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The energetics of pure-phase rutile nanorods and spherical anatase nanoparticles have been studied by
high-temperature drop solution calorimetry in 38&4MoO; solvent at 975 K and water adsorption
calorimetry in a wide range of particle sizes (surface area) from 6 to 40 A@27® nt/g). The calorimetric
surface enthalpies for rutile and anatase, calculated as#2 297 and 0.74t 0.04 J/m, respectively,
are in general agreement with Ranade et al.’s resBitsc{ Natl. Acad. Sci. U.S.A2002 99, 6476),
although their numerical values are somewhat different because of impurities and unaccounted bound
water in the previous work. This study supports the energy crossovers previously proposed forthe TiO
polymorphs. The energetics of water adsorption were measured using a commercial Calvet microcalo-
rimeter coupled with a gas dosing system. This permitted the calculation of differential and integral
enthalpies of water adsorption that characterize how tightly water binds to rutile and anatase surfaces
and the calculation of adsorption entropies, which reflect the surface mobility of adsorbed water. The
integral enthalpy of tightly bound water (relative to liquid®istandard state) is18 kJ/mol for anatase
and—40 kJ/mol for rutile. As seen previously for As, the TiO, polymorphs with higher surface energy
bind water more tightly. The calculated entropy changes for the adsorption of water gparEi@ore
negative than the entropy changes for the condensation of gaseous water to hexagonal ice. This finding
suggests highly restricted mobility of molecules adsorbed at initial stages of adsorption (low coverage)
and, possibly, dissociative adsorption on both rutile and anatase surfaces. However, nanoparticles contain
both tightly bound water and loosely bound water. The latter is characterized by energetics of bulk water.
The stabilizing water contribution to the overall energy of the system makes the hydrated nanophase
samples more stable. The recommended transformation enthalpy for bulk anatase to bulk +tilé is
+ 0.9 kd/mol.

Introduction those of the bulk by a surface energy term, whose contribu-

Rutile and anatase are the two most abundant and widel tion increases as the surface area grows with decreasing
yparticle size. Recently, Ranade ef astablished by direct

used polymorphs of Ti&) whose current and promising ; . 7
. . . calorimetric measurements of enthalpy of solution into a
applications include paint, catalysts and photocatalysts, solar . )
: ! molten oxide solvent that the surface energy of rutile, anatase,
cells, and ductile ceramidg. Although both polymorphs ; .
T . and brookite decreases in that order, whereas for bulk
crystallize in a tetragonal structure, they have different o )
4 . . samples, the metastability increases in the same sequence.
symmetry and properti€si-or example, anatase is catalyti- . . .
- . This competition between polymorphism and surface energy
cally more efficient than rutilé. : : o
S . . leads to a crossover in thermodynamic stability at the
Rutile is the thermodynamically stable phase in coarse . . .
nanoscale level, with brookite and anatase each having a

materials, but anatase is common in nanosized sarfiples. : o . :
. . . ; . range of particle size in which they are thermodynamically
Thermodynamic properties of nanosized materials differ from : .
stable as long as coarsening cannot occur. The generality of
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However, the work of Ranade et @awas based on a  white powder. The white powder was determined by X-ray
relatively small number of samples obtained from several diffraction (XRD) to be pure anatase 7 nm in size. The procedures
different sources and prepared by various methods. Becausé@re simililar to those reported previously, and the majority of the -
nanophase samples almost always contain adsorbed wategamples used in the study are from the same batches as those in
a correction to the calorimetric data for this water must be 1€ referencestis o _
made. Ranade et &approximated this correction by using Samples with .eXtremely low Impurities were achleved by_ alarge
the heat content of water with liquid water at 298 K as the number of washings of the reaction samples using centrifuges at

f hi ion is th . in th room temperature. The resulting white powder was dried in an oven
reference state. This correction is thus approximate in that ¢ 353  in ajr and used for further analysis. The only impurities

it assumes the #D adsorbed on nanoparticle surfaces has found were carbon and chlorine, but both were only at the parts
the thermodynamic properties of pure liquid water. per million level.

The issue of surface water stabilizing nanoparticles or  Characterization. XRD patterns were collected using a Scintag
driving transformations between polymorphs has been in- PAD V diffractometer (Cu K, 45 kV, 40 mA,60—26 goniometer
tensively discussed in the literatufe!* This is because water ~ geometry) with a step size of 0.0and collection time of 10 s/step
bound to the surface decreases the free energy of the systerﬂNithOut an internal standard). XRD verified that the samples were
and therefore affects the overall stability landscape. Early Single-phase nanophase anatase and rutile. The actual XRD patterns
work by McHale et al?3on a crossover in energetics of and TEM images for rutile and anatase samples used in the study

nanophase AD; showed that corundumufAl,Os) has a have been previously analyzed and published in a series. of
large number of highly energetic sites for strong water papers*>and are therefore not reported here. The average particle

d tion i . ith-AlLO hich is | . sizes were calculated from the most intense peaks, (110) for rutile
adsorption in comparison withi-Al O, which is lower in and (101) for anatase, using the Scherrer formitilthe specific

energy tharmi-Al.O; at the nanoscale. These findings imply - grface areas of the materials were obtained according to the
synergy between phase stability, surface energy, and wateigrunauer-Emmett-Teller (BET) equatiotf from N, adsorption
energetics for oxide nanoparticles. Kinetic studies by Li et at 77 K in a relative pressure rangg® = 0.05-0.3 (p° = saturation
al** on a newly synthesized series of anatase nanoparticlesressure) using a Micromeritics ASAP 2020 surface area and
demonstrated the role of surface water as a kinetic barrierporosity analyzer. For BET measurements, each sample was
that governs the anatase-to-rutile transformation. Although degassed at 373 K for at least 10 h after a stable static vacuum of
the overall binding of water on TiDis almost certainly 3 x 1072 Torr was reached. Water contents of samples introduced
weaker than on ADs, we anticipate that the bound water into the calorimeter were determi.ned by thermogravimetric analyses
on TiO, is nevertheless essential to the stabilization of very (TGA) on 20-30 mg pellets using a Netzsch STA 449 system.

