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Preparation of nanosized red phosphorus and its application in sodium-ion batteries

ZHANG Yu, BAI Jin, ZHAO Hai-lei™
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ABSTRACT Sodium-ion batteries (SIBs) are highly desirable energy storage devices because of their low cost, high safety, and
environmental compatibility. Therefore, SIBs have wide application prospects in the fields of large-scale energy storage and electric
vehicles. SIBs have a similar energy storage mechanism as that of lithium-ion batteries (LIBs) and can be fabricated using existing LIB
production equipment. Thus, SIBs are the most promising alternative to LIBs. However, the radius of Na' is ~34% larger than that of Li';
therefore, many electrode materials developed for LIBs are unsuitable for SIBs. The exploration of novel electrode materials for SIBs has
garnered significant interest in recent years. Among various candidate anode materials for SIBs, red phosphorus is a promising material
owing to its ultrahigh theoretical specific capacity (2596 mA-h-g™), suitable oxidation—reduction potential (0.4 V vs Na/Na"), and
abundance. However, the capacity utilization, long-term cycle stability, and rate performance of red phosphorous are limited due to its
low intrinsic conductivity and a large volume effect upon sodium storage. At present, an effective approach for the modification of red
phosphorus anodes is to prepare nanosized red phosphorus (NRP). Miniaturizing red phosphorus prevents structural damage via large
volume changes during charge/discharge processes and also shortens Na* transmission distances, which enables high electrochemical
activity and long-term cycling stability. Herein, recent studies on NRP preparation for advanced SIBs are extensively reviewed. NRP
preparation methods typically include ball milling, vaporization condensation, and chemical deposition. Other novel approaches such as
thermal reduction, vapor growth, and solvothermal synthesis have also been reported. Ball milling is straightforward and scalable;

however, strict guidelines are required to prevent the red phosphorus from burning and exploding, and slight oxidation and particle
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aggregation are unavoidable. Vaporization-condensation strategies are suitable for the uniform deposition of NRP onto a matrix but are
limited by low phosphorus loading and residual white phosphorus. Chemical deposition methods are promising due to their simplicity,
control over particle size, and scalability. There are two main chemical deposition strategies, i.e., the reduction of phosphorus-containing
compounds and the dissolution and deposition of phosphorus amines. The former method is facile and compatible with ambient
temperatures, while the latter method is safe, cost effective, and has high yields. Further studies should focus on morphology design,

increasing phosphorus loading, and developing novel chemical reduction methods. We hope that this review promotes the development

of red phosphorous anodes for application in SIBs.
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Fig.1 (a) Schematic of synthesis of P/G hybrid"®; (b) cycling performance of P/G hybrid anode at a current density of 260 mA-g '"*; (c) illustration of

different components of the SEI film and their contribution to sodium storage in different electrodes®™’; (d) cycling performance of SP/CNT and

SP/CNT@Ti0,*"; (e) change curve of Do, with ball milling time"; (f) cycling performance and Coulombic efficiencies of ball-milled red phosphorus

with different Do

WA, ST 4@ 4R e
& B A ALY PO, BRIR RPN S T S LD R

Be . FRIER GG, 7 B 1 BRI B AR 1 T U
PRIPN BRI, S0 T AR MEBE 5 (2) 20 Wi e BRE i

DAk 26 Hern AL 2 PERE. Zhang 25 J B JC R T v 2 &R 40 A AT 3kt B 1) SR AL, TR L i SR,
JE 14 TiO, 7E fél@ﬁ%ﬁﬂ@%?}%ﬂlﬂuﬁﬁﬁ TN B AN AT 2 5 (3) 3K 2 Tl 4 1 4 K 21
A S R 1) S AL B 2, 3 T DA A 5 R B R RS 38—k 22, HL P 3™ .

