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1.1 �mLLfltf111lJ6'11rl'\J'l.leNU'lJ'V11 

.J 0 '\.J'Vl'Vl 1 '\.J'Vl'U1 

\il1 tlfl 11 � 1fl n{eJ'U eJ'Ui'.i b '\II ()1lJ1 '11 n bbf1'1 b�e)'U n j �'1n�-1i1eJ'1f1'Uj� ne:iu '\II� nfi e) bbf1'1iib 'Vl'Ubbfl � 
, 

fl11'\.JeJ'U 1vie:ie:in L'll�L 'Ll'U'\11� n [ 1] L 'Ll'U'Vl�-11 'UU(Y'Vl1�thl\l1 n � e:i�-1 Lb1 vi� eJlJ'l.leJ-11fl n fl11l.l'1'UL'11 'Ulil1'U 

n1'Sfi1� vi bbf1'1Lfa'Um�'1 n b 'V1�1d�-1 L\ilf)e) 1 �\nvi-11'U1� tl�1-11��-1 '1� 1 'U'U'St 1ti'IJU bbf1'1 b V1�1i11vi ti �1'U 
• I"'"'"' "' .,l • I .J fl "' "' ' ,. "' 1 � "' ' u!)n'Stl1bfll.Jb'\1Wbufltl'Ubu'Ubbn'1'1-1bfl'S1�'VI (syngas) fie) n1'1l fibvi'H'1'U (Hz) bbflt n1'1lfl1'S'\.Je)'UlJeJ'U

'Ue) n L'll� (CO) 1vi t1\Jfln1 tl1� b 'Ll'U�G1'UL'\J�e) n1-s1vJe:i1uri-1'l.leJ'1i1 b 'Vl'U 1vi tlfl11'\.J e)'U 1vie:ie:i n L'll� 'Vl�e) 

b�t1n5n�eJ'Vl�-111,Jfl/nt111vJe:i1iiri-1'l.leJ-1i1L'Vl'Ubb'U'\.JLL'IX-1 (Dry reforming of methane, ORM) bbflt 

n1-s�·vfo1iiri-1'lleJ-1i1L'Vl'U1vit11e:iJ1 (Steam reforming of methane, SRM) zj-1bbf1'1�-1bfl'S1�,Jb'Vl�1il 

'1llJ1'StlU11 m-u,J-s� 1ti'IJ'U11ileJ81'1n11-1'1.111-1b'U'U n1'St:-J�\l1'11'Sbfli'.i�iilJflA1'1-1t'U bbflt n1'St:-J�\l'lt11l1''U 
'IJ " 

�-1 bfl'S1t,Ji1'\ll'rut11'UV11'Vl'Ut 1vitieJ1Pltl m�U1'Un1'S�'IJb '1Je)1-1 'Vl-s'Ui (Fischer-Tropsch process, 

FTP)[2] 1vit1i11,J,Jfln%1 ORM bbfl� SRM \Y'U\91eJ-1eJ1Pltl\l11L1-1'U!)fl%11fl'Vl�b�eJLW.lil'UW�'Vlfifl1Vi 

'l.leJ-1'Ufl fl1 tl1� �-1 bbfl � 'U1 tlfl vi� t"\J'VI i;JiJt 'U n1'S�1 b 'U'U'U fl n%1'l.leJ-1 b \l11'U fl m illzj-1� -1 t:-Jfl 1 '\X'11lJ1 'St! L 'U 

1G1vi 1 'Un1-SG1{1-1LmiJnmru�i1-s1fl1t1nML de:i-1'11n 1�\>leJ-1'Vl'Ufl11lJ{eJ'U'1-1 1vit1i11 iJ n1-sL�e:irnii1L 1-1 
, � '\J '\J 

iJfln%1 Lfl'Vl�zj-1'S1fl1�ni1m1iiJ1r1(\Jb tl'UeJ'U�U\>l'U 11 'Ufl1fl�\l1'11'Vln'SilJ Lfl'Vlt'Unbflfl (Nickel, Ni) 

�-1b 'Ll'U\l11 b�eJnLL 'Sn 11 'Ufl1fl�\l1'11'Vln'S'SlJ[3-8] vY-1-il-if m� tl'U'Stn1'S6'11rl(\J'l.leJ-1'Unbflfl�eJi1m� 1 'Un1'Sb 1-1 

,Jfln1t11�lm de:i-1m'11nmt'\.J1'Un1'Sn1'Sbflvi 1ri'n (coking) [9-12] bblJmtl!'Uf•)11-u�1t11 'Un1'Sb 'U�tl'U 

\911 b 1-1,J fl n1 ti TU n bfl fl 'Vl�-1 '11 m �e)lJ 61 fl 1Vi e)e) n'11 n b\l'l 1 ,Jfl n j rul!mT-1 e)1 '1ii fl11 lJ �lJ A 1n11 n 1-S 1 'UL fl '\/It 

i'.imtnfl (noble metal) b'U'U Lb V'lfl\l'l�hTii LU'U(l)'U vi'1m'Vl\l'liln1-s-wW,J'U1\911L1-1'Uflfl1tl11fl'Vltilmnfl 1'\X 
" , :,,J 

"' lJ I .,j J'"'fl"''" .J, � .'-f <V I "' "' 
0 fl.J lJfl11lJ \l11'U'Vl1'U\l'leJn1'Sb'1eJlJ�-1'l.l'U'1-1 b u'U\l11 bfl eJn'Vl'U1'1'U b '1 '11 m u1'VllJ1 t1vi-1 nfl11 '1-1lJ fl11lJ'11b u'U'Vl 

\>leJ-1'WW,J 'U1 m-sri'vi n'SeJ-1(111 b 1-1,J fln1 m 1vi ti 16n1i'Vl1-1 n1'S'Vlvifl eJ-1b �e)j �\lA1 f111lJ1eJ-1 L 1 fl11lJ b'1 �ti j 

bbfltfl11lJ'11 bV-l1� L 'Un1'Sb�eJmnvit:-J�\l'IJ1 t"\J'Yl [13, 14] 1vi tlL 'Un'Sill'l.leJ-1'Ufl fl1 tl11'\!JeJ1lJri-1\Y'U fl11lJ 

'Vl'U'Vl1'U�eJ m-sL�eJlJ'1fl1V'l'l.leJ-1\l11L 1-1,Jfl n1t11 �e:imtu1'Un1-s m-sLnvi 1ri'ni1f111u 611 rl'\JL U'UeJ'U�U LL -sn 

b 'Vltfon11n1-s�i1\l11b 1-1,Jfln1t11�1 eJ-1L 1b�t15n �-1\Y'U�-1lJn1'Sb61'UeJ16n1i1vi�1 n1'Sb�eJlJ'l.leJ-1\l11b 1-1 

,Jfl n%11vi tlA1eJ()'lj1n1'Sb�e)lJ (Deactivation rate) zj-1b U'UnW�'11'Sru1b 'U1t1Ub vitiUeJ\l'l'S1n1'Sbflvi 

bbfltn1'5'vi1fi'n'IJ'UvibbeJfl'W1 (Alpha coke, Ca) 'Vl�eJeJt\l'leJlJ'l.leJ-1fl11UeJ'U (atomic carbon, C) [15] 

1vi tl�\911 b 1-1,Jfl fl1t11�iJeJ\l'l'S1 n1'Sb�eJlJ�1 (l)eJ-1iJeJ\l'l'S1 n1'Sf11'5'vi 1fi'n�-1 n11 bflvi 1fi' n €181-1 L'Sf1\l11lJ L 'Un1'S 

i' vi �1 �-1 n � 11 '11 nm 'S'Vl vi fl e:i-1 ii fl11 lJ t11 n bbfl � 1-u b 1 fl 1ii 1 n�-1 (I) e:i-1 e:i 1 l'i' t1 b 'Vl fl'U fl m -s r11'U1 ru V11-1 bflii 

fle:iiivl1b\l'leJ1b '1f 1m-tl1 t1flvi.ff 'U\l1 e:i-:i�cl-1 t11mbfl �fl viL 1 m 1 'Un1-swur11n1-sL�e:iiid [ 16-18] 1m-1n1-sWt1 , , 

d�-1�-1 b ,'.h 1 iJ� n1'S'WW,J'U1 bbfl�eJeJn bb '\.JU16nwrvi n1'Sb� eJlJ'1fl1Vi'l.leJ-1\l11b 1-1,Jfln1t111 'U'Ufln1t111vfo{ii 

ri-1-s�V111-1ii b 'Vl'U 1m11 bbfl�fl11UeJ'U1vie:ie:i n 1'1lvi'1vi t1m-si bfli1�,JV11-1 bfllJfleJlJvl1L\l'leJ1 zj-1e:i1Pi't11-umi�� 

'W-1f)'U'U'Ue)flfl11lJ'\ll'U1bb'U'U (Density Functional Theory, OFT) bU'Uvr'U_}i1'UL'Un1'Srl1'U1t"\Jb�e)j�ll 

V1u111 



1.3 

?{l-J\J�'l.lel-:J\911 b �-:i'\.Jfin�t.J1 bb'1 � l 'Ufl1'iVl\?1'1el-:! l 'tJn1'i161"1'i1�'1-1�1m �el'\.Jfo'\.J1-:i151\71Vl1-:!1"1ell-.l°Vl16vlel'i1i½
6bli'U 81�'U bb'1 � l 'U'Vl 1 t.J� �\71Vl01 fl1'i b '\.J� c.J'U b 'VI c.J'U 6b'1 �fl'U V!1\9\1 b f1'\.J D n�c.J1 \,l'Ubb 'U'U (Prototype) ��
1"111l-ll el-:! 11 1"111l-l6?1 � c.J'i bb'1� 1"111mi1 b '\"l1� 1u fl1'il,�el mn\71 �i'iv! .fl ru'Vl��-:i ?11V!fo mru �1 d-1'\.Jfi n�c.J1
'U'i�bfl'VlfaV!�

b �mt �'U1 bb'1�elelf16b 'U'U16fl1 'i1 \71 f11 'i b�ell-J?f .fl1'\"l 'l.lel-:J �11, �-:i '\.Jlj n�c.J 1'U'i�b.flVl fail!� L\71 tJ el 1  A tJ
t, Vl 1"1'Ul"1'Vl1-:J bl"1 � 1"1ell-l'W1 bvl el{ �el Vl ']'ti� v1-:i fl 'U'U'U el'11"111l-l VI 'U16b ,J 'U (Density Functional Theory,
OFT) b 'U'U�'U�1'Ul 'Uf11'irh'U1 ru bb'1�1 bl"1'i1�'1-1�1l-l nu f11'i'Vl \71'1 el-1 bb'1 � b?l'Uel\,l'U bb 'U'U�1 b � -:i'\.Jfln� c.J1��
b?l�c.J'i.fl1'\"l 1"111l-l1el-:Jl 1 bb'1�f11'ib�elfl6fl\?1'11b'\"l1��?1-1�'U

1.3.1 

1.3.2 

1.3.3 

1.3.4 

1.3.5 

1.3.6 

1.3.7 

1.3.8 

1.3.9 

1.3.10 

1.3.11 

1.3.12 

Vl 'UV11'U1 'i'i ru n'i'il-l
'11'1el-:!b6'\J'U'11'1el-1�1b�-1'Ufln�c.J1
Vl\?l?f el'U bb 'U'U"il1'1el-1�1 I, �-:i'\.Jfln%1
11,1"111�'1-1?1ii,r��11, �-:iufln�m 1\71 t.J15'V11-1 b1"1i11"1eliivl1 bvleli
G1-11,m1���1d-:i'\.Jfln�m
1 bl"1'i1��?fl-l\J��1 b �-:i '\.Jlj fl�c.J11\71 c.Jl,l"1�el-1�el1bfl'i1 ��
1bl"1'i1 ��f11'ib �-:i'\.Jljn�c.J1 L\71 mv11'\.Jfi n'itUbl"1ii
1bl"1'i1 ��fl1'ib�ell-l?f .fl1'\"l'l.lel-1 \9\1b �-1'\.Jlj fl�c.J1
� 6' I � ' 1 bfl 'i1 �VI� '1'i1l-l Vl1-11"1 el l-l '\"l1 bvlel'i bb'1 � f11 'iVl \71'1 el-:!
b?l'U el 1,1, uu '11 '1 el-1 \911 b �-:iu 5 ii� c.J1� ?I el \71 r1� el-1 n u-r v1 � u1 � ?1-1 fi
?11'\.J 1,1, uu:S1'1el-1?1\?l'V\1c.J'l.lel-:i\9111, �-:i'\.J n ii�m L\71 t.J1crm1vi \71'1el-1

' ' a.J 

?11'Uf11'ielelf1 bb 'U'U1fif11'i1 \71 fl1'ib�ell-l?f .fl1'1"l'l.lel-1�1 b �-:i '\.Jfin� cJ1
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d :'£ .,.., d d ., 'U'Vl'VI 2 f11'fr1f1�1belm'l1'HLflt-:J1U11il!:J'VlbmJ1'1l€M

2.1 -tJfln�!:J1�vlel{:Wri-:ibb'U'Ubb�-:J'1J€MlJb 'Vl'U
i.Jfln�1:J1�vleJ{:wri-:ibb'U'Ubb'IX-:i'1JeJ-:Jiib'Vl'U (Dry reforming reaction of methane Vl�el ORR) 1v1fofl11:w?1uh
fl I d .f'1 d • I"" .,, ' 1 1 ' d .f'1 d 1 "' .. b u'Uel !:J1-:J:IJ1 m 'Uel-:J1il1 m u'Ufl'it'U1 'Ufl11'Vlfl� u1:IJ1 ru bbfl ?I fl11'Uel'U �el elfl '1M ( CO2) '1Mb u'U'\/l'Ll,:J 'Ubbfl?lb 1€J'U

mt1ilfl�f)€J L �bn�fl11t L 1fl·fou L�'U1 u-uijn�!:l1ilb tJun11vi1-tJijn�!:J1W'\/111-:Jfl1{'Uel'U'tvtelelfl 'l'IJ� (CO2) f1'U
bbf1?1lJb'Vl'U (CH4) 'lv1���.f1ill'Ylb'U'Ubbt1?1Gl-:Jbfl11tv1 (Syngas) 'U1tflel'U�1!:J fl1{'Uel'U:Wel'Uelf11'1Jvf (CO) bbflt
'lfl1�1b1il'U (H2) 1mr�'j1�1'U 1:1 L�!:JlJ'Ufln�!:J1�€J!'J(il,:Jbb?l�-:J1'U?l:Wfl1'j� 2 �,:i 9 'U1-:J�1-:J

CHis) + COis) � 2CO(g) + 2H2(s) Equation 1

CH4(g) + 2* � CH3* + H* Equation 2

CH3 * + * � CH/ + H* Equation 3

CH/ + * � CH* + H* Equation 4

CH* + * � C* + H* Equation 5

COig) + 2* � CO* + O* Equation 6

C* + O* �CO*+* Equation 7

H* + H* � His) + 2* Equation 8

CO* � CO(g) + * Equation 9

���11 ill'Y1�1v11v1 fl'U fl n� 1:J1i11 'U b 'U'U?l11i,:J\91 'U 1 un11�� �?111'U1t flel'U 1flL �1f11{'Uel'U'1J'U1� 1 my�1u,Jfl n� !:J1
Fischer-Tropsch (FT)[l, 2]. L�!:Jv\'11-ui1u-ufln�m ORR 'U'jtflel'Uv11!'.Jflfl1nfl11bn�-ufln�!:l1'\/l�f1Ael fl1'jbb�fl
\l11'1lel-:J?111J,:iJ\'ufieJ CH4 ((il,:i Equation 2) bbflt CO2 (til-:J Equation 6) fl11bb�fl\l11�€Jb�el-:J'1lel-:J?l11'U1tflel'U
CHx (til-:J Equation 3 �,:i Equation 5) bbfltfl11bn� co 1il1fl C bbflt O (i-:i Equation 7)(9-12] mh-:ibn�
fl11bn�,Jijn�1:J11t'\/111-:J CHx (b�el x bV!1f1'U 2 '\/l�el 3) f1'U O bbflt OH ?11:IJ11t:\b'U'U1-u'lv1bb�?l1:IJ1Wflt1�
b �el-:J1il1fl'Uijn�!:J1(il-:Jfl�111llb '\/l:IJ1t?l:WL 'Ufl11bn�b�el�1il11ill1'Vl1-:Jb'Vlel{1:w1�u1iifl bbflt 1ilfl'Uf'11?1�{ [9' 12]
1u'1Jrut�'Ufln�!'J1'jt'\/111-:J CH1 n'U O 1ll1v1�1v11ru11un11A1'U1illfl-:Jb'\/l�elbb�'Ufln�!:J1W'\/111-:J C f1'U O (til-:J
Equation 7) i-:ii1unfl1flfl11bn�-uijn�!:J1�?1'Ll11il1u-uijn�!:l1 ORR diiJ-:i'\/1:W� 8 .&u�el'U ((il-:J Equation 2 �,:i
Equation 9) Ut1)'\/11'\/I� fl'!lel-:J'Uij n� !:J1 ORR Ju fl€) f11'jb�el:W ?IJ71�'1)€),:J\,11 d-:i-ufl n�!:J 11il1fl 1r1nzj,:i 1 ,J-tJ flfl�:W�vl
1€1-:J 'l1 (active site) bbfltb�mnvi 1 u-tJ�mrumni1'Ll1iltflel 1 '\Xbn�fl11€J�\11'U'1Jel-:J1�1'U'1Jel-:J\111b 1-:JU11r\�!:J1 bbflt 1 u

1 \I , dJ 

�?I� lr1fl L 'U'U�:IJ1ill�:IJ1fl1ilt�elfl�'Uelelfl:IJ1'Uelf1b� �\l11 b 1,:i,Jnfi�!:J1bbfl :if)el 1 '\XLn�f11'j€Jvt \l1'U'1Jel-:JbM1'U11 fl'illi
, \I 't,...J 1 't,...J 

bflii[1] zj-:Jb'U'Ub'\/1(;) 1 m 'j-:J-:J1'U!i\el-:Jb�rn·h1 'U�1!:JL 'Ufl1'j�'U�?l.fl1�\l11b 1-:i-uijn�m '\/l�iel 1u?1t11fl11ru�,'Ubb 'j,:j���
Ael�11 '1f �1 !:J 1 'Ufl1'j�€J\111 b 1-:i-uij n� !:J11 '\/Ill (il-:Ji1'Ufl1'j rr� fl'je),:j b �€J'jt�\l11b 1-:J'U n n%1�1€J-:J 11 bbfltiiel1 � fl1'jb 1-:J
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'llfl f11tl1�'U 1'U�,H'11fl(1! bb� ti1 V11 ti (111 b 'j�\Jfln1 ti 1'11'V'l1 n b�VI din bf) m!m 'U'Uvtd� 1 t1(111 b� elf1�� '11vt1' '\.J 

