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ABSTRACT: Mesoporous microparticles are an attractive plat-
form to deploy high-surface-area nanomaterials in a convenient
particulate form that is broadly compatible with diverse device
manufacturing methods. The applications for mesoporous micro-
particles are numerous, spanning the gamut from drug delivery to
catalysis and energy storage. For most applications, the perform-
ance of the resulting materials depends upon the architectural
dimensions including the mesopore size, wall thickness, and
microparticle size, yet a synthetic method to control all these
parameters has remained elusive. Furthermore, some mesoporous
microparticle reports noted a surface skin layer which has not been
tuned before despite the important effect of such a skin layer upon
transport/encapsulation. In the present study, material precursors
and block polymer micelles are combined to yield mesoporous materials in a microparticle format due to phase separation from a
homopolymer matrix. The skin layer thickness was kinetically controlled where a layer integration via diffusion (LID) model explains
its production and dissipation. Furthermore, the independent tuning of pore size and wall thickness for mesoporous microparticles is
shown for the first time using persistent micelle templates (PMT). Last, the kinetic effects of numerous processing parameters upon
the microparticle size are shown.

■ INTRODUCTION
Mesoporous microparticles enable convenient integration of
nanomaterials with popular manufacturing methods based on
micron-scale powders. Applications of mesoporous micro-
particles include drug delivery,1−5 chemical sensors,6−9

catalytic structures,10−22 and energy devices.23−43 The
application performance depends upon the architecture of
the nanostructure where the transport and storage of drugs or
intercalation of ions are influenced by the pathways and
interfaces. The presence of a less-porous skin layer can further
tailor chemical transport rates to/from the microparticle, for
example, adjusting the rate of controlled release.1−3,13,44,45

Thus, the ability to custom tailor each aspect of the
mesoporous microparticle architecture determines the ultimate
performance. For example, when mesoporous microparticles
are applied in battery electrodes, each architectural dimension
contributes toward a specific function: the wall thickness
determines the ion intercalation length scale, the particle size
and porosity determine the electrolyte diffusion length, and the
surface area influences the insertion kinetics. Efficient electrode
design balances these concomitant processes to achieve the
greatest gravimetric and volumetric energy/power densities.46

Such tailored mesoporous microparticles could also provide a
platform for investigating emergent nanoscale phenomena
using fully tailorable nanomaterials to deconvolve contribu-
tions from concomitant processes.47 Synthetic routes for both

soft and hard templates have widely enabled mesoporous
microparticles.4,5,9,14−18,25−29,48−65 Soft templates are advanta-
geous in terms of the lower cost, simpler preparation, and
synthetic versatility. Soft template routes span a wide gamut,
i n c l u d i n g h y d r o / s o l v o t h e r m a l s y n t h e -
sis,14,19−21,30−35,43,48,49,66−70 spray pyrolysis,5,18,25,27,52−61,63,65

and evaporative casting.9,15−17,26,28,29,50,51,71 Generally, the
microparticle structure is controlled via the dispersion of
precursors. For example, spray pyrolysis techniques quickly
form microparticles from the evaporation of aerosols; however,
the nanostructures are often poorly defined and the micro-
particles are sometimes covered with a skin layer with a
speculative formation pathway.53,54,56−58,63,64 Hydro/solvo-
thermal synthesis techniques and simple evaporative casting
processes produce microparticles via phase separation of
precursors from a solvent or a non-volatile species such as a
homopolymer. These approaches have demonstrated many
different morphologies and numerous different nanoscale
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dimensions via soft templates; however, none have yet
demonstrated independent control of the pore and wall
dimensions. This lack of one variable at a time tailoring is in
part due to the changing of micelle template dimensions with
alterations to processing conditions. A fully tunable strategy
must be able to adjust all feature sizes in a controlled and
predictable manner.
Persistent micelle templates (PMTs) uniquely enable

nanostructures with independent tunability of the pore and
wall dimensions.47,72−76 Most processes using block polymer
structure-directing agents are based upon equilibration, and
thus, the architectural dimensions are determined by free-
energy minimization. In contrast, the PMT strategy is based
upon kinetic control where block polymer micelles are used as
templates with an invariant size. Here, it is important to inhibit
chain-exchange processes which would otherwise cause the
micelles to change their size in response to changing solution
conditions. The equilibrium size of a micelle is a balance of
enthalpic and entropic contributions, largely tied to interfacial
energy (favoring larger micelles) and chain stretching entropy
(favoring smaller micelles). The activation energy for chain
exchange naturally determines its rate. For the single chain-
exchange mechanism, the rate has a double-exponential
dependence on χN, where N scales with core block molecular
mass and χ is the Flory−Huggins interaction parameter, a
largely enthalpic term corresponding to the two-component
interface of the core block with the solution (χcore‑solution).

