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ABSTRACT: Transition metal phosphides (TMPs) have gained extensive attention as an attractive candidate for anode
materials used in lithium-ion batteries owing to their relatively low potentials and high theoretical capacities. Nevertheless,
TMPs suffer from severe volume changes during cycling and low electrical conductivity, which limit their further applications.
To achieve high energy and power density, constructing carbon/transition metal phosphide nanostructures is one of the most
effective approaches because of enhanced electron/ion transport. Herein, we report urchin-like spheres assembled by MoP
nanoparticles uniformly embedded in ultrathin carbon sheets via a template-free method. The unique structure of the spheres
offers a synergistic effect to accommodate the mechanical stress during cycling, inhibit nanoparticles aggregation, and facilitate
charge transfer during lithiathion/delithiation processes. As a proof of concept, the nanocomposite electrode exhibits
outstanding cycling stability at a high current rate (e.g,, no obvious capacity decay after 400 cycles at 3 A g~') and superior rate

performance (e.g, 415 mAh g at 8 A g7').
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1. INTRODUCTION

Rechargeable lithium ion batteries (LIBs) are studied
extensively and utilized for electric vehicles (EV) and portable
electronics,' ™ since they were first commercialized by Sony.
Growing consumer demands have stimulated great interests in
developing low-cost electrode materials with long cycling
stability and high energy and power densities. As an alternative
to conventional anodes, conversion-type anode materials, such
as oxides,””® fluorides,” "' sulfides,"*”'* and phosphides,ls_20
have drawn great attention as advanced anode materials for
LIBs owing to their superior volumetric and gravimetric
capacities. Among them, metal phosphides stand out because
of relatively low operation potentials and low polarization.”'
However, poor cycling stability as a result of dramatic volume
change during the charge/discharge processes is the major
challenge for practical applications. To address these issues,
nanostructuring presents an effective approach,”'*">'® which
is advantageous because of shortened solid-state diffusion
paths for fast kinetics. Nanostructured metal phosphide
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anodes, such as nanoparticles, > nanosheets,” nanorods,””

nanowires,”® and hollow spheres,'” have been reported.
Although their electrochemical charge storage properties
have been improved, to a certain extent, achieving long cycle
life with superior rate capability still remains a challenge.
Molybdenum phosphides (MoP) have shown good electro-
chemical activity and high catalzrtic properties as catalysts for
hydrogen evolution reaction.””’ > However, the application of
MoP in LIBs is scarcely investigated. MoP is a conversion-type
electrode material possessing theoretical specific capacity of
632 mAh ¢!, as well as a moderate operation potential and
ecofriendliness. Despite of the advantages, MoP is still suffering
from problems, such as low electrical conductivity, large
volume expansion, and sluggish ion transport. Cho et al. !
reported MoP, anode synthesized by a mechanochemical
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method, which has shown a capacity of S00 mAh g™' ata 0.2 C
rate but for only 60 cycles. It still remains a challenge for
molybdenum phosphide anode materials to realize their
practical potential for extended cycling for LIBs. To tackle
these problems, constructing a doped-carbon incorporated
nanocomposite with strong coupling between active nano-
particles and carbonaceous materials could be an effective way.
The doped-carbon matrix could not only serve as a barrier to
prevent aggregation of nanoparticles, but also improve the
electrical conductivity and shorten the electron transport path
to realize a superior Li-storage performance. In particular, a
uniquely architectured nanoelectrode with high active surface
area can be useful to promote the penetration of the electrolyte
and alleviate volume expansion during cycling, ensuring
stability of structures.

Herein, we demonstrate an urchin-like MoP nanocrystal
embedded in the N-doped carbon matrix (MoP@C) through a
self-polymerization of dopamine hydrochloride followed by a
phosphidation process. In the synthesis, dopamine hydro-
chloride is used to control the particle shape and to serve as
the carbon source for the hierarchical MoP@C. Of particular
interest, the obtained structure is quite unique from previous
reported metal—carbon composites.'®*"**** The designed
nanoarchitecture presents several benefits: (1) the size of MoP
nanocrystals is confined at nanoscale from aggregation by the
polymerization of dopamine, which can be very useful to
shorten the Li" diffusion paths and increase the contact area;
(2) the homogeneously dispersed MoP nanocrystals in the
carbon matrix through the mixing of Mo precursor and
dopamine solutions could increase the contact area between
the active material and carbon matrix, and then decrease the
average stress resulted from Li" insertion/extraction to
promote the structural stability upon extended cycling; (3)
the interconnected conductive paths formed by the carbo-
nation of polydopamine favor fast electron transport,
enhancing rate capability. Consequently, the MoP@C
electrode exhibits excellent lithium storage performance in
terms of cycling stability and rate capability.

