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Research progress on metal phosphides anode materials for sodium ion batteries

WANG Haihua', JIN Qiangian , SHU Kewei

(College of Chemistry and Chemical Engineering, Shaanxi University of Science & Technology, Xi’an 710021, China)

Abstract: Sodium ion batteries (SIBs) have attracted more and more attention because of their low cost and high

safety. Due to the extremely high theoretical capacity, phosphorus-based material has been considered as one of

the most promising anode materials for SIBs. However, phosphorus has shortcomings such as low conductivity and

large volume expansion during sodiation-desodiation cycles, which significantly deteriorate its rate performance

and cycle stability. Constructing metal phosphides by combining P with germanium, tin, copper or other metals can

not only enhance their conductivity, but also significantly improve the reversibility and cycle performance of phos-

phorus-based anode materials. In this review, recent progress on metal phosphides and their composites with car-

bon nanotubes and graphene for SIBs anode materials were summarized. Furthermore, the current issues of metal

phosphides anodes for SIBs were discussed, such as low practical capacity, poor cycle performance and so no.

Meanwhile, various approaches and techniques to address these issues were proposed, including design and con-

struction of composite materials, surface modification, regulation of size and morphology, advanced in-situ charac-

terizations, etc. Finally, future perspectives of metal phosphides anode materials for SIBs were also presented.

Keywords: sodium-ion batteries; metal phosphides; anode materials; composite; electrochemical performance
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W R, BAMMEmANS . Hik, @5
FH# 3t (Sodium ion batteries, SIBs) 7 4= tH: 5Ly Fil
W T Ok 2 1 2 S0, A o K
[ERER e e iU | SRy N T I

BRULZ AN, @ FRmsr A LTS (1)
5 LiRFE, NaAN54IEMR A4, F i SIBs 19 1
e TSR AR B VR AR, A g — 25 B AIG
(2) SIBs 7F fr 70 HL B T HY ARG & AR KB 19 7T Rk
e LIBs ZLAIG, w] kG B0 2R LB 4 )8 — kit rp
PRURE it A 5 SRR RIS L L 2 ) ol S 1 155 0
(3) SIBs 7R A5 f R W IR B A dp 1 . D3kt . 9
TR FEE N S e 4R, Naf4% (0.102 nm)
b Li* 4% (0.076 nm) K, X iR £ LIBs Y HL
MBI ASE G4, 530 SIBs Y RE B % 5 i K T
LIBs, = & i 1) 0 A R K H BR ] 1 SIBs 1)
K, Wik, JFEAMMEA ., mEe. KEmIE
W kA L3 S B SIBs () A Ak Ry FH 28 56 F 2

2013 4 Kim % "l Qian %" 1 Je 4t i T A
FAR S AL AR RE O BE I AN AT R, AT R B 3
A MORH I S RO B 2 PO W oY R B A
&4k v 5 NaJE i NagP, 7] LA3R15 2 596 mA-h-g™
e R, BT H A H AT T SIBs
Wbkl S TR AN AL, AR ST E AR,
B A 7 5 S ZE BT ) ) Na P, ARG 36T =
B, TR i 153 NagP, BlIP +Na < NaxP < Na3P,
ELpR R R o R LR

P+xNa® + xe~ & Na,P (1)
3.4 3 _

Na,P+—-Na" +—¢e~ < NazP 2
X x

FIHI 4 19 SIBs Tl 4B}, 2 T i # B9 J
BEALE], AR =, R A A B
FRACRY o i AL GOARBE R TR SR /I H 5 A 4R
A/, IR E PRy, Horp, e AR
RN A AR RE AR AR BB,
SRER SRR IR 5, il R, (HE TR Hle
A R EACRAE, X R T SIBs PERER HE— 2
P B RO R 32 B A — S R R
Wk kL B BN BRI S RN T
RS L  BE A REOR, (AR B/ i
T o e A R R R AR AR A, AT 5 B30 1 ) ot
A = AR AR BT, e A BRI
RERZE . PRI M B EER R . &
IEER ALY . < E ALY A R B . X R R
— IS L AR AR, SRR, WRES

