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Abstract

The synthesis of supported bimetallic nanoparticles with well-defined size and compositional
parameters has long been a challenge. Although batch colloidal methods are commonly used to
pre-form metal nanoparticles with the desired size-range in solution, inhomogeneous mixing of
the reactant solutions often leads to variations in size, structure and composition from batch-to-
batch and even particle-to-particle. Here we describe a millifluidic approach for the production of
oxide supported monometallic Au and bimetallic AuPd nanoparticles in a continuous fashion. This
optimised method enables the production of nanoparticles with smaller mean sizes, tighter particle
size distributions and a more uniform particle-to-particle chemical composition as compared to the
conventional batch procedure. In addition, we describe a facile procedure to prepare bimetallic
Au@Pd core-shell nanoparticles in continuous flow starting from solutions of the metal precursors.
Moreover, the relative ease of scalability of this technique makes the proposed methodology
appealing not only for small-scale laboratory purposes, but also for the industrial-scale production

of supported metal nanoparticles.

Page 2 of 40



Page 3 of 40

Nanoscale

INTRODUCTION

Metal nanoparticles have numerous applications in medicine, electronics, energy, environment,
biology and chemistry'= thanks to their unique magnetic, optical, electronic and chemical
properties.*3 Supported bimetallic nanoparticles are especially important in catalysis.®”® Two
metals can be effectively mixed together to produce a new alloyed material with physical
properties that substantially differ from those of the original constituents and that strongly depend
on the final composition and nanoscopic morphology. Two effects can be considered as being
responsible for the modification in chemical and physical properties of alloy nanoparticles, namely
the so-called ligand and ensemble effects.'® The former refers to the electronic interactions
between the two metals, such as charge redistribution and changes of the d-band electron structure,
while the latter refers to the changes in catalytic properties due to the change in chemical

composition at the surface.!!-13

Among bimetallic nanoparticles, gold-palladium alloys have been extensively studied.!#'® For
instance, gold-palladium nanoparticles smaller than 10 nm supported on high surface area oxides
are commonly used as heterogeneous catalysts in reactions such as selective oxidations of
alcohols!”-!8 and hydrocarbons,!® transformation of biomass to fuels and chemicals?*? and the

direct synthesis of hydrogen peroxide from its constituent elements.?3-24

The control over the catalytic properties of these supported metal nanoparticles can be highly
sensitive to their diameter, chemical composition and alloy structure. The catalytic hydrogenation
of nitroaromatics with monometallic Au catalysts, for example, strongly depends on the total
surface area of the metal nanoparticles, with small nanoparticles being more active than larger

nanoparticles.?>27 Similarly, bimetallic AuPd nanoparticles have shown analogous results in the
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liquid phase oxidation of glycerol, where small particles exhibit higher activity despite being less

selective towards glycerate.?®

Moreover, the synergistic effect between the two metals has been found to strongly affect both
activity and selectivity of several liquid and gas phase reactions.?*3? In the cinnamaldehyde
hydrogenation reaction, for instance, random alloy AuPd particles supported on TiO, showed a
maximum of activity for Au:Pd molar ratios of 1:1, while the selectivity towards the desired
product increased with increasing Pd content.>* On the other hand, the catalytic performance can
also be optimised by formation of core-shell structures, where one metal is selectively deposited
on the surface of the nanoparticle. In this way, one can combine the synergistic effect while
maintaining the desired surface composition. Au@Pd core-shell nanoparticles, for instance,
showed a volcano-like behaviour in the selective oxidation of benzyl alcohol with a maximum in
activity at only 10 % of Pd, corresponding to a one atomic layer of Pd.3* It is therefore clear that a
catalyst preparation method that allows exquisite control of particle size, metal composition and
alloy structure is fundamental for the optimisation of the catalytic performance of these supported

nanoparticles.

One promising method for the synthesis of supported metal nanoparticles is the sol-immobilisation
method,?> where nanoparticles are prepared in solution by chemical reduction of metal precursors
and then immobilised onto the support materials. The synthetic procedure consists of five
fundamental steps: namely (I) mixing of the metal precursors and reducing agent, (II) fast
reduction of metal ions to metallic atoms, (III) nucleation of these insoluble metal atoms, (IV)
growth into nanoparticles and finally, (V) deposition of the metallic nanoparticles onto a support
material. However, this technique is typically performed in conventional mechanically-stirred

batch reactors, where inhomogeneous mixing of the reactants often leads to variance in the
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chemical-physical properties of the resultant nanoparticles.?¢ In fact, this inhomogeneous mixing
originates from the formation of microscopic local reaction conditions (such as metal precursors
and reducing agent concentration gradients) due to the slow mixing process inherent to mechanical
stirring. Consequently, the nucleation and growth steps are not sufficiently separated in time and
competition for metal ions between the two parallel processes, leading to polydispersity in
nanoparticle size and shape and poor batch-to-batch reproducibility. These complications are even
more apparent when two metals are co-reduced, and differences in redox potentials can lead to
systematic composition variations from particle-to-particle. Pritchard et al., for example, observed
size-dependent composition variations in AuPd nanoparticles stabilised by polyvinyl alcohol
(PVA) and deposited on activated carbon: small nanoparticles (ca. 2 nm) were consistently Au-
rich while larger particles (ca. 6 nm) showed a Pd-rich composition.3” All these problems make
the synthesis of bimetallic alloy particles with uniform size and composition a highly challenging

problem and currently limits the larger scale operation and uptake of this method.33-40

