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ORER—FTE. GRS . MR AL KA KR TFEAEKN Zn,Sn0, 99K LL#E 500 C X
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Zn0 #4KAE, Zn,SnO4 1 ZnO E & )5 LR A K,
7E 250 ‘CX} 1 000 umol/L FGEH REBUE N 27.2, &
4fi ZnO ¥ 3.2 f%; Zhou ZWPLRAIKHGES K T
Zno SO PIKFREI MnyOs KK E S RL, 1E
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ML B X SRATHHU(XRD) 04N FH
H - RAMBL(SEM) I LT RAMBL(TEM) X $f4k
T RETE(XPS) KA1 WL e EETH(UV-Vis).
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# 0.0063g. 0.0125g A1 0.018 8g CaFe,04
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153 CaFe,04/Zn,Sn04 B &KL i1 2428 CaFe,04
IR, 1527 BERDENN 2% 4% 6%
MR AEMEFES, FEFRIEN 2%CaFe;04/Zn,Sn0ys
4%CaFe,04/Zn,Sn04 Fll 6%CaFe,04/Zn,Sn0y.
1.4 PRI

AL 4% Cu K, /) XRD (XRD-6100, &7, H
A), XPS (Thermo ESCALAB 250, ZEER GiH/R, £
EED) XA 11 B AR 5 K R A 22 R 3 1EAT T R AE « R
SEM (JSM-6490, H kX <4k, HA). TEM
(JEM-2010, PR a4, HA) X BE & 3
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& 1a 7] WL, 7F Zn,SnO, [ XRD i, 26
FERLT 29.2°. 34.4°, 36.0°. 41.7°. 45.7°, 51.7°.
55.1°, 60.5°. 63.6°. 68.6°. 71.5°H1 72.4° (T 5 14
a3 S N R 4R A 45 R ) ZnaSnO4 (JCPDS
24-1470)1(220)+ (311) (222)- (400). (331). (422).
(511). (440). (531). (620). (533)F1(622) M2,
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1] XRD #EH1, 20 fREAL T 24.3°.33.2°.35.7°.40.3°,
49.6°. 54.5°, 57.7°. 62.5°. 64.0°F1 72.0°f A7 5
A3 % TR AT £5 R CaFe,04 (JCPDS 32-0168)
f1(220)~ (320). (201)« (131)~ (401). (260). (600)+
(170)s (261)F1(322)1H"%, %W CaFe 0, # BTl

%o fE 2%CaFe,04/Zn,Sn04+ 4%CaFe;04/Z1n,Sn0y
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W iy 78 5

X P Fourier 25 #41 4h Y6 1% X 46 Zn,SnO, «
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1 6%CaFe,04/Zn,Sn04 BE M RHHAT T RAE. HE
1b Af W, 7EFTAGIEd, 3420em ' 4B 1620cm™
A TP WA 0 B A7 AE—OH. 8 TR W L HL0 43
TP, XF CaFe,040 7 565 cm™' A1 478 em ' Ak
(R0 3 I 6 N F Ca—O BEA Fe—O HERIMH45 IR
B2 T ZnoSn0y, TE 574 cm ' b [RHRFF U4 X5}
BT Sn—O # R 4R 3 P EARE R,
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Ca—O, Fe—O 1 Sn—O FMHFFIEIE, KB R ThH]
%7 CaFe;04/Zn,Sn0y SE5ME. A, Hai
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W K SR R 4 FS 5, R B CaFeyO4 Al ZnySnO4 2
) 1715 2 V) () S 2 Y, ATRETE L T CaFe 04—
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(e
6%CaFe,0,/Zn,Sn0O,

1y *0
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(a) XRD patterns of all samples
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(b) FTIR spectra of all samples

Bl 1 Zn,SnO4. CaFe,04 1l CaFe,0,/Zn,Sn0, E A4 BHH XRD #EA1 FTIR i

Fig. 1

B 2a A1 2b NFE S Zn,SnO, () SEM B, il
210 ZnaSnO, £ 2\ AR B A ¥ 5, ik
P2 RSEAE 350 nm 245 B 2¢ ATE 2d AR
CaFe,O, If] SEM 8 . 1] 2¢ A& 2d AT I, il &
(R CaFe,O4 2HIR, ~FIJRSTLE 180 nm A,
HERMmAMARE, 2HSEN. B 2~E 2h N 4%