. . . . The heating rate was 10 K/min to 1373 K, and dyv@as used as
small nanoparticles of Ti§) especially those synthesized . S e o
o a carrier gas to mimic calorimetric conditions (see below).
under hydrothermal conditions.

. Buoyancy corrections were made by recording empty crucible
.T.he goal of the present study is to use a large set Of baselines for all runs. The molar compositions (formula weights)
similarly synthesized samples of nanophase anatase and rutilguere normalized to obtain 1 mole of Ti@ndw moles of water.
to obtain the enthalpies and entropies of water adsorption, Gases evolved during thermal analysis were analyzed by a Bruker
the surface energies (referring to both dry and hydrated Equinox 55 FTIR spectrometer, which is directly coupled with the
surfaces), and the energetics of polymorphism. The calori- TG/DSC by a heated transfer line kept at 423 K. FTIR spectra of
metric study of water adsorption is the first of its kind for ~evolved gases were collected from 400 to 4000 tat a resolution
TiO,, whereas the measurements of surface and transforma®f 4 cnm*. A baseline correction was made before each run.

tion enthalpies represent a refinement of the data of Ranade Drop Solution and Water Adsorption Calorimetry. Al
et al8 moisture-sensitive nanocrystalline samples were handled in an Ar-

filled glovebox (Q and HO levels below 1 ppm). Drop solution
enthalpies in 3N#D-4MoG; solvent at 975 K were measured using
a custom-built Calvet twin microcalorimeter. Oxidizing conditions

Synthesis.Phase pure rutile nanorods were synthesized using a Were maintained by flushingQhrough the glassware at80 mL/
hydrothermal techniqui.A 0.67 M TiOC solution was prepared ~ Min and bubbling through the solvent a5 mL/min. This also
by slowly adding TiCl to distilled water at room temperature. Thirty ~ assisted in removal of evolved water and agitated the solvent to
milliliters of this solution was moved to Teflon-lined autoclaves @aid dissolution. The samples were pressed into peltets ifig)
to allow reactions at selected temperatures for 2 h. A modified sol  inside the glovebox, weighed, and stored in glass vials. After
gel method was also employed to obtain high-quality spherical calorimeter baseline stability was achieved, the pellet from the glass
anatase nanoparticlés.TiCl, was added slowly to ice-cooled  Vial was dropped into the calorimeter. The total time the pellet was
ethanol while stirring. The sol thus formed was allowed to remain €Xposed to air was less than 5 s. The calibration factors for the
in air for several hours and was then baked at 358 K until it became calorimeter (}£V) were obtained by dropping 5 mg pellets of

alumina (Aldrich, 99.99%) stabilized in the corundum phase by
(10) Zhang, H. Z.; Gilbert, B.; Huang, F.; Banfield, J. Rature 2003 heating overnight at 1773 K. The overall methodology is now
424 (6952), 1025-1029. standard and has been reported previotisknthalpies of water

(11) zhang, H. Z.; Huang, F.; Gilbert, B.; Banfield, J.J-Phys. Chem. B adsorption were recorded using a Setaram Calvet-type DSC 111
2003 107 (47), 13051-13060.

(12) McHale, J. M.; Auroux, A.; Perrotta, A. J.; Navrotsky, Science

Experimental Section

1997 277 (5327), 788-791. (16) Brunauer, S.; Emmett, P. H.; Teller, E.Am. Chem. Sod.938 60,
(13) McHale, J. M.; Navrotsky, A.; Perrotta, A.J.Phys. Chem. B997, 308. Sing, K. S. W.; Everett, D. H.; Haul, R. A. W.; Moscou, L.;

101 (4), 603-613. Pierotti, R. A.; Rouquerol, J.; Siemieniewska, Aure Appl. Chem.
(14) Li, G. S.; Li, L. P.; Boerio-Goates, J.; Woodfield, B.F.Am. Chem. 1985 57 (4), 603-619.

Soc.2005 127 (24), 8659-8666. (17) Navrotsky, APhys. Chem. Mined977, 2 (1—2), 89-104. Navrotsky,
(15) Li, G. S;; Li, L. P.; Boerio-Goates, J.; Woodfield, B. F. Mater. A.; Rapp, R. P.; Smelik, E.; Burnley, P.; Circone, S.; Chai, L.; Bose,

Res.2003 18 (11), 2664-2669. K. Am. Mineral.1994 79 (11—12), 1099-1109.
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Table 1. Sample Characterization and Thermochemical Data for Rutile and Anatase

H,O content particle size AHgs water
w, per mole  surface area, from BET AHgs, J/g uncorrected, correction, AHgscorrected,

