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ABSTRACT: Meta oxide microparticles with well-defined internal mesostructures are promising materials for avariety of different
applications, but practical routes to such meterials that allow the constituent structural length scales to be precisely tuned have thus
far been difficult to realize. Herein, we describe a novel platform methodology that utilizes self-assembled block copolymer (BCP)
microparticles synthesized by dispersion polymerization in supercritical CO, (scCO,) as universal structure directing agents for both
hydrolytic and non-hydrol ytic sol-gel routesto metal oxides. Spherically structured poly(methyl methacrylate-block-4-vinyl pyridine)
(PMMA-b-P4VP) BCP microparticles are translated into a series of the corresponding organic/inorganic composites and pure inor-
ganic derivatives with a high degree of fidelity for the metal oxides TiO, and LiFePO,. The fina products are comprised of particles
close to 1 pm in size with a highly ordered internal morphology of interconnected spheres between 20 — 40 nm in size. Furthermore,
our approach isreadily scalable, enabling grams of pure or carbon coated TiO, and LiFePO., respectively, to be fabricated in afacile
two step route involving ambient temperature mixing and drying stages. Given that both length scales within these BCP microparticles
can be controlled independently by minor variations in the reagent quantities used, the present general strategy could represent a

milestone in the design and synthesis of hierarchical metal oxides with completely tunable dimensions.

The broad class of materials referred to as metal oxides pos-
sess attractive properties that make them suitable for use in a
variety of applications, including catalysis,* 2 solar cells?® en-
ergy storage,* > photonics® and gas sensing,” among others.
Such applications benefit from elaborate morphologies that of-
fer dramatically increased storage, diffusion, reactivity and cy-
cling properties as a result of their high surface-to-volume ra-
tios. Consequently, hierarchically structured metal oxides with
well-defined and repeating structures on the either the micron
and/or nano scale are currently the subject of intense scientific
investigation.®*

Of the approaches explored to date, soft templating, hard
templating and hydro/solvo-thermal routes have received the
most interest, each of which typically direct the condensation of
hydrolytic or non-hydrolytic sol gel precursors (or combina
tions thereof) to achieve the final hierarchical material. Hydro
and solvothermal synthesis methods present an effective ap-
proach that affords morphological control, as demonstrated by
the fabrication of diverse morphologieswith short diffusion dis-
tances, such as nanoparticles,**® porous microspheres,**1 sub-
micrometer-sized hollow particles,” 8 and nanowires.*® How-
ever, the hydrothermal templated synthesis does have draw-
backs, namely that the reaction mechanismis not easily studied

and control of the size and morphology of the templated mate-
rials is usually poor and more restricted in comparison to the
alternatives.?® Furthermore, when used alone, low temperature
hydrothermal methods have a tendency to form defects in the
crystal structure, which can adversely affect the functional per-
formance of the fina material.*

The hard templating method, while proven to be an effective
method for the fabrication of elaborate and well defined ordered
mesoporous materials, tends to suffer in terms of practicality
and scal ability due to tedious multi-step procedures and the sac-
rifice of costly hard templates.?? Furthermore, the obtained rep-
licas have limited pore sizes due to the limited pore wall thick-
nesses (usually less than 10 nm).% 224 By contrast, the soft tem-
plating approach is more versatile, flexible and is promising for
large scale synthesis. More importantly, through this approach
the mesopore structure, shape, and pore size can be easily ad-
justed by controlling the synthesis conditions and the properties
of the template molecules.® 22252

Soft templating routes employing the Pluronic block copoly-
mers (BCPs) have proven to be particularly popular of late due
to their commercial availability, and have enabled the synthesis
of arange of ordered mesoporous materials with high surface
area, diverse compositions, variable pore structures and tunable
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Figure 1. Illustration of the BCP microparticle sol-gel templating and calcination process. (a8) The BCP microparticle template with an
internal morphology of P4V P spheres surrounded by a PMMA matrix. (b) PAVP domain swelling in ethanol and simultaneous sol-gel im-
pregnation. (c) BCP template removal and metal oxide crystallization via calcination at 500 °C in either air or Na.

pore sizes.> 252" However, these systems do come with their
own set of limitations, largely stemming from their restrictive
block chemistry, compositions, molecular weights, high oxygen
content (in some cases) and lower glass transition temperatures
(TgS) than their non-Pluronic counterparts. Recent advances in
the controlled radical synthesis of BCPs (via reversible addi-
tion—fragmentation chain-transfer (RAFT) polymerization,
etc.) mean that bespoke BCPs can now be readily created in the
laboratory through relatively facile and cheap routes.?® There-
fore, the compositions and volume fractions of each constituent
block, in conjunction with the molecular weight, can be easily
controlled. Thus, designing non-Pluronic amphiphilic BCPs is
promising in the template directed synthesis of various meso-
porous materials with controllable pore size, pore symmetry,
pore wall thickness and diverse compositions.?? %

