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Table 1 Advantages and disadvantages of different preparation methods of perovskite composite oxides

Preparation method Advantage Disadvantage Reference
Coprecipitation method Easy process, low cost, uniform particle size Multiple preparation steps, susceptible [16, 18]
residue, easy to coagulate, high temperature
Sol-gel method Good particle homogeneity, low synthesis temperature, High cost, poor control of particle [16, 18]
high purity, controllable reaction, insoluble components ~ morphology, easy sintering at high
admissibility temperature
Microemulsion method Ultra-granularity, high dispersibility, adjustable particle =~ High surfactant consumption, high cost [16, 18]
size, ultra-high specific surface area
Template method Large specific surface area, controllable properties, scale  Poor thermal stability, high template cost, [16]
preparation complicated preparation of template agent
Hydrothermal/solvothermal =~ Homogeneous catalyst dispersion, mild reaction [16, 18]
method conditions, high purity, small particle size and uniform
distribution of product
Pechini method High degree of homogeneity, small particle size, low [17,19]
reaction temperature, short time
Ultrasound method Low reaction temperature, high purity, small particle size [20]
Impregnation method High availability of active components, low cost, simple ~ Hazardous air pollutants, [21]
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active components migrate easily
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Fig. 3 Schematic of methane reforming, electron paramagnetic resonance (EPR) spectrum, chemical-looping steam methane

reforming (CL-SMR) performance and stability test!*”]
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Fig. 4 X-ray diffraction (XRD) patterns, energy dispersive spectroscopy (EDS) pattern, scanning electron microscopy (SEM) image,
transmission electron microscopy (TEM) image, photocatalytic properties and stability tests of coralline-like LaCoO;

perovskite composite oxide catalysts*”
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Fig. 8 Mechanism of photothermal catalytic CO, reduction
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Table 2 Perovskite composite oxides and their catalytic applications

il

Materials Catalyst type Application Mechanism Reference
Ca—NiTiO; Thermocatalysts CO, methanation Thermocatalytic methanation of carbon dioxide [35]
La; xSr,MnOs3 Thermocatalysts CO; cracking cycle Thermogravimetric thermal reduction [36]
Cu/LaFeO; Thermocatalysts CO; reduction Reverse water gas shift reaction [37]
LaMn,;_xNiO3 Thermocatalysts Catalytic methane combustion [41]
Lag.osCe.osNixFe; O3 Thermocatalysts Chemical cycle steam methane reforming Methane oxidation and steam splitting [42]
La;,SrMn;_yCoyOs+5 Thermocatalysts Catalytic oxidation of methane Methane oxidation and steam splitting [43]
LaCoO3;@MgO-x Thermocatalysts Catalytic oxidation of methane Adsorption and pyrolysis of methane [44]
LaBO3;(B=Co. Mn. Ni) Thermocatalysts Biomass pyrolysis Catalytic cracking of pyrolysis vapours [45]
LaCoO; Photocatalysts CO; reduction Splitting CO, into CO with visible light [46]
LaCoO;/g-C3Ny Photocatalysts CO, reduction Photoinduced CO, reduction to CO and CHy4 [47]
KBaTeBiOg Photocatalysts CO; reduction CO, photoreduction [49]
Zn0O/Lag gSry,Co03 Photocatalysts Methane oxidation Methane oxidizes to CO, [51]
SrTiOs Photocatalysts Photocatalytic steam reforming of methane Methane oxidizes to CO [52]
NaNbO;—Ru Photocatalysts Degradation of dye Interaction of dye self-photosensitizationand (53]
catalyst
NaNbyTa; O3 Photocatalysts Photocatalytic water splitting Hydrogen evolution reaction [54]
SrSnO; Electrocatalyst CO; electroreduction Electroreduction of CO; to CO [62]
La,CuOy4 Electrocatalyst CO, electroreduction CO, methanation [63]
La; ,SrosMnyFe; xOs,  Electrocatalyst Electrolysis of CO, in a solid oxide electrolyzer CO; electrolysis to CO [65]
Lay ¢Srg4Fe; xNbyO;_s Electrocatalyst Electrolysis of CO, in a solid oxide electrolyzer CO; electrolysis to CO [66]
La(Sr)Cr(Mn)O; Electrocatalyst Electrolysis of CO, in a solid oxide electrolyzer CO,; electrolysis to CO [68]
BaMg 33Nbg ¢7-xFexO3-5  Electrocatalyst Electrochemical oxidative coupling of methane Methane conversion into olefins and aromatics [69]
Lag 7S1r92Co¢,Fe 503 Electrocatalyst Electrochemical oxidative coupling of methane Methane oxidizes to C,hydrocarbons [70]
SrxCop sFep 203 Electrocatalyst Electrocatalytic splitting water Oxygen evolution reaction [72]
LaCoO; Electrocatalyst Electrocatalytic splitting water Hydrogen evolution reaction [73]
La;_4CexCoO; Electrocatalyst Electrocatalytic splitting water Oxygen evolution reaction and hydrogen (74]
evolution reaction
SrTiO; Photoelectrocatalysts Water decomposition Photoelectrochemical water splitting [75]
BiFeO; Photoelectrocatalysts Water decomposition Photoelectrochemical water splitting [76]
La; «CexNiO; Photothermal Photothermal chemical dry reforming of Photothermal catalytic methane to syngas [82]
catalysts methane
LaNiyCo;_ O3 Photothermal catalysts CO, reduction CO; reduction to CH4 and CH;0H [83]
NaTaOs Photothermal catalysts CO, reduction Photocatalysis H,O splitting and thermal [84]

