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ABSTRACT The synthesis of colloidal supraparticles (SPs) based on self-assembly of
nanoscopic objects has attracted much attention in recent years. Here, we demonstrate
the formation of self-limiting monodisperse gold SPs with core—shell morphology based
on the building blocks of flexible nanoarms in one step. A flow-based microfluidic chip is
utilized to slow down the assembly process of the intermediates, which surprisingly
allows for observation of ultrathin gold nanoplates as first intermediates. Notably, these
intermediate cannot be observed in traditional synthesis due to their rapid rolling-up to
form the second-order nanostructure of flexible hollow nanoarms. The growth mecha-

nism of SPs can then be deconvoluted into two seed-mediated steps. Monte Carlo

simulations confirm that the self-limiting growth of binary SPs is governed by a balance between electrostatic repulsion and van der Waals attraction.
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olloidal supraparticles (SPs) refer to
C nanoparticle assemblies in the form

of colloidal particles. 3 The assem-
bly of nanoparticles (1—100 nm in diameter)
into higher-order nanostructures such as
supercrystals and superlattice membranes
provides a unique opportunity to produce
materials with new collective physical, che-
mical, and mechanical properties,*> which
directly impact advances in solar cells, light-
emitting diodes, and solid-state catalysts.5”
To date, several approaches have been
developed for synthesizing colloidal SPs
from constituent nanoparticles with uni-
form or nonuniform size distributions.’~ "
In these approaches, the building blocks of
SPs must be prepared beforehand at high
purity before self-assembly into SPs can
occur at rigorous condition. Numerical si-
mulations or theoretical calculations have
been performed to elucidate the SP self-
assembly process in greater detail,>'"'? but
the intermediate structures, key to inferring
growth mechanism, possess short life-
times and as of yet have not been observed
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in traditional low-time-resolved synthetic
approaches.

We present here a simple seed-mediated
synthesis of self-limiting monodisperse
gold SPs. In this method, the “one pot”
synthesis of building blocks and the subse-
quent self-assembly occur in step over sev-
eral minutes. The detailed seed-mediated
growth mechanisms of both the building-
blocks and the gold SPs are deconvoluted
solidly by directing the reaction through a
simple microfluidic system. This flow-based
platform allows us to slow down the growth
process of SPs, capture the “short-lifetime”
intermediate subunits, then deduce their
shape evolution mechanism. The intermedi-
ate subunits are the building blocks for the
assembly of nanosized SPs, and usually
cannot be discerned or obtained solely in
the traditional synthesis process due to the
rapid self-assembly of them for the growth
of SPs."" The combination of microfluidics
with traditional synthesis presented here
represents a new powerful tool for under-
standing the intrinsic growth mechanism of
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varying nanomaterials. By slowing down the rapid
assembly process, one can obtain the deeper and more
precise information about previously unresolvable
transient steps.

RESULTS AND DISCUSSION

The uniform nanosized gold SPs were synthesized
by adopting a seed-mediated synthesis protocol at
room temperature (for details see Supporting
Information). In brief, the small gold seeds were
synthesized first,'® and then the seeds, growth solution
with gold precursor and reductant were mixed to-
gether with gentle shaking until the solution color
turned light blue (~20 s). The solution was left un-
disturbed for a time (typically under 10 min) to allow
for particle growth. Figure 1a represents the typical
TEM image of the obtained gold seeds with the
average diameter of about 4 nm. On the basis of these
seeds, spherical “meatball”-like nanoparticles rather
than rounded nanoplates (59 & 5 nm in diameter)
(Figure 1b, Supporting Information Figure S1) were
obtained. Similar methods have been extensively used to
synthesize Au nanocubes or nanoplates by other groups,
so the “meatball™-like shape is unexpected.”* ' As
an additional surprise, the high magnification TEM
image shown in Figure 1c reveals each “meatball” to
be comprised of many smaller subunits as opposed to
as a single entity.'>'® The high resolution TEM (HRTEM)
images of a single “meatball”-like SP obtained here
(Figure 1d,e, Supporting Information Figure S2) further
indicate that the “meatball”-like SP is composed of
flexible nanoarms splayed in a seemingly random
fashion. This observation reveals that the “meatball”-
like nanoparticles obtained here are SPs. The observed
lattice fringes on individual nanoarm shown in
Figure 1e correspond to the (111) facets of gold both
because the d-spacing is 0.236 nm and the dihedral
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angle is around 60°, indicating that the nanoarm is
single-crystalline. To the best of our knowledge, this is
the first example of SPs synthesized in such a simple
and rapid way.>"" Surface-rough “meatball”-like Au or Pt
nanoparticles have been broadly reported before,'2
but all these individual “meatball”-like nanoparticles are
single units rather than SPs. The X-ray diffraction (XRD)
pattern of the SPs shows that the peaks can be indexed
to a face-centered cubic unit cell (Figure 1f), in which
26 values of 39.75°, 46.23°, 67.45°, and 81.24° can be
indexed to diffraction of the (111), (200), (220), and (311)
planes of gold, respectively. The observed XRD pattern is
consistent with the selected area electron diffraction
(SAED) pattern of the sample (Figure 1g). Both the XRD
and SAED patterns suggest that the SPs are well multi-
ple-crystallized. In addition, the peak of (111) is much
higher than the other three crystal planes, indicating
that the nanoarms on SPs are mainly oriented with (111),
as demonstrated in Figure 1e.

