Chinese Physical Society
Mﬂ#ﬁ Acta Physica Sinica :

€D Institute of Physics, CAS

ETRAR B AR-r COBUBAT R AR AMENO, S KR RRS

FiE B RE A ARE G2 Bl 2 N Ex REi

Flexible nitrogen dioxide gas sensor based on reduced graphene oxide sensing material using silver nanowire
electrode

LiChuang LiWei-Wei CailLi XieDan LiuBao-Jun XianglLan Yang Xiao-Kuo  Dong Dan-Na
Liu Jia-Hao  Chen Ya-Bo

515 K. Citation: Acta Physica Sinica, 69, 058101 (2020) DOI: 10.7498/aps.69.20191390

TEZL L View online: https://doi.org/10.7498/aps.69.20191390

MHHNZE View table of contents: http://wulixb.iphy.ac.cn

AT RE RSB HAN S

Articles you may be interested in

IR WRE IR AT SR AEINO ) SR AT

Adsorption of NO, by hydrazine hydrate-reduced graphene oxide

YrH2E 4. 2019, 68(11): 118102  https://doi.org/10.7498/aps.68.20182242
BRI LR B HOT S B RE B 1R

Energy loss of surface plasmon polaritons on Ag nanowire waveguide

YIHLEHE. 2018, 67(24): 247302 https://doi.org/10.7498/aps.67.20182085

AR TR AL IR A i £ S LSRN O2 ek
Tungsten oxide nanowire gas sensor preparation and P—type NO2 sensing properties at room temperature

YA 2018, 67(5): 058101  https:/doi.org/10.7498/aps.67.20172236

SR AT AR SRR S 6 1 U RE A9 52 )
Polarization effect of external electric field on Raman activity and gas sensing of nano zinc oxide

YIFE£47. 2018, 67(14): 140701  https://doi.org/10.7498/aps.67.20180182

i JRRLRE X R A T BRI AN B 3 T H2 U RE A R )
Effect of reduction temperature on structure and hydrogen sensitivity of graphene oxides at room temperature

PrPeEd. 2017, 66(8): 080701  https:/doi.org/10.7498/aps.66.080701


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.69.20191390
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.68.20182242
https://doi.org/10.7498/aps.67.20182085
https://doi.org/10.7498/aps.67.20172236
https://doi.org/10.7498/aps.67.20180182
https://doi.org/10.7498/aps.66.080701

) 32 3R Acta Phys. Sin. Vol. 69, No. 5 (2020)

058101

ETSRMAKLBIR-rGO SR IR
ZM NO, SIFERRE

ZEY FHEEVD KE
e bEY =AY

i 21
%) % 3 1)

x| PR D)
BRI Y

20

1) (B ETRRZEILRITS, Pi%  710051)
2) (WEHERZF T2, (GRS SEARERSINE, JLaT 100084)
3) (BHETREREMEILS LK, FH 464000)

4) (EERFAFE TR, L5 100084)

(2019 4E 9 J1 14 HULHE; 2019 4F 12 A 12 HUEIE M)

5 FHER 94 oK 2R A R 14 ) ol 4% 2 PE S A8 H A, A SRR Ak A B8 0@ (reduced graphene oxide, rGO) 1E A&
TR R 5t SR M SR AR T 90 O A U Y o B AR 1 D R S PR SR g R R, 4
) LABR A0 K 2V AR 1Y) rGO SR AR B T LA SE L IR B X ¥k 24 5—50 ppm (1 ppm = 10°9) Y NO, X,
PRI, X 50 ppm Y NO, (40 1 B8 % 35 3] 1.19, 15844 9 8 MR, IR AR UE IR H57E 76% L) I, 152
) RAHUE 2 0.00281 ppm !, XFHEEE N 5 ppm #Y NOo S Y 1R 07 1 8] J2& 990 s, PR IZ I 1] 52 1566 s. ML oM, 1%
JEARTE 0°—45° /Y9 25 i £ B2 R 5 3R 30 U0 5 00 v A4 R P 5 AR TR BB T T 45 1) gt 1 B AT R X R 1 v

P IR e ) 25 T 52 4

KRR HANKRLE, VRN, B S0, UL

PACS: 81.05.ue, 06.60.Ei, 68.43.-h

1 5

MUK, PP EEORIG B T R A K, 4%
A RE R Al 2 B A SR N ANTS , (A RENR BT | {2
FEFIR | BRE TR, [Nl MO IE 7 & 11
JEAS | REFIERE | A5 SEHT F A SRR 3
KB AHAFTE RS, n] S 1 A RO R
KA B T BR AT FE AT 2 — (1. T 7 J 2 ] 2
B, UL S i T RERE N T A R

i

DOI: 10.7498/aps.69.20191390

B ARSI A SR, [ AT ARG
I EHEERRAE | T SCEL AR P AR, Z BT
W EAN IR 2 K. Gao 25 2 43 51l F B BE G 4H
KA | Z2RERRNKAE R EA B i1 s 1B V) B RE
ORI 3 PG IR RN A T ML e SR A%
SRS, JPR LA ) 1 B i AR S AR TN &
B AN S TSR RE T RE. Guo 45 Bl it
W BRI Sk R A A BRI TR A, RNk
R T H R T BERE (PET) J&K& FUUR, 155
THARREH KRG SR, A F S

