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1. Method for calculating the electronegativity of OGs

In order to investigate the effect of OGs on MN,, we consider the OGs as a whole and calculate

their average electronegativity (X 0Gs), The formula for calculating by harmonic average method is

as follows:
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Where Nocs represents the total number of atoms in OGs, N¢ , Ny and No respectively represent the
number of atoms C, H and O in OGs, £¢, XH and 40 respectively represent the Pauli electronegativity
of C, H and O.



2. Machine learning model used in this work

The ML models used for training and prediction include RFR, KNN, SVR, NN, XGBR,
LINER, GBR, GPR, and LASSO. Here is a brief introduction to them:

(1) RFR (Random Forest Regressor): RFR is an integrated learning model based on decision trees,
which improves prediction accuracy by constructing multiple decision trees and taking their
average values. Applicable to regression problems. ( Type: integrated learning model)

(2) KNN (K-Nearest Neighbors): Description: KNN performs classification or regression based
on the nearest neighbor relationship of the sample. For a given sample, predictions are made
by looking at its nearest k neighbors, either by majority voting or by average. (Type:
Supervised learning model)

(3) SVR (Support Vector Regressor):SVR is an application of support vector machines that
focuses on regression problems. By finding the support vector in the data, an optimal
hyperplane is constructed to minimize the prediction error. (Type: Support vector machine
model)

(4) NN (Neural Network): NN is a model that simulates the structure of human brain neural
network. Composed of input layers, hidden layers, and output layers, it learns weights to
achieve complex non-linear relationships and is suitable for a variety of tasks, including
classification and regression. (Type: Deep learning model)

(5) XGBR (XGBoost Regressor): XGBR is a gradient lifting algorithm that improves
performance by integrating multiple decision trees. It is excellent at handling structured data
and regression problems. (Type: integrated learning model)

(6) LINER (Linear Regression): LINER is a simple but powerful linear model that performs
regression by fitting linear relationships in the data. Suitable for problems where linear
relationships are obvious. (Type: Linear regression model)

(7) GBR (Gradient Boosting Regressor): GBR is a gradient lifting algorithm that improves
prediction performance by iteratively training a weak model and correcting the errors of the
previous model. Applicable to regression problems. (Type: integrated learning model)

(8) GPR (Gaussian Process Regressor): GPR is based on Bayesian inference, which treats
predictions as Gaussian distributions over the underlying functions. It is suitable for small
sample regression problems and provides uncertainty estimation. (Type: Gaussian process
model)

(9) LASSO (Least Absolute Shrinkage and Selection Operator): LASSO is a linear regression
model that achieves feature selection by adding L1 regularization to the coefficients. It is
suitable for regression problems in high dimensional data sets. (Type: Linear regression
model)



3.Supplementary Figures
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Figure S1. In OGs@MN;, catalyst, oxygen functional groups (OH, COOH, CHO, COC, C-O-C,
C=0, etc.) have electron-rich oxygen atom(s).



Figure S2. Optimized structures of single doped OGs@CoNy. (a) CoNy, (b) COC@CoN,, (c) C-O-
C@CoNy, (d) C=0@CoNy, (¢) OH@CoNy,, (f) CHO@CoN, and (g) COOH@CoNj.



Figure S3. Optimized structures of single doped OGs@FeN,. (a) FeNy, (b) COC@FeNy, (c) C-O-
C@FeNy, (d) C=0@FeN,, (¢) OH@FeN,, (f) CHO@FeN, and (g) COOH@FeN,.



-3131.9061098 Hartree -3131.908857 Hartree

Figure S4. Four configurations of 20H@CoNj, are considered in this work.



Figure S5. Optimized structures of double doped OGs@MNy. (a) 2C=0@CoNy, (b) 2CHO@CoN,,
(c) 2COC@CoNy, (d) 2C-O-C@CoNy, () 2COOH@CoN,, (f) 20H@CoN,, (g) 2C=0@FeN,, (h)
2CHO@FeNy, (i) 2COC@FeNy, (j) 2C-0O-C@FeN,, (k) 2COOH@FeNy, (1) 20H@FeN,,



Figure S6. Optimized structures of double doped OGs@MN,. (a) COOH+OH@MN,, (b)
COOH+C-O-C@MNy, (c) COOH+COC@MN,, (d) COOH+CHO@MN,, (¢) COC+COOH@MN;,,
(f) COC+CHO@MNy, (g) CHO+COC@MNy, (h) C=O0+COOH@MN,,



