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Oxides and Nitrides with Asymmetric Pore Structure from
Block Copolymer Co-Assembly and Non-Solvent Induced
Phase Separation

Sarah A. Hesse, Kevin E. Fritz, Peter A. Beaucage, Ethan M. Susca, Jin Suntivich,
and Ulrich Wiesner*

Materials combining an asymmetric pore structure with mesopores
everywhere enable high surface area accessibility and fast transport, making
them attractive for e.g., energy conversion and storage applications. Block
copolymer (BCP)/inorganic precursor co-assembly combined with
non-solvent induced phase separation (NIPS) provides a route to materials in
which a mesoporous top surface layer merges into an asymmetric support
with graded porosity along the film normal and mesopores throughout.
Here, the co-assembly and non-solvent-induced phase separation (CNIPS) of
poly(isoprene)-b-poly(styrene)-b-poly(4-vinylpyridine) (ISV) triblock terpolymer
and titanium dioxide (TiO2) sol-gel nanoparticlesare reported. Heat-treatment
in air results in free-standing asymmetric porous TiO2. Further thermal
processing in ammonia results in free-standing asymmetric porous titanium
nitride (TiN). processing changes alter structural membrane characteristics is
demonstrated. Changing the CNIPS evaporation time results in various
membrane cross-sections ( finger-like to sponge-like). Oxide and nitride
material composition, crystallinity, and porosity are tuned by varying thermal
processing conditions. Finally, thermal processing condition effects are
probed on phase-pure asymmetric nitride membrane behavior using cyclic
voltammetry to elucidate their influence, e.g., on specific capacitance. Results
provide further insights into improving asymmetric and porous materials for
applications including energy conversion and storage, separation, and
catalysis and motivate a further expansion of CNIPS to other (in)organic
materials.
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1. Introduction

When designing electrodes for energy
conversion and storage applications, high
power density and high energy density are
desirable.[1,2] For electrochemical double-
layer capacitors (EDLCs) utilizing high-
surface-area porous materials, there exists
an inherent tradeoff between the two at
fast charge/discharge rates, as only a small
pore fraction is accessible due to the lim-
ited mass transport into and out of the
electrodes, leading to pore underutilization.
Reducing electrode thickness can improve
pore utilization, but at the expense of energy
density.
Mesoporous materials have contributed

to the ability to overcome this inherent en-
ergy and power density tradeoff.[3–9] Block
copolymer (BCP) self-assembly (SA) is a
highly versatile and controllable route to ob-
taining mesoporous materials, as BCPs can
be used to structure-direct a wide range of
organic or inorganic materials.[10] Further
processing to remove the polymer results
in periodically ordered mesoporous inor-
ganic materials which have homogeneous
pore sizes typically on the order of tens of
nanometers throughout the material.[11–13]
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These structures generally represent equilibrium mesophase
morphologies and can have high surface areas thus improv-
ing energy densities.[12,14] Yet at fast charge/discharge rates, the
power density plateaus and the energy density drops due to the
limited mass transport rate into and out of the mesoporous
material.[15]

To overcome these limitations, it is desirable to create ma-
terials with increased pore accessibility to enhance power den-
sity at fast charge/discharge rates, while retaining high energy
density. The self-assembly and non-solvent-induced phase sep-
aration (SNIPS) process combines BCP SA with an industri-
ally scalable process called non-solvent-induced phase separa-
tion (NIPS).[16–18] As solvents evaporate during SNIPS, BCP SA
is not allowed to reach equilibrium. Rather, the structure is ki-
netically trapped in an asymmetric state along the film normal
due to quenching in a non-solvent bath duringNIPS. The re-
sulting porous membranes possess a mesoporous top surface
separation layer that merges into an asymmetric macroporous
support structure. The mesoporous top separation layer can be
tuned to possess a highly periodically ordered array of homoge-
neously sized pores, thus enabling high selectivity in separation
applications.[19] The macroporous support structure is tunable
and contributes to the mechanical stability of the membranes.[20]

As a result of the high pore density and small thickness of or-
der 100 nm of the mesoporous separation layer atop the macrop-
orous support, highly permeable ultrafiltration membranes also
enable high flux.[21] While initially restricted to organic ma-
terials, the SNIPS process was expanded to co-assembly and
non-solvent-induced phase separation (co-assembly and NIPS =
CNIPS) providing access to both organic-inorganic hybrid and
inorganic functional materials.[22] During CNIPS, BCPs are used
to structure-direct either organic or inorganic additives (the for-
mer may subsequently be converted into inorganic materials),
hence co-assembly, into kinetically trapped asymmetric mem-
brane structures.[22,23]

Additives that have been introduced include, amongst oth-
ers, phenol formaldehyde resols as carbon precursors or tita-
nium dioxide (TiO2) sol gel-derived nanoparticles (NPs). By in-
troducing a substantial amount of organic or inorganic addi-
tives in the CNIPS process, the resulting organic/organic or or-
ganic/inorganic hybrids can be further heat-processed to obtain
carbons or oxides and nitrides, respectively.[15,22–24] Carbons are
the material of choice, for example, for lithium-ion batteries,
while titanium nitride (TiN) is stable to higher voltages, thus
making it a desirable support material in electrocatalysis.[12,25]

While thesematerials classes can themselves already find a range
of applications, as we showed for the first time very recently
the combination of asymmetric, hierarchical pore structure with
well-defined mesoporosity throughout the materials enables im-
proved performance with respect to both power and energy den-
sity, in particular at fast charge/discharge rates.[15] This approach
overcomes the inherent trade-off between high-surface-area and
high-flux requirements discussed earlier that had limited the per-
formance of porous materials with other architectures. The re-
sulting asymmetric materials typically have similar specific sur-
face areas as compared to their mesoporous counterparts; How-
ever, this high surface area as a result of the mesopores through-
out the membranes is more accessible due to the superimposed

pore hierarchy including graded macropores, allowing for rapid
ion diffusion into and out of the material, for example, result-
ing in record-setting power densities at high energy densities in
EDLCs.[15]

