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In,03-CuO B HI & R E X FNH TR =R FESEERE

A, XM, IR, TR, BITR
(F7PRS LA T2EBE T P0A L YEN T B B AL AR M%7 T 530004)

HZE: LI InCl3+4H,0 1 Cu(NO3),*3H,0 R JFR | JRZ AMTLIER, RAKMES ST In,05-Cu0 Z A8
Wit XRD., SEM. TEM. UV-Vis GiE . XPS. EIS % H#AT T RIE, 5% 7246 4L In,05-CuO
BB S B RE S BPLH . 45 R K, In,05-CuO B S HEE 375 nm EHMEIRET =R (25 °C)
M RS TR R T 50 mg/L SRR RAEE A 298, 54l In,0; (2.4) ML REERE 123 5, Sk
RE M E KI5 T IngOs 5 CuO JE I p-n EFES, DhEDETGIL 551 T 5 B4 5t 7= A 1 AR L - 28 X
&R (O, Al Oy) [MIEESE T A M CIE LR B -FR R AEBR , (8 2 15 T Ak I A A IO T - B A e R % 1 e i
A

KR In,05,-CuO; HIMGIEN; BRAE; p-n RE4S; WEE; TIResE

FESES: TQ133 XEAFRIAEG: A XEHS: 1003-5214 (2024) 04-0810-10

Preparation of In,03-CuO and itsroom temper ature gas-sensitive
propertiesfor formaldehyde under photoactivation

HAN Junlin, LIU Jinmei, SUN Jianhua, SUN Lixia", LIAO Dankui

( Guangxi Key Laboratory of Petrochemical Resource Processing and Process Intensification Technology, School of

Chemistry and Chemical Engineering, Guangxi University, Nanning 530004, Guangxi, China )

Abstract: In,0;-CuO composites were prepared from hydrothermal reaction of InCl;*4H,O and
Cu(NO3),*3H,0 with urea as precipitant, characterized by XRD, SEM, TEM, UV-Vis absorption spectrum,
XPS and EIS, and further evaluated for their gas-sensitive properties and sensing mechanism in UV
excitation. The results showed that In,0;-CuO composites exhibited a sensitivity of 298 for formaldehyde
gas with a mass concentration of 50 mg/L at room temperature (25 °C) under 375 nm UV light irradiation,
123 times more sensitive than pure In,O; (2.4). The significant improvement in gas sensitivity was
attributed to p-n heterojunction formed by In,O; and CuO, while the photogenerated electrons-hole,
generated at the heterojunction interface under the synergistic photoactivation conditions, and the oxygen
species(0O, and O3) established a photoactivated adsorption-desorption cycle of oxygen, resulting in the
enhancement of gas adsorption-desorption process and surface reaction of the material at room temperature.
Key words. Iny,0;-CuO; UV-photoactivation, room temperature gas sensitivity; p-n heterojunction;

formaldehyde; functional materials
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P TAEIR B3 7E 100~400 °CZiAy, BEFE S HAETE
RS, gy ok R . Rk, FFRAR TAEREE
1o R R R R S B ) S5 A% S B 1) SR et
T F ARG 22 AN 25 22 B
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P AR RN AN, CuO M LR p RIS
R, BN 1.2~1.9 eV, Xf—2 VOC AT
T 2 B AR S 0 fE R BE . ZHU 2505 i R 20T
R £ T 3T 5 45 Y p-CuO/n-SnO, % FE 44 K
e (NWs ) 1 H B SRE AR . 78 250 °CHa il
50 mg/L FHEE SR RBUE N 2.42, SChEESEPIR A
IKPGERE TET p-n FIREHT CuO-CeO, B4
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SR A EERBOLTE LR , FHT VOC K1)
R BABHO B AR . 25 Erk, AT n
R RR In,05 FOBEREE S p B R4K CuO L5
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( Cu(NO;),*3H,0 J, AR, # wibhsE Ffk 2485 4 BR
Al JRE (CONHy), ), AR, FHr T 54 BR2A
Al; XK (H0), Affil; Jok 4l (C,HsOH ),
AR, JTHRICAERH A BR A 5 B & HAR Ag-Pd Fidk
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12 H&EHZE

PR 0.5865 g (2 mmol ) InCly»4H,0. 0.9664 g
(4 mmol ) Cu(NO;),*3H,0 % 1.5 g (40 mmol ) JK
R T 60 mL KBk, REBRE 1 h JEHEA
0.5h, ##%= 100 mL mERNZEH 180 °CJN;
18h, MEHAKBHEZRE, H8mL K& F/KE
8 mL Jo/K ZBEAC B Lo BRI 6 1K .

