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www.rsc.org/ Nanostructured titania materials with tunable porosity and crystalline framework were prepared in

aqueous phase by using a template-directed colloidal self-assembly strategy. The approach employs
the supramolecular assemblies formed between the randomly methylated B-cyclodextrin and the
block copolymer P123 as soft templates and the sol-gel synthesised TiO2 nanocrystals as building
blocks. By combining X-ray diffraction, N>-adsorption, field emission scanning electron microscopy and
UV-visible spectroscopy, we show that considerable control over crystallite size, polymorph content
and particle morphology could be achieved by using a delicate balance between the composition and
structure of the supramolecular template as well as the reaction conditions. The photocatalytic activity
of these mesoporous TiO2 materials was evaluated in the photodegradation of a toxic herbicide, the
phenoxyacetic acid (PAA), and was correlated to the structural and textural characteristics of the
photocatalyst.

Introduction dioxide (TiG,) has attracted an immense attention since its
commercial production in the early ®@entury** Besides its
Molecular self-assembly and supramolecular temmdatiwide use as inorganic pigment in paints, titania hso been
approaches have attracted a great deal of intéuesty the last applied as one of the most efficient photocatalfest the
twenty years owing to their ability to generate idewariety of degradation of organic pollutahts® and photocatalytic
ordered organic, inorganic and hybrid nanostrusturdth dissociation of water for hydrogen productidi? Today, the
tailored framework composition, pore structure, epasize, importance of titania in the field of materials eswie is
morphology and surface propertiesSince the discovery of undeniable, as attested by the huge number of n@sea
the mesoporous silica of the M41S fanfifymany different publications, patents and citations produced eaein.y
strategies utilising supramolecular architecturest@mplates TiO, commonly crystallises in three polymorphic forms.
have been developed to prepare advanced materidlis av anatase (tetragonald,/amd, brookite (orthorhombicPbca
variety of applications in many emerging fields gang from and rutile (tetragonaR4,/mnmnj. Among the three polymorphs;
biotechnology, to catalysis, energy storage, optimslecular anatase and rutile have received the greatestiafiaiue to the
separation technology, €tdParticularly, the template-directedfacility of their synthesis. Anatase has a band gg3.2 eV
colloidal self-assembly approach, utilising presysised with the absorption edge at 386 nm which lies i@ tiear UV
colloidal nanocrystals as building blocks for themstruction of range, whereas rutile has a lower band gap of &0ith the
nanostructured networks around a supramoleculapltéen has adsorption edge in the visible range at 416 nm. @hatase
emerged as an important strategy to help fabrigatipolymorph is usually reported to be more activenthaile 2>
nanostructures with high thermal stability and wdsfined mainly because of the fast electron-hole recomhinain the
crystalline frameworK:*® The structure and dimensions of botlatter resulting from its lower band g&pUnder controlled
the template and the colloidal nanocrystals deteemihe conditions, several authdf€® also succeeded in synthesising
characteristics of the final material. high crystalline pure brookite which was revealedbe very
As an important metal oxide semiconductor with nwne active in the photocatalytic hydrogen productidMoreover,
applications of fundamental and industrial intereftanium as demonstrated in several studies, ;TiPhotocatalysts
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composed of mixed phases, usually exhibit supeaitivity
compared to pure polymorphs due to the triggerifigthe
electron and hole transfer between the differeasp>%

It is today well-accepted that the photocatalytEaations poly(ethylene (?xide) and PPO ) i
eq]enoted Pluronic P123, was purchased from SigmaickidlIt

Qas an average composition of PERPGPEG,, and a molar

mainly take place on the surface of the irradiat
semiconductof®’ Consequently, in addition to the effect of th
crystal phase composition mentioned above, oth&pffa such
as crystallite size, surface area, pore volume,orgtisn
properties of the pollutant and orientation of #utive faces are
also likely to affect the photocatalytic activity=®

To enhance crystallinity, titania is usually sulbget to high
thermal treatment temperatures during which thetailtes of
metastable anatase and brookite, coarsen, grow thed
transform to rutile when a critical size is reacA28uch phase
transformation of nanocrystalline anatase and hitedk rutile
is non-reversible due to the greater thermodynastability of
the latter polymorph which generally provokes aedetation
of the framework and sometimes a complete collagisthe
nanostructuré’=®

To avoid the aforementioned scenario, one strameay consist
in utilising template-assisted syntheses. So fdarge variety
of soft and hard templates have been explored géngr
materials with tuned porosity and high thermal itgtb 7-3%44
Among the soft templates, cyclodextrins are of giaterest
owing to their multifunctional properties, suchthe formation
of supramolecular adducts or host-guest inclusiompiexes
with a large number of molecules of appropriatee send
shape®>“® Although the possibility of utilising cyclodextrirsr
supramolecular assemblies formed between block Igo@rs
and cyclodextrins as templates to direct the syithef
hierarchically structured porous silfé8° and alumin&®? has
been explored so far, there is a limited numberregdorts
devoted to titanid>>*

