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Lithiummetal, as the most ideal anode material for high energy density batteries, has been researched for
several decades. However, the dendrite formation and large volume change during repetitive lithium
plating/stripping lead to a serious safety issue and impede the practical application of lithium metal
anode. Herein, a nanoporous Ni foam current collector with high surface area and surface flaws is con-
structed via a facile oxidation–reduction method. The inherent macropore structure of Ni foam can partly
accommodate the volume variation during Li plating/stripping. The well-distributed nanopores on the
skeleton of Ni foam can effectively reduce the local current density, regulate the uniform lithium nucle-
ation and deposition with homogenous distribution of Li+ flux. Moreover, the surface flaws induce the
formation of ring Li structures at initial nucleation/deposition processes and concave Li metal sponta-
neously formed based on the ring Li structures during cycling, which can direct the even Li plating/strip-
ping. Therefore, highly stable Coulombic efficiency is achieved at 1 mA cm�2 for 200 cycles. The
symmetrical cell, based on the nanoporous Ni foam current collector, presents long lifespans of 1200
and 700 h respectively at different current densities of 0.5 and 1 mA cm�2 without short circuit. In addi-
tion, the LiFePO4 full cell, with the Li metal anode based on the nanoporous Ni foam current collector,
shows excellent cycling performance at 1C for 300 cycles and rate performance.
� 2020 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by

ELSEVIER B.V. and Science Press. All rights reserved.
1. Introduction

Lithium-ion batteries (LIBs) have promoted the wide applica-
tions and developments of various electronic devices, such as
mobile phones, laptops, drones and robots [1–3]. For the moment,
the low energy density (200–250 Wh kg�1) of commercial LIBs,
using the graphite (372 mAh g�1) as anode, cannot meet the
requirements for lightweight and longer working hours of elec-
tronic devices, especially for the tremendous increase of electric
vehicles [4,5]. This highlights the urgent need for next generation
batteries with high energy density. Recently, Li metal anodes
(LMAs) are revived due to its high theoretical capacity of 3860
mAh g�1, low reduction potential (�3.04 V vs. standard hydrogen
electrode) and low density (0.53 g cm�3) [6–8]. However, the prac-
tical utilization of LMAs is still hindered by several formidable
challenges, e.g., formation and growth of Li dendrite, large volume
change, formation of dead Li, low Coulombic efficiency (CE) and
internal short circuit [9–11]. Among them, dendrite growth and
infinite volume expansion are the two main limitations of LMAs
[3,12]. The continuous Li dendrite growth can seemingly penetrate
the separator and contact the cathode, resulting in short circuit of a
working cell and safety risk [9,13]. Moreover, the dead Li will be
formed if the dissolution of Li metal originates from the root of
Li dendrite [14–16]. Meanwhile, the volume change of LMAs is infi-
nite during repeated Li plating/stripping owing to its hostless nat-
ure, which fractures the fragile solid electrolyte interphase (SEI)
film, causing the touch between fresh Li metal and electrolyte,
accelerating the consume of Li metal and electrolyte and eventu-
ally leading to the low CE and poor cycle life [2,17,18].

Considerable efforts have been conducted to tackle the above
mentioned problems. One approach is to adjust the electrolyte
composition via adding additives to construct a stable SEI layer
on LMAs, such as fluoroethylene carbonate (FEC) [19], vinylene
reserved.
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carbonate (VC) [20], AlCl3 [21], and LiNO3 [22]. Although this
method is simple and stabilizes the LMAs to some extent, the effect
of additives is not permanent due to the depletion of those addi-
tives during repetitive charge/discharge cycling [23]. Alternatively,
the LMAs can be coated with an artificial passivation layer to effec-
tively stabilize the LMAs before assembling cells, such as hollow
carbon nanosphere layer [24], Li3PO4 layer [25], and LiF film [26].
However, the artificial SEI layer has not been robust enough to con-
quer the unavoidable volume change of LMAs during plating/strip-
ping process. Moreover, the deposited Li with high capacity
deteriorate the strength of artificial SEI layer and generate cracks
in the interface, causing a side reaction between Li metal and elec-
trolyte, thus resulting in low CE and poor cycle life [27]. Another
approach is to modify the separator structure to avoid Li dendrite
penetration [28–30], which cannot solve the problems of the for-
mation of dendrite and dead Li thoroughly. Recently, three-
dimensional (3D) conductive frameworks with high surface areas
have been developed to accommodate the Li deposition, including
3D porous Cu host [12,31–35], 3D porous Ni host [36], nitrogen-
doped carbon nanofiber [37], and nitrogen-doped graphitic carbon
foams [38]. Based on the Sand’s time, in other words the initial
time of dendrite growth, these current collectors possessing large
surface area can reduce local current density and homogenize Li+

