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ABSTRACT

Molybdenum phosphide (MoP) is considered one of the promising electro-active materials for lithium-ion
batteries (LIBs) owing to the high theoretical capacity but development of MoP anodes faces challenges such
as the poor cycle stability. Herein, we propose a facile strategy to synthesize MoP/CNTs microspheres from a
spray drying method followed by a phosphating process. The carbon nanotubes (CNTs) are inlaid
throughout the MoP/CNTs microspheres, which not only promotes the electrical conductivity of the com-
posite, but also relieves volume change during cycling. Benefit from the synergistic effect by coupling the
MoP nanoparticles with CNTs and the nano/micro structure, the anode material of porous MoP/CNTs mi-
crospheres shows excellent cycling stability and specific capacity, for example, a capacity of 1568 mAh g™!
for 300 cycles at 200 mA g!. Quantitative kinetics analysis reveals that the charge storage mechanism of
MoP/CNTs mainly relies on pseudocapacitance behavior, especially at high scan rates (86.6% at 0.5mVs™?),
which improves the lithium storage performance at high scan rates. Our results provide insights into the

design and synthesis of the functional materials with nano-micro structure for high-performance LIBs.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Lithium-ion batteries (LIBs) are very common nowadays in
electric vehicles due to the long cycling life, high energy density,
minimal memory effects, good durability, as well as environmental
benignity [1-4]. Nevertheless, owing to the increasing demand for
higher specific capacity and energy density, graphite anodes with
low specific capacity (372 mAhg!) need improvement or replace-
ment [5,6]. Therefore, development of new advanced anode mate-
rials with high energy density, long cycling life, and rate
performance to replace the traditional anode material is necessary,
albeit challenging.
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A variety of anode materials such as transition metal oxides,
sulfides and phosphates [7,8] has been studied and in particular,
transition metal phosphides are quite attractive owing to the high
theoretical capacity, small electrode polarization, and small poten-
tial range (0.5-1V) in the lithiation/delithiation potential [9-11].
Such small potential range avoids the deposition potential of Li* and
averts the growth of lithium dendrites [10]. In addition, LisP pro-
duced during charging and discharging of transition metal phos-
phides has higher ion conductivity (~10™* Scm™) than lithium
conductors in conventional LIBs anode materials such as Li,O
in metal oxide (~5x10® Scm™) and Li,S in metal sulfide
(~107"® Scm™) [12,13]. Moreover, the anode materials with the
conversion reaction can show high specific capacity [14,15]. There-
fore, much attention has been paid to phosphorus-based materials
such as CoP [16], CusP [17], NiP, [18], MoP [19], SnsP4 [20], and Fe,P
[21], and apply them to anode materials for LIBs.

MoP has a high theoretical capacity (632 mAhg™!), moderate
operation potential, and good electrochemical activity, which is very
promising anode materials for LIBs among the phosphorus-based
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materials [22-24]. One major advantage of MoP electrode is that
charge storage is based on the conversion reaction, so they have
larger energy densities than conventional electrode materials based
on the intercalation mechanism in charge storage [25]. However,
MoP suffers from drawbacks such as the low electrical conductivity,
large volume change, and sluggish ion transport, which tend to be
common in materials with based on the conversion reaction. Re-
sulting pulverization and exfoliation of electrode materials can cause
electrical contact loss, fast capacity fading, and poor rate capability
[14]. Cho et al. [26] reported that the MoP, synthesized by a me-
chanochemical method had only a capacity of 500 mAh ¢! after 60
cycles at 200mA g™, Chai et al. [27] implemented a two-step route
to prepare MoP-C microspheres via carbonization and phosphor-
ization to produce anode materials for LIBs but the MoP-C micro-
spheres only showed poor cycling performance of 1152 mAh g ™! after
150 cycles at 200mA g™ . Liu et al. [28] fabricated MoP@nitrogen-
doped carbon nanofibers by electrostatic spinning but the capacity
of the MoP@NCNFs electrode was only 300 mAh g™! after 500 cycles
at 200 mAh g™, Therefore, a lot of effort is needed to improve the
electrochemical performances of molybdenum phosphide as anode
materials in LIBs. Molybdenum phosphide has been combined with
carbonaceous materials such as carbon nanotubes (CNTs) to improve
its lithium storage property [29]. It is well known that CNTs have
high mechanical strength and an intrinsic conductivity of 10* Scm™
due to the micron-scale length and sp? lattice [30,31]. Based on that,
introduction of CNTs could significantly improve the electrical con-
ductivity and structure stability of the composites, resulting in im-
proved performances as the anode materials in LIBs. Based on the
volume expansion of active materials during cycling, we designed
and synthesized MoP/CNTs microspheres with the synergistic effect
of microsphere and inlaid structure, and MoP/CNTs microspheres
with larger specific surface area also have more active sites.