XRD patterns and FTIR spectra of Zn,SnO,, CaFe,04and CaFe,0,/Zn,SnO, composites

CaFe,04/Zn,Sn04 & BT SEM B . HIE 2e
A 2f 7] W, FE G MR CaFe,04 RAUKHEIR,
MEAE Zn,SnO, NIRRT F . HE 2g 7T I,

Zn,Sn04 5 CaFe 04 B & J5 AA1E KE LI . i K
2h W[ 0L, BEEJE ZnoSnO4 IR ) 350 nm 28 %,
300nm, CaFe,O4 fJ/~FM 180 nm 28, 1 150 nm.
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BEAh, BEA CaFe,O4 KU, RIMJGIFH) ZnoSn0y  HEZ LKL, XA R TR0 T £ BUEM kL R
JNIH AR R AR EOMRE, IX/E CaFe 04 /NBURL TR BOF IR Y SR AR AL, A7 A T ek
Bt & 7E B2 CaFe,04 5 ZnoSnO4 ZIAIFAE REIHR i

7
&
2
)

CaFe,Of
nanorod

(e) CaFe,0,/Zn,Sn0, (f) CaFe,0,/Zn,Sn0, (2) CaFe,0,/Zn,Sn0, (h) CaFe,0,/Zn,Sn0,

B2 Zn,SnO,. CaFe,04 M CaFe,0,/Zn,Sn0, E &A1 RHE SEM E
Fig. 2 SEM images of Zn,SnO,, CaFe,0, and CaFe,04/Zn,SnO4 composites
K 3a F1F 3b 4 4%CaFe,04/Zn,Sn04 [ TEM R CaFe,04/Zn,Sn0, B A AR R 5B 5 20 #5% TEM R
o HE 3a 1T, Zn,SnO, J\ TR IIAZAFAE K& Jr o BB 3¢ AL, J\ T 4432 2% 1) ks TR EE A 0.26 nm,
(1) CaFe,O4 9K HE . HHIE 3b AW, CaFe,O4 49K HE 5 Zn,SnO, HI(311) Sh I [A] ERAH XS B s A KHR )
5 Zn,SnO, \IARRIRIE % %L B 3¢ A 4%  [AFEA 0.35nm, IX 5 CaFe,0,4 1(220) & i [ #5 AH T

—

Zn,SnO, octahedrong

l 0.26 nm
=— 7Zn,Sn0, (311)

== B
o L o u o

Intensity

0.5
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0 5 10 15
Energy/keV
(a) CaFe,0,/Zn,Sn0O, (b) CaFe,0, nanorod (c) CaFe,0,/Zn,Sn0O, lattice pitch (d) CaFe,0,/Zn,Sn0O, EDS spectra

350 nm

(e) Fe "o (2) Sn (h) Zn (i) Ca

B3 4% CaFe,0,/Zn,Sn0, E A MR TEM B F . EDS 3 FIXF BL I IG5 4 A
Fig. 3 TEM images, EDS spectra and element distribution of 4%CaFe,0,/Zn,SnO, composites
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i, W Zn,SnO, 5 CaFe,0, E&HIN. K 3d N
4%CaFe;04/Zn,Sn0, E &M kP EDS Wi, BT &
HHET Zn,SnO4 ) Zn. Sn A1 O JEE LG
b, BAE T RET CaFe,04 i) Ca Fll Fe TR,
HHREEHE, #—PIEs i hfl & T 4%
CaFe)04/Zn,Sn0, HE MK B 3e~KE 31 N 4%
CaFe,04/Zn,Sn0y A MEH IR K. HE 3e~
B 3i AT )L, Zn. Sn. O. Fe Al Ca 5 Fhyc K&
S ATER A PPRRE S . 3R IR A 9 25 /K #A32: AT A
FIN 1] 45 CaFe,04/Zn,Sn04 B &1k

