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ABSTRACT

Conventional heat treatments to generate well-ordered and crystalline mesoporous oxide and
carbon structures are limited by long durations and annealing temperatures that can cause
mesostructural collapse. This Communication describes a facile strategy coupling block
copolymer-directed self-assembly with high-power Joule heating to form highly crystalline
and long-range ordered mesoporous oxide and carbon nanostructures in just a few seconds.
The combined approach is compatible with various self-assembled hybrid systems,
generating mesoporous composites of y-Al20s-carbon, y-Al203/MgO-carbon and anatase-
TiO2-carbon with pémm symmetry, as well as mesoporous non-close-packed carbon
structures. Removing the polymer/carbon gives well-defined mesoporous all-y-Al>Oz and all-
anatase-TiO structures. Impregnation of chloroplatinic acid followed by Joule heating yields
platinum nanoparticles decorated on the channel walls of mesoporous y-Al>Os-carbon
structures. The rapid formation of thermally stable and periodically ordered crystalline oxide,
carbon and oxide-carbon structures may be appealing for catalysis, carbon sequestration and

energy-related applications.



MAIN TEXT

Highly crystalline, ordered mesoporous oxide and carbon materials generated by structure-
directing surfactants and block copolymers (BCPs) are desirable for their tunable periodic
morphologies and multifunctional properties,* and have been widely deployed in many
applications® ranging from catalysis,®° energy conversion and storage,**~'* adsorption and
separation,'>!® sensing'”8 and even superconductors.'® However, conventional routes to
form mesoporous inorganic structures with high crystallinity typically require thermal
annealing treatments at elevated temperatures (>600 °C) over long durations (>10 hours)
under controlled environments (e.g., argon, ammonia) for inorganic crystallization, thereby
increasing production time and cost.>7"*>1% In particular, untamed nucleation and growth of
crystallites that occur spontaneously at higher temperatures often result in the collapse of

ordered structures.>>’

Alternative nonequilibrium methods have been explored for the rapid formation of single
crystal and polycrystalline inorganic nanostructures on shorter time frames.?®2° For example,
Tan et al. demonstrated an all-laser-induced approach coupling BCP-directed self-assembly
of resols with sub-millisecond laser heating (B-WRITE) to write hierarchically mesoporous
polymer and carbon thin film structures.?* Periodically ordered mesoporous crystalline silicon
nanostructures were then obtained by filling the continuous network polymer template with
amorphous silicon, followed by nanosecond laser-induced melt-crystallization and template
removal.?:2 Microwave annealing of mesoporous metal oxide thin films has been described
but it required several minutes attaining limited crystallinity.?> More recently, Hu et al. and
Tour et al. reported a rapid Joule heating-based method generating discrete high-entropy
metal nanoparticles,?®?’ sintered pellets of garnet ceramics with low porosity? and

turbostratic graphene layers?® on the milli- to tens of second timescales. We hypothesize



pairing soft matter—directed self-assembly with Joule heating to form highly crystalline, well-
ordered mesoporous inorganic structures could open new pathways to access unique
functional property profiles, expand parameter and application space, as well as develop new
fundamental understanding of processing—structure—property correlations. Shorter heating
dwells could enable better control of crystallite growth and prevent agglomeration or
mesostructure collapse. To this end, we describe Joule heating of block copolymer-directed
hybrid monoliths generating highly crystalline and periodically ordered mesoporous

inorganic oxides and carbon within seconds, to the best of our knowledge, for the first time.

The self-assembly and nonequilibrium annealing phase transformation (SNAP) approach is
shown in Scheme 1. We employed amphiphilic BCPs of polyethylene oxide-block-
polypropylene oxide-block-polyethylene oxide (F127) and polystyrene-block-polyethylene
oxide (PS-b-PEO) as structure-directors for metal oxide sols and phenol-formaldehyde resols
(additives) to form hybrid monoliths with ordered morphologies by evaporation induced self-
assembly (EISA). The as-made monoliths were cured to thermopolymerize the BCP into a
rigid resin support. The self-assembled composites were then Joule-heated at 70-420 W for
1-100 s under mild vacuum, yielding highly crystalline and periodically ordered mesoporous
oxide-carbon and carbon structures. Removal of the polymer/carbon matrix gave access to
well-defined crystalline mesoporous oxide structures. Herein, samples are denoted as SNAP-

X-Y-Z, where X is the additive, Y is the rigid support and Z is the Joule heating duration.
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Scheme 1. Schematic of SNAP approach.



