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Abstract: Guiding the lithium ion (Li-ion) transport for
homogeneous, dispersive distribution is crucial for dendrite-
free Li anodes with high current density and long-term
cyclability, but remains challenging for the unavailable well-
designed nanostructures. Herein, we propose a two-dimen-
sional (2D) heterostructure composed of defective graphene
oxide (GO) clipped on mesoporous polypyrrole (mPPy) as
a dual-functional Li-ion redistributor to regulate the stepwise
Li-ion distribution and Li deposition for extremely stable,
dendrite-free Li anodes. Owing to the synergy between the Li-
ion transport nanochannels of mPPy and the Li-ion nano-
sieves of defective GO, the 2D mPPy-GO heterostructure
achieves ultralong cycling stability (1000 cycles), even tests at 0
and 50 8C, and an ultralow overpotential of 70 mV at a high
current density of 10.0 mAcm�2, outperforming most reported
Li anodes. Furthermore, mPPy-GO-Li/LiCoO2 full batteries
demonstrate remarkably enhanced performance with a capaci-
ty retention of > 90 % after 450 cycles. Therefore, this work
opens many opportunities for creating 2D heterostructures for
high-energy-density Li metal batteries.

Introduction

With the ever-increasing global fossil energy crisis and
environmental concerns regarding clean energy, developing
high-energy-density batteries is becoming extremely critical
to fulfill the long-range cruising requirements in high-end
future applications, such as portable electronics and electric
vehicles.[1] Although Li-ion batteries are the most popular
power sources, their energy densities are approaching the
theoretical limits. Alternatively, Li metal cells, such as Li–
oxide and Li–sulfur batteries, are considered as next-gener-
ation high-energy-density secondary batteries owing to their
high theoretical capacity (3860 mAh g�1) and low electro-
chemical potential (�3.04 V vs. SHE).[2] However, the poor

cycle lifetime, low cycling efficiency, and safety issues caused
by nonuniform Li dendrites and large volume changes during
Li plating/stripping substantially prevent the wide application
of Li metal batteries.[3]

According to the widely accepted Sand�s time model,[4]

describing the initial nucleation process of growing Li
dendrites, a small effective current density, a steady solid
electrolyte interface (SEI), and a stable anionic ion trans-
ference number are the key factors to suppress Li dendrite
formation.[5] Base on this theory, advanced approaches have
been proposed and tested, including 1) designing 3D high-
surface-area current collectors as skeletons to decrease the
current density and minimize the volume changes for stable
Li metal anodes;[6] 2) employing lithiophilic alloys (e.g., Li/
Al, Li/Ag, Li/Si, Li/Na) as Li metal nucleation sites to govern
uniform Li-ion diffusion;[7] and 3) engineering functional
electrolyte additives (e.g., LiNO3, Cs+, Li2S8) for strengthen-
ing the SEI film or designing high-modulus solid electrolytes
(e.g., inorganic, polymer, hybrid) to reduce the secondary
reaction between anode and electrolyte for homogeneous Li
deposition.[3a,8] However, these strategies are still not satisfy-
ing, for instance, the uneven growth of Li dendrites can hardly
be fully hindered in the inner space of 3D hosts, the use of Li
alloys is often limited by complex synthetic processes and
a low Li content, and SEI-stabilized electrolyte additives are
easily consumed as the cyclic proceeds, while solid-state
electrolytes suffer from low ionic conductivities and increased
polarization voltages, which has greatly limited the develop-
ment of Li-metal batteries.[9]

