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Shape-controlled continuous synthesis of metal

Victor Sebastian,i Christopher D. Smith§ and Klavs F. Jensen*

A segmented flow-based microreactor is used for the continuous production of faceted nanocrystals.

Flow segmentation is proposed as a versatile tool to manipulate the reduction kinetics and control the

growth of faceted nanostructures; tuning the size and shape. Switching the gas from oxygen to carbon
monoxide permits the adjustment in nanostructure growth from 1D (nanorods) to 2D (nanosheets). CO is
a key factor in the formation of Pd nanosheets and Pt nanocubes; operating as a second phase, a reduc-
tant, and a capping agent. This combination confines the growth to specific structures. In addition, the
segmented flow microfluidic reactor inherently has the ability to operate in a reproducible manner at
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Introduction

The controlled synthesis of nanomaterials has attracted signifi-
cant attention in the last decade because the properties of
nanocrystals are determined by their size, shape, structure and
composition." Nanoparticles of different shapes possess
different facets and orientations.” The catalytic activity and
selectivity of these atoms is correlated to their location and elec-
tronic structure® and their performance in catalytic processes
has been shown to be highly dependent on both the exposed
facets of the nanocrystal and the particle’s surface area.® For
example, the turnover rates and product selectivity of benzene
hydrogenation is very sensitive to the platinum nanocrystal’s
surface coordination: producing only cyclohexane on Pt(100);
and both cyclohexene and cyclohexane on Pt(111).* Therefore,
precise control of both the size and shape of the catalyst is
essential to enhance the usefulness of these nanomaterials for
optimal performance in structure-sensitive reactions.
Solution-phase synthesis has demonstrated successes for
controlling the size and shape of nanoparticles™ through the

Department of Chemical Engineering, Massachusetts Institute of Technology, 77,
Massachusetts Avenue, Cambridge, MA 02139, USA. E-mail: kfjensen@mit.edu
tElectronic supplementary information (ESI) available: ESI Fig. S1-S8. See DOI:
10.1039/c5nr08531d

{Current Address: Department of Chemical & Environmental Engineering &
Nanoscience Institute of Aragon (INA), University of Zaragoza, Mariano Esquillor
edif. I+D, 50018 Zaragoza, Spain. CIBER de Bioingenieria, Biomateriales y Nano-
medicina (CIBER-BBN).

§ Current Address: Department of Chemistry, University of Reading, White-
knights, Reading, RG6 6AD, UK.

This journal is © The Royal Society of Chemistry 2016

elevated temperatures and pressures whilst confining potentially toxic reactants, such as CO, in nanoliter
slugs. This continuous system successfully synthesised Pd nanorods with an aspect ratio of 6; thin palla-
dium nanosheets with a thickness of 1.5 nm; and Pt nanocubes with a 5.6 nm edge length, all in a syn-

use of kinetic control along with different reducing agents and
organic/inorganic additives to affect the natural growth habits
of nanocrystals.® Gaseous reducing agents, such as hydrogen or
carbon monoxide, are known to control the shape of nanocrys-
tals,>”® permitting a delicate control of the growth kinetics and
thus tailoring the shape and size of the nanostructures.
However, current procedures require a synthesis time of several
hours”° and the need for rigorous safety precautions due to the
high toxicity and flammability of those gaseous agents.

Despite recent advances,'®? it still remains a challenge to
reliably produce faceted nanocrystals with the desired size and
shape using rapid and easily scalable procedures that have a
minimal environmental impact.” In addition, these solution-
phase approaches are traditionally run in small volume batch-
reactors, where they suffer from batch-to-batch variations and
the commercial scalability of these micro-batch systems
remains a challenge.”"?

These inconveniences and our desire to implement safely a
rapid screening program of nanomaterial production in a con-
tinuous fashion, have led to the utilization of a microfluidic
reactor platform (MFR). Microreactor technology scales-down
the reaction volume to take advantage of the large surface area
to volume ratio, improving heat and mass transport, which
consequently promotes more uniform heating and mixing.'*"
Rapid reactions can be better controlled in a MFR by using a
segmented flow approach, where circulation within the slugs
enhances mixing and improves mass transfer rates across the
interface. This approach also enables the design of new syn-
thetic protocols and improves control of the steps that govern
nanocrystal synthesis, namely nucleation and growth.®
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Our synthetic method is based on gas-liquid multi-phase
flow in which the gas phase acts as the: (1) dispersed phase, to
segment the liquid flow, promoting the gas-liquid mass trans-
fer and diminishing the size and shape heterogeneity; (2) redu-
cing agent; (3) capping agent, to block metal addition to
certain metal surfaces.

