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a b s t r a c t 

Cycling lithium (Li) metal anode with a low negative/positive capacity (N/P) ratio is critical to build high- 
energy-density Li metal batteries (LMBs). Many strategies focusing on interfacial protection are limited to shallow 

conditions using excessive Li with a high negative/positive capacity (N/P) ratio > 50. Herein, we demonstrate a 
deeply enhanced charge transfer kinetic by a rational incorporation of nickel (Ni) seeds in the Li anodes with a 
tailored interfacial chemistry. The Ni seeds in the bulk Li anode not only act as well-dispersed nucleation sites to 
enable Ni-seeded growth of granular Li deposits, but also adsorb acetonitrile (AN) molecules when the Ni-seeded 
Li anodes are paired with an AN-based electrolyte using lithium bis-(fluorosulfonyl)imide as salt, forming a fast 
Li + conducting interphase with co-produced LiF, Li 3 N and Li 2 S components. These benefits conduct an exchange 
current density ~ 20 times higher than that of the bare Li in conventional carbonate electrolytes. Stable cycling 
of LMBs with a practical cathode loading (~ 5 mAh cm 

− 2 ) and a low N/P capacity ratio of 2 is also demonstrated, 
showing the prominence of this remedy for developing high-energy-density LMBs. 
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. Introduction 

Surging demands of high-energy-density storage systems for elec-
ric vehicles and large power supply equipment constantly motivate the
echnology development beyond Li-ion chemistry [1 , 2] , whereas the
echargeable batteries using ultralight and high energy-dense Li metal
nodes have become the research focus during the past decades [3 , 4] .
ne of the most important features of Li metal anode is to break the in-

rinsic link between capacity and crystal structure of the host materials
ike graphite, leading to a “hostless ” material of which the capacity is
ot stemmed from the host’s existing crystal structure [5 , 6] . However,
nlike the graphite with only ~10% volume expansion between the fully
ithiated and delithiated states (and limited capacity of 372 mAh g − 1 )
5] , the “hostless ” Li metal anodes are always suffering from the infinite
olume change, along with the non-uniform Li deposition in dendritic
r mossy shapes, causing unstable solid-electrolyte interphase (SEI) and
ontinuous consumption of electrolytes and Li metal during cycling [7] .
he as-induced limited lifespan and safety concerns seriously impede
he implementation of Li metal batteries (LMBs). 

Various emerging strategies have been devoted to stabilizing
i/electrolyte interfaces, including electrolyte optimization [8–11] ,
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lectrolyte solidification [12] , and artificial protective layer construc-
ion [13–16] . Hosting Li metal into 3D structures is another important
ethod to inhibit the excessive volume expansion of Li metal anodes

17–21] . Although stable and long cycling performances of Li metal an-
des have been reported, most of them are conducted in a cell config-
ration with excessive Li anode. When designing high-energy-density
MBs, the cell components need to be rationally balanced, whereas the
athode area capacity and the negative/positive capacity ratio (N/P ra-
io) are two of the most important cell parameters. For a typical coin cell
rom the state-of-the-art, the cathode area capacity is usually around 1
Ah cm 

− 2 or even lower, while thick Li metal anodes with a thickness
f 250 𝜇m or thicker are often used, generally resulting in a high N/P
atio > 50 and hundreds of stable cycles ( Fig. 1 a). However, cycling
ith excessive Li often cover unexpected minor defects which could ex-
ggerate in lean Li conditions, and any parasites such as Li dendrites
nd side reactions will engender serious cell polarization and capacity
ading ( Fig. 1 b) [22] . Although the scientific community has come into
onsideration of addressing the Li metal cyclability in realistic LMB con-
gurations [22–25] , developing an efficient method to protect Li metal

n practical conditions with high-loading and low N/P ratio still pos-
esses high priorities. 
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Fig. 1. Schematic representations of inner 
structures of LMBs with (a) bare Li anode, car- 
bonate electrolyte and a N/P ratio > 20, (b) 
bare Li anode, carbonate electrolyte and a N/P 
ratio = 2 and (c) Ni seeded Li anode, acetonitrile 
electrolyte and a N/P ratio = 2. 
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In this work, we investigate the remedy to enable stable cycling of
MBs with a practical cathode loading of 5 mAh cm 

− 2 at a low N/P ratio
f 2, based on a deeply improved bulk charge transfer of Li metal an-
des. The latter is achieved by synergism of suitable metal seeding and
ailored interfacial chemistry. A key issue inherent to stable Li cycling at
ow N/P ratio is poor uniformity of Li plating/stripping at high depth of
ischarge (DOD), which is generally not considered in excessive Li con-
itions. Herein, we find that Ni seeds in the bulk Li anode not only pro-
ided high binding energy with Li atoms and acted as the well-dispersed
ucleation sites to enable Ni-seeded growth of granular Li deposits, but
lso enabled the formation of a fast Li + conducting LiF-Li 3 N-Li 2 S co-
oped interphase when deeply cycling with an acetonitrile-based elec-
rolyte. Based on these benefits, LMBs with a high cathode loading (~
 mAh cm 

− 2 ) and a low N/P capacity ratio of 2 can achieve > 160 sta-
le cycles, and proof-of-concept high-energy-density LMBs ( > 350 Wh
g − 1 ) with a stable cycling over 100 cycles were further demonstrated
 Fig. 1 c). 

