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MX,~soft chemical derivatives (R,MX,)
QOutline of the Research

The research plan is constructed of (1) Conven-
tional synthesis of host materials as the starting of
soft chemical treatment, (2) Synthesis of soft chem-
ical composites and derivatives and analysis of the
reaction routes to them, and (3) Analysis of their
physical and chemical properties and characteriza-
tion of their useful functions.

In the first branch, we aimed at diversification of
novel host compounds with layer-or tunnel-struc-
ture in order to promote wide development of soft
chemical preparation. The second is the most essen-
tial branch in this project. Making the best use of
various soft chemical techniques, we did prepara-
tion and characterization of inorganic/organic and
inorganic/inorganic composites and studied mate-
rials transformation of those composites by mild
heat treatment or under high pressures, and grap-
pled development of novel soft chemical techniques.
In the third, our interests were focused on catalytic,
ion-conductive, and optical properties of host mate-
rials and soft chemical composites. Chapters 2 to 6,
where research activities are given, were outlined
in the following.

In Chap. 2, we will describe advanced research
activities on exfoliation and flocculation phenom-
ena of layered titanate and layered perovskite. We
succeeded in taking and analyzing an X-ray scat-

tering profile of a paste of particles exfoliated into
single layers. The next chapter shows two novel
pillaring techniques that can intercalate large Al;;
-Keggin ions into between layers of a host titanate
to produce a mono-layer or a double-layer Aly;~
pillared titanate. Those pillarings changed the host
titanate to very porous layered materials. The
application of high pressures in soft chemistry,
described in Chap. 4, would probably be the first
trial in this field, and we found pressure-induced
intercalation and interlayer phase separation for a
methylamine- and a pentylamine- intercalated
layered titanate, respectively. In Chap. 5, we intro-
duce research activities on molecular dynamics
simulation of mobile ions in 1-D tunnels of which
the results are quite consistent with observations
and predicted the existence of a low frequency
mode connected to the mobile ions. In the next
chapter, research activities are described on molec-
ular adsorption and catalysis of hollandite-type
compounds, thermo- and photo-catalytic reduction
of nitrogen monoxide as typical examples. Finally
some descriptions are given of a large blue-shift in
UV-absorption edge discovered for exfoliated
titanate particles and also of the development and
practical use of highly thin titanate particles
produced by way of exfoliation reaction.
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X-ray diffraction patterns: (a) for the protonic
titanate of Ho;Ti, g5 1017504 « H.O and (b) - (e) for

colloidal suspensions with various TBA contents. The

Fig. 2.1.

molar ratio of TBA ions over exchangeable protons in
the titanate, TBA*/H*, is 25 for (b), 15 for (¢}, 5 for
(d) and 0.1 for (e). The indices given in (a) are based
on the orthorhombic layered structure with unit-cell
parameters of a = 0.3783(2) nm, b = 1.8735(8) nm and
¢ = 0.2978(2) nm.
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Fig. 2.2. X-ray diffraction patterns for a colloidal aggregate

centrifuged from suspensions with various TBA con-
tent. The molar ratio of TBA*/H* is 25 for (b), 15 for
(c), 10 for (d) and 2 for (e). The numeral at each peak

designates the order of basal reflections.
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Fig. 2.3. X-ray diffraction patterns for a colloidal aggregate

centrifuged from suspensions with TBA*/H* = 1 for
(a), 0.5 for (b), 0.3 for (¢) and 0.1 for (d). Two sets of
diffraction series in (d), designated by circles and
triangles, have a basal spacing of 1.63 and 0.94 nm,

respectively.
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Fig. 2.4.  X-ray diffraction patterns for air-dried products from

the colloidal suspension with TBA*/H* = 1 for (a), 0.
5 for (b), 0.3 for (c), and 0.1 for (d). Intensity ranges
in (a) and (b) are 10 and 2 times those in (c¢) and (d).
The data in (¢) and (d) indicate the presence of two
immiscible phases as designated by circles and tri-

angles.
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Fig. 2.6. Square of calculated structure factor for the nano-

Fig. 2.5. Polyhedral representation of the structure for titanate

nanosheet. The nanosheet corresponds to the elemen-

tary host layer of He,Ti1s250 0017504 » H,O. Positional

parameters listed at the bottom are based on the ideal-
ized architecture where a TiO;s octahedron has a thick-

ness of 0.30 nm.
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line.
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Fig. 2.7. Simulated X-ray diffraction profiles for the 10 parallel

nanosheets having various degrees of disorder in inter-
sheet separation. Average intersheet spacing is 1.2 nm.
The mean displacement of a for (a) - (e) is 0, 0.2, 0.5,
0.75, 1.0 nm, respectively. The dashed trace denotes F?
(@) for the nanosheet. Intensity scale in (a) and (b) is

five times that in (c) - (e).

BRI ER T 57012 TBA 4 4 U 3BRICADIAS
5 LT B e, BARNCAE EBREROIEKREHD
kb, BEELLBRTOSBEMREERSKECE
TULURKEOKPBEICERDAENE Z ik b LER
T&E b,

PED X BEHFT—2 2 b 2 UTHEES L EE
—HIEERER (€2.9) &, VILVEEOES. AR
ARZ DD LY HBELIC & SRS AEIE DR
RELBFFERL—-BHITE2bDTHoT,

2.2 FEYUES/— boiEED
IHETOEZICLY, VERZay 4 NEIBIRF

>
=
a
3
o) C
b
a b
1 a 1 1 L
0 1 2 3 4 5
Distance (nm)

Fig. 2.8. Distribution of nanosheets from one sheet. Average
intersheet separation is 1.2 nm. Its mean displacement
for (a) - (¢) is 0.5, 0.75 and 1.0 nm, respectively.
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Fig. 2.9. Schematic diagram of the osmotic swelling and ex-

foliation process.
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Fig. 2.10. TEM image for the colloidal nanosheets.

