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Abstract 111

Investigation of electrode fabrication and sensing principles
for YSZ based oxygen sensor
Xia Chaoyang (Chemical Engineering)

Directed by Professor Lu Xuchen

Abstract

YSZ based oxygen sensors can monitor the processes of various combustion
reactions, therefore have been widely used in environmental protection, chemical
industry, materials, energy, aerospace and so on. Reducing working temperature and
response time are now the major research trends for YSZ based oxygen sensor.

In this paper, in order to reduce sensor’s working temperature and response time,
we have systematically investigated the electrode fabrication and sensing principles
for YSZ based oxygen sensor on the basis of domestic and abroad related literatures.

The following several research works have been done in this paper:

(1) Influences of sintering temperature, electrode composition and catalyst loading
onto electrode performances and reaction mechanism in Pt/YSZ system have been
thoroughly investigated with linear polarization and AC impedance method.
Optimization of sintering temperature, electrode composition and catalyst loading can
enhance e¢lectrode performances, but has no influences on oxygen reduction
mechanism in Pt/YSZ system.

Oxygen reduction reaction in Pt/YSZ system includes such steps as gas diffusion,
adsorption and dissociation of oxygen molecular on Pt electrode, surface diffusion of
oxygen atom on Pt electrode, reduction of oxygen atom at the three-phase-boundary
and so on. As the influences of gas diffusion can be neglected , in higher temperature
region(=700°C), surface diffusion of oxygen atom on Pt electrode is the rate
controlling step; while in lower temperature region( < 600°C), the dissociative

adsorption of oxygen molecular is the rate controlling step; when the operating



v YSZ Fh S A4 e ES F AR ) 5 L i SR B AT A

temperature is between 600°C and 700°C, the reaction rate is controlled by both the
step of “surface diffusion of oxygen atom on Pt electrode” and the step of
“dissociative adsorption of oxygen molecular” .

(2) The stable and transient performances of concentration cell type and limiting
current type YSZ based oxygen sensors have been studied. The working temperature
and the response time of concentration cell type oxygen sensors are closely related
with electrode’s catalytic activity. The higher the catalytic activity, the lower the
working temperature and the response time. The response time of limiting current
oxygen sensor decreases with sensor’s working temperature, but is independent on
oxygen concentration.

(3) A transient response model has been put forward on the basis of the experimental
response characteristics for limiting current oxygen sensor. The calculation results
show that when Knudsen diffusion is dominated in diffusion barrier, sensor’s output

current can be expressed with the following formula:
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Sensor’s response time is independent on oxygen concentration, gas pressure and the
effective cross section area of diffusion barrier, but decreases with working
temperature and the pore radius in diffusion barrier, and increases with the thickness
of diffusion barrier.

The transient response model can be used to explain the variation principles of
response time with working conditions, and also can be extended to explain sensing
principles of the sensors with ordinary molecular diffusion.

(4)A new preparation method for Pt-YSZ composite electrode has been put forward.
The method includes two steps: pareapration of Pt-YSZ composite, and preparation of
electrode with Pt-Y'SZ composite. Nano-structured Pt-YSZ composite was prepared
with carbon black, HyPtCls, Zr(NO3)4*6H,O and Y(NOs)3+3 H,O. The prepared
composite only includes Pt phase and YSZ phase, and particle sizes of Pt and YSZ are

25-35nm and 5-10nm, respectively.
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Pt-YSZ composite electrode prepared with this composite exhibits excellent

polarization performances at different temperatures, e.g. 1.0Q-cm* at 700°C. The
introduction of Pt-YSZ composite electrode into concentration cell type sensor can
reduce sensor’s working temperature to be about 380°C, and reduce sensor’s response
time to be about 5s at 400°C.
(5) Influences of electrochemical activation onto performances of YSZ based oxygen
sensors have been studied, the results show that senors’ performances can be greatly
improved by electrochemical activation, including reducing sensor’s working
temperature and improving sensor’s response rate. During the electrochemical
activation, the YSZ based sensor was firstly employed as a “fuel cell” by feeding O,
and H; into sensor’s sensing electrode and reference electrode, respectively; then the
“fuel cell” was discharged for some time. The electrochemical activation is valid for
all YSZ based oxygen sensors which employing Pt as electrode catalyst, and YSZ as
electrolyte.

Oh the basis of experimental results and literature reports, the reasons that have led
to “promotion effect” of electrochemical activation have been analyzed. The decrease
of oxygen containing species (OCS) at the electrode, the enhancement of the ion
conductivities in the electrolyte and the increase of the contact area between electrode
component and electrolyte component may be main reasons that have resulted in the

“promotion effects” of the electrochemical activation.-

Keywords: YSZ based oxygen sensor, electrode, working temperature, response

time
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Table 1.1 the structures and performances of the concentration cell type oxygen sensor

Tube type Tube type Planar type Planar type
(heated by gas) (self-heated) (air reference) (M/ MO reference)

Stucture
Air reference Yes Yes Yes No
Components ~20 ~25 ~26 ~15
Response rate Slow Fast Very fast Very fast

L. Slow, about 3min  Fast, about 30-40  Very fast, about Very fast, about 8-
Activation rate

seconds 10- 15 seconds 12 seconds
Application Commercial Commercial Commercial Experimental
Invention dates Middle 1970°s First 1980’s Late 1980’s Late 1980°’s
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IRprE Rz §5 VAL

Winnubst " B FL R, MEZrO, EEEF, BiO; ~ ZEHEEN FReigmE

5
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AR RO, T Au AR M PR AR B SEAR K RO 2R . Maskell 45 7
W= F M T Y SZEL S A% SRR BB A e S ARRAGE WA D e 2 [ S B2 82 DR L0 T A
FHIF M
(1) fZEES P AR/ AR I RUZ A B R/ . YSZEE R RS BT S AR B
FEE SO B ST AT LU R AT, BRI — A R A A o Sl SR S AR
BERAERZR, HRBsRARE, BRR/ERRFAENEF B TFERE
T, e AR TN R . A, BRI R T LUE R — N4l R
I R T R R B ERL B, A TR RGO R 1) e 2 e ] TR C R, % ) B (A1) 3 B8 A YT S
(2) B/ RBRIZT R B . FEYSZESEERSET, Ml isEE
SR R R, RGP RSP ERKRERERE R, SHEEH
PR IR R PR AR A 2 TR ST A T O 7 ) T 2 X i 24 ) A% JRR 2 ) 7 i [
1E B .
(3) HRSMHLE. YSZEEALIE PR RN — R B0 P BRAR, A
[7 F) S 7 5% A 3o L AN [R) F) FE AT B SR 128 25 BR , TR 428 20 B8R ) o AL o 8 ) 2 v 5
51 IR 2 B 4 O T L P T8
(4) SATERRIFN 1. YSZEEE S TER, Ml GRS
A, TR & AR &R0 A B2 8] AT e T B . il A R
JERARARNY, AAHT AR ST AR, 28 S0 B SO e A48 e 7% 1100 B ) 56 B
A R T T 1 R 18] 38 BCRE TR

ek yf, HEICHER A XY SZEEUAL IR AR A S H B AR E R A D
HILVFEA R TARFR ro g Y A s A i S ) B AT AR T8 o 3 X — I SR A
FEEMA: (1D KRR BRELRSET B PR RERs T IR E 2%, S
T ARG BUR TP ALBR MBI LRI ], A PR 8OT il s R
MKnudsend 8 (2) HATIEEH & & BN EE B B89 FE 1 0I5 14 B8 1 R 2
ISP IE], S B DB 15 300 ) A SR e 2 i A1) 368 8 3, A B2 AR A ) S AR B ]

)&

1.4.3 HREEHIET Z BBzt
B MBosch2\ 5] T 197455 A 1] H [ 7R R R AR IS 2 0 G, & KA & KB
RHMESEAL BB R, DMNGEH AT ZEFEET TR, )L+
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SEREERA T FRIUA T E RO

(1) SN MBI B A RIS R AR B TAERE .. 5 —RIERELRS
FHABEREHN, TRARETERENME—RERHEELY, M
SLTHRBE AT AR K . AR GOX — R, (R A B IR B AR A Ao A% e T
[N BE IR S0, FE201H £0804RA 40, MBI AA B8 1t 5| N BB A ML AR
Vs n i as e N — Ao B, NETEEARESED, fefBasiuE
BEATARRE,

(2) KA Fa i EACEE VR A R I . F A% B8 8 H O S AL RS BE R &
BH8x102~12x107, Hl4:FaEFSZ(ful stabilized zirconia), %HMIESF &
AETF S, (BRI R R E M A T AR A, TR 4R e 1
PSZ(partially stabilized zirconia) B4R B T 45 T 3 A1, (EAENUMRIERETT T
EFSz. B, AR TR RS R . K. BREER
BRI, LIAREE T SREMAEERE S E.

(3) Pt—4 B B B AL be 3 R R F 2 FLAR Y B 11 2 FLIS BaBOR e SN BARAN £
PRI AR R, HIe R0 USSR RS & R URT B &
XA NS T AR MPTRIRZ RS PUP BRI bTEIR IR,
AL R ERBE RS IE900°C M iR B S B AT, B HAE FH iy A24000km I i 2|
161000km'** !,

(4) EEINAE TR AL 2R BT B Th (75 AR ISR THIR AR SR B
P A BRI I T P ik TR B R R T, T AT AR
TOAFEE R RT T A R TN AT FE, EREBESBHIRTE D HEE
% Bl

144 (EREEHIERRIIAIRAL

AR PRI TR L 31T KPR EE e R385 052 P20
MARROTR S5 AT ML, FIT R TR AR, BT,
PR R L B AP R 903 B DA T BRI 1 K s bR B 5
AR AT
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(1) grkmiltrr

FE FBAY AT B T, FRAR R I = T TR R R M A% [ A 4 T B 1 R PR —
NRESH BARR R =M A M BRE BRE BA BRI i R 28 DL A W]
DA BARIRE S T TIE. F 2 FLPt-YSZE & WS & E & Bk L
B RER AR AR E L E 5 ECER T AR UL/ NRIAR IR AR A R A R T Rk =
HALTE B B gt o8-8,

KimuraFl1Goto'™ 13 % §E7E YSZIL E AL B3 o B AP BB ARATRL, RBLERIr
B S5Por Ll i — e TS 1 Al 1SR B A SRR DUAR VA & Ir- Y SZ4h K
HEWElk, f&BIANEEMEERESIURTLERNIYSZ, AIrdEBRALR
Fif2£193nm. Torres-Huerta™ 4§ ABF T T 1rO,-YSZYN K B A4 H AR I e A1 5 1
e, (8 HSERCR E E AT I EAS B AR BB B R, MR, r0,-YSZ4hk
AR B LA S Pt R AN - Y SZ 52 & P AR B /N AR AL AR BE Y, Xk
r0,-YSZAK B AW st B T 2 1 s A2 R BEVE B = A S . Wang® ™8
ST E R, PtosNigsf IR #E AL PL-NIiS IR B YSZ LR BT L ER T
aiptg)E; RS, MR EE T PKPUERIPENIEEE 4 2 5 RO 38k, RO
SEP ARG B, TIPC-NIERE JL P A 2 BBk, ARHEIPENI & 4 f AR AR
L Al P e B BRI B A AR AR AL, HL BEL DA R B 4 1Y) # A e EE

[FET, G K RS ) 7 e ] s P AR o S A RS TP BB B 7T B,
BRANKE FIPUE LTI B9k B &9 P57, 9k M RIND,Os 1R, £ 4L
CuO-ZnOZ K E 471, gk R~HIITOHRMR>Y, 9k 4dik"", Au-YSZH
Y, CuOBZNIOBIE™, AT ST LaFe05! ™, LaFeOs15 44 Pra o]
DL M NGO H AR O 193

(2) YK R
1] 7 R T B A% IR AR I T B R PR 2 — R I 2T B AR P 4 A N AR« BRI
o B3 AR IR 0 — A BT R ol M B2 AR I 8 7 L P ik B B A%,
AT R A E MM RR B AL G YSZA PR R B . Y SZH Y0503 2% &
B AR AT LA 2R A s B AR T R S (BRI S ko EL AR TR (1 R
SE RIS LR o 4% SR BURL Y SZATRE B0 2 B0 SR H B A s i i B DL S e
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SIHIRLEEAY A, MIELZ R, 9K YSZH RN F 24 RS D HE T LI

B 37 54 ¥ £ SCHRR 42K YSZ FURR R I & EAT T a1 BT R
YSZEBRI LA B I 4 B . B PR R 2 AR DL R B Y SZ A AR T I A
SRAYMEE ), RIS PR AT R YSZM R B EE T P& 1
R E B E R, KosachiBUU IR T T 1-400nmbis 1 P 41K 4 YSZ i
R e 4 L T e T e 0, SE Sk B ERLARRR 5 T P T S KA B BB PR
R T SR MEALREE AT N, RN IE & YK STERURME Y R4 (T
10.0atm) F&FH BT,

YSZ.5 JE 1 ) 4% 7 R A 2 X R AR R B0 SR M RE P AR R T, Garcla-
Sanchez!' ' T 7L 4K G4 ) IR EAL TR R I FR Y SZIBH IR, 45 IRERH, HIAR N
oL AR T8 R AE 923K (10 B0 F 1B 9 % 050.338 /em,  HA AT SR IGTEILREZIN
0.79¢V.

