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Abstract

As key devices for detecting specific environmental gas information, gas sensors hold broad appli-
cation prospects in fields such as environmental monitoring, medical diagnosis, industrial safety,
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and the Internet of Things. Semiconductor gas sensors primarily rely on the interaction between
sensitive materials and gases to achieve gas identification; therefore, a thorough understanding of
this interaction mechanism is crucial for designing high-performance sensors. Room-temperature
gas sensors generally suffer from poor selectivity and slow response recovery times, which severely
hinder their practical application. To address these challenges, this study synthesized Zn0/Inz03
heterojunction materials with different Zn/In molar ratios via the hydrothermal method. The re-
sults indicate that the construction of the heterojunction plays a significant role in shortening the
response recovery time. Experimental results show that the Zn0O/In:03; heterojunction material
with a Zn/In molar ratio of 2:1 has a response time of 10 s and a recovery time of 16 s. The reduction
in response-recovery time under illumination is primarily attributed to the heterojunction struc-
ture, which facilitates the separation and transport of photo-generated carriers, thereby accelerat-
ing the adsorption and desorption processes of surface gas molecules. These experimental findings
provide a feasible design approach for developing high-performance gas sensors with rapid re-
sponse-recovery characteristics under room-temperature illumination.
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1. 531§

&R AN AR ARG A DR R s i BT B ORISR A, AERRSE I Tk A
LA RIEITIZWE SUS A A BB H[1]. LGRS B o #07 X LAE, XREAS
o3 T S RUBM R R T 19 5 B 75 B v AR — 58 AR AL RE, DRI I T A T e 4R 7E 150°C 42 400°C 2 1]
SRIM, e TAEMIS 2 R 2 W [2]. — 7, SfFohFen® b, A gk N—Jm, &k
FIRE A AT PRI A, AFAE R AR [3]. BhAh, AT B St BR ) T A5 R 38 1 /N BRI B ik,
KE[4].

VTAESR, YGIUR B A IZ BT N B AT 1 B IR AR [5]-[7]. %R B8 SEIAR R AR 1 =R TAE . o
TR, FIHEIMEERT WG GHEURARL, v DUBUR = AR e A LT - 5 XRT[8] . X S8 e A 3 T e %
VAR B R TR PR A R B AR S [9] o IX — SRR B 1 AU 7 5 PR TH RSL P 75 1 e 35 22 ALt
FERR AR IR A N AT LIRS BT ASBERE . ek A e A TIFEAR . A 2 22534 [10]

TERZ & JE E A BUBA R, ZnO 1 InoOs A2 AT ILAY Y n AR5 8 S AR RL, 3 B 5+
ML TE R RURR I, AR SAAAE AR A 70 I S M RN [11] . ZnO [¥1%471 58 N 3.37 eV,
T B KN T 368 nm [P AME[12];5 1205 HI2E B8 BN 3.6 eV, FEM R K /N T 344 nm AN
[13]-[15]. Rigoni %5 AT 2024 fEWFFL T HAR ZnO YK AE S AMERUR TA NO, Bt RE, RIS
Bt AR it T - 52 36 X IR AN AT AT Ry, R L UE R T AR SRR TR ST AL ) B A N[ 16] . Wang 46
NRHBO R ASNE T InOs GUKMBURLAE AT, SR, 1E RIS T 2 B8 1 S A FTd
Ft, B — In,03 BARMISAZLE VKR I TR BE K i (27 /570 s) [17]. Rk, BARH— ZnO 5§ In,03 AR
R S N A — 2 PR BN, AR TR AR AT GRS R AT A i AT ) £ A
PEREIE— P4 i [18] .
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M N~ PR A TE] A A B SR SR SE M SR B S 8y —[19]. TESIAMH T, SR FEM R
PRI B 5 e B T R 8, S U SRR R S I TR, T R ) 1 LSRR A [20] . 4 S iR 45 mT A A4 e
Wi . — DA 8] A R T Be[21] . Ding %5 A\ SR W4 JB A HIHEZR AT A I 25 K PE & T ZnO/In,03 44
KEEMEL, ZESMEHE 240°C 1 TAEIRJE T4 50 ppm 2 i (1 mi 37 s 1a) A 5 st 1] 43 5155 31 31 s Al
21s, FTILHLAL R AIPGEN N - R R E[22]. MR B, B RIR G5 NG R AR R EiE
FEAR TARIR ST, 1 IRAA: T LB PE N - K [23] [24].
2. SEIGE4Y
2.1 EHEME

