ABSTRACT

CAMPBELL, ZACHARY SCOTT. Metal Oxide Microparticles: From Synthesis to Application
(Under the directioof Dr. Milad Abolhasan.

Metal oxides dueto their broad range of available physicochemical and optoelectronic
propertiesare widely useth numerous applications, includifghoto)xatalysis, electrochemistry,
photovoltaics, and others. The vast spectrum of available band gaps, charge carrier conduction,
substrate and catalyst interactions, ferroelectric and ferromagnetic properties, @S \edl
inherent tunability of many of these properties enabled by matter engineering continues to generate
interest inthe study, synthesis, and applicatiohmetal oxidesDespite the plethora of successful
applications of metal oxides in the field, rhosxisting synthetic techniques suffer from
complications associated with the preparation of morphetmgyrolled microparticulatee(g,

O(100 um)) metal oxide materials with tunable properties. Such morphology tunability combined
with size monodispersitof metal oxide particulates can further accelerate their utilization in the
next generation chemical and energy technologies.

In this thesis, a flow chemistry strategy is presented for facile synthesis of single and mixed
metal oxide microparticulate$he plugandplay capillarybased microfluidic reactor presented
in this work decouples droplet formation from the hydrolysis reaction, by using formamide, a polar
protic solvent. Titania (Tig) is used as a material testbed of the developédwunsynthéic route.
Specifically, we investigate sizenonodispersityand morphological tunabilitpf metal oxide
microparticulates in the flow reactor. We also study the dynamics of thephalse flowformat
inside the microfluidic device and the effects of usting the metal organic precursor
concentration and annealing temperature on the physicochemical properties offltve in
synthesized metal oxide microparticulates. The synthesis ofga@icles is then intensifieda

incorporation of an online photodng technique with the microreactor, enabling in reactor



crosslinking of the sacrificial polymer scaffold utilized to maintain the spherical morphology of
the microparticulates. This development is demonstrated to unlock high precursor loading,
allowing metal organic precursor concentrations up to 50 wt%, an order of magnitude greater than
previously reported, due to almost complete elimination of hydrolysis and relying solely on
precursor oxidation for the formation of Ti@etwork.The effects of precgor composition and
annealing temperature variation on microparticle morphology, specific surface area, crystallinity,
and resulting particle composition are explored in detail.

Following the effective demonstration of the developed flow chemistry stré&aegyrds
the continuous synthesis of Ti@nicroparticles, we explore its generalizability for the synthesis
of other metal oxides while utilizing a much broader range of metal organic precursors beyond the
usual watereactive alkoxides. Thelevelopedflow chemistry platform is then utilized to
synthesize a library of metal oxides from different groups, including a transition metal, post
transition metal, and lanthanide oxide, while capitalizing on the oxidative microparticle synthetic
pathway to enable these of metal organic compounds with ligands ranging frath@ihexanoate
to 2,2,6,6;tetramethyl3,5-heptanedionate. Next, the effect of annealing temperature on the band
gap energy and polymorph composition of thélamv synthesized metal oxide micrapiales is
explored. Furthermore, the applicability of the developed flow synthesis technique towards the
synthesis of more complex targeted mixed oxide systergs ¢xide perovskites) is demonstrated
through the preparation of a lanthanide oxide perite/siwhich exhibit an unusually low phase
transition temperature and comparatively high specific surface area.
Finally, the synthesis of monodisperseflow synthesized carbemiO, composite microparticles
viaa low temperature annealing process anda gpplication in photothermal desorption of carbon

dioxide (CQ) from CQO-saturated aqueous amines is demonstrated. FHewnsynthesized



composite microparticles are loaded into a memblased flow reactor, where the effect of the
irradiance, amine gwentration, and residence time on the.@@ésorption efficiency is studied,
along with comparison with re&orld exposure to solar irradiance. Furthermore, robust
continuous operation of the developed photothermal @&€orption approach over extended
period of time under irradiance by a solar analogue is presented.

The work presented in this thesis demonstrates the effective use of an intensified flow
synthesis approach for the facile generalized synthesis of monodisperse single and mixed metal
oxide-based microparticles. Further opportunities exist towards establishing the groundwork for
the applicatiortailored synthesis of metal oxide microparticles for use in emerging concepts of

decentralized manufacturing of specialty chemicals.
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CHAPTER 1: Introduction
Adapted from:
Z. S. Campbell and M. Abol hasani, AFacil e syn;

andp |l ay mi cr of IReactdn Ghemiskya&Ehgmeesng0a0,5(7), 11981211.

Over the last 2 decades, there has been substantial ggagrenicroparticle synthesis,
particularly hydrogels for biological, biochemical, tissue engineering, and drug delivery
applications!' ” More recently, anhydrous microparticles, including various hydrophobic polymers
and copolymers, aerogels, semicondisst@nd metal oxides, have begun to attract significant
attention for use in numerous applications, such as drug defiveatalyst immobilizatior,
electrochemistry? photovoltaics:* and photocatalysi¥.

Conventionally, anhydrous microparticles hdeen fabricated using various techniques,
including emulsiort? solvothermal/sebel*'® and templating approach&!® These
microparticle synthesis techniques are commonly conducted in batch reactors, which result in
limitations on morphologyif., single available morphology), chemistry, sigeO 2, oe m)
microparticle size dispersity due to poor control over reaction kinetics, mixing, and heat/mass
transfert¥ 22 By comparison, continuous flow synthetic techniques utilizing microfluidic reactors
erable excellent synthesis parameter corftté?, enabling unprecedented manipulation of
microparticle size, composition, and morpholagy.

Mi crofluidic mi croparticle synt hesi s t ech
f o c u $#3Awherdtwo or morémmiscible phases are simultaneously introduced through a
narrow microchannel, forming a wabntrolled continuous emulsion. In the microfluidic flow

focusing configuration, mi crodroplets are for
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strdk ched through a microchannel by an i mmiscib
The continuous phase stretches the dispersed phase into a narrow jet, causing an increase in surface
energy. Next, the dispersed phase fluidic jet becomes unstabteatures, resulting in formation

of spherical microdroplets suspended in the continuous phase. Due to the increased level of control
over emulsion formation in microfluidic reactors, it is possible to generate highly monodisperse
microdroplets with a cefficient of variation (CV= >/, where D> is the average microdroplet

diameter andl is the standard deviation) less than 3%.

Microdroplet formation is usually accompanied by a chemical reaction to generate
microparticles from emulsions formed-low. Such chemical reactionsd(, triggers) include
chemical, thermal, or UV crosslinking in polymeric microparticles, and hydrolysis or UV
crosslinking/oxidation in inorganic microparticle synthesis. Crosslinking or hydrolysis can be
conducted concurrentivith microdroplet formation, but flow synthesis also allows for decoupling
of microdroplet formation and subsequent chemical reactions. Thus it becomes possible to utilize
increasingly complex chemistries and reactive precursors in microfluidic reémtarsntrolled
synthesis of organic and inorganic microparticles.

Microfluidic reactors utilized for microparticle synthesis can be divided into two distinct
types mi cr of abr i cat e-dndpclhaiypdos nmaincdr ofi glawcg or s assemb
tubing, needles, and other commerciadyailable, standardimension components. This
minireview will specifically focus on microparticles synthesized using -plugplay
microreactors. As shown ifrigure 1.1, an exceptional variety of organic and inorganic
microparticles can be synthesized using gmgplay microreactors, including dense and
macroporoussilicone elastomer$3® copolymers’®® aerogels?® titania (Ti0),%%38 and liquid

metals®® Furthermore, due to the unique advantages offered by microfioalesynthesis,
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including enhanced heat and mass transfer, precise parametric control, and the ability to decouple
droplet formation from reaction, a large variety of other unexplored microparticles may also be
synthesized in flow using plugndplay micraeactors. Potential material candidates for controlled

microparticle synthesis include exotic polymers (i.e., variouarti triblock copolymers), metal

Plug-and-Play
Capillary Reactor

Future Directions

* Exotic Polymers
e Other Metal Oxides
* Doped Metal Oxides

* Oxide Perovskites
e Chalcogenide @ Metal Oxides

Figure 1.1. Overview of microparticles that may be synthesized usingahaplay microfluidic
reactas assembled by otheshelf components. Exemplary organic microparticles: sili
elastomers (adapted from Ref. 9 with permission from The Royal Society of Chel
macroporous elastomers (adapted from R&fwith permission from The Royal Society
Chemistry), copolymers (adapted from Ref. 34 with permission from the American Ct
Society), aerogels (adapted from R&.with permission from the American Chemical Socie
Exemplary inorganic microparticles: Ti@ydrolysis (adapted from ReB88 with permissio
from Elsevier), TiQ-Oxidation (adapted from ReB7 with permission from The Royal Soci
of Chemistry), TiQ-Hybrid (adapted from Re86 with permission from the American Chem
Society), liquid metal microspheres (adapted from R@fwith permission from the Americ:
Chemical Society).
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oxides aside from Tig) doped metal oxides, oxide perovskites, and chalcogenides immobilized in
TiO2, among others.
1.1 Microfabricated Chips vs Plug-and-Play Microreactors

Microfabricated chips and pluegndplay microreactors assembled using commercially
available components each possess inherent advantages and disadvantages, though both may be
used h microparticle synthesi:*°The primary difference between the two types of microreactors
lies in the methods utilized for their fabrication, which are also responsible for their respective
strengths and weaknesses. Microfabricated chips may be adadtftom a variety of substrate
materials, including glass, silicon, silicone elastomers, stainless steel, and thermoplastics, and are
typically fabricated using lithography and etching techniques. However, microfabrication
techniques require expensiveesjalized equipmente(g, clean room, mask aligner, anodic
bonder) and hazardous chemicasy( hydrofluoric acid, hydrogen peroxide, Piranha solution),
making microreactor fabrication inaccessible to many academic and industrial research
laboratoriesFurthermore, microfabrication is time consuming, as slow etching rates may require
hours or days to construct a single microreactor. Microfabricated flow reactors may also be
purchased from companies which specialize in microfabrication, but tend todresiepat a cost
of approximately $200 per microreactor with standard dimensions and configurations.

By comparison, plugndplay microreactors may be fabricated using onlytbéshelf,
commercially available components, including glass capillariegmmltubing, polymer or metal
junctions, and needles. As they utilize readily available componentsapthglay flow synthesis
reactors are typically inexpensive, constituting a fraction of the cost of a microfabricated reactor,
and often do not requitke use of specialized equipment and hazardous chemicals. Furthermore,

many plugandplay microreactors may be constructed in 30 min or less using easily accessible,
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often reusable components. While facile fabrication and the use of inexpensive, contyrercial
available components represent the greatest strengths e&mdkmlay microreactors, they also
present their own challenges, as the greatest disadvantage is the comparative lack of precision and
repeatability inherent to microfabricated reactors. Alforecent efforts have demonstrated plug
andplay flow reactor fabrication with greater repeatabittythey are still less precise than
microfabricated reactors.

There are several distinct varieties of plmpplay microreactors utilized to generate
emulsions for controlled Hilow microparticle synthesis, each using some combination of
commerciallyavailable components and facile construction. CapHlayed microreactors
constitute the first category of pkandplay microfluidic reactors, consisgnof one or more
internal capillaries sheathed by a larger external capillary. Taiebcapillary orientation forms
an annulus, through which continuous phase or precursor may be fed before exiting the reactor
through an inner capillary or the extermapillary (depending on the geometry). There are two
primary categories of capillatyased microfluidic reactors, capillaryjiinctiorf! (Figure 1.2A)
and epoxied capillary flow reactdfgFigure 1.2B), which may utilize all of the same capillary
geometies, but use different fluidic connections and methods to fix the capillaries in place. When
comparing the two techniques, epoxied microfluidic reactors possess two inherent drawbacks, (i)
longer fabrication times (allowing epoxy to cure) and (ii) lackenfsable components.

Capillaries may also be integrated into plugdplay microreactors using other methods,
one of which is the use of threaded-pbnted structures to encase the capillary and form an
annulué® (Figure 1.2C) . Whi | e n othes @& e if-pridgtihgy@miiiotherfadditive
manufacturing techniques are becoming increasingly accessible to researchers worldwide through

the availability of inexpensive additive manufacturing equipment and the spread of dedicated 3D
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Figure 1.2. Example plugandplay microfluidic reactors, includin@A) capillary/T-junctior
microreactor(adapted from Re#1 with permission from The Royal Society of Chemis
(B) epoxied caplary flow reactor (adapted from Ref. 42 with permission from Else€)),
3D printed/capillary flow reactor (adapted from Ref. 43 with permission from Elsevie

(D) needle/TFjunction reactor (adapted from Ref. 45 with permission from Elsevier).
printing facilities at may academic institutions. Such devices merit additional exploration, as they

may enable enhanced repeatability of microreactor construction at a lower cost than
microfabricated chips. However, two primary challenges remain to be overcome, primarily (i)
chemical compatibility with some organic solvents and (i) material transparency to enhance

visibility inside the microreactor.
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Finally, plugandplay microfluidic reactors may be fabricated usingtb#shelf needles
and Tjunctions. Needle/Hunction micioreactors can be as simple as a single needle inserted into
a T-junction to form microdropletsia dripping** or increasingly complex microreactt4®

(Figure 1.2D) designed to form double emulsiovia flow-focusing configurations.

1.2 Microfluidic R eactor Construction and Basics of Operation

While numerous plugindplay microreactor categories and geometries exist, there are few
articles describing their stdpy-step fabrication. Here, we present a detailed tutorial for the
construction of a plugndplay capillary/FJunction microreactor for use in microparticle
synthesisigure 1.3A).

First, the external capillary and 1/ 80 out
desired | engt h, after which tulk.erhelextaggnalcapidatye e v e
is then inserted into the sleeve and ferrule and attached tejthe mct i on wusing a 1/
ensuring the tip of the capillary is fully seated against tjgn€tion (Figure 1.3Al). The same
procedure is then repeated twe tother sideRigure 1.3All), where the free end of the external
capillary is inserted into the nut, Tygon sleeve, and ferrule, then attached tejuhetidn,
resulting in the assembly shownkigure 1.3Alll .

Next, the inlet side of the flow reacta prepared by cutting a thinner inlet capillary (if
necessary) to the desired length. Non gi d 1/ 160 OD (typically perf
inserted through another nut and a 1/ 1606 ferr.
of the ferrule), and the cut capillary is inserted-emdfirst into the tubing Figure 1.3AIV). If
the capillary does not easily slide into the tubing, the opening of theigidrntubing may be

stretched slightly beforehand. When assembled, the cut end caphiary should be visible
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slightly behind the ferrule to ensure a good sé&&jure 1.3AV). Then, the capillaryubing

assembly Figure 1.3AV) is inserted into the external capillary assemiligre 1.3Alll ) as
depicted inFigure 1.3AVI and tightenedn place Figure 1.3AVII ).

The second internal capillary i-sigidttubiegn 1 ns e
and a 1/1606 ferrule is si tFigaglSAVIlgrewitinginthe sl ee
assembly inFigure 1.3AIX. The interior capillary assembly ifigure 1.3AIX is then inserted
into the open end of the external capillafiglre 1.3AVIIl ) which results irfFigure 1.3AX. Non
rigid tubing is then attached to the remainingumction ports Figure 1.3AXI) resulting in a
compkted microreactorrigure 1.3AXIl ). Interior capillaries may be used-i@seived or can be
modified to decrease the tip diameter. Two common Organic modification methods are: (i)
tapering the tip with a capillary pullee.¢, Narshige P€10) and (ii) consicting the tipvia heat
treatment with a torch or capillary puller.

Microparticle flow synthesis platforms utilizing phandplay microreactors are
comprised of several key modules and sections enabling unprecedented control over microparticle
properties, including size, morphology, and compositiéiig(re 1.3B). The first section is the
APrecur sor Formulation Zone, 0 wl.p,cyhingé puropls)u d e s
used to feed the continuous and dispersed phases to the microfluitiic.réhe formulation zone
enables direct control over most microparticle properties, as composition and morphology are
governed by the precursors, catalysts, and crosslinkers fed to the reactor, while microparticle size
is directly related to the ratio ¢ifie continuous phase to the dispersed phase. The next region is
t he ADropl et Formation Zone, 0 where the cont
breaks it into uniform microdroplets. The microdroplet formation zone controls micropatrticle size,

asthe interior capillary diameter directly affects the range of microparticle diameters accessible

t
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using a given microreactor. There are three primary geometries available for microdroplet
formation, (i) two inner capillaries placed at the inlet and ogitets of the outer capillary, (ii)
one capillary placed at the outlet port of the outer capillary, and (iii) one capillary placed at the

inlet port of the outer capillary=gure 1.3B, droplet formation zone).