2 e 1L NG 5 22U R SR R e K Y SZIBURL I RS, R BILAE 223 1300K
BN 2 JG, EYIRA AONm YSZHUK K R & e AU A TR YSZ
K 5 A B A AT R HOIRE 91650-1750K

3f, Dimitrov!"HRE TS BREHNEER SR, WERGEEY
HP-YSZE AR, WA AT R M AR R (1) PYSZE EWIINHR)/
YSZ CEE#); (2) YSZ(TFHER) /Pt-YSZE &Y UKH) . XM IRESR
& J2 Al A TR AR A

1.4.5 YSZE S 5 B W & BZ JR 38

YS7Z EEME BRI EEREN 0,PYYSZIPLO, MEIRZRIL, fEREH
H A R SRR T 614 9 O, 72 PYYSZ SR1H LR RIHE. 8%, O,4E PYYSZ Jt
T B R BT R R R e R R R

0,(g)+2V; +4e — 207 (1.22)

b, vy ST 0F R YSZ SRR E T . YSZ AR AR LR LAERY,
RRL (1.22) PAIEHEREDER BT .

PYYSZ FIE b AR B SOLER R 91— A R R T NP R AT (D
PR MRS 07 1) B SRS B (2) P A5 R LR A BB 5 (3)
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HEWT AR R B R BB F R (4) e AR R N IR 12 P 3R

B PYYSZ SV IR 3 22 AR 4 TR AR A
fREERE TP PYYSZ AR R A ERLT (OCS) 1HHHRRIIR) R e il A1 AL
JRAR AR R 2R R T I R 22 (i FEIE TSR 2 L AR b UL S R
SRR, ER/RER/RNSEMAAEE N EEEENSH Y, Barcs
RES B A B2, S84 PYYSZ S i B Ak 52 S B 3 A = AR SR AL 34T, PY/YSZ
R EP AR A, WA R T B O BT

SRR FISCER T T O, 78 PYYSZ FRH i B iR s B AR R IE, T8 )
b el W 2 I8 i £ R SR R, 10

(1) & 4T B SHEY 8
O2( g, bulk) — O2( g, boundary-layer) (1.23)

02( g, boundary-layer) O2(g, pore) (1 24)

(2)  ForTHE Pt sl L IR B AR .

O2(e, pore) + 2V dissociative site of Pty — 2O(ad, Py (1.25)
(3) HIRET7E Pt FARSRHEY HL:
Ocad, pty = Oad, ERS) | (1.26)
(4) EFTFERE I M
O arrs + Vorrs) T 2€ers) — Oogers) (1.27)

(5) HERM:

o 7 Crs) / (1.28)
VS(ERS) - Vg(ERS) (1.29)
f:d.ERS) - Oé(YSZ) (1 30)

H, O b BT EARHHIES T, Oa(e, boundary-tayen 727~ PR TR TH] PRI R 42
5F s O poreyemn 2 FL Pt BRI T Vdissociative site of Ppe s Pt FEAR R THI
W 2507, Oa, poi i B JE M ZE Pt FEARR A EE T, O, prey @~ = AH T
AR Ty Vogrs R AR T AL HIEZE T OF (prs) A8 AR S HIAL H 4
BT, Ofyszn YSZ BRI THHEET.

B 1.23 RS AT B AR AR, X — iRt e A B
VERETIR A, B R T AR E A5 UL R SRR . RN 1.24 HER
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(R SRR AR LR Ry B, X — i RE S AR S5 M AR O . W R RS
1.23 F11.24 AEEA R RN 5 38, T e AR A A BB BHL 5 48020 IR B B il 5k %
mSiRE xR,

RN 1.25 REF T Pt ARRTH IR BRI . BIRT A w] B R R
bt WA FAE AR, ERXT Pt AR A TR, AR o b
{UANAEB /N T 150K FIBH R R A IR T 400K I, B & £ S iz
W, S50 71 Pt BIRREMREANAE TG, 27 BEI=M M kL BiHEE
R B b, TR E F AR R T AU T T LA Pt RLERARAR Y BB =AH ST AL
WA PR Pt HARREY W A A, Wk 1.26 Frox. BR, ®THES FE
Pt P BURRR /N, HEE PtE&RPEFIER mEEe, ARETEE Pt
RARAY BB A A A SRR B, KR AE Pt AR I R SR T R 22
Wit R E Y HE BR Rk AR A

JRBL1.27 $ IR R F7E = AE FAAL A A AR A 3 S BRI, TR 1,28
1.29 F1 1.30 W4 HIRFR B 1 Pt AR PR BI = Sl Ab . 8058 /X e AR
R B = FH SR Ak DA R e A A B B T EH = A SR A e B AR P B LR

Mizauski®>*“ W T LAEIRE A 643-1073K. E 0 EHN 107 -1atm i, E4F
7E Pt AR LI IR NALER . A R FE AT A% 8 AR AN BT B R FEAR S I A%
HI BITAFREMT 773K B, S E R R N AT AR i 2 RN T Pt AR
FH AW WHEEST 873K i, FIRF1E Pt BARRE Y BB
W= B E TS 5K

HAT, SCHAH— MR IE i s AR AL s P R (BECHHIR [, AR oo,
ZHMBIRFKRNA: 0, = ,nF/RT ,0, = RyVFANE Koo IR HIXS R FR K
HIW PYYSZ FLTH b %00 5 RS 42 s g2 50N RS A R IX, Wang
A Nowick 71 Fll Okamoto! "R # S 3 4 11513 211 logoe-logXon i £& I 224
N V4 EEESER, RESLIE R EBAR logorlogXor ML IR R LN
1/4, X455 AT F AR R N R A A RN F AT R RS AR BRI RS . B RE D
X logoe-logXon HIZEIIRIZEA 3/8. TIEREINEX logoe-logXor HHER AL %y
S3/8 T, BB R FR) A 5 B U R SRR T PYAELL L B S AL O A
VLR FEIERY, EREHEX, logo~logXor MEERHIRIE K-1/2; T




1 CHRZER 27

TER 0 R IX, logoe-logXo MR IR R A 1/2; 24 logoe-logXo, Mk KR Z +1/2
B, W M3 £ Pt %*&ﬁﬁ%iﬁ?%%ﬁ?f%&_ﬂﬁ%ﬂiﬂﬁ% PR S S IR ¥ P IR

1.5 WXIRBIRBERETEZM XS
1.5.1 #F@BAUKIE |

HYSZEFAML AN A TR RS R G R, AR IR R ]2
YSZEE AL R LA R R I S HL

i SRR HORIR AR R T 45 90 A% JB%B8 1 PR IR B0 B[] | ok 28 1436 FH R R
PR A% BRI IR A DL R 3R i AR IR B Pl 5 o (B, BT YSZEEFMRFRAM
KBS TR EEREI ST, RE S TERET&EE300°CLLER, YSZ
FEAEMEAMEA BAVEREAE T SRR, BUILGRTEFMT, WEhha
R ISR WA S FR S Fo A A G R R R R, (IR R T, AR IR ER B S
BTl AE R, XA IR R 1R S P G A )

e JRR AR O M L S ] — RRABAS I AR P SR B R AR AR S, A SR K RS 1=
= BUTAARAS (RBF 18] o o 7 A 8] J6 8 R A% R A R A I SR rh U B AR AL BE
A I T, A T B 2R R A R (5 A

B A1 A% JER A 1O T AR L A OB/ A% S 28 (1 e 52 ) ) 2 24 AT Y SZ A S A% Ik 2R
KN EEFES .

R A [F5] A PR 5 SRR3R O 7 2 R AN ST NI S A R RN T, —
BB R 1 R AR R I B T B 5 SR DB Uk FRAR SR T I JEE S 00 016203,
T 4h— o L R PR A RS AR AR ST kAL, A ORI R
T b FER 7 9 T ARG 22 iyt A% R AR A0 T AR IR LT, (HR, SRFTIX 28 77 vk
1B 14475 S 5 P 7 P B 056 P 7 i 45 7 T AR ZE R BR,  DRLGAR SR T Dok AR F= v

FH—J7TH, BRI Y SZEE AL BREE ) LB 0] (R 5 B AR vk 22 r v 2
AL RS, BT AR PR AR U B A AR S A BB AL« Anderson !
Graves!"". Fouletier™, Maskell'/> 5B 78 T A5 T AE 444 R ik 2 Fh it 75 444 Jak
SRR A N ASAE , FFER T v SR S TA) A 2 56 A 3 LA R S0 A SRR A IR I ]
()& F R 2R, (R, X b 4 BRI R B S RL A TR, Bk 2 P % (0 3 S BRI AR
Rtk FoE Y R A TR -



28 YSZ Ha 4 Ak A BN % B I B S BR AT 5T

M EER AT A BLE W, R4 BRI YSZEE AL B M A DA e /R T2
CER PSR 2 T TS 1 B, AR SR ) M A R AR B 1 KR B 1 B
1, [H2, [hR%EA Heis BITYSZR AL B TIEREA I Tk, kA &g
(RIEEE B 55 BR IR 50 AT B MR Y S 725 G804 [k 28 i) S I 1) 1) 25 P (AL 3%

1.52 HRAR

bt b TR B0 Y SZEE FAL AR T I 1 1) R, 8 SCIVE PRI Y SZZE S AR IR
() A T A LA SRS (R M B )R PR A B A H bR, BT R T BLT LA T
(R34 50 LA -
(1) YSZIEEEAE AU L R ELE 7T . 75 R4 S0k R IE IIPY Y SZR R Uk
R RIALER R REA b, R H Y SZAESAL R AR v AT R ST AT R BT 1) AP BR L S r il
R s g, RN SR FEE SR, i B R B Rk sl IRE R
RSB 25 R, WA RS PE T RO R N P FE R 2B 3R, 570 A s AR A ot
L | ERLAT L R R A A R i TR 3R e AU S S SRR R AR AR AL P R B
1,
(2) WITHIEYSZEEAL BN E, Bl ENERER
7R PR R B Y SZE AU BB E AN ) 4 1F T AR AN A I B PR A o AR5
AR, FRLE AL RIS AR IO PO S R I, 44T PR R L2 R s AR AR
e IR I SR B R 2P
(3) TR R L 70 Y SZAL AL AR 1 A5 I RERFALE , $2 EH — b S PR
T2 R R L 0 A 1 AR AR R PRV TR Y S Z 3R A A SR (1 T R (1) B T A 2% AR 3
e, B R BRER BARHIE R A BB T
(4) LURE. SRR . ISR EREC B AR RRE, RIA R BALEIE SR
ZEMIIPLYSZE MK . MiZE SN AHI&P-YSZE &N, HBEPL-YSZ
54 R AL L BE L RO Pr-YSZ 8 A AR B N IR 2 Fi T B AL R ), f& Jks
[P RS 2R 1L o
(5) T 5 B Ak 20 AL I 25 B b 200 S A St e B M R I B AR, LA A K
ST A I P SR N7 I V) O SIS TR A A DR A A R AR R A
S R 2 b R AR 20 S DL ORI, AR R Ay “RRBI I, SRR ERC= U TR
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JET, {f “HRBHeM” B — B ] . ARYE SCHR AR SCIRIE A B A SR IR 45 R, O
M AL SIS R A ZEDLE
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2 YSZ ESEAR A AR BE AN FAR IO R BT T 31