The key to obtaining only one nanocrystal shape is to keep
a tight rein on both the kinetic and thermodynamic factors,"
which is facilitated by the use of continuous flow approaches.
Micro and meso scale flow reactors have been used to improve
particle size distribution of nanomaterials'”'® and to effect
shape control.'®'>'%72! Herein, we report a MFR approach to
synthesize anisotropic palladium and platinum nanostructures
under kinetic control, in order to fine tune the size and shape
of nanocrystals, as part of a continuous flow system. Gas—
liquid segmented flow in a silicon-pyrex MFR is used as a ver-
satile tool that not only realises better control of the nano-
structures size distribution, but also achieves excellent shape
control. The microreactor is designed to withstand high
pressure and comprises a cooled mixing zone, where the reac-
tants are efficiently mixed, and a reaction zone where the
maximum temperature achievable is 350 °C. The experiments
are run with residence times as low as 150 s and at tempera-
tures ranging from 35-250 °C, permitting a new set of con-
ditions to be evaluated every few minutes with minimal
amounts of the precious metal precursor required. In this
report, we explore the conditions that promote the formation
of Pt nanocubes, Pd nanorods, as well as Pd triangular and
hexagonal nanosheets with Surface Plasmon Resonance (SPR)
properties.

Results and discussion

Fig. 1 illustrates the silicon/pyrex MFR utilised in this work to
synthesize the differently shaped palladium and platinum
nanocrystals. The reactor consisted of two zones (mixing-cold
and reaction-hot) separated by a thermally isolating halo
etch.?” The mixing zone was formed by meandering channels
to promote passive mixing and maintained at 15 °C using a
recirculating coolant to avoid nucleation. The reaction zone
(volume = 100 pL) could be heated up to temperatures as high
as 250 °C and the system was pressurized to 120 psi (8.3 bar)
in order to increase both the gas solubility in the liquid phase
and to enable the use of water as solvent at high temperature
(Fig. S1 in ESIf). Two liquid (L; and L,) and one gas stream
were mixed on the chip and attained a steady gas-liquid seg-
mented flow (Fig. 1a and c and Fig. S1 in ESI}). Due to internal
circulation inside these liquid/gas segments (Fig. 1a),>>**
intense inter-phase mixing is promoted, which is important
for the gas to modify the crystallization kinetics in the liquid
phase. In addition, the particle size distribution is governed by
the slip velocity between the two phases and internal mixing
in the continuous-phase slugs.>* Both the velocity difference
between the two phases and the slug length govern the nature
of internal circulation in the slug and hence the particle size.>*
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Fig. 1 (a) Schematic of the gas/liquid segmented flow and internal cir-
culation. (b) Spiral silicon/pyrex microfluidic reactor designed for nano-
crystal synthesis. (c) Detail of gas/liquid segments generated with a
residence time of 150 s. The liquid slug changes from orange to dark
blue as it flows along the reaction channel. (d) Summary of nano-
materials obtained in this work using a microfluidic segmented flow
approach.

Consequently, a high slip velocity and short slugs will yield a
narrow particle size distribution, and a very narrow residence
time distribution profile.>*>*

Liquid slugs with a volume up to 150 nL were produced
with high fidelity during the operation of the MFR at different
residence times (Fig. 1c). This continuous MFR system is
inherently repeatable as all slugs act as identical reaction
vessels, which is necessary to assure the same kinetic con-
ditions in order to obtain the desired shape-controlled nano-
materials (Fig. 1d).>***

Synthesis of faceted Pd nanostructures - synthesis with O,
segmented flow

Oxidative etching is the fundamental driving force for the an-
isotropic growth of palladium nanorods and it is caused by
both the oxygen dissolved in the reaction media and the chlor-
ide anions from the Pd precursor.”® Localized oxidative
etching can activate the surface of the nanocrystals by selec-
tively dissolving defect zones in nuclei whilst the presence of
ethylene glycol (as reductant) and bromide ions (capping
agent) ensures the anisotropic growth of palladium nanocrys-
tals. When the dissolution of Pd atoms caused by oxidative
etching is fast enough to activate the surface but slower than
the atom addition, anisotropic growth takes place and the fcc
habit of Pd can be broken. We have previously shown that
oxygen-liquid segmented flow enhances oxidative etching rela-
tive to other methods'" since is difficult to control the oxygen
content in the reaction media in batch, or when using a single
phase microreactor, which has the additional problems of
fouling by salt crystallization.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 illustrates the TEM micrographs of the as-made
nanorods obtained when O, slugs diffuse into liquid slugs
formed by the mixing at different proportions of L; and L,
streams. Anisotropic growth is clearly promoted by the use of
oxygen-liquid segmented flow, decreasing the number of
nanocubes and Wulf polyhedrons when compared to a
laminar flow pattern without O, slugs (Fig. S2 in ESIf). Pd
nanorods were only obtained at a reaction temperature higher
than 160 °C, whereas shapeless nanoparticles were produced
at lower temperatures.