While this original report described record-setting carbon
as well as titanium nitride materials and their electrochemical
characterization, it did not provide a comprehensive account
of the correlation of SNIPS and thermal processing parame-
ters with porous materials structure. This original work was
therefore more recently followed up with an in-depth study of
these correlations for carbon materials.[24] The focus of this
present report is to do the same for the nitride materials. We
will provide fundamental insights into the synthesis of asym-
metric, hierarchically porous TiO2 and TiN membranes with
mesopores throughout the materials resulting from a combina-
tion of triblock terpolymer-based CNIPS with subsequent heat-
processing steps. It is the triblock terpolymer SA-derived meso-
pores throughout these membranes that sets these materials
apart from other electrode materials with hierarchical pore struc-
ture, including asymmetric carbons derived fromNIPS.[26–28] We
demonstrate how careful control of various processing parame-
ters, for example, solvent evaporation time and maximum pro-
cessing temperature, enable tuning of final membrane proper-
ties, including variations inmembrane substructure and changes
in degree of crystallinity, from mixed phase to single phase inor-
ganicmaterials, respectively. Finally, cyclic voltammetry (CV) was
used on each of the resulting phase-pure asymmetric nitrides to
study the effects of thermal processing on their capacitive perfor-
mance.

2. Experimental Section

2.1. Materials

2.1.1. Materials

Unless otherwise stated, materials were used in the form they
were received. 1,4-dioxane (DOX, Sigma-Aldrich, anhydrous,
99.8%) and tetrahydrofuran (THF, Sigma-Aldrich, anhydrous,
≥99.9%, inhibitor-free) were used to prepare casting solutions.
TiO2 sol NPs were prepared using hydrochloric acid (HCl, VWR,
BDH, ACS Grade, 36.5–38%), titanium tetraisopropoxide (TTIP,
SigmaAldrich, 99.999% tracemetals basis or Alfa Aesar, 99.995%
metals basis), and THF (Sigma-Aldrich, anhydrous, ≥99.9%,
inhibitor-free). During SNIPS syntheses, deionized (DI) water
with a resistivity of 18.2 MΩcm was used as non-solvent in the
precipitation bath.
Heat-processing was performed using the following gases: Ei-

ther ammonia (NH3) from Airgas, (anhydrous, 99.9%, purified
over a SAES MicroTorr MC400-702F purifier to remove residual
moisture/oxygen) or from Praxair, (electronic grade, 99.9999%)
for the nitride synthesis; Argon (Ar, Airgas, high purity) or nitro-
gen (N2, Airgas, high purity) to purge the furnace tube of residual
NH3.
The following chemicals were used in the electrochemical

measurements: perchloric acid (HClO4, GFS Chemicals, Ver-
itas double-distilled), Pelco Colloidal Gold Paste (Ted Pella),
Omegabond 101 epoxy (Omega Engineering), argon (Ar, Airgas,
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ultra-high purity), and deionized water (DI water) with a resistiv-
ity of 18.2 MΩcm.

2.2. Materials Synthesis/Preparation

2.2.1. Polymer Synthesis and Characterization

A previously described sequential living anionic poly-
merization process was employed to synthesize the
poly(isoprene)-b-poly(styrene)-b-poly(4-vinylpyridine) (ISV)
triblock terpolymer.[17] The ISV triblock terpolymer used in
this study had a total molar mass of 113 kg mol−1. The vol-
ume fractions for poly(isoprene) (PI), poly(styrene) (PS), and
poly(4-vinylpyridine) (P4VP) were 29 vol%, 59 vol%, and 12
vol%, respectively. The ISV polydispersity index (PDI) was 1.3
determined via gel permeation chromatography (GPC). Using
a combination of GPC and 1H nuclear magnetic resonance
spectroscopy (1H NMR), the molar mass of the individual blocks
and entire BCP were determined based on the molar mass of the
PI block obtained from GPC (using PI standards) on an aliquot
of PI extracted during synthesis. For block fraction analysis, the
polymer was dissolved in chloroform-d (D, 99.8%, Cambridge
Isotope Laboratories) and measured using a Varian INOVA 400
MHz 1H solution NMR spectrometer. For ISV polydispersity
determination against PS standards, ISV was dissolved in
THF and analyzed using a Waters ambient-temperature GPC
equipped with a Waters 410 differential refractive index (RI)
detector (flow-rate 1 mL min−1).

2.2.2. Casting Solutions

The casting solutions were prepared by first dissolving ISV at
15 wt.% concentration in a 7:3 (by weight) solvent mixture of
DOX:THF. Typically, 0.1 g of ISV was used to prepare the ini-
tial solution of ISV in 7:3 DOX:THF. The solution was stirred
until it appeared homogeneous. The TiO2 sol was prepared in a
separate vial via a hydrolytic sol-gel route, adapted from a previ-
ously reported process.[25,29–31] 1.0 mL TTIP was added to 0.3 mL
HCl in a vial with septum and stirred vigorously for 5 min. Af-
ter that time, 2 mL of THF was added. The mixture was again
stirred for 2 min before being added to the casting solution. 7.9
vol% ISV+TiO2 was the volume percent of the casting solution.

2.2.3. Casting

The asymmetric materials were prepared via a process called
S/CNIPS. In this process, the casting solution was pipetted onto
a glass substrate. Thereafter, a doctor blade was used to hand
cast a thick film of predetermined height. Prior to casting, the
gate height (height between the casting blade and substrate) was
adjusted to 305 to 381 μm thickness using feeler blades. After
casting, the solvents in the film were allowed to evaporate for a
specified amount of time (typically 75 s unless otherwise stated)
to allow for a concentration gradient to form along the film nor-
mal. After this evaporation period, the films were plunged into a
non-solvent DI water bath. This step precipitated the ISV+TiO2,
thereby turning the concentration gradient into a structural gra-
dient.

