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Abstract

This review mainly summarized recent progress on the fabrication of non-oxide ceramics,

such as

SiCN, BN, B(C)N,and SiN, by the non-aqueous sol-gel method, on the basis of ammonolysis reaction, aminolysis

reaction, and the carbodiimide reaction. Future prospects of the method were also discussed.
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Tab.1 Fabrication of TiN nanoparticles with different

specific surface from ammonolysis

FEfh GIEIES ARIE/K R E R m? g
1 TiCL,(NH, ), 973 100
2 TiClL, (n-PiNH, ), 973 17
3# TiCl,(n-Pr,NH), 973 56
4 TiCL (EN), 973 156
st TiCl,(4,4'~ bipyridine) 973 21
6" TiCl,(4,4'~ bipyridine) 1273 100
7+ TiCL(2,2'~ bipyridine) 973 161
g* TiCL,(CH,CN), 973 37
o* TiCl, (Et,0), 973 108
10* TiCl,( THF), 873 230
1* TiCL, ( THF), 973 212
12* TiCl,(THF) 1073 166
13* TiClL, (THF), 1273 96
14*# TiCl,( diglyme) 973 137
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BEER (n) HALAEBY em® - ¢! I EAE/ nm
11 0.32 1.18
12 0.34 1.24
13 0.37 1.36
14 0.38 1.37
15 0.42 1.57
17 0.48 1.65

Stefan Kaskel %“4715]%fﬁ£i753'§fu%7‘5%, Ll Ga,
(NMe, ) o AR AN [l be SR K B2 1A ML 24T R g
A 1 BRI, 22 AT B FLAR | 2 T AR ] 1 S AL
TR T Y http://www. yhelgy. com 2012 45 252 )

GaN #18},

Kroke 25 &N, YR — O Wt 5 SRk ke KL I | iz
=R 2 SR R Si—Cl, TSR FHIE &R, B Far
BN M N—H IRAEA BEAER, ) =y h Si—Cl 4
WIAT D58 e LI A i F SRk b AN ], 7531
TeHE PR B R iR R, BT i — 2P 5
FRITEIK I8 I~ B I R i3 3] Siv (C) /N FHRH(IE 5) 17

Me I\I/Ie
Cl—Si—l — (X EtzN—Si—Cl
| -2HNEt,eHCl
o] t2eHC NEt,
NEt
'\'A-e — UNEb gy N—Si—ZNEt
Eth—§|—CI Licl 2 | 2
NEt, Me
Me, SiCl. —Pr(exe) -y Si(NHPT).
~xH,NPreHCl
SIS NERER I SN e S I

Fig.5 Reactions between amines and chlorosilanes
P. Dibandjo 2" L 2,4, 6 - = S0 & be M JH
B, 5 W SR, B ) AE 7S doe ke = Y BRI A B
(CTAB)VEHI TN R 7 d 1531238 I REAS , SR J itk
— I TE NH, 25 0F N #53) BN FI& (&1 6) .

(ljl ll\IHMe
B B
Hl‘{ 1|\JH +3MeNH, — > HI¥ M1 3Ha
BB B<n~B
/PNN \ />N \
al i Cl MeHN H NHMe
120°C,7 d >1000°C

K6 Meffidiles BN
Fig.6 Preparation of BN from aminolysis of 2, 4, 6-trichloroborazine
BrREE AN WA B ERIR N TG
TKIIE—EEIE N, N Cheng Fei 25 SR LA TDSA
SRR, 5 BCLAE =M w458 BINHSi (NMe, ), 15, 1%
9



WEYHEPIEYIARH T CF SO H EMGRITFE Pl TRk, 2 7 Bon, i HEBieid & U A
S TR B Fa e A B ST AN LA TSRS T SN,/ BN ZATEE,
pentane

BC13 + 3(M62N)3SINH2 + 3Et3N _— B[HNSI(NM62)3]3 + 3Et3H‘HC1

CF;SO3H
B[HNSi(NMe,);]; + 9NH; —————  BSi;(NH);(NHy)y + 9HNMe,

&7 TDSA 5 BCl vl & B) EoKe
Fig.7 Preparation of the gel containing B from TDSA and BCL,