Xiong et al*® have synthesised similar Pd nanorods in
batch and have proposed that this success was due to the
control of three variables: (1) bromide adsorption; (2) kinetics
of nucleation/reduction; and (3) oxidative etching. The micro-
fludic approach makes it feasible to synthesize Pd nanorods in
a continuous fashion and in a time scale lower than
2 minutes. The batch reactor required 1 hour at 100 °C to
produce the same results.>®

The anisotropic growth of Pd nanostructures can be modi-
fied by tuning the Pd(u) reduction rate by varying the ratio of
the liquid streams L, and L,. L, is composed of ethylene glycol
(EG) and polyvinyl pyrrolidone (PVP) whereas L, contains the
palladium precursor (Na,PdCl,). The concentration of EG, the
reducing agent, will affect the rate of reduction of Pd ions and
it was found that the nanorod aspect ratio could be increased
from 2.5 to 6 by increasing the L,/L; flow ratio from 0.25 to
1.8, respectively (Fig. 2a-d and S3-c in ESIY). This trend is in
full agreement with Xiong et al.>® and can be rationalized in
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Fig. 2 TEM image of Pd nanorods obtained in oxygen segmented flow
(oxygen/liquid = 3.5) at residence time of 120 s and reaction tempera-
ture 160 °C, with different L,/L; ratios: (a) 0.25, (b) 0.66, (c) 1.0, (d) 1.8.
The insets in images c and d are an UHR-STEM image of a Pd nanorod
to show the high crystallinity and a detail of a vial with the Pd nanorods
collected at the outlet, respectively.
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terms of a diffusion limitation process in which the increase
in Pd° atoms in the growth media increases with the EG
content, which facilitates the preferential growth along the
a-axis by atomic addition. Nevertheless, once the L,/L; flow
ratio is higher than 4 (Fig. S3 in ESIf) the nanorods aspect
ratio decreased implying that an optimum has been found.
Therefore, a low content of EG reduces the reduction rate and
the atom addition rate, while a high content of EG increases
the nucleation and reduction rate, in a such a way that the
reduction rate of palladium ions exceeds the atom addition
rate and instead small palladium clusters are formed.

The rate of oxidative etching and hence the nanorods
aspect ratio can be also controlled by modification of the ratio
between the oxygen and liquid flow. Fig. 3a shows a TEM
image of nanorods synthesized under a low O,-liquid ratio.
The decrease in the O, to liquid ratio increases the slug
length, affecting negatively to the gas-liquid mass transfer’’
and hence the oxygen supply to the liquid phase. Conse-
quently, the anisotropic growth is less favoured; under such
conditions nanorods with a low aspect ratio are produced.
Although the effect of the O,-liquid segmented flow is clear,
oxygen was replaced by nitrogen in order to study if the mixing
enhancement due to segmentation influences nanorod for-
mation; thereby decoupling this factor from the oxidative
etching mechanism. Fig. 3b shows that without oxygen, aniso-
tropic growth does not occur and shapeless nanoparticles, as
well as short aspect ratio nanorods, are formed; mainly due to
the chloride anion’s contribution to oxidative etching. The
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Fig. 3 TEM images of the Pd nanostructures obtained with segmented
flow at 160 °C, 120 s residence time and L,/L; = 1.8: (a) O,/liquid = 0.8.
(b) Nx/liquid = 3.5 and (c) CO/liquid = 3.5. Scheme of palladium nano-
structures obtained with the different segmentation gases: oxygen,
carbon monoxide and nitrogen. Temperature 160 °C and residence time
of 120 s.
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most striking differences, with respect to the approach
reported by Kim et al.,'® are that the Pd nanostructures shape,
size and aspect ratio can effectively be tuned by modifying the
composition of both gas and liquid slugs. An additional
advantage of our gas-liquid segmented flow system, as com-
pared to non-soluble liquid-liquid segmented flow, is the sim-
plicity of nanoparticle separation and processing after the
production step by straightforward precipitation.

Synthesis of faceted Pd nanostructures - synthesis with CO
segmented flow

When the Pd nanorod synthesis conditions were repeated
using carbon monoxide (CO)-liquid segmented flow, it was
observed that CO promoted the anisotropic growth of palla-
dium into thin nanosheets (Fig. 3c). This can be rationalised
in terms of the high CO affinity for metal nanoparticles, being
selectively chemisorbed at different facets and active sites.*® In
fact, this property has been widely used to characterize metal
catalysts using IR spectroscopy.”’ Furthermore, CO has been
reported to act as both a soft reducing agent for the synthesis
of hexagonal and triangular Pd nanosheets;***" as well as
other metal nanostructures;** and as a capping agent because
of its binding affinity.' Such preferential adsorption can effec-
tively hinder the growth of a particular facet, promoting atom
addition to other crystallographic planes. Therefore, the iden-
tity of the gas slug and its chemical interaction with the palla-
dium atoms has a profound impact on the shape-controlled
growth of a nanocrystal.

An in-depth study into the influence of synthesis tempera-
ture on the nanocrystal’s shape, demonstrated that triangular
nanosheets were obtained at a temperature as low as 35 °C
(Fig. S4-b in ESIt). In addition, the liquid slugs progressively
turn into dark-blue colour solutions as they are flowing
through the chip reactor.