. Results and discussion 

.1. Ni seeding to tailor Li deposition 

The uniformly dispersed Ni seeds in Li electrodes were obtained via
recipitation process of Ni in Li during the reaction of Ni oxide with
olten Li. Core-shell Ni-Ni oxide structures were easily generated via

he thermal treatment of Ni foams (NFs) in air conditions. Three sam-
les, bare NF, NF treated at 400 and 500 °C were compared and denoted
s NF, NF400 and NF500, respectively. As shown in Fig. S1a, apparent
olor changes clearly indicate the different oxidization degrees of NFs
ith increasing the treatment temperatures. A well-defined NiO peak
as only observed on the X-ray diffraction (XRD) pattern of NF500 (Fig.
1b), which exhibits sharply changed surface morphology and chem-
stry compared to those of NF (Fig. S1c-S1f). To demonstrate the unique
dvantage of Ni seeding, the Cu oxides which only generated large Cu
lusters posterior to the reaction with molten Li were also compared.
reviously, the Cu oxides have been proved as efficacious lithiophilic
aterials, and applied on various host structures to form composite Li

lectrodes through hydrothermal or electrochemical deposition tech-
iques [26–28] . In this work, Cu foams (CF) were heated in air con-
itions at 200 and 300 °C (denoted as CF200 and CF300, respectively)
o achieve surface oxidations, as shown in Fig. S2a and S2b, with signif-
cantly changed surface morphology and chemistry of CF300 compared
o those of CF (Fig. S2c-S2f). 

Although the oxidation temperatures are different for NF and CF,
hey obeyed a general trend, i.e. the molten Li uptake rate is directly
epending on the surface oxidization degree of the substrates, as demon-
trated by the monitored Li uptakes on NF400 and NF500 (Fig. S1g and
1h), or on CF200 and CF300 (Fig. S2g and S2h). It should be mentioned
hat excessive thermal treatments (longer treatment time or higher treat-
ent temperature) would lead to over-oxidation of NF or CF, getting eas-

ly fire during the molten Li infusion process. Thus, later studies were
arried out on NF500 and CF300 obtained at the optimal conditions,
hereas first attention was paid on the much faster molten Li uptake

n NF500 than CF300 ( Fig. 2 b), for which quantified Li uptake values
ere calculated by the ratio of Li uptake area on the total area of the

ubstrate by the pixel counting of the converted black and white binary
492 
mages ( Fig. 2 a and S3, with detailed calculations provided in the sup-
orting information). It can be seen that NF500 achieved a Li uptake >
0% in less than 10 s, only in half the time of the case of CF300. One
ossible reason for the latter observation is the higher binding energy of
i atom on Ni surface than that on the Cu surface ( Fig. 2 c), promoting
ast Li adsorption and infusion after the initial generation of Ni seeds in
he composite electrode. 

A similar thickness of 400 μm was observed for CF300@Li and
F500@Li electrodes ( Fig. 2 d and e, respectively), with infused Li

hrough the inner pores of the skeletons (Fig. S4). However, signifi-
antly different structural morphologies were observed between these
lectrodes, i.e. Clear filament-like clusters were observed on the surface
f CF300@Li electrode ( Figs. 2 d and S5a), while tremendous nanopar-
icles were uniformly seeded in the electrode of NF500@Li ( Figs. 2 e
nd S5b). Such a structural difference could also be observed inside the
omposite electrodes, as shown in the cross-sectional scanning electron
icroscope (SEM) images (Figs. S5c and S5d). According to the energy
ispersive spectrometer (EDS) mapping, the Cu mapping and the clus-
ers formed on the surface of CF300@Li highly overlapped (Fig. S6), con-
rming the formations of the heterogeneous Cu clusters on CF300@Li.
urthermore, the SEM and EDS images of the sub-surfaces of CF300@Li
nd NF500@Li after a Li stripping of 0.5 mAh cm 

− 2 were also measured.
s shown in Fig. S7a, uneven distributions of Cu and O signals were ob-
erved for CF300@Li, indicating the formations of heterogeneous Cu
lusters and by-produced Li 2 O in the bulk structure of CF300@Li. In
ontrast, even distributions of Ni and O elements on the sub-surfaces of
F500@Li demonstrate the uniformity of the Ni seeded Li structure (Fig.
7b). The Ar + -etching assisted X-ray photoelectron spectroscopy (XPS)
easurements show exact Cu metal ( △metal = 19.8 eV between Cu 2p 1/2 

nd Cu 2p 2/3 , Fig. 2 f) and Ni metal ( △metal = 17.3 eV between Ni 2p 1/2 
nd Ni 2p 2/3 , Fig. 2 g) signals in depths of CF300@Li and NF500@Li,
espectively, demonstrating the occupation of Cu or Ni precipitates in
he whole composite electrodes. The byproduct Li 2 O could also be ob-
erved in depths of these two samples (Fig. S8) [29] , certifying that the
u and Ni precipitates were produced from the reactions of their oxides
ith molten Li (M x O + 2Li → Li 2 O + xM). Based on these results, it can
e presumed that the special morphologies observed on CF300@Li and
F500@Li should arise from the different precipitation kinetics of Cu
nd Ni in molten Li. According to the Cu-Li and Ni-Li binary phase dia-
rams ( Fig. 2 h) [30] , no hypoeutectic alloy exists for these two systems,
howing negligible solubility of Cu or Ni in molten Li. The unique crystal
ransition isotherm at ~ 181 °C on Ni-Li diagram suggests the monotone
recipitation of Ni seeds during the cooling-down process of molten Li
molten Li infusion operated at 250 °C), however, the formation of large
u clusters is possible in case of heterogeneous precipitation during the
ooling-down process, as shown in the low Li content region. These con-
iderations are consistent with the observed morphologies of CF300@Li
nd NF500@Li electrodes. 