Cheng Fei 252 il— R 2,4,6- —&3FMNA IS EUREAN & A fL T8, A 2 1E R Si-B-N
Bt CLH, By N, BUHAR /- e AT A 5 TDSA #i3h k. EAFERERIAR, M TAmFE 1T FIH TDSA i@ i3 Ik
N A= () REREBUR SR T, RIS RE R B CRE IR R 45 SIAIN APRHY 7k  fF TDSA 5 H
FEA TR (0 FR I AU A4 4 B, [ NHSi (NMe, ), 1N Hy . AL (N'Pr), [ NSi( NMe, ), 1, R 2 5 %44 TDSA #0145
(NMe, ) B, [ NHSi(NMe, ), |, N;Hy (] 8) , iX 64774 4) 5 AICL, P R T A SR T, i — A1 NH, 5%
7E CF,SOH AL T 5 2R SO, ZE IR -BECE T RIS S 48 B2 1L SIAIN FZERERH (1 8)

(l:l ?i(NMe2)3
B B
PN
HN/ \NH . . pentane HN NH
| | +  3(MeyN);SiNHLi ———— | | + 3LiCl
B\ /B\ B\N/B
a’ TN Na Me;N);Si” F Si(NMey)s
TMez TMez
B
PN B
HN NH pentane HN” \NH
| | + 2TDSA + Et;N —— | | + Et;NHCI
B B B B
~v” N\ /7 >\
a’ N cl (Me,N);Si o Si(NMey);
(Me;N)3Si , - SiNMey);
NH NH
N 7~
AlCI +  3(Me,N);SiNHLI THF 1?1
3 21N )391 1 —_— 1
NH OC4H8 + 3L1C1
(MezN)3SI
pr
Pr
H
\ H
H /
Ny AL i \N\Al
Pr i b AN—'Pr LA T~ Si(NMeg)s
N~ A1t ¢ THF TPrty, ! I N .
H-|-[;Al- gD+ 2TDSA ———» N—— A1< g + 2HN'Pr
i ‘ \=—pr H-|- A,
N | \
_AI~N" g (MeaN)sSi™™ Y, AL
ipr H \\.
Pr

K8 TDSA Jefift ALY il % SiBN LI SiAIN P
Fig.8 Preparation of SiBN and SiAIN ceramics by aminolysis reaction with TDSA

3 B ERRL R R Ay PR AR R R, gt N=C=N i
(= HIERESL) ki Wl (BTSC) EA MK PR 3.36 41T /K5 b O iEL Gtk (3.44) | 1fif Me,

— 10 — FHIBEI T2, http://www. yhelgy. com 2012 4F %5 2 ]



HL ORI 55 0K g7 T g HOARE (1819) |, BT LA
%Eﬂ*ﬂ’]fif'@k%ﬂ%ﬁi (9 R AR A

EN=3.44 EN =3.36

EN=2.20 EN=220 EN=225

EN=2.25

B9 BTSC 57K507HL G AL
Fig.9 Electronegativity of BTSC and H,0

BTSC 7] Hi Me,SiCl 51k 155, Me, SiCl, 5

WR,SiCl, + #(CH;)3Si-NCN-Si(CHs)s

pyridine

F e S A5 3 707 3 PO AS N=C=N HIC153 3
N IR/
4Me, SiCl, +4H, NCN+8pyridine —
[ -Me,Si—-N=C=N-],+8(pyridine + HCI)
2Me, SiCl+H,NCN+2pyridine —>
Me,Si—-N=C=N-SiMe, +2 ( pyridine + HCI)
KRR BTSC S, i 74 (CH, ), SiCl
A4 R BN RIVAT 45 215 A7 e 45 A L SiCN 5
Eﬁa P A i n] 45 2 SICN P 88 B4 RE, 31X 5 T Edwin
Kroke % N 7 ¥F 2 TAE, BAAROBL AL ANE

[R,Si(NCN)], + 27(CHs);SiCl

110 & BTSC ffil # SICN PR RHI iR A2
Fig. 10  Route of preparing SiCN ceramics based on BTSC

