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Natural gas is recognized as one of the fossil energy sources with several advantages over coal and oil, including higher
energy content and lower carbon dioxide emissions. These characteristics have made natural gas a crucial energy
source. However, the release of unburned methane into the environment has become a significant environmental
challenge, as its greenhouse effect is 25 times greater than that of carbon dioxide. Catalytic combustion is considered
an effective approach for converting methane into carbon dioxide at low temperatures and reducing environmental
pollution. Therefore, this process is regarded as a rational and clean option for utilizing fossil energy. Research on low-
temperature catalysts for methane combustion has primarily focused on noble metals, perovskites, hexaaluminates, and
other transition metal oxides. Among these, noble metal-based catalysts exhibit the best catalytic performance and have
been extensively studied. These catalysts not only offer higher catalytic activity but also greater resistance to poisoning
compared to other catalysts, making them more promising for commercial applications. This article reviews the
fundamental principles of catalysts, their different types and in particular, heterogeneous catalysts, while also providing
an analysis of the industrial applications of catalytic methane combustion.
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Table 2 Global Greenhouse Gas Emissions (CO2 Equivalent) [6].
CO; Emissions Equivalent (Million Tons) Growth Rate(%)

2022 2023 2024 2022-23 2023-24
Natural Gas 7438 7502 7684 0.9 2.4
0il 11250 11334 11377 0.8 0.3
Coal 15192 15489 15623 2.0 0.9
Bioenergy 240 241 250 0.7 35
Industrial Processes 2700 2694 2632 -0.2 =23
Total 36819 37270 37566 1.2 0.8
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Table 1 Global Energy Consumption [6].

Global Energy Consumption (Exajoules) Growth Rate (%)

2022 2023 2024 2022-23 2023-24
Renewable Energy 89 92 97 3.1 58
Nuclear 29 30 31 22 3.7
Natural Gas 144 145 149 0.7 2.7
Oil 188 192 193 1.9 0.8
Coal 172 175 177 2.0 1.2
Total 622 634 648 1.8 22
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Table 3 Key Factors in the Design of a Catalytic Combustion Device [12].

Row Description

The fuel/air mixture must be flammable at low temperatures.

Pressure drop across the catalyst must be minimized as much as possible.

The catalyst should not be sensitive to thermal shock.

The specific surface area of the catalyst must be maintained at high temperatures.

(7 T T S

Activity must be maintained even after operation at high temperatures.
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Fig. 1 Energy pathways of catalyzed and uncatalyzed reactions, showing
the lower energy barrier (activation energy) in the catalytic process [11].
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Fig. 2 Schematic representation of catalyzed and non-catalyzed reactions

[11].
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Active phase : PdO
Supports : Al10}, ZrQz, Sn0:, CeOz, Coa0q

Pd-based

Additives:
- Rare earth metals (La, Ce, Nd, Sm, Tb)

- Transition metals (Cr, Fe, Co, Ni, Cu, Zr)
- Noble metals (Pt, Rh, Au, Ag)

Noble metal Pt-based

Active Phase: Pt (Pt°-Pt")
Suppnrts: ALO;, Si()l, CeOs, Cr20:
Residual Chlorine: Reaction combustion inhibitor

—

Common Metals: Pd, Pt, Rh, Au, Ag
Support: Metal Oxides

“—» Multimetal-based

Advantages:

- Improved stability

Catalyst for

- Increased resistance to water and sulfur
- Cost reduction

Types: C0304, Mnz0s, Cr20;, Cu0, NiOQ
Element Doping : Co, Mn, Cr, Fe, N1, Ce
Morphology: Different nanocrystals and its planes

—

M-Site (Ba, La, Sr):

- Alkali Metal/Ba (Magnetolumbite)

- Alkali earth metals / Rare earth metals except Ba
A-Site: Transition Metals (Fe, Cu, Ni, Co, Mn)
Element Doping : Noble Metals (Pd,Pt, Rh)

A-Site A: Rare Earth / Alkaline-Earth Metals (La,

CMC
—»  Metal oxides
Non-noble | | Hexaaluminate
metal (MAAL, Oy )
Perovskite
—
(ABO3)

Pr, Sr)
B-Site : Transition Metals (Fe, Ni, Co, Mn)

Fig.4 Classification of catalysts for lean methane combustion [16].
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Fig. 5 Performance comparison of different catalysts for catalytic methane
combustion [16].
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Table 4 Performance Specifications of Samples Investigated in the Gue
Study [33].

