IERZEFR

Chinese Journal of Engineering

S/ T AR B R SR SRR AL

Rlt6 8 LR BREHD ER K BOR SRR

Structural modification and performance optimization of red phosphorus nanomaterials as anodes for lithium/sodium-ion
batteries

ZHOU Yi, MIAO Wenkang, CAI Yueling, DONG Yubing, OU Bin, LI Qiangian

ElES'E

G, WSCRE, SR, HARIE, Wom, 20565, B/ANES T I AR LI IR O A S PEREDLALL) . TRERL 2740, 2023,
45(9): 1493-1508. doi: 10.13374/}.issn2095-9389.2022.07.18.002

ZHOU Yi, MIAO Wenkang, CAI Yueling, DONG Yubing, OU Bin, LI Qianqian. Structural modification and performance
optimization of red phosphorus nanomaterials as anodes for lithium/sodium—ion batteries|[J]. Chinese Journal of Engineering, 2023,

45(9): 1493-1508. doi: 10.13374/j.issn2095-9389.2022.07.18.002

TEZR L View online: https:/doi.org/10.13374/j.issn2095-9389.2022.07.18.002

T ARG A SCEE

Articles you may be interested in

ERHR TR HAR Y ST R 7 SR AL

Preparation and hydration mechanism of low concentration Bayer red mud filling materials

TRRIE22H. 2020, 42(11): 1457  https:/doi.org/10.13374/j.issn2095-9389.2019.11.25.001
AR T B R A ORI T2

Preparation process of silver clad aluminum bars by vertical continuous casting composite forming

TRERLF2AH. 2019, 41(5): 633 https://doi.org/10.13374/j.issn2095-9389.2019.05.010
A7 BRI SEAB AR 5 B I8 0t

Research progress in the preparation and application of graphene—hased superhydrophobic materials

TRRlE22H7. 2021, 43(3): 332 hitps://doi.org/10.13374/j.issn2095-9389.2020.09.25.001
AR G A S AR Rz

Applications of powder metallurgy technology in high—entropy materials
TRERlF2EH. 2019, 41(12): 1501 https://doi.org/10.13374/j.issn2095-9389.2019.07.04.035

TCHRAE 5 e P RE P S 1 o SO R BT
High—performance anode materials based on anthracite for lithium—ion battery applications

TAERF2AR. 2020, 42(7): 884 hitps://doi.org/10.13374/1.issn2095-9389.2019.07.11.005
3DHTEPER LTt IE AR ) i 5 Sk g

Preparation and performance of 3D—printed positive electrode for lithium—ion battery

T AR 2020, 42(3): 358 https://doi.org/10.13374/j.issn2095-9389.2019.10.09.006


http://cje.ustb.edu.cn
http://cje.ustb.edu.cn
http://cje.ustb.edu.cn//article/doi/10.13374/j.issn2095-9389.2022.07.18.002
http://cje.ustb.edu.cn//article/doi/10.13374/j.issn2095-9389.2019.11.25.001
http://cje.ustb.edu.cn//article/doi/10.13374/j.issn2095-9389.2019.05.010
http://cje.ustb.edu.cn//article/doi/10.13374/j.issn2095-9389.2020.09.25.001
http://cje.ustb.edu.cn//article/doi/10.13374/j.issn2095-9389.2019.07.04.035
http://cje.ustb.edu.cn//article/doi/10.13374/j.issn2095-9389.2019.07.11.005
http://cje.ustb.edu.cn//article/doi/10.13374/j.issn2095-9389.2019.10.09.006

T AR 2R, 5 45 3, 45 9 1. 1493-1508, 2023 4F- 9 A
Chinese Journal of Engineering, Vol. 45, No. 9: 1493—1508, September 2023
https://doi.org/10.13374/j.issn2095-9389.2022.07.18.002; http://cje.ustb.edu.cn

PN E T HL B AR 2D DR 25 A R S PERE LA

B, HIURY, REAY, FARDE, B RS, S

_?
1) WL TR AR B2 5 TR 22 B, B 310018 2) R R=a b Bk A TRRO T e, L1 200444 3) R4 RERL SO A A FR A 7,
B 311199
LB fFEE, HEALE, E-mail: dyb19831120@zstu.edu.cn; B, E-mail: bin_ou@chalco.com.cn

