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Ordered macroporous films of nanocrystalline TiN and amorphous SiN, on silica substrates have
been prepared. This involved infiltration of sacrificial templates of close-packed polystyrene micro-
sphere arrays with precursor materials, followed by pyrolysis under ammonia to remove the template
and form the ceramic materials. TiN was prepared from a sol—gel route, whereas SiN, was introduced
using a Si(NHMe), precursor solution. Hexane was found to be the solvent most compatible with the
divinylbenzene-cross-linked polystyrene template and was used for both materials.

Introduction

Ordered macroporous materials may be formed either
as two-dimensional films or three-dimensional bulk
structures. They have potential utility because of their
periodic structures that can interact with light, uniform
pore sizes that are large enough to allow liquids to diffuse
readily, and high specific surface areas. Applications are
in photonic band gap materials,' battery electrodes,” gas
sensors,” optoelectronic devices,* catalysis,5 © mem-
branes,”® and biomaterials.” These materials are usually
synthesized using arrays of close-packed spheres as tem-
plates'® (typically of silica or polystyrene); the void space
between the spheres is infiltrated with precursors of the
target material. Upon removal of the template spheres (by
thermal processing, solvent extraction, or chemical
etching), ordered inverse opal structures are obtained.

So far, attention has focused mainly on ceramic macro-
porous structures of binary oxides such as SiO», TiO,,
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ALO5, ZrO,,'""'? and ternary transition/main-group me-
tal oxides,'? as well as organic polymers,*'* semiconduc-
tors,’> and carbon.” However, there are only a few
examples of templated porous nitride materials. Inverse
opals of WN'® and Ta;Ns'” have been produced by
atomic layer deposition (ALD) through a silica template.
This method was found suitable for making Ta;Ns with a
photonic band gap at optical wavelengths. While ALD
yields extremely high quality materials, it is expensive,
time-consuming and not suitable for yielding bulk struc-
tures. High-quality photonic crystals of GaN have been
prepared by opal-SiO, templating with Ga,O5 followed
by annealing in an atmosphere of nitrogen hydrides.'®
Ordered macroporous SiCN has been formed by templat-
ing silica spheres with a preceramic precursor, polysila-
zane.® The material obtained is promising as a catalyst
support for high-temperature fuel reforming because of
its surface geometry and good stability up to 1200 °C.
High-surface-area mesoporous boron nitride was synthe-
sized by nanocasting mesoporous carbon with a molecu-
lar boron nitride precursor."®
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There is a clear need to develop routes to other nitride
materials, as their properties vary significantly from those
of oxides and new macroporous metallic, sesmiconductor
or insulator nitride compositions will be of significant
interest. Very recently some progress in this was demon-
strated by Fischer et al.,”® who infiltrated a template of
60 nm silica spheres with molten cyanamide and pyro-
lyzed to make a macroporous graphitic C3N4 powder.
After dissolution of the SiO, spheres, TiCl, and ethanol
were infiltrated and samples were fired under N, at 800 °C
to yield TiN/amorphous carbon nanocomposite pow-
ders, in which TEM showed that an ordered macroporous
structure was maintained. These authors suggested appli-
cation of the porous metal nitride as a catalyst or catalyst
support. However, applications as electrodes could be
envisaged for high surface area films of such an inert yet
highly conductive material.>"->*> The photocatalytic pro-
perties are also likely to be of interest if the surface is
oxidized to highly photoactive TiO,.>

