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METHODS OF MAKING METAL PARTICLES

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of prionty to U.S. Provisional Application No.

62/473.102, filed March 17, 2017, which s hereby incorporated herein by reference in its

W

entirety.

STATEMENT OF GOVERNMENT SUPPORT
This mvention was made with govemment support under Graont Nos. CHE1305135 and
CMMI1068212 awarded by the National Science Foundation. The government has certain rights

in this invention.

10 BACKGROUND
The synthesis of well~defined metallic nanoparticles (MINPs} is becoming increasingly
central to the ficld of heterogencous catalysis (Astruc B et al. Angew. Chem. Int. Bd 2005, 44,
7852-7872}. Small (2-10 nm) metallic nanoparticles display large surface arca to volume ratios

and exiubit other advantageous chemical and physical properties that are manifested at the

Ju—
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nanoscale. Such properties can result in increased catalvtic activity, selectivity, and/or stability.
A distinct advantage of metallic nanoparticle catalysts s their potential to be synthesized with
well-defined morphologies via solution-phase “bottom-up” approaches; this is in stark contrast to
the poorly detined morphologies typically achieved by traditional methods {e.g., incipient
wetness impregnation of metal precursors followed by in siny nucleation and growth) (Zheng N
20 ctal JACS, 2006, 128, 6550-6351). Morphological control is important becausce it dictates the
metallic nanoparticle surface structure (i.¢., the tyvpes of facets that are presented 1o mdividual
nanocrystals). The ability to engineer metallic nanoparticle morphologies can ultimately
engender control over catalytic reactivity and sclectivity for specific reactions. This approach
can be especially valuable when preparing colloidal catalysts with noble metals (e.g., Rhy, Ir, Pd,
25 Pi) because relationships between surface structure, reactivity, and selectivity for these face-
centered cubic (FCC) metals are well understood from single crystal studies (Somorjat GA et al.
Phys. Chem. Chem. Phys., 2607, 9, 3500-3513). Noble metals are employed as catalysts ina
large number of industrial-scale catalytic processes (Sau TK ¢t al. Adv. Marer., 2018, 22, 1805~
1825). The thermodynamically most stable morphology for small (2 10 nm) metallic
30 nanoparticles are cuboctahedra, which display a mixture of {111} and (100) faces. The metal

surface structure can favor different catalvtic pathways (even for simple, small molecule
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reactions) due to significant differences in reactant binding encrgies associated with cach face
(Bratlic KM et al. Nano Lest., 2007, 16, 3097-3101; Crespo-Quessada M et al. J4CS, 2011, 733,
12787-12). For example, alkenes can undergo hydrogenation or debhydrogenation as a function
of surface structure etfects (Zaera F and Somonai GA. JACS, 1984, /06, 2288-2293; Cremer PS

5 etal J Phys. Chem., 1996, /100, 16302-16309; Yang M et al. J Catal , 20086, 237, 255-266;
Heard Cl et al J Phys Chem. C, 2016, 120, 995-1003).

Over the past two decades, a great deal of effort has been made to gam a better
understanding of how a careful choice of solvents and ligands used in metallic nanoparticle
synthesis can directly influence particle size (Smith CE etal. J. Cotal 1979, 57, 426-443) and

10 morphology {(Zhong X et al. Chem. Mater., 2006, /8, 2468-2471; Yoo Cl et al. Chem. Mater.,
2008, 27, 939-944). However, inherent 1ssues that prevent such syotheses from being ecasily
scaled-up 1s an unsolved problem that presently impedes the utilization of well-defined metallic
nanoparticles in large-scale mdustrial catalytic processes. For example, batch-type syatheses of
colioidal metallic nanoparticles are extremely sensitive to heat and mass transport limitations,

15 which become increasingly problematic for larger reactor volumes and/or higher reagent
concentrations (Tao AR et al. Small, 2088, 4, 310-325). These scaling issues negatively
mfluence nucleation and growth and result in lower monodispersity, inferior process
reproducibility, and morphological inconsistency. The methods and systems discussed herein

addresses these and other needs.

20 SUMMARY

In accordance with the purposes of the disclosed systems and methods, as embodied and
broadly described herein, the disclosed subject matier relates to methods of making a plorality of
metal particles. In some example, the disclosed subject matter relates to methods of making a
plurality of mctal particles using a continnous flow microwave reactor,

25 Additional advantages of the disclosed methods will be set forth 1n part in the description
which follows, and in part will be obvious from the description. The advantages of the disclosed
methods will be realized and attained by means of the elements and combinations particularly
pointed out in the appended claims. It is to be understood that both the foregomg general
deseription and the following detailed description are exemplary and explanatory only and are

30 notrestrctive of the disclosed methods as claimed.

The details of one or more embodiments of the invention are set forth in the
accompanyving drawings and the description below. Other features, obiscts, and advantages of
the invention will be apparent from the description and drawings, and from the claims.
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BRIEF DESCRIPTION OF THE FIGURES

The accompanying figures, which are tncorporated in and constitute a part of this
specification, llustrate several aspects of the disclosure, and together with the description, serve
to explain the principles of the disclosure.

Figure 1 18 a schematic drawing of a reactor configuration, showing the syringe pumps
injecting reagents and a camer o, droplet generator device, and tubing coil in the microwave
cavity. In experuments with single-phase flow, a device without the carrier 0il branch was used to
combine the reagents,

Figure 2 1s the PXRD patterns of Rh nanoparticles synthesized using onc-phase flow
under microwave irradiation at 120°C in 4.6 min, 9 min, and 18 nun.

Figure 3 is a TEM image of Rh nanoparticles svathesized in 9 min; particle size
distributions and average size values are shown in the insert. Scale bar: 50 nm.

Figure 4 is a TEM image of Rb nanoparticles svathesized in 4.6 min; particle size
distributions and average size valucs are shown in the insert. Scale bar: 50 nm.

Figure 5 is a TEM 1mage of Rh nanoparticles synthesized in 18 min; particle size
distributions and average size valugs are shown in the msert. Scale bar: 50 nm.

Figure 6 is a plot of average size measurements derived from TEM avalvsis and reaction
time; error bars represent standard deviation of the measurements.

Figure 7 s a TEM image of Rh nanoparticles isolated from control batch reaction carried
out under microwave irradiation at 120°C for 9 minutes while not using a syringe pump.

Figure 8 is a TEM 1mage of Rh nanoparticles isolated from control reaction carried out
under microwave irradiation at 120°C for 9 munutes and adding RhClz >0 and PVP dissolved
in ethylene glycol mjected using separate syringes.

Figure 9 1s a TEM 1mage of Rh nanocubes synthesized in bath by injecting Rh{Cls xH.0
and PVP using two separate svringe pumps. Scale bar: 50 nn

Figure 10 is a plot of turnover frequency (mol of cyclohexane (CHA) surface area site™
s} vs. time on stream {min).

Figure 11 is a schematic representation of the cuboctahedral for cyclohexene
hydrogenation reactions.

DETAILED DESCRIPTION

The methods described herein may be understood more readily by reference to the

followmmg detailed description of specific aspects of the disclosed subject matter and the

Examples mcluded therein.
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Before the present methods are disclosed and described, it 1s to be vnderstood that the
aspects described below are not hmited to specific synthetic methods or specific reagents, as
such may, of course, vary. 1t is also to be understood that the terminology used herein is for the
purpose of describing particular aspects only and 15 not miended to be limiting.

Also, throughout this specification, vanous publications are referenced. The disclosures
of these publications in their entireties are hereby incorporated by reference into this application
in order to more fully deseribe the state of the art to which the disclosed matter pertains. The
references disclosed are also individually and specifically incorporated by reference herein for
the material contained in them that 1s discussed in the sentence i which the reference is relied
upon.

In this specification and m the claims that follow, reference will be made to a number of
terms, which shall be defined to have the following meanings.

Throughout the description and claims of this specification the word “comprise” and
other forms of the word, such as “comprising” and “comprises,” means including but not limited
to, and 1s not miended to exclude, for example, other additives, components, 1ntegers, or steps.

