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Coarsening of metal oxide nanoparticles
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In solution phase synthesis of nanoparticles, processes such as coarsening and aggregation can compete with
nucleation and growth in modifying the particle size distribution in the system. We show that coarsening of
ZnO and TiQ nanoparticles in solution follows the Lifshitz-Slyozov-Wagner rate law for diffusion controlled
coarsening originally derived for colloidal systems with micrometer-sized particles, where the average particle
size cubed is proportional to time. The rate constant for growth of ZnO in propanol is in the range
10 4-10 2 nn® s~ ! and is dependent on the precursor anion and temperature. The coarsening nafi©
particles from aqueous (IV) alkoxide solutions is slower due to the low solubility of Ti@ith the rate
constant in the range 16—10 3 nm® s~ ! for temperatures between 150 °C and 220 °C. Epitaxial attachment
of TiO, particles becomes significant at higher temperatures and longer times. We show that the dominant
parameters controlling the coarsening kinetics are solvent, precursor salt, and temperature.
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Solution phase methods have become widely used for thehereas epitaxial attachment of particles leads to the forma-
synthesis of metal and semiconductor nanopartifles3],  tion of secondary particles with complex shapes and unique
however, the parameters that control particle size remaimorphologied11-14.
poorly understood. Control of particle size is important since Coarsening involves the growth of larger crystals at the
when the size of a particle is less than a characteristic lengtBXpense of smaller crystals and is governed by capillary ef-
of interest(e.g., exciton diameter or electron mean free path fects [4,5]. Since the chemical potential of a particle in-
significant deviations from bulk behavior can be obtainedcréases with decreasing particle size, the equilibrium solute

Thus, in order to tailor the optical, electrical, chemical, andconcentration for a small particle is much higher than for a

magnetic properties of nanoparticles for specific applical'9e particle, as described by the Gibbs-Thompson equation,

tions, it is essential to develop a fundamental understanding 2N 1
of parameters that control particle size. C,=Cr_. ex;{ YVm _) , )
In this paper, we show that the coarsening of ZnO and RT r

TiO, nanoparticles from homogeneous solution follows the . S . .
rate law derived by Lifshitz, Slyozov, and Wagn@iSW) wherec, is the equilibrium concentration for a spherical par-

[4,5] for micrometer-sized colloidal particles. The synthesist'cIe with radmsr, Cr—o IS the eq.unlbrl_um concentration at a
: : L -~ “flat surface(i.e., the bulk solubility, y is the surface energy,
of ZnO is an example of a simple precipitation reaction

where a soluble zinc salt reacts with hydroxyl ions or Waterand Vim IS the molar volume. The resulting concentration

. . gradients lead to the transport of solugg., metal ions
[6,7], whereas the synthesis of Tids an example of hy- from the small particles to the larger particles. The rate law

drolysis of an alkoxide precursor followed by a condensatiory,, yifsjon limited coarsening is obtained by inserting the
reaction[8—10). _ linearized Gibbs-Thompson equatiofassuming that
In solution phase synthesis, processes such as coarsening,\/ /rRT)<1] into Fick’s first law[4,5],

and aggregation can compete with nucleation and growth in

modifying the particle size distribution in the system. After TS—T3‘0=kt, 2)

injection of the reactants, nucleation is followed by particle

growth until the supersaturation is depleted. If nucleation angvherer is the average particle radius, is the average initial

growth are fast, coarsening and aggregation can dominate tlparticle sizet is time, andk is the rate constant.

time evolution of the particle size distribution. Aggregation  Figure 1 shows absorption spectra for the synthesis of

is dependent on surface chemistry resulting in either orientednO from Zn(CHCO,), and NaOH in 2-propanol at 35°C

or random attachment of particles. Random aggregation usas a function of time. The spectra show a well-defined exci-

ally leads to the formation of porous clusters of particleston peak and a sharp absorption onset. The absorption onset
at short times is significantly blueshifted from the bulk value
(about 385 nnillustrating that the particles are in the quan-