Figure 1 shows the structural evolution of F127-directed SNAP-AI,O3 mesostructures that
were annealed at 360 W for 1 to 100 s using small- and wide-angle X-ray scattering
(SAXS/WAXS) and summarized in Table 1. Consistent with our previous study the Al,Os-
hybrid has a long-range ordered p6mm lattice with a channel-to-channel d-spacing of 20 nm
as confirmed by SAXS.® However, direct Joule heating of the hybrid resulted in sample
pulverization attributed to thermal shock effects and poor thermal stability. To improve
structural integrity, as-made samples were cured at 400 °C under N converting the BCP into
thermopolymerized resin (Figure S1). SAXS indicates Al,Os-resin retained the p6mm
symmetry with a smaller d-spacing of 13.4 nm due to thermal shrinkage, while the absence of

peaks in WAXS pattern indicates amorphous Al,Os-resin composite (Figure 1).1°
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Figure 1. (a) SAXS and (b) WAXS patterns of SNAP-AI,O3 samples at different stages: (i)
as-made hybrid, (ii) thermal curing, followed by Joule heating at 360 W for (iii) 1, (iv) 5, (v)
25, (vi) 50 and (vii) 100 s. The all-y-Al>O3 (sample (viii)) was generated by calcination at

450 °C, followed by annealing at 360 W for 5 s. Tick marks in (a) indicate expected SAXS



reflections for pémm lattice. WAXS peak markings and relative intensities for y-Al.O3 (red,

PDF 00-010-0425) are shown in (b)

Table 1. Structural characteristics of SNAP samples.

sample g*2nm* d-spacing®  morphology® crystallite input power
nm size,° nm
Al;Os-hybrid 0.36 20.0 pémm
AlyOs-resin 0.54 13.4 p6mm
Al,03-C-1s 0.55 13.2 pémm 4.4 360 W
Al,03-C-5s 0.58 12.6 pémm 4.9 360 W
Al;0s-C-25s 0.66 11.1 pémm 4.6 360 W
Al203-C-50s 0.62 11.6 pémm 6.1 360 W
Al,03-C-100s 0.60 12.1 p6mm 6.4 360 W
all-y-Al;03-5s 0.60 12.0 pémm 4.3 360 W
Al;,03/MgO-hybrid 0.31 235 p6mm
Al;,03/MgO-resin 0.36 20.2 p6mm
Al,03/MgO-C-1s 0.41 17.9 pémm 300 W
Al,03/MgO-C-100s 0.51 14.3 pémm 5.3 300 W
TiO-hybrid 0.16 44.5 p6mm
TiOz-resin 0.19 37.7 p6mm
TiO2-C-1s(70 W) 0.18 39.3 pémm 2.0 70W
TiO,-C-1s(140 W) 0.19 37.7 pémm 2.7 140 W
TiO2-C-15(240 W) 0.22 333 pémm 7.1 240 W
TiO,-C-1s(320 W) 0.20 35.5 pémm 15.2 320 W
TiO2-C-15(420 W) 0.21 34.9 pémm 17.3 420 W
all-anatase-TiO,(240 W) 0.22 33.2 p6mm 7.1 240 W
Carbon-50s 0.19 326  Mhon-close-packed 2.8 300 W

