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Black phosphorus composites with engineered
interfaces for high-rate high-capacity lithium storage
Hongchang Jin1*, Sen Xin2,3*, Chenghao Chuang4, Wangda Li3, Haiyun Wang1, Jian Zhu5, Huanyu Xie1,
Taiming Zhang1, Yangyang Wan1, Zhikai Qi1, Wensheng Yan6, Ying-Rui Lu7, Ting-Shan Chan7,
Xiaojun Wu1, John B. Goodenough3, Hengxing Ji1†, Xiangfeng Duan8†

High-rate lithium (Li) ion batteries that can be charged in minutes and store enough energy for a
350-mile driving range are highly desired for all-electric vehicles. A high charging rate usually leads to
sacrifices in capacity and cycling stability. We report use of black phosphorus (BP) as the active
anode for high-rate, high-capacity Li storage. The formation of covalent bonds with graphitic carbon
restrains edge reconstruction in layered BP particles to ensure open edges for fast Li+ entry; the coating
of the covalently bonded BP-graphite particles with electrolyte-swollen polyaniline yields a stable solid–
electrolyte interphase and inhibits the continuous growth of poorly conducting Li fluorides and carbonates
to ensure efficient Li+ transport. The resultant composite anode demonstrates an excellent combination
of capacity, rate, and cycling endurance.

L
ithium ion batteries (LIBs) are increas-
ingly important for diverse applications,
including electrical vehicles. However,
today’s batteries canonly provide a limited
power density (e.g., ∼100 to 300W kg−1 at

the cell level) and typically require a relatively
long charging time (hours or longer) for safe
operation (1, 2). To improve charging rate,
specific energy, and battery lifetime, anode
materials with a high Li storage capacity, high
rate capability, and high electrochemical sta-
bility are essential. Binary composites consist-
ing of a Li+ insertion host (e.g., graphite) for
fast and stable Li storage and an alloying ele-
ment (e.g., silicon) for high lithiation capacity
have been developed (3) with a reversible ca-
pacity of 517 mA·hour g−1 (with respect to
the composite mass) and an areal capacity of
>3.3 mA·hour cm−2, showing commercial via-
bility for next-generation LIBs (4). However,
such a capacity is only achieved at a relatively

low current density of 0.26 A g−1 with a full
charging time of ~2 hours. To be competitive
with 5-min refuel time for conventional com-
bustion engine vehicles, all-electric road ve-
hicles require LIB cells that reach a full charge

of 350 W·hour kg−1 after a comparable dura-
tion. Achieving these goals requires anode
materials that can be charged to a specific
capacity of 350 to 400mA·hour g−1 at a charge–
discharge current density of >5 A g−1 (5). To this
end, it is essential to develop an electrode ma-
terial simultaneously featuring high theoretical
capacity along with the excellent electron con-
ductivity and Li+ diffusivity that are necessary
for rapid charge (6).
Layered black phosphorus (BP) exhibits seve-

ral attractive features for high-rate, high-capacity
Li storage. Through a three-electron alloying
reaction with Li+, BP can theoretically deliver
a gravimetric capacity of 2596mA·hour g−1 (7,8),
which is only bettered by Si (4200mA·hour g−1)
and Li metal (3860mA·hour g−1) (9). The large
capacity of BP helps offset its relatively high
voltage loss versus (Li/Li+) (~0.7 V on average)
to render a high specific energy density accord-
ing to the equation E = V(q) × Q(Idis), where
V(q) is themean cell voltage versus state of charge
q andQ(Idis) is the capacity density for a given
discharge current, with Idis calculated as dq/dt.
Additionally, the electrical conductivity of BP
is ~300 S m−1 (10), four orders of magnitude
greater than that of silicon (6.7 × 10−2 S m−1)
(11); the Li+ diffusion barrier along the zigzag
direction of layered BP is only 0.08 eV (12),
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Fig. 1. Structure of (BP-G)/PANI. (A) Schematic of (BP-G)/PANI. (B and C) SEM image (B) and Raman
spectrum (C) of (BP-G)/PANI. a.u., arbitrary units. (D) TEM image showing the crystalline domains of BP and
a graphite flake covered with PANI. (E) High-resolution TEM image showing the merge of basal planes
of BP and graphite. Every two BP layers match with three graphene layers. (F) Dark-field TEM image and P, C,
and N elemental maps of (BP-G)/PANI.

