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Mesoporous metal oxides (MMOs) have diverse applications including energy storage, catalysis, and
separation membranes. Block polymer structure directing agents enable the control of morphology
and pore size, however preservation of the nanostructure is often limited to a narrow range of heat
High temperature
treatments typically lead to collapse of the porous structure as surface area is reduced during crystal

treatment temperatures which constrains the tailoring of defect chemistries.

growth. Here, using a mesoporous niobium tungstate it is shown that neither in situ carbon generation
nor ex situ carbon infiltration alone enable preservation of the ordered mesostructure at temperatures
high enough to effectively modify defect chemistry (1100 °C). In contrast, it is shown that a combination

Received 17th January 2025, of these methods enables preservation of the ordered structure as evidenced by SAXS analysis and

Accepted 3rd March 2025 electron microscopy. X-ray photoelectron spectroscopy confirmed reduced metal states in the resulting
DOI: 10.1039/d5nj00229j mesoporous materials. This work extends the thermal stability of soft templated niobium tungstates by

500 °C as compared to conventional annealing to enable improved structure preservation after high
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Introduction

Mesoporous metal oxides (MMOs) have many modern applica-
tions, such as use in gas adsorption/separation,’™ catalysis,*”
and, energy storage materials.*>° MMOs may be fabricated
via sol-gel synthesis using either ‘hard’ templates (carbon,
silicon)**'%*1723 or ‘soft’ templates (micelles, surfactants, poly-
styrene spheres),n>®911:14:19°21,24739 The yge of hard templates
involves the self-assembly of metal precursors around a tem-
plate of predetermined size and morphology followed by ther-
mal treatments and finally selective etching of the template
material. Hard templating methods impart high thermal stabi-
lity (1000-3000 °C) in the MMO and result in well-ordered
mesostructure but have the drawback low tunability of corres-
ponding material dimensions, and typically bring the necessity
of etchants such as HF or NaOH which are dangerous
and produce significant chemical waste (excluding carbon
templates, which may be removed as CO, via oxidative heating
conditions),*®16:2%23
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Conversely, the fabrication of MMOs via soft templates
permits a high degree of tunability of corresponding material
morphology through facile variations in solvent proces-
sing.>*4°*7 A challenge with MMOs prepared via soft templates
is that high-temperature thermal treatments can remove the
soft template, leading to unrestricted structural coarsening or
collapse of the ordered mesostructure. Such heat treatments
nucleate and grow crystals as the oxide densifies and restruc-
tures to reduce total surface area.**>° When these crystallites
become larger than the mesostructured dimensions, the
ordered pore/wall structure collapses, first leading to wormlike
morphologies and eventually leading to large crystals on the
micron length scale.”*™* The ability to maintain a nanostruc-
ture during high temperature treatments is desirable as many
metal oxides may not be reduced (form oxygen vacancies) until
high temperatures, often >800 °C or during lengthy heat
treatments both of which are detrimental towards nanostruc-
ture retention.>**® Such reduced metal oxides are desirable for
applications requiring improved electron transport properties
and modified bandgaps.®”"®* Additionally, some crystal phases
only form at high-temperature.®®°® For example, Wadsley-Roth
crystal structures often require high temperature crystallization
where such niobium tungstates have exhibited good electronic
conductivity combined with rapid lithium ion transport.®®™”°
In this context, access to MMOs with short diffusion lengths
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significantly enhance device performance.®**' Some MMOs are
inherently more thermally stable than others due to low metal
self-diffusion rates that slow crystal growth such as Al,0;,**%>
Si0,,>”®* silicon carbonitrides,®® and some rare earth MOs
which withstand heat treatments up to 700-1500 °C.>%31,32:8%86
Typically, MMOs such as, TiO,,>*%**?**" Nb,0;°® Sn0,,* %
MgMo0,," Zr0,,*”*¥° W0,,>*° TiNbO,,** and high-entropy alloys
consisting of mixtures of aforementioned metals are stable up to
500-700 °C."