2. RESULTS AND DISCUSSION

As illustrated in Scheme 1, the synthesis of urchin-like MoP@
C include the following procedures. First, the Mo-polydoph-
amine composite was prepared via self-polymerization of
dopamine with Mo,0,,° under alkaline condition. Second,
the well-defined MoO, nanocrystal embedded in the carbon
composites (MoO,@C) were produced by heating Mo-

Scheme 1. Schematic Illustration for the Preparation of
MoP@C
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polydopamine (Mo-PDA) precursor. After the phosphoriza-
tion treatment, the MoO,@C was transformed into MoP@C.
The morphology and structure of the MoP@C were
investigated by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). As shown in Figure
la, it is observed that the MoP@C has an urchin-shaped

Figure 1. (a) SEM, (b) low-magnification TEM, and (c and d) high-
magnification TEM images of the as-prepared MoP@C.

structure made of carbon nanosheets. This structure was
further characterized by TEM (Figure 1b), showing an urchin-
like structure with an average diameter of ~500 nm composed
of well-defined nanoparticles, which is consistent with the
MoO,@C (Figure S1). The high magnification TEM image
(Figure 1c) clearly demonstrates that MoP nanocrystals (~5
nm) are embedded throughout the carbon sheets uniformly,
which can prevent erosion of MoP by electrolyte and ensure
interfacial and structural stability of the active materials. The
high-resolution TEM (HRTEM) (Figure 1d) shows lattice
fringes with a 0.28 nm spacing, which is corresponding to the
(100) planes of MoP (JCPDS card no. 65—6487). In addition,
the elemental composition and distribution of MoP@C were
examined by elemental mapping. It is confirmed that the
distribution of Mo, P, C, and N elements is uniform
throughout the whole sample (Figure S2). To reveal the role
of dopamine during the synthesis of the urchin-like MoP@C,
control MoP particles were also prepared using the same
method without dopamine, which only led to large aggregates
of solid MoP particles (Figure S3). It is evident that the
polymerization of dopamine molecules as well as MoP particle
growth can be affected by the reaction of metal chelation
through formation of Mo-PDA.*

XRD result shown in Figure 2 demonstrates that the as-
prepared MoP adopts the hexagonal structure (JCPDS card no.
65-6487) without any other phase. Additionally, the size of
MoP nanoparticle is determined to be ~4.2 nm according to
the Scherrer equation,” which agrees well with the TEM
results. A nitrogen adsorption—desorption measurement was
performed to examine the porous structure. As shown in
Figure 2b, a typical IV isotherm is observed, indicating that the
presence of abundant mesopores in the nanocomposite.*®
According to the nitrogen adsorption—desorption isotherm,
MoP@C exhibits a BET surface area of 185 m* g\,

Raman spectroscopy is performed to investigate the
structure of the nanocomposite. There are two distinct peaks
(Figure 2c) located at 1348 and 1590 cm™', which can be
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Figure 2. (a) XRD pattern of MoP@C, (b) the N, adsorption isotherms of the as-prepared MoP@C, and (c) the Raman spectrum of the MoP@C.

assigned to the D (disordered sp®> carbon) and G band
(graphitic sp* carbon) of carbon materials, respectively. The
Ip/Ig is 0.54, demonstrating the existence of graphitic carbon.
The active material content in the MoP@C composite is
studied using thermogravimetric analysis (TGA). From Figure
S3, during heat treatment, a small weight loss below 280 °C
can be explained by the water removal. Above 280 °C, the
distinct weight loss until 700 °C is ascribed to the carbon
combustion accompanied by the oxidation of MoP. The final
content of MoP and carbon in the MoP@C composite is
determined to be 51% and 49%, respectively.

