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Imogolite XK EE R E 7T
BEZ RIBRHR

TR FEFEV Fies) gaHd) EFHFFV
1) (R BRI KT 55 5 BRI 22 b5, 8 266109)
2) (P SSM A R, WU 614202)

(2015 4E 8 A 22 HikHl; 2015 4 11 H 14 HIREMESH )

K FH %5 B vz pR B 7 VAR AL T = Ff imogolite 2 (GREUAR . NHo HURFT F HUR) 9K 1) B4 5 43 ik 2L
2 THT HELAAT PR 0 A R O, I AN B T e ME RO T LR P B E IR K. FRATT4A T IMO, IMO_NH,, I
IMO_F (AR RE R 4R, &5 R =Fh gk s S5 M i iefs e B E %I IMO < IMO_ NH, < IMO_F [
M imogolite ZRANKE HAZ B B2 1 T 2 13 K T8 H6 Si—0, AL—O 8 54 Al—OH ## 5
KA B S T, 2 & A Si—O, AL—O BEFIAME AL—OH $EAH FAE FH IS5 3. Ak, X =i e
IR 25T Mulliken £ J& 7387, H 885 T 9K BLAR 7S A0 X 2R THI L7 IR M. 45 SR 3R B IE vl fof 2 AR
SRAEANRIM, 17 P92 T B, H A7 Ly, [T B A 40 OK B AR (B DR SR T HLAE ST 38, #8578 17 3R I e Aer 5

BR/NHIR F. WHFLRY], AT LAl 203 imogolite P 2R T AN [A] B BEAL BURRAZ M 200K B B AR, HEMTIAT R
T HLAT R 70 A1 1 L, 3K AE imogolite AR 73 5B T b B 5 T AT 4 2 2 i X

X H#17): imogolite, % EEyZ B FLS, HL4r UM, Mulliken Hifif

PACS: 81.07.De, 73.22.—-f

1 5 =

TImogolite 44K & T HAE 47 7 W<k fE
il 12700, TEALAE A 3k A 030 DL K 88 7 1 3 35 A gy
iz 1V 205 T )T AR S AN B, S50 T AT
JiZ RTE. 19724, Cardwick &5 ) ¥ Wi e 1
b 22 241 i (HO)3Al,03SiOH, - #& H B T gibb-
site J /2 4514 (A1(OH)3, W& 1 (a)) — Ml - OH
# O3Si(OH) B R FIHUAX (411l 1 (b)), M 5l#e 1
ZMO—O RIS, B4 S8 T F)Z gibbsite &
i1, TEAL T imogolite 4K 45 0 (Wl 2). & Py RE
Je FeE A DY T, A BE R AR A\ T AR, YRR
A SiOH Ji7H, #hEmEH:A AIOH )51 [, F it
imogolite FAFHR ISR A, RG] LTI imogo-
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lite 75 B MR WSO R LR BREME A7 44 8L 55 07 T A 5
ECER R A . Be Ak, BT imogolite Y 71
ReAb BRI, 7K 731 BA S BE SR /NG FAE A (97 B
PG — H % 82 yE D21l

K1 (MTIES) Gibbsite F 245

Fig. 1. (color online) Lamellar structure of gibbsite.
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2 (MFIEL) Imogolite YK E 4514

Fig. 2. (color online) Nanotube structure of imogolite.

H A A A Sk E = 22 4T imogolite [
GEAE S A T VR SR DT TH BB R, 1989 4F, 5K R AR
AN o2 RO X 3R OR BT R R R
imogolite HEAT TH #I2EWF 7T ; 1997 4, F R 524 [19]
FEAA 28 1 imogolite 1 &5 1), I 5% H A= il 4% 44 33k
AT 7 VA40; 2007 4E, A% ERGHAN S5 ERE 17 7R 2B AUR
X imogolite ¥ i TR, W52 3] T BAR 2 #UH
imogolite 4 K&, UESE T & B imogolite 44 K &
KRG Z . 1M E N 9T imogolite 4 i
THE RAB S 5 TH 1B FU i b, 2015 4, g 18]
XA R 3h 90 KB M Kl (imogolite T halloysite) 7E
AL DT T BB TR BAR AT T 2538 b, $e A
BLESE FRAS N ok S5 R R N K 1 2 B TR PR R
JRCRRPE AR YE B BT e, AR XS 40K 8 H
S Aa e Ve S AL A S5 DT TR AT AR KR 52 .