*Present address: Departamento de'sida  Aplicada, tum regime. The absorption onset redshifts with time due to
CINVESTAV-IPN Unidad Meida, A. P. 73 Cordemex, Mila,  particle growth and coarsening. Note that the magnitude of

Yucafan 97310, Mexico. the absorbance is constant, even at short times immediately
TAuthor to whom correspondence should be addressedafter injection of the reactants, showing that nucleation is
searson@jhu.edu fast in comparison to growth.
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FIG. 1. Absorption spectra for the synthesis of ZnG nanopar- FIG. 2. Particle radius vs time for the synthesis of ZnO particles

ticles from Zn(CHCGO,), solution in 2-propanol at 35 °C. Sodium LT -
hydroxide and zinc salt solutions were adjusted to the growth tem]from Zn(CHCO,), solution in 2-propanol as a function of tem-

perature using a water bath and were then mixed under vigorou%erature'
stirring to give 1nM Zn(ll) and 1.6nM NaOH corresponding to

25% excess of Zl). Spectra are shown as a function of time after lons from the higher concentration regions around small par-

mixing of the solutions at 0, 2, 4, 8, 16, 30, 65, 90, and 120 min_ticle_s to the Iarg_er particles. The dependence of pa(ticle size
The inset shows the shift in the band gap as a function of particlé)n time shown 'n. F'g.' 3 suggesits that grOV\_/th resulting from
radius calculated from Eq(3) using m.=0.26, m,=0.59, E thg supersaturation is gom'pleted very quickly after nucle-
~3.2eV, ance=8.5 for ZnO andn,=9, m,=2, E,=3.2 eV ar?d ation such that coarsening is the dominant process at longer

£=170 for TiO,. times. _
The influence of the Zn(C{CO,), concentration was
The average particle size in suspension can be Obtaine@/&_luated by repeating these experiments_ for initi_al concen-
from the absorption onset using the effective mass modéfations of 0.5nM, 0.75nM, and 1.25nM while keeping the

[15] where the band gaﬁ* (|n eV) can be approximated by Zn(CH3C02)2/NaOH concentration ratio fixed. TrEVSt
curves were independent of the precursor concentration and,

1 1 1.8e hence, particle concentration, indicating that interparticle ef-
) fects are negligible in this concentration range.
Also shown in Fig. 3 are the curves for growth of ZnO
-1 from Zn(ClQ,), and ZnBp at the same temperature, illus-
' ©) trating that coarsening is fastest for synthesis from
Zn(ClO,), and is slowest from ZnBr This difference is
whereEg“”‘ is the bulk band gaph is Plank’s constant; is  related to anion adsorption; in general halide ions adsorb
the particle radiusm, is the electron effective massy, is ~ More _strongly on surfaces tha_n acetate ions, and perchlorate
the hole effective massn, is free electron mass is the ~ exhibits very weak surface interaction48]. In the gas
charge on the electro,is the relative permittivity, and, is phase, acetic acid is known to displace ethan.ol.and dissocia-
the permittivity of free space. Due to the relatively small tively adsorb on ZnO surfacg49], and hence it is not sur-
effective masses for ZnQm.=0.26, m,=0.59 [16,17) prising that acetate ions are adsorbed on the surface of the

quantum effects are expected to occur for relatively largd@ticles in propanol.
particle sizes. The inset of Fig. 1 shows the dependence of
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the band gap on particle radius according to @) showing o

that ZnO particles exhibit significant confinement effects for ; Zn(ClO,), 1

particle radii less than about 4 nm. While there are a number 15 ]

of assumptions in using this method for determining particle wg : Zn(CH,COy), ]

size, the validity of this approach was confirmed from analy- £ ol h

sis of high-resolution transmission electron microscopy r 4 /E/E"anrz 1

(TEM) images. . é// 1
Figure 2 shows the time dependence of the average par- 5 pafl .

ticle radius obtained from the absorption onset for the syn- P

thesis of ZnO from Zn(CKCO,), in propanol at different 0 i . \

temperatures. The initial particle radius is about 1.5 nm, and 0 - 50 - 100 — 150
the growth rate increases with increasing temperature. Figure
3 shows the growth data from Fig. 2 replottedrds/s time
illustrating that the kinetics at longer times follow the LSW  FIG. 3. The particle radius cubed vs time for the synthesis of
model for coarsening. Thus the increase in particle size iZnO particles at 55 °C from bromide, acetate, and perchlorate solu-
this regime occurs by the diffusion-limited transport of metaltion in 2-propanol.

