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Abstract

In this thesis, pyrochlore oxide Y2Ru207 (YRO) and Ca-doped Y1.7Cao3Ruz207 (YCRO) materials have
been synthesized, and their electrocatalytic hydrogen-removal performance (HER) in alkaline me-
dia has been systematically investigated and compared with commercial Pt/C and RuO: catalysts.
The results showed that Ca doping significantly improved the catalytic activity, resulting in a signif-
icant reduction of the overpotential required to reach a current density of 10 mA-cm-2 from 162 mV
to 81 mV, and a reduction of the Tafel slope from 91.8 to 63.8 mV-dec-1, which is close to that of
commercial Pt/C catalysts (52 mV, 54.0 mV-dec-1). YCRO also exhibits excellent stability, with vir-
tually no decay in activity after 2000 cyclic voltammetry cycles and 20 hours of continuous electrol-
ysis. The electrocatalytic mechanism of Ca doping to enhance HER performance was revealed by
various characterization means (XRD, XPS, SEM and TEM, etc.), where Ca2+ partially replaces Y3+,
leading to a downward shift of the d-band center of Ru (close to the Fermi energy level) and opti-
mizing the hydrogen adsorption energy; and an increase in the concentration of the oxygen vacan-
cies and the hydrophilicity of the surface, which improves the adsorption and activation of water
molecules. The study provides new ideas and theoretical basis for the development of efficient
metal oxide hydrogen precipitation electrocatalysts.
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Bt A ERAR AT H AR A T AR BRI S BOR OO B bR Re YR Al s 1 AL 7y o AR
KRNI R T TR 2R O A R —, TR A HAuF I AL R 2R SRR
BN T SCHR 1] H AT, SAEEFPRHN PYC) A S R M U N (HER)YREALT, (H LA SR A A gl A ™ B
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SEANYIR L RIRFE . AR A5 RV SO e A RE 2RI, K2 M e S e
e AN Pk A LS SR AN S5 I SR B BB 1 (AG i 1E), 5 S5 L6 88 52 BRI S 2 [ A AR 8 PE A
A2, f8 HER B /)22 18 (3], WEFURM], I RAR T8 90oREM BTt MS I TR RIS A
R 2 45 SR W] O R SEAL ) HER ERE[4] [5]. AT, K2 Besish It 4 s S A M e AL AT 08 75 4L
e L B AE AR E MR 22 A I R, PRI A vl A i R A HER (AL I I Pk A%

FERREE AT, BAT ABO7 Il e 2 L S A R L AART 1) it (A S5 A AT 7P, AEHEAL
QUSRI R N HT S (6], RS aih, AME 75 B SRS FIIA S SR T £E
AR T 2310 REZ, ET IR AU Y RuO7) B A 5 1 25 R R e PEAN LT 1) AL e 52
FIRIE. SR, IXFARHY HER EACPERED R Z R T 5L @ AL, A il A RO s AT AL -
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LaCoOs [8]+ Ni 4% Co304 [9]5F. ZAT, KT Ca B4 Y.RwO7 HEE A AT H HER PERE 0 J
FLAE LI R RS 5T

REFLLEHRE 5, AFFREKT Y2Ru07 (YRO)FI Ca 5421 Y1 7Ca0sRu07 (YCROY R, RS
FTEAHERPEIR S ) HER VRS, JFilid ZFRIETFBIRANIRA T Ca 571958 HER IHTEMIHL
file HIFERI, CaipZEEIA THMFIM HER M, YCRO 7E 1.0 M KOH ¥ HiXF] 10 mA-cm™ H
W E TR I AN 162 mV, BIRAKTF ARB M YRO (81 mV). HLEERFRERD], CaisZ@idifiz
Ru [ HL P25 FAIE A 0, BB T A BHE L 745 5% 5 0 Fn U PR RE

2. SCIGERSY
2.1. RS

K P B0 Bk B BR VA R — WERRRIE[10], A YaRwO7 (YRO)HI Y1 ,CaosRu07 (YCRO)EE fh. BA
Y(NO3)3:6H,0. Ca(NO3);-4H,0 FJE/K RuCls Nkl %4020t & i T LB 1K, I ERRIE
NEEAF, 48 80°C FHEHE BTGB VAR BB IRAE 120°C T 43 BIURTIRAR, X6 i BEAARBEAT A0 A T B
B NI R, £ D B BL 5°C/min AIEAE 600°C HER#FF 5 /NEF, BEJETHES] 1000°CF, FHE
TORFE 12 /NS . YRO PR 4148, B 7 AEEBRP A Ca(NO3);-4H,0 4h.