flux distribution, hence delay the dendrite growth [14,39]. Further-
more, the use of these hosts effectively accommodates the depos-
ited Li and alleviates volume change. Commercially available Ni
foam has been extensively employed as current collectors or sup-
port frameworks for various applications in different fields, such
as batteries [40], supercapacitors [41], and electrocatalysis [42].
Comparing to the Cu based host, the Ni based host has smaller
nucleation overpotential for Li deposition, implying smaller Li
nucleation barrier on Ni than that on Cu [43]. The interconnected
porous structure, which can accommodate the volume change of
LMAs [11,44], and low cost of Ni foam makes it ideal for 3D Li host.
However, dendritic Li trends to be formed on the metallic skeletons
of Ni foam due to the uneven distribution of Li+ flux (Scheme 1a).
Hence, Ni foam needs to be further processed to make it become
a desirable current collector for LMAs. Besides, researchers have
reported that the ‘‘well-like” holes constructed on Li foil anode
itself can direct Li plating/stripping process, then the modified Li
foil anode exhibits low overpotential and stable cycling perfor-
mance [45,46].

Herein, we developed a facile oxidation–reduction strategy to
fabricate nanoporous Ni foam (NPNF) with larger surface area than
pure Ni foam (NF), hence, the NPNF current collector is able to
reduce the local current density to a greater extent. Besides, the
well-distributed nanopores can guide the homogenous distribu-
tion of Li+ flux and uniform nucleus of Li at a small nucleation over-
potential (Scheme 1b). Moreover, the flaws on the NPNF can induce
Scheme 1. Schematics of Li metal deposition behavior on different current collectors o
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the formation of ring structures at the initial Li nucleation/deposi-
tion processes, then some concave structures spontaneously
formed based on the ring structures on the Li@NPNF anode during
cycling, which can guide Li plating/stripping. As a result, LMAs
with NPNF current collector reveals apparently reduced polariza-
tion, and excellent lifespan with a high CE (98.7%) even after 200
cycles at 1 mA cm�2. The symmetric Li||Li@NPNF cell exhibits a
long cycling life up to 1200 h at 0.5 mA cm�2 and 700 h at
1 mA cm�2. When assembled with a LiFePO4 cathode, the full cell
combined with the NPNF current collector shows better rate per-
formance and high capacity retention of 93% after 300 cycles at
1C, comparing to the case of the NF current collector with a much
lower capacity retention of 78.9% after 150 cycles, even cell failure
after 190 cycles.
2. Experimental

2.1. Fabrication of the nanoporous Ni foam

Commercial Ni foams were first cut into disks with diameter of
12 mm and washed with absolute alcohol for three times to
remove the surface impurities in a sonication bath, then dried in
an oven at 60 �C without any other treatments. Afterwards, the
prepared Ni foam disks were transferred into a tube furnace and
oxidized at 700 �C for 8 h in ambient environment. After the tube
furnace cooling down, the oxidized Ni foams were reduced at
500 �C for 5 h in a mixed atmosphere with hydrogen and argon
(H2:Ar = 5:95 vol%) to obtain the final nanoporous Ni foam current
collector for LMAs.
2.2. Material characterization

