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In this work, the synthesis of porous TiN/carbon composites via “reactive hard templating” is presented.
The concept of this synthesis strategy is to use the template, responsible for the final morphology of the
TiN/carbon material, as a reactant and nitrogen source; template removal is unnecessary as the final
product is obtained as such. As reactive templates, two types of macroporous graphitic carbon nitride
powders with different pore sizes (60 nm or 500 nm spherical pores) were used. The powders were
infiltrated with a titanium precursor solution, aged for 1 night at 100 °C under air, and subsequently
annealed at 800 °C to create the final nanocrystalline porous TiN/carbon structures. The final products
were analyzed by XRD, TEM, HRTEM, EA, and gas sorption experiments. It was shown that the
morphology of the resulting material generates from a nanocoating of the macropores of the carbon
nitride reactive template, yielding aggregated hollow TiN/C spheres with hierarchical porosity.

Introduction

The design of complex porous materials was until recently
limited to polymers,' carbons,>* and oxidic material.*~® This
is because oxides can be prepared by sol—gel chemistry,”®
which allows for templating techniques, such as with
surfactants,” block copolymers,'®~'* or polymer latexes."”
Postcrystallization of those amorphous layers gives the
corresponding crystalline oxides'*'®~'® which are valuable
functional materials. For the templating approaches, we
differentiate the so-called soft templating, using organic
templates such as surfactants or polymers as structure
directing agents, from the so-called hard templating, where
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rigid silica, mineral, or carbon nanostructures are employed
as porogenes.'??° It is obvious that the disadvantage of hard
templating is the sometimes tedious removal of the template
after material synthesis by etching techniques. On the other
hand, all processes where material synthesis involves struc-
tural rearrangements at higher temperatures are automatically
bound to hard templates. Recently, we introduced the concept
of “reactive hard templating”, which combines the advan-
tages of hard templating with an in situ decomposition, i.e.,
removal of the template.?'** Here, the template is made of
nanostructures of a solid state reactant which vanishes
completely at elevated reaction conditions. This concept is
especially useful for high-temperature transformations or the
generation of structures that are sensitive against the etching
conditions.

The synthesis of crystalline metal nitrides is such a high
temperature procedure. Metal nitrides are traditionally pro-
duced by heating the corresponding metal with elemental
nitrogen. This preparation method is highly energy consum-
ing because long reaction times at elevated temperatures are
required (7 > 1300 °C) and leads usually to low surface
area materials.”> Nowadays, new synthetic strategies to high-
surface-area metal nitrides are widely based on the conver-
sion of metal oxide nanopowders into the corresponding
nitride using nitrogen sources, such as ammonia®*2° or
hydrazine.?’®

However, most of the reports concerning metal nitrides
nanostructures are dealing with nanoparticles and only a few
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reports are known concerning porous metal nitrides.?>=229~32

In this work, we report on “reactive hard templating” toward
complex macroporous TiN structures. Such a porous, high-
surface-area titanium nitride has considerable prospects as
catalyst,®"**** or as catalyst support.*> The “reactive hard
template” has to play two roles in the synthesis. First it has
to act as a template, imprinting its morphology to the
resulting nitride, and second, it has to act through its thermal
decomposition as a nitrogen source for the formation of the
final TiN. This implies that metal nitride formation temper-
ature has to be in the same range as the reactive template
decomposition. One adequate candidate as reactive template
material for the synthesis of metal nitrides is graphitic C3Nu,
as demonstrated by the synthesis of metal nitride nanopar-
ticles in and through the thermal decomposition of meso-
porous g—C3N4.21’36’37 This work is an extension of this
concept to metal nitride porous structures using macroporous
g2-C3N4 materials as reactive templates for the synthesis of
macroporous TiN materials.

Two types of macroporous g-C3N, materials were used
as reactive hard templates: one with 60 nm spherical pores,
the other with 500 nm spherical pores, resulting in the
formation of porous TiN structures with 55 and 450 nm
pores, respectively, and high surface areas.

