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ABSTRACT Mesoporous transition metal nitrides are interesting
materials for energy conversion and storage applications due to their
conductivity and durability. We present ordered mixed titanium—
niobium (8:2, 1:1) nitrides with gyroidal network structures synthe-
sized from triblock terpolymer structure-directed mixed oxides. The
materials retain both macroscopic integrity and mesoscale ordering
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as a support. Furthermore, the gyroidal lattice parameters were varied M IXe d M eta I N I trl d €S ", r

by changing polymer molar mass. This synthesis strategy may prove

despite heat treatment up to 600 °C, without a rigid carbon framework

useful in generating a variety of monolithic ordered mesoporous mixed oxides and nitrides for electrode and catalyst materials.
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ransition metal nitride materials are
interesting for a host of applica-
tions due to their hardness, thermal/
electrical conductivity, chemical stability,
and catalytic properties.' ™ Furthermore,
mixed nitrides often have a combination
of useful properties derived from their com-
ponent nitrides, such as thermal stability
and conductivity.~> Transition metal nitrides
have been investigated as both catalyst and
catalyst support materials in different en-
ergy devices, including dye-sensitized solar
cells,®~® fuel cells,'*~"* and batteries." For
these energy applications, there is a parti-
cular interest in controlled synthetic ap-
proaches for monolithic structures that
provide three-dimensional (3D) porosity
and connectivity with high surface areas
and accessibility for the diffusion of fuel,
electrolyte, and waste products.'®'”
Previous work has shown the ability to
convert porous doped and mixed oxides
into their corresponding metal nitrides from
inverse opal'® or dealloyed oxide materials,'
by heating under flowing ammonia (NHs) gas.
The resulting transition metal nitrides exhib-
ited orders of magnitude higher conductiv-
ities than their respective oxides.'® These
materials were either periodically ordered
and macroporous or disordered and meso-
porous but not both periodically ordered and
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mesoporous. Furthermore, none of these ma-
terials resulted in monoliths.

Gyroid structures typically comprise two
interpenetrating networks structurally re-
lated by an inversion operation and sepa-
rated by a continuous matrix, thus fulfilling
the aforementioned structural criteria. In a
double gyroid structure, these two net-
works are composed of the same material,
whereas in an alternating gyroid (G"), they
are different materials.”® In triblock terpoly-
mer G* structures, the two networks are
made of the two different polymer end
blocks while the middle block makes up
the matrix separating these networks. If
everything but one network in the G struc-
ture is removed, as in this work, the resulting
structure is a chiral single gyroidal 3D
network.?'

Block copolymer (BCP) self-assembly has
been extensively used for soft templating or
structure direction of ordered mesoporous
transition metal oxides.?> =22 This approach
can generate ordered 3D continuous inor-
ganic structures.?” The sole report of a BCP-
templated transition metal nitride from an
oxide was titanium nitride that was neither a
freestanding monolith nor a highly porous
3D continuous network structure.® Further-
more, the retention of a rigid carbon scaf-
fold was required to prevent mesostructural
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collapse during polymer removal and nitride crystalli-
zation .2 Retaining the carbon scaffold may not be ideal
in energy systems like PEMFCs'' and Li—O, batteries.?’
We report monolithic gyroidal mesoporous mixed transi-
tion metal nitrides. These mesoporous crystalline materi-
als maintain a high degree of both macroscopic integrity
and mesoscale order that have not been previously
observed for BCP-templated inorganic structures; all of
this is accomplished without a rigid carbon support.

