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Particle Coarsening II: Growth Kinetics of Hydrothermal BaTiO 3
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Coarsening of barium titanate (BaTgOparticles under hydrothermal conditions was investigated
theoretically and experimentally. A detailed model, in which coarsening is assumed to be controlled by
a reversible interface reaction, is presented and discussed. The model predicts a linear grdwvth law
Ry = Kt in the early stage of coarsening. This result is supported by the experimental data collected for
conventional and microwave-assisted hydrothermal syntheses at two different temperatures. The growth
constantK corresponds to a nonlinear combination of thermodynamic and kinetic parameters. Under
microwave irradiation, the growth rate was found to be 1 order of magnitude larger than in a conventional
hydrothermal process. The predicted variation of the growth kinetics, from linear to parabolic, was observed
experimentally at long reaction times.

. Introduction obtained within 15 min by the MH methdd However, to
produce particles of desired size, the reaction time is always
prolonged. When the supersaturation becomes very low, the
growth of the crystalline BaTi@particles should follow the
coarsening or Ostwald ripening mechanism, also called as
dissolution/recrystallization when solute is transferred from
solution to solid phase. In the coarsening process, large
dparticles grow at the expense of the dissolution of small

particles, driven by the tendency to reduce the interface
energy. In the literature, only a few studies have been
reported on kinetics of coarsening of hydrothermal BaJtfO
though this subject is obviously of scientific and technolog-
ical importance.

Theories predict that particle growth during coarsening
follows a temporal power lawR" = Kt.29-26 The growth
exponentn, according to LSW theory, takes value 3 or 2
depending on the coarsening being controlled by diffusion

Barium titanate is widely used in the electronics industry
as a primary material because of its excellent ferroelectric
and dielectric properties. The rapid development in multi-
layered ceramic capacitors (MLCCs) requires fine and
uniform BaTiQ; powderst 2 The application of nanostruc-
tured BaTiQ in ferroelectric nonvolatile memory promises
to increase memory density thousands fold by reading an
writing into individual particles=* However, it has been
known that the ferroelectric and dielectric properties, and
hence the applications, depend on the size of BaTiO
particles>®

Among the various synthesis methods, the hydrothermal
route is of considerable interest. Fine and uniform ceramic
powders of high purity can be readily prepared through the
hydrothermal method in a single step without requiring

elaborate apparatus or expensive reagéntsRecently, an or by a interface reaction in the late stage of coarseffirtg.

alternative microwave hydrothermal (MH) process has been However, for some practical systems, the asymptotic coars-

developed because of its adyqntages in terms of rapid k'.net'csening state can be quite long and may be never attained in
and enhanced energy efficiency over the conventional

. . the time scale of the experimerifsln the previous paper
_18 1)
hydrothermal (CH) methot™* Crystalline BaTiQ can be we completed an investigation into the kinetics in the early

stage of coarsening controlled by a reversible interface
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reaction?® The average radius was predicted to increase
linearly with time. In this work, the model with some
modifications was applied to the coarsening of hydrothermal
BaTiOs. Experiments of MH and CH syntheses were
conducted to compare with the theory.

BaTiO(s) + H,0 % BaOH" + HTiO,~ 1)
whereky andkg are the rate coefficients of dissolution and
deposition, respectively. Thky ought to depend on the
activity of the particle and hence be a function of the radius
R of the particle. In contrast, thky, is independent oR,
because the reactants involved are in the liquid pFaBer

Reagent Ba(OH)8H,O and hydrous titanium oxide, obtained convenience, the BaTparticle is assumed to be chemically
from aqueous TiG|!® were used as starting materials. The initial ~stoichiometric and in a spherical shape. Because the coarsen-
reactant composition was a Ti concentrati@y) of 0.525 mol/ ing is controlled by interface reaction, the concentrations of
dm® and aBa(OH) concentration of 1.68 mol/dinwhich gave an  sgjutes in the solution are assumed to be uniform. According
initial Ba/Ti molar ratio of 3.2. Such high concentrations used here g the |aw of mass action, the dissolution and deposition rates
were for promoting particle growth and providing a large excess : ;
of Ba(OH), after the formation of crystalline BaTiO fo andr at particle surface per unit area are