TEE AR, imogolite — EL M 7T FI#A AL i JLAF,
To i A S0 i 2 B 7 TH #R A 1R 2 % T imogolite
[ SR IE. 2014 £, Lourenco % 191 43 B A 78 T
FAUEE imogolite 4K (Si Al Ge) 45 #4 A HL 11
T, FF4E T A A A BAE A, P2 imogo-
lite G K F 1 [FIAE A — @ Wk £, #R N
B RL. [FIR Park 25 2O g zh & B T B (CH3)
BUARH) imogolite 2K (IMO__CHsg), Jf45 HiH
ARG IR T o SR 1 B 14 B 2 A k7 2,
FHYPKRE LR WA R —E Mg, L4k, Gonzélez
2 VSR 4 7 80 11 2% 07 B T imogolite “F T
SERT H G R, MRS T imogolite 44K i K TE
FOMLER, B8 0F T8 48 0 B 2 HOIE, IR 58 s A
GBS EEA - ERR. 20154, da Silva
28 122 % ] SCC-DFTB-D 77 ¥ %} imogolite 1 47 #
SOSESTIATES &3 ST E SR IR E i =E 5y g
2R B I $2 25 5 1) imogolite M4 IR AR & I8/ 1T i

Bt TS 5 n, I AT DL S 4 Ak B AR
BETT 1 imogolite 844 F} ) # RS & A7 B RN,
1 T imogolite ZE A4 B & ] 51 70 A0 & 1 B 1 U
% (300 AR T), KT H A YRR SOG AP
T — E 2 2IPR ], X 2 imogolite M RHERBLH
S TH] A A R 1 L 2015 4F, Poli % P91
XA H LS-DFT (linear-scaling density functional
theory) J7 128 T imogolite [ 45 #4) J2 B 14 )i,
G5 TR B IE 2 1 A I B RN T AR 1 U B AT LA
v SRR BEANTH LA ZE, 45 LS-DFT £ imogolite
AR AT 7T 7 TH i — A R T STV

12 FIR g Z T, ATRITG I 2 KRR
ot N T4 I imogolite 44 K8 #B 2L A [ 2 1) B
7 B2 R AR HE o O, 5 A UK TE R
X2 imogolite [X i F HAth 49K 2 1 B EL I RFE
Z —, 1§13 imogolite 7E 4 7= F1 S F 5 TH A % M 2|
IS, BRI S0 T B 7 O AT Tt — B AT
FAE I AL

HH T imogolite & Bk H gibbsite 5 7T % 2 1M B,
It imogolite & 42 i £ 7] LA K H 5 Ji I gibbsite
() B T K (V) Sk R AE, B A _E Si R 7 4 3L
2002 4F, Tamura /20 7SR ] — Flf & =k 345 1
LU SR, P78 12T T N K10
FI| 24 1) imogolite 44K & i A2 € 1, 159 B e da i€ &
BIEON = 16, JFiTit 7 HBSEMERRR. B
I, ST BB BT R ARIE E AT, BT
BF 583 R B BARTH RO VE AN R, ASE /N A
F| ) imogolite A2 EERMEMNN = 8F| N = 16
AR E BT=301 (B ERIGUE T A 247 16 B 0 ik
X—HFE. BBAh, EIRAE SO R AN R A 2%
il B imogolite B 42 H I B8 73 Btk 1 SR IR, e A &5
WA — B, #IAE T imogolite P 4b 3K 1HI 1) T R
A UL B R A\ THD A7 AR S DY T A PR A L 52
SEFRATT IR, AT LA3E 3 38 5 imogolite P 2 1T ) A
[) Th e A 45 4 AN T A e i 3% LA AR R, i o T
X7 TH AR E AR D, JC H Rl I R R
J77% (density functional theory, DFT) SRAEALLA 57
imogolite PN &EIHRE AL AR X I i fa e R E 052
Wiy, A IS A SCHRRE.

