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Block polymer structure-directing agents (SDA) enable the production of porous nanoscale materials.
Most strategies rely upon polymer equilibration where diverse morphologies are realized in porous
functional materials. This review details how solvent selectivity determines the polymer SDA behaviors,
spanning from bulk-type to solution-type. Equilibrating behavior of either type, however, obscures
nanostructure cause-and-effect since the resulting sample series convolve multiple spatial variations.
Solution-type SDA behaviors include both dynamic and persistent micelles. Persistent micelle templates
(PMT) use high solvent selectivity for kinetic entrapment. PMTs enable independent wall thickness
control with demonstrated 2 A precision alterations. Unimodal PMT pore size distributions have spanned
from 11.8 to 109 nm and multimodal pore sizes up to 290 nm. The PMT method is simple to validate with
diffraction models and is feasible in any laboratory. Finally, recent energy device publications enabled by
PMT are reviewed where tailored nanomaterials provide a unique perspective to unambiguously identify
nanostructure-property—performance relationships.

Morgan Stefik is an Associate Professor in the Department of Chemistry and Biochemistry at
the University of South Carolina and is the founding Director of the South Carolina SAXS Col-
laborative. He obtained his BE degree in Materials Engineering from California Polytechnic
State University in 2005, and his PhD degree in Materials Science from Cornell University in
2010. He then completed post-doctoral research at Ecole Polytechnique Fédérale de Lausanne.
His awards include a National Science Foundation CAREER Award in 2018, recognition as an
Emerging Investigator by the Journal of Materials Chemistry A in 2017, a Breakthrough Star
Award from the University of South Carolina in 2018, election to the council of the International
Mesostructured Materials Association in 2018, and selection as an American Chemical Society

Division of Polymeric Materials: Science and Engineering division Young Investigator in 2020.

Stefik’s interests include nanomaterial synthesis, characterization, and fundamental energy
device studies. Many of the research projects have a theme of seeking simplicity within a context
of complexity. On the synthesis side, the group focuses on precision nanomaterials chemistry with techniques that enable atomic
level control such as PMT or atomic layer deposition. Polymer physics plays a large role in many projects where control over the
molecular-scale behaviors of polymers translates into greater control over the produced porous materials. On the device side the

group has advanced solar water splitting devices and energy storage materials.
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The materials science tetrahedron is introduced in undergradu-
ate classes to connect the foundational relationships between
processing, structure, properties, and performance. The tetra-
hedron is often introduced from the perspective of atom-based
crystals (e.g., metals and ceramics), however, this framework
applies equally well for nanomaterials science. The processing
of nanomaterials determines their nanostructure (architecture)
which in turn determines the properties and performance. For
porous materials, the complete nanoscale architecture including
both the material and the porosity influence performance. Over
the past decades, numerous nanomaterial synthesis approaches
were developed [1, 2], each with some benefits and drawbacks.
For example, methods that directly produce nanoparticles such
as hydrothermal [3] or precipitation [4] reactions have con-
trol over the material dimensions, shape, and crystallography
but require additional processing to yield porosity. Similarly,
deposition methods such as physical or chemical vapor deposi-
tion enable a variety of nanostructured motifs such as colum-
nar, branched, and granular morphologies [5-7], however, the
architectural dimensions often vary with deposition thickness.
Other methods based on hard templates such as opal templates
[8] enable diverse material compositions and high-temperature
annealing/crystallization prior to template removal, however,
the resulting porosity is a function of both the template and the
fraction of material infilling. Similarly, anodic etching methods
[9] yield diverse porous nanomaterials, however, the process-
ing-nanostructure correlations are complex. Yet, other meth-
ods based on metal organic frameworks [10, 11] have modular
control over porosity and chemical functionality, however, the
pore sizes are typically less than a few nm in diameter. Among
these and other nanomaterial synthesis methods, block polymer
structure-directing agents (SDA) stand out in terms of simple
solution processing that defines both the porosity and the mate-
rial dimension simultaneously while spanning device-relevant
length scales from a few nanometers to hundreds of nanom-
eters. The study of nanostructure—property relationships is most
simple when a single architectural attribute is altered at a time.
Towards this end, a processing route called persistent micelle
templates (PMT) was recently developed [12] which enables tai-
lored variations of porous nanomaterial series with one archi-
tectural variable altered at a time in a predictable and simple
manner. This review article summarizes numerous block poly-
mer SDA behaviors to place recent PMT developments within a
broader context. Also recent PMT-enabled studies are discussed
where new nanostructure-property—-performance relationships
were revealed.

The natural self-assembly of block polymers into well-
ordered morphologies has inspired many to seek the same spa-

tial control in the form of diverse functional materials [13]. One

©The Author(s) 2021

of the most convenient paths towards this end is to use block
polymers as SDAs that organize material precursors from solu-
tions either via evaporation or precipitation [14, 15]. Here, a
selective interaction, often hydrogen bonding or a coulombic
interaction, is generally used to associate the material precur-
sors with just one block of the polymer. These approaches were
inspired by earlier works where charged small-molecule sur-
factants organized material precursors [16-18] and gradually
advanced to include non-charged surfactants [19] and analo-
gous polymers. The family of block polymer SDA approaches
grew quickly to include silicates [14, 15], metal oxides [20-30],
carbonaceous materials, [31, 32] and metals [33, 34]. Gener-
ally, the block polymer is removed after assembly via a series of
heat treatments to yield porous and functional nanomaterials for
diverse device applications spanning from absorption, to cataly-
sis and energy devices. The resulting oxide materials generally
have surface hydroxyl groups and/or adsorbed water [35-37].
While block polymers have been applied to a wide range of
application, e.g., drug delivery [38-40] and porous polymers
[41-44], this review article rather focuses upon the recent devel-
opments of polymer SDA techniques used to arrange material
precursors.

