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Fig. 1. (a) Geometric structure of graphdiyne, with three
different replacement sites for Be atoms: C;, Cy, and Cr;
(b) the band structure and density of states of the intrinsic
graphdiyne.
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B 44> Be [ IR N AE IR/, BB LT+ FERERRA RS B/, X UL B 24T e S0 R
BT REVEROR. BEAORE, BT B2 I AIATHY.

F 2 BaMSGEmET 2K  (a) Cfi; (b) Cyfi; (c) Cu fi; (d) AME A 82 U
Fig. 2. Bond lengths between doping sites and adjacent carbon atoms: (a) Cj site; (b) Cy site; (¢) Cyy site; (d) intrinsic graphdiyne.

B3 B2k 9H (a) 1.39%, (b) 2.78%, (c) 4.17%, (d) 5.56% K C; fi 45 Z& 1 2 3 14 J5 19 JLATT 25 44 ; 45 2 vk 2 43 31
(e) 1.39%, (f) 2.78%, (g) 4.17%, (h) 5.56% I Cy fL B4k R WL 5 UM EE 1 B2 B 4300 0 (i) 1.39%, (g) 2.78%, (k) 4.17%,
(1) 5.56% I Cyyy 745 216 R 5t B 09 JLAT 2544

Fig. 3. Relaxed geometric structures of the Cj site doping systems with doping concentrations of (a) 1.39%, (b) 2.78%, (c) 4.17%,
(

f) 2.78%, (g) 4.17%,
1.39%, (g) 2.78%,

(d) 5.56%; relaxed geometric structures of the Cy; site doping systems with doping concentrations of (e) 1.39%,
(h) 5.56%; relaxed geometric structures of the Cyy site doping systems with doping concentrations of (i
(k) 4.17%, (1) 5.56%.

(
)

# 1 Cy, Cy, Cyy MBI ELR) Be AL AL (F01: eV)

Table 1. Formation energies of Be atoms at different concentrations of C; Cy; Cyy sites doping (unit: eV).

B0 Fefi11Be(1.39%) FeA21Be(2.78%) BHi3 1 Be(4.17%) Hefed N Be(5.56%)
C 1.28 0.79 0.79 0.63
Cq 0.83 0.36 0.40 0.25
Crn 1.04 0.80 0.81 0.66
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0 T T 0 T T 0 T T
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Energy/eV Energy/eV Energy/eV

B 4 AREIBIASE Be 5048 C JE T 45 (EK) A PDOS I (FE)  (a), (b) Cfi; (¢), (d) Cyfiz; (e), (f) Cry fiz
Fig. 4. Structure (upper panel) and PDOS diagram (lower panel) of different doping sites Be and adjacent C atoms: (a), (b) Cj site;

(¢), (d) Cy site; (e), (f) Cyy site.

%2 RRHBAKRIEFNERE (0L oV)

Table 2. Cohesive energy at different doping concentrations (unit: eV).

B0 Fefi11Be(1.39%) FeA21Be(2.78%) BHi3 1 Be(4.17%) B4 Be(5.56%)
C -7.816 ~7.729 ~7.636 ~7.552
Cn ~7.822 —7.741 ~7.652 ~7.572
Crn ~7.819 ~7.729 -7.635 ~7.550

217301-5


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 73, No. 21 (2024) 217301

600

(a) 1 -72025
w500 | =
> 1 -72024 §
20400 LomL e e g
é: 300 E
) Hre g
& 200 F o

4 —72021
100 1 1 1 1
0 500 1000 1500 2000 2500
Dynamics step
—172025
X 5
e =
3 20
® e 5]
g —-72024 £
—172023 E
0 500 1000 1500 2000 2500
Dynamics step
y 5
< —72024 %
= 2
ey 3}
' 5
2 H —72022 @
8 E
& g
o
2B}
— 172020
0 500 1000 1500 2000 2500
Dynamics step
Bl 5 BN 5.56% 1 R I 53 3h 1 2 45 R B A 300 K 314 5 ps J5 4514

(a), (d) Crfiz; (b), (e) Cp fir; (c), () Crn i

Fig. 5. Molecular dynamics results of a system with a 5.56% doping concentration and the structure after 5 ps of relaxation at

