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Liquid-Crystal Templating in Ammonia: A Facile Route to Micro- and
Mesoporous Metal Nitride/Carbon Composites**
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Microporous (pore size <2 nm), mesoporous (pore size 2—
50 nm) and macroporous materials (pore size > 50 nm) have
long captured the imaginations of scientists and are important
to numerous technological processes, such as hydrocracking,
ion exchange, adsorbents, and catalysis."! The porosity of
solid-state materials can be defined through the use of a
template, which can be molecular, polymeric, or supramolec-
ular. With molecular templates, diverse zeolitic structures
have been prepared.” In 1992, Kresge et al. reported the use
of lyotropic liquid-crystalline (LC) templates in water to
obtain mesoporous silica materials.””! This approach has since
been exploited, and a multitude of organosilicates,!! chalco-
genides,” and other structures have been reported.l) More-
over, block copolymers (e.g., pluronics) may be employed to
form mesoporous materials with larger pores.”’ Through the
use of even larger templates (e.g., latex spheres), macro-
porous structures have been obtained.®

In nearly all of these reports, the materials were prepared
in water or sometimes in alcohol. Extension to formamide
enabled access to materials that could not easily be prepared
in water, such as mesostructured metal/germanium sulfides,”!
metal/tin selenides,'”) Prussian blue analogues,'!! and germa-
nium.l>B! Still, there are compositions that cannot be
prepared by templating in water or in formamide (e.g.,
metal nitrides and carbides) due to instability of the target
solid in these solvents or reactions of the necessary reagents
with the solvent. Alternative strategies are required to
develop these new materials.

Metal nitrides possess outstanding properties, such as high
thermal, mechanical and chemical stability, high conductivity,
and even superconductivity in some cases.'¥! They are of great
technological interest in different areas, including catalysis
(e.g., Fischer-Tropsch reaction), optics, as supercapacitor
electrodes, and in coatings.'" Nanoporous metal nitrides with
large surface areas and pore volumes are expected to have
outstanding properties for some of these applications, but
routes to these materials are very limited. The typical liquid-
crystalline templating approach in aqueous solution cannot be
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used for porous metal nitrides since precursors are hydrolyti-
cally sensitive and oxides would instead form. Metal nitrides
with low surface areas (e.g., 0.27 m’g™') are commonly
prepared by ball-milling, but lack porosity.! Several groups
reported porous nanocrystalline metal nitrides by ammono-
lysis of nanostructured metal oxides at high temperature.!'¥!
For example, Zhao and co-workers reported using mesopo-
rous SBA-15 silica as a hard template for mesoporous metal
nitrides (CoN, CrN) through a three-step reaction involving
nitridation of metal oxides."” More recently, Thomas et al.
used a reactive templating approach to obtain mesoporous
metal nitride—carbon composites through a four-step pro-
cess.[®!

In this study, we report a new and simple liquid-crystalline
templating approach in liquid NHj; to synthesize nanoporous
metal nitride/carbon composites. Although nonaqueous sol-
vents have been long recognized for preparing certain types of
mesoporous materials to prevent the precipitation of non-
structured phases, this is the first report of template synthesis
of porous materials using liquid NH; as solvent. We show that
the known LC phase of cellulose in NH3/NH,SCN can be used
to obtain microporous or mesoporous titanium nitride or
vanadium nitride/carbon composites. Both microporous and
mesoporous products show high specific surface areas varying
from 77 to 581 m?g ™', and exhibit interesting porous struc-
tures with hierarchical organization.

Metal nitrides can be prepared by condensation of
dialkylamidometal complexes in liquid NHj;, forming poly-
meric networks which, after calcination, transform into metal
nitrides."”) This method has been applied to several metals
including Ti, Cr, Ni, V, Cu, and Co.” The polymerization in
ammonia is chemically similar to the sol-gel condensation of
silicates and other molecules in water. Given the similarity of
water to ammonia in terms of many properties (hydrogen
bonding, immiscibility with n-alkanes),?!! we thought it may
be possible to use liquid ammonia as a solvent to form
mesoporous metal nitrides using surfactants as template.
Unfortunately, most surfactants are insoluble in liquid
ammonia, and there are few reports of lyotropic liquid
crystals formed in liquid ammonia.?