micellar

2 Determined by SAXS. ? Determined by SAXS and TEM. ¢ Determined by WAXS.

We then applied nonequilibrium Joule heating on the Al,Oz-resin monoliths. SAXS (Figure
1a) and transmission electron microscopy (TEM) (Figure 2a) show the y-Al203-C composites
retained their pemm symmetry after annealing at 360 W for 1 to 25 s, accompanied by the
decrease of d-spacing values by 18% to ~11 nm. Raman spectroscopy indicates the
thermopolymerized resin was carbonized by Joule heating (Figure S1b). More remarkably,
we observe strong WAXS reflections (Figure 1b) and crystalline fringes in HR-TEM (Figure
2b), affirming crystallization of well-ordered mesoporous y-Al>Oz structures under effective
annealing dwell of 1 s. From the Scherrer equation we estimated the average y-Al.O3
crystallite size as 4-5 nm. It is noteworthy to highlight obtaining similar sized crystallites by

conventional thermal annealing would require a total of 18 hours for crystallization into y-
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Al,03 at 900 °C,® i.e., more than 5 orders of magnitude longer compared to the SNAP

duration of <5 s (i.e., including ramp dwell of 3 s).

Figure 2. Electron microscopy of SNAP samples. (a, ¢) TEM and (b, d) HR-TEM of Al>Os-
C-1s (a, b) and Al203-C-100s (b,d). (e-i) HR-TEM and TEM (insets) of (e) all-Al,O3-5s (f)
Al>03/Mg0O-C-100s, (g) TiO2-C-1s(420 W), (h) all-TiO,-1s(240 W) and (i) carbon-50s.
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Extending SNAP duration to 50 and 100 s enabled growth of y-Al>O3 crystallites to ~6 nm in
Al>O3-C whilst retaining the pémm periodic order as corroborated by WAXS and SAXS,
respectively (Figure 1). In particular, TEM shows the projection of parallel-aligned cylinders
and HR-TEM depicts a highly crystalline y-Al.Oz lattice of mesopores after SNAP at 360 W
for 100 s (Figure 2c, d). We speculate the BCP-derived carbon acts as a rigid support for
Al>O3 crystallization, preserving the mesoscale order and macroscale monolithic shape
(Figure S2).>721.22 \We further demonstrated the SNAP method facilitates formation of well-
defined and crystalline all-oxide structures with pémm order. Al.Oz-hybrid was calcined in
air at 450 °C removing BCP and leaving behind amorphous Al,Oj3 structure (Figure S3a).1
Applying SNAP at 360 W for 5 s induced crystallization of mesoporous all-y-Al,O3 with
p6mm channels of d-spacing of 12 nm and a crystallite size of ~4 nm, see SAXS/WAXS of
sample (viii) in Figure 1 and TEM/HR-TEM in 2e, as well as Raman spectroscopy in Figure
S3d. However, increasing SNAP duration to 100 s resulted in mesostructural collapse due to

extensive crystallite growth of a-Al>03 and other Al,O3z-compounds (Figure S3b, c).

SNAP method is compatible with other multicomponent ordered hybrid systems. For
instance, we applied SNAP on mixed Al,O3/MgO-resin monoliths at 360 W for 1 and 100 s.
Interestingly, no crystallization was observed in Al.O3/MgO-C-1s likely due to the Mg atoms
inhibiting crystallization of the Al,O3 matrix (Figure S4).” Further increase of SNAP
duration to 100 s enabled formation of highly crystalline mesoporous y-Al.0s/MgO-C
channels with p6mm order as corroborated by the SAXS, WAXS and TEM/HR-TEM data
displayed in Figure 3a, b and 2f, respectively. Energy dispersive spectroscopy mapping
analysis confirmed homogenous Mg distribution in the hexagonal cylinders of mesoporous -

Al>03/MgO-C-100s (Figure S5).