To overcome these problems, recent research has employed micro- and milli-fluidic reactors in
nanoparticle synthesis.*!'~#¢ These approaches provide enhanced mixing allowing microscopic
control over the reaction conditions; this in turn permits the spatial and temporal separation of the
nucleation and growth steps and thus allows the synthesis of smaller metal nanoparticles with
narrower size distributions.*”*® Despite the numerous reports present in literature regarding the
synthesis of monometallic Au nanoparticles in continuous-flow mode,**-3% not many studies have
focussed their attention on bimetallic AuPd nanoparticles. Nakajima et al., for instance, used a
multi-laminar flow micromixer in order to obtain highly monodisperse AuPd clusters.’® The
bimetal composition, however, was only evaluated with a bulk technique (ICP-AES), therefore it

was impossible to establish whether or not the as-synthesised nanoparticles presented consistent
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alloy compositions from particle-to-particle. On the other hand, Grunwaldt and co-workers
adopted a different approach, using a series of three cyclone micromixers integrated in a
microfluidic chip and high solution flow rates in order to obtain small and monodisperse AuPd
alloy nanoparticles.’” Although STEM-XEDS analysis showed a homogeneous alloy composition,
in-depth XAS analysis revealed the presence of a Au-enriched core and a Pd-rich surface, with
some Pd being segregated as small monometallic particles as well. In addition, both studies made
use of ad-hoc microfluidic devices that are often difficult to fabricate, expensive and hard to scale-
up.>? Finally, to the best of our knowledge, the production of Au@Pd core-shell structures in a
one-phase micro- or milli-fluidic setup has not been reported to date and we therefore took this
key challenge of compositional and morphological control in bimetallics as a starting point in the

present study.

In this work, we report the continuous production of TiO,-supported bimetallic AuPd nanoparticles
with small mean particle size (ca. 2 nm) and a much-improved composition distribution compared
to materials prepared via the conventional sol-immobilisation method.?” The continuous method
was firstly optimised for the production of polymer-stabilised Au nanoparticles through variation
of several operational parameters, such as polyvinyl alcohol (PVA) and NaBH, concentration,
solution flow rate and reactor geometry. Moreover, we report for the first time the production of
Au@Pd core-shell nanoparticles using a continuous flow method. Finally, the ‘as produced’ mono-
and bi-metallic catalysts were tested in a nitroaromatic reduction reaction and cinnamaldehyde
hydrogenation reaction in order to demonstrate their superior catalytic activity compared to their

counterpart materials prepared by conventional sol-immobilisation batch methods.
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RESULTS AND DISCUSSION

Millifluidic Method for the Synthesis of Mono- and Bi-metallic Nanoparticles

Figure 1(a) shows a schematic diagram of the millifluidic reactors designed in this work for the
synthesis of monometallic Au and bimetallic random alloy AuPd nanoparticles supported on TiO,.
The approach was to adapt a well-established sol-immobilisation batch synthesis method>®-? into
a process which operates continuously. Full details of experimental set-up and operational
parameters are disclosed in the Experimental Details section and are only described in outline here
for the purpose of providing some context. Using a two-channel peristaltic pump, an aqueous
solution containing the Au metal precursor (HAuCly) and stabilising agent (PVA) was mixed with
a second solution containing the reducing agent (NaBH,) in a T-shape connector unit (red inset,
Figure 1(a)). Different connector shapes were fabricated through 3D printing, having characteristic
T-, Y- or I-shapes (as shown in Figure 2). The mixed solution was then passed through an 80 cm
length of PFA tube (1.14 mm internal diameter) which acted as the standard millifluidic reactor,
giving a residence time of 8 s for a typical flow rate of 6 mL min‘!. In later experiments, this simple
tubing was replaced with specially designed 3D printed millifluidic reactors having more complex
geometries to enhance mixing (Figure 2). Formation of small bubbles was observed in the reactor
due to the decomposition of NaBH, in water; these bubbles, with their associated motion, can
create liquid segments that act as independent microreactors, further enhancing the solution
mixing.%° After passing through the millifluidic reactor, the colloids were examined on-stream by
a UV-vis spectrometry system integrated into the apparatus. The formation of the characteristic
ruby red coloured Au colloid commenced immediately on mixing at which indicated that the Au?*
precursor present in solution was completely reduced, as evidenced by the absence of the

characteristic AuCly absorption band at ca. 310 nm in the UV-vis spectrum acquired on-line
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(Supplementary Information, Figure S2(a), inset). After passing through the UV-vis spectrometer,
the colloidal solution can either be collected for subsequent immobilisation off-line (setup 1), or
it can pass through a final module stage of the apparatus for direct continuous immobilisation on
TiO, (setup 2). In setup 1 (the semi-continuous synthesis approach), the colloidal solution was
manually added into a beaker pre-loaded with support material suspended in water. In setup 2 (the
continuous synthesis approach), an additional peristaltic pump was incorporated into the apparatus
in order to combine a continuous stream of titanium oxide support suspended in water with the
metal colloid. In both cases, the resultant mixture was then filtered, washed and dried to obtain the

final supported metal nanoparticle material.

The synthesis of Au@Pd core-shell nanoparticles was carried out in a modified version of setup 1
(see setup 3, Figure 1(b)). A second peristaltic pump was incorporated in order to add the second
metal precursor (PdCl,) and reducing agent solutions to the Au colloid stream. The three solutions
were mixed using an ad-hoc 3D printed 4-way connection unit (orange inset, Figure 1(b)). No

extra PVA was added to the Pd precursor solution.

Optimisation of the Au Nanoparticle Synthesis Parameters

Several key parameters for the synthesis of Au nanoparticles under flow conditions were firstly
explored using the semi-continuous setup, such as NaBH, and PV A concentration, and the method
of solution mixing. A critical parameter in producing uniform metallic nanoparticles is the efficient
mixing inside the reactor tubing. In the straight channels of typical millifluidic devices, mixing
can be problematical due to laminar flow and lack of mechanical stirring. To overcome these
problems, two parameters can be optimised, namely the flow rate of the solutions and the

