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The stability of surface structure and space-charge distribution in freg M&oparticles are
investigated for both rutile and anatase phases using a variable-charge interaction potential in which
atomic charges vary dynamically depending on their environment. We find the dynamic charge
transfer: (i) enhances atomic diffusion at surfaces of the spherical nanoparticles at high
temperatures; andi) creates additional repulsive force between the two nanospheres through
formation of a double-charge surface layer in each nanosphere. The surface diffusion due to the
charge transfer clearly distinguishes the two nanospheres with different underlying crystalline
structures; the surface diffusion constant of the anatase sphere is almost three times as great as that
of the rutile sphere. Variable-charge molecular dynamics simulations are then applied to sintering of
two TiO, nanospheres. It turns out that the enhanced surface diffusion in the anatase nanosphere at
high temperatures significantly promotes neck formation between the two sphere200®
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I. INTRODUCTION surfactants. Those anatase nanoparticles sinter at lower
temperaturés’ (~900 K) than the sintering temperature
Nanophase materials synthesized by consolidating—1300 K) of rutile nanoparticles.During the sintering of
nanometer-sized atomic clusters have attracted much atteanatase nanopartidES, an anatase-to-rutile phase transforma-
tion in the last decadksince nanophase materials often eX-tion®° has been found at the grain boundaries. Such low
hibit high strengtt;* high toughnes$? and high catalytic  sintering temperatures are desirable for technical applications
reactivity? compared to conventional materials, due to thesince grain growth is significantly suppressed during the
small size of individual phases. Tj@ one of the fundamen-  sjntering! Theoretical investigation of sintering mechanisms
tal ceramics with a wide range of applications such asy Ti0, nanoparticles will offer valuable information for im-
photocatalysts;® capacitors) and pigments. Those useful  proved processing of nanoparticies.
gpplications stem from its hig.h electric permittiityndicat- We have recently developed a variable-charge inter-
ing large degrees of dynamic charge transfer between thgomic potential for molecular dynami¢MD) simulations
atoms. The major phases of Tidnclude the ground-state of Tio, systems? based on the pioneering work of Streitz
rutile® and the metastable anatds@espite their importance, and Mintmire'! In the potential, atomic charges vary dy-
little is known_about the properties of Tj@anoparticles and namically depending on their environment to minimize the
nanophase Ti® _ total potential energy®'? The calculated pressure-
TiO, nanoparticles may be synthes%ed by severaljgpendent dielectric constants and surface energies of low-
methods: In the gas-condensation methbtl? metallic Ti  j,jex planes for the rutile crystal as well as its cohesive
clusters coagulated on a cold surface are exposed t0 gaseqysergy. elastic moduli, and melting temperature, are in good
oxygen to form oxidized nanoparticles (G with siz€ agreement with experimental valu€sThe potential is also
~14 nm; their interior is rutile dominaritin contrast, the applicable to anatase; its experimental dielectric constants,

6.7 : ; _
sol-gel methoti®”produces anatase nanoparticles of smallefopesiye energy, and lattice constants, are reproduced as
size§” (3—10 nm with various degrees of aggregatidii |, | 10

by precisely controlling thepH of the solution or doping In this article, we first analyze the stability of the surface
structure and space-charge distribution in free anatase and

dElectronic mail: ogata@po.cc.yamaguchi-u.ac.jp rutile nanopatrticles using the variable-charge interaction po-
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tential. We find that the dynamic charge transfer enhance$ABLE I. Diffusion constants of Ti and O in the surface region (
atomic diffusion in surface regions of the spherical nanopar=28A) of rutile and anatase nanospherds-0 A) atT=1400 K. TheD,
ticles at hiah temperatures and also creates an additional rdgnotes the radial-diffusion constarid,, tangential-diffusion constant.
- g p ﬁlumbers in brackets are corresponding values in the rigid-ion cases.
pulsive force between the two nanospheres through forma:

tion of a double-charge surface layer in each nanosphere. Anatase

The former effect should promote sintering of the nano- D, (10" cnPls) D,(10" ¢ cils)

