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Laminar and segmented flow methods are presented for producing Pd rod-shaped nanostructures from Na,PdCl, in mix-
tures of water, ethylene glycol, polyvinyl pyrrolidone, and KBr. Synthesis in laminar flow produced an evolution from
Pd nanoparticles to short nanorods with residence time. Use of air as the segmentation gas tuned the oxidative environ-
ment promoting anisotropic growth of Pd. Moreover, the elevated temperatures (160°C and 190°C) and pressure (0.8
MPa) reduced the synthesis time from hours for most batch systems to 2 min. The ratio of polyol and Pd precursor
metal flow streams controlled the anisotropic growth, obtaining nanorods with a diameter approximately 4 nm and an
aspect ratio up to 6. Nanorods were single crystal with the {100} lattice spacing of fcc structure, and without any dislo-
cation, stacking fault, or twin defects. The resulting Pd nanorods had high activity at moderate temperature (40°C) and
pressure (0.2 MPa) in the catalytic hydrogenation of styrene. © 2015 American Institute of Chemical Engineers AIChE J,

62: 373-380, 2016
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Introduction

One-dimensional metal nanostructures, such as nanowires
and nanorods, have attracted much research attention for their
unique optical, electronic, magnetic, catalytic, and sensing
properties.l_6 Methods for synthesizing nanorods with control-
lable aspect ratio have used multistep seeding approaches’ as
well as electrochemical and membrane-template syntheses.®
Herein, we present the use of a micro-fluidic reactor as a ver-
satile tool for continuous synthesis of anisotropic palladium
nanorods at short residence times (minutes).

Micro-fluidic reactors are an attractive technology with their
ability to rapidly mix reagents, provide homogeneous reaction
environments (temperature, pressure and concentration), contin-
uously vary reaction conditions, and add reagents at precise time
and location during a chemical reaction. In the last years, there
has been an intense activity in the application of this technology
to the synthesis of high quality nanomaterials.”'® Nanocrystal-
line colloids of a wide variety of nanomaterials have been syn-
thesized, including simple nanostructures such as Cu, !t Au,12
CdS,13 Ti02,14 SiOz,15 MOFs,16 and complex nanostructures
with a core-shell morphology such as SiO,/Au,'” CdSe/ZnSe/
7ZnS,'® or even hollow nanostructures.'® However, the produc-
tion of nanostructures under a shape control process in which
kinetic control prevails over thermodynamic factors,” is practi-
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cally unexplored because of the great number of variables affect-
ing the growth process of anisotropic nanocrystals (kinetics,
synthesis conditions, ligands, additives).”! The properties of ani-
sotropic nanostructures (Au*?, Ag23, Iron oxides®) are highly
sensitive to the morphology, and thus, realizing them requires
exquisite control during the synthesis process. Although micro-
fluidic processing technology is promising, it suffers from
two principal problems: propensity of fouling after extended
operation and velocity dispersion.”> Segmented flow microflui-
dic reactors hinder those drawbacks by introducing an immisci-
ble fluid (gas or liquid), causing the reaction phase split into
discrete drops. This technique has been successfully applied
in the production of a wide range of nanoparticles such as
Au,'%2226 pg.?’ quantum dots,”®?° iron oxides,>**® and micro-
porous nanomaterials. 1631

Palladium is chosen in this work for its catalytic activity in
hydrogenation and organic coupling reactions.' >33 Shape
selective synthesis of Pd nanoparticles is particularly of inter-
est as the catalytic activity of nanoparticles depends on the rel-
ative distribution of facets, edges, and corners.>* Xiong et al.»
used a polyol/water system in the presence of polyvinyl pyrro-
lidone and potassium bromide (KBr) to form nanorods and
nanobars. They demonstrated the importance of Br™ anions to
promote the formation of {100} and {110} facets and the oxi-
dative etching to initiate the preferential growth. Huang
et al.*® also reported high yield of Pd nanorods in 8 h synthe-
sis. Kim et al.?’ realized bar shape nanoparticles using pinched
PTFE tubing to promote efficient mixing of the growth precur-
sors. Nevertheless, the anisotropic growth achieved was lim-
ited (average aspect ratio ~1.2).