These observations confirmed the role of CO as reducing
agent because the liquid segmentation with oxygen or nitrogen
required a temperature higher than 110 °C to reduce
Na,PdCl,. On the other hand, as the synthesis temperature
was increased, no shape control was achieved and inhomo-
geneous nanosheets were obtained (Fig. 3c and Fig. S4 in
ESIT). The results suggested that the presence of polyvinyl pyr-
rolidone (PVP), Br~ and CO were not sufficient to control the
nanosheet’s shape. The addition of a quaternary ammonium
salt, tetradecyltrimethylammonium bromide (TTABr), enabled
better control of the nanosheet’s shape but also promoted a
fouling process on the microchannel walls, which rapidly
blocked the microreactor. Dimethylformamide (DMF), a polar
aprotic solvent, was selected to inhibit the fouling process by
enhancing the solubility of TTABr in the liquid slugs.

Fig. 4 shows the Pd nanosheets obtained under our second
set of conditions in the presence of PVP, TTABr, KBr, DMF,
water and Na,PdCl,. By varying the synthesis temperature, the
shape could be changed between trigonal and hexagonal
nanosheets. At 35 °C the nanostructures were composed of
sharp triangular nanosheets with a mean edge length of 41 +
12.8 nm (Fig. 4a and e). Increasing the temperature to 50 °C
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Fig. 4 TEM images of palladium nanosheets obtained with carbon
monoxide segmentation and liquid segments containing DMF and
TTABEr: (a) 35 °C; (b) 50 °C; (c) 90 °C, the inset is a detail of a vial with the
Pd nanosheets collected at the outlet; (d) 130 °C. Characterization of
palladium nanosheets synthesized at different temperatures: (e) edge
length distribution diagram from hexagonal and triangular shape
nanosheets; (f) UV-Vis absorption spectra. The palladium nanorod spec-
trum is included for comparison. Residence time of 150 s.

predominantly formed triangular nanosheets with a mean
edge length of 23 + 7.0 nm (Fig. 4b and e), but some truncated
trigonal and hexagonal nanosheets were also obtained. Hexa-
gonal nanosheets were only obtained at temperatures higher
than 50 °C, producing the most homogenous at 90 °C with a
mean edge length of 14.4 + 2.0 nm (Fig. 4c and e, and Fig. S5-a
in ESIf). Temperatures higher than 90 °C promoted the
inhomogenous growth of hexagonal nanosheets and at 130 °C
formed both nanosheets and polyhedrons (Fig. 4d, and
Fig. S5-b-d in ESIY).

Finally, the nanosheet morphology disappeared at 170 °C,
resulting in hybrid structures composed of short wires and
curled sheets (see Fig. S5-e in ESIt). The observed anisotropic
growth of; the palladium nanosheets is due to carbon mon-
oxide binding to the Pd nanostructure. This binding depends
on the atom distribution (facets) and the adsorption tempera-

This journal is © The Royal Society of Chemistry 2016
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ture CO coverage decreases with increasing temperature and it
is known that CO molecules bind stronger to {111} planes than
to {100}.>** Consequently, the fast mass transfer across the
gas-liquid slug interface ensures the presence of enough CO
to direct both the adsorption of CO and the reduction of Pd
ions at only 35 °C and a residence time of 150 s. The slow
reduction rate of CO at low temperature and its preferential
adsorption to basal {111} planes promoted kinetic control and
the confined growth of triangular nanosheets with uniform
thickness (1.5 nm). By increasing the temperature, the
reduction rate is notably higher but the CO coverage
diminishes, resulting in another morphology - hexagonal
nanosheets.®® Kinetic control is more difficult to maintain
above 110 °C because the reduction rate increases and CO
absorption is not favoured, leading to inhomogeneous growth.
Above 170 °C the poor adsorption of CO on basal planes
results in other Pd nanostructures being obtained.

The nanosheets were sensitive to electron-beam irradiation
during TEM characterization, which caused the observed
damage seen in Fig. 4 and this susceptibility is clearly related
to the ultrathin nanosheets obtained. Advantageously, the ten-
dency of the palladium nanosheets to stack (Fig. 4c) enabled
their direct thickness to be measured by HRTEM (Fig. 5a and
b). The average thickness was found to be 1.5 nm, which
corresponds to less than 9 atomic layers. Lattice fringes with
an interplanar spacing of 0.245 nm were calculated (Fig. 5c),
which can be ascribed to the 1/3{422} reflection of fcc palla-
dium. This is in full agreement with previous observations of
palladium nanoplatelets and suggest that the palladium
nanosheets are bound by two {111} basal planes.*'*>°

The clear pyrex top of the MFR allowed us to observe the
colour change of the liquid slugs from dark orange to dark
blue as they flowed from the inlet to the outlet. This colour
change implied that the nanostructures generated under seg-
mented flow exhibited optical properties (Fig. 4f). The UV-
visible absorption spectra of the Pd nanosheets confirmed that
the Surface Plasmon Resonance (SPR) featured a high sensi-
tivity of the maxima to the synthesis temperature and
nanosheets geometry. Interestingly, triangular nanosheets

Fig. 5 HRTEM images of the palladium nanosheets synthesized under
CO-liquid segmented flow at 90 °C in 150 s; liquid segments contain
DMF and TTABr: (a) stack of palladium sheets perpendicular to the
HRTEM grid; (b) lattice fringes from the nanosheet edge; (c) lattice
fringes of a nanosheet lying flat on the TEM grid.

