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Abstract: Using extensive state-of-the-art experiments over a wide range of synthesis parameters, such
as the temperature and concentrations of different reactants, we establish qualitatively different growth
kinetics for ZnO nanocrystals compared to all growth kinetics of semiconductor nanocrystals, including
ZnO, discussed so far in the literature. The growth rate is shown to be strongly dependent on the
concentration of (OH)~ in an intriguing nonmonotonic manner as well as on temperature and is almost
invariably much slower than well-known and generally accepted growth mechanisms based on a diffusion-
controlled Ostwald ripening process or that expected in the surface reaction controlled regime. We show
that these qualitatively different results arise from the unexpected role played by a part of the reactants by
inhibiting rather than facilitating the reaction; we explain this extraordinary result in terms of an effective
passivating layer around the growing nanocrystals formed by a virtual capping shell of Na* ions.

Introduction the extraordinary rapid increase in investigations reporting

Over the past decade, dramatic progress has been made ifyNthesis and diverse properties of such systems or compared
the synthesis of semiconductor quantum dots using colloidal €V€N to the obvpus |mportanpe. of.the field. While the success
chemistry techniques. The solution route is one of the most of theS(_a synthes_ls techmque; is |nd|sputable_, from a fundamental
flexible and hence the preferred route of synthesis of semicon-V'eWpo'_m’ we still lack a detailed upderstandmg of the processes
ducting nanocrystals:s These recent advances in a wide range controlling the growth of crystalline quantum dots in many
of synthesis of nanocrystals from solution-phase reactions shouldc@ses. The primary hindrance to such investigations has been
in principle provide a natural testing ground for investigating the absence of appropriate techniques to probetsieu growth
growth kinetics in the extremely early phases of growth, of nanocrystals. While TEM is the most direct probe to observe
inaccessible in the past. This has motivated several groups tothe size, morphology, and the size distribution of any assembly
probe nanocrystal growth in the ultrasmall size regime (see for ©f nanocrystals, it is evidently not possible to carry outian
example refs 2, 6). However it is interesting to note that studies Situ measurement using TEM under the reaction conditifms.
of growth of semiconductor nanocrystals in the quantum situ measurements necessarily |mpIy Iarge time steps. Addition-
confinement regime are relatively féw!® when compared to ally, the sampling size in TEM investigation can at best include
only a few hundred of individual nanocrystals, making statistical
ligg?riggafcggg nf;”é?‘gfi‘éﬁé‘;smiwy Unit, Indian Institute of Science. zyeraging or determination of the distribution function less
§ Indian Association for the Cultivation of Science. certain. Finally TEM often has intrinsic limitations when the
' Also at Jawaharlal Nehru Centre for Advanced Scientific Research, nanocrystals tend to agglomerate on the grid or present a low

B&?gé')"é‘?e?g?&i?d '&d'f', Brus, L. EAcc. Chem. Re<990 23, 183, (b) contrast making determination of the size of individual particles

Murray, C. B.; Kagan, C. R.; Bawendi, M. @nnu. Re. Mater. Sci200Q with sufficient accuracy difficult, if not impossible. In contrast
30, 545. - ; : : o
(2) Peng, X.; Wickham, J.; Alivisatos, A. B. Am. Chem. S0d99§ 120 to the direct probe of the size via TEM investigations,
(3) T3, W.; Peng, XA Chem.. Int. E®002 41 2368 nanocrystal sizes can also be determined using simpler but more
u, W. W.; Peng, ngew. Chem., Int. , . - . . .
(4) Nanda, J.; Sapra, S.; Sarma, D. D.; Chandrasekharan, N.; Hodeke®. indirect methods, for example, by measuring the shifts in
Mater. 200Q 12, 1018. _ absorption or emission energies compared to that for the bulk
(5) Viswanatha, R.; Sapra, S.; Sen Gupta, S.; Satpati, B.; Satyam, P. V.; Dev, e L
B. N.; Sarma, D. DJ. Phys. Chem. R004 108, 6303. samples. Indeed, the shift in the emission spectra has been used
(6) Qu, L.; Yu, W. W.; Peng, XNanolett.2004 4, 465. i i
(7) Barglik-Chory. C.. Mnsor. A Fo Stiohm. H.. Remenyi. C.: Nier, G. extensively to understand the growth, for exe}mple, in the case
Chem. Phys. LetR003 374, 319. of CdSe nanocrystafs® 6 Unfortunately, the emission spectrum

(8) Peng, Z. A.; Peng, XJ. Am. Chem. So2002 124, 3343.
(9) Qu, L.; Peng, XJ. Am. Chem. So2002 124, 2049.

