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synthesis of phase transition-
resistant titania microparticles with tunable
morphologies†

Zachary S. Campbell, Daniel Jackson, Jacob Lustik, Amur K. Al-Rashdi,
Jeffrey A. Bennett, Fanxing Li and Milad Abolhasani *

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 m2 g�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.
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 elec-
trochemical (e.g., batteries),8,9 photovoltaic (e.g., dye-sensitized
solar cells),8,10 and adsorption (e.g. ion scavenging) applica-
tions.11,12 The breadth of applications has resulted in signicant
research efforts toward synthesis of high quality titania (i.e., size
dispersity < 3% and surface area > 200 m2 g�1) with a variety of
morphologies and length scales, ranging from lms 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 photo-
catalysis,9,14–17 using a variety of synthesis methods including
solvothermal/sol–gel, emulsion, and deposition/etching strate-
gies.14,18,19 Recently, microuidic synthesis strategies offering
more precise process control and enhanced heat and mass
lar Engineering, North Carolina State
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tion (ESI) available. See DOI:

47
transfer rates compared to batch processes20,43 have emerged as
an effective approach for the continuous synthesis of highly
monodisperse particles,21–23 including polymeric24,25 and inor-
ganic26–30,44,45 micro/nano-particles. Such microuidic tech-
niques 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 TiO2

microspheres in-ow 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
aer contacting the continuous phase (i.e., water), results in the
formation of hollow titania shells,31–33 with no other morphol-
ogies 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) 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 sacricial polymer scaffold on the
This journal is © The Royal Society of Chemistry 2020
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morphology and surface area of in-ow 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 ow reactor. Furthermore, a wide range of particle
sizes can be reached, ranging from <10 mm to 250 mm, greater
than a 25-fold variation in particle diameter (Fig. S1†). Finally,
the synthesized microspheres possessed exceptionally high
specic surface areas (up to 362 m2 g�1) and a wide variety of
morphologies, including hollow, yolk–shell, macroporous, and
dense microspheres.
Experimental
Materials

Titanium(IV) butoxide (97%, reagent grade), ethoxylated trime-
thylolpropane triacrylate (ETPTA) (average Mn � 428), Pluronic
F108 (average Mn � 14 600), and Sudan Blue II were purchased
from Sigma-Aldrich. Toluene (certied ACS) and molecular
sieves (4A) were purchased from Fisher Scientic. Formamide
(99.5+%, ACS reagent, nitrogen ushed) 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 purication 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 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 triacrylate
(ETPTA) (average Mn � 428, Sigma-Aldrich), and toluene
(certied ACS, Fisher Scientic) 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 ushed, Alfa Aesar) and 10.1 g of Pluronic
F108 (average Mn � 14 600, Sigma-Aldrich) in a 1 L glass bottle
with FEP lines for venting and withdrawing the formamide +
1 wt% Pluronic F108 mixture in the cap. Molecular sieves (4A,
Fisher Scientic) 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. Themixture was then sonicated and
le 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.
This journal is © The Royal Society of Chemistry 2020
Microreactor

The ow-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 tting both ends with exible Tygon sleeves (1/800 OD, 1/1600

ID, McMaster-Carr) and 1/800 PEEK nuts and ferrules (IDEX). The
capillary was then attached at each end to PEEK or ETFE T-
junctions (0.0500 ID, IDEX). Next, one end of two smaller capil-
laries (1 mm OD, 0.75 mm ID, Friedrich and Dimmock) were
thermally constricted down to�400 mmusing a Narishige PC-10
capillary puller. The inlet capillary was cut down to 4.5 cm in
length and inserted into a section of 0.0400 ID 1/1600 OD FEP
tubing (Microsolv), was tted with a 1/1600 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 (1/1600

OD, 0.0400 ID, Microsolv) and was inserted into the reactor
assembly until its constricted end was �400 mm from the tip of
the inlet capillary. It was then tightened into place using a 1/1600

PEEK nut and ferrule. Then, two sections of FEP tubing (0.0200

ID, 1/1600 OD, IDEX) were attached to the remaining ports of the
T-junctions, and the other ends were tted with Luer-lock
ttings (IDEX) for attachment to stainless steel syringes (Har-
vard Apparatus). Finally, two FEP feed lines (0.0200 ID, 1/1600 OD,
IDEX) with Luer-lock attachments and an FEP purge line (0.0200

ID, 1/1600 OD, IDEX) were attached to the remaining ports of the
4-way valve.
Characterization

