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Figure 1
Ba/Fe doping contents

XRD patterns of La,_,Ba,Co,_,Fe, O, ceramic materials with different
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Figure 2 SEM images of La,_,Ba,Co,_,Fe O, ceramic
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Figure 3 Plots of Inp versus 1 000/T for the
La,_,Ba,Co,_,Fe, O, ceramic materials
with different Ba/Fe doping contents



20

MBS S ] 2024 4E45 18 #5651 441

T B UL AR I I8 2 35 e - DA — AN 1R o — A
7 B 1 B8 Bl R B2 By AT, F TS B B AR K 5 M
Ak B 5 Y B0 BRI o

#F 2 AAF B Ba/Fe 448 La, ,Ba,Co,  Fe O,

PV e PRSI T R BE S . R 2T A A
Ba/Fe 18 7% L (1% 38 i, B %8 04 ek 1) e BEL 36 R 44 ) %
B BAGE B W PR, 24 Ba/Fe #5824 [ i KT La, Bag -
Coy oFeo O, B 2 b AL H A $52 /0N ) B3 o R BAE .

®2 A [EBaFe#sZttLa, BaCo, FeO,MEMEIM
Table 2 p and B values for La,_,Ba,Co,_,Fe,O, ceramic materials with different Ba/Fe doping contents

Ba/Fe=X/Y Bt 0(22K)/(Qcm)  p(80K)/ (Qecm) B sox/K Biso—zox/K
1:9 Lag.oBa, Coy 1 Feg O, — 3.71X 107 — 1845.92
3:7 La,.;Ba, ,Co, sFe, 0, 6. 94X 10° 3.63Xx 10" 195. 41 1362.08
7:3 Lay ;Ba, ,Co, ;Feq ,0, 9.26X 10° 9.07 X 10 146. 09 1063.84
9:1 La,, Ba, «Co, oFe, 0, 1.85X10° 5. 77 X 10 162.75 1349.61

K H XPSWF5E T La,—,Ba,Co,,Fe, O, F % H FH
BT (Bl Ba.La.Fe 1 Co) iy #r 25 43 45 5 0 ( WL 1A
4) . N AT UL AESE 5 A 794. 3 F1 779. 1 eV Ab i
I Ba 3dy,.Ba 3d, BTS04, iX 155 8] La, - Ba,Co, Fe,O,
i Ba B 1 R Ba® — R 251575 T 7E 45 4 fiE
835.8 Fi1852.7 eV &b H} 3 La 3d,,,.La 3d.,, ) fiT &t
g, % W La,,Ba,Co, ,Fe,O, g % H i) La & F LU
La* I A7 AE s Fe 2p A A7 5 06 Hhy 79 A 2 22 1 U
Fe 2p,, f1 Fe 2p.. 40 1%, 20 51 th S AE 45 & e 723 F

(a) Ba
3een 3d,,
F
z Ly Bay ,Co, Fe, 0,
z
=
La,,Ba,,Co, Fe,,0,
760 770 780 790 800 810
Binding energy /eV
(c) Fei . :
] 1 1 1
] 1 1 )
) 1 1 1
: I 1
— pr,’ j Sat. i
\;'/ . 4 iLa, ,Ba, ‘i(lonb(,l*‘e” 0,
=4 i H H '
= i TR i
T 1 1 [ 1
o 1 1 1
z : i iLa,,Bay iCo, Fe,,0
E : : : g g Mt iRg. .l 30,1 ‘0.9 3
: I H
700 710 720 730 740 750
Binding energy /eV

709 eV 4b , [F] B 38 7] DL B Fe 2p,, Al Fe 2p., # 0 [
TR, HIEARE K Ba/Fets 24 it 8 Fe 2p ¢
& 9 (FWHM) %3 % 4 1. 83 eV (La, Ba, ,Co, [Fe, 05)
Ml 3.37 eV (La,,Ba,,Co,sFe, 0;) o # & 5
La, .Ba,Co, ,Fe O, b % M R ¥ m SEEH B & T
FeO WK 98 1.6 eV fl Fe,O, i 5 %5 1.3 eV, X
Ut La,—,Ba,Co,,Fe O, Ff & T 1) Fe 8§ FHATEZ N
W&, B Fe 2p,, 45 G B8 T 710 eV ] Fe 78
R R B S B Fe® YT Fe 2ps, B 45 4 fig