In the current work, BCP-templated monolithic 3D
networked mixed metal oxides (Ti,.,Nb,O,) were con-
verted to monolithic 3D networked mixed metal ni-
trides (Ti;Nb,O,) by heating under flowing NH; gas.
The Ti:Nb molar ratios in the oxide sol were 8:2 or 1:1.
The 8:2 ratio was chosen because Nb can be incorpo-
rated into anatase TiO, at and above this composition.>
The 1:1 composition was chosen because we have pre-
viously investigated mesoporous TigsNbgsN as a catalyst
support for oxygen reduction3' Ti;,NbO, is also a
known transparent conducting oxide with various meso-
porous morphologies and applications studied.3°*? As
detailed in the Methods section, the BCP/oxide hybrids
are prepared by the coassembly of triblock terpolymers
and sol—gel-derived precursors.>®> The poly(isoprene-
block-styrene-block-ethylene oxide) triblock terpolymers
are referred to as ISO1, 1SO2, and 1SO3. Polymer ISO1 had
amolar mass of 59600 g mol ™' and comprised 29.7, 62.8,
and 7.5 wt % polyisoprene (I), polystyrene (S), and poly-
(ethylene oxide) (O), respectively, with a polydispersity
index of 1.09. Polymer 1SO2 had a molar mass of
69000 g mol~" and comprised 29.6, 64.8, and 5.6 wt %
I,S, and O, respectively, with a polydispersity index of 1.04.
Polymer 1SO3 had a molar mass of 63800 g mol~' and
comprised 29.3,63.6,and 7.1 wt %1, S, and O, respectively,
with a polydispersity index of 1.03. The amphiphilic
triblock terpolymers, 1SO1, 1SO2, or ISO3, are dissolved
in tetrahydrofuran (THF) and mixed with an aliquot
of the hydrophilic oxide sols. Hybrids from 1SO1, 1SO2,
and ISO3 self-assemble into ordered morphologies
upon solvent evaporation, a process now referred to as
evaporation-induced self-assembly.?5** The hydrophilic
metal oxide sol selectively swells the hydrophilic poly-
(ethylene oxide) (PEO) block of the BCP. The hydroxyl
groups of the oxide sol hydrogen bond to oxygen atoms
in the PEO chains. As the solvent is evaporated from the
system during film casting, the polymer blocks phase
separate on the mesoscale to minimize the interfacial
surface area between the blocks, which leads to ordered
morphologies.'® In this work, the PEO block incorporates
the metal oxide sol which comprises one network of the
alternating gyroid structure after solvent evaporation,
shown as the blue network in Figure 1. Calcination in
air at 450 °C removes the BCP templates, sintering the
inorganic sol particles, leaving freestanding monolithic
mesoporous oxides with a 3D ordered continuous
network morphology as shown as the white network
in Figure 1. These oxides can then be converted to
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Figure 1. Schematic of the process for the generation of
ordered mesoporous metal nitride monoliths.

monolithic nitrides with a subsequent heat treatment
at 600 °C under flowing ammonia shown as the black
network in Figure 1.

RESULTS AND DISCUSSION

Interestingly, as the polymer templates are removed
at 450 °C in air, the oxides maintain their macrostruc-
ture, despite major shrinkage. In Figure 2, the width
of the as-made 1SO2 TiggNby 0, hybrid sample (a) is
8.7 mm, and the width after conversion to an oxide (b)
is 6.8 mm, a difference of 22%. In contrast, there is little
change in the width between the oxide (b) and result-
ing nitride sample (c). In Figure 2, the width of the as-
made I1SO3 TigsNbg 50, hybrid sample (d) is 14.3 mm,
and the width after conversion to an oxide (e) is
11.2 mm, a difference of 22%. After the nitriding
process (f), the sample width is 10.1 mm, a difference
of 10%. The oxides are translucent white, consistent with
the removal of polymeric material under these calcina-
tion conditions.?> Furthermore, the materials retain their
macrostructure after the nitriding process at 600 °C. The
resulting monolithic materials are black (cf), consistent
with metal center reduction, yielding the nitrides.