on O
ctober 11, 2020

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://science.sciencemag.org/


considerably lower than that in silicon (0.58 eV)
(13). These combined features have invited
investigations of the rate of Li+ diffusion in
BP. Studies to date show a faster Li+ diffusion
in bulk BP than in silicon or other conventional
anode materials. However, an edge atom recon-
struction near the zigzag diffusion channel of
BP nanoflakes hinders the kinetics of Li+ trans-
fer across the surface (14). Additionally, the
volume change of BP during charge–discharge
cycles renders the solid–electrolyte interphase
(SEI) unstable, leading to poor cycling per-
formance (7).
We present a BP-graphite (BP-G) hybrid with

a covalently bonded BP-G interface, to prevent
edge reconstruction and ensure efficient Li+

insertion and diffusion, and a thin polyaniline
(PANI) polymer gel coating swollen by electro-
lytes to prevent the continued formation and
buildup of less-conductive Li fluorides and car-
bonates, leading to a stable SEI that is more
conductive for Li+. The designed (BP-G)/PANI

composite with optimized interface for Li+ con-
duction delivers a combination of high rate and
high capacity with robust cycling stability.

Structural characterization of
(BP-G)/PANI composite

The (BP-G)/PANI composites (Fig. 1A) were
fabricated by ball milling a mixture of BP and
graphite and then in situ polymerization of
PANI (materials and methods, figs. S1 and S2,
and table S1). The scanning electron micros-
copy (SEM) image of the composite shows
aggregates of (BP-G)/PANI particles (Fig. 1B).
The Raman spectrum shows intense bands of
the A1

g, B2g, and A2
g vibration modes of BP at

363, 440, and 467 cm−1, respectively (Fig. 1C)
(15). The Raman bands centered at 850 and
1200 cm−1 are attributed to PANI (16), and
those at 1330 and 1590 cm−1 are the D and G
bands of graphite, respectively (17).
The transmission electronmicroscopy (TEM)

image (Fig. 1D) obtained at the edge of a (BP-G)/

PANI particle presents three domains with
different crystalline features. The crystal do-
main in the particle center shows lattice fringes
with d-spacings of 6.6 and 4.2 Å, correspond-
ing to the (100) and (010) lattice planes of BP
crystal, respectively (8). The crystal domain
on the right-hand side shows fringes with a
d-spacing of 2.1 Å, corresponding to the ð10�10Þ
plane of graphite (18). PANI is amorphous and
covers the surface of the BP-G domain (Fig. 1D).
The lattice-resolved TEM image also reveals

that the d-spacings across the basal planes of
BP and graphite are 5.1 and 3.4 Å, respectively,
with every two BP layers matching with three
graphene layers (Fig. 1E). Dislocations are evi-
dent at the interface due to mismatched layer
numbers.Nonetheless,withweakvanderWaals
interaction across the basal planes, the strain
caused by the dislocationsmay be released near
the grain boundary, and the crystal structures
away from the grain boundary largely retain
nearly ideal structures (19). These results indicate
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Fig. 2. Electrochemical
performance of (BP-G)/
PANI. (A and B) Galvano-
static discharge and charge
profiles of different cycles
(A) and measured at
different current densities
(B). (C) Cycling performance
of (BP-G)/PANI measured
at current densities of
2.6, 5.2, and 13 A g−1.
(D) Volumetric performance
metrics of (BP-G)/PANI
electrode compared with
various state-of-the-art
anodes. The volumetric
capacities are calculated
based on the gravimetric
capacity and packing den-
sities of the electrodes,
including carbon black and
binder. The data of the 10th
cycle, which were considered
the performance of an
electrode after its initial
aging process, were obtained
from (A) and (C). The data
of the 2000th cycle, which
were considered the per-
formance of an electrode at
the end of its service life
in practical LIBs, were ob-
tained from (C). (E) Cycling
performance of (BP-G)/PANI
composite compared with dif-
ferent control samples.
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that the basal planes of BP and graphite are
intimately merged together.
The dark-field TEM image (Fig. 1F) shows

the (BP-G)/PANI is composed of primarily par-
ticles with sizes of ~500 nm, and the elemental
maps show a rather consistent distribution of
P, C, and N with a morphology almost iden-
tical to that in the dark-field TEM image, in-
dicating a uniform PANI coating.

