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Recently, we have been able to synthesize platinum colloidal nanoparticles of different Sapreg1996
272,1924). In this report, we present transmission electron microscopic (TEM) results on the time-dependent
shape distribution of platinum nanoparticles during the growth period and its dependence on the concentration
of the capping polymer as well as the pH of the solution. The results suggest a shape-controlled growth
mechanism in which the difference between the rate of the catalytic reduction proce3s of fe{111}

and {100 faces, the competition between the*'Pteduction and the capping process on the different
nanoparticle surfaces, and the concentration-dependent buffer action of the polymer itself all control the final
distribution of the different shapes observed.

Introduction As the growth continues or at low polymer to Pt complex
. . . concentration ratiothe tetrahedral nanoparticles are trans-
Colloidal metal nanoparticles are of great interest because fgrmed into TO andentually into cubic shapesA mechanism
of their use as catalystsphotocatalysts, adsorbents and s proposed in which the initially rapid reduction of2Pt
sensor5§, and ferrofluid$ and because of their applications in roquces an initial growth that gives very small nanoparticles
opticaly electronic; and magnetic devicé’s.Many studies on  haying the expected stabfd 11} faces present in tetrahedra
colloidal nanoparticles have focused on the control of nano- 5nq TO. The competition between polymer capping and H
particle sizes _and their growt_h kln_etlcs and have correlated (gqyction of the Pt complexoccurring on the most catalyti-
nanoparticle size to the cqtalytlc actlvftyRecentIy, Ourgroup  cajly active {111} surfacé! determines the fate of these
has reportetifor the first time a technique that controlled the  tgtrahedral nanoparticles. If capping dominates, tetrahedral
shape dls'_[rlbutlon of Et nanoparticles. Thl_s was accomplls_hed nanoparticles of small size are formed. Otherwise, the rapid
by changing the ratio of the concentration of the capping reduction of the Pt on the most activ§111} surface leads to

polymer material to that of the platinum cations used in the g gisappearance and the formation dfi@0 face due to the
reductive synthesis of colloidal nanoparticles in solution at room deposition of Pt atoms on it to give larger TO nanoparticles

temperature. Cubic, tetrahedral, and truncated octahedral (To)having both{100} and {111 faces. The TO nanoparticles
nanoparticles have been prepared in high percentages, thugontinue to grow until transformed into cubic nanoparticles,
making it possible to study the catalytic activities of nanopar- \yhich have all of their six faces of thel00} type. We also
ticles with different shapes and crystal fackts. found that the polymer, acting both as a capping molecule and

From theoretical consideratiofs;lusters with{111} faces as a buffering agent, plays an important role in this competition.
such as those present in tetrahedral or TO nanoparticles should

be the most stab!e. Previou_sly, thg formation of a greater Experimental Section
abundance of cubic nanoparticles with their less st@h}
faces was achieved.This result compelled us to study the Pt nanoparticles were prepared by using the technique of
details of the growth mechanism for the shape-controlled Rampino and Noré and Henglein et & by bubbling Ar gas
processes of Pt nanoparticles. A recent publication disctssed through the aged solution ofRtCl, which was adjusted to an
the previously proposed growth mechanisms (both thermody- initial pH of ~7 and reduced by flowing #gas through the
namically and kinetically controlled) and suggested a general solution. The starting ratio of #tCL to polyacrylate Kw
kinetically controlled one for nanocluster growth, but without 2100) was either 1:1 (low polymer concentration) or 1.5 (high
shape-controlled considerations, using theédluction method ~ polymer concentration) with the initial concentration GF{Cl
(see Note Added in Proof). being 8x 1075 M. The TEM grids were prepared for imaging
Using transmission electron microscopy (TEM), we imaged PY placing a small drop of the specimen solution on a copper
the shapes and determined the shape distribution of platinumgrid having an amorphous carbon film less than 20 nm thick
nanoparticles at different stages of their growth as a function @nd allowing it to dry completely in air at ambient temperature.
of time. The small nanoparticles formed during the early stages A time sequence of specimens was collected the first hour and
of growth or at high polymer concentration displayed distribu- then evey 2 h starting from the time when the,Hlow was

tions with a dominance of shapes having the stables} faces. stopped until growth ceased to examine the time profile of the
shape distribution of the nanoparticles. The end point of the