To solve the intrinsic issues of Li-metal batteries described
above, suppressing Li dendrites at a fundamental level is
urgently required. Recently, nanoporous structures for uni-
form Li-ion flux on the electrolyte/electrode interface have
been designed to effectively realize dendrite-free Li anodes.
For instance, electrodes have been modified with either thin
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polymer layers or vertically aligned nanochannels,[9a] and fast-
ion-transport channel layers have been coated onto porous
polypropylene separators.[10] In addition, 2D materials, such
as GO or boron nitride, with abundant defect sites and high
mechanical stability, have been proposed as nanoporous
buffer layers for the uniform growth of metallic Li.[11] Despite
great progress, the reasonable construction of an effective
nanoporous architecture that is capable of regulating the
uniformity of Li-ion plating at a high current density (e.g.,
� 5 mAcm�2) while maintaining long-term cycling lifetimes
(e.g., � 1000 cycles) still remains challenging.[12]

Herein, we report the hard-template synthesis of a 2D
heterostructure of mPPy uniformly grown on defective
graphene oxide (mPPy-GO) to generate a new dual-func-
tional Li-ion redistributor, which can homogenize Li-ion
deposition for extremely stable and dendrite-free Li anodes.
By taking advantage of the synergistic effects arising from the
continuous Li-ion transport nanochannels of mPPy and the
Li-ion nanosieves of defective GO nanosheets, homogeneous
Li-ion fluxes are achieved. As a result, the mPPy-GO
heterostructure electrode exhibits an impressive electro-
chemical performances, including a stable Coulombic effi-
ciency of 98% coupled with flat voltage profiles (70 mV) at
a high current density of 10 mAcm�2 and an ultralong cycling
stability even under harsh conditions (0 and 50 8C). Finally, an
impressive capacity retention of near 90% with an excellent
Coulombic efficiency of almost 100 % is recorded for the
mPPy-GO-Li//LiCoO2 full battery after 450 cycles.

Results and Discussion

The synthesis of the 2D heterogeneous mPPy-GO nano-
sheets is illustrated in Figure 1 a. First, functionalized GO
nanosheets with positive charges and numerous defects (see
the Supporting Information, Figure S1) were employed as 2D
substrates, and electrostatically assembled with negatively
charged monodisperse SiO2 nanospheres (22 nm) to obtain
SiO2-GO hybrids. Afterwards, using the SiO2-GO hybrids as
2D mesoporous templates, patterning of the homogeneous
PPy layer was conducted to form SiO2-PPy-GO composites.
Subsequently, mPPy-GO nanosheets with defined mesopores
were obtained after etching of the SiO2 templates. The
resulting mPPy-GO nanosheets had a uniform, flat, sheet-like
morphology with a thickness of about 43 nm (Figure 1b,c).

Enriched arrays of mesopores with a uniform size of ca. 22 nm
were patterned on the top and bottom surfaces of defective
GO (Figure 1d and Figures S2, S3). The N2 adsorption/
desorption isotherm revealed a BET specific surface area of
94 m2 g�1 in the mPPy-GO nanosheets, and confirmed the
presence of mesopores with a size of about 22 nm (Figure 1e).
A Raman spectrum and a Fourier transform IR (FTIR)
spectrum showed the uniform and compact integration of the
GO and mPPy components (Figures S4, S5).[13]

