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Abstract
Acetone gas sensors with high anti-humidity properties based on NiO gas

material

With the rapid development of digitization and information technology, sensors, as the main
method and means of sensing and collecting information, have become the basis of modern
production and are indispensable in people's life. The gas sensor based on metal oxide
semiconductor (MOS) has been widely concerned by researchers because of its advantages such
as moderate price, high reliability, low power consumption and simple operation. Although
MOS-based gas sensors have many outstanding advantages, the influence of humidity on
MOS-based gas sensors remains a huge challenge to further expand their application fields.
Generally speaking, the p-type oxide semiconductor has high oxygen adsorption capacity and
good stability under high humidity conditions, which can be used to design a gas sensor with high
moisture resistance. However, due to the limitation of its conduction mode, the sensitivity and
selectivity of p-type oxide semiconductors are generally lower than that of n-type oxide
semiconductors. Therefore, the modification of p-type oxide semiconductor has become very
significant. Therefore, in this paper, the representative p-type oxide semiconductor material NiO
was modified by doping with different valent metal ions and constructing heterojunction to
construct a gas sensor with high humidity resistance and high sensitivity. The specific research
contents of this paper are as follows:

NiO materials with flower-like microsphere structure were synthesized by hydrothermal
method and modified by adding different proportions of Ru*" into NiO. NiO samples with
different Ru** doping ratios were characterized and gas sensitive properties were tested. The test
results show that the NiO material doped with 0.5 at% Ru has the best gas sensitive properties. Its
sensitivity for acetone gas at 100 ppm is 12.56, about 10 times that of the gas sensor based on pure
NiO flower-like microspheres. And its selectivity to acetone gas is also improved. In addition,
under different humidity conditions, the baseline resistance and the response value of the gas
sensor to acetone gas remain basically unchanged, providing excellent anti-humidity properties.
The change of carrier concentration in NiO, the increase of relative percentages of Oc and Ov and

the catalytic effect of Ru are the reasons for the improvement of gas sensitivity of the sensor.
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Besides, due to the incorporation of Ru3", the surface of the sensitive material is rich in defect
states, which is the reason for the anti-humidity properties of the sensor.

Due to the strong oxygen adsorption capacity of NiO, it has a certain moisture resistance,
combined with the ability of regulating carrier concentration of heterojunction. We synthesized
NiO/NiFe;04 composite materials with different Ni/Fe ratios by co-precipitation method . It is
found that the morphology of NiO/NiFe,O4 composite is nano cube, and the size of each cube is
about 70 nm, which has good uniformity and dispersion. According to the gas sensitivity test
results, the NiO/NiFe>O4 composite with a Ni/Fe ratio of 1.5 has the best gas sensitivity to acetone
gas, with a sensitivity of 20.1~100 ppm, a lower response-recovery time (2s and 3s) and a lower
detection limit of 200 ppb, and still has good stability under high humidity conditions. According
to the analysis of material structure and gas sensitive characteristics, one of the important cause of
the improvement of gas sensitive characteristics of gas sensor is the large specific surface area of
NiO/NiFe;04 with a Ni/Fe ratio of 1.5, the formation of p-p heterojunction and the catalytic ability

of NiFe;O4 materials to acetone gas.
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ki) AR P ) Bt R T B8 A FE AN AR VR B 5% bR SR (el AR, AT S IR e R e
R AL AR T R DS 371,

& 1.9 NaCl & NiO Wy SRA4EH

1.4 AW SCH)F BTN

AR S LA BA i BB E KT NIO BRI 9 A i, HeOmise st 5% 1 1) R ABUE
PR A PR SV I R, R SR R RE ) NGO TR RS . M RTRDRHOU 45 4 1
s, aiGRIreRE TS5 R E R R, K SEILNE AR S P BEAI. A ST AT

TN A LB NEL T ET



” .% oo

B it

BB T G R E AR RS (I TR SR, 5 Hx R i S A R AL
R G O BURHLEL AT FEAR N 41, B3R 1 IR BEN < S W) AR A TR 1) LR 2 M L 1
CLRHEFCILIL,  HeJm 45 1 NiO BUBHM B ZEANET, WU T NiO BUSH RHE SR &I
A 9 A 1) S A AL

S B TUN NiO M EBEAT St &) B T B2 ISR B, AT Ru B7%1K NiO 1€
WBEER, IFRETT TSRS A E [ Ru X NiO FE 25028 Koot s PE A RE 0 o fi i AR 2t
A JEE , T W B 4R P b 288 K BG83 2% 1T i 2R T B P A0 (0 AR AL S5 TR 1 UBBCRF PR 1
S U LEL