Historically, diverse strategies have improved the thermal
stability of MMOs fabricated via soft templating methods.
Additional components have been added to MO precursors
such as carbon precursors or oxyphosphides to inhibit
the crystallization/mobility of the MO during heat treatments
via the formation of amorphous glasses that act as a hard
template.'®'3%:91:9% These methods typically led to MMOs with
the parent nanostructure stable to temperatures as high as
800 °C in some cases. Later, hard templates were produced
in situ by carbonizing the soft templates via heat treatments in
an inert atmosphere to line the walls of the porous material,
termed the ‘combined assembly by soft and hard’ (CASH)
method.” The carbon produced via the CASH method provides
a structural barrier to mesopore collapse and allows for
TiO,, Nb,Os, and WO; to be heated to temperatures of up to
700-800 °C while retaining a high degree of structural
ordering.>®2%3%% gimilarly, vapor phase carbon precursors
can coat mesopores materials for improved thermal stability.>>>
While improvements have been made to the thermal stability of
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soft templated MMOs, their thermal stability remains limited
which constrains subsequent processing.

Herein, we describe a block polymer-templated, sol-gel
synthesis of a mesoporous niobium-tungsten oxide that alone
is limited to ~600 °C heat treatments. To enhance thermal
stability, we introduce a liquid carbon precursor (phenol-
formaldehyde resol) via a pore filling method which builds
upon the CASH method to expand the temperature stability of
nanostructured niobium tungstates by 500 °C, thus allowing
for structure retention as high as 1100 °C. Small-angle X-ray
scattering (SAXS), scanning electron microscopy (SEM), and
Porod surface area analysis are used to confirm ordered mesos-
tructures before and after carbon treatments. Finally, differ-
ential scanning calorimetry (DSC) was used to assess the
carbonization thermodynamics of this liquid pore filling pro-
cess as a standalone method versus as a supplement to the
previously established CASH method. This work further
increases the utility of soft-template based sol-gel methods to
enhance the thermal stability of ordered mesoporous materials,
thus allowing for further defect tailoring.

Results and discussion
Synthesis of mesoporous niobium tungsten oxides

Scheme 1 shows the fabrication of mesoporous niobium tungsten
oxide (Nb-W-0) with block polymer micelles as templates.
Poly(ethylene oxide-b-butyl acrylate) (PEO-b-PBuAc) was prepared
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Scheme 1

(1) Polymer micelles are used as templates for (2) metal oxide precursors (blue circles) where evaporative self-assembly leads to (3) a uniform

architecture of micelles within an amorphous metal oxide network. (4)-(11) A range of processes were examined for structure preservation during high

temperature treatments.
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before a 450 °C CASH treatment.

as described in the Experimental section (Fig. SI.1 and SI.2, ESIt)
for the preparation of micelle templates. The niobium tungsten
oxide materials were prepared via a variation of established
methods® using a combination of chloride and alkoxide pre-
cursors, involving the partial alcoholysis of tungsten(vi) chloride
(WClg) in EtOH to form a mixed chloride/alkoxide precursors
which was mixed with niobium(v) ethoxide (NbOEts5) and micelle
templates under inert atmosphere before casting the solution to
a powder.?>°¢ The powders were aged to promote crosslinking of
the amorphous materials, and then subjected to a range of
different heat treatments described in the next section. For each
process, a low temperature (450 °C) treatment preceded a sub-
sequent high temperature (1100 °C) treatment. The results of a
representative low temperature treatment are presented first
before comparing the high temperature results. Fig. 1(a) shows
the SAXS pattern for aged sample (as-made) and 450 °C CASH
(450C) samples which exhibited principal peaks at ¢ = 0.12 and
0.19 nm™ ", respectively, corresponding to d-spacings (2r ¢~ ) of
52.4 and 33.1 nm. This trend indicates the typical shrinkage
upon heat treatment as the material densifies. These SAXS
patterns are consistent with the structure factor for randomly
packed spheres®”®® where the d-spacing corresponds to the
micelle-to-micelle spacing of 32.7 + 0.3 nm seen in SEM
(Fig. 1(b)). A related control sample was prepared at 450 °C
under oxidative conditions (without carbon support) which was
similar and is described later. The subsequent high temperature
studies examined both oxidative and carbonizing conditions and

(a) SAXS and (b) SEM data for low temperature treated samples before high-temperature treatments. The as-made sample was aged at 100 °C

included multiple combinations of different carbon sources
(Scheme 1).

