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Formation of Titanium Nitride Nanoparticles within Mesoporous Silica SBA-15
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We report the first synthesis of titanium nitride (TiN) nanopatrticles inside the nanoscale channels of mesoporous
silica SBA-15. The TiN precursor, Ti(NMg in toluene, was incorporated into the methyl group-modified
channels of the SBA-15 powder. The functionalization of pore surfaces with methyl groups generates
hydrophobic surfaces that facilitate impregnation with Ti(NM@nd minimizes reactions between the TiN
precursor and the hydroxyl groups on the surface of SBA-15. Formation of TiN nanopatrticles inside the
mesoporous channels of SBA-15 was carried out by subsequent ammonolysis at high temperatures (700
750°C). The final products have been characterized by TEM and EELS images, powder XRD patterns, FTIR
spectra, UV-vis absorption spectra, and nitrogen adsorption isotherm measurements to confirm the presence
and distribution of TiN nanoparticles in the SBA-15 samples.

Introduction thin films are also being used as diffusion barrier layers between
Si and Al, and have been applied as adhesion layers for

Periodic mesoporous silica materials, such as MCM-41, hemicallv vapor-d ited tunasten in semiconductor fabrica-
MCM-482 and SBA-153 provide the templates for the formation chemically vapor-deposited tungste semiconductor fabrica
tion processe® Here we describe the formation of TiN

of incorporated nanoparticles and nanowires. The pore diameters

of these mesoporous materials dictate the sizes of the embeddegar;ggatrgglaelzgzgr;emeIgﬁggﬁ;ggﬁg’gﬁ% (F;\(IJP‘;)V d?/\rlé ’2 ﬂ;a;ndlum
particles and the diameters of the incorporated nanowires. ' y @

Formation of nanowires by the template approach is a useful as the TiN source. Both Ti(NMg, and Ti(NEg)s have been

synthesis route for the growth of metal and semiconductor used in the chemical vapor deposition of TiN films under

nanowires. The incorporated nanoparticles may also havezrr:)rﬂﬁjmrae frlce)\;ver?tt;grgﬁﬁgzﬁgrizn%ﬁgggsfo? tr?é arned etlt];t?on of
interesting catalytic, optical, and magnetic propertiésdence P prep

the growth of metal and semiconductor nanomaterials in TiN nanoparticles within mesoporous silica SBA-¥8: Py

mesoporous silica has been an active area of research in recer{fn) Iys;':'a?ghreeggﬂlag?b%w Lr;iﬁeblfte&c?h(g ?FTNm%'%'%‘; r_pr?a/sresult
years. Most of the studies involve the formation of metal 9 ’

nanoparticles and nanowires, such as Au, Ag, Pt, Pd, and Ti,ammonoly&s during the pyrolysis reaction of Ti(Njlewas

within the nanoscale channels of mesoporous silica pofvder. used in the present study.
More recently, a number of studies have been directed at the . .
synthesis of metal nanowires and nanoparticles in mesoporousEXpe”mem"’ll Section
silica films 2123 In addition to studies on the growth of single- Mesoporous silica SBA-15 was prepared following the
element metal nanoparticles and nanowires in mesoporous silicaiterature procedure with slight modificatié®. A tri-block
materials, several studies have explored the formation of binary copolymer poly(ethylene oxide)oly(propylene oxide)poly-
systems such as GaN, CdS, CdSe, ZnS, andZr&28 These (ethylene oxide), or EQPO;,0EO,0, Was used as the template
binary materials are all semiconductors that have potential for the preparation of mesoporous SBA-15 powder. First, 2 g
applications in optoelectronics. Formation of binary compounds of EO,iPO;0EQ, was added to a beaker with 15 g of®iwith
within mesoporous silica materials is mainly limited to the stirring at room temperature until the triblock copolymer has
particle morphology. completely dissolved. A 60 g sampléM HCl and 4.25 g of
With the single exception of the synthesis of quantum- tetraethyl orthosilicate (TEOS) were then added. The mixture
confined GaN nanoparticles in MCM-#1the formation of was stirred at 40C for several hours without the use of a cover
nitride nanoparticles within mesoporous silica powder or films over the beaker to produce finer powder particles. The mixture
has not been studied. This might be due to the lack of simple was transferred to a sealed container and was kept at1 @0
nitride source reagents that can be introduced into the nanoscalein oven for 20 h. The resulting white precipitate was filtered
channels of mesoporous silica materials. TiN is an interesting and dried at 80°C. Finally, the template was removed by
material to try to incorporate into the mesoporous silica calcination at 550C for 3 h togive fine mesoporous SBA-15
materials. TiN has high hardness, a high melting point (2927 powder.
°C) and a low sintering tendency that are beneficial for  The hydrophilic nature of the pore channels of SBA-15 due
applications in high-temperature heterogeneous catély/gisl to the presence of silanol groups {$)H) can be modified with
- methyl groups to make them more hydrophobic. A more
mx*.rﬁﬁu"."ehdou“.“mio”esr’ondence should be addressed. E-mail: hyhuang@ hydrophobic intrachannel surface may facilitate the impregnation
T National Tsing Hua University. of Ti(NMey)4 in the mesoporous channels. Another important
* University of California, Los Angeles. consideration in trying to modify the channel surface with
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Figure 1. FTIR spectra of (a) calcined SBA-15 powder and (b) methyl group-functionalized SBA-15.

