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Figure S1. The most stable adsorption configurations of *O,, *OOH, *O, and *OH on
FeCoNy-gra (x =1 - 6), CoNy-gra, CoCoNg-gra, FeFeNg-gra and FeNy-gra.

Figure S2. The scaling relations of AG«goy vs. AGxoy and AG+g vs. AGxoy associated with
various types of FeCoN,-Gra sites.

Figure S3. The energy barriers and reaction energy for CoNy-gra, FeFe-Ng-gra, FeCo-Ny-
gra(Ill) and FeCo-Ns-gra(I) in unit of eV. * denotes that the ORR species are adsorbed on the
catalyst surface.

Figure S4. The free energy diagrams of OER and ORR for all architectures concerned. The
blue and the red dot lines are the rate limiting step for ORR and OER, respectively.

Table S1. O, adsorption energy (AEadgs, in eV) and the bond length(in A) of O-O, Fe-O and
Co-0O of FeCoNy-gra (x = 1 - 6), CoNy-gra, CoCoNg¢-gra, FeFeNg-gra and FeNy-gra.

Table S2. Spin moment (pg) of transition metals in FeCoNy-gra (x =1 - 6).



FeCoN-gra( I)

FeCoNj-gra(II)

FeCoN-gra(Il)

FeCoN,-gra( I)

FeCoN,-gra(II)

FeCoN,-gra(Il)

FeCoN,-gra(IV)

FeCoN,-gra(V)

FeCoN,-gra(VI)

FeCoNj;-gra( I)

To be continued



FeCoNjs-gra(II)

FeCoNj3-gra(I)

FeCoNj;-gra(IV)

FeCoNj;-gra('V)

FeCoNj3-gra(VI)

FeCoNj3-gra(VI)

FeCoNy-gra( I)

FeCoNy-gra(II') O . .

FeCoNy-gra(Il)

FeCoNy-gra(IV)

FeCoNy-gra('V)

To be continued



FCCON4‘gra(VI) 0. ‘ ) ‘ ’ N | D

FeCoNs-gra( I)

FeCoNs-gra(Il) | O ')'. :

FeCoN;s-gra(Il')

FeCoNg-gra( I)

FeCoNg-gra(II)

CoNy-gra

CoCoNg-gra

FeFeNg-gra

FeNy-gra

Figure S1.



4L 2Gu001=0-88AG0y+3.09
E ®
z A
! -
Q
L4
<‘l“ oooo
S 21 AG.,=121AG.y,+0.47 i
Q
= &
& 1 i
S
4 0 - o AG*O -
o A(3"‘OOH
¢ ideal
_1 1 1 1 1 1 1 1 1
02 00 02 04 06 08 10 12 14 16

AG.oy(eV)
Figure S2.



CoNy-gra Fell'eNg-gra

*OH

%

"0, *OH

*H |, (0.00, -1.48) *H | (0.17,-1.74) *H [(0.11,-091) *H |(0.11,-1.30
*O0OH H,0 H,0
L
£
FeCoN,-gra(1Il) FeCoNs-gra(l)
0, *OH *B, *OH
1 )
)
*H i(o_oz, -1.91) *H i(o_ 14, -1.25) *H \L(o.lz, -1.78) *H l(0.03, -1.31)
*QOH H,0 *0O0H H,0
) q <
) £ [
Figure S3.



Free energy (eV) Free energy (eV) Free energy (eV) Free energy (eV) Free energy (eV)

Free energy (eV)