Electrochemical reductions (0 V vs. Li/Li + ) of surface oxides on
F300 and NF500 into metal precipitates and Li 2 O were also performed
ithout the presence of Li metal (Fig. S9). As shown in Fig. 2 i, large

lusters were generated on the reduced CF300, while more refined small
gglomerates were formed on the reduced NF500. These reduced scaf-
olds were then subject to cycling Li CE test using carbonate-based elec-
rolyte (denoted as C-ELY, with the constitution of 1 M LiPF 6 in ethylene
arbonate (EC): diethyl carbonate (DEC) (1:1 by vol.) + 5 vol% fluo-
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Fig. 2. (a) Converted binary images of molten 
Li infusion into NF500; (b) Molten Li uptake 
rates of CF300 and NF500; (c) Binding ener- 
gies of Li atoms on Cu(100) and Ni(100) sur- 
faces; (d, e) SEM images of (d) CF300@Li and 
(e) NF500@Li electrodes; (f, g) Ar + -etching 
assisted XPS analysis for (f) Cu 2p spectra 
of CF300@Li electrode and (g) Ni 2p spec- 
tra of NF500@Li electrode; (h) Cu-Li and Ni- 
Li phase diagrams and schematic representa- 
tions of CF300@Li and NF500@Li electrodes 
[30] ; (i) Reduced surface morphologies of 
CF300 and NF500. 
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oethylene carbonate (FEC)), whereas smaller Li nucleation overpoten-
ial (Fig. S10) with more stable performance (Fig. S11b) was achieved
or the reduced NF500. The smaller Li nucleation overpotential on the
educed NF500 is consistent with the higher binding energy of Li atom
n Ni surface than that on Cu ( Fig. 2 c). It should be mentioned that
imilar and poor performances were obtained on the bare CF and NF
Fig. S11a), indicating that the skeletons of these foams have little im-
act on the stability of Li metal anode, and the improved performances
f Li plating/stripping on NF500 should arise from the Ni seeded bulk
i structure. As well, the voltage profiles recorded from the symmetri-
al cells also showed much more stable polarization for the cell using
F500@Li electrodes (Fig. S11c), which exhibited 2.5 times longer lifes-
an (~ 3000 h) and 3 times lower polarization (~ 14 mV) than those
btained for the cell using CF300@Li electrodes (~ 1250 h and 47 mV).
he surface morphologies of the cycled CF300@Li or NF500@Li elec-
rodes after a cycling time of 200 h of the symmetrical cells are shown in
ig. S11d. The cycled NF500@Li electrode still maintained a relatively
ompact surface, while the surface of the cycled CF300@Li electrode
as highly pulverized. These results jointly indicate much more stable
i plating/stripping behaviors in the presence of Ni seeds, compared to
hose with Cu clusters. 

To clarify the bulk Li plating/stripping behaviors in CF300@Li and
F500@Li, various sequences were applied in C-ELY by first stripping 8
Ah cm 

− 2 Li from the electrodes (state S8), then progressively plating-
ack Li of 2 mAh cm 

− 2 (state S8-P2), 4 mAh cm 

− 2 (state S8-P4) and
 mAh cm 

− 2 (state S8-P8), performed at a current density of 0.5 mA
m 

− 2 . As shown in Fig. 3 a, grave roughness was produced on the surface
f bare Li at the state S8. It should be mentioned that stripping 8 mAh
m 

− 2 Li only represents a DOD of 10% of the Li foil (~ 65 mAh cm 

− 2 ),
hile the surface heterogeneity caused by the uneven bulk charge trans-

er is already significant. These hazardous existences further act as “hot
pots ” to seriously affect further Li plating uniformity, as shown by the
493 
argely generated dendritic deposits by the increase of Li plating capac-
ty. These features will even be aggravated at high DODs of Li metal
nodes, typically rooted in the conditions of low N/P ratio. Interest-
ngly, for the CF300@Li electrode, large Cu clusters were observed at
he state S8, which seem to beneficially enhance the subsequent Li nu-
leation and deposition, as shown by the noodle-like deposits formed at
he states of S8-P2 and S8-P4 ( Fig. 3 b). However, by further increasing
he Li plating capacity to the state S8-P8, dendrites were still formed at
he crevices between the adjacent noodle-like deposits, indicating that
he large Cu clusters are not able to impact the Li deposition while the
atter occurs at inaccessible spaces by the Cu clusters. In contrast, due
o the uniformly dispersed Ni seeds in the bulk structure, uniform Li
epositions were achieved on NF500@Li, with well-seeded growth of
ranular deposits that progressively merged to form a compact Li layer
p to the state S8-P8 ( Fig. 3 c). An overview of the Li plating/stripping
ehaviors on the investigated samples in C-ELY is shown in Fig. 3 d,
mong which the much improved bulk charge transfer in the Ni-seeded
tructure is illustrated. 

