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Abstract

Here, we report a simple synthesis strategy for the preparation of flexible formaldehyde sensors
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with broad application prospects. A formaldehyde sensor was constructed on polyimide film by a
simple spin coating process using cubic indium oxide nanoparticles as the sensitive material. The
experimental results show that the designed flexible formaldehyde sensor has high activity and re-
peatability at room temperature, and the detection limit of formaldehyde reaches 10 ppm. By mon-
itoring the device for a long period of time, the sensitivity of the device changes little under large
Angle and cyclic bending, and the maximum and minimum sensitivity responses change 1.66. The
sensing mechanism of formaldehyde sensor was discussed from the aspects of cubic indium oxide
nanoparticles, structural advantages of aromatic polyimide and catalytic effect of light addition.
This kind of sensor has the advantages of flexibility, flexible sensing material design, light weight
and low cost, and can detect gas at room temperature, etc., and has broad application prospects in
the field of environmental gas detection and wearable smart medical treatment. In conclusion, this
study provides an effective way to manufacture high-performance and applicable formaldehyde
sensors, which may be helpful for further application in environmental formaldehyde detection and
other application scenarios.
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1. 53|

FE G SR AR H R TE TN R R Y, AR e Bas AR P B AR A IR (1] 2R,
EATRIRIEFD S PR BR 1] T IR SR B SR N . M2 R, TEREWAG SN S5 K
AR R AR 22 LA RG] T RRRER 2 (R TN DL O, A AR U R ARG A AR TT IR
e S IR A R KR F[2]-[5]. &8 ST B mEREUR S, XA AT 6 G Hh 5 3505 hFERK 1
TR, SEERENYAITEK6][7]. B TAEREN S PR A, 3 a5 2R T 2 308 F Sk 1k
AR Fith, SEERFHEAARAAREZEZE T ZRO0E, ST AT R, SEIAS AR
BRSPS 8]

I #E (HCHO) /& — P BA B0 14 5 1 A ML A, AR B 1 F R (1~3 ppm) 22 I s T AN AR
WIEHEL 15 ppm & FBIET:, tH 7 PAEHL(WHO)E = N A IE X I3 F S B BT 80 ppb [9][10],
DRI, G 20 B A WU 7 vt N AR R RN IR BSR4 B JE B i R R 7R R

& JE A A TR (MOSs) SR A% IR AR A2 7 MV S B B )2 IR IR AR AR [ 1] AP SRR
A AR B S T A v ) AR IR SR AR A e IR BLTE AL AR, DA RRUEAM B R VA ML A 5 H AR SRR
A RBI[12]0 SRTAT, BE I TARR A < SEIFER N, Eaw ke akE. Bk, FREERT T
VB A - SRS A B E SE bR B AT B . IEAEk, JelUR O AL SR S Ak
FERRERE MR T TAEMAA O E13] [14]. TEARZ AN SR, A (In05) B A B 16 IR U RE 77
AR TR, TGRSR RS BUSAR B ARE#E[15]. B4, Espid 58 A4R0E T =15
T 365 nm UV-LED RS R MMKIKR E NO, AR K) ZnO/Iny0s 2 A AR RS I G M 47 N[ 16]. Song 254K
T Sx/InaOs TEVGHUR T IR, RIL T i@l Sem Rl S e . TR R R 454 . 4 =it
T EBORE . B4 EAEAEH] T AR S b S5 R B AT A S AL A, 7EJEBUR T X NO, [ R 42
& VUM E R [17].
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ASCRHPK LR & T InoOs FEdh o AZT7IEMI & IRTR S Ly, S5, 2w, MR A . %
O SV i PR A R AU E L AL 2 A8 PR AT i Mk e Al 2 N T et U AR IR Es Hh 18] — ORI,
TR SV 2 A ZRAME A A T o 1K) L FH AT DA v A S 1) R 2, S L AV 0 7 45 R 4% 1) 2 FH A8 19] o
AARTHE R T ) SRS SRV A R S IE o 7 BRI SO RN S5 A (AR B ] 48 SR MU i/ U R S 5 4
RHI o .

2. SCIEERSY
2.1. EHERAH

37K R BT (PMDA), 4,4%% _#(ODA), NN-—F 3 ZFif#(DMAc), NaOH (AR), PU/K&E 1k
#(InCl3-4H,0, AR).

