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CH, < *CH, + *H *CH; < *CH, + *H *CH, < *CH + *H *CH < *C + *H

E, AE E, AE E, AE E, AE
Ni (111)* 100° 547 75° 17¢ 29 —297¢ 130° 637
Ni (11 1)* 1139 125 743 9.6 357 —25.1° 1312 53.1
Ni(211)% 847 42° 887 8 p° —337%° g8° —29%°
Cu(111)® 188 96 138 92 113 46 205 130
Cu(11D¥ 1814 83.0 141.8 67.5 101.3 30.9 2132 115.8
Cu (21 1)¥ 138 33 134 79 184 13 176 75
Fe (11 1)% 98.4 —60.8° 56.0 —30.9° 125 —66.6° 100.3 39
Co(11 D 1100 4.8 66.6 106 309 —21.2° 1206 54.0
Cu—Ni (11 1)* 10522 6.8 63.7 4.8 347 —34.7° 1322 49.2
Cu—Ni (2 1 1)°% na 29 na 63 na. —54° na. 21
Fe—Ni (11 1)* 1206 —29.9° 68.5 —19.3° 309 —56.0° 1119 438
Co—-Ni (11 1)¥ 1245 48 73.3 203 32.8 —14.5° 1216 61.8
Rh (11 1)* 332 473 220 —42.7° 264 —234° 452 224
Rh(1 1 0)*** 282 —54.8° 127 —46.9° 465 —51.0° 207 —72.0°
Rh(1 0 0)*" 261 —536° 136 —39.7° 142 —250° 284 -933°

"Appro)cimate values extracted from Figure 2 in ref 41. bStepped surface rows. All values are in kJ/mol. “Exothermic steps. All values are in kJ/mol.
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Material/ Type of kinetic Rate expression Temperature S/C  Current Kinetic parameters
configuration  rate expression range °C ratio density
(A(m*)~1)
Ni-YSZ-CeO2 LH e, — _K1K2K3Pay Pz 700—-1000 2-8 6000 E, = 18 k) mol ™!
anode s ™~ (15K2pay, +K3Puyo )’
Ni-ZrO2 cermet FO Peop 700-940 2.6-8 — ko = 4274 mol (s-m?-bar)™!
rai, = Ko-exp(—Ea/RT) 1 — 5o—mg | P, E, = 82 k] mol !
Ni cermet PL ran. = k(pe, )12 960 3 - k =24 e-3 mols 'atm~1%°
Ni-YSZ cermet FO rau, = ko-exp(—Ea/RT).pcy, (Ph,0)" 800—-1000 2-7.4 — E, = 9823 kJmol ' & = —1.25
Ni-GDC and Au- LH P ka-pay, 800—900 0.25,1 2500 E, = 96—117 k] mol™! kq = 15-45e-
Ni-GDC anode C ek (p2e) 06, k = 0.23
Ni-YSZ anode LH o }\'-Pw, : 700—1000 1-7 - Es = 135 k] mol~! ko = 21 mol
) (1+Ku.pgj +1<>.”P“;:’)- (s-cm?-bar)~?
Ni-Zr02-Ce02 FO raus = K.Pew, 800-850 2—4 147 E, = 163 k] mol™!
electrode
Ni-YSZ cermet LH K ku PPy, 800-900 02 - E; = 230 k] mol ™!
film T'ai, = Kad-PcH,- b= E.Ku_,u' PHy0 —-10
Ni-YSZ anode PL rai, = Ko-exp(—Ea/RT).pgy, .pf,lo 854-907 1.;10 - o = 0.85, § = —035E, = 95 k] mol~!
Ni-CGO and Ni- PL rai, = Ko-exp(—Ea/RT).ply Pfo 800,950 0-3 - ko = 4.05e-05 mol (s-m?-Pa'19)~!
YSZ anodes i E;=263kjmol™!, m=0,n=1.19
Ni-GDC anode PL rai, = ko.exp(—Ea/RT).pZ;,‘:‘ ‘P;;,:‘B) 700-750 1.5 1000 E, — 63—88 k] mol~! agy, = 0.7,
—245 Ao = —0.08

