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Ultrasmall netal nanoparticlegl-10 nm are certain to be the building blocks of
the next generation of electronic, catalytic, and energy storage debesgite their
importance, synthesizing thesxtremely small nanoparticles, at least in sufficient
guantities to enable their industriallityi however, is challenging due to their low stability
andtendency to agglomerate

Numerous techniques developgbds fartypically generate metal nanoparéslin
small quantitiesvith a maindifficulty in industrial scaleup beingpoor thermal control
This shortcomingften leads towide size distributiog inhomogeneous dispersicand
aggregation. Thus, there is a pressing need for developing new stdtagsralable

manufacturing of ultrasmall metal nanoparticles towards industrial applications.



This dissertation identifies twtechniquegor scalable manufacturing of ultrasmall
metal nanoparticles with tunaldéze,constituencymicrostructure, andther properties:
anaerosol droplet mediated approach andiltrafast laser shock approach

The aerosol droplet mediated approach employs the fast heating and quenching
nature of aerosolrdplet nanoreactors containipgecursorspecies to produce ultraath
metal nanopatrticles uniformly dispersed in polymer or graphene matrices. The fast heating
and guenching nature intrinsic to the aerosol droplets is also emplofadtitatea new
type of engineering materiahotablyhigh entropy alloy nanoparticledefined as five or
more weltmixed metal elements in near equimolar rathss an example of application, |
furtheremploy the aerosol dropletis create antimony nanoparticles incorporated carbon
nanosphere networ&nd the resultingrchitectureoffered one of the begbotassium ion
battery anod@erformances in terms bbthcapacity and cycling stdlty .

This dissertation also introduces an ultrafast laser shock technideec@tenetal
nanoparticlesonto carbon nanofibers (CNFsh-situ with kinetically tunable size and
surface densityA shorter laser shock enables the formation of metal nanoclusters with
higher number densities and smaller sizes while longer laser shock leads to the further
growth of metal nanoclusters and the achievement ofaheifibrium shapeThecatalytic
performance towards electrocatalytic hydrogen evolutiongeaatlyenhanced foCNF

supportednetal nanoclusters with a smaller size and higher number density.
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Chapter 1: Introduction

1.1.Metal Nanoparticles

Metal nanoparticleeave been of great interest due to their unique aize shape
dependentproperties, enablingpotential applicationsin the fields of plasmonics,
electronicscatalysis nanomedicinemagnetic storagesnergy and fuelsmong others®
For instance, cobalt nanoparticlbave been appliedo construct two dimensional
ferromagnetic thin fillm as highdensity magnetic storage dewcdeDue to their
biocompatibility and &&bility, Au nanoparticles can be usedpagentialnanocarriergor
drug delivery and gene therapVy.Silver nanopartiels have been demonstrateas
promising coating materials of solar cells to enhance solar harvebgnguse of their
localized surface plasma resonapecepertyunder light exposur&. The extremely high
surface aspect ratio admall platinum nanoparticlegnhancesthar performance as
electrocatalystused in fuel cells!

Although important progresses and critical breakthroughs the field of
nanosciencand nanotechnologhave been made in thastseveradecads'?, the transfer
from fundamental research to practically industrial applications is greatly hindered because
synthesizing these extremely snidis, at least in sufficient quami$ to enable its utility,
is still challenging due to their high mobility and metable nature either resulting in

aggregates or particle growth.

1.2.Synthesis techniques
Various kinds oimethodshave beermevelopé to synthesizenetalnanopatrticle.

In general these methods can be divided into two categoriesdéayn approactand



bottomup approachThe topdown approach startgith bulk metas, andbreals theminto
nanosized particlesith physical technigues sh as balmilling, laser ablation, magnetron
sputtering'® The ottom-up approachowever starts with atomic or molecular speciesl
uses these species as building blocks to buifdmetal nanoparticles through nucleation
and growth viaeither chemical or physical proces®onductedin either liquid or gas

phaset

1.2.1.Top-down approach

Ball milling . Ball milling method has been developed and adopted as an industrial
process for particle processing since 1&0ne advantage of this method is that it has the
ability to overcome the quantity limitations and produce nanosized powders with multiple
components, phases and nanostructures in targastity. In atypical processthe micre
sized powdersr flakesare paced in a sealed container wipherical beadske ZrOz. By
shaking or violent agitation of the container, beadscollide with each other so that the
micro-size powders are milled and mechahychreak into nanosized powders during this
process® However, the disadvantage of the method is that this method might not be
suitable to generate nanoparticles with an extreme smalbs@isananoparticles with
such a small size mighgo throughcold welding and sinteringeven through the
surrounding temperature is relatively low?

Laser ablation. Another topdown approachwhich is commonly used for
nanoparticle synthesis is laser ablatibiiror a typical laser ablatioprocessa focused
laserbeam locallyheats upandvaporizethe surface o metal targeto create a plume

which expandinto the space above the target to condense and form metal nanoparticles



Depending othe component of the targetaterial the phae of the surrounding mediym
and the aeration parameters of the laser, nanoparticles with different size and
concentration are generatédGenerally speakingarticles generated in gas phase often
havea wide size distribution with relatively large siznd these particles acdten in
agglomerated form compareaparticles generated aliquid medium.In order to prevent
these nanopticles from agglomeration, surfactants or ligamight be introduced during
the laser ablation process. One advantage of the laser ablation method is that a variety of
metal nanoparticles can be produsgttethis approach is a simple physical procesd a
there is no complex chemistry involved. Ttashniqueas practically usefufor production
of very active metal nanopatrticles lisuminum (Al) titanium (Ti), and zirconium (Zr)
For instance, Zong et al. adogta Nd:YAG laser to generate titanium and zirconium
nanoparticles with an average diameter of 20 nm under Ar gas and explored the burning
behavior of these metal nanoparticttsdowever, the high cost and low yield of the
materials prevestthis methodfrom industrial utility 1°

Magnetron sputtering condensation Magnetron sputtemnig condensation has
been reported to fabricate small metal nanoparticles in gas Phaike. pinciple of
magnetron sputteringpndensation is followingt metal target is sputtered under a pressure
of several torrs via magnetron sputtering to produce a dense metal vapor; the dense metal
vaporcarried by a carrier gas such as argmwves intathe lov temperature aggregation
zone to nucleate and grow to form nanoparticlé® growth of the particles is quenched
once they move into a lopressure deposition chambkatachedo the aggregation zone
through a critical orifice. Similar to the lase ablaion technique, particlesize and

morphologygenerated with the magnetron sputtering condensateecontrolled by the



power density applied, type of the target material, carriepgagerty and itlow rate,
and length of the aggregation zone télaanoparticles generated with this technigdten
have a broad particle size distribution and agglomeration due to thaidiffaston nature

in the gas phas8esides, the low yield of the technique is not suitable for industrial utility.

1.2.2.Bottom-up approach

Wet chemistry: Wet chemistry, also called colloidal chemistry, is arguably the
most popular bottorup technique to produce metal nanoparticles with excellent control
of their structural, physical and chemical properti®sveral vet chemisty synthesis
methods arenentioned here, includingitrate reduction method, Brust methoéf, and
polyol reduction methad. For a typical citrate reduction method, take synthesis of gold
(Au) nanoparticlesdr instanceMetal precursortHAuCls is reducedy a reducing agent,
sodium citrateat elevatedemperaturgto formmonodispersed Au nanoparticlelloid.?*
The size of Au nanopatrticles can be tunedabjusing the concentratias of the metal
precursorand the reducing agentand the reaction temperature applidthother wet
chemistry method which has been extensiwthdiedis Brust method. In this method,
metal saltprecursorHAUCI. initially dissolvedin an aqueous solution is extracted irg&o
nonwate-sduble solvent such agoluene by a phase transfer reagent, tetraoctyl
ammonium bromide (TOAB). In the presence of a surfactant such as thioalkanes or
aminoalkances, the metarecursorin toluene is mixed ah stirred withan aqueous
reducing agent, saum borohydrideto produce Au hanopatrticle coated with the surfactant
The size of Au nanoparticlés controlled bythe concentration ratio between Au salt and

surfactantFor the polyol reduction methpdthykene glycol or higher diols can be applied



asbothsolvent and reducing agent to fabricate noble metal nanopatrticles in the presence
of poly (vinyl pyrrolidone)(PVP) as a protecting polymeAlthough precise control over
particle size, component, and moojdgy can be achievethere are several ddeartages
which are often inherent ithe wet chemistrapproachfor metal nanoparticleynthesis
First, metal nanoparticles synthesized by the chemical process are commonly covered by a
protective layesuch as surfactants, ligands, capping agents. Xibtng protective layer
could prevent researchers from fully exploring surface properties of these nanoparticles
and requires them to do complex surface modification for further applications of the
nanopaticles. Besides, wet chemistry synthewshniqus reportedtypically generate
metal nanoparticles ismall batch reactorgncreasing the production rate which for a bulk
system often involves inhomogeneous and slow heating and cooling rates. Thisaaften
to a wide size distribution, inhomogeneouspédsion and aggregatiomwhich prevents
these nanoparticles from practical us&gé

Aerosolspray pyrolysis: Aerosol spray pyrolysis (ASPRasbeen used toaneate
NPs and nanocomposites. In a typical ASP process, the precursor solution is continuously
nebulized to produce aerosol droplets from hundred nanometers several micrometers in
diameter and these aerogbbplets, acting like small isolated reactgoassthrough a
heating element (high temperature flame or heating furnace) where the reaction in each
aerosol reactor is triggered by a short thermal pulse to generate nanostructured materials
upon solvent evaoration. Although the ASP technique has besedtio produce and
assemble a large range of materials (m&addloys’, metal oxidé**°, composited-3?)
with controllalde size and morphologies, fabrication of NPs with a diameter ef5€ubm,

which is much smaller than that of the nebulized aerosol droplets, using tmgtech



remains chaéinging. Recently, efforts have been made to produce small and monodisperse
NPsby introducing an inert solute into the aerosol droplets to guide the nucleation and
growth of NPS+3° For example, Xia et al. have introduced sodium chloride into the
precursor solution to guide formation of sut® nm NiO and ZnS NP$.However,
generating ultrasmall metal nanoparticles with this approach has never been reported
Joule heating: Recently, people have used Joule heatingdadtherma shock to
synthesize weltlispersed nanoparticles decorated on carbon nanofft€he metal salt
is first incorporated into the carbon nanofibentfilim sanple,and then an electric current
is applied onto the conductive thin film to rapidly heat the thin film sample via Joule
heating. Joule heating induced thermal shock triggers the thermal decomposition of the
metal salt and formation of nanopaltis, andthe sibsequent cooling freezes the
nanoparticles in the carbon nanofiber matrix. Although ultrasmall metal nanocluster can
be generated in a very short time, it is very difficult to convert Joule heating induced

thermal shock to an industriallgalable pocess

1.3.Nanopatrticle growth mechanism

The growth mechanism of nanoparticlesboth gas and liquid phasbave been
extensively studies for the last two decatfeSince the governing principles of
nanoparticle growth should be similar in gas and liquid phasboose to discus®psible
mechanisrm governing nanoparticle formation in the gas plvat@s section. The psgle
mechanisms include nucleation, surface growth, coagulation, sintering, and Ostwald

ripening.



Nucleation. The process of homogenous nucleation is interpreted
thermodynamically by looking at the total Gibbs free energy chahRiggiré 1.1) of
forming asphericaimetal NP, which is given in eqh.1*

YO t“it -“i YO (1.1
Where' is surface tension, r is the radius of the M®) is the free energy of the crystal
in bulk phaseY O is defined in eqnl.2 wherec is the molar volume of the crystal, S is
the supersatwation of the solution

Y0 YUYa QY (1.2)
Since surface tension term is always positive ¥ii@iterm is negative as long as the

solution is supersaturated, it is possible to find a maximum value dfiGharve with
regect to r.By settingi 1T, a critical radius is obtained above which the nucleus

can grow spontaneously without bgiredissolved. The critical radius is defined in Edh.
i ¢gwTYYae"y (1.3)
The equation indicas that ikreasing either the temperature of the tube furnace or mass

loading of metal salt precursors can reduce the critical radius ofithe.n
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Figure 1.1. Gibbs free energy change as a function ofipk radius



Substituting Eqri..3 and Egnl.2 into Eqn.1.1, a critical free energy O is obtainedY"O
is the minimum free energy required to form a stable nucleus.

The rate of nucleation of N nanopatrticles during time t can be written in term of
Y"0, which has Arrhenius type given in Eqr4 *°

— s0an— BdQOR— (1.4)
One can conclude that increasing the supersaturationSatitl not only decrease the
critical radius of the nuclei but also greatly enhatheerate of nucleation.

Surface growth. One mechanism thafpovernsparticle growth is surface growth
wheremetal vaporgliffuse around and attach to the surface of the existing nuclei by vapor
condensation and/or surface reactidspending on the ratiof the mean free path of the
metal vapors () and the size of the particles (Knudsen number, Kn), there are three
possble scenarios concerning the surface growth of the partitkss molecular flow
regime O &1 p), transition flow regimef ¢ ™& 0 & 7, and continuum gas flow
regimes £L p).*° For the continuum regime, the vapor near ip&s is a fluid
continuum with a concentration boundampund particleThe net flux of metal vapor to

the surface of the particle with a certain

0 o— o—— (15)

Where,Ois the diffusion coefficient is the equilibrium vapor concentration or in other
words, the vapor concentration at the surface of the particlei(), ¢ is metal vapor

concentration whem goes toinfinity. For the free molecular flow regime, the net

monomers flux can be evaleatas:

0 S (16)




Wherer) is vapor pressure of the metal over theface of the nuclei, anyg is vapor
pressure of the metal at the equilibrium conditidris the mass of the metal monomer;
is Boltzmann constant; T is the reaction temperature.

Coagulation. Coagulation or aggregation of nanoparticles pacess of particle
growth, where nawparticles moving relative to each other collide and stick together.
Coagulation is often caused by the relative motion of particles due to the Brownian
coagulation. The process of coagulation will lead to decreaseaniclp number
concentration and inease of particle size. The net rate of particle of size k can be described

using Smoluchowski population balance equatfon:
— -B ¢ 0e 0 &€ B | ¢ (1.7)
Wherd s the collision frequency function between particles with a"Sael’QIn the

continuum regime, the collision frequency function is expressed as follows:

Qi — - — Q Q (1.8)

WhereQ andQ represenparticle diameters; is the viscosity of the medium.

Sintering. Sintering describes the particle growth process where two attached
particles merge into one single particl8he coalescence ahetal nanoparticles is
sensitive to the phase (molten or solid) of the nanoparti®esearch has shown that the
melting point ofa nanoparticlehanges withhe particle size. Fathe nanoparticles in
liquid phase. a viscous flow mechanism as shown in E&nis used to calculate the

coalescence timé:

[ — (19)



Where* is the viscosity ofmetal nanoparticle,, is the surface tension ahetal
nanoparticle in liquid stat&) is the effective diameter of the coalescing particle pair,
which ispwj @, w and® are volume and surface area of the coalescing particle pair,

respectively
For metalnanopatrticles in the solid phase, the coalescence time can be described

with the following equatiof?
— (1.10

Where"Y is the temperature of a particle pair undergoing coalescéniethe number of
atoms in the particle paiy, is the surface tension of solid Ni nanoparti€e, is the

effective atomic diffusion coefficient in the particle pai

Ostwald ripening. Ostwald ripening involves the dissolvement of smaller particles
and the redeposition of the dissolved species on the surfaces of the larger particles that are
far more themodynamically favorable. At elevated temperatures, the metasatelease
from small particles and migrate onto large particles in the gas phase due to a vapor
pressure difference between two particles with different sizes caused by Kelvin effect,

whichis described below#?
ae— — — (2.12)
Whered is the molecular weighty is the gas constarit,is the density of the solidy

is the temperatur®, is the vapor pressure abovearticle of diametef , 0 is the

equilibrium vapor pressure of the sublimating species over a flat susfasehe surface

tension of the solid.
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1.4.Potential Applications

Energy storagematerials. Although lithiumion batteries (LIB as an efficient
electrical energy storage technologgve been widely used ranging from the portable
electronics to electric vehicles, the fast expansion of their commercial applications requires
further investigation othe electrode materials both amsdand cathode so as to achieve
high energy storage density, high power density, and long cycling stabilits.*+*¢ In
particular, one typical anode material used in the current LIBs is graphite. However,
graphite anodes can only deliver a maximum theoretical capacity of 372 #{Ah/g.
Compared to carbonaceous matelliiis graphite metatbased electrode materialsually
provide much higher gravimetric amdlumetric specific capacitse For instance, tin (Sn)
anode materials can deliveitheorettal capacity of 993 mAh/g, which is two time higher
than that of graphit® However, lithium insertion/desertion into/from Sn anode esaas
large volume change (~300%), leading to pulverization of the Sn anode, fast deterioration
of the capacity, and poor cycling performanceorder to solve thiproblem, researchers
have designed an anode material made ofamtedl Sn nanoparticles Qlnm) dispersed in
carbon matrixwhich greatly improved the electrochemical performance of the Sn &hode.
By using nanosized Sn, the absolatein induced by the large volume change during
lithiation/delithiation can be greatly mitigated. Moreover, dispersing Sn nanopatrticles into
carba matrix can also accommodate the volume change and keep the composite anode
intact mechanically.

Electrocatalysts. Electricity generated from renewable energy such as solar and
wind must be stored durably for effid applications. Electrochemical watglitting to

produce hydrogen and oxygen provides a promising solution to convert the electrical
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energy to hemical energy in the form of chemical boftismong various typesf
catalysts reported, metal nanoparticles have lbeesidered as promising materials for
electrochemical water splittinddecause only metal at@mwn the surface of the metal
nanoparticlegan act as active sgéor the catalytic procesthe catalytigperformance of
these nanoparticles can be tubed ljusting the particle size, component, and
microstructure.

Nanoenergetic materials. Energetic materialsalso referred to explosives,
propellants, and pyrotechnics, represent a broad range of systealsprocessa huge
amount ofchemicalenergythat canbe releasedn an extremely short time upon the
initiation of the reactio®>2 The commortype ofenergetic mrials is monomolecular
such as trinitrotoluene (TNT) and cyclotrimethylenetrinitramine (RDX) in which both fuel
and oxidizer are held within a single molecule. The other type of energetic materials are
composites, where the fuel and oxidizers are diftamaterids and are physically mixed
together. For such energetic materials, metals can be used as the fuel because they are often
stable and storea large amount of chemical energyompared to the traditional
monomolecular explosivé8 The composite energetic containing a metal fuel and a metal
oxide oxidizer is referred to as thermite. The thermite reaction is exothermic reaction and
can release a lot of energy. Although the energy density of the thermite materials is high,
their applcation is greatly hindered by slow reaction kinetics and highiagnthresholds.

But the development of nanoscience and nanotechnology has made it possible to overcome
these limitations. Using nanoscale materials with high specific surface area caséecre
the diffusion length between metal fuels and oxidizers, ihggtdi the enhancement of the

reaction rapid energy release ratand low ignition thresholef>* These highly reactive
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nanocomposites have been referred as thanmites. The unique properties of the
nanothermitesuech as high reaction rate, high energy density have drawn great attention
from the energetic community. laddition the reactivity of tle nanothermites can be
precisely tubed by varying particle sipgjdizer choice, stoichiometry, microstructure, and
morphology, which make them attractive for a wide arrange of applications including

explosive additives, propellant rate modifiesgdmicroelectromechanical systeffs>>°°

1.5.Current Challenges
1.5.1.Scalable manufacturingof ultra-small metal nanoparticles

To bridge the gap between scientifically instheg properties and practical
technological impact of etal nanoparticles, researchers have explored encapsulating NPs
into various matrices such as polymeric or carbased materials. There are numerous
advantages of encapsulating nanoparticles intpgrrmatrices including: a) these NPs are
chemically stallized via forming covalent bonds with polymer molecules or physically
frozen in the matrix (ultimately prevents NRgdomeration and oxidation) and b)
embedding metal nanoparticles into a proper imamhance their physical and chemical
properties for ptential applications. Numerous approaches have been successfully
developed to incorporate nanoparticles within polyo@nd carbofbased materials.
These approaches can be classified primarily imto tategoriesex situand in situ
techniques. Irex siti methods, the metal nanoparticles are first synthesized by various
processes, and subsequently introduced intppostimatrix via physical mixing’®° This
appoach affords a precise control of the size and morphology of the nanoparticles. A

significant challenge in these techniques, however, is that the high reactivity and
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metastable nature of the metalripdes often leads to nemniform dispersion of
nanopaicles in the supporting matrix. This inhomogeneity unavoidably causes a gradual
deterioration in the performance of the resulting nanohybrid materials.

On the othehand,in situtechniques allow dect growth of metal nanoparticles in
the host materiaf®: 6%54 Metakion precursors are first incorporated into the host matrix
and then metal naparticles are generated within the matrix via chemical reduction or
thermal decompositionThis approach, thus, eliminates the ahder surfactants and
capping agents and yields a higher nanoparticle numdesity with a more uniform
nanoparticle distribution throughout the host matrix. However, mmositu and ex situ
technques reported in the literature typically generate mmigimer nanocomposites in
small quantities. The difficulty lies in increasitige production rate which, for a bulk
system, typically involves inhomogeneous and slow heating and cooling ratepiaaliyjty
leads to a wide size distribution, inhomogeneaspatsion and aggregatiéhThus, there
is a pressing neddr developing new strategies for scalable manufacturfitigb-quality

ultrasmallmetal nanoparticles to enable their industrial applications.

1.5.2.Scalable manufacturingof multi-componentmetal nanoparticles

Combining multiple metals into one singdawltraultraicle at nanoscale enables
the formation oimulticomponent metal nanoparticles with unique physical and chemical
propertie® The electronic interactions between different metal components, make them
patentially promisingmaterials for a broad range of apptioas in the fields of catalysis,
plasmonics, nanomedicine, and electrofilcAmong all the multicomponent metallic

nanostructures investigated, the attention on high entropy adlogparticles have been
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growing dramatically. High entropgiloys represent such nanostructures, defined as five
or more wellmixed metal elements in aeequimolar ratio The maximized interactions
betwea different metal atoms leads to the formation of the wmigrchitectures with a
high configurational entropy of mixing, resulting in advanced praggertncluding high
mechanical strengths at high temperature, high corrosion resistance, and higloroxidati
resistance, among othéfs.

To date, the primary techniques used to produce multicomponent metal
nanoparticles, either iman alloyed or phasseparated state, are wtemistry baed
approaches, including bulk solution synthé&sis microfluidic method, and
microemulsio®?. However, forming metallic nanostructures containing more than three
metal elemets using traditional wethemistry approaches becomes &rajing due to the
increasing difficulty arising from balancing diverse reduction kineticdiftérent metal
precursors. This often results in s#elective nucleation of each metal and the folonat
of nanoparticles with components and structures vgryom particle to particle. In order
to address this issue, a s#gecific lithographybasedsynthesis technique has been
recently reported to fabricate multicomponent metal nanoparticles cowgtdinge metal
elements by confining the corresponding rhptacursors in a small reaction volume on a
desired site followed by hydrogen reduction pohoes at elevated temperatufs.
Although this technique has greatly expanded the comiposind structure diversities of
multicomponent metal naparticles, phasseparated nanostructures were always
generated when incompatible metal eletadiike Cu and Co) were used. The reason is
that the slow heating and slow quenching applied in tlledgen reduction procedures in

this technigue caused muttomponent nanoparticles to reach their thermodynamically
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favorable phaseeparation state. Atnatively, melting processing has been developed to
create bulksize multicomponent alloys with unifmty mixed metal atomshigh entropy

alloy, via melting ad quenching physically mixed multiple met&tddowever, a recent
study onatomic distributions of AlsCoCrCuFeNi alloy generated via the melting
technique reveals thauQich precipitates were formed in the final prod3durthermore,
although melt processing has been successful in the synthesis of bulk high ehbyapy al

as structural materials, generating high entropy alloys at the nanoscale is extremely difficult

with this technique.

1.6.Research Plan

One of the mosimportant operation parameters for nanoparticle synthesis is
reaction temperature since it haprafound effect on nanoparticle formation pathways.
For instance, increasing reaction temperature e&celerate the rates of the precursor
reduction, mononrediffusion, and nucleation, coagulation and sintering of nanoparticles.
In principle, one can curol the rate of the nucleation and growth through precisely
controlling the temperature of the réaa. Particularly,in order tosynthesize smaller
nanoclsters with a higher number concentration, one needs to promote the nucleation rate
of nanoclusters and inhibit their subsequent growth. From a thermodynamic standpoint, the
nucleation rate can beagtly enhanced by decreasing thucleation energy barriarising
from the formation of the interface between the nuclei and the reaction softfidAOne
way to minimize the nucleation barrier of forming a stable nucleus is to build a high
supersaturation ratio (S) of metal atoms in the reaction volume.céh be achieved by

applying a fast heat pulse to decom@dhe metal precursor rapidly to creatéighly
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supersaturated state leading to a very fast nucleation burst. Once small nuclei form, a fast
cooling can be applied to quench these small nuaen fiurther growth. Although high
temperature can hasten &fits, it also speeds up transport, legdo the coagulation and
sintering. In order to prevent nanoclusters from coagulation and sintering, a matrix should
be used to anchor and stabilize thesall nanoclusterd.o this end, develop an aerosol
droplet mediated approach to-@itu generatig sub 5 nm Ni, Co and Cu nanoparticles
with the presence gfolymeror graphene matrixThe rapid thermal pulse given to the
aerosol particles enables thi@mation of nuclei and growth, with subsequent rapid
guending to freeze in the structure.

