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ABSTRACT: One of the obstacles preventing the commercialization
of colloidal nanoparticle catalysts is the difficulty in fabricating these
materials at scale while maintaining a high level of control over their
resulting morphologies, and ultimately, their properties. Translation
of batch-scale solution nanoparticle syntheses to continuous flow
reactors has been identified as one method to address the scaling
issue. The superior heat and mass transport afforded by the high
surface-area-to-volume ratios of micro- and millifluidic channels
allows for high control over reaction conditions and oftentimes results
in decreased reaction times, higher yields, and/or more monodisperse
size distributions compared to an analogous batch reaction.
Furthermore, continuous flow reactors are automatable and have
environmental health and safety benefits, making them practical for commercialization. Herein, a discussion of continuous flow
methods, reactor design, and potential challenges is presented. A thorough account of the implementation of these technologies
for the fabrication of catalytically active metal nanoparticles is reviewed for hydrogenation, electrocatalysis, and oxidation
reactions.
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1. INTRODUCTION

Greater than 85% of chemical processes make use of a catalyst,
with 80% of industrial catalytic processes utilizing solid
heterogeneous catalysts and the global catalyst market being
greater than $20 billion (USD).1,2 Therefore, there are strong
economic drivers to continue developing catalysts with higher
selectivities, activities, and stabilities, which will result in both
economic and environmental gains. One direction of catalyst
development has been to utilize nanoscale materials, such as
nanoparticles, as the active catalyst since these materials often
exhibit unique chemical and physical properties compared to
their bulk counterparts. The surface-area-to-volume ratios of
nanoparticles increase with decreasing particle size, and in the
nanoscale size regime, surface properties dominate the overall
material behavior. What was once thought of as material-
specific properties, such as melting point and dielectric
constant, have been shown to be different for the same
materials on the nanoscale. Differences in the size and shape of
nanoparticles can yield electronic, optical, and electromagnetic
properties that are different from the bulk, and enable the
potential for their use in new applications, such as catalysis.3−7

Currently, commercial methods of synthesizing nanoscale
catalytic materials consist of traditional precipitation and
impregnation methods. Precipitation and co-precipitation
utilize a homogeneous solution of the corresponding metal
salt, or salts, to achieve a solid catalyst through a three-step

process of supersaturation, nucleation, and, then, subsequent
crystal growth. Supersaturation can be achieved by physical
transformations, such as change in temperature, or chemical
reactions, such as the addition of acids or bases.8 In order to
achieve small and uniform particles, homogeneously high
supersaturation levels are necessary, but because the system
naturally evolves toward a decrease of supersaturation through
the nucleation of particles, the time scale to achieve these high
levels is short as it is limited by mass and heat transport.8 As
co-precipitation employs the use of multiple metal salts to
achieve multicomponent systems, it can be challenging to
achieve the desired phase and/or homogeneous precipitation.9

The impregnation method affords a supported catalyst by
incorporating a metal component into a preformed catalyst
support.10 Two main impregnation techniques are (1) wet
impregnation and (2) incipient wetness impregnation. Both
methods utilize a solution of the metal precursor in which the
support is immersed, with wet impregnation having an excess
of solution where the metal diffuses into the support and
incipient wetness impregnation using a solution with a volume
equal to, or slightly less than, the known pore volume of the
support, utilizing capillary action.11 Regardless of the method,
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both resulting supported catalysts require drying and
calcination/reduction before use. Another drawback to
impregnation methods is that the maximum loading is limited
by the adsorption capacity of the support being used.11

While these techniques are able to provide industrially
relevant quantities of catalysts with high surface-area-to-
volume ratios, they often fail to result in materials with
monomodal size distributions or morphological control that is
on par with current solution-phase methods of synthesizing
colloidal nanoparticles (Table 1). Over the past few decades,
there has been a great deal of effort in investigating and
understanding colloidal nanoparticle nucleation and growth
processes,12,13 the effect of ligands on particle size and
morphology,12,14−18 and compositional control.18−21 This
collective body of research has resulted in the ability to
rationally design and prepare catalytically active materials with
highly tailored sizes, morphologies, and composi-
tions.15,20,22−25 Exploitation of nanoparticle structure−func-
tion relationships is especially useful for catalytic applications,
as different nanoparticle morphologies can favor different
pathways because of significant differences in reactant binding
energies associated with different crystal facets and surface
energies.26−30

The existence of a nanoparticle structure−reactivity relation-
ship, with respect to catalytic activity, was clearly exhibited in
an example by Narayanan and El-Sayed in which they
synthesized Pt nanoparticles with three distinct shapes,
tetrahedral, cubic, and nearly spherical particles, which
displayed different reactivities for the same electron-transfer
reaction.28 This group later correlated the catalytic activity of
these Pt nanoparticles with the fraction of surface atoms on the
corners and edges, revealing that the tetrahedral shape had the
highest reaction rate constant, as well as the highest percentage
of atoms on edges and corners compared to those of cubic and
nearly spherical Pt nanoparticles.31 Similarly, the shape-
dependent catalytic activity of Ag nanomaterials was
demonstrated to rely heavily on the nature of the exposed
crystallographic plane.32 For Ag nanocubes, which display
purely (100) facets, the rate of conversion for the oxidation of
styrene was over 14 times higher than Ag nanoplates and 4
times higher than Ag nanospheres, which display solely the
(111) and both the (111) and (100) facets, respectively.
Therefore, the ability to synthesize nanoparticles with discrete

sizes and morphologies can enable a high level of control over
the resulting catalytic reactivity for a synthesized colloidal
nanoparticle catalyst.
While colloidal nanoparticle catalysts derived from “bottom-

up” solution-phase syntheses offer distinct advantages over
traditionally synthesized nanoscale catalysts, as discussed
above, the major drawback of colloidal nanoparticles is that
it is nontrivial to synthesize them at an industrially relevant
scale (Table 1). Currently, nanoparticle syntheses are
performed in batch on bench scale (∼10−100 mL), generally
producing small amounts of product during each reaction
(∼25−250 mg). Furthermore, the synthetic conditions under
which nanoparticles are fabricated have a colossal effect on the
resulting particle size, size distribution, and morphology. The
challenge of scaling lies in the fact that nanoparticle nucleation
and growth processes are extremely sensitive to heat and mass
transport limitations, and as the reactor size or reagent
concentration is increased, there is reduced control over the
mixing and heating profiles.33 This lack of control often leads
to lower quality materials with wider size distributions and
more poorly defined morphologies, which may ultimately lead
to non-uniform catalytic properties. Additionally, since batch
colloidal nanoparticle chemistries developed at the laboratory
scale often utilize corrosive or caustic reagents, undergo
exothermic reactions, and result in gas evolution when heated,
there are safety risks (and associated costs) related to doing
these chemistries at large scale.
In response to the aforementioned challenges, continuous

flow techniques have been identified as a robust method to
fabricate nanoparticle catalysts (Table 1). Microfluidic and
millifluidic reactors afford superior reaction control for the
production of large amounts of nanomaterials due to the small
dimensions of their channels. Quantitative comparisons of
transport phenomena in batch reactors and microfluidic
reactors have been addressed with analytical approaches.34

Convective mass and heat transfer dominate in batch reactors.
Thorough mixing in batch reactors requires high Reynolds
numbers and optimized impeller geometries, and mixing
becomes more difficult with increasing volume in the scale-
up process. Diffusive mass transfer and conductive heat
transfer are dominant in continuous flow reactors. These
transfer rates are inversely proportional to the square of the
characteristic channel size, making heat and mass transfer in

Table 1. Advantages and Disadvantages of Nanoparticle Catalyst Preparation Methods

nanoparticle catalyst preparation method advantage disadvantage

current methods (precipitation, impregnation) widely adopted support dependent
cost effective challenging to obtain high weight loadings in a single

step
scalable wide distribution of particle sizes and morphologies

colloidal batch methods excellent control over particle size, size distribution, and
morphology

difficult to scale because of heat and mass transport
limitations

safety issues with batch scaling
batch-to-batch variability

flow fabrication methods automatable not widely adopted
efficient heat and mass transfer industrial scale out has not been demonstrated
superior reproducibility
reduced environmental health and safety risks
higher yields, shorter reaction times
control over particle size, size distribution, and
morphology
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micro- and millifluidic reactors inherently advantageous. The
ratio of reaction rate to mass-transfer rate in a reactor is
described by the Damko hler number (Da). Da < 1 indicates a
kinetically reaction limited system, where mixing is sufficiently
fast, while Da > 1 indicates that mixing is limiting and may
result in undesired products and lower yield. When batch
reactions are scaled, Da increases, but micro- and millifluidic
reactors can be scaled (either by increasing run time or by
parallelization; see below) without increasing Da.35

The superior heat and mass transport stemming from the
high surface-area-to-volume ratios of the channels allows these
large quantities to be attained without compromising control
over their resulting morphology and polydispersity. The
improved heat-exchange efficiency can additionally mitigate
temperature fluctuations from highly endo- or exothermic
reactions, which are prevalent in nanoparticle syntheses.
Effective heat transfer and efficient passive mixing also mean
that flow-synthesized nanoparticles frequently require shorter
reaction times, but exhibit increased yields, compared to the
analogous batch reaction.36−39

What makes continuous flow methods all the more plausible
as a solution for the commercialization of colloidal nano-
particle syntheses is the amenability to automation and
parallelization. The increased throughput and superior
reproducibility that flow methods afford mitigate the
aforementioned batch challenges. Furthermore, the miniatur-
ization of solvent and reagent volumes that are at a given
temperature at any given time will be smaller than a large tank
reactor, affording increased safety. The goal of this review is to
provide a concise account of the previous work performed in
the field of continuous flow metal nanoparticle catalyst
fabrication and provide necessary information for chemists
and chemical engineers to consider when making particles in
flow.

2. OVERVIEW OF CONTINUOUS FLOW METHODS
2.1. Flow Regimes. The miniaturization of macroscale

processes to micro- and milliscale continuous flow reactors
results in an increase of the surface-area-to-volume ratio of the
channels to the flowing fluids. Decreasing the dimensions of
the reactor does not change the fundamental physics of flow
from those observed for macroscale fluid dynamics.40

However, the difference in the surface-area-to-volume ratio
influences the type of flow that is achieved in these systems as a
result of the increased interaction of the flowing fluid with the
channel walls at these smaller length scales.40 In general, there
are two types of flow regimes that can be achievedlaminar
and turbulent flow. At the macroscale, mixing is achieved in all
directions by irregular and chaotic swirling motions resulting
from vortices and flow fluctuations, which is termed turbulent
flow.41 In laminar flow, which is the predominate flow
observed for miniaturized systems, two or more fluids flow
in streamlined paths parallel to each. The two regimes can be
differentiated by the influence of the viscous and inertial forces,
with laminar and turbulent flow being achieved when the
viscous forces and the inertial forces dominate, respectively. In
laminar flow, mixing is purely diffusive, with mixing time
inversely proportional to the diffusivities of the species being
mixed.42 Turbulent mixing is more complex to describe, but it
is necessarily faster than purely diffusive mixing because it
combines molecular diffusion with flow characteristics that
both reduce diffusion length and mimic convective mixing.
Many passive and active mixing technologies have been
developed to increase the rate of mixing in microfluidic
systems.43 As described below, multiphase flows can also be
deployed in microfluidic channels to greatly decrease mixing
time.