sample of TiO2 m?/g (m?/mol)  (XRD), nm (no. of drops) kJ/mol of TiO, kJ/mol kJ/mol AHy, kd/mol
rutile (bulk) 741.3+ 113 (12) 58.99+ 0.80 58.99+ 0.80 0.00+ 0.80
rutile (r1) 0.350 104 (8307) 13(7.1) 797212.4(8) 76.0H 0.99 5.11 44.61 0.99 18.04+ 1.22
rutile (r2) 0.143 89 (7101) 16 (9.3) 6814#712.9 (9) 88.19+ 1.03 2.18 46.36: 1.03 15.75+ 1.26
rutile (r3) 0.185 60 (4785) 24 (13.2)  740469.1 (8) 63.00+ 0.73 2.80 48.880.73 9.83+ 1.02
rutile (r4) 0.058 35 (2796) 41 (18.1) 6814715.4(9) 62.74+ 1.23 0.90 51.1%1.23 6.19+ 1.43
rutile (r5) 0.045 20 (1598) 71(22.6) 730448.3(8) 57.1& 0.66 2.18 55.84- 0.66 3.85+ 1.12
rutile (r6) 0.004 6 (479) 200 (33.6)  711455.4(8) 145.95+ 0.43 0.07 56.5% 0.43 2.61+ 1.00
rutile (r11) 0.334 105 (8395) 14 (7.3)  781406.2 (9) 82.93+ 0.50 4.90 44.06: 0.50 18.62+ 1.03
rutile (r12) 0.181 66 (5272) 22(9.2)  756439.3 (8) 65.90+ 0.74 2.74 50.43:- 0.74 10.88t 1.17
rutile (r13) 0.061 35 (2796) 41 (13) 7054111.2 (8) 56.46+ 0.89 0.95 52.88 0.89 7.34+ 1.27
rutile (r14) 0.013 21 (1693) 67 (17.7)  694478.1 (8) 72.03+ 0.65 0.21 54.74- 0.65 467+ 1.11
rutile (r15) 0.063 17 (1358) 84 (21.8)  795t711.2 (8) 72.43t 0.80 0.98 54.8& 0.89 4.39+ 1.20
rutile (r16) 0.054 5(399) 286 (32.9) 741489.9 (8) 68.6% 0.72 0.84 58.32£ 0.79 0.83t 1.15
rutile (r31) 0.037 29 (2277) 50(13.4) 711710.1(8) 78.25+ 0.81 0.58 54.7% 0.81 5.22+1.21
rutile (r32) 0.086 27 (2125) 54 (13.9) 735108.3 (7) 54.29+ 0.66 1.33 53.92- 0.66 6.00+ 1.122
rutile (r33) 0.001 21 (1677) 68 (14.8)  7194311.9 (7) 59.84+ 0.80 0.02 53.85: 0.63 6.06+ 1.20
rutile (r34) 0.009 19 (1518) 75(17.5)  73%458.3 (8) 58.17+ 0.64 0.14 56.28 0.66 3.41+1.10
rutile (r35) 0.004 9 (743) 154 (22.8)  7014510.1 (7) 59.56+ 0.81 0.07 55.79 0.81 3.34+1.21
rutile (r36) 0.013 6 (479) 238 (33.4) 726489.9 (7) 57.38+ 0.56 0.21 57.12- 0.79 2.00+ 1.06
anatase (a0) 0.49 270 (21567) 6 (7) 891.85.0 (10) 71.23:1.20 13.6 41.281.20 17.70+ 1.40
anatase (al) 0.46 257 (20529) 6(8.1) 898.9.0(7) 71.73:0.72 13.6 43.230.72 15.77 1.02
anatase (a2) 0.27 218 (17414) 7(9.3) 785.8.6(7) 62.74+ 0.69 9.3 4460t 0.69 14.38+ 1.00
anatase (a3) 0.13 114 (9106) 14 (13.0) 75B.91.1(8) 60.22+ 0.88 8.9 50.9% 0.88 8.01+1.14
anatase (a4) 0.08 89 (7101) 18 (16.8)  735.8.6 (9) 58.79+ 0.69 6.5 53.13t 0.69 5.85+ 1.00
anatase (a5) 0.07 59 (4697) 27 (20.9) 748.8.0(9) 59.77+ 0.64 8.8 55.02+ 0.64 3.96+ 0.96
anatase (a6) 0.04 37 (2956) 43(28.9) 734.8.8(9) 58.65+ 0.78 9.0 55.66t 0.78 3.38+ 1.06
anatase (all) 0.41 245 (19570) 6(7.8) 881.0.8(9) 70.37+0.98 12.7 44.63 0.98 14.35+ 1.22
anatase (al2) 0.27 207 (16535) 8(9.1) 7#H.11.7(8) 62.08t 0.93 9.7 4415 0.93 14.83+1.18
anatase (al3) 0.15 127 (10145) 12 (12.4) 73612.5(8) 58.84+ 1.00 8.6 48.75:1.00 10.23+1.23
anatase (al4) 0.08 80 (6382) 20(17.1) 738.82.0(7) 59.10+ 0.96 7.7 53.29+ 0.96 5.69+ 1.20
anatase (al5) 0.07 57 (4529) 28(20.8) 73tB.4(7) 58.47+ 0.43 9.0 53.8Gt 0.43 5.18+ 0.84
anatase (al6) 0.06 44 (3515) 36(28.2) 7469.2(7) 59.59+ 0.74 9.9 55.7G 0.74 3.28+ 1.03
anatase (a31) 0.13 128 (10224) 12 (12.9) 72184 (8) 57.66+ 0.67 7.6 48.44+ 0.67 10.54+ 0.98
anatase (a32) 0.12 118 (9426) 13(13.3) 731638 (8) 58.40+ 0.54 8.1 50.19t 0.54 8.79+ 0.90
anatase (a34) 0.06 61 (4905) 26 (20.1) 7388.3(8) 58.54+ 0.69 8.6 52.9H 0.66 6.39+ 0.98
anatase (a35) 0.09 78 (6215) 20 (17.0) 73286 (8) 59.07+ 0.66 7.7 54.06t 0.69 5.24+ 1.00

aThe uncertainty is two standard deviations of the mean.

calorimeter coupled with the Micromeritics ASAP 2010 gas important assumptions that contribute significantly to the
adsorption system used for precision gaseous water dosing ancerror. First, we assume that the nanoparticles are spheres with
volumetric detection of adsorbed amounts as described bfore. smooth surfaces. Second, the calculation assumes that each
Each sample Wa? degassed atsrs E ‘;(’r at least 3 gays under gyarticle is a single crystal. It is likely that particle20 nm

static vacuum of <1 x 107 Torr before water adsorption .0 no\ycrystalline, with crystallographic domain size smaller

Calor'.metry' The TGA revealed that an average Of. 1.39_)A1=|m? than particle size. This is in agreement with TEM observa-
remained on the surface after degassing. This calorimetric measure-

ment is very time consuming (each experiment take$ 8lays), tions of aggregation for anatase nanospherésdirect

and therefore, water adsorption experiments were done on selected®mparison between particle sizes obtained by BET and
samples only. XRD requires the knowledge of particle shape as a function

of size. Because of these complications and to be consistent
Results and Discussion with earlier work, we interpret energetics of nanophase, TiO
in terms of surface areas calculated from BET experiments
rather than the particle size.