Herein, a facile and safe strategy to fabricate MoP/CNTs by spray
drying in conjunction with a phosphating process is designed and
described. The CNTs are inlaid throughout the microspheres to
provide not only a 3D conductive network for fast charging and ion
transport, but also adequate space to alleviate volume change during
cycling. In addition, the CNTs avoid aggregation of the MoP nano-
particles. The LIB anode composed of MoP/CNTs shows outstanding
cycling performance and stability at 200mAg™! after 300 cycles
with a high capacity of 1568 mAhg™'. As the current rate is in-
creased, the contribution of pseudocapacitance increases leading to
excellent electrochemical performance of MoP/CNTs microspheres
as anode materials in LIBs.

2. Results and discussion

The schematic diagram of the preparation of the MoP/CNTs mi-
crospheres is depicted in Fig. 1. The samples obtained by spray
drying were annealed and phosphated to obtain Mo,C/CNTs and
MOoP/CNTs in turn, and NaH,PO, is the key agent in the phosphating
process. NaH,PO, decomposes upon heating to disproportionally
generate PH; which works as the phosphating agent. The Mo,C/CNTs
and MoP/CNTs samples all maintain the morphology of micro-
spheres. The final MoP/CNTs microspheres was based on CNT as 3D
skeleton, in which MoP nanoparticles were embedded on the surface
of CNT.

The scanning electron microscopy images (SEM) of the Mo,C/
CNTs microspheres in Fig. ST show that the Mo,C/CNTs sample with
a diameter of 1-2 um has a microsphere morphology. The CNT/Mo
salt/sucrose sample is annealed at 800 °C in Ar atmosphere to obtain
the intermediate product Mo,C/CNTs with the microsphere mor-
phology (Fig. S1a—c). After phosphating, MoP/CNTs keeps the mi-
crosphere structure as depicted in Fig. 2a-c. As shown in Fig. 2a, the
size of the MoP/CNTs microspheres is still 0.5-2 um, which is in-
herited from the Mo,C/CNTs microspheres. We observed the curved
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CNTs on the surface of MoP/CNTs microspheres (Fig. 2b, ¢ and
Fig. S2a, b), which further proves the existence of 3D CNTs skeleton
in microspheres. This structure not only shortens the diffusion paths
of ions and electrons, but also alleviates volume change during li-
thiation/delithiation process [32]. Two MoP/CNTs microspheres with
the same size (1.5pm) are clearly shown in Fig. 2d. As can be seen
from the transmission electron microscope (TEM) images (Fig. S3) of
Mo,C/CNTs microspheres, the diameter of the microsphere is
0.5-2pm , which further proves that MoP/CNTs microspheres in-
herits the diameter of Mo,C/CNTs microspheres. The TEM image
(Fig. 2e) discloses the porous microspheres structure of MoP/CNTs.
More importantly, the MoP nanoparticles are embedded in the CNTs
as shown by the larger image in the red box in Fig. 2e. This micro-
spheres-like structure has a large Brunauer-Emmett-Teller (BET)
specific surface area of 113.4m? g™ as obtained by the N, adsorp-
tion/desorption isotherms (Fig. S3a). The pore size distribution ac-
quired by Barrett-Joyner-Halenda method analysis reveals that MoP/
CNTs contain massive mesopores, which can provide abundant ion
diffusion channels (Fig. S3b) [33]. In fact, the value of MoP/CNTs is
larger than that of the Mo,C/CNTs microspheres (17.5m? g').
Compared to Mo,C/CNTs (Fig. S3c and d), MoP/CNTs possesses a
larger specific surface area arising from the release and penetration
PH3 gas produced by sodium hypophosphate as well as dehydration
[34-37]. The large surface area leads to more contact with lithium
ions of electrolyte, so as to improve the storage performance of li-
thium [38]. The high resolution TEM image (HRTEM) of MoP/CNTs in
Fig. 2f shows lattice fringes with an inter-planar spacing (d) of
0.21 nm corresponding to the (101) plane of hexagonal MoP
(PDF#65-6487). The low-magnification SEM image are shown in
Fig. 2g and the corresponding energy dispersive X ray spectrometer
(EDX) maps acquired from MoP/CNTs microspheres. Mo, P, and C
elements are evenly distributed in the microspheres as showed in
Fig. 2h-j.

