ABSTRACT
CAMPBELL, ZACHARY SCOTT. Metal Oxide Microparticles: From Synthesis to Application.
(Under the direction of Dr. Milad Abolhasani).
Metal oxides, due to their broad range of available physicochemical and optoelectronic
properties, are widely used in numerous applications, including (photo)catalysis, electrochemistry,
photovoltaics, and others. The vast spectrum of available band gaps, charge carrier conduction,
substrate and catalyst interactions, ferroelectric and ferromagnetic properties, as well as the
inherent tunability of many of these properties enabled by matter engineering continues to generate
interest in the study, synthesis, and application of metal oxides. Despite the plethora of successful
applications of metal oxides in the field, most existing synthetic techniques suffer from
complications associated with the preparation of morphology-controlled microparticulate (e.g.,
O(100 µm)) metal oxide materials with tunable properties. Such morphology tunability combined
with size monodispersity of 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 microparticulates. The plug-and-play capillary-based microfluidic reactor presented
in this work decouples droplet formation from the hydrolysis reaction, by using formamide, a polar
protic solvent. Titania (TiO2) is used as a material testbed of the developed in-flow synthetic route.
Specifically, we investigate size, monodispersity, and morphological tunability of metal oxide
microparticulates in the flow reactor. We also study the dynamics of the multi-phase flow format
inside the microfluidic device and the effects of adjusting the metal organic precursor
concentration and annealing temperature on the physicochemical properties of the in-flow
synthesized metal oxide microparticulates. The synthesis of TiO 2 particles is then intensified via
incorporation of an online photocuring 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 TiO2 network. The effects of precursor 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 strategy towards
the continuous synthesis of TiO2 microparticles, we explore its generalizability for the synthesis
of other metal oxides while utilizing a much broader range of metal organic precursors beyond the
usual water-reactive alkoxides. The developed flow chemistry platform is then utilized to
synthesize a library of metal oxides from different groups, including a transition metal, posttransition metal, and lanthanide oxide, while capitalizing on the oxidative microparticle synthetic
pathway to enable the use of metal organic compounds with ligands ranging from 2-ethylhexanoate
to 2,2,6,6,-tetramethyl-3,5-heptanedionate. Next, the effect of annealing temperature on the band
gap energy and polymorph composition of the in-flow synthesized metal oxide microparticles is
explored. Furthermore, the applicability of the developed flow synthesis technique towards the
synthesis of more complex targeted mixed oxide systems (e.g., oxide perovskites) is demonstrated
through the preparation of a lanthanide oxide perovskite, which exhibit an unusually low phase
transition temperature and comparatively high specific surface area.
Finally, the synthesis of monodisperse in-flow synthesized carbon-TiO2 composite microparticles
via a low temperature annealing process and their application in photothermal desorption of carbon
dioxide (CO2) from CO2-saturated aqueous amines is demonstrated. The in-flow synthesized

composite microparticles are loaded into a membrane-based flow reactor, where the effect of the
irradiance, amine concentration, and residence time on the CO2 desorption efficiency is studied,
along with comparison with real-world exposure to solar irradiance. Furthermore, robust
continuous operation of the developed photothermal CO 2 desorption 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 application-tailored 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. Abolhasani, “Facile synthesis of anhydrous microparticles using plugand-play microfluidic reactors,” Reaction Chemistry & Engineering, 2020, 5(7), 1198-1211.

Over the last 2 decades, there has been substantial progress in microparticle synthesis,
particularly hydrogels for biological, biochemical, tissue engineering, and drug delivery
applications.1–7 More recently, anhydrous microparticles, including various hydrophobic polymers
and copolymers, aerogels, semiconductors, and metal oxides, have begun to attract significant
attention for use in numerous applications, such as drug delivery, 8 catalyst immobilization,9
electrochemistry,10 photovoltaics,11 and photocatalysis.12
Conventionally, anhydrous microparticles have been fabricated using various techniques,
including

emulsion,13

solvothermal/sol-gel,14,15

and

templating

approaches.16–18

These

microparticle synthesis techniques are commonly conducted in batch reactors, which result in
limitations on morphology (i.e., single available morphology), chemistry, size (≤ 2 μm), or
microparticle size dispersity due to poor control over reaction kinetics, mixing, and heat/mass
transfer.19–23 By comparison, continuous flow synthetic techniques utilizing microfluidic reactors
enable excellent synthesis parameter control, 24–26 enabling unprecedented manipulation of
microparticle size, composition, and morphology. 27
Microfluidic microparticle synthesis techniques rely either on dripping or “flowfocusing,”8,28–32 where two or more immiscible phases are simultaneously introduced through a
narrow microchannel, forming a well-controlled continuous emulsion. In the microfluidic flowfocusing configuration, microdroplets are formed as the precursor, called the “dispersed phase,” is
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stretched through a microchannel by an immiscible carrier fluid called the “continuous phase.”
The continuous phase stretches the dispersed phase into a narrow jet, causing an increase in surface
energy. Next, the dispersed phase fluidic jet becomes unstable and ruptures, 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 coefficient of variation (CV= <D>/σ, where <D> is the average microdroplet
diameter and σ is the standard deviation) less than 3%.
Microdroplet formation is usually accompanied by a chemical reaction to generate
microparticles from emulsions formed in-flow. Such chemical reactions (i.e., 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 concurrently with 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 reactors for controlled
synthesis of organic and inorganic microparticles.
Microfluidic reactors utilized for microparticle synthesis can be divided into two distinct
types- microfabricated chips and “plug-and-play” microreactors assembled using capillaries,
tubing, needles, and other commercially-available, standard-dimension components. This
minireview will specifically focus on microparticles synthesized using plug-and-play
microreactors. As shown in Figure 1.1, an exceptional variety of organic and inorganic
microparticles can be synthesized using plug-and-play microreactors, including dense and
macroporous silicone elastomers,9,33 copolymers,34 aerogels,35 titania (TiO2),36–38 and liquid
metals.39 Furthermore, due to the unique advantages offered by microscale flow synthesis,
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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 plug-and-play microreactors. Potential material candidates for controlled
microparticle synthesis include exotic polymers (i.e., various di- and tri-block copolymers), metal

Figure 1.1. Overview of microparticles that may be synthesized using plug-and-play microfluidic
reactors assembled by off-the-shelf components. Exemplary organic microparticles: silicone
elastomers (adapted from Ref. 9 with permission from The Royal Society of Chemistry),
macroporous elastomers (adapted from Ref. 33 with permission from The Royal Society of
Chemistry), copolymers (adapted from Ref. 34 with permission from the American Chemical
Society), aerogels (adapted from Ref. 35 with permission from the American Chemical Society).
Exemplary inorganic microparticles: TiO2-Hydrolysis (adapted from Ref. 38 with permission
from Elsevier), TiO2-Oxidation (adapted from Ref. 37 with permission from The Royal Society
of Chemistry), TiO2-Hybrid (adapted from Ref. 36 with permission from the American Chemical
Society), liquid metal microspheres (adapted from Ref. 39 with permission from the American
Chemical Society).
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oxides aside from TiO2, doped metal oxides, oxide perovskites, and chalcogenides immobilized in
TiO2, among others.
1.1 Microfabricated Chips vs. Plug-and-Play Microreactors
Microfabricated chips and plug-and-play microreactors assembled using commerciallyavailable components each possess inherent advantages and disadvantages, though both may be
used in microparticle synthesis.29,40 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 constructed from 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 expensive specialized equipment (e.g., clean room, mask aligner, anodic
bonder) and hazardous chemicals (e.g., hydrofluoric acid, hydrogen peroxide, Piranha solution),
making microreactor fabrication inaccessible to many academic and industrial research
laboratories. Furthermore, 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 to be expensive at a cost
of approximately $200 per microreactor with standard dimensions and configurations.
By comparison, plug-and-play microreactors may be fabricated using only off-the-shelf,
commercially available components, including glass capillaries, polymer tubing, polymer or metal
junctions, and needles. As they utilize readily available components, plug-and-play flow synthesis
reactors are typically inexpensive, constituting a fraction of the cost of a microfabricated reactor,
and often do not require the use of specialized equipment and hazardous chemicals. Furthermore,
many plug-and-play 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, commerciallyavailable components represent the greatest strengths of plug-and-play microreactors, they also
present their own challenges, as the greatest disadvantage is the comparative lack of precision and
repeatability inherent to microfabricated reactors. Although recent efforts have demonstrated plugand-play flow reactor fabrication with greater repeatability, 41 they are still less precise than
microfabricated reactors.
There are several distinct varieties of plug-and-play microreactors utilized to generate
emulsions for controlled in-flow microparticle synthesis, each using some combination of
commercially-available components and facile construction. Capillary-based microreactors
constitute the first category of plug-and-play microfluidic reactors, consisting of one or more
internal capillaries sheathed by a larger external capillary. The co-axial capillary orientation forms
an annulus, through which continuous phase or precursor may be fed before exiting the reactor
through an inner capillary or the external capillary (depending on the geometry). There are two
primary categories of capillary-based microfluidic reactors, capillary/T-junction41 (Figure 1.2A)
and epoxied capillary flow reactors42 (Figure 1.2B), which may utilize all of the same capillary
geometries, 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) lack of reusable components.
Capillaries may also be integrated into plug-and-play microreactors using other methods,
one of which is the use of threaded 3D-printed structures to encase the capillary and form an
annulus43 (Figure 1.2C). While not entirely “off-the-shelf,” 3D-printing and other additive
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 plug-and-play microfluidic reactors, including (A) capillary/T-junction
microreactor (adapted from Ref. 41 with permission from The Royal Society of Chemistry),
(B) epoxied capillary flow reactor (adapted from Ref. 42 with permission from Elsevier), (C)
3D printed/capillary flow reactor (adapted from Ref. 43 with permission from Elsevier), and
(D) needle/T-junction reactor (adapted from Ref. 45 with permission from Elsevier).
printing facilities at many 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 (ii) material transparency to enhance
visibility inside the microreactor.
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Finally, plug-and-play microfluidic reactors may be fabricated using off-the-shelf needles
and T-junctions. Needle/T-junction microreactors can be as simple as a single needle inserted into
a T-junction to form microdroplets via dripping,44 or increasingly complex microreactors45,46
(Figure 1.2D) designed to form double emulsions via flow-focusing configurations.

1.2 Microfluidic Reactor Construction and Basics of Operation
While numerous plug-and-play microreactor categories and geometries exist, there are few
articles describing their step-by-step fabrication. Here, we present a detailed tutorial for the
construction of a plug-and-play capillary/T-Junction microreactor for use in microparticle
synthesis (Figure 1.3A).
First, the external capillary and 1/8” outer diameter (OD) Tygon sleeve must be cut to the
desired length, after which the Tygon sleeve is inserted into a 1/8” ferrule. The external capillary
is then inserted into the sleeve and ferrule and attached to the T-junction using a 1/8” nut while
ensuring the tip of the capillary is fully seated against the T-junction (Figure 1.3AI). The same
procedure is then repeated on the other side (Figure 1.3AII), where the free end of the external
capillary is inserted into the nut, Tygon sleeve, and ferrule, then attached to the T-junction,
resulting in the assembly shown in Figure 1.3AIII.
Next, the inlet side of the flow reactor is prepared by cutting a thinner inlet capillary (if
necessary) to the desired length. Non-rigid 1/16” OD (typically perfluoropolymer) tubing is then
inserted through another nut and a 1/16” ferrule (where the edge of the tubing is flush with the end
of the ferrule), and the cut capillary is inserted cut-end-first into the tubing (Figure 1.3AIV). If
the capillary does not easily slide into the tubing, the opening of the non-rigid tubing may be
stretched slightly beforehand. When assembled, the cut end of the capillary should be visible
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slightly behind the ferrule to ensure a good seal (Figure 1.3AV). Then, the capillary-tubing
assembly (Figure 1.3AV) is inserted into the external capillary assembly (Figure 1.3AIII) as
depicted in Figure 1.3AVI and tightened in place (Figure 1.3AVII).
The second internal capillary is then inserted into a short sleeve of 1/16” non-rigid tubing,
and a 1/16” ferrule is situated over the sleeve in front of a nut (Figure 1.3AVIII) resulting in the
assembly in Figure 1.3AIX. The interior capillary assembly in Figure 1.3AIX is then inserted
into the open end of the external capillary (Figure 1.3AVII) which results in Figure 1.3AX. Nonrigid tubing is then attached to the remaining T-junction ports (Figure 1.3AXI) resulting in a
completed microreactor (Figure 1.3AXII). Interior capillaries may be used as-received or can be
modified to decrease the tip diameter. Two common Organic modification methods are: (i)
tapering the tip with a capillary puller (e.g., Narshige PC-10) and (ii) constricting the tip via heat
treatment with a torch or capillary puller.
Microparticle flow synthesis platforms utilizing plug-and-play microreactors are
comprised of several key modules and sections enabling unprecedented control over microparticle
properties, including size, morphology, and composition (Figure 1.3B). The first section is the
“Precursor Formulation Zone,” which includes the fluid delivery components (e.g., syringe pumps)
used to feed the continuous and dispersed phases to the microfluidic reactor. The 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 of the continuous phase to the dispersed phase. The next region is
the “Droplet Formation Zone,” where the continuous phase contacts the dispersed phase and
breaks it into uniform microdroplets. The microdroplet formation zone controls microparticle size,
as the interior capillary diameter directly affects the range of microparticle diameters accessible
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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 outlet ports 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 (Figure 1.3B, droplet formation zone).

Figure 1.3. (A) Step by step tutorial for construction of a capillary microreactor utilizing PEEK
nuts and T-junctions. (B) Illustration of a capillary/T-junction microreactor, three primary reactor
geometries, and the various microreactor zones: (i) precursor formulation zone, (ii) droplet
formation zone, (iii) crosslinking/reaction zone, and (iv) collection zone.

10
The third region is the “Crosslinking/Reaction Zone,” as many synthetic methods rely on
an in-reactor reaction to form the desired microparticles. 9,33,37,38 Several primary chemical reaction
categories have been utilized for microparticle synthesis in flow, including chemical
crosslinking,9,33 thermal crosslinking,47,48 UV crosslinking,37,43 and hydrolysis.38,40 Reactions may
be initiated by introducing materials to the reactor (chemical crosslinking and hydrolysis) or
introducing an external stimulus (thermal or UV crosslinking.) The final region is the “Collection
Zone,” where the microparticles accumulate during the synthesis. In many cases, the collection
zone consists of a vessel containing the continuous phase or an inert liquid. However, the vessel
may be heated35 or filled with a reactive liquid, 36,37 thus affecting the resulting microparticle
morphology.
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CHAPTER 2: Continuous Synthesis of Monodisperse Yolk–Shell Titania Microspheres
Z. S. Campbell, M. Parker, J. A. Bennett, S. Yusuf, A. K. Al-Rashdi, J. Lustik, F. Li, and M.
Abolhasani, Chemistry of Materials, 2018, 30 (24), 8948-8958.