As used 1n the description and the appended claims, the singular forms “a,” “an,” and
“the” include plural referents unless the context clearly dictates otherwise. Thus, for example,
reference 1o “a composition” includes mixtures of two or more such compositions, reference to
“an agent” includes mixtures of two or more such agents, reference to “the component™ includes
mixtures of two or more such components, and the hike.

“Optional” or “optionally” means that the subsequently described event or circumstance
can or cannot occur, and that the description includes instances where the event or circumstance
occurs and nstances where it does not.

Ranges can be expressed herein as from “about” one particular value, and/or to “about”
another particular value. By “about” is meant within 5% ofthe value, c.g., within 4, 3, 2, or 1%
of the value. When such a range 1s expressed, another aspect mcludes from the one particular
value and/or to the other particular value. Simmlarly, when values are expressed as
approximations, by use of the antecedent “about,” it will be understood that the particular value
forms another aspect. 1t will be further understood that the endpoints of each of the ranges are
significant both in relation to the other endpoint, and independently of the other endpoimnt.

It is understood that throughout this specification the identifiers “first” and “second” are
used solely to aid in distinguishing the various components and steps of the disclosed subject

matter. The identificrs “first” and “second” are not mtended 1o imply any particular order,
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amount, preference, or importance to the components or steps modified by these terms.

Disclosed herein are methods of making a plarality of metal particles, the methods
comprising tnjecting a metal particle precursor, a capping material, and a reducing agent into an
miet of a continuous flow microwave reactor, thereby forming a muxture within the contmuous
flow microwave reactor. Injecting the metal particle precursor, capping material, and reducing
agent into the inlet can be accomplished by any known means in the art. For example, the metal
particle procursor, capping matenal, and reducing agent can be injected into the inlet viaa
syringe {¢.g., a svringe pump).

The metal particle precursor can, for example, comprise a metal salt, the metal salt
comprising a metal sclected from the group consisting of Ru, Rh, Pd, Pt, Au, Ag, Os, Ir, and
combinations thereof. In some examples, the metal particle precursor comprises a metal salt, the
metal salt comprising a metal selected from the group consisting of Rh, Ag, and combinations
thereof. In some examples, the metal particle precursor can comprise a solution of the metal salt,
{c.g., the metal salt dissolved or dispersed in a solvent). Examples of suitable solvents include,
but are not himited to water; ketones (e.g., acetone, methyl ethyvl ketone, diethyl ketone, methvl
n-propyl ketone, acctophenone, and cyclohexanone); linear, poly and cyelie ethers {e.g., dicthyl
ether, di-n-propyl ether, di-n-butyl cther, cthyl n-propyi cther, glvme, diglvme, tetrahvdrofuran,
I, 4-dioxane, 1,3-dioxolane}; aromatic hydrocarbons {e.g., toluene, ethvi benzene, xvienes);
alcohols {e.g., methanol, ethanol, I-propanol, 2-propancl, isomers of butanol, tsomers of

entanal, cthyiene glycol, propvlene glveol, glveerol); dimethyiformamide; dimethoxyethane:
dimethvlacetamide; N-methylpyrrolidone; dimethyisulfoxide; and combinations thereof.

In some examples, the metal particle precursor comprises a first metal precursor and a
second metal precursor, the first metal precursor comprising a first metal salt, and the second
metal precursor comprising a second metal salt, the first metal salt comprising a first metal, the
second metal salt comprising a second metal, wherein the first metal is different from the second
metal. In some examples, the first metal precursor and the second metal precursor are provided
at a ratio such that the molar ratio of the first metal to the second metal is 1:99 or more {2 ..,
1:95 or more, 1:90 or more, 1:85 or more, 1:80 or more, 1:75 or more, 1:70 or more, 1:65 or
more, [:60 ormore, 1:55 or more, 1:50 or more, 1:45 or more, 1:40 or more, 1:35 or more, 1:30
or more, 1125 or more, 1120 or more, 1:15 or more, 1:10 or more, 1.9 or more, 1.8 or more, 1.7
or more, 1:6 or more, 1.5 or more, 1:4 or more, 1.3 ormore, 1.2 ormore, 1:1 or more, 2:1 or
more, 3:1 or more, 4:1 ormore, 5.1 or more, 6:1 or more, 7:1 or more, 8:1 or more, 9:1 or more,

10:1 or more, 15:1 or more, 20:1 or more, 25:1 or more, 30:1 or more, 35:1 or more, 40:1 or
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more, 45:1 or more, 501 or more, 55:1 or more, 60:1 or more, 65:1 or more, 70:1 or more, 75:1
or more, 80:1 or more, 85:1 or more, 90:1 or more, or 95:1 or more).

In some examples, the first metal precursor and the second metal precursor are provided
at a ratio such that the molar ratio of the first metal to the second metal 15 99:1 orless (e.g., 951
or less, 90:1 or less, 85:1 or less, 80:1 orless, 73:1 or less, 70:1 or less, 65:1 or less, 60:1 or less,
35:1 orless, 50:1 orless, 45:1 or less, 40:1 or less, 35:1 or less, 30:1 or less, 25:1 or less, 20:1 or
less, 15:1 orless, 10:1 orless, 91 orless, 8:1 orless, 7:1 orless, 6:1 orless, 5:1 orless, 4:1 or
fess, 3:lorless, 2:F orless, B orless, 12 orless, 1.3 orless, B4 orless, 1:5 orless, 1:6 or less,
I'7orless, 1:8 orless, 119 orless, 1:10 orless, 1:13 orless, 1:20 or less, 1:25 orless, 1:30 or
less, 1:35 or less, 1:40 orless, 1:45 or less, 1:30 or fess, 1:55 or less, 1:60 or less, 1:65 or less,
70 orless, 175 orless, 1:80 orless, 1:85 orless, 1:90 or less, or 1:95 or less).

The molar ratio of the first metal to the second metal can range from any of the mimtmum
values described above to any of the maximum values described above. For example, the first
metal precursor and the second metal precursor are provided at a ratio such that the molar ratio
of the first metal to the second metal is from 1:99 10 99:1 (c.g., from 1:99to 111, from 1:1 to
99:1, from 1:99 10 1:30, from 1:50 to 1:1, from 1:1 to 30:1, from 50:1 to 99:1, from 70:30 to
30:70, or from 11010 10:1).

In some examples, the capping material can comprise a solution of the capping matenial,
{c.g., the capping material dissolved or dispersed in a8 solvent). In some examples, the solvent
comprises ethylene glycol.

The reducing agent can be any material capable of reducing the metal particle precursor
to form the plurality of metal particles. The reducing agent can, for example, comprise a
borohydrnide, a citrate, an ascorbic acid, an aming acid, a surfactant (e.g., cthylene glveol), ora
combination thereof. In some examples, the reducing agent can comprise ethylene glyveol.

The inlet of the continuous flow microwave reactor s fluidly connected to an outlet of
the continuous flow microwave reactor through a reaction vessel. In some examples, the
contimuous flow microwave reactor can comprise, a sample containment vessel, a microwave
cavity, and a heating element. The sample contaimnment vessel can, for example, have a first end
fluidly comnected 1o a second end throngh a reaction vessel portion, the first end of the sample
containment vessel being the inlet of the continuous flow microwave reactor, the second end of
the sample containment vessel being the outlet of the continucus flow microwave reactor. The
reaction vessel portion s, for example, located within the microwave cavity and the mlet and the

outlet are located outside of the microwave cavity. In some example, the reaction vessel 15 in
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thermal contact with the heatimg element.

The heating clement can, for example, compnse a bath and the reaction vessel portion
can be immersed in the bath. The bath can, for example, comprisc an o1l bath. In some example,
the bath can compnse ethyviene glycol.

As used herein, “a sample containment vessel” and “the sample contamment vessel” are
meant to include any number of sample containment vessels. Thus, for example, “a sample
containment vessel” includes one or more sample containment vessels. In some examples, the
sample contamment vessel can comprise a plurality of sample containment vessels.

In some examples, the sample containment vessel can comprise a tube. The tube can
comprise any suitable material. In some examples, the tube can comprise a polymer (¢ .g.,
polytetrafluoroethylene (PTFE)). As used herein, “a tube” and “the tube™ are meant to mclude
any number of tubes. Thus, for example, “a tube™ includes one or more tubes. In some examples,
the tube can comprise a plurality of tubes.