2 YSZ EF st aE R
F AR 2 Bz JR R 5%

YSZ BEAEREEERLENN 0,,PYSZIPLO, FIERZE M, Him TIE
T8 W] VA BN A AR AR IR AT 2R L R AL B8 F R AR (IRIR N IR T8
FE AL BEE BT AR AR 7 SURTHR N, AL SR B0 TR IR B Bk
F R B EE. AUFERE, HLL Pt TN ERHIERE A BT,
RIEHIRE . AR N FRARMEAL T B DA S B AR AR SR o) rRAR AL 3 1 =
R,

H—T5T8, YSZ HEALREEF, 0,7 PYYSZ FLH F Al F T b v
ﬁ%%ié’f’iz |

0,(g)+2V, +4e — 203 (2.1

Hrp, v AEEIG 0F A YSZ g AR T. 2.1 BEF 2 IMPRE,
YSZ B AL IEES B R ] 5 3K 2.1 315 20 B ) S B R R YA 5

AEAE SR FERE b, AR T RS RIR T . AR R FRARAE A DL
TARSAERT YSZ B4 M 8 58 ARV B AT B AR VR 2 o7 JE B PO S B 982 T i
BT (1) RIECHER P HMESEIGE, 8 PYYSZ S b #0508 B R AT g
ISR BRMT R BRI, RSN R D RAG T, Bkt
AR 5% 0 I BIRIR R (2) RAZZIATT. RS 77 %5 22 ri il
F IR  FEAR AL RN DL R AR fie A R B BT FRARPE BE 5T (BOARIE LI 45 51,
HEE G AR ICER P R T IRE, TR T R BR R POERE D, (4) 7@
PRI IR P PR ZEL T P AR A 7] 88 B 55 TR R K s L A1 3R P i 7 i )
A

I |

2.1 X
2.1.1 EBARSIE
2 BN [ AR LA DA B PR O 5 4 I 1R AR RO S AL, kA T e
2.1 iR i#-14# 0%, BAREERFTZ0T.
(1) 1#-#4. TH-O#HENK
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¥ Pt A (100nm, Aldrich A®)). KEgEH]. 7BONAE R LA— g LL il 58 70
WA, SIS, BRI —EMEREREE. ME, BREHRET
FARR TR, &t 95°CHETF, S00CHRIE 2h 5, B TFEERE R4 HRE
2h, FfAEE, BIRIE2]40 Pt B AR
(2) S#HHR

% Pt ¥y (100nm, Aldrich &%), ®KE (MA-100, =Z5). R&E5. 2l
FUFRIEFR A — & LU B /R A, BRI S), B2 EE — R Bk
Bl BEE, BRENRE T B GHRT, £3E 95°CHF, 500°CHRIR 2h 5,
F 900°Ci ¥ T4 tRIR 2h, PP HIE, BIFT133I40 Pt Hk.

2.1 HRBRERFEHELE

Table 2.1 fabrication technology and composition of the electrode samples

. Pt loading Sintering
No. Electrode composition 3 .
(mg-cm™)  temperature(C)

1# Pt catalyst+binder+dispersant 10 700
2# Pt catalyst+binder+dispersant 10 900
3# Pt catalyst+binder+dispersant 10 1100
4# Pt catalyst+binder+dispersant 10 1500
S# Pt catalyst-+binder+dispersant+carbon black 10 900
6# Pt catalyst+binder+dispersant+YSZ powder 10 1300
T# Pt catalystt+bindertdispersant 5 900
8# Pt catalyst+binder+dispersant 7 500
o# Pt catalyst+binder+dispersant 12 900
10# Pt catalyst+binder+dispersant+Y SZ powder 12 1300
11# Pt catalyst+binder+dispersant+Y SZ powder+carbon black 10 1300
12# Pt catalyst+binder+dispersant+Y SZ powder+carbon black 12 1300
13# Pt catalyst+binder+dispersant+Y SZ powder+carbon black 14 1300
14# Pt catalyst+binder+dispersant+YSZ powder+carbon black 16 1300

(3) 6#. 104K
¥ Pt (100nm, Aldrich 28] ). YSZ ¥ (TZ-8YS, Tosch 2 &)+ 457
ABONANETI L — & LI R G, RTINS, BEEA RN R
MRl BJG, BHENAE T B IUcERE, £ 95CHT, S00CHRIE 2h
J&, TT 1300°CHh & T Res (Rl 2h; bW E1E, BIAT/S 2] Pt-YSZ & Hitk. .
HFH & 4P P-YSZ B4 Bk —RET S HRIBZE, IR AT,
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2 YSZ EEAL AR AR BRI AR S R B 5T 33

AL P-YSZ B A MR R — 2 Pt AR - BRI FZ W T K P4 (100nm,
Aldrich 2 & )RS S5 73 BIGRIANVE 71 LA — e OB 78 701 » 158 PR Rt B 25 53,
BRI ARG ERER BRI . 5, BRERET PrYSZ B4 HIERE, &
of 95 CHETF, S00°CIRIE 2h J&, FF 900°CLE F 4RI 2h; MEF ARG, B
Al 15 27 Pt IR
(4) 11#-14# 1%

11#- 1484 BRI H)Z L2 5 o#. 10#HAAHEL, XA ER]% Pt-YSZ &
WER, FEFRBH UM TIEFLFIRE ((MA-100, =Z5).

212 BALENE
2.1.2.1 327 BRHTM

A FEL LI 7 2 R B AT [ A4 SR A A0 R sk P s DA A (75 P AR O SR A TR R 11
— i IR SRR R A R S EAR AR R A
ANRTRE IESZ R, A8 R AR AL AR 4 s AR rEAL AL PSR, FER BRI s,
RS IRAS T, IR T EAR R BB, 85 R YA R A S5 208 2% K
XF BEPURE HOR AT TS, SRR R SRHES L (I BARIRAGFRRE, AR
SR AR TP,

FESHT AT PH T BT I, 1S M SRR B R IR R — P . SRR
E—M SR EE (R). S (C) PAAESAER (L) ZnfFam, HXf
RIS Bl

Zp=R (2.2)

1
Zpo= —f— 2.3
c la)C (2.3)
Z, =ial 2.4)

Hrf, Zp « Ze ~ Zoor BIDNSEARE . 2E R AN A AR BHAT, w A STIR ARSI

FELIR 5 FRR R S IR ST B R S — AR AT — A B 2R, RO XU S FA
ERIERESEI R DL, (B4 AR OUFR S (R A Mo M 5 4l S SR A — 3, i
HaH DR B EE LT, XFILRMR A AR R 7 R A
HIE A e SRR . b sl N — BT Roos:, BIE M6/ otk CPE,
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H 0 #For, HEEyA!

Zy= Yi(ia))—" 2.5)

0
Hrp, Zo NEMALA TR,

HHATHEARANSE: —DSEE Y, HEFAQ " B—1SHn 2
—TENIER, » WBUETEEINO, 1]. REE, Za=0r, EHATHEEER
NEBRTCHE Ry Y n=1 I, EAEMITCHERI BRI TN C,

LMA PRV E LSRR, PYYSZ AN ZRHTIEGS S I =R E
9L, RIS R R BT R, ZrOy & AT G FHYE B T B
HR R AR IORT AT s T AR B/ P AT R TR 1) PR S el R BT PR 5 o A IR A
9. 5% PUYSZ MR R AT IRBH BT B HRAE, BTFTE R T AR B S5 R0 Bt IR
ELAR I B AT e 1L Bauerle S 5 H AT LU B 2.1 7R 1) 455 A0 P i PRI
B PYYSZ 1R RAZFLHTENE s B = A2 B, B R,Chy RCov R3C
43 XS RLBHPUE B AR A R AR R R B, bRl EES, [H
PR IR R BRI FREIR CRARARSIID @ H BN ITeiE &%, Bt
ALY C R MERRRE LR R T SR B AR M oot CPE BURZ . AR, 1R 2 SEIRHTR
BB E MR EM BN BER AN GFESLE, ERERSN

(>600°C), BHFLIERE B H KL — 2K, B — o e o da A 77
MR AL, SRR E P KA — MRS R R, o S A AR
pEUT,

Ri1 Rz Rs
C1 C2 Cs

[ 2.1 Bauerle 12t A R A2 FE 47T Bl h = > B IR 250 2R (E]
Figure 2.1 the equivalent circuit presented by Bauerle for interpreting the three

semi-arcs in the impedance diagram
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Rs Rp
L
CPE

Equivalent circuit 1

Rs Rp
{3 - 7
e
CPE W1

Equivalent circuit 2

Rs Rp Rp’
CPE CPE’

Equivalent circuit 3
22 A RENREEE AN =FS N RE
Figure 2.2 the three equivalent circuits used for interpreting the
impedance diagrams

2.2 AW R AR =Fh 52 B 1, Eoh R, ARA H i o Fi BN £ [e]
B e X R PESI TR, R, AR AR AL AR, CPE NEARALTTIE, W)
79 Warbug JofF. X =FhSE R0 it B ] AR S SE e P M LI 48 K 2 SO TR L
Bl . (EH Zview AT RBHTTEIEHEAT NG, W15 20H LA B AR A B P4
ABLRIT e AR/ LA R T RS

2.1.2.2 ik

AL R FT B AR FRAL B PR BRI 55 A — B BB By 3, Z 07 I — 52 A AL
T EAR (4 T 5 BRI DA R B AL SV BRI T 00T . BE AR i SRR 4
4 Bulter-Volmer AR

i = ig(exp (agFn/RT) — exp (—a,Fn/RT)) (2.6)
b, Ma 20 58 BA AR S R0 B AR SR B FRLRT A% 33 R 30, 1o A BB AR AR R AR e el
W, FNEREER. ZARNETBALNT 50mV (2L, Bk .
i =ig(ag + ac)Fn/RT n < 50my 2.7)
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0 T 2 R A S T 45 81 R A S L P AT e PRI PR BT LT AR TR R A, X T H
W R iR B B o 7E7 TR BT SE 50 (AT 6 B AN il 78 o 2> P AR RE 1Y
TS T, PRI R AR SR I I B A 7E

R AT A 4 A KT 100mV B, 3K 2.6 AR

_ { RTIni/a,F — RTlniy/a,F  m > 100mV

RTni/a,F — RTlniy/a,F ~ m < —100mV (2.8)

BN AL SRS B AT R TR B B L PR 5 RO A AT BB AR R BBl ) S R R
fEH

2.1.2.3 Mg F AR S Bk F
TEAC SR, AR 2.3 Bis R R S B R R Ak S VA, KA
GEEHESRL. BEAGMNESRERZ =ML MR, KRR
B ERERE T, EEDIETESARRKE 0,1 NyO IR ESME, W CHI614D
LAk 3 AT AT — 52 4 R ) B Ak S
Tﬁmﬁ%%~%ﬁ¥%%ﬁ%%ﬁﬁTﬁﬁsM%N&E%@%5me
S PERR AL SR 1 o AR AL T 9 0-500mV, FFREEERA 1 mV/s.

[e]fio]

2.3 B RS, 1. -8R, 3. 4-F k@, 5. 6-mETT
7. S-FREANE, 9. 10 EREAMIEHIEE, 11-5WEE, 12-8E 13-tk
T, 4-BERERR, ISBEEINL, 16-KEHE, 17-HRIEK
Figure 2.3 testing system for electrochemical performances, 1,2- gas cylinders,
3,4-globe valves, 5,6- gas flowmeters, 7,8- solenoid valves, 9,10 -controllers
of the solenoid valves, 11-gas pipe, 12-furnace,13-sample, 14-temperature
meter, 15-electrochemical analysis meter, 16-thermocouple, 17-metal lead
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2.2 YSZ BEE ERSRHERK N HERIET SR

YSZ BRSO A ) F AR SR PR AT 5 LA 4504 O2 4E PYYSZ FhifT L B9 R B2y
. O, 7F PYYSZ il bR BiT Rk i R FeoR !