Palladium Content Thermal Flux Combustion Efficiency
(WT%) (W/IM?) (%)
1 2036 88
2 2039 89
4 2049 90
6 2046 88
10 2035 86
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Table 5 Review of Recent Research on Palladium Catalists

Effect of lanthanum (La) addition to Pd/zeolite 1 he Pd/NaLa-ZSM-5 catalyst exhibited the best performance, lowering the complete methane conversion
temperature to 320 °C—60 °C lower than that of Pd/Na-ZSM-5. This enhancement was attributed to[34]
improved Pd dispersion and chemical states influenced by La presence.

Xie 2019

catalysts on methane combustion performance.

Zhao 2020caltalyst with resistance to steam poisoning.

Development  of ~ Pd-MgO-ALOs/Al-fiberThe catalyst demonstrated a high turnover frequency (135 h™ at 290 °C) and low activation energy (57 kJ.
mol™"), maintaining stable performance under 15% steam for 50 hours.

[36]

Effect of cobalt addition to low-loading Pd/BEA
catalysts for enhanced methane oxidation.

Chen 2021

Investigation of Pd catalysts supported on,
7 Li  2023mesoporous MgAl:Os and Al:Os for methane
combustion.

The Pd/ALOs catalyst achieved 90% methane conversion at 456 °C, 28 °C higher than its MgALQOu-
supported counterpart.

Reversible structural transformation of sub-Atlow temperatures, Pd: atoms were activated by CO (even at room temperature in the presence of Oz) into

Cobalt addition promoted the formation of more active PdO species compared to ionic Pd, significantly
enhancing methane oxidation. The Ts%
Pd(0.5)Co(1.0)/BEA exhibited a 77% higher reaction rate than Pd(1.0)/BEA.

decreased from over 500°C to 352°C. At 250°C,[38]

[31]

9 Jiang 2023nanometer Pd species on ceria for improvedPdOx clusters, enhancing methane oxidation. At high temperatures, PdOx re-dispersed into Pdi, ensuring[26]

methane removal.

Effect of Mg addition on activity and stability of
Pd-based catalysts in lean methane oxidation.

11 Majumdar2024

hydrothermal stabili

Mg addition improved the hydrothermal stability and catalytic activity of Pd/SSZ-13 and Pd/ALOs,
especially after severe aging, by forming reducible Pd/PdOx active sites and preventing sintering. The[41]
optimal effect occurred at a 1:1 Mg:Pd molar ratio.

and preventing agglomeration.

Phase structure and surface property optimizationSilicon addition enhanced the tetragonal ZrO: phase, oxygen vacancies, and active Pd** and oxygen species,
13 Li  2024of Pd/ZrO: catalysts via silicon addition forimproving catalytic activity, thermal stability, and water resistance. However, excessive silicon led to[43]

methane combustion.

monoclinic phase formation and oxygen defect blockage.

Influence of metal oxide phases (SnO2, ZrO:, Sn-Solid solutions of Sn.ZriO- exhibited superior activity due to enhanced oxygen vacancies and active Pd
15 Lin  2024Zr) on Pd catalyst performance in methanespecies compared to Pd/ZrO. and Pd/SnO.. However, sulfur deactivated Zr-containing catalysts, while[45]

combustion.

Pd/Sn0O: showed better sulfur resistance.
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Table 6 Review of Recent Research on Platinum Catalysts.
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No. Author Year Topic

Key Findings Ref.

In_vestigation of Pt/y-AL:Os coating prepz}ration inQOptimal adhesion was achieved using polyvinyl alcohol (PVA) as a binder, 20 wt% y-ALOs with ~3 um
1 He 2020microreactors for methane combustion andparticle size at pH = 3.5. Pt/y-ALOs catalyst on FeCrAlloy substrates performed excellently. Methane[51]

adhesion-related factors.

conversion was more affected by reaction temperature than by flow rate.

Study of sulfur-resistant Pt/ZrOs catalyst and the The presence of Pt**—Pt*" and P*~Zr* dipoles facilitated methane polarization and C-H bond activation.