Fig. 2.11. Electron diffraction pattern for the colloidal
nanosheets. Indices and spacings for the
diffraction rings 1 - 5 are (1) 10, 0.378 nm,
(2) 11, 0.237 nm, (3) 20, 0.190 nm, (4) 02, 0.150
nm, and (5) 22, 0.118 nm, respectively.
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Fig. 2.12. Architecture of the nanosheet-crystallite of quasi-
Ti0,. The coordinate system (x, y, z) corresponds to
that for the orthorhombic structure of the parent layer-
ed titanate, Ho;T11.6250J0.17s04 * H,O.
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Fig. 2.13. X-ray diffraction patterns before and after the exfolia-
tion.
(a) a polycrystalline sample of Ho; Tl s250 0017504 » Ha
0, (b) a wet colloidal aggregate centrifuged from the
exfoliated titanate suspension. The detailed pattern at
a low angular range is in inset. (¢) dried for 1 hour at
a relative humidity of 209% and temperature of 30°C.

Intensity scale in (¢) is 20 times that in (b).
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Fig. 2.14. Change in X-ray diffraction patterns in the drying
process of the colloidal aggregate.
(a) immediately after separation from the liquid
phase, (b) conditioned at a relative humidity of 95 %
for 7.7 hours, (c) conditioned at a relative humidity of
95 9% for 11.7 hours, (d) dried for 1 hour at a relative
humidity of 20 %. Intensity scale in (b) is 20 times that

in (a). Temperature was regulated at 30°C throughout.
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Fig. 2.15. (a) Time dependence of the intersheet spacing at a
constant relative humidity of 95%. (b) Change in
spacing as a function of relative humidity. The product
of the process (a) was further examined in (b) by
being conditioned at various humidity (step: 10 %) for
1 hour. (Q): downward, (A ): upward. The data points
designated by a-d correspond to the XRD patterns in
Fig.2.14.
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Fig. 2.16. Structure model for the highly swollen titanate.

Positional parameters are listed at the bottom.
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Fig. 2.18 Stracture model of KCa,Nb;Oy,
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Fig. 2.19 X-ray diffraction patterns for exfoliation. a: befor

(HCa,NbyOy, + 1.5H,0), b: after.
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Fig. 2.20 Structure model of a perovskite layer used calculation
of Fooz
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Fig. 2.21 X-ray diffraction pattern for single layer [Ca,Nb;O,,].

Solid line: observed, broken line: calculated.
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Fig. 2.22 X-ray diffraction pattern for single layer [Ca,NaNb,

0,5]. Solid line: observed, broken line: calculated.
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Fig. 2.23 Exfoliations by several tetraalkylammonium ions. a:

TMA, b: TEA, ¢t TPA, d: TBA.
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Fig, 2.24 Change in spacing of HCa,Nb;O,, intercalated TBA as

a function of relative humidity.
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Fig. 3.1 Powder X-ray diffraction patterns of H-Ti and HA-

and TBA-Ti.
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Fig. 3.2 A representative preparation process of Al,-pillared

titanates

REEBRD/NT A =2 1iE, REREOMIZT 5 VBO
7754700 Al ' (BT, R (Bv/g) &)

BRENRDLMBEMIIOWTRXE ) 288, UTT
1%, ALY E Al OFEC vy, OH/AL=2.5, k%
fEFz TMAOH, KIGHEESVC, R=16DFEIT D
TERERERT, M3, YEEET TOERID
X sk Er R %, EREEH (F 27507 %
= A, PUF TBA LR DBELZZEIRF ¥ VB % KA
RN B Wis B E O£ R U H-Ti OEHTH & H
B UT2oH-Ti T Al DA > —h Vv —¥a vidimE
TdnoTohs, BEIZEE® Lz HA-Ti AR b Tl Al,;®
BRI A X, 1.60nm OBREEHELE L7z, TBA
TEHIZB LI DTH Al OERE AL X 7223,

HEMEEE > Tn 5 BAkO H-Ti 2 ERIERE0. 66nm
BETHDT,Al 2 A I —HV—1b LT VBO

TBA-TiCl1680
1.60 ~
7.97
053 HA-TICI1680
0.94

\J H-Ti

T l T T
0 10 20 30 40 50

2 theta (CuKa)

Fig. 3.3  Powder X-ray diffraction patterns of H-Ti and Al,;-

pillared titanates (HA-TiCl11680 and TBA-TiCl1680)
from HA- and TBA-TI, respectively.
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Fig. 3.4  Thermogravimetric curves of H-Ti, Al;;-pillared

titanate (HA-TiCl1680) from HA-Ti, and HA-Ti.
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Fig. 3.5 Powder X-ray diffraction patterns of Al,,-pillared

titanate (HA-TiCl11680) from HA-Ti and its calcinat-
ed ones at different temperatures(°C).

