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a b s t r a c t 

Transition metal phosphide anodes have received increasing attention for lithium/sodium-ion batteries 

due to their high theoretical capacities and apposite intercalation potential range. However, the mechan- 

ical stress induced dramatic volumetric expansion upon a conversion reaction mechanism has hindered 

the practical applications. Herein, we demonstrate a high performance anode of MoP@nitrogen-doped 

carbon nanofibers (MoP@NCNFs), which are prepared from an electrospinning method followed by an 

in-situ carbothermic self-reduction process. The well-crystallized MoP nanoparticles are uniformly dis- 

tributed in the interweaving nanofibers, affording a conductive network for fast charge/ion transport and 

adequate buffer space for volumetric expansion. Benefit from the unique structure, the MoP@NCNFs syn- 

thesized at 800 °C delivers a reversible capacity of 840 mAh g −1 at 100 mA g −1 after 200 cycles. At 2 A 

g −1 , longer cycling upto 1300 cycles is achieved with a capacity of 377 mAh g −1 along with a Coulombic 

efficiency of 99% for Li storage. And a decent performance is also available for sodium storage. Quan- 

titative kinetics analysis confirms that the charge storage behavior is governed by pseudocapacitance, 

especially at high rates (75.9% at 1 mV s –1 ), boosting the high-rate lithium/sodium storage performance. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

To meet the growing energy demands, such as 5G mobile com-

unication and hybrid electric vehicle requirements, enormous en-

eavors have been undertaken to efficiently utilize sustainable en-

rgy sources [1–3] . Lithium-ion batteries (LIBs) are currently the

ssential components of portable electronic devices and electric

ehicles [4] . Sodium-ion batteries (SIBs) are a potential technique

or large-scale energy storage owing to its similar electrochemical

rinciples with LIBs and elemental abundance of sodium [5–7] . The

ost widely used graphite can deliver a theoretical specific capac-

ty of 372 mAh g –1 for lithium storage. The ionic radius of the Na + 

1.02 Å) is 34% larger than that of the Li + (0.76 Å) [8] , which makes

raphite cannot be used as a host material to accommodate Na + 

9] . Considerable effort s have been focused on new-generation an-
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de materials with higher capacity that can meet the requirements

f both LIBs and SIBs. 

Among various candidates of anode materials for Li/Na-ion bat-

eries, that with an intercalation chemistry occupying one or fewer

han one electron for per transition metal always give rise to a

ow capacity [10] . Alternatively, the anode materials based on a

onversion reaction chemistry can deliver a much higher capac-

ty [ 9 , 11 ]. Among which, transition metal phosphides show a broad

erspective due to their higher specific capacities and apposite po-

ential range (0.5–1 V) [ 12 , 13 ]. Such a potential range avoids the

eposition potential of Li + /Na + and averts the dendrite propaga-

ion [14] . MoP exhibits an electronic conductivity (10–100 S cm 

–1 )

nd a good electrochemical activity for LIBs/SIBs, which is very

romising among the phosphides [ 15 , 16 ]. However, as other mate-

ials going through a conversion chemistry, MoP also suffers from

echanical stress induced volumetric expansion during the lithia-

ion/delithiation processes. The resulted pulverization, aggregation

nd exfoliation of electrode materials would cause electrical con-

act losses, and thereby lead to reversible capacity fading during

ong-term cycling and poor rate capability [9] . 

The issue could be alleviated by particle nanosizing within con-

uctive matrix. It is generally believed the nanoscale size would

https://doi.org/10.1016/j.electacta.2020.136921
http://www.ScienceDirect.com
http://www.elsevier.com/locate/electacta
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provide sufficient ionic transport channels and relieve the volume

strain [17] . And the conductive matrix would serve as efficient

electron transporting geometries [ 18 , 19 ]. Nevertheless, the electro-

chemical performance is strongly dependent on the microstruc-

ture, which is determined by the synthesis route. In review of

previous reports, there are two main strategies to synthesize the

transition metal phosphides. One is solution-phase reaction, gen-

erally implemented in a high-boiling organic solvent with organic

phosphines under oxygen free conditions at high temperature [20–

22] . The other via a gas-solid reaction, which employed hypertoxic

PH 3 (from pyrolytic hypophosphite) [ 23 , 24 ], PCl 3 [25] , white or red

phosphorus [26] acting as phosphorus sources. Although the much

effort s have been made, the complex routes and the use of toxic

chemicals make these methods infeasible to be scaled up. Recently,

Wu et al. [27] and Wang et al. [28] prepared the phosphides by re-

ducing metal orthophosphates directly under H 2 atmospheres. Al-

though the simplified approach, the introduction of the extra H 2 

gas would bring new safety issues for the practical applications. 