2.1 Abstract
A microfluidic strategy is developed for continuous synthesis of monodisperse yolk–shell
titania microspheres. The continuous flow synthesis 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
microdroplet formation and the hydrolysis reaction allows titania synthesis throughputs an order
of magnitude higher than those previously reported in a single-channel flow reactor (∼0.1 g/h
calcined microparticles), without affecting the microreactor lifetime due to clogging. 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 temperature on the 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 in-flow 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 optical and physicochemical properties of titania
(TiO2) have been applied in a variety of fields spanning from (photo)catalysis to photovoltaics. 1-2
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Thus, it has become desirable to develop methods to synthesize TiO 2 in a variety of sizes and
morphologies tailored for the target application of interest.3-5 In particular, spherical microparticles
of varying size, porosity, and crystalline phase are of special interest for applications including
photocatalysis, photovoltaics, dye-sensitized solar cells, and lithium ion battery anodes.4, 6-8, 10-16
A variety of methods, such as bulk emulsion or deposition and etching, have been utilized to
synthesize TiO2 microspheres.7-9, 17 While these synthetic strategies are very useful for producing
large quantities of spherical TiO2 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 silica (SiO 2) or polymer particles (as
the sacrificial template) and the TiO2 deposition process. Therefore, in applications such as
photovoltaics (e.g., dye-sensitized solar cells) and lithium ion batteries, which require
monodisperse titania microparticles, these synthetic methods may not provide sufficient control
over particle size and monodispersity. 6-8, 11-14
Several batch synthesis strategies have produced monodisperse TiO 2 spheres,6,

8-14

however, these labor-intensive methods require the use of undesirable hazardous chemicals or are
not suitable for scale-up. One such method utilized monodisperse colloidal SiO2 microspheres to
create a three-dimensional ordered macroporous carbon template. 11 The silica particles were then
etched from the template using hydrofluoric acid. Following hydrophilic treatment of the carbon
template (via nitric acid and H2O2), the precursor mixture was introduced into the template. The
resulting framework was calcined, and the macroporous carbon template was burned off. 11 Other
synthetic methods capable of producing monodisperse TiO2 microspheres rely on sol-gel-type
processes, however, these strategies have not been used to produce microparticles greater than 2.5
μm in diameter.

6, 10-17

The lack of control over physicochemical properties of titania particles
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synthesized using batch methods, 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 reactors with precise control over reaction conditions have been exploited
for the controlled synthesis of a wide range of nano/microparticles, including colloidal
nanocrystals,18-22 polymeric microparticles,23-30 and metal nanoparticles.31-35 Microfluidic reactors
have also been utilized to synthesize hollow TiO2 and metal-organic-framework (MOF)
microspheres.5, 36-38 The previous flow-based methods for the synthesis of titania microspheres
have been limited in the accessible parameter space due to the utilization of a protic 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 fast in 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 wt %). 5, 36, 39
Furthermore, 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 throughputs (i.e., flowrates <10 μL/min).5, 36, 39
In this work, we designed and developed a flow synthesis strategy for continuous
fabrication of highly monodisperse yolk-shell TiO2 microspheres, while addressing the abovementioned challenges associated with both batch and continuous flow synthesis methods. We
demonstrate the precise tunability of yolk-shell TiO2 microspheres, including particle size, size
distribution, porosity, surface morphology, shell thickness, and crystalline phase composition
using a flow-focusing microreactor. The high degree of process tunability, while producing high-
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quality TiO2 microparticles at single-channel flow reactor throughputs up to 0.1 g/h (calcined
microparticles), is achieved by decoupling the previously intertwined microdroplet formation and
hydrolysis steps. The microparticle synthesis throughput can be readily scaled-up using a
numbered-up strategy through implementation of parallel flow reactors (e.g., 16 parallel reactors
would enable 1.6 g/h throughput).40-41 We demonstrate that microdroplet formation can be
effectively decoupled from the hydrolytic reaction –by which amorphous titania shells are formed–
by using a polar aprotic solvent (e.g., formamide) rather than a polar protic solvent (water) as the
continuous phase in the microreactor. 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 the microparticles
reach the collection vial. Our microfluidic approach entirely eliminates the need for carboxylic
acid hydrolysis inhibitors. Formamide, to the best of our knowledge, has not been previously
utilized to synthesize inorganic microspheres in a microfluidic reactor.
2.3 Experimental Section
Chemicals. Titanium tetrabutoxide (97%, reagent grade), ethoxylated trimethylolpropane
triacrylate (average Mn ∼ 428), Pluronic F108 (poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol); average Mn ∼ 14 600), and Sudan Blue II were purchased
from Sigma-Aldrich. 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). Titanium(IV) 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 Construction. The microreactor utilized in this work 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 & Dimmock): (a)
the external capillary (1.5 mm outer diameter [o.d.], 1.12 mm inner diameter [i.d.], 100 mm length)
cut to 80 mm and (b and c) constricted-tip internal capillaries (1.0 mm o.d., 0.75 mm i.d., 100 mm
length). Capillaries b and c were constricted to d1 and d2, respectively, by heating the desired end
with a capillary puller (Narshige PC-10 capillary puller). Following heat treatment of the tip,
capillary b was cut to a length of 50 mm. The modified capillaries were then used to assemble the
flow-focusing microreactor shown in Figure 2.1. Capillary a was attached to two PEEK Tjunctions (i.d. 0.05 in., IDEX Health and Science) at either end with 1/8 in. nuts and ferrules using

Figure 2.1. Schematic of the developed microfluidic platform for continuous synthesis of yolkshell TiO2 microspheres enabled by decoupling droplet formation and hydrolysis steps.
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a 1 cm flexible sleeve (Tygon tubing, 1/8 in. o.d., 1/16 in. i.d., McMaster-Carr). Capillary b was
then inserted cut-end-first into a 0.04 in. fluorinated ethylene propylene (FEP) tubing, and the
constricted end of capillary b was then inserted into capillary a and was tightened in place using a
1/16 in. nut and ferrule. The other end of the FEP tubing was attached to a four-way valve.
Capillary c was then inserted constriction-first into the other end of the microreactor and was
positioned such that its tip was end-to-end and coaxial with capillary b (Figure A1).
Capillary c was positioned so it was ∼0.7 mm away from capillary b, 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 four-way valve (1/16 in. o.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 PEEK T-junctions.

Reagent Preparation. Our microfluidic synthesis approach utilizes three input streams: the
titania precursor (Q2) and two formamide continuous phase streams (cocurrent flow, Q1, and
counter-current flow, Q4). An additional toluene stream (Q3) was also used to purge unwanted
bubbles in the feed lines prior to reactor operation and remove all precursor from the feed line after
reactor operation. The streams and their compositions may be found in Table 2.1.

Precursor Solution. The precursor solvent mixture was prepared by mixing ethoxylated
trimethylolpropane triacrylate (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 mass of the precursor
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Table 2.1 Stream Components
Stream

Components

Purpose

Q1

Formamide

Continuous phase

Pluronic F108

surfactant

ETPTA

Photocurable polymer

Toluene

Diluent

TBT

Titanium precursor

Darocur 4265

photoinitiator

Toluene

Purge phase

Sudan Blue II

dye

Formamide

Continuous phase

Pluronic F108

surfactant

Q2

Q3

Q4

solvent was then transferred into an amber 40 mL vial equipped with a septum cap. A total of 100
μL of the photoinitiator Darocur 4265 was then added to the solvent mixture. The solvent vial was
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 solvent mixture 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 Phase. The continuous phase streams were prepared by adding 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 two FEP lines: (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 sonicator. 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 prepared by adding 30 mg of Sudan Blue dye to
40 mL of toluene in a 40 mL vial and sonicating the mixture.
Microreactor Operation. Following reagent preparation, the precursor, dyed toluene, and
continuous phase solutions were loaded into programmable syringe pumps (Harvard Apparatus
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 a high-speed camera
(FASTEC IL5). In order to monitor the microdroplet formation and flow stability within the
microreactor, an angled mirror (Thorlabs angled front-coated 50.8 mm mirror) and a high-power
light source (Nathaniel Group Sugar CUBE Ultra LED illuminator) were used for bright-field
microscopy. The entire experimental apparatus was assembled on a self-leveling table (Thorlabs
PTS603) to mitigate vibration effects.
Synthetic Procedure. In the first step, the purge solution (i.e., dyed toluene, Q3) and the
continuous phase (Q1 and Q4) were fed to the microreactor, while air was purged from the
precursor feed line through the purge line attached to the four-way valve. 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 to the microreactor. TBT microdroplets were formed as the precursor
exited the inner capillary, with breakup facilitated by co- and counter-annular continuous phase
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flow (Figure 2.1). Microdroplets of varying sizes were achieved by maintaining Q2 constant while
varying Q1 and Q4 (1:1 Q1:Q4). The 1:1 ratio of Q1: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 water loaded 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 microdroplets. Figure 2.2 illustrates 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 microdroplet
surface due to the interfacial hydrolysis reaction, the microdroplets were illuminated with UV light
(365 nm UVL-21 Compact UV lamp) to begin radical-initiated ETPTA cross-linking. The UV
light was directed horizontally into the collection vials for 7 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 filtered (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
temperatures 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 × 20 × 20 mm) and calcined at 500 °C for 1 h in a
muffle furnace (MTI Corporation, KSL-1100X) 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 water).
(I) Hydrolysis and formation of the amorphous titania shell. (II) UV curing and formation of solid
ETPTA networks followed by washing and drying. (III) Calcination and formation of crystalline
titania in the yolk–shell morphology due to removal of the sacrificial scaffold (ETPTA).
Characterization. Following the calcination step, the TiO2 microspheres were
characterized via scanning electron microscopy (FEI Verios 460L Field Emission SEM and
Hitachi 3200N Variable Pressure SEM) to find post-calcination particle size, morphology, and
shell thickness. Brunauer–Emmett–Teller (BET) (Micromeritics ASAP 2020) characterization
was used to determine specific surface area and porosity of microspheres synthesized with
different concentrations of TBT, while in 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 flow-focusing microreactor (5 wt% TBT precursor). These studies
(completed without microreactor clogging) were enabled by decoupling the microdroplet
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 the two-phase
flow behavior in the microreactor (Figure 2.3A) was constructed by using a series of constant total
flow rates (QT= Q1+ Q2+ Q4) and increasing the dispersed phase flow rate (QD= Q2) while
decreasing the continuous phase flow rate (QC= Q1+ Q4). QD and QC were varied in a stepwise
fashion (10 μL/min), until the extended jetting flow regime was reached.
Five primary flow regimes were observed in the tested parameter space: (I) squeezing/plug
flow, (II) polymodal dripping, (III) monodisperse dripping, (IV) streaming, and (V) extended
jetting. The first region, squeezing/plug flow, was observed at low QT and high relative QD, where
QC was too low to sufficiently break the precursor jet into microdroplets. As such, microdroplet
formation was facilitated by the jet squeezing through the constricted tip of the exit capillary. The
second region, polymodal dripping, was observed at higher QT than the squeezing/plug flow
regime and low QD. Multiple sub-regimes were observed in the polymodal dripping regime,
including: (IIa) bimodal dripping, (IIb) trimodal dripping, and (IIc) tetramodal dripping. These
stable polymodal regimes are observed when the QC is insufficient to completely stretch the
dispersed phase jet into the exit capillary constriction, causing the jet to expand and contract as
microdroplets are formed and broken off. The pressure fluctuation caused by the expansion and
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Figure 2.3. (A) Flow behavior phase diagram in the flow focusing microreactor shown in Figure
2.1. (B) TBT microdroplet diameter and (C) frequency vs flow rate ratio. Q2= 10 μL/min for Q2/(Q1
+ Q4)= 0.033, Q2= 30 μL/min for all other values of R.
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contraction of the dispersed phase stream results in the formation of a series of differently-sized
microdroplets. The third behavior, monodisperse dripping, constitutes the largest region of the
explored parameter space, and is the desired region of operation for the continuous synthesis of
monodisperse TiO2 microparticles. Monodisperse dripping occurs in two regions of the parameter
space: (a) low QT (<190 μL/min) and QD (<30 μL/min) and (b) moderate to high QT (>230 μL/min)
and/or QD (>40 μL/min). The first region of monodisperse dripping occurs as QT is insufficient to
stretch the dispersed phase jet into the exit capillary constriction, instead mirroring the 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 constriction, with 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
QD (>50 μL/min), the flow behavior can be metastable, transitioning between monodisperse
dripping and extended jetting. The fourth observed flow regime, streaming, occurs at low QD (<20
μL/min) and high QT (>330 μL/min), where high QC extends the dispersed phase 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) high QD relative to
QT (>80 μL/min) and (b) high QC (>340 μL/min). In both cases, 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
during flow regime screening ranged from 85 μm to 600 μm, demonstrating the high size tunability
of TBT microdroplets using the developed microfluidic technique (~ an order of magnitude).

32
After determining the operational window of the stable TBT microdroplet formation
(Figure 2.3A), we studied the size and frequency of the formed microdroplets at varying TBT
concentrations (1, 3, 8, and 10 wt%) by high-speed imaging using a custom-developed MATLABbased image processing code (see Appendix Figure A2).18 Microdroplet diameter, D, and
generation frequency, f, were extracted from the images acquired by the high-speed camera for a
variety of dispersed phase to the continuous phase flow rate ratios (R=(Q2/(Q1 + Q4) or QD/QC),
shown in Figure 2.3B-C. For the flow rate ratios outlined, Q2 was varied from 10 μL/min (R=
0.033) to 30 μL/min (all other flow rate ratios), while Q1 and Q4 were varied from 50 to 150 μL/min
(1:1 Q1:Q4). Figure 2.3B shows the microdroplet diameter tunability using the developed
microfluidic technique. As expected,42-45 the microdroplet diameter increased with increasing R,
while microdroplet production frequency decreased (Figure 2.3B-C). At low values of R (i.e.,
higher continuous phase flow rate relative to the precursor flow rate), the higher shear rate 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 a decrease in the microdroplet diameter and an increase in the
microdroplet generation frequency due to mass conservation.
Continuous Synthesis of Titania Microparticles. The in-reactor hydrolysis and high
viscosity of the titania precursors used in previous flow synthesis strategies of TiO2 microparticles
limited the synthesis throughput, with typical precursor flowrates ranging from 0.8 to 10 μL/min. 5,
36, 38

In contrast to previous microfluidic strategies, our developed continuous flow synthesis

platform is not subject to such limitations due to decoupling of the microdroplet formation and
hydrolysis steps, thus enabling precursor flowrates ≥100 μL/min in a single-channel flow reactor.
These high flow rates (single-channel throughputs up to 0.1 g/h of calcined particles) and varied
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microparticle 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 detailed above, 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 the collected TBT microdroplets were used for
analysis with a custom-developed MATLAB image processing code to rapidly measure
microparticle diameter and calculate the size distribution (Figure A3). Figure 2.4A shows a

Figure 2.4. Images and histograms of microparticle monolayers at each step of the synthetic
process for particles produced at Q2= 30 μL/min, Q1=Q3= 150 μL/min with precursor containing
5 wt% TBT. (A) Microdroplet monolayer suspended in water containing 2 wt% Pluronic F108
prior to UV curing. The microdroplet size histogram is shown below the monolayer image. (B)
SEM image of microparticle monolayer post-drying with the diameter histogram shown below.
(C) SEM image of microparticle monolayer post-calcination with the diameter histogram shown
below.
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monolayer of TBT microdroplets immediately post-collection as well as the microdroplet diameter
histogram. The diameter of collected TBT microdroplets exhibit a coefficient of variation (CV)
less than 2% (CV=σD/<D>×100 where σD is the standard deviation and <D> 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 microparticles
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 TiO2 microparticles 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
dramatically decreased during the drying (Figure 2.4A vs Figure 2.4B, 87% decrease in volume)
and calcination (Figure 2.4B vs Figure 2.4C, 81% decrease in volume) steps. These volume
reductions can be attributed to the use of the organic solvent (toluene) and the sacrificial 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 volume. Figure 2.5 shows the average TiO2 microparticle diameter for
five different flow conditions outlined in Table 2.2, 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 condition 1, the average microparticle diameter (D) was 246 μm
during the hydrolysis step, 138 μm after drying, and 91 μm after the calcination step. By
comparison, at flow condition 5, D was 124, 63, and 36 μm at hydrolysis, after drying, and after
calcination, respectively. The patterns of post-drying and post-calcination diameters are consistent
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Figure 2.5. Particle diameter at each synthetic step (Post collection- red, Post-drying- blue, Postcalcination- green) for different flow conditions outlined in Table 2.2.
across all flow conditions, with the greatest shrinkage (42-50%) occurring during the drying step,
with additional shrinkage (28-43%) taking place during the calcination step.