.I"'"'"' d "' I � "' ,,I I � '\' � 
I � I I ., d .,! 

u!] mt11 ORR b 'U el�'<il1 nii rl11lnel� b1 bb� tfl11l.Jb'1'1tl 'iVl'U 1'Wel b'<il b� ti f11'irl f1�1'11'U b VI 'll l-J� b 'U'Ub Yi elb vrn 

b'1� tl'i .f11'W'Uel�(,)1 b 'j �'Un f11tl1'l!U�ilb del�'<il1f1 u�iieJ�'i1 f11'ibf1� 1A'n��� [ 4-8] 1� tl�11'll'1t!fl11lJ1el�11'11m'i'1 

elff'\.J1 ti L\i1�1'U�1 f11'ib 'U� tl'Ubb 'U��'Uel�'11'il�M 'U�'1'U h ( conversion)[l 3, 14] bbM f11'ielff'\.J1 ti m1m'1�tl'i'Uel� 

(111b 'j�'U fl n1ti1'1t11lJ'11lJ1'i n 1 'tl(ll1 bb 'U 'i1� (111 bb 'U'ivtd�elff'\.J1 ti L(P)I.� mr�VllJ � b 'U'UV11n 1-i1\J1m ru 1A' n� bf)�VI�� 

'llfl f11tl 1 bd el 1-ii(ll1 b 'j�'U fl n1 ti 1vtd� � � l"l
0

1'U 1  ru lJ 1'<il1f115f11'ielel n'lh�'U'U bb '\.J'\.J b 'U 'ibbf1'ilJ � ru VIJJ� 

(temperature programmed oxidation vt�el TPO) [19] 1t1f11'ielff'\.J1t1r111iib'1�t1'i'1t1u�r11mmdel�'<il1n 

\J1mru 1A'n�1� L\i1Ael'll1mru 1A'm1i1V1n'llu� bb� llb v1 ti� 1A'nu1�'ll'W�b vhi!u�vh 1 �bn� f11'ib�ell-l'Uel�(ll1 b 'j� • 

'U fl n1 ti 1 [20]. � � ,! 'U Bartholomew �� b'1'U el15f11'i el ff'\.J 1 ti 1"111 l-l b'1 � ti 'i � 1 'U eJ � 'i1 f11 'i b� el lJ Ml 1'W 

(deactivation rate) 1� tlA1'U1'1J'<il1f1eJ�'i1 f11'ibn� bfl f1'1Vlff�'\.J\i11 tleJ�'i1f11'if11�� bflf1'1Vlff (b'U'U e)�'i1f11'i 
' ' 

'llfln1tl1f11'ibf1�br1f1 CH*+* � C* + H* '!Xn�'\.Jb�tleJ�'i1f11'i'Ufin1t11f11'if11��1r'\'n C* + O* � CO*+ 

*)[15] '<il1f1'Wtl1l-lil'1t1 (,)1b 'j�'Ufln1tl1�b'1�tl'iMel�iJer�'i1f11'if11�� 1A'n��f111eJ�'i1f11'ibf1� 1A'n bbW\16b�el 1� 

1tli'mzj� Jm1 f11 'i bf)� bbG'l t n 1�� bfl f1�el� el1Pltl f11'iV1 �G'l el�zj� 1 'ti b 1'91 bbG'l� '11'ibl"lilm n ��Jt1�1t11i t1d��aJ� 1-ii 

f11 'i rl1'U1 ru V11�rl ellJYh b� el{ B1�B�'\.J'Ubl"lllrl 1 el'U (11 lJb �m 'U'Ubrl� el� ifo 1 u f11 'i fl� f1'iel� 1)11 b 'j � 'llfl n1 ti 1 �i el� 11 bb�� 

llrl11l-lb'1�tl'i'1� [16-18]
" 

2.2 1A'mrn� f11'ib�ellJ'1.f11'W'Uel�(ll1b 'j�\Jfln1t11b del�'<il1f11fi'n 

f11'ib�ellJ'1.f11'W'Uel�(ll1b'j�'Ufl n%11 'U ORR iln� 1nvt� f1Aelf11'ibf1� 1fi'n (Coking) zj�l1'11bVl�Vl�f1lJ1'11f1 

ol .I , ,,1., ' 'i'" .j "'  � ' .., , ., v d_fl1 '\' 
'11'i u'i� f1el'IJ u'i tbf1Vlrl1'i'\Jel'UV1 b 'itlf111 brlf1 6ll�lJ'U'U1���bb�'i��'\Jelt�ellJ'Uel�l"l1'i'\.Jel'U'<il'U'1�W �'\.JVlb u'U1�el b 'i 

m&in'Ut11�1vtaj b'tl'U bb'\J'\.JbJ'U (whisker) bb'\.J'\.J'Vlelrl1foel'U'U'U1�'U1 b'U (Carbon nanotube-like) Vl�el bb'\.J'\.J 

vMii (film) bU'UM'U b�tlf11'ibn� 1A'nm'<il1f1VIG'11tl'<il�f11b'W� b'tl'U f11'i'1'91tl(,)1'Uel�'11'i'U'i�f1el'\.JLijb�'il"l1foel'U 
' 

Vl�el'U fl n1 tl1 co disproportionation (vt�m� ti f111'U n n1 tl1 Boudouard)[21]. 'll'W�'U el� br1f1�bf)� tu 

'i�vt11�\Jfln1t11 ORR i!t1 Lli1bbn a-coke (Ca) zj�bn�m'<il1f1 f11'i'1'91tl\l11'Uel� CH4 Vl�el CO2 [9-12] bb�t1'U 

'i�'\.J'U�1-ii\l11d�'llfln1t11'U'i�bf1Vl Ni i!t1 Ca �elb'U'U��b�lJ�'U1 'Uf11'ibf1� 1fi'n�ll'U'U1� 1vtaj (higher coke) 

WlelL'Ub'tl'U bflf1'll'W�vlJlJeliru21t1 (amorphous film Vl�el C13) br1f1'll'W�bi'U (whiskers Vl�el Cv) bAf1'll'W�f1'i1 

1vM (graphitic carbon Vl�el Cc) Vl�el'l111\Jrjn1'ib'U�t1'U1!]fl1flb'U'Ul"l111uv1 (carbide Vl�el Cy) [21-23]. 

f11'ibf1�bflf1'U'U1�1vtaj'11lJ1'i'1elff'\.J1tlL\i1��'1l-lf11'i Equation 10 b�tl C* Aelelt�eliJr11foelt1���'1!'\.J'\.Jt1�1 

'Uel�(ll1b'j�\Jfln1t11zj�b'U'U(ll1bbVl'U'Uel� a-coke (Ca) 1t1'Uru�� (C-C)* Aelbr1f1'U'U1�1vtaj (higher coke) 

'U'i�nelu\i11t1r11foelu 2 el��eli1bn��uo�nt1elff'\.J1t1�� bb�� * Ael��1el�·b�11�u�1iii1'11'i1� � ��iu 

C* + C* � ( C-C)* + * Equation 10 
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Cv Ju�,:i 1,1,lJ'\I:: 1lJ1,n111fl1"i'U\11 l,l,G'l::G'l\11fl11l.J1 el-l11'1lel-l�\111el-:J111111cWl"i-:J l,1,�fl1"i 1\ll'lleH 1r1fl'U'U\11d'\IUlJ'UU1\111Vlaj 

m fl'\l::�-:ie,rn 1 '\X1,n1111,1, "i-:J m::vi' 1�el 1r1"i-:i?1f 1'1'1Jel�\l11 I, �-:iul)n� t.J1 l,l,G'l::1,n111 fl1"i 1,1,(,l fl'Uel-:J I,� \11 \l11 I, �,:i,Jl) n� t.J11 u� � \11 

vh 1 'IX1.n111 m"i1.�ell.l?!m�m1"i [ 1 sJ

2.3 '\ll'j'\:}�v1-:in'UU\JelG'lfl11l.J'\IIU1WWU (Density functional theory (OFT)) 

2.3.1 �lJ1'1Jel-:J'\ll'j'l:}�v1,:in-uuueJG'lfl11l.J'\II\J11,I, tlu 

'11fl'Ue)l,?\\Jel'Uel'1 Louis de Broslie[24] 1.Mt.J1n'U?l?l1"i (1l.JLG'l�G'l el::\llellJ 'U11,fl�t.J?! Vl�el �Jl,�fl\ll"iel\J dJwifu) 
.1 .,..,�11"t d 1" d1 "' "' "' ?!1lJ1"i'1u"i::�q\llmLu\J 111'\11'1 flG'l\J l,LG'l:: ?!?!1"i fl1"i 'll?!l.Jfl1"ifl"1\J Ufl1"iel6''U1tl�'j\llfl"i"ilJ'Uel-:J?!?!1"i'1-l?l1m"i'1 

vi'11� �1m V1�t!u?1l.lfl1"ifl�U�-:imh1�� 1�{'Ui�m1,1,G'l::1.?1Uel 1111t.J Erwin Schrodinser[25] �,:i1,1,?1111-:i1u?11m"i 

vleJ1ud 1111v H Ael <K1111
°

11,ilufl1"iLLeJiiG'l1\llbUtlU (Hamiltonian operator) 'I' Aelv1-:iniur1�u (wave 

function) bbG'l:: E Ael�«-:i-:i1U'Uel-:J"i::'U'U 

H'I' = E'I' Equation 11 

., I "' .,.,. ., 1 'i "' • IJ • I .'\1 '., d ?!l.J fl1"i\11'1 flG'l11 Lb?l\11'1'1-:J?!lJ'U\ll '\111-lfl1 el\J \lll.J'Uel-:J "i ::'U'U \11 � b\11 t.Jel6'U1 tJ f11"i1, uG'l t.J\Jl,b u MY'i-:J fl'll\JflG'l U'Uel-:J"i �'U'U

1,�m 1 m�1u1 ,J eJd-:J"i'U 1,1, 'U'U'Uel-:J?!lJ fl1"i�3Jfl11l.J?l::mfl 1 Ufl1 "l1 'U-:J1\JA el"i'U 1,1, 'U'U?llJfl1"ifl�\Jl,1, 'U'U1lJ:ff un'Ub 1 "11 
� � 

(time-independent) �,:i1,1,?1111-:i1 U?!lJ fl1"i�el 1 ,JiJzj,:i 1 'lJ?!lJl.lM �1\JAel fl1"iU"i�mru'lleJ-:J'UeJfo bbG'l� el'UL 'llu1eJ 

LlJel{ (Born-Oppenheimer approximation) �'1�'11"i ru111m G'l'llel-:J u1 LA� tJ ?1t!uii�1m fl fl11B 1,� fl\ll"ielU 

lJ1fl'\lh 1-X?!1l.J1"i'1'Vi'11"iru1(11°11,1, VIU'1'1Jel-:J'U1l,fl�tl?!fl-:J�1��-:ivh 1-X 'I' tun'U (11°11,1, VIU-:J'Uel-:JBI,� fl\ll"iel\J'V11'1U 

(\9111.1.V1tl-:ifa�flmeJu r). 

H(r)'l'(r) = E'l'(r) Equation 12 

fl1"iLLn?!l.lfl1"i�-:ifl�111u"l::'U'U�1lJ6ii''UieJm-dm�'U'U'lleJ-:i 1eJ1mL'1U 1 eJ::\llellJ t!u?11m"i'1Vi°11� 1,1,�1u 
• I !'l .

, 
"' 1 

., ' "' t ,J J � • I ., o "' 
u"i:: �fl(,) b 'll'11\J'\l"i-:J U'\111'11?!� 1"11?!\ll"il,bG'l::1Pnfl"i"ilJUU "i�'U'U'\11\J-:J � '\ll?IU b '\I u"i:: flel'U\111 tlel::\llell.J'\11\J1\JlJ1fl'1'1 

vi'11 '\X?1i1 fl1"i�-:J fl�11'U'U6Uel\Jl,fl\J�'\I:: 1,1,m� i-:i\Yu�-:i1�ii fl1"iL?!Uel15fl1"i'\111-:JVI« fll;JG'l �1\J (first-principles 
d "."1 ., 1 .; •• 1 , methods) 1,�mbflu'1)'\111'1Jel-:J"i�'U'UVIG'l1t.l1\llq (many-body problem) L'UU eJ1'\ll"iLLG'l�11elflfl Hartree-Fock 

(HF) 1, 'llmi'u bLvleJd1-:i 1 "ln�ifii-l fl�111, Vim ::?1
°1wrm::'U'U�ii eJ::\llelii 1lJm fl'U fl�-:i1lJ �m1,nu '1)'\111'\111'11?!� 

1"11?!\ll{ [26]. �1 tJ I, V1\lld�-:i1,n1111,1, U1fl11llf1\11 fl1"l1'Ufl11l.JVIU11,1, UU'Uel-:JBl.�fl(,l"Je)\JI, 'UU\l11 bl, 'U"i'\11« fl 1 Ufl1"ifl1\J1 ru 
' 

1,1, 'VlU� fl1"ir11m ru�vl'11"iru1 eJU\ll"in� t.J1"i::V111-:i BL� fl\ll"ieJU'\11 flli\11 u"i::'U'U 1, � el 1 -X?11ii1"i'1UWt.J fl� fl1 "if11u1 ru 
, ' 

VIU1 I 5 



1 U'it'U'U�L viajtu 1�[27] 16fl1'ifi°1U'HU�f11b 'U�'11nLb U1fl113-J?1�dJ,rn tj'Utt'Vl']��'U'Vl 2 'U'Vl�-.l�el 1 ud zj-., 

'lv1fofl1'ib?lUel 1�t1 Ho hen berg m1:; Kohn[28]. 

,. d ., Jf 
( 

)do 'i .,.  Vl']��'U'VlVI 1 'l'lM-.11U'1Jel-.l'it'U'U ru ?l'11Ut'l'lU ground-state energy 'Vlfl1U'lf.U'11n?t3-Jn1'i'llb'i�-.lb-.lel 

(Schrodinger's equation) b'Ut1-vl-.11H'uum1 (-vl-.1n'tl'UUel�Ael'vl-.1niu�m�b3-JUb'UU-vl-.1niu zj-.,�1-.1'11f fvl-.1f1'UU 

�um3-1fiei 1� b3-JUb 'UU(l11 bb tl'i (�bb tl�)) '1Jei-.1r1113-1v1m bb tlu'1Jei-.1fa�n\ll'ieJU 
� .J d 'y A � I A a .J O fJ v 

.. 0;1 
f' OJ � I 

Vl']��'UVl'Vl 2 t:-Jmtl�tlb\ll3-J'1Jel-.1?l3-Jfl1'i'!l b 'i�-.lb-.lel flelfl113-Jv1U1bb UU'1Jel-.lm�n\ll 'ielU'VlV11 b Wn-.ln'!l'UUel�'i13-J3-Jfl1 

.,,,,. .J t 1 ""' 'JV I A a 
61 

, QJ A°:1 f'tU d 

'Vl']��'U'Vl'Vl 1 uunm1Cl-.lfl1'ib'!lfl113-JvlU1bbUU'1Jel-.lelb�n\ll'ielUbUfl1'ivl1fl1'1'l�-.1-.11'Ubb��Y'l-.1n'!l'Ufl�'U ru ?lCl1'Ut 

«u �-.1\lu ti\' ei-.1v11r11 r1113-1v1u1 bb 'U'U'll ei-.1� b� n\ll 'iel'U� ci n tii'ei-1 b � mbn?t3-J fl1'i'lJ L 'i � -.1 b-.1 ei 1� t1 t:-Jmo� t1'1J ei-.1 fl1'i bbf1 " 

?{3-Jfl1'ifiei-vl-.1niuuei�'\'l�-.1-.11-u'1Jei-.1'it'U'U �1-u1-u'Vl'l��'UVI� 2 Jub uun1'iut11" r11r1113-1v1u1bb t1-u'1Jei-.1 

� b� n\ll'iel'U� Cl nti\'ei-.,zj-., Ael f\1� 'Yl 11 �-vl-.1 f1'U'U u el�'l'l� -.1-.11'U'1Jel-.l'it'U'U il f\1 �1�?1 � '11 nut113-J V)-,j n� 11'Yl11 �\n�" ' 

'U'itb�ufi1m3-1zj-.,fiei '1�v11r11�-.1n�11'lv1ei�1-.11'i '11n-ucyv11vi'-.1n�11 r1eii1-u (Kohn) bb�t bb'll3-J (Sham) 1�

b?l'Uel16fl1'i bbf1'lJ � ?13-1 fl1 'i l� tl16Vl1-.1 (111 b�'lJ bb 'U'U1'UJ1 (iteration) l� ti fi°1\ll el'U'llel-.1 fl1 'i bbf1Ael'vl-.1 f1'U'U fl�'U'llel-.1 , 
A d ,J ,11 Q,/ QJ 

G I 
.J O I ff � I ll !11 

',:,i ,:,i OJ 
G I 'it'U'U 1 m�n\ll 'iel'U6ll-.1'1J'Un'U\ll1 Lb u'i'Vl'it'U\ll1bbvl'U-.1 b 'U'it'U'UVl-.1 3 bbn'U b'lJ'U'11b u'U'it'U'Ufl1'iVlb6lltl'U\ll1 Lb u'i 3 

(111bb'U'i�-.1n�11fiei x y Lb�t z ?l3-Jfl1'i�-.ln�11fiei?t3-Jfl1'iflell-1'Ubb�tbb'!l3-J (Kohn-Sham equation) �-.lbb?l�-.1 

�ei'lud 

Equation 13 

(111bb'U'i V(r) Aele1'U\ll'if1�tl1'itvl11-.1Bb�n\ll'iel'Ubb�t'U1bfl�t1?l �1'U VH(r) Aelbb'i-.lt:-J�n��eim.J (Coulomb 

repulsion) 'itv111-.l�b�nmei'U (111bb'U'i��'Vl1t1Ael V xc(r) zj-.,fieit:-J�'1JeJ-.l'l'l�-.1-.11'Ufl1'ibb�m tl�t1'ULb�t'l'l�-.1-.11'U 

f1113-Jimfo5 (exchange and correlation energy) zj-.,'l'l�-.1-.11'Ufl1'ibb�mtl�t1'Uelfi'U1tl'l'l']�n'i'i3-J'1Jel-.1 