fife I S 161 55 ( SEI %) H NaF (94 FH 1, B3% SET B ) By

5 FL R 27 ) 1 425 4 4 126 PR MR PO R e A (D 1(c) R

Fl(d)). 2.1 FELE

WF5E &I, LLRs KT SEREEmTE], 33 S 4k
KA. BREEWIIN RS TR, BRES J5 10 0k R~
AR AN . R RS X L Ak PR RE A R
Dyoo M 1.86 um FY £1 8k 11 A 71 26 20 18 J5 25 2
SR BEVR, T Dyoo K 1.26 pm 4 21 17 4% (14996 3 75
BB, 8 100 W5 A7 O R5 0 b A R
67%. AFLFifi 25 AR S Fsf (1) f) 2k — 25 36, 208 ) b A2
AN S A e e o i | TR N o T
Fti ([ 1(e) F1 (). BREELIRE T, i FH 2 R al
IK T DAAT 4R BREE AR, BRI S K 5 5 41
RN, 7 oy FERREE W AR 5] A2 T, RIS &
FAVEER A 5 B0

B k) 5 A oK LU A R R T
M Gy P BRSSO
—Sefn) . (1) ZUBEE I ko, A, BEEE . HE AR

Xt 5y KA RRE, TH A8 B VL H
H Yk R, 208 T LATE 416 °C I THE R /Ny 1
) LB Py A, ¥ 208 1 Bl AR AT DLAE AR A )
T DOBUN GOk (8, I e 5 Seny R R h
(260 ~ 320 °C) F- IR % A8 S 218, NTTTTE 140 K 41
B A AR

SSEREE AL, Ry T AE /N ST AR Y [ A
ME LI R, B R AR BEL O Y R
AR 3 bR, a2 fLaR P A Bt
B AR KA PO BREF LD A R BRI A5
Liu 450 fiff I 22 o 1 38 i 48Uk A1 85075 (1Go) Jhy A
MR & T HA 61.4% w2k i 21 P@rGO
Sl 18 WNE R EE (o - R @ Y S
1593.9 mA-g ' HL i % B2 R B2 300 P8 5 A7 e AR 15
914 mA-h-g ! fy 5 Al 3 He 24 (18] 2(a) 1 (b)).



K TAE LI AR K AL SO B 1 R i P A B

= Reduced graphene oxide
= Red phosphorus vapor
® Red phosphorus nano-dots

(a) : E S
Vacuum

4 Heat treatment

B Cool down

- 593 -
(b) o 2000 B -

< 1800 [#E F————n 100

o S
é 1600 1 __ 30 §
3. 1400 (= &
= =]
,g 1200 .ﬁ 160 _g
[ S - =
S 1000 [ 2 P —— )
g 800F {40 2
s 600 £
5 2
S 400 120 2
.“5 200 O
a 0 1 1 1 1 1 1 I 0
n 0 50 100 150 200 250 300

Cycle number

S
- 100 £,
« Discharge Q
: 50“ i :grin:gﬁ;ge 1269.4 mA-h 180 §
nm *Charge . 4 mA-hg! 3]
- Coulombis chciony 2 A-g! 160 %
-L_ 5Ag! 140 é
861.8 mA-h-g! 120 s
200 nm . . . . 0o 3
i 7 0 200 400 600 800 1000 ©
Cycle number

® o @ (\g) A0 P e s 1 (0 ‘§
%‘ 3600 % 180 2
0.5 nm 1 nm 1.5 nm £ % 800E = HPCNS/P composite 2
g = (At fony 1Ag! 160 &
| 4 S < 600 S q:)
@ ) N 0 2
< v g~ £
W, ‘< #/a 200t 120 S
5]
0 . - . L 0o ©

2 nm 3 nm 4 nm 0 200 400 600 800 1000

Cycle number

Bl 2 (a) P@rGO Yl £ 7~ 2 B B (b) P@rGO 7E 1593.9 mA-g™' '~ A9 1 35 ¥4 fE %) (¢, d) HHPCNSs Al HHPCNSs/P (1) TEM & /™% (e)
HHPCNSs/P 76 2 A-g™' F1 5 A-g”! T ITEERERES (£)P, TN B) B4R 0.5, 1. 1.5, 2, 3 Fl 4 nm QK G P AL S THHLR ) (g) HPCNS/P 1 1

A-g ! TR IIEERERE A
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