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Various mesoporous silicas [MCM-41(M41), SBA-15(SBA15),
MCM-48(M48)] and silica gel were nitrided with ammonia
in a plug-flow reactor at 1273 K. The nitrogen contents of
various (oxy)nitrides obtained were increased with the
amount of ammonia supplied per sample weight. The nitrid-
ation rates of silica samples were not changed with the pore
sizes of the samples but with the pore structures. They were
dependent on the surface areas of the parent silicas. The
maximum contents of nitrogen in nitrided M41s, SBA1S5,
M48, and silica gel were ca. 38, 35, 39, and 21 wt.-%, respec-
tively, which indicates the great difference between the reac-
tivity of the mesoporous silicas and silica gel. 2°Si NMR and
X-ray photoelectron spectroscopy also supported the pro-
gress in almost complete nitridation of the former samples.

The XRD and the FE-SEM measurements revealed that the
mesoporous (oxy)nitrides maintained the original 2D hexago-
nal or 3D cubic mesopore structures and particle morphology.
Nitrogen sorption analysis showed that the pore diameters,
the surface areas, and the primary mesopore volumes were
varied with the nitridation degrees and the types of pore
structures but there occurred no destruction of pore struc-
tures. Finally, the stabilities of the silicon (oxy)nitrides pre-
pared were studied. The pore structures and nitrogen con-
tents remained essentially unchanged upon storage under a
nitrogen atmosphere, immersion in 1-buthanol or toluene, or
by heating under H, flow at 1073 K. Heating samples under
O, flow at 1073 K resulted in the collapse of the pore struc-
tures and a decrease in nitrogen content.

Introduction

Silicon nitride has attracted much attention because of
its high temperature strength, low density, high dielectric
constant, and basic properties.'!l Mesoporous silicon nitride
(MSN) and oxynitride (MSON) appeared recently as a new
class of non-oxide silicon-based mesoporous materials and
might have great potential in the fields of catalysis, struc-
tural engineering, separation, chemical sensing, and elec-
tronics.”) Recent studies have indeed demonstrated their
ability as s solid (super)base,>>! host for nanoparticles,®
and reactive template for nitrogen-incorporated carbon.!”]
MSN and MSON are generally prepared by the decomposi-
tion of nitrogen-containing silicon compounds® or by the
replacement of structural oxygen or carbon in mesoporous
or mesostructured materials with nitrogen.[*>81¢ Previous
investigations, however, could not overcome several disad-
vantages such as the insufficient regularity of the mesopore
structure and the low contents of nitrogen.

Very recently, we have developed a new and almost com-
plete nitridation method of M41 with ammonia by using a
plug-flow reactor at 1273 K.I'° In the present study, we ap-
plied our new preparation method to the nitridation of vari-
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ous mesoporous silicas (MS). The effects of the structural
properties on the reaction rate or the maximum nitridation
degree were studied in detail. We further compared the
structures of the parent mesoporous silicas with those of
(oxy)nitrides obtained by using various physicochemical
techniques, which confirmed the considerable shrinkage of
regular pore structures but their maintenance. At last the
stability of mesoporous silicon (oxy)nitrides prepared was
studied under a nitrogen atmosphere, in solvents, and under
H, or O, flow at high temperature.

Results and Discussion

Correlation between Pore Structure and Nitridation
Reactions

Nitridation Rates of Various MS

We first examined the effect of pore diameter on nitrid-
ation by using various M41 samples (p-M41s) with different
pore diameters (Table 1, Entries 7, 12, and 16). The reaction
conditions and the properties of the M41 samples treated
with ammonia (n-M41s) are summarized in Entries 1-6, 9—
11, 14, and 15 of Table 1. Figure 1 depicts the dependencies
of the nitrogen contents of n-M41s on the total amount of
NH; supplied at 1273 K. The nitrogen content increased
monotonously at 0-2000 Ly, g !, and it became constant
above 2000 Ly, g ' It should be noted that enough NH;
was supplied in all experiments because the conversion
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levels of NH; were always very low (<1.0%). The maxi-
mum nitrogen contents were ca. 38 wt.-%, which was very
close to 40 wt.-% of Si3Ny, indicating almost complete ni-
tridation and the presence of a small amount of remaining
oxygen.

The figure shows that all of the experimental data on
various p-M41s formed an excellent linear correlation line,
indicating that the reaction rate of nitridation was indepen-
dent of the pore size of p-M41. This phenomenon was not
varied with the experimental conditions. For example, the
nitridation of 1.5 g of M41-16¢g (7.5 times greater than
those in the usual experiments) in a large plug-flow reactor
(inner diameter of 17 mm) gave similar results to those
shown in Table 1, Entry 3. This larger-scale experiment also
shows easy expansion of the present nitridation method.