Sol—gel synthesis has the potential to yield nitride
materials in various useful morphologies.>* Infiltration
of a precursor or templating of a sol—gel process are the
routes used to produce many of the macroporous oxides
described above,'** but there are few examples of tem-
plating processes to yield nitrides. Microporous silicon
nitride has been prepared using sol—gel templating on
long chain amines and showed a higher selectivity over
nontemplated silicon nitride in the catalysis of alkylation
and isomerization reactions.”® A number of porous sili-
con nitride structures have also been prepared using
sol—gel chemistry without a template, including high-
surface-area aerogels,”” membranes,”®?’ and mesopor-
ous powders.*” Sol—gel processes have also been used to
obtain titanium nitride materials. Nitridation of sol—gel-
derived TiO, has led to TiN fibers.>! Films***® and
nanocrystalline powders* of TiN have also been synthe-
sized using sol—gel chemistry.
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In this work, we aim to extend the synthesis of ordered
macroporous templated nitride materials. We report on
the synthesis of inverse opal films of insulating silicon
nitride (SiN,) and metallic titanium nitride (TiN) formed
by infiltrating templates of close-packed 500 nm poly-
styrene spheres with precursor solutions and sols. The
method described herein is simple yet effective for yield-
ing new nitride materials with the inverse opal morpho-
logy. Because infiltration is carried out from nonaqueous
solutions, it could also have more general applicability to
nonoxide materials.

Experimental Section

All sol preparations and infiltrations were carried out under
dry N, conditions using a glovebox or Schlenk line. Silica tiles
for coating were cleaned with piranha etch (1:3 H,SO4:H»0,)
and then rinsed thoroughly with distilled water and dried. Thin
film arrays of polystyrene (PS) spheres were generated as
follows: An aqueous solution of divinylbenzene-cross-linked,
amidine-capped polystyrene microspheres (4%, 500 + 17 nm,
Invitrogen) was sonicated for 15 min and then diluted to 1%
with deionized water. This solution (0.15 cm® per array) was
syringed into PTFE wells (diameter 7 mm) sealed onto the
surface of the silica tiles by clamping between stainless steel
plates. These were allowed to evaporate in a refrigerator (~4 °C)
over 7—10 days yielding iridescent green arrays.

Of the various solvents used to produce sols and solutions for
templating the arrays, hexane caused the least interference with the
array structure and yielded the best results. Ti(NMe,)4 (3 cm?,
11.2 mmol, Epichem) was dissolved in dry hexane (7.5 cm®,
distilled from sodium/benzophenone). "PrNH, (1.75 cm?,
22.4 mmol, distilled from BaO) was slowly added. The solution
was stirred at room temperature for ~16 h, during which time
it turned opaque and a brick-red precipitate formed (within
30 min) and subsequently dissolved giving a homogeneous
blood-red sol. The sol was infiltrated into the PS arrays by
placing the tiles into the sol at an angle so that the level of the sol
was just touching the edge of the array. The tiles were left to
stand in the sol for 45 min, then removed and allowed to dry for
2 h. The infiltrated arrays were heated under a flow of dry
ammonia to 600 °C at 2.5 °C min~ ' and maintained for 10 h.
Using these conditions, heating PS arrays under NH; comple-
tely removed the PS without leaving any residue. A sol prepared
as above yielded a viscous red gel upon removal of the solvent
under a vacuum. This gel was also heated under ammonia as
described above to yield a block of material that was ground to a
dark-red TiN powder.

SiN, macroporous arrays were produced by direct infiltration
of a precursor. The precursor used, Si(NHMe),, was synthesized
from SiCly and methylamine (both 99%, Aldrich) in n-pentane
and then purified by sublimation (45 °C). A solution of Si-
(NHMe), (0.5 g, 3.4 mmol) in dry hexane (6 cm®) was used to
infiltrate the arrays by fully immersing the array-coated tiles
into the precursor solution and then allowing them to dry for
15 min. The arrays were heated under dry ammonia to 50 at
0.5 °C min~ ! and maintained for 1 h, then finally to 500 at 1 °C
min~ ' and maintained for 1 h. Samples of bulk Si(NHMe), were
also pyrolyzed under ammonia in the same manner to yield
white SiN, powder.

