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Abstract

In this work, tower shape-bipyramid Ce0./Fe;03 composite materials were successfully prepared
through a chemical co-precipitation method using Ce(NO3)3-6H.0 and Ki[Fe(CN)s3H20] as raw
materials and deionized water as solvent. The effects of reaction temperature and reaction time
on the morphology of the product were investigated. CeO./Fe;03 composite materials used as
electrode materials for supercapacitor, were also detected through electrochemical performance
tests. Electrochemical performance of CeO;/Fe;03; composite materials in 2 mol/L KOH electrolyte
was studied by cyclic voltammetry, galvanostatic charge-discharge and electrochemical imped-
ance spectroscopy (EIS). As electrode material, the operating voltage of Ce0;/Fe;03 composite
materials is 0.18 - 0.45 V (vs. SCE). Its specific capacitance is 332.9 F/g at sweep speed of 1 mV/s.
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BTURAE, 7E500°CES4AE PB4 hEBECe0,/Fe0:E 4K, FFEE T WRItL . &R RN
i )X PRI TSR R . 35 P X-5F R AT SHMYX (XRD) . H 71 (TG). HFEHE T EMEE (SEM)FBH BT 8
B (TEM)SBAN WIS EREATRIE, LGP R ZA1E B 7B RERBT 7L T Ce02/Fe203
BAMRHENBR BB R R A . 7E2 mol/L KOHEW ', HA7% 10.18~0.45 V (vs. SCE)RT,
Ce0;/Fe:0:/E N HARARIRILE REFI LS, EEHEN1 mV/sh, HILBAERIXF]332.9F/g.
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1. 5|8

BT A AR RS IR TS G i 0, ARV R ek, Mk, T VAN n] RS e IR R 2 A
FEAETEE ST R, (R R IS A AL BV B AT BR IR e R AR O BT e R, B it
PR, 7K R DL B FEAL 2E R PR AR AR (ES) 25 1], Horpr, RS 78 33215 HoAth A0 E yth A LT 15 45 AH
LEREFAEIhE, meE%E, mAGFmK, AR SRR BRIV 2 e AR e 2%
[ DREFEFRAAERI IR . K, &AW S 3 AR R E I LR UM [3]: AT
HE R, R R - AR R T R R ITORR B R AT LR AR fe PR R () A 2 B i B (Con B i, B bk g
G RA WAL R S (I SE AR, AR B ALY, MIAE AR )= A v 72 . R F AR 45 A
TARE BRI M, ARG e s R e D BO0 L 2= A B AH L Ry 10~100 £ o IX iR b2 s e P mT LATAS
BRI 5, PRIUBOREEZ (B e 1) 1R H2S 2% . 40 Qiu Jiang [4]H] 4% H 1) RuO, 2
2 HARAEFR 2000 X R8RS A P OREF 86% ML HIZY, {H RuO, A& &t [Alith, FHRHAh 4B AR
BmmaIohEE,

HTATER 4f 76, W& R 0 =NM & Fiat 7% A mrs A M et 5], — 0
(CeOy) & —FhEEMF LA &Y, Ce[61R—FIEEMAE N 4f'sd'es’ M HoR, RARARFE, ik
BARHRMFE Lo R, BT MR AL S R &8 —FEf 2k — A 5d M4 6s PR UARE 1 e, i HL
AT AR — AN 4F PP A A 23, P2 AR 2 1) Ce*'s CeO, 1 Ce® Rl Ce* 2 HIHH HL #5451
Re JEAFHL R — M RUF B8R JZ A L, FTDAN FH TR AR (7], RE CeO, HA RIFHAAILJF Ry
P, EHAgMRENEZE, 2 ceMEEN c, Ha RIS, ik, SEARERAE T AR R,
9T TR R i VR RE R R LA AR R, A B R B ERE, SR IERE, Ae RS G R E M,
WK CeO, S B FH A £ J8 A E A 9]