Using both surface area and water content as variables,
we separate the energetics of water adsorption from those
pure phases span a wider range, from 37 to 27 rfor of surface area increase. The TGA curves for anatase and

anatase and from 5 to 105y for rutile. Simple calculations ~ 'Utile samples (Figure 1) show mass loss over a large
based on a geometrical model of spherical particles yield teMPerature range, indicating a variety of bonding environ-

particle sizes from 6 to 43 nm for anatase and from 13 to ments for the adsorbed water. It has been recognized that
286 nm for rutile, assuming densities equal to 3.893 and 4.25Surface hydration cannot be removed completely from
glen?, respectively (Table 1). Taking into account the nanoparticles without causing coarsen}ﬁg“.Our.atten?pts
simplicity of the model and nonspherical shape of rutile to dghygjrate samples with the smallest pamcle sizes by
particles, sizes obtained by BET and XRD correlate well heating in a vacuum above 373 K resulted in a surface area
for particles<20 nm. Deviations can be explained by two decrease (coarsening).

The evolved gas analyses (see insert in Figure 1) confirm
(18) Ushakov, S. V.; Navrotsky, AAppl. Phys. Lett2005 87 (16). that the only component associated with the mass loss is

Sample Characterization and Water ContentsWe have
prepared a large suite of well-characterized samples to
evaluate the energetics of nanophase,T@@mation. Indeed,
compared to the data of Ranade efalur surface areas for
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temperature-programmed desorptfoiiin water focused on
particular crystallographic planes for rutile. The studies of
TiO, immersion in wate??3lack the detailed information
on water adsorption heats as a function of the water amount
on the surface. In this study, water is dosed in tiny portions
o and adsorption heats are directly measured as a function of
the water coverage.
The water adsorption reactionp® (gas, 298 K)—~ H,O

g

rutile (r2)

Weight loss, %
g

%r (adsorbed, 298K), is spontaneous and results in a decrease
anatase (a12) in the system free energy. Because the condensed phase is
P , , , , more ordered, adsorption entropy decreases too, implying
400 600 800 1000 1200 an exothermic heat effect according to a well-known
Temperature, K relationship (all subscripts throughout the text relate to

Figure 1. Typical TGA scans. Enclosed is an evolved gas FTIR spectrum. adsorption or to the adsorbed state)
Asterisk represents a background water peak.

. AG=AH-TAS 1)
8 0.6
2 ; As shown by Hill?* the partial molar enthalpy of adsorption
: ii Ah = —[0Q/on]tm (Where @, T, andm are heat effect,
o 04r 5 temperature, and mass, respectively) relates to the partial
T 55 molar entropy of the adsorbatg as follows
8 o2} - .
s g ; A Ah=TE, - =TAS 2)
g i %4
£ o @%ﬁ?i The entropies relative to liquid water and ice provide
3 additional insights into adsorption layer order and molecular
§ 0.1 o5 10 15 20 25 motion. Therefore, we calculate those quantities on the basis
Surface area, x10°m?/mol of expe_rimental adsorption isotherms and enthalpies of
Figure 2. Water contents per mole of Tikus specific surface area®, adsorption.
anatasef, rutile. The entropy of an ideal gas is defined relative to the

entropy under standard conditiogs? by?>
water, as indicated by many characteristic water bands.

Together with TGA, the evolved gas FTIR confirms that I=L9_RInk 3)
water desorbs over a wide range of temperature, implying p°

that some of the water is tightly bonded. This is in agreement )

with results obtained by Li et af. using solid-state FTIR ~ Therefore, the standard state partial molar entropy of
on 7.7 nm anatase nanospheres, which indicated 75% ofadsorption (i.e., relative to gaseous water under standard

water being in strong adsorption centers. pressure) can be written as
Water content as a function of surface area is depicted in 0 o h D
Figure 2. It clearly shows two regimes for nanophase anatase. AS =8 —59= — —RIn%g (4)
The HO contents for small-surface-area anatas&30 nt/g P
or 10300 m/mol) lie on a line with a constant slope, Equation 4 implies that
reflecting the same water coverage (the same number of .
water molecules per unit of surface area). Very small particles .0 00 Ah P, 0g
have higher water contents, as indicated by deviations from S=AS FsT=7F—R InE) ts ®)

the line drawn through the lower surface area data. Rutile
nanoparticles have a linear dependence gD l[dontent on The entropy can also be expressed (see Appendix) relative
surface area, though with larger scatter and higher waterto liquid water in equilibrium with its vaporp?! is the
coverage compared to anatase in the same surface-area rangsaturation pressure at 298 K)

The higher water coverage for rutile reflects a higher surface

energy, as we will show later. (20) Brinkley, D.; Dietrich, M.; Engel, T.; Farrall, P.; Gantner, G.; Schafer,
. . . A.; Szuchmacher, ASurf. Sci1998 395(2—3), 292-306. Henderson,
Water Adsorption Calorimetry. Because the water in M. A. Surf. Sci.1996 355 (1—3), 151—166.

TiO, is evolved at a much lower temperature than the water (21) Hugenschmidt, M. B.; Gamble, L.; Campbell, C.Surf. Sci.1994

. . . . 302 (3), 329-340.
12
in Al,O3,12 we expect less exothermic energetics of tightly (22) Egashira, M.; Kawasumi, S.: Kagawa, S.; Seiyamagll. Chem.

bound water. Comprehensive studies of the energetics of  Soc. Jpn1978 51 (11), 3144-3149. Siriwardane, R. V.; Wightman,

; ; ; ; ; J. P.J. Colloid Interface Sci1983 94 (2), 502-513.
water interaction Wlth Ti@surfaces are s_caré%Pre_vu_)us (23) Nagao, M.. Yunoki, K.. Muraishi, H.: Mormoto. 1. Phys. Chemn.
experimental studies of water energetics on JTi3ing 1978 82 (9), 1032-1035.