In some examples, the methods can further comprse heating the heating clement using
microwave tradiation. For example, the heating element can be heated to a temperature of
100°C or more using microwave irradiation {¢.g., 105°C or more, 110°C or more, 1153°C or
more, 120°C or more, 125°C or more, 130°C or more, 135°C or more, 140°C or more, 145°C or
more, 130°C or more, 135°C or more, 160°C or more, 165°C or more, 170°C or more, 175°C or
more, 130°C or more, 185°C or more, 190°C or more, or 195°C or more). In some examples, the
heating element can be heated to a temperature of 200°C or less using microwave irradiation
{c.g., 195°C orless, 190°C or less, 185°C or less, 180°C orless, 175°C or less, 170°C or less,
165°C orless, 160°C or less, 155°C orless, 150°C orless, 143°C or less, 140°C or less, 135°C
or less, 130°C or less, 125°C orless, 120 °C or fess, 115°C orless, 110°C or less, or 1853°C or
less). The temperature that the heating ¢lement i3 heated to via microwave trradiation can range
froma any of the minimum values described above to anv of the maximum values described
above. For example, the heating element can be heated to a temperature of from 100°C to 200°C
using microwave irradiation {¢.g., from 100°C to 150°C, from 150°C to 200°C, from 100°C to
120°C, from 120°C to 140°C, from 140°C to 160°C, from 160°C to 180°C, from 180°C 1o
200°C, from 120°C 1o 175°C, from 120°C 10 130°C, from 1530°C to 175°C, from 165°C to
185°C | from 130°C to 140°C, or from 110°C to 130°C).

In some example, the methods can further comprise heating the mixture in the reaction
vessel using microwave wrradiation. For example, the mixture can be heated to a temperature of

100°C or more using microwave irradiation {¢.g., 105°C or more, 110°C or more, 113°C or
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more, 120°C or more, 125°C or more, 130°C or more, 135°C or more, 140°C or more, 145°C or
more, 1530°C or more, 135°C or more, 160°C or more, 165°C or more, 170°C or more, 175°C or
more, 180°C or more, 185°C or more, 190°C or more, or 195°C or more). In some examples, the
mixture can be heated o a temperature of 200°C or less using microwave rradiation {¢.g., 195°C
or leas, 190°C or less, 183°C or less, 180°C orless, 175°C or less, 170°C orless, 165°C or less,
160°C or less, 155°C or less, 150°C or less, 145°C or less, 140°C or less, 135°C orless, 130°C
or less, 125°C or less, 120 °C orless, 115°C orless, 110°C or less, or 103°C ar less). The
temperature that the mixture is heated to via microwave irradiation can range from any of the
miminnm values described above to any of the maximum values described above. For example,
the mixture can be heated to a temperature of from 100°C to 200°C using microwave irradiation
¢.g., from 100°C to 150°C, from 150°C to 200°C, trom 100°C to 120°C, from 120°C 1o 140°C,
from 140°C to 160°C, from 160°C 1o 130°C, from 180°C to 200°C, from 120°C to 175°C, from
120°C 10 150°C, from 150°C 10 175°C, from 1635°C 1o I85°C | from 130°C 1o 140°C. or from
H10°C 10 130°C).

The methods further comprise flowing the mixture through the reaction vessel, wherein
the metal particle precursor is reduced within the reaction vessel, thereby forming the plurality of
metal particles. The mixture can, for example, be flowed through the reaction vessel at a flow
rate of | em’ hil ormore {e.g., 1.5 cm’ 7 or more, 2 e’ b or more, 2.5 cm’ B or more, 3 om?
h!or more, 3.5 cm® h! or more, 4 em® b! or more, 4.5 cm® b or more, 5 em® b or more, 3.5
cem® bl or more, 6 em® h! or more, 6.5 cm® bl or more, 7 em® bl or more, 7.5 e’ bl or more, 8
cmt® ! or more, 8.5 cot® ! or more, 9 cnt® bl or more, 9.5 e’ bt or more, 10 cm® b or more.,

H oot bl or more, 12 em® il or more, 13 om’ b or more, 14 co® bl ormore, 15 em™ bl or

more, 20 em’ bl or more, 25 em® b or more, 30 cm® bl or more, 35 em’ bl or more, 40 em’® b

or more, or 45 cm’® bl or more). In some examples, the mixture can be flowed through the
reaction vessel at a flow rate of 50 cm® bl orless (e.g., 45 cm® bl or less, 40 cm® b or less, 35
cm’ bl orless, 30 cnt® bl or less. 25 om® b orless, 20 co® bl or less, 15 om® b or less, 14 oo’
hlorless, 13cm’®hlorless, 12 cm®h' orless, 11 con® hlorfess, 10 em® bl orless, 9.5 cm® h!
orfess,9em’ hlorless, 8 5cm®h'orless, 8em’ bl orless, 75 e’ bl orless, 7em® hilor
less, 6.5 cm” hilorless, 6 em’ bt orless, 5.5 cm? b’ orless, 5 em® bl orless, 4.5 em® bl or less,
demPhiorless, 3.5em hlorless, 3cm® hlorless, 25 cm® hlorless, 2em’® b or less, or 1.5
cm® bl or less). The flow rate that the mixture is flowed through the reaction vessel at can range
froma any of the minimum values described above to anv of the maximum values described

above. For example, the mixture can be flowed through the reaction vessel at a flow rate of from
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Temhito S0 em’ hl(eg, from 1 em’ b 1o 25 e’ b, from 25 em® h! to 50 em® W7, from 1
e’ bl to 10 em? bl from 10 cm® bt to 20 e’ B!, from 20 em® ! to 30 ¢m?® bl from 30 cm’®
hltwod40em’ bl from40em’h! o050 em’ bl fromScm’b! tod0em’ b orfrom 73 eo’ b
Yo 30 co’ hY).

In some example, the mixture has a residence time within the reaction vessel of 35
minutes or less {e.g., 30 minutes or less, 25 minuetes or kess, 20 minutes or less, 19 minutes or
less, 18 nunutes or less, 17 minutes or less, 16 minutes or less, 15 nunutes or less, 14 nunutes or
less, 13 nunutes or less, 12 minutes or legs, 11 mimutes or less, 10 nunutes or less, 9.5 minutes or
less, 9 minutes or less, 8.5 minutes or less, 8 minutes or less, 7.5 minutes or less, 7 minutes or
less, 6.5 nunutes or less, 6 minutes or less, 5.5 minutes or less, 5 minutes or less, 4.5 minuntes or
fess, 4 munates or fess, 3.5 minuies or less, 3 mnutes or less, 2.5 minutes or less, 2 nunutes or
fess, 1.5 munutes or less, or 1 mimites or fess).

The plurality of metal particles can, for example, comprise a metal selected from the
group consisting of Ru, Rh, Pd, Pt, Ay, Ag, Os, Ir, and combinations thereof. In some examples,
the plurality of metal particles comprise a metal selected from the group consisting of Rh, Ag,
and combinations thereof. In some examples, the plurality of metal particles comprnise a single
metal. o some examples, the plurality of metal particles comprise a mixture of two metals. fn
some example, the plurality of metal particles can comprise a plurality of Rb particles, a plurality
of Rh-Ag alloy particles, or a combination thereof.

In some examples, the plurality of metal particles comprise a mixture of two metals and
the two metals are provided at a ratio of 1:99 or more (¢.g., 1:95 or more, 1:90 or more, 1:85 or
more, [:80 ormore, 1:75 or more, 1:70 or more, 1:65 or more, 1:60 or more, 1:55 or more, 1:50
or more, 1:45 or more, 1:40 or more, 1:35 or more, 1:30 or more, 1:25 or more, 1:20 or more,
115 ormore, 1:10 or more, 1.9 or more, 1.8 or more. 1.7 or more, 1.6 or more. 1.5 or more, 1.4
or more, 1:3 ormore, 112 or more, 1.1 or more, 2:1 or more, 3.1 or more, 4:1 ormore, 5.1 or
¢, 6.1 ormore, 7:1 or more, 8:1 or more, 9:1 or more, 10:1 or more, 15:1 or more, 20:1 or
2

more, 25:1 or more, 30:1 or more, 351 or more, 40:1 or more, 45:1 or more, 50:1 or more, 351

or more, 60:1 or more, 65:1 or more, 70:1 or more, 751 or more, 80:1 or more, 85:1 or more,
90:1 or more, or 951 or more}.