2.2. Single-Phase Flow. Laminar flow in continuous flow
reactors is easily achieved using a simple T- or Y-shaped
junction in which two miscible fluids are merged into a single
channel and flow parallel to one another, mixing through

Figure 1. (a) Parabolic velocity profile displayed by laminar flow, where Dc is the inner diameter of the channel. (b) Scanning electron micrograph
of a single layer forming a slit-shaped interdigital micromixer. Reprinted with permission from ref 48. Copyright 2003 Wiley-VCH. (c) Schematic of
the internal structure of a ramp-like caterpillar micromixer that drives split-and-recombine mixing. Reprinted with permission from ref 50.
Copyright 2013 Wiley-VCH. (d) Diagram of a curved channel and cross-sectional views of different circular segments, inducing Dean vortices. The
arrows indicate the direction of flow, displaying chaotic flow patterns that ultimately lead to greater mixing within the channel. Reprinted with
permission from ref 52. Copyright 2004 Wiley-VCH.
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diffusion across the interface between the two fluids. The main
challenge with synthesizing nanoparticles with laminar flow is
the ensemble of nucleation times that result from the parabolic
velocity profile of the fluid inside the channel walls (Figure
1a).44 The parabolic velocity is a result of the fluid velocity at
the channel walls being zero due to the no-slip boundary
between the fluid and the wall, causing the liquid in the middle
of the channel to flow with a faster velocity.40,45 This can lead
to a broadening of the resulting size distribution of particles.
Furthermore, diffusive mixing leads to concentration gradients
both perpendicular to and along the length of the reactor that
can lead to inhomogeneities in reaction conditions.46 Addi-
tionally, the slower velocity of the fluid that interacts with the
channel wall can result in fouling during nanoparticle
syntheses, which will be discussed in more detail in section
3.1. The time scale in which mixing occurs is directly
proportional to the square of the channel diameter and
inversely proportional to the diffusivity of the species being
mixed.42

Advances to lamination mixers have been implemented to
enhance the degree of mixing through increasing the contact
surface area of different fluid streams and through novel
reactor geometries.41 Parallel lamination of the fluids into very
thin interdigitated streams results in shorter stream inter-
diffusion distances, thus requiring shorter reactor lengths for
mixing (Figure 1b).47,48 Alternatively, chaotic advection can be
achieved through careful design of the reactor architecture by
implementing obstacles in the channel path, altering the wall
with ridges or grooves, or by altering the reactor channel
geometry from a straight line into a zigzag or serpentine
pattern, which perturbs the flow and generates a transversal
component to the velocity.49 For example, a micromixer, called
the caterpillar mixer, developed by the Institute of Micro-
technology Mainz (IMM), used the principle of splitting and
recombining in which the two fluids are split into multiple
streams (∼300) in a channel containing ramp-like structures
(Figure 1c).50 This structure facilitates subsequent recombi-
nation of the two fluid streams in both the horizontal and
vertical directions through folding, reorientating, and recom-
bining, resulting in superior mixing compared to typical,
straight laminar flow devices. Serpentine architectures induce a
secondary flow phenomenon referred to as Dean flow, which
arises from vortices occurring from fluid flow in curved
channels (Figure 1d). The centrifugal force produced by the
reactor curvature causes the fluid in the middle of the channel
to be pushed to the outer channel wall, resulting in
recirculation of the fluid, mitigating against the stagnant fluid
observed near the walls of a straight channel.51,52

2.3. Two-Phase Flow. A significant amount of effort has
been directed toward the improvement of mixing in flow
reactors by employing multiphase flow.53−55 Multiphase, or
segmented flow, can be achieved for liquid−liquid or liquid−
gas systems by using two or more immiscible phases to form
droplets or plugs of one phase in the other. The reagents
makeup the liquid dispersed-phase droplets or plugs that are
isolated from one another by a partially or completely
immiscible liquid or gas carrier phase. The geometrically
confined droplets serve as identical “reactor vessels” with
respect to volume and reagent concentration. The continuous
phase encapsulates the droplets, isolating them from one
another and the channel walls. As the droplet moves
downstream, the forces exerted on the sides of the droplet
due to contact between the moving droplet and the stationary

channel walls induce two countercirculating flows (Figure
2a).56 These forces can be further maximized by using a curved

channel, facilitating asymmetric vortices which are present in
Dean flow, which is discussed further in section 4.1.1 (Figure
2b).33,57

The formation of droplets is typically achieved using a flow-
focusing device or T-junction. Flow-focusing devices produce
droplets by flowing the dispersed phase between two streams
of immiscible fluids through a small orifice, causing the
continuous phase, which has a higher viscosity, to encapsulate
the dispersed phase and form droplets under certain flow rate
ratios (Figure 3a). In T-junctions, the dispersed phase is
flowed into a junction at 90° to the continuous phase, where
the flow of the continuous phase results in a viscous force that,
in conjunction with the pressure gradient generated upstream
of the junction, breaks apart the dispersed phase into droplets
under a certain range of flow rates and flow rate ratios (Figure
3b).59,60 Multiple-inlet T-junction devices can be used when
reagent streams need to be isolated from one another prior to
droplet formation, as in the case for nanoparticles that are
readily reduced at room temperature.61 In Figure 3c, this
configuration was used for the synthesis of Au and Ag
nanoparticles by injecting the metal salt and borohydride
reducing agent through inlets 2 and 4, respectively, with an
additional solvent stream introduced using inlet 3, creating a
barrier between the two to delay diffusive mixing and particle
nucleation prior to droplet formation and introduction into the
reactor.61

There are a variety of factors that influence the resulting
droplet generation using the aforementioned methods such as
the interfacial tension of the two phases, wetting properties of
the channel walls, the employed flow rates and their respective
ratios, and the viscosities of the fluids.62 In these geometries,
droplet formation depends on the ability of the liquid
continuous phase to “wet” the inside of the channel; typically
good wettability is required for stable droplet formation.63 This
behavior results from the interfacial energies of the solid and

Figure 2. Example of droplets formed in multiphase flow, moving
through (a) straight and (b) curved channels. The arrows depict the
velocity of the droplet relative to the channel wall, in addition to the
position of flow within each droplet. Straight channels produce
relatively symmetric countercirculating flow within the droplets, while
curved channels produce asymmetric vortices. Adapted with
permission from ref 57. Copyright 2004 The Royal Society
Publishing.
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the liquid. Consideration must therefore be given during
reactor design in terms of solvent choices with respect to the
surface properties of the channels, which can be altered by
surface coatings for some designs.64−67 In addition, the
interfacial tension, mismatch of viscosities of the two or
more phases being employed, and their flow rates have a large
influence on the droplet formation process.60 While this
Review will not cover these topics in depth, extensive
information on the influence of these parameters for droplet
formation in T-junctions and flow-focusing devices can be
found elsewhere;68−72 in general, the achievable flow rates only
facilitate a small range of accessible droplet sizes. The ability to
increase droplet size while maintaining high flow rates and flow
rate ratios is important, as it is one method of increasing
throughput.
Recently, a 3D-printed droplet generator was developed in

which a wide range of inlet flow rate ratios and channel surface
energies can be utilized with no effect on the droplet diameter
(Figure 4).36 This geometry forms droplets by flowing the

continuous and dispersed phases in a perpendicular orientation
to the outlet, in which droplets are pinched off and
subsequently flow downstream. Unlike in flow-focusing and
T-junction devices, the flow rates and geometry of the device
do not influence the size of the droplets generatedthe
droplet size is simply governed by the inner diameter (i.d.) of

the outlet tubing, which can be rapidly reconfigured by simply
changing the outlet tubing for the same droplet generator
(Figure 4). Smart engineering of fluidic components, such as
the development of this novel droplet generator, is advancing
the feasibility of continuous flow manufacturing.

2.4. Flow Control. The continuous supply of the dispersed
and continuous phases can be achieved through a variety of
methods. Syringe pumps are the most common method of flow
control for micro- and milliscale continuous flow reactors at
the laboratory scale. Their simple design consists of a mounted
syringe in which the plunger is automatically pushed
mechanically to produce a desired flow rate for a
predetermined volume of solution, allowing for fast and easy
setup and operation. Under ideal conditions, the programmed
flow rate will correspond to the actual residence time given a
specific length of tubing. However, the actual flow rate often
differs from the programmed flow rate due to thermal
expansion of the reactor and in situ gas evolution, meaning
that the actual flow rate at steady state is unknown without the
addition of flow sensors to the system or other methods of
quantifying flow. deMello and co-workers demonstrated an
automated feedback control scheme that not only corrects the
flow rate based on online analysis but also establishes fast
optimization on nanoparticle properties synthesized in flow.73

Also, flow rate fluctuations induced by the stepper motor in a
syringe pump can be attenuated by adding a buffering side
chamber.74 However, there are limitations in scale-up with
syringe pump. For example, syringe pumps may be subject to
stalling resulting from excessive back-pressure from channel
clogging. Moreover, their practicality for large-scale operation
is restricted due to the limited volume of the syringes that fit
into commercially available syringe pumps.
Flow can also be driven by microfabricated pumps. Instead

of mechanical motors, these pumps can be actuated by
piezoelectric force, electromagnetic force, centrifugal force, or
pneumatic force, thereby making their miniaturized design
achievable. With their flexible designs capable of manipulating
fluid in small volumes, micropumps can precisely deliver liquid,
and in multilayer elastic devices where channels can be
deflated, a series of valves can serve as a peristaltic
micropump.75 Micropumps are well-suited for precise liquid
and gas control and sufficient micromixing that are critical in
nanofabrication in flow; however, their total flow rates are

Figure 3. (a) Diagram of droplet formation of a dispersed phase in a continuous phase by flow focusing. The dispersed-phase flows through a
channel of width wi perpendicular to a junction with two continuous-phase inlet channels of width wo. The two phases pass through an aperture of
width D and length La before droplets are pinched off and dispensed into a collector channel of width w. Reprinted with permission from ref 58.
Copyright 2010 The Royal Society of Chemistry. (b) Schematic of a T-junction droplet generator of height h and a continuous-phase channel
width of wc. The dispersed phase is introduced in a channel perpendicular to the continuous phase with a channel width wd, enabling droplet
formation under the certain flow rates and flow rate ratios. Reprinted with permission from ref 60. Copyright 2014 Springer Nature. (c) Diagram of
a multiple-inlet T-junction droplet generator. The continuous-phase flows through inlet 1, while reagent solutions are flowed through inlets 2 and 4,
separated by a neat solvent stream in inlet 3 to prevent diffusive mixing prior to droplet formation. Reprinted with permission from ref 61.
Copyright 2012 American Chemical Society.