connector/reactor geometry. The total flow rate of the metal precursor/stabiliser and reductant
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solutions was varied between 1 and 24 mL min-!' (giving an overall corresponding variation in
residence time between 48 and 2 s respectively), with each solution having the same flow rate.
Reynolds numbers (Re) were calculated for all the flow rates used and varied from 13 at 1 mL
min! up to 320 at 24 mL min’!, confirming the presence of a laminar flow environment (i.e., Re <
2,300).5! It has been reported that higher flow rates tend to increase the degree of mixing in the
region of T-shape connectors due to the formation and intensification of a secondary flow in the
form of a double vortex pair, analogous to Dean vortices characteristic of flow in curved pipes.5?
This has the potential to cause a faster nucleation step that results in the production of smaller seed
particles and narrower nanoparticle size distributions.®® This is consistent with our observations,
where the mean nanoparticle size, determined from scanning transmission electron microscopy
analysis decreased from 15.1 nm at 1 mL min! to 5.6 nm at 24 mL min! (Table 1, Entries 1-6),
with the relative standard deviation in Au nanoparticle diameter decreasing accordingly from +
6.2 nm to + 1.3 nm. Table 1 also shows dynamic light scattering (DLS) analysis of particle size in
the colloidal solutions whose trends were in good agreement with the electron microscopy
analysis. The intensity and shape of the Au surface plasmon resonance peak are also indicative of
the nanoparticle size distribution.®* In particular, the smaller the mean Au nanoparticle size in the
colloid, the broader the surface plasmon resonance peak and the more shifted it is towards shorter
wavelengths, e.g. 505 nm.%3-% Figure S2(a) shows the recorded plasmon resonance from in-line
UV-vis analysis acquired at differing flow rates and demonstrates that the absorption peak is
shifted from 510 nm at 1 mL min-! to 504 nm at 24 mL min-!, indicating that smaller nanoparticles

were being formed at higher flow rates.

The solution mixing can be tuned via changing the geometry of the connector unit and the

millifluidic reactor using a stereo-lithographic 3D printer. It has been previously reported that the
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tubing material can affect the quality of the metal colloid produced.®’ In this work, we compared
the default T-shape connector, with alternative Y-shape and I-shape connectors (Figure 2). The Y-
shape connection simply allows the two streams to merge with a lower contact angle compared to
the T-shape connector, while the I-shape connector unit can be defined as a coaxial mixer where
the two solutions make contact in the same flow direction, with the Au3" solution forced into the
NaBHy, solution for better mixing (Supplementary Information, Figure S1). Indeed, in our case, a
noticeable change in the mean size of nanoparticles was noticed when different connectors were
used (Table 1, entries 7-9). For instance, a catalyst produced with the standard I-shape connector
gives a smaller mean particle size (6.5 = 1.7 nm) compared to a catalyst produced with a T-shape
connection (7.0 = 1.9 nm). Specially shaped reactors, having helical or plait-like geometries
(Figure 2) were also 3D printed and tested in conjunction with a T-shape connector (Table 1,
entries 10-11). The helix design is an 8-turn helicoidal shaped reactor that takes advantage of its
3-dimensional curves to intensify the so-called Dean vortices and thus increase the degree of
mixing. The plait-like reactor is a device where the two solutions split and recombine multiple
times on a 2-dimensional plane along their pathway. The results show that amongst the tested
geometries, the I-shape connection and the helical reactor produced the smallest and most uniform
nanoparticles (6.4 £ 1.5 nm and 6.3 £+ 1.3 nm respectively), whereas the plait-like reactor and the
Y -shape connection proved to be the least effective configurations (7.4 £2.2 nm and 7.5 £ 2.5 nm

respectively).

Finally, we observed that an optimum value of NaBH, and PVA concentration was required in
order to produce small and uniform Au nanoparticles; low amounts of NaBH, were not enough to
rapidly reduce all the metal precursor, while an excess of reducing agent caused a destabilising

effect due to the excess of electrolytes in solution and PVA hydrolysis (Table 1, entries 12-15).68

10
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Similarly, the absence of the stabilising agent, as expected, led to the production of large
nanoparticles through particle agglomeration and coalescence (Table 1, entry 16). On the other
hand, an excess of PVA did not significantly change the characteristics of the final Au colloid
(Table 1, entry 18). For catalysis applications, however, it is desirable to use the lowest amount of
stabilising agent possible since these ligands may block or decrease the accessibility of the metal
active sites from the substrate, affect adsorption/desorption of substrates/products and thus

decrease the overall activity.

Continuous Production of Supported Au Nanoparticles

Following our successful optimisation of the semi-continuous process, we further explored
generating supported metal nanoparticles in a one-step ‘continuous’ process. An additional
peristaltic pump was added into the apparatus in order to integrate a continuous stream of the TiO,

support suspended in water with that of the Au colloid (Figure 1(a), setup 2).

The Au/TiO, material as produced was then compared with the benchmark Au/TiO, catalyst
prepared by the standard batch sol-immobilisation method (see Table S1). The continuous addition
of support facilitated the production of very well-dispersed Au nanoparticles with a small mean
particle size and narrow size distribution (4.5 + 1.3 nm) as determined by HAADF-STEM analysis
(Figure 2). Comparison with the batch catalysts showed that the mean size of the nanoparticle
decreased from 5.6 nm to 4.5 nm, with the corresponding particle size distribution also slightly
decreasing from 1.6 to 1.3 nm (Figure S3). It is clear that the rapid formation and immediate
deposition in a continuous fashion of the Au colloid onto the TiO, support is highly beneficial.
This positive outcome is ascribed to two main effects; firstly, the absence of mechanical stirring,
which is inherent to the batch synthesis method, minimises agglomeration phenomena: and

secondly, the fast removal of the remaining NaBH, in solution by immediate filtration of the

11
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catalyst, which can interfere with the interaction of the PVA ligand with the colloid thus reducing
the stabilising effect of the polymer. The metal loading of the continuous catalyst, as measured by
MP-AES, was comparable to that of the batch preparation (at 0.96 wt% and 0.94 wt%
respectively), confirming that any metal deposition on the internal walls of the tubing was
negligible under the optimised reaction conditions. Additional MP-AES analysis was carried out
on the filtrate solution in order to confirm complete reduction of the metal and deposition of the
nanoparticles onto the support: no residual Au species were detected in solution. Diffuse
reflectance UV-vis spectroscopy was performed on the three catalysts and the results (Figure S4)
are in accordance with both electron microscopy and absorption UV-vis analysis. The Au surface
plasmon resonance of the continuous-prepared catalyst was very weak and broad compared to that
of the batch derived material, and the maximum intensity occurred at shorter wavelengths (i.e.,
536 nm for the continuous catalyst, as compared to 540 nm of the batch prepared materials). All
the plasmon resonance features in Figure S4 were shifted towards longer wavelengths compared
to those in the absorption UV-vis spectra derived from the colloidal samples (Figure S2) due to
interaction between the Au nanoparticles and the TiO, support.®® XPS analyses were also
performed on the catalysts prepared by the batch and the continuous methods (Table S1 and Figure
S5(a)). The Au(4f) spectra showed the presence of metallic Au in all cases, with the Au4f;,
binding energy values (BE) being in the 83.6-83.7 eV range in agreement with previous reports.’°

No significant difference in Au4f;, BE was detected amongst the samples analysed.