As above-demonstrated, the formations of large Cu clusters arising
rom the heterogeneous precipitation with molten Li affected the bulk
harge transfer of Li metal anodes. In the case of highly lithiophilic ma-
erials (such as Ag, Zn, etc.) with high solid solubility with Li, the for-
ations of hetero-metal clusters would be further favored, and the ad-
itional alloying/dealloying processes might also retard the bulk trans-
er of Li metal anodes. To demonstrate the latter issue, we have pre-
ared Li composite anodes based on ZnO coated Ni foams (denoted as
Ni + ZnO)@Li), and compared with NF500@Li (which corresponds to
Ni + NiO@Li)). The ZnO coated Ni foams were fabricated using a pre-
iously reported method [31] . Consistent Zn and O elemental mapping
Fig. S12a) and a typical interpeak distance of 23.1 eV between the Zn
p 3/2 and Zn 2p 1/2 doublet (Fig. S12b) demonstrate the successful ZnO
oating on the Ni foams [32] . Due to the lithiophilic ZnO coating, the
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Fig. 3. Morphologies of (a) bare Li, (b) 
CF300@Li and (c) NF500@Li electrodes fol- 
lowing various Li plating/stripping sequences 
in C-ELY; (d) Schematic representations of Li 
plating-back behaviors on bare Li, CF300@Li 
and NF500@Li electrodes in C-ELY. 
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Ni + ZnO)@Li composite electrode could be easily obtained by infus-
ng molten Li (Fig. S12c). As expected, even more clusters were formed
n (Ni + ZnO)@Li (Fig. S12d) compared to CF300@Li. A rate capabil-
ty test was carried out for the symmetrical cells using (Ni + ZnO)@Li
r NF500@Li electrodes, whereas larger polarization was achieved for
he cell using (Ni + ZnO)@Li electrodes (Fig. S12e). These results demon-
trate the unique ability of the well dispersed Ni seeds in the Li compos-
te electrodes for the improved bulk charge transfer, which cannot be
chieved by the hetero-metal clusters derived from lithiophilic materi-
ls. 

Based on the above results, the Ni-seeded Li electrodes are expected
o provide improved performances for the cycling of Li metal at high
OD and low N/P ratio. To verify the latter, thinner Ni net (denoted as
N) was thermally treated at 500 °C to form NN500, which was used
s the scaffold to fabricate a thin composite electrode (Fig. S13). As
hown in Fig. S14a, the as-obtained NN500@Li electrode has a thick-
494 
ess ~ 80 μm, and the Li loading is ~ 10 mAh cm 

− 2 by measuring the
lectrode weights before/after Li infusion. By performing 5 cycles of Li
lating/stripping in C-ELY, a very compact surface was maintained on
N500@Li (Fig. S14c), while a rough surface was already formed on
 thin Li foil (~ 50 μm) with similar Li loading of 10 mAh cm 

− 2 (Fig.
14b). Li||LiFePO 4 (LFP) full cells were employed to assess the stabil-
ty of thin anodes, as shown in Fig. S14d and S14e. Based on the actual
apacities of the anode (~ 10 mAh cm 

− 2 ) and LFP (~ 0.5 mAh cm 

− 2 ),
 moderate N/P ratio of 20 is achieved, and the cell using NN500@Li
node showed clearly improved cycling stability over 450 cycles, out-
erforming that of the cell using 50 μm Li anode. It should be mentioned
hat the cell using NF500@Li anode with an N/P ratio of 130 could
aintain a very stable long-term cycling over 600 cycles, demonstrat-

ng the use of excessive Li as a passive condition for achieving stable
ycling of Li metal anode. These results indicate that further interfacial
hemistry should be conjointly addressed to minimize the side reactions,
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Fig. 4. (a) Tafel plots of symmetrical cells us- 
ing 50 μm Li electrodes in C-ELY or A-ELY, 
and using NN500@Li electrodes in A-ELY; (b) 
AN molecule adsorptions on various facets of 
Ni and Li surfaces; (c) Binding energies of AN 

molecule on various facets of Ni and Li surfaces; 
(d, e) Ar + -etching assisted XPS analysis, with 
(d) S 2p and (e) N 1 s spectra of the pre-cycled 
NN500@Li and 50 μm Li electrodes in A-ELY; 
(f, g) Area ratios of (f) Li 2 S/Polythionate com- 
plex and (g) Li 3 N/LiN x O y at different depths of 
the pre-cycled NN500@Li and 50 μm Li elec- 
trodes in A-ELY; (h) EDS mapping and (i) re- 
lated atomic percentages of F, N, S elements on 
the pre-cycled NN500@Li; (j) Schematic repre- 
sentation of the tailored interfacial chemistry 
in the bulk structure of Ni-seeded Li in A-ELY; 
(k) Cycling Li CEs on Cu in C-ELY or A-ELY, and 
on NN500 in A-ELY. 
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n addition to the deeply improved bulk charge transfer of the Ni-seeded
i electrode for stable LMBs at a low N/P ratio. 

.2. Synergism of nickel seeding and LiF-Li 3 N-Li 2 S co-doped interphase for 
i metal cycling 