Further,l usethe aerosol droplet mediated approach towards scalable synthesis of
high entropy alloy nanoparticles with atortevel mixing of immiscible metal eheents.
Rather than prelepositing metal salt mixture presors onto a carbon suppdrpebulize
the precursors into aerosol droplets with
heating and fast quenching treatment. As such each droplet contaisspre and
operates as a nanoreactor, with very low thémess to enable rapid heating/coolinglan
small length scales to ensure no thermal and mass transfer gradients within the particle
enabling one to produce a single high entropy alloy nanopafficéeadvantages of using
aerosol droplets mediated techregare: 1) all metal salts are genfined into small
droplets enabling incorporating different metals in same particles upon the heating and
guenching process; 2) the small mass and volume natuhe aerosol droplets enables
fast heating and fast condj, which is crucially important to achie kinetic control over
the thermodynamic mixing regimes and creation of high entropy alloy nanoparticles; 3)

metal salt ratios in the aerosol dropletsaeiffimetal ratios in the precursor solution so that
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componehand composition of final products caa tubed by simply adjusting the type
and ratio of metal salts in the precursor solution; 4) since this technique is a continuous
process, scalirgp will begreatly simplified.

Besides, dsers present a flexible cdampowerful nanomanufacturing approach to
provide both temporally and spatially resolved energy to generate nanocl0&teeser
based manufacturing approaches shift the control and modulation of propertigbdrom
material to a programmable source, making them readily adaptable to industrial
protocols’®8! Laser approaches to nanomaterial fabrication become especially
consequentiahsoneadaps to emerging manufacturing approaches like rinting and
writing 8283 In this dissertation| demonstrate a fast, thermal shock technique using a
commercial CQlaser as the heating source to introduce an extremely short laser shock to
trigger the formation of ultramal, densely,and uniformlydispersed metal nanoclusters

on carbon nanofiber matrices.

1.7.Scope of the Dissertation

This dissertation describes two techniquasrosol processing and laser shock
manufacturing for scalable manufacturing of ultrasmatietal nanopairtles uniformly
dispersed small nanoparticles in polymer and catizsednatrices.

In Chapter 2, | discussgesign and operatigorinciplesof the experimentaketups
for aered and laseshock technique to produce ultrasmall metal narimpes,

In Chapter 3,1 demonstrate the formation of sulbnm particles of Ni, Co and Cu
nanoparticles in polymer matrix using an aerosol skdgbg reactor approach. The rapid

thermal pulse given to the aerosol particles enables the formation of andigiowth,
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with subsequent rapid quenching to freeze in the structure. The role of temperature as well
as precursor concentration of the resulting size and morphology are discussed. A
characteristic time analysis and an analysis of the particle sizébwatisins leadto the
conclusion that growth is governed by nucleation and surface growth with little coagulation
or Ostwald ripening. Finally,note that this aerosol route is amenable to agal®r large
scale production of nanoclusters that canegite used assiwithin the polymer or released
by solvent extraction, depending on application.

In Chapter 4| report an aerosddased thermal shock technique for in situ synthesis
of well-dispersed metal nanoclusters intbe-fly graphene aerosols. Aapid thermal
shock to the graphene aerosol has been used to nucleate and grow the metal nanoclusters
with subsequent quenching to freeze the newly formed nanoclusters in the graphene aerosol
matrix. A characteristic time analysis comparison with experingavs that the
nanocluster formation is governed by nucleation and subsequent surface growth, and that
the graphene retards coagulation, enabling unaggregrated metal nanoclusters. The method
is generic and show the formation of sufbO nm Ni, Co and Snamodusters. Tis
continuous aerosdiased thermal shock technique offers considerable potential for the
scalable synthesis of walispersed and uniform metal nanoclusters stabilized within a
host matrix. As an example of potential applicali@@monstrte very favorale catalytic
properties.

In Chapter 51 develop arelectrosprayassisted printing technique coupled with
post heating processing to fabrichigh-capacityantimony nanoparticle embedded carbon
sphere networkSb@CSN composite anodenaterialswith Sb nawoparticles uniformly

encapsulated by carbon sphere networlptiassium ion batterieRIBs). Firstprinciples
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computations and el ectrochemical character

transformation oKShy, KSb, KsShs, and KSbduring potassiation/depotassiation process.
In a concentrated 4Mpotassium trifluoromethanesulfonimideKTFSI)/Ethylene
Carbonate (ECIpiethyl Carbonate (DECJKTFSI/EC+DEQ electrolyte, the Sb@CSN
anode delivers a high reversible capacity of 551 mAhApatmA/g for 10@&ycles with

an extremely slow capacity decay of only 0.06% per cycle from tAeol®0" cycling;
when up to a high current density of 200 mA/g, Sb@ @8bde still maintains a pacity

of 504 mAh/g for 220 cycles. The Sb@CSiodes demustrate one of the best
electrochemical performances for all-i6h batteries anodes reported to datee Th
exceptional performances of Sb@CSihbuld be attributed to the efficient capsulation of
smal Sb nanoparticles into conductive carbon network asagete formation of a robust
KF-rich solid electrolyte interfaceSEl) layer on Sb@CSN anode in the centrated 4M
KTFSI/EC+DEC electrolyte.

In Chapter 6,I report an aerosol dropletediated teamique toward scalable
synthesis of high entropy alloy ngrasticles with atomidevel mixing of immiscible metal
elements. An aqueous solution of metal saltselsulized to generate ~t1 aerosol
droplets, which when subjected to fast heating/quenchasglt in decomposition of the
precursors and freezifig of the zerevalent metal atoms. Atomievel resolution
scanningransmission electron microscopy (STEd®upled with energy dispersiverdy
spectroscopy (EDS) analysis reveals that all metal eltsmi@ the nanoparticles are
homogeneously mixed at theoatic level.| believe this approach offers a facile and
flexible aerosol droplemediated synthesis temigue that will ultimately enable bulk

processing starting from a particulate HEA.
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In Chapter7, Here | demonstrate an ultrafast laser shock technigug-situ
fabricate ultrasmall metal nanoclusters supported on a carbon nanofiber (CNF) matrix
with kinetically controllable size and surface density. An ultrafast laser shock heating on
the metal precursor incorporated CNF matrix triggers the fastatiarieandgrowth of
metal nanoclusters and a subsequent -fdish quenching freezes them onto the CNF
structure. | find that a shorter laser shock enables the formation of metal nanoclusters with
higher number densities and smaller sizes while longer &sxk lads to the further
growth of metal nanoclusters and the achievement of their equilibrium .skape
characteristic time analysis suggests that the growth of metal nanoclusters is dominated by
surface diffusion and sintering, and Ostwald ripeningasnly involved at the early stage
of nanocluster formation. | also demonstrated that the catalyfmrpemce of CNF matrix
supported metal nanoclusters towards electrocatalytic hydrogen evolution is enhanced for
metal nanoclusters with a smaller sizel dnighernumber density. This work provides a
promising approach for rapid and scalable fabricationlw&small, highdensity metal
nanoclusters and nanoclustersed devices.

In Chapter8, | summarize the important conclusions of my research andderovi

perspetives to guiddutureresearches anbtentialapplications.
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Chapter 2: ExperimentaDesignandCharaterizations

2.1 Aerosol assisted nanomanufacturing

Synthesis of metal nanoclusters in polymer matrixin this dissertation, | develop
an aeroslbdropet mediatedechnique for continuous and scalable synthesis of ultrasmall
metal nanoclusters decoratedthe polymer matrixand graphene matribBelow is a
description ofsynthesis of metal nanoclusters embedded in the polymer matrix using this
technigueAerosol droplets containing metal salt and polymer molecules with desired mass
ratio were created from pneumaticCollison nebulizer with 5% hydrogen and 95%
nitrogen mixture as the carrier gd$e precursor solutions were prepared by dissolving
425 mgof PVP polymer and a certain amount of metal salt in 25 ml deionized water. The
metal salts used to abh Ni, Co and Cu nanoparticles webe' @0  J3p0O0 ),
0 €00 JPOUL,0 600 OO, respectively. The masg the metal salt used was
varied between 42.5 mg to 425 mg to prepare precursor solutions with differeisalt
precursor to polymer mass ratios (0.1, 0.3, 0.5, Eigure 2.1 shows schematically the
basic concept behind tisgnthesis scheme. Most thie water solvent is removed from the
droplets as they pass through a silica gel diffusion dryer, viheyeare carried to a tubular
furnace (28 cm in length, 2 cm in diameter) for a residence time of ~ 1 s. The set
temperaturef the tube furnace varigdbm 400 °C to 800 °C. Within the heated flow, the
dried polymer particles are molten, and the med#ildecomposed and reduced intdl
form metal nanoparticles in the polymer melt. Rapid quenching on a 0.4 um pore Millipore

HTTP membrane filter resslin arresting of the nanoparticle growth.
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Tube Furnace
Silica-gel Dryer
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Exhaust gas

@ Polymer matrix Metal ion @ Metal nanocluster

Figure 2.1. Schematic of aerosol assisted scalable manufacturing of ultrasmall metal
nanoparticles

Synthesis of metahanoclusters in graphene oxide matrix| further investigate
this technique to produce ultrasmall metal nanoparticles decorated in the graptrene ma
The precursor solutions were prepared by adding 20 mL of the GO solution (6.5 mg/mL)
and the required amoint of metal salt into 84 mL of deionizedter. The metal salts used
to obtain Ni, Co, and Sn nanoclusters wer& /  3p( / ,#1./ Jp( /, and
SnCb. For the SnGIGO precursor solution, dimethylformamide (DMF) was used as a
solvent to dissolve Sn&lThe mass of the metal salt used was varied between 130 to 520
mg to prepare solutions with different metak $a graphene oxie mass ratios (1.0, 2.0,
and 4.0). In aypical experiment, the precursor solution containing metal salt and graphene
oxide is continuously nebulized into small aerosol droplets by the atomizer. The mixture
gas of hydrogen and nitrogdren carries thes#roplets to pass through the diffusiayer
and the heating element. The solvent evaporates from the droplets as they pass through the
diffusion dryer, producing a dry aerosol. The dry aerosol passes to a heating furnace with
a nominal esidence time inhe high temperature region of ~300 msenthe thermal

shock (~10K/s) induced decomposition and reduction in hydrogen leads to the nucleation
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and growth of zero valent metal nanoclusters witching a graphene matrix. Particles are
captued on a filter rsulting in a quenching rate of approximlg 10 K/s.

GO was prepared using a modi%Theabthileder si or
procedure is as follows: First,5lg of graphite was placed in a 1000 mL Erlenmeyer Flask,
to which 180 mL sulfuric acid and 20 mL phosophoric acid were added. The resulting
suspension was placed in the water bath at 50°C, an@gdassium permganate was
gradually added into the sugps®on. After continuously stirring for 12 hours, the mixture
was poured into 300 mL cold distilled water and 3 mL hydrogen peroxide (30%) was
slowly added into the mixture while stirring, which neatie color of thesuspension turn
from dark brown to yellw. The suspension was filtered and washed with diluted aqueous
hydrogen chloride solution (300 mL, HCI: 10%) and subsequently distilled water (300 mL).
The resulting solid was +@ispersed into 300nL distilled wate, stirred overnight and
sonicated for 10nin so that the solid was exfoliated to GO sheets. Finally, the graphene
oxide dispersion was purified by dialysis for around one week to remove the remaining
metal ions and the acid.

Synthesisof high entropy alloy powders | alsodemonstratéhe formation of high
entropy alloy nanoparticles using aerosol droplet mediated approall. precursor
solution was prepared by dissolving equimolar amount of metal salts into D.l. Wager.
experiment onsists of a Coliion nebulizer (BGIric.), a silica dryer, a silica tubular reactor
heated by two combined tube furnace, and a membrane filter (Millipore, material:
polycarbonate, pore size: 0.4 um). In a typical experiment, the prepared precurson solutio
was loaded intdhe atomizer and wasebulized into small aerosol droplets using 10%

H2/90% Ar mixture gas with a pressure of 30 psi . These droplets carried by the mixture
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gas were first passing through the silica dryer, where the water solvent egdbamat the
droplds. Following the weer solvent removal, the resulting dry aerosol particles moved
into the hightemperature tubular furnace reactor (diameter: 2 cm; heating length: 60 cm,
set temperature: 1100 °C) where the fast heating led to the dapamposition and
reduction of the ntal salts to metals, and the subsequent fast cooling resulted to the HEA
formation. The products were collected with a membrane filter collector, which was blew
with cooling air to achieve fast quenching of the prodiibe aerosol flowate was ~3

L/min, which was measured at the end of the sample collector. Thus, based on the
geometry of the aerosol reactor and the gas flow rate, the calculated residence time of the

droplets in the high temperature reactor was aBaut

2.2 Aerosd droplets as building blocks for functional nanostructured design

In this dissertation, | alsase aerosol droplets as building blocks to create a 3D
structure consisting of carbon sphere network supported metal nanoparwictes
invesigate the excellgrelectrochemical performance of the resulting materials.

Electrospray-assisted Printing Precurso solution is prepared by dissolving
antimony chloride (340 mg) into DMF solvent (10 mL). Then, polyacrylonitrile (PAN, 160
mg) was addeda the solution fdbwed by vigorous stirring overnight. The obtained
mixture solution was used as the precursor for electrospgaghown inFigure 2.2 the
precursor solution was loaded into a 10 mL syringe tube and pumped througtop flat
stainlesssteel needle (innediameter: 203.2 um). A printing rate of 0.5 mL/hour and
voltage differential of 20kV between the electrospray needle and the aluminum substrate

were employed as the parameter for the electrodpmagd printing. Under the eldctfield
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generated by the Vtage differential, the nebulized precursor solution from the needle
fissioned into millions of small droplets, which served as the primary building blocks for
porous 3D network construction. The solvent evaporated from tp&etsovherthey were

flying towards the substrates. By adjusting the distance between the needle and the
substrate, the dry level of the-time-fly droplets can be varied. Here, a distance of 10 cm
between the needle and the substrate was used so thatdlsel pdicles would depas

on the substrate before they were completely dry. As such, the deposited aerosol particles
were attached to one other to form a porous 3D netwidi&. asprepared sample was
loaded into a tube furnace, heated up to 250 G aiheatig rate of 5 min/°Gn the air
atmosphere, and kept at 250 °C for 30 mins to stabilize the structure of the sample. Then,
the sample was heated up to 600 °C with a heating rate of 2 °C /min up@er H

atmosphere and kept at 600 °C for 5 hours to obtaidakieed electrodmaterial.

ﬁzw/@

-

2500C, Air (. ﬁ ;' £
m— (SR

600°C, H,/N, b

SbCl;/PAN Sb@CSN

Figure 2.2. Schematic illustration of electrospragsisted strategy for fabricating
Sb@CSN material.

2.3.Laser-assistel nanomanufacturing

In this dissertation, | also devel@gm ultrafast lageshock technique to produce
high-density, extremely small metal nanoparticles uniformly decorated on carbon
nanofiber thin film and investigate the electrocatalytic performance of the resulting

composite materials as catalysts for hydno generation elation.
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Synthesis of carbon nanofiber via electrospinning First, Carbon nanofiber
(CNF)thin film was first prepared as folis: Polyacrylonitrile was added to 10 mL DMF
solventfollowed by vigorous stirring overnight. The-abtainedsolution was useds the
precursor for electrospinning to prepare polyacrylonitrile (PAN) thin film. The precursor
solution was loaded into a 10Lnsyringe tube and pumped through a-flap stainless
steel needle (inner diameter: 203.2 um). A pumping odt®.5 mL/hour, avoltage
differential of 12 kV and a distance of 15 cm between the needle and the aluminum
substrate were employed for electiospng. In order to prepare CNF films, the- as
prepared PAN sample was loaded into a tube furnace, heate@% t€ with a heing
rate of 5 min/°C in the air atmosphere, and kept at 250 °C for 2 hours. Then, the sample
was heated up to 1000 °C with aaking rate of 2 °C /min under2HN2 (v:v=5:95)
atmosphere and kept at 1000 °C for 5 hours to obtain CNFiltnis f

Metal precursor incorporation: The metal precursor (0.05M) was dropped onto
carbon nanofiber thin films (2.5 mm x5.0 mm) using a pipette with a loading of ~100
t, TA 1 . The metal salt loaded thin film was air dried. The resulting weight percentage of
Ptin CNF matrix is about 30%.

Ultrafast Laser shock experiment The metal salt impregnated CNF thin film
sample (2.5 mm x5.0 mm) was mounted on a homemade grapkder, which was placed
in the center of the box chamber filled with inert Ar {fagure 2.3). The freestanding thin
film sanple was heated by a continuous Z&ser, which was controlled by a computer.
The duration, output energy power, and the sifeghe laser beam can be adjusted
accordingly.The duration of the laser was varied from 50 ms to 6bes.output power of

the laser applied was 90% of the total laser power (80Mig size of the laser beam was
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adjusted using a beam expander. In thisearpent, the diameter of the laser beam Wwas
mm. Therefore, the powder density of the laser beam was ~406\W4sed on the output
power and the size of the laser bedine laser shock process was recorded with a high
speed color camera. The recorded colbages were used to extract spaciotemporal

temperature of the sample.

» CO, laser beam
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Figure 2.3. Shematic of laser shock synthesis lfjh-density ultrasmall metal
nanoparticles uniformly decorated on carbon nanofitteen film.
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2.4. High speed color pyrometry

The temperature of the hot sample is estimatedg Equation 1. By taking ratios
of raw channel intensities, dependency on most variables associated with intensity is
eliminated except for those regarding th@mnel gainf( ), emissivity ¢), and spectral
response (.) of the camera at individlavavelengths and channéfsTo estimate
temperature of the hot surface, the graybody assumption has beeredhtmldccount for
an optically thin flame by assuming thatpZ_, Ssubstituted into PI
integrated over the entire spectrum to which the camera is sensitive (as shown in Equation
1 below)® When calibrated with a Newport Oriel 67000 Series Blackbody Infrared Light
Source, calibration factos , 6 ,andd with data available in the article by Jacob and

Kline et al, and these factors were assumed valid from-477BK®& Through this,
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calculation of temperature is reduced to matching of calibration faotoected channel
intensity ratios to theoretical ratios. Thredocoatios (green/red, blue/greemgdablue/red)

were simultaneously used to estimate temperature by minimizing their summed error from
theoretical ratios. Further thresholding is used to eliminate summed errors corresponding
to a temperature error greatiean 110K. Only unsaturated pixealsove the black level and
within the error threshold are used to report mean and median temperature of the frame for

a contiguous area of at least 10 acceptable pixels.

2.5. Catalytic performance tests.

Ni and Co nanodisters decorated in graphene ae®s@re chosen to demonstrate
catalytic performance towards reduction chitophenol by sodium borohydride. A
volume of 20 mL 4nitrophenol solution with a concentration of 0.1 mM was mixed with
5 mL of 0.2M sodium boroydride. The catalytic reaction wagggered with the addition
of 5 ml of metalrGO suspension containing 0.80 mg me@0 catalyst. The solution was
continuously stirred and the reaction was allowed to proceed at room temperature.
Immediately after catgst addition, 300 uL of the reactiosolution was collected and
diluted to 3 mL using D.l. water for tirmesolved absorbance spectra measurement using
a Perkin Elmer (Lambda 1050) WVis spectrophotometer.

The electrocatalytic performance &@NF suppord Pt nanoclusterstoward
hydrogen evolution reaction (HER) was tested. The freestanding metal nanoclusters
decorated CNF film was directly used as the working electrode. Platinum foil was used as
the counter electrode and a standard Ag/AgCI electrodeeaeterence electrode. RE

tests were performed in a 0.5 M$0Os aqueous solution. The polarization tests were
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performed by linear sweep voltammetry from GQdb V (vs. RHE) with a scan rate of 2

mV/s.

2.6. Battery performance tests

Electrolytes Preparation: The salts of potagsn trifluoromethanesulfonimide
(KTFESI) andpotassium hexafluorophosphate (KPWas purchased from TCI and used as
received. The solvents of Ethylene Carbonate (EC) and Diethyl Carbonate (DEC) were
purchased from SigmaAldrich ard used without any purifation. The different
electrolytes are prepared in-filled glovebox as follows: a certain molar of salt dissolving
into the mixed solvent of EC+DEC (V: V=1: 1) to obtain different electrolytes: 4M
KTFSI/EC+DEC electrolyte (abbrevat e d as A4 M THKIIEGHDEQ , 1M
el ectrol yte ( abbr asiMKPEEC+DESE eldttiolye (dbbreviated ) |,
as Hle)KPF

Coin cells preparation: The Sb@CSN composite, conductive carbon (from SAFT)
and sodium alginate with a mass rati®udf:1 were mixed in certaiamount of HO solvent
to form homogeneous slurry by stirring for 2 hours. The slurry was coated onto a thin Cu
foil and dried at 90 °C for 10 h in vacuum. The coin cells (CR2032) were assembled in the
Ar-y | | ed gl o v easpbepared ShI@C3N conipesite as the working electrode,
pure potassium metal foil as the counter electrode, polypropylene microporous (PP,
Celgard) ylm as the separator.

Electrochemical Measurements:The galvanostatic charge/distije tests were
performedwith Arbin Battery instrument (BT2000, Arbin Instruments, USA) at a voltage

range of 0.042.0 V at room temperature. The galvanostatic intermittent titrations (GITT)
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were also tested after 10 clesyorcthed\ibiastatidma r ge / d |
alternating the current density with 100 mA/g for 20 min and rest intervals for 2h. Cyclic
voltammetry (CV) measurements were performed on Gamry instrument (Reference 3000)

with a scan rate of 0.1 mV/s in the range of 0.01.®0\2 Electrochemical imgdance
spectroscopy (EIS) were also tested on the Gamry instrument with a frequency range of

10° to 10%2Hz under the AC signal amplitude of 5 mV.

2.7. Characterization

In this dissertation, he morphology, microstructure, and qoosition of the
synthesied materialswere examined bwarious kinds of analytical tools including
scanning electron microscop8KEM), transmission electron microscopyEM), scanning
transmission electron microscoTEM), Energydispersive Xray spectroscopyEDS),

X-ray diffractometer XRD), thermogravimetric analyzelTGA), X-ray photoelectron
spectroscopy XPS), Raman spectroscopy (Raman)Fourier transform infrared
spectroscopyRTIR), Ultraviolefi visible spectrophotonter (UV vis).

Polymer supported metal nanoclustersMorphologies and structures of metal
polymer nanocomposites were examined by scanning electron microscopy (SEM, Hitachi
SU-70) and transmission electron microscopy (TEM, JEOL JEM 2100 FEG). Elemental
distribution in the nanocomposite particle was analybgdEnergydispersive Xray
spectroscopy (EDS) mapping on TEM. Phase and component identification was conducted
by X-ray diffractometer (XRD, Bruker D8 diffractometer with Cu Ka radiation). The
structure of the polymer molecules was characterized by Fouwaesform infrared

spectroscopy (FTIR). Thermogravimetric analysis (TGA) of PVP polymer was carried out
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using a thermogravimetric analyzer (TA Instruments, USA) with a heating rate of 10
°C/min in argon gas.

Metal graphene nanocompositesMorphologies andnicrostructures of metal
rGO nanocomposites were examined by transmission electron microscopy (JEOL JEM
2100 FEG) and scanning electron microscopy (Hitachi78)J Elemental distribution
analysis in the aerosol particle was carried out with Endigpyersve X-ray spectroscopy
(EDS) in the TEM. The mean diameters and size distributions of the nanoclusters were
determined by statistical analysis of the acquired TEM images, using Nano Measurer 1.2
image analysis software. Phase and component identificates dne by Xray
diffractometer (Bruker D8 diffractometer with Cu Ka radiation). Thermogravimetric
analysis (TGA) of metalGO nanocomposites was carried out using a thermogravimetric
analyzer (TA Instruments, USA) with a heating rate 8CHnin in air amosphere. The
absorbance spectra measurement was recorded using a Perkin Elmer (Lambda 1050) UV
Vis spectrophotometer equipped with a 4.5 mL quartz cuvette with a path length of 1 cm.

Antimony carbon nanocompositesThe Sb@CSN material was characterized by
X-ray diffraction (XRD, Bruker Smar t 1000
thermogravimetnydifferential scanning calorimetry (CAHN TG 2131, under Air with a
heating rate of ®/min), Raman spectra (with 514.5 nm laser source), scanning electron
microsopy (SEM, Hitachi SU70 field emission scanning ), highsolution transmission
electron microscopy (HRTEM, 2100F field emissionjray photoelectron spectroscopy
(XPS, monochromt i zed ESCALAB 250 with Al* KU so
sputtering gun) The electrolyte ignition and combustion experiment were recorded by

high-speed digital camera with a Vision Research Phantom v 12.1 digital camera, and the
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frame rate of 1,000rdmes per second with a resolution of 640 x 480 pixel. A small piece
of glasdiber membrane was soaked with about 0.5 mL electrolyte and fixed by an alligator
clip, followed by immediate ignition with a butane lighter.