�b�n\ll'iel'U 2 (111�vl�'UL'U'V11"1b�tl1f1'U bb�t 'l'l�-.1-.11'Uf1113-Jimruieicr'U1tl'l'l']�n'i'i3-J'1Jel-.1Bb�n\ll'iel'U 2 (111� 

v,3-1-u 1 uvil"1\ll'i-.1-v13-1nu zj-.,'l'l'1U?l�V11 vdb tlur11tl'i�mrub �ei-.1'11mtl bb 'U'U '1leJ-.l'l'l'1U� bb V1'1�-.1'llJ?t1m 'ici'Vl'i1'U'l� , , " 

.fru\llel'Ufl1'ifi1'U1 ru�b?l'Uel 1�tlflell-1'Ubb�tLb 'll3-Jelfi'U1tl 'lv1�-.l�el 1 ud 

1. b�1r11r1113-Jvl'U1bb'U'UBb�fl\ll'ieJ'Ub�3-J�'U (n( r))

2. bbf1?l3-Jfl1'i Kohn-Sham b�elvl1fl1-vl-.1n'tl'Ufl�U ('l'i(r))

3. fi1mruv11r11r1113-Jvl'U1bb'UUBb�fl\ll'ieJ'UbL'U'U Kohn-Sham electron density (llKs(r)) '11fl1'iLbf1

-vt-.1n'tlur1�-u <"';Cr)) '11n?l3-Jfl1'iv1-.1�ei'lt1d
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nKs(r)= 2 L 'I'� (r)'l'i(r) Equation 14 
I 

b(l'IJ 2 L'U?l:i.Jfl1':i�8�-:i?!tl'U'l.l8-:JBL�fWl''Hl'U (electron spins) l\118?1tl'Ut'Ubb(ltfl-:Ji1A1 +0.5 Lrnt -0.5

M1iiiA'1v1'UM1:l..lf1!Jfl1':ifl\71f1'U'U8-:Jb'W1� (Pauli exclusion principle)[29]

4. M'n\l?l'El'U A1 nKs(r) �1�111n�LA8-:Jf1'UA1f111lJVl'U1 Lb U'UBL�flM':i'El'Ub�lJ�'U�b\711Vl�81:iJ ( n( r)) '11 

1m9LA8-:JA1 Kohn-Sham electron density A8fl11lJVl'U1bbt!'UBL�f1M':i8'U ru ?1'11'Ut�'U'U8-:J':it'U'U 

Ltiv -:J\11fl'Vi\lU Vxc(r) L'U?ll-lf11':i1:w?11:i.J1':it1':it'Ub'U'U'i'U�bbt!'U8'U (exact form) 1� �-:iHflu'l''U'lJ'El-:J 
' " '\J 

A1'U'itmru �1m viMd�-:ii1m'l'L?l'Utl'l'tl LL 'U'U�1-:i ., L �885'U18'W\!Udvi'-:i�B 1 tJd 1 u.ff u�u�1u�?1\11 fl1'i85'U18 
, ,u I d.it , 

�1'Uf11'i'U'itmrur11Lb'U'UA1fl11:i.JVl'U1bbt!'Ubil'Vi1t� (local density approximation Vl�'El LOA) zj,:ivl\11'iru1 

r111ii viu1 bb tlu'lJv-:iBb�f1M':i8'Ur1-:i�Mflv\111 uvi n�1 Lb vitl-:i'lJv-:i'it'U'U85'U181� vi'-:i?tii m'i�tl 1 ud ' 

Equation 15 

�-:i LLJJ LOA \It 1 'l½t:-.1z, n1'l'ri1m ru�U1'WB h LLvJBL� f1M'l'B'U,r'U1i!d'.i m1iiviu1LL tlm u�f.l'U 1 tlmii'it8�iA1-:i\11fl 

ih b fl�8"''ll8-:J8�\?18:i.J �-:i,!u�-:ii1m'l'L"''U8fl1'i'U'i�mruA1 Lb'U'Ufl1':ib ,J� f.l'Ubb 'LJ(l-:J Lb 'U'Uv\'11 u (generalized

gradient approximation Vl�'El GGA) ll7181�L�:i.J'W\IU'lJ8-:Jf11'ib'U�cJ'Ubb'U(l-:Jf111:i.JVl'U1bbt!'U'll8-:JBL�flM'i8'UM1lJ 

Wc.J�'i/11-:J (v'n(r)) vl-:JbbMl-:J 1 'U?l:i.Jf11':ivl81 ud 

Equation 16 

2. 3. 2 �1 'U'U'i::; f1 B'U'll 8-:J f11 'i fi 1m ru l\718 vi '1,,_� �-:i niuu 'El" r111ii viu1 u tlu

1 um'irhmru'it'U'U 1 ��-:i�?l'U L\l ll71881Plc.J ll718Vlt),,_��-:iniuuvz,m1ii�u1LL tlu,!ui1�1'UU'itf18'U�'11Aqi

bbfl t1fif11'i vl-:J\ltf1�11 �81 tJd '1'1vif rn1u1 � 8:a'udzj-:i�-:i 1 u� f11'ir11'U1 ru?l:i.J'U&i'U'El-:J v]') b �-:itl5n�c.J1f11':i 1 'll?lmJ&i 

vi1-:i Lfli11!].fl1fl'll€l-:J Lb �-:i Fivr111m tl'Ufl1'U (periodicity) 1 'Uf11':i(l\71'lJ'U1\71'll8-:J'it'U'U fl8'Uf11'if11'U1 ru [26].

1. (l\71'lJ'U1\71'ittl'U'U'U1\71LVlaj (bulk system) b'U'Ub'1J(l�¥1Ll"l'I,- (supercell) �'U'itf18'Ul?118�U18b'1Jfl�

Vlfl1c.J 1 �U1c.J bb �1b'UL1vu1-:J'll8'Ub'lll?lbb'U'Ufl1'U (periodic boundary conditions ��8 PBC) b�'El 

lil1flv-:i6111 L'1Jr1�viLl"li,-'1LLfltvelt11 c.J�'U�1'Uv-:ii'"' l71'll'U1l711 viru1 'U�?l\71' .., ' 
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2. utl�,._:i1,s1rn�·foA,�r'il1ntl�iJil'il�..:J (real space) b'U'U'U�i;)il�Tl.Jfl�'\J (reciprocal space) �'Wc.11m:izj1u

b'IJ(?l'\J�"1tl..:Jbb'ifl (first Brillouin zone) 1ub'IJ(?l'i1b1m(?l€11fl�'U (wave vector Vl�€1 k) bb"1tb1flb(?l€11' 

lr1'i..:J��fl�1'Ufl�'\J (reciprocal lattice vector VI�€) G) �n1•u\vi€1€16'\J1tlvl..:Jfl'U'Ufl�U (wave

function Vl�€1 <Dk(r)) �..:i:wr111:w�i1iutl�..:im..1fl1'i'\J�€1flMB 1tl'i1 (Bloch equation)

Equation 17 

, ( ) ,. �, , .J.. "" ., ., -:'l .J , (.k ) ,. ."1 
'\Jll'il'U Uk r fl€1fl11:l.lbu'Ufl1'\J'IJ€1..:Jb'IJ'1'1 Vl:Wfl1'\Jbb'lJ'lJb�t11fl'lJAfltlb'U'IJru:;VJ'\Jlj'iJ'LJ exp 1 ·r fl€lfl'1'U 

'it'U1'lJ (plane wave) bb'1t k �€1b1flb(?l€11fl�'Ll1'Utl�iJil�1un�'lJ (reciprocal space) bb'1tfl1'ibbf1 

?l:Wfl1'i'I.ITT�..:Jb..:Jmvi€1Vl1fl1 k 'i1b�t1n11 m1fi1mrubb'lJ'lJfl�'U'it'U1'lJ (plane-wave calculation) 

3. Vl1fl1b'IJ(?l'lJ�'1tl..:JV11:W?l1:l.l1'iti"1�'1J'U1� 1l71LLJ1 (irreducible Brillouin zone Vl�€1 IBZ) �l1flfl1'i'1�' 

'IJ'U1�b'IJ(?l'lJ�"1tl..:Jbb'ifl (first Brillouin zone) 'i11flfl1'i�1b'W'Ufl1'ib:U..:J?i:W:l.J1(?l'i (symmetry' 

operation) t�t1fl1'iVl:W'U (rotation) bb"1tfl1'i"11�1'Ufl�'lJ (inversion)' 

4. b�€lfl'D1'U1'Ufl1��b1flb(?l€11fl�'U (k-points) 'i11fl IBZ t�t1fl1'ib�€1flfl1 k-point d-wm..11mfi�€1..:J
' ({ d'. � 1/ • .d.:::,,t QJ .d I 

ij€J'i?i(?lbb"1tbb'v'lfl (Monkhorst-Pack method) 'IJ..:J?l'i1..:J(?l1'i1..:J k-potnt Vl:Wfl1'iflW"il1tl(?l1VlbVl1 61
' ., 

fl'U'Vl1'Vl..:J IBZ

.ff u(?l€1'Utl� 1 tl �€1fl1'ib�€1flfl1'\Jll�..:J..:J1'U��tl€1� ( energy cutoff) b d€1..:J'i11flfl1fl11:l.lb 'U'Ufl1'lJ'IJ€1W1l"1�1 'U?l:Wfl1'i 

'lJ�€1r111m1:wm'il1nr1�u'i:;tJ1'lJ (plane wave) ru fl1'i:;�'lJ'l"l�..:J..:J1'UM1..:J 61 �--111111 vi'�mu"1t1vl..:in-il'ur1�uifu:w 

fl1b 'U'U€l'Ll'Llvi �..:iif u�..:i �eN-W'il1'iru1vl..:i n-il'ur1�u'ilu�..:i1:;�'lJ'v'IG1..:J..:J 1uV1d..:i b uu�:w 1'1J€1..:J m'i L�€1 nfl1'v'l�..:i..:i1u(,l � 

t1 €I� � "1 n 1'i fl° 1 m ru�1v1 cJ ..:i:w r111:w ,J 1 L zj €I �€1 €I cl b d €1..:J'il 1 n r1 � m t't.11 'lJ � 1:; � 'lJ'\111 '1..:J ..:i 1 u � 111 u:w � i;l MB� i;l b u"1 t1 " 
I ,d Q.I QJ .:d O QJ I 61 i,I A .J X 

1 '1 ''"mnm1V1'i:;�'lJ'\Jlli;'l..:J..:J1'U�..:J b 'U€1..:J'i11flfl1'ifl1'U1 ru�..:inm1, '1l€15'lJ1t1'i:;'lJ'lJ'Vl?lmu:;'v'l'U (ground-state) :w 'IJ'VI 

?1111 'U :; n 'i :; � 'U ( excited-state) � 1 u tl 'i t n €I 'lJ ?I � Vl 1 ti 'IJ €1 ..:J  n 1 'i r1
° 

1 'U 1 ru � €I n 1 'i b � €I n ?i' n tJ b V1 ti :w ' ' 

(pseudopotential) b d€1..:J'i11 ntl'it bfl'VlfiL� fl(?l 'i€J'Ll11'U?l1:l.l1'itlbb tJ..:i1v1 b 'U u fa� n (11 'i€1'U 1nJ-w1 b fl� ti?! ( core 

electrons) bb'1:; Bb�fl(?l'i€1'U�€1cl1u1:;�'lJ'\liG1-:i..:J1'U'U€lfl?l�'IJ€1..:J€1:;(?1€J:W (valence electrons) t�t1�..:J?1:w:w&\�1u " ' "' 

11 lr1'i..:J?l�1..:JB\.�fl(il'i€)'LJ 1nli'u1 bf!� t1?11:W:wfl1'ib 'U�tl'Ubb 'U'1..:J (111:l.Jb 1i;'l1 �..:J�i;l 1 '\Xvl..:i fl'U'Ufl�'U'IJ€1..:JBb� fl(il'i€J'U1n� 

-w1 bf!� t1?1:W '1 n�ru:;b�t1'lJtu t� t1 n11 LL Vl'U� ?i'n tJL :U--11€1 €1€1'U 1ub'IJ(111n K-w1 bf!� t1?f t� t1 ?i'n c1 b V1 t1:w �..:i.ff u(?l B'Llil 

'\Ill']&\ m1:w m1?i'u'll€1..:ifa� fl(il'i€J'U 1nli'-w1 bf!� t1?111u� n11111 '!Xb�t1'lJ t� t1 fl1 'i 1 '1r ?i' n c1 b V1 t1:w �-:i?11:w11111111 m1 fi1m ru 

bb'lJ'lJfl�tJ'i:;'LJ1'lJ1v11u..:i1ui�t1'i11'U15 projector augmented wave method Vl�€1 PAW bd€1..:J'il1n:wr111:w 

b V1:l.l1t?1:w 1 um1fi1m rub viBB5'lJ1 t1'i:;'lJ'lJ'll€1..:J Lb �..:i�:wiu�1Mm d€1--1'1Ju1� 1 VltlJ[30]. 
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3.1 'i1t.lri::L�t.1(,I fl1'irl1'U1 UJVl1'1fle)lJ'W1L�€JUt,Jt.lVl�'l1�vl'1 n'U'U'U€lrlfl11lJVl'U1LL U'U 1 m1ui-.5't.1d 

fl1 'i fl1 'U1 ru Lt,J t.lVl �'11�vl'1 f1'U'U'U€l r1 fl11l-lVl'U1 LL U'ULL 'U'Url1'U'1 '1'1.ff 1 fl1'iG'IU'U (spin-polarized periodic OFT 

calculations) €l11'1t.1L'U'iLLf1'il-l Vienna ab initio simulation package Vl�€l VASP[31-34] zj._,1-ifei'r1n€l1viii 
I.I Cl.I • ,d V 1l.lCLI ' ,:::,,I  ,d 

LL 'U'UG't€lt,1flrl€l'1f1'U (self-consistent algorithms) LVimLnG'tl-lfl1'i Kohn-Sham LLri:: 'lll'lnmVlt.liJLL'U'Uflrl'Utl1t.l 

'i1l-l (Projector Augmented Wave pseudopotentials Vl�€l PAW)[30] L�€l'1{1'1vl'1n'U'U:'Uj]1'U (basis 
· 

) 
,,J
1
" "' "' " ,,J '

1 
""' "' 

C ) 1 
,,J .. " ,,J !'l ., 

functions Vl 'll€l6'U1t.1mr1n�'i€l'UV1€lt.1 nri'U1Lflrlt.lG't core electrons 'U'llru::V1mr1n�'i€l'UV1€lt.1 b 'U'i::t,1'U 
" " 

Vi�'1'11'U'U€lf1G'lt,J'll€J'1€l::�€ll-l (valence electrons) €l6'U1tJLt,JtJ'llt,Jfl�'U'i::'U1'U:'U�1'U (plane wave basis 
, , "' 

sets) zj'1Ufl1Vi�'1'11'U(ll(,ltJe)(,J (cutoff energy) L'\111/l'U 450 BL�f)�'ie)'UL'Jrlvl (eV) 1uvim::'U'U v1'1n'U'U'U€l 

r1fl1'iLLr1 m tl�t.1'ULLr1 ::f111i1'1iisNut1 (exchange-correlation functional) €l6'U1t.l Lt,1 t.11 'Ufl1'i'U'i::mruA1LL 'U'U 

fl1'iL'U�t.l'ULL'Ur1'1vi'11tl (generalized gradient approximation V1�€l GGA) �LG'l'U€JLt,1t.1 Perdew Burke 

LLri:: Ernzerhof (L�t.lffl1 PBE)[35, 36] L'll�'U1rlt.1'1'1f1'1�1'U1fi'll€l'1�emrn{G'twLLrl::LLvlfl (Monkhorst-Pack) 
, 

[37] zj._,U�1'i1'1'll'U1t,1 4x4x1 ?l1Vl-r'U'vjmL'U'U'11r1€l'1'll'Ut,1LL'\11'1 (slab model) ?l1Vlfofl1'iLf1�t.l (smearing

method) L�€ln 1-il'ifi'll€l'1Ll-l6l vlm'1lr1LLr1::LLVin'1li'U'll'Ut,1el'U�'UV1d'1 (first order Methfessel-Paxton) [38]

Lt,1t.11'ifm1iin11'1fl1'iLn�t.1 (smearing width) L'\111/l'U 0.2 eV ?l1Vlfofl1'ifl'i€l'1LL'U'U'U1'1�1'U (partial

occupancies) Lt,JtJULnru'i1fl1'i�L'U1 (convergence criteria) L'\111/l'U 10·4 LLri:: 10·3 eV ?11'\ll-r'U .ffurn'i

r11mru�L�t.11n'UBL�n�'i€l'U (electronic step) LLri� �L�t.11n'U1€l€l€l'U (ionic step) miirl1�'U ?11V1fofl1'i

rl1'U1UJ'll€l'1'i::'U'U'Wmnr1€J€Jf) 1'1llil (NiO) �€l'11 'Ulfifl1'iLLm'll Lt,Jt.l(l\1LL 'U'il'lnV u 'll€l'1fl'U'U1fa (Hubbard-U

correction approach)[39] �1l-lfl'U GGA-PBE �1'ITT'U'i�'U'U'Un�h�m�ii Lt,1t.1fl1C-Jr1�1'1'll€J'1(1)1LL'U'ifl'U'U1{t,1
"" "' • I • 1,,J "" ) 

"' fl (Hubbard parameter Vl'i€l U) LLr1��1bbu'ifl1'iLLrlmur1t.1'U (exchange parameter Vl'i€l J 'Ut.11l-lbu'U Ueff 

zj._,1'U'11'UilUA1L'V11fl'U 5.4 eV �1l-lfl1LL'U�'U1?11Vlfo'i�'U'U NiO[39-44]

3 .2 16 fl1'i rl1 'U1 UJ'\111 fl1Vi�'1'11 'Ufle) fll-llJ'U�L 'U'11'U1 lij t.1d 

1'Un1'irl1'U1UJA1Vi�'1'11'Ufle)fllJlJ'Uvl (Ea) 'll€l'1tlfin%1�eJt.l (elementary reaction) ifu�€l'1'11l-ll'itl'i�� 