77,78

The use of such high-χN conditions was shown to enable the
kinetic entrapment of persistent micelles to yield constant
template dimensions.73 The material wall thickness may be
tailored monotonically by changing the amount of material
precursors relative to the amount of template (M:T ratio) and
the resulting feature sizes follow a simple geometric model.72

PMT thus diverges from dynamic (non-persistent) micelle
templates which undergo size changes due to equilibration
anytime the M:T ratio is altered, which leads to chaotic trends
of the feature sizes72 as well as changes to the morphology.79

In the past, PMT approaches were mostly used for thin films
where the rapid material cross-linking ensured preservation of
kinetic micelle control after evaporation.47,72−75

The development of fully tunable bulk mesoporous
microparticles with PMT thus poses several design challenges.
Here, an evaporative strategy is adopted based upon micelle
templates, material precursors, and a phase-separating
homopolymer. The evaporative processing of microparticles
from the bulk solution is inherently slower than thin-film spin
coating and thus provides numerous challenges toward
preserving kinetic control of micelle templates. Both the
removal of solvents that inhibit chain exchange (particularly
water) and the subsequent heat treatments to cross-link the
material precursors enable additional time for a loss of kinetic
control via equilibration. Here, it is shown that simple
translation of prior PMT protocols toward mesoporous
microparticles resulted in a loss of kinetic micelle control.
This lack of independent pore and wall thickness control is a
general feature of other evaporative casting works. An
improved PMT strategy was developed to yield the first
mesoporous microparticles prepared from block polymers that
independently control the pore and wall thickness based upon
micelles with glassy cores (glassy-PMT).76 This use of micelles
with robust kinetic entrapment was necessary to preserve the
micelle shape and size throughout the full synthesis. This
contrasts with prior evaporative casting works which were

subject to multiparameter changes when glassy templates were
p las t i c i zed9 , 2 6 or when low-T g templa tes were
used.14−17,28,29,50,51,71 While there are a broad range of
mesoporous carbon,22 ,23 ,30 ,37 ,66 ,76 ,80 metal ,55 ,81−83

o x i d e , 1 − 5 , 7 − 1 3 , 2 0 , 2 1 , 2 4 , 2 5 , 3 1 , 3 4 , 3 5 , 4 0 − 4 2 , 4 4 ,

45,47,51−54,57−62,64,67,70,72,73,79,84,85 hydroxide,65,71 sulfide,32,69

and polyanion10,43 materials reported, TiO2 was selected
here as a model material due to its broad use in
catalysis,14−19,48,50,56,63 energy storage,26,68,74 sensing,38,86 and
other applications.27−29,33,36,49 Furthermore, processing factors
that determine skin layer thickness and particle size were
identified. A model is presented to explain skin layer formation
and is used to tailor the microparticle surface. Thus, a
comprehensive set of conditions are elaborated to enable
custom tuning of all architectural aspects of mesoporous
microparticles.

■ EXPERIMENTAL SECTION
Materials. Methanol (MeOH, 99.8%, Fisher) and ethanol (EtOH,

200 proof, ACS Grade, Fisher) were dried at room temperature (RT)
by storage over 30% w/v of molecular sieves (3 Å, 8−12 mesh, Acros
Organics) for a week.87 n-Butyl acrylate (≥99%, Acros Organics) and
the styrene (99%, Acros Organics) monomer were passed through a
basic alumina column just prior to use. Poly(propylene glycol) (PPO,
Mn = 1000 and 4000 g mol−1, Sigma-Aldrich) was placed under
vacuum overnight at RT before use to remove residual water. 2-
Bromopropionic acid (>99%, Aldrich), 4-(dimethylamino) pyridine
(99%, Aldrich), aluminum oxide (Al2O3, basic, Brockmann I, 50−200
μm, Acros Organics), chloroform (>99%, Aldrich), copper(I)
bromide (99.99%, Aldrich), dimethylformamide (97%, Aldrich),
hexanes (>98.5%, Fisher), concentrated hydrochloric acid (HCl,
37% w/w, ACS grade, VWR), anhydrous magnesium sulfate (MgSO4,
99%, J.T. Baker), poly(ethylene glycol) methyl ether (PEO-OH, Mn =
5000 g mol−1, Aldrich), tetrahydrofuran (THF, ACS Grade ≥99.0%,
Fisher), titanium(IV) isopropoxide (TTIP, ≥98%, Acros Organics),
and tris-(2-dimethylaminoethyl) amine (97%, Aldrich) were used as
received.

Polymer Synthesis and Characterization. Poly(ethylene oxide-
b-butyl acrylate), PEO-b-PBA, and poly(ethylene oxide-b-styrene),
PEO-b-PS, diblock polymers were synthesized by a two-step synthesis.
First, a Steglich esterification of poly(ethylene glycol)methyl ether
was used to form a macroinitiator for atom-transfer radical
polymerization (ATRP). Second, ATRP was used to grow the PBA
or PS block from the macroinitiator. The procedure is described
elsewhere in detail (Supporting Information, Table S1).72 The molar
mass of PBA or PS blocked was determined using a Bruker Avance III
HD 300 1H NMR by comparison to the known PEO block molecular
weight (Supporting Information, Figures S1a and S2a and Table S2).
1H NMR of PEO-b-PBA (300 MHz, CDCl3) δ (ppm): 4.05
(COOCH2), 3.67 (O−CH2CH2−O), 2.30 (CHCOO), 1.92
(−CH2CH−), convolved peaks 1.62 (−CH2−, −CH3), 1.39
(−CH2−, −CH3) and 0.96 (−CH2−, −CH3) with some contribution
from 1.92 (−CH2CH−). 1H NMR of PEO-b-PS (300 MHz, CDCl3)
δ (ppm): convolved peaks 7.09 (o,p,m C−H) and 6.56 (o,p,m C−H),
3.67 (O−CH2CH2−O), convolved peaks 1.86 (−CH2CH−,
−CH2CH−) and 1.45 (−CH2CH−, −CH2CH−). The molar mass
dispersity index was characterized using a Waters gel permeation
chromatography (GPC) system equipped with a Waters 1525 binary
pump, three styragel columns (HR1, HR3, and HR5 in the effective
molecular weight ranges of 0.1−5, 0.5−30, and 2−400 kg mol−1,
respectively), and a Waters 2414 refractive index detector (Supporting
Information, Figures S1b and S2b and Table S2). The GPC system
was calibrated with poly(styrene) standards (1.50, 3.28, 10.00, 17.40,
32.70, 120.00, 214.00, 545.00, and 1010.00 kg mol−1) obtained from
Polymer Standards Service GmbH. GPC samples were prepared in
THF at a concentration of 5 mg mL−1 and were passed through a 0.2
μm syringe filter prior to injection. Note that the monochelic PEO-
OH had a bimodal GPC trace as-received from the manufacturer
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(Supporting Information, Figures S1b and S2b), a contaminant
feature that was also apparent after further polymerization and was
included in molar mass dispersity (D̵) calculations (Supporting
Information, Figures S1b and S2b).
Micelle Template Preparation. The PEO-b-PBA micelle stock