%% # (Initial coulombic efficiency, ICE) BAL, H
FE TR A R v 5y R A AR R MK o

AN, #ifEEEE Qs S RN 0.118%),
B Y AL 36 i HL A (0.4 V vs. Na'/Na) i 5 52 il
H o 2 RO A A i RS 4 4 o B XU i — 2P
AR BRI, BEAY L SoRAE, BT
25, TEREE BRI KE K, SEEME
FHERE SR RE R 2, M BRI T 85
WA R — 2L BRI N . RERFR RN,
WS . 8. WESES SIS BB LY T/
— o FR I vl ol R TR A R 1) AT e
XA i TR AN AR R & R B L W T LUFE b
Rl s Eon R, M BE AR B Ak 5 R i A R
FKAk, IR AR R 54 R A
() ¥ (>1.5 Vvs. Na*/Na) fH L, 4@ ik iy
5T HL A7 (0.1~0.9 Vvs. Na*/Na) %A%, ik, 4
J& WA W VE N £ MY SIBs Y RE = 25 A T A
AR T & @ w7 SIBs RN . ZEHAIE &
BB T, GeP, FIE A B E, SnP,.
CuP, fil NiP, S G & M RHIF 98 5 12 H B,
i, RXFEEANHT GeP,. SnP,, CuP,. NiP,
& mU L E AR BRSSO R A2 PERE

& R BEAL W i i A AL =B PR, 4
AL AL -G & T, # AL T L) CuP,. FeP, Fll
NiP, % & B LY h 3, XL @By —
i B A OB R AT Nati i A skt . ¥ fb-6 4
% 40 $5 GeP,. SnP, fil ZnP, % & R Wi b9 ,
XL 4 WAL W R AN B T A /B R R, BR T
ALV, IR RERSMRN . AR AT
MP, +3xNa™ +3xe” & xNasP+M (3)

MP, +(3x+y)Na" +(3x+y)e” & xNazP+Na,M (4)

AR & Rmuik b, Ll CuP, M, HNET
AT, 221 CuP,y 2 i A i NagP 1 Cu; 4485
T I, NagP Al Cu S A i CuPy;  FFAKIK i
TR N . Hlb-aae skt , L
GeP; B, #NES THRAJE . 231 GePy L AE A
NagP fil Na,Ge, 44} &7/l if, NagP #l Na,Ge
N HEH A GePy, FFMRHAATIEIR N, LA
A S 18] 2 A

1 HUBESEBUY
1.1 B3R CuP,

Cu 1 P JZ I ] DL JE i CugP. CuP, Fl Cu,P;
=M ed, Hi, CuP T HEHA RIFME SR



-+ 2588 -

EEMRER

FEVE, EHH TR (SIBs) fiAk#4 k. Brehm
SRS SR R BRI Wkl 46 T CugP/C, FEBFSE T HAEAR
[F] 6 A W i o b g LAk M BE . IR — 2
TP T H R, CusP/CTE 120 RTEM G AR N
120 mA-h-g', I4h, CuP, fil Cu,P, 4 SIBs ) it
e b kLR 15 B T 72 1) W 58 PP, Zhang 4§ 7
ARG LR T Z M W 4 ek, (L4 FeP,.
NiP,. CuP, fil CoP; B HLIL %17, KB CuP, 7F
0.1 A-g' I HL A %5 w5 19 7] %6 25 & (416 mA-h-g™) I
W 0R PEAR 8K (74%), i T Hfl = Fp ek e,
XG5 AT H K T CuP, JURE 1Y 2R AR S5 e, 3
Tix— &I, @ik CuP, 94K H 124 5] = 4k 4
BMEM g, #E—BUT CuP, B, AT
T CuP, i Ay B AL 2= PE B (K 1(a)). CuP,@f 52
I (GNs) & 4 B H 76 0.1 A-g™' Bf i a] 33 25 & 5
738 mA-h-g, WILRIFERRCE N 83%, i H.nl LAfE
5A-g AR A 508 mA-h-g !t YA 2R, A,
AR B R 8 P AR 1 (50 WA B4 5 TG
).
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Cu,0@GO networks
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RP—Red phosphorus
1 CuP,@fi %% (GNs) A iiid 7R 2 E ¥ (a) 1 Cu,P,- B
(BP)(CuP) il CuPy/ ZHEMAAKE (MWCNTS) A i FR 2 B *(b)
Fig. 1 Schematic of synthesis process of CuP,@graphene (GNs)*" (a)
and Cu,P,-balck phosphorus (BP) (CuP;) and CuPs/multiwalled
carbon nanotubes (MWCNTs)!(b)