AR S B A, e H R (a-Fe,05) [1018 K FILAE T FEFE L itls, MBZR A RS, ik
FEIEES DAL S 7 800 it A A 458 1) 45 8 FH i R A TS (AR . FeoO5 7 — PR A Ik 11 FL Al A L,
A AR, 5T 3-8, AR . HEN Fe,05 A1 CeO, M4, A R LA fm fH 4h 77 (17 M A 8 A0 I iR
FREME, MR E AL R B AR AR I N PERE . SRTHT, HEIRATFT AL, CeOyFe,05 HAYIKKFIENE
PEREEE R A S AR B 12 4 1k 2 A R

BT, ARCUUIS/KEMERE Ce(NO;);-6H,0 FINFE A LEIRET Ky[Fe(CN)e3H,OI AR, 7K ATE
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7, I ILGOEE Eh  # E  m S RT A, R I 500°C AR TR 4 h, B EIRAROK A
PEXUHETE S CeO/Fe,05 L a4 K, it SEM. TEM M XRD &5xf HoBS0 M S5 Mt AT 70 A, JFRESE 7 &
FORME R g i 28 45 F AR A B e

2. SCIOERSy
2.1. RS

7N K A W R 4l (Ce(NO3)y6H,0 5, 3 B 4li, i b ai A (L RHE B tr A BR A Al) s S EA T8k R 4
(K4[Fe(CN)s:3H,0], 7r#rddi, RETERLFRA) ).

fFHEA Cu-Ko 5 HT (A = 1.54178)[1) Rigaku X FLATHBGHEAT X LM RATH (XRD). R T2
s 5 RE B OB X S0 (SEM-EDX, H 7 S-3400)H45 4 . ] Diamond TG/DTA W #HX, fE=EEE
800°C A H L 10°C/min FTE & IN#GHE R HEAT R E /M1 (TGA). 7F AL 2 TAEBE(CHIT60E, _Eiff)R1E
AR 2 BB RL 0 F Ak 2 P R

2.2. SEWFE

#14% Ce0,/Fe,0; EAH#EL: 1 mmol Ce(NO;)y6H,0 WEAALE 25 mL 5 T/KH 55| A W 1 mmol
K4[Fe(CN)¢-3H,0 VA fFAE 25 mL 253 F/K /33 B ¥EW: ¥ A WIZIEEANE] B B+, =R (~327)
MR 1 h e, EOUEETTEY, F 2B T KR OB e = IR SRR TR A IAE 60°C
THEFAP TR, RFEFENLE 500°C UG HE TR 4 h, H3R%Y) CeOy/Fe,0; EEHEL.

il £ CeO, Ml Fe,05: #4 Ce(NOs);6H,0 7£ 500°C 2 <5 Bl 4Btk 4 h 155 CeO,; # Ky[Fe(CN)e3H,0
£ 500°C 2 H B 4 h 153 Fe, O30

2.2. ERGIESEAFERER

B Bl 2% GF I RE S BB FD PTFE FL(Polytetrafluoroethylene, PTFE, w = 60%)3% i & [ o 8:1:1 &
HIE, MG &K CREEAE 10 4081, 80°CHET, s frRHLT /S 4RI 1.4 mg IIHIAR 7, SRJS1E 10 Mpa
(I 77 H R SR I AR A b, PRI B Bl AE HL ARV (2 mol/L 1) KOH)H AT & fk . R =il &R
gt DA A0 R N AR AR BRI B, Ag/AgCl IR Z LMK, & H % 0.18~0.45 V,
FE AL 2 ARl B R B Al 22 1 R