The most efficient remedy to tailor the interfacial chemistry on the
i metal surface is based on the electrolyte formulation. It is well estab-
ished that the reductions of conventional carbonate solvents not only
esult in chemically inhomogeneous and mechanically weak SEI layers
ainly consisted of Li alkyl carbonate (ROCO 2 Li) species, but also ex-
ibit poor charge transfer kinetic at the Li/electrolyte interfaces [33] . In
ur previous work, an AN-based electrolyte (A-ELY) compatible with Li
etal anodes was successively applied in high-power LMBs for the first

ime, leading to the high-quality SEI layer, low-surface-area Li deposits,
nd fast ion transfer as well as high Li CE at high current densities [34] ,
owever, its ability of stabilizing Li anode in conditions of low N/P ratio
emains to be demonstrated. Thus, this A-ELY is employed in this work
o assess its synergism with the Ni-seeded Li anodes. As shown in Fig. 4 a,
he Tafel plots obtained from potentiodynamic scanning of the symmet-
ical cells using 50 μm Li electrodes show first a significant increase of
xchange current density using A-ELY, compared to that using C-ELY,
emonstrating the significantly improved charge transfer in A-ELY. For
he symmetrical cell using NN500@Li electrodes, a further increase of
xchange current density was achieved compared to that of the cell us-
ng 50 μm Li, certifying the benefit of Ni seeding for accelerated Li + 
495 
ransfer, and the as-obtained exchange current density (419.1 mA cm 

− 2 )
s ~ 20 times higher than that of bare Li in C-ELY (20.0 mA cm 

− 2 ). 
Besides the higher binding energy of Li atoms on Ni seeds ( Fig. 2 c),

nother possible reason for the higher exchange current density of the
ell using NN500@Li than that using 50 μm Li in A-ELY might be the
tronger adsorption of electrolyte solvents on the Ni seeds, leading to
 better transfer of the AN-solvated Li + ions through the bulk struc-
ure in NN500@Li. To address the latter assumption, adsorptions of AN
olecule on various facets of Ni and Li surfaces were studied by compu-

ational modeling ( Fig. 4 b), and the as-calculated binding energies effec-
ively reveal the better adsorptions of AN molecule on Ni surfaces than
hose on Li surfaces ( Fig. 4 c). These results not only explain the observed
rend in exchange current densities, but also conduct to a tailored inter-
acial chemistry in the bulk structure of NN500@Li by the reactions with
-ELY. A systematic XPS analysis with Ar + -etching process was carried
ut for pre-cycled NN500@Li and 50 μm Li (5 cycles Li plating/stripping
f 4 mAh cm 

− 2 ). According to the fitting of F 1 s spectrum (Fig. S15a)
nd the evolution along the etched depths (Fig. S15b), LiF (684.8 eV)
as revealed as the main F species in the NN500@Li electrode, which

hould arise from the reduction of LiFSI salt [34] . The presence of LiF
ith weaker signal was observed in the pre-cycled Li anode in A-ELY

Fig. S15b). Besides LiF, polythionate complex (170–175 eV), Li 2 S (163–
65 eV), LiN x O y (401.1 eV) and Li 3 N (399.2 eV) were also observed
n these electrodes (Figs. S15a, 4d and 4e) [35 , 36] . Remarkably, more
ronounced signals of Li 2 S and Li 3 N were observed for the pre-cycled
N500@Li electrode compared to the bare Li counterpart ( Fig. 4 d and
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), indicating a mediated surface chemistry on the Ni seeded Li anode.
he area ratio of the relevant S 2p peaks (Li 2 S/Polythionate complex,
ig. 4 f) and N 1 s peaks (Li 3 N/LiN x O y , Fig. 4 g) clearly demonstrate the
ailored interfacial chemistry in the Ni-seeded Li electrode with A-ELY.
urthermore, the uniform distributions of the F, N and S components
n the bulk structure of NN500@Li were also demonstrated by the EDS
apping of high angle annular dark field-transmission electron micro-

cope (HAADF-TEM) images ( Fig. 4 h), with relevant atomic percentages
 Fig. 4 i). Previously, the LiF-, Li 3 N- or Li 2 S-enriched Li interphases ob-
ained via liquid or gaseous contact reactions were proved to provide
igh Li + ion diffusion rate to suppress dendrite growth and improve cy-
ling stability of Li metal anode [37–42] , which are also demonstrated
n this work (Fig. S16a to S16c). Besides, the LiF-Li 3 N-Li 2 S co-doped Li
nterphase obtained by cycling with A-ELY could further improve the
nterfacial stability than those only enriched in LiF, Li 3 N or Li 2 S (Fig.
16d). Furthermore, this co-doped prominent interphase was uniformly
enerated and wrapped on the Ni-seeded structure, as schematically il-
ustrated in Fig. 4 j. Consistently, much improved Li cycling CEs could
e achieved based on this optimal interfacial and bulk structure, with a
igh CE stabilized at ~99% for NN500 + A-ELY ( Fig. 4 k). The Li CE in
-ELY on bare Cu could also achieve a high value of ~99%, however,
xhibiting shorter cycling life due to the lack of Ni seeding effect. In the
ase of Li cycling on bare Cu in C-ELY, much poorer CE of ~ 95% was
btained with a fluctuating cycling. 

The impacts of Ni seeding and the tailored interfacial chemistry on
i plating/stripping morphologies were further studied, by performing
arious Li stripping-plating sequences (stripping of 4 mAh cm 

− 2 Li,
hen plating-back of 1, 2 and 4 mAh cm 

− 2 Li, denoted as states S4,
4-P1, S4-P2 and S4-P4, respectively) on 50 μm Li, NN@Li ( Fig. 5 a)
nd NN500@Li electrodes ( Fig. 5 f). The sample of NN@Li corresponds
o a 50 μm Li foil mechanically pressed on a bare NN, with aims of
ifferentiating the effect of Ni scaffold from that of the Ni seeds. The
ulk structural difference between NN@Li and NN500@Li could be del-
cately probed by their XRD patterns with the peaks of Ni(111) and
i(111) (Fig. S17a), whereas a larger FWHM of Ni(111) peak was ob-
erved for the sample of NN500@Li (Fig. S17b), probably arising from
he nano-crystals of Ni seeds imbedded in the composite electrode. The
i stripping of 4 mAh cm 