methyl groups is to minimize reactions between the TiN
precursor and the surface silanol groups. Titanium isopropoxide
incorporated into the channels of SBA-15 powder has been
reported to react with the silica wall silanol groups and form a
titanium dioxide anatase filif.Before surface modification with
the methyl groups, the calcined SBA-15 was refluxed in water
for 1 h and then heated in a vacuum at 200to remove watet?

A 0.2 g sample of the rehydrated SBA-15 was added to 30 mL
of toluene. Then 20 mL of methyltriethoxysilane, prepared with
50 wt % of ethanol, was added to the toluene solution. The
resulting mixture was stirred at room temperature for 1 day.
After refluxing the mixture at 80C for 6 h, the functionalized
SBA-15 (Me-SBA-15) was washed with toluene and ethanol
and dried in air.

The final step of the process is the impregnation of Ti(N)Wle
and then formation of TiN nanoparticles in Me-SBA-15. A 0.02
g sample of the Me-SBA-15 powder was mixed with a solution
of 0.2 g of Ti(NM&)4 and 2 g oftoluene. The mixture was
stirred under nitrogen flow for 24 h. After that, the temperature
was raised to 150C to remove toluene. To clean excess
precursor from the external surface of SBA-15, 5 mL of toluene
was added to the flask without exposure to air, and the solution
was heated at 150C in a vacuum. This step was repeated
several times. After washing, the temperature was raised from
150 to 400°C and kept at this temperature ®h under flowing
ammonia. To further increase the temperature for the formation
of TiN, the powder was transferred from the flask into a tube
furnace. Ammonia was allowed to flow inside the furnace quartz

tube fa 1 h toeliminate oxygen in the quartz tube before raising A

1

the presence of long-range order in this sample. The (100) peak

the furnace temperature. The powder sample was then heate
to 700-750 °C for 1—6 h. Black powder was obtained after
cooling the furnace to room temperature. Ti(NMeis very

sensitive to moisture and can easily decompose in the atmo-

sphere. Use of the two-step ammonolysis process produces
stable intermediate that should be less moisture sensitive.
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Figure 2. Small-angle powder XRD patterns of (a) calcined SBA-15
and (b) TiN-incorporated SBA-15 heated to 78D for 6 h.

SBA-15 powder. The peaks at 2969 and 1273t the Me-
SBA-15 sample indicate the presence off€bonds and SiC
bonds, respectivel{#32These peaks show that the pore surface
of SBA-15 has been modified with methyl groups that form a
hydrophobic layer. The difference in the baseline % transmit-
tance of the two samples is due to slightly different amounts of
SBA-15 samples used in the FTIR measurements.

Retention of high-quality mesoporous SBA-15 after the
postsynthesis treatments and the formation of TiN nanostructures
can be confirmed by powder X-ray diffraction (XRD) patterns.
XRD patterns of the samples were recorded using a Shimadzu
XRD-7000 diffractometer with Cu & radiation atl = 1.5418
Figure 2a shows the XRD pattern of calcined SBA-15. Strong
100), (110), and (200) diffraction peaks are observed, indicating

is at 0.92 26 corresponding to d spacing of 91.1 A. After the

formation of TiN nanostructures inside the SBA-15 sample, the
%esoporous framework is maintained (Figure 2b). There is a

slight shrinkage of the framework, with the (100) peak shifted

to 1.0& 20, possibly due to a higher degree of silicate
condensation during the subsequent high-temperature TiN
The SBA-15 functionalized with methyl groups was inves- formation process. Calcined SBA-15 heated to 760for 6 h
tigated by Fourier transform infrared spectroscopy (FTIR) using also exhibits the same degree of shrinkage. Figure 3a shows
a Perkin-Elmer Spectrum RX | spectrometer. Figure 1 shows the high-angle powder XRD pattern of TiN nanostructure-
the FTIR spectra of calcined and methyl group-functionalized incorporated SBA-15 after ammonolysis was performed at 750