In some examples, the plurality of metal particles comprise a mixture of two metals and
the two metals are provided at a ratic of 99:1 orless {e.g., 95:1 orless, 90:1 or less, &5:1 or less,
80:1 or fess, 75:1 orless, 70:1 or less, 63:1 or less, 60:1 or less, 55:1 or less, 50:1 orless, 45:1 or

fess, 4001 or less, 35:1 orless, 30: 1 orless, 25: 1 orless, 20:1 orless, 15:1 orless, 10:1 orless,
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Glorless, 8:iorless, 71 orless, 61 orless, 5:1 orless, 4:1 orless, 3:1 oriess, 2:1 orless, 11
orless, 12 orless, 13 orless, Ldorless, BSorless Ii6oriess, 1:7orless, 18 orless, 19 or
less, 1:10 or less, 1115 orless, 1:20 or less, 1:25 or fess, 1:30 or less, 1:35 or less, 1:40 or less,
145 orless, 150 orless, 1:535 or less, 1:60 or less, 1:65 orless, 170 orless, 1:75 orless, 1:80 or
fess, 1:85 or less, 1:90 or less, or 1:95 or less).

The molar ratio of the two metals when the plurality of metal particles comprise a
mixture of two metals can range from any of the miminwum values described above to any of the
maximum values described above. For example, the phlurality of metal particles can comprise a
mixture of two metals and the two metals can be provided at a ratic of from 19910 991 {e g,
from 1:99to 11, from 1:1 t0 99:1, from 1:99 to 1:50, from 1:50 to 1:1, from 1:1 10 50:1, from
50:1 10 99:1, from 70:30 to 33:70, or from 111010 10:1)

The plurality of metal particles can have an average particle size. “Average particle size”
and “mean particle size” are used interchangeably herein, and generally refer to the statistical
mean particle size of the particles in a population of particles. For cxample, the average particle
size for a plurality of particles with a substantiaily spherical shape can comprise the average
diameter of the plurality of particles. For a particle with a substantially spherical shape, the
diameter of a particle can refer, for example, to the hydrodynamic diameter. As used herein, the
hvdrodvnamic diameter of a particle can refer to the largest linear distance between two points
on the surface of the particle. For an anisotropic particle, the average particle size can refer to,
for example, the average maximum dimension of the particle {¢.g., the fength of a rod shaped
particle, the diagonal of a cube shape particle, the bisector of a triangular shaped particle, etc.)
For an anisotropic particle, the average particle size can refer to, for example, the hydrodynanuc
size of the particle. Mean particle size can be measured using methods known in the art, such as
evaluation by scanning electron microscopy, transmission electron microscopy, and/or dynamic
light scattering.

The plurality of metal particles have, for example, an average particle size of 1 nm or
more {¢.g., .25 am or more, 1.5 nm or more, 1.75 nm or more, Z nim or more, 2.25 nm or motre,
2.5 om or more, 2.75 nm or more, 3 nm or more, 3.25 nm or more, 3.5 nm or more, 3.75 nm or
more, 4 nm or more, 4.235 nm or more, 4.5 nm or more, 4.75 nm or more, 5 nm or more, 5.5 nm
or more, 6 nm or more, 6.5 nm or more, 7 nm or more, 7.5 nm or more, & nm or more, 8.5 nm or
more, 9 nm or more, 9.5 nm or more, 10 nm or more, 11 nm or more. 12 nm or more, 13 num or
more, [4 nm or more, 15 nm or more, 16 nm or more, 17 run or more, 18 nm or more, or 19 om

or more). In some example, the plurality of metal particles can have an average particle size of

10



16

30

WO 2018/182995 PCT/US2018/022815

20mm orless {e.g., 19 nm or less, 18 nm or less, 17 am or less, 16 nm or less, 15 nm or less, 14
nm or less, 13 nm or less, 12 nm or fess, 11 nm or less, 10 nm or fess, 9.5 nm or less, 9 nm or
less, 8.5 nm orless, 8 nm orless, 7.5 nm or less, 7 nm or less, 6.5 nm or less, 5 nm or less, 5.5
nm or less, 5 nm or less, 4.75 nm or less, 4.5 nm or less, 4.23 nm or less, 4 nm or less, 3.75 nm
or less, 3.5 nm or less, 3.25 nm orless, 3 nm or less, 2.75 nm or less, 2.5 nm or fess, 2.25 nm or
less, 2 nm or less, 1.75 nm or less, or 1.5 nm or less). The average particle size of the plurality of
metal particles can range from any of the mininwum values described above to any of the
maximum values described above. For example, the plurality of metal particles can have an
average particle size of from 1 nm to 20 nm {e.g., from | am to 10 am, from 10 nm to 20 nm,
from 1 nm to 4 nm, from 4 nm o0 8 mm, from 8 mm to 12 nm, from 12 om to 16 nm, from 16 nm
o 20 nm, from 1 nm to 12 nim, or from 1 nm to § nm).

In some examples, the plurality of metal particles can be substantially monodisperse.
“Monodisperse™ and “homogeneous size distribution,” as used herein, and generally describe a
population of particles where all of the particles arc the same or nearly the same size. As used
herem, a monodisperse distribution refers to particle distributions i which 80% of the
distribution (e.g., 83% of the distribution, 90% of the distribution, or 95% of the distribution}
lies within 25% of the mean particle size (c.g., within 20% of the mean particle size, within 13%
of the mean particle size, within 10% of the mean particle size, or within 5% of the mean particle
size).

The plurality of metal particles can comprise particles of any shape {(e.g., a sphere, a rod,
a quadrilateral, an ellipse, a triangle, a polvgon, cte.}. In some examples, the plurality of metal
particies can have an isotropic shape. In some examples, the plurality of metal particles can have
an anisotropic shape. In some examples, the plurality of metal particles are substantially
cuboctahedral in shape.

The plurality of metal particles can, for example, further comprise a capping layer
comprising the capping material such that the plurality of metal particles comprise a plurality of
capped metal particles. Suitable capping materials for capping lavers for metal particles are
konown in the art. "Capping" refers to the formation of an ionic or covalent bond of molecules to
the surface atoms of a particle, this molecule is veferred to as a capping agent. "Capping
material” refers to a molecule possessing a functional group capable of binding to the surface
atoms of a particle by 1onic or covalent bond. Such capping materials usually contain functional
groups such as thiol (-SH), carboxyl (-COOH), or amine (-NH} groups. The capping materials

can uniformly cover the surtace of each of the plurality of metal particles, thereby forming the

1



16

30

WO 2018/182995 PCT/US2018/022815

capping laver on the surface of each of the plurality of metal particles to form the plurality of
capped metal particles. The capping material can be used to stabilize the plurality of metal
particles. The capping material can, for example, prevent the oxidation on the surface of the
plurahity of metal particles and/or to increase the dispersibility of the plurality of metal particles.

In some examples, the capping material can be attached to the surface of each of the
plurality of metal particles, for example, by coordination bonds. The capping matenial can also
be associated with the plurality of metal particles via non-covalent interactions. In some
examples, the capping matenal can individually be selected to be a hydrophilic, hvdrophobic, or
amphiphilic. In addition, the capping material can, in combination, be selected so as to provide a
shell surrounding each of the plurality of metal particles which s hydrophilic, hydrophobic, or
amphiphilic.

Examples of capping materials include, but are not limited to, citrate, tannic acid, lipoic
acid, dodecane thiol, cetrimonium bromide ({CTAB), cetrimonium chloride (CTAC), branched
polvethyienimine (BPED, polvethviene glveol (PEG), polyvinyipyrrolidone (PVFP), sodum
dodecyl sulfate (8DS), or combinations thereof. In some examples, the capping matenal is
selected from the group consisting of citrate, cetrimonium bromide (CTAB), cetrimonium
chloride (CTAQ), polyethviene ghveol (PEG), polyvinvipyrrolidone (PVP), sodumn dodecvl
sulfate (SDS), and combinations thereof. In some examples, the capping material comprises
polyvinylpyrrolidone (PVP).