The MH reactions were performed using a lab-made microwave- rq = kg andry = k,CpriosCpaon (2)
heating-autoclave systelr.l” The system operates at the micro-
wave frequency of 2.45 GHz and can operate-at@% full power respectively. TheCgaon and Cyrios are the concentrations
of 650 W. An auxiliary cooling/heating device is fitted to the of BaOH" and HTiG;, respectively. The net deposition rate
system, which enables the system to operate at a fixed temperature js rg = ry — re. The contribution of solvent ¥ is
for a long time while maintaining the input power of the microwave jncluded inkg.
radiation during the reaction. The CH processes were conducted
in a stainless-steel autoclave.

The hydrous titanium oxide and Ba(Of§H,O were put into
the autoclave, followed by distilled water until a filling degree of . - S . . .
~70% was reached. The autoclave was heated by the conventionaPOtem'a.II of a particle of |nf|n|.te sizey is the specific
method in the CH process or by microwave radiation with the power 'nter_fac'al free engrgy, andm is the molar volume of
kept at 550 W in the MH process. It took30 min to reach the ~ BaTiOs. When using Cirio; and Cg,oy to denote the
desired temperature of 220 or 24@, at which the MH or CH  concentrations of HD;~ and BaOH in equilibrium with
synthesis was conducted for a period of time. After the reaction, the given particle, an@irios. and Cgaon to denote the
the autoclave was cooled rapidly. The resulting BaTjgowders concentrations in equilibrium with a particle of infinite size,
were centrifuged and thoroughly washed. Aqueous acetic acid at arespectively, the equilibrium of reaction 1 requires
concentration of 0.1 mol/dfrwas used to wash the products to
remove the barium carbonate that was possibly in existence. The timioaCaor= ChTioseCraoh EXPI/R) 3)
products were finally oven-dried at SC for 12 h.

X-ray diffraction (XRD) analyses were performed by the Philips Where the capillary length= 2yun, /RaT with Ra denoting
X’pert powder diffractometer system using Cuxksource. The the universal gas constant. The equilibrium means rq

II. Experimental Section

In the case in which the interface free energy should be
taken into account, the chemical potentialof the particle
is expressed & = . + 2yvn/R, whereu., is the chemical

crystallite size @xrp) Was estimated from the full-width at half-  — rq = 0, which, through eq 2, gives
maximum (fwhm) of the (111) peak by Scherrer formula. A sintered
sample of BaTiQ disk was used as the standard that had a very ks = KsChitioaChaom (4)

narrow fwhm of 0.086 of the (111) plane.
The particle size and morphology of the products were analyzed If Using kq.. to represent the dissolution coefficient for bulk
using scanning electron microscopy (SEM, JSM-5910). The averageBaTiOs;, eq 2 or 4 gives
particle size was determined by measuring the diameters of more
than 200 particles using the intercept method from the SEM images. kd,o0 - kgCHTiOEwOCBaOHs>o (6)

Because coarsening originates from the particle size distribu-
tion, there must be a so-called critical sRRe patrticles of

It is assumed that the coarsening of hydrothermal BaTiO radiusR < Re will dissolve, whereas particles of sife>
is controlled by a reversible interface reaction, in consider- Re will grow. It implies that the particle of radiuB is in
ation of the drastic decrease in the viscosity of water under equilibrium with the solutes HDs* and BaOH of concen-
the hydrothermal conditions. From the thermodynamic data trationsCyrios and Cgaon, respectively. So, according to eq
provided by Lencka and Rima&Athe calculations indicate 3, there is
that in a basic solution with temperatures above 200the _ _
soluble Ti species mainly exists in the forms of Ti(Qldhd CririosCaaon = Crrios»Caaon EXPUR) = Ky expd/Rc)(6)
HTiO; , and the dissolved Ba species exits as Ba@d o )
Ba2*. Considering that the number of the reactant molecules Where equilibrium constarts, = Cririoz«Caaors for reaction
involved in an elementary reaction seldom exceeds 2, thel and is also called a solubility product, a function of
reversible dissolution and deposition reactions at a BaTiO temperaturd when bulk BaTiQis employed as the standard

