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Fig.5. (a) Difference charge densities of Fe-N4-C; (b) difference charge densities of Fe-N4-2N; (c)
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Fig.6. Arrangement of extranuclear electron of Fe-N4-C and Fe-Nj-2N

N BRI 2N WAV, AR EEAT T AR . SRR,
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Yoy 3, SR E I TAEAR ARG h O o TR JT IR AL, A6 B per P 3
AV
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ZhiE, BT Fe MMM Fe-Ng 454, g BULMUE 2. & B ieE 7 H0un] L

S =t HEEE|. 1F Fe-Ns-C EMH, S =1, XML T4 BHEE tey = 2.83 uB;
Sy

M Fe-N4-2N &5k, mFRiE R FREE 112 uB, Wit EAR S~ 1/2, A X%
IKEZ) 1.73 uBo K& Fe-Ny-2N HA AR AN R, HAE B A AT s M
HE I 22 ZE LT Fe-Na-C, 1230 R 3 2205 AT~ Fo Ay 45 ) e 38 o) v 1~ 465 4] RO RG AT A%
BHME N WFE4E4S Fe 1) d w0 N, 4TI T Fe 5 Ny Z A RS E LA B8, 155 T Fe-H
HIAHEAER], MM EEE T Fe-Na-C X H BRI PHAPER, 123t H s &80B M S . itk
Ab, MEALHIATE Fe-Ng-2N S5 R7E S N A2 vh i B S m A e v, A B T 4eRig
AL IR A S5 RO

2 ARERSIN FAN A 4544 Fe-Ny-2X (X =C. Ny S\ P, B) AGwufIFZ
Table 2. Factors that may influence AG+y of the structures of five types ligands Fe-N4-2X (X =C. N. S, P,
B).
M. AGsy XH FeN X-C X-Fe d#f Fedl HH XH KM X
eS| eV ik K Bk R o R miE A Bilev BER
/A /A /A eV Fle Fle Fle /A

Fe-N4-2C 024 255 1.884 1437 3442 -0.811 -0.87 0.13 -0.14 . 0.05 1.70
Fe-N4-2N  0.06 3.04 1.878 1.424 3434 -0.762 -0.85 -0.04 1.12 - -0.14 1.55
Fe-N;-2S  -0.05 258 1.908 1.767 3.445 -0.941 -0.78 0.24 = -0.33 ~ -0.31 1.80
Fe-Ns-2P  -0.24 219 1914 1.796 3.494 -0.067 -0.80 0.16 -1.98 -0.43 1.80
Fe-N4-2B  0.35 2.04 1907 1496 3443 -0.352 -090 -0.14' '-1.72  0.15 1.92

NARGHIR FBCAL N 5% Fe-Na i 1 O FIEAAE R HIS2 00, FFAE S 176 H

B 7R 45 14 5 HER AL PEREZ IR] ) A FEDGIER, A SCH B Rt AL AL 454 Fe-Ny-2X (X
= C. N. S. P B) ¥ AGsu (R AT RERZIA R 2 HEATAH R ML 0BT o HH T SRR IR EHLAE /D E
AR GFAT TR RGN o) R AT R B2 AR /), ELH T 45 5 3 2 SR e B e B,
I, A R SRR [ E LA (Support Vector Regression, SVR) % F1.2H %%
AT DR, BRI I0E 2 . R R JIZR)EH SVR BB R i) 52

T PERE, Hok e 2ER2ZN 0.85, “FH4%1RZ (Mean Absolute Error, MAE) %]
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A 0.07, )75 1% % (Mean Squared Error, MSE) 274 0.006, %I ¥ 134 751 % 2 (Root Mean

Squared Error, RMSE) A 0.155.

AG.,, e — 1.0
Xtk -0.79 00 - 0.80
Fe-Niit [ ke L 0.60
X-Ct .06 - 0.40
X-Felli & - 0.20
diir it 0,80 L 0.0

Fertifies [N 001 | 020
H AL | ol
X7 \ | I
o N\Ne N\
XS N\ \ [ N
vo&ﬁ})@* é@u p@% Q;jﬁ R vx@’ﬁg %@ﬁa \gf &Q{%}%@
< F Y R ﬁféf&

7 HMEALLEH Fe-Ng-2X (X =C+ N. Sy Py B) AGey (5200 R 3 [FIHH 514 434 &
Fig.7. correlation analysis of factors influence AG=y of the structures with five types ligands Fe-N3-2X (X =
C. N. S. P. B).

MRS WTEY, AGen 5 X-C #K . X-Fe BB . Fe ML R AL I B 10 BB 2 7]
MK R, B 7 iR, ROREAHK R %L ( Pearson correlation coefficient, PCC)
T RAL B 2 (R R MEAR G, BUETER -1 31, KA BT 1 R s
ZURAH RS, Horp, X-C $8K . X-Fe JE R LA JL Fe U HH 5 AGn S ILEA 2 57HOC,
X 7 B B EE PV 55 B 503 3 9-0.80 -0.72 F1-0.91, TIMRITAE S AGsn SLIEAHSE, HHER
H0.82. ZEREKM, Fe EFHI MRS AGw A RO ORI FUHIOC R, H
B EPMAR RECEFI-0.91, BFw FHABEE, LW Fe tb k7454 8422 s mi i
WIEMER E S E R BhAh, X-Fe MEERILL K X-C B FRIRE S I s A S 00 2 4R %,
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Fig.8. Permutation Importance test of factors influence AGs of the structures of five types ligands

Fe-N;-2X (X=C. N. S. P, B).