1 KA Iny05-CuO & AFHEH /R 2
Fig. 1 Schematic diagram of In,05;-CuO composites prepared by hydrothermal method
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B TSEE S BT 60 CHEAR T4 12 h, 5
In;05-CuO & &M R RTIRIAR , W4 AT ak AR b AL S+ 5
R e 500 °CFEE 2 h, FHEEERN 3 °C/min,
il 3 In,05-CuO & A Mk, P HF B9 5 & o8
6 mmol, JHEEMF &R T ELE], In 5 Cu
YR8 A n(In) © n(Cu)=6 : 0, 0: 6., 1:1,
12,0 13, BEXTR AR 547 44 Iny05. CuO,
InCu-1. InCu-2. InCu-3,

1.3 #HRAE

K XRD A7 RE S AR A AT, AR 2 R
Cufll, AHFIEK N 0.1540 nm, HLEN 45 kV,
BHY 200 mA, HEP KR 0.02°, HEHE K
20°~80°; K SEM WAL OMIESL ; R TEM
FEAERE D ARG Al K S R S5 A R AR, T AR N
200 kV; RH UV-Vis ZHTHE S RSG5 251 58
B, SAME BT JEE 200~800 nm; SR
XPS WFGEFE G E A R LM ASE R, R Al FE1E
R (K, ZiREEN 1486.6 V) , K EHRE
K C1s (hv=284.8 eV ) HATHMALIE; RAHM
= T ARG R 22 BB IE (EIS ), FREUEE &
H iy A% R BEL AR M A B, DU B R 1 e 3 il £
(M-S) FREM B SRR E R, WL U
A 10 mV, FH#i#HR 0.1~100 kHz,

14 fERSENHERSEERENIK

¥ 10 mg RES S 2 mL ZESR A WFE BURDIR
FHARZE i 04 30 P e Sl Ag-Pd Atk f e b, #7145
A IRERAE 160 °C T &1L 10 ho SR H A RRAT
PR 7] DGL-MER ARG CGS-MT F e i R4
NG AR A TR R . n B SR p R
FRALG B R IR AL (1) FIAK (2)
AT

R
S, =—= (1)
R
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R
Sp:—g (2)
R

X Ry APPRHMEZ PR BB E RN AR, Q;
Ry A eHS AR AU SN e ik BIRRE LR, Q.

2 GRS

2.1 #EIRAE
2.1.1 #Aas Mot

K XRD XL i AR G5 A R AT 3R AT, 25 5 I
E 2,40 2 iR, 4l In,05 & InCu-1.InCu-2 . InCu-3
TE 260=21.53°, 30.58°, 33.1°, 35.47°, 51.14°, 60.75°
A BA S AT 05, 5557 T i R S5 Ina O AR A

( PDF#06-0416 ) 1 (211 ), (222). (321), (400 ),
(440 ). (622) F T FAXS LY o InCu-1, InCu-2 ., InCu-3
5 CuO 7E 26=32.63°. 35.54°, 38.85°F/ 48.86°4L
i 54 CuO WFRER A ( PDF#65-2309 ) [
(110), (T11), (111), (202) sHEAHYIE, KW
B A I Iny05-CuO AL

AN KA Cu BL L340, InCu-1.InCu-2 . InCu-3
9 (211 ), (400 ) i TAIATT 5 DA iR B 28 ik 553 5 [l
HC(222) b TR AT 5 068 o) v A BE AR RS, X P T
1E In,O5 i 482 T 1 In®* (0.081 nm ) B 72F42
ANEY Cu® (0.073 nm ) T AR R A BLAK 7 R
(2dsin =4, Hr . d b FmEEE, nm; 6 8 X
MmN, (°); A8 XFLWEK, nm)
AL RIATT S e 25 1l i A BE m B8, R W Cu D2
A Iy O kg HtSl . CuO (111 ) b T X 07 A7 5 e 58
FEREE AR wAS , 2 In,05. CuO W& Z 0] & 4=
HEAERU, RIE Debye-Scherrer 7 FE ST FE
B SR RS, 5 4l In,O5 19 S 3 R RS
22.65nm, i CuO WJ~F-Hiki Rk 31.82 nm,
InCu-1, InCu-2. InCu-3 Y&tk R 143504 35.86.
36.74. 39.42 nm, BE#E In,05-CuO EAS#KH Cu
BeLL s, A AR R R ST A T 48 In, 0, 554
K, FEHTEFLEEE/NY Co® FH In0; fiks
AT, DT AR AR A 4 A R ) A% 5 A s g )
PR R AR

