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BRI LR (2487 mg) FK ASLBRSEH, LR 1.07 cm¥g. 1E 273K, 8 MPakff T, In-BTB X!
BEl R TAERE S 397 cmPlg (0.29 g/g). %A RBA R RIFR AT EE 1, 7F 273 K. 8 MPa k{4 FJE L
W 3G, HBE TAERE S REFAFE/E 380 cm®g DL L.
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Synthesis, structure, and methane storage capacity of an
indium-based organic framework
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Abstract: Non-interpenetrating metal-organic framework (MOF) (In-BTB) were prepared by solvothermal
method using indium nitrate tetrahydrate as metal salt, 1,3,5-tri(4-carboxyphenyl)benzene (BTB) as ligand
and acetic acid as template, taking advantage of the self-assembly properties of metal ion (In®*) and BTB.
The MOF In-BTB was characterized by XRD, TG and N, adsorption-desorption isotherm, and evaluated for
its adsorption and storage capacity for methane. The result showed that In-BTB exhibited a high specific
surface area of 2487 m?g and a permanent porous structure with a pore volume of 1.07 cm®g. The mass
working capacity of In-BTB for methane was 397 cm®/g (0.29 g/g) at 273 K and 8 MPa. The In-BTB also
showed good repeatability, with the methane working capacity remaining above 380 cm®/g after three
in-situ tests at 273 K and 8 MPa.

Key words: indium-based organic framework; methane storage; clean energy; template agents; specific
surface area; functional materials
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SRR (LNG ) FIHFERIRA (ANG ), FE46 KIS
FIR AR SR S5 52 2%, i LT I 488 5 1Y
TEAH A TN 28 4 ARG 55 o A HE T R 4 R AR SRR AL
TR, W AR SR BERE AR . e bE T & A7
it ARSI AR I S S T R TRk
EZN A=

I [ RE PR R X W B AR SR e T — & B AR
PERYHFR: 7EER (298 K) T, Wk k5]
0.5g/g, MRk 3 263 cm®(STP)/em, {£4;
B RIRSAR R BB T A . IS E 2L
BERE, EATHY R AR AR, 5 4 18 i TR o
W S EP A E A RE Mz T, &F4
LB 2R KL ( MOFs) 1B M #2410 i A 2 LA KL, B
A e FRmEABR R . LRSI L FOime e e
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1501-AIM8%E kbR {H B SZ L MOF AHRHE B Be 776k
AU W R R TR AR T I — S Bk R, 4 MOF 4 81
FIFaENE . BUARRIES LA K Tolk Ak A 7= 45

2016 4F, YU ZEMNS SRR 4 ( In(NO3)s )5 1,3,5-
Z(A-RIEFEFA (BTB) M N,N- T 3L F g i
(DMF). N\N-Z=H B 2 i ( DMA ), ¥ HNOg( —
HRFE 3:3:0.1) Y, 24 120 CIHEFIHA N 4d
il 45 T InOF-9, % MOF HA7 8 R4 M 2% 4544
LR/ R 2.756 nmx3.387 nm, J& T LK, R
HHALRB R, BHBEEERE, RETHATHEA
SRR AR, A T HGEHPERE, WEAE BT G
FT AR T 1, L BET R EAES 2
1122 m?g, FLIKF N 0.46 cm®lg, B4 5 S5HLSTL
AR 1.34 cmP¥g AHZEHK, 18 H B A7t T 32 BR

AL IN(NOs)s 5 BTB W JECRE, F 4 )8 55
THEARMBCA B AR, RAHE R HGE G R
In-BTB, I 5 A MU AR ] ( vKESER ) kil &
INOF-9 [1¥[F 4> MR (JEZEH%A MOF) In-BTB.
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] ; Autosorb § Q-3 UK ALY , 32 [E Quantachrome
Instruments 2 i ; BEL SORP-HP %1 & [ 1) £ 1% (43,
H A Microtracbel /] ; QB600SDT #4873 #1X

(TG), JtFfEA SR & ABRA A,
1.2 In-BTB HI%I&

¥ 13.0 mg (0.04350 mmol ) IN(NO3)s#4H,0. 14.3
mg ( 0.03265 mmol ) BTB. 2.5 mL DMF #1 0.15 mL
VKSR & T 20 mL [N Ao/ A5 3 58 50 J5 2% 4
CE T 105 CCHERTHmA 48 h, FfJG AR AR E
M, AR DME PRsEK, 158070 @ BeR ik
In-BTB, =&~ 8mg, ;=% 35% (AR IHH ),
Z AL & W 4 i X8 [MeaNH [ Ing(BTB)4)e
x(solvent), FHrr x fRFREF 4 FRIAHL
1.3 RSN
1.3.1 Ak A ax,