Lfl 'i'1'111'1'll €l'1 '11'ii '1�'U LLrl �C-J � � i( ru 'i1 L�t.1 fl €l'U� 1'U n7'iVI 1 Al L Viii 1��'1 t,1 'll€l'1Lfl'i'1'111'1 (geometry 
, 

optimization) Lt,JtJn1'if11'U1UJVl1'1 OFT '11mTuV1115Vi�'1'11'UJ1�t,1 (minimum energy pathway Vl�€l 

MEP) Lt,1t.1n1'iri1mru�L�t.1n11 (nudged elastic band calculation Vl�€l NEB)[26] 16i'1L�l-l'11f1n1'ibt,J1 

Lfl 'i '1 G'lf 1'1LLri::'111'1 mv; '11 r1 €l'1 (image) �'11 '1 � L U'U'i � '\1111'1mVi'11 'ii._,� 'Ubbri � C-J � � i( ru,;, r1 '1'U u:u�1 Vi�._,._, 1u 

f'i'nv (potential energy surface V1�€l PES) Lt,1t.1 PES i'1€l6'U1t.l'V'l�'1'11'U'll€l'1'i�'U'U'U'U15n1wi'1LU'U1tl 
.:; ., "' ,,, 1 ,, I 0 .d .d �. I ''i ,, .J � I "' 

(reaction energy pathway) '11f1'U'U €Jr! f1€l'iVll-l VI LL 'i'1 bbf1.fl1Vi'11r1€l'1 L Vi€lbflr1 €l'U bu� 1.fl'i'1 G'l'i1'1'1l'1 bl-ll-lbb 'i '1 

m�vh (zero-force configuration) Lt,1t.1Un1'i1�LL'i'1'1'U1'1'11ri€l'1 (fictitious spring force) Lbfl'i�'U'UL�ii�n 
.,j1lJ I o ,::::,,1 I I CL/ t 1 J/  ,d ) '1� lJ .J Vl1'1LVi€l Vlbb�rl�.fl1'V'l'11r1€l'1lJ'i::tJ�Vl1'1LVl1 � nu 'll'U�€l'UbVlr11'U'1�Vl�t,JLlJ€JL'1€l MEP 1,(,lt.ib(,il.fl'i'1G'l'i1'1Vl 
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i;'ff111�b'U�fJ'U (transition state) e:i��'<il\11B1'UlJ1 (saddle point) 'lJeJ-!11� MEP e:i�1-:ihMil.'U'IJ1-:Jflf-:im1 
'IJ , 

0 1 ' 1 
V 

cl 
a 1 cl cl V 1" "" ( ) fl1'U1ru l.Ji;'f1iJ11t1V11 fl1-:Jl;'f11-:i'V1i;'ff111�bu'1fJ'U'Vl'<il\11eJ1'Ul.l1 \11 U1'Ubfl'1bbl.l'U Henkelman [45, 46] bb'1�flru�

, 

i5-:i1�bi;'f'Ue:J15 climbing nudge elastic band method Vl�e:J cNEB �iieJ'1fleJ1viii611-:i'Vl1fl11b�e:Jflfl1'Y'llil1'1eJ-:J 

fl1'Y'l'\ll�-:J 1 '!Xe:i ��Ii) \11eJ1'UlJ1 b\11 fJfl1) mi'uviPl'lJ e)-:Jbb 1-:J '<il�-:J�iiviP1Ji1eri;'f 11'\Jfl 1'Y'llil1 '1 e:i-:i�ii'Y'l�-:J-!11'Ui;'f-:Ji;'f (,l �-:i11'U 1 'U 
'U " 'U '\ 

-:i1'Ud'<il�H'b'Vlf1Ufl cNEB [45, 46] 1\11m�e:in1-ulil'1'U1'U'lJeJ-:JJ71'Y'llil1'1eJ-:JbY1111'\J 6 b\11fJbf11-:Jl;'f-r1-:i'lJe:i-:il;'f11�-:i�'U 

bb'1�t:J�1,1.nru,hhw1'<il1fl bfl1-:Jl;'f-r1-:i�bi;'f�fJ1�l;'f\11G11Vl'tu fl11\11\11on''IJ (most stable adsorption sites) 
, 'IJ 

3.3 15fl11l;'f-r1-:ibb'IJ'IJ"'il1'1eJ-:J'lJU\11bbY1-:J (slab model) 

color code: blue = Ni, black = C, red = 0 

Figure 1 bb'U'Ulil1'1eJ-:J'lJU\11bb'V1-:J'lleJ-:J Ni3C(001), O-terminated NiO(111)-p(2x2) NiO(l00) Ni(211) Ni(l00) 

bb'1� Ni(l 11) 'lle:J-!1�1b1-:J'U�ii1m Ni 

bb'IJ'Ulil1'1eJ-:J'lJU\11bbYJ-:J1'U Figure 1 B6'\J1fJ�1b1-:J'U�1i1m Ni hW1{) fl1flb'1Vl�eJ6'\J1fJb \11fJVl'W1�\11 Ni(lll) 

Ni(211) bb'1� Ni(l00) tJ1�ne:iu�1mY'U'lleJ-:Je1�1,1e1ii 5 i'U zj,:i�t,1l.l1'<il1fl1�'\J'IJ'll'U1\111Vlaj (bulk) 'lle:J-:J Ni [47, 

48] 611Vl1'\J1{) fl1flfl1TI'IJ�eJ6'\J1fJ�1fJVl'W1�\11�U\11�1fJeJ�l,)e:Jl.J Ni (Ni-terminated) 'lle:J-:J Ni3C(001) zj,:iiii'U

'lle:J-:Je:i�1,1e:iii Ni bb'1� C b'V1111'\J 9 i'U zj,:i�t,1l.l1'<il1fl1�'\J'IJ'll'U1\111Vlaj (bulk) 'lle:J-:J Ni3C 'lJU\11 Rhombohedral

i;'fl.Jl.J11,)1'lJU\11 R-3Ch (bfl1-:Jl;'f-r1-:i'lJU\11 hexagonal) [49, SO] ?f1wru1{) f11fle)e)fl161l�eJ6'\J1fJb\11fJVl'U1�\11

NiO(100) bb'1� NiO(111)-p(2x2) Vl'W1�\11'lJU\11V1�-:idii�1'\J'U�\11U\11�1fJBe:Jfl�hlil'U (O-terminated) b \11fJii

'<il
0
1'U 1 'U i'U 'lle:J-:J eJ � 1 ,1  e:Jl.J Ni  bb'1 � 0 b 'Vl 111'\J 6 i'U bb'1 � ii fl 11 lij \11 b� fJ -:J'\11 'U 1 � \11 b b  'U'IJ b b  'U \11.ff 1 (octopolar

reconstructed surface) zj-:Jb'U'Ubfl1-:Jl;'f,r1,:i�1�bi;'f�fJ1�l;'f\11'lJel-:JVl'W1�\11 NiO(l 11) [51-53].
,
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3.4 nT1rhmrul\ilt1f111�1m:i-rnuu\l'Ul;ll"\1'1\?l{�l;lfl1rl (Microkinetic modelling) 

t ,J . '1l'UV1 I 

1 

2 

3 

4 

5 

6 

7 

8 

ORR 

tlijn1t11civt1 i 

CH4<sl + 2* � CH3 * + H* 

CH/ + * � CHz* + H* 

CHz* + * � CH* + H* 

CH* + * � C* + H* 

CO2<sl + 2* � CO* + O* 

C* + 0* � CO* + * 

H* + H* � Hz<sl + 2* 
CO*� CO + * (g) 

CH4<sl + CO2<sl � 2H2<sl + 2CO<sl 

'1:Wf111e)\?l11'1lel-:Jtlijn1t11civt1 i 

rl = k1YcH48.2 - k18cH38H 

r2 = k28cH38' - k28CH28H 
r3 = k38CH28, - k_38CH8H 

r4 = k48CH8. - k48c8H 

rS = ksYcoz8, - ks8co8o 
r6 = k68c8o - k68co8 

r7 = k18l - k1YH282 

r8 = ka8co - k_aYco8 
roRR = r1+r2+r3+r4+rs+r6+2r1+2ra 

Table 2 tlijn1t11civmrn�'1:Wf111el\?\11'1lB-:Jtlfln1t11 Boudouard (RBO) LLi;1�tlfln1t11 reverse-Boudouard 
reaction (RBO) 
� ,d. '1l'UV1 I 

8 reverse 

6 reverse 

5 reverse 

8 forward 

6 forward 

5 forward 

Boudouard 

tlijn1t11civt1 i 

CO<sl + * ➔ CO* 

CO* + * ➔ C* + 0* 

CO* + 0* ➔ CO2(gl + 2* 

CO* ➔ CO<sl + * 

C* + O* ➔ CO* + * 

COz<sl + 2* ➔ CO* + O* 

2CO<sl + * ➔ CO2<sl + C* 

61:wn11e1\?l11'1lv-:itlijn1mcivt1 i 

raR = k_aYco8, 
r 6R = k_68co8• 
rsR = ks8co8o 
raF = ka8co 
r6F = k68c8o 
rsF = ksYco28,2 

r ao = 2(raR)+ r6R+ rsR 

reverse-Boudouard CO2<sl + C* ➔ 2CO<sl + * rRao = 2(raF)+ r6F + rsF 

'Vl:IJ1tlb'VI\I) i'U\?le)'U i tfu�el'1-:Jel\?l11tlijn1t111uvil"1Vl1-:Jbtl-n'1-:i'Vl'U1LLl;l�tJe)'Un�u'1Je)-:J ORR lil-:JLL'1\il-:J1'U Table 1 
'i' ,::J (L/ A 0. I A A-=it. -=:I I I (LI 1l.l I I ) Q.I .. I � I d 1,\il'UVlel\?l11f111\.n\ilunn1t11 ri :Wrl1LV11nU riF - riR (\?\1eltl1'1\.'1l'U rs= rsF - rsR \?\11.\.ul � rlelrl1rl'1Vlf111 
\,f)\il'Uijn1t11'1lel-:Jtlijn%1civt1 i (rh i �LU'Ul;lU'Vl:IJ1tl�-:Jtlijn1t11tJeJ'Un�U'1lel-:Jtlijn1t11cieit1 i), �1LL'U'S Yi flel 
1,l"\��1'U 1:Wl;l'1Je)-:J'11'S�elci1 'U'1t11'U� LLn'1�-:iil�11. vh nu �1 r\11:W lil'UU e) tlvl elrl11:Wlil\.!11:W'1lel-:J'S�UU (L vh nu 

o; ol 8 "I ol J{ A ') ,Jo; 
( 

o; < .. I � ,,,jPlPtotal) LLl;l�\?l1LLu'S i r1e1r111:wunr1�:W'1lel-:J'111 i uuvmen 1,\iltlV1\?\1t1n * \ileln\l'UV11) 'Vl:w1tl'1-:J�\i11el-:Jb1Vl 
11-:J 1iJ�n�\il'UU \\il t1'1111\il 1 '11'U1�tl�'Ut11 m 'U'SLLn'S:W Matlab 1 'Uf111LLf1�\i1'1lel-:J'1:W f111U'U'1:W:W&i�1u�l'i\111ru1 
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fl"11flfl1'Hn\?ltlfln1t11 ORR whnu 8 .ffu�eJ'Uv1'1bb6'1\?l--11u Table 11u--11uiln"11flfl1'Hf1\?l'llfln1t11 ORR 

'W'11'H1J1b�l-l'll5n1t11 Boudouard bb"1� tlfln�ti18eJ'Ufl«u'!rn-:uYu 'Vl�eJ reverse-Boudouard v1-rnG1\?l--11u 

Table 2 b�eJ--1'11fli1�1u1 un11n°1b 'W\?l Lf'1flLb"1�n°1�\?l Lf'1fl�1l.J'1°1v1u [54] 'UeJfl'11m!uG1l.Jl.J&i�1m�m&il.JAeJ 
,.. 

n°1'Vl'U\?l1iX'llfln�ti1��'U�1 (surface reaction) bU'U.ff'U�eJ'Ufl1'in°1Vl'U\?l'Ufln�ti1 (rate limiting step '\/l�e) 

RDS) bb"1� 1 ,xer�11 fl1'H)1tl b Vll.J1'1 bL'1�fl1'S bb 'V'li'lJeJ--16'111�'1\ll'Ub 'LJ1l.J11 'U�'V'l1'U'lleJ'1\l11 b i--1tlfl n1t11tlfin1t11��'U�1 

l.J1fl fl1'SVl1f11rl'1�fl11bn\?ltlfln�t11 (kinetic constant) eJ 1PltlVIC)'l:}66'1.f111:::btl�t1'U (transition state 

theory '\/l�e) TST) 1'Ufl1Wl1'U1UH11Vl'foV)fl'Ui)n1t11�e:it1�1'U6'1l.Jfl1'S'lJeJ--1B1'1 (Eyring equation) [55] 1'1--1 

bb6'1\?l--1�e:i1'llil1u Equation 18 

Equation 18 

\l11bb'U'S i<i AeJf11rl--1�fl11bn\?ltlfln�t11'lJeJ'1'Ufin%1�e:it1 i \l11bb'U'i ks AeJf11rl--1muz{V1'1fl.J1'U\J (Boltzmann 

constant) �--1i1r11Lvi1nu 8,617x10-5 eV•K-1 \l11bb'U'i h fie:ir11r1--1�'\"l«--1r1 (Planck constant) i1r11vvhnu

4.135x10-15 eV•s \l11bb 'U'i T fle)e){U'\/l.flilt'Ufl11bfi\?l'Uflf)1tl1'\/l'U1t!Lrl'11'U (K) bb"1:::\l11bb'U'S l!.G*-0 AeJf11fl1'S , " .. 

• 1.l • I ., """' '::I '1 .J ( 
. ) bu"1tl'Ubb u'1'1'V'l"1'1'11'Ub6'1'SflU6'1L-u--11,l.J"1Vl6'1.fl11:::l.J1�'S.Ji1'U standard molar Gibbs free energy '11fl6'1.fl11::: 

b�l.JLb'ifl'lJeJ--1'Ufln�ti1 (initial state) 'lJeJ--1.ffutJfln1t11�eJti i �'16'1'111�b'U�tl'U (transition state) fl1'U1ill'11fl 

l!.G*·0 = l!.G0 (6'1.fl11�L'U�ti'U) - l!.G0 (6'1Cl11:::b�l.JLb'Sfl) 1m1uileJ--1'W'11'Sill1f11'V'l«--1--11u ru \JM'U� (zero-point , " 

energy 'Vl�eJ ZPE) f11LeJ'ULVl'SU (entropy 'Vl�eJ S) LL"1�f11'V'l�--1'11'U.fl1ti1'U (internal energy 'Vl�eJ U) v1--1i!u 

'11fl6'1l.lfl1'S'lleJ--1B1'1 (Eyring equation) \l11LL'U'i l!.G*·0 '1�6'11l.J1'Stlb�ti'ULU'U6'1l.Jfl1'SL�l.J�'ULLUU1�v1--16'1l.Jfl11 

�e:i1tlil

Equation 19 

'V'l\l\J l!.EoFT AeJf11'\"l«--1--11urie:it1l.JlJ'U� ('Vl�e:lf11 enthalpy) �V111m\?lti�'S--1'11flfl1'Sfl1'U1illVl1'1 DFT �1bb'U'S 

b.EzPE Ae:i'V'l«--1--11u ru �\?l�'U� (the zero-point energy) r11mru1�'11fl6'1l.Jfl11�e:i1tlil 

'\""hv· 
L\EzrE = 

LT 
Equation 20 

�1bb'U'i vi AeJrl11l.J�L:U--1n11iu (vibrational frequency) '\/11'11flfl1'ifl1'U1illrl11l.J�b:U--1iu'lm\?lti�'i--1'11flfl1'S 

fl1'U1illVl1'1 OFT �1Lb'U'S b.U0 AeJf11'V'l�--1'11'Ufl1t11m:U--:i1l.J"1�6'1.fl11�l.J1�'i�1'U (standard molar internal 
,.. 

energy) �l1l.J�1'V'l«--1--11umt11m:U--11l.J"1'lleJ--1fl11iu (vibrational) fl1'Sbfl�eJ'U� (translational) bb'1� fl1'S 
. ) ,, ., ., ., .J ., • I .. I '1 ::'I "' '1 .J .J I '1 '\/1:1.J'U (rotational b 'lJ1\?l1 tifl'U V11 t!Vl6'1\?l �1 bb u'S b.S0 rle:lrl1 beJ'U 1, VI'S ub 'lJ--1 bl.J'1Vl6'1.fl11�l.J1�'S�1'UVl'i1l.Jrl1beJ'U b VI'S , , ... 
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th�'1Ll.H'1'1JB'1n1'iiu (vibrational) n1'ibfl�B'U� (translational) LL(!� n1'iVll-l'U (rotational) L'LJ1v11t.lfl'U 

L'll'Ul1'U[9, 12, 56] --11uilL�BntiG1l-Jl-l&i�1uG1m1�f1'1\l11Lvit.Jl-l (pseudo steady-state hypothesis Vl�B 
) d , ,J Jt "' ( 'l "' , 1 ,.,, 1 d ., Jf "' d.,, PSSH LYlelVl1fl1n1'i nfl�l-!Vi'Ut:-11 surface coverages) b\ilt.l'Vi'<il1'iill111 l-!l-!G't1'i \ii 61 Vl�\il'1l'U'U'U'Vi'Ut:-11Vll-l 

mnn11G11'i�'ULLU(l1v1111�ii most abundant reactive surface species Vl�el mari v\'11�G11m'im�t.J'U 

G'tl-!n1'in1'i\il(l'<il\il1el'1l'l'U'U�'UC:h 1v11i1--1d 
, ' 

Equation 21 

'11Vlfot:-1�\llJ1ill'l'lLLt1G't COcsl LL(!� H2cgl i1u�-:JG'tl-ll-!��1'U1�ei�1 'UG'tl-J�(ln1'i�\ilsn''Ur11t.lsn''U (adsorption­

desorption equilibrium) [12, 57] 111-1i1ufi1n11i.Jnfl�l-l�'Ue'.b'1JB'1 H LL(!� CO G't1"1'i'1Vl11v1lil-1d 