The crystal structures of pure Ni foam, oxidized Ni foam and
nanoporous Ni foam were characterized by X-ray diffraction
(XRD) using a Rigaku D/max-rB X-ray diffractometer with Cu Ka
(k = 0.15418 nm) incident radiation. The BET surface area and
pore-size distribution were evaluated using the nitrogen adsorp-
tion/desorption technique (3H-2000PS1) and mercury intrusion
technique (AutoPore IV 9510), respectively. The morphology and
nanostructures of these three samples were analyzed by a scanning
electron microscopy (SEM, SUPRA-55 SAPPHIRE). For the observa-
tion of the morphology of deposited Li on NF and NPNF current col-
lectors, the cycled cells were disassembled in an Ar–filled
glovebox, the LMAs were then washed with dimethyl carbonate
(DMC) to remove residual electrolyte and dried in the glovebox
at room temperature before characterization. The prepared LMAs
were loaded in a sealed container filled with Ar and rapidly trans-
ferred to the SEM vacuum chamber avoiding prolonged exposure
f (a) pure Ni foam current collector and (b) nanoporous Ni foam current collector.
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to air. Elemental mapping of oxidized Ni foam was carried out
before and after reduction by SEM with energy dispersive X-ray
spectrometry (EDS).
2.3. Electrochemical measurements

To measure the electrochemical performances of LMAs, CR2032
coin cells were installed in an Ar-filled glove box (H2O and O2 con-
tents <0.1 ppm) using NF or NPNF current collector as the working
electrode, metallic Li foil as the counter/reference electrode,
polypropylene (PP) film (Celgard 2400) as the separator, and 1 M
lithium bis(trifluoromethanesulonyl)imide (LiTFSI) in 1,3-
dioxolane (DOL) and 1,2-dimethoxyethane (DME) (v:v = 1:1,
60 mL) with 1 wt% LiNO3 as the electrolyte. The assembled coin
cells were tested using a channels battery analyzer (Neware CT-
3008). Before the formal measure, coin cells were firstly cycled at
0.05 mA for five times between 0 and 1 V vs. Li/Li+ to remove the
surface contaminations of current collectors and to stabilize the
SEI layer. To assess CE, a fixed amount of 1 mAh cm�2 of Li was
electrochemically deposited on the current collector from Li foil
counter electrode and then was stripped away by charging to 1 V
vs. Li/Li+ at 1 mA cm�2. Electrochemical impedance spectrum
(EIS) test was recorded with a frequency ranging from 100 kHz
to 10 mHz and a AC signal of 5 mV in amplitude as the perturbation
using a CHI660E electrochemical workstation (Shanghai Chenhua,
China). To test the cycling stability and rate performance of sym-
metric cell, 4 mAh cm�2 of Li was firstly deposited on the NF or
the NPNF current collector to form the Li@NF anode or the
Li@NPNF anode at a current density of 0.5 mA cm�2. For cycling
stability measurement, the Li||Li@NF or the Li||Li@NPNF cells were
charged/discharged at 0.5 mA cm�2 for 2 h of each cycle or at
1 mA cm�2 for 1 h of each cycle. For the rate performance measure-
ment, the symmetric cells were charged/discharged at different
current densities with a fixed capacity of 1 mAh cm�2.

The full cells were assembled to compare the electrochemical
performances of the Li@NF anode and Li@NPNF anode. Before
using the Li@NF or Li@NPNF as the anode, they were washed with
DMC and dried in the glovebox at room temperature. Commercial
LiFePO4 was used as the cathode material in the full cells. LiFePO4

power, polyvinylidene difluoride (PVDF) and Super P (mass ratio:
8:1:1) were mixed in N-methyl-2-pyrrolidone (NMP) to form the
cathode slurry, which was casted on Al foil current collector and
dried under vacuum atmosphere at 120 �C for 12 h. Both low mass
loading (~2.0 mg cm�2) and high mass loading (~11.4 mg cm�2) of
LiFePO4 were fabricated. The prepared cathode was cut into round
disk with a diameter of 12 mm. The full cell was charged/dis-
charged at 2.8–4.0 V vs. Li/Li+ at 1C (1C = 172 mA g�1) for cycling
stability test or at various current for rate performance test.
3. Results and discussion