Continuous Production of Supported AuPd Random Alloy Nanoparticles

The same experimental setup used for the continuous production of supported Au colloids was
then used for the synthesis of random alloy AuPd nanoparticles supported on TiO,. The Au and

Pd precursors were mixed together immediately prior to pumping into the apparatus, in order to

12
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have simultaneous reduction of the two metals by the NaBH, and thus generate alloy nanoparticles.
The catalyst produced was compared with a benchmark AuPd/TiO, catalyst made by a batch sol-
immobilisation process, and the results are reported in Table S1. From electron microscopy
analysis (Figures 4(a, b) and S3(c, d)), the mean size and particle size distribution were similar at
2.1 £ 0.7 nm for the batch derived materials and 2.0 £ 0.7 nm for those made by the continuous

Process.

XPS analysis was also performed on both catalysts to monitor any electronic differences caused
by the different synthesis methods (Figure S5). The Au (4f;,) peaks in both cases (see Figure
S5(a)) were between 83.0 - 83.2 eV, which is lower than that of bulk gold (ca. 84.0 eV). This
decrease in binding energy (BE) is due to particle size effects and to electronic interactions
between Au and Pd, confirming the presence of small alloy nanoparticles.”! Since electron
microscopy analysis confirmed the presence of a similar particle size distribution for the two
catalysts (Figures 4(a, b) and S3(c, d)), the binding energy shift from 83.2 eV to 83.0 eV might be
indicative of an increased interaction between the two metals (or a more homogeneous AuPd
composition). In accordance with these results, a slight downshift was also observed in the metallic
Pd (3ds5,) band (Figure S5(b)), from 335.0 eV for pure Pd to 334.6 —334.7 eV for the alloy samples,
with the batch catalyst having the smaller BE shift.”>73 No Pd?" species were observed at ca. 337.0

eV, confirming the metallic state of the alloy nanoparticles.

The composition of individual alloy nanoparticles was quantified by use of an aberration-corrected
STEM equipped with an energy dispersive X-ray spectrometer (XEDS). Previous detailed studies
have shown that the conventional batch sol-immobilisation synthesis protocol in which PVA is
used as the stabilising agent always resulted in a systematic composition variation with increasing

AuPd particle size.3” Larger AuPd particles (i.e., >5 nm) were Pd-rich, while the smaller particles

13
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(i.e., ~2 nm) were consistently Au-rich. In contrast, the AuPd particles produced by the continuous
synthesis protocol developed in this work display a AuPd composition which is almost invariant
with particle size (Figures 4 (c, d)). The average measured Pd composition of ca. 35 wt%,
corresponds well to a Au-to-Pd molar ratio of 1:1, which is in excellent agreement with the nominal
value. Moreover, although several studies have been reported regarding the continuous production
of metal nanoparticles,*’4374 to the best of our knowledge, this is the first time that both the
synthesis and immobilisation steps of a bimetallic colloid have been performed entirely in a
continuous flow system. This new approach provides a reproducible and scalable synthesis method
which provides good control over alloy particle size and more importantly, a superior consistency
in alloy composition with particle size as compared to comparable materials made by the batch
protocol. This important difference in compositional homogeneity is most likely due to the very
fast deposition of the freshly formed AuPd nanoparticles on the support in the continuous synthesis
route which effectively “locks-in” their structure and composition after only a few seconds of
ageing. In the batch process, where there is a very significant time delay before immobilisation of
the colloid, the extended ageing time in solution provides an opportunity for the colloid particles
to intimately interact with one another, resulting in the observed characteristic composition

variation with particle size.

Continuous Production of Au@Pd Core-Shell Nanoparticles

The synthesis of core-shell Au@Pd nanoparticles was carried out using the set-up 3 presented in
Figure 1(b). The selective reduction of the PdCl, precursor on the surface of pre-formed Au
nanoparticles was carried out by mixing the three feed streams in a four-way connection. The three
solutions, containing Au nanoparticles, Pd precursor and NaBH, respectively, were fed into the

four-way connection in the order shown in the yellow-inset of Figure 1(b).

14
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STEM-HAADF imaging of this sample confirmed the presence of some Au@Pd core-shell
particles in the 3-5 nm with mean diameter of ca. 4 nm (Figure 5). Although some segregated
monometallic particles were detected as well, we believe this is the first time Au@Pd core-shell
structures have been intentionally produced in a single-phase continuous flow reactor and
represent a starting point for a further optimisation of this process. The additional presence of
monometallic Au and Pd particles in this non-optimised process is not entirely unexpected, as the
former arise from uncoated Au seed particles, whereas the latter result from secondary Pd

nucleation events occurring away from the Au colloid seeds.

Application of Materials as Catalysts
The catalytic performance of the Au/TiO, and AuPd/Ti0, materials prepared by both the batch

and continuous methods were evaluated in the hydrogenation of various nitroarenes to
aminoarenes, while the comparison between AuPd/TiO, and Au@Pd/Ti0, catalysts prepared in

continuous mode was evaluated in the cinnamaldehyde hydrogenation reaction.