With the aforementioned considerations, herein, we propose a

facile and safe synthesis to fabricate MoP@nitrogen-doped carbon

nanofibers (MoP@NCNFs) via an electrospinning method followed

by a carbothermic in-situ self-reduction process. The obtained

one-dimensional (1 D) nanofibers with uniformly distributed MoP

nanoparticles are interconnected to form a three-dimensional (3

D) conductive network. The hierarchical construction acting as

the electrochemical reaction chamber, not only prevents the ag-

gregation of the MoP nanoparticles, but also accommodates their

volume expansion upon phase transformation during the lithi-

ation/delithiation processes. Therefore, the MoP@NCNFs benefits

fast charge/ionic transport through the electrode/electrolyte inter-

face. The increased pseudocapacitive contribution at higher cur-

rent rates guarantees a superior electrochemical performance of

MoP@NCNFs as Li-ion and Na-ion anode materials. 

2. Experimental section 

2.1. Synthesis of MoP@NCNFs 

The electrospinning was carried out at room temperature.

To prepare the precursor solution, typically, 0.4 mg hexaammo-

nium heptamolybdate tetrahydrate ((NH 4 ) 6 Mo 7 O 24 ·4H 2 O, 99.0%,

Sinopharm Chemical) and 0.3 mg ammonium phosphatedi basic

((NH 4 ) 2 HPO 4 , 99.99%, Aladdin) were dispersed in the mixed sol-

vent of 10 mL deionized water (H 2 O, 18.2 M �) and 5 mL ethyl

alcohol (99.5%, Shanghai Lingfeng Chemical) by constant stirring to

form a transparent solution. Then, 1 g polyvinylpyrrolidone (PVP,

Sigma-Aldrich, M w 

~ 1,30 0,0 0 0) was added under continuous stir-

ring for 12 h to form a homogeneous solution. Subsequently, the

solution was electrospun under a voltage of 15 kV at a constant

flow rate of 0.05 mL min 

–1 and a distance of 15 cm from the sy-

ringe to collector (ET2531, Beijing Ucalery Technology). After peel-

ing off, the as-prepared films were dried at 80 °C overnight in a

vacuum oven. Finally, the dired films were heated under N 2 at-

mosphere at 70 0, 80 0 or 90 0 °C for 3 h in a tube furnace with a

heating rate of 5 °C min 

–1 , respectively. The obtained sample was

donated as 70 0-MoP@NCNFs, 80 0-MoP@NCNFs, 90 0-MoP@NCNFs,

respectively. In addition, a controlled MoP-free sample of nitrogen-

doped carbon nanofibers (NCNFs) was prepared at the same condi-

tion with 800-MoP@NCNFs. And the bulk molybdenum phosphide

(MoP, 99.5%, Shanghai Makclin Biochemical) was purchased for the

electronic conductivity measurement and electrochemical tests. 

2.2. Material characterizations 

The morphology and microstructure were characterized with

field emission scanning electron microscope (SEM, S-4800, HI-
ACHI) equipped with energy dispersive spectrometer (EDS)

nd high-resolution transmission electron microscopy (TEM, JEM-

100F, JEOL). The crystal structures were measured by powder X-

ay diffractometer (XRD, D/max-2550VB + /PC, X-ray, Rigalcu) with

u K α radiation at a current of 200 mA and voltage of 40 kV un-

er a scan rate of 4 ° min 

–1 . The nitrogen adsorption-desorption

sotherms were implemented on a Quadrasorb adsorption instru-

ent (Quantachrome Instruments). The specific surface area was

alculated according to the Brunauer-Emmett-Teller (BET) method.

he pore size distribution was calculated from nitrogen sorption

ata using the nonlocal density functional theory (NLDFT) equi-

ibrium model method. The valence state of the samples was an-

lyzed by X-ray photoelectron spectrometer (XPS, Escalab 250Xi,

hermo Scientific) with Al K α X-ray radiation. The content of car-

on and nitrogen was determined by elemental analysis (VarioEL

II). The electronic conductivity of the samples was measured by

he four-probe method (RTS-8, Guangzhou Four Probe Tech.). Com-

ressed powder pellets with a diameter of 12 mm diameter and a

hickness of 0.3 mm were prepared for the electrical conductivity

easurements. 