Recently, our group has devel oped a facile, one-pot, solvent-
free method for the preparation of nanostructured BCP micro-
particles by sequential RAFT-controlled dispersion polymeri-
zation in supercritical carbon dioxide.® Such microparticles
were shown to be structurally diverse, and changesin the inter-
nal morphology could be introduced simply by manipulating
the copolymer composition and/or chemical structure. In addi-
tion, we have also demonstrated that the overall microparticle
sizes achievable using dispersion polymerization can be varied
over a considerably large size range by incorporating different
quantitiesof PDM S stabilizer before and/or during the polymer-
isation.® Critically, we have now discovered that amphiphilic
derivatives of these materials can be converted into highly po-
rous hierarchical materials through a simple swelling/deswell-
ing approach in ethanol followed by hexane, and that the pore
sizes and shapes can be readily tuned by changing the compo-
sition and molecular weight of the BCP.3*

Following these discoveries, we hypothesized that such ma-
terials would serve as effective soft templates to direct the sol-
gel synthesis of hierarchical metal oxide materials with inde-
pendently controllable length scales. To thisend, thisarticle de-
scribes the sol-gel templating of a poly(methyl methacrylate-

block-4-vinyl pyridine) (PMMA-b-PAVP) BCP template, to-
wards the development of afacile and scalable platform meth-
odology that can be readily applied to a broad range of metal
oxides materials (Figure 1). PAVP is awell-known hydrophilic
block that has previously been used to successfully direct the
formation of simple metal oxidesin filmsand 3D BCP materials
to form elaborate morphologies, albeit at extremely low con-
centrations.?® %2

In this study, two metal oxide systems were chosen: titanium
dioxide (TiOy), which is used in an enormous number of appli-
cations ranging from pigments to photocatalysis, photovoltaics
and electrical energy storage,® and LiFePO,, amore specialized
class of materia that has become prominent as a cathode mate-
rial in lithium-ion batteries.® Importantly, titanium dioxide is
typically prepared via a hydrolytic route involving alkoxides,®
whereas LiFePO, preparation is a non-hydrolytic process in-
volving the combination of metal salts,* thereby highlighting
the versatility of our approach.

The PMMA-b-P4VP BCP template employed was synthe-
sized via RAFT dispersion polymerization in scCO, as de-
scribed previously, and was obtained directly from the auto-
clave asadry, free-flowing of f-white powder. It will bereferred
to throughout the text as PMMA-4VP(45.3-12.5), with the
numbersin parentheses denoting the number-average molecul ar
weight (My) of each block in kDa (as determined using a com-
bination of *H NMR spectroscopy and gel permeation chroma-
tography (GPC), see Figure S1, Supporting Information).? 3t
The total molecular weight of the BCP is57.8 kDa and the mo-
lar mass dispersity (Pw) is 1.34. This corresponds to a PAVP
volume fraction of 0.22, based on a PMMA density of 1.17
g/cm?® and a P4VP density of 1.15 g/cm®.%” This composition
was selected based on our recently published study, which iden-
tified that PAVP weight fractions in the range of 10 — 35 wt. %
give rise to a morphology of P4VP spheres within a PMMA
matrix, while also retaining their microparticle structure upon
mixing with a P4V P sel ective solvent such as ethanol .3! Prior to
templating, the as-synthesized BCP sample was first imaged by
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Figure 2. SEM images of the materials at each stage of the synthesis process with TEM images of the respective microparticle cross-sections
underneath. (a) and (f) The BCP microparticle template. (b) and (g) The BCP/titania composite; (c) and (h) The BCP/LiFePO4 composite;
(d) and (i) The cacined titania microparticles; (€) and (j) The calcined LiFePO4 microparticles. The P4AVP domains appear dark in TEM
image (f) due to iodine staining and in (g — h) dueto metal oxide infusion. STEM/EDXS mapping was a so used to confirm the presence of
the expected elements comprising each metal oxide structure. The scale bar in the SEM inserts (not shown for clarity) is 0.2 pm.

scanning electron microscopy (SEM) and then by transmission
electron microscopy (TEM) after resin embedding, ultramicro-
tome sectioning and iodine vapor staining. Theseimages revea
a homogenous composition of microparticles (Figure 2a), each
of which possess the expected internal morphology of PMMA
matrix embedded P4V P spheres with a domain size of ~29.5
nm (dark domains due to iodine staining).

The genera process developed to selectively template the
BCP microparticles with either TiO, or LiFePO, was adapted
from Fischer et al.> % and is outlined in Figure 1 (see Experi-
mental Section for details). Briefly, it begins by mixing an eth-
anol solution of the appropriate sol-gel precursorswith asecond
stock solution of a PMMA-4VP(45.3-12.5) slurry in ethanol,
and alowing the resulting opague mixture to stir at ambient
temperature overnight (Figure 1a). For the TiO, templating we
utilize an acid-stabilized sol-gel process to delay condensation,
whereas the LiFePO, is formed from salts of the requisite ions
(Li*, Fe*, POs). In thisway, grams of material could be pro-
duced within two days once the polymer template was synthe-
sized, simply scaling up the glassware dimensions and quanti-
ties of stock solutions proportionally, or by using the stock so-
lutions to perform numerous templating reactions in parallel
and combining the resulting products. For example, during the
course of this study we have successfully scaled up our original
50 mg reactions and demonstrated that the whole process can
be achieved on the 20-fold scale, yielding severa hundred mil-
ligrams of metal oxide microparticles with no significant pro-
cedural changes or apparent differences in sample characteris-
tics or morphology. Further details of these scaled up reactions
can be found in the Supporting Information (also see Figure S2,
Supporting Information for photographs taken during this pro-
cess).

