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MATERIAL AND METHODS

Sample data collection

The required data are derived from experimental results in the literature on N, O co-
doped porous carbon materials (PCMs) in supercapacitor electrodes. The data
collection process is carried out using several keywords, such as "N-doped porous
carbon™, "porous carbon”, ""coal-derived porous carbon”, and their combination with
"specific capacitors", "supercapacitors" and "electrodes”. It should be noted that there

are many characteristic factors that affect the performance of supercapacitors, but
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many of them are only internal comparisons through the graph, or there is no specific
data, no unified standard, and even no report of some characteristic factors, which
brings great challenges to capacitance prediction. To this end, the information of N, O
co-doped porous carbon samples includes as much as possible microstructure
characteristics, N and O functional group strength and operating parameters. Multiple
raw datasets were collected, from which 69 nearly defect-free datasets were filtered
and input values were screened in detail. Extraction data related to N, O co-doping as
a carbon electrode material were provided in Table 2 of Supplementary™-11],
Therefore, the potential window was 0.8~1 V, the current density was 0.1 ~ 1 A g,
the electrolyte was 6 M KOH, and ten structural features of N, O co-doped PCMs
including specific surface area (SSA), Smic, ratio of N, O, C, ratio of N/O species were
extracted as suitable features for predicting the capacitance of N, O co-doped PCMs.
Figures 1 and 2 of Supplementary show the histograms and curves of the normal
density of capacitance and the associated porous structure characteristics,
respectively. The distribution of capacitance is normally distributed, and the

distribution of the 12 variables approximates a normal or lognormal distribution.



1.2 4 o —C
0.005 44 €D (Ag™) C (%)
1.0 0.06
0.004
34 0.81
£ 0.003 z 2z 2 0.04 1
[ —— Capacitance (Fg~1) 2 2064 E
8 821 8 E
0.002
0.4 0.02 4
0.001 11 0.2
P
0.000 ol WiV 0.0 0.00
—200 0 200 400 600 800 0.7 0.8 0.9 1.0 11 ~0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50 60 70 80 9% 100 110
0.08
0.150 — N (%) — 0 (%) N5 (%) | .04 — N6 (%)
0.020 -
0.125 0.06 |
0.03
1
30 00 5 5 0.015 1 >
" 2 - i 7
20075 20 2 2 i
2 2 18 0.010{ g0,
0.050 002
-02 1 1 0.01 1
0.025 0.005
0.000 0.00 0.000 0.00 1
-5 0 5 10 15 20 -10 0 10 20 30 —40 =20 0 20 40 60 80 100 -200 0 20 40 60 80
0.030 N-Q (%) | 5 gos ] — C=0(0) — C-OH/C-0-C(ON) 0025 ] -COGH(OIN)
0.025
0.020 0.020 1
0.020 & &
£ = 0,015 5 0.015
g 0.015 § §
0.010 A i
0.010 0.010
0.005 0.005 - 0.005 A
0.000 0.000 A 0.000 1
-20 0 20 40 80 80 —20 0 20 40 60 80 100 -25 0 25 50 75 100 125 20 0 20 40 60
0.0004
—— SSA(mZg1)
0.0003
ol
 0.0002
[
a
0.0001
0.0000

—2000-1000 0 1000 2000 3000 4000 5000

Figure 1. Histogram of frequency distribution and curve of normal density of capacitance and individual features.
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Figure 2. Histogram of frequency distribution of capacitance and individual features.
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Figure 3. Prediction diagrams for all data sets of the RF model. Points closer to the
baseline indicate more accurate predictions and points further away from the baseline
indicate greater errors. The solid line represents the equality of predicted capacitance

and real capacitance.

Figure 4. SEM images of (A) pre-treated lignite and (B) g-C3Na.