Small-angle X-ray scattering (SAXS) was used to
measure the mesoscale order of the various ISO1-
ISO2- and ISO3-derived samples. The left of Figure 3
shows the results for the ISO2/TipgNb, ,0, system (for
SAXS of 1SO1/Tig gNbg ,0,, see Supporting Information
Figure S1): ISO2/TipgNbg,0, hybrid (left, top), free-
standing TipgNbg 0, (left, middle), and freestanding
Tio.gNbg N (left, bottom). The two-dimensional experi-
mental patterns taken with incident X-rays parallel
to the film normal (z-direction) were azimuthally inte-
grated to yield the one-dimensional patterns shown in
the figures. These patterns are consistent with the G
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Figure 2. Photographs of the freestanding monolithic materials throughout processing. (a) 1ISO2/Tip gNb, >0, hybrid, (b)
Tio.sNbo 205, and (c) Tig gNbg >N; (d) 1SO3/Tig sNbg 50, hybrid, (e) Tig.sNbg 502, and (f) Tig sNbg sN.

| —— 1S02/Ti ;Nb 0, Hybrid
—Ti,Nb,0,
—— Ti,Nb N
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| ——ISO3/Ti,Nb 0, Hybrid
—Ti,Nb,O,
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Figure 3. Azimuthally integrated small-angle X-ray scattering patterns of the 1S02/Tiy gNb, >0, hybrid (left, top), calcined
freestanding TipgNbo 0, (left, middle), and freestanding Tip gNbo >N (left, bottom); 1SO3/Ti gNb, ,0, hybrid (right, top),
calcined freestanding Tip sNbg 50, (right, middle), and freestanding Tig sNbg sN (right, bottom). The vertical lines indicate
expected peak positions for the G* morphology. Dotted lines represent unobserved G* peaks, and asterisks are centered at
forbidden (g/q100)> = 4 peak positions that appear due to z-direction compression.

morphology, except for a forbidden peak at (g/g100)* = 4.
This peak is attributed to symmetry breaking from
z-direction compression during solvent evaporation
(see Figure S2). This phenomenon has been studied
previously in similar BCP/oxide systems.?>** A systematic
shift of the (g/g100)* = 6 peak compared to (¢/g100)> = 2
and (g/q100)* = 8 in the nitride is also observed in some
samples (see also Figure S1). This shift may be due to
anisotropic shrinkage of the mesostructure during
processing.3* As the sample progresses from a hybrid,
to a freestanding oxide, to a freestanding nitride, all peaks
shift to higher g values and tend to broaden. The shift to
higher g values correlates to decreases in d;oo Spacings
(52.4,40.7, and 39.1 nm for the hybrid, oxide, and nitride,
respectively). The hybrid to oxide d;q Spacing shrinkage
of 22% is consistent with the 22% macroscopic shrinkage
observed upon polymer removal, as seen in Figure 2.
The smaller 4% d; o spacing shrinkage between the oxide
and nitride is consistent with macroscopic size retention.
The SAXS patterns of the 1SO3/TipsNbgsO, system
(shown in Figure 3, right) display trends similar to those
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of the ISO2/Tig gNbg ,0, system: shifting to higher g values
and broadening of peaks throughout the processing. The
shift to higher g values correlates to decreases in d;q
spacings (55.9, 42.3, and 37.9 nm for the hybrid, oxide,
and nitride, respectively). For 1SO3/TigsNbgsO,, the hy-
brid to oxide d,q0 spacing shrinkage of 24% is consistent
with the 22% macroscopic shrinkage observed upon
polymer removal, as seen in Figure 2. The smaller 10%
dh00 spacing shrinkage between the oxide and nitride is
also consistent with macroscopic shrinkage of 10%.
Remarkably, as indicated by the SAXS patterns, the mate-
rials maintain significant long-range mesoscale order,
despite a total d;qo spacing shrinkage of over 25% and
heat treatments as high as 600 °C. The d, oo spacings of all
ISO terpolymer-derived materials, including 1ISO1-derived
films (see Supporting Information), are summarized in
Table S2 and demonstrate tailoring of cubic lattice para-
meters by polymer molar mass and BCP/sol composition.

