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Abstract; To investigate the uniformity of dopant distribution and long-term crystal phase stability in
nano-zirconia, the thermodynamic stability and phase stabilization mechanisms of Ce/Y-doped
nano-zirconia during supercritical hydrothermal synthesis were elucidated at the atomic scale by
combining multiscale characterization with density functional theory calculations. The phase
composition, crystal structures, and elemental chemical states of the nano-zirconia particles were
analyzed using X-ray diffraction, Raman spectroscopy, and X-ray photoelectron spectroscopy. The
effects of different dopant types (Y and Ce) and concentrations (with molar fractions of 3%, 6%,
9%, and 12%) on the crystal evolution of as-synthesized nano-zirconia were systematically investigated.
Concurrently, the electronic structure reconstruction, oxygen vacancy formation energy, and defect

synergy mechanisms were analyzed. A quantitative structure-activity relationship linking doping
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concentration, crystal phase stability, and defect evolution was established. The results show that as the

doping concentration increases, the defect formation energies of the monoclinic, tetragonal, and cubic

phases of nano-zirconia decrease, which facilitates the crystal phase transformation. The critical molar

fraction for the transition from the tetragonal to the cubic phase is 8. 26 % for Y-doped nano-zirconia and

9% for Ce-doped nano-zirconia. Under experimental conditions of 400 °C and 25 MPa, a doping

molar fraction of 6% for Y/Ce yields a fully stabilized tetragonal nano-zirconia phase. These

findings provide a theoretical basis for the further development of high-performance nano-zirconia-

based composite materials.

Keywords: nano-zirconia; supercritical hydrothermal technology; doping; crystal stability

YK A AR (ZrO) 1R Ry — P = 1 58 P & 4 K
A 5. (29 2 700 °CO) ML SF Mtk e v s
T3 H M DA R R 1 R AR B L AR S R R
[ A S AL P R R F Tt ) R A AR R B
BGOSR AR T A N R B AR SRS A 3
d 0 < BACASLA L Y 7 AH R ST 5 M DY D7 AR ST 5 M i
WAE 1 170°CH 2 370 C LA B EIR & E FRa 2,
VU 5 AHAE Ve VI AR By e A8 S LRV AH L O 7 B AR i AR
TR G R VR AL, S 30 Ry 2E M Re i B R Ak

B BA) 2 TR ALK AL B AR AR
PESDIREREME . B 9B 2% AR E 4K AL A 1Y s T
ST 7 RS Y 5 AR S () B e 51O SR A A i 2 R AR
SRIFUGEE T FRM, MBS RITRNE TR

S n] K A% B 1 i — 25 R b R BB A 45 A
FARAEFT R . Jing %5103 b Bk #8205 O 15 1 2%
KI5 24 (BE IR B0 0~9. 1%) B4 Kk A AL B
T 184 49 48 Ak 58 B e (ZT A, 3 % B0 BE JR 7 Bk
2. 801 Fe 5 7% W 35 42 w5 b4 b} 19 28 180 s 7K M A 2
F1 J5 % B R 7, 394 5 BB A0 T 1 R SR B
B RGEMIE T Y, 0, B 243 AL 1 % S 2%
PERERIOLALAE . 2 4B R R IR 43 R 5 V0 B, Ak
BERE BRI T T 2000, MBS PR B0 T 25 %6, B il
PEEETH T 3020, Altowyan 5500 5k 0k Hif Bl 58 i
BRBe AEANFB W T A Tl Eo® Fl Lit 3k
BRI AR . B TEBRERGIATAIHEAS
A7, U7 MRS DARaE o 1 — 25 B T H far RN I A
T )R O AR ML B TE TR B Y O BOR Sh R E
Nosenko 4§ 3# 13 FEUTIETL G L T o Cu BB 22 Al
Cu/Y LB 22 Mg Kk A Lss P BB . 5 Cu B
TG B AL BE AT L, Cu/Y R348 20 A BY T 78 841K
TREE T8 Co™ 48 A BHES 707 5, T HE 38 T 44 0K &
fREs bt RE . Xu B 5K T 1844 Li TR X 90
DK AR A A 3R TR 5 RS BN LR 095 AR L LB R
AALESH TR i i . R KR 5 A8
% Li 9K AL ES A H 1824 Li B T I 4ok A Ak