2.2. Hl&RIE

REERRIE] % BRI R(PAA)EEAE 0°C FEEE /K LY PMDA 1 ODA 7£ DMAc H 145 %
NA . B, H4 2 g ODA BFAETE 30 ml DMAc ', ZRJE I 2.18 g PMDA, £ 0°C F#ifk: 24 /N,
133 14 wt%[1) PAA . 277 InaOs PURBRLI AR 58, 4 0.29 g InCl-4H,0 I ARTE 25 ml 25551
K, HEEE 15 208k, SR 0.1 g NaOH 20 HEfE 10 ml 28 17K, Hrakdiidk. SRJH NaOH & BHZ
BN InCly-4H0 ¥, RIZURE E 2 RS TE R, TR U S IR #% 3 50 ml SRS C M
ANFEWE R . MIEETFE 180°C, &M 10 /M. KGR B PR ZBEREEuR, T
HUEDE . f)a, F A U In(OH)s BTN SEH I, 725 FL S 34 AR LA 5°C/min FIIN#GE 2 1E
300°C FHRAEE 2 /NI JBBESE, 1FENRE O InOs K71 . PI-IngOs A& I35 IR e ik AR JGL R U 4]
1(a)F7R .
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Figure 1. (a) PI-In203 sensor spin-coating and minimization process flow chart; (b) Test flow chart
of gas sensing measurement system; (c) Equipment for bending test of thin film samples

B 1. (a) PL-InOs fE BB FEA R R/ ML T ZRIZE; (b) [SEUNERGNIXRIEE; (o) HE
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2.3. SixERBHHIEMNE

K CGS-8 B Re B T RGNS PI-InaOs 1% B % (1 VB ME BEREAT L U o K A% SRR RO LA S AT 2 ) o
BBAEANFPRKKET, LR EREEWE (bR,

3. &R 5118
3.1. FRIEER

Wl 2(a)frR, AR PL-InoOs FEEANAL InoOs 4 1 XRD 8 B 5 440 327 5K 1) Inp 05 9K Bk
(JCPDS ~%5: 03-065-3170)[%] XRD &% EW &34, X5 CHkikE—3[20]. 7E 21.45°. 30.52°. 35.38°.
50.90°F1 60.52° kb4 5 AN R IGATETIE, 2058 T 32770 Ina0s [19(211)+ (222)+ (400). (440)F1(622) 5 TH -
B8 FRIAT S I3R BH A BRI TnaO5 B RUTIOZE i % . SR BE i (Kapton) & —FlE R R Y. ©HA S &HH
AR EWaE R RAZBEHES[21]. 72 2(2)F) XRD % EH,  20° BT ) 98 6 S IR 0 i (105 A0 04 [22] . SR
AN - AT W OE A E T InpOs 1 PI-InaOs FF 5 IR W PERE . W] 2(b)FT7R, InpOs 7E 200~400
nm X3 R BRI RIS . X 98 /PRI, AT GRS/
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Figure 2. (a) XRD patterns of PI-In203, In203 and Polyimide; (b) UV-vis absorption spectra of In203 and PI-In203; (¢) Raman
spectra of PI-In203, PI and In203 nanoparticles; SEM images of (d)~(f) In203 and (g)~(i) PI-In203

2. (a) PI-In203+ In203 FIEEEE T AZAY XRD B; (b) In203 FA PI-In203 BU LM —1] TUIRUSSEIE s (c) PI-In20s3+ PI 0 In203
K TRIENRI S IIE; (d)~() In20s FA(g)~(i) PI-In20s B SEM [E1%

P 2(c) A PT AT PI-InyOs 9K & A AR 2 61l . C-O 7E 1610 cm™ A1 1780 em ™" Ak [ A FR AN ik
Frfi, C-O 7 725 em™' AL #iIRSD, C-N 7E 1380 em™' A FIBLAHR SN HIAIE B 1 S MERL IR (IR0 2 58
o 725 cm™! BT RI0G 9 0 J 3R (1) 25 -E 4RS00, 1780 cm™ A1 1610 cm™! AL I 73 ) 56 B2 e 45 ¥4 h C-0
HIAKERR AN RRPL ARSI [23]-[25]0 ] 2(c)BZh T A MG R R 2 618 B, o f T8 5
PRAKAS B B 728, 7 310, 365, 492 F1 627 cm ™' AbHFI T DU/ BH B ARF ARG, EA THR &S 7
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FHAAAGHR B A (c-In203) P2 AR R 7S F-[26]0 310 om™! AR BT 6 (InO6) T A& IR 3N, 1Ml 365 em™ A1 627
em ™ FRFAEVE VTR T o (InO6) I s IR EN . 492 em™ £ B FIAFAEIE AR T In-O-In S F&HREN[27]-[30],

B4, R A4 FAR G InpO5 A PI-InoOs TR A0 ZE M AT 1 70 o PRFRE (350 50 20 B8 Gan 4 2(d)~(D)
Fiws InoOs AR TR FUA KN 2 TR 2 i,  mT DAMER R InoOs SRR A UG RS FL
(PIFLIR, IX LL L SORUREL RS (1 R TH 2546 80T S 2 018, 53 A B TS BUL 5T PL-InOs, W1 2(2)~(i)
FiR, AILAE 2 InoOs 99K FIURL A SR Ik 0 fie £ .
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Figure 3. XPS spectra of (a) Polyimide and (e) In203, respectively; (b) N1s spectrum; (c) cls spectrum and (d) Ols spectrum
of Polyimide, respectively; (f) Ols spectrum and (g) In3d spectrum of In203

3. (a) BRELTBZF(e) In203 B XPS Hitk; (b) BBERIFERAY Nis g, (c) cls FiEF(d) Ols Hikk; (f) Ols FigF(g)
In20; BY In3d Seit