2.2.4. Thermal Processing

Once the membranes were prepared, they were dried in a vac-
uumoven and then heated first to 50 °C for 2 h, followed by an ad-
ditional heating step for 5 h at 130 °C. Thereafter, a flow furnace
was used for further heat-processing steps. In order to produce
an oxide material, the furnace was kept open to air. The tempera-
ture profile for this step was 1 °C min−1 to final temperatures of
300, 400, or 500 °C, respectively. The final temperatures of 300,
400, or 500 °C were held for 3 h before samples were allowed to
cool back to room temperature (RT) at ambient rate. In order to
produce free-standing nitrides, either the oxide materials or the
original 130 °C hybrid materials were heated in a flow furnace
under flowing NH3 gas (10 liter h

−1). Regardless of oxides or hy-
brids being used for making the nitrides, the temperature profile
was 5 °C min−1 to 600 °C. The temperature was then held at 600
°C for 6 h before being allowed to cool to RT at ambient rate. Be-
fore removing the sample from the furnace, the tube was purged
with either Ar or N2 in order to remove any remaining NH3 gas.
In the case of the anatase to rutile series (Figure 6), the ramp rate
was 1 °C min−1 to 500, 700, 825, and 875 °C with a dwell time of
0.1 h instead of 3 h. To that end, samples were treated in a flow
furnace that was open to air.

2.3. Materials Characterization

2.3.1. SEM Analysis

Scanning electronmicroscopy (SEM)micrographswere obtained
using either a TESCAN MIRA3 FE-SEM (in-lens detector, accel-
erating voltage of 5–15 kV) or a ZEISS Gemini 500 SEM (accel-
erating voltage of 2 kV). The samples were either left uncoated
or were coated with gold-palladium prior to imaging using a
Denton Vacuum Desk II. Some of the SEM images were bright-
ness/contrast adjusted.

2.3.2. X-Ray Diffraction

X-ray diffraction (XRD) data for hybrids, oxides, and nitrides were
collected on a Rigaku Ultima IV diffractometer equipped with a
D/teX Ultra detector using CuK𝛼 radiation (40 V, 44mA, 𝜆= 1.54
Å) and a step size of 0.02° (2theta) at 1°min−1.MDI Jadewas used
for the analysis by fitting the peak profiles.
Lattice parameters for TiN were calculated using the raw XRD

data using the (200) reflection. The coherent scattering domain
sizes were calculated using the Debye–Scherrer analysis with
shape factor k = 1, and were the result of an average of the values
for the first five peaks, unless otherwise noted. Peak markings
correspond to the expected peak positions and relative intensi-
ties of cubic Fm3̄m (space group #225) TiN (osbornite; ICSD en-
try #00-038-1420) with a reported lattice parameter of 4.2417 Å.
Lattice parameters for the anatase TiO2 were calculated using

the raw XRD data of the (200) and (105) reflections. The coher-
ent scattering domain sizes were calculated using the Debye–
Scherrer analysis with a shape factor k = 1, and were the result
of the values obtained using the (101), (200), (105), and (211) re-
flections, unless otherwise noted. Peak markings correspond to
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the expected peak positions and relative intensities of a tetrago-
nal crystal system of I41/amd (space group #141) for anatase TiO2
(ICSD entry #01-070-7348) with a reported lattice parameter of a
= b = 3.7840 Å and c = 9.5000 Å.
Lattice parameters for rutile TiO2 were calculated using the

raw XRD data of the (101) and (111) reflections. The coher-
ent scattering domain sizes were calculated using the Debye–
Scherrer analysis with a shape factor of k = 1, and were the result
of the values obtained using the (110), (101), (200), (111), (210),
(211), and (220) reflections. Peak markings correspond to the ex-
pected peak positions and relative intensities of a tetragonal crys-
tal system of P42/mnm (space group #136) for rutile TiO2 (ICSD
entry #00-021-1276) with a lattice parameter of a = b = 4.5933 Å
and c = 2.9592 Å.
These analyses represent the lower limit of the domain sizes

as instrumental and other sources of peak broadening were not
accounted for.

2.3.3. Nitrogen Sorption

Nitrogen adsorption-desorption isotherms were recorded using
a Micromeritics ASAP 2020 surface area and porosity analyzer
at −196 °C. The Brunauer–Emmett–Teller (BET) method was
used to obtain the specific surface areas of the various oxides
and nitrides.[32,33] Pore size distributions were obtained using
the Barrett–Joyner–Halenda (BJH) analysis.[34] Reported errors
in surface areawere a result of the standard deviations of repeated
sample weighing. The standard deviation of the full-width at half-
maximum (FWHM) was a result of fitting the pore size distribu-
tion with a least-squares fit using a gaussian function in Igor Pro.

2.3.4. Thermogravimetry Analysis

A TA Instruments Q500 thermogravimetric analyzer (TGA) was
used for thermogravimetric measurements. The temperature
was ramped from RT at 1 °Cmin−1 to 300, 400, or 500 °C, respec-
tively, for each of the three samples measured. There the temper-
ature was held isothermally for 3 h before being allowed to cool
back to RT at ambient rate. The samples were processed in air.

2.3.5. Electrochemical Measurements

Electrodes were fabricated by adhering titanium wire to the ni-
tride monoliths using a two-step procedure. First, the wires were
affixed to the monoliths with conductive gold paint and allowed
to cure for 2 h. After curing, an inert two-part epoxy was mixed
and used to cover the back and sides of the monolith as well as
the gold paint and approximately 1 inch of the wire to ensure
that only the monolith generated an electrochemical response.
The inert epoxy was allowed to cure for 12 h.
All electrochemical measurements were conducted using a

three-electrode electrochemical cell with 0.1 m HClO4 acid as the
supporting electrolyte and a platinum wire as the counter elec-
trode. The applied potential was controlled using a Bio-Logic SP-
300 potentiostat while an Ag/AgCl electrode was used as the ref-
erence electrode. The reference electrode was placed in a capillary

filled with 0.1 m HClO4 acid to further isolate it from the elec-
trolyte and prevent chlorine evolution at high applied potentials.
The reference electrode was calibrated against the reversible hy-
drogen electrode (RHE) scale by measuring the hydrogen evolu-
tion/oxidation currents on a polycrystalline Pt disk (Pine) in 0.1 m
HClO4 electrolyte and all potentials in this study were referenced
to the RHE potential scale.
Capacitance measurements of all monoliths were obtained us-

ing CV in an electrolyte saturated with Ar (Airgas, ultra-high pu-
rity) prior to measurement by scanning between 0.01 V vs RHE
and 1.4 V vs RHE at a series of scan rates between 1 V s-1 and 50
mV s−1. The fastest scan rates were measured first, followed by
incrementally slower rates. All cyclic voltammograms were mea-
suredwith iR-compensated potentials to ensure the result reflects
the intrinsic electrode response. The total resistance, R, wasmea-
sured using the Biologic automatic software compensation as the
AC impedance at high frequency in the three-electrode system
and corresponded to the sum of all electrolyte and contact resis-
tances.