catalysis CO,reduction




E2EE 1

EIRFE 55 BRI A AL AL RIRT Tt « 317

3 REHEE

PER H A B AR GFEE . e nl
W FRE MRS AL, TR AT B 4T
IR e AN SCERIR TS5 B A S AP & 5 i
J AR AL COy 38 S5 AT R B id AL S5 A T R o 45
B2 A S ITEREAL CO, 3 J5 A e v Ak 25 5 T
JEILH RV T, AR AT SRAFAE — L [ i e f A o
AL

1) EAR T I8 I VA% b A &5 A0 R0 2% THD B 4
J AR PERE, EYIE RS S, H
SR Z R Y. R, 7 EE T s R
e it A B A A AR R 7 R 3 R 42 SR e ) A
B L2 (U I SR AR DURRURT R 7 2 DR S5 ) SR ) 4
RN 2 A S AR, DAY 5 2 R AR e PEAN
ZHREME, TTEE— PR S AL R B M RE

2) VPN ZE S5 ML CO, i E A
FeiE A AL HLER AN B, TR ELd i E e T B
FB—PEFEE U TR BT EEE).
FAEF AR (G R AL H F ik B e PR AR Fourier
AN SR TF B, TRANIR DT LA Ak i BRI i
17, AW ETR RS B & AL Bt
HiLTE S,

3) HHERHT B A A ALY AE B [F] R AL AU R BT AT
EAEIRN, EEEPIE TSN, &
B RSN &8s, #—2hE
HAE et Jermfith. At E 20 A
[F) e A 0TI ) 2

SE R

[1] K615, /85 A RO AL TERE B 7E[D]. #M: 4
MK, 2021,

ZHENG Qian. Study on photoelectric and photocatalytic properties of
copper/tin oxide semiconductor[D]. Yangzhou: Yangzhou University,
2021.

[2] HADII F, OMARI M, MEBARKI M, et al. Zinc doping effect on the
structural and electrochemical properties of LaCoO; perovskite as a
material for hybrid supercapacitor electrodes[J]. J Alloys Compd, 2023,
942: 169047.

[3] SOURI M, SALAR AMOLI H. Gas sensing mechanisms in ABOs
perovskite materials at room temperature: A review[J]. Mater Sci
Semicond Process, 2023, 156: 107271.

[4] TAKALKAR G, BHOSALE R R. Solar thermocatalytic conversion of
CO, using Pr,Sr(;-xMnOj;-s perovskites[J]. Fuel, 2019, 254: 115624.

[5] KUMAR A, KUMAR A, KRISHNAN V. Perovskite oxide based
materials for energy and environment-oriented photocatalysis[J]. ACS
Catal, 2020, 10(17): 10253-10315.

[6] SREZ:, 2T, BRIETK, &5 F5EKEZOG AL RL RS BUIR &

HERR[T]. ¥E4H4k T, 2022, 39(12): 2398-2408.
ZHANG Qinqin, LI Zaixing, CHEN Xiaofei, et al. Fine Chem, 2022,
39(12): 2398-2408.

(71 MR, mEeH, AT, 55 S5 A ) ABOs 5 MR 12 5 R fEAL
PERERFFCUERE[T]. RIHALT, 2021, 50(12): 3498-3503.