Li storage performance of (BP-G)/PANI

The synthesized (BP-G)/PANI (containing
65 wt % BP, 16 wt % graphite, and 19 wt %
PANI) (materials and methods) was charac-
terized by the constant current method in a
voltage range of 0.001 to 2.5 V versus (Li/Li+).
The gravimetric capacities and current den-
sities were quantified by normalizing to the
totalmass of the entire composite. The (BP-G)/
PANI delivered initial discharge and charge
capacities of 2170 and 1650 mA·hour g−1 at
0.26 A g−1 (Fig. 2A), with an initial Coulombic
efficiency of 76.0%. At the 10th cycle, the
(BP-G)/PANI showed a reversible discharge
capacity of 1520 mA·hour g−1. The discharge
profilesmeasured during different cycles show
a plateau at ∼0.75 V (Fig. 2A), which is char-
acteristic of the formation of LixP (20). This
plateau remains resolvable at increased dis-
charge current densities of 0.52, 2.6, 5.2, and
13 A g−1 (Fig. 2B), indicating excellent reac-
tion kinetics between BP and Li+. To probe the
dominant charge storage kinetics in (BP-G)/
PANI, we analyzed the capacity contribution
from the diffusion-controlled process and the
capacitive process (fig. S3 and supplemen-

tary text S1). The pseudocapacitive process
contributes a substantial (nearly constant)
fraction of the overall capacity at low or high
rates, which is beneficial to high-power
operation.
We tested the cycling performance at differ-

ent charge–discharge current densities (Fig. 2C).
The (BP-G)/PANI anode (at an areal loading
of 1.2 mg cm−2) showed a reversible capacity
of 910 mA·hour g−1 after cycling at 2.6 A g−1

for 2000 cycles, a reversible capacity of
790 mA·hour g−1 after cycling at 5.2 A g−1 for
2000 cycles, and a reversible capacity of
440 mA·hour g−1 after cycling at 13 A g−1 for
2000 cycles. The ability to charge an anode
material at 13 A g−1 with a reversible capacity
of 440 mA·hour g−1 promises advanced LIBs
that require <10-min charging to a cell-level
energy density of ∼350W·hour kg−1 (5).When
the areal loadings were increased to 2.2 and
3.6 mg cm−2, the (BP-G)/PANI retained grav-
imetric capacities of 980 and 750mA·hour g−1,
respectively (fig. S4).
The electrochemical performance was ob-

tained with a conventional slurry electrode
structure consisting of (BP-G)/PANI, carbon
black, and binder (materials and methods) at
an overall packing density of 1.49 ± 0.08 g cm−3,
which is close to that of a commercial graphite
anode (table S2). The porosity of the (BP-G)/
PANI anode is 0.29 ± 0.04 (supplementary text
S2). Once experimental gravimetric capacity
and electrode packing density are considered,
the (BP-G)/PANI presents a volumetric ca-
pacity of 1090 A·hour liter−1 at 3.1 mA cm−2

after 2000 cycles and 530 A·hour liter−1 at

15.6mA cm−2 after 2000 cycles (Fig. 2D). Such
high-rate performance, especially after ex-
tended cycling, exceeds those of traditional
carbon anodes or advanced silicon anodes and
is comparable with those of known high-rate
materials (Fig. 2D and table S3) (4, 21–26), yet
with a considerably higher capacity.
Taking the volumetric capacities of thewhole

anode (21), we can project the energy density
with respect to the volume of the (BP-G)/PANI
anode, to reach up to 1940 W·hour liter−1 at a
power density of 50 kW liter−1 (fig. S5 and sup-
plementary text S3). A prototype full cell com-
prised of a LiCoO2 cathode and a (BP-G)/PANI
anode shows comparable performance to that
in half-cells (fig. S6).
To elucidate the roles of BP, graphite, and

