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Observation of Single Colloidal Platinum
Nanocrystal Growth Trajectories
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Understanding of colloidal nanocrystal growth mechanisms is essential for the syntheses of
nanocrystals with desired physical properties. The classical model for the growth of monodisperse
nanocrystals assumes a discrete nucleation stage followed by growth via monomer attachment, but
has overlooked particle-particle interactions. Recent studies have suggested that interactions
between particles play an important role. Using in situ transmission electron microscopy, we show
that platinum nanocrystals can grow either by monomer attachment from solution or by particle
coalescence. Through the combination of these two processes, an initially broad size distribution
can spontaneously narrow into a nearly monodisperse distribution. We suggest that colloidal
nanocrystals take different pathways of growth based on their size- and morphology-dependent

internal energies.

advanced remarkably, and now it is pos-

sible to make colloidal nanocrystals of a
wide range of solids, ranging from metals to semi-
conductors and insulators, with narrow size dis-
tributions (variations in diameter less than 5%) and
high crystallinity (/-5). It is also possible to con-
trol their shapes, from spheres to disks or rods, as
well as their topology (solid, hollow, nested) and
their connectivity and branching patterns by adjust-
ing the growth parameters, such as surfactant,
concentration, or temperature (6—17). The current
state of nanocrystal synthesis has been largely
achieved empirically with some classical models
(12-14) for particle growth serving as guides.
Here, we demonstrate that it is possible to directly
observe the growth trajectories of individual col-
loidal nanocrystals in solution by using a liquid
cell that operates inside a transmission electron
microscope (TEM), and that these trajectories re-
veal a set of pathways more complex than those
previously envisioned.

The growth of colloidal nanocrystals has
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Consider the simplest case of a narrow size
distribution of nearly spherical colloidal nano-
particles. A model based on kinetics that can ac-
count for this size distribution was proposed by
LaMer and Dinegar (/2) and improved by Reiss
(13). An abrupt increase in monomer concentra-
tion induces a burst of nucleation events followed
by a period of rapid growth. The initial broad size
distribution because of a spread in nucleation time

or other variations such as mixing can be cor-
rected with “size distribution focusing,” in which
small crystals “catch up” with larger ones because
the growth rate of nanocrystals decreases as the
size increases (/). Inhibition of particle aggrega-
tion is typically achieved by using surfactant ligands
that stabilize the particle surface and provide a
barrier to coalescence. The thinking underlying this
approach has guided many syntheses (/, 2, 4). A
second scenario for nanocrystal control employs
an equilibrium approach. One devises a system
in which the binding of surfactant to the nano-
particle surface is nearly as strong as the bonds
within the crystal, strong enough then to thermo-
dynamically drive the system toward a particular
average size for a given concentration of surfac-
tant and monomeric species (/5—17). These two
distinct models consider only the possibility of
particle growth through the addition of mono-
meric species. However, there is substantial evi-
dence that particle coalescence or even oriented
attachment can also play a role in nanocrystal
growth (/8-22). The lack of consensus on the
controlling mechanisms is mainly due to the lack
of direct evidence for nanocrystal growth in so-
lution. In situ observation of the dynamic growth
process is expected to substantially advance our
understanding of nanocrystal growth mechanisms,

Fig. 1. TEM of Pt nanocrystals syn-
thesized in a liquid cell. (A) Bright-
field TEM image of Pt nanocrystals with
a histogram of particle size distribu-

1 e tion, obtained from measurements of
) 150 particles. (B) High-resolution TEM
3 § image of a Pt nanocrystal, which was
(T recorded after the in situ experiment.
g (C) EDS spectra from Pt nanocrystals
{ oL=#Mm__] (red) and background (black) obtained
3 4 ex situ from the same liquid cell. The
D (nm) observed Si and Cu signals are from
— Pt particles the silicon nitride membrane win-
— Background dow and the cover of the liquid cell,
respectively.
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although its application to specific syntheses will
have to take into account factors such as the thermo-
dynamic and geometric differences between micro-
scopic in situ and macroscopic flask experiments.