Scanning electron microscopy (SEM) was carried out using a
JEOL JSM-5910 microscope coupled with an Oxford Inca 300
X-ray detector (energy dispersive X-ray (EDX) microanalysis).
The EDX probe was insensitive to N because of a BN window,
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Figure 1. SEM micrograph of an array of DVB cross-linked PS micro-
spheres displaying regions of close-packing.

so EDX was used mainly to probe incorporation of other
impurities; none were observed. SEM samples were mounted
on a conductive stub and coated with carbon or gold. Powder
X-ray diffraction (PXD) data were collected using a Siemens
D5000 diffractometer with Cu-K,; radiation. Rietveld refine-
ments were carried out using the GSAS package.®> A Bruker D8
Discover with Gadds diffractometer was used for XRD on films,
these were measured with a 5° incident angle. Fourier trans-
form—infrared (FT-IR) spectra were collected using a Perkin-
Elmer Spectrum One FT-IR spectrometer. The samples were
pressed into discs with dry CsI and placed into an inert atmo-
sphere holder for measurement. Raman spectra were recorded
with a Perkin-Elmer FT Raman 2000R using a Nd:YAG laser.

Thermogravimetric analysis (TGA) was performed with a
glovebox mounted Mettler Toledo TGA/SDTA 85le. TGA
samples (10—20 mg) were heated under flowing high purity
nitrogen (Air Products BiP grade, 50 cm® min~!) at a rate of 9 °C
min~! to 800 °C and maintained for 1 h. Combustion (C, H, N)
analysis was carried out commercially by MEDAC Ltd. Differ-
ential scanning calorimetry (DSC) was performed on a Mettler
Toledo DSC 821e using a 1.77 mg sample in a 40 xL. aluminum
crucible.

Results and Discussion

The arrays of PS spheres were examined by SEM to
reveal polycrystalline lattices with close-packed domains
and some amorphous regions (Figure 1). These temp-
lates were deemed acceptable for our proof-of-concept
investigations of templating macroporous nitride materi-
als. Templates with long-range order could be obtained
from the same spheres if required by changing the array
deposition conditions.'®!'%3® The diameters of the spheres
are confirmed by SEM to be 500 nm. DSC showed
that the PS polymer has a glass transition temperature
at ~110 °C, but does not melt below 300 °C. This is
important because the infiltrated material will cross-link
as the temperature is raised under ammonia flow and
needs to become rigid before the template structure
is disrupted.
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Macroporous TiN

Templated TiO, is relatively straightforward to make
because sols can be produced in alcohol/water mixtures,
so our investigation started with an attempt to convert
ordered macroporous films of TiO, into TiN by high-
temperature ammonolysis. The titania arrays were pre-
pared according to a method described by Carbajo et al.'?
using the PS arrays described above as templates. The
conversion by ammonolysis was initially attempted at
800 °C for 20 h, which was expected to yield titanium
oxynitride according to a previous report.’” Under these
conditions a total loss of the porous structure was ob-
served. Complete conversion to TiN requires tempera-
tures in excess of 1000 °C,*' so this route to macroporous
TiN is not feasible. A method involving ammonolysis
under milder conditions is necessary for making tem-
plated macroporous TiN and a nonoxide sol—gel method
based on an amide precursor was the obvious choice.

The choice of solvent for this method is crucial for
preserving the structure of the PS template. Oxides can be
templated around most types of polymer spheres because
the chemistry can be carried out in compatible solvents
such as alcohols. Most nonoxide sol—gel work for ni-
trides has used THF as the solvent?’**-%32 a5 high
polarity solvents usually displace amide groups and low
polarity solvents do not solubilize the sol particles. The
cross-linked PS particles were found to be much more
solvent resilient than standard polystyrene but THF was
still found to dissolve the arrays, as was toluene. Initially,
sol—gel infiltrations were carried out in diethylamine be-
cause sol formation proceeded smoothly yielding homo-
geneous, translucent solutions for infiltration. However,
it was later found that even though PS arrays treated with
diethylamine did not dissolve, they lost their iridescence,
indicating a disruption in their structures. This was also
observed for diethyl ether. Hexane had no effect on the
arrays, the iridescence remaining intact even after soaking
in hexane for 2 h. Hence the key to producing good
macroporous arrays was to form the sols in hexane or
another very low polarity solvent. Similarly, the capping
agent on the polymer spheres needs to be as compatible as
possible with the precursor chemistry; here, amidine-
capped spheres were used.