B=EmANAW TR R R A7 %A B & PR ) U R, % T
NiO/NiFe:04 B & 45 M40 K T5 BRIBUBRR, IR T T R & G5 B TR Kok g, 5 ST
T T AR EARAS SR R o S5 AR IR AR TR S5, A MR TR p-p 546
PR T A% RS I BB

5 VY TR X AR S A 2
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#-F AT RuBLBRBMELEHGNIO BB H RS RE

B BT Ru B IEIRGIOR G M B N1O s i M UM A% s

2.1 5|F

BT MOS UG AR R L A B, TR, DHARAR, A Ml B4 SR R e AT )
Z N TR AR ENE AR BRI BN 2 A A U840, AR SR M 2
AR S AR A 2 A E . 5 TR B, MBS F BH Rl VR
(A [ A 2E B ZU AR AR, SRB0E th B A P A o W 8 e

N A MOS AL 38 BA B R BUE, 0TI, R, FRF 45— L8 R 5
RYEAN AR RAT B E ma R . AALPER n B MOS 47 SnO», Inx03, ZnO, WOs fll FexO3
SEHIST fHIE, N B MOS Ui RS K ma B R I TG, HAR BN AR I de R, R
BB TR B T T AR PR . P 28 MOS BRI HAT R BRI 4, BRbE = S5 A
A8 AR AR R P A AR AR A I A BONAR E SR 2k i B, B #31 10) REUEE UG, 3 DA 2
KBRS 55K o AT XX — e, B 2 e Al A Ot e P A MOS SR HEAL T
T BB AR A B TR E TR g AR M R . b, 78K P 7R MOS-NiO HA R4
(IR ARF A SR AR B2 ) PR S K I B S SR BRRAT, ITTT B 2 F B A5 24 ) R AU
FEARIE 5 i ) Y B A AN O AR E « (ER, 4 NiO AR REUE IR, FTEB IR
PESRTT 45 BB . AR BH SRR 7%, 85 Ru BT B, SR mras AR xT P
SR RBULZ, I RS PTRYE SR E

2.2 SIS

2.2.1 4iff) NiO A1 Ru 5 2& 1) NiO 1eRTUER 1A

FA AR A 25 W38 R e b all, o — DA RI el B . w2k, R — Bk #iE
AT A NIO TERTAERGE RO AT L. K 1.163 g BEIRER S/AK AW (Ni (NO3) 2.6H0) Al
0.782 g T/ kidk = H B IR B (CTAB) W RALE 23 ml 25 &1 7K1 23 ml 1,2-74 —RE (VR &%
Wb BFoR, TEESLB R TR 02 g JIREM 0.2 g R (PEG-2000) #Rm#| L
R . ESIEAAE TR 30 20805, BRA IR 2 100 ml )5 R RV AEF, JHE

11



” .% oo

#-F AT RuBLBRBMELEHGNIO BB H RS RE

180°C FI[H i€ i B2 N ML 24 /NI o [RBSE HARW R B ST )E, WERVTE, o %
B KN CEAE T B0 B 3 IR i, B UTIEMITERAR T 80 °C T4k 24 /N, SRJE T
F LA 2°C /min FTHEEARALE 600°C TR KBRS 4 /NS 2] NiO #KL. 57% Ru [ NiO 1&
R R BT 2925 B R — 3. MACR R, RIS N K E9) (Ni (NO3)
2.6H20) Rl 7Nkidt = WA R E: (CTAB) ZJa, 23l RMNIRE DRI T =& bEr

(RuCls.xH20) (43524 0.004 mmol. 0.02 mmol. 0.04 mmol 1 0.06 mmol). Ru/Ni [JLk

B MBEERN 0. 0.1 at%. 0.5at%. 1at%Hl 1.5 at%.

2.2.2 URHFPRHKRAL 7 %

f# ] Rigaku D / Max X $FZEf75HORT Cu Ka 8 51 1) X SHER RATH (XRD) 4Tl sE
AEROHE A A Ru 528 A G i A5 8, 1847 U 40 kv, LU 200 mA, 201 {01 i [
200 3] 800, FHHE K AR SE 40BN 0.02°F1 10°min' s N T EAFHUE ISR, [FRHE
T U AR K (0.0184°) RITEFE (1°min ) 16 7 — i . 3@ F JSM-700F (JEOL)
S M R SRR T B (FESEMD, B4 AT S48t (TEMD FIEA] JEM 5543
HE A S LT AU BE (HRTEMO 6 il 28 AR SOV 285 F AURST 34T 3R ALE -2200FS (JEOLD
7F TEM Ffi L3R5 T RE R BB X HH2k6iE (EDS) K& . (FH MgKoX $287E (1253.6 eV

Specs XR50) #4T X S GHLFHEIE (XPS) i 5%.