Figure 4. (a) Schematic design of a 3D droplet generator. The
continuous and dispersed phases meet at a junction perpendicular to
the outlet, where droplets whose size are dictated by the inner
diameter of the outlet tubing are formed. (b) Photograph of the 3D
droplet generator in operation, showing the formation of droplets of
the dispersed phase (black) whose diameter matches the inner
diameter of the outlet tubing. Reprinted with permission from ref 36.
Copyright 2016 Springer Nature.
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limited by their small size, reducing their applicability to scale-
up applications.76

Peristaltic pumps supply fluid to reactors by using a flexible
tube that is periodically squeezed to produce a negative
pressure that draws solution into the tubing and subsequently
releases the fluid, generating a flow. A peristaltic pump is
similar to the syringe pump in its ease of setup and operation
but with no limit on the volume that can be supplied, which is
advantageous for large-scale applications. Additionally, peri-
staltic pumps are suitable for pumping high-viscosity fluids.
One drawback of peristaltic pumps is that their mechanism of
pumping induces periodic oscillations, or pulses, in the flow
rates, which can potentially negatively influence flow
conditions and resulting nanoparticle quality. The chemical
resistance and compatibility of peristaltic pump materials
should be considered, as many are not compatible with organic
solvents. Special fluoroelastomers and silicones have been
developed to withstand aggressive chemicals, including
inorganic acids and organic solvents.77−79

It is also common to employ pumps used for high-
performance liquid chromatography (HPLC) in continuous
flow devices. HPLC pumps are based on a reciprocating, or
dual piston, pump design that flows liquid through a one-way
check valve. The HPLC pumping rate is governed by a
mechanism similar to that of peristaltic pumps, where the
piston draws eluent as it retracts and subsequently pumps it
through as the piston moves forward. Polyether ether ketone
(PEEK) tubing is the main material used in HPLC systems but
should not be used with tetrahydrofuran, dimethyl sulfoxide, or
methylene chloride.80 Additionally, relative to the other
methods of inducing flow mentioned, HPLC pumps are
capital intensive.
Pressurized systems have been increasingly recognized as a

superior method for flowing fluids through reactors due to
their ability to achieve stable flows over long run times (i.e., for
large fluid volumes).37,81−83 One advantage of pressurized
systems is that there are no pulses produced that can influence
the flow rates, as there is no mechanical pumping
mechanism.84 But, because the reagents are in a relatively
open environment, reagent contamination and/or solution
evaporation may be problematic in pressure-driven systems.
Moreover, corrosive vapor or gas developed may be harmful to
the pressure control system and reservoirs, so compatible
materials and safety valves are necessary in the pressure-driven
system.83 These two problems can be solved by preventing
direct contact between the reagent solutions and an open
pressure system,85 or by using inert, immiscible liquid instead
of gas to displace the precursor. Another weakness in this
system is that flow rates cannot be directly determined by
delivery pressure since it depends on the flow resistance
downstream. However, by employing flow sensor feedback,
real-time flow rates can be accurately measured and
controlled.37

3. POTENTIAL ISSUES WITH SCALING OF
NANOPARTICLE CATALYST SYNTHESES BY
CONTINUOUS FLOW
3.1. Fouling. A major concern regarding commercial

implementation of continuous flow methods for nanoparticle
catalyst production is the potential for reactors to foul. Fouling
is the unwanted buildup of solid material on the channel walls
that results in changes in the flow velocity at best and total
clogging of the channel at worst. The root cause of fouling is

complicated because numerous factors contribute: the solvents
employed, materials being synthesized, the presence or absence
of ligands, reagent solubility, type of flow, and the channel
material and surface properties, and ultimately the combina-
tion of these parameters will be different for all systems.86,87

For example, it has been observed that fouling can occur for
particulate flows in caterpillar mixers (vide supra) due to the
angular nature of the channel walls obstructing flow and
resulting in sedimentation.88 One would expect this to be a
general issue when physical obstructions are used for mixing;
however, if the mixer is solely being used for reagent mixing,
and nanoparticle nucleation and growth occur downstream,
then this becomes less of a problem.
Two main methods that are used in order to generally

mitigate against fouling for colloidal nanoparticle syntheses are
employment of 3D hydrodynamic flow-focusing or droplet-
based flow, and modification of the surface chemistry of the
reactor materials. In 3D hydrodynamic flow-focusing, a reagent
stream is isolated from the channel walls by focusing it in both
the horizontal and vertical directions with either miscible or
immiscible liquids.89 This can help prevent channel fouling;
however, this advantage may be negated by diffusion for
nanoparticle fabrication that requires high temperatures and/
or long growth times. As discussed previously, multiphase
liquid−liquid droplet-based flow helps prevent the interaction
of the dispersed phase with channel walls through
encapsulation of the dispersed-phase droplet or plug by an
immiscible liquid continuous phase. Without contact with the
walls, solids are less likely to be deposited.
Understanding the surface charge or chemistry of the

channel wall will also aid in finding solutions to fouling issues.
Fouling in a glass channel could occur from a positively
charged particle electrostatically interacting with the hydro-
philic, negatively charged glass surface (with an isoelectric
point of ca. 2.1).90 Altering the surface chemistry of the glass
so that it is no longer hydrophilic is possible, with one option
being passivation using self-assembled monolayers through
silane reagents. It is important to note that depending on the
length, i.d., tubing material, and passivation method, it can be
challenging to achieve, and confirm, that a uniform coating is
achieved. The thermal, chemical, and lifetime stabilities of the
coating also need to be considered for actual use. A nice
example by Benyahia and co-workers demonstrates these
effects with the fabrication of Au nanoparticles in a 3D glass
capillary microfluidic device by the ascorbic acid reduction of
HAuCl4. They showed that at low pH, and with no ancillary
ligands present other than ascorbic acid, the glass reactor
fouled over the course of minutes (Figure 5).91 Increasing the
pH of the ascorbic acid solution past the isoelectronic point of
glass lessens the degree of reactor fouling; however, some
degree of fouling is still qualitatively observed in the time frame
of minutes. Increasing the pH of the ascorbic acid solution and
including a polyvinylpyrrolidone (PVP) capping agent for the
resulting Au nanoparticles eliminated reactor fouling com-
pletely.

3.2. Gas Evolution. The ability to reproducibly control
flow rates allows for the desired residence times to be achieved
in continuous flow reactors. Under ideal conditions, the
calculated residence time, based on the flow rates and tubing
volume, will match the experimentally observed residence time.
However, this is not always the case and oftentimes the
observed residence times are shorter. In situ gas evolution from
gas-evolving reducing agents, decomposition of precursor
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species, or dissolved gases in solvents can decrease the
residence time by increasing the flow rates. As gas is evolved
in the reactor, it displaces the liquid contents of the channels
and, depending on the extent of gas evolution and the liquid-
phase flow rates, can push reagents back toward the reactor
inlet as well as forward to the outlet. If the reagents start to
back-flow, reagent reservoirs could potentially be contaminated
and/or reactor fouling may occur. To avoid this, continuous
debubbler designs based on liquid−gas interfacial tension or
selectively permeable membranes can be applied to achieve
degassing.92−94 But in the case where the gas evolved serves as
reactant that should not be removed, a one-way check valve
that does not allow back-flow can be put in-line after the
reactor inlet. Further, it is important to ensure that selectively
permeable membranes are compatible with the chemistry and
temperature of the reaction in question. A back-pressure
regulator, or a pressurized system in general, may also facilitate
more controlled flow rates in gas-evolving systems.37,95 There
have been reports of exploiting gas formation for the in situ
creation of a stable two-phase flow for nanoparticle
fabrication.96,97

In one recent example demonstrating the importance of gas
management, Corbos and co-workers showed that the aqueous
borohydride reduction of H2PdCl4 results in significant gas
evolution where the gas bubbles accumulate in the reactor
channel, leading to fouling in one-phase flow (Figure 6).98 By
switching to a triphasic flow system comprised of the aqueous
dispersed phase along with fluorinated oil and nitrogen gas
continuous phases, fouling was completely eliminated. It was
shown that the inclusion of a continuous gas phase was key for
managing gas evolved from the borohydride reduction by
acting as a gas sink.
3.3. Parallelization. The translation of colloidal nano-

particle syntheses from batch to continuous flow methods
addresses many of the problems associated with the scaling of
nanoparticle syntheses. However, single-channel continuous
flow devices may not achieve the throughput required for
industrial applications. Concern over how to further scale has

motivated research into ways of scaling these processes even
further. The most straightforward way would be to simply have
multiple flow reactors operating simultaneously, which is
known as “numbering up”. For example, if one reactor system
afforded 25 g of material per day, but the required mass of
product is 1 kg per day, you would have 40 identical reactors
running simultaneously. One drawback to this approach is that
operational differences in the equipment driving flow can
ultimately lead to product variations, similar to batch reactions.
Moreover, numbering up reactors can be capital intensive.
An alternate solution is a reactor that consists of a single set

of inlets for the supply of the reagents that can be split into N
channels for large-scale production of uniform nanoparticles.
For example, Foulds et al. developed a poly(methyl
methacrylate) (PMMA) droplet generator device that
produced liquid−liquid droplets in which N = 512, achieving
a flow rate of 1 L h−1 for the dispersed phase (Figure 7a).99

Potential issues in the design of parallelized channels include
the potential for one channel to affect a neighboring channel
due to inconsistencies in neighboring flow rates or pressure
differences,99 leading to differences in droplet sizes that could
ultimately render nanoparticles with various morphologies and
polydispersities.
To circumvent the issues with differences in pressure of

neighboring channels, the aforementioned flow-invariant 3D
droplet generator discussed in section 2.3 was adapted to
produce a parallelized system with an N = 4 network (Figure
7b).36 Unlike the previous parallelization example, when
operating in the flow-invariant regime, the flow rates or
channel pressures do not have an influence on the resulting
droplet formation (Figure 7c). This was proven by maintaining
a constant continuous-phase flow rate across the channels
while varying the dispersed-phase flow rates by using jumper
cables with different resistivities. Despite the differences in flow
rates, under the flow-invariant regime droplet sizes were
consistent across the parallel network and only dependent on
the i.d. of the outlet tubing, while operating outside the flow-
invariant regime led to droplet sizes that were influenced by
the location of their branch in the manifold. While operating
within the flow-invariant regime, it was shown that the parallel
network could produce Pt nanoparticles where each outlet
(A−D) yielded nanoparticles of the same size, within standard
deviation.

Figure 5. Glass capillary reactor fouling from Au nanoparticle
fabrication, as indicated by red arrows. The greatest degree of fouling
was observed with an ascorbic acid solution at low pH, followed by an
ascorbic acid solution at high pH without the presence of PVP.
Fouling was successfully controlled by the combination of a high-pH
ascorbic acid solution and the presence of PVP. Reprinted with
permission from ref 91. Copyright 2017 Elsevier.

Figure 6. (a) Schematic of one-phase aqueous flow for the fabrication
of Pd nanoparticles by the borohydride reduction of H2PdCl6. (b)
Photograph of reactor channel showing in situ gas formation from the
borohydride reduction (scale bar = 0.5 mm). (c) Photographs of Y-
junction illustration reactor fouling resulting from gas formation.
Reprinted with permission from ref 98. Copyright 2017 The Royal
Society of Chemistry.
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4. FLOW SYNTHESIS OF COLLOIDAL NANOPARTICLE
CATALYSTS

Catalysts are an integral part of sustaining modern day life as
we know it. More than $10 trillion of the global gross domestic
product comes from goods and services that at some point
required a catalyst.100 Catalysts are a key component in the
production of chemicals, petroleum refining, food production,
emission prevention, and energy generation. The following
examples nicely illustrate work done over the past few years in
fabricating catalytically active metal nanoparticles in flow.
4.1. Nanofabrication of Hydrogenation Catalysts.