Nitroarenes are generally highly toxic, mutagenic and in many cases carcinogens.”>’¢ They can
often be found in industrial and agricultural waste water as by-products of pesticides, herbicides
and synthetic dyes, and their presence, even in small concentrations, is of great concern from an
environmental point of view.”” The hydrogenation of nitroaromatic compounds can generate
aminoarenes, important chemicals widely used by the pharmaceutical industry as analgesics,
antipyretics and chemotherapeutics, and in agriculture as fungicides and pesticides. They are also
used by the chemical industry as intermediates in the synthesis of polymers (polyurethanes), dyes,

pigments, photographic chemicals and corrosion inhibitors.”®

The nitroarenes studied were 4-nitrophenol (4-NPH), 3-nitrophenol (3-NPH), 2-nitrophenol (2-

NPH), nitrobenzene (NBZ), 4-nitroaniline (4-NAL), 4-nitrotoluene (4-NTL) and 4-nitrobenzyl

15
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alcohol (4-NBA). The reduction of 4-nitrophenol (4-NPH) with NaBH,4, in particular, has been
frequently used as a model reaction to investigate the catalytic activity of supported metal
nanoparticles having controlled size and shape.”®8° In our work, UV-vis spectroscopy has been
used to monitor the consumption of the nitroarenes in a cuvette. For a typical measurement, the
decrease in intensity with time of the substrate peak (typically at ca. 350-400 nm) was used to
calculate the rate constant of the reaction (see Figure S6(a)). Since the NaBH, was present in
excess, it was assumed that the reaction rate depended only on the concentration of nitroarenes,
allowing us to approximate the kinetic data with a first-order rate law (as has been previously
reported).’° The reaction constant (k) was then determined based on the kinetic equations described
in the experimental method section of the Supplementary Information and used to compare the
activity of the different catalysts. The inactivity of the bare support was confirmed beforehand: no

significant nitroarene conversion was noticeable after 10 minutes of reaction.

The catalysts prepared in a continuous fashion consistently showed higher activity compared to
that of the corresponding batch produced material (Table 2). This increase in activity can be better
quantified in terms of the percentage difference in reaction constant (Ak) between the k values
obtained for the batch and continuous derived catalysts. For the various substrates studied, the Ak
value was in the 6 — 50 % range in favour of the continuously derived catalyst materials, with the
4-NBA and NBZ substrates showing the lowest and highest measured activity increase
respectively. In the case of the continuous derived Au/TiO, catalyst, the greater activity was
attributed to the smaller mean Au nanoparticle size, whereas, in the case of the continuous
AuPd/TiO, catalyst the more uniform alloy composition and absence of Au-rich and Pd-rich

nanoparticles in the material is thought to be responsible for the improvement in performance.

16
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Cinnamaldehyde is one of the most significant fragrance aldehydes, with an estimated production
of 1.5 kton/year via base-catalysed condensation of benzaldehyde and acetaldehyde.’! The
products of hydrogenation of the vinyl (C=C) and carbonyl (C=0) group, hydrocinnamaldehyde
(HCAL) and cinnamyl alcohol (COH) respectively, are largely used in the production of various
fine chemicals for the pharmaceutical and perfumery industry.3!:82 In a previous study we
demonstrated the synergistic effect of alloying Au and Pd, reporting a peak in activity for Au : Pd
compositions of 50 : 50.3> On the other hand, the selectivity did not follow the same behaviour,
and high concentrations of HCAL were obtained with Pd-rich nanoparticles. Thus, we speculated
that Au@Pd core-shell particles could offer high selectivity due to a Pd-rich surface while

maintaining high CAL conversions thanks to the electronic effect of the Au core.

The Au@Pd/TiO, catalyst synthesised with the experimental setup 3 was tested and compared
with the random alloy AuPd catalysts prepared by both continuous and batch synthesis (Table 3).
The continuous AuPd/TiO, catalyst showed higher selectivity towards HCAL compared to the
batch catalyst after 1 h of reaction (55 % versus 40 % respectively), despite having a similar
activity (55 % versus 52 % CAL conversion respectively). Small Pd nanoparticles are reported to
be more selective towards the C=C hydrogenation for this particular reaction.®3> However, as
already pointed out, with the batch technique small nanoparticles are generally Au-rich. Therefore,
the better alloy composition achieved with the continuous setup assures a constant surface Pd
content across the whole particle size range while maintaining a strong synergistic effect between
the two metals. The core-shell catalyst, on the other hand, showed improvement in both activity
and selectivity: 68 % of CAL was converted after 1 h with 63 % of the products being HCAL. The
enhanced activity can be attributed to the strong electronic effect between the Au core and the Pd

surface, while the high HCAL selectivity is due to the presence of a Pd-rich surface.

17
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CONCLUSIONS

A very simple, versatile and easy to construct millifluidic reactor system has been developed for
the synthesis of metal nanoparticles with excellent size and composition control. Various
experimental parameters of the system have been firstly optimised for the synthesis of
monometallic Au nanoparticles. It has been demonstrated that efficient mixing, combined with
optimised values of PVA-to-Au and NaBH,-to-Au ratios, are required for the synthesis of small
nanoparticles with a narrow size distribution. In addition, we have shown that supported
nanoparticles can be synthesised in a one-step continuous process in which a suspension of TiO,
support material is directly incorporated into the colloid stream, achieving rapid immobilisation of
the particles which minimises their opportunity for growth and agglomeration. The simplicity,
efficiency and better control of the newly developed process has been demonstrated by critical

comparison to materials produced by the conventional batch sol-immobilisation process.

More importantly, supported bimetallic AuPd nanoparticles have been efficiently synthesised and
supported entirely in a continuous fashion. Through the use of localised single particle STEM-
XEDs analysis we demonstrated the absence of the size-dependent composition variations
typically observed in PV A-stabilised bimetallic colloids prepared by batch sol-immobilisation
methods. In addition, the optimised setup has been adapted for the synthesis of Au@Pd core-shell
nanoparticles showing for the first time that bimetallic Au@Pd core-shell nanoparticles can be
synthesised and supported in a single-phase continuous reactor directly from reduction of the

constituent metal precursors in solution.
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From an application standpoint, the Au and AuPd catalysts prepared in a continuous fashion
always showed higher activity in the hydrogenation of nitroarenes to aminoarenes compared to
those prepared in batch. This improvement in performance was attributed to the smaller particle
size in the case of the Au/Ti0, catalyst, while to a more uniform alloy composition and absence
of Au-rich and Pd-rich nanoparticles in the case of the continuous AuPd/TiO, catalyst. Moreover,
the core-shell catalyst showed better performance in the selective hydrogenation of
cinnamaldehyde compared to both the batch and the continuous random-alloy catalysts. The latter
activity enhancement was attributed to the strong synergistic effect between the Au-core and the
Pd-surface layer, while the high hydrocinnamaldehyde selectivity was attributed to the presence

of a Pd-rich surface.