AR imogolite PN BE I 11 —OH 43 31 & #4
T —NH,, —F(4H1ic N IMO_NH,, IMO_F), X
HDFT 78 17 N T2 14 KgeKE N RS
BERIMXR, e T =MaekE i afe &5
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1B, T 78 4R B R O i SRR B E b
T RURHT S 99K 1) Mulliken B i 43 A7 15 .

2 A G HE %

AT ¥% W Sankar Naird (97 3B #E T N
M 7 E] 14 1] imogolite 4 K & 25 1 Skl 2 H A& 2 1Y
B AR SCIR TR 2 — 4 T IR KA 4 K
BN T R AR MBS E T, ENA (2, y
HE)BWEET KT 15 AMAEEX I (a = 60 A,
b=060 A), &7 (2 J71M) KA LR
%A

LR R FT A E AR R T DFT 7%, A8 #%
1 % K H Perdew-Burke-Ernzerhof £ 20 ) ] X6
JE AU i 3k 520 SR R 00 T 7 U 2R 4
TTERAE A - B J 20, SR ) B2 R B0
TN d BUIE 1k R %L (DND). &R s ISk 1
WHE 2.0 x 107° Ha, J5l7 885 XAEH sk T
0.004 Ha/A.

3 BRE5®
3.1 ik

%FF IMO, IMO_ NH, f1IMO_F & IR &5 #4
HTERPEEWE T MRS, iTREEKX, A
T AT, FRATME E 9K B e A (e fE) A
BE A2 (N AE) AR AT AS 4k, B DALE S i itk
FEHFIRATEE T a, b, c =4 A BRI ERE L R
XTS5 B R T AR AR AT AL, T R e A B
) JE X T IMO 9K ERATUUN = 9451
BITHE T G KA R 1 A ¢ ) AR AL AR
ik, Wik 3 piR. ATLAEHTE c = 8.62 A4 IMO
e B IR /ME, X 5 Alvarez-Ramirez B3 115 )
8.62 A e, 5kt 8.4—8.5 A P420] Hhsifs
i XWERE TN E AR R . iR E
FEI 7%, AT H 7 IMO_NH, #IIMO_F 1)
st E #4358 8.61 #18.66 A, AT W, imogolite
AR il 7] J& KN 5 N SR THTAS [R] (1) D RE AL
WA —ERA.

¥ IMO, IMO_ NH, f1IMO F ()~ 1 45 #4
(Bl 4), BT R RS R TR, AVERIL
Pt RIS AY T S5 AL b A B A 2 B T SR R
B, N TERZERSBIER, £ M7 ik E

TRT15 AMEAEX S, Kb E S8R
SRR SRR

0.25 —a—IMO_OH

—e— IMO_NH,
. 0.20f —4—IMO_F
]

~

)

9 0.15
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o

2 o0.10
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K3 (TR G) =FhgokE st e 4 c i3l
Fig. 3. (color online) Three kinds of nanotubes energy

curves with the axial period c.

C

4 (MTIRL) IMO iS5

Fig. 4. (color online) Plane structure of IMO.

3.2 BRI

BT BAHE T IMO, IMO_NH, fIIMO_F
SPTRZE R CL S N T B 14 (IR 45 K I e i, OF
JE SUHKAE AR Re N AN K Be i 5 1 TR A5 4 e
BREME, ) RBL BRI T NN RS
IO E R G BT T EE R RE R, AR BRI AE Lt
YPKE Gt LA E .