Table 2.2. Flow Parameters for Conditions Tested in Figure 2.5
Condition
#

Q2
(μL/min)

Q1
(μL/min)

Q4
(μL/min)

CTBT
(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 calcination,
we examined the effect of varying the precursor concentration (CTBT) on the surface and structural
properties of the resulting TiO2 microparticles. Precursors containing 1, 3, 5, 8, and 10 wt% TBT
were used. Figure 2.6 shows SEM images of TiO 2 microparticles synthesized at different values
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Figure 2.6. SEM images of a single TiO2 microparticle, single yolk-shell structure, the inner
surface (shell), and outer surface morphology for each of the CTBT examined. (A) 1 wt% TBT, (B)
3 wt% TBT, (C) 5 wt% TBT, (D) 8 wt% TBT, (E) 10 wt% TBT all calcined at 500°C for 1 h.
of CTBT. As seen in Figure 2.6, varying CTBT dramatically changes the surface morphology of the
synthesized TiO2 microparticles: (I) relatively low CTBT (1-3 wt%, Figure 2.6A-B) values result
in microparticles with a rough surface morphology, (II) moderate CTBT (5 wt%, Figure 2.6C)
values result in particles with moderate surface roughness, and (III) high CTBT (8-10 wt%, Figure
2.6D-E) values result in particles with smooth surfaces. The decreased surface roughness of the
synthesized TiO2 microparticles at higher values of CTBT can be attributed to increased nanocrystal
density at the microparticle surface as CTBT increases, resulting in smoother surface morphology.
Figure 2.6 (second row) shows the unique yolk-shell morphology formed in the titania
microparticles synthesized using each precursor, despite varying CTBT values. 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 (water) and 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 Fick’s second law,
𝜕𝐶𝑇𝐵𝑇
𝜕𝑡

= 𝐷∇2 𝐶𝑇𝐵𝑇

(1)

which can be simplified to
𝜕𝐶𝑇𝐵𝑇
𝜕𝑡

1 𝜕

= 𝐷𝑇𝐵𝑇 [𝑟 2 𝜕𝑟 (𝑟 2

𝜕𝐶𝑇𝐵𝑇
𝜕𝑟

)]

(2)

where DTBT is the diffusion coefficient of TBT molecules within the microdroplet and r is the
radius within the microdroplet. 38 Assuming 1st order hydrolysis reaction with respect to the TBT
precursor,46 and the boundary condition
𝜕𝐶𝑇𝐵𝑇
𝜕𝑡

𝑛
|𝑟=𝑅 = −𝑘𝑒𝑓𝑓 𝐶𝑇𝐵𝑇,𝑅 𝐶𝑊

(3)

where keff is the effective rate constant, CW is the concentration of water at the interface, R is the
radius of the microdroplet, and n is the reaction order with respect to water (where n≥1), Equation
1 becomes
1 𝜕

𝑛
−𝑘𝑒𝑓𝑓 𝐶𝑇𝐵𝑇,𝑅 𝐶𝑊
= 𝐷𝑇𝐵𝑇 [𝑟 2 𝜕𝑟 (𝑟 2

𝜕𝐶𝑇𝐵𝑇
𝜕𝑟

)]

𝑟=𝑅

(4)

Fick’s second law can be further applied to the inward water flux towards the microdroplet core,
as the amorphous titania (Ti(OH)4) shell is hydrophilic due to the presence of hydroxy (OH-)
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 to Equation 5:
1 𝜕

𝑛
−𝑛𝑘𝑒𝑓𝑓 𝐶𝑇𝐵𝑇,𝑅 𝐶𝑊
= −𝐷𝑊 [𝑟 2 𝜕𝑟 (𝑟 2

𝜕𝐶𝑊
𝜕𝑟

)]

𝑟=𝑅

(5)

where DW is the diffusivity of water molecules through the amorphous titania shell. Ordinarily, the
radial hydrolysis reaction would be diffusion limited, however, due to the inhibition of the
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hydrolysis reaction by the ETPTA, 36,

39

the interfacial hydrolysis is reaction limited. The

hydrophilicity of the amorphous shell (presence of hydroxyl groups), as well as the comparatively
fast diffusion and homogeneous starting concentration, which result in a highly localized
concentration gradient, indicate that the rate-limiting 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 thickness, δ, for different precursor
concentrations. Water prefers to remain in contact with the hydrophilic shell (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, higher CTBT results in a higher shell density (i.e., smoother surface morphologies
observed in Figure 2.6), while lower CTBT results in a lower shell density (i.e., rough surface
morphologies observed in Figure 2.6). The observed difference in titania network density (Figure
2.6) is consistent with the difference in the TBT flux at different values of CTBT, as high CTBT
results in a higher flux and a greater shell density, while low CTBT results in a lower TBT flux and
a lower shell density.
Due to inhibition of the reaction by ETPTA,36, 39 TBT is only partially hydrolyzed during
the 1.5 h period prior to UV curing, causing the formation of the yolk-shell structures presented in
Figure 2.6. Similar structures have been previously reported, and were found to exhibit superior
photocatalytic activity than both solid microspheres and hollow shells. 47 However, the reported
microspheres were synthesized over the course of 2-14 days in a vastly different parameter space
(≤2 μm compared to 10-100 μm). The diffusion of the TBT precursor molecules, and thus the
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 microparticles, which 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 yolk-shell
morphology is formed, as the temperature reached in the furnace causes combustion of the ETPTA
and oxidation of the unreacted TBT precursor to TiO 2.48 The oxidation of the trapped TBT does
not increase the thickness of the outer shell. As the ETPTA in the core combusts, unreacted TBT
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 yolk-shell TiO2
microspheres in a single flow synthesis step. Since the core of the microparticle is primarily
composed of ETPTA, even in the microparticles synthesized with the highest CTBT, ETPTA
combustion and core shrinkage occur at a much higher rate than TBT oxidation, thus preventing
further shell growth (Figures A4 and A5).
In the next step, to further characterize the physical properties of the in-flow synthesized
TiO2 microparticles, we examined the effect of CTBT on the microparticle shell thickness and
specific surface area. Shell thickness of the synthesized TiO 2 microparticles was measured using
empty shell SEM images from broken microparticles shown in Figure 2.6 (third row). Figure
2.7A shows the shell thickness evolution for different values of the titania precursor
concentrations. No direct correlation between CTBT and δ was observed, as δ remained essentially
constant. This is consistent with the formation of the unique yolk-shell morphology observed in
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the synthesized microparticles (Figure 2.6, second row). Across all CTBT values tested, the
measured δ ranged from 0.7 μm (5 wt% TBT) to 1.1 μm (10 wt% TBT).

Figure 2.7. Experimentally measured (A) shell thickness (δ) and (B) specific surface area of the
in-flow synthesized yolk-shell TiO2 microspheres for different TBT concentrations (CTBT).
The synthesized yolk-shell TiO2 microparticles were then analyzed using BET to find
specific surface area for microparticles synthesized at varying values of CTBT (Figure 2.7B). The
synthesized TiO2 microparticles had specific surface areas ranging from 151 m2/g (10 wt%) to 239
m2/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
m2/g. Thus, the in-flow synthesized TiO2 microparticles in this work exhibit specific surface areas
2.5-4 times greater than those observed in Degussa P25. Furthermore, TiO 2 microspheres (<2 μm
diameter) produced using solvothermal batch techniques13-14 have also achieved specific surface
areas in excess of 100 m2/g, higher than P25, with 120 m2/g being the highest reported value. Thus,
the in flow synthesized monodisperse TiO2 microparticles also exceed the surface areas achieved
using the solvothermal batch synthesis methods. Higher specific surface areas (311 m2/g) have
been reported for particles synthesized via deposition of titania on colloidal silica, however the
reported particles were ~0.5 μm in diameter.17 The increased surface area of the in flow synthesized
TiO2 microparticles may be attributed to the utilization of the sacrificial scaffold polymer (ETPTA)
which affects titania lattice formation inside the yolk by interrupting crystal lattice formation
during calcination. This leads to dramatically increased porosity and smaller crystal size, as well
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as the yolk-shell structures observed in the synthesized microparticles. Next, the effect of
calcination temperature on the phase composition and crystal structure of the in-flow synthesized
TiO2 microparticles was investigated via in situ XRD. Figure 2.8 shows the in situ XRD spectra
of microparticles synthesized with precursors containing 1 wt% (Figure 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 spectra indicate that the microparticles are
exclusively anatase, as evidenced by the peak at 2θ=25° and the noticeable absence of the highest
intensity rutile peak at 2θ=27°. As seen in Figure 2.8, increased calcination temperature causes
the phase transition from anatase to rutile, albeit at varying degrees for each CTBT studied. The
greatest change was observed in 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
900°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 synthesized using lower CTBT. XRD
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contour plots of the entire heating procedure and the temperature ramp between 800°C to 900°C
can be found in Figures A6 and A7, respectively.

Figure 2.8. Waterfall graphs of in situ XRD spectra obtained at temperatures ranging from 500°C
to 900°C along with representative anatase and rutile spectra. (A) 1 wt%, (B) 5 wt%, (C) 10 wt%
TBT.
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The relative intensity ratio (RIR) of the spectra in Figure 2.8 were used to determine the
phase composition via Reitveld analysis (Pearson VII method, Highscore Plus Semi-automatic
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 was found to be 78% anatase and 22%
rutile after holding for 1h at 900°C. Figure 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 was nonexistent from 500°C to 600°C, however, small amounts
of rutile TiO2 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.

Figure 2.9. Phase composition of the in-flow synthesized TiO2 microparticles vs. calcination
temperature obtained using the XRD spectra shown in Figure 8A. Orange corresponds to the
anatase phase, while green corresponds to the rutile phase.

2.5 Conclusions
In conclusion, we designed and developed a novel flow chemistry strategy for continuous
synthesis of highly monodisperse and porous yolk-shell titania microspheres with tunable size and
surface morphology. The flow-focusing microreactor, constructed using off-the-shelf components
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 hydrolysis-inhibiting
compounds while allowing increased concentrations of titanium alkoxide precursor. The
developed flow synthesis method also demonstrated a high level of on-demand tunability for
microdroplet size (nearing an order of magnitude), phase composition, and specific surface area,
compared to other 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, while the precursor diluent (toluene) enabled utilization of both high
flow rates (single-channel flow reactor throughputs up to 0.1 g/h of calcined particles) and a wide
range of accessible microparticle diameters (10-100 μm). Following calcination, the in-flow
synthesized TiO2 microparticles were shown to possess an unusual yolk-shell morphology.
Additionally, it was demonstrated that the crystalline phase of yolk-shell TiO2 microparticles can
be tuned from pure anatase to varying rutile compositions by varying the calcination 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 commonly used commercially available form of TiO2.
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CHAPTER 3: Continuous flow synthesis of phase transition-resistant titania microparticles
with tunable morphologies
Z. S. Campbell, D. Jackson, J. Lustik, A. K. Al-Rashdi, J. A. Bennett, F. Li, and M. Abolhasani,
RSC Advances, 2020, 10 (14), 8340-8347.

3.1 Abstract
Titania microspheres have attracted substantial attention for a variety of applications,
including ion scavenging, catalysis, and energy 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 presented. In-flow photo
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 surface area effects associated
with precursor composition are explored, resulting in hollow, yolk-shell, macroporous, and dense
titania microspheres containing no detectable rutile phase and possessing surface areas exceeding
350 m2g-1 post calcination. Furthermore, effects 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 such applications as heterogeneous
(photo)catalysis, adsorption and ion capture, electrochemistry, and photovoltaics.
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3.2 Introduction
Titania (TiO2) possesses a variety of intriguing optical, physical, and chemical properties
that make it an appealing substrate candidate for chemical (e.g., thermal/photo catalysis),1–7
electrochemical (e.g., batteries),8,9 photovoltaic (e.g., dye-sensitized solar cells),8,10 and adsorption
(e.g. ion scavenging) applications.11,12 The breadth of applications has resulted in significant
research efforts toward synthesis of high quality titania (i.e., size dispersity < 3% and surface area
>200 m2g-1) with a variety of morphologies and length scales, ranging from films to nano- and
microparticles.3,13,14 Special attention has been devoted to the synthesis of TiO2 microspheres due
to their application in dye-sensitized solar cells, lithium ion batteries, and photocatalysis, 9,14–17
using a variety of synthesis methods including solvothermal/sol-gel, emulsion, and
deposition/etching strategies.14,18,19 Recently, microfluidic synthesis strategies offering more
precise process control and enhanced heat and mass transfer rates compared to batch processes 20
have emerged as an effective approach for the continuous synthesis of highly monodisperse
particles,21–23 including polymeric24,25 and inorganic26–30 micro/nano-particles. Such microfluidic
techniques have also been applied to synthesize TiO2 microspheres, enabling the synthesis of
microparticles more than an order of magnitude larger than traditional synthetic methods.31–33
However, to this point, strategies for synthesizing TiO 2 microspheres in-flow have
primarily relied on hydrolysis,31–33 which occurs at the interface between water and an immiscible
oil phase in which the titanium precursor is dissolved. The interfacial hydrolysis process, which is
triggered immediately after contacting the continuous phase (i.e., water), results in the formation
of hollow titania shells,31–33 with no other morphologies synthesized with these techniques.
Recently, our group has demonstrated that the interfacial hydrolysis reaction used

in the

production of TiO2 microspheres may be delayed via the use of a polar aprotic solvent (formamide)
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as the continuous phase rather than water. 34 Utilizing a polar aprotic 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 elimination of in-reactor
interfacial hydrolysis coupled with in-reactor photocuring of the sacrificial polymer scaffold on
the morphology and surface area of in-flow synthesized TiO2 microspheres, while utilizing
precursor concentrations up to an order of magnitude higher than those used previously (5 wt%
vs. 50 wt%).31–33 These concentrations enable synthesis of up to 8.2 g of calcined titania
microparticles per day in a single-channel flow reactor. Furthermore, a wide range of particle sizes
can be reached, ranging from <10 μm to 250 μm, greater than a 25-fold variation in particle
diameter (Figure B1). Finally, the synthesized microspheres possessed exceptionally high specific
surface areas (up to 362 m2g-1) and a wide variety of morphologies, including hollow, yolk-shell,
macroporous, and dense microspheres.