Hydrogenation reactions, in which hydrogen is added to an
unsaturated bond of an organic compound, are some of the
most important in industry. Catalytic hydrogenations typically
employ heterogeneous catalysts in a reducing atmosphere
created by hydrogen gas.101

4.1.1. Hydrogenation of Nitroaromatic Compounds to
Anilines. The transformation of nitroaromatic compounds to
anilines is of importance to the fine chemical, agrochemical,
and pharmaceutical sectors, and the aniline market as a whole
will likely reach $16 billion USD by 2020.102 It is estimated
that as much as 40−50% of hydrogenation reactions pertain to
the reduction of nitro groups.103 Bayer is one of the largest
producers of aniline, in which they utilize a nickel sulfide
catalyst for the hydrogenation with a 99% selectivity toward

aniline.104 These catalysts are typically prepared using an
impregnation method in which Ni(NO3)2 is supported on
alumina, followed by decomposition at 500 °C and subsequent
sulfidation by treatment with hydrogen sulfide or carbon
disulfide at 450 °C, affording a mixture of Ni2S3 and NiS
phases.104,105 Other nickel-based catalysts, such as Raney
nickel, are commonly used for hydrogenation of nitro-
aromatics. Additionally, it has been reported that Pd, Pt, and
Fe supported on carbon or alumina have high activities and
selectivities toward the hydrogenation of nitrobenzene.106,107

Recently, Zhang et al. demonstrated that catalytically active
Ni nanoparticles could be synthesized using a segmented
continuous flow method in a microreactor with conventional
heating.96 The reactor used HPLC pumps to flow two
solutions of NiCl2 and hydrazine hydrate with sodium
hydroxide in ethanol into a caterpillar mixer submerged in
an oil bath (Figure 8a); in situ gas evolution resulted in two-
phase, gas−liquid plug flow. The residence time necessary to
obtain phase-pure, crystalline Ni nanoparticles was merely 3.9
min, resulting in a throughput of about 11.5 g h−1 of Ni
nanoparticles with a mean diameter of 80 nm and a particle
size distribution ranging from 60 to 114 nm. Introduction of a
cetyltrimethylammonium bromide (CTAB) surfactant reduced
the mean size of the Ni nanoparticles to 60 nm with size
distribution ranging from 40 to 80 nm. Using PVP as the
surfactant resulted in even larger and more polydisperse

Figure 7. (a) Illustration of a rigid PMMA parallelization chip that stacks four (or more) layers, including a cap layer, oil and water distribution
layers, and droplet generating layers. Each droplet generating layer contains 128 flow-focusing droplet generators, as illustrated in the close-up
image. Reprinted with permission from ref (99. Copyright 2014 The Royal Society of Chemistry. (b) Schematic of four 3D droplet generators
assembled into an N = 4 parallel network that are fed by a distribution manifold. As illustrated, a range of resistances feeding the dispersed phase to
the droplet generators is achieved by varying the lengths of jumper cables. (c) Droplet diameters as a function of the droplet generator outlets given
in panel b for continuous and dispersed-phase flow rates of 70 and 10 mL h−1, respectively, (purple circles) in the flow-invariant regime and 210
and 30 mL h−1, respectively, (black triangles) in the flow-dependent regime. The flow-invariant region displays control over the droplet diameters
in each branch, independent of feed resistance of the continuous phase. Reprinted with permission from ref 36. Copyright 2016 Springer Nature.

Figure 8. (a) Schematic of the reactor design for one-phase Ni nanoparticle fabrication including the caterpillar mixer. (b) TEM image of ∼60 nm
Ni nanoparticles fabricated in the presence of CTAB. (c) Activities of Ni nanoparticle catalysts for the hydrogenation of p-nitrophenol to p-
aminophenol [a] without added surfactant, [b] with CTAB, [c] with PVP, and [d] compared to a commercial Raney Ni catalyst. Reprinted with
permission from ref 96. Copyright 2012 Elsevier.
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particles ranging from 50 to 120 nm. The Ni nanoparticles
synthesized with and without CTAB in the flow reactor were
then compared to commercially used Raney Ni for the
hydrogenation of p-nitrophenol to p-aminophenol, revealing
that both the 60 and 80 nm nanoparticles produced in the
continuous flow reactor displayed a higher activity than Raney
Ni (Figure 8c).
Since noble metals are known to be excellent hydrogenation

catalysts, there is interest in exploring noble metal nanoparticle
catalysts in order to exploit their high surface-area-to-volume
ratios while still achieving the high activity, selectivity, and
stability inherent to the metal. Seed-mediated growth methods
have been utilized in batch chemistries as a technique to obtain
highly uniform nanoparticle morphologies. The same concept
can be achieved with continuous flow methods by having
reactors positioned in series that can allow for different
synthetic conditions to be achieved during sequential steps,
such as a different reaction temperatures or chemical
environments. This strategy was recently applied to the
synthesis of Ag nanoparticles by Torrente-Murciano and co-
workers by coiling PFA tubing (i.d. = 0.03 in.) around a 3D-
printed support (Figure 9a).108 This reactor architecture is
engineered to promote the rotation of the fluid by the
intentional production of secondary Dean flows. The
magnitude of Dean vortices can be quantified by the
dimensionless Dean number, which is dependent on the
hydraulic diameter of the tubing and the radius of the
curvature.52 Interestingly, the Dean number of this reactor
displayed a strong correlation to the size and polydispersity of
resulting nanoparticles, where higher Dean numbers (>6) tend
to result in small (<6 nm) nanoparticles, while lower Dean

numbers yield larger (>8 nm) and much more polydisperse
particles. The ability to precisely control the geometric
parameters of the reactor, such as helix diameter pitch distance
and tubing length, ensures that radial mixing is enhanced as a
result of maximization of the Dean number, which facilitates
the formation of smaller and more monodisperse nano-
particles.109

For the synthesis of Ag nanoparticles, two solutions, a
reducing agent consisting of sodium borohydride and sodium
citrate and an aqueous precursor solution of AgNO3, were
flowed through a T-mixer via syringe pumps into the first
reactor that was maintained at 60 °C, affording Ag seeds after a
residence time of 175 s with an average size of 5.4 ± 1.1 nm.
Subsequently, the Ag seeds were flowed through the second
reactor stage that facilitated growth at 90 °C by the
introduction of additional aqueous AgNO3 and sodium citrate
solution via a second T-mixer. The size of the resulting Ag
nanoparticles could be controlled by simply adjusting the
AgNO3 concentration in the second step. Five different sized
Ag nanoparticles (6.5 ± 1.2 (Figure 9b), 6.8 ± 1.2, 7.7 ± 1.4,
8.0 ± 1.5, and 9.3 ± 1.8 nm) were synthesized with identical
total residence times of 342 s, with the seed and growth steps
having residence times of 175 and 167 s, respectively. The
highest concentration of Ag solution used in the second step
corresponded to a metal throughput of 0.5 mg h−1, assuming
complete AgNO3 conversion. The resulting nanoparticles were
tested for the reduction of nitrobenzene to aniline in the
presence of excess NaBH4 at room temperature using time-
dependent ultraviolet−visible absorbance spectra. Contrary to
expectation, the catalytic activity did not increase with

Figure 9. (a) Schematic diagram of the two-stage, one-phase flow reactor for the fabrication of Ag nanoparticles using two coiled flow-inverter
reactors (CFIRs) to induce Dean vortices. (b) TEM image of 6.5 nm Ag nanoparticles synthesized in the flow reactor at 60 °C. Reprinted with
permission from ref 108. Copyright 2018 The Royal Society of Chemistry.

Scheme 1. Schematic of the Triphasic (Oil, Gas, and Aqueous Phase) Segmented Flow Reactor for Palladium Nanoparticle
Synthesisa

aThe addition of a nitrogen gas phase prevents fouling by acting as a gas sink for bubble formation from the borohydride reduction. Reprinted with
permission from ref 98. Copyright 2017 The Royal Society of Chemistry.
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decreasing particle size. Instead, the optimum size was 6.5 nm,
displaying an apparent rate constant of ∼900 × 10−5 s−1.
4.1.2. Hydrogenation of Olefins. The hydrogenations of 1-

cyclohexene and 1-hexene are commonly used as model
reactions for the reactions that occur during hydrotreating, re-
forming, and fuel processing in the petroleum industry for the
upgrading of fuels.110 Steam-cracked crude oil results in the
production of smaller hydrocarbons but contains high levels of
aliphatic and aromatic unsaturation. While some olefins are
desirable, dienes and alkenylarenes are not, as they can lead to
gum polymerization due to their instability.111 The most
commonly employed metals in commercial catalytic hydro-
genation of olefins are noble metals, such as Pd, Pt, Rh, and
Ru, as well as base metals such as Ni, Co, and Cu.112

Recently, Pd nanoparticles were synthesized in a single-
channel flow reactor that afforded ∼10 L of Pd nanoparticle
suspension per day, where the reported Pd precursor
concentration and aqueous flow rate equate to >4.5 g of Pd
nanoparticles per day, assuming complete precursor con-
version.98 Here, Corbos and co-workers mitigated against
reactor fouling by employing a triphasic segmented flow
comprised of oil, gas, and aqueous phases. The flow reactor is
configured so that the aqueous H2PdCl4 precursor and
fluorinated oil are co-injected into a Y-junction using peristaltic
pumps, which flow downstream where there are two
subsequent T-junctions in which nitrogen gas and aqueous
NaBH4 are introduced into the stream, respectively (Scheme
1). After the introduction of NaBH4, additional fluorinated oil
is injected via a Y-junction and the i.d. of the reactor tubing
changes from the milliscale (0.5 mm) to the mesoscale (1.6
mm). This reactor can be thought of as a two-step process,
where the milliscale section allows rapid mixing for the
nucleation of uniform Pd seeds, followed by subsequent
growth in the mesoscale portion, with the first and second
stages having residence times of 10 and 80 s, respectively.
Operation at the mesoscale facilitates higher throughputs to be
achieved while requiring lower pumping pressures.
This work highlights how smart engineering of the reactor

can address challenges with the translation of batch chemistries
to flow methods. Potential back-flow from hydrogen gas
evolution resulting from the decomposition of sodium
borohydride was avoided through the incorporation of a
nitrogen gas phase, which acted as a gas sink. The fluorinated
oil and the nitrogen gas completely isolated the aqueous
droplets from the channel walls, mitigating against fouling.
Fouling was reported when the gas phase was not included
(vide supra). Furthermore, high throughput was achieved by
using a mesoscale i.d. tubing for the growth stage, enabling a
fast flow rate of 300 mL h−1 for the aqueous phase, which was
stable for at least 6 h of run time. Smaller, more monodisperse
Pd nanoparticles were achieved in the flow synthesis (2.3 ± 0.3
nm), compared to an analogous batch reaction that was
performed on a typical benchtop scale of 10 mL, affording 3.4
± 0.9 nm nanoparticles, as seen in the transmission electron
microscopy (TEM) images given in Figure 10.
The resulting catalytic activity toward the hydrogenation of

1-hexene was higher for the flow-synthesized Pd nanoparticles
(11.9 ± 0.7 molhexane molPd nanoparticles

−1 s−1) compared to the
batch-synthesized Pd nanoparticles (6.2 ± 1.1 molhexane
molPd nanoparticles

−1 s−1), which can be explained by the increased
surface-area-to-volume ratio of the smaller, flow-synthesized
nanoparticles. Furthermore, to verify the robustness of this
method, samples collected every hour during the 6 h

nanoparticle synthesis reactor run were analyzed for both
their size and catalytic activity. It was found that the
nanoparticle size was consistent across all samples, as well as
the catalytic activity by comparison of their turnover frequency
(Figure 11).

While employing the use of multiple phases mitigates against
reactor fouling, allows for gas management, and affords
superior mixing compared to solely one-phase flow, it has
recently been demonstrated that two-phase flow can also
provide control over nanoparticle morphology. Multipod
structures of Rh nanoparticles were achieved using microwave
irradiation coupled with a two-phase millifluidic flow method
(Figure 12).113 A 3D-printed droplet-forming device was
employed in which three inlets supplied the dispersed phases
of RhCl3 in ethylene glycol and PVP in ethylene glycol, with a
continuous fluorocarbon oil phase; the three streams were
flowed using syringe pumps (Figure 12a). After droplets were
generated at room temperature, the reaction was thermally
triggered by flowing them into a microwave cavity in PTFE
tubing (i.d. = 0.79 mm).
The morphology of Rh nanoparticles synthesized with two-

phase flow was investigated at different temperatures and
residence times, revealing that, with lower temperatures and
shorter residence times, a higher percentage of the nano-
particles displayed a kinetic multipod morphology, whereas, at

Figure 10. Nanoparticle size distributions and TEM images of the (a)
batch-synthesized Pd nanoparticles and (b) flow-synthesized Pd
nanoparticles. The flow synthesis yields nanoparticles of smaller mean
size and narrower size distribution compared to those fabricated in a
small-scale batch reactor. Reprinted with permission from ref 98.
Copyright 2017 The Royal Society of Chemistry.