Figure 1¢,d presents the well-defined “meatball”-like
SPs assembled with plentiful curved nanoarms. The
arrows in Figure 1c show these nanoarms to possess
hollow, soft, and tube-like nanomorphology. To eluci-
date the seed-mediated growth mechanism of the
nanoarms and their self-assembly process into SPs,
we studied the shape evolution of “meatball’-like
SPs. To catch any possible short lifetime intermediates
from the growth process of SPs, the growth process in
a small-volume solution was quenched at differing
times with a large amount of ice—water (Supporting
Information). Interestingly, as shown in Figure 2,
the complex units (immature SPs) with nanoarms
assembled on individual cores appear in 1 min
(Figure 2a), indicating that the nanoarms are formed
quickly right after the addition of seeds to the growth
solution. Over time, the SPs grow in size with more
nanoarms assembled on cores (indicated by a yellow
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Figure 1. Characterization of gold nanoparticles. (a) TEM image of gold seeds with the average size of about 4 nm. (b) A typical
TEM image of “meatball”-like SPs with average diameter of about 59 nm. (c) A high magnification TEM image of two SPs with
arrows to indicate the hollow nanoarms on SPs. (d and e) High magnification TEM image of a SP and its corresponding high
resolution TEM image on one nanoarm. (f) XRD pattern of gold SPs of the average diameter of 59 nm. (g) The correlated SAED
pattern of Au SPs.
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Figure 2. TEM images of the gold SPs sampled at different reaction times: (a) 1 min, (b) 5 min, (c) 10 min, respectively.
The insert in (a) is the color-inverted image to show a core surrounded by a few nanoarms. The yellow arrow in (b) indicates

the core in this SP.

arrow in Figure 2b). After about 10 min of the reaction,
the color of the reaction solution becomes a stable dark
blue, suggesting that the reaction is complete and
mature core—shell morphology of SPs is obtained
(Figure 2c). The cores of the mature SPs can no longer
be observed from the TEM image on individual SPs,
probably due to the thick multiple-layer assembly of
nanoarms. The assembly process shown in Figure 2
is consistent with previous observations that nano-
particles with nonuniform size distributions can spon-
taneously assemble into uniformly sized SPs with
core—shell morphologies where smaller nanoparticles
pack in the outer shell and larger nanoparticles con-
centrate in the core.?

Figure 2 shows the growth process of SPs after
nucleation of nanoarms on cores; however, it is still
unclear how the nanoarms are formed and whether
the nanoarm is really the first formation intermediate.
Microfluidic experiments were conducted to bring
clarity to this issue. It has been known that flow-based
microfluidic systems can slow down the synthesis of
nanowires and capture mechanistic details concerning
their growth in solution phase.?® Here, the flow-based
microfluidic system is expected to slow down the
formation and then the subsequent assembly process
of the intermediate nanoarms due to a special micro-
environment in constant flow.?® On the basis of this
technique, we expect to observe some new short-
lifetime intermediates which are unresolvable from
traditional synthesis process, and then deconvolute
the detailed mechanism for the growth of SPs.

The flow-based microfluidic chip system is illu-
strated in Figure 3a and Supporting Information
Figure S3. The three main reactants were flowed into
the chip simultaneously through three independent
syringes at the same flow rate. Solution 1 was a solu-
tion of gold precursor HAuCl,, solution 2 contained
gold seeds (as shown in Figure 1a), and solution 3 was
the reductant ascorbic acid solution. After the three com-
ponents met at the microreactor, the seed-mediated
growth of nanointermediates or SPs occurred sponta-
neously; the obtained product here, which probably
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contained some short lifetime intermediates for the
growth of SPs, flowed rapidly through the outlet and
was collected through a microtubing with different
lengths (noted as Tube1, Tube2, Tube3, and Tube4,
respectively) in ice—water, which quenched the SP
growth immediately.'® The different lengths of micro-
tubing corresponded to different growth times of the
intermediates (Figure 3a).