The effect of pore structure was then investigated. Fig-
ure 2 summarizes the dependencies of the nitrogen contents
of n-SBA15, n-M48-16, and n-silica gel on the amount of
NHj; supplied at 1273 K. Firstly, it should be pointed out
that the linear correlations between the logarithmic amount
of NHj3 supplied and the nitrogen content of n-MSs were
again observed on these samples. It should be noted that
the slopes of n-SBA15 and n-M48-16 were approximately
the same as that of Figure 1. It follows that the nitridation
mechanisms of mesoporous silicas would be identical and
independent of the pore size or the pore structure. To reveal
the reason(s) for the differences among the nitridation rates
of various p-MSs, the nitridation degrees at 100 Ly, g ' of
NH; supplied were plotted against the surface areas of sil-
ica samples heated at the nitridation temperature in nitro-

Table 1. Nitridation conditions and properties of parent (p), heated (h), and nitrided (n) MS samples.

Entry Sample Nitridation conditions Nitrogen a D T Sint Sext Vv p
Weight t ﬂOI:INI-:Zl e TT;;)IE‘ZI content Measd. Theor. Measd.  Theor.
/g /h /Lmin!' /Lg!' /wt% /nm /nm /nm /m?’g! /m?g!' /m?g' /mLg' /mLg' /gem3

1 n-M41-16¢s 02 025 03 2.5 11.7 B . 654 _Ib] 92 0.53 _Ib] 2.49
2 n-M41-16¢ 0.2 1 0.3 90 154 387 292 095 576 592 148 0.41 0.42 2.59
3 n-M41-16¢ 1.5 4 1 1600 21.3 391 2.85 1.06 555 501 48 0.34 0.34 2.73
4 n-M41-16¢ 0.2 4 0.3 360 27.5 390 287 1.03 563 487 69 0.33 0.34 2.89
5 n-M41-16¢ 0.2 10 0.6 1800 379 375 260 1.15 412 397 138 0.25 0.25 3.15
6 n-M41-16¢ 0.2 50 0.8 12000  37.69 387 255 1.32 303 341 204 0.21 0.21 3.14
7 p-M41-16¢4 - - - 0 0 464 381 0.83 826 - 115 0.72 - 2.20
8 h-M41-16¢1 0.2 0 0 0 0 444 357 087 758 - 141 0.65 - 2.20
9 n-M41-16y 0.2 1 0.3 90 16.8 378 273 092 597 573 44 0.34 0.36 2.62
10 n-M41-16y 0.6 4 0.3 1200 19.3 374 271 1.03 622 573 45 0.34 0.36 2.68
11 n-M41-16y 0.2 4 0.3 360 279 368 279 089 610 613 35 0.38 0.40 2.90
12 P-M41-16yl - - - 0 0 4.57 386 0.71 967 - 52 0.83 - 2.20
13 h-M41-16y!" 0.2 0 0 0 0 449 371 0.78 913 - 39 0.74 - 2.20
14 n-M41-22 0.2 1 0.3 90 169 459 339 1.20 482 472 109 0.37 0.38 2.62
15 n-M41-22 0.2 4 0.3 360 259 446 324 1.22 450 427 104 0.32 0.32 2.85
16 p-M41-226l - - - 0 0 576 494  0.82 804 - 223 0.91 - 2.20
17 h-M41-22(0 0.2 0 0 0 0 554 473 081 804 - 215 0.89 - 2.20
18 n-SBAI5 0.2 1 0.3 90 10.9 10.54  8.88 1.66 436 456 55 0.73 0.73 247
19 n-SBAI5 0.2 0.3 360 219 1020  8.63 1.56 406 434 37 0.68 0.68 2.75
20 n-SBA15 0.2 10 0.6 1800 31.0 10.03 842 1.61 338 393 72 0.64 0.60 298
21 n-SBA15 0.2 20 0.6 3600 352 9.88 8.05 1.83 303 339 60 0.60 0.49 3.08
22 n-SBA15 0.2 30 0.6 8100 349 9.52 7172 1.80 298 345 58 0.60 0.48 3.07
23 p-SBA15E - - - 0 0 11.66 1024 142 663 - 103 1.02 - 2.20
24 h-SBA15(0 0.2 0 0 0 0 1099 933 1.66 511 - 87 0.86 - 2.20
25 n-M48-16 0.2 1 0.3 90 17.8 7.64 270 1.12 743 723 44 045 045 2.65
26 n-M48-16 0.2 4 0.3 360 28.6 727 251 1.10 686 671 46 0.39 0.39 292
27 n-M48-16 0.2 10 0.6 1800 34.0 727 235 1.18 610 598 84 0.33 0.32 3.05
28 n-M48-16 0.2 20 0.6 3600 38.7 7.12 1.95 1.33 408 510 107 0.23 0.23 3.17
29 p-M48-161¢! - - - 0 0 859 369 093 1051 - 65 0.90 - 2.20
30 h-M48-16!1 0.2 0 0 0 0 8.37 321 1.10 887 - 78 0.66 - 2.20
31 n-silica gel 0.2 1 0.3 90 6.1 - al - —al - —al —al - 235
32 n-silica gel 0.2 4 0.3 360 16.0 - 10.4 - 156 - 32 047 - 2.60
33 n-silica gel 0.1 8 0.6 2880 20.8 - al - al - al al - 2.72
34 p-silica gell® - - - 0 0 - 113 - 215 - 25 0.63 - 2.20
35 h-silica gelll 0.2 0 0 0 0 - 10.8 - 149 - 32 0.53 - 2.20

