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Figure 1 (a) and (b) are the top view and side view of Fe-Co-B/G after structural optimization, respectively; (c) and
(d) are the phonon dispersion curve of the Fe-Co-B/G monolayer and the AIMD simulation results at 500 K,

respectively, with the insets showing the top views of the atomic structures at 10 ps and 20 ps.
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Figure 2 (a) The three adsorption sites for Fe-Co-B/G used in the adsorption calculations; (b) and (c) are the top
view and side view, respectively, of the most stable adsorption configurations for Li and Na on the Fe-Co-B/G

surface.
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Table 1. Bader charge analysis of Fe-Co-B/G after adsorption of Li/Na.

Average charges states

Li Na C B Co Fe
LiFeCoBsCaa -0.876 0.304 -0.974 0.504 0.408
NaFeCoB¢Cn, -0.796 0.307 -0.973 0.403 0.204
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Figure 3 (a) and (b) show the differential charge density diagrams for the most stable adsorption sites of Li and Na
on Fe-Co-B/G, respectively. The blue regions indicate charge depletion, while the yellow regions indicate charge

accumulation; (c) and (d) show the adsorption energies of Li and Na at various vacancy sites, respectively.
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Figure 4 (a) Density of states (DOS) diagram of Fe-Co-B/G; (b) DOS diagram after adsorption of a Li atom on Fe-

Co-B/G; (c) DOS diagram after adsorption of a Na atom on Fe-Co-B/G.



Bader Hiif 15 25 73 HELGT 25 B2 20 BT AN BL T 450 RIGAIE T Bk Zhie. & 1
Bader Hiff /TR, WG Li 5 Na 25l REKER 74 0.876 ¢ 1 0.796
e HIHAT, RIMETRAE, BrTEEBESEMS. B 3 T, B
JEEERE R T Li/Na Ji B BJFER X 1] BaFeCo DU eI L Ji [ ) R AR
AL, Horb Li B TRREEE, &rihsEas. —FHILFEHER 17z
TCI N B T7 B A e 5 2 O AL RN, 2 H B AR E PR SRR L
WL

e 4, S IF 2 H AMERS B Fe-Co-B/G WM Li/Na J5 15 )
DOS &, JRATaEHS S byt o B AR T AL A 5Ll 5. i (a) Pow,
RIEASH Fe-Co-B/G 1E U KREHALA W B HIE(E, HtWIHL S HMERE R1IF. PDOS
BoR, PTORTHMIE M TTERE 2R E Fe #1 Co. Wil (b) #1 (c) i, MEMER
bff LiNa JEF 5 RA RIS RN, RRAEAE. XL MR Fe-Co-B/G 1E
SR R R R A, BRI R
3.3 PRI EMAMER R

FE X} B IR W B A e VEREAT FE R 2 ot 2 5, O = DR Al A e i SE

ik B ), AR T 2 B TR AT N, LA A TE B T % A KT i 7

TR, XIS HCA S PP B T BB SO AT R RE R R B T AR . T i L
FERC I L e R T R S M —, R AR T, ORI T2 F AR,
ez LI PR T B F B g, PRV RE R B OBOR . (2 PR g B R IR = 3
B O R TR AL, R R RTE I 75 5 SRS K, SR g AN
MR, RRPRARMR 2 etEfe. 21 3.2 WXt 84 LiNa JRFIRET N

FRIBIEFE , JABALh e vt R 2 - i N A, BRATIE LB el e JE )5 A (Li/Na)



£ Fe-Co-B/G HiMY b f{WR B SR S, e N 7 R U AT R 9
FeCoB,C,,+zA " +ze~ <> FeCoB,C,,A. )
N VA AN R BT WP R 7 5 R AR B B T B, 5 ST R Bt
AE Epe MR AXMT:

E_=(E

ave total

E

host

-zE,))/z 3)
Hr1, Egm N Fe-Co-B/G Wit z MM R T /5 A RERERE. TR
PIAE Eae HIMIELE XAET RGHERIRAS IR AN, 2 B,y 2
PEI, B8 I RN A B RAGERE . RIS AT 5 7
PYRE Eger M THRHHER IRADRINBEENE. 2 Eye B Ege AT
EAERE, bR BB W B BIEA, SRR R T4 2z B RH foK
WHHAE. € SURFRMAE Epe FTHREART:
E, =|E,~E,~(n-m)E,]/(n—m) 4)
Hof, B, fE, SMFESRE n Fom AMHABIE TS RGN EEE. 2