(24) Hill, T. L. J. Chem. Phys195Q 18 (3), 246.

(25) Rouquerol, F.; Rouquerol, J.; Sing, K. S. Adsorption by Powders

(19) Morishige, K.; Tanabe, K.; Kita, HJ. Res. Inst. Catal., Hokkaido and Porous Solids: Principles, Methodology, and Applicatjons
Univ. 1975 23 (2), 139-143. Academic Press: San Diego, 1999; pp xvi and 467.
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Ah first right-hand tern?g
&=S=—- R|n$+AeVps° 6) 50
) ) ) _7 = d[na(sa B Sq)] + (na+ ng) ds’ (11)

In this caseAq, is the entropy change due to evaporation
at 298 K and normal pressure. The differential entropy for the ideal gas is givertby

It is interesting to compare the differential entropy of
strongly bound water with that of hexagonal ice. The entropy d¥=—-R ({mﬁ) (12)
of hexagonal ice at 273 K (38.1 J"K mol™%)? can be p°

estimated through integration of ice heat capadg)ex—
trapolated to 298 K. Boerio-Goates et’ahave estimated
the heat capacity of hexagonal ice above 273 K. That
estimate gives rise to an entropy (including the residual zero
point entropy) of 44.77 J K mol~* at 298 K and an entropy

whereR is the gas constanp, is the gas pressure, apflis
the normal gas pressure.

Using eq 10, we can integrate eq 9 from Ontoto give
the following equation

increment of 3.4 J K! mol~* for the 273-298 K interval. m_0Q _ ,m O _p [P P\ _ P
Therefore, the differential entropy relative to hexagonal Jo T ﬂ) dn(s, =~ )] Rﬁ) nad(ln 0 Rj(; nd
ice can be obtained through (see Appendix) (In p) (13)
. N 0 o Agh ’
AS=8—-9=——-RIn-+A,s"+—— _ . .
T p! T In the case of twin design of a Calvet calorimeter, the last
208 C. 208 - dT term in eq 11 is zero because the corresponding heat affect,
P .
Sora FdT+ Sora & () measured in both cells, cancels out. Therefore, the general

equation for the integral molar entropy of adsorption includes
where Aes”! is the entropy change due to evaporation at the integral related to spreading pressure thrét#sh
298 K and saturation pressurdyh is the ice melting
enthalpy at 273 K, and'p is the heat capacity of water. As= ~Q + R ﬂ)p nadln% (14)
In our adsorption experiments, the adsorption system is T, n p
open, as infinitesimal amounts of watir are admitted into |\ hare Q is the integral heat effect measured by the
the calorimeter. The general expression for the integral ., rimeter.

adsorption enthalpy (entropy) has terms related to the work g jation 12 reflects the fact that the adsorption experiment
of gas compression and spreading pres%?ﬁ%l.\/lor.eover, is carried out at increasing water vapor pressure. Generally,
the partial molar enthalpy and entropy of adsorption are not e |45t right-hand-side term in eq 12 cannot be neglected.
full differentials and, hence, integral enthalpy and entropy However, for our experiments, this term is very small (on
cannot be derived by integration of their derivatives. As @ 1o order of 1x 10-2 J mol? K1) compared to the first
result, anpther approqqh IS adoptgd in the I|ter3?gte one, because calculation of the adsorption enthalpy for
calculate integral quantities from partial molar enthalpies and strongly bound water (see below) is done in a low-pressure

entropies using adsorption isotherms. Using the second 'aWrange. Therefore, the measured heat eff€@tpon dosing
of thermodynamics, we can write the entropy change of the ¢ cmail amounts of gaseous watén, can be used to

systemdS as® calculate the integral entropy as
Q A
dS=—=+%dn (8) Q an
T ASN — = =—
> ™n, T (15)

The entropy change can be expressed by the sum of two _ _ _ _
contributions corresponding to entropy changes of the The differential and integral heats of water adsorption are
adsorbed materiaS, = d(s:n,) and gaslS = d(s°nd). Using shown in Figure 3. As indicated by the differential heats of

definitions of partial molar entropies, the system entropy adsorption, the first 0.5 }¥0/nn? adsorbed on nanophase
change should read rutile yields adsorption enthalpies more negative thd20

kJ/mol. In contrast, only the first 0.25,8/nn? adsorbed to
dS=dS,+ d¥ =n,ds, + s,dn, + n’ds + dn’ (9) nanophase anatase result in similar values, implying a greater
number of highly energetic adsorption sites for rutile. We

From egs 8 and 9, one derives call water “strongly bound” water before the differential
0Q : adsorption enthalpy reaches the condensation enthalpy of
o ) dn, + n,ds, + n°d¢’ (10) —44 kJ/mol at room temperature. The water remaining on

the surface (an average coverage of 1.39/n¥), obtained
By adding and subtracting, d€’ in eq 10, we arrive atthe by weight loss experiments after degassing, was accounted
equation that contains the full differential of adsorption (the for by linear extrapolation of the integral enthalpy data below
1.5 HO/nn? to zero coverage and adjusted by adding

(26) Ott, J. B.; Boerio-Goates, Chemical Thermodynamics: Principles average values of 0.30 and 0.17 Jhm each data point for
and ApplicationsAcademic Press: London, 2000; pp xxiii and 664.
(27) Boerio-Goates, J.; Li, G. S.; Li, L. P.; Walker, T. F.; Parry, T.;
Woodfield, B. F.Nano Lett.2006 6 (4), 750-754. (29) Rouqueroal, F.; Rouquerol, J.; Dellagatta, G.; LetoquarfHérmochim.
(28) Cardona-Martinez, N.; Dumesic, J. Adv. Catal. 1992 38, 149. Acta 1980 39 (2), 151-158.
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used for the drop solution experiments, not the coverage from
the water adsorption calorimetry results. The experimental
molecular cross-section depends largely on adsorption sites
available on the surface. In the case of T&Drfaces, these
might be undercoordinated Ti and bridging O atoms. The
character of HO adsorption (molecular or dissociative) and
preferential adsorption sites are under intensive investigation
in the literature both theoreticaffy®? and experimentalfy

and are beyond the scope of this study.