A
I ) . I . ) 1l
- - g - N -Se—
J J J
v a Vv Vi E—
- - B - R
J J J
Vi Vil — X
- "SR -V —— T
J J W,
X XI ' ' Xl
| v v -é- -é-
) - ) )
[]1/8" Ferrule | 1/8” ODTygon Sleeve | |Outer Capillary | Inner Capillary [1/16” Ferrule |:|1/16"ODNon-rigidTubingJ
B
Continuous Phase Tunable:
Size
= Morphology
ot getcosenn Composition
Crosslinker/Catalyst/ = el
Continuous Phase vy ”:"“_’.°°f°°¥)
Precursor1 i | — = :
Precursor2 J, _J %
Precursor Formulation Droplet Formation  Crosslinking/Reaction Collection
Zone Zone Zone Zone

Figure 1.3. (A) Step by step tutorial for construction of a capillary microreactor utilizing F
nuts and Fjunctions.(B) lllustration of a capillary/fjunction microreactor, three primary reac
geometries, and the various microreactor zongsprgcurso formulation zone, (ii)drople
formationzone, (iii) crosslinking/reaction zone, and (iv) collection zone.
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The third region iosn tzoeen el Cr oasss | manrkyi ngy rtehaect

an inreactor reaction to form the desired micropartiét&s’’-*8Several primary chemical reaction
categories have been utilized for microparticle synthesis in flow, including chemical
crosslinking?**thernal crosslinking}" UV crosslinking®’**and hydrolysis®“°Reactions may

be initiated by introducing materials to the reactor (chemical crosslinking and hydrolysis) or
introducing an external stimulus (thermal or UV crosslinking.) The finalregiont he A Col | ec
Zone, 0 where the microparticles accumul ate du
zone consists of a vessel containing the continuous phase or an inert liquid. However, the vessel
may be heatéd or filled with a reactive ligid,*®3" thus affecting the resulting microparticle

morphology.
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CHAPTER 2: Continuous Synthesis of Monodisperse YolkShell Titania Microspheres

Z. S. Campbell, M. Parker, J. A. Bennett,Ysisuf, A. K. AFRashdi, J. Lustik, F. Li, and M.

AbolhasaniChemistry of Materials2018, 30 (24)389488958.

2.1 Abstract

A microfluidic strategy is developed for continuous synthesis of monodisperdesigelk
titania microspheres. The continuouswlsynthesis of titania microparticles is achieved by
decoupling the microdroplet formation and interfacial hydrolysis reaction steps by utilizing a polar
aprotic solvent as the continuous phase in the microreactor. The decoupling of the precursor
microdropet formation and the hydrolysis reaction allows titania synthesis throughputs an order
of magnitude higher than those previously reported in a seiglenel flow reactorf0.1 g/h
calcined micropatrticles), without affecting the microreactor lifetime tueclogging. Flow
synthesis and dynamics across a broad range of precursor flow rates are examined, while effects
of flow synthesis parameters, including the precursor to continuous phase flow rate ratio, precursor
composition, and calcination temperatarethe surface morphology, size, and composition of the
resulting titania microparticles, are explored in detail. Titania microparticle size can be controlled
by variation in the precursor to continuous phase flow rate ratio. The surface morphology and
porosity of the inflow synthesized titania microparticles can be varied by adjusting the precursor

composition, while the crystalline phase can be tuned by varying the calcination temperature.

2.2 Introduction
Over the past few decades, the unique optcal physicochemical properties of titania

(TiO2) have been applied in a variety of fields spanning from (photo)catalysis to photoviditaics.
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Thus, it has become desirable to develop methods to synthesizenTaOvariety of sizes and
morphologies tailore for the target application of interéstin particular, spherical microparticles
of varying size, porosity, and crystalline phase are of special interest for applications including
photocatalysis, photovoltaics, dgensitized solar cells, and lithiuion battery anodet 8- 1016
A variety of methods, such as bulk emulsion or deposition and etching, have been utilized to
synthesize Ti@microsphere$® 1 While these synthetic strategies are very useful for producing
large quantities of sphericaliO2 microparticles, they lack sufficient control over particle size,
with the emulsion method generating an undesirable size distribution, while the deposition/etching
method requires a high degree of uniformity from both the silicaJSiOpolymer paticles (as
the sacrificial template) and the TiQ@eposition process. Therefore, in applications such as
photovoltaics (e.g., dysensitized solar cells) and lithium ion batteries, which require
monodisperse titania microparticles, these synthetic mettmagisnot provide sufficient control
over particle size and monodispersify1+14

Several batch synthesis strategies have produced monodispersespfieres; 84
however, these labantensive methods require the use of undesirable hazardous clseoniage
not suitable for scalap. One such method utilized monodisperse colloidab 8ildrospheres to
create a thredimensional ordered macroporous carbon templafée silica particles were then
etched from the template using hydrofluoric acid.ldwing hydrophilic treatment of the carbon
template (via nitric acid and2,), the precursor mixture was introduced into the template. The
resulting framework was calcined, and the macroporous carbon template was buthéuthf.
synthetic methods caple of producing monodisperse Ti@nicrospheres rely on sgektype
processes, however, these strategies have not been used to produce microparticles greater than 2.5

em i n d%%™'nTee lack af control over physicochemical properties of titania particles
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synthesized using batchethods, along with their rapid adoption in energy technologies,
necessitate development of a reliable synthesis route for continuous manufacturing of titania
microparticles with tunable size, porosity, and crystalline phase.

Recently, microfluidic reactsrwith precise control over reaction conditions have been exploited
for the controlled synthesis of a wide range of nano/microparticles, including colloidal
nanocrystal$®?? polymeric microparticle$®3° and metal nanoparticlés>® Microfluidic reactas

have also been utilized to synthesize hollow JTi@hd metabrganicframework (MOF)
microspheres$. 3538 The previous flowbased methods for the synthesis of titania microspheres
have been limited in the accessible parameter space due to the utilifatiprotic solvent (water)

as the continuous phase inside the microfluidic reactors, which requires extreme care to prevent
reactor clogging. Two strategies have previously been employed to avoid reactor clogging as a
result of the extremely fash flow hydrolysis reaction: (1) utilization of hydrolysis inhibiting
compounds such as carboxylic acids, which complex with the titanium tetrabutoxide (TBT)
precursor and/or (2) utilization of very low titanium precursor concentrations (1 W66}
Furthemore, the high viscosity of the previously utilized solvents carrying the titania precursor,
such as octanoic acid and ethoxylated trimethylolpropane triacrylate (ETPTA), resulted in limited
synthesis throughputsé, f | owr at e%%%3% 10 eL/ min) .

In this work, we designed and developed a flow synthesis strategy for continuous
fabrication of highly monodisperse yedihell TiG: microspheres, while addressing the above
mentioned challenges associated with both batwh continuous flow synthesis methods. We
demonstrate the precise tunability of yslkell TiG: microspheres, including particle size, size
distribution, porosity, surface morphology, shell thickness, and crystalline phase composition

using a flowfocusingmicroreactor. The high degree of process tunability, while producing high
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quality TiG; microparticles at singlehannel flow reactor throughputs up to 0.1 g/h (calcined
micropatrticles), is achieved by decoupling the previously intertwined microdropteation and
hydrolysis steps. The microparticle synthesis throughput can be readily -apalesing a
numbereeup strategy through implementation of parallel flow reactersg.(16 parallel reactors
would enable 1.6 g/h throughpdf! We demonstrate thamicrodroplet formation can be
effectively decoupled from the hydrolytic reactidsy which amorphous titania shells are foriined
by using a polar aprotic solverg.§, formamide) rather than a polar protic solvent (water) as the
continuous phase in theigroreactor. This decoupling approach allows us to dramatically increase
the concentration of titanium precursor without facing the most common challenge of the previous
flow reactors,i.e. reactor clogging, by delaying interfacial hydrolysis until theroparticles
reach the collection vial. Our microfluidic approach entirely eliminates the need for carboxylic
acid hydrolysis inhibitors. Formamidé& the best of our knowledgbas not been previously
utilized to synthesize inorganic microspheres in eraiiuidic reactor.
2.3 Experimental Section

ChemicalsTitanium tetrabutoxide (97%, reagent grade), ethoxylated trimethylolpropane
triacrylate (average M) 428), Pluronic F108 (poly(ethylene glycdi)ockpoly(propylene
glycol)-block-poly(ethylene glycgt average MMD 14 6 00 ) , and Sudan Bl ue
from SigmaAldrich. Toluene (certified ACS) and formamide (99.5+%) were purchased from
Fisher Scientific. The photoinitiator, Darocur 4265, was purchased from IGM Resins USA Inc.
(Omnirad 4265). Tanium(lV) oxide (Degussa P25/Aeroxide P25) was purchased from Acros
Organics. Water was deionized using a PURELAB Flex purification system (Elga). All chemicals

were used as received.
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Microreactor Design and Constructioithe microreactor utilized in thiwork is depicted
in Figure 2.1 It should be noted that all components of the developed microfluidic reactor are
commercially available. The reactor consists of three glass capillaries (Friedrich & Dimnajck): (
the external capillary (1.5 mm outer diaergo.d.], 1.12 mm inner diameter [i.d.], 100 mm length)
cut to 80 mm ando(andc) constricteetip internal capillaries (1.0 mm o.d., 0.75 mmi.d., 100 mm
length). Capillarie® andc were constricted td: anddy, respectively, by heating the desiredlen
with a capillary puller (Narshige RD0 capillary puller). Following heat treatment of the tip,
capillaryb was cut to a length of 50 mm. The modified capillaries were then used to assemble the
flow-focusing microreactor shown kigure 2.1 Capillaryawas attached to two PEEK-T

junctions (i.d. 0.05 in., IDEX Health and Science) at either end with 1/8 in. nuts and ferrules using
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Figure 2.1. Schematic of the developed microfluidic platform for continuous synthegliof
shell TiO2 microspheres enabled by decoupling drofdemation and hydrolysis steps.
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a 1 cm flexible sleeve (Tygon tubing, 1/8 in. 0.d., 1/16 in. i.d., McM&G&er). Capillaryb was

then inserted cuendfirst into a 0.04 in. fluorinated ethylene propylene (FEP) tubing, and the
constricted end of capillatywas then inserted into capillaayand was tightened in place using a

1/16 in. nut and ferrule. The other end of the FEP tubing was attached to-wafpwalve.
Capillaryc was then inserted constrictidinst into the other end of the microreactor and was
positioned such that its tip was etwdend and coaxial with capillaty(Figure Al).
Capillaryc was positioned so it wd30.7 mm away from capillarly, adapted to fit with 1/16 in.

0.04 in. i.d. FEP tubing, and attached with a 1/16 in. nut and ferrule. Two feed lines, one for
precursor and one for a toluene wash, and a purge line were then attached to the remaining
junctions of the fouway valve (1/16 ino.d., 0.02 in. i.d. FEP tubing). Continuous phase feed
lines (1/16 in. o.d., 0.02 in. i.d. FEP tubing) were attached in a similar fashion to the remaining

perpendicular ports of both PEEKjdnctions.

Reagent PreparatiorOur microfluidic synthesis appach utilizes three input streams: the
titania precursor @) and two formamide continuous phase streams (cocurrent @gwand
countercurrent flow,Qs). An additional toluene strean@f) was also used to purge unwanted
bubbles in the feed lines priar teactor operation and remove all precursor from the feed line after

reactor operation. The streams and their compositions may be foliadlan2.1

Precursor SolutionThe precursor solvent mixture was prepared by mixing ethoxylated
trimethylolpropaneriacrylate (ETPTA) (30 wt %) and anhydrous toluene (70 wt %). Toluene was
used as a cosolvent to reduce the precursor viscosity, thus allowing the formation of smaller

microdroplets as well as the use of higher precursor flow rates. The desired mh@sgretursor
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Table 2.1 Stream Components

Stream Components Purpose
Q1 Formamide Continuous phase
Pluronic F108 surfactant
Q2 ETPTA Photocurable polymer
Toluene Diluent
TBT Titanium precursor
Darocur 4265 photoinitiator
Qs Toluene Purge phase
Sudan Blue dye
Q4 Formamide Continuous phase
Pluronic F108 surfactant

solvent was then transferred into an amber 40 mL vial equipped with a septum cap. A total of 100
eL of the photoinitiat oresdvent mixtuer Thelsdl\ebtvialvmas t h e |
then sealed, and the headspace was purged with nitrogen using a Schlenk line. Next, using a
Schlenk line and a disposable syringe, the desired mass of TBT was added to the 40 mL vial
containing the precursor solvemixture and sonicated (Branson, CPX5800) to achieve a
homogeneous precursor solution with a specific TBT concentration. Precursor TBT concentrations
used in this work are 1, 3, 5, 8, and 10 wt %.

Continuous Phasé&.he continuous phase streams were predarediding 1 wt % Pluronic
F108 to anhydrous formamide in a 500 mL bottle and sonicating the mixture until the solution
became homogeneous. Molecular sieves were then added to the container, which was then sealed
using a customized cap equipped with twdPHEes: (1) one immersed into the dry formamide

for withdrawal and loading into a gastight glass syringe and (2) a vent line. Nitrogen was bubbled
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through the continuous phase solution using the FEP tubes, after which the mixture was degassed
in a sonicadr. The purging/degassing procedure was repeated a total of three times.

The vials used to collect the titania microdroplets contained deionized (DI) water with 2
wt % Pluronic F108. This mixture was prepared by adding 10 g of Pluronic F108 to 490 mL of DI
water in a 500 mL bottle, which was then sonicated. Dyed toluene was employed to enable the
initial purging of gas bubbles while providing a discernible visible difference between the toluene
and the precursor streams. The dyed toluene was preparedily 8ddng of Sudan Blue dye to
40 mL of toluene in a 40 mL vial and sonicating the mixture.

Microreactor OperationFollowing reagent preparation, the precursor, dyed toluene, and
continuous phase solutions were loaded into programmable syringe pumpar{Happaratus
PHD 2000 Ultra) using gastight glass syringes (SGE Analytical). The microreactor was oriented
vertically and clamped in place under a Leica M205C microscope fitted with @igad camera
(FASTEC IL5). In order to monitor the microdropletriisation and flow stability within the
microreactor, an angled mirror (Thorlabs angled fraodted 50.8 mm mirror) and a higlower
light source (Nathaniel Group Sugar CUBE Ultra LED illuminator) were used for Hrejtit
microscopy. The entire experimahapparatus was assembled on alsettling table (Thorlabs
PTS603) to mitigate vibration effects.

Synthetic Procedurdn the first step, the purge solution (i.e., dyed tolu€®¢,and the
continuous phaseQq andQs) were fed to the microreactor, whilair was purged from the
precursor feed line through the purge line attached to theasfayvalve. Once the precursor feed
line was primed, the valve was switched so that the toluene would feed into the purge line and the
precursor Q2) would be fed tolte microreactor. TBT microdroplets were formed as the precursor

exited the inner capillary, with breakup facilitated by aad counteannular continuous phase
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flow (Figure 2.1). Microdroplets of varying sizes were achieved by maintai@ngonstant whi

varying Q1 andQas (1:1 Q1:Q4). The 1:1 ratio 001:Q4 was selected so a single syringe pump could

be used to control the continuous phase flow rate. The microdroplets were then collected in 40 mL
vials loaded with the hydrolysis solvent (i.e., DI watemded with 2 wt % Pluronic F108). The
microreactor outlet was submerged into the collection vial liquid to prevent flow instabilities
caused by dripping the formed TBT microdroplets into the vial and to minimize coalescence or
rupturing of the microdroplst Figure 2.2illustrates the postprocessing steps following collection

of the TBT microdroplets inside the water bath. The microdroplets were allowed to hydrolyze in
the collection vial for 1.5 h. After formation of an amorphous titania shell at the anigiet

surface due to the interfacial hydrolysis reaction, the microdroplets were illuminated with UV light
(365 nm UVL-21 Compact UV lamp) to begin radigaitiated ETPTA crosdinking. The UV

light was directed horizontally into the collection vials # min. Then, the lamp was oriented
above the microparticles for 3 min. During the 10 min curing process, the vials were rotated and
swirled regularly to ensure that the microparticles were cured evenly. Following UV curing, the
microparticles were filtesd (Whatman 150 mm grade 4) and washed with DI water to remove any
residual formamide or Pluronic F108. It is important to ensure all residual formamide is completely
removed during the washing step, as formamide decomposes into hydrogen cyanide at the
tenperatures reached during calcination. After washing, the microparticles were dried overnight
at 90 °C (Fisher Scientific, IsoTemp Oven). The microparticles were then transferred into an
alumina crucible (Columbia International, 80 x 20 x 20 mm) and cal@h&00 °C for 1 hin a

muffle furnace (MTI Corporation, KS1L100X) using a 5 °C/min ramp rate.
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Figure 2.2 Postprocessing of TBT microdroplets after collection in the hydrolysis vial (DI v
(1) Hydrolysis and formation of the amorphous titania shell. (1) UV curing and formation o
ETPTA networks followd by washing and drying. (lll) Calcination and formation of cryste
titania in the yolk shell morphology due to removal of the sacrificial scaffold (ETPTA).