B KR SE 1 APEX2 KRR O fii
SaintPlus 6.01 #f 17 %48 4 A A ik 5PN L R A
SADABS i £ 14t 7 sk b AT Wi iEPA
APEX3 PN B[ XPREP #5225 A B, @it Eik:
fRMTEER, IR OLEX2 i) SHELXT 4% M i
INTITE N R TR E R XRS84T S
PR SEG TR, & B SR T 545 i R PE 2 B
SR NIRRT 1.2xUq, MM
SR F AL E o S5 ™ R I R
PLATON FJ¥ H P (1) Squeeze FJp b FR24 ) ik
SRR S ZERRE 15 L3 1, CCDC. 2312974,

1.3.2 XRD £t

ISR X BHRATAHGES T XRD FAiF . ] Cu
K, 85T (1 =0.154178 nm ), & HLIL 40 mA, 45 L% 40
KV, 357G 4°~50°, $HH2% K 5 (°)/min.,
1.3.3 TG @l

filf IV TR R R T, R S ilCE A
AR AT, FHEHEE R 5 °Clmin,
1.3.4  AKJE S AR BB B ) K,

FIAR A BHSNSE In-BTB XF Ny, (R FR 434k
1 99.999% ) Fil CH4( AA&FR 535K 99.999% ) it W [
XS (plpe) 0~0.1 MPa, /<M B 3 2k Y & 45
Hl7E 77 K5 CH, W Bl i 285 2 — W5 KIR AW
PEM KBTI . R BET BRI 77 K R i) N, W it
U585 T 2 PP R AR A L R TR AR, ARG R 7 X i)
F14 26 LT 15 2 WALTON 2502518 i g S 45042 (1)
W B (Q) Bl p/po HUTHET NG S (2) LA Q Xt plpo
TEE R y BIEEIE N — B2, fLida s AT,
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# 1 In-BTB S A= 5
Tablel Crystal dataof In-BTB

Feah 44 In-BTB
P RITE:N CasHaolNOg
AHRF 43T o 695.34
/K 152.98
23 [l 1222
a/nm 2.32411(15)
b/nm 2.64521(17)
c¢/nm 4.12300(3)
al® 90
BI° 90
yl° 90
H A AR nm? 25.347(3)
LR D SN o e 6
it B (g/em?) 0.2733
PTGt /mm 1.200
LN OB AR ek = 2094.0
A A s mm® 0.06x0.04x0.02
Qi Ip YL ES Cu K, (4=0.154178 nm)
20/° 5.062~122.698

figHERR Chk 1)

—26<h=<26, -29<k<27, -38

<I<45

AT 559 WO SR 41499

A SE AT R 16256 [Rin = 0.0559, Rggma =
0.0645]

B B 1 S 4 16256/78/258

3F F? i GOOF { 1.114

XTI AT R

R1=0.0672, wR>=0.2322

2T RIE

X E AT R a2 R;=0.0773, WR,=0.2446
¥ R {H

R R AR T % 1.24/-1.47

{190 1753 111/ (e A%)

. 1A=0.1nm,

FESLEOTEAL . ¥ In-BTB JH S W 4escHe, 4 8h
H—IK, ELEAS R 3d 5 E A AR T 40 CHES

12 h B E RIS

1.3.5 & /& F % R I X

£ 0~8 MPa JE [N, FH i 4 3 S0
In-BTB £ 298, 273 K I X5 [ H 5 4y M2 e o 452 1t
2, DR B 2 2 T S KR S R IE R K
VAR o 3R AT R Al S E R S AR AR, i
25 AH TR 25 R T 23 s 0 T S, X i

BT IE , 153 5 205 i 3 W (ne(PLT),
B em¥g ), JE s TR T R B
Niot(P,T)= nex(PuT)"'pgas(PvT) XV, (1)

KA NP TN B, em®g; pga(P,T) 2
ARREES (P) FHREE (T) FHEEMZERE, glem®;
Vo 2 LA, em®g,
1.3.6 JAFAEA EI

W B 52 R Jot B RE AN ZAT AT A0 B B 4 R IR
Sy MERHETE 273 K. 8 MPa 454 F i fft &, &
L 3 Wk,

2 RS

21 REEHWSH
1M In-BTB 45t Kl .

Mzt In-BTB JR TIER M A, 25 [l
1222, Hifily a=2.32411 nm, b=2.64521 nm, c=
4.12300 nm, V = 25.347 nm®, 7E— " AXFFREATTHL,
TEAE 3144~ In* Fl 5 & B 7Y BTB i i . B — 4>
In**¥ 5 44 BTB B iR 3L I (18R T T 00k i
7, TB B BRAZ DU T 44 R 780 (14 TE LA SR 500 ( MBB)
[IN(0,C—)4] , B —~ MBB il it Jii i 7 i B & BTB®
MY N = YN 5 2540, e AR TE B i A rp R A —
EFEFEIH A . A a, b i ¢ oy mmigg, ¥
S CHIEHLT 5Ky, Hoa oy b, OdEE RN F
4 1.2 nmx21.9 nm,