The in-ow synthesized titania microparticles were character-
ized using (i) scanning electron microscopy (FEI Verios 460L) to
conduct size measurements post-calcination and study mono-
dispersity and morphology, (ii) X-ray diffraction (Rigaku Smar-
tLab X-Ray Diffractometer) to characterize crystallinity and
crystal phase composition as a function of calcination time and
temperature, and (iii) Brunauer–Emmett–Teller characteriza-
tion (Micromeritics ASAP 2020) to evaluate specic surface area
for microspheres synthesized using different precursor
compositions, calcination temperatures, and calcination times.
Results and discussion

Fig. 1 illustrates the developed microuidic platform consisting
of a collimated UV LED integrated with an axisymmetric ow-
focusing microuidic reactor.34,35,42 The ow reactor is con-
structed with two constricted capillaries oriented tip-to-tip
sheathed by an outer capillary, creating an annulus (Fig. S2†).
The titania precursor (i.e., dispersed phase) was prepared with
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 cross-
linking of the sacricial scaffold (ETPTA). During the ow
synthesis of titania microparticles, the dispersed phase was fed
RSC Adv., 2020, 10, 8340–8347 | 8341
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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 con-
stricted exit capillary under ambient temperature and pressure
(Movie M1†).36–39 The collimated UV LED light source was
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 ow
reactor (Fig. S3†). The photocured microparticles and the
continuous phase were collected in a collection vessel con-
taining deionized (DI) water.

Initiating the photo crosslinking of the sacricial scaffold in
the microreactor prior to any exposure to water enables, for the
rst 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 sepa-
rated 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). Fig. 2A summarizes the conditions tested and
the accessible titania particle morphologies via the intensied
Fig. 1 Schematic of the microfluidic platform integrated with a colli-
mated UV LED for continuous synthesis of highly monodisperse titania
microspheres.

8342 | RSC Adv., 2020, 10, 8340–8347
continuous ow synthesis strategy, including yolk–shell,
hollow, macroporous, and 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 (Fig. 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 Fig. 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 sacricial 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
(Fig. 2B I and S4†).34

The microspheres synthesized utilizing 30 and 50 wt% TBT
and varying ETPTA compositions resulted in fewer morpho-
logical 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 aer photo crosslinking in the
ow reactor. The less dense ETPTA networks were present in the
30–20 and 50–20 resulted in “popcorn-like” or “raisin-like”
morphologies (Fig. S4†), while the increased density of the
networks in the 30–35 and 50–35 microparticles resulted in
spherical macroporous (Fig. 2B IV) and dense microspheres
(Fig. 2B V), respectively. The network density and the total
amount of the crosslinked ETPTA combusted during calcina-
tion of the 30–50 microparticles resulted in a ruptured “g-like”
morphology (Fig. S4†).

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 specic 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 sacricial scaffold (ETPTA) combusts
during the calcination stage, resulting in decreasing
This journal is © The Royal Society of Chemistry 2020
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Fig. 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 (50–50). (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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microsphere diameter. Fig. 3A presents bright-eld microscopy
and scanning electronic microscopy (SEM) images for 12–20
microparticles aer collection (I), drying (II), and calcination
(III), as well as microparticle diameter (D) histograms for each
condition (see ESI S6 and Fig. S5† for microparticle diameter
measurement).40 The precise process control and ow stability
within the microuidic reactor resulted in coefficients of vari-
ation (CV ¼ sD/hDi � 100, where sD is the standard deviation of
microparticle diameters and hDi is the average microparticle
diameter) of 0.8% aer collection, 2.0% aer drying, and 3.1%
This journal is © The Royal Society of Chemistry 2020
aer calcination, respectively, for the in-ow synthesized titania
microparticles. Microparticle shrinkage was then examined as
a function of precursor composition (Fig. 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
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.
RSC Adv., 2020, 10, 8340–8347 | 8343
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Fig. 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
denotedwith 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.
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Precursor composition was also expected to exhibit
substantial effects on the specic surface areas of the synthe-
sized titania microparticles. Higher TBT concentrations were
expected to increase the TiO2 density in the microspheres,
resulting in lower specic surface areas. By comparison, it was
anticipated that higher ETPTA concentrations would inhibit
nanocrystal sintering and result in higher specic surface areas.
Fig. 3C presents the experimentally measured specic 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
specic surface area post calcination (500 �C, 1 h), while
increasing ETPTA composition at a constant TBT concentration
results in increasing specic surface area of the synthesized
titania microparticles. For example, at 35 wt% ETPTA, the
microparticles were found to possess specic surface areas of
313, 267, 160, and 111 m2 g�1 at TBT compositions of 12, 15, 30,
and 50 wt% TBT, respectively. At 15 wt% TBT, the particles
possessed specic surface areas of 197, 267, and 324 m2 g�1 at
20, 35, and 50 wt% ETPTA, respectively. Using this method, it is
also possible that other photocurable polymers (i.e. other
8344 | RSC Adv., 2020, 10, 8340–8347
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 TiO2 formation, and lower
surface areas. In contrast, tetraacrylates and shorter chain
ETPTAs (Mn < 428) would be expected to have the opposite
effect. Finally, XRD spectra are presented for particles synthe-
sized at each TBT concentration (Fig. 3D). As the microparticles
were calcined at 500 �C, the presence of the anatase phase (2q¼
25�) and the absence of the rutile phase (2q ¼ 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 TiO2.