Previously, we showed that Ti(NMe,); reacts with
various primary amines in THF solution to yield sols
that can be used to produce TiN films on glass.*> Here
n-propylamine was chosen as the cross-linking agent and
sol formation was attempted in various solvents. In
benzene, toluene, diethylamine, and diethyl ether, sols
formed in the same way as they do in THF, a red color
slowly develops from the yellow precursor solution and
becomes darker with a small increase in solution viscosity.
The sols could also be formed at much higher concentra-
tions than used in the previous paper, which is important
in order to maximize the density of the material in the
final array. In hexane, the formation of a precipitate is

(37) Clarke, S.J.; Michie, C. W.; Rosseinsky, M. J. Chem. Mater. 2000,
12, 863.



Article
Scheme 1

‘ H,N"Pr ‘ H,N"Pr ‘ ‘
B —

i

\\/ \NM

T

WTi Tivs
\\ e &
7 o NV \'T'/ AN

"Pr

-HNMe,

observed in the early stages of the reaction (following
addition of "PrNH,), which later dissolves. The first step
of the reaction is transamination leading to Ti-NH"Pr
groups, which may be of low solubility in hexane because
of the rather polar N—H. As self-condensation reactions
proceed with other titanium centers, these polar groups
are climinated forming oligomeric particles with Ti—
N"Pr—Ti cross-linkages (Scheme 1). These could be ex-
pected to be more soluble in hexane, which would explain
the redissolution and formation of a stable colloidal
suspension.

Various methods for templating the TiN, hexane sols
were tried, including dipping or soaking the PS arrays in
the sol and dropping the sol onto the array and leaving to
evaporate in the glovebox. The method of infiltration
described in the Experimental Section gave the best
structures postammonolysis as imaged by SEM. Ammo-
nolysis was carried out at 600 °C and heating to higher
temperatures (700 and 800 °C) caused the ordered macro-
porous structure to collapse. It is clear from the images
obtained that the ammonolysis succeeded in the removal
of the PS spheres while preserving the templated porous
structure of TiN. Figure 2 shows the typical features of
the macroporous films produced. As observed in the
templates, ordered domains or pores are observed. Many
of the templated films were also opalescent, appearing
green from certain directions, which is also an indication
of a high level of overall order. Some cracking is observed
beyond that, which can be attributed to imperfections in
the PS template. Looking down a crack in the film, it can
be seen that the porosity extends through the several
micrometers thickness. Further, pores are also visible
from the main surface from beneath the top layer. These
observations imply that the porosity extends throughout
the structure. In the ~7 um thick film shown in Figure 2
the surface area can be calculated from simple geometry
as ca. 62 cm” per cm” of film, though there is no reason
why the film thickness could not be increased.

It is difficult to obtain good-quality analytical data
directly on these films, as they are of low density and most
methods observe the substrate as well as the film. Hence a
bulk xerogel was also produced by ammonolysis of a
sample produced by evaporating one of the sols used for
infiltration under the same conditions as the films. PXD
showed the sample to be TiN and Rietveld refinement
produced a lattice parameter of 4.2281(13) A, which is
close to literature values for TiN.* The crystallite size can
be extracted from the Lorentzian broadening of the
diffraction peaks if an instrumental function is first
refined to fix the Gaussian part of the peak shape,’” this

(38) PCPDFWIN Powder Diffraction File, version 2.4; International
Center for Diffraction Data: Swarthmore, PA, 2003.
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Figure 2. SEM micrographs of thin films of ordered macroporous TiN
on a silica substrate showing cracking of the films (top), ordering of pores
within a domain (center), and the view down a large crack in the film
showing pores lining the walls.

