of the standaax
shows a strong peak at 197 chwhich is the characteristic ~ (Supporting Information Figure 11). An initial lag is alsaio
peak of the anatase phase. The peak at 197 appears along  observed with this sample. This lag time was about 10 min fan
with other characteristic rutile phases in Figure 6 indicating the both samples and may be due to a slower adsorption of the siye
presence of the anatase phase in the @WEalcined sample.  onto the urea-modified sample. Dark studies, where the abewe
These two Raman spectra are consistent with the XRD results.experiments were repeated in the absence of a light source, were
3.6. X-ray Photoelectron Spectroscopy (XPS)XPS mea- studied to eliminate any adsorption effects on the studies
surements have been carried out to determine N or C incorpora-Sample left for up to 24 h showed little change in absorbangss
tion above 500°C (Figure 7; Supporting Information Figure  The kinetic plots and the progress of the reactions are shawn
10). The presence of C (ca. 11%) and N (ca. 0.5%) was in Figure 8. 318
confirmed in the XPS analysis (Table 2). It was previously  The calcination temperature of the sample affects the catalgtie
reported that the N peak will show a binding energy value of efficiency. Both standard and urea-modified samples weps
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Figure 7. XPS plots of 1:1 Ti(OPryurea sample calcined at 80C: (a) Nis and (b) Gs.

TABLE 2: XPS Analysis of the 1:1 Ti(OPr)4Urea Sample formation to higher temperatures without using any metal zn

Calcined in the Range 506-800°C metal oxide dopants. It was previously proved that the precurser
O;sample Ti  GJdat%  Ols/at%  Ti2p/At%  Nls/at % processing conditions could influence significantly the high4s
S1500°C 120 63.0 244 0.4 temperature properties of various nanocrystalline metal oxides
S2 600°C 125 63.2 239 05 such as ZnG446 It should also be noted that the highs4s
S3700°C 11.3 63.8 24.4 0.5 temperature anatase phase stability has been achieved previeusly
S4.800°C 111 64.0 24.3 05 by using copper sulfate as a dopant precutébtowever, when 347

) a precursor without any metal ions (1:1 Ti(OP,SOy) was 348
calcined at 500, 600, 700, 800, and 9T0. For the standard  used a major rutile phase was (63%) formed at 8@ 349

samples, the most efficient photocatalyst was found to be the (Supporting Information Figure 12). 350
Sample calcined at 60@, whereas for the urea-modified Sample One of the major prob]ems in the preparation of nanocryssi
the most efficient temperature was found to be 9D talline TiO; is the fast reactivity of inorganic precursor towareb2
(Supporting Information Figure 12 and Table 1). hydrolysis and condensatidf:5° Urea molecules chelated tes3

) ) the Ti ions have amino groups with a high electronegativity4
4. Discussion which retard the condensation reactions of titanium isopropoxige

Titanium tetraisopropoxide hydrolyzes vigorously with water by altering the reaction pathwdyThe chelation is evidencedsse
and polycondensates of [Ti(Of¥]% ions are initially formed. ~ from FTIR data which show a strong peak at 1035~&émss7
(When the alkoxide reacts with water the metal ion increases corresponding to the HO—C bond formed by the interactionsss
its coordianation by employing its vacant d-orbitals to accept between the O inorganic network and the=80 of urea 359
oxygen lone pairs from ligands such as OH groups.) The linkage (Figure 1). As the urea content is increased the chelatisn
between Ti@ octahedron is formed by the dehydration becomes stronger and this facilitates a stronger titania gl
reaction of [T|(OH}1Xm]Z— It was previous|y reported that the network. This is cIearIy seen from the FTIR results where the
anatase phase has an edge-sharec&zTimtahedra structure band at 1035 cm is weaker at lower urea concentration argb3
while rutile has a corner-shared octahetifthe condensation  increases in intensity with an increase in urea concentratiorssit
reaction can also be catalyzed in acidic or basic conditions to has been previously reported that a gel network with litttes
make TiQ?2~ octahedral from [Ti(OH)X]?". Urea is used here ~ branching and cross linking with a smaller void region &6
to modify the condensation reaction since gel modifiers are morphologically weak and collapses easily on calcinatinsse7
known to control the pore characteristfésThe current inves- ~ Therefore strengthening the gel network with urea assists tbe

tigation also showed that a modifier, urea, can extend the anataséetention of the anatase phase to higher temperatures. Furtieer-
more, the uniform distribution of titania precursor moleculeso

prom—py— pwE— in a urea-stabilized gel network is considered to have caused
o -0 the reduction in the anatase/anatase contact points that possitaly
g;’é l reduces the growth process of anatase particles, and s
o =50 subsequently promotes pore growtiTherefore the onset of374
“w @ o e the nucleation process associated with rutile formation 3is
delayed. 376
- o Standard The efficiency of electrorrhole formation in a photocatalytic377
g Sample (900) reaction is dependent on the band gap and the frequencyref
< " ;’;e:pfe‘"gggf incident light, and how competitive electrehole recombination 379
= 4 Dark Sample iswiththe parallel electronoxygen and hole water reaction8:53 380
The anatase phase is found to be a better photocatalyst #san

rutile inspite of the fact that the band gap of rutile (3.0 eV) 82
smaller than that of anatase (3.2 eV). A faster electtorle 383
recombination is feasible in rutile as the recombination profs«4
Figure 8. Kinetic study of standard sample and 1:1 Ti(QRnea ability is inversely proportional to the magnitude of the barsds
calcined sample at 908C. A, is the initial absorbance anél is the gap® It has also been reported that a mixture of anatase asel

absorbance after a time of the rhodamine dye degradation. (Error bars> ... . - 0 _
+10%.) The best fit for the urea-modified sample is shown excluding rutile is more photoactive than 100% anat®s. The com- 387

the lag time. Inset: Absorption spectra of rhodamine dye degradation, Mercial photocatalyst Degussa P-25 consisting of an anatase/
using standard sample (left inset) and sample with 1:1 Ti(QRea rutile proportion of 70/30 is more active than pure anatasesey
(right inset). pure rutile! Various preparation methods of the sample whicho

Time (mins)
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