High entropy alloy nanoparticles A JEOL ARM-200CF was used to image HEA
nanoparticles deposited on lacey carbtngrid. High angle annular dark field (HAADF)
and annular bright field (ABF) images were acquired by a spherical aberration corrected
JEOL JEMARM 200CF STEM wih a cold field emission gun operating at 200 kV, with
22 mrad convergence angle. Images waken using an Orius CCD camera with 512 x
512 scanning resolution. Energy dispersivea}{ Spectroscopy (EDS) analyzes and
elemental mapping were obtained in tAR€EM mode (ThermoFisher Scientific Titan
Themis 300 instrument, fitted with-KEG electron surce, 3 lens condenser system and
S-Twin objective lens) at 300 kV, utilizing ThermoFisher Scientific SuperX system
equipped with 4x30mfmwindow-less SDD detects symmetrically surrounding the
specimen with a total collection angle of 0.7 srad, by sognselected area from the
specimens. Elemental mapping by plotting the neay counts was performed with an
electron beam probe current of 550 pA at 1024 xXt@#he resolution, dwell time of 30
psec/pixel and scanning multiple frames resulting in @&ffectotal acquisition time
between 3 to 10 mins. EDS spectra were extracted from the elemental maps as well as by
direct spectra acquisition from selected arédsmental concentrations were calculated
using the CliffLorimer ratio techniqu® using calculated actors, which have been
verified experimentally to incorporate @mror of less than +3% by analyzing standard
specimens with known composition of $jGBIiC, TiG: and NiO and correcting for

absorption. The minimum error in determining the elemental concentrations in the studied
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specimens is estimated from the statistiosatertainty in measuring the-bdy peak
intensities which was less than 5% relative. The EDS speare used to quantify the
composition of the HEA particles deposited on lacey carbon Au grid.

CNF supported Pt nanoclusters Morphologies and structuresf metal
nanoclusters supported on CNF matrix were examined by scanning electron microscopy
(SEM, Hitachi SU70) and transmission electron microscopy (TEM, JEOL JEM 2100
FEG). The mean diameters and size distributions of the nanoparticles were deteymined b
statistical analysis of the acquired TEM images, using Nano Measurer 1.2 image analysis

software.
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Chapter 3: Growth of Sub5nm Metal Nanoclusters in Polymer Melt

Aerosol Droplets

Abstract: Ultrasmallmetal nanoparticles are inherently unstable because of their
high specific surface area. This work investigdtes growth and aggregation of these
nanostructures can be circumvented by incorporating them into a polymer matrix i an on
the-fly growth pro@ss.I demonstrate the formation of sulbnm particles of Ni, Co and
Cu nanoparticles in polymer matrix using aerosol singlelrop reactor approach. The
rapid thermal pulse given to the aerosol particles enables the formation of nuclei and
growth, withsubsequent rapid quenching to freeze in the structure. The role of temperature
as well as precursor concentratiof the resulting size and morphology are discussed. A
characteristic time analysis and an analysis of the particle size distributions kb&d to
conclusion that growth is governed by nucleation and surface growth with little coagulation
or Ostwald ripemg. Finally, this aerosol route is amenable to sopldor large scale
production of nanoclusters that can either be used as is withinl§irequcor released by

solvent extraction, depending on application.

" The results represent ihis chapter have been previously published and are reprinted from: Yong Yang,
Michelangelo Romano, Guangjie Feng, Xizheng Wang, Tao Wu, Scott Holdren, Michael R Zachariah
Growth of Sub5 nm Metal Nanoclusters in Polymer Melt Asol DropletsLangmuir2019, 34 (2), 585

594
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3.1.Introduction

Ultra-small metal nanoptcles with a diameter less than 5nm have been of great
interest in recent years due to their unique-sanel shap&lependent properties, ettialy
applications to the fields of plasmonics, photonics, catalyst, nanomedicine and magnetic
storage, among o#ns® To synthesize these extremely small nanoparticles, at least in
sufficient quantities to enablés utility, is challenging because their high mobility and
metastable nature either results in aggregates or particle growth. One approach to
potentially overcome this challenge is by encapsulating nanoparticles within a polymer
matrix so that these naparticles are physically frozen in the polymer matrix or dhalhy
stabilized via forming covalent bonds with polymer molecules, ultimately preventing
nanoparticle agglomeration and oxidatféri>*°

These hybrid materials are referred to as metal polymer nanocomposites.
Fundamentally, the polymer serves as a framework for stabilizing nanoparticles. However,
the strateg combination of nanoparticles and specific typdéspolymers can yield
enhanced functionality for these composite matetfals. many cases, nanopatts
incorporated within polymers have been dem
stability®*®20Ot her synergistic effects have augmen
and optical proerties. For example, the introduction of metal nanoparticles into organic
photovoltaics has led tomproved efficiencies, stemming from the enhanced light
absorption and scattering properties of the incorporated nanopatti¢taghermore,
nanoparticles embedded within electrically conductive polymers have the potentiaéto se

as innovative composite materials for electrodes withiiohibatteries®
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Synthesis of metal polymer nanocomposites have been accomplished by both ex
situ and in situ composite stabilization.dx situ stabilization, metal nanoparticles are first
synthesized by processes such as collodtiemistry, nanolithography, laser ablation,
sputtering and bathilling and subsequently introduced within a polymer ma#. One
major difficulty in this approach is homogeneous incorporation of nanoparticles into
polymer matix and the prevention of aggregation. Alternatively, in situ techniques refer
to the formation of nanoparticles directly within a polymer matrix. Thosdation method
first incorporates metabn precursors into a polymer matrix, from which nanopadiale
generated in the polymer matrix via thermal reduction or decomposition of-ioretal
precursorS’1%2 |n essence, the polymer functions as a $efiplate for guiding the
nucleation and growth of the metal nanoparticles. Tighod eliminates the need for
surfactants and capping agents, yielding a higher nanoparticle number density and a more
uniform nanoparticle distribution throughout the polymeatrix. However, most in situ
and ex situ techniques reported in the litemttypically generate metal polymer
nanocomposites in small quantities. The difficult lies in increasing the production rate
which for a bulk system typically involves inhomogens and slow heating and cooling
rates. This typically leads to a wide sizetdltion, inhomogeneous dispersion and
aggregatiort?

Ideally one would like to control the thermal pulse to triggegmistry over a short
time scale and do so homogeneously. One approach to accomplish this is to conduct the
synthesis within an aerosol particle and use inherent rapid therudibration of the
particle to ensure precise control and homogeneous hehtintper because of the small

thermal mass heating and cooling can be rapid, achieving higher temperatures for shorter
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duration is plausible. Because such a process is consnscaling becomes greatly
simplified. Aerosol routes, such as aerosol spragolpgis (ASP) have been used to
generate nanoparticles and nanocompoSit€s1%In a typical ASP process, the precursor
solution is continuously nebulized to produce aerosol droplets from hundred nanometers
to several micrometers in diameter and thesesa¢droplets, acto like small isolated
reactors, pass through a heating element where the reaction in each aerosol reactor is
triggered by a short thermal pulse to generate nanostructured materials upon solvent
evaporation. Although the ASP techniques lheen used to prodeiand assemble a large
range of materials (metafs alloys’, metal oxidé*>3°, composite¥3%) with controllable

size and morphologies, fabrication of nanoparticles with a diameter -058uim, which

is much smaller than that of thebulized aerosol droplets, usitlgs technique remains
chdlenging. Recently, efforts have been made to produce small and monodisperse
nanoparticles by introducing an inert solute into the aerosol droplets to guide the nucleation
and growth of nanoparties3+3 For example, Xia et al. have introduced sodium chloride
into the precursor solution to guide formation of-sL®m NiO and ZnS nanoparticlés.

Few studies have been reported on using this technique to synthesize metal polymer
nanocompages. One primary exception is Leeal. who embedded siler nanoparticles

in PVP matrix by thermal decomposition of silver nitréfeHowever, encapsulation of
nortnoble metals cannot be achieved via this approach since thermal decomposition of
salts of reactive metals would produce metal oxides. $eal. ancorporated copper
nanoparticles with dianers rangng from 30 nm to 50 nm iPVP matrix by reducing

copper nitrate with ethanol as a reducing agent.
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In this paper, our focus is the synthesis of higimsity unaggregated ultrasmall
nanoparticles ofero valem metals with a very narrosize distribution. To our knowledge,
this is the first demonstration of the formation of-sbtim metal nanoparticles (e.g. Ni, Co
and Cu) incorporated into polymer peles (~several hundred nanometers to 1.5
micromeers) in aonestep ASP processdemonstrate that this is a generic facile process
to produce virtually any metallic nanoparticle and evaluate the role of temperature and

metal precursor loading on parggbroperties.
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3.2.Experimental section

3.2.1. Materials. Nickel nitrate hexahydrate.(E/ Q2p( /', ©99% pur e)
copper nitrate trihydrate#(Q /  Jo( / , 099% pure), cobalt n
(#1.1 o9 I 098% pure) wer e al I-Aldripghur c has

Polyvinylpyrrolidone (PVP) powders with three di#et molecular wights (M.W.
1,300,000; 58,000; 8000, g/mol) were obtained from Alfa Aesar. All the chemicals were
used as received.

3.2.2. Precursor preparation. The precursor solutions were prepared by
dissolving 425 mg of PVP polymer and a certain amount of metahs2t iml deionized
water. The metal salts used to obtain Ni, Co and Cu nanoparticles\i@re 3p00),

0 €00 JPOOL,6 60V 00, respectively. The mass of the metal salt used was
varied between 42.5 mg to 425 mg to prepare precursor solutions with different metal salt
precursor to polymer masatios (0.1, 0.3, 0.5, 1.0).

3.2.3. Aerosol Spray Pyrolysis.Aerosol droplets coatning metal salt and
polymer molecules with desired mass ratio were created from a pneumatic collision
nebulizer with 5% hydrogen and 95% nitrogen mixture as the caasdfigure 3.1 shows
schematically the basic concept behind the synthesis scheraeoMbe water solvent is
removed from the droplets as they pass through a silica gel diffusion dryer, where they are
carried to a tubular furnace (28 cm in length, 2 ordiameter) for a residence time of ~ 1
S. The set temperature of the tube furnaeed from 400 °C to 800 °C. Within the heated
flow, the dried polymer particles are molten, and the metal salt decomposed and reduced
in Hz to form metal nanoparticles the polymer melt. Rapid quenching on a 0.4 um pore

Millipore HTTP membrane filter results in arresting of the nanoparticle growth.
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H,0 H,0+NO,

" ~ Solvent Evaporation .': v /' Hydrogen Reduction§ :

® Polymer matrix Metal ion @ Metal nanocluster

Figure 3.1. Schematic of formation of naciasters in aerosol polymer dotet.

3.2.4. Characterization. Morphologies and structures of metal polymer
nanocomposites were examined by scanning electron microscopy (SEM, Hitaghj SU
and transmission electron microscopy (TEM, JEOL JEM 2HHEG). Elemental
distribution in the nanmmposite particle was analyzed by Enedigpersive Xray
spectroscopy (EDS) mapping on TEM. The mean diameters and size distributions of the
nanoparticles were determined by statistical analysis of the acquiredragés, using
Nano Measurer 1.2 imagaalysis softwaré’’ Phase and component identification was
conducted by Xay diffractometer (XRD, Bruker D8 diffractometer with Cu Ka radiation).
The structure of the polymer molecules was characterized by Fourigotransfrared
spectroscopy (FTIR). Therogravimetric analysis (TGA) of PVP polymer was carried out
using a thermogravimetric analyzer (TA Instruments, USA) with a heating rate of 10

°C/min in argon gas.
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3.3. Results and Discussion

3.3.1. Formation of metal polymer nanocompositeskigure 3.2 shows SEM
images of metal polymer nanocomposites containing Ni, Co, and Cu nanoparticles
respectively. Information about the precursor solutions and operation parameters used to
generate these thledypes of nanocomposites is summarizedable 3.1. As slown in
Figure3.2, all three nanocomposites have a spherical shape with a size distribution roughly
ranging from several hundred nanometers to 1.5 micrometers. In particular, Ni and Co
polymer nanoomposites shown in Figur8.2(a) and 2(b) have a crumpleslirface
morphology. Similar surface morphologies have also been observed by others who have
synthesized composite materials using the precursor containing polymer molecules and
metal salts by ASRethnique® 1% While | have no definitive conclusion about how the
crumpled surface was formed, it may be related to the gas release during hydrogen
reduction of metal nitrate (EgB.1, M represents metal element) in the presence of the
high viscous polymer melt. Surface cayation of the polymer particles appears to scale
closely with the metal salt to PVP ratio. For example, Fi@.2éc) shows Cu polymer
nanocomposites formed using achdower metal salt to PVP ratio (0.3) compared to the
polymer nanocomposites in Figud2(a) and 2(b) (1.0). The lower metal salt to PVP ratio

formulation created particles with a smoother surface.
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Figure 3.2. SEM images of metal polymer nanocomposites. (a)Ni PVP8kK, (b)Co PVP58K,
(c)Cu PVP8K. The length of the scale bar in the inset images is 1 um.

b 66 OO0 Ol M COGHY (3.1)

Table 3.1. Synthetic conditions for spray pyrolysis

Nanocompositg  Metal salt PVP Metal Pyrolysis | Residence
molecular | saltto | temperature time
weight PVP (°C) (s)
(g/mol) ratio
Ni PVP8k . El 8000 1.0 600 1
ap( /
Co PVP58k #1./ 58000 1.0 700 1
ap( /
Cu PVP8k #Q/ 8000 0.3 600 1
o( /

Slowheating TGA data of PVP shown Figure 3.12 demonstrates that PVP
molecules are fully decomposed at temperatures above 460 °C. However, aerosolized PVP
particles, which were actuallyeated to much higher temperatures appear to survive due
to their very short residence time in the reactor (~1FF)R analysis of 600 °C spray
pyrolysed PVP particles (of different molecular weights) showed no discernable evidence
of polymer degradationsee Figure 3.13). The PVP sample powders were also
characterized by SEM. The sprayed PVP powders have a splstvaqged with a smooth
surface morphology as shown figure 3.14. However, despite the lack of any

spectroscopic evidence for polymer chergistnder such short heatinigdid notice that
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spraypyrolysed 1300PVP was more easily dissolved in water than cameg to the
commercial reagent PVP, suggesting the possibility of polymer cleavage leading to a lower
average molecular weight after shoehshock.

The XRD patterns of the three metal polymer nanocomposite powders are shown
in Figure 3.15 The broad anflat peak located at around 20° on each XRD pattern belongs
to the PVP matrix. It was observed that nickel and copper nitrate were caljneuced
to metallic nickel and copper by hydrogen gas at the reaction temperature of 600 °C with a
resident timeof 1s. However, metallic cobalt was only obtained at a reaction temperature
of 700 °C. These results are consistent with other studiedbaondting pure metal powders
by hydrogen reduction of metal salts via APS with similar operating condffidf%t!?

To test the stability of the metal nanoparticle incorporated in the PVP matrix, the Ni
polymer nanocomposite was exposed to air for >1 month, and the metallic nickel phase
was still observed by XRD (see FiguB45). This suggds that the®VP matrix is able to
protect metal nanoparticles from oxidation.

The size and distribution of metal nanoparticles (Ni, Co, Cu) dispersed in polymer
matrices were characterized by TEM as showrrigure 3 (see also Figur&.16 for
Scanning TEMand EDS mapmg characterization). The three seleeseda electron
diffraction (SAD) patterns (inserts of Figuse3) confirm the presence of pure Ni, Co and
Cu metals, respectively, which indicates the Ni, Co and Cu ions have been reduced to their
metalic states byH2. This result is consistent with the aforementioned XRD data. As
shown in Figure.3, monodispersed Ni, Co and Cu nanopatrticles with an average diameter
of 3.5 nm, 3.9 nm and 4.1 nm, respectively, are uniformly distributed in the polymer

particles. Thesize difference between the different metal nanoparticles may be attributed
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to both dfferent mass fractions of metal nanoparticles in the polymer matrix and the
various interactions between different metal nanoparticles and polymer molecules. With
the ful conversion of metal salts to metal elements and the complete release of the other
byproducts such as water vapor and2N@m the polymer particles, the total mass and
volume fractions of metal nanoparticles can be derived based on the metal saltéi®VP
used to prepare the precursor solutions. The calculated total mass fractioetabf
nanoparticles are listed ifable 3.3. Table 3.3 also includes the areal number
concentrations and number average diameter of metal nanoparticles obtainedtimaktatis
analysis of metal nanoparticles in TEM images. The areal number concentraton wa
calculated based on the number of particles divided by the corresponding nhanocomposite
particle area in the TEM images. As showT able3.3, both mass fractions of Mnd Co

metals in polymer matrices are around 16.8%. The formed Ni and Co nanopdrdicée
similar areal concentrations and diameters. This aligns well with our findings that the metal
nanoparticle diameter increases with the metal salt concentratsongsied in more detail

in section 3.3). However, the generated Cu nanoparticles aiso d similar diameter
compared to the Ni and Co nanoparticles even though a much lower mass fraction (7.9%)
of copper was loaded in the PVP matrix. This suggests tld#tamel factors affect the
particle size besides the mass loading of metal saltssiffitarity in size of the metal
nanoparticles formed for the three different metals can be explained by differences in the
polymernanoparticle surface interactions. Woeis studies have shown that stronger
polymernanoparticle surface interactions emabformation of smaller nanoparticfes.

Prior work has shown that the strength of the interaction between the polymer matrix and

metal nanopaitles are related to the reactivity of the métdTTherefore) believe that the
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Cu-polymer interactions will beveaker compared to the Ni or olymer interactions
because Cu is less ambi@e. These weaker interactions allow the Cu to form larger
nanoparticles with a lower mass loading. As a result, Cu nanoparticles with a similar
diameter compared to Ni and Co paarticles were synthesized even though a lower mass

fraction between metaind PVP was used in the precursor solution.
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Figure 3.3. TEM images and metal nanocluster size distribution in metal polymer
nanocomposites. (a)(d)(g) Ni PVP8K; (b)(e)(h) CoPVP58k; (c)(f)(i) CuPVP8Kk.

In the following, the Ni polymer nanocomposite system is used to demonstrate how
temperature and metal saltgolymer ratio affect nucleation and growth.

3.3.2. Effect of temperature on the size and phase evolution of metal
nanoparticles. The precursor soluins composed of nickel nitrate salt and PVP8k with a

1.0 mass ratio were sprgpyrolysed at different tengpatures. It is known that under slow

46



heating ( 0.6 °C/min ) and in the presence pfriitkel nitrate converts to metallic nickel
at 270 °C* Figure 3.4 shows, however, that at fast heating (smesidence times)

metallic nickel is only seen at temperatures of 600 °C or above.
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Figure 3.4. XRD of metal polymer nanocomposite synthesis under variousiareac
temperatures

The effect of reaction tmeperature from 400 °C to 800 °C on the morphology of the
metal polymer nanocomposite and the growth of Ni nanoparticles in polymer matrix is
shown inFigure 3.5. The mass ratio between nickel nitrate and polymer in precursor
solutions was kept at 0.3. ADB °C and above, a crumpled surface morphology is observed,
presumably caused by gas release during a reduction reaction of the metal nitrate in the
polymer melt. However, no crumpled texture was observed on the surface of thetprod
produced at temperaes of 500 °C and below, where the conversion to Ni nanopatrticles
was not complete. This is confirmed by the observation that the volume fraction of
nanoparticles formed at 500 °C (Fig@Bg) is smaller than that of nanopartermed

at 600 °C (Fige 3.5h).
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From the TEM images shown in Figu8®, NiO nuclei with a diameter of less than
1 nm were formed at around 400 °C and grew to larger NiO nanoparticles with an average
diameter of 1.5 nm at 500 °C. The usmall unaggreated Ni nanoparticles witan
average diameter of 2.3 nm were generated at 600 °C. This result indicates tumomtra
coagulation (the process in which single particles diffuse together to form an agglomerate)
is slow for the given residence time (~1Kdwever, as seen in kige 3.5(i)-(j) aggregation
between nanoparticles is observed at higher reaction temperatures of 700 °C and 800 °C.
This is consistent with high temperatures facilitating the diffusion of particles in the
polymer melt and a likelydecreases in polymenetd interaction energy® The
coagulation between nanoparticles leads a decrease of the number concentration of the Ni
nanoparticles in the temperature rafrgen 700 °C to 800 °C ahown inFigure 3.6. The
fact that the agglomerates are seen at all (primary particles 2~3 nm) indicates that
coalescence (the process in which an agglomerate sstotggther to gain a spherical
morphology) is slow compared to thesidence time. Resulis Figure3.6 show that the
average size monotonically scales with reaction temperature at fixed residence time. This
result clearly demonstrates that the use of a polymer encapsulant can be used as a reaction
medium atemperatures well above its decorsion temperature, for short thermal pulses,

enabling the nucleation, growth and stabilization of metal ultrafine nanoclusters.
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Figure 3.5. SEM and TEM images of Ni/NiQColgmer nanocomposites synthesized a
different reaction temperatures. (a)(f)(k) 400 °C, (b)(g)(l) 500 °C, (c)(h)(m) 600 °C, (d)(i)(n)
700 °C, (e)(j)(o) 800 °C.
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Figure 3.6. Size and number concentration evolution of Ni/NiO nanoparticleseatttion
temperature

3.3.3 Effect of mass loading on the size of metal nanoparticleBy simply
adjusting the mass of metal salt in the ASP precursor, the metal salt to polymer ratio in the
sprayed droplet can be adjusted. The SEM imagdsgare 3.7(a)(d) show that the
morphology of the nanocomposites changed with the metal salt toaiwPThe crumpled

surface morphology is observed primarily for the high mass metal salt loading samples due
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to the mass loss through gas release from the reductiioreaf nickel nitrate salt. Figure
3.7(e)(i) show TEM micrographs and size distrilmurti histograms of Ni nanoparticles
synthesized with varying metal salt to polymer ratio. Clearly increasing the ratio yields
larger particles in the polymer matrix. Inéstingly, for all metal salt to polymer ratios
investigated in this study, unaggregatadl uniform nanoparticles were generated at a
reaction temperature of 600 °C. The trends of the average diameter and the areal number
concentration of Ni nanopartidas a function of metal salt to polymer ratio are presented

in Figure 3.8. The areal cacentration increases initially with metal salt to polymer ratio

(O< ratio < 0.5), but at higher loadings (0.5<ratio<1) nanoparticle concentration in the
polymer matrixis observed to decrease.

The most noticeable effedtebserved from the metal salt loading are the consistent
formation of unaggregated relatively monodisperse particles and the change in areal
concentration. First, the formation of unaggregated, regtinonodisperse particles
suggests that intrdropletcoagulation is slow for the given residence time of ~1s. A more
detailed discussion of the mechanism and particle distribution will occur later in this paper.
Second, as seen in Figue the size sdas with precursor concentration (O<ratio<0.5).

This swggests that after the nucleation burst, metal atom diffusion and surface growth
dominate. Third, the concentration peaks at a mass loading ratio of 0.5 and decreases shown
in Figure 3.8. This suggestghat highly concentrated nuclei are formed to enable
coagulation and coalescence to take place at the early state of nanoparticle formation.
However, coagulation and/or coalescence cannot be a dominant growth mechanism at the
late stage of nanoparticle foation. Otherwise, monodisperse nanoparticles shouldeno

observed as shown in Figu3&/(h).
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Figure 3.7. SEM and TEM images of metal polymer nanocomposites with different metal
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Figure 3.8. Average diameter and areal concentration of Ni nanoparticles as a function
of metal salt to polymer ratio

3.3.4. Dynamics of nanoparticlegrowth in a polymer melt. The nucleation and
growth mechanism of nanoparticles in small molecule solvents has ktmsieely
studied for the past two decadés® However, only a few studies have focused on the

formation mechanism of nanoparticles in a polymer Mel® The aforementioned
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experimental radts in this study show that number concentration of metal nanoparticles
decreases with increasing reaction temperature or metal salt to PVP ratio (0.5<ratio<1).
This result suggests that pure surface growth (simple monomer attachment) might not be
the ony factor controlling the growth process. Two additional pathways for growth include
Ostwald ripening and coagulation, both of which can lead to a decrease in cdimentra

The diffusivity of the nanoparticles in polymer melt can be estimated by thesStoke
Einstein equatiof!’

0 — (32)

Where'Q is the Boltzmann constarilyis the absolute temperatui®,i s t he part i

diameter, ané-is the viscosity of the polymét® Expeimental viscosity of PVP 8k with

a temgrature range from 140 °C to 185 °C has previously been meaSUFad.viscosity

at the high temperature region (up to 800 °C) was predicted by fitting and extrapolating the
aforementioned experimentabte!'® using the Masuko and Magill mod& which is
shown inFigure 3.17. Figure 3.18 shows the calculated diffusion coefficient of Ni
nanoparticles as a function of diameter in the polymer melt at 600 °C.

In order to understand the dynamic behavior of nanoparticles in the polymer melt,
the chaacteristic coagulation and coalescence timere estimated, and compared to the
residence time of the aerosol droplets. The characteristic coagulation time is defined as the
time required for the nanoparticles with an initial concentrationo@d ldchiere half of the
initial concentration. The ceimuum Brownian coagulation coefficient is given in Eqgn.
3.3:40

O ¢ O 0 Q 0 (33)
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WhereO O are diffusion coefficients for nanoparticles with a diametéR ofandQ |,

respectively. For nanoparticles i narrow size distribution, such as whabserve, Eqgn.