Time (min)
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102 7 , , . 3 heating the colloid at an elevated temperature in a closed
; o ] titanium pressure vessel. The resulting colloid had a,TiO
] concentration of about 80 gE, and x-ray diffraction
showed that more than 90% of the particles were anatase,
with the remainder brookitg20]. The average particle size
was determined from transmission electron microscopy im-
ages. The particle size for TiOcannot be obtained from
E absorbance measurements due to the relatively large effec-
7n0 ] tive masses
[ ] (me=9 andmy=2 [21,27)). This is illustrated in the inset of
105 L : x s Fig. 1 that shows that quantum effects are expected at par-
0.002 0.0025 0.003 0.0035 0.004 ticles with radii smaller than about 2 nm.
T1 (K1) Figure 5 also shows two high-resolution transmission
electron microscope images of TiQarticles synthesized at
FIG. 4. The rate constark vs reciprocal temperature for the 160°C for 15 h. Most particles are primary particles as
coarsening of ZnO fron{<¢) bromide, (A) acetate, andd) per-  shown in Fig. %b), however, epitaxially attached particles
chlorate solution, and for the growth of TjOn aqueous nitrate are also observefFig. 5(c)]. Epitaxial attachment has been
solution. reported previously for solution phase synthesis of,Tiénd
in chloride solutions chains of particles of up to 100 nm in
Figure 4 shows the temperature dependence of the ratength consisting of more than 20 particles have been ob-
constants for coarsening on an Arrhenius plot. The rate corserved 11-13. Since the attachment process in nitrate solu-
stantsk, obtained from the slopes of the linear regions of thetion is relatively slow, the rate constant for coarsening of
plots of T° vs time, are in the range of 16-10 2 nm*s™!  primary particles can be determined from the TEM images.
and increase with increasing temperature. The activation erFigure 4 also shows the rate constant for coarsening of TiO
ergies obtained from the slopes are 0.21, 0.35, and 0.46 eM an Arrhenius plot, illustrating thdk is strongly tempera-
for bromide, acetate, and perchlorate solution, respectivelyture dependent. The activation energy determined from the
Figure Fa) showsr? vs time for growth of TiQ at 160°C  plot is found to be 0.75 eV, significantly higher than for
and 200 °C, illustrating that this system is also dominated bygrowth of ZnO.
coarsening, with the rate constant increasing with increasing The difference in the coarsening kinetics between ZnO
temperature. The average particle radius immediately aftesind TiO, can be determined by analysis of the rate constant.
nucleation was 1.55 nm. Further growth was achieved byrhe rate constark in Eq. (2) is given by

103

k (hm3s1)

TiO,

8yV2cC,—..
~ S4mwpaN,’

4

where 7 is the viscosity of the solveng is the solvated ion
radius, and\ 4 is Avogadro’s number. The viscosity is intro-
duced into Eq.(4) by eliminating the diffusion coefficient
using the Stokes-Einstein equation. The surface energy for
the solid-vapor interface for metal oxides is on the order of 1
Jm 2 [23-26, however, electrostatic and chemical interac-
tions at the solid-liquid interface are expected to reduce the
surface energy to values in the range 0.1-0.5 3 fi27].
Taking y=0.1Jm? we obtain 2V,,/RT=1.2 nm (for
ZnO at 20 °C and for TiQat 140 °Q illustrating that we are
. . . ) close to the limit of the LSW model’'s assumption that the
FIG. 5. (a) Particle radius cubed vs time for the coarsening OfGibbs-Thompson equation can be linearized.
TiO, particles from aqgueous nitrate solution at 160 °C and 200 °C. The temperature dependence of the rate constant can be
A typical procedure for the synthesis of Ti@anoparticles was as evaluated in the following way. The molar volume, surface
follows: 15 mL of Ti-(O-i-Pr), was added dropwise to 185 ml of ’ . !