Fig. 1(a, b, e) shows the surface morphology of the Ni foam and
its appearance changes after oxidation and reduction successively.
Fig. S1 exhibits the low resolution SEM images of the samples. It
can be observed that the surface morphology of the Ni foam
becomes very rough after heat treatment in the air (Fig. 1b) and
the color is transformed into dark green (inset in Fig. 1b), which
indicates that there is a layer of nickel oxide (NiO) formed on the
surface of the Ni foam. Element mapping of cross-sectional SEM
image of the oxidized Ni foam (Fig. 1c) and XRD patterns (red line
in Fig. 1d) further confirm the presence of NiO. The oxidized Ni
foam was then annealed in the mixed gas of H2 and Ar to fabricate
NPNF current collector, as showed in Fig. 1(e). It is noted that nano-
pores with size ranging between 200 and 800 nm are formed inside
the nickel skeleton (Fig. 1f), which can greatly increase the surface
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area of NPNF current collector, decrease the local current density
and induce the uniform nucleation of Li, thus prolong the time of
Li dendrite formation. The BET surface area of NPNF was evaluated
to be 1.83 m2 g�1, twice larger than that of NF (0.81 m2 g�1), using
the nitrogen adsorption/desorption technique (Fig. S2a). The mer-
cury intrusion technique was used to compare the pore size distri-
butions of NF and NPNF, as shown in Fig. S2(b). It can be observed
that the size of the nanopores in NPNF is mainly concentrated
around 435 nm. The porosity and total pore volume of NPNF are
respective 82.1% and 1.29 cm3 g�1, while the total pore volume
of NF is only 0.9 cm3 g�1, less than 70% of that of NPNF. XRD pro-
files (Fig. 1d) demonstrate that the oxidized Ni foam has been
reduced completely. The element mapping of NPNF current collec-
tor (Fig. 1f) also exhibits the disappearance of oxygen, both on the
surface and inside the bulk of nickel skeleton, after reducing of oxi-
dized Ni foam. Hence, the conductivity will not decrease when the
NF is changed into the NPNF current collector (Fig. S3).

The Li plating/stripping behavior on the NPNF current collector
was investigated to observe the morphology evolution of Li metal
via ex-situ SEM (Fig. 2). It can be seen that when the amount of
deposited Li on the NPNF current collector is 1 mAh cm�2, the mor-
phology of Li metal is large grain structure (Fig. 2b). It can be noted
that some Li grains present irregularly concave shape (Fig. 2b, yel-
low line parts), which can guide Li metal to preferentially deposit
in the interior of concave Li grains during the subsequent Li depo-
sition [45,46]. With increasing the amount of Li metal on the NPNF
current collector, the concave Li grains eventually are filled with Li
metal and all the Li grains gradually grow up and contact each
other to form an even and dense surface (Fig. 2c, d). The Li metal
can also be stripped reversibly from the NPNF current collector.
As shown in Fig. 2(e–g), the Li metal is gradually stripped from
the NPNF current collector and is completely stripped after charg-
ing to 1 V. It is noted that the concave Li structures occur when the
amount of stripped Li is 2 mAh cm�2 (Fig. 2e), which can guide Li
metal to preferentially strip along the rims of the concave shape
[45]. Furthermore, the structural stability of the nanopores and
high surface area of the NPNF current collector can be kept after
Li stripping (Fig. 2g). After repeated cycles, the surface of the
Li@NPNF anode still remains flat without occurrence of protruding
Li dendrites (Fig. 2h). The flat surface of Li@NPNF anode may result
from the large surface area of the current collector due to the nano-
pores, which reduces the local current density, and the formation
of concave Li metal which directs Li metal to plate and strip more
uniformly.

The formation of the concave Li grains, during Li plating process,
may be attributed to the basin-like flaws on the surface of NPNF
current collector, as shown in Fig. 2(a). The surface flaws induce
uneven electrostatic field over a small range, that is the charge
density at the edge is higher than that at the center of the basin-
like flaws according to the classical electromagnetism principles
[47,48]. Hence the Li metal will preferentially nucleate and grow
around the flaws. SEM images in Fig. 3(a) further demonstrate this
hypothesis. It can be seen that the Li deposits present ring struc-
tures, precursors of the concave structures, at the initial nucleation
process, with a very low Li capacity of 0.05 mAh cm�2. The ring Li
structures will have a guiding function for the formation of con-
cave Li grains. Fig. 3(b) shows that the Li particles would preferen-
tially deposit in the interior of concave structures. Fig. 3(c, d) show
that the concave and spherical Li deposits are coexisting at low Li
capacity of 0.2 mAh cm�2. The schematics in Fig. S4 shows the for-
mation processes of the concave and spherical Li grains. It is noted
that the partial surface flaws have a negligible effect on the uni-
form distribution of current density for the whole NPNF current
collector.