Figure 5. SEM images of (A) OPC-900 and (B) NPC-900.
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Figure 6. (A) N2 adsorption-desorption isotherms; (B) Pore sizes distribution of pre-
treated lignite and g-C3Na.
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Figure 7. TGA and DTG curves of (A) pre-treated lignite, (B) g-C3sNa, and (C) ball

milling the precursor of ONPC materials, respectively.
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Figure 8. XRD patterns of all obtained (A) unpurified and (B) purified ONPC

materials.
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Figure 10. CV curves at various scans (5~500 mV s*) of (A) OPC-900; (B) NPC-
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Figure 11. GCD curves of (A) OPC-900; (B) NPC-900; (C) ONPC-700; and (D)

ONPC-800, respectively.
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Figure 12. (A) Coulombic efficiency of OPC-900 after 10,000 cycles at 5 A gtin 6.0
mol L™t KOH (three-electrode system); (B) GCD plots of OPC-900 at 1st, 1000th, and
10,000th cycle 5 A g current density; (C) Coulombic efficiency of OPC-900 after

500 cycles at different current densities (0.5 Agt, 1 Ag?,5Ag? and 10A g1)in6.0
mol L™ KOH (three-electrode system).
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Table 1. Proximate analysis and ultimate analysis of the raw lignite and pre-

treated lignite

Sample Proximate analysis (wt.%) Ultimate analysis (t.%/daf)

Mad Ad Vad FCd Cd Had Oud Nd Std

Raw lignite 842 10.18 3428 5239 6432 332 2136 070 0.13
Pre-treated 6.45 054 38.87 5418 65.20 4.17 2462 0.65 0.22
lignite

ad: Air dried basis; d: dry base; daf: dry and ash-free base; M: moisture; A: ash; V:

volatile matter; FC: fixed carbon.
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Table 2. Collected dataset from previous works

# SC PW CD C N O N-6 N5 NQ OI OII OII SSA Vi Smic  Vnmic Ref.
Fg V) (Ag % % % % % % % % % (m?g?) (emig (Mm?g (cmig
D) D) D) D) D)

1 340 09 01 7463 251 1328 704 206 9 276 348 376 645 0.31 628 0.29 (511

2 309 09 01 8082 139 995 341 388 271 214 582 204 1106 055 946  0.44

3 253 09 01 87.04 095 555 446 188 366 39 233 377 1586 078 1296 0.6

4 331 09 02 7463 251 1328 704 206 9 276 348 376 645 031 628  0.29

5 298 09 02 8082 139 995 341 388 271 214 582 204 1106 055 946  0.44

6 229 09 02 8704 095 555 446 188 366 39 233 377 1586 078 1296 0.6

7 300 09 05 7463 251 1328 704 206 9 276 348 376 645 031 628  0.29

8 278 09 05 8082 1.39 995 341 388 271 214 582 204 1106 055 946  0.44

9 208 09 05 87.04 095 555 446 188 366 39 233 377 1586 078 1296 0.6

10 279 09 1 7463 251 1328 704 206 9 276 348 376 645 031 628  0.29

11 269 09 1 80.82 1.39 995 341 388 271 214 582 204 1106 055 946  0.44

12 200 09 1 87.04 095 555 446 188 366 39 233 377 1586 078 1296 0.6

13 352 1 01 758 44 179 3476 4262 12.62 4523 4239 12.39 1949 0.88 0.68 [52]

14 105 1 01 8 28 153 3357 4571 1321 47.73 42.09 10.18 408 0.1 0.09

15 269 1 01 798 11 162 5412 2529 1588 29.13 54.13 16.75 1347  0.61 0.56

15



# SC PW CD C N @) N-6 N-5 N-Q OlI OIl OIIl SSA Vi Shmic Vmic Ref.
Fg V) (Ag % % % % % % % % % (m?gY) (emig (m?g (cmig
D) D) Y Y Y

16 351 08 0.1 79.33 382 1655 28.8 37.17 123 20.85 5795 21.21 1610 0.86 1480 0.63 (53]

17 342 08 0.1 812 246 1599 30.89 26.83 15.85 544 6291 3158 2515 1.37 1553 0.84

18 256 0.8 0.1 8297 162 17.13 20.99 29.01 16.05 10.74 66.84 22.42 2605 141 1460 0.78

19 292 08 0.1 8331 135 1503 163 363 163 16.37 70 13.64 3381 2.23 1128 0.6

20 257 08 0.1 83.77 0.9 15.32 1444 3222 20 17.69 68.02 14.3 3430 2.27 1059 0.57

21 244 08 1 79.33 382 1655 288 37.17 123 2085 57.95 21.21 1610 0.86 1480 0.63 [S4]

22 272 08 1 812 246 1599 30.89 26.83 15.85 544 6291 31.58 2515 1.37 1553 0.84

23 220 08 1 8297 162 17.13 20.99 29.01 16.05 10.74 66.84 22.42 2605 141 1460 0.78

