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Figure S1. (a)-(e) Density of states (DOS) of quanternary B(N, P, S)-doped graphene,
and pristine graphene, corresponding to Figure 1(a) with doping concentrations of

3.1%. Note that the total DOS are the sum of spin-up and spin-down bands.
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Figure S2. (a)-(d) Density of states (DOS) and local density of states (LDOS) of B, N,
P and S of defected graphene model in Figure 1(b) with doping concentrations of
3.1%. Note that the total DOS and LDOS are the sum of spin-up and spin-down
bands.
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Figure S3. (a)-(d) Density of states (DOS) and local density of states (LDOS) of B, N,
P and S of defected graphene model in Figure 1(c) with doping concentrations of
6.2%. Note that the total DOS and LDOS are the sum of spin-up and spin-down
bands.
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Figure S4. (a)-(d) Density of states (DOS) and local density of states (LDOS) of B, N,
P and S of defected graphene model in Figure 1(d) with doping concentrations of

9.4%. Note that the total DOS and LDOS are the sum of spin-up and spin-down band.
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Figure S5. (a)-(d) The spin-up and spin-down band structures of B, N, P and S doping

graphene model in Figure 1(d) with doping concentrations of 9.4%.
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Figure S6. Density of states (DOS) and local density of states (LDOS) of defected
graphene model in Figure 1(e)-(g) with N/S co-doping including (a) NSS, (b) NNS, (c)
NS.
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Figure S7. Density of states (DOS) and local density of states (LDOS) of defected
graphene models in Figure 1(e)-(g) with N/P co-doping including (a) NPP, (b) NNP,
(c) NP.
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Figure S8. Density of states (DOS) and local density of states (LDOS) of defected
graphene models in Figure 1(e)-(g) with P/S co-doping including (a) PSS, (b) PPS, (c)
PS.
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Figure S9. Density of states (DOS) of defected graphene model in Figure 1(d) with
different triple S-doping concentrations including (a) 4.2%, (b) 6%, (c) 9.4%, and (d)
16.7%.
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Figure S10. The spin-up and spin-down band structures of defected graphene model

in Figure 1(e)-(g) with N/S co-doping including (a) NSS, (b) SNN, (c) NS.
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Figure S11. (a)Total interfacial capacitance(Cr), (b)Electric double-layer capacitance
(Cp), and (c) quantum capacitance (Cq) of nitrogen-doped and pristine graphene. The
Cp capacitance is obtained from classical MD simulation for the 1 M NaCl aqueous

electrolyte?3.
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The formation energies of doped graphene for the four ways of doping in Figure lare

calculated by the formulas,

AE, ysps)(0) = Ey_o(X)=(n=Dtte =ty p s (1)
AE, ypp5X)=Ey_g(x)=(n=D e = thyp p.s) (2)
AE, yippsy(X)=Ey(X)=(n=2)pte =2 pty 5 p 5, 3)
AE; y3.p.5) %) = Ey ()= (n=3)tte =3ty p s, 4)

where AE, npps(x), AEsnsps(X), AE>ypps(x), and AE;ypps(x) were the
formation energies of quanternary-N (B, P and S) doping, single pyridine-B(N, P and
S) doping, double pyridine-B(N, P and S) doping and triple pyridine-B(N, P and S)
doping in Figurel(a)-(d), respectively. E4.g(x) was the total energy of defect graphene
with n atoms for seven types of doping graphene including the co-doping ways in
Figure 1(e)-(g). uc, un, 1s, up and usrepresented the total energies per atom of pristine
graphene, N, molecules, Bj,, P, and Sg, respectively. N, molecules, bulk B, bulk P,
and bulk Sg are chosen to be as the reference states because they are the low-energy
ground states of S, P, B and N, respectively. All the results were obtained with the
supercells P(4 x 4) in Figure 1.

Table S1. Calculated parameters for B, N, P and S doping graphene with the models
(a-g) in Figure 1, including X-X(C) bond distance, C-X-C bond angle, formation

energy AEy, charges located on adatom (p?) and C atom obtained with Bader charge

analysis.
B 1.48 i 12001 | 125 | +1.89 20.06 55.1
Modela N 141 i 12001 | 0.89 | -1.26 +0.04 58.5
p 161 - 12001 | 3.74 | +2.47 20.08 90.3
S 1.62 i 12001 | 434 | +0.19 | -0.006 81.2
B 1.52 - 11051 | 653 | +1.52 20.05 58.2
N 133 i 12205 | 531 | -1.16 +0.04 32.8
Model-b =4 1.85 i 8891 | 3.62 | +1.93 20.06 26.4
S 1.63 ] 10893 | 6.04 | +0.58 20.02 12.8
B 1.49 227 11492 | 529 | +1.49 20.11 49.6
Model-c | N 135 2.64 12171 | 495 | -1.19 +0.08 54.5
P 1.69 1.92 105.83 | 5.69 | +1.51 20.11 9.2
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S 1.66 2.11 105.08 | 4.06 | +0.55 20.04 62.9
B 1.52 2.16 11136 | 4.66 | +135 -0.14 70.9
Modeld N 134 2.54 12215 | 373 | -1.19 10.13 118.4
P 1.67 211 10758 | 7.77 | +1.36 0.15 753
S 1.64 221 110.17 | 371 | +051 20.05 935
S 168 | 228(S-N) | 102.41 +2.94
Model-e 0 1.34 1.79 275 +0.09 833
NNS S 34 ] 2680NN) | 12391 SRT
N 135 | 237(N-S) | 123.19 271
S 1.63 +1.83 67.1
Model-f 2.57 -0.04
- +
NSS S 166 | 2.21(S-S) | 108.63 1.94
S 1.88 94.52 +0.49
Model-g | N 135 | 213(8-N) | 12277 | 3.13 | 255 +0.07 44.9
NS ; _ ) _
N 137 117.89 283
Model-e | N 144 | 2NN e ] 203 [ 281 +0.023 75.4
NNP P 180 | 1.89(N-P) | 9291 +4.99
N 136 | 2.38(N-P) | 120.83 2.65
Model-f | P 1.69 481 | 1323 -0.14 90.9
NPP P 1.67 1.96(P-P) | 108.72 +3.31
N 138 119.38 278
Model-g | P 183 | 1.99(N-P) | 93.05 | 245 | +4.99 -0.076 8.1
NP : _ _ _
P 1.66 107.60 1282
Mg‘;‘g'e P 166 | 2P P 060 1 606 | +2.80 -0.29 53.1
S 1.66 | 2.11(P-S) | 105.48 1256
- +
Modelf P 165 | 2.16(P-S) | 109.06 3.01
o S L6s | .. 55) 107.78 | 472 | +2.80 -0.31 62.6
S 1.65 ' 107.78 +2.85
Vodel p 1.79 97.34 +4.99
odeE Ty 162 | 2.07(P-S) | 11399 | 478 | +126 -0.22 63.3

PS
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