Ill. Theory

particle surface are assumed to be state and the effect of pressure is neglected. Equation 6
indicates that the value &, depends on the concentrations
(28) Sun, W.Acta Matet 2005 53, 3329. Cgaon @andCyrios or, more exactly, on the produ€g,orCh-

(29) Lencka, M. M.; Riman, R. FChem. Mater1993 5, 61. Tios. During coarsening, the&Cg,on and Curios decrease
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Figure 1. XRD patterns of BaTi@ where C1 and C2 are the CH samples
synthesized at 22TC for 14 and 168 h and M1 and M2 are the MH samples
synthesized at 240C for 3 and 20 h, respectively.

monotonously with the growth of particles and herike
increases correspondingly.

Now, the attention is focused on the system in which the
starting Ba(OHYTi molar ratio is larger than a unit. In this

case, the basicity of the solution is maintained by the excesswhere® = VJVqn and M,

Ba(OH), which keeps the pH>13. According to the
thermodynamics daf&,Ks, at temperatures below 24T

is less than 1x 1074 moR/dnf so thatCgaon and Con (the
concentration of OH) can be treated as constants, ap-
proximately. UsingCg, to denote the total concentration of
the dissolved barium species, there is

o= Gy O @)
BaOH Ba COH + Kl

whereKj is the equilibrium constant for reaction BaOk:

Ba*" + OH~. Similarly, using Cr; to denote the total

concentration of the soluble titanium species &adas the

equilibrium constant for reaction HTiO+ 2H,O = Ti-

(OH), + OH~, the Cyrios is approximately expressed as

Con

Chrios = Ci Cont K,

8)

Substituting eqs 7 and 8 into eq 6 and then differentiating it
with respect to timé, we obtain

dc;,

O (Con T KD(Cop + Ky e
dt

sp 2
COH CBa

e <) =
©)

The law of mass conservation in a closed system requires
that the loss of Ti species in liquid phase must be equal to
that gained in the solid phase, at any time, which can be

expressed as

dc,

- slnw (10)

- Ui f0°°4nR2(‘?j—?) fR)AR

wheref(Rt) is the particle size distribution function aivgy
is the volume of the solution. The size change rfRédt
can be expressed, via eq 4, dRdt = vnlc = vmky-

Sun et al.

(ChmiosCraor — CliTiosCraon)- Recalling egs 3, 5, and 6,
and taking expl(R) — (I/R)] ~ 1 + (I/IR — I/R;),?° we get

-l

Therefore, by substituting eqs 9 and 11 into eq 10, we

(11

obtained
d_& _4r & CBaC‘ZDH F\’gn(t) E _ B
dt Vg Koy (Copn+ K)(Con + Ky) R R

whereR? and R are the averages ¢ andR, i.e., R' =
(L)/(n(t) /o RHf(RY)dR andn(t) is the number of particles at
time t. The n(t) is related toVs, the total volume of the

particles, byn(t) = 3VJ47R® whereR® is the average ofS.
So, eq 12 transforms to

d_Rc — 30 & CBaCéH Mz -
dt KSp (COH + Kl)(COH + Kz) M,

Mo 13

RY/R with n =1, 2, and 3.
The Vs andVy, can be treated as being constants because of
the very light supersaturation. According to LSW, there is
R. ~ R230Thus,M, — My = R/R. — RIR. ~ (R* — R)IRE
= 0%R2 > 0, whereo? is the variance. In the space of
reduced siz€ = R/R, f(Rt) is transformed tap(&t), i.e.,
f(RY)AR = ¢(5,)dE. It has been theoretically proved that,
as a zeroth approximatiom(&,t) = n(t)p(§), i.e., the scaled
normalized distribution functionp(§) is time-indepen-
dent?0-30-32 \whereas particle numbext) varies with time.
Thus, theM;, M, andM; values are independent of time,
approximately®

The solution to eq 13 is

R=Kt+R, (14)

where R, is the extrapolated radius at= 0 and the rate
constantk is

M

2
Con M,

Ba(C:OH + Kl)(COH + KZ)

Kaes
Ksp

K=3p22C ! (15)

Equation 14 predicts a linear growth law for BaTigarticles
during the early coarsening stage, as predicted for the
unimolecular deposition reactiéh.