[a] Not measured. [b] Not calculated because of no measurement of the lattice

constant using XRD. [c] NH; was started to flow onto

the sample at 973 K and the sample was heated at 1273 K in NH; and treated under the conditions listed in the table. [d] Nitrogen and
oxygen contents determined by the nitrogen/oxygen analyzer were 37.8 and 5.7 wt.-%. [e] Parent silica samples. [f] Samples after heating

p-MS at 1273 K in a flow of N,.
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Figure 1. Dependencies of the nitrogen contents of n-M41-16¢g
(open circle), n-M41-16wg (open triangle), and n-M41-22 (closed
circle) on the amount of NHj; supplied per sample weight at
1273 K.

gen (h-MSs; Entries 8, 13, 17, 24, 30, and 35 in Table 1) in
Figure 3. One can observe the very good linear correlation,
showing that the reaction rates were determined by surface
areas of the parent silicas.
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Figure 2. Dependencies of the nitrogen contents of n-SBA1S
(closed circle), n-M48-16 (open square), and n-silica gel (open dia-
mond) on the amount of NHj supplied per sample weight at
1273 K.
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Figure 3. Correlation between the total surface area of h-MS and
the nitrogen content of n-MS at 100 Ly, g .

The second important point in Figures 1 and 2 is that
the maximum nitridation degrees of n-M41-16cg, n-SBA1S5,
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and n-M48-16 were 38, 35, and 39 wt.-%, respectively, at
2000-3600 Ly, g ' and almost the same. It should again be
noted that the present preparation method could produce
almost pure nitrides. The small amounts of oxygen remain-
ing were supported by the >°Si MAS NMR spectra in Fig-
ure 4, which will be described in more detail in the next
section. The nitrogen contents of n-MSs determined by ion
chromatography were in very good agreement with those by
the NMR technique.

(a) NMR IC
‘47\\ SI0, 6Ho 50 Sio,

(b) 2\ SI0, 1sHo 50 sio,

(C) A Si02_27H0.55 Si02

S Si0g 15N126H013  SiO0.08N1 2

© i Si0, 4N

SiOg 49N 32H0 17 i00.19N1 21
(f) T n - SiOO.1ON1A31Ho,14 SiooA05N1.30
0 40 80  -120  -160

Chemical shift / ppm

Figure 4. Experimental and deconvoluted >°Si MAS NMR spectra
of h-M41-16¢5 (a), h-SBA15 (b), h-M48-16 (c), n-M41-165-1800
(d), n-SBAI15-3600 (e), and n-M48-16-3600 (f). Spectra (a)—(f)
correspond to Entries 8, 24, 30, 5, 21, and 28 in Table 1, respec-
tively. The compositions determined by NMR spectroscopy are
shown at the right side together with those obtained by ion
chromatography (IC).

Thirdly, the slope of n-silica gel in Figure 2 was lower
than those of mesoporous silicas. The increase in the nitro-
gen content of n-silica gel did not come to the end within
the present experiments, which was well consistent with the
reports that only high-temperature treatment could achieve
deep nitridation of silica.l'”-24

Analysis of the experimental results shown in Figures 1
and 2 was attempted on the basis of various solid-state ki-
netic models. The rate-determining steps suggested so far
could be classified into four groups: the nucleation (A), geo-
metrical contraction (R), diffusion (D), and reaction-order
(F) models.”>2¢1 The following eight models were here
adopted: Avrami-Erofeyev model (denoted as A2 in ref.?%),
contracting cylinder model (R2), contracting sphere/cube
model (R3), 1D diffusion model (D1), 2D diffusion model
(D2), 3D diffusion model (D3), first-order model (F1), and
second-order model (F2). The calculated results on the
models are summarized in the Supporting Information
(Figures S1 and S2) but unfortunately no reaction model
could clearly or distinguishably explain the nitridation
mechanism.