B : anatase and @ : rutile
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Table 3.1 Chemical analysis data of H-Ti and Al,,-pillared materials, and specific surface areas of their

calcined materials at 500°C.

Precursor R*? R® Formula SSer
H-Ti 0 0 Ho -Ti; 5300.1704 - H,O 2
HA-TiCll6rt 16(1.90) 3.1(0.42) (Al,3)0.06Ho.26Tiy 53001704 - 1.8H,0 36
HA-TiCl1680 16(1.90) 4.8(0.78) (Al3)o1,Ti, 83001704 - 1.6H,0 181
HA-TiN1680 16(1.90) 4.4(0.64) (Al13)0.0sHo 0sTiy g3 00 1704 1.1H,0 215
TBA-TiN1680 16(2.08) 5.4(1.00) (Al;3)0.14Ti; 53001704 - 3.0H,0 189
HA-TiN480 4(0.47) 3.6(0.42) (Al13)o.06Ho 26Ty 5300 1704 - 1.7TH,0 37
HA-TiN880 8(0.95) 4.1(0.57) (Al;3)0.07Ho 10Ty 53001704 - 1.6H,0 105
HA-TiN2480 24(2.85) 4.9(0.78) (Al3)o1:Tiy 53001104 - 1.4H,0 196

R* and R® indicate the number of mmoles of Al per gram of titanate ratios in the starting solution and in the precursors after the
exchange reaction, respectively. Values between parentheses correspond to the molar ratios of Al/Ti.
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Fig. 36 Powder X-ray diffraction patterns of products prepar-

ed with different Al(mmol)/ titanate(g) ratios.
(a) 8(mmol/g), (b) 16, (c) 32 and (d) 40, and (+*)

indicates monolayer Al,;-pillared titanate.
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Fig. 3.7 Nitrogen adsorption-desorption isotherms of H-Ti

and a calcined material at 500°C of doublelayer Al;-
pillared titanate by exfoliation route.

(a) H-Ti and (b) doublelayer Al ;-pillared titanate
calcined at 500°C
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Table 3.2 Specific surface areas and pore volumes of
the materials obtained by calcining doub-

lelayer Al ;-pillared titanates at various tem-

peratures(°C).
Precursor Surface area  Pore volume™*
(m’g")
S-1680(25) 137 0.17
S-1680(300) 300 0.250
S-1680(500) 310 0.252
S-1680(600) 292 0.252
S-1680(750) 107 0.221
S-1680(850) 21 0.182

* mL (Liquid nitrogen) g

DTIE, A Y B7ERO 4 nm EECENT- BOEMED
MBS RT, MFUEMSE R UREERERE O FE I D
WTIE, SCERL0) WCERELL 72,
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Fig. 3 Synthesis process from KgsNyo,Ti;,0, (K-titanate) to

protonic form and then amine complex.
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Crystal structure of K-titanate with a lepidocrocite-

type structure. The unit cell is shown by broken lines.
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Fig. 5 Relationship between interlayer spacings of al-
kylamine-titanate complexes and number of carbon
atoms in alkyl-chains.
Table 1 Crystallographic data of three kinds of le-
pidocrocite-type layered titanate.
titanate lattice type  a (nm) b@m)* ¢ (om)
K-titanate c 0.3856(5) 1.560(2) 0.2975(5)
protonic form I 0.3797(1) 1.758(1)  0.2994(1)
pentylamine complex I 0.3796(1) 1.752(1) 0.2992(1)
pentylamine complex C 0.3825(1) 3.760(3) 0.2979(2)

* twice the basal spacing.
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doped various transition metals at ambient pressure.
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Fig. 14 Raman spectra of protonic form without medium in

the course of compression.
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5. 1. 1 iELoic

R—7 54 NUBEERE T2 F S VBT AN )&
BT —XuA 4 v EEHE LTRSS MBS < OFF
ERITRDNT B, FOF A M F > (FE4
A ) DBPITVSREZHEANCEHAST 2 LT
DEY THb, —RIFA MEEDOERFICED 2 F
NEHEALY BIZEK A A V) I BEREE»S
DRT > ¥ 2V ERIFRCATEIA 4 HEOHEEER v
STODHMERALTwBEHEZOND, DL E,
H UBRRIBENSDORT ¥ v VISR[EIA 4 B O
FAERIC EeA TGI8 T XTI A 4 VI3 BREE
BELZRT Yy VOEZMEBL T, HEHNZTET
ZEE CTHMRICELEL S, ZORKFEERN
12 Fig. 5.1.1 D@ ER T BHE OfEsaHFITEF R0 E
Ul &9 ZBEERERIDOL I BRETHE LEZ S
N3, —H, BCEEPODORT VY v VOEENRT
B4 A EOMEERCHERTERTE 2BETHN
WXHEA A VI EREESED KT ¥ v L LT EE
RCAEW OREFHEE#SHEICR 2 X REER £ 5
TETEBELTOIINF—RETEIRELIENT
&2, 2N Fig. 5.1l OO TRTHDTHY, 2Dk
XEREEEFDOA A Y REFNEFNER - LA EF
DI EWRD, TDE DD DOBRRILO R
ARFEE LT OENENT L L RBEE2EZ

(a) framework potential >> K-K interaction

Fig. 5.1.1 Schematic illustration of guest ions under the influ-
ences of a framework potential and ion-ion interac-

tions.