3.3 becomes:
o Yy '@ — (3.4)

WhereOis the diffusivity of the nanoparticles shown in EG2. Eqn.3.4 indicates that
the coagulation coefficiend is independent othe diameter for the monodispersed
nanoparticles.

The characteristic coagulation time can then be writtéfl as:
T — (3.5)

Wherel is the number concentration of nanoparticles in a polymer droplet. For samples
with a constant metal salt to polymer ratio (0.3 is used for calculatiofd),pj Q (Q is

the diameter of the Ni m@particle3 based on the mass conservation of the hicke
component in the polymer droplet.

The characteristic coalescence time for Ni nanoparticles was also estimated. The
characteristic coalescence time is the time required for two contacted primariepaot
rearrange and form a single spherical partitlee coalescence of Ni nanoparticles is
sensitive to the phase (molten or solid) of the nanoparti€es.calculation shows that
nanopaticle with a diameter of less than 1.5 nm is in liquid phase at the temperature of 600
°C. (seeFigure 3.19) The characteristic coalescence time for Ni nanoparticles were
computed based on the pha$éi nanoparticles. When the size of nanoparticles was less
than 1.5nm, the nanoparticles were in liquid phase. In this case, a viscous flow mechanism

as shown in Eg. 3.6 was used to calculate the coalescence 4tme:
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— (3.6)

Where' is the viscosity of Ni nanoparticlg, is the surface tension of Ni nanoparticle in
liquid state}Q s the effective diameter of the coalescing particle pair, whiglig @ ,
w and® are volume and surface area of the coalescing particle pair, respectiely
data of all the properties mentioned here can be found in the supplemental.

If Ni nanoparticles are in the solid phase, the coalescence time for Ni narieparti

can be described with the following equatfdn:
T — (3.7)

Where"Y is the temperature of a particle pair undergoing coalescénéethe number of
atoms in the particle paif, is the surface tension of solid Ni nanoparfi@le is the
effective atomic diffusion coefficient in the particle pair. The property data is given in the
supplemental.

Figure 3.9 shows the characteristcoalescence, coagulation and residence time as
a function of diameter. Interestingly, for nanoparticles wittiameter less than 1.5 nm,
both the coagulation and coalescence times are less than the residence time, which suggests
that both coagulatiomal coalescence should be occurring during the early stages of growth.
This result is consistent with the prevsodiscussion that coagulation of nuclei occurs at
the early stage of nanoparticle formatior680 °C leading to the decrease of the areal
coneentration of Ni nanopatrticles (see Fig@®.8). However, solidification of Ni as seen
by the rapid jump in coaseence time above that of the residence time, implies that any
coagulation event would lead to an aggregate. For the smaller particles, tvbere t

coagulation time is shorter than the residence timmight see aggregates, but our
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observations show unaggeged particles. Despite the many approximations in these
calculations, thesesults suggest that nanoparticles are not moving as indepentiées e
in the polymer or else they would be forming agglomerates. It is more likely that as the

nanoparticle mees, it carries with it a polymer layer, which retards its diffusion'fate.
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Figure 3.9. Characteristic sintering and coagulation time as a function of Ni nanopatrticle
diameer at 600 °C. The green dash line represents the transition of the melting point of Ni
nanoparticles.

Experimental pdicle size distributions (PSD) are often used to deduce growth
mechanism$22124|t is well known that the PSD for Brownian coagulation will approach
an asymptotic (sefpreservingform regardless of the initial size distributtéh This self
preserving PSD can be approsted by a lognormal distribution function with a geometric
standard deviation of 1.44 for continuum regit#fé2’ The selfpreserving PSD is written

as:

——Q ® i (38)
Whereu is the particle volumet 0 is the number concentratiod, is the total number

of particles, 0 -“'Q is the geometric number mean particle volurfe,is the
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geometric number mean particle diamegeris the geometric staiard deviation of self
preserving PSD, 1.44. The scaled geHserving PSD is plotted against the normalized
particle diameter istead of normalized particle volumefd , which is shown irFigure
3.10.

On the other hand, if the growth of the ensksmé dominated by Ostwald ripening,
the PSD is often approximated with the LifskitgozovWagner (LSW) model®. An

analytical expression of the PSD in the asymptote is givéft &5

e b — 7 = TAogp— (3.9)

Wheres is the ratio of the particle diameter to the average diameter and A is a function
of time. There is a cuiff ate  p®, above whichiQe becomes 0. Normalizin§e
by the integral yields the famous PSD predicted by LSW model. The term A does not
affectthe shape of normalizeQe

The experimental PSD of Ni nanoparticle generated with different reaction
temperature and various metal salt to PVP ratio are showhmeiFigure3.10. The seHl
preserving PSD for Brownian coagulation and particle size disiwi predicted by LSW
model are also shown in Figugel0. Clearly the selpreserving model provides a poor
representation of the experimental PSD. The pealdl experimentally measured PSD
are much narrower than that of the-logrmally selfpreserving PSD. Even though some
coagulation was observed for the samples treated at 800 °C and the corresponding PSD
became a little bit broader, its PSD still does resch the selpreserving PSD by
coagulation. As shown ifiable 3.2, the geometric standard\dations for all cases are
smaller than 1.44. the seléserving limit. The poor representation by geHserving

coagulation model indicates that the coagulasart a dominate growth mechanism. This
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result is consistent with our prior discussion ttiet polymer layer on the surface of the
nanoparticles might hinder the coagulation between nanoparticles. On the other hand, the
experimental PSDs are also comgzhwith the PSD predicted by LSW model. The size
distribution predicted by Ostwald ripening @lso not a good representation as the peak
shapes are not correct. The experimental distributions are more symmetrical, while the
LSW, far more skewed to largsizes.| may conclude that after an initial nucleation burst,
growth is predominately by sade addition of monomer, and that coagulation only takes

place at the highest temperatures and loadings explored.
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Figure 3.10. Scaled nanopatrticle size distribution measured for three different reaction
temperatures with a fixed metal salt to PVP ratio of 0.3 (a) and for four different metal salt
to PVP ratios with a fixed reaction temperature of 600 °C (b). Theedlgght bludine is

the size distribution obtained for lagprmally selpreserving size, and the dashed black
line is the LSW size distribution.

Table 3.2. Geometric Standard deviations for Ni nanoparticles gendeal at different

conditions.
Metal salt to PVP ratiq ., Reaction temperature "
0.1 1.18 600 °C 1.18
0.3 1.23 700 °C 1.26
0.5 1.16 800 °C 1.31
1.0 1.22 Self-preserving PSD 1.44

| schematically represent ouedi understanding of the experimental results in

Figure 3.11 Initially, Metal ions dispersed in polymer particle (Phase ) are rapidly
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reduced to metal atoms by hydrogen at the elevated temperature of 600 °C. This process is
rapid compared to the residntime of 1s. Studies have shown that diffusivity of gaseous
molecules in a polymer matrix at elevated temperature is in the ordef ofrf&!!3 thus
oneshould not be limited by the diffusion rate ot iHoleculesl estimate a diffusion time

for a 1 um polymer droplet to be < 5 pus. It has been found that the reduction of nickel
oxides with a diameter of 120 pm by hydrogen is a first order reaction with a rate constant

of 0.1 st at 600 °C. Therefore, the time fdret half conversion of nickel oxides is in the
order of 18139 But this assumes thhfirst produce the oxide, which is a worst case scenario.
Assuming the metal atoms were uniformly dispersed in polymer melt medium,
homogenous nucleation will create a large number of small cluster nuclei. Initial
coagllation between nuclei may occur, libe primary growth mechanism appears to be,
based on the morphological evidence, surface addition of metal to existing nuclei. Isolated
metal particles occur at temperatures sufficient to generate metal from thesqreour

not so high as to enable palgs to have sufficient diffusion rates to coagulate to form
aggregates (see at higher temperatures), given that the coalescence time is relatively long.
It is likely that the polymer melt, retards coagulation grobaitond Brownian motion by

an addlayerof polymer.

Phase | Phase Il Phase Il Phase IV

Metal ion Metal atom = Metal nucleus @ Metal nanocluster

Figure 3.11. Schematic of the nucleation and growth of metal nanoparticles in polymer
melt at 600 °C.
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3.4.Conclusions

| demonstrate an aerosol singlep reactor approach to grow and stabilize metal
nanoclusters in a polymer matrix. The rapid thermal pulse given to the aerosol particles
enables the formation of nuclei and growth, with subsequent rapid quenching tarireeze
the structure. The size ofeml nanoclusters can be controlled by adjusting the mass
loading ratio of metal salt to polymer matrix, and the temperature of the tubular reactor.
Based on the experimental observation and quantitative anafysispncluded that the
growth is goverad by nucleation and surface growth with little coagulation or Ostwald
ripening. Finally, this aerosol route is amenable to sepléor large scale production of
nanoclusters that can either be used as is within the polgmeeleased by solvent

extracton, depending on the application.
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3.5. Supporting Information

Stability of PVP molecules against heat treatment. Component analysis of metal polymer
nanocomposites. Scanning TEM, EDS mapping and line scanning charaotefizali-
PVP-8k nanocompositdroperty data used for the characteristic time analysis.

3.5.1.Stability of PVP molecules against heat treatment
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Figure 3.12 TGA of PVP polymer (MW. 8000g/mol) with a heating rate of 20C/min in
Ar gas
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Figure 3.13. FTIR spectra of PVP polymers with different molecular weights before and
after spray pyrolysis at 600 °C with 5% Bind 95%Nas carrier gas
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Figure 3.14. SEM images of PVP polymers with different molecular weights after spray
pyrolysis: (a) 8000g/mol; (b)58000g/mol;(c)1300000g/mol

3.5.2.Component analysis of metal polymer nanocomposites
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Figure 3.15. XRD Paterns of metal (Ni, Co, Cu) polymer nhanocomposites

Table 3.3. Volume fraction of metal, areal concentration and average diameter of metal

in polymer.
Nanocompositey Mass fraction | Volume fraction Areal Number
between metal| of metal in PVP| concentration average
andPVP matrix matrix (#/nn?) diameter (nm)
Ni PVP8k 16.8% 2.7% 0.052 3.5
Co PVP58k 16.8% 2.7% 0.046 3.9
Cu PVP8kK 7.9% 1.0% 0.021 4.1
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3.5.3.Scanning TEM, EDS mapping and line scanning chracterization for Ni-PVP-
8k nanocomposite.

STEM images shown in FiguBel6 (a-c) indicates that ultrasmall Ni nanoparticles are
uniformly distributed in the polymer matrix. The line scanning profile shown in Figure
3.16 (d) reveals these Ni nanoclustees la diameter of ~5nm. EDS mappings in Figure
3.16(e-f) provide elementadlistribuitons of Ni, C, O, and N elements, respectively. C, O
and N belong to the PVP matrix. The weaker signal intensities of O and N elements
compared to C elements is due to lthheer molar ratio between O/N and C (1:6) in PVP

molecules.

Intensity (a.u.)

0 5 10 15 20 25
Distance (nm)

Figure 3.16. (a-c) STEM images of Ni PVP8k nanocomposite prepared at 600 °C from a
precursor with a 1 to 1 metal salt to polymer ratio; (d) Leswanning profile of two nickel
nanoparticles labeled with tw@d arrows in image (c); (§ EDS mapping of Ni, C, O and

N elements, respectively.

3.5.4.Property data used for the characteristic time analysis
Viscosity of polymer melt

Masuko and Magilmodel is
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atQ o6Agp— op (3.7)
They haveshown that A and B are constants which are independent of materials. The
average values for A and B in this model are
0O P& w pdtt

6 8 x ppo

—e— Experimenal data
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Figure 3.17. Viscosity of PVP polymer (MW. 8000g/mol) as a function of temperature.

(Values of empirical constant A and B are 6.7 and 7.6 respectively in order to achieve a
good fit.)
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Figure 3.18. Diffusion coefficienbf Ni nanoclusters as a function of diameter in polymer
melt at 600 °C
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Melting point of Ni nanoparticle, 4 _®_

The melting point of Ni nanoparticles is sidependent, which was approximated

using the following empirical equatidit:
Y Q Yp —, ., — (3.8)

Here,4 is the bulk melting point (1728 K), is the latent heat of melting (297000 J/kg),
K andA are the surface tension (i  2.47 N/m,A =1.8 N/m (surface tension of
molten méals at their melting point¥), m andm are the respective solid and liquid phase
densities (kg/f), m Y wTEMH (assume it is temperature independent),

X Y TEM@  (data obtained frofd® assume it is temperature independent.) Figuie
shows how the melting point dfi nanoparticle changes with its diamet@ur calculation

in Figure3.19 shows thathe nanoparticle with a diameter of less than 1.5sim liquid

phase at the temperature of 600 °C.
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Figure 3.19. Variation of melting point as a function of Ni nanoparticle diameter.

Viscosity of Ni nanoparticle,H,

is the viscosity of Ni nanoparticle, which is giveri'as
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PR p T (3.9)

Whered is the latent heat of melting (J/mol), 17200 J/mol (which is equz87600 J/ky

, are the surface tension ()M is themolar weightu® x p m QTh ¢ ,R is the gas
constant, 8.314 J/mol/K, is the molar volumex® p T & fa € .4

Effective atomic diffusion coefficient, r gl

Assuming volume diffusion is dominant) is predicted bythe bulk seHdiffusion

coefficient of Ni,O , which is given by>*
0O & pmAoD—T 4 i (3.10)

O isequaltdd ¢ pTm a i atatemperature of 600 °C.
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Chapter 4: Thermal Shock Synthesis of Metal Nanoclusters withirti@n

fly Graphene Particlés

Abstract: Metal nanoclusters {10 nm) have drawn great attention due to their
potential applications including energy storagdalyais, nanomedicine and electronic
devices. However, manufacturing uismall metal nanoparticles at high concentrations in
anunaggregated state is not a solved problem. Heqgort an aerosddased thermal shock
technique for in situ synthesis of lvelispersed metal nanoclusters intbe-fly graphene
aerosols. A rapid thermal shock to the graphene aerosol has been ussdedterand grow
the metal nanoclusters with subsequent quenching to freeze the newly formed nanoclusters
in the graphene aermsmatrix. A characteristic time analysis comparison with experiment
shows that the nanocluster formation is governed by numfeatid subsequent surface
growth, and that the graphene retards coagulation, enabling unaggregrated metal
nanoclusters. The ntedd is generic anitlis shown the formation of stli0 nm Ni, Co and
Sn nanoclusters. This continuous aerdsded thermal shockechnique offers
considerable potential for the scalable synthesis of-avgflersed and uniform metal
nanoclusters stabilized within a host matrix. As aaneple of potential applicatioh

demonstrate very favorable catalytic properties.

AThe results represent in this chapter have been preyipuklished and are reprinted from: Yong Yang,
Pankaj Ghildiyal, Michael R Zacharighhermal Shock Synthesis of Metal Nanoclusters withirtia@Fly
Graphene Particleangmui 2019,35 (9), 34133420
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4.1.Introducti on

Metal nanoclusters ¢€10 nm) with unique sizeand shap@ependent properties
have drawn attention due to their potential applicationselgctronics, catalysis,
nanomedicine, and energy stordgé% °+°5 135136 Technological utility of metal
nanoclusterss hindered however by the difficulties ofrgéhesizing and handling these
ultra-small particles arising from their unstable and eaggregation nature. Although
various kinds of synthesis approaches have been repSrtednufacturing those small
particles in large quantities to enable their utility is still challenging. Developing a fast,
low-cost and scalable manufacturing technique for largdesproduction of metal

nanoclusters is urgéy required in order to achieve their industrial applications.

AG
Total free energy change

4 - >
\Q{acﬁus ()

Figure 4.1. Gibbs free energy change as a function of particle radius

In order tosynthesize sniier nanoclusters with a higher number concentration, one
needs to promote the nucleation rate of nanoclusters and inhibit their subsequent growth.
From a thermodynamic standpoint, the nucleation rate can be greatly enhanced by
decreasing # nucleation egrgy barrier arising from the formation of the interface
between the nuclei and the reaction solutfb#?. ® As shown inFigure 4.1, one way to

minimize the nucleation barrier of forming a stable nucleus is to build a high
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supersaturation ratio (S) of metal atoms in the reaction volume. This can be achieved by
applying a fast heat pulse to decompose the metal precursor rapidly to create a highly
supersaturated state leading to a very fast nucleation burst. Once smallanoglai fast

cooling can be applied to quench these small nuclei from further growtmugh high
temperature can hasten kinetics, it also speeds up transport, leading to the coagulation and
sintering. In order to prevent nanoclusters from coagulatdrsatering, a matrix should

be used to anchor and stabilize these small nanocld$teRecently, Yao et al.
demonstrated a thermal shock technique to generate metal nanoclusters and nanoalloys
decorated on carbon nanofiber thin filrffs®* The rapid heating and fast nanocluster
formation were achieved by estrically Joule heating the condixe carbon matrix.
However, the Joule heating assisted thermal shock technique is limited to electrically
conductive matrices and is not amenable to bulk production of nanoclusters.

In the current workl adapt the thend shock technique by aerosolizing the metal
precursor and graphene matrix and applying an extremely short thermal shock on aerosol
particles to trigger the formation of nanoclusters within the aerbsaiploy graphene as
the aerosol maitt within which nucleation and quenching can be implemented. In this
work | demonstrate the formation of s@bB nm nickel (Ni), cobalt (Co), and tin (Sn)
nanoclusters in the reduced graphene oxide (rGO) mhliaxe also investigated the effect
of reacton temperaturand metal salt loading on the formation of the nanoclusters in the
graphene aerosols. A characteristic time analysis leads to the conclusion that nanocluster
formation is governed by nucleation and subsequent surface growth. Hirredkg that

this onestep continuous aerosdlased thermal shock technique offers considerable
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potential for the manufacturing processing of veidipersed and uniform nanoclusters

stabilized within a host matrix.
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4.2.Experimental Section

4.1.1.Materials

Nickel nitrate heahydrate (. E/  Jp( / , O099% pure), cobae
hexahydrate# 1./ Q2p( /, 098 % pure), 22t4nnt copbende ( &
pure), sodium borohydride (A(" , 99%) were all purchased from Sigikdrich. All the
chemicals weresed as received.

4.2.2.Synthesis of graphene oxide (GO)

GO was prepared using a modi%Thedalailleder si or
procedure is as follows: First, 1.5 g of graphite was placed in a 1000 mL Erlenmeyer Flask,
to which 180 mL sulfuric acid and 20 mL phosophoric acid were added. The resulting
suspension was placed in the water bath at 50°C, and 9 g potgssinenganate was
gradually added into the suspension. After continuously stirring for 12 hours, the mixture
was poured into 300 mL cold distilled water and 3 mL hydrogen peroxide (30%) was
slowly added into the mixture while stirring, which made the coldhe suspension turn
from dark brown to yellow. The suspension was filtered and washed with diluted aqueous
hydrogen chloride solution (300 mL, HCI: 10%) and subsequently distilled water (300 mL).
The resulting solid was f@ispersed into 300 mL distillewater, stirred overnight and
sonicated for 10 min so that the solid was exfoliated to GO sheets. Finally, the graphene
oxide dispersion was purified by dialysis for around one week to remove the remaining
metal ions and the acid.

4.2.3.Precursor Prepaation

The precursor solutions were prepared by adding 20 mL of the GO solution (6.5

mg/mL) and the required amount of metal salt into 84 mL of deionized water. The metal

70



salts used to obtain Ni, Co, and Sn nanoclusterswérd ~ 2p( /,# 1./ 3p( /,
and SnC}. For the SnGIGO precursor solution, dimethylformamide (DMF) was used as
a solvent to dissolve SnCIThe mass of the metal salt used was varied between 130 to 520
mg to prepare solutions with different metal salt to graphene onéds ratios (D, 2.0,
and 4.0).

4.2.4.Aerosolbased Thermal shock Technique

Aerosolbased thermal shock technique was used to generate metal nanoclusters
stabilized in the graphene matriXhe experiment consists of a collisitype atomizer, a
silica gel diffusion dryer, a heating element, and a membrane filter collector. In a typical
experiment, the precursor solution containing metal salt araphegne oxide is
continuously nebulized into small aerosol droplets by the atomizer. The mixture gas of
hydrogen and nitrogen then carries these droplets to pass through the diffusion dryer and
the heating element. The solvent evaporates from the dr@gdétey pass through the
diffusion dryer, producing a dry aerosol. The dry aerosol passes to a heating furnace with
a nominal residence time in the high temperature region of ~300 ms whehetimal
shock (~10K/s) induced decomposition and reductiomyarogen leads to the nucleation
and growth of zero valent metal nanoclusters witching a graphene matrix. Particles are
captured on a filter resulting in a quenching rate of approximatéli/s0

4.2.5.Catalytic Reaction Evaluation

Ni and Co nanoclustedecorated in graphene aerosols were chosen to demonstrate
catalytic performance towards reduction ehitophenol by sodium borohydride. A
volume of 20 mL 4nitrophenol solution with a coeatration of 0.1 mM was mixed with

5 mL of 0.2M sodium borohydte. The catalytic reaction was triggered with the addition
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of 5 ml of metalrGO suspension containing 0.80 mg me@0D catalyst. The solution was
continuously stirred and the reaction wasowkd to proceed at room temperature.
Immediately after catalysaddition, 300 pL of the reaction solution was collected and
diluted to 3 mL using D.l. water for timesolved absorbance spectra measurement using
a Perkin Elmer (Lambda 1050) WWVis spectropotometer.

4.2.6.Characterization

Morphologies and microstruaees of metafGO nanocomposites were examined
by transmission electron microscopy (JEOL JEM 2100 FEG) and scanning electron
microscopy (Hitachi St¥0). Elemental distribution analysis in therosol particle was
carried out with Energylispersive Xray gectroscopy (EDS) in the TEM. The mean
diameters and size distributions of the nanoclusters were determined by statistical analysis
of the acquired TEM images, using Nano Measurer 1.2 imadysansoftware. Phase and
component identification was done b{ray diffractometer (Bruker D8 diffractometer
with Cu Ka radiation). Thermogravimetric analysis (TGA) of me@&D nanocomposites
was carried out using a thermogravimetric analyzer (TA Ingrnis) USA) with a heating
rate of 5°C/min in air atmosphere.hE absorbance spectra measurement was recorded
using a Perkin Elmer (Lambda 1050) WAk spectrophotometer equipped with a 4.5 mL

guartz cuvette with a path length of 1 cm.
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4.3.Results and Discussion

4.3.1.Thermodynamic and Kinetic Considerations

Here, | first consider if a fast heating pulse (~1 s) is able to decompose metal
precursor rapidly to create a high supersaturation ratio of metal atoms for a very fast
nucleation bursand nanoparticle formation. Assuming the Gibbs Free energy droplet
model ca describe the thermodynamics of nanoparticle form&tidime critical radius can
be evaluated as:

i — (4.1)
where, is the surface tension of the nanoparticlesis the molar volume of bulk and S
is the saturation ratio.

Figure 4.2a shows that increasing the saturation ratio S decreases the critical radius
of the ranoparticles at a constant temperature, assummgulface tension is a size
independent parametérobserve that as the saturation ratio reaches an order ftk@0
critical radius approaches the radius of a nickel atom, ~0.2 nm. In this scenchrimetal
atom might become a stable nucleus i§udficiently high saturation ratio is created.
Therefore, it is critically important to generate a higher saturation ratid)(il@ short

time to enable formation of smaller nuclei with a higher numbeceatration.
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Figure 4.2. a) Nucleus critical radius as a function of metal atom saturation ratio; b) time
resolved saturation ratio with different initial concentrations of metal ion loadings,(10
107 and 1G #/nv).

In order to estimate if such Higsaturation ratios are achievable kinetically in the
experiment] calculate the saturation ratio change of the monomer in a confined reaction
volume of the aerosol particle with 1 s heating pulse at 6Q0@yf@ring the heating and
guenching processes. This thermal shock is assumed to trigger metal salt reduction into
monomer metal atoms and nucleation of the nanoclusters, accelerated by the high
saturation ratio built during the thermal shock. The tempdrahge in saturation ratio is
affected by four processes: (a) generation of monomer from the hydrogen reduction of
metal ions, (b) consumption of monomer due to nuclei formation, (c) evaporation of
monomer atoms from the surface of the stable nucleidritle consumption of monomer
due to monomer condensation onto the surface of the existing nuclei, which is describe
by the following equation, derived from a moment model formulation of nucleation and

surface growth®

Y op — (4.2)
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Here,’Y is the reaction rate of metal salt precursor to x@lent metal atomsj is the
total surface area of all the nuclei in the reaction volume; Dotlnd o are time

dependent variable¥} is the number of monomers in a single particle with a afitadius

i ;¢ is the monomer concentration at saturation conditibn; ¢¢ 0 —— 7 where

¢ is the mmomer number concentratiom;andd is volume and mass of the monomer,
respectivelypis the rate of particle formation by honssgpus nucleation, which is given

as follows?:
0 — -Agp—— (4.3)

Wherel' ¢ —— 7 :—js dimensionless surface tension of the stable nuelei—;

i isthe surface area of a monomer. The values for all the property paramebiesi(2)
and the details of the calculation can be found in the Supporting Information.