Figure S7. Optimized structures of multiple oxygen doped OGs@MN,. (a) OH+COOH+C-O-
C@CoNy, (b) OH+COOH+2C-O-C@CoN4, (c) OH+COOH+2C-O-C+CHO@CoN4, (d)
20H+2CHO@CoNy, (e) 20H+2CHO+COOH@CoN,, (f) 20H+2CHO+2COOH@CoN,, (g)
20H+2CHO+2COOH+C-O-C@CoN,4, (h) 20H+2CHO+2COOH+2C-O-C@CoN,4, (i) OH+
COOH +C-O-C@FeNy, (j) OH+COOH+2C-O-C@FeNy, (k) OH+COOH+2C-O-C+CHO@FeN,,
() 20H+2CHO@FeN,, (m) 20H+2CHO+COOH@FeN,, (n) 20H+2CHO+2COOH@FeNy, (o)
20H+2CHO+2COOH+C-O-C@FeN,, (p) 20H+2CHO+2COOH+2C-O-C@FeNy,
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Figure S8. The variations of (a) temperature and (b) energy versus the AIMD simulation time for 2
ps of OGs@CoN, under 298.15 K.
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Figure S9. The variations of (a) temperature and (b) energy versus the AIMD simulation time for 2
ps of OGs@CoN,4 under 1298.15 K.
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Figure S10. The variations of (a) temperature and (b) energy versus the AIMD simulation time for

500

250

500

250

500

250

500

251

[=]

500

250

500

250

500

250

0
0 200 400 600 800 10001200 14001600 18002000

FWW».«MWMW %MW*"‘WW

C=O@FeNd

mwwwm ot

—— OH@FeN4

1 Il 1 1 1 1 Il

Mg w“\ "--‘,7

A \‘
(AL} -

m |
vvl
'lr*'\s.'\'

COOH@FeN4

"d ’l V A A
ﬁ#"“v "\,ﬁ\‘,‘\v,m's"w\ﬁ(‘nﬁr et »"ﬂ‘u’ ’,‘Ww'w ! *""\* |"’W'M"\ M ey, ,\w

C- O-C@FeN4
W%MMWW W“m o M‘*‘W L
~—— COC@FeNd
ﬂmwwmwww«,«.wwmwwwwwm '
-~ CHO@FeN4

| I P Y I NI I S R

WMWWW

1 1 1 1 1 1 1 1 1

Time (fs)

2 ps of OGs@FeN, under 298.15 K.

)
’L%%:b M N
M Al e
H'g%‘ba‘p ;C-O@FeN4 7]
PR L
o i
B-
,lg"b {M'WW
Q
20T ——— OH@FeN4
519_0 1 I 1 1 1 1 I L 1
oy | o S eV
ol Us 1
i
~ COOH@FeN4
< fga’ﬁ"@ PR NP SRR SRR RUN N NS S R
Q- 3 . | o e R
il A e e .
5T . —— C-O-C@FeN4
c A0 | I I U SR SRR U SRR SR N
L o
K S A ]
oL -
0 T COC@FeN4
L 1 1 1
,’LQ“Q"QP —»«L
o L .
'i-g‘\‘l ® WW»\‘:’\% N R «-"“//\J'W
F —— CHO@FeN4
11‘2 I NP R U RRNPR R SR E
2~ ,5_6 - 1 -
|
® WWW
@ —— FeN4
,1,6 C 1 1 1 1 1 1 1 1 1

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (fs)



(a) 2000
1000
2000
1000

2000

1000 -4/

2000

1000

2000

Temperature (K)

1000

2000

1000

2000

1000

0
0 200 400 600 800 10001200 1400 1600 1800 2000

| mﬂwlv\h’w\wh‘ﬂw Mtﬂwmwwwﬁﬁmﬁw‘mwﬁ

¥

M WMN'-'J W ‘Wﬂa

”“M ‘VNM“!WM F‘MW”\ 'VW
OH@FeN4

I I 1 I 1 1 I 1
M,

TR
A WH T
i 1'1!“"‘ w,.,.. |

COOH@FeN4
A Am \ww W
/WM*I"M)' Pl s T

C-O-C@FeN4

MW’ Wwwm " mwwww M

- COC@FeN4

Wv‘n"'!i m: \“u*;

b h V
v'r'\NﬂWM l\".}‘\,‘m" "L“h 'l‘w\ ‘ﬂ’ w"ﬁ‘

_4,

o w’q‘

CHO@FeN4
L

—— FeN4

Time (fs)