Characterization. Following the calcination step, the TiOmicrospheres were
characterized via scanning electron microscopy (FEI Verios 460L Field EmiS&dh and
Hitachi 3200N Variable Pressure SEM) to find poalcination particle size, morphology, and
shell thickness. Brunaugemmeti Teller (BET) (Micromeritics ASAP 2020) characterization
was used to determine specific surface area and porosity of pliemes synthesized with
different concentrations of TBT, while situ X-ray diffraction (XRD) (PANalytical Empyrean)
was used to observe changes in phase and crystallinity at temperatures ranging from 500°C to

900°C.
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2.4 Results and Discussion

Microdroplet Formation.In the first step, we explored the dynamics of TBT microdroplet
formation behavior inside the flefocusing microreactor (5 wt% TBT precursor). These studies
(completed without microreactor clogging) were enabled by decoupling the micretdropl
formation within the microreactor and the interfacial hydrolysis of TBT microdroplets through the
utilization of a polar aprotic solvent as the continuous phase. A phase diagram of-{hleasgo
flow behavior in the microreactoFigure 2.3A) was consticted by using a series of constant total
flow rates Qr= Qi+ Q2+ Qa) and increasing the dispersed phase flow r&@e=(Q2) while
decreasing the continuous phase flow r&e=(Q:1+ Q4). Qo and Qc were varied in a stepwise
fashion (10 e€L/min), wuntil the extended jett.i

Five primary flow regimes were observed in the tested parameter space: (I) squeezing/plug
flow, (II) polymodal dripping, (llI) monodisperse dripping, (I\8freaming, and (V) extended
jetting. The first region, squeezing/plug flow, was observed atJeand high relativ&)p, where
Qc was too low to sufficiently break the precursor jet into microdroplets. As such, microdroplet
formation was facilitated by éhjet squeezing through the constricted tip of the exit capillary. The
second region, polymodal dripping, was observed at highethan the squeezing/plug flow
regime and lowQp. Multiple subregimes were observed in the polymodal dripping regime,
including: (Il) bimodal dripping, (i) trimodal dripping, and (}) tetramodal dripping. These
stable polymodal regimes are observed whenQbas insufficient to completely stretch the
dispersed phase jet into the exit capillary constriction, causing the ¢gadpand and contract as

microdroplets are formed and broken off. The pressure fluctuation caused by the expansion and
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contraction of the dispersed phase stream results in the formation of a series of difezedtly
microdroplets. The third behaviomonodisperse dripping, constitutes the largest region of the
explored parameter space, and is the desired region of operatitwe fwontinuous synthesis of
monodisperse Ti@microparticles. Monodisperse dripping occurs in two regions of the parameter
spxe:(@)lowQr( <190 € LQoi<B)0 &rmd min) andQr(bP23Moder ant B
and/lorQp( >40 €L/ min). The f idrpping oacwsgp®rasnnsudfi¢cientroo no di s
stretch the dispersed phase jet into the exit capillary constriction, insteadimgithe expansion

and contraction behavior observed in the polymodal dripping region, albeit forming monodisperse
microdroplets. The second region of monodisperse dripping occurs when the dispersed phase jet
extends into the exit capillary constrictiowjth no expansion or contraction of the jet as
microdroplets are formed. The observed jet stability allows formation of highly monodisperse
microdroplets as the continuous phase pinches the jet at the exit constriction. At higher values of
Q@(>50 €L/ min), the flow behavior can be met
dripping and extended jetting. The fourth observed flow regime, streaming, occur<at (620

eL/ min) Qnxd3 N0 ghL/ mi nmMr extendhtleerdisperbed g jet beyond the

exit capillary constriction and causes rapid formation of small monodisperse microdroplets. The
final flow regime, extended jetting, occurs under two different conditions: (a)Qugklative to

Qr( >80 €L/ mi nQc( =8 d énin)blbothh cagek, the dispersed phase jet is stretched

far beyond the exit capillary constriction by the high continuous and/or dispersed phase flow rate,
dramatically decreasing control over microdroplet size. Monodisperse microdroplets observed
duringf | ow regi me screening ranged from 85 em to

of TBT microdroplets using the developed microfluidic technique (~ an order of magnitude).
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After determining the operational window of the stable TBT microdrofalehation
(Figure 2.3A), we studied the size and frequency of the formed microdroplets at varying TBT
concentrations (1, 3, 8, and 10 wt%) by hggeed imaging using a custalaveloped MATLAB
based image processing code (gg®pendix Figure A2).® Microdroplet diameter,D, and
generation frequency, were extracted from the images acquired by the-sgged camera for a
variety of dispersed phase to the continuous phase flow rate mti@((Q1 + Q) or Qo/Qc),
shown inFigure 2.3B-C. For the flow ratgatios outlinedQ-was varied fRom 10
0.033) to 30 eL/ min ( &QlandQowehreer vfalroiwe dr aftreo mm a5t0i o
(1:1 Qu:Q4). Figure 2.3B shows the microdroplet diameter tunability using the developed
microfluidic tecmique. As expectetf;*>the microdroplet diameter increased with increaging
while microdroplet production frequency decreaseére 2.3B-C). At low values ofR (i.e,,
higher continuous phase flow rate relative to the precursor flow rate), the siiggagrrate applied
by the continuous phase to the dispersed phase enables more facile pinching of the precursor
stream as it enters the flow focusing opening. For a constant precursor flowrate, the increase in the
continuous phase flowrate results in ardase in the microdroplet diameter and an increase in the
microdroplet generation frequency due to mass conservation.

Continuous Synthesis of Titania MicroparticleBhe inreactor hydrolysis and high
viscosity of the titania precursors used in previdow Eynthesis strategies of Ti@icroparticles
l i mited the synthesis throughput, with %ypical
36,38 In contrast to previous microfluidic strategies, our developed continuous flow synthesis
platform is not subject to such limitatiodsie to decoupling of the microdroplet formation and
hydrolysis steps, t hus enabl i ngchagpneldlowreagon.r f | o

These high flow rates (singtehannel throughputs up to 0.1 g/h of calcined particles) and varied
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micropaticle diameters were achieved through the use of a diluent (toluene) in addition to the
sacrificial scaffold (ETPTA) which was used to provide structural stability for the synthesized
particles. Using the developed continuous flow focusing platform detaaleove, TBT
microdroplets were formed and collected in a collection vessel containing DI water with 2 wt%
Pluronic F108. The interfacial hydrolysis reaction was triggered as the microdroplets entered the
DI water collection vessel. Monolayer images of ¢tbélected TBT microdroplets were used for
analysis with a custordeveloped MATLAB image processing code to rapidly measure

microparticle diameter and calculate the size distributieigufe A3). Figure 2.4A shows a
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monolayer of TBT microdroplets immedédy postcollection as well as the microdroplet diameter
histogram. The diameter of collected TBT microdroplets exhibit a coefficient of variation (CV)
less than 2% (CVEp/<D>x100 wherelp is the standard deviation andx is the average
microparticle diameter). After collection of the TBT microdroplets in DI water (with Pluronic
F108), they were allowed to hydrolyze for 1.5 h. Following the hydrolysis step, the mi@iegart
were UV cured, washed, and then dried overnight at 90°C. After the washing step, a small sample
of microparticles dispersed in water were collected and dried separately for imaging and analysis.
Figure 2.4B shows an SEM image of the dried Ti®icroparticles with the histogram of the
microparticle diameters obtained using the image processing code. The dried microparticles
exhibited a 3.5% CV size distribution.

Following the TBT microdroplet production step, size of the produced microparticles
dramdically decreased during the dryingigure 2.4A vsFigure 2.4B, 87% decrease in volume)
and calcination Kigure 2.4B vs Figure 2.4C, 81% decrease in volume) steps. These volume
reductions can be attributed to the use of the organic solvent (toluenéeasattificial scaffold
(ETPTA) in the synthetic process, as the toluene evaporates during the drying step, while the
ETPTA is burned off during the calcination step. In both cases, the removal of the material results
in the observed decreased volufAgure 2.5 shows the average Ti@nicroparticle diameter for
five different flow conditions outlined ifable 22, following each synthesis step (hydrolysis,

drying, and calcination). A similar pattern of microparticle shrinkage was observed for each of the

tested flow conditions. At flow conditioft, the average microparticle diamete)( was 246 ¢
during the hydrolysis step, 138 em after dr
comparison, at flow conditioh, Dwas 124, 6 3, and 36 e&em at hydr c

calcination, respectively. The patterns of pdisting and postcalcination diameters are consistent
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across all flow conditions, with the greatest shrinkage5@%) occurring during the drying step,

with additional shrinkage (283%) taking place during the calcination step.

Table 2.2.Flow Parameters fd€onditions Tested in Figure 2.5

Condi Q2 Q1 Qa4 Crer
# (e/ mi| (e/ mi| (E/ mi|( wt
1 30 50 50 5
2 30 75 75 5
3 30 100 100 5
4 30 125 125 5
5 30 150 150 5

Following studies of the microparticle diameter and shrinkage upon drying and taigina
we examined the effect of varying the precursor concentrafity) on the surface and structural
properties of the resulting TiOnicroparticles. Precursors containing 1, 3, 5, 8, and 10 wt% TBT

were usedFigure 2.6 shows SEM images of Tinicroparticles synthesized at different values



Figur SEM. 6 mages odmiaroipraglte c$k®l Isi sgt e
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of Crer. As seen irFigure 2.6, varyingCret dramatically changes the surface morphology of the
synthesized Ti@microparticles: (I) relatively lowCrer (1-3 wt%, Figure 2.6A-B) values result
in microparticles witha rough surface morphology, (II) moder&@est (5 wt%, Figure 2.6C)
values result in particles with moderate surface roughness, and (I1IChigti8-10 wt%, Figure
2.6D-E) values result in particles with smooth surfaces. The decreased surface roudtihess
synthesized'iO2 microparticles at higher values Gfsr can be attributed to increased nanocrystal
density at the microparticle surface@sr increases, resulting in smoother surface morphology.
Figure 2.6 (second row) shows the unique y@kel morphology formed in the titania
microparticles synthesized using each precursor, despite vayiirgvalues. The formation of

these unique and unusual structures in a single step can be attributed to the effect of molecules
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diffusion both inward (wat@rand outward (TBT precursor) in the microparticles. Diffusion of the
TBT precursor to the surface of the microdroplets during the interfacial hydrolysis step can be

explained using Fickos second | aw,
— O 06 (1)
which can be simplified to
— 0 — i — (2)
where DrgT is the diffusion coefficient of TBT molecules within the microdeiphndr is the

radius within the microdroplet® Assuming % order hydrolysis reaction with respect to the TBT

precursof® and the boundary condition
—S Q 6 56 3)
whereket is the effective rate constar@@y is the concentration of water at the interfaReas the

radius of the microdroplet, amds the reaction order with respect to water (whel Equation

1 becomes
Q 06 jO (@) —_ i — (4)

Fickbébs second | aw can be further applied to t
as the amorphous titania (Ti(OM)shell is hydrophilic due to the presence of hygr¢®H)

groups and the resulting hydrogen bonds. Therefore, the thickening of the amorphous titania shell
occurs when water diffuses inward through the shell and contacts the TBT at the inner surface of

the shell according tBquation 5:

£ 6 ;6 0 — i — (5)

whereDyw is the diffusivity of water molecules through the amorphous titania shell. Ordinarily, the

radial hydrolysisreaction would be diffusion limitedhowever, due to the inhibition of the
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hydrolysis reaction by the ETPTR, % the interfacial hydrolysis is reaction limited. The

hydrophilicity of the amorphous shell (presence of hydroxyl groups), as well as the comparatively
fast diffusion and homogenes starting concentration, which result in a highly localized
concentration gradient, indicate that the 4lateting step is the hydrolysis reaction. It is the
interfacial effects between the hydrophobic core and the hydrophilic shell, constant partial
hydrolysis time (1.5 h), and presence of compound known to slow the hydrolysis reaction (high
concentrations of ETPTA) that result in constant shell thicknéssor different precursor
concentrations. Water prefers to remain in contact with the hydroph#it (amorphous titania)
rather than diffusing into the core during the inhibited hydrolysis reaction, while the opposite is
true for TBT. While interfacial effects and the reaction rate contribute to the constant shell
thickness, higheCrsr results ina higher shell densityi.é., smoother surface morphologies
observed inFigure 2.6), while lower Crgr results in a lower shell density€., rough surface
morphologies observed igure 2.6). The observed difference in titania network dengiigire
2.6) is consistent with the difference in the TBT flux at different value€wef, as highCrgr
results in a higher flux and a greater shell density, whileQesy results in a lower TBT flux and
a lower shell density.

Due to inhibition of the reaction BFTPTA3® 3°TBT is only partially hydrolyzed during
the 1.5 h period prior to UV curing, causing the formation of the-gb#l structures presented in
Figure 2.6. Similar structures have been previously reported, and were found to exhibit superior
photccatalytic activity than both solid microspheres and hollow sHélldowever, the reported
microspheres were synthesized over the courseldf @ays in a vastly different parameter space
(02 em comp@bedm)o TDBe diff usiockeolesdndthusehe TBT

hydrolysis reaction, is halted once the ETPTA undergoes the UV curing process, trapping
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unreacted TBT precursor in the center of the newly formed microparticles. During the drying step,
the toluene is evaporated from the micropaticlwhich results in the observed microparticle
shrinkage, however, no separation was observed between the amorphous titania shell and the
ETPTA/TBT core Figure A4). It is during the calcination step that the observed -gbll
morphology is formed, ati¢ temperature reached in the furnace causes combustion of the ETPTA
and oxidation of the unreacted TBT precursor toFfOrhe oxidation of the trapped TBT does
not increase the thickness of the outer shell. As the ETPTA in the core combusts, unBacted T
is allowed to oxidize; however, combustion of the ETPTA causes the core to shrink, separating
the unreacted TBT from the exterior shell and allowing the formation of-glul TiO
microspheresn a single flow synthesis stefince the core of the mmaparticle is primarily
composed of ETPTA, even in the microparticles synthesized with the hiGhestETPTA
combustion and core shrinkage occur at a much higher rate than TBT oxidation, thus preventing
further shell growthKigures A4 andAb5).

In thenext step, to further characterize the physical properties of tewrsynthesized
TiO2 microparticles, we examined the effect ©fst on the microparticle shell thickness and
specific surface area. Shell thickness of the synthesizedrii€oparticlesvas measured using
empty shell SEM images from broken microparticles showRiguire 2.6 (third row). Figure
2.7A shows the shell thickness evolution for different values of the titania precursor
concentrations. No direct correlation betw€asar andi was observed, asremained essentially

constant. This is consistent with the formation of the unique-shétl morphology observed in
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the synthesized microparticleFigure 2.6, second row). Across allrsr values tested, the

measuredir anged frdmwd % T8m) to 1.1 em (10 wt% TB
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The synthesized yolkhell TiQ» microparticles were then analyzed using BET to find
specific surface area for microparticles synthesized at varying val@s-ofFigure 2.7B). The
synthesized Ti@microparticles hadpecific surface areas ranging from 1510110 wt%) to 239
m?/g (1 wt%). By comparison, the specific surface area of Degussa P25, a commercially available
TiO2 commonly used in the field of photocatalysis, was found to have a specific surface area of 65
m?g. Thus, then-flow synthesized Ti@microparticles in this work exhibit specific surface areas
2.5-4 times greater than those observed in Degussa P25. FurthermoreniTi©r o s pher es ( <
diameter) produced using solvothermal batch techniglfelsave also achieved specific surface
areas in excess of 10G/g higher than P25, with 120%tg being the highest reported value. Thus,
thein flow synthesized monodisperseCbimicroparticles also exceed the surface areas achieved
using the solvothermal batch synthesis methods. Higher specific surface areag/(31Have
been reported for particles synthesized via deposition of titania on colloidal silica, however the
repored particles we rt’@hein@eaded suirfaceianea ofithawsynthesized
TiO2 microparticles may be attributed to the utilization of the sacrificial scaffold polymer (ETPTA)
which affects titania lattice formation inside the yolk loyerrupting crystal lattice formation

during calcination. This leads to dramatically increased porosity and smaller crystal size, as well
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as the yolkshell structures observed in the synthesized microparticles. Next, the effect of
calcination temperaturendhe phase composition and crystal structure of tfiew synthesized

TiO2 microparticles was investigated viasitu XRD. Figure 2.8 shows than situ XRD spectra

of microparticles synthesized with precursors containing 1 viaigue 2.8A), 5 wt% (Figure

2.8B), and 10 wt% Figure 2.8C) TBT, along with the representative reference spectra for both
the anatase and rutile phases. At 500°C, the XRD spmctiGate that the microparticles are
exclusively anatase, as evidenced by the pead=#15? and thenoticeable absence of the highest
intensity rutil e pFega&k?2.8arcreaed cakiafion terperatsre aausesi n
the phase transition from anatase to rutile, albeit at varying degrees foCeacdctudied. The
greatest change was obsehie the sample synthesized with precursor containing 10 wt% TBT,
where rutile was observed in small quantities at 700°C, with a dramatic increase observed between
800°C and 900°C, while the 5 wt% and 1 wt% samples were almost exclusively anatase until
90C°C. The differences between the spectra, despite the use of the same heating procedure in the
in situ XRD, can be attributed to the varied shell density/porosity between each of the samples

affecting crystal growth and phase change in the samples syethesing lowerCrgr. XRD
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contour plots of the entire heating procedane the temperature ramp between 800°C to 900°C

can be found irigures A6 andA7, respectively.
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The relative intensity ratio (RIR) of the spectraFigure 2.8 were used to deternernthe

phase compositiomia Reitveld analysis (Pearson VII method, Highscore Plus &@hoimatic

mode, Lattice Parameters [=] Angstroms) with modified parameters. The 1 wt% sample was found
to be 75% anatase and 25% rutile, while the 5 wt% sample wastimbed/8% anatase and 22%
rutile after holding for 1h at 900°€igure 2.9 shows the phase composition of the 10 wt% sample

at each temperature using the previously mentioned Reitveld technique. Similar to the 1 wt% and
5 wt% samples, the rutile phase weamexistent from 500°C to 600°C, however, small amounts

of rutile TiO, were observed at 700°C and 800°C (11% and 14% respectively). After 1h at 900°C,

a substantial phase transition was observed as the 10 wt% sample was 55% anatase and 45% rutile.