.3. Electrochemical measurements 

CR2025 coin-type cells were used for the electrochemical mea-

urements. For preparation of the electrodes, the MoP@NCNFs

nd NCNFs were mixed with super P carbon and poly(vinylidene

uoride) (8:1:1, wt%) in N-methyl-2-pyrrolidone (NMP, Shanghai

ingfeng Chemical). The homogeneous black-slurry was casted on

 copper foil and then dried at 80 °C in a vacuum oven overnight

o get the final electrode (12 mm in diameter). The average ac-

ive material loading is around 3 mg cm 

–2 . To control the same

ctive mass of MoP in the electrode, the bulk MoP mixed with su-

er P carbon and poly(vinylidene fluoride) at a ratio of 66:24:10

wt%) was prepared and measured in the same conditions. To as-

emble LIBs, Li foil (14 mm in diameter) was used as the counter

lectrode. The electrolyte was 1 M LiPF 6 in ethylene carbonate

EC)/dimethyl carbonate (DMC) (1:1, v/v). Polypropylene microp-

rous film (celgard 2325, 25 μm thick, 16 mm in diameter) was

evered as the separator. For SIBs, the counter electrode is Na

oil. The electrolyte is 1 M NaClO 4 in ethylene carbonate (EC)

nd dimethyl carbonate (DMC) (1:1, v/v) in presence of 5% flu-

roethylene carbonate (FEC) additive, and the glassfiber (What-

an, 260 μm thick, 16 mm in diameter) was utilized as the sep-

rator. The electrochemical measurements were performed at the

oom temperature of 25 °C. Cyclic voltammetry (CV) measurements

ere implemented on an electrochemical workstation (Arbin In-

truments, USA) under 1.0–3.0 V. Electrochemical impedance spec-

ra (EIS) were measured on a CHI660E electrochemical worksta-

ion. Galvanostatic charge–discharge curves were performed on a

AND CT2001A battery tester at different current densities within

.01–3 V. 

. Results and discussion 

.1. Preparation and materials characterizations of MoP@NCNFs 

The synthetic procedure of MoP@NCNFs involves a simple elec-

rospinning and a subsequent thermal treatment, as illustrated in

ig. 1 . In detail, the precursor fibers were produced by electro-

pinning a H 2 O/ethanol solution of PVP, (NH 4 ) 6 Mo 7 O 24 ·4H 2 O and

NH 4 ) 2 HPO 4 . The as-spun fibers were then thermally treated in a

 2 atmosphere to obtain MoP@NCNFs. PVP plays an important role

n the synthetic procedure. Firstly, it provides the desirable rheo-

ogical properties for electrospinning. Moreover, it serves as a car-

on, CO and H source, producing a strong reducing atmosphere
2 
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Fig. 1. Schematic illustration of the synthetic process of MoP@NCNFs. 

Fig. 2. SEM and TEM images of (a, d) 700-MoP@NCNFs, (b, e) 800-MoP@NCNFs, (c, f) 900-MoP@NCNFs and (g–k) corresponding elemental mappings of 800-MoP@NCNFs. 

The inset images are high magnifications. 
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uring its pyrolysis. The Mo 6 + and P 5 + in the reactants are thereby

educed simultaneously to form MoP in the carbon nanofibers. 

The morphology of the precursor and product fibers were ex-

mined by SEM firstly. The long, straight and smooth precursor

bers with a uniform diameter ca. 300 nm are interwoven into

 network (Fig. S1). After the thermal treatment at different tem-

eratures, the fibrous network can be maintained. However, the

bers become cincinnate like the naturally interconnected blood

essels. Such a phenomena should be resulted from the volatiliza-

ion of H 2 O/ethanol and the gas release from pyrolysis of PVP. It

as also found that the microstructure of the products strongly

epends on the synthesis temperature. The sample synthesized at

00 °C (700-MoP@NCNFs) exhibits an average diameter approxi-

ately 250 nm ( Fig. 2 a). The diameters of the nanofibers are de-

reasing with increasing the temperature, which are approximately
00 nm and 180 nm at 800 (800-MoP@NCNFs, Fig. 2 b) and 900 °C
900-MoP@NCNFs, Fig. 2 c), respectively. However, it can be seen

