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Porous single crystals of &b; and CaO, templated by mesoporous silicas, SBA-15 and KIT-6, have
been fabricated. Specimens at different stages of crystal growth were characterized by using XRD and
high-resolution transmission electron microscopy. The final products of oxide porous single crystals were
also characterized by nitrogen adsorption/desorption experiments. A multiseed formation mechanism can
eventually be established. The present investigation revealed that the original mesostructures in SBA-15
and KIT-6 were negatively replicated by the crystals of oxides, and therefore, the dimension of the building
blocks (nanorods or nanowires) in the porous crystals of oxides depends on the pore diameter of the
silica. It was also found that a mesopore system, regarded as a nanoreactor, had a significant influence
on the size and morphology of produced oxide particles and on the route and temperature of the
crystallization.

1. Introduction porous metal oxides are of wide interest for applications in
catalysis since they can be regarded as self-supported
catalysts with large specific surface areas and shape selective
properties. These materials can be synthesized by using either
organic soft templates, similar to the synthesis of mesoporous
silica, or mesoporous silica as a hard template. While soft
j’templating normally results in amorphous materials, due to
the low decomposition temperature of the template, hard
templating allows for crystalline materials to be formed. The
hard templating method was first introduced by Ryoo and
co-workerst? and several mesoporous carbon, metals, metal
sulfides, and metal oxides have been fabricated, although

Ordered mesoporous materials were first discovered in the
early 1990s by Mobil scientists. The simple soft templating
method by using organic surfactants, which form micelles
in aqueous solutions, allows for a wide range of mesoporous
materials to be synthesized. Over the past 14 years, man
reports have been published on new phases of mesoporo
silica including SBA-15, KIT-6, and FDU seriés! func-
tionalized mesoporous silicdsnesoporous metafsmeso-
porous thin films'® and mesoporous metal oxidédvieso-
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st-andrews.ac.uk. Tel:+44 1334 467276. Fax:-44 1334 463808. the wall of most of these materials was still disordered and
" University of St. Andrews. the formation mechanisms of these new materials were not
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§ Fudan University. discussed extensively.

(1) Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.; Beck, J. i i
S, Nature 1092 350 710, In our previous report, we demonstrated that porous single

(2) Beck, J. S.: Vartuli, J. C.: Roth, W. J.; Leonowicz, M. E.: Kresge, . Crystals (PSCs) of GD; and WQ can be prepared using

IA';gcleitt’sKéDﬁ'Ch'u' Cj Té—WS.; ﬂsel?, Dj Il;/fheré%ard, Ié W.; mesoporous silica SBA-15 as the hard template and using
cCullen, 5. B.; RIggins, J. B.; Schienker, J. L. Am. em. SocC. : 4
1092 114, 10834, H2Cr,07 and HiPW1:04 as the precursors, respectivéty:

(3) Zhao, D. Y.; Huo, Q. S.; Feng, J. L.; Chmelka, B. F.; Stucky, G. D. Recently, synthesis of GO, In,O3, and CpO3; PSCs with a
J. Am. Chem. S0d.998 120, 6024. ; ;

(4) Kleitz, F.; Choi, S. H.; Ryoo, Rl. Chem. Soc., Chem. Commga03 cubic double pyramidal channel Sy.Stem was also.aChpévgd'
2136. In the present work, we synthesized porous single crystals

(8) Liu, X. Y.; Tian, B. Z; Yu, C. Z; Gao, F.; Xie, S. H.; Tu, B.; Che,  of Cr,03 and C@O, using SBA-15 and KIT-6 as templates
R. C.; Peng, L. M.; Zhao, D. YAngew. Chem., Int. EQR002 41,