energy, and the solvated ion radius are weakly dependent on

distilled, deionized water acidified with 1.3 mL of concentratedt i dh the t i d d f th
HNO; with vigorous stirring at room temperature. The colloidal emperature, and hence the emperature dependence ot he

suspension was then peptized at 85 °C with stirring in an open flaskate Constgnt is expected to be domln.ated .by the e(Z]UI.|Ibl’Ium
for about 12 h. Also shown are two TEM images for Jiparticles ~ concentration ¢ —..) and the solvent viscositf). The vis-
grown at 160 °C for 15 h illustratingb) single, primary particles, COSity of 2-propanol is strongly temperature depend28,

and (c) a secondary particle formed by epitaxial attachment of afand accounts for a large part of the temperature dependence
least three primary particles. TEM samples were prepared by dilutof the rate constant for ZnO. The dependence of the rate
ing the colloid by 100 000 with 1 HNO; in water, and evapo- constant on the anion suggests that adsorption leads to a
rative deposition on holey carbon coated copper grids. The averagéecrease in the equilibrium concentration and/or the surface
particle size was determined by measuring at least 500 particlegnergy resulting in a decrease in the magnitude of the rate
from at least 10 TEM images. constant. The temperature dependence of the viscosity of wa-
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ter is relatively weak[29], implying that the temperature trolled indicating that controlled growth is only achieved in

dependence of the rate constant for growth of ;Ti©deter-  nonaqueous or mixed solvents where the solubility is suffi-

mined by the temperature dependence of the equilibriungiently low.

concentration. The equilibrium solubility of TiQ, determined from the
Substituting values foy, Vy,, a, and 5, the bulk solubil-  rate constants for coarsening between 160 °C and 220 °C, are

ity c,-.. can be obtained from the experimentally determinedp, the range & 10 1*-4x 10"*2 mol L. The solubility of

rate constants. For the growth of ZnO, the solubility is de-—rio2 in phosphate buffer at pH 10 is on the order of

pendent on the salt US?d: taking=0.1Jm %, @a=0.51nm  15-5 o1 ~1 at 200 °C and is dependent on phosphate ion

[30], Viy=14.8 cni mol ™%, and the viscosity of 2-propanol, concentratiori32]. The solubility of TiO, in acidic solutions

the solubility of ZnO is determined to be between 35 known to be lower than in basic solutions suggesting that

x10 ' and 310" ' mol L™, depending on the anion and the values determined from the coarsening rate constants are

temperature. These concentrations are below the detectiggasonable.

limit of most experimental methods, however, the solubility |, summary, the synthesis of ZnO and Fi@anoparticles

of ZnO in water is relatively high so that measurements inolves fast nucleation and growth followed by coarsening

2-propanol/water mixtures can be used to provide an Uppe&fng/or aggregation. The dominant parameters controlling the

limit of the solubility in 2-propanol. From atomic absorption ¢oarsening kinetics are solvent, precursor salt, and tempera-

spectroscopy we have determined that the solubility of ZnGyre_Ajl three of these parameters influence the equilibrium

in water is 49¢10 ° molL"* in good agreement with val- concentration of the metal ion complex. The precursor salt

ues reported in the literaturg81]. With decreasing water influences the equilibrium concentration of the metal ion

concentration, the solubility decreases and is less than ﬂl?omplex through absorption of the anion. The choice of sol-

detection limit (10° molL™?) at concentrations less than yent and temperature influence the viscosity and hence the
60 vol%. Thus the equilibrium solubility determined from gitfysjon coefficient of the metal ion complex.

the coarsening rate constant is less than the upper limit de-
termined for 2-propanol/water mixtures with 60% water. We The authors gratefully acknowledge support from the
note that the growth of ZnO in water is fast and poorly con-JHU MRSEC(NSF Grant No. DMR00-80031
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