3. BR 51118
AR TFEMBSEM)S T

N TR TUR NS EON IS RN, AT T RPN IS, W HBSEAT T RS, B
o5, I E HAl SN A, W TSN AL X P TSR IR o 1] 1 AN TR S 2R (8] i 45 BT SR A4 ) SEM
Ko SIS 0 min B (] 1(a)), FrAAedn t 82 2RI, HKIARZI08 22 um, 454G Fe,05 HIFH
(R 2(0)) T RIZ 2 TR AT BE 2 Fe? UL &4, BEAE SIS T (39, B0 )2 2 TR IZ i TRA BOIRHE; 24
SN E) K 10 min B (13 1(b)), P YITESONEUR 2 TARHERRAORABEIR, K2 5 pm; 24 SN 24 30 min
(&L 1(e)), T UL BURASE XUHE I A2 K7 1) 2 2R AL AE R AT, 53 AMERUBRLEL DN, 45 CeO, B
(P 2(a)), INBRBERRYIATBERZ Ce™ IR A, KL 17 pm, 5829 9 pms HBHET R 1 h B (E 1(d))
TERR T S BRI B DHEIE S, KL 22 pm, 9829 10 pme B EIR AT AT A1 BEAE B RT3 0,
Ce™ BL & PIEWIAE 2 1k Fe’ I AP LR, REA AWK, BZAER B 1 h 5 TR B AR
HETE ST AR A, 0 W S LIS TRD xR B IR HE T S T F RO, L 53 B K S SR 1) 1 he
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Figure 1. SEM images of the precursor obtained with the molar ratio of
Ce(NO3);-6H,0 to Ky[Fe(CN)g:3H,0 is 1:1 at the reaction temperature of 32°C
for different reaction time: (a) 0 min (b) 10 min; (¢) 30 min; (d) 60 min

[ 1. Ce(NO3);'6H,0 5 K [Fe(CN)s 3H,0 BIEE/REE A 1:1, REGEE X 32°C, T
[515 RZBE] TS EFr S RTIEAAY SEM [E: (a) 0 min; (b) 10 min; (c) 30 min; (d) 60 min

Figure 2. (a) and (b): SEM and EDX of CeO,; (c¢) and (d): SEM and EDX of
Fe,0s3; (e) and (f): SEM and EDX of CeO,/Fe,0; Composite material

2. (a)FA(b): CeO,H SEM E %K EDX [E; (c)F(d): Fe,0;# SEM ERK
EDX [El; (e)FI(f): BUEHIR CeO,/Fe,0; EE#HAIA SEM [E K EDX
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WAVEE T T N EE IR B PSR B s, W& 3 B, 24 n(Ce’)m(Fe* )N 2:1 (K 3(a)), 7=
PR B REEAERA R, HKZ8 5 um, L8 3 um, 824 n(Ce™ )it £ Al fig &40 Ce® MImL &4
fE Fe’ L& BRI E LS G 24 n(Ce®)m(Fe™ )M 1:1 (18 3(b) I, P45t
ZHONTEEMESRVAET, HK LN 8~12 um, 2N 5~8 um; 24 n(Ce™ ):n(Fe™) N 1:3 (14 3(c)if, Fa
B AR, BRARAES, HKAR20 um, %40 2~13 pm, LI Y n(Fe® )it £ 2 B il XUHEFA
BSR4 n(Ce® )in(Fe™ )N 1:5 (& 3(d)i, IR ZEONANFAEIRA D B XETER, HK
N 5~10 um, FEH 1.5~3 um, M 2 n(Fe®")id 22 B AN S il b 38 OUE A 2 1, Tt FL 23840 Ce )
FLEWTE Fe™ RL &Y EIER. i LR oS &k 1:1, 4 n(Ce™)AI n(Fe™" )it Z i #i45
M) T SR A B U T 558 P T ko

T4, G 4 R A SR AR AN AR, TR R SR R P TSR . ] 4(a) NTEER(327C)
SAE R N — /NS BRI B, W LA B ST R ST IRA S ST B, K20 15 um, %
2958 1~2 pm; 1E 40°CAIRIREE T R NAF B FAFE RO AN SE B RS, /b & 58 BRSSO RS, K
29 11~17 pm, T2 2~9 um; HTEKH 50°C M — /N G153 B R 2 A e BN HETE S, b e 5
P, K2 8~14 pm, T84 2~4 um, NI FETHE KT 60°CHE, FERESULT AR ER IR, K
29 8~15 um, TELY 2~5 pm. HI FIREIE AT A BEE ROSOR T E, FEEE SR B e A B XA AN 5
NS, X T AR TR R T s i Ce®t/Fe MERRTE LI IE S 25 5 43 Tl H B AR 58 3R (O RA B2 XL
HETESR. BRI, e i@ OB E N = (32°C).