The X-ray diffraction (XRD) pattern of Mo,C/CNTs sample are
presented in Fig. S2. The diffraction peaks at 34.4°, 38.0°, 39.4°, 52.1°,
61.5°, 69.7°, 72.4° 74.6° and 75.5° from Mo,C/CNTs microspheres
correspond to the (100), (002), (101), (102), (110), (103), (200), (112)
and (201) plane of monoclinic Mo,C (PDF#35-0787). There is also a
weak carbon peak at 26°. The XRD pattern of MoP/CNTs in Fig. 3a
confirms the hexagonal MoP phase and it is in line with previous
observation [39]. The diffraction peaks at 28.0°, 32.0°, 43.0°, 57.1°,
57.7°, 64.8°, 67.0° 67.6° and 74.1° stem from the (001), (100), (101),
(110), (002), (111), (200), (102) and (201) plane of monoclinic MoP
(PDF#65-6487), whose crystal structure is shown in Fig. 3b. Ther-
mogravimetric (TG) curves of MoP/CNTs and Mo,C/CNTs are shown
in Fig. S4, and the final product of them is MoO- after a specific
program of heating in air. According to the principle of Mo quality
constant, we calculated the contents of MoP and Mo,C in MoP/CNTs
and Mo,C/CNTs samples were 85.2% and 68.5%, respectively.

To study the valence states of MoP/CNTs, X-ray photoelectron
spectroscopy (XPS) is performed and the results are shown in
Fig. 3c-f. The survey spectrum of MoP/CNTs (Fig. 3¢c) discloses Mo, P
and C signals, which further demonstrated the existence of MoP and
CNT in this material. In the fitted Mo 3d spectrum (Fig. 3d), the two
peaks at 236.2 and 233.2 eV can be assigned to Mo 3d3/, and 3ds; of
MoOs, respectively and the two peaks located at 232.4eV and
228.8 eV are associated with Mo 3ds; and 3ds, of MoO,. The reason
for a high valence state of molybdenum is that the surfaces of MoP
are partially oxidized in air. The two double peaks at 231.6eV and
228.4 eV represent MoP species [27]. The deconvoluted peaks for the
P 2p spectra at 130.6 and 129.6 eV are associated with P 2py/, and
2ps32 of P-Mo bond (Fig. 3e) [40], respectively. The peaks at 133.7 eV
and 134.8 eV are attributed to P-C bond and P-O bond, and P-O is
derived from PO4>" and P,05 formed by the oxidation of MoP surface
[41-45]. The C 1s spectra (Fig. 3f) shows that peaks at 287.1, 285.3,
284.6 and 283.7 eV can be associated with C-O, C-0, C-C/C=C, and
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Fig. 1. Schematic illustration of the preparation of the MoP/CNTs microspheres.

C-P further confirming that the MoP particles and CNTs are chemi-
cally bound by C-P bonds [34,44,46,47].