The morphology evolution of Li metal deposited on the NF cur-
rent collector was also investigated via ex-situ SEM during Li plat-



Fig. 1. SEM images of (a) NF, (b) oxidized NF and (e) NPNF. Insets are the corresponding digital photographs. Element mapping of cross-sectional SEM images of (c) oxidized
NF and (f) NPNF. Scale bars: (a, b, e) 2 lm, (c, f) 5 lm. (d) XRD patterns of NF, oxidized NF and NPNF.

Fig. 2. Morphology of Li@NPNF anodes during plating/stripping for different capacities of Li metal. SEM images of (a) pristine NPNF current collector without Li metal and
after plating (b) 1 mAh cm�2, (c) 2 mAh cm�2 and (d) 4 mAh cm�2 of Li metal on the NPNF current collector; SEM images of Li@NPNF anodes after stripping (e) 2 mAh cm�2, (f)
3 mAh cm�2 and (g) 4 mAh cm�2 (that is, charged to 1 V) of Li metal. (h) SEM image of the Li@NPNF anode after 10th plating. Scale bars, 10 lm. Galvanostatic discharge/
charge voltage profile (i) indicates the Li plating/stripping states (a–h) at 0.5 mA cm�2.
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Fig. 3. SEM images of Li deposits on NPNF current collector with the Li capacity of (a) 0.05 mAh cm�2, (b) 0.1 mAh cm�2 and (c, d) 0.2 mAh cm�2. Scale bars: (a, b) 1 lm, (c)
2 lm, (d) 10 lm.
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ing/stripping (Fig. S5). Compared to the Li@NPNF anode, the Li@NF
anode shows a dendrite morphology in the whole plating/stripping
process. It can be seen that dead Li has been formed when the
charging voltage reaches to 1 V (Fig. S5g). The dead Li can also
be distinctly observed after the 10th Li plating (Fig. S5h). The less
plating/stripping time (149.1 h, Fig. S5i) than that of Li@NPNF
anode (150.5 h, Fig. 2i), that is about 0.15 h less per stripping cycle
on average, further indicates the formation of the dead Li that
reduces the CE. The cross-sectional morphology evolutions of both
Li@NPNF anode and Li@NF anode were further investigated to
compare the performances of the NPNF and NF current collectors
during Li plating/stripping, as shown in Figs. S6 and S7. For the
Li@NPNF anode, the deposited Li metals are main grain and flat
structures during Li plating process (Fig. S6a–c), while for the
Li@NF anode the Li dendrite exist (Fig. S7a–c). During Li stripping
process, the size of the Li dendrite gradually reduces and eventu-
ally becomes dead Li (Fig. S7d–f). By contrast, the Li@NPNF anode
shows more evenly stripping, without obvious dead Li except the
remaining SEI layers (Fig. S6d–f). After the 10th plating, the
Li@NPNF anode still exhibits flat structure (Fig. S6g), while the
Li@NF anode presents dead Li and dendritic Li structures
(Fig. S7g). The magnified SEM images of Figs. S(6h) and S(7h) fur-
ther show the flat structure of the Li@NPNF anode and the obvious
dead Li on the Li@NF anode.

As shown in Figs. S6(h) and S7(h), because the Li will firstly
deposit on the conductive upper surface, the pores cannot be fully
used to accommodate the deposited Li. This problem can be solved
by using melt-infusion method. Chi et al. have demonstrated that
the NF can be filled with Li metal via melt-infusion method at
~400 �C [44]. If all pores are full of Li in the NPNF, it can provide
more capacity than NF or it can reduce the anode volume at the
same capacity by using thinner current collector due to the larger
total pore volume of NPNF (1.29 cm3 g�1) than that of NF (0.9 cm3