Comparison of high temperature treatments

A range of high temperature 1100 °C treatments were examined
with the aim of preserving the templated nanostructure. The
first case presented follows conventional oxidative processing
(Con-1100) which does not include the formation of carbon
scaffolds (Scheme 1-(6), (7)). SEM images of the resulting Con-
1100 sample indicate the formation of large, 1.63 £ 0.06
micron-sized crystals where coarsening significantly lowered
the surface area and removed all trace of the templated
mesostructure (Fig. 2(a)). It was observed via SAXS that peaks
corresponding to a structure factor disappear between 600-
700 °C with conventional carbon-free processing (SI.3, ESIT).
The CASH method (C-1100) was next examined where calcina-
tion in inert atmosphere converts the polymer into a carbon
coating that inhibits crystal growth. It was observed via SAXS
that traces of peaks corresponding to a structure factor were
visible at 800 °C, showing an improved temperature stability
with the CASH method (SI.3, ESIt). The C-1100 sample, however,
exhibited smaller 0.29 + 0.01 pm crystallites by SEM as compared
to Con-1100, but again the thermal coarsening was sufficient to
remove all traces of the templated nanostructure (Fig. 2(b) and
Schemes 1-(8), (9)). It is likely that the PEO-b-PBuAc utilized here
has lower carbon yield than other more sp>rich polymers which

Fig. 2 SEM of samples annealed at 1100 °C (a) with conventional oxidizing conditions (Con-1100), or under nitrogen (b) with in situ carbon from the
CASH method (C-1100), (c) with resol backfilling (R-1100), or (d) both CASH and resol back filling (CR-1100).
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results here in a lower total carbon yield and thus, lesser
retention of the nanostructure.”®

With an aim to preserve the templated mesostructure, a
porous oxide sample (450 °C) was prepared in oxidizing condi-
tions and subsequently backfilled with a carbon precursor
(R-1100). Specifically, a low molecular weight (<500 g mol™)
phenol-formaldehyde resol was used as the carbon precursor.
Resol is a common carbon source used in the soft template
literature with well-established carbonization heat treatments.”® %
The resol was solution deposited into the ordered porous materials
after grinding and with via rapid stirring for 24 h to promote
infiltration into the mesopores.'®*'* The sample was calcined to
1100 °C under nitrogen to carbonize the resol. The SEM images of
the resulting R-1100 sample revealed the preservation of 62 & 2 nm
disordered features with limited resemblance to the parent nano-
structure (Fig. 2(c) and Schemes 1-(4), (5)). Notably, this increase in
the amount of carbon scaffolding led to an enhanced extent of
structure preservation that inhibited crystal growth. A combined
method using both CASH and resol backfilling was examined in
the pursuit of further preserving the parent structure to such high
temperatures (CR-1100). The corresponding SEM images revealed
that CR-1100 exhibited a high degree of structural ordering,
reminiscent of the parent templated MMOs. Both 18.3 £+ 0.3 nm
crystallites and 28.5 £ 0.5 nm pores were apparent in CR-1100
(Fig. 2(d) and Schemes 1-(10), (11)).

This collection of samples was next examined with SAXS as
an ensemble method to check for nanoscale features over a
larger region and estimate the specific surface area. The
carbon, if present, was burned out of the samples before SAXS
such that all samples were purely oxide (carbon-free, vida infra).
These data are presented using absolute intensity on Porod
plots where the constant I x ¢* values at high-g are proportional
to the mass-specific surface area (Fig. 3(a)).'°® Similar to the
parent nanostructure with a principle SAXS peak at g =
0.12 nm ™', a broad peak was visible for R-1100 and CR-1100
at ¢ = 0.13 nm ' which is most apparent in Fig. 3(b) and
corresponds to a d-spacing of 48 nm. In contrast, C-1100 and
Con-1100 did not have apparent peaks in the measurable
g-range, consistent with the substantial coarsening that was
observed via SEM. With absolute scattering intensities, the
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Table 1 Surface area values determined from analysis of the Porod data
presented in Fig. 3

Surface area Error in surface

Sample name (m*>g™) area (m*> g™ ")
Conventional (Con-1100) 0.14 0.01
CASH-1100 (C-1100) 1.83 0.05