2 Torralba2021 role of Pt**~Pt* and Pt**~Zr** dipoles.

Sulfur poisoning occurred on Pt**~Zr* sites due to higher dipole potential, while Pt>*~Pt* sites remained[52]
active for methane oxidation.

Performance of Pt/Cr:0s, PtZ1O:, and Pt/y-AL:OsPt/Cr,0s and Pt/ZrO: exhibited superior activity due to Pt-Pt” dipole sites that polarized methane molecules,
3 Corro 2021in methane combustion; metal-support interactionweakening C-H bonds. Selecting appropriate semiconducting supports enabled control over dipole[53]
effects. concentrations and catalytic activity.

Role of sulfate groups on Pt/AL:Os in methane vs.

& Cam 2Ozzpmpane combustion.

Partial oxidation of methane over lanthanide-

Sulfate (SO+*") groups increased surface acidity but reduced surface-exposed Pt due to strong coordination.

ile propane combustion improved via C—C bond activation, methane combustion was inhibited due to the[54]
higher energy barrier of C—H bond cleavage.
Pt/CeLa showed the best performance due to low-valence Pt, high oxygen mobility, and superior oxygen

5 Ma 2023d0pcd Pt/Ce0: and structure-activity correlation. storage caPacit;/. La** d(?pling enhanced the redox ability of CeO, facilitating methane conversion (Ts% =[55]
510 °C) with high selectivity.

Effect of sulfate species on PY/ZrOSOs catalystPt/Z,r(,)SO‘ exhjbited the l?est peljformance with dual §ulfate species (SQ: ~ and adsorbed SQ;). 'SOA_

6 Shao zozsperfonnance stabilized reactive Pt species, while Pt—(SOs).d interactions formed quasi-stable Pt’, both contributing to[56]

' enhanced methane oxidation turnover frequency (TOF).

7 Park 202 4Eff60t of nitric acid treatment (NA) on Pt/TiO:Controlled NA treatment (Pt:NA = 1:0.1-1:1) improved Pt dispersion, surface acidity, and catalytic activity.[57]
performance in methane oxidation. Excessive NA (>1:5) reduced performance due to aggregation.

S  Hu 202 4Inﬂuence of PtOx nanocrystal phase on activityPt/r-TiO. showed superior performance due to stable PtOx nanoparticles, high Pt** content, and minimal SOz[ 48]

and sulfur resistance over Pt/r-TiO: vs. Pt/a-TiO:. adsorption energy. Maintained >93% methane conversion over 55 hours and >92% even with 200 ppm SO-.

Role of CeO: interaction in PY3DOM LaFeOsPt/Ce0./3DOM LaFeOs exhibited excellent thermal stability and activity due to Ce~O-Pt bonding. Higher
9  Xu 2024catalysts for thermal stability and methanecalcination temperature enhanced Pt-CeO: interaction, oxygen storage/mobility, and catalytic performance[47]
combustion. (T10% = 362°C, Tso% = 433°C, Too% = 502°C).
PY/Z10: catalyst with low P&* loading for methaneStable Pt**/Pt** ratio maintained under harsh conditions enabled high activity and gas tolerance. Proposed
oxidation and SO, NO, HO resistance. mechanism involved synergistic roles of Pt** in methane activation and Pt** in oxygen activation, minimizing[58]
competitive adsorption and enhancing oxidation rate.

10 Rosales 2025
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Table 7 Review of Pd-Pt Bimetallic Catalists.

0-2.5 450 553 625
| papt OS2I Cycle 1 [T529.3 7806 1869
1-1.5 Total noble 1Dy 600 703 739.4 250°Cat 250 °Cto 1050 °C The addition of small amounts of platinum (Pt mass
R 5 R metal content | 6898 7844 8278 ALO; flame spray pyrolysis  10°C/min in N>  rate of +20 °C/min fraction < 10%) enhanced the resistance of metal [70]
0-2.5 2.5% 460 630 900< for 30 min in air particles against sintering at high temperatures
s ] L4985 900
z Pd-Pt 115 583.3 855 900
0-1.0 318.8 390.9 499.5
©007:093 212 [3I18 3868 4995
3 Pd-Pt 0.35-0.65 d 315.8 410.8 499.5 ALO;
0.94-0.06 . 418.3 515.3 600<
o012 | 4253 5372 600< - overnight inair calcined in airat A positive effect of platinum on palladium properties
0-1.0 . 420.2 481.8 551.4 [mprepuation at 120 °C 500 °C for 4 h was observed at Pt/Pd molar ratios less than 0.5 (71]
©007:093 212 [3983 446 5514
0.35-0.65 d wet feed 396.4 477.8 551.4
! PP S0 IS om0 [SSSIIIsE G0 AN
0.96-0.04 g 469.9 590 600<
L0 12 | 4639 e00< -
0-1 . 580 906 910<
12 900 910< L Considering both stability and activity in the presence
5 Pap R AT26 PSSO ALO,  SPIONUNENES giacpgh 1000°Cforth  of water, PdoPls and PPt were reported as the  [72]