Powder X-ray diffraction (XRD) measurements were
performed on the calcined and nitrided samples from
an 1SO2/Tiy gNbg ,0, hybrid, as shown in Figure 4 (left)

A N N S
VOL.8 = NO.8 = 8217-8223 = 2014 K@L%{\j

WWwWW.acsnano.org

8219



Ti ,Nb O,
1 Anatase

Ti ,Nb_ O,
1 Anatase

Counts (a. u.)

Ti'sNb'sN
1 TiN
1 NbN

20 (degrees)

26 (degrees)

Figure 4. Powder XRD patterns of the ordered mesoporous freestanding Tiy gNb, 50, and Tig sNbg 50, (top) as well as ordered
mesoporous freestanding Tiy gNbg >N and Tig sNbg sN (bottom) derived from 1SO2/Tip gNb, 50, and 1SO3/Tig sNbg 50, hybrids,
respectively. The oxide patterns have peak markings with relative intensities for anatase TiO, (PDF Card 00-001-0562).
Unindexed peaks for Tip gNbg ,0, are likely due to different Ti,.,Nb,O, compositions. The nitrides patterns (bottom) are a
cubic rock salt structure, characteristic of many metal nitrides, including TiN and NbN. Peak markings and relative intensities
for TiN (blue) (PDF Card 04-015-2441) and NbN (purple) (PDF Card 04-008-5125) are shown.

and from an I1SO3/TipsNbgsO, hybrid, as shown in
Figure 4 (right). The 1SO2/TiogNbg,0, oxide sample
calcined at 450 °C in air shows very broad peaks
consistent with very small crystallites and predomi-
nantly amorphous content (Figure 4, top left). Under
these calcination conditions, pure titania is crystalline
anatase and pure niobia remains fully amorphous. It
is known, however, that introducing dopant atoms
such as Nb delays the onset of crystallization and
anatase-to-rutile transformations in titania.3>*2 Some
of the weak peaks in the observed oxide pattern match
expected anatase TiO, peaks, but several others do not
index with anatase TiO,, rutile TiO,, or T-Nb,0O5 and may
indicate a mixed composition. The broad peaks with low
intensity make definitive microphase identification of the
composite material difficult. The corresponding nitrided
sample (Figure 4, bottom left) shows an XRD pattern
exhibiting peaks consistent with the rock salt structure
and intensities consistent with a TiN-rich phase. There
appears to be no crystalline oxide present. The crystallite
size for the nitride, as calculated by the Scherrer equation,
is approximately 4.7 nm, roughly half the diameter of a
network strut as seen in SEM (see below). Due to the
broadness of the peaks and similar lattice parameters, it is
difficult to definitively distinguish between a single
phase of TiggNbg,N and a mix of the two nitrides, as
well as from any amorphous or oxynitride content. The
ISO3/TigsNbg 50,-derived oxide sample calcined at 450 °C
in air only shows amorphous material due to the higher
niobia content (Figure 4, top right). The nitrided sample
(Figure 4, bottom right) also shows an XRD pattern
exhibiting peaks consistent with the rock salt structure,
with peak positions and intensities consistent with a mixed
TiN—NbN. There appears to be no crystalline oxide pre-
sent. The crystallite size for the nitride, as calculated by the
Scherrer equation, is approximately 4.5 nm, roughly half
the diameter of a network strut as seen in SEM (see below).