w

w

w

w

w

w

492 492 492
I FeCoN,-gra(l) 3 5 FeCoN,-gra(Il) 3 5 FeCoNi-gra(Ill) =
I 0O = 1,56 3.53 ';4 N =115 '3 4r N = 1.40 1
4 — % _— 322 el — 3.26
| Nt =0.99 1= 3t N =107 1851 no* =120 ]
- g = - 5 - -
5 3
+ 18 2t 1= 2t 1
=
H 0.74 {1 1t o8 4 1t E
0.50 - 0.63
H 0.16 0.03
2H,0()  *OH *0 *00H  Oyg) 2H,0()  *OH 0O *00H  Oyg) 2H,0()  *OH 0 *00H  Oyg)
Reaction coordinate Reaction coordinate Reaction coordinate
4.92 4.92 4.92
[ FeCoN:-gra(l) = 5t FeCoN,-gra(1l) = 5r FeCoN-gra(IlT) 3
3 3.77 15 4} 1< 4t E
O = 153 = = 136 353 3 o= 126 3.62
Zr H Zr
L n™=093 12,1 n™=oss ' {53} 1=0e 1
-_— g -_— g -
L L
L €L
F 1= 2f 1& 2t 1
169 o4 | 1.13
r 0.71 1 ' 056 1T 059 | 1
2H,0()  *OH “0 *00H  Oyg) 2H,0(1)  *OH 0 *00H  Oyg) 2H,0()  *OH =0 *00H  Olg)
Reaction coordinate Reaction coordinate Reaction coordinate
492 492 492
I FeCoN,-gra(IV) s 5 FeCoN,-gra(V) q 5 FeCoN,-gra(VI) . q
F 4< 41 4< ak 4
N =115 - 3 N = 1.01 346 3 NOR=1.10
- z Z 3.10
L g™=10 {83 n™=o0s1 S N e — |
- 2 = - 2 ~ -
3 3
3 12 2f 1= 2t 1
122
B 0.93 1 a0t ! 1t 0.77 ]
022 : o 0.15
2H,0(1)  *OH *0 *00H  Oyg) 2H,0()  *OH *0 *00H  Oyg) 2H,0()  *OH *O *00H  Oylg)
Reaction coordinate Reaction coordinate Reaction coordinate
4.92 4.92 4.92
I FeCoN,-gra(l) s 5| FeCoN,-gra(Il) — 3 FeCoN,-gra(Ill) =
3.98 3.91
L 3.81 1< 4t N e AL i 4
1™ =120 i 4 7™ =125 i 4 n"" =146
2 2
L g™=071 {g;1 n™=omn - ]
-_— g - g -
L L
+ 12 2k 1z 2k 4
1.29 - .—I'SG ) 1.22
— 101 —
+ 0.77 1 1F — 1 1F ..—0'91 ; 1
2H,0()  *OH “0 *00H  Oyg) 2H,0(1)  *OH 0 *00H  Oyg) 2H,0()  *OH =0 *00H  Olg)
Reaction coordinate Reaction coordinate Reaction coordinate
492 492 492
I FeCoN,-gra(IV) s 5 FeCoN,-gra(V) — 5 FeCoN,-gra(VI) q
3.88 — —
[ oo o4 1% ar TORR = 1 36 3.71 1% 4r OER _ 1 02 3.71 T
il 2 1 .36 i) " 2
) ) H
. n™=057 {23 n™-o0s81 12,1  n™=0353 |
- g e - g e - H
o P
= 5
r 1.61 1= 21 1= 21 T ]
095 1412
+ — 1 1 0.70 1 It 070 1
2H,0(1)  *OH *0 *00H  Oyg) 2H,0()  *OH ) *00H  Oyg) 2H,0()  *OH *O *O00H  Oylg)
Reaction coordinate Reaction coordinate Reaction coordinate
4.92
F FeCoNy-gra(VIT) —2 4 5} FeCoNpgra(l) 492 1 5t FeCoN-gra(ll) 492
—_ 3.92 — 400 i
L 1< at 1< 4 — 1
B™h=1.18 3.54 3 %R =1.26 i N =1.01
2 2
| T]\’M =068 ] % sl T'I\)M =081 | %n 5L nnm;” A7 |
—— 5 N - — 5 - —
L L
L €L
F 1& 2t 1 2 1.76 1
1.43
1.13 T O 1.00
r 0.58 1 ' 1 ' 1
2H,0()  *OH “0 *00H  Oyg) 2H,0(1)  *OH 0 *00H  Oyg) 2H,0()  *OH 0 *O0H  Olg)
Reaction coordinate Reaction coordinate Reaction coordinate