Results and Discussion
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Figure 3. Powder XRD patterns of (a) TiN-incorporated SBA-15
heated to 750C for 6 h and (b) TiN-incorporated SBA-15 heated to
650°C for 1 h.

20am

Figure 4. TEM images of (a) calcined SBA-15 and (b) TiN-
incorporated SBA-15 heated to 78Q for 1 h.

°C for 6 h. All the expected diffraction peaks for TiN are present,
confirming the formation of TiN nanostructures. The estimated
TiN particle size, calculated using the Sherrer equation and the
measured peak width at half peak height of the (200) géak,
~6.5 nm. This number is in close agreement with the average
diameter of the channels determined from the nitrogen adsorp-
tion—desorption isotherm measurements and the TEM images _.

. . ) . Figure 5. (a) TEM image of an edge portion of a SBA-15 sample
(discussed later). It may be desirable to form TiN nanoparticles with TiN nanoparticles filling the channels. Inset shows the selected

within SBA-15 at lower temperatures. However, ammonolysis area electron diffraction pattern taken over the marked area. (b) EELS
at temperatures lower than 70C€ was found to form only elemental mapping of the same area as in (a) showing the locations of
nanocrystalline TiN. Figure 3b shows the XRD pattern obtained Ti in the sample. Ti shows up as bright dots.

when the NH treatment was carried out at 63C for 1 h.
Diffraction peaks for TiN are still present but are very broad
and unresolved. The broad peaks centered around 48 &nd 55
260 may be due to the presence of a trace amount of rutile and
anatase Ti@ A small amount of Ti(NMeg)4 may have reacted
with the unprotected silanol wall surface at lower temperatures
to form TiO, nanocrystallities. Formation of TiN through
pyrolysis of TiG, in an ammonia and residual carbon environ-
ment at temperatures around 68000°C has been suggested

to proceed by the following reactiot:

Direct evidence of the formation of TiN nanoparticles within
mesoporous silica SBA-15 can be obtained from TEM images
of the samples. A JEOL JEM-2010 transmission electron
microscope operating at 200 kV was used for the TEM
observation. Figure 4a shows the calcined mesoporous silica
SBA-15 with well-defined arrays of nanochannels. The pore
diameters are about% nm. The more diffused areas in the
upper and lower portions of this image are observed presumably
due to small height differences along the length of the channels
making the channels in these areas slightly out of the electron
beam focus. Figure 4b shows the TEM image of TiN-
incorporated SBA-15 heated to 78C for 1 h. This image

At 750 °C, the small amount of Ti@that is present may  shows clearly the formation of a continuous TiN nanopatrticle
possibly have been converted into TiN and thus only TiN array extending over several hundreds of nm in length. The
diffraction peaks are observed. However, if the silica wall is image also reveals that the TiN nanoparticles are well-separated
not functionalized with methyl groups, strong Ti@ather than by the silica walls and follow the curvature of the array of
TiN, diffraction peaks may result at 75C. channels. The nanoparticles may have been grown to such high

TiO, + C + NH;— TiN + CO+ H,O + 0.5H,
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Figure 6. EELS spectrum of the marked region of the sample shown in Figure 5a.

density in some areas that the continuous nanoparticle array a
appears to form nanowire structure. The confined nanoparticles
have a diameter between 5 and 6 nm. .