spheres, whereas the latter may hinder sintering. To investi- _

gate their combined effects on sintering of Ji@anopar- g %'3351[8-13 g-ggg-gg

ticles, we then perform MD simulations of two nanospheres R R

at various conditions using the established atomic potential. Rutile

We show that the degree of diffusivity of surface atoms in D,(10°° cnéls) D,(10°6 criils)

nanospheres is a clue to explaining the different sintering

behaviors between the rutile and the anatase nanoparticles. Ti 0.390.27) 0.290.20]
This article is organized as follows. In Sec. Il we analyze o 0.240.21] 0.240.15]

the properties of free anatase and rutile nanopatrticles includ
ing their thermal stability. In Sec. Il the space-charge distri-

bution in the nanoparticles and its effects on interparticle . ) . ) o
interaction are analyzed. Section IV is devoted to the vpinteriors reta!n crystalline Iz;tuce structures. pﬁfu_smn
simulations of two nanoparticles at various conditions forconstant%S defined a52Dr2d<Arr>/(2At) for the radial dif-
both anatase and rutile phases to investigate the effects of tigsion andD;=d(Ar{)/(4At) for the tangential diffusion

dynamic charge transfer on their sintering. Concluding reWith respect to Ti and O, are compared in Table | for the
marks are given in Sec. V. rutile and the anatase nanospheres. In the anatase nano-

sphereD,=0.70(0.60)x 10~ cn?/s for Ti(O) is remarkably

larger than D,=0.35(0.31)<10 ®cn?/s as well asD,

Il. PROPERTIES OF FREE NANOPARTICLES =0.25(0.20)x 10 8 cn?/s and D,=0.38(0.28)

, o X108 cm?/s for Ti(O) in the rutile nanosphere. Such high
Anatase nanoparticles with size 70-100 A processed ifyngential diffusion in the anatase nanosphere may be related

the sol—gel me_thcﬁf exhibit nearly spherical shapes. This v, he experimental observatinthat the anatase-to-rutile

observation indicates that the ground-state shape of an aNBRase transformation begins at the surface of the bulk ana-

tase nanoparticles in this range of diameter is a sphere. FQL«q if the temperature is keptaL000 K for hours. Slower

comparison, we study the ground state of free rutile nanopary;i¢;sion of Ti and O that we find on the surface of the rutile

ticles in the same size range by calculating the total pOtentiar#anosphere is expected since the melting tempefafioé
energies of both spherical and faceted nanoparticles. We ¢y, rutile (~2200 K) is 1.6 times larger than the present
out rutile spheres with diametdr= 60 and 80 A from a rutile temperaturg1400 K).

cirystal, with the total number of ator$=10446 andN To understand the effects of the charge transfer on
=24870, respectively. The total potential enerBy, of  atomic diffusion, we separately perform MD simulations
each nanosphere is minimized with respect to atomic posi,; 1g ps in which the atomic charges are fixed to their
tions and atomic charges using the conjugate gradierf . _crystalline values(i.e., rigid ion at the ground
method. Faceted rutile nanoparticles with nearly the samgisia For the anatase nanosphere we Bne0.28(0.26)
numbers of atomsN= 10 164 and 24 102are also prepared 10-®cm?/s and D,=0.18(0.15) 106 cm?/s for Ti(O)
following the Wulff construction using the surface energies ;g jisted in brackets in Table I. For the rutile nanosphere,
in Ref. 10. We findE,/N=—6.609 eV for the nanosphere ;o finqg D,=0.20(0.15) 10 8 c?/s and D, =0.27(0.21)

with d=60 A (N=10446),E,/N=—6.601 eV forthe fac- . 14-6 cne/s for Ti(0). The charge transfer enhances both
eted nanoparticle with= 10_164'ATheE30t/N: —6.615eV b andD, by 90%—150% for the anatase nanospheres. Less
for the nanosphere wittd=80 A (N=24870), Epxa/N  opnancement i, and D,, 20%-35%, is found for the