procedure yields a crystallite size of 7 nm. The refined
pattern is shown in Figure 3. Minimal amorphous scat-
tering is observed from this sample, in contrast to similar
xerogels crystallized at similar temperatures in our pre-
vious study.* Here the xerogels were made from the sols
with a restricted amount of cross-linking agent, whereas
previously an excess of amine was added to induce
precipitation and it was that precipitate which was fired.
The smaller oligomer size that would result from the
current method may produce a xerogel that crystallizes
more readily and hence these samples were mainly nano-
crystalline rather than a mixture of nanocrystals and
significant amounts of amorphous material.
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Figure 3. X-ray diffraction data of TiN powder produced from ammo-
nolysis of the TiN, gel at 600 °C. Crosses mark the data points, the upper
continuous line the Rietveld profile fit and the lower continuous line the
difference. Tick marks show the positions of allowed reflections in the TiN
structure in space group Fm3m.
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Figure 4. X-ray diffraction data of a macroporous TiN film. The top
trace shows a blank silica tile collected in the same geometry as the bottom
trace, where the tile was the substrate for the film. The extra features in the
bottom trace marked by asterisk correspond to the 111 and 200 reflections
of TiN.

FT-IR studies show vc_y bands at 2960—2760 cm ™!
for the TiN, gel, which disappear on ammonolysis to TiN
powder. The absence of vy—_p in the gel indicates that the
reaction of Ti(NMe,),; with "PrNH, led almost exclu-
sively to Ti—N"Pr—Ti linkages by the time the solvent
had evaporated, hence the gels are then insoluble. Am-
monolysis at 600 °C removes alkyl groups (vc—y) from
the structure, through substitution of propylamine and
dimethylamine by ammonia or by S-hydride elimination.
TGA shows minimal ( <2%) weight loss on heating these
powders to 800 °C. Very little carbon impurity is left in the
product, microanalysis shows 18.6% N, 0.8% C, and
<0.1% H (TiN theoretical 22.6% N).

The macroporous films scatter X-rays very weakly due
to the porous structure and a significant background is
observed due to the silica substrate. Collecting patterns
for an extended period with a low (5°) incident angle,
peaks can be observed at 36.7 and 42.6° because of
crystalline TiN, Figure 4, with a = 4.21 A. Analysis of
the line width using the Scherrer formula®® and compar-
ing with an Al standard collected with the same incident
beam angle suggests the same crystallite size to that found
in the bulk xerogel (7 nm). Hence the diffraction data

(39) Dann, S. E. Reactions and Characterization of Solids; Royal Society
of Chemistry: Cambridge, U.K., 2000.
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Figure 5. SEM micrographs of thin films of ordered macroporous SiN,
on a silica substrate showing the lack of cracking (top, compare with
Figure 2), a highly ordered region (center), and the view down a crack
showing that the pores penetrate the depth of the film.

suggest the TiN arrays are similar in composition to the
powdered samples.

Macroporous SilN,

Precursor-derived silicon nitride typically varies in
composition from Si3Ny and here we use the “SiN.”
notation to describe silicon nitride containing low levels
of other functional groups similar to the materials often
obtained by CVD and used in electronics. Attempts to
produce SiN, precursor sols in hexane, using similar
ammonolytic chemistry to that which was recently used
to form SiN, aerogels,?’” were unsuccessful, resulting in
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immediate precipitation. This is unsurprising because the
chemistry is based on formation of polar Si-NH, and
Si-NH-Si groups. Si is smaller and less electropositive
than Ti and thus the primary amide self-condensation
route used above to produce TiN does not work, so SiN
precursor gels are made with NHj as the cross-linking
agent. The bridging groups are thus NH, and it is
unsurprising that solubility of the oligomers in a nonpolar
solvent is low. Hence SiN, arrays were produced by
template infiltration of a solid molecular precursor,
Si(NHMe)y, dissolved in hexane.