To be continued



492 492 492
5 FeCoN,-gra(Ill) — 5 FeCoN,-gra(IV) q 5 FeCoN,-gra(V) q
— — 3.86 < 3.87
=Ar OFR _) < 15 41 OFR _1 o, 1= 41 OFR _1 4 T
) jl 0.56 2, n 1.24 L, n 1.39
) ) )
gn sl = 0,39 1 %n 3l N =0.76 | %n 3l =091 |
3 3 3
o 2f 12 2f 1= 2t 1
1.10 1.39 1.25
; 2 | .
e 1 : 092 1t : 0.93 |
2H,0()  *OH *0 *00H  Oyg) 2H,0()  *OH *0 *00H  Oyg) 2H,0()  *OH 0 *00H  Oyg)
Reaction coordinate Reaction coordinate Reaction coordinate
4.92
3[ FeCoN-gra(Vl) 7 ST FeCoNg-gra(l) -& 3 FeCoNgra(ll) 492
IRt
o - A - 4.00
S OFR _ 384 15 41 OFR _ 15 41 OFR _ 1 3 1
o l 0.96 I3 ot =0.52 o, =130
& & &
8Ll N =041 18,] O = 0,44 18,1 N =081 i
= = =
2 o 2.38 o
@ L v
2 2 2 2 £ 2
15 I 1= I 1= [ 1
1.65 147
1.14 —
1.05 ¢
1k 082 1 L 1 1 - ]
2H,0(1)  *OH “0 *00H  Oyg) 2H,0(1)  *OH 0 *O0H  Oylg) 2H,0()  *OH *0 *00H  Olg)
Reaction coordinate Reaction coordinate Reaction coordinate
) 2 4.92
5t FeCoN,-gra(Ill) — 492 4 5| FecoN,gra() 492 1 5} FeCoN,-gra(ll) e
= 4.05 . - 4.03 i
> o= 1.22 % e =2.20 263 3 17 =0.57
= R = T = PR
gn sl ‘r]‘]"“:[).ﬁ‘r 1 %n 3l nnuu: 127 | %n 3l N =034 1
5 5 g
2 2 bt 2.23
2 2,5 12,0 ]
il 1.60 =2 £ 2
1.01 1.07
1+ 1 1t 1 1f 1
0.26 0.23
2H,0(1)  *OH *0 *00H  Oyg) 2H,0()  *OH *0 *00H  Oyg) 2H,0()  *OH *O *00H  Oylg)
Reaction coordinate Reaction coordinate Reaction coordinate
S CoNgra 492 S FeNgra 492 2 3 CoCoN,-gra -&
444 &
— 3.87 — —
> 4r . S 15 41 . 15 41 : " 1
o N =0.37 o N =0.90 335 o N =031
= = —_— =
&6 sl 'q”'”‘=[),29 & sl nnm;”‘—[g i 1% N nnm;”‘ﬁ 2.96 |
Bacid -— 2.54 Bie _-— 53 -——
5 5 5
o v o
251 12,0 12,1 ]
) = . 1.54
122 |
Wk 0.94 1 L 1 1 ]
044 i
2H,0(1)  *OH “0 *00H  Oyg) 2H,0(1)  *OH 0 *O0H  Oylg) 2H,0()  *OH *0 *00H  Olg)
Reaction coordinate Reaction coordinate Reaction coordinate
2
5| FeFeN,-gra 492 |
3.97
=4l ; ]
3 nm =044
)
%n sl T]‘]"“:[J.ZK 1
g 2.30
o 2f 1
1.03
1 - 4
2H,0()  *OH *0 +00H  O,(g)
Reaction coordinate

Figure S4.



Table S1.

EBags0 do-o dreo dcoo
FeCoNj-gra( 1) -1.10 1.36 1.81 1.90
FeCoN;-gra(1I') -1.09 1.29 1.72 -
FeCoN;-gra(1l') -1.12 1.36 1.77 1.89
FeCoNy-gra( I) -0.85 1.35 1.84 2.03
FeCoN,-gra(II') -1.04 1.28 1.73 -
FeCoN,-gra(I) -1.09 1.36 1.83 1.92
FeCoN,-gra(IV) -1.39 1.37 1.81 1.90
FeCoN,-gra( V') -1.34 1.38 1.83 1.89
FeCoN,-gra(VI) -1.41 1.29 1.71 -
FeCoNj-gra( 1) -0.74 1.36 1.84 2.03
FeCoNj-gra(1I) -0.66 1.29 1.84 -
FeCoNj-gra(I) -0.68 1.28 1.83 -
FeCoNj-gra(IV) -0.74 1.36 1.84 2.00
FeCoNjs-gra(V) -0.92 1.29 1.74 -
FeCoNj-gra(VI) -0.97 1.38 1.84 1.92
FeCoNj3-gra(VI) -1.06 1.29 1.75 -
FeCoNy-gra( 1) -0.72 1.29 1.86 -
FeCoNy-gra(1I') -0.71 1.29 1.87 -
FeCoNy-gra(I) -0.64 1.29 1.89 -
FeCoNy-gra(IV) -0.77 1.29 1.84 -
FeCoNy-gra(V) -0.73 1.29 1.82 -
FeCoNy-gra(VI) -0.79 1.30 1.84 -
FeCoNs-gra( 1) -0.63 1.29 1.88 -
FeCoNs-gra(1I) -0.60 1.29 1.79 -
FeCoNs-gra(1I) -0.62 1.29 1.88 -
FeCoNg-gra( 1) -1.60 1.38 1.86 1.88
FeCoNg-gra(1I) -0.62 1.29 1.88 -
CoNy-gra -0.89 1.29 - 1.88
CoCoNg-gra -0.19 1.28 - 1.99
FeFeNg-gra -0.75 1.36 1.85,2.10 -
FeN,-gra -1.22 1.30 1.77 -




Table S2.