FE—LHf#E In-BTB U454, FIH Topos4.0
K AT 5K L [1n(O.C—) ] 43T 45 ¥4 BR. 7T 7 £k 1
VU, A HLECAAR T LR sk = MATE, A
7 (3,3,4,4)-c HEFIN, HiSERAFS N
{6.8.10}{ 6.8%}{ 62.8%.10°} { 6°.8°.10} { 6°.8*} { 6.8} »., #&
Je R S AT 430 o = RR IO AT AR =
LT A, B In AR DU A, DR
—A(3,3,4,)FEH N 45, il R FINFF 5 5T —F A
e 77 AR . PLATON #%fF2%3+5575 %] In-BTB 4L
By 87.6%, iZ45HI%E N 0.2733 g/em?®,

SCHR[19] ] 45 1Y InOF-9 J& T =7 b &, 25 [l it
J R-3, ¥EBHCl a=b=4.4874 nm, c=4.2074
nm, V= 73.373 nm®, & — A RXEFR L ICAL 5 A
A2 b S7 B It AR 813N T T 1 I AR BTB®,
EATEEY A ZE RN S5, x4
P ELAT 9K R Y 57 5 TR SE , BN T8 12 44
JEFECARFG B, % 8 > =AMIEH LA 6 4~ Bd
I, 8RSk ok 3.387 nmx2.756 nm, il LA 1,
In-BTB Al INOF-9 ¥ H4% DU 34 £ B9 [IN(0,.C—) 4] 5
BTB> # AL, {HE5H X AR K.
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a—JCHLIR G 25 K B 0 A ML AR 53 ) BT £ A DU TR A = A 5 b—JCHLANA DL F25 M B0 s c—JCHILRIAT HILIHE 43 43 ) 6 Ak 1l 2 422
M= A d—HY RRE TS B ENE s e—In-BTB A9 = AR5 B IRl f—T9 sk Ak /s AFR N E
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Fig. 1 Schematic representation of In-BTB structure

2.2 X RD #1 TG &5
E 2 N AR IR )5 In-BTB ) XRD i & Fl
TG ik,

: — R
— TR
— AR I SEIE
s J il N
LUUL.L‘M)\ A .‘ -
10 20 30 40 50
20/(°)
100k _b ST
90 —— CE BB R I SRR B

160 260 360 460 560 600
R’/ C
[ 2 ARFELBET G In-BTB 1 XRD i%E (a) fl TG
Mk (b)
Fig. 2 XRD patterns (a) and TG curves (b) of In-BTB after
different treatments

M 2a ) XRD {EE AT LIFEH, JRIGE W
IN-BTB FEM ML, Jo4ii; 2t 3d i &

LS, Ry ARATT SR H B AR AL A AT S W) £ B
e, R In-BTB it B b 450 oK & A HE
BB e vk .

ME 2b 1 TG HiZEnT LIE i, In-BTB £ZAF
EMA B RE, B—HBh 30~200 °CZ i,
T B B AR S Y | FLAE R Y DL R BC AT
RIVFIIK 43§ B9 R 2 T80 78 200~370 °CZ ] ) #L-F
HIX, PR F O elRE; 5Bl 375
°Ci, TG &S MR, £ In-BTB ‘BT thIHS
Zeid AW AR RE A AE PR B B, 275 °C
PIRG R 22 A e 50 1 DL B AR 8 # i N N-— F S
Bthi; 375 °Cla, HAWIFHEIH.

23 RESERMERSH

iz 1.3.4 AR, [ 34 In-BTB 1) N, W ff}-
JU BFF S IR AL AR 53 A 16l A IEL 3 FT LA 4, In-BTB
BARASLERSE R (18 3a), N MR- 1 B 25 e 28 R
BRI T RUAERER , 1 ELR 2k S5 i e e A
VA i o, RNZES R TRILM R, 2015,
In-BTB fixfm WMl 8 692 cm®lg, BET LK N
2487 m?lg, fLIAFHy 1.07 em®lg. & T 3CiHk[19] 285
Il A A AR S #1532 InOF-9, H: BET HLZ& i
(1122 mPlg) LIRS (0.46 cm®g). MFLEEA
(18 30) 0] LA Y, In-BTB FLAR K/ 1E 1~2 nm,
5 FrgfLR (1.2~1.9nm) M54, Ak, In-BTB
TEAXS /) 0~0.1 MPa, 273 Fl 298 K T (1) H1 5 ff
AERAIR R M, UL In-BTB B 5 H b lh]
YERIARSS , #E 0.1 MPa T fi i W ff 43511 13.2 Fil
6.9 cm’g.
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E 0.06 e EZ N ()
& Fig. 4 Total adsorption-desorption isotherms of In-BTB at
= 0.04 273 and 298 K (a); Comparison of In-BTB and