This journal is © The Royal Society of Chemistry 2016
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exhibited a broad absorption starting at 460 nm to the near-
infrared (NIR) region (Fig. 4f).

The SPR peak blue-shifted as the synthesis temperature
increased to 50 °C and the edge length decreased (Fig. 4f and
Fig. S5-f in ESIf). The hexagonal nanosheets obtained from
50 °C to 110 °C displayed a SPR red-shift from 700 to 750 nm
but beyond 110 °C the SPR peak of the nanosheets blue-
shifted again (Fig. 4f and Fig. S5-f in ESI}). Finally, the SPR
feature disappears at 170 °C even though the SPR would be
expected to increase as the edge length of hexagonal
nanosheets and synthesis temperature increase.’® The
inhomogeneous control of the nanosheets size and the pres-
ence of twinned nanoparticles could explain this tendency.
These unique optical properties in the NIR have been attribu-
ted to the ultrathin nature of Pd nanosheets.>*?® The
nanosheets retained the SPR features after synthesis which
reduces the possibility that the plasmon adsorption derived
from the charge transfer between CO and palladium. Nano-
particle ageing after several weeks promoted the formation of
defects on the surface and quenching of SPR absorption
(Fig. S6 in ESIf).

Our continuous system compares favourably to the results
of intensive traditional batch-type reactors,®*° facilitating
short reaction times and rapid synthesis condition screening
(~10 minutes between each collection). Additionally, the CO
segmented flow MFR operated at elevated temperatures and
pressures while confining a potentially toxic reagent in a slug
with a volume as small as a nanolitres. Those conditions are
difficult to achieve in a conventional batch reactor.

Synthesis of faceted Pt nanostructures with CO segmented
flow

Previous research has shown that not only the presence of
small adsorbates®” but also the choice of metal precursor is
critical for the formation of faceted nanoparticles.*® Pt nano-
crystals with high-energy facets have previously been reported
using both aqueous and non-aqueous synthetic routes.® There-
fore, using the previously described equipment we set out to
synthesize Pt nanostructures in flow.

Pt nanoparticle synthesis under aqueous conditions

An aqueous stream of potassium tetrachloroplatinate, K,PtCl,
segmented with CO at 25 °C and 150 s residence time did not
form any nanostructures. Surprisingly, at temperatures above
35 °C a green solution was observed (see Fig. 6a), but above
160 °C the solution turned a light brown. Fig. 6a shows the Pt
nanostructures synthesised at 125 °C, resulting in hexagonal
aggregates of tiny Pt nanoparticles with an inhomogenous size
distribution. HRTEM characterization revealed that the Pt
nanoparticles had assembled into a polycrystalline structure
with hexagonal shape (Fig. 6b and Fig. S7-a-c¢ in ESIf).
Between 35-140 °C the shape and structure of the platinum
aggregates did not vary, but at 160 °C individual particles
without hexagonal assembly were obtained (Fig. S7-d in ESIf).
The most striking feature of the hexagonal Pt nanoparticles
assembly is that they exhibit tuneable absorption peaks in the
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Fig. 6 (a) TEM image of Pt clusters obtained under the aqueous route
at 125 °C, Pco = 120 psi and residence time = 150 s. The inset is a detail
of a vial with the Pt clusters collected at the outlet; (b) HRTEM image
from a hexagonal assembly of Pt cluster depicted in (a); (c) UV-Vis
spectra of the clusters obtained in the aqueous route at different tem-
peratures and a residence time of 150 s.

UV-Vis region. It can be seen in Fig. 6c that these nano-
structures display two prominent absorption bands: a high
energy band in the near UV (350-450 nm) and a low energy
band in the visible (450-810 nm). It has been reported that Pt
nanoparticles display a characteristic Surface Plasmon Reson-
ance (SPR) at 215 nm,*® with a weak tail extending in the
visible. But to our knowledge there has been no report of SPR
in the UV-Vis region; although ultrathin metallic structures,
such as the Pd nanosheets obtained in this work, can exhibit
SPR.>® Interestingly, the optical properties of the Pt clusters
disappeared after several days in contact with air (Fig. S8 in
ESIt), which implies that the absorption of the Pt nano-
structures arises from the charge transfer between platinum
and CO.*° This feature suggest that the particles responsible
for the spectrum are self-assemblies of Chini clusters
[Pt;(CO)6).2,*"** where n is the cluster nuclearity, which
usually ranges from 1-10.