1004
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Figure 2.9. Phase composition of thie-flow synthesized Ti@ microparticlesvs calcinatiol
temperature obtained using the XRD spectra shown in Figure 8A. Orange correspon
anatase phase, while green corresponds to the rutile phase.

2.5Conclusions

In conclusion, we designed and developed a novel flow chemistry strategy for continuous
synthesis of highly monodisperse and porous-gbl&ll titania microspheres with tunable size and
surface morphology. The flodfocusing microreactor, consitted usingff-the-shelfcomponents

and combined with the unique decoupling of microdroplet formation and the hydrolysis reaction,
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demonstrated a high level of versatility, addressing the need to utilize hydialybising
compounds while allowing ineased concentrations of titanium alkoxide precursor. The
developed flow synthesis method also demonstrated a high levelad¢nand tunability for
microdroplet size (nearing an order of magnitude), phase composition, and specific surface area,
compared tather synthesis strategies.

Incorporation of the sacrificial scaffold (ETPTA) provided structural stability for the
microparticles throughout the synthetic process, ensuring the survival of spherical microparticles
through the calcination step, whilestprecursor diluent (toluene) enabled utilization of both high
flow rates (singlechannel flow reactor throughputs up to 0.1 g/h of calcined particles) and a wide
range of accessible microparticle diameters-10 0 & m) . Foll owi Afllgw c al ci
synthesized Ti@ microparticles were shown to possess an unusualsfigd morphology.
Additionally, it was demonstrated that the crystalline phase ofsiaditl TiG> microparticles can
be tuned from pure anatase to varying rutile compositions by vatyingaicination temperature
and precursor concentration. Finally, the microparticles produced using this strategy exhibited
exemplary porosity and specific surface area, as they possess specific surface areas 2.5+ times

those found in Degussa P25, a commarded commercially available form of TiO
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CHAPTER 3: Continuous flow synthesis of phase transitiomesistant titania microparticles
with tunable morphologies
Z. S. Campbell, D. Jacksod, Lustik, A. K. AFRashdi, J. A. Bennett, F. Li, and M. Abolhasani,

RSC Advance2020, 10 (14), 8348347.

3.1 Abstract

Titania microspheres have attracted substantial attention for a variety of applications,
including ion scavenging, catalysis, anteggy generation, though most synthetic techniques are
limited to a few basic morphologies and narrow size ranges. Here, an intensified microfluidic
strategy for continuous synthesis of anatase titania microspheres is preseffima. dhoto
crosslinking,incorporated with a flow reactor and polar aprotic solvent, enables access to precursor
compositions up to an order of magnitude higher than those previously reported, with size
tunability approaching two orders of magnitude. Morphological and surfaaefieets associated
with precursor composition are explored, resulting in hollow, -gbikll, macroporous, and dense
titania microspheres containing no detectable rutile phase and possessing surface areas exceeding
350 nfg? post calcination. Furthermoreffects of calcination temperature and time on the surface
area, crystallinity and phase composition, and morphology of the synthesized titania microspheres
are studied in detail. The synthesized microspheres are shown to remain completely in the anatase
phase, even at temperatures up to 900 °C, far beyond the expected phase transition temperature.
Thus, the breadth of attainable morphologies, specific surface areas, and phase compositions
present a variety of intriguing substrate candidates for suchcapphis as heterogeneous

(photo)catalysis, adsorption and ion capture, electrochemistry, and photovoltaics.
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3.2 Introduction

Titania (TiQy) possesses a variety of intriguing optical, physical, and chemical properties
that make it an appealing substratndidate for chemicale(g, thermal/photo catalysis)’
electrochemicald.g, batteriesf,® photovoltaic €.g, dye-sensitized solar cell§):°and adsorption
(e.g ion scavenging) applicatiods!? The breadth of applications has resulted in sigaift
research efforts toward synthesis of high quality titaingg Gize dispersity < 3% and surface area
>200 ntgl) with a variety of morphologies and length scales, ranging from films to- raamb
microparticles>*>*Special attention has been deaato the synthesis of Tidnicrospheres due
to their application in dysensitized solar cells, lithium ion batteries, and photocat&ly&i<,
using a variety of synthesis methods including solvothermadsiol emulsion, and
deposition/etching stragees!#81° Recently, microfluidic synthesis strategies offering more
precise process control and enhanced heat and mass transfer rates compared to batcHprocesses
have emerged as an effective approach for the continuous synthesis of highly moredispers
particles?¥ 23 including polymerié*2°and inorganit® *° micro/naneparticles. Such microfluidic
techniques have also been applied to synthesize miGrospheres, enabling the synthesis of
microparticles more than an order of magnitude larger thalitibnal synthetic methods.>?

However, to this point, strategies for synthesizing sTi@icrospheres iilow have
primarily relied on hydrolysigY 33 which occurs at the interface between water and an immiscible
oil phase in which the titanium precarss dissolved. The interfacial hydrolysis process, which is
triggered immediately after contacting the continuous phasewater), results in the formation
of hollow titania shell$¥32 with no other morphologies synthesized with these techniques.
Recently, our group has demonstrated that the interfacial hydrolysis reaction used in the

production of TiQ microspheres may be delayéd the use of a polar aprotic solvent (formamide)
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as the continuous phase rather than witelilizing a polar aprdt solvent makes it possible to
delay the interfacial hydrolysis reaction, thus decoupling droplet formation from hydrolysis.
Building on this approach, we herein demonstrate the effect of complete eliminatiereatiar
interfacial hydrolysis coupled ithh in-reactor photocuring of the sacrificial polymer scaffold on
the morphology and surface area offlow synthesized Ti@ microspheres, while utilizing
precursor concentrations upda order of magnitudehigher than those used previoushywt%

vs. 50 wt%).3'33 These concentrations enable synthesis of uf.® g of calcined titania
microparticles per day in a singtdannel flow reactor. Furthermore, a wide range of particle sizes
can be reached, ranging from <&fh to 250 em, greater than a 2®ld variation in particle
diameter Figure B1). Finally, the synthesized microspheres possessed exceptionally high specific
surface areasip to 362 nfg?) and a wide variety of morphologies, including hollow, yshell,

macroporous, and dense microspheres.

3.3 Experimental

Materials. Titanium (IV) butoxide (97%, reagent grade), ethoxylated trimethylolpropane
triacrylate (ETPTA) (average M428), Pluronic F108 (averagesM 14,600), and Sudan Blue Il
were purchased fromig@naAldrich. Toluene (certified ACS) and molecular sieves (4A) were
purchased from Fisher Scientific. Formamide (99.5+%, ACS reagent, nitrogen flushed) was
purchased from Alfa Aesar. Darocur 4265 (Omnirad 4265) was purchased from IGM Resins
USA, Inc. Deimized (DI) water was produced using a PURELAB Flex purification system
(Elga). All chemicals were used as received.

Precursor PreparationThe dispersed phase precursor was prepared immediately before

use in each experiment, where 3 mL batches were e fpar individual composition tests and a
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single 12 mL batch was prepared for the calcination tests to eliminatetbdiatch variability.

Titanium (IV) butoxide (97%, reagent grade, SigAldrich), ethoxylated trimethylolpropane

triacrlyate (ETPTA) (aveage M~428, SigmaAldrich), and toluene (certified ACS, Fisher

Scientific) were mixed utilizing the volumes required to reach the desired precursor compaosition.

Darocur 4265 (Omnirad 4265, IGM Resins USA, Inc.) was then added with an ETPTA : Darocur

molar ratio of 2:1. As the precursor was utilized immediately, no Schlenk line or other special

chemical handling methods were used other than storing the titanium (IV) butoxide reagent under

inert gas. Dyed toluene was prepared by adding 40 mg of Sudan BRigniaAldrich) to 40 mL

of toluene. The continuous phase was prepared by mixing 1 kg anhydrous formamide (99.5+%,

ACS reagent, nitrogen flushed, Alfa Aesar) and 10.1 g of Pluronic F108 (average 4600,

SigmaAldrich) in a 1L glass bottle with FEPies for venting and withdrawing the formamide +

1 wt% Pluronic F108 mixture in the cap. Molecular sieves (4A, Fisher Scientific) were added, the

bottle was sealed, and the mixture was sparged with argon for 2 h by attaching a Schlenk line to

the withdrawaltube. The mixture was then sonicated and left overnight to permit the Pluronic

F108 to dissolve. When withdrawing the continuous phase, care was taken to prevent the

introduction of moisture to the continuous phase by ensuring an inert atmosphere wamathin
Microreactor. The flow-focusing microreactor was constructed by cutting the outer

borosilicate glass capillary (1.5 mm outer diameter (OD), 1.12 mm inner diameter (ID), Friedrich

and Dimmock) to 6 cm and fitting both ends with flexible Tygon gdeev ( 1/ 80 OD, 1/

McMasterCar r) and 1/ 806 PEEK nuts and ferrules (I D

end to PEEKorETFEJ unctions (0.050 1|1 D, | DEX) . Next, o

mm OD, 0.75 mm ID, Friedrich and Dimmock)ywe t her mal ly constricted

a Narshige P@.0 capillary puller. The inlet capillary was cut down to 4.5 cm in length and inserted
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into a section of 0.040 I D 1/160 OD FEP tubin

and ferrule (IEX) and inserted into one end of the reactor assembly. The other end of the FEP
tubing was attached to awlay valve. Next, the outlet capillary was inserted into a 1 cm FEP
sheath (1/160 OD, 0.040 | D, Mi cr osountilits and w
constricted end was ~400 em from the tip of t
using a 1/160 PEEK nut and ferrule. Then, two
were attached to the remaining ports of thifctions, and the other ends were fitted with Luer
lock fittings (IDEX) for attachment to stainless steel syringes (Harvard Apparatus). Finally, two
FEP feed | ines (0. 020 Hk attathménss@and @QDFEEP puly&lxXe wi t
(0. 020 | DIDEX)wefe @ttach&@o,the remaining ports of thealy valve.

Characterization.The inflow synthesized titania microparticles were characterized using
(i) scanning electron microscopy (FEI Verios 460L) to conduct size measuremesntalpmsttion
and sudy monodispersity and morphology, (ii)-Ray Diffraction (Rigaku SmartLab -Ray
Diffractometer) to characterize crystallinity and crystal phase composition as a function of
calcination time and temperature, and (iii) BrunabemmettTeller characterizabn
(Micromeritics ASAP 2020) to evaluate specific surface area for microspheres synthesized using

different precursor compositions, calcination temperatures, and calcination times.

3.4 Results and Discussion

Figure 3.1 illustrates the developed microftlic platform consisting of a collimated UV
LED integrated with an axisymmetric flef@ecusing microfluidic reacto®> The flow reactor is
constructed with two constricted capillaries orientedtayip sheathed by an outer capillary,

creating an annulug=igure B2). The titania precursor.€., dispersed phase) was prepared with
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Figure 3.1. Schematic of the microfluidic platform integrated with a collimated UV LEL
continuous synthesis of highly monodispetitania microspheres.

four components: (i) titanium (IV) butoxide (TBT) as the titanium precursor, (ii) ethoxylated
trimethylolpropane triacrylate (ETPTA) as a photocurable polymer to provide rigititgm@asure
particle survival during calcination, (iii) toluene as a diluent to reduce the precursor viscosity and
ensure precursor homogeneity, and (iv) a photoinitiator for UV initiated crosslinking of the
sacrificial scaffold (ETPTA). During the flow symésis of titania microparticles, the dispersed
phase was fed through the inner channel of the upper constricted capillary, while the continuous
phase, formamide containing 1 wt% surfactant, was introduced through both the upper and lower
annuli. Droplets wre formed as the continuous phase stretched the precursor jet through the lower
constriction, with the droplets and continuous phase exiting through the lower constricted exit

capillary under atient temperature and presseffé® The collimated UV LED lijht sourcewas
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precisely aligned with the exit capillary, offset from the droplet formation zone, thereby enabling
the photocurable polymer in the formed microdroplets to rapidly crosslink inside the flow reactor
(Figure B3). The photocured microparticlesnd the continuous phase were collected in a
collection vessel containing deionized (DI) water.

Initiating the photo crosslinking of the sacrificial scaffold in the microreactor prior to any
exposure to water enablder the first time a dramatic increse in the TBT concentration (up to
50 wt%) while also varying the composition of the ETPTA. In this work, TBT compositions of
12, 15, 30, and 50 wt% were utilized, with the remaining dispersed phase for each TBT
composition tested with 20, 35, and 50 wt%FH A. For simplicity, the combinations tested will
be referred to by the weight composition of TBT in the precursor and the weight composition of
ETPTA in the remaining dispersed phase separated by a hyghd&2-@0 corresponds to 12 wt%
TBT in the prearsor and 20 wt% ETPTA/80 wt% toluene in the remaining dispersed phase).
Figure 3.2A summarizes the conditions tested and the accessible titania particle morphologies via

the intensified continuous flow synthesis strategy, including-gb#l, hollow, mamporous, and
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TBT Composition (wt%)
ETPTA Composition (wt%)

J . ) = /
12%TBT-20%ETPTA 12%TBT-50%ETPTA 15%TBT-50%ETPTA 30%TBT-35%ETPTA 50%TBT-35%ETPTA
Figure 3.2. (A) Chart illustrating the different morphologies achieved utilizing each pre:
composition. Morphologies observed include: yshell (1220, 1535), hollow (1250, 1550).
macroporous (3@0, 3035, 3650, 5620), and dense (585) spheres. Compositions denoted
X either did not survive calcination (435, 1520) or resulted inq@cursor phase separation {
50). (B) Wide field, single particle, broken particle, and surface SEM images of each of t
morphologies synthesized. (I) Ye#hell, 12 wt% TBT20 wt% ETPTA; (Il) hollow sphere, :
wt% TBT-50 wt% ETPTA,; (lIl) hollow spkre, 15 wt% TB150 wt% ETPTA, (IV) macroporot
30 wt% TBT-35 wt% ETPTA: (V) dense sphere, 50 wt% T-BBb wt% ETPTA.
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dense spheres. Yolhell and hollow sphere morphologies were both observed at lower TBT
compositions (12 and 15 wt%), while macroporous and dense sphere morphologies were only
observed at 30 and 50 wt% TBT. As expected, higher TBT caatems result in thicker/more
dense shells or fully dense micropatrticles, while lower TBT concentrations result in thinner shells.