In a recent study* we have shown that the randoml
methylated B-cyclodextrin (RAMEB), where methylation
occurs at the C2, C3 or C6 positions with statiiyc1.8 OH
groups modified per glucopyranose unit, can sigaiftly affect
the self-assembly of the amphiphilic block copolyr®d 23 in
water by locating at the PEO-PPO interface layeducing a
transition from spherical to ellipsoidal shape e
Interestingly, the RAMEB-P123 supramolecular asderab
were shown to act as efficient templates for turthng porosity
of alumina while promoting the formation of paréslwith a
fiberlike morphology.

In the present study,
investigation of the effect of these supramolecuassemblies
on the porosity, crystallinity and photocatalytictiaity of
mesoporous titania materials prepared using a idallcself-
assembly approach. The characteristics of theseriakst will
be described together with the results obtained tha
photocatalytic degradation of the phenoxyacetid 4BIAA), a
widely utilised herbicide, frequently detected imatural

water>%6
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2. Experimental

Chemicals. The PEO-PPO-PEO triblock copolymer [PEO =
poly(propylene oXide

weight of 5800 g/mol. Randomly methylatgdcyclodextrin
(denoted RAMEB with an average degree of molar tsuitien,
(DS) of 1.8 and average Mw 1310 g/mol) was a gittnf
Wacker Chemie GmbH. Titanium isopropoxyde, TR (Mw
284.3 g/mol, d 0.96 g/cHh nitric acid (HNQ, 68%) and
phenoxyacetic acid (PAA, Mw 152.15 g/mol) were pnecl
from Sigma Aldrich. All chemicals were used as reee
without further purification.

Synthesis of Titania Sols. Titanium dioxide nanoparticles were
synthesised according to a previously reported gsebl-
method**" Typically, in a 250 mL flask, 30 mL (0.1 mol) of
Ti(O'Pr), was dissolved in 27 mL (0.35 mol) of isopropanol.
Then, 160 mL of hot distilled water was added ripat 85 °C
under vigorous stirring at a hydrolysis ratio of fiH,O]/[Ti] =
88. After 15 min, 1.3 mL of nitric acid ([HN{D[Ti] = 0.2) was
added dropwise to peptise the hydroxide precipitdibe
mixture was maintained under reflux at 85 °C for L6The
final product was a stable translucent suspensfotitamium
dioxide nanoparticles.

In parallel, 10 mL aliquots of micellar solutionrgaining 7.8
wt % Pluronic P123 (P123/Ti molar ratio = 0.027gararious
amounts of RAMEB (RAMEB/Ti molar ratio = 0.046-030
were mixed with 10 mL aliquots of the titania sbhe mixtures
were stirred for 30 minutes then allowed to equdlib at room
temperature for 24 hours. Xerogels were recovefted drying
the samples by evaporation at 60 °C for 48 h, afteéch time
they were calcined in air at 500 °C for 2 h usinlgeating ramp

ff 5 °C/min. The final mesoporous materials werentified

according to the following notation: Px-RBy whereard y
represent the P123/Ti and RAMEB/Ti molar ratiopesgively
multiplied by 1000. For example, P27RB46 indicatas
mesoporous titania prepared using a P123/Ti mai#p rof
0.027 and a RAMEB/Ti molar ratio of 0.046 wherea®7 P
indicates a mesoporous titania prepared with a A128olar
ratio of 0.027 and without RAMEB. In some experinsen
titania materials were calcined at 400 °C (16 @0 8C (2 h),
700 °C (2 h) and 800 °C (2 h) in order to followeth
transformation sequence among the different polyimer

we have undertaken a detai&E_Haracterisation Methods. Powder X-ray diffractiondata