B E RN KA R RS IE S R AN A ZORIE. WA A SR U T RER A R AR HAEN
BT LA B RA &, TR R A H B[ KRR T R, a8k THILA B R (2596 mAhg™) | Ak /A8 JF L7 8
B HBRTEUR b7 L LA R I B AR O Ak B 4 R B T A 5 P A AR, A R A Ak KRR i BE R B R
TR (R, LLB AR R St i B Fe e M 22 | IR BRI R S il o, S 30E PR R SR AIE, s L IR ™, A
WG IRt 25, P B B T A R P A RN . SRR T SY 2R B, 38 AT A B A R TR T TT LA A R e LT A L T
5 H R R Ak R R M, T T £ SR () O PR M AN SR B, R AT AR L AR/ S T I I T N . AR SCER IR
T AT AE AR LT A RHE v 45 A O L G5BT S et PR RR DL (UL L BB T E . RO, RS T B RTLLEE Sk
A ARG AE A (1 [, -2 H 7T B A 07 X6F 358 s, Ko 498 DK 21 5l 356 S A A ek oA Sf A H e 4000l & JR i S il AT T R 2R, B (R il H
bRz .

KHEIR LI, v 70 A AL b SERY TR PERE O AL ML, il

SES TMI12.9

Structural modification and performance optimization of red phosphorus nanomaterials
as anodes for lithium/sodium-ion batteries

ZHOU Yi"?, MIAO Wenkang”, CAI YuelingZ), DONG Yubing”'g, oU Bin¥®, LI Qianqianz)

1) School of Materials Science and Engineering, Zhejiang Sci-Tech University, Hangzhou 310018, China

2) Material Genome Institute, Shanghai University, Shanghai 200444, China

3) Chinalco Intelligent Technology Development Co, Ltd, Hangzhou 311199, China

X Corresponding author, DONG Yubing, E-mail: dyb19831120@zstu.edu.cn; OU Bin, E-mail: bin_ou@chalco.com.cn

ABSTRACT Developing electrode materials for high-performance secondary batteries is one of the most effective approaches to
alleviate energy and environmental crises. Nowadays, graphite anodes, which are widely used in commercial lithium-ion batteries,
cannot satisfy the ever-growing energy needs of humans owing to their relatively low theoretical capacities and nearly no capacity in
sodium-ion batteries. Therefore, developing new anodes with high capacity and energy density is necessary for next-generation large-
scale energy systems. Red phosphorus has become an interesting topic in alkali-ion battery research and is expected to be commercially
used as anode material in the next generation of secondary batteries owing to their intrinsic properties, such as their high activity, high
theoretical specific capacity (2596 mA-h-g™"), suitable oxidation—reduction potential, highly abundant earth resources, and low cost of
lithium/sodium-ion batteries. However, red phosphorus exhibits poor electrical conductivity and large volume expansion when used as

electrode material, resulting in low utilization of active material, serious electrode pulverization, and poor electrode cycling stability,
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which seriously hindered their commercial application in next-generation rechargeable batteries. Recent studies have shown that the
cycle stability and electronic conductivity of red phosphorus can be improved by rational structural design, which promotes the
electrochemical performance of red phosphorus anodes. For example, reducing the material size to the nanoscale can effectively shorten
the diffusion path, enhancing the ion diffusion rate while alleviating the volume expansion and pulverization of the active substance.
Additionally, the size reduction changes the band energy of the red phosphorus, which can transform indirect into direct bandgap
semiconductors. Besides, the external characteristics of the active materials affect the performance by reducing the internal stress
generated by the phase transformation in charging and discharging cycles. By modifying the morphology and structure of red phosphorus
to form porous, layer, hollow, or composite structures, the cyclability and chargeability of batteries could be optimized because the
internal stress generated by the volume change of the active material can be effectively released, and the generation probability of cracks
or fractures in the electrode is drastically reduced. Therefore, these strategies help alleviate electrode pulverization and promote the
commercial application of red phosphorus in lithium/sodium-ion batteries. Herein, we review the recent research progress in controllable
synthesis, structural design, and performance optimization mechanisms of red phosphorus-based nanocomposites. Finally, we summarize

the challenges in current research on red phosphorus anode materials, propose potential solutions, and provide an outlook on the future

development of red phosphorus-based anode materials in the energy storage system.