The ammonolysis method adopted involves a slow
ramp to 50 °C to encourage reaction between the Si-
(NHMe), and ammonia before heating to 500 °C to
decompose the precursor and remove the template. The
SiN, arrays obtained after ammonolysis at 500 °C
(Figure 5) suffered less cracks than the TiN ones. Again
the ordered macroporous structure is clearly identified,
and the porosity extends throughout the structure. These
arrays did not exhibit opalescence unless coated (e.g.,
with gold for the SEM studies). The SiN, appears to fill
the void spaces in the template more effectively than the
TiN despite the latter having been deposited from a more
concentrated sol (0.57 vs 1.49 mmol cm ). PXD on the
bulk xerogel and the films shows no Bragg scattering, i.e.
the SiN, samples are amorphous. It is likely that sintering
of the TiN crystallites reduces the volume of the material
in the walls of the macroporous films and it is this process
that cracks the films. The SiN, remains amorphous at
these temperatures and thus cracking occurs less and the
original spaces between the PS spheres are more fully
filled. The alternative explanation is that the cracking is
due to a mismatch between the thermal expansion of the
material and the substrate or the spheres, and that this
mismatch is greater for Ti.

The low density of the amorphous films precluded
direct measurements and it was again necessary to in-
vestigate bulk xerogels to obtain analytical data. These
were produced by heating Si(NHMe), under the same
conditions as the films. However, it was found that most
of the precursor sublimed under these conditions. Mixing
the precursor with a dried sample of the PS template and
then heating yielded a sample which was shown by
microanalysis to contain 41.4% N, 2.2% C, and 2.6%
H. This suggests a N-rich silicon nitride (SizN4 would
contain 39.9% N) with some residual carbon and hydro-
gen. Presumably some interaction with the surface cap-
ping amidine groups on the PS spheres results in retention
of the precursor during heating. The IR spectrum of the
bulk SiN, xerogel reveals the presence of vn_p (3378
cm ') and weak v_y stretching (2808 and 2900 cm ™).

(40) Xin, Y.; Huang, X. Z.; Shi, Y.; Pu, L.; Zhang, R.; Zheng, Y. D.
Physica E 2005, 30, 41.
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Two typical vs;_n are present at 1218 and 917 cm ™! but
n0 vsi—o (~1030 cm ') was observed. The Raman spec-
trum of the solid revealed only a broad peak at 1430 cm ™',
indicating the presence of some elemental carbon. N-rich
SiN, Raman spectra are typically featureless.*’

The structures obtained are less ordered than ordered
macroporous nitrides previously produced by ALD for
photonic band gap materials. However, applications such
as electrode materials, catalysis and membranes do not
require such highly uniform periodic structures. Recently,
nanocrystalline TiN has been reported as a potential elec-
trode material for electrochemical capacitors (supercapa-
citors).>**! Using macroporous structures, such as those
obtained in the present study, will not only increase the
surface area of TiN thin films, but will also allow for
effective electrolyte penetration into the structure.

Porous SiN, materials have shown promising catalytic
activity for heterogeneous reactions such as the Knoeve-
nagel reaction.*” These materials are useful solid base
catalysts because of the presence of basic N—H groups in
them.* Macroporosity may be beneficial if solution
phase catalytic reactions, requiring large accessible sur-
face areas and efficient mass transport, were to be carried
out. The use of polystyrene templates means that chemi-
cal etching using strong acids such as HF, required to
remove SiO, templates, can be bypassed. This is of great
importance for the SiN, catalytic materials, because HF
displaces the active surface N—H groups.**

Conclusions

Ordered macroporous TiN and SiN, thin films were
prepared by simple templating methods with polystyrene
sphere arrays. Templating of the nitride precursor mate-
rials was facilitated by using cross-linked spheres with
compatible capping groups and finding precursors that
were soluble in hexane, which did not affect the spheres.
A sol—gel method was effective for TiN whereas a simple
molecular precursor was used for SiN,. Annealing in
ammonia removed the polystyrene template leaving na-
nocrystalline TiN or amorphous SiN, with an ordered
macroporous (inverse opal) morphology.
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