The self-assembly of polymer SDAs generally progresses

via free-energy minimization towards specific equilibrium

poly(isoprene-b-styrene-b-ethylene oxlge

Figure 1: TEM images of different bulk-type polymer morphologies
resulting from a poly(isoprene-b-styrene-b-ethylene oxide) SDA
combined with aluminosilicate or niobium oxide material precursors.
The morphologies include core-shell hexagonal (A), core-shell double
gyroid (B), three-domain lamellae (C), and inverse core-shell hexagonal
(D). The scale bars are 50 nm and the dark regions correspond to the
oxide and the OsO, strained poly(isoprene). Reprinted with permission
from Stefik et al. [49]. Copyright 2009 American Chemical Society.
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arrangements. For pure block polymers (“bulk” polymers), these
morphologies include motifs such as lamellar sheets, hexago-
nally arranged cylinders, cubically arranged spheres, continuous
gyroids, and other more exotic configurations [13, 45]. There are
both enthalpic and entropic contributions to the free energy. The
effective interaction parameter (y, ) is a largely enthalpic term
that corresponds to the interfacial energy associated with an
interface between two components, e.g., the interface between
blocks A and B. This enthalpic term favors configurations that
minimize the total interfacial area, thus promoting larger feature
sizes. In contrast, entropic losses from chain stretching favor
less-stretched polymer configurations with smaller feature sizes.
The balance of these and other free-energy contributions leads
to a specific equilibrium state that is either an ordered mor-
phology or a disordered melt. Often this pure block polymer
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behavior is mapped as a function of yN, where N is propor-
tional to the degree of polymerization, and the volume fraction
of ablock (f,) [46]. One of the distinguishing characteristics of
the concept of polymer SDA coassembly is that the addition of
material precursors contributes to the free-energy balance and
can alter the equilibrium morphology as compared to the pure
block polymer itself [47-49]. This is most plainly apparent by
recognizing that the selective association of material precursors
with one block effectively increases the volume fraction, f,, of
that block and can thus change the equilibrium morphology.
Figure 1 presents such an example where altering the quantity of
material precursors leads to transitions between several ordered
morphologies, including hexagonal, lamellar, and gyroid [49].

Here, this is termed bulk-type SDA behavior and is analogous to

the equilibrium morphology diagrams of pure polymers.

Figure2: SAXS and TEM data for a poly(isoprene-b-ethylene oxide) SDA combined with TiO, precursors that transitions between bulk-type (bottom
row) and solution-type behaviors (top row). The inverse hexagonally arranged cylinder morphology (j-I) is a bulk-type behavior that resulted from low
solvent selectivity (THF with 1.08 wt% water). The micelle morphology (a—c) is a solution-type behavior resulting from moderate solvent selectivity
(THF with 4.0 wt% water). Intermediate behaviors spanning these conditions are shown for 2.0 wt% water (d—f) and 3.0 wt% water (g-i). The dotted
lines correspond to the micellar morphology (a) and the dashed lines correspond to the hexagonal morphology (j). Reproduced from Stefik et al. Ref.

[52] with permission from the Royal Society of Chemistry.
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Figure3: The charging/discharging of a battery electrode involves
three concomitant diffusive transport processes (black arrows) as

well as an ion insertion/extraction step at a surface (green circle). The
study of individual steps is challenging since all these processes are
convolved during electrochemical measurements of current/voltage.
Improved synthesis methodologies that allow the adjustment of a
single nanostructure parameter at a time (pore size, wall thickness, or
film thickness) elucidate relationships for the associated properties and
performance. Reproduced from van den Bergh et al. from Ref. [55] with
permission from John Wiley and Sons.

Materials science traditionally recognizes the importance of
processing pathways upon outcomes with, e.g., time-tempera-
ture—transformation (TTT) diagrams. Analogously, polymer
SDA processing is also dependent upon a range of conditions
and is similarly affected by kinetics and transformation rates
[50, 51]. For example, the trace water associated with popular
material precursors significantly alters the selectivity of the sol-
vent phase towards the hydrophobic block. In other words, trace
water generally increases the interaction parameter between the
hydrophobic block and the solvent (. sovent) @0d thus often
induces micellization of the polymer chains with the hydropho-
bic block residing in the core of the micelles, termed solution-
type behavior. The final morphology is naturally affected by the
time and kinetic rates with which the block polymer micelles
transition towards the classic morphologies of bulk polymers,
i.e., transition from solution-type to bulk-type behavior [52].
This continuum was shown to be controlled by solvent selec-
tivity where minimization of the trace water content leads to
bulk-type behavior and iterative increases in water content pre-
served monotonically more dynamic micelle content (Fig. 2)
[52]. These examples vary only in the content of trace water
during evaporative processing, highlighting the critical role of

© The Author(s) 2021
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Figure 4: Bulk-type polymer SDA behavior uses equilibration to enable
materials with diverse morphologies where numerous attributes vary
with the addition of material precursors (a). In contrast, persistent
micelle templates use kinetic micelle control and enable sample series
with constant morphology and constant pore size with independent
control of the wall thickness (b). Solvent selectivity determines the SDA
behavior (c) and whether the architectural dimensions are controlled by
equilibration (bulk-type and dynamic micelles) or kinetic entrapment
(persistent micelles).

processing conditions upon the self-assembly outcomes. Here,
the changes in y_,,..cowen 2ffect the final nanostructure, analo-
gous to temperature control on a TTT diagram. Furthermore,
other kinetic aspects such as the material precursor stability
[53], their mobility as a function of humidity [21], and their
subsequent thermal cross-linking during “aging” treatments
[54] prior to crystallization are fundamental to practitioners in
this space.