Chini clusters display a low energy band which is n depen-
dant and permits the discrimination of clusters. High energy
bands are also n dependent, but to a much lesser extent than
the low energy bands.*’ Chini clusters with n = 4 (blue-green
colour) and n = 5 (yellow-green) display a maximum in the
visible band at 620 and 710 nm, respectively.”® These values
are in full agreement with the UV-Vis spectrum reported in
Fig. 6c. Consequently, it appeared that Chini clusters with n =
4 were obtained between 50 and 70 °C or at temperatures
higher than 125 °C. However, between 90-110 °C a mixture of
Chini clusters with n = 4 and 5 were obtained (Fig. 6¢). On the
other hand, it is reported that the structural characterization
of Pt-Chini clusters is challenging due to the low thermal
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stability.*»** In fact, the TEM electron beam can thermally
convert Pt-Chini clusters into nanoparticles,"” obtaining nano-
particles smaller than 2 nm.**

Pt nanoparticle synthesis under non-aqueous conditions

The non-aqueous synthetic route was carried out using plati-
num(u) acetylacetonate (Pt(acac),) in mixtures containing oleyl-
amine (OAm) and oleic acid (OLA) (Experimental section).
Liquid stream L, containing Pt(acac), and OAm was mixed
with a second liquid stream L, composed of OAm and OLA,
allowing control of the OAm/OLA molar ratio. The liquid
streams were also segmented using CO, obtaining gas-liquid
slugs with a 1:1, v:v flow. Contrary to our aqueous experi-
ments with K,PtCl,, Pt(acac), did not generate any nano-
structures at temperatures lower than 200 °C and the high
temperatures required to reduce Pt(acac), implies that the
platinum carbonyl clusters observed earlier are not formed.
The nanocrystals obtained at 200 °C with OAm/OLA = 8.5,
OLA/Pt = 60 (molar ratios) exhibited a high shape dispersity
including nanorods, truncated nanocubes, nanocubes, triangle
nanoplates and polyhedral nanocrystals (Fig. 7a).

While faceted nanocrystals were obtained with CO segmen-
ted flow, only shapeless nanoparticles were obtained if N, gas
replaced CO (see Fig. 7b). This is to be expected from the pre-
ferential adsorption of CO onto Pt atoms localised on the (100)
surfaces.® Additionally, the OAm/OLA ratio is an important
factor for controlling the formation of faceted Pt nanocrystals*®
because neither OAm nor OLA alone leads to the formation of
Pt nanocrystals with (100) facets.*® In fact, it is the co-adsorp-
tion of CO and OAm onto (100) surfaces”’ that promotes the
fast growth of other facets, lowering the binding energy, and
therefore, the total surface energy on (100). This implies that
the CO-amine co-adsorption stabilises the (100) facets, result-
ing in the addition of Pt atoms to (111) and thus leading to for-
mation of (100) faceted nanocrystals.”” An added complication
is CO’s role as reducing agent, since this can alter the kinetics
of the nucleation-growth process.’® Consequently, manipu-
lation of these factors including CO content, OAm/OLA ratio,
OLA/Pt ratio, temperature and residence time is required to
control the synthesis of nanocrystals with (100) facets. A final
consideration relevant to flow is that the concentration of the

Fig. 7 TEM images of Pt nanocrystals obtained under the non-aqueous
route with CO-liquid segmented flow at 200 °C, OAm/OLA = 8.5, OAL/
Pt = 60 and residence time = 150 s: (a) Pco = 120 psi; (b) with N, seg-
mentation under the same synthetic conditions.

This journal is © The Royal Society of Chemistry 2016
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Pt precursor is crucial to avoid clogging of the microchannels
during synthesis process.

Decreasing the OAm/OLA molar ratio to 3.8 permitted the
formation of well-defined nanocrystals (Fig. 8) consistent with
a previous study.*® The results of increasing the concentration
of Pt(acac), at OLA/Pt = 45 proved that smaller faceted nano-
crystals are obtained as a consequence of fast nucleation
process (see Fig. 8a). Unfortunately, the microchannels quickly
became clogged because the microreactor walls served as
nucleation initiators. Decreasing the Pt concentration to OLA/
Pt = 150 still permitted the formation of (100) faceted nano-
crystals. At 230 °C Pt nanobars and nanocubes were obtained
without any control on the edge length (Fig. 8d), whereas at
200 °C the most homogenous nanocrystals were obtained
where the nanobar morphology was practically avoided
(Fig. 8a). These results suggest that at the 200 °C the Pt atomic
addition is fast enough to promote the anisotropic growth of
Pt nanocrystals.>® In addition, at higher temperatures the low
solubility of CO in the liquid phase decreases the coverage of
(100) facets, increasing the surface energy and promoting an-
isotropic growth of different faceted nanostructures.

The Pt concentration was further decreased (OLA/Pt = 230)
to promote the slow growth of {100} faceted nanocrystals from
nuclei at 200 °C and OAm/OLA = 3.8. Under these synthetic
conditions, perfectly cubic faceted nanocrystals were formed
with sharp edges and a narrow size distribution (see Fig. 9a—c).
The most striking aspect of these results is that Pt nanocubes
with an average edge length of 5.6 nm could be obtained in a
synthesis time as small as 150 s. It should be highlighted that
the synthesis of Pt nanocubes by conventional batch reactors
is reported to take several hours.*®™*° The uniform size distri-
bution of the nanocubes enabled them to assemble into long-
range ordered arrays, creating even 3D-structured super lattices

Fig. 8 TEM image of Pt nanocrystals obtained under the non-aqueous
route with CO-liquid segmented flow. OAmM/OLA = 3.8, Pco = 120 psi
and residence time = 150 s: (a) 200 °C, and OLA/Pt = 45 molar ratio; (b)
200 °C and OLA/Pt = 150 molar ratio; (c) 215 °C, OLA/Pt = 150 molar
ratio; (d) 230 °C, OLA/Pt = 150 molar ratio.