0,(g) +2Vy +4e — 203 (2.9

Hrlr, v REEN, 0 N YSZ s h AR T« YSZ B AR RAE IR LAFH,
R (2.9) LEAERBEERST. BRESNIE, WTFRRMR (2.9) HEE
SR, CERP R R A — AN R . A E BB SRS T O 7E PYYSZ
T b BRI AN R R, B SRR B R R e AR AR
BOF SR iR TR (1) M5 B A R R 102 2 e AR B 4
WAL, ZFNE (STEBMS . AR MRS ILME) HEBEM I E
ERE, BEEMMRALR A A RS IR AR R W ) SRR,
B FAR S R AR, SRR UL AR A AR T HE AR RS PR A 5

Z B R SCHR AT F O, 76 PYYSZ S AR S B AR IR HRAE, w425
T EBL KR S B T B E IR S IR Y A T SARY B A THE Pt AR
R SRR RS s SRR TE Pt ERGRTEY B RUE T E SRS AL R R
B R |

N2 AT O 76 PYYSZ FHH - B AR R FOm A5 P RO iR AP BRI, mk
WA BT R, (BT BB EE i AT Fo) SESRZHIKR. K
H, R, Lo, ZHWBMRKXRWT: 0, =ionF/RT ,0, =R,

22.1 SIBYHAERESEY

4 F RS ARY 8 SR WA R AR SR TSR TE B AR P BT
P25 B R o SR PR AR B A 3R THD X — X A AR B 1R R R 1 AN K
EAU B R TSP B O 4548 LA R AR UOE « SRTE AR SR X — i R
SRS YIS, RAHET BOVEAN SR NRER SR, WKk
B BH 5 482 FE IR L7 5% 2R

2.2.2 BTEHRNARTELR
TRV T e B S R R 4 TR T 3R S R 3 AT
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Os+V5+2e" =08 +0 (2.10)
Hrb Oy AWMIAE Pt HIARKRIIEIRE T, Vo WA AR, 05 MR
FHER T, oy Pt B LRI AL, TV FION Ik BEAN A HR wR - B A 5 O 20
i, B ERR B ER, S EFie A R R A R
i=i" =i~ =k%agexp(—2a;Fn/RT) — k™agzexp (2a,Fn/RT) (2.11)
Horpit Oy N 2.10 TR SRLI B, i A R S 2.10 356 ) BB A LI s ket ATk
NIRBLEFRER, agl ap 737109 Pt AR H BE T 1035 A S 6L S, E
NI R . EPEEMET, AR i=0, it=i" =i, HEEHLT:

ag=a, =05, | (2.12)

PRG54 T B AN PR A E o R R AR ST I FR i T F IR A o
Ey =RT/2F-In (k*ay/k~a, ) (2.13)
i = (ktk~aya,)/? (2.14)

1575~ 7 Th] R e SN B AP R, MR IR S B 0, + 20 = 20, 34
2Py, XmEvkE

1(0;) + 2u(o) = 2u(04) (2.15)
HrpputhZ%, HaH TR ARER:
1(0;) = u°(0,) + RTInPy, (2.16)

Hru0(0) AbrvE . R 2.15 FiL 2.16, A7,

ap/as = CXy'? (2.17)
Hp couHEs. B 217 AKX 2.14 7]15.

i & agX bt (2.18)

i o agX 3t (2.19)

R R LUK, (643 Pt A BRI 0 AUR TIRBE A S, Wlag AT
FEHA, I AT R A I LT X MY TR R I R 85 MR a,
AR, LI R i I b X

203 REYHAEESE
Pt FARRIE LI RR TR AT UK Langmuir A, WU RS T
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£ Pt IARR A B E RN 0, WH 0,45 )5, Pt EARGRE KENEE N HT
AR |
0,/(1- 04)=K - X1} (2.20)
HrXo, ASMPRESE, K AR MARE IS 1) B B H
YO AR R B IR AN RE ARG, OB 2.10 SRR AT T iR A2
BT,

i = [exp(—ay V) — exp(agV)1/[Io " + (I  exp(—ay, V.) + (I7) texp(a Vi)]

2.21)
KAV, = 2Fn/RT, I'F0 T 53 3R PARK RS2 AD B ) S SL AR BR B, To RS e R .
= R ST AN T 50mVi, 3 2.21 ATRIR N
i=nV/[I," + DT+ U) (2.22)
BIH, <<y B, ERIRRN AR T Pt AR Y BEm], S, BARAR
B E TR R A
R, = n/i = RT/(nFI*) + RT/(nFI") (2.23)
e AR TR R #0823 PYYSZ Fil, HEETH Ty ik
EAN 6. MARBRAERIT. [T TR AREKR:
I* = DynFCy/d (2.24)
I~ = DonF[Cy — Co]/6 (2.25)
H D AR T 1E Pt AR TH Y BUREL Coo0 PR SR FIRE, Col
6,~1 I} Pt ALK E M EUR TIRE
% g,<<1 Bf, 220, 2.23 1224 KATEH,

Ry = RT/(nFI") & Xp,"" (2.26)
2 oo>>1 8, |1 220, 2.23 F12.25 RArEH,
Ry = RT/(nFI") o Xp7)' (227

FRIESAERIERERRY, YERTE Pt BRERE Y OB S,
FL AR AR AL F PR 15 X 2 X 2 FRE B 3K — 45 B 15 Miizusaki ™2™ 3k 5 45 SR 2501,

Mizusaki [ ER TR BKER 6, HEs > x > 00BN, AET
B, SRR R A TR ARFE R,
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0p = (0i/0N)yzp = 4F2BDoca3ng /(ap + Xéz)zs (2.28)
S B B e HRITBUR PUYSZ RTIIKIE, Doy TELL T8I BT st
A, ¢RI IRERIE, ap 6=1/2 T Pt B S04UTE . A
PEMERRN, 0 < X2, U AR S50, o X2 T VR4 T

NI, @ > X5, BEITHRESE o, « XE

224 HREBIRM REiEE
5 TAE Pt RURRRTE OV I A B R T AR T A
v="kPy,(1—0,)%—k'6," (2.29)
StPo MBI PRI RN, kA1 KONEEAAL. Mizusaki fEF 1
L L T R

1

o, = 16F?Akay? Py, X {RT[X3 + ]} (2.30)
Hrh A N Pt RIS HETRRR, a2 0=1/2 I Pt HARER H R ATEE

LA RS R, ap « X2, ARG (BRI S8

1

FET%: TSR EEUNT, ap > X2, WL B $ %o, o X,

2.3 LIEE
2.3.1 FEIRIBEEXTHERMREREBREFERRTENZEMN
2.3.1.1 BRI R BB R AR PR EE

S —E BT &, BREARIRELRE 1S R TERE <. s
P75 F Eb 3 T APUR 4R 7o e AR A s I 3005 10 R B FEAREAL TR P 0 s
T AR AL AR S NS AR ST AL, DR S ER AR A AL A L LA RN
A1y, 2 BENNAEZMHAEKE. h=MAmENE L THM AR RERR
el A = AR T
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L=f,f;Ndx 2.31)

A d NEi 4B BRI RUER: N A5t /R B A R EAR AL
s 6 ARSRAR, fELSRBERETEANBUAKR: LARMES R
SRS 4 R BN S5 R AR R B AR 45 A IR P‘iﬁ%@%%ﬂ%l%%ﬂéﬂﬁi?\ﬁ, EiR
SRS KAV RPN, B adHE RIS s &R IR £ R .

2.4 A AR RRE R ES B -4k BRa R, fTRE
o, S 1-AHEIERES, ERIREE MR mEk, KRR BIRES, HHam
CERBENRAL, TS ARG R &, AR A1 R R T A W
K, WEAWREL, EBIRAZHKREELRBS.

B 2.5 IR T 1-4#EIERIRTE 700°C . FREE RS SFAE T HASHHSTIE L,
2.2 BT 7 R 45 20 R B R0 P 15 31 B 3 I PR B 3 A0 545 2 048 2S48 e re B
R AR NER 2.2 Fn. ATRLEH, X 1-44081%, ZBERESEE S
700°CHRIXIGIME] 1100°CHy, £ BRSOl E15 2 AR AL B BRI T
WA BERESEER, AR R BE SRR, JEBER: 7EZD 900°C b FE AR AR
R I ME . TP F A T R AR I A FRL RH R % HE A S N FELAR T

2.4 HRBRREMI, A-1# BAR, B-2# BAR, C-3# BAR, D- 44
Figure 2.4 the surface morphologies of the electrode samples, A-1# electrode, B- 2#
electrode, C- 3# electrode, D- 4#electrode
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Figure 2.5 the impedance spectra of Pt electrodes with different sintering temperatures

%22 FREIEHCREY PtEBARTE 700°C NAVEARIRLEEFE
Table 2.2 the electrochemical reaction resistances of Pt electrodes with

different sintering temperatures

No. Polarization resistance (Q'cmz)
1# 171

2# 158

3# 423

4# 687

S JE R L (AT T S BRI 2.2 OSBRI B S R+ BRI LY 900°C
F1y A o LI B RS PRI A P 0 5 o 3K — S B A L AT LUSE PR R Ay BB AR
ELE R R IOTHE, PtABARS B ERLE S KK, (R RRTLIAERZR, HF
(N 2 o7 AR R T AL O FLIR SR N ARIEIR A, 4R AR s AR IR ARG U s
B, 700°CHREERE S I A AR R AR MO PR B 2, (ER AR E SRR AL
N, 78 PYESR/YSZ SARLTHKCTE L BSE: I, 1100°Chess FFE i e ilek
TIFLIAALAZ BARIR R, (B fr R R T 0 FLIR B B>, BT PUES/YSZ =
MR L OBUE, N e R AL i LR FL A R 2o P AR R T R LR 2
iy 900 CRELEIRER, KB 2R, TRIHEKK PYES/YSZ =L
FAE L, LA AR AR PE 5 s
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2.3.1.2 NELRE £ THIERR LB

&1 2.6 9 2# RAE AR A 1 T IOSCUR LTS . FTRLR H, R i
FAET (700°C), 2#HRIM Nyquist 35 B PR EFTUY— A i e B BN B
M EIE VRS, R A, 10 B I It AR/ o 7E BHA I & 1 A3
KA TN 10°-10°Hz, MEIREN 450°CHF, Nyquist #% B BB R ST
K 1/8 AR B4R, FIAZBICR RIBUZIRE T R E AR R AL H PH 2 R
=

FEAT I BT S50 A AT 2R 6 Rl S e 7 75 AN AR FR I B L e iR Ak SE 38
RARBEPisE B0 B 2.7 A o# R (D RALERE (U) il
4. TTUEH, EREMRABEAXERN (U<100mV), iU EZITLh—2%
WRAEL. ZHELNREIU/ 0i WEPIRIERLERAE R, HH
BT SRR B 2.2 TR I ARAL PR BELRN FRAR R R SRR 7R: Ry= Ry +R, » T
M E ARG P Ry /T B ARARAL B P, 7 R= Ry, BPERPEAR AL APERIFE 2 5%
PFR ¥ R AR AL HBL B AR 55

BB 2.6 ATLVEH, EBMEMMERET (<500°C), AR DT
20000Q-cm?, T EUART FBER 2] 200Q-cm?, BEIBG, St E] LU £ AR AL L BE Sk
FooR AT B A P RO AL P . IR R (>500°C) B, FAZkE
A A, FELBEL #1155 HEL AR I 1L BHL T DAAS 31 s AR AR 4K B BHL, FEBUE 5 SR I S TR B e &=
JTIEAR B AR AL BB — 3.

