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In situ synthesis of iron oxide/pyrite composite by vapour deposition
process and its photoelectricity properties

ZHANG Yaping' , WANG Jinhui', YU Lianging', WANG Qingqing' , ZHU Haifeng', JIU Tonggang

(1. College of Science in China University of Petroleum( East China) , Qingdao 266580, China;
2. Qingdao Institute of Bioenergy and Bioprocess Technology, Qingdao 266101, China)

Abstract: FeOOH as a precursor of iron oxide was prepared by hydrothermal method on Ti substrate. The titanium sheet
with FeOOH and sodium thiosulfate were placed in a quartz crucible. Then, using Ar gas as carrier gas at high tempera-
ture, the sodium thiosulfate decomposed into elemental sulfur in the gas phase and participated in the chemical reaction,
through which the composite of pyrite and Fe, O, nano arrays was in-situ synthesized on iron oxide nanorod arrays by con-
trolling the calcination temperature. The X-ray diffraction, field emission scanning electron microscopy and Raman spectra
were used to analyze the crystal phase, morphology of the composites. The linear sweep voltammetry, photocurrent-time
impedance and Mott-Schottky curves of Fe,0,/FeS, composites were measured by electrochemical workstation. The results
show that pyrite can be observed on the surface of the Fe,0; nano arrays. The composite has optimum photo electrochemi-
cal properties at the calcination of 500 °C, and its photocurrent density greatly can be increased from 0.32 mA/cm’® to
3.68 mA/cm’.
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Fig.2 XRD patterns of Fe,O, and its composites

2(I)0 . 3(;0 . 4(;0 5(.)0 I 660
HEMH/cn?
E 3 Fe,0, REAYWH Raman ti%

Fig.3 Raman spectra of Fe,O, and composite

2.2 SEM &g 4 i

K 4 S Fe,0, M55 SEM K & EDS &Ei &,
HIE 4(a) fil(b) B Fe,0, HkBREA K, HiE
2550 nm, KB 500 nm, FHE 4(c) ~ (e) B,
450 CIREET 7 Fe,0, KA — 280 A i,
KRR RIBR AR A | I HL AR 2R 10 =34 & iR 00 i
FETE s TE IR BEFHE & 450 C b FR | S 1218 Hbd
FHKA FeOOH B IX I, A S 5 FeOOH & 4= 2 )i
A AT, AR T B R T R 3 O A7 i
A2 T A R PR A X AR AR, A S
Kfie5 FeOOH 58 4 Iy, A= B T 2 B 1 i fR 1)
B 5 28 Ak Bk 7 o3V i 3R AR, O R AT IS VR SR Y
Fe,0;/FeS, ZAWH S TR E EAIHN 2. 70 % I
HIT FeS, tbBWIMTAE,

K5 AR EE R il 45 19 2 G 9 SEM JE S
K, MIE 5 (a) &, FHEE] 500 °C,Na,S,0, 435
AR BATUSAR S 5 FeOOH & A4 IOV, FEIE EAT IR

TESRTE % s AR EETHE S 550 °C , FE SR T2k 4
AR, K5 (b) &, B A& YA gl /N aR
Y, SN TE 500 ~600 °C N, BEE TRE T, %
T/ I BT R A T AR B SRR Bk
Fe, S(x H0~0.17)"%

(a)Fe 0, 1&fE

i KR g

(c)Fe,0,/FeS,, 1&f  (d)Fe,0,/FeS,, Fifk
TR RESR BT

% /%

C 0.65 1.38

1 0 43.64 69.67

S 2.70 2.15

0 Fe Ti 33.80 18.02
CLFe§ ’{1 |Fe Fe 19.21 8.78

0 2 4 &6 12 14 16

8 10
BB /keV
(e) EDSE i

El 4 Fe,O, FE5IK SEM B K EDS fEif
Fig.4 SEM images of Fe, O, and EDS

(0)550C
B 5 Fe,0,/FeS, E4% SEM &

Fig.5 SEM images of Fe,O,/FeS, composites
2.3 emiFEMEaE

Kl 6 2 Fe,0, XA SYEHAATEREL G0
Fri, o, € o ol R R B A B 5 L FE LR S
ISR R, mE6(a) BN, ZEEH
AR AL AR R -0.2 V., KA LG B A F
TR 08, RPE G R SL 1A
AR FRECIRET | LAk 588 2 SR



