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ABSTRACT: Black phosphorus (BP) is a promising electrode material with high
energy density for lithium-ion batteries. However, volumetric expansion of BP upon
lithiation leads to rapid capacity fading of the electrode. Herein, BP composite
electrodes are prepared by mixing microsized BP particles with carbon nanotubes and
KetjenBlack as dual conducting agents, which facilitate the construction of stable and
conductive networks in the electrodes. An ultrathin TiO2 nanocoating is deposited on
the surface of the BP composite electrode by electron-beam evaporation. The TiO2
nanocoating acts as a protective layer to prevent the BP particles from directly
contacting the electrolyte by forming a LixTiyOz passivation coating on the electrode
surface. The LixTiyOz passivation layer suppresses propagation of the formed
irreversible solid electrolyte interlayer on the BP particles, resulting in an improved
Coulombic efficiency of the BP electrode. Moreover, the LixTiyOz passivation layer
facilitates lithium-ion diffusion and electron transfer and thus superior cycling and rate
performance of the BP electrode are achieved.
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1. INTRODUCTION

With the rapid development of electric vehicles, new electrode
materials with high energy densities are in high demand.
Phosphorus is a promising candidate to replace graphite as a
new-generation anode material because it possesses high
theoretical specific capacity (2596 mAh g−1) and a suitable
lithiation potential, which can effectively prevent the formation
of metallic lithium plating.1−6 Among the allotropes of
phosphorus, black phosphorus (BP) is more stable than
white phosphorus at room temperature and in air, and is more
conductive than red phosphorus. BP has attracted widespread
attention in a variety of fields, especially for energy storage.7−15

As a typical two-dimensional material, orthorhombic BP
exhibits a honeycomb-puckered structure with a large gap of
approximately 0.5 nm between two adjacent phosphorene
layers, and lithium ions can rapidly diffuse on the phosphorene
layer and inside the bulk BP along the zigzag direction.16−18

Thus, a potentially excellent rate performance is expected
compared to that of the commercial silicon/carbon composites
anodes. Therefore, both high energy density and power density
can be achieved in BP electrodes for lithium-ion batteries
(LIBs). However, similar to Si, Sn, and SnO2, BP suffers from
rapid capacity fading owing to its severe volume change
(∼300%) as it reacts with three Li atoms to form the Li3P

phase during cycling.19−21 One approach to solve this issue is
to reduce the size of the BP particles. Because of the harsh
conditions of BP synthesis and its insolubility in most solvents,
it is difficult to reduce the particle size of BP and fabricate BP−
carbon composites by simple heat treatment or a solution
method.4,22−25 Recent studies have demonstrated that the
cycle life of BP electrodes can be prolonged by reducing the
particle size to the nanometer scale by high-energy ball milling
or exfoliating BP into a few layers by liquid exfoliation
methods.7−12 Nevertheless, the preparation processes need to
be strictly performed in an inert atmosphere owing to the
instability of monolayer or few-layer BP in air. Furthermore,
the final lithiation product, Li3P, is insulating and electro-
chemically inactive,26 so a large number of carbonaceous
materials (usually more than 50 wt %) are added to the BP
electrode as a conducting agent, which severely hinders its
practical application.
Another reason for the capacity loss of BP anodes is the

propagation of the solid electrolyte interlayer (SEI) resulting
from severe pulverization of BP particles during cycling. To
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address this issue, applying a surface coating to electrodes has
been extensively used to provide an interface between the
electrode and the electrolyte.27,28 Differing from the traditional
powder-coating approach, the electrode-coating method can
protect the surface of the active material from electrolyte
erosion while maintaining the electronic pathways between the
active material and conductive agents/the current collector in
the electrode.29,30 TiO2 is considered to be a stable coating
material owing to the “zero-strain” characteristics during the
formation of LixTiO2 upon lithiation. Especially for amorphous
TiO2 and for small anatase particles, the lithiated LixTiO2
becomes an electronic conductor when x is close to 1.31,32