Kroke %/ I\ N BTSC 5 — & fik b AY [ W A7 AE
W& (K 11) . 24 BTSC 5E R IL R 211
BF, B SR P2 4 Alx Box 94276, IF H R, Si (NC-
NSiMe, ) ,( Alx) ANBEM N P 43 85 ok 24 P
JEEJREER 121 i, AT P4 Boa A2, 55 /K AHE I -
BERE T 2L, UL D 245 Bl = b B A OB B
IR FE R Y, X T =9 (1 BR A Kroke 55 38 i3
DFT 35 IR 45 6 S0 4 D o 30 = (e ik — 0
JHe ) R R AR 2 E RO E A = 3R 0 36 L
IR R 22 A K B AN 2 Y R S 2R FE R 36 Y
(RERRAL 0 e ) 1R &R BE 2 eI 5 5 A AR5 1)

4k “N—CE=N ML, —N=C=N— Hnfa
E(E12)

2 Me3Si-NCN-SiMe3
“BTSC”

ZSICIZ
pyridne

SlMe3
NCN S ‘=a R=Me RZS|(NCN)—]—
x=bh R=Ph
Alx x=c R=PhCH,

Me3S|\

N\ /
/\

x=d R =viny,
B 11 BTSC 5 &R R

Fig. 11  Reactions between BTSC and dichlorosilanes

Kroke 2511 3 5% I DU &k % (X)) 5 BTSC(Y) A

S I L SRR L PR I DU Ak W SR T L I T A

PR3, BN 4 T PR HOER R S5 M R i W, 24

X/Y LR 11 B4R 20 AT R AR IS, 24 XY L
122 B IAS SN EERCIR Y BT, P VA R R AN ]

AR B AR AN [ R EROE ok (& 13) , 54889 Sto-
FRMH T hup://www. yhelgy. com 2012 4F 45 2 )

ber 77 121 & BRI Si0, HL .

carbodiimide rings:

=+ R'=R?*=Ph

<+ R!'=R%=vinyl

+R!'=H,R*=Me

+R'=H,R*=vinyl

~+R'=H,R?>=NCNH cyanamide rings:
-<R!'=R?*=Ph
~R'=R%=vinyl
<R!'=H,R*=Me
-+R'=H,R?=vinyl
<R'=H,R?>=NCNH

1

|
o)
8
=

|
(%]
W
W

|
(98]
el
~

relative energy / kJ + mol-
Lo
3
>

—1

I
=
e <]

2 3 4 5 6
ring size [unit FR R/
B2 R R AR E
Fig. 12 Stability of cyclics in the products

!
3 6.1818bc. TB18.0729
-

Bl 13 SiCl, 1 BTSC S 15 5 H’Jiﬁ*ﬁiﬂ/%ﬁh
Fig. 13 Spherical particles from reaction between SiCl, and BTSC

B 1 R FH R BT A 0 0 D ST e Al s
BN BFSEE X = AT A ) 5 BTSC E@Iyiﬂ“L
fFr#rsE™) i 14 iR MeSiCl, 55 BTSC [ v 15
F BRI TRAE 1 000 ~ 1 200°C 1515 F i 15
# SiCN P

Riedel 25" %if 5% F A ] Sk B 11 25 9 55 BTSC
S AR BER A R4S [ Ry Si—N=C=N— ] |
[RSi—( N=C=N ),,], u&[Si( N=C=N ), ]
B o R RO T W AT T OB OBF SR,



[ R,Si—N=C=N— ] 7164 F 1 500°C if#  WA33) SiC P&, [Si( N=C=N ), ]13%] Si,N,/SiC
185 Sic/C H A MK, [RSi—( N=C=N ),.], E&aWEME,

nMeSiCl; + 1.5n Me;SiN=C=NSiMe, &dme» [MeSi(NCN) 5], +  3nMe;SiCl
14 FEE =GRl SICN P ik 2k
Fig. 14  Route of preparing SiCN ceramics from methyltrichlorosilane
Nicole Hering %5'*) % ] TiCl, 8¢ Ti (NEt, ), 5 & Si f TiCN B (Ti, ,C, 4N, ,Sis3) o
BTSC 78 H R 0°C F | bz, @l =4 (CH,),SiCl BTSC 5 B- =543 =AU S, 15 B R 5 1) e
o (CH, ) ,SiNEt, LK 19 BTSC FEBLAS 5 F R e T REZS Y An &l 16 TR
Bt 15 B RER Y 0T, P20 5 IR A IS 19 B