Porous nanoscale materials derived from polymer SDAs are
poised to elucidate novel nanostructure-property—performance
relationships. As anyone in the sciences can attest, experiments
are ideally carried out by changing a single independent variable
at a time with as many control (constant) parameters as possible.
Despite clear utility and interest, such independent control over
spatial parameters from polymer SDAs has remained elusive.
Consider, for example, the case of a battery electrode (Fig. 3)
[55]. Like other electrochemical devices, its operation involves
the concomitant transport of electrons, the transport of ions,
and the interconversion between reduced and oxidized states
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(e.g., intercalation). The example of a battery electrode has three
transport processes occurring along distinct pathways as pic-
tured. From an electrochemical kinetics perspective, however,
those three diffusive processes all have the same rate depend-
ence upon the square root of time, often making it ambiguous as
to which specific process is identified by a given measurement.
This is a fundamental challenge that is present for diverse elec-
trochemical techniques, including cyclic voltammetry, electro-
chemical impedance spectroscopy [56], 3D bode analysis [57],
and related approaches. Nanostructure-dependent behaviors
are better studied with careful nanostructure alterations. PMT
enables the production of multiple samples with a single altered
spatial variable that can reveal nanostructure cause-and-effect.
Unfortunately, strategies that include polymer equilibration
determine the final architecture via free-energy minimization
where the pore size, the wall thickness, and the overall mor-
phology are all simultaneously sensitive to synthetic variations.
Some have called such behavior the “tyranny of the equilibrium”
[58] since it hampers access to useful alternatives [59]. Both
the bulk-type and solution-type behaviors described above can
dynamically progress towards an equilibrium thus convolving
changes to multiple architectural parameters (Fig. 4c). With
bulk-type behavior, the addition of further material precursors
often changes the observed morphology (Fig. 1) which then
obfuscates electrochemical study due to the altered tortuosity
[60-62]. Similarly, dynamic micelles (solution-type behavior)
change the micelle diameter in response to solution composition
changes. Thus, when one adds further material precursors to
dynamic micelles both the pore size and wall thickness change
simultaneously (see Fig. 7 in [63]). A unique approach to side-
step these limitations of equilibrating approaches is to rather rely

upon kinetic entrapment (Fig. 4¢).

Nanomaterials may be produced using PMTs where there is
independent control over one spatial parameter at a time [12,
64]. Departing from the convention of processing with equili-
bration, PMT rather relies upon kinetic entrapment of polymer
micelles. As noted above, the limitation of dynamic micelles
is that the size can change in response to any alteration of the
solution thermodynamics (e.g., composition changes) where
active chain exchange mechanisms allow each micelle to alter
the aggregation number (the number of chains per micelle)
and thus change the overall micelle size. For PMT, these chain
exchange processes are inhibited such that the micelle templates
have a persistent aggregation number and thus have a constant
micelle core size that results in constant pore size after use as a
template. Thus, when persistent micelles are used as templates,

the addition of material precursors determines the final material

©The Author(s) 2021

wall thickness alone (Fig. 4b) [12]. This independent control
enables PMT methods to produce unique sample series with
constant pore size and independently varied wall thickness. Fur-
thermore, the preservation specifically of spherical micelles dur-
ing PMT, rather than transitioning to bulk-type morphologies,
enables the production of isomorphic (constant morphology)
sample series owing to the flexibility of simple sphere packing.
Persistent micelles thus behave as templates in the most literal
sense of the word since the template dimension is invariant dur-
ing the pattern formation process. It should be noted that other
block polymer approaches have claimed independent control
of pore size or wall thickness earlier, however, those approaches
did not consider kinetic micelle size control and did not have
predictive models [65-69]. This review paper thus focuses on
the development of PMT and how its ability to produce single-
variable porous nanomaterial series enables the identification of
nanoscale cause-and-effect relationships.

The kinetic control of micelle size in PMT is based upon
the suppression of micelle chain exchange mechanisms such
as single chain exchange or fusion/fission. The kinetic rates of
single chain exchange have a mature and quantitatively accurate
model where the rate of chain exchange has a double exponen-
tial dependence upon both the chain length (proportional to
N) and the effective interaction parameter between the core
block and the solvent phase (¥_o e coivent)- [70-72] This very stiff
function has been described as being hypersensitive to changes
in chain length [70], however, the same model naturally also
predicts hypersensitivity to ¥ osesovent- Lh€S€ dependencies
reflect that the rate-limiting step of single chain exchange is the
extraction of a core block from a micelle where its dispersion
requires energy corresponding to the thermodynamic cost of the

newly formed interface (y, o) and its size (scales with N).

ore-solven
Both single chain exchange and fusion/fission chain exchange
mechanisms are dependent upon the solvent selectivity [50,
73-76]. The dependence of PMT control upon solvent selec-
tivity was revealed in the first PMT publication [12]. A series
of samples was produced from a poly(ethylene oxide-b-hexyl
acrylate) (PEO-b-PHA) with 63.5 kg/mol (P3) using different
amounts of material precursors. The varying amount of mate-
rial precursor is noted using the material:template ratio (M:T).
The processing solvents were a mixture of a good solvent for
the overall polymer, tetrahydrofuran (THF), and a poor solvent
for the PHA core block, water. The two samples with the lowest
M:T ratios (P3-1.2 and P3-2.4) had statistically indistinguish-
able average pore sizes and the sample with the highest M:T
ratio had the largest average wall thickness (Fig. 5a, b, d, e).
In contrast, however, the addition of further material precur-
sors to sample P3-3.0 resulted in a decreased average pore size,
clearly revealing a transition to the active chain exchange that is

characteristic of dynamic micelles (Fig. 5¢, d). This observation
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Figure 5: Samples prepared from a poly(ethylene oxide-b-hexyl acrylate) “P3” SDA with different material:template ratios using Nb,O; precursors (a—c).
The decrease in pore size upon reaching M:T=3.0 (c, d) corresponded to the transition from persistent micelles to dynamic micelles. This behavior
change is predicted by solvent selectivity as implied by plots of Hildebrand solubility parameters (g) where the separation between the core block and
the solvent mixture adjusts the enthalpic barrier to chain exchange. A range of behaviors is anticipated depending on the amount of good vs poor
solvents, i.e., the solvent selectivity (h). Processing micelles entirely within the persistent micelle window (i) enables a series with constant pore size (d,
f) and independently varied wall thickness (e). Reprinted with permission from Lokupitiya et al. [12]. Copyright 2016 American Chemical Society.

revealed the first modality of PMT control. Here, it is important
to recognize that the material precursors are not benign towards
the solvent composition. This set of samples produced porous
Nb,O; from niobium ethoxide, where such alkoxides are known
to strongly react with water via hydrolysis [77]. These changes
in water composition directly change the enthalpic y e solvent
barrier to chain exchange.