Equation 22 

Equation 23 

el\l1'i1n1'ibf1\i1Ufln�t.l1 ORR ti'11Vl'S'Un1'iel6'U1t.lfl11l-!1el'1l1'1Jel'1\l11l1'1Ufln�t.J1 \il'1LLG't\il'11'U Equation 24 

LL(l�HBm1n11Ln\ilLfln'<il1n CH LL(!� CO 1u Equation 25 LL(l�eJ\l1'i1n1'in1�\ilLr1nL\ilt.J H LL(!� O 1u 

Equation 261'Un1'iel6'U1t.lfl11l-JLG't�t.l'i'1Jel'1\l11d-:i,Jfln�t.J1 

r ORR = r 1 + r 2 + r 3 + r 4 + rs + r 6 + (2)(r 1) + (2)(r s) 

rcgen = (k48CH8.) + 0,.6 8co8) + (ksYco8• + k_6 8co8• + ks8co8o) 

rcrem = (k_48c8 H) + (�8c8o) + (ks Seo+ �8c8o •+ ksYco2 8,2 ) 

Equation 24 

Equation 25 

Equation 26 

Lie1u1 '1Jn1'ibf1\ilUfln�t.l1Lf1\il��ruVlJJil 1000 K LL(l�£i'1\il6'/1'U'1Jel'1G't1'i'1J1L 'LJ1WVl11'1 CO2 LL(!� CH4 LV!1fl'U 1 

LL(l�L�ei1�1�Lf1\iln1'iU'UUfln�t.J1�e)t.JJ11un1'iVl1elll1'i1n1'ibf1\ilUfln�t.J1 1� i'Ull1el'U� 5 6 LL(!� 8 \l11l-J 

Table 1 t;in 1-uJ--11 u,Jfln�m ORR LL(!� Boudouard B�1'1LV!1fl'U vh1 �G11m'im �t.l'Uelll1'i1n1'ibn\ili.Jfln�t.l1 

ORR Boudouard LL(!� reverse-Boudouard 1v1111'1G'tl-ln1'i� Equation 27 Equation 28 LL(!� Equation 

29 ll11mh\ilu 

r1 + r2 + r3 + r4 + [(0.5)(r5)] + [(0.5)(r6 )] + 2r7 + [(0.5)(2r8)]

[(0.5)(rsR )] + [(0.5)(r6R )] + [(0.5)(2r8R )] 

[(0.5)(rsF)] + [(0.S)(r6 F)] + [(0.5)(2rsF)] 
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Equation 28 

Equation 29 



3.5 LL'W1Al1lnT�tl'itLihJL'Wli.:i (the ratings concept) 

L �e)�'1tb?f1tV11i1 b 1.:iufin1t11�:i'.itl1t�Vl6.fl1Yl�.:i1 'Wtlfin1t11 DRR tr'W '<ii'1b u'W�'1t�e:J.:iv\'1n11A\ll me:J.:i1?1�
�1-:J � 'U'WLnru'v'li.J1.:JeJU1.:J�LMt11'LJeJ.:Jbbflt�e)�.:) tlfln1t11 DRR v1.:ilY'W1 'W.:J1'Wd�.:ib?f'We:J L'Ubb 'W1Al1lfl1'iU'itbil'Wb 'i
\lli.:JL\lltl \ll'i.�il�n,; U'itb?f1�6'i'i:l.J b�eJ1m'Wfl1'iAV1n'ieJ.:JM1b1.:J L\llt1vY11tl1'Wfl1'ibU�tl'Ub'Vltl'U111l � lY'W'1t:i'.i
e).:JflU'itfleJ'UVl�fl 3 U'itfl1'iAeJ

.., • I .J O • I°' "' ( 1) \ll1 Lb u'i'Vl'1t'Vl1 fl1'ib u'itl'Ub Vl tl'U
(2) :l.J1\ll'i1\ll (scale) �bb?fl1l.:JA1?f:l.JU�111l � �?f'WL'1'1Je:J.:JM1LLU'i
() ., .,  .J ""  ,,l .,  .., 3 '1\lleJ1.:JeJ.:J Vl'W.:J Vl'ie:J ?fe:J.:J'1\ll bYleJ?f'i1.:J:l.J1\ll'i111l' , 

v1.:ilY'W 1 'Wfl1'ib tl� tl'U b vi tl'UU'it�Vl6.fl1Yl'IJeNM1 b 1-:Jtlfl n1 tl1 DRR L\11 ti bb 'W1 Al1lfl1'iU 'it Lii'Wb 'i\ll i.:i ?f1:l.J1'i'1e:J6'U1 ti
1ml1l ti L'Ufl1'ie:JUL:l.J m vi tl'Ufl'Ufl1'i?f {1.:i:1.J1\ll'i'1\lle:J ru'VlillJ (thermometer scale) 1 'Wfl'iill'IJeJ.:J:l.J1\ll 'i111lb'1lflb�tl ?f' , " 
(Celsius thermometer scale) lY'WeJ.:JflU'itfleJ'UAeJ

( 1) i1LLtl'i�'1tv\'1n11Ltl�t1'UL vim.JAB e:JruV1ni1'lleJ.:J'it'U'U, " 
(2) :l.J1\ll'i111lL'1lm'litl?f LL?f\ll.:JA1�ruV13Jii'lleJ.:J'it'U'U 1'WVI\J1tlel.:Jf"\1L'1lm'lit1?f (degrees Celsius Vl�e:J °C) �

LU'W:l.J1\ll'i111lU'itbilVl?feJ.:J�\llel1.:JB.:J (2-reference point scale) �:i'.ir111:1.Jf111.:J'IJeJ.:J.ff'Wmlll'i111l (step

size) fl.:J�LV11fl'U 100°C/100 .ff'W Vl�e:J 1 °C/.ff'W
(3) �\llel1.:JB.:J 2 �\llAel �\llb�e:Jflbb�.:J'IJeJ.:J\l1 (freezing point of H20m) � 0°C bbflt �\llb�eJ\ll'IJeJ.:J\l1

(boiling point of H20m) � 100°c v\'1V1u1�L'U'W�\lleJ1.:iB.:i�1.:iLLflt'U'W\ll1mhv1'U
L'U'Wb�t11 fl'U Lb 'W1Al1lfl1'itl'itLiim 'illli.:i�.:iifo.:ifitlwne:J'UVl�fl 3 tl1tn111 'Wfl1'ib tl�t1'Ub 'Vlt1'UtlW�V16.fl1Yl
'lleJ.:ii1d.:itlfin1t11AeJ
( 1J i1 bb u1�'1tv\'1 n11L u�tl'Ub vit1'UAeJ u1t�Yl6.fl1'Vi'IJeJ.:ii1d.:iufin1t111 'Wtlfl n1t11 oRR
(2) :l.J1\ll'i111lU'it�Yl6.fl1Ylb�tlfl11:l.J1\ll'i111lb'i\lli.:i (the ratings scale) zj.:i1m'Wfl1'ibbUflc-JflA1U'it�Yl6il1'Vi

1'WV1U1t1feit1f!tb'i\lli.:i (percent rating Vl�e:J %RT) Ll1lt1:i'.ir111:1.Jn11.:i'IJeJ.:J.rr'Wmlll'i111l (step size)
.Jr1.:iY1

(3) �11lei'1.:iB.:i 1 �\11 Ae:Jtl1t�Yl6il1Yl'IJeJ.:ii1d.:iufin1t11ei'1.:iB.:izj.:i1�fi1Lu'W 100 %RT btl�t1rn?f:i'.ie:J'W
bflru'v'lbU�tl'Ub'Vltl'U?f:l.J'i'itl'Wt (benchmark) �1Vl'r'Ui1d.:itlfin1t11111l � �?f'WL'1 �1tlb'Vll1)tlb'i1'1t
Yl'i1'U 1ml1l tl\ll'i .:i11i1 b 1.:itlfin1t11�:i'.iA1b 'illli.:imnn11 100 '1tb U'WM1 b 'j .:itlfl n1 t11�:i'.itl'it�Yl6.fl1'Vi�.:i
n11i1d.:itlfln1t11eJ'1.:iB.:i

e:Ju1.:i 11 n � m 'ie:Jfi'U 1 t1 tl'i t�Yl Gil 1Yl r111 r\'1-u.:i �.:iJ.:i r111:1.J1e:J.:J11 mi t r111:1.J L?f � tl'i fl1'U �n'W 1 tl L �e:J.:i '11 n 1A' ntr 'W
ci.:iern�eJU'it�Yl6il1Yl'IJeJ.:JM1d.:itlfin1t11L\lltl\ll'i.:J v1.:ilY'W the ratings concept '1t'it�'1?f�d.:itlfin1t11�
'We:Jfl'11fl'1t1eJ.:JL1LU\'1�.:iL?f�t1'i�1'WM1bbtl'i?fel.:J!il1AeJ reactivity rating (RT-R) Lbflt stability rating (RT-S)
fat1?11m1t1mfi11�vr.:id

1. b�e:Jfl!il1L 1.:itlfln1 t11eJ1.:iB.:Jb �m 'U'Wbflru'v'lb U�tl'U b 'Vltl'U?f:l.J'i'i'1'Wt�1Vl'r'U!il1 L 1.:itlfln1t11M1 �'W �,:i 1 'W.:J1'W
tlL�e:Jfl Ni( 111) eJ6'U1t!LL'U'U'<il1fleJ.:i L\llt!LL 'U'U'<il1fleJ.:J'tl'Wl1lLL vl.:i (slab model)
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V I V V <V � 'Vi"1-:i-:i1unvm-1ii,w1�-:iu 

2.1. b'1Wl X 1 fim'llM�eiBu1rm11n1-.5'� lfi'n�-:i:w?tm'Undm.1?tei-:i�1iieJ 

2.1.1. reverse elementary step 4 (C* + H* ➔ CH* + *) 

2.1.2. forward elementary step 6 (C* + 0* ➔ CO*+*) 
� .J A  A "i't., ,Jq A I V �  2.2. b'1JM X2 fleJb'1lMVleJfiU1!:.lnTHn��fln'1l-:iiJ?lm'Un!:.lm.l?leJ-:!mfleJ 

2.2.1. forward elementary step 4 (CH*+* ➔ C* + H*) 

2.2.2. reverse elementary step 6 (CO* + * ➔ C* + 0*) 

2.3. b'1JM Y Aelb'1lM�elfiU1!:JnT'ibn�tlfln%1�1um'ibbMn�1?111�-:ivi'uzj,:i:ij?{m:\1ndeimrn-:i�1fiei 

2.3.1. forward elementary step 1 (CH4cs> + 2* ➔ CH/ + H*) 

2.3.2. forward elementary step 5 (CO2cs> + 2* ➔ CO* + 0*) 

2.3.3. forward elementary step 7 (H* + H* ➔ H2cs> + 2*) 

3. 1 Vlb 'iMi-:ibbf1�1b -1-:iufln�m�?t'Uhl�mvi!:.IUflU�lb i-:itlfln�!:.11e)1-:!B-:!bb'1�f11'U1f:\J�1'U direct rating

scale Vl�e) reverse rating scale tunU'U'U�'UeJ-:!tlfln�!:.11t!eJ!:.1'11n?liJn1"i�eJ1tJd

d. . 1 (f' X2) 
Ea-Ea,o 

I DIll'ect ratmg sea e or set 
: RT -RTo =+ < 

reverse rating scale (for sets Xl and Y): :;-;;
0 --1<1>1

Equation 30 

Equation 31 

A1�1bb'U"i CD flele)M"i1�1'Uil1M"i1�b1Mi-:i (rating scale ratio) zj,:iAeim1iin-Y1-:i'Uei-:i.ffumm1� (step size) 

l�mi1Vl'U�A1b'V11flU 0.015 eV / 1 %RT '11'\ll'rub'lJM Xl bbG'l� y �-:i Ea '11Vl1U?tm:Un1'Ub'1lMi1V11niiA1'lJe)!:J

\l�bb?t�-:i{i-:im'ibn�tlfl n� !:.11 n11ri1-.5'� lfi'n�bn� 11ii'41!:.I bbG'l� tlfln�!'..11n1"ibbM n�1'Uel-:!?l1"ii-:ivi'mn� 11ii'41!:.1

M1iJ�1iu l'U'Uru�� b'1JM X2 'l1uV11n Ea 'Uel-:!?lm'lln1ub'1JM�-:!:WA1mn'1�bb?l�-:i{i-:im1bn�lfi'n�!:.l1n i-:i'l1u

b�v1vf reactivity rating (RT-R) �iiA1mn A1 Ea 'UeJ-:!b'llM Y vi'ei-:i:WA1'1.Jel!'..I l'U'(Jru��V11nvi'ei-:in11 stability

rating (RT-S) �iiA1mn Ea '(JeJ-:ib'llM Xl vi'ei-:i:wA1ueim�unu bb�A1 Ea '(JeJ-:!b'llM X2 vi'ei-:i:wrhmnzj,:il,'\Ju1'\.J1u

'Vl1'1M"i-:!'U1illlUb'1lM Y bbG'l� Xl �-:i'l1ub�elbb'UG'l-:!A1 Ea '(JeJ-:!J-:i 3 b'1lM1'U�Vl'lJ1!:Jb�!:.11fl'UAel %RT '1�1.if direct" 
rating scale ri1V1fo b'llM X2 bbML'tl reverse rating scale ri1V1fo b'llM Xl bbG'l� b'llM Y

4. f11'U1f:\JA1b'iMi-:ibO�!:JJ-:i average reactivity rating Vl�el (RT-Ravg) bbG'l� average stability ratings

Vl�el (RT-Savg) '11nA1bo�mG'l'UflruM (arithmetic mean) zj,:iri1Vl'fo reactivity rating 1vffi'1mru1u

b'llM y bbG'l� '11Vl1U stability ratings 1vfr11mru1ub'1JM XlUX2 �-:!?llJn1"i�eJ1ud (n Ael �1'Ul'U

tJfin�!'..118el!:Jl'Ub'1lM y bbG'l� m fle) �1'Ul'U'Ufiii�!:.11t!el!:Jl'Ub'1JM X 1 UX2):
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ll 

RT-R =� � RT-Ravg nf..i 
1 

i=l 

RT-Savg= � � RT-Si 
111 L.i 

i=l 

Equation 32 

Equation 33 

Table 3 nT'i1'1XeJ'U(i)'U'1Jel��1d-:n.Jfln�!'J1 (Ranking) 
.., .., el'Uvl'U eJ\il"i1 n1''Hf1v!Ufln�m �1bb'Vl'U�'U'U SS** eJ\il"i1n1"ibnvitlfln�!'J1 n1"ith�'viVl�eJ?ff 1� Lf'1n 1 u 

'U'U RS* L'1J\iln11n1�v1 Vl�eJ L'll\iln1"i?ff1� 1f'1n'U'U SS** 

l st High Coke removal High 

2nd Low Coke removal High 

3rd High Coke removal Low 
4th Low Coke removal Low 

5th High Coke formation Low 

6th Low Coke formation Low 

th High Coke formation High 

8th Low Coke formation High 

*RS = �uthfl11l.l1eJ�111i1�LL?fv1�1u Figure 2(a)

**SS = �uthfl11l.lL?f�!'J"ili1�bL?fvi�1u Figure 2(b) Lrn� (c)

5. ?1f1��'U�'"Jfl11l.l1eJ�b (reactivity surface Vl�eJ RS) LL'1� �'U�1fl11l.lb?f�!'J"i (stability surface

Vl�el SS) (i)�bb?fvi�1'U Figure 2 Lvl!'J� RS �eln"i1��bb?fvl�el\il"i1n1"iLnvitlfln�!'J1"i1l.J'1Je]� ORR zj�LU'U
< � .,j .. ..,.J ._, = .. O ._, '] V .J ft v1�n'U'U'1Jel� RT-Ravg 

LL'1� RT-Savg 
, 'U'lJC\J�Vl SS fleln"i1Y1Vlbb?fvl�el\il"i1n1"iLnviVl"ieln1\lvl ,fln6lMLu'U

v1�f1'U'U'1Jel� RT-Ravg 
and RT-Savg

· Additionally, Figure 2(b) depicts the coke formation

zone, which has coke formation rate higher than coke removal rate, while Figure 2(c)

illustrates the coke removal zone, where the coke formation is less than the removal.
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log10(r0RR[s"
1)) (•I•= 0.015 oV/¾RT) 

3 4 5 6 7 8 9 10 

120 

100 

80 

(a) 
� 

60 

40 
Temperature =1000 

20 
CO/CH

4 
ratio =1 

ref= Nl(111) 

0 
0 20 40 60 80 100 120 

RT-S(¾) 
log10(RATE OF COKE FORMATION ZONE (s"1)) (•I•= 0.015 eV/¾RT) 

120 

100 

80 

(b) 
� 

60 

40 

20 

20 40 60 80 100 120 
RT-S(¾) 

log10(RATE OF COKE REMOVAL ZONE [s"1)) (•I•= 0.015 eV/¾RT) 

RATE OF COKE REMOVAL ZONE 
120 

100 oNl(111) 

80 NIO(111)-p(2x2) 
� 

(c) ! 60 
0:: 

40 Temperature =1000K 
CO/CH4 ratio =1 

20 ref= Nl(111) 

0 
0 20 40 60 80 100 120 

RT-S ¾ 

Figure 2 m1v.JL:zl-:im1n1�vh.J'll€1-:J (a) .«'U�1F111:i..rfo-:ib (reactivity surface Vl�B RS) ABB�"i1fl1"i

Ln�uWVfo111:1.J'lJ€1-:J'Uljm1:J1 ORR (�.:i Equation 24), (b) .«'U�1Fl11:1.JL?f��"j (stability surface Vl�€1 SS)

€15'\J1�el�"i1'lJ€1.:Jfl1"iLfl�1Am111'1'Jfl'Uljn�!:J11'UL'lJ�fl1"iLfl� 1fi'n (coke formation zone) (LflWil1fl Equation 

25 - Equation 26) LL6'1� (c) .«'U�1Fl1111L?f��"i (stability surface Vl�B SS) €15'U1�B�"i1'll€1.:Jfl1"iLfl� 1fi'n

"i11l'l'Jfl'Uljn�m1'UL'lll>lfl1"iLn�1fi'n (coke removal zone) (Ln�'<il1fl Equation 26 - Equation 25) 1�m'U'U 

'W.:Jf1'ij'U'lJ€1.:J reactivity rating (RT-R) LL6'1� stability rating (RT-S) ��ru'Vl,Qi1 1000 K LL6'\�Fl11:I.J�'U PcHll = 

Pc02 LVl1fl'U 1 'U11 LL6'\�Fl11:I.J�'U PH2 = Pea LVl1fl'U 0.1 'U11 
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6. 6'\'1�\llrjel'U\1l'U X Lrn::: y 'tlel'1�1L'i-1'U!)ffu.J1�?f'U1W'1'U'U RS LL6'\1:: ss l\llcJ f\1LLn'U X fl€] RT-Savg 
LL6'\1::

f11LLn'U y flel RT-Ravg 
l\llcJf\1 RT-Savg 

LLG'l::: RT-Ravg 
'U'U RS and SS 'tl€J-1\111L'i'1'U!)f1�cJ1eJ1'1B-1

f11Vl'U\llf11L'V1111'U 100 %RT.