PANI in the (BP-G)/PANI for Li storage, we
prepared four different composites (materials
andmethods): (i) red phosphorus (RP)–based
ternary composites, (RP-G)/PANI; (ii) (BP-
G.4%)/PANI (containing less graphite con-
tent, 4 wt %); (iii) BP-G; and (iv) BP/PANI.
Their structures and cyclic voltammetry (CV)
profiles are shown in figs. S7 and S8, and their
cycling performances are compared in Fig.
2E. The discharge capacity of (BP-G)/PANI is
around three times that of (RP-G)/PANI at
the same rate, suggesting that BP contributes
to at least 70% of the capacity of (BP-G)/PANI.
The reversible capacities of the composites
decreased with decreasing graphite content
in the order (BP-G)/PANI > (BP-G.4%)/PANI >
BP/PANI (Fig. 2E), even though (BP-G)/PANI
contained the lowestmass of BP (65 wt%) and
thus the lowest theoretical capacity, which
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Fig. 3. In situ XAS tracking of
the structural evolution of
BP-G electrodes. (A) A series
of XAS near-edge spectra
for the P K-edge as a function
of discharge–charge cycle
time (t), recorded from
a BP-G electrode during the
first galvanostatic lithiation–
delithiation cycle at 0.13 A g–1.
The state of charge corresponds
to the time scale of the
voltage profile (left). (B) Relative
shift of the absorption edge
(DEedge) and absorption inten-
sity at peak A′ as a function
of discharge–charge time.
The dashed lines divide
six regions (indicated by
lowercase roman numerals)
based on the slope of
the DEedge – t curve. The
red area marks the region
where peak A′ appears.
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demonstrates the important role of graphite
in facilitating Li storage in BP. Moreover, the
reversible capacity of (BP-G)/PANI is ~10 times
that of BP-G, demonstrating the role of PANI
in preserving the cycling stability of BP.

The role of BP-G bonding

To further probe the role of graphite in Li
storage, we performed in situ x-ray absorption
spectroscopy (XAS) measurements on BP-G
electrodes (Fig. 3). The voltage profile shows
discharge and charge plateaus at ∼0.75 and
∼1.20 V, respectively (Fig. 3A), which is much
higher than the (de)lithiation voltage of graph-
ite [~0.1 V versus (Li/Li+)]. Therefore, Li reacts
predominantly with BP during in situ XAS
measurements. At the beginning of discharge,
the absorption edge is located at 2144.3 eV,
with three edge peaks, A, B, and C, evident in
the P K-edge XAS spectrum at 2146.2, 2152.0,
and 2153.7 eV, respectively (Fig. 3A). In the
whole discharge–charge process, the positions
of peaks B and C do not change, whereas the
absorption edge shifts [defined by DEedge =
E(t) – E(0), where E(t) and E(0) are the posi-
tions of absorption edges in the spectra of
intermediate and initial states, respectively],
and a new peak, A′, appears at the discharge–
charge time (t) of 8.9 to 14.8 hours.
The DEedge – t curve is plotted together with

the voltage profile of the BP-G electrode in
Fig. 3B. According to the slope of the curve,

there are three regions in thedischarge process:
(region i) t<4.2 hours, whereDEedge is ~0.0 eV;
(region ii) 4.2 < t < 8.9 hours, where DEedge

evolves rapidly to −0.9 eV; and (region iii)
8.9 < t <11.9 hours, where DEedge evolves
slowly to −1.1 eV at the end of discharge (t =
11.9 hours). The voltages at t of 4.2, 8.9, and
11.9 hours are 0.81, 0.50, and 0.01 V, respec-
tively, matching those of LiP, Li2P, and Li3P in
the discharge profile (20) and the XRD mea-
surements (fig. S9). The red shift of the absorp-
tion edge of the P K-edge spectrum indicates
electron acceptance of P atoms (27). The little
change in DEedge in region i indicates that the
phase change between P and LiP involves only
a weak bonding between Li and P atoms (28)
and high reversibility of the phase change be-
tween P and LiP (7). The formation of Li2P is
accompanied by a large evolution of DEedge