Experimental Section
All chemicals were used as received without any purification.

Silica Templates for the Synthesis of Macroporous C;Ny.
Synthesis of 60 nm silica spheres (ST-60): The silica nanoparticle
were synthesized by a slight modification of the approach described
by Johnson et al.*® A microemulsion was prepared by rapidly
stirring 150 mL of cyclohexane, 6 mL of n-hexanol, 19 mL of Triton
NP-9, 7 mL of water, and 1.7 mL of 28% aqueous ammonia. To
this solution was added 10 mL of tetraethylorthosilicate (TEOS,
Aldrich). The mixture was stirred at ambient temperature for 2 days.
Most of the solvent was removed by rotary evaporation. The
obtained viscous gel was then calcined at 200 °C for 2 h, at 350
°C for 3 h, and at 550 °C for 5 h. A white powder composed of
highly monodispersed silica particles with a diameter of 60—65
nm was obtained. Five-hundred nanometer spheres (Monospheres
500 (ST-500)) were kindly provided by Merck.
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Synthesis of Macroporous Graphitic C3;N,. Synthesis of
macroporous graphitic C3Ny4 with 60 nm pores (CN-60): The 60
nm silica particles (ST60) were pressed into a pellet and annealed
at 800 °C for 5 h. The cooled pellet was infiltrated with molten
cyanamide (Aldrich). To achieve a perfect infiltration of the pellet
with the carbon nitride precursor, the pellet was placed in a vacuum
oven for 10 min at 40 °C. The infiltrated pellet was then placed in
a covered crucible and heated to 550 °C for 5 h with a heating
ramp of 2.2 °C min~'. To remove the silica template, the resulting
yellow pellet was shaken in an aqueous 4 M NH4HF, solution for
2 days. The powder was collected by centrifugation, redispersed
and shaken in distilled water for two days to be finally washed
with ethanol. After the drying in a vacuum oven at 70 °C
(overnight), a macroporous yellow powder was obtained.

Synthesis of macroporous graphitic carbon nitride with 500 nm
pores (CN-500): 1 g of M500 was dispersed in 5 g of molten
cyanamide (Aldrich) and 2 g of water by high power sonication
and calcined at 550 °C for 4 h, with a heating ramp of 2.2 °C min ™"
The resulting yellow powder was then treated with NH,HF,, water,
and ethanol as described for the sample CN-60. Caution! NH,HF,
causes severe burns in contact with skin. Appropriate gloves,
clothing, and shoes should be worn during handling and chemicals
should be handled only in a chemical fume hood.

Synthesis of Macroporous TiN/Carbon Nanocomposites. The
porous carbon nitride powder (CN-60 or CN-500) was infiltrated
with a titanium tetrachloride/ethanol solution with the mass ratio:
TiCly/EtOH = 2.3 g/5 g. The infiltrated powder was filtered off
and aged at 100 °C under air for 1 night. Finally the aged powder
was heated in a closed crucible under nitrogen flow to 800 °C for
3 h. When the oven was cooled to room temperature, the samples
were removed from the oven. Caution! The thermal decomposition
of C3Ny yields the production of toxic gases such as HCN. Thus,
ovens have to be placed in a fume hood or places with sufficient
ventilation.