Therefore, the TiO2 coating can tightly adhere to the BP
electrode during charge−discharge processes while being
beneficial for the electrochemical performance of the electrode.
Among a variety of deposition methods, such as layer-by-layer
deposition,33 sputtering,30 chemical vapor deposition,34 atomic
layer deposition,29 and vacuum evaporation,35 the vacuum
evaporation method is widely used due to its universality and
low cost.
Herein, we fabricated BP electrodes by coating slurries of

ball-milled BP particles, carbon nanotube (CNT) and
KetjenBlack (KJB) conducting agents, and poly(vinyl
difluoride) (PVDF) in N-methyl-2-pyrrolidine (NMP) onto
Cu current collectors. The content of the microsized BP
particles in the electrodes is about 62 wt %. Even though BP is
highly conductive, the final lithiation product, Li3P, is
insulating. Therefore, both CNTs and KJB were used as dual
conductive agents. Owing to the large aspect ratio of CNTs
and excellent electrical conductivities of both CNTs and KJB, a
conductive network is established in the electrode that helped
to maintain the stable structure of the electrode. An ultrathin
TiO2 coating (thickness of 50 nm) was deposited on the BP
electrode by a vacuum evaporation method. The TiO2

nanocoating acts as a sacrifice layer and provides a stable
LixTiyOz interface between the active material and the
electrolyte for suppressing propagation of the in situ formed
SEI layer on the BP particles during cycling. Moreover, the
LixTiyOz passivation layer facilitates lithium-ion diffusion and
electron transfer, so that the BP electrode with the TiO2
nanocoating has a specific capacity of 1048 mAh g−1 and a
Coulombic efficiency of about 99% after 100 cycles, compared
with only 706 mAh g−1 for the pristine BP electrode.

2. MATERIALS AND METHODS
2.1. Synthesis of BP. Red phosphorus (112 mg), Sn (9 mg), and

SnI4 (4.5 mg) were loaded in a silica ampoule under a vacuum of ∼3
Pa. The ampoule was heated at 400 °C for 2 h, 600 °C for 24 h, and
500 °C for 3 h. The obtained bulk BP sample was ground into a
powder, washed with dimethylbenzene at 110 °C to remove any
residual mineralizer, and then washed with ethanol. Subsequently, 50
mg of the BP powder was dispersed in 200 mL of NMP by tip
sonication (190 W) for 8 h. The BP dispersion was centrifuged at 12
000 rpm for 20 min. The precipitate was washed with ethanol and
dried to obtain BP microparticles. Few-layer BP sheets were also
collected from the supernatant for structural characterization.

2.2. Preparation of the BP and BP@TiO2 Electrodes. BP, KJB
(600J, SCM Hypnergy Material Tech Co., Ltd., Shanghai, China),
CNTs (Beijing Funate Innovation Technology Ltd., Beijing, China),
and PVDF were mixed in NMP at a mass ratio of 8:1:1:1. The BP
slurry was then ball-milled for 8 h under an argon atmosphere. The
ball-milled BP slurry was deposited on a copper foil, dried in a
vacuum oven, and cut into 10 mm-diameter pieces to obtain BP
electrodes. The typical BP loading was 0.5 mg cm−2. The BP content
in the electrode was about 62 wt % based on the thermogravimetric
analysis (TGA) results (Figure S1) owing to the loss of BP during the
ball-milling process. The BP@TiO2 electrodes were prepared by
coating an ultrathin TiO2 layer on the BP electrodes in an electron-
beam evaporation system (L-400EK, Anelva, Japan) with an
evaporation rate of 1 Å s−1 under a vacuum of 5 × 10−4 Pa.