2.2. MRIFRAE

KH X SRS (XRD, A5 XPert PRO) 47 A% it (¥ & A 45 4 3@ 3 43 i L 2 582 (SEM,
ZEISS/SIGMAS500)), ES LT EHEE(TEM, 5 JEOL JEM 2100F)Fl 543 #iZ it B T 2 5L (HRTEM)
MEERE SISO 454 R X SR HE 7 BETE(XPS, Thermo Scientific K-Alpha)43- T2 i 7t 2 2 ik
AL

2.3. BLFEMR

K FH = FAR AR R VP AL TR HER PERE A ASe M, H CHI 660E M4 s b TAESG AT, A

F A AR AT i [ 28 AR (GCE,  0.196 eon®)fE At FEARAN TAE f bl . ZEBRTE:(1 M KOH) FL AR 2 L Hi Al
18 FH AL IR FEL A (He/HgO),  H Bl FL AT RS IE 2 50N :

E (vs.RHE) = E (vs.Hg/HgO) + 0.098 + 0.0592 x pH (1)

LTI R R 2 77500 R . K 5 mg AT AR 1 mg & B BUE 0.8 mL £ 51 /K. 0.17 mL J 4
BEA1 0.03 mL 5 wt.% Nafion FIVEAVER, KRS A3 40 4350, B 2RI 51 7 Sk RIEH -
TAE MR, RFABRAKE 10 nL AE 4077 BRI 2 38 AR (5 mm, 0.196 cm?)R [, SRJEESS
HF AR, fFARATE, EE LREERIR.

IS A MEARR RS V)LE | M KOH Hilllik, HfEEN 10 mV-s™!, XHEATIR HER W& M7
VAL AR B AL i VR T AR I PR AR 2RSS, ARl 25y 25, 500 75, 100, 125 Fl
150 mV-s™'; HAL2EBHBTIE(EIS)MHARTE 10000 £ 0.1 Hz FISRIEE W HET; TERZ5(CV)FHEIL
TEIR AR E HEEAT VA, FHIEZE S0 mv-s™!, HHEECH 2000 Bl 7E 10 mA-cm 2 [ [E 2 IR LR,
K F TN ALV (V-t) W AR A R R i A 3R A7 00K

3. BB 5118
3.1. YIRS
| JE75 7 YRO Rl YCRO K ) XRD 3 [ B3 ANEE 5 FOATE I3 SRR UE YoRua05 BE4E1 454 (PDF
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Figure 1. (a) X-ray diffraction patterns of YRO and YCRO samples; (b) High-magnification XRD pat-
terns of the main peak (222) for YRO and YCRO samples

1. (a) YRO #1 YCRO #&H) X 5H4: 1753 ; (b) YRO F1 YCRO ## & E1£(222) KIS MK XRD
&

X EE YRO T YCRO [ XRD 3 ], 0] AR 52 2] Ca 544 5 FE i 10 £ ZATHHIEAL B R A T KGR -
Wi 1(b)=/8CR XRD 1% B 7R, YCRO-0.3 B FA75(222) M LE YRO R A FEMmFE 1 0.19°. fR¥EAHL
¥ 75 FE(nAd = 2d-sin), IXFH A A I m AL 3R W b R RO BRI K, B S EURE TIEMK . 1X— @i I K B
Gl AR TR E T2 1 Ca?t (1.03 AR B T H/NE F1420 Y (0.96 A).

b4, Ca 1824 )5 XRD fiT5 U658 B WA 1 ok FLUG FE0R0/IN, 2R B Sl 45 & 5 A g i o Jlid Scherrer 24
S FEAF 2 SRR YRO (92 32 nm 38 /1E] YCRO (12 38 nm, #E—PiESE Ca B4Rt T dlkr
A, X2 XRD 45 R ALFRESL T Ca HIRIhi5 4 K 3L S 80 Sk g5 i A AR
32. RUERERRTH

