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Abstract: Phosphorus-based materials are promising anode candidates for next-generation
high-energy-density rechargeable batteries because of their high theoretical capacity and
suitable operating potential. However, their practical application is still hindered by several
intrinsic challenges, including low electrical conductivity, severe alloying-reaction-induced
volume expansion, and cycling-triggered electrode-interface/structure instability. Consequently,
heterostructure engineering has emerged as an effective strategy for overcoming the long-
standing limitations of phosphorus anodes. Benefiting from unique interfacial electronic effects
and synergistic interactions between different components, heterostructures effectively
promote charge transport, alleviate mechanical strain, and improve structural stability during
repeated cycling. This review begins with an overview of the structural characteristics and
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physicochemical properties of phosphorus allotropes, including white, red, black, violet, and
blue phosphorus. Thereafter, it systematically summarizes their energy storage behaviors,
distinctions, advantages, and limitations. The review particularly explores the design and
construction of various phosphorus-based heterostructures, including phosphorus-phosphorus,
phosphorus-carbon, phosphorus-metal, and phosphorus-inorganic/organic systems, together
with their interfacial structure-property relationships. By elucidating the underlying
heterointerface physicochemical mechanisms, especially chemical bonding characteristics,
band alignment, and built-in electric fields, the review further clarifies the fundamental
principles governing the transport kinetics of ions and electrons, the suppression of soluble-
polyphosphide shuttling, and the preservation of electrode structural integrity. Finally, the
review discusses future perspectives for phosphorus-based heterostructures, emphasizing
that the combination of precise interfacial engineering with multiscale structural design will be
indispensable for developing high-performance, long-lifespan energy storage devices.
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Fig. 1 Five allotropes of phosphorus and their interconversion relationships
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Y B KEERE b, B4 7 2D-TiO,-2D i {&
R R 45 KA B (BPNs@TiO,@G) . %45 #
TiO, PR RURL FIMFHAE FH AU 3 4 PRk
1) A A e T 1 5i P ey S T AR A e D, BN A Ry
B 7 e BARES SR A, HII AN K A IS I E A M
S, WORE T YEPDRHEE SRR, WA
B AE . K BAR R R AR 25 40 e 70 S A i 0 ) g
E0.2 AIg I FE T, 1% 57 i 45 1 S ) 4 fitg £
7B ik 1336.1 mAh/g, H.7£5.0 A/g K LI T Al
WREL1271.1 mAh/g, JE/RH T 5RI iEEE pE .

Song 2 it — b H Rk BE Na, Ti,0, (NTO).
IR RS T NTO/C-BP E 445K, HYH A
AR T R e I P—O—Tid L P—C . ZiFsk
ZA A AULE 7 NTO/C 5 B SUes 51
Gy AT BEM RN — 5 SRS A =
TR A PRMESEE /I NTO B $E 1 (0.02 A/g
A RIA 225 mAhg, ECEREILE99.5%); T

Fasetk, [FIRZEM T BEEE S S N I B
LR, (0.2 Alg R EHR 400 VX il B 25 B 4 45 7
143.3 mAh/g) .

v AR E A AR B T SR DU T AR RS T
HLT R RS, Yan SEPR R T3 48 BT-ALO,
FIN BB FIBER L R, M B =g
B TRA S 2% (1) BP/R"-ALO,/C 5 & S i 45 1)
(K 4(@)]. Feilk, Z4EuhEsS5ETIE TS
BT % P—C fI P—AIGE S B 7 Ak 220832, &
RREAR T 1S YEAH 5 5 AR 7 B k2 T 1 25 [ o7
M. zh /150 Eor, BP/R"-ALO,/C itk Na'd
B R $0 BP/C AR T — MR R . Ak, 4
HEgET KRS ), ZE A RE1.0A/g T
¥ 400 [ J5 fig B 23 = A PR FF 967.4 mAh/g, 7
{3FF % w1k 87 .8%[ &1 4(b)].-