The integral adsorption enthalpies ar€2 and—84 kJ/
mol (—18 and—40 kJ/mol, respectively, in excess of the
water condensation enthalpy) for anatase and rutile respec-
tively. The error for water adsorption enthalpy 43 kJ/
mol, as estimated on the basis of enthalpy deviations in the
plateau regime, in which the water has the energetics of bulk
water. The values of water adsorption enthalpy are in general
agreement with previous data on TLi@5—80 kJ/mol)
derived by temperature-programmed desorption and immer-
sion method3?22

As expected, the partial molar entropies relative to liquid
water, calculated using eq 6, approach zero in a loosely
bound water regime (not shown), with all lower-coverage
data points being negative. The partial molar entropies
relative to hexagonal ice derived from eq 7 are presented in
Figure 3c. The first half of strongly bound water (below-2.5
3.5 HO/nn¥ in terms of total coverage) has negative entropy
relative to ice. This negative entropy may indicate dissocia-
tion and strongly bound (immobile) OH on the Ti€urface.

Using eq 15, the integral entropies of adsorption for
strongly bound water are calculated 4208 and—282 J
mol~! K~1 for anatase and rutile, respectively. These values
are excessively negative, suggesting again strongly bound
hydroxyls and the mixed (physicatlissociative) type of
water adsorption.

Thermochemistry. From a thermodynamic viewpoint, the
phase stability is governed by the Gibbs free energy (eq 1).
Low-temperature heat capacity and entropy data reveal that
rutile and anatase have the same entropy within experimental
error (& (298 K, rutile)= 50.64+ 0.6 J mot!* K1 and S

rutile and anatase, respectively. As a result, the extra- (298 K, anatasey 49.9+ 0.3 J mot! K-%).3 The recent
polated integral heats intersect the origin. These values reflectstudy by Boerio-Goaté% has shown that, with a proper
different water binding energetics on the Ti€urface. The
strongly bound water amounts to a similar average coverageTiO, polymorphs are similar to those of bulk materials. Thus,
of ~6.8 HO/nn¥ for anatase and rutile and constitutes a the TASdoes not significantly alter the sequence of stability,
monolayer coverage by definition. The surface area occupiedand we can use enthalpies to represent the stability landscape
by a water molecule is then 0.15 AnThis is consistent with
the average kD cross-section values, reported to be within
the range of 0.1%.20 nn?, with most values clustering
around 0.16 nh®® From this value, one can calculate the to the most stable bulk rutile. The measured heat effect (drop
water coverage for anatase from the linear fit in Figure 2 to solution enthalpyAHgs) consists of the heat content, heat
be about one monolayer. The rutile coverage therefore isof H,O removal, and heat of Tidissolution.

about two monolayers, implying some “loosely” bound water
in the rutile samples. Note that this coverage, derived from material, which is the difference between formation enthal-
the slope of the fit to the water contergurface area
dependence, reflects the amount gHn the rutile samples

(30) McClellan, A. L.; Harnsberger, H. B. Colloid Interface Scil967,
23 (4), 577-99. Hall, P. G.; Langrangoldsmith, H. Phys. Chem.
1992 96 (2), 867870.

correction for adsorbed water, the entropies of nanophase

of nanophase Ti®

We employ high-temperature drop solution calorimetry to
derive enthalpies of formation for nanophase Fi€lative

The transformation enthalpyAHyand Of an anhydrous

(31) Zhang, C.; Lindan, P. J. 0. Chem. Phys2003 119 (17), 9183~
9190. Langel, WSurf. Sci.2002 496 (1-2), 141-150.

(32) Stefanovich, E. V.; Truong, T. NCchem. Phys. Lettl999 299 (6),
623—-629. Selloni, A.; Vittadini, A.; Gratzel, MSurf. Sci.1998 404
(1-3), 219-222.

(33) Robie, R. A.; Hemingway, B. $J. S. Geol. Sur. Bull. 1995 2131.
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pies of a given nanophase sample and bulk rutile, arises from
polymorphism and surface enthalpy and can be written as

AHtrans(bUIk_’ nano)= AHtrans
(bulk rutile— bulk anatase}- yA,,,= AH, (16)

wherevy is the surface enthalpy amd,, is the surface area.

Note that the first term in eq 16 is zero for nanophase rutile.
For samples containingJ®, the differences ithHgs (AH;

in the cycle below) of a hanophase sample and bulk rutile

result from polymorphism, surface energy, and presence of

water. The calculation oAHyansis then carried out through

the following thermochemical cycle.

TiO,wH,O (nano, 298 K)— TiO, (soln, 975 K)+ wH,O
(9, 975 K)AH, (17)
wH,0 (g, 975 K)—wH,0 (I, 298 K)AH;  (18)

TiO, (nano, 298 K1 wH,0 (I, 298 K)— TiO,wH,O
(nano, 298 KAH, (19)

TiO, (soln, 975 K)— TiO, (rutile, 298 K)AH; (20)
TiO, (rutile, 298 K)— TiO, (nano, 298 K)AH AH

21

(22)

trans

AHans= —(AH, + AH, + AH, + AHy)

trans:
The drop solution enthalpies are summarized in Table 1.
Using egs 18 and 19, the enthalpies of drop solution are
corrected for the KD contentw in nanoparticles using the
results of water adsorption calorimetry. The average integral
heats of HO adsorption for a coverage of 6.8®/nn? are
then —0.89 and—0.68 J/ni on rutile and anatase, respec-
tively. Loosely bound water above these coverages is
considered to be bulk water and is accounted for by the
condensation enthalpy-@4 kJ/mo#%). The heat content of
H,O vapor between 298 and 979 K is 25.8 kJ/ rifol.