zkxb. xjtu. edu. cn

(Li=ZrO, ) 1) 2 T3 SR 7 2 HICG 136 1 o g

e £ T2 05 1 B 24 R M 5 & 807 ik 1 U )
et Z 2, 1% Gt ] 45 H2 AR a0 i Jee B i i L 2L 37T
VE 1 FVR e vk A5 A A S g o 08 HL G 1k i g A 7 A
S BN I LKA R R R R
JE (374,15 °C #1 22. 1 MPa) 254 F , F) I #8 1 K 42
B 8 VA VL P AT S T R R 52 7 3 3, AR A g 1 ok
00 0 3 ER VS VR 5 1 P 40 oK BRI B A Sy A
SR AP AR BB PR T — Rk @am ", R
M S 24 T ZE 4TS 1 I 3 22 Pk 6 W48 24 500 20 A 1 2 4
PR ] | 5 B 4B 24 1Y i R A 8 K A8 2R R T L
Hil, HHEISIE S R R ARG Tt — R
B 2% 51 5 F R 18] (4 2h 25 A0 B AE AL .

AR SO FH I K A B R L A 18 2% R g
AR R, X Ce F1 Y 84298 % A 1k
B ) AR R RS M AT R T 2 T A R AN T
B2 B AR S A B R AT T S5, O a5 —
JEERTT B, 43 AT T o P S5 A T AR 5 R R I 5 T
fil, S 92 6 245 B4R e SE Al

1 SR AR Mt Rk

1.1 XRERRLERRE

K P OmS BR AR BS (ZrO (NOs),, i 5 h
99. 9% , I Mg & 30 K AR Ak AE S 8 T A A A
(KOH., %00 99. 9%, g3 s A1) 15
AT 5 Al R 52/ 8 R 4l (Y (NO;3) 5/ Ce(NOy )5, |
T 22 SO A AO AR 48 25 T 3R, % W) o E 5 it —
afi Ak R AT i A

PR A B 5 AR B R BB s T 53
TR R BE R 0. 1 mol/ L 142 J& R B4 TE & v
W BIARNMEE IR 3503 0 3%.6%6.9%0.12% , 1%
IR AT BUFR N SR B 24 U R MBS IR B S5 B 24 L £ M
Zr JUR BEEREUGHLE . RO KOH % T L5 1
FKBE ) B e BE A 0. 2 mol/L M AL . 76 M I
FOKIA B E P, 4 R A0 IR iR KOH % i)
(EHHR 2.5 mL/min) &FmERINMER.EZRT




B2

LT LA R S A I B K S % 2 4 8 2 A B R LB 5T 73

TR A L Bt 5 5 I ALK (R E R 10 mL/min) 7EVR A
AR A O I S A R R . Horb O R A
400 °C , IV FEF1 0 25 MPa., 2 15 B BF [ R 2~3 s,
FRE T VR 2RV HI AR H S ISCAE L 45 2 9K R B F
W, BERERAZRE L REE. THE TREST
s e ZARAF B 22 OR F A OB 1) . b R S %6

BRI 1 BN,
r@%%ﬂﬁ!ﬁéﬁ
lL

) P

LA I Sk R e E
~N l
prowre - n =)
7L ~pmy '. ’q:*%
%
-

ThEE

w
-

BRI A
1 B K G AR 2 9K A A i SE 00 B i AR
Fig. 1 Nano-zirconia synthesized via supercritical hydrothermal

experimental process and methods
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Fig. 2 Structural models of different crystalline forms of nano-zirconia
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Fig. 3 XRD and Raman spectroscopy characterization of Y/Ce doped ZrO, samples
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Fig. 11 Density of states of Y-doped nano-zirconia
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Fig. 12 Defect formation energy of Ce and Y-doped zirconia

3 45 ®

A SCHE T I KIS R B 2 R R
fES DET 38 R FREHE R T Ce/Y B9k
ALY R e A A 2 R e LB, it RS
WFFEAS 145 2% Wk BE T 40 K S84k B 100 & 4% 38 10 B 7
IFi] 25 fiff Ay L v &5 4 AL L A0S 6 T BB L B P
IR AL, 7 T 98 2% e B - Y A k- Bk B B0
JPF I E EAROC R R BN T 4518,