& In,0;
@ CuO
L L s a * b 1,0,
I s o]
E l InCu-1
NI T SOV EBUVVE =
o UL | A InC u\::
InCu-3
= J os=8% a3 < (In,0;)PDF# 06-0416
S S Sr3se i\"_‘/j—f et
| [SBER e irtd [[]]]
20 30 40 50 60 70 80
20/(°)
Kl 2 InCu-1. InCu-2, InCu-3 4l CuO. In,0; ) XRD
A
Fig. 2 XRD patterns of InCu-1, InCu-2, InCu-3 and pure
CuO, In203

212 BTGB

KHU SEM. TEM Hl HRTEM XF4ii In,0; M E &
BB InCu-2 OWIE S sE 47 00, 25 58 anf&l 3 B
 3a M4l In,05 i SEM [E, %3 In,0; £ B H
H 30~40 nm 2247 9K UKL, $56— 2 R HEZ 32 i 2
% 3~4 o BLIN 4) 5 A AU R 25 4, L SSORE [A] 777
[, & 3b & InCu-2 B SEM &, 454 H Py i I
%23 InCu-2 HAMAEHZ IR K 240 nm 247 B 57
D7 R F— e A HE A BB LB P RRIR A5 1, R
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B FLAE 25 ¥4 5 R TSR A 9 BOR A AR ik s i

SRR A AE MR I U N, 546 1n,05 AH TR
LA K M . K 3¢ NE AR InCu-2 1)
TEM &, JES1 5 SEM —334 Ry~ )y Z ik, & 3d
HEAHE InCu-2 B HRTEM K, fh#&Sca0lal i
0.412, 0.291 1 0.176 nm 43 5§ ¥ In,O5 B (211 ),
(222) F1 (440) P20, SR AR 0.276
0.251 nm % CuO Y (110) 5 (T11) Fhim. P&
B A AR BT I ELAF 7R 38 X4, aniE R RERT
R, FW Iny05 Al CuO Z L AL p-n SFIREER, i
I F it In,05-CuO AT A i = A s A A RS )
Kl 3e~g A InCu-2 Moo R HEME, WEEH| In, O,
Cu TGRS MAEM BRI, 25 LR, Il &
In,05-CuO &5 E A Mk

CuO(111)
d=0.251 nm

K3 InyO;(a), InCu-2(b) Y SEM [&; InCu-2 ) TEM
HRTEM [ (c. d); InCu-2 (O, In. Cu) JUEMH
Hi (e~g)
Fig. 3 SEM images of In,O; (a) and InCu-2 (b); TEM and
HRTEM image of InCu-2 (c, d); Mapping diagram
of InCu-2 (O, In, Cu) (e~g)

2.1.3 EINREL AT LMo

K 2 AR UL S 556 (UV-Vis DRS) i
T Iny05., CuO FIE A #4K InCu-1, InCu-2, InCu-3
FEA AR R 250, 25N 4 iR, WA 4a
ATLAE H, 4l In, O, IR I 25 297 450 nm AL,
AN (Vo) MEHAFRIZ AR M2 AL (Vi) E
AR, 4 Cuo 7ERT WIEIX 700 nm B A %
SRIZISC, BT CuO MR 1.29 eV AR, CuO
B AT T2 ORI ICRE ), R R b -] Y
FI, AR InCu-2 WG i T40 1,03,
WS 2k KD T RS B, B4 R & A el AR T
BRI, W3 InCu-2 BRI BRLLFS .

% Y6 /a.u.

300 400 500 600 700 800

K /nm
CuO E=1.29 eV b
InCu-1 E=2.41¢eV
~ InCu-2  E=224¢eV
E| —mCu3 E~253¢V
> In,0, E=2.95¢eV
z
3
10 15 20 25 30 35 40 45