(10) Bullen, C. R.; Mulvaney, PNano Lett.2004 4, 2303. (14) Talapin, D. V.; Rogach, A. L.; Shevchenko, E. V.; Kornowski, A.; Haase,
(11) Dai, Q.; Li, D.; Chen, H.; Kan, S,; Li, H.; Gao, S.; Hou, Y.; Liu, B.; Zou, M.; Weller, H.J. Am. Chem. So2002 124, 5782.
G. J. Phys. Chem. BR006 110, 16508. (15) Pesika, N. S.; Hu, Z.; Stebe, K. J.; Searson, Rl.®hys. Chem. RB002
(12) Peng, Z. A.; Peng, XI. Am. Chem. So2001, 123 1389. 106, 6985.
(13) Thoma, S. G.; Sanchez, A.; Provencio, P. P.; Abrams, B. L.; Wilcoxon, J. (16) Wong, E. M.; Hoertz, P. G; Liang, C. J.; Shi, B.; Meyer, G. J.; Searson,
P.J. Am. Chem. So@005 127, 7611. P. C.Langmuir2001, 17, 8362.
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of most wide band gap semiconductor nanocrystals, like’ZnS, fundamental point of view, however, it is clear that the
is dominated by surface state emissions; such an emissionnanocrystal growth in solutions in absence of any capping agent
wavelength is generally broad and governed by the details of is the most logical ground for critically probing the growth
the surface states rather than by the size of the nanocrystalskinetics, as theoretical models and results are available only
Therefore, in most cases, the emission spectrum is not suitablefor this limit.

even as an indirect probe of the size. However, the UV-  The growth kinetics of ZnO nanocrystals is one of the
absorption spectra are relatively insensitive to the presence ofearliest® studied among the semiconductor nanocrystals as well
surface states. Therefore, it is better suited to study the growthas extensively studied in the absence of capping agents with
of nanocrystals. In this context, we note that the size of the systematic variations in various control parameters, such as the
nanocrystals is determined from the shift in the absorption edge concentration of the reactants, nature of the solvent, and the
using theoretical models and hence the size obtained is highlyreaction temperature, invariably arriving at the conclusion that
dependent on the accuracy of the theoretical models employedihe growth of ZnO nanocrystals follows the diffusion-limited
Moreover, the size dependence of absorption and emissionripening procesg®24 The growth in all these cases was probed
spectra becomes quite insensitive beyond the excitonic diameterby following the time-evolution of the UV-absorption spectra
Hence, these techniques cannot be used for the later stages avhich were then analyzed in terms of Effective Mass Ap-
the growth. The technique that is most suited to determine the proximation (EMA), which relates the band gap and the size of
in situ size and size distribution of nanocrystals during the the nanocrystals. However, it is well-known that EMA over-
growth process is small-angle X-ray scattering (SAXS) mea- estimates the size in general for semiconductor nanocrystats;
surements. This offers a direct probe, since the scattering crosssuch an overestimation has been recently estabR8lspecif-
section depends directly on the shape and size of the nanocrystalically for the case of ZnO. This makes the conclusions of the
Unlike in the case of absorption or emission energy shifts, where previous studies on ZnO growth somewhat uncertain, prompting
the size of the nanocrystal is indirectly involved via the change us to reinvestigate the growth kinetics of this important material.
in the electronic structure with the size in the quantum |n this work, we have investigated the growth kinetics of ZnO
confinement regime, the X-ray scattering function is directly nanocrystals with a combination of SAXS at a third generation,
controlled by only the shape and size of nanocrystals. The majorhighly brilliant, synchrotron source and absorption spectroscopy
drawback of SAXS is the low scattering cross section leading ip conjunction with the accurate information of band gap
to a poor signal-to-noise ratio in all but highly concentrated yariation with siz&° and size distributiod® Our studies point
cases. This can be partly offset by the use of an exceedinglyto several unusual features including the observation that the
brilliant source such as a synchrotron source; however, even ingrowth of nanocrystals can be strongly hindered by the reactant
such cases, the low concentration limit often encountered in ajtself. This has further consequences, leading to a growth kinetics
typical synthesis condition remains below the sensitivity limit for zno nanocrystals that hascmalitatively different growth