We report a continuous segmented flow microfluidic
approach to synthesize Pd nanorods. The use of air as the
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Figure 1. (@) Schematic of the segmented flow genera-
tion in the mixing zone of a hydrophilic
microfluidic reactor. (b) Spiral microreactor
with 400 pL channel width and depth, and
100 pL volume used for the synthesis of Pd
nanorods. (c) Liquid flow segmentation by
the gas phase. (d) Detail of the gas/aqueous
segments generated at 160°C and a resi-
dence time of 2 min. The black segments
contain Pd nanoparticles.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

segmentation gas provides the oxidative environment promot-
ing the anisotropic growth of Pd in the polyol method.”® More-
over, the use of elevated temperatures and pressure reduces
the synthesis time from hours to 2 min. The resulting Pd nano-
rods are shown to have high activity in the catalytic hydrogen-
ation of styrene.

Experimental Section
Reagents

Sodium Palladium(II) Chloride (Na,PdCl,, Aldrich); KBr
(Aldrich); Polyvinyl Pyrrololidone (PVP; Aldrich MW = 55000);
N,N-dimethylformamide (DMF; EMD chemicals); Ethylene
Glycol (EG, Aldrich); Styrene (Aldrich,99.9%); Pd supported on
activated carbon (Aldrich, 1% wt.). All reagents were used as
received.
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Microfluidic device and setup

All experiments were performed in silicon/Pyrex microreac-
tors designed to withstand high pressure (60 MPa) and high tem-
perature (350°C).37 The reactor consisted of two zones (mixing
and reaction) separated by a thermally isolating halo etch that
allowed for a temperature gradient of over 25°C/mm>’ (Figure
1b). The chip was fabricated using conventional lithographic
techniques to assure a high reproducibility in reactor replication
as well as an excellent control in the design features. Meander-
ing channels prior to the reaction zone served as passive
mixers.”” The mixing zone was maintained at room temperature
to avoid a nonhomogenous nucleation during the mixing of
reagents and the reaction zone (volume = 100 uL) was heated
up to 180°C. A back-pressure regulator (Jasco, Model BP-1580)
maintained a set pressure inside the reactor while enabling sam-
ples to be collected in a continuous mode without depressurizing
the system. The pressure inside the reactor was kept constant at
0.8 MPa to assure a single liquid phase reaction process (in the
absence of a segmenting gas flow). The reactant solutions were
introduced through two separate inlets (Figure 1a): (1) palladium
precursor (Na,PdCly + KBr + H,O) and (2) polyol (EG and
polyvinyl pyrrolidone). The palladium precursor solution con-
sisted of KBr and Na,PdCl, in ultra-pure water. The ration of
Na,PdCl, to H,O was varied from 1/5000 to 1/1100 while the
molar ratio of KBr to Na,PdCl, was kept constant at 35. The
polyol solution was prepared by dissolving PVP in EG in an
EG/PVP ratio equal to 175. The streams were injected in the
mixing zone by means of two high-pressure syringe pumps
(ISCO-100DM). The flow rates of the two reagent streams, the
temperature in the reaction zone and the residence time were
modified to control the reduction rate and promote the aniso-
tropic growth. Pd nanostructures collected at the backpressure
regulator were washed with acetone to remove most of the EG,
palladium precursor, and excess PVP.

For the segmented flow synthesis, a gas stream was intro-
duced in the microfluidic reactor. The gas/liquid volume flow
ratios were modified in the range of 0.8 to 3.5. Air and nitro-
gen were used as gas streams to explore the influence of oxida-
tion on the Pd nanoparticle morphology. Flow segmentation
promotes mixing by the recirculating flows inside the fluid
segment.38 The recirculation flow and the related enhanced
mass transfer are primarily governed by the wetting character-
istics of the reactor surface, physical properties of the two seg-
mented phases, and the inlet flow rates.'® The injection of a
gas phase confines the liquid reagents into small, isolated seg-
ments (see Figures la, c). Accurate control of the liquid and
gas stream injections was necessary to control the segmented
flow velocity and the residence time. Figures lc, d illustrate
the homogenous distribution of segments achieved in the
microfluidic device. The yield of nanoparticles after synthesis
and before the final purification was estimated to 68%.