\ N=C=N—
TiCl; + 2Me;SiN=C=NSiMe; ~——»= 1/n | Ti_ + 4Me;SiCl
/ N=Cc=N— |
\ N=C=N—
Ti(NEt)), + 2Me;SiN=C=NSiMe; ———= 1/n /Ti\ + 4Me;SiNEt,
N=C=N—

P15 JEF BTSC 9 TiCN P ol 4 &
Fig. 15 Route of preparing TiCN ceramics based on BTSC

Cl
|
H\ /B\ /II ~ e ——
no N + L50(H,C),Si-NCN-Si(CH), —  [BNHJNCN), J, -+ 3nCISICL,), |
B\ /B\ ’ v
- lIV al Gel
H
m%uvv wm%-w
) }
H\H\I/B\ITI/H H\II\I/B\II\I/H
- ~ /B\ /B B\
LR O B
~ = P
\N\B/N\ _N H *N\B/N\B/N/ H
| I | |
H/N\B/ \H H/N\]?/N\H
|
N N
| 1]
C C b
1 1
N N _N
| | N4C
H. _B__.H H_ _B. .H .
N N N
| 1 | | H\N/B\N/H
N/B\N/B\N N/B\ /B | |
7 | Sced | 2c” . BBy -
,}N H N\B/N\B/N H | SCo |
| 1 H No NJ N=C=N
N N B B
H” >B7 H ' \
]\II H/N\]?/N\H
[}
; A
N %N’/

K16 0 e R il 1) il 6 LA B BB 1 T RE FR 4544

Fig. 16  Preparation of borazine containing carbodiimide and the possible structure of the gel

— 12 — FHIBEI T2, http://www. yhelgy. com 2012 4F %5 2 ]



G546 v ] BB A A S e 465 R 1) S R A G e 4 A
=N—C=N | Jff 4t Me, Si—3i B A2 7E, S 80k
B D i Sioon R, BERAMEIZ 1 200°C 1H MR
SRR AT IS B A B, CN, 9 B/C/N #HRE, iE—
T 1 800°C #f , B LA A SIE 2R R, 45 B A
4lifl) B,C., AR LA S S 5 T A5 B b A R L
HZAIEH, FLAELE0.5 ~3 um,

TR, YR BCL B BF,/U# B-=
SR =N RS FHAE SO ks | 75 58] 2 A SR K e ik

AAIE AN A
4 Hihb

Kroke %1 DA JF =0 | = R 25 M I ik S be AT A
I CN,( OSiMe, ), \C;N,(OSiMe, ), A J5oR FII 5
MeSiCl, 5% SiCl, {58 46 2 1, 38 32 — B A0 %5 e — 5

IEFRE A A RE SRS R BT (R, SI0, ) DA K =B
(CgNg)%ﬁﬁ:@%(CmLM@%mE‘JﬁM/ﬂEMMt
BEE(E117)

K17 Bl OB 4548
Fig. 17 A sketch of chemical structure of hybrid gels

Cheng Fei 25 ISR F TDSA 55 H ki s 7 il 4%
TREE R A B BRI , 2D A AT 15 3 i AR A R
5 45iE

TOKEE R -BERE T 4000 20 24809 & B 2l
I T — R SR Y B & 1 55 B R I A
— B AN, AT LAA 2SS = ANl S xR
FHSERERE 45 T8 AL 55 IR0 e (20) fifk B g B 7k
fife SN B A ) 22 ) I HL ik S JRURE N e () fif
FHAE T Y hitp://www. yhelgy. com 2012 4F 55 2 #

WX SR B O e I B 1
KT T HEAT 6 A6 AR e e —

W 2, Xk T A T R AN A 5 R SR FH X R 7 vk
Tl A EHE IR WA IR, 28 Z AL R, X TR
2 AR T A B 5 T AR /D | Xt I 45 TG 4 B S 1Y
I AR 1 AN TR AR T L7 A Ak T T %) 1 H A
%5 PR, X B IZ O ¥ A5 0 AR S0 4 B e i ik vk
JE AR FE IR AR X 4520, a0 BN A HL 225, TiN m i
ﬁb