(Fig. 3B, region ii) because of the substantial
structural distortion of BP and the increased
number of Li–P bonds in Li2P (20). Li3P has a
hexagonal layered structure (P63/mmc) con-
sisting of alternatively arranged Li and Li2P
layers (29); the change of DEedge is only 0.2 eV
from Li2P to Li3P, but the phase change from
Li2P toLi3P leads to the appearance and growth
of an A′ peak at 2149.5 eV.
During charging, the DEedge shows an essen-

tially symmetric profile with a slow increase
to −0.7 eV at 14.8 hours (Fig. 3B, region iv),
then a more rapid increase to around 0.0 eV

at 17.9 hours (Fig. 3B, region v), and then stays
at 0.0 eV from 17.9 to 21.0 hours (Fig. 3B,
region vi). The intensity of peak A′ shows a
similar mirror evolution as a function of dis-
charge and charge time. The reversible in-
crease and decrease of DEedge and the intensity
of peak A′with a symmetric profile during the
charge and discharge process indicate that
the phase change between BP and Li3P in BP-
G is highly reversible. The change of the XAS
spectra with the state of charge of the bare
BP was much smaller (fig. S10), suggesting a
considerably lower lithiation level of BP than
BP-G. Together, these in situ studies demon-
strate that the presence of graphite in the BP-
G hybrid allows a deeper and more reversible
(de)lithiation of BP, which contributes to the
improved Li storage performance.
We conducted CV and electrical impedance

spectroscopy (EIS) studies and compared the
results with those for several control electrodes,
including (BP-G)/PANI, BP-G, BP/PANI, and
BP (fig. S8). The derived Li+ diffusion coef-
ficients (DLi) in BP-G (4.5 × 10−14 cm2 s−1)
and (BP-G)/PANI (7.5 × 10−13 cm2 s−1) are one
to two orders of magnitude higher than that
in BP (1.2 × 10−15 cm2 s−1) and BP/PANI (2.2 ×
10−15 cm2 s−1) (Fig. 4A and supplementary text
S4). The charge transfer resistance (Rct) in BP-
G (13.7 ohms) and (BP-G)/PANI (5.9 ohms) is
considerably lower than that in BP (31.1 ohms)
(Fig. 4B, fig. S8, and table S4). The higher DLi
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Fig. 4. Charge transfer properties and structure of BP-G. (A and B) DLi values derived from the CV profiles (A) and Nyquist plots (B) of (BP-G)/PANI, BP-G,
BP/PANI, and BP. (C andD) P K-edge XAS spectra of BP-G and BP (C) and C K-edge XAS spectra of BP-G and graphite (D). (E) Schematic of BP-G hybrid structure with in plane
P–C bonds. (F) The minimum energy pathways for Li+ to diffuse through the BP-G boundary. The results shown in (E) and (F) were obtained from the DFT calculations.
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and lower Rct of BP-G hybrids are consistent
with the in situ XAS results showing that
graphite improves the completeness and re-
versibility of the lithiation reaction, which con-
tributes to the improved rate capability and
cycling stability. Beyond the electrochemical
benefits, the efficient ion transport and re-
duced overall impedance of the composite
together with the high thermal conductivity
of the BP and Gmay also help minimize heat
generation and accelerate heat dissipation
during high-rate operation (supplementary
text S5), which is beneficial for cycling sta-
bility and battery safety.
Previous theoretical calculations have indi-

cated that the wide channel and low diffusion
barrier along the zigzag direction of BP are
responsible for the high DLi in BP (12). How-
ever, theoretical calculations (30) also sug-
gest that reconstruction at the BP edges (the