To successfully replicate the template afinal P4V P:metal ox-
ideweight ratio of ~1:1 was found to be the most suitable, with
lower or higher quantities of metal oxide leading to structural
collapse or microparticle fusion, respectively, during calcina-
tion. Upon contact with ethanol the P4V P domains swell and
exert pressure on the surrounding PMMA matrix, eventualy

leading to the formation of an interconnected network of spher-
ical domains; these domains arethen gradually infused with the
dissolved sol-gel precursors. Controlled evaporation of this so-
lution at ambient or dlightly elevated temperatures produces
self-assembled composite BCP/titania or BCP/LiFePO, micro-
particles as either white or tan-colored fine powders, respec-
tively (Figure 1b). The microphase separation of the BCP con-
fines the titania precursor to the mesostructure, while the sec-
ondary scale of the microparticles is retained courtesy of the
PMMA support matrix. A similar concept has previously been
applied to induce hierarchical morphologies by self-assembly
processes,?2 2.3

A key advantage of our process is that both lengths scales
within the hierarchical BCP structure are readily tunable over
an extremely large range by simply varying the conditions of
the RAFT dispersion polymerization. For the microparticle di-
ameter, this can be achieved by varying the amount of PDMS
stabilizer used, whereby a size range from 0.3 — 5.3 um has al-
ready been reported in analogous PMMA homopolymer micro-
particles created in our research group.* The quantity of meth-
acrylate terminated poly(dimethyl siloxane) (PDMS-MA) used
to stabilize the polymerization of the PMMA-4V P(45.3-12.5)
template described was 10 wt. % relative to the total monomer
content, which was anticipated to produce particles with a di-
ameter on the order of 1 um. However, given that to the best of
our knowledge there are no reports in the literature on using
PDMS content to vary the diameters of BCP microparticles syn-
thesized in scCO,, we have repeated the processwith only 5 wt.
% of stabilizer and then used the resulting materials as a second
batch of templates (discussed in more detail below). In the case
of the BCP domains, spherical domains ranging from ca. 12 —
200 nm have aready been achieved in BPC microparticles of
PMMA-b-P4VP by dtering the molecular weight of the two
blocks.3! Furthermore, the templated synthesis of other BCP
morphologies (e.g. lamellar, etc.) is aso afuture possibility.

SEM imaging of both BCP/metal oxide composites reveals a

similar microparticle morphology to the original BCP sample
(Figure 2b - ¢), albeit with amore textured surface structure
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Figure 3. Characterization data from the materias at each stage of the synthesis process. (a) and (b) Microparticle size histograms obtained
by measuring 150 microparticles in SEM images of the titania and LiFePO4 derived materials, respectively. The lines represent Gaussian
distribution fits to the data. (c) SAXS profiles of the templated materials before and after pyrolysis. The red lines are fits to the data with a
combined power law Lorentzian function. (d) and (€) XRD patterns of the crystallized titania and LiFePOa/carbon microparticles. (f) Phy-
sisorption isotherms for the BCP template and the crystallized titaniaand LiFePOa/carbon microparticles.

owing to the P4VP swelling process (Figure 2b — ¢, inserts).
Furthermore, the TEM images of the microparticles cross-sec-
tions are nearly identical to the origina iodine stained BCP,
thereby demonstrating that both metal oxide precursors selec-
tively associate with the PAVP domains within the samples
(Figure 2f — h). This was additionally confirmed by taking mi-
cro Raman spectra of the BCP before and after templating with
TiOy; frequency shifts of the characteristic vibrational modes of
the pyridyl group after templating indicate that the titanium iso-
propoxide exclusively associates with the P4V P block (Figure
S3, Supporting Information).

To crystallize the amorphous metal oxide precursors in the
BCP composite and simultaneously remove the template, ahigh
temperature calcination step was used (Figure 1c). When the
sol-gel derived material is heated, the average grain size of the
metal oxide crystallites in the mesostructured composites is
controlled by the temperature.® Thisin principle allows the ad-
justment of the crystallite size irrespective of the pore dimen-
sions. The minimum temperatures for calcination are given by
the necessity to combust (or carbonize) all polymeric compo-
nents and transform the composite into a mesoporous material.
Furthermore, higher temperatures or longer annealing times are
also often avoided because they can lead to a collapse of the
mesopore morphology,*® 4 particularly in titania materias
where an anatase to rutile phase transition may occur.®

Thermogravimetric analysis (TGA) data (Figure S4a — b,
Supporting Information) show that maintaining a temperature
of 500 °C for two hours in either air or an inert atmosphere is
needed to completely combust or carbonize the PMMA-
4V P(45.3-12.5) template, respectively. As expected, the TGA
trace recorded for the PMMA-4V P(45.3-12.5)/titania compo-
sitein air indicates afinal titania content close to the targeted
value of ~25 wt. % relative to the total content of PMMA-

4V P(45.3-12.5), after subtracting the initial mass loss due to
residual volatiles (Figure SAc).