Changes in y parameters may be crudely estimated using
Hildebrand solubility parameters (8) where y a (8.re-Osovent)
(78]. Hildebrand solubility parameters scale with the strength
of intermolecular interactions and are volume-normalized.
Though interaction parameter estimations from solubility
parameters are semi-quantitative at best, they do scale mono-

tonically with reality which makes them a distinctly convenient

© The Author(s) 2021

tool. It follows that the interaction parameter y scales with the
distance between two entities in Hildebrand space (Fig. 5g).
A range of polymer behaviors are expected depending on the
Hecore-solvent Value, where lower values lead to dynamic micelles
with active chain exchange and higher values lead to persistent
micelles without chain exchange (Fig. 5h). The Hildebrand
parameter for solvent mixtures is simply the volume-weighted
average of the constituent solvents. Thus, the y .. civent 1S €25y t0
adjust: the addition of good solvents for the core block decreases
Hecore-solven Whereas the addition of poor solvents for the core
block increases ¥ e sorvent (Fig. 5h). This provides a simple con-
ceptual framework for experimentalists to adjust micelle ther-
modynamics and kinetics. Returning to the dynamic micelle

behavior of sample P3-3.0, now may be understood where the
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Figure 6: SAXS d-spacing expectations predicted by a PMT model where increasing Material:Template ratio (x for brevity) causes lattice expansion

(). The use of this model requires knowledge of the average pore size from other measurements. Deviation from the model indicates either a loss of
kinetic micelle control or violation of one of the model assumptions (yellow and orange lines). A log-log rearrangement enables model usage without
knowledge of the pore size, however, this requires a priori knowledge of the  fit-term value (b). Further rearrangement and an approximation yield a
convenient form where PMT sample series may be checked for consistency with PMT behavior (approximate slope of 1/3) using SAXS data alone (c).
Reprinted with permission from Sarkar et al. [81]. Copyright 2018 American Chemical Society.

addition of material precursors to aqueous THF monotonically
reduced the water content and decreased the enthalpic barrier to
chain exchange (Fig. 5i). Now that the behavior is understood,
kinetic control may be restored with an experimental adjust-
ment: Sample P3-2.4-3.0 was prepared analogous to P3-2.4,
however, additional aqueous HCl was added prior to the addi-
tion of further alkoxide material precursors. When walking this
trajectory through Hildebrand space one may continuously stay
within the persistent micelle regime and thus preserve micelle
kinetic control (Fig. 5i). This seminal study thus established
the foundational principles of PMT control based upon solvent
selectivity. [12, 64].

Again analogous to TTT diagrams, the complete polymer
SDA processing path influences the outcomes with all of the
polymer SDA behaviors described thus far (Fig. 4). In particu-
lar, solvent selectivity plays a central role on the continuum of
SDA behaviors, as elaborated above. It is important to recognize
that solvent selectivity changes throughout evaporative process-
ing where boiling points and azeotropes should be considered
[79, 80]. Under the general case of selective solvent conditions
there will be micelles present during the evaporation process.
The subsequent behavior continuum with solvent selectivity
is summarized in Fig. 4c where low solvent selectivity enables
bulk-type SDA behavior and increasing solvent selectivity pre-
serves solution-type behavior. Within the realm of solution-type
behaviors there are two further regimes. Moderately selective
conditions yield dynamic micelles where the resulting pore
size can vary with any change to the solution composition. This
thermodynamic response is why both bulk-type behavior and
dynamic micelles are best termed as coassembly since the out-
come is influenced by equilibration. In contrast, high solvent
selectivity leads to persistent micelles where their size does not
change in response to shifting equilibrium conditions. Thus, the
phrase “template” is most appropriate for PMT since its charac-

ter is invariant to diverse processing conditions.

©The Author(s) 2021

A simple geometric model was developed to identify consistency
with PMT behavior via convenient small-angle X-ray scatter-
ing (SAXS) measurements [63]. The first PMT demonstration
required hundreds of manual measurements on SEM images to
derive statistically significant metrics of average pore size and
average wall thickness for each sample. In contrast, X-ray scat-
tering measurements of such materials directly correspond to
average unit cell dimensions across the few mm? measurement
area. Thus, a model was developed to relate the unit cell dimen-
sions to the micelle-to-micelle spacing and then deconvolve that
into the underlying pore size and wall thickness. The decon-
volution is based upon a simple conservation of volume argu-
ment where the amount of micelles and the amount of material
precursors are known for each sample via the M:T ratio. For
PMT conditions, the addition of material precursor volume
will increase the distance between neighboring micelles, thus
resulting in lattice expansion. Quantitative models for lattice
expansion were derived for all common cubic unit cells as well
as a generalized model for paracrystals containing disorder
[63]. All of the resulting models had a common quasi-cube root
dependence of SAXS d-spacing upon the M:T ratio, reflecting
the fundamental relationship of a linear dimension to a volu-
metric term (Fig. 6a). The primary assumption of the model
is a constant structure factor that implies a proportionality
between micelle-to-micelle spacing and the observed structure
factor peak by SAXS. A deviation from the PMT model gener-
ally indicates a change in the micelle size, signaling a transi-
tion towards dynamic micelles, or could also arise theoretically
from a change, e.g., in the material density. Fitting this PMT
model to SAXS data, however, required real-space measure-
ments for at least one sample, e.g., from SEM measurements.
A useful log rearrangement of the PMT model eliminates this

need for real-space data for the assessment of consistency with
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Figure7: SAXS data from a PEO-b-PHA SDA combined with Nb,Os material precursors via titration (a). The increasing d-spacing corresponds to the
lattice expansion predicted by the PMT model (b). Model fitting enables extraction of the underlying average template/pore diameter (c) as well as
the average wall thickness (d). The model interpretations (c, d) of SAXS data (green) closely match direct model-independent measurements by SEM
(orange). Reproduced from Sarkar et al. from Ref. [63] with permission from the Royal Society of Chemistry.

PMT conditions [81]. Here, a straight line with slope of 1/3 is
consistent with PMT conditions, however, the corresponding
x-axis requires a priori knowledge of the p value, a convolved
density fit term (Fig. 6b). Further algebraic rearrangements and
an approximation yield a more utilitarian relationship where
a plot of log(d-spacing) vs log(M:T) yields a slope of approxi-
mately 1/3 for PMT behavior (Fig. 6¢). This latter scaling rela-
tionship conveniently enables a sample series to be checked for
consistency with PMT behavior using SAXS data alone prior to
real-space measurements such as electron microscopy.