3.3 Experimental
Materials. Titanium (IV) butoxide (97%, reagent grade), ethoxylated trimethylolpropane
triacrylate (ETPTA) (average Mn~428), Pluronic F108 (average Mn ~ 14,600), and Sudan Blue II
were purchased from Sigma-Aldrich. 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. Deionized (DI) water was produced using a PURELAB Flex purification system
(Elga). All chemicals were used as received.
Precursor Preparation. The dispersed phase precursor was prepared immediately before
use in each experiment, where 3 mL batches were prepared for individual composition tests and a

55
single 12 mL batch was prepared for the calcination tests to eliminate batch-to-batch variability.
Titanium (IV) butoxide (97%, reagent grade, Sigma-Aldrich), ethoxylated trimethylolpropane
triacrlyate (ETPTA) (average Mn~428, Sigma-Aldrich), and toluene (certified ACS, Fisher
Scientific) were mixed utilizing the volumes required to reach the desired precursor composition.
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 Blue II (Sigma-Aldrich) 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 M n ~ 14,600,
Sigma-Aldrich) in a 1L glass bottle with FEP lines 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 withdrawal tube. 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 was maintained.
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 sleeves (1/8” OD, 1/16” ID,
McMaster-Carr) and 1/8” PEEK nuts and ferrules (IDEX). The capillary was then attached at each
end to PEEK or ETFE T-junctions (0.05” ID, IDEX). Next, one end of two smaller capillaries (1
mm OD, 0.75 mm ID, Friedrich and Dimmock) were thermally constricted down to ~400 μm using
a Narshige PC-10 capillary puller. The inlet capillary was cut down to 4.5 cm in length and inserted
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into a section of 0.04” ID 1/16” OD FEP tubing (Microsolv), was fitted with a 1/16” PEEK nut
and ferrule (IDEX) and inserted into one end of the reactor assembly. The other end of the FEP
tubing was attached to a 4-way valve. Next, the outlet capillary was inserted into a 1 cm FEP
sheath (1/16” OD, 0.04” ID, Microsolv) and was inserted into the reactor assembly until its
constricted end was ~400 μm from the tip of the inlet capillary. It was then tightened into place
using a 1/16” PEEK nut and ferrule. Then, two sections of FEP tubing (0.02” ID, 1/16” OD, IDEX)
were attached to the remaining ports of the T-junctions, and the other ends were fitted with Luerlock fittings (IDEX) for attachment to stainless steel syringes (Harvard Apparatus). Finally, two
FEP feed lines (0.02” ID, 1/16” OD, IDEX) with Luer-lock attachments and an FEP purge line
(0.02” ID, 1/16” OD, IDEX) were attached to the remaining ports of the 4-way valve.
Characterization. The in-flow synthesized titania microparticles were characterized using
(i) scanning electron microscopy (FEI Verios 460L) to conduct size measurements post-calcination
and study monodispersity and morphology, (ii) X-Ray Diffraction (Rigaku SmartLab X-Ray
Diffractometer) to characterize crystallinity and crystal phase composition as a function of
calcination time

and

temperature,

and

(iii)

Brunauer-Emmett-Teller

characterization

(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 microfluidic platform consisting of a collimated UV
LED integrated with an axisymmetric flow-focusing microfluidic reactor.35 The flow reactor is
constructed with two constricted capillaries oriented tip-to-tip sheathed by an outer capillary,
creating an annulus (Figure B2). The titania precursor (i.e., dispersed phase) was prepared with
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Figure 3.1. Schematic of the microfluidic platform integrated with a collimated UV LED for
continuous synthesis of highly monodisperse titania microspheres.
four components: (i) titanium (IV) butoxide (TBT) as the titanium precursor, (ii) ethoxylated
trimethylolpropane triacrylate (ETPTA) as a photocurable polymer to provide rigidity and ensure
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 synthesis 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 were 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 ambient temperature and pressure.36–39 The collimated UV LED light source was
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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 microparticles and 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 enables, for the first time, a dramatic increase 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% ETPTA. 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 hyphen (i.e. 12-20 corresponds to 12 wt%
TBT in the precursor 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 yolk-shell, hollow, macroporous, and
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Figure 3.2. (A) Chart illustrating the different morphologies achieved utilizing each precursor
composition. Morphologies observed include: yolk-shell (12-20, 15-35), hollow (12-50, 15-50),
macroporous (30-20, 30-35, 30-50, 50-20), and dense (50-35) spheres. Compositions denoted with
X either did not survive calcination (12-35, 15-20) or resulted in precursor phase separation (5050). (B) Wide field, single particle, broken particle, and surface SEM images of each of the main
morphologies synthesized. (I) Yolk-shell, 12 wt% TBT-20 wt% ETPTA; (II) hollow sphere, 12
wt% TBT-50 wt% ETPTA; (III) hollow sphere, 15 wt% TBT-50 wt% ETPTA; (IV) macroporous,
30 wt% TBT-35 wt% ETPTA; (V) dense sphere, 50 wt% TBT- 35 wt% ETPTA.
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dense spheres. Yolk-shell 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 concentrations result in thicker/more
dense shells or fully dense microparticles, 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% ETPTA (Figure 3.2B II & III), 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 rapid in-reactor photo
crosslinking. These factors result in spinodal decomposition, as evidenced by the patterns observed
in Figure 3.2B II & III (fourth row), making the TBT partially insoluble in the crosslinked
polymer, forcing it to the surface, thereby resulting in a hollow sphere morphology. By
comparison, yolk-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 thin titania shell due to
interfacial hydrolysis, while trapping the remaining TBT present in the microparticles 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 observed yolk-shell particles (Figure 3.2B I, 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% TBT compositions resulted in thick-shell macroporous
morphologies except for the 50-35, which produced dense microspheres. However, the different
TBT-ETPTA compositions resulted in drastically different shapes depending on the ETPTA
composition, and thus the network density of the crosslinked ETPTA after photo crosslinking in
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the flow reactor. The less dense ETPTA networks were present in the 30-20 and 50-20 resulted in
“popcorn-like” or “raisin-like” morphologies (Figure B4), while the increased density of the
networks in the 30-35 and 50-35 microparticles resulted in spherical macroporous (Figure 3.2B
IV) and dense microspheres (Figure 3.2B V), respectively. The network density and the total
amount of the crosslinked ETPTA combusted during calcination of the 30-50 microparticles
resulted in a ruptured “fig-like” morphology (Figure B4).
To better understand the effect of each processing step, including collection, drying, and
calcination, on the size and morphology of the titania microparticles, we systematically studied the
effects of the dispersed phase composition on microparticle shrinkage and specific surface area.
Microparticle shrinkage (i.e., the reduction in microparticle diameter) during the drying and
calcination steps, is expected due to varying quantities 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 diameter. Figure 3.3A presents bright field microscopy and scanning electronic
microscopy (SEM) images for 12-20 microparticles after collection (I), drying (II), and calcination
(III), as well as microparticle diameter (D) histograms for each condition (see Appendix B6 and
Figure B5 for microparticle diameter measurement). 40 The precise process control and flow
stability within the microfluidic reactor resulted in coefficients of variation (CV= σD / ‹D› × 100,
where σD is the standard deviation of microparticle diameters and ‹D› is the average microparticle
diameter) of 0.8% after collection, 2.0% after drying, and 3.1% after calcination, respectively, for
the in-flow synthesized titania microparticles. Microparticle shrinkage was then examined as a
function of precursor composition (Figure 3.3B). It was observed that the average diameters
decreased by 47%, 41%, and 39% between collection and calcination for 15-35, 30-35, and 50-35
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microparticles, respectively. As expected, increasing TBT concentration results in decreased
quantities 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 synthesized titania microparticles. Higher TBT concentrations were expected

Figure 3.3. (A) Images and histograms of 12-20 microparticle diameters, D (I) after collection,
(II) after drying, and (III) after calcination. (B) D for 15-35, 30-35, and 50-35 after collection,
drying, and calcination. (C) Measured specific surface areas, SA across all compositions tested.
Samples denoted with an X either did not survive calcination, or the experiment could not be
carried out due to phase separation of the precursor. (D) XRD spectra at varying precursor
compositions.
to increase the TiO2 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 areas. Figure 3.3C presents the experimentally
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measured specific surface areas (SA) of calcined titania microparticles for each precursor
composition tested. As expected, increasing TBT concentration at the same composition of
ETPTA decreases the obtained specific surface area post calcination (500 ℃, 1 h), while increasing
ETPTA composition at a constant TBT concentration results in increasing specific surface area of
the synthesized titania microparticles. For example, at 35 wt% ETPTA, the microparticles were
found to possess specific surface areas of 313, 267, 160, and 111 m2g-1 at TBT compositions of
12, 15, 30, and 50 wt% TBT, respectively. At 15 wt% TBT, the particles possessed specific surface
areas of 197, 267, and 324 m2g-1 at 20, 35, and 50 wt% ETPTA, respectively. Using this method,
it is also possible that other photocurable polymers (i.e. other polyacrylates, longer/shorter chain
ETPTA) could be used. It would be expected that diacrylate compounds and longer chain ETPTAs
(Mn>428) would result in lower density polymer networks, decreased interruption of TiO 2
formation, and lower surface areas. In contrast, tetraacrylates and shorter chain ETPTAs (M n<428)
would be expected to have the opposite effect. Finally, XRD spectra are presented for particles
synthesized at each TBT concentration (Figure 3.3D). As the microparticles were calcined at
500°C, the presence of the anatase phase (2θ = 25°) and the absence of the rutile phase (2θ = 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 2.
Utilizing the developed continuous 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 in-reactor photo crosslinking. Figure 3.4 shows titania
microparticles synthesized using 30 and 50 wt% TBT with 30 wt% ETPTA, collected in
formamide (i.e., without any interfacial hydrolysis). Due to the elimination of the 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 of 81 m2g-1 and 36 m2g-1 for the 30
and 50 wt% microparticles, which are substantially lower than the measured surface areas of
microparticles at comparable compositions collected in DI water. This is attributable to the
uniformity and density of the TiO2 network throughout 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 temperatures (T) and times (t) on
the crystallinity/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 using x-ray diffraction (XRD), Brunauer-Emmett-Teller
characterization (BET), and SEM. Figure 3.5A presents normalized XRD spectra (see Figure B6
for spectra without normalization) collected for microparticles calcined at each temperature, as
well as the representative XRD spectra for the two primary TiO2 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 within the synthesized
microparticles. The XRD peak at 2θ = 25° corresponds to the anatase phase in each of the
synthesized samples. What is surprising, however, is the absence of a peak at 2θ = 27°,
corresponding to the rutile phase transition, in any of the XRD spectra from 500-900°C. According
to previous studies, the formation of the rutile phase is typically expected at temperatures above
~600°C.41 Thus, the microparticles synthesized in-flow utilizing the intensified continuous flow
microreactor demonstrate excellent resistance to phase transition, even at temperatures well above
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Figure 3.4. Dense titania microspheres synthesized by collecting the in-flow photocrosslinked
microparticles in formamide rather than DI water. Titania microparticles synthesized using (A) 30
wt% TBT-30 wt% ETPTA and (B) 50 wt% TBT-30 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 BET (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 in-flow synthesized titania microparticles calcined at 500°C possessed specific
surface areas of 324 m2g-1 compared to 6 m2g-1 at 900°C. The sintering effect can be seen in SEM
images presented in Figure 3.5C, where increased crystal size with respect to temperature is
observed, particularly at 900°C, where large well-defined crystal grains are visible. The effect of
varying calcination time was studied by calcining the 15-50 microspheres 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 h) and
time, t (500 °C at 1, 5, and 10 h) on the phase composition and surface area, SA of 15-50 titania
microparticles. (A) normalized XRD spectra vs. T; (B) SA vs. T; (C) SEM images of titania
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 calcined titania microparticles, though the amount of amorphous TiO 2 present in the
microparticles decreased (flattening baseline) (Figure 3.5D). However, substantial differences
were observed in the surface areas as calcination time was increased. Surprisingly, Figure 3.5E
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 324 m2g-1 to 362 m2g-1. While the increase in surface area
seems to contradict the expectation of either constant or reduced 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 surface areas. SEM images of these samples shows no significant variation in morphology
of the synthesized titania microparticles (Figure B7).

3.5 Conclusions
In conclusion, we demonstrated a facile, highly effective microfluidic strategy for
synthesizing titania microparticles with no detectable rutile across a wide variety of unique
morphologies, including hollow, yolk-shell, macroporous, and dense spheres, and breadth of sizes
(5 μm to 250 μm) enabled by the use of an in-line photocuring approach integrated with a flow
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%, which represents an increase
of as much as an order of magnitude compared to commonly utilized compositions. Titanium
precursor and sacrificial scaffold (ETPTA) compositions were varied systematically, and their
effects on titania microparticle morphology, shrinkage, and surface area were explored. With these
compositions, exceptionally high surface areas up to 362 m2g-1 were achieved with microparticle
sizes ~2 orders of magnitude larger than other particles with comparable surface areas.
Furthermore, the effect of varying the collection solvents on microparticle morphology, as well as
calcination time/temperature on microparticle surface area and crystallinity/phase composition
were assessed. The synthesized microspheres were demonstrated to possess excellent phase
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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. The in-flow synthesized titania
microparticles thus possess unique attributes that make 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 represents a generalizable 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
metal oxide microparticles using atypical metal organic precursors is reported. Microparticles of
three single oxide materials, zinc(II) oxide, tin(IV) oxide, and cerium(IV) oxide, as well as a binary
rare earth mixed oxide, lanthanum(III) praseodymium(III) oxide, 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(III) praseodymium(III) oxide
forms at a relatively low temperature of ~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 catalysis, 1,2 imaging,3,4 sensing,5 adsorption,6
photovoltaics,7,8 energy storage,9,10 and many others,11 different oxides exhibit a wide variety of
characteristics (e.g., band gap, charge carrier conduction, metal-support interactions) which make
them intriguing candidates for these categories of applications.
In the last two decades, various synthetic routes, including sol-gel,12,13
templating,15,16

emulsion,14

and other techniques, have been exploited for the synthesis of metal oxide

particles with sizes ranging from 500 nm to 5 µm. While useful for photovoltaic devices and batch
chemical reactions,8 metal oxide microparticles synthesized using the aforementioned techniques
can cause significant challenges, including high pressure drop and clogging, 17 when utilized in
emerging flow chemistry applications (e.g., catalysis in flow). To mitigate such issues in flow
chemistry applications and reduce the operation cost of in-flow chemical synthesis (e.g., for
decentralized manufacturing of specialty chemicals), it is desirable to utilize monodisperse metal
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oxide microparticles as the catalyst or support. 17 To this point, only microfluidic techniques have
been utilized to synthesize monodisperse metal oxide particles with sizes of O(10 µm) to O(100
µm) through hydrolytic or droplet templating/diffusive loading procedures. 18–21 Such microfluidic
synthesis techniques have been only utilized to synthesize titanium dioxide (TiO 2)18–22 and
copper(II) oxide (CuO)17 microparticles.
Recently, our group has reported the microfluidic synthesis of TiO2 microparticles via an
oxidative, rather than hydrolytic, pathway. 23 Here, building on our prior work, we illustrate a
generalizable flow synthesis technique for producing monodisperse metal oxide microparticles by
demonstrating, for the first time, the continuous flow synthesis of zinc(II) oxide (ZnO), cerium(IV)
oxide (CeO2), and tin(IV) oxide (SnO2) microspheres using atypical metal organic precursors. We
study the effect of annealing temperatures on the characteristics of SnO 2 microparticles. Next, we
demonstrate the versatility of our microfluidic synthesis technique by extending it to a mixed
oxide, lanthanum(III) praseodymium(III) oxide (LaPrO 3), a member of an emerging class of mixed
oxide catalysts .
Metal oxide microparticles were synthesized in flow using an axisymmetric flow-focusing
microreactor, shown in Figure 4.1A. Microdroplets were formed from a nonpolar phase containing
the appropriate metal organic precursor (Table 4.1), a photocurable polymer (ethoxylated
trimethylolpropane triacrylate, ETPTA), a solvent (toluene), and a photoinitiator (2-hydroxy-2methylpropiophenone). The metal oxide precursor was continuously fed into the microreactor
through an inner channel of the flow focusing microreactor, while a polar continuous 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 ultraviolet (UV) light (365 nm) in operando, to trigger the
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Figure 4.1. (A) Schematic of the axisymmetric flow-focusing device utilized to form
microspheres in flow. (B) Schematic of the process used to synthesize metal oxide microparticles.
photocrosslinking of the ETPTA. The resulting polymerized microparticles were collected, dried,
and annealed in ambient atmosphere to form metal oxide microspheres (Figure 4.1B). Additional
details about the synthesis may be found in the Electronic Supplementary Information (Appendix
C1). The resulting metal oxide particles were characterized using scanning electron microscopy
(SEM), X-ray diffraction (XRD), diffuse reflectance UV-Vis spectroscopy, and energy dispersive
X-ray spectroscopy (EDS).
Table 4.1 Metal organic precursors utilized for each in-flow microparticle synthesis
Material
Precursor(s)
ZnO
Zinc(II) 2,2,6,6-Tetramethyl-3,5-heptanedionate
SnO2