of SAXS. Hence, it is essential to study the growth of model compared to what has been discussed so far in the

nanocrystals using a combination of techniques, thus validating jiterature including the nearly universally accepted diffusion-
the sizes determined by various methods in the concentration|imited Ostwald ripening process.

and size regime where the different techniques have overlapping
applicability and using one of the techniques when the other is Experimental Section

Inacce.S_SIbIe in the reglme of I_nterest. ZnO nanocrystals were synthesized using zinc acetate and sodium
Additionally, the scarcity of literature reports on the growth  pygroxide in isopropanol. A typical synthesis involves dissolving the
of nanocrystals may also presumably be due to the belief thatrequired amount of zinc acetate in 42 mL of isopropanol with constant
the growth of nanocrystals occurs via the Ostwald ripening stirring at 50°C and then quenching in ice. To this solution, the required
behavior, though extensive experimental verification in different concentration of NaOH in 8 mL of isopropanol is suddenly injected,
systems has been absent. Recent theoretical investiglétd]]ms and the solution is maintained at various temperatures in a water bath.
the growth of nanocrystals, however, suggest that the growth UV-absorption spectra of the reaction mixture were recorded at various
could be either controlled by diffusion of the particles, i.e., times using a Perkin-Elmer double beam LM-35 spectrophotometer.

Ostwald ripening, or controlled by the reaction at the surface Pure isopropanoli{PrOH) was used as the reference blank solution
or bv both aram,eters even in the absence of capping a entSfor the samplesln situ SAXS measurements were recorded using an
Y P ' ppINg ag image plate detector, Mar180 (MarResearch, Hamburg, Germany), at

The determination kinetics of growth under the real synthetic
_condltlo_ns 1S _further comphcated by th? pr_esence of the (19) Wong, E. M.; Bonewich, J. E.; Searson, PJCPhys. Chem. B998 102

interactions with the capping agents, which is necessary to X L770.Z_ . s Ramirez. b, 3 Hered B E Osk _
control the size and size distribution of the nanocrystals, and is *” &g & 34 Ranez, B o e aagg o O & Oskam. G-

beyond the scope of the Lifshitz, Slyozov, and Wagner (LSW) (21) Pe45ik2a, N. S.; Stebe, K. J.; Searson, PJCPhys. Chem. R003 107,

L . o : 1041
t_heory of Ostwald ripening. Several |nvest|ggt|ons 'r_] the (22) Pesika, N. S.; Hu, Z.; Stebe, K. J.; Searson, Rl.®hys. Chem. B002
literature report the growth of nanocrystals carried out in the 106, 6985. . .

. 6-16 (23) Hu, Z.; Oskam, G.; Searson, P. £.Colloid Interface Sci2003 263
presence of capping agertd® 16 in these cases, the growth 454,
would be a product of several complex processes, though partial(24) g)sok;fgé G Hu, 2. Penn, R. L Pesika, N.; Searson, iRIs. Re. £
signatures of either of the two limiting mechanisms, diffusion (25) Lippens, P. E.; Lannoo, MPhys. Re. B 1989 39, 10935.

i i i (26) Sapra, S.; Shanti, N.; Sarma, D. Phys. Re. B 2002 66, 205202.
or reaction controlled regimes, might be observed. From a (27) Sapra. 5. Sarma, D. Bhys. Re. B 2004 69, 125304

(28) Viswanatha, R.; Sapra, S.; Saha-Dasgupta, T.; Sarma, Bhy&. Re. B

(17) Sapra, S.; Nanda, J.; Anand, A.; Bhat, S. V.; Sarma, DJ.DNanosci. 2005 72, 045333.