174 -

PEEHKFFROAARFFR)

2019 4 A

() 1=V i 7 i 2 B 4 755 40 Fe, 05, 7E0.23 V IR
HLE T, 46 Fe,0, BOGHLE EEAUA 0. 32 mA/em?,
AR TR B AF B 500 °C R EE A5 1T il 4
(), HOGHL L% M 3. 68 mA/em’, J&4li Fe, 0, Y 11
T, JCHIEEN E RS, N E WA R T H
F-Z RSB, XHKE T Fe,0, 5 FeS, Z
FSERAS AL HE 6 (b) &, Fe,0, HY2E
WIEHE N 2.1 eV, FeS, BYZEHF i B 4 0.95 eV,

ESXG

S I AT B T A H T RS SR g I R
A REDELRITERE, HIE 6 (o) B/, ZEaWH
JCHLTE S AR TR R S, X AN T Fe,0, 5
FeS, Z IR AL T 5 o4, 2 1Ot A 1 - 25 700
Ao IR T —EME G ILR, mE6(d) . (e)
AL, Al Fe, 05 KOUE S W SCHE - 1 Fp R e e itk
R S I E A AL B A5 B S 4l n B
P, PR FERRR T,

181 —=— Fe0,
o 15| — Fe0,/Fes, 450 C B
& —~ Fe,0,/FeS,, 500 C P
g 12t —— Fe,0,/FeS,, 550 C / o~
gt \ N
& / ( 1
E 6 | 2.1eV 10.95 eV
R 3} \ L /
\ R —————
O X 2 " L < \/ - 8 h+«_,/'/
0.4 -0.2 0 0.2 0.4 0.6 0.8 g s
HUE/V ™« L
(a) BIE-HE ML (b) BT 451
2.0 —— Fezo3 8 - Fe203
= —— Fe,0,/FeS,, 450 C —- Fe,0,/FeS,, 450 C
S 1.5} —— Fe,0,/FeS,, 500 C ’?: 6
=< —— Fe,0./FeS,, 550 C "
P 5
1.0 2 4t —~ Fe,0,/FeS,, 500 C
E " "] < —— Fe,0,/FeS,, 550 C
#o0.5 oot
R *
0 grees : = : : : : )
0 100 200 300 -0.9 -0.6 -0.3 0 0.3 0.6
BHE/s BLE/V
(c) HRE - (] th 42 (DB TER-HiFEMR
4.
3 -
—— Fe,0,/FeS,, 450 C
__3F == Fe,0,/FeS,, 500 C
1 e}
3 = Al
S 2 N
- B
T & —— Fe 0
a iS 273
© = 1p —— Fe,0,/FeS,, 450 C
1 = — Fe,0,/FeS,, 500 T
— Fe,0,/FeS,, 550 C
—— Fe,0,H& &
0 . 0 . .
-0.9 -0.6 0.3 0 0.3 0.6 0 1 2 3
BE/V FHpISEB 2’/ kQ
(e) 6 (d) B = EB (O RBTEAZZRE
E 6 Fe, O, REESYLBUFHRESHITE

Fig.6 Photoelectrochemical performance comprehensive analysis diagrams of Fe,O, and its composites

TN 6 (d) & nr Beab AT A, oF 5 800 1k
JiE0) 153)4f Fe,0, K HL 450 500 F1 550 C i E T
A FE G B LT 43 1 R 2. 25% 10 4. 49x10%
5.56x10* 1 1.01x 10 em™, 0] LI H,500 °C iz
JEE SR A8 R S BB R B s, U E A