B, X b SR R] S A A s S B = D T B R S, g 2% iff SR A B T 3 I Ak A
N RSB A 11, FEERG2C) RN 1 h, LR TS 721y MR 5 R IR 4

K5 fIGa)s (0)F1(c)s (d)7r 5l B SRR RB RS 5 ) CeO,/Fe 05 A MR e . M (a)Fi(b)Hh
AT DAB R AT ORAARE i T3 R AA B, AMIE RBLIIRE, TEFREC NS, RRGWB N R, WHK
PUREHRTRL, FEAACTESZ0N 20 pm AT 12 pm, EAMERIAFLIES . £, 500°CHE 4 h 132
1] CeOy/Fe,O3 LAMEMIARRIES, BRI 16 um, % 9 pm, RAEERTIRARCN, MIE S 5(d)

Figure 3. SEM images of the precursor obtained at the reaction temperature of 32°C
for 1 h with different molar ratios of Ce(NO;);-6H,0 to Ky[Fe(CN)s3H,0: (a) 2:1;
(b) 1:1; (c) 1:3; (d) 1:5

B 3. REGEE R 32°C, RMAER 1h, Ce(NOs);-6H,0 5 Ky[Fe(CN)s-3H,0)
R EEREE &4 TER S HIRIFAY SEM B: (a) 2:1; (b) 1:15 (c) 1:3; (d) 1:5
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Figure 4. SEM images of the precursor obtained with the molar ratio of
Ce(NO3)3-6H,0 to K4[Fe(CN)s-3H,0 is 1:1 for 1 h at different reaction tem-
peratures: (a) 32°C; (b) 40°C; (c) 50°C; (d) 60°C

4. Ce(NO,);-6H,0 5 K,4[Fe(CN)s-3H,0 RUEE/REEJg 1:1, RMNATEF 1 h,
REKARE TErSRIUEART SEM [E: (a) 32°C; (b)40°C; (c) 50°C; (d) 60°C

Figure 5. (a) and (b): SEM images of the precursor obtained with the molar ratio of
Ce(NOs)3-6H,0 to Ky[Fe(CN)g-3H,0 is 1:1 for 1 h at the reaction temperature of
32°C. (c)fI(d): SEM images of CeO,/Fe,O;by calcination for 4 h in 500°C air at-
mosphere

5. (a)FA(b): Ce(NO;);-6H,0 5 K [Fe(CN)s-3H,0 HIEE/REEA 1:1, E=IR
(32°C)R R 1 h F{SHEIIRARHY SEM [, (0)F(d): 500'CESGEF &R 4 h B
1§ Ce0,/Fe,0; #J SEM [

AT LAE H CeOy/Fe 05 AMU SR B TH 2K, A FLIFITE K, 3X AT RS AE MBI R HR AR il A S8 i B i P B T
X —FLI &5 A6 1 H B ] DA e S I LR T AR, AL SR RE A R R R, ORI bUR AR B8 14 K Fa A A
SN Y A Y S AR C X

2 4 CeO,. Fey05 Al CeOy/Fe 05 B A EHIIAHI(SEM) M B3 H(EDX). 4] 2(a) W LI H CeO, 31
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F1 B B AN RN BURLZEL R, 1] 2(b) CeO, RE1E BT LAINTE Ce £l O TG 3 HIAFAE, HoH Ce IR & 8 18.61%,
O LR E TN 57.15%F C LR S RN 24.24%. MK 2(c) i LLANE, Fe,Os B AN /N AATESH,

KIAEZ19 10~50 nm, A BRI HIL, Bl 2(d)Re ik EIR BHZFE S Y Fe M1 O Juz, Hr, FemEE&
N 32%, O HIJCE T8N 53.76%F1 C FITCE S BN 14.24%. [E 2(DEEIEEIIEH CeO,/Fe,0; B &M k2
i Ce. Fe. O M1 C mEmAM, FILREET N 8.15%, 4.61%, 65.04%H 22.19%.