Figure 1. (a) Photograph of a bulk BP single crystal. (b) Top and side views of the atomic structure of phosphorene. (c) SEM image of BP
microparticles. (d) TEM image of few-layer phosphorene. (e) XRD patterns of the bulk BP and BP microparticles. (f) Raman spectrum of BP
flakes.
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2.3. Characterization. The structures and morphologies of the
BP particles, KJB conducting agent, TiO2 coating, and electrodes were
characterized by X-ray diffraction (XRD), TGA, scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
energy-dispersive X-ray spectroscopy mapping, X-ray photoelectron
spectroscopy (XPS), and Raman spectroscopy. The electrochemical
performances of the BP and BP@TiO2 electrodes were characterized.
Experimental details can be found in previous papers.36,37

3. RESULTS AND DISCUSSION
Roselike bulk BP single crystals as large as 9 mm composed of
submillimeter BP flakes were synthesized by a simple
mineralizer-assisted method (Figure 1a). A typical BP crystal
consists of atomic BP layers stacked by van der Waals forces
(Figure 1b). Each phosphorus atom is covalently bonded to
three neighboring phosphorus atoms by sp3 hybridization,
forming a puckered structure. An SEM image of the BP
microparticles and a high-resolution TEM (HRTEM) image of
few-layer BP are shown in Figure 1c,d. The average size of the
BP microparticles is ∼5 μm. The lattice fringe of 0.34 nm is
indexed to the (021) plane of highly crystalline BP. The XRD
patterns of the bulk BP and BP microparticles are shown in
Figure 1e. There are three intense diffraction peaks at 17.3,
34.5, and 52.5°, corresponding to the (020), (040), and (060)
planes of BP (PDF no. 47-1626). Notably, the BP micro-

particles that were obtained by mechanical grinding show more
diffraction peaks in the XRD pattern, suggesting less
preferential orientation compared to that of the bulk BP.
The Raman spectrum of the BP flakes in Figure 1f shows three
prominent peaks: the out-of-plane phonon mode at 361.6 cm−1

(Ag
1) and two in-plane modes at 438.9 cm−1 (B2g) and 466.1

cm−1 (Ag
2). All of these results suggest high purity and

crystallinity of BP with an orthorhombic structure. The
microstructure and length distribution of the CNTs and the
microstructure and BET results of KJB are shown in Figure S2.
The diameter of the CNTs is about 20 nm, and their lengths
range from 100 to 1500 nm with an average length of 750 nm.
The specific surface area of the KJB conducting agent is about
1344 m2 g−1 with typical pore sizes of 3 and 10 nm.
A TiO2 nanocoating was deposited on the surface of the BP

electrode by electron-beam evaporation to improve its
electrochemical performance. The XRD patterns of the BP
and BP@TiO2 electrodes are shown in Figure 2a. The peaks
are indexed to the orthorhombic BP and cubic copper phases.
The SEM image of the BP electrode in Figure 2c shows that
BP microparticles transformed into microsheets during the
ball-milling process. Because of the preferential orientation of
the BP microsheets, there are only three main peaks in the
XRD pattern. In addition, for the BP@TiO2 electrode, the

Figure 2. (a) XRD patterns and (b) Raman spectra of the BP and BP@TiO2 electrodes. SEM images of the surface of the (c) BP and (d) BP@
TiO2 electrodes. (e) Cross section of the BP@TiO2 electrode. (f) STEM image and its corresponding elemental maps of the BP@TiO2 electrode.
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peaks of the TiO2 phase are not observed, indicating the
amorphous and ultrathin nature of the TiO2 nanocoating.
Raman spectra of the BP and BP@TiO2 electrodes are shown
in Figure 2b. The Raman peaks at 358, 432, and 462 cm−1

correspond to the modes of BP, and the peaks at 1348 and
1582 cm−1 are indexed to the carbonaceous conducting agent.
The additional peak at 155 cm−1 can be attributed to extension
vibration of TiO2 with the anatase structure (Eg mode), and
the blue shift of 144 cm−1 might result from the reduced grain
size and surface strain.38 The SEM image of the BP electrode
shows that the CNT conducting agent is tightly wrapped
around the BP microsheets with preferential orientation. As a
long-range conducting agent, the CNTs provide continuous
conductive paths to bridge different BP microsheets owing to
the high aspect ratio of CNTs. As a short-range conducting
agent, KJB provides sufficient conductive paths between
adjacent BP microsheets owing to its high specific surface
area (Figure 2c). For the BP@TiO2 electrode, a continuous 50
nm-thick TiO2 layer completely covers the electrode surface
(Figure 2d,e). A scanning transmission electron microscope
(STEM) image of the BP@TiO2 electrode and the
corresponding EDX maps of P and Ti suggest a uniform
TiO2 nanocoating on the surface of the BP electrode (Figure
2f).
Both the cycling and rate performance of the BP electrode