24 241 08 1 8331 135 1503 163 363 163 16.37 70 13.64 3381 2.23 1128 0.6

25 227 08 1 83.77 0.9 15.32 14.44 32.22 20 17.69 68.02 14.3 3430 2.27 1059  0.57

26 547 0.8 0.1 84.77 296 12.28 36.82 27.7 20.95 29.89 3241 37.7 2209 1.2 1574  0.79

27 337 08 0.1 85.83 245 1172 29.8 2408 249 29.18 40.61 30.2 2306 1.26 1556 0.76

28 347 08 0.1 88.07 142 1052 24.65 26.06 23.24 30.04 424 27.47 3147 1.85 1320 0.68

29 288 0.8 0.1 90.89 0.69 843 21.74 26.09 17.39 22 446 34.16 3337 2.06 1283  0.65

30 225 0.8 0.1 9096 065 839 20 27.69 23.08 15.02 18.12 14.78 2713 1.81 1072  0.52

31 374 1 0.2 83.15 273 1411 15.89 61.67 189 9.13 69.06 21.81 2649 2.38 0.49 [S5]

32 260 1 0.2 9328 163 5.09 375 4474 1236 1192 4781 40.27 1719 1.16 0.44
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# SC PW CD C N O N-6 N5 NQ OI OII OII SSA Vi Smic  Vmic Ref.
Fg V) (Ag % % % % % % % % % (m?gY) (emig (m?g (cmig
D) D) D) D) D)
33 4125 1 05 8241 18 1579 337 287 22 233 629 138 14833 1.286 11978 [8]
34 182 1 1 834 7.9 867 5053 2398 14.09 24.17 69.99 584 11.62  0.021 [57]
35 209 1 1 86.6 472 785 4957 2221 208 2535 69.3 534 858.17 0.587
36 421 1 1 83.04 561 9.83 4951 1987 9.28 2417 7427 156 911.12 0.415
37 344 1 1 81.69 4.66 13.65 57.04 17.23 12.48 56.47 3759 594 639.67 0.328
38 2175 1 1 727 55 218 45 115 5107 252 9591 157 4617 0.059 31.92 0.0161 [8
39 3586 1 1 80.53 5.03 14.44 61.99 1891 1498 19.12 77.75 3.13 14539 0.1255 108.52 0.0559
40 4209 1 1 89.55 2.13 832 17.22 653 4754 1693 745 857 1223.82 0.8335 1002.8 0.5052
41 2759 1 1 84.01 502 1098 53.66 1657 1257 18.83 7287 83  506.75 1.4883 506.75 0.2212
42 341 1 1 7555 8.72 1573 3453 31.18 34.29 29.49 42.78 27.73 2128 1809 [S9]
43 402 1 1 82.93 6.9  10.17 59.68 24.94 1539 3656 38.29 25.15 2379 1976
4 311 1 1 82.74 651 10.75 5574 26.37 17.89 28.48 48.44 23.08 1921 1552
45 200 1 1 75.73 10.23 14.04 31.86 33.45 34.69 22.13 48.01 29.86 690 562
46 280 1 1 84.39 51 1051 3255 21.95 455 30.07 4142 2851 1782 779
47 261 1 1 84.97 239 12.64 59.71 26.18 14.11 3897 38.13 229 1247 443
48 32 1 05 9287 052 661 0 0 0 55 45 0 68 0.16 0.02 [510]
49 279 1 05 976 035 205 O 0 0 51 49 0 2017 112 0.8
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# SC PW CD C N @) N-6 N-5 N-Q OlI OIl OIIl SSA Vi Shmic Vmic Ref.
Fg V) (Ag % % % % % % % % % (m?gY) (emig (m?g (cmig
D) D) Y Y Y

50 43 1 05 82.61 1296 4.43 26 26 44 56 44 0 28 0.05 0.01

51 297 1 0.5 9452 355 193 29 40 16 52 48 0 1044 0.93 0.39

52 367 1 0.5 95.17 3.01 182 42 20 29 34 66 0 1674 0.87 0.6

53 299 1 05 9598 217 185 34 31 24 42 58 0 1546 0.82 0.63

54 187 1 05 96.22 195 183 36 15 34 36 64 0 1237 0.67 0.38

55 115 1 0.5 96.47 186 1.67 49 10 30 47 53 0 1184 0.55 0.35

56 286 1 0.5 9588 215 197 41 18 33 41 59 0 1596 0.99 0.66

57 186 08 1 77.94 11.64 1041 16.99 39.92 24.73 27.76 46.37 25.87 1620 0.98 1331 0.62 [S11]
58 358 08 1 78.68 10.95 10.37 15.84 3259 26.92 38.69 38.04 23.27 2660 1.54 2422 1.19