6 AT IRARLE 2 S S TG #h 4R, 123 78 32 250 AP BT HAE 500°C DA B B R E 2N 45%.
B UCRELE 250°C 2R, REEKLHN 10%, FERYERMKMGHKER, X5k MNEEH 21
ANEEE K (1 mM Ce(NOs);6H,0 il 5 mM Ky [Fe(CN)g3H,0)HIFE 18 Jii 573 H(12%) #5301 - 55 — IRk I B AE
250°C~500°C, REZHN 35%, 1XA&HTANEAGEEIR IR H0N 33%) K0 s, b Barmn, 78
EmERRE T, ORI 2T KA T, TR BRI, BRI Bk A, a5 AL T AT LA
SEMBRE G HIRE A CeO,/Fe,0s R A KL

7 RAEZSAE, 500°CHLE 4 h 15F1f(a): CeO,; (b): Fey0s; (c): CeO,/Fe,0; E AL MK
T(a)RI A, Z I A AT SIS 5 3L 77 AR CeO, AR (JCPDS card NO.34-0394)58 W) &, 1iE IR
BRJE 5 R CeOyo K 7(b)HIRIIATINIER 54, 43760 T 30.2°, 35.6° 43.3°, 57.3°H1 62.9°4b, 1X
JUAL AT 50 B2 B 20 39 % BT Fe,O5 H1(220) (311). (400). (511)F1(440) 5 I (PDF#39-1346) [11],
IEZE AT BN 0-Fe 050 14 7(c) N CeO,/Fe,0; HEHAEH XRD K, Hhfii T 28.5°, 33.1°, 47.5°
1 56.3°17 4 NGEATHF (L) 53 BT RS J5 AH CeO, FI(111). (200)~ (220)F1(311) & TH - A7 30.3°4 35.7°%
57.4°F11 63° kb (Gl f0) Y BRI AT S0 6) B2 Fe,O5 (PDF#25-1402) [12]13(206)~ (119). (11 15)F1(40 12)44 T, i
A% EE S & CeO, M1 Fe,O5 I E S KL .

— RIS, MRLLR TR FLARAFLE N T AR ) S A BRI sEma [ 13]. BRTEOL T, R
AR BB LA B S R RIEL, H3br b, BERaREFEFEZILEANH L. Bk
MBI/ T 0.5 nm, 2 SECRMRBHENRME, TS BATAEAE, Pl A& EmfLaA AR T
FRptm M tE L gs . il I AR B IR 2 AT CeOo/Fe 05 EEM B LR AR FLEF LTS
PET o 1€ 8 NAE 77 K I IR 1) CeO,/Fe,05 B A1 MR B 25t ith 42 e FLAR 0 A i 2o AL 8 ] DL H,
Ce0,/Fe,03 A MR - BEFt SRR di 2y v Y, Horp, H3 RUEHRILRHER S M E S NS
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Figure 6. TG-DTG of the as-prepared precursor
[ 6. HEMERATHRIARAERLZ
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Figure 7. XRD pattern of the product obtained by calcination at 500°C for 4 h in an air atmosphere
B 7. FEES5E 500°CTHREE 4 h ISEIRY~489 XRD
—
] g 0.0015
o0 % 0.0012 1
~ ' M
E 20 E 00009 &%,
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Figure 8. Nitrogen adsorption-desorption isotherm of CeO,/Fe,O; composites
[ 8. CeO/Fe,0; EEMEIIR SR - RN RL
MERE
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SRIEAIEERILS, RPIXHFAMEI DR E . ERER, AWM RPN, RMEENFLIARE
T F N o T B SR A . TR Fp )2 g R B, R P 2 S 38 m ) ) by BB SR P [ 3, R B e L
P EYHE BER Ny o FIHEFE . MRHLR I A g 1 R RIARXS AL BB S A B . RSF BL
B, B GHEESRE IS0 B I R 0 b B 23R R ALAR T B3 In, o] BB ADREHR A7 7E P PR T HE AR A I A
45L. CeOyFe,05 EEMEHER R P/Py N HBLH B FIFIR, HHESME EE AL,

F 1 HIHT CeOyFe,0; EAMEHILRMA ., LA LFLIE. CeOyFe,03 EEMEILAFFLNE, HAL
oy At g B2 I7E 10 nm A1 20 nm AL H I T B ANFLAE AR, REFES P EA AR RS LIE. X
Xof LRI P O A LR T MR i B AR R R . LR 10 nm 19/ HRFLTTER T AL
2, /NGB FLIE RENE f R PRE 08 XS PR B A LR TR, 3835 Ve R 2 5 v s B S B PR T AV A
R G R FLAE U R o LRV T IOAE S R (R (I8 T, S pP R A e e . Ml AR, P
)45 B AT R EE R T AR 43.3 m*g ™', BIH P FL42 4 34.318 nm.

