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Mesoporous materials with crystalline frameworks have ( o s

been acknowledged as very attractive materials in various applications. S ) S evaporation evaporation

Nevertheless, due to the cracking issue during crystallization and A

incompatible hydrolysis and assembly, the precise control for crystalline

mesoscale membranes is quite infertile. Herein, we presented an ecursor solution mono-micelle hydrogel ordered mesophase

ingenious stepwise monomicelle assembly route for the syntheses of
highly ordered mesoporous crystalline TiO, membranes with delicately
controlled mesophase, mesoporosity, and thickness. Such a process
involves the preparation of monomicelle hydrogels and follows self-
assembly by stepwise solvent evaporation, which enables the sensitive
hydrolysis of TiO, oligomers and dilatory micelle assembly to be united.
In consequence, the fabricated mesoporous TiO, membranes exhibit a
broad flexibility, including tunable ordered mesophases (worm-like,
hexagonal p6mm to body-centered cubic Im3m), controlled mesopore sizes (3.0—8.0 nm), and anatase grain sizes (2.3—8.4 nm).
Besides, such mesostructured crystalline TiO, membranes can be extended to diverse substrates (Ti, Ag, Si, FTO) with tailored
thickness. The great mesoporosity of the in situ fabricated mesoscopic membranes also affords excellent pseudocapacitive behavior
for sodium ion storage. This study underscores a novel pathway for balancing the interaction of precursors and micelles, which could
have implications for synthesizing crystalline mesostructures in higher controllability.

mesoporous TiO,
membranes/films

mesoporous materials, self-assembly, thin films/membranes, titanium dioxide, energy storage

Unlike SiO,, molding crystalline mesostructured membranes
(CMMs), such as TiO,, remains quite challenging. First, the
crystallization at high temperature unavoidably leads to the
segregation and shrinkage of as-prepared membranes due to
the vanishing of interaction with substrates. Although some
strategies have been developed to suppress film cracking and
increase thickness,”' ~** the film continuity and integrity still
remain unsettled for crystalline membranes. Second, the

Crystalline mesoporous materials have emerged in the past

decades due to their fascinating mesoporosity and crystallinity,

which promise various applications ranging from optoelec-
. . o 1-6

tronic, energy storage, and conversion devices. Although

crystalline mesostructures are usually constrained to their

incompatibility between fast hydrolysis of precursors and

moderate self-assembly of micelles, it was first demonstrated in undesired control is majorly ascribed to the fundamental

1995 when Antonelli showed that a ligand could retard fast issues in crystalline mesostructures: fast hydrolysis of metal

hydrolysis of metal sources and form a reduced size as precursors, weak interaction of precursors and surfactants, and

assembly units for an ordered TiO, mesostructure.” Certain mesostructural collapse during crystallization.”**° In response

strategies (e.g, sol—gel method, hydrothermal process, to these restrictions, the employment of specific metal
. . 27 828 1. 12,29,30

evaporation method) have been developed for creating well- precursors”’ and surfactants, ligands, or chelates

defined crystalline mesoporous metals,®”"" oxides,"*”"* and have been used in order to maintain a moderate and stable self-

other compounds.”~"" Unfortunately, the construction of assembly procedure. Consequently, these fundamental princi-