Nanotechnol2003 3, 392. (29) Viswanatha, R.; Sapra, S.; Satpati, B.; Satyam, P. V.; Dev, B. N.; Sarma,
(18) Talapin, D. V.; Rogach, A. L.; Haase, M.; Weller, Bl. Phys. Chem. B D. D. J. Mater. Chem2004 14, 661.

2001 105 12278. (30) Viswanatha, R.; Sarma, D. @hem—Eur. J. 2006 12, 180.

J. AM. CHEM. SOC. = VOL. 129, NO. 14, 2007 4471



ARTICLES Viswanatha et al.

(a) Variation of UV-absorption spectra as function of time (¢) Variation of SAXS Pattern as a function of time
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Figure 1. (a) Typical UV-absorption data at a temperature of 338 K obtained after different time intervals. (b) Typical time evolution variation of the
diameter and the distribution of diameters of ZnO nanocrystals obtained from the analysis of the UV-absorption data shown in part a. (c) Ttipital varia
of the SAXS patterns as a function of time for a given concentration of NaOH at 338 K. (d) Typical time evolution variation of the diameter and the
distribution of diameters of ZnO nanocrystals obtained from the analysis of the SAXS data shown in part c.

the Austrian SAXS beamlidé at the ltalian synchrotron center,  provided a critical confirmation of size distributions by SAXS at specific
ELETTRA, Trieste, operated at 2 GeV. The beamline was set to a points of the growth process.

camera length of 1.65 m and an X-ray energy of 16 keV. Silver behenate

(CH3(CH,)20-COOAg), with ad-spacing of 58.38 &2 was used as a  Results and Discussion

o e e e o oo oo et TYPEA e fescvedn i UV-absorpionspecta obained
P g ‘ at given concentrations of NaOH and Zn(OAd).32 and 0.25

circulated h a 2 mmquartz capillary using a flow through technigéie .
to avoid deposition of the particles on the walls of the capillary. The MMOl, respectively, and at a temperature of 338 K are shown

reaction mixture was kept at a constant temperature using an oil bath@s & function of the reaction time in Figure 1a. From the shifting
and a KHR sample stage (Anton Paar, Graz, Austria). Since the SAXS edge of these spectra toward lower energies, it is clear that the
data were analyzed assuming spherical nanocrystals, this assumptiorsize of the nanocrystal increases as a function of time. The
was explicitly verified by carrying out transmission electron microscopic average diameter and the size distribution of the nanocrystals
investigations at several points of the growth process under different were determined from the recent realistic calculations reported
conditions. Such studies were carried out using a Technai F30 UHR jn, the literaturé® that are known to show good agreement with
version electron microscope using a Field Emission Gun (FEG) at an experimental data over a wide range of sizes. Figure 1b shows

accelerating voltage of 300 kV. These studies not only confirmed the 5 1oq\iting time evolution of the size distribution function of
spherical shapes of nanocrystals at all stages of our study but also . "
ZnO nanocrystals under these reaction conditions.

(31) Amenitsch, H.; Bernstorff, S.; Kriechbaum, M.; Lombardo, D.; Mio, H.; Due to the indirect nature of the probe used, we have cross-
Rappolt, M.; Laggner, PJ. Appl. Crystallogr.1997 30, 872. idi H i i ity i ;

(32) Huang, T. C.. Toraya, H.. Blanton, T. No: Wu, 5. Appl. Crystallogr. checked the vallqny of estimating the size 'dlstrlbu'Flon function
1993 26, 180. from UV-absorption spectroscopy, by carrying out time-resolved

(33) Agren, P.; Linden, M.; Rosenholm, J. B.; Schwarzenbacher, R.; Kriechbaum, ; P i i i
M. Amenitsch. H.: Laggner, P Bianchard. J.: Schuth) Fohys. Chem. in situ SAXS for several cases with an exposure time of 60 s in