3876.
(6) Fan, J.; Yu, C. Z,; Gao, F.; Lei, J,; Tian, B.; Wang, L.; Luo, Q.; Tu, (12) Ryoo, R.; Joo, S. H.; Jun, . Phys. Chem. B999 103 7743.
B.; Zhou, W. Z.; Zhao, D. YAngew. Chem., Int. En@003 42, 3146. (13) Zhu, K. K.; Yue, B.; Zhou, W. Z.; He, H. YChem. Commur2003
(7) Fan, J.; Yu, C. Z.; Lei, J.; Zhung, Q.; Li, T. C.; Tu, B.; Zhou, W. Z.; 98.
Zhao, D. Y.J. Am. Chem. So2005 127, 10794. (14) Yue, B.; Tang, H. L.; Kong, Z. P.; Zhu, K. K.; Dickinson, C.; Zhou,
(8) Jaroniec, C. P.; Kruk, M.; Jaroniec, M.; Sayari,JA.Phys. Chem. B W. Z.; He, H. Y.Chem. Phys. LetR005 407, 83.
1998 102 5503. (15) Jiao, K.; Zhang, B.; Yue, B.; Ren, Y.; Liu, S. X.; Yan, S. R.; Dickinson,
(9) Terasaki, O.; Liu, Z.; Ohsuna, T.; Shin, H. J.; Ryoo, Microsc. C.; Zhou, W. Z.; He, H. YChem. Commur2005 5618.
Microanal. 2002 8, 35. (16) Tian, B. Z.; Liu, X. Y.; Solovyov, L. A,; Liu, Z.; Yang, H. F.; Zhang,
(10) Brinker, C. J.; Lu, Y. F.; Sellinger, A.; Fan, H. YAdv. Mater. 1999 Z.D.; Xie, S. H.; Zhang, F. Q.; Tu, B.; Yu, C. Z.; Terasaki, O.; Zhao,
11, 579. D. Y. J. Am. Chem. SoQ004 126, 865.
(11) Yang, P. D.; Zhao, D. Y.; Margolese, D. I.; Chmelka, B. F.; Stucky, (17) Tian, B. Z.; Liu, X. Y.; Yang, H. F.; Xie, S. H.; Yu, C. Z.; Tu, B.;
G. D. Nature 1998 396, 152. Zhao, D. Y.Adv. Mater. 2003 15, 1370.

10.1021/cm060014p CCC: $33.50 © 2006 American Chemical Society
Published on Web 06/03/2006



Formation Mechanism of Porous Single Crystals Chem. Mater., Vol. 18, No. 13, Z08

and chromium/cobalt nitrates as precursors. SBA-15 contains
close hexagonally packed straight mesopores connected by 2800
some smaller channels and micropotegile KIT-6 has a

. a . . 2400
cubic mesostructure, space grdafd, which contains three- 450°C
dimensional (3D) bicontinuous channel netwotk3he 2000
formation mechanisms of these crystal growths were studied
by the examination of the intermediate products of the early-
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stage crystal growtt19A significant confinement effect on 1200 B0c
the crystal growth in the mesopore systems was discovered. e . 300°C
800
2. Experimental Section apg T e 50C

Synthesis of PSC GO, in KIT-6 was performed by using a \ e U 200°C
modified method according to that reported previously by Tian et 10 20 30 40 50 60 20
al.’® A 0.50 g portion of cobalt nitrate hexahydrate was dissolved 10
in 6.5 g ethanol and stirred with 0.15 g of KIT-6, which was freshly 012 104 116 (b)
prepared according to literatutefpr 2 h. The ethanol was then
evaporated off at approximately 40C. During the process of 800

) : . ‘ 13 o2 300
ethanol evaporation, the metal nitrates were drawn into the pores \ 214

by capillary action. The cobalt nitrate was then thermally decom- | h . Zhr
posed at 550C for 5 h, with a temperature heating rate ofQ@/

min from room temperature, and cobalt oxide crystals grew inside ‘ 1.5hr
the KIT-6 channels. The KIT-6 silica framework was then removed _

by dissolving it in an aqueous 10 wt % HF solution. The remaining ‘ ity o .
powder was washed with water thrice after centrifuging and 00
decanting off the clear solution. To study the phase transformation

at an early stage of crystal growth, a series of specimens were % 20 30 40 50 60 70 29

collected after the Co(N§),-6H,0-loaded mesoporous silica was Figure 1. (a) XRD patterns of chromium nitrate loaded SBA-15 functioned
heated fo 5 h at 125-200 °C with intervals of 25°C, and at 150 with temperature. The heating time for each step was 5 h. The diffraction
°C for 0.5-2 h in 0.5 h steps. To compare the crystal growth peaks are indexed to the rhombohedraiGgr space groupiR3c with the
behaviors of cobalt oxide, thermal decomposition of CogyO  unit cell parameters o = 0.4951 and: = 1.3598 nm. (b) XRD patterns
6H,0 in air without using a silica template was also performed at 3;;?%';””?2.5 after heating chromium nitrate in SBA-15 at 350with
various temperatures.

For growing PSC GOs, chromium(lll) nitrate nonahydrate was BT model in regions applicable to the derivation of the model
substituted for cobalt nitrate. Both SBA-15 and KIT-6 were used petweenP/P, values of 0.05-0.4. The total pore volume was
as templates. The reaction temperature for Ce{fyOH,0-loaded  gstimated from the uptake of nitrogen at a relative pressuP&Rf
SBA-15 was increased from room temperature to S0With 50 = 0.99. Pore size distribution curves were obtained from the
°C steps, so that a series of intermediate specimens could ben| DFT model assuming cylindrical pore geometry for the silica
collected for further investigation. Another series of specimens were pard-template and slit geometry for the PSCs apdots with
collected for more detailed investigation after the precursor sample thjckness curves using the Broekhetbe Boer model.
was heated at 350C with different time from 0.5d 2 h with
intervals of 0.5 h. Again, nontemplate chromium nitrate nonahydrate
was decomposed at different temperatures, and the intermediate
phases were collected. 3.1. Porous Single Crystals of C4Os. The specimen of