To investigate the superior electrochemical performance
of the 2D mPPy-GO heterostructure, half-cells were assem-
bled by pairing Li foil with mPPy-GO electrodes. For
comparison, nonporous PPy-GO (Figure S6), pure GO (Fig-
ure S7), graphene, and bare Cu electrode based half cells were
also fabricated. The cells were firstly cycled between 0.01 and
1 V for 5 cycles to form a stable SEI film (Figure S8). During
each discharge/charge cycle with a Li deposition capacity of
0.5 mAh cm�2 at 0.5 mA cm�2, the mPPy-GO electrode
showed highly stable Coulombic efficiencies of 99 % (145th
cycle), which are significantly higher than those of nonporous
PPy-GO (86% for the 105th cycle), GO (93 % for the 92th
cycle), PPy (89 % for the 81th cycle), graphene (76 % for the
92th cycle), and Cu (86 % for the 78th cycle) electrodes
(Figure 2a). The superiority of the mPPy-GO electrodes was
more prominent when an increased amount of 1 mAh cm�2 of
Li was plated and stripped in each cycle (Figure 2b). In
addition, after establishing a stable interface between the
electrolyte and the electrode in the early cycles, the mPPy-
GO electrodes maintained higher Coulombic efficiencies and
better cycling stabilities than bare Cu electrodes even at
a higher current density (1 mA cm�2 ; Figure S9a, b) or for
a larger amount of deposited Li (Figure S9c,d), confirming
the synergistic Li-ion redistribution effect of mPPy and
defective GO in the mPPy-GO heterostructure. Furthermore,
their electrochemical stabilities were also tested under harsh
conditions, namely at 0 and 50 8C. At 0 8C, the mPPy-GO-Li
electrode displayed a stable cycle performance over more
than 50 cycles, while the bare Cu anode revealed a deteriorat-
ing cycle performance due to the slow electrochemical
dynamics (Figure 2c and Figure S10). At 50 8C, side reactions
such as electrolyte decomposition and Li dendrite formation
accelerated the deterioration of the cell cycle ability. Surpris-
ingly, our mPPy-GO electrode showed an impressively stable
Coulombic efficiency of 98.5% after 290 cycles, and is thus
much stable than bare Cu electrodes (< 90 % after 70 cycles,
Figure 2d and Figure S11), obviously demonstrating the
unique role of mPPy-GO in regulating the uniform Li flux
for stable Li deposition.

The rate capability of the mPPy-GO electrode was also
examined in comparison with that of bare Cu with an
increased Li plating capacity at 0.5 mAcm�2. The mPPy-GO
electrode retained a high Coulombic efficiency of 99.5%
when the Li deposition capacity reached up to 6 mAhcm�2

for more than 70 cycles, while the bare Cu electrode quickly
failed at a capacity of� 0.5 mAh cm�2 (Figure 2e). Moreover,
the Coulombic efficiency of mPPy-GO at increased current
densities from 0.25 to 2.5 mA cm�2 for the same plating time
of 1 h always exceeded 97% during the entire cycles, while
that of the Cu electrode quickly decreased as the current

Figure 1. Schematic illustration and characterization of the 2D mPPy-
GO heterostructure. a) Fabrication of the 2D mPPy-GO heterostruc-
ture. b) SEM image, c) AFM image and height profile, d) TEM image,
and e) N2 adsorption–desorption isotherm of the 2D mPPy-GO hetero-
structure. The inset in (e) is a plot of the pore size distribution.
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density increased beyond 0.5 mAh cm�2 (Figure S12), indicat-
ing the greatly enhanced Li-ion transport kinetics of the
mPPy-GO heterostructure. Indeed, our mPPy-GO electrode
was capable of maintaining high/stable Coulombic efficien-
cies over ultralong cycles (ca. 98.2 % over 1000 cycles for
2000 h; Figure 2 f), rendering it superior in this aspect to most
of the Li-metal anodes stabilized by various strategies (Fig-
ure 2g, Table S1),[4c,6b,7a, 14] such as unstacked graphene (93%
for 50 cycles),[4c] 3D Cu (97 % for 70 cycles),[6b] and hollow
carbon (98% for 300 cycles).[7a]

Electrolyte wettability is key to influence the distribution
of Li ions in the electrode, which plays a critical role in the
growth of metallic Li dendrites.[15] Once the electrolyte was
dropped on mPPy-GO, the electrode was immediately wetted
and almost permeated within 30 s (with a negligible contact
angle of 4.88 ; Figure 3a, top). In contrast, the electrolyte
droplet still stood on the surface of a Cu layer even after 1 min
(with a contact angel of 24.58 ; Figure 3a, bottom). Further,
density functional theory (DFT) calculations confirmed that
the formation energy of Li-ion adsorption on the Li(100)
surface in the presence of electrolyte was higher than that
without electrolyte (DE = 0.08 eV; Figure 3b). As a result, the
mPPy-GO electrode with superior electrolyte wettability is
favorable for the uniform deposition of Li metal on the
framework. Moreover, the outstanding electrolyte wettability
could facilitate the nucleation of Li at low overpotentials
(Figure 3c). For instance, the plating overpotential (reflecting
the difficulty of metallic Li nucleation) was about 0.2 V in the
bare Cu electrode, but sharply decreased to 0.08 V in the
mPPy-GO electrode, indicating the exceptional lithiophilicity
in the latter. Consequently, stable Li plating/stripping profiles
with a smaller voltage hysteresis (18 mV) was achieved on the