We chose instead to use the cellulose/NH;/NH,SCN
system to prepare porous metal nitrides. It is known that at
concentrations above 7.5 % w/v, cellulose exhibits a LC phase
in ca. 25:75 w/w NH,/NH,SCN.®! Also, it has been shown that
when microgranular pure cellulose powder (cellulose CC41)
is used as the cellulose source, it forms a chiral nematic phase
in NHy/NH,SCN,?! which is an unusual LC phase for
preparing nanoporous materials. We employed tetrakis(di-
ethylamido)titanium(IV) (TDEAT) and tetrachlorovanadi-
um(IV) as the precursors to titanium nitride and vanadium
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nitride, respectively. Table 1 summarizes the experimental
parameters and porous properties of prepared nanoporous
metal nitrides.

In a typical preparation, liquid NH; was added to a
preweighed quantity of NH,SCN and stirred at room temper-
ature to form a clear solution. Cellulose was added to give a
milky, homogeneous mixture. In each preparation, we kept
the ratio of NH; and NH,SCN constant (ca. 9g NH; + 26 ¢
NH,SCN) and varied the proportion of cellulose CC41 and
metal-organic precursor.?*! Three sets of cellulose concen-
tration were chosen ranging from 1 g of CC41 (7.7% w/v),
which is reported to form the LC phase,” to 4 g of CC41
(30% w/v), which gives a gel phase with junction zones
consisting of highly viscous LC regions.” Once the liquid
crystal/gel phase formed, the metal-containing precursor was
added by syringe (neat in the case of TDEAT, diluted with
hexanes for VCl,). After adding the Ti (or V) precursor and
stirring the mixture at room temperature, excess NH; was
removed by heating the samples under vacuum at 150°C.
Finally, the samples were calcined at 600°C for 3 h under a
flow of NH;, to give nanoporous titanium nitride or
vanadium nitride composite materials as flaky black powders.
The new materials were analyzed by powder X-ray diffrac-
tion, elemental analysis, gas absorption, IR spectroscopy,
energy-dispersive X-ray (EDX) analysis, scanning electron
microscopy (SEM), and transmission electron microscopy
(TEM).

Table 1 lists the starting compositions, surface areas, and
pore volumes measured for a series of titanium and vanadium
nitride materials. All samples were calcined under a flow of
NH;. We also tried calcinations under air or N,, but the
samples prepared under those conditions showed no porosity.
Indeed, calcination under a flow of NH; has been shown to be
necessary to obtain nanocrystalline TiN.?*

Samples were analyzed by metal analysis, CNH analysis,
and energy-dispersive X-ray analysis (see the Supporting
Information, Tables S1 and S2). From the analyses, the
samples contain up to ca. 25 wt% metal, 10-20wt% N, a
small amount of H, and a substantial amount of C (5-50%).
There is a strong correlation between the amount of cellulose
employed in the preparation and the relative amount of
carbon in the product. Samples prepared with higher amounts

Table 1: Preparation conditions and absorption data for TiN and VN
materials.?

Sample  TDEAT (or VCl,)/ Surface area Pore volume
code cellulose/NH;/NH,SCNEl  [m?g™"id [em*g™
TiN-1 0.93:4:9:26 398 0.15
TiN-2 2.79:4:9:26 581 0.20
TiN-3 1.86:2:9:26 337 0.17
TiN-4 0.93:1:9:26 404 0.29
TiN-5 1.86:1:9:26 305 0.30
TiN-6¥  1.86:1:9:26 17 0.19
TiN-7 2.79:1:9:26 324 0.32
VN-1 5.4:4:9:26 448 0.14
VN-2 3.6:2:9:26 77 0.13

[a] See the Experimental Section for details. Samples were calcined at
600°C, except TiN-6. [b] Presented as weight ratio. [c] BET or Langmuir
surface area, the one with higher correlation coefficient is presented.
[d] Calcined at 800°C.
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of cellulose (such as TiN-1, VN-1) showed the highest carbon
content while those prepared with less cellulose showed lower
carbon deposition. Thus, similar to mesoporous TiN prepared
using carbon nitride as a hard template,"® it is more
appropriate to label the materials as porous metal nitride/
carbon composites. Depending on the type of application, the
existence of carbon may not be a drawback, considering the
good conductivity and stability of carbon.?”! Furthermore, it
may be possible to reduce the carbon component by
optimizing the calcination conditions.