− 2 represents a DOD of 40% for the investigated
amples, leading to a drastic heterogeneous surface of NN@Li with un-
ven protuberances ( Fig. 5 b and c), depicting the difficulty of remaining
niform Li stripping process by only using 3D scaffold structures with-
ut a rational control of bulk charge transfer. In contrast, the scaffold of
N500@Li was uniformly covered by the residual Li layer at the state
4 ( Fig. 5 g and h), demonstrating the ability of Ni seeds to enhance the
i stripping process. For the Li plating-back sequences, highly porous
tructures were formed on NN@Li from states S4-P1 to S4-P4 ( Fig. 5 b),
eaving tremendous void spaces ( Fig. 5 d and e). It should be mentioned
hat the Li deposits formed in A-ELY possess themselves suitable noodle-
ike shapes leading to lower surface-area contact and fewer side reac-
ions with electrolyte (Fig. S18a), which outperform the dendritic de-
osits formed in C-ELY ( Fig. 3 a) [34] . However, the large noodle-like
eposits could engender precipitations with each other, leading to the
noccupied void space and porous structure, on bare Li and NN@Li
lectrodes ( Figs. 5 b and S18b). Only in the case of NN500@Li, signif-
cantly enhanced morphologies during Li plating-back processes were
chieved with the aid of Ni seeds ( Fig. 5 g), with progressive genera-
ions of compact Li deposits on preexisting nucleation sites (state S4-
1, Fig. 5 i) and tangling with each other to form a compact Li surface
state S4-P4, Fig. 5 j). It should be mentioned that the ultra-flat surface of
N500@Li at the state S4-P4 corresponds to a uniform SEI layer formed
n the compact Li layer, which could be removed by extended exposure
o electron beam (Fig. S19). Besides the morphologies, the stabilized
tructure and interphase for the Ni-seeded Li anode cycling with A-ELY
ere also verified by the electrochemical impedance spectroscopy (EIS)

tudy at different depths of discharge (the states of S4, S4-P1, S4-P2 and
4-P4, Fig. S20). The uniform Li striping/plating on the NN500@Li elec-
496 
rode in A-ELY could also be maintained for a high DOD of 80% (Fig.
21), indicating the possibility of deeply cyclable lithium metal anodes
y the synergism of Ni seeding and LiF-Li 3 N-Li 2 S co-doped interphase.
n overview of Li plating/stripping behaviors in the investigated sam-
les in A-ELY are shown in Fig. 5 k, whereas the remained uniform and
ompact structure in NN500@Li could be viewed as the consequence of
ynergism by Ni seeding and the LiF-Li 3 N-Li 2 S co-doped interphase. 

The above results demonstrate the uniform Li stripping/plating at
 high DOD of 40% on the NN500@Li electrode in A-ELY, showing
he possibility of deeply cycling Li meal anode with a low N/P ratio.
hus, Li||LiNi 0.88 Co 0.09 Al 0.03 O 2 (NCA) full cells were used as a proof-
f-concept, whereas the capacities of anodes (10 mAh cm 

− 2 ) and cath-
des (5 mAh cm 

− 2 ) conduct a low N/P ratio of 2. The performances of
i||NCA cells are shown in Fig. 6 a. For the cells using 50 μm Li anodes,
 large increase of CE was achieved by the cell using A-ELY (98.0%),
ompared to that using C-ELY (95.8%), demonstrating the better com-
atibility of A-ELY with Li anodes. However, this improvement is still
nsufficient to enable long-term cycling of LMBs at low N/P ratio, as
hown by the serious capacity fading beyond the 100th cycle. As well,
he single use of NN@Li anode without Ni seeding could not signifi-
antly improve the cycling performances, and a radical capacity fading
ccurred after 80 cycles, leading to a low average CE of 96.4%. This
eature indicates that only reinforcing the Li anode by a single 3D scaf-
old could not improve the bulk charge transfer of Li metal anode for
eep Li plating/stripping. Only for the cell using NN500@Li anode and
-ELY, stable cycling over 160 cycles was achieved with a high average
E of 99.6%, demonstrating the beneficial effect of Ni seeding for deep
i metal cycling. 

The latter feature could be further illustrated by the evolution of
Q/dV profiles derived from the charge/discharge curves between the
st and 100th cycles ( Fig. 6 b to e). For the cell using 50 μm Li anode and
-ELY, the peak intensities decrease dramatically between the 1st and
00th cycles ( Fig. 6 b), implying the fast increase of polarization caused
y the consumption of active Li and seriously deteriorated electrode
tructures. Remarkably, for the cells using A-ELY, the dQ/dV profiles
f the cell using NN500@Li anode nearly maintain the shape over 100
ycles ( Fig. 6 e), exhibiting much higher stability than those of the cells
sing 50 μm Li or NN@Li anodes ( Fig. 6 c and d, respectively). The mor-
hologies of the cycled 50 μm Li in C-ELY and A-ELY, and NN500@Li in
-ELY after 50 cycles were also measured. As shown in Fig. S22, the cy-
led 50 μm Li in A-ELY exhibits a more compact surface than that of the
ycled 50 μm Li in C-ELY. The amplified image shows the noodle-like
i deposits on the cycled 50 μm Li in A-ELY, while highly pulverized
urface is observed for the cycled 50 μm Li in C-ELY. Despite the im-
roved Li deposition in A-ELY, surface cracks were still observed for
he cycled 50 μm Li. In contrast, an intact surface was obtained for the
ycled NN500@Li in A-ELY. These results indicate the much improved
harge transfer of Li anode by the synergetic effect of Ni seeding and
iF-Li 3 N-Li 2 S co-doped interphase. 