were collected on a Siemens D5000 X-ray diffractmén a
Bragg-Brentano configuration with a CunxKadiation source.
Scans were run over the angular domains 100 < 80° with a
step size of 0.02° and a step time of 2 s. Crystajphases were
identified by comparing the experimental diffractipatterns to
Joint Committee on Powder Diffraction Standards RDS)
files for anatase, brookite, and rutile. The refiemt of the
diffractograms was performed using the FullProtwafe® and
its graphical interface WinPlotf. Because of the numerous
brookite reflections and the strong overlap of ti#fraction
lines, profile matching refinement was used to detee unit
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cell parameters, background, peak shape, and h#fto Bhe solution and was maintained under stirring in tlagkdfor 30
quality of the fit was determined visually by insgien of the minutes to establish the adsorption-desorption ldgiuim.
difference plot and statistically by the goodnes$sfib (y*) Then, UV irradiation was performed using a 6 W Wmp
defined by: (Helios ltalquartz, Italy) with a maximum emissiah 352 nm.
Aliquots were centrifuged at regular interval tinaed the
X = Zwi(yio—yic)z/(N—P) substrate concentration in the supernatant wasrdieted by
high liquid performance liquid chromatography (HRLRzrkin
where w is the weight assigned to each observatignand Y. Elmer) analyses. The column used was a Perkin Elmer
are the observed and calculated intensities, réspbg at the Pecosphere C18 (83 mm length x 4.6 mm diametenixaure
i step, N is the number of points used in the refieet and P of acetonitrile (85 %, v/v) and deionised water (@5 Vv/v)
is the number of least-squares parameters refifBie acidified with 0.2 % acetic acid was used as theitaghase at
refinement was considered satisfactory wifewas less than 4. a flow rate of 1.5 mL/min. Aliquots of 10 pL of treample
The average crystallite size D was calculated ftbenScherrer \ere injected and analysed at a wavelength of 36Qusing a
formula’® D = KM(B cos 6), where K is the shape factor (ghotodiode array detector. The PAA degradation, rgiteen in
value of 0.9 was used in this study, consideringt tthe percentage, refers to the difference in the PAAceatration
particles are spherical}, is the X-ray radiation wavelengthpefore irradiation (§) and after 7 hours of irradiation £

(1.54056 A for Cu k), B is the full width at half-maximum divided by the PAA concentration before irradiatide. 100
(fwhm) and 6 is the Bragg angle. In addition, Rietveldc,-C,.)/C,.

refinements over a shorterd Zrange of 20-35° were also

performed to determine the content of each polytmohp this

mode of refinement, only the scale factor was aidwo vary.

Typical results obtained from profile matching aReetveld 3 Resylts and discussion

refinements are shown in Fig. S1, ESI.

Nitrogen adsorption-desorption isothermnagere collected at - 3.1 Effect of addition of RAMEB-P123 supramolecular
196 °C using an adsorption analyser Micromeritiasstér assemblies

3020. Prior to gnalysis, 200-400 mg samples wetgassed at Taking advantage of the ability of the randomly inyétedp-
320 °C overnight to remove the species adsorbedthen cyciodextrin to control the growth rate of block padymer
surface. From K adsorption isotherms, specific surface are@gicelles the RAMEB-P123 supramolecular assembliese
were dgtermined by the BET_metﬁbdand pore size gmployed as soft templates for preparing a seriés o
distributions were calculated using the NLDFT (mwal mesoporous titania materials with tunable strudtuaad

density functional theory) mod8lassuming a cylindrical POreéextural properties. Accordingly, a two-step sysiberocedure
structure. The relative errors were estimated to the ,5¢ applied, as schematised in Fig-%

following: Sget, 5%; pore volume (pv) (DFT), 5%; pore size

(ps) (DFT), 20%.

Field emission scanning electron microscopy (FE-$EN Template directed

observations were performed to examine the morgyodd the Stable TiO, hydrosol ~ colloidal self-assembly

samples using a FEG Hitachi S-4700 field-emissidecrascope

operating at 5 kV. Before imaging, samples wereeced with

a thin layer of carbon to reduce the accumulatiboharges at

high magnification.

UV-visible diffuse reflectance spectmere collected using a o "{. supramolecular assemblies

Perkin Elmer Lambda 19 UV-Vis NIR spectrometer. BaS ™ %

was used as the reference. The band gap energjpsvéie =

calculated using the equatiorg E (1239A) eV whereA is the Fig. 1 Schematic illustration of the template-directed synthesis of mesoporous

wavelength in nm. crystalline titania‘where TiO, colloids act as building blocks for the construction
around the organic template of a nanostructured framework.

Attenuated Total Reflection Fourier Transform Iméd (ATR-

FTIR) measurements were carried out on a Shimadzu IR

Prestige-21 spectrometer equipped with a MIRacleni®nd |, 5 first step, a translucent hydrosol made-upcrystalline
prism. Spectra were recorded in the 4000-500 cegion with titania nanoparticles was synthesised in waterfgoanol

a spectral resolution of 2 ¢n solution (HO/Ti = 88) by a sol-gel method using titanium
The photocatalytic efficiencyf the titania materials WaSisopropoxide (Ti(CPr),) as inorganic precursor and nitric acid
evaluated in the photodegradation of the phenoti@aeid . peptising agent (HNLTi = 0.2). In a second step, the
(PAA).© The experiments were carried out using a Pyrgivep-p123 supramolecular assemblies were used as

cylindrical reactor equipped with a quartz windowar fthe templates to direct the self-assembly of the prettmsised
entrance of the UV irradiation. In a typical expeent, 50 Mg iania nanoparticles. This second step of synthesas
photocatalyst (0.25 g/L) was introduced to a 0.16 BAA