——6.608eV for the faceted nanoparticle wit=24102. 1 je nanospheres. When the interatomic distance between a
Comparison of the energies indicates that the ground-statg;

. . N . ; i and an O in the surface region is greater than the equilib-
shape of a rutile nanoparticle with size 60-80 A is sphericalyy value, charge transfer weakens their mutual binding by
In the following paragraphs we consider Ti@anospheres

_ —60A decreasing the magnitudes of the atomic charges, resulting in
with d=60A. __ enhanced atomic diffusion. The difference in the enhance-
We investigate surface stability of the anatase and the,ant factors of the diffusion constants between the rutile and

rutile nanospheres by performing MD simulations with theyhe anatase nanospheres stems from their different internal
variable-charge potentfdl for 18 ps at temperaturel structures.

=1400K. In the simulations we adopt the fast multipole

method® for calculating Coulomb interactions efficiently, . SPACE-CHARGE DISTRIBUTION IN

and the NoseHoover thermostats chél‘hls.used to gontrol NANOPARTICLE AND INTERPARTICLE INTERACTION
the temperature of the system. The MD time step is 0.37 fs.
By calculating mean-square displacements of attjiis|?), Due to the charge transfer between atoms, the space-
we find that Ti and O atoms at radius-28 A are diffusing  charge distribution is expected to be nonuniform in the nano-
in both the anatase and the rutile nanospheres, while thgpheres. Figure(& shows the radial distribution of atomic
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c _0.04 i =<¥==anatase FIG. 2. (a) x—y projection of space charges averaged over 18 ps in a slice
o z=[—-2 A,2 A] of the rutile nanospherad60 A). (b) Same aga) but for
=\ o the anatase nanospheres.
£
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18 20 22 24 26 28 30 32 culations. Despite differences in geometry, both the sphere

r(A) and the slab systems form similar double-charge-layer struc-

FIG. 1. () Value of dq for Ti and O in each radial shell for the rutile tUres.
nanosphered=60 A) at the ground statéb) Same aga) but for the ana- Formation of the double-charge layer lowers the space-
tase nano_spherec) Net charge norma_lized by the number of Ti atoms in charge potential at the interiors. Af=1400K, the net
$a:c:rl140rgclj<|e.il shell .r=2 A) for rutle and anatase nanospheres at charge of the surface regiom¥ 28 A) is Q~ 17e for both
the rutile and the anatase nanospheres. By modeling the
double-charge-layer structure of a nanosphere as two parallel
charges in the rutile nanosphere at the ground state, in whighlanes with surface charge densitied 7e/[ 47(28 A)?] and
deviations of the charges from the bulk valueky=(q) distance 4 A, we may estimate lowering of the potential at
—Qpuic» With respect to Ti and O averaged in each radialthe interiors as\V=—1 V. This value is greater in magni-
shell (Ar=2 A), are plotted.(The q,,=2.4% for Ti and  tude than the experimental vald&&’ AV=—0.1-0.2V for
Opui= — 1.21% for O.2%) Figure Xb) shows the correspond- various kinds of grain boundaries in bulk rutileT (
ing data for the anatase nanosphere at the ground state. Both1650 K).
for the rutile and the anatase nanospheres, the net charge of The interaction potential between two nanospheres is af-
the surface regionr=28—30A) is positive while it is nega- fected by the double-charge-layer structure in each nano-
tive in the adjacent inner regiom € 24—28 A). This double- sphere. Let us denote the center-of-m@@©®M) position of
charge layer structure is maintained at an elevated temperaach nanospherel €60 A) asrcoy. We evaluate the inter-
ture T=1400K for both the rutile and the anatase particle interaction-potentiaDE, of two nanospheresT(

nanospheres, as shown in Figcll TheQ®" andN®"in Fig.  =1400K) as a function of the distance between two COM’s
1(c) denote the net charge and the number of Ti atoms ilR=|Arcgy|. Figure 3 showsAE, for three combinations
each radial shell, respectively. of crystalline orientations. Both th€l00) direction of one