Characterization of specimens was initially carried out using Cr(NO;);9H,O-loaded SBA-15 has a green color, being

X-ray powder diffraction (XRD) on a Philips reflective diffracto-  chgracteristic of Gt cations. It started to decompose~at00
meter with Cu Kx radiation ¢ = 0.15418 nm). The microstructures o~ in air. and the color changed to brown, indicating that
of the specimens were examined by high-resolution transmission crt Waé oxidized into C¥, while NOs ;inions were

lect i HRTEM JEOL JEM-2011 elect
electron microscopy ( ) on a elecon reduced to N@ or NO. The brown color of the samples,

microscope operated at 200 kV. The powder specimen for TEM L ar -
examination was ground, suspended in acetone, and deposited oﬁ:haraCte”St'C for , became deeper when the heating

a copper specimen grid supported by a holey carbon film. TEM t€émperature was increased up to 300 The corresponding
images were recorded with a Gatan 794 CCD camera at magnifica-XRD patterns showed no crystalline phases (Figure 1a). It
tions of 60006 to 100000&. The compositions of the specimens i therefore believed that the intermediate product of the
were analyzed using energy-dispersive X-ray spectroscopy (EDX). decomposition of chromium(lll) nitrate nonahydrate is a
A Micromeritics ASAP 2020 instrument was used for nitrogen mixture of Cr(IV)-containing oxide and nitrate after a portion
adsorption measurements. Samples were degassed 4C1&20 of the NG~ anions is reduced. The intermediate Cr(IV) oxide

2 h once the final temperature had been reached prior to analysisstep can also be observed when chromium(V1) oxide reduces
typically measured at 77 K consisting of an adsorption and tg Cr,0,.20

desorption branch. Specific surface areas were calculated via the

9
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=3
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3
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3. Results and Discussion

When the heating temperature was increased to°850
the color of the specimens changed to a greenish brown,

(18) Xie, S. H.; Zhou, W. Z.; Zhu, Y. QJ. Phys. Chem. 2004 108,
11561.
(19) Zhou, W. Z.; Klinowski, JChem. Phys. Lettl998 292 207. (20) King, R. B.Encyclopedia of Inorganic Chemistd94 2, 666.
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22 © (d) temperature was increased to above 4C5decomposition
3200 o . L of Crs0y, led to the final product, GOs, via several
3200 ' ,U‘ ©T & S ﬂ 8 X intermediate phases, such as@yand CrQ. The authors
M_.WJJWJ Lfv!h\_i?‘,...,ﬁw\,:\_ﬁ,fu proposed that the thermal behavior of the above materials
.8 388, 838 | 8 (e) was dependent on a competition between two processes:
324005 s/ N B8] 53 3 § 3 reconstruction of the crystalline phase (endothermic effect)
g o and recombination of the evolved atomic oxygen (exothermic
f=

effect). It was also found that when the mass of material
decreased, a transition from exothermic to endothermic
effects occurred! In the present work, the limited space in
the mesopores only allows a very small amount of chemicals
to be involved in the decomposition and recrystallization.

: Furthermore, we expect the mesopore confinement effect
10 20 30 40 50 60 20 would enhance an endothermic process and suppress an

(@

Figure 2. XRD patterns of the decomposition of Cr(N@9H,0 and exothermic process due to the difficulty of heat transporta-
crystallization of chromium oxide without using template—@ XRD tion. Consequently, in the mesopores,;@rcan form at a
patterns of the specimens after heating CrgNOH,O for 0.5-1.5 h, in . . e

0.5 h increments, at 35(C, respectively. Pattern (c) is indexed t0,0s relatively lower temperature, and it is more difficult to form
with a monoclinic unit cell with parametess = 1.201,b = 0.852,c = intermediate chromium oxides with higher oxidation states,

0.939 nm angg = 92.C°. (d) XRD pattern, after heating chromium nitrate g ,ch as GOs and CrQ. A similar phenomenon was also
at 400°C for 5 h, showing the rhombohedral phase of@x . . .

found in the crystal growth of GO, in mesoporous silicas
as presented later.

implying a reduction of C¥ to C®* had commenced, and . _ _ )
To further investigate the formation mechanism of@x

crystallization of C3O; occurred as indicated by the corre- )
sponding XRD pattern (Figure 1a), which can be indexed to the samples underwent HRTEM analysis. Although some
the rhombohedral phase of O, space groujR3c with the weak XRD peaks Of, GOs had been observed from the
unit cell parameters af = 0.4951 anct = 1.3598 nm. The ~ Sample after undergoing a heat treatment for less tha at
XRD results shown in Figure 1a are almost identical to the 320 °C (Figure 1b), the microcrystals of £3s in the SBA-
previous ones when 48r,0; was used as a precursér. 15 channels were hardly detected by HRTEM imaging and