Characterization of synthesized Pd nanoparticles

The nanostructures were analyzed by transmission electron
microscopy (TEM, Jeol Model 200CX). Aberration corrected
scanning TEM (Cs-corrected STEM) images were acquired
using a high angle annular dark field detector in a FEI XFEG
TITAN electron microscope operated at 300 kV equipped
with a CETCOR Cs-probe corrector from CEOS (LMA-INA-
UNIZAR). Elemental analysis was carried out with an energy
dispersive x-ray spectroscopy detector, which allowed energy
dispersive x-ray analysis (EDS) during scanning.
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Figure 2. TEM image

(b) 30 s, 160°C; (c) 60 s, 160°C; (d) 120 s, 160°C; (e) 120 s, 130°C; (f) 120 s, 190°C.

Hydrogenation of styrene

Catalytic hydrogenation of styrene was carried out in liquid
phase using a Parr reactor. Styrene of 87 mM in DMF was
reacted with 0.1 mM Pd catalyst. Total volume of the reaction
mixture at the beginning of the reaction was 15 mL. Reaction
temperature was maintained at 313 K using an oil bath by
feedback controller. Once the temperature reached the steady
state, the reactor was purged with hydrogen gas and the
stirrer set at 800 rpm. Then a constant backpressure of 0.2
MPa was maintained inside the reactor with a slow bleed of
hydrogen (10 ccm). Aliquot of 0.5 mL was collected at various
time intervals from the sample port and analyzed with gas
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chromatography (Agilent, Model 6890) using FID detector.
The conversion of styrene was calculated by ([styrene];, —
[styrene]oy)/[styrene];,.

Results and Discussion
Laminar flow synthesis

Microfluidic synthesis in laminar flow produced an evolution
from Pd nanoparticles to short nanorods as the residence time
increased from 10 s to 120 s (Figures 2a—d). At 160°C and
190°C nanorods were obtained at sufficiently long residence
times (120 s) (Figures 2d, f), while at lower temperatures only
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Figure 3. TEM images of Pd nanostructures obtained wi

th different Pd/H,O molar ratios in the metal flow at a resi-

dence time =120 s, synthesis temperature = 160°C and Polyol/Metal = 1.8/1: (a) 1/5000, (b) 1/2200, (c) 1/
1100. TEM images of Pd nanostructures obtained by oxidative etching with H,O, at a residence
time =120 s, synthesis temperature = 160°C, Polyol/Metal = 1.8/1 and Pd/H,0, ratio (d) 1/0.05, (e) 1/0.2,

(f) 1/1.

nanoparticles formed. Oxidative etching by dissolved oxygen
in the ethyleneglycol/water media and the chloride anions
from the Pd precursor has been proposed as underlying the
anisotropic growth of palladium nanorods.*® The added bro-
mide ions bind to the Pd surface preventing addition of Pd
atoms from the solution. The oxidative etching removes bro-
mide and thus activates growth. This process tends to be
selective to {100} causing one facet to grow faster than other
facets when there are sufficient Pd atoms available to over-
come the etching reactions.
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The observed results are consistent with this model. At the
lower temperature (130°C), the preferential growth is not favored
because the oxidative etching and the atomic additions rates are of
similar magnitude.®® At higher temperatures, the rate of generation
of Pd atoms exceeds the etching and nanorods evolve with suffi-
cient residence time. Increasing the palladium concentration
induced the formation of nanocubes and nanobars with sharp
edges (Figures 3a—c) consistent with batch growth observations
by Tsuji et al.*’ These structures have been attributed to the role
of CI™ anions in the oxidative etching process.
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Figure 4. TEM image of Pd nanorods obtained in air segmented flow (air/liquid volume flow ratio = 3.5/1.0) at resi-
dence time of 120 s and reaction temperature 160°C, with different Po/Pd ratios: (a) 0.25, (b) 0.66, (c) 1.0,

(d) 1.8, (e) 4, and (f) 9.