Utilizing the developed continuous ow 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. Fig. 4 shows titania microparticles
synthesized using 30 and 50 wt% TBT with 30 wt% ETPTA,
collected in formamide (i.e., without any interfacial hydrolysis).
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Dense titania microspheres synthesized by collecting the in-
flow photo crosslinked 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.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 8
:2

4:
06

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Due to the elimination of the interfacial 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 micro-
spheres, with resulting measurements of 81 m2 g�1 and 36 m2

g�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 attribut-
able to the uniformity and density of the TiO2 network
throughout the microparticles, which likely results in inacces-
sible interior pores at the center of the microsphere, causing
lower surface areas.

In the next set of experiments, the effects of different calci-
nation temperatures (T) and times (t) on the crystallinity/
crystalline phase and specic surface area were explored.
Microparticles synthesized using 15 wt% TBT and 50 wt%
ETPTA were rst calcined at 500, 600, 700, 800, and 900 �C for
1 h and were characterized using X-ray diffraction (XRD), Bru-
nauer–Emmett–Teller characterization (BET), and SEM. Fig. 5A
presents normalized XRD spectra (see Fig. S6† for spectra
without normalization) collected for microparticles calcined at
each temperature, as well as the representative XRD spectra for
This journal is © The Royal Society of Chemistry 2020
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 2q ¼ 25� corre-
sponds to the anatase phase in each of the synthesized samples.
What is surprising, however, is the absence of a peak at 2q ¼
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-ow utilizing the intensied continuous ow
microreactor demonstrate excellent resistance to phase transi-
tion, even at temperatures well above the expected phase tran-
sition temperature for titania microparticles synthesized using
all other synthesis strategies. Next, the calcination temperature
effects on specic surface area were characterized using BET
(Fig. 5B). As expected, increasing calcination temperature
resulted in decreasing specic surface area due to sintering and
nanocrystal growth within the titania microparticles. The in-
ow synthesized titania microparticles calcined at 500 �C
possessed specic surface areas of 324 m2 g�1 compared to 6m2

g�1 at 900 �C. The sintering effect can be seen in SEM images
presented in Fig. 5C, where increased crystal size with respect to
temperature is observed, particularly at 900 �C, where large,
well-dened 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 10 h. The XRD
spectra of these samples showed no signicant difference in the
phase composition of the calcined titania microparticles, though
the amount of amorphous TiO2 present in the microparticles
decreased (attening baseline) (Fig. 5D). However, substantial
differences were observed in the surface areas as calcination time
was increased. Surprisingly, Fig. 5E shows that as calcination
time was increased from 1 h to 10 h, the specic surface area of
the microparticles increased by 12% from 324 m2 g�1 to 362 m2

g�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 specic surface areas. SEM images of these
samples shows no signicant variation in morphology of the
synthesized titania microparticles (Fig. S7†).

Conclusions

In conclusion, we demonstrated a facile, highly effective
microuidic 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 mm to 250 mm) enabled by
the use of an in-line photocuring approach integrated with
a ow 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
RSC Adv., 2020, 10, 8340–8347 | 8345
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Fig. 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.
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50 wt%, which represents an increase of as much as an order of
magnitude compared to commonly utilized compositions.
Titanium precursor and sacricial scaffold (ETPTA) composi-
tions 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 m2 g�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 effects on microparticle surface
area and crystallinity/phase composition, were assessed. The
8346 | RSC Adv., 2020, 10, 8340–8347
synthesized microspheres were demonstrated to possess excel-
lent phase stability, with no detectable rutile even at calcination
temperatures up to 900 �C, while increasing calcination time
was demonstrated to increase specic surface area. The in-ow
synthesized titania microparticles thus possess unique attri-
butes that make them intriguing candidates for a wide variety of
applications, including catalysis and photocatalysis, photovol-
taics, contaminant adsorption and separation, and electro-
chemistry. Finally, the developed continuous ow synthesis
strategy represents a generalizable method for synthesizing
inorganic microparticles with tunable morphologies and char-
acteristics from a wide variety of organometallic precursors.
This journal is © The Royal Society of Chemistry 2020
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