Nevertheless, it is obvious that the preparation procedure inS€/€cted area electron diffraction (SAED). This was as a
the present work is much simpler. result of the concentration of the crystals in the channels of

From the XRD results and the color, it can clearly be seen Sﬁg;ﬁtﬁlgﬁ t;e:jr:sg ';or(;i(l)%wlI?rfl:C;th\?ecrySsr;cqa;”s rlwigtlaole cl?ugs:gr(;
that the crystallization of GO; started at 350C but was 9 P . » Very

not completed even after 5 h. Another experiment of heat inside the mesopores of silica can be directly imaged easily

veaiment of e Ci(N90r40-oaced SEA-1s s 1% e orEentalen of e cheles s M vt ey
in 0.5 h steps from 0.50t2 h was carried out. Although all P y ' P

. . . the 2 h sample revealed a multicrystal property (Figure 3a).
four samples were brown in color indicating a high presence __, . —. """ : .
of Cr(1V), crystalline CpOs obviously grew inside the SBA This implies that the crystal growth began with a multiseed
) 3 - . ; ; .
15 channels. Figure 1b shows that very weak diffraction mode; .€., many microcrystals were developed .3|multa
peaks of CiO; appeared after heating for only 0.5 h and the neously in different channels of each SBA-15 particle.
peak intensity increased significantly when the heating time Even after the sample was heated at 400for 5 h and

increased to 2 h. It can be concluded that rhombohedp&l:Cr the crystallization was completed, as m_dlcated by the XRD

. : results, a polycrystalline property was still detected by SAED
was the only crystalline phase developed during the heat, .
treatment (Figure 3c), and these microcrystals could be seen as dark

. . dots in the TEM images (Figure 3d) with diameters of 100
On the other hand, thermal decomposmo_n_ behavior of nm or less. The SAED patterns in Figure 3 also indicate
§2r(N03)3-9H20 without the presence of the silica template that the crystals of GO; are randomly oriented inside the
IS d|ﬁgrent. After a thermal treatment at 35@3 no mesopores of SBA-15. Bearing in mind that the melting point
crystalline CyO3; was observed. Instead, an intermediate

. . of Cr,03 is 2330°C, the temperature applied was too low to
phase, :.;":5’ was detected after heating'fbh (F_|gure 2b), ... allow recrystallization of the GO; crystallites into a larger
and the intensity of the XRD peaks grew continuously with

heating {i Ei 2¢). C llizadi f . crystal. Moreover, the crystallites are separated and im-
gatlng time (Figure (.:)' rystallization of Qs requires a mobilized by the SBA-15 mesopore network. The same
higher temperature (Figure 2d).

) ) _ results were also obtained from samples that had undergone

Labus et al. recently reported their detailed decomposition nermal treatment at 55 for 5 h. Consequently, the final
studies of chromium nitraté. It was found that the nitrate  proqyct, the so-called porous single crystals after the removal
decomposed into a mix of amorphous chromium oxides with ¢ {he silica template, must have a much smaller size than
an average composition of aboutsOx; at the first stage of

300°C. Chromium cations were oxidized when pGnions (22) Zhou, W. Z.; Thomas, J. M.; Shephard, D. S.; Johnson, B. F. G.;

were reduced to gaseous phases,@d NO. When the Ozkaya, D.; Maschmeyer, T.; Bell, R. G.; Ge, &iencel998 280,
705.
(23) Shephard, D. S.; Maschmeyer, T.; Johnson, B. F. G.; Thomas, J. M.;
(21) Labus, S.; Malecki, A.; Gajerski, R. Therm. Anal. Calorim2003 Sankar, G.; Ozkaya, D.; Zhou, W. Z.; Oldroyd, R. D.; Bell, R. G.

