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Gas-sensitive Properties and Adsorption Performance of Copper-doped Cerium Oxide Sensors
to Detect Oil-immersed Characteristic Gases
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Abstract: Dissolved gas analysis in oil is one of the most effective methods for fault diagnosis oil-immersed transformers.
Therefore, detection of characteristic gases in oil is essential to maintain the power transformer normal operation. In this
paper, CeO»-based gas-sensitive materials were prepared using a one-step hydrothermal synthesis, and the successful
preparation of the materials was verified by XRD, SEM and XPS characterization techniques. Based on the established
gas-sensitive platform, the temperature-response characteristics, mole fraction-response characteristics, repeatability, re-
sponse-recovery characteristics and selectivity of the Cu-CeOz sensor for CoHs were tested. It is found that the optimal
operating temperature of Cu-CeO for C2Hs is 180 °C, and the response value of 100x10~¢ mole fraction C2Hs is 66%.
The response time and recovery time are 18 s and 15 s, respectively. The sensor exhibits excellent interference resistance
against C2Ha, CoHs, H2, CH4, CO2, and CO gases. Furthermore, based on the first-principal calculation, the gas-sensing
mechanism of the Cu-CeOz sensor for the oil-immersed characteristic gases was analyzed by calculating the adsorption
parameters, density of states, and electron density of the adsorption system. The results indicate that the Cu-CeOx crystal
surface exhibits strong chemical adsorption only for C,H,, with an adsorption energy of —1.488 eV, and the calculated re-
sults are consistent with the findings from macroscopic gas-sensing experiments. Thus, the gas-sensing performance
analysis and theoretical calculations in this paper provide a theoretical basis and experimental support for the development
of low-power, high-sensitivity, and fast-response C2H4 sensor for the characteristic gas in oil detection.
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ATRE S KA R IMEREO, PR, X e e 4
GRS ARSI, R LREE e 22 4
RERIRNE . M RS AR, S
IR EE 2 2 MU 5578 e 28 I A8 2 Ve RE, emm HL KB
FOEIBAT, FHrrResl & mEBEmelarfi, =4/
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(CO2)~ LH(CoH). EARH) M —5ALER(CO)TI,
HHT, A SRR LRI 7 E AR LA
AL AAHEREE, B2 AR AR R UK
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% JB AN Tk (metal oxide semiconductor,
MOS) A% J 25 PR i R L PRt LA R4 )ik
BV 2 B2 0%, IHERZOUEARBINAH. =
Al (cerium dioxide, CeO)VE Jy— s 484k,
OB PR A R, AT SR AMR IR
TR H b P FL AR SRR R AR BT A5 31, AR —
Fhon B2 SRS B SN, CeOr B RIFHIHAFEE
PERGE it tE, HaARmE a8 S0, XEE
CeOn 15T A4 k5 T38RI HH K 11 7 FH 7 /04
SRIM, CeOn 7E L PR AR AFAE — Le PR, 2 AT
TEWANTTTH: 1) CeOn 1 HL T RANT AL, PR T
HAE SO A R HUST; 2) CeOa Xt CoHa FrIM B
e AR, SR, SIA NI 75, Ni-CeO, itz
BT SHZASAR IR, X RRE SRS AN
Tl R o S T ke,

Liao 25383 % Pt-CeOn 4K 2k, BERFAT
CeO KIS HMERXT CO [ RHUEIS, Deblina Ma-
juder K11 Au-CeOx LB ARAHEL T 28 CeO2, X
CO M RBUEA BESE R, BRI 1x10°~3x107°

BEIRABGEEIN G COML, XU R, &8
IRAEA MG CeOn MBI IERE. & AV
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fHIET Cu-CeOn X HH I i SUAR (R BIF F0 1 AR LA
8. DA, AT T R I A SR CaHa Rl B
AREEML T EE R BIRAKYE, X ORRE IR 208 4 55
MR I 7 ke d s AT B 2 TR A .

A KL% T Cu-CeOr B AL, I
FIFH X B AT (X-ray diffraction, XRD). $94
i, 2 /(%% (scanning electron microscope, SEM). X
R B ¥ RE 1% (X-ray photoelectron spectroscopy,
XPS)ERAEF AR, WEL T Cu-CeO2 # AL AL ]
%o Wfa, HETHAENAENRTE, W7
Cu-CeOn & B 1Rk FEE -] A7 A R 7R 7350 S A
PE W N RRE . T E SOkR e RE, HE
THE-MHERILTETE, 27 Cu B
CeOx(Cu-CeO2) hIHI % CaHa (195 B 4 B 15 S BHL
o MWFH AR B AR HLAT % JE (deformation charge
density, DCD). #% % (density of states, DOS)F1%
%% FF (partial density of states, PDOS)&E /7 THIHF 7 T
1KLL CoHy 43 & A2 E R BHE Cu-CeOn il . A
SCHFFE 25 F N FE R A I AR AE SR AR DI FE S =
R PR 37 (1) 48 R AR S it 1 BEIR AR A S 5e
XFF.