Li 5529 1 YR FH 87 B i 3R 7 i, DA CuyPs.
Wk (BP) M £ BERR 44 K & (MWCNTSs) 5Ok}, i
# T Cu,P;-BP-MWCNT(CuP5s/MWCNTSs) = JC & &
R (K 1(b)). % =T & B EHHAE SIBs £l i}
HA B A YERe . W16 R C%0% (ICE) 7]
ik 84%, 1E¥F 200 YA LR FF 1170 mA-h-g™ By ] 5

A, TE5Ag" T4 & J8 Al ik 3] 580 mA-h-g',
AR AP AE 0T VA T Cu,P, I BP ) 4k 2 IR 45
P 5 — 4 MWCNTs ()8 & K1, i & 0 Nat it
TP G EIE 5 AR T P
%, g T IES S AR RS L, A, AN
IF) 9 B =2 R B4 I T 38 7 o 5 P A DA S 35 4 5
WO B, —4E N 4L A B SR g T LA
#e) 3] K/Zn/Mg/Al B+ Hb Y, ZEAf RE ST &
2 (5T 2%

B %F CuP, A RE 22 1Y [ A, 9RO H S
= Yk B B — 4 MWCNTSs F1 4§ BP %5 41 K}
i, AR E T CuP, MIEHERE, RIS
flb = MRS G M ORE A & R AL T — o L
1.2 #E{L$R NiP,

FH T SIBs 11 #% f9 NiP, & % £ NiP;. Ni,P.
NisP, 1 Nij,Ps POFH, Hdr, NiPy i T8 & 505
1M HA B S B &, i Ni,P. NigP, F1 Ni;,Ps
F T N — N B Y B g A s T A R 1 4 R
ek, AT E AT A X AR B R SRR . S 0 A
NiP, A1 5K, [A] P fd LA A o0 s A PR R, BFSR &
TR TR . () HSmMEE S (2)
il & HA 2L E AR

Fullenwarth 45 " JIF 52 T NiPy f& — Ff 1R 47 1)
SIBs fAtlAA KL, AI7E 15 YGRS P 4F 900 mA-h-g™
M LA . HeAh, ST E A R A7 XRD WF5E T
NiP; 1t i FEL AL 2= ML . A&l 2(a) Fr s, NiPs 7F
ik PR ot P BT RS AL N NagP,  7E 78 HL i K &
NiP3, 1 H. NiP; ¢ 3l AH X 81K 19 S 1k 38 it i o7
0.2V (vs.Na*/Na), XA B FBjik %2R ELE,
B F) T2 5 SIBs AU RE L% & . Zhang 55 R
FH B9 - T 3% 7' ) (CTAB) %l B 7K #4814 7 6
il % T Ni,P@RA4b 2 /) ik 41 K % (ACNT)(CTAB) &
A AR (] 2(b))o 22 M Bk 40 K 8 AT o 2 115 3
i B R AR AL 5 R ALK T, DT R R R
SRS RGUORE I Z LA A R T/
B &y, CTAB i B K #4507 14 77 35 Bl T 40
il Ni,P i1 5, 1fif H. CTAB 85| A A {2 #F Ni,P #il
ACNT W 404, TR B & BE ¥ 51 1 2 &
WZERY . P, Ni,P@ACNT L JCi8 & T %
i 2 #9168 & LIBs/SIBs, 4 /R i R IFaytEfe. 4
HHIAE SIBs A # IF, 7E 0.1 A-g i 7] 3545 150.1
mAh-g” A, 7E 4Ag " BT ik 2] 104.8
mA-h-g' B & 2. & 2(c) N Ni,P@ACNT H# %
AL B
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Fig.2 (a) XRD patterns collected at various stages of the first discharge of a NiP/Na cell cycled between 0.0 and 2.5 V at a C/3 rate®”; (b) Schematic
illustration of the synthesis process of Ni,P@CNT, Ni,P@acid treated carbon nanotubes (ACNT) and Ni,P@ACNT(CTAB); (c) Sodiation schematics of
Ni,P@ACNT(CTAB) "