It is widely recognized that the nitridation of silica with
ammonia begins from the surface reactions of silanol and
siloxane with ammonia.['”?*! The numbers of silanol and
siloxane groups located at the surface are in proportion to
the surface areas of the parent silicas. Therefore, the linear
2237
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dependence of the reaction rate on the surface area, ob-
served in Figure 3, is reasonable. The wall thicknesses of p-
M4ls, p-SBAL1S5, p-M48-16, n-M41s, n-SBA15, and n-M48-
16 were only 1.0-1.8 nm, which was about one tenth of the
particle diameter of h-silica gel (17.2 nm, Supporting Infor-
mation), and corresponded to only 3-6 layers of O-Si-O
(0.26 nm in B-cristobalite’?’) and N-Si-N (0.28 nm in B-
SizN,M). The very thin walls led us to the speculation that
the diffusion of active NH, species nor water produced by
the reaction would not be the rate-determining step of the
nitridation.

Characterization of Si, O, and N Species with NMR and
XPS

The changes in NMR spectra of Si species with the ni-
tridation degree were already reported.l'® The technique
and the assignment were applied here to analyze the present
samples. The results are summarized in Figure 4. Spectra d,
e, and f showed that the n-M41-165-1800, n-SBA15-3600,
and n-M48-16-3600 samples contained small amounts of
oxygen and amide and imide groups as nitrogen species.
The respective compositions were evaluated on the assign-
ments and summarized in the figure.

The nitrogen species in n-M41 was then investigated with
X-ray photoelectron (XP) spectroscopy. The XP spectra of
N 1s, Si 2p, and O 1s of p-M41-16¢s, n-M41-16¢¢-22.5, n-
M41-16c5-1800, and crystalline SisN, are shown in Fig-
ure 5 and in the Supporting Information. The reported
peak positions?®! of N 1s, Si 2p, and O 1s signals are sum-
marized in the Supporting Information together with the
values in the present study. The N 1s spectra will first be
discussed. The spectra of n-M41-16¢5-22.5 and n-M41-
16¢c5-1800 could be deconvoluted into three species, respec-
tively. The former, low-nitrided sample, contained the
NH,(-S103), NH(-SiO3),, and N(-SiO3); species at 399.7,
399.2, and 398.3 eV, respectively, whereas the latter, highly
nitrided sample had ~NH,(-SiN3), NH(-SiN3),, and
N(-SiN3); species at 398.6, 398.0, and 397.5 eV, respectively,
where the nitrogen atoms corresponding to the XP signals
are italicized. The presence of the amide and imide groups
as well as the nitride species in n-M41-16c¢-1800 was in
excellent agreement with NMR spectroscopic results (Fig-
ure 4). It should further be noted that the respective full-
widths at half-maxima (FWHM) of the deconvoluted N 1s
components of these two samples were all 2.3eV (Fig-
ure Sb,c), which were wider than those of crystalline or
amorphous (oxy)nitrides in Figure 5d (1.6 eV) and Sup-
porting Information (1.2-1.8 eV). The results suggest diver-
gences in bond lengths or angles of the respective N species.

The binding energies of Si 2p were shifted from 103.7 eV
of SiOy4 species to 101.7 of SiNy. The shifts were consistent
with those of various SiO,N, samples reported so far, as
shown in the Supporting Information. The n-M41-16s-
1800 sample or crystalline SizN, gave a small signal of O
Is at 532.3 or 532.5 eV, which were very close to 533.1 of
O(-Si03), species and 532.2 of O(-SiN3), (Supporting Infor-
mation). The observation of oxygen XP spectra on crystal-
line Si;N, was widely reported®-28¢l due to the partial oxi-
2238
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Figure 5. N 1s photoelectron spectra of p-M41-16 (a), n-M41-16¢¢-
22.5 (b), n-M41-16c5-1800 (c), and crystalline SisN, (d). Spec-
tra (a)—(c) corresponds to Entries 7, 1, and 5 in Table 1, respec-
tively.

dation of crystalline SisN, surface. At the present we could
not distinguish which XP spectra of O 1s observed on n-
M41-16¢5-1800 resulted from unreacted oxygen or from
surface oxygen yielded through the oxidation.

Structural Change through Nitridation

Confirmation of Regular Pore Structures After Nitridation

The changes in the XRD patterns of n-MSs with nitrid-
ation treatment are shown in Figure 6 and the Supporting
Information. All p-, h-, and n-MSs exhibited well-resolved
three peaks assignable to (100), (110), and (200) diffractions
of 2D hexagonal p6 mm space group (Supporting Infor-
mation) or eight peaks to (211), (220), (310), (321), (400),
(420), (332), and (422) diffractions of 3D bicontinuous cu-
bic la3d (Figure 6). The intensity of each diffraction de-
creased with the progress in nitridation. All peaks were
shifted to the respective higher angles upon heat or ammo-
nia treatment, which indicated a decrease in the lattice con-
stant and agreed well with the changes observed in the pre-

n-M48-16-1800

M\ﬁ?_

48-16-360

0000

|
[~ N __

-
=
N

1

n-|

Intensity / cps

n-M48-16-90

h-M48-16
p-ll\/l48-1l6
1 2 3 4 5 6 7
20/ degree

Figure 6. XRD patterns of p-, h-M48-16, n-M48-16-90, -360, and
-1800. Patterns correspond to Entries 29, 30, and 25-27 in Table 1,
respectively.
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vious studies.[*!10-1l No observation of diffraction peaks in

the range of 10-60° indicated the presence/maintenance of
amorphous oxynitrides walls.