Angular distributions of the space charges in the rutilenanosphere andl00 of the other are parallel to the line
and the anatase nanospheres at 1400 K are shown in Fig. @nnecting two COMs in the cagd00-(100; (100 and
In Fig. 2, atomic charges are averaged in voxels of siz€001) in the cas€100-(001); and{001) and{001) in the case
3Ax3Ax3A, and the voxel charges in the region (001)-(001). The solid curves in Fig. 3 represent calculations
z=[—-3 A,3A] normalized by the number of Ti atoms are that include dynamic charge transfer; while the dashed
projected on thx—y plane after averaging them for 18 ps. curves, the rigid-ion cases.
The horizontal axis in Fig. 2 corresponds to ti€0 direc- To obtain values plotted in Fig. 3 we first place two
tion, the vertical axis to th¢010). Distribution of the space thermalized nanospheres at distaig=69 A along thex
charges is nearly spherical for both the rutile and the anatasexis. We then increase velocities of all the atoms in the
nanospheres. smallerx nanosphere byv,=100m/s, and similarly those

A similar double-charge-layer structure has been foundn the largerx nanosphere byAv,= —100 m/s. We perform
for low-index surfaces of rutile in the calculations by Shell- the microcanonical MD simulation starting from that con-
ing, Yu, and Halley’ for slab geometry using a tight-binding figuration. The value of\ Epot at R(<Rg) we report is the
interaction potential. We calculate surface charges by takingegative of the change with respect to the total kinetic ener-
two or three atomic layers in the slab, depending on theies of the COMs. The same procedure is taken to evaluate
surface index, from the vacuum boundary so that the stoiAE, for two anatase nanospheres, and the results are shown
chiometry becomes Ti:©1:2. We find that the surface in Fig. 4. ForR<62-62.5A, Ti and O atoms on the con-
charges per Ti@are 0.008 for the (110 surface, 0.0& for  tacting surfaces of the nanospheres slide to form a bridge
the (100), and 0.0% for the (001 in their tight-binding cal- between the two nanospheres in both the rutile and the ana-
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FIG. 5. Atomic configurations of two anatase nanosphetesg0 A) in the
MD simulations at 1400 K with th€100-(100 orientation. Only O atoms
are shown by spheres.

R(A) Remembering that the short-range, non-Coulombic parts in
the present interaction potenfidhave a cutoff distance at 9
FIG. 3. Values ofAE, as a function oRR for two rutile nanospheresd( A, we investigate such a possibility by performing simula-
=60 A) with various combinations of crystalline orientations. Solid curves tion runs of two nanospheres with their interparticle distance

correspond to the cases with variable-charge transfer included; dash . » . . .
curves, to the cases in which atomic charges are fixed to their bulk- fixed to ~69 A. We, in fact, find in the runs that the

crystalline values at the ground state. macroscopic dipole—dipole interaction energies are within
*+0.1 eV, which are much smaller than valuesAdg , con-
sidered in Figs. 3 and 4.

tase cases. The accuracy A,y in Figs. 3 and 4 is We observe in _Figs_. 3 and_4 that the dynamic charge

estimated through comparison to the results with, transfer adds repulsive mterpartlcle forceRat 62_—65,& for

=+ 150 m/s: the possible uncertainty S, in Figs. 3 and both the anatase and the rutile nanospheres. Since the surface

4 is 2-3 eV. We note that the dynamic charge transfer low!€gion ¢>28 A) in each nanosphere has a net positive

ers the total potential energy of the two-nanosphere system §harge(Figs. 1 and 2 Coulomb repulsion between the two

R=69 A by ~8.0x 107 eV for both the rutile and the anatase nanospheres results at close proximity. Comparing values of

cases. For alR values, the total potential energy in the AEpot at R=62.5A between the variable-charge and the

variable-charge case is substantially lower than that in th&gid-ion cases, we find that the formation of the double-

corresponding rigid-ion case. As seen in Figs. 3 and 4, incharge Iayer increases the contact potential by 10—30 eV for

crease inAE,, becomes significant &<67 A for both the both the rutile and the anatase nanospheres.

rutile and the anatase nanospheres.