* ERARBREILS (S 51672154, 51774191, 11405270) ., FEFRFH SRR (LS 2016 YFA0200204) ., BEFiE H AR %
BEREAF I (HEHES: 2017IM6072) F1Zs ZE T AR R 2 BB BRI H (LS YNIC19070501) BBy ERAEL.

t BfE1E#E. E-mail: gianglicai@163.com
1 BIEYE#E. E-mail: xiedan@tsinghua.edu.cn
©2020 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

058101-1


http://doi.org/10.7498/aps.69.20191390
mailto:qianglicai@163.com
mailto:qianglicai@163.com
mailto:xiedan@tsinghua.edu.cn
mailto:xiedan@tsinghua.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 69, No. 5 (2020) 058101

T AR SR XM B Sl 100 ppb (1 ppb = 10°7)
% 100 ppm (1 ppm = 10°%) i NH,; <A B AR
A SR BE . i 2 1) 3 o K BRI U, 3R B B ik
RIE R T SnO,@PANI(RIERE) QK E A HE
IEHe 25 I b1 RE 3 BAE R 1 PET 554 I, %A%
SRS A R IR 2 R 10—200 ppb 1Y NH, AR
HET.

B2 BT K 2800 M UL AR 7 2
SRR B B B R R 1 Z2 M LR L, DS
SAGIRER I ZE AL, DR AHE BEs 1 ) 25 i 7R
TINAE 2%, BN T s A O E R I ELAE SR
S HL R AR T, AR G R AR (ITO) A1k
FH T 2 R I R BRI T A e M A IR T Y
M. B, R T AR T AR S B G
PIAN 5 THI ) ()8, 38 D B — PP AT Z2 0 0 A
AR R AL SRR Y T F R, S SR A iR
SRR R S B ) — IRl A%, DA kE G i
PRI J R B T SRETE BT B, ARk
2k B! (silver nanowires, AgNWs) . £71 24 9 ik 40
KA 1 SRR RE ATV S e AL i e e .
H ARGORE R AR R Y S Z A8, i F4h
KRG RST RO, i ELAT L5 a3 et | Tif i 4%
PE. B RS I AR T AT RE, T AR A
Kk B R HE A AR B2 0 T R e e 1 T
WA RS HE Y. Choi 25 B4R KL /16 5
SAL R M S i AR W 3 R A
(PDMS) Fl IR AR (PU) A BZH, il &
HB AT el g A B A P S SRR IR B . Yao 45 10
FIFERAORZANE N H b, il B 3 P A AT 27 8 k7K
GRS, — B T B oK A BN W iy, 5 —
T Z T RE MRS Fr, AT el 5 B k3R K it 7k
HAEH. BB, BRI LA M i i il 4% 7
T A AR T R AR TR R, ASCR AR
KRE A R ZE M SR AR T AR A B}, DL
IRAL IR 1 ZE A

PE MR SR B 1 AR U B e B L
HH EL TR RE (=10 B 19 D) KGR SR AR AR
B 101 (rGO) HABRKM HRER . RIFHHLK
PERBAFREA, T8 URML AR T R I B R 5
W1, ARAE A AR A5 B i S AU Z (1 b1 L
I, A SCff A AgNWs #4 Bl £ X 45 HL ) (IDE),
H rGO 1E R SARBURZ, 51T T —Fp L TR0k
LM -rGO USRI IRAL RS (AgNWSs

IDE-rGO), Jf WF 58 T H X} 5—50 ppm ¥ & 19
NO, Ay 7 BE | WK E M | H M A SRR DA
KM FERE.

21 #&# #

KRR LR K2R (20 mg/mL, KJERKF
200 pm), GO B IFH (2 mg/mL) W FH m 5L SEFH
KIEBHEAABRA T KEME (NoH-HyO) (> 80%).
2K (NH3-H,0) (25%) W F PG A% 35 B s L 2y (-
) AR AL ARE NO, AR (100 ppm) (A
Wi /N T 2%) I H Ak s AR AR SE T, T
P SAE NP TR A7 34 43 4l
ot it — P alifk.