Air-liquid segmented flow synthesis

To control the oxidative etching that plays such a central
role in the anisotropic growth, it would be useful to be able to
manipulate the oxygen or chloride ion concentrations in the
reaction media. An increase in Cl anions could lead to for-
mation of salt crystals fouling and ultimately plugging the
microfluidic reactor. Therefore, we decided to enhance the
oxidative etching by two new oxygenation approaches com-
patible with continuous synthesis: (1) addition of hydrogen
peroxide and (2) increasing the oxygen content in the synthesis
media by an air-liquid segmented flow.

Addition of hydrogen peroxide increased the oxidative etch-
ing to such an extent that the growth of short Pd nanobars and
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cubic nanocrystals were achieved only at a Pd/H,O, molar
ratio as low as 0.05 (Figure 3d). Over that concentration, the
dissolution of the Pd atoms occurred across the entire surface
of the nanocrystals, rather than on a localized face, which
promoted the growth of nanocrystals with a nearly spherical
shape (Figures 3e, f). In addition, the atom etching increased
with the hydrogen peroxide concentration, decreasing the size
of the nanocrystals at the higher concentrations (Figure 3f).
The excellent gas-liquid mass transfer in segmented flow
increased the oxygen concentration,®® which promoted aniso-
tropic growth and decreased the number of nanocubes in
comparison with laminar flow (Figure 4). Under these synthe-
sis conditions, the control of the three variables (bromide
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Figure 5. (a) High Magnification Cs-corrected STEM image obtained with a high-angle annular dark field (HAADF)
detector of Pd nanorods obtained in air segmented flow (air/liquid = 3.5/1.0) at residence time of 120 s
and reaction temperature 160°C, with a Po/Pd metal flow streams ratio of 1.8. (b) Representative EDS
analysis from the selected area in (a) (square) of a single Pd nanorod. (c) Lattice fringes profile to calcu-
late the distance between atoms.

adsorption, nucleation-reduction kinetic and oxidative etching)
proposed by Xiong et al.*> made it feasible to synthesize
Pd nanorods in 2 min at the elevated temperature (160°C)
and pressure (0.8 MPa) in the continuous microfluidic system.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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In comparison, synthesis in a batch reactor required 1 h
at 100°C.*

The ratio of polyol (Po) and Pd precursor metal flow streams
(Po/Pd) controlled the anisotropic growth. The nanorod aspect

Figure 6. TEM images of the Pd nanostructures obtained with segmented flow at 160°C, 120 s residence time and
Po/Pd flow stream ratio = 1.8: (a) air/liquid volume flow stream ratio = 0.8. (b) nitrogen/liquid volume flow

378

stream ratio = 3.5.
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Figure 7. Conversion of styrene to ethylbenzene was
plotted against reaction time at 0.2 MPa
pressure and 313 K temperature for various
catalyzed and uncatalyzed conditions.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

ratio increased from 2.5 to 6 with an increase in Po/Pd flow
ratio from 0.25 to 1.8, respectively (Figures 4a—d). At a con-
stant synthesis temperature and residence time, the reduction
rate increases with EG. The resulting larger number of Pd”
atoms facilitates the preferential growth along the a axis by
atomic addition. Consequently, the aspect ratio of the nanorods
would be expected to increase with the ratio of Po to Pd flows.
However, the nanorod aspect ratio was observed to decreased
when the Po/Pd flow ratio was higher than 4 (Figures 4e, f).
Thus, there appears to be an optimum range of EG content to
obtain anisotropic nanostructures. Low content of EG dimin-
ishes the reduction rate and the atom addition rate, while a
high content of EG increase the nucleation and reduction rate
such that the reduction rate of palladium ions exceeds the atom
addition rate and small palladium clusters are formed by parti-
cle growth.