BLEWTELY, d—F V54 MEBICBITBTE)
A4 OREIEESWCIDEIRBDTHEEELD
NTw3¥, Z0k & Fig.5.1.1 DEOKETRT X I12&A
A VEIOEBITERRT VY v VOB S T,
DEVO TEHBRESDITTH X, ZhiE®Dk
RBIHoI-FEIA A VD EREBEDLSDRT Yy v L
WEBERAEI T TEANIZHDTHBEAHRTIED
TE& 5,

FIRD &9 SO NHERNE A 4 R EBRED
B> TRATEZLDTH B EEZ LY, FRFIC
A4 VEEEROWRCEZ S OREEZ LIS LTS,
EPETIE, F—F 54 M BLEWCB T 28 A
v NaBLUKAAY) OBNB X UEBINERE K
DWTOHEEL X S IWED 3729, BiEGE X SETE
(BRI POV —BICL2EFEERTEST) T
X Bf#T, BLUDFEOFECLZFEE I 2
—¥avE{Tholz,

5. 1. 2 E#E& X REHFEER

5.1.2.1 B

BRI NaAAVEAEAA Y ETER—-F0514 b
BYETHBF M) TATY T4 b NayCryTis_xOu
(x=1.7TH)EHEBL, 8E& % Ay X HEHFrERC
D PURANVRAEBE S NaA4 ryOafinEiNT
Efr, TOFR, ERIVHAONTVEKR—F V54
NUMBETH B K-, Rb-, BL U Cs-7VFF54 v &
B SR TEIA 4 Y OSEVEHOh o
TWAY9, ZiE Na A 4 58K 4 F >z ik A
VHARDINENT LR EBbDLIEREND, £
T, ZOMBORERICOVWTE|SEEHR 2HED T
£Z23, BEOETICEDZWIESED S B &
NFEEMET T2 2 LR o7, SHEHIZEBE
W b5 HEA 4 ok EREL I
T 379, KR (—50°C)98 X &I (200°C, 500°C)
WX BHIERTR o,

5. 1. 2. 2 BEKRENE

EEREB L URRNREEERFE% Table 5.1.
1RART, £z, BT EROBEERFE® Fig.5.1.2
KT o ERRWEBRBLULETRIEAETHZBEER (0°C
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Table 5.1.1 Experimental conditions and parameters
for NayCrTis_xO16(x=1.71)

Temperature (K) 223 295 473 773

Crystal system Monoclinic  Tetragonal ~ Tetragonal = Tetragonal

Space group 2/m I4/m I4/m I4/m

26max. (°) 90 90 90 90

No. of ref. 1246 634 640 620

R (%) 4.80 3.08 3.42 3.34

wR (%) 5.52 2.47 3.46 3.08
10.2

2.8
200 400 600 800
Temperature (K)
2.98 ; ' :
? | -
2.97 P
2.96 | e
N
§§295
Q
2.94
2.93
2.92 :
200 400 600 800
Temperature (K)
Fig. 5.1.2 Temperature dependence of cell dimensions.

fHE05) TRERCERT 5, JOHEERIEL
Tid B (=90.06") BIEEA LRI E % a bl
DMV, I b HAHED & v 3B TR TFOERIE S
T3,

23, FEM (EHH OBEORIKC DWW TLT
T %, (BB, ZRCBY 2BITEROFEMZD
WTIEBRICERE L T 32,) Fig. 5.1.3 ik b ¥ A v 28
DFH»6 BIFEFEEAPERLIODTH D, b

sz o | 02 |
\o,..g
h-

4
Fig. 5.1.3  Construction of a tunnel in hollandite structures.
ANVOEBEZIEDD O 1 BE» SEA/NSWIEAR L,
O2BFEN S DI REVIEAEL b v ANVOEIAENZH
S TREEEDVRT I ETHERINTWS, - T
VANVDIREFH TR BWEREZN 2T
REVA Y 7O SHEREND EVE D, TDZE
BRI ARGE W 8D Ol MEL, 35k ZDAE
LDYDOAEDOO2ERCHENTEYD, Wb 5EE
K% cuboctahedral ¥4 b & H B Z EMWTE S,Na A
ArDUEE LTI Fig 514 WRT &5 RZfEEOY
A MBHBNalldF® bry 7icfkEin /- ZROF
THb. 72720, ZOZERIE Na A4 i E > TIHKRE
WX 2720, Na A4 VIF N AVOBIZEEFESh
32 ETREML, BRIRT Lo Hbd sl
TRROYA MCHEENCEHL T 25,Na2 139D
ZROFLP S b A VE (c ) o T ALE
THb, 830, NaAA i34 EENNIWBTD
R MVEy 7 OFLORIE T bbb Na 3 I b REICTH
#LUFEEEMLERR L Tws, 202 Eid, K, Rb
BLUOCsAAVEAEA L T IHHCEASNE
W T H %,
BEWHADOEBE L bR > TEMTH > 72 ZEHEADNY
DO Nal VA MBS ZREEOMZY A »(Nall, Na
1N KHHLELDEERZ ECHERERENE LI,
Thbb, EARTEbED LN THo I HEER
Nal'"Cik14% w3l , Na 1l T T3 8 B4 L
7o %72, BERT S NalW A » CREZECHA U,
ZOZ kW Nal'WNaliglkr NaAf 4 >ice->T
FVBEREMBE L Lo I ERRBLTWS, —
F, BRUETRFCHI - E{biEA 51T, 500°C
WBWTY Na A4 YOEXNZREZEROGE LFH
CTholz,

EY 4 MBS NaAf A >EDOE%E Fig. 5151
F OB, BEMEDO NalicowTid Nal's Na
1O E Ao bvdy 7 DEICHS Na3 L%
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Fig. 5.1.4 Coordination between the sodium and oxygen ions.
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Fig. 5.1.5 Temperature dependence of sodium contents.