solution was prepared by dispersing 40 mg of PEO-b-PBA in 4 mL of
MeOH at RT with gentle agitation. Concentrated HCl was added
slowly to achieve the target water composition of 0.7 wt % similar to
prior work,74 with respect to the total mixture unless otherwise stated
(examined 0.7−20%). The combined solution was sonicated using a
Fisher ultrasonic bath (Cat. no. FS-28) operated continuously at full
power (225 W) and a frequency of 40 kHz for 10 min at RT, intended
to temporarily enable chain exchange.85,88 The micelle stock was then
divided into aliquots containing 8 mg of the polymer template in
preparation of each M:T evaporative casting condition.
The PEO-b-PS micelles were prepared by dissolving 1.0 g of PEO-

b-PS in 10 mL of THF in a large round-bottom flask.76 To this
solution was added 10 mL of deionized water in a dropwise fashion
and with frequent swirling of the flask. Next, 100 mL of anhydrous
methanol was added. THF was removed by rotary evaporation, and
the removed volume was replaced with anhydrous methanol to
achieve a final micelle concentration of 10 mg mL−1. It was previously
shown that a procedure such as this is important to remove all good
solvents which act as plasticizers.76 Subsequently, anhydrous MgSO4
was added in excess to the solution until a cloudy precipitate was
observed, indicating a preliminary state of dryness. The mixture was
passed through a Gelman Sciences glass fiber filter paper with 1 μm
pores to remove this precipitate and yield a transparent solution with
a much lower water content. This solution was then further dried over
molecular sieves (3 Å, 8−12 mesh) and allowed to sit for at least 3
days before use. Similar drying conditions were shown to lead to <40
ppm levels of water.87 Just prior to use, concentrated HCl was added
slowly to 4 mL of the micelle solution to reach a desired water
composition, 10 wt % with respect to the total stock solution unless
otherwise stated. The resulting micelle stock solution was divided into
aliquots containing 8 mg of the polymer template for the preparation
of each M:T evaporative casting condition.
Ex Situ Sol Method. An ex situ TiO2 sol stock was used as

described in detail elsewhere.74 Briefly, 5 mL of titanium isopropoxide
(TTIP) was added to 1.2 mL of rapidly stirring concentrated HCl
(37% wt %), creating a solution with a 3:1 H2O/Ti ratio. Note that
this reaction is very exothermic. After being allowed to cool for a few
minutes, 2 mL of anhydrous MeOH was added to dilute the sol stock
solution. This dilute sol stock solution was combined with one of the
micelle template stock solutions described above in varying ratios,
depending on the target material to template (M:T) ratio. Here, the
M:T ratio is calculated by comparing the anticipated final oxide mass
(e.g., TiO2) relative to the mass of the block polymer template.
Mesoporous Microparticle Synthesis. In a typical experiment,

the micelle stock solution was combined with the dilute ex situ sol
stock solution, followed by the addition of the prescribed amount of
1.0 kg mol−1 poly(propylene oxide). The PPO loading was reported
as a mass ratio relative to the block polymer template. The PPO
loading was 10× (examined 2.5×−40×) unless otherwise stated.
Unless stated otherwise, the solution was bulk-cast within a 9.0 cm
glass dish and tilted around to assure uniform wetting of the dish.
Unless otherwise noted, a glass cover was placed on the dish with a
spacer made from 16G copper wire (see Supporting Information,
Figure S3). The covered dish was then placed in a Tupperware
chamber with a constant flow of air. Unless otherwise noted, the
purge gas was 16 L/min (examined 0.1−25 L/min) with 15% relative
humidity as controlled using a homemade system.73 Unless otherwise
noted, the dish was left to dry for 3 h and was then directly transferred
to the “aging” process to promote cross-linking of material precursors.
Samples were aged by placing them in a vacuum oven at RT and
slowly reducing the pressure over 30 min to avoid damage to the
nanostructure. The aging treatment was customized for each polymer
template. For PEO-b-PBA templates, the samples were held for 12 h
of RT vacuum and were then further heated to 190 °C for 12 h
(examined 40−190 °C). For PEO-b-PS templates, the samples were

heated in the vacuum oven to 80 °C overnight. In both cases, the
resulting aged samples were then calcined at 450 °C for 0.1 h with a 5
°C min−1 ramp, unless otherwise stated, to oxidatively remove the
polymer and induce crystallization of the material. Please note that the
removal of the homopolymer or block polymer template by
dissolution has been shown elsewhere as an alternative to removal
via calcination.82,83,89−92

