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FAE R EAL PR RS o IR 220K W, 7E 6.0 mol/L KOH LA 41454 iy 5 mV/s I, ZALRMEHEEL
FLATIIA 243.3 Flg, ZH3ERGHBL AR 845 5 000 AR R L 2245005 74 Flg.
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Preparation and supercapacitive characteristics of
new carbon materials derived from furfuryl alcohol

ZHAO Qing-lan, WANG Xian-you, JIANG Lan-lan, WU Hao, WU Chun

(Key Laboratory of Environmentally Friendly Chemistry and Applications, Ministry of Education,
School of Chemistry, Xiangtan University, Xiangtan 411105, China)

Abstract: The carbon precursor was prepared by infiltrating the furfuryl alcohol into pores of metal-organic framework
(MOF-5, Zn,O(BDC);, BDC=1,4 benzendicarboxylate), which was synthesized by solvothermal method. With the direct
carbonization and further activation treatment with 14.5 mol/L HNO;, a new porous carbon material was obtained.
Infrared spectrum (IR), scanning electron microscope (SEM), X-ray diffraction (XRD) and N, adsorption/desorption
isotherm were utilized to characterize the as-prepared new porous carbon material. The results show that the
oxygen-enriched functional groups on the surface of the new porous carbon material obviously increase after HNO;
activation. Due to the combination of electric double-layer capacitance of the porous carbon material and
pseudo-capacitance of the oxygen-enriched functional groups, the as-prepared new porous material shows an excellent
electrochemical performance. The results based on cyclic voltammetry test demonstrate that the specific capacitance is as
high as 243.3 F/g at a scanning rate of 5 mV/s in 6.0 mol/L KOH electrolyte. Furthermore, the specific capacitance of the
supercapacitor using this new porous carbon as the electrode active material still keeps at 74 F/g after 5 000 cycles.
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& B HLUE AL A YI(MOF) & — Mo R i gk %2
U RL,  BAT LB AT FLARIE A A g v
P PR AR AL T HICTF IS FLIE SR A AT
INFITEBHEN, A2 — R R 2K 2 FLR
MBS, £ MOF R4S Wt, MOF-5
(Zn4s0(00CCH,CO0);) B AT = 4EAT X ALIE S5, it
FINGRIE, RAET1F 25 R 2 LR AR, SO 3L
YRR N, BL MOF-5 A, 5 kRO,
Ty JE S e VR 9 U OV A i R 4% 22 AL R M R T
fEOAME. K, MRS RER . BEFMRR
TS AU AR AR 1 46 22 FL R AR T 5 e FH A et
Sk il 45 FH T 0 2 vl 75 2 1 e R B PR k2. LIU
ZE10I) MOF-5 AR, 51T BRI A 5 5 1k
TAKZAURMEL, IR T LA Rk 204 F/g 1
QLB AR, 25, g L MOF-5
SRR, AR BRI, R HBAR B s gk g 2
LA EL, BFIC T RAGHR XS IR AR R, RIS
BRALIEE M 530 CTHEH] 1000 CIF, B4 ikt R}
(e A (I K 5 mV/s) Sl 12~167 F/g. HU Z511)
¥ MOF-5 FHEIRAM, 5 H MOF-5 /EBR, 51
i P I sl DU SRR & — e Ve, 4581 3 BT
R LRI Z AR R . XTA 25110 MOF-5 Jyfi
B H O BREAS 2 T B AT HURM A FLRM B, L
LA TTIL 147 Flgo

Z AR AT TR O L E LA, TR 2 LR
MBLR I & BB S B BRI S, BRAUHLJZ His
Ab, PSRRI A, T RERE— P m 2 AL
BB RN, LANG 25U SR AL BT P A 4L
AL CMK-3 Fl CMK-8, K ILLE 2 mol/L KOH Hiff#
Wb, RS ER AL B S ) CMK-3 BILL HL 28 N 165 F/g 1
Jn#El 210 F/g, CMK-8 LLHEZHH 175.7 F/g #m&a
246.3 F/g. DAI R SMRAL B 5, $eim T 28k
WK R 0 B RE TR BE,  IX Be3R [ By e Re Ak
TEPERL AL, AREE T AR A A, AL AR R LG
M 8.9 F/g S %) 22.6 F/g. M50 K bk
Ty 1 RS U Ay i IR AR £ T IR, AR TS A S R A
BRI SR AL AT 3, Ak b 28 N 100 Frg 2
JE1 4 250 Flg.