7. 1Lfl'i1:::i-, RS L�el'i1::'U11\111L'i-1'Uf1f1�cJ1'-il1::€J81'UL'tl\l\�ijei'm1m'iLn\lltlnn�cJ1 DRR ?f'1�€l'1'1fl11l-J
'I � 'U '6..1 'U 

I 1 .J 1€1-1 1Vl�'1

8. 1Lfl'i1:::i-, ss L�€JW'U11\111d-1tlnn�cJTil:::€JcJL 'UL'tlMn1'iLn1111r1n V1�m'tlMm'iri'1'5'1111r1n 'i1l.l'1-1ei'M'i1
' ,,I � 

n1'ibf1\ll VI�€] ri'1'5'1111r1n 1 'UL 'tl\l\'1'U , l\llcJ�1d-1tll)n1cJ1�L?f�cJ'i\11€J'1€J�L 'UL 'tl\l\n1'if11'5'1111r1n l\llcJileJ()1'i1

m'iri'1'5'1111r1n�V16�-1

9. '5'111eJ'Ut11'Utl'i:::�V16J'l1Vi'tl€J'1\ll1 L 'i-1tll)n1v1�?f'U h111-1LL?f 111-11 'U Table 3 'U'U�'U1!1'U'tl€J'1Lnru'f1Vl1'1fl11l-J

1€J'1L1LL6'\1::L?f�cJ'i

'il1nn1'i1Lfl'i1:::i-,fl11l-J1€J'1L"l'U'U RS 1u Figure 2(a) ?f1l-J1'i'1?11'll1�11m'iL�l-J;ff'U'tl€J'1 stability rating (RT-S

Vl�eJ fl1LLn'U x) 'il1::L �l-Jel\l\'i1n1'iLn111tlnn1cJ11111cJ'il\ll�Vi'Uel\l\'i1n1'iLn111tlrin1cJ1?1-1?1111flf-1LL 'infl€J� RT-S
°d..J 'I 'd..J 'U ' 

tl'i:::mru 60 %RT G11V1fofl11111 i 'tleJ-1 reactivity rating (RT-R Vl�eJ fl1LLnu y) LL�ll1 RT-S mmnu1tl'il::: 

V111�ei'M'i1n1'iLn111tll)n1v1 DRR G'l\ll6'1'1cJm1mrleJfl1 RT-R (fl1LLnu y) ilr11�-11111v Vi'UeJ\l\'i1n1'iLn111tll)n1m 

�-1'l111flf-1�?1€J-1Lrl€J RT-R E [110, 120] LLG'l::: RT-S E [70, 120] 'i11nm'i1Lfl'i1:::i-,'il:::Li-iu1�11f\1 RT-S hl 

fl1'iilrh�1V1�€J�-1Lnu1tl 1u'tlru:::� RT-R fl1'iilfl1mm�€J'il:::€J€Jn'il1m'tlM�ei'm1m'iLn111tll)n1cJ1J1 'il1nr11 
.J I 

RT-S LLG'l::: RT-R VILVll-J11::?fl-JVi'U11 

1. Ld€J'1'il1nfl1 RT-S �LVll-J11::?ll-Jzj'11�eYM'i1n1'iLf1\ll'U!)f11c!1 DRR truilr111ilu€JcJVl�€Jmmnu1uLrl€J

L'VlcJ'Uf1'U�1d-1tll)n1cJ1eJ1'1B'1 (Ni(l 11)) LL'UG'l11fl1 Ea 611Vlfon1'iLf1\lllA'nvi'eJ'1ilfl1�16'1'11'U'tlill1::�n1'i

ri'1'5'1111r1nm'iLn1111v1v1ntu

2. 611Vlfo RT-R �LVll-J11::?fl-l1'Un1'iLLMn\111 CH4 LLG'l::: CO2 fl1'iilfl1mnn11\111b'i-1'U!)f11c!1e11'1B'1LL'UG'l11

n1'iLL\l\n\111v1€J-141un11 Ni(l 11)

611Vlfom'i1Lfl'i11::i-,fl11l-JL?l�cJ'i'tl€J'1\111L'i-1'U!)f1�cJ1'U'U ss 1u Figure 2(b) LLG'l::: 2(c) Vi'U11 

1. L'tl\l\n1'iLn1111A'n (Coke formation zone) €JcJL'U'U1L1ill�fl1 RT-S �1 (LLn'U x � RT-S < 85) Vi'U11
�

.. .J .. ., ., .,. E E 
, ..i .J 1· 

1 
, .. .J 

'U'iL1illVIVi'Un1'iLn\ll bfln?f'1flel RT-S [50, 60] Lrn::: RT-R [0, 20] Vi'U11L'Vi€JVl'il1:: u?f'U'iL1illVI
� � 

Ln1111r1n�1 \111L'i-1'U!)f1�cJ1vleJ'1ilfl1 RT-S �1mn , VI�€] �-1mn , n11\111L'i-1'U!)f11cJ1e11'1B'1 l\llcJ\,)€J..j

ilfl1 RT-R �1 L�mi1ci'U1L1illl-Jl-J'U1cJ�1'1 Vl�el l-Jl-J'tl11�1'1'tl€J'1 ss t-11tln11'1'UL�€J€Jn'il1n'U1L1ill�
� ' ' 

Lf1\ll lAn 1 'UVlnmruf\1 RT-S (,1€J'1ilr11?1-1mn'Vim�€J1 �elcJL 'UL'tl\l\n1'ifh'5'1111r1n (coke removal zone)
' � �

o Q.I ')" ti 
1 v.J .:::. 

..,J, QJ o Q.I ') II 

2. L'tl\l\n1'in1'il\llbfln (coke removal zone) ?f1l-J1'i'1Vi'U \llVl'U'iL1ru RT-S > 85 61l'1€J\l\'i1n1'in1'il\llbfln 

mnn11eJ\l1'i1n1'ibn1111r1nJ-1L'tl\l\LL61dlr11L�l-J:ffu�r11 RT-R �.., i 1111vilr11�-1'l111�'U1L1ru RT-S E
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[90, 100] bbl;l� RT-R E [70, 120] �-11!m�01��1b�-1tlljn1m:ur111lJbG1�!'J'J �1 RT-S �m:u�1mn 

vm bb1;l��1 RT-R �b�lJ('l.J (n1'm�n�1 CH4 bbl;l� CO2 bf1(,)1��1t!) "il�6!bm�w-n1lJbG1�tJ'j'<iJ1f1f11'j 

b �lJB�11 f11'jfl1lij(,) bl-1 f1 

-2 ·1 
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BO 

40 

20 

-2 -1 
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80 

20 
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RT-S(¾) 
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log10(r .C,(C•H) [s"1)) (•I•= 0.015 oV/¾RT) 
-2 .1 3 
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20 KE REMOVAL BY H" 

0 
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RT-S(¾) 

log10(r .C,IC•O) [s1)) (•I•= 0.015 oV/'/,RT) 
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Figure 3 nnv-lb�-:m0n11vilJ'llel-1 (a) f111bf1(,)bflm'JlJ'<il1n CH* bbl;l� CO* ('V'l'<il'W� 1 bb'1� 2 'llel-1 Equation 

25) (b) f111bf1(,) bAf1"il1n CH* b'Vitl-1b'V1111'1.J ('V'l"il'W� 1 'llel-1 equation 7) (c) f11'jbf1(,) bflf1'<il1f1 CO* bV111!'1.J

('V'l"il'W� 2 'llel-1 equation 7) (d) f111fl1lij(,)bflf111lJb(,)tJ H* bb'1� O* ('V'l'<il'W� 1 bbl;l� 2 'llel-1 Equation 26) (e)

f111fl1lij(,) l1-1n b(,)tl H* bvh1!'1.J ('V'l'<il'W 1 'llel-1 Equation 26) bbl;l� (f) f111fl1lij(,) l1-1n b(,)tl 0* ('W"il'W� 2 'lle.M
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Equation 26) L\llcJ'Ylfle)(,j'j1f11'ibf1\ll'Ufin1cJ1b'U'Uv1-:ini'W'll€l-:J reactivity rating (RT-R) bbl'\� stability rating 

( 
,:::i., CV f' ( RT-S) ru eJruVIJllJ 1000 K f'l11lJ\ll'W PcH4 = Pco2 = 1 tm bbl'\� PH2 = Pco = 0.1 'U1'i 

, 'U 

'11flf11'i1bf'l'i1�'v1f11'ibf1\llLrlml1fl'Ufin1cJ1deJcJ'oJ1f1 CH* bbl'l� CO* �-:J€16'U1cJ1'U Figure 3(a) 3(b) bbl'\� 3(c) 
Y-l'U111ri'mhu1mubn\llm'11n CH* bdeJ-:i'oJ1neY()1'i1f11'ibf1\llLflf1'11f1 CH* ilf11i.'1-:i�i.'1\ll �-:i'1um'i'UeJ-:Jfl'Wf11'ibf1\ll 

., 'U , 

Lrlf1'11flf11'if'l1'Uf)lJ'U1lJ1ruf11'ibf1\ll CH* �-:iil�6'llJ1fl��(ll 'U€lf1'11f1'1'Wf11'ifh�'\llLflf1�1'W1Vlajmmnn'Ll5mm 
hydrogenation L\llcJ H* zj,:iije)(,l'i1f11'ibf1\ll'U5n1cJ1mnn11 u5n1m oxidation L\llcJ O* mh-:imn (i1-:ii!'W 
f11'i�-:J bi.'11lJ f11'i r\'1�\ll 1fi'n�1utlfi n1m hydrogenation 'oJ�'U1 m �iirn1ii bi.'1�cJ'i'LJ€l-:Jv11b �-:itlfi n1m L\il 
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d Q '"' 'U'Vl'VI 4 f1111bfl'fl:::'\ll'!Jel1J'1 

1 'UU'Vlil f1�115-:i.frw,rn'U �� me:i,:i bb'1::: bfl ill6t'lf11';it,1��'U'lb:::�'Vlfi.f11'V'l n1';i b 'j.:J'1Jfln�l'J1 b �Bel el fl bb'U'Ut,11 b 'j.:JtJfln� l'J1 
�-fo-:i b bb'1:::b?f�mr.11V1-t'Utlfln�1:.11 ORR 

b �e)';i:::'lfJ1(,)'J d-:i'IJfi n�l'J1�?f'U 1 'Wi1'U'Jel'1 b bbl;l:::b?f �l'J';j 1 'U'IJfimm ORR '\ll�e) 1� 11lel'1�'11';iill1t,11 bb 'U ';j\,)e:Jl '1.Jil A el 
'V'l�'1'11'Uf111��oiJ'U'lJB'1?f11'U'U�'J'lJB.:Jt,11b1'1'Ufln�l'J1 (Adsorption energy Vl�el Eads) bb'1:::��'!Jel'1'V'l�'1'11'U 
f1Bfl1J�'U\,l (activation energies Vl�B Ea) �'1bb?f�'11'U Figure 4 

1. Eads '!Jel.:Je:J:::1,1e:J1Jfl1{'UB'U (Ea
ds (C))

2 .  E
a 

'!JB'1f111bn� C-C lil1f1B:::1,1e:i1Jr11{ue:i'U 2 e:i:::1,1e:i1J (Ea (C-C))
3. Ea 'llel'1f111bn�e:i:::1,1e:i1Jr11{ue:i'U (C) lil1f1 CH*" (tlfln�1:.111'1J'IJ1'1Vl'W11'W.fr'U1,1e:J'U� 41'U ORR, E a (4))
4. Ea 'llel'1n11fl1'<ij�e:J:::1,1e:i1Jr11foe:i'U (C) 1�1'l H* ('Uflr1�1'J1EJB'Ufl�'U1'Wi'U1,1e:i'U� 41'W ORR, Ea (-4))
5. Ea 'llel'1n11bn�e:i:::1,1e:i1Jr11foe:i'U (C) lil1f1 CO* ('Uflr1�1'J1EJB'Ufl�'U1'U.fr'U1,1e:J'U� 61'U ORR, Ea (-6))
6. Ea 'llel.:Jf111fl1'<ij�e:i:::1,1e:i1Jr11foe:i'U (C) 1�1'l 0* ('IJfln�1:.111'1Ji1-:iV1'W11'W.fr'U\,1B'U� 61'W ORR, Ea (6))
7. Ea 'llel'1f111bb\,1flt,11 CH 4 r1f.:Jbb';ifl (tlfln�1:.111'll'IJ1'1Vl'W11'W.fr'U\,1el'U� 11'W ORR, Ea (1))
8. Ea 'llel'1f111bb\,1flt,11 CO2 r1f-:ibb1fl ('Ufln�1:.111'1J'IJ1'1Vl'W11'Wi'U1,1e:i'U� 51'U ORR, Ea (5))

t,11 bb 'IJ1 2 t,11 bb 1n�e:i5-:i fl111J b?f �l'J1'\111Bfl111J?f11J11t:11 'U m11111'Uf111bn� 1ri' n ( coke-resistant properties) 
'!Je),:J(,)'Jb'j.:J'LJfin�l'J1 1�1'J(,)'J d-:itlfin�1:.11�i1m1m?t�m�11il::: bb?f�'1A1 Eads(C) �bb �.:Jbb ';i,:J bb'1:::ijri1 Ea 1 'Wf11';ibf1� 
C-C �1 (Ea(C-C)) b�B'11il1flf111��'U�'J'llel.:Jt,11d-:i'1Jfln�l'J1��iunu 1ri'n 1�bb�'1bb 1-:Jlil:::vh 1 �\n�n11U�'U'1��
-fo-:i 11 (activ e site) v'i11 �ij��m 'IJb 'j.:JUflr1�1'J1'U'U�1'1�'1'1�'1�rn 1�1'J(,)';j.:J\,)e)fl111J'Je)'111'!Je:J'1(,)'Jb 'j.:J'1Jfin�l'J1
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[21) bb��rh Ea(C-C) ��1bb?IVl-:J�-:Jf11''fU11'1J�fl11bf1Vl br1f1'1J'U1Vl1 V1aj'l1i1�1e.1.ff mb��'Unl•l'll-l�-:J�1'1Jel-:i�1d-:i 

'1.Jfln�m bb��1'U'IJ�mru�mn.ffm1�bf1Vlfl11�Vl�'U'IJ0-:J�'Vq'U�1b1-:JUfln�mbm�bf1Vlfl11bb\9lf1'1JeJ-:J�1b1-:JUfln�eJ1 

'Vl11�\nvifl11b�eJl.J'1111'1JeJ-:J�1d-:i'IJfin�m ?ITU�1bb'U1�'U 'l �b'Vl�m!'Ufl0�1bbUTvl'l'UA7'U1ru RT-S bb�� 

RT-R 1vie.i\911-:i61l-:itl11 'IJ1-ff1�'4el\9117fl11bf1Vl ORR el\9111fl11bf1Vlbb��f17�vi 1ri'n�-:Jbb?lvi-:i1 'U ratings concept 

0�-:Jb 11?17l.J11t\U1�bi1'Um7:W b?l�e.11'1JeJ-:J(,)1 b 1-:i'IJfin�m 11i1'<il1f1 (1) rl11l.Jbb�-:Jbb 1-:J'IJ0-:Jfl11�V161J'U (adsorption 

strength) (2) 'V'li-:i-:i1'Un0n:wl1''U\911 'Ufl11bf1Vl 1ri'n'll'U1Vl 1'Vlaj (3) el\9111fl11bf1Vl bb�� n1�vi 1ri'n ?11'U 1 'Ufl11 

06'U1eJA11:W1eJ-:J11'1JeJ-:J�1d-:i'IJfin�m1'U'IJfin�m ORR ?11m1m�'4�1'Uel\9111fl11bf1v!Ufln�e.11 ORR 11i1 

1vie.i\911-:J 'UeJf1'<il7m!'UnWm7'Ub'IJ\9lfl11bnvi 1ri'n (coking zone) �-:J'Vl71 V1?11m1t1W'4A17l.lb?l�m'll0-:i�1d-:i 

ufin�m11i10�1-:J11Vlb�1 

Catalyst screening 

Obtain catalyst's data .,. _____ .. 

1 st class candidate 

Pick a new catalyst 

�. 
• 

t I 1 j r I ! 
-- ·- . -- .__..,.._ ... -�-�-,.

_... 

2nd class candidate 

Figure 5 bbe.J'U.fl1'1/'l?l18-:J1'U (Flow diagram) 'IJ0-:Jfl1100nbb'U'U�1d-:i'1Jfin�m1'U'1Jfin�e.i1 ORR 

'<il1nbbe.J'U.f11'1/'l?l18-:J1'U1'U Figure 5 'l/'l'U11'<il�'V11fl11AVlmeJ-:i�1d-:i'IJfin�m1vimnru"YlA11:Wb?l�e.11fleJ'UA11:W 

10-:i11b?l:WeJb�eJ-:J'<il1f101�fl111'U-:i7'U�1b1-:JUfln�eJ1�811'U1'U'<il��1e.l�VlA1b��1eJ1'Ufl11�mj?lm'V'lbb��fl11 
., , .I """""" 

( 
. 