Di-n-butyltin bis(2,4-pentanedionate)

CeO2

Cerium(III) 2-ethylhexanoate

LaPrO3

Lanthanum(III) and Praseodymium(III)
2,2,6,6-tetramethyl-3,5-heptanedionate

Figure 4.2 depicts an example of the single metal oxides synthesized in flow, including
ZnO (Figure 4.2A), SnO2 (Figure 4.2B), and CeO2 (Figure 4.2C). The in-flow 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 morphology (Figure 4.2, second row). It
is necessary to note that the SnO2 (CV = 11.0%) and CeO2 (CV = 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 a 500°C
annealing temperature under ambient atmosphere. (A) ZnO, (B) SnO2, and (C) CeO2. For each
metal oxide: (I) wide-field SEM image, (II) single particle SEM image, and (III) XRD pattern of
each sample. XRD references may be found beneath the spectra. For the SnO 2 sample, the top
reference is orthorhombic SnO2 while the bottom reference is tetragonal. Average microparticle
diameters: ZnO – 133 µm, SnO2 – 141 µm, CeO2 – 117 µm.
absorbance of Sn and Ce metal organic precursors, which may negatively impact the in-situ
photocrosslinking of the photocrosslinkable polymer. The size distribution of the in-flow
synthesized metal oxide microparticles can be further improved by optimizing the
photoinitiator/UV light combination for each synthesis.
The in-flow synthesized metal oxide microparticles were characterized by XRD to confirm
the formation of the expected oxides after the annealing process (Figure 4.2, third row, reference
spectra at bottom). The peaks observed in the XRD spectra of the microparticles synthesized using
zinc(II) 2,2,6,6-tetramethyl-3,5-heptanedionate and cerium(III) 2-ethylhexanoate were consistent
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with ZnO (JCPDS: 36-1451) and CeO2 (JCPDS: 34-0394), respectively, while the spectrum of the
SnO2 sample annealed at 500°C were comprised of 85.8% tetragonal SnO2 (JCPDS: 41-1445) and
14.2% orthorhombic SnO2 (JCPDS: 15-3275). 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 of metal organic precursors/ligands, including materials
that are more stable (i.e., 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, post-transition metals, and lanthanides.
As the synthesis utilizing the di-n-butyltin bis(2,4-pentanedionate) precursor resulted in a
mixture of tetragonal and orthorhombic SnO2 at 500°C, which has received attention for
photocatalytic applications,24 in the next step, we investigated the effect of elevated annealing
temperature on composition and band gap of the SnO2 microparticles. In addition to 500°C, the inflow synthesized SnO2 microparticles were annealed at two higher temperatures, 700°C and
900°C, after which all three samples were characterized using UV-Vis and XRD. The acquired
UV-Vis reflectance spectra were transformed using the Kubelka-Munk and Tauc methods. The
generated Tauc plots were then used to estimate both the direct and indirect band gaps (EG).25
Figure 4.3A illustrates a representative example of the band gap estimation (indirect gap, 900°C
anneal, see Appendix C2 for details of EG estimation). Kubelka-Munk transformed diffuse
reflectance UV-Vis spectra and Tauc plots for the direct and indirect EG estimation of each in-flow
synthesized SnO2 sample can be found in Appendices C2 and C3. Figure 4.3B presents the
estimated band gaps for each in-flow synthesized SnO2 sample annealed at different temperatures.
It was observed that both the direct and indirect EG values increased as the annealing temperature
was increased (Figure 4.3B). The direct and indirect EG of the in-flow synthesized SnO2
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Figure 4.3. Characterization of the SnO2 microparticles as a function of annealing temperature.
(A) Representative band gap estimation by Tauc diagram (indirect band gap, 900 °C). (B) Plot of
direct and indirect band gap vs. annealing temperature. (C) XRD spectra of the SnO 2 microparticles
by annealing temperature. (D) Orthorhombic composition of the in-flow synthesized SnO2
microparticles evaluated by XRD relative intensity ratio.
microparticles increased from 3.84 eV to 3.95 eV 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 phenomena of enhanced diffusion and increasing crystallinity at higher annealing
temperatures,26 as well as the prevalence of tuning defects as a method of band gap engineering. 27
Furthermore, the lower band gaps observed at lower annealing temperatures is supported by the
observed red shift in the Kubelka-Munk transformed UV-Vis spectra (Figure C2).
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The in-flow synthesized SnO2 microparticles annealed at 700°C and 900°C were then
characterized by XRD to evaluate the composition of the microparticles at each annealing
temperature using the relative intensity ratio (RIR) technique. Figure 4.3C presents the XRD
spectra of the in-flow synthesized SnO2 microparticles annealed at different temperatures, which
indicate decreasing orthorhombic SnO2 composition and increasing crystallinity with increasing
annealing temperature. These results can be explained by the metastable nature of the
orthorhombic SnO2 phase, which can transition to the more stable tetragonal phase at higher
temperatures,28 and the known phenomenon of increased sintering at higher annealing
temperatures.29 Larger XRD spectra, Rietveld refinements, and additional data are shown in
Appendix C4. The composition of the SnO2 microparticles as a function of the annealing
temperature is presented in Figure 4.3D, where orthorhombic SnO2 fractions 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 achieving a variety of different characteristics, ranging from EG/defect
engineering to catalytic properties.30 To demonstrate the applicability of our flow synthesis
technique to mixed oxide systems, in the next step, we synthesized a binary lanthanide oxide,
LaPrO3, in flow. LaPrO3 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 phase. Figure 4.4A and 4.4B present SEM images of the in-flow synthesized LaPrO3
microparticles (CV = 10.5%) with a spherical morphology. EDS (Figure 4.4C) was utilized to
evaluate the dispersion of La (Figure 4.4C II), Pr (Figure 4.4C III), and O (Figure 4.4C IV)
atoms throughout the LaPrO3 microparticles. La and Pr appeared to be well mixed, with no cation
segregation observed in the EDS maps. Finally, the in-flow synthesized LaPrO3 microparticles
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Figure 4.4. Characterization of LaPrO3 microparticles. (A) Wide-field SEM image. (B) SEM
image of a single LaPrO3 particle. (CI) Overlaid EDS map of a single LaPrO3 particle, (II) La EDS
map, (III) Pr EDS map, (IV) O EDS map. (D) In-situ XRD spectrum of synthesized material from
500 °C to 900 °C.
were characterized using in-situ XRD to evaluate the phase transition temperature for the
synthesized material. Figure 4.4D presents the in-situ XRD scan from 500°C to 900°C, where it
was observed that from 500°C to 700°C, the microparticles consisted of a mixture of La 2O2CO3
and Pr2O3. At approximately 700°C, the formation of the desired LaPrO3 phase commenced, which
is ~200°C lower than temperatures commonly used in literature for similar materials. 31 The
reduced sintering due to the presence of the sacrificial scaffold coupled with the precursor
homogeneity may aid in the reduced temperature required for the formation of LaPrO3, specifically
by reducing the necessary diffusion distance for the La and Pr cations to form the LaPrO 3 lattice.
This result has the potential to be particularly helpful, especially in mixed oxide applications where
high surface areas may be important (e.g., catalysis). By reducing the required annealing
temperature, it becomes possible to minimize sintering of the crystallites present in the material, 32
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enabling the synthesis of the desired mixed oxides with comparatively high specific surface areas
(5.9 m2/g) compared to those previously reported for lanthanide oxide materials (1.5 - 3.5 m2/g)31
or conventionally synthesized LaPrO3 annealed at 950°C (0.6 m2/g).
In conclusion, we demonstrated the facile flow synthesis of a library of metal oxide
microparticles, including ZnO, SnO2, and CeO2, using a wide range of atypical metal organic
precursors. It was demonstrated that for microparticles synthesized using di-n-butyltin bis(2,4pentanedionate), the composition of the orthorhombic SnO 2 present 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 3,
was continuously synthesized in flow. It was demonstrated that LaPrO3 was 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
increasingly complex oxide systems (e.g., ternary oxides, quaternary oxides), as well as the effects
of defect engineering towards application-targeted material properties.
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CHAPTER 5: Continuous Flow Solar Desorption of CO2 from Aqueous Amines
Z. S. Campbell, S. Han, S. Marre, and M. Abolhasani, ACS Sustainable Chemistry & Engineering,
2021, 9 (6), 2570-2579.

5.1 Abstract
Recovery of captured carbon dioxide (CO2) is considered the most energy-intensive stage
of post-combustion CO2 capture strategies by aqueous amines. In response, an optically
transparent, flow reactor with continuous in operando CO2 collection using light-absorbing,
graphite-titania composite microparticles is developed for energy-efficient solar desorption of CO2
from saturated aqueous amine absorbents. The synthesized graphite-titania composite
microparticles are demonstrated to be a more effective packing material for the continuous CO 2
solar desorption in the packed-bed flow reactor compared to other candidates, including titania
and carbon black. The effect of continuous and discrete parameters, including irradiance, residence
time, amine concentration, and amine chemical structure on the efficiency of the solar-enabled
CO2 desorption using the developed continuous flow strategy with the graphite-titania composite
microparticle packing are studied in detail. Furthermore, the potential for implementation of a
control strategy by adjusting the aqueous amine stream flow rate to achieve constant CO 2
desorption efficiency with a dynamic solar irradiance is discussed. Finally, the continuous CO 2
desorption stability over an extended period of time (12 h) is examined with an average singlepass efficiency of 64%.
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5.2 Introduction
Human activities after the second industrial revolution in the early 19 th century have
resulted in an increase of the atmospheric carbon dioxide (CO2) concentration from 280 to above
400 ppm over the past 110 years, primarily due to the constant growth of population and everincreasing worldwide energy demand. 1,2 The unmitigated emission of CO2 and other greenhouse
gases is causing an unprecedented rapid rise in average global temperatures and an overall
irreversible change in climate.3–5 As the concentration of atmospheric CO2 continues to climb,4 it
is imperative to develop and implement strategies for energy-efficient CO2 capture, sequestration,
and utilization (CCUS).6 Current shortcomings of mitigation efforts concerning CO2 emission,
including the high energy cost of CO2 capture and recovery from stationary sources (e.g., power
plants) which can represent up to 80% of the associated CCUS cost, and the comparatively low
efficiency of renewable and sustainable energy alternatives (e.g., solar cells),7 have inhibited widespread implementation of these technologies in the energy sector.
Over the last three decades, numerous techniques have been developed for selective CO2
capture, including adsorption,8,9 absorption,10,11 and membrane separation,12,13 among others.
However, of these strategies, absorption with aqueous amines (e.g., monoethanolamine, MEA) is
one of the most widely utilized strategies for CO2 capture in applications ranging from natural gas
sweetening11 to post-combustion CO2 removal.14 Despite groundbreaking advancements in CO2
capture with aqueous amines, this technique suffers from a high energy penalty for the recovery
of the captured CO2. The most substantial hurdle to widespread implementation as a postcombustion capture strategy is the energy input necessary to desorb the captured CO 2 from the
aqueous amine solution so it may be reused, requiring regeneration temperatures around 120 °C.15
This is further complicated by the massive quantity of absorbent necessary to fully extract the CO 2
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from stationary sources of CO2 and 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 CO2 capture from stationary sources, as well as a
more sustainable strategy for its recovery. 16 Among different energy-efficient CO2 desorption
strategies, solar energy is considered among the most promising candidates as a readily available
source of energy to heat the solution and aid CO2 desorption. This concept has recently been
demonstrated by the addition of carbon black nanoparticles to the MEA solution, which have been
shown to effectively absorb light resulting in bulk heating of the solution followed by CO 2
desorption.17 While this strategy has been demonstrated to be effective for its intended purpose, it
raises additional technological 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 are prone to additional
complications, including reduced light penetration (~1 mm), 18,19 particle settling with insufficient
agitation, excessively long CO2 desorption timescales, and the presence of large concentration
and temperature gradients in batch reactors. In particular, large diffusion length scales associated
with conventional macroscale characterization techniques make the development of alternative
CO2 recovery routes challenging and time-consuming. For this reason, it is intriguing to consider
a continuous flow strategy utilizing light-absorbing microparticles for solar heating of CO2saturated aqueous amine solutions to achieve continuous, energy-efficient CO2 recovery while
removing costs associated with separating the recovered aqueous amine and light-absorbing
particles.
Recently, microfluidic strategies have emerged as a promising tool for fundamental and
exploratory studies of gas-liquid reactions,20–22 including accelerated exploration of CO2 capture
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and utilization processes.23–31 Advantages of microscale strategies include enhanced rates of heat
and mass transfer, small (micro- to nano-liter) reagent volumes, controlled variation of reagent
concentrations in a high-throughput manner, reproducibility, and the integration of analytical tools
with microfluidic reactors for real-time process characterization and optimization. 21,32,33
Additionally, a continuous photothermal heating strategy is best applied using micro/milli-fluidic
reactors due to their excellent light transmittance, as the use of small scale channels (<1 mm)
results in significantly higher light absorption by the light-absorbing particles than conventional
batch reactors.18
Here, we present a microscale fluidic strategy for continuous solar-driven desorption and
in operando recovery of captured CO2 from aqueous amine solutions. By utilizing a membranebased flow reactor,27,34 the desorbed CO2 can be continuously separated from the aqueous amine
solution, in-situ, as it is released in the flow reactor, while the liquid phase continues through the
packed-bed region. Using the developed continuous flow reactor, we demonstrate a single-pass
CO2 desorption efficiency of 64% via illumination of the reactor with a light source selected to
emulate a solar concentrator.

5.3 Experimental
Materials. Monoethanolamine (≥99.0%, ACS Reagent), titanium n-butoxide (97%, reagent
grade), toluene (≥99.5%, ACS reagent), ethoxylated trimethylolpropane triacrylate (M n ~428), and
diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (97%) were purchased from Sigma Aldrich.
Carbon black was purchased from Cabot. Nitrogen (N2, grade 5.0) and CO2 (industrial grade) were
purchased from Messer. The graphite-titania (G-TiO2 composite) microspheres used to pack the
flow reactor were synthesized using a flow-focusing microreactor presented previously by our
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group.35–38 However, rather than annealing the microparticles at 500 °C, the in-flow synthesized
microparticles were calcined under ambient atmosphere at 400 °C, which resulted in the formation
of G-TiO2 composite microparticles. Deionized (DI) water (18 MΩ-cm) was generated using the
on-site facility. All chemicals were used as received.
Microfluidic Platform. A schematic of the developed microfluidic platform utilizing a tubein-tube flow reactor configuration is shown in Figure 5.1. The microreactor was constructed by
attaching stainless steel T-junctions (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 steel reducers (1/8 in to 1/16 in, Swagelok) were then inserted into each T-junction, in
line with the FEP tubing. Next, a tubular gas-permeable membrane (Teflon AF 2400 tubing, OD:
0.04 in, ID: 0.032 in, Biogeneral) was inserted through the reducers, T-junctions, and FEP tubing.