HE, ITAERAT LA MOF-5 J b « Bl Sk il &5
F PRI A BRI AT 2R TS 1 HAIE 7 L A 22 P i P o
AR o ARSCAEE L MOF-5 iR, 51 HERE G
AR 2N 2 FLRMRE, A R AL B AR
HaAb 2E PERE IR R

1.1 EEi{FH

XIRZHIR(AR), RIETOGER A T 50T A
775 THREF(AR), R TR BRAL Pl AT PR 4 wl 2E
P45 N, N-HIEHEHZ(AR), | 46 ERER A
BRI A rE AEA(=85.0%, e %), THPEt
IR AT A F A THIR(65%~68%, iU 73 45),
1R 8 BRI T A B R ST A | A

1.2 ZFLxMFEEIE

ZHOCHER[21], KB A#GETI & MOF-5, JiH#
HAENERGR], R LT IR, A3
ZALRMEL . BADIBRIN : K—E 5 MOF-5 & T
PEIR LA TERAE(L10 C)P i< 5 h, AHI R RFIR
IR, T 25 C MR 24 he HIJoK OlvE
U ORI MOF-5, T8 519 BB AT IKAA . K12 i oK
HIINER Y d, T 15 C TR Ar 1 h, 80 'CFEEL
24 h, 150 C F&# 6 h, 900 C R4k 3 h({E it
RN IRAARFFE Ar R PR RIS RI AR
IR 0.1 mol/L HC1 FIZEIR /K P, TR 7 21 5 w)
2 fLA KL, id o PC(Porous carbon).

¥ ik EnR e 20 2 FLURAM BN B,
IR R 14.5 mol/L IIGHIR, SEJ51E 70 'CH 25 °C
RO 120, A ARV R Y, RS
R ENEZ AR M B ™ 5, 18 APC(Activated porous

carbon),

1.3 B LR PR RE

KA RS A A B A ] AR P2 I WRT-3P/
XRT-2P RUAH AT ONHE AT B 4 i, <
WA Noy JHEHE R K 10 C/min; K H 3% H
Perkin-Elmer Spectrum 78 {# HL - 75 46t 21 4 S 1543
KBr #3 A & vE AR S I £LAMROSO G 1% s R H A
B2 D/Max—3C B X SFEATIMC AR i 1) it A 25
o, ARSHECN Cu K, #KCh 0.154 056 nm, KA
40 kV, FHIR N 100 mA, FHEHEEN 40 (°)/min;
K HAS JEOL 23 7] 427 ISM—6700F 4314 F 45 X+
b 2 MTESREAT 73 A1 s R 56 1E B3 1) Quantachrome
NovaWin2 IR BRSO AR S FLES R AT RAE, LA
WEAWI AT, 77 KR AT
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1.4 EBiRFIE S EAFE RN

Bm TR BRI LI (PVDF)$4% 5
8:1:1 VREIAS, PRI N—HHIE me St i (NMP) i 15
2R, B RY 30 min, LT
2 h )G, BMEYARETEAN 1.5 em AR
WAk, T 110 TR FEMEE, 15MPa Kk
JSCY o R U R R, 42 R PRI IO S — P AR P
EAHMSEH, A R A

K H CHI660A AL 2= T AR/t 6.0 mol/L KOH #¥
W AT AR CR i = H B AR &R, Ll He/HgO
Z:HEHIG, KTRIRR AL IR A i I EAR ) G H 25 3 TR B4
Rz SR AR HOCRMAR, £F BTS Rt A I ik
AT A A7 i U