Resol backfill (R-1100) 12.5 0.2

CASH and resol backfill (CR-1100)  24.2 0.6

Porod region allows the comparison of sample surface areas
(described in experimental). Here, CR-1100 had specific surface
area of 24.2 m*> g~' whereas R-1100 had 12.5 m* g~' and
C-1100/Con-1100 each had less than 2 m* g™, consistent with
the coarsening and loss of the templated nanostructure appar-
ent in SEM images (Table 1). The thermal stability of the
CR-1100 nanostructure after carbon removal was examined by
SAXS by further heating the sample to 600 °C and 700 °C in air
(SL4, ESIt). The structure factor peak apparent at ¢ = 0.13 nm "
in the 600 °C sample was absent in the sample heated to 700 °C,
suggesting loss of nanostructure control. Thus the thermal
stability of the CR-1100 nanostructure after carbon removal is
similar to that of conventionally templated oxide without
carbon scaffolds (SI.3, ESIt). Thus, the combination of SEM
and SAXS data demonstrated that the combination of CASH
and resol backfilling led to substantially improved nanostruc-
ture preservation up to 1100 °C.

Properties of CR-1100 sample

The oxidation states and crystal structure were further charac-
terized for CR-1100 after removing the residual carbon oxida-
tively at 450 °C. As elaborated in the introduction, high
temperature heat treatments under inert atmosphere are often
used to induce defect states which may improve the material
properties, thus the oxidation states were measured using XPS.
Fig. 4(a) shows the Nb 3d spectra for CR-1100, which shows
a mixture of Nb*" and Nb>" oxidation states at 206.1 €V and
207.8 eV respectively. The same trend is demonstrated for the
W 4f spectra (Fig. 4(b)), where a mixture of W>* and W*®"
oxidation states is apparent at 35.3 eV and 36.9 eV. The O 1s
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(a) Absolute intensity SAXS data presented as Porod plots for all-oxide samples with carbon burned out, if present. The intensity as plotted (Porod

region) is proportional to the specific surface area. (b) Zoom-in of the SAXS features in R-1100 and CR-1100.
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Fig. 4 XPS of mesoporous CR-1100 after carbon removal showing partial
metal reduction: (a) Nb 3d, (b) W 4f, (c) O 1s spectra, and (d) summary plot.

spectra in Fig. 4(c) includes contributions from lattice oxygen
(530.5 eV), surface hydroxyl groups (531.8 eV), and adsorbed
H,O (533.9 eV), the latter two of which are often erroneously
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reported as oxygen vacancies.'®” These trends are summarized
for CR-1100 in Fig. 4(d) where 19.95% of the Nb and 42.09% of
the W are reduced (Nb**/W>"). In contrast, sample Con-1100
did not exhibit reduced metal states by XPS (SL.5, ESIt). Oxygen
vacancies can form as a result of oxygen loss to either (1)
evaporation of lattice oxygen when annealed with low oxygen
partial pressure and/or (2) carbothermal reduction of metal
oxides to release CO,."°*'% XPS survey scans for both CR-1100
(before and after carbon burnout) and Con-1100 are presented
in SL6 (ESIt). The carbon peak intensity (285 eV) of CR-1100
decreases markedly after the carbon burnout such that the
trace surface carbon is commensurate to that resulting from
conventional heating to 1100 °C in air (Con-1100). This carbon
removal was also evidenced with Raman spectroscopy (Fig. 5)
with the complete removal of detectable D, G, and G’ bands.'"°

In terms of crystallization, it is well known that carbon
scaffolds inhibit crystal growth due to the formation of amor-
phous glasses that impede diffusion and reorganization (vida
supra). Wide-angle X-ray scattering (WAXS) was used to mea-
sure diffraction and the WAXS of Con-1100 was consistent with
a Nb,,W;0,, reference pattern (SI.7, ESIt). In contrast, R-1100
and CR-1100 exhibited broad diffraction peaks indicative of
smaller crystallite sizes which were attributed to the additional
carbon further inhibiting crystallization. The diffraction peaks
were rather equivocal to interpret into specific phases, however,
the positions were consistent with orthorhombic Nb,Os
and monoclinic WO; (SL.8, ESIT). These results highlight the
potential for the CR method, combining CASH and resol
back filling, to uniquely enable mesostructure preservation
through higher temperature heat treatments that enable defect
tailoring.