W ARRRAUR RN, PRI LS Voo, KA A BT 5

Voev = ~(Erg — Evox —2E )/ (z€) (5)
1.5 7 o 15 1.5 = —— 15
&\ ~8—SAE —8—SAE
1.0} — 41.0 1.0 1.0
- \\&‘\ \
“*ﬁ‘_ﬁ__“% ““““
0.5 — 05 0.5 T e ] 0.5
- = =
Q 00 =—=======-= == =T 00 € R 00 === === — = == = 0.0 <«
0.5} {-05 0.5} // -0.5
-1.0} \/ -1.0 -1.0 -1.0
-1.5 L . L L . — —1.5 -1.5 L L - . L 1.5
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Number of Li Atomos Number of Na Atomos

Bl 5(a) F1 (b) 23 P Jr s dE COCV) BT RE (SAE) B Li 1 Na AR BRI b th 22
Figure 5 (a) and (b) show the curves of the average open-circuit voltage (OCV) and the sequential adsorption energy

(SAE) as a function of the number of intercalated Li and Na atoms, respectively.
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Figure 6 (a) and (b) show the comparison of the theoretical capacity between Fe-Co-B/G and other previously

reported two-dimensional Li-storage and Na-storage materials, respectively.
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Figure 7 (a) shows three migration paths for Li and Na atoms on the Fe-Co-B/G surface; (b) and (c) are the

corresponding diffusion energy barrier curves for Li and Na atoms, respectively.
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Abstract
Against the backdrop of the accelerating transformation of the
global energy system, electrochemical energy storage devices are
facing increasingly stringent demands in terms of energy density,
safety, cycle life, and cost. These challenges have placed existing ion
battery technologies, particularly their anode materials, in a critical
bottleneck where further performance improvements are approaching

physical limits. To address this issue, this study proposes a strategy



utilizing boron-anchored iron/cobalt dual-atom doped graphene (Fe-
Co-B/G), designed to synergistically enhance the overall
electrochemical performance of the material. Systematic validation
and predictive analysis of its chemical properties were conducted
using first-principles calculations based on density functional theory.
The computational results reveal that no imaginary frequencies
are present in the phonon spectrum, confirming the dynamic stability
of the material in its ground state. Furthermore, molecular dynamics
simulations performed at 500 K for 20 ps show no structural
dissociation or reconstruction, providing strong evidence of its
excellent thermal stability. Single-point energy calculations for lithium
and sodium atoms at three potential adsorption sites—top, bridge, and
hollow—on the material surface identified the hollow site above the
B,FeCo quadrangular ring as the most stable adsorption position. This
conclusion is further supported by Bader charge analysis and
differential charge density maps, which reveal significant charge
transfer between the adsorbed atoms and the substrate. Based on multi-
site adsorption calculations, the theoretical specific capacities of Fe-
Co-B/G for lithium and sodium were both determined to be 1207
mAh/g, substantially exceeding those of many conventional anode
materials. Additionally, the diffusion pathways and energy barriers for

lithium and sodium atoms on the material surface were investigated



using the climbing image nudged elastic band method. The results
demonstrate low diffusion barriers—0.26 eV for lithium and 0.50 eV
for sodium—indicating superior ion transport kinetics essential for
high-rate performance.

In summary, Fe-Co-B/G exhibits a combination of advantageous
properties, including robust structural stability, fast ion diffusion, high
theoretical capacity, and good electrical conductivity, positioning it as
a highly promising anode material for next-generation high-
performance lithium/sodium-ion batteries. The theoretical predictions
presented in this study provide a solid scientific foundation and offer
broad prospects for subsequent experimental synthesis, device
fabrication, and comprehensive electrochemical performance

evaluation of this novel material system.

Keywords: First-principles calculations; Diatomic doping; Lithium/sodium-ion
batteries; Anode materials
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