AR ER AR 2 il e ] v 55 H SR AR R LU L 2 €
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b TSR, A o NBOLITE], s5 AV ONOEHL
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2.1 RIRIKEIRER K

K1 Pros b gl NBERE ) MOF-5 i 9K 44 (1)
TG-DTG MiZk. H& 1 o7%0, A9k TG-DTG Hh
LRI 4 AN RERUR G, 1 DTG ik EN S I H 4
AN . SN TR BT AE 189 CAb, FiEHR
JH N 5.526%, VAJE T HITBR A4 F AL AV 59 1 o 4K R
WA . 280 °C AL T 453 2 5 B Ay B2 (1 A At
RURAL, FUERKN 8.657%. 485 CUMFAE— M
FESUREHY, NIHJE T MOF-5 A HLEC AN 25—
FRILH ISR BATN Zn® TR M, IX— B B T 45
RF L 36.38%. 45 900 C 44T TG ik 4 3.290%

PSS B AR, AT REE 1% B SRR AL TE 1k
M C M ZnO KA T A AL & i P
C+ZnO—Zn+CO, —FBIMIRAL L CO AR B IT [ WViAR
FRPTE A6 S R AL S T 15 2 A LR B
W HINFLE LSRN, 258 TG MRS FaT
H1, ASEEG R NERH 900 °C IR AR o
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Fig. 1 TG-DTG curves of MOF—5/furfuryl alcohol precursor

2.2 BILRMBIBEEFIRER

ZNH IR AL FE T )5 2 LR MR LA i 1] 2 i
e B2 hithZ@Rib)sr ok PC 5 APC MIZL4MG
i, P 2 WA, A 450~4 000 cm B, ZAHIR
PSS, APC FEMHIZIEEIN B2 . k@ T, 3
420.3 5 1 153.2 em ' Kb (P i v U 8 T K i H
—O—H M4 IRBIE, 1591.7 e &b (RIS I AT fE
XI5 A R . i (b) T, 3 739.1.3 398.5 55 1 235.3
em ' AL IOIE TR T H—O—H {4 R34,
1 584.1 cm ' Ab AW b v] REXT N+ 0% A g 3L, M

1591.7

3}39.1 1153.2
1584.1
BN (b)
3398.5 /‘ 1235.3
1725.4
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Fig. 2 FT-IR spectra of PC (a) and APC (b) samples
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1725.4 cm™ ' AR AR DU 13 U1 8 F—CO—(nT g A 2
BE PAE BRI A A iR B . BRI T UL, AR AL
L, MRS R R T E e A H SR i i
TERERANEZ, BAR T AR 2 LR R
MR, DA U 5 v ) T (R e fuk T A,
M i 2 LR EHE R AR R 25 1Ah, 5%
FER AR BIA do i CER O i A e S K 2 Y -0 A e o
JEEHLZY, AT L AR I L F A1
h T R FUORM R O A58, KT R Ak
B RE B TR BB, B 3 P iR Ak
BT/ FEME) SEM 4R HIEI 3 W41, PC 5 APC &
WEROIRE R, o, PC FLBRER , PR Y] ™ AN,
AL TC e TRk APC S5 R T g i, fLRIE 2 .
ZNH IR AL HE 5 AR A s A R FLBR M 4 4544, [
TG AT HU 5 SRR 7 e, 38 I AR )
AR, I HAIA IFLIE g5 ik iy DL B BE 2
(AR S, A BT MU B 1 AL RAL AT
R TR PR A B

B3 PC 1 APC Ff i1 SEM 12
Fig. 3 SEM images of PC (a) and APC (b) samples

B 4 iR SRR IR FE MY XRD 3%, A
Kl 4 AR, ZEAHIRAL BT IS IR R BEHEIAE 24.5°H1 43.5°
H L SE AT U, 43 om0 AT A [ (002) FT(100) U, 156HH
PC 5 APC ¥R FAT SRS 1E, B — 2 i
SALRRSE, XM SR AT IZ R AR AT R AP T