To better understand processing-structure-property relationships, we applied SNAP method
to PS-b-PEO-directed hybrid mesostructures with larger lattice constant and pore size. The
PS-b-PEO-TiO2-resin composites were cured at 200 °C in a vacuum oven. Figure S6 shows
the structural evolution of TiO2-C composites that were annealed with increasing electrical
powers, all for 1 s. WAXS pattern of cured TiO2-resin hybrid exhibits relatively broad peaks,
suggesting a low degree of anatase crystallinity (Figure S6b).3! Applying Joule heating
improved the crystallinity of SNAP-TiO, samples significantly. SAXS and TEM verified the
larger mesoporous TiO.-C hexagonal cylinders retained their long-range p6mm symmetry
with d-spacing values of 33-39 nm for powers up to 420 W (see Figure 29, 3a and S6a). The
average crystallite size of anatase-TiO»-C structures first grew from approximately 2 to 7 nm
as powers increased from 70, 140 to 240 W, and further increased by twofold to ~17 nm for
higher powers of 320 and 420 W (see Figure S6b and HR-TEM in Figure 2g). We note the
appearance of new reflections in the WAXS pattern of TiO,-C-1s(420 W) consistent with
crystalline rutile phase, although the sample remained predominantly anatase (Figure 3b).
This suggests that ~400 W is the onset power for phase transformation of anatase TiO; to
rutile in SNAP. To put it another way, higher electrical powers are essential to overcome the
activation energy barriers enabling crystalline—crystalline phase transformations for shorter
dwells. To obtain mesoporous all-TiO structures, TiO2-C-1s5(240 W) was heated in a static
air furnace at 400 °C for 30 min to remove the carbon matrix.>’ SAXS and WAXS in Figure
S7 and TEM in Figure 2h confirm the white-colored mesoporous all-anatase-TiO2 monolith
retained the pémm morphology with similar crystallite size of 7 nm, while the disappearance

of D- and G-bands in the Raman spectrum confirms carbon removal (Figure S7e).
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Figure 3. (a) SAXS and (b) WAXS data of SNAP composites: (i) Al20s/MgO-C-100s, (ii)
TiO2-C-1s and (iii) carbon-50s. WAXS peak markings and relative intensities of y-Al>Os
(red), anatase (orange, PDF 00-001-0562), rutile (green, PDF 04-003-0648) and graphite
(blue, PDF 00-001-0646) are shown in (b). (¢) TEM and (d) HR-TEM micrographs of Pt

nanoparticles dispersed in y-Al.O3-C-1s after Joule heating at 320 W.

SNAP is also suitable for all-organic BCP-directed hybrids such as PS-b-PEO-resols
mesostructures. Both SAXS (Figure 3a) and TEM (Figure 2i) indicate retention of non-close-
packed micellar structure with d-spacing of 32.6 nm after Joule heating at 300 W for 50 s.
The broad (002) and (100) WAXS reflections of SNAP-carbon in Figure 3b centered at
diffraction angles of 23.7° and 44.8°, indicate successful carbonization. Closer examination
by HR-TEM (Figure 2i) reveals random clusters of graphitic sheets with moderately low
crystallographic short-range order. This was corroborated by the Raman spectrum exhibiting

strong intense D and G bands, as well as a relatively weak 2D band, centered at 1354, 1583
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and 2876 cm?, respectively (Figure S8a).32 Raman data analysis suggested an in-plane
graphite cluster size (La) of ~3.7 nm (Figure S8b),3>2 close to the crystallite size of ~2.8 nm

from Scherrer analysis.

Rapid synthesis of ordered mesoporous inorganic supports with excellent thermal/chemical
stability and pore connectivity coupled with catalytic metals can expand the functionality and
application space. In a proof-of-principle experiment, chloroplatinic acid hexahydrate was
impregnated into amorphous Al>Os-resin composite, followed by SNAP at 320 W for 1 s.
Figure 3c and S9c shows the TEM image of platinum (Pt) nanoparticles with diameters of 2—
20 nm aligned in the same direction as the SNAP-AI>03-C hexagonal cylinders, corroborated
by SAXS and WAXS (Figure S9a, b). HR-TEM in Figure 3d further reveals a 6-nm-diameter
nanoparticle with lattice spacing of 0.230 nm matched with the (111) plane of face-centered
cubic Pt, supported on a crystalline oxide-carbon framework with lattice spacing of 0.195 nm
matched with the (400) plane of y-Al>Os (see also Figure S9d). The loading and distribution
of catalytic metal nanoparticles in well-ordered mesoporous oxide-carbon structures could be
improved, e.g., by adopting a “one-pot” synthesis approach that had demonstrated effective
distribution of Pt-Pb nanoparticles in mesoporous niobium oxide-carbon structures for
electrooxidation of formic acid.® Finally, this proof of concept here shows SNAP can enable
simultaneous crystallization of multifunctional materials with ordered mesoporous
architectures within seconds that may appeal to applications such as catalysis, carbon

sequestration, energy storage and power generation.
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EXPERIMENTAL SECTION