Cross-sectional scanning electron microscopy (SEM)
images (Figures 5 and 6), and images in the Supporting
Information (Figures S3—S5) show the 3D networks of
oxide and nitride samples. The oxide sample required
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coating with Au—Pd for sufficient conductivity for
imaging. In contrast, the nitride SEM samples required
no conductive coating, indicating electrical conductiv-
ity, as expected. The measured feature sizes in the
Tio.gNbg >0, (Figure 5a—c) sample were strut diameters
of about 11 nm with 19 nm pores. For TipgNbg,N
(Figure 6a—c), the strut diameter, as measured by
SEM, is 9 nm, with pores of 15 nm. The measured
feature sizes in the TigsNbg 50, sample (Figure 5d—f)
were strut diameters of about 11 nm with 21 nm pores.
For the TigsNbgsN sample (Figure 6d—f), the strut
diameter, as measured by SEM, is 9 nm, with pores of
20 nm. While the gyroid structure is the same between the
oxides and nitrides (as confirmed by SAXS), the feature
sizes are slightly larger for the oxides than in the nitrides,
which is consistent with a small difference in SAXS d;q9
spacings. SEM measurements of the feature sizes are
strongly influenced by the projection and orientation of
the sample, however, and merely serve as a guide while
the SAXS provides a more bulk sampling of the character-
istic morphology dimensions. Slight variations between
samples may also result in slightly different feature sizes.

Conductivity measurements on monoliths of the
nitrides were performed using a two-point probe set-
up. Two TiggNbg >N monoliths showed an average con-
ductivity of 7.3 S/cm, and two TipsNbysN monoliths
showed an average conductivity of 3.5 S/cm. The con-
ductivity calculations did not take into account porosity,
which lowers the conductivity of the bulk material.
Results of additional conductivity characterization, as well
as optical characterization (UV—vis—NIR and Raman
spectroscopies) can be found in the Supporting Informa-
tion, revealing more changes of materials properties
when moving from the oxides to the nitrides.

It is particularly interesting that, in contrast to synth-
eses explored previously, the structure retention oc-
curs in these materials without a carbon scaffold that
usually prevents collapse of the structure during calci-
nation or crystallization.®%’ The slow ramp rates of the
heating procedures (1—2 °C/min) and the nature of the
amorphous matrix containing small crystallites in one
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Exa

Figure 5. Cross-sectional SEM images, at different magnifications, of single domains >1 um of Au—Pd-coated Tip gNb, ,0,
(a—c) samples made with 1SO2 and Tip sNbg 50, (d—f) samples made with ISO3. The long-range order of single domains is
shown in (a) and (d), while (b), (c), (e), and (f) reveal the three-dimensionality of the cubic G” structures.

Figure 6. Cross-sectional SEM images, at different magnifications, of single domains >1 um of uncoated Tip gNbg ;N (a—c)
samples made with I1SO2 and Tig sNbg sN (d—f) samples made with ISO3. The long-range order of a single domain is shown in
(a), while (b), (c), (e), and (f) reveal the three-dimensionality of the cubic G” structures.

case may mitigate the stresses of shrinkage, particularly in
the case of the TiggNby,0, composition. We speculate
that the 3D nature of the gyroidal structure and large
grain sizes in both compositions may aid mesostructure
retention without a hard template.3® Incorporating Nb
may prevent macroscopic pulverization by delaying crys-
tallization at the calcination temperature. In addition, the
uniform 3D mesoporosity of the structure provides short
diffusion lengths on the order of nanometers for the
nitriding process, allowing the reaction to occur at 600 °C,
mild enough to prevent mesostructure collapse during
crystallization.

CONCLUSIONS

In summary, by combining self-assembling triblock
terpolymers with oxides that are crystalline (titania)

METHODS

Materials. Hydrochloric acid (37 wt %, ACS/NF/FCC, Aristar
BDH), titanium(lV) isopropoxide (Aldrich, 97%), niobium(V)
ethoxide (Aldrich 99.95%, trace metal basis) (for TipgNbg,0,),
niobium(V) ethoxide (Alfa-Aesar 99.999%, metals basis,
Ta <500 ppm) (for TipsNbys0,), and tetrahydrofuran
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and amorphous (niobia) at 450 °C, we generate a
mixed oxide, TiggNbg,0,, with small oxide crystallites
in an amorphous oxide matrix as well as an amorphous
mixed oxide, TigsNbgs0,. These materials retain their
macrostructure and mesostructure extremely well
upon heat treatment, compared to the BCP-directed
component oxides that have been studied.?” These
mesoporous mixed oxides can subsequently be ni-
trided at 600 °C to generate conductive monolithic
ordered mesoporous materials for electrode applica-
tions. The retention of both the ordered mesostructure
and macrostructure during heat treatments, shrinkage,
and crystallization opens new possibilities for ordered
mesoporous materials. This strategy may be general-
ized for generating various BCP-directed, ordered me-
soporous mixed transition metal oxides and nitrides.