(b)

(a)

10 2IO 3|0 4|0 5|0 6IO 7|0 80
260/(°)

El 4 PC 1 APC FEih ) XRD %

Fig. 4 XRD patterns of PC (a) and APC (b) samples
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2.3 FLEEMIMER

Kl 5 iiosy PC AL APC (1) N, MR B A5 iR 26 FnFLA%
A . B ST, SRR AR AT 5 R AR
PSS 26 3 S ORIV RS I 2R, ZEAHXS R plpo M
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Fig. 5 N, adsorption isotherms (a) and pore-size distributions

(b) of PC and APC samples
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0.40~0.97 it [l Py HA I HH 2 R0 i B 8 BH P AT R ol 1)
AR AT B8, I — B LA . N 5(b)
WA LAEH, PC 5 APC WAL B AL, LA
FLE ML E. R 1810 PC 5 APC A i L5 1)
ZH, R 1VEIRE, SRBE RT3 2
FUGFLA RO N M. —J7 ] B B TN R I 4 AL
YEFRAE SRR T 5 NP B e A s 43 FLIE 3 2%,
LIRS —J7 A E T R R 30 4 2 FLk
FLEEROIARE, T E R T AU AL R

F1 PC5 APC FEMMIALE IS AL
Table 1 Pore texture parameters of PC and APC samples

BET surface Most probable Total pore specific

Sample . 3
area/(m™g ')  aperture/nm  volume/(cm™-g )
PC 1116.9 1.847 1.493
APC 916.7 1.195 0.851

24 HELFMERE

Kl 6 [Tz PC Fll APC L HLARAEA [RIFIHEH AT
MR R 2 k. HIE 6 nT &, PIRATRL G R R 2
38 I RARE, RO AT N R
LFRT e . APC AF il RGO 22 2 AE AR B8 1 o s
YA (=0.7~0.1 V)JEK T —AN 58 1M P 22 IR A A0 Jat g,
W B R R AL 1 5 LN 11 2 1T 5 A A 7 e R v R 2
AR JFUR N, P22 TR g . () T
PC 5 APC Il Rl LE 2%, 45 Wik 2 sl

M2 W], FEAS IR T APC L HIZR )
AL PEETA PN, PC HUEARAE 5 mV/s [LEHIAA
156.8 F/g, MAMHMRAESE APC L 2 243.3
F/g, BIRZIHN 55 %. H AW ST LIu 250008
ARG IR B R AR R AAX R 204 F/g) LA
K F VA 2 3t v T AR R MR 1 L 2 (B e A
167 Flg)o X AT e A SR A BLIS , JRARLR 1)
PR Re G I T AR R, AT B T AR
AR LRI, AT U5 PR IR B R HL 2 1)
TR BRAh, FRTHF B8 L T 38 A Ak 5 i 7%
K, APC I LU LA BIBOR I E i

B 7(a) T g CE AR AL AT J5 B R AT RE BT 45 1
HRRAE RN 1 A/g I ER AR BRI . (il 7(a)
AT, APC HIAR IR 78 FU S TR T PCHIARI 78 75
), Q) 1S, PC HIRK L HIZE 0k 180.1 F/g,
APC HIBK LE LA 238.0 F/go [, PC HI b 78 il Ha

(@)
6 -
oo
&
<
5 -
5
&} a—5mV/s
-6F b—10mV/s
c—20mV/s
d—50mV/s
-10 I I I 1 I I
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b
10 | (b)
2T 5 B
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< of
E
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d—50 mV/s
-15 1 1 1 1 1 1
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Potential/V
6 PC Fl APC HLHIBRAEA [ %N A AR 22 1t 2k
Fig. 6 Cyclic voltammogramic curves for PC (a) and APC(b)

electrodes at different scanning rates

F2 PC M APC HIMRAEA I HIE L R L B
Table 2 Specific capacitances of PC and APC electrodes at

different scanning rates

CJ(Fg)
Sample
S5mV/s 10 mV/s 20 mV/s 50 mV/s
PC 156.8 148.4 139.9 119.6
APC 243.3 227.3 206.7 160.4