) 
J' d d "" "" d 

'Vlv!bb'Vl'U\911b1-:Jufjme.J7 regeneration and/or replacement costs 'UeJf1'<il7f1'Ub'V'leJ'Vl'<il�l.lm7l.lb?ltle.11'Vl6j-:J 

�1 b1-:i'1Jfin�m�?l'Ul'<i11!'Um10�1 'Ub'IJ\9lfl11f17�vi 1fi'n (coke-removal zone) ci1'U-&'U\>leJ'U�mnfi0 n11A'vi

f110-:J'Vl1�1 b 1-:J'U fin� e.11�10-:J 11 b�Bi'U�Vlfl11 Av! meJ-:Jbb���1eJ'U'<il� ?11l.J11tl 1�'4U1� b.fl'Vl'IJ0-:J�1 b 1-:i'IJfi n�m 11i1

bt1'UB'U�'U.fr'U� 1st 2nd 3rd bb�� 4th 61l-:i0'U�'Ud?10vi1-11;10-:inu0'U�'U1'Ufl11AV1m0-:i1vie.i ratings 1'U Table 3
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v .. 1 )( o � .J q o v o v 61 v v , ,. 1 A,.C,,.A, er .J \l"f11'Vi)VI u'i �bflVl'U m �Vl1 b '\'leJVl\l �b 'i cN'11VIUfl11lH'l1fl(\j 1. 'Uf11'iflVI f1'ie)��1 b 'i � u � f1'iEJ1 I.VI c.l f11'iVI Vli;le)� '1M\l � VI 

l'l1'1J e)� ()11 b 'j �,Jfi n1 c.l 1�LAc.11-ueJ� flUfl11lJ1e)� 11 bbi;'l �b?I �c.l 'i b �m�hJfle) 1'11 f11'i b ,J� c.l'U ( conversion) G'f1'U f11'i 
�e)��e)1 �f11'ib 1�,Jfin1 c.11 "11 Lt,1\11f1f11'iVIVli;'le)� LVI c.l ( 1) f11'iv110�'i1f11'i?l�?llJ'lJe)� 1A'nmr� f11'ib 1�'1Jfln1c.11 
(coke deposition rate) zj�f\'1mru'11 n'IJ1m ru 1A'n?l�?ll-l�Vl5\11m 1m 1 un1'ivi1'1Jfi n1 c.11 (?11m'it11VI 'IJ1m ru 
1 A' n 1 t,1 \1 1  n temperature-programmed hydrogenation (TPH) vi� eJ temperature-programmed 

oxidation (TPO)) bbl;'l� (2) r11n1'ib'IJ�c.1'U�1iib1l;'l1 (conversion over time) �eJ��m�f11'ib 'h'IJ5n%1 
f)e)'U�\911 b 1�iJ5n1c.11\l� Ll-1?11lJ1'itlb 1�'1J5n1c.111� 'Ue1�'i1f11'ibr1Vl'IJ5 n1 c.11�m f1'\'le)

4.2 bnru'1n1'i'IJ'i�Lilui1b 1�iJl)n1c.11�"iJ'i��vi6m'l'I� 
o OJ ' 

ol A. A. ' V'l I A. .J.-::,1 I � 

?11"1'iUbf1'1J'l'lf11'i u'i�blJ'U\1�1bfl'i1�"1\11f1 RS bbi;'l� ss VI� 1. 'U Figure 7 '\'IUf111U'ib1'1.!VllJf111lJ1e)� 1.1lJ1f1bbi;'l� 

'IJ1unl;'l1� ?11m'it1�V1'1J'i�bflvt1t,1L um 'll� R1 LLl;'l� R2 �1mhli1u LLl;'l�U1L1ru�"A11iiL?t�c.1'i��LLl;'l�,J1unm� 
fleJU1b1ru S 1 LLl;'l� S2 mmhv1u\i1�bb?IV1�l'U Figure 7 
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Figure 6 �'Uc'.i1Fl11:l..l1eJ.:i11 (RS) bbMMb�W (a) el\Wnfl11bn�'\.Jfln�cJ1b�.:i�rnrn�vi:1.J'Uei.:i'\.Jfln�!'.11 ORR bb'1t 

�'Uc'.i1Fl11:l..lb?l�!:.l';i (SS) bb?l�.:i b�!:.I (b) eJ(,)';i1fl11bn�'\.Jfln�!:.l1b�.:i'1eJfl1�vi:1.J'UeJ.:i'\.Jfln�!:.11fl11bf1� 1fi'n 1'Ub'U\,ln1';i 

bf1� bAn (coke-formation zone) bb'1t (c) eJ\,l';i1fl11bn�'IJ{in�!:.11b�.:)'1elfl1�vi:1.J'UeJ,:!'Uijn�!:.11fl11f11�� 1fi'n 1 'U 

b'U(,)fl1';if11��1fi'n (coke-removal zone) ��ruVl[JlJ 1000 K bb'1tel(,)';i1�1'U�1d.:i'1Jfin�tl1'U1b6U1b(,)1'LJ{imru 

bvl1nu 1 1�1:.1i1�1d.:iu{in�me11.:i0.:iAei Ni(111) 
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(a)
Reactive Zone 

R1 = highly reactive
R2 = moderately reactive

at 1000 K, CO2'CH4 = 1 
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Coke-resistant Zone 
S1 = highly Coke-resistant 
S2 = moderately Coke-resistant 
___ ,_at 1�00 K, COzfCH4 = 1 

0 20 40 60 80 100 120 
RT·S(¾) 

Figure 7 U�VHU�l,l,i;'f()Nel1Wl1f11'il.f1vl'Uflrffo1�b'U'U'Vi,H1'U'U'llel-:i RT-S 1,1,ft::: RT-R (a) �YlU�1d-:i'llfln�t11:U 

r111ii10-:ib�-:i (highly reactive zones) u�1.1ru R1 l.l.ft:::�iir111ii10-:i11'll11.Jnft1-:i (moderately reactive 
zones) u�1.1ru R2 I.I.ft::: (b) l.'llvlf11'if11�vi1fi'n (coke-removal zone) zj,:i'll'i:::n0u�1t1u�1.1ru�iiel'vi'i1m'i 
n1�v11fi'n�-:i1utfa1ru S 1 (highly coke-resistant zones) l.l.ft:::n1�v11fi'n'll1t!nft1-:iu�1.1ru S2 (moderately 
coke-resistant zones) zj,:i1,G1u'llw1.1.i:fvi-:i�-:i'lleJUl.'llv!n1'il.nvi1fi'n (coking boundary) 

11.Ju�1.1ru�10-:i11 (reactive regions) i!m1:::Y1'U R 1 0tj��-:io!f1t1'll0-:i coking boundary �-:ivtiivizj,:i1,uu1.'llvi 
n1'il.f1vl1fln (coke-formation zone) I.I.G'fvl-:i1�11�1d-:iufln�t11�:Ufl11l-11el-:ib�-:i,1'U'Uelml1ml:::d-:i'lllF'\�t11 
ORR 1,1,�1cfo 1-:i'llfln�t11n1'il.f1vl 1r1n 1� 1.111. 'UWl'U 1,1, 'U�11vl11. 1-:i'llfl n�t11�10-:i 11�-:J I, vit1-:imJ1-:i l,�t11i!m 'U'U 
vl1 d-:i'llfl n�t11G11V1fo ORR 1:iJ�1, �el-:J'il1 nm1mG'f� tl'i:U�1ftvlft-:J 111-:ii!m U1Vll-11 ti 1 'Wn1'ielelml. U'UI, �e) 1 m� 
v11d-:i'llfln�t11�1e1-:ib1.1.�:::cJ-:J:Ufl11l-ll.G'f�tl'ieltji!'UYlU1vi'l. 'Uvl11.1-:JUfln�t11'U'i:::1.iW1� 1 (1st class candidate) 
zj,:i 1:uYl'UG11Vl-ruufl n�t11 ORR mh-:i 1'in�YlU111. 'i1G'f1l-11'it!YlUv11 l.1-:J'Ufln%1'll'i :::1..fl'\11� 2 1�'i:11nn1'i'Uel'Uf1'U 

'(Je)-:JU�l.1ru R2 I.I.ft::: S 1 Vl�e)�e) R2 ns 1 zj,:ie)t1l'UU�1.1ru RT-SE[90 105] bl.�::: RT-RE[l 10 130] 111-:ielfiU1tl 
'U 

1'W Figure 8. 
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(a) 
T =1000K CO2/CH4 =1 

(b) 3.5 

T =1000K C02/CH4 =1 
7 8 9 10 11 4 4.5 5 5.5 

LOG ORR RATE IN REACTIVE-STABLE ZONE LOG NET C REMOVAL RATE IN REACTIVE-STABLE ZONE 

130 130 

125 125 

� 
� 120 � 120 

0:: 

115 115 

110 110 
90 95 100 105 90 95 100 105 

RT-S(¾) RT-S(¾) 

Figure 8 e)\Jl 'J1 n 1'Hf1\11 'U fl n� t.11 L:U,rn e) n1�vh1h1 'll� L1 ru � (,11 d-:iu fl n� t.l 1ii fl11lJ 1  e:i-:ib LLi;l �LG'!� t.l 1 

(reactive-stable zone Vl�e:J R2ns1) '!le:J-:J (a) eYm1n11Lt1\11'Ufll1��.m:U-:i1;1e:in1�vilJ'lle:J-:J'Ufll1�t.11�'V'le:i{lJi1 

-:JLL'll'LJLL �-:J'!Je:J-:Jii L'Vl'U LLi;l� (b) eJ\J\11fl11Lf1\11'Ufll1�t.11L :U,:i1;1e:Jfl1�vilJ'lle:J-:J'Ufln�t.11fl11f111ij\111�n 1 'UL'!J\Jlfl11f111ij\11 

1�n �-:i1!m11nfl111Lfl11��dG'l1lJ11t1'\111rl1 Ea �L'VllJ1�G'llJ611'\llfot,l1L'i-:iufln�t.11'U1�L.f1'Vl 2nd class 1��-:i 

LLG'l\11-:Jb Table 4 

Table 4 r11'V'l�-:i-:i1'Uf1e:JlllJ�'U�'11Vl1'll'Uflt1�t.118e:Jt.1'!le:J-:J'Ufln�t.11 ORR 1'LI'lJ�L1W reactive-stable 

(,11 L -i-:iUflt1�t.11eJ1-:J B-:J 

Ni(ll 1) 

'!JffUL'!J\Jl'lJ'U 
' "' 

fl1Lui;lt.l 
I .c!.il � Q.I 

fl1Ll.lm 'Vlt.1unu 

RT-S 

100 

90 

105 

98 

ue:ic.1n11 
(,11 d-:iufl n� m eJ 1-:i B-:i 

RT-R 

100 

110 

130 

120 

0.89 0.67 

L'!l\Jl Reactive-Stable 

0.4 

0.7 

0.6 

0.2 

0.5 

0.4 

1.38 

1.2 

1.5 

1.3 

3.43 

3.3 

3.5 

3.4 

0.81 

0.7 

1.0 

0.9 

1.59 

1.5 

1.7 

1.6 

'V11t.l��(,) LLi1 fl11fl\11me:i-:i L �e)'\111\,11 d-:iufln�t.11'U1� L.fl'Vl 2nd class �m 'U'UL 'U1'\lllJ1t.lLL 1n 1 'Ufl11 fl\11m e),:j 1 'LI 

'Uflt1�t.11 ORR L�e:ici-:i�e:i1�fl11fl\11me:J-:J'Vl1-:Jfl11'Vl\11i;1e:J-:J 
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5.1 '11Uc-l'1flT'iPifl�1 

bb 'U1f-1�fl1'SL �I, w1i-:i (ratings concept) �fl�\lll'lrn.rn �elfl�fl'ieN'\/11(1\11, '5-:iuljn1t11�-fa-:i11bb'1tb6'1�tl'H�el 1-u 

G11wruulj n1t11�•vfa{iifl-:i1,vu'lrn �,:j'!Jel-:inwt'lJ l�tl fl1'i1bfl'i1t\-1fl1V'i�t-:ir111iJ1el-:i11 (reactivity rating 'Vl�el 

RT-R) bb'1t b'i�i-:ir111m6'1�t1'i (stability rating 'Vl�el RT-S) 'Uel-:i(l)1d-:iuljn%1�G1'lJhJ 1�m1,m?1�i1\�r11L'i 

�t-:i'Uel-:i (1)11, '5 -:iu fl n1 t111� ti 1, u� t1u1, vi t1u l,'1J�'Uel-:ir11V1«-:i-:i1u nelniil1u(l1'1Jel-:i(l)11, "i-:iufl n1 t11�6'1u 1\lnu(l)11, "j -:i 

uljn1c.11ei'1-:iB-:i (reference catalyst) uumm1�1,1�i-:i (rating scale) G1m:iifl'Uel-:!t,'1l�t,'\/1�1i1�elr11V1�-:i-:i1u 

flelflil3J'lJ(l1'1Jel-:!fl1'i1,n�1Afl\l1fl CH* 1,1,'1t CO* l,b'1tUljn%1 Boudouard l,1,'1tfl1'if)1';ij�lflfll�tl H* Lrnt 0* 

Lb'1tUfl n�t11 reverse-Boudouard 1 'lJ mru'Uel-:!fl1'i'Vl1fl1 RT-S Lb'1 tf11Vlft-:i-:i1unel flillJ'lJ(l1'Uel-:!fl1'i Lb�fl(l\1 

CH4 LL'1t CO2 1umrufl1'i'Vl1f11 RT-R b�elB1'lJfl1�eJ'lJ�U (RT-S, RT-R) ?l'1wru(l)1d-:iuljn%1�6'1'lJL\J uu 

�'lJe'.l1fl11il1el-:!11 bb'1t �ue'.l1m1mG1�tl'i b�el'it�fl1eJ�'i1fl1'ibn�uljn1t11 ORR bb'1tfl1eJ�'i1fl1'i 

1,n�ufln�t11fl1'il,f)� 1Amb'1tf11�� LA fl 'lJelfl\l1fl11'lJfl1'iel1Pltl'Uel'Ub'U�fl1'ibn� LA fl (coking zone) \lt�1mii11 � 

fl1'ifl�fl'iel-:!'\/11(1\1b "i-:!Ufln�tl1�1el-:! 11Lb'1tbG'l�mV1{eliJ nmtJu1 u1�m.h-:i'1t�1 fl 1�t1t11(1\1 b '5-:iUlj n1t111�n� 

e)'lJ�'U'U'lJ ss el�L 'lJb'U�fl1'if11�� lflflbb'1tb tJui11,1, 'VIU-:!l,�t11fl'UI, 'U��1el-:!111 'lJ RS \lt��bU'lJ(l\11,'5-:!Ui)n�tl1 

ORR ��1 u��ilfl� Lrnt 1 'lJfl1'ielelflbb uui11, '5-:iUl) n1t11��iir1�'l!'lJfl1'ifl� fl'ieJ-:!'\/11(1)11, '5-:!U ljn1 t11�1,i;1�t1'inel'lJ 

Jun r111ii?f 1� t1J" iJuBuiu 1,1, 1 fl ri el'lJ r111ii1el-:i 111� u u1 t l,.fl'Vl'U el-:!(1)11, '5-:iulj n1 t11� p(� mel-:i 1\i\' i;11m1C11,1, u-:i 1\i\' 
fl ., ' • 1 A AA st nd rd th .J .J .,l � 0 A 

• 1 A .J. 1 l,u'lJM1t,'i-:!u!)fl'it11 1 2 3 t,b'1t 4 class el'lJ-:!'Vll,-:!el'lJ1,'Ufl1'i�1l,'lJ'lJufl�'Uel-:i ORR 'Vlu'itmru 1000 K 

1,1,'1teJ�'i1'11'lJ'11'i,-:!\i1'lJ'U1l,'lJ1l,'V!1fl'lJ[1] 'l!'lJ1,'i1\ltVIU1�1,Vit1-:!l,l,fl(l\1L'5-:!Ufln1t11U'itl,.fl'VI 2nd bl,'1t 4th 

5.2 'lJe)l,i;1'lJe)l,l,'lJt 
• I 'i ( .J I � .,., .,I VA ., � ., "' \l1flc-J'1u'it btl'll'lJ'Vlfl1m1\lt b�'i'U'll-:!�1\ltl b�l,i;1'lJelflel 

1. I, 'Vlfl'Wflfl1'ifl� fl'iel-:!� 1,1,lJufi1�-:itm �el'\/11(1\1 d-:iuijn1 t11�n1,i;1�m .fl1Vl (stability) l,l,'1tfl11il1el-:!b1�-:!

