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Abstract

Low-concentration, high-sensitivity rapid monitoring of trace ethanol in the breath is important
for the initial diagnosis of nonalcoholic fatty liver disease. Healthy humans have oral exhaled
ethanol concentrations below 380 ppb, while patients with poisoning and fatty liver disease have
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oral exhaled ethanol concentrations of up to 2300 ppb. This work aims to construct a ZnO-carbon
fiber heterostructure with a clear heterointerface by quasi-two-dimensional electrochemical de-
position technology, and change the contact interface characteristics by the adsorption of ethanol
gas, causing the change of resistance of the gas-sensitive material, thereby generating a changing
current. The selection of highly conductive carbon fiber and ZnO to construct a heterojunction
structure is helpful for the detection of low concentrations of ethanol gas. The experimental data
show that the ethanol gas sensor shows excellent performance, with a responsivity of 460 for 100
ppb ethanol and a detection concentration range of 100 ppb to 10 ppm, which can meet the detec-
tion needs of ethanol in human oral exhaled gas. This work shows that the rationally designed
ZnO-carbon fiber heterostructure is an ethanol sensor with good application prospects.
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1. 518

B (S BRI BN D Z A H 28, AT EEST 3 AR RS0 Rkl k. A
T R I SR T B AR, R R A A AR A O E B R A AR I AR,
P A AR IC AT R A, HA . BRI A EPERR A, FEIRR S WA SE R B 25507 T RoR
T RERIRL AT R AR R SR R 1) SRR BB 12 R — e A HAME, HATLEE
S AEIAS 1 g 2 s R AR b 50 . Nair S8 NFIBE TR IR, — MR N T st AR o S R 2
KT 380 ppb, 1 H 25 BIE 5 FHF5 03 8 3 1 T i P ) 2l SO B L 22 8 5 2300 ppb [1] [2] [3] [4]. A,
FE I B AEARIAR FE I PR m] S ARSI 2 I 0 v R BB = R AR RS, 6 T ARk YL 0 Ve FE s 10297 B
HE R X[5].

EAESR, &REMYE PR MLRSEE L RS S R/ RER . 5 TG, Rt i
PR AR S5 55 58 AL 34 4% 52 GV [6] [7]. ZnO —Fh B ) n B & R A - S RM R, BA 3.37 eV 1%
W m TR, FENATA, IR R RS ERE8] [9] [10] [11]. U1, Zhao
2 NI K HGER T —4E ZnO Gk FabbRl, 78 300°C TAFIRE T4 100 ppm ZEESARKIN AL A 45
[12]. Wang & N R e ARt 26 1T =464 5 R4L ZnO/In 9K Z5H, 24 In 4B &8 5%KI, 250°C
TARIRFE T APELRT 100 ppm LS B R0mm RLAEL A B f s 88 [13] Li 55 A K /K Ak ] 8 JURE IR 402K
Zn0, L5 44 4T 4 (carbon nanofibers, CNFs)f4 % ZnO-CNF i Ft1f, f# ZnO & 845 it R S5 21K
S 2 v HL AR B R PR A 3, Horh 3%-CNTS/ZnO 5 & M RHME Stk TAEILE 360°C T X} 2.k i
>4 100 ppm ISR Y 98.329, SE4lZK ZnO ) 2.5 1%[14].

AR, BT IS 2 Fh 77K 235 ZnO AL AL L RE , AL 5 & R PR RTRL D Re b 58 AN
MR RS T7E. o, 8 5 RS R T E DRI A SR b f 5 0 5 5 4 — PR T R S
(ISR o 03 45 A2 RV SO A [ (1 2 S AobA il ok — i ) A K 5 s T i) ST X 4, RR i 4 i 34 22 B
W, PR BHZ Ak, BT 2Bl TOKRE IR BN R AR A, TES il SR T T ORE R X AN fih 35 22 . 1
IR SRR JE BRI, A SRR B A R UK, X R T R SR SRR AR R AR R . g
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K TGS KRR R Ay S T S OB, bE R IAROR SRS i, ot T B m A AN D R w] ek %k b,
Tong 5 NAESE T BT Pd-SnO, H REFE 4 22 (I, Pd 5 2411 SnO,-NiO X 50 ppm Z B I NN 12,
bt Pd %78 1) SnO,-NiO i = 8 £i[15]. Wang %6 AMJ & T 25T NiCo,0,@SNn0, 57 /i 45 F A kL 1) £ B AR Ik
&, 1E 160°C F At L EE A ARLEMERG N TE A 20~5000 ppm, Kb S i 5 Ry 2.12~16.18 [16]. iR 45 FRAE
2T SRR T AR R N, PR RS B, B ORISR E BUR . AR R M
BHE BRI FHE 7 — b, (HRBARIRE . ppb SIK T H 2B RRS A A R T 7T