FEARSCEE FORISER P, AR MR BT B R BRI ERET (<
500°C) 1#-4# FaAR AURRALFBBE ;s T 158 A AC VBB T VE B MR AL VR A8 B B
BIRET (>500°C) e tRiR AL,

FR23FIHTARBESZMET (500°C-600°C) 4 Pt HEARAT EEARARLL B EH .
W3 2.3 o AARIRAL FBRE R, VE IR BB i 2R R 7E K] 2.9 . EIE 2.9 AT LA
EH, R HSERENEHEDNLEM R, X—2RERA, ARPRER
AL R ST R R T FE, HH 2 Arrhenius 36 & -

R, = K,exp (5—;) (2.32)

FK2AFETHEERFRETITEERN (500°C-750°C), 1#-4#HERHIRL
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Figure 2.7 i-U curve of 2# electrode sample at 500°C
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Figure 2.8 the polarization resistance of pure Pt electrode in the region of
500°C-600°C
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2.3 45 Pt ERETEIRE F G TR E
Table 2.3 Polariztion resistance of pure Pt electrode

at different temperatures

7(C) Rp (©-cm®) InRp 1/(T+273)
500 89321 11.40 0.00129
520 41772 10.64 0.001261
540 18582 9.83 0.00123
560 10160 9.21 0.0012
580 4983 8.52 0.001172
600 2809 7.93 0.001145

. Kk 2.4 EP%*W&%EEBE Ry ENIRE B HN s B s ER 2.9 e UAH
W FELAL 2 R P AE AN IR AR AL T BB N 2 T A R O AR AL A e W AR A £ B BT e
W THET R A TAEIRE N T 600°C LUK E T 700°CHIEEX AP, BAkg
W B SR E R B & A R R . 1R 2.32 IHEA B Bl R P FER
TEAGRES T3 2.4 T

—@— 1% electrode =

114 @ 2t electrode e
] 3i# electrode » ,_/’/@
104 - - 44 electrode E 4 s

Ln (Rp/Q-cm?)

4 '/‘4; T T T i T T T i
9.5 1.0 1.05 1.10 1.15 1.

1000/ (T/K 1)
] 2.0 1#-4#E HR7E T BB S T AR AL B

Figure 2.9 The polarization resistances of 1#-4# electrodes at different temperatures

T T T
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F 24 VH-A4BRAEREIRE KX H THIRRRICBRMELEE
Table 2.4 Polarization resistance and activation energe of 1#-4# electrpdes
at different temperatures

Rp(Q-cm?) Ea(kJ-mol™)

T
9 1# 2% 3# 4# 1# 2# 3# 4#

500 80821 44801 181679 166042

550 12209 6502 26370 22697

208 201 245 229
600 2165 1394 2489 3010
700 170 152 384 699
725 137 108 250 567

87 81 101 51
750 100.5 92.8 208 533

2.3.1.3 S5 EXTER AR AL B PRS2 0

SrBIFE 750°C 700°C. 650°C. 600°C. 550°C LLMMERE SIE T 1470 2#
HURAE AN R R 461 T IOARAG BB, BB 485 (AR LA 107 atm-1.0
atm (A5 5 KT 102 atm (AR E 2.3 FRillE RGPS B R, A0 E
9107 atm HISAEBBHAEA T EH). WESEWE 2.10 MK 2.11 Frx. @
B 2.10 B 2.11 WfLUEH, 78 700°CHT 750°CHAMEE &, BB RRERLEIRER
1#-2#FBR Y log Ry vs. log Xop X F MR LR AR &S, B log R,
vs. log Xop 5% B B 28 JLP-EBFE log Xop=-1~-2 HIRHE R IR /ME, HAEHIE/ME
ZH, FEEMASEEEN, log Ry vs. log Xop KRMEN—HL, HHEE
N BRI R AR TE 2.10 71K 2.11 1.

ERERERMET, log Ryvs. log Xop HIURAT A, HEARARL Ak B FH A AR
BT R R0 B Xoo* M BETRJE T P T T B8 17 24952 R P52 650°C LA FAY, log
R, X log Xop HIMHRVEE/N . ZIMEIREE A SSOCTH 600°CHS, FESIRHESE
KBS, A ANFRLERE R 24RO KB R . Filtn, xt
Fi#mh, 75 SS0CIRBAMT, HESEN 10%atm i, ES 28 BERAL
B FEL A H(E A 4.06; T4 N 102%atm I, W45 5 () B R AR Ak B8 FEL 3
M 4.01.
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Figure 2.10 the polarization resistances of 1# electrode at
different oxygen partial pressures
5.07 —a— 750°C
1T g 700°C
4.5+ s 650°C
1 e 6 OO"(/
4.0+ #  550°C
] _ +—0. 05
3.5
] g 2=0. 07
s--0.12
’ T e B TREES
e R e
2.5+ IR
] T .,.”'O 56
2.04 -~
1.5
1 O i T ¥ T 4 T 4 T i T N T i T
-35 -30 -25 -20 -15 -10 -05 0.0
LogXo,
211 TEENEFHT 24 RHRCER
Figure 2.11 the polarization resistances of 2# electrode at
different oxygen partial pressures
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2.3.2 YSZ F BEFL TN ST B AR M sE RN E B AL S RS A2 RS2
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Figure 2.12 surface morphologies of the electrode samples, A-5# electrode, B-6# electrode

Bl 212 /RH T S#AN HEEAR I HE FR BT T . AL 1-4#HaAR (B 2.4), S#A
MR DL H B R 2 R FLER, 1X A B2 B T A Al b & AR N T i AL s 6k,
BRI A% A T L 1-4# Bl P X ORLRL AR /N, 3 R BB B T 7E A AR R B AR N
T YSZ HAEFR, T YSZ HBMRJG AT DAHD ) e £ e R o R AT SR A RTURL A A 3

1 2.13 & 2.14 535008 6#F0 S FRAE AN FIN BT E | P4 e dl i 3 R RS
Ve P i o AR B 7 BEL L BT ) P RS X B 9IG, T DASDA S 73 ) P AR 7 T A
AR RS N RARAL R, H2, B 213 sTUES, EBRMIEEE T,
TR BT B AT 2 7 [ RAA N R B A R FR, R, SRS RAL J7 it
AT BLPLI = 45 RAAT AN . PR R T VR4S B B AR R AL Fe FEL A T 3%
2.5 %, ST o, TWRERRFM T, EREMRRZLT, KASZHRES
B2 15 B 1 A% Ak F BE AU 5 5% F e e AR A 5 248 BURR AL R BELBUE AR IR s TR T
SHEM, RAEKERESMT (55000C), FHAHRET TSR BRI g
BH 5 R F 4 M AR AL 77 V45 2 B AR A4, L BRI (AR 48, FEBIRIR B 2641 7 (<<500°C)
K FA AT I BELA70 7 1945 3 14 P AR AR A R B 5 SR FH 28 AR K 7 9548 B R AR Ak, P L 7E
FERS KA ZE, WA B AR PEAR AL 5 V515 B A% A F JE A

W38 2.5 1 SHAT 64 FRAR AR AL B BH Ry 1 910 1501 sk R nfE B 2.15
P9 B R P AR A L LR B AR B AR A Y Bl P R 0 H R D AR A A AR AR AL FR
FHERREE B FHE T T M £E 500°C-600°C AL 700°C-750°CiR B X ]y, FARHR
A FL PR 5 9L P RIS E AR IR &R
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Figure 2.13 impedance spectra of 6# electrode at different temperatures, A-700°C, B-600°C,

C-500°C, D-450°C
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Figure 2.14 the impedance spectra of 5# electrode at different temperatures, A-700°C,
B-600°C, C-500°C, D-450°C
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Table 2.5 the polarization resistances of 5# and 6# electrodes at different temperatures,

EIS-measured with impedance measurements, LSV-measured with linear polarization method.

Rp(Q-cmZ) Ea(kJ-mol'l)
T(C
(<) S# 6
S# o
EIS LSV EIS LSV
500 98736 120571 2392 2415
550 35781 18033 225 234
221 253
600 3658 2565 27.38 27.96
700 85 88 5.81 5.78
725 71.3 66 4.09 4.13
87 108
750 62.5 51.9 2.94 2.97
12- &
—a— 5% electrode
10- g B elecirode o
G @ A
< p
o 64 e
04 . //u
5 44 e e
_—’/'/
.-f"//” )
2 - -//./
-
0 i T T T T T T T T T T T T T J
9.5 1.0 1.05 1.101.15 1.20 1.25 1.30
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Figure 2.15 the polarization resistances of 5# and 6# electrodes at

different temperatures
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Figure 2.16 the polarization resistances of 5# electrode at

different oxygen partial pressures
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Figure 2.17 the polarization resistances of 6# electrode at
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B 2.16 N 2.17 455K S#FT 6#E R log Ry vs. log Xop 5 FR 4R . £ 700°C
F7S0CHAMNERE &,  SHM 6#HRI log R, vs. log Xop HIZHRTE log Xop=-1~-2
(R L ME, BLEE BB ME R/, E— B RTEE W, log R, vs. log
Xop HZERN—4H L, WHHB RN ELARRTE 2.16 ME 217 . f£E =R
FEF, log Ry vs. log Xop HIZE LR A,  HEARAR AL At B B 1K sl s B A B8 2
JE Xoo* U BB R FE T W1 R 8 T 2495 B R & 21 650°C BT, log R, % log Xop K
TRAIEI D o

2.3.3 IR = X AR T REAY S
2.3.3.1 &fi Pt B}

T YSZ FEAAGRR lAR AR, — MR T AR IE Pt AR E IS
) 7015 THD FELBEL, 4785 08 o A 2 T P L) /SR T e ) HR T P R A A 2
B3R 3 T8 R K/ 5 T (AL TR LA IR T LB PR AT B E S DR,
I R R Pt AR BB TSR B Tk DR T B, (E R S3R T AR
TERA, IR RS AL S iR B AR, MR ISR JTRE Ay, (il fe sz
AN

% 2.6 4h Pt ARG AR AR I B A TLIER

Table 2.6 the variation of the surface resistance of pure Pt electrode
with different catalyst loadings

Pt catalyst loading(mg/cmz) Surface resistance( Q)
5 5000
7 600
10 1.0
12 1.0

R BB E BT 4G Pt FRARERE PR AR, R AR 24, TH,
84, O#VUA B IRAT 5 S (B Hg e P, [FIRTiE S Pt M4 2 E AN R T Fa FE 2 TA)
M2e %, RAERE, LU AR REZ R EE DY Smm 15 212 W A PE
VERIE AR . LS RNk 2.6 Jivs.

4 e 1 AL A 2B 3mg/em? B9 N E] 10mg/em® B, B AR R T HLBELAA 100002
TEERE] 1Q LR Wi S8 E N 10mg/em” 4KEE4E ERRTTRT, FRTH A
I EE AR E N . T R ERET A Pt AR R T (8] E A [ A R i e BEL




2 YSZ Gk REE b A P RE AT AR R PR LR 7T 55

HEE R 0.6~1Q, HMEEBR EREEBENT 1Q 1, HRE Pt Bk
HAREFHETSEMERE. FHik, RIEE 2.6 KGR, HREAHEERI
#) 10 mg/em® B, BB FHESEDERER.