Mesoporous TiO,

Drying
_—

Calcination

Isopropanol |

RAMEB-P123
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performed at 25 °C because at this temperatureR&RKEB- Meanwhile, the size of these three polymorphs grmn36 nm
P123 solutions present the lowest viscoSitthus facilitating (A), 19 nm (B) and 60 nm (R) as the phase transéion
the structuration of the nanoparticles around th@amolecular progressesiVhen the Pluronic alone is utilised as template7 (P2
template. After drying, the recovered xerogels waalkeined at sample), the rutile reflections remarkably decreasmtensity
500 °C to remove the organic template and allowthkr indicating a delay in the phase transformationerestingly,
crystallisation of titania. The complete removaltbé organic this phenomenon becomes even more pronounced upon
template was confirmed by ATR-FTIR spectroscopialgges addition of increasing amounts of RAMEB. Indeedge th
as noticed by the disappearance of the vibratidmehds diffraction peaks of anatase and brookite becomeadsr
characteristic of the polymer and cyclodextrin (3@, ESI). indicating smaller crystallites, while more broekifiorms and
Fig. 2 displays the XRD patterns of the mesoporbiaia rutile polymorph almost disappears. Thus, for tiRYRB198
prepared with a P123/Ti molar ratio of 0.027 (EO£T1) with sample, the size of the crystallites shrinks tol8ain and the
increasing amounts of RAMEB (RAMEB/Ti molar ratiorutile content becomes negligible with respect® ¢tontents of
varying from 0 to 0.305) and calcined at 500 °CeTdontrol anatase (48 %) and brookite (52 %). Such anatabestikite
sol-gel synthesised titania.€. prepared without template) isphase transformation upon addition of increasingams of
added for comparison. organics has also been observed with another dopklymer
(Pluronic F127) in a previous stuthand has been explained by
the fact that the fast combustion of the templateng) the heat
treatment may direct the phase transformation tdsvélre more

AB

R B RR 2 P27RB305 dense structure of brookite (d = 4.12 gldor brookitevs.3.89
IS g/cnt for anatase).
ko8 g B e P27RB198 To gain information about the impact of the templan the

textural characteristics of titania,,fddsorption analyses were
performed. All calcined samples display type IV tiems

—_ AB AB . . .
3 k2 ° Pa7Re122 which are typical features of mesoporous mate(kits. 3).
s AB
=
[72]
5 R B RAB a8 P27RB46
c
- AB g$g: B o < 124mm
o] A N"’“m...... P27RB30S
R B R AB AB P27 0,000 ] e’ e RS
A B TR TRAP TLAr S !
1 R
|
‘\ B Ffﬂ, B e |, Sol-gel TiO,
20 30 40 50 60
2 theta (°) S
D100 L 5 ,
Fig. 2 XRD patterns of sol-gel titania prepared without template (sol-gel TiO,), e ..4.0.0»-44—»*“*"“/ E 0000] = . \“-»w:wmunrooow;.ﬁ,z:ﬁ%@.z,.zﬁ
with Pluronic alone (P27) and with P123-RAMEB assemblies (P27RB46 to %2009'0 02 04 06 08 0 "g 0 10 20 30 40 50
P27RB305). Samples were calcined at 500 °C. The “A”, “B” and “R” in the figure g R § 0005 j},"“"’“
denote the anatase, brookite and rutile phases respectively. g 1001 Mﬁ/" s :’2:' ; ﬂ,.%m P27RBAG
Qg lesseee oseme ]
S 00 02 o0s 08 o8 10 0 1 » 0 & %0
S 20 o 0,008 2 +92nm
. . 00 o 0004 P
Before any thermal treatment, the sol-gel prepatitaghia 1 M4 o] — e P27
nanoparticles contain 68 % anatase (A) (JCPDS nar60- 00 02 Qs 08 08 10 g0 N 2 % & &
. : s +53
021-1272) and 32 % brookite (B) (JCPDS card n° 96-0 .| T om] A "
. . . . Loaaa” H Sol-gel TiO
1934) (Fig. S3, ESI). The crystallite sizes detewni from the — Joeecoe=="""" oomod e Mo ST
Scherrer formula are 66 0.8 nm (A) and 5.3 0.6 nm (B) 00 oz 04 08 08 10 o
Relative pressure (P/P,) Pore width (nm)

ow!ng to the hlgh hydrOIyS.IS ratio employe.d n caynthe3|s Fig. 3 N, adsorption isotherms (A) and corresponding pore size distribution plots
which favours fast nucleation rates producing sraalil well- () of sol-gel titania prepared without template (sol-gel TiO,), with Pluronic alone
crystallised nanoparticltf 66 However, upon calcination at(P27) and with P123-RAMEB assemblies (P27RB46 to P27RB305). Samples were
500 °C, the small particles agglomerate and theeased "¢ 500°C

degree of nanoparticle packing facilitates the phas

transformatior?® Therefore, from the diffraction diagram of the L . )