The voltammograms (CVs) curves of the MoP/CNTs electrode
with a sweep rate of 0.1 mV s™! was shown in Fig. 4a. A cathodic peak
appears at 0.60V in the first cathodic sweep, which can be assigned
to decomposition of electrolyte and the formation of solid electro-
lyte interface (SEI) film [48]. A redox pair peaks centered at 1.13/
1.51 Vin the subsequent cycles, is attributed to lithiation/delithiation
of Li* [38,49]. The galvanostatic discharge/charge curves of the MoP/
CNTs obtained at 200mA ¢! in a range from 0.01 to 3.0V, as shown
in Fig. 4b. The initial discharge/charge capacities of MoP/CNTs are
about 1860 and 1722 mAh g™?, respectively and the coulombic effi-
ciency is 92.5%. The large loss of irreversible capacity in the first
cycle arises from the irreversible processes affected by the formation
of SEI film [50]. For the 2nd cycle, the 2nd discharge/charge capa-
cities of MoP/CNT were about 1702/1690 mAhg™'. The coulombic
efficiency at the 2nd, 5th, 10th and 300th cycle increases to 98.9%,
99.2%, 99.8%, and 99.9%, respectively, due to reversible lithium ions
insertion during cycling.

The cyclabilities of MoP/CNTs and Mo,C/CNTs are evaluated at a
current density of 200mAg™! as shown in Fig. 4c. The initial dis-
charge/charge specific capacities of MoP/CNTs are 1858/1724 mAh g ™!
and the coulombic efficiency is 92.7%. The capacity loss is associated
with irreversible processes including insertion of lithium-ion into the
MoP lattice as well as formation of the SEI film [51]. Over long cycle
process, the MoP/CNTs electrode still displayed pretty cycling stability
with pimping capacity attenuation, for example, discharge capacity of
1568 mAh g™! after 300 cycles, which is better than that of Mo,C/CNTs
(902 mAhg™). From the SEM images (Fig. S7) of the MoP/CNTs

electrode after 300 cycles, it can be seen that there is almost no da-
mage to the structure of MoP/CNTs microspheres, which further
proves that MoP/CNTs has good cycling stability. This result further
indicating that the performance of Mo,C/CNTs after phosphorization
(MoP/CNTs) got a big promotion. It is worth mentioning that MoP/
CNTs presented pretty capabilities of 1871, 1503, 1222 and 810 mAh
¢! at current densities of 100, 200, 500, and 1000 mA g™}, respec-
tively (Fig. 4d). Even when the rate be set to 1000 mA g, the capacity
still reserves 810 mAh g™!. When the current density is returned to
100mA g™, a capacity of 1675 mAhg™" is remained indicating out-
standing rate capacity. Compared with the Mo,C/CNTs, MoP/CNTs
showed relatively high rate capabilities, indicating that it possess
excellent electrochemical performance during cycling.

The long-term cycling stability at high current density is an im-
portant criterion for practical applications, which is evaluated at a
rate of 1000mAg™' (Fig. 4e). MoP/CNTs exhibits 668 mAhg™! after
1000 cycles along with coulombic efficiency of 99% at 1000 mA g™},
which should be assigned to the lithiation-induced reactivation and
stabilization of MoP [52,53]. The rapid decay of the early capacity is
mainly due to the formation and instability of SEI film, especially at
high current density. Due to the stabilization of SEI film and the
activation of active materials, the late capacity decay is slow
[11,19,28]. Better accommodation of lithium-ion improves the ac-
cessibility of lithium-ion during long-term cycling so that utilization
of MoP is enhanced. Compared with other metal phosphide anode
materials reported in the literature, the MoP/CNTs anode has ex-
cellent reversible capacity as shown in Table S1.

To explore the lithium storage behavior of MoP/CNTs, an analysis
of the kinetics was carried out. The CV curves of the MoP/CNTs
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Fig. 2. (a-c) SEM images of MoP/CNTs microspheres. (d-f) TEM images of MoP/CNTs microspheres. (g-j) SEM image and the corresponding elemental mapping of Mo, P and C for
MOoP/CNTs.