curving of the basal planes, as also confirmed
by TEMobservation) (14) results in a narrower
gap for Li+ diffusion and thus limits its per-
formance. We believe that the formation of
P–C bonds between BP and graphite flakes
(during the ball milling process) mitigates
the edge reconstruction problem, and this is
supported by the TEM images (Fig. 1, D and E)
andXAS analysis (Fig. 4, C andD) and also the
density functional theory (DFT) calculation
(Fig. 4, E and F). The P K-edge XAS spectra
show four distinguishable peaks: A, B, C, and
D (Fig. 4C). The peak A of BP-G (2146.2 eV)
has a photon energy higher than that of BP
(2145.7 eV) (31), which is in agreement with
the P L-edge spectra (fig. S11A and supplemen-
tary text S6) and is more likely attributable
to charge transfer from a P atom to a C or H
atom rather than P–O bonding (with a typi-
cal photon energy of >2147.0 eV) (32). Addi-

tionally, elemental analysis (table S1) shows
that both BP andBP-Ghave negligible amounts
of hydrogen. Hence, peak A is exclusively as-
cribed to P–C bonding. A broad peak (D) at
~2165.0 eV appears in the XAS of BP-G (Fig.
4C) but not in that of BP; this has been at-
tributed to the distortion of the P site by the
neighboring C atoms in P-doped diamond (33).
Similarly, the peak A′ in the C K-edge XAS (Fig.
4D) is assigned exclusively to C–P bonding due
to the exclusion of C–O bonding (fig. S11B, XPS
spectrum) and C–H bonding (table S1). The
apparent excitonic state ands* state in the CK-
edge XAS (Fig. 4D and supplementary text S6)
indicate that the graphite lattice remains a well-
ordered planar structure after the synthesis of
BP-G. If a P atom is connected to graphite per-
pendicularly by p bonding, the p* absorption
feature (285.4 eV) (Fig. 4D) should become
broad, or even split. These analyses suggest the
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Fig. 5. Interfacial study of
(BP-G)/PANI and BP-G
anodes. (A to C) ToF-SIMS
spectra of secondary ion
fragments LiO− (A)
CHO− (B), and C3P

− and
LiCO3

− (C) collected from
the cycled (BP-G)/PANI
and BP-G electrodes.
(D to G) Normalized
depth profiles of some
representative secondary
ion fragments obtained from
the (BP-G)/PANI anode
after the first cycle (D) and
after the 100th cycle (E),
and from the BP-G anode
after the first cycle (F)
and after the 100th cycle
(G). (H) Schematic of
electrolyte-swollen
BP-G coated with PANI.
(I and J) Schematics of the
(BP-G)/PANI electrode, in
which the PANI coating
helps retain a stable SEI
(I) to prevent continuous
formation of poorly
conducting Li fluorides and
carbonates deep into the
BP-G particles (J).
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BP and graphite aremostly connected by BP-G
s bonds at the edge of the basal plane, which
is consistent with the high-resolution TEM
studies (Fig. 1E).
OurDFTcalculation (materials andmethods)

suggests that the BP-G bonding is an exother-
mic processwith a formation energy of−2.01 eV
per P–C bond (Fig. 4E). Notably, our calcula-
tion also shows that the energy barrier for Li+

migration into BP through a graphite–BP
boundary is 0.16 eV (Fig. 4F), which is con-
siderably lower than that for Li+ migration
across a reconstructed BP edge (0.52 eV) (fig.
S12). The BP-G bonding is thus essential for
retaining open channels for Li+ entry into
the BP flakes, leading to an improved DLi for
high-rate operation. By physically mixing BP
with graphite or Ketjen Black (KB) and a sub-
sequent PANI coating, we prepared two more
control materials, (BP/G)/PANI and (BP/KB)/
PANI, which showed inferior Li storage per-
formance (fig. S13 and supplementary text S7)
to that of the covalently bonded (BP-G)/PANI.
The DLi of the control samples is also about
two orders of magnitude lower than that of
(BP-G)/PANI. The physical mixing of graphi-
tized carbon and BP does not create sufficient
quantities of P–C bonds to restrain BP edge re-
construction, and this leads to sluggish charge
transfer across the BP edges.