2.2.2 WE-FALTEHLY) TR

bR T SRR R RS, SEmAY. &
. BHAELR LS ER A E BT RS
R HERRMINME, DUKCE GRS, RS
B R REMIRME T FE B =,

Zhang ™ N T S PR, 7 RGN K
A L JEALAE K 3 MoS, 42K F, A4 2 HE VTS R 47
1) 4k R MoS,/BP S 454, HAMN TR KIE T
BP = HL 5% 5 MoS, KJZ [ BE L3, Iesesl 74t
T FEL T 1R R B R B B R Ak 2 SN Bl 1 22 A Ak
DFT it R\ A MM A FEERRENBIE L, 2
RS R SRR FRAE, Na e 5 5 A b
I B (-0.58~-0.60 eV) # B —4H 4y i % 4
SR, A MGE T A R SRR ). 2R RS
7F 10.0 A/g = FE I %5 2 T 1 FF 1000 7K 5 il B 25 &
3+ 263.2 mAh/g,  H. 3 ZE i A RN 5 5 TR
AT NS,

A, SR E Y AR R R T S E
PE RPN EL S R et R UG, R
HH MU PR S 17 Han 2550 R 20 (RP) 44
KRORL 5 15 5T TiN 99K Fr BB 49 K & i3k 47 15 fig 3K
B, ff RP 5 TiN T &b i A7 A= i T 5 # TiP, AH
I Ih R Y RP/TIN/CNT £ 7T 57 i 45 [ 5(a)] -
FEZ KB (DFT) A R B [E 5(b)], TiN
(2000 THXT LI #aE 2210 N 0.43 eV, L HLEE
TRPIKE M Y, KT BB HE 45 7 1717 0.84 eV
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Fig. 4 (a) Schematic diagram showing the structural superiority of the BP/B"-Al,O,/C electrode using a CMC/
SMT binder over a traditional CMC/SBR binder; (b) Cycling performance of the BP/B"-Al,0,/C composite electrode®™

e % Fh & J@ SE AT AL Y, ESE T TIN 3 5 6 Lt
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TR TP AHAMY H & A& &R T GERR0eV),
H 5 RP 2 8] JE R P—Ti 4 J P—Ti—N 4, #yg
TR b R, A R T S A
B, AR T ABEE A S0 R R H £ 300% (1)
RN . HBALENRER, ZE A MR 2.3 Ag
FLIAL 25 2 R B 34 850 U5 A7 T R 45 868.7 mAh/g 1)

A, AERRFREIL 96.9%[18 5(c)]; 45

FEPRTEVERET T, 2 LE I HEB.0 Alg (13 C
) MEM 200 )5, 5FF47 436.6 mAh/g %
, MNARREERIL92.6%.
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Fig. 5 (a) HRTEM image of the RP/TiIN/CNT composite; (b) Diffusion pathway and energy barrier for Li* on the
TiN(200) crystal plane; (c) Cycling performance of the RP/TiN/CNT electrode®; (d) TEM and HRTEM images of
the PBA@BQ composite; (e) Cycling performance of the PBA@BQ electrode™

FLIEWN, HIhHH T ColFe 3k PBA@BQ & & 45 1)
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T LT 255 FEBRAR,  [RIAE Co 2p I Fe 2p 45 A
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I BQ R 2 1 #f) H A g I R R E .
AL IR B, 28 & it 0.5 Alg 1 500
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PBA 27 7 187.4 mAh/g, H.4 1000 /X K1& ¥ 5
it 575 B R FF 158.5 mAh/g[[&l 5(e)], iF s T
JGFULES S SR RS G A S S R 4 i . B s i

T B 7 TH (P B[R9 T
223 AN R
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FIREYE, RS 3 B R A WA VIR A 5T 5 1 45
¥, A T BRI SR A BE M BE (1 EE LA T ] .
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Table 1 Electrochemical performance comparison of typical phosphorus-based heterostructure anode materials

Sample Alkali metal ions  Reversible capacity/(mAh/g) Cyclability/(mAh/g)/Current density/(A/g)/Cycles References
RP@BP/3DNG Na* 1440.2 (0.05 A/g) 466/10.0/1200 [17]
BP-SPC K* 744.8 (0.1 A/g) 351/20.0/1000 [35]
BP-LIG Li* 860.0 (0.8 A/g) 259/2.0/700 [45]
(BP-G)/PANI Li* 2170 (0.26 A/g) 440/13.0/2000 [46]
P/EC Na* 1234.9 (0.26 A/g) 340/2.6/2000 [47]
RP@CNCs Na* 1363.0 (0.1 A/g) 610/5.0/1300 [48]
Bi-P/C Li* 1738.6 (0.13 A/g) 1516/7.8/300 [50]
RP@Ni-P Na* 1256.2 (0.26 A/g) 409/5.0/2000 [51]
BPNs@TiO,@G Li* 1336.1 (0.2 A/g) 502/1.25/180 [52]
BP/B"-AL,O,/C Na* 1539.7 (0.1 A/g) 967/1.0/400 [53]
MoS,/BP Na* 592 (0.1 Alg) 263/10.0/1000 [55]
RP/TIN/CNT Li* 1168.7 (0.15 A/g) 437/8.0/200 [56]
ColFe PBA@BQ Li* 672.6 (0.1 A/g) 468/0.5/500 [57]
BP-GO-PANI Li* 2380.0 (0.1 A/g) 958/5.0/2000 [58]
BP/CNT@P!I Li* 1539.2 (0.05 A/g) 798/1.0/150 [60]
P-SPAN Na* 1890.0 (0.52 A/g) 1355/0.52/100 61]