LIREEKEWI(Zn(CH3CO0),-2H,0) . FEER AR 7K & #1(IN(NO3)s-xH20) . HEALH(NaOH) To/K 41,
2.2. HlERE

EFFEEPE N, K OFREE /K EY(Zn(CH3COO0)2-2H,0) 51 ERHH /K & 4(In(NO3)s-xH20) 1% 1:1 114
JFREZ EEIMAZE 70 mL )25 7oK, B 14EE 30 min {8 H 78 018, 3 — 8. BEJG IAZ D
TN 0.2 g EEALEN, 4REERESEHE 30 min, BRIRIFR. BIEEFREE EWA BRI NA T
100 mL AN e d, T 180°C R 6h[25]. N4 H G, 2Bk LIEEm, WEITE Y, WK
EBETF/KMOREDES IR, HET 70CE WA T TE 12 ho TG 1 RESFE N4 700°CIR
KALHE 3h, BIFR Zn/In-1 #Ef. RAMFEB 7% T Znin BEZREEA 1.2, 2:1 F1 3:1 (19 ZnO/In0s &
ML, SRlar 4N Zn/in-2. Zn/In-3 F1 Zn/In-4.
2.3. SiERSENHEEFNE

APERENIAK F CGS-8 e AT R 4t, HTSit ML 2as () L BHAR b . FEARFN 1L Bl
WA AP A LED Y6 (K20 51 365, 405. 480. 650 nm), WA A {6 IR I 51 78 s A% ik o
FIRBURR X 8. T AR TE =0 R kT,

3. BRE5VE

3.1. RIELER
iE X $HERAT9H(XRD, BRUKER D8 ADVANCE, #[E), 20477 Zn/In-1. Zn/In-2. Zn/In-3 F1 Zn/In-
A DUFPBLR A ZH

miE 1R, A AFEE/REEE A MR XRD ERER AR 2IH ZnO 5 InOs BT FIAFIEAT H 1 .
Horb, In0s APEFEWESS B F-(211) (222)+ (400). (440)5%(622) & 1f (PDF#06-0416), ZnO K4S AEIERT B T
(002). (101). (102). (110). (103). (112)A(201) 1 (PDF#99-0111). XF LRI, Zn/In-2 £ In05 1
it ss fE R ST Zn/in-1, 53 Zn 5 In BE/REEN 102 IR RFIEAI R . 2880, 7E Zn/In-3 1 Zn/In-
4 FEH, B Zn/in BEREGRIIE K, ZnO TSI o 5 52 IO 1 et R R A DU PR ot (0 T 555 06 357 775 i
IR, ARATI BT A0, RARINA R T BA SR B 8L Zn/in-1. Zn/In-2. Zn/In-3 1 Zn/In-
A RIS SR IFXT R Zn 5 In BEERLE 101, 102, 2:1 1 3:1.