For LiFePO,, pyrolysiswas instead performed under an inert
atmosphere, due to the tendency of this material to oxidize at
higher temperatures*? and to simultaneously quantify the car-
bon forming potential of this BCP. The presence of a partially
graphitized carbon layer is often a desirable outcome in the
preparation of metal oxide phosphatesfor battery electrodes be-
causeit improves electrical conductivity*>* and its porosity en-
ables efficient Li* transport across the coating.* The corre-
sponding TGA trace indicates that the remaining mass of the
sample after volatile removal and BCP carbonization was 38
wt. %, due to the much greater quantity of volatiles remaining
in the sample after the initial evaporation and aging steps
(ascorbic acid, etc.) (Figure $4d).

To determine the amount of carbon remaining in the
LiFePO4/carbon composite a subsequent TGA measurement in
air was performed. Taking the oxidation of LiFePOs to
LisFex(PO4)s and Fe,Os (resulting in amass increase of 5.07 wi.
%) into account,*? the composite has a relatively high carbon
content of ~30.7 wt. %, thus confirming an expected final
LiFePO, content of ~25 wt. % based on the precursor quantities
used (Figure S4e). Raman spectroscopy measurements were
also performed to examine the molecular structure of the resid-
ua carbon coating (Figure S5, Supporting Information). The
spectrum shows well pronounced peaks for the G-band (~1600
cm ') and D-band (~1350 cm™') of carbon, with apeak intensity
ratio (Ip:lg) of approximately 0.97, signifying the formation of
six-fold rings and thus partial graphitization of the carbon
layer.* The physical structure and distribution of this carbon
layer is discussed in further detail below. SEM images taken
following pyrolysis confirmed that the microparticle structure
of the original template was retained for both samples, abeit
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Figure 4. Additional characterization datafrom the BCP template derived metal oxide products. (a) and (b) Overlaid STEM/EDXS images
of (a) the calcined titania microparticles and (b) the calcined LiFePOas/carbon microparticles. The carbon signals have been removed for
clarity. The dark lines across the microparticle are artifacts of the microtoming process. (c) and (d) High resolution FEG-TEM images of the
crystallized metal oxide microparticles. (c) One domain within the crystallized titania microparticles; the spacing along the (101) direction
of the anatase crystallites was measured to be approximately 0.344 nm. (d) One domain within the crystallized LiFePOas/carbon microparti-
cles; the spacing along the (101) direction of the crystallites was measured to be approximately 0.287 nm and the thickness of the surface
carbon coating is approximately 2 nm. (€) Microparticle size histograms obtained by measuring 150 microparticles in SEM images of the
titania materials creasted from BCP templates synthesized using 10 wt. % and 5 wt. % of PDMS-MA stabilizer. (f) XRD patterns of titania
microparticles calcined at a higher temperature of 700 °C for 2 hours. Expected diffraction patterns of pure anatase and rutile titania are

shown for reference.

with asmaller overall diameter due to the density increase upon
crystallization (Figure 2d — €). To quantitatively compare the
average size and size distribution of each sample, diameter
measurements were taken from at least 150 microparticles for
the samples before and after heat treatment (Figure 3a—b). The
results are also summarized in Table 1. These data returned an
average microparticle diameter of 1.12 (£0.28) um, 1.14
(£0.30) um and 1.16 (£0.31) pum for the as-synthesized PMMA -
4V P(45.3-12.5), thetitaniadd PMMA-4V P(45.3-12.5) composite
and the LiFePO/PMMA-4VP(45.3-12.5) composite, respec-
tively, thus indicating that no significant change in the size of
the microparticles occurs during the templating process. By
contrast, the samples after treatment were both approximately
32 % smaller (0.77 (£0.18) um and 0.76 (£0.24) um, respec-
tively) in diameter.

High resolution field emission gun (FEG)-SEM images were
then obtained to characterize the surface of the microparticles
and compare differences between the samples. From these im-
ages, thetemplated spherical domainsthat comprisetheremain-
ing microparticle structure are readily observed on the surface
of the titania sample (Figure 2d, insert). By contrast, the
LiFePO, sample has a slightly more smooth external appear-
ance with small, sporadically scattered pores (Figure 2e, insert).
This may be a visualization of the high carbon content present
throughout the microparticles after they were coated with the

thin layer of iridium required to stabilize the microparticles dur-
ing theimaging process. Thereis aso the possibility that athin
shell-like metal oxide coating formed on the microparticles dur-
ing the non-hydrolytic sol-gel process.