(b) La
3d,, 3dys
i
= La,,Ba,,Co,,Fe, 0,
o}
i
La,,Ba, ,Co,, Fe,,0,
820 830 840 850 860 870
Binding energy /eV
(d) Co E i E E
' goat. ! iSat.
2p,, 1 ' )
el H i/i\La, Ba,,Co,,Fe, 0,
z | :
£ ¥ { iLay,Ba,,Co,,Fe,,0,
E ¥ : 4
770 780 790 800 810 820

Binding energy /eV

(a)—Ba 3d;(b)—La 3d;(c)—Fe 2p;(d)—Co 2p,
E 4 AR Ba/FeiszltLa,_ Ba,Co,_Fe OF&H Bl XPS it &
Figure 4 XPS patterns of La, ,Ba,Co, ,Fe,O, ceramic materialswith different Ba/Fe dop-

ing contents



TF T Ba/Fe BUE LaCoO, # i iy % A RHIT IR 28 7 1% f DL AT 52 21

709.1 eV ULl Fe & FUZMEMIE X HFAET
La,_,Ba,Co,_ ,Fe O, &M Bl s 7F 782 F1 786 eV ik
3 B Co 2ps, B 3 06 A TR 6, i Co 2py, B9
W 1 T3 L 068 43 A 795 1 803 eV At o 2y il 210 2
] (Y e s 3 24 R T 29 15.5 e VIR SR o X
T K [l Ba/Fe # 7% b, 1 5 Co 2p ¢ # %
(FWHM) 4314 3. 57 eV (La, Ba, ,Co, \Fe, ,0;) Fl
2.47 eV (La, Ba, «Co, oFeo,05) , 2 B 75 ¥ & F
CoO M2 5 58 2. 24 eV, X E W] Co 8 T L Z M B

18,18 1T Co 2ps, BY TR W AT LI IA Co B F AU MY
A R Co™ BT K Co™ BT T AL I T
W BT 786 F11 790 eV Ab 22 47, 11 Co 2ps,, A T1AL
i i F 788 eV F£ A1, R W Co”" M Co™ L A7 F
La, .Ba,Co, Fe O; W% .

F3 M Fe Ml Cols FAIXT IR LR . mE 3T
M, B2 Ba/Fe B 44 L, Co™ /Co™ Ay A X ¥
JEFR 0. 28 8 & 0. 81, 1M Fe* /Fe™ iy A X ¥ JiE Hy
0.504& = 2 0. 89,

%3 Fe.CoBFHEAEBa/FeBZt TH &BFHENIRE
Table 3 Relative concentrations of Fe and Co ions in ceramics prepared at different doping levels

o AR R B/ Yo
Bk 2+ 3+ 2+ 3+ ~ 2t ~ 3t 2+ 3+
Fe? Fe' Fe*' /Fe’ Co Co’ Co* /Co
La, Ba, ,Co, Fe, ,0s 33.18 66. 82 0.50 21.75 78.25 0.28
La, Ba, sCo, sFe, ,0s 47.05 52.95 0.89 44.81 55. 19 0.81

K 5k Lay sBag Coq 1 Feg sOs Wi % 1) Fe 2p3/2 il
Co 2py, M XPSHIGZER . IWE ST UL . 4E 80 K LA I
W, i T La® 8 Ba® B AUR o T ZE S LA -7 4 10 P
RS AL, S L A AE A F T Co® B2 4, [ it
M THB RN EFS WRESZENMITE, 5 T RE/DNK
A5 Bk RS PR T AR SRS RE 2R TS OB R F BH R

(a)

= La,,Ba,,Co, ke, 0,

— A

Intensity /(a.u.)