Results and Discussion

TiN/C Macroporous Foam. Because graphitic carbon
nitrides (g-C3Ny) can act as nitrogen source,””*° releasing
nitrogen in the form of ammonia and hydrogen cyanide
during their thermal decomposition, they can also be used
as templates for the synthesis of nanostructured metal
nitrides. This was illustrated in previous work for the
synthesis of metal nitride nanoparticles from mesoporous
graphitic carbon nitride.?'** Here, we will focus on the
synthesis of a macroporous TiN/Carbon foam by using a
macroporous graphitic carbon nitride as the reactive template.
Although the synthesis of the metal nitride nanoparticles was
based on nanocasting, it will be shown that in this case, the
resulting TiN/Carbon foam results from a nanocoating*' on
the carbon nitride support, i.e., the pores are not completely
filled with the titania precursor. The used graphitic carbon
nitride template is a macroporous graphitic carbon nitride
(CN-60) with spherical pores of 60—65 nm in diameter and
a wall thickness between 10 and 30 nm, obtained through
hard templating of similar sized silica spheres. As can be
seen from the comparison of the TEM images (Figure 1) of
the silica particles and the resulting macroporous g-C3;Nu,
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Figure 1. TEM micrographs of (a) 60 nm silica particles (ST-60) used as template for the synthesis of (b) a macroporous g-C3N4 with 60 nm spherical pores

(CN-60).

the pore network of the CN-60 sample reflects perfectly the
shape and size of the used silica template. After removal of
the template, the sample CN-60 shows the typical features
of a graphitic carbon nitride, as shown in the XRD pattern
(see the Supporting Information, Figure S1), namely, a
graphitic stacking peak at 27.3°, as well as a peak at 13.1°
resulting from the periodic arrangement of the condensed
tri-s-triazine units in the sheets. From nitrogen sorption the
surface area of the sample was determined to be 65 m?/g
(BET, Figure 6), which goes well with the calculations for
a macroporous material with 60 nm pores.

The macroporous metal nitride was produced using a dilute
metal precursor solution, which in combination with the large
pores in the carbon nitride template ensures a partial filling
of the pores, only.

Because of the chemical affinity of titanium for amine
functions, we can assume that the titania precursor layer is
bound to the surface of the carbon nitride pores through the
coupling with nitrogen. The infiltrated powder was aged for
1 night at 100 °C, first of all to evaporate the ethanol, but
second to induce a partial condensation of the titania-
orthoesters in the presence of the air moisture inside the
pores. The subsequent heat treatment at 800 °C under
nitrogen results in a decomposition of porous carbon nitride
into NH3 and CN, gases (as verified by TGA-mass spec-
troscopy, see the Supporting Information, Figure S2). Reac-
tion of those in situ fragments with the titania precursor
results in a nanocrystalline, highly porous powder. Its XRD
pattern (Figure 2, here TiN-60) could be indexed in agree-
ment with the diffraction peaks observed for osbornite (TiN,
space group Fm3m, cell parameter: a = b = ¢ = 4.235 A,
a = =y = 90°).*> The observed diffraction peaks are
rather broad, indicating that the TiN-60 powder is composed
of osbornite nanocrystals. Applying the Scherrer equation
to the most intensive diffraction peak (200) gives an average
crystallite size of around 7 nm. Beside the presence of
osbornite, 30 wt % residual carbon could be detected in TiN-
60 by elemental analysis. Thus the material TiN-60 is
probably better described as TiN/Carbon nanocomposite, i.e.,
here, TiN nanoparticles glued together in a disordered carbon
matrix.
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Figure 2. X-Ray diffraction pattern of the macroporous TiN/carbon
composite TiN-60. The black lines represent the peak positions from the
ICSD database for the osbornite phase.

The texture of the sample was investigated by SEM and
TEM measurements. Figures 3 and 4 compare images of the
starting macroporous graphitic carbon nitride (CN-60) and
the resulting titanium nitride/carbon powder (TiN-60). Both
materials are obviously highly porous, while the pores of
the TiN-60 sample [@ ~ 47—55 nm] are about 10 nm smaller
than the pores observed in the starting material CN-60 [
~ 60—65 nm)]. This is accompanied with an overall shrinking
of the dimensions of the material. The TEM pictures also
indicate that the pore walls of the TiN-60 sample are much
thinner than those of the CN-60 sample, as can be seen from
the TEM images, which is most presumably due to the
formation of a nanocoating layer on the pore walls, which
is then transcribed into the TiN.