Figure 3b—e displays the typical TEM images of the
obtained products with different growth times. From
the shortest growth time (Figure 3b), the obtained inter-
mediates from Tube1 mostly comprise tiny, ultrathin
and flexible gold nanoplates with an average thickness
of about 2.5 nm (AFM image shown in Supporting
Information Figure S4), thinner than any other Au
nanoplates reported thus far.2’~2° With longer growth
time (Figure 3c), the nanoplates obtained from Tube2
become larger and many flexible cylinders or tubes are
generated due to the folding or rolling up (Supporting
Information Figure S5) of said flexible gold nanoplates
as indicated by red and yellow arrows, respectively.
The morphology of these rolled-up intermediates is
congruous with the nanoarms on the “meatball”-like
SPs obtained from traditional synthesis (Figure 1). This
observation reveals that the ultrathin gold nanoplates,
rather than the nanoarms, are the first type of inter-
mediates in this synthesis. Therefore, nanoarm subunits
observed on SPs shown in Figure 1 are actually a second-
order nanostructure of ultrathin nanoplates. This
semiopen morphology is distinct from a perfectly closed
tube, such as the well-studied structure of carbon nano-
tubes (CNTs) (Supporting Information Figures $5—56) .30’

With additional SP formation time observed in
Figure 3d, we can see the initial stage of the seed-
mediated SP growth in Tube3. The cores indicated
by yellow arrows are indicative of rolled up Au nano-
plates compacting together, also observed in HRTEM
(Supporting Information Figure S7). Further, we can see
the assembly of ultrathin Au nanoplates with complete
or incomplete rolling up on the periphery of these
cores. As the growth process goes further within
even longer microtubing (Figure 3e,f), some immature
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Figure 3. Flow-based microfluidic system and corresponding TEM results. (a) Scheme of the flow-based microfluidic system
to capture the intermediates. Solutions 1, 2 and 3 are flowed in the microreactor from three independent syringes with the
same flow rates controlled by a micropump. The product flowing out from the outlet is collected in ice—water through
microtubing with different lengths noted as Tube1, Tube2, Tube3 and Tube4. The inset is the real image of the microfluidic
chip. (b)Typical TEM image of the product from Tube1. (c) Typical TEM image of the product from Tube2. (d) Typical TEM
image of the product from Tube3. (e and f) Typical TEM images of product from Tube4. (g) Typical TEM image of a mature Au
SP obtained from microfluidic system with no ice—water quenching.

“meatball”-like SPs can be found in the obtained
products from Tube4. If the products flowing out from
the outlet are collected from Tube4 without ice—water
to quench the growth, then after 24 h, we are able to
observe mature Au SPs as the final products shown in
Figure 3g and compare against Figure 1. All collected
data shown above unambiguously confirm the
observed ultrathin gold nanoplates, rather than the
hollow, soft nanoarms, to be the real first type of inter-
mediate for the growth of Au SPs. These gold nano-
plates have relatively high surface energy due to the
large surface area; if the nanoplates are thin and
flexible enough, they will decrease their surface energy
by rolling into compact cylinders or tubes in solution
spontaneously, forming the building-blocks for the
growth of SPs. Thicker Au nanoplates cannot roll up
and tend to stack up when dry (Supporting Information
Figure S8).

From the above facts, we can therefore conclude
that the interconnected nanoarms on SPs originate
from the rolling of ultrathin gold nanoplates, as
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evidenced by the hollow structures or interspaces
inside the individual entity as indicated by arrows in
Figure 1c. In addition, the SP cores are also composed
of compact nanoarms. We thus propose the following
growth mechanism of “meatball”-like SPs in the tradi-
tional synthesis (Figure 4). When the seeds, gold pre-
cursors and the reductants are mixed in the solution,
the seed-mediated growth of ultrathin soft gold nano-
plates occurs immediately where each seed serves
as a catalytic reaction center***3 to promote the reac-
tion between gold precursor and ascorbic acid (a — b:
step-i).7?®** The intermediate ultrathin nanoplates
then roll up rapidly to form compact nanoarms in
solution due to the high surface energy of these nano-
plates (b — c: step-ii). To further decrease the surface
energy of the system or as a result of the van der Waals
(vdW) attraction, these flexible soft nanoarms will self-
assemble onto the surface of larger bundles of Au
nanoarms nearest to them,? leading eventually to the
growth of “meatball”-like SPs (c — d: step-iii). Finally,
more and more nanoarms will assemble on these units
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Figure 4. Scheme of the growth mechanism of gold SPs. (a — b: step i) Seed-mediated growth of the ultrathin gold
nanoplates; (b — c: step ii) folding or rolling up of ultrathin gold nanoplates into flexible hollow nanoarms; (c — d: step iii) self-
assembly of flexible hollow nanoarms of forming core/shell nanostructure to trigger the growth of SPs. The red circles
indicate the cores for the following growth of SPs; (d — e: step iv) seed-mediated further growth of SPs by the random self-
assembly of nanoarms on cores ; (f) magnification of a single “meatball”-like gold SP shown in e.