LIU Huan, GAO Xinyu, BAI Jie, et al. Appl Chem Ind, 2021, 50(12):
3498-3503.

[8] WU J, YE R P, XU D J, et al. Emerging natural and tailored
perovskite-type mixed oxides-based catalysts for CO, conversions[J].
Front Chem, 2022, 10: 961355.

[97 GRABOWSKA E. Selected perovskite oxides: characterization,
preparation and photocatalytic properties—A review[J]. Appl Catal B
Environ, 2016, 186: 97-126.

[10] PENA M A, FIERRO J L. Chemical structures and performance of
perovskite oxides[J]. Chem Rev, 2001, 101(7): 1981-2017.

[11] KOBAYASHI M, KATSURAYA R, NARA T, et al. Phase behavior
and crystal structure of perovskite-type rare earth complex oxides[J]. J
Rare Earths, 2006, 24(6): 668—672.

[12] FU C J, MA Q A, GAO L M, et al. Recent advances in perovskite
oxides electrocatalysts: Ordered perovskites, cations segregation and
exsolution[J]. ChemCatChem, 2023, 15(11): €202300389.

[13] WET'Y, LENG Y Q, WANG R Y, et al. Peroxydisulfate activation by
LaNiO; nanoparticles with different morphologies for the degradation
of organic pollutants[J]. Water Sci Technol, 2022, 85(1): 39-51.

[14] JANG I, KWON J, KIM C, et al. Boosted oxygen reduction reaction
activity by ordering cations in the A-site of a perovskite catalyst[J].
ACS Sustainable Chem Eng, 2023, 11(12): 4623-4632.

[15] HARN Y W, LIANG S, LIU S L, et al. Tailoring electrocatalytic

activity of in situ crafted perovskite oxide nanocrystals via size and

dopant control[J]. Proc Natl Acad Sci USA, 2021, 118(25):

€2014086118.

FEREHT, BEse, BRE, S AR AL A I i A R HAE [ A 4

OB AN <5 JR 2 S il T O SL D). AL 23R, 2015, 27(4):

436-447.

ZHUANG Shuxin, LV Jianxian, LU Mi, et al. Prog Chem , 2015, 27(4):

436-447.

[17] REIS J V, PEREIRA T C P, TELES T H A, et al. Synthesis of
CeNb3;Oy perovskite by pechini method[J]. Mater Lett, 2018, 227:
261-263.

(18] RERKE, Bk, XU, LEBAREE EAMIREACRI f] % 7V
A5 RASMT, 2007, 36(2): 101-105.

WU Yuehui, LUO Laitao, LIU Wei. Chem Eng Oil Gas, 2007, 36(2):
101-105.

[19] &L Pechini ¥4 % CRB AT &AM LRAE[D]. Kib: th

F K2, 2010.

XU Wenyang. Preparation and characterization of perovskite-like

(16

composite oxides by Pechini method[D]. Changsha: Central South
University, 2010.

TEBIE, (T 22, RN, 7 ] S GURAR R FCRE R (D). B
HlLEE Tk, 2010, 42(11): 1-3.

CHENG Xinfeng, FU Yunzhi, ZHANG Xiaojiao. Inorg Chem Ind,
2010, 42(11): 1-3.

EIE, WIESE, B0 RBUER AP B AT R
T+ 4Rk, 1986, 4(2): 31-33.

WANG Dao, HU Guogiang, LI Wan. J Chin Rare Earth Soc, 1986,

[20

[21



318 CRERR Sh2230)

J Chin Ceram Soc, 2024, 52(1): 305-321

2024 4F

[22]

[23]

[24]

(23]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[33]

[36]

4(2): 31-33.

WANG X, ZHANG Y N, ZHANG C, et al. Artificial
intelligence-aided preparation of perovskite SrFe,Zr; O;_; catalysts for
ozonation degradation of organic pollutant concentrated water after
membrane treatment[J]. Chemosphere, 2023, 318: 137825.

ZHANG X H, ZHOU Y H, XIONG W M, et al. Ex-situ catalytic
microwave pyrolysis of alkali lignin facilitates the production of
monophenols and monoaromatics under the
LaFe; «CuxOs perovskites[J]. Fuel, 2023, 335: 126987.