B 1999 103 5943. order to be able to measure with some reasonable signal-to-
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noise ratio. The typical variation of patterns as a function of

time is shown in Figure 1c. The changes in SAXS pattern clearly : g;gllé ;:glc{():lﬁcf: ;)S'Z;mm;ml
show the growth of the nanocrystal as a function of time. In A 328K )

order to obtain more quantitative information, we have assumed : g;gﬁ

the presence of spherical particles of average dianteded a < 298K

Gaussian distribution of sizes with a width Afl and fitted the

dat&* to the spherical form factor using the equati(g) =

AIg@A) + B D(x/r) x8F4(gx) dx. The first term (Porod function)

of the equation is due to the background, and the second term, e

due to the presence of spherical particles. We carried out least »E« (@)
squared error fittings of experimental data, and typical fits at a 2 10 20 30 40 0 60
few selected time intervals are shown in the supporting data. £ = -

The time evolution of the size distribution function determined a 5_0_( ) 0.25 mmol of Zn™ yyyter onty

from such an analysis of the SAXS data is shown in Figure 1d; 45 Temp =338 K 0.08 mmol
these are in striking agreement with the size distribution function )

obtained from UV-absorption analysis (see Figure 1b), validating 4.04 0.44 mmol
the present approach. In the main part of this article, we present 3.5

results derived from absorption spectra, in view of its higher 3.0

sensitivity to such low concentrations of nanocrystals in 25 0.50 mmol
comparison to the results of SAXS, leading to results with a )

considerably better signal-to-noise ratio. However, we provide 2.0

an extensive comparison between results from the absorption 0 100 20 30 40 50 60
edge and those from SAXS in the Supporting Information to Time (Min)

establish the validity of these results beyond any reasonablerigure 2. (a) Typical time evolution of the diameter of the nanocrystals
doubt. for a fixed concentration of NaOH at different temperatures. The solid lines

In order to understand the growth kinetics of ZnO nanoc- show the fit of the formd* — df = kt. (b) The variation of the diameter of
ZnO nanoctrystals as a function of time for different concentrations of NaOH

rystals, we investiggteq the temperature. dependence Of. theat 338 K. The solid line shows a best fit of the fodh— dy = kt.

growth rate by monitoring the average diameter of growing

nanocrystals as a function of time at different temperatures for size of the growing nanocrystal at any given time depends
various fixed concentrations of the reactants. A set of typical strongly on the concentration of NaOH. This observation is
variations of the diameter as a function of time is shown in qualitatively different from the expected behavior within the
Figure 2a for different temperatures. The dependence of thediffusion-limited Ostwald ripening process, where the diameter
diameter,d, on time,t, in Figure 2a could not be fitted to the  of the growing nanocrystal is a function only of time and
well-known expressiond® — d3 = kt, this form being pre-  temperature, but not of the concentration, since the diffusion
dicted by the LSW theo#?-36 for diffusion controlled growth rate is independent of the reactant concentration in such dilute
processes, suggesting the inapplicability of this standard growthlimits. We observe that the best fits to the forth— dj = kt,
model to the case of ZnO nanocrystals. In order to obtain an shown with solid lines overlapping the experimental data in
empirical, quantitative description, tidét) data were fitted with ~ Figure 2b, were obtained for the exponent values of 5.7, 6.7,
the expression* — d = kt, where the value af is allowed to and 7.3 for the three different concentrations of NaOH of 0.08,
vary to obtain the best fit. It is known that the growth of 0.44, and 0.50 mmol, respectively, and 3.1 for the case ofbnly
nanocrystals in the absence of any capping agent should yieldwater.