AR
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[ABAF] SOFC wTNIi-YSZ s s slys lio ) i3, (2iSTs &5 s bogyyo St Ll Jlaiol e ;5 48,5 &g lalllas s glacds (Y-Y) Jsoz

Jolai e il g iy ey ey
= u:l'f.o 2
e B ) = =[effz{0.2513 2 = 0.3665) = 0.58101) + 27.1337) = 32770 F|1"='| Py, Py =
= 1000,/ T~1 ek CHa # HpO a=p 3Hz # OO MER
Rt DEM =1+ Kpeg * Ky Pu, * Eoa, Pan, ‘_“Jﬂa
k. Py, B
WK ) = [l =(0.63508 = 02035300 5] # 4.0778) + 0 41658) Ry 'T[Pcu?u.u =~ pEn
2= 1000,/ T -1 = CO -+ Ho0 s Hy + €O WGS ]
* fhar?) npﬂ::i.umpm.[{“_pnl4[-c:_|._;,m_¢_".r“9_”£

PH,

Ea(B, ) = [=a(al0. 13402 ¢ + 0LOZEST) - 120804 ) + 22 9384 ] - 3. 58003]

Ry = : [Pﬂ !Fl,u _L |:"':..!E]:|"'ﬁ'x_=
Bl 1

2= 1000/T=1 K CHy + 2HAD a=e dH; + OOy MER
") RN =1+ Keapes * Ky, o, * Ko, Pay, * “pr
Ko = oxp] —0. 293527 + 06351 + 417882 +0.3169) 103 191 L
k I:IIJI'a'Iﬂ:p[ )Im-ulm Pas! K -
z= 00 _, ! /Y CO + H0 5 Hy + 0Oy wos
Tik] K universal gas constant Lmal* K
K = 10267 = 10" x expi{—0.23132" = 036652 231 %66 g
§0LSEI0ZT - 27,1347  3.2770) (Pa’) ke 1"5'!5n1p( - ) (medem " Pa s ") K, .
e i RT CHi+ MO +2 3+ €0 | MSR
T = T | K- universal gas constant {Jmal ' K1)
l'III r:;.l{ I'Im'jj-l.':,'"J }.ﬂ *Ha {l }
r= "
[:I + 1.7 & 10=0 =1y J',l:-[”:;.: "':I n”'n,}'
firomn the packed bed measwrements
Clly + HyO o0 313 # CO SR ¥
= 1661 =R,
r=2- 10 ::";' = T )\ paT

firom the stack measuramimis

vy



2 oS ot (il B b dale 2081 (g S 3ySdee (silodingg slagbyy (6335 9 (25 (i

DOI: 10.30503/nripress.2020.308 .
P S S 58,

[AG=AV] SOFC wTNi-YSZ sy (sl oslie Jly Kiasdy (2iSTs &35 s bgs o S Ll ) Jlaamios] dis o a28,5 & g0 lalllas jy slaods (Y-F) Joo