(reactivity) G11'Vlruufln1 t11�•1fo{iiri-:iwwh-:in1, Yiu 1m111,1,'1tr11foelu 1�e:ielfl 1'11�

2. r111iijlJ'1!1m�c.11 nun111,�elil'Uel-:!(1)11, "i-:iufln1t11\l1flfl11t,n� LA fl (coking) 1 uu.fin1t11�vfofari-:i1t'\/111-:i

"b 'Vl'lJ 1m111,1,'1tfl1{Uel'lJ 1�e)elfl 1'11�1, �el 1 m 'lJfl1'ielelfl 1,1, UU(l\1 b '5-:iu.fin%1�ifo1� fl1'iL 'U-:!1'lJt111�'lJ

3. '11il1'i'1'1�f11 L'U�1tl 1 'lJfl1'i�'lJ�'1.fl1Vl(l\1t, '5 -:iuijr\%1 bb'1t/'Vl�el fl1'i b U� tl'lJ(l\1 b '5-:iUlj n1t11 (catalyst

regeneration and replacement) b�el-:!\l1flfl1'ib�elil'1.fl1Vlli11tlLAfl (coking)

'Urutdc-i "� e:f1� ti 11i1b'1'lJel'l!'lJ 11i1 ?l' 1 b �\l'1 �1-:i1 u \i11 ti� u n n1 t11 �'Y'lel{iiri-:i1t'\/111-:!lJ b 'Vl'lJ bl,'1 tr11{u el'lJ 1� elel fl 1'11� 
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1 Matlab code for the calculation of surface coverage of all species at all 
(RT-S, RT-R) indexes 

syms 
syms 
syms 

Declare parameters 
th th CH3 th CH2 th CH th C0 th O th C th H 
kl k2-k3 k4 f5 kG ki kB k9 klO ill -
k l k 2 k 3 J: 4 k 5 J: 6 k 7 I: �l -- - ·� 

syms P CH4 P CO2 P H2 P co PO yCrH yC02 
Specify operating temperature and CO2/CH4 ratio 

T = 1000; \'., K 
CMratio = l; 

Specify values of constants 
kB = 8.617e-5; 1eV/K 
h = 4.135e-15; %ev•s 

Calculation of each species pressure 
PCH4C02 2; PCOH2 = 0.2; Ptot = PCH4C02+PCOH2; 
P CH4 = PCH4C02/ (CMratio+l); P_C02 P_CH4*CMratio; P_H2 0. l; P CO
P CH4+P C02+P H2+P CO; 
yCH4 = (P_CH4/P0) ;-yC02 (P_C02/P0); yH2 = (P_H2/PO); yCO (P_CO/PO); 

Specify all elementary Ea for reference catalyst 
',all Ec1 and ki (E;a ref = N.i(lll.), Fan et al.!2014)) 
Ea fO = (0.91, 0.70, 0.35, 1.33, 0.67, 1.59]; 
Ea rO [0.90, 0.63, 0.69, 0.81, 1.65, 2.94]; 
refcat = 'ref = th (111) '; 

Specify the range of RT-S and RT-R on the RS and SS 
(in this case from ratings of 0-120 %RT) 

RT (0:3:120); 

Pre-specify the zeros matrix for each Ea for faster iteration 
Eax zeros(size(RT,2)); 
Eal Eax; Ea5 Eax; Ea 4 = Eax; Ea 6 Eax; 
nkl Eax; nk5 = Eax; nk_4 = Eax; nk 6 Eax; 
Ea4 Eax; Ea6 = Eax; nk4 Eax; nk6 = Eax; 
Ansth = Eax; Ansth_CH3 = Eax; Ansth CH2 Eax; Ansth_CH = Eax; 
Ansth_O = Eax; Ansth C = Eax; Eax; Ansth_H = Eax; Ansth_CO = Eax; 
rCH4 = Eax; rC02 = Eax; CHECK = Eax; 
Ansrl = Eax;Ansr2 = Eax;Ansr3 = Eax;Ansr4 = Eax;Ansr5 = Eax;Ansr6 Eax; 

Specify the ratings scale ratio (unit of eV/%RT) 
phivalue = 0.015; %eV/lRT 

Specify the default value of the reference catalyst, Ni(lll) 
t from TST: k(i) = lkB*T/h)�ezp(-(EaX(i)-dSX(i)*T)/kB/T) 
kl 1.0le-2; ikl = nkl(m); 
k2 
k3 
k4 
k5 
k6 
k7 
kB 
k 1 
k 2 
k 3 
k 4 
k 5 
k 6 
k 7 
k 8 

1.83e10; �k2 = nk(2); 
1.3le12; %k3 = nt(3); 
3.18e7; tk4 nl'A(i); 
l.82e8; tk5
4.9le5; �,k6
7.16e7;
l.03e6;

l.42el0; \k 1
2 .16e10; k 2
2. 81e10; ,,,k 3

nk!J (m); 
nk6(i); 

nr. (l l; 
nk_ (2); 

nk (3); 
6.72e9; �k i = nk i(i); 
5. 4 7e5; \d: !) = n !: (!j) ; 
3.69e-3; ik 6 nk_6(i); 
2.7el; 
4.89; 

Add the ZPE, thermal (U) and entropy (S) correction to the Ea 

% This is the correction for the Ea by adding ZPE, U and Sin eV 
now we have real G for the calculation of the ki 

0.1; PO 

corf [1.45,-0.11,-0.18,-0.16,l.57,0,0,0]; � correction for forward reaction 
corr = [0,-0.08,-0.21,-0.14,0.04,0.15,0,0]; % correction for reverse reaction 

Calculation of the new Ea at each (RT-S, RT-R) on the plot
for i=l: size (RT, 2) %Ea ch,rnqe for r;t�p l 4 -4 'i �, -6 
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tRT-R : 1 -4 5 -6 

phi= -phivalue; '"rever.:;c, relation for E,, l, -4, :i, ,; 
Eal(i) = Ea_f0(l)+(phi*(RT(i)-100)); 
Ea 4(i) = Ea r0(4)+(phi*(RT(i)-100)); 
Ea5(i) = Ea_f0(5)+(phi*(RT(i)-100)); 
Ea6(i) = Ea_f0(6)+(phi*(RT(i)-100)); 
phi= phivalue; �direct relation for Ea 4, -6 
Ea_6(i) = Ea_r0(6)+(phi*(RT(i)-100)); 
Ea4(i) = Ea_f0(4)+(phi*(RT(i)-100)); 

Check if the calculate value of Ea at the location is less than zero, if so, set it 

to zero. (since Ea must remain positive) 
if Eal(i)<0 

Eal(i) 0; 
end 
if Ea 4 (i) <0 

Ea 4 (i) 0; 
end 
if Ea5(i)<0 

Ea5 (i) = 0; 
end 
if Ea 6(i)<0 

Ea 6 (i) 0; 
-

end 
if Ea4(i)<0 

Ea4(i) = 0; 
end 
if Ea6(i)<0 

Ea6(i) = 0; 
end 

Calculation of rate constant (k1) 

\ with ZPE/U/S correction 
nkl(i) = kB*T/h*exp(-(Eal(i)+corf(l))/kB/T); 
nk 4(i) = kB*T/h*exp(-(Ea 4(i)+corr(4))/kB/T); 
nk5(i) = kB*T/h*exp(-(Ea5(i)+corf(5))/kB/T); 
nk6(i) = kB*T/h*exp(-(Ea6(i)+corf(6))/kB/T); 
nk 6(i) = kB*T/h*exp(-(Ea 6(i)+corr(6))/kB/T); 
nk4(i) = kB*T/h*exp(-(Ea4(i)+corf(4))/kB/T); 
end 
N = size(Ea_f0, 2); 
Ea= zeros(l,N); nk = zeros(l,N); Ea = zeros(l,N); nk_ 
for i = l:N iconstant Ea -1 2 -2 3 -3 -5 (use Ea(i)I 
if i ~= l&&i ~= 4&&i ~= 5&&i ~= 6 
Ea(i) Ea f0(i); 
nk(i) = kB*T/h*exp(-(Ea(i)+corf(i))/kB/T); 
end 
if i ~= 4&&i ~= 6 
Ea (i) = Ea r0(i); 
nk=(i)= kB*T/h*exp(-(Ea_(i)+corr(i))/kB/T); 
end 
end 

zeros(l,N); 

Start solving for all surface coverage (91) 

for m=l:size(RT,2) f\ this is RT .... R loop 
for i=l:size(RT,2) '" this ir, RT-,,; lor>p (z change.) 
% i for RT-S = 4 6 -4 -6 i m for RT-R = 1 5

clearvars th th_C:f-13 th_<:H2 th_CH th_CO th O th C t:h_H; 
syms th th CHJ th CH2 th CH th CO th O th C th H 
%constant ia -1 2--2 3 -5 -5 7-8 -7 :a
kl nkl (m); 
k2 nk(2); 
k3 nk(3); 
k4 nk4(i); 
k5 nk5 (m); 
k6 nk6(i); 
k 1 nk_(l); 
k 2 nk_(2); 
k 3 nk_(3); 
k 4 nk_4(i); 
k 5 nk_(5); 
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k 6 = nk 6(i); 
K7 = k7/k 7; K8 = k8/k 8; 
th H = th*(yH2/K7)�0.5; 
th=CO = th*(yCO/K8); 

rl (kl*yCH4*th*th)-(k_l*th_CH3*th_H); 
r2 (k2*th_CH3*th)-(k_2*th_CH2*th_H); 
r3 (k3*th CH2*th)-(k 3*th CH*th H); 
r4 (k4*th=CH*th)-(k_4*th_C*th_H); 
r5 (k5*yC02*th*th)-(k 5*th CO*th O); 
r6 (k6*th C*th 0)-(k 6*th CO*th); 

eql = rl-r2 ==O; �CIU- -
eq2 r2-r3 ==0; ,c�2 
eq3 r3-r4 ==0; �CH 
eq4 r4-r6 ==0; IC 
eq5 r5-r6 ==0; %0 

lsolve eql to get CH3 = f(CH2) 
eqCH3 = solve(eql, th_CH3); 
'c:rnb CH3 �, f ( CH2) into eq2 
eq2 = subs(eq2, th_CH3, eqCH3); 
%solve eql to get CH2 = f(CH) 
eqCH2 = solve(eq2, th_CH2); 
1 solve eq5 for O = f(C) 
eqO = solve(eq5, th_O); 
% get eqZ = eq4-eq5 = f(CH, C, 0) 
eqZ = eq4-eq5; 
>!, sub th CH2 
eq3 = subs(eq3, th_CH2, eqCH2); 
� 3olve �q3 for Cfi = f(C) 
eqCH = solve(eq3, th_CH); 
,, :rnb3 NJZ to be f (C) only 
t 3Ub th CH and th 0 
eqZ = subs(eqZ, { th_CH, th_O}, { eqCH, eqO} ); 

% solve for th C 
th C = solve(eqZ, th_C); 
lFor Matlab ver. 2012-4 % Positive an3wer is picked first 
th C th_ C ( 1) ; 
ve�sion = 'Matlab 2012-14'; 
%For Matlab ver. 2016 t Positive answer is picked second 

�version = 'Matlal) 2016'; 
'i:.,iub back and find all coverage 
l, CH = f (C) 
th_CH = subs(th_CH, th_C); 
� CH2 = f(CH) = f(C) 
th_CH2 = subs(th_CH2, th_CH); 
'b O = f (C) 
th_O = subs(th_O, th_C); 
� CH3 = f(CH2) = f(CH) = f(C) 
th_CH3 = subs(th_CH3, th_CH2); 
�: carr�, out total site balance sum(th,.i) = 1 %dQn 1 t chanqc-:: 
eqth 1 - th CH3 - th CH2 - th CH - th C - th H - th O - th_CO-th; 

solve th from the total site balance 
solveth = solve(eqth, th); 
'cin thi..3 calculation, Aw,: = f(RT-R, RT-S) 
% pick only positive th 
Ansth(i,m) = solveth(l); 
lsolve for 0ach cov0rage 
Ansth_CH(i,m) = double(subs(th_CH, Ansth(i,m))); 
Ansth_CH2(i,m) = double(subs(th_CH2, Ansth(i,m))); 
Ansth_CH3(i,m) double(subs(th_CH3, Ansth(i,m))); 
Ansth_C(i,m) = double(subs(th_C, Ansth(i,m))); 
Ansth H(i,m) double(subs(th H, Ansth(i,m))); 
Ansth=CO(i,m) = double(subs(th_CO, Ansth(i,m))); 
Ansth_O(i,m) = double(subs(th_C, Ansth(i,m))); 
end lend of RT-Sloop 
end �end of RT-R loop 

WU1 I 34



rCH4(m,i) = double(kl*yCH4*Ansth(i,m)A2); 
Get rate for each coke formation and removal reaction 

'i BD �, 0.5'(2'r8R) + (0.5)"r6R + (0.5)''r5R 
0{ RBD = (J .. :,' C·'r>JF) + ((1.5) •rE,F + (0. :;) *r5F 
rCgenCH(m,i) = (k4*Ansth_CH(i,m)*Ansth(i,m)); 
rCgenCO(m,i) = (k 6*Ansth CO(i,m)*Ansth(i,m)); 
rBD(m,i) = 0.5*2*Ansr8R(m�i)+0.5*Ansr6R(m,i)+0.5*Ansr5R(m,i); 
rCremH(m,i) = (k_4*Ansth_C(i,m)*Ansth_H(i,m)); 
rCremO(m,i) = (k6*Ansth_C(i,m)*Ansth_O(i,m)); 
rRBD(m,i) 0.5*2*Ansr8F(m,i)+0.5*Ansr6F(m,i)+0.5*Ansr5F(m,i); 

Get total coke formation rate 

:J)?,\,\s\;:;, 1, total co�:e form-:lt:i.on 
rCgen(m,i) = ((k4*Ansth CH(i,m)*Ansth(i,m))+(k 6*Ansth CO(i,m)*Ansth(i,m))); 
rCgenrev(m,i) Ansr4(m�i)+(-Ansr6(m,i)); 

- -

rCgenBD(m,i) = rCgen(m,i)+rBD(m,i); 
Get total coke removal rate 

rCrem(m,i) = 
rCremBD (m, i) 

(k_4*Ansth_C(i,m)*Ansth_H(i,m))+(k6*Ansth_C(i,m)*Ansth_O(i,m)); 
rCrem(m,i)+rRBD(m,i); 

Generate coking zone 

rCtotBD(m,i) rCremBD (m, i) -rCgenBD (m, i); 'othi.s i.s to ma Le cok.i.ng ::one 

Eliminate negative rates and calculate the log rate 

?s this is to 1:�lim.:Lnate n��ga.tivt:: rat-:!. When in Jog plot, th0- rata::: at any l(1cation 
with negative rate is assigned to -100 to avoid plotting of that location 
if rCH4(m,i)>O 

end 

LOG10rCH4(m,i) = loglO(rCH4(m,i)); 
LOGlO rCH4(m,i) = -100; 

if rCgenBD(m,i)>O ltotal C gen (CO* + CH* + BD) 

end 
LOGlOrCgenBD(m,i) loglO(rCgenBD(m,i)); 

if rCremBD(m, i) >0 %total C rem (O·· + H* + RBD) 
LOGlOrCremBD(m,i) = loglO(rCremBD(m,i) ); 

end 
if rBD(m,i)>O 

end 
LOGlOrBDrev(m,i) loglO(rBDrev(m,i)); 

if rRBD(m,i)>O 

end 
LOGlOrRBDrev(m,i) loglO(rRBDrev(m,i)); 

if rBD(m,i)>O 

end 
LOGlOrBD(m,i) loglO(rBD(m,i)); 

if rRBD(m,i)>O 

end 
LOGlOrRBD(m,i) loglO(rRBD(m,i)); 

if rC02(m,i)>O 

end 

LOG10rC02(m,i) = loglO(rC02(m,i)); 
LOG10_rC02(m,i) = -100; 

if Ansrl(m,i)>O 
LOGlOrl(m,i) = loglO(Ansrl(m,i)); 
LOGlOr l(m,i) = -100; 

end 
if Ansr2(m,i)>O 

LOG10r2(m,i) = log10(Ansr2(m,i)); 
LOG10r_2(m,i) = -100; 

end 
if Ansr3(m,i)>O 

LOG10r3(m,i) = log10(Ansr3(m,i)); 
LOG10r_3(m,i) = -100; 

end 
if Ansr4(m,i)>O 

LOG10r4(m,i) 
LOGlOr 4(m,i) 

end 
if Ansr5(m,i)>O 

log10(Ansr4(m,i)); 
= -100; 
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LOG10r5(m,i) = loglO(AnsrS(m,i)); 
LOG10r_5(m,i) = -100; 

end 
if Ansr6(m,i)>O 

LOG10r6(m,i) = logl0(Ansr6(m,i)); 
LOGlOr 6(m,i) = -100; 

end 
if rCtotBD (m, i) >O�;rnore C: rmnoval 

LOGlOrCremtotBD(m,i) loglO(rCtotBD(m,i)); 
LOGlOrCgentotBD(m,i) = -100; 

end 
if Ansr_4(m,i)>O 

LOGlOr 4(m,i) 
end 

logl0(Ansr_4(m,i)); 

if Ansr_6(m,i)>O 
LOG10r_6(m,i) logl0(Ansr_6(m,i)); 

end 
if rDRR(m,i)>O 

LOGlOrDRR(m,i) = loglO(rDRR(m,i)); 
end 
1 Thi:3 .Ls the ind.i.vidual. step to gene.rate/r.emQve cok"'� 
if rCgenCH(m,i)>O 

LOGlOrCgenCH(m,i) = loglO(rCgenCH(m,i)); 
end 
if rCgenCO(m,i)>O 

LOGlOrCgenCO(m,i) 
end 

loglO(rCgenCO(m,i)); 

if rCremH(m,i)>O 
LOGlOrCremH(m,i) 

end 
loglO(rCremH(m,i)); 

if rCremO(m,i)>O 
LOGlOrCremO(m,i) = loglO(rCremO(m,i)); 

end 
% this is to eliminate negative rate 
if rDRR(m,i)<O 

LOGlOrDRR(m,i) = -100; 
end 
if rCgenBD(m,i)<O %total C gen (CO• + CH* + BDI 

LOGlOrCgenBD(m,i) = -100; 
end 
if rCremBD (m, i) <O % total C r<�m (O·• + l-1"' + RBT.i) 

LOGlOrCremBD(m,i) = -100; 
end 
if rBD(m,i)<O 

end 
LOGlOrBD(m,i) -100;

if rRBD(m,i)<O 

end 
LOGlOrRBD(m,i) -100;

if rCH4(m,i)<O 
LOG10rCH4(m,i) = -100; 
LOGlO rCH4(m,i) = logl0(-rCH4(m,i)); 

end 
if Ansrl(m,i)<O 

LOGlOrl(m,i) = -100; 
LOGlOr_l(m,i) = loglO(-Ansrl(m,i)); 

end 
if Ansr2 (m, i) <0 

LOG10r2(m,i) = -100; 
LOG10r_2(m,i) = logl0(-Ansr2(m,i)); 

end 
if Ansr3(m,i)<O 

LOG10r3(m,i) 
LOG10r_3(m,i) 

end 
if Ansr4(m,i)<O 

LOG10r4(m,i) 
LOGlOr 4 (m, i) 

end 

-100;
logl0(-Ansr3(m,i));

-100;
logl0(-Ansr4(m,i));
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if Ansr5(m,i)<O 
LOG10r5 (m, i) 
LOG10r_5(m,i) 

-100;
logl0(-Ansr5(m,i));

end 
if Ansr6 (m, i) <0 

LOG10r6(m,i) = -100;
LOGlOr 6(m,i) = logl0(-Ansr6(m,i));

end 
if rAll (m, i) <0 

LOGlOrAll(m,i) -100;
end 
if rCgen(m,i)<O 

LOGlOrCgen (m, i) -100;

end 
if rCrem(m,i)<O 

LOGlOrCrem(m,i) = -100;
end 
if rCtotBD(m,i)<O %more C formation 

LOGlOrCremtotBD(m,i) -100;
LOGlOrCgentotBD(m,i) loglO(abs(rCtotBD(m,i))); 

end 
% Tl1is is th8 individual st8p to generate/remove soke 
if rCgenCH(m,i)<O 

LOGlOrCgenCH(m,i) = -100; 
end 
if rCgenCO(m,i)<O 

LOGlOrCgenCO(m,i) 
end 
if rCremH(m,i)<O 

LOGlOrCremH (m, i) 
end 

-100;

-100;

if rCremO(m,i)<O 
LOGlOrCremO(m,i) = -100;

end 
end %end of RT-Sloop 

end %end of RT-R loop 
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