an exponentx) between 2 and 3, 2 being the limiting value ~ We have probed the origin of these exotic behaviors by
where the growth is controlled entirely by the surface reaction carrying out a large number of studies, systematically varying
and 3 being the limiting value when the growth is solely the reaction conditions, such as the temperature and the
diffusion limited3” The fits obtained from the least-squared- concentrations of Zit and OH" ions, over wide ranges. The
error fitting of the present experimental data to the assudited values of x obtained for reactions carried out at different
— dj = kt dependence are shown by the solid lines overlapping concentrations of NaOH as a function of temperature are plotted
the data points in Figure 2a. Interestingly, the valug olftained in Figure 3a. Figure 3a makes it evident tias in general far
from such an analysis of the data in Figure 2a was in the rangefrom the expected range (2-3). Further, it can be seen that
4—8, far from the expected values 2 and 3 for the well-known decreases gradually with increasing temperature and approaches
surface-reaction-limited or diffusion-limited processes, respec- the value of 3, expected for the diffusion-limited process and
tively. In order to gain further insight into the mechanism of marked by a dashed line in the figure. The considerably larger
growth that gives rise to such an unusual growth kinetics, we X value clearly suggests that the growth of ZnO nanocrystals is
plot the diameter of the growing nanocrystal as a function of much slower than the usual and expected rate of growth.
time at a fixed temperature of 338 K in Figure 2b for different Interestingly, we find that the growth rate is consistently slower,

concentrations of NaOH. It is evident from this figure that the as evidenced by a larger value, with increasing NaOH
concentration. Since it is knowhthat the formation of ZnO is

(34) Beaucage, Gl. Appl. Crystallogr.1995 28, 717. hindered in the presence of a high pH10) in aqueous

ggg w;gir%rI'c’\g';égﬁfggﬁg/mYégsipehgsésclhem' SolidE961, 19, 35. solutions, we measured the pH of the reaction mixtures and
(37) Viswanatha, R.; Santra, P. K.; Das Gupta, C.; Sarma, D. D. Unpublished

results. (38) Degen, A.; Kosec, MJ. Eur. Cer. Soc200Q 20, 667.

J. AM. CHEM. SOC. = VOL. 129, NO. 14, 2007 4473



ARTICLES Viswanatha et al.

12 after a fixed time of 100 min, i.e.diopo — do, for a fixed
1 —8— (.48 mmol concentration of Zn(OAg)as a function of NaOH concentration
10+ =& (.32 mmol at various temperatures; similar dependencies are observed for
=1 =0—0.24 mmol other fixed times also. Several interesting and puzzling proper-
£ 87 ties are evident in these results. Unlike Figure 3a, with results
c; 6_' for few concentrations exhibiting an apparent monotonic
o decrease in the growth rate in terms of an increasivgth
% 4 concentration at least at lower temperatures, Figure 3b makes
> ] it evident that there is a strong nonmonotonic variation in the
2_-(3)- - === _gr_o_wtr_l as a fuqction of_ base_ cqncentrgtion. Thus, we find an
e r———T initial increase in the size with increasing base concentration
300 310 320 330 340 350 up to a maximum base concentration, followed by a rapid
temp (K) decrease and finally a slow increase in the most concentrated
4.0 - — regime. Most intriguingly, the increase in the diameter exhibits
3.5 (b) ¢=100 min Zn" =0.25 mmol a precipitous drop to achieve an exceedingly slow growth at
i 4 d —o0=298K 0.5 mmol of NaOH,irrespective of the temperature of the
0] 3-0'_ fo "N Igggg synthesisThis suggests that ZnO nanocrystal growth with time
£ 25- f ——328 K is inhibited very strongly at this concentration of NaOH; in fact,
= 2.0 the results in Figure 3b suggest a remarkably slow growth of
' 154 ZnO nanocrystals for NaOH concentrations higher than 0.5
g mmol at all temperatures.
1'0'. The initial increase in the diameter followed by a decrease,
0.5 4 eventually leading to almost an absence of growth at higher
0.0 31— concentrations of NaOH, as illustrated in Figure 3b, suggests
0.0 0.2 0.4 0.6 0.8 that the observed growth is possibly a result of two competing
concn of NaOH (mmol) mechanisms. It is obvious that the growth of ZnO nanocrystals