50 267 08 1 81.19 6.15 12.66 16.63 24.22 30.5 23.29 40.02 36.69 2218 1.36 1938  0.98

60 241 08 1 86.23 499 878 1498 24.41 3858 31.23 41.49 27.28 1527 1.01 1285 0.7

61 256 08 1 80.65 857 10.78 23.24 2275 30.76 47.92 30.43 21.65 1673 1.07 1389 0.71

62 295 08 1 83.22 7.22 956 3221 2423 28.62 29.17 47.09 23.74 2144 1.21 1859 0.82

63 275 08 1 79.04 576 152 26.15 25.16 30.98 46.55 31.41 43.27 2308 1.29 2134 1.01

64 224 08 1 84 6.83 9.17 21.68 2451 3297 48.03 31.09 20.88 2536 1.31 2264 1.01

65 279 08 1 75.72 789 164 30.61 315 2341 4551 3348 21.01 2365 1.38 2027 094

66 268 08 1 83.67 5.87 1045 16.97 15.76 3565 359 39.07 25.02 2714 1.42 2432 1.09
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# SC PW CD C N @) N-6 N-5 N-Q OlI OIl OIIl SSA Vi Smic Vmic Ref.
Fg V) (Ag % % % % % % % % % (m?gY) (emig (m?g (cmig
D) D) Y Y Y

67 208 08 1 71.23 12.06 16.71 17.42 28.45 34.75 5252 29.74 17.74 433 0.27 325 0.14
68 245 08 1 76.28 11.23 12.48 3221 2423 28.62 70.64 29.36 O 1562 0.86 1118  0.45
69 258 08 1 8437 5.65 998 1995 2499 30.05 35.07 39.93 25 3112 1.63 2788  1.27

Note: SC, Specific capacitance; PW, Potential Window; CD, current density; C%, Carbon atomic content; N%, nitrogen atomic content; O%,
oxygen atomic content; N-5, Pyrrole nitrogen; N-6, Pyridine nitrogen; N-Q, Graphitic nitrogen; OI, C=0; OII, C-OH/C-O-C; OIII, -COOH;
SSA, total specific surface area; Smic, micropore specific surface area; Vi, total pore volume; Vmic, micropore volume. Ref.: #1-1261; #13-15[52;
#16-2005%; #21-30054; #31-3215°1; #3315°1; #34-37157]; #38-41158%1; #42-47159, #48-5615'7; #57-69 511,
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Table 3. Pore parameters of all ONPC precursors

Dave? Stb Smic® Smesd V¢ Vmicf Vmes? Vmic/Vt
Samples
g-CsN4 25 8 7 1 0.05 0.003 0.047 6%
Pre-treated
8.89 9 2 7 0.02 0.001 0.019 5%

lignite

Note: @ Dave, average pore diameter, Dave= 4 Vi/Sssa; ® St, total BET specific surface
area; © Smic, micropore BET specific surface area; ¥ Smes, Mesopore BET specific
surface area; © V, total pore volume; ? Vmic, micropore volume; & Vmes, mesopore

volume.

Table 4. Pore parameters of ONPC materials

Dave® St° Smic®  Smes? V¢ Vmicf Vimes?  Vmic/Vt

Samples nm m2gl m2g! m2gl ecmigl cmigl cmigl %

OPC-900 1.85 389 361 28 0.18 0.17 0.01 94%
NPC-900 1.94 309 275 34 0.15 0.13 0.02 87%
ONPC-700 2.86 14 4 10 0.01 0.002 0.008 20%
ONPC-800 1.80 311 274 37 0.14 0.13 0.01 93%
ONPC-900 1.84 802 714 88 0.37 0.34 0.03 92%

Note: ¥ Dave, average pore diameter, Dave= 4 Vi/Sssa; ® St, total BET specific surface
area; © Smic, micropore BET specific surface area; ¥ Smes, Mesopore BET specific
surface area; © V, total pore volume; ? Vmic, micropore volume; & Vmes, mesopore

volume.