3. Results and Discussion

Graded macro- and mesoporous TiO2 and TiN (Cornell Graded
Materials – CGMs) with structural asymmetry along the film nor-
mal were obtained using the CNIPS process in combination with
a series of thermal processing steps (Figure 1). In this study, an
ISV triblock terpolymer was employed with a molar mass of 113
kgmol−1 with PI, PS, and P4VP volume fractions of 29, 59, and 12
vol%, respectively, and a PDI of 1.3. It was synthesized via a pre-
viously reported sequential anionic polymerization process.[17]

As demonstrated in earlier studies, incorporating PI as a third
block substantially improves the mechanical properties of the as-
mademembranes, for example, relative to SV diblock copolymer-
derived materials, in particular for molar masses below 100 kg
mol−1 leading to smaller mesopores and therefore higher surface
areas.[17,18] In preparation for the CNIPS process, the ISVwas dis-
solved at 15wt.% in a solvent systemof 7:3 (byweight) DOX:THF.
The ISV triblock terpolymer was used to structure-direct inor-
ganic TiO2 sol-gel NPs prepared via a previously reported sol-
gel synthesis route, which is expected to selectively swell the hy-
drophilic P4VP phase.[22,35,36] The TiO2 sol-gel NPs in THF were
added to the homogeneous ISV in DOX:THF solution. The so-
lutions were cast onto glass slides using a doctor blade whose
height had been adjusted to 305–381 μmusing feeler blades. The
solvents in the casted films were allowed to partially evaporate,
typically for 75 s, inducing an ISV+TiO2 concentration gradient
along the film normal. Immediately following the set evaporation
time, the films were gently plunged into a non-solvent DI water
bath. In this step, the polymer precipitates, which freezes-in the
structure, converting the concentration gradient into a structural
gradient. This concluded the CNIPS part of the process that re-
sulted in organic/inorganic hybrid membranes.
The CNIPS procedure was then followed by a series of ther-

mal processing steps. The films were first dried and then heated
to 130 °C to drive off residual solvent or non-solvent. Thereafter,
they were either treated at 300, 400, or 500 °C to obtain freestand-
ing oxides (TiO2) with either some (300 °C), only traces (400 °C),
or no (500 °C) remaining carbon, respectively, as suggested by
the color in the photographs in Figure 1. These oxides were then
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Figure 1. Schematic of the CNIPS process and subsequent thermal processing steps. ISV triblock terpolymer was dissolved in 7:3 (by weight) DOX:THF
to which TiO2 sol NPs in THF were added. The homogeneous casting solution was pipetted onto a glass slide and a film of specified thickness was
cast. The solvents were evaporated for a specified amount of time on the order of a minute (see main text) to induce a concentration gradient. Upon
immersion into a DI water bath, the polymer was precipitated, converting the ISV+TiO2 concentration gradient into a structural gradient. The resulting
membranes were dried at RT and up to 130 °C in a vacuum oven. They were then subjected to thermal processing steps in a flow furnace that was open
to air to either 300, 400, or 500 °C. This led to the decomposition of the polymer and formation of a freestanding oxide. The oxide was then subjected to
further heat-treatment in NH3 (600 °C) to form TiN. In one route, the 130 °C heat-treated hybrid was directly converted in NH3 (to 600 °C) to the nitride
without first being heat processed to the oxide in air. Representative photographs of the materials at each processing step are shown at the bottom (the
sample heat-treated in air to only 300 °C appears dark presumably as a result of residual carbon).

treated to 600 °C in flowing NH3 to obtain freestanding TiN. In
one case, the oxide step was omitted by taking the 130 °C hybrid
and directly heating it in NH3 to 600 °C in order to obtain free-
standing TiN monoliths.

3.1. Evaporation Time as a Means to Tuning Asymmetric
Membrane Substructure

The SNIPS and CNIPS processes depend on a number of in-
put parameters that need to be carefully tuned in order to ob-
tain desired asymmetric membrane structures. Parameters such
as composition (either BCP composition in case of SNIPS, or
BCP + additive compositions in case of CNIPS), casting solution
concentration, casted membrane thickness, or evaporation time
all are influencing the final structure, both of the top separation
layer as well as of the asymmetric substructure.[20,23,24,37,38] Fig-
ure 2 depicts SEMmicrographs of a series of membranes of both
the as-made ISV+TiO2 hybrid materials (Figure 2a) immediately
following precipitation and drying as well as the corresponding
free-standing oxides, which were all treated to 500 °C (Figure 2b).
In this series, the evaporation times varied between 45, 60, 75,
and 90 s (from left to right).
From Figure 2a, irrespective of evaporation time the top

surfaces (top row) of the as-made materials remained closed.
The different images reflect varying degrees of hexagonal order
on these top surfaces. With increasing evaporation time, the
cross-section evolved from a more finger-like to a more sponge-
like profile (middle row, left to right). This transformation has
previously been rationalized as resulting from the increased
film concentration and thus more viscous solutions at higher

evaporation times.[20,39] The higher viscosity delays the solvent
and non-solvent exchange, thereby resulting in denser (i.e.,
more sponge-like) substructures. The bottom surfaces (bottom
row) of the membranes only showed small variations. It appears
that with increasing evaporation time there were fewer yet larger
macropores.
Each of the hybrids in Figure 2a was obtained using differ-