An easy titration method was recently developed for pro-
ducing PMT sample series from a single vial of micelle solution
[63]. Here, an M:T series is iterated by adding material precur-

sors to the micelle solution followed by spin coating samples in

©The Author(s) 2021

a repetitive fashion. SAXS measurements from such titration
series reveal the SAXS peak shifting to smaller values in recip-
rocal space, corresponding to lattice expansion in real-space
(Fig. 7a, b). The data from M:T ~ 1-2 were well fitted by the
PMT model with a goodness-of-fit R? of 0.949. Higher M:T
ratios led to the same transition to dynamic micelle behavior
explained above based upon poor-solvent (water) depletion.
Within the identified window of PMT conditions, the pore size
and wall thickness are well predicted by the PMT model and
were quantitatively similar to direct real-space measurements
by SEM (Fig. 7c, d). For example, the changes in wall thickness
had a goodness-of-fit R? of 0.923. Also noteworthy here are the
16 samples spanning a 2.56 nm change in average wall thick-

ness that corresponds to nominal resolution of a~2 A (0.2 nm)
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increment of adjustment between samples. This precision con-
trol over the average wall thickness is commensurate with the
atomic dimensions of the atoms within the Nb,O; walls. It
should be noted that each of these samples has a distribution of
wall thickness values where neighboring samples have overlap-
ping distributions when using such small and precise adjust-

ments to the mean value.

Expanded PMT versatility

The width of the PMT window determines the range of archi-
tectural dimensions that may be accessed with independent wall
thickness control (Fig. 7¢, d). The early PMT studies identified
a critical role of water upon the width of the PMT window
(Fig. 5i) [12]. However, the use of water alone to expand PMT
windows is not an ideal proposition because beyond a certain
threshold the water itself introduces other problems where it
can phase separate and produce random, uncontrolled poros-
ity [81]. Since the enthalpic barrier to chain exchange depends
upon the mixture of solvents, a new strategy was developed
where the majority solvent was changed to increase the base-
line Hildebrand solubility parameter prior to the addition of
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water (Fig. 5g) [81]. That study compared methanol (MeOH,
Syeon = 29.7 VMPa) and ethanol (EtOH, 8g,0p = 26.2 YMPa)
to THF (8pg5=18.5-19.3 VMPa) [78, 82]. DLS measurements
of such solutions alone can identify dynamic micelles by the
observation of free chains in solution, however, due to the size-
dependent scattering strength it should be noted that the lack of
observed free chains is not itself sufficient evidence of persistent
micelles. Indeed, despite the lack of observable free PEO-b-PHA
chains in MeOH or EtOH by DLS the subsequent PMT titra-
tions for each revealed a change in pore size when the trace
water became depleted via hydrolysis. Despite the need for trace
water, a remarkable 3x increase in the PMT window width was
found when switching the majority solvent from THEF to these
alcohols. Contrary to expectations from solubility parameters
alone, however, both MeOH and EtOH led to similar PMT
window widths, within the uncertainty of the experiment. The
suggested causes for this observation included differences in vis-
cosity, changes in alkoxide kinetics after alcohol exchange with
the solvent, and solvent-dependent rates of hydrolysis. These
considerations highlight the unintended materials chemistry
complexities that can result from seemingly simple alterations.
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Figure 8: An ex situ approach for material precursor hydrolysis was combined with PEO-b-PHA PMTs to reduce the coupling between material additions
and micelle persistence (i). A series of 25 TiO, samples with different Material:Template ratios were consistent with PMT behavior by SEM and SAXS
(j)- The SEM images correspond to M:T=1.6 (a), 2.0 (b), 2.3 (c), 2.7 (d), 3.0 (e), 3.4 (f), 4.0 (g), and 4.1 (h). Adapted from Lantz et al. from Ref. [83] with

permission from John Wiley and Sons.
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Regardless, alcohols were shown to be the most ideal solvents
for PMT processing to date.

The coupling of material additions to a loss in kinetic
micelle control were largely relaxed by the implementation of
ex situ hydrolysis [83]. For the earlier PMT demonstrations, raw
alkoxides were added to aqueous persistent micelle solutions to
increase the M:T ratio in an in situ fashion. That approach, how-
ever, necessarily depleted the water content, and thus depleted
the barrier to chain exchange with each material addition
(Fig. 81). In contrast, ex situ hydrolysis accomplishes the same
reaction in a separate solution. The use of ex situ hydrolysis thus
largely decouples micelle kinetic control from the later addi-
tion of material precursors (Fig. 81). The corresponding M:T
series enabled the demonstration of the widest PMT window
(M:T =1.6-4.0) to date with 25 samples spanning the gamut
from sparse walls to nearly isolated pores (Fig. 8). It should be
noted that the ex situ hydrolysis development itself required an
optimization of water content to account for both hydrolysis
reactions which consume water and condensation reactions that
release water. For example, a 4:1 ratio of water to titanium iso-
propoxide led to film dewetting from the substrates due to exces-
sive water where a 3:1 ratio was sufficient to preserve micelle
kinetic control without film dewetting. Thus, the deployment
of ex situ hydrolysis was shown to largely decouple materials
chemistry from micelle kinetic control.

For a given block polymer, the range of accessible persis-
tent micelle sizes and thus the range of accessible pore sizes was
greatly expanded by the introduction of homopolymer swell-
ing [84]. The ability of homopolymers to swell the analogous
block of a block polymer is thoroughly established in both the
contexts of bulk-type behavior and solution-type behavior. A
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typical guideline is that the homopolymer should have a lower
molar mass than the block it swells on the block polymer. Fol-
lowing this and further guidelines [84], a poly(hexyl acrylate)
homopolymer was combined with PEO-b-PHA micelles and
was shown to enable up to 1.3x pore diameter increase while
maintaining a monomodal pore size distribution with up to
250 wt% homopolymer, considerably higher than the ~ 90 wt%
limit found for dynamic micelles [85, 86]. With the PMT process
often being conducted near the borders of micelle persistence
(Fig. 51), the decreased molar mass of the homopolymer (lower