K 2(a), K 2(b)@7= T YRO M1 YCRO FEG K SEM 4. PIMAHRES 5 30 AR BL (O B SRR,
B RS FEITE 50~200 nm [ERTE QR FIURL L il i) 1R R 50 o (AR R N2, RAE XRD 45 R ik S
BORAEAR, {H Ca B2 0T E MR TORTE SRR R~ A RS2 2 B35 22 5, R Ca B EE MM
T AR R T R T SRR R, T AR E RS

(a) (b)

Figure 2. (a) SEM image of YRO; (b) SEM image of YCRO-0.3
2. (a) YRO &Y SEM [El#&; (b) YCRO-0.3 A SEM [El{&

K 3 B/RT YCRO-0.3 #£5h ) TEM FICE ML 4E R . (RBCRAE R A TEM B8 3(a)it— B i
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T YRR R OS5, 5 SEM MEREIR —8. w70 %% TEM BB (& 3(b)iEMT & 1 BRI &A%
280, MAFH) SR EIAIEESN 0.296 nm, 55084k A1 G544 (444) i TH] R ARFAE A T () BERE WD &, TESE T RE IR
SR EEMATAHRRE . TR SE R (K 3(0)~(D)RM Y. Ru. Ca M O JURAEFE P 45), RUMEH
W5 R T 3R i A B R X X — S5 RAIESE 1 A BROTERI A 2, SR Ca 558808

Figure 3. (a) Low-magnification TEM image of the YCRO-0.3 sample; (b) High-resolution
TEM image of the YCRO-0.3 sample; (c)~(f) Elemental mapping images of the YCRO-0.3
sample

3. (a) YCRO-0.3 #@AMEMAEZE TEM Elf%; (b) YCRO-0.3 #mAYS 578 TEM
Ef%; (c)~(f) YCRO-0.3 5k T ZRRGTE

3.3. REUFERSSH

4 Jg78 T YRO F1 YCRO-0.3 #£ 1) XPS 73 #r 45 5. XPS 41 (1 4(a), 40k TR & H
PRICEIIAFAE: YRO 82 E] Y 3d. Y 3p. Ru 3p M1 O 1s ${iFlE, 1 YCRO-0.3 4l ik T ix et
Ab, WBIEMTER T Ca2p (G5 HEL) 347 eV), #E—HFSE T Ca TEIIRINB L.

A)BRHIFE A HE O 1s WG A N =445 T4 528.5 eV HIEHSE(M-0). £ 530.5 eV H
T FEFE(M-OH)RIZ) 532.0 eV IR K(M-H,0) [12]. EEHHEM, 5 YRO ML, YCRO ¥:f5 4 M-
H0 24 AR & 2380 T4 11%, R Ca B0 T MRIRTIIISRK Y. X P58 15K A FI T
HAL AR S5 A AR R T R 7 4 B, (3L SR AR e A e A0 2, A B T2 HER LG, o E %
(IAE, O Is MR TR MR YRO [ 44%34 M%) YCRO-0.3 1 51%. X Fh A 25 A0 A< 2 1) I 35 34
g Ca? B AR Y3 R I AT ISR EE . 2 A Ca? B AR =M Y3, YERR P, MRS
T I TR AR 2 B R 4 Ru BT IR SR A SRAME ik (9 1E A

Ru 3ps 70 #F XPS i B (1 4(d)) 7%, YCRO ) Ru 3ps, WEALAHEL YRO [l R 45 & BT M3 T 0.15
eV (M 462.95 eV HiMNE] 463.10 eV). X—LAGREMIERARZRI Ru PSS H &, #H5 Ru®
A RE A T A A (Ru® 8] Rut) AZERR iy o o 6 b Hi 145 #4010 1 2 25 20 Ru-O B (3544411 Ru
() d T, HEm TR AR A TS PR A s 1) TR A U B E AI[13]

&

DOI: 10.12677/ms.2025.156138 1306 Mok

»

o


https://doi.org/10.12677/ms.2025.156138

ARMBRE, I

g
-
z

Intensity (a.u.)
Intensity (a.u.)

1200 10’00 8(‘)0 860 4(')0 260 0 1200 10’00 860 6(’]0 460 260 0
Binding energy (eV) Binding energy (eV)
(c)

(d) . Ru 3p,,

Intensity (a.u.)
Intensity (a.u.)