This journal is © The Royal Society of Chemistry 2016
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Fig. 9 Pt nanocrystals obtained under the non-aqueous route with
CO-liquid segmented flow at 200 °C, OAm/OLA = 3.8, OLA/Pt = 230
(molar ratios), Pco = 120 psi and residence time = 150 s: (a) TEM image
of Pt nanocubes. The inset is a detail of a vial with the Pt nanocubes col-
lected at the outlet; (b) HRTEM of Pt nanocubes, detail of shape; (c) TEM
image of self-assempled Pt nanocubes; (d) HRTEM image of a faceted Pt
nanocube.

(Fig. 9c and Fig. S7-e and f in ESIf). HRTEM of a single Pt
nanocube revealed an interplanar distance of 0.19 nm, which
is consistent with the lattice spacing of the {100} planes of the
fee platinum structure (Fig. 9d). Furthermore, the well-resolved
lattice fringes indicated the single crystallinity of the Pt
nanocubes.

Metal carbonyl inputs can facilitate the nucleation and
direct the growth of Pt nanocubes, but we have demonstrated
the synthesis of Pt nanocubes with high crystallinity and
shape uniformity from easily accessible metal salts without
recourse to difficult to handle and purify, and potentially toxic
metal carbonyls.

46,49

Experimental
Reactants

The following reactant materials were used in the experiments:
ethylene glycol (EG, Aldrich), sodium palladium(u) chloride
(Na,PdCl,, Aldrich), potassium tetrachloroplatinate(i)
(K,PdCl,, Aldrich), platinum(u) acetylacetonate (Pt(acac),,
Adrich), potasium bromide (KBr, Aldrich), polyvinyl pyrrololi-
done (Aldrich MW = 55000), tetradecyltrimethy-lammonium
bromide (TTABr, Aldrich) dimethylformamide (DMF, EMD
chemicals), oleic acid, carbon monoxide (CO, Airgas), Oxygen
(O, Airgas) and Nitrogen (N,, Airgas).

Microfluidic reactor (MFR)

A silicon microreactor was fabricated by deep-reactive ion
etching to form a square-cross-section channel (400 pm on the
side) with a reactive volume of 100 pL and (etched from the
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backside) in/outlet through-holes. The channel side of the
etched wafer was capped by anodically bonding to a pyrex
wafer. The chip device includes three fluid inlet ports and one
outlet port. The microfluidic reactors consisted of two zones, a
cold inlet/outlet/mixing zone and a hot reaction zone (100 pL
volume), separated by a thermally isolating halo etch that

allowed a temperature gradient of over 25 °C mm ™.

Microfluidic system description

The flow setup is depicted in Fig. S1.f The liquid input is
driven using two Harvard syringe pumps whilst the gas phase
is added using a UNIT mass flow meter. The gas/liquid
streams meet at the microreactor mixing cold zone. The gas
flow is controlled such that at room temperature the desired
liquid : gas v: v slug flow regime is enforced. The initial mixing
zone was cooled to 15 °C using a recirculating chiller before
entering the hot zone of the reactor. Throughout these experi-
ments the system was pressurized to 120 psi using a N, cylin-
der. The temperature in the reaction zone was controlled with
a PID temperature controller. As an example a total flow rate of
40 pL min~" (20 pL min~" liquid + 20 pL min~" gas) ensures a
residence time of 2.5 min (150 s) in the hot zone. The samples
were eluted from the reagent loop with ethanol, precipitated
with cyclohexane spun down and filtered. The samples were
analyzed using UV absorption (Agilent 8453 UV-Visible spectro-
photometer) and transmission electron microscopy (JEOL JEM
200CX and HRTEM JEOL 2010 microscopes at an accelerating
voltage of 200 kV).

Synthesis of palladium nanorods

A liquid stream (L;) composed of ultra-pure water, KBr and
Na,PdCl, solution was prepared; the molar ratio Na,PdCl,/
H,0 was varied from 1/5000 to 1/1100. The molar ratio KBr/
Na,PdCl, was kept constant at 35. Liquid stream L, was pre-
pared by dissolving PVP in ethylene glycol with an EG/PVP
ratio equal to 175. Reactants were introduced at the mixing
zone in two separate fluid streams (L, and L,), insuring good
control of the flow rates. The ratio of L, and L; (L,/L;) was
varied from 0.25 to 1.8. The gas/liquid flow ratios were varied
from 0.8 to 3.5. Oxygen and nitrogen were used as the gas
stream to create gas/liquid segmented flow. The pressure
inside the reactor was maintained constant at 120 psi and the
residence time was varied from 10 to 150 s.