nanoparticle growth was ascertained when there was no longer
* To whom correspondence should be addressed. . . .
t School of Chemistry and Biochemistry. changes in the pH reading and the absorption spectrum. The
* School of Materials Science and Engineering. pH was measured at the moment when the specimen was
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Figure 1. (a) TEM images of Pt nanopatrticles grown in a low polymer concentration solution and collettedldi after the flow of H. (b) The
size and shape distribution for the TEM image shown in Figure 1a for the cubic, tetrahedral, and truncated octahedral (TO) nanoparticles. The
average size of each shape (determined from the center of a Gaussian distribution) is indicated at the right of the distribution. The percentage of
unidentified (shapeless) nanoparticles is not included in the distribution figures. This figure shows that the smallest nanoparticle shizgurés tetr
while the largest shape is TO. (c) TEM image of Pt nanoparticles grown in a high polymer concentration solution and cotlected affter the
flow of H,. (d) The size and shape distribution for the TEM image shown in Figure 1c for the cubic, tetrahedral, and truncated octahedral (TO)
nanoparticles. The average size of each shape (determined from the center of a Gaussian distribution) is indicated to the right of the distribution.
This figure shows a similar distribution as Figure 1b, but the average sizes are smaller, thereby indicating a more efficient capping process owing
to the higher polymer concentration.

collected. The nanoparticle shapes were determined at 200 kVfigures, it can be seen that nucleation is already complete and
using a Hitachi HF-2000 TEM equipped with a field emission growth has commenced in less than 1 h. Also, the smallest

source. shape in both figures is tetrahedral, but the average size of each
) ) shape is larger in the 1:1 ratio, as shown in Figure 1b, d. This
Results and Discussion indicates faster growth in the sample grown from the 1:1 ratio.

Figure 1a shows a low-magnification TEM image, and Figure ~ Figure 2a gives the time-dependent percentages of the
1b shows the nanoparticle size distribution of the different different shapes of nanoparticles present in a system synthesized
shapes for nanoparticles grown from an initial 1:1 concentration with a 1:1 initial ratio of KPtCL to polymer concentration
ratio collected at = 1 h. The distribution measures the size (determined from the TEM images in a manner similar to that
of each nanoparticle shape present in the TEM image thatused to obtain Figure 1). The total number of nanoparticles
consisted of over 400 nanoparticles. The average size of eachcounted in this figure was 4190 with an average number of
nanoparticle is indicated in the figure and was calculated from 450 nanoparticles for each specimen’s TEM image (a sample
the center of a Gaussian distribution. Parts ¢ and d of Figure of one of the first hour’'s image is shown in Figure 1). At least
1 show similar results to those in parts a and b, respectively, one, but sometimes two, image was counted for each time
for a sample prepared from initial ratio of 1.5 alsotat 1 h, period. These are represented by the additional set of shapes
found from counting over 630 nanoparticles. From these found at that time in the figure. The unidentified nanoparticles
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Figure 2. (a) Time dependence of the shape distribution of the different

Pt nanopatrticles collected from images containing a much larger number

of nanoparticles than those shown in Figure 1a, b for a 121 fet

polyacrylate ratio and (b) for a 1.5 ratio. The changes in the percentages

of cubic @), tetrahedral4), truncated octahedraf), and unidentified

(@) nanoparticles are shown, as well as the change in the pH (*) over

the same time period. This figure shows that at low polymer

concentration (a), cubes are formed at the expense of the tetrahedra a

the pH decreases with time, while at high polymer concentration (b),
the distribution as well as the pH remain independent of time.

refer to those that are oriented irregularly on the carbon film
support so that their shapes cannot be directly identified in TEM
images.