K| 4a ;¥ 4%CaFe,04/Zn,Sn0, 21K . HIKl 4a
A LB EEF] Zn. Fe. Sn. O Al Ca JG & IHFILIE
Kl 4b W1, Zn 2psp 1 Zn 2pyp W3 RN T 1022.5 eV
1 1045.6eVE7. [ 4c 11, Sn 3ds, Al Sn 3ds), W fL
T 486.4¢V H1494.8eV*, 8 4d 1, Fe 2ps, 1 Fe
2p1n WAL T 716.3 eV F1 725.0eV. K 4e H1, Ca2psp
1 Ca 2p1n WE5FSIAL T 347.9 eV 1 351.5 eV, DL
SRR, BES T Zn, Sn. Fe. Ca JGELL Zn™',
Sn**. Fe''. Ca¥ A AEAE. XPS [ Hrah REH,
KK PGERIN E T CaFey04/Zn,Sn04 H G418} .

1022.5eV ™~ 486.4 eV
Sn 3 / |\ Zn2p Sn3d
7n 2p! “f | 312 n 5ds,
Ols 28] e’ i 4948 eV
Fe2p | [ 1045.6 eV Sn3dy, 7
| ‘ﬂfw \“ “\ Zn2p,, \f\ "
z ‘W z [ /\ 2z
& & &
g Ca2p M’N ﬁ g
Cls
pai s
0 200 400 600 800 10001200 1020 1030 1040 1050 485 490 495 500
Binding energy/eV Binding energy/eV Binding energy/eV
(a) Full spectrum of 4%CaFe,0,/Zn,Sn0O, (b) Zn 2p of 4%CaFe,0,/Zn,Sn0O, (¢) Sn 3d of 4%CaFe,0,/Zn,Sn0O,
/T~716.3 eV 3479 eV 284.82 eV
/’ \\ Fe 2p,, ‘M Ca2p,, Cls
2 ~ g 2
g5/ g 3
K [ S =
710 720 730 345 350 355 360 280 282 284 286 288 290 292 294
Binding energy/eV Binding energy/eV Binding energy/eV
(d) Fe 2p of 4%CaFe,0,/Zn,Sn0O, (e) Ca 2p of 4%CaFe,0,/Zn,Sn0O, () C 1s of 4%CaFe,0,/Zn,Sn0O,
531.0eV
Oy (33.2%) 529.8 eV 530.8 eV
18 eV 0O, (52.7%) 0O, (28.5%) 5299 ¢V. 530.6 eV
530.4 eV .6 € O (45.6% 0, (38.0%)
R ED Oc(185%) £ e I Ushavey
5 5 c(18.8%) 5 0. (16.4%)
= = =]

526 528 530 532 534 536 526 528 530

Binding energy/eV
(g) O 1s of Zn,SnO,

Binding energy/eV
(h) O 1s of CaFe,0,

532 534 536 526 528 530 532 534 536
Binding energy/eV
(i) O Is of 4%CaFe,0,/Zn,Sn0O,

K4 CaFe,04/Zn,Sn0, & &KL XPS 1%
Fig. 4 XPS spectra of CaFe,0,/Zn,SnO, composites

K 4g~F 4i y Zn,SnOy4. CaFe 04+ 4%CaFe,04/
Zn,SnOy H A BT O 1s U6, T 40R 3 M-I,
AR T 5304, 531.0 eV il 531.8 eV AbfRIRHIE

U 73 T3 % LA AE(OL) s SR (Oy) A FEBE A (O ) -
AR (O AN TE R, BT ARL I BB RE A 32
Mo SR AL (Ov) A il AR A s b, T DLSR fit B
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2 (S PEAL SRR SRR B AN B . 24 (Oc)
SRR T AL R (0, OF . O)FIE B IR 4
(OH)A K. [Kh, et Oy Fl Oc W& ElkiE,
AR T E E SR S ERe . R 4~ 4i
i, 4%CaFe,04/Zn,Sn0, 1 Oy Al Oc [FIELH 2 Al
(54.4%) T Zn,Sn0; (51.7%) 1 CaFe,04 (47.3%)-.
Ov 1 Oc I % iy o] LAY B bR 7 B P A AL 58
ZHIEERL AL, (R S ARIERTH S B B 2 5
KA, A BT s R S RE .
2.2 SEUMEEENK