mPPy-GO electrode, in sharp contrast to the large and
fluctuant voltage hysteresis on the bare Cu electrode (Fig-
ure S13).

The greatly enhanced long-term Li cycling stability can be
attributed to the differences in forming/stabilizing the SEI
film.[16] Unlike the mPPy-GO electrode, the bare Cu electrode
is non-lithiophilic, and free of interconnected mesoporous
channels. As a result, the SEI film is continuously formed/
damaged and thus keeps consuming the electrolyte. To
further highlight the crucial influence of SEI formation on
suppressing Li dendrite formation, we studied the Coulombic
efficiency of two electrodes between 0.01 and 3 V vs. Li/Li+.
Galvanostatic results indicated that the mPPy-GO electrode
showed an initial Coulombic efficiency of 83 %, which quickly
stabilized at a high Coulombic efficiency of 94 % after four
cycles (Figure 3 d, top). In sharp contrast, the cycling Cou-
lombic efficiency of bare Cu was always below 45 % in the
first four cycles (Figure 3 d, bottom). The different stabilities
of the SEI layers were further confirmed by in situ electro-
chemical impendence spectroscopy (EIS) at different cycling
states (i–vi: corresponding to different Li deposition areal
capacities, Figure S14). Impressively, the mPPy-GO electrode
not only exhibited a smaller charge transfer resistance (Rct,
reflecting the SEI-related surface film impedance; Figure 3e,
Figure S15), but also maintained a relatively stable value at
the different cycling states compared with bare Cu, which
further confirmed the greater stability of the SEI layer of the
mPPy-GO electrode (Figure 3 f,g and Table S2). Moreover,
the slope of the mPPy-GO electrode was much smaller than
that of a pure Cu electrode at low frequency (Figure S16),
indicating the excellent Li-ion diffusion performance of the
mPPy-GO electrode.[17] To reveal the SEI composition on the

Figure 2. Coulombic efficiency of 2D mPPy-GO heterostructure electrodes. a) The Coulombic efficiencies of 2D mPPy-GO, PPy-GO, GO, graphene
(G), pure PPy, and Cu electrodes with a Li deposition of 0.5 mAhcm�2 at 0.5 mAcm�2. b) The Columbic efficiencies of 2D mPPy-GO electrodes
compared to those of Cu electrodes at 0.5 mAcm�2 (top) and 1 mAcm�2 (bottom) with 1 mAhcm�2 cycling capacity. c, d) The Coulombic
efficiencies of mPPy-GO and Cu electrodes at c) a low temperature of 0 8C, and d) a high temperature of 50 8C with a Li deposition of
0.5 mAhcm�2 at 0.5 mAcm�2. e) Coulombic efficiencies of mPPy-GO and controlled Cu electrodes with increasing capacities at a fixed current
density of 0.5 mAcm�2. f) Ultralong Coulombic efficiency test of the mPPy-GO electrode with a capacity of 0.5 mAhcm�2 at 0.5 mAcm�2. g) Cycle
number of mPPy-GO electrode tested at a current density of 0.5 mAcm�2, compared with those of previously reported cells with Li-metal anodes
stabilized by various strategies.
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cycled Li metal, X-ray photoelectron spectroscopy (XPS) was
employed, showing the presence of inorganic Li salts, such as
Li2CO3, ROCO2Li, and LiF (Figure 3h, i and Figure S17).[18]

We note that the formation of stable SEI layers is crucial for
inhibiting the growth of Li dendrites and improving the
stability of the Li-metal anode, as described below.