ent evaporation times followed by conversion into an oxide by
treatment in the air using a heating profile of 1 °C min−1 to 500
°C with a dwell time of 3 h before being allowed to cool back
to RT (Figure 2b). Due to substantial material decomposition,
the top surfaces changed from closed to porous (top row). Due
to increased contrast in the oxides, the hexagonal pore ordering
became particularly evident for evaporation times of 75 and 90
s, respectively. Both the asymmetric cross-sections (middle row)
and open bottom surfaces (bottom row) were retained for each
respective evaporation time.
Results of XRD experiments on the oxides are provided in Fig-

ure S1, Supporting Information. The resulting patternswere con-
sistent with an anatase phase TiO2 (ICSD #01-070-7348; space
group I41/amd (#141)) with lattice parameters of a = b = 3.80 Å
and c = 9.53 Å, and a coherent scattering domain size of around
15 nm. Analysis results are summarized in Supporting Informa-
tion Table S1, Supporting Information.

3.2. Thermal Processing of Membranes into Asymmetric Oxides
and Nitrides

In general, thermal processing parameters affect material com-
position and crystallinity, and thus material performance in

Macromol. Chem. Phys. 2023, 224, 2200304 © 2022 Wiley-VCH GmbH2200304 (5 of 14)
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Figure 2. Representative SEM images of asymmetric a) as-made ISV+TiO2 hybrid membranes and b) TiO2 materials heated to 500 °C with a dwell time
of 3 h before being allowed to cool to RT. From left to right, evaporation times ranged from 45, 60, 75, to 90 s. From top to bottom for both (a) and (b):
top surface, asymmetric cross-section, and macroporous bottom surface. Scale bars are identical in each row.

Macromol. Chem. Phys. 2023, 224, 2200304 © 2022 Wiley-VCH GmbH2200304 (6 of 14)
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envisioned applications. For example, single-phase TiN may be
desirable for electrochemical applications,[25] while mixed-phase
materials consisting of crystalline anatase and crystalline TiN
may find uses in simultaneous dye-sensitized solar cells (DSSCs)
and water-splitting applications.[40]

Here, four pathways were investigated that resulted in either
single-phase TiN or mixed-phase anatase TiO2 and TiN. In par-
ticular, the role of oxide crystallinity in the transition from oxide
to final nitride was examined. The hybrid precursor membranes
in all cases were kept the same. These hybrids were obtained as
described above with 75 s evaporation time, drying the as-made
ISV+TiO2 organic/inorganic hybrids (Figure S2, Supporting In-
formation), and then heating them to 130 °C (Figure S3, Sup-
porting Information) in a vacuum oven to drive off any residual
solvent (DOX, THF) and non-solvent (DI water). The as-made
material top surface was closed (Figure S2a, Supporting Informa-
tion), yet hexagonal features became evident in the hybrid treated
to 130 °C (Figure S3a, Supporting Information). The asymmet-
ric cross-section (Figure S2b, Supporting Information) and open
macroporous bottom were evident in both hybrids (Figures S2c
and S3c, Supporting Information). The walls of the substructure
betweenmacropores at these stageswere not porous (Figures S2d
and S3d, Supporting Information), a result that was consistent
with the closed top surfaces of these hybrids.
Following heat-treatment to 130 °C, subsequent processing

pathways were varied. In the first, the ISV+TiO2 hybrid was di-
rectly heated under ammonia to 600 °C to the nitride (Figure 1),
bypassing the intermediate oxide formation step. In the other
three cases, prior to nitriding, the hybridwas treated to either 300,
400, or 500 °C in air with a dwell time of 3 h before being allowed
to cool to RT at ambient rate. This resulted in free-standing asym-
metric oxides. Representative SEM images of the 130 °C treated
hybrid aswell as the various oxides treated to the three different fi-
nal temperatures are provided in Figure 3a–d and Figure S4, Sup-
porting Information. The hybrid treated to 130 °C displayed a top
surface with underdeveloped pores (Figure 3a), an asymmetric
cross-section with non-porous walls (Figure S4a, Supporting In-
formation), and an openmacroporous bottom.When treating the
hybrids to either 300 (Figure 3b), 400 (Figure 3c), or 500 °C (Fig-
ure 3d), respectively, materials now exhibited more or less hexag-
onally ordered porous top surfaces while retaining their asym-
metric cross-sections and open bottom surfaces (Figure S4b–d,
Supporting Information, middle rows). Consistent with the top
surface, the walls of the substructure were now also mesoporous
due to the decomposition of the polymeric material (Figure S4b–
d, Supporting Information, bottom row), thereby adding another
layer of pore hierarchy to the materials.
The nitriding step for all the materials was kept the same by

heating at 5 °C min−1 to 600 °C with a dwell time of 6 h un-
der flowing NH3. Representative SEM images of the resulting
materials are provided in Figure 3e–h. The nitrides retained the
main features that were already evident in the case of the oxides,
including the porous top surface morphology, the asymmetric
cross-sections with additional mesopores in the walls between
macropores, as well as the bottom surfaces with large and open
macropores. Even though the SEM images of the various nitrides
appeared similar, XRD patterns indicated differences resulting
from variations in the temperature processing conditions (Fig-
ure 4,Table 1). Allmaterials were derived from ISV+TiO2 hybrids

treated to 130 °C, which were amorphous (Figure 4, black bottom
trace). When converting the 130 °C treated hybrid directly to TiN
in NH3, that is, without the intermediate oxide formation step
(Figure 1), the material underwent an amorphous to crystalline
transition. The resulting crystalline nitride had peaks consistent
with a cubic rocksalt TiN (ICSD entry #00-038-1420; space group
Fm3̄m (#225)). The associated lattice parameter was 4.21 Å and
the coherent scattering domain size, determined from a Debye–
Scherrer analysis (Experimental Section), was 5.7 nm.
The oxide treated to 300 °C in air displayed weak peaks in XRD