N) naturally implies that the homopolymer is likely to exhibit
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Figure 10: Demonstrated PMT pore sizes to date span from the
mesoporous regime (2-50 nm) to the macroporous regime (>50 nm).
Pore sizes vary with the molar mass of the core block (x-axis), the
micelle processing prior to kinetic entrapment (vertical isopleths), and
homopolymer swelling (arrows).
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Figure9: The addition of PHA homopolymer swelling to PEO-b-PHA PMTs enables wide variation of the micelle/pore diameter (a) followed by material
titration to independently adjust the wall thickness (b). A single PEO-b-PHA block polymer and a single PHA homopolymer were used to produce all of
these porous Nb,O; architectures. Adapted from Sarkar et al. from Ref. [84] with permission from the Royal Society of Chemistry.
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dynamic exchange between micelles. Indeed, both MeOH and
EtOH solutions of these swollen micelles were found to have
limited stability where the homopolymer gradually phase sepa-
rates, thus confirming active exchange of homopolymer between
persistent micelles. Nonetheless, PMT titration series were car-
ried out with different amounts of homopolymers. For each
swelling condition, the SEM measurements and SAXS mod-
eling both confirmed isomorphic sample series with constant
pore size and varied wall thickness (Fig. 9). Thus, this swollen
PMT approach offers a unique combination of precision con-
trol with wide tunability. Here, the term “persistent” refers to
the kinetic entrapment of block polymer chains as well as the
constant average diameter of the swollen micelles despite active
homopolymer exchange between those micelles. A pronounced
effect of solvent selection was found where the homopolymer
was found to phase separate more quickly from MeOH as com-
pared to EtOH. If this phase separation was purely dependent
upon the rate of homopolymer exit from the micelle cores then
the opposite trend would be expected based on the enthalpic
barrier associated with ypy_solven- The behavior is understand-
able by considering the outcomes for a homopolymer that has
been extracted to the solvent phase. It can either (1) re-enter a
micelle core, (2) remain dispersed in the solvent, or (3) aggre-
gate with other homopolymers, forming a precipitate. The lower
x-value for EtOH both increases the homopolymer solubility
and facilitates the re-dissolution of precipitated homopolymer.
These considerations are another reminder of the confluence of
multiple factors while making seemingly simple modifications
to materials chemistry. The addition of homopolymer swelling
to PMT now enables one to first select the desired pore size via
the amount of homopolymer addition and then independently
adjust the wall thickness by the addition of material precursors.
Thus, the addition of homopolymer swelling to PMT enabled
two distinct synthetic handles to directly control the pore size
and wall thickness independently.

The feature sizes obtained by PMT are wide spanning from
mesoporous materials to macroporous materials [87]. Figure 10
shows the wide range of PMT pore sizes demonstrated to date,
spanning from 11.8 to 109 nm with monomodal pore size dis-
tributions. Considering the simple geometric model [63], there
is a coupling between the selected pore size and the achievable
range of wall thickness values, where the wall thickness is gen-
erally 0.2-1.0x with respect to the pore size. Thus, Fig. 10 also
conveys the demonstrated range of PMT average wall thickness.
The x-axis in Fig. 10 is the molar mass of the PHA core block
which is clearly connected to the resulting pore size. The vertical
isopleths, however, demonstrate a range of micelle size tuning
based upon the processing history [12]. Also cavitation-induced
exchange (CIE) is an enabling concept here where kinetically
trapped micelles can temporarily become dynamic during ultra-

sonic cavitation, undergoing chain exchange until cessation at

©The Author(s) 2021

which point the micelles return to a persistent state [88, 89].
Lastly, the addition of homopolymer swelling to PMT enables
facile and wide spanning pore size adjustments with minimal
synthesis (Fig. 10 arrows) and also enables multimodal sponge-
like pore distributions with large pore sizes demonstrated up
to 290 nm. PMT is ideal for diverse nanomaterials research
since this single technique spans the wide range of feature sizes
necessary for the study of diverse nanostructure-property

relationships.

The initiation of persistent micelle templates in a new laboratory
has minimal barriers to entry. Access to suitable block poly-
mers is typically the first challenge. The block polymers suit-
able for PMT must have a sufficient yN barrier towards chain
exchange which generally requires custom block polymers that
are not mass produced. Unfortunately, the very popular Pluronic
polymers are unsuitable for PMT owing to the low interaction
parameter with alcohols and the low molar masses (low N). PEO
is the most popular block for selective SDA interactions with
material precursors. The composition of the hydrophobic block
for PMT is not particularly crucial so long as there is sufficient
barrier to chain exchange. Published PMT demonstrations to
date have largely used PEO-b-PHA though persistent micelles
have also been demonstrated with core blocks composed of
poly(styrene) [90], poly(cyclohexyl methacrylate) [91], and
poly(n-butyl acrylate). While there are several commercial ven-
dors for suitable block polymers at the gram scale, it should be
noted that such polymers are facile to synthesize by those that
are not polymer scientists. A recent paper demonstrated that
readily available commodity reagents can be used to prepare
suitable block polymers from start-to-finish in 20.5 h using only
common glassware, a hot plate, and inert gas (Fig. 11a-m) [63].
Thus, even capitol constrained laboratories are able to prepare,
e.g., PEO-b-PHA. In brief, the process starts from a commercial
PEO homopolymer with (1) an esterification reaction to add
an initiation group for atom transfer radical polymerization
(ATRP) and (2) subsequent ATRP of the desired second block.
Gel permeation chromatography (GPC) and nuclear magnetic
resonance spectroscopy (NMR) should be used to validate the
uniformity and the block ratios, respectively, which are tech-
niques found on most campuses and are also available as mail-in
services. Here, the use of commodity reagents makes it con-
venient and low cost to prepare 10-100 g of PMT-suitable block
polymer at a time for the sake of convenience.