K X S 206 FL T BB (XPS) KT Zn/In-3 A S Ik 2= 4 i 5 FEL T8 3147 T RAE . I LA C 1s 14(284.8 V)
RS MAREAE AT IE. B 2() 8w, Zn/in-3 B EESH Zn, O Ml In =FocxE. H4 M O 1s
P AT UL A A ISR R PR R AR (O AR 2 A7(Ov), Wi 2(b)AT7R. Ou. Ov 43 Ml E 4 Lt
N 56.22%. 43.78%. Zn/In-3 1] Zn 2p K3 FFE IS WA 2(c)Fan, fE 1021.75 eV 1 1044.88 eV 4b
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Figure 1. XRD patterns of ZnO/In203 composite materials with different Zn/In molar ratios
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Figure 2. (a) XPS spectrum of Zn/In-3; (b) O 1s spectrum of Zn/In-3; (c) In 3d spectrum of Zn/In-3; (d) Zn 2p spectrum of

Zn/In-3

& 2. (a) Zn/In-3 B9 XPS EiE; (b) Zn/In-3 B O 1s JEik; (c) Zn/In-3 B In 3d FEi; (d) Zn/In-3 B9 Zn 2p ik
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LB I REAEVE, 43 BVAJE T Zn 2pap R Zn 2py, GBS, KW Zn LRIER MR DL Zn> E WS TE
IAEAE . In 3d B2 HEEE AN & 2(d) i, 7 443.92 eV Al 451.48 eV AL ELF AN AEIE, 73 5% In
3ds2 A1 In 3da2 BE, K In JTLE LA I SE S AAFE

TEAIA R 2 R SRR b, ik — DR FORBOR XA R BRI REm, R FH S84k - AT WL IR SO i
X ANTRIRE b IR SRR AT T RAE, 45l 3 fom . WA LLE H, Zn/Iin-3 F S 7R 300 nm B
I RSO TS 4l ZnO A —F, 7E 350~400 nm P K I, IR IRCEE B /T8 ZnO 546 In,05 2 18],
HARBCT41 In205 A Firig 5. 7£ 400~800 nm IR WOGIX, Zn/In-3 M4 & T4l ZnO A4l In,Os.
(D)W LL T AR EE IR EE A MRS A1 - T IROHE . 7E 200 % 350 nm I4E4REIX, Zn/in-2 #
FOUH SR ERIRE 77, 56 3()nT A, X2 T IZAES Zn 5 In IEE/RELN 1.2, FEEUT In0s 1)
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Figure 3. (a) UV-visible absorption spectra of Zn/In-3, In203, and pure ZnO; (b) UV-visible absorption spectra of Zn/In-1,
Zn/In-2, Zn/In-3, and Zn/In-4
& 3. (@) Zn/In-3, 4f In203 54k ZnO WIS - AT ILIRIEIE 5 () Zn/In-1. Zn/In-2, Zn/In-3. Zn/In-4 BYEESM - BT LI

Wik
3.2. fEREMEREMIR
N T BT RIS A AN TR JBE 7 B TR A AR B E RE RS2, 43314 365 nm, 405 nm, 480 nm,

650 nm KGR TSR T R 100 ppm (AR AR IR R, 25 AN 4 FR

M 4 R LB R EHE, BEE KA, Zn/iIn-1. Zn/In-2. Zn/In-3 A1 Zn/In-4 DU )55 f) o S AR
HOBE 2 B W% . 7E 365 nm RAMDEIRET T, Zn/In-3 5 i REBUE ey 3B LU FloAS [ B8 R LA R
TEARISERE R By SAE RT AR I, B Zn/in BEIR LUIRIHE R, i LR I8 7+ ey, H >4 R R LIS 3 3:1 (Zn/In-
A)p AR R B, AE DUR K IR S A R Zn/In-3 I RS Y A . [ 4(a) R, Zn/In-3 A& IR ES %}
100 ppm H [ PRI F] 4B 358K (Stormatdenyde = 5.57) 0 BRI, 2RAMGRN T & J& A ALY R 1H AT ™= A6 AR
T - O Hdr AR 7 S R AR USR] A RS AR S A, X A A D M L R S 1 5
ARG BB IR PRAIC S N B 22, DT S 2 B T+ S 14 BB [9] - K&l 4(b) T LA tH, #E 405 nm St
NARIRAS L PR S 365 nm FEA—E, (HIZ M BAE 4L 365 nm G ET TR, 4G54 - LRI TS 4
T, 405 nm AL EIRIGRFEAR T 365 nm, PRI RIS DG R B ib, 3 80m MAE PR, 14 4(c)
7R, fE 480 nm Y R NAEE— P FRAK, HOEEME R AR O, AN B B A s B SR, T AR
IE TP AR 5 5 (Snobutanol = 2.11)0 BB, S0P RIEEAN - AT WKW GG OB R B R B, BEAE K K,
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Figure 4. The responses of Zn/In-1, Zn/In-2, Zn/In-3, and Zn/In-4 to 100 ppm concentrations of benzene, xylene, ethanol, n-
butanol, formaldehyde, acetone, methanol, and ammonia at wavelengths of 365 nm, 405 nm, 480 nm, and 650 nm, respectively