Jolad o SN B Sl Ay gy | ez,
Ky = LO26T = 10" exp (—0.25132" + 0.3665.2° ( . )
. ., My = kg [ P, P00 ) o
+ 0581027 — 271342 + 3.2770) Pa PR _ _ CH, + 1O 318, + €O MSR
= ﬂ 1 Koy —'::u-'.:w;;u: '_.l'{; } [mel @~ Pa~*s~"
TiK) \ ¥
Fia, P, . |
Noo = oxp{—0LEEGZT £ 0635177 + LITESZ + 0.2169) | My = &y (H:,..J'u. 'T:] sl
Zwgl_} F 10g191y ; y| cormomeco | Wos
T TR ks Tlexp| - el m*Pa~?s- . )
Tik! o = 00T x:{ T ] Jmd = Pa |
s~ AV | 43 e :j;5+IUI:| PenPag - 1741079
iy . CH + H e 3E + OO ISR
ap| g7 | peonl, | 5
o~ bwesa: | PuoPoo = it ) €0+ HyD es Hy + 00 Wi
Kp = 10267 = 10 « exp(-0.25132" -+ 0.36652" Pogi Py, 1™
' Lol ; L Fura k.f(l".mP.._.; %‘-
+OSBI0E - 271342 - 3.277) o i CHy * Hatd v 3H; + €O MSE
z=1 ke 29500 ”'zwj
B (11] N ) L1
- . i Py Pens
Kp = oxp =0.20352" + 0.63512% = 4.1788Z + 0.3169) R = Ky [ Pyl - —k—i}
1CeM Mg o CO= Hy s Hy + OOy WS £
Z-vm ! kg = 00171 exp | 'Trm'ﬁ imalm *Pats )
) exp (45220 . e — — o Ko Ko P Py
Koo, =311 %10 oxp (522)  arm Rt = e e Ko PeT
_— CHy + OOk 4 2Hy + 200 DR
Ko ﬂﬁﬂ?r‘xp[ ﬁ“} am ke, = 1.17 m-‘rxp[ ”ﬁw (molm* s
—
-'l_. = E
Ko 10267 5 00™ expl =0,251 32" 4 0.36652" B o= K pe e = & Pealm )
0 Ay CHl + 1A v 3L + €O MSK
RSB = LIS AT kY = 1M exp(-225103/ RT)
1]
- ] ¥
&
» E, e e . | Bo= K praPaa K, PoayPr,
K= expl =00293527 4 0635027 4 417882 + 0.3169) CO + HaO i Hy + 00, W%
£ = 00183 exp( - 103842/ RT)
I}
-—-

Yy



DOI: 10.30503/nripress.2020.308

2 oS ot (il B b dale 2081 (g S 3ySdee (silodingg slagbyy (6335 9 (25 (i

S Koy,

oty S g5 Sy o=Sly pei | s,
26830 Psup = 63.6 X T? x ew{-zinu} [CH,JIH;0] — 3.7 = 101
Brisin = 1158 107 e (=) P CH,+H:0 & 3H:+CO | MSR
» T4 :m.'x].\( 'r' B)|{'1:][ug]l
A
4400 Fwes = 1199 X T x exp [_LQHM}ICU!IHIOI =677 x T x 10*
B = L7671 107 axp T ) — 16809 CO+ Ha0 4= Ha + COs WGS
x exp (—=—) cO, 1t}
log K, =AT*+ BT’ + CT*+ DT + E
A= —-26312 x 10~ .
B = 12406 x 1077 CH; + H.0 & 3H. + CO MSR
C= =22523 x 1074
D= 19502 x 107
E = —66.1395
ﬂ'
log K, =AT'+ BT+ CT*+ DT+ E
SATI0 x 1071E
CO -+ H:D - He + CO; WGS

monme

= =2.5748 x 10°%
46374 x 107
=3.9150 x« 1072
13.2097

ye
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CH, +50, © CO+2H,  AH = ~36KJ/mol (14-Y)
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! Catalytic Partial Oxidation

2 Catalytic Partial Oxidation of Methane
3 Nobel Metals

4 Non-Nobel Metals

5> Nobel Metals

6 Autothermal

" Contact Time

8 Order

® Compact

10 Decentralized

11 Syngas (= Synthesized Gas)
12 Direct Route
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AHjgs
[kJ /mol]
CH, + 20, —» CO, + 2H,O0 -803 (1) Total oxidation
CH, + %OQ —+ CO + 2H, -36 (2) Direct catalytic partial oxidation
CH, + O, — CO, + 2H, -319 (3) Partial oxidation
CO + H,0 = CO, + H, -41 (4) Water-gas shift (WGS)
CH, -+ H,O = €0 + 3H, 206 (5) Steam reforming
CH, + CO, = 2CO + 2H, 247 (6) Dry reforming (CO, reforming)
CO + H, = C+ H,0 -113 (7)  CO reduction
G, =T 4+ 2H, 74.9 (8) Cracking
2C0 =100, +C -172.4 (9) Boudouard
CO + 0, = CO, -283 (10)  CO preferential route
H, + 30, - H,0 -242 (11) H, oxidation
CO + 3H, = CH, + H,0O -206.2 (12)  Methanation