74, 13. Angew. Chem., Int. Ed. Endl997, 36, 2242.
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Figure 3. SAED pattern (a) of multicrystal @03 in a SBA-15 particle
shown in the corresponding TEM image of (b) after a heat treatment for 2
h at 350°C. (c and d) SAED pattern and the corresponding TEM image -

from the specimen after a heat treatment5ch at 400°C, also showing Figure 5. (a) Low magnification TEM image of a KIT-6 particle with

the polycrystalline property. several spherical @D; PSCs developed inside. (b) TEM image of the same
specimen as part (a) with a higher magnification, showing mesopore fringes
and separation of the @93 PSCs. (c) TEM image of GD; PSCs after the
template has been removed. The inset shows a typical particle viewed down
the [111] zone axis of the mesopore system.

coexisting in KIT-6 without any cross point. Chromium oxide
crystals grown in KIT-6 fo 5 h at 550°C were also
polycrystalline, similar to the results obtained from SBA-15
templated GiOgs, in each KIT-6 particle, which was detected
by SAED patterns. As shown in Figure 5a, one particle of
KIT-6 contains several separated spherical PSC particles,
with different particle sizes, which leads to the multicrystal
Figure 4. TEM (a) and HRTEM (b) images of some typlcal porous smgle diffraction pattern. After removing the silica template, the
oo, Aies ?ﬁ:‘\a%?o;isnszzzﬂata;'::230%2 i C200 PSCS e & sprerical morahology, and ther ypicl
tnhaen(s)arr'rl1egorlentatlon of gtomlc planes. 'ﬂ"ua)acn?gs of A and B are 0.250 particle size is at,)OUt 1_96200 nm:*In Figure Sc, the range

and 0.2166 nm, corresponding to the®) and (110) planes, respectively,  Of the PSC particle sizes can clearly be seen. From each
of the rhombohedral GDs. The viewing direction is along the [1] zone PSC patrticle, the SAED patterns and HRTEM images
axis. indicate a single-crystal feature.

TEM images shown in the inset of Figure 5¢ and Figure
6a indicate that the original mesopore system in KIT-6 has
been replicated. However, the image-contrast patterns on both
the [100] and [111] projections of the KIT-6 related unit
cell show nanochannels along the view directions, implying
that only one of the two sets of channels of KIT-6 was
replicated. This structural feature has been confirmed in a
comparison with the TEM images of the PSC3;0g and
indicated by the uniform crystal orientation between the two furth_e ' supporte_d by the pore yolumes of_two oxide P.SCS

obtained from nitrogen adsorption/desorption. HRTEM im-

nanorods and across the connecting bridge. This single- ages. on the other hand. show that each particle is a single
crystal property between all the nanorods can also be seen 9 w particle i Ny

in"our previously reported work:1724 crystal. As a result, although several ;O nanorods

Unlike SBA-15, KIT-6 has a cubic symmetry, space group overlapped but without connection to each other along the
la3d, and contair;s a 3D bicontinuous channél netwfolrk. view direction, very good atomic images, as a single crystal,
other words, there are two sets of identical mesoporesCan still be observed as shown in Figure 6D, e.g., the areas

indicated by the arrows.

(24) Zhou, W. Z.; Zhu, K. K.; Yue, B.; He, H. Y.; Dickinson, Gtud. Since we commonly observed from the PSCs ofG&r )
Surf. Sci. Catal2004 154, 924. prepared by a two-step method an excellent coherence in

the size of the SBA-15 templating particles. Figure 4a shows
a TEM image of a typical porous single crystal of,Os.

The crystal morphology, a group of straight nanorods
connected by small bridges, is almost the perfect negative
replica of the mesopore structure of SBA-15. The diameter
of the particle is about 80 nm, much smaller than the average
particle size of the SBA-15 template (Figure 3). Figure 4b
shows the single-crystal property of the,Os particle,
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Figure 6. (a) TEM image of a porous single crystal of;0g, showing the 400
mesopore structure along the [100] zone axis of the KIT-related unit cell ol

and (b) corresponding HRTEM image on the T22one axis of the GO3 0
unit cell. The two arrows indicate the PSC has the same crystal orientation 10 20 30 40 50 60 20
at different parts of the mesoporous structure with various degrees of
overlapping. -
N - b (b)
orientations between the £ crystals and the KIT-6 < o i o o
8 8 s 8 3

mesopore structure, we suspected that the crystal orientation i '8 8

might be governed by the mesopore network, which could 24°°w Vl’*wu \\_«‘“\ 8 fi 2hr

be regarded as a nanoreacfoHowever, this phenomenon 2000 i

was not observed in other PSC specimens in the presents, }\H‘WJJ

work. On the other hand, the effect of mesopore networks mmow £§ f“%b; i @f
3l

N
of silica templates on the particle morphology of PSCs is 3 §8|

obvious, e.g., a cylindrical shape of £g PSC was Z1200, ] 1 l.fuwu\ﬂ’fiq -8 3;
developed in hexagonal SBA-15 and a spherical morphology Wug ‘g_gi . 838 Wbmwr
dominates in the specimen when cubic KIT-6 is used as a %00 ‘]‘1‘/ IL\/{TJ‘ " S« 8
template. As we can expect, TEM images indicated that the P WML 2 g
chromium oxide sample prepared without the presence of 400"*-“) " MMW”'WWMr
silica template has irregular shapes. The range of size was 0 -~