hat the 900-MoP@NCNFs exhibits more adhesive, agglomerated

nd irregular nanofibers than 800-MoP@NCNFs. The uniformly in-

erconnected nanofibers of 800-MoP@NCNFs would provide more

ffective channels for fast ion diffusion and charge transfer. TEM

ere also conducted to further probe the microstructure struc-

ure of MoP@NCNFs ( Fig. 2 d–f). Crystalline MoP with clear lattice

ringes (100) can be clearly seen in the nanofibers synthesized at

00 and 900 °C (inset in Fig. 2 e and f). The MoP particles show a

ore homogeneous distribution in 800-MoP@NCNFs than in 900-

oP@NCNFs. Whereas, no lattice fringes of crystalline MoP appear

n 700-MoP@NCNFs (inset in Fig. 2 d), indicating MoP cannot suc-

essfully generated at 700 °C. The EDS analysis of 800-MoP@NCNFs

epicts the well distribution of Mo, P, C, and N elements



4 C. Fu, H. Yang and G. Feng et al. / Electrochimica Acta 358 (2020) 136921 

Fig. 3. (a) XRD patterns of MoP@NCNFs nanocomposites and standard PDF data of MoP (JCPDS no. 24-0771) and carbon (JCPDS no. 26-1077). The survey and high-resolution 

XPS spectra of 800-MoP@NCNFs nanocomposites: (b) the integrated XPS spectrum and the corresponding XPS spectrum of (c) Mo 3d, (d) P 2p, (e) C 1s, and (f) N 1s. 
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( Fig. 2 g–k). The presence of N should be originated from the N

atoms from pyrolytic PVP. N 2 adsorption-desorption isotherms and

the pore size distribution analysis were carried out to further ex-

plore the porous structure and specific surface area of the 800-

MoP@NCNFs. The BET specific surface area was calculated to be

31.35 m 

2 g −1 (Fig. S2a). Benefit from the gas activation during car-

bonization, hierarchical mesopores and macropores are formed in

the nanofibers (Fig. S2b). Such a unique structure should can pro-

vide abundant buffer space for volumetric expansion upon a con-

version reaction and facilitate electrolyte access for fast transporta-

tion of ions. 

XRD measurements were implemented to confirm the phase

purity, as shown in Fig. 3 a. With increasing the temperature, the

peak of the crystalline are more sharp and intense. The diffraction

patterns of the 800-MoP@NCNFs and 900-MoP@NCNFs exhibit sev-

eral diffraction peaks of hexagonal MoP phase (JCPDS no. 24-0771),

in which each Mo atom is trigonal-prismatically coordinated by

six P atoms [29] . According to lattice parameters, the calculated

grain size of MOP in 800-MoP@NCNFs is ca. 18.3 nm, which is

smaller than that of ca. 23.8 nm in 900-MoP@NCNFs. The result

further confirms the transformation of MoP crystal structure dur-

ing the annealing at 800 or 900 °C. In contrast, the XRD pattern of

700-MoP@NCNFs shows an amorphous phase without peaks iden-

tified to crystalline MoP, further suggesting 700 °C is insufficient

to generate crystalline MoP phase. Meanwhile, one peak centering

at 26 o belongs to (005) reflection of hexagonal carbon (JCPDS no.

26-1077), in good agreement with the XRD pattern of NCNFs. El-

emental analysis suggests the C content is 27, 17 and 12 wt% in

70 0-MoP@NCNFs, 80 0-MoP@NCNFs and 900-MoP@NCNFs, respec-

tively (Table S1). The respective N content is 3, 0.5 and 0.4 wt%,

respectively. None N-containing compounds can be detected in the

XRD patterns, indicating the N atoms are doped into the carbon

nanofibers. N doping can dope an additional electronic pair into

the delocalized π-system, which is beneficial to the electrical con-

ductivity [30] . The synergistic effect of N doping and proper con-

tent carbon conductive network would lead to the enhanced elec-

tronic conductivity of nanosized MoP@NCNFs. The measured elec-

tronic conductivity of NCNFs, bulk MoP, 900-MoP@NCNFs and 800-

MoP@NCNFs is 7.46, 12.67, 13.24 and 17.51 S cm 

–1 , respectively. 
c  
XPS was performed to evaluate the chemical composition and

urface electronic state of the MoP@NCNFs. The presence of Mo,

, O, N and C have been observed by the survey XPS spectrum

f 800-MoP@NCNFs ( Fig. 3 b). In the high-resolution Mo 3d spec-

rum ( Fig. 3 c), the two peaks at 231.88 and 228.56 eV are ascribed

o MoP [31–33] . The peaks situated at 236.47 and 233.37 eV can

e assigned to the 3d 3/2 and 3d 5/2 of Mo 6 + [ 33 , 34 ], correspond-

ngly. The two peaks located in 235.27 and 232.38 eV are corre-

ponded to the 3d 3/2 and 3d 5/2 of Mo 5 + [ 34 , 35 ], respectively. How-

ver, no significant impurities are detected from the XRD results in

ig. 3 a, indicating the trace amount of Mo 6 + /Mo 5 + . The presence

f high-priced Mo was previously ascribed to the surface oxidation

f MoP when to be exposed in the ambient atmosphere [ 32 , 33 ].

