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Fig. 1. (a) Geometric structure of Fe-N,-C; (b) geometric structure of Fe-N;-2N; (c¢) the AIMD simulation of Fe-N,-C; (d) the

AIMD simulation of Fe-N,-2N.
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Fig. 2. Comparison figure of AGxy for HER between Fe-N -
2N and Fe-N,-C.
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(0.16 eV), FEIH LT B9#ELIE V. Fe-SACs@2N
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# 1 Fe-N,-CHlFe-Nq-2N il Fe HJRT3CHkH HER [ A Goyg (HXT L
Table 1.  Comparison of AGsy values for Fe-N,-C and Fe-N,-2N with those reported for recent Fe-doped single-atom HER

catalysts.

EALHIFZE Fe-NyC Fe-Ny2N Fe@Au-enePd Fe-SACs@2NM Fe-SACs|C—Ni@38 Fe-doped MoS,P Fe-doped 8-Mo,CP)

AGiy/eV 0.24 0.06 0.28 0.23

0.16 -0.27 0.4

200703-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 20 (2026)

200703

FEARZE Fe-N-2N Y 0.06 eV, 52T KL I (W fff/
R A S, S0 T 3 e P R B RS AR 4R T Fe
SR sk HER MERERYA SO

A T, T EE ST, AL
A LAH DA 35 2] ol

AG+
TIHER = Uactual_Uequilibrium = Upcrual —0 = c H' (10)

HE 2 A] %1 Fe-N,-C 75 ZLFhn 0.24 V iy
JEARESEAT RV, T Fe-N,-2N 75 7t Jin (i 45 41
AR 0.06 V, LT CHGE i 4G S8 a AL )
(0.67 V)M, AL T AR 2 AH AR R A S AIRAE, el
RIBA A BIAAAAE R HTIRAR ] 4/ Co/N/C
LT (0.26 V)12 1 LA IS 4B 2% 1Y f B0 R ik
JEEHY R B AL Tr-3-N-Pi (0.24 V)13 (K i,
ST N R A 1A 2N B sy, v LU — 2t
TR H* AW B -G R T-fr, (545 1t 5
IR R AR e SR T, $ e T AT RN, Fe-
N-2N F I mAT TG, PRI — I 5 1 i
IKAEAL TR KL

3.3 Fe-N,2 N BBEF&H

J T HEHE Fe-N,-2N Mt Fe-N,-C Al HAT
WIS HIbT E MR, A SCHE T ORTEA BT L H 45
¥, BT s HAT EHLEE. (A5 A0 S P A e A
KR N B R R O, 2 B i i AR T ROR
FNE 3l ) A AR S P 1. S F P R A AR R ]
PAREAR AT B A7 | kD Be S AR, 38 AT DA S ks v
A7 15 p ) B THEE AR RE (491, 1 e 1 mE AT 43T
HSHEMAE. K 3(a), (b) AT Fe-N,-C 5 Fe-N,-2N
F e K, K TOKRREDL (By) 50 0 eV. HIEIATAL,
Fe-N,-C 547 540 Z IR BRI 0.2 eV,
IR SARERME. 1 Fe-N -2N AUREH K Fh A fE
PR PR REL, A Bh 0, I 98 AR 3042
JERE, X T Fe-N-2N B 471 S Hi PERE.

e I AR T DL I b s A 1 S F e, 0
S ANREE N 32T T R R Y R YR TR
B, UL, B FORFERE 3(c), (d) hit— 8 H
S EE (partial density of states, PDOS).
B K BB BAH T 19 J3 U A5 8 B T 3 2 1 o B i
BB AR O T d S R Y 43 A Ol
Mg T AR b i 4 R 5 R () A 2 (]
FHEAE s BE 174l ] 3(c), (d) AT, Fe i
d FUIETE 9 K B8 9 I T o3 ik ) 28 5 B i KT

HAbHE, R Fe [ FH d PUE B FRmIb g
B FEESRE. A, Fe-N-2N 78 2K e it
) d LB FE BE R T Fe-N,-C, Hitt, ik
B AN FALEMA RO T Fe i £/ d HlE
L 7~ 75 2 oK BB L Bt 3l 1 5 48, AR L Fe-N-
2N AT TRGHEZSCR ) H R 0 FEL -, 98NS T FELRHL
TR b SR

Fe-N4-C Fe-N;-2N
(a) 2 T T (b) 2 7T T
| I NN i
A i AN I
1l 1L/ 1 1 b T\ T
1 I T 1
> /1 1 > 1 I
§ [V I é /i 1
B OFR ot ---=|B B 0f-+4S4- == E
g A I g v I
&) 11 I 5] [ 1
= I o i
VAR I I ]
™\ I 1 T
AT I L 1
—_92 1 I 1 92 1 1 1
r x S Yy T r x S Yy T
Fe-N4-C Fe(d) WM Fe(p) MM Fe(s)
(© 9
- B
=z 10t
8
2 0
&
@
o —10F
A
2B}
_20 1 1 1
-5 0 5
Fe-N,;-2N Fe(d) MM Fe(p) M Fe(s)
(d) 20
- E
% 10 F
2 )
z 0 |
@
o —10f
a
a9}
_920 , ! ,
-5 0 5

& 3 (a) Fe-N,-C fREH [El; (b) Fe-N-2N IRETFIE; (c) Fe-
Ny-C B P A I (d) Fe-N-2N A9 53 B 2 12 1]

Fig. 3. (a) Band structure of Fe-N,-C; (b) band structure of
Fe-N;-2N; (c) PDOS of Fe-N-C; (d) PDOS of Fe-N,-2N.
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Fig. 4. (a) Work function of Fe-N,-C; (b) work function of Fe-N,-2N.