Figure 4.2c shows the variation in saturation ratio with the duration of thermal
shockfor three different initial number concentrations of the metal salt precursors loaded
into the reaction voluméne carsee that for all three metal salt loadings'f100%°, and
107! #/m?), the 1s thermal shock of 600 °C is sufficient to create a satpeaged state
(5>10) of metal atoms in a short time, which leads to a nucleation burst and formation of
smaller nuclei with a high number concentration. For the calcutatiagnored the
presence of the graphene matrix, which would be expected torflower the nucleation

barrier and thus promote nucleatiof.

4.3.2. Preparation of Metal Nanoclusters withthe Aerosotbased Thermal Shock

Technique
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Figure 4.3a shows a schematic representation of the aebasad thermal shock
method used to fabricate metal nanoclusters in the graphene aerosols. Ni nanoclusters were
chosen as the model to investigate syntiesiucture relationship in the proposed method.
The precursor solution was prepared by mixing nickel nitrate and GO sheets with a fixed
mass ratio (1.0, 2.0, or 4.0) into D. I. water. After 10 min sonication, g@imor was
transferred into a collisiotype atomizer, which was used to nebulize the precursor into
small aerosol droplets. The small aerosol droplets were carried by a mixture gas
(5%H/95%N) through a silica gel diffusion dryer and a higimperature heating zone.
Figure4.3a shows the tengpal evolution of the aerosol particles containing nickel nitrate
and graphene oxide sheets: the thermal shock in thedngberature zone triggers thexim
decomposition, reduction and subsequent nucleation and growth of nickel nanoclusters in
the graphea aerosol nanoreactors. Unlike wet chemistry with a slow heating and cooling
rate, the small mass of each graphene aerosol nanoreactor enables raygd-hE&IK/s)
andcooling rates (~10K/s), which triggers the formation of small metal nanoclusteds a
prevents further growth of the nanoclust&r$his thermal shock approach enables the
chemistry in the aerosol nanoreactors to be bracketed to the approximate erceesid
time, and is a significantly shorter reaction timescale as compared to traditional wet

chemisty approache$3®14°
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Figure 4.3. Synthesis of metal nanoclusters via aerdsaded thermal shock technique: a)

a schematic representation of thesiu growth of metal nanoclusters in the g@he-fly
graphene aerosol nanoreactors; b) SEM image afickel nanoclusters incorporated
graphene aerosol particle (reaction temperature: 600 °C; residence time: ~1 s); ¢c) TEM
image of Ni nanoclusters incorporated graphene aerosol particles; the structure with the
red dash circle depicts one single aerosol ot

Figure4.3b,c shows the morphagy of the resulting aerosol particles as observed
by scanning electron microscopy (SEM) and transmission electron microscopy (TEM),
respectively. The product shows a crumpled morphology. This crumpled surface was
probably caused by the capillary compressiduring the solvent evaporation from the
aerosol droplet**1%2 This observation is consistent with several other groups who have
also observed that water evaporation from the aerosol droplets results in a crumfated s
in the final of aerosol product$As shown in Figurd.3c, Ni nanoclusters with aaverage

diameter of 6.7 nm were formed and uniformly distributed in the graphene matrix. The
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formation of the metallic nickel was confirmed by XRD agwh inFigure 4.9a. | observe

the complete reduction of nickel nitrate to metallic nickel in hydrogen, with dsub
thermal shock at 600 °C and above. At lower temperatures however, nickel nitrate was
thermally decomposed to nickel oxide as shown in Eig@b. It is known hat hydrogen

gas can reduce nickel ion to metallic nickel at a temperature as low as 260 °C under a slow
heat treatment® However, the rapidity of our process presumably requires higher
temperature to achieve the necessary kinetic rates.

To investigate the effect of the higbmperatug treatment on the G@atrix,
Raman spectra in Figuke9c show the aprepared GO features the two characteristic
peaks around 1342 and 1598 toorrespondingp the D and G bands, respectivél{The
D band represents the deféntiuced features while the G band corresponds fo sp
hybridized graphitic carbon atomsk.find that heattreatment at 600 °C in the inert
environment for 30 min results in only a minor change in the intensity ratie)(implying
that while heat treatment is known to sedfal,| see only a minor change in defect state
146 A more significant change is observed in the Ni nanocluster incorporated rGO aerosols,
which actually show an increase in defect states. This suggests thecpresthe newly
formed Ni nanolusters occupied the defects in the rGO and prevents them from self
healing during the higkemperature treatmett®14’ These defects on the rGO sheets serve
as the anchoring sites fibre stabilization of the nanamdters. This observation is consistent
with molecular dynamics simulation showing that small metal particles are confined and
retarded from aggregating on graphene sheets by slit defects, even at very high

temperatures®®
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The microstructure of the 4situ synthesized Ni nanoclusters embedded in the
graphene aerosols were examined by TEM, Scanning TEM, and energy disperaywe X
(EDS) mappingFigure 4.4a shows Ni nanoclusters uniformly dibuited in the graphene
matrix. The highresolution TEM image shown in Figure 4b reveals that the lattice fringes
of the nanocrystal are separated by 1.76 A, which corresponds to the (200) plane of the
metallic nickel.Figure 4c shows selected area electtifinaction (SAD) pattern of the Ni
nanoclusters. The SAD pattern indicates the presence of the metallic nickel phase, which
is consistent with the XRD of the nanocomposite as mentioned previously. Together, the
SAD pattern, XRD profile, and higresolution TEM image confirm that Ni nanoclusters
are crystalline. The component analysis on a singleaX) aerosol particle as shown in
Figure 4.4d was carried out using EDS mapping. Figure 4e shows the corresponding
scanning TEM of the same aerosol particle. Tdistributions of Ni and carbon illustrated
in Figure 44f and 4.4g reveal that Ni nanoclusters are uniformly distributed over the

graphene aerosol particle.

Figure 4.4. Microstructure of the Ni nanocluste graphene aerosol particles: a) TEM
image of Ni nanocluster dispersed graphene aerosol, b)-Higblution TEM of one single
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Ni nanocluster, ¢) SAD pattern of the Ni nanocluster dispersed graphene parigle. d
TEM, Scanning TEM images of one singlegkaphene particle and the corresponding
EDS mappings for nickel and carbon.

4.3.3.Effect of Temperature and Metal Salt Loading on the Size and Distribution of
Metal Nanoclusters in Graphene Aerosols

The effect of temperature is seerFigure 4.5 which exhibits TEM images of the
Ni nanoclusters generated at various reaction temperatures (600, 800, and 1000 °C) at the
same precursor ratio (metal salt: GO =1). The histograms and Gaussian fit show the
resulting size distributions. The goodness of the Gang#grather than a more traditional
log-normal fit implies that the growth is not driven by coagulation. The result as shown in
Figure4.5 indicates that lower temperatures lead to smaller nanadwgith a relatively
narrower size distribution where&sgher temperatures enable the formation of larger

nanoclusters with a broader size distribution.
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Figure 4.5. Effect of the reaction temperature on the formation of Ni nanoclustdjs: a

TEM images of Nigphene aerosols andiyhistograms of the size distributions of the Ni
nanoclusters synthesized at different temperatures (600, 800, 1000 °C); the red curves
represent gaussian fits to the size distributions. j) effect of the reaction temperature on the
average size of Ni nanocl uster s: the dat a
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nanoclusters determined by statistical analysis of the TEM imagedatagoints labeled
as fApredictedo are
patterns for NirGO nanocomposites generated at different temperatures.
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Figure4.5] summarizes the average size of the Ni nanoclusters as afunttieaction
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increases with increasing reaction temperatures. This trend is supported by the result of the

XRD patterns (Figurd 5k) of Ni nanoclusters incorpoeat graphene aerosols. As shown

in Figure4.5k, the peak intensity of Ni nanoclusters increag#éstive reaction temperature.

The size of Ni nanoclusters generated at each temperature was predicted based on each
XRD pattern using the Scherrer equation sntbmparable with the statistically measured

average size as shown in FigdrBj. These obseations are consistent with prior studies

by Jang and coworkers, who have observed a similar reaction tempeleperalent

increase in the diameter of platinuranoclusters generated in graphene méat?ix.
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Figure 4.6. Effect of the metal salt loading on the size of Ni nanoclustei)sTEM images

of Ni graphene aerosols andighistograms of the size distributions of the Ni nanoclusters

synthesied at different mass loadings (1.0, 2.0, 4.0); j) effect of the masdeitveen Ni
salt and GO on the size of Ni nanoclusters; k) XRD patterns-g&@®inanocomposites

generated at different mass ratios.
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The effect of the metal salt loading ratio (120), and 4.0) on the size and distribution of

Ni nanoclusters were alsmvestigated.Figure 4.6 shows TEM images of the Ni
nanoclusters formed with different mass loading ratios of the metal salt to GO at a constant
reaction temperature of 600 °C. Theesof the Ni nanoclusters increases with increasing
mass loading of niel nitrate salt, with a broader size distribution. It is evident that the
average size of Ni nanoclusters, as seen in Fij8feincreases with increasing salt mass
loading ratio. Agin, this observation is consistent with the results from XRD using the
Scherrer equation. Noticeably, the average size of Ni nanoclusters produced with a 4.0
mass loading ratio increased dramatically as compared to previous mass loadings. Since
the totalmass of Ni nanoclusters should be proportional to the mass of nialeté realt
loaded. Using the diameter of-N5O 1.0 of 6.7 nm, the diameter of Ni nanocluster for Ni

rGO 4.0 should be 10.8 nm, but whatbserve is 15.6 nm. This suggests that thelmrim
concentration of Ni nanoclusters decreased with increasing mass loading through

coagulation and coalescence, whi@xplore in more detail below.

4.3.4.0ther Metal Nanoclusters Generated with the Aerosl-based Thermal Shock
Technique

Since hydrogemeduction of metal salts is universal, the synthesis of nanoclusters
in the graphene matrix with the aerebalsed thermal shock method can be easily extended
to other nomoble metalsl demonstrate ifrigure 4.7 the insitu formation of Co and Sn
nanocusters in graphene aerosols. The mass loading between the metal salt and the
graphene oxide used to prepare the precursor was adjusted to ensure that the molar amount
of each metal ion loaded is the same it of nickel ions used in the nickel salt &0
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(mass ratio 1:1) precursor. The XRD profiles (Begure 4.10) confirm the formation of
metallic cobalt and tin at 1000 and 600 °C, respectively. SEM images (Eigirehow

both CoerGO and SrGO aerosols also have a crumpled morphology and TEM Bnage
(Figure 4.7) indicate Co and Sn nanoclusters are uniformly distributed in the graphene
particles. Figuret.7d and4.7h show the size distributions of Co and Sn nancaisistith

an average size of 10.2 and 3.6 nm, respectively. The size of Co nanedesierated at

1000 °C is comparable to the size of Ni nanoclusters (10.4 nm) generated at the same
reaction temperature. However, Sn nanoclusters generated at 600 Tg(8ed.7f-h)

are smaller than Ni nanoclusters obtained at a corresponding operatidition (See
Figure 4.6a, 4.6d and4.6g). This observation might be explained with the following
argument. Compared with Niion, Srf* ion is more easily reduced bydrogen since it

has a less negative standard electrode potential. At the sameghatinSn atoms are
generated at a faster rate leading to more nuclei, which are thus correspondingly smaller.
This explanation is supported by the observation thatdheemtration of Sn nanoclusters

shown in Figuret.7g is higher than that of Ni nanasters shown in Figu46d.
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Figure 4.7. Co and Sn nanoclusters generated with the aerosol based thermal shock
technique: a) SEM,-b) TEM, d) histogram of the size distribution of Co nanoclusters
decoratedn graphene patrticles; e) SEMg) TEM, h) histogram of the size distribution

of Sn nanolusters generated in graphene particles.
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4.3.5.Example Application

Metal particles, particularly ultrline particles, are known to be good catalysts.
Here,l investigated the catalytic properties of our metal nanocluster incorporated graphene
aerosol particles towards the reduction efi#ophenol by sodium borohydride. This
reduction reaction has been widely used as a gold standard for investigating Ithie cata
properties of various nanoclustetrgeport on the catalytic properties of our Ni and Co
nanoclusters/graphene materials as examples of the utility of this akassol thermal
shock synthesis approach and the resulting materials. As shovablie 4.1, the results
indicate our metal rGO nanocomposites show favorable catalytic activities compared with
previously reported. More detailed discussion is described in the Supporting Information.

Table 4.1. Compaison of catalytic activity of the catalysts for the reduction-6fR with

NaBHs
catalyst | size | 0 volume 0 aP N7ye reference
[hm] | @ MLl |[pmi ]| PpmOQi ] |[pmda i ]
[mg]
Ni-rGO | 6.7 | 0.8 30 4 150 1.49 this
0 work
Ni-rGO | 17.2]| 2.0 | 40 7.66 153.2 3.90 149
Ni-rGO| 25 | 6.0 | 100 0.65 10.8 0.40 150
Co 10 | 0.8 30 P X ooy 9.43 this
rGO 0 work
Co 4 50| 100 P X C B 0.16 151
rGO
Co 95 | 6.0 | 100 e v X® 1.05 150
rGO
8. :mass of the nanocomposite catalyst (mg)
a: catalytic act—i—}v—i—t—f(,(;ON)ﬁich equal
93  specific surface area of metal nanopartiele(I 7Q), m densty of bulk cobalt,

$ diameter of metal nanoparticle
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4.3.6Growth Mechanism of Nanoclusters in a Graphene Aerosol particle

Here, | use a simple characteristic time analysis to explore ikedy |growth
mechanism of nanoclusters in the graphene mainit discuss the role of the coagulation,
coalescence and surface growth on the nanocluster formation. In order to simplify the
problem,| assume that the chemistry to form the zeatent methatoms is not rate
limiting. Although no direct data was fod to support this assumption, it has been reported
that the hydrogen reduction of nickel oxide particles with a diameter of 10~20 um is a first
order reaction with a rate constant of ¥ shich renders a time required for the half
conversion of nickelxades in the order of 0.1 s. However, the reduction rate of nickel ions
dispersed in the graphene matrix with a much smaller dimension would proceed much
fastert*°Considering a 200 nn€) ) graphene aerosol containing uniformly dispersed
Ni nanoclusters with a diamet&®, and a number concentratian,, respectively. The
mass ratios between metallic nickel and rGO matrix for-NGO 1.0 nanocomposites is 1,

obtaned from TGA result (SeBigure 4.11) so that the number of Ni nanoclustérsis
correlated with the diamet& as follows:0 @ p¥Q . The characteristic coagulation
time is defined as the time required for the nanoclusters tathnitial concentration of
0 to achieve half of its value. For nanoclusters with a narrow size distribution, the
characteristic coagulation time can be estaddy usind:

T — (4.4)
Here, ' ‘@ is the Brownian coagulation coefficient, whe@eis the stokes

diffusivity temporarily ignoring the presence of the graphene matrix, estimated by the

StokesEinstein equatiott”:

85



o — (4.5)

Where'Q is the Boltznann constantYis the absolute temperatui®,i s t hes par t i
diameter, and is the viscosity of the air at the temperature T.

| can also estimate the characteristic coalescence time for Ni nanoclusters, which is
defined as the time required for two contacted primary particles to form a single spherical
particle In our previous studyl, have shown that the coalescence of Ni narstefs is
sensitive to the phase of the nanoclusters. Our calculation shows that Ni nanoclusters with
a diameter of less than 1.5 nm are in a liquid like phase at 68fef@bling the use of a

viscousflow mechanism for coalescence tithe

T ro— (4.9
Where' is the viscosity of Ni nanocluster, is the surface tension of Ni nanocluster in
liquid state}Q s the effective diameter of the coalescing phmir, which ispwj @ ,
w and® are volume and surface area of the esaihg particle pair, respectively
For nanoclusters in the solid phase, the coalescence time can be estimated with the
following equatiofi*

toh —— (4.7)

Where"Yis the temperature of a particle pair undergoing coalescéneethe number of
atoms in the particle pair, is the surface tension of solid Ni nanocluster, is the
effective atomic diffusion coefficient in the particle pair. All propergtadmentioned
above can be found in the Supporting Informatibab(e 4.3).

As shown inFigure 4.8, in the absence of the graphene matrix, the characteristic

coagulatiortime of the Ni nanoclusters is extremely short compared to the residence time
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of the aerosol particle in the tube furnace. This if the particles were free to coagulate they
would achige the seHpreserving lognormal size distribution with a geometric ratiard
deviation of 1.44° However, our observegeometric standard deviations (shown in the
Table 4.4) are smaller, and thus our size distribution narrower and range from 1.2 to 1.29.
This indicates that the graphene matrix, inhibagsocluster mobility, and thus suppresses
coagulation. As discussed the previous section, higher mass loadings and higher
temperatures might facilitate the coagulation between nanoclusters, resulting in the further
growth of nanoclusters decreasing thanber concentrations and increasing the width of
the size distributins. The experimental observation of aggregation occurs at the point
where the characteristic coalescence time exceeds that of the coagulation time. As shown
in Figure4.8, the computed coalescence time for anything larger than ~ 1.5 nm is much
larger thanboth the coagulation and residence time. This indicates, that the actual
coagulation times must be quite large, elsewould see aggregates, and implies that the

mobility of nanoclusters even at 600 °C are effectively frozen to the graphene substrate.

10g v L] v L] v L] . L L 1 L]
[ coalescence
__10°F coagulation 1
= [
s 10°f //— ]
1= [
s OSSR SUSORPRPSR
% 10 : / residence time~1s
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-C J
O 10*9 _ p
10712 [ h L] v L] v L] . L] v L] h 1 v L] .
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Figure 4.8. Characteristic coagulation and coalescence times of mepedied Ni
nanoclusters at 600 °C without the presence of the graphene matrix.
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4.4.Conclusions

| demonstrate a rapid and continuousoaekbased thermal shock processing
technique tan situ synthesize weltlispersed metal nanoclusters in the graphene matrix.
The aerosol particles containing graphene oxide sheets acts as nanoreactors for the
reduction of metal precursor and the growthmaftal nanoclusters. With this fast heating
and quenchig, the metal precursor was quickly reduced and nucleated into metallic
nanoclusters. The size and morphology of the metal nanoclusters can be controlled by
varying the reaction temperature and thesieading of metal salt in the graphene aerosol
nanoreators. Smaller nanoclusters with a narrower size distribution were obtained with a
lower reaction temperature and lower mass loading. A characteristic time analysis leads to
the conclusion that the nacluster formation is governed by nucleation and sulesgqu
surface growth, and the coagulation and coalescence might only be involved in the
nucleation stage. Finally, this oséep continuous aerosbased thermal shock technique
offers considerable patéal for the manufacturing processing of weibpersedand

uniform nanoclusters stabilized within a graphene matrix.
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4.5.Supporting Information

Moment model for saturation ratio calculation; XRD, Raman, and TGA profiles;
property data for characteristitime analysis; Geometric standard deviations for Ni
nanoclusters generated at different conditions; Catalytic properties of metal nanoclusters
in graphene aerosol particles.
4.5.1. Moment model for saturation ratio calculation

A moment modef® was used to calculate how the saturation ratio S of metal
atoms changes with the duration of the thermal shock. In order to calculate time resolved
saturation ratiopneneed to solve the follow set of differential equations

simultaneously:

— — Y p — (4.8)
— 087i 6 Y pb (4.9)
— 0 Y pob (4.10)
— 0 (4.11)

Here,’Y is the reaction rate of metal salt precursor to x@ient metal atomsj is the

total surf@e area of all the nuclei in the reaction volume;is the first moment which is

definedasd) _ .&€ QQQ whered ¢i

, £ is number concentration of

particle with a cameter ofQ ; 0 is the number concentration afaiei;’Y ando are time

dependent variable¥} is the number of monomers in a single particle with a critical radius

i ;& is the monomer concentration at saturation condifion; c¢ b —— 7 where

¢ is the monomer number concentrationandd is volume and mass of the monomer,
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respectivelyDis the rate of particle formation by homogenous nucleation, which is given

as follows**:
0 — -A@P—— (4.12)

Wherel' & —— 7 :—is dimensionless surface tension of the stable nuelei—;

i isthe surface area of a monomer.

Although no direct data of hydrogen reduction of metal salt wasdfatihas been
reported that the hydrogen reduction of nickel oxide particlgsamdiameter of 10~20 um
is a first order reaction with a rate constant of!7vghich renders a time required for the
half conversion of nickel oxides in the order of Q. Hewever, the reduction rate of nickel
ions dispersed in the graphene matrixvatmuch smaller dimension (~200 nm in diameter)
would proceed much fast& Sinceit is known thatthe reaction rate of hydrogen reduction
reaction of metal salt to metallic nickelne can calculate the timeependent saturation
ratio of nickel atoms during thedérmal pulse.

Y Q¢ (4.13)

WhereQ is the estimated rate constant fiydrogen reduction of metal salt to zerent
metal atoms¢ is the number concentration of metal salt precursor in the graphene particles
with an initial value of . Three initial metal salt loadings investigated aré®, 1¥°, and
10?* #/m®. Theefore, the number concentration of metal €alt ¢ Q ; the
concentration of the monomer generated from the hydrogen reduction of metal salt

The values for all the property parameters and the details of the calculation can be

found in theSupporting Information.
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Table 4.2. Property data used to calculate saturation ratio.

parametel definition value

0 Boltzmann constant pB Y pmm | EO+

Y reaction temperature Ux e

" surface tension of Ni nanocluster in liqu od. T
state,,

V) nickel atom (monomer) volume p8tw p 1 &

a nickel atom (monomr) mass WX 1T pm EC

o) estimated rate constant of hydrog X |
reduction of metal salt to metal atoms

3 monomer concentration at saturati p8t @ p TG
condition

4.5.2.XRD, Raman and TGA profiles

a) Ni-rGO @600 °C o) p _ ——N-GO@600°C
G —— GO @600 °C
, —— GO @25°C
3 K A 3
o ©
,? PDF-#04-0850 ‘ | : - ;
2 ) NiO-rGO @500 °C| g5
5 c
= 2
M E
PDF+#47-1049 | ‘ I 1 = = = T
10 20 30 40 50 60 70 80 90 500 1500 2500
2 theta (degree) Raman shift (cm™)

Figure 4.9. XRD and Raman characterizations of Ni nanoclusters decorated graphene
nanocomposite XRD profiles of (a) Ni nanocluster incorporated graphene aerosol
particles (4:1 mass ratio of nickel nitrate salt to GO), b) NiO mpooated graphene
aerosol particles. ¢c) Raman spectra of the Ni nanocluster incorporated graphene aerosol
particles (1:1 mass ratio of nickel nitrate salt to GO), reduced graphene oxide sheets
(graphene oxide sheets heated at 600 °C for 30 min in the ayge)) asprepared
graphene oxide sheets prepared usinNe the
laserwas used for the Raman spectrum measurement)
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a) CorGO 1.0@1000 °C b) - Sn @600C
8
)
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Figure 4.10. a) XRD profile of CaGO nanocompositgenerated using aerosol spray
pyrolysis approach at 1000 °C; b) XRD profile of Sn powder generated using aerosol spray
pyrolysis approach at 600 °C. Please note that the XRD profile of Sn powder confirms the
formation of the complete reduction of tin chtte to metallic tin at a temperature of

600 °C.

0 200 400 600 800
Temperature (C°)

Figure 4.11. TGA profile of NirGO 1.0 nanocomposite generated at 1000 °C. (TGA was
operated under aiatmosphere with a heating rate of 5°C/min.) The matie between
nickel and rGO matrix calculated based the TGA profile is ~1.0. Note that the final product

in the TGA test is nickel oxidé (@& ).

4.5.3.Property data for Characteristic time analysis

0 , number concentration of nickel nanoclusters with a diamet@r iof a200nm

(Q ) graphene aerosol:
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0 (4.14)

Whered anda are the masses of nickel metal and rGO matrix, respectively; note
thata =a ;” and” are densities of nickel metal (the bulk density of nickel
metal was used for the calculation.) and rGO matrix (the dengioiSC¥® & the data is
obtained from Grapheea Inc.).

Table 4.3. Property data used for the characteristic time analysis.

parametel definition value
0 Boltzmann constant pgYprmn | EO+
Y temperature UDNE&:
— viscosity of the air at 600 °C odo pTm UFa
‘ viscosity of Ni nanoluster at 600 °C See below
, surface tension of Ni nanocluster in liqy p&y. 1
state
, surface tension of solid Ni nanocluster g8 x A
0O effective atomic diffusion coefficient in th ¢p pm ai
particle pair ab00 °C3*

Viscosity of the air-i s gi ven by Su¥herl andés for mu

- _— (4.15)
Where_ —is a constant for the gas, p& X p T O74,"Y ¢ wh W,
0 p¢,m which is Sutherlandds constant for ¢t}

Viscosity of Ni nanoclustet, 2441

Is the viscosity of Ni nanocluster, which is given as:

o) 7 S

P& pm (4.16)
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Whered is the latent heat of melting (J/mol), 17200 J/mol (which is equz87600 J/kg,

“Y 'Q isthe melting point of the Ni nanoclusters with a diamet&® ofM is the molar

weight,u& x p ™ QTh ¢ AR is the gas constant, 8.314 J/moliK, is the molar
volumex® p 1 a fa€.a
4.5.4.Geometric standard deviations(q for Ni nanoclusters

Table 4.4. Geometric standard deviations for Ni nanoclusters generated at different

conditions.
Metal salt to GO " Reaction "
ratio temperature
1.0 1.20 600 °C 1,20
2.0 1.20 800 °C 1.23
4.0 1.28 1000 °C 1.29

4.5.5.Catalytic properties of metal nanoclusters in graphengarticles.