hv/eV
Bl 4 4l In,05.CuO & InCu-1,InCu-2 . InCu-3 fJ UV-Vis
&% (a); 48 In,O5. CuO K InCu-1. InCu-2 . InCu-3
HIEE 5 (b)
Fig. 4 UV-Vis spectra of pure In,03;, CuO and InCu-1,
InCu-2, InCu-3 (a); Forbidden band widths of pure
In,03, CuO and InCu-1, InCu-2, InCu-3 (b)
Mg UV-Vis DRS pY%5 5%, il id Taucplot Ak
# In,05. CuO. In,05-CuO FAEHF 52 BT 4 [&l 4b
FizR, 4l CuO FI4li In,O5 BIZEHT T8 #4351 R 1.29
2.95eV, E4&HHE InCu-1, InCu-2., InCu-3 fZEAT
TEREAY RN 2,41, 2.24, 2.53 eV, Iny0;-CuO HYZEHF
FEBEZ T InpO5 S BB/ INE A B8 58 BE i BEAIR A2
PR AL R R T BRAT K RS A R T LY, HL
In,03-CuO WAL BE °] WL F R BE T35 . [R]AT,
InCu-2( 2.24 eV YZEH7 ¥ B /N T 41 In,05(2.95 eV ),
KF CuO (1.29eV), £ CuO MBI AN THA
POBH BB ERIT, Dt PRTE T AR} %) RE 1 B B 5 47 B
TEAEP i, InCu-2 #7BRFEAR ,, O, 5 M InCu-2
S PAT T, 77 A T 22 b2 RO gk i
SR
2.1.4 ERBAEBEMNENMH
FKH X SOt FRERE (XPS) XF4l InyOs.
InCu-1 } InCu-2 B4 MBI R S 4T 504, 45
Kl s iR, WNE Sa v LLEH, AR &R
XPS 4 rh ¥ ] LIWEEE] In, O Al Cu LRI,
R RINH 4 In,05-CuO EA# £ Bl 5b H1 InCu-2
ML Cu 2p 43 #E XPS 3%, 1T 933.3 f1953.2 eV
REB AN, TAIEE R 19.9 eV, 435I%F R Cu [ 2ps,
F12p 1, 1T HIE N SEAL S B Cu” PUUE Sc fpali In,0,
HY In 3d 61, BRI NXRRIE, 430060 T 444.4
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H1451.9 eV, XRT In 3dsp Fl In 3dsn, FESRr5Y
7.5 eV, 530HkE—8, 546 In,05 A1, InCu-2
B In3ds, A5 GREWR (H 451.9 B E 452.1 eV ),
W ¥ A Co* WFP Z [A]3E 52 In,O5 AT CuO Z [afY
SIRFEAAEM B, S8 Cu bR T E
R AN, A In A% H 2RI, FERTE T

2=

5
K
i
B
1200 1000 800 600 400 200 0
ZEAEReV
Cu2, b
uer 9337eV g
EE“’%H 2psn :
- e \‘-.\
5
|
i
B

965 960 955 950 945 940 935 930
A tkeV

In 3d In 3d;, ; [
T : In3d5/2
n0; ﬁ 451.9 6V | hastdev
5 R ;
< =X ' .
] InCu-l/!N " 45230V Nk
&lﬂ : R : =
InCu-2// 45216V M‘S eV
456 452 448 444 440
%nﬁg/ev
Ols 0 Oy 4 d
In203 -
&
i
B
53326V~ 53186V
M 52996V

536 53 532 530 528
b teleV
5 InyO;. InCu-1, InCu-2 i XPS 4% (a); Cu2p(b),
In3d (c¢) A O1s (d) i XPS #EKl

Fig. 5 XPS full spectra of In,Os, InCu-1, InCu-2 (a); XPS
spectra of Cu 2p (b); In 3d (c) and O 1s (d)

’l 5d FAXIFR Ols W] 43405 R 3 NI, 43
BIM AR (OL) L A3 (Oy) FIMERfHAE (0, ) B,
4fi In,O5. InCu-1. InCu-2 H 8% (Op) 55 RS
Wk 529.7. 529.9 5 5284 eV; E=NE (Oy) 454
fiesr ik 531.2. 531.8 5 530.0 eV, AZfi2HT
AW RIS WA (0,) M4 & RE 5
AT 523.5. 533.2 F1531.9 eV, IAbIEZESRER T,
VA A i 2% T 2 O o i 28 o 1) SR B SR ol
I 3 AR O, Oy Al O, 443 AR A 43 L
i (o Em AL BEmAE ) , R IR
InCu-1 1 Oy (57.14%) . O, (26.29% ) 5 InCu-2
) Oy (56.50% ) . O, (35.03% ) My it T4l
In,0; H1 Oy (29.45%) 5 0, (9.20% ) . M T4l
In,0;, In,0;-CuO BEA#MEN Ov5 O, Bt & &
W B TE, T B4 O, 3 2t AR 4 T X 38 i Ui g
HARERP, XPS 455 it —E5 In,05-CuO
i In,05 5 CuO 47, 5 XRD 5 RWH BRIt
2.1.5 @ALF 5

SR L AR 22 A3l 0 44 R Y F AR 22 R A T 43
Bro #E Nyquist [EH @i X B R 9T A% B o #4
BHFIVA W A AL F A2 B, RN, 3R
AH B A7 2 A% L BELBRAER P Tn,O5. CuO, InCu-2 HIHE
A2 BT RN S RE- 1 R R 2 DL IR 6.