The methods further comprise collecting the phirality of metal particles from the outlet of
the continuous flow microwave reactor. The plurality of metal particles can be collected in any
manner chosen by the formulator, for example, the plurality of metal particles can be collected
by centrifugation, filtration, or decanting.

In some examples, the methods described herein can continuously produce a plurality of
metal particles. For example, the metal particle precursor, reducing agent, and capping material
can be repeatediv or continuously mjected into the nlet of the continuous flow microwave
reactor and the plarality of metal particles can be repeatedly or continuously collected at the
outlet of the continuous tlow microwave reactor.

In some example, the methods can produce the plurality of metal particies at a rate of 20
mg/ hour or more {e.g., 30 mg/hour or more, 40 mg/hour or more, 50 mg'hour or more, 60
mg/hour or more, 70 mg/hour or more, 80 mg/hour or more, 90 mg/hour or more, 100 mg/hour

or more, 150 mg/hour or more, 200 mg/hour or more, 250 mg/hour or more, 300 mg/hour or
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more, 350 mg/hour or more, 400 mg/hour or more, 450 mg/hour or more, or 500 mg/hour or
more).

Also disclosed herein are methods of making a supported catalyst, the methods
comprising dispersing the plurality of metal particle made by the methods described herein onto
a support material. The support material can, for example, comprise 510z,

Also disclosed herein are catalysts comprising the phurality of metal particles made by
any of the methods described herein. Also disclosed herein are methods of use ot the catalysts,
the catalyst being used to catalyze a coupling reaction. Examples of couphing reactions include,
but are not himited to the Sonogashira reaction and the Suzuki Reaction. Also disclosed herein
arc methods of use of the catalysts, the catalyst being used to catalyze a hydrosilation,
reduction/oxidation, cychization, or hydrogenation reaction

A number of embodiments of the wvention have been described. Nevertheless, 1t will be
understood that various modifications may be made without departing from the spirtt and scope
of the invention. Accordingly, other embodiments are within the scope of the following claims.

The examples below are intended to further illustrate certam aspects of the systems and

methods described herein, and are not intended to limit the scope of the claims.

EXAMPLES

The following examples are set forth below to illustrate the methods and results
according to the disclosed subject matter. These examples are not intended to be inclusive of all
aspects of the subject matter disclosed heren, but rather to iustrate representative methods and
results. These examples are not intended to exclude cquivalents and vanations of the present
wmveniion which are apparent to one skilled in the art.

Efforts have been made to ensure accuracy with respect to numbers (¢.g., amounts,
temperature, eic.} but some errors and deviations should be accounted for. Unless mdicated
otherwise, parts are parts by weight, temperature s in °C or is at ambient temperature, and
pressure 18 at or near atmospheric. There are numerous variations and combinations of
measurement conditions, e.g., component concentrations, temperatures, pressures and other

measurement ranges and conditions that can be used to optimize the described process.

Fxample 1
Batch-tvpe svntheses of colloidal metallic nanoparticles arc extremely sensitive to heat

and mass transport limitations, which become increasingly problematic for larger reactor

[
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volumes and/or higher reagent concentrations (Tao AR ¢t al. Small, 2008, 4, 310-325). These
scaling issues negatively influence nucleation and growth and result 1n lower monodispersity,
mferior process reproductbility, and morphological mconsistency. One solution to this problem
is to conduct multiple, parallel svntheses using established lab-scale batch chemistiies, butina
continuous flow arrangement. Flow chemistry condacted in micro- or milli-fluidic channels
provides excellent control over heat and mass transport. Thus, large quantities of products can be
obtained without compromising the guality of products (Chen J et al. Langmuir, 2007, 23, 4120-
4129 Nin G et al. Nano left. 2016, 16, 3850-3857).

Micro- and mulli-fluidic continuous flow strategies for the synthesis of nanoparticles
mclude singlc-phase flow approaches, in which the reactants arc simplv mixed and flowed
through narrow {typically < 1 mm diameter) tubing or micro-machined channels at a controlied
temperatere and residence time (Chan EM et al. Nane e, 2003, 3, 199-201; Lin XZ et al.
Nano Leit. 2004, 4, 2227-2232; Back J et al. Angew. Chem. Int. Ed. 2811, 50, 6536586} These
single-phase flow approaches hold clear advantages for bulk scale-up by ensuring efficient beat
transfer and uniform conditions at any given pomnt in the reactor.

Microwave irradiation (powl) has previously been used to synthesize monometaliic and
bimetallic noble metal nanoparticles and some important synthetic benefits of microwave
irradiation over conventional heating (CvH) were demonstrated (Dahal N et al. ACS Nawno 2012,
0, 9433 9446; Garcia 5 et al. ACS Nano 2014, 8, 11512-11521; Garcia § et al. Chem. Commun.
2813, 49 42414243, Garcla S et al. fnorg. Chim. Acta 2814, 422, 65-69). For example, it was
shown that the synthesis of Pd, Pt, or Rb nanoparticles prepared under microwave trradiation
enabled improved monodispersity and morphological control. These desirable effects were
ascribed to faster and more reproducible metallic nanoparticle nucleation events, facilitated at
short-lived, nanosized “hotspots” that are generated by strong rotational coupling of microwaves
with polar solvents and ionic precursors, followed by tast localized energy dissipation. An
ongoing research goals is to develop reaction systems wherein the continuous flow synthesis of
collcidal metallic nanoparticle catalysts can be conveniently coupled with the ase of microwave
irradiation. Performing metallic nanoparticle synthesis under continuous flow conditions has the
potential to solve the aforementioned issues of throughput and scalability. A number of different
types of monodisperse inorganic nanoparticles can be produced in increased vields as a result of
the superior heat and mass transport inherent to the high surface area-to-volume dimensions of
micro- and millifluidic channels (Riche CT et al. Nar. Commun., 2616, 7, 1-7; Kunal P et al. ACS
Catal., 2016, 6, 4882-4893; Lazarus LL et al. Lab on o Chip 2618, 16, 3377-3379; Roberts El ¢t
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al. ACS Sustainable Chemistry & Engineering 2017, 3, 632-639). Moreover, anlike traditional
batch processes, continuous flow methods are highly amenable to auwtomation, which affords
waproved product fidelity and higher throughput. Scale-up can be further enhanced by reaction
parallelization, since the local reaction conditions are invariant in terms of nuxing uniformity
and temperature distribution (Riche CT et al. Not. Commun., 2016, 7 1-7; Nightingale AM ot al.
J Mater. Chem. A, 2613, 1, 4067-4076).

The pursuit of scalable methods for the preparation of well-defined metallic nanoparticies
{MNPs) 15 addressed heremn via a microwave-assisted continuous-flow synthesis technigue.
Single-phase flow synthesis methods provide access to morphologically well-defined and near-
monodisperse Kh nanoparticles. Single-phase continuous flow reactions led to monodisperse
cuboctahedral metallic nanoparticles, which directly mirrors the outcome of the previously
studied batch reactions. However, the Rh nanoparticles can be prepared in shorter reaction times
and at lower temperatures than are commonly required in conventional batch reactions. Under
single~phase flow conditions, in which Rh({lll} is reduced in cthylene glveol, ncar-monodisperse
cuboctahedral Rh nanoparticles are obtained; the average nanoparticle size can be controlled as a
function of the residence time of the reactant stream within the microwave cavity.

Apparatus, Methods and Characterization, RhCh-xH20O (38-41%, Strom) AgNOs
{99.9+9%, Alfa Acsar}, polyvinylpyrrohdone (FVP) (MW, = 58000, Alfa Acsar), Ethylene glycol
(EG) (Certified, Fisher), and Fhuorninert FC-40 (Sigma-Aldrich) were used as received. MARS 5
microwave system (CEM Corp.) operating with fiber-optic temperature feedback control
{£0.1°C) and a maximum controllable power of up to 1600 W was used to carry out all the
microwave trradiation assisted synthesis reactions. The reaction temperature values during these
syntheses were controlled using a RTP-300+ fiber-optic temperature sensor. Conventional
heating assisted reactions were carried out in sificone oil (Fisher) baths. Single phase flow
reactions were performed using polvictrafluoroethyviene (PTFE) tubing (inner diameter (JD) =
(.79 mum; outer diameter (OD) = 1 .59 mm; MoMaster—Carr). Precursor addition rate was
controlled using a programmable syringe pump (WP Inc.). Different lengths of the PTFE tubing
and svringe pump addition rates were used during single phase flow reactions in order to achieve
various restdence times. Control reactions were performed under reaction conditions identical to
flow reactions but using a stirring speed of 430 rpm wherever applicable.