~—0.15eV

2 51‘%0 séa 556 4&8 4(‘56 4(‘54 4(’52 4(‘50 4&8 4&":6
Binding energy (eV) Binding energy (eV)

T T
534 53

Figure 4. (a) (b) XPS survey spectra of YRO and YCRO-0.3; (c) High-resolution XPS spec-
trum of O 1s; (d) High-resolution XPS spectrum of Ru 3p 3/2

& 4. (a) (b) YRO #1 YCRO-0.3 B XPS £i&; (c) O 1s =457 ## XPS i&E; (d) Ru3p3/2
=5 % XPS g E

3.4. BIEHTSIEEE

5(a)87R T YRO. YCRO-0.3 UL K Z: LA AL ML PY/C A1 RuO, 7E 1.0 M KOH ¥ H FHT & 2k 14
FARRZ LSV L. S50 EH], EMFEIRRE T, AR A MK SR PYC < YCRO-
0.3 < YRO < RuO,. 1 5(b)fiR, fEHIREENN 10 mA-cm 2, YCRO-0.3. YRO. Pt/C 1 RuO, it
HLAL 4308 81, 162, 52 i1 255 mV. 1X—45H3R M Ca Bl AL KIEFEK T 81 mV (FEIEZ 50%),
LIS T B R .

EARIARZE, YCRO BMEMTEMEAUZM TR B4H YRO, HZEHZITR PYC AR TEREK
o X —RBEVERETRAR AN ZE L T4 40 RuO, AR R, BB 1 SCHRROE 1K 2 B0 U 4 2L S A
HEAL TR HoA S 38 ) HER AL (& 5(6), YCRO-0.3 13t FLA7(81 mV @ 10 mA-cm™2) AT {57 AIB P AT
2R, TV 2 CHRIE NI I &R AP AR R A S 1Y HER fEAGTRI[14]-[17], R AR E T4
FIHIEALTE M o

HEALEN 1280 M (] 5(c)) 7, PY/C. YCRO. YRO 1 RuO, HIIEE/R B 51 M 54.0. 63.8. 91.8 Al
107.5mV-dec™'. YCRO [3EIE/RA}2(63.8 mV-dec )ALk YRO (91.8 mV-dec )2 [F{IK, #2i PYC (54.0
mV-dec!), K Ca BEMMUPEE TS B4, BHEESEE 7 RMNE) 1%, R4 M8 HER #ie, YCRO-0.3
B3 FE R RPRAE (2L 60 mV-dec™ )3 B H 5 B2 #2 7] fIEAE Volmer-Heyrovsky ML, B 7K 7 HEL AR A%
W B Z(Volmer 5%, HoO + ¢ — Hag + OH )18 3 1R AP 3R, Bl 5 W AL 5 7K 43 1 S SR TS Ha, (Heyrovsky
IR, Ha+ H,0+e — Hp + OH ). IX—HLii 5 PYC KL, FRW] Ca BRI T IBERAT

AL FHBT IS (BIS) /A (B 5(d)dE— P 3E7R T I B) 11525k . Nyquist 7R, YCRO-0.3 11
HIfuf % F% F B (Ret, 2 15 Q)IZfR T YRO (2 30 Q), 21k PUC (£ 10Q). X —45 R EHZIEL T Ca B
EREE T A AT R AR . EIRI AT RS B )1 A R T HER AR R TR, i R M . 1t
Ah, R B (CA) (K 5(e)EH, YCRO K Cdl {4(2.82 mF-em 2)E # & T YRO (1.81 mF-em2), #
B Ca 52300 T MR B AL S0 MR T AR, SR 4L T 50 2 AL TE PR A5

S
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Figure 5. (a) Polarization curves for the hydrogen evolution reaction of Pt/C, YCRO, YRO, and RuO: in 1.0 M KOH solution;
(b) Comparison of overpotentials at a current density of 10 mA-cm™ for different catalysts; (c) Tafel slope plots; (d) Electro-
chemical impedance spectroscopy (EIS) plots; (e) Electric double-layer capacitance (Cdl) plots; (f) Comparison of HER over-
potentials at10 mA-cm 2 between YCRO and other metal oxide HER catalysts reported in the literature

[# 5. (a) P/C. YCRO, YRO #1 RuO: 7£ 1.0 M KOH j&i& P HIFT SR BREE]; (b) SEAFIEERRZERN 10mA-cm ™2
BT AT ; (c) EBIERFIZERE]; (d) BUFERER; (o) WHEHEA(CIA)E; (f) YCRO SXERENEME
BE 4 HER #4LFI7E 10 mA cm 2 B9 HER BB A9XTEE