It is essential to note that the water content ranges from
0.5 to 9 wt %, which yields an enthalpy correction of 8.5
13 kJ/mol. Careful determination of both water content and
energetics is thus of crucial importance here.

The transformation enthalpi@dHans (kJ/mol) of nanophase

dokenko et al.
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Figure 4. Formation enthalpies vs surface area for (a) rutile and (b) anatase.
Solid lines are fits to the data. Dotted lines are 95% confidence bands.
Dashed lines are the fits to data with bulk water correction

previous studie® The recommendedHy.ns value is then
1.7 £ 0.9 kJ/mol. These values are consistent with previous
data by Ranade et &lin that rutile has a higher surface
enthalpy than anatase (Table 2). The anatase surface enthalpy
is 1.85 times higher than that of Ran&@@.41+ 0.04 J/n3)
because of the bound water correction applied in our study.
The fit to our data yields a surface enthalpy of 0-5D.05
J/n?, similar to Ranada’s valu&when the water is assumed

to have the enthalpy of bulk liquid water.

The higher surface enthalpy and water adsorption energy
for rutile than for anatase are consistent with the trend
observed in AIO;, where a-Al,0; has a higher surface
enthalpy (2.64 J/@) and a higher integral heat of .8

samples corrected for water are presented vs surface areagdsorption (119.7 kJ/mol relative to bulk water) compared

(m2/mol) in Figure 4. Linear fits give the surface enthalpies
from the slopes. The bulkAHyans is derived from the
intercept. Figure 4a shows the enthalpy of nanophase rutile.
A linear fit is drawn through the origin to derive the surface
enthalpy of nanophase rutile as 2.22 0.07 J/m. The
uncertainty is given by the fitting program. The fits are error-
weighted.

A linear fit for the anatase data in Figure 4b yields the
surface enthalpy of anatase as 0#40.04 J/ni and the
enthalpy of phase transformation of bulk rutile to bulk
anatase as 1F 0.4 kJ/mol. These uncertainties come from
the statistical analysis of the fit. The transition enthalpy error
propagates to 0.9 kJ/mol, using the heat of drop solution of
59.0+ 0.8 kJ/mol for bulk rutile, which is consistent with

to those ofy-Al,03 (1.67 J/md and 78.5 kJ/mol, respectively).
Stability Landscape and Energy CrossoversFigure 5
summarizes the energetics of three Fjglymorphs. Broo-
kite data are taken from Ranade et®alhe increase in
metastability of the polymorph is paralleled by a decrease
in surface energy, resulting in the energy crossovers seen in
Figure 5. The intersections of the linear fits of brookite and
rutile and of brookite and anatase show energetic stability
regions. The rutile phase is energetically stable at ambient
temperature for surface areas60 n¥/mol (7 nt/g), whereas
anatase becomes stable at surface ared¥00 n¥/mol (50
m?/g). The brookite stability region is between 560 and 4000
m?/mol (7—50 n¥/g). The anatase and rutile energetics cross
at 1100 niymol (14 nt/g). Assuming spherical particles, the

(34) FactSage version 5.3; Thermfact/CRCT and GTT-Technologies:
Montreal, Canada, and Aachen, Germany, 2004.

(35) Xu, H. W.; Navrotsky, A.; Nyman, M. D.; Nenoff, T. Ml. Mater.
Res.200Q 15 (3), 815-823.
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Table 2. Summary of Energetics for Rutile and Anatase

sample Ranade’s ddta present work
rutile 22+ 0.2 1.894+ 0.08
b 2.22+0.07
surface enthalpy, JAn anatase 0.40.12 0.51+ 0.0
b 0.744+ 0.04
transition enthalpy, kJ/mol bulk anatasebulk rutile 2.61+0.41 1.7+0.9

aBulk water correction® Water adsorption was not measuréddsorption data correctiod.Error was not propagated to account for the uncertainty in
drop solution enthalpy for the bulk rutile.

Surface area, m’/g energies for rutile relative to anatase, although the numerical

20o 20 40 60 80 100 120 140 values are somewhat different from our results. The theoreti-
T cal methods vyield energies for specific crystal faces. The
relative abundance of different surfaces, even for the same
151 area, may depend on sample preparation conditions. Our
enthalpies and stability crossovers for the polymorphs in the
rutile . prookite nanophase, averaged for different crystal faces as they exist
in real samples, are obtained by a direct calorimetric method
anatase with corrections made to account for surface water. The
5r g values should be reliable and representetive for real materials
Z made by aqueous synthetic routes. Theoretical calculations

s ) s of water adsorption energies on Li@nd other oxides show

c 02 04 06 08 10 12 highly negative values, suggesting very negative entropies

4 2
Surface area, x10"m'/mol of water adsorption, in agreement with the findings of this
Figure 5. Energetics of nanotitania. Solid line shows energetic stability study7'32’39v41
regions of different phases (brookite data from Ranade %t al. '

Enthalpy relative to bulk rutile,
kJ/mol

The present study demonstrates that water plays a signifi-

calculated average diameters of rutile and brookite foR/gm  cant role in determining the stability of Tianoparticles,
surface area are about 200 nm, and of brookite and anataséhough the interpretation is complex. The general trend of
for 50 n#/g surface area are about 34 and 30 nm. energy crossovers supports the observation that polymorphs
Zhang and BanfiekP® and Gribb and Banfiefd studied with lower surface enthalpy'are stqble at the nanoscale, gnd
the synthesis of fine-grained anatase and brookite and theirthus the surface term dominates in the overall energetics.
transformation to rutile after reaching a certain particle size. 1€ metastable polymorph of Ti(anatase) has lower
They arrived at somewhat different values for the phase- Surface energy and less exothermic hydration energetics,

stability regions of anatase and rutile: anatase became mord®Sulting in a lower level of surface hydration. The opposite
stable than rutile for particle size14 nm. This conclusion IS true for the most stable TiCpolymorph (rutile), having

is somewhat uncertain, because no pure anatase in a widdligher surface energy and more e_xothermic water adsorption
range was available at the time. Moreover, the critical particle €N€rgy- As suggested by the difference between surface
size calculation was done using surface energies from €nergies for hydrated and dehydrated surfaces, the higher

molecular modeling, rather than experimental values, and, e water contribution to the overall free energy of the
as pointed out by Lu et &% on the basis of oversimplified ~ SyStém, the more stable the hydrated surface.