In order to observe colloidal nanocrystal growth,
one needs a technique that can image through
liquids during the chemical reaction with nano-
meter resolution and in real time. Williams ez al.
have developed a liquid cell reactor that can be
placed in a special TEM sample holder, which
was used to image the dynamic growth of Cu clus-
ters on a surface during electrochemical plating
by using a TEM with a resolution of 5 nm (23)
[see also other related techniques in (24-26)].We
employed this TEM capability in a self-contained
liquid cell with an improved resolution in the sub-
nanometer range (fig. S1) (27). We used these dis-
posable liquid cells to image platinum nanocrystal
growth in solution in situ using a JEOL3010 mi-
croscope operated at 300 kV. Because the cells fit
into a standard TEM sample holder, we also used
CM300 and CM200 TEMs equipped with an x-ray
detector for high-resolution TEM imaging and
elemental analysis ex situ on the same cell. We pre-
pared a stock solution for synthesis by dissolving
Pt(acetylacetonate), (10 mg/mL) in a mixture of
o-dichlorobenzene and oleylamine (9:1 in volume
ratio). We loaded about 100 nanoliters of the growth
solution into the reservoir of a liquid cell, and the
solution was drawn into the cell by capillary force.
Subsequently, the cell was sealed and loaded into
the microscope. Within the electron-transparent
window, the reaction solution of about 200 nm in
thickness was confined between two silicon ni-
tride membranes (25 nm each).

A key feature of these experiments is the abil-
ity to use the electron beam to induce the nucleation

Fig. 2. Growth and coalescence of Pt A
nanocrystals. (A) Video images acquired
at0.0s,12.1s, 24.2 s, and 77.0 s of ex-
posure to the electron beam. Specific par-
ticles are labeled with arrows. The growth
trajectories of these individual particles
reveal the multiple pathways leading to
size focusing. (B) Number of particles (left
axis) and number of coalescence events (Nc,
right axis) during an interval of 2.0 s versus
time. Particles nucleate and grow during the
adjustment of focus for imaging (0 to 10 s),
the details of which were not available.

@N of Particles (x10'7cm®)

of Pt nanocrystals. The growth of Pt nanocrystals
in solution was initiated by the electron beam ir-
radiation, and a constant beam intensity of 2 x 10*
to 14 x 10* A/m? was maintained during the
growth (27). The beam intensity varied briefly in
the initial exposure to the electron beam (a few
seconds) during the time required to focus for
imaging. Nanocrystals nucleated and grew during
this period of time. Under constant illumination,
there was normally a subsequent round of nu-
cleation followed by growth (movie S1; also see
movie S2 for comparison). Figure 1A shows plat-
inum nanocrystals obtained inside a liquid cell by
the exposure of the growth solution to the electron
beam for about 5 min. Nearly monodisperse nano-
particles with an average diameter of 3.4 nm and a
SD of 8% were obtained (Fig. 1A, inset). The plat-
inum nanoparticles were mostly single crystalline
with a face-centered cubic structure (Fig. 1B) and a
composition of pure Pt, as confirmed by energy-
dispersive x-ray spectroscopy (EDS) (Fig. 1C).
In situ observation of the Pt nanoparticle
growth provides details of the growth kinetics.
Figure 2 shows a sequence of video images recorded
at 0.0, 12.1s,24.2 s, and 77.0 s of exposure to
electron beam radiation (movie S1). From the ini-
tial growth solution of P** precursor, a large num-
ber of Pt nanocrystals emerged, and new particles
continued to appear. The nucleation under a con-
stant electron beam irradiation spanned more than
10 s (see the number of particles as a function of
time in Fig. 2B). Particle growth and nucleation
occurred in parallel (see particles highlighted by
arrows in Fig. 2A, indicating examples of growth).
Along with the conventional particle growth by
means of monomer addition from solution, fre-
quent coalescence events between the particles
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were observed. At the early stage of the growth, the
number of particles gradually increased and reached
a maximum at 21.0 s. Subsequently, the number
of particles dropped significantly and eventually
settled at a constant value. Although some smaller
particles were seen to dissolve completely, the
decrease in the number of particles was mainly
due to the coalescence events between individual
particles (see the number of coalescence events as
a function of time in Fig. 2B).