In the variable-charge calculatiofsolid curves in Figs. V. CHARGE TRANSFER AND SINTERING

3 and 4, one may expect formation of macroscopic electricOF NANOPARTICLES

dipoles in the nanosphere, rglating to large static dielectric \ye perform variable-charge MD simulations to investi-

constant¥® e~114 for bulk rutile and~46 for bulk anatase. gate the evolution of two nanospheres when they approach
each other closer thaR~61A. Initial configurations for
those simulation are prepared in four stefpg:We take an

8 . . . ey . i
—— <100>-<100> atpm|c conflgu.rathn witlR~ 60 Aﬂm the MD run for eyalu
i <1005>-<001> ation of AEp, in Figs. 3 and 4(ii) The COM velocity of
= . N rigid ion each nanosphere is set to zero by shifting velocities of all the
60r -=A==<100>-<001>, rigid ion atoms by the same amoutifi ) MD simulation is performed
~=l--<001>-<001>, rigid ion
—
2
~, 40F E 0.5p
g i
v S ik%‘g
< ES» HHRY &
20t SRR
: N
ol Yhannnany = F&% R
N N N " N 5 R HIA
62 63 64 65 66 67 68 BHRRG
R(A)
FIG. 4. Same as Fig. 3 but for the two anatase nanospheres. FIG. 6. Same as Fig. 5 but for two rutile nanospheres.
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V. SUMMARY AND CONCLUDING REMARKS

We have investigated the stability of surface structure
and space-charge distribution in free anatase and rutile nano-
spheres using a variable-charge interaction potential. We
have found that the dynamic charge transfer enhances atomic
diffusion in surface regions of the nanoparticles &t
=1400K and that it creates additional repulsive force be-
tween the two nanoparticles through formation of a double-
charge layer in each surface of a nanoparticle. We have per-
formed variable-charge MD simulations to investigate their
combined effects on sintering of two nanospheres and pos-
sible dependence of sintering mechanisms on the internal
FIG. 7. Same as Fig. 5 but in the rigid-ion cases. structures. We have found that sintering of two anatase nano-
particles is promoted significantly by the enhanced surface
diffusion due to dynamic charge transfer.

::c())rm%SRES6ig:(i\l/?(1)'?1§Cg:\j Jg}ggﬁarg?:aiﬁ pnzﬁggnhgfe' The present MD results and analyses provide a basis for
' Y P the future understanding of phase-transformation-assisted

IS reset to zero. we C(_)n5|der the same combln_atlons of Cryss'intering of anatase nanoparticfswhich is a promising
talline orientations as in the evaluation ®E, (Figs. 3 and

4): the (100100, the (100<001), and the(001)-(001), for technique Fo produce hlgh—qua!|ty napophase ZT!Darger—
. scale, variable-charge MD simulations for sintering of
both the rutile and the anatase nanospheres. nanoparticle-assembled Ti@re in proaress
In the case of anatase nanospheres we find the onset o? P 2 prog '
sintering after~ 5 ps irrespective of the lattice orientations. ACKNOWLEDGMENTS
This is accompanied by surface atomic diffusion to form a

neck between 'the two nanospheres, as depictgd in Fig. 5. lIf‘iesearch Program with support from JSPS and NSF. The
the case of rutile nanospheres, on the other hRrdcreases authors would also like to acknowledge the support of U.S.

monotonically until they separate completely, as demonDOE, AFOSR, ARO, USC—LSU Multidisciplinary Univer-
strated in Fig. 6. The observed difference in sintering behavéi,[y Research Initiative. NSE. and NASA

iors between the anatase and the rutile cases should originate
from the difference in the diffusion constants of the surfaceNanomaterials Synthesis, Properties, and Applicatiedited by A. S.
atoms. Such high rates in sintering of the anatase nano-Edelstein and R. C. Cammara{®P, London, 1995

spheres near the melting temperature are in accordance with M- Chiang, D. Birnie I, and W. D. KingeryPhysical Ceramics
Wiley, New York, 1997.