From the distribution and the TEM images shown in Figures
1 and 2a, four main features are seen. First, the averag
nanoparticle size increases frond to ~10 nm in 12 h after
stopping the H flow. The second feature is the strong

time, hours from initial H, flow

Figure 3. (a) TEM image of the Pt nanoparticles grown without the
addition of the polyacrylate capping material and collected=atl2 h
after the flow of H. (b) Time dependence of the shape distribution of
Pt nanoparticles grown without polyacrylate in a solution of initial pH
= 6.79 before bubbling the Hgyas into the solution. The changes in
the percentages of cubill), tetrahedral4), truncated octahedraf),

nd unidentified®) nanopatrticles are shown, as well as the change in
the pH (*) over the same time period. Note that the pH changes to
6.03 after only 5 min of K gas flow which shows the rapid initial
appearance of theHsignifying a corresponding initial rapid formation
of Pt atoms leading to the nucleation process. This figure also shows
the instability of the shapes of these nanoparticles when it is uncapped
as the percentage of the unidentified shag@siicreases with time.
(The unidentified nanopatrticles refer to those that are oriented irregularly
on the carbon film support so that their shapes cannot be directly

€identified in the TEM images.)

in Figure 1). Sometimes an additional image was counted and

dependence on time of the relative percentages of cubic,shown as an additional set of shapes in the figure. A different
tetrahedral, and TO nanopatrticles in the solution. The percent-time-dependent shape distribution and pH profile are observed
age of cubes increases with time, while the percentage of from that shown in Figure 2a. Unlike the 1:1 ratio results above,
tetrahedra decreases. The percentage of TO, however, increasdhe relative percentages of cubes, tetrahedra, and truncated
first then decreases slightly. Third, the dominant shapge=at octahedra remain almost independent of the growth time, but
1 h is tetrahedral and TO, while the dominant on¢ &t12 h the average nanopatrticle size increases frefnto ~8 nm in

is cubic. Finally, it is important to notice in Figure 2a that the 12 h after stopping the Hlow. The pH of the solution also

pH decreases from 7.03 = 0 h to 6.61 at = 12 h during remains relatively constant with time.

the growth period. To measure the rate of reduction ofPinto Pt, the rate of

Figure 2b gives the results of Pt nanoparticles grown in a
solution in which the initial concentration of ,RtCL to the
polymer is in a 1:5 ratio (determined from the TEM images in
a manner similar to that used to obtain Figure 1). The total
number of nanoparticles counted in this figure was 4152 with
an average number ot425 nanoparticles for each specimen’s
TEM image (a sample of one of the first hour’s images is shown

appearance of theHion produced from Kwas monitored in

the absence of the buffer action of the polyacrylate. A portion
of a low-magnification TEM image of these “uncapped”
nanoparticles grown after 12 h is shown in Figure 3a. Figure
3b shows the time dependence of both nanoparticle growth and
the pH of the solution in the absence of the capping polymer.
In this figure, the total number of nanoparticles counted was
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5745 with an average o575 nanopatrticles per TEM image. buffer action is not strong, allowing for an increase ir(H]
Sometimes an additional image was counted and shown as arin solution (result 3 as shown in Figure 2a). This is understood
additional set of shapes in the figure. Over the first hour, the as more growth requires more Pt ions to be reduced jy H
[HzO™] increases by more than 2 orders of magnitude to a value forming more H with time if the buffer action of the polymer

of 5 x 107> M. Therefore, approximately 50% of the Pt ions is not strong. This leads to the removal of the polymer from
have been reduced during this time. The nucleation and growththe surfaces of the capped tetrahedral nanoparticles, allowing
give rise to cubes and TO but very little tetrahedra. This for its further growth. Since thgl11} face is more catalytically
suggests that the capping polymer is needed for the initial active!* the reduction of the Pt into Pt atoms on this face
formation of large amounts of tetrahedra. Figure 3b also shows converts tetrahedral and TO nanoparticles into the larger cubic
that as the growth continues, more and more of the cubes andnanoparticles (see Appendix) at low polymer concentration, in
TO are transformed into larger shapeless (unidentified) nano- agreement with experimental observations (result 5). Therefore,
particles in the absence of a stabilizer. Unlike the more stable as the growth process continues, more TO and cubic nanopar-
nanoparticles grown with the polyacrylate, these nanoparticlesticles will be formed, while the percentage of the tetrahedral
aggregate until they precipitate out of solution. nanoparticles decreases (see Figure 2a).