This work represents a starting point for the efficient production of uniformly dispersed supported
metal nanoparticles having very reproducible structural and compositional characteristics. It can
also potentially be applied in the production of a much wider range of supported mono-metallic
and bi-metallic nanoparticles with desirable functional properties. In addition, this technique
should also be highly appealing for the industrial production of supported colloidal catalysts,
especially due to the ease of scale-up and the relative low-cost and simplicity compared to other

competing continuous flow technologies.
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EXPERIMENTAL DETAILS

Materials

Reactor construction — For the semi-continuous setup, a dual channel peristaltic pump (Cole-
Parmer Masterflex C/S) was used in combination with Puri-Flex tubing (i.d. = 1.14 mm or 2.79
mm), a quartz flow cell (Agilent, 10 mm path-length) and perfluoroalkoxy alkane (PFA) T-shape
connections (Swagelok, i.d. = 3.17 mm). The continuous setup and the core-shell setup simply
added an additional peristaltic pump (Cole-Parmer Masterflex C/S) to the previous apparatus. A
Formlabs Form 2 SLA 3D printer equipped with a standard clear photoreactive resin (mixture of
methacrylic acid esters and photo-initiators) was used for the production of custom-made
connections and reactors. The parts were designed using CAD software (Autodesk AutoCAD) and
elaborated with the 3D printer software (PreForm) in order to add the necessary supports. After
the printing step, the parts were washed for 10 min in 2-propanol in order to remove any residual
liquid resin that remained inside the channels and then the printing supports were removed. Finally,

all the parts underwent a post-curing process consisting of 16 h exposure to UV light (365 nm).

Catalyst synthesis — Hydrogen tetrachloroaurate (HAuCly, 99.999 %), palladium chloride (PdCl,,
99.999 %), poly(vinyl alcohol) (PVA, M,, = 9,000-10,000, 80 % hydrolysed), sodium borohydride
(NaBHy4, 99.99 %), titanium dioxide (Ti0,, Degussa P25) and sulphuric acid (H,SOy4, 95 %) were

purchased from Sigma-Aldrich and used for the synthesis of catalysts.

Catalytic testing — 4-nitrophenol (4-NPH, 99 %), 3-nitrophenol (3-NPH, 99 %), 2-nitrophenol (2-
NPH, 98 %), nitrobenzene (NBZ, 99 %), 4-nitroaniline (4-NAL, 99 %), 4-nitrotoluene (4-NTL, 99
%) and 4-nitrobenzyl alcohol (4-NBA, 99 %) were used in the nitroarene reduction reactions and

purchased from Sigma-Aldrich. Cinnamaldehyde (Sigma-Aldrich, 99%), cinnamyl alcohol (Alfa
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Aesar, 95%), hydrocinnamaldehyde (Sigma-Aldrich, 98%), hydrocinnamyl alcohol (Sigma-
Aldrich, 98%), phenylpropane (Sigma-Aldrich, 98%) and toluene (Sigma-Aldrich, >99%) were

used in the cinnamaldehyde hydrogenation reaction.

Catalyst Synthesis

Preparation of monometallic Au and bimetallic AuPd catalysts by the semi-continuous (setup 1)

and continuous (setup 2) methods (Figure 1(a))

The following procedure was applied for the preparation of 0.5 g of a 1 wt% TiO,-supported Au
or AuPd (with molar ratio 1 : 1) catalyst. 5 mg of metal were added to 100 mL of deionised water
from metal precursor solutions. In particular, when monometallic Au nanoparticles were being
produced, 0.400 mL of a 12.5 mgs, mL-!' solution was used, whereas when bimetallic AuPd
nanoparticles were being produced, 0.293 mL of a 6.0 mgpg mL-! solution containing 0.58 mol L-
P'of HCl and 0.260 mL of a 12.5 mg,, mL! solution was used. After 5 min under constant stirring,
a 1 wt% solution of polyvinyl alcohol (PVA) was added (0.350 mL, PVA : metal weight ratio =
0.65). In another beaker, the appropriate amount of a freshly prepared 0.1 M solution of NaBH4
was added to 100 mL of deionised water (NaBH, : metal molar ratio = 5 : 1). The two solutions
were pumped together with the desired flow rate (typically 3 mL min-' per solution, total flow rate
= 6 mL min!) through a peristaltic pump into either a commercial perfluoroalkoxy alkane (PVA)
T-shape connection or into a 3D printed reactor (see Figure 2). The metal colloid prepared was
pumped into Microbore Puri-Flex tubing (total reactor length = 80 cm, internal diameter 1.14 mm)
connected to a UV-vis spectrometer flow-cell. At the end of the flow-cell, the colloid was either
allowed to collect into a beaker containing 0.495 g of support stirred in 100 mL of slightly acidic

deionised water (3 drops of H,SO,4 (98 %) to reach pH 1) or merged into a stream of the same
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support suspension through a PFA T-shape connection. In either case, the resulting slurry was
filtered with a Biichner funnel, washed with 1 L of deionised water and dried at room temperature
for 48 h. A sample of colloid (ca. 1 mL) was taken before immobilisation onto the support for DLS

analysis.

Semi-continuous preparation of a supported Au@Pd core-shell morphology catalyst (setup 3,

Figure 1(b))

The following procedure was applied for the preparation of 0.5 g of a 1 wt% TiO,-supported
Au@Pd (with molar ratio 1 : 1) catalyst. 3.2 mg of Au were added to 100 mL of deionised water
from a metal precursor solution (0.260 mL of a 12.5 mga, mL-! solution). After 5 min under
constant stirring, a 1 wt% solution of polyvinyl alcohol (PVA) was added (0.350 mL, PVA :
Au+Pd metal weight ratio = 0.65). In another beaker, the appropriate amount of a freshly prepared
0.1 M solution of NaBH, was added to 100 mL of deionised water (NaBH, : Au molar ratio =5 :
1). The two solutions were pumped together with a combined flow rate of 6 mL min-! (3 mL min™!
per solution) through a peristaltic pump in a PFA T-shape connection. The Au colloid prepared
was pumped into microbore puri-flex tubing (total reactor length = 80 cm) connected to a UV-vis
flow-cell. In the meantime, a 100 mL aqueous solution containing 1.8 mg of Pd (0.293 mL of a
6.0 mgpg mL! solution containing 0.58 mol L-! of HCI) was prepared, along with another 100 mL
of a freshly prepared NaBH,4 solution (NaBH, : Pd molar ratio =5 : 1). The three solutions (the Au
colloid coming from the UV-vis flow cell, the Pd precursor solution and the NaBH, solution) were
merged together through a 3D printed 4-way connection (Figure 1). The as-prepared Au@Pd
colloid passed through a 80 cm long microbore puri-flex tubing and finally flowed into a beaker

containing 0.495 g of support stirred in 100 mL of slightly acidic deionised water (3 drops of
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H,S0O,4 (98 %) to reach pH 1). The final catalyst was filtered with a Biichner funnel, washed with