1 fERERHHI SRR

1.1 SEMRAHE

SEEG 2. AR 7S K EH(Ce(NO3)3-6H20)
ZK(NH3). IR —7K A4 (Cu(NOs)2:3H20) JR
% (CHaN2O) . o /K 7 15 B2 (CeHgO5) « o~ #4 Y I
(C1oH130). 7K Z.IE(C2HsOH) AT 25 B 17K (H20),
Yok H R AIL TABR A A (H E EK).

AT K PEA BAIE CeO2 SR K} 2
FREX 2.45 g BEIREN 0.2 g JREFN 2.25 g TLAKNTIEIR
WfRT 30 mL £ B FKF . FERFSEETT, Wina
IKERAER, 4EFF pH L 10, K5, fEEHE
U RS PHR AT 2 he B, B RPEATH
MR E 175 CREF A R m R R B, R
36 ho MW JE, BHIFREERGTUE, HOm
MEBFREBEUR 3K, LEBRIRR. Peik)a ot
VEAE 80 C R T, BE/STE 600 CHIZ S HIR
K 6h, 133 CeOr W HE R A .

FEE, SRH-— K #EA R Cu B4 CeO2, 1E
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Fig.1 Gas sensor test platform
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Fig.2 Intrinsic and Cu-doped CeO2 materials XRD spectra
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(a) &1ECe0O,

3 AAEK Cu-CeO: f#) SEM K%
Fig.3 SEM images of intrinsic and Cu-CeOz
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W 4(a)ffin, Cu-CeOr FESHH O. Ce Al Cu
TCERARG AR AL TR A,
4R, JER T Cu-CeOa O-1s HLiE ) XPS K
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WK 5 fior, MR T Cu-CeO FEANR TAETRE
T, R 131074 BE/R 0501 CoHa M SAE . 7E 140~180 °C
IREJEEIN, Cu-CeOy Xf CaHa Wi N{E 2 HLIE A
P, MAE 180~260 “CYGH T, P11 e 248 I BH 5.
TR, AL EIRIABE R, Cu-CeOn Xf CaHa S 44N
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Fig.4 XPS patterns of Cu-CeO2
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B, 58 LB EERT CoHa IRE N 25%H ON. il il S
SR HEBAC R TARIRE AR 4 5009 3.91x10°7, Al 2L o B
THT P A SRS I S AN PR K “ (c) BEHE
AN, NG Cu-CeOo /&2 IR AR & M, Cu -Ce0,/C,H, 1001076
M 6(c)EAR T Cu-CeOn MELRS 5x10 ] Cably B o N%
IRAY MO 5 TR . F 72K B, Cu-CeOs 4 5x10°6 _ 1854 Tiss
1) CoHla WIRZI BN IR 7E(VZ YA 2.26%, SR £ ! 1
% ) Cu-CeOn 12 A AT RUFHITT L, f [ = | f c‘g
6(d)FT7~, Cu-CeOr £ EERXT 100x10°6 [ CoHa Mig 20b cm, é ‘;‘
PRI A )9 18 s Fl 15's, BESCEAAE 50 s 58K i \g 3
CoHa AR SR E L 7 o R, ASSCRE 1 ) Cu-CeO N e %\m
e B3 it 2B TFRARIRER T R TR CaHL 7100 B0 &0 70 B0 WO 1
Tor il p it 1 1 S ) P i (d) i Ri-1R 5 1 2%
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Fig.7 Cu-CeOz sensor selectivity test for oil-immersed char-
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Ho S AR Rt L gt e MRS5S KB, Cu-CeOn f%
JRRER T w5 JBE IR 43 B CoHla [0 9 B 55 3, W v
T CO. CH4. CO2. CoHa. CoHe Al Hay S AR R4,
AR IRA R X IX 6 MR A ST PRI GE
J1o Behb, EAREEIR 43 Bk T, Cu-CeO2 Xt
2.5x105CoHa M NAE R 39.2%, T4 25%10°CaHa
A1 100x106 ) CO. CHs4. CO2. CO. CaHe Ml Ha F
Wi BB 350/ T- 15%, IX R B Cu-CeOa £/ 45 %] C2Ha
HA S B, & A A I i A R AE S R
CoHy ) SAAL RS

Itk Cu-CeOn fRIE#3X CoHa B RES B
5 A SRS A8 B 34T T LG, BARSHOE
W 1. Cu-CeO 138 7E LRIFAIL 7 0 B A (66%) 1)
(R, AR N/ S TR] (18/15 ) A g A A T B2
(180 C)&FHMEREFE br 15 ATE RIS (144 I 23 4
HREFERTF. Hodr, i/ S I 88 R SRR
[ 223/195 s %0 & 18/15 s, TAFIRE BRI
Fto ABELT DAEARIE SRR, Cu-CeOr fRIEAS TAE
T FE B SR BEAR, o SN (A B R A . DAL
ARSI ] Cu-CeOn A% 18 85 4y SLEAS I AR 1 2% i
REAE SR CaHa (1) 581 R B IR Dy E R P g B 42 41
THBIRRRTT S, SR RIS W B B .