To further confirm that TiN nanoparticles line up along the 0
nanochannels of SBA-15, analytical TEM characterization of
the TiN-incorporated sample was performed. A Philips Tecnai
20 transmission electron microscope operating at 200 kV and 200 4
equipped with electron energy loss spectrometer (EELS) was [ o
used for this purpose. Figure 5a shows the TEM image of an =t o
edge portion of a TiN-incorporated SBA-15 sample. It can be
seen that TiN nanoparticles fill the channels. The selected area < %7 et 000°°"
electron diffraction (SAED) pattern taken over the marked area re_eoooo’io—O’“o
of Figure 5a shows a ring pattern. The SAED pattern can be 00002070707
indexed to the (111), (200), (220), (311), (222), (331), (420), .
and (422) diffraction planes of TiN. The diffraction rings 00 o2 oe o8 o8 10
indicate the presence of polycrystalline TiN. EELS elemental Relative pressure
mapping of the same sample for Ti is shown in Figure 5b. Bright 0.35
spots indicate the presence of Ti. It reveals that Ti lines up along
the channels, especially near the edge of the sample. Ti
distribution becomes less well aligned in the interior of the
sample possibly due to unconnected TiN nanoparticles and/or
multilayer effects, which may become more important as the
sample thickness increases. Figure 6 shows the EELS spectrum
of the marked region in Figure 5a. Strong Ti and N signals
indicate a high concentration of TiN nanostructures in the
mesoporous SBA-15. The carbon signal presumably is derived
from the carbon support film of the TEM grid.

The degree of TiN nanoparticle filling was examined using | ) o
nitrogen adsorptiordesorption isotherm measurements. The 000 M%o\@muo‘.o_w_o_{ T
nitrogen adsorptiofdesorption isotherm study was performed ———————
at 77 K using a Micromeritics ASAP 2010 system. Figure 7a 85 0 15 20 25 30 35 40 45 50
shows the nitrogen adsorptiedesorption isotherm results for Pore Diameter / nm
Me-SBA-15 and TiN-incorporated SBA-15 heated at 78D . . . o
for 1 h. Table 1 gives the values of BET surface areas, total Figure 7. (a) Nitrogen adsorptiondesorption isotherms of methyl

. . group-functionalized SBA-15 (black squares) and TiN-incorporated

pore volumes, and pore diameters for calcined SBA-15, Me- gga 15 heated to 75GC for 1 h (open circles). (b) Pore size

SBA-15, and TiN-incorporated SBA-15 samples. A significant distribution of the same samples calculated from the adsorption branch
decrease in all the values for the Me-SBA-15 is reasonable, of the isotherms using the BJH algorithm.

considering the formation of an additional silicate-methyl group

layer coating the interior surface of the channels of calcined to be about 33%. This can be done by first considering the
SBA-15 sample. A considerable decrease in the total porerelative volumes of the nanochannels to that of the TiN-
volume due to the incorporation of TiN nanoparticles was incorporated SBA-15 framework. These values can be deter-
measured; the total pore volume dropped from 0.53 gm mined by considering a hexagonal unit cell in the TiN-
for the Me-SBA-15 to 0.25 cfng~?! after the incorporation of  incorporated SBA-15 powder with a pore diameter of 6.1 nm
TiN nanostructures. This result suggests that a high degree ofand an edge length of the hexagmyof 98.1 A, whereay = 2

TiN nanoparticle loading occurred in the TiN-incorporated SBA-  x d00/+/3.32 Calculations show that 35.06% of the SBA-15
15 sample. The weight percentage loading of TiN was calculated volume is occupied by the pore channels. Using the total pore

Amount Adsorbed (cm’g!)

0.30 4
0.25 4
0.20 4
&15—-

0.10

Incremental Pore Volume / cmg!

005+
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TABLE 1: Physical and Surface Properties of Selected um, 99%) was taken and the result is shown in the inset of
Samples Figure 8. There is a broad UV band centered at around 320 nm
sample Sser/m?gt  V/emPg™t  Dgy/nm and then the absorbance increases sharply #@B0 nm to

SBA-15 740 0.87 70 the NIR region. Judg_ing frc_Jm the pk_Jvious differences_ in
Me-SBA-15 399 0.53 5.9 absorbance characteristics in the visible and NIR regions
TiIN—SBA-15 (750°C for 1 h) 168 0.25 6.1 between the TiN-incorporated SBA-15 sample and the fine TiN