g�1). Based on the density and theoretical capacity of Li metal, a
gram of NPNF or NF can respectively accommodate 0.68 or
0.48 g Li and the specific capacities of the Li@NPNF anode and
the Li@NF anode are respective 1562 and 1252 mAh g�1. However,
this work mainly focused on the properties of the current collector
itself and its influence on the nucleation/deposition of Li.
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To evaluate the electrochemical cycling stability of the NPNF
current collector, CE test was carried out at 1 mA cm�2 with a
capacity of 1 mAh cm�2 for the both NF and NPNF current collec-
tors, as shown in Fig. 4(a). The amount of the stripped Li capacity
was controlled via a charging cut-off voltage at 1 V vs. Li/Li+.
Fig. S8(a, b) shows the charging and discharging profiles of the both
current collectors at different cycles. The CE of NPNF current col-
lector shows a good stability, remaining fairly stable for 200 cycles
and exhibiting a high CE of 98.7% even after 200 cycles. The stable
CE indicates the uniform Li plating and striping behavior. However,
for the NF current collector, the CE shows a vast drop from the 54th

cycle (96.3%) to 77th cycle (84.3%) and irregularly fluctuates in the
subsequent cycles, which could be ascribed to the continuous
growth/corrosion of Li dendrites [38]. The CE of NF current collec-
tor is only 75.6% at 200th cycle. The advantage of NPNF current col-
lector was also verified by the nucleation overpotential which is
the difference between the dip voltage and the stable voltage pla-
teau. Fig. 4(b) shows the first charging/discharging profiles of NF
and NPNF current collectors at 1 mA cm�2. It can be observed that
the NPNF current collector has a smaller nucleation overpotential
of 106.7 mV than that of the NF current collector (266.6 mV).
The lower nucleation overpotential for the NPNF current collector
indicates that the high surface area significantly decreases the
practical current density for the deposition of Li metal and then
contributes to the uniformity of initial nucleation.

The corresponding voltage hysteresis, which is the gap
between the voltages of Li plating and stripping, further confirms
the superiority of the NPNF current collector. Voltage hysteresis is
mainly controlled by the current density, charge transfer resis-
tance and interfacial properties [36]. Fig. 4(c) displays that the
NF current collector has a high and fluctuating voltage hysteresis,
while the voltage hysteresis of the NPNF current collector is lower
and more stable. The result should be ascribed to the larger sur-
face area of the NPNF current collector, which can lower the prac-
tical current density and provide a larger interface between the
NPNF current collector and electrolyte to reduce the charge trans-
fer resistance during cycling compared with the NF current col-
lector. Fig. S8(c, d) shows the enlarged voltage profiles of the
both current collectors at different cycles which clearly present



Fig. 4. (a) CE of NF and NPNF current collectors at the current density of 1 mA cm�2 with a capacity of 1 mAh cm�2. The corresponding first voltage profiles (b) and voltage
hysteresis (c) of Li plating/stripping on NF and NPNF current collectors. EIS spectra for Li plating/stripping on NF (d) and NPNF (e) current collectors after different cycles.
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the lower and more stable voltage hysteresis of the NPNF current
collector. In order to study the charge transfer resistance and
interfacial properties, EIS test was exploited at different cycles
for the both current collectors, as shown in Figs. S9 and 4(d, e).
Before cycling, the NPNF current collector displays much lower
charge transfer resistance and much higher ionic conductivity
than those of the NF current collector (Fig. S9). This indicates that
the nanopores can provide more electroactive area for the trans-
fer of charge and Li ion between the NPNF current collector and
the electrolyte. This should also be a reason for the smaller nucle-
ation overpotential of NPNF current collector (Fig. 4b). After dif-
ferent cycles, the NPNF current collector remains lower charge
transfer resistance than that of the NF current collector (Fig. 4d,
e). Moreover, the NPNF current collector shows a stable charge
transfer resistance (Fig. 4e), while the charge transfer resistance
of the NF current collector decreases gradually with the increase
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of cycle number (Fig. 4d). This stable charge transfer resistance
indicates that there is a stable interfacial property during Li plat-
ing/stripping for NPNF current collector. The lower charge trans-
fer resistance and stable interfacial property of the NPNF
current collector further support its lower and stable voltage hys-
teresis. The morphology of the deposited Li metal after the 100th
plating was characterized by SEM (Fig. S10). Fig. S10(a) shows
obvious Li dendrite structure on the NF current collector, while
the morphology of deposited Li metal on the NPNF current collec-
tor remains a flat surface (Fig. S10b).