< 2.7 AT E 2 P IR AT ER ARAR (L FE PR AN R B ER PR R L 1B
CUEIREH 700C, *FRBEREILELENE)
Table 2.7 the variations of polarization resistances and electrolyte resistances of
the electrodes with different catalyst loadings

Pt catalyst Electrolyte Polarization
Electrode No. ] 2 . 2 . 2
loading(mg/cm”) resistance( Q2 cm”) resistance( Q cm”)
TH# 5 * . *
8# 7 800 6000
2# 10 13 152
o# 12 12.5 148

2.7 BV TARMMEWFIZER 2#. 7T#. 8#. HFERIIA R IETTNES R,
LA, FEAEAG T B A, FR AR AR AL, PR RELAD e B FR BRI I B AR N s (B2
LRI BRI — BB S, A ARARAY, P BELRT LA 5 R BB 4R (R 1E
2k SR8 0 F AR AT B T 25 T AR M AR O B

it PIRSIR G AT LRI, ML EIRAE RIFIOMT RS, 4 Pt i
WEEACTIE B AU T — € 8UE: EREANESER ST, BURHE

SR, METE T BRI — i E, BB E R A . fEA S
K, —MCK Ll Pt AR BRI E SIS 10mg/em?,

2.3.3.2 Pt-YSZ E1}

104 FBARAN 6#F ARGy Pt-YSZ B4 MK, 1 104 HREH 5= &) P
WE. K 219 2~ T 10#FAREARNREL &M RISyt A . STE 6# 8k
TEAFRE A R RS mBR e B (B 2.13), eRAREL, SR E KT 600°C
I, 10# F AR 0 A2 UL BEL 47T Pl 1 7 FROSBURTMER S0 X SR B 2 [ . X — SRR 45 B 5
Yoon HRIEAIZML,  Yoon A AR TS A% 5 BEL o0 B 4% A FRL AR B R4
MELERFZET M. FHiL, X Pt-YSZ ik, Smm PtENFIRE S S BER
LN, AHTF R ERAE AR T AL

PR AT 1) 2% e AR T I NI ST T AR RS ARAE BN (. 12 BT
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Figure 2.19 the impedance spectra of 10# electrode at different temperatures ,
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Figure 2.20 the impedance spectra of 12# electrode at different temperatures
A-750°C,B-700C,C-650°C

28 MENTNEZ TR Pr-YSZ EEBRIRL
A FNE R PR IE R CUZIRE R 700°C)
Table 2.8 the variations of polarization resistances and electrolyte resistances of
Pt-YSZ composite electrodes with different catalyst loadings

Electrode No. Pt catalyst loading(mg/cmz) Polarization resistance( Q cmz)
10# 10 12.3
11# 12 4.1
12# 14 3.2

13# 16 3.12
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104884% 350 Pr-YSZ B4 ML, HEGMHFEMN Pt EATIEE, AHEE 1248
W AE A R P ION T R s LR 6] 2.20 4 12#FEARAEAS R B 25 R Y
TR . R IR A, 12# AR T B A AR L — AR
AL S SN FR 2 [, X R 7 rEAR R A5 I R I A& AL T DU R IR
AR 5 BH 7 6 BT == ) 520

fHAE, IONTIEFLFI P-YSZ S & Bk MENFEE B AL BT, &
e BN BT« b J B R R A B AR AR AL A AR AL ER ) — R A
INAE A FEAR P EB AR AL AV BT P RGR T T ) B 5y Bk ERE
R BE G, AR A S T R E AR RE I s R, BRI RAR FAL
ﬁ%%ﬁﬁ%%&%%ﬂﬁ%%ﬁmﬁﬁmoHM,WMAT%%ﬂ%PwBZ
SEHN, ERENFNEEDRRE MREME. K 2.8 VH T EAA AR E
[(f) 104, 11#. 12#F0 13#FFRTE 700°CIRJZ 41T I FARARAL R BH . BEHEALTIER
BRI, AR RBEAR /N SR ER B — e 5, ARG,
BEAN FE AR B QB IR EFIE E, gkl i A ETIEE TR T P-YSZ &
AR MR RIR S, B A BT EE N 14 mg/em®,

2.4 Wig
2.4.1 BBAR R R IRT A SR

P R R 4% A0 BB R v T B AN R R ) SR P BR . YSZ RS RER
AR S, TR DRI IR O B R 1 RS o A TR R

S RAEAE PYYSZ AR R UL R RS, FR ORI IRER 35 A0 B R R R IR Y
AP —: AT T Pt BRARR IO AR R . EUJR T Pt ARER
T 1 B LA EUR T 78 = AR SRR AL A TR

BRI, SCHRR— MR I8 T AR L BE R, (BRACHR IR o FIREL T o,
=ZHMEMSRNA: 0, = iy,nF/RT , 0, = RyHEENE Xoy ZIHHIXF R KRR
HIWT PYYSZ 51T bR S R M R s g g TR SRR Y R, Wang
HINowick " il Okamoto™ HRH% 5256 45 HL 1545 21 () logoe-logXo, LR AL 24
A VA FESESEX, RIE TR H AR logoe-logXo, HERIAI LR
-1/4, X425 SRR AR R N R R S RO s A RS S BRI R . P2 R E T
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RIEFR, LA R X, logoe-logXon HZR AL R A-1/2; MAE M AN EKX,
logoe-logXo, FIZR IR ZA 1/2; %4 logoe-logXon HIZRIIRIE A£1/2 I, WRFITE Pt
R R T ) SR T (2 T B — A A 2 AR S PR 355 88 . Miizauski ™!
WF9E T TAEIREE A 643-1073K. B4 KN 10*-1atm I, 44T 1E Pt AR LB R
(R RIHLEE . ABA R 2 TARIR R T 773K I, il S N AT R A 4% 25 TN 4
SFAE Pt FARRIAAAERM: MR Em T 873K i, FJET1E Pt R E
(I FRCA A B AR SR R D B
AT 2.2 FIVEGI IS T ASARY B BT Pt EEARRHI AR R . SR
FE Pt B AR T 3 B LR R T 7 AR S Ak (3 S DA 55 B 43 B R R R
SRS BT 50 B, AR AR At E BH 5 AR TR S5 AR AT AR A TR R O R O R
H1 2.2 TSR, EIREE (R) FMEDE (Xop) ZHKFEHRAR
AVERA IR B AR S B (R I 00 3R M R BB LGS (logXop>-1) I,
AR AR AL B BELTE B F U R 5 AR, EUR T7E Pt s ARSR Y HOY AR R
BRI, T R, SR ETCR, M1 Pt FRARZR I H W AR B 9
W LRI IR o
2,10+ 2.1 2.15 F1 2.16 40 FI77% 1 7 LU0 b W 1 4% £k, P BEL B 02 R 28 1k,
5 B o VAN FRLMR BRARTE FRLATRORE B IR BF LA R rEAR Al AR AE 22 31, BTE = IR (=
700°C) F, H log Ry - log Xop K HR M LRI JLFH RIS, B log R, -log
Xoo B2k JLF-#RAE log Xop=-1~-2 MR H IR/ ME . HBLB/MEZ BT, E—EW
HAETEE A (log Xor>-1), log R, -log Xop BRZE N —25H £k A TEEEE N
(=700C), HHEATMARNAER 043-057, KBUHT Ro<X S HIX R,
Xfb 2.28 3, ARG EUR T7E Pt AR H Y BON BRI N FEE DR T
M TARRERIKE (<600°C), iHEBANELNMZEN 0-0.12, BRRA M
BE4E 2 R B2 AGIE BE U B/, SFEE 2.30 20, AT IR S 2 T 7E Pt AR R
V0 A 2 % B T B O FRAR S N B IR I AP IR
P S B T8 2 20 R A AT A AR AT T e S AL BE I U R I SR . 3R 2.4 FIER
2.5 FIH THRHE InR,-1/T BHAKIR I EAS B A FIEE X E S LEE. TTLLE
H, BAR 1#-GHENAE AR R LA S AR R T R £ D), (B AR RIS
e bEIE FE AL R DL M SO A . ERIREXIAIN (=700°C), MR
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[t 14 Ae A 51-108KJ/mol, THAUKIREX I (<600°C), FARR N HiE AL HED:
201-253KJ/mol. X EeSzag sk BARN, AR RORT B AR R 1 IR R i AL HE Y
SRBLEA K, 24 AR SR (K B B/ T 600°C AL BN T 700°CH s HLK
R I EE R L T B AR, X BURE AR R SRR A

vty R IRGE RETA, B AR A% T 2R AR AR o R S R 1 AP TR I B

ORI AN K, PR S (10328 42 25 U R BELE R T R AL, AE R IR (=700°C),

U T Pt AR T (A PN R R 252 B T AR IR R (<6000,
S TE Pt AR T T B A 4 P B I 7 A5 8 SR A 600°C—T00°C £
X [ T WL B R IR, e s AR R BT < AUEL T Pt R IO LA
o T Pt LR R AR B

2.4.2 ERAREIME T Z 3T B AR I B A R A5 RE R R 1 BE AT RN

BT A% S 1) T AR IR N8 H A6 IR T e R (8] 2 B AT YSZ B RAR I
LB

TE N O % 2R B PR (M BRI RE D23 T, AR R I TAR R E BT
HR IR V. — B E T, AR SRR AL PR PERRAR, REIR S AR L
5SRO HEA TS VERSAT, th B4 86 2% AT LAZE SEAR AR S R IE % AR . rRARAR Ak
BB FESL IR 2 I, At FRARRE BE i B A B TR T e SRR AL B T PR AT
AR I GE B IS TLAIRT YSZ HAR I 43 A T8 i e AR LR SR R AR 1K
SHRE, S SEARMR R RIRE LT RN, 21 Pt AR PLYSZ B &
R BT R, 7B e YOI P 3R T s AR AL S I B i A R T AR AR
eI . Bk, R E LR R E T2 AR TR TIRRE
RIFEA

e RS B T 7 ) [81 JU) 55 A FE A AR S RS A 25 BRI TR R U AR 5 AR
B R A BRSO [ S A D RN, A RS e I ) 5 A T P AR R TR AR 1Y
Ak S R TESE, TT H HR T HAR RTE  BUSRERS R AR s S SURYT HICD R
RS R TR SIS (A 5 T LA U N T B A SRS B i S ] U 5 £ ek FL AR
AEE R AN . SR ST B R B K AT 2.2 Y
WSk, LEETE Pt ARBCRIE Y B AR SIIRIZ DR, AR S

GEE
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3R 2 3 A R AR VR M AR L B PR T AR R (K — AR 5 TR B DA AR AR R AR
K MBESTHE Pt ARSI M AR B Oy AR N R BRI, AR
IR T ARV PR AR By A AR AR R () AR S T A B AR R AR AR A
XU S AE RREA, N0 A SR s P R AN BEIR R AR AL, 80 B AR = AR A
AR m LAERERH SR T B BOR R e . Bk, JSME %
AR L 1A B ) S M T LR I, 8 A SRR I SR I (8] (AT RO VR A Y AR ek g
LR = AR S A3 S A R B AR L .

2.5 KEINE

S R 2 P A R0 3 BB 58 T B 9 T AT el PR 2 T R
SULE R PYYSZ 4 2 Frbl P AT AR S IR LEE I S0 . 73 B S50 40 T -
(1) YSZ BRI AR VAR 55 F AR IR B . AR . PR AR ATk
BRI, BB IR R IOFE, PtERS B REE S, (R e
HFLIF B AE T, (B IR 8 for e i e T AR B LIRS SR />, 4401 F At
EWASEB, 900 TR N IAER, FUREAMILAKE 52 MRk, &
T RI LB  PUZES/YSZ SARD T L, Py B i i v e

B ) 2 AR I R B FLAURT YSZ ERARR S BT AR AR R . X
gl Pk, HIMERAREAS RIFIOE TR SR, PHEATIEELSE T B
{8 (HREAFIEER MR, TSR, MET 8T iRt e
— IR, W IEN R SER T — AR P LB E IR
10mg/cm?. % Pt-YSZ E A ik, EMAFIREIER 12 mgem® 2 )5, HEFS
MR F1788 K5 AT 75 Pl ) 5 P2 e D S FL AR BT BAH e A A L %
WA, (B2, EMAFIEEE— BRI, B4 M B T A e
WAERE RO IR, SRR BN 14 mg/om® 25, FBARMEAE IR TR Pt
fi Ak U B 1 T B0
(2) EARRIAE T2 e AR o e A o S A 2 T SR LB AR K. 7ER T
BT (=700°C), RRTLE Pt AN Y A AR R B (s B, e
BLIRE T (<600°C), BSTIE Pt sl I I MR B R 35 A Hi R e I P 3R 450
9%, JERER 600°C-700°CHIX AT LB ME R X I, M il R d SR T
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{E Pt BARR MY /0 A0 “ 5 T P s AR T AOPR AR 28 K& F21

(3) BSAHY HIUE BN FAR R B S D BRI, A% s A R N I ] 5 % Jakd
PR T R T LA R T, T R Bk T R TH B 7 B R R M b s 24
AR A SR B S0 T DA 2R BT 45 R A SR I TR ) A R85 VR R A T 2 FRLA
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3 YSZ SRR

YSZ BEMLBE HETR ZMNAH TRERSEN RS, TR E
ARSI, DUETIRZE WIANLEEEL R G R SR 2 S A R
SN SABRP T AN ERIEE ¥ E YSZ BA LA B,
P A 4 U AE I (K BB AL SEAZ 5, M4 5 B 1 — A o 7 [ B i I AR 4 P IR
PUEERL R ST Q0SRS5S 25 H TP R RN o i, A 258 hn 28 S 3k
FEE: AR BN S IR R E SR, WBFUR b a S it pe g,

WRIE YSZ HEMLBES KRS SHRAE, — MADKE H 4 9k 22 ot BRI AR R
PRI AD 1 Wk VA YSZ BEGEUHE AR A L T AT 3R, X FME R
BTN IR T AR E ", IR B E YSZ REEAL R
B8 I R A AR R RSB DR/ SR AR 0 A P ARSI, S A SR 5 TR
I BRI S Sk B 01,

ARBAEA LSRN ERTRHIEERE L, @ Ak s AR O 25 M RN 2438 TAE 4%
P75 AR ZE M AR R FB B YSZ R 4R A% a8 W B2 1k RE HEAT 7 IR
AR SR ISR R0 SCSF 2 S8 O FT5 R, 4 8 W 57 4 o A0 26 B
TAERE. THEAAESHIRAIERT T A EER.