Zhang % B3 5o K $GE A T — OB A Y L 2A-g B, A% & Al 35 F] 105.6 mA-h-g

A e L 2R TRV LR A FLEE R 1 Z ALK B Al e R MZATI S W W &
FEIR NisP,(PNAF-NP) & & #1 8} (& 3(a). & 3(b)), '
IEAG H AR SIBs 1 AR AL . R T AR A 4544
PANF-NP HL % 7F 0.2 A-g™ &b EL A # 1& i9 90 46 i
75 & (748.03 mA-h-g™), R £ 5 300 K96 3 )5
7 B8 Ik 456.34 mA-heg?, ) E SRR N
99.19%, I RAFMTERFREPE. AP, PNAF-
NP & & I TE 5 A-g 5 7] 3815 432.23 mA-h-g™ 1Y
maE, HARS M RERE . Guo 5P @it —

G 1 Oy 7 N o A - e I N 3 ¢
Ni,Ps@C/GNs & 5 K (K 3(c)). %5 /0 5 44 Fl Bk

(C) GNs matrix_ Ni2P<@C/GNs

ehydratmn
120 C Ar

3 zww*ﬁ@asam N15P4(PNAF NP) %ﬁﬁﬁ SEM W%””((a)
(b)). Nip,P;@C/GNs ARG Bt R 2 K (c)
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adsorpnon

Phosphauzau

Carbonauon

CIN=EE N RYNGAY 7 QU TR el S e 1 SR
GNs 1] A R By 11 Nij, Py F R I 32 5 7§ 3
L, X A28 0 NipPs@C/GNs & & 0 kHH A L 57
L fbeE R, L HAE SIBs Mk AT, 7 0.1A.g™
Bf, 7025 A 2349 mA-h.g; MRS E R

Fig.3 SEM images of Porous nanosheets assemble flower-like NisP,
(PNAF-NP) particle®®((a), (b)), schematic illustration of the synthesis
process of Ni;,Ps@C/GNs™(c)
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i, FeP, J&— Rl 2414 SIBs itk A1k, PR AFSE
B, X T FeP s, — Ml 5b B G>
P27 H UG PR BE o Shi 25 5% i i 27 22 35 1 O F
il 7 —Fh FH T 22 % SIBs ) JC Kk 45 7 () FeP@N, P
BB YN K 2T 4 (NPC) i, FeP@NPC i I AU
HA R0 FREEMIE I, ERA B R
()96 26 Fa 5 M . Zhang % PSR BRI WL S L T
FeP, fll FeP,, X} H A SIBs i i FH E4T T 15T .
LERLH, FeP, 7£ SIBs A W AL AL 24001, Sk
I, FeP, HLANAE LU % & 0 0.089 A-g™ HY I I T H
£ 1137 mA-h-g™ 1% /=5 4] 4 45 15 Fl1 84.0% 11 9] 46 ¢
TRCR, 30 WIEE, Za I {FFF 1 000mA-h-g ™,
WA, FeP, MM EA RAFMATRIERE, 7F3.578A-g"
AF 2520 920 mA-h-g™ . BAR B AT KR8 2 T i
FeP, 4N ALHI, (HAATHINAYIE, FeP, J&—Ff
B EL A T R M R RE = (1) SIBs 7 A b
%o

2 HUU-EE£BEEHLY
2.1 #ELEE GeP,

MR ZH &R —FE, s B
PR REAR Yy ] B, 5% B i 5 BP B
GNs S5 M B2 G DAL AR A FR e M, WA 4
FA . IS, HBE LR A Z AR,
HSH B R A T e Y DU i LS bR A R S R R
PEBETR R AL B e i AR 2 —