! Global Thermodynamics
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Catalyst Preparation method  Temperature (C) Weight hour space 0, to carbon  Conversion (%) H, selectivity
velocity (mlh ™" g ™) ratio (0/C) (%)

M/Mg/Al co-precipitation 750 339,292 0.5 92 40

M = Rh, Ni, Rh/Ni, Ir/Ni or Ru/Ni

Pt/Ni/Al,O3 Pt impregnation 800 225,000 0.5 85 NA

M + Ni/Al,O3 impregnation 800 90,000 0.5 > 80 > 90

M = Ru, Rh, Pd, Pt

Pt-NiO/ALO3 impregnation 800 7200 0.5 91.8 98.4

M/Ni/Al,03 Precipitation/ 800 560,000 0.5 > 80 90

M = Ru, Pd, Pt impregnation

Co/Al,03 impregnation 850 60,000 0.5 95 93.6

Pt—Co/Al,03 impregnation 750 56,000 0.4 95 NA

Ni/ 12Ca07A1,03 solid-state reaction/ 800 30,000 0.5 > 90 > 05
impregnation

Pt/12Ca0-7A1,05 solid-state reaction/ 800 30,000 0.5 > 90 > 90
impregnation

Ni-Co/CaAl,0,/A1,03 impregnation 800 144,000 0.5 90 =95

Co/MgO impregnation 850 20,000 0.5 95

Co/Zr0, impregnation 800 60,000 0.5 100 98.1

Co/La03 impregnation 800 60,000 0.5 97.4 96.6

NiCoMgCeO,/Zr0,-HfO, impregnation 800 62,000 0.55 95 95

NiCoMgO,/Zr0,-HfO, impregnation 850 62,000 0.55 95.5 98.5

NiCo/SBA-15 hydrothermal/ 700 5000 0 NA =40
impregnation

LiNiLaO,//Al,03 impregnation 850 27,000 0.5 97 NA

Ni/Ce0,/Al 05 impregnation 800 152,432 0.5 80.3 NA

NiO/La,03/v-Al,03 impregnation 750 110,000 0.5 94.3 98

LiLaNiO/Al>03 impregnation 850 270,000 0.5 > 90 > 05

Ni-Cr/AlL O3 impregnation 700 195,000 0.5 85 NA

NiFe-Zr0,/Cu combustion/ 800 28,500 0.5 = 60 NA
impregnation

Ir-Ni/Al,O3 impregnation 600 88,500 0.5 80

Pt-Ni/Al,03 impregnation 800 500,000 0.55 88.1 97.5

Ni-Pt/Lag 22t 4Cen 40« combustion 700 480,000 0.5 = 80 NA

Pt/Nip 5/ MgAIOx impregnation 750 3,000,000 0.5 =90 NA

Cu-Ni/CepsZ1p102 combustion/ 750 532,121 0.38 =30 NA
impregnation

Rh-CeO, hydrothermal 700 60,000 0.5 95.2 92.9

Ni-Rh/Al,05-MgO coprecipitation 750 354,044 0.5 93 95

Rh/Ni/Mg/Al hydrotalcite coprecipitation 750 111,357 0.5 90 > 95

Ni/8iC Sol-gel/ impregnation 750 20,000 0.5 =75 > 95

Ni/Zr0,@Si0, core shell Stober method 750 50,000 0.5 = 90 > 75

Ni/CeO, Precipitation/ 750 50,000 0.5 > 85 > 65
impregnation

Ni/zeolite catalysts impregnation 750 90,000 0.5 100 NA

Ni/CeDx-La,03 impregnation 800 60,000 0.5 > 90

Ni/Ce0,-Al,05 Pechiney 750 12,000 0.5 > 80 > 90

Ni/TiO, impregnation 800 4800 0.5 86.3 99.7

Ni-M/Anodic TiO, impregnation 700 30,000 0.5 > 70 > 70

M=Ru, Pt, Rh

Ni0-Al, 05 Sol-gel 600 50,400 0.5 =75 =75

LaCoOz/v-Al,03 combustion 800 899,550 0.25 =35 =40

NdCaCoOjz5¢ solid-state reaction 915 20,000 0.48 =75 =90