K 9(a)s FE 9(b) M 9(c)43 N4l CeO,n 4l Fe,O3 Fll CeO,/Fe 05 HLM A BIAE AR FRIFAHEH Z N FIfE I

Table 1. Specific surface area, pore volume and pore size of CeO,/Fe,0; composites

e BET (m*-g") Jfl(em?-g-1) 1L 4% (nm)
Ce0,/Fe,0s E & MK 433 0.0372 34.318
0.03 0.025
a b
(a) (b) /]
0.02 1
0.0154
~ 0.01 0,010
:P ‘o0 0.005-
0.001 <
~ ~ 0.000
BN ~
-0.01 - -0.005
-0.0104
-0.02
— 100 mv -0.0154
-0.03 T T T T T T -0.020 T T T T T T
020 025 030 035 040 045 020 025 030 035 040 045
E (V) E (V)
0.020
0.03
(c) (d) s
0.010
~—
Tag 0-005
< 0.000
~
-0.005 1
0.010 Ce0;
- Fe,0,
0.015 Ce0,/Fe,0,
020 025 030 035 040 045 020 025 030 035 040 045
E (V) E (V)

Figure 9. Cycle curves of pure CeO, (a), pure Fe,05 (b) and CeO,/Fe,O; composites (c) at different sweep rates; (d):
Cyclic voltammetry curves of pure CeO,, pure a-Fe,05 and CeO,/Fe,O; composites at a scan rate of 50 m V-s !

& 9. 4hi CeO,(a)\ £l Fe,05(b)Fll CeO,/Fe,0; EEMHEI)EAREFNE TRITEIFEIZE; (d): ZE CeO,.\ £ o-Fe,0;
# CeO,/Fe,0; E AMRIEIHERE R S0 m Vs BIBIMARBNL:
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Rzt e FEARPHEE TN, ERRIFRA KR RS, W2 E SRR RAF 5 35
Yo JURET EEMR A FURFE A T r AR RS TR DA% . BEAE R N, Cv 2%
I J e 73 1) IEJ7 [ MRS 1WA Bl WA ZE AN G N, 5 B B ARORE R AR AL G 5 FL S N R 2 9 H
.

H 1 9(d) P H, 7E 50 mv T, EEMEH RIS BRI B i s, L CV IHZRmARER R, W
AR A R A EEME CV 4 B S IE TR L RURIE T CeO, 1 Fe,O5 AL 22 AR J5
K. IRIEEEMEHIEMMALE D Bras R, EE RS S E A T -

CeO, +¢” +H,0 — Ce’*O0H + OH~

Ce’*OOH-e +0OH™ — CeO, +H,0
Fe,0, +2¢” +H,0 — 2FeO +20H"
2Fe0+20H™ -2¢” — Fe,0, + H,0

UEAh, BEMEHN FLEHE T MR i & 7 Iy o 28 BN, 2T OV iZRiFiE, B
BRI BRI A 2 R 2 A A R
T HLR R IR A 5 SE MEM R R i A SRR I B 27 7% 18] 10(a)s & 10(b) AT 10(c) 7070 2

(a)_ 0.39 — e (b) ] ——
O 0361 13 mA em o 036 —25mAem®
én =2 mA cm . 1) ——2mA cm®
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Figure 10. Charge and discharge curves of CeO, (a), Fe,O; (b) and CeO,/Fe,0; composites (c) at different current densities; (d):
charge-discharge curves of pure CeO,, pure a-Fe,05 and CeO,/Fe,0; composites at a current density of 1 A-g™'
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Figure 11. AC impedance curve of composite material (a) and specific capacitance curve at different sweep speeds (b)
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