To confirm that the metal oxide loaded spherical domains
were retained following crystallization, the samples were em-
bedded in ahard epoxy resin and microtomed into thin sections
(~80nm) to allow imaging of the interior morphology by TEM
(Figure 2i —j). A homogeneous, interconnected mesostructure
can be observed throughout the entirety of both metal oxide mi-
croparticle samples, demonstrating that the spheres possess a
high level of internal and external structural hierarchy. In addi-
tion, scanning transmission el ectron microscopy/energy-disper-
sive X-ray spectroscopy (STEM/EDXS) maps of a single mi-
croparticle from each sample serve to further corroborate that
the internal domains were templated with the expected metal
oxide material (Figure 4aand 4b).

SAXS datawere acquired from each sample both before and
after heat treatment to determine the domain size of the internal
spherical morphology using the relationship d = 2z/q* (Figure
3c). In each case (with the exception of the pure BCP due to
insufficient contrast between the two phases) a single broad
peak was observed, thus corroborating our TEM observations
that the morphology is persistent throughout the sample. The
absence of sharper and higher order peaks signifies a lack of



long-range order, asis typically observed for BCP microparti-
cles and short-range-ordered wormlike mesostructures. 2% 38
After pyrolysis, the positional changesin these reflections from
37.1 nmto 21.5 nm and 36.7 nm to 23.1 nm for the titania and
LiFePO, samples indicate that the spherical domains contract
in size by approximately 42 % and 37 %, respectively (see Ta-
ble 1). These reductions are slightly larger than the overall rel-
ative decrease in the average microparticle diameters for the
same samples, meaning that the voids between the spherical do-
mains recede more slowly during crystallization, possibly due
to steric hindrance from the PMMA matrix as it gradually de-
grades. We also note that the domain sizes of the BCP/metal
oxide composites is larger than those measured for the pure
BCP domains in the TEM images (29.5 nm), confirming that
the domains swell during the templating process in ethanol.

Table 1. Morphological Characteristics of Each Sample.

Average ; Specific  Average
Micropar- D(;Tzlg " Surface Pore
Sample ticle Di- (SAXS) Area Size
ameter (nm) (BET) (BJH)
(um) (m?lg) (nm)
BCP 112 29.52 2.8 5.8
BCP/TiOz 114 37.1 - -
TiO2 0.77 215 26.4 179
BCP/LiFePOs 1.16 36.7 - -
LiFePOJ/Car- 74 231 123.0 7.8
bon
#From TEM.

The porous structure and surface area of the titania and
LiFePO4/carbon microparticle samples were studied by N,-ad-
sorption measurements and the dataare summarized in Table 1.
As shown in Figure 3f, the N, adsorption-desorption isotherm
for the titania sample is characteristic of type-1V with a type
H1-type hysteresis loop observed in the range 0.8 — 1.0 P/P,,
indicating the presence of a mesoporous/macroporous struc-
ture. The corresponding Barrett—Joyner—Halenda (BJH) pore-
size distribution (Figure S6a, Supporting Information) derived
from the N2 desorption isotherm shows a distribution of pores
ranging from approximately 5— 25 nm. In contrast, theisotherm
for the LiFePOJ/carbon sampleis typical of type-Il with a H4-
type hysteresis loop, and the Brunauer—Emmett—Teller (BET)
surface area is considerably higher (123.0 m?g versus 26.4
m?/g). This is attributed to the large quantity of microporous
carbon present within the pores of this sample, which agrees
with the pore-size distribution plot being dominated by poresin
therange of 2—5 nm (Figure S6b). We emphasize here that the
broadness in the pore size distributions of these materials are
comparable with those reported in other recent studies involv-
ing mesoporous particles produced using soft-templating ap-
proaches with BCPs.? 4”48 Furthermore, the particle size dis-
tribution data are also comparable with, or in some cases nar-
rower than, those reported in the same studies. The reader is
also referred to severa recent reviews of these materials for a
comparison of the characteristics and resulting functional prop-
erties achieved in materials synthesized via soft and hard tem-
plating approaches to date.* 22273349

The X-ray diffraction (XRD) data in Figure 3d — e confirm
the respective formation of pure anatase and olivine phases for
thetitaniaand LiFePO, materials during annealing, as expected
from the cal cination temperatures used, with average crystallite
sizes of 7 nm and 27 nm (derived from the Scherrer equation)
respectively.> Thisis in agreement with high-resolution FEG-