10 20 30 40 50 60 20

also very wide, from 150 nm to several micrometers in _ _ . .
di ter. This offers further corroboration that the siz nd Figure 7. (a) XRD patterns of specimens with crystal growth o£0gin
lameter. S ofiers further corroboratio at the size and k1.6 functioned with temperatures at constant time of 5 h. (b) XRD

morphology of the PSC materials are controlled by the patterns of specimens heated at constant temperature 6€150h varying
Mesoporous template. time. The pattern wit 1 h treatment is indexed to the monoclinic CoNO

. (OH)-H20, and the pattern with 0.5 h treatment is indexed to the monoclinic
3.2. Porous Single Crystals of CgD4. The thermal Co(NOy)+2H,0. The top pattern is indexed to the fcc {Ca.

behavior of Co(N@),:6H,0 inside the silica mesopores is
different from that of Cr(N@)3-9H,0. The forming temper-

ature for the cobalt oxide is relatively low, with cobalt oxide
first appearing at 150C after 5 h. Figure 7a shows that

after the thermal treatmentf d h also shows these two
phases. However, the ratio of CoNOH)-H,O/Co(NG;),-
2H,0 increased notably. After the treatment of 1.5 h, the

when the temperature increased to 1€5some intermediate Co:0; phase becamﬁ the (:ominant phasg, and after 2 h
crystalline phases appeared which transformed to th®Lo treatment, & pure phase o i was obtalned._Co_nse-
crystals at 150°C. The XRD patterns obtained from the quently, during the therm_al treatment, crystallization of
specimens heated at and above 16@&an be indexed using Co(NQ;)>»2H,0 occurred first by the loss of four water
the face centered cubic unit cell of &n, space group-d3m molecules per Co(Ng-6H0, followed by a phase transi-

with the lattice parametex = 0.8085 nm (JCPDS 781970).  tion to CONQ(OH)-H.0 by losing one N@" anion and a
No impurity phases were detected proton. The crystallization of G@, occurred at the final

To investigate the intermediate phases, a CaN6H,0- stage after the second NOanion and all water molecules

loaded SBA-15 specimen was heated at temperature of 150V€"® lost. The 2 oxidation state of Co remained unchanged
°C for different periods, i.e., 0:52 h with intervals of 0.5 except in the final stage where it was partially oxidized into

h. After the thermal treatment for 0.5 h, the XRD pattern of 3t

the specimen looked very complicated (Figure 7b). It was h Thﬁ <(:jompari§(r)]n OL th_ehdecorr]nposition of io?]alt nhitrate
found that the specimen contains two phases, C£88)- exahydrate, with and without the presence of the mesopo-

H,0 and Co(N@),»2H;0. The former has a monoclinic unit rous silica template, at the same temperature (C3Ghows
cell with a = 1.7757,b = 0.3142,c = 1.4188 nm ang§ = remarkably different results. The nontemplated specimen

113.58, space groufp2:/c (JCPDS 480091 and the latter fqrmed and stayed in the tetrahydrate state of the cobalt
is also monoclinic with the unit cell parameters= 1.429, nitrate, CO(NQ)."4H;0, even aftea 5 hthermal treatment
b= 0.6139,c = 1.2661 nm ang§ = 112.79, space group instead of forming cobalt oxide through the intermediate

12/a (JCPDS 251219). The XRD pattern from the specimen phases of cobalt nitrate dihydrate and cobalt hydroxide nitrate
' monohydrate (Figure 8a). Increasing the temperature to 200

(25) Petrov, K.; Zotov, N.; Garcia-Martinez, O.; Rojas, R .Solid State. °C, we still obtained _CO(NQZ'4H20 as the only phase. At
Chem.1992 101, 145. 225 °C, the cobalt nitrate started to break down to cobalt
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Figure 9. (a, b) Low magnification TEM images of @04 PSCs templated
by KIT-6 viewed down the [110] and [111] directions of the mesostructure,
respectively. (c) A typical SAED pattern of €04 PSCs viewed down the
[110] crystal orientation. (d) HRTEM image, viewed down the [R33
direction, showing the single crystallinity of the PSCs.
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Most particle sizes of the PSC ¢y ranged from 200 to

0 —q 20 30 n 50 50 26 400 nm in diameter, whereas the KIT-6 particle size was
several micrometers in size. The cobalt oxide forms a
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Figure 8. XRD patterns of the specimens after decomposing

Co(NG;s)2-6H,0 without the presence of silica template (a) at 280for
1-5h, and (b) 225C for 1 and 2 h. All patterns in part (a) can be indexed
to triclinic Co(NGs)2-4H,0 with space groufl and unit cell parameters
a=0.5516,b = 0.5996,c = 0.7228 nmo. = 102.38, = 97.74, andy