ZnO YR RIE CEERS I R DU AL T M BE, R0k, AR BA & LR A =4k ZnO 4K
PR BUBA R, $ H— BB (1) 7 V2R e 4 55 R ST T (1) ZnO-CNF (1) 5l &5 44, 70 43 R 5 S I 45 ) 4%
W IBURRRE, &GRS, SEm REBE . R IR ) B SRR B2 R . AHH 5T R
S JUU 5 G AL SR RS A AL T — M TR T

2. SEERFIFNTG %
2.1. EERHE

KT I -E7K A BR R (ZnSO4 TH,0) A 2 (HNO) fill 45 FELAA B IV BT AT IR 7148 M 43 W 3k 71
Rt A ED AT A o R A6 99.99%, JEFE 15 pm, FEAE0A 1 mm EESE, R 18 mm x
18 mm [ F . 5 0.2875 g ZnSO, 7H,0 W FAE 19.99 mL % &5 /K (FEFH % 18.2 MQ)H, 74+
RV, ARJGTE FBARRCF NN 10 pl PORHER, A1 FARVR ) pH A, SRS NG S CNF JEiHT# s, ff
CNF 73 H135%] .

2.2. ZnO-CNF RRE&HE

L AR E DO R G ZnO-CNF RRES 450 . 15, Kk B AR E KSR oiE b, R
JRERER EIRE R AR, FERBOT EPATCE PN Ak R 25 ul (VAR SRR R P HLR
Z IR B b, A am BT 78 o A A o R AT IRLE A K P2 ] A S IR S AR 45 LA IR
P 55 35 2 (T G K 2 PRI g B3R AR 2 18] 2 Jl o A e 4 P e i = (AR 2 ) JRE P 240
300 nm). FEMCIEREA, I B SN LSRR d AR R . JTARUIARIT, A PIAK N 300 mV )
BIRHE, Zn®* ERIMER T RARES), HEIERAN Zn0. Zn* fEVTRII AT A WL 5, HEz)
ZnO [ AR, FFH, Rk fErd, JURGURL S S T RTERAF ) CNF A KBk, TBAA
TFHHT SR SRS T ZnO-CNF SRR 4G . TR RESE R, KU T ZnO-CNF SR 45/ i 2 3 B,
LR T 2~3 o I HAE TR FERERRAR AR B T X ZnO-CNF it 45 H R AT Au Hiil
TR F A ZE I RGeS R 260 e 0E XS BRI TERE, $RIN 7 RSB, R BE . W
[ o/l

3. BR5VE

AP HE 2 AT AL DU R ZnO-CNF S st 45 i 4544, FE ORI Rl Tt hn LA L ZnO
DU, 7E ZnO GRS A BT A K ROt A2 rp, CNF RLfR R S i tE 5 Zno B K3 —ii2, wd 1 At
No SEM EUERWIRE A M8 — 4IRS, BARATT AR, JEH CNF S5 i Ar B AT LATE I A
. ZnO /& n B0 G ik, CNF 255 p B SA[17], Kll, £ ZnO-CNF Hefh R IEE IR T p-n 4.

ZnO-CNF SR45MII X SHEeFRERE(XPS) & 2 fivn. &l 2(a)Hh ZnO-CNF e 6 EoR
ZnO-CNF H1fE7E Zn, O. C. Ca. Si J5i . & 2(b)r Zn 2p W &os T AR FRIFIE, Horh Zn 2py, AT Zn 2pyy,
(fhr B354 1022.1 eV Al 1045.2 eV, XRiT Zn* @Ak, XN Zn(I)E F45&ht. MM MZE N
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Figure 1. SEM image of ZnO-CNF heterostructures
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Figure 2. (a) XPS spectra of ZnO-CNF heterostructures; (b)~(d) The fine spectra of Zn 2p;O 1sand C 1s
[ 2. (a) ZnO-CNF = RE5HIEY XPS 1EE]; (b)~(d) Zn 2p;0 1s #0 C 1s KB LIE

23.1eV, S53#k ZnO 26 —3[17]. & 2(c)ERn T O 1s et Hz —ANTEAKIFRIE, il
O 1s AN IE—/Mu2esd . FIH T - IS EHBIBERM 3 ME, 72alfiT 529.85eV. 531.2 eV
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F1531.8 eV &b, 7l 5 kg A (O AAL(Ov) HZEMIHEA(O)H K. BHR, ZnO-CNF Ff i 1] 32162
ZEMR B4R Oc, RIIE RSB H, ZnO-CNF 5l 45 MR B 7480, 31X 5 ) T HE 22 1 45 SR o —
. F 2(d) 2o~ C 1s BEIREFU N =05, 7 284.8 eV LI — AN C-C 4, #i\ ok B T8 & Bk
FHEGAMNIERK , 75 288.7 eV ALK EE /Mg C-O FEHIIRFLIE, 7F 288.7 eV AbHI#R Ja —PMifs2 O-C=0 i,
g Bt — R T AR B ZnO FIT CNF 2