TEM images, which for the titania sample show that the
mesostructure is composed of multiple crystalline grains within
each spherical domain (d = 21.5 nm as determined via SAXS)
(Figure 4c). By contrast, the FEG-TEM images of the LiFePO4
sample show that the spherical domains are each comprised of
a single crystallite, thus corroborating with the XRD calcula-
tions (Figure 4d). It is aso revealed that each LiFePO, crystal-
lite is uniformly covered with 3 — 4 layers of partially graphi-
tized amorphous carbon that is ~2 nm in thickness. Conformal
carbon coatings of comparable structure and thickness have
been previously observed to form in situ in LiFePO, materials
with polymer directed morphologies.>? Thisisan added cachet
of soft-templating approaches because improved conductivities
and Li* transport kinetics have been demonstrated in
LiFePO4/carbon materials derived in this way, as compared
with those that combine LiFePO, nanoparticles with tailored
(porous) carbon materialsin a separate step.> 42 5

To further demonstrate the tunability of our materials and ro-
bustness of our approach, a second polymer template was fab-
ricated in which the PDMS-MA stabilizer content was halved
to 5 wt. % relative to monomer. This was done with the inten-
tion of producing BCP microparticles with an estimated aver-
age diameter approximately two fold greater (~2 um) than
those discussed above (synthesized with 10 wt. % PDMS-MA),
to meet future application needs where the ability to control the
microparticle dimensions could lead to improved material per-
formance. SEM images and microparticle measurements taken
from the resulting polymer powder reveal that the average mi-
croparticle diameter was significantly increased to 1.94 (+0.39)
um (Figure S7a, S7b and S8, Supporting Information).

The same templating process with TTIP was then used to
convert this BCP into the corresponding organic/inorganic hy-
brid material, which was calcined to produce the pure TiO, mi-
croparticles. Aswas observed for the template synthesised with
10 wt. % PDMS-MA, infusion of the TTIP precursor did not
significantly change the microparticle diameter relative to the
original BCP template, with a measured value of 1.98 (+0.44)
pum. This sample also behaved in the same way as the TTIP in-
fused templ ate synthesised with 10 wt. % PDMS-MA upon cal-
cination, reducing in diameter by ~31 % compared to the orig-
inal BCP template (synthesised with 5 wt. % PDMS-MA), thus
giving a final average diameter of 1.37 (£0.29) um. Critically,
thefinal TiO, derived microparticles using 5 wt. % PDMS-MA
therefore remained close to 2 fold larger (1.78 fold) than the
equivalent microparticles obtained using the BCP templ ate fab-
ricated with 10 wt. % PDMS-MA (Figure 4e€), highlighting the
ease with which the microparticle dimensions can be varied
without a visible loss of the internal mesostructure (Figure S7c
and S7d).

Another important factor when investigating mesostructured
materiasisthe interplay between the key targets of a small av-
erage grain size and a high level of crystallinity. Furthermore,
many applications utilizing transition metal oxides require spe-
cific crystal structures to achieve certain electronic or catalytic
properties.>? Given the broad intended applicability of the ma-
terials synthesised using this templating process, we have ex-
plored the effects of calcination temperature on the overall
mesostructure and crystallite sizes in both the titania and
LiFePO, products. Previous studies have shown that higher cal-
cination temperatures and longer annealing times typically re-
sult in higher degrees of crystallinity>>* and better electronic
conductivities of the materials.®*® The drawback is that crystal
growth and coal escence during annealing can lead to a collapse
of the mesopore morphology, especially in materials with small



pores. Thesefactors have often made the simultaneous achieve-
ment of high crystallinity and structural integrity aconsiderable
challenge in bulk and thin film titania materials templated from
Pluronic BCPs.%®

Based on previous reports that the mesostructure of soft tem-
plated materials degrades rapidly above temperatures of 700
°C,® % we have worked at 700 °C to study the effects of a
higher temperature calcination process on the microparticle
structure and internal morphology of each material. We aso
note that this temperature coincides with the reported onset of
the anatase to rutile phase transition in several studies of meso-
porous titania materials derived from other reported BCP tem-
plates.®® 4 SEM images of the resulting calcined products indi-
cate that for both of our systems the microparticle structure is
not visibly altered in comparison to the samples that were cal-
cined at the lower temperature of 500 °C (Figure S9a and S9b,
Supporting Information). Thiswas also found to be the case for
the internal mesostructures, as determined from TEM images
taken of microtomed cross-sections of each sample (Figure S9c
and S9d, Supporting Information).

The effect of the higher 700 °C calcination temperature on
the crystallite size in the two materials was evaluated by taking
XRD patterns. For the titania sample this revealed that there
was significant conversion of the pure anatase phase observed
in the sample calcined at 500 °C into the rutile phase (Figure
4f). A sample composition of 61 wt. % rutile was subsequently
calculated based on the intensities of the anatase (101) peak and
the rutile (110) peak at 27.3°. The resulting anatase crystallite
size by Scherrer analysis of the (101) peak gave avalue of 15.4
nm, more than 2 fold larger than for the sample calcined at 500
°C. Furthermore, the rutile crystallites returned an even larger
value of 20.3 nm from the (110) peak, approaching the size of
the internal mesostructure as determined from the SAXS data.
This may suggest that the sample was approaching the onset of
mesostructure collapse caused by domain coalescence as a re-
sult of further crystallite growth at this temperature. By con-
trast, Scherrer analysis of the XRD datataken fromthe LiFePO,
material (Figure S10) returned a crystalite size of 28 nm that
was almost identical to that for the sample calcined at 500 °C.
We attribute the lack of further crystallite growth in this mate-
rial to spatial confinement by the residual carbon matrix, which
has been shown previoudy to result in smaller crystallite
sizes.>’