Fig. 3. (a) XRD patterns of MoP/CNTs. (b) Crystal structure of MoP. (c) Survey XPS spectra of MoP/CNTs microspheres. (d-f) The corresponding XPS fitted spectrum of Mo 3d, P 2p
and C 1s.
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Fig. 4. (a) CV curves of the MoP/CNTs electrode at a scan rate of 0.1 mVs™" in 0.01-3.0V vs. Li*/Li. (b) Charge-discharge profiles of the MoP/CNTs anode at 200mA g™'. (c) Cycling
capability of the MoP/CNTs and Mo,C/CNTs electrodes at a current density of 200 mA g™'. (d) Rate capability of the MoP/CNTs and Mo,C/CNTs anodes at various current densities.
(e) Longer-term cycling performance of the MoP/CNTs electrode at a current density of 1000mAg™".

electrode acquired at different scan rates from 0.1 to 1.0mVs™' are
shown in Fig. S5. The charge storage behavior of MoP/CNTs is studied
according to the relationship between peak current (Ip) and scan rate
(v) as following Egs. (1, 2) [54,55]:

Ip = avb (1)
or deformation:
logl, = loga + blogv (2)

Where a and b are adjustable parameters. The b-value represents the
dominated charge-storage behavior which exists two conditions:
b=0.5 and b=1.0. When b-value is 0.5, it is a diffusion-controlled
reaction but when b is 1.0, it is a capacitive controlled behavior. By
fitting the log v-log Ip curves (Fig. 5a), the b-value of anodic and
cathodic peaks are 0.87 and 0.85, respectively. Hence, the charge
storage of MoP/CNTs electrode is mainly controlled by the pseudo-
capacitive behavior. To analyze quantitatively the capacitive and
diffusion contributions in MoP/CNTs electrode, the result is calcu-
lated according to the following Eqs. (3, 4) [56]:

i=kv+ k2 (3)
or deformation:
i/vl/z — klvl/z +k (4)

The current (i) at a fixed potential (V) contains pseudocapacitive
behavior (kqv) and diffusion-controlled contributions (k,z'/?). k; and
k, can be determined by fitting i/v'/? versus v'/? to get the slope (k;)
and intercept (k;), respectively. The current arising from diffusion-
controlled and pseudocapacitive processes are able to be dis-
tinguished quantitatively. We can see clearly that the surface capa-
citive mechanism become pronounced at higher sweep rates from
Fig. S6 and the pseudocapacitive contribution at 0.5mVs™! shows a
large value (86.6%) (Fig. 5b). The depressed diffusion and dominant
capacitive contribution at higher rates are clearly illustrated in
Fig. 5c. The results suggest that structural engineering of metal

phosphides and CNTs is promising in improving the electrochemical
performance of LIBs.

Electrochemical impedance (EIS) spectra is performed to study
the charge transfer kinetics of the Mo,C/CNTs and MoP/CNTs elec-
trodes. Nyquist plots and corresponding equivalent circuit model of
Mo,C/CNTs and MoP/CNTs are shown in Fig. 5d and S7. The Rg and R¢
stem from the high frequency region of Z' axis, which correspond to
the impedance of the electrolytes and SEI film, respectively. The
charge transfer impedance (R.;) stems from the middle frequency
semicircle of the Z' axis [57]. The MoP/CNTs electrode reveals a
smaller value of Ry (48.2Q) than that of Mo,C/CNTs electrode
(115.7 Q) (Table S2). Meanwhile, MoP/CNTs showed a smaller value
of Ry (2.3Q) than that of Mo,C/CNTs (8.2 Q) electrode. Compared
with Mo,C/CNTs electrode, this result further proved that transport
of lithium-ions and electrons are easier on the MoP/CNTs electrode.

In order to study the lithium-ion diffusion at the electrode/
electrolyte interface, the diffusion coefficients of the lithium ion (Dy;)
are determined according to Eqs. (5-7) [58,59]:

w = 27f (5)

Z' = Rg + R + ow™1/2 (6)
R2T?