crystalline mesoporous membranes/films currently remains a

great challenge, and the precision control of mesoscale January 4, 2023

architectures, porous configurations, and mesoscopic parame- March 1, 2023

ters also remains far out of reach.”?® In this regard, the March 2, 2023

development or optimization of reliable strategies and March 13, 2023

comprehending of assembly chemistries of mesostructured
crystalline membranes are quite imperative.
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ples severely restrict the accessibility and tunability of CMMs,
resulting in less success compared to amorphous mesoporous
silica and carbon. One of the key limitations is the insufficient
controllability and scanty versatility of CMMs due to the
narrow range of micelle assembly for hyperactive metal
precursors. Taking the representative evaporation-induced
self-assembly (EISA) approach® as an example, a dilute
precursor solution is generally required to balance hydrolysis,
leading to mesoporous films with a finite thickness and a
stationary mesophase. Alternatively, the hard-templating
method® ** is, currently, a reliable pathway for generating
reverse mesostructures in spite of its complicacy, but such
replication is unsuited to delicate membranes/films. So far,
although certain CMMs have been synthesized,” ™" it still
remains difficult to realize accurate control over the self-
assembly process with satisfied tunability. The tardy progress
mainly arises from the lack of understanding over the micellar
self-assembly on a subnanometer scale, including congruous
precursor hydrolysis, insufficient template interaction, as well
as crystallization on substrates. Explorations on promoting the
endurance and stability of metal precursors would enable
access to the desired manipulation over mesoporous
membranes in crystalline networks.

Herein, we present a stepwise monomicelle assembly
method to construct highly ordered mesoporous crystalline
TiO, membranes with a precisely tailored mesophase, porosity,
and thickness. Through first obtaining a monomicelle hydrogel
from pre-evaporation and subsequent self-assembly from
second-evaporation, we are able to carefully monitor the
sensitive hydrolysis of TiO, oligomers and dilatory micelle
assembly, respectively. The intermediate monomicelle hydro-
gels during the first evaporation can be retained stably and
afford sufficient time for slow titanium hydrolysis, which allows
the ingenious separation of precursor hydrolysis and
surfactant—source interaction without apprehending interac-
tive variations. Besides, during crystallization under an inert
atmosphere, the residual carbon in frameworks prohibits
excessive TiO, grain growth and provides a strong adhesion
to substrates, which guarantees the membrane integrity. As a
result, the formed mesoporous TiO, membranes with a well-
crystalline scaffold possess a uniform and continuous
membrane morphology without obvious segregation. The
fabricated mesoporous TiO, membranes exhibit a saltant
flexibility, including tunable ordered mesophases (from
disordered to hexagonal to cubic), controlled mesopore sizes
(3.0—8.0 nm) and grain sizes (2.3—8.4 nm), as well as varied
thickness (from ~280 nm to ~2 um). Such stepwise control
allows for a broader reactive region with a high precursor
concentration and sufficient assembly time. Furthermore, the
good expansion of the mesostructured TiO, membranes to
various substrates is demonstrated, followed by the techno-
logical potential of such mesoscopic membranes for high-
performance pseudocapacitive sodium storage. A capacity
retention of 65% over 20,000 cycles (10 A g™') and an ultrafast
kinetics from pseudocapacitance at a sweep rate of 100 mV s™*
have been achieved, demonstrating a blueprint to advanced
energy storage capable of fast sodium ion uptake.

Pluronic triblock copolymer poly(propylene oxide)-block-poly-
(ethylene oxide)-block-poly(propylene oxide) (F127, Mw = 12600,
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EO,oPO,EO,os) was purchased from Acros Corp. Tetrabutyl
titanate (TBOT, 99.5%) was purchased from Sigma-Aldrich Corp.
Tetrahydrofuran (THF), hydrochloric acid (HCl, 36—38 wt %),
acetic acid, and anhydrous ethanol were purchased from Sinopharm
Chemical Reagent Co., Ltd. (China). All reagents were purchased
from commercial sources and used without further purification.

The monomicelle composite hydrogels were synthesized according to
the approach of refs 32 and 38. For a typical synthesis, 1.5 g of
triblock copolymer Pluronic F127 was added into 30 mL of THEF,
which was followed by adding 2.4 mL of acetic acid as a chelating
agent and 3.2 mL of concentrated HCI as a stabilizer to retard fast
hydrolysis of the titanium precursor. After stirring for S min to form a
transparent solution, 3.4 g of TBOT was quickly added into the
mixture. After stirring for another S min, the golden yellow solution
(around 40 mL in total) was transferred into two volumetric flasks
(30 mm X S0 mm) and kept in an oven at 45 °C for 24 h to
preferentially evaporate THF. Notably, the relative humidity was kept
at less than ~45% for preventing excessive hydrolysis into
unassembled TiO, nanoparticulates; otherwise, a crimson precursor
solution was formed. The white yellow hydrogels comprised of PEO-
b-PPO-b-PEO/TiO, oligomer composite monomicelles were ob-
tained and stored in a drying box in order to decrease exposure in air.