The cycling performance of symmetrical Li||Li@NF and Li||
Li@NPNF cells was investigated via galvanostatic charge and dis-
charge at different current densities of 0.5 and 1 mA cm�2 with a
fixed capacity of 1 mAh cm�1, as shown in Fig. 5(a, b). Before
cycling for 540 h, the symmetrical cell of Li||Li@NF can maintain
stable cycling at 0.5 mA cm�2, however the voltage of Li plating/



Fig. 5. Voltage-time profiles of Li plating/stripping cycles with a capacity of 1 mAh cm�2 at constant current densities of 0.5 mA cm�2 (a) and 1 mA cm�2 (b) and at various
current densities (c) in the symmetric Li||Li@NF and Li||Li@NPNF cells. (d) Voltage hysteresis of Li plating/stripping process corresponding to (c).
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stripping suddenly drops, indicating the occurrence of short circuit
(Fig. 5a). This means that the Li dendrite has been formed and con-
tinuously grown in the symmetrical cell of Li||Li@NF during
cycling. In contrast, the symmetrical cell of Li||Li@NPNF shows
stable voltage profiles and an ultralong lifespan of 1200 h
(Fig. 5a). The phenomenon of short circuit is not observed, indicat-
ing that the formation of Li dendrite has been significantly delayed
owing to the reduced practical current density derived from the
high surface area.When the current density increases to 1mA cm�2,
the symmetrical cell of Li||Li@NF also exhibits the short circuit
phenomenon after cycling for 420 h (Fig. 5b). Besides, the voltage
of Li plating/stripping displays a continuous increase tendency
until the short circuit, which may be induced by the unstable inter-
facial property of Li/electrolyte interface and electrical disconnec-
tion due to the repeated growth/corrosion of Li dendrites. For the
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symmetrical cell of Li||Li@NPNF, the Li plating/stripping process
shows exceptional cycling stability with negligible voltage fluctua-
tion for 700 h. The stable voltage profiles further indicate the stable
interfacial property and the inhibition of dendritic Li formation on
the Li anode based on NPNF current collector. The short circuit
phenomena and voltage change can be observed distinctly from
the voltage hysteresis curves (Fig. S11). The excellent cycling sta-
bility is impressive when compared to that in previous reports,
as shown in Table S1. The cycling performances of symmetrical
cells were further tested at a higher current density and larger
cycling capacity, as shown in Fig. S12. It shows that the symmetri-
cal cell of Li||Li@NF presents much larger voltage fluctuation and
voltage hysteresis and the short circuit phenomenon occurs less
than 100 h. By contrast, the symmetrical cell of Li||Li@NPNF pre-
sents more stable voltage behavior and smaller voltage hysteresis



Fig. 6. Electrochemical performances of full cells of Li@NF||LFP and Li@NPNF||LFP. (a) Cycling performance at 1C, (b) rate performance and (c, d) charge–discharge curves at
different rates.
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and can cycle 400 h without short circuit. The SEM images in
Fig. S13 show the surface morphology of Li@NPNF anodes after
20 cycles in symmetric cells at different current densities and
cycling capacities. It can be observed that the Li@NPNF anodes pre-
sent similar surface morphology with flat Li deposition.

In order to further investigate the voltage hysteresis behavior at
different current densities, the symmetrical cell of Li||Li@NF and
Li||Li@NPNF were charged and discharged for 5 cycles at each cur-
rent density (0.5, 1, 2, 3, 5, 0.5 mA cm�2), as shown in Fig. 5(c). It
shows that the symmetrical cell of Li||Li@NF has larger overpoten-
tial and voltage hysteresis than the Li||Li@NPNF cell at all current
densities. This larger overpotential and voltage hysteresis of the
Li||Li@NF cell should be attributed to the large internal impedance
because of the accumulation of dead Li and SEI. Moreover, the
difference of voltage hysteresis between the adjacent current
densities is lower for the Li||Li@NPNF cell than that of the Li||Li@NF
cell (Fig. 5d), which may indicates that the practical current den-
sity on the Li@NPNF anode is effectively reduced, even at high
current densities, by the high surface area due to the nanopores.
The detailed data about the voltage hysteresis are shown in
Table S2.