The chemical state of the urchin-like MoP@C sample is
investigated by X-ray photoelectron spectroscopy (XPS). The
survey spectrum (Figure SS) presents the characteristic peaks
of Mo, P, C, and N. Mo 3d spectrum is shown in Figure 3a, the
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Figure 3. High-resolution XPS spectrum of (a) Mo 3d, (b) P 2p, (c)
C 1s, and (d) N 1s of the MoP@C.

peaks at 236.4 and 233.4 €V correspond to the Mo (II) (3d;,,)
and Mo (3d;/,) peaks. Two peaks presented at 231.5 and
229.1 eV can be attributed to the Mo (IV) 3d;,, and 3ds,
peaks from MoO,, due to the weak surface oxidation of
molybdenum phosphide when exposed to air.”” The other two
peaks located at 232.3 and 228.2 eV are assigned to MoP,
which is consistent with previous report.”” The high resolution
P 2p spectrum is shown in Figure 3b. There is a distinct peak
with a binding energy of 134 eV, which corresponds to the P—
O. Meanwhile, the peaks at 128.9 and 131.0 eV could be
explained to the P 2p;/, and P 2p,, of MoP. Additionally, the
high-resolution C 1s spectrum is fitted to three peaks: the
prominent peak at 285.9 eV corresponds to graphitic C,
whereas the other two peaks located at 285.8 and 288.7 eV, are
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attributed to the C—O and O—C=O0, respectively. The N 1s
spectrum is shown in Figure 3d, where three nitrogen species
are identified: pyridinic-N, graphitic-N, and graphitic-N with
binding energy of 397.6, 399.2, and 400.9 eV, respectively.*®
According to previous reports,””*" the nitrogen-doping can
offer superior electronic conductivity and more active sites,
promoting fast reaction kinetics of lithium storage.

The electrochemical performance of the urchin-like MoP@
C composite were investigated using Li half-cells. The
galvanostatic discharge—discharge voltage profiles are shown
in Figure 4a. MoP@C electrode exhibits an initial discharge
capacity of 1080 mAhg™' and charge capacity 621 mAhg™,
with a corresponding Columbic efficiency (CE) of $8%. The
relatively low initial CE is still a challenge for almost all alloy or
conversion type anodes (e.g., Si, sulfides, fluorides, oxides, and
phosphides), which is associated with the solid electrolyte
interphase (SEI) film formation.*>*"** After several cycles, the
CE is up to ~99.8%, which can be attributed to the uniform
distribution of MoP nanocrystals into the N-doped carbon
matrix, preventing MoP from further reactions with the
electrolyte. It is worth noting that beyond the first cycle, the
discharge and charge profiles almost overlap for subsequent
cycles, indicating a superior cycling stability after the activation
in the first cycle.

The rate capability of the urchin-like MoP@C is evaluated
(Figure 4b). The MoP@C electrode delivers the specific
discharge capacities of 602, 525, 475, and 450 mAh g_1 at the
current rates of 0.5, 1, 3, and S A g_l. Impressively, a discharge
capacity of 415 mAh g™' is achieved even at a high current rate
of 8 A g”'. Moreover, after deep cycling at high current
densities, the electrode still recovers to a discharge capacity of
600 mAh g~' when the current rate is set back to 0.5A g~
This superior rate performance indicates that the as-prepared
urchin-like MoP@C composite could accommodate high rate
cycling without collapse of the structure, favoring the fast Li*
and electron transport. In addition, the cycle life of the urchin-
like MoP@C electrode is evaluated (Figure 4c). A reversible
capacity of 496 mAh g™' is maintained without obvious decay
and slightly increases from the initial capacity of 412 mAh g~/,
which can be attributed to the increased accesses to electrolyte
after the lithiation/delithiation process.*”** The long cycling
performance of the as-prepared MoP@C composite electrode
is assessed at a high current rate of 8 A g”'. From Figure S5,
the electrode maintains a specific capacity of 400 mAh g' after
1000 cycles, suggesting the high reversibility and structure
stability of MoP@C composite electrode. The cycled electrode
was also evaluated by TEM (Figure S7). It can been seen that
the morphology of MoP@C is almost unchanged. The MoP
nanoparticles uniformly disperse in the carbon matrix without
aggregation, indicating the structural stability of the MoP@C
composite. These results are clear evidence that the urchin-like
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Figure 4. Electrochemical properties of the MoP: (a) galvanostatic charge/discharge profiles, (b) rate capabilities of MoP@C and MoP, (c) cycling
performance of the MoP@C and MoP electrode at 1A g™', and (d) EIS Nyquist plots of the MoP@C electrode (inset: equivalent circuit model).

MoP@C electrode exhibits superior structure stability and
electrochemical reversibility.