N T B E Zn,SnOs. CaFeyO4+ 2%CaFe,04/
71,5104+ 4%CaFe,04/Zn,SnO4 Fl 6%CaFe,04/Zn,SnOy4
AL A ) B AR E, fE 325~425 CXY
40 pmol/L LEF#AT 7B ERENIA. 7EK 5a v,
Zn,Sn04~ 2%CaFe,04/Zn;Sn04+ 4%CaFer04/Zn,SnOy~
6%CaFe,04/Zn,Sn04 Fl CaFe,04 ¥ITE 400 C 15 1E
TARRE T QBRI KRBT, REEE
SN 37.0. 44.0. 96.0. 3.4 F12.8. (HEEENE,
4%CaFe,04/Zn,Sn0y X £, [ R B I 2 v T oAt
SRS, T ZnoSnOy 5 CaFe 04 #2—5E 1Y)
LBl 52 6 2 KRt s R U . 7EIX 5 M il ifds
W, 4%CaFe,04/Zn,Sn0, Xt 27 57 H B e i R A5
FEAE(96, 400 C), F& Zn,SnO4 SARAL K ES 1) 2.6 1,
CaFe,04 A MARIKZS ) 34 £%. KW CaFe,04 5
Zn,SnO, 78 54 ey 4% It B Bt iy b g

HE— 2B T Zn,Sn0y4+ 2%CaFe;,04/Zn,Sn044
4%CaFe,04/Zn,Sn0y. 6%CaFe,04/Z1n,SnO, Fll CaFe,Oy4

——CaFe,0,

350 °C 375 C

(a) Operating temperature

2%CaFe,0,/Zn,Sn0O,
4%CaFe,0,/Zn,Sn0O,
——6%CaFe,0,/Zn,Sn0,

A AR AE B A T AR IR EE (400 C)XT 40 pmol/L H
B, OBE. LW NERAIIETEE 5 FSARr R
FEAE, ZRWE Sb FiR. ZnSnO4. 2%CaFe 0y
Zn,Sn0y4~ 4%CaFe,04/Zn,Sn04 6%CaFe,04/Zn,Sn0y
F1 CaFe O AR R4S 0T I I RN : 2.1.5.04
330 1.3, 1.5 WO M RBEE R 2.3, 1.4, 9.0,
1.3 1.5; X OBER RBUEN 23.30 530 352, 1.6,
1.9 5 XTABEM RN 3.1, 43, 139, 1.4, 1.6;
X IE T EE R N 17.5, 3.3, 18.5. 1.5, 1.7. &
IR, 5 PR AR f A AR T #B0 L)
MR, HoP 4%CaFe)04/Zn,Sn0y SR AL K 2%
R v B0 CBERAA AL Rk Fet.

K] 6a }y CaFe,04 Zn,SnO, A1 4%CaFe,04/Zn,Sn0y
7E 400 ‘CX} 2~70 pmol/L Z. 1% ) 5h 75 i bi—k 5
2. & 6a AT W, 7E 6~70 umol/L Z B FEIE RN,
4%CaFe;,04/Zn,Sn0y 1) R B 35 15 T CaFe,04 M
Zn,Sn0y. 1X /& T CaFe 0,4 1 Zn,SnO4 B 5 J5 N~}
AN, NESEA T B2 BIFLRR, BEOK T HER AR,
ART AT 8L s T REE. Bl 6b
N CaFe, 04+ ZnySnOy. 4%CaFe,04/Zn,Sn0, 1 R
FEAlS O BRI B R E . B 6b v L, S pk
R R BUEAES CREREE R RIFIMETE R R,
WiE &M A, HHEE CaFe,Oy+ ZnySnOy Al
4%CaFe,04/Zn,Sn0, I EE Kl 1 FR (LOD) 43 il A
0.18. 0.10, 0.07 umol/L. Z5HEH, 4%CaFe,04/
ZnySnOy SRR B BT DA TR MR R B2 1) 2L
N

(b) Gas selectivity

K5 4li CaFe,04.Zn,Sn0y Fil CaFe,0,/Zn,Sn0,4 &M EIE 325~425 CHT 40 pmol/L LBk R (Ry/R ) FIFE 325~425 C