UbAh, N T SRR IE FH AR BRI R R AR X TR BC A7 2544 Fe-Ng-2X (X'=C. N, S,
P. B) AR T EEYE, FA TR Bl 3t4T 7 HEA B E AR LS (Permutation Importance)
(59 601, fnfEl 8 Fizm. S5RRH, X-CH#EK. X-Fe PHES. Fe Hifa 4 # AWK B BE 1) BB T
AGsn HEEANEAT I B35 7 T HABRST, 5Jeii i SVR BALIEAT J /R b AH 52 R 80 #r
MRS58 —2, UESE T SVR BRUE/NREARR N 2 4 ARG I T RIStk 7EFRRR T
B B 5 AGn AR RENS , Fe HLATHAEAIIRZ Fe-Na-2X KA AGsn 1
EH EERM R 5, 3B ENIE § Fe A1~ 254 42 /2 5200 HER AL TR PER) £ 2
. LG DFT FAHRIE S Bt TR W], Fe RIATHEREUME LS B T 2X JRy e 7 #0154
Xf Fe OB =B RIHHIER . X-C 8K, X-Fe fHES. Fe i # = MRFIEZ 8] 1)
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i EAHRNER I, AGen HUASAE T LA BH S50 Hh O B JER 7 (1) FEL 38 275 BOIR A g i
S RO RAG AR . BRI, AR DGR A WA TR s (K e v A 5 2R — M SR BT A 2
T EE s A R T R A — 3k, R Fe-Nu-2N 14 &R b AL TE M 42 R T
PO P55 S ¥ FELAT E A1, T AR SR — BEHLR SR IR o X — &5 B — DI TE 7 IR K
2 475 45 o BT A5 A ADR AR B/ BRSP4, R SR B4 77 HER PERE G 2L
TR o

4 &

A X I B R AL Fe-Ng-2N (R HU K R A PEBERF 72, 5 LUR I
MEELER:

(1) Fe-Ng-2N 3 5 ol /2 BT 7057 Aa 2 A5 (C1i>0, Cii-C2>Ci2?, det(Cyj)
>0), PR B AEE S N IEE, RULE R RHUR I B TR S S 5614
AR AME, B RIF )22 RasE .

(2) TEBNJIFBHH, Fe-Ny-2N 7E R RO FE B ik s/, A RHECE R AT
IREIPALE = el i

(3) Fe-Ns-2N RILH GJm T HAFE, FORBEHRF T 30, JFH PDOS Uil Fe
(¥ 3d I8 1 A TETE, 2N B p BUERALY R T LT A0, ST T IR R, A
T AT S S R B B 7 2 5 THI R DR o

(4) Fe-Ny-2N KPR VURCAI AT (Fe-Ny) SEA XA (2N) &4fi, itk 7%
EAT 500 TR, B ATEERA dop BUIE AL, SN T A E e AL R
(AG+=0.06 €V), HH Fe-No-C (AGw=0.24 eV) K, HrEUz B A7 AR .

(5) AHIRMEA T 25 T —BIGIE T Fe MRS R YLE Fe-Na-2X G ML AGen
PR, UESE T RO 5 1 H T 25 M R4 LE R AL HER VR B/ B~ v ) O
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Optimization Study of the Hydrogen Evolution Reaction
Performance of a Dual-Nitrogen-Coordinated Single-Atom

Fe-Based Catalyst for Water Electrolysis
Li Qian-Lin! Chen Dong? Tang Chun-Mei*! Ye Dong-Xu! Zhou Xiao-Feng'
1)(College of Mechanics and Engineering Sciences, Hohai University, Nanjing, 210098, China)

2)( Jiangsu Provincial Institute of Water Resources Survey and Design Co., Ltd., Nanjing 210024, China )

Abstract

Hydrogen energy, characterized by its zero carbon emissions and high energy
density, has emerged as a pivotal renewable and clean energy source amid the
global transition toward a low-carbon energy structure. Electrocatalytic water
splitting for hydrogen production not only enhances hydrogen generation
efficiency but also reduces carbon emissions, offering a promising pathway for
large-scale green hydrogen production. In recent years, single-atom catalysts
(SACs) have become key catalytic materials for water electrolysis due to their
high atom utilization efficiency, tunable electronic structures, and superior
catalytic performance. In this study, density functional theory (DFT) combined
with machine learning was employed to systematically investigate the hydrogen
evolution reaction (HER) performance of a novel two-dimensional iron-based
SAC, denoted as Fe-N4-2N, supported on a carbon substrate with dual nitrogen
coordination. Specifically, a support vector regression (SVR) model was applied

to identify the dominant descriptors governing AG+y across five Fe-N4-2X (X = C,

L4



N, S, P, B) configurations. The results demonstrate that Fe-N4-2N exhibits good
structural stability, where elastic constant analysis and ab initio molecular
dynamics (AIMD) simulations at 300 K confirm that Fe-N4-2N maintains
structural integrity throughout the catalytic process. Its hydrogen adsorption
energy difference (AG+y = 0.06 eV) is much closer to the thermoneutral value (0
eV) than that of Fe-N4-C (AG+x = 0.24 eV), indicating its superior catalytic
potential for water-splitting hydrogen production. Electronic structure analysis
together with machine learning results further reveal that the charge transfer of
the Fe center serves as the dominant descriptor governing AG+y in Fe-based
catalysts, confirming that coordination environment induced electronic structure
modulation plays a crucial role in optimizing the adsorption/desorption balance
during HER. Therefore, dual nitrogen coordination effectively enhances the
HER activity of Fe-N4-C-based catalysts. This work suggests that deliberate
modulation of the local coordination environment around Fe-center single atoms
represents a broadly applicable strategy for developing high-performance

single-atom electrocatalysts beyond the Fe-Ny4 system.

Keywords: graphene; Fe-N4-2N; density functional theory; hydrogen evolution

reaction; correlation analysis'
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