Small-Angle X-ray Scattering Measurements. X-ray experi-
ments were conducted using a SAXSLab Ganesha at the South
Carolina SAXS Collaborative (SCSC). A Xenocs GeniX 3D
microfocus source was used with a copper target to produce a
monochromatic beam with a 0.154 nm wavelength. The instrument
was calibrated prior to measurements using the National Institute of
Standards and Technology (NIST) silicon reference material, 640 d
with the peak position at 2θ = 28.44°. A Pilatus 300k detector
(Dectris) was used to obtain the 2D scattering patterns with nominal
pixel dimensions of 172 × 172 μm. Transmission small-angle X-ray
scattering (SAXS) data were measured. SAXS data were obtained with
an X-ray flux of ∼3.3 M photons per second upon the sample and a
detector-to-sample distance of 1040 mm. The 2D images were
azimuthally integrated to yield the scattering vector and intensity.
Peak positions were fitted using custom MATLAB software.
Transmission wide-angle X-ray scattering (WAXS) data were
measured to identify the crystalline phase of mesoporous micro-
particles and were obtained with an X-ray flux of ∼36 M photons per
second upon the sample and a detector-to-sample distance of 112
mm. The 2D images were azimuthally integrated to yield the
scattering vector and intensity. A Gaussian point-spread function was
utilized to interpret scattering data as a result of grain-size broadening
as per the Scherrer formula.93,94

Scanning Electron Microscopy Measurements. Top-view
images of calcined particles were obtained with a Zeiss Ultraplus
thermal field emission scanning electron microscopy (SEM) system
using an accelerating voltage of 5 keV and an in-lens secondary
electron detector, and the working distance was maintained at ∼2.5
mm. The skin layer thickness was measured using cross-section
images of fractured microparticles. For samples containing significant
fractions of open and accessible porosity (no skin layer), the
measured skin layer thicknesses were weighted by the area fraction of
skin layer coverage. Pore and wall size measurements were carried out
exclusively on images measured at 200K× magnification to eliminate
calibration variation during SEM measurements. The wall thickness
was measured by inscribing the largest possible circle between pores
and recording the corresponding diameter.74 The particle size
distributions were determined manually by measuring 150 particles
within a randomly selected image section for each condition. The full
histograms are presented along with the mean, error of the mean, and
standard deviation. Measurements of skin layer thickness, area
fraction of open surface porosity, pore, wall, and particle size were
all determined using ImageJ software.

■ RESULTS AND DISCUSSION
Ideally, the synthesis of mesoporous microparticles supports
independent tailoring of each feature size, including skin layer
thickness or absence thereof, pore size, wall thickness, and
microparticle size. Prior works have demonstrated the ability to
adjust several of these dimensions, although generally coupled
at the same time with changes to other feature
sizes.16,26,28,48,57,66,80 The independent adjustment of the
pore size, wall thickness, or skin layer thickness has remained
elusive for mesoporous microparticles produced using soft
templates. Here, we employ a polymer-based soft template
strategy to produce mesoporous microparticles by combining a
block polymer with a phase-separating homopolymer. Through
evaporative processing with a common solvent, the block
polymer and material precursors phase-separate from the
homopolymer. Several important design criteria must be
considered to realize mesoporous microparticles with
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independent feature tunability in this context. (1) The mixture
of polymers must use a majority of the homopolymer such that
the other components (a mixture of the block polymer and
material precursors) phase-separate as a minority suspension of
discrete microparticles. Most prior examples employ a 5−10×
ratio of the homopolymer to other reagents to inhibit
coarsening of the minority phase by avoiding percolation and
extending the distance between the microparticles. (2) The
homopolymer composition must be selected to phase-separate
from both the block polymer (χhomopolymer‑template > 0.5) and
material precursors (χhomopolymer‑precursor > 0.5). Selecting a
homopolymer with a different chemical composition from the
block polymer generally will lead to the desired phase
separation; otherwise, the homopolymer may swell the block
polymer phase.84 Furthermore, popular material precursors, for
example, metal oxide nanoparticles, are hydrophilic due to
hydrogen bonding interactions and have limited solvent
options. Thus, the homopolymer must be processable from
common hydrophilic solvents yet be sufficiently hydrophobic
to phase-separate from the material precursors. The homopol-
ymer poly(propylene oxide) satisfies all these considerations.
(3) The block polymer within the microparticle minority phase
must also satisfy several concomitant criteria. A portion of the
block polymer must phase-separate from the material
precursors (χcore‑precursor > 0.5) to produce a nanostructure,
eventually leading to mesoporosity after thermal removal of the
polymers. Furthermore, the other portion of the block polymer
must selectively interact with the material precursors
(χcorona‑precursor < 0), typically via hydrogen bonding. Last, the
block polymer must also be dispersible in the same solvent
used for the other components, often lower alcohols. PEO-b-
PBA satisfies all these criteria and PEO-b-PS can also satisfy
these criteria when pre-micellized, vide inf ra. (4) Considering
that multiple materials undergo simultaneous phase separation
and rearrangement, the timescale of evaporation should be
controlled to tailor the spatial distribution of each component
(Scheme 1). It will be shown that deliberate rate control
during evaporation enables regulation of the skin layer
thickness and particle size. (5) Retaining independent control
of the pore and wall dimensions requires that the block
polymer template does not undergo equilibration.72−75,84 In
contrast, a kinetically trapped process called PMT enables
independent and precise control of these dimensions with as
small as 2 Å increments of adjustment demonstrated between
samples.72,74 Most prior PMT demonstrations produced thin
films and relied upon arresting chain exchange between
micelles by imposing a large χcore‑solution.