EStrain = ETuble - ESheet- (1)

Ak J5 I IMO, IMO_ NH, F1IMO_ F i )3 4%
RE M2k Wl 5 o, BRARBR WK E BRI HN,
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Wb AN AR R, ESHRERAEN = 9k
HNIMO R Ge il /ME, BIN = 98 IMO 1 & fa
SEREAR. X 5 2009 4F Zhao & 32 738 ) B A 5
Z1H 958 &5 4, 5 Demichelis 25 29 3% 38 (1) % £
SEE10 UL K Lee 55 PSRIE 1 8 R H 2. Xt
B BIE T AT R I E R IR . T 5
IMO_ NHy A1 IMO_F §98A% e Al /ME T 43 551 H 30
fEN =10F1N = 114, B IMO FIsfa el N =9
ERE — N, X &N R —NHy fl—F I
REALHUR T B 45

—0.008 : ) %i:} N=11

T

£ —

8 & —& -

<

> —0.016

© .

~

% " =

e =

§ —0.024F \

g \ -‘i"‘r, -

g %" 3 N=9 o~ —=—IMO_OH
\ Y

@ 0.032 1 \! G —e—IMO_NH,

" —4—IMO_F

7 8 9 10 11 12 13 14

5 IMO, IMO_NH, flIMO_F HIRAE At Hh 45
Fig. 5. Strain energy curves of IMO, IMO_ NHjy and
IMO_F.

0.194 F
- -
szy/f7“r nee
— g £
E oa02f / £
Z (9]
g /+Bond(Al—O) 10.1650 §
g —e—Bond(Al — OH) 42
2 —A—Bond(Si — O) A
A 0.190 |
AL» 40.1645
0.188 . — - — Pra—
6 7 & 9 10 11 12 13 14

N

El6 IMO PR ERKEELREN
Fig. 6. IMO nanotubes bond length change curves

with diameter.

Z AT R, B KN S R A A BLHEOR
%. N T#E—3$#/RIMO, IMO NH, f1IIMO_F
ERREER R, B 641 T IMO HEESi—O,
Al—O BRI A 5B AL OH 4 58 K B & 12 fe e NV (1)
AT 2. 6 AT LUE H AR ST &G
55 Zhao %5 P2 3L F 55 — M R B A H B 45 AT B
I, RIABEE ELE KA SI—0 5 A0 K
BT IS8T NSRRI RN, 1T AR Al OH H#

R DU I 3 9 BT 3 BT AR RE 98D
BT, 3 O BT R RN 75 0K N AR R Db SR AFAE —
AR /NME, X R imogolite B4 ) B 4> B B R
. B 7FE 82 5 NIMO NH, #1IMO_F i %%
B E TR AR AL, RS ERX IMO
19 53 K AH .

0.1935 |- M {0.1659

£ 0.1920 | / g
~ ~
o i
g 10.1656 £
3 —=—Bond(Al —O) s
g g
2 0.1905 - —e—Bond(Al — OH) 2
A —a—Bond(Si — O)
‘> _
0.1890 F A/ 0.1653

K7 IMO_NH 9K ER KB RIAZL
Fig. 7. IMO_NHs nanotubes bond length change

curves with diameter.

0.1935 -—’_./.,,_.‘_/7 10-1652

2 0.1920 F g
) S~
g / 10.1648 g
i —=—Bond(Al —O) 2
E 0.1905 | —e—Bond(Al — OH) E
R / —a—Bond(Si — 0) A
X
0.1890 40.1644

8 IMO_F #PRE#KRE R KA
Fig. 8. IMO__F nanotubes bond length change curves

with diameter.

FEO T 75 3 BA B Zhao %5 32 T 48— J5i
M5, — B 5T 5 1 8 0 7 iR A L A R
it F imogolite i 5 43 BE W 45 7 A 5] f) ARt %
Tamura /N PR T — R & =R 5B 456 %
BR B0 9T A 9 A 3 Si— O 8 4K A AR B AL Al
BB 45 55 5 21 T imogolite Y R HUPE; Konduri
2 BB F CLAYFF P2 ) 3% 1 3 7 2 B 0 3% W
P Si—O B B A AL—O %2t At A8 4k M
i 5 20 T imogolite ¥ 5 23 it 1 2% 7 48 P03
T CATLOW %4 5% i B738] ) - S (2R A1—O Al
Al—OH # K AR 35k 2 2 L B 40 B A 3 2 it
DR AT D43 B 77 S B0 r B SR 1) 4 o 50Rh 2%
B oE TR R, ERIIREH TR TA
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I F 34 bR 50T 19 B I 25 A BT 22 5, (HEEIE T
imogolite B 4% B 4> B MEIX — 45 . Hh 2R IS 1
1B 5 IATI G 1 Lz, A3k B BE 5 A5 13
K AL—O F1 A1—OH $# KB A K, HMNFEA]
TS g T DLE H, 30 Si—O S K& 15
AR AWK, 7T 0L imogolite 2884 K] B A2 5.7 B
P2 N B Si—0, AL—O i 54 A1—OH ##AH H
PERTR B S 3, FHEAUUR AL—O 8 f11 Al—OH
SR A B S BRI