Improved carbonization from CR method

The excellent structure retention of CR-1100 is perhaps surpris-
ing when considering that R-1100 was only different by lacking
trace carbon from the CASH process. It was previously reported
that the polycondensation reaction that occurs as the resol
converts to carbon during heat treatment can be catalytically
activated through local interactions.'® To check for such
synergistic interactions, DSC was employed to compare the
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Fig. 5 Raman spectra of CR-1100 before carbon burnout (inset image of
black powder) and after carbon burnout (inset image of white/yellow
powder).
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polycondensation events that occurred in the production of
Con-1100 and CR-1100. TGA of the plain PF resol (SL.9, ESIt)
was first examined to distinguish between initial solvent
evaporation (IPA, <120 °C) and later condensation events.
The thermodynamics of carbonization were compared using
established methods with model-free kinetics where the curing
of the resol can be treated as a single step, 1st order reaction
where the peak point (T},) of the DSC condensation event at
each heating rate (8, 2-20 °C min~", SL.10, ESI{) is correlated
with the activation energy (E,).'**"%*""*"'*> Arrhenius-like plots
were generated per the Kissinger method''® to derive a plot of
In(B/Tp) vs. 1000/T, with a slope of E,/R, where R is the gas
constant (Fig. 6(a)). Here resol polymerization conditions
were varied: starting from pure resol (“resol only”), starting
from conventional MMO (450 °C heated in air) that was back-
filled with resol (*R-1100”), and starting from CASH-based
MMO (450 °C under nitrogen) that was backfilled with resol
(““CR-1100"). Thus, these measurements allow the comparison
of resol polymerization conditions. This analysis identified the
activation energy of condensation to be 54.8 kJ mol ' for
PF resol-only whereas the combination of CASH and resol
(CR-1100) had an activation energy of 22.8 k] mol™" (Fig. 6(b)).
This reduced activation energy shows that the CASH carbon can
act as a catalyst to enhance the polymerization of resol. For
comparison, the activation energy for resol condensation within
porous oxide (R-1100) was 87.5 k] mol ", showing that the bare
oxide surface inhibits resol condensation relative to a carbon
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Fig. 6 (a) Kissinger plots derived from peak temperature (T;,) of variable
heat rate (f) DSC endotherms of CR-1100 (green circles), R-1100 (red
triangles), and resol only (yellow stars). (b) The linear best fits were used to
determine the activation energies for resol polymerization in different local
environments.
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surface. Thus, the results of CR-1100 are explainable by the CASH
carbon increasing the carbon yield from resol which enhanced
nanostructure preservation through high temperature heat
treatments.

Conclusion

A soft templating strategy to enhance nanostructure integrity
through high temperature heat treatments was advanced.
Neither the in situ carbon from the CASH method nor resol
back filling alone enabled nanostructure retention for the
investigated Nb-W-O samples up to 1100 °C. Rather, the CR
method, combining CASH with resol backfilling (CR-1100),
enabled the best retention of the micelle templated nanostruc-
tures up to 1100 °C, thus adding several hundred degrees to the
stability window for the investigated materials. This meso-
structure retention was confirmed using both SEM and SAXS
analysis. The properties of the resulting high temperature
treated materials were examined using XPS and WAXS where
reduced metal oxidation states were enabled along with an
inhibition of crystallization with increasing carbon quantity
during the 1100 °C treatment. The resol polymerization
thermodynamics were investigated, where the CR method low-
ers the polycondensation activation energy by 74% relative to
resol backfilling into oxide alone (R-1100). This approach
demonstrates a convenient strategy to preserve the nanostruc-
ture derived from soft templated materials for the realization of
mesoporous metal oxides with properties uniquely accessible
with high temperature heat treatments.