Figure 11. 1-Hexene hydrogenation turnover frequencies of Pd
nanoparticle catalysts taken hourly from two distinct nanoparticle
fabrication runs, highlighting the Pd nanoparticle production fidelity
over a long time interval. Reprinted with permission from ref 98.
Copyright 2017 The Royal Society of Chemistry.
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higher temperatures and longer residence times, there was a
greater percentage of the thermodynamically favored cubocta-
hedra structures. The mechanism in which these multipods
form is suggested to occur by addition of Rh atoms onto four
of the eight triangular (111) faces of the cuboctahedra nuclei,
as the PVP ligand likely interacts more strongly with the (100)
faces. However, as the temperature and residence time
increases, the high-energy multipod appendages undergo
etching and subsequent transformation to the thermodynami-
cally favored cuboctahedra. Under no reaction conditions did
the analogous one-phase synthesis result in Rh multipods;
instead these reactions give the thermodynamically favored
cuboctaheral morphology (Figure 12) with sizes ranging from
3.62 ± 0.71 to 3.92 ± 0.75 nm for residence times from 9 to 18
min, respectively. The authors systematically concluded that
the kinetic product was obtained using two-phase flow
conditions because the fluorinated carrier oil, which is a poor
microwave absorber, causes the heat in the droplet phase to
rapidly dissipate and allows the kinetic product to be trapped.
In order to understand the effect of microwave irradiation on
the system for the formation of Rh multipods, the analogous
reaction was conducted using conventional heating under
otherwise identical reaction conditions of 120 °C and a 9 min
residence time. These conditions, which yielded a 94%
selectivity toward multipods with microwave irradiation, gave
only a 72% selectivity toward multipods under conventional
heating. For the Rh multipods synthesized with a residence
time of 9 min, the theoretical yield, assuming complete
conversion, is >1.3 g of Rh per day.
The resulting Rh multipods synthesized with microwave

irradiation and conventional heating were supported on a silica
(SiO2) support and compared to similarly sized cuboctahedra
Rh nanoparticles also supported on SiO2, for their catalytic
activity toward the vapor-phase hydrogenation of cyclohexene.
Since the Rh multipods display a higher ratio of high-energy
corner and edge sites, as well as a higher surface-area-to-
volume ratio, it is expected that the multipods will display
superior catalytic activities. Indeed, the multipod Rh nano-
particles, regardless of the heating method, displayed higher
turnover frequencies (6.5 and 8.5 molcyclohexane molsurface site

−1

s−1 for the microwave heating and conventional heating
methods, respectively) than the cuboctahedral Rh nano-
particles (3.5 molcyclohexane molsurface site

−1 s−1) for the hydro-
genation of cyclohexene, which are all normalized for Rh

content (Figure 13). The slightly higher turnover frequencies
displayed by Rh multipods synthesized with microwave

irradiation compared to conventional heating matches well to
the difference in the population fraction of the catalyst
morphologies (i.e., multipods versus cuboctahedra).
Another example of exploiting two-phase flow for control

over the resulting nanoparticle morphology has been shown for
the synthesis of anistropic, rod-shaped Pd nanoparticles.95 This
high-pressure synthesis (0.8 MPa) was performed using a
Pyrex microreactor that was made by traditional lithographic
techniques (Figure 12a−c). The reactor chip had a mixing
zone, a hot reaction zone, and a cooling zone in which the two
solutions, (1) Na2PdCl4, KBr, and water and (2) ethylene
glycol and PVP, were flowed using syringe pumps at various
flow rates to achieve different residence times. A back-pressure
regulator achieved a constant pressure of 0.8 MPa for all
reactions to control flow rates. Dissolved oxygen in the
solvents, as well as the presence of halide anions from KBr,
have been reported to influence the morphology of the

Figure 12. (a) Schematic of the millifluidic reactor showing three syringe pumps driving reagents and carrier oil flow, the 3D droplet generator, and
PTFE tubing coil in the microwave cavity. For one-phase flow, a device without the carrier oil inlet was used to mix reagents. (b) TEM image of Rh
cuboctahedra produced in one-phase flow at 120 °C with a 9 min residence time (scale bar = 50 nm). The nanoparticle size distribution is given as
an inset. (c) TEM image of Rh multipods produced in two-phase flow at 120 °C with a 9 min residence time (scale bar = 50 nm). The ensemble
possesses a 94% selectivity for the multipod morphology with an average arm length of 6.75 ± 1.40 nm. Reprinted with permission from ref 113.
Copyright 2017 American Chemical Society.

Figure 13. Catalytic activity for the hydrogenation of cyclohexene of
Rh multipods synthesized via microwave irradiation (μwI) and
conventional heating (CvH), in terms of turnover frequency,
compared to similarly sized Rh cuboctahedra. Reprinted with
permission from ref 113. Copyright 2017 American Chemical Society.
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resulting nanoparticles.114,115 For one-phase flow, a combina-
tion of flow rates, achieving residence times from 10 to 120 s,
and temperatures, from 160 to 190 °C, were used to
controllably tune the morphology from isotropic nanoparticles
to anisotropic nanorods. At lower temperatures, the rates of
the halide addition to the Pd nanoparticles are comparable to
the rate of the oxidative etching, so preferential growth is not
observed. However, at elevated temperatures, such as 160 °C,
and a residence time of 120 s, the rate of halide ion is faster
than the etching, affording nanorods.
To investigate the extent of influence the oxidative

environment had on the resulting nanoparticle morphology,
a two-phase approach using air as the carrier phase was also
employed. In the presence of air, introduced by a T-junction to
yield segmented flow, the resulting morphology was exclusively
nanorods (Figure 14d), and interestingly, by changing the ratio
of Na2PdCl4 to ethylene glycol, the aspect ratio (ratio of width
to length) of the nanorods could be controlled. At higher ratios
of ethylene glycol to Na2PdCl4, the aspect ratio was higher.
The resulting Pd nanorods were investigated for their catalytic
activity toward the hydrogenation of styrene, and the activity
was compared to a commercial Pd/C catalyst, performed in
the liquid phase using a Parr reactor. Under the same catalytic
testing conditions (i.e., 0.1 mM Pd, 0.2 MPa H2 pressure, 40
°C, DMF solvent), the flow-synthesized Pd nanorods exhibited
a 100% conversion of styrene to ethylbenzene within 8 min,
compared to 30 min with the commercial catalyst (Figure 15).
Additionally, the turnover frequency was substantially higher
for the Pd nanorods (6297 h−1), compared to the commercial
Pd/C catalyst (1542 h−1).
4.2. Nanofabrication of Electrocatalysts. Fuel cells are

promising clean-energy converting devices capable of generat-
ing electricity using a fuel source, such as hydrogen, alcohols,
and hydrogen-rich hydrocarbons, with the main byproducts
being water and heat for hydrogen fuel cells, and water, heat,
and CO2 for hydrocarbon fuel-based systems.116,117 The
prototypical hydrogen fuel cell is comprised of a proton-
exchange membrane (PEM), electrolyte, electrodes, and
hydrogen and oxygen as fuel and oxidant, respectively. At
the anode, the hydrogen fuel is catalytically split into protons
and electrons, followed by the migration of both the protons
through the PEM and the electrons through an external circuit
to the cathode. At the cathode, the oxygen reduction reaction
(ORR) occurs in which the protons and electrons react with

oxygen molecules, from the air, to produce water.117 Hydrogen
fuel can be replaced with liquid fuels, such as methanol and
ethanol, forming a direct methanol fuel cell (DMFC) and
direct ethanol fuel cell (DEFC), respectively, in which protons
and electrons are generated in their respective oxidation
reactions with an additional byproduct of CO2.

116

The large-scale implementation of fuel cell technology is
limited by two major challenges: (1) cost and (2) stability.117

Both of these issues stem from the Pt-based catalysts that are
used to facilitate both the anodic and cathodic electrochemical
reactions. Employment of nanoscale Pt for both electro-
chemical reactions has facilitated the reduction in Pt loading
over the past decade, from ∼4 to ∼0.6 mg cm−2 in a fuel
cell.116 However, since Pt is a scarce metal, in order for there
to be a significant increase in the scale of which fuel cells are
produced currently, the amount of Pt needs to be further
reduced by approximately 5-fold by alloying with base metals
and/or nanostructuring, and a method for the large-scale
production of these alternative catalysts needs to be
developed.116,118−121 Additionally, under the reaction con-
ditions that are typical of fuel cells, Pt is sensitive to
contaminants, such as CO, which can result in catalyst
poisoning.122 Therefore, developing methods to facilitate the

Figure 14. (a) Schematic of two-phase air−liquid flow generation from a T-junction in a microfluidic reactor. (b) Photograph of complete
microreactor used for the fabrication of Pd nanorods. (c) Photograph of two-phase air−liquid flow in spiral microreactor. (d) TEM image of Pd
nanorods produced in two-phase flow at 160 °C with a 120 s residence time. Reprinted with permission from ref 95. Copyright 2016 Wiley-VCH.

Figure 15. Plot of conversion of styrene to ethylbenzene versus
reaction time (min) in the presence of the flow-synthesized Pd
nanorods, a commercial Pd/C catalyst, and no catalyst. Catalytic
reactions were performed at 0.2 MPa H2 pressure and 313 K.
Reprinted with permission from ref 95. Copyright 2016 Wiley-VCH.
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large-scale production of superior catalysts in terms of activity,
stability, and cost is paramount.
4.2.1. Oxygen Reduction Reaction. One method to reduce

the amount of Pt used in catalysts is to incorporate a less
expensive, more earth-abundant metal, such as a transition
metal that can also result in an enhancement of the specific
activity.123 Xia and co-workers published work with a two-
phase, continuous-flow reactor for the production of Pt−Ni
octahedra.97 The Pt−Ni octahedra were synthesized using a
solution of Pt(acac)2, Ni(acac)2, and W(CO)6 in oleic acid,
oleylamine, and benzyl ether that was first heated to 70 °C to
dissolve W(CO)6 prior to introduction into the reactor.
Immediately upon entering the reactor, which was heated to
230 °C using an oil bath, W(CO)6 decomposes, evolving CO
gas. The CO gas acts both as a continuous phase, by separating
the dispersed phase into discrete droplets that are uniformly
spaced, and as a reducing agent (Figure 16). This reaction

temperature does not facilitate the alloying of W and Pt, so W
is not incorporated into the final material. The fluidic device
was constructed using a syringe pump that was connected to
PTFE tubing with an i.d. = 1.58 mm, which could be changed
to tubing with an i.d. = 3.0 mm, to achieve throughput of 20
and 160 mg h−1 of unsupported 9 nm Pt2.4Ni octahedra,
respectively.
The use of W(CO)6 has been previously reported in the

batch synthesis of Pt nanoparticles to ensure that uniform
morphologies are achieved, because the CO promotes growth
of the (111) facet of the octahedra, resulting in Pt nanocubes
exclusively displaying (100) facets.124 At higher concentrations
of W(CO)6, more CO gas was evolved, which disrupted
formation of the droplets and resulted in Pt−Ni nanoparticles
with poorly defined morphologies (Figure 17). Alternatively,
lower concentrations of W(CO)6 result in less CO gas
evolution, causing the dispersed phase to flow in plugs,
producing Pt−Ni octahedra with larger size distributions.