. - The control sol-gel titania presents a capillaryndensation
control TiO,, one can note the appearance of an intense shéatré) that starts at a relative pressure P& about 0.4
peak at B = 27.4° corresponding to the (110) plane of théeru P P d T

(R) (JCPDS card n° 00-034-0180), arising from thl(rg]dlcatlng the presence of small mesopores withiamdter of

transformation of both anatase and brookite dudalgination 5-3 nm ascribed to the holes formed between theegimcked

(Fig. 2). The contents of anatase and brookiteerdghed from ngSta”';e_st' E;;l gddmon oftr(]:optolytmerl (Ph27 sz:rhpsl’:_songlrth
the Rietveld refinement, drop to ~35 % and ~27 %peetively ut predictably, improves the fextural charactensiics ot the

while ~38 % rutile form as a result of the sintegrifTable 1). material, as shown by the steep rise in the nimagstake at a

4| J. Name., 2014, 00, 1-10 This journal is © The Royal Society of Chemistry 2014
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relative pressure P4 0.65 and the abrupt increase in the pothat the material has adopted some characterisifcghe
size to 9.2 nm. Interestingly, when the cyclodexis added to supramolecular template maintaining a nanostrudtaestwork
the block copolymer solution, the textural chardasties are even after calcination at 500 °C.

further improved. Therefore, for RAMEB/Ti molar i@ Further evidence for theeffect of the supramolecular
comprised between 0.046 and 0.198, the pore siaeases assemblies on the crystal phase composition wasdad from
progressively from 9.4 to 12.1 nm and the pore m@ufrom UV-visible absorption spectroscopy (Fig. 5). Thtiee energy
0.25 to 0.35 crifg, while no notable evolution occurs above gap (&) of the control sol-gel TiQ calculated from the
RAMEBI/Ti molar ratio of 0.198 (Table 1). Moreovdor the extrapolation of the absorption edge into the epexges (409
highest molar ratios employed, the isotherms becamiée nm), is found to be 3.03 eV. This value is veryseldo the £
different in the region of relative pressures higliean 0.9 of rutile (3.02 eV§” which is the predominant polymorph in
where the nitrogen adsorption continues to increimslicating this sample (38 % (RYys. 35 % (A) and 27 % (B)) (Fig. 2,
also the presence of some macropores. Table 1). On the other hand, the spectra of thepkssprepared
From the representative FE-SEM images of the naseriwith Pluronic P123 and RAMEB-P123 assemblies presen
prepared without and with template (Fig. 4), thiedf of the clear blue shift of the absorption edge towards rteho
supramolecular assemblies on the morphology ofndtevork wavelengths. Note that the value of the band gamenids on
can be clearly visualised. the formulation of the template. Indeed, for the PR27RB46
and P27RB122 samples, which contain50-55% anatase, the
extrapolation of the absorption edge yields bang gaues in
the range of 3.16-3.20 eV, whereas for the P27RB4/88
P27RB305 samples, which contaia. 52-54 % brookite and
almost no rutile, the band gap increases to 3.29Ad¥ough
few experimental data are available in literatuoe pure
brookite, several authors agree that its band g&p.i3.3 eV,
higher than that of anatase and rutité€ The relatively larger
band gap values observed for the highest RAMEB/®6iam
ratios corroborate well with the major influencelwbokite as
predominant polymorph, consistent with our XRD d@&ay. 2,
Table 1). Additionally, the quantum effects, whiate usually
produced in confined regions with semi-conductortipias
having at least one dimension in the range of wh0 are also
presumed to contribute to the observed eff€tts.

Taken together, our XRD, Madsorption, FE-SEM and UV-
visible results provide clear evidence of the faloat the
supramolecular assemblies formed between the ragdom
methylatedB-CD and Pluronic P123 act as efficient templates
for tuning the crystal properties of titania as lwak for
controlling its porosity, in agreement with the 8wsis
pathway illustrated in Fig. 1.

Fig. 4 Representative FE-SEM images taken at different magnifications for sol-gel
titania prepared without template (a, b) and for titania prepared with P123-
RAMEB assemblies (P27RB198 sample) (c-f). Samples were calcined at 500 °C.

Therefore, it can be seen that the sol-gel titamiapared
without template is comprised of rounded partictEnsely
packed into large aggregates with no regular steagk very
low interparticle porosity (Fig. 4 a, b). In corgtathe material
prepared using the supramolecular assemblies (PRIRB
sample) shows uniform particles with spherical €hap
indicating the important role of the template istracturing the
particle network (Fig. 4 c-f). Moreover, severalide are also
noticed at a high yield creating a network of intemected
mesopores with an average diameter of 10-20 nmage&s) . . .