IV. Results and Discussion

Particle Size and Morphology. Samples C1, C2, M1, and
M2 are employed as representatives here. The C1 and C2
are the CH BaTi@synthesized at 228C for 14 and 168 h,
respectively, whereas samples M1 and M2 are the MH
BaTiOs; synthesized at 240C for 3 and 20 h, respectively.

In Figure 1, the XRD patterns show that the samples are

(30) Slezov, V. V.; Sagalovich, V. VSa. Phys. Usp1987, 30, 23.
(31) Madras, G.; McCoy, B. 11. Colloid Interface Sci2003 261, 423.
(32) Mullins, W. W.J. Appl. Phys1986 59, 1341.
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Figure 2. SEM photographs of BaTi§®)where C1 and C2 are the CH samples synthesized at@26r 14 and 168 h and M1 and M2 are the MH samples
synthesized at 240C for 3 and 20 h, respectively.

crystalline and single-phase. No residual Ti® detected. 40
It was reported that the crystallization of Ti®as completed .
within 2 h in the CHprocess and 0.5 h in the MH procéss. 304

Thus, the particle growth of C1 to the C2, or the growth of
M1 to the M2, originates from coarsening. Figure 2 shows ] ,())o.
the SEM photographs of these samples. The average size of . ;| g0° ©
sample C1 is 95 nm. When the reaction time is prolonged % | (]
to 168 h, the size increases to 155 nm, determined fromthe>= o4 ............. e
micrograph of C2. The small particles observed in Cl are & 1o O n

found to disappear in sample C2, which consists of uniform 'f 01 g o-m
and bigger particles. This is an indication that particles grow ¢ _20_' o
through the coarsening mechanism. In contrast, the averages® = | o
sizes of M1 and M2 are 90 and 410 nm, respectively, but ~ |
the time interval is only 17 h. This reveals that particle

growth becomes much faster in a microwave field. We have 40 -4
noticed that the shape of the MH particles changes from cubic

to round after prolonged treatment, which may cause a ey (M)

variation in the specific surface energy of the particles. Figure 3. Comparison of the particle size measured from S with
However, we also observed that the change in shape is rathefhe crystallite size estimated from XRD datiio).

slow in comparison with the rapid particle growth, which

means that there might beln(y/yo)/dt| < din(R/Ry)/dt if field. The particle coalescence always leads to irregular
using yo to denote the initial specific surface energy of particle shape® To estimate the contributions of the possible

particles of the initial average radi. In this case, eq 9 particle coalescence, the particle sizes measured from SEM
still holds, approximately. In eq 15, finally, the surface energy §dSE";']) ha\r/]elbeﬁ n dcorrr:pare(Ij with :he cn_/stalhte Sr']mﬁ') h
has no contribution to the rate const#ntlt seems that the (;r t (Ie w ode Be _rotSderma dsamj)des. F'glljre 3hs OWS(')t at
influences of the possible variation in surface energy due to the relative deviation kro — dsew) sem are less than 25%,
the change in particle shape can be neglected approximatelywh'Ch indicates that most of the particles are single crystals.
In the sample M2, a few biparticles are observed. It suggestslt seems that particle coalescence has little influence in the
that particle coalescence or oriented attachment crystallinepresent work.

growt#® may take place, to some degree, in the microwave Particle Growth.. For all the samples synthesized, the
average particle sizes were in the range of8%0 nm. For

(33) Huang, F.: Zhang, H.; Jillian, F.. Banfield, J. &. Phys. Chem. B @dreement with eq 14, the particle “radiugls used, which
2003 107, 10470. is half of the particle size. In Figure 4, the average radii of

O CH
m MH

T T T T T T T T T T T T T T
100 150 200 250 300 350 400 450
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Figure 4. Average radii of (A) CH BaTi@and (B) MH BaTiQ synthesized at 220 and 24C are plotted against aging time. The experimental data are
well-fitted with linear lines. The volume fractiom{Vs/Vsin) of the coarsening phase Ba®i@ ~0.02 for all the samples.