The enhanced electrochemical performances of the cells based
on the NPNF current collector are obviously attributed to the fol-
lowing features: First, the inherent macropore structure of Ni foam
can partly accommodate the volume variation during Li plating/
stripping. Second, the nanopores endow the NPNF current collect
with high surface areas, which can reduce the local current density,
hence prolong the growth of Li dendrite based on the Sand’s time
and reduce the voltage hysteresis. The well-distributed nanopores
can also regulate the uniform lithium nucleation and deposition
with homogenous distribution of Li+ flux. Third, the concave Li
metal is spontaneously formed during both plating and stripping
processes, which can guide Li metal to deposit preferentially in
the interior of concave Li grains and to strip preferentially along
131
the rims of the concave shape, further eliminating the formation
of Li dendrite [45,46].

Furthermore, full cells were assembled with the commercial
LiFePO4 (LFP) as the cathode to compare the performances of
Li@NPNF and Li@NF anodes. In order to reduce the influence of
cathode and to better compare the performance of anode, the cath-
ode with low LFP mass loading was firstly applied (Fig. 6). The
Li@NPNF||LFP full cell displays much better cycle stability with a
high capacity retention of 93% and CE of 99.5% at 1C after 300
cycles (Fig. 6a), which demonstrates high Li utilization of the
Li@NPNF anode. In contrast, the Li@NF||LFP full cell has lower spec-
ify capacity, only exhibits a capacity retention of 78.9% after 150
cycles and shows abrupt drops of the capacity and CE after 190
cycles due to the formation of dead Li during cycling, revealing
low Li utilization of the Li@NF anode. Fig. 6(b) shows that the
Li@NPNF||LFP full cell possesses better rate performance than the
Li@NF||LFP full cell. The charge–discharge curves at different rates
are shown in Fig. 6(c, d). By comparison, the Li@NPNF||LFP full cell
reveals lower polarization, especially at high rate, which should be
attributed to the advantages of the Li@NPNF anode, that is small
local current density, stable interfacial property and low internal
impedance. Then, the cathode with high LFP mass loading was
applied to explore the potential of the Li@NPNF anode in practical
application (Fig. S14). Fig. S14(a) shows the first three charge–dis-
charge curves of Li@NPNF||LFP at 0.1C, and the first charge curve
exhibits that the areal capacity of LFP cathode is 1.8 mAh cm�2.
The N/P ratio (areal capacity ratio of the negative and positive elec-
trodes) is calculated to be 2.22, that is comparable to the practical
cell parameter reported in the literatures [49,50]. The cycling per-
formance tests were conducted at 0.5C after the first three cycles at
0.1C, as shown in Fig. S14(b). It can be observed that the Li@NPNF||
LFP presents better cycling performance than the Li@NF||LFP, and
the capacity retentions are respective 70.6% and 46.7% for the
Li@NPNF||LFP and Li@NF||LFP full cells after 100 cycles.
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4. Conclusions

In summary, a nanoporous Ni foam current collector with some
flaws on the surface fabricated by the facile oxidation–reduction
strategy is proposed for the dendrites free and highly stable LMAs.
The nanopores distributed uniformly on the Ni foam skeleton
endow the NPNF current collector with high surface areas, which
significantly reduces the local current density, guides the homoge-
nous distribution of Li+ flux and accelerates the uniform nucleation
of Li. Besides, the surface flaws induce the formation of ring struc-
tures at the initial Li nucleation/deposition processes, then the con-
cave Li metal, spontaneously formed on the basis of the ring Li
structures during cycling, can direct the Li metal to plate and strip
evenly, further eliminating the formation of dendritic Li. As a
result, combining with the macroporous structure of Ni foam,
which can partly accommodate the volume change during Li plat-
ing/stripping, the NPNF current collector can achieve a stable CE
for 200 cycles at 1 mA cm�2 with much reduced nucleation overpo-
tential, voltage hysteresis and more steady interface property. The
symmetrical Li||Li@NPNF cells attains long lifespans of 1200 h at
0.5 mA cm�2 and 700 h at 1 mA cm�2 without short circuit. In addi-
tion, the Li@NPNF||LFP full cell shows excellent cycling perfor-
mance at 1C for 300 cycles and rate performance with much
lower polarization. The NPNF current collector is expected to
reveal a synergistic effect with other feasible designs to realize
its practical application in LMAs. Moreover, the nanoporous Ni
foams with high surface area may also be the potential current col-
lectors or support frameworks in the research field of supercapac-
itors and electrocatalysis.
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