From the EDX results, the materials contain oxygen,
which is not surprising since oxides from the cellulose will
passivate the nitride particles and may also be present in the
remaining organic material. Traces of sulfur (from the
thiocyanate) were also observed in some samples.

X-ray diffraction (Figure 1 and Figure S1) verified that
metal nitrides were obtained. Some samples (e.g., TiN-2)
showed only amorphous halos. A broad peak observed near
27° 26 corresponds to dy, of graphitic carbon. Other samples
showed improved crystallinity. For example, TiN-5 showed
broad peaks that correspond to crystalline osbornite (TiN,
JCPDS File No. 38-1420).”! From the Scherrer equation,””
the crystallites are ca. 5.9 nm on average. When the calcina-
tion was performed at higher temperature, nanocrystalline
metal nitride with improved order was obtained (e.g., TiN-6).

Nitrogen gas adsorption measurements showed that all of
the materials prepared by the cellulose templating in ammo-
nia are porous (Table 1). The materials have high surface area
(most >300 m*g~"), with the highest one being 581 m*g~".
Figure 2 shows N, absorption—desorption isotherms for three
of the materials (the others are shown in the Supporting
Information). According to Brunauer-Deming-Deming—
Teller (BDDT) classification,” the isotherm of TiN-2 is
type I, which is a typical isotherm for microporous materials,
whereas the isotherms of TiN-5 and TiN-6 are type IV with an
H4 hysteresis loop, meaning that TiN-5 and TiN-6 are typical
mesoporous materials. The products that were prepared with
a large amount of cellulose (TiN-1, TiN-2 and VN-1), where
the gel phase is expected, show typical type I isotherms
(microporous). All of the other products were synthesized
using a lower proportion of cellulose and show type IV
isotherms (mesoporous). Thus, with this templating method,
we can rationally change the porous structure by simply
varying the reactant ratios.
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Figure 1. Powder XRD patterns of TiN-2, TiN-5, and TiN-6.
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Figure 2. N, adsorption—desorption isotherms of TiN-2, TiN-5, and
TiN-6. ©: adsorption, m: desorption.

Pore size distributions of all the materials are shown in
Figures S4 and S5. The mesoporous materials show similar
pore size distributions using BJH method from the adsorption
branch (with one exception, VN-2). For the microporous
materials, pore size distributions were obtained with the
Horvath-Kawazoe equation.”!!

It is noteworthy that calcination at higher temperature
(800°C vs. 600°C) led to materials with reduced porosity.
Compared with TiN-5, the shape of the isotherm of TiN-6 has
not changed, but only the pore volume is reduced. This
suggests that the increased calcination temperature has less
effect on the pore structure and size, only inducing the
collapse of a large fraction of the pores. Indeed, the pore size
distributions of TiN-5 and TiN-6 are quite similar.

It is known that cellulose contains a hierarchical structure
composed of elementary fibrils (2-3 nm dimensions), micro-
fibrils (20-35 nm), and cellulose fibrils with micrometer size
dimensions. Further, the elementary fibrils are made of [3-
linked D-glucose polymers, and the dimensions of these units
fall into the subnanometer regime. The hierarchical structure
of the cellulose is mediated by inter- and intramolecular
hydrogen bonding.®” We believe that this structure is
disrupted with NH; that can compete for hydrogen bonds,
and the extent of structural change depends on the relative
ratio of NH; and cellulose. Thus, the morphology differences
observed and the changes in porosity that depend on the
proportion of cellulose employed may arise from these
interactions. Unlike the traditional synthesis of mesoporous
materials using surfactant or block copolymers, where the
template is relatively inflexible and gives distinct pore
structures (lamellar, hexagonal or cubic),” here the cellulose
acts as a dynamic template that is capable of introducing
porosity and features on different length scales. This intrigu-
ing feature of cellulose may be useful for making diverse
porous materials. Thomas and Antonietti reported micro-
porous silica using cellulose as template.*"

We investigated the morphology of the new materials by
SEM and TEM. Representative SEM images are displayed in
Figure 3. In SEM images of TiN-2 (Figure 3a,b), a typical
microporous product, the particles appear relatively smooth,
with large micrometer-sized cavities on the surface. The
micropores themselves could not be imaged by SEM or TEM.
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Figure 3. SEM images of a,b) TiN-2, c,d) TiN-5, and e,f) TiN-6.