DUEFED Na2 2EbERECDWTH 7oy b LI,
BEOLFICELBWERADO Nal¥y 4 bOF MY
LAHBEML, R vty 7 (Na3)B LUz DilfE(Na
2) TR T 2EARAOND D, ZOEEHZLTH
TH b,

5.1.2. 3 EFREXS

Na A A v oHDOEREIDFEL AL DI~
50°C, E1& B & U500°COBBRE DWW THRAL Y b
PR PRV ARR BT GEFEESHED
DI EEIR 05 A MEEDOI X D557,

PRIV HRIIE o7 x= 0 OWE 2 EREICDONT
B2k Figbl6DEI R, FRBUTTER A
w7 O (z=0) L UAWERBOES (z=1/23
£5) DIZ D b AN ED 2=0.17(EC b BETFEE
DE—Z7WBHLNBZ, Zhds Na2 ¥4 Meisd 3
bDTH 3.500°CTRHAMOFEILITLI DR PV Ay
IJOE—ZRIEEAERZ L E>T Wb, Rz, %
BORO L R> T RHEBICBIT 2 b ANVICER

172+

-1/2 -+

172 1

-1/2+

1727

z 0t

-1/2-+
-1/4 0 1/4

Fig. 5.1.6  Electron density maps at the section x=0 drawn by

the maximum entropy method. Contour intervals are

0.4 e/ A%

ZEE (z=1/2H) OBFEEREZERL —50°0CO
BEWOWT Fig. 517 WRT . 2 2 CREB/N_FEED
WRTbHONT LD, NaA 4 rasfulhsENT
FURNVDEDIE I N EWFEFE LN T REEFY
BRICRENT WS, £, EARTREMTH- 7
42D Nal¥A PHBEREG(—50°C)TiE Nal'k Na
LI b P VS BERITIEIC R > T BT
BELbhr b,

FANVRAREDHEETFEE zDV_NVT ECHENT
RBLEDL¥ TS uy  T5& Fig. 518 md 5%
VAN TR BTFREESABEO NS, EFIE
YA NWVHRADIFIREERIChI > TILEL DL TWw 5%,
z=0 D3y 7 ODE TR DR L,2=1/2
DFXET 4 —OEAATELE L L>oTn5b, &,
BEOFFCIVSHEVPEELT 2ERBA SN B2,
SEEBEICELWELRR Y, 2O ERENT
FHEOFREL b—HT 5,
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Fig. 5.1.7 Electron density maps at the section z=1/2 drawn
by the maximum entropy method. Contour intervals
are 0.2 e/ A%
5. 1. 2. 4 FRMFOEFFETY

UEOFEREZD LW b AVARICBITS Na 420D
BARMZEER DWW THFELTHD, BITOBRLD
ZERONE DM, R VA Y 7 DEE S Na A 4 b3
REWFIET D EBbhoTWwW5BY, HE»5% 2
TroaALD THEOYA MZ 6 HOEET Na A A4 b8
HESTWBZEEbbETERETNE,NaAZT D
EAR R IRE & L TE Fig. 5.1.9 D@D L 572 b DT
LD LEZODE I BbONRRYTHLEHEZOND,
INERIVAYZ (Nal3) k1EAY, Zo@meAlo

o 223K

0.00 0.25 0.50 0.75 1.00
Z

Electron density (e/A)

Fig. 5.1.8  Electron density along the tunnel based on the analy-

sis by the maximum entropy method. Electrons
within (x*+y%)2<0.12 were summed up at each z

level.
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IR DEREZDBVLENHLIERRBLTVS,
5.1.9 0)DE T MZEDIHE Na 1 4 D HEE R Na
1:Na2:Na3=3:2:10ktk3Z e lEs
NaH, Na2 &k Na3i@edbiwbraviilibichy #
DOFERE b IT VT RN TIRICB W THEELT 2B
MED/$F A —F HOMEETE, > TIDZDD
FA I NOEEESEEDTHELZSLLE Nal @ (Na2 +Na
3)=1:1&%%», ZhizFig. 515 OEE Lk
—HLTBY, BREEBIVEETOHE»ZD Z
NV, 2D LS, Na 4 4 B —50°CicBWTEL
iZ Fig. 5.1.9 DMWRT & 5 WEEIZIES T TE IR
THEFE - ED WL ZRWLREBIIR > Twb L ThiE,
FOREERETFTLEY A POEEENZNIEEK
ELEE Lol E VEBETE 5,728, bL Fig.
51.9 DMIZRT & 5 L bEOEBENZERENSE b A
RN TWA RS E, TRREUCEBETES (b
YAOVEICHBEES 2w E TR & B) HEH
ENBERTTHEH, BRTCOHE»BBFEFDL D%
Eifi3 A o olz, Zhid Na 44 >0 X s
T AEGELEE N EEIITE W C L b —HEE 2 6N B,
e L HERD Na A 4 AIEHNR R 22/ b F
LAENTw B0 THEEELOND,

5.1.2.5 &&
FERTEFRDT NI TLTIV T T4 FHBMER (—
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model (b

model (a)

Fig. 5.1.9 Schematic representations of local arrangement for

sodium ions in the tunnel.