73,75 In contrast to
past works involving ∼100 to 500 nm thin films which can
evaporate the solvent and cross-link the oxide within seconds,
it is shown here that the novel use of glassy micelle cores was
needed to impose persistence on the more extended timescales
needed for bulk samples.
Skin Layer Control. Surface skin layers regulate the

transport of reagents to and from microparticles. Skin layers
around mesoporous microparticles have been observed
elsewhere; however, their presence is rarely explained and is
sometimes attributed to rapid evaporation of the sol-
vent53,54,57,59 or thermodynamics.95 While some adjustment
of the skin layer has been reported, these syntheses did not
independently modify other structural features.57,63,95 The
preliminary experiments leading to this report often resulted in
microparticles with a significant skin layer thickness (Figure
1c). The skin layer formation was examined under different

processing times as well as different evaporation conditions
(purge 0.1−25 L/min). Here, the term “processing time”
indicates the time from the beginning of solution evaporation
until the sample was transferred from the drying chamber to
the aging step which promotes material cross-linking. The
samples dried with 25 L/min of the carrier gas exhibited a
marked reduction in the skin layer thickness upon extension of
this processing time. Please note that most of the solvent has
left the sample within the first 5 min, whereas the skin layer
was found to monotonically reduce in thickness for 3 h,
exhibiting a final average thickness of 14.2 ± 2.4 nm. The

Scheme 1. Casting Solution with Homogeneous Dispersion
of Homopolymers (Green), Block Polymer Micelles (Red
and Blue), Material Nanoparticles (Black), and Solvent
Molecules (Not Drawn) (a); Evaporation of the Solvent
Leads to Phase Separation of the Nanoparticles and the
Micelles from the Homopolymer; Here, Different Rates of
Phase Separation for the Nanoparticles and the Micelles
Lead to the Formation of a Skin Layer on the Exterior of the
Microparticles (b); Over Time, the Sol Particles
Redistribute throughout the Corona Blocks of the Micelles,
Reducing the Skin Layer Thickness (c); Such a Process
Would Release Free Energy by Minimizing Nanoparticle
Contact with the Homopolymer and Maximizing
Nanoparticle Contact with the Corona Blocks. Similarly,
Some Nanoparticles Could Phase-Separate away from the
Micelle Templates
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pronounced trend for processing time dependence indicates
kinetic control. Furthermore, partially covering the dishes and/
or reducing the gas flow rate to 16 or 0.1 L/min were all found
to reduce the skin layer thickness (Figure 1a). The thinnest
skin layer thickness of 1.28 ± 1.40 nm (with 71% of open
porosity) was found using 0.1 L/min of the carrier gas with a
partially covered dish (Supporting Information, Figure S3).
Longer processing times generally lead to thinner skin layers
and greater degrees of open surface porosity (no skin layer)
across all conditions, except for the 120 min sample under 16
L/min. Samples dried under 16 L/min of the carrier gas
reached a minimal skin layer thickness of 2.25 ± 2.93 nm with
86% open porosity. Both the 16 and 0.1 L/min flow rate
conditions with a sufficient processing time of 3 h or more
produced microparticles with a majority of open mesoporosity
(Figure 1b,d). The use of tailored drying gas flow rates has not
been previously examined for block polymer-based mesopo-
rous microparticles. We propose that the skin layer formation
is caused by different rates of phase separation for each of the
microsphere components: the block polymer micelles and the
material precursors. As the solvent is gradually eliminated, the
initially homogeneous solution (Scheme 1a) begins to
partition and phase-separate during drying (Scheme 1b) as
governed by the solubility and mobility of each component.
These differences can lead to an uneven distribution of
material precursors and block polymer micelles. Consider the
process where a nanoparticle (material precursor) is added to a
cluster of micelles composing a microsphere; the nanoparticle
incorporation into the surface is reasonably much faster than
its diffusion into the micelle corona chains. Given enough time
and mobility, the nanoparticles accumulating at the surface of
the microparticles can be integrated within the microspheres
(Scheme 1c). While full incorporation is expected considering
nanoparticle diffusion rates in polymer melts,96−99 the inability
of our samples to reach that state suggests that the nanoparticle
cross-linking rate competes with the nanoparticle incorpo-
ration rate to generally preserve some skin layer. Regardless,
we term this process layer integration via diffusion (LID). The
LID model explains why skin layers are found most commonly
for spray pyrolysis methods53,54,56−60,64,65 which have rapid
evaporation but slower methods often do not exhibit a skin
layer.16,26,28,50,51 Similarly, the process examined here spans in
behavior from a tunable skin layer to mostly eliminating the

skin layer. Other recent studies have demonstrated that the
interfacial energetics can impose/eliminate a skin layer, albeit
coupled with variation of multiple architectural parameters at
the same time.80 The skin layer is also adjustable at later steps
via thermal coarsening. Figure 2 shows how progressively

increasing the calcination time leads to the gradual reduction
of the surface layer, likely driven by the reduction of surface
area. Please note that SAXS measurements on these thermally
coarsened nanostructures revealed no marked changes to the
well-defined nanostructure (Supporting Information, Figure
S4). Thus, the LID model and thermal coarsening enable

Figure 1. Skin layer thickness at the surface of mesoporous microparticles was varied with different processing parameters (a). SEM image of a
representative microparticle without a skin layer (b) reveals accessible porosity. Cross-sectional SEM images of fractured microparticles were used
to determine skin thickness statistics (c,d). Values are reported as the mean ± error of the mean. Data and SEM images shown for PEO-b-PBA with
M:T = 2.5.

