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Abstract: Phosphorus-based anode materials have a high theoretical capacity and a medium redox potential, and the related raw
materials have some advantages in reserves and costs, thus having promising application prospects in sodium and lithium-ion battery
anode materials. However, red phosphorus has a fast decay rate of electrochemical activity and a poor cycling performance due to the
extremely low electronic conductivity and excessive volume expansion, while black phosphorus conductivity can reach 10° S/m, and
its dense structure leads to a poor intrinsic rate performance, thus restricting the practical application of elemental phosphorus as an
anode material. A unique metal phosphorus-rich phosphides MP, (x=2) can be formed by introducing a small amount of metal
elements into elemental phosphorus. The electronic conductivity of metal phosphorus-rich phosphides MP, can be greatly improved
via metal element electron injection, and a relatively empty crystal structure can be formed to provide faster reaction kinetics and
effectively inhibit volume expansion. Therefore, metal phosphorus-rich phosphides MP, with a high capacity and superior
electron/ion transport characteristics is a potential sodium and lithium-ion battery anode material. This review mainly represented the
composition and structural characteristics of metal phosphorus-rich phosphides, focusing on the latest progress in the energy storage
mechanism and modification strategy of metal phosphorus-rich phosphides.
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Fig. 1 Overview of the various metal phosphorus-rich phosphides
x1 BHeREHNIOMMBBUFERE
Table 1 Electrochemical properties of some metal phosphorus-rich phosphides

Sample Voltage range/V I?;gllizzz}lf/);:bw Cycling stability/ [%g,g) Rate performance/ [%} SIB/LIB  References
CHCS-CuP, 0.01-2.5 90 410/200"/80 137/2.56 SIB [44]
CuP, 0.0-1.3 61.5 360/10"- LIB [45]
MoP, 0.0-1.5 88 669/60"/120 LIB [46]
NiPs3 0.0-2.5 1079/15™/176 720/1720 LIB [47]
NiP,@C-CNTs 0.0-3.0 71 816/1200"/1 300 755/5000 LIB [48]
VP, 0.005-2.0 53% 207/500"/500 131/8 000 LIB [49]
P-TiP,-C 0.0-2.0 86 983/100"/800 919/3200 LIB [50]
SnP3/C 0.0-2.0 71.2 810/150"/150 400/2 560 SIB [51]
GeP3/C@rGO 0.01-2.5 57.8 823.3/400"/0.2 435.4/5 SIB [52]
FePy 0.05-2.0 84.0 1000/30™/80 900/3 578 SIB [53]
VP, 0.0-3.0 88.4 430/100"/170 LIB [54]
MnP,/G20 0.01-2.0 83 446/250"/500 1234/50 SIB [55]
GePs 0.0-3.0 90 547/4"%— LIB [56]
GePs@C-NF 0.0-3.0 70 1000/200"/ 803/2000 LIB [56]
GePs/C 0.005-3.0 95 2300/40"/200 2127/5 LIB [57]

=R T R R D53, (HARAIER o HoER, DUERTR RS, BE R AR

AR ATV R ) 26 AR TE il SOSEL BAZAN R AR ARG, R T AR
L1 BRI BRI RN 22 AT BA g BUREEAN
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Fig. 2 Different synthesis methods of metal phosphorus-rich phosphides
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Fig. 3 Schematic diagram of the process of the program temperature rise reduction method
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Fig.4 Schematic of the sodiation/desodiation mechanism of phosphide anode materia
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Fig. 5 (a) Preparation of CHCS—CuP, composite, reversible reaction of Na', preparation of CuP, particles and particle crushing after
circulation, (b) BF-TEM image of CHCS—CuP, nanocomposites, showing the well-distributed CuP, nanoparticles in
cross-linking hollow carbon sheets, indicated by pink arrows, (c) X-ray diffraction patterns of precursors of CuP, and
CuP,-based materials, (d) Electrochemical profiles of CHCS—CuP, composites at the first, 10", and 200" cycle, (e) Rate
capability and Coulombic efficiency of CHCS—CuP, composites at different current rates, (f) Schematic of the synthesis

process of CuP,/C composite, (g) Cycling performance of CuP,/C and bare CuP, electrodes at 200 mA/g
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GePy/C@rGO Hi MR AL T AN FR A )l R AL XRDP?

Fig. 6 (a) Schematic diagram of Na'/e~ diffusion paths between bare GeP; and GePs/C@rGO, (b) CV curves of bare GeP;, (c)
Long-term cyclability of bare GeP3;, GeP;@rGO, GeP5/C, and GePs/C@rGO electrodes at a current density of 0.2 A/g after
the initial five cycles at 50 mA/g, (d) Ex-situ XRD patterns of bare GeP;, GeP3@rGO, GeP5/C and GeP3/C@rGO electrodes

at different states®™”
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Fig. 7 (a) XRD patterns of synthesized FeP,, (b) The initial three discharge/charge curves, (c) FeP,, capacity retention during 30

cycles, (d) Rate capability of FeP,/AB/PANa (60:20:20)%]
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1E 0.005~3 V (vs. Li*/Li) B e K AIAS [B] B 538 2R R B GePs/C 9Kk E &4k () WIFT T GePs/C H&#kL. PIC E&H1E
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Fig. 8 (a) Crystal structure of rhombohedral GePs, (b) The initial three discharge/charge curves at 100 mA/g, (c) The cycle
performance and corresponding coulombic efficiency, (d) GePs/C nanocomposite at different current rates between
0.005-3V (vs. Li'/Li), (e) The cycling performance of GePs/C composite, P/C composite and pure GePs at a current density

of 5000 mA/gt"
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Fig. 9 (a) XRD patterns of the synthesized Cug75Sn; 55P14, (b) SEM image of the synthesized CSP embedded in carbon nanofibers,
(c) (010) and the (100) crystalline planes of the Cuy75Sn; »5Py4 crystal structure, (d) Charge-discharge curves at 30 mA/g for
NIBs at the original 200th cycle for the Cug 7551, »5P14 @C/Gra anode!’¥
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