T
710 715

Binding energy /eV
(a)—Fe 2p;/5(b)—Co 2ps/s0

705

I BAE T & 78 80 K LA F i, b4 B ip g H F il Co®"
B PR O B T iEA— AR Cot
F LA R LR Co™ 0" —>Co” 0O M
O™ +Co"™" >0 +Co" ;i #5 Ba/Fe B Ly 34 in,
Co B F M BTt i, WS He T LT N A 5, I e B
I, 2 T 5 2O ) e BH 28R BAE /) o

(b)

La,,Ba,,Co,,Fe, 0,

14 2k

Intensity /(a.u.)

T
780
Binding energy /eV

T
775

Bl 5 LagsBa, Co,  Fe, OF &M #IH XPS I & i £k
Figure 5 XPS fitting signals of La, (Ba, ;C0, ;Fe, ,O; ceramics

3 it

K JH e i AH G &S T La - Ba,Co, Fe Oy 84
b, H B 5 0 A TR F PR RE L B % Ba/Fei8 2% 1
) 184 0 B 5 A ) L BH R o S BAE B RIS, 0 (22 K)
£ 1. 85X 10°—6. 94 X 10° Q- cm 38 Bl 9 , A1 k% %1
Blorsoro £ 146. 09—162. 75 K {L [ Y . XPS 43 #r 3
BB AR L TR E R Co™ /Co™ Ml Fe*'/
Fe' rh s F 5B 1y SE i, 76 IR TR T 5l WL & A ek

A5 BN BAE & A 578 . Ba/Fe X458 1] A R I
La, ,Ba,Co, Fe,O5 kg &4 R8N HTE X, 58 5 A
S5 R AIIR AP E A H , La, Ba,Co, Fe, O, K & #1
HHEOUL 25 A8 BE s, DL ke BAT A A 0 i X
A AR 3 00 4 U e A R B T o i A B BR
LER AT A VB A XUE O A B 2 A A iR A B R
BRI A BT 5 ) A AR TR R SR



22 FHEMIFIE S0 2024 55 18 55 1 1]

constant and high resistivity for low-temperature

& 30k thermistor applications [J]. Journal of the American
[1] HE L, LING Z Y. Electrical conduction of intrinsic Ceramic Society, 2009, 92(11): 2682-2686.

[10]

grain and grain boundary in Mn-Co-Ni-O thin film
thermistors: grain size influence [J]. Journal of Applied
Physics, 2011, 110(9): 093708.

HOUIVET D, BERNARD J, HAUSSONNE J M.
High temperature NTC ceramic resistors (ambient
1000 °C) [J]. Journal of the European Ceramic Society,
2004, 24: 1237-1241.

FETEIRA A. Negative temperature coefficient
resistance (NTCR) ceramic thermistors: an industrial
perspective [J]. Journal of the American Ceramic

Society, 2009,92(5): 967-983.
PARK K. Fabrication and electrical properties of Mn-Ni-
Co-Cu-Si
thermistors [J].
Society, 2005,88(4): 862-868.
RYU J, KIM K Y, CHOIJJ, et al. Highly dense and

nanograined NiMn,O, negative temperature coefficient

oxides negative temperature coefficient

Journal of the American Ceramic

thermistor thick films fabricated by aerosol-deposition
[J]. Journal of the American Ceramic Society, 2009, 92
(12): 3084-3087.
2R, ZITARE, WER, & SrCoO,_, B ¥ Ok 1 5
FL AL BRI AIG TR PR M L] A oT i S MR, 2006,
10(25) :44-46.
MUTHUKKUMARAN K, UM S. Structural and low
temperature electrical transport properties of Mo-doped
vanadium oxide NTC ceramic thin films. [ J]. Journal of
Alloys and Compounds, 2017, 695: 1770-1777.
KOHLIP S, DEVI P, REDDY P, et al. Synthesis and
electrical behavior study of Mn;O, nanoceramic powder
for low temperature NTC thermistor [J]. Journal of
Materials Science: Materials in Electronics, 2012, 23:
1891-1897.
TIMMY R, TOPFER J, BARTH S, et al. Low-
temperature sintered NTC thermistor ceramics for thick-
film temperature sensors [J]. International Journal of
Applied Ceramic Technology, 2013, 10(3): 428-434.
LANY Q, YUL H, CHEN G M, et al. Construction
characterization of NTC
[1].
Thermophysics, 2010, 31: 1456-1465.
YAO J C, WANG J H, ZHAO Q, et al. .Effect of
La,0; addition on copper-nickel manganese thermistors
[J].
Journal of Applied Ceramic Technology, 2013, 10:
106-112.
LUO W, YAO H M, YANG P H, et al. Negative