Materials. All chemicals were used as received. Pluronic F127 (PEO-b-PPO-b-PEO, 12.6
kg/mol), aluminum tri-sec-butoxide (Al(O°Bu)z), 97%), magnesium nitrate hexahydrate
(Mg(NO3)2-6H20, ACS reagent, 99%), titanium isopropoxide (>97%), chloroplatinic acid
hexahydrate (H2PtCls-6H20, ACS reagent, 37.5% Pt basis) and tetrahydrofuran (anhydrous,
inhibitor-free) were obtained from Sigma-Aldrich. Absolute ethanol (EtOH, 200 proof) was
obtained from Merck. Nitric acid (HNOs3, 69 wt%) and hydrochloric acid (HCI, 37%) was
obtained from Honeywell International. The carbon paper was obtained from Fuel Cell Earth.

Synthesis of F127-Al203 Hybrid Monoliths. 3.76 g (81.7 mmol) of EtOH was added to 1 g
(4.0 mmol) of AI(O°Bu)z and left undisturbed for 30 min, followed by vigorous stirring for
another 30 min, forming a white cloudy suspension due to alcoholysis. 0.421 mL (6.5 mmol)
of HNOs was carefully added into the cloudy mixture and stirred vigorously for 12 h to
obtain a colorless transparent Al>Os sol solution under ambient conditions. 1.53 g aliquot
(18.7 wt% AI(O°Bu)z) was then added into 1.80 g F127 solution (10 wt% in EtOH) and
stirred for 30 min. The colorless transparent hybrid solution was cast in 5 mL PTFE beakers
set on a glass Petri dish covered with hemispherical glass dome and heated at 50 °C for
evaporation-induced self-assembly (EISA) over 3—7 days under ambient conditions. The
hybrid monolithic samples were cured in a vacuum oven at 25 °C (20 min), 40 °C (50 min),
60 °C (>12 h), 100 °C (2 h) and finally 130 °C (2h).

Synthesis of F127-Al203/MgO Hybrid Monoliths. 3.76 g (81.7 mmol) of EtOH was added
to0 0.9 g (3.6 mmol) Al(O°Bu)z and left undisturbed for 30 min, followed by vigorous stirring
for another 30 min. 0.368 mL (5.7 mmol) HNO3s was then added into the white cloudy
mixture and stirred 24 h to obtain a transparent Al>O3 sol solution. 0.12 g (0.4 mmol) of
Mg(NO3)2:6H.0 was added into the Al>Os sol and stirred thoroughly for 1 h to fully dissolve
the Mg nitrate salt. 1.53 g aliquot of the resultant Al.0s/MgO sol solution was added into
1.80 g of 10 wt% F127 solution, followed by EISA and thermal curing as described above.

Synthesis of PS-b-PEO-TiO2 and PS-b-PEO-Resols Hybrid Monoliths. A linear
polystyrene-block-polyethylene oxide (PS-b-PEO) block copolymer with molar mass of 47.4
kg/mol, polydispersity index of 1.2, composition of 89.5 wt% PS and 10.5 wt% PEO, was
synthesized by atomic-transfer racial polymerization (ATRP) as reported elsewhere.! The
synthesis of phenol-formadelyde resols in tetrahydrofuran (20 wt%) was prepared as reported
elsewhere.?