Symmetric cells based on mPPy-GO-Li/mPPy-GO-Li,
PPy-GO-Li/PPy-GO-Li, GO-Li/GO-Li, and Cu-Li/Cu-Li
were assembled to measure the voltage hysteresis and cycling
stability. With a deposition capacity of 1 mAh cm�2 at
1 mAcm�2, mPPy-GO-Li cells exhibited flat and consistent
voltage profiles with a small hysteresis of 9 mV for more than
1100 h without short circuit (Figure 4 a,b and Figure S18). In
contrast, for Cu-Li, PPy-GO-Li, and GO-Li based symmetric
cells, the overpotential considerably increased after 135, 550,
and 745 h with a fluctuant voltage hysteresis of around 40, 75,
and 41 mV, respectively, coupled with a noisy voltage
hysteresis and abrupt voltage changes upon cycling for
different periods of time (Figure 4c–f). Even with the highly
active carbonate-based electrolyte, the mPPy-GO-Li cells
could still realize a stable voltage hysteresis of 50 mV for
more than 700 h (Figure S19). The instability of voltage
hysteresis could be fairly attributed to the short circuit caused
by inhomogeneous Li distribution.[14c] Furthermore, at an
increased current density (5 mA cm�2), mPPy-GO-Li cells
delivered an overpotential of only about 22 mV and a stable
cycling stability beyond 400 h, while the bare Cu-Li cells
failed with substantial voltage fluctuation at 65 h (> 290 mV;
Figure 4g). Upon increasing the current density up to
10 mAcm�2 at a higher capacity (5 mAh cm�2), steady hyste-
resis (70 mV) was also attained after 100 cycles for mPPy-
GO-Li cells, further confirming the advantages of 2D
heterostructures in generating long-term-cycling electrodes
with low, steady voltage hysteresis (Figure S20). When the
rate capability of mPPy-GO-Li cells was tested at increased

current densities for 0.5 h, the voltage hysteresis increased
from 4 to 35 mV as the current density was increased from
0.25 to 10 mAcm�2. However, the bare Li electrode succum-
bed to severe voltage fluctuation even at a current density of
3 mAcm�2 (Figure 4h). It should be emphasized that the

Figure 3. Superior electrolyte wettability and stable SEI layer of 2D mPPy-GO heterostructure electrodes. a) Contact angle of an organic electrolyte
drop on mPPy-GO (top) and Cu electrodes (bottom). b) Free energy curves of electrode with and without electrolyte. c) Nucleation section on the
voltage profiles of mPPy-GO and Cu electrodes in the first cycle. d) Charge–discharge behavior of an mPPy-GO electrode tested in a voltage range
of 0.01–3 V at 100 mA in the first four cycles (top) and the corresponding Coulombic efficiencies of mPPy-GO and Cu electrodes (bottom).
e) Nyquist plots of mPPy-GO electrodes at different cycling stages. f) The variation and g) corresponding change rate of Rct at different stages
from (i) to (vi) in (e). h) XPS full spectrum and i) Li 1s (top) and F 1s (bottom) XPS spectra of the mPPy-GO electrode after 10 cycles.