M A FAC2g2 (7)

R is the gas constant (8.314] mol™' K™!), o represents the Warburg
coefficient, T is Kelvin temperature (298.15 K), A refers to the area of
electrodes (2.01 cm?), n is the electron number, F represents faraday
constant (96485 Cmol™!) and C refers to the molar concentration of
lithium-ion (1 mol L™!). The values of ¢ can be determined by fitting
Z' versus o 2 and the corresponding values of Dy; are calculated
from Eq. (7). Fig. 5e demonstrates the fitting result of ¢ in which
there is an apparent smaller slope of MoP/CNTs (68.03 Qs 1/2)
compared to Mo,C/CNTs (91.79 Qs™'/?). Accordingly, the MoP/CNTs
has a Li* diffusion coefficient of 2.4 x 10712 cm? s™!, which is larger
than that of Mo,C/CNTs (2.6x10""® cm? s™!), which suggesting a
faster reaction kinetics (from MoP to LisP) (Fig. 5f) [28]. The larger
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Fig. 5. (a) b value obtained by the slope of plots log v vs. log Ip for reduction and oxidation states. (b) Capacitive-controlled contribution to the total current at a scan rate of
0.5mV s, (c) Current contribution ratio of capacitive and diffusion-controlled process at different scan rates. (d) Nyquist plots of the MoP/CNTs and Mo,C/CNTs electrodes. (e)

Liner relation of w™'/? vs. Z'. (f) Dy; of the MoP/CNTs and Mo,C/CNTs electrodes.

Fig. 6. Schematic illustration for the lithium storage mechanism of the MoP/CNTs electrode.

diffusion coefficient probably comes from the 3D CNTs skeleton and
high specific surface area of MoP/CNTs. The lithium storage me-
chanism of the MoP/CNTs is shown in Fig. 6, and its good lithium
storage performance is mainly due to the appropriate combination
of the 3D CNTs skeleton and MoP nanoparticles. Therefore, the ex-
cellent electrochemical characteristics of MoP/CNTs can be attrib-
uted to three factors: 1) The larger specific surface area provides
more reaction sites for redox reaction kinetics; 2) The theoretical
specific capacity of MoP is high; 3) The synergistic effect of the inlaid
structure and the microsphere structure can prevent the collapse of
the active material structure during the cycle process, thus im-
proving the long cycle performance of Lithium-ion batteries.

3. Conclusions

In this work, we came up with a two-step strategy combining
carbonization and phosphorization to prepare MoP/CNTs as efficient
anode materials for LIBs. The 3D CNTs skeleton not only improves
the electronic conductivity of the material, but also alleviates the
volume change during cycling. Moreover, the unique structure al-
leviates pulverization of the active material and improves the elec-
trochemical performance of the MoP/CNTs electrode. Therefore, the
prepared MoP/CNTs electrode behaved pretty cyclic reversibility of
1568 mAh g™! after 300 cycles at 200 mA g™'. This strategy for pre-
paration of MoP/CNTs is safe and facile, which may provide more
approaches for preparing Transition metal phosphates as materials



Y. Wang, D. Zhang, Y. Yang et al.

in other energy applications including other types of batteries and
water splitting electrodes.
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Experimental section

Synthesis of Mo2C/CNTs microspheres

In brief, 0.05 g of acid treated functionalized CNTs [ 1] (prepared by modified Hummers method)
were added to a mixture solution containing 20 mL of DI water and 40 mL of ethanol, then
which was dispersed by ultrasonication for 40 min. Afterwards, 0.15 g of ammonium molybdate
tetrahydrate and 0.25 g of sucrose were added successively to the dispersed CNT solution. After
stirring for two hours, the above solution was spray-dried at 180 °C in air with a feed rate of
600 ml h''. The powders obtained were heated to 800 °C from the room temperature with a
ramping rate of 2 °C min™ and then annealed at 800 °C for 5 h in Ar atmosphere to obtain the
Mo,C/CNTs microspheres.

Synthesis of MoP/CNTs microspheres

In the synthesis of MoP/CNTs, the M0o,C/CNTs and NaH,PO, were placed on two different
crucibles with a mass ratio of 1: 26 and placed in the upstream and middle part of the furnace,
respectively. Subsequently, the furnace was heated to 800 °C at a rate of 5 °C min™! and held
for 2 h in a static argon atmosphere [2]. The sample was retrieved from the crucible in the

middle of the furnace after cooling, which is the final product MoP/CNTs microspheres.