(Sigma-Aldrich, anhydrous, =99.9%, inhibitor-free) were all
used as received.

The block copolymers, poly(isoprene-block-styrene-block-
ethylene oxide) (ISO1, ISO2, and 1SO3), were synthesized by se-
quential anionic polymerization. The block copolymer compositions
and polydispersity indices were characterized by a combination of
size exclusion chromatography and nuclear magnetic resonance.
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Synthesis of 150 Block Terpolymers. The block terpolymers, poly-
(isoprene)-block-poly(styrene)-block-poly(ethylene oxide), were
synthesized by sequential anionic polymerization techniques
which are described in greater detail elsewhere.>**”38 The
poly(isoprene) block was initiated by sec-butyllithium in ben-
zene, to which the isoprene monomer was added. The styrene
monomer was added to the living poly(isoprene) to generate
poly(isoprene)-block-poly(styrene). The living poly(isoprene)-
block-poly(styrene) chains were end-capped with ethylene oxide
and terminated with methanolic HCl, yielding —OH-terminated
poly(isoprene)-block-poly(styrene). The diblock copolymer was
purified using water/chloroform washing and dried on a Schlenk
line. The diblock copolymer was then dissolved in tetrahydrofur-
an and reinitiated with potassium naphthalide. The poly(ethylene
oxide) block was grown by the addition of ethylene oxide to the
initiated diblock copolymer. Finally, the triblock terpolymer poly-
(isoprene)-block-poly(styrene)-block-poly(ethylene oxide) was
terminated with methanolic HCl, purified by washing, and dried
on a Schlenk line. We note that sec-butyllithium is a pyrophoric
liquid, and ethylene oxide is a highly toxic, flammable gas at room
temperature. As such, extreme caution should be used with these
reagents! Air- and water-free conditions are necessary for the
anionic synthesis.

Synthesis of Monolithic Mesoporous Mixed Nitrides. For TiggNbg ,05,
100 mg of either ISO1 or ISO2 was dissolved in 3 mL of anhydrous
THF to give a 3.5 wt % solution. The mixed oxide sol was prepared
by a hydrolytic route, adapted from a previous publication.? First,
1 mL (3.4 mmol) of titanium(IV) isopropoxide was quickly added
to 0.38 mL of HCl, with vigorous stirring in a 20 mL vial. After
2.5 min, 0.21 mL (0.8 mmol) of niobium(V) ethoxide was quickly
added to the stirring vial. After another 2.5 min, 2.5 mL
(30.8 mmol) of anhydrous tetrahydrofuran was quickly added.
After 2 min, an aliquot of the transparent pale yellow sol
was added to the polymer solution. For I1SO1 (59.6 kg/mol ISO,
4.5 kg/mol PEO), the sol aliquot was 0.32 mL/100 mg of ISO1 to
generate a G* morphology. For ISO2 (69 kg/mol ISO, 3.9 kg/mol
PEO), the sol aliquot was 0.34 mL/100 mg of ISO2 to generate a Gh
morphology, due to its smaller PEO block.