2.2.3 ARG H IR S I

K 2.1 Ca) 2RI AL R K, X BRI s g R Ky 17 A
AU 5 BERERIRS QR ETAH SRR 25, ER/NEERRENRAE

ANEREERE E (AME: 1.2mm, AE: 0.8mm, KFE: 4mm). 2RJ5, NGIRE CHEUEM
BHOBEEEAE S P T 300°C HISAHETR N4 3 /I . 7P B B R Bk & i

2z, I L ISR B FL L SR O 4 SR A AN R AR - ), KT AR TR
FESFRHE b o fESEI AT (20°C, 50% RHD, BhlfEMfEEIEREN 7R, ZHHIR
BEEN 90 mA, LW 2.1 Fros i AR R G0 AR s AT

12



=% AT RUBZERMREHGNIO BIDH RS

a - Sensing material
: Pt wires

Au electrodes

Ni-Cr heater

Ceramic tube

Computer

Constant current power

o . Test
Fluke oe Air gas
000G <
e
eee °°
(XX

E21 (a) SAERR (b) BESMKARZGHREE

2.3 IR 50HE

2.3.1 MRS 734

Bl 2.2 45 T 4l NiO il Ru #52% NiO ¥i A& [ XRD Elits. ZAR, T fesh A7 16 5
[0 377 G5 R B NGO fssfER /i (JCPDS NO.44-1159) AHIULHEC. Ff HL7F 0.1-1.5 at% Ru
% 11 NiO A it ) B oA LS Ru A6 A SAT fT 2% BT A R IR H A AT S 0 . 1] 2.2b 2R
T HERT Ru 525 NiO FE5H 0 (2000 A1 (220) IERIBCK . B4R, Ru 4451 NiO #
i RV 1) KA AT RN e, JF ELBESE Ru S48, MR ALK, IR IR 4 SR 15 W]
Ru RIHAB N T NiO g g A IX AT LLE R A Rud 88 1242(0.068nm) Eb Ni2 “2££(0.069nm)
/NH64T) S AL, T Scherrer 2430 (D =0.890/Bcosd) 4L, 0.1at%, 0.5at%, 1at%
F11.5 at% Ru B2 NiO FEaldiob )R8 529°9 31.9 nmy - 28.6 nm.  26.7 nm.  25.6 nm

F123.7 nmo.
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#-F AT RuBLBRBMELEHGNIO BB H RS RE

B

Stand ‘y_‘| NiOICPDS:44-1159 b Standard NIO(JCPDS:44-1159) [Standara .‘«K)(JCPDH:%IISQ]I
F |

A—Jl LS ai% Rudoped NiO A % 5 L5 at% Ru | _'L"_M\
A l 1.0 0% Ru-doped NiO | —__/L\

by Y
= = A 1.0 (% Ru !
- o |10at% Ry I 1
: 0.3 at% Ru-doped NiO 4 : —/\
= = Josar% Ry I 0.5 a1% Ru 1
z A L 0.1 at% Ru-doped NiO { R 2
z E loracsr ! 0.1 at% Ru 1
= 2 [orace vy X
- Pure Ni¢ - )
Pure NiQ | Pure NiQ !
I | [ (200) (2200
30 40 50 60 7 80 425 43'.0 43:.5 44.062.0 625 63.0 635
20 (degree) 26 (degree) 26 (degree)

B 22 4R, 0.1at%. 0.5at%. 1.0at%. 1.5at% RuiBZH NiO ERAIKA (2)
XRD B (b)  (200) F1 (220) UEHIHAE

4R Ru #5441 NiO £ 54 1) SEM B 2.3 fiias. afLUEEL, 4l NiO FE & B H
HAC RO T R TIR R AR, B RAFII SR B (B 2.3a). XA
m BN E Ru (0.1 at%) B, FEa TS0 RS (B 2.3b). % Ru B4 EIX
#0.5at% 0, TORBERMIERBEEE, FHF (K 23c). B RuBRELH 1 at%h,
TRTER T REE I (K 2.3d). 4 RuBHEH DRI 1.5at%, 10RE SR
SRR L. 75 P 2364 T ER T 4ER9 A Ru 3525 NiO FER MRk A B SR ) SEM
B B 2,36 e B R 7 % B FREANMMER AR (0 —8 0 . 4R, TEIRMER AL I th
VP2 YURIRLALRL, HAEmE b nT W S IR 2 1 eL -