80
60
40t
S
N
20f
() L
20 40 60 80 100 120 140
ZIQ
b o— In,O ] 2
251° i, . e C12103 5 26
e —0— InCu-2 30 25
~20F &0 @&y 00 gy, g ~Jos
Nr g 724;\_
..l @ 0 Y g < 1235
HE 20:5,72235
S Squg
SI0Fg g S 1200
R y 109 - 203:,
A A 1P
[ 1o 118
0 1 1 L 17

03 04 05 06 07 08 09 1.0
E/(V vs. Ag/AgCl)

Bl 6 In0s. CuO. InCu-2 HIHLALZBHHTIE (a) FIELHE-
H AR (b)
Fig. 6 Electrochemical impedance diagrams (a) and Mott
Schottky curves (b) of In,O3, CuO, InCu-2

AR 76.62, 61.54. 31.46 Q. InCu-2 #£ 5 FET 5
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N, FHEA &SRR AR PR, i
AT A SEE B BT ED
454 UV-Vis g5 = A, In,05 5 CuO A5 R
I T BRI RS SR, wT e o BRAT 5 B 5 A o
1M InCu-2 B HLBHZAXS T In,O5 47 KR TR, nlEE
A InCu-2 A4 25 Ao 1 DO, Bifi 2 S S5 235 4 ) i 20
P, AR AR R LR, R A E
HMEZRREARET,

T o B R (M-S T b AR 2
R, Y 1/C* 5 E RIEMIEH R n B Sk, 5
TRy p B2 SAKPS S [&] 6b R In,05, CuO,
InCu-2 i M-S 1%k, In,05 By M-S i1k 2 P IFRER
Sy n B G A CuO R ARER, K p B TR InCu-2
BIE VT I, ERTE In,05 Ml CuO THIER p-n
SIRgs, BEgYGk B TR NP a i Em,
S T 235 1 P S X A Ak P S L R 4 R B AR T
22 KEtkee

VEREME . TARIREE . REUE . JLIRBE . mn/
P 52 B 1) B R M 2 VAN SO R B SC R o DA
375 nm [ AMCHE IR OEIR,, BRI MR R RS
W (CmE, Wl NE, 2. TEE. —4) W
REEWN, 55 E 7a s,

0 50 100 150 200 250 300
REE

300

100

RIFE

10}

T Y——

1 y y ﬂrﬁvliiiiiiiiiiY?ii?"

s 5 o0 5 1%
TAERE/C

K 7 4l In,O5 Al InCu-1. InCu-2. InCu-3 ¥£ 25 °C FXf
AN B RGE (a) FIELAEANE TAERE
XA 50 mg/L R EE (b)
Sensitivity of pure In,O; and InCu-1, InCu-2,
InCu-3 to different target gases at 25 °C (a);
Sensitivity of pure In,O3 and InCu-1, InCu-2, InCu-3
to mass concentration of 50 mg/L formaldehyde at
different operating temperatures (b)

Fig. 7

MIE 7a TTLLE H, 78 375 nm B ERRET T,
InCu-2 X} 50 mg/L H P HAT 5 i 1 R AR (298 ),
HE— 2525 5 T AR IR EE XS AS [R) A4k i) PR I SR R
i) 7 (0, 25 SN 7b B . MR 7o m] LLE
AT B A BB AL In,O5 A TAERER R 25 °C,
H InCu-2 S8 PERERAE

IREEIRE K TAEIRE A 25 °C, MIXHIRE N 75%
MR, 8t 50 me/L HEESAE R B AR,
MR G K HEA TR %, 5Kl 8 iR, &l 8a
AfAL, InCu-1 M) REFE/NTF InCu-2, InCu-2 7E
460~465 nm 5 IT RUE R 68 ££47, = T InCu-1
LHMDEIF TR . SR, BB LR Kk —
K 46 520~525 nm ). B%(590~595 nm ).
2151 (650~660 nm ) MRGFAT, RAEEEZE BRI K
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