0.02} MOFs182533 working capacity at 273 K and 8 MPa

' |I| (b); Recyclability performance of In-BTB for

5 N 5 L. 3 methane at 8 MPaand 273 K (c)

fL#Z/am
Kl 3 In-BTB B N - i Bt 46 iR4k () FIfLAE 746 (b)

Fig. 3 N, adsorption-desorption isotherm (a) and pore size
distribution (b) of In-BTB
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MK dan] LA, 78 298 K il 8 MPa 514 F,

In-BTB X F sz (4 Wz ¥ 2t >4 290 em®g (0.21 g/g ). 1
298 K 11 0.5 MPa 25F' T, In-BTB X F e 14 Wiz o it
b 43 cm®/g (0.03g/g), Fit, HAE 298 K 1 8 MPa
ZAF TR TAERE Sl 247 cm®lg (0.18 g/g) (&
B TAERES = 8 MPa F Iyl &-0.5 MPa T iyl
L o IZEE I TAH IR 25 F (298 K F1 8 MPa)
TR I CA B AL R RFLEE R, 1 MOF-21017
(0.45 g/g). Al-soc-MOF*! (0.42 g/g) Fi1 ST-21%)
(0.369/g); #iL TWA FF ik 4 & {7 5.1 3W-ROD-
2-OHP® (0.20 g/g); & TH KIS EALE W
MOFs, # HKUST-1 (0.16 g/g) B2#1 Ni-MOF-74"3
(0.099/g) 4.

OB BEREAIRE 273 K ), In-BTB 7£ 8 MPa i1
Bt R0 T i 0 43 S R & 457 em®/g ( 0.33 glg ) Al
397 cm®g( 0.29 g/g ). 5 298 K 1 T4ERE J1( 0.18 g/g)
L, T 011 o/g, (HAMETAHIE AT 1Y
Al-soc-MOF-1? (050 g/g) #1 ST-2I*¥ (0.43 g/g)
0 TAERE 15 4238 T NU-1501-A11® (0.30g/g); &
T Zr-TZDB-reo-MOF® ( 0.26 g/g). HKUST-12

(0.15g/g) 1 Ni-MOF-74%2 (0.07 g/g) (¥l 4b ),
2.5 In-B TB B IR EEHIIEHEN

KR A MR In-BTB (1) H L et HLRE , {f
Virial 7 A8 Xt B b W BERCEE o AT A Y, &
Clausius-Clapeyron J5 2 i1 545 21 H. 2% 5 W% [ b
11.37 kJ/mol ., ZEEAL T H A 4 @ A 2 1y
MOFs, 1l PCN-142%( 18.7 kJ/mol ). Cu-tbo-M OF-5!>*

(20.4kJmol ) %, X5 In-BTB 7 0.1 MPa %14 F
LA SR F e B (2.3 A5 273 K IR
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13.2cm®g, 298 K Wik 6.9 cm®g) &—5H.
In-BTB M 'BHEA R ERALE, SFECHLET
HLA AR MR o TRV, T8 2 B R B 4
i, BoiF TACRSAE T3S B b+ BA B 5511
YEM 1. ARS8 =Y, Wik, FESETES
HREW . TR e, FEESER TAERE
TG AR B EE N, L P T RE
AR B WG B H AR . FLIRFR LB R I 25 A 25 5
FHH X FRELS:
2.6 In-B TB B2 EME RS

Jy it —AER In-BTB 25 %a e v, % HoAe i 1k
(8MPa) THEE ST T I AL (& 4c), &
i 7E 273 K 1 8 MPa 25 P 22630 3 e, R
Hr 0k 457, 453 Fll 446 cm’lg, TAEfiE J1 {5+
7 380 cm®g VA I, E W In-BTB MUk RESEA (R F A
3, In-BTB BA —E mfa et

3 i

(1) 38 SRR SRS, il & 17 —Fh
BB ZEA R In-BTB, 2 T N ZE4G B 9E 25 46
MR TT 5

(2) In-BTB 7 N W it - i B 45 it il 3 o 2 90 o
AN ZFLEE ), BT e i bR A ( 2487 mPg)
LA (1.07 em¥g). In-BTB 7E 273 K, 8 MPa
ZMF I e TAERE 71 397 em®lg (0.29 g/g ).

AR FE AT B R TR S
LEBHTEIRA T i In-BTB R F B i fRHHILBE B KL Rtk |
5K — Ak
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