Electrochemical impedance spectroscopy (EIS) was per-
formed to investigate the kinetic properties of the electrode.
The urchin-like Mop@C electrodes were analyzed before
cycling and after 10 and 50 cycles at S00 mA g~ as shown in
Figure 4d. All Nyquist plots exhibit an identical feature with a
straight sloping line on the low frequency region and a
superimposed semicircle on the medium frequency region. The
measured impedance spectra are fitted by an equivalent circuit
model (Figure S8), and the corresponding fitting parameters
are shown in Table S1. It is evident that the charge-transfer
resistance (R,) of the electrode decreases from 182 to 31 Q
after cycling, which in general is observed in other anode
materials”’ and ascribed to a superior active contact after
cycling.”"** The Warburg impedance (Z,) is related to the
solid diffusion of Li'. After 10 cycles, the Z,, remains almost
unchanged between 10 and 50 cycles. Similar to Z,, the R, and
R, values of the electrode have no obvious changes between 10
and 50 cycles, indicating that electrode is stable after 10 cycles.
These results further confirm the integrity of the urchin-like
MoP@C and the stability of the SEI film on the anode surface,
which matched well with the superior electrochemical
performance.

Cyclic voltammetry (CV) was used to analyze the lithium
storage mechanism of the urchin-like MoP@C electrode. The
CV curves at 0.2 mV s~ in the voltage window of 0.01-3 V
are illustrated in Figure Sa. The cathodic curve in the first cycle
is significantly different from the subsequent cycles, which
presents a distinct peak at around 0.6 V corresponding to the
SEI film formation on the electrode surface.”® After the first
cycle, this peak disappears and the curves almost overlap for
subsequent cycles without significant peak shift, indicating an
excellent reversibility of the MoP@C electrode. During the
cathodic scan peaks at 1.7, 1.13, and 0.24 V can be attributed
to the continuous intercalation of Li* into the MoP to form
LiMoP and the reduction of LiMoP into metallic Mo and
Li,P,*™*" respectively, which is consistent with the charge/
discharge profiles. During the anodic process, peaks at 0.32,
1.5, and 2.03 V could be explained by the Li" extraction from
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the bulk materials. Therefore, the lithiation process could be
expressed as follows:

MoP + xLi" + xe” — Li MoP (1)

2)

The capacitive effect was explored via CV curves at sweep rates
from 0.1 to S mV s™". The corresponding results are shown in
Figure 5b. The total charge storage in the electrode materials
can be separated into three mechanisms: the faradaic
contribution from the Li" insertion, the surface pseudocapa-
citance from the charge transfer process at the electrode
surface and the nonfaradaic contribution from the electrical
double-layer effects. The contribution from diffusion and
capacitive processes can be estimated according to the
relationship****>°

Li,MoP + (3 — x)Li* + (3 — x)e” — Li,P + Mo

(3)

S b
1= av
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where a and b are adjustable parameters. The b value could be
obtained from the slope of the log i versus log v. The b value
varies from 0.5 (diffusion-controlled process) to 1 (capacitive
process). The b-value is calculated for the anodic process.
From Figure Sc, at the anodic peak the b value is 0.72, which
suggests the mixed contribution for the charge storage. At
other potentials, the b values are larger than 0.8, indicating that
the process is controlled by the capacitive behavior. Moreover,
the contribution from the diffusion and the capacitive
processes could be quantitatively determined through equa-
tion*?

i(v) = kp + k'’ (4)

As illustrated in Figure 5d, 56% of the charge storage is from
the surface capacitive processes, which helps to explain the
high rate performance.

3. CONCLUSION

In conclusion, the urchin-like MoP@C nanocomposite is
synthesized by a fast and scalable method, in which ultrasmall
MoP nanocrystals are uniformly dispersed in carbon matrix.
Such a unique structure is beneficial as it could refrain the MoP
nanocrystals from aggregation as well as provide more direct
contact between MoP and the elastic carbon matrix. Such
hierarchical nanoarchitecture helps to relieve the stress due to
volume changes upon cycling and to avoid detrimental
reactions between MoP and the electrolyte. These merits
contribute to the enhanced electrochemical performances of
MoP@C composite electrode in LIBs. It delivers a high
specific capacity of 378 mAh g™ after 400 cycles at 1A g~ and
exhibits excellent rate capability, as well as good cycling
stability.
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