Therefore, there was an empirically determined optimum
W(CO)6 concentration in flow that facilitates the in situ
formation of well-behaved droplets. Compositional control
using this reactor design is achievable by simply adjusting the
amount of Ni(acac)2 in the dispersed phase, affording both 9
nm Pt1.7Ni and 9 nm Pt3.0Ni octahedra.
The 9 nm Pt2.4Ni octahedra underwent an acetic acid

treatment to remove surfactants from the surface before being
supported on high surface area carbon support (Pt2.4Ni/C)
and compared against a commercial Pt/C catalyst. Using a
rotating disc electrode (RDE) technique, the electrochemical
active surface areas (EASAs) were calculated from hydrogen
absorption and desorption, with the Pt2.4Ni/C catalyst
exhibiting a smaller EASA than the commercial Pt/C (i.e.,
46.4 and 69.4 m2 gPt

−1, respectively) from the cyclic
voltammograms recorded at room temperature in a N2-
saturated 0.1 M HClO4 solution. However, the specific activity
was much higher for the Pt2.4Ni/C catalyst, giving a current
density of 5.74 mA cm−2 at 0.9 V, whereas the commercial Pt/
C catalyst gave only 0.34 mA cm−2 at the same potential. The
specific activities were calculated by analyzing the ORR
polarization curves which were obtained in a room temper-
ature O2-saturated HClO4 solution. The flow-synthesized
catalysts were also more stable, with a drop in EASA of 7.7%
after 5,000 cycles, compared to a 47% loss for the commercial
Pt/C catalyst.
The same group that synthesized the aforementioned

Pt2.4Ni/C catalyst also studied the two-phase flow synthesis
of multiply twinned Pd icosahedra shelled with a few
monolayers of Pt.125 Instead of in situ gas evolution from a
reagent, air was employed as the carrier phase in this report.

Figure 16. (a) Diagram of a two-phase flow reactor where in situ gas
formation occurs from thermally triggered W(CO)6 decomposition
that segments the liquid phase into well-defined droplets. (b)
Photograph of the entire PTFE reactor setup, where the tubing
enters an oil bath to thermally trigger the reaction and generate gas.
Reprinted with permission from ref 97. Copyright 2016 American
Chemical Society.

Figure 17. TEM images of Pt−Ni nanoparticles obtained in two-
phase droplet flow by the addition of W(CO)6 into the precursor
solution at concentrations of (a) 2.0, (b) 1.0, and (c) 5.0 mg mL−1,
each resulting in different flow behavior as depicted in the insets.
Jetting occurs when W(CO)6 is used at the highest concentration of
5.0 mg mL−1, while plug formation occurs when W(CO)6 is used at
the lowest concentration of 1.0 mg mL−1. (d) TEM image of Pt−Ni
nanoparticles formed when Ar was used as the gas phase in the
absence of W(CO)6. Reprinted with permission from ref 97.
Copyright 2016 American Chemical Society.
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The dispersed phase was comprised of Na2PdCl4 and PVP
dissolved in diethylene glycol and introduced via a T-junction.
A syringe pump was used to flow both the gas and liquid
reagent phases into the reactor that was constructed of PTFE
tubing (i.d. = 1.58 mm; length = 7 m) and maintained at 130
°C by an oil bath (Figure 18a). The Pd icosahedra were
synthesized with an average diameter of 12.4 ± 1.2 nm using a
tailored ratio of dispersed phase to continuous phase of 1:6,
which calculates to approximately a 1.6 mM solution segment,
or plug, with a volume of 3 μL. The influence of this ratio was
probed, revealing poorly defined morphologies at higher and
lower ratios (i.e., 1:0 and 1:36). At a slightly higher ratio of
1:18 for dispersed phase to continuous phase, the reactor
produced the desired icosahedra with 99% purity and a slightly
larger average diameter of 14 nm (Figure 18e).
The reason for this morphology control to give well-defined

icosahedra is attributed the use of air as the continuous phase,
as it has previously been reported to have dual purposeone
being that O2 can serve as an oxidant, generating aldehydes in
the polyol reaction that act as the actual reducing agent, and
also that the oxidative etching with O2 can alter the reaction
kinetics through the oxidation of Pd0 back into its ionic
form.126−128 This was proven by performing two control
reactions, (1) a synthesis using one-phase flow and (2)
substitution of the air continuous phase with pure O2. In both
cases, the percentage of icosahedra was reduced significantly,
with the former case exhibiting a reduction of the icosahedra
population to 15%, whereas with pure O2, with a ratio of
dispersed phase to O2 of 1:12, a population with only 60%
icosahedra was produced. This suggests that there is a careful
balance between the amount of oxidative species to precursor
solution that needs to be empirically determined in order to
obtain the highly twinned icosahedra morphology in flow.
The Pd icosahedra were then employed as a substrate to

deposit a few monolayers of a Pt shell (Pd@Pt2−3L) in batch.
This strategy allows a reduction in the amount of Pt used for
catalysis but also has been shown to enhance the catalytic
activity toward the ORR for batch-synthesized Pd of various
morphologies by adding a Pt monolayer.129,130 The highly
uniform shells of Pt were achieved in a batch reaction by the
slow (4.0 mL h−1), controlled addition of a Na2PtCl6 in
ethylene glycol to a solution of the flow-prepared Pd
icosahedra in the presence of KBr, PVP, and absorbic acid in
ethylene glycol at 200 °C. The reaction was allowed to stir at
temperature for 1 h.

The RDE technique was employed to analyze the activity of
the Pd@Pt2−3L nanoparticles for their activity toward ORR by
supporting the nanoparticles onto Ketjen black carbon to
obtain 20 wt % metal catalyst (Pd@Pt2−3L/C) and was
compared to a commercial 20 wt % Pt/C catalyst consisting of
2.3 nm Pt nanoparticles. In this case, the normalized EASAs,
calculated from the cyclic voltammograms in Figure 19a, were
higher for Pd@Pt2−3L/C nanoparticles (100.3 m2 gPt

−1) than
the commercial Pt/C (52.6 m2 gPt

−1), despite the smaller
average particle size of the commercial catalyst. The ORR
polarization curves were measured in an O2-saturated aqueous
HClO4 solution, revealing that the mass activities at 0.9 V were

Figure 18. (a) Illustration of the two-phase (liquid−air) flow reactor for the fabrication of Pd nanoparticles, where plugs are formed at a T-
junction. Photographs of the PTFE plug reactors containing the reagent solution (yellow) and air (colorless) with (b) 1:6 and (c) 1:36 length
ratios between the two phases. TEM images of the icosahedral Pd nanoparticles prepared using (d) 1:6, (e) 1:18, (f) 1:39, and (g) 1:0 length ratios
between the reagent solution and the air phase, with arrows pointing out the particles that do not possess the icosahedral shape. Reprinted with
permission from ref 125. Copyright 2016 Wiley-VCH.

Figure 19. (a) Cyclic voltammograms of the prepared Pd@Pt2−3L/C
catalyst and a commercial Pt/C catalyst, and their (b) ORR
polarization curves using the RDE method, with current densities
normalized to the geometric area of the RDE. (c) Specific ECSAs and
(d) mass activities at 0.9 V (versus RHE) for the prepared Pd@
Pt2−3L/C catalyst and a commercial Pt/C catalyst before (initial) and
after accelerated testing. Even after 10,000 cycles, the specific mass
activity of the Pd@Pt2−3L/C catalyst is more than double that of the
pristine, commercial Pt/C catalyst. Reprinted with permission from
ref 125. Copyright 2016 Wiley-VCH.
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five times higher for the Pd@Pt2−3L/C nanoparticles (Figure
19b,c). Furthermore, accelerated durability tests were con-
ducted in which the Pd@Pt2−3L/C nanoparticles were shown
to have a higher mass activity than the benchmark catalyst even
after 10,000 cycles (Figure 19d). While the Pd@Pt2−3L/C
nanoparticles displayed high activity and stability toward the
ORR, a combination of flow and batch synthetic steps were
needed to achieve the final catalyst. Therefore, it would be of
great interest to demonstrate that flow methods can be
employed for the multistep deposition of a few monolayers of
Pt onto a seed Pd particle.
Some of the most promising Pt intermetallics are Pt1Bi1 and

Pt1Bi2 because of their high catalytic activity and stability for
ORR, but these materials are more challenging to make than
purely noble metal catalysts because their preparation typically
requires high temperatures and/or pressures that make it
challenging to produce uniform, small, and pure Pt−Bi
intermetallics. Recently, Guo and co-workers developed an
innovative one-phase flow reactor to circumvent the
aforementioned issues for Pt−Bi intermetallic syntheses.81

The back-pressure-regulated capillary microfluidic reactor
utilized nitrogen gas to drive solutions into the reactor that
first went through a heated section and then a subsequent
cooling section (Figure 20a). The high pressure allowed
gasification of the solvents to be suppressed at high
temperatures. Using the same precursor solutions of H2PtCl6
and Bi(NO3)3 dissolved in ethylene glycol, phase-pure Pt1Bi1
and Pt1Bi2 can both be produced by simply adjusting the

temperature from 260 to 360 °C for Pt1Bi1 and Pt1Bi2,
respectively, under otherwise analogous conditions. TEM
analysis of the final products revealed that the Pt1Bi1 exhibited
a V-shaped nanorod morphology that made up an extended
network, with a rod width of ∼17 nm (Figure 20b). Pt1Bi2
exhibited a quasi-spherical nanoparticle structure with an
average diameter of 33.5 nm (Figure 20c). However, since
these particles were larger than the reported desired size of
nanoparticles (<3.5 nm) for use as fuel cell catalysts,131

methods to produce smaller Pt1Bi2 nanoparticles were
explored.
To synthesize smaller Pt1Bi2 nanoparticles, various molec-

ular weight poly(ethylene glycols) (PEGs) were explored, such
as PEG400 and PEG600. TEM analysis of the resulting
nanoparticles revealed that the particle size correlated to the
molecular weight of the polyols used, with PEG600 and
PEG400 achieving ∼13.2 and ∼19.2 nm Pt1Bi2 nanoparticles,
respectively. The 13.2 nm Pt1Bi2 nanoparticles were sub-
sequently investigated for their electrocatalytic performance
toward the ORR, because the Pt1Bi2 phase is comprised of less
Pt than the Pt1Bi1 phase. Since methanol crossover in fuel cells
can occur, the ORR reaction activity was investigated in the
presence of varying amounts of methanol. Polarization curves
were obtained using the RDE technique for the supported
flow-synthesized Pt1Bi2 nanoparticles on Vulcan XC-72 carbon
(Pt1Bi2/XC-72) and compared to a commercial 20 wt % Pt/C
catalyst in an O2-saturated 0.1 M HClO4 solution. A
pretreatment process was employed by potential cycling of

Figure 20. (a) Diagram of the back-pressure-regulated capillary microfluidic reactor system for the fabrication of Pt−Bi nanoparticles. A “heating”
zone, where the temperature dictates the phase and morphology of nanoparticles, is followed downstream by a “cooling” zone to quench the
reaction. TEM images of (b) Pt1Bi1 nanoparticles fabricated at 260 °C displaying a V-shaped nanorod morphology and (c) Pt1Bi2 nanoparticles
fabricated at 350 °C displaying a quasi-spherical morphology. Reprinted with permission from ref 81. Copyright 2015 American Chemical Society.