patterns, relative to all other oxide samples (vide infra), that were
consistent with anatase TiO2 (ICSD #01-070-7348; space group
I41/amd (#141)) with lattice parameters of a = b = 3.80 Å and c =
9.55 Å, and a coherent scattering domain size of around 11 nm
(Experimental Section).When subsequently subjected to thermal
processing under NH3 to 600 °C, in XRDpatterns the oxide peaks
disappeared and TiN peaks emerged that were consistent with
cubic rocksalt TiN with a lattice parameter of 4.22 Å and a coher-
ent scattering domain size of 6.1 nm, consistent with a crystal-
to-crystal transition. The dark color of the resulting samples (Fig-
ure 1) suggested some residual carbon and/or oxygen in the ni-
tride lattice (vide infra).
The oxide treated to the highest temperature of 500 °C in air

displayed peaks in XRD consistent with anatase TiO2, with lat-
tice parameters of a = b = 3.80 Å and c = 9.54 Å, and a coherent
scattering domain size of around 12 nm.When further thermally
processed in NH3 to 600 °C, XRD peaks consistent with both
anatase TiO2 and TiNwere observed. The anatase TiO2 had lattice
parameters of a = b = 3.80 Å and c = 9.55 Å, and a substantially
increased coherent scattering domain size of around 23 nm. The
remaining peaks were consistent with a cubic rocksalt TiN struc-
ture with a lattice parameter of 4.21 Å and a coherent scattering
domain size of 7.4 nm. In contrast to the results obtained for the
lower temperature anneal in air to 300 °C, these data suggested
an incomplete crystal-to-crystal transition. The intermediate ox-
ide material appeared white to the eye (Figure 1), consistent with
no substantial residual carbon (see also TGA results in Figure S5,
Supporting Information). The mixed crystallinity of the final ma-
terial may pose issues in certain applications, for example, due to
reduced conductivity of themixed TiO2/TiN composition relative
to pure TiN.
In an effort to develop a thermal processing protocol to asym-

metric TiN removing all carbon prior to nitriding and no remain-
ing crystalline oxide peaks in the final material, we tested hybrids
heat-treated in air to 400 °C before further thermal processing
under NH3 to 600 °C. Interestingly, for this thermal history, two
results were obtained—which we will call samples 1 and 2. In
sample 1, the oxide exhibited crystalline peaks again consistent
with anatase TiO2 with lattice parameters of a = b = 3.80 Å and c
= 9.54 Å, and a coherent scattering domain size of around 14 nm.
The final nitride peaks were again consistent with cubic rocksalt
TiN with a lattice parameter of 4.21 Å and a coherent scattering
domain size of 7.2 nm. In this sample the full crystal-to-crystal
transition from oxide to nitride was successful. Another sample
(sample 2) that was also treated to 400 °C resulted in an oxide
with similar crystallinity consistent with anatase TiO2 and a co-
herent scattering domain size of around 13.0 nm. Yet the final
nitride still showed some residual crystalline oxide phase in ad-
dition to the dominant crystalline nitride phase. The associated

Macromol. Chem. Phys. 2023, 224, 2200304 © 2022 Wiley-VCH GmbH2200304 (7 of 14)
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Figure 3. Representative SEM images of asymmetric oxides and nitrides obtained from different thermal processing protocols. Top row: Representative
top surface SEM images of a) 130 °C organic/inorganic hybrid, as well as oxides treated in air to b) 300, c) 400, and d) 500 °C, respectively. Rows two
to five: Representative SEM images of nitrides resulting from thermal processing in ammonia up to 600 °C obtained e) directly from 130 °C treated
hybrid, as well as from oxides heat treated in air to f) 300, g) 400, and h) 500 °C, respectively. Rows two to five show top surfaces, cross-sections, bottom
surfaces, and images of the wall between macropores in the substructure, respectively. All oxides and nitrides were made from hybrids evaporated for
75 s. Scale bars are identical in each row.

Macromol. Chem. Phys. 2023, 224, 2200304 © 2022 Wiley-VCH GmbH2200304 (8 of 14)
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Figure 4. XRD of asymmetric materials obtained from the four pathways
to TiN (blue) and their corresponding precursors (hybrid in black, oxides
in red). Red tick marks correspond to the expected peak positions and
relative intensities of a tetragonal crystal system of anatase TiO2 (I41/amd,
space group #141, ICSD #01-070-7348). Blue tick marks correspond to
the expected peak positions and relative intensities for cubic TiN (Fm3̄m,
space group #225, ICSD #00-038-1420).

oxide peaks were consistent with anatase TiO2 and a much in-
creased coherent scattering domain size of around 19 nm. The
remaining peaks were consistent with cubic rocksalt TiN with
a lattice parameter of 4.21 Å and a coherent scattering domain
size of 6.7 nm. At a maximum oxide processing temperature of
400 °C, one sample was transformed to a nitride, while the other
retained some crystalline oxide. We hypothesize that this differ-
ence might be due to slight variations in sample location within
the furnace tube leading to slight variations in processing tem-
perature. Overall, results from XRD suggested that in order to
obtain phase pure asymmetric TiN one may use two routes. The
first and simplest route involves preheating the polymer-sol hy-
brid sample at 130 °C and then immediately subjecting the sam-
ple to thermal processing under NH3 up to 600 °C. The second
route involves first generating a porous oxide by taking the 130 °C
treated hybrid to temperatures around 400 °C before conversion
to the nitride.
In addition to structural characterization via XRD, the poros-

ity and surface area of the various materials were investigated via
nitrogen sorption/desorption measurements. Results are sum-
marized in Table 2, while the corresponding nitrogen sorp-
tion/desorption isotherms and pore size distribution graphs de-
rived therefrom for oxides and nitrides are provided in Figures
S6 and S7, Supporting Information, respectively (see also Exper-
imental Section). When comparing materials characteristics of
the oxide materials in Table 2, BET surface areas were between
40 and 60 m2 g−1, with the pore size decreasing with increased
processing temperature from 49 to 42 to 37 nm for the oxides
derived from processing at 300, 400, and 500 °C, respectively.
This decrease in pore size was likely correlated with the increased
anatase crystal size as a function of increasing processing tem-
perature (Table 1). Overall, measured characteristics were in line
with literature values reported for mesoporous TiO2.