KEY WORDS red phosphorus; rechargeable battery; structure design; performance optimization; preparation
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Table 1 Comparison of the electrochemical properties of red phosphorus nanomaterials

Sample Preparation method Battery type Current density Cycle number ~Capacity/(mA-h-g™)
Honeycomb-like red phosphorus!*” Template-less hydrothermal Li 0.5A ¢! 500 1201
Phosphorus composite nanosheets™ Sublimation-induced Li 02Ag" 100 1683
0.4 Ag" 150 1562
Todine-doped red phosphorus nanoparticles! Solution synthesis Li 0.2€C 100 1700
1C 500 900
Red phosphorus nanoparticles”™ Solution synthesis Li 0.1Ag" 100 1380
- 0.5C 50 1500
Holl d phosph h -
ollow red phosphorus nanospheres' Molten-salt method Na 1c 600 737
55 Li 1C 600 1048
Holl d-phosph heres"” - i i
ollow red-phosphorus nanospheres Wet-chemical synthesis Na Yo 600 970
0.26 A-g”' 100 1658
Hollow nanoporous red phosphorus™”! Solution synthesis Na .
2.6Ag 1000 857
200 mA-g' 100 1814
Multichannel nanoporous red phosphorus'®” Solvothermal synthesis Na

3200 mA-g! 400 735
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Fig.6 (a) Schematic of NPR@GRO synthesis process'’”; (b) schematic of preparation of P@GS composite!™; (c) schematic of P/TiN/Gnps synthesis!'*};

(d) synthesis diagram of P@RGO synthesis!””!
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Fig.7 (a) Schematic and digital photographs of the synthetic route for P-SCNT composite™; (b) schematic of preparation of P@GS composite!™);
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Table 2 Comparison of the electrochemical properties of red phosphorus/carbon composites

Sample Preparation method Battery type Current density Cycle number Capacity/(mA-h-g™")
100 mA-g™' 150 1363,
Red phosphorus/carbon nanocages!®”! Evacuation-filling Na .
5000 mA-g 1300 610,
Hollow porous carbon nanospheres/phosphorous!™”! Vaporization/condensation Na 1Ag" 1000 548
- . 4Ag" 2000 1027
Hollow carbon nanospheres to host phosphorus!!! Vaporization/condensation Na .
(secondary annealing) 8Ag 2000 837
0.1C 100 2030
Crystalline red phosphorus/porous carbon nanofibers'’”  Vaporization/adsorption Li Te 100 1042
500 mA-g' 400 1123,
Red phosphorus/porous multichannel carbon nanofibers'™ Vaporization/condensation Na y
1000 mA-g 400 918,
Phosphorus/N-doped carbon nanofiber composite!®!  Vaporization/condensation Na 100 mA-g™' 55 731,
red Phosphorus/nanotube-backboned mesoporous
P carbon!™ P Vaporization/condensation Na 025A-g" 150 756.8.,
Red phosphorus nanoparticles/multi-walled carbon
phosp n ::1 otubel™ In-situ deposition Li 200 mA-g' 100 —
Red phosphorus/Ti;C, T, Ball-milling Li 200 mA-g”' 200 818.2,,
Ti;C,T, MXene/carbon nanotubes@red phosphorus'®'! Ball-milling Li 0.05C 500 2078
Red phosphorus/hierarchical micro—mesoporous carbon o . . ;
nanospheres!®” Vaporization/condensation Li 2Ag 1000 1201.6
17326 mA-g' 150 1249,
Red phosphorus/reduced graphene Oxide!””? Solution synthesis Na .
512 A¢g 1500 775
Sandwich-like phosphorus/reduced graphene oxide _
P cgmpositesm] erap Spraying strategy Li 100 mA-g! 50 990
Red phosphorus/TiN/graphene!'*! Ball-milling Na 0.2C 300 —
Red phosphorus nanodots/reduced graphene oxide””  physical vapor deposition Na 1594 mA-g ™' 300 914,
3D red phosphorus/sheared CNT sponge!® Vaporization/condensation Li 2Ag" 2000 807,
3D hierarchical integrated carbon/red Vanorization/condensation Na 1c 200 1095
phosphorus/graphene aerogel composite!* P 0.1C 100 1867
Carbothermic reducti
Red phosphorus-filled 3D carbon material®” arbothiermie recuction Na 0.2C 160 920,,

synthesis

Note: cp denotes specific capacity calculated as the mass of the composite.

(a) Expansion (charge)

(b) Contraction (discharge)

\
\

Li

B8 BT AR P (a) R HUYIE] (b) Wi ds B4 0RE IZ K 7 72 )

Fig.8 Schematic of particle expansion during lithium insertion (a) and

contraction during lithium extraction (b)™”!
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