1 pm
—

1 pm 1 pm

2.3 (a-e) 4hAY NiO #1382t Ru B9 NiO L3k (B FBESEEH 0.1 at%. 0.5 at%. 1.0
at%-. 1.5at%) B9 SEM B (f-i) #4hfY, 0.1at%. 0.5at%. 1.0 at%HI Ru 382% NiO H8

AR EREY SEM [Elfg
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#-F AT RuBLBRBMELEHGNIO BB H RS RE

TEM fITHRTEM FI T3 — 25 ME A1 0.5 at% Ru 52 NiO Ff 5 45 /45 B (] 2.4a-0)
el 2.4a I 2.4d i, ZE[F0 0.5 at% Ru #8240 NiO I RITEA S SEM B 45 FAH
—5. P 2.4b Al 2.4e oR T AEMIAT 0.5 at% Ru B4 NiO @O s R G . B AR AR
TE A DX IR I AER R 1 TE I 40K R 9 LR thVF 2 9K BT 4L 2D W4 . 1B 2.4¢ F
2.4f IR T AN 0.5 at% Ru #5241 NiO #,f 1) HRTEM E1E, A a] DL B 3 52 5]
A A EE Y 0.147 nm A1 0.127 nm HI&#HE, 20560 BT THSZ77 NiO (1100 A1 (113D g1 .
2.4g-j 4L T AR EDS EliE . 248, A cER (Ni, O Al Rw ##gksl®], JfH
IETCIRIR TR 210 A . FIREAEBL, Ru {55 EL NI {55 5571592, XKW Ru B4
F NiO B ity 1 (1 EE B AR N o

0.127 nm
(113)

B 24 (a, b) #ENiO B TEM Ef&F0 (c) & NiO §9 HRTEM Elf& (d, e) 0.5at%

Ru 8244 NiO 89 TEM Elf&F1 (f) 0.5 at% Ru $#3Z%H9 NiO A HRTEM Elf& (g-j) 0.5 at%
Ru 8 Z#0 NiO ¥ A3 TEM (STEM) B{&FHER BT AR 5T E 1%

XPS F T3t — 25 PR 53 b7 B A A i 1 2R T 0 R T AL 2 oy o 1B 2.5a /2 4l 0.5
at% Ru $54% NiO F£i 11 XPS &%, B 2.5 BIR T 0.5at% Ru 544 NiO [¥) Ru 3d XPS
JEHE, Hrh AT 282.1eV AR USRS B Ru * 3ds /2, W] Ru BIIHIAZ ZR #E 1 NiO (1] gl Hh48-501,
Ni 2p [ 7 HER W 3.5¢-d s, HA7E 855.4 eV AL IIE 5 Ni 2po 5 M)A 50, W] 2.5¢-1
FiR, O 1s MG RATIFRET, AT 529.3+£0.6 eV, 530.1£0.4 eV I 532.4+0.3 eV 5253][jlg 5
%R AR A (OL), SR (Op) AL (Oc). ANIF Ru #7% HLBI Y NiO FE i i
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#-F AT RuBLBRBMELEHGNIO BB H RS RE

= AR ) E At R S E 2,33 SR IR B 40 HE— B 4T VEAR I
a b C

—— Pure NiO -C 0.5 at% Ru Pure NiOJ Ni2p3;;
e ——0.5at% Ru )
Ni2p
e - -
= u =
= Ols = &
z ClsRu3d z z
Z " 7 z
g NiZp g g
2 2 2
| = =
0ls
Cis
T T T T T T T T
1200 1000 800 600 400 200 0 288 286 284 282 280 870 865 86 855 850 845
I Binding Energy (eV) Binding energy (eV) Binding energy (eV)
0.5 at% Ru Ni 2py; Pure NIO 0.1 5% Ru O, (51.8%)
s 0, (638% o~
- - e -~
2 =2 =
& 2 s
z = £
4 5 0,(20.3%) ]
] s s
2 2 -
5 & 0(15.9%) =
T r — T T T
870 865 860 855 850 845 538 536 534 532 530 S8 526 538 536 5 52 530 S8 526
g Binding energy (eV) ] Binding energy (eV) * Binding energy (eV)
0.5 at% Ru 1.5 at% Ru
—_ = =
=: 0(52.1%) : :! /nl\\a_z o)
L2 b b -t
= 0,(208%) z &
E 0(27.1%) % z ]
= 4 =]
3 s 2
& = =
= = =
T T T T T T T T T T T T T T T T T T
538 536 534 532 530 528 526 538 536 S34 532 530 S28 526 538 536 53 532 530 528 526
Binding energy (eV) Binding energy (eV) Binding energy (eV)