& 4.Zn/In-1\ Zn/In-2\ Zn/In-3 # Zn/In-4 % 100 ppm AREXK, ZHFK, 2. ETHE. FEE. A, REMISH
MRz, #4550 365 nm. 405 nm, 480 nm 1 650 nm

JEWOR =BG AR SR 1 IO BRI SOV AR I Re R, AT BRI AR 43+ 5 BB R TR ) s B g
22, fEHAEF A TR R AR R SBUR L. NPT EBOR SRR IR A I SE M, SR R 45 451
PAZi e N - PRI A], Pt — 8 T AE 365 nm R KOGIRAAE T, ok FR IS N BE A Zn/In-3
FE b e 5 - PRI R

MRAE 5 oo B - W AR, DUFRAS R B R LA PRk e B — kSR ] i R B AR
Zn/In-3 (2:1)~ Zn/In-1 (1:1). Zn/In-4 (3:1)F1 Zn/In-2 (1:2). BEHE Zn/In BEIR ELIORE A, i - P 52 1) ]
PLSE4A R IE K, FEREIR LA 2:1 WA B AR, T4 BE /R L — P38 K % 31 i, w5 — PRSI [A]
KM K. 24 Zn 5 In EE/RELAN 2:1 1), ZnO 5 InOs 782 AR I BN B AR IR 3 R 45 451« IR
S5 e 2 il R 7O T - O IR RS, D TR TR S LS, i 7 A
BRI R T 1R P55 I =, i B - PSR (8] 235 4650 . Ak, SE R Zn0 5 In,05 A H kA,

DOI: 10.12677/aep.2026.165084 848 LR AT U


https://doi.org/10.12677/aep.2026.165084

AL,

FFRPETE AL I SIS PEAL 5, AR TR N PRI HEAT -

M I = P SN )2 P AR TR S N B I SR B S 40, A koI A R A I A e F) B
Eiabr. ik, ST T Zn/In-3 B AP RHE SR A AF O H RS I N - PRI 1) R AR e 1, 45 R
K 6 .

(a) 500- —o—365nm-light-assisted Zn/In-1 (b) 500 —o—365nm-light-assisted Zn/In-2

400 1

400+

) S

g g

2 2

% 2001 % 200

& &
100’ 100

100ppm formaldehyde 0 100ppm formaldehyde
0 250 500 750 1000 0 500 1000 1500 2000 2500
Time(s) Time(s)
(© teht-assi (d) —
5001 —o—365nm-light-assisted Zn/In-3 ] 5001 —o—365nm-light-assisted Zn/In-4 r
400 400+
S S
= =
g g
g 2004 g 2004
& [~

100

100ppm formaldehyde 100ppm formaldehyde

0 100 200 300 400 500 0 400 800 1200 1600
Time(s) Time(s)

Figure 5. Response-recovery curves of Zn/In-1, Zn/In-2, Zn/In-3, and Zn/In-4 to 100 ppm formaldehyde under 365 nm illu-
mination

