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(LIBs), approaching a ceiling energy den
sity of 300 Wh kg−1, can no longer catch 
up with the surgent pursuing trend.[2] 
Based on a plating/stripping mechanism 
instead of intercalation chemistry, Li metal 
anodes possess an extremely high theo
retical specific capacity (3860 mAh g−1) 
and the lowest equilibrium potential 
(−3.040 V vs standard hydrogen electrode) 
among various anodes, which holds the 
promise to be paired with sulfur (S) and 
oxygen (O2) cathodes to deliver a three to 
five times increase in energy density rela
tive to the conventional LIBs.[3]

Attempts to apply Li metal anodes date 
back to the 1970s. The low cycling effi
ciency and poor safety issue originating 
from dendritic Li deposition have placed 
a huge concern in rechargeable lithium 
metal batteries (LMBs) since then.[4] To 
get rid of the intrinsic drawbacks of Li 
metal anodes and fully suppress the den
drite formation, tremendous investiga
tions have been conducted to probe the 
Li/electrolyte interphases, the proprieties 

of which are reported to directly determine Li nucleation and 
growing patterns.[5]

Generally, the components in nonaqueous liquid electrolyte 
incline to be reduced by the highly reactive Li metal, resulting 
in the spontaneous formation of a solid electrolyte inter
phase (SEI) between the lithium metal and the electrolyte.[6] 
Nevertheless, the asformed native SEI is chemically heteroge
neous and structurally unstable, which inevitably gives rise to 
a nonuniform interfacial Li+ flux and consequently causes the 
undesirable filamentlike Li dendrite growth.[7] Inorganicsrich 
SEI has been regarded as a more desirable choice to enhance 
the interfacial stability of Li metal anode considering its high 
mechanical strength and rapid lithiumion diffusion path
ways.[8] Unfortunately, the brittle inorganicsrich SEI is prone  
to be ruptured when a huge volume variation is occurred 
during the repeated plating/stripping of Li metal, which 
claims the failure of Li metal protection during a longterm 
cycling.[9] The broken sites with shorter ion transfer pathways 
become “hot spots” to favor local ion enrichment, thereafter 
promoting dendrite nucleation and growth.[10] In this con
sideration, extensive structured hosts have been proposed to 
alleviate the enormous volume expansion during repeated 
Li plating/stripping processes to guarantee stable interface, 

The lithium (Li) metal anode is confronted by severe interfacial issues that 
strongly hinder its practical deployment. The unstable interfaces directly 
induce unfavorable low cycling efficiency, dendritic Li deposition, and even 
strong safety concerns. An advanced artificial protective layer with single-ion 
pathways holds great promise for enabling a spatially homogeneous ionic 
and electric field distribution over Li metal surface, therefore well protecting 
the Li metal anode during long-term working conditions. Herein, a robust 
dual-phase artificial interface is constructed, where not only the single-
ion-conducting nature, but also high mechanical rigidity and considerable 
deformability can be fulfilled simultaneously by the rational integration of 
a garnet Al-doped Li6.75La3Zr1.75Ta0.25O12-based bottom layer and a lithiated 
Nafion top layer. The as-constructed artificial solid electrolyte interphase 
is demonstrated to significantly stabilize the repeated cell charging/
discharging process via regulating a facile Li-ion transport and a compact 
Li plating behavior, hence contributing to a higher coulombic efficiency 
and a considerably enhanced cyclability of lithium metal batteries. This 
work highlights the significance of rational manipulation of the interfacial 
properties of a working Li metal anode and affords fresh insights into  
achieving dendrite-free Li deposition behavior in a working battery.

Lithium-Metal Anodes

With the everemerging high expectation on energy density 
from the cuttingedge consumer electronics, electric vehicles, 
and smart grids, exploring advanced energy storage systems 
with exceptional high energy density has been strongly consid
ered.[1] Nevertheless, the stateoftheart lithiumion batteries 
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which is widely accepted as an effective strategy for deve
loping safe and highenergydensity lithium batteries.[11] For 
example, sparked reduced graphene oxide was investigated as 
a Li metal host by Cui and coworkers, which not only pro
vides a stable scaffold for Li plating/stripping, but also con
tributes to excellent lithiophilicity for uniform Li infusion and 
deposition.[11f ] Actually, if a robust artificial protective inter
face is enabled with high uniformity, sufficient rigidity, and 
considerable deformability concurrently, a stabilized Li metal 
anode can be hopefully expected in the working rechargeable 
LMBs.[12]