Li % % ) B B 16 J2 R GeP Rl BP IR &
BT 0T Ge,Ps B A MK (K 4(a)). M HAE R
SIBs i B BF, 471 4 B A2 50K by 88%,  H. 100 K i
WG AN 7E 890 mA-h-g . HAR FPERERT LU
VAR AN AH G [ A R R BRI . GeyPy 1)
ARG T B AN RE 1 HLA AT Nati Pk 44
o [, 2R GeP RS 2 ] (1) 5 5 5t w44 fin
T Na‘fefii or s e, 4 & T M+
AL RE T

GeP; fil GeP; WY & 5 5 T GeP, HiBA &L
B, NIt GeP; #1 GePs 1 4 SIBs i A 41 %} 15 £
THETIZ K E S P, filan, Wang 450
i 5T BEBR B R A L T GePs Al GePy/C, SR G 1E
GeP; 1 GePs/C £ M 47 47 88 05 0 ol ik, il 4%
T GeP;@if J5 E 1k A1 2 i (1GO) Fll GeP;/C@rGO
(1 4(b))o [, FIFHAE PR AR 22 il 28 R 3R JE A7 X
SEAT I HOR HE— 2500 T GePy IUGEENALT], 25
R, GePy NMUEET ALK N, [RIBIR & A4

THEERN, BAE ik A GePy T, 5 HIE A
T NayP Al NaGe, 24 GeP, 5¢ 4 i H & 0.01 V i},
GeP; [WIETF R SE2TH R, XUl UIE gt fE 45 ol
JE A A # 5 GePy A N, X J2 1 GePy HL AR 9 2
N3l 2R G K R AR R By . T HL, X sk
KN GePs B A TR IR FRIZ K, 238 i
HL A A B I, TR RZ I T GePy MG M AR 1 o
GeP; 5 fi 3 it & 1GO & & 1% 3| 1) GeP;/C@rGO
FE b B B R (5.89x107 S-em™) AR K
1) e 2 m B (167.85 m%g™); H GeP;/C@rGO 7
0.05A-g" FEA 1084 mA-h-g! iy Al Wi 45 &, 7F
0.2A-g" T £il 400 IKTEFF 5, JREA 823 mAh-g
Wi, WM fEmEmREEsAg T, &
B 45 5 ik 435.4 mA-h-g!, # LT GeP;. GePy/C
il GeP;@rGO # it o LI AT IH T 85435 2 A
e 56 5 A4 6 22 T] 9 IR (I 205 1, 3 o [) 00 Ay
BT T 2 G0N DR S A i I
HZEFRE M, By 1k BT A A ST A el R R BRI ik
SEOWBEIR ;R E I 0 AR T AR
e i AR RE

H T GeP; #| & B4 ML), Deng %5 3k T % &
ZRBIWIER, PR T 2R GePy 1T £ 4
GeP, 7f 4F LIBs(Na*, K, Ca*., Mg*. AP*)
FSHAL AT, AR ADLE . YET N
M A, ZRERY, )2 GePy i H T SIBs
FIATE B 1, W 4B 2 s HH 1 295.42 mA-h-g™! 07 IS
R, SHME AL, Na HARENY B,
X AT LA BRI A w5 11 1 A B8 SRR LA (A M
M EAE IR AL B, GePy U4 F 52 %, K
B AT AT S T B0 X S S5 Sy iiE — 25 I & R
FI ] 4k GeP,y fF Jy Ak LIBs, 4 % & SIBs (1 i #%
MORLBEE T Al