The ordered mesoporous TiO, membranes were fabricated through a
stepwise monomicelle self-assembly process. For a typical synthesis of
the hexagonally mesoporous membranes, the prepared monomicelle
hydrogel (around 5.0 g) was dispersed into 25 mL of anhydrous
ethanol, and the resultant mixture was stirred for 10 min, forming a
transparent solution. Next, 5.0 mL of the monomicelle dispersion
(0.06 g/mL) was poured into an open Petri dish (~20 cm in
diameter) and transferred into an oven at 45 °C for 24 h. After the
transparent sol was gelled, the resultant gel was dried at 80 °C for 6 h
in an oven to form inorganic—polymer hybrids. The mesoporous
TiO, membranes were finally obtained after the calcination in
nitrogen for 3 h with a slow heating rate of 1 °C min™". The samples
annealed at 350, 400, 450, 500, 550, and 600 °C were denoted as
meso-TiO,-X (where X represents the annealing temperature).
Additionally, detailed synthetic conditions for the meso-TiO,
membranes in different substrates and thicknesses were summarized
in Table SI.

The electrodes were prepared by in situ growth of the mesoporous
TiO, membranes on Ti foil as the active materials without any
conducting additives or binders. Before measurements, the in situ
prepared membranes were annealed under nitrogen at 500 °C for 3 h,
and the thick Ti foils (0.1 cm) were used in order to prevent curling
up during calcination. 2032-Type coin cells, by using TiO, materials
as a working electrode, a sodium foil as counter and reference, and a
glass fiber separator (Whatman, GF/A) saturated with 1.0 M NaPF,
in diethylene glycol dimethyl ether as electrolyte, were assembled in
argon-filled glove boxes. All the electrochemical tests were undertaken
on an electrochemical workstation (Bio-Logic VMP3) at room
temperature. Discharge—charge tests for TiO, electrodes were carried
out with a duration time of 0.6 h and a rest time of another 0.5 h for
each step (0.2 to 500 mV s~ in 0.01—2 V vs. Na*/Na).

Optical photographs were taken with a Canon digital camera. The
morphology and structure of samples were observed by field-emission
scanning electron microscopy (FESEM, Hitachi Model S-4800).
Nanostructures of samples were observed by transmission electron
microscopy (TEM, JEM-2100F). Mesophases of samples were
measured by small-angle X-ray scattering (SAXS, Nanostar U) using
Cu Ka radiation at 40 kV with an incident angle at 0.02°. Crystal
phases of samples were identified by wide-angle X-ray diffraction
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Figure 1. Synthesis and characterization of the highly ordered mesoporous TiO, membranes. (a) Schematic of the formation process for the
ordered mesoporous TiO, membranes from stepwise monomicelle assembly. (b) Photonic graph of the as-prepared mesostructured TiO,
membrane on glass. (c) Cross-sectional SEM image and (d) TEM images of the ordered mesoporous TiO, membranes taken along the [110] and
(Inset) [001] incidence. (e) Photonic graph of the mesoporous TiO, membranes on Ti foil. (f) SAXS patterns of the ordered mesoporous TiO,
membrane, as-synthesized membrane before annealing, and titania monomicelle hydrogel. (g) The nitrogen sorption isotherms and (h) pore size
distribution curve, (i) HRTEM image, and (j) corresponding SAED pattern of the ordered mesoporous TiO, membranes after calcination in

nitrogen at 400 °C.