Figure 5.1. Schematic illustration of the developed flow chemistry platform utilizing a tube-intube packed bed microreactor for continuous solar-enabled CO2 desorption from aqueous amines.
A Teflon frit (PEEK, 2 μm pore size, IDEX Health & Science) was used to ensure the packed
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particles stay inside the tube-in-tube flow reactor. After closing one end of the Teflon AF 2400
tubing, light-absorbing microparticles were introduced into the inner (Teflon AF 2400) tube until
the section between the T-junctions was completely packed with microparticles. Bright field
images of the packed-bed flow reactor are presented in Figure D1. The open end of the Teflon
AF2400 was then sheathed with a 4 cm segment of 1/16 in OD, FEP tubing and tightened in place
with 1/16 in Swagelok fittings, while the other end was capped with a Teflon frit (PEEK, 2 μm
pore size, IDEX Health & Science) and needle valve. One needle valve was attached to the 1/16
in OD, FEP tubing with a Luer-lock 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 CO2-saturated aqueous amine solution was continuously fed to the gas-permeable
inner tube using a 5 mL syringe (gas-tight, SGE) and a syringe pump (KD Scientific, KDS-100CE).
The perpendicular ports of the stainless steel T-junctions were attached to an FEP tubing
(OD:1/8 in; ID: 1/16 in) to enable gas flow through the outer annulus of the tube-in-tube flow
reactor. The gas inlet, positioned in counter-flow arrangement with respect to the liquid inlet
stream, was connected to a N2 (carrier gas) mass flow controller (MFC) (Brooks), while the gas
stream outlet was connected to a CO2 sensor (Gas Sensing Solutions, SPRINTIR-WF-20). It
should be noted that the carrier gas was only utilized to facilitate and accelerate collection and
quantification of the desorbed CO2 in the flow reactor. In an industrial process, the desorbed CO 2
could be collected by applying a negative pressure via a pump at the gas outlet, thus preserving
the CO2 purity achieved through the solar-enabled amine scrubbing process. A light source
(SuperPlant E40 50x40 Stucco diffuser, SuperPlant MH 600W bulb, and Lumatek Adjustable
Electronic Ballast) with tunable power (250 W to 600 W), was placed at the desired distance (H)
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over the tube-in-tube flow reactor using a ring stand. The lamp emission spectrum can be found in
Figure D2. Following preliminary experiments, the feed tube was partially packed with the lightabsorbing microparticles and folded aluminum strips were added to serve as solar concentrators
and enhance total irradiance.
Flow Reactor Operation. Solar-enabled CO2 desorption experiments were started by filling
the packed bed flow reactor with DI water. The syringe was then filled with the desired amine
solution saturated with CO2 (prepared under inert atmosphere in a glove box, saturated by bubbling
CO2 through the solution until it returned to near ambient temperature). The CO2 loading (mol
CO2 / mol amine) for each prepared solution was calculated by measuring the mass before and
after sparging the amine absorbent solution with CO2. Next, the syringe pump was set at a high
flow rate until the amine solution reached the preheating section of the flow reactor. The light
source was then turned on, the liquid feed rate was set to achieve the desired residence time, tR,
and the N2 flow rate was set to 3 mL/min. Over the course of each experiment, CO 2 concentration
in the gas phase (i.e., CO2 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 CO2 desorption efficiency was determined by calculating the amount of CO2 desorbed
based on the fixed N2 flow rate and the reading from the CO2 sensor. This quantity was then
divided by the theoretical CO2 desorption, which was calculated based on the measured CO2
absorbed by the amine solution and the reactor flow rate (see the Supporting Information, S6).
Each steady state gas phase CO2 concentration was calculated from the average of 10 CO2 sensor
readings. All experiments were repeated 3 times.
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5.4 Results and Discussion
Light-Absorbing Composite Microspheres. With the adoption of the packed-bed 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 the flow reactor ( P). These characteristics were tested for four different lightabsorbing material candidates, including carbon black powder (both as-received and isostatically
pressed/sieved), white titanium dioxide microparticles (synthesized according to the procedure
discussed in Ref. 33), batch-synthesized carbon/TiO2 (C/TiO2) particles, and G-TiO2 composite
microspheres. Each of the packing candidates, (I) white TiO 2, (II) as received carbon black, (III)
isostatically pressed carbon black, (IV) batch-synthesized C/TiO2, and (V) G-TiO2 composite
particles were characterized with scanning electron microscopy (SEM) (Figure 5.2A). The UVVis absorption spectra for each of the material candidates is presented in Figure D3. The packing
materials were loaded into an FEP tube (0.04” ID, 1/16” OD), and the pressure drop was measured
by flowing DI water at 100 µL/min through each packed bed flow reactor using an ISCO high
pressure syringe pump (Figure 5.2B). The pressed carbon black and batch-synthesized C/TiO2
particles resulted in pressure drops greater than 175 psi/cm and ruptured reactors (Figure D4) due
to polydisperse particle sizes and settling in the flow reactor. Meanwhile, the flow reactor packed
with the highly monodisperse G-TiO2 composite particles was observed to have a relatively low
pressure drop of 0.5 psi/cm, due to the large average size (120

m) and monodispersity of the

flow-synthesized G-TiO2 microspheres.
Following the pressure drop tests, the photothermal heating of the materials that did not
cause mechanical failure of the flow reactor (i.e., flow-synthesized white TiO2, as received carbon
black, and G-TiO2 microparticles) was studied, under the same irradiance. The packed bed flow
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Figure 5.2. Characterization of the light-absorbing material candidates. (A) SEM images of the (I)
flow-synthesized TiO2 microparticles, (II) as-received carbon black, (III) isostatically pressed
carbon black, (IV) batch-synthesized C/TiO2, and (V) flow synthesized G-TiO2 particles. (B)
Pressure drop measurements for packed bed flow reactors fabricated with the materials shown in
panel A. (C) The change in DI water temperature caused by illumination of the packed bed flow
reactors constructed using the materials shown in panel A.
reactors (6-cm long) were illuminated using a solar simulator (A4 Lightline, Sciencetech), and the
exit DI water temperature was measured by inserting a thermocouple into the exit stream. The GTiO2 and the as-received carbon black particles resulted in the greatest change in DI water
temperature, with changes of 14.2 °C and 13.5 °C, respectively (Figure 5.2C). As the G-TiO2
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 selected as the
optimal light-absorbing material for the energy-efficient, continuous CO2 solar-desorption.
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The G-TiO2 composite microparticles were then characterized using energy
dispersive x-ray spectroscopy (EDS), x-ray diffraction (XRD), and x-ray photoelectron
spectroscopy (XPS). Figure 5.3A shows a bright-field image of the flow-synthesized G-TiO2
composite microparticles as well as EDS maps of a single cut microparticle. The EDS maps
(Figure 5.3A II-IV) illustrate the presence of an outer TiO2 shell surrounding a carbon core
containing a smaller amount of Ti atoms. The observed core-shell structure is formed by slight
hydrolysis of the titanium n-butoxide trapped at the surface of the photocured particles as they are
collected in DI water, while the graphite core (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 likely aided by the presence of the TiO2 shell, 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, broad peak at 25° is
indicative of the presence of anatase TiO2 in the composite microparticles. Meanwhile, the XPS
spectrum (Figure 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 with the presence of TiO2, while the C 1s peak
indicated the presence of elemental carbon. 39–41
Continuous Solar-Enabled CO2 Desorption. In the next set of experiments, the developed
flow reactor packed with G-TiO2 composite microparticles was utilized to investigate the in-flow
bulk fluid photothermal heating using a metal halide lamp. DI water was loaded into a 5 mL syringe
and only fed through the tube-in-tube flow reactor (i.e., no preheating sections or aluminum
“concentrators”) illuminated by the lamp suspended at a height of 32 cm above the flow reactor.
To conduct the temperature measurements, the needle from the exit-side needle valve was removed

99
and a thermocouple was inserted in its place, while additional thermocouples were utilized to
determine the 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 evaluated (Figure 5.4A) using a liquid flow rate corresponding to a 0.5 min residence time
(3.7 mL/h) in the illuminated tube-in-tube flow reactor segment and lamp power settings of 250

Figure 5.3. (A) (I) A bright-field image of the flow-synthesized G-TiO2 particles. (II) EDS map
of a cut G-TiO2 microparticle. (III) Ti and (IV) C EDS maps. (B) XRD and (C) XPS spectra of the
flow-synthesized G-TiO2 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 observed at higher lamp powers for both the exterior temperature
and the exit bulk fluid temperature (Figure 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
average 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 upon increasing the irradiance
(controlled by the lamp power) was a result of the photothermal heating of the packed G-TiO2
particles in the flow reactor. Next, we evaluated the effect of residence time under a constant
irradiance on the fluid photothermal heating in the packed bed flow reactor. The irradiance was
held constant (with the lamp power of 600 W), while tR was varied from 0.5 min (61.7 µL/min) to
5 min (6.17 µL/min) (Figure 5.4B). As expected, the reactor inlet and external temperatures
remained constant, while higher fluid exit temperatures were observed at lower residence times,
contrary to expectations. However, this is explained by the presence of a “dead zone” between the
illuminated flow reactor segment and the thermocouple, as the thermocouple could only be
inserted as far as the PEEK frit installed to keep the packing in place (Figure D5A). The “dead
zone” was neither illuminated nor insulated, which allowed the heated fluid to begin cooling back
down to ambient temperature, approximately 30 °C cooler than the heated fluid. Furthermore, the
reactor was operated inside a fume hood, which exposed the “dead zone” to forced convection,
accelerating the cooling process further. The lower flow rates corresponding to higher tR result in
greater time spent in the “dead zone,” (approximately 3.9 min at tR = 5 min compared to
approximately 23 s at tR = 0.5 min) prior to contacting the exit thermocouple. In the next set of
packed bed flow reactor characterization experiments, we conducted a control experiment with an
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Figure 5.4. (A) Graph of temperature vs. lamp power for the inlet flow (T in), reactor
exterior (Tex), and exit flow (Tout) of the packed reactor. (B) Graph of temperature vs.
residence time for inlet flow, reactor exterior, and exit flow of the packed reactor. (C)
Control experiments for the exit flow temperature without packing by residence time at
600 W compared to the same conditions with packing.
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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 times (Figure 5.4C). The measured temperatures
followed the expected pattern, with the highest temperature, 38 °C, observed at a 5 min residence
time, and the lowest temperature, 36 °C, observed at the highest flowrate (i.e., lowest residence
time in the flow reactor). The difference in the observed temperature pattern (i.e., negative T vs. tR
correlation in the packed bed flow reactor, positive T vs. 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 illuminated section, eliminating
the “dead zone.” The temperatures were consistent with the previously measured external
temperatures, indicating that the presence of the packing dramatically improves the in-reactor
photothermal heating. It should be noted that the temperatures achieved in the illuminated region
of the packed-bed flow reactor should be substantially higher than those measured, as the
temperature measurements in the packed-bed flow reactor were taken at the exit valve rather than
the interior of the illuminated section due to the additional packing and the frit used to keep the
reactor packing in place (Figure D5B).
After it was established that the presence of the flow-synthesized G-TiO2 particles and
illumination resulted in substantial photothermal heating of the liquid fed into the packed-bed flow
reactor, a preheating section (packing of the light-absorbing microparticles in the feed tube) was
incorporated and folded strips of aluminum were added under the heating segments of the flow
reactor to enhance illumination from all directions. The effect of irradiance (I) on the CO2
desorption efficiency (ED = mol CO2 desorbed/mol CO2 in amine) was then investigated by varying
I (lamp power and height) with a CO2-saturated 5 M aqueous MEA solution at a constant residence
time. Figure 5.5A presents the measured I at different power and height combinations using a
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Figure 5.5. (A) Measured irradiance vs. lamp power and height. (B) CO2 desorption efficiency vs.
irradiance at a 3 min t R using 5 M MEA.
pyranometer (Tenmars TM206 Handheld Solar Power Meter). The highest I was observed at the
highest lamp power, as measurements of 1013 W/m2 and 857 W/m2 were recorded at 29 cm and
32 cm lamp heights, respectively. As expected, lowering the lamp power substantially decreased
I substantially. Figure 5.5B shows that ED increased with increasing I. Increasing I results in
greater light absorption by the G-TiO2 composite microparticles within the packed-bed flow
reactor, and thus greater bulk fluid photothermal heating. While it was possible to further increase
the irradiance by decreasing the lamp height, ~1000 W/m2 was selected as the maximum value to
be consistent with maximum solar irradiance. A control experiment utilizing the packed-bed tube-
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in-tube flow reactor and the standard reaction conditions with no irradiation (I = 0 W/m2) was also
conducted to determine the level of CO2 desorption attributable to the flow of the carrier gas. At I
= 0, the ED in the was found to be ~4%. Furthermore, additional experiments were completed
outdoor on a sunny day (31 °C, approximately 1000 W/m2 I) to compare natural solar irradiation
to the metal halide lamp used for the indoor screening experiments. Using a 5 M MEA solution at
a 3 min residence time, the solar irradiance experiment resulted in an average single-pass CO2
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 temperatures compared to those observed
with the metal halide lamp (~31 °C 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/m2. The illuminated, unpacked flow reactor produced an average CO2
desorption efficiency of 9%, which is attributable to the heat produced by the lamp (~35 °C)
causing a small amount of CO2 desorption.
Following the determination of reasonable agreement between indoor and outdoor CO2
desorption efficiency results using the developed continuous flow reactor, in the next set of
experiments we evaluated the effect of residence time, amine concentration, and amine type on the
solar-enabled CO2 desorption efficiency. Figure 5.6A presents the effect of residence time on the
solar-enabled CO2 desorption using 5 M MEA and an irradiance of ~1000 W/m2. As can be seen
in Figure 5.6A, increasing the residence time increases the measured CO2 desorption efficiency,
which is expected as the aqueous amine solution spends more time in the microreactor, allowing
the bulk fluid to reach higher local temperatures and desorb larger amounts of CO 2. The largest
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Figure 5.6. (A) Measured ED for different residence times at I=~1000 W/m2, using a 5 M MEA
solution. (B) Measured ED for different MEA concentrations at I=~1000 W/m2 and tR =3 min. (C)
Measured ED for various amines at I=~1000 W/m2 and tR= 3 min; 1, 2, and 3 were 5 M
concentrations, 4 was 3 M.
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single-pass CO2 desorption efficiency of MEA was obtained for a residence time of 10 min
(~42%). After exploring residence time effects, we explored the effect of saturated amine feed
parameters on the CO2 desorption efficiency. Figure 5.6B shows the effect of MEA concentration
(C) on the CO2 solar-desorption efficiency. Decreasing ED was observed with increasing C, with
the highest single-pass efficiency (48%) obtained at 1 M concentration. This pattern is attributable
to the endothermicity of the CO2 desorption reaction, as additional energy is required to drive the
desorption in the higher concentration MEA solutions, which ultimately results in lower measured
CO2 desorption efficiencies. Furthermore, it was observed that the fraction of CO 2 absorbed per
mole of MEA decreased as the MEA concentration increased, which may be attributable to the
reaction exothermicity resulting in a lower CO2 equilibria or reduced CO2 mass transfer
coefficients at higher amine concentrations. 42 The measured CO2 uptake per mole of amine (mol
CO2 absorbed / mol amine) was similar for each of the amine concentrations with 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 solar-enabled CO2 desorption
strategy, in the next set of experiments we utilized the developed fluidic platform to evaluate the
performance of other potential CO2 absorbers under a constant irradiance of ~1000 W/m2 (Figure
5.6C). Scheme 5.1 illustrates the amines utilized in this study: 1 MEA, 2 N-methyl
monoethanolamine (MMEA), 3 N,N- dimethyl monoethanolamine (DMEA), and 4 piperazine
(PIP). Of the tested amines, MEA demonstrated the lowest CO 2 desorption efficiency in the
packed-bed flow reactor, followed by MMEA (Figure 5.6C). PIP exhibited the second highest
CO2 desorption efficiency (34%) with the highest fraction of CO2 absorbed 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 CO2 desorption efficiency (53%) with the lowest fraction of CO 2 absorption (0.22).
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Scheme 5.1. Amines tested: 1 monoethanolamine (MEA), 2 N-methyl monoethanolamine
(MMEA), 3 N,N-dimethyl monoethanolamine (DMEA), 4 piperazine (PIP).
The observed trend is explained by the degree of amine functionalization, as more energy is
required to desorb CO2 from amines with fewer substituents (i.e., primary > secondary > tertiary).43
Dynamic Solar Irradiance. To implement a solar-driven packed-bed flow reactor strategy
for energy-efficient CO2 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 of irradiance variation on the amount of CO2 desorbed in the packed-bed flow
reactor by repeatedly changing the lamp height during a continuous CO 2 desorption process.
Figure 5.7A illustrates the variation in the irradiance and the corresponding changes in CO 2 release
caused by varying the irradiance through changing the lamp height between 29 cm and 32 cm.
Since CO2 production from point source applications (e.g., power plants) will remain relatively
constant, it is necessary to ensure that other process parameters may be tuned to maintain a constant
rate of CO2 desorption, especially if combined with a controller for real-time control based on
measured irradiance and ambient temperature. Figure 5.7B shows the decrease in CO2 release
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caused by the change in the irradiance from ~1000 W/m2 to ~860 W/m2 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

Figure 5.7. (A) Fluctuations in CO2 release caused by variation in I between ~1000 W/m2 and
~860 W/m2. (B) Proof-of-concept for feedforward control based on irradiance. CO2 release is
returned to its original value by varying the aqueous amine feed flow rate.
the total amount of CO2 released back to its initial value. This proof-of-concept result demonstrates
the possible implementation of a real-time controller to maintain constant CO2 desorption
throughput a day using the packed-bed solar desorber.44
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Figure 5.8. Measured ED stability tests at 10 min residence time under I=~1000 W/m2, and 1 M
concentration of PIP.
Next, we studied stability of maximum CO2 desorption within the developed continuous
packed-bed flow reactor for PIP, due to its comparatively high CO 2 absorption and superior
desorption efficiency. Figure 5.8 shows the stability test conducted using 1 M PIP (0.934 mol
CO2/mol PIP) over the course of 800 min at a constant 10 min residence time and an irradiance of
~1000 W/m2. Under these conditions, the measured ED remained 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%, which may be attributable to flow inconsistencies caused
by the syringe pump or the formation of CO2 bubbles in the preheating section. As the tests were
conducted using a 10 min residence time with a single-pass through the flow reactor, it is
conceivable that the overall ED could be increased further by using a longer residence time and/or
recycling the partially regenerated absorbent through the same packed-bed flow reactor.