Metal particles are known to be good catalysts, particularly-fiftegparticles. The
ability to anchorparticles in and within an accessible matrix enables these particles to
function while still preserving their metastable state. Hereyestigated the catalytic
properties of our metal nanocluster incorporated graphene aerosols towards the reduction
of 4-nitrophenol by sodium borohydridereport on the catalytic properties of ourf@O
and CerGO materials as examples of the utility ofsttaeroscbased thermal pulse
synthesis approach and the resulting materialsdopted experimental conditions as
applied by Kastnér® of the catalytic performance of poly(acrylic acid) stabilized Ag
nanoclusters towards the reduction ehigophenol by sodium borohydride. A total
volume of 5 ml sodium borohydride with a concentration of 0.2 M was first added into 20
ml 4-nitrophenolsolution with a concentration of 0.1 mM. The addition of the sodium

borohydride with a basic pH made the coloraf $olution turn yellow due to the formation
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of the 4nitrophenolate ion&¥3 As shown in Figure 42a, the absorbance spectrum of 4
nitrophenolate exhibits a characteristic peak located at around 400 nm. The redugtion o
nitrophenolate by sodium borohydride was monitored by the spieetmeoral evolution of

the absorbance peak ohitrophenolate. Witbut the addition of the catalysihe reduction
reaction was extremely slow and there was no obvious color changafereseveral days.

The reaction was triggered with the addition of 5 ml Ni or Co nanoclusters decorated rGO
catalyst with a concentranoof 0.16 mg/ml. As shown in Figei4.12 and4.124d, the
absorbance peak ofrltrophenolate decreases with the reactime due to the catalytic
process of 4 nitrophenolate toa#ninophenolate with the presence of Ni and Co

nanoclusters, respectively.

1.5 1.5
a 4-nitrophenol —0 - i i
) ——— 4-nitrophenolate b) —_—1 2:: C) 04« A nisar ﬁttlng
= ; In (A—) = —0.241t 4+ 0.19
s 1.0 © 1.0 0L
) o) R =0.9746
g 2 .
g ©
505 g 0.5
g %]
< ]
0.0 ey 0.0 e ' . : : :
250 300 350 400 450 500 550 600 250 300 350 400 450 500 550 600 0 5 10 15
Wavelength (nm) wavelength (nm) Reaction time (min)
d)1'5 —— 0 min| e) 4 N linear fitting f) Ni-rGO Co-r
—— 1 min R %0
e ——2 min A8
3
S 1.0 —— 3 min L . ' .
8 2" \\‘\
e 3. N Ni-rGO Co-rGO |
§ 0.5 ‘ £ 2 A Y \g - ,’{)
2 | ’ ln(E = —101£40.13 - S
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Figure 4.12. Catalytic properties of metal nanoclusters in grapheragtiges: a)
Absorbance spectra otritrophenol and 4itrophenolate; b) timeesolved absorbance
spectra of 4nitrophenolate and c) @& absorbance verse the reactibme with Ni
nanoclusters (6.7 nm, generated at 600 °C) as the catalyst; eéisobed absorbance
spectra of 4nitrophenolate and e) peak absorbance verse the reaction time with Co
nanoclusters (10 nm, generated at 10Q) as the catalyst; f)the pestaction solutions
containing the catalysts with and without the presence of a magnet.
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Since an excess amount of sodium borohydride (the molar ratio between sodium
borohydride molecules and-mtrophenol: 1000:1) was usedhet reduction of 4
nitrophenolatevith sodium borohydride can be treated as a pseudefiistr reactiono
is the realtime peak intensity of the absorbance afitophenolate with an initial value of
0 . Afirst order plot shown in Figur&.1Z and e yields observed first order rate constant
rates,0 =px p AT @x p mifor Ni and Co catalgts, respectively. A direct
comparison with prior work is difficult even for the same catalystpas varies with
both the mass loading dfd catalyst and the reaction volume. In order to address this issue,

t he cat al wasiused, ailah takes intd account the mass of the catalyst and the
volume of thereactionsolt i on. o i s def itothedonedrationhtee r at i o
catalyst added (in mass per volurt®>*The deter mi ned w@lamks of
CorGO nanocomposite are 0.150 and 0.6%8 i , respectively. Compared to previous

studies concerninthe catalytic properties of Ni and Co nanoclusters decorated graphene
nanocomposite prepared byther techniques, our metdbO nanocomposites shows

favorable catalytic activitie¥®15?
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Chapter 5: Extrenely Stable Atimony-Carbon Composite Anodes for

Potassiurrion Batterie’

Abstract: Potassiurvion batteries (PIBs) have been considered as promising
alternatives to lithiumon batteries due tthe high natural K abundance of 2.09 wt.% (vs.
0.0017 wt.% forLi) and lowK/K*r ed ox pot ent i &I71 \bfér Na/Na). 93 V (
However, PIB electrodes still suffer huge challenges due to the lai@enddius and slow
reaction dynamics. Hereih,report a highcapacity Sb@CSN composite anode with Sb
nanopartites uniformly encapsulated by carbon sphere network (CSN) for PIBs- First
principles computations and el ectrochemic
sequential phase transformation dkShk;, KSb, KsSh:, and KSb during
potassiation/depotassiation pess. In a aecentrated 4M KTFSI/EC+DEC electrolyte, the
Sb@CSNanode delivers a high reversible capacity of 551 mAh/g at 100 mA/g for 100
cycles with an extremely slow capacity decay of dhl§6% per cycle from the TCo
100" cycling; when up to a hig current desity of 200 mA/g, Sb@CSNnode still
maintains a capacity of 504 mAh/g for 220 cycles. The Sb@#&®ides demonstrate one
of the best electrochemical performances for aibiK béteries anodes reported to date.
The exceptional performances3ii@CSNshouldbe attributed to the efficient capsulation
of small Sb nanoparticles into conductive carbon network as well as the formation of a
robust KFrich SEI layer on Sb@CSN anode in ttencentrated 4M KTFSI/EC+DEC

electrolyte.

¥ The results represent in this chapter have beengusy published and are reprinted from: Extremely
Stable Antimonycarbon Composite Anodes for Potassiiom Batteries; Jing Zheng #, Yong Yang #,
Xiulin Fan, Guangbin Ji, X@Ji, Haiyang Wang, Singyuk Hou, Michael Zachariah, Chunshen Wang;
Energy Envion. Sci., 2019, 12, 61623. # Author Contributions: J. Z and Y. Y contributed equally to this
work.
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5.1.Introduction

With the contimously increasing consumption of traditional nonrenewable energy
sources along with severe global environmental issues, developing efficient and renewable
energy storage techngles has been more urgently required. Lithiom batteries (LIB}
as efficienh electrical energy storage technology has been successfully developed and
widely used in various types of electronic devices and electric veHiti&8However, the
broad utilizaton of LIBs in largescale energy storage systems is still significantly hindered
by the | imited and unevenly distributed avs:
157158 In the past decades, many efforts have been devoted to developing alternative
batteries using eartibundant and chpanaterials. Rcently, sodim-ion batteries (SIBSs)
and potassiunmon batteries (PIBs) have received increasing attention because of their high
abundance (2.36 and 2.09 wt.% for Na and K, respectively) and low€o&specially
for Pl Bs, its | ower r e'dlmxNafjNatiehtTh|V (V. 98
guarantees a higher operatiaritage and higher energhensity, making it as a promising
candidate for higlenergydensity and lowcost electrical energy stage applications.

Significant advances have been achieved in developingpgagbrmance PIBs
cathode materials such as amonghd-eP@, 1° FeSQF, ! Prussian blué® Prussian
Green,'® and organic material®®. The researclon anodematerials mainly focus on
carbonaceous materials, such as hard carb¥érsoft carbon,®® graphite, 16”168 and
reducedgraphene oxid&®. However, these canhac®us materials have a low capacity of
less than 300 mAh/g. Metal anode through alloyinglili®ying reaction with K can
provide a much higher speciyc c'Apsacesult,y t har

adding metal into carbon materials can significaatiifance the capacity of carbonaceous
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materials. Recently, Scarbon composite prepared by mechanical-tdling of Sn
powder with graphite was reported for PIBs. However, tiqgadty of SnC composite
anode quickly drops from 288 mAh/g &t dycle to a low value of 150 mAh/g after'30
cycling even at a low current density of 25 mA/§Such rapid capacity decay is caused
by the large volume change during alloyaly processes, which leads to obvious
electrical disconnection between the electrode material and current coftéctdthough
encapsulation of Sn nanoparticles into carbon skel&tomesoporous nanostructured

carbort’® or nanocrystalline material8 can migrate the damage from volume

expansion/contraction during cycles, the capacity of Shn@C anodes is still declined during

the chage/discharge cycles due to high mobility of Sn nanoparticles. Alternatively,
antimony (Sb) with a low mobility has been investigated for PIBs anodes. Asan &nd
Na-ion batteries!’51’’Sh can also form #Sb "%y reacting with K. However, Shased
anode prepared by simply baflling of a mi xture of carbon
powder can only provide a capacity of 250 mAfdg 50" cycles, similar to the Sn@C
anode in PIBs!’® Furthermoreglectrolytes are also critical for stabilizing PIBs anodes
because the nature of solid electrolyierphase (SEI) layer on the anode significantly
affects the cycling performance of PIB&® However, to ar best of knowledge, only
limited study on the SEI design via rational electrolyte regulation hees keportedt®
182Therefore, in order to achieve a high capacity and excellent cycle stability-barsgd

K storage process, nanostug improvements as well as electrolyte design should be
concerned simultaneously.

Herein, a novel class of Siased composite is prepared via a scalable electrespray

assisted strategy. This approach enables Sb nanoparticles to be uniformly encapsulated b
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an interconnecting carbon sphere network (Sb@CSN), which not only works asmyuffe
matrix to mitigate the deleteriously mechanical damage from the large volume changes
during alloy/dealloy cycling, but also acts as a highly conductive frameworkfdet
electron transport. More importantly, also regulate the components of efi@sed
electrolytes to promote the formation of #iEh SEI layer on Sb@CSN anode.
Surprisingly, the Sb@CSN composite in the optimized 4M KTFSI/EC+DEC electrolyte
delivers exellent reversible capacity of 551 mAh/g at 100 mA/g over 100 cycles with a
low capaity decay of 0.06% per cycle from the"t® 100" cycling and 504 mAh/g even

at a high current density of 200 mA/g over 286ling. Sb@CSN composite anodes also
show a excellent rate performance by providing high capacity of 589 mAh/g at 50 mA/g
and still maintaining 530 mAh/g even at 200 mA/g. These outstanding performances
should be attributed to the novel nanostructure of Sb nanoparticles uniformly encapsulated
into conductive carbon network and the formation of a more stable and robusihk$El

layer on Sb@CSN in the optimizd 4M KTFSI/EC+DEIEctrolyte. To our best knowledge,

the Sb@CSN composites in our work show one of the highest capacity and longest cycle

life in all reported PIBs anodes to date.
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5.2.Experimental section

Materials and Synthesis:Antimony chloride (340 mg) was first dissolved into 10
mL N, N-dimethylformamide (DMF). Then, polyacrylonitrile (PAN, 160 mg) was added
to the solution followed Yovigorous stirring overnight. The -abtained mixture was used
as the precursdor electrospray. The precursor solution was loaded into a 10 mL syringe
tube and pumped through a ftap stainlessteel needle (inner diameter: 203.2 um). A
pumping rate 0.5 mL/hour, a voltage of 20 kV and a distance of 10 cm between the
needle ad the aluminum substrate were employed for the electrospray process.-The as
prepared sample was loaded into a tube furnace, heated up to 250 °C with a heating rate of
5 min/°C n the air atmosphere, and kept at 250 °C for 30 mins. Then, the sample was
heatd up to 600 °C with a heating rate of 2 °C/min undgNHK(v:v=5:95) atmosphere
and kept at 600 °C for 5 hours to obtain the desired Sb@CSN material.

Computational Method: To study the electrochemical process during the K
insertion into Sb at an atomiccade, firstprinciple computations based on density
functional theory (DFT)!8%184 are performed using the Vienn&b Initio Simulation
Package (VASP)2° The Projector Augmented Wave (PAWY method with an energy
cut-off of 520 eV is used to describe the-dactron interaction on a wetlonverged k
point mesh. The PerdeBurke-Ernzerhof (PBE) functional in the Generalized Gradient
Approximation (GGA)'®” is employeda calculate the exchangerrelation energy. The
equilibrium voltage plateaus are computed by Nernst equation using the calculated DFT
energies of all relevant equilibrium phases i¥SK phase diagram from the Materials

Projed. 18 The geometry optimizations are performed using the caigaggradient
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method, and theamvergence threshold is set to be®HY in energy and 0.01 eV/A in
force. Visualization of the structures is made by using VESTA softWire.

Structural Characterization: The Sb@CSNnaterial was characterized byray
di ffraction ( XRD, Bruker Smart 1000 usir
thermogravimetr-differential scanning calorimetry (CAHN TG 2131, under Air with a
heating rate of ®/min), Raman spectra (with 514.5 nm laseurce), scanning electron
microscopy (SEM, Hitachi SUO0 field emission scanning ), highsolution transmission
electron microscopy (HRTEM, 2100F field emissionjray photoelectron spectroscopy
( XPS, monochromati zed ESCAL AHBon 2vBh0an Afwi t h A
sputtering gun). The electrolyte ignition and combustion experiment were recorded by
high-speed digital camera with a Vision Research Phantom v 12.1 digital camera, and the
frame rate of 1,000 frames per second with a resolution of 88D pixel. A small piece
of glass fiber membrane was soaked with about 0.5 mL electrolyte and fixed by an alligator
clip, followed by immediate ignition with a butane lighter.

Electrolytes Preparation: The salts of potassium trifluoromethanesulfonimide
(KTFSI) andpotassium hexafluorophosphate (KPWwas purchased from TCI and used as
received. The solvents of Ethylene Carbonate (EC) and Diethyl Carbonate (DEC) were
purchased from Sigmaldrich and used without any purification. The different
electrolytesare prepared in Afilled glovebox as follows: a certain molar of salt dissolving
into the mixed solvent of EC+DEC (V: V=1: 1) to obtain different electrolytes: 4M
KTFSI/ EC+DEC =electrolyte (abbreviated as
electrolyte (abbreviae d a s i lavid IKIKPEECLDEC electrolyte (abbreviated

as HlM)KPF
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Coin cells preparation: The Sb@CSN composite, conductive carbon (from SAFT)
and sodium alginate with a mass ratio of 8:1:1 were mixed in certain amow® ebhent
to form lomogeneous slurry by stirring for 2 hours. The slurry was coated onto a thin Cu
foil and dried at 90 °C for 10 h in vacuum. The coin cells (CR2032) were assembled in the
Ar-yl | ed gl ov e -pbepared Sh@CIN conipesite as the working electrode,
pure potassium metal foil as the counter electrode, polypropylene microporous (PP,
Celgard) ylm as the separator.

Electrochemical Measurements:The galvanostatic charge/discharge tests were
performed with Arbin Battery instrument (BT2000, Arbin Instrumed8A) at a voltage
range of 0.042.0 V at room temperature. The galvanostatic intermittent titrations (GITT)
were also tested after 10 cycledbds charge/ di
alternating the current density with 100 mA/g for 2@rand rest intervals for 2h. Cyclic
voltammetry (CV) measurements were performed on Gamry instrument (Reference 3000)
with a scan rate of 0.1 mV/s in the range of 0.01 to 2.0 V. Electrochemical impedance
spectroscopy (EIS) were also tested on the Gamtgument with a frequency range of

10° to 102Hz under the AC signal amplitude of 5 mV.
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5.3.Results and discussion

SbCls/PAN Sb@CSN

Figure 5.1. Schematic illustration of electrospragsisted strategy for fabricating
Sh@CSN material.

Sb@CSN materials were synthesized using a scalable electrassiaied
strategy, as illustrated Figure 5.1. Under the controllable higholtageelectrostatic field
between the needle and the substrate collector, the precursor saiatiteining
polyacrylonitrile (PAN) and Sb@ivas nebulized to generate high concentrations of highly
charged microdroplets when dried in free flight, which servethasprimary building
blocks for porous 3D network construction. The formed PAN nanosphéttegvenly
distributed SbGl(marked as SbG@PAN) was collected from the substrate and then
thermally stabilized and reduced to generate uniform metal Sb nanlgsavthich were
well confined into imsitu formed carbon spheres network (CSN) to obtb@ESN

material.
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Figure 5.2. a) XRD pattern, b) Raman spectra, and c)-D&C curves for Sbh@CSN
material_; SEM imagesf the df) asprepared SbGIPAN precursor and g) Sb@CSN
composite.

Figure 5.2 demonstrates the structure and morphology of Sb@ C8&Mposite
material revealed by XRD, TGSC, Raman, and SEM analysis. As shown in Fi§uza,
the XRD pattern of the Sb@CSN material is consistent with hexagonal Sb (JCPDS no. 35
0732), without any other pises or impurities, indicating that®Slwas redued completely
to metallic Sb during the synthesis process. Using the Scherrer equation to the (012) peaks
of Sh, the average size of Sb crystallites was calculated at around 18 nm. On the other side,
Ramanspectrum was used to reveal the structure propdrthhe carbon in Sb@CSN
composites. The Raman spectrum in Figu@ shows that the three bands at 1350, 1597,
and 2880 cm, corresponding to D, G and 2D bands; moreover, the intensity ratio between
theG and D band dIp) is 1.02, suggesting a highgtee of graphitization for the carbon
in Sbh@CSN, which should offer better eleetanductivity.*®® To evaluate the content of
Sb in the prepared Sb@CSN material -DSC analysis was carried out in air from room

temperature to 1000, as displayed in Figufe2c. The slight weight loss at around 100
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°C resulted from adsbed solvent evaporation; the main weight loss at arouddGs

due to carbon oxidation. According to oxygamtimony binary phase diagrarRigure
5.8a), a small peak in the DCS curve at around°®9@8 attributed to the oxidation of Sb
nanoparticles to form S0a. 1% As a result, the mass loading of Sb for prepared Sb@CSN
material can be calculated at around 37.8 wt.%.

The morphology of the Sb&PAN precursor and Sb@CSN before and after heat
treatment is shown in Figuré.2d-f and Figure5.2g-i, respectively. The aprepared
SbCBE/PAN precursor in Figuré.2d-f demonstrags uniform spheres which interconnects
to form a threadimensional (3D) network. Notably, these spheres have a crumpled surface
probably formed by the capillary compression during the solvent evaporation from the
aerosol droplets?* This crumpled surface microstructure che very beneficial for
boosting the surface area of the carbon network. After carbonization, the obtained
Sb@CSN maintains similar microstructure and morphology, indicating that the unique
structure of the prepared material can be maintained afteethiérbatment. Figure 2g-i
illustrates the interconnection between each primary carbon sphere embedded with
secondary Sbh naparticles (Figuré.8b-c), which enables the continuous 3D conductive
network to provide a fast electronic and ionic transfen paitd effectively accommodate

the volume changes.
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Figure 5.3. a) Schematidllustration of uniform Sb nanoparticles confined in a carbon
sphere (Sb@CSN); b) TEM image of an individual Sb@CSN sphere and c¢) corresponding
size distribution curve of Sb nanoparticles from image b); d) HRTEM image, e) selected
area electon diffractionpattern, and4h) EDS images for one individual Sb@CSN sphere,
g) for C and h) for Sb element.

The microstructure and morphology of Sbh@CSN was also examined by TEM
analysis, as shown Figure 5.3 Figure5.3a represents a schematlastration ofuniform
Sb nanoparticles confined in a carbon sphere. The corresponding TEM image in Figure
5.3 indicates that the Sb nanoparticles are-emtapsulated and uniformly distributed in
the carbon sphere. The size distribution curve in FigilBeindicatesa relatively narrow
size distribution for Sb nanoparticles in prepared Sb@CSN material, with an average size
of 14 nm and a standard deviation of 3.4 nm, which is consistent with the XRD results. The
HRTEM image shown in Figur&.3d suggests that the Sb nugarticle has a good
crystalline structure, confirmed by the 3.1A distance of lattice fringes corresponding to the
(012) plane of the metallic Sb. The seleeteda electron diffraction pattern (SAD) in

Figure 5.3e exhibits typica SAD pattern of metallicSb. The lack of diffraction rings

corresponding to S4 suggests that carbon matrix serves as an effective barrier to prevent
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the Sb nanoparticles from oxidizing. The element mapping images in Figsira

suggests a uniform ditbution of Sb nanopaxies in the carbon sphere matrix.
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Figure 5.4. a) Crystal structure of K and stage structure evolutions from SkSio #uring
potassiation process; b) DFT calculated equilibrium voltages (vs) KiKthe potassiation
process; ¢) CV curves for Sbh@C8Mctrode at scan rate of 0.05 mV/s; d) Relative atom%
of K and Sb from EDS with different discharge-ciit voltage; e) EDS element analysis
for KsSb with discharge cudff voltage of 0.01 V. (Cells from-8are all in 4M KTFSI

electrolyte)

According to the potassiurantimony binary phase diagraRigure 5.9a), there
are four intermediate phases from KSKSb, KsSh: to KsSb along with the increasing of
K content, and the corresponding crystalline $tmes are exhibited iRigure 5.4a. The
equilibrium potential for the reaction process of K with Sb was obtained using first
principles computations based on density functional theory (DFT). As can be seen from
Figure5.4b, the thermodynamic equilibriunofentials of KSband KSb are 0.89 ¥nd

0.849 V, respectively. Similarly, the two adjacent equilibrium potentials®bkand KsSb
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are 0.439 V and 0.398 V, respectively. The K concentration s8bKinterphases
corresponds to the X= 0.5, 1.0, 1.25, ar@\8ith a theoretical capacity of 10816, 270,

660 mAh/g, occupying the total capacity percentage of 16.4%, 16.4%, 8.2%, and 59.1%,
respectively. Furthermore, two prominent potential platforms can be clearly found in the
calculated potential profile, ca@sponding to the equilibrium potesis of the above
mentioned interphases. A dramatic potential drop from around 0.9 V to 0.4 V when the
capacity excess 216 mAh/g; subsequently, the potential profile slowly decreases from
0.439 V to 0.398 V, with the foration of KsSb.

Electrochemical behl@or of Sb@CSN anode was evaluated using cyclic
voltammetry (CV) at a scan rate of 0.05 mV/s in coin cells using K as counter electrode
and 4M KTFSI/IEC+DEQ a b br evi at ed aa slectfoltd] AKdIiSHaydd in)
Figure 5.4c, two pairs of redox peaks approximate 0.4 V and 0.9 V potentials can be
observed in the CV curve during the alloyingallmying process, in consistence with the
calculated intermediatex®b phases located at around 0.9 V and 0.4 V in Figdbe The
alloying peak located at arnd 0.78 V in potassiation process should be attributed to the
stepwise alloying reaction of Sb to form K8&Sb. Furthermore, the similar equilibrium
reaction voltage between these two intermediates leads to an appeairdine overlap
broad peak at 0.78. Another reduction peak centered at about 0.23 V is also an overlap
broad peak, which was resulted from the approximate formation voltage for both K
insertion in C and the step formation af3ts and KsSb alloys!°2Based on the potential
capacity curve in Figur®.4b, the fomation of KSb occupied a large proportion of
theoretical capacity (58.5%), which is the reason why the peak at 0.23 V is larger than that

of 0.78 V. The peaks voltage both at 0.78 V and 0.23 V are slightly lower than that of the
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corresponding value frontheoretical calculation, which is primarily due to the
overpotential. On the reversed anodic scan, there is a distinct anodic peak at 0.64 V and a
minor oxidation peak at 1.12 V, which is due to the extraction reaction of K during
depotassiation reactioln similar manner, the peaks 0f%b and KSh: overlap with each

other to form a new broad apparent peak at 0.64 V but an inconspicuous peak of KSb and
KShke at 1.12 V. In the same situation of overpotential, these oxidation peaks gradually
shifted to highepotentials when compared with the theoretical values. Owing to SEI film
formation during the yrst <cat hoddobserged,an, a
slightly distinguished from subsequent cycles where the SEI layer has already f§fmed.
However, after the second and subsetuetuction/oxidation scans, the CV curves keep
stable in their shapes and current intensities.&fbeg, the CV curves demonstrate that the
Sb@CSN material can perform reversibly alloy&dley reaction with K at potential region

of 0.02:2.0 V.