(WAXRD, Bruker D8) using Cu Ka radiation (40 kV, 40 mA) and a
Raman spectrometer (LabRamFR, Horiba) on an Ar" laser at an
excitation wavelength of 514.5 nm. The surface area and pore size
distribution of samples were measured by nitrogen sorption isotherms
(Micromeritics Tristar 3020) at 77 K. The Brunauer—Emmett—Teller
(BET) method was utilized to calculate surface areas, and the
Barrett—Joyner—Halenda (BJH) model was used to calculate pore
size distributions.

The highly ordered mesoporous titania membranes with well-
crystalline frameworks could be fabricated through a stepwise
monomicelle assembly process (Figure 1a, Figure S1). To be
specific, acidic THF/H,O solution containing amphiphilic
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triblock copolymer Pluronic poly(ethylene oxide)-block-poly-
(propylene oxide)-block-poly(ethylene oxide (PEO-b-PPO-b-
PEO) and a titanium source was employed and evaporated
under a low temperature (45 °C). A water-rich hydrogel that
involved stably retained F127/TiO, monomicelle subunits
(~6.9 nm in diameter) was obtained after preferential THF
evaporation due to its lower boiling point (66 °C) (Figure S2).
During this step, the fast hydrolysis could be finely retarded
and the preformation of the monomicelle subunits allowed for
great tunability since there were no limitations caused by
excessive aggregation (TiO,—TiO,) and undesired interaction
(TiO,—micelle) in the subsequent assembly. The second step
involved a followed EISA process of ethanolic dispersion of
monomicelles with adjustable concentration and time, which
enabled production of the ordered mesostructured TiO,

https://doi.org/10.1021/jacsau.3c00007
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Figure 2. Accurate TiO, mesostructural regulation. (a) Schematic of the mesostructured revolution of the mesoporous TiO, membranes from
disordered to cubic mesophase with the increase of surfactant concentration. (b—i) Representative FESEM images and corresponding TEM images
of the varied TiO, mesophases from disordered (b, f) to short-range worm-like (c, g) to long-range hexagonal (d, h) to fcc cubic mesophase (e, i).
All scale bars are 100 nm. (j) Summary of the mesophase/surfactant concentration relationship in the monomicelle hydrogel system (PEO-b-PPO-
b-PEO plus titania primitives derived from tetrabutyl titanate). (k) The representative FESEM image of the membrane morphology obtained in a

high monomicelle concentration.

membranes with precise control. The mesoporous crystalline
TiO, membranes, with controlled regularity, mesophase, and
porosity, were finally produced after calcination in nitrogen to
remove the template.

Accurate Mesostructrual Control

The large-scale field-emission scanning electron microscopy
(FESEM) image shows a uniform and continuous membrane
structure comprised of ordered cylindrical bundles for the as-
made mesostructured TiO, membrane (Figure S3). After
calcination at 400 °C, a uniform and continuous mesoporous
crystalline TiO, membrane with a thickness of around 640 nm
can be formed (Figure 1b,c). The highly ordered mesoporous
skeleton with a mean mesopore size at approximately 8 nm can
be observed along different the [110] and [001] facets (Figure
1d, Figure S4). Furthermore, a similar assembly process was
carried out on Ti foils (1.5 cm in diameter, Figure le) for
further small-angle X-ray scattering (SAXS) analysis. As shown
in Figure 1f, the five clear and sharp scattering peaks of both
as-synthesized and calcined mesoporous TiO, membranes on
the Ti foil can be indexed to the 100, 110, 200, 221, and 300
reflections, revealing the formation of the highly ordered 2D
hexagonal mesophase (space group p6mm). Based on the
nitrogen-sorption measurements, both the typical type IV
isotherms with a hysteresis loop at P/P; = 0.4—0.8 and the
centered pore size distribution at 7.9 nm indicate the well-
defined mesoporosity (Figure 1gh). The high-resolution
transmission electron microscopy (TEM) image further
visualizes the clear mesopores and ultrafine crystalline TiO,
grains at around 3.2 nm (Figure 1i). The d-spacing of 3.5 A can
be assigned to the (101) plane of the anatase phase, consistent
with the characteristic X-ray diffraction (XRD) pattern and
Raman spectrum (Figure SS). Besides, the selected-area
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electron diffraction (SAED) pattern recorded on the mesopore
channels displays well-resolved diffraction rings, indicative of a
polycrystalline anatase nature of the TiO, frameworks (Figure
1).