until a balance of electrostatic repulsion and vdW
attraction is achieved, resulting in fully multiple-layered
mature “meatball”-like SPs (d — e: step-iv and f).

The above deconvolution of SP growth mechanism
highlights the significant role that the flow-based
microfluidic chip plays. Without it, the ultrathin gold
nanoplate intermediates, would not be observed, and
it would be uncertain whether the only observable
second-order structure, the rolled-up hollow nanoarms,
were closed tubes like CNTs or not. In the deconvoluted
growth mechanism of gold SPs, there are two seed-
mediated growth steps. The first is the small gold seed
(4 nm)-mediated growth of ultrathin gold nanoplates.
The second one is the larger seed (compact gold
nanoarms)-mediated growth of SPs triggered by the
self-assembly of nanoarms.

To better understand the self-limiting growth of
gold SPs, we applied Monte Carlo simulations to mimic
the self-assembly process of flexible nanoarms (see
Supporting Information, for details). In the simulation,
the few, larger nanoarms are modeled as cylinders,
whereas other nanoarms are reduced as rods. Clearly,
the self-assembled structures are mainly dominated by
interactions between the assembled building blocks,
including van der Waals (vdW) attraction and the
electrostatic repulsion between the nanoparticles.?
Since the cylindrical nanoparticles are normally far
away from each other as shown in TEM images, the
vdW attraction between two cylindrical nanoparticles
can be neglected. Therefore, only the vdW attraction
between cylinders and rods, the vdW attraction
between rods, the electrostatic repulsion between
the rods, and the electrostatic repulsion between the
cylinders and rods are considered in the simulation.
A Lennard-Jones 12—6 potential was used for vdW
attraction between nanoparticles, and a screened
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Figure 5. Variation of the number of the rods assembled
onto the cyinder cores with Monte Carlo time. ecg = 18, egr =
7,Acr=2,and Agg = 2. The rods number is setas 140. (1) t=0;
(2) t=200; (3) t = 325; (4) t = 1000. Green square represents
the cylinder cores, while blue square represents the rods.

Coulomb potential was used for electrostatic interac-
tion (Supporting Information). Figure 5 presents the
variation of the number of rods assembled onto two
cylindrical cores with Monte Carlo time (Monte Carlo
step, mcs) at ecg = 18 (vdW attraction strength between
cylinders and rods), egr = 7 (vdW attraction strength
between rods), Acg = 2 (strength of the electrostatic
repulsion between cylinders and rods), and Agg = 2
(strength of the electrostatic repulsion between rods).
A series of snapshots showing the formation of
“meatball”-like nanoparticles at different times are also
inserted in Figure 5. The number of assembled rods (N,)
shows a steady increase with time until t = 325 and
then remains mostly unchanged as time is further
increased. The inserted snapshots highlight that the
cylinders and rods assemble into two almost mono-
disperse SPs at t = 325 (snapshots 1—3), and then these
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two SPs mostly remain unchanged with time even
though there are still some unassembled rods in the
simulation box (snapshots 3—4), well reproducing the
self-limiting growth observed in experiments. No sig-
nificant changes can be found in the size of SPs even
after increasing the number of rod in the simulation
box, as shown in Supporting Information Figure S9,
confirming the self-limiting behavior in size.

From the self-assembly of “meatball’-like nanopar-
ticles, it is clear the vdW attraction (especially between
rods) is the driving force of the continued growth of the
SPs, whereas the electrostatic repulsion (especially
between the rods) tends to disassemble the SPs. It
has been proposed before that the self-limiting growth
of SPs is governed by a balance between electrostatic
repulsion and vdW attraction.? According to this
theoretical analysis, an increase of the vdW attraction
will lead to additional growth of SPs. Conversely, the
SPs will become smaller or be disassembled when
the electrostatic repulsion is increased. In Supporting
Information Figure S10, we present a series of mor-
phologies for SPs as a function of the vdW attraction
strength between the rods (egr). As egg is increased,
more and more free rods are assembled onto the SPs,
indicating the continued growth of the SPs. On the
other hand, it is observed that SPs start to become
smaller and then disassemble as the strength of the
electrostatic repulsion between the rods (Agg) is in-
creased, as shown in Supporting Information Figure S11.