are effectively improved by depositing a TiO2 nanocoating on
the surface of the electrode. The cycling performance of the BP
and BP@TiO2 electrodes at a current density of 0.2C is shown
in Figure 3a. The specific capacity of the BP electrode during
the 20th cycle is 1496 mAh g−1, and it then rapidly decays. In
the 100th cycle, the specific capacity is only 706 mAh g−1 and
the Coulombic efficiency is 97.85%, with a capacity retention
of 41.83% compared to the value in the 2nd cycle, probably
because of the microstructure degradation of the electrode.
Compared to abnormal attenuation of the BP electrode, both
the capacity retention and Coulombic efficiency improve with
a TiO2 nanocoating on the electrode. In the 100th cycle, the
specific capacity and Coulombic efficiency of the BP@TiO2
electrode are 1049 mAh g−1 and 99.06%, respectively, with a
capacity retention of 53.96%. To evaluate the contribution of
TiO2 to the capacity of the electrode, the cycling performance

of the TiO2 nanocoating was also tested (Figure S3a). In this
case, TiO2 was directly deposited on the Cu foil under the
same evaporation condition, with an average mass loading of
0.08 mg cm−2. The initial specific capacity is about 231.8 mAh
g−1, and it quickly becomes stable at around 50 mAh g−1,
suggesting small contribution of the TiO2 nanocoating to the
overall capacity.
The typical charge−discharge curves and the corresponding

voltage hysteresis (ΔE), which are related to the electro-
chemical reversibility, are also shown in Figure 3b. The BP@
TiO2 anode shows larger capacity but lower discharge plateau
and higher charge plateau. The larger voltage gap of 0.35 V
suggested that electrode polarization resulted from the TiO2
nanocoating. After 100 cycles, the voltage hysteresis of the
BP@TiO2 anode reduced to 0.21 V (Figure S4), which
benefited from the existence of the TiO2 nanocoating. In
comparison, the voltage hysteresis of the BP anode increased
from 0.22 to 0.28 V after 100 cycles. To investigate the
lithiation and delithiation processes of the BP and BP@TiO2
electrodes, the CV profiles of the two electrodes at a scanning
rate of 0.1 mV s−1 were recorded in the voltage range 0.01−2.0
V (Figure 3c). The broad cathodic peak at 1.65 V may
correspond to the lithiation of the anatase TiO2 nanocoating,

39

and it disappears in the subsequent scans, indicating the
irreversibility of the TiO2 nanocoating. These results could be
proved by the charge−discharge curves of the TiO2 nano-
coating (Figure S3b). Besides, the four distinct cathodic peaks
and three anodic peaks, belonging to BP, at about 0.93, 0.82,
0.69, and 0.10 V correspond to the formation of LixP (x < 1),
LiP, Li2P, and Li3P, respectively.

16,21 The anodic peaks at 1.04,
1.21, and 1.33 V suggest a stepwise delithiation process from
the Li3P phase to the LixP phase (1 ≤ x ≤ 3).
The rate performance of the BP and BP@TiO2 electrodes is

shown in Figure 3d. For the BP@TiO2 electrode, a high
reversible capacity of 1508 mAh g−1 is obtained at 0.1C during
the 6th cycle. As the cycling rate successively increases, the
BP@TiO2 electrode delivers specific capacities of 1308, 1099,
909, 652, 446, and 327 mAh g−1 at 0.2, 0.5, 1, 2, 5, and 10C.
When the cycling rate sets back to 0.1C, the capacity of the
BP@TiO2 electrode recovers to 1194 mAh g−1, demonstrating
the excellent reversibility of the BP@TiO2 electrode. For