[13,41]

In the case of the nitrides, nitrogen sorption/desorption mea-
surements were only performed on single-phase materials, that
is, on nitrides either derived fromoxides processed at 300 and 400
°C, or directly derived from hybrids taken to 130 °C only before
conversion to a nitride (Figure 1). BET surface areas were higher
than for the oxides, likely due to the lower mass of the nitrides
relative to the oxides as well as their higher density, and varied
between 90 and 178 m2 g−1. The trend in pore size followed that
for the oxides with marginal differences between the two series.

Table 1. Summary of XRD-derived structural characteristics of asymmetric oxides and nitrides. Lattice constants (LC), a and c, for anatase, the crystal
size (XS) for anatase, the LC, a, for nitrides, and the crystal size (XS) for nitrides are provided.

Sample Anatase LC a [Å] Anatase LC c [Å] Anatase XS [nm] Nitride LC a [Å] Nitride XS [nm]

Nitride derived from 500 °C-oxide 3.80 9.55 23 4.21 7.4

500 °C oxide 3.80 9.54 12 − −

Nitride derived from 400 °C-oxide sample 2 3.80 9.56 19 4.21 6.7

400 °C oxide sample 2 3.80 9.54 13 − −

Nitride derived from 400 °C-oxide sample 1 − − − 4.21 7.2

400 °C oxide sample 1 3.80 9.54 14 − −

Nitride derived from 300 °C-oxide − − − 4.22 6.1

300 °C oxide 3.80 9.55 11 − −

Nitride no oxide − − − 4.21 5.7

130 °C hybrid − − − − −

Macromol. Chem. Phys. 2023, 224, 2200304 © 2022 Wiley-VCH GmbH2200304 (9 of 14)
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Table 2. Nitrogen sorption/desorption derived materials characteristics of asymmetric oxides and nitrides.

Sample BET surface area
[m2 g−1]

Micropore surface area
[m2 g−1]

Peak pore size [nm] FWHM [nm] Single point adsorption pore
volume [cm3 g−1]

500 °C oxide 43 ± 4.3 18 37 19 ± 8.3 0.43

Nitride derived from 400 °C-oxide 90 ± 3.0 15 41 17 ± 7.1 0.59

400 °C oxide 60 ± 1.1 11 42 16 ± 6.8 0.57

Nitride derived from 300 °C-oxide 178 ± 19 56 38 17 ± 7.1 0.54

300 °C oxide 57 ± 1.7 26 49 22 ± 9.5 0.49

Nitride no oxide 105 ± 6.0 28 50 18 ± 7.8 0.80

Figure 5. Electrochemical characterization of phase-pure asymmetric and hierarchically porous TiN samples. Cyclic voltammograms for phase-pure TiN
monoliths derived from oxides heat-treated to a) 300 and b) 400 °C, or directly from hybrids processed to only c) 130 °C. Scan rates shown include: 50
mV s−1 (blue), 200 mV s−1 (green), 500 mV s−1 (orange), and 1 V s−1 (pink). d) Scan rate dependence of specific capacitance for the three asymmetric
TiN samples in (a) to (c) showing improved specific capacitance with more complete polymer removal. All results were collected in Ar-saturated 0.1 m
HClO4.

Macromol. Chem. Phys. 2023, 224, 2200304 © 2022 Wiley-VCH GmbH2200304 (10 of 14)
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Figure 6. Characterization of asymmetric oxide materials treated to different temperatures. Representative SEM images of asymmetric a) parent as-
made hybrid material and b–e) resulting TiO2 membranes from materials shown in (a) heated in air to (b) 500, (c) 700, (d) 825, and (e) 875 °C. From

Macromol. Chem. Phys. 2023, 224, 2200304 © 2022 Wiley-VCH GmbH2200304 (11 of 14)
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3.3. Electrochemical Characterization of Single-Phase
Asymmetric TiN

In an earlier study, we demonstrated that asymmetric TiN with
polymer removal conducted at 400 °C under air to form an ox-
ide before conversion to the nitride led to state-of-the-art power
density at competitive energy density when used as an EDLC
electrode.[15] To characterize the effects of thermal processing on
the capacitive performance, CV in 0.1 mHClO4 at a series of scan
rates between 50 mV s−1 and 1 V s−1 was used with each of the
phase-pure nitrides (Figure 5a–c, Figure S8a,b, Supporting Infor-
mation). Specific and gravimetric capacitance was calculated for
each material at all scan rates as well as the retention of the 50
mV s−1 capacitance at 1 V s−1 (Figure 5d, Figure S8c,d, Support-
ing Information). The specific capacitance shown in Figure 5d
monotonically decreased with the scan rate for all samples mea-
sured due to mass transport limitation. This decrease is present
even in the highly accessible asymmetric structures and is an in-
dicator of the accessibility of the nitrides. Among the samples
tested, the TiN electrode obtained from an intermediate oxide for-
mation step at 400 °C had the highest specific capacitance for all
scan rates tested, followed by the sample directly converted into
the nitride without intermediate oxide formation step and finally
the sample heat-treated to 300 °C in the intermediate oxide for-
mation step (compare areas enclosed by scans in Figure 5a–c).
Interestingly, this behavior was inversely correlated with BET sur-
face area, which increased in the same sequence from 90 ± 3.0
(nitride derived from 400 °C-treated oxide) to 105 ± 6.0 (130 °C-
hybrid-derived nitride) to 178 ± 19 m2 g−1 (nitride derived from
300 °C-treated oxide). This trend suggests that the nitride sam-
ples derived from 400 °C-treated oxide had a greater degree of
microporosity but the pores were inaccessible at fast rates. When
treated at higher temperature, the surface area decreases but the
pores becomemore accessible to positively affect the capacitance.