owever, the XRD patterns of the 800-MoP@NCNFs after storage

or 2 years in air shows no datable changes (Fig. S3), indicating the

tability of composite. Therefore, the coexistence of Mo 6 + /Mo 5 + 

hould be more probably due to the instability of MoP during syn-

hesis at high temperature. In Fig. 3 d, the doublet 130.62 eV and

29.77 eV in the P 2p spectrum can be associated with P 2p 1/2 

nd 2p 3/2 of MoP [31] , respectively. The P species at 134.89 and

33.98 eV are ascribed to P 5 + 2p 1/2 and 2p 3/2 , such as P bonded to

 atoms in PO 4 
3– and P 2 O 5 [ 36 , 37 ]. The C 1s spectrum separated

nto three components at 284.8, 285.5 and 288.1 eV, which is at-

ributed to graphitic C atoms, C–N and O–C 

= O [38] , respectively

 Fig. 3 e). In the N 1s spectrum ( Fig. 3 f), the peak fitted with 400.0

nd 398.5 eV are assigned to pyrrolic N [38] and pyridinic N [39] ,

espectively. The XPS features of 900-MoP@NCNFs (Fig. S4) are al-

ost the same with 800-MoP@NCNFs. However, no bands related

o MoP are detected in the XPS spectrum of 700-MoP@NCNFs (Fig.

5), further verifying the XRD result in Fig. 3 a. 

.2. Li + storage behavior of MoP@NCNFs 

The Li + storage behavior of the MoP@NCNFs as-prepared at

0 0 and 90 0 °C was investigated with a Li-metal counter/reference

lectrode. CV test was measured within 0.01–3.0 V (vs. Li/Li + ) at

 sweep rate of 0.1 mV s –1 ( Fig. 4 a). For the 800-MoP@NCNFs, a

athodic current peak centered at 0.86 V appears at the 1st cy-

le, which is assigned to the formation of a solid-electrolyte inter-
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Fig. 4. (a) CV curves of the 800-MoP@NCNFs electrode at a scan rate of 0.1 mV s –1 in 0.01–3.0 V vs. Li/Li + . (b) The charge–discharge profiles of the 800-MoP@NCNFs 

electrode at 0.1 A g –1 . (c) Cycling performance of the MoP@NCNFs electrode at a current density of 0.1 A g –1 . (d) Rate capability of MoP@NCNFs electrode at various current 

densities. (e) Longer-term cycling performance of the 800-MoP@NCNFs electrode at a current density of 2 A g –1 . 
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hase (SEI) [28] . Another peak below 0.5 V should be ascribed to

he lithiation of MoP. In the reverse sweep, an obvious anodic peak

ppears at 1.4 V. In the following cycles, a weak peak at 1.12 V and

 successive peak below 0.5 V can be clearly seen, indicating the

ithiation of MoP is a step-wise process. The process is reversible

s the broad anodic peak at 1.4 V shows repeatedly. The CV of 900-

oP@NCNFs demonstrates a similar feature (Fig. S6). The bulk MoP

nd NCNFs deliver an anodic/cathodic peak located at 1.17/0.65 V

Fig. S7a) and 1.18/1.15 V (Fig. S8a) for lithiation/delithiation of Li + ,
espectively. 

Fig. 4 b shows the galvanostatic discharge–charge profiles of the

0 0-MoP@NCNFs at 10 0 mA g –1 within 0.01–3.0 V (vs. Li/Li + ).
he charge–discharge profiles are in consist with the CV curves.