Figure 7 shows the high-resolution FE-SEM images of
p-SBA15 and n-SBA15-3600 as typical examples. The par-
ticle of p-SBA15 had cylinder-like morphology and the reg-
ular array of uniform channels (Figure 7a), which was sim-
ilar to those of the reported SBA15.%°! As shown in Fig-
ure 7b,c, the morphology and the straight and U-shaped
pores were kept even after ammonia treatment for 20 h
(Table 1, Entry 21). The average diameter and length of the
cylinder-like particles of n-SBA15-3600 were 300 and
690 nm, which were 93 and 85% of those of p-SBA1S5. The
shrinkage degrees were in good agreement with those evalu-
ated from the XRD data, which will be discussed in more
detail in the latter section. The particles of p-M48-16 were
spherical and their sizes were reduced upon ammonia treat-
ment (Figure 7d—f). For example, the average particle dia-
meters of p-M48-16 and n-M48-16-3600 were 565 and
430 nm. The morphology and pore structures of p-M48-16
were maintained after nitridation, which was in contrast to
the previous observation!* that the particles were bunched
together during nitridation.

Figure 7. FE-SEM images of p-SBA15 (a), n-SBA15-3600 (b, c), p-
M48-16 (d), and n-M48-16-3600 (e, f). Images correspond to En-
tries 23, 21, 29, and 28 in Table 1, respectively.

The nitrogen adsorption isotherms of various n-MSs are
shown in the Supporting Information. The isotherms were
of typical type IV curves. Upon nitridation treatment, the
steps of the capillary condensation were shifted to the lower
pressure ranges and the pore volumes of the respective n-
MSs decreased, indicating the shrinkage of pores. The
changes in S;,, ¥, D, and T are summarized in Figure 8 as
a function of the nitridation degree. The values of p- and

Eur. J. Inorg. Chem. 2010, 2235-2243
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h-MSs are also plotted in the figure. It should be added
that the linear extrapolation from zero point in the ag-plots
on h- and n-SBA15s revealed no remaining micropores in
the samples. The correlations among the structural param-
eters of n-MSs will be discussed in the next section.
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Figure 8. Changes in internal surface area Si,, (A), mesopore vol-
ume V' (B), pore diameter D (C), and wall thickness 7" (D) of n-
MS with nitridation degree. Open symbols, experimental values;
closed symbols, theoretical values. Circle, n-M41-16¢g; triangle, n-
M41-16wg; square, n-M41-22; inverted triangle, n-SBA15; dia-
mond, n-M48-16. Dotted lines; (A) Sy = X (polpn) (X = 850, 750,
690, 580, and 500), (B) V=Y (polpn), (Y = 0.82, 0.50, and 0.43).

Correlations between the Structural Parameters

It has been reported that the decrease in lattice constant
a and pore diameter D and the increase in the wall density
p of M41 through nitridation are due to increments in the
number of silicon atoms per 1 nm3.l'% To confirm the reten-
tion of regular pore structures, we calculated the theoretical
internal surface areas and mesopore volume of n-MSs on
2239
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the assumption of no change in the original 2D hexagonal
or 3D cubic pore structure through the present nitridation.
The internal surface areas Sy, and mesopore volume Vy
of n-MSs can be evaluated by Equations (1) and (2), when
those of h-MS were defined as Sp i, and V.

Snint = Soint [(theoretical Si,, of unit cell of n-MS)/(theoretical
weight of unit cell of n-MS)J/[(theoretical S;,; of unit cell of h-MS)/
(theoretical weight of unit cell of h-MS)] (1)

Vy = Vo [(theoretical V' of unit cell of n-MS)/(theoretical weight of
unit cell of n-MS)]/[(theoretical ¥ of unit cell of h-MS)/(theoretical
weight of unit cell of h-MS)] (2)

When the average channel lengths of h- and n-MS are
defined as Ly and Ly, Equations (1) and (2) can be con-
verted into Equations (3) and (4) for M41s and SBAIS, or
into Equations (5) and (6) for M48.130:31]

Swint = S0 TDNLA(/32)an? — 1(D12) Lyt

{(mDoLol[(312)ag? ~ M(Dol2)Lopo} ©)
Vi = Volm(Dal2)2Lal[(V312)an? — (D2 Lapat/
(D2 Loll(V312)ag? — (D ol2) Lopo “)
Snint = S0.int{6.1838a,[3.0919a)(Tnlay)pal}/
{6.1838a0%/[3.0919a X (Tolap)pol} (5)

(463(3.0919D o/2a0)/[3.0919a0X(Tolao)pol} (6)

where the subscripts O and N indicate the respective values
of h- and n-MS samples. Equations (3), (4), (5), and (6) can
be simplified into Equations (7), (8), (9), and (10), respec-

tively.