For TigpsNbg 505, 75 mg of 1ISO3 was dissolved in 2 mL of
anhydrous THF to give a 4.0 wt % solution. The mixed oxide
sol—gel precursor for TipsNbgsN was also prepared by a
hydrolytic sol—gel route. First, 0.90 mL (3 mmol) of titanium(1V)
isopropoxide was added to 0.74 mL (3 mmol) of niobium(V)
ethoxide in an inert atmosphere glovebox to give a mixed
alkoxide precursor. Second, 0.778 g (~0.85 mL) of the mixed
alkoxide precursor was quickly added to 0.30 mL of HCl and
1 mL of anhydrous tetrahydrofuran, with vigorous stirring in a
4 mL vial. After 5 min, another 1 mL of anhydrous tetrahydro-
furan was quickly added to the stirring vial. After 2 min, an
aliquot of the transparent yellow sol was added to the polymer
solution. The sol aliquot was 0.24 mL/75 mg ISO3 to generate a
G" morphology.

The ISO/oxide mixtures were stirred vigorously for at least
3 h. Films were then cast in PTFE dishes. The solvent was
evaporated with the PTFE dish on a glass Petri dish covered
by a glass dome, on a hot plate set to 50 °C overnight. Films
were subsequently aged at 160 °C (TipgNby,0,) or 130 °C
(Tip.sNbg s0;) overnight in a vacuum oven. The highly ordered
structure was generated through the slow, controlled evapora-
tion of solvent, leading to large gyroidal domain sizes. The aging
process does not appear to play a major role in the generation of
large domain ordered mesostructures but makes the films more
robust and less prone to cracking over time.

Films were calcined in air to generate the freestanding oxide
in a flow furnace, 3 h at 450 °C with a ramp rate of 1 °C/min and
allowed to cool to ambient conditions.

For nitriding the resulting oxides, the films were heated in a
flow furnace under anhydrous ammonia gas at a flow rate of
2.5 L/h for 6 h at 600 °C, with a ramp rate of 1.6 °C/min (about
100 °C/h). The flow tubes were cooled to room temperature
under flowing ammonia and then purged with N,. One tube
valve was opened to air for 30 min, and then the tube end was
removed. Finally, the sample was removed from the tube.

XRD Characterization. Powder X-ray diffraction data for pow-
ders of the mixed oxide and mixed nitride were collected on a
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Rigaku Ultima IV diffractometer equipped with a D/teX Ultra
detector, using Cu Kot radiation and a scan rate of 2°/min
(Tio.sNbg205) or 5°/min (TigsNbg sOs).

SAXS Characterization. Small angle X-ray scattering patterns
were obtained on a home-built beamline equipped with a
Rigaku RU-3HR copper rotating anode generator, a set of
orthogonal Franks focusing mirrors, and a phosphor-coupled
CCD detector, as described elsewhere.3® Some SAXS patterns
were also obtained at the G1 station of the Cornell High Energy
Synchrotron Source (CHESS), with a beam energy of 10.5 keV
and sample-to-detector distance of approximately 2.5 m. The
two-dimensional patterns obtained from a point-collimated
beam were azimuthally integrated to yield the one-dimensional
plots shown in Figures 3 and S1.

SEM Characterization. Fractured and powdered oxide mono-
liths were directly mounted on stubs and coated with Au—Pd.
The Au—Pd coating on the oxides causes the surface roughness
seen in Figure 5. Fractured and powdered nitride monoliths
were directly mounted on stubs using carbon tape without any
coating. Samples were characterized by SEM on a Zeiss LEO-
1550 FE-SEM instrument and a TESCAN MIRA3 LM FE-SEM
instrument using in-lens detectors.

Conductivity Characterization. Conductivity of ISO-derived ni-
tride monoliths were measured by a two-point probe setup.
Before calcination, the I1SO-derived hybrid films were treated
with CF,4 plasma to remove any closed overlayers. After calcina-
tion and nitriding, monoliths were masked with tape and
sputtered with Au—Pd to deposit electrode contacts. On each
of these Au—Pd contacts, a drop of liquid metal eutectic Ga/In was
placed. The Ga—In eutectic is useful for avoiding direct pressure to
the monoliths during measurements which can cause cracking.
Resistance measurements were performed across the known cross
section of a nitride monolith using a Keithley 2400 sourcemeter.
Conductivity values were calculated using the measured resistance
and measured sample dimensions of the cross section.
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