22 # &

WA A BRI B L ] Li 07 ik 2zie
JR AR A A B I A OB AS 08 BLAOR UL, BB
1.25 mL A GO & 7## (2 mg/mL), I AZLE Tk
¥ GO BIF R E 10 mL, IR B GO K
VA o #E AR FE 10 min; SRJE A 38 L 4
K 2.3 uL B7KA HE 258 5 fe)m, FHR
B WAEE (95 C) ik 1 h D GO id
J rGO, BRI 152I3A JF Ak A7 BRI TR TR

AgNWs IDE-rGO 1 88 1) il £ & R F Wi ik
A B, Hel st R R RN A 1 FR. 1,
W AgNWs I OE 2 AL PR 10 min, PLIE B T3
e HEARIE U A 8 50 A IR SR I Kl 5 B R AR5
A F R A o b [ A SR AR (25 40) b, sE
H Hil R RGN AgNWs IDE #E17RI%1k. 2 )5,
it 7E AgNWs IDE i F 2 uL B9 rGO &8 )2
UL IRt PRI 4 B A5 A% 1 5 i
R, T2 5 MG s S kR k.

Fl 2(a) Sl A5 AR 9K 2 LA FE AR 1 b2 5]
Ay B 2(b) JE B~ sl B 2540 R s B il A
Ry R U T RN R AT 200 wm. SR A
1) 75 9 R il 25 A% e A AR 2 4 Ak, H i A AIG
il 5 R B AR, JF LR BERS R S A R 1 R
bR, BB B, X A0 T AR
FL gt 1 D ), 9 0 M A S B 9] 1 SRR A
il A

058101-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 69, No. 5 (2020) 058101

e

AgNWs IDE-rGOFE% AgNWsHIRF

K1 AgNWs IDETGO g {4 1 il £ i it m =L I
Fig. 1. Schematic diagram of the fabrication process of the AgNWs IDE-rGO device.
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Fig. 2. (a) Optical image of the AgNWs IDE array on portable stickers; (b) dimensions of the single electrode structure.
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Fig. 3. Schematic illustration of the gas sensing test setup.
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Fig. 4. Real-time response curves to 5-50 ppm NO,.
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Fig. 5. Plot of response vs. concentration.
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Fig. 6. Plot of recovery vs. concentration.
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Fig. 7. Repeatability of the sensor after exposure to 15 ppm
NO,.
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Fig. 8. Response and recovery times of the sensor to 5 ppm
NO,.
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Fig. 9. Selectivity of the sensor by exposing the device to

different target gases.
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Fig. 10. Flexibility of the AgNWs IDE-rGO sensor: (a) Device
resistance varies with the bending cycles; (b) plot of re-
sponse vs concentration at the different bending angles.
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Flexible nitrogen dioxide gas sensor based on reduced
graphene oxide sensing material using
silver nanowire electrode’
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Abstract

In recent years, flexible gas sensors have aroused wide interest of researchers due to their enormous
potential applications in wearable electronic devices. In this paper, a flexible gas sensor is prepared. We use
silver nanowires as flexible interdigital electrodes for gas sensors and reduced graphene oxide as gas-sensing
materials. We also study its gas sensitivity and flexibility properties such as responsiveness, recovery, and
repeatability to nitrogen dioxide. The experimental results show that the silver nanowire flexible electrode and
the reduced graphene oxide gas sensor prepared can detect the NO, gas with a concentration of 5—50 ppm at
room temperature. The response (R,/R,) of the sensor to 50 ppm NO, is 1.19. It demonstrates high response
ability and repeatability. The recovery rate can be kept above 76%. The sensitivity of the sensor is 0.00281
ppm. The response time and recovery time of the prepared AgNWs IDE-rGO sensor for 5 ppm NO, gas are
990 s and 1566 s, respectively. At the same time, the sensor still exhibits excellent gas sensing performance at a
bending angle in range from 0° to 45°. The device has relatively stable conductivity and good bending tolerance.
The sensing mechanism of the sensor can be attributed to the direct charge transfer between the reduced
graphene oxide material and NO, gas molecules. In addition, the high catalytic activity and excellent
conductivity of Ag that is a common catalyst material, may also play an important role in improving the gas
sensitivity of reduced graphene oxide materials. Silver nanowires, as a material for interdigital electrodes,
provide excellent conductivity for device as well as support for the flexibility of device. It provides the
fabricated sensor for good mechanical flexibility. And the gas-sensing performance of the AgNWs IDE-rGO
sensor is mainly achieved by the use of reduced oxidized graphene material reduced by hydrazine hydrate. In
summary, the silver nanowire flexible electrode and the graphene gas sensor prepared in this work are helpful in
realizing the flexibility of the gas sensor. It lays a foundation for the further application of flexible gas sensors
and has great application prospects in wearable electronic equipments.
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