. . Fig. 5 UV-vis spectra and zoomed-in plot from 320 to 420 nm (inset) of sol-gel
and macropores with an average diameter of 60'1'6(:(396 titania prepared without template (a), with Pluronic alone (b), and with P123-
dotted circles), in accordance with the shape of - RAMEB assemblies: P27RB46 (c), P27RB122 (d), P27RB198 (e), P27RB305 (f).
adsorption isotherm at high relative pressuressThdicates Samples were calcined at 500 °C. The arrow is drawn as a guide to the eye.

" Absorbance (a. u)

Absorbance (a. u.)

T T 1
200 200 400 500 600
Wavelength (nm)
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3.2 Effect of the calcination temperature

The transformation sequence among the three tita
polymorphs is size dependéfit® In bulk, rutile is the only
thermodynamically stable phase, while bulk anatase bulk
brookite are metastable. However, at the nanoschie,

particles with diameters belowa. 14 nm, anatase is more

stable than rutilé® Theoretical calculations (DFT) explain tha
the reversal of the stability in Tihanoparticles relative to the
bulk phase is due to the lower surface energy iatame
compared to that in rutile at the nanoscal8uch difference in
the surface energy also explains why anatase caredmily
synthesised at ultrafine sizes under ambient cimmdit
However, upon heating, the crystal growth leadarnt@lteration
of phase stabilities and ultimately to the conwarsof both
anatase and brookite to rutfft.In addition, calorimetric
measurements confirm that rutile has the highestaca
enthalpy (2.2 0.2 J/m), followed by brookite (1.& 0.2 J/nj)

and anatase (0.4 0.1 J/mf).”? This suggests that as the

crystallites grow up, anatase would first transfaomrutile or
brookite before brookite transforms to rutile. Thechanism of
phase transformation in titania has also been tegdo be a
process of nucleation and growth depending stromgiythe
agglomeration state of the particfé$? Indeed, when the
anatase particles are in intimate contact with eattter, the
interfaces of the contacting grains provide theleaton sites
of the rutile phase. Once the nucleation is irgtlatthe phase
transformation quickly spreads throughout the who
agglomerated particles until the complete transédiom of
anatase and/or brookite to rutile is completed.

To follow the sequence of phase transformation un titania
materials prepared using the supramolecular assesnkthe
sample presenting the best characteristics (P278B%#s
calcined at different temperatures ranging betw&hand 800
°C. From the XRD patterns shown in Fig. 6, it canrticed
that at 400 °C, anatase is the dominant polymofjlus, the
initial phase contents determined from Rietveldnerhents are
90% (A) and 10% (B) and the crystallite sizes aldi from
the Scherrer formula are 9.0 nm (A) and 4.4 nm((B)ble 1).
At 500 °C, anatase transforms rapidly to brookis,can be
seen from the increase in the intensity of the Yldiffraction
peak located at 30.8°, while the nucleation of thaile
polymorph has just begun (only 1% of rutile is déte at 500
°C). However, upon heating to 600 °C, the partmarsening
induces a significant increase in the crystallitee sand rutile
content up to 23.6 nm and 17% respectively, whi
simultaneously, the brookite content drops from t6235%.
Once the rutile crystallites are formed, they gnosvy rapidly.
Therefore, for a calcination temperature of 700 “@e
diffraction peaks of anatase and brookite gradudiifginish in
intensity and rutile becomes the predominant polgho(62
%). Finally, at 800 °C, the fast particle coarsegnieads to the
whole transformation of the remaining anatase tiberwhich is
the thermodynamically stable polymorph in this leggarticle
size range (> 60 nm).
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Fig. 6 XRD patterns of the P27RB198 titania calcined at different temperatures:
400 °C (16 h), 500 °C (2 h), 600 °C (2 h), 700 °C (2 h) and 800 °C (2 h).

Overall, our results indicate that at lower tempaes (400-
500 °C), the initial process involves the transfation of
anatase to brookite. Although anatase is likely he
Fgermodynamically stable in this size range (< id),rthe fast
combustion of the organic template seems to dirthet
transformation sequence toward the densest polymogy the
brookite. For a higher calcination temperature (6%0),
brookite starts transforming to rutile followed the conversion
at 700-800 °C of both anatase and brookite to eutih
agreement with the theoretical predictions of Zhaagd
Banfield."