n the 1st cycle, the discharge and charge capacities are 2144 and

272 mAh g –1 , respectively, corresponding to a Coulombic effi-

iency (CE) of 60%. The loss of initial irreversible capacity is as-
ribed to the formation of the SEI layer on the electrode. In the

nitial 30 cycles, the specific capacities exhibit a slight decay. A

radual recovery of the capacity is observed in the following cy-

les ( Fig. 4 c), suggesting the formation of a stabilized SEI [40] . The

eversible specific capacity is remained as high as 840 mAh g –1 

pon 200 cycles, indicating a 71% retention of the discharge ca-

acity from the 2nd cycle. The electrochemical performance of 5

amples include the error analysis (mean and standard deviation)

re demonstrated in Fig. S9, which provide further evidence on the

eliable performance. SEM images reveal that the interconnected

brous structure of 80 0-MoP@NCNFs is well maintained after 20 0

ycles (Fig. S10). However, the same high cyclic stability and rate

apability ( Fig. 4 d) are not achieved in terms of 900-MoP@NCNFs,

hich is mainly owing to the more uniform nanosized MoP

nd more effective interconnected channels for ion diffusion and

harge transfer of 800-MoP@NCNFs. The much lower capacity and
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Fig. 5. The EIS analysis of 800-MoP@NCNFs: (a) discharge–charge profiles of 800-MoP@NCNFs, (b, c) Nyquist plots, (d, e) the liner relation of ω 

−1/2 vs. Z ′ and (f) the D Li 

value of different potential state. 
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c  
rate performance of bulk MoP (Fig. S7b–d) further demonstrates

the importance of a well-engineered microstructure. And the much

higher cyclic and rate capability of MoP@NCNFs is achieved com-

pared with NCNFs (Fig. S8b–d). The long-term cycling stability at

fast charge–discharge rates is an important criterion for practical

applications, which is evaluated at a current density of 2 A g –1 
 Fig. 4 e). Impressively, the 800-MoP@NCNFs exhibits 377 mAh g –1 

pon 1300 cycles along with a CE of 99% at 2 A g –1 . More-

ver, a capacity of 800 mAh g –1 after 800 cycles at 1 A g –1 and

36 mAh g –1 after 10 0 0 0 cycles at 10 A g –1 are achieved (Fig. S11).

he rise trend of the capacity after 400th at 1 A g –1 and 8000th

ycles at 10 A g –1 should be related to the lithiation-induced re-
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Fig. 6. (a) CV curves under various scan rates, from 0.1 to 1 mV s −1 . (b) The b value obtained by the slope of plots log ν vs. logI P under reduction and oxidation states. (c) 

Capacitive-controlled contribution to total current at a scan rate of 1 mV s −1 . (d) Current contribution ratio of capacitive and diffusion-controlled process at different scan 

rates. 
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ctivation and stabilization of MoP [40–42] . The increased accom-

odation behaviors of Li + cause the improved accessibility of Li + 

uring the long cycles, further enhancing utilization of MoP. The

erformance is among the top results in comparison with the pre-

iously reported metal phosphide anode materials (Table S2). 

EIS was carried out to get insight into the charge transfer ki-

etics of the MoP@NCNFs (Fig. S12a). The intercept to the real axis

ccurring at high frequency in each profile is index to the ohmic

esistance (R s ). The component semicircle at high-to-medium fre-

uency is related to the sum of the charge-transfer impedance (R ct )

nd the contacting resistance (R f ). Whereas a slant line at low fre-

uency is the Warburg impedance (R w 

) [43] . The fitting Nyquist

lots of the impedance spectroscopy are illustrated based on the

quivalent circuit (Fig. S12b). As shown in Table S3, the fresh cell

f 800-MoP@NCNFs exhibits a small R ct of 178 Ω , which is further

ecreased to 46 Ω after 200 cycles. In contrast, the R ct of 900-

oP@NCNFs is 221 Ω for fresh cell and 115 Ω after 200 cycles. The

esult further proves that the 800-MoP@NCNFs with an improved

harge-transfer kinetics for Li-ion insertion and extraction. 

The Li + storage mechanism was further investigated by ex-situ

RD and TEM analyses of the 800-MoP@NCNFs electrodes under

volutive voltage depths during the 20th cycle (Fig. S13a). The XRD

atterns suggest MoP is gradually transformed to Li 3 P during the

ithiation process and the reaction is reversible during delithia-

ion process (Fig. S13b). P 2 O 5 and Li 2 O impurities are introduced

ue to the atmospheric contaminations. The lattice fringes with

 d-spacing of 0.278 nm assigned to the (100) planes of MoP

JCPDS no. 24-0771) were observed at the 3.0 V (Fig. S13c). In Fig.

13d, the lattice fringes appearing at 0.1 V are corresponded to the
–104) planes of Li 3 P (JCPDS no. 04-0525). The result further

roves the highly reversible conversion between MoP and Li 3 P

anocrystals. 