H

s FN

Py e L - 23 O R b b Sy i 5 A
AERAPCH MR, i 238 7E « il 1
IHREE , & B4l Fe,0, SHAE 450,500 1550 C T
SEARE S E AT LAL V0 9 -0.98 0. 21, -
0.33 F1-0.78 V (=t Ag/AgCl) , &2 & J5 k5 i -F



$43 %K H2H

RIS AAE RIS R BAE/ F R H A R R B Al - 175 -

Ay HLALAT B T R, R e R S Y 450 A
500 °C i BE A5 15 1 ] # BORE S PR ALV, B
IE, U A MRH SR BEGUBAR , A R T2 59
HA R £ AR PR O S B i T A RGO AR 2
PRI

HIE 6 () A i, B IS | BEAT(E N, AT L
A IR AL BRI BHEI8 ) I R AL BRI Y
JCHE, UL ISR RN A T R
JEAEHL T -2 O B TR A, Ak
SHBRT 12 A WA IR A BE BT TR R AR AL,
LB, BER S 5 WA AR 5 S T A LT 23 B DR
BRI, 3k 5 B — R i 2R RS Y
AP E TR R — 2, £ 500 C AL
SA ALY TR /D, R T U ok, BB fe
e AL RE

3 5% it

(1) 38 1R PGE R TARE B R A B AR
55 BB I IR A ), B BBl E Y T
AR S B K R R

(2) 1 500 °C il A& il 45 9 AL Bk B gk
RIS S WU B/, 0 VR B B i (5. 56
10* em™) eI PERER IR

SEW:

[1] YU Lianqging, LI Ming, HUANG Chengxing, et al. Pho-
toelectrochemical properties of N doped black TiO, nano-
tube arrays[ J]. Materials Letters, 2018,216:239-242.

[2] YU Lianqing, ZHANG Yaping, ZHI Qianqian, et al. En-
hanced potoelectrochemical and sensing performance of
novel TiO, arrays to H,0,[ J]. Sensors and Actuator B
Chemical, 2015, 11:111-115.

[3] T, 50, /NG 2. Ag 2T TiO, 99KA 1551

FOGRALAPERERF ST [ 1], P E AR = (A4
BERR) ,2015,39(3) :183-187.
YU Lianqing, ZHANG Zhiping, ZHOU Xiaoyan, et al.
Photoelectrochemical properties of Ag—TiO, nanotube ar-
rays[ J]. Journal of China University of Petroleum ( Edi-
tion of Natural Science) , 2015,39(3) ;183-187.

[4] SMESTAD G, ENNAOUI A, FIECHTER S, et al. Pho-
toactive thin film semiconducting iron pyrite prepared by
sulfurization of iron oxides[ J|. Thin Solid Films, 1988,
164(1) .475-480.

[5] ENNAOUI A, TRIBUTSCH H. Energetic characterization
of the photoactive FeS,( pyrite) interface[ J]. Solar Ener-
gy Materials, 1986,14(6) :461-474.

(6]

(7]