It should be mentioned that the above Ni seeded Li anode was de-
ived from the NN500, which is not slight due to the weight of Ni skele-
on. To further boost the energy density of the LMBs, a slight carbon net
CN, Fig. 6 f) was used to fabricate the NiO decorated scaffold, which was
hen subject to fabricate Ni seeded Li anode in molten Li. This NiO deco-
ated CN was obtained by heating a CN precursor at 400 °C, and will be
enoted as CN400 afterwards. As shown in Fig. 6 g, a NiO coating was
uccessively realized on CN400. Furthermore, the Ni seeded structure
ould be clearly observed in the cross-sectional SEM image of CN400@Li
 Fig. 6 h). Based on the slight CN400@Li anode, a pie chart of the weight
istributions of all cell components is given in Fig. 6 i and Table S1, and
n energy density of 351.2 Wh kg − 1 was achieved for the Li||NCA cell
 Fig. 6 j). It should be mentioned that this energy density was calculated
ased on the geometry of a 2032 coin cell, while the value could be
urther raised in pouch cell design. The cycling stability of the Li||NCA
ell using CN400@Li anode is shown in Fig. S23, stable cycling with
n average CE of 99.0% over 100 cycles is achieved, which is close
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Fig. 5. (a) Schematic representation of Li plat- 
ing/stripping sequences on NN@Li; (b) Mor- 
phologies of NN@Li electrodes following var- 
ious Li plating/stripping sequences in A-ELY; 
(c-e) Amplified morphologies of NN@Li elec- 
trodes at the states (c) S4, (d) S4-P1 and 
(e) S4-P4; (f) Schematic representation of Li 
plating/stripping sequences on NN500@Li; (g) 
Morphologies of NN500@Li electrodes fol- 
lowing various Li plating/stripping sequences 
in A-ELY; (h-j) Amplified morphologies of 
NN500@Li electrodes at the states (h) S4, (i) 
S4-P1 and (j) S4-P4; (k) Schematic representa- 
tions of Li plating-back behaviors on 50 μm Li, 
NN@Li and NN500@Li electrodes in A-ELY. 
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o the cell using NN500@Li anode. However, fluctuating performances
ere obtained beyond 100 cycles for the cell using CN400@Li anode,
nd one possible reason is the structure collapse of the CN400 scaffold
hich became fragile after the heating process. These results indicate

he need for further structural optimization of the slight NiO coated car-
on structures, which should be highly feasible regarding the quickly de-
eloped innovative technology for nanostructured carbon productions.
owever, the present results already form a good database to demon-

trate the synergism of Ni seeding and tailored interfacial chemistry for
eeply improved bulk charge transfer of Li metal anodes. 

. Conclusions 

To stabilize the cycling of Li metal anode at a low N/P ratio, which is
 prerequisite for achieving high-energy-density LMBs, the multiple pro-
ective strategies were investigated, via the synergism of Ni seeding and
ailored interfacial chemistry. The highly lithiophilic NiO coated struc-
ures and negligible solubility of Ni in molten Li leaded to the facile
abrication of Ni seeded Li anodes. The Ni seeds in the bulk Li anode
ot only provided high binding energy with Li atoms and acted as the
497 
ell-dispersed Li nucleation sites for the Ni-seeded growth of granular
i deposits, but also enabled the formation a fast Li + conducting inter-
hase with co-produced LiF, Li 3 N and Li 2 S components when deeply
ycling with an acetonitrile-based electrolyte, leading to an exchange
urrent density ~ 20 times higher than that of bare Li in conventional
arbonate electrolytes, and uniform Li plating/striping in deep cycling
onditions at a high DOD of 40%. Consequently, stable cycling of LMBs
ith high-loading cathodes (~ 5 mAh cm 

− 2 ) at the low N/P capacity ra-
io of 2 was achieved, and proof-of-concept high-energy-density LMBs
 > 350 Wh kg − 1 ) was also demonstrated. These results shed new light on
he designing of thin and stable Li metal anodes for high-energy-density
MBs. 

. Experimental section 

.1. Material preparations 

To prepare the metal oxide coated structures, Cu form (CF), Ni
orm (NF) or Ni net (NN) were heated in an air-filled muffle furnace,
ith a heating rate of 10 °C min − 1 up to the desired temperature fol-
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Fig. 6. (a) Cycling performances of Li||NCA 

full cells using various anodes and elec- 
trolytes; (b-e) Charge-discharge curves and re- 
lated dQ/dV profiles of Li||NCA full cells using 
(b) 50 μm Li anode and C-ELY, (c) 50 μm Li 
anode and A-ELY, (d) NN@Li anode and A-ELY 
and (e) NN500@Li anode and A-ELY; (f) SEM 

image of pristine CN; (g) SEM and EDS images 
of CN400; (h) Cross-sectional SEM images of 
CN400@Li; (i) A pie chart of the weight dis- 
tributions of all cell components and (j) energy 
density of Li||NCA full cell using CN400@Li an- 
ode. 
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owed by maintaining the temperature for 0.5 h. The NiO coated car-
on net (CN) was obtained via a hydrothermal process. Briefly, 2.38 g
i(NO 3 ) 2 •6H 2 O and 0.3 g urea were dissolved in 20 mL deionized wa-

er, followed by immersing a foil of CN. This mixture was put in a 100 mL
utoclave, which was then sealed and maintained at 90 °C for 12 h. The
s-obtained CN was rinsed with deionized water, dried at 60 °C for 1 h,
nd finally heated in the air-filled muffle furnace with a heating rate of 5
C min − 1 up to 400 °C then maintained for 2 h. The composite electrodes
CF300@Li, NF500@Li, NN500@Li and CN400@Li) were obtained by
mmersion of the metal oxide coated structures into molten Li at 250 °C.