Experimental

Materials

Ethanol (EtOH 200 proof, 100%, Fisher) was dried over activated
molecular sieves (3 A, 8-12 mesh, Acros Organics) for several
days before use. Poly(ethylene oxide) methyl ether (H;C-PEO-
OH), M, = 20 000 ¢ mol~* (20k PEO-OMe, Aldrich), butyl acrylate
monomer (99% stabilized, Acros Organics) was first passed over
a column of basic alumina (40-300 pum, Acros Organics), to
remove the inhibitor, 2-bromopropionic acid (>99%, Aldrich),
N,N,N',N" N'-pentamethyldiethylenetriamine (PMDETA, Beantown),
N,N'-dicyclohexylcarbodiimide (DCC, Aldrich), 4-(dimethylamino)-
pyridine (DMAP, 99%, Aldrich), dichloromethane (DCM, ACS certi-
fied, Fisher), copper(u)bromide (99%, Acros Organics), ascorbic acid
(VWR), dimethyl formamide (DMF, ACS grade, Fisher), anisole
(99%, Beantown), tetrahydrofuran (THF, unstabilized, 99.8%,
Thermo), phenol (ACS grade, VWR), deionized water (H,O,
Wards), sodium hydroxide pellets (NaOH, ACS grade, Macron
Fine Chem.), formaldehyde (37% in methanol, Thermo), hydro-
chloric acid (37%, trace metal grade, Fisher), isopropyl alcohol
(100%, Labchem), deuterated chloroform (99.8%, Cambridge
Isotope Labs), niobium(v) ethoxide (Nb(OEt)s 99.9%, Fisher)
and tungsten(vi) chloride (WClg, 99.9%, Aldrich) were stored in
an argon glovebox prior to use temperature grade Kapton tape
(Mcmaster), DSC boats (Aluminum, DSC consumables),
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Polymer synthesis and characterization

Poly(ethylene oxide-b-butyl acrylate) (PEO-b-PBuAc) block poly-
mer was synthesized by a two-step method. First, a PEO macro-
initiator was synthesized using a Steglich esterification®”
followed by activators regenerated by reversible-deactivation
radical polymerization (RDRP).'” The conditions for the
DCC/DMAP Steglich esterification between 2-bromopropionic
acid and (20k) PEO-Me are listed in detail elsewhere.”” The
following conditions were used for the RDRP with PEO-Br:
PMDETA : Cu(u)Br : ascorbic acid : butyl acrylate of 1:1:1:0.45:
1000. Inhibitor-free butyl acrylate (14.401 mL, 99.9 mmol)
was added to 20000 g mol ' PEO-Br macroinitiator (2.04 g,
0.101 mmol) of in a 100 mL round-bottom flask along with of
anisole (1.44 mL), Cu(u)Br (24.4 mg, 0.109 mmol), and ascorbic
acid (7.9mg, 0.449 mmol). Separately, a syringe of DMF and
with dissolved PMDETA (20.88 pL, 0.10 mmol) was prepared.
Then, the solution flask was sealed with a rubber septa and
copper wire and then nitrogen sparged for 30 min before the
DMF/PMDETA solution was added to solubilize the Cu(im)Br.
The flask was added to a 70 °C oil bath while stirring for 24 h, at
which point the reaction mixture became sufficiently viscous.
The reaction vessel was placed in the freezer for an hour to cool
and then the polymer was dissolved in DCM so the mixture
could be passed over a basic alumina column to remove the
remaining copper catalyst. The polymer/DCM mixture was
dialyzed in dichloromethane for 72 h. The molar mass of the
PBuAc block (110000 g mol ') was characterized by compar-
ison to the known PEO (M, = 20000 g mol ') using a Bruker
Avance III HD 300 "H NMR and then the molar mass dispersity
(P) was measured using gel permeation chromatography (GPC)
(Fig. SI.1 and SIL.2, ESIf). NMR samples were prepared in
deuterated chloroform (CDCl;) at a concentration of 10 mg
mL~'. The GPC data was collected Waters 515 HPLC pump,
Waters 2410 refractive index detector, three styragel columns
(HR2, HR4, and HR5) in the effective molecular weight range of
0.5-20, 5-600, 50-4000 kg mol ™", respectively. The eluent was
THF at a temperature of 25 °C and a flow rate of 1 mL min "
The data was analyzed using custom MATLAB scripts (https://
stefikgroup.com//GPC/). The instrument was calibrated with
polystyrene standards (800, 560, 320, 180, 100, 43, 20, 10, 4.5,
2.1, 1.0, 0.27 kg mol™') received from Polymer Standards
ServiceGPC samples were prepared by dissolving the PEO-b-
PBuAc in THF with a concentration of 10 mg mL™" and filtered
through a 0.2 um syringe filter prior to injection.