Svathesis of Rh nanoparticles under single phase flow synthesis conditions.
Separatelv, RhCls xHzO (193 mg) and PVP (200 mg) were cach dissolved in ethyvlene glycol
(6.1 mL) using a bath sonicator at room temperature and then combined. This solution was
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injected at 30 cm® bt into 30.5 m of PTFE tubing (residence time = 35 min). Residence times
were modified by varying the flow rate and tubing length (Table 1), Reaction products were
coliected i a 50 mdL polvpropylene centrifuge tube submerged in an ice-water bath. Resulting
nanoparticles {NPs) were purified by two cvcles of dissolution and precipitation followed by
ultracentrifugation at 5500 rpm for 5 mim. Acctone (20--30 mL, 5x of the starting volume of the
reaction product) was added to the collected reaction product and the resulting mixture was
briefly vortexed to mnduce complete precipitation of the nanoparticles followed by
ultracentnfugation using the aforementioned condifions. A second purnification cvcle was
performed via redispersion of the nanoparticles in ethanol! (410 mL) using a bath sonicator,;
hexanes (20-40 mL) was then added to induce reprecipitation, followed by isolation by
ultracentrifugation. The resulting nanoparticles were stored i centrifuge tubes as dry polymer

film at the room temperature,

Table 1. Reaction parameters for flow reactions carvied out under microwave irradiation.

Flow Mode Flow Rate {em®h ) ,?eii,gﬁi of Residen;ce Time
Febing (m} {min)
Single-phase 30 7.6 9
Single-phase 30 38 4.6
Single-phase 15 7.6 18
Single-phase 7.5 7.6 35

Batch Synthesis. Analogous bath reactions were performed using solutions identical to
the flow reactions and stirred at 450 rpm in a 30 mE round bottom flask.

Syathesis of Catalysts. Using 3 20 mL scintitlation vial, PYP-capped Rh nanoparticles
{5-8 mg} were supported on 60 mg of amorphous pre-calcined silica 1o a solvent mixture of
gthanol and DI water. Typically, nanoparticles were dispersed in § mE EtOH and 4 mL of DI
water was added to it. Thig solution was sonicated for 15 minutes to ensure a homogeneous
solution of nanoparticles. A dispersion of amorphous silica in ethano! was prepared by taking 60
mg of silica n a 20 ml glass scmtillation vial equipped with a nuni-stir bar and adding 5 ml of
DI water and 4 mL of ethanol to it. This mixture was sontcated for at least 30 min and constantly
stirred while adding the nanoparticles solution to it in a drop wise fashion. The resulting mixture
was subjected to three purification cveles consisting of stirnmg for 10 min followed by

somtcation; the catalvsts were then isolated by filtration and washed with copious amounts of
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water and ethanol. The resulting solids were dried in an oven at 70°C for 12 h, resulting in gray
colored amorphous-5iCh-supported nanoparticle catalysts.

Characterization. Powder X-ray diffraction (PXRD) data were recorded using a Spider
diffractometer (Rigaku Corporation) equipped with a Cu Ka source (wavelength of 1.5418 A)
operated at 40 kV and 40 mA. Tranamission clectron microscopy (TEM) samples were prepared
by dispersing nanoparticles in ethano! and drop-casting the sclution onto 200 mesh copper
Formvar grids (Ted Pella Inc.) and completely dryving the samples in air. The size ot the
analvzed particles were manually measured using Image-J (htip://rsbweb.nih.gov/ii). Low
resofution TEM images were acquired using a FEI Tecnai Transmission Electron Microscope.
High resolution TEM (HRTEM) images, high-angle anoular dark ficld scanning transmission
electron microscopy (HAADF-STEM) images, and energy dispersive X-ray spectroscopy {(EDS)
spectra were acquired using a JEOL 2010F TEM equipped with an Oxford EDS detector. The
mstrument was operated at 200 keV with a .19 nm point to point resolution. Lattice spacing
valucs were calculated using fast Fournier transform (FFT) and averaged from at least 2
measurements. Inductively coupled plasma mass spectrometry (ICP-MS} data were obtamed
using an Agilent 7500cc¢ ICP-(-MS spectrometer.

Catalytic studies. Catalytic mixture was made by nuxing S5i0z-nanoparticle (1-2 mg)
with acid treated calcined sand (110-120 mg) and loaded onto a Ds-porosity fiit m a custom
made quartz U-tube. This catalytic mixture was maintained at 25°C using a water bath powered
by a ThermoFisher Scientific ThermoFlex 1400 recirculating chiller. First, the catalyst was
activated by purging with a 1:1 mixture of reactant gases (Hz and He) for 30 nuns. Then
cyclohexene was introduced into the catalvsis ling via an in-line saturator. Real time percentage
conversion of eyclohexene to eyclohexane was monitored using an HP Agilent 6890 GC witha
Restex Stabiliwax 15 m cohumn and equipped with tandem Hame ionization detector (FID) and
thermal conductivity detector (TCD).

Kinetic Studies and determination of aciivation energies. The catalvtic run was
started at 25°C and temperature was changed to 30°C after attainment of steady state conversion
of cyclohexene to evclohexane at 25°C. Temperature was held constant at 30°C until the steady
state was achieved again. This process was repeated for temperature values of 24, 18, 12, and
6°C respectively. The activation energy valugs were obtained using the slope of the best fit ling
by plotting Lnfactivity) vs. (1/T(K}}). The activity values were averaged using at least four points

corresponding to steady state of the catalysts.
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Svathesis of Rh nanoparticles by Single-Phase Flow. The synthesis of Rh
nanoparticles under single-phase continuous flow conditions under microwave irradiation-
assisted heating was investigated. A syringe pump was used to achieve a constant flow rate of
reactants and solvent through PTFE tubing (ID = 0.79 mm}. Nucleation was triggered by the
mtroduction of the reactant stream into the microwave wradiation cavity; the solvent was held at
constant temperature by continually varying the power input from the magnetron, controlled via
a fiber-optic temperature probe. Rh{Cl-xH2O was used as the Rh precursor,
polv{vinvipyvrrohdone) (PVP) was used as the capping agent, and ethvlene glycol (EG) was used
as the solvent and reducing agent for all syntheses.

First, the suitability of PTFE tubing for the microwave-assisted formation of Rh
nanoparticles was assessed under continuous flow conditions. A single-phase solution of
Rh(Cl5 xH:0 and PVP dissolved in ethyviene glycol was flowed through the microwave cavity at
a reaction temperature of 120°C. The residence time in the microwave cavity was set to 35 min
{Table 1) so as to directly emulate the reaction conditions from the previously established batch
reactions (Dahal N et al. ACS Nawo 2812, 6, 9433- 9446). This did not lead to any color change
of the precursor solution that would be indicative of Rh(Il1) reduction and Rh nanoparticle
nucleation. Attempts to collect isolable products using a precipitating solvent (e.g., acetone) also
farled. Increasimg the maximum microwave irradiation power to a constant 1600 W and
increasing the residence times also faled to achieve precursor reduction. Reduction of
RhCl5 xH:0 was eventually achieved by immersion of the coil of PTFE tubing directly into a
sccondary ethylene glyeo! solvent bath, also at 120°C (Figure 1). These combined obscrvations
suggested that dipolar coupling of microwaves o the polar solvent and the 1onic precursor
species inside the tubing was prevented by the tubing maternial itself, and/or that heat dissipation
from the narrow tubing was so rapid that the necessary reduction temperature could not be
reached. By comparison, reduction can be achicved at bulk cthylene glycol temperatures <
100°C for stirred precursor solutions i borosilicate glassware at ambient pressure. In this case,
the addition of an external ethylene glycol bath increased the effective microwave absorption
volume without compromising the advantages of being able to conduct the metallic nanoparticle
synthesis under continuous flow.