Figure 3. (a) Variation of the value of in the above equation as a function s assisted by the diffusion of reactants. Hence, the results in
f temperature for various concentrations of NaOH. iati ; ; ; ; ; ;
(d)ifferer?ce in diameterdgoo — do) of ZnO nanocrystals aéba)t f\lﬁiggggnofotfhre Flgure 3t.) points o a. competing hlnder.lng mechanism whose
concentration of NaOH for different synthesis temperatures. efficacy increases with the concentration of NaOH up to a
critical concentration (0.5 mmol in the case of Figure 3b)
found pH values ranging between 7 and 8.5 in every case, independent of the temperature. It is important to note here that
consistent with low concentrations of NaOH used in these the growth of ZnO nanocrystals with time is the fastest in the
reactions. Additionally, we observe that the formation of ZnO presence of only water (100 mmol) in complete absence of any
in all our reactions is instantaneous and only the growth of the NaOH, as illustrated for the reaction at 338 K in Figure 2b. We
cluster size is hindered by the presence of NaOH. Such aobserved the same phenomena at all other temperatures too,
behavior is unusual, since one would not normally expect the indicating that the presence of NaOH, besides providing the
growth process to proceed slower in the presence of morehydroxyl ions necessary for the growth of ZnO nanocrystals,
reactants. Since even a small amount of water is kfawn  also leads to another process that impedes the growth of the
influence, specifically increase, the growth rate of ZnO nanoc- nanocrystals. Here we note that the NaOH not only is a source
rystals, it is necessary to exclude the possibility of a trace amountof hydroxyl ions to act as a reactant forming Zn(QHhat
of water present in the form of water absorbed due to the dissociates to form ZnO and water but also provides the
hygroscopic nature of NaOH as well as the water of hydration counterion, N&. This suggests that either the Nan or the
in zinc acetate being responsible for such nonmonotonic growth hydroxyl ion could be acting as a capping agent, thus impeding
behaviors. So we carried out the same reactions in the presencéhe growth of the nanocrystal. In order to identify the real
of anhydrous silica gel to absorb any water that may be presentcapping agent, we first used pure water as a source of hydroxyl
in the reaction mixture; we also carried out such reactions with ions in the complete absence of any sodium ion and carried out
the deliberate addition of small quantities of water for different similar reactions. Significantly, we observed clearly the forma-
concentrations of NaOH. Though the growth rate was expectedlytion and growth of ZnO nanocrystals under these conditions
found to depend quantitatively on the extent of trace water in with the growth behavior qualitatively different from what has
the reaction mixture, all qualitative features, such as the been found here with NaOH; specifically, we do not observe
nonmonotonocity of the growth with NaOH concentration, were the nonmonotonic dependencies in the absence df iblas,
found to be independent of the water content in these experi- suggesting that the Naion is indeed responsible for these
ments. So, the only way one can understand these results is taunusual behaviors. In order to further confirm this hypothesis,
anticipate that the growth of ZnO nanocrystals is hindered in we carried out a reaction at 318 K with the NaOH concentration
the presence of the base by some mechanism that is dependentf 0.36 mmol. In this reaction we specifically added more
on the concentration of the base. sodium ions by the addition of sodium acetate into the solution
In order to understand the exact dependence on the concenand found that the growth rate of the nanocrystal is suppressed
tration of the base, we carried out reactions at different strongly, though we observed the maximum growth for this
temperatures and base concentrations. A typical set of data isconcentration of NaOH in the absence of sodium acetate. Thus,
shown in Figure 3b, illustrating the variation in the diameter these experiments establish that sodium ions indeed act as a