Figure 3. (a) Cycling performance and (b) charge−discharge curves (2nd cycle) of the BP and BP@TiO2 electrodes. (c) Cyclic voltammetry (CV)
curves of the BP@TiO2 electrode at a scanning rate of 0.1 mV s−1. (d) Rate performance of the BP and BP@TiO2 electrodes. (e) SEM image of the
BP electrode after 30 cycles. (f, g) Surfaces and (h) cross sections of the BP and BP@TiO2 electrodes after 100 cycles.
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comparison, the BP electrode has relatively low specific
capacities of 1222, 1053, 870, 739, 550, 344, and 253 mAh
g−1 at 0.1, 0.2, 0.5, 1, 2, 5, and 10C. Compared with previously
reported specific capacities of phosphorus-based anodes at
around 0.2C based on the mass of the electrode, the BP@TiO2
electrode in this work has excellent electrochemical properties
at a high phosphorus loading at 62 wt % (Figure
S5).1,4,8,11,12,16,40−42

Both the BP and BP@TiO2 electrodes were disassembled
after cycling, and their morphologies were characterized to
investigate the effect of the TiO2 nanocoating. The original
thickness of the fresh BP electrode was around 10 μm. After 15
and 30 cycles, the thicknesses increased to 12 and 22 μm,
respectively, demonstrating the significant volumetric expan-
sion of the BP electrode during cycling (Figure S6). After 30
cycles, there were gaps between the BP electrode and the Cu
current collector, as indicated by the arrows in Figure 3e,
owing to the volume change, which resulted in the capacity
decay of the BP electrode. In contrast, the thickness of the
BP@TiO2 electrode also approximately increased to 12 μm
after 15 cycles, which indicated a tiny difference between the
two kinds of electrodes in the early cycles. However, after 30
cycles, the thickness of the BP@TiO2 electrode only slightly
increased to 16 μm, suggesting that the TiO2 nanocoating
reduces volume expansion of the BP electrode. The top
surfaces and cross sections of the BP and BP@TiO2 electrodes
after 100 cycles are shown in Figure 3f−h. After cycling, the
surface of the BP electrode becomes uneven (Figure 3f), which
suggests the formation of an amorphous SEI layer. There are
some voids and macropores inside the electrode owing to
severe volumetric expansion/shrinkage of BP particles. The
thickness of the BP electrode increased to 101 μm after 100
cycles. Even though the CNT conducting agent can bridge
different parts of the electrode to achieve effective electron
transfer among the active materials, which can partly inhibit
capacity loss, the collapse of the electrode structure and the

detachment of the BP electrode from the current collector
owing to volume changes during cycling cause significant
capacity decay. In contrast, the surface of the cycled BP@TiO2
electrode is smoother than that of the BP electrode, and its
thickness is only 48 μm after 100 cycles without any apparent
voids inside the electrode (Figure 3g,h). According to the SEM
results, pulverization of BP also occurs in the BP@TiO2
electrode. The TiO2 nanocoating acts as a protective layer,
preventing the BP particles from direct contact with the
electrolyte, which significantly reduces the generation of an SEI
on the BP particles and efficiently inhibits severe capacity
decay of the BP@TiO2 electrode.
The CV measurements were also performed at scanning

rates of 0.4, 0.8, 1.2, and 1.6 mV s−1 to investigate the lithium
diffusion properties (Figure 4a,b). According to the Randles−
Sevcik equation

I nFA
nF
RT

D v C0.4463p

1/2
1/2 1/2

LiPF6
= i

k
jjj

y
{
zzz (1)

where Ip is the peak current, n is the number of electrons per
reaction species (n = 1), F is Faraday’s constant (F = 96485 C
mol−1), A is the active electrode area (A = 0.785 cm2), D is the
lithium-ion diffusion coefficient, v is the scanning rate, and C is
the lithium-ion concentration (CLiPF6 = 1.0 M). The D values
are determined from the slopes of the curves of Ip versus v