Selected area electron diffraction (SAED) (inset in Figure
4) confirms the XRD observation that the observed porous
structure is composed of crystalline osbornite. The observed
diffraction rings exactly corresponds to the expected lattice
spacing of the osbornite crystal phase. The particulate
character of the pore walls is also indicated in high-resolution
SEM (Figure 3c), where the single TiN nanocrystallites
become visible. HRTEM measurements (Figure 5) again
confirm that the pore walls are composed of 5—7 nm
crystallites with well-developed lattice fringes.
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Figure 4. TEM images of the macroporous graphitic carbon nitride CN-60 (left) and the TiN/carbon composite TiN-60; upper inset: selected area electron

diffraction (SAED).

Fast Fourier transformation of the selected area in Figure
5 results in a determined distance of 2.119 A, as compared
with the database reported lattice distance dop) = 2.117 A
of the TiN osbornite phase. HRTEM also supports our view
that the TiN nanocrystals are embedded in an amorphous
carbon matrix. EDX measurements on the pore walls confirm
the presence of titanium in the walls (peak at 4550 eV and
at 4950 eV).

The surface area and the apparent mesopore volume of
the TiN-60 sample were investigated by nitrogen sorption
measurements and compared to the values of the macroporous
CN-60 samples (Figure 6). While the isotherm for the CN-
60 points to a predominantly macroporous material, iso-
therms of the TiN-60 sample indicate to an additionally
micro- and mesoporous material with a hysteresis in the
relative pressure range 0.43 < p/p, < 1. The comparison of
the two samples also gives a big difference in the measured

surface area and apparent pore volume. The TiN-60 powder
exhibits a rather high surface area of 330 m%g and an
apparent mesopore volume of 0.76 cm?/g, which is five times
bigger than the obtained values for the starting CN-60 carbon
nitride template (surface area of 65 m%/g and apparent pore
volume of 0.167 cm?/g).

An explanation for the significant increase in surface area
and porosity is shown in Scheme 1: thermal decomposition
of the formerly dense carbon nitride walls releases nitrogen
rich gases, which transform the titania coating into TiN. The
final nanostructure can be understood as an interconnected
TiN/Carbon composite made up of 50 nm sized hollow
spheres. These spheres thus exhibit an internal porosity
comparable to the pores found in the carbon nitride template.
However, the much thinner pore walls plus an additional
porosity created by interstitial sites between the hollow
spheres yield an overall higher surface area and porosity.
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Figure 5. HRTEM pictures from the macroporous TiN/carbon composite TiN-60. The inset inlet represents the reduced FFT of the delimited area. A lattice
distance of 2.11 A, corresponding to the lattice distances daoo of the osbornite phase, could be determined.

Scheme 1. Schematic Model of the Formation of the Macroporous Titanium Nitride/Carbon Composite Starting from
Macroporous Carbon Nitride
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Furthermore, the nanoparticulate structure of the pore walls
in the TiN-60 sample essentially constitutes the high surface
area through the creation of supplementary interface. It
should be furthermore noted that the amorphous carbon
matrix will also certainly contribute to the overall surface
area.

Synthesis of Foams with Larger Pores. Using the same
synthetic strategy, a macroporous TiN with pores 500 nm
in diameter was synthesized from CN-500, a macroporous
carbon nitride with ~500 nm pores and a wall thickness
between 10—50 nm. SEM micrographs of the C;N, template
CN-500 and the porous TiN-500 derived therefrom are
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Figure 6. Nitrogen sorption isotherm adsorption and desorption branch of
the starting carbon nitride template/nitriding agent CN-60 (black) and the
resulting titanium nitride/carbon composite TiN-60 (red).

shown in Figure 7. The obtained TiN powder TiN-500 is
composed of spheres with 450—470 nm diameter, intergrown
to a particle-based network. Higher-magnification illustrates
that the spheres are hollow and apparently composed of TiN
nanocrystallites.