KH x SR IE T RETE(XPS)E— 5 0 W e i 4k 22 By RS B0IR A « c1s I EARAESS & R8N 284.8
eV, X XPS HridhAT T ARl . 2GR o, PLEEM N Co Ny O JeRA (K 3(a). Wil 3(c)
Ji, i Cls 1) XPS it il LA R DL 284.8 eV, 285.48 eV Al 288.53 eV NHUL K =AM, {E XPS 4
Freb, eREihZei@id 284.8 eV ] Cls W ThRUEM, XATREZ M T sp2 1 C=C HERIMEIRIT JFTEL,
285.48 eV 1 288.53 eV [M4E & eI/ HlFE 7] C-O-C Fl O-C=0 ##. [ 3(b)XfBi PI [ N1s 3, 7F 398.7 eV
F1400.51 eV AL FT AR PANE, 3B H 5H 20h R =R A OO A R I RUR 74 9, B0 PI 2 X
P N R PR B 2451 PL I Ols WEnT DL R ML 2288, Wil 3(d)Fw, HH 532.18 eV Al
533.28 eV ALRIPI IS )8 T C=0 F1 C-0[31][32]. InyOs M4 il an 4 3(e)fim, F W IngOs FE
HICER in 1 o . InoOs B in =4Em /0 HER OIS 1] 3(g)Fin . 1E 444.01eV 1 451.61eV T, 3dsp
A1 3ds FIRFIEAS 5 5 37 5 48 InoO5 1) B FEPUE 70 Z4RFEE Tn 3ds, AT In 3dsp —3K[33].

3.2. fREEMEREMI

N TP IRER R FRE, W 4(a)~()Frr, K T AR TR 100 ppm LFF. AR, FEE. H
M. WK, “HIORANZEIOMARL . B XUR AN =2 M AS [R] B RIAN 5] AR A R i 2 58 A58k 2k
o IXTTRER BT BEE R B8, A RLS B AR A Al 1A RO AR o 1% 52 EAE 405 nm
BAKHUR TR BRI R BUE . UE W23 B R R AT RAFIEFRIE, @ T R a k.
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Figure 4. (a) Single-layer PI-In203; (b) Double-layer PI-In2Os3 and (c) Three-layer PI-In2Os sensors respond to 100 ppm of
ethanol, acetone, methanol, formaldehyde, toluene, xylene and ammonia; (d) Single-layer PI-In2O3; (¢) Double-layer PI-In2O3;
(f) Three-layer PI-In203 sensor response to 100 ppm formaldehyde at different bending times

4. (a) B2 PI-In203; (b) WE PI-In203 F(c) =JZ PI-In203 {5 RE&EE X} 100 ppm K22, AR, HEZ. EAEE. EAK.
ZEHEMEMENR; (d) BE Pl-n20s; (e) WE PI-In203; () =/ PI-In20s RS TE R R ZE #ETIEIXF 100 ppm EF
B i 52

T VPl — ERE SRR S (R R AR, 7E 405 nm YGIEOR T T T SEIRMNK . ] 5(a) s,
PI-In, O3 f£IKZE XS 100 ppm FH & (10 S (8] 24 50 s, YREBS AR 312 s iZABRIRAE SR FRMHBMFT
M J87 K 52 T

WL T PI-InyOs f£ AR TE 405 nm Y& FXF 100 ppm HEE M B RS e 1 o PI-InoOs A5 A 1 K A AR e 1
Je i I AR — A U B e SR SEILY . 100 ppm HI RS FE 6 AN A WIAIRE — & 1 shasm Bk = 2 an & 5(b)
B WA R L2 rT AR, iz B RGRMNARN, RPAERAK— B A RBUEA 2%
K, HFHEARIFHTES . 558EWH, PlnO; R3S EA RIFH A SR E .

RTINS TR B AR EIR R T AR, FRATIRE TR EE R SUARTE ARG T IR
BB e ] 5(c) I3 T 2 W1, PI-InoOs AR AR AE H AR T 0f FF B SRt AT Wiy 2 o I HLR 5 PR R R FE 1R 38
AR AR SRS B R A 2 D, 1B B AR TR R B U . 7E 405 nm ABVEAY T PI-InoOs £%
TR AN R A B FR R PRI et BB o 18] S(d) B T BEAE SR FE 3 N, AR ISR I RIBUE AT S . N T
BE— P FEAT AT InpOs AR IR, & T B B8 B InpOs A& RIS AEA R KOG X 100 ppm AR,
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Figure 5. (a) Response and recovery time based on PI-In20;3 sensor to 100 ppm formaldehyde under 405 nm assisted-light; (b)
Repeatability of 100 ppm formaldehyde at 405 nm light every week; (¢) Response of PI-In2O3 sensor to different formaldehyde
concentrations under natural light; (d) Response of PI-In20; sensor to different formaldehyde concentrations under 405 nm illu-
mination; (¢) Response of In203 ceramic tube sensor to 100 ppm formaldehyde concentration under different wavelengths of light
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4. HRMNEB O
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