Considering the size regime, the large macropores likely
emerge from templating the intact cellulose fibrils. When
lower quantities of cellulose were used, the resulting meso-
porous materials show lamellar-like morphology (Figure 2 c—
f). Although layered structures have been reported before,*!
to the best of our knowledge, this kind of morphology has
never been observed in inorganic porous materials. The
materials exhibiting the most similar morphology to these are
the polyolefin blends reported by Wang et al.*® In their case,
the morphology was attributed to liquid-liquid phase sepa-
ration, and that may also be the explanation here, where
phase separation occurs during the polymerization process.
Figure 3e,f shows the SEM images of TiN-6, prepared by
calcination at 800°C. It is clear that the morphology of the
materials is significantly affected by the calcination temper-
ature.

From TEM and SEM images (Figures S6-S9), we do not
observe long-range order in the liquid-crystal-templated
materials. This is not surprising, since the nematic phase
applied in the system is the least-ordered LC phase. Never-
theless, the remarkable morphologies observed in these solid-
state materials support the LC templating of the solids in
liquid ammonia using cellulose as template.

In summary, we have presented the first porous materials
formed by templating in liquid ammonia, utilizing the liquid-
crystalline phase formed by cellulose/NH;/NH,SCN. By
changing the proportions of reactants, the porosity, surface
area, and morphology of the materials can be modified. The
materials exhibit high surface areas and porosity spanning the
entire range from micro- to meso- to macropores. The
combination of mesoporosity and lamellar morphology will
provide unique characteristics for potential applications, such
as in heterogeneous catalysts or supercapacitors. We have
demonstrated that the process can be applied to make both
porous titanium and vanadium nitride composites, and we
expect that it can be generalized to other inorganic materials.
We hope that using cellulose in liquid ammonia to template
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nanoporous inorganic materials will lead to a wealth of new
inorganic porous structures with potential applications in
catalysis, as electrode materials, and as adsorbents.

Experimental Section

The entire procedure was conducted under a nitrogen atmosphere. In
a typical synthesis, 13 mL (9 g) of liquid NH; (d=0.68 gmL™") was
condensed into a graduated cylinder and quickly transferred into a
cooled (in a dry ice/acetone bath at —78°C) three-necked flask
containing 26 g of ammonium thiocyanate (NH,SCN). The flask was
equipped with a condenser that was cooled with a dry ice/acetone
bath to prevent the evaporation of NH;. After the mixture warmed to
room temperature under N,, it was stirred until the NH,SCN
completely dissolved in the liquid NH; and a clear solution was
formed. The flask was then cooled in a dry ice/acetone bath before the
weighed quantity of cellulose (e.g., 4 g) was added. The mixture was
then warmed slowly to room temperature and was stirred for about
2 h to give a uniform milky suspension. At this time, an appropriate
amount of tetrakis(diethylamido)titanium(IV) (TDEAT) (e.g., 3 mL,
d=0.931 gmL™") was added dropwise through syringe while the
reaction mixture was vigorously stirred. The mixture was stirred at
room temperature for an additional 2 h, then the condenser was
removed and the temperature was raised to 50°C overnight to allow
the evaporation of free NH;. Finally, the material was put under
vacuum (a2 1072 Torr) and the temperature was raised to 150°C to
remove any remaining NH; and to further condense the network prior
to calcination. In the final step, the black solid mixture was heated to
600°C (heating rate of 1.7°Cmin~") under a flow of NH; gas, then
calcined at that temperature for 3 h to give flaky black powders. In the
preparations of vanadium nitride composites, the VCl, precursor was
first diluted using 5 mL of hexanes before addition to the cellulose/
NH3/NH,SCN system as the neat VCl, underwent too vigorous of a
reaction.
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