In summary, we have demonstrated that nanostructured
PMMA-b-PAVP BCP microparticles synthesized via RAFT
polymerization in scCO, are versatile precursors to hierarchi-
cally structured metal oxides. Utilizing directed templating, the
initial self-assembled spherical morphology of the microparti-
cles can be trandated into the corresponding inorganic/organic
composites or pure inorganic derivatives with a high degree of
fidelity. The key advantages of our approach over other current
routes are: (1) The templates themselves are created using asol-
vent free process from relatively cheap precursors, and as we
have demonstrated previously, the two primary length scales
(nano and micro) comprising the hierarchical structure can both
be independently tuned over an extremely wide range. Specifi-
cally, microparticle diameters between 0.3 — 5.3 um and spher-
ical domain sizesof 12— 60 nm have already been demonstrated
in comparable materials, ssimply through minor variationsin the
polymerization reaction. We then further validated these claims
by increasing the size of the pure titania microparticles by tem-
plating them from a second batch of polymer synthesized using
half the quantity of PDMS-MA stabilizer originally investi-

gated (5 wt. % instead of 10 wt. % of the total monomer con-
tent). (2) The entire process is readily scalable. A single
polymerization produces ~10 grams of readily templatable
BCP and further increases beyond this point are not anticipated
to be overly problematic, simply requiring the development of
larger reaction vessels. We have al so demonstrated herethat the
templating process itself is high throughput, having success-
fully produced grams of both pure and carbon containing
mesostructured metal oxide microparticles. (3) Our synthesis
protocol works equally effectively for both of the hydrolytic
and non-hydrolytic sol-gel reaction mechanismsinvestigated so
far, thus establishing itself as a candidate platform technology
that can likely be adapted directly to arange of other systems.
(4) The microparticles and mesostructures comprising both ma-
terialsare stablefor > 2 hoursat cal cination temperatures of 700
°C. Varying the calcination temperature was also shown to be
suitablefor controlling the crystallite size and proportion of the
anatase and rutile phases in the titania products. (5) The BCP
template can be readily exploited as a convenient source of
amorphous carbon that effectively coats the internal spherical
domains, simply by pyrolyzing the sample under inert gas. Fur-
ther systemati ¢ studies, including the ability to successfully rep-
licate different BCP morphologies (e.g. lamellag, etc.) with sev-
eral metal oxide materials, will be the scope of future work.

EXPERIMENTAL SECTION

Polymer Synthesisand Characterization. The BCP micropar-
ticle sample used in this study was synthesized using RAFT dis-
persion with the RAFT agent 2-(dodecylthiocarbonothi-
oylthio)-2-methylpropionic acid) trithiocarbonate (DDMAT)
according to literature procedures.?® 3! DDMAT was synthe-
sized as described previously.® Unless stated otherwise, all
chemicals were purchased from Sigma Aldrich and used with-
out further purification. To target a PMMA block length of 50
kg molt, methyl methacrylate (7.5 g, inhibitor removed) con-
taining 2,2'-azobis(butyronitrile) (AIBN) (25 mg), DDMAT
(55 mg) and methacrylate terminated poly(dimethyl siloxane,
M, ~10 kDa) (PDMS-MA) (1.0 g or 0.5 g, as specified, Fluo-
rochem) was degassed by bubbling with argon for 30 minutes
at 0 °C before being charged into a degassed 60 mL autoclave
under a positive flow of CO,. The autoclave was then pressur-
ized to 50 bar at room temperature before being steadily in-
creased to thefinal polymerization conditions of 275 bar and 65
°C. After stirring at 300 rpm for 18 hours, a small quantity of
homopolymer was collected through the outlet tap for analysis
before degassed 4-vinyl pyridine (2.5 mL) containing addi-
tional AIBN (6.25 mg) was added to the autoclave at arate of 1
mL mint using aHPLC pump (Jasco). After reacting for afur-
ther 18 hours the autoclave was cooled to 45 °C (2000 psi) and
flushed with additional CO, (at a constant pressure) for 15
minutes to remove any residual monomer before venting. The
PMMA-b-P4V P BCP product (8.30 g) was collected as a dry,
off-white free flowing powder and characterized via 'H NMR
spectroscopy in CDCl; (Bruker AV3400 spectrometer, 400
MHZz) and GPC (Polymer Laboratories GPC50, Agilent Mixed
D columns) in DMF with 0.1 wt. % LiBr against PMMA stand-
ards at aflow rate of 1 mL mint. PMMA standards (M, range:
500 — 1,810,000 g mol 1) were used as calibrants.