CH and MH BaTiQ are plotted against reaction time. It in the MH treatment are 1 order of magnitude larger than
shows that particles grow linearly with time for both CH those in the CH one. From the values kf.. or ky at
and MH powders, as predicted by eq 14. The valueK of temperatures of 220 and 24C, estimation of activation
and R, obtained by fitting the experimental data are listed energies is made, which gives close values for the CH and
in Table 1. Form the experimentid] kinetic coefficients MH processes in both caseslqf, andkg. According to the
and ky., can be estimated, which is concerned with the collision theory, it is suggested that the much faster kinetics
parameters in eq 15. in the MH process might mainly arise from an increasing
The volume fraction® of the coarsening phase is about frequency of collision between reactant molecules due to the
0.02 and theCg, is estimated to be-1 mol/dm? taking microwave irradiation According to reaction 1, it will cause
account of the water density in the temperature range-220 both ky andky. to increase. However, as only two reaction
240 °C. From the thermodynamic datthe values of temperatures are employed here, this argument needs further
constantsy, Ko, andKs, are evaluated. Thi€; is 0.094 mol/ examination. In the literature, it has been reported that the
dm?® at 220°C and 0.079 mol/dfhat 240°C. TheK; is kinetics is enhanced by-12 orders of magnitude in the MH

estimated to be 2.5 mol/dhat 220°C and 0.88 mol/drhat process? which agrees with our observations. We are also
240°C. The values oK, are 2.5x 107 and 8.6x 1071° aware that a number of materials can be quickly dissolved
mol/dmP at temperatures of 220 and 24G, respectively. by the assistance of microwave irradiatf&n® In this model,
Thus, theCop is ~1.1 mol/dm3 greaterky and kg values in the MH process imply a faster

In theory, the normalized particle size distribution (PSD) dissolution of the small particles, whereas there is a quicker
in the reduced scale space is assumed to be approximatelgrowth of the large particles.
time-independent. Figure 5 exhibits the experimental PSDs  Controlling Step. There were several reports that particle
with respect to scaled sizé = R/R, which are indeed  growth under hydrothermal conditions followed the third
independent of time in approximation. However, they are power law so that these coarsening processes were assumed
not consistent with the pattern predicted by?? 8r that to be diffusion controlled®333738 \We are aware that the
suggested by Hilltet? The measured PSDs are narrower than difference between the linear and the parabolic or even the
those predicted by the Hillert model and show a different cubic growth laws may be ambiguous if the investigation
asymmetry in comparison to the LS distributions. The LS time is insufficiently long. In another previous work, we dealt
or Hillert distribution is applicable to the coarsening system, with the competition between the two kinetic steps of
controlled by diffusion or interface reaction, at sufficiently diffusion and interface reaction, which occur in seftH.
long times, whereas the coarsening system treated in thiswas shown that coarsening is diffusion-controlled when the
study is in the early stage. Through these PSDs, the diffusion coefficientD of solute satisfies to the condition
experimental values of ternM; — M;)/M; are measured by  D/R. < kg. If D/R; > kg, coarsening is controlled by the
using R instead ofR., as shown in Figure 6. The average interface reaction. In this study, however, there are two
values of M, — M;)/M3 are 0.032 and 0.065 for the MH  solutes, HTIQ~ and BaOH, involved in the interface
BaTiO; synthesized at 220 and 24C, respectively, and  reaction. Because the BaOHs in a large excess, its
0.044 and 0.057 for the CH BaTi®ynthesized at 220C concentration can be regarded as being a constant during
and 240°C, respectively. The deviations from the average coarsening and hence the bimolecular reaction can be treated
value are small for each set d¥lf — M;)/Ms;. However, a
trend of decreasingM, — Mj)/M3 with time is observed.  (34) Komarneni, S.; Pidugu, R.; Li, Q. H.; Roy, B. Mater. Res1995