LI S F, ZHENG J E, HU L A, et al. Sr-doped double perovskite

application of

La,CoMnOs to promote the oxygen evolution reaction activity[J].
ChemElectroChem, 2022, 9(15): €202200475.

BIBI I, MAQBOOL H, IQBAL S, et al. La;_yGdxCr;_yNi,O3 perovskite
nanoparticles synthesis by micro-emulsion route: Dielectric, magnetic
and photocatalytic properties evaluation[J]. Ceram Int, 2021, 47(4):
5822-5831.

AAMIR M, BIBI I, ATA S, et al. Ferroelectric, dielectric, magnetic,
structural and photocatalytic properties of Co and Fe doped LaCrO;
perovskite synthesized via micro-emulsion route[J]. Ceram Int, 2021,
47(12): 16696-16707.

LIU X, WANG Y Q, ZANG M, et al. Effect of A-site element on the
performance  of  three-dimensionally  ordered  macroporous
manganese-based perovskite catalyst[J]. J Saudi Chem Soc, 2020,
24(5): 417-424.

ZHAO M J, LIU J X, LIU J, et al. Fabrication of La,_yCayFeO;
perovskite-type oxides with macro-mesoporous structure via a
dual-template method for highly efficient soot combustion[J]. J Rare
Earths, 2020, 38(4): 369-375.

FRESNO F, GALDON S, BARAWI M, et al. Selectivity in UV
photocatalytic CO,
niobium-tantalum perovskites[J]. Catal Today, 2021, 361: 85-93.

OH J H, KWON B W, CHO J, et al. Importance of exsolution in

transition-metal (Co, Rh, and Ir)-doped LaCrO; perovskite catalysts for

conversion over bare and silver-decorated

boosting dry reforming of CHy4 using CO, for hydrogen production[J].
Ind Eng Chem Res, 2019, 58(16): 6385-6393.

HUANG C W, CHEN R A, CHEN W Y, et al. Manipulating and
revealing the roles of La and Zr dopants into ZnTiOj; perovskite toward
heterogeneous photocatalytic degradation of tetracycline under visible
light irradiation[J]. Top Catal, 2023, 66(1-4): 34-40.

RANJEKAR A M, YADAV G D. Hydrogen production by steam
reforming of methanol by Cu—Zn/CeAlO; perovskite[J]. New J Chem,
2023, 47(10): 4860—4870.

ZHU Z Z, GUO W Y, ZHANG Y, et al. Research progress on methane
conversion coupling photocatalysis and thermocatalysis[J]. Carbon
Energy, 2021, 3(4): 519-540.

WUP,JINXJ, QIU Y C, et al. Recent progress of thermocatalytic and
photo/thermocatalytic ~ oxidation for VOCs purification over
manganese-based oxide catalysts[J]. Environ Sci Technol, 2021, 55(8):
4268-4286.

DO J Y, PARK N K, SEO M W, et al. Effective thermocatalytic
carbon dioxide methanation on Ca-inserted NiTiO; perovskite[J]. Fuel,
2020,271: 117624.

TAKALKAR G, BHOSALE R R, ALMOMANI

splitting of CO;

F, et al
solution combustion
Fuel,

Thermochemical using

synthesized lanthanum-strontium-manganese perovskites[J].

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[43]

[46]

[47]

(48]

[49]

[50]

(511

[52]

2021, 285: 119154.

ZHANG J P, WANG Y N, TIAN J M, et al. Cu/LaFeOs as an efficient
and stable catalyst for CO, reduction: Exploring synergistic effect
between Cu and LaFeO;[J]. AIChE J, 2022, 68(6): ¢17640.

YANG J, GUO Y B. Nanostructured perovskite oxides as promising
substitutes of noble metals catalysts for catalytic combustion of
methane[J]. Chin Chem Lett, 2018, 29(2): 252-260.

BIAN Z F, WANG Z G, JIANG B, et al. A review on perovskite
catalysts for reforming of methane to hydrogen production[J]. Renew
Sustain Energy Rev, 2020, 134: 110291.

SIM Y, KWON D, AN S N, et al. Catalytic behavior of ABO;
perovskites in the oxidative coupling of methane[J]. Mol Catal, 2020,
489: 110925.

Y%, Xi%5E, 2508, %5 LaMn, NiOs S5 ERH" 114 K ALk ke
FEPERE[]. (L TIRR, 2022, 42(3): 318-324.

JIANG Jianjun, LIU Yihao, LI Qiang, et al. Environ Prot Chem Ind,
2022, 42(3): 318-324.