= 120.16. The pattern b1 h treatment in part (b) shows a mixed phase of
Co(NGs)2r4H,0 and Co(NQ)z; the peaks are indexed onto the latter, which
has a primitive cubic unit cell with the parameger= 0.737 nm. The other
peaks belong to Co(N§)-4H,O. The pattern B2 h treatment in part (b)
shows the dominant phase of £n with some minor peaks from the
intermediates.

negative replica keeping the same space group as the
template. The PSCs were spherical in shape indicating the
crystal growth in a 3D mesopore system (Figure 9a,b). The
SAED patterns and HRTEM images (Figure 9c,d) confirmed
that each particle is a porous single crystal; i.e., all the parts
(nanorods) in the particles have the same crystal orientation.
Importantly, unlike the TEM images from PSC Og, no
nanochannels can be directly projected along any principal

zone axis of the KIT-6 related mesostructure, indicating that

oxide via two intermediate phases, Cof}&*H,0 and Co- 0 \yhole bicontinuous channel network in KIT-6 has been

(NOs3), (Figure 8b). Similar to the crystal growth of £¥; replicated.
as discussed above, the crystallization temperature .o Because KIT-6 is several micrometers in size and there is

in the mesopores is significantly reduced. In addition, nq gistinguishable environment from one area to the next, it
different intermediate phases were formed during the de- gianqs to reason that the seed formation, occurring at many
composition of _the cobalt nitrate hexahydrate. It is noticed |5cations in the particle, is entirely random. However, once
that the formation of CON§OH)-H.O is not commonly ¢ pSC particle starts to form, and the amorphous material
observed. As discussed by Petrov et al. in 1992, the yield of gats to migrate, it is more difficult for a new seed to form
CoNGy(OH)-H,0, which normally only occurs on the outer i, jis surrounding area. This is not always the case, as when
crust of thg decomposm_g_ nitrate, is extremely low as-lt S two seeds form in close proximity to each other at ap-
only a partial decomposition stéplt is as a result of this 5 qyimately the same time, this can lead to the integration
low yield that the crystal characterization had not been uf ihe two mesoporous crystals when they meet. Figure 10a
successful before their investigation. As well as the confine- ghows two spherical particles of PSC {Oa with their
ment and other effects described earlier in the paper, thecoresponding SAED patterns inserted. It can clearly be seen
increase in surface area of the cobalt nitrate, given by the ihat hoth particles give single-crystal diffraction patterns with
mesopores, allows a higher yield which contributes to the giterent zone axes, B3] for the left side particle and 2]
appearance of such strong XRD peaks from not only CeNO oy the right side particle. The area of integration can be
(OH)-H:0 but also Co(NG)2-2H0. estimated by comparing the double particle to the spherical
SAED of the cobalt oxide PSCs within the template also shape of individual particles; this is indicated by the black
revealed a polycrystalline property which suggested that arrow in Figure 10a. Figure 10b is an HRTEM image of the
many crystals developed with different orientations in the integration boundary of another two particles and reveals
same particle of the KIT-6 template, which corroborates the that both of the PSCs have their (113) planes perfectly
above results from chromium oxide (Figure 3). aligned to each other. This may be the reason the integration
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Figure 10. (a) TEM image of two CgO4 PSCs with the same mesoporous j ' " j ' ) j '
framework but different crystal orientations as indicated by the SAED 0 0102 030405 0607 08 09 1
patterns (top right inset is the SAED pattern from the right-hand side particle P/P,

with the zone axis [12], bottom right inset is the SAED pattern from the
particle on left side with the zone axis332]). The black arrow indicates 120 "
the line of integration between the two particles. (b) HRTEM image of the #*

5 10
integration point between another two PSCs. The pair of long black lines - 1p0 if .
shows the common (113) plane that runs across the line of integration, = Y.
indicated by the black arrow. The two pairs of shorter black lines on either :ig
side of the line of integration indicates the different plane of both the lower f ‘
and upper particles, {3) and (220), respectively. *
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between the two crystal structures can take place, and § 49
although the zone axes are different, 1 nd [152, the
commonality of thed-spacing is almost seamless. On the
other hand, the mesopore network continues from one particle
to the other perfectly as shown in Figure 10a. This can be 0 01 02 03 04 05 06 07 08 09 1

easily understood as these combined double particles formed P/P,

!n the same KIT-6 partlcle. Since crystal growth of:Oo Figure 11. Nitrogen adsorption/desorption isotherms measured at 77 K
in KIT-6 used the two sets of mesopores, the chance of from PSCs of (a) GO and (b) CgOs. Insets: pore size distributions via
integration of two or more PSCs is higher in comparison the DFT model assuming slit pore geometry.

with the PSCs of GOgs, in which only half of the bicon- ) )