3.1 SCEf
3.1.1YSZ HE R8s HI{E

.

3.1 BN YSZ B RS e MR AR AL T 4
Figure 3.1 Practical pictures of electrolyte and electrode

components of tube type YSZ based oxygen sensor
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W YSZ REEAL SRS EE AT AR, Sl RS TEA
R, TARPR BRI YSZ MRS U E B A iR . S EAR. FRR B LA
Jo AT AR T RO 7 TR S T i . TEAR BRI S S, AR RS AR AR
A2 b AR B A R P AR 2, ELAR 8 T AR TR
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3.1.1.1 BB FRHI &
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B A BB AR R TL I TR ARAUIR. R BRI AR A
10mm, TRELI9 30 mms FriR o BT 64RO FE A9 0.2-0.8 mm, B 429 5-10 mm.

AR PRI T KO B TR BRI 2 B YSZ 3K (Tosoh, 20nm) Ji
BT HIFRORLR R SRR R EE T S8 IR RN, 45 300MPa 45
1% 10min J5, BURS, BITIS SR 0 R FENG . B S 44 B T = iR g
th, 1500°CERESSs 2h, FEPMEIERERG, A RIERBBE M.

PR B R ST BB & DT . BRI —SE RN YSZ K (Tosoh, 20nm) Ji
BT R R BUELCE o E L S R R 4 100MPa [ 3R
FE &) 10min J& , BBV, 7850 B LIS . SRS 4% LBV BCE T @il R, 1500°C
EiRELE oh, BRI ERIRE, WWEE]AOR AR T

3.1.1.2 BN HI&
AR ERHEE T Z M 2.1.1.

3.1.1.3 #RPRELRAY YSZ H & 15 B B &

PR R Y7 SEEE I B (B A N EEM R MR EA (S0nm,
Aldrich) KA YSZ A, BARHIE T 20T AREC—E BRI fA R AR YSZ
Bk, B S ER AL (RIRRSEA . D HCIRE R E e R e, T
R, THEE R ENAE TR ERE RN B 2 FRbT, 1200ChH
25 2h 5, BRI R AE —wE LR R .
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3.1.2 YSZ B E RS M gEMIR
312.1 REBBBEFHERKS

13 . L

D]S

3.2 IRERMBEERBMEMARAL, 1. 2-54%F, 3. 4-8BUEW, 5. -REM
7. S-EREAIE, 9. 10 REARITHIRE, 11-ZBE, 12-ERl, B3-RUSHESE, 431
SHSE, 15183, 16-2B51%, 17-BUESTN, 18-HBIE
Figure 3.2 test system for sensing performances of potentiometric oxygen sensor, 1,2~ gas
cylinders, 3,4-globe valves, 5,6- gas flowmeters, 7,8- solenoid valves, 9,10 -controllers of the
solenoid valves, 11-gas pipe, 12-furnace, 13-tested gas, 14-reference gas, 15-oxygen sensor,

16-metal wire, 17-signal detection device, 18-computer.

8] 3.2 FASEIR (AT IR A IR BB P AR B A R B R B
PFELRRGE. RIZRAGIETRERS.

B ARG AR R BMRSE LA . SERRTAERS, B Al
SRS EARRY, @dSESE. BER. RERET. 8l R
JRiRE i, BT E T W EH IR R R, R&EBIE A R E
a/IERENILRER:

RIZRG AR BRI AR, B AR A AR SE R L
PRI P IR -

Sensor Starting temperature Starting gas .| Starting signal

installation controlling system mixing system Detection system

B 3.3 AR R E A RIERIE

Figure 3.3 the detailed operation procedure of the test system for sensors’ performances
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LAMBA A~EMF CEIALL-SH ah) KRR, B 3.3 w7 A
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AR 3.2 R BRIk 2 sy SR AR 1) EMF~r K AR BH 26 R
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Figure 3.4 Test system for electrochemical performances, 1,2- gas cylinders, 3,4-globe
valves, 5,6- gas flowmeters, 7,8- solenoid valves, 9,10 -controllers of the solenoid valves,
11-gas pipe, 12-furnace,13-sample, 14-temperature meter, 15-electrochemical analysis meter,

16-thermocouple, 17-metal lead, 18-computer

B AL AR H Tt it s~ A)) BRI, B JoR R B 2 AE Il t
Red, BRI RSRET M ERIEE, RS RS: e, E
FEHR 5 48 m ) R AL 2 0 AT SO A% R it o — 1B € B SN sL R (i 1.0V),
SRR RGNS ES K, B Iries e AR E S B
TG, AR Ras s IR vs I TR )R R L
3.2 REHME YSZ B R E RS 1 BE
3.2.1 MR Eh BRI RIERI S R K AR

Rz RIA YSZ BEAARBNRR ER MG HE, —RAGR T



68 YSZ FEAE B ES AR A 28 R A o [ B T

R R SR REARY S, TRINE FEBSNmBE K. T
HE S — @ MERE T, A RS B B AR FER X MK R .

WRZE R YSZ HAUEEA R LT AR R I AR A Ao, R
B R, AR RARA0 SRR PR B3 R & e TR e s

mm%zﬁaél (3.1)
i(m4FnPr) .

Ho o A BRARR 0 TR, R ASMER, TAHLIERE, FOUERERHE
¥, P N TAEEMIGIIE S K, PSR IR A0

il 3.1 F, RS H a3 A P R RO LR AR R
SEMANETIIRRIE X, RS THEMEMERT, BT R ExBErE
DA% TAEREE R /N R AR (2R, YSZ FEEE IR I TARIRE —RTE 400°C
-800°C, TEMLIEETEEN, SYRMEPEASEMA 10°° am B, ZrO, B 2% R R
1) BS TR RS R EAR KT 0.991, it Y205 B 2% ZrO, AR, — RO BIANE
BT AN 1.0, Hit, AAREEsEhRE IR, wREMRP ARG EY
K, B2 BAE— 2l T SEMEE, ol kS sl BN R E MR T
AR W 2

@ SBetlomade sensor
S Cewrnarclal 8enier
%
-
{ 5 -
g x:i},/
L - & -
e . ;
/f f/p
x/
o
f
15 i i
T(O)

3.5 BEEERENERUWEEBBEFRLIERE TRVML BN
Figure 3.5 the output emf of self-made and commercial oxygen sensors at

different temperatures
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Figure 3.6 the sensing EMF of three sensors at different temperatures
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Table 3.1 electrode compositions of self-made potentiometric YSZ based sensors

No. Sensing electrode Electrolyte Reference electrode
1# Pt paste YSZ Pt paste

2# Pt paste + graphite YSZ Pt paste + graphite
3# Pt paste + YSZ YSZ Pt paste + YSZ
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Figure 3.10 the relationship between the output emf and the air-fuel ratio at 600°C,
1-experimental value, 2-calculation value
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Figure 3.11 Transient responses of the sensor
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Figure 3.12 I~V characteristics of limiting current oxygen sensor
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Table 3.2 The response time values of the limiting current oxygen sensor
under different conditions

Operation conditions Response
Presure(atm) Temperature('C)  oxygen content changes time(ms)
1 600 0.1-0.4 95
1 600 0.4-0.1 96
1 600 0.1-0.2 95
1 600 02-04 95
1 700 0.2-0.4 90
1 800 02-04 36
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Figure 4.1 Schematic diagram of limiting current oxygen sensor
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Figure 4.3 the simulated transient responses of the sensor at different pressures
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Figure 4.4 the simulated transient responses of the sensor at different temperatures
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Figure 4.1 Calculation results of the response time values
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10 1073 40%3 29
8 1073 40 %3 36
5 1073 403 57
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3 973 40x3 98
3 873 40x3 103
3 773 403 110
3 773 30x3 62
3 773 20%3 28
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Figure 5.1 Preparation scheme of nano-structured Pt-YSZ composite
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TN B B . R BEOREL Zr: Y=84: 16 BLHI A ERES AR RACHITR G 1A
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R R EH] 2: 1
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=R SR R R L ROZ IR A 101 B 6:1 Z 0]

(2) KE&=
mE 5.1, “REAFEE” HE& PYSZ B KK S0 H HyPtClg

LK ZrO(NOs),. Y(NOs); HIZKIEWR, 55 — R TR G /KRS — R B AR R R
ERENEEY. HRIE-RSY, KSRGS IR DU R &
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(3) BERURE
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— 3B IBRR I B H AR ERE S R SR . RS IR T2 iR, T
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5.1.3 Pt-YSZ E & 414 GERAE
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Figure 5.2 TGA data for (A) carbon black, (B) chloroplatinic acid, (C) the mixture
of zirconyl nitrate and yttrium nitrate, (D) the mixture of chloroplatinic acid ,

zirconyl nitrate, yttrium nitrate and carbon black.
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Figure 5.4 The schematic diagram of the decomposition process
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Figure 5.5 XRD pattern for the prepared Pt-YSZ composite
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5.6 Pt-YSZ £&49M TEM ElE
Figure 5.6 TEM images of the prepared Pt-YSZ composite
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Figure 5.7 The impedance spectra of electrodes, A-Pt-YSZ composite prepared with “carbon
incorporated” method, B- Pt-YSZ composite electrode prepared with mechanical mixing method ,
C- pure Pt electrode.
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Figure 5.8 Polarization resistances of pure Pt electrode or Pt-YSZ

electrodes prepared with different methods

“RAEBBFIRHSH P-YSZ E& BRI OL R AR BE AT VIS F T 1 P B
e (1) oK REER) Pt BURLAT YSZ FIURL A fi 28l % 15 211 P-YSZ B A H A
ARE R R, AR T3 m AR R CE S (2) “oR BAL IR B0
HyPtClgy Zr(NO3)y A1 Y(NO3)s fill 8 FAAR, 1X =Rt BHE NK 5 7T T2 % B AR VAR
DX BB BT LA ARAE SR 24 )51 P-YSZ B &9 Hh PrEAGTTIAN YSZ AR R 1 78 73 H2 A,
AT R P PYYSZ FHHIIECR, I B 2R P-YSZ B4 sl Ak Ak 4t

R4 o




5 YSZ HEE LIS Pt-YSZ B & BRI S 105

55Pt-YSZ E6¥Ih&RBTERLLHRK
5.5.1 E44Y Zr0,/Y,05 LE 1

Relative intensity

'\”’“’w\“

[ .

200 400 600 800
Raman shift (cm")
510 AN[EY,0; BHE5 20 YSZ HRHSiLE

Figure 5.10 Raman spectra of the YSZ samples with different Y,O; content,
(A)2%molY,0;, (B)4%mol Y,0;, (C) 6%mol Y,0s, (D)8%mol Y,04
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Figure 5.11 The variation of the polarization resistance of

composite electrode with Pt content

TEFTHI %) P-YSZ BEWF, NIHE YSZ HIKESE THSR, — %
YSZ HHH Y205/Zr0, BIEE/REL A 8/92 (T 5.6.1 WHR&R). F—J71H, Pt-YSZ
EEWrh PUYSZ MNE/R BRI E B &R & IERE . ZEaYh P&
—EHUER, EAWPHESBER YSZ &4 Pt TEEE, WEEKXETS
YSZ MRS EE YSZ EARRY, AR kEE T FRNEN, W ERk b=
ST, BAVERERRG: A EEWTh YSZ 'l —E8En, 24
Vo R4 Pt 24 YSZ MRS EE, WA ERIXED PtEMAS 44k Pt
A RISE 2 RRL, ARERIEM P EAER, B AR seRRR. R,



5 YSZ REAERSE PrYSZ B4 AR SR A 107

P-YSZ E4&W, Pt YSZ ZIAfEER LIRS — R .