ZHAO K, ZHANG R J, GAO Y F, et al. High syngas selectivity and
near pure hydrogen production in perovskite oxygen carriers for
chemical looping steam methane reforming[J]. Fuel Process Technol,
2022, 236: 107398.

YIN X L, SHEN L H, WANG S, et al. Double adjustment of Co and Sr
in LaMnOs,s perovskite oxygen carriers for chemical looping steam
methane reforming[J]. Appl Catal B Environ, 2022, 301: 120816.
WANG S F, LIU J, ZHANG Y Y, et al. Pseudo core-shell
LaCoO3;@MgO perovskite oxides for high performance methane
catalytic oxidation[J]. J Rare Earths, 2021, 39(1): 51-57.

OZBAY N, YARBAY SAHIN R Z. Effect of preparation method and
B-side metal type on the physicochemical properties of LaBOs
perovskite catalyst and its catalytic behaviour in the biomass
pyrolysis[J]. Biomass Convers Biorefin, 2022, 12(10): 4759-4772.
QIN J N, LIN L H, WANG X C. A perovskite oxide LaCoO;
cocatalyst for efficient photocatalytic reduction of CO, with visible
light[J]. Chem Commun, 2018, 54(18): 2272-2275.

MADI M, TAHIR M. Highly stable LaCoOs perovskite supported
g-C3Ny nanotextures with proficient charges migration for visible light
CO; photoreduction to CO and CHy[J]. Mater Sci Semicond Process,
2022, 142: 106517.

TRARE, BIRRSE, TR, & XUESERT G HE LRI RHIT ST SR ).
HEEREE S TR, 2020, 11(4): 14-22.

ZHANG Zhenmin, JIA Jingwen, ZHANG Mengfan, et al. Nonferrous
Met Sci Eng, 2020, 11(4): 14-22.

ZHOU H, KOUHNAVARD M, JUNG S, et al. One-step aerosol
synthesis of a double perovskite oxide (KBaTeBiOg) as a potential
catalyst for CO, 2021, 13(27):
11963-11975.

JIANG Y H, FAN Y Y, LI S Y, et al. Photocatalytic methane

photoreduction[J]. Nanoscale,

conversion: insight into the mechanism of C(sp3)7H bond activation[J].
CCS Chem, 2023, 5(1): 30-54.

YANG J, XIAO W, CHI X, et al. Solar-driven efficient methane
catalytic Zn0O/Laj gSry,Co05
heterojunctions[J]. Appl Catal B Environ, 2020, 265: 118469.

TAN B Q, YE Y H, HUANG Z A, et al. Promotion of photocatalytic
steam reforming of methane over Ag”/Ag’~SrTiOs[J]. Chin Chem Lett,
2020, 31(6): 1530-1534.

oxidation over epitaxial



5552 &5 1 FIRF S B E A BB ST R « 319 -
[53] CHEN W, HU Y, BA M W. Surface interaction between cubic phase doped Barium niobate based electrocatalysts for effective

NaNbOj; nanoflowers and Ru nanoparticles for enhancing visible-light
driven photosensitized photocatalysis[J]. Appl Surf Sci, 2018, 435:
483-493.

HU Y, CHEN W, WANG S Q, et al. Facile synthesis of NaNbyTa;.xO3
with abundant oxygen vacancies for photocatalytic hydrogen evolution
without co-catalyst[J]. Int J Hydrog Energy, 2021, 46(58): 29994-30004.
YANG Y Y, XIONG J H, SONG Y J, et al. Preparation of monolayer
HSrNb;Oj9 nanosheets for photocatalytic hydrogen evolution[J].
Dalton Trans, 2019, 48(29): 11136-11141.

XIONG J H, JING K Q, ZOU J H, et al. A hybrid of CdS/HCa,Nb30,¢
ultrathin  nanosheets for promoting photocatalytic
evolution[J]. Dalton Trans, 2017, 46(40): 13935-13942.
WU H, HUANG Q X, SHI'Y Y, et al. Electrocatalytic water splitting:
Mechanism and electrocatalyst design[J]. Nano Res, 2023, 16(7):
9142-9157.

LV L, LU R H, ZHU J X, et al. Coordinating the edge defects of

hydrogen

bismuth with sulfur for enhanced CO, electroreduction to formate[J].
Angew Chem Int Ed Engl, 2023, 62(25): €202303117.