1/2

and related to lithium-ion diffusion.25,41 As shown in Figure 4c,
the slope of the curve for the BP@TiO2 electrode is 3.8 times
higher than that for the BP electrode, resulting in an increase in
the Li-ion diffusion coefficient from 2.12 × 10−11 to 8.03 ×
10−11 cm2 s−1 as a result of the TiO2 nanocoating. The high Li-
ion diffusion coefficient for the BP@TiO2 electrode is
beneficial for enhancing the rate capacity of the electrode.
Electrochemical impedance spectroscopy (EIS) was also

performed to investigate the lithium-storage performance of
the BP and BP@TiO2 electrodes. As shown in Figure 4d, the

Figure 4. CV curves of the (a) BP and (b) BP@TiO2 electrodes at scan rates of 0.4, 0.8, 1.2, and 1.6 mV s−1. (c) Ip−v1/2 curves of the BP and BP@
TiO2 electrodes. Nyquist plots of the BP and BP@TiO2 electrodes (d) as fresh cells and (e) after 100 cycles.
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depressed semicircle in the high-frequency region and the
inclined line at low frequency represent the charge-transfer
resistance (Rct) between the electrolyte and the electrode and
the Warburg resistance (Wo) resulting from lithium-ion
diffusion inside the electrode material, respectively. According
to fitting with the equivalent circuit, the Ohmic resistance (Rs)
values of the BP and BP@TiO2 electrodes are both 1.8 Ω,
suggesting similar conditions of the electrolyte resistance,
current collectors, and cell connections in these electrodes.
The low-frequency slope angle is about 83° for both
electrodes. The BP@TiO2 electrode has a little higher Rct

value (58.6 Ω) than that of the BP electrode (52.6 Ω) due to
the existence of the TiO2 nanocoating as fresh cells. These
fitting results indicate that the TiO2 nanocoating stabilizes the
interface between the electrolyte and the electrode but does
not change the electrode structure. Therefore, lithium-ion
diffusion in the electrode is not affected. After 100 cycles, there
is an additional semicircle in the high-frequency region (Figure
4e), which can be attributed to the formation of a SEI.44 The
SEI resistance (RSEI) and Rct values of the BP@TiO2 electrode
are 62.3 and 258.2 Ω, respectively, compared with 87.66 and
492.4 Ω for the BP electrode. The low-frequency slope angles
of the BP and BP@TiO2 electrodes decrease to 45 and 65°,
respectively, suggesting slower Li-ion diffusion. These results
indicate that the structures of both the BP and BP@TiO2

electrodes undergo degradation during cycling. However, the

larger RSEI and Rct values indicated the severer degradation of
the BP electrode due to the pulverization of the BP particles
and the irreversible SEI. For the BP@TiO2 electrode, the TiO2

nanocoating provides a stable interface and suppresses
propagation of the in situ formed irreversible SEI on the BP
particles to a certain extent.
STEM and EDX were performed to further investigate the

protection mechanism of the TiO2 nanocoating. The STEM
image and the corresponding EDX maps of the BP@TiO2

electrode after 100 cycles in Figure 5a show a uniform
distribution of P, Ti, and O elements, suggesting an intact
TiO2 layer on the surface of the electrode after cycling. XPS
was performed to identify the Ti states in the BP@TiO2

electrode before and after cycling (Figure 5b). For the fresh
TiO2 nanocoating, the spin-energy separation is about 5.7 eV,
indicating the dominance of the Ti4+ oxidation state. After
cycling, the intensities of the TiO2 peaks become weak, and the
peaks shift to lower binding energy by ∼1 eV. The shifts might
be due to the transformation from Ti4+ to Ti3+ and formation
of LixTiyOz.