Next, a single-phase mixtare of RhCl xHz O and PVP was co-dissolved in ethylene
ghycol and flowed through the PTFE tubing submerged in the ethylene glycol bath at 120°C.
Upon exiting the microwave cavity, the products were collected in a centrifuge tube that was

pre-chilled in an ice-water bath to quench further reaction. Purification of the products was
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carried out by precipitation by addition of excess acetone, followed by ultracentrifugation. Re-
dispersion of the Rh nanoparticles into ethanol followed by re-precipitation using excess hexanes
removed all excess PVP. Powder X-ray diffraction (PXRD) analysis of the resulting nanoparticle
products revealed diffraction maxima that were well-matched with the reflections corresponding
to bulk FCC-Rh (observed lattice parameter, ¢ = 3.80 A; Figure 2) (Ziegelbauer M et al.
Clectrochim. Acta, 2807, 52, 62826294}, Scherrer analysis of the PXRD pattemns obtained for
the Rh nanoparticles suggested an average grain size of 3.16 nm. In support of this observation,
transmission electron microscopy (TEM} analysis revealed well-defined cuboctahedral Rh
nanoparticles with a mean diameter of 3.62 20,71 nm (Figure 3}.

In order to study the effects of residence time upon Rh nanoparticle size and morphology,
the flow rates and tubmg length were systematically changed while keeping the concentrations
of RhCl3- xH20 and PVP constant, as described 1n Table 1. As shown in Figure 4 the average Rh
panoparticle diameter (3.34 +0.67 nm) was decreased upon using a shorter residence time of 4.6
min, while there were no obvious morphological differences. fn accordance with this
observation, when the residence time was increased to 18 nun, slightly larger Rh nanoparticles
with a mean diameter of 3.92 £0.75 nm were obtained, while monodispersity and morphology
remained unaffected (Figure 3). It is perhaps not surprising that Rh nanoparticle size was
mereased as a function of microwave nradiation residence time under single-phase continuous
flow conditions (Figure 6), because nanoparticle ripening in solution s usually accelerated by
heating. More importanily, the Rh nanopaiticles obtained under continuous flow conditions were
as highly monodisperse and morphologically well-defined as those obtained previously in
analogous batch reactions, vet the reactions could be conducted in significantly shorter times
(4.6 nun vs. 35 min} and at lower temperature (120 °C vs. 150 °C),

The results were also compared with the products obtained from otherwise ideatical
reactions conducted with microwave trradiation 1o isolated batch reactions. In these reactions,
the stirred mistures tured dark after 1-2 min, indicating successful reduction of Rh(Il1}
precursors at 120°C. TEM analysis of the products after heating for 9 min revealed that 31% of
the Rh nanoparticles had poorly-defined anisotropic morphologics, while the majority of Rh
nanoparticles were a mixture of trianguiar plates and truncated octabedra with an average size of
5.65 £1.33 nm (Figure 7-Figure 8). The ratio of intensity values corresponding to (111 and (222}
from PXRE analyses for various samples are shown in Table 2. Furthermore, when RhClz xH: O

and PVP were dissolved separately 1o cthylene glycol and co-injected into a flask ar 120°C under
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microwave irradiation using two synnge pumps, a majority of well-defined tnmeated cubic Rh

nanoparticles were obtained afier 9 min of heating (6.34 +0.66 nm; Figure 9).

Table 2. Ratio of mtensity values corresponding to 111 and 200 obtamed from PXRD analyses.

Sample $i/hz0e
Baich reaction; no syringe pump; Rh nanoparticles; microwave trradiation; 120°C, 9 177
nin '

Rh nanocparticles; microwave trradiation; 120°C; 9 mm; RhCl-xH20 and PVP

. . . 1.76
miected using syringe pump

Assessment of Catalytic Hydrogenation Activity of the Rh nanoparticles. The
catalvtic reactivity and selectivity of Rh nanoparticles are intringically governed by surface
structure, as well as the ratio of corner and edge sites to face sites. The catalytic runs of the Rh
nanoparticle catalysts were performed on-stream m 3.37 min mtervals by a gas chromatograph

10 (GO) equipped with an avtomated injector and twin flame ionization and thermal conductivity
detectors (FID-TCD). Hach catalyst was studied on-stream for 6 h. Turn over frequency values
(TOF. cyclohexane-surface site™! s7') were determined by normalizing raw activity values based
on %Rh loading and calculating the fraction of exposed surface atoms to total atoms as a
function of the measured average dimensions of the cuboctabedra. Activity was calculaied using

15 the following formula:

Activity (umolg™'s™%)

C6H10 flow (MOl/ Y« 109"

_ ( 1 . /min
~ \Mass os catalyst used (g) 60 {5/ .
< (9) \ 60 (*/ i)
7

/ {Area counts for .gcyciahexamge')
. MX of cyclohexane J

Aren counis for cyclohexane) | ( Area counts for cyclahexene)

\ MX of cyclohexane ) N MX of cyclohexene Iy
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Turnover frequency normalized for Rh loading was calcolated using the formula:

\
Actw'tv * 1070 mm

(Wt% of Rh
MW of Rh

/ ,umoi

TOF (§71) =
\\

1

{Surface area
percentage of KW

)fm" the NPs

As shown i Figure 10, the 12 nm cuboctahedral Rh nanoparticles exhibited a normalized

L

steady-state-turn over frequency of 3.5 cyclohexane-surface site's™ . The Rh-free amorphous

S10:2 supports showed no measurgable activity in the same hydrogenation reaction. The steady-

state-turn over frequencies obscrved for the cuboctahedral Rh nanoparticles is a function of the

fact that the ratio of Rh surface atoms vs. internal atoms 15 0,15 for the 12 nm Rh cuboctahedra.

In this work, the vapor-phase alkene hyvdrogenation activity of S1(z-supported Rh

16 cuboctahedra obtained from the single-phase continuous flow synthesis was assessed. These
were also compared to the catalytic propertics of Rh nanoparticles preparced by batch svnthesis
using otherwise identical synthetic conditions and reagents. The vapor-phase hydrogenation of
cyclohexene s a useful model reaction that can be studied to extract important kinetic
mformation {(Somorjai GA and Aliaga C. Langmuir, 2610, 26, 16190-16203). In this work, a

15 control catalvst was prepared from a sample consisting of 12 nm Rb cuboctahedra prepared
wnder microwave trradiation from a batch reaction. The as-synthesized Rh nanoparticles were
deposited on amorphous 5102 by simple incipient wetness impregnation, isolated by filtration,
washed with cthanol and finally dried in a static oven at 70°C for 12 h. The composites were
used in catalytic studies without harsh pretreatment {¢.g., calcination} that could otherwise cause

20 restructuring of the nanoparticle; it is therefore assumed that the capping polymer PYP was still
present in each case (Borodko Y et al J Phys. Chem. C, 2087, 1711, 62%8-6295; Al-Saidi WA ¢t
al. Nano Letr. 2002, 12, 997-1001). The use of 51O as an mert substrate 1 this work was chosen
to mimimize any potential metal-support interactions. TEM analysis of the as-synthesized
catalysts supported on amorphous 5i: did not reveal any discernible particle aggregation or

25 morphological changes (Rh loading, microwave 1rradiation = 1.4 wt%; conventional heating =

3.3 wi%: determined by ICP-MS).

The supported catalvsts were activated under flowing Ha/He at 298 K for 30 min, after
which a stream of cyclohexene vapor of known concentration was introduced. Analysis of the

post-catalyst effluent mixture showed no measurable activity in the same hydrogenation
21
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reaction. The steady-state-turn over frequencics observed for the 12 mm Rh cuboctahedraisa
direct function of the fact that the ratio of Rh surface atoms vs. internal atoms is 0.15 (Figure
11}. The measured activation encrgy (£} for the Rh nanoparticle cuboctahedra catalyst was 57.2
kJ mol”, which is in line with previous measurements {Dahal N et al. ACS Nano 2012, 6, 9433—
9446). The activation energy vahies were obtaimed using the slope of the best fit line by plotting
Enfactivity) vs. {1/T(K}). The activity values were averaged using at least four points
corresponding to steady state of the catalvsts.