5.5 Conclusion
In conclusion, we demonstrated the design and utilization of a continuous flow strategy
equipped with a packed-bed flow reactor to enable rapid, energy-efficient in operando solar
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desorption and recovery of CO2 from aqueous amines. Among different tested light-absorbing
materials, including standard TiO2 microparticles, G-TiO2 composite microparticles, batchsynthesized C/TiO2 microparticles, as-received carbon black, and isostatically pressed and sieved
carbon black, the composite microspheres demonstrated to be the most effective material candidate
for continuous photothermal fluid heating with minimal pressure drop across the flow reactor (i.e.,
low capital cost). CO2 desorption efficiency was then tested as a function of irradiance and aqueous
amine residence time, as well as amine concentration and structure, where it was demonstrated
that the desorption efficiency increased with higher irradiance and residence time, lower
concentration, and the presence of more electron-donating groups bonded to the nitrogen. The
potential for integration of a real-time controller into the solar-enabled CO2 desorption process
was also demonstrated, enabling the amount of solar-desorbed CO2 by the continuous flow reactor
to remain constant with dynamic solar irradiance. Finally, maximum desorption efficiency stability
tests were conducted using piperazine, where a maximum average single-pass 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
demonstrated that continuous flow reactors packed with highly monodisperse, light-absorbing
microparticles may be effectively implemented to efficiently desorb CO 2 from aqueous amine
absorbents with minimal energy input. Additional studies are needed to scale up the developed
technique for utilization in industrial scale CO2 capture.
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CHAPTER 6: Conclusions and Outlook
Adapted in part from:
Z. S. Campbell and M. Abolhasani, “Facile synthesis of anhydrous microparticles using plug-andplay microfluidic reactors,” Reaction Chemistry & Engineering, 2020, 5(7), 1198-1211.

Plug-and-play microfluidic reactors have been demonstrated to be an effective tool for
controlled in-flow synthesis of a wide range of anhydrous organic and inorganic 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
opportunities that may be explored to further develop the field of materials chemistry for in-flow
synthesis, as well as new applications and properties of both well-established and emerging
materials. While flow reactors possess numerous benefits and enable excellent control over
microparticle properties, they are 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 of microfluidic reactors is their limited cross-sectional area, which
results in manufacturing throughput limitations. This challenge has been addressed in part through
the work presented in this thesis, which has resulted in the increase in single-channel throughputs
by an order of magnitude or more. However, even with the developed improvements in throughput
via decoupling droplet formation from hydrolysis, the use of a low viscosity solvent (e.g., toluene),
and intensification with online photocrosslinking, it is still necessary to increase the material
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manufacturing throughput to enable flow-synthesized metal oxides to be used more broadly in
industrial or distributed chemical manufacturing applications.
One such strategy for addressing this particular challenge is the use of a “numbered-up”
strategy,1,2 or the use of multiple identical reactors in parallel, to multiply the quantity of material
that may be produced. Unfortunately, “numbering-up” is not without its own challenges, as the
use of parallel reactors requires 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 composition. Therefore, additional work is necessary to effectively “numberup” the flow synthesis of metal oxide microparticles, as well as introduce closed-loop optimization.
Finally, the metal organic materials utilized in these syntheses are exceedingly expensive
compared to the salts frequently employed for catalyst preparation. As such, to enable widespread
application of flow-synthesized 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, plug-and-play microreactors have successfully been utilized
to synthesize a wide range of microparticle morphologies and materials, including dense single
polymers, porous microparticles, copolymers, API-loaded microparticles, aerogels, core-shell
microparticles, and hybrids. While hydrogels and anhydrous organic microparticles have been well
explored, the research conducted in inorganic materials synthesis using plug-and-play
microreactors presents an opportunity for far greater 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 recent developments in decoupling microdroplet formation from the crosslinking
zone,3 well-mixed precursors,3–6 and tunable interfacial areas7 present several strengths that have
yet to be exploited. Based on these advantages, we hope the versatility and ease of plug-and-play
microfluidic reactor construction/assembly can encourage scientists across 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 single metal oxides, doped
metal oxides, heterogeneous mixed oxides, oxide perovskites, nanoparticles (e.g., chalcogenides)
dispersed in metal oxide microparticles, and MOFs. Such in-flow synthesized inorganic
microparticles may find uses in a vast number of applications, including (photo)catalysis, 5
adsorption,8 and sensing.6

6.3 Application-Tailored Synthesis and Condition-Material-Property Characterization
With the broad applicability of the developed flow chemistry route in this work, including
the wide variety of oxide-based materials which may be synthesized, additional work must also be
conducted to apply these flow-synthesized materials to existing or emerging applications in energy
and chemical technologies. In particular, the available opportunities for tuning the properties of
metal oxide-based materials using the presented generalized microfluidic strategy present an
interesting pathway for producing bespoke, application-tailored materials, particularly in the
context of existing catalyst systems. As such, it is necessary to explore the effect of different
synthesis parameters (e.g., precursor composition, anneal conditions) on the properties of the flowsynthesized particles, as well as elucidate the effects of material properties on the desired
application.
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We believe the most intriguing future research directions of in-flow synthesized metal
oxide particles include (i) matter engineering (e.g., defects, vacancies) and (ii) exploring
compositional effects towards on-demand variation of material properties for a target application.
In particular, matter engineering may be accomplished through precursor variation (e.g., sacrificial
scaffold, metal precursor, diluent, doping) and annealing condition (e.g., temperature, time,
atmosphere, quench, stepdown). Meanwhile, the demonstrated ability to synthesize both mixedphase and single-phase (e.g., perovskite) oxides (Figure 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
A1. Flow Focusing Microreactor
Figure A1 shows an empty capillary-based flow-focusing microreactor. The flow-focusing
microreactor is constructed using three glass capillaries: (I) an outer capillary (1.12 mm inner
diameter, 1.5 mm outer diameter), (II) and (III) interior capillaries (0.75 mm inner diameter, 1.0
mm outer diameter) with constricted tips. The inner capillaries are arranged with their constricted
ends facing one another. The constricted tip/constricted tip geometry facilitates the break-up of the
dispersed phase jet into microdroplets after entering the exit capillary constriction.

Figure A1. Picture of flow-focusing microreactor. The flow exits the left interior capillary and
enters the right interior capillary.
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A2. MATLAB-Based Image Processing: Microdroplet Formation & Size
Figure A2 shows the multiple image processing steps taken in MATLAB to automatically
analyze the microdroplet information inside the flow-focusing microreactor. Figure A2A shows
one exemplary frame of microdroplet formation extracted from the high-speed videos of the flowfocusing microreactor cropped to the entrance zone of the outlet flamed-tip capillary as the region
of interest; Figure A2B shows the greyscale video after background subtraction; Figure A2C shows
a Canny edge detection algorithm applied to frames of (B); Figure A2D shows a small image
artifacts (less than 30 pixels) in (C) are removed; FigurA 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 dilation operation is shown in Figure A2F.

Figure A2. Results of each step the MATLAB image processing code takes in order to extract
information from the video. (A) is the initial video, (B) is (A) after background subtraction, (C) is
(B) after applied Canny edge detection, (D) is (C) after small objects are removed, (E) is (D) after
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 custom-developed MATLAB image processing code
with circle detection when applied to bright-field micrographs of microparticles suspended in
water with 2% Pluronic F108. The microparticles in Figure A3A were analyzed after collection,
while the microparticles in Figure 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.

Figure A3. Microparticles detected by the custom-developed MATLAB-based image processing
code in water with 2% Pluronic F108. Microparticles (A) post-collection, and (B) post-drying.
Scale bars are 500 µm.
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A3. Post-Drying Microparticle
Figure A4 shows an SEM image of a fractured microparticle collected after the drying step,
prior to calcination. The microparticle’s core remains completely attached to the amorphous titania
shell, suggesting that the separation between the core and the shell of the microparticles occurs
during the calcination step.

Figure A4. SEM image of a fractured microparticle post-drying.
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A4. Formation of the Yolk-Shell Microparticles
Figure A5 shows a proposed synthesis mechanism of the yolk-shell TiO2 microparticles.
Following microdroplet formation and collection in the water bath, Ti(OBu)4 hydrolyzes at the
microdroplet-water interface to form a shell comprised of amorphous TiO 2, liquid ETPTA, and
toluene, with a core comprised of Ti(OBu)4, liquid ETPTA, and toluene. Next, ETPTA is solidified
via ultra-violet (UV) light photoinitiated radical polymerization. Upon polymerization of the
ETPTA, toluene and the unreacted Ti(OBu)4 remain trapped inside the solidified ETPTA network.
In the next step, the toluene trapped within the solidified ETPTA network is evaporated in an oven
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 TiO 2 shell (see Figure A5). Finally, the
microparticles are calcined at 500°C. During the calcination step, oxygen diffuses into the
microparticles, combusts ETPTA and oxidizes the unreacted Ti(OBu) 4 precursor trapped within
the solidified ETPTA network. However, the oxidation of the unreacted Ti(OBu)4 precursor within
the ETPTA core does not lead to further shell growth (verified by the measured shell thickness of
the yolk-shell TiO2 microparticles; see Figure 2.7), as combustion of the ETPTA causes the core
to shrink more rapidly than the Ti(OBu)4 oxidizes, resulting in a smaller discrete TiO 2 core (yolk)
contained inside the exterior TiO2 shell.
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Figure A5. Schematic of the proposed synthesis mechanism of the yolk-shell TiO2
microparticles.
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A5. Temperature Ramp XRD
Figure A6 shows the temperature ramp XRD and contour plot for the 10 wt% yolk-shell
microparticles. The peak intensity at 2=25º increases as the calcination temperature increases.
The development of the peak at 2=27º shows the particles transitioning from the anatase phase to
the rutile phase.

Figure A6. Contour Plot of XRD spectra for 10 wt% yolk-shell TiO2 particles as temperature
increases from 500°C to 900°C.

Figure A7. Contour Plot of XRD spectra for 10 wt% yolk-shell TiO2 particles as temperature
increases from 800°C to 900°C.
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Figure A7 shows the temperature ramp XRD and contour plot for the 10 wt% yolk-shell
microparticles as the temperature increases from 800 ℃ to 900 ℃. The intensity at 2 =25º further
increases as temperature increases. The formation of the peak at 2 =27º indicates the transition
from anatase to rutile is occurring at these temperatures.
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Appendix B
B1. Supplemental Experimental Information
Microreactor operation: The dispersed phase and dyed toluene solutions were loaded into
a syringe pump (Harvard Apparatus 33 DDS) using gas-tight 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 front of an angled mirror (ThorLabs angled front-coated 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 bright-field imaging of the flow reactor with the microscope and camera during the
reactor start-up 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 illuminate the reactor 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 procedure: The synthetic process was started by feeding the continuous phase
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, the 4-way valve was switched so that
the precursor was fed to the microreactor. Once stable flow was 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 collection solvent to prevent flow fluctuations due to dripping. Dispersed
phase flow rates utilized for synthesis ranged from 0.5 to 80 μL min-1, while continuous phase
flow rates ranged from 80 to 300 μL min-1 (per syringe).
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After collection, the microspheres were filtered using filter paper (Whatman 150 mm Grade
4) and a funnel, washed with 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 calcined for the
desired time and temperature in a muffle furnace (MTI Corporation, KSL-1100X) with a 5 °C min1 ramp rate.
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B2. Microparticle Size Variation
Using the microfluidic reactor, the smallest and largest microdroplets possible were
synthesized using 30 wt% TBT-35 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 <5µm. The small particles were not filtered or washed
after collection as they were small enough that they could not be effectively filtered, even with
quantitative filter paper. The particles were then moved from their collection vessel directly into a
crucible, which was placed in an oven to 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, which are ~ 250 μm in diameter. The large particles were filtered and washed with
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 utilizing
30 wt% TBT- 35 wt% ETPTA. A) Small particles (≤ 5 μm) and B) large particles (~250 μm).
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B3. Flow-Focusing Microreactor
The flow-focusing microreactor was constructed according to Figure B2, with two constricted
capillaries oriented tip-to-tip inside a larger capillary, resulting in an axisymmetric geometry with
an inner inlet channel, an inner exit channel, and co/counter-flow annular inlets. The FEP tubing
was attached to the PEEK/ETFE T-junctions with PEEK nuts and ferrules, while the inlet, exit,
and external capillaries were given appropriately sized polymer sleeves prior to being attached
with PEEK nuts and ferrules.