3.4. Anatase to Rutile Transition in Asymmetric TiO2 Membranes

Mixed-phase oxides such as TiO2 consisting of both anatase
and rutile have potential applications in photocatalysis.[42,43] By
changing the thermal processing conditions used to generate the
intermediate oxide, the structure and crystal phase of the mate-
rials could be tuned as evidenced by SEM and XRD data analysis
(Figure 6, Table 3). From top to bottom, rows in Figure 6 show
SEM images of top surfaces, cross sections, and bottom surfaces,
as well as of mesoporous walls between macropores in the sub-
structure for oxides submitted to different thermal processing
conditions. The as-made hybrid (Figure 6a) used to generate all
these oxide materials was asymmetric with a hexagonally struc-
tured top surface atop amacroporous substructure. After thermal
processing to 500 °C in air, XRDpeaks (Figure 6f) were consistent
with anatase TiO2 with lattice parameters of a = b = 3.79 Å and
c = 9.52 Å, and a coherent scattering domain size of around 12

nm. In a material heated to 700 °C, while the lattice parameters
remained similar, the coherent scattering domain size increased
to about 26 nm. The increased crystal size was also evident from
SEM, see in particular the top surface image in Figure 6c now
showing a disordered pore structure and struts with sizes thicker
than those depicted for the sample treated to only 500 °C.
When processed to higher temperatures of 825 or 875 °C (Fig-

ure 6d,e), overall asymmetric membrane structure with hierar-
chical porosity (i.e., meso- and macroporosity) was retained, but
now SEM images of top surfaces and walls between macropores
in the substructure showed polycrystalline structures with sub-
stantially increased crystal sizes. This is particularly true for the
highest processing temperature of 875 °C tested. Furthermore,
XRD data of these materials suggested that in addition to anatase
TiO2 a second phase developed, that is, rutile TiO2 (Figure 6f).
This was expected as typically in synthetic titania, the anatase to
rutile transition temperature lies between 600 and 700 °C.[13,44–46]

In fact, at 825 °C (Figure 6d) substantial crystal overgrowth was
already evident in SEM images of top surface and substructure
walls. Furthermore, XRD data analysis now suggested a mixed-
phase material with peaks consistent with anatase TiO2 with lat-
tice parameters of a = b = 3.79 Å and c = 9.53 Å, and a coherent
scattering domain size of around 37 nm, as well as rutile TiO2
(ICSD #00-021-1276; space group P42/mnm (#136)) with lattice
parameters of a = b = 4.60 Å and c = 2.97 Å, and a coherent
scattering domain size of around 52 nm. The even higher pro-
cessing temperature of 875 °C resulted in even stronger crystal
overgrowth (Figure 6e). At this temperature, the anatase to rutile
transition seemed complete with unchanged rutile lattice param-
eters of a = b = 4.60 Å and c = 2.97 Å, and a coherent scattering
domain size of around 43 nm.

4. Conclusion

We have demonstrated the synthesis of porous inorganic mem-
brane materials exhibiting a combination of asymmetric pore
structure along the film normal with well-defined mesoporos-
ity throughout the materials by utilizing a combination of BCP
co-assembly with sol-gel derived TiO2 sol NPs and non-solvent
induced phase separation (C+NIPS = CNIPS). Tuning CNIPS
and subsequent thermal processing parameters have led to asym-
metric oxides and nitrides with tailored properties. By changing
the evaporation time in the CNIPS procedure, variousmembrane
cross-sections, from more finger-like to more sponge-like, could
be obtained. In the membrane field, changes in substructure are
expected to determine mechanical properties,[20] while in elec-
trochemical storage and conversion devices such changes can in-
fluence the electrochemical response, for example, ion diffusion
rates.[15] Varying thermal processing conditions, material com-
position, crystallinity, and porosity could be tuned, both in the
oxides as well as in the resulting nitrides. For example, by in-
creasing the processing temperature of the hybrids and oxides in

top to bottom, rows of images depict top surfaces, asymmetric cross-sections, bottom surfaces, and substructure walls between macropores. f) Powder
XRD of asymmetric oxides from various processing temperatures (from bottom to top): 500 (red), 700 (orange), 825 (blue), and 875 °C (black). Red tick
marks correspond to the expected peak positions and relative intensities of a tetragonal crystal system of anatase TiO2 (I41/amd, space group #141,
ICSD #01-070-7348). Black tick marks correspond to the expected peak positions and relative intensities of a tetragonal crystal system of rutile TiO2
(P42/mnm, space group #136, ICSD #00-021-1276).

Macromol. Chem. Phys. 2023, 224, 2200304 © 2022 Wiley-VCH GmbH2200304 (12 of 14)
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Table 3. Summary of XRD-derived characteristics of asymmetric oxides.

Temperature [°C] Anatase LC a [Å] Anatase LC c [Å] Anatase XS [nm] Rutile LC a [Å] Rutile LC c [Å] Rutile XS [nm]

875 − − − 4.60 2.97 43

825 3.79 9.53 37 4.60 2.97 52

700 3.79 9.53 26 − − −

500 3.79 9.52 12 − − −

air, the final crystal structure could be controlled fromphase-pure
anatase TiO2 to phase-pure rutile TiO2, withmixed-phasemateri-
als at intermediate temperatures. Increasing the processing tem-
perature of the hybrid or intermediate oxide materials before the
nitriding step in NH3 allowed switching from mixed-phase ox-
ide/nitride materials to single-phase nitrides. We further probed
the effects of the thermal processing conditions on the use of
asymmetric phase-pure TiN as an EDLC electrode using CV and
found that they influence, for example, specific capacitance. We
expect that such structure-property correlations will provide in-
sights into how to further improve asymmetric materials perfor-
mance in applications including electrochemical energy storage
and conversion. Furthermore, we hope that improving our fun-
damental understanding of details of the inorganic asymmetric
membrane formation mechanisms will allow the CNIPS process
to be expanded to other inorganicmaterials classes, including cat-
alytically active materials.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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