Supporting Information Figure S12 demonstrates
the shape-dependent optical property of Au SPs at
different self-assembly stage, it is clear that the Au
surface plasmon resonance (SPR) peak shifts positively
from 590 nm (for ultrathin Au nanoplates shown in
Figure 3b) to 630 nm (for mature Au SPs shown
in Figure 1b) after the self-limiting growth of SPs. The
red-shift observed here is consistent with previous
observation of self-assembly of Au nanoparticles.>*

MATERIALS AND METHODS

Traditional Synthesis of Gold “Meatball”-like SPs. A growth solu-
tion was prepared in a centrifugal tube. First, 0.32 g of CTAC
surfactant was added. Then, 9.625 mL of deionized water was
placed into the tube to form a 0.10 M CTAC solution. The tube
was then kept in a water bath set at 30 °C. Next, 250 uL of 0.01 M
HAuCl, solution and 10 uL of 0.01 M NaBr solution were added
to the tube. Finally, 90 uL of 0.04 M ascorbic acid was intro-
duced. Then, 25 uL of the seed solution was added to the
solution in the tube with gentle shaking until the solution color
turned light blue (~20 s). The solution was left undisturbed for
10 min for particle growth and centrifuged at 12 000 rpm for at
least 15 min to stop the reaction.

Microfluidic System To Investigate the Growth Process of SPs. The
device design consists of a microchannel (400 um x 400 um
cross-section and 3 cm long) with three inlets and one outlet.
The three inlets have identical channel widths of 100 um,
and the angle between two adjacent inlet channels is 20°.
The microfluidic device was fabricated using standard soft
lithography with SU8-2100 master mold on a silicon substrate.
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Finally, the effect of surfactants on the seeded-
growth of Au SPs is investigated.®> 38 It is well-known
that halide ions tend to adsorb on low-index gold
surfaces with binding energy that scales with polariz-
ability I” > Br~ > CI™ and surface energies with (111) >
(110) > (100).3° For the case here with cetyltrimethy-
lammonium chloride (CTAC) as surfactant, the selective
protection of CI™ ions to the (111) facets of Au seeds
leads to the preferential growth of Au nanoplates with
the exposure of (111) facet (Figure 1). Compared with
the Au nanoplates synthesized with cetyltrimethylam-
monium bromide (CTAB) as the surfactant,*® due to the
stronger binding ability of Br~ than CI™ on Au (111)
facet,* the protection of CI~ to the (111) facet is insuffi-
cient and unstable. The insufficiency of CI™-protection
makes the apparent surface energy of (111) facets
higher than that protected with Br~. Therefore, the
high surface energy of Au nanoplates protected with
Cl™ can easily drive them to roll into nanoarms, and
then self-assemble into spherical supraparticles.

CONCLUSIONS

In summary, a facile one-step strategy was introduced
to synthesize the self-limiting spherical “meatball”-like
Au SPs with two different building blocks. With a flow-
based microfluidic chip, ultrathin gold nanoplates were
found to be the first structural intermediates, which
cannot be observed in traditional synthesis due to their
rapid rolling-up to form the second-order nanostructure
of flexible hollow nanoarms. The nucleation-based
growth mechanism of SPs was then deconvoluted in
detail based on solid evidence for two seed-mediated
growth steps. The combination of traditional synthesis
with flow-based microfluidic chips represent a new
powerful tool to deconvolute complex growth or reac-
tion mechanisms at nanometer scale by discovery of
transient steps or short-lifetime intermediates which are
usually neglected in traditional methods alone.

SU-8-2100 photoresist (MicroChem Corp) was first spin-coated
on a4 in. silicon wafer at 500 rpm for 10 s followed by 2000 rpm
for 30 s to obtain the desired thickness (400 um). The coated wafer
was soft-baked for 1 h at 95 °C and then exposed to ultraviolet
light with exposure energy of 400 mJ/cm? through a photomask
containing the pattern of microfluidic channels. After exposure,
the wafer was baked again at 95 °C for 25 min and soaked in SU-8
developer (MicroChem Corp) to dissolve the unexposed photo-
resist. The patterned SU-8 master mold was then hard-baked
at 150 °C for 15 min to anneal any microcracks in SU-8. PDMS
(Sylgard 184, Dow Corning) molds were cast from the master, and
inlets and outlets were created using a 16-gauge blunt-tipped
needle. Molds were sealed to glass coverslips after treatment with
oxygen plasma. Microbore tubing was seated directly into the inlet
and outlet holes, providing a water-tight seal.
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