2 Syer, BET specific surface are¥, total pore volumeDgyy, pore powder §amp|e, the results suggest that the TiN nanostructures
diameter calculated using the BJH method. are confined in the channels of SBA-15 and that no large TiN

particles are formed outside or on the surface of SBA-15. On
T ] the basis of the similar broad band feature and the close
proximity of the absorption bands in the UV region for both
the TiN-incorporated SBA-15 and the fine TiN powder samples,
the appearance of this UV band in TiN-incorporated SBA-15
may be attributed to the presence of TiN nanoparticles. In this
regard UV~vis absorption spectroscopy can be a useful tool
for the preliminary characterization of the formation of TiN
nanostructures within mesoporous silica materials. The broad
band centered at425-450 nm appears to be a new absorption
feature only observed in the TiN-incorporated SBA-15 samples.
Quinten has discussed by theoretical calculations the exhibition
b of a surface plasmon resonance band centere¢b@0 nm for
monosized spherical TiN nanoparticfsAlthough the nature
a for the appearance of this broad band is still not clear, the fact
———TrTT T T T T T that the broad band covers the 500 nm region suggests that this
200 300 400 500 €00 70D 8OO 900 1000 1100 1200 band may be associated with the surface plasmon resonance
Wavelength (nm) absorption of the TiN nanoparticles. The position of this band
Figure 8. UV —vis absorption spectra of (a) calcined SBA-15 and (b) is blue-shifted from the 500 nm center, as theoretically predicted
TiN-incorporated SBA-15 heated to 750 for 6 h. The discontinuity  for spherical nanoparticles, possibly due to the elongated shapes
in the absorbance at800 nm is due to grating/detector change. Inset of the TiN nanoparticles confined in channels of SBA-15. Of

shows the UV-vis absorption spectrum of fine TiN powder. For each . . L
measurement, a very small amount of the powder sample was added®ourse, TiN nanoparticles-(L.0—30 nm in diameter) observed

Absorbance (a. u.)

200 400 600 800 1000 1200
Wavelength (nm)

Absorbance (a. u.)

to deionized water to form a dilute aqueous suspension. outside SBA-15 may contribute to the overall absorption. Further
work is required to determine the exact nature of this unique
volume results from the nitrogen adsorptietiesorption iso- optical feature.

therm measurements, the relative volume percentages of TiN .
(11.3%), SIiQ (64.94%), and the methyltriethoxysilane layer Conclusion
(13.7%) can be known. The weight percentage of TiN loading In summary, the synthesis of TiN nanoparticles inside the
can then be obtained by calculating the ratio of the mass of channels of mesoporous silica SBA-15 has been demonstrated.
TiN (volume multiplied by density) to the sum of the masses Ti(NMey)s was used as the TiN precursor and introduced into
of Si0, and methyltriethoxysilane, assuming methyltriethoxy- the nanoscale channels of methyl group-modified SBA-15 in
silane remains intact for the ease of calculations. Although the toluene under an ammonia flow at 70950 °C for 1-6 h.
TiN loading data may be obtained by elemental analysis, the Powder XRD patterns, TEM images, EELS elemental mapping
presence of some TiN nanoparticles residing outside the SBA-and spectrum, and nitrogen adsorpti@esorption isotherm
15 powder and some powder without any TiN nanostructure measurements have verified the formation of TiN nanoparticles
incorporation may make the results less reliable. Figure 7b within mesoporous SBA-15. U¥vis absorption spectra have
shows that the pore diameteri$§ nm, which is consistent with ~ also been used to characterize the resulting material. A unique
that measured from the TEM images. The pore size distribution optical feature has been observed and may be related to the
plot also shows that the TiN-incorporated SBA-15 sample surface plasmon resonance absorption of TiN nanoparticles
contains pores in the 30 nm range. This extremely large pore confined in the channels of SBA-15. The new synthetic approach
size is attributed to the aggregated porous structure of TiN may find applications in semiconductor fabrication design and
nanoparticles formed outside the SBA-15 powifer. high-temperature materials preparation. It is envisioned that
UV —vis absorption spectra of the TiN-incorporated SBA- other binary nitride nanoparticles may be formed within
15 samples may be used to provide additional evidence of themesoporous silica by using a preparation approach similar to
formation of TiN nanostructures within the channels of SBA- that described in this study.
15 powder and reveal unique optical properties. A JASCO
V-570 UV/VIS/NIR spectrophotometer was used for the mea-

surements. Figure 8a shows the b¥is absorption spectrum .

. i - ; 006) and the start-up fund provided by the Department of
of C?"C'“ed SBA-15. A spectrum with a nearly Imear and Chemistry at National Tsing Hua University. We thank Chien-
continuous decrea_se in absorbance was recorded. Figure 8t%(ang Chiu and Wei-Kuo Chang for assistance in the nitrogen
shows the absorption spectrum of TiN-incorporated SBA-15 physisorption measurements. We also thank Prof. Hong-Yi Tang

heated to 750C for 6 h. A continuous absorbance decrease in : .
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