3.3 REREDH

1E gibbsite & [ OH # SiO3(OH) Bt 1R & i
imogolite & IR 25 ¥4 (19 [7] B, BT 51 &2 (1) B2 g 4 43
Al—O J\H AT Si—O MY K A JEAZ, 4h gibb-
site J2 11725 i A1 P9 & SiOs(OH) [RE 8 £ 5] ik &
[IREARTE AR 1% S8 T AR 05 R 25 5] T FE far 1) 58T
A, M2 A R T L. fie B Gustafsson 45 29 &)
2 T T imogolite 1) 2% [ HE fuf I A7 7E. AR R
FH DFT J7 23 F Mulliken 4ii J&) 2> #r i+ 8 1 IMO,
IMO_ NHy, IMO_F = Ff 25 ¥4 1] Jey 38 H faf 43 AT, 45
RWFE1L.

FATEFE LLIMO & 9%t 3£ 1 H ) Mulliken
W 17 HEAT 20 BT, R I IMO 4hEE |- Al—O )\ [ 44
K4 —A OH P4 A —0.490e ) 7 L 17, B — A
AP435 F 4-1.504e HI IE B 7. ALES BT 1 1E

F A P — 3023 RO FR) OHL B, 38 4% 305 23 DI ik
TR AT, BT LAEEAS gibbsite B 7040 3 TH LT £
N +1.538e, FH b P FTH A —1.538e I 71 FELA
FRATH 45 LA Gustafsson /M H 1 7Ll . Guimardes
2B DFTB i 45 5 LK Li % WOV DFT i
SRt SRR — B, I B AR A B AP R TR B T A
[ 1E LA, PIRTENERS. T ff fAar. (H T35 1%
(X 5, BITAS 20 (0 3R T i A A R A 2 5. F
FERI 7 1L ATT 241 7 IMO__NH, F1IMO_F 7 #f
25 W) 1 2 T FEL AT 20 53 A +1.542¢ A +1.548e, AH Xt
T IMO [ +1.538¢ #BE A HG N, 31X 3= Bt T2 10
ZJEKE BRI, AT DR
KA R AT 5 ERKNRR, BAIGT T AR
ERIEHCR =26 (IMO, IMO_NH,, IMO_F) g2k
BRI AT SO, P TR 2.

F 1 AFEILHE Mulliken Hfaf
Table 1. Mulliken charge of different structures.

Tube R/e Si/e O/e  Al/e OH/e
IMO_OH —-0.408 1.802 —-0.978 1.504 —0.490
IMO_NHs -0.369 1.748 —0.975 1.506 —0.490

IMO_F —0.449 1.824 —-0.975 1.506  —0.488

RGN ERE L ERERF %8 OH, NHg, F; O
SR PR R A % B2 Si DU TH AR A AL A& Si—O—ALl |
K O; OH FE M & 4h R B HEAE AL \TH4A L) OH.

®2  AFERE =M K B0 T R

Table 2. Surface charge of the three structures in different diameter.