Swint = So.m(DNDo)polpn)(23a0> D)
(23ay>-nDy?) (7
Vi = Vo(DNID oY (polpn)(2y3a0>nD o)

(23ax>-nDy?) ®)
Snuint = Soind To/ Tn)(polpN) )

V= Vo(Tol TN)(DaIDo)(polpy) (10)

The results of the calculations are summarized in Table 1
as the theoretical S;,, and V. The values of experimental
and theoretical S;,; and V are compared in Figure 8 as a
function of the nitrogen content.

One can point out three correlations in Table 1 and Fig-
ure 8. Firstly, the change in the experimental values of Sj,;
for all n-MSs with nitridation could be divided into three
portions. At the initial stage, the S;,, values decreased dras-
tically to a greater or lesser degree. At 10-35 wt.-% of nitro-
gen, the S;,, values of all n-MSs decreased at roughly fixed
rates with the progress in nitridation. Around 39 wt.-%, the
change became drastic again. Secondly, the decrease in the
experimental J” values were similar to those of the experi-
mental S, values (Figure 8A,B). Thirdly, the theoretical
Sine and V values of all n-MS were in good agreement with
2240
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the experimental ones, indicating the accuracy of the values
of measured a, D, and T and evaluated p, and no essential
loss of the regular pore structures through nitridation.

The phenomena observed above will be discussed from
the changes in structural parameters. At the initial stage
of nitridation, the 7 values should be carefully compared
(Figure 8D). Those of n-SBA15 and n-M48-16 increased by
ca. 10-20% upon treatment of p-MSs to h-MSs (Table 1,
Entries 23 and 24 and 29 and 30) and kept roughly constant
during the nitridation process. In contrast, those of h-M41s
were approximately the same as those of p-M4ls and
greatly changed during the nitridation process. The reasons
for the difference between M41s and SBA15 or M48 remain
unknown but it follows that the wall thickness of p-MSs
increased upon heat or nitridation treatment and this is the
major reason for the change in the Sj,; and ¥ values. At
the middle stage, the values of a, D, and T of all n-MSs
changed little and only the values of p increased with the
nitrogen contents, which caused a slow decrease in the val-
ues of Sj, and V. This discussion could be supported by
the facts that the experimental values of Sj,, and V were
reasonably expressed with the lines Sj,, = X (po/py) (X =
850, 750, 690, 580, and 500) and V' =Y (polpy), (Y = 0.82,
0.50, and 0.43) as shown in Figure 8A,B, where the values
of X and Y are the supposed values. Around the upper limit
of nitrogen contents, D and T were further changed, and
then the values of S;,; and ¥ dropped again suddenly. The
results indicate that the structural changes in the mesopo-
rous silicas through nitridation are essentially identical and
independent of the pore size and the pore structures.

Stability and Reactivity

The stability or reactivity of n-MS was examined under
various atmospheres. The n-M41-16c5-160 sample (Table 1,
Entry 3, abbreviated hereafter as n-M41-S) was employed
as a representative because it was prepared in large quanti-
ties. Table 2 summarizes the treatment conditions and the
properties of the resulting samples. The nitrogen content of
n-M41-S after storage at room temperature under an atmo-
sphere of N, for five months was comparable to that of the
starting n-M41-S (Table 2, Entries 1 and 2). Immersion of
n-M41-S in I-butanol or toluene at room temperature for
2 h resulted in a decrease of ca. 10% in the nitrogen content
(Table 2, Entries 3 and 4), whereas in water the decrement
was ca. 30% (Table 2, Entry 5). Heat treatment under H,
flow at 1073 K for 3 h caused a reduction of ca. 10% nitro-
gen (Table 2, Entry 6), in which the formation of ammonia
was detected.[®?l Similar decrements and ammonia forma-
tion were also observed at 673 and 773 K (not shown). The
treatment of n-M41-S under O, flow at 1073 K for 3 h led
to an 88% loss of nitrogen (Table 2, Entry 7), whereas treat-
ment at 873 K resulted in a loss of 40% (Table 2, Entry 8).

The nitrogen contents changed considerably with the
various treatments as mentioned above, but the changes in
XRD intensities and nitrogen-adsorption data were con-
siderably different from those. Storage under an atmosphere
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Table 2. Properties of n-M41-S treated under various conditions.