Figure B2. A deconstructed rendering of the microfluidic reactor assembly and image of the
interior reactor geometry.
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B4. Experimental Platform
A collimated UV LED was integrated with the flow focusing microreactor to conduct inline UV crosslinking of the photocurable polymer. The microreactor was clamped vertically in
front of an angled mirror, which was positioned underneath a microscope fitted with a high-speed
camera so that flow behavior inside the reactor could be monitored. In this configuration, the UV
LED was clamped in place next to the microreactor, and was precisely 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.
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B5. Supplemental Particle SEM
Figure B4 presents wide field, single particle, and broken particle SEM images for the
compositions not included in Figure 3.2. A yolk-shell morphology was observed for the 15-35
microparticles, while the 30-20, 30-50, and 50-20 microparticles were macroporous. Additional
morphological differences were observed for the 30-20, 30-50, and 50-20 morphologies depending
on the density of the ethoxylated trimethylolpropane triacrylate (ETPTA) network, with 30-20 and
50-20 samples resulting in “popcorn-like” or “raisin-like” morphologies, respectively, while the
30-50 sample resulted in a “fig-like” morphology. By comparison, the 30-35 microparticles
presented in Figure 3.2B IV possess a spherical macroporous morphology. Thus, the less dense
ETPTA networks result in microparticle deformation, moderately dense ETPTA networks result
in spherical microparticles, and dense ETPTA networks cause particle rupture during calcination
due to the quantity of ETPTA combusted.
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Figure B4. Wide field, single particle, and broken particle SEM images of the remaining
compositions not outlined in the main text. (I) Yolk-shell, 15 wt% TBT- 35 wt% ETPTA; (II)
macroporous (popcorn-like), 30 wt% TBT-20 wt% ETPTA; (III) macroporous (fig-like), 30
wt% TBT-50 wt% ETPTA; (IV) macroporous (raisin-like), 50 wt% TBT-20 wt% ETPTA.
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B6. Microparticle Size Measurement
Automated image processing with custom-developed MATLAB image processing code
was utilized to rapidly process and analyze post-collection microparticle diameters from brightfield images. Post-drying and post-calcination microparticle diameters were measured using
ImageJ software.

Figure B5. Automated microparticle diameter measurement using a MATLAB-based image
processing code. Scale bar is 500 μm.
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B7. Structural Analysis of In-Flow Synthesized Titania Microparticles without
Normalization
XRD spectra were collected for four microparticle samples synthesized with different
precursor compositions. Each sample was calcined at 500°C for 1 h. The peak at 2θ = 25° present
in each spectrum is indicative of the anatase phase in each of the samples, while the absence of a
peak at 2θ = 27° indicates that no rutile is present.

Figure B6. XRD spectra of titania microparticles calcined at temperatures ranging from 500900°C without normalization.
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B8. SEM Images of Particles Calcined at 500°C for 1, 5, and 10 h
Calcination time tests were conducted by calcining particles synthesized using precursor
containing 15 wt% TBT and 50 wt% ETPTA at 500°C for 1, 5, and 10 h. The resulting
microparticles were then characterized with SEM. Little difference was observed between the
samples calcined at 1 h and 5 h, with some additional pores becoming visible after calcination for
10 h.

Figure B7. Surface SEM images of titania microparticles after calcination at (A) 1 h, (B) 5 h,
and (C) 10 h.

144
Appendix C
C1. Experimental Information
Materials. Ethoxylated trimethylolpropane triacrylate (ETPTA) (average Mn ~ 428),
Pluronic F108 (average Mn ~ 14,600), and Sudan Blue II were purchased from Millipore Sigma.
Toluene (certified ACS), formamide (99+%), 2-hydroxy-2-methylpropiophenone (HMPP) (98%),
cerium(III) 2-ethylhexanoate (49% in 2-ethylhexanoic acid, 12% Ce), and di-n-butyltin bis(2,4pentanedionate) (Alfa Aesar, 95%) were purchased from Fisher Scientific. Zinc(II) 2,2,6,6tetramethyl-3,5-heptanedionate (99%), lanthanum(III) 2,2,6,6-tetramethyl-3,5-heptanedionate
(99%), and praseodymium(III) 2,2,6,6-tetramethyl-3,5-heptanedionate (99%) were purchased
from Strem. Deionized (DI) water was produced using a PURELAB Flex purification system
(Elga). All chemicals were used as received.

Precursor Preparation. Precursors were prepared using specific metal oxide-ETPTA
compositions (Table C1), which were selected based on the solubility of the metal organic
precursor in the nonpolar phase and the viscosity of the resulting mixture. The first number in the
right column of Table S1 corresponds to the weight percentage of the desired metal organic
precursor in the nonpolar precursor mixture, while the second number represents the weight
percentage of ETPTA in the nonpolar phase without the addition of the metal organic precursor
(i.e., weight fraction of ETPTA in an ETPTA/toluene mixture).
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Table C1. Precursor compositions utilized for flow synthesis of each metal oxide microparticle.
Material

Precursor composition

ZnO

15-35

SnO2

30-35

CeO2

30-35

LaPrO3

20-50

To prepare the precursors, the proper amount of the desired metal organic precursor was
added to the appropriate quantity of toluene and sonicated. Then, the desired volume of ETPTA
was sonicated into the toluene-metal organic mixture. If the metal organic material was not
immediately soluble/miscible in the mixture with sonication, the mixture was heated at 90°C until
the mixture was homogeneous. Finally, HMPP (2:1 mole fraction HMPP:ETPTA, 4:1 mole
fraction for the CeO2 synthesis) was added to the precursor solution.

Microreactor Construction. The microreactor was constructed using the design developed
by Benson et al.1 with the procedure described by Campbell and Abolhasani. 2

Flow Synthesis Procedure. Droplets of the appropriate precursor mixture were formed
using the axisymmetric flow focusing device using the previously reported procedure (Chapter 2,
Appendix B). Briefly, after droplet formation, the ETPTA present in the precursor was
polymerized in operando using a collimated UV LED (365 nm, ThorLabs M365LP1C), after
which the photocrosslinked particles were collected in a vial containing pure formamide. It is
important to note that the particles containing Ce(III) 2-ethylhexanoate were collected in DI water
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due to leaching issues when collected in pure formamide. Following droplet collection, the
particles were filtered (Whatman 150mm P8 filter paper) and dried at 90°C overnight (Fisher
Scientific IsoTemp Oven). The polymerized microparticles were then moved to a porcelain
crucible and annealed in a muffle furnace (MTI corporation, KSL-1100X) at the appropriate
temperature (500-900°C) for 1 h with a 5°C/min ramp rate.
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C2. Band Gap Estimation
Direct and indirect SnO2 microparticle band gaps were estimated from collected diffuse
reflectance UV-Vis spectra. To estimate the microparticle band gap, the reflectance data was
transformed using the Kubelka-Munk transformation, which was then converted using the Tauc
method to produce Tauc plots.3 The resulting Tauc plots were then focused on the region around
the linear inflection point. To evaluate the band gap, the procedure described by Makuła et al.3
was utilized, where the intersection of a line drawn through the linear part of the inflection point
and a linear baseline is used to evaluate an approximate EG. A line drawn straight down to the xaxis from the point at which the baseline and the line drawn through the inflection intersect
represents the approximate band gap. In the case where there were no Urbach tails present, the
traditional band gap estimation technique where the linear inflection is extended to the x-axis was
used. Figure C1A, C1B, and C1C present the indirect band gap estimation for the in-flow
synthesized SnO2 microparticles annealed at 500°C, 700°C, and 900°C, respectively, while Figure
C1D-C1F present the direct band gap estimations for the same temperatures.
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Figure C1. Tauc diagrams and estimations for indirect (A-C) and direct (D-F) band gap
estimations of in-flow synthesized SnO2 microparticles. Indirect: (A) 500°C, (B) 700°C, (C)
900°C. Direct: (D) 500°C, (E) 700°C, (F) 900°C.
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C3. Kubelka-Munk Diffuse Reflectance UV-Vis
Diffuse reflectance UV-Vis spectra can be transformed via the Kubelka-Munk method to
produce F(R∞), used to approximate absorbance, which is shown for each annealing temperature
in Figure C2. The transformed UV-Vis spectra were observed to be red shifted as the annealing
temperature was decreased; the SnO2 microparticles annealed at 500°C (Figure C2A) were
observed to have increased absorbance in the 350 nm to 600 nm range, while the microparticles
annealed at 700°C (Figure C2B) showed a modest increase in absorbance around 400 nm and the
900°C sample (Figure C2C) showed no absorbance beyond 350 nm.

Figure C2. Kubelka-Munk transformed UV-Vis spectra of the in-flow synthesized SnO2
microparticles. (A) 500°C, (B) 700°C, and (C) 900°C.
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C4. SnO2 XRD Spectra and Rietveld Refinements
X-ray diffractometry (XRD) spectra collected using a Panalytical Empyrean X-ray
diffractometer were utilized to characterize the materials synthesized in flow. The spectra of the
in-flows synthesized SnO2 microparticles were evaluated via Rietveld refinement to estimate the
fraction of orthorhombic vs. tetragonal SnO2, approximate crystal size, and lattice parameters for
the phases present in each sample. Each spectrum was successfully refined to a weighted profile
R-factor (RWP) less than 4%. As expected, the tetragonal (rutile) SnO 2 crystallite size increased

Figure C3. XRD spectra and Rietveld refinements for the in-flow synthesized SnO2 samples
annealed at (A) 500°C, (B) 700°C, and (C) 900°C.
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and the amount of the orthorhombic phase present decreased with increasing annealing
temperature.4 Figure C3 presents the larger XRD patterns and Rietveld refinements for the inflow synthesized SnO2 microparticles synthesized at 500°C (Figure C3A, Table C2), 700°C
(Figure C3B, Table C3), and 900°C (Figure C3C, Table C4) samples.

Table C2. Rietveld data for the 500°C sample
Lattice Parameters Crystal
Phase

Orthorhombic

Tetragonal

Fraction (%)

14.2

(Å)

size

(nm)

a

4.736

b

5.705

c

5.227

a

4.743

c

3.191

16.8

85.8
23.3

Table C3. Rietveld data for the 700°C sample
Lattice Parameters Crystal
Phase

Orthorhombic

Tetragonal

Fraction (%)

4.9

(Å)

(nm)

a

4.646

b

5.708

c

5.337

a

4.743

c

3.193

95.1

11.8

44.0

size
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Table C4. Rietveld data for the 900°C sample
Lattice Parameters Crystal
Phase

Orthorhombic

Tetragonal

Fraction (%)

0

(Å)

(nm)

a

-

b

-

c

-

a

4.743

100

-

62.6
c

3.19

size
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Appendix D
D1. Tube-in-Tube Packed-Bed Flow Reactor
The microreactor used in this work consists of a packed semi-permeable inner tube (Teflon
AF 2400) sheathed by an outer tube to form an annulus to collect the desorbed CO 2.

1/8 in Outer
Tube

Packed Inner
Tube

Figure D1. Bright-field Images of the tube-in-tube microreactor. (A) The packed inner tube with
the fluorinated ethylene propylene outer tube. (B) The packed inner tube without the outer tube.
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D2. Spectrum of the Metal Halide Lamp
The indoor CO2 desorption experiments were carried out using a variable power metal
halide lamp. Unlike solar simulators, the emission spectra for many lights, including the primary
lamp used in this work, are not tuned to mimic the solar spectrum. The UV-Vis spectra of the metal
halide lamp utilized is shown in Figure D2.

Figure D2. The UV-Vis spectra of the light source utilized for the indoor CO 2 desorption
experiments.
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D3. UV-Vis Spectra of the Light-Absorbing Particles
UV-Vis absorption spectra of the batch-synthesized carbon/titania (C/TiO2) , G-TiO2
composite, and flow-synthesized TiO2 microparticles were collected using a diffuse reflectance
UV-Vis spectrometer while carbon black powder was dispersed in DI water for UV-Vis
spectroscopy measurements (Ocean Insight, HDX spectrometer). Compared to the standard TiO 2
microparticles, it was observed that the batch-synthesized carbon/titania microparticles possessed
slightly higher absorbance in the visible spectrum, while the G-TiO2 composite microparticles
resulted in more significant light absorption enhancement in the visible region (Figure D3).

Figure 3. UV-Vis spectra for each of the packing candidates explored in this work.
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D4. Ruptured Reactor Segment
During the flow reactor pressure drop tests, the batch-synthesized titania particles and
isostatically pressed carbon black particles caused the pressure drop in the test reactors to reach
relatively high pressures of 1055 psi and 1090 psi, respectively. The high pressure drops observed
are attributable to a high level of particle polydispersity, as well as some disintegration, which
caused the packed bed reactors to be more densely packed than the other tested materials. The
obtained pressures caused the corresponding flow reactors to rupture (Figure D4).

Figure D4. Image of a ruptured test bed resulting from high pressures caused by particle
polydispersity.
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D5. Temperature Measurements of the Packed and Unpacked Flow Reactors
During the packed and unpacked flow reactor temperature tests, the needle valve at the exit
T-junction was removed and a thermocouple was inserted into the tube to measure the liquid
temperature. Due to the presence of the packing material and a 2 µm PEEK frit, the thermocouple
was only inserted as far as the frit in the needle valve housing (Figure D5A). The gap between the
illuminated microreactor region and the thermocouple tip caused the measured temperature to be
lower than the in-reactor temperature reached due to photothermal heating of the reactor packing.
As the flow rate was decreased to increase the residence time, the fluid spent a greater amount of
time in the “dead zone” between the illuminated reactor region and the thermocouple tip, which
caused the liquid to cool to a greater extent prior to contacting the thermocouple. This trend is
observed as the measured temperature decreased as the flow rate decreased (i.e., higher residence
time). In the unpacked flow reactor, the frit was unnecessary since there was no packing material
to be held in place, which allowed the thermocouple to be placed at the end of the illuminated
region of the microreactor (Figure D5B). This meant that the measured temperature increased with
decreased flow rate, peaking at temperatures similar to those measured at the reactor exterior.

159

Figure D5. Diagram of thermocouple locations during heating tests for the (A) packed and
(B) unpacked flow reactor.
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D6. Sample Calculation for CO2 Desorption Efficiency
The CO2 desorption efficiency was calculated by determining the quantity of CO2 desorbed
and dividing by the theoretical quantity of CO2 it was possible to recover from the saturated amine
solution. The actual CO2 desorption in the flow reactor was determined from the known fixed N 2
flow rate used to carry the desorbed CO2 into the CO2 sensor and the measured CO2 concentration.
An example calculation may be found below.

Calculation of Desorbed CO2
𝑚𝐿 𝐶𝑂

𝑚𝑜𝑙 𝐶𝑂

CCO2 = Measured CO2 concentration [=] 𝑚𝐿 𝑔𝑎𝑠2 or 𝑚𝑜𝑙 𝑔𝑎𝑠2
VN2 = N2 volumetric flow rate [=] mL/s N2
VCO2 = CO2 volumetric flow rate [=] mL/s CO2
NCO2 = CO2 molar flow rate [=] mol/s CO2
VCO2 =
NCO2 =

𝐶𝐶𝑂2 ∙𝑉𝑁2
1− 𝐶𝐶𝑂2
𝑉𝐶𝑂2
1000

𝑚𝐿
𝐿
∙24
𝐿
𝑚𝑜𝑙

*note: the 24 L/mol was determined via the Ideal Gas Law using the ambient conditions

Theoretical CO2 Calculation
EffLoad = loading efficiency [=]

𝑚𝑜𝑙 𝐶𝑂2 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑

Camine = amine concentration [=]

𝑚𝑜𝑙 𝑎𝑚𝑖𝑛𝑒
𝑚𝑜𝑙 𝑎𝑚𝑖𝑛𝑒
𝐿 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

NCO2, Theo = Theoretical CO2 molar flow rate [=] mol/s CO2
Vamine= amine solution volumetric flow rate [=] µL/s
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NCO2, Theo =

𝐶𝑎𝑚𝑖𝑛𝑒 ∙ 𝐸𝑓𝑓𝐿𝑜𝑎𝑑 ∙ 𝑉𝑎𝑚𝑖𝑛𝑒
1,000,000

𝜇𝐿
𝐿

Desorption Efficiency
ED = Desorption efficiency [=]

ED = 𝑁

𝑁𝐶𝑂2
𝐶𝑂2,𝑇ℎ𝑒𝑜

× 100

𝑚𝑜𝑙
𝑠

𝐶𝑂2 𝑑𝑒𝑠𝑜𝑟𝑏𝑒𝑑

𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙

𝑚𝑜𝑙
𝑠

𝐶𝑂2 𝑑𝑒𝑠𝑜𝑟𝑏𝑒𝑑

× 100