The preparation of films with PMT control has more subtle
challenges with documented and reproducible solutions [63].
A recent publication itemized 18 tips and tricks for successful
PMT deployment [63]. For example, the reproducible produc-

tion of persistent micelles with the same size can be a challenge
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Figure 11: The use of PMTs is easy
to conduct in diverse labora-

tory settings using commodity
reagents and minimal equipment.
Suitable block polymers can be
synthesized with just a hot plate,

a nitrogen tank, and common
glassware. The complete process
of polymer synthesis through spin
coating can be completed in less
than 24 h (inset time stamps). The
photographs show the sequen-
tial process: PEO dissolution (a),
esterification of ATRP initiator (b),
filtration (c), drying (d), further
purification by phase separation
(e), removal of oxygen by nitrogen
sparging (f), polymerization of
hexyl acrylate (g-h), removal of
copper salts with alumina column
(i, j), block polymer precipitation
(k, 1), and recovery (m). Micelles are
prepared with a sonication step
(n), material precursors are added
via air-free syringe and substrates
are coated using a home-made
humidity-controlled spin coater
(o-p), followed by immediate
aging on a hot plate (q), calcination
in a furnace (r), and finally analysis
by cross-sectional (s) and top-view
(t) SEM. Adapted from Sarkar et al.
from Ref. [63] with permission from
the Royal Society of Chemistry.
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since persistent micelles do not equilibrate. Here, the dropwise  or size tuning [88, 89, 92]. Figure 7b shows the PMT titration
addition of the poor solvent to a polymer solution enables  curves for three different micelle batches prepared on three dif-
reproducible PMT formation. Also the addition of vortexing or ~ ferent days, demonstrating a high-degree of reproducibility with
ultrasonic cavitation can temporarily activate chain exchange  due diligence. The film formation by spin coating or dip coating,
mechanisms for the purpose of micelle size homogenization  for example, requires an optimized humidity while coating each
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Figure 12: The anatase crystallite size increased with the wall thickness for porous TiO, samples prepared using PEO-b-PHA PMTs (a). Electrochemical
lithiation revealed a second polymorph consistent with bronze phase TiO,. The electrochemical capacity of the apparent bronze phase was constant
across the sample series, whereas the anatase capacity increased with crystal size and was attributed to the size-dependent strain mismatch (b).
Adapted from Lantz et al. from Ref. [83] with permission from John Wiley and Sons.

material. Although humidity-controlled spin/dip coaters are
available, such units are also fairly simple to construct. The inter-
ested reader is directed to these DIY instructions for building a
humidity-controlled spin coater with vacuum chuck and digital
acceleration control using commodity parts [93]. Another sub-
tlety is that spin coating evaporates away the solvent and thus
removes the prior barrier to chain exchange. Thus, PMT samples
must be immediately moved to a hot plate within a few seconds
of drying to have the material precursor cross-linking reaction
outrun the micelle reorganization. This “aging” treatment is
another typical optimization which has the additional goal of
sufficiently cross-linking the material such that the architecture
can survive removal of the polymer template and also gener-
ally the crystallization of material. The complete PMT process
from polymer synthesis through PMT spin coating is pictured
in Fig. 11 with time stamps showing that the entire process can
be accomplished from scratch using commodity reagents in less
than 24 h.

Nanoscale crystalline materials are well known to exhibit size-
dependent properties. Towards this end, PMTs provide a highly
tunable confinement environment for the controlled crystal-
lization of material precursors. A recent PMT study examin-
ing TiO, crystallization with varied wall thickness identified
monotonic control over the resulting average anatase crystallite
size ranging from ~ 8.5 to 11 nm (Fig. 12a) [83]. For this set of
samples, the average crystallite size was generally about half of
the measured wall thickness, showing that the nanostructure

confines the crystal growth and suggesting dominant surface

©The Author(s) 2021

nucleation. This sample series was also examined as lithium ion
battery anodes. The lithiation trend for specific capacity (mass-
normalized) monotonically increased with the wall thickness
(Fig. 12b). The cyclic voltammetry data also revealed an addition
feature consistent with bronze TiO,, suggesting a mixture of pol-
ymorphs. Curiously, the electrochemical capacity of the appar-
ent bronze phase was constant across the M:T series, whereas the
capacity of the anatase phase monotonically increased with wall
thickness. This behavior was interpreted as the result of a size-
dependent strain mismatch between anatase and bronze phases
where the mismatch was lowered with larger anatase crystals,
thus enabling increased anatase capacity. The lithiation of poly-
mer SDA-derived TiO, has been examined many times, where
the emergence of highly tailored sample series from PMT can
reveal new opportunities and insights.

Such tunable isomorphic architectures are also an ideal
platform for identifying rate-limiting steps in electrochemi-
cal devices without resorting to complex electrochemical
modeling and the usual assumptions therein. For example,
orthorhombic T-Nb,O; was the first material described as
exhibiting intercalation pseudocapacitance, a faradaic charg-
ing process that is based upon intercalation yet often exhibits
surface-limited kinetics [94]. Intercalation pseudocapacitance
thus combines the high energy density a faradaic process with
the high power density typical of capacitors. Curiously, mate-
rials such as T-Nb,O; exhibit pseudocapacitive responses over
a wide range of conditions despite the fundamental inclu-
sion of intercalation via diffusion. There have been numer-
ous publications examining the electrochemical behavior of
T-Nb,O; nanostructures produced using diverse methods,
however, the general inclusion of multiple spatial variables
or the lack of multiple sample conditions all together hamper

www.mrs.org/jmr

January 2022

Issue 1

Volume 37

Journal of Materials Research



Journal of
MATERIALS RESEARCH

N

m

the interpretation of nanostructure-dependent observations.
Correspondingly, the claims for T-Nb,Oj lithiation kinetics
spanned from being intrinsically pseudocapacitive [95] and
not requiring nanostructures for high rate capability [96] to
being sluggish and requiring 24 h for lithiation [97], high-
lighting the need for a systematic study of nanostructure-
dependent behavior. The different steps of electrochemical
processes are often investigated based upon their rate depend-
ence where surface-limited steps and diffusion-limited steps
each have a distinct time dependence [98]. For example, with
cyclic voltammetry (CV) surface-limited processes have a cur-
rent response (I) that is proportional to the sweep rate (v)
where I a v and semi-infinite diffusion-limited processes have
a current response that is proportional to the square root of
sweep rate where I a v*>. Herein, lies the challenge: electro-
chemical devices typically have multiple diffusive processes
with the same fundamental time dependence. Figure 3 shows
the processes for lithiation of T-Nb,O; where there is one
surface process and three diffusive processes that occur con-
comitantly. The diffusion processes include intercalation of
lithium into the walls, diffusion of lithium ions through the
electrolyte in the pores, and electron transport in the walls

through the films thickness. Typical electrochemical analytical

Sweep Time (s)

methods can identify transitions between surface-limited
and diffusion-limited behavior but cannot alone identify the
onset of a specific underlying diffusive process. For example,
electrochemical impedance spectroscopy (EIS) data are often
fitted with equivalent circuits where a significant challenge
is that many datasets are well fitted by numerous equivalent
circuits and there is often ambiguity as to which circuit ele-
ment corresponds to which physical process [56]. EIS data
interpreted in a less model-dependent fashion using 3D Bode
plots also have the same challenge. A recent 3D Bode analysis
of T-Nb,O; concluded with ambiguity that the sample rate
capability was either limited by the intercalation diffusion or
the electrolyte diffusion [57]. These examples highlight the
challenges in assessing nanostructure-dependent performance
of T-Nb,O; based on electrochemical modeling alone.