In the case of the 12 and 15 wt% TBT microspheres, it was surprising to observe the
formation of hollow spheres at 50 wt%TETA (Figure 3.2B Il & Ill ), while yolk-shell
morphologies were formed at lower ETPTA compositions. The formation of the hollow shells at
50 wt% ETPTA is attributable to high ETPTA concentration and rapideactor photo
crosslinking. These factors resultspinodal decomposition, as evidenced by the patterns observed
in Figure 3.2B 1l & Il (fourth row), making the TBT partially insoluble in the crosslinked
polymer, forcing it to the surface, thereby resulting in a hollow sphere morphology. By
comparisonyolk-shell morphologies were formed due to the low polymer network density caused
by lower ETPTA and photoinitiator concentrations. The relatively low network density of the
crosslinked sacrificial scaffold (ETPTA) results in faster formation of a ttania shell due to
interfacial hydrolysis, while trapping the remaining TBT present in the micropatrticles within the
core. Once the dried microparticles were calcined, the combustion of the ETPTA and TBT in the
core resulted in the formation of the obsehyolk-shell particlegFigure 3.2B |, Figure B4).34

The microspheres synthesized utilizing 30 and 50 wt% TBT and varying ETPTA
compositions resulted in fewer morphological differences compared to the 12 and 15 wt%
particles. All tested 30 and 50 wt% TBdompositions resulted in thiekhell macroporous
morphologies except for the 85, which produced dense microspheres. However, the different
TBT-ETPTA compositions resulted in drastically different shapes depending on the ETPTA

composition, and thus theetwork density of the crosslinked ETPTA after photo crosslinking in
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the flow reactor. The less dense ETPTA networks were present in-2@ &8t 5620 resulted in
Apop-tokeo eri kferoa insoirRmlre B4p ghilethe intreased density ofeth
networks in the 3@5 and 5635 microparticles resulted in spherical macroporduguie 3.2B
IV) and dense microspherdsiqure 3.2B V), respectively. The network density and the total
amount of the crosslinked ETPTA combusted during calcination oB@#&0 microparticles
resulted i nliak ad prmokigeed®d)id gy (

To better understand the effect of each processing step, including collection, drying, and
calcination, on the size and morphology of the titania microparticles, we systdimaticdied the
effects of the dispersed phase composition on microparticle shrinkage and specific surface area.
Microparticle shrinkagei.., the reduction in microparticle diameter) during the drying and
calcination steps, is expected due to varyingnjies of toluene and ETPTA present in the
different precursor compositions tested. Toluene evaporates during the drying stage, while the
sacrificial scaffold (ETPTA) combusts during the calcination stage, resulting in decreasing
microsphere diameteFigure 3.3A presents bright field microscopy and scanning electronic
microscopy (SEM) images for 420 microparticles after collection (1), drying (Il), and calcination
(1), as well as microparticle diameteD) histograms for each condition (sAppendixB6 and
Figure B5 for microparticle diameter measuremefit)The precise process control and flow
stability within the microfluidic reactor resulted in coefficients of variation (Q¢# D0 I 100,
wherelp is the standard deviation of microparticle diaenets Diind sGt he average
diameter) of 0.8% after collection, 2.0% after drying, and 3.1% after calcination, respectively, for
the inflow synthesized titania microparticles. Microparticle shrinkage was then examined as a
function of precursr composition Eigure 3.3B). It was observed that the average diameters

decreased by 47%, 41%, and 39% between collection and calcination36r 3635, and 585
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microparticles, respectively. As expected, increasing TBT concentration réesudecreaed
guantities of ETPTA and toluene in the precursor and the formed microdroplets, which decreases
the overall microparticle shrinkage.

Precursor composition was also expected to exhibit substantial effects on the specific

surface areas of the synthesizéania microparticles. Higher TBT concentrations were expected
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Figure 3.3. (A) Images and histograms of -P® microparticle diameters, D (1) after collecti
(1) after drying, and (Ill) after calcetion. (B) D for 1535, 3835, and 5685 after collectior
drying, and calcination. (C) Measured specific surface areas, SA across all compositior
Samples denoted with an X either did not survive calcination, or the experiment coulc
carried out due to phase separation of the precurd®y. XRD spectra at varying precur:
compositions.

to increase the Ti©density in the microspheres, resulting in lower specific surface areas. By
comparison, it was anticipated that higher ETPTA concentrations would inhibit nanocrystal

sintering and result in higher specific surface aré¢agure 3.3C presents the experimentally
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measured specific surface are&A( of calcined titania microparticles for each precursor
composition testedAs expected, increasing TBT concentration at the saamaposition of
ETPTA decreases the obtained specific surface
ETPTA composition at a constant TBT concentration results in increasing specific surface area of
the synthesized titania microparticles. Feample, at 35 wt% ETPTA, the microparticles were
found to possess specific surface areas of 313, 267, 160, ancPgiatiTBT compositions of
12, 15, 30, and 50 wt% TBT, respectively. At 15 wt% TBT, the particles possessed specific surface
areas of 197267, and 324 fAg* at 20, 35, and 50 wt% ETPTA, respectively. Using this method,
it is also possible that other photocurable polymeesdther polyacrylates, longer/shorter chain
ETPTA) could be used. It would be expected that diacrylate compoundsreed thain ETPTAS
(Mr>428) would result in lower density polymer networks, decreased interruption of TiO
formation, and lower surface areas. In contrast, tetraacrylates and shorter chain ETRARS{M
would be expected to have the opposite effect.llyindRD spectra are presented for particles
synthesized at each TBT concentratidig@re 3.3D). As the microparticles were calcined at
500°C, the presence of the anatase phase £5°) and the absence of the rutile phase<27°)
is expected. The increased peak intensity at higher TBT concentrations is attributable to increased
crystallite growth enabled by the greater density and quantity of TiO

Utilizing the developed cdimuous flow synthesis strategy, we also explored the effect of
collection solvent on the morphology of the synthesized microparticles. Employing formamide
instead of DI water as the collection solvent completely eliminates interfacial hydrolysis occurring
in the collection vessel following 4reactor photo crosslinkingFigure 3.4 shows titania
microparticles synthesized using 30 and 50 wt% TBT with 30 wt% ETPTA, collected in

formamide {.e., without any interfacial hydrolysis). Due to the elimination lo¢ interfacial
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hydrolysis in the collection vessel, the synthesized microparticles possess dense sphere
morphologies with uniform density throughout the microparticle. BET was then used to
characterize the microspheres, with resulting measurements ofglamd 36 mg? for the 30

and 50 wt% microparticles, which are substantially lower than the measured surface areas of
microparticles at comparableompositions collected in DI water. This is attributable to the
uniformity and density of the Tiénetworkthroughout the microparticles, which likely results in
inaccessible interior pores at the center of the microsphere, causing lower surface areas.

In the next set of experiments, the effects of different calcination temperafyeesl(timest] on

the cnstallinity/crystalline phase and specific surface area were explored. Microparticles
synthesized using 15 wt% TBT and 50 wt% ETPTA were first calcined at 500, 600, 700, 800, and
900°C for 1 h and were characterized usirgy diffraction (XRD), BrunaueEmmettTeller
characterization (BET), and SEMigure 3.5A presents normalized XRD spectra (§égure B6

for spectra without normalization) collected for microparticles calcined at each temperature, as
well as the representative XRD spectra for the twmary TiQ; phases, anatase and rutile. As
expected, increasing calcination temperature results in narrowing of the XRD peaks and increasing
peak intensity, indicating an increase in crystallinity and nanocrystal size withgsynthesized
microparticles The XRD peak at 2d = 25A corresponds
synthesized sampl es. Wh at i's surprising, how
corresponding to the rutile phase transition, in any of the XRD spectra fre8080C. Accordig

to previous studies, the formation of the rutile phase is typically expected at temperatures above
~600°C#* Thus, the microparticles synthesizedflmw utilizing the intensified continuous flow

microreactor demonstrate excellent resistance to phasstion, even at temperatures well above
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Figure 3.4. Dense titania microspheres synthesized by collecting flevinphotocrosslinke
microparticles in formamide rather than DI water. Titania aparticles synthesized using (A)
wt% TBT-30 wt% ETPTA and (B) 50 wt% TBB0 wt% ETPTA.

the expected phase transition temperature for titania microparticles synthesized using all other
synthesis strategies. Next, the calcination temperature effects on specific surface area were
characterized using BE(Figure 3.5B). As expected, increasing calcination temperature resulted

in decreasing specific surface area due to sintering and nanocrystal growth within the titania
microparticles. The kilow synthesized titania microparticles calcined at 500°C pesdespecific

surface areas of 324°gy compared to 6 Agt at 900°C. The sintering effect can be seen in SEM
images presented iRigure 3.5C, where increased crystal size with respect to temperature is
observed, particularly at 900°C, where large vaelined crystal grains are visibl&he effect of

varying calcination time was studied by calcining thesD5microspheres at 500°C for 1, 5, and
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Figure 3.5. Effects of calcination temperature, T (500, 600, 700, 800, and 900 °C for 1
time, t (500 °C at 1, 5, and 10 h) on the phase composition andesarfza, SA of 50 titanie
microparticles. (A) normalized XRD spectra vs. T; (B) SA vs. T; (C) SEM images of
microparticles and their surfaces vs. T; (D) XRD spectra vs. t; (E) SA vs. t.

10 h. The XRD spectra of these samples showed no significant difference in the phase composition

of the calcinedtitania microparticles, though the amount of amorphous; Fif@sent in the

microparticles decreased (flattening baseliféyre 3.5D). However, substantial differences

were observed in the surface areas as calcination time was increased. SurpFgngly3.5E

shows that as calcination time was increased from 1 h to 10 h, the specific surface area of the
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microparticles increased by 12% from 324grhto 362 mig™t. While the increase in surface area
seems to contradict the expectation of either cohstareduced surface area due to nanocrystal
sintering, this observation is attributable to more complete combustion of residual carbonaceous
species (from ETPTA) trapped in interior pores inside the microsphere, thus resulting in higher
specific surfacer@as. SEM images of these samples shows no significant variation in morphology

of the synthesized titania microparticlésgure B7).

3.5 Conclusions

In conclusion, we demonstrated a facile, highly effective microfluidic strategy for
synthesizing titaniamicroparticles with no detectable rutile across a wide variety of unique
morphologies, including hollow, yolkhell, macroporous, and dense spheres, and breadth of sizes
(5 em to 250 em) e nladghacturingapprodcteintegratediwa flow an i n
synthesis reactor. The implementation of a collimated UV LED, coupled with the use of
formamide as the continuous phase in the microreactor, enabled the use of exceptionally high
titanium precursor compositions, ranging from 12 wt% to 50 wt%, wiepresents an increase
of as much as an order of magnitude compared to commonly utilized compositions. Titanium
precursor and sacrificial scaffold (ETPTA) compositiamsre varied systematically, and their
effects on titania microparticle morphology, iskiage, and surface area were explored. With these
compositions, exceptionally high surface areas up to 3§2 mere achieved with microparticle
sizes ~2 orders of magnitude larger than other particles with comparable surface areas.
Furthermore, the eféd of varying the collection solvents on microparticle morphology, as well as
calcinationtime/temperature on microparticle surface area and crystallinity/phase composition

were assessed. The synthesized microspheres were demonstrated to possess phasdlent
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stability, with no detectable rutile even at calcination temperatures up to 900°C, while increasing
calcination time was demonstrated to increase specific surface area-flbmesgnthesized titania
microparticles thus possess unique attributes ittgke them intriguing candidates for a wide
variety of applications, including catalysis and photocatalysis, photovoltaics, contaminant
adsorption and separation, and electrochemistry. Finally, the developed continuous flow synthesis
strategy representsgeneralizable method for synthesizing inorganic microparticles with tunable

morphologies and characteristics from a wide variety of organometallic precursors.
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CHAPTER 4: Flow Synthesis of Single and Mixed Metal Oxides

(In Review)

A generalizable and verstaile microfluidic approach for facile synthesis of a wide range of
metd oxide microparticles using atypical metal organic precursors is reported. Microparticles of
three single oxide materials, zinc(ll) oxide, tin(IV) oxide, and cerium(lV) oxide, as well as a binary
rare earth mixed oxide, lanthanum(lil) praseodymium(lil)dex are synthesized in flow. The
tin(IV) oxide is shown to vary in composition from 14.2% to 0% orthorhombic phase at annealing
temperatures ranging from 500°C to 900°C, while the lanthanum(lll) praseodymium(lll) oxide
forms at a relatively low temperatiof ~700°C

Metal oxides, due in large part to their broad range of physicochemical and optoelectronic
properties, remain among the most widely studied and utilized functional materials in the world
today. Commonly found in fields including catalysfs,imaging®* sensing, adsorptiorf,
photovoltaics’® energy storagel®and many other¥, different oxides exhibit a wide variety of
characteristics (e.g., band gap, charge carrier conduction-sogi@adbrt interactions) which make
them intriguing candidtes for these categories of applications.

In the last two decades, various synthetic routes, includinged®!® emulsiont
templating!>'® and other techniques, have been exploited for the synthesis of metal oxide
particles with sizes rangifrom 500 nm to 5 um. While useful for photovoltaic devices and batch
chemical reactiondmetal oxide microparticles synthesized using the aforementioned techniques
can cause significant challenges, including high pressure drop and cléggihgn utilzed in
emerging flow chemistry applications (e.g., catalysis in flow). To mitigate such issues in flow
chemistry applications and reduce the operation cost-86wn chemical synthesis (e.g., for

decentralized manufacturing of specialty chemicals),deisrable to utilize monodisperse metal
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oxide microparticles as the catalyst or supp6oTto this point, only microfluidic techniques have
been utilized to synthesize monodisperse metal oxide particles with sizes of O(10 um) to O(100
um) through hydrolyt or droplet templating/diffusive loading proceduté$: Such microfluidic
synthesis techniques have been only utilized to synthesize titanium dioxidg)§fffOand
copper(ll) oxide (CudY microparticles.

Recently, our group has reported the mikrdic synthesis of Ti@ microparticlesvia an
oxidative, rather than hydrolytic, pathw&yHere, building on our prior work, we illustrate a
generalizable flow synthesis technique for producing monodisperse metal oxide microparticles by
demonstratingfor the first time the continuous flow synthesis of zinc(Il) oxide (ZnO), cerium(IV)
oxide (CeQ), and tin(IV) oxide (Sng) microspheres using atypical metal organic precursors. We
study the effect of annealing temperatures on the characteristics phicrOparticles. Next, we
demonstrate the versatility of our microfluidic synthesis technique by extending it to a mixed
oxide, lanthanum(lll) praseodymium(lll) oxide (LaR)Ca member of an emerging class of mixed
oxide catalysts .

Metal oxide microparties were synthesized in flow using an axisymmetric ffoausing
microreactor, shown iRigure 4.1A. Microdroplets were formed from a nonpolar phase containing
the appropriate metal organic precursdialfle 4.1), a photocurable polymer (ethoxylated
trimethylolpropane triacrylate, ETPTA), a solvent (toluene), and a photoinitiatbydxy-2-
methylpropiophenone). The metal oxide precunsas continuously fed into the microreactor
through an inner channel of the flow focusing microreactor, while a polaimaoons phase
(formamide) was continuously fed through the outer annulus, resulting in monodisperse droplet
breakup at the constriction as both phases were forced through the constricted exit capillary. The

microdroplets were then exposed to ultravioleVUight (365 nm)in operandg to trigger the
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Figure 4.1. (A) Schematic of the axisymmetric flefecusirg device utilized to fori
microspheres in flow. (B) Schematic of the process used to synthesize metal oxide micro

photocrosslinking of the ETPTA. The resulting polymerized microparticles were collected, dried,
and annealed in ambient atmosphere to form metal oxide microspReye (4.1B). Additional

details about theysthesis may be found in the Electronic Supplementary Informahppendix

C1l). The resulting metal oxide particles were characterized using scanning electron microscopy
(SEM), X-ray diffraction (XRD), diffuse reflectance UVis spectroscopy, and energwggersive

X-ray spectroscopy (EDS).

Table 4.1Metal organic precursors utilized for eacHlmw microparticle synthesis

Material Precursor(s)
ZnO zZinc(ll) 2,2,6,6 Tetramethyl3,5-heptanedionate
SnG Di-n-butyltin bis(2,4pentanedionate)
Ce Cerium(lll) 2-ethylhexanoate

LaPr&s Lanthanum(lll) and Praseodymium(lll)

2,2,6,6tetramethy3,5-heptanedionate

Figure 4.2 depicts an example of the single metal oxides synthesized in flow, including
ZnO (Figure 4.2A), SnQ (Figure 4.2B), and CeQ® (Figure 42C). The inflow synthesized
microparticles exhibited a coefficient of variation (CV) less than 12.5% when characterized using
SEM (Figure 4.2, first row), and possessed a spherical morphol&ggufe 4.2, second row). It
IS necessary to note that tha® (CV = 11.0%) and CegCV = 12.5%)microparticles were less

monodisperse than the ZnO microparticles (CV = 8.9%). This is likely attributable to the UV
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Figure 4.2. Three exemplary single metal oxide microparticles synthesized in flow using@
anrealing temperature under amhbiextimosphere. (A) ZnO, (B) SaPand (C) Ce@ For eac
metal oxide: (1) widefield SEM image, (1) single particle SEM image, and (lll) XRD pattel
each sample. XRD references may be found beneath the spectra. For thea®@p@, the tc
reference iorthorhombic Sn@while the bottom reference is tetragonal. Average micrope
diameters: Zn@ 133pum, SnQ i 141pm, CeQi 117pum.

absorbance of Sn and Ce metal organic precursors, which may negatively impaesithe in
photocreslinking of the photocrosslinkable polymer. The size distribution of thiown
synthesized metal oxide microparticles can be further improved by optimizing the
photoinitiator/UV light combination for each synthesis.

The inflow synthesized metal oxideicroparticles were characterized by XRD to confirm
the formation of the expected oxides after the annealing prdegssd 4.2, third row, reference
spectra at bottom). The peaks observed in the XRD spectra of the microparticles synthesized using

zinc(ll) 2,2,6,6tetramethy3,5-heptanedionate and cerium(lllje2hylhexanoate were consistent
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with ZnO (JCPDS: 3d451) and Ce&(JCPDS: 340394), respectively, while the spectrum of the

SnG sample annealed at 500°C were comprised of 85.8% tetragona(BIDS: 411445) and
14.2% orthorhombic SnOX(JCPDS: 1583275). The flow synthesis results of this metal oxide
library clearly indicate two major benefits associated with this flow chemistry technique. First, it
is possible to utilize a much wider range oftat@rganic precursors/ligands, including materials
that are more stable€., less water reactive) than commonly utilized metal alkoxides. Second, the
developed flow synthesis route is capable of synthesizing metal oxides with a variety of different
valence states and groups, including transition metals;tparssition metals, and lanthanides.