3 SEWESHR

31 FESHIEE
Cu-CeOy fRfAMIZRRE . WIS 50 TR
FI /] Material Studio(MS2020)% 4 () DMOLS3 {154

F 1 Cu-CeOn fRIRERXT CoHa HIMFI SR, M JSE AT SN [6]
AR 5 FoAh AR e Xt L2023
Table 1 Response values, response and recovery times, and
operating temperatures of Cu-CeOz sensors for C2H4 compared

with other sensors [20-23]

S i )32 WS AR SCHER
Pk (Rafier/Roeore) i [a] BEIC P
Pd-SnO; 1.1(1%10°%) 1/103s 250 120]
7n0 <2 (1x10%) 8/20s 500 21]
S0, 5(2x10%) 83/50s 350 [22]
Pt-SnO; 5.5 (5%10°6) 223/1955 140 23]
Cu-CeO2 66% (1x1074) 18/15s 180 ENTIE

BEHLSEH, PRI EUE 5 B 7 L IE FEH
175 — YRR B SRR e T SO R A AL
(generalized gradient approximation , GGA) 7 1]
Perdew-Burke-Ernzerhof(PBE)Z i K4 ik H 138 #e-
FHRAE R, [RIINF, Ab3A%Hf, KH DFT 3
¥ Ji# % 771<(DFT semi-core pseudopts, DSPP), F:4%
GO0 PaE R A B aE R e R
(double-numeric basis with polarization function,
DNP)EAT | HL 7 RSB T 5 ST RTaAE e g 51 e )
WHGZE, i DFT-D2 J7VEHHT TRIER-0, 78
BATRACE MR, WERE . AT, B
KL 7% WS SIChR #E 23 7 Oy 1.0x10° Ha. 2.0x107#
Ha/A(1 A=101m). 0.3 A F15.0x103 A, AR
K EEH) Cu-CeOn gAY, FST T 3x4x1 )k dh
BEAY, JEAE LT AL AN aE R SR T
Monkhorst-Pack W%, 15 & SH N 7x7x1,
ARIET CeOs S LK) Ce F1 O JEF AT HE )
BAAL R, FREE TR PR S AR S 255 BE(Ep)»
ikt H e A E 1 Cu-CeOn B2 451431321, Hogg LA
LURY
Ep =E, —E;-E; (2)
. Ea N Cu-CeOr fnfiB IR & Es AJRLH
CeOn fa [ )R s Ec AHA & 8 7 Cu R T HIRER .
BEAL, ik H BE & I Cu-CeOn W 4 5,
TEWTFTI5 A M 20 H AR SR B PR RE I, SR 2 7
AR M6 BE B A 77 20, K JURTARAR IS 1 =4
73 FEEIE Cu-CeOn il RJ5, ARG THE SN
B 2% (KU B BB (Baas), DA SE S S PRI BT A 2R
EpyEy e~ Ey —E,, 3)

ﬁ EP : Egas ﬁi’%fﬁzﬂ/—j\ﬂi%?ﬁﬁi, EA+gas {ﬁ%@]& Izﬁ
SR T IER R R . AT O=OM—ON ROR
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MWEED FHFE R CeOr MEL LI, Hr,
Om F1 O~ 73 53R7" Cu-CeOy i T BT FEL A 5 A1
Cu-CeOy iy [ P B AR SR F BTy A B 24 O
NIEAERS, XRFERAMBHE T3k, WA
SR T B,
32 mEEEEMNSSH

Wi 8(b)F7n, Cu Ji15 CeOn AL P
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SEEREN-2.794 eV. WK 8(a)fi7n, Cu-CeOs FhH
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K 10(b) AR, fEASEEF, Cu-CeOr R REFEDH
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P, Cu-3d. O-2p il [ W82 3| 5 2 1) LI &
HEL, FE20~15eV KFEE N, JREBREER T
Cu-3d i 5 O-2s. O-2p PEZ [ R ES .
FKIESE T CuJi 15 CeO i I O JE T LR T
FaE AL, R B Cu JRF #5244 3] CeOy FhTHI -
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W AR 2R Eas/eV Qe DIA
CoHy ~1.488 0.211 1.991
CHs -0.126 0.203 1.816
CO, -0.210 -0.002 2.859
Co -0.114 0.027 1.993

H> -0.228 0.002 2.732
C2Hs -0.101 0.005 3.012
C:H, -0.435 0.128 2225
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