Wang 5538 i W AH ) 55k 2% 1 b )= Rk
(BP) 4K B, 4k 489 734 B A# BP 5484k
B (GO #E, FERHMIEAL R GHME R
(PAND, FEIh#9%1 7 BP-GO-PANI =t & 454 .
W 5% 2 B PANI A28 2 S2 B 1 5% 53 4 45 M 1) 5 3
B, HMBFH AR T P—C & P—O—C i
By XA AN T HE X AR 42 ok S A 1 ST
L, PRBE T P R AR, RN AR e T ARG
Mo W SR 5 # s 2 A FARIE R 100 X5 741
TRk AL 13.4%, mAK T/ ZEBP (50.5%) Flfi
HBP (381.1%). 74k, ZE&ENWIECTAQG T
W46 1k 4 75 Bk 884 mAh/g, 4R PE A R b 4l
BP 11 18% #2722 38%; JLH:AE 5.0 Alg =i I % 5
A& PR 2000 WK 5 A5 R FE 958 mAh/g (1) T I 2K &,
Jee L H AR R R 5 22 4 B S5 1R A A 1

Sun SN i JF AL 5 A AE BP/CNT 21 A1 7
SHERNE (PPy), DFTit& &8 PPyXIP. LiP.
LiP, % Li,P f W Fff i€ 43 % 4 -0.87 eV, -1.95 eV,
-2.57 eV #1-2.91 eV, iFSLR &Y PPy vl @it s ik
S B R T 2 B, SR AR IR
th[E 6(a)l. Fakamib = B E A FRAE TR
g FESL T REWES Z W 2 R i, R
RIVRE i 25 1 2 B A M O Pl 8 TR B NS I, T
AR EEY ARG . 1ZE A MTE 0.26 Alg LI E
N AEPR 200 IR S5 75 R4 1376.3 mAh/g Rl 75 &

[E6(b)], iZETAREAEKIBP/ICNT (530.1 mAh/g),
B R R B E R BHit—, ZHEI K PPy
EBWARBLE (PD B2, NMUHE T 28t
YGRS PIOLSR I 158 . S S FHRR AT
e, R T BHATRIEK (DA 5 K 3
H193% (52 6%) . =AM (60°C iR T LE
) Fehazdr CRUBRIRE M 397°C F+ 22 498°C) 4%
. R, %E G AAE 1.0 Alg FIE#H 150
U r i 73 B AR 557 798.1 mAh/g (L8R E K
BE16 15, H AU FE A 3R 4 T 2 75%, RIS AE
10.0 A/g i iy LA 25 B i th 25 45 T ik 708 mAh/
g, X UL — Ak 2 Dy e R R SR K O v A B A A A
FE R v Rt T B A T R R T

BEAh,  Hu S50 Th B8 14 5 770 0 56 TN 44 i
(SPAND 5| NLLWBREER R, 5B S—S I Be4F
P S AR P—S B, i Ihifil % H P-SPAN 1L 25
FI[E 6(c), (d)]o £8UF 5L T H SPAN i @ i 347y
BESBERON S R ER:, BEMGE T EAMER BT
SR, FR, P—SHAERN It Kiidhe
TRMESFHEMLE E, G 7 e Lt
TR IS 300% AT, AT 4ERE T AR 4514
5EHE. A, P-SPAN HIR I Na P Bl R BUE 3 m
TR A PISPAN HLR), ESE T P—S X K
N S E G R E . 7E0.52 Alg T, P-SPAN 111
W 4] 4R 1k 41 25 &5 1890 mAh/g (i Al ] 3k
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