Bt 5 XoF A A B AR IR PE RE IR I TR AL
X TCIK e — BB HE 1l 25 B AR IR A5, X — 7 VA 7R
il 2 ARG HIE S Ak D redE | bW & Uy i
A IRRR PR 215 B T T2 9 TAR DT BT 47 i A
FNH

S E 3k

(1] #RAA, PESCEE B F. oA Sl sy, &
TRRIMT.dbst, mAEAE L, 2009:31-37

[2] Gabriel A, Riedel R. Preparation of non-oxidic silicon
ceramics by an anhydrous sol-gel process [ J]. Angew Chem Int
Ed Engl, 1997 ,36:384-386

[3] Kaskel S, Farrusseng D, Schlichte K. Synthesis of me-
soporous silicon imido nitride with high surface area and narrow
pore size distribution [ J]. Chem. Comm. ,2000,36(24) ; 2481
2482

[4] Kaskel S, Schlichte K. Porous silicon nitride as a super-
base catalyst [J]. Journal of Catalysis, 2001, 201 ; 270274

[5] Rovai R, Lehmann C W, Bradley J S. Non-oxide sol-gel
chemistry : preparation from tris ( dialkylamino ) silazanes of a carbon-
free, porous, silicon diimide gel [J]. Angew. Chem. Int. Ed.,
1999, 38 (13/14) : 2036-2038

[6] Cheng F, Clark S, Kelly S M, et al. Preparation of meso-
porous silicon nitride via a nonaqueous sol-gel route [J7]. J Am. Ce-
2004, 87 (8): 14131417
[7] Cheng F, Kelly S M, Clark S, et al. Preparation and char-

ram. Soc. ,

acterization of a supported Si;N, membrane via a non-aqueous sol -
gel process [J]. Journal of Membrane Science, 2006, 280 530-535

[8] Cheng F, Kelly S M, Young N A, et al. General method
of preparation of mesoporous M/Si; N, nano-composites via a non-a-
queous sol-gel route [J]. Chem. Comm. , 2005,41(45) :5662-5664

[9] Cheng F, Kelly S M, Young N A, et al. Preparation of
mesoporous Pd/Si; N, nanocomposites as heterogeneous catalysts via
three different chemical routes [ J]. Chem. Mater. , 2006(1) ; 5996
6005

[10] Lffelholz J, Engering J, Jansen M. Sol-gel-process in

— 13 =



the ammono-system; a novel access to silicon based nitrides [J]. Z
Anorg. Allg. Chem. , 2000, 626. 963-968

[11] Narula C K, Schaeffer R, Datye A, et al. Synthesis of
boron nitride ceramics from 2,4, 6-triaminoborazine [ J]. Inorg.
Chem. , 1989, 28 (21) ; 4053-4055

[12] Kaskel S, Schlichte K, Chaplais G, et al. Synthesis and
characterisation of titanium nitride based nanoparticles [J]. J Mater.
Chem. , 2003, 13: 14961499

[13] Farrusseng D, Schlichte K, Spliethoff B, et al. Pore-size
engineering of silicon imido nitride for catalytic applications [J].
Angew. Chem. Int. Ed., 2001, 40 (22) . 4204-4207

[14] Chaplais G, Schlichte K, Stark O, et al. Template assis-
ted design of microporous gallium nitride materials [ J]. Chem.
Comm. , 2003,39(6) : 730-731

[15] Chaplais G, Kaskel S. Porosity control in pre-ceramic
molecular precursor-derived gan based materials [ J]. J Mater.
Chem. , 2004, 14, 1017-1025

[16] Wiltzsch C, Wagler J, Roewer G, et al. Sol-Gel analo-
gous aminolysis-ammonolysis of chlorosilanes to chlorine-free Si/
(C)/N - materials [J]. Dalton Trans. , 2009,38(28) :5474-5477