The PS-b-PEO-TiO2 hybrid monolith samples were prepared as reported elsewhere. Briefly,
0.1 g of PS-b-PEO was first dissolved in 2 mL tetrahydrofuran. In a separate vial, 0.64 mL of
HCI (37%) was added into 2 mL of titanium isopropoxide, and stirred vigorously for 5 min,
followed by addition of 5 mL of tetrahydrofuran and stirred for another 2 min. 1.5 mL aliquot
of the transparent yellow-colored TiO> sol solution was added into PS-b-PEO solution and
stirred for 30 min, followed by EISA at 50 °C (>36 h) and thermal curing at 130 °C in a
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vacuum oven overnight.

For the all-organic PS-b-PEO-resols monoliths, 1.15 g aliquot of 20 wt% resols was mixed in
1 g of PS-b-PEO solution (10 wt% in tetrahydrofuran) and stirred for 24 hours, followed by
EISA at 50 °C (>24 h) and then thermal curing at 100 °C in a vacuum oven overnight.

Thermopolymerization of F127-Al203, F127-Al203/MgO, PS-b-PEO-TiO2 and
PS-b-PEO-Resols Monoliths. The F127-Al>03 and F127-Al,03/MgO hybrids were heated
in a tube furnace at 400 °C (2 h) with a ramp rate of 1 °C/min under nitrogen to
thermopolymerize the BCP into resin. The PS-b-PEO-resols hybrids were heated at 300 °C
(1.5 h) with ramp rate of 1 °C/min under nitrogen to thermopolymerize the BCP and resols
additive into resin. The PS-b-PEO-TiO> hybrids were cured in a vacuum oven at 200 °C (1 h)
to form the TiO2-resin composite.

Joule heating of ordered mesoporous Al203, Al203-MgO, TiO2z and resin monoliths. The
Joule heating experiments were performed with a home-built setup as described in previous
literature.*® Briefly, the monolithic samples were inserted between two parallel carbon papers
(4-cm-length and 1-cm-width) that were suspended in a 2-inch quartz tube under mild
vacuum (<1 torr). A MAISHENG source meter was used to supply tunable current and
potential values up to 20 A and 30 V, respectively. The hybrid monolith samples were heated
at powers of 70 to 420 W with a ramp dwell of 3 s and holding dwells of 1 to 100 s.
CAUTION! There are serious risks of electrical shock or even electrocution. Electrical safety
measures described in ref. 5 were implemented for all users.

Synthesis of crystalline mesoporous SNAP-all-oxide structures. The Al2Os-hybrid was
heated in a tube furnace under static air at 450 °C (3 h) with a ramp rate of 1 °C/min. The
amorphous Al.O3 monolith was then Joule-heated at 360 W for 5 s as described above,
yielding the resultant mesoporous all-y-Al20s.

The cured TiO2-resin monolith was Joule-heated at 240 W for 1 s as described above. The
resultant anatase-TiO2-C composite was then heated in a box furnace under static air at
400 °C (0.5 h) with a ramp rate of 1 °C/min, yielding the resultant mesoporous all-anatase-
TiO..

Impregnation of chloroplatinic acid in mesoporous Al2Os-resin structures. 0.1 g of
thermally cured Al>Oz-resin added into a round bottom flask and degassed overnight under
vacuum at room temperature. 2 mL of 0.01 M H2PtCls-6H>0 dissolved in ethanol was
gradually added on the composite monolith. The H2PtCls-impregnated Al,Oz-resin composite
was left under ambient conditions for 12 h, and then placed in a vacuum oven at 60 °C for
another 2 h. The H2PtCle-impregnated Al,Os-resin was Joule-heated at 320 W for 1 s as
described above.
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Characterization. Small- and wide-angle X-ray scattering (SAXS/WAXS) measurements
were collected with a Xenocs Nano-inXider using Cu K, radiation source and Dectris Pilatus
3 detectors. 2D SAXS/WAXS patterns were azimuthally integrated around the beam center into
1D scattering intensity curves plotted against the scattering vector magnitude q = 4msinf8/4 ,
where 6 is half of the total scattering angle and /4 is the X-ray wavelength. The cylinder-to-
cylinder d-spacing of p6mm lattice was calculated using d = 41/(v/3q*), where ¢" is the
scattering vector of the principal peak. The d-spacing of non-close-packed micellar lattice was
calculated using d = 2m/q".