E 25 (a) ZhEYNIO F10.5at% Ru B2k NiO B9 XPS BEIE (b) 0.5at% Ru iBZ4H
NiO FARFEERAY Rud B9 XPS B3 (c, d)  ZA0 NiO #1 0.5 at% Ru #£Z% NiO B9 Ni 2ps»
B (f-g) ZhRY NiO FI#BZ Ru (0.1at%. 0.5at%. 1.0at%. 1.5at%) BINiO £k

MIKEY O XPS EliE

2.3.2 SEFEIN RS 7

BT SRR GREEMIRRRSN) BTESLK = 4M (50% RH, 20°C) F#EAT, JFi
KAV NI AERF . TARIR B 2 BRI B R, SEERENERTIRE . <
AR5 [ W B P o R DI OG0, (E S s 2%, BE T4l 0.1 at%-1.5at% Ru
525 NiO K il H AR AR 100 ppmy AR B ) BB AR B2 2 AV 5 SR 0 18] 2.6 Foss
AR, e NAE- TARRFE 4 I OL AR, [FE, 0.1-1.5at% Ru 4% NiO 5 f 5 £
TARIREEDY 200°C, T4 NiO A8 B £ TARIRIEZ N 225°C, X 3&H] Ru BB A F LLA Xk
R TARIRAE . BhAh, T RBZ. 0.1at% . 05at%. 1at%Ff 1.5at% Ru 57211 NiO
FERAER B B R TARIREZ N 100 ppm PAEE W RAE 72750 9 1.31 3.0 12.6. 7.4 T 6.8,
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#-F AT RuBLBRBMELEHGNIO BB H RS RE

REAR, FT 0.5 at% Ru 1544 NiO F dh A& A0 100 ppm 74 B0 HAR PRI AR f5¢ e (12,60
XL HE 20 NiO B il 1) UMAR AR I N A = 2 9.6 fiF. LA EZERERY], &) Ru 935442
e NiO ik Al = s A S s i S AL R AT RO ¥ o

14
100 ppm acetone
12 =@ Pure NiO
= —e—0.1 at% Ru
E e ().5 at% Ru
Bpl01 —v—1.0 at% Ru
& —6—1.5 at% Ru
L 8-
w)
=
2 6
7]
@
& 44
72]
o
O 24
T
0

160 180 200 220 240
Operating temperature(°C)

2.6 BEFEAINIO F1 0.1at%. 0.5at%. 1.0 at%H 1.5at% Ru 8Z% NiO #mAE
RLER3T T 100 ppm RIS AR ES TERERXR.
PRI R SR RRARAE SC PR I B 2R hr 2 — B4, FETRBIE. 0.1at% . 0.5 at%.
1.0 at% 1 1.5 at% Ru 4% NiO SARLEES X 100 ppm A [F BS54k (R, 28, WE,
FRERIZE ) B RO TR S 8] 2.7 i B4R, s Ru BB 4% T LA 47 0 B
WA B . B4, 5HAFIRASARMILL, BT A RS X DI IR (1 e LB e

16
1 QS‘ 100 ppm target gas
144 &
=3 ] B pure NiO
:‘“ 124 -0.1 at% Ru
] B 0.5 at% Ru
a1 10- B 1.0 at% Ru
Iz B 1.5 at% Ru
721
=
=
="
72}
7
7]
=
Qo

& 2.7 ETF4HFN0.1 at% . 0.5at%. 1.0at%. 1.5at% RuiBZ: NiO HREIE KR
F 100 ppm EFBFRRAE (B, 282, BEE, B, X)) NSEEEE

17
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#-F AT RuBLBRBMELEHGNIO BB H RS RE

Kl 2.8a SR [T 2RI AN 0.5 at% Ru $574% NiO “UARAL S 7E Hof : TARIRFE 200°C T
Xt 5-500 ppm IR RIZHASHILR . S5 AEFRHT, Il T (1 ) LA 40 I 5 A A 2 (1 48 o 7 58
SR, FEH 0.5 at% Ru 45441 NiO J A J 25 X AN [7] 34 5 PRI 1) i S 2 4 44 146 NiO
HAL R ULAh, PANL SR R B R R . PR AR E L
{1 85 ek VR T 5K AN ) 2 A e A s A A 2 (72 A ) 2.8b e AT LR B,
0.5 at% Ru 571 NiO B A% B35 1 8B AE AR T B FE VS B 9 (AL S ppm #) 70 ppm)
It AT A FEE (8 o v SR . SRR, 4Bk ER TR ik EE I I (AL 100 ppm ] 500 ppm)
HES, A B o P TR B TR 3G N AR AR 1R 2218, (HR IR BCA B I TR, X s b iR
B, 0.5at% Ru #54% NiO Hefb &t B B0 ik FEMNR TG, 2 St e I R i < i A 22