We have also noti hat th rsenin m at lower ___ 10 1687.
e have also noticed that the coarse g system at lowe (35) Fischer, L. BAnal. Chem1986 58, 261.

temperature has smalle¥g — M1)/Ms, which will lead to (36) Kingston, H. M.; Jessie, L. BAnal. Chem 1986 58, 2534.
slower particle growth according to eq 15. (37) Huang, F.; Zhang, Hh Banfield, J. Rano Lett ﬁooa 3h 373.
Therefore, the values @, andk, = ky./Kspare evaluated, 8 %%”3'77'56.'\"" Bonevich, J. E.; Searson, P.JCPhys. Chem. 8993

which are summarized in Table 1. It shows that andkg (39) Sun, W.Acta Mater 2007, 55, 313.
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Figure 5. Particle size distributions with respect to reduced size R/R of BaTiO; synthesized by (a) the CH method at 220, (b) the CH method at
240°C, (c) the MH method at 220C, and (d) the MH method at 24 with different synthesis times noted in the panels.

Table 1. Kinetics Parameters for Coarsening of

Hydrothermal

1.1x 10720
25x 102
7.4x 102

BaTiO3
method T (°C) K (nm/h) Ro(nm) kg (Mm*mol=ts7Y) kye (Mol m2s71)
MH 240 9.5 15 1.3x 10712
MH 220 2.0 27 1.0x 10712
CH 240 0.54 46 8.6< 10714
CH 220 0.20 47 7.6< 1074

1.8x 10722

as a pseudo-monomolecular reaction. Thus, by takingH
~ Cga andR. ~ R, the criteria becom®/R < k', = KksCga
for diffusion-controlled coarsening an®/R > K for

interface-controlled coarsening, whddedenotes the diffu-

sion coefficient of HTIQ™.

The largest value ofq listed in Table 1 is less than %
10 m#(mol s) andCg, is ~1000 mol/n3, so thatk'  is

less than 1x 1078 m/s. Testino et al. estimated that the

diffusion coefficient of Ti(OH) at 80-90 °C is about 3x
10° m?%/s ! By the Stocks-Einstein law, the value db at
220-240°C is estimated to be in the rangex5610°to 1

x 1077 m?/s, assuming the radius of HTiOto be in the

range 0.3-5 A. Thus, even if takingd = 1 x 10°° m?s
andR = 1000 nm, there is stiD/R= 1 x 103 m/s> k' .
It indicates that the coarsening of hydrothermal Basi©

the present work ought to be controlled by the interface

reaction.

Another indication is provided by the comparison between
the values of R, — R)/(t+1 — t;) and the rate constant
K@ = 8vm2yDCm/9RAT for the third power law in the LSW
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Figure 6. Values of M2 — M1)/M3 at different aging times for the CH
and MH BaTiQ synthesized at 220 and 24C.

theory?® R? is the cube ofR at thei-th time t;. The molar
volumevn, of BaTiO; is 3.9 x 107° m¥mol, andC. = Kgf
Cgaon for solute HTIQ™ is 8.6 x 10712 mol/m?® at 240°C

and 2.4x 107* mol/m?® at 220°C. The surface energy of

BaTiO; in water is~0.2 J/n?.1° Therefore, ifD takes the

larger value of 1x 1077 m?/s, theK is calculated to be

~5 x 107%m?s at 240°C and~2 x 10-%*m?s at 220°C.
In contrast, the smallest value d®¥{, — R’)/(ti+1 — t), in
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Figure 7. SEM images of CH BaTi@synthesized at 240C with reaction times of (A) 140 h, (B) 264 h, and (C) 428 h.
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Figure 8. Average radii at different reaction times for CH BaTiO
synthesized at 240C are fitted with a curve calculated through eq 16.
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Figure 9. Values of M, — M1)/Mj3 at different average radii of CH BaTiO
synthesized at 240C are fitted with a curve calculated through eq 17.
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the case of CH BaTi@synthesized at 22€C, is 4 x 10728

m?/s, which is 4 orders of magnitude larger than the

calculated values df ). The result suggests the third power

growth law might not applicable for the present experiment.