It is noteworthy that this stepwise monomicelle assembly
strategy provides the opportunity to precisely regulate the
mesophase of crystalline TiO, membranes. A series of ordered
mesoporous TiO, membranes with varied mesophases can be
obtained through finely tuning the intermediate monomicelle
concentration (Figure 2a), demonstrating the improved
operability of such a method. Representative SEM and TEM
images of the as-made mesostructured TiO, and mesoporous
TiO, membranes after the calcination clearly visualize a
gradual transition from disordered to worm-like (short-range
ordered) to hexagonal (p6mm) to cubic (Im3m) structures
with the increase of the monomicelle concentration from 0.005
to 0.15 g mL™" (calculated based on the amphiphilic Pluronic
F127 template) (Figure 2b—i, Figure S6). In order to collect
more systematical information, we carried out the same
assembly processes with the monomicelle concentrations
across 2 orders of magnitude (from 0.003 to 0.3 g mL™"),
which produced more elaborate mesophase regions at 0.003—
0.005 g mL™" (disordered), 0.006—0.015 g mL™" (worm-like),
0.02—0.10 g mL™" (2D hexagonal), and 0.15—-0.25 g mL™"
(3D cubic) (Figure 2j, Figure S7). Concentrations higher than
025 g mL™" turn to insoluble, suggesting that such a
monomicelle system reaches the limit. Besides, when
conducted at a higher temperature (80 °C), massive undesired
radially oriented mesoporous TiO, spheres are generated on
the membrane surface due to the water/n-butanol biphase in
this monomicelle system®**” (Figure 2k, Figure S8). This
response suggests that a moderate assembly condition for
sufficient evaporation time is necessary to maintain a uniform

https://doi.org/10.1021/jacsau.3c00007
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Figure 3. Balance of mesoporosity and crystallinity. (a, b) HRTEM images and corresponding SAED patterns of the mesoporous TiO,
membranes after calcination at varied temperature in a nitrogen atmosphere. The scale bars in a and b are 10 nm and S 1/nm, respectively. (c)
Planar structural illustrations of the retained mesoporous TiO, frameworks with the shrinkage of mesoporous scaffolds and growth of TiO, grains.
dpore and d,;, represent the mesopore size and grain size, respectively. (d, e) WAXRD patterns and pore size distribution curves of the mesoporous
TiO, samples calcined in nitrogen at different temperatures from 350 to 600 °C. (f) Summarized structural relationship of the mesoporous TiO,
membranes at different temperatures, including mesopore sizes and TiO, grain sizes. (g) The mesopore size as a function of the grain size of the

mesoporous TiO, membranes.

and continuous membrane structure instead of emulsion

byproducts.

The structural parameters of the mesoporous TiO, membranes
including mesopore size and grain size can be adjusted in a
certain range. By controlling the calcination process, the
relationship between mesoporosity and grain size was system-
atically investigated. TEM images confirm the well-ordered
hexagonal arrangement of TiO, mesopores when calcined in
an inert atmosphere below 550 °C (Figure 3a). Heating
treatment under nitrogen converted these as-made hybrids into
mesoporous composites of TiO, and minor carbon; mean-
while, the more intensive diffraction rings at a higher
temperature indicate the higher crystallinity (Figure 3b,c). In
contrast, the carbon residues are removed after calcined under
air to only 400 °C, generating pure mesoporous TiO,
membranes (Figure S9). Note that the estimated pore size of
the mesoporous TiO, calcined in nitrogen is larger than that in
air at the same temperatures, revealing that the carbon residue
from the Pluronic F127 template prevents severe contraction
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of mesoporous scaffolds during the removal of organics in
nitrogen.