.2. Electrochemical measurements 

LiPF 6 , ethylene carbonate (EC), diethyl carbonate (DEC), fluoroethy-
ene carbonate (FEC), and vinylene carbonate (VC) were purchased
rom Alfa Aesar. Lithium Bis(fluorosulfonyl)imide (LiFSI) and acetoni-
rile (AN) was purchased from Aladdin. The carbonate-based electrolyte
onsists of 1 M LiPF 6 in EC:DEC (1:1 by vol.) with 5 vol% FEC, and the
N-based electrolyte consists of 10 M LiFSI in AN with 10 vol% VC.
oin cells CR2032 were used for cell assembly, with Celgard separator
498 
lms 2320 and 3501 for the carbonate-base and AN-based electrolytes,
espectively. 

For cycling tests of Li||Cu cells, Li foil was used as counter and ref-
rence electrodes, and Cu foil, CF300, NF500, or NN500 was used as
orking electrode. Li plating was performed at 0.5 mA cm 

− 2 for an
real capacity of 1 mAh cm 

− 2 , followed by Li stripping up to a cut-
ff potential to 1 V vs. Li/Li + . Cycling tests of symmetrical cells using
i foil, CF300@Li or NF500@Li electrodes were carried out at a current
ensity of 0.5 mA cm 

− 2 for a fixed capacity of 1 mAh cm 

− 2 . All the
ycling tests were carried out using Land BT2000 battery testers. The
afel plots and EIS of symmetrical cells were obtained using a poten-
iostat/galvanostat 1470E from Solartron. The EIS measurements were
erformed in the frequency range from 1 × 10 5 to 1 × 10 − 1 Hz with a
oltage perturbation of 5 mV. 

For cycling tests of Li||LiFePO 4 (LFP) full cells, the LFP cath-
des were obtained by casting the slurry of LFP:Super-P:PVDF (8:1:1,
/w/w) on Al foils, followed by vacuum drying at 120 °C for 12 h.
he areal loading of LFP cathodes is ~0.5 mAh cm 

− 2 (160 mAh
 

− 1 of active LFP material). The Li||LFP cells were pre-cycled for
hree cycles at charge/discharge rates of 0.1C/0.1C in a voltage win-
ow of 2.5–4.4 V vs. Li/Li + , followed by cycling at 0.5C/0.5C. For
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i||LiNi 0.88 Co 0.09 Al 0.03 O 2 (NCA) full cells, thick NCA electrodes with
 high areal capacity loading of ~5 mAh cm 

− 2 were provided by CEC
ew Energy (Wuhan) Research Institute Co., LTD. All the Li||NCA cells
ere pre-cycled for three cycles at charge/discharge rates of 0.1C/0.1C

n a voltage window of 2.8–4.3 V vs. Li/Li + , followed by cycling at
.1C/0.3C. 

.3. Electrodes characterizations 

Surface morphology and elemental mapping were performed using
EM (FEI, QUANTA 250 FEG). The high-resolution images and elemen-
al mapping were obtained using TEM (Talos F200X, 200 kV). Surface
hemistry analysis was conducted with a PHI 3056 XPS, which was ex-
ited by a Mg K 𝛼 radiation source at a constant power of 100 W (15 kV
nd 6.67 mA). The crystalline phase of the prepared samples was char-
cterized by XRD with a Bruker D8 advanced diffractometer using Cu
 𝛼 ( 𝜆 = 1.5406 Å) radiation (Bruker axs, D8 Advance). 

.4. Computational details 

Periodic density functional theory (DFT) calculations were per-
ormed by using the Vienna ab initio simulation package (VASP) code
43 , 44] . The electron–ion interactions were calculated by the projected
ugmented wave (PAW) method [45 , 46] , and the exchange–correlation
nergies were described by the generalized gradient approximation
GGA) with the Perdew-Burke-Ernzerhof (PBE) functional [47] . The
u(100), Ni(100), Ni(111), Li(100), Li(111) surfaces were built by 3 × 3
nit cells, Li(110) and Ni(110) were built by 3 × 2 and 2 × 3 unit cells,
espectively. All surfaces are four periodic atom layers and the vacuum
hickness was 10 Å to remove any interactions between slabs. The bot-
om two layers were fixed and the top two layers were fully relaxed. The
utoff energy was 400 eV and the calculations were stopped when forces
n all atoms were less than 0.05 eV Å− 1 . The Brillouin zone sampling
as carried out using Monkhorst-Pack k-points of 4 × 4 × 1. The adsorp-

ion energy (E ads ) was calculated according to the following equation: 

 ads = E surface-adsorbate − E surface − E adsor bat e 
here E surf-adsorbate , E surface and E adsorbate are the energies of the ad-

orbed system, the clean surface and the free adsorbate in gas phase,
espectively. 
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