Besides the heterogeneous nature of the SEI, which induces 
uneven Liion transfer, the effects of space charge regions gen
erated by ion depletion on the dendrite proliferation have been 
highly valued.[13] The dissolved Li salts release mobile Li+ and 
anions in routine nonaqueous electrolytes. However, the field
induced transfer of electrochemical active Li+ with larger solva
tion cluster is much slower than that of the counterions, which 
reflects as a low Liion transference number (tLi+, 0.2–0.4) in 
most liquid electrolytes.[14] The low tLi+ will impose a large 
Liion concentration gradient at the vicinity of Li anode, hence 
leading to the buildup of a strong interfacial electric field and 
an exacerbated dendrite propagation (Figure 1a). This becomes 
even more severe under rather high current densities.[15] To 
this end, emerging electrolytes with high Liion transference 
number are highly pursued and extensively explored during the 
past decades.[16]

In this contribution, we propose a dualphase singleion
conducting artificial interface to protect the Li metal anode in 
a working battery. A robust inorganicsrich artificial interface 
can be achieved by rational integration of rigid garnet Aldoped  
Li6.75La3Zr1.75Ta0.25O12 (LLZTO) and soft lithiated Nafion  
(LiNafion) components. Both garnettype LLZTO and LiNafion 
were chosen in this work due to their singleionconductive nature  

and high chemical/electrochemical compatibility against Li 
metal.[17] In details, the garnet Aldoped LLZTObased bottom 
layer maintains the high mechanical rigidity and rapid Li+ 
transport ability of the protective film,[18] while the LiNafion 
top layer endows the film with considerable elasticity to deform 
with the volume fluctuation of the electrode. The unique dual
layer LLZTO/LiNafion (denoted as LLN) artificial film with 
nearly unity tLi+ is expected to modulate a homogeneous and 
highefficiency Li+ diffusion manner at the surface of Li anode, 
subsequently in favor of a compact and dense Li plating pattern 
(Figure 1b).

The duallayered LLN coating herein was fabricated via a 
facile doctor blading method. Xray diffraction characterization 
was conducted on the asprepared LLZTO bottom layer, where 
a wellmaintained cubic phase can be observed (Figure S1, Sup
porting Information). Note that a small portion (10 wt%) of 
LiNafion as a binder was incorporated in the bottom layer to 
effectively connect the LLZTO particles and diminish the con
tact resistance between LLZTO and Li metal.[19] The particle size 
of LLZTO was determined to be about 66 nm (Figure S2, Sup
porting Information). The lithiation of Nafion was performed 
to reduce the Li+ transfer barrier while enhancing its stability 
against Li metal, which can be confirmed by the arising peak at 
around 1630 cm−1 in the Fourier transform infrared spectros
copy spectrum, indicating the successful substitution of H+ by 
Li+ (Figure S3, Supporting Information).[20]

The protective layer with duallayer architecture is composed of 
a 4 µm thick ceramic bottom layer and a 1 µm thick LiNafion top  
layer according to the crosssectional scanning electron micro
scopy (SEM) observation (Figure 2a). The top LiNafion layer 
with high uniformity well covered the compact bottom layer 
from the topview images and the corresponding element 
mappings as displayed in Figure S4 (Supporting Information), 
which equips the LLN film with considerable deformability 
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Figure 1. Schematic illustrations of different Li deposition patterns. a) The space charge region induced by anion depletion will impose a strong electric 
field at the vicinity of bare Li, leading to dendritic Li deposits. b) After incorporating the single-ion-conducting LLN coating composed of rigid LLZTO 
and elastic Li-Nafion, a uniform and compact Li plating behavior can be obtained.
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to avoid mechanical breakdown during repeated charging/ 
discharging processes.

The ionic conductivity of the LLN protective layer was meas
ured at room temperature using blocking electrode method. 
A considerable value of 3.0 × 10−5 S cm−1 can be determined 
(Figure S5, Supporting Information), which is slightly lower 
than individual cubicphase LLZTO with an ionic conductivity 
of ≈10−4 S cm−1 as reported.[21] The tLi+ measurement was 
further conducted to quantitatively describe the singleion
conducting ability of the LLN coating layer. In the case of bare 
symmetric Li cell with conventional carbonate electrolyte (1.0 m 
LiPF6EC/DEC, v/v = 1:1), a rather low tLi+ of 0.33 was obtained  
(Figure S6a, Supporting Information) owing to the faster migra
tion speed of anions than solvated Li+, which is consistent with 
previous reports.[22] However, tLi+ can be dramatically improved 
to 0.82 after the incorporation of LLN coating layer (Figure S6b, 
Supporting Information). A comprehensive comparison of tLi+ 
with/without modifications and the related data for the tLi+ 

determination are listed in Figure 2b and Table S1 (Supporting 
Information), respectively.