Material Characterization

The morphology of materials was examined by the scanning electron microscope (SEM,
Hitachi S-4800, Japan) and the phase was determined by powder X-ray diffraction (XRD,
Bruker D2 PHASER, Germany). Transmission electron microscopy was carried out by a
FETEM (TEM, Tecnai G2 F20, USA) to analyze the microstructures. Elemental composition
and atomic bonding information were obtained by X-ray Photoelectron Spectroscopy (XPS, K-
ALPHA 0.5 eV, USA). The obtained adsorption-desorption isotherms (BET, ASAP 2460, USA)
were evaluated to determine the pore parameters including specific surface area and pore size.

Thermogravimetric analysis (TGA) measurements were performed on aSTA499f5 analyzer.

Electrochemical Measurements

The electrodes for lithium ion batteries (LIBs) were prepared by mixing the electro-active
material, conductive carbon material and polymer binder with a weight ratio of 7: 2: 1 to form
a homogeneous suspension. The area of each electrode is ~2 cm? and the areal density of active

material for each electrode is ~1.2 mg cm™. The batteries were assembled in glove box (Lab-



2000, China) under Ar atmosphere with Li-metal foil as the counter electrode, celgard (2500)
as the separator, and 1 M LiPF solution containing diethyl carbon as well as ethylene carbonate
(1: 1, volume) as the electrolyte. Galvanostatic cycling was conducted with CR2032 cells
on the battery-testing system (Neware CT-3008, China) in the voltage range between
0.01 and 3.0 V. Cyclic voltammetry (CV) was carried out on a VMP3 electrochemical
workstation under different scanning rates. Electrochemical impedance spectroscopy (EIS) was
performed by applying a sine wave with an amplitude of 0.5 mV in the frequency range of 10
mHz-100 kHz. Charge/discharge tests were done using a Neware battery testing system in the

potential range from 0.01 to 3.0 V (vs. Li"/Li).



Fig. S1. SEM image of M0,C/CNTs.



Fig. S2. TEM images of MOP/CNT microspheres.



Fig. S3. TEM images of Mo,C/CNTs.



Fig. S4. XRD pattern of the Mo,C@CNTs.



Fig. SS. (a) BET curve of the MoP/CNTs. (b) Pore size distribution curve of the MoP/CNTs. (c) BET

curve of the Mo,C/CNTs. (d) Pore size distribution curve of the Mo,C/CNTs.



Fig. S6. Thermal gravimetric (TGA) profiles of the Mo,C/CNTs and MoP/CNTs in air with a heating

rate of 5 °C min’..



Fig. S7. SEM images of MoP/CNTs after 300 cycles.



Fig. S7. CV curves of the MoP/CNTs electrode at different scan rates from 0.1 to 1 mV s,



Fig. S8. (a-d) Separation charge contributions of the capacitive and diffusion-controlled proportions at

scan rate of 0.1, 0.2, 0.7 and 1 mV s™! for the MoP/CNTs electrode.



Fig. S9. Equivalent circuit for the EIS experimental data.



Table S1 Comparison of different metal phosphide anodes in the literature and our anode described in

this paper.
Retention capacity Current density
Anodes Reference
(mAh g™ (mAgh)
MoP-C 575 (100* cycle) 100 [3]
MoP@NCNFs 840 (200" cycle) 100 [4]
NiPs@C/GNS 900 (100™ cycle) 100 [5]
MoP@C 1028 (100™ cycle) 100 [6]
Ni,P/C 324 (200" cycle) 200 [7]
Peapod-like CoP@C 720 (50™ cycle) 200 [8]
MoP/CNTs
660 (1000™ cycle) 200 This work

microsphere




Table S2 Fitted electrochemical resistance parameters of the Mo,C/CNTs and MoP/CNTs electrodes for

lithium storage.

Sample R (Q) Rt (Q) Ru (Q)

Mo,C/CNTs 8.2 9.5 115.7

MoP/CNTs 23 2.9 48.2
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