As the synthesis utilizing the-gitbutyltin bis(2,4pentanedionate) precursor resulted in a
mixture of tetragonal and orthorhombic Sn@t 500°C, which has remed attention for
photocatalytic applicatior®,in the next step, we investigated the effect of elevated annealing
temperature on composition and band gap of the 8n@oparticles. In addition to 500°C, the in
flow synthesized SnOmicroparticleswere annealed at two higher temperatures, 700°C and
900°C, after which all three samples were characterized usinyis/dnd XRD. The acquired
UV-Vis reflectance spectra were transformed usingkihleelkaMunk and Tauc methods. The
generatedrauc plots were the used to estimate both the direct and indirect band ga)<y(
Figure 4 3A illustrates a representative example of the band gap estimation (indirect gap, 900°C
anneal, seeAppendix C2 for details of Ec estimation). KubelkaMunk transformed diffuse
reflectance U\Vis spectra andaucplots for the direct and indireEi; estimation of each #flow
synthesized SnOsample can be found iAppendices C2 and @G. Figure 4.3B presents the
estimated band gaps for eacklow synthesized Sngsample annealed aifferent temperatures.

It was observed that both the direct and inditecvalues increased as the annealing temperature

was increasedHgure 4.3B). The direct and indirecEc of the inflow synthesized SnO
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Figure 4.3. Characterization of the Sa@nicroparticles as a function of annealing tempere
(A) Representative bangap estimation by Tauc diagram (indirect band gap,’@)0(B) Plot o
direct and indirect band gap vs. annealing temperature. (C) XRD spectra of tmi&uParticle
by annealing temperature. (D) Orthorhombic composition of th#lown synthesized 80
microparticles evaluated by XRD relative intensity ratio.

microparticles increased from 3.84 eV to 3% and 3.09 eV to 3.79 eV, respectively as the
annealing temperature was increased from 500°C to 900°C. This trend may be attributed to the
presence of higher quantities of defects at lower annealing temperatures, which is expected due to
the known phenoena of enhanced diffusion and increasing crystallinity at higher annealing
temperature€® as well as the prevalence of tuning defects as a method of band gap engfrieering.
Furthermore, the lower band gaps observed at lower annealing temperatures rieduppthe

observed red shift in theubelkaMunktransformed UWis spectra Figure C2).
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The inflow synthesized Sn©microparticles annealed at 700°C and 900°C were then
characterized by XRD to evaluate the composition of the microparticles at eaeali@gn
temperature using the relative intensity ratio (RIR) technifigure 4.3C presents the XRD
spectra of the Hilow synthesized Sn©microparticles annealed at different temperatures, which
indicate decreasing orthorhombic Sn€@mposition and inceessing crystallinity with increasing
annealing temperature. These results can be explained by the metastable nature of the
orthorhombic Sn@ phase, which can transition to the more stable tetragonal phase at higher
temperature®® and the known phenomenonf dncreased sintering at higher annealing
temperature$’ Larger XRD spectra, Rietveld refinements, and additional data are shown in
Appendix C4. The composition of the SaQmicroparticles as a function of the annealing
temperature is presentedrigure 4.3D, where orthorhombic SnGractions of 14.2%, 4.9%, and
0% are present for the 500°C, 700°C, and 900°C samples, respectively.

More complex binary oxide systems, ranging from doping to stoichiometric mixtures, have
been studied as a means of achievingréety of different characteristics, ranging fré/defect
engineering to catalytic properti#sTo demonstrate the applicability of our flow synthesis
technique to mixed oxide systems, in the next step, we synthesized a binary lanthanide oxide,
LaPrQ, in flow. LaPrQ was selected in part to demonstrate the feasibility of synthesizing mixed
metal oxides from solid metal organics containing metals that are less likely to be soluble in the
nonpolar phasd-igure 44A and 4.4B present SEM images of the-flow synthesized LaPr©
microparticles (CV = 10.5%) with a spherical morphology. EBgyre 4.4C) was utilized to
evaluate the dispersion of L&igure 4.4C I1), Pr (Figure 4.4C Ill), and O Figure 4.4C 1V)
atoms throughout the LaPg@icroparticles. Laand Pr appeared to be well mixed, with no cation

segregation observed in the EDS maps. Finally, tHéowm synthesized LaPrOmicroparticles
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Figure 4.4. Characterization of LaPrOmicroparticles. (A) Widdield SEM image. (B) SEI

image of a single LaPr{particle. (Cl) Overlaid EDS map of a single LaRgarticle, (1) La ED:

map, (I1) Pr EDS map, (IV) O EDS map. (D) 4situ XRD spectrum of synthesized material f

500°C to 900°C.

were characterized using-situ XRD to evaluate the phase transition temperature for the
synthesized materialFigure 4.4D presents the-situ XRD scan fronb00°Cto 900°C, where it

was observed that from 500°C to 700°C, the microparticles consisted of a mixturge€Oa

and PsOs. At approximately 700°C, the formation of the desired Lapt@ase commenced, vathi

is ~200°C lower than temperatures commonly used in literature for similar materals.
reduced sintering due to the presence of the sacrificial scaffold coupled with the precursor
homogeneity may aid in the reduced temperature required for thetimmroéLaPrQ, specifically

by reducing the necessary diffusion distance for the La and Pr cations to form the laaRr€©

This result has the potential to be particularly helpful, especially in mixed oxide applications where

high surface areas may bmportant €.g, catalysis). By reducing the required annealing

temperature, it becomes possible to minimize sintering of the crystallites present in the Paterial,
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enabling the synthesis of the desired mixed oxides with comparatively high specifee andas
(5.9 nt/g) compared to those previously reported for lanthanide oxide materiais3(5.5¥/g)%!
or conventionally synthesized LaPy@nnealed at 950°C (0.6%y).

In conclusion, we demonstrated the facile flow synthesis of a library of roridé
microparticles, including ZnO, SnPand CeQ@, using a wide range of atypical metal organic
precursors. It was demonstrated that for microparticles synthesized usigugitin bis(2,4
pentanedionate), the composition of the orthorhombic.$m&ent could be varied from 14.2%
to 0% by tuning the annealing temperature from 500°C to 900°C, while simultaneously modifying
the band gap due to the presence of defects. Finally, a binary mixed oxide microparticle, LaPrO
was continuously synthesized low. It was demonstrated that LaRn@as formed around 700°C,
nearly 200°C lower than expected, which may be attributable to the inhibition of sintering and the
homogeneity of the precursor. Future work may explore the synthesis and application of
increasngly complex oxide systems.@, ternary oxides, quaternary oxides), as well as the effects

of defect engineering towards applicati@ngeted material properties.
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CHAPTER 5: Continuous Flow Solar Desorption of CQ from Aqueous Amines

Z. S. Campbell, S. Han, S. Marre, and M. Abolhasa@iS Sustainde Chemistry & Engineering

2021, 9 (6), 257@579.

5.1 Abstract

Recovery of captured carbon dioxide ({$@ considered the most enefgyensive stage
of postcombustion C@ capture strategies by aqueous amines. In response, an optically
transparent, dw reactor with continuoush operandoCO; collection using lightabsorbing,
graphitetitania composite microparticles is developed for en@ffjgient solar desorption of GO
from saturated aqueous amine absorbents. The synthesized gtibghide compgite
microparticles are demonstrated to be a more effective packing material for the continuous CO
solar desorption in the packéed flow reactor compared to other candidates, including titania
and carbon black. The effect of continuous and discretenesess, including irradiance, residence
time, amine concentration, and amine chemical structure on the efficiency of thersdited
CO; desorption using the developed continuous flow strategy with the grdipdite composite
microparticle packing aretudied in detail. Furthermore, the potential for implementation of a
control strategy by adjusting the aqueous amine stream flow rate to achieve constant CO
desorption efficiency with a dynamic solar irradiance is discussed. Finally, the continugus CO
desorption stability over an extended period of time (12 h) is examined with an average single

pass efficiency of 64%.
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5.2 Introduction

Human activities after the second industrial revolution in the early cEtury have
resulted in an increase ofetlatmosphericarbon dioxide (Cg concentration from 280 to above
400 ppm over the past 110 years, primarily ttu¢he constant growth of population and ever
increasing worldwide energy demah@iThe unmitigated emission of G@nd other greenhouse
gase is causing an unprecedented rapid rise in average global temperatures and an overall
irreversible change in climaf&’ As the concentration of atmospheric £@ntinues to climb, it
is imperative to develop and implement strategies for ereffgprent CO, capture, sequestration,
and utilization (CCUSS. Current shortcomings ahitigation efforts concerning GQemission,
including the high energy cost of G@apture and recovery from stationary soureeg,(power
plants) which can represent up to 80%the associated CCUS cost, and the comparatively low
efficiency of renewable and sustainable energy alternatvgs<olar cells),have inhibited wide

spread implementation of these technologies in the energy sector.

Over the last three decadesyerous techniques have been developed for selective CO
capture, including adsorptidt?, absorptiont®!! and membrane separati®n;®> among others.
However, of these strategies, absorption with agueous ansigesrfonoethanolamine, MEA) is
one of themost widely utilized strategies for GOapture in applications ranging from natural gas
sweetening to postcombustion C@removall* Despite groundbreaking advancements i, CO
capture with aqueous amines, this technique suffers from a high energy pentie recovery
of the captured C® The most substantial hurdle to widespread implementation as a post
combustion capture strategy is the energy input necessary to desorb the captufieanG@e
agqueous amine solution so it may be reused, requiemgneration temperatures around 120*C.

This is further complicated by the massive quantity of absorbent necessary to fully extract the CO
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from stationary sources of G@nd the requisite absorbent replacement due to degradation. This
limitation, along with rising global energy demands, necessitates the development of more
efficient physical and chemical absorbents for.C@pture from stationary sources, as well as a
more sustainable strategy for its recov€ramong different energgfficient CQ desaption
strategies, solar energy is considered among the most promising candidates as a readily available
source of energy to heat the solution and aid @€sorption. This concept has recently been
demonstrated by the addition of carbon black nanopartmig®e MEA solution, which have been
shown to effectively absorb light resulting in bulk heating of the solution followed by CO
desorptiont” While this strategy has been demonstrated to be effective for its intended purpose, it
raises additional techragical challenges since the addition of particulates to the capture solution
has the potential to present problems for the conventional large scale centrifugal pumps that would
likely be used in such an application. Furthermore, batch techniques aret@radditional
complications, including reduced light penetration (~1 i particle settling with insufficient
agitation, excessively long GOdesorption timescales, and the presence of large concentration
and temperature gradients in batch reactorparticular, large diffusion length scales associated
with conventional macroscale characterization techniques make the development of alternative
CO; recovery routes challenging and thmensuming. For this reason, it is intriguing to consider

a continmus flow strategy utilizing lightibsorbing microparticles for solar heating of £0
saturated aqueous amine solutions to achieve continuous, -@ficggnt CQ recovery while
removing costs associated with separating the recovered aqueous amine aatdsbgbing

particles.

Recently, microfluidic strategies have emerged as a promising tool for fundamental and

exploratory studies of gdmuid reactions” 22 including accelerated exploration of €€apture
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and utilization processéd3! Advantages of ficroscale strategies include enhanced rates of heat
and mass transfer, small (mierm nanaliter) reagent volumes, controlled variation of reagent
concentrations in a higthroughput manner, reproducibility, and the integration of analytical tools
with microfluidic reactors for realime process characterization and optimizatiois:®3
Additionally, a continuous photothermal heating strategy is best applied using micrtnciit
reactors due to their excellent light transmittance, as the use dfsrakl channels (<1 mm)
results in significantly higher light absorption by the ligitsorbing particles than conventional

batch reactor$®

Here, we present a microscale fluidic strategy for continuous-doilan desorption and
in operandorecoveryof captured C@from aqueous amine solutions. By utilizing a membrane
based flow reactd?’,**the desorbed C{xan be continuously separated from the aqueous amine
solution,in-sity, as it is released in the flow reactor, while the liquid phase contihtmsgh the
packedbed region. Using the developed continuous flow reactor, we demonstrate goasg)le
CO;, desorption efficiency of 64%ia illumination of the reactor with a light source selected to

emulate a solar concentrator.

5.3 Experimental

MateaialssMonoet hanol ami ne ( 099 . Gb%oxide\97%, réageatg e n't )
grade), toluene (099.5%, ACS reagemt4pg),amlt hoxyl
diphenyl(2,4,6trimethylbenzoyl)phosphine oxid7%) werepurchased from Sigan Aldrich.
Carbon black was purchased from Cabot. Nitrogenghade 5.0) and Cdindustrial grade) were
purchased from Messer. The graptiitania (GTiO2 composite) microspheres used to pack the

flow reactor were synthesized using a fl@cusing micoreactor presented previously by our
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group® 38 However, rather than annealing the microparticles at 500 °C, #t@rsynthesized
microparticles were calcined under ambient atmosphere at 400 °C, which resulted in the formation
of G-TiO2 composite micrpar t i c |l e s. De i o n icm)envds génBratgd using thee r
on-site facility. All chemicals were used as received.

Microfluidic Platform.A schematic of the developed microfluidic platform utilizing a tube
in-tube flow reactor configuration is shawn Figure 5.1 The microreactor was constructed by
attaching stainless steeljiinctions (1/8 in, Swagelok) to fluorinated ethylene propylene (FEP)
tubing (outer diameter (OD): 1/8 in; inner diameter (ID):1/16 in, IDEX Health & Science).
Stainless steekducers (1/8 in to 1/16 in, Swagelok) were then inserted into eaafciion, in
line with the FEP tubing. Next, a tubular gaesrmeable membrane (Teflon AF 2400 tubing, OD:

0.04 in, ID: 0.032 in, Biogeneral) was inserted through the reducgusctiors, and FEP tubing.

CO,-Saturated

. o
Aqueous Amine 2 S"f“fated
Am/ne

.Teﬂon AF 2400 Tubing . FEP- Fluorinated Ethylene Propylene Tubing [] Recovered Amine Solution

Figuré&cbematic il lustration of the dewie
tube packed bed micr eerncaabadbd®> dropt icomt fi ma

A Teflon frit ( PEEK, 2 e€m pore size, | DEX

(1
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particles stay inside the tulre-tube flow reactor. After closing one end of the Teflon AF 2400
tubing, lightabsorbing microparticles were intnozkd into the inner (Teflon AF 2400) tube until

the section between the-jlinctions was completely packed with microparticles. Bright field
images of the packeloed flow reactor are presentedrigure D1. The open end of the Teflon
AF2400 was then sheath&vith a 4 cm segment of 1/16 in OD, FEP hgpand tightened in place
with 1/16 in Swagelok fittings, while the oth
pore size, IDEX Health & Science) and needle valve. One needle valve was attached to the 1/16
in OD, FEP tubing with a Luebck fitting (PEEK, IDEX Health & Science), while another 1/16

in OD FEP tubing was attached to the opposite end of the flow reactor and fed into the collection
beaker. The C@®saturated agueous amine solution was continuously fed to theegasable

inner tube usin@g 5 mL syringe (gatght, SGE) and a syringe pump (KD Scientific, KIRB0-

CE).

The perpendicular ports of the stainless steginttions were attached to an FEP tubing
(OD:1/8 in; ID: 1/16 in) to enable gas flow through the outer annulus of theiritthbe flow
reactor. The gas inlet, positioned in coutftew arrangement with respect to the liquid inlet
stream, was connected to a (darrier gas) mass flow controller (MFC) (Brooks), while the gas
stream outlet was connected to a 3@nsor (Gas SenginSolutions, SPRINTIRVF-20). It
should be noted that the carrier gas was only utilized to facilitate and accelerate collection and
guantification of the desorbed G@ the flow reactor. In an industrial process, the desorbed CO
could be collected by appng a negative pressusga a pump at the gas outlet, thus preserving
the CQ purity achieved through the solanabled amine scrubbing process. A light source
(SuperPlant E40 50x40 Stucco diffuser, SuperPlant MH 600W bulb, and Lumatek Adjustable

Electranic Ballast) with tunable power (250 W to 600 W), was placed at the desired didtnce (
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over the tuban-tube flow reactor using a ring stand. The lamp emission spectrum can be found in
Figure D2. Following preliminary experiments, the feed tube was girgpacked with the light
absorbing microparticles and folded aluminum strips were added to serve as solar concentrators
and enhance total irradiance.