Transmission electron micrographs (TEM) were obtained using the JEOL 2010 and 2100F
electron microscopes operating at the accelerating voltage of 200 kV equipped with the AMT
XR40B CCD camera and Gatan Ultrascan 1000XP CCD camera, respectively. Energy-
dispersive spectroscopy was performed using the JEOL 2100F equipped with an EDAX EDS
detector at 200 k'V.

Thermogravimetric analysis (TGA) measurements were conducted using a TA Instruments
Q500 in air with a heating rate of 10 °C/min.

Raman spectroscopy measurements were conducted using a WiTec Alpha300 SR with a 488
nm excitation laser source. The in-plane graphite cluster size was calculated using the equation
Ly (nm) = (2.4 x 1071} (Ip/1;)~1, where A is the excitation laser wavelength and (/p/Ic)
is the integrated intensity ratio of the D and G bands fitted to the Lorentzian and Breit-Wigner-
Fano (BWF) functions, respectively.>®
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Figure S1. (a) TGA data for SNAP-AI>O3 samples: as-made Al,Os3-hybrid (black curve),
Al>Os-resin after thermal curing (red curve), and Al,O3-C-1s composite after Joule heating at
360 W for 1 s (blue curve). The organic content was reduced from 76 wt % to 50 wt% after
thermopolymerization. The resultant Al,O3-C-1s was composed of 19 wt% carbon and 81
wt% Al>O3 after Joule heating. (b) Raman spectra (488 nm excitation) of SNAP-A1,O3
samples. The absence of D- and G-bands in the Al,Osz-resin (red curve) confirms the organic
nature of thermopolymerized resin matrix after thermal curing. The appearance and
increasing intensities of the D-, G- and 2D-bands for Al,03-C-1s (blue curve) and Al,O3-C-

100s (green curve) after Joule heating at 360 W for 1 and 100 s, respectively, indicate
conversion of resin matrix into carbon.
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Figure S2. Optical images of monolithic samples of block copolymer-directed composites,
before (highlighted in the red-colored boxes) and after Joule heating, as indicated: (a) SNAP-
AL O3, (b) SNAP-AL03/MgO, (c) SNAP-TiO> and (d) SNAP-carbon. The macroscopic shape
and integrity of all samples were retained after Joule heating despite thermal shrinkage. The
grid papers have 5-mm markings.
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Figure S3. (a) TGA data of the amorphous Al>Os3 after calcination in air at 450°C for 3 h,
indicating the sample is mostly inorganic (~90 wt%). (b) SAXS and (c) WAXS patterns of
AlO3-100s sample that was Joule-heated at 360 W for 100 s. SAXS implies the sample
mesostructure completely collapsed. WAXS attributes the mesostructure collapse to the
extensive crystallite growth of a-Al,O3 (blue, PDF 04-004-2852) and aluminum oxycarbide
(AlLOC, dark blue, PDF 01-072-3584). It should be noted that WAXS reflections suggest
presence of other crystalline Al2Os-based compounds that were most likely formed through
reactions with the carbon paper. (d) Raman spectra of the all-Al,O3 samples annealed at 360
W for 5 s (black curve) and 100 s (red curve) as indicated. The black-colored Raman
spectrum is flat indicating absence of carbon matrix in the samples. (¢) Optical image of
SNAP-ALO3; powdered samples dispersed in ethanol for TEM sample preparation. The
AlO3-C-1s suspension appears brownish black attributed to the presence of carbon matrix,
whereas the all-y-Al>O3-5s suspension appears pale white indicating absence of carbon,
consistent with TGA and Raman spectroscopy.
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Figure S4. (a) SAXS pattern of Al,03/MgO-C-1s after Joule heating at 300 W for 1 s. The
blue-colored tick marks indicate the expected SAXS reflections for p6mm lattice. The
shoulder on the right-hand-side of the primary peak suggests the sample may have a second
mesophase. (b) The absence of peaks in the WAXS pattern of Al,03/MgO-C-1s indicates
SNAP duration of 1 s at 360 W was insufficient to induce crystallization.
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Figure S5. (a) Electron dispersive spectroscopy elemental mapping of Al,03/MgO-C-100s
shows homogeneous distribution of (b) Al and (c) Mg in the ordered mesostructure. EDS
indicates 90.7 wt% Al and 9.3 wt% Mg in the sample, that is almost identical to the mass
ratio of AI/Mg = 9:1 in the mixed oxide sol precursors.
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Figure S6. (a) SAXS, (b) WAXS and (c) Raman spectra (488 nm excitation) of SNAP-TiO>
composite samples: (i) TiO2-resin after curing at 200 °C, (ii) TiO2-C-1s(70 W), (iii) TiO»-C-
1s(140 W), (iv) TiO2-C-1s(240 W), (v) TiO2-C-15(320 W), and (vi) TiO2-C-1s(420 W). Tick
marks in (a) indicate the expected SAXS reflections for p6mm lattice. WAXS peak markings
and relative intensities are shown for anatase TiO> (PDF 00-001-0562) in (b). (a) SAXS
patterns indicate the p6mm symmetry is preserved for all the SNAP-TiO2-C composites after
Joule heating with increasing powers up to 320 W. (b) The increased intensities and reduced
full-width-half-maximum values of the WAXS reflections indicate improved anatase TiO»
crystallinity as the input power increased from 70 to 320 W. (c) The augmented intensities of
the D- and G-bands in the Raman spectra imply higher input powers promote graphitization
of the carbon matrices.