300 K: (a), (d) C; site; (b), (e) Cy site; (c), (f) Cyy site.
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Fig. 6. Band structure of C; site replacement doping with doping concentrations of (a) 1.39%, (b) 2.78%, (c) 4.17%, (d) 5.56%; the
band structure of Cy; site replacement doping with doping concentrations of (e) 1.39%, (f) 2.78%, (g) 4.17%, (h) 5.56%; the band
structure of Cyy; site replacement doping with doping concentrations of (i) 1.39%, (g) 2.78%, (k) 4.17%, (1) 5.56%.
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Fig. 7. Electrostatic potential maps of graphdiyne doped with Be at different sites: (a) Cj site; (b) Cy; site; (c) Cyy site; (d) intrinsic
graphdiyne (the isosurface of the electrostatic potential is 0.0009 |e|/A3).
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Fig. 8. (a) Top view and (b) side view of stable adsorption
sites of a single Li atom at the Cj site doped system; (c) top
view and (d) side view at the Cy; site doped system; (e) top

view and (f) side view at the Cyy site doped system.
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Fig. 9. Comparison of adsorption energy of Li adsorption on
different atoms doped graphdiyne and intrinsic graphdiyne:
(a) Doping atoms at the Cj site; (b) Cy site doping atoms;
(¢) Cyy site doping atoms.
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Fig. 10. (a), (c), (e) Top view and (b), (d), (f) side view of
the different charge density: (a), (b) the adsorption of Li
atom on the C; doped system; (c), (d) the adsorption of Li
atom on Cp doped system; (e), (f) the adsorption of Li
atom on Cpy; doped system (isosurface = 0.011 |e|/A3).
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Fig. 11. Average adsorption energy of Li on Be-doped
graphdiyne with the number of stored Li.
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Fig. 12. Maximum adsorption Li capacity structure: (a) C;
site doping; (b) Cy site doping; (¢) Cyy site doping.
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Fig. 13. Change of open circuit voltage (OCV) of Be doped
graphdiyne with storage Li capacity.
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Fig. 14. (a)—(c) Molecular dynamics results of the maximum Li capacities of Be doped graphdiyne and (d)—(f) the structure after
5 ps of relaxation at 300 K: (a), (d) Cj site; (b), (e) Cy site; (c), (f) Cyy site.
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Fig. 15. Diffusion path (the first and the third rows) and corresponding energy curve (the second and the fourth rows) of Li on Be

(2)—(d) C L& #H B2,

doped graphdiyne: (a)—(d) Cj site doping; (e)—(h) Cy site doping; (i)—(1) Cyy site doping.
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First principles study of Be-doped graphdiyne as anode
material for lithium-ion batteries”

Zhang Ni-Ni"  Ren JuanY® Luo Lan-Xi! Liu Ping-Ping?
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2) (College of Materials and Engineering, Yangtze Normal University, Chongging 408100, China)
( Received 17 July 2024; revised manuscript received 6 September 2024 )
Abstract

The performances of beryllium-doped graphdiyne (GDY), which is used as an anode material for lithium-
ion batteries at various doping sites, are investigated by first-principles methods based on density functional
theory. Calculations of the formation energy and cohesive energy of GDY at different doping concentrations
indicate that beryllium-doped GDY has excellent prospects for experimental synthesis. More importantly, the

beryllium-doped GDY exhibits good electrical conductivity. The adsorption energy for a single lithium atom on
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beryllium-doped GDY is —4.22 eV, which is significantly higher than that for boron, nitrogen-doped GDY, and
intrinsic GDY. As the number of stored lithium atoms increases, the adsorption energy remains greater than the
cohesive energy of solid lithium, and the average open-circuit voltage stays between 0 and 1 V, ensuring the
safety of the battery. Additionally, the lithium storage capacity is increased to 881 mAh/g, which is 1.14 times
that of undoped GDY and 2.36 times that of graphite. Meanwhile, the diffusion performance of lithium on
beryllium-doped GDY is also enhanced. For the Cyy site doping system, by studying the ion transports at low,
medium, and high lithium concentrations, we find that as the lithium concentration increases, the diffusion
barriers are 0.38, 0.44, and 0.77 eV, respectively, making lithium ion movement more difficult, but still superior
to those of other element-doped GDY. In summary, beryllium-doped GDY has great potential as an excellent

anode material for lithium-ion batteries.
Keywords: graphdiyne, lithium-ion batteries, density functional theory
PACS: 73.30.+y, 82.47.Aa, 71.15.Mb DOI: 10.7498/aps.73.20240996
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