T ZnO-CNF Bt A 5 R, 2908 10'~108 Q, HPHAI A TEEEK, A R TR S 80T
IR o E 200°C264E T, FIF DU GEIRIZ AT 3 T ZnO-CNF 55951 45 W 11 2B IR 3 A B S 1k BB A T
THRIE, W 3 Fim. K 3P 1t HiZk A ZnO-CNF 55 45 MR S5 2 B85 i v g 28, it
IR 5 Ve Wl 3(a)FR, 130 s BT N ZEE, (M 9 LB % 100 ppb, LR A% I35 H it B 5
ThaE, UL R RHE 200°C T4 S B2 B AT R RN, W RCEE; 76 290 s 5, MIRETRGE, WaRE
TE B B KA o T S RLE N C UG FEIR A lo» BBHS U3 S B 45 RS I HLAA 1L T C = (1-1,) /1, ¥100% -
AL IR AR 100 ppb 2SR S FEZ) N 460, £ 330 s A5 —VRIEAN—E B 28, At A 2 mik
[Ei5 %) 1000 ppb. LEEENJG, IR H IR SET:, #84FX 1000 ppb 1) ZEEm N AR B, K
TIATHLAIA R 2.2 mA,  [SIINR]IZ) 9 1000's, M B EE 294 2000 ARII 1 #4840 FE Sl A 8= i
SN . ] 3(b) s 1 28 1% 45 F7E ZBER 5 8 10 ppm FOWR S B 28 . 227N 10 ppm Ji5, HLUR EURIE K,
Wi S E5F [B] 4y 80 s, FELATIA B e KAE, #F2E 30s, Wi 4900, 310s 5, FLURESH IR/, Ui IXphasft
{1014 B TE A8 AR T PRSI 7 T A 2 0 R 11
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Figure 3. Gas detection based on ZnO-CNF heterostructure; (a) Response of the sensor to low concentrations of ethanol gas
(100 pph, 1000 ppb); (b) Dynamic reaction of the sensor to 10 ppm ethanol gas.

[ 3. &F ZnO-CNF RREMHISEEN; (a) FREESERIRE ZEESAGRE S 100 ppb. 1000 ppb)INaRL; (b) %
BLEEXT 10 ppm ZEE S REO 7S KL

43 SIAE I 9 100 ppb. 1 ppm. 5 ppm 1 10 ppm FIZAE T, KFasfitiim 5 V ik, 7£ 200°CF
BEATRL I IE S5 FC e S FE o 7 ] — R BE 2 A AN [FJRE AT 22 N &, I SR IBCHC S S B2 PR T3 AL, 25
Rz 1 pR. B 4 2 o R 0 B Bl R E RGOS R . 25K, ZnO-CNF )i 45 /4%t
LS ARV W B 7E 0.1~10 ppm YU Bl Y SE A LR MRS 25, IR e 28 5 1 ARTERS T i 10 T B
I L 2L (VA T L (100 ppb~10 ppm), ESE T iZ a6 1 fs e ) 20 B ARG0 fK) AT R
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Table 1. Average responsiveness of ZnO-CNF heterostructures to different concentrations of ethanol gas at 200°C (100 ppb,
1 ppm, 5 ppm, 10 ppm)
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Figure 4. ZnO-CNF heterostructure performance study line
4.ZnO-CNF 5 REEHIM RERT R EIZ

TEARTAER, Al &0 ZnO-CNF 5 i 45 M0 L RE S AR AT I N B iy BRI EEAR . M SR s 5t
EEBEIFETF n B ZnO 1 p B CNF [TZhR 3708 5.2 eV [18]F1 4.6 eV [19], MEA1HALR, H-FH
CNF [1] ZnO ##%, (EHAb P A& 7 i F R EMT R R )Z . £ [EH, Ao TIRIRE
ZnO Kifl, M ZnO K FHHHIRE LT, BOVABE T o AEAFRE T, SE 7 LALAFTZ AR Oy, -
O 45) T Ol BB, AHIG SR TT R 7< H9[20] [21],

Ojas +€~ — Ol (T <100C) @
of;ds) +€ =20, (100C < T <300°C) ¥}
Oy +& = Ol (T >300°C) (3)

Blt, BEAE AR B T R, R ZnO R AR TR, SRl A IR TR R XA, 4
TN OISR, SR T 55808 T IR R CO, fl H,O, FFREIN E Hi s 72 ZnO o, S RN
[22],

C,HOH ) + 60, = 2CO, ., +3H,0,,, + 66" 4

(gas) (gas)

ISR LA R X AR T, AT U PR T R F B, AR TS . ZnO-CNF Bzfilan, Hefil 5
TE2 S LB SAR T B B man & 5(a). & 5(b)FIE 5(c)Fm. 1% ZnO-CNF 5 i 45 S AR AL R A1
200 CANFIR I CRESAR TR, FRR(FRBR) B AR S I 3G K. FZLR N, miRkE RSk, X5t
AR PRI RS S, =4 T SR F AR b
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Figure 5. Band structures of ZnO-CNF before contact (a); in air and (b) in ethanol gas (c) after contact.
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