S SRR B IR IR ECR 6 %01 Y/ Ce ]
R 5E 2R E AR AL B A, X T Y B
P HE it B 45 % Tk BE 1 T A0S 60 SR T X
& Y RENB AR LT A AR E DU 5 AH RN N7 AR A E BRI
XFF Ce (4824, BE IR 4340 6 01 Ce B 229 K A
A4 B il A2 B 22, LA A9 45 e vk i 4R o R AR

zkxb. xjtu. edu. cn

AR KR W] Ce T2 LB P Y 7 i BE A7 7E — E IR
{H S RIS Ce T8 A 9K A AL 3 1Y A%
17 2 A 3% 1 W B 4 1 XA A

SRR X T Ce 4B 2%, A5 L
I Ce B9 4f LB S O B 2p PLIE R ALIE T A fiE
G EWRE Com BT HBRg0K AL Hs i 25 ol A
—ANEE I M BT RE S, W T BRIT B S A B
AURE 2 IR . Ce 2% B JURHH L DU J5 A A1 AL T5
ARG OK SR B A5 4 98 B 3 AT 20 A A9 40 K AL B
HEiH Ce 48 A B2 B T FEAR: Y 48 2% 19 98 K
S B TE WORT 19 E 4. FLAR A B 2 IR T 4 A
14 24 K AL

WEH 525 L Y38 K Ce R Y BRI AR R
RS Ze—O BEAHE I 2559 i, A i MR AR 3 i
i Bl 12 2% W R A . S ARERE L DU D A A S7 T A
F14 R T ol BB PO R A (4B 2 5 B 25 B AL AR 15
oo Ce BARGUKEALHS i U7 FE 5 22 9 57 07 /Y
I FBE IR 2K 9003 Y B AR AL BE S5 H 56 A2 1Y
I 5L BE 7R 3 R 8. 26 V0 o AR Fi T S 56 vt aok e fie
FE Y Ce LA T W M 198 A7 A L SE PR A 9K AL
BEIY Ce BEIR 3 BUWBR g 6 %6, [RLIG 7E 45 2% JBE IR 43 %K
KT 60 BTG BLT ATSER LU T3 A BT X AFAE

SE k.

(1] Ew, s, 2, S Ja R fh 8 20 &

REZASHAEERE (1], /#ERB%M, 2025, 53
(9): 2696-2705.
YAN Shuo, BAO Chonggao, LI Shijia, et al. Digital light
processing of cross-scale porous zirconia ceramics [ ] ].
Journal of the Chinese Ceramic Society, 2025, 53(9):
2696-2705.

[2] MAITIT K, MAJHI J, MAITI S K, et al. Zirconia-
and ceria-based electrolytes for fuel cell applications:
critical advancements toward sustainable and clean en-
ergy production [J]. Environmental Science and Pollu-
tion Research, 2022, 29(43): 64489-64512.

(3] SBEE. AR AL B Jk 1] A vl A 0 090 T 4 1 4 B s 5
HLPE (D] PEARITEAF . Sl Tk k%, 2021

[4] CHEN Shaojiang, TENNAKOON A, YOU K E, et
al. Ultrasmall amorphous zirconia nanoparticles catal-
yse polyolefin hydrogenolysis [J]. Nature Catalysis,
2023, 6(2): 161-173.

[5] CHENY W, MOUSSIJ, DRURY J L, et al. Zirconia
in biomedical applications [ J]. Expert Review of Medi-
cal Devices, 2016, 13(10): 945-963.

[6] MASOODIYEH F, KARIMI-SABET J, KHANCHI




5 239

LT LA R S A I B K S % 2 4 8 2 A B R LB 5T 81

7]

(8]

[9]

(10]

[11]

[12]

[13]

[14]

[15]

A R. et al. Zirconia nanoparticle synthesis in sub and
supercritical water: particle morphology and chemical
equilibria [J]. Powder Technology , 2015, 269: 461-469.
CHEVALIER J, GREMILLARD L, VIRKAR A V, et
al. The tetragonal-monoclinic transformation in zirconia:
lessons learned and future trends [J]. Journal of the
American Ceramic Society, 2009, 92(9): 1901-1920.
JING P P, GONG Y L, XIANG Y, et al. Biocompati-
bility study of Fe-doped zirconia-toughened alumina ce-
ramic for artificial joints [J]. Ceramics International,
2024, 50(11, Part B): 20108-20117.

WU, W LT R B A A AL B PR D 2 M Re i DAk
PER [, BBl B, 2025, 35(5): 29-31.