thermal

and thermistors at low

temperature International Journal of

for low-temperature applications International

temperature coefficient material with low

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

HU Z H, WANG J H, XIE X X, et al. Effects of La*"

doping on the crystal structures, densities,
microstructures and thermosensitive characteristics of
the La,Ba, ,CoO, , (0<<x<{0.1) ceramics for low
temperature NTC resistances [J]. Journal of Materials
Science: Materials in Electronics, 2017, 28: 17606-
17610.

HU 7Z H, ZHANG H M, WANG J H,
Fabrication
BaCoO, ;

temperature coefficient thermistor

et al.

and thermosensitive characteristics of

ceramics for low temperature negative

[J].
Materials Science: Materials in Electronics, 2017, 28:
6239-6244.

T, SBEW, 2H, LSBT HAE B S
FAG KOS LR R [T]. BREBIE S 5 R AT, 2022(5) -
703-717.

FIHEE, B M, AR, S WDOLASERE ROt R
A o Bk R LAk ik L. MORMIESE S 0, 2022
(5):685-702.

FELTZ A. Perovskite forming ceramics of the system
Sr,La,_, Ti", ,Co",Co",_, ,,O; for NTC thermistor
applications [J]. Journal of the European Ceramic
Society, 2000, 20(14-15): 2367-2376.

e, g, HAmE, L8 S TR
LaySro,CogzFegsOs 1% F il 5 5 Bos et s [T].
FORHIFSE S5 AT, 2017 (2) - 72-78.

KOZUKA H, OHBAYASHI K, KOUMOTO K.

Electronic

Journal of

conduction in La-based perovskite-type
oxides [J]. Science and Technology of Advanced
Materials, 2015,16: 26001.

KUMAR A, KUMAR R, KUMAR V, et al. 200
MeV Ag'" ion irradiation-induced modification in
structural, magnetic and electrical properties of
LaCoO; thin film [J]. Applied Physics A, 2020,
126 499.

LOZINSKI A. Thin perovskite-type ferromagnetic film
(La, Sr) CoO,[J]. IOP Conference Series: Materials
Science and Engineering, 2015, 104: 12018.
SETEVICH C, PRADO F, FLORIO D Z, et al.
Stabilization of the cubic perovskite in the system
La, ,Ba,Co, [FeO;; (0.7<<x<20.9)

electrochemical performance as cathode materials for

and its

intermediate-temperature solid oxide fuel cells [J].
Journal of Power Sources, 2014, 247. 264-272.

B, 2R, BB, &L AR E RS YRR
FF A b1 8 Lag :Sry.Cag,Coy,Fe,Onp B & 5 T 1 1
[J]. LA TR 4R, 2010, 11: 68-72.



TF T4 :Ba/Fe WE LaCoO, A b e AHRHIG I 2 714 Fi ALl F 7 23

[24] skIRZ, W&, HIER, % ARk R thermoelectric properties of the quasi-1D cobalt oxides
PO HTB R RE[T]. #on T T2, 2007, 36(6) Ba, ,La,CoO; (2=0, 0.2) [J]. Solid State
44-46. Communications, 2000, 115: 301-305.

[25] SUNL H, QINH W, WANG K Y, et al. Structure [31] ZENER C. Interaction between the d shells in the
and electrical properties of nanocrystalline La,_,Ba,FeO, transition metals [ J]. Physical Review, 1951, 81: 440.
for gas sensing application [J]. Materials Chemistry [32] VAN D H, VERHOEVEN J A T. XPS spectra of
and Physics, 2011, 125: 305-308. Ca, Sr, Ba and their oxides [J]. Journal of Electron

[26] HARON W, WISITSORAAT A, WONGNAWA S. Spectroscopy &. Related Phenomena, 1980, 21:
Nanostructured perovskite oxides-LaMO; (M=AI, 265-273.