Figure 2. SEM images of microparticle surfaces showing the pore
exposure, or lack thereof, for the same starting sample tailored via
different subsequent calcination conditions: 0.1 h (a), 12 h (b), and
24 h (c) at 450 °C. The template was PEO-b-PBA with M:T = 2.5.
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tailoring of the skin layer thickness via kinetic control and can
include a majority of open surface mesoporosity.
Independent Pore and Wall Control via PMTs. The

mesopore size and wall thickness are important to control since
they govern intraparticle species transport through the
nanostructure and intercalation transport into the nanostruc-
ture, respectively, thus significantly influencing application
performance. As introduced earlier, PMT enables the
independent tuning of nanoscale pore and wall dimensions
by using kinetically trapped micelle templates. As quantitatively
predicated by a prior SAXS-based model, a PMT series is
expected to exhibit lattice expansion when the template size is
held constant and the material is added between micelles
(increasing M:T ratio).72 Such lattice expansion is simple to
validate quantitatively via the primary SAXS peak shifting to
lower q (higher d-spacing). However, the PEO-b-PBA-based
samples did not exhibit such a trend in SAXS peak position
shift (q-spacing) and was rather indicative of lattice
contraction typical for dynamic micelle (not PMT) behavior
(Figure 3a). Furthermore, the SAXS patterns were often
bimodal, indicative of multiple morphologies and partial
equilibration.54,62 These results suggest that after evaporation,
the material precursors surrounding the micelles are
insufficient to hamper chain exchange, neither in terms of
energetic barrier (χN) nor mobility hindrance from, for
example, condensation reactions. This shows that the
preservation of kinetic control is more challenging here than
with prior thin-film methods. Most prior PMT demonstrations
used similar low-Tg block polymers combined with rapid cross-
linking after spin coating. In contrast, the much slower process
used here provides enough time to lose kinetic micelle control
of the micelle templates. Increasing water content, that is,
increasing χcore‑solution, from 5 to 20 wt % did not maintain
kinetic micelle control with PEO-b-PBA. More rapid
processing likely aids in limiting chain exchange; however,
the results in Figure 1 demonstrate that faster processing
would simultaneously thicken the skin layer and limit its extent
of tailoring. In addition, changes to the skin layer thickness are
expected to be convolved onto changes to the wall thickness
since skin formation removes material precursors from the
microparticle interiors. Thus, we adapted an alternative avenue
to prevent chain exchange between micelles.
To provide more robust kinetic control, regardless of χN

conditions, we used glassy-PMTs. The high-Tg core block
enables micelle dynamics to be arrested thermally if good
solvents and plasticizers are avoided. This strategy has been
employed to halt micelle chain exchange during kinetic
studies77 for trapping diverse micelle morphologies100−107

and was recently expanded to the context of polymer
templates.76 Glassy-PMTs were thus prepared using an
established procedure based on PEO-b-PS. Mesoporous
microparticles were again prepared with PPO using a series
of M:T values and were measured by SAXS (Figure 3b). Please
note that an increased water content of 10 wt % was used to
maintain a narrow particle size distribution while enabling LID
to limit the skin layer thickness (vide inf ra). In contrast to
PEO-b-PBA, the SAXS trends of this sample series exhibited
lattice expansion as materials were added, consistent with PMT
behavior (Figures 3b and 5a) with an observed structure factor
q-ratio of ∼1:2 in SAXS, consistent with randomly packed
spheres of a relatively uniform size seen in SEM images (Figure
4).108 These SEM images also revealed a relatively constant
pore size and increasing wall thickness with M:T with the

corresponding statistical descriptors presented in Figure 5. A
previously developed log−log coordinate system was used to
check SAXS trends for consistency with PMT conditions based
upon the quantitative trend for lattice expansion (Supporting
Information, eq 2).75 In brief, an approximate slope of 1/3 is
anticipated based upon the cube root relationship between
volumetric attributes (M:T) and linear dimensions (d-
spacing).75 However, the PEO-b-PS sample series exhibited a
slope of 0.154 in this log−log coordinate system (Figure 3a),

Figure 3. SAXS data for microparticle series with varied M:T values
using PEO-b-PBA (a) were not consistent with PMT lattice expansion
(c). In contrast, similar samples prepared using PEO-b-PS glassy-core
micelles (b) show a peak shift to lower q, consistent with PMT lattice
expansion (c). The PMT model predicts the log−log plots of SAXS d-
spacing vs M:T to have an approximate slope of 1/3. The lower slope
for the PEO-b-PS series was attributed to material phase separation
partially into templated microparticles and partially into non-
templated materials. The microparticle M:T was determined by
fitting an empirical power-law relationship to correct this slope (d).
Best-fit lines are presented with dashes. SAXS plots were offset
vertically for clarity.
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lower than the expected value. This trend is consistent with
phase separation of some material away from the micelle
templates (i.e., non-templated material) (Scheme 1) or
alternatively a change in material density.75 Here, the former
hypothesis is supported by SEM observations of regions of
non-templated TiO2 (Scheme 1c). The placement of material
precursors away from the micelles lowers the local M:T value
(“microparticle M:T”) and correspondingly limits the rate of
lattice expansion. A power-law relationship (Supporting
Information, eq 1) was selected for convenience and simplicity
to empirically resolve the discrepancy of slope by lowering the
microparticle M:T value to account for material partitioning
(Figure 3d). This finding suggests that all samples have some
untemplated materials and that fraction increases with M:T
ratio. Prior demonstrations without quantitative expectations
would have easily missed such a non-templated material
fraction. The increasing d-spacing trend as a function of
microparticle M:T was well fitted by the PMT model72