Energy dspersive spectroscopy (EDS) elemental mapping was carried out to
investigate the chemical composiii of the formed interphases during
charging/discharging process. Figbréd shows the atomic percentages of K/Sb from the
Sb@CSN electrode taken at ditfet cutoff voltages (2.0, 0.6, and 0.01 V) during the 5
discharge process. The ratio of K/Sb paovide insight into the composition of the alloy
interphase at each eaff voltage. Obviously, along with the increasing discharge depth
from 2 V to 0.01V, the atomic ratio of K to Sb increases, indicating deeper K alloying
reaction with Sb. Notably, ératio of K/Sb maintains a constant value of 3.65 in EDS
elemental mapping when the @iff voltage is 0.01 V (Figuré.4e), slightly higher than

that of he KsSb, which is probably attributed to the unclegashed potassium salt from
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the electrolyte. Fihermore, as showin Figure5.9b-f, the elements of C, K and Sb have
an even distribution in nanometer scale among Sb@CSN electrode even at the highest

discharge depth of 0.01 V.
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electrolyte. a) Typical ® charge/discharge profile at 50 mA/g; b) quasjuilibrium

voltage proyle from galvanostatic intermit
Figure 5.5ashowsthegalvanostatic charge/discharge behavior of Sb@CSN in 4M

KTFSI concentrated electrolyte at a low current density of 50 mA/g in the second cycle

after the formation of SEI. The mass capacities of Sb were calculated by subtracting the

corresponding capéyicontributed from CSN. The CSN material without any Sb provide

110 to 180 mAh/g capacity at current o800 mA/g, as shown iRigure 5.10. In this

work, evidently, the voltage profile exhibits two prominent discharge voltage plateaus,

located at abou@.78V ending with a capacity of about 216 mAh/g and 0.23 V ending with

~646 mAh/g, corresponding to the potassiation reaction of Sb to/KSb and
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KsShW/KsSh, respectively; and two charge platforms were found at 0.64 V and 1.12V,
which can be attributeit the extraction reaction of K froms&b to Sh. Both the platform
voltages and intensity of these two discharging/charging plateaus are in good agreement
with the abovementioned CV experimental results and calculated voltage priéigare

5.11 shows tle first galvanostatic chargdischarge profile of the Sbh@CSN anode at the
same current and electrolyte. In the first charge/discharge cycle, Sb@CSN anode delivered
an initial alloying and dalloying capacity of 1049 and 640 mAh/g, respectively, leading

to a low coulombic efficiency (CE) of 61%. It can be ascribed to the formation reaction of
irreversible SEI layer on the surface of electrode, which is consistent with the reported
results of Sb anodé® The quasithermodynamic equilibrium potential and Hiffusivity
coefycient I n Sb@CSN was measur ed usi ng
technique (GITT) after 10 charge/discharge activation cycles, as indicated in ®:fdure
195The cell was discharged/charged at a current pulse of 100 midglication period of

20 min, followed by an opeaircuit stand for 120 min to allow fully relaxation back to its
guastequilibrium potential. The quasiquilibrium potential at different normalized K
insertion/extraction levels are indicated by the hlo#ted lines in GITT. The potential
difference between end of charge/discharge and end of relaxation period represents the
overpotential at the corresponding depotassiation/potassiation’$fdgean be observed

that the overpotential for the depotassiationl potassiation press is as low as 0.15 V

even at a high current of 100 mA/g, suggesting a fastiffusion in Sb@CSN material.
Furthermore, the four successive GITT curves displaydeigare 5.12 demonstrated a

reversible potassiation/depotassiation process with a edppeatverpotential of as low as
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0.15 V. These results strongly suggest that a fast and reversible depotassiation/potassiation
dynamics can be achieved for the prepate@SSN material in the 4M KTFSI electrolyte.
The cycle stability for the agrepared B@CSN material was investigated in 1M
KTFSI/IEC+DEC( abbr evi at ed diste dnd MM KIFSF Sonaentrated
electrolytes, respectivelfrigure 5.6a presents the cycling stability and its corresponding
CE during 100 cycles charge/discharge cycles at m@@g in 1M and 4M KTFSI
electrolyte. Specifically, the capacity of the Sb@C&tbde in 4M KTFSI electrolyte
exhibits exceptional reversibility and cycling stability, maintaining a stable capacity of 551
mAh/g over 100 cycles with a high average CE of %%hd a low capacity decay of 5.3%
from 10" to 100" cycling; while the capaty of Sb@CSN material in 1M KTFSI
electrolyte fades rapidly, only 286 mAh/g left at f@§cles with fluctuant average CE of
95%. Similarly, the capacity of Sb@CSN anode incitvamon dilute 1M KP§#EC+DEC
electrolyte also delivers a rapid capacity loggh a discharge capacity of 603 mAh/g at
2nd cycling but only 256 mAh/g after 100 cycles, as indicatédguare 5.13, suggesting
the significant improvement of the electrocheah K-storage performance of Sb@CSN
material by electrolyte optimization. Furthermore, the cycled Sb@CSN material also
maintained complete sphere morphology with uniform Sb nanoparticlesdefeled
encapsulated in the carbon sphéiigire 5.14), indicaing excellent structure stabilitynd
efficient relief of the huge volume change (456.7%) during electrochemical reactions.
These advanced properties should be ascribed to thelesjned carbon sphere matrix
which can not only provide more space frots porous structure and defects to

accommodate the volume chanébut also possesses excellent flexibility and good
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adhesion to Sb nanoparticles to remarkabtabilize the Sb nanoparticles and reduce the
strain during the volume change process, protecting the CSN from cra¥king.

The impedance changes during charge/discharge cycles were measured using the
electrochemical impedance spectroscopy (EFSQure 5.15 show he impedance of
Sb@CSN before and after 100 cycles in 1M and 4M KTFSI electrolyte. The fresh
Sb@CSN shows similar impedance in both 1M and 4M KTFSI electrolyte with a depressed
semicircle for electroinvolved reaction and a slop line for diffusidhis worth noting
that the initial charge transfer resistance in 4M electrolyte is higher than that in 1M
electrolyte before cycling, which should be attributed to the higher viscosity of 4M KTFSI
concentrated electrolyte that leads to a lowérchndudivity and slow Li mobility in the
electroninvolved reaction. After the 100 charge/discharge cycles, only a small increase in
electroninvolved reaction impedance is observed for Sb@CSN in 4M KTFSI electrolyte,
while a large electromvolved reaction irpedancéncrease is demonstrated in 1M KTFSI
electrolyte. This result can be probably attributed to the formation of robust potassium solid

electrolyte interface (SEI) layer on Sb@CSN in the 4M electrolyte.
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Figure 5.6. Electrochemical performance for Sb@CSN anode: a) cycling performance at

100 mA/g in 1M KTFSI and 4M KTFSI electrolyte (Inset: Lighting electronic candle with

a coin cell in 4M KTFSI electrolyte after 100 cycles); b) charge/discharge curdes)an

its corresponding cycling performance at 200 mA/g in 4M KTFSI electrolyte; d) The 50

charge/discharge curves under various current densities from 50 to 200 mA/g; e) Capacity

comparison of Sb@CSN anode with previous reported anodes in PIBs, thersiumbe

brackets is the cycle numbers, the color code represents the cycling number range: red is
50 cycles, olive is 50 cycles, orange is 50 to 200 cycles, magen0 cycles.

The longterm cycling stability of Sb@CSbBbmposite in 4M KTFSI electrolyte at
a high current density of 200 mA/g was also evaluated. As shown in Figiire,
Sb@CSN at 200 mA/g in 4M KTFSI still provide a high discharge capacity of 626 mAh/g
at 2 cycle, which is very close to its theoreticapacity of 660 mAh/g (correspondita
the formation of KSb). The capacity slightly decreases in the initial 10 cycles and then
stabilizes at 504 mAh/gover 0@ y c | e s . Correspondingly, t

10 cycles and then approaches tooasistent value of 98%. These results manifest a
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reversible alloyingdealloying process between the formation of Sb ag@bkeven at such

a high current density. Rinermore, Figur®.6d displays the chargg i schar ge proy
various current densitiestaf 50 cycles. The charge/discharge capacity only slightly
decreases when increasing the current density from 50, 100 to 200 mA/g, along with a
slight capacity decafrom 589 mAh/g, 566 mAh/g to 530 mAh/g, respectively, which
indicates excellent rate capldly for the unique nanostructured Sb@CSN in 4M KTFSI
electrolyte. Moreover, the voltage plateaus at various current densities show small
differences, indicating ¢y minor electrochemical polarization augment when increasing

to a higher current.

Figure 5.6e andTable 5.1 compared the electrochemical performance of the
Sb@CSN in 4M KTFSI electrolyte with reportedigh battery anodes, including carbon
based anodes, etal alloy anodes, metal oxide (sulfide) anodes. It can be found that the
Sb@CSNcanachiev a hi gh speciyc capacitycyolds 551 n
with a capacity decay of 0.06% per cycle from th& t0100" cycling and 504 mAh/g at
a high curent density of 200 mA/g even after 220 cycles, which are much better than all
reported Kion battery anodes. Such excellent performance should be attributed to (i) the
carbon sphere network which not only acts as the efficient conductive skeletorotad als
the buffering for huge volume expansion of Sb nanoparticle during alloyhadjténg
reaction process, (ii) the small Sb crystallite with an average size of 14 nm which benefits
to decrease Kdiffusion distance, and (iii) the concentrated 4M KTFéctrolyte
employed here which can promote the formation of robust SEI to obtain goosilvéite

for the alloying/dealloying reaction process.
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Figure 5.7. a, b) Atomic percentage concentrations dfedlent elements with increasing
etching time and c, d) corresponding higdsolution F1s XPS spectra for the Sb@CSN
electrode in a, ¢) 1M KTFSI and b, d) 4M KTFSI electrolyte; e) lllustration of the influence
of dilute and concentrated electrolytes on thiamation of SEI layer.

The SEI compositions formed on Sb@CSN electrodes in 4M KTFSI and 1M
KTFSI electrolytes were analyzed usinga§ photoelectron spectroscopy (XPS) coupled
with Ar* etching technique. Asetnonstrated ifigure 5.7a and b, the signaf Sb element
at the etching time demonstrated that the SEI in 4M KTFSI electrolyte is thinner than that
in 1M KTFSI electrolyte Table 5.2). Moreover, the SEI layer formed in 4M KTFSI
electrolyte delivers an obviously lower C at.% and higher F at.%tHarformed in the
1M KTFSI electrolyte, indicating that-fch and inorganidominated SEI layer is
preferred to be formed in the 4M contraed electrolyte!® Figure5.7c and d show the
high resolution F1s XPS spectra for the electrode surface in 1M KTFSI and 4M KTFSI
electrolyte, respectively. Two nmasignal peaks centered at 685.0 and 688.1 eV in the both
electrolytes are assigned tdFbonds and FC bonds, respectivel§®° It can be found that
at the outside surface (corresponding to etching time of 0 s) of Sb@CSN electrode in 1M
KTFSI ekectrolyte, 69.20 at.% of F element exists as orgari bonds, suggesting an

organic property of this surface. With the incregstching time, the content of&bonds
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decreases gradually to 16.81 at. %, indicating the changes of SEI compositiorngfaoin or
sublayer to organimorganic hybrid sublayer. By contrast, the content-f Bonds in the

SEI layer formed in 4M KTFSI ettrolyte is distinctly lower than that formed in 1M
KTFESI electrolyte at all the etching times, resulting tola #ominated bnding property

for the F element in the SEI layer. These results suggest a more inorganic SEI layer with
abundant KF phase wasrined in the concentrated 4M KTFSI electrolyte, well consistent
with the previous report®! The high concentrated KTFSI electrolytencaeaken the
solvent reduction and lead the reduction of KTFSI to mainly induce the formation-of KF
rich SEI.

As demonstrated in Figuf7e, during the formation of SEI layer,” KTFSI and
solvent molecules should first reach to the electrode/elearofygrface and then react
irreversibly. |l t6s much easier f orionshe con
with abundant F element to reach the interface and then participate the SEI formation
reaction in a faster kinetic way than in the 1M thlli electrolyte. Accompanied by the
condition of concentrateda denser and thinner Kieh SEI layer was gferred to be
formed in 4M KTFSI electrolyte. Such a robust-Ki€h SEI layer can not only protect the
active materials from further reacting tvithe electrolyte, but also accommodate the
volume change of Sb@CSN, thus leading to excelleastakage perfanance for such a
material. In addition, the high concentrated KTFSI also reduce the solubility of KF in
electrolyte, further stabilizing the Kfich SEI for excellent longerm cycling property.

The high concentrated electrolyte can also reduce the flaititjnatihe
flammability of electrolytes was evaluated by soaking a piece of glass fiber membrane with

0.5 mL electrolyte and then immediately itymg it with butane lighter, as illustrated in

118



Figure 5.16. The flame for the 4M KTFSI electrolyte is mustmaller and darker than that

of the dilute electrolyte and the same concentrated 4M KE@l€ctrolyte. After the
combustion, the glass fiber in 4MIKSI electrolyte is black due to the fire retardation and
incomplete combustion resulting from the stabld amgh concentrated KTFSI salt. By
contrast, it is white for the dilute electrolyte, indicating the complete combustion of the
electrolyte. For thdM KCIO4 electrolyte, an obvious explosion can be observed due to
the strong oxidization property of KCiOTherefore, the high concentrated 4M KTSFI
electrolyte is suitable for highly secubatteries with less firgeverity and lower fire

catching propsdtes.

119



5.4.Conclusiors

In summary, Sbh@CSN composite anode with ewvdigjributed and small Sb
nanopartites confined in carbon sphere network has been successfully prepareibior K
battery anode via unique electrospessgisted strategy. Sb@CSN anote the
concentrated 4M KTFSI electrolyte shows a high reversible capacity of 551 mAh/g at 100
mA/g over 10Qcycles with a capacity decay of 0.06% per cycle from tH&taaL0od"
cycling and 504 mAfy after 220 cycles even at a high current density oh2Q@. It also
shows excellent rate performance by providing 589 mAh/g at 50 mA/g and 530 mAh/g at
200 mA/g. Such a unigue material in this concentrated electrolyte demonstrates one of the
best capeity performances among all-ién battery anode material$hese excellent K
storage performances should be ascribed to the formation of stable and rolbiast 8l
layer along with the novel nanostructure of Sb nanoparticles uniformly encapsulated into
the conductive carbon network. These discoveries praallable guidance for rationally
developing advanced alldyased electrode materials for higarformance PIBs

applications.
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5.5. Supporting Information
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Figure 5.8. a) Oxygerantimony binary phase diagn?®%; b-c) TEM images of Sb
nanoparticles in associated carbon sphere network.
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Figure 5.9. a) Potassiurantimony binary phase diagram; b) SEM image aril the
corresponding EB elemental mapping of Sb@CSN electrode at discharg#forgltage
of 0.01 V in 4M KTFSI electrolyte.
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Figure 5.10. Charge/discharge curves for CSN material a) in 4M KTFSI electrolyte with
different curret densities, b) in different electrolytes.

122



2.0

Potential vs. K/IK* (V)

4M KTFSI
@ 50mA/g
@ 1st

0

Figure5.11L 1%c har ge/ di scharge

300 600 900 1200 1500
Capacity (mAh/g)

vol tage

4M KTFESI electrolyte.

@100 mA/g

= 2nd

¥

2

g 1

E I |

g 1

g ! !

1 I
0 200 400 800 0 600 T1200 1800 2400 3000

b ) Capacity (mAh/g) I Capacity (mAh/g) !

S 06 1 1

e @100 mA/g @100 mA/g 1 I

© 0.3

g 1st 2nd ! 3rd ! 4th

2 0.0 _i____""“ﬂ'“‘mﬂ'"wf 3 — ( — a—— ___E_H_ ___I;_-E‘_'E_ g p——

T-0.3 Yy N

= ' '

£.06

& 0 200 400 600 0 600 1200 1800 2400 3000

Capacity (mAh/g) Capacity (mAh/g)

Figure 5.12. a) four successive GITT curves after 10 activation cycles; b) the potential
difference curves forhe successive GITT curves in 4M KTFSI electrolyte (Potential

difference= rest end potenttatest initial potential).
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Figure 5.13. Electrochemical performance in 1M K&€lectrolyte: a) charge/discharge
curves for CSN material; charge/discharge curves for Sbh@CSN anode at b) 2nd and c) 50th
cycling; d) its corresponding cycling performance.
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Figure 5.14. a, b) Crystal structures of a) Sb (space group: R86)]land b) KSb (space
group: P63/mmc[194]); c, d) SEM images of c) fresh prepared Sb@CSN and d) cycled
Sb@CSN; e, f) TEM images of cycled Sbh@CSN.
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Figure 5.15. EIS curves before and after 100 cyclingl@® mA/g in a) 1M KTFSI and b)
4M KTFSI electrolyte.
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Table 5.1. A comparison summary of potassium starggrformances for the most
common anodes materials in the previous reports.

Samples Current density Cycle Capacity Reference
(mA/g) number (mAh/qg)

Graphene 100 10 280 202
Sn/C 150 15 25 171
Sb@C 200 15 461 203
Sn/C 25 30 150 204
Graphite 28 50 244 168
Graphite 140 50 139 167
Soft C 228 50 222 167
Graphene 50 50 474 205
BI/RGO 50 50 290 204
SnuPs/C 50 50 307 206
Sb/C 35 50 250 179
Shb/C 50 50 470 204
C030s-Fex0Os3 50 50 220 207
K2TigO17 20 50 110 208
Sb@RGO 100 60 368 209
Hard C 28 100 216 210
Bi microparticle 400 100 392 211

Sb@CSN 100 100 551 This work
RGO 10 175 150 169
Hard-soft C 56 200 186 212
Mo, 20 200 65 213

Sb@CSN 200 220 504 This work
MoSe/C 100 300 258 214
CNFs 279 1900 170 215
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Table 5.2. Atomic percentage concentraris of different elements with increasing
etching time for the SEI layers on Sbh@C&Ectrode formed in 1M KTFSI and 4M
KTFSI electrolytes.

Electrolytes Etching C(at.%) K(at.%) F(at.%) S(at.%) N(at.%) O(a.%) Sb(at.%)

times
Os 14.3 64.2 1.47 0.21 0 19.8 0
150s 10.5 71.3 1.67 0.18 0 16.3 0
iM
KTFSI 300s 8.71 75.3 1.84 0.15 0 13.9 0
900s 9.62 75.3 1.55 0.14 0.05 13.2 0.11
1800s 10.5 74.4 1.44 0.1 0.25 13 0.36
3600s 11 73.5 1.32 0.11 0.39 13 0.81
Os 8.67 65.99 1.89 1.86 0.95 20.63 0
150s 6.18 72.44 2.69 1.67 0.41 16.6 0
4M
KTFSI 300s 5.93 73.19 2.98 1.63 0.3 15.97 0
900s 6.13 74.43 3.39 1.42 0.33 14.12 0.18
1800s 7.56 74.22 3.02 1.13 0.36 13.18 0.53
3600s 10.72 72.18 2.41 0.92 0.43 12.4 0.92
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Figure 5.16. Ignition and combustion experiments for different electrolytes used in PIBs.
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Chapter 6: Aerosol synthesis of high entropy allognoparticles

Abstract: Homogeneously mixing multiple atal elements within a single particle
may dfer new material property functionalities. High entropy alloys (HEA), nominally
defined as structures containing 5 or more \weked metal elements, are being explored
at the naoscale, but scaleup to enahteeir industrial application is an extremely
challenging problem. Heréreport an aerosol droptetediated technique toward scalable
synthesis of high entropy alloy nanoparticles with atelenel mixing of immiscible metal
elements. An aqueous solutiof metal salts is nebulized to generate i 1aerosol
droplets, which when subjected to fast heating/quenching, result in decomposition of the
precursors and freeziig of the zerevalent metal atoms. Atomievel resolutio
scanningransmission electron microscopy (STEM) coupled with energedisge X-ray
spectroscopy (EDS) analysis reveals that all metal elements in the nanoparticles are
homogeneously mixed at the atomic levebelieve this approach offers a faciledan
flexible aerosol droplemediated synthesis technique that will ultimatehable bulk

processing starting from a particulate HEA.

$ The results represent in this chapter have Isesamitted to a peeeviewjournal and are under review:
Yong Yang, Boao Song, Xiang Ke, Feiyu Xu, KiagsBozhilov, Liangbing Hu, Reza Shahbazigassar,
Michael R. Zachariah, Aerosol Synthesis of High Entropy Alloy Nanopart2089, under review
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6.1. Introduction

Combining multiple metals into one single particle at nanoscale enables the
formation of multicompondnmetal nanoparticles with unique physical and chemical
propertie® The eleatonic interactions between different metal components, make them
potentially promising materials for a broad range of applications in the fields of catalysis,
plasmonics, nanomedicine, and electrofifcAmong all the multicomponent metallic
nanostructures investigated, the attention on high entropy alloy nanoparticles have been
growing dramatically. High entropy alloys represent such nanostructures, defined as five
or more wellmixed metal elements near equimolar ratid§ The maximized interactions
between different metatoms leads to the formation of the unique architectures with a
high configurational entropy of mixing, resulting in advanced properties, including high
mechanical strengthst high temperature, high wosion resistance, and high oxidation
resistance, anmy others?®

To date, the primary techniga used to produce multicooment metal
nanoparticles, either in an alloyed or phaeparated state, are watemistry based
approaches, including bulk solution synth&sis microfluidic nmethod?, and
microemulsio®?. However, forming miallic nanostructures ctaining more than three
metal elements using traditianwetchemistry approaches becomes challenging due to the
increasing difficulty arising from balancing diverse reduction kinetics of different metal
precursors. This often rd&siin siteselective nuleation of each metal and the formation
of nanopartias with components and structures varying from particle to particle. In order
to address this issue, a s#gecific lithographybased synthesis technique has been

recently repded to fabricate multiamponent metal nanoparticles containing five metal
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elenents by confining the corresponding metal precursors in a small reaction volume on a
desired site followed by hydrogen reduction procedures at elevated tempefatures.
Although this techmjue has greatly expanded the composition and strudiveesities of
multicomponent metal nanoparticles, phasparated nanostructures were always
generated when incompatible metal elements (like Cu and Co) were used. The reason is
that the slow heatingnd slow quenching applied in the hydrogen reductrooguures in
this technigue caused muttomponent nanoparticles to reach their thermodynamically
favorable phaseeparation state. Alternatively, melting processing has been gedeio
create bulksize multicomponent alloys with uniformly mixed metabm@ats- high entropy
alloy, via melting and quenching physically mixed multiple mefaldowever, a recent
study on atomic distributions of AICoCrCuFeNi alloy generated via the melting
technique reveals that Cu rich precipitates were formed in the fiodligt’> Furthermore,
although melt processing has been successful in the synthesis of bulk high entropy alloys
as structural materials, generating hégitropy alloys atte nanoscale is extremely difficult
with this technige.

Recentlya carbothermal shock (CTS) technigwas developedo incorporate
multiple immiscible metal elements into a single nanoparifckhis technique involves
an ultrafast electric heatj step to thermbl decompose carbon matrsupported metal
salt mixtues into liquid metals particles and a subsequent ultrafast quenching step to
produce solid state high entropy alloys nanoparticles containingmietid immiscible
metal elements. Witkhis technique| wasable to alloy up to eight metal elements into
single-phase soligsolution nanoparticles uniformly dispersed on carbon supports.

Although | have demonstrated the advantage of the technique over size and composition
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control on high entropy alloys nanapele synthesis, this joule heating assisted thermal
shock technique is limited to electrically conductive matrices and is not suitable for large
scale production of high entropy alloy nanoparticles.

Building on thatwork however,| provide an aerosol dplet mediated approach
towards scalable synthesistofih entropy alloy nanoparticles with atorkéwel mixing of
immiscible metal elements. Rather than-gepositing metal salt mixture precursors onto
a carbon supptrl nebulize the precursors into asol droplets with a diameter less than
1 & m, aoy d fast Imeptihg and fast quenching treatment. As such each droplet
contains precursors and operates as a nanoreactor, with very low thermal mass to enable
rapid hating/cooling and small length scales ensure no thermal and mass transfer
gradients witin the particle enabling one to produce a single high entropy alloy
nanoparticlel demonstrate aerosaolediated formation of fivelement high entropy alloy
nanopaticle containing Ni, Co, Cu, Fe, ARd, chosen as example elements because of
their appli@ations in a broad range of fields including catalysis, magnetics, electronics.
Atomic-level resolutiorscanningransmission electron microscopy (STEM) coupled with
energy dispersive Xay spectroscopYEDS) analysis reveals that all metal elements
(contaning incompatible metals like Co and Cu) in the nanopatrticles are mixed together
on an atomic level. The advantages of using aerosol droplets mediated technitjuallare:
metal salts are preonfinedinto small droplets enabling incorporating differerdtals in
same particles upon the heating and quenching process; 2) the small mass and volume
nature of the aerosol droplets enables fast heating and fast cooliie), is/ftrucially
important to achievkinetic control over the thermodynamic mixing reginaesl creation

of high entropy alloy nanopatrticles; 3) metal salt ratios in the aerosol droplets reflect metal
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ratios in the precursor solution so that componentantposition of final products can be
tubed by simply adjusting the type and ratio of metdts in the precursor solution; 4)

since this technique is a continuous process, seafngill be greatly simplified.
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6.2. Experimental section

Materials. Nickel nitrate hexahydrate.(E/ J3p( /', O099% pure),
nitrate hexahydrate#(1./  2p( /, O99% pure), ir&A/nidtrate
o /, O099% pure), cod@er W(i/tr OO O Wt puhpdranec
hexahydrate (E/ Jp( /, ©99% pure), Maklll a@pbey chl or
chloroplatinic acid ( 0 ®1, 99%) were all purchased from Sigildrich. All the
chemicals were used as received.

Precursor preparation. The precursor solution was prepared by dissolving
equimolar amount of metal salts into D.I. water. Ta&l concentration of the metal salts
in the solutions was 0.02M.