By comparing the evolution of the phase transforomain the
sol-gel and P27RB198 titania materials, it is dieaoticed that
the supramolecular assemblies play a key role hibiting the
crystal growth and stabilising the anatase and Wit®o
polymorphs with respect to the rutile. Thus, foe thol-gel
titania prepared without template, both anatasebaodkite are
completely transformed to rutile already at 600 (Fig S4,
ESI). Such a fast phase transformation can beatédl to the
small size of the crystallites in the starting miaie(6.6 nm for
anatase and 5.3 nm for brookite) as well as ta thigh level of
%ggregation which facilitate the contact betweeighi®ouring
grains, thus resulting in a very rapid conversimnutile. On the
other hand, for the P27RB198 titania material, toenplete
transformation of anatase and brookite to rutildésected at a
much higher calcination temperature,. 800 °C (Fig. 6). This
behaviour may be explained by the fact that when TiO,
nanocrystals self-assemble around the organic tampkhe
reduced degree of nanoparticle packing provides testact
sites between neighbouring grains, thus delaying rtile
nucleation.

This journal is © The Royal Society of Chemistry 2014



Page 7 of 10 RSC Advances

The calcination temperature has also a strong impacthe
textural characteristics of the titania materiaks.can be noticed ——T400
from the N adsorption isotherms shown in Fig. 7. Therefore,
the P27RB198 sample calcined at 400 °C presentshése
characteristics with a surface area of 158gma pore volume
of 0.45 cnilg and a pore size of 9.3 nm (Table 1). A slight
alteration of these characteristics is noticed0& 8C due to the
size of the crystallites which just starts to irage (8-11 nm)
while the rutile content is still negligible (1%)More
pronounced changes are observed for the mateaidsed at
600 and 700 °C for which the growth of the rutileaigs
provokes a fast decrease in the surface area amdvptume.

Therefore, for a calcination temperature of 700 tH@, surface 200 280 30 3t 400 4t B0 s%0 800
area drops to 16 7y and the pore volume to 0.14 ¥mwhile Wavelength (nm)

the pore size distribution becomes very broadnCMQ the Fig. 8 UV-vis spectra of the P27RB198 titania material calcined at different
beginning of the collapse of the titania networinsistent also temperatures from 400 to 800 °C. The arrow is drawn as a guide to the eye.
with the abrupt increase in the crystallite sizahaf rutile up to

ca.63 nm (Table 1).

Absorbance (a. u.)

3.3 Photocatalytic activity

350 4 Phenoxyacetic acid (PAA) is a parent molecule @& well-
121 mm known herbicides like 2,4-dichlorophenoxyaceticda(2,4-D)
300 o v —— T400 and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) ebhiare
s ~ J9Som Iggg highly toxic compound$>’® In this study, PAA was chosen a.
5 20 §’° !,-‘»_. T700 representative pollutant to evaluate the photogtitabctivity
2 e P14 y of mesoporous titania prepared using the differemplates.
13 %09 3 o2 In Fig. 9, we present the PAA photodegradation cdt&ined
3 mod Mo T after 7 hours of exposure under UV-light illumirati (360
g 9000 { bl - *}1"““}“““‘ nm). We note that the photocatalytic activity oé tbatalyst is
® 100 ’ D eewanom ° significantly affected by the nature of the temelathus, when
g / ;T the Pluronic alone is utilised as template (P27@ema sharp
§ 50 4 »w‘___,;g.f:x.:—ﬂj‘" ;“;' increase in the photodegradation rate from 43%t(obgmol-gel
e ‘,,:f,.‘ titania) to 75% occurs. Interestingly, upon additioof
od = e e increasing amounts of RAMEB, the photodegradatiate r

0.00 j 055 ' 050 j 07s j 160 progressively increases reaching a maximum phaibdat
conversion rate of 88% for the P27RB198 sample.
In our view, the origin of the enhancement in thetpcatalytic
activity of titania should result from a combinedfeet of
improved textural characteristics and controlled/stalline
properties of the catalyst which, in turn, dependtee nature of
The changes observed in particle size and phasterdoare the template. Indeed, the high surface area otitafoe the
also confirmed by UV-Vis spectroscopy (Fig. 8). ded, with P27RB198 titania material (110%m), which may be correlated
increasing the calcination temperature, the speofrathe © the lower crystallite size in this sample (8-1), should
P27RB198 material show a red shift of the absonptidge Provide a larger number of adsorption sites and/@atentres
toward longer wavelengths, consistent with theease in the Surrounding the electron-hole pairs, thus facitigitthe first
crystallite size. Moreover, the shift of the banapgfor the Step of the photocatalytic reaction. On the otramch the high
material calcined at 800 °C . 3.03 eV, close to the bandPore volume (0.35 cifg) may allow for more PAA to be
gap of the rutile, matches well with our XRD reswshown in 2dsorbed on the internal surface of the pores, ipsoving
Fig. 6 where the onset temperature of the anatasatite the diffusion of the substrate to the adsorptidassduring the
transformation is located between 700 and 800 °C. photocatalytic process. Finally, the low density coystalline
defects obtained for the material calcined at 5@ rhay
produce less grain boundaries and thus, a largeruamof
charge carriers should reach the surface of th&taro initiate
the redox reactions.