Mesoporous Metal Oxide Microparticle Synthesis. The metal
oxide templated BCP microparticles were synthesized by typi-
cal sol-gel procedures for TiO, and LiFePO,, targeting a final
mass of 25 wt. % metal oxide relative to BCP. The sol-gel so-
lution for TiO, templating was created by adding titanium



tetraisopropoxide (TTIP) (0.062 mL) to a solution of concen-
trated hydrochloric acid (0.031 mL, 37 wt. % HCI in H20) in
ethanol (8.92 mL) for afinal volume of 8 mL and stirring for
60 minutes. During thistime, aslurry of PMMA-b-P4VPin eth-
anol was created at a concentration of 25 mg/mL by continuous
stirring at 1000 rpm to yield a stock mixture. 2 mL of this
PMMA-b-P4VP solution was then combined with the sol-gel
mixture and stirred overnight at 500 rpm, before being evapo-
rated in asmall Petri dish (5 cm diameter) placed inside alarger
enclosed Petri dish (12 cm diameter) separated with thin spacers
(~0.1 cm in height) for 24 hours at room temperature (22 °C).
Each sample was further dried in an oven at 50 °C for 8 hours
and obtained as a fine white powder (77 mg) that was loosely
settled on the dish surface. Thisdrying step is largely superflu-
ousto the fabrication of the pure metal oxide samples, and only
necessary if afully dry BCP/metal oxide composite is desired
quickly. The LiFePO, templated materials were created in a
similar fashion, with the exception that the sol-gel solution was
created by combining solutions of FeCl(lIl) (0.110 mL of a1
M ethanol solution), ascorbic acid (0.291 mL of a1 M H,0 so-
lution), LiCl (0.113 mL of a1 M 75/25 wt. % ethanol/H»0O so-
lution) and phosphoric acid (0.0162 mL of a 50 wt. % H,0 so-
lution) in ethanol (7.47 mL). A molar excess of approximately
3 % lithium was used to ensure phase purity. The product was
obtained as a fine amber colored powder (105 mg) that was
loosely settled on the dish surface. The TiO, and LiFePO, prod-
uctswere calcined in atube furnace at 500 °C (or 700 °C where
specified) for 2 hours (3 °C min™t ramp) in air or under a flow
of N, respectively, and obtained as either fine white (19 mg) or
black powders (39 mg).

Polymer and Metal Oxide Microparticle Characterization.
The microstructure of the polymer and metal oxide sampleswas
imaged with a JEOL 7100F FEG-SEM, after first being coated
with a10 nm layer of iridium. Theinternal mesostructures were
imaged using a JEOL 2100Plus TEM with a LaBgs source oper-
ating at an accelerating voltage of 200 kV (80 kV for the pure
BCP) equipped with a Gatan US1000 camera. STEM/EDXS
maps of the sample elemental composition were acquired dur-
ing the imaging process using an Oxford Instruments XMax
100TLE detector controlled through the Aztec software pack-
age. High-resolution FEG-TEM images were collected using a
JEOL 2100F FEG-TEM operating at an accelerating voltage of
200 kV in conjunction with a Gatan Orius SC100 camera. In all
cases, the samples for TEM imaging were first set in Agar 100
resin at 50 °C for 48 hours before being sliced into ~80 nm
sections using a Diatome diamond knife attached to an RMC
Powertome ultramicrotome. Where stated, the BCP sections
were then stained with iodine vapor for 2 hours prior to imag-
ing. XRD patterns were obtained from a PANanalytical X'Pert3
diffractometer over a 26 range from 10° to 70° using a Cu Ko
radiation source (4 = 0.15406 nm). Physisorption measurements
for the calculation of specific surface areas (BET) and pore size
distributions (BJH) were conducted at 77 K with a Micromerit-
ics 3Flex Surface Area Analyzer using N asthe adsorbate. The
BCP and metal oxide samples were first degassed at 50 °C and
150 °C, respectively, for 16 hours prior to measuring. The char-
acteristic period of the mesostructure was determined viaSAX S
using a Rigaku NanoMA X-1Q™ camera equipped with a Cu
target sealed tube source (MicroMax 003™ microfocus from
Rigaku). The scattering datawere collected using a Pilatus100K
detector (Dectris). The sample-to-detector distance was cali-
brated using a silver behenate standard. TGA was performed
with aTA Instruments Discovery™ system using platinum cru-
ciblesand atemperaturerange of 30 °C to 500 °C with aheating

rate of 3 °C mint in N, or air, as appropriate. *H NMR spectra
were recorded on a Bruker 400 MHz spectrometer using chlo-
roform-ds as the solvent. Micro Raman spectroscopy was per-
formed using a Horiba Jobin Yvon LabRAM HR Raman spec-
trometer. Spectrawere acquired using a Synapse CCD detector
(1024 pixels) thermoelectrically cooled to —60 °C. Before spec-
tra collection, the instrument was calibrated using the zero-or-
der line and astandard Si(100) reference band at 520.7 cmL.
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