31 The HRTEM image in Figure 5c shows
crystalline LixTiyOz and BP nanoparticles. The lattice spacing
of 0.48 nm in the light zone corresponds to the LixTiyOz layer
(Table S1), and the lattice spacing of 0.22 nm in the dark zone
is ascribed to the (041) plane of the BP particles. The particle
sizes of BP decrease from micrometers to nanometers owing to
pulverization during cycling, and a LixTiyOz layer forms on the

Figure 5. (a) STEM image and the corresponding elemental maps of the BP@TiO2 electrode after 100 cycles. (b) Ti 2p XPS spectra before and
after cycling. (c) HRTEM image of the BP@TiO2 electrode after 100 cycles. Light zones (1 and 2) represent the LixTiyOz layer with a lattice
spacing of 0.48 nm. Dark zone (3) represents the BP particle with a lattice spacing of 0.22 nm.

Figure 6. Schematic diagram of the protection mechanism of the TiO2 sacrificial coating on the BP electrode.
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surface of the BP particles. According to the EIS results, the
BP@TiO2 electrode has a lower Rct value than that of the BP
electrode, suggesting suppressed degradation of the electrode
structure. It can be inferred that the LixTiyOz coating formed
on the BP particles acts as a stable and inert layer between the
electrolyte and the surface of the BP electrode. The LixTiyOz
coating efficiently minimizes the formation of the SEI on the
BP electrode, and its electrochemical performance significantly
improves.43,45

To study the effect of TiO2 nanocoating on the BP
electrode, both BP and BP@TiO2 electrodes exposed to
ambient conditions for 10 days were also tested as anodes
(Figure S7). The exposed BP@TiO2 electrode still exhibited
high specific capacity of 982 mAh g−1 after 100 cycles at 0.2C
compared to the as-prepared BP@TiO2 electrode (1049 mAh
g−1). For the BP electrode (706 mAh g−1), the specific capacity
maintained at only 458 mAh g−1 after 10 days of exposure,
which suggested the slight degradation of BP electrode after
depositing the TiO2 nanocoating.
The protection mechanism of the TiO2 nanocoating as a

sacrifice layer is shown in Figure 6. The bare BP electrode is
directly exposed to the electrolyte, and a SEI forms on the
surface of the BP microparticles. During cycling, the volume
change of the BP particles results in severe pulverization and
propagation of the SEI, which is confirmed by the increases in
the RSEI and Rct values from the EIS measurements. The sizes
of the cracks and voids in the electrode gradually increase,
which further increases the direct contact area between the BP
electrode and the electrolyte. Therefore, the electrode becomes
thicker, and its surface becomes more uneven. Even though the
CNT conducting agent can link the BP particles to a certain
extent, continuous pulverization of the BP particles and
formation of voids and the SEI contribute to the capacity decay
of the electrode. After nanocoating a TiO2 sacrifice layer on the
BP electrode, both a SEI and a LixTiyOz layer form on the
surface of the BP electrode during cycling. The LixTiyOz layer
effectively inhibits the generation of the SEI on the surface of
the BP particles by decreasing the direct contact area between
the BP electrode and the electrolyte. Therefore, structural
degradation of the electrode is suppressed, and the cycling
performance significantly improves. The LixTiyOz layer also
maintains a pathway for ion diffusion and electron transfer,
leading to improved rate performance of the electrode.

4. CONCLUSIONS

A protective TiO2 nanocoating has been directly deposited on
the surface of the BP electrode to enhance its electrochemical
performance. With two carbonaceous conducting agents, the
BP content in the electrode is as high as 62 wt %. The ultrathin
TiO2 nanocoating effectively suppresses the formation of the
SEI on the BP electrode and inhibits the structural degradation
of the BP electrode during cycling by forming a stable LixTiyOz
layer between the electrolyte and the BP particles. The
LixTiyOz layer enhances ionic conduction at the interface
between the electrode and the electrolyte, while maintaining
electronic conduction in the electrode. Therefore, the
electrochemical performance of the BP electrode was
effectively improved. These results demonstrate that depositing
a low-cost TiO2 nanocoating on the electrode surface is a facile
approach to improve the performance of BP electrodes, which
paves the way for the practical application of BP as the anode
material for LIBs.
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