Figure 4. Electrochemical performance of symmetric cells with 2D
mPPy-GO heterostructure anodes. a) Galvanostatic cycling of symmet-
ric cells based on mPPy-GO-Li, PPy-GO-Li, GO-Li, and Cu-Li anodes
with a current density of 1 mAcm�2 at a stripping/plating capacity of
1 mAhcm�2. b) Corresponding voltage hysteresis variation with cycle
number. c–f) Magnified Li plating/stripping profiles for the cycling
periods c) 135–145 h, d) 550–560 h, e) 745–755 h, and f) 1000–1110 h.
g) High current density (5 mAcm�2) cycling of symmetric cells based
on mPPy-GO-Li and bare Cu-Li anodes with a capacity of 1 mAhcm�2.
h) Rate capability of mPPy-GO-Li and bare Cu-Li cells obtained at
different current densities of 0.25, 0.5, 1, 3, 5, and 10 mAcm�2 for
30 min in both the Li-stripping and Li-plating processes of each cycle.
i) Comparison of the gravimetric capacity vs. current density of the
mPPy-GO-Li anode with currently reported Li composite anodes and
pure Li/LCO cells.
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ultrahigh cycle rate of 10 mA cm�2 coupled with a high
capacity of 5 mAh cm�2 of our mPPy-GO-Li anode has
outperformed most other reported composite Li-metal an-
odes (Figure 4 i),[4c,6a,b,14c,d,19] such as 3D Cu (0.2 mA cm�2,
0.5 mAh cm�2),[6b] 3D porous Cu (0.2 mA cm�2,
1 mAh cm�2),[14c] and graphitized carbon fiber (2 mA cm�2,
1 mAh cm�2).[19b] Correspondingly, the EIS measurements
also confirmed the lower polarization and reduced Rct value
of only 6.8 W compared to Cu-Li (18 W), indicating much
enhanced Li ionic transport kinetics and improved cyclability
in mPPy-GO heterostructures (Figure S21).

To further confirm the dual-functional Li-ion redistrib-
ution in the 2D mPPy-GO heterostructures for promoting
dendrite-free Li deposition during cycling, DFT simulations
were performed. Compared with bare Cu foil, a more
homogeneous Li deposition after 1.00 ns was found for a Cu
foil with the buffer layer. We surmise that the mechanically
stable and flexible GO protective films can act as physical
barriers to delay the transfer of Li ions, and prevent the “tip
effect” due to the intrinsic defect sites of GO (Fig-
ure 5a, b).[11a,20] Further, the distribution behavior of Li ions
through 2D mPPy was simulated (Figure 5c), where Li ions
could move along in the y axis direction (Figure S22) driven
by the vertical electric field. Notably, the mesopores in the
PPy layer were the only pathway for Li-ion migration. Based
on finite volume method (FVM) results (Figure 5d,e), with
the staggered arrangement of mesopores in PPy, the distri-
bution of Li ions become more uniform as Li ions migrate
along the y axis, contributing to a homogeneous Li distribu-
tion. Compared with bare Cu, where Li ions are easily
trapped to form “tip effects” and induce Li dendrites, the 2D
mPPy-GO heterostructure could act as a dual-functional
redistributor to exceptionally dissipate the concentrated Li
ions for realizing uniform Li-ion distribution and smooth Li
deposition (Figure 5 f).

The morphology change of conductive mPPy-GO anodes
(ca. 7.5 Scm�1) after Li plating/striping was systematically
studied (Figure 5g–j and Figure S23). After electroplating Li
metal for 0.5 h (0.25 mAh cm�2), top-view and cross-sectional
scanning electron microscopy (SEM) images of the mPPy-
GO electrode showed uniform and dense nanosheet-stacked
structures with a thickness of approximately 22.9 mm (Fig-
ure 5g and Figure S24a). Increasing the Li plating capacity to
0.5 and 1 mAh cm�2 led to complete and uniform coverage
with dense Li (25.0 mm) of the mPPy-GO electrode. No
apparent Li dendrites were found (Figure 5h, i and Fig-
ure S24b, c), indicating that a dendrite-free Li plating process
had been achieved in the mPPy-GO electrode. Moreover, the
mPPy-GO electrode skeleton could be fully recovered after
Li stripping with almost unchanged scaffold thickness (Fig-
ure 5 j and Figure S24d). On the contrary, bare Cu electrodes
at different plating/stripping states showed mossy surfaces
with a big fluctuation in thickness, suggestive of large volume
changes caused by the significant formation of dendrites
(Figures S25, S26).[21]

To highlight the practical application of 2D mPPy-GO-Li
anodes, three full cells were assembled by pairing a LiCoO2