A high-resolution STEM image of a Pd nanorod with an
aspect ratio of about 4.5 (Figure 5a) indicates that the
nanorod is single crystal without any dislocation, stacking
fault, or twin defects. The fringes show a period of 2.0 A,
which was consistent with the {100} lattice spacing of fcc Pd
(Figure 5c).

The ratio between the air and liquid flows controls the oxi-
dative etching. A decrease in the air to liquid ratio reduces the
gas slug length. The slug length is an important hydrodynamic
parameter, along with the slip velocity. Both parameters have
a significant effect on gas-liquid mass transfer’® and conse-
quently the oxygen supply to the liquid phase. As a result, the
oxidative etching rate is low and the anisotropic growth is less
favored; under such conditions nanorods with a low aspect
ratio are produced (Figure 6a). The gas-liquid segmented flow
also enhances the mixing and eliminates the axial dispersion,
which make this flow pattern an efficient approach for nano-
structures synthesis.'”> When air is replaced by nitrogen, aniso-
tropic growth does not occur (Figure 6b). The most striking
differences observed, with respect to the approach reported by
Kim et al.,27 are that the Pd nanostructures shape and size can
effectively be tuned by the modification of the composition of
gas and liquid slugs to promote the growth of anisotropic Pd
nanostructures with high-aspect ratio (Figures 4c, d).

Hydrogenation of styrene

To evaluate the catalytic activity of the synthesized Pd
nanorods in hydrogenation, they were characterized in the cat-
alytic hydrogenation of styrene and the results benchmarked
to those with commercial Pd catalyst from Sigma. The Pd
nanorods showed enhanced catalytic activity and no induction
time toward the hydrogenation of styrene under similar condi-
tion (Figure 7). The measure catalytic activity was also com-
pared with reported catalytic hydrogenation of styrene at
different reaction conditions (Table 1).**™* Under moderate
temperature (40°C) and pressure (0.2 MPa) Pd nanorods syn-
thesized by microfluidic reactor process show high turnover
number (840) and frequency (6297 hfl) calculated based on
the final reaction conversion.

Conclusion

We have shown that microfluidic systems facilitate fast
screening of reagent mixtures and reaction conditions for syn-
thesis of anisotropic Pd nanostructures. Moreover, introduc-
tion of air as a segmentation gas improved dispersion
characteristics and allowed balancing of etching and addition
processes to realize high aspect ratio Pd nanorods. Further-
more, the elevated temperatures (160—190°C) and pressure
(0.8 MPa) used in the microfluidic reduced the synthesis time
from hours for most batch systems to 2 min. Finally as a dem-
onstration, the resulting Pd nanorods displayed high activity at

Table 1. Comparison of Catalyst Performance for Hydrogenation of Styrene Under Various Reaction Conditions

Turnover
Pressure Reaction Turnover Frequency
Catalyst (MPa)  Temperature (°C)  Solvent Time (min) % Conversion % Yield Number (hr)
Without 0.2 40 DMF 60 12.5 2.9 X X
catalyst*
Pd-C (Sigma)* 0.2 40 DMF 30 100 88.6 771 1542
Pd nanorod* 0.2 40 DMF 8 100 96.5 840 6297
Ru3(CO);o/ 1.0 90 Toluene 180 100 99.5 995 332
PETPP**
PdCI-673% 1.0 80 Toluene 40 100 98 25480 38220
Pd-C* 0.2 30 Dodecane 60 45 95 679 679
Perfluoroalky- 1.0 50 Supercritical CO, 180 100 100 500 167
lated BINAP—
Rh(I)
complexesz'
*In this study.
AIChE Journal February 2016 Vol. 62, No. 2 Published on behalf of the AIChE DOI 10.1002/aic 379
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moderate temperature (40°C) and pressure (0.2 MPa) in the
catalytic hydrogenation of styrene.
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