We examined the particles that have similar
initial sizes but grow along different pathways.
Figure 3A shows a sequence of video frames of
two particles that were taken from the same field
of view (fig. S2). The particle formed by means of
simple growth shows a continuous increase of size
and maintains a nearly spherical shape. In addi-
tion, mostly uniform diffraction contrast within the
particle was observed, indicating single crystalline
characteristics throughout the growth. However,
the coalesced particle shows both shape changes
and different diffraction contrast, indicating poly-
crystalline characteristics within the particle after
the coalescence event. Eventually (about 16.0 s
after the coalescence event) it forms a single crys-
talline particle with a nearly spherical shape. This
is characteristic of punctuated growth, in which
the growth of the coalesced particles pauses after
coalescence during the period of structural relaxa-
tion. These pauses contribute to the situation in
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Fig. 3. Comparison of different growth trajectories.
(A) Video images showing simple growth by means of
monomer addition (left column) or growth by means
of coalescence (right column). Particles are selected
from the same field of view. (B) Enlarged (1.5 times)
color images of (A). Distinct contrast changes are
highlighted with arrows indicating recrystallization,
which were observed in the coalesced particle but not
in the case of simple growth.
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which particles that are formed by the steady
simple growth process in order to “catch up” so
that the two types of particles show similar final
sizes.

We considered the evolution of particle size
distribution in light of the observed single-particle
growth trajectories. Figure 4A shows the histo-
grams of particle size distribution at different
stages of growth (19.7's,24.2 5,30.3 s,and 77.0 s;
for each plot, we measured about 120 to 170 par-
ticles within an area of 50 nm by 60 nm and in
intervals of 100 ms). At the early stages, particle
size distributions are broad, because of the spread
of nucleation events over time. At 24.2 s, we ob-
served a bimodal distribution. At a later stage, the
distribution has a single peak, and the initially
broad distribution has spontaneously narrowed.

In order to understand this size-focusing be-
havior, we have examined the growth trajectories
of each individual nanoparticle. Figure 4B shows
particle size as a function of growth time for a
few selected particles as examples (particles are
highlighted by arrows in Fig. 2A), in which an ef-
fective size of d = 2 x /A /n was used, where
A is the projected area of the particle in the video
images. A particle evolving by means of sim-
ple growth shows a continuous increase of size
until it reaches a saturation stage (particle a).
However, particles resulting from coalescence
events (particles b to ¢) show a jump of particle
size after each coalescence event. A smaller

particle can “catch up” to the size of a bigger particle
through multiple coalescence events. The fact that
multiple coalescence events are more commonly
observed among the small particles is attributed to
their higher energy due to a larger surface-to-
volume ratio and an increased collision frequency
resulting from a greater mobility. Such growth
kinetics of individual nanoparticles deviates from
the ensemble behavior, shown in Fig. 4C, which
reflects the average particle size within an area of
50 nm by 60 nm as a function of time. The evo-
lution of the mean particle size versus time re-
sembles the trend predicted by classical growth
models of a diffusion-controlled Ostwald ripening
process (2) [the size of the particles (d) is pro-
portional to growth time (7), @ ~7]. This illustrates
that direct observations of single-particle growth
trajectories provide important insights into nano-
crystal growth mechanisms, which are not ac-
cessible with a conventional analysis on the basis
of the ensemble. For example, we found that there
is a period of time after a coalescence event during
which the coalesced particles cease to grow. After
this relaxation period, the particle resumes growth
through monomer addition. The combined effects
of monomer addition, coalescence, and punctuated
growth all contribute to the focusing of the size
distribution.