OCHEDI F O, LIU D J, YU J L, et al. Photocatalytic, electrocatalytic
and photoelectrocatalytic conversion of carbon dioxide: A review[J].
Environ Chem Lett, 2021, 19(2): 941-967.

CHANG B, MIN Z J, LIU N, et al. Electrocatalytic CO, reduction to
syngas|[J]. Green Energy Environ, 2023: DOI:
10.1016/j.gee.2023.05.005.

NITOPI S, BERTHEUSSEN E, SCOTT S B, et al. Progress and
perspectives of electrochemical CO, reduction on copper in aqueous
electrolyte[J]. Chem Rev, 2019, 119(12): 7610-7672.

WANG Y Y, WANG Z L, WANG D, et al. Revealing the doping
effect of Cu®* on SrSnO; perovskite oxides for CO; electroreduction[J].
ChemElectroChem, 2022, 9(17): €202200635.

CHEN S H, SUY Q, DENG P L, et al. Highly selective carbon dioxide
electroreduction on structure-evolved copper perovskite oxide toward
methane production[J]. ACS Catal, 2020, 10(8): 4640-4646.

@k, BRI, KR, & AT AR S R AR
AN R-ES R A AT RIT]. RERR R 24, 2023, 51(4):
1015-1024.

PENG Meilan, LI Zhishan, ZHANG Xiaoxin, et al. J] Chin Ceram Soc,
2023, 51(4): 1015-1024.

CHOI J, PARK S, HAN H, et al. Highly efficient CO; electrolysis to
CO on Ruddlesden-Popper perovskite oxide with in situ exsolved Fe
nanoparticles[J]. ] Mater Chem A, 2021, 9(13): 8740-8748.

WANG S, QIAN B, WANG Z, et al. High catalytic activity of
Fe-based perovskite fuel electrode for direct CO, electroreduction in
SOECs[J]. J Alloys Compd, 2021, 888: 161573.

ZHANG L, ZHU J W, LI X, et al. Nurturing the marriages of single
atoms with atomic clusters and nanoparticles for better heterogeneous
electrocatalysis[J]. Interdiscip Mater, 2022, 1(1): 51-87.

LEE S, KIM M, LEE K T, et al. CO, electrolysis cells: enhancing
electrochemical CO, reduction using Ce(Mn, Fe)O, with
La(Sr)Cr(Mn)Os cathode for high-temperature solid oxide electrolysis
cells[J]. Adv Energy Mater, 2021, 11(24): 2100339.

[69] DENOYER L H, BENAVIDEZ A, GARZON F H, et al. Highly stable

[70]

[71]

(721

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

(81]

[82]

(83]

[84]

electrochemical coupling of methane to ethylene[J]. Adv Materials
Inter, 2022, 9(27): 2200796.

KIM J, KIM Y J, FERREE M, et al. In-situ exsolution of bimetallic
CoFe nanoparticles on (La, Sr)FeO; perovskite: Its effect on
electrocatalytic oxidative coupling of methane[J]. Appl Catal B
Environ, 2023, 321: 122026.

LIU D, ZHOU P F, BAI H Y, et al. Development of perovskite
oxide-based electrocatalysts for oxygen evolution reaction[J]. Small,
2021, 17(43): €2101605.

DA Y M, ZENG L R, WANG C Y, et al. A simple approach to tailor
OER activity of SryCogsFeo,0s5 perovskite catalysts[J]. Electrochim
Acta, 2019, 300: 85-92.

WU C R, SUN Y, WEN X J, et al. Adjusting oxygen vacancies in
perovskite LaCoO; by electrochemical activation to enhance the
hydrogen evolution reaction activity in alkaline condition[J]. J Energy
Chem, 2023, 76: 226-232.

JID W, LIU C H, YAO Y H, et al. Cerium substitution in LaCoOj3
perovskite oxide as bifunctional electrocatalysts for hydrogen and
oxygen evolution reactions[J]. Nanoscale, 2021, 13(22): 9952-9959.
PHOON B L, LAI C W, PAN G T, et al. One-pot hydrothermal
synthesis of strontium titanate nanoparticles photoelectrode using
electrophoretic deposition for enhancing photoelectrochemical water
splitting[J]. Ceram Int, 2018, 44(8): 9923-9933.