VA AR AR E M, X YCRO #E4T T Bifl AR PRt 1R 22 (C V)R PRI B on (B 6(a)),
2834 2000 X CV fE¥ G, YCRO () HER At i 2k -8k, RUIHAR R EAFeE . K falfE i
WIHR(10 mA-cm )i —HIESE T YCRO Wt a8 1, 7E 20 /NSRRI, il A B4 T 4
10 mV, 3 B M 45 R RS P A7 st 7 K B ) e ok R PR RR R o I S Y R s 2w AL R 1 5 T A
e M, RSO EA S B RS RTIF R A S — 7, Ca B SEIHRTF451
AR RO R T Ak 25 PR B AR AL PT RESE 50 T ARME SRR IR BT R I P T RE ) IR 25 IR, YCRO AR
ArEiEts, EHE R ENTREE, ISR 17 71

(a)o (b) 0.6
YCRO 1
_ initial 0.4
N i after 2000 CV cycles = 05
§-20 uIJ 0.2 YCRO
< (4
E @ 0.0 ]
2.40 3-0.2-
2 s
é’ E -0. 4-
3 -60 206
5 |
o -0.8+
-80 - T v . v v T -1.0 - T v T - T r
-0.4 -0.3 0.2 0 1 0.0 5 10 15 20
Voltage (V vs. RHE) Time (h)

Figure 6. (a) Comparison of polarization curves before and after 2000 CV cycles; (b) Potential-time (V-t) curve
of the 20-hour galvanostatic test at 10 mA-cm 2

[& 6. (a) 2000 }& CV TEIFBIEHIRALBIZEXTEE ; (b) 20 /NEHEERZUMAR(10 mA-cm2)RUEE AL - BFE)(V-t)#hsk

DOI: 10.12677/ms.2025.156138 1308 MR 2


https://doi.org/10.12677/ms.2025.156138

ARMBRE, I

3.5. MEREHESEHLEI 534

BT DL RAEAT AL 2R S5 5, FRAT 0] LAEEST. Ca 324 Y RwO, HEAL TR “4hHh) - PhfE” K&, 8
ISR HER WEVER AL . Bk, Ca B YY SINBAA A, SEIAKEE L. —J7H,
YERF RS, E2 Ruv AL N TE S A, 1 XPS 45T Ru 3p G5 & BERN(+0.15 eV): H—
J7 T S80S R P S S5 B NN 44%3) 51%) o X S8 48 25 A it A7 A, T B4 B8 5@ B 1R 0T B e 1 (AGH*
PR RAE), AL BB 1% .

HIR, Ca B4 MK (XRD 4558 Son d RGN, S8 T Ru-O KA, WA T Ru b
d PUB BRI AL XTS5 AR BRI T A A s R, AR T S R
(O B e P, A L i R, AT T RBifE 22 . 55 =, Ca 435k 1 M RIRTH IS5 K I (XPS 45
RERBMIBIENN), G870 S TRz 1% . BRI IR DURT B TR R i e Bt 1
HER JFHEZ, FEAC Tz X =Fih R ILFEIER, f YCRO-0.3 RILH i PYC KL HER
AR

4. &

AW T CaB25t YaRwO; B4 A EALYI HER HEALPERE RN S oML 45K W], Ca B
BEARE T REA ALY HER EALIEE, 8 10 mA-em 2 R AV 81 mV ik, @K TR
2% YRO [ 162 mV, BIERBIHEM 91.8 [EE 63.8 mV-dec™!, HEIT iV PY/C fE4L71(54.0 mV-dec ™). [A]H,
YCRO i JEBLHAL T Fa e e, 76 2000 Yk CV fEHA 20 /i 1E RIS 3 (R FR R e M RE, R A
A RPN RS B g A RE, AEY T Ca 51458 HER MEREN FEAEMHLEE: Ca? B8 Y3 35
HLATAME RN, 305> Rut B S m A &S (Ru 3p Z5 A REXEIN 0.15 eV), AZE T d 7450, LT
SR RE(AGH*). M4k, Ca B2t m T A THAIRIE, BGE T AR KM, g T iRl 2.
AW FASEAE 7 = 2EE T 48 HER EALFMET TSR0, ONIR N A 48 S LA R R
APERRAR AR AL 7 SR KA

SE
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