MR IEA LR TEXTAR, 1T APC FUBR ¥ <k 4E 0~0.5
VUSRS i, RO g AR
AL SR R AL

K AN R AN 5 ) AR AE 1~5 A/g IR ik
I E R A BORMER, WRRLE R aE 70)FiR, AFEE
R EA R A AR L A LR 3. I 7(b)FIEE 3
AL AR A BOL I Z AR R A i, IR R R
R R AP AL A I R R 5 e . FLR
FLR G ,  Fec e, LA R, —
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> 0.6 e—5A/g
2
= 04
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0.2
or ed c b a
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Time/s

7 AFHF T PC A APC Hfitl ) APC HUA A I TE T
By GENiiE

Fig. 7 Galvanostatic charge—discharge profiles of PC and
APC electrodes at current of 1 A/g (a) and galvanostatic
charge—discharge profiles of APC supercapacitor at different

currents (b)

£3 ARG F PC Al APC AR L

Table 3 Specific capacitances of PC and APC
supercapacitors at different currents
Current/(A-g ") 1 2 3 4 5

Specific capacitance/(F-g ') 77.0 73.4 713 702 68.0

JITHEPI AR HBAT, AR E FANRE 78 4 B0
PEVIL, KA A BOEIAORH LB A S, ARG T 3
LeRMAMAI A S—TJ7m, RN %23 )%
BRI, HL T rA 2 R N P A, AT A AR
PEV A A B 785 R o

8 Fi7n A PC 5 APC ISR AE 1 A/g WL R I
TR ko FEAEAHII, PC -hZA7AE—AN B 211
IS, XATRRE T ABOLAE T, KA

P A B (R R AT R R A 2, TR B I ()5 Ak o
B AR AT, WO B NI PC HK
WABEITAL, AN LA &g i, 75 5 000 XA
N5 B ML R YRR AE 63 Flg ZiAh o /e S MERL F rf,
APC HIZZRLIL PC AR B AT mb i, F22
DA SR AR B, R AARL R T2 40 B e A S = 36
JERLT — o AL SR ri s, AT LU HU 2238
APC HIZZR I LL L ZRAE 5 000 X AL AG Pt i rh o
Wit TR E, AR 74 Flg Ii4i, WERT PC
HLA RS T L L 2

90
80"“ww.v““,.,o,n,m.om*w,so}}) )
70+

Y ™ " v v, A‘A
6047 @

50+
40
301
20
10

Specific capacitance/(F-g™")

0 1000 2000 3000 4000 5000
Cycle number

B8 PCly APC HLZEHIIIAH A5 iy £k
Fig. 8 Cycle life curves of PC (a) and APC (b)

supercapacitors

3 Zig

1) L MOF-5 b BREE A Bl il 45 T 2 fLk
I ISR T T AL B, £33 T 3 R 2 LR AR

2) R IR AL BRHT G R MRS B AT S AR AR
fiE, AbF 5 ) 2 FLR LR A ARIGE K, (IR
TAACE Re A B, AR T AR 2 FLR M ELR
TR PRIFEAE » AT B84 DK FEL AR P I ) ik i A
fem T 2 UM EHER AR HE A, SHE
RE 1A RETE R AL SR s, adb— 204 T AR
Lb HLZ

3) SHERALI S R MEHE 6.0 mol/L KOH Hifi#
WA S mV/s IFHEE LA T i 156.8 Fig
W4 243.3 Flg. HARGBY B A4 fm R I, 2841
M AL B ) APC LRSS L LR 225 5 000 IRAG A 5475
I YERELE 74 Flg, B W m TR AL ET PC LA 4% 1) 63 Flg.
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