(8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

BARAWI M, FERRER IJ, FLORES E, et al. Hydrogen
photoassisted generation by visible lightand an earth abun-
dant photocatalyst: pyrite (FeS,) [J]. The Journal of
Physical Chemistry C, 2016,120( 18) :9547-9552.
MACPHERSON H A, STOLDT C R. Iron pyrite nanocubes :
size and shape considerations for photovoltaic application
[J]. ACS Nano, 2012,6(10) :8940-8949.
ZHANG Yaping, ZHU Haifeng, YU Lianging, et al. MoSe,
modified TiO, nanotube arrays with superior photoelectro-
chemical performance[J]. Mater Res Express, 2018,045014
(5):18.
YU Lianqing, ZHANG Yaping, HE Jiandong, et al. En-
hanced photoelectrochemical properties of a-Fe,O; nano-
arrays for water splitting [ J]. Journal of Alloys and Com-
pounds, 2018,753(15) :601-606.
WARREN S C, KISLON V T, HEN D, et al. Identif-
ying champion nanostructures for solar water-splitting
[J]. Nature Materials, 2013,12(9) :842-849.
WANG L, WEI HW, FAN Y J, et al. One-dimensional
CdS/a-Fe,0; and CdS/Fe;0, heterostructures; epitaxi-
aland nonepitaxial growth and photocatalytic activity
[J]. Journal of Physical Chemistry C, 2009,113(32) .
14119-14125.
ZHANG Z, HOSSAIN M F, TAKAHASHI T. Self-as-
sembled hematite (o-Fe,0,) nanotube arrays for photo-
electrocatalytic degradation of azo dye under simulated
solar light irradiation[ J]. Applied Catalysis B:Environ-
mental, 2010,95(3/4) :423-429.
BAI H, CHEN C, WU H, et al. Fabrication of ferric
oxide/reduced graphene oxide/cadmium sulfide hetero-
structure photoelectrode for enhanced photoelectrochemi-
cal performance[ J]. Crystal Research & Technology,
2016,51(11) :656-662.
BUHRER W, LAFOUGRE E, LUTZ H. Lattice dynam-
ics of pyrite FeS, by coherent neutron scattering [ J ].
Journal of Physics & Chemistry of Solids, 1993, 54
(11) :1557-1565.
CUMMINS D R, RUSSELL H B, JASINSKI J B, et al.
Tron sulfide (FeS) nanotubes using sulfurization of hem-
atite nanowires[ J |. Nano Letters, 2013,13(6) : 2423-
2430.
S BRR T, 27 A AU T BRI
B WIRIAE BT ST [T ], A M i 2 4, 2015, 21 (4)
577-583.
SHI Yadan, CHEN Tianhu, LI Ping, et al. Study on
mineral phase transition of pyrite thermal decomposition

under nitrogen atmosphere [ J ]. College of Geological
Journal, 2015,21(4) :577-583.



- 176 -

T E G HKFFIR(ERAFR)

2019 4 A

[17]

[18]

[19]

(20]

YUN W M, JANG J, NAM S, et al. Organic light-emit-
ting diodes with low turn-on voltages and improved sta-
bility featuring a PTCDI-C13 ; CuPc¢ mixed hole injection
layer[ J|. Science of Advanced Materials, 2014 ,6(8) :
1676-1680.

FORMAL F L, TREAULT N, CORNUZ M, et al. Pas-
sivating surface states on water splitting hematite photoa-
nodes with alumina overlayers[ J]. Chemical Science,
2011,2(4) :737-743.

SMESTAD G, ENNAOUI A, FIECHTER S, et al. Pho-
toactive thin film semiconducting iron pyrite prepared by
sulfurization of iron oxides[ J]. Thin Solid Films, 1988,
164 (1) :475-480.

FORMAL F L, NICOLAS T, CORNUZ M, et al. Passi-
vating surface states on water splitting hematite photoan-

odes with alumina overlayers [ J ]. Chemical Science,

[21]

(22]

2011,2(4) .737-743.
T, A AR S S WO AR 2 PR RE W ST
[D]. # & : P EAIR (FK) ,2016.
WANG Qingging. Photoelectrochemical performance of
iron oxide and its composites[ D]. Qingdao: China Uni-
versity of Petroleum (East China) , 2016.
SR, BORG TE A, SF. B AL SR A B4R/ TiO, 9H
PN S TIPS A2 d i A L Al PSR PN e =
(FIARLAAR) ,2016,40(3) :175-179.
ZHANG Yaping, HUANG Chengxing, DONG Kaituo, et
al. Photoelectrochemical performance of cadmium sul-
fide/ graphene/TiO, nanorod arrays[ J]. Journal of Chi-
na University of Petroleum ( Edition of Natural Science) ,
2016, 40(3) . 175-179.

(%4 %A F)