N
Tube
7 8 9 10 11 12 13 14
IMO/e 1.519 1.532 1.538 1.545 1.547 1.552 1.555 1.557
IMO_NHgy/e — 1.532 1.538 1.542 1.547 1.552 1.555 1.555
IMO_F/e — 1.530 1.536 1.543 1.548 1.553 1.558 1.560

e N ARRGUKEE R, R L gibbsite (15708

HR 27T LUE , BB BRI R, =Fhgik
2R THD FR Ay B XA R I I B R R ) T R Rk A
P2 AN R B Be A AR 2 T FL far 52 M AR 0N, W] Ll
KEHLM KNG RMBAAEET LR, K
HI T8 42 B I = A gibbsite )2 T2 T 5 Be
1K, HR¥E Gustafsson 9 KT, gibbsite |2 AL
PR RS B 1 ey R 0 A A 0. BT DAFRATT AT BAGE
T S N 2 T AS TR ) Tl e A B Sk T 1 4 oK A 1

BLAR, 2T AT LA R R AT A IR DL X AE
T VIR B A 2 AT A B L

4 %

AR H DFT J5 ik 1HH 7 IMO, IMO__NH,,
IMO_F =Fhgik & MW N = 7 5 14 (¥ N AZ g ih 28,
BE=MPPRENREEERMED NN =9,
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N =10, N = 11. RJ5 ;AT B T 1 € M
Hi X imogolite SN K B 43 BOVE I R R 3E AT T
B, SRR BRI R, SR H) AlL—OH
SRIZET AR R, BN AR BEFEAIC, 1A R T Y Si—O,
Al—O B MIZ AR TR AR RETH =, R SR 47
FER —ER RN AR RE A ME, BRI BAT By
BCIE. i Jm JRATTRE AN [F) A8 A2 1 = gl KA 45 g
47 ¥ Mulliken 4 5 73 Hr, 432 7 % JE7 (] Mulliken
LA, AT A5 2 LR R far. 45 SRR W), X - IMO,
IMO_NH,, IMO_F =F&5#y, S AN H T
s B IE AT, AR T RN S A A, O HLAR
T FEL A7 o 5 A A2 )8 o 359 20 T L 328 164 )
7R TR AT 5 ERRNR R,

ALY ST R B, W] LLIE I 2O imogolite
AN [A] A9 1 2 BE AL BRI B 1 40K B A2
FR LR, R T 759 P A3 T LT ) AT XA A
RV B A i R 1) i 45 D77 THI A 6 B ) 4
F RN
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Abstract

The diameter monodispersity and the surface charge distribution of three imogolite-like nanotubes (not substituted
(IMO), substituted by NHz (IMO-NH>), substituted by F (IMO-F)) are investigated using self-consistent periodic density
functional theory, and the phenomenon of the monodispersity is explained qualitatively in terms of bond length. We
assume that the axial length of the nanotube is constant and confirm it; the energetic minimum axial lengths of the
three nanotubes increase in the sequence IMO_NHy< IMO < IMO__F, and are respectively 8.61, 8.62 and 8.66 A. Then
the energies for different nanotubes and lamellar structures are calculated. A series of strain energy curves of IMO,
IMO_ NH; and IMO__F are plotted based on calculations, and the results show that the energetic minimum diameters of
these three nanotubes increase in the sequence of IMO < IMO_ NHao< IMO_F, and are respectively N = 9,10 and 11.
In order to explain the diameter monodispersity, we have calculated the bond lengths of Si—O, AI-—O and Al-—OH three
nanotubes and plotted the curves of length against diameter. Results show that the monodispersity can be attributed to
the interaction between the energy increase resulting from the stretching of the Si—O, Al—O bonds in the inner wall,
and the energy decreases caused by the shortening of the AI—OH bond in the outer wall. In a word, with the increase
of tube diameter, the Si—O and Al-—O bonds increase while the Al-—OH bond decreases monotonically. Additionally,
we have also calculated the Mulliken charge distributions of the three nanotubes with different diameter and analysed
their surface charges. On this basis, we summarize the effect of diameter on surface charge. Results show that the main
positive charges are accumulating on the outer surface while the negative charges are located on the inner region, and
the outer surface charge increases gradually with the increase of the diameter of the nanotubes. The study indicates
that the internal surface functional group has an effect on the axial length, diameter and surface charge of the imogolite-
like nanotubes. We can control the nanotube diameter and surface charge distribution by changing different functional

substitutes in the inner surface; it is significant in the molecular design and application of imogolite-like materials.
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