Fe Co

FeCoNj-gra( 1) 2.01 0.67
FeCoN;-gra(1I) 2.00 1.05
FeCoN-gra(I) 2.11 0.78
FeCoN,-gra( 1) 2.04 -0.36
FeCoN,-gra(1I) 2.05 0.42
FeCoN,-gra( 1) 1.87 0.72
FeCoN,-gra(IV) 1.94 0.74
FeCoN,-gra(V') 1.82 1.04
FeCoN,-gra(VI) 2.10 0.67
FeCoNj-gra( 1) 1.85 0.27
FeCoNj-gra(II) 1.87 -0.42
FeCoNj-gra( 1) 2.08 -0.51
FeCoN;-gra(IV) 1.67 0.61
FeCoN;-gra(V) 2.10 -0.12
FeCoNj-gra(VI) 1.76 0.67
FeCoNj-gra(VI) 2.00 -0.03
FeCoNy-gra( I) 1.85 -0.63
FeCoNy-gra(1I) 1.39 0.00
FeCoNy-gra( 1) 1.35 0.15
FeCoNy-gra(IV) 1.71 -0.38
FeCoNy-gra(V) 1.90 -0.55
FeCoNy-gra(VI) 1.73 -0.29
FeCoNs-gra( 1) 1.42 0.40
FeCoNs-gra(1I) 1.84 0.12
FeCoNs-gra( 1) 1.67 0.18

2.35 1.04

FeCoNg-gra( 1)
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Table S3.

%0, *QOH *0 *OH
FeCoN,-gra( 1) 4449887  -449.0913  -440.8283  -444.6682
FeCoN,-gra( 1) 4449817  -448.9986  -440.3046  -444.5913
FeCoN -gra(II) 4450027  -448.9026  -440.4794  -444.6373
FeCoN,-gra( 1) 4454475  -4495706  -441.2703  -445.1821
FeCoN,-gra( 1) 4455308 -449.7231  -441.2247  -445.2241
FeCoN,-gra(II) 4455429  -449.5882  -440.9987  -445.1495
FeCoN,-gra(IV) 4454373 -449.4954  -440.7907  -445.1008
FeCoN,-gra(V) -445.2953 449235  -4403799  -444.8115
FeCoN,-gra(VI) 4453107  -449.5214  -440.8095  -445.0027
FeCoNs-gra( 1) 4459511  -450.1546  -441.6033  -445.7422
FeCoNjs-gra( 1l ) 4458613 -449.9847  -4413761  -445.4717
FeCoNj-gra(1l) -445.8379  -450.0259  -441.6260  -445.5249
FeCoNj-gra(IV) 4457066  -449.8240  -441.0029  -445.3231
FeCoNjs-gra(V) 4458214 -4499101  -441.4557  -445.5022
FeCoNj-gra(VI) -445.6639  -449.7295  -440.8856  -445.2911
FeCoNj-gra(VI) 4457206 -449.8607  -441.2117  -445.4396
FeCoNy-gra( 1) 4462963  -450.4039  -441.8188  -445.8696
FeCoNy-gra( 1l ) 4462242 -450.2846  -441.4058  -445.8171
FeCoN,-gra(II) -446.1189  -450.1699  -440.7930  -445.6828
FeCoNy-gra(IV) -446.1977  -450.3155  -441.7177  -445.7967
FeCoNy-gra(V) -446.0546  -450.2221  -441.7497  -445.6985
FeCoN,-gra(VI) -4459080  -450.0031  -441.1231  -445.5956
FeCoNs-gra( 1) 4464062  -450.42215  -440.9952  -445.9304
FeCoNs-gra( 1l ) 4463158  -450.4321  -441.8741  -445.9141
FeCoN;-gra(1l) 4462639 -450.3587  -441.6863  -445.9215
FeCoNg-gra( 1) 4459368  -449.4509  -441.7595  -445.4090
FeCoNg-gra( 1l ) 4464121  -450.4443  -441.0717  -445.9417
CoN,-gra 4587990  -462.7659  -452.9111  -458.2405
CoCoNg-gra 4442073 -4483234  -438.7217  -443.7586
FeFeNg-gra 4479625  -451.9855 442512 -447.4729
FeN,-gra -460.2559  -464.4192  -455.4095  -459.8889
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