A set of tunable isomorphic architectures were prepared
with PMTs to identify the first T-Nb,O, nanostructure-
dependent performance [55]. A set of samples with varied
wall thickness were analyzed using CV. The voltage sweep-
rate dependence of the anodic peak current response was
analyzed to identify the power-law dependence (I av")
where b=1.0 for a surface-limited response and b=0.5 for

a diffusion-limited response. The typical sample behavior
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Figure 13: The electrochemical kinetics of a series of T-Nb,O5 samples prepared using PEO-b-PHA PMTs were measured (a). The derivative of (a)
corresponds to the b-value (b) where b-values proximal to 1.0 are consistent with surface-limited kinetics and values proximal to 0.5 are consistent
with semi-infinite diffusion-limited kinetics. The surface-limited threshold (SLT, b=0.9) and diffusion-limited threshold (DLT, b=0.6) were sensitively
dependent upon the nanoscale architecture. Control experiments identified solid-state lithium diffusion as the dominant diffusion rate-limiting step.
Both the DLT and the SLT performance metrics correlated to the diffusion length (half wall thickness) and were well fitted by Fick’s second law (c). Such
maps correlating nanostructure to performance (c) support the development of nano-optimized devices. Adapted from van den Bergh et al. from Ref.

[55] with permission from John Wiley and Sons.
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was a pseudocapacitive surface-limited response at moderate
voltage sweep rates and then transitioned towards diffusion-
limited behavior at the fastest voltage sweep rates (Fig. 13a, b).
The voltage sweep rate at which the samples departed from
surface-limited behavior varied monotonically with the M:T
ratio. This surface-limited threshold (SLT) thus represents that
maximum voltage sweep rate (vg 1) at which a sample exhib-
its a surface-limited response, defined at b=0.9. Here, there
was a remarkable 3 x difference in v for the different PMT
architectures despite the minor 18.5 nm change in wall thick-
ness. Subsequent experiments were used to probe the effects
of electrolyte concentration and film thickness to use the pro-
cess of elimination to identify solid-state lithium diffusion
as the dominant diffusion constraint, even for samples with
just 48.5-67.0-nm-thick walls. With the specific diffusion pro-
cess identified, the architectural dimensions were correlated
to the observed behaviors. Fick’s second law for 1D diffusion
with an infinite source predicts that the diffusion length (x)
relates to the diffusion time (t) and the diffusivity (D) where
x a\(Dt). Thus, a plot comparing the square root of sweep
time (voltage window divided by voltage sweep rate) versus
the diffusion length (half of the wall thickness) is expected to
yield a relationship of direct proportionality (Fig. 13c). Here,
the diffusion-limited threshold (DLT) is the minimum volt-
age sweep rate at which the behavior is diffusion-limited and
is defined at b=0.6. As expected for a diffusive process, the
data exhibited a direct proportionality relationship on these
axes with an excellent goodness-of-fit R? of 0.97. Interestingly,
the SLT sweep time was also well modeled by this relation-
ship (R*=0.98) suggesting that the maximum rate for surface-
limited behavior is determined by the onset of a solid-state
diffusion constraint. Furthermore, Fig. 13c is also a tool for
the production of nano-optimized architectures for target
response times. This was the first publication showing how a
series of tailored T-Nb,O; architectures result in widely vary-
ing intercalation pseudocapacitance kinetics. For interested
readers, it is noted that niobium oxides have diverse stoichio-
metries and polymorphs with wide-ranging conductivity [99]
and that the T-Nb,O; surface can change with electrochemical
cycling [100]. Here, the use of a single synthesis technique is
ideal to support comparisons between nearly identical sam-
ples. This example shows how alteration of a single nanostruc-
ture spatial variable at a time enables a refreshed perspective
on electrochemical performance with minimal assumptions
and without implementing complex electrochemical models.

A range of behaviors were reviewed for block polymer SDAs
when combined with material precursors. These behaviors span

the gamut from bulk-type coassembly and dynamic micelle

©The Author(s) 2021

coassembly to persistent micelle templates, in the order of
increasing solvent selectivity. These distinct behaviors are asso-
ciated with both the thermodynamic equilibrium as well as the
kinetic rates of several processes. Recent developments with per-
sistent micelle templates were highlighted where independent
control over pore size and wall thickness were robustly devel-
oped in recent years. The validation of consistency with PMT
behavior by diffraction models was described. The low barrier to
entry for PMT processing was noted where both polymer SDA
synthesis and SDA usage can be carried out using commodity
supplies in less than 24 h. It is notable that PMT procedures are
simple and low cost with potential for future industrial upscal-
ing. Future promising directions for PMT development include
a broader range of feature sizes, additional morphologies, and
control over multiple materials. Persistent micelles themselves
have future applications in drug delivery or as nanoscale reac-
tors. The tunable isomorphic architectures resulting from PMTs
are enabling improved studies of nanostructure-dependent
properties where examples were given for confinement effects
during lithiation of TiO, and the length-scale-dependent inter-
calation pseudocapacitance of T-Nb,O;. Future promising
applications for such tunable isomorphic architectures include
the nanostructure-dependent study of catalysts, hydrogen stor-
age, and drug delivery via porous particles. The ability to tailor
architectures with one spatial variable at a time brings a unique
perspective to inquiries and can provide unambiguous interpre-

tations of nanoscale cause-and-effect.
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