-1/2 0 172
C

Fig. 5.1.10  Illustration of potentials experienced by sodium ions

in a hollandite structure.

50°C) TIRERNLE L3 2 L3RRS NI, IhickE
R Y ANVENICEEZENICBWT Na 44 V3 H/H0
SRS A LD sz, —F, bYRIVEHAR
B L TIHMERD & &R (500°C) bz b BMREIDWE
Mz & 20/ ORI EZE R R LE A 5 h ik
WZEH, BRIV oY -8RIk 3 BETFEERTE
WEDmEN, £72, Na 4 4 Y ORFETHZ DWW T
DOFEEITV, BNERE—BT 2 Z Y€ T
WE Tz,

5.1. 3 &> IalL—>ar
5.1. 3.1 FbYILFTYF74 b
5. 1.3. 1.1 B

R—F 54 MR N U RVHICBT B Na A 4> D5
HE DWW TRETEICB W TIRE Lic & 512 X #REHF
FRIZL DB OMREB/BLIENTE, LLZ
NeDFEHRED FTHFIBECHET2HDOTHY,
EREIRY, ZERIRIZ ML UTe A A4 > OFEEREE LI &
MDEBSTZRTE R Na A4 DREERE S ic k<

BB 272D IELIT IR 2 XS hfEB oy
LIENBBETHLEFEZOND, £ THE—IT, NaA
Z > O BAERZ BT ORRT B & % ORI ZERIATEL
NOEBE, £z, BEREBEDEEY A Ti & Cr
BEEERL TWw3H, Zhs B lifs 4 3Mic*
NETNEE D7 DRI ANITHENRT ¥ v v
PR =325, 2D N NaA 4 YOREBEREH S
EOREDOREERPRIZL T EH, UED LI ZAI
DT 21T R D 7:®, S FEIIFEERIC L E1E#H
YIalb—varE{Thofk, FT¥ial—var
DFERH X EHTEBROBREEME T 5 2 &L 2 ERT
5728 Na A 4 Ooafizfl & Ui EgEEIcD»T
ATk, EED S BB WEF VAUV T O
BT =8 RIER LT LEOMES R LDV TODEE
2T o 72,

5.1.3.1. 2 HEH=E
HEZEREARCTENE ZHEF vy VEFERL
776

Vlr)=zz€ lr+f (b ,.+bj)exp[(a,.+aj-r,.j)/(bi+bj)]-c,cj./r,.js

Zhiz7z—warjfy, TERFEES L OB TFREA
R (WbWa45EHE) »okbh, FLRONTA—F
(Table 5.1.2) BEBHCHED SNz, YT ab—Yv
a VICREMET % a B L O b BiFENC 2 £, c #5
Mz 7fEL7ze vk Aniz, o TeB LT8ERD
MRV EER, ELXO YA TEOEROE
DS TNDE, HEMRNLDTHEDOZERD S b
TEBICEA 1TEE2ZEFLE LD 6 I Na A A V%2 E
Wb ORFIEIEE E Lc, £, (LS HEEE2ERIC
Bohn s BESR (NaxCrTis_On, xx1.7) Db DL
—HE¥E:0, BROESET A P224HD S b EES
WA RO Cr & L, BV 1T6{E% Ti & L7z, BE,
FE—%& (00K, KRKE) —E0&HEDLET1I 7=
LM (=107"%sec) TR FEEDP L, LD
5000 7 v 7ORMEIC & D RELES T, 5000

Table 5.1.2 Parameters used for the calculation.

z a(&) b, (A) ¢; (keal*mol '?A%)
Na 1 1.485 0.080
Ti 4 1.235 0.080
Cr 3 1.150 0.080 -
o] 2 1.629 0.085 20.0
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A7 v 7ORERITRWETNCAW, fHEEETT
T 75 A MXDTRICL'YIZ & VAT 572,

5.1.3.1. 3 #FReEE

VIial—yarOBmBRBnT, EEONRE,
BT EES L OBRETFOME IIZIZ—E Rz,
9, NaAA4ADOFEYHHEH LTz, RNV Aiv 2
DORBIZBIBDMAELTH MY v o z= 01, T
b —0.05» 50050 XL ED x &y DEE
(x, y) 2FXRT7oy bL& (Fig.5.1.11), RiZe
IR B IL L o e WITE DA & LT 2z 23051, 3
ZHB0.45m 50550 7 L EDEE (x, yv) I
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Fig. 5.1.11 Sodium ion distribution in the slab —0.05<z<0.05

obtained by the molecular dynamics simulation.
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Fig. 5.1.12 Sodium ion distribution in the slab 0.45<z<0.05

obtained by the molecular dynamics simulation.