the experimental resull&g- . 3Concise Encyclopedia of Advanced Ceramic Mateyialdited by R. J.
In Secs. Il and IlI, it has been found that dynamic charge Brook (Pergamon, Cambridge, 199bp. 486—-488.
transfer enhances atomic diffusion in surface regions of the'R. W. Siegel, S. Ramasamy, H. Hahn, L. Zongquan, L. Ting, and R.

nanoparticles af = 1400 K, whereas it creates additional re- sﬁrﬁgﬁz' j [’fégg Eﬁf’ﬁgﬁl\gﬁg&ck 1. Mater. Be§09(1990

pulsive interparticle force through formation of a double- sq xyand M. A. Anderson, Mater. Res. Soc. Symp. Pa®2, 41 (1989.

charge surface layer in each nanoparticle. The first effect/T. J. Trentler, T. E. Denler, J. F. Bertone, A. Agrawal, and V. L. Colvin,

which promotes sintering of nanoparticles, is more signifi- 8;’(- /’*\lm-PC:(‘em- 5‘}101;1_ 1613A(1JS’%9- (T OKubo. H N o and

. . .-N. P. Kumar, K. Keizer, A. J. Burggraaf, T. Okubo, H. Nagamoto, an

cant for the gnatasg tha}n th.e rutile. Th_e second effect, wh|chsl Morooka, NaturéLondon) 358 48 (1992,

may act to hinder sintering, is substantial for both the anatasew. ma, z. Lu, and M. Zhang, Appl. Phys. A: Mater. Sci. Proce3A,

and the rutile. To understand their combined effects, we 621(1998. _ o _

separately perform rigid-ion MD simulations of two nano- S Ogata_u, H. lyetomi, K. Tsuruta, F. Shimojo, R. K. Kalia, A. Nakano, and
. . P. Vashishta, J. Appl. Phy86, 3036(1999.

spheres for both the anatase and rutile phases. Both in the: ' “syeit and 3. W. Mintmire, J. Adhes. Sci. Techi®I853 (1994

anatase and the rutile cases, the two nanospheres separate2in H. Streitz and J. W. Mintmire, Phys. Rev.58, 11996(1994).

~ 5 ps. Figure 7 depicts snapshots at 0.5, 2.5, and 7.5 ps friL. Greengard and V. Rokhlin, 3. Comput. Phy8, 325(1987.

14 i i
the rigid-ion MD run for the anatase nanospheres with the G: J- Martyna, M. E. Tuckerman, D. J. Tobias, and M. L. Klein, Mol.
g P Phys.87, 1117(1996.

(100-(100 orientation. In the run, the tW_O anatase Nano-isgeq e.g., M. P. Allen and D. J. Tildesl&pmputer Simularion of Liquids
spheres show no tendency to sinter during 10 ps and no(oxford Science, Oxford, 1989
substantial deformation is found in the surface regions. Ac:°R. D. Shﬁr}lnon and J. A. Zask, J. AT- Cerﬁm- 3&391(19652- o

. 'P. K. Schelling, N. Yu, and J. W. Halley, Phys. Rev5B, 1279(1998.
cumulgtlng. the results, we conclude that the enhanced SUlE) A" S Ikeda and Y.-M. Chiang, J. Am. Ceram. So6, 2437(1993.
face diffusion due to the charge transfer plays an essentiad; A s ikeda, Y.-M. Chiang, A. J. Garratt-Reed, and J. B. Vander Sande,

role in the sintering of nanoparticles at high temperatures. J. Am. Ceram. Soc76, 2447 (1993.

This work was performed under the Japan—U.S. Joint

Downloaded 19 May 2001 to 130.39.183.37. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