In order to assess the Li + diffusion at the electrode/electrolyte

nterface, the electrode at the marked voltage depths of the 200th

ycle Fig. 5 a) are investigated by the in-situ EIS ( Fig. 5 b and c). The

iffusion coefficients of the lithium ion (D Li ) are evaluated accord-

ng to Eqs. (1 )–( (3) [ 44 , 45 ]: 

 = 2 π f (1) 

 

’ = R s + R ct + σω 

−1 / 2 (2)

 Li = 0 . 5 R 

2 T 

2 / A 

2 n 

4 F 4 C 

2 σ 2 (3) 

here R is the gas constant (8.314 J mol –1 K 

–1 ), σ is the Warburg

oefficient, T is Kelvin temperature (293.15 K), A is the contact area

f electrodes (1.13 cm 

2 ), n is the electron number per molecule

uring the oxidization, F is faraday constant (96,485 C mol –1 ) and

 is the molar concentration of the Li + . The values of σ are derived

rom the linear relation between Z ′ (the real parts of impedance)

nd ω (angular frequency), corresponding values of D Li are sub-

equently calculated from Eq. 3 . The value of σ reduces from

14.07 � s –1/2 at 1.68 V to 23.07 � s –1/2 at 0.1 V during discharge

 Fig. 5 d), and then increases to 84.10 � s –1/2 at a charge state of

.9 V ( Fig. 5 e). Accordingly, the D Li increases from 1.3 × 10 –14 cm 

2 

 

–1 (2.6 V) to 6.0 × 10 –14 cm 

2 s –1 (0.1 V) upon discharge, and de-

reases to 1.7 × 10 –14 cm 

2 s –1 (2.9 V) during charge ( Fig. 5 f and
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Fig. 7. The electrochemical performance of the 800-MoP@NCNFs electrode for sodium storage. (a) CV curves at a scan rate of 0.1 mV s –1 in 0.01–3.0 V vs. Na/Na + . (b) 

The charge–discharge profiles at 0.1 A g –1 . (c) The corresponding cycling capability at a current density of 0.1 A g –1 . (d) Rate capability at various current densities. (e) 

Longer-term cycling performance at a current density of 2 A g –1 . 
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Table S4), suggesting the transformation from MoP to Li 3 P would

lead to a faster reaction kinetics. 

To investigate the outstanding lithium storage behavior of 800-

MoP@NCNFs, a detailed kinetics analysis is furthermore imple-

mented herein. CV curves of the MoP@NCNFs electrode under dif-

ferent sweep rates ranging from 0.1 to 1.0 mV s –1 are obtained

Fig. 6 a). The charge-storage mechanism of MoP@NCNFs is explored

according to the relationship between peak current (I P ) and sweep

rate ( ν) as following Eqs. (4) and (5) [ 46 , 47 ]: 

I P = a νb (4)

or reformulated as: 

log I P = loga + blog ν (5)

where both a and b are adjustable parameters. The b-value demon-

strates the dominated charge-storage mechanism, which exists two

well-defined conditions: b = 0.5 and b = 1.0. Whereas b-value

equals to 0.5, signifying the current is controlled by diffusion-
ontrolled reaction. Instead, a b-value of 1 represents that the cur-

ent is a capacitive response. Notably, by plotting the log ν-log I P 
urves Fig. 6 b), the b-value of anodic and cathodic peak is deter-

ined to be 0.82 and 0.88, respectively. It is manifested that the

lectrochemical reaction kinetics of MoP@NCNFs is controlled by

he pseudocapacitive behavior. Moreover, as a quantitative analy-

is of the capacitive and diffusion contribution in the MoP@NCNFs,

he results are calculated according to the following Eqs. (6) and

7) [48] : 

 = k 1 ν+ k 2 ν
1 / 2 (6)

r reformulated as: 

 / ν1 / 2 = k 1 ν
1 / 2 + k 2 (7)

It is assumed that the measured current (i) at a fixed potential

V) is composed of pseudocapacitive behavior ( k 1 ν) and diffusion-

ontrolled contributions ( k 2 ν
1/2 ). k 1 and k 2 constants can be deter-

ined by plotting i/ ν1/2 versus ν1/2 to fit the slope ( k ) and the
1 
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ntercept ( k 2 ), respectively. From this procedure, the currents aris-

ng from diffusion-controlled and capacitive processes are able to

e distinguished quantitatively. As shown in Fig. S14, the effects of

he surface capacitive mechanism become eventually pronounced

t higher sweep rates. The surface capacitive contribution accounts

or a high value of 75.9% at 1 mV s –1 ( Fig. 6 c). The depressed diffu-

ion and dominant capacitive contribution at higher rates are more

learly illustrated in Fig. 6 d. The result suggests the rational struc-

ural engineering of metal phosphides holds promise to achieve

 battery-level energy density and a capacitive-like cycling ability

nd rate capability. 