S10



a) c) d) e)
o Anatase
W s 3
(1] .
=| I = —~
= = <
5mm G = =
— o | c -—
2z | 9 oy
= || = 2
o
b) E 3 g
© N =
ey = -
E:J.D ©
2 ;
T =
o
-
5mm T T T ¢ T T — T T " T T T T T
— 05 1.0 15 20 20 30 40 50 60 1000 1250 1500 1750 2000
g (nm?) 26 (degrees) Wavenumbers (cm™)

Figure S7. (a, b) Optical images of (a) black-colored TiO-C-1s(240 W) composite after
Joule heating and (b) white-colored all-anatase-TiO>-1s(240 W) after removing the carbon at
400 °C in air for 30 min. (¢) SAXS and (d) WAXS patterns of mesoporous all-anatase-TiO»-
1s(240 W) indicating preservation of the p6mm symmetry and anatase TiO: crystallites,
respectively, after carbon removal. () The absence of D- and G-bands in the Raman
spectrum (488 nm excitation) of all-anatase-TiO-1s(240 W) confirms complete carbon
removal.
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Figure S8. (a) Raman spectra (488 nm excitation) of thermally cured PS-b-PEO-resin (black
curve) and SNAP-carbon-50s after Joule heating at 300 W for 50 s (red curve). The
appearance of strong intense D- and G-bands as well as a broad 2D-band indicates conversion
of phenolic resin into carbon. (b) The Raman spectra of SNAP-carbon-50s was fitted between
550 and 2100 cm ™! using the Lorentzian and Breit-Wigner-Fano (BWF) functions for the D-
and G-band, respectively, giving an integrated intensity ratio (/p/Ig) of 3.6.
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Figure S9. (a) SAXS and (b) WAXS patterns of Pt/y-Al,O3-C-1s composite after Joule
heating at 320 W for 1 s, confirming preservation of p6mm morphology and simultaneous
crystallization of Pt nanoparticles on mesoporous y-Al,Os-carbon support. WAXS peak
markings and relative intensities are shown for y-Al>O3 (red, PDF 00-010-0425) and Pt
(green, PDF 01-085-5658) in (b). The two sharp peaks at diffraction angles of 40.6° and
47.2° were indexed to the (111) and (200) planes of Pt, while the broad shoulder at 46.0° was
indexed to the (400) plane of y-Al>Os. (¢) A lower magnification TEM image of Pt/y-Al>Os-
C-1s composite. (d) HR-TEM micrograph of Pt nanoparticles on the y-Al,O3-carbon
composite.
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