M
e

Bl 5 (a) Fe-N-C 2250 B 2% B 1 (b) Fe-N-2N 2 43 fif 25 2 815 (c) Fe-N,-C 2 43 H fof 85 J& I i ff 7% B /R = BD; (d) Fe-Ny-
2N 25 43 Fi i 25 8 I PR i B R T R W0 XA R A AT 2, B X AR R s AT AR AR Sk e O il AR R L AT L RS O 1l

Fig. 5. (a) Difference charge densities of Fe-N,-C; (b) difference charge densities of Fe-N,-2N; (c) difference charge densities and

charge transfer of Fe-N,-C; (d) difference charge densities and charge transfer of Fe-N-2N; the blue area represents charge loss, and

the yellow area represents charge gain, arrows indicate the direction of charge transfer.
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Fig. 6. Arrangement of extranuclear electron of Fe-N,-C and Fe-N,-2N.
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Fig. 7. Correlation analysis of factors influence A Gy of the
structures with five types ligands Fe-N-2X (X = C, N, S,
P, B).

AN, S 1 5k 8 P A A5E 38 AR 4 R A B X
5 LA 45 H) Fe-N,-2X(X = C, N, S, P, B) 20 #Hr
SEIC AT SEPE, XPEUE AT HES VA ) (per-
mutation importance)®®> 41& 8 PR, 45K H#
B, X—C K | X-Fe FHES | Fe HLfarf4 5 A B fig
FEERT A Gy W ZEMEAS 43 I8 38 = T A 8
¥, H5ERTH SVR BRI T K IR AH OC R BBt
L5 1e—3, IESE T SVR BIRAE /INEA 17 Je Z2 4
FEARZEPEIE O T A AT SEME. fEHERR THie B S
A Gy EEF DGR RE S, Fe MM 2 B4 415 9K 2
Fe-N -2 X RARUMET] A Goyg BUE FEL 2 N 2R
H—LEMIE T Fe HO L F25 M #5252 I HER
HEALTE PR F RN E. 254 DFT FUAHC M5 Hr i
FRW, Fe HATHMEUALE G L T 2X JallEc s
XS Fe bl 7= SR HIE . X—C #
. X-Fe 55 . Fe A% 3 MR Z 18] 1Y g 2

F 2 ATRERSNA 5 AHELAISEH Fe-Ng-2X (X = C, N, S, P, B)AGsy IR E

Table 2.  Factors that may influence A Gsy of the structures of five types ligands Fe-N,-2X (X = C, N, S, P, B).

(U AGw gy Fe N X—C o X-Fe diff - Ferlufif  HWAT  XIAT URRHRE XGARICH

45 /eV /A BK/A FEE/A da/eVv HEje Wi /e HB/e eV /A
Fe-N,2C  0.24 2.55 1.884 1.437 3.442 -0.811 -0.87 0.13 -0.14 0.05 1.70
Fe-Ns2N  0.06 3.04 1.878 1.424 3.434 -0.762 -0.85 —-0.04 1.12 -0.14 1.55
Fe-Ny2S  -0.05 2.58 1.908 1.767 3.445 -0.941 -0.78 0.24 -0.33 -0.31 1.80
Fe-Ng2P -0.24 2.19 1.914 1.796 3.494 -0.067 -0.80 0.16 -1.98 -0.43 1.80
Fe-Ns2B  0.35 2.04 1.907 1.496 3.443 -0.352 -0.90 0.14 -1.72 0.15 1.92
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Fig. 8. Permutation Importance test of factors influence
A Gxy of the structures of five types ligands Fe-N-2X (X =
C,N, S, P, B).
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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-
N42N, supported on a carbon substrate with dual nitrogen coordination. Specifically, a support vector
regression (SVR) model was applied to identify the dominant descriptors governing A Gy across five Fe-N-2X
(X =C, N, S, P, B) configurations. The results demonstrate that Fe-N,-2N exhibits good structural stability,
where elastic constant analysis and ab initio molecular dynamics (AIMD) simulations at 300 K confirm that Fe-
N,-2N maintains structural integrity throughout the catalytic process. Its hydrogen adsorption energy difference
(AGxyg = 0.06 €V) is much closer to the thermoneutral value (0 €V) than that of Fe-N,-C (AG«y = 0.24 V),
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 A G« 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-N,-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-N, system.

Keywords: graphene, Fe-N,-2N, density functional theory, hydrogen evolution reaction, correlation analysis
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