(i o

a; 5 bsu

—a—Pure NiO
254 -9=05at% Ru Stgpm

=& Pure NiQ
254 =—@=0.5at% Ru

*
T ®

o4 %

5

Gas response(Rg/Ry)
Gas response(Rg/Ry)
Gas response(Rg/Ra)

0 2000 4000 6000 8000 10000 b 100 200 300 400 s00
Time (s) Gas concentration(ppm)

2.8 (a) ETEEAY NiO 1 0.5 at% Ru B8R NiO #m Ay S 4% RR 38 B BN BZ i

% (b) ETHAYNiO F1 0.5 at% Ru BZA) NiO HmaYFE IR AVIR R E7E 200°C TRHER
AR B B9 1L

B 2.9a g5 H T TE 200°C FHEET 0.5 at% Ru $54% NiO LKA % 100 ppm 74 i [r)3% 4270
AN ISP S 2 o ST B L 24k T DA A e e A 1 e BEL(E SE R I SRR s T AR E .
BT TS, SR R SR AR R IR R BIARE, X IR A p B MOS “UfAfE
JERAS I SRR AE . 3 DY 4% 2855 Y 0.5 at% Ru #3524 11 NiO /4% o 2 (16 iy 7 5[]
AKE IS T3 9N 72 s« 724 70s. 68s 5225, 25s. 21s. 24, H, @i iR Al 5%
A TR RS 35 ) S B BRI ST 357 19 S 18] 49310y 71s A 230 [ 2.9b SR T 7E 200°C F AT
0.5 at% Ru 52 NiO & BAEXT 100 ppm P4 e Bk & HT 26 0 BAS el G 30 . AR, e S AE
BA R FK, XU T 0.5 at% Ru 5% NiO B &as B AT HE . K 2.9¢ B8R
THERFTAERE T, STAiIRR 0.1-1.5 at%Ru 524 NiO AR A 78 255, 7 HL BHAR 1038
o FITA A AR I F BELAR BE G AR T s B, X — IR T 2 SRR . Bh4t,
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#-F AT RuBLBRBMELEHGNIO BB H RS RE

FEARI M AR E T, M 2BEE Ru SR10INmR . 76 14 RZ WHET THT 0.5 at%
Ru $57% NiO [/ TRL BT 100 ppm PIERE KA E PRI, 45 Rl 2.9d Fios. WLAUEH,
FE 7SR 1 R 2 F BEL (R LA A FEAR /N Y R A I A AR A, T35 F BELAEL R R A £ 1.4
MOhm Fl 11.6. X PEHBH 0.5at% Ru ] NiO FIS AL B R E M, 78T
B O

20 =@=0.5at% Ry =@= 0.5 9t% Ru —@=—0.5at% Ru —P=0.5ar% Ru b

20
[ 100 ppm
. | I acetone
| Zeze | 22| Heaiq | dhezed 1 e o
Elﬁ- - =16+
= = 14 |
o (=} 1 ?
. 124 @
=" = | 3 B
= 4 R 104 g 3 8
[*] §-
= 84 = 3
£ g 6] '
$ 4. g 41 8 g
=4 = 2] a
04 —_—— | | L | “'I
0_ 400 8000 400 8000 . 400 sgmu 400 800 0 1000 2000 3000 4000
Time (s) Time (s) Time (S) Time (s) d Time (s)
100 ppm acetone @ Response to 100ppm acetone
—=—pure NiQ 164 @ Resistansein airat200°0C [ 16
=100 —o—0.1 at% Ru | —
_E ] —4— 0.5 at% Ru Q?.IZ ° @ ? lz"“
=) —v—1.0at%Ru | By 9 & ® 508 s L ® o "=
= ——15at% Ru | 22 =]
= 104 =5 E
w 2 84 -8 :,
g S b1
= =9 =
s 19 g 4 Ly =
.- m ol
o -
"] 7]
& - @ a0 299292 ,,5,5500 =
0.1 LHE -0
160 180 200 220 240 0 2 4 6 8 10 12 14

Temperature (°C) Time (day)

29 (a) #TF 0.5at% Ru i NiO #am7E 200°C TxF 100 ppm FEHS A AN
MFARERZ (b) 7 200°C T, #%8 0.5at% Ru A NiO SAEREERT 100 ppm AEIHY 5
EESMEELZ. (o) EFRRETHAEHRESSHBEENTNR (4 #FE200°CT
BEATHY 14 KK, 0.5 at% Ru $BZH) NiO SRR RRAYERPEEFNXT 100 ppm FIER K9G B2