European Journal
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Relative intensity of

Entry  Atmosphere T Time Nitrogen content XRD(100) a Sioral D V
/K /h / wt.% diffraction® / nm /m?g! / nm /mLg!
1 bl - - 20.8 100 3.90 602 2.77 0.31
2 N, r.t. 3600 20.3 95 3.75 595 2.53 0.26
3 1-BuOH r.t. 2 17.8 130 3.78 el el el
4 toluene L.t 2 18.3 91 3.83 el el el
5 H,O r.t. 2 14.1 32 3.78 547 2.28 0.19
6 H, 1073 3 18.2 87 3.80 571 2.50 0.24
7 0, 1073 3 2.4 8 3.91 45 2.24 0.02
8 0, 873 3 15.6 69 3.90 581 2.72 0.30

[a] The data are the values obtained from the linear correlation lines in Figures 1 and 2. Calculated by subtraction of background from
the peak area of (100) diffraction. [b] Note that this is a different sample to that of Table 1, Entry 3. The deviations are within the

experimental errors. [c] Not measured.

of N, and immersion in 1-butanol or toluene did not result
in a decrease in the XRD intensity (Table 2, Entries 1-4),
whereas immersion in water markedly reduced the intensity,
though the change in surface area was small (Table 2, En-
try 5). Heating under H, flow at 1073 K for 3 h resulted in
small decreases in the XRD intensity and the surface area
(Table 2, Entry 6). The FE-SEM image supports the reten-
tion of the regular pore structure after treatment under H,
flow (Figure 9). In contrast, the pore structure was almost
lost upon heat treatment under O, flow at 1073 K for 3 h
(Table 2, Entry 7).

Figure 9. FE-SEM image of n-M41-165-160 heated under H, flow
at 1073 K for 3 h (Table 2, Entry 6).

The stability of nonporous and porous silicon oxynitride
was studied by several research groups. Asefa et al. reported
that the structural collapse of the nitrided M41 occurred
within weeks of storage,** whereas Mokaya et al. reported
that it did not.'" Tt is recognized that nonporous silicon
oxynitride prepared at high temperature (1373 K) is of
higher stability than that at low temperature (298-
398 K).133-341 The nitridation temperatures in the former#
and the latter reportst''l were 673-1123 and 1123-1423 K,
respectively. The result of the storage in Entry 2 (Table 2) is
not consistent with the former but with the latter, which
would be due to the nitridation temperature. Two observa-
tions should again be pointed out here to discuss the reac-
tivity of the present MSON samples. The NMR and XPS
measurements revealed the presence of Si-NH, species.
Their reactivity is reported to be higher than that of nitride
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N species.[*3] In addition, the wider widths of deconvoluted
XPS N 1s peaks than those of crystalline materials sug-
gested that N species had various bond lengths and angles
in the present samples. The two findings would result in the
higher reactivity or the instability of MSON.

The results of immersion in the solvents and heating un-
der H, flow indicated that the surface nitrogen species on
n-M41 was highly reactive and a certain loss of the nitrogen
did not result in the destruction of the pore structure. This
property of mesoporous (oxy)nitrides would make it pos-
sible for us to apply them in various nitrogen-transfer reac-
tions such as ammonia synthesis because nickel molybde-
num nitridel*! and cobalt molybdenum nitride*®! were very
recently reported to be active for the reaction. The instabil-
ity of n-MSs under O, flow is due to the difference between
the bonding energies of Si-N (355 kJmol™') and Si-O
(452 kJmol1).B37]

Conclusions

A family of mesoporous silicon (oxy)nitrides was suc-
cessfully prepared by nitriding various mesoporous silicas
with ammonia in a plug-flow reactor at 1273 K. The nitro-
gen contents were determined by the amount of NH; per
sample weight, which was independent of the pore size and
the pore structure. The reaction rates were determined with
the surface areas. The maximum degrees of nitridation were
35-39 wt.-%. Characterization and theoretical calculations
revealed the retention of regular pore structures and par-
ticle morphology. Because precise control of pore size, pore
structure, and particle morphology of mesoporous silica is
well established, the use of the present method would enable
tailor-made synthesis of mesoporous silicon (oxy)nitrides
through the conversion of silica into (oxy)nitride. Unfortu-
nately, the major part of the pore structure and the nitrogen
content were lost upon heating under O, flow at 1073 K,
but were certainly kept during immersion in water, 1-buta-
nol, and toluene and during heating under H, flow at
1073 K; these features were also kept under an atmosphere
of N,. The results could lead to potential applications of
silicon (oxy)nitrides in various fields of catalysis and ad-
sorption.
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Experimental Section

Parent Mesoporous Silicas (p-MSs): The M41-16¢s, -16wg, -22, and
SBA15 with 2D hexagonal pore structures (p6mm), and M48-16
with 3D cubic structure (la3d) were prepared according to estab-
lished procedures,?84! where -16 or -22 represents the carbon
number of the main chain of surfactant used in the preparation
and the subscripts CS and WG mean the employment of colloidal
silica and water glass as silica source. Detailed preparation methods
are given in the Supporting Information. The structural properties
of the p-MSs were determined by various methods described below
and are summarized in Table 1, Entries 7, 12, 16, 23, 29, and 34.