[17] Dibandjo P, Bois L, Chassagneux F, et al. Thermal sta-
bility of mesoporous boron nitride templated with a cationic surfactant
[J]. J Euro. Ceram. Soc. , 2007, 27. 313-317

[18] Cheng F, Toury B, Lefebvr F, et al. Preparation of a me-
soporous silicon boron nitride via a non-aqueous sol-gel route [ J].
Chem. Comm. , 2003,39(2) :242-243

[19] Cheng F, Toury B, Archibald S J, et al. Synthesis and
structure of 2,4, 6- tris [ tris ( dimethylamino ) silylamino ] borazine ;
{[(CH,),N],SiNH},B;N,H, [J]. J Organometal Chem. , 2002,
657. 71-74

[20] Cheng F, Archibald S J, Clark S, et al. Preparation of
mesoporous silicon boron imide gels from single-source precursors via
a nonaqueous sol-gel route [J]. Chem. Mater., 2003, 15 (24):
4651-4657

[21] Cheng F, Toury B, Supplit R, et al. Preparation of meso-
porous Si-M imide gels (M=B, Al) via a non-aqueous sol-gel route
[J]. Mat. Res. Soc. Symp. Proc., 2002, 726 (781-788

[22] Cheng F, Kelly S M, Clark R, et al. Catalytic ammono-
Iytic sol-gel preparation of a mesoporous silicon aluminium nitride

from a single-source precursor [ J]. J Organometal Chem. , 2007,

692 3816-3822

[23] Cheng F, Kelly S M, Lefebvre F, et al. Preparation of a
mesoporous silicon aluminium nitride via a non-aqueous sol-gel route
[J]. J Mater. Chem. , 2005, 15, 772-777

[24] Lippe K, Wagler J, Kroke E, et al. Cyclic silylcarbodi-
imides as precursors for porous sicn materials: formation, structures,
and stabilities [J]. Chem. Mater. , 2009, 21 (17) . 3941-3949

[25] Obermeyer A, Kienzle A, Weidlein J. Crystal and molec-
ular structures of (Me, SiINCN), (1) and Me, SiNCNSiMe, (2)
[J]. Z. Anorg. Allg. Chem., 1994, 620 1357-1363

[26] Li Y L, Kroke E, Klonczynski A, et al. Synthesis of
monodisperse spherical silicon dicarbodiimide particles [J]. Adv.
Mater. , 2000, 12 (13) : 956-961

[27] Gabriel A O, Riedel R, Storck S, et al. Synthesis and
thermally induced ceramization of a non-oxidic poly ( methylsils-
esquicarbodiimide) gel [J]. Appl. Organometal Chem. , 1997, 11.
833-841

[28] Riedel R, Kroke E, Greiner A, et al. Inorganic solid-
state chemistry with main group element carbodiimides [ J]. Chem.
Mater. , 1998, 10: 2964-2979

[29] Hering N, Schreiber K, Riedel R, et al. Synthesis of
polymeric precursors for the formation of nanocrystalline Ti-C—N/a-
morphous Si—C - N composites [ J]. Appl. Organometal Chem.,
2001, 15: 879-886

[30] Kroke E, Volger K W, Klonczynski A, et al. A Sol-gel
route to B,C [J]. Angew. Chem. Int. Ed., 2001, 20 (9): 1697-
1699

[31] Volger K W, Kroke E, Gervais C, et al. B/C/N materi-
als and B,C synthesized by a non-oxide sol-gel process [J]. Chem.
Mater. , 2003, 15: 755-764

[32] El-Gamel N E A, Schwarz M, Brendler E, et al. S-tria-
zine and tri-s-triazine based organic-inorganic hybrid gels prepared
from chlorosilanes by exchange reactions [J]. Chem. Comm. , 2006,
42(45) , 4741-4743

[33] Cheng F, Kelly S M, Lefebvre F, et al. Preparation of a
microporous silicon oximide gel from the reaction of tris ( dimethyl-
amino ) silylamine with formamide and its pyrolytic conversion into a
silicon oxynitride based glass [J]. J Mater. Chem. , 2005, 15. 3039
3044

(%EE FHR)

FHIBEI T2, http://www. yhelgy. com 2012 4F %5 2 ]



	组版_