assumptions that surface energy and surface stress were The anatase nanoparticles of small surface area tend to
equal. Also, corrections for surface water were not per- 'etain the same amount of water on the surface (probably
formed. The critical size, judged by appearance of X-ray about one monolayer), observed as a linear dependence of
diffraction peaks, was determined from peak broadening andWater content vs surface area (Figure 2). The large surface
reflects kinetically controlled nucleation and crystal growth. a@réa anatase has more than one hydration layer on the surface
Our data map the landscape of nanophase stabilities that ar&vith a steeper slope for the dependence of water content on
controlled by energetics. The wider range of nano anatasesurface area. As samples coarsen, the water content becomes
available to this study also suggests a wider window of constant (about one monolayer). This supports the apparent
anatase stability. For a more detailed literature analysis of two-regime character of coarsening for anatase. In the higher

previous thermodynamic data on Ti@nergetics, we refer ~ Surface water content regime, a thick hydration layer
to the paper by Ranade etal. separates nanoparticles. With surface dehydration, the par-
ticles come closer and, at some threshold, they start interact-

The calorimetric surface enthalpies for rutile and anatase AR X ) o
ing and growing in size by aggregation. This mechanism is

are consistent with theoretical calculations based on atom-
istic®® and ab initig®*°calculations, reporting higher surface

(40) Barnard, A. S.; Zapol, Rl. Phys. Chem. B004 108 (48), 18435~
18440. Barnard, A. S.; Zapol, P.; Curtiss, L. 8urf. Sci.2005 582

(36) Zhang, H. Z.; Banfield, J. Rl. Mater. Chem1998 8 (9), 2073~ (1-3), 173-188.
2076. (41) Redfern, P. C.; Zapol, P.; Curtiss, L. A.; Rajh, T.; Thurnauer, M. C.
(37) Gribb, A. A.; Banfield, J. FAm. Mineral.1997, 82 (7—8), 717-728. J. Phys. Chem. B003 107(41), 11419-11427. Barnard, A. S.; Zapol,
(38) Lu, H. M.; Zhang, W. X.; Jiang, QAdv. Eng. Mater2003 5 (11), P.; Curtiss, L. A.J. Chem. Theory Compu2005 1 (1), 107-116.
787-788. Lindan, P. J. D.; Harrison, N. M.; Gillan, M. Phys. Re. Lett. 1998
(39) Vittadini, A.; Selloni, A.; Rotzinger, F. P.; Gratzel, NPhys. Re. 80 (4), 762-765. Bates, S. P.; Kresse, G.; Gillan, M.Surf. Sci.

Lett. 1998 81 (14), 2954-2957. 1998 409 (2), 336-349.
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Table 3. Thermodynamic Cycle for Calculation of Entropy of Adsorbed Water at 298 K Relative to Liquid Water

nTiO2 + H20 (g, 298,p) — nTiOzH,0 (adsorbed, 29&)? Aas Al
NnTiO2 + H20 (1, 298,p) — nTiO»H,0 (adsorbed, 29&) A =& — 8P A2
H20 (g, 298,p) — H20 (I, 298,p) d-w A3
H0 (g, 298,p) — H,0 (g, 298,p0) RIn p/p® A4
H»0 (g, 298,po) —H0 (|, 298,p0) 90— g0= _Aevps0 A5
H,0 (I, 298,po) — H20 (I, 298,p) = A6
(A4) + (A5) +(AB) = (A3) RIn p/p® — Aeys® A7
(A1) — (A3) = (A2) % — 8 =A5— RInp/p® + Aey® A8

aThe cycle is calculated per mol of,B, assuming there is no excess entropy of ;T& a function of particle siz&.The entropy change of TiOs
neglectedAeys= 147.0 J/mol K.

Table 4. Thermodynamic Cycle for Calculation of Entropy of Adsorbed Water at 298 K Relative to Ice

nTiO, + H,0 (s, 2989 — nTiOzH,0 A =8 —¢ A9
(adsorbed, 298))
H20 (s, 2989 — H,0 (g, 298,p) As , A10
H,0 (s, 29809 — H,0 (s, 273p%9) — s ¢, dT/T~ —3.4 J mott K1 All
H20 (s, 273p5%) — H,0 (I, 273,p'0) Anh/T=722.0 3 mot1 K1 Al12
H20 (I, 273,p"%) — H20 (I, 298,p'%) S8/ T dT~ 6.6 I moft K1 A13
H0 (I, 298,p'%) — H,0 (g, 298,0'9) Aey Ala
H20 (g, 298 K,p"%) — H,0 (g, 298,p) —RIn p/p®i _ Al5
(A11) + (A12) + (A13) + (A14) + (A15) = (A10) —RIN P/ + Ay + Anh/T + [525 6T dT = f235¢, dT/T Al6
(A1) +(A10) = (A9) & — 8 = ANT — RInp/pPi + Aeys + Aph/T + Al7

J3acyTdT— f235c, dT/T
confirmed by the TEM dafaand comparison between surface areas has allowed for the determination of the
particle sizes derived from BET surface areas and X-ray energetics of these two polymorphs at the nanoscale level.

diffraction. The same might be valid for rutile, although water These data suggest that strongly bound water is an essential
content data are less conclusive. component that controls the stability of nanoparticles.
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