One can summarize the important results as follows: (1)  Note Added in Proof. The proposed mechanism presented
Almost half of the initially used Pt ions are reduced in ashort  here was developed prior to our knowledge of the general

period of time allowing for rapid reduction and the formation mechanism proposed in ref 10. The two mechanisms share
of the initial nuclei. (The pH change is 6.79 to 6.03 in 5 min  some general ideas.

after introducing Hin the absence of the polymer. One expects
similar initial rates in the presence of the polymer; however,

owing to its buffering action, only slight changes in the pH occur __ Acknowledgment. This work was supported in part by the
in the 1:1 mixture (7.08 to 7.03) and no change was observed Georgia Tech Molecular Design Institute, under prime contract
in the 1.5 solution for the same time period of 5 min.). (2) N00014-95-1-1116 from the Office of Naval Research and in

The average size of the tetrahedral nanoparticles (which arePart by NSF grants CAG9479397 and DMR-9632823.

observed in the presence of capping polymer) is always smaller

than that of the cubic or TO nanoparticles. (3) During the Appendix
growth process, the pH remains constant at high polymer
concentration but continues to decrease at low polymer con- 1€ growth of the fou{111} planes transform a tetrahedral

centration. (4) In the early stages of growth, tetrahedral nanopart!c:e into all:)-lk-)oll Wh'Chr:n tl;m can grr]ow mtor? cubic
nanoparticles are present in significant quantities; in addition Nanoparticle (see b below). Therefore, as the growth process

to this, at high polymer concentration, no observable intercon- continues, more TO and cubic nanoparticles W.'” be formed,
version between nanoparticle shapes takes place. (5) At low While the percentage of the tetrahedral nanoparticles decreases,

polymer (buffer) concentration conversion of tetrahedral nano- |n1ilgreement with relofl:servatllfotr;] shovxin in Figure t2a+ tﬁmsltl
particles into TO and then to larger cubic nanoparticles takes{ 1} comers can be le overt the system runs out otthe
place as a result of the growth process. supply, as observed previously for cubic nanopartities.

. . . On the basis of the fundamental face-centered cubic lattice
The above results suggest the following mechanism: (1) rapid

initial reduction lead : ) ¢ stabl il ith of Pt, when the atoms are defined to be at the edges of the unit
Initial reduction leads to formation of stable nanoparticles With o ‘1 connection of all 13 atoms forms a TO shape cluster,

tetrahedrgl and TO shap_es; (2) the grpwth process involves thevvhich is bound by eighf111} and six{10G planes. If the
to Pt atomson the surface of the Pt nanoparticlésrmed than that of the{ 100} (G10q), the {111} facets will vanish,

initially in solution; (3) the reduction process is in competition forming a cubiclike nanoparticle. On the other hand3ifog
with the surface capping process by the polymer; (4) the relative Gii1g, the {100} facets will vanish, forming an octahedral

rates of the polymer capping, decapping (by the protonation of nanoparticle. 1fGgog ~ G113, the area ratio between the
the polymer molecules on the capped small nanoparticles) and{llj} and {100 facets remain constant, resulting in the
the relative reduction rates on the different surfaces (and thus¢, . \540n of the larger TO nanoparticles. Thus the shape
the relative growth rates of the different faces, see Appendix) gistribution at the end of the experiment is determined by the
determine the final shape distribution. initial pH, the rate of reduction of Pt ion on the different

The above mechanism is found to account for the observed syrfaces, and the rate of capping and decapping on the different
results. Initially or at high polymer concentration, capping of surfaces (which depends on the changes in the pH during the
the tetrahedral nanoparticles takes place and they are preventegrowth).
from rapid growth leading to a distribution dominated with
tetrahedral shapes. This accounts for the fact that tetrahedral
nanoparticles are almost always smaller in size than those of
the cubes and TO (result 2). During the growth period, the
reduction of Pt with the H, on the nanoparticle surface allows
for nanoparticle growth and produceg libns in solution. At
high polymer concentration, the polymer not only caps the
tetrahedral nanoparticle, but it also acts as a good buffer. This
can be understood when one realizes that the capping polymer,
which has a large number of carboxylate groups, acts as a good
buffer if present in such high concentrations. Therefore, it does
not allow for an increase in the P@*] (see Figure 2b) and

thus protects the capped tetrahedral nanoparticles from decap- (1) Hirai, H.; Wakabayashi, H.; Komiyama, hem. Lett1983 1983
ping. On the other hand, at low polymer concentration, the 1047.

a: Truncated Octahedron b: Tetrahedron to TO and to cube
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