(Supporting Information, eqs 2−4) with a goodness-of-fit R2 of
0.82 (Figure 5a). Consistent with PMT behavior, average SEM
pore sizes were relatively constant at ∼13.6 nm for all samples
measured (Figure 5b; Supporting Information, Figure S16).
Furthermore, the SEM wall thickness trend (10.2−17.5 nm)
was well fitted by the model with a goodness-of-fit R2 of 0.85
(Figure 5c). Please note that the change from PEO-b-PBA to
PEO-b-PS did not markedly change the TGA profile,
suggesting a similar and likely negligible carbon yield
(Supporting Information, Figure S15). Thus, glassy-PMT
enabled the first mesoporous microparticles with independent

wall thickness control from a block-polymer template with a
constant mesopore size.
Briefly, it is noted that the tailored TiO2 confinement within

glassy-PMT led to systematic trends in crystallization behavior.
After calcination, the resulting materials were measured using
WAXS to identify the crystal structure as anatase, JCPDS Card
no. 21-1272 (Figure 6a). The peak width narrowed slightly
with increasing M:T, and the Scherrer formula was used to
quantify the average crystallite size (Figure 6b). The average
crystallite sizes exhibited an increasing trend with the M:T
ratio, corresponding to larger crystallites as the wall thickness
expanded as previously reported.74 These crystallite sizes were
typically about ∼80% as large as the overall wall thickness,
suggesting that most crystallites had a free surface. Such
crystallite size control is important for many applications in
energy storage.74,109−112 Thus, the production of mesoporous
microparticles with glassy-PMT enabled tailored crystallite
dimensions.

Microparticle Size Control. The microparticle size
distribution determines the nominal length scale for intra-
particle transport processes and thus influences performance.
The microparticle size is generally expected to be determined

Figure 4. SEM images showing variation of wall thickness with
constant pore size for the PS-b-PEO series: M:T = 2.54 (a), M:T =
3.48 (b), and M:T = 5.06 (c). Statistical metrics from these images
and others are included in Figure 5.

Figure 5. SAXS d-spacing with increasing microparticle M:T ratio was
well-fitted by the PMT model (a). Statistical SEM measures of pore
diameter (b) and wall thickness (c) were also well-fitted by the PMT
model. The goodness-of-fit R2 values are indicated.
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kinetically by the phase separation conditions. The homopol-
ymer is thus intended as a medium in which to disperse
microparticles and avoid the formation of much larger
continuous aggregates. Thus, the combination of molecular
mobility and time facilitates kinetic coarsening. The initial
experiments screened a range of factors from solution
composition to evaporation rate, aging conditions, and the
surface energy of the casting dish. The effect of homopolymer
content was first investigated, with PPO mass ratios ranging
from 2.0 to 40.0× with respect to the mass of the block
polymer. The microparticle size distributions were determined
by measurements on SEM images (Figure 7; Supporting
Information, Figure S5 and Table S1). The sample with 2.5×
PPO resulted in an average microparticle size of 2.36 ± 0.24
μm; however, this sample contained a significant fraction of
microparticles (≥5 μm) with an uncontrolled size (Supporting
Information, Figure S5a). Low amounts of PPO thus do not
sufficiently separate microparticles to impede their fusion. In

contrast, PPO ratios from 5.0 to 10.0× resulted in more
uniform and smaller microparticles with average diameters of
∼1 μm (Table 1). At the other end of the continuum, PPO

ratios from 15.0 to 40× exhibited an unexpected increase in
microparticle size, particularly considering the dilution of the
minority microparticle phase (Table 1). This accelerated
coarsening was attributed to the slower solvent removal from
the larger sample sizes where additional time and mobility
were available for coarsening. Curiously, SEM images of
microparticles with >20.0× PPO (PEO-b-PBA templates) were
found to exhibit a morphology transition from spherical
micelles to a cylindrical morphology to a worm-like
morphology (Figure 8). PPO is expected to partition a
fraction of water owing to its ∼1 wt % water miscibility, which
lowers the water content in the microparticles, and the lowered
χN barrier can enable morphology transitions.113 This
interpretation is supported by samples combining both the
high water content and high PPO ratios (Supporting
Information, Figure S6), where the spherical micelle
morphologies were preserved. This change in morphology as

Figure 6. WAXS data for the PEO-b-PS sample series (a) where the
(101) (b) and (200) anatase peaks were analyzed using the Scherrer
formula to yield the average crystallite size (c) as a function of the
M:T ratio. The reference anatase pattern is JCPDS Card no. 21-1272,
and the dashed line in (c) is a guide for the eye.