LIU G Y, KARUTURI S K, CHEN H J, et al. Enhancement of the
photoelectrochemical water splitting by perovskite BiFeO; via
interfacial engineering[J]. Sol Energy, 2020, 202: 198-203.

MA R, SUN J, LI D H, et al. Review of synergistic
photo-thermo-catalysis: Mechanisms, materials and applications[J]. Int
J Hydrog Energy, 2020, 45(55): 30288-30324.

ZHAO S H, WANG H B, LI Q, et al. Photothermal catalysis in CO,
reduction reaction: Principles, materials and applications[J]. N Carbon
Mater, 2023, 38(2): 283-300.

SUN M Y, ZHAO B H, CHEN F P, et al. Thermally-assisted
photocatalytic CO, reduction to fuels[J]. Chem Eng J, 2021, 408:
127280.

BIAN H, LI D, WANG S Y, et al. 2D-C;Ny4 encapsulated perovskite
nanocrystals for efficient CO,

reduction[J]. Chem Sci, 2022, 13(5): 1335-1341.
ZHANG M, GAO H, CHEN J, et al. Calcination engineering of

photo-assisted thermocatalytic

urchin-like CoOx-CN catalysts to enhance photothermocatalytic
oxidation of toluene via photo-/ thermo- coupling effect[J]. Appl Catal
B Environ, 2022, 307: 121208.

DU Z C, PETRU C, YANG X K, et al. Development of stable
LayoCe NiO; perovskite catalyst for enhanced photothermochemical
dry reforming of methane[J]. J CO, Util, 2023, 67: 102317.

WEI G H, ZHENG D M, XU L J, et al. Photothermal catalytic activity
and mechanism of LaNiyCo;O; (0<<x<-1) perovskites for CO,
reduction to CHy4 and CH30H with H,O[J]. Mater Res Express, 2019,
6(8): 086221.

ZHANG M M, WANG C H, WANG Y Y, et al. Tunable bismuth
doping/loading NaTaOs highly
photothermal reduction of CO,[J]. Nano Res, 2023, 16(2): 2142-2151.

endows nanosheet selective



+ 320 - CTERR 2R 40D J Chin Ceram Soc, 2024, 52(1): 305-321 2024 4

Research Progress on Perovskite Composite Oxide Catalysts

WANG Lingling', SHAO Wei'*3, HAN Fei?, ZOU Junhua?, CHEN Wei', HU Yin'!, ZHANG Fen', SHI Zisheng'*
(1. Institute of Applied Chemistry, Jiangxi Academy of Sciences, Nanchang 330096, China; 2. Institute of Energy Research, Jiangxi
Academy of Sciences, Nanchang 330096, China; 3. School of Environmental and Chemical Engineering, Nanchang Hangkong
University, Nanchang 330063, China)

Extended Abstract

The catalytic conversion of greenhouse gases, such as carbon dioxide and methane, into high-value-added chemicals/fuels (i.e.,
formic acid, methanol, ethylene, €tc.) is recognized as a cost-effective tactic for achieving the "dual-carbon" purpose. It provides an
alternative to fossil fuels, and also offers novel approaches to environmental dilemmas such as global warming. Catalysts with an
extensive specific surface area and plentiful surface active sites are capable of absorbing and aligning reactant molecules, including
CO, and methane, in an orientated manner. This reduces the energy required to activate the reaction, thereby enhancing the efficiency
and selectivity of CO, reduction and methane activation reactions. Developing novel catalysts with low cost, high catalytic activity,
good long-term stability, and high product selectivity becomes popular to improve the efficiency of energy catalytic conversion.
Perovskite composite oxides are a promising nanomaterial with superior redox performance, high stability, facile structural regulation,
and rich active sites, offering some advantages for developed catalysts. For the advantageous properties of perovskite composite
oxides in catalytic reactions, it is crucial to comprehensively investigate the catalytic mechanism of these oxides in CO, reduction and
methane activation, promote the development of high-performance perovskite composite oxide catalysts, and accelerate global efforts
towards achieving carbon peak and carbon neutrality. Therefore, there is an urgent need to summarize the research progress on
perovskite composite oxides for CO, reduction and methane activation. This review represented the thermocatalytic, photocatalytic,
electrocatalytic, and synergistic catalysis applications of perovskite composite oxides, with summarizing their catalytic performance
in CO, reduction and methane activation.