To give more credible comparisons, samples calcined at
varied temperatures in nitrogen/air (denoted as meso-TiO,-X;
X is the calcination temperature) have been collected (Table
S2). As shown in Figure 3d and Figure S10, the anatase phase
is constantly preserved in nitrogen, whereas the phase
transition to rutile starts at 600 °C, implying the prevention
of the carbon support from having access to oxygen.*”*" The
crystallite sizes calculated based on the Scherrer equation also
show smaller grain sizes and a much alleviated growth trend
under nitrogen, further validating the impact of protective
carbon. From nitrogen sorption experiments (Figure 3e,
Figures S11 and S12), with the increase of calcination
temperature in nitrogen, the decline of adsorption volumes,
surface areas, as well as mesopore sizes from 7.9 to 3.0 nm can
be observed. However, samples treated in air are destructed
when the temperature reaches 500 °C, as confirmed by the
disordered TEM images (Figure S10b—f). This response
indicates that accumulated nanocrystals constitute these TiO,
mesopores, not templated from ordered composite micelles.
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Figure 4. Flexible membrane engineering for pseudocapacitive energy storage. (a) Scheme for the fabrication of mesoporous TiO, membranes
on various substrates. (b) SEM images and correlated photographic images of synthesized mesoporous TiO, membranes calcined under nitrogen
on Ti, Ag, Si, FTO, and glass substrates, respectively. The scale bars in b are 200 nm. (c) CV curves at various scan rates from 0.2 to 1 mV s™". (d)
Analysis of the b-value using the relationship between peak currents and scan rates. (e) The corresponding derivative plots of the b-value as a
function of scan rates. (f) CV curves after different cycles at a scan rate of 100 mV s™". (g) Cycling stability of the mesoporous TiO, membrane

after 20,000 cycles at a scan rate of 100 mV s~

In brief, the summarized variations of pore size and grain
size in this scenario clearly show that high temperatures
undoubtedly lead to decreased mesopore size and increased
pore walls, and ultimately cause structural collapse at 500 °C in
air and 600 °C in nitrogen (Figure 3f). The increase of pore
size behind should be attributed to piled pores comprised of
gradually enlarged TiO, grains that are outside the balance for
a well-defined ordered mesostructure. In the plotted grain size/
pore size curves, it can be further concluded that a proper
Apore/ Agrain 1atio (>2.3) is obligatory for constructing well-
defined pure crystalline mesoporous structures, while ratios
larger than 0.70 are sufficient for amorphous carbon integrated
hybrids (Figure 3g). Such precise mesostructural control
establishes a foundation on how to balance mesoporosity and
crystallinity for designing optimal crystalline mesoporous
materials.

Owing to the simplicity of such a solution-processed approach,
we also fabricated a series of ordered mesostructured TiO,
membranes with well-crystallized frameworks by replacing the
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basal glass with other substrates which can endure acid and
high temperature (Figure 4a). Accordingly, as visualized by
SEM images (Figure 4b), substrates including Ti, Ag, Si, and
FTO are allowed for the growth of ordered mesoporous
crystalline TiO, membranes. Mesoscale membranes with
tailored thickness from 280 nm to 1.2 ym can be achieved
by simply varying the content of the monomicelle dispersion
(Figure S13), demonstrating the good flexibility. Unfortu-
nately, calcination under nitrogen to preserve carbon residual is
required to maintain a smooth, cracking-free, and continuous
membrane morphology with uniform thickness, possibly due
to the weak affinity to substrate of pure crystalline TiO,, and
this shortage needs to be further investigated.