Figure 21. Polarization curves for ORR using (a) commercial Pt/C catalyst and (b) Pt1Bi2/XC-72 catalyst, with varying degrees of methanol
addition. Reprinted with permission from ref 81. Copyright 2015 American Chemical Society.
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all electrodes between 0 and 1.2 V versus RHE at a sweep rate
of 200 mV/s for 20 cycles in order to clean the surface of the
catalysts. As seen in Figure 21, the onset potential and current
density displayed in the ORR polarization curves were
substantially lower for the commercial Pt catalyst in the
presence of any methanol, whereas the flow-synthesized
Pt1Bi2/XC-72 catalyst remained stable even in the presence
of the highest concentration of methanol. The difference in
activity and tolerance to methanol is hypothesized to result
from the difference in the Pt−Pt (0.474 nm) distance of the
Pt1Bi2 material compared to Pt−Pt (0.278 nm) in Pt and the
difference in charge distribution of the bimetallic structure,
both of which influence reaction pathways that would prevent
the oxidation of methanol.
4.3. Nanofabrication of Oxidation Catalysts. 4.3.1. CO

Oxidation. Historically, CO oxidation catalysts have been of
vital importance as they mitigate against pollution resulting
from exhaust gas. More recently, concern over purity of fuels
for use in fuel cells has motivated the development of efficient
CO oxidation catalysts for the production of extremely pure
fuel gases, such as H2, because CO is a poison for many of the
catalysts that are used in fuel cells.132

Ultrasmall AuPd nanoparticles for use as CO oxidation
catalysts were synthesized under one-phase continuous flow
reaction conditions.82 A flow reactor was utilized in which the
corrosion resistant stainless steel vessels were pressurized to
deliver the reactants with a total flow rate of 2.6 L h−1(Figure
22a), where, depending on the composition, the throughput of
this system is ∼24−46 g of metal catalyst per day, assuming
complete conversion. The two precursor solutions consisting
of (1) aqueous HAuCl4, K2PdCl4, and PVP and (2) aqueous
NaBH4 and PVP allowed for Au, Au7Pd3, Au5Pd5, Au3Pd7, and
Pd nanoparticles to be synthesized by simply changing the
metal salt ratios while maintaining a constant precursor
concentration. Rapid and homogeneous mixing was achieved
by three cyclone micromixers that are integrated into the
microfluidic chip, which is fabricated out of silicon-bonded
glass with a 300 × 300 μm2 cross-section. The high flow rates
(1.3 L h−1 for each stream) enabled turbulent mixing to be
achieved within 2 ms and only required a 20 ms residence time
before being stirred in an off-chip iced round-bottom flask for
1 h for production of the desired Au−Pd, Au, and Pd
nanoparticles. The continuous flow synthesized Au7Pd3 and
Au3Pd7 were smaller and more monodisperse (1.3 ± 0.4 and
1.2 ± 0.4 nm, respectively) than the analogous batch-
synthesized nanoparticles (1.4 ± 0.5 and 1.6 ± 0.8 nm,
respectively), as seen in Figure 22b−e. The enhanced mixing

achieved from the cyclone micromixers in flow facilitated a
more homogeneous nucleation process compared to the batch
reactor, ultimately achieving nanoparticles with a narrower size
distribution.
The resulting nanoparticles were supported on TiO2 powder

to achieve a 1 wt % total metal loading and were subsequently
calcinated at 380 °C prior to testing of their activity toward
CO oxidation. Investigation into the effect of this procedure on
the morphology of the nanoparticles revealed an increase in
average diameters of the Au7Pd3 and Au3Pd7 nanoparticles to
5.3 and 7.3 nm, respectively. The catalytic oxidation of CO was
studied using a fixed-bed quartz flow reactor under temper-
ature-programmed mode using temperatures between 30 and
250 °C with catalysts that were pretreated in a reducing
atmosphere (5% H2 in N2) at 250 °C for 1 h prior to testing.
The pure Au/TiO2 nanoparticles exhibited the typical 20% CO
conversion observed at ambient temperature that increased
with increasing temperature, reaching full conversion at 120
°C. An increase in Pd content reduced the activity of the
catalysts at ambient temperature but resulted in a lower
temperature necessary to result in 100% conversion, being ca.
95, 100, and 88 °C for Au7Pd3, Au5Pd5, and Au3Pd7,
respectively. The same trend observed for conversion was
exhibited by the turnover frequencies being Au/TiO2 >
Au7Pd3/TiO2 > Au3Pd7/TiO2 ≥ Au5Pd5/TiO2 > Pd/TiO2.

4.3.2. Oxidation of Benzyl Alcohols. The oxidation of
benzyl alcohols to benzaldehydes is of importance because
derivatives of benzaldehydes are often used as intermediates in
the agricultural industry for the production of pesticides, the
pharmaceutical industry for production of drugs, textile
industry for the production of dyes, food industry for almond
and cherry flavoring, and the perfume industry as an
intermediate for many scents.133−136

Tsukuda and co-workers investigated the effect of the size of
Au nanoclusters on their catalytic activity toward aerobic
alcohol oxidation reactions.137 In order to synthesize small (1−
2 nm) Au nanoparticles with a narrow size distribution that
facilitates the elucidation of the effect of small size differences
on catalytic activity, extremely fast and homogeneous mixing is
necessary. A one-phase parallel lamination device made out of
Hastelloy C-276, a nickel−molybdenum−chromium superalloy
with an addition of tungsten designed to have excellent
corrosion resistance in reducing environments, was used.138

Syringe pumps supplied the two aqueous solutions of (1)
HAuCl4/PVP and (2) NaBH4/PVP, which were laminated
into 16 substreams each, with a stream thickness of <100 μm,
and then interdigitated with one another (Figure 23a). The 32

Figure 22. (a) Schematic of the pressure-driven microreactor with cyclone micromixers for the fabrication of AuPd nanoparticles in continuous
flow (P and T = pressure transducer and temperature sensor, respectively). (b, c) TEM image and corresponding size distribution of Au7Pd3 and
Au3Pd7 nanoparticles, respectively, produced in flow. (d, e) TEM image and corresponding size distribution of Au7Pd3 and Au3Pd7 nanoparticles,
respectively, produced in an analogous batch reaction. Reprinted with permission from ref 82. Copyright 2018 American Chemical Society.

ACS Applied Materials & Interfaces Review

DOI: 10.1021/acsami.9b07268
ACS Appl. Mater. Interfaces 2019, 11, 27479−27502

27494

http://dx.doi.org/10.1021/acsami.9b07268


parallel streams were further compressed from a channel width
of 3.2 to 0.5 mm to minimize the diffusion length.
The flow synthesis with the highest precursor solution

concentration using the highest flow rate resulted in the
smallest average Au cluster size (Figure 23b) based on TEM
and optical absorption, affording a throughput of ∼4.7 g of Au
nanoparticles per day assuming complete precursor conversion.
These Au clusters were then compared to a previously
reported Au cluster batch synthesis using similar conditions.139

Typically TEM analysis would be sufficient in determining the
size differences between reactions: however; since these
clusters are quite small (<2 nm), the resolution of the TEM
does not provide accurate data to facilitate quantitative
comparison because there is limited spatial resolution (∼0.2
nm). Therefore, the flow- and batch-synthesized Au clusters
were compared using a battery of characterization techniques.
The flow clusters were determined to be smaller and more
quantized than the batch as confirmed by the optical spectrum
displaying a structured profile without a surface plasmon band,
whereas the batch reaction did display a surface plasmon
resonance. The X-ray absorption fine structure spectroscopy
revealed a smaller Au−Au coordination number and bond
distance of 4.0 ± 0.8 and 2.75 Å than those of the batch
reaction, which were 6.0 ± 1.3 and 2.78 Å, respectively.
Moreover, the diffraction patterns display a single broad peak
for both methods that suggested lattice spacings of 2.28 and
2.26 Å and crystallite sizes of 0.9 and 1.0 nm for flow- and
batch-synthesized Au clusters, respectively.
The flow- and batch-synthesized Au clusters were evaluated

for their catalytic activity toward the aerobic oxidation of p-
hydroxylbenzyl alcohol (Figure 24a). The reaction was
performed in a temperature-controlled personal synthesizer
under air, in which the p-hydroxylbenzyl alcohol substrate and
potassium carbonate were added to water in a test tube. A
solution (1 mM in 5 mL of H2O) of the catalyst was then
added that contained identical concentrations of Au and PVP.
The conversion of p-hydroxylbenzyl alcohol to p-hydroxylben-
zaldehdye at 300 K was determined by gas chromatography
over 6 h with the flow- and batch-synthesized Au clusters
resulting in isolated yields of 95 and 88%, respectively (Figure
24b). The rate constant for the flow-synthesized Au clusters
(km = 0.58) was 50% higher than that of the batch-synthesized
Au clusters (km = 0.38). The enhancement in rate constant
cannot be simply attributed to the difference in surface area as
the size of the flow-synthesized Au clusters determined by
powder X-ray diffraction is only 10% greater in surface area.
Therefore, Tsukuda and co-workers attribute this catalytic
improvement to be a result of the smaller size (different Au−

Au coordination number and bond distance), as verified by X-
ray absorption, that displays a higher inherent activity.
Bimetallic AuPd nanoclusters were also synthesized using a

one-phase multilaminar flow mixing device for use as catalysts
for the aerobic oxidation of benzyl alcohol.140 The superior
mixing due to the fast diffusion between laminar flows
facilitates the synthesis of bimetallic structures with varying
composition but in a smaller range of average crystallite sizes
(1−3 nm). The origin of intrinsic synergistic effects resulting
from the composition, not the size, could therefore be
elucidated. The microfluidic multilamination mixer device
consisted of 92 zirconia channels configured in an
interdigitated pattern that were 15 μm wide. Syringe pumps
flowed the two aqueous solutions of (1) HAuCl4, H2PdCl4,
and PVP and (2) NaBH4 and PVP into their respective inlets
through 1 mm i.d. PTFE tubing (Figure 25a). The triangular
focusing region allowed for mixing between the two solutions
within 22 ms at a total flow rate of 32 mL min−1. In order to
achieve various compositions, the Au and Pd precursors were
simply varied while maintaining a constant total metal
precursor concentration of 10 mM. The throughput of the
various stoichiometries was ∼25−45 g per day, assuming
complete metal precursor conversion. The compositions of the
synthesized nanoparticles were nearly identical to the nominal
amounts. Additionally, all compositions displayed a face
centered cubic crystal structure as characterized by powder
X-ray diffraction. Since the size and crystal structure are nearly
identical for all compositions, the effect of varying composition
ratios on their catalytic activity can be elucidated.

Figure 23. (a) Diagram of the one-phase laminar flow micromixer used for the fabrication of Au clusters. (b) TEM image and size distribution of
Au clusters prepared in flow. Adapted with permission from ref 137. Copyright 2008 American Chemical Society.