Carbon precursor synthesis and characterization

Phenol-formaldehyde resol synthesis was done following the
procedure explained in detail elsewhere.'” In short, phenol
(5.65 g, 60.0 mmol) was dissolved in a NaOH/H,O (20% wt, 0.24 g,
6 mmol). To this solution, formaldehyde (3.6 g, 120 mmol) was
added dropwise and was stirred for 30 m before neutralizing
to ~pH 7 with HCL. Then, isopropyl was used to recrystallize
out any NaCl via heating at 90 °C. The resol was stored at
0 °C before use to prevent further reaction. The same GPC
and sample preparation methods were used to measure molar
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mass dispersity (D) and molecular weight (SI.11, ESI{) as
described above.

Sol-gel synthesis of niobium tungstates

To fabricate Nb-W-O powders, a micelle solution was prepared
using PEO-b-PBUAc at a concentration of 10 mg mL ™" in EtOH.
This solution was stirred for at least 3 hours to promote micelle
size equilibration before use. Meanwhile, the precursors were
prepared by dissolving WClg (0.041 grams, 0.103 mmol) in
EtOH to a concentration of 500 mg mL ™" in inert conditions.
Chlorine gas and hydrochloric acid are generated at this point,
so caution is advised. The quantity of precursors corresponds to
the molar ratio of tungsten and niobium in Nb;,;W;0,44. This
solution was amber when first dissolved but would rapidly
change to green then blue if exposed to air as the WCls was
first dimerized then hydrolyzed (W(OHt)).>>°¢ still under inert
conditions, the mixed tungsten chloride alkoxide solution was
added rapidly to 2.5 mL of micelle solution while stirring,
promptly followed by Nb(OEt)s (0.154 grams, 0.484 mol). This
solution rapidly turned amber after the first addition then egg-
yolk yellow after both additions. It was found to be important
that the WClg solution was used immediately after mixing while
still amber for phase purity in the Con-1100. This sol-gel solution
was poured into a preheated (100 °C) Teflon dish to evaporate for
24 h. Upon addition to the dish, the solution rapidly turned dark
green and then amber after complete drying.

CASH and resol method annealing conditions

The aged sol-gel solution was scraped into ceramic crucibles
for annealing under various conditions described visually in
Scheme 1. Con-1100 was annealed in a box furnace with atmo-
spheric conditions by ramping from RT-1100 °C@10 °C min "
with a 30 m hold. C-1100 was annealed in a tube furnace with
flowing N, using previously established CASH heating
conditions®® by ramping from RT-450 °C@1 °C min ' with a
3 h hold at 450 °C before ramping 450 °C to 1100 “C@10 °C
min~" with a 30 m hold. R-1100 was fabricated via annealing
aged powder from RT-450 °C@10 °C min~" in the box furnace
(atmospheric conditions) with a 3 h hold. Then the sample was
ground via pestle and the sample was saturated with a large
excess (10:1, by mass) of liquid carbon precursor and stirred
rapidly for 24 h to infiltrate the resol into the pores of the
material. Then, this resol/metal oxide suspension was trans-
ferred to a crucible and annealed from RT-450 °C@1 °C min !
under flowing N, with a 3 h hold at 450 °C before ramping to
1100 °C@10 °C min~* with a 30 m hold (N,). CR-1100 was
fabricated by following the CASH method annealing conditions
(C-1100), then the resol infiltration and heating conditions
used for the R-1100. Before characterization, the carbon from
both C-1100 and CR-1100 was burned out in atmospheric
conditions for 12 h at 450 °C, until the powders were yellow.
For structure retention experiments with control samples
and post-carbon removal CR-1100 samples, the powders were
heated to the corresponding temperature (600 °C, 700 °C,
or 800 °C) in a box furnace@10 °C min~ ' and held at the target
temperature for 30 m.
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SEM characterization

Oxide powders were imaged on adhesive carbon tape using a
Zeiss Ultraplus thermal field emission SEM using an accelerat-
ing voltage of 3 keV and an in-lens secondary electron detector.
An ideal working distance was found to be 3.0 mm, and all
images were acquired between 50 000x and 400 000x magnifi-
cation (dependent on sample feature size). Structural dimen-
sions were measured in Image] using an average of 300
measurements for each value. The presented error corresponds
to the standard error of the mean.