1 L of deionised water and dried at room temperature for 48 h.

Materials Characterisation

The Au colloids were analysed by dynamic light scattering (DLS, Malvern Zetasizer Nano ZS, A
= 633 nm) to determine the hydrodynamic diameter of the metal nanoparticles in a liquid
environment. A UV-vis spectrometer (Agilent Cary 60) was used to determine the presence,
position and intensity of the surface plasmon resonance peak of Au. The stream of Au colloid was
analysed within the semi-continuous and continuous flow setups shown in Figure 1 by use of an
in-situ quartz flow-through cell (Agilent, 10 mm path-length). The same UV-vis apparatus was
used for monitoring the nitroarene (NAR) reduction reaction in the 200-500 nm range by using in
this case a standard UV-vis quartz cuvette, while diffuse reflectance measurements were
performed on an Agilent Cary 4000 instrument equipped with a praying mantis sample holder. The

spectra were recorded over the 200 — 800 nm range.

X-ray photoelectron spectroscopy (XPS) measurements were performed on a Thermo Scientific
K-a* spectrometer. Samples were analysed using a monochromatic Al X-ray source operating at
72 W (6 mA x 12 kV), with the signal averaged over an oval-shaped area of approximately 600
um x 400 um. Data was recorded at pass energies of 150 eV for survey scans and 40 eV for high
resolution scans with a 1eV and 0.1 eV step size respectively. Charge neutralisation of the sample
was achieved using a combination of both low energy electrons and argon ions (less than 1 eV)
which gave a C(1s) binding energy of 284.8 eV. All data were analysed using CasaXPS (v2.3.17

PR1.1) using Scofield sensitivity factors and an energy exponent of -0.6.
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Scanning electron microscopy (SEM) experiments were carried out in a Tescan MAIA-3 FEG-
SEM operating at 30kV. The instrument was equipped with a high angle dark-field retractable
STEM detector allowing composition sensitive images to be taken in ‘STEM-in-the-SEM’ mode
from Au/TiO, samples dry dispersed on a holey carbon TEM grid mounted on a special sample
holder. Particle size histograms were constructed based on analysis of more than 400 nanoparticles

measured using ImagelJ software.

TEM experiments were carried out on a JEOL JEM-2100 electron microscope operating at a 200
kV accelerating voltage. The samples were first dispersed in ethanol and sonicated for 5 mins and
then a drop was placed onto a 300-mesh carbon-coated copper grid. As per STEM-in-the-STEM
analysis, particles size histograms were constructed considering at least 400 nanoparticles

measured with ImageJ software.

Samples for examination by scanning transmission electron microscopy (STEM) were prepared
by dry dispersing the catalyst powder onto a holey carbon film supported by a 300-mesh copper
TEM grid. Bright field (BF) and high angle annular dark field (HAADF) STEM images were taken
using an aberration corrected JEM ARM-200CF microscope operating at 200kV. This instrument
was also equipped with a JEOL Centurio silicon drift detector for X-ray energy dispersive
spectroscopy (XEDS). Characteristic X ray signals were collected from individual particles, and
the composition of randomly selected particles were evaluated by analysing the intensity ratio of
the Au M series versus the Pd L series X-ray peaks using The Cliff-Lorimer method,? with a k-
factor obtained from analysing a sputtered standard 60wt%Au-40wt%Pd thin film. The effects of
atomic number, absorption and fluorescence are ignored as sizes of nanoparticles are small.
Particle size distribution histograms were generated by analysis of more than 100 particles in

representative HAADF electron micrographs using ImageJ.
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The metal loading of the catalysts was verified using an Agilent 4100 MP-AES system. In a typical
experiment, 50 mg of sample were digested in 4 mL of aqua regia, diluted to 50 mL and then left
to digest for 16 h. The solution was then filtered to remove the undissolved support, and the

concentration was evaluated against a calibration solution freshly prepared before the analysis.

Nitroarene (NAR) Reduction Reaction

NAR reduction reactions were carried out in a quartz cuvette and monitored by UV-vis
spectroscopy. The appropriate amount of catalyst (1.2 x 107 mol of metal: 2.4 mg of Au/TiO, or
1.9 mg of AuPd/TiO,) was placed inside the cuvette with 3 x 10”7 mol of NAR. UV-vis analysis
was then started just before addition of 3 x10~ mol of NaBH,. The analysis consisted of a series

of consecutive scans over the 200 — 500 nm range taken every 1.5 s.

Since the NaBH, was present in large excess, it was assumed that the reaction rate was dependant
only on the concentration of NAR present, thus allowing us to approximate the kinetic data with a
first-order rate law as previously has been reported for the reduction of 4-NPH.’° This
approximation was subsequently confirmed to be valid by the linear correlation found between the
substrate consumption expressed in terms of -In(Cy/C,) (where C; and C, are the concentration at
time t and at the start of the reaction respectively) and the reaction time (Supplementary

Information, Figure S6B), which allowed the determination of the reaction rate constant k.