#1085

DWTHEERIC Fig. 51127 oy b Lz, R b i

v (z=0) WBWTLMRY D Na A4 > DEFEEH
Aoh, XBEHFLVEBONIEREE2 ISEHELTL
B, Efe, z=1/2HIEBWTHEROFL(0, 0,
1/2) BN T Na 4 & » ORI E
{e>THY, Fig. 517 DEROEBEFEER L —HKL
TREERLTnd, lEDZ bRy I 2 —yv
a Y ORERIE X MEHTORBRERZIZITHWEL TW3
Enz b,

Na-Na [EO ZAFHBEFE#E Fig. 5.1.13 KRT. 2D
K—F V&4 NS TIIEED b > AV E TOIERMEZ
TALULETH B0, HIZHESA-HEBEEEIEREC b
YANVHOBEY &S NaflDbDDAEFEZ D Z LT
&2, MrANVER () ORI ATH B,
EBEOD Na FOBEM BRSO ICIEH £ D FRFES
nT, »RVBILECENIESHEEZLTWS Z b
B MUARNVER(zED) AT SN T LA L
DEhE O—f% Fig. 5.1.14 IZR T, BB O
FUYRAVDRINVEZY 7 DRBETHZ, ZIWHbLR
% 6D Na A & Vi3 FNFICE > TREICh B Z

6

N

gNa—Na(r>
N

20 25 30 35 40 45 50

r(A)

Fig. 5.1.13 Pair correlation function of Na-Na.
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Fig. 5.1.15 Comparison of pair correlation functions of Na-Cr

and Na-Ti.
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Table 5.1.3 Parameters used for the calculation.

z a(A) b(A) ¢ (keal™mol A
K 1.00 1.65 0.110
Ti 2.23 1.05 0.090
Mg 1.67 0.88 0.065 -
o -1.185 2.01 0.176 70.4
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Fig. 5.1.16  Plot of the K ions found in the slab —0.005 <y <0.005

during the simulation.
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Fig. 5.1.17 Partial static structure factor of K-hollandite. (a):

from the molecular dynamics calculation, (b): from

X-ray scatterings'®.
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Fig. 5.1.18 Pair correlation function of K-K.
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Fig. 5.1.19 Imaginary part of the dielectric constant. Contribu-
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ture is excluded for the dotted line, which is dis-

placed upward by 100.
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5.2.2 Li4F>r~n3cifas hFET

HFEWE O Naifl, NagssTinisGasssOn® 1A fl
LiNO,H I 200 IR L 7o tt, ERE THRa L7z, 2
R U THEBRIE 2 Ry Rizg L, BOWRIE
TRBEDOUE % 2 R R Uiz, JUEEDREO(LE
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FT)TIRHTISCCRERREC - D obh, Li
BOGERH NIz, —FF TG HiIFRIC IS LA H
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GRERBIoTwRnbDEHENS,
EFEIFO Y — bV MEFTIC L D E SN R
% Table 5.2.11C, FEAEEL b FA» > KE
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RBEOF EREICEECRIN 22 THE, B, —
BRI Li A A > DAL 2 E T 5123 IER
WCESEFETIEH 55, KEOBEIF Li p0n
OOV A4 AL TED, UhrdHEERILEYN
BOEWwSHEFOLDOZOMBREILTLOEST
B, 22 TET LI 2800 WERETOEEERNT
BN E T B, Ry =8.10(S=1.50), R, =6.20, R/=
4.35, Rr=2.16%Th o7z ZDEE, E7 -V IH
BT ANVHOBYIRAIBREEO~A A =7
BHoNl, IhoRZhFR—ETOMZ CHEEE
bEE{LLENOBEL LI 25, ThFPhOES
TREOCHELHONI, I TIDZEDE— 7
BET% Li OOLE & HIW U CTIEHT 238D 7 BIK RIS
Bon-EEERTIX, Table52.1 wRTEELD,
Li 202 2RICHERTHL HICHES LTV S,
FUANVHREBT DT AN 4 > OEARRILE Na D
BE LT 5 (Fig. 5.2.2) s M Y R VOBEZ ZFEED
BEDOBIZEI P A NVEAANCEET 5 2 0 &
DEERENTwD, Thbb, y=0ED 04-05-0
4-058,y=1/2HD02-03-02-03BTH %,
Na ¥ TIEKRERS D Na A 4 >3 Nal DfiBicd 5,

Table 5.2.1 Final parameters for Li-titanogallate

Atom Position g x y z B (A?)
Lil 41 0.27(4) 0.506(8) 0 0.470(6) 1.0
Li2 4i 0.11(4) 0.562(11) 0.5 0.529(11) 1.0
i3 83 0.015 0.57(2) 0.37(4) 0.69(2) 1.0
Gal 4i 1.0 0.0625(5) O 0.1709 (6) 0.6(1)
Gaz 4i 1.0 0.3223(6) O 0.0991(7) 0.8(1)
ML (Ga/Ti) 41 0.425/0.575 0.286(3) 0 0.611(4) 0.3(6)
ol 4i 1.0 0.1616(7) O 0.0299(7) 0.9(2)
02 4i 1.0 0.1208(6) O 0.3325(8) 0.9(2)
o3 4i 1.0 0.2153(6) O 0.7917 (6) 0.8(2)
o4 4i 1.0 0.3248(7) O 0.4415(7) 0.9(2)
05 4i 1.0 0.4780(6) O 0.1475(7) 0.6(2)

Monoclinic, C2/m
a =11.8606(3), b =
B =90.101(2) (°), V

Rwp=7.62% Rp=584%

3.0261(1),
= 372.36(1) (A%, Z =2

R1=3.59 %

c =10.3746(3) (&)

RF=181% S=141
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Fig. 521  Structure of Lios:NaoosTir1sGawssO10 projected along
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Coordination for sodium and lithium ions in the tunnel.