4474 J. AM. CHEM. SOC. = VOL. 129, NO. 14, 2007
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Na

temp =318 K concentrationC?". It is clear thatC;, has to be proportional to
30 ] @ Conc of Zn® —E—0.1 the total surface area of all the nanocrystals in the solution in
2.5 —m—0.1 order to provide an effective passivation. If we assume that the
| =ty (),2 nanocrystals have an average radiusRgf the total surface
E 2.0 —=0.2 area can be easily shown to be proportionalCtd/R,,. This
£ 1 =0=03 implies thatC)2 should be proportional t&ZVR,,, or in other
'?° 1.5 words C\2*R,, [ C?". In order to test the proposed scenario
g 1.0 critically, we measured the growth of ZnO nanocrystals as a
= | function of NaOH concentration for different concentrations of
0.5 Zn2* after a fixed growth time of 100 min and at a growth
t=100 min M temperature of 318 K. The results, plotted in Figure 4a, exhibit
0.0 T T 1 2 a strong variation oC,’}‘]?n as a function of Za" concentration.
0.0 0.2 .4 0.6 0.8 This is in contrast to the striking invariance of this optimal
conc of NaOH (mmol) . . : .
concentration with respect to changes in the reaction temperature
 2.00] (b) . for the fixed Zt concentration (see Figure 3b). We plot
E Cyn?n*day (whered,, = 2Ry,) vs CZ"in Figure 4b, based on the
= 1.751 results shown in Figure 4a. The remarkable straight line behavior
£ of the plot undoubtedly establishes the aforementioned propor-
g 1.50 o o :
= 3 tionality, thereby establishing the mechanism proposed here.
f 1.251 3 Conclusion
“ £ 1.00 We have studied the growth kinetics of ZnO nanocrystals in
© 0.75 the usual synthesis method carried out in the presence of a strong
’ . base. In contrast to earlier reports, we find that the growth

0.10 015 020 025 030 035 kinetics differsqualitatively from the usually expected diffusion-
Zn limited Ostwald ripening mechanism, exhibiting a drastically
C™ (mmol) .
slower rate of growth and a remarkable nonmonotonic depen-

Figure 4. (a) Variation of the difference in diametetifo — do) of ZnO . e .
nanocrystals as a function of the concentration of NaOH for differefit Zn dence, on the Concentratlgn Of, NaOH. SpeCIfIC expgrlments
concentrations. (b) Variation of the product of hydroxyl ion concentration €stablish that such a behavior arises due to the counteriofs, Na

required to obtain zero growth rate and the diameter of the nanocrystal asbeing attracted by the hydroxyl ions around the nanocrystal
a function of Z#* concentration. forming a virtual capping layer. This unexpected twist in
chemistry takes this case of nanocrystal growth in the absence
of any added capping agent outside the range of applicability
of existing theories. These results further lead to a fundamentally
new understanding of the growth process of nanocrystals, not
realized previously, where the reactant itself provides a passi-
vating effect, and may be useful in designing new strategies
for synthesis.

capping agent in this reaction. In this context, we note that the
Na' ion can migrate to the nanocrystal surface. Such a diffusion
of Na" ions toward the growing nanocrystal surface is definitely
helped by the charge on the OHon, as the hydroxyl ion
attaches itself to the nanocrystal surface; in other words, it is
natural to expect Naions to diffuse to the growing nanocrystals
and act as counterions to the Ok$pecies attached to the
nanocrystal, thereby hindering the approach off"Zions Acknowledgment. This work was supported by the Depart-
necessary for further growth of the nanocrystal. With increasing ment of Science and Technology, Government of India. The
NaOH concentration, the Nacounterions can provide an authors acknowledge the support of the International Centre for
increasingly effective shield around the nanocrystal, thereby Theoretical Physics under ICTP-Elettra Users Program for
acting efficiently as a capping agent, inhibiting the growth. Synchrotron Radiation. D.D.S. acknowledges the J. C. Bose
If this mechanism, proposed above, is indeed responsible for National Fellowship.

the unusual experimental observations, we would expect the
concentration of NaOH required to precipitously suppress the
growth of the nanocrystal to depend in some unigque way on
the reaction conditions. Specifically, we note that the proposed
scenario of N& ions providing a shell of counterions around
each nanocrystal in fact requires a simple relationship between
the NaOH concentratiorC).., corresponding to the minimum
growth rate, in other words, optimal capping, and thé'Zn  JA068161B

Supporting Information Available: Typical fitting of the
SAXS data and a comparison of the diameter as a function of
time at different concentrations of NaOH and different temper-
atures using SAXS and UV-absorption spectroscopy. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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