The kinetic equation for the NAR reduction reaction can be represented as follows:

dC,

TZ—EZkCt

where k£ is the reaction rate constant, and its numerical value is the gradient of the linear correlation.
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Cinnamaldehyde Hydrogenation Reaction

Cinnamaldehyde hydrogenation reactions were carried out in a Radleys Carousel reactor using 3
parallel 50 mL glass reactors. 50 mg of catalyst (substrate/metal molar ratio 1200 : 1) were added
to the flask with 4 mmol of substrate (cinnamaldehyde, CAL), 5 mL of solvent (toluene) and a
magnetic bar for stirring. The reactors were purged with H, three times, loaded with 1 bar H, and
sealed, maintaining them connected to the gas line to replenish the consumed H; gas. The reactors
were then loaded into a pre-heated heating block kept at the desired constant temperature (100 °C).
The stirring speed was set to 1000 rpm in order to avoid mass transfer limitations and the reaction
commenced. After 1 h the reactors were disconnected from the gas line and cooled down in an ice
bath until they reached room temperature. The reaction mixture was centrifuged and an aliquot of
the clear supernatant (0.5 mL) was mixed with an external standard solution (0.5 mL of a 0.7 M
solution of o-xylene in toluene) for GC measurement. The analysis and quantification of the
substrate and products was carried out by gas chromatography using a GC-FID (Agilent 7820A

equipped with an Agilent HP- 5, 30 m % 320 um X 0.25 pm column).
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Figure 1 —a) Schematic representation of the millifluidic reactor system in semi-continuous (Setup
1) and continuous mode (Setup 2). The inset red box shows the PFA T-shape connection. b)
Schematic representation of the millifluidic reactor system for the synthesis of Au@Pd core-shell

nanoparticles (Setup 3). The inset orange box shows the 3D printed 4-way connection.
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Figure 2 — Schematic diagram of the different 3D printed connectors (T-, Y- and I-type) and

reactor geometries (helical and plait-like) tested in this work.
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Figure 3 — Representative a) STEM-HAADF image and b) particle size distribution of the
Au/TiO; catalyst prepared by the continuous method. Reaction conditions: 8 mL min’! flow rate,
80 cm reactor tube length with a standard PFA T-shape connection, PVA : Au weight ratio = 0.65
: 1 and NaBH, : Au molar ratio=5: 1.
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Figure 4 — Representative a) STEM-HAADF image and b) particle size distribution of the random
alloy AuPd/TiO, catalyst prepared by the continuous method. Reaction conditions: 8 mL min’!
flow rate, 80 cm reactor length with a standard PFA T-shape connection, PVA : (Aut+Pd) weight
ratio + 1.2 : 1 and NaBH, : (Au+Pd) molar ratio + 5 : 1. ¢) Single particle XEDS analysis of the
AuPd/TiO, catalyst prepared via the continuous method and d) composition versus size variation

comparison between the AuPd/TiO, catalysts prepared by the conventional batch method and

continuous method.
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Figure 5 — Representative STEM-HAADF image of the Au@Pd/TiO, catalyst, showing the

formation of some Au-core Pd-shell nanoparticles.
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Table 1 — DLS and DF-STEM particle size measurements and metal loadings calculated for the

Au-colloid catalysts produced during the optimisation of the semi-continuous experimental setup.

Flow rate PVA:Au NaBH,: Au Particle size (nm) Metal

Entry (L min')  (g:g)  (mol:moel) DLS  DF-STEM l;’;g,'/i‘)g
1 1 0.65: 1 5.1 183221 15162 0.81
2 2 0.65: 1 5.1 6820 67+15 0.87
3 4 0.65: 1 5:1 6116 7.0+2.0 0.88
4 6 0.65: 1 5.1 55417  65+17 0.94
5 8 0.65: 1 5:1 6017 54+09 0.92
6 24 0.65: 1 5:1 59+17  56+13 0.94
74 6 0.65: 1 5:1 59417  7.0+19 0.95
g b 6 0.65: 1 5:1 6221 74+22 0.97
9 6 0.65: 1 5:1 56+1.8 64+15 0.96
10 6 0.65: 1 5:1 52416 63+13 0.94
11¢ 6 0.65: 1 5.1 58417 75+25 0.96
12 6 0.65: 1 101 509+3.0 229482 0.41
13 6 0.65: 1 25:1 6719 9.0+28 0.90
14% 6 0.65: 1 5:1 55+17  65+17 0.94
15 6 0.65: 1 751 161422 11340 0.92
16 6 0:1 5:1 105209 14587 0.97
17% 6 0.65: 1 5:1 55417  65+1.7 0.94
18 6 13:1 5.1 7013 60+ 1.4 0.93

2 Printed T-shape connection.
b Printed Y-shape connection.
¢ Printed I-shape connection.
4 Printed helical reactor.

¢ Printed plait-like reactor.

*Same catalyst as entry 4.
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Table 2 — Activity kup, of batch and continuous derived Au/TiO, catalysts towards the reduction

of various nitroarenes (NAR). Molar ratios of (Au + Pd) : NAR : NaBH  are 1:2.5:250.

Kapp [10° s71]

Substrate Batch Continuous A Kapr [%]
4-NPH 12.6 16.8 25
4-NPH? 24.4 28.9 16
3-NPH 8.9 10.3 14
3-NPH? 15.2 17.0 10
2-NPH 6.2 11.6 47
2-NPH? 11.0 14.1 22

NBZ 4.7 94 50

NBZ? 9.8 13.5 27
4-NAL 35.7 42.9 17
4-NAL? 38.7 46.2 16
4-NTL 2.6 3.1 16
4-NTL# 4.6 5.6 18
4-NBA 7.4 8.4 12
4-NBA?® 14.9 15.9 6

2The bimetallic AuPd/TiO, catalyst was also tested for this reaction.
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Table 3 — Activity and selectivity of batch AuPd/Ti0,, continuous AuPd/TiO, and Au@Pd/TiO,
catalysts towards the cinnamaldehyde hydrogenation reaction. Reaction conditions: 100 °C, 1 bar
H,, catalyst amount 50 mg and CAL 4 mmol in 5 mL of toluene. Substrate and products:
cinnamaldehyde (CAL), hydrocinnamaldehyde (HCAL), cinnamyl alcohol (COH),
hydrocinnamyl alcohol (HCOH) and phenylpropane (PPR).

Catalyst Conversion Selectivity [%]

[%o] HCAL COH HCOH PPR
AuPd/TiO,-batch 52 40 6 52 2
AuPd/Ti0,-continuous 55 55 1 41 3
Au@Pd/TiO, 68 63 1 34 2
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