Uniform mesostructured crystalline TiO, thin membranes
are desired for electrochemical applications where fast diffusion
and access are important.*”* To this end, the ordered
mesoporous crystalline TiO, membranes were in situ
synthesized on a Ti plate without extra additives as a sodium
storage electrode, possessing a continuous mesoporous
membrane structure with a thickness of around 1.0 pm
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(Figure S14). To probe the charge transport kinetics, cyclic
voltammetry (CV) curves were first conducted at varied scan
rates (Figure 4c, Figure S15). Note that the blank Ti substrate
is not electrochemically active (Figure S16). When raising the
scan rates, similar broad peaks with increased currents are
observed. The absent peak shift suggests the fast kinetics in ion
transport at both low and high scan rates. Interestingly, from
the relationship between current (i) and scan rate (v), the b-
values for cathodic and anodic peaks are calculated to be 0.98
and 0.96 even below 100 mV s~ and the b-values also remain
relatively high at greater scan rates, demonstrating the ultrafast
kinetics from pseudocapacitance (Figure 4d). The derivative of
the log(i)—log(v) plots show the rate-dependent b-value along
with increasing sweep rates (Figure 4e), which is well-fitted
through a series model proposed by Stefik and co-work-
ers.**~*° The surface-limited threshold (SLT) of b-value > 0.9
and the diffusion-limited threshold (DLT) of b-value < 0.6 are
applied to evaluate the reaction kinetics. The mesoporous
TiO, membranes have a SLT of 100 mV s™!, corresponding to
a (dis)charging time of 20 s, demonstrating the ultrafast
kinetics from pseudocapacitance. We also performed cycling
stability experiments at 100 mV s~/, showing a good capacity
retention (65%) after 20,000 cycles except for a slow capacity
fading in initial 10 cycles (Figure 4fg). The Coulombic
efficiency is retained at over 99% for each cycle, suggesting the
superior reversibility. Such facile and highly controlled
mesoscopic membranes provide a foundation to design high-
performance capacitive charge storage devices compared to
other TiO,-based anodes (Table S3).

Generally, almost all of the fabrication methods for
mesostructured membranes can be classified in the well-
known solvent evaporation-induced self-assembly (EISA)
route or derivatives, during which the following critical steps
occur: (1) interaction of amphiphilic surfactant templates and
inorganic precursor sources, (2) formation of spherical
micelles on the solvent interface, (3) assembly of inorganic—
organic composite micelles, (4) template removal. Such a
fabrication process is very mature for controlled growth of
amorphous mesoporous silica due to the well-matched slow
paces of hydrolysis and assembly. However, in terms of the
highly reactive titanium precursors, a very dilute precursor
solution and less assembly time are required to guarantee the
relatively moderate hydrolysis and condensation, leading to a
narrow condition for micellar assembly. For example, most of
the fabricated mesoporous membranes are very thin (less than
250 nm), and the growth of mesoscopic TiO, membranes in a
highly controllable manner has not been explicitly demon-
strated either. On the other hand, self-assembled mesoscale
TiO, membranes tend to collapse and crack inevitably, and
even peel off during high-temperature crystallization because of
their low thermal stability and affinity; continuous TiO,
membranes with well-crystalline frameworks also await to be
addressed.

Interestingly, in this work, we found a “monomicelle”
primitive through a double-solvent selective evaporation
strategy”®”*”** and that the above issue can be finely tackled
by using a stepwise monomicelle assembly approach. At first, a
water-rich hydrogel that involves a stably retained F127/TiO,
monomicelle subunit is obtained after the preferential THF
evaporation of acidic THF/H,O precursor solution at 45 °C.
During this step, the fast hydrolysis of TBOT can be finely
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retarded because of the employment of acetic acid as a
chelating agent as well as the moderate evaporation process
that allows the formation of ultrafine TiO, oligomers instead of
unfavored large aggregates. In the meantime, the formed
monomicelle subunits after exceeding the critical micelle
concentration (CMC) are dissociated due to the presence of
water solvent in the system after evaporation. Hence, the
intermediate hydrogel preformation of the monomicelle and
TiO, oligomers allows for great manipulation in the
subsequent assembly since the excessive TiO,—TiO, aggrega-
tion and mismatched TiO,—micelle interaction are appropri-
ately tackled (Figure S17). As a result, in the second-step EISA
process of the monomicelle dispersions, more flexible reactive
conditions, such as broader concentration and evaporation
time are allowed, which enabled production of the ordered
mesostructured TiO, membranes with precise control.
Namely, the key point of such a stepwise strategy relies on
the intermediate F127/TiO, oligomer monomicelles that
afford control of the mismatched precursor hydrolysis and
micellar assembly separately. The mesoporous crystalline TiO,
membranes, with uniform thickness and controlled mesophase
and porosity, can be finally produced after calcination in
nitrogen by retaining carbon as a framework support and a
binder to the substrate.