.3. Na + storage behavior of MoP@NCNFs 

The Na + storage behavior of MoP@NCNFs was also investigated

ith a Na-metal counter/reference electrode. CV curves of 800-

oP@NCNFs in 0.01–3 V (vs. Na/Na + ) at a scan rate of 0.1 mV s –1 

re shown in Fig. 7 a, which shows a similar behavior with that

f Li + storage. The main cathodic peak below 1 V attributes to

he conversion of MoP to Na 3 P. A broad anodic peak at 0.7–1.5 V

orresponds to the reversible reaction [49] . CV curves of NCNFs

xhibits an anodic peak at 0.1 V and a cathodic peak at 0.91 V

ssigned to the insertion/extraction of Na + in NCNFs (Fig. S15a).

he discharge–charge profiles of 800-MoP@NCNFs within a voltage

indow of 0.01–3.0 V (vs. Na/Na + ) under 0.1 A g –1 are present

n Fig. 7 b. The initial discharge and charge capacity attain up

o 1029 and 586 mAh g –1 , respectively. The sloping voltage pro-

les indicate a pseudocapacitive dominated Na + storage mecha-

ism [ 50 , 51 ]. After a gradual capacity fading in the initial cycles,

teady-state cycling are achieved ( Fig. 7 c). The reversible specific

apacity is remained as 376 mAh g –1 after 200 cycles, much higher

han NCNFs of 150 mAh g –1 for 200 cycles (Fig. S15b and c). The

a + storage performance of 5 samples include the error analysis

mean and standard deviation) are displayed in Fig. S16, which fur-

her verify the reliable performance. The rate performance of as-

ynthesized 800-MoP@NCNFs for Na + storage is shown in Fig. 7 d.

he reversible capacity maintains 404, 303, 273, 238 198, 143 and

35 mAh g –1 at the current densities of 0.1, 0.4, 0.8, 2.0, 5.0, 10

nd 20 A g –1 , respectively. On-going from 20 to 0.1 A g –1 , a re-

ersible capacity of 328 mAh g –1 recovers rapidly with a good

yclic stability, reflecting the MoP@NCNFs structural stability. How-

ver, a poor rate performance of 199, 157, 126, 94 and 72 mAh g –1 

t 0.1, 0.4, 0.8, 2 and 5 A g –1 , respectively, is delivered for NCNFs

Fig. S15d). The long-term cyclic stability of 800-MoP@NCNFs are

lso tested at a high rate. As manifested in Fig. 7 e, a reversible

apacity of 117 mAh g −1 can be retained after 10 0 0 cycles with

00% CE under 2 A g −1 . The performance can be comparable with

ther metal phosphide materials for Na + storage (Table S5). The

iffusion coefficient of the lithium ion (D Na ) is also quantified to

robe into the reaction kinetics of Na + storage (Fig. S17 and Table

6). The D Na approaches 4.0 × 10 –16 cm 

2 s –1 at the full depth of

ischarge, further proving that the electrochemical performance of

oP can be greatly improved via building up the 3D architecture

f MoP@NCNFs. 

To explore the Na + storage mechanism, ex-situ XRD and TEM

easurements were further implemented on the 800-MoP@NCNFs

lectrodes under different voltage depths during the 20th cycle

Fig. S18a). The XRD patterns demonstrate the reversible transfor-

ation of MoP to Na 3 P during the discharge–charge process (Fig.

18b). The lattice fringes with a d-spacing of 0.278 nm correspond-

ng to the (100) planes of MoP (JCPDS no. 24-0771) are identified

t the OCV of 2.9 V (Fig. S18c). And the lattice fringes with a d-

pacing of 0.309 nm assigned to the (102) planes of Na 3 P (JCPDS

o. 04-0764) can be clearly detected at 0.1 V (Fig. S18d). The result

urther verifies the highly reversible conversion reaction between

oP and Na P nanocrystals. 
3 
. Conclusions 

In summary, we proposed a facile and versatile synthetic

trategy to fabricate high-performance MoP@NCNFs for LIBs/SIBs.

he electrolyte readily penetrates into the interconnected con-

uctive nanofiber network, providing a fast charge transport and

romoting a pseudocapacitive behavior. Moreover, the unique

tructure significantly alleviates the active material pulverization

nd enhances the long-term cyclic performance. Therefore, the

oP@NCNFs present outstanding stability with a high reversible

apacity for both Li + and Na + storage. 
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