TR S 44:(40 pmol/L) ) 75U

Fig. 5 Gas responses (R,/R,) of pure CaFe,04, Zn,SnOy4 and CaFe,04/Zn,Sn0O,4 composites to 40 pmol/L ethanol at 325-425 “C and
gas responses on exposure different gases (40 umol/L) at 325-425 “C, respectively
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Table 1 Response of different gas sensors to ethanol gas
Gas-sensor material Concentration/(umol-L™") Response (S=R./R,) Response/Recovery time Working temperature/C Reference
Pr/SnO, 100 35.6 12.0s/8s 200 [32]
SnO, 50 18.9 4.0s/44s 250 [33]
Mo/SnO, 100 46.8 7.0s/103 s 220 [34]
ZnO/ZnS 100 55.3 260 [35]
Cu0O/ZnO 100 28.0 2.0s/72s 300 [36]
Zn0O-In,03 3 33 3.0s/8s 320 [37]
Zn0O/Co304 10 349 57.0s/235s 300 [38]
In,03 100 43.1 37.6s/1454s 300 [39]
FeVO4/ZnO 300 42.0 26.0s/79 s 400 [40]
CaFe>04/Zn,Sn0y 40 96.0 21.08/63s 400 This work
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Extended Abstract

Introduction Ethanol is one of volatile organic compounds. Long-term exposuring ethanol vapors can cause serious human-being
health problems, such as headaches, throat irritation, and liver damage dirty. In addition, the human body will have nerve paralysis,
slow brain response, and uncontrolled limbs when ethanol in the human blood reaches a certain concentration, resulting in frequent
traffic accidents. It is thus necessary to develop gas sensors that can monitor ethanol in the human body. Metal oxide gas sensors have
attracted much attention because of their cheap price, convenient portability and stable performance. Zn,SnO, and CaFe,O, are novel
ternary metal oxide semiconductors with the advantages of high electron migration rate, strong gas adsorption and good thermal
stability, which are widely used in gas sensors. However, single Zn,SnO, or CaFe,O, generally has the disadvantages of poor
selectivity, high operating temperature and long response-recovery time. Some studies indicate that combining two different metal
oxides to construct heterojunctions could greatly improve the gas sensing properties. It is prospected that the construction of
CaFe,04/Zn,Sn04 heterojunction is an effective method to enhance the gas sensing performance. However, little work on
CaFe,04/Zn,Sn0O,4 composite for ethanol detection has been reported yet. In this paper, a p-n heterojunction between CaFe,O, and
Zn,Sn0O, was constructed by a hydrothermal method to realize the superior gas sensing properties of CaFe,04/Zn,SnO,4 composite to
detect ethanol.

Methods To prepare Zn,SnO,4octahedral, 2 mmol Zn(CH;COO),"2H,0 and 1 mmol SnCl, 5H,0 were dissolved in 70 mL deionized
water. Meanwhile, 0.1 g CTAB (cetyltrimethyl ammonium bromide) and 15 mmol NaOH were dissolved in the solution above.
Afterwards, the solution was stirred for 40 min, transferred into a 100 mL Teflon-lined autoclave and heated at 180 ‘C for 24 h.
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After reaction, the powder was washed and calcined at 550 “C for 2 h to obtain Zn,SnO, octahedral.

To prepare CaFe,O4 nanorods, 1 mmol CaCl, and 2 mmol FeCl; were dissolved into a mixed solution of ethanol (30 mL) and
deionized water (10 mL) under stirring at room temperature for 30 min. The mixed solution was transferred into a 50 mL autoclave,
heated at 180 “C for 12 h. After reaction, the powder was washed and dried at 80 ‘C for 8 h to obtain CaFe,O,4 nanorods.