ECENE kit

H T B P AR 22 R TR S SRR AR IR T R R R T A SR FE AN 5] (R A R FE T
S BUREE . BRI EE IR E (20°C) N LAEMIRER (i ESPC ik & AR,
B 4 1L WA A2 AN R AR O B2 23 e B 2.10a YR T7E 15% . 30% . 50% . 60% Al
90% RH T, 0.5at% Ru 5% NiO S TAALEKARXT 100 ppm P B K1 3h 28 0 -1 R 28, &

R, REAXIRE AR, AR RS A S B BEAE DN 100 ppm PRI #2 3E I, 2 )5 7R 5
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#-F AT RuBLBRBMELEHGNIO BB H RS RE

B T ARSI SRR N B PR R BRI GG B . TEA R T, 0.5at% Ru Bk
1) NiO FeA& KX 100 ppm ANF HARSE (HER, £BF, HEE, HEREFIZD [me SE 4 &
2.10b fi7R. B8R, EARMIEESG FRET 0.5at% Ru 5241 NiO [ AL R4 0 Fr ey
KEEFFI VOC A By ma BB LA 224, IF BRI X LR VOC Ak, AL
AT P TRAR A fo e R R, XA SRR TE AN R 5 T AT 0.5 at% Ru B¢
NiO SRR BT B R e s B 7E ] 2.10c HH 42 T 7E 200°C T 0.5 at% ] Ru 5%
) NiO FEAE BB EA R VR 5 (15% 30%. 50%- 60%15 90% RH) X} 100 ppm
M 4y i 7 B R EL LR o 7E 15% 4 30%  50% + 60 % A1 90 % RH " FAJM B E 43 71l 4 11.26+ 12.35+
12.58. 11.28 A1 11.55. ATLAFE |, FE&FA R BB EE T, mi SR 2 <P i) 48 i PH
AL AP HR T AR o 2, RO EE (KR A TUT AN 2 B MR AU S8 F i 2 £ L 6 22 P B
RN DA S R PR SRR, 2 0.5 at% A Ru $32% NiO B4 R8s A BT BRI .

20

A 15%RH  air -8-30% RH - 50% RH & 60% RII —--90% RH
16 air ajr
E 4 a air
= : » |
9 12 ¥ l i 1 @ 1 = @
s|sf 1 E | E | E 2
@ g f L E . g f g g |
g Lo 5 2 2 g f i = ] H
s 8 E & & g é E E -] 4 E £ i
g | E: H - H &z i =L : e 3
AR g 2 i s : : £ i s :
&~ 4 ¢ {1714 i . i : * B
4 (-] L l &
T | 4 2
X s
] ™ T E T T T T T T
0 900 ot 0 200 400 600 0 20 400 600 0 400 300 120090 200 400 600 800 1000
b Time (s) Time (s) Time (s) Time (s) Time (s)
18 = 20 20
164 liﬂrs‘l;lt:::ell & Peste 0_':;:“:"_?: 18 =@=Response to 100ppm acetone 0.5 at% Ru =18
’a o= ethamol v methanol ‘?3 164 =@=Resistance in air at 200:C 16 —~
g 144 === formaldehyde E 144 L 14 E
mmlz- /‘ ‘—-_.______ﬁ gm 3. s
—— - e — L
; ’ = 12 o \,) —1 12 2
& 104 z 104 L10 =
= = -]
< 84 o 84 8 o
= =9 =
& 6 o' 64 L6 &
W -
[+ g 4] 4 -2
B —me—————— | % L &
U ] H fy A A Fi Y PY =Y
2 ;L_h__ &} 0] -2 [0
0 ¥ : > ~ '2 L] L) L L) ) L] ) L L) '2
20 40 S i 100 10 20 30 40 50 60 70 80 90 100
Relative Humidity (%) Relative Humidity (%)

2.10 (a) £T 0.5at% RuiBHHI NiO FIS AL RERE 200°C TEZMIERE (15-90%
RH) #HTHsIZSMARZ% (b) 7E£200°C T, EF 0.5at% RuBZH NiO BIS AL R
#ExtF 100 ppm FFBEIFSE (B, 28, BEz, FEE, ) WOEESHENEENXR

() ETF 0.5at% RuiZZH NiO S AEEREEXTT 100 ppm BEISAEARRREXEE
TR L FEA NN AT
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5 2 FLIRMOR L5 B NTO B LB M A RE RS