Sty sNig 22103 hydrothermal 900 66,000 0.5 > 94 NA

L 0s5%0.62F€0 20Tin 5003 Pechiney 900 30,000 0.5 =50 > 60

Lag g8t sCo03 Sol-gel 850 30,000 0.5 > 70 > 75

Gdyp 33Bag 6;Fe03 Pechiney 950 73,600 0.13 94

Ni@Si0, core shell 700 72,000 0.5 83.9 85.9

Lag 38tg 7Fep 7Cug 2Mog 103 combustion 900 848 0.51 > 80 > 70

membrane reactor
La,Ni0, membrane reactor solid-state reaction 900 5940 0.5 89 NA
Yb,Ru,0, solid-state reaction 777 22,400 0.5 83 95

£)
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k,[CH,][O,] k,[CH,][0,]?

ry= +
(1+ K,[CH, ]+ K,[0,])" 1+ K,[CH,]+ K,[0,]

CH, + 20, = CO, + 2H,0

ky /pl%ii(pCH4pH20 - Pl3-12pC0 /Ks)

ry= - | CH,+H,0 = CO+3H,
(1+ Kcopco + K, Pu,+ Kcu Pon, + Ku oPu,0/ Pu,)
ks / pii>( Pcu, Phyo = Ph, Pco, /K
r= 5 “2( CH,TH,0 7H,CO, 5) s | CH,+2H,0 = CO, + 4H,
(1+Kcopco* Ku,Pu,+ Kcu, Pen,* Kn,oPu,0/ Pu,)
ky/Pu,( PcoPu,o = Pu,Pco,/Ks
ra= { 2 iPeo, /Ks) CO+H,0 = CO,+H,

- 2
(14 Kcopco + Ku,Pu,+ Kcu Pen, * Kn,oPu,0/ Pu,)

_ ks pco — k7Pco, / Pco
(1+ Ko Pco, / Pco)

rs

2C0 = C+CO,

3 1
_kspcu, /PR, ko PR,
- 2
(1+Ky,pu,)

CH, = C+2H,

kioPrj,0/ Pu,
2

ry=

C+H,0 = CO+H,

’s=f(Poz)

C+0, = CO,

Y
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« react
Co,

=Ryes

N POx CH, + 0.50, —CO + 2H,
" 2F
d;l)l_é ;’,‘elj .F TOX CH4 + 202 %COZ + 2H20
E
R = o 6Xp | =
SR kSRch4 p ( RTS‘)
- SR CH, + H,0 —3H, + CO
ksp = 0.04274 (mol/cm*Pa)
Egg = 82 (kJ/mol)
K. oo = XD 4276—3.961
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Thermal emission Field emission

Schottky Thermal Cold

type emission emission
W LaBg ZrO/W W(100) W(310)
Brightness: 5 x 107 1 10 1.000 1.000 1.000
(Alem?/sr) at 200 kV
Source size 50 pm 10 pm 0.1-1 pwm 10-100 10-100
nm nm
Energy window (eV) 2:3 1.5 0.6-0.8 0.6-0.8 0.5-0.7
Operating Vacuum 1073 107 10~ 10~ 10-8
conditions (Pa)
Temperature  2.800 1,800 1,800 1,600 300
(K)
Emission Current 1-10 50-100 1-10,000 1-10,000 1-10,000
(nA)
Short-term 1 I I 2 7
stability
(%)
Long-term 1 3 1 6 5
stability
(%/h)
Current 100 100 10 10 1
efficiency
(%)
Life span (h) 120 1.000 >3.,000 >3,000 >3.000
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2 Secondary Electrons

3 Backscattered Electrons
4 Characteristic X-Ray
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surface atomic composition topographical information (SEM)

L Backscattered Electrons (SE)
Characteristic X-ray (EDX) atomic number and phase differences
thickness atomic composition
Continuum X-ray
Cathodoluminescence (CL) (Bremsstrahlung)
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