To prepare CaFe,0,/Zn,SnO, composites, 2 mmol Zn(CH;COO0),2H,0 and 2 mmol Zn(CH3COO),2H,0 were dissolved in
70 mL deionized water. Meanwhile, 0.1 g CTAB (cetyl trimethyl ammonium bromide) and 15 mmol NaOH were dissolved in the
solution. The as-prepared CaFe,0, samples were added into the Zn,SnO, reaction mixture, and the mixture was stirred for 40 min,
transferred into a 100 mL Teflon-lined autoclave and heated at 180 ‘C for 24 h. After reaction, the powder was washed and calcined
at 550 ‘C for 2 h to obtain CaFe,0,/Zn,Sn0O, composites. At different addition amounts of CaFe,O, (i.e., 0.006 3, 0.012 5 g and
0.018 8 g), the CaFe,04/Zn,Sn0O,4 composites with different mole fractions of 2%, 4% and 6% were obtained, and marked as
2%CaFe;04/Zn,Sn04,4%CaFe;04/Zn,Sn04 and 6%CaFe;04/Zn,Sn0y respectively.

Results and discussion The X-ray diffraction patterns show that Zn,SnOy, is a perovskite structure and CaFe,O, is a clinopyrite
structure. The XRD pattern of CaFe,04/Zn,SnO4 composites is close to that of Zn,SnO,, and no CaFe,0, diffraction peaks appear,
probably due to the small amount of CaFe,O,. For the Fourier transform infrared spectra of CaFe,04/Zn,SnO, composites, Ca—0,
Fe—O and Sn—O bonds appear at 565, 478 cem ™! and 574 cm'in these composites, demonstrating that CaFe,04/Zn,Sn0O, composites
are synthesized. In addition, compared with CaFe,O, and Zn,SnQ,, the characteristic absorption peaks of CaFe,04/Zn,SnO,
composites all shift slightly to the right region, confirming the existence of interfacial contact between CaFe,O4 and Zn,SnQO,. For the
scanning electron microscopy and transmission electron microscopy images, Zn,SnQ, is an octahedral structure with a uniform size of
approximately 350 nm, while CaFe,O,4 has a nanorod structure with a length of approximately180 nm. For the X-ray photoelectron
spectra, elements Zn, Sn, Fe, Ca and O coexist in CaFe,04/Zn,SnO,4 composites, and Zn,SnO, incorporated with CaFe,O, increases
the oxygen vacancy defects by the Gauss peak division method.

Compared with pure CaFe,0O,4, Zn,SnO4 and other CaFe,0,/Zn,Sn0, sensors, 4%CaFe,04/Zn,SnO,4 sensor exhibits a prominent
gas sensing performance to ethanol (i.e., a favorable selectivity to ethanol, a low detection limit of 0.07 pumol/L, fast
response/recovery time of 21 s/63 s, long-term stability, and high gas response (96) toward 40 pmol/L ethanol). The superior ethanol
gas sensing performance of 4%CaFe,0,/Zn,Sn0, is attributed to the formation of CaFe,O4,~Zn,SnO, p—n heterojunctions, the high
content of oxygen vacancy defects, and the increased surface electron density. Therefore, CaFe,04~Zn,SnO4 p—n heterojunction
composite has a great potential application for detecting ethanol gas.

Conclusions Zn,SnO, octahedral, CaFe,04 nanorods and CaFe,04/Zn,Sn0O, composites were prepared by a hydrothermal method.
4% CaFe,04/Zn,Sn0, based sensor exhibited the maximum gas response of 96 pmol/L to 40 umol/L ethanol at 400 ‘C, which was
2.6 times higher than that of Zn,SnO, and 34 times higher than that of CaFe,0,. Moreover, 4%CaFe,0,/Zn,Sn0, based sensor also
achieved a long-term stability, an excellent humidity resistance, fast response-recovery time (21 s/63 s) and a low theoretical detection
limit of 0.07 pmol/L for ethanol. The enhanced gas sensing properties of 4%CaFe,0,/ Zn,SnO, could be attributed to the following
factors, i.e., CaFe,0, coupled with Zn,SnO, decreased the electron-hole recombination efficiency, and increased the surface electron
density; and the formation of p—n heterojunctions between CaFe,O, and Zn,SnO, increased thickness of Debye electron layer,
resulting in a drastic resistance change. The appropriate amount of CaFe,0, coupled with Zn,SnO, could be a promising strategy to
enhance the sensing performance of ethanol, having great potentials in manufacturing high response and low detection limit of ethanol
sensors.
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