1R T I I AR ) AR A ks A
B P>,

Aihe Fk, ArPSHE S Ru B8 (0.5at% Ru) [ NiO B S MAAL AR 1E SR TARRE T
HA BRI NS, SR TR IR 1 IE HE 1

B SCHR TR TR A I A A AR S

BAR, EET AR 0.5 at% Ru B¢ NiO SUAAME BAREAH X B )
A TAR R BN Skt 5 v PR e A o SRR PR AR i B2 v 9 /D DT SE AT ) T S m B < k4
T 1 T P 25 AT T RIS B S5 A T AR i R 2 B AT DA e Bl i 58 o) A B e
fErf, 2T 0.5at% Ru 5781 NiO [ TRAL KA A LLAE Y 0.97, R L R0 ] DL 2%

2.1 SRARSKERBENLE

Ui o fE1X

X1 T,

Rg/R4
Sensing T Conc. (ppm) RH (%) Sos RH/ Improved
or Ref.
Materials °O) &RH (%) test range St rH Ratio
Ra/Rg
Pd-ZnO NSs 340 100&- - 70 - 1.87 55
0.10(So0% re/
Al-doped ZnO NPS 450 10&Dry Dry-90 245 19 56
Sbry)
0.41(So0% re/
23 wt% C-doped WO3 300 2&18 18-90 7.5 - 57
S18% rRH)
1 wt% Ru-loaded WO; 300 1.5&- - 7.3 - 5 58
NiO/SnO; hierarchical
300 50&- - 20.18 - 3.3 59
structures
0.25 at% 0.68(S75% re/
200 50&23 23-75 19.3 2 60
Au/In-ZnSnO3 S239% rH)
2 at% Sb-doped In,0; 240 50&- - 64 - 5 61
Fe304-ZnO
475 50&- - 47 - 2.4 62
hierarchical structures
10 at% Si-doped 0.33(So0%rH
400 0.6&Dry Dry-90 4.6 - 63
WOs3 /Sbry)
0.97(So0% ru/ This
0.5 at% Ru-doped NiO 200 100&50 15-90 12.58 9.6
S159% ri) work

Stios Ri/SLve re: E PR E A T AVRIEEE 254t T AR IS X B AR S AR B AE 1) ELAE

” .% oo
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#-F AT RuBLBRBMELEHGNIO BB H RS RE

Improved Ratio: S /4% B4 R U 32 = A5 4

2. 3.3 HUEHLE AT

Xt MOS BUFHA Ry, i 5 52 )AL LR R I N S H bR 1]
(R 25 s 5| S BB A F 3 3R (R AR A 164 . R *FE N2 A R HRCAR AT s st 79 P A () ) L A
EENLHIRIIR : LT AME R - R ME2LOS.001 o ot el i B2 AL AR A T R S T

Ru,0, ——2Ru}, +2¢'+ 20" +%O2 (g) «oiiii 2.1
Ru, Oy — 5 2Ruy, 305 +Vy, oo 22

WA 2.1 R, EHRTHMEPLE T R BUR N2 67 B P2 4E L7, KR NGO H
ZEICF BRI X 5 2.9¢ FRmIEE R —5. R B MENLH Y B M (na
22 fiR), MIZSFORIEAR S RA KK, Fik, @it Ru B4 38 10 s B3 hn
MR G5 R T AMEHLEI G . i XPS B9S85 RaT DLE 46 NiO A1 0.5 at% Ru
2 NiO £ 5 B N3+ / Ni2 " 20510 0.92 A1 1.26 (Uil 2.5¢ Al 2.5d ). AR4E SCRRIET 681,
N1 LA el NiO & 1 [ 47 47 Fh A () 48 Bl 2 () 7 7 Lt (K PRI PR GEL (O AR DRI, ‘3
Ni®* / Ni2 *H ) B39 il VR T- 2a 2X 2.3 o e B2 A= ol PR 480201 7 il ks 22 THD B8 N 98 2 A g it

LT R4

%02+2Ni0ﬂ>0

"

O O+ 2Ny 4205 ..o 2.3

TR TR R B IR S R A SR M AR 0 O B K L 000 A
ALV AR 24 277, Hh Rew RaMl pg pa 23 A2 52 H AR SUAOR S AU AR IR 2R 1 F
BELE A ZS Ok JEELes 700, B8R, XtT p A MOS, 782 P BUIRINZS SRS (po) 7T LASRIFH
AR . Ru #8243 NiO ) S #S R B B 2,11 Fos, Rud UL T N2IALAL, B
T RSB A EE N2 B & s, BRI R AT DURE R 1 (A0 D Bk, dT
Ru 2% 2 NiO fis Rud "HUR Ni2 A7 &, IS E 7 2 h 270K (po) IERIK, i
AR i T A SRR R R
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