Figure 7. Microparticle size distributions were determined using
measurements on SEM images as a function of different PPO ratios,
where (a) contains PPO ratios from 2.5 to 10× and (b) contains
ratios from 15 to 40×. The template was PEO-b-PBA with M:T = 2.5.

Table 1. Statistical Measurements of Average Microparticle
Size in Relation to Amount of PPO Added to Template
Solutions Using PEO-b-PBA with M:T = 2.5

PPO/block polymer
ratio

average particle size
(μm)a

standard deviation
(μm)

2.5 2.36 ± 0.24 1.85
5.0 1.07 ± 0.10 1.05
7.5 1.03 ± 0.08 0.91
10.0 0.72 ± 0.05 0.60
15.0 2.88 ± 0.19 2.36
20.0 4.60 ± 0.41 4.01
40.0 4.41 ± 0.47 3.20

aValues are reported as the average ± the error of the mean.
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a function of water content and PPO ratio highlights the
sensitivity of non-glassy block polymer templates such as PEO-
b-PBA and the need for glassy templates, which are less
sensitive to solution conditions. Next, the effect of water
content upon microparticle size was examined from 5.0 to 20
wt % water (Figure 9 and Table 2). Modest water contents

from 5.0 to 10 wt % yielded average microparticle sizes of ∼0.5
μm, whereas higher water contents from 15 to 20 wt % yielded

larger average microparticles sizes of ∼1.2 μm. These samples
with a higher water content were also found to exhibit a greater
frequency of extended aggregates (Supporting Information,
Figure S7c,d) as a higher water content enhances the mobility
of the metal alkoxide oligomers,114 increasing the hydro-
phobic/hydrophilic contrast and driving the phase separation.
All these possible effects promote coarsening of the micro-
particles. The effect of substrate surface energy was also found
to have a concomitant role with water content. Samples
prepared in glass dishes resulted in smaller microparticles and
fewer extended aggregates (Figure 9 and Table 2) when
compared to Teflon dishes (Supporting Information, Figures
S8 and S9 and Table S5). The attraction of the material
precursors to the hydrophilic substrate could impose a drag
that limits horizontal microparticle mobility and impedes
coarsening. Shorter processing times prior to aging led to
larger microparticles again attributed to residual solvent-
induced coarsening (Supporting Information, Figure S10).
Changing the molecular mass of PPO from 1 to 4 kg mol−1 was
found to not have a significant effect on microparticle size
(Supporting Information, Figures S11 and S12), suggesting
that the PPO viscosity does not play a critical role in
coarsening after solvent evaporation. Similarly, variation of the
aging treatments was also not found to have a significant effect
on microparticle size, again suggesting that the microparticle
size is determined largely during evaporation (Supporting
Information, Figures S13 and S14 and Table S6). While
conditions with large microparticles and extended aggregates
exhibited some fracturing (cleaved lines) that contribute to the
particle size distribution, samples with smaller microparticles
rather dominantly exhibited curved surfaces, consistent with
diffusive coarsening. Please note that these PEO-b-PBA data
on microparticle size distributions were obtained prior to the
development of glassy-PMT. The presence of chain exchange,
however, is not expected to significantly affect microparticle
formation; thus, these parameters which tune particle size are
conditions which likely do not inhibit the independent control
of pore and wall feature size with glassy-PMT. Thus, numerous
parameters affect the rate of microparticle coarsening during
evaporative processing.

■ CONCLUSIONS
Mesoporous microparticles are an attractive platform for a
broad set of manufacturing methods due to their convenient
particulate form. The applications for TiO2 mesoporous
microparticles include catalysis, lithium-ion batteries, sensors,
optoelectronics, and dye-sensitized solar cells, where each
application is best matched with distinct architectural
dimensions. Here, it is demonstrated for the first time that
the pore size and wall thickness are independently tunable
within mesoporous microparticles by using glassy-PMTs from
PEO-b-PS. In contrast, the low-Tg PBA block in PEO-b-PBA
was not sufficiently persistent to avoid changes to micelle size
and sometimes also changes to morphology during processing.
In addition, an explanation is provided for reports of surface
skin layer formation which dictates transport to/from micro-
particle interiors. A kinetic LID model was posited where the
skin layer forms due to different rates of phase separation for
micelles and material precursors, followed by slow re-mixing.
Here, slower evaporation enabled the thinnest skin layers and
high degrees of open surface porosity which were further
tunable with coarsening heat treatments. Last, the effects of
several processing parameters upon the microparticle size were

Figure 8. SEM images showing mesopore morphologies for
microparticles prepared with different PPO ratios where the behavior
spans from spherical pores 10× (a) to cylindrical pores 20× (b) and
worm-like pores 40× (c). The corresponding SAXS patterns (d) were
offset vertically for clarity. The template was PEO-b-PBA with M:T =
2.5.

Figure 9. Microparticle size distributions as determined from SEM
images were tailored as a function of the initial water quantity. The
template was PEO-b-PBA with M:T = 2.5.

Table 2. Statistical Measurements of Average Microparticle
Sizes in Relation to Water Content Using PEO-b-PBA
Template Solutions with M:T = 2.5

water content
(wt % of soln)

average particle size
(μm)a

standard deviation
(μm)

5.0 0.54 ± 0.02 0.23
10.0 0.65 ± 0.03 0.28
15.0 1.22 ± 0.06 0.77
20.0 1.18 ± 0.11 0.91

aValues are reported as the average ± error of the mean.
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examined where microparticle size was largely controlled by
the removal rate of solvents.
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