The role of PANI

To reveal the function of PANI, we conducted
time-of-flight–secondary ion mass spectrome-
try (ToF-SIMS) studies on pristine and cycled
(BP-G)/PANI and BP-G electrodes to visual-
ize the chemical evolution occurring at the
electrode–electrolyte interface (materials and
methods and fig. S14). The N-containing sec-
ondary ion fragments (13CN− and C2N

−) are
attributed to PANI, the P-containing species
(CP2

−, C5P
−, and P2

−) to BP, and the C6
− to

graphite (fig. S15). The uncycled (BP-G)/PANI
electrode shows a considerably stronger signal
for N-containing species (fig. S15, A and B) and
a much weaker signal for P-containing species
(fig. S15, C to E) and C6

− (fig. S15F) than BP-G,
demonstrating the PANI coating on (BP-G)/
PANI. Upon cycling, the signals that stand for
the key components of SEI (LiO−, CHO−, and
LiCO3

−) are intensified (Fig. 5, A to C), whereas
the signals for P-containing species (Fig. 5C and
fig. S16, A and B), which stand for electrode
materials, are attenuated. The SEI signals of
(BP-G)/PANI are apparently lower than those
of BP-G after the same number of cycles (Fig. 5,
A to C), indicating inhibited SEI growth on
(BP-G)/PANI.
To probe the SEI evolution upon cycling,

we collected ToF-SIMS depth profiles from
the cycled BP-G and (BP-G)/PANI electrodes
(Fig. 5, D toG, and fig. S17). After the first cycle,
sharp peak signals of LiO−, LiCO3

−, and LiF−

(which separately denote Li oxides, carbonates,

and fluorides) were detected at the lowest sput-
ter depth (Fig. 5, D and F, and fig. S17, A and C)
for both electrodes, suggesting SEI formation.
After 100 cycles, the LiO−, LiF−, and LiCO3

−

signals remained at a peak at the electrode
surface of (BP-G)/PANI, yet they were found
all the way into the bulk of the BP-G electrode
(Fig. 5, E and G, and fig. S17, B and D), sug-
gesting deep penetration of poorly conducting
SEI species (e.g., Li fluorides and carbonates).
These studies show that the PANI coating

ensures a stable SEI and prevents continued
buildup of poorly conducting species, which
may be largely attributable to protection and
mediation by a thin layer of PANI swollen
with electrolyte (Fig. 5H). The swollen PANI
is directly evidenced by the increase in thick-
ness of a PANI disc after immersion into the
electrolyte (fig. S18) and is supported by the
ToF-SIMS depth profiles of the (BP-G)/PANI
electrode at different cycling stages (fig. S16,
C and D, fig. S19, and supplementary text S8).
The swollen PANI also enables doping of
the polymer matrix with Li+ and protons and
uptake of corrosive hydrogen fluoride (fig. S16,
E and F, and supplementary text S9) to facil-
itate charge transport throughout the electrode
(Fig. 5I, fig. S20, and supplementary text S10)
(16, 34). The inhibited formation of Li fluorides
and carbonates and the increased conductivity
of swollen PANI facilitate charge transfer at
the electrode–electrolyte interface (35). With-
out the PANI coating, the Li fluorides and car-
bonates build up appreciably (Fig. 5, G and J),
degrading the charge transport. Benefiting
from the optimized interface design, the (BP-G)/
PANI composites retain a stable structure upon
cycling, with little change in morphology, elec-
trode thickness, and elemental distributions in
the cycled electrode (fig. S21 and supplemen-
tary text S11).
By carefully engineering the BP-G interface

and (BP-G)/PANI–electrolyte interface,we show
that the charge (electron and ion) transport in
the composite electrode can be optimized to
ensure efficient utilization of the lithium stor-
age capacity of BP under an ultrahigh rate,
delivering a combination of high rate, high
capacity, and robust cycling performance.
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polyaniline. In contrast to previous efforts, bonding between the carbon and phosphorous allows for a high charging rate 

 developed a composite that is made of black phosphorous and graphite in its core and covered with swollenet al.
its exceptional capacity, but the dramatic volume change during lithiation-delithiation processes often leads to failure. Jin 
improving anode materials is also an important goal. Silicon has shown some promise for replacing graphite because of 

A focus of battery research has been the development of a range of lithium, sodium, and potassium cathodes, but
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