Synthesis of shapeless Pd nanosheets

A liquid stream (L;) composed of ultra-pure water, KBr, and
Na,PdCl, was mixed in the MFR with a liquid stream (L,) com-
posed of PVP and ethlyene glycol in a volumetric flow ratio of
L,/L; = 1.8. The molar ratio of Na,PdCl,/H,O, Na,PdCl,/KBr in
L, stream were 1:1100 and 1: 35, respectively. The molar ratio
of PVP (monomer)/EG in L, liquid stream was 1:175. The
liquid streams (L, + L,) were mixed with carbon monoxide to
obtain shapeless nanosheets. The gas/liquid volumetric flow
ratio was 1, with a total gas/liquid segmented flow of 40 pL
min~'. The pressure inside the reactor was maintained con-
stant at 120 psi and the residence time was 150 s.
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Synthesis of triangular/hexagonal Pd nanosheets

A liquid stream (L;) composed of ultra-pure water, KBr, PVP
and Na,PdCl, was mixed in the MFR with a liquid stream (L,)
composed of DMF and TTABr in a volumetric flow ratio of L,/
L; = 4. The molar ratio of Na,PdCl,/H,0, Na,PdCl,/KBr and
Na,PdCl,/PVP(monomer) in L, stream was 1:700, 1:35 and
1:9, respectively. The molar ratio of DMF/TTAB in L, liquid
stream was 240 : 1. The liquid streams (L; and L,) were mixed
with the carbon monoxide stream (CO/liquid volumetric flow
ratio =
40 pL min
at 120 psi and the residence time was 150 s.

1), resulting in a total gas/liquid segmented flow of

~'. The pressure inside the reactor was maintained

Synthesis of Pt Chini clusters

Ultra-pure water, KBr, PVP and K,PtCl, (liquid stream L,) was
mixed in the MFR with liquid stream L,, composed of DMF
and TTABr, in a volumetric flow ratio of L,/L; = 4. The molar
ratio of Na,PdCl,/H,O, Na,PdCl,/KBr and Na,PdCl,/PVP
(monomer) in L; stream was 1:700, 1:35 and 1:9, respect-
ively. The molar ratio of DMF/TTAB in L, liquid stream was
240: 1. The liquid streams L; and L, were mixed with a carbon
monoxide stream (CO/liquid volumetric flow ratio = 1), with a
total gas/liquid segmented flow of 40 pL min~'. The pressure
inside the reactor was maintained at 120 psi and the residence
time was 150 s.

Synthesis of Pt nanocubes

A liquid stream (L;) composed of OAm and Pt(acac), was
mixed in the MFR with a liquid stream (L,) composed of OLA
and OAm in different volumetric flow ratios L,/L; = 0.5-4. The
molar ratio OAm /Pt in L; was modified (100-600) in order to
modify the OLA/Pt ratios during the screening program. The
liquid stream L; and L, were mixed with the carbon monoxide
stream (CO/liquid volumetric flow ratio = 1), resulting in a
total gas/liquid segmented flow of 40 pL min~'. The pressure
inside the reactor was maintained at 120 psi and the residence
time was 150 s. The synthesis procedure was as follows: L,
stream — A 5 mL glass syringe was filled with of 5 mL of OAm
and 20 mg of Pt(acac),. L; stream - A 5 mL glass syringe con-
taining 0.4 mL of OAm and 1 mL of OLA. L; and L, were
injected into the MFR at a flow rate of 10 pL. min~" each (com-
bined 20 uL min™') obtaining OLA/Pt and OAm/OLA molar
ratios of 62.3 and 8.6 respectively. The liquid stream was seg-
mented by CO at a flow rate of 20 pL min™".

Conclusions

In summary, we have demonstrated a new Dial-a-Particle strat-
egy for the selective synthesis of faceted nanocrystals with
different shapes and composition. Pt nanocubes, Pd nanorods
and Pd trigonal and hexagonal nanosheets were produced in a
continuous fashion. All these nanostructures were synthesised
using the same gas-liquid segmented microfluidic reactor,
where a change of gas leads to a change of morphology. New
insights have been given to prevent microreactor clogging

This journal is © The Royal Society of Chemistry 2016
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during nanomaterials production. The excellent heat and gas—
liquid mass transfer enabled fine control of size and shape of
nanostructures. This included the synthesis of Pd nanorods
with different aspect ratios and homogenous thin palladium
nanosheets in only 150 s, with a thickness of less than
9 atomic layers and possessing controllable shape and SPR fea-
tures. On the other hand, Pt nanocubes of 5.6 nm edge length
were produced under very exact conditions using CO as seg-
mented gas. The use of gas as the disperse phase enabled the
facile isolation of the nanoparticles after production, as well
rapid synthesis condition screening. The continuous flow
reactor is an excellent platform that possesses inherent repeat-
ability and safety features allowing the synthesis of consistent
nanoparticles in any quantity desired. Finally, the exquisite
architecture of these Pd and Pt nanostructures have great
potential for use in catalysis,”® molecular detection®' and bio-
medical phototherapies.>
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