Perovskite composite oxide catalysts have a potential in facilitating thermally catalyzed CO, reduction and methane activation
reactions. In particular, some rare-earth-based perovskite composite oxide catalysts serve a crucial function in this regard. The
morphology, compositional structure, and surface adsorption properties of perovskite composite oxide catalysts are modulated via
optimizing the preparation method and doping/substitution of metal elements. This leads to an increase in the oxygen vacancies and
active sites of the catalysts, thereby improving their catalytic performance in thermocatalytic reactions. Compared to the
photocatalytic and electrocatalytic materials, thermaocatalytic material yields a faster reaction rate, but the catalyst is susceptible to
coking and carbon deposition at elevated temperatures. In addition, perovskite composite oxide catalysts demonstrate the superior
effectiveness in the processes of photocatalytic reduction of CO, and activation of methane. The energy band structure of the
perovskite composite oxide photocatalyst are adjusted via doping with transition and rare-earth metals, optimizing morphology,
regulating oxygen vacancy, loading cocatalysts, and constructing heterogeneous structures, €tc.. This can broaden the light absorption
range, reduce the reaction activation energy, promote the photogenerated carrier separation, inhibite the electron—hole pair
recombination, and improve the reactant adsorption on the photocatalyst surface. This leads to the improved production rate, yield,
and selectivity of the product. Photocatalysis offers environmentally friendly and controllable processes, yet it is limited due to its low
reaction rate and selectivity for product formation. Also, perovskite composite oxide catalysts demonstrate a significant potential for
electrocatalytic CO, reduction and methane activation reactions. Perovskite composite oxides constitute a commendable class of
electrocatalytic cathode materials showcasing exceptional ionic conductivity and redox properties. Scientists further enhance the
conductivity of the materials by elemental doping at A/B sites and constructing oxygen vacancy to facilitate electron transfer, thereby
improving the electrocatalytic performance of perovskite composite oxides. The electrocatalytic reaction offers some advantages like
efficiency, cleanliness, and high product selectivity. Nonetheless, the reaction performance is extensively impacted underits reaction
conditions (i.e., electrodes, electrolyte solution, etc.). In recent years, the combination of two or more catalytic technologies through
synergistic catalysis has attracted much attention alongside the progress of catalytic research. Synergistic catalysis incorporates the
benefits of individual catalytic technologies, while overcoming their inherent drawbacks, leading to the more effective and stable
catalytic reactions. Synergistic catalytic techniques also allow catalysts that are not suitable for an individual catalytic reaction to be
applied to a synergistic catalytic reaction under appropriate imposed conditions. Currently, perovskite composite oxide catalysts are
still in their infancy for synergistic catalysis reactions, and researchers have not thoroughly examined the reaction conditions, basic
principles, and interactions of various catalytic methods involved in synergistic catalysis reactions yet. The further exploration is
required to generate more stable and efficient catalysts for synergistic catalysis reactions.

Summary and prospects Perovskite composite oxides have some advantages of adjustable structure, excellent stability, and high
catalytic activity, which make them a promising catalyst. They have undergone a significant growth since the initial simple CaTiO;,
with dozens of varieties now available and in widespread use in energy conversion, chemical production, and environmental
protection. This review represented recent research progress on catalytic CO, reduction and methane activation by perovskite
composite oxide catalysts. The objective was to offer a reference for research on perovskite composite oxide catalysts for catalytic
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energy conversion and related fields. In future research, we proposed the following perspectives: 1) new methods (e.g., high-pressure,
high-temperature synthesis techniques and in-situ dipole source electrostatic field modulation strategies, €tc.) and novelprocesses (e.9.,
supercritical fluid deposition and atomic layer deposition, €tC.) are necessary to produce perovskite composite oxide catalysts with
improved structural stability and diversity to enhance their performance; 2) The catalytic principles and reaction pathways of
perovskite composite oxide catalysts are further investigated via theoretical calculations (e.g. first-principles calculations, molecular
thermodynamics, and kinetic simulations, €tc.) as well as characterization techniques (e.g. In-situ Fourier IR spectroscopy and in-situ
electron paramagnetic/spin resonance, €tC.) to provide a theoretical guidance for the design of perovskite composite oxide catalysts for
a novel system; 3) The benefits of perovskite composite oxides should be maximized to extend their application in
photothermocatalytic, photoelectrocatalytic, thermoelectrocatalytic, and photoelectrothermal synergistic catalytic as well.

Keywords perovskite composite oxide;catalyst; carbondioxide reduction; methane activation