3.3. Nitrogen Adsorption/Desorption of Porous Single ~ Pores because only half of the channel network of KIT-6
Crystals. The nitrogen adsorption/desorption experiment of Was replicated. Condensation of the adsorbate between
KIT-6 (Figure S1) shows a typical type IV isotherm with gggregated_ particles is another possible reason. The aggrega-
H1 hysteresis expected for large pore mesoporous silicas withion of particles after template removal for the,0f PSCs
cylindrical pore geometry. There is a high affinity for C€an be seen in the TEM image (Figure 5c¢) and is typical for
nitrogen uptake with an adsorbed value of 758/gngsTP)  the CEOs product, and less common for the £ product
and a total pore volume of 1.17 éfg. The specific surface which tends to have larger particles with better separation.
area is 752t 7 n#/g, equivalent to 463 Acr? if the density The effect of the aggregation of particles can be seen in the
of silica is 2.2 glcri Sharp capillary condensation over a iSotherms of small AMS-8, which is comparable to theQgr
narrow relative pressure region BfP, = 0.7 indicates the ~ 1Sotherm and TEM images.
degree of ordering, as seen by TEM images (not shown), Pore size distribution of the PSCs can be seen in the insets
which is seen reflectively in both PSCs, corresponding to a Of Figure 11. There is some slight shape to the adsorption
mesopore size of 96 A (inset of Figure S1). These values of Pranch in the isotherm of the g, PSCs at aroung/P, =
the pores are similar to those given in the previous report. 0.5 and again at 0.8, although not vertically steep (i.e., over
There is another peak within the pore size distribution curve & broad region), which gives rise to the peaks on the
which has a maxima at 18 A corresponding to ordered respective distribution curve at4 and~9 nm that correlat-
complementary pores; this is supported by information on ing to the broadness. The isotherm of the@rPSCs is
the complementary pores in a paper by Sakamoto & al. fairly linear up to the region of/P, = 0.88, hence the
The micropore volume and surface area from thot broadness of the pore size distribution curve between 0 and
(Figure S2) are 0.034 city and 72 /g, respectively. 130 A.

The isotherms of the PSCs show a reduction in nitrogen  The specific surface areas and pore volumes (measured
uptake down to 109 and 295 éfg (STP) for the CgD,4 and at relative pressures &P, = 0.99) of the CeO, PSCs are
Cr,03; PSCs, respectively (Figure 11). This is due to an 92 n¥/g and 0.167 crig, and for CsO; are 74 ni/g and
increase in the density, and also there is no evidence for0.456 cn¥/g. The surface area of @0, PSCs can be written
microporosity from thé-plots (not shown). The rapid uptake as 277 rfcm® when the density of G, is 6.07 g/cr,
of nitrogen within the GiO; PSCs at high relative pressures and the value for GOs PSCs is 114 iicm? if the density
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(26) Sakamoto, Y.; Kim, T. W.; Ryoo, R.; Terasaki, @ngew. Chem., (27) Garcia-Bennett, A. E.; Lund, K.; Terasaki, agew. Chem., Int. Ed.
Int. Ed.2004,43, 5231. 2006 45, 2434.
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of the oxide is 5.21 g/cfa The latter is less than 50% of the In summary, we investigated crystal growth o£Qs and
former, although the same template of KIT-6 was used for Co;0, inside the mesopores in SBA-15 and KIT-6. Many
both PSCs. These results are in good agreement with theseeds of nucleation were developed simultaneously at an
TEM observations that @D; PSCs only crystallized inone  early stage, and porous single crystals with 4800 nm

of the two channels in KIT-6 whereas & PSCs developed  diameter were fabricated eventually after removing the silica
in both channels. A possible reason for such a difference istemplates. The morphologies of the PSC particles were
the different crystallization conditions, which affect the zffected by the mesopore systems. A significant confinement
stability of the complementary pores connecting the two effect was observed to the decomposition of the metal nitrates
channels. It is obvious that complementary pores are needed;q crystal growth of metal oxides inside the mesopores,
for good communication for an interconnected growth in both \;nich can be regarded as a nanoreactor, i.e., forming
channels. If the complementary pores collapse, therefore yigerent intermediate phases and reduction of the crystal-

cau5|trr]]g thﬁ. |sholat|ort1)of the tV\./O f;anne:f,stchen a.l?ne'Channellization temperature. Measurements of physical properties
growtn, which can be seen in e;O@ S, Will occur. and catalytic activities of the new materials are under
Bearing in mind that the crystallization temperature fog@o investigation

PSCs is 150°C and that for GiO; PSCs is 350°C, the
stability of the complementary pores inside the amorphous )
silica wall is reduced when the temperature increases. Acknowledgment. W.Z. thanks EPSRC for the studentship
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