M Pt-YSZ E AW PYYSZ HIEE/RELH], £E 700°CIRE FillE— RIIH
HARF PYYSZ BRI Pt-YSZ B4 BRI RaPE, S5RunE 5.11 Fros. Al
LAEH, B Pt-YSZ HA MRS P& =M, B BRI, ERAE
Ko FEMEHR AL B E B /NG ST R E Pt 828 63mol% .

5.6 Pt-YSZ EAEBEIMAERER MR YSZ EFEREZPHIN
5.6.1 Pt-YSZ & & B R X 4% B4 88 T 415 B Al <2 B 8] g9 22 Ml

70
4 Sensor with Pt-YSZ composite electrode
65 & Commercial sensor (Bosch)
= @/;%/
60 + E a2
—~ J @ B r /%
> ;@/?%
& b5+ e
= P o
L. ) Fy
2 50 1 z’%//
LL &///
P
45 - ,g».,/%
A% ’&%}//
40 ////
35 M 3 T T T T T T * r 7T T 4 T T H
250 300 350 400 450 500 550 600 650 700
TCC)

B 5.12 1% O, /R &M TR RS B B I3 MR BRI KX RERLZL
Figure 5.12 E.m.f. versus temperature plots for oxygen sensors in air
versus 1% O, in N, .
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Figure 5.13 Response time versus temperature plots for oxygen sensors
(gas composition change : 1% 05 t0 21% O, )
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Figure 5.13 SEM imagines of the surfaces of the electrodes, (a)pure Pt electrode,
beforethe annealing, (b)pure Pt electrode after the annealing, (c) Pt-YSZ
composite before the annealing, (d)Pt-YSZ composite after the annealing
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Figure 5.14 the variation of the polarization resistances of the
sensors during the durability testing
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Figure 6.1 the detailed operation procedure of the electrochemical activation
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Figure 6.2 E.m.f responses of the oxygen potentiometric sensor at 500 ‘C before and

after the electrochemical activation.
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Figure 6.3 E.m.f. versus temperature plots for oxygen potentiometric sensor
before and after the electrochemical activation.
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Bk, JEXH RIS I A EIEA,  AIRROK IR AR AR K i B 1 R
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Figure 6.4 Response time versus temperature plots for oxygen potentiometric
sensor before and after the electrochemical activation, measured with air at the
reference electrode and N,-O, mixture (1% O, to 21% O,) at the sensing

electrode.



01S 06S €S TSI ZSA +ased 14 SA8-ZIL “ZSA aised 14 #8

01s 065 L9 L'pl onyder3 ajsed 14 SAS8-ZL "ZSA ajsed 1 #L
0ly 061 91 €L oysed 34 SA8-ZL ZSA ZSA +9sed 1d #9
09¥ 0SS S¢ 86 sed 1d SA8-Z1 “ZSA anydess + aised 14 #S
06v 08¢ 4 9°¢l D, 006 18 paiduis dsed 14 SAS-ZL “ZSA IDIdH Jo uomsodwosa #b
ors 019 96 Ve D, 00S1 18 palduis v)sed 14 SAS-ZL ‘ZSA D, 00S1 e patauts “aised 14 #¢
0¢€s 019 L'L 8'9¢ D. 0011 Y& paruis ‘ased 14 SA8-ZL "ZSA . 0011 e paiaus ‘dsed 14 #e
01¢ 065 1€ 8¢l D, 006 ¥e pasajuis *aised 14 SA8-ZL ZSA D, 006 ¥e parajurs ‘opsed 14 #1
UOLIBAILJOR 13Y® [ewgLo uoneanoe Jaye  ewdLQO APOII0I[2 20U 2400092 3p0309[e Suisuag "ON
(p,) sameraduwd) uonesddo WNWIIUIA D, 0SS 1e (s) sy dsuodsayy srdureg

0417 01 9% Woij Juduod usdAxo oyl SurSueys Aq paure1qo a1om sanfea awiy asuodsal Ay |, *opoa3dd[o JuISuds aY) 18 UKW LO-IN, PUB dPOIIO|3 30UIJAL S JB JIB UM N0
POLLIBO 219M $30UBWLIONIAd  SIOSUSS JO SJUSWAINSBAW 3" U Z INOQR 10} 1), 006 ‘A 10 I8 [[29 [on} oy} SurSIeyosip uay} pue ‘[[99 [an) & sk Josuds oy} Suifojduis ey si ssa004d
UOIIBAIIOR PI[IRISP O L *SPOYIOW PUB S[BLINBLU JUSISLIP [IIAA JO SUOIIPUOD JUSISLIP Jopun pasedaid sI10SUSS {[e JOJ UOIFBAIIOR [BDIUIDYD0J}03[2 JO SI99]Jd UOOWOL] ['9 d]qR],
"tO%IT [EHFE 0% ELH S HENE chi o [Ty o[l P Tl 8 58 B B ¢ ;Ummdﬁ%@ﬁﬁ#@ ‘WL S EEH O NH
WO KT CH SR B B MR R GH R B B T OB R B E (HZ uTl #2 YYTR 10.00L LF[EYF B EEERHEKHZ (UT FHRN ¥
0.006 ‘AT0 B4 ‘T VL CAMBIENASE RS EL L RN EYE B IURL CHE R T a3 58 3 DS e 2 TR sk ek i B el B Y F &N B 192

B MO M T B 77 5 R B S ZSA 811



6 YSZ RA LRSI EETELL 119

6.3 BLILFEWATE M5 RS 3 R MR I AR

W HIBT YSZ HEE R BN TR X E S AR RN AR TS
SR AR O REAL I M 2608, i 7 SR MU T PYYSZ AT UZ s 4l
FEUAT MO 5 R AT AR L R PR 2R LA e P R S AT S R R T, AR
BHL 738 BT T LA B S B A RS FRR SR O B T R SR AR SR L PYYSZ
TR P2 AR AL RS ROV BT, (R B, B U AL BT 5 A R aR (30 P
PRI, FFHEATRIEL, WA RCT R AL E AR R R AR OO AL,
I ra Ak S A A ZELER (3 R

(£ 700 CHLE TR, W3 6.1 /7 1#. 4#. SHFI THIIAFLAT S 7 e 2E B A IR
ST P AL SETE AL RS OSSR FUE HEAT TS, ISR BB . 5k as L
ORI 7 R, FREE 900°C. 0.1V 444 FARL) 2he TH BRI 18
S EE AN 6.5 Fiow, 8P B 2.2 T 45 20 FR G TET O S LA PRI AT AL
1531 B4 1 58 AR AL L BELRD R AR B AR PR B e 6.2 TP TTLLE Y, R4
5 B A 2 I, PO B S ) e MR 4L B RS £ PR A A, P, LR P AR L
BRI SR e A BRI FE AR AL, P B R 0 2~4 £, TAT FEL AR 3R L OEL O R
) 3~6 Q cm®. ASIBEGIE ML RIERY, AT X AR R A
PL-YSZ H A MBI MTE R, K GHERAR, 5 s AR o FLAE I B
#9102 Qem?, EALJEMIBEIE AL 2.7 Qrom®s 1T 88 52 1 LA J5R P BEL U A 375
LRI 16.8Q-cm * T [4BIEILE K 10.8Q-cm?, T 74 6.0Q-cm’.

% 6.2 fERBRERUFENRIEMNIEIE, MELE 700°CTH#T,
MEREVBERIFSFATS
Table 6.2 The impedances of the sensors measured before and after the
electrochemical treatment, measured at 700 ‘C with air at the sensing electrode.

R,(Q cm?) R,(Q cm?)
No. .
Original After activation Original After activation
1# 16.3 13.6 153 56.5
44 18.2 15.8 45 18.6
5# 15.4 13.1 56 27.5

o# 16.8 10.8 10.2 2.7
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Figure 6.5 the comparison of impedance spectra of the sensors before and after the
electrochemical activation, A-1# sensor, B-4# sensor, C- 5# sensor, D- 6# sensor
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Ja, ARG R HE AR AR AL R BELAT AR B FELBEL 2 PR T £ 2.4 Q em® M1 22 Q em?
REESTIG A RARH, WS RE T O R R S R PR AR B

R 6.4 7~ T MR BEANE AL v 1 750 PR P Ko K 3RV b B SR B B i 1
Ble HIEILIREEDY 800°C . AN 0.3V I, FALIE L BERH TIER
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0.1V, FEACTETTARS 1 138 00 R 52 1 R HH S IO 38 38 R . 24 TT 1L IR M 800°C
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Table 6.3 Influences of the discharge voltage onto the changes of the interfacial resistances.

R, (€ cm?) R, (2cm’)
No. Discharge , Before After Before After
voltage (V) activation activation activation activation

1# 0.8 19.8 19.8 65 65

2# 0.6 16.5 16.5 58 58

3# 0.4 17.6 17.8 71 71

4# 0.3 15.7 15.7 49 49

S5# 0.2 14.8 13.9 51 43

6# 0.1 16.5 14.1 61 39

E: SRR ERIRERTE R EEESRLURRIR A S X IR, HiLtRREE57EZ) 800 C,
TRIMAER B E TR L 2h. AR A FFEEEE LY 1.0V, fERAERFARIR (L FR BRI
ERABNFFENZEY 12 h #HTH, MERHMREFRNBRASFHNAESR, BIRER
%3700 C.

Notation: The detailed process is that: employing the sensor as a fuel cell, and then applying a
bias voltage onto the fuel cell for about 2 h at 800 "C.The open-circuit voltage of the fuel cell
is about 1.0 V. The interfacial resistances were measured at 700 ‘C with air at the sensing
electrodes, 12 h after the electrochemical treatment.

14

10 @

Rp(Q cm?)

01—
D 20 40 60 80 100 120 140

Time (min)

6.6 SEWETEIRE W /G 1E RS ERARAR AL ER BEAISZAR, U ERHMRIFE BRI BRI SR
REE; FEWEMHR 00T, 0.1V; SERE 12h FFIaME R REFNRILEIE.

Figure 6.6 The effect of the activation time onto sensor’s interfacial resistance after the

electrochemical activation, measured at 700°C with air at the sensing electrode. The detailed

activation process is that: employing the sensor as a fuel cell, and then discharging the fuel cell at

0.1 V, 900 ‘C. The interfacial resistance measurements were carried out 12 h after the

electrochemical activation.
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F6.4 SEUEEURENBEENBAFELHRNE,

Table 6.4 Influences of discharge voltages and temperatures onto electrochemical activation,.

Parameters Effect on sensor’s performances
No. Discharge Temperature ~ Operation temperature Response time
voltage (V) (C)
1# 0.1 800 v |
2# 0.3 800 - -
3# 0.5 800 - -
4# 0.1 ‘ 900 ! |
5# 0.3 900 ' |
6 05 900 - : -
T#H 0.1 1100 t t
8# 0.3 1100 t t
o# 0.5 1100 t t

E CPRETHR, rRFTEm, —RERE.

Notation: *|’means ‘decreasing’, ‘1’means ‘increasing’, ‘—’means ‘no change’

6
5_
e © o © ¢
°
~ 4 .
o .
3 o
S 39 ®
& °
27 °
°
1 4 [ J
0 v T T T T T T T T T T T ¥
[ 1 2 3 4 5 6 7
Time (h)

2

B 6.7 BULFELZ FERIFEMRABEBRNZLHFR, MNERFFER
mEJ 700°C, BERSFNBRmNSTAZS.
Figure 6.7 Relaxation behavior of the polarization resistance after the electrochemical

o

H

activation, measured at 700 ‘Cwith air at the sensing electrode.
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E 6.8 BALFEFENBIRMERSBR/BEHBREEL SEM B, ASELE, B-ERE
Figure 6.8 the SEM pictures of the cross section of sensor’s Pt/YSZ interface before and after the
electrochemical activation, A-before the activation, B-after the activation
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