During coalescence, the combined particle has
a higher internal energy and chemical potential
because of the appearance of grain boundaries and

s

A 19.7 s 2425 £30.3s 77.0s C. oieke Ensembis; ]
30k i d b F f:
b2 [ E 3
c - il
i 0.0F 3
35| - - {1 06fAa n
O [ F — -
Ok L <A I+ OOE.b E
01234012340123401234 0.6 St
Dlameter (nm) oo BB s +
B (BAMAS RAAAN RARAE RARAY RARED RRAAN RARA REASH RARSS RARAS LARAS RAALE ARARY) IR F N
40fAa 4 ~o00L b
[ eb Qosfoc ]
Loc 6&%% " i -4 y
| ~d 1 - 3
| me 8§9ﬁ % 8‘ 0.0F ks
0.6F=d p
-é-3.0- -‘_-::-- = C _."“':
£ | ST siE AT :
8 = P —
© [ & F- 3.5F F o :
£ 2.0 @ E il E /f ]
L c3.0F 0.0F :
D e Bl P | sl . WL
£ 02.5F & 1 a:Simple Growth 00 05 10 15 20
& : D Log ()

I o 2.0F & b: with Coalescence T
1.0 o® 1 1 1 1 L 1 1 7T ~1.6f .
i 0 20 40 60 80100120 | £, ]

t(s) o
« PR PR FTUT1 FYUTE EPUTE PRTYE FETTY STTHY FPET] SRUTl FYavy Pwrrd PETee o 0_8-" y " 9]
0 10 20 30 40 50 60 70 80 90 100110120130 —
s 03 04 5).5 0.6
Time (s) Log (d

Fig. 4. Growth kinetics of Pt nanoparticles. (A) Histograms of particle size distribution at 19.7 s, 24.2 s,
30.3 s, and 77.0 s. Black curves are Gaussian fits. (B) Particle size versus growth time. These particles are
highlighted in Fig. 2A. Inset shows two types of growth trajectories. A relaxation time (1) was observed after
a coalescence event. Error bars for particle diameter measurements are less than £0.18 nm. (C) Logarithmic
relationship of particle size versus growth time for the ensemble and those individual particles in (B). Black
lines are guides for the eye, and dashed lines show the coalescence events. (D) Logarithmic relationship of
relaxation time versus the size of the coalesced particles. Black line shows linear fit.
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a higher surface energy per volume that is de-
termined by its shape as compared with that of a
spherical particle of the same size. Such higher-
energy particles may lose monomers (dissolve) in
the solution and/or change shape. Similar effects
have been observed in the growth of Ge islands
from a vapor phase (28). In our case, the com-
bined nanoparticle changes shape, forming a
spherical particle along with the recrystallization.
During this relaxation period, there is a slight
decrease of particle size. However, nanocrystals
that evolve by means of simple growth show a
continuous increase of particle size until reaching
a saturation stage (Fig. 4B). We further found that
the relaxation time (t, highlighted in Fig. 4B, inset)
increases with the particle size (d) following a
power law relationship, © ~ d > (Fig. 4D). When
considering the relaxation process as a recrystalli-
zation process in which monomeric species migrate
on the two-dimensional nanocrystal surface, such
a result is fairly reasonable. The relaxation time
is proportional to the total surface area (4 =
%n x d?) and inversely proportional to the mobil-
ity (B) of monomers on the particle surface,
B oc 5, where 1/d is the curvature of the par-
ticle. Therefore, the relationship between the
relaxation time and the size of the coalesced
particles is estimated by t ~ d®, which is close to
our experimentally observed value. However,
this is only a rough estimate. Additional factors,
such as variations in the nature of coalescence
(oriented or random attachment) or details of
size and shape of the coalesced particle need to
be considered for more accurate evaluation (29).

Additionally, we found that oleylamine sur-
factants play a large role in the growth of mono-
disperse platinum nanocrystals. When the amount
of oleylamine in the growth solution was de-
creased (0 to 3%), platinum crystal foils and
dendrites were observed (fig. S3).