Relative pressure (P/P)

Fig. 7 N, adsorption isotherms and corresponding PSD (inset) of the P27RB198
titania calcined at different temperatures from 400 to 700 °C.

This journal is © The Royal Society of Chemistry 2014 J. Name., 2014, 00, 1-10 | 7
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Fig. 9 Photocatalytic degradation rate of the different titania materials prepared
by using the P123-RAMEB supramolecular assemblies as templates (a) and of the
P27RB198 catalyst calcined at different temperatures (b).

It is worth emphasising that the combination of d@tructural
and textural properties requires the choice of arecd
temperature of calcination. For instance,
material calcined at 400 °C presents better
characteristics (7 = 158 nf/g; pv = 0.45 crg; ps = 9.3 nm)
compared to the material calcined at 500 °g={S 110 n?/g;
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randomly methylate@-CD promoted a progressive growth of
the Pluronic micelles which was manifested by a kadr
enhancement in the pore size, pore volume andcudeea of
titania as well as a higher stability of the anataad brookite
polymorphs with respect to the rutile. The utilisat of
controlled amounts of cyclodextrin also allowed fie-tuning
the phase composition and crystallite size whilenprting the
formation of particles with a spherical shape. Etability of
these materials was attributed to the ability ofe th
supramolecular assemblies to reduce the numberoofact
sites between neighbouring grains, therefore itihidpi the
nucleation of the rutile phase. Finally, the mesope titania
materials prepared using the P123-RAMEB assembdies
template were shown to efficiently catalyse the
photodegradation of the phenoxyacetic acid in waggéring
rise to higher conversion rates compared to thegsbtitania
particles. Overall, our results revealed that kremlgle about the
interactions of these cyclic oligosaccharides witle block
copolymer and with titania colloids is fundamentédr
understanding and controlling the properties of thsultant
photocatalyst. Combining these findings with thelskeown
ability of the cyclodextrins to selectively bindrariety of metal
complexes and form supramolecular host-guest addunzty
open up wide opportunities for designing nanostmext metal-
capped photocatalysts for energy and environmehtzlenges.
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Table 1. Structural and textural parameters of the differaesoporous titania

RSC Advances

materials prepared througipiege-directed colloidal self-assembly.

Anatase Brookite Rutile AMadsorption UV-Vis
Sample c$(hm)  cf (%) c§(nm)  cf (%) c§(m)  cf (%) Ser (mPlg)  pV (cntlg)  pg(nm) B (eV)
P+RB/TF  RB/P Effect of addition of P123-RAMEB assemblies
Sol-gel TIG - 36.42.9 35328 18.#15 26.32.1 60.44.8 38.23.1 21+1 0.03:0.00 5311 3.03
P27 0.027 0 17214 54.834.4 13.81.1 42.%3.4 20.8:1.7 3.40.3 89+4 0.24:0.01 9.21.8 3.16
P27RB46 0.073 1.7 15512 51.34.1 11.6:0.9 46.@3.7 16.6:1.3  2.530.2 1095 0.25:0.01 9.41.9 3.16
P27RB122 0.149 45 13.61.1 50.%4.0 8.9+0.7 48.@¢3.9 13.4:1.1 1.30.1 112+6 0.2%0.01 10.32.1 3.20
P27RB198 0.225 7.4 10.809 47.%3.8 7.6:0.6 51.34.1 10.#0.9 0.80.1 110t6 0.350.02 12.¥2.4 3.29
P27RB305 0.332 11.4 9.9+0.8 45.43.6 6.7+0.5 54.34.3 9.0+0.7 0.30.1 9645 0.36:0.02  12.425 3.29
Effect of the calcination temperature (P27RB198saijn

T400 0.225 7.4  9.0£0.7 90.47.2 4.4+0.4 9.60.8 - - 158+8 0.45:0.02 9.31.9 3.30
T500 0.225 7.4 10.809 47.23.8 7.6+0.6 51.84.1 10.7#0.9 0.80.1 110+6 0.35:0.02 12.¥2.4 3.29
T600 0.225 7.4 1714 48.%3.8 8.5:0.7 35.22.8 23.6:1.9 16.%#1.3 58+3 0.350.02 21.84.2 3.15
T700 0.225 74 352428 37.&3.0 - - 62.5:5.0 62.45.0 16+1 0.14:0.01 - 3.07
T800 0.225 7.4 - - - - 82.8t6.6 100 - - - 3.03

¥P123+RAMEB)/Ti molar ratio in the sdIRAMEB/P123 molar ratio in the sdigrystallite size calculated from the Scherrer foanfpolymorph content
determined from Rietveld refinementspecific surface area determined by BET methotiérrélative pressure range of 0.1-0/p6re volume computed by
NLDFT, %pore size determined by NLDFhand gap energies fFcalculated using the equatiog£(1239A) eV.
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