(LCO) cathode with mPPy-GO-Li, pure Li foil, and Cu-Li
anodes (5 mAh cm�2), respectively. We first tested the cycling

performance of the full cells at 1 C. Notably, the discharge
capacity of mPPy-GO-Li was 141 mAh g�1, which is higher
than those of pure Li (133 mAh g�1) and Cu-Li (121 mAh g�1)
in the initial cycles. After cycling for 450 cycles, the capacity of
pure Li/LCO cell decreased to only 63 mAhg�1, showing
a low capacity retention of 47%, and the bare Cu-Li only
maintained 16 mAh g�1, corresponding to 13 % of the initial
capacity. Inversely, a high discharge capacity of 130 mAh g�1,
about 92% of capacity retention, and outstanding cycling
stability were achieved for the mPPy-GO-Li/LCO cell after
the same cycling process (Figure 6a–c and Figure S27). Such
a full cell could readily power 42 light-emitting diode (LED)
arrays of the letters “DICP” for more than 0.5 h. Importantly,
the Coulombic efficiency of the mPPy-GO-Li/LCO cell
remained nearly 100 % during cycling, while that of the Cu-
Li cell showed large fluctuations (Figure 6 d). Furthermore,
the mPPy-GO-Li/LCO battery delivered a greatly enhanced
rate capability, for instance, 118 mAh g�1 at 2 C and
101 mAhg�1 at 5 C for mPPy-GO-Li/LCO cells, while those
of pure Li/LCO were 107 and 88 mAh g�1, and those of Cu-Li/
LCO were only 45 and 5 mAh g�1 at 2 C and 5 C, respectively
(Figure 6e, f). In addition, the polarization between the
charge and discharge plateaus for the mPPy-GO-Li/LCO
battery (94 mV) was much smaller than for Li/LCO (123 mV)
and Cu-Li/LCO cells (350 mV), demonstrating the signifi-
cantly improved kinetics in the mPPy-GO-Li/LCO cell
(Figure 6g).[22]

Figure 5. Li-ion transportation behaviors of the 2D mPPy-GO hetero-
structure as dual-functional ion redistributor. a, b) Atomic configura-
tions of the diffusion pathway of Li atoms on the Cu current collector
a) with or b) without defective GO at different times. c) Distributions
of Li ions through a 2D mPPy-GO heterostructure layer. The colors in
the graph represent the concentration of Li ions ([Li+]). d) The relative
concentration of Li ions and e) standard deviation of [Li+]/[Li+]ave

beneath the mPPy-GO layer at different thicknesses (i–viii) in the FEM
simulation results. [Li+]ave is the average concentration of Li ions at
each thickness. f) Schematic illustration of the electrochemical deposi-
tion behaviors of electrodes with 2D mPPy-GO heterostructures as
dual-functional Li-ion redistributors for uniform Li deposition (top),
and bare Cu (bottom). g–j) SEM images showing top views (left) and
cross-sections (right) of mPPy-GO-Li electrodes during g) plating with
a capacity of 0.25 mAhcm�2, h) plating with a capacity of
0.5 mAhcm�2, i) plating with a capacity of 1 mAhcm�2, and j) stripping
with a capacity of 1 mAhcm�2.
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The 2D mPPy-GO heterostructure has been demonstrat-
ed as a novel dual-functional Li-ion redistributor for excep-
tionally stable and dendrite-free Li anodes. The outstanding
performance is attributed to the synergy in the 2D mPPy-GO
heterostructure. First, the defective GO serving as a Li-ion
nanosieve could sufficiently slow down the shuttling speed of
Li ions between electrode and electrolyte, and reduce the Li
dendrite growth rate, especially at high current densities
(Figure 5a). Second, the highly ordered mesoporous arrays of
the mPPy layer, providing abundant Li-ion-conducting nano-
channels (Figure 5c–e), significantly lower the local effective
current density and form a uniform Li-ion flux. Third, the
excellent electrolyte wettability, high mechanical intensity,
and outstanding chemical and physical stability of the 2D
mPPy-GO heterostructure sufficiently enhance the strength
of the uniform SEI film to prevent Li metal from the
successive corrosion by the electrolyte. Consequently, the
formation of Li dendrites and “dead Li” is eventually
suppressed.