X-ray scattering methods

Wide-angle and small-angle X-ray scattering (WAXS/SAXS) mea-
surements were performed at the South Carolina SAXS Colla-
borative using a SAXSLab Ganesha instrument. A Xenocs
GeniX3D microfocus source was used with a Cu target to create
a monochromatic beam with a wavelength of 0.154 nm. The
instrument was calibrated with a NIST reference material 640d
silicon powder, with a reference peak position of 20 = 28.44°,
where 20 represents the total scattering angle. A Pilatus 300 K
detector (Dectris) was used to collect the 2D scattering patterns.
The detector exhibited a nominal pixel dimension of 172 x
172 pm?. WAXS measurements were conducted with a sample-
to-detector distance was 112.1 mm with an X-ray flux of
~36.3 million photons s™* upon the sample. The 2D images
were azimuthally integrated to yield the scattering vector inten-
sity. SAXS measurements for Porod surface area analysis were
acquired with an X-ray flux of ~16.1 million photons s * and a
sample-detector distance of 1040 mm. Finely powdered sam-
ples were spread onto Kapton tape as a homogeneous and thin
layer. The ratio of X-ray transmission intensity between a
sample mounted on Kapton (background subtracted in SAXS-
GUI) was used along with the NIST X-ray absorption coefficient
for Nb,,W,0,,"® to calculate the effective thickness of the
powder monolayer as described in detail by Spalla et al.'°® This
effective thickness was used to determine the absolute inten-
sity scale later used for Porod surface area analysis of each
powder.'"'?° The Porod region was determined as the g region
with a near constant I,,s x ¢* value and was used along with the
scattering length density (pspp, NIST calculator'®!) to calculate
the total quantity of the interface (3_)

lim Iabs q4
q—00

Z - 2n(Apgrp?)

The total quantity of the interface and the bulk density of
Nb,,W;0,, (p) were used to calculate the specific surface area, S:

S
p

X-ray photoelectron spectroscopy characterization

The surface electronic environments of the samples were
investigated with the AXIS Ultra DLD XPS (Kratos Analytical)
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instrument. The XPS system is equipped with a Non-mono-
chromatic Al Ko source (1486.8 eV) operated at 120 W. The
X-rays were incident at an angle of 45° with respect to the
sample surface. Analysis was performed at a pressure of ~1 X
10~° torr and high-resolution core level spectra were acquired
in the constant analyzer energy mode using a pass energy of
40 eV and a 0.05 eV step Size. The XPS experiments were
performed by using a low energy electron beam, directed at
the sample, for charge neutralization. The curve fitting proce-
dure was carried out using the Casa XPS software, and the peak
approximation was carried out by Lorentzian asymmetric (LA)
line shapes, with subtraction of Shirley-type backgrounds.
Binding energies (BE) are in reference to the Cls peak at
285 eV (adventitious carbon from contamination) and given
with an accuracy of £0.2 eV.

DSC/TGA measurements

DSC measurements were done on a Hitachi 7020DSC using
aluminum pans. The pans were loaded with approximately
2-3 mg of sample material before crimping a hermetic seal.
All experiments were done with a laminar flow of N, with a
variable heating rate between 2 and 20 °C min ' with a
temperature range of 20-450 °C. TGA experiments were done
using a Hitachi STA7200 with flowing N,. 10 mg of sample was
loaded into a platinum sample holder and the measurement was
heated between 50-700 °C with a heating rate of 10 °C min~". Both
DSC and TGA data were analyzed in NEXTA software and plotted
using custom MATLAB codes.

Raman spectroscopy

Raman spectroscopy was done using a Horiba LabRAM using a
532 nm laser. Data was analyzed using LabSpec6. Samples were
finely ground and mounted on a glass microscope slide.
All data was acquired using a 100x objective, hole size of
150, a diffraction grating of 600, and a laser power of 5% with
30 accumulations of 1 s pulses.
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