Co, Fe) prepared by co-precipitation method and their [33] BERTHOU H, JORGENSEN C K, BONNELLE C.
ethanol  sensing  characteristics  [J].  Ceramics Influence of the ligands on 3d photoelectron spectra of
International, 2017, 43: 5032-5040. the first four lanthanides [J]. Chemical Physics

[27] ALHOKBANY N, ALMOTAIRI S, AHMED J, et Letters, 1976, 38: 199-206.
al. Investigation of structural and electrical properties [34] HANHS, MHIN S, PARK K R, et al. Fe doped Ni-
of synthesized Sr-doped lanthanum cobaltite Mn-Co-O ceramics with varying Fe content as negative
(La; ,Sr,Co0Oy) perovskite oxide [J]. Journal of King temperature  coefficient  sensors  [J].  Ceramics
Saud University Science, 2021, 33: 101419. International, 2017, 43 10528-10532.

[28] GUO J, ZHANG H, HE Z L, et al. Electrical [35] PATHROSE B, VPN N, RADHAKRISHNAN P,
properties and temperature sensitivity of Mo-modified et al. Stability, size and optical properties of silver
MnFe,O, ceramics for application of NTC thermistors nanoparticles prepared by femtosecond laser ablation
[J]. Journal of Materials Science: Materials in [J]. Journal of Nanomaterials & Molecular, 2016(5) :
Electronics, 2018, 29: 2491-2499. 10-80.

[29] MARTIN C, MAIGNAN A, PELLOQUIN D, et al. [36] KIM K J, HEO J W. Electronic structure and optical
Magnetoresistance in the oxygen deficient LnBaCo0,0s, properties of inverse-spinel MnCo,O, thin films [J].
(Ln=FEu, Gd) phases [J]. Applied Physics Letters, Journal of the Korean Physical Society, 2012, 60:
1997, 71: 1421. 1376-1380.

[30] YAMAURA K, CAVA R J. Magnetic, electric and

Research on the Low-Temperature lon Transport Mechanism of Ba/Fe
Co-doped LaCoO; Thermosensitive Ceramic Materials

DING Yuning"?,ZHANG Huimin**,PAN Ye*, XIE Juntao®*, RONG Jinghao"*
(1. Xinjiang University, Urumqi 830046, China; 2. Xinjiang Technical Institute of Physical and Chemical, Chinese
Academy of Sciences, Urumqi 830011, China; 3. University of Chinese Academy of Sciences, Beijing 100049,
Chinaj 4. Zhongke Sensor (Foshan) Technology Co. , Ltd. , Foshan 528200, China)

Abstract: The development of deep and low-temperature materials with excellent electrical properties is of great significance to
deep space exploration and other fields. In this study, Ba/Fe co-doped LaCoO; thermal sensitive ceramic material with
negative temperature coefficient was prepared by traditional high temperature solid-state reaction method. The phase structure,
microscopic morphology and ion valence distribution of the material were investigated by XRD, SEM, and XPS. The low-
temperature electrical properties of LaCoO; were tested in the range of 22—80 K and 80—290 K. The results show that the
temperature range of the LLaCoO; material is reduced by co-doping modification. The p(22 K) is in the range of 1. 85X 10—
6.94X10° Q-cm, and the material constant B (22—100 K) is in the range of 146.09—162.75 K. In the deep and low-
temperature environment, the conductive mechanism of the material changes from small polaron jump conduction above 80 K
to double exchange conduction below 80 K, resulting in the abrupt change of the material constant B. The material system has
potential application in the field of extreme low-temperature testing.

Keywords: low temperature thermistor; NTC ceramics; electrical properties; La, ,Ba,Co, ,Fe Og; transport mechanism; high

temperature solid-state reaction method ; conductive mechanism ; low-temperature ion
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