CAO Hehui. Optimizing the mechanical properties of
zirconia ceramics with rare earth elements [ J]. Foshan
Ceramics, 2025, 35(5): 29-31.

ALTOWYAN A S, KAYNAR U H, AYDIN H, et al
Enhanced photoluminescence properties of Eu*" /Li" co-
doped ZrO, :
Journal of Photochemistry and Photobiology: A
Chemistry, 2025, 466. 116408.

NOSENKO V, VORONA I, TRACHEVSKY V, et al.

a focus on red and far-red emissions [J].

Cu-related paramagnetic centers in Cu-and (Cu, Y)-doped
ZrO, nanopowders [J]. Materials, 2025, 18(3): 605.
XU Jiawen, SHI Xiumin, YI Mingyue, et al. Lithium-
doped ZrO; nanoparticles for SERS-based norfloxacin
drug detection [J]. Spectrochimica Acta Part A: Mo-
lecular and Biomolecular Spectroscopy, 2025, 326
125239.

i, B KO B SE BA A AK ZeO, B HIE
Befl B2 [T B R 2 o 4. 2024, 52 (12):
3781-3788.

YANG Lan, HU Yanjie.
LiNiy s Coo.1 Mny.,

Coating cathode material
0O, with Nano ZrO, prepared via
flame spray pyrolysis [J]. Journal of the Chinese Ce-
ramic Society, 2024, 52(12). 3781-3788.

WG, B, OO, S R A AL 9k M R
il % J7E SB [T, KA, 2023, 25(7) : 52-55.
TAN Haixiang, WEI Shigiang, QIN Wenzhong, et al.
Preparation method and application of stabilized zirco-
nia nanomaterials [J]. Popular Science & Technology.,
2023, 25(7): 52-55.

LU Jinfeng, MINAMI K, TAKAMI S, et al. Super-

zkxb. xjtu.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

edu.

critical hydrothermal synthesis and in situ organic
modification of indium tin oxide nanoparticles using
continuous-flow reaction system [J]. ACS Applied
Materials & Interfaces, 2012, 4(1): 351-354.
ZHANG Yishu, WANG Shuzhong. LI Yanhui, et al.
Inorganic salts in sub-/supercritical water: part A
behavior characteristics and mechanisms [J]. Desalina-
tion, 2020, 496: 114674.

DING Weijing, CHEN Yunan, GE Zhiwei, et al. A
molecular simulation study on solvation free energy and
structural properties of polycyclic aromatic hydrocar-
bons in supercritical water environment [ J]. Journal of
Molecular Liquids, 2020, 318: 114274.
MARIDURAI T, BALAJI D, SAGADEVAN S. Syn-
thesis and characterization of yttrium stabilized zirconia
nanoparticles [ J]. Materials Research, 2016, 19(4):
812-816.

FAME B e A SRR AL R P 1 T A e
PEREWFSY (D], 3k W B, 2022,
TORRES D I, LLOPIS J. Infrared photoluminescence
and Raman spectra in the Y, Os-ZrO, system [J]. Su-
perlattices and Microstructures, 2009, 45 (4/5):
482-488.

ZHU Wenliang, NAKASHIMA S, MARIN E, et al.
Microscopic mapping of dopant content and its link to
the structural and thermal stability of yttria-stabilized
zirconia polycrystals [J]. Journal of Materials Science,
2020, 55(2): 524-534.

MA Bin, LI Yao, SU Ke. Characterization of ceria-yt-
tria stabilized zirconia plasma-sprayed coatings [J].
Applied Surface Science, 2009, 255(16): 7234-7237.
ZENG Zhaoyubo, LIU Yunzhong, QIAN Feng, et al.
Role of a low level of La,O; dopant on the tetragonal-
to-monoclinic phase transformation of ceria-yttria co-
stabilized zirconia [J]. Journal of the European Ceram-
ic Society, 2019, 39(14) . 4338-4346.

UG 45 J AL B ik B B B ORL B B B N R IR A AR
FEMEMATGE (D] dbat: JEaBHRsz, 2023.
COTES S. GARGANO P H, FORTI M D, et al. Sta-
bilization of charged substitutional ions in tetragonal
zirconia [J]. Materials Today: Proceedings, 2022, 51
(Part 1): 488-495.

(il &2 A

cn