= impregnation .optimal samples

640.8
0.07-0.93 5 311.8 386.8 499.5

0.45-0.55 339.7 458.5 548.2

%

1.92-0 425.3 537.2 600<

—_
o

1.0-10 0.56-2.50

4.36-1.95

—_
'
—_

ES
T
—_

0-1 350 368 =
1-2.41 303 322 = mesoporous °C/min The Pdz.4iPt le showed the best perfc fi
S T OSSO gle Iweeesion 0Cowmig SRl T e combion 7]
(KIT-6)
1-0.43 328 348 -
Pd in its oxidized state exhibits high reactivity, while
10 Pd-Pt 1-1 42 403.6 444.6 498.9 La-modified incipient wetness 120 °C for 10 h 650 °C for 10 h in metallic Pt facilitates methane oxidation by lowering 771

ALO; impregnation air the activation barrier of Pd. The addition of small
amounts of Pt is optimal, as oxygen transfer from Pd

Modares Mechanical Engineering Volume 25, Issue 06, June 2025
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to Pt promotes the reduction of PdO to metallic Pd.
Excessive Pt, however, decreases catalytic
performance

0-1 1 556.6 650< = Impregnation
Platinum, through its interaction with the ceria
12 Pd-Pt CeO» 120 °C for 12h 500 °C for 4 h in air of 4-10 vol% steam, the 1Pd/2Pt@CeO: catalyst [79]
1-1 2-1 Pd + 2Pt 3744 4259 600 Co impregnation showed superior performance compared to other

270 303.3 313 Platinum and bimetallic Pd—Pt catalysts exhibited

_ in'cipient We.tness i) sal;lple in 450 og in an air higher sintering resistance compared to monometallic
10 3-0 320 358.5 379.6 impreghation atmosphere ow Pd catalysts

280 315.1 356.8

385.4 4333 484.4

420.3 471.4

1-0 5-0
1-9 0.18-0.90
1-1 0.96-0.5

9-1 1.62-0.1

0-1 0-1

1-3 0.46-0.75

3-1 1.35-0.25

1-0 1.84-0

1-9 0.18-0.90

Wet feed
(CHa rich)
0,/CHs=1

YFoF 313)3 ooF oylash YO 0593

. ; 500<
385 4281
4817 4887
4837 497

302.6 349.1 457.7

3%
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456.3 500<
0-1 0-1

1-3 0.46-0.75
Wet feed

3 1.35-0.25 (Stochiometric) 500<

-1
1-0 1.84-0

1-9 0.18-0.90 345
1-1 0.96-0.5 335.7 388.7 459
9-1 1.62-0.1 500<

424.2 487.4

0-1 0-1

1-3 0.46-0.75
Wet feed
(CHy4 lean)
0,/CHs=20
3

-1 1.35-0.25
1-0 1.84-0

Modares Mechanical Engineering Volume 25, Issue 06, June 2025



9 e SIS (gl o sl saimasliyl ylgicds el (Mg)
1102.95] 339 o o3lial 5SS sl sl sl (M) 550
whwly @l S lcwadbls ;3 GuwadUlS 3Slas 3940
slemille 5 Jlod glacale glalidl jI sy S)s sl
23 ol 55 Y5 4 g990 ol el sl lasiye (ST
[88] ! 35 sy (5395 dlyo

slcols glgil Joli daswsT 395 Vb (g lisle Sz ()
b 55k g gl

&l glsisay Jo¥se iS5 Sl GhuaST g sy (¥
0SS

Lol - 5B Syido Juad 53 T Job glanylis, (¥

oo i Calize glaaigS (F

ealSug g -P-Y-¥

& cal CaTiO; oSy b e ol S walSugyy dudgl digad
(Gustav Rose) 35 gliwgS (oo Jawgd VAWe ans 45 5Lyl
098 @snSI o) S g (b IS sl ) o 45 A Cipogl
S )|3f‘aL‘s lSug 53 (Count Lev Aleksevich von Perovski) (;Suwg
oad Slgidn vealSwgy (sly ilize jlislo iz 431 53
S Mt izl (g JTos] el s ST Sy s
[103] sl ABO; £33 1

Cobalt
(Co)
applications.