Theoretical calculations performed previously suggested that desorption of the
hydrogenated product, cyclohexane, is in fact the rate-hmiting step on a Rh nanoparticle (111}
surface (Dahal N et al. ACS Nano 2612, 6, 9433- 9446). The tum over frequency values may
therefore be ascribed to cvclohexane desorption, which 1s necessary to generate new vacant
surface sites for adsorption of new reactants. This is not vnreasonable, since both cyelohexene
and cvelohexane preferentially adsorb face-on to the Rh(111) surface and occupy a 3%3 atom
slab (Figure 11}, On average, a 12 nmm FCC Rh cuboctahedron displays (111} planes comprised
of 24 %24 atoms (Figure 11).

Continuous flow synthesis of Rh nanoparticles under microwave-assisted heating was
demonstrated. Particle morphology and monodispersity can be finely controlled as a function of
the flow synthesis method and the total residence time of reactant within the microwave cavity.
Single-phase, continnous flow reactions were found to closely emulate the products obtained
from batch syntheses, vielding well-defined and near-monodisperse Rh nanoparticle
cuboctahedra i which the average nanoparticle size was directly affected by residence time.
Model vapor-phase cyclohexene hvdrogenation studics revealed that the cuboctahedral Rh
nanoparticles are catalytically active. The a continuous, microwave-assisted flow methods of
synthesizing Rh nanoparticles are more readily scalable, more energy-efficient, and faster than
batch reactions required to obtain analogous products. Such flow synthetic methods show great
potential to be used for large scale synthesis of various tvpes of nanoparticles, as well as to
provide access to kinetic morphologies that cannot be as easily obtained under conventional

heating and from batch syntheses.

Other advantages which are obvious and which are inherent to the invention will be
evident to one skilled in the art. Bt will be understood that certain features and sub-combinations
arc of utility and may be emploved without reference to other features and sub-combinations.

Thus 18 contemplated by and 1s within the scope of the claims. Since many possible embodiments
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may be made of the invention without departing from the scope thereof, it is to be understood
that all matter herein set forth or shown in the accompanying drawings is o be interpreted as
dlustrative and not i a limiting sense.
The methods of the appended claims are not limited m scope by the specific methods

escribed herein, which are ntended as illustrations of a few aspects of the claims and any
methods that are functionally equivalent are intended to fall within the scope of the claims.
Various modifications of the methods in addition to those shown and described herein are
mtended to fall within the scope of the appended claims. Further, while only certain
representative method steps disclosed herein are specifically described, other combinations of
the method steps also are intended to fall within the scope of the appended claims, even if not
specifically recited. Thus, a combination of steps, elements, components, or constituents may be
explicitly mentioned herein or less, however, other combinations of steps, elements,

components, and constituents are included, even though not explicitly stated.

)
(5]
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CLAIMS

What is claimed is:

I. A method of making a phurality of metal particles, the method comprising:

mjecting a metal particle precursor, a capping material, and a reducing agent into an
mlet of a continuous tlow microwave reactor, therchy forming a mixture within
the continuous flow microwave reactor, wherem the inlet of the continuous flow
microwave reactor 1s fluidly connected to an outlet of the contimuous flow
microwave reactor through a reaction vessel;

flowing the muxture through the reaction vessel, wherein the metal particle precursor
is reduced within the reaction vessel, thereby forming the plurality of metal
particles; and

collecting the plurality of metal particles from the outlet of the continuous flow

MICrowWave reactor.

2. The method of claim 1, wherein the continuous flow microwave reactor comprises:

a sample containment vessel, a microwave cavity, and a heating clement;

the sample containment vessel having a first end fludly connected to a second end
through a reaction vessel portion, the first end of the sample containment vessel
being the inlet of the continuous flow microwave reactor, the second end of the
sample containment vessel being the outlet of the continuous flow microwave
reactor,

wherein the reaction vessel portion is located within the microwave cavity and the
inlet and the outlet are located outside of the microwave cavity; and

wherein the reaction vessel 1s in thermal contact with the heating element.

3. The method of claim 2, wherein the heating element comprises a bath and the reaction

vessel portion is immersed within the bath.

4. The method of claim 3, wherein the bath comprises an o1l bath.

W

The method of claim 3, wherein the bath comprises ethvlene glycol.
5. The method of anvy one of claims 2-5, the method further comprismg heating the heating
clement to a temperature of from 100°C to 200°C or from 120°C to 175°C using

microwave irradiation.

7. The method of any one of claims 1-6, further comprising heating the mixture to a
24
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temperature of from 100°C to 200°C or from 120°C to 175°C asing microwave

irradiation.

The method of any one of claims 2-7, wherein the sample contamment vessel comprises

a tube.
The method of claim 8, wherein the tube comprises a polymer.
The method of claim 8 or claim 9, wherein the tube comprises PTFE,

The method of any one of claims 1-10, wherein the metal particle precursor comprises a
metal salt, the metal salt comprising a metal selected from the group consisting of Ruy,

Rh, Pd, Pt, Au, Ag, Os, Ir, and combinations thereof.

The method of any one of claims 1-11, wherein the metal particle precursor comprises a
metal salt, the metal salt comprising a metal selected from the group consisting of Rh,

Ag, and combmations thereof,

The method of any one of claims 1-12, wherein the metal particle precursor comprises a
first metal precursor and a second metal precursor, the first metal precursor comprising a
first metal salt, and the second metal precursor comprising a second metal salt, the first
metal salt comprising a first metal, the second metal salt comprising a second metal,
wherein the first metal 1s different from the second metal, and wherein the first metal
precursor and the second metal precursor are provided at a ratio such that the molar ratio

of the first metal to the second metal is from 1:99 to 99:1.

The method of any one of claims 1-13, wherein the capping material comprises cifrate,
cetrimonium bromide {(CTAB), cetrimonium chloride (CTAC). polyethylene glycol
(PEG), polyvinyipyrrolidone (PVP), sodium dodecy] sulfate {(SDDS), or combinations

thereof.

The method of any one of claims 1-14, wherein the capping material comprises

polvvinvipyrrolidone (PVP).

The method of any one of claims 1-15, wheren the reducing agent compriscs a
borohydride, a citrate, an ascorbic acid, an amuno acid, a surfactant, or a combination

thereof.

The method of any one of claims 1-16, wherein the reducing agent comprises ethviene
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glyeol.

18 'The method of any one of claims 1-17, wherein the mixture 18 flowed through the
reaction vessel at a flow rate of from L em® bl 1o S0 co’ bl or from 7.5 en® bl to 30 oot

.

19, The method of any one of claims 1-18, wherein the mixture has a residence time within
the reaction vessel of 35 minutes or less, 20 nunutes or less, 10 minutes or less, or 5

minutes or less.

20.  The method of any one of claims 1-19, wherein the plurality of metal particles comprise
a metal selected from the group consisting of Ruy, Rb, Pd, Pt Ay, Ag, Os, Ir, and

combinations thereof.

21, 'the method of any one of ¢laims 1-20, wherein the plurality of metal particles comprise

a metal sclected from the group consisting of Rh, Ag. and combinations thereof.

22, The method of any one of claims 1-21, wherein the plurality of metal particles comprise

a single metal.

23 The method of any one of claims 1-22, wherein the plurality of metal particles comprise
a mixture of two metals.

24, The method of claim 23, wherein the two metals are provided at a ratio or from 1:99 to
99:1.

25, The method of any one of claims 1-24, wherein the plurality of metal particles have an
average particle size of from T um to 20 nm, from 1 nm to 12 nm, or | nm o 5 am

26.  The method of any one of claims 1-25, wherein the plurality of metal particles are
substantially cuboctahedral in shape.

27, The method of any one of claims 1-26, wherem the plurality of metal particles are
produced at a rate of 20 mg/hour or more, 50 mg/hour or more, or 500 mg/hour or more.

28. A method of making a supported catalvst, the method comprises dispersing the plurality
of metal particle made by the methods of any one of claims 1-27 onto a support material.

29, The method of claim 28, wheremn the support matenal comprises $102.
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