Flow Reactor OperatiorSolarenabled C@desorptiorexperiments were started by filling
the packed beflow reactor with DI water. The syringe was then filled with the desired amine
solution saturated with C@prepared under inert atmosphere in a glove box, saturated by bubbling
CQO; through the solution until it returned to near ambient temperature). ©ado&ding (mol
CO: / mol amine) for each prepared solution was calculated by measuring the mass before and
after sparging the amine absorbent solution with.Q@xt, the syringe pump was set at a high
flow rate until the amine solution reached the préhgasection of the flow reactor. The light
source was then turned on, the liquid feed rate was set to achieve the desired residetige time,
and the N flow rate was set to 3 mL/min. Over the course of each experimeat;d@@entration
in the gas phagee., CO; and the carrier gas) was monitored in real time and was allowed to reach
steady state operation (~4 residence times per experimental condition) before recording each data
point. The CQ desorption efficiency was determined by calculating theuarihof CQ desorbed
based on the fixed Nflow rate and the reading from the €€8ensor. This quantity was then
divided by the theoretical GQdesorption, which was calculated based on the measured CO
absorbed by the amine solution and the reactor flde (see the Supporting Information, S6).
Each steady state gas phase C@ncentration was calculated from the average of 19ge@sor

readings. All experiments were repeated 3 times.
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5.4 Results and Discussion

Light-Absorbing Composite Microsphered/ith the adoption of the packdztd flow
reactor strategy, there were two primary considerations for the selection of the packing material,
namely light absorption over the ultraviolet and visible region of the solar spectrum, and pressure
drop across thdélow reactor (1P). These characteristics were tested for four different -light
absorbing material candidates, including carbon black powder (bo#teised and isostatically
pressed/sieved), white titanium dioxide microparticles (synthesized accordihg pvocedure
discussed in Ref. 33), batslynthesized carbon/T¥JC/TIO,) particles, and €102 composite
microspheres. Each of the packing candidates, (I) white, Ti) as received carbon black, (111)
isostatically pressed carbon black, (1V) basghthesized C/TiQ and (V) GTiO2 composite
particles were characterized with scanning electron microscopy (SEy)r¢ 5.2A). The UV-
Vis absorption spectra for each of the material candidates is presehigdri;n D3. The packing
materials were loadedtino an FEP tube (0.040 I D, 1/160 OD),
by flowing DI water at 100 uL/min through each packed bed flow reactor using an ISCO high
pressure syringe pumgifure 5.2B). The pressed carbon black and batghthesized C/Ti®
patticles resulted in pressure drops greater than 175 psi/cm and ruptured réagtoes4) due
to polydisperse particle sizes and settling in the flow reactor. Meanwhile, the flow reactor packed
with the highly monodisperse-GiO. composite particles washserved to have a relatively low
pressure drop of 0.5 psi/cm, due to the large average size J(h2@nd monodispersity of the
flow-synthesized &i02 microspheres.

Following the pressure drop tests, the photothermal heating of the materials that did not
cause mechanical failure of the flow reacia.(flow-synthesized white Tig) as received carbon

black, and GTiO2 microparticles) was studied, under the same irradiance. The packed bed flow
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Figure 5.2 Characterization of the ligtatbsorbing material candidates. (A) SEM images of tl
flow-synthesized Ti@ microparticles, (lI) aseceived carbon black, (lIl) isostatically pres
carbon black, (IV)batchsynthesized C/Tig) and (V) flow synthesized -GiO, particles. (B
Pressure drop measurements for packed bed flow reactors fabricated with the materials
panel A. (C) The change in DI water temperature caused by illumination of the packimin
reactors constructed using the materials shown in panel A.

reactors (6cm long) were illuminated using a solar simulg#4 Lightline, Sciencetech), and the

exit DI water temperature was measured by inserting a thermocouple into the exit stream. The G
TiO2 and the aseceived carbon black particles resulted in the greatest change in DI water
temperature, with changes 04.2 °C and 13.5 °C, respectiveligure 5.2C). As the GTiO2
composite microparticles resulted in the greatest inlet/outlet temperature difference for DI water
and the lowest pressure drop across the four different materials tested, they were setbeted as

optimal lightabsorbingmaterial for the energgfficient, continuous C&solardesorption.
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The GTiO2 composite microparticles were then characterized using energy
dispersive xay spectroscopy (EDS),-ray diffraction (XRD), and xay photoelectron
spectroscopy (XPS¥igure 5.3A shows a brightield image of the flowsynthesized &i0>
composite microparticles as well as EDS maps of a single cut microparticle. The EDS maps
(Figure 5.3A 11-IV) illustrate the presence of an outer Ti€hell surroundig a carbon core
containing a smaller amount of Ti atoms. The observedsug# structure is formed by slight
hydrolysis of the titanium-utoxide trapped at the surface of the photocured particles as they are
collected in DI water, while the graphite reo(containing Ti atoms from the unhydrolyzed
precursor) is formed as the photocured ethoxylated trimethylolpropane triacrylate is heated
sufficiently to dehydrogenate the carbons but not high enough to begin their oxidation. Graphite
formation is also likly aided by the presence of the T&bell, which inhibits oxygen diffusion to
the carbon core, thus preventing oxidation. The presence of the peaks at 26.5° and 55° in the XRD
pattern Figure 5.3B) indicates the presence of graphite, while the low, beak at 25° is
indicative of the presence of anatase JliilOthe composite microparticles. Meanwhile, the XPS
spectrumFigure 5.3C) possessed Ti 2p and C 1s peaks with binding energies of 460 eV and 285
eV, respectively. The Ti 2p peak is consistent witd presence of Ti) while the C 1s peak
indicated the presence of elemental cartyohi.

Continuous SolaEnabled CQ Desorption.In the next set of experiments, the developed
flow reactor packed with G'iO> composite microparticles was utilized twéstigate the kilow
bulk fluid photothermal heating using a metal halide lamp. DI water was loaded into a 5 mL syringe
and only fed through the tube-tube flow reactori(e.,, no preheating sections or aluminum
Aconcentratorso) iudpéndethat a heighe df 32bcyn akiove ¢he flow meartors

To conduct the temperature measurements, the needle from teelexieedle valve was removed
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and a thermocouple was inserted in its place, while additional thermocouples were utilized to
determine th inlet temperature of the DI water fed to the flow reactor and the external temperature
under the lamp. In the first test, the effect of irradiance variation on exit bulk fluid temperature

was evaluatedHjgure 5.4A) using a liquid flow rate corresponding a 0.5 min residence time

(3.7 mL/h) in the illuminated tubm-tube flow reactor segment and lamp power settings of 250

.
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Figure 5.3 (A) (1) A bright-field image of the flowsynthesized &0 particles. (II) EDS me
of a cut GTiO2 micropatrticle. (lll) Tiand (IV) C EDS mapéB) XRD and (C) XPS spectra dfe
flow-synthesized &i02 microparticles.
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W, 400 W, and 600 W. For each tested lamp power, the feed inlet temperature remained constant,
while higher temperatures were oha=t at higher lamp powers for both the exterior temperature

and the exit bulk fluid temperatur&igure 5.4A). Furthermore, the DI water exit temperatures

were higher than the exterior temperatures. It was found that the 400 W lamp power resulted in an
avaage external temperature of 28 °C and an average DI water exit temperature of 32 °C, while

the temperatures measured at the 600 W lamp power were 37 °C and 51 °C, respectively. The
increased bulk fluid temperature above the ambient temperature upeasing the irradiance
(controlled by the lamp power) was a result of the photothermal heating of the padkéd G

particles in the flow reactor. Next, we evaluated the effect of residence time under a constant
irradiance on the fluid photothermal heatingthe packed bed flow reactor. The irradiance was

held constant (with the lamp power of 600 W), wiilevas varied from 0.5 min (61{f./min) to

5 min (6.17uL/min) (Figure 5.4B). As expected, the reactor inlet aegternal temperatures

remained constanwhile higher fluid exit temperatures were observed at lower residence times,
contrary to expectations. However, this is ex|
illuminated flow reactor segment and the thermocouple, as the thermocoujide oty be

inserted as far as the PEEK frit installed to keep the packing in glagperd D5A) . The nAdea
zoneo was neither illuminated nor insul ated,
down to ambient temperature, approximately@ler than the heated fluid. Furthermore, the
reactor was operated inside a fume hood, whic
accelerating the cooling process further. The lower flow rates corresponding tothiggwit in

greater time spent n t he fAdead zone, 0 t{d=a%Pmn comparechtoel vy 3
approximately 23 s &k = 0.5 min) prior to contacting the exit thermocouple. In the next set of

packed bed flow reactor characterization experiments, we conducted a control expeiiimant
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unpacked flow reactor at a similar irradiance to the packed bed flow reactor (600 W lamp power)
and 32 cm lamp height and different residence tirfregufe 5.4C). The measured temperatures
followed the expected pattern, with the highest tempexa88 °C, observed at a 5 min residence
time, and the lowest temperature, 36 °C, observed at the highest flongatieWest residence
time in the flow reactor). The difference in the observed temperature pagemeggativer vs tr
correlation inthe packed bed flow reactor, positiVevs tr correlation in unpacked reactor) is
explained by the location of the thermocouple in the unpacked reactor, as the absence of packing
materials enabled the thermocouple to be placed at the end of the illudrgeat®n, eliminating
the fAdead zone. O The temperatures were <O
temperatures, indicating that the presence of the packing dramatically improvesr¢hetan
photothermal heating. It should be noted thatiéimeperatures achieved in the illuminated region
of the packeébed flow reactor should be substantially higher than those measured, as the
temperature measurements in the padbed flow reactor were taken at the exit valve rather than
the interior of thaelluminated section due to the additional packing and the frit used to keep the
reactor packing in placéigure D5B).

After it was established that the presence of the-f8gnthesized &0, particles and
illumination resulted in substantial photothetmeating of the liquid fed into the packedd flow
reactor, a preheating section (packing of the {ajtdorbing microparticles in the feed tube) was
incorporated and folded strips of aluminum were added under the heating segments of the flow
reactor toenhance illumination from all directions. The effect of irradiangeof the CQ
desorption efficiencyp = mol CQ desorbed/mol C&in amine) was then investigated by varying
| (lamp power and height) with a G@aturated 5 M agueous MEA solution abastant residence

time. Figure 5.5A presents the measurédat different power and height combinations using a

n ¢



103

1000

1{(W/m?)

500 -

L7,
00'394
:‘??

o
N

P (W), H(cm)

:

20 +

E, (%)

0 T T T
0 500 1000

1{W/m?)

Figure 5.5.(A) Measured irradiance vs. lamp power and heiB) CQ, desorption efficiency v
irradiance at a 3 mirrtusing 5 M MEA.

pyranometer (Tenmars TM206 Handheld Solar Power Meter). The highastobserved at the
highest lamp power, as measurements of 10132&hd 85 W/n? were recorded at 29 cm and

32 cm lamp heights, respectively. As expected, lowering the lamp power substantially decreased
| substantially.Figure 5.5B shows thatEp increased with increasing Increasingl results in
greater light absorption by éhGTiO> composite microparticles within the packieed flow
reactor, and thus greater bulk fluid photothermal heating. While it was possible to further increase
the irradiance by decreasing the lamp height, ~10002W#s selected as the maximum value to

be consistent with maximum solar irradiance. A control experiment utilizing the phekiadibe
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in-tube flow reactor and the standard reaction conditions with no irradiatio® \(\V/nt) was also
conducted to determine the level of £d&@sorption attributale to the flow of the carrier gas. At

= 0, theEp in the was found to be ~4%. Furthermore, additional experiments were completed
outdoor on a sunny day (31 °C, approximately 1000 3¥)rto compare natural solar irradiation

to the metal halide lamp u$éor the indoor screening experiments. Using a 5 M MEA solution at

a 3 min residence time, the solar irradiance experiment resulted in an averagpassglE
desorption efficiency of 22% compared to the 25% obtained using the metal halide lamp. This
result indicates reasonable agreement between the experiments conducted in the lab using the
metal halide lamp and the actual solar irradiance. The lower desorption under actual solar
irradiation is likely attributable to slightly lower external temperaw@mpared to those observed

with the metal halide lamp (~3C vs.~35°C). Additionally, we conducted control experiments
without packing the flow reactor at a 3 min residence time using a 5 M MEA solution at an
irradiance of ~1000 W/ The illuminated,unpacked flow reactor produced an average CO
desorption efficiency of 9%, which is attributable to the heat produced by the lamgQj)-35

causing a small amount of G@esorption.

Following the determination of reasonable agreement between indoouatabioCQ
desorption efficiency results using the developed continuous flow reactor, in the next set of
experiments we evaluated the effect of residence time, amine concentratiaminedype on the
solarenabled C@desorption efficiencykigure 5.6A presents the effect of residence time on the
solarenabled C@desorption using 5 M MEA and amadianceof ~1000 W/m. As can be seen
in Figure 5.6A, increasing the residence time increases the measurgeddsorption efficiency,
which is expected as tlEueous amine solution spends more time in the microreactor, allowing

the bulk fluid to reach higher local temperatures and desorb larger amounts. ofl@Qargest
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Figure 5.6. (A) Measured E for different residence times at I=~1000 V¥/msing a 5 M ME/
solution. (B) MeasureddFor different MEA concentrations at I=~1000 W/amd & =3 min (C)
Measured E for various amines at 1=~1000 W/mand &= 3 min; 1, 2, and 3 were 5 N
concentrations4 was 3 M.
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singlepass CQ desorption efficiency of MEA was obtained farresidence time o0 min
(~42%). After exploring residence time effects, we explored the effect of saturated amine feed
parameters on the G@esorption efficiencyFigure 5.6B shows the effect of MEA concentration

(C) on the CQ solardesorption efficiency. Decreasiig was olserved with increasing, with

the highest singipass efficiency (48%) obtained at 1 M concentration. This pattern is attributable
to the endothermicity of the G@esorption reactiorgs additional energy is required to drive the
desorption in the higheoncentration MEA solutions, which ultimately results in lower measured
CO; desorption efficiencies. Furthermore, it was observed that the fraction 0&l&0rbed per
mole of MEA decreased as the MEA concentration increased, which may be attributidigle to
reaction exothermicity resulting in a lower €@quilibria or reduced COmass transfer
coefficients at higher amine concentrati6éh¥he measured CQuptake per mole of amine (mol
CO; absorbed / mol amine) was similar for each of the amine condengatith small variation;

an absorption efficiency of 0.53 and 0.62 for the 1 M and 8 M MEA solutions, respectively.

In order to demonstrate the versatility of the developed -smabled C®Q@ desorption
strategy, in the next set of experiments we @dizhe developed fluidic platform to evaluate the
performance of other potential G&@bsorbers under a constant irradiance of ~10002\(Higure
5.6C). Scheme 5.1 illustrates the amines utilized in this study: MEA, 2 N-methyl
monoethanolamine (MMEA)3 N,N- dimethyl monoethanolamine (DMEA), artpiperazine
(PIP). Of the tested amines, MEA demonstrated the lowest de6orption efficiency in the
packedbed flow reactor, followed by MMEAHRigure 5.6C). PIP exhibited the second highest
CO, desorption effi@ncy (34%) with the highest fraction of g@bsorbed per mole (0.83), but
required the use of a 3 M solution due to solubility issues at 5 M concentration. DMEA possessed

the highest C@desorption efficiency (53%) with the lowest fraction of £Labsorption (0.22).
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Schemeb5.1. Amines tested1l monoethanolamine (MEA)2 N-methyl monoethanolamii
(MMEA), 3 N,N-dimethyl monoethanolamine (DMEAJ,piperaine (PIP).

The observed trend is explained by the degree of amine functionalization, as more energy is
required to desorb CArom amines with fewer substituergtse., primary > secondary > tertiar§d.
Dynamic Solar IrradianceTo implement a soladriven packeebed flow reactor strategy
for energyefficient CQ capture and desorption processes using chemical absorbents, the system
must be robust enough to deal with natural fluctuations of the solar irradiance. Therefore, we
evaluated the effect afadiancevariation on the amount of G@esorbed in the packedzkd flow
reactor by repeatedly changing the lamp height during a continuousi€XOrption process.
Figure 5.7A illustrates the variation in the irradiance and the corresponding changesreléxSe
caused by varyinghe irradianceghrough changing the lamp height between 29 cm and 32 cm.
Since CQ production from point source applicatioresd, power plants) will remain relatively
constant, it is necessary to ensure that other process pasamaydne tuned to maintain a constant
rate of CQ desorption, especially if combined with a controller for #teak control based on

measured irradiance and ambient temperateigure 5.7B shows the decrease in e€lease
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caused by the change in theagtiance from ~1000 W/o ~860 W/n at the point indicated by

the arrow. After 7.5 min, the flow rate was increased in stepwise increments of 0.1 mL/h to increase
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Figure 5.7. (A) Fluctuations in CQrelease caused by variation in | between ~1000 3/éina
~860 W/n%. (B) Proofof-concept for feedforward control based on irradiance; @@ase |
returned to its original value by varying the aqueous arféed flow rate.

the total amount of CQeleased back to its initial value. This praxffconcept result daonstrates

the possible implementation of a rémhe controller to maintain constant g@esorption

throughput a day using the packieedsolar desorbet
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Figure 5.8. Measured E stability tests at 10 min residence time under 1=~10003\dmd 1 M
concentration of PIP.