In summary, we have observed the dynamic
growth of colloidal platinum nanocrystals in so-
lution with subnanometer resolution by using a
TEM. The evolution of monodisperse platinum
nanocrystals involves complex growth trajectories,
such as punctuated growth correlated with co-
alescence events, features that have not been
considered in the classical models for nanocrystal
growth. Considering coalescence as an alterna-
tive to simple growth by attachment of mono-
meric species, we expect that growth by particle
attachment may also play an important role in
the synthesis of nanocrystals with more complex
shapes. More generally, we have shown that in
situ TEM enables the visualization of single nano-
particles in solution with subnanometer resolution
and offers great potential for addressing many
fundamental issues in materials science, chemis-
try, and other fields of science.
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Large-Area Synthesis of High-Quality
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Copper Foils
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Graphene has been attracting great interest because of its distinctive band structure and physical
properties. Today, graphene is limited to small sizes because it is produced mostly by exfoliating
graphite. We grew large-area graphene films of the order of centimeters on copper substrates by
chemical vapor deposition using methane. The films are predominantly single-layer graphene, with a
small percentage (less than 5%) of the area having few layers, and are continuous across copper
surface steps and grain boundaries. The low solubility of carbon in copper appears to help make this
growth process self-limiting. We also developed graphene film transfer processes to arbitrary substrates,
and dual-gated field-effect transistors fabricated on silicon/silicon dioxide substrates showed electron
mobilities as high as 4050 square centimeters per volt per second at room temperature.

raphene, a monolayer of sp>-bonded car-
Gbon atoms, is a quasi—two-dimensional

(2D) material. Graphene has been attract-
ing great interest because of its distinctive band
structure and physical properties (/). Today, the
size of graphene films produced is limited to
small sizes (usually <1000 um?) because the films
are produced mostly by exfoliating graphite,
which is not a scalable technique. Graphene has
also been synthesized by the desorption of Si
from SiC single-crystal surfaces, which yields a
multilayered graphene structure that behaves like
graphene (2, 3), and by a surface precipitation
process of carbon in some transition metals (4-8).
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Electronic application will require high-
quality large-area graphene that can be manipu-
lated to make complex devices and integrated
in silicon device flows. Field-effect transistors
(FETs) fabricated with exfoliated graphite have
shown promising electrical properties (9, 0), but
these devices will not meet the silicon device
scaling requirements, especially those for power
reduction and performance. One device that
could meet the silicon roadmap requirements
beyond the 15-nm node was proposed by S. K.
Banerjee et al. (11). The device is a “BisFET”
(bilayer pseudospin FET) that is made up of two
graphene layers separated by a thin dielectric.
The ability to create this device can be facilitated
by the availability of large-area graphene.
Making a transparent electrode, another prom-
ising application of graphene, also requires large
films (6, 12—14).

At this time, there is no pathway for the
formation of a graphene layer that can be ex-
foliated from or transferred from the graphene
synthesized on SiC, but there is a way to grow

and transfer graphene grown on metal substrates
(5-7). Although graphene has been grown on a
number of metals, we still have the challenge of
growing large-area graphene. For example,
graphene grown on Ni seems to be limited by
its small grain size, presence of multilayers at the
grain boundaries, and the high solubility of car-
bon (6, 7). We have developed a graphene chem-
ical vapor deposition (CVD) growth process on
copper foils (25 um thick in our experiment). The
films grow directly on the surface by a surface-
catalyzed process, and the film is predominantly
graphene with <5% of the area having two- and
three-layer graphene flakes. Under our process-
ing conditions, the two- and three-layer flakes do
not grow larger with time. One of the major
benefits of our process is that it can be used to
grow graphene on 300-mm copper films on Si
substrates (a standard process in Si technology).
It is also well known that annealing of Cu can
lead to very large grains.

As described in (15), we grew graphene on
copper foils at temperatures up to 1000°C by
CVD of carbon using a mixture of methane and
hydrogen. Figure 1A shows a scanning electron
microscopy (SEM) image of graphene on a
copper substrate where the Cu grains are clearly
visible. A higher-resolution image of graphene
on Cu (Fig. 1B) shows the presence of Cu surface
steps, graphene “wrinkles,” and the presence of
non-uniform dark flakes. The wrinkles associated
with the thermal expansion coefficient difference
between Cu and graphene are also found to cross
Cu grain boundaries, indicating that the graphene
film is continuous. The inset in Fig. 1B shows
transmission electron microscopy (TEM) images
of graphene and bilayer graphene. With the use of
a process similar to that described in (/6), the as-
grown graphene can be easily transferred to
alternative substrates, such as SiO,/Si or glass
(Fig. 1, C and D), for further evaluation and for
various applications; a detailed transfer process is
described (/5). The process and method used to
transfer graphene from Cu was the same for the
Si0,/Si substrate and the glass substrate. Al-
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