Table 5. Relative atomic contents of active species by fitting N1s and O1s XPS

spectra for all obtained ONPC materials.
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N 1s O 1s

Active
(at%o) (at%o) .
Samples species
N-6 N-5 N-Q C=0O C-OH -COOH (at%)
OPC-900 0 0 0 4.21 416  8.17 12.33
NPC-900 1.85 1.31 1.11 2.07 208 3.32 6.71
ONPC-700 13.95 4.55 2.50 2.44 253 292 10.0
ONPC-800 5.40 2.12 0.91 5.73 3.04 362 8.78
ONPC-900 1.67 1.61 2.42 2.39 3.64 488 10.13
Table 6. Capacitances of ONPC electrodes
Samples Cit(Fg?) Ce(Fgl) Ce(Fg') CelCi(%) Cr/Ct(%)
OPC-900 206 84 122 40.8 59.2
NPC-900 226 134 92 59.3 40.7
ONPC-700 278 210 68 75.5 24.5
ONPC-800 333 228 105 68.5 315
ONPC-900 440 241 199 54.8 45.2

Ct: the total electrochemical capacitance of ONPC electrodes at 0.5 A g measured in
a three-electrode system using 6 M KOH electrolyte; Ce: electric double-layer

capacitance; Cp: pseudocapacitance.

Table 7. The calculated parameters of the equivalent circuit for the obtained

materials
Sample Rs (Q) Rct (Q) Wo-R Wo-T Wo-P
OPC-900 0.65 3.11 135.9 10.65 0.52
NPC-900 0.72 0.10 261.4 130.9 0.68
ONPC-700 0.66 0.32 255.3 99.12 0.76
ONPC-800 0.70 0.24 232.7 103.4 0.81

ONPC-900 0.68 0.03 0.54 0.10 0.42
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Table 8. Comparisons of the power density and energy density for

supercapacitors in this work and reported porous carbon materials from

literature
. ) Cycling stability,
Power density  Energy density
Sample Number of cycles, Ref.
W kgt Wh kgt _

current density
100%

C-0.05N-700 25.2 8.1 [512]
(20,000, 10A g )
99%

MKHC-0.50 250 8.9 [513]
(10,000, 5A g?)
96%

NCF-KOH 249.6 10.34 [S14]
(10,000, 5A g)
85%

HPCNC-800-a 500 9.7 (S15]
(5,000, 5A g1)
88%

h-CPC 250 8.3 [S16]
(10,000, 5A g)
91%

NPCA-MSC 251 6.8 (5171
(10,000, 1A g}
92%

NOCN900 250 6 [518]
(10,000, 5A g)
95.3%

PPC-5 125 10.35 [S19]
(10,000, 1A g}
95.3%

PC/NC-L 125 8.03 [520]
(10,000, 5A g)
107.7%

N-C-HPCS 250 10.1 [s21])
(10,000, 5A g?)
97.6%

NOCN-850-3 175 12.3 [S22]
(10,000, 10A g)
93%

TCF-UDSL 250 8.77 [523]
(10,000, 2A g)
97.44%

a-NSPC 50 14.76 [S24]

(10,000, 1A g%
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Cycling stability,

Power density  Energy density
Sample Number of cycles, Ref.
W kgt Wh kgt _

current density
94.6%

POCAS800 125 8.07 [525]
(20,000, 10A g )
93.7%

MACN 250 10 [S26]
(10,000, 10A g?)
96.2%

CHPC900 125 9.9 [527]
(10,000, 1A g?)
94.3%

NOPC-2 25000 14.5 [528]
(20,000, 10A g?)
91.6%

RFN-KNa 703.4 17.42 [s29]
(4,000, 5A g)
80%

MSAC-4 162.5 14.04 [S30]
(10,000, 5A g?)
95.74%

N-HNC 500 15.99 [S31])
(10,000, 10A g)

N-HNC3-1 220 7 - [S32]
98%

PCNs/GCNs-5 464.06 24.75 [S33]
(5,000, 1A g1
92.3%

HPC 100 10.93 [S34]
(10,000, 1A g)
97%

NOCS-1/10 250 4.33 [S35]
(10,000, 5A g?)
93.8% This

ONPC-900 250 10.8
(30,000,5 A g?) work
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