The obtained material is composed of cubic crystalline
TiN, as confirmed by XRD (see the Supporting Information,
Figure S3). The peaks are again broad and indicative for
the presence of TiN nanocrystallites; the Scherrer equation
applied to the most intense (200) peak gives an average
crystallite size of 7 nm in size. Interestingly, elemental
analysis indicates that there is practically no residual carbon
left in this structure. It seems that in the case of the CN-500
sample, the thin wall (10—50 nm) in combination with the
large pore size (480—500 nm), compared to the CN-60
sample with pores of only 60—65 nm in size, ensures a
quantitative reaction between the metal precursor and the
nitrogen donor matrix, yielding significant reduction of the
carbon content. Indeed, through the higher ratio pore volume/
wall thickness, a higher overall ratio Ti/C3N, can be assumed
upon infiltration of the titania precursor. Previous work has
shown that the amount of residual carbon depends on the
ratio of preceding TiO,/C3N,,*! which explains the finding
that no residual carbon is left in the TiN-500 material.

The hollow character of the spheres and the inner
nanoparticulate structure was additionally confirmed by TEM
(Figure 8). HRTEM evidence by the presence of well-
developed lattice fringes that the nanoparticles, the building
blocks of the walls, are highly crystalline (Figure 8 c). As
in the case of the TiN-60 sample, the morphology of the
resulting TiN powder is a result of the morphology of the
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Figure 7. SEM images of the macroporous carbon nitride template with 500 nm pores (CN-500) (top) and the obtained TiN-500 (bottom). The magnified
image (bottom right) shows the nanoparticulate structure of the sphere walls.

Figure 8. (a) Bright-field and (b) dark-field STEM measured on one isolated TiN hollow sphere. (¢) HRTEM image shows that the sphere wall is composed
of small (5—7 nm in size) TiN nanocrystals.

starting carbon nitride template. A comparison of the starting that the morphology of the TiN hollow spheres is a
macroporous network of the carbon nitride with the final transcription of the shape and size of the carbon nitride pores.
hollow spheres, in terms of shape and size, clearly indicates The porosity of the obtained TiN-500 hollow sphere powder
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was investigated via nitrogen sorption measurements. The
TiN powder has a surface area of 143 m*/g and an apparent
pore volume of 0.66 cm?/g, whereas the starting carbon
nitride CN-500 has only 16 m?/g surface areas and an
apparent pore volume of 0.06 cm®/g (see the Supporting
Information, Figure S4). This behavior repeats the behavior
of the TiN-60 sample and is explained according to the same
model.

Conclusion

It was shown that employment of graphitic carbon nitride
nanostructures as reactive hard templates enables the direct
synthesis of high-surface-area titanium nitride/carbon nano-
structures. The resulting nanostructure is similar in archi-
tecture to the starting carbon nitride, but because of the much
thinner pore walls and an additional porosity created by the
interstitial sites of the hollow TiN/C spheres, the specific
surface area of the resulting TiN/carbon composites increased
by a factor 5, also bringing micro- and mesopores into the
structure. This is potentially beneficial for applications, such
as catalysis, as such materials with hierarchical porosity
provide the large surface area of mesoporous materials and
combine it with the excellent transport through macroporous
materials.

Chem. Mater., Vol. 20, No. 24, 2008 7389

The comparison of the different materials shows that the
amount of side product of the decomposition of carbon
nitride, amorphous carbon, can be adjusted by the relative
amount of template and metal phase and its dispersion. For
big pores and thin metal oxide layers, a pure TiN practically
without any carbon residue is formed. For practical applica-
tions, however, it stays an open question how much carbon
binder is optimal, as, for instance, thin carbon coating of
nanoscopic battery materials turned out to improve lifetime
and conductivity.*

As nitrification of metal oxides by carbon nitride decom-
position is not restricted to titania, but seems to be rather
practical for many metal oxides, we think that the present
process can be generalized for the synthesis of many porous
binary and ternary metal nitrides of choice.
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