- Excellent low- temperature
activity [89,90].
Widely wused in industrial

ohlSen g gilisLey, WA

dhwlg eljls -\-Y-¥

380 g e (JS LS ol dlez 5l dhuly @il slosgs]
Ailosd sl gl @his! 55 digy iUl culles Jsa
s34 1y GBS 38l wilgie (5318 sloanusT ool Sigso
GBS 1 (53950 (A) Jsaz 5> [86,16] sdd (2ol
ol 03 plosil dlawslg wl3l8

8 @ o5 ka3 s s Cro0s wiile dhawly @llé xS 51 5y
Ehim! 55 ates 3555 i 5 Gl caglio ghls B3 (gl
e g pito cadyb Vb (5510l Jbs 4 Cos0s plie GBS
sl 03,5 iz 395 ) oudiizne 1 ()b 4295 (e GBS
Gilizo cwadBls colles ¢ Kon g (Ordofiez) 593y [88]
OB 325 iy @ plie @l )3 1y (slosgd dhauly @l s
L1017 w3als

C0304 > Mn,O; > Cr,0; > CuO > NiO

sleddles MnO; Fe,05 «Co30s diile laawly wlils s

2 s @l Gle Glacuwa U lawglio i iUl

3Slee (Jopalls wlosls glis plie wdBlS @l
il g5 silwoslel g, ilices ez g3 il sobas bacaun Bl
35550 508 (3555 9 2l yli 3929 aiile) lesT baulyd 9 Sigs
ol dhauly @ljls suunST Sigs sl oslitwl 350 Slge [94]
ke 9 (Ca) puudS wiilo (s polie iud (531858 5 (5318 yolis

Ay lils lacanBIS 51 (55950 A Joiz

Table 8 Overview of Transition Metal Catalists.

- Positive catalytic effects confirmed by Rattan and
Kumar through review of 51 Co-based catalyst synthesis
methods [87].

- Co304 shows high performance due to weak Co- 0
bonding, oxygen vacancies, and unfilled 3D orbitals [88].

- Poor resistance to water and

sulfur poisoning [88].
Chemical  sensors, magnetic
Complex oxide structures with~
materials, lithium-ion batteries, and
diverse surface acid-base sites . .11 [88].

[88].

- Methane oxidation

- Ce addition to Pt, Pd, or Rh enhances thermal stability
and reduces CO emissions [91].
- Improves noble metal catalyst performance.

Cerium
(Ce)

- a-Fe,03 (hematite) shows excellent stability below 500
Iron °C [94].

e
(Fe) - Iron oxides are abundant, low-cost, and non-toxic [88]
“applications.

- MnO, nanocubes exhibit excellent methane conversion
and thermal stability [98].

Manganese- Manganese increases activation energy, enhancing- High-temperature activity [99].
- Sulfur resistance [100].

(Mn)  activity at high temperatures [99].
- Acts as a sacrificial component, improving sulfur
resistance [100].

- Improves redox behavior and
oxygen mobility [91].

High thermal stability.
- Good low-temperature act1v1ty
Widely used in industrial

- Limited standalone -catalytic- Additive to enhance noble metal
- Increases catalyst lifetime andactivity. catalysts.
thermal resistance [91].

- Methane oxidation
Limited effectiveness for
- Industrial processes like Fischer—
complete methane oxidation,
Tropsch and water-gas shift
[88]. )
reactions [88].