It has already been recognized that the collapse issue of
mesoporous frameworks occurs inevitably for crystalline
mesostructures since a high enough temperature for con-
version to the crystalline state easily leads to an ultralarge
nanocrystal size which is incapable of building a meso-
pore,~13’16’49’50 however, the insight relationship has rarely been
explored. In this regard, the compatibility of the mesostructural
parameters and grain size by using these mesoporous TiO,
membranes as a model were systematically investigated. In the
first place, high temperature undoubtedly leads to decreased
porosity and increased crystallinity. In this model, the ultimate
structural collapse, which means the absence of ordered
mesoporosity, occurs at 500 °C in air and 600 °C in nitrogen
(Figure 3f). In order to achieve well-defined mesoporosity of
crystalline frameworks rather than piled mesopores of enlarged
TiO, grains, a size principle between mesopores and grains is
indispensable. For the pure mesoporous TiO, structures, the
value of dqe/dgyin has to be larger than 2.3 (Figure 3g, Figure
S18). Namely, a well-preserved pore size constructed by
nanocrystals at ~1 nm is certainly bigger than 2.3 nmy;
otherwise, the templated mesopore is destroyed or comprised
of disordered accumulations. For the mesoporous TiO,—C
composites, this value is tolerable (>0.7) because the
amorphous carbon is able to perform as a deformable filler
to retain such rigid TiO, frameworks. Such a mesostructural
relationship establishes a foundation on how to balance
mesoporosity and crystallinity for designing optimal crystalline
mesoporous materials.

The excellent pseudocapacitive charge storage behavior is
attributed to the textual properties of the ordered mesoporous
TiO, membranes with a crystalline skeleton. The ordered and
large mesoporosity afford comprehensive utilization of electro-
chemically active TiO,, which significantly favors the rapid
faradaic redox reaction between Na* and TiO,.”' ™ The tiny
and tunable TiO, grains in mesoporous frameworks afford a
short diffusion distance and determine the near-surface Na*
intercalation feature, thus leading to almost overall capacitive
reactions.”® The carbon network as an effective conductive
agent also facilitates electron transport. These factors are
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possibly responsible for the ultrafast pseudocapacitive
sodiation, which could have profound implications for high-
power applications, fast-charging devices, and high-perform-
ance mesoporous devices such as diffusion-involved catalysis
and sensing.

Together, we have demonstrated a stepwise monomicelle
assembly strategy for the facile growth of highly ordered
mesoporous TiO, membranes with well-crystalline anatase
pore walls, uniform thickness (around 0.28—2 um) at high
repeatability, flexibility, and extendibility. The salient aspect in
this protocol is to separately control the fast hydrolysis of the
reactive titanium source and moderate assembly of mono-
micelle units, thus providing adequate opportunity to
guarantee the high mesoscale regularity, good crystallized
mesopore walls, tunable mesophase, and continuous mem-
brane integrality. For balancing the mesoporosity and
crystallinity, proper dyo./dgq.i, ratios of 2.3 and 0.7 are
obligatory for pure crystalline mesostructures and carbon-
integrated hybrids, respectively. Due to the high surface area
and desirable porosity, the electrode composed of pure active
mesoporous TiO, membranes can realize ultrafast charge
transport kinetics and excellent cyclability (65% retention over
20,000 cycles). The versatile and flexible manipulation of the
presented mesoscopic TiO, architecture can be exploited in a
new generation of practical mesoporous devices such as
electrochemical storage, solar cells, and diffusion associated
catalysis.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00007.
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