Next, we studied stability of maximum G@esorption within the developed continuous
packedbed fobw reactor for PIP, due to its comparatively high.Gsorption and superior
desorption efficiencyFigure 5.8 shows the stability test conducted using 1 M PIP (0.934 mol
CO./mol PIP) over the course of 800 min at a constant 10 min residence time aradiiamdceof
~1000 W/m. Under these conditions, the measugdemained relatively stable, at an average
single-pass efficiency of 64%. However, it is apparent that some instability is present, as seen with
the oscillation between ~55% and ~75%, whicly ipa attributable to flow inconsistencies caused
by the syringe pump or the formation of €liubbles in the preheating section. As the tests were
conducted using a 10 min residence time with a sipgks through the flow reactor, it is
conceivable thatie overalEp could be increased further by using a longer residence time and/or

recycling the partially regenerated absorbent through the same gasttdidw reactor.

5.5 Conclusion

In conclusion, we demonstrated the design and utilization of a consnilow strategy

equipped with a packeoed flow reactor to enable rapid, enegfficient in operandosolar
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desorption and recovery of G&om aqueous amines. Among different tested iabdorbing
materials, including standard TiQOmicroparticles, GTiO> composite microparticles, batch
synthesized C/Ti@microparticles, aseceived carbon black, and isostatically pressed and sieved
carbon black, the composite microspheres demonstrated to be the most effective material candidate
for continuous phototherahfluid heating with minimal pressure drop across the flow reaic&r (

low capital cost). Cedesorption efficiency was then tested as a function of irradiance and aqueous
amine residence time, as well as amine concentration and structure, wherel@meaastrated

that the desorption efficiency increased with higher irradiance and residence time, lower
concentration, and the presence of more eleammating groups bonded to the nitrogen. The
potential for integration of a reéilme controller into th solarenabled C®@ desorption process

was also demonstrated, enabling the amount of-slelsorbed Ceby the continuous flow reactor

to remain constant with dynamic solar irradiance. Finally, maximum desorption efficiency stability
tests were conductedsing piperazine, where a maximum average sipgks desorption
efficiency of 64% was achieved for a residence time of 10 min, with the opportunity for higher
desorption with increased residence time and/or absorbent recycling. The results of this work
denonstrated that continuous flow reactors packed with highly monodispersealigiitbing
microparticles may be effectively implemented to efficiently desorb fe@n aqueous amine
absorbents with minimal energy input. Additional studies are needed tougctile developed

technique for utilization in industrial scale €€apture.
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CHAPTER 6: Conclusions and Outlook

Adapted in part from:
Z. S. Campbell and M. Abol hasani, ngpugand e synt

pl ay micr of |IReactidri Ghemiseya&Ehgmeesng020,5(7), 11981211.

Plug-andplay microfluidic reactors have been demonstrated to be an effective tool for
controlled inrflow synthesis of a wide range of anhydrous organiciaoiyanic microspheres for
widespread applications ranging from (photo)catalysis to drug delivery. Despite the breadth of
materials synthesized using these powerful materials synthesis techniques, there remain many new
opportunitieghat may be exploredot further develop théeld of materials chemistrjor in-flow
synthesis, as well asew applicationsand propertieof both weltestablished and emerging
materials. Whileflow reactorspossess numerous benefits and enable excellent control over
micropartcle properties they ae not without challenges that must be addressed to expand the
boundaries of available syntheses or enable the use of these materials in industrially relevant

applications.

6.1 Throughput

One of the challenges aficrofluidic reatorsis thear limited crosssectional area, which
results inmanufacturinghroughput limitationsThis challenge has been addressed in part through
the work presented in this thesis, which has resulted in the increase irctiagheel throughputs
by an ader of magnitude or more. However, even with the developed improvements in throughput
via decoupling droplet formation from hydrolysis, the use of a low viscosity soleanttpluene),

and intensification with online photocrosslinking, it is still resaay to increase the material
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manufacturing throughput to enable fl@aynthesized metal oxides to be used more broadly in
industrial or distributed chemical manufacturing applications.

One such strategy for addressihgsparticularchallengeistheug of a fumpwmber e
strategy}2 or the use of multiplédentical reactors in parallel, to multiply the quantity of material
t hat may be pr oduced .-uplibmdtwithdutite @ ehbllgnges,fasthemb e r i
use of parallel reactors remes reliable distribution of the dispersed and continuous phases across
each flow reactor, and minor variations between reactors may result in substantial variation in
microparticle size or compositiomherefore, additional work is necessary to effectivy A nu mber
upo the flow synthesis of metal -Aoapiogtimizaton.cr opar
Finally, the metal organic materials utilized in these syntheses are exceedingly expensive
compared to the salts frequently employed for catadyeparation. As such, to enable widespread
application of flowsynthesized microparticles, it will be necessary to adapt the technique to

inexpensive metal precursors or decrease the cost of the desired metal organics.

6.2 Development of New Materials

From a materials perspective, plagdplay microreactors have successfully been utilized
to synthesize a wide range of microparticle morphologis materialsincluding dense single
polymers, porous microparticles, copolymers, Addded micropartigs, aerogels, coighell
microparticles, and hybrgl Whilehydrogels an@nhydrous organic microparticles have been well
explored the research conductedh inorganic materials synthesis using phgdplay
microreactors presents an opportunity for faaager exploration. Previously, synthesis of many
anhydrous inorganic materials was limited by the use of water as the continuous phase, where

materials synthesis was limited to low concentrations of hydrolyzable organometallic precursors.
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However, the rece developments in decoupling microdroplet formation from the crosslinking
zone? well-mixed precursord® and tunable interfacial arédgsresent several strengths that have

yet to be exploited. Based on these advantages, we hope the versatility and easarufag
microfluidic reactor construction/assembly can encouragetstieacross the globe to adopt flow
synthesis techniques to conduct research in the production and application of a wide variety of
inorganic microparticles. Potential candidates include unsynthesized sieggé oxidesdoped

metal oxidesheterogeneousixed oxidespxide perovskits nanoparticlesq.g, chalcogenides)
dispersed in metabxide microparticles, andMOFs. Such ifflow synthesized inorganic
microparticles may find uses in a vast number of applications, including (photo)catalysis,

adsorptiorf and sensin§.

6.3 Application-Tailored Synthesis and ConditionMaterial -Property Characterization

With the broad applicability of the developed flow chemistry route in this work, including
the wide variety of oxiddased materials which may be syrdized, additional work must also be
conducted to apply these flesynthesized materials to existing or emerging applications in energy
and chemical technologies. In particular, the available opportunities for tuning the properties of
metal oxidebased matgals using the presented generalized microfluidic strategy present an
interesting pathway for producing bespoke, applicat@lored materials, particularly in the
context of existing catalyst systems. As such, it is necessary to explore the effdtrehidi
synthesis parameters.§, precursor composition, anneal conditions) on the properties of the flow
synthesized particles, as well as elucidate the effects of material properties on the desired

application.
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We believe the most intriguing futuresearch directions of -flow synthesized metal
oxide particles include (i) matter engineering.of, defects, vacancies) and (i) exploring
compositional effects towards -@emand variation of material properties for a target application.
In particular, natter engineering may be accomplished through precursor variaigrsécrificial
scaffold, metal precursor, diluent, doping) and annealing condigog temperature, time,
atmosphere, quench, stepdown). Meanwhile, the demonstrated ability to ggtieh mixeed
phase and singlphase €.g, perovskite) oxidesHgure 4.4 allows the study of precisely
controlled compositional effects on material properties and the desired application in

(photo)catalysis or devices.
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Appendix A

Al. Flow Focusing Microreactor

Figure AL shows an empty capillatyased flowfocusing microreactor. The flofocusing
microreactor is constructed ugirthree glass capillaries: (I) an outer capillary (1.12 mm inner
diameter, 1.5 mm outer diameter), (I) and (lIl) interior capillaries (0.75 mm inner diameter, 1.0
mm outer diameter) with constricted tips. The inner capillaries are arranged with théiicteohs
ends facing one another. The constricted tip/constricted tip geometry facilitates thapddke

dispersed phase jet into microdroplets after entering the exit capillary constriction.

J

Figure Al. Picture of flowfocusing microreactor. Theoflv exits the left interior capillary and
enters the right interior capillary.
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A2. MATLAB -Based Image Processing: Microdroplet Formation & Size

FigureA2 shows the multiple image processing steps taken in MATLAB to automatically
analyze the miodroplet information inside the flofocusing microreactor. Figur&2A shows
one exemplary frame of microdroplet formation extracted from the $pgled videos of the flow
focusing microreactor cropped to the entrance zone of the outlet figpnebillay asthe region
of interest; Figure 2B shows the greyscale video after background subtraction; AQ@eshows
a Canny edge detection algorithm applied to frames of (B); Fig@@ shows a small image
artifacts (less than 30xmls) in (C) are removediigurA S2E shows the dilated edges to close
gaps left by improper edge detection before filling. The fully processed image after filling and

erosion to invert the dilatiooperation is shown in Figure2s.

Figure A2. Results of each step the MATLAB image processing code takes in order to
information from the video. (Ais the initial video, (B) is (A) after background subtraction, ('
(B) after applied Canny edge detection, (D) is (C) after small objects are removed, (E) is
edges are filled in and (F) is (E) after filling and erosion have been applied
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Figure A3A shows the results of the custdeveloped MATLAB image processing code
with circle detection when applied to brigield micrographs of microparticles suspended in
water with 2% Pluronic F108. The microparticles in Figure A3A were analyzed after collection,
while the microparticles in Fige A3B were analyzed after the drying step. The average diameter
and polydispersity of the microparticles are calculated using the measured diameter of the

microparticles using the MATLAB circle detection code.

code in water with 2% Pluronic F108. Micropatrticles (A) posiection, and (B) poadrying.
Scale bars are 500 pm.
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A3. PostDrying Microparticle

Figure A shows an SEM image of a fractured microparticle collected after the drying step,
prior to calcination. The microparticlebs cor e
shell, suggesting that the separation between the core and lihef $he microparticles occurs

during the calcination step.

mag @ HV bias WD det | mode | tilt —40 pm
1200x | 1.00kv | 13pA | OV |6.1mm |ETD | SE |0° NCSU AIF Verios 460L

Figure A4. SEM image of a fractured microparggbostdrying.
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A4. Formation of the Yolk-Shell Micropatrticles

Figure A6 shows a proposed synthesis mechanism of thesymk TiO, microparticles.
Following microdroplet formation and collection the water bath, Ti(OBu)hydrolyzes at the
microdropletwater interface to form a shell comprised of amorphous, TliQuid ETPTA, and
toluene, with a core comprised of Ti(OBuU)quid ETPTA, and toluene. Next, ETPTA is solidified
via ultraviolet (UV) light photoinitiated radical polymerization. Upon polymerization of the
ETPTA, toluene and the unreacted Ti(OBw@main trapped insidi#e solidified ETPTA network.

In the next step, the toluene trapped within the solidified ETPTA network is evaporatedvan

at 90°C. The removal of the tapped toluene from the solidified ETPTA network results in a
significant volume shrinkage of the microparticles. Interestingly, even after the drying step, the
solid core remains in contact with the amorphous.TsDell (see FigureAS5). Finally, the
microparticles are calcined at 500°C. During the calcination step, oxygen diffuses into the
microparticles, combusts ETPTA and oxidizes the unreacted TigJBegursor trapped within

the solidified ETPTA network. However gloxidation of the unreacted Ti(OByrecursor within

the ETPTA core does not lead to further shell growth (verified by the measured shell thickness of
the yolkshell TiG: microparticles; see Figuiz7), as combustion of the ETPTA causes the core

to shrink more rapidly than the Ti(OBu)4 oxidizes, resulting in a smaller discretec®i® (yolk)

contained inside the exterior TiGhell.
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A5. Temperature Ramp XRD

Figure A6 shows the temperature ramp XRD and contour plot for the 10 wt%lhyellk
microparticles. The peak intensity a=25° increases as the calcination temperature increases.

The development of the peak @=27° shows the particles transitioning from the anatase phase to

I 6000
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the rutile phase.
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Figure A6. Contaur Plot of XRD spectra for 10 wt% yclhell TiO2 particles as temperat
increases from 500°C to 900°C.
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Figure A7. Contour Plot of XRD spectra for 10 wt% yedkell TiO2 particles as temperature
increases from 800°C to 900°C.
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Figure A7 shows the temperature ramp XRE contour plot for the 10 wt% ye#hell

microparticles as the temperature g=REfuthaases fr
increases as temperature increases. The formation of the pepk2f°2indicates the transition

from anatase tautile is occurring at these temperatures.
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Appendix B

B1. Supplemental Experimental Information

Microreactor operationThe dispersed phase and dyed toluene solutions were loaded into
a syringe pump (Harvard Apparatus 33 DDS) usingtmges glass syringes (SGE Analytical),
while the continuous phase was loaded into two stainless steel syringes (Harvard Apparatus)
placed in another syringe pump (Harvard Apparatus PHD 2000 Ultra). The microreactor was
clamped in place vertically in fromf an angled mirror (ThorLabs angled frezgated 50.8 mm
mirror) placed under a microscope (Leica M205C) fitted with a high speed camera (FASTEC IL5).
A high-power light source (Nathaniel Group Sugar CUBE Ultra LED illuminator) was used for
high-speed hght-field imaging of the flow reactor with the microscope and camera during the
reactor starup and synthesis. A collimated UV LED (ThorLabs M385LP1) was clamped next to
the exit capillary in a way that when it was turned on, it would only illuminateetteor exit after
the droplet formation zone. The microreactor and imaging setup were set up on a selfleveling
optical table (ThorLabs PTS603) to minimize perturbations.

Synthetic procedureThe synthetic process was started by feeding the contind@ase p
and dyed toluene streams to the microreactor while purging air from the dispersed phase feed line.
Once the air had been purged from the precursor feed line;whs %alve was switched so that
the precursor was fed to the microreactor. Once st&iewas achieved with microdroplets of
the desired size, the collimated UV LED was switched on, and a 100 mL collection vessel
containing 50 mL of deionized (DI) water was placed under the exit capillary, with the capillary

tip submerged in the collectisolvent to prevent flow fluctuations due to dripping. Dispersed

phase flomr at es wutili zed for synt hlewhiesontingonsgpbade f r o m

flow rates rangedl(persgrimge 80 t o 300 &L min
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After collection, the microspheres were filtered using filter paper (Whatman 150 mm Grade
4) and a funnel, wasHewith DI water to remove the remaining formamide and Pluronic F108,
and were dried at 90 °C for 3 h (Fisher Scientific IsoTemp Oven). Once dried, the microparticles
were loaded into an alumina crucible (Columbia International 80x20x20 mm) and calcitiesl for
desired time and temperature in a muffle furnace (MTI Corporation; KIBIOX) with a 5 °C min

1 ramp rate.
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B2. Micropatrticle Size Variation

Using the microfluidic reactor, the smallest and largest microdroplets possible were
synthesized using 30 wt% TB-B5 wt% ETPTA precursor. Both sets of particles were collected in
formamide for consistency. Figure B1A shows the small particles synthesized using the UV
integrated microreactor, which reach sizes <5um. The small particles werkened for washed
after collection as they were small enough that they could not be effectively filtered, even with
guantitative filter paper. The particles were then moved from their collection vessel directly into a
crucible, which was placed in an ovém evaporate the formamide. After evaporation, the
microparticles were calcined at 700 °C to ensure that the residual formamide and Pluronic F108
were completely oxidized. Figure S1B shows the largest particles synthesized using the
microreactor, whichare 250 em in diameter. The | arge par

water, dried for 3 h at 90 °C, and calcined at 500 °C.

Figure B1. The smallest and largest particles synthesized using the microfluidic reactor (
30wWt% TBT-35 wt % ETPTA. A) eSmhalalndp aBnt il alrgs
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B3. Flow-Focusing Microreactor
The flow-focusing microreactor was constructed accordingrigure B2, with two constricted
capillaries oriented tipo-tip inside a larger capillary, resulting in an axisymmetric geometry with
an inner inlet channel, an inner exit channel, and co/cofloterannular inlets. The FEP tubing
was attached to the PEEK/ETFEjuinctions with PEEK nutand ferrules, while the inlet, exit,
and external capillaries were given appropriately sized polymer sleeves prior to being attached

with PEEK nuts and ferrules.

[l FEP Tubing Il Glass Capillary [l PEEK Ferrule |
1/16™ 0D, 0.04" ID| |1.5 mm OD, 1.12 mm ID| | 1/8" 0D : :
- ' I PEEK T-junction
0.05" thru hole
[l FEP Tubing B Glass Capillary . PEEK Ferrule
1/8"0D,1/16" ID| {10 mmOD,0.7mmID | | 1/16" OD

- 500 UM

Figure B2. A deconstructed rendering of the microfluidic reactor assembly and image
interior reactor geometry.
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B4. Experimental Platform

A collimated UV LED was integrated with the flow focusingcroreactor to conduct in
line UV crosslinking of the photocurable polymer. The microreactor was clamped vertically in
front of an angled mirror, which was positioned underneath a microscope fitted withsplkiegh
camera so that flow behavior inside tieactor could be monitored. In this configuration, the UV
LED was clamped in place next to the microreactor, and weasspty oriented such that the exit
capillary was illuminated, but no UV light was allowed to reach the droplet formation region of

the microreactor.
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Figure B3. Picture of the microreactor setup integrated with collimated UV LED.