5.2Zn/In-1. Zn/In-2, Zn/In-3 %1 Zn/In-4 7 365 nm J¢BB T ¥t 100ppm EREE A0 7 -1k & Hhik

i 6(a) i, TEEEAMET, Zn/in-3 f£EKE57E BB 1] 46 P Y 500 MQ. 7E 365 nm 554h
MG N, AR 2SR BRI T . ArrfHAR e e, R AR E T 100 ppm HIEESURH, MRS EY 10 s,
A AR EE IR . B b AR IR AR HRT B TR, 7EOG IR %1 s BRI IS 2 2 e i fe e e, kS
BF1EDN 16 s 2 Ja 2 otdi, FRRHIZEWH IR 2 2 B ISP aaE . il 6(0)Frow, sSeagid fE i s T 78
WK A 365 nm GBS T, Zn/In-3 A£ K2 AE 100 ppm HES AR IS FIELE 10 RAGEIE . T4
R IR, TE 10 KW A AL B Es  REBUSE AR I B sl . X —BIR KW Zn/In-3 L8 8 B h R i
A A AR 1

3.3. FTRIBBEAXBS HARBALLE
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Figure 6. (a) Response and recovery time of Zn/In-3 to 100 ppm formaldehyde under 365 nm illumination; (b) Long-term
stability testing of the Zn/In-3 sensor under 365 nm illumination at 100 ppm formaldehyde over a 10-day period

6. (3) Zn/In-3 7£ 365 nm FEE T XF 100 ppm EREERING R ANk ERTIE]; (b) FESK K9 365 nm BISETS, Zn/In-3 fEELES
£ 100 ppm FREET 10 RAVICHARS B MEBEA TR

Table 1. Comparison of gas sensors under different room temperature and illumination conditions
= 1. TEIZERALRSFERIRIILL

RS Sk W (ppm) TAEZAF WINAE  MORIERI(S)  PRERTEI(S) S5k
HoFeOs F i 100 RT. UV 75 719 248 [26]
F-ZnO IS 2 RT. UV 1.89 210 25 [27]
Zn0-Sn0z NO. 100 RT. UV 13.617 64 72 [28]
GaN/TiO> NO: 1 RT. UV 1.33 140 160 [29]
Zn0/1n20s g 100 RT. UV 5.57 10 16 AKr

4. SiEERNE

ZnO/In0s A MBI 535 T2 S, R 2R R EE 0 T, BN BT AR K FL 7 FE B B4 O
O M O*. KT L7TCHTAERE T, HRERMEERMNEET RO, , FEMEFRE AT
RIZ, HAS R B SRR 2R T RN, RSB FRERN, HHT
R R AR, B AR . ZnO/InoOs S BR £5 T A AT i 25 458 1R S 72 . In05 5 ZnO ISk
oy 5.0eV fl 5.3eV, MEHETEMTRLERT, HT ZnO M PKEEREAR, HT M InOz i ZnO H
FEFKREGOE BT, WE 7 PoR. ZRRA SN BT RRIRE T EZ BT, RS TR IR
BT, RIS TR TR, A SO sE R R

EMBEFMET, HTRESEKERIER, BKBE, LTiES. YL TFRERTHRET
SRS BHOIEEAE TERERT, BE B R F AT R S, PR T - 200G, WS 5S8R
i, FEAHIFEH, 365 nm SEAMGIIE FREEZ1 3.40 eV i T ZnO (3.37 eV)# In,03 (3.60 eV) A 5
¥, BERSAE ROMR IR T, BRI DURNRRIE 365 nm JGIE T 2 B B v B0 RAE . B B
S FREEIZHIR/DN, BRI T, S % 650 nm B, Y TREEMREL) 1.91 eV, LiEBAK
W BRIE, PRI A KBS TCVE P A U S R, . AERAMEBUR R, ZnO/ngOg 5751 45 T Ab = A KB
A - O, SRR AR R AET I, 7R Inp0s —ITE R THRER 2 . A LRI AT
AR IR SR S N . SRR AR B T 2SR, O 4 TSI T AR R T A Fh, b1 R
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Figure 7. Schematic diagram of the sensing mechanism of ZnO/In203 heterojunction: (a) before the formation of the hetero-
junction; (b) after the formation of the heterojunction
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