Figure 24. (a) Aerobic oxidation of p-hydroxylbenzyl alcohol to p-
hydroxybenzaldehyde and (b) conversion to p-hydroxybenzaldehyde
using the Au cluster catalyst made in flow (M1) and batch (B). The
numbers in parentheses denote the product yield after 6 h. Reprinted
with permission from ref 137. Copyright 2008 American Chemical
Society.
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The catalytic reaction was investigated using a setup
identical to the aforementioned aerobic oxidation of p-
hydroxylbenzyl alcohol reaction but using benzyl alcohol as
the substrate. The major products for all bimetallic nano-
particles after 15 min were benzaldehyde and benzoic acid,
with a minor product of benzylbenzoate, as determined by gas
chromatography. Au and Pd nanoparticles were also
investigated as a comparison, with Au displaying results similar
to the bimetallic nanoparticles, but Pd displaying much less
activity as indicated by the poor yield. The selectivity of the
various compositions with respect to benzaldehyde was
compared by normalizing the activity by the surface atoms as
determined by the density of the bulk and the nanoparticle
size. For Au1−xPdx, where x = 0.20, the activity increases but
then plateaus at x = 0.20−0.65, decreasing again with higher
amounts of Pd, with the lowest activity being for pure Pd.
Further characterization of the catalyst supported the
hypothesis that the surface Au sites are the active sites, as
confirmed by comparison of the high-resolution X-ray
photoelectron spectroscopy regions of pure Au and Pd to
Au6Pd4 and Au8Pd2 in which the Au 4f peaks shift to lower
binding energies with increasing Pd content, strongly
suggesting electron donation from Pd to Au in the bimetallic
structures. Moreover, the Au5Pd5 nanoparticles made in flow
exhibited both higher catalytic activity and selectivity to
similarly sized Au5Pd5 nanoparticles made in batch for the
oxidation of p-hydroxylbenzyl alcohol.
4.4. Nanofabrication of Hydrodeoxygenation Cata-

lyst. The conversion of lignocellulosic biomass into useable
liquid fuels that are compatible with current infrastructure
requires the successful transformation of highly oxygenated

and high molecular weight biomass into high-value hydro-
carbon products.141 The ex situ catalytic fast pyrolysis of
lignocellulosic biomass is a process to upgrade pyrolysis vapors
prior to condensation of a bio-oil; hydrodeoxygenation
catalysts are needed to remove oxygen from the highly
oxygenated feedstocks. Recently, it has been reported that
various metal nanoparticle catalysts are competent for hydro-
deoxygenation of biomass relevant substrates.142−144 Recently,
Brutchey and co-workers developed a one-phase millifluidic
flow reactor to synthesize Ni nanoparticles as hydro-
deoxygenation catalysts for the upgrading of biomass.37 The
reactor was constructed out of 200 ft of PTFE tubing (i.d. =
1.59 mm) that was heated using a convection oven (Figure
26a). The precursor solution of Ni(acac)2, oleylamine, tri-n-
octylphosphine, and 1-octadecene was maintained at 80 °C. An
analytical balance constantly monitored the flux of the
precursor solution in real time, and a computer-controlled
system adjusted the precursor solution driving pressure via a
feedback loop to achieve a constant flow rate during the length
of the run. The precursor solution flowed through a one-way
check valve to mitigate against any potential back-flow
resulting from the downstream gas evolution. Rapid nucleation
was achieved upon the precursor solution entering the reactor
(220 °C) as evident by the color change from green to black.
Additionally, the elevated temperature caused massive gas
evolution with a rate of 317 mL h−1 that resulted in the stream
being separated into discrete plugs, characteristic of two-phase
flow, and resulted in a residence time of 16 min. The flow-
synthesized Ni nanoparticles displayed an average diameter of
11.1 ± 3.1 nm (Figure 26b) with a yield of 62%, which equates
to a throughput of >27 g of Ni nanoparticles per day on a

Figure 25. (a) Diagram of the one-phase laminar flow micromixer used for the fabrication of AuPd nanoparticles (top). Side cross-sectional view of
the microlamination and compression zone for the 92 interdigitated channels (bottom). (b) TEM image and size distribution of Au5Pd5
nanoparticles fabricated in flow. Reprinted with permission from ref 140. Copyright 2014 American Chemical Society.

Figure 26. (a) Schematic of pressure-driven millifluidic reactor for the single-phase flow synthesis of Ni nanoparticles. (b) TEM image and size
distribution of resulting Ni nanoparticles from the flow reactor. Reprinted with permission from ref 37. Copyright 2017 American Chemical
Society.
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single-channel device. Compared to an analogous batch
reaction, the flow-synthesized Ni nanoparticles were smaller
and synthesized in higher yields than the batch reaction
producing Ni nanoparticles with an average size of 8.8 ± 2.4
nm and a 45% yield. The higher yield for the particles
synthesized in flow is attributed to the superior heat and mass
transport properties resulting from the millifluidic flow reactor.
Both the flow- and batch-synthesized Ni nanoparticles were

supported on high-surface-area amorphous SiO2 (5 wt %) to
investigate their catalytic activity for the hydrodeoxygenation
of guaiacol. An incipient wetness impregnation synthesized Ni/
SiO2 catalyst was synthesized for comparison. This had larger,
more polydisperse particles (15.4 ± 7.4 nm) compared to the
colloidal methods. Ex situ catalytic fast pyrolysis was
performed by placing 0.35 g of catalyst mixed with silicon
carbide into a tubular reactor at 350 °C and 0.5 MPa and fed
with 5/95 argon/H2 mixture (%) and guaiacol such that 12
mol of H2 was fed per mole of guaiacol. A weight hourly space
velocity of 7 h−1 was employed, which is the ratio of the mass
flow rate of guaiacol to the catalyst mass. The effluent was
characterized by gas chromatography at multiple intervals
during time on stream.
The conversion of guaiacol to liquid products provided

insight into the general activity of the three catalysts. The
incipient wetness synthesized Ni/SiO2 nanoparticles deacti-
vated rapidly, whereas the continuous flow synthesized and
batch-synthesized Ni/SiO2 nanoparticles displayed minimal
deactivation (Figure 27a). The conversion of the two-
oxygenated guaiacol model compound results in a wide array
of products. Comparing the three catalysts for their selectivity
toward one- and two-oxygen-containing products highlights
the superior activity and stability of the colloidal nanoparticles
compared to the incipient wetness catalyst. First, the selectivity
of the flow- and batch-synthesized nanoparticles to one-
oxygen-containing products is high with the main product
being phenol (Figure 27b). However, with time on stream it is
evident that the incipient wetness nanoparticles become less
selective, which is compensated for by the increase in
production of two-oxygen-containing products as seen in
Figure 27b,c. Over time, the incipient wetness catalyst displays
a higher selectivity toward the two-oxygen-containing catechol,
which is a known catalyst poison (coke precursor and active
site blocker) and supports the rapid deactivation in activity of
the catalyst compared to the colloid Ni/SiO2 as seen in Figure
27a.145−147 Overall, the colloidal catalysts behaved similarly,
while the incipient wetness catalyst was more susceptible to

deactivation showing the viability of using continuous flow
methods to synthesize colloidal Ni nanoparticles that behave
comparably to the batch-synthesized catalyst.

5. CONCLUDING REMARKS AND FUTURE OUTLOOK
This Review delivers a compendium of recent literature
regarding the continuous flow synthesis of various metal
nanoparticle catalysts for hydrogenation, oxidation, and
electrochemical reactions. While colloidal metal nanoparticle
catalysts have yet to heavily infiltrate the commercial market
due to the absence of large-scale synthetic procedures that
provide high control over the resulting size, size distribution,
and shape of the resulting material, the translation of
nanoparticle batch syntheses to continuous flow methods
affords a practical solution. The motivation for the
implementation of colloidal nanoparticle catalysts is multifold:
(1) the improved catalytic performance compared to their bulk
counterparts, (2) the higher surface-area-to-volume ratio, (3)
the enhanced control over surface-function properties, and (4)
compositional tunability.
Continuous flow methods have afforded the ability to

synthesize well-defined nanoparticles of a range of metals
allowing for control over metal nanoparticle shape (Rh
multipods113 and Pd icosahedra125 and nanorods95), size
(Ag,108 Au,137 and Pd nanoparticles98,125), and composition
(PtNi,97 PtBi,81 and AuPd nanoparticles82) for specific
catalytic reactions. For the material systems that were
compared to nanoparticles prepared via analogous batch
reactions, the catalytic activity and/or selectivity was
comparable, if not improved, for the nanoparticles produced
in flow, which tend to be smaller and less polydis-
perse.37,82,98,137,140 The ability to utilize a myriad of reactor
designs to fabricate these nanoparticle catalysts under various
conditions dictated by their reaction chemistry demonstrates
the broad potential of continuous flow methods to synthesize
material at scale.
While the vast majority of colloidal nanoparticle catalysts

that have been fabricated in flow are metals or metal alloys,
there are a few examples of oxides such as Fe3O4

148 and
CeO2

149 nanoparticles, as well as Ag/AgCl/ZnO150 and FePt/
CeOx nanoparticle hybrids,

151 that have been made in flow and
shown to be competent catalysts. There is a growing body of
work, however, on the continuous flow synthesis of colloidal
metal oxide,152−155 metal chalcogenide,156−159 metal hal-
ide,160,161 and metal pnictide nanoparticles.162,163 This opens
the possibility to use those flow-synthesized colloidal nano-

Figure 27. (a) Catalytic conversion of guaiacol as a function of time on stream. Hydrodeoxygenation selectivity in terms of (b) one- and (c) two-
oxygen-containing products under ex situ catalytic fast pyrolysis conditions for flow-synthesized Ni nanoparticles (green), batch-synthesized Ni
nanoparticles (purple), and incipient wetness synthesized Ni nanoparticles (pink), all supported on silica. Reprinted with permission from ref 37.
Copyright 2017 American Chemical Society.
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particles as catalysts and compare their catalytic performance
to batch-synthesized equivalents, as has been done with the
metal nanoparticles discussed here. As flow methods are
extended to other material families of catalytically active
nanoparticles, such as metal phosphides and metal carbides,
the significantly higher temperatures needed for phosphidation
and carburization will dictate reactor designs that tolerate
higher temperature conditions.
With respect to the development of new colloidal nano-

particle catalysts, the parameter space for nanoparticle
synthesis is high-dimensional and complicated, spanning a
large number of variables such as temperature, residence time,
precursor ratios, and concentrations. Optimization of the
nanoparticle catalyst characteristics, such as size, size
distribution, and morphology, is typically done one variable
at a time in batchthis large parameter space makes
optimization costly and time-consuming.164 The high-
throughput nature of continuous flow allows for much faster
parametric screening for nanoparticle optimization.165 By
combining high-throughput continuous flow nanofabrication
with in-line analytical tools, machine-learning algorithms can
be used for automated optimization with respect to both
product (nanoparticle attributes) and process (throughput,
energy input, and so on).166,167 In this way, the next generation
of continuous flow reactors will sense and correct production
irregularities to ensure nanoparticle catalyst fidelity, quality,
and throughput at lower cost and reduced time. To date, the
in-line analytical tools used for nanoparticle characterization in
flow have been mainly limited to absorption and fluorescence
spectroscopies, which can probe colloidal nanoparticles with
spectroscopic signatures such as plasmon resonances or band
edge emission.168,169 More work needs to be done on
developing additional in-line analytical tools to more generally
monitor nanoparticle formation in continuous flow, such as
small-angle X-ray scattering (SAXS).170,171 Developing down-
stream methods of purifying and concentrating nanoparticle
suspensions in flow will further complete process automa-
tion.172

As continuous flow reactors are scaled out to a true
advanced manufacturing technology through parallelization,
life cycle analyses and techno-economic analyses need to be
performed comparing the process to other methods currently
being used to fabricate nanoparticle catalysts. Previous analysis
of traditional syntheses of engineered nanoparticles suggest
that any gains derived from the use of nanoparticles are
currently offset by the methods used to manufacture them.173

This presents an added challenge of scaling with flow reactors
with an eye toward sustainability.
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