MX.& 2 MuEWHEEE (RMX,)

Table 5.2.2 Interatomic distances in Na- and Li-titanogallate

Li - O distances (&)

Nal - 02 x 4  2.461(3) Iil - o2 2 2.49(6) 143 - o2 2.34(19)
~ 04 X 2 2.646(2) -4 2.17(9) - 03 2.03(19)
Ne2 - 02 X 2 2.61(6) "o 2.2009) Ce 2o
-04 X 2 2.27(5) Li2 - O2 2.16(11) |
-2 2.60(12)
~ 04 X 2 2.04(8)
e R
———> H (1I-M HCl 100 °C)
A | (NHsNO3 200 °C)
—O—= Na (NaNO3 450 °C)

Fig. 5.2.3

0-0 distances determining effective tunnel sizes.

Table 5.2.3 0O-O distances across the tunnel section

02-02 (&) 04-04 (A)
Li-salt 4.51(2) 4.33(2)
Na-salt 4.923(6) 4.352(6)

FREE N, T 2T, FEERIE S L UKEREFWT,
LiAA oS8 REEA 4 U \ORE RS T2, E
B USRS LR E L &% Fig, 5.2.4 1K $,Na,
Ag, K 4 4V ~OTHBIFIZIZREWCHETT 2 2 L5
A X DR S Nz, o T, Li & Na ORTI
AR N TRETH 5 L W2 B, —7F, Rb, Cs B
EU70 b Y ANOTBUTE RN LT LR Do T2,
70 Y OBEEE—RITTHZ b ANVEEORTHE
RIS 5 Z LS HRETH B L Bbh 38, Z
DFEWA & Y IRPIE S U»EIT LR 2720
i, BZ 6 {AHEBENMEL, Li OREGRE B W
B»THEIEEZOLND,

Li-salt ——O—> Ag (AgNO: 350 °C)

—CO——= K (KNO3 450 °C)
——~A——= Rb (RbNO3 450 °C)
——A—> Cs (CsNO3 450 °C)

O : almost completely exchanged

A : partially exchanged

Fig. 5.2.4 Ion exchange with various ion species.
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Fig. 6.1 Hollandite structure expressed with metal-oxygen

octahedra and viewed along the tetragonal axis.

Fig. 6.2

Ideal arrangement of atoms at the end of hollandite~

type tunnels.
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(b) NO,~ chelating
Expected configurations of NO species adsorbed on
KGSO.

Fig. 6.5
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Fig. 6.11. Optical absorption spectra of the colloidal suspension
at various concentrations. a: 0.0105 g dm™2, b: 0.0070 g
dm™%, c: 0.00525 g dm™3, d: 0.0035 g dm™3, e: 0.00245 g
dm~®, f: 0.00175 g dm™3, g: 0.00105 g dm~2, h: 0.00035 g
dm~3. The inset shows the absorbance at 266 nm as a

function of the colloid content.
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Fig. 6.12. Room-temperature fluorescence spectra of the colloi-
dal suspension. a: 0.35 g dm~*, b: 0.07 g dm™3, c: 0.0175
g dm~?, d: 0.007 g dm~3, e: 0.0035 g dm~3.
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Fig. 6.14. XRD profiles at various stages of the synthetic process.
(a) starting material, Ho;Ti1s25[J017504 * H:O, (b)
colloidal suspension (recorded as is), (c) freeze-dried
product of the suspension, (d) titanium dioxide thin
flakes heat-treated at 350°C for 1 hour, (e) the mate-
rial prepared at 700°C. Indices given in (a), (c), and (e)
are based on the orthorhombic layered structure for
Ho7Ti1s250J0.17504 * H,O, the turbostratic lamellar struc-
ture for the TBA intercalated titanate and anatase,

respectively.
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Fig. 6.15. Scanning electron micrographs. (a) Ho;TiisssJo.irs
0, « H,0, (b) freeze-dried gel, (c) thin flakes of tita-
nium dioxide heat-treated at 700°C. (d) edge view of
the flake. Dots on the surface of the crystals of H,;
Tiy82510.17504 * H,O are Pt grains deposited.
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Table 6.1 Textural Characteristics

heat-treated temp (°C)
350 500 700
specific surface area (m? g1) 104 74 47
specific pore volume (cm?® g=1)  0.264 0.312 0.257
mode pore size (nm) 23 31 23, 51

300 e

250

200

150
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Fig. 6.16. Pore-size distribution curves for the titanium dioxide
thin flakes prepared at different temperatures. (a) 350°
C, (b) 500°C, and (c) 700°C.
The range of meso- and macropores follows IUPAC

definitions.
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l acid exchange

( Hax3Ti2-¢304 °H20 )

delamination with AMP

[ Suspension of Titanate Nanosheets )

spray-drying

[ AMP-Intercalated Titanate Gel )
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7
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Fig. 6.17. Synthetic process of the titanium dioxide hollow

microspheres.
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Fig. 6.18. Scanning electron micrographs: (a) platy microcrystals of H,,Ti, 7304 « H,O, (b) hollow microspheres of titanium dioxide

heat-treated at 650 °C, (c) thin flaky particulates formed by crushing the microspheres, and (d) edge view of a thin flaky

particulate.
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Fig. 6.19. Plausible explanation for the formation of the hollow

microspheres.
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