Variation of Growth Exponent. The variation in the

is only a zeroth approximate; after a long time, the factor
will ultimately become zerd®3%3°To observe the variation

in the growth exponent, we prepared more samples of CH
BaTiO; at 240 °C with longer reaction times. The MH
method was not used, so that possible particle coalescence
could be avoided. Figure 7 exhibits the SEM images of CH
BaTiO; synthesized at 240C for 140, 264, and 428 h. It
clearly shows that particles become larger and more uniform
when time is prolonged. The particles have a regular cubic
shape. The average radii of CH BaTifarticles synthesized
from 6 to 428 h are plotted against reaction time in Figure
8. Apparently, eq 14 does not fit the experimental data over
the full time scale. A second-order polynomial has been
found to fit the data reasonably. Its expression is

D_ D2 _ 2
R RO+R2 Ro

(16)

KCH,l KCH,2

where a constarcy 1 of 0.54 nm/h andR, value of 46 nm
are adopted from Table 1, a@y = 222 nnt/h. Equation
16 gives a pattern for the transition of particle growth law
from linear to parabolic. In Figure 9, the correspondilt; (

— My)/Ms values are given, plotted agair&tAn empirical
equation is found to describe the relationship betwéén (
— My)/M3z andR, which is

Mz_M1= a
M, 1+Db(R—Ry)

17

wherea = 0.062,b = 0.0055 nm?, and Ry = 46 nm. If
formula 17 is substituted into eq 13, eq 16 can be deduced.
Because NI, — M;)/M3 is determined by the particle size
distribution, eq 17 suggests a slow evolution of the normal-
ized PSD in the early stage, which appears to be the main
cause for the variation in growth exponent. Formula 17 is
an empirical expression obtained experimentally; however,
considering that we should find, — M;)/M3 — 0 whent
— oo (i.e.,R. — ), it seems a reasonable approximation of
(M2 — Mp)/M3 in the transition stage.

Effect of OH™. It is generally accepted that in a strongly
alkaline solution, the growth of hydrothermal Bagi®
enhanced!*! The explanation from the thermodynamic

growth exponent in a coarsening process has been reportegi,iewpoim is usually that BaTi@is stable under basic

by several author¥:26:283%940|n the previous paper, we

conditions. However, Hertl has found that the growth rate

proposed that the linear growth in the early stage may ¢ BaTiO; becomes independent of Ba(QHjt concentra-

transform to a parabolic growth if time is prolong&dit
was because the time-independence of fad¥br{ M;)/Ms

(40) Gtsele, U.; Tu, K. N.J. Appl. Phys1982 53, 3252.

tions greater than 1 mol/dif® These behaviors can be

(41) Flaschen, S. Sl. Am. Chem. So0d.995 77, 6194.
(42) Hertl, W.J. Am. Ceram. Sod 98§ 71, 879.
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Figure 10. Ratios of rate constatt to Kq 1 at different base concentrations
Con, WhereKg is the value oK at Coy = 0.1 mol/dng.

understood through eq 15. In Figure 10, the ratio of rate
constantk to Kq 1, the rate constant &oy = 0.1 mol/dnt

is plotted versusCon. It shows an increase ik with
increasingCon, indicating a promotional effect of OHon

the growth of BaTiQ. This effect is larger at lowCoy but

Chem. Mater., Vol. 19, No. 7, 20071779

becomes less important at higlyy because of the slower
increase irk. The effect of OH also exhibits a dependence
on reaction temperature. Figure 10 shows kat the lower
temperature of 220C is more sensitive to the hydroxyl
concentration.

V. Conclusions

Hydrothermal BaTiQ particles grow linearly with time
in the early stage of coarsening controlled by a reversible
interface reaction. At longer reaction times, the linear growth
law changes to a parabolic growth law. The kinetic coef-
ficients ky and ky for the MH process are 1 order of
magnitude larger than those for the CH process, which leads
to much faster growth of BaTiparticles in the MH process.
Hydroxyl concentration has an enhancement effect on the
growth of BaTiQ particles, especially at a lower base
concentration or at a lower reaction temperature.
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