Aerosol droplet mediated synthesis techniqueHdEAs were synthesized using
onestep aerosol spray pyrolysis technique. A schematibeof¢rosol reactor including
details of the geometrylow rates, operation pressure, temperature profiles can be found
in Figure 6.5. The experiment consists of a Collison nebulizer (BGI Inc.), a silica dryer, a
silica tubular reactor heated by two condsintube furnace, and a membrane filter
(Millipore, matrial: polycarbonate, pore size: 0.4 um). In a typical experiment, the
preparedprecursor solution was loaded into the atomizer and was nebulized into small
aerosol droplets using 10% H2/90% Ar mixtwas with a pressure of 30 psi . These
droplets carriedby the mixture gas were first passing through the silica dryer, where the
wate solvent evaporated from the droplets. Following the water solvent removal, the
resulting dry aerosol particles moved intee hightemperature tubular furnace reactor
(diamete: 2 cm; heating length: 60 cm, set temperature: 1100 °C) where the fasgheatin

led to the rapid decomposition and reduction of the metal salts to metals, and the subsequent
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fast cooling resulted to #HEA formation. The products were collected with ambeane

filter collector, which was blew with cooling air to achieve fast quengcbf the product.

The aerosol flow rate was ~3 L/min, which was measured at the end of the sample collector.
Thus, basedn the geometry of the aerosol reactor and the gas rthte, the calculated
residence time of the droplets in the high temperataetor was about 3 s.

Finite element simulation of temperature profile of the gas flow in the tubular
reactor: In order b estimate the temperature profiles of the aerosoflgasin the tubular
reactor, a finiteelement simulation of the aerosol syrgisgprocess was implemented using
COMSOL Multiphysics software. The model including the tubular reactor and sample
collecta with the aerosol flow were constructddassumed @t the temperature on the
surface of the tubular reactor in the heating zoaegth: 60 cm) was 1100 °C and the
sample collector cooled with the cold air remained a temperature of 25 °C on its surface.
With a gas flow rate of 3 [pm. The calculated Régmumber was ~30.expect the flow
to be laminar, thus neisothermal laminaflow module in the software was used for the
model.

Characterization. The morphology, microstructure, and compositiothef HEA
nanoparticles were examined by SEM, TEM, STEHWS and XRD. SEM images were
taken with a NS450 scanning electron microscdpmaacceleration voltage of 18 kV. A
JEOL ARM-200CF was used to image HEA nanoparticles deposited on lacey carbon Mo
grid. High angle annular dark field (HAADF) and annulamgbtifield (ABF) images were
acquired by a spherical aberration corrected JHEM-ARM 200CF STEM with a cold
field emission gun operating at 200 kV, with 22 mrad convergence angle. Images were

taken usigan Orius CCD camera with 512 x 512 scanning resmliuEnergy dispersive
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X-ray Spectroscopy (EDS) analyzes and elemental mapyeng obtained in the STEM
mode (ThermoFisher Scientific Titan Themis 300 instrument, fitted WiHE® electron
source, 3lens condenser system andT®in objective lens) at 3D kV, utilizing
ThermoFisher Scientific SuperX system equipped with 4x3®mmmdowless SDD
detectors symmetrically surrounding the specimen with a total collection angle of 0.7 srad,
by scanning seléed area from the specimens. Elemental mapping byiqdothe net X

ray counts was performed with an electron beam probe curr&0gbA at 1024 x1024
frame resolution, dwell time of 30 psec/pixel and scanning multiple frames resulting in
effective tothacquisition time between 3 to 10 mins. EDS specaeewextracted from the
elemental maps as well as by direct spectra acquiditton selected areas. Elemental
concentrations were calculated using the @ldfimer ratio techniquéusing calculated
k-factors, which have been verifiedperimentally to incorporate an error of less than £3%
by analyzing standard specimens with known composition of, SIG, TiG and NiO and
coarrecting for absorption. The minimum error in detamimg the elemental concentrations

in the studied specimetis estimated from the statistical uncertainty in measuring the X
ray peak intensities which was less than 5% relative. The EDS spectra agteequgantify

the composition of the HEA particlespisited on lacey carbon Au grid. The XRD analysis
was perfomed on the nanopatrticles collected on the membrane filter. The size distribution
of HEA particles was analyzed using dynamic mobility analy@&l, model 3081)
coupled with a condensation paréictounter (TSI, model 3776) dine size analysis

system (DMA-CPC).
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6.3. Results and discussion
6.3.1.Methodology

Figure 6.1a exhibits a schematic of aerosol droptetdiated approach toward
scalabé synthesis of high entropy alloy nanoparticles. Hegamthesis of NiCoCuFePt
HEA nanoparticles is chosen to investigate synthssigture relationship. A detailed
description intuding the reactor design and the operation parameters can be found in
Experimental Section and ifigure 6.5. In a typical expement, the precursor solution
containing five types of metal salts with equal molar ratios mixed in D.l. water was
nebulized @ create aerosol droplets using a collisigpe atomizer. The nebulizedrasol
droplets, carried by a 10%0%Ar gas mixturewere passed through a silica dryer for
water solvent removal, and the resulting dried aerosol particles composed of five mixed
metal salt species were carried through a {éghperature reaction zonel@ 00 °C) in
which a rapid temperature increase (tha@rshock) triggers rapid thermal decomposition
and hydrogen reduction of the metal salts to metal, leading to the formatigh ehitropy
alloy nanoparticles upon fast quenching. Particles exitingethetor were collected on a
membrane filter collectorThe calculated residence time of the aerosol particles in the
heating zone based on the geometry of the reactor and theaflove mbout 3 s.

Figure6.1b shows the elemental distributions withinirgie NiCoCuFePt HEA
nanoparticle with a ~60 nm diameet| observe that Ni, Co, Cu, Fe, Pt elements are
uniformly distributed in the nanoparticle and all five elements shown imtked EDS
map are overlapped with each other, suggesting that HEA naictgsavtere successfully
synthesized using the aerodobpletmediated approach.-Kay Diffraction pattern (XRD)

(Figure 6.6) on the bulk samples suggests that the synthesized@athave a singlphase
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structure without phase separation. This obseyuasi further corroborated by the EDS
datafigure 6.7) which indicates the main phase of the particle is metallic containing all
five metals (Ni, Co, Cu, Fe, Pt) withegligible oxygen content. The quantitative EDS
analysis reveals that the compositiorited HEA nanoparticle has deviated from the ideal
compgsition with all five metals having a 20% atomic percentage. The atomic ratios in the
synthesized nanoparticleseat9.16 % for Ni, 19.19 % for Co, 11.45 % for Cu, 24.59 %
for Fe, 25.60 % for Pt. In pactlar, the percentage of Cu element is relatively low
compared with the other metal elements in the nanoparticle. Similar result has also been
observed on the high ®opy alloy nanoparticles synthesized with the previously
mentioned carbothermal shockpapach® The possible reason is the differences in vapor
pressure between the various metals, with Cu having the highest vapor prdsgume (

6.8). However, in our previous sty, | employed a precursor compensation approach to
balance the atomic ratio of volatiteetals, (i.e. add more of one component) which is a
commonly used strategy when volatile metals are involved in the syntffesis.

The size of the dried aerosol particles contgjmmultiple metal salts after water
solvent removal was measured-thie-fly with a differential mobility analyzer (DMA)
coupled with condengsan particle counter (CPC). The operation principles can be found
in our previous publicatio®. The result shown ifrigure 6.9 indicates that the aerosol
distribution has an average size of 92.0 nm with a 1.77 geometric standatbdeVhe
extremely small mass and volume of aerogaiticles enables fast heating and fast
guenching, which is crucially important to achieve kimeontrol over the thermodynamic
mixing regimes and creation of high entropy alloy nanoparticles. A sihgat transfer

calculation indicates that a cold pele¢ (25 °C) with a diameter of 200 nm can reach the

138



ambient in a few nanoseconds once intredudénto high temperature environment
(1100 °C), and vice vergd® Therefore, the aerosol particles were always at the local gas
temperature, anthe heating and cooling rates of the aerosol droplets became the heating
and cooling rates of the aerogals flow in the tubular reactor. In order to estimte
temperature profiles of the gas flow in the tubular reactor, a-&tetiment simulation of

the aerosol synthesis process was implemented using COMSOL Multiphysics software,
and the resultRigure 6.10) suggests that the heating and cooling ratekeflow were

about 16 K/s and 16 K/s, respectively, demonstrating the excellent fasting hgati

fast cooling nature of the aerosol process compared to the bulk batch reactors. In particular,
the extremely high cooling rate is comparable to the capliate demonstrated in our
carbon thermal shock work. The reason why such a high cooling ratecheved is that

once the highiemperature gas flow moved out of the heating zone, it was effectively

querched by the cold stainlesseel collector with a tatively large inner surface area.
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y

fast heating/quenching  high entropy alloy nanoparticles

Figure 6.1. Aerosol dropletmediated technique for scalable synthesis of high entropy
alloy nanoparticles: a) schertia of the evolution of aerosol droplets during thghhi
temperature treatment; b) EDS mappings for a single high pytatioy nanopatrticle.

6.3.2.Microstructure and composition analysis
Figure 6.2a and6.2b show the morphology of the HEA nanoparticéeamined
using SEM and high angle annular dark fieltEM (HAADF-STEM), respectively. The
SEM image and the corresponding tavagnification HAADFSTEM image show these
particles have a spherical morphologhelsize distribution of the nanoparticles meadur
by DMA-CPC online size analysis system is showrFigure6.2c. The result shows that
the nanopatrticles have a number average diameter of ~ 58.6 nm, which is smaller than the

average size (92 nm) of aeobparticles before the heat treatment. The ekserof particle
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size is due to shrinking and densdiion of the aerosol nanoreactors caused by thermal
decomposition and hydrogen reduction of metal salts to metals. However, the generated
HEA nanoparticle have geometric standard deviation of 1.88h8li larger than that of

the corresponding metal saktrosol particles without heat treatment. One possible reason

is that gas byproducts released from the thermal decomposition and hydrogen reduction of
the onthe-fly aerosol particles were trapped reaerosol particles, causing the formation

of voids n the nanopatrticles, widening the size distribution of the final HEA particles. The
presence of the void microstructure in the nanoparticles is obserttegl¢ollected STEM
images, which is shown frigure 6.11.

The microstructure of HEA nanoparticlessaanalyzed using atomgcale STEM.
Figure6.2d and6.2e display a HAADFSTEM image and a corresponding annular bright
field STEM (ABRSTEM) image of a HE nanoparticle to be investigated. In order to
examine how all five metal atoms (Ni, Co, Cu, Fe, Ptx mith each other in the single
HEA nanopatrticle, atomiscale HAADFSTEM was performed on the red squares labeled
regions of the corresponding HEA naadicle. The results shown in Figusf and6.2h
indicate that the nanoparticle has a crystallingcstire with some atomic planes distortions.
The atomic plane distortion might be attributed to difference between radii (ranging from
123 to 138 pm) ofhte five different metal atoms usetiaple 6.1). The formation of the
crystalline structure also indies that the crystallization process was relatively fast
compared to the residence time of the aerosol particles. Moreover, As shown irbE2gure
the fast Fourier transform (FFT) analysis recor@¢mhg <100> zone axis shows six
diffraction spots renderg two dspacings of 1.98 and 1.33 A, belonging to two lattice

planes(200) and(220), respectively, suggesting that the HEA nanopatrticle is compatible
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with FCC crystalline structure. This obsereatis in accordance with the XRD data shown
in Figure 6.6, and is also consistent with the result obtained for the high entropy alloy
nanoparticles fabricated using the carbothermal shock technique reported in our previous
study?3®

Note that thefive-element high entrgp alloy nanoparticles investigated here
contains foumetal elements with similar atomic masses (Ni, Co, Cu, Fe) and one element
with relatively large atomic mass (Pl)able 6.2). Typically, atoms having a large atomic
mass have lger interaction crossedion and result in higher brightness inc@ntrast
STEM image. As shown in Figuré2f and6.2i, there are a lot of bright dots randomly
distributed in the matrix. These bright dots could be attributed to Pt atoms in the high
entropy alloy nanoparticleThe uniform distribution of Pt atoms reflects the aiiavel
mixing of the metal elements in the nanoparticle. This result suggests that Pt atoms did not
cluster together leading to phase separation but instead, they remain nieitlype
randomly with fair other types of metal atoms in the HEA nanopartidigsng the high

temperature treatment.
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Figure 6.2. Morphology and microstructure of HEA nanopatrticles: a) SEM image of high
entropy alloy nanoparticke b) low-magnification HAADFSTEM image of high entpy

alloy nanoparticles; c) size distribution of high entropy alloy nanoparticles measured by
DMA-CPC online size analysis system:eJ HAADF and annular bright field (ABF)
STEM for a single high entrgmlloy nanopatrticle; f, h, and i) atomic STEM of thigh
entropy alloy nanoparticle; g) FFT analysis on high entropy alloy nanoparticle.

Since it is difficult to distinguish Ni, Co, Cu, Fe atoms in the atesoale STEM
images as shown abovemeasurdghe atomic ratios for the five atoms at various areas
(Figure 6.3a) of the same nanoparticles using the data collected by EDS mappingsanalys
so as to further investigate how different types of atoms mix in the single nanopatrticle. The
result shown in Figre 6.3b indicates that for all the nine regions examai, the atomic
percentage of each element is similar with that of the same elentéetwhole particle
(19.16 % for Ni, 19.19 % for Co, 11.45 % for Cu, 24.59 % for Fe, 25.60% for Pt),
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confirming thecompositional uniformity throughout the whole nanodet Furthermore,

| also investigated how particle size affects elemental compositieach particle. One
example of EDS mapping data containing multiple particles with different sizes is
exhibited n Figure 6.12. | measured the elemental composititorseach particle with the
corresponding size and the results are plotted in the F&f8ce The calculated average
elemental composition is listed as follows: Ni: 20.55%+1.65%; Co: 22.53%+2.01%; Cu:
11.93%+3.04%; Fe23.54%+2.63%; Pt: 21.45%+2.29%. Thesult demonstrates that the
compositional variation (< ~3.00%) of the atomic percentage of each element for different
particles are very small, indicating particle size does not affect the atoroginmatifferent
particles. This ~3% compositional vations of the HEA nanoparticles synthesized here is
much better than the compositional uniformity of our previously reported carbothermal
shock technique (1096)and lithographybased technique (509%) The compositional
uniformity of HEA nanoparticles enperated here might be attributed to the small
confinement volume and the homogeneous nature of thermal field all particle experience,
unlike bulk processing which may have significant thermal gradi€ussidering that
physical and chemical properties BEEA nanopatrticles are greatly affected by their
elemental compositions, the HEA nanoparticles with such small variations synthesized by

our aerosol technique demonstrates great potential for a bragedabapplications.
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Figure 6.3. Composition analysis of HEA nanoparticles: a) HAADF EDS image of high
entropy alloy nanoparticle; b) atomic percentages for five elements at different regions of
the HEAnanoparticle in a; c) statistical distributions for @mic percentages of each
elements for nanoparticles with different diameters.

6.3.3.Generality of the aerosol technique.

| demonstrate that aerosol assisted process technique is a generic appragtch tow
synthesis of high entropy alloy nanoparticles. dfdrinvestigate synthesis of HEA
nanoparticles with various combinations of elements including Fe, Co, Ni, Cu, Pd, Pt.
Table 6.2 showshe standard reduction potentials for all the metal ions usédsistudy.

Since most of metal element investigatedthis study have relatively low standard
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potentials, thermal heating is required to reduce metal salt precursors by hygasgen
Hydrogen reduction of metal nitrate precursors in our experiment oaritten as:

0 00 ¢cOO () OO W gouwu
The conversion of metal salt precursor to metallic particles contains two steps: diffusion of
hydrogen molecules into the aesbgarticles and reduction of metal salt precursors by
hydrogenmolecules.Since the residence time of the particles in the -téghperature
reaction zone is extremely fast (~1lggxamine if both the diffusion of hydrogen molecules
and the hydrogen retians are kinetically favorable. Previous study has shown that
hydrogen magcules can diffuse through the interstitials in metals. The diffusion coefficient
of hydrogen interstitials in FCC Fe metal is D~7Xb@/s at room temperature (25 *€)
which yields a chaweristic difusion length of ~2 x 10nm (cf=6Dt)!* for hydrogen
diffusion within 1 s. Since the diameter of the particles $«hd) is much smaller than the
characteristic diffusion distance of hydrogen molecules, and the diffusion process
considered isat higher tenperature (1100 °C), the diffusion of drpgen is not a rate
limiting step. Previous slow heating experiments have reported that most of the metal salt
precursor can be reduced to metals at temperatures ranging fref5@0C€2'8 Among
all the metal salt precursors investigated in this study, iron is the most reactive metal and
has the lowest standard reduction potential. Althduggnnot find the kinetic paraaters
for meal salt reduction, researchers have idhe reduction of iron oxide powers by
hydrogen at elevated temperatut€sThe reductiorof metal sal precursor was estimated
based on this gtdy. Assume the reduction of metal salt precursor particles following a
shrink core model with a reaction kinetics described by the equationp | 7

"Q"Yo, whereg is the conversionQ"Y is the reaction rate at a reaction temperatufe T.
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The complete conversion tinfier iron nitrate is less than 0.04 s at a reaction temperature
of 1100 °C, which is much faster than our residence time. Hence, elevated temperature
fastens the kinetics of the hydrogen reduction of metal salt precursors a@dsethe
completion of the @anversion of metal salt to metallic phase in less than one second.
Figure 4a shows the miscibility between binary elemental combinations, the data
obtained from ASM alloy phase diagram database. The result suggests, foresxhatpl
Cu prefers to separmwith Fe, Co, or Ni thermodynamically.is shown that the aerosol
assisted processing technique enables the uniform mixing of different elements via
kinetically controlled synthesis even through these elements are not enixabl
thermodynamically. In thisstudy, | have successfully synthesized FeCoNiCuPt,
FeCoNiPdPt, and FeCoNiCuPd high entropy alloy nanoparticles. The elemental
distributions for each type of high entropy alloy nanoparticles are investigated using EDS
analysis a shown in Figuré&.4b-d, corfirming the uniform mixing for all elements for

each type of high entropy alloy nanoparticle.
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Figure 6.4. Aerosol processing: a generic approach for high entropy alloy nanopatrticle
synthesis. a) miscibiiit between binary elemental combinations with a 1:1 ratio, data
obtained from ASM Alloy Phase Diagram Database (1 represents the formation of an alloy
or intermetallic, O represents two metals are immiscible.); several types of high entropy
alloy nanopartcles synthesized: b) NiCoFeCuPt, c)NiCoFePdPt, and d)NiCoCuFePd.
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6.4. Conclusiors.

| have demonstrated an aerosol droptetiated technique toward sdaka synthesis of

high entropy alloy nanoparticles with atorkéwel mixing of immiscible metal elemés.

The aqueous solution containing desired different metal salts was nebulized into millions
of aerosol droplets with a diameter of less thah 1 and fat heating and fast quenching
treatment was exerted on thesetbafly droplets with each dropletting as a nanoreactor

to produce a single high entropy alloy nanoparticle. Ateewel STEM study coupled

with EDS analysis reveals that all metal elermentthe nanoparticles are mixed together

on an atomic levell believe this facile and flexible a®sol dropletmediated synthesis
technique advances the field of high entropy alloy nanoparticles and also demonstrates the

potential to transcend fundamem@search to industrial application.
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6.5. Supporting information

Aerosol reactor design anaW# dynamics analysis; XRD pattern of high entropy
alloy nanoparticles; EDS spectrum for high entropy alloy nanopatrticles; Vapor pressures
for different metals; Size distribution of dried aerosol particles containing metal salt
mixtures measured by DMAPC system; Temperature profile of the aerosol gas flow
simulated by COMSOL; HAADF and BF images of NiCoFeCuPt HEA nanoparticles
showing the hollow sphere shape; Physical properties of different metal investigated in this
study; Sandard reduction potentialorf different metals; Estimation on yield and
production rate of the aerosol process.
6.5.1.Aerosol reactor design and flow dynamics analysis.

Figure 6.5 shows a schematic of our aerosol reactor to include details of the
geometry, flow rates, operation pseire, temperature profiles for our reactor system
(Figure 6.5) as suggested by the Reviewer. In particular, the total length of the tubular
reactor (sica tube, inner diameter: 2 cm) is about 70 cm with a 60 cm long zone in the
middle heated by two comird tube furnaces. There was a 5 cm long region on each end
of the tube, which was not heated by heating coils of the furnaces. The temperature of the
furnaces is set to 1100 °C. With a measured gas flow rate of ~3 L/min, the residence time
for aerosol doplets passing through the heating zone was ~3 s.

Based on the aerosol flow rate and the geometry of the tubular réaeioylated Reynold

number forthe aerosol flow in the tubular reactor using the following equation:
YQ — (6.1)
where,” is the density of Ar at 1373 K), is the velocity of the flow in in the tubular reactor,

Ois the diameter of the tubfe,is the viscosity of argon at 1373 K. The calculated Re is
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~30, so oneexpect the flow to be Laimar. Since these particles are small (i.e small Stokes
#) there is no difference between particle velocity and gas flow velocity, so there is no
convective hat transfer term to the particles.

Considering the extremely small size and mass of the dsppleat transfer time
are on the order of microseconds, and thus larger than the characteristic residence or
temperature variation in reactor. Thus, the Ingedind cooling rates of the aerosol droplets
become the heating and cooling rates of the aegasoflow in the tubular reactor. The

particles are thus always at the local gas temperature.

O=4cm

—* i *—Icm
5cm, 60 5cm H
— 50cm — om
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9=2cm

T Membrane filter
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Ar+10%H;
Aerosol droplets

Stainless-steel sample collector:
" Air-cooled,
Metal salt precursor Silica tube Surface temperature: 25 °C

Figure 6.5. Schenatic of the aerosol reactor with detailed geometry and operation
parameters.

6.5.2.XRD Pattern of high entropy alloy nanoparticles

The data was collected using the sample deposited on the membrane filter.
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Figure 6.6. a) XRD patterns of NiCoCuFePt high entropy alloy nanoparticles (data
collected fran the samples containing the polycarbonate membrane filter), polycarbonate
membrane filter, and zerdiffraction Si plate substrate, respealy; b) zoorin XRD
pattern of NiCoCuFePt high entropy alloy nanoparticles.

6.5.3.EDS spectrum to demonstrate tke formation of metallic phase
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Figure 6.7. EDS spectrum for NiCoCuFePt high entropy alloyogarticle.
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6.5.4.Vapor pressure for different metals
The equation used to calculate the vapor pressure of roatldinents, P, can be written
as:

1Tigooa 6 - 631 Ory (6.2)
where A, B, C, D are coefficient constants whichratated to specific metatg’
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Figure 6.8. Vapor pressures of metallic elements in solid state.

6.5.5. Size distribution of dried aerosol particles containing metal &t mixtures

measured by DMA-CPC system.
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Figure 6.9. Size distribution of dried aerosol particles containing metal salt mixtures
measured by DMAPC system. (mobility size: 92.0 nm, total concentration:

2.51848e+006%#/cc)
6.5.6. Temperature profile of the aerosol gas flovsimulated by COMSOL.

In order to estimate the temperature profiles of the aerosol gas flow in the tubular
reactor, a finiteelement simulation of the aerosol synthesis process was implehusitig
COMSOL Multiphysics software. The model including the fabueactor and sample
collector with the aerosol flow were constructe@dssumed that the temperature on the
surface of the tube reactor in the heating zone is 1100 °C, based on prioremeass by
others??! There experimental results showed that the temperature profife iheating
zone was relatively flat and close to the set temperature.

The temperature profile of the gas in the tubular reactor is displayglire 6.10.

The temperature along the cerine of the tube shown iRigure 6.10 indicates that the
heatingrate of the gas along the centerline is 1000 K/s (the calculated travelling velocity
of the gas flow is ~0.2 m/s). The cooling rate is estimated based on the travelling velocity

(-8 m/s) ofthe gas flow in the tubing with a much smaller diameter (0.3srd@ ¢m) and
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a temperature difference between point A and point B (1000 K) with a travel distance of

~4 cm, and renders a value of ~100000 K/s.
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Figure 6.10.. Temperature profiles of the gas flow in theamed reactor simulated with
COMSOL.: a) overall temperature profile of the aerosol reactor, b)temperature profile of
the gas flow in the sample collector, c) temperature profile of thelgasrf the sample
collector in the radial direction; d) temperatiprofile along the centerline of the gas flow.

6.5.7.STEM: hollow structure.

ABF

Figure 6.11. HAADF and ABF images of NiCoFeCuPt HEA nanoparticles showing the
hollow sphere shape.
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6.5.8.EDS maps containingmultiple NiCoFeCuPt HEA nanoparticles with different

sizes.

Figure 6.12 HAADF image and EDS maps containing multiple NiCoFeCuPt HEA
nanoparticles with different sizes.

Table 6.1. Physical properties of different metal investigated in shisly

Metals Atomic weight | Atom radius Crystal Melting point
(pm) structure (K)
Fe 55.8 126 BCC/FCC 1811
Co 58.9 125 HCP 1768
Ni 58.7 124 FCC 1728
Cu 63.5 132++4 FCC 1358
Pd 106.4 137 FCC 1828
Pt 195.1 139 FCC 2041
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