5
:191%'
1@6._,,0

o

-—C O@FEN4
MWM

’W —— OH@FeN4

o ] 1 1 1 1 | 1 1 1

L L L L

WW “\W"-‘\Y\Mﬂ\/—i

COOH@FeN4
1 1 1

| Il 1 1 1 Il

B MW""\« Y T Wy, TN ,\/“m—’m ’ |
C O-4 C@FEN4

1 Il 1 1 L Il

WU‘AJ"\,,,/"“ R ARV SR /]

-/A —— COC@FeN4

i Il 1 1 1 L 1 1 1 1
;L"J._,,L Mﬂvﬂ"\'\/"m_\ MM‘%(AW

sV i T

v CHO@FeN4

/ Il 1 1 1 L L 1 1 1

7 —— FeN4. T

R ISUPURE [N SRS RN (NSPRU REPII R |

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (fs)

Fig

ure S11. The variations of (a) temperature and (b) energy versus the AIMD simulation time for 2 ps
of OGs@FeN, under 1298.15 K.
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Figure S12. The free energy diagram of 4eORR and 2eORR pathway on
OGs@FeN, in implicit water solvent.
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Figure S13. The overpotential and free energy diagram of 2eORR pathway on double doped
OGs@CoN, and OGs@FeN, in implicit water solvent.
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Figure S14. The free energy diagram of 2eORR pathway on double doped OGs@CoN, and
OGs@FeN, in implicit water solvent.



S04 cHo@CoNd” ~
COOH@CoN4 ¢¥
4.5 -oohee e boeioeeed e e el
C-0-C@CoN4 | 7
‘ [
a0l | | o cga}ﬁég/m |
< - e GReRnECEE ELSEEEREREE L e .- ONG - M-l
% . ! ! §C=O@C0|\£4/ CiO@FeN4
§|35 = "'”"'”””"”": """"""" : """"""" :'”)”/"'/”"i """""""""""""""""""""
3 COOH@FeN4 @O FeN4 g
le) | | | - | | | |
= 304 R L beofieoooone e S e ST
o ! § B ©OH@FeN4
< | .7 © CHO@FeN4
254 T U S—— S —
1 e 5 - y=0.9464x + 3.3205
204 - S S R2=0.9309
| .7 o©co-c@FeNs | | | | |
L T T e T e B
-1.5 -1.0 -0.5 0.0 0.5 1.0 15 2.0
AG*OH_vac (eV)

Figure S15. Linear correlation between AG+oon vac and AGsoy_ yac.
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Figure S16. Charge distribution of single doped OGs@CoN,. (a) CoNy, (b) COC@CoNy, (c) C-O-
C@CoNy, (d) C=0@CoNy, (¢) OH@CoNy,, (f) CHO@CoN, and (g) COOH@CoNj.
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Figure S17. Charge distribution of single doped OGs@FeN,. (a) FeNy, (b) COC@FeN,, (c) C-O-
C@FeNy, (d) C=0@FeN,, (¢) OH@FeN,, (f) CHO@FeN, and (g) COOH@FeN,.
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Figure S18. D band center of single doped OGs@CoN,. (a) CoNy, (b) COC@CoNy, (c¢) C-O-
C@CoNy, (d) C=0@CoNy, (¢) OH@CoNy,, (f) CHO@CoN, and (g) COOH@CoNj,.
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Figure S19. D band center of single doped OGs@FeN,. (a) FeNy, (b) COC@FeNy, (c) C-O-
C@FeNy, (d) C=0@FeN,, (¢) OH@FeN,, (f) CHO@FeN, and (g) COOH@FeN,.



Figure S20. Charge distribution of double doped OGs@CoN,. (a) 2C=0@ CoN,, (b) 2CHO@
CoNy, (c) 2COC@ CoNy, (d) 2C-0O-C@ CoNy, () 2COOH@ CoNy, and (f) 20H@ CoNj,.



Figure S21. Charge distribution of double doped OGs@FeNy. (a) 2C=0@ FeNy, (b) 2CHO@ FeN,,
(c) 2COC@ FeNy, (d) 2C-O-C@ FeNy, (e) 2COOH@ FeNy, and (f) 20H@ FeN,.
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Figure S22. Charge of (a) Co in CoNy, single doped OGs@CoNy, double doped OGs@CoNy, and
(b) Fe in FeNy, single doped OGs@FeN,4, double doped OGs@FeNy.



Predicting *OOH adsorption free energy by electron supply/withdrawal ability
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Figure S23. The conventional charge based method and the E, based method proposed in this study
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Figure S24. The correlation between the calculated OOH adsorption free energy and the

fundamental gap under implicit solvent conditions.