Nitridation of p-MSs: Nitridation was carried out in a plug-flow
reactor made of quartz (inner diameter, 10 mm). Typically 0.2 g of
p-MS was mounted into the reactor, 50 mL/min of N, (Japan Air
Gases Co., 99.999%) was flowed, and the reactor was heated to
1273 K at a rate of 5 Kmin'. Pure NH; gas (Japan Air Gases Co.,
99.9995%) was introduced into the reactor at the temperature with
a NHj; flow rate of 0.3 or 0.6 Lmin! and maintained for a desired
time unless otherwise stated. After nitridation treatment, the gas
flow was changed to 50 mLmin ! of N, and then the furnace was
cooled to room temperature. The nitrided mesoporous silicas were
abbreviated as n-M41-16-A etc., where A is the total amount of
NH; supplied per sample weight. It has already been revealed that
the heating treatment of mesoporous silicas under an atmosphere
of N, prior to nitridation decreased the pore diameters and surface
areas.l'®) We therefore prepared heated samples, h-MSs, in separate
experiments where p-MS samples were heated at 1273 K under N,
flow, and the properties of resultant h-MSs are shown in Table 1,
Entries 8, 13, 17, 24, 30, and 35.

Characterization: The nitrogen contents of n-MSs were determined
by ion chromatography (HIC-10A, Shimadzu Co., Japan) equipped
with a CDD-10A conductivity detector or the nitrogen/oxygen ana-
lyzer (GMPA 520, Horiba Co., Japan).['>! X-ray diffraction (XRD)
patterns were collected by using a Rigaku RINT Ultima*/PC dif-
fractometer with monochromated Cu-K, radiation. Nitrogen ad-
sorption—desorption isotherms were measured at 77 K with a BEL
Japan Belsorp 18 or mini Il automatic gas sorption meter after the
sample was evacuated at 423 K for 2 h. The Brunauer-Emmett—
Teller method was utilized to calculate the specific surface area
Siora- The external surface area S,,, and the primary mesopore
volume V were evaluated by using the a-plot method.*?! The in-
ternal surface area Sj, was calculated by subtraction of S,,, from
Siorar- The pore diameter D of p-, h-, and n-M41s was determined
by the Kruk—Jaroniec-Sayari (KJS) methodP% [Equation (11)]. The
D of p-SBA15 was determined by Equation (12) because of the
existence of a micropore volume V,,,;c,>" whereas h- and n-SBA15
had no micropore and thus Equation (11) could be applied. The D
values of p-, h-, and n-M48-16 were determined by Equa-
tion (13).1311 The p values were estimated by using the correlation
between the nitrogen contents and the densities of silicon oxyni-
trides, which was reported in a previous study.'>! The D values of
p-, h-, and n-silica gel were evaluated on the basis of the correlation
between the relative pressure of capillary condensation and D.F
The wall thickness 7 is calculated by Equation (14) for p-, h-, n-
M41s and -SBA15s or Equation (15) for p-, h-, and n-M48s.

D = 1.05a[pVI(1 + pV)]'? (11)
D = 1.05a[p(V = Viyier)(1 + pV)]' (12)
D = 2a[pVI(1 + pV)}/3.0919 (13)
T=a-_D (14)
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T = a/3.0919 — D/2 (15)
Solid-state 2°Si magic angle spinning nuclear magnetic resonance
(MASNMR) spectra were measured with a Bruker AV400M. After
various nitridation treatments, the respective samples were transfer-
red from the reactor to a 4-mm pencil-type zirconia-rotor at room
temperature under an argon atmosphere. The measurement condi-
tions and the analysis method of the spectra obtained are described
in a previous report.'é! Field-emission scanning electron micro-
scopy (FE-SEM) were performed with a Hitachi HR-S5500. X-ray
photoelectron spectra were measured with a Shimadzu ESCA 3200.
All binding energies were corrected by using the values of C Is
(285.0 eV) or Au 4f, (83.8 eV).

Supporting Information (see footnote on the first page of this arti-
cle): Kinetic analysis using solid-state kinetic models; preparation
of p-MSs; XP spectra of p- and n-M41-16¢g; XRD patterns of p-,
h-, and n-MSs; N, adsorption isotherms of p-, h-, and n-MSs.
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