-High activation energy limits
performance at low- Methane oxidation

temperatures.
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Table 9 Greenhouse Gas Emissions Related to TWC [133].

ohlSean g g55lis Lsy,  ¥YE

L133] TWC @ bgsye (sl il sl 8 Ll 4 Jgas

A a . Avg. Speed co HC CH,4 Nox
Vehicle Type Engine Type Standard Test Condition
» she e (km/h) (g/km) (g/km) (g/km) (g/km)
Taxi s bR cngi Euro 2 Urban roads and highway 40.7 1.0+ 1.1 1.37+0.53 2.13+£0.77
Euro 3 - 39.5 0.63+0.5 0.61 +0.39 - 1.19+1.27
Otto 7790 cc CNG engine = A Closed track 8.16 15.8 2.19 - 438
Truck Stoichiometric natural gas 7.53+0.72 0.032 + 0.026 0.579 £ 0.077
3 = Urban roads ; ; - ;
engine (g/mi) (g/mi) (g/mi)
- L 4T TS A @ Euro 6 urban route Cold-start 18.3 0.149 0.193 0.035 0.048
SR EgEILATL BT IENE Euro 6 urban route Warm-start 234 0.108 0.165 0.045 0.063
/ Van (gasoline system) -
Euro 6 Mixed route 58.2 0.112 0.149 0.018 0.186
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Table 10 Emission Standards for Diesel and Gas Englnes of Heavy-Duty Vehicles (g/kWh) and Gasoline and Gas Engines of Light-Duty Vehicles (g/km)

[133].
Vehicle Type Weight (kg) Standard Year Test Cycle Co CH4 Nox

>3500 (kg) Japan 2009 2009 WHTC 2.22 (g/kWh) = 0.40 (g/kWh)

Heavy-Duty Vehicles >2610 (kg) El.lro 6 2013 WHTC 4.0 (g/kWh) = 0.46 (g/kWh)
> 3500 (kg) China VI 2020 WHTC 4.0 (g/kWh) 0.50 (g/kWh) 0.46 (g/kWh)
> 8500 (Ibs) EPA 2007 2007 FTP = 0.50 (g/kWh) 0.20 (g/bhp-hr)
<3500 (kg) Japan 2009 2009 WLTp 1.92 (g/km) - 0.08 (g/km)

. . <2610 (kg) Euro 6 2014 NEDC 1.0 (g/km) = 0.06 (g/km)

Light-Duty Vehicles .
<2500 (kg) China VI 2020 WLTP 0.7 (g/km) = 0.06 (g/km)
<8500 (Ibs) Tier 3 2017 FTP 0 - 4.20 (g/mi) = =
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Fig. 13 Gas Turbine a) with Conventional Combustion System and b) with
Catalytic Combustion System [145].
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Table 11 Leadmi Comiames in the Production of Catalﬁlc Heaters Globalli

1 Catco (Catalytlc Heater Company) Terrell, Texas, USA Industrial catalytic heaters for the oil and gas industry [154]
Thermon (Cata-Dyne) Austin, Texas, USA Industrial catalytlc heaters [156]

_
Scott Can Industries Ltd Edmonton, Alberta, Canada Industrial gas and oil catalytic heaters, infrared heaters [158]

—
7 Casso-Solar Technologies Pomona, NY, USA Industrial gas catalytic infrared heaters [160]

8 Catalytic Industrial Systems (CIS) ~~ USA Industril gas catalyticheaters  [161]
9 Enerco (Mr Heater) Cleveland, Ohio, USA Consumer and industrial heaters, including catalytic models [162]
Camco Manuga:;:;‘l:mg (Clymoian Greensboro, NC, USA Camping accessories, including catalytic heaters [164]
Coleman Wichita, Kansas, USA Consumer camping equipment, including catalytic heaters [166]

SOFC (slapiscn 3Jg3 dine) 53 9 pduy sloSyd W Jgao

Table 12 Leadini Comianies in the Production of SOFC Sistems

Bloom Energy San Jose, California, USA Production of high-efficiency SOFC systems for distributed power [169]
—
Ceres Power Horsham, West Sussex, UK Development of SOFC technology, including SteelCell [171]
—
Kyocera Kyoto, Japan power generation for commercial and industrial use [173]
—
7 Sl Techécexrllc:eg;es WResarmeld East Hartford, Connecticut, USA Research and development on high-performance SOFC [175175]
—
Fuji Electric Tokyo, Japan Compact SOFC with high efficiency for distributed power [177]
—
11 WATT Fuel Cell Corporation Mount Pleasant, Pennsylvania, USA  SOFC systems for residential and commercial use [179]
—
Cerpotech Norway Production of advanced ceramic powders for SOFC [181]
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