Conclusion

In summary, a novel 2D heterostructure dual-functional
Li-ion redistributor has been demonstrated to achieve
homogenous Li-ion distribution for highly stable and den-
drite-free Li metal anodes. Based on the synergy between the
highly ordered Li-ion nanochannels of the 2D mesoporous
mPPy layers and the nanosieves of the defective GO nano-
sheets, uniformly dispersed Li flux and remarkably reduced
effective current densities were attained. The mPPy-GO
electrode displayed a high Coulombic efficiency (98 %) for up
to 1000 cycles (2000 h), and flat voltage profiles (70 mV) at
a high current density (10.0 mAcm�2), coupled with long
cyclability without dendrite growth even in extreme environ-

ments. Moreover, mPPy-GO-Li/LCO batteries showed sig-
nificantly improved kinetics and capacity. Therefore, this new
strategy for solving Li dendrite formation by making use of
dual-functional 2D Li-ion redistributors will inspire the
design and construction of Li-metal anodes toward high-
energy-density Li batteries and other metal (Na, K, Zn)
rechargeable batteries.

Acknowledgements

This work was financially supported by the National Key
R&D Program of China (Grant 2016YBF0100100), the
National Natural Science Foundation of China (Grants
51572259, 51872283, and 21805273), the LiaoNing Revital-
ization Talents Program (Grant XLYC1807153), the Natural
Science Foundation of Liaoning Province (Grant
20180510038), DICP (DICP ZZBS201708, DICP
ZZBS201802), DICP&QIBEBT (Grant DICP&QIBEBT
UN201702), the Dalian National Laboratory For Clean
Energy (DNL), CAS, and the DNL Cooperation Fund,
CAS (DNL180310, DNL180308, DNL201912, and
DNL201915).

Conflict of interest

The authors declare no conflict of interest.

Keywords: graphene oxide · heterostructures ·
lithium metal anodes · mesoporous materials · polypyrrole

Figure 6. Electrochemical performance of Li/LCO full cells with different Li-metal anodes. a,b) Charge and discharge curves of a) mPPy-GO-Li/
LCO and b) pure Li/LCO cells measured at 1 C for different cycles. c) Long-term cycling stability of full batteries based on mPPy-GO-Li, pure Li,
and Cu-Li anodes with LCO cathodes tested at 1 C. d) Coulombic efficiencies of mPPy-GO-Li/LCO and Cu-Li/LCO cells at 1 C. e) Charge and
discharge curves of mPPy-GO-Li/LCO cells obtained at a rate from 0.2 to 5 C. f) Rate capabilities of mPPy-GO-Li/LCO, pure Li/LCO, and Cu-Li/
LCO cells obtained from 0.2 to 5 C. g) Voltage profile comparison of mPPy-GO-Li/LCO, pure Li/LCO, and Cu-Li/LCO cells obtained at 0.5 C. The
inset shows the hysteresis of the mPPy-GO-Li/LCO cell.
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A Two-Dimensional Mesoporous
Polypyrrole–Graphene Oxide
Heterostructure as a Dual-Functional Ion
Redistributor for Dendrite-Free Lithium
Metal Anodes

A 2D heterostructure of mesoporous
polypyrrole grown on defective graphene
oxide was used as a dual-functional
lithium ion redistributor with stepwise
lithium ion distribution and homogene-
ous lithium deposition for extremely
stable, dendrite-free lithium anodes. This
design takes advantage of the synergistic
effects arising from the lithium ion
transport nanochannels of mesoporous
polypyrrole and the defective graphene
oxide acting as a lithium ion nanosieve.
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