GeP; J2& H /i 2 GeP, F L R & m e 1Y
Wik, SR PHILL, GePs A& 5 HAMY, H
BA TR E GRS . W m i AERE PR
T & (1x10° Sm™)™, Ning % " % H] Bk B 1
GeP5 Fl & J 78 (AB) 44 K KL 1 34 2] 43 B AE A Ak A1
BRI L, T T W g S5, A T —
GeP;/AB/# 53 18 Jit %A 1k A1 5% /% (GePs/AB/p-rGO)
MR (B 4(c))o BURR X 25 25 4 A AL FR it T 5T
Z I TAERE AR, S T H AR R T
R R, 5 HA AB 3 GO st iy
GeP; & 5 A BHM L, GePs/AB/p-rGO & & #1 Kl B
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Fig. 4 Illustrated preparation process of the Ge,P; composite * (a); Schematic illustration of the synthesis routes for bare GeP;, GeP;@reduced graphene

oxide (rGO), GeP;/C, and GeP;/C@rGO (Lines in GeP3/C and GeP3/C@rGO represent the carbon matrix) and their long-term cyclability and

corresponding coulombic efficiency® (b); Schematic illustration of the synthesis process for the GePs/acetylene black (AB)/partially reduced graphene

oxide (p-rGO) composite!™” (c); Synthesis process for FL-GP/rGO"! (d); SEM images for porous germanium phosphate (MGeP,) and comparison of the

specific capacities at various current densities for MGeP, with other phosphides!*? (e)
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Table1 Comparison of properties of SnP,

Theoretical specific

Cycling stability/(mA-h-

Sample Sn/P capacity/(mA-h-g") Composite ICE/% o /cycles/A-g™) Ref.
SPPG 75.1 >550/1 000/1 [46]
Sn,P, 1.33 1132 Sn,P;@HC 69.5 430/100/0.1 [47]
Sn,P;@CNF 31.0 297.6/1 750/1 [48]
SnP 1 1209 SnP NCs >60 600/200/0.1 [49]
SnP, 0.33 1616 SnP,/C 71.2 810/150/0.15 [50]

Notes: ICE—Initial coulombic efficiency; HC—Hard carbon; CNF—Carbon nanofibers; NCs—Nanocrystallines.
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Table 2 Electrochemical performance of metal phosphides for SIBs
Charging Cycling Stability/ Rate performance/
Sample Voltage range/V ICE/% potential/V  (mA-h-g™')/cycles/(A-g™") (mA-h-g™")/(A-g™") Ref.
CuzP/C 0.01-2.5 50 0.4 120/120/0.0366 130/0.363 [25]
CuP,@GNs - 83 0.5-0.9 640/50/0.5 508/5 [27]
CuP;/MWCNTSs - 84 0.4 1170/200/- 580/5 [28]
NiPy 0.0-2.5 - 0.2 900/15/0.1C - [29]
Ni,P@ACNT(CTAB) 0.01-3 35.2 0.6 150.1/100/0.1 104.8/4 [30]
PNAF-NP 0.01-3 88.49 0.2 456.34/300/0.2 432.23/5 [31]
Ni;»P;@C/GNs 0.1-3 45.5 0.8 164.8/500/0.1 105.6/2 [32]
FeP@NPC 0.01-3 49 0.5 391/1 000/0.1 250.2/5 [33]
FeP, 0.05-2.0 84.0 0.6 1 000/30/0.089 ~920/3.578 [34]
Ge,P, - 88 0.6 890/100/- 275/5 [35]
GeP3;/C@rGO 0.01-2.5 57.8 0.7 823/400/0.2 435.4/5 [36]
Monolayer GeP; - - - 1 295.42(theoretical) - [38]
GeP5;/AB/p-rGO 0.01-2.8 ~60 0.5 400/50/0.5 175/5 [40]
504.2/70/0.1
FL-GP/rGO 0.01-2.5 57 0.5 230/250/1 250/2 [41]
704/100/0.24
MGeP -

GeP, 0.01-2 65.28 0.4 278/200/1.2 117/12 [42]
SPPG 0.005-2 75.1 0.5 >550/1 000/1 315/10 [46]
SnP NCs 0.005-1.5 >60 0.46 600/200/0.1 396/2.5 [49]
SnP;/C 0-2.0 71.2 0.5 810/150/0.15 400/2.56 [50]
ZnP,-C 0-2.0 65.8 0.6 883/130/0.05 350/2.7 [51]

Notes: PNAF-NP—Porous nanosheets assemble flower-like NizP,; NPC—N, P-codoped carbon nanofifiber; FL-GP—Few-layer GeP.
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