Finite element method (FEM) simulations were carried out 
to provide insightful understandings on spatial Liion concen
tration distributions when singleion pathways are present at 
Li anode surface (Figure 2c,d, and Figure S7 and Movie S1, 
Supporting Information). In common nonaqueous electro
lytes with a low tLi+, the reverse migration of anions under 
applied electric field will evidently interfere cation diffusion. 
As a result, a large Li+ concentration gradient is generated 
from bulk electrolyte to anode vicinity after a prolonged gal
vanostatic process. However, this phenomenon can be con
siderably alleviated after incorporating a singleionconductive  
protective film. Li ions tend to be attracted to the interface 
where the immobilization of anion contributes to a more effi
cient Li+ transfer mode, replenishing the electrode/electrolyte 
interface with abundant and homogeneous Liion flux.[23] The 
suppressed ion concentration gradient and uniformized ion 
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Figure 2. Morphological and ion-transport characterizations of the LLN film. a) Side-view SEM image of the dual-layered LLN with Li-Nafion top layer 
and LLZTO-based bottom layer. b) A comparison of Li-ion transference number with various modification routes on Li electrodes. c,d) FEM simulation 
results of Li-ion concentration distribution from bulk electrolyte to anode surface at the initial state (1.0 s) (c) and at a prolonged steady state (3600 s)  
(d) during the galvanostatic process with (left)/without (right) a 5 µm-thick single-ion-conductive protective film.
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distribution are already widely verified to be critical on flat Li 
plating.[24]

Li | Cu cells are commonly adopted to investigate the cycling 
efficiency of Li metal anode. The higher coulombic efficiency 
(CE) and longer lifespan of Li | Cu cells are indictors of a more 
stable Li plating behavior with more plated Li available for the 
subsequent stripping. A systematic study was conducted to dis
close the effects of interfacial properties on the stability of Li 
metal by carefully comparing the electrochemical performance 
of bare Cu, LLZTOcoated Cu, and LLNcoated Cu. Note that 
the individual LLZTO coating layer can also render a high tLi+ 
of 0.85 similar to that of LLN coating (Figure S6c, Supporting 
Information), which is attributed to the unique vacancy Li+ 
conducting mechanism in the bulk garnet electrolyte. As shown 
in Figure 3a, the unprotected cell exhibited the worst stability 
with CE dropping to 91.4% within only 170 cycles at a constant 

current density of 0.50 mA cm−2 and a total Li plating amount 
of 0.50 mAh cm−2. After the protection of LLZTO, an enhanced 
performance with an average CE of 97.9% for 220 cycles can be 
achieved, which is believed to be originated from the optimized 
Li plating process guaranteed by the combined superiority of 
LLZTO, i.e., the singleionconducting nature as well as high 
mechanical rigidity.

To confirm this synergistic effect brought by the LLZTO 
coating, cells modified with sole LiNafion soft layer were 
assembled for comparison, the tLi+ of which was determined 
to be 0.82 (Figure S8 and Table S1, Supporting Information). 
There are fluctuant CEs within only 200 cycles (Figure S9, 
Supporting Information), indicating the significance of the 
rigidity of LLZTO on the stabilization of Li metal upon long
term cycling. Exclusively, such a stable performance can be 
dramatically prolonged to more than 350 cycles once modifying 

Adv. Mater. 2019, 1808392

Figure 3. Electrochemical performances of Li | Cu cells. a) Coulombic efficiency of bare Cu, LLZTO-coated Cu, and LLN-coated Cu at various current 
densities. b) XPS characterizations of LLN-coated Cu before and after 20 cycles at 1.0 mA cm−2, 1.0 mAh cm−2, and c) Li 1s spectrum of the cycled Cu foil 
with various modifications. d–f) SEM images of bare Cu (d), LLZTO-coated Cu (e), and LLN-coated Cu (f) after 80 cycles at 1.0 mA cm−2, 1.0 mAh cm−2.
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the Cu current collector with the duallayer LLN coating, where 
the average CE is determined to be as high as 98.5%. The 
voltage–time curves are provided in Figure S10 (Supporting 
Information), which indicate a stable voltage hysteresis of 
the LLNprotected cell even at the 300th cycle (Figure S9b, 
Supporting Information).

Furthermore, a Li | Cu cell protected by the LLN coating 
delivered a stable cycling for over 150 cycles with an average 
CE of 97.7% when the current density and areal capacity were 
increased to 1.0 mA cm−2 and 1.0 mAh cm−2, respectively. In 
contrast, the CE of the unprotected cell and LLZTOprotected 
cell quickly decayed to below 90% within 60 and 80 cycles, 
respectively. Even at a higher current density of 2.0 mA cm−2, 
the LLNprotected cell still displayed a decent CE of 95.2% after 
80 cycles, far beyond that of the control sample (Figure S11, 
Supporting Information). Additionally, various dualphase 
configurations were also examined in Li | Cu cells, where the 
configuration composed of LLZTObased bottom layer and Li
Nafion top layer exhibited the best cell performance over that of 
the duallayered film composed of LiNafion bottom layer and 
LLZTObased top layer as well as the monolayered LLZTO/Li
Nafion composite film (Figure S12, Supporting Information).

Note that both of LLZTO and LLN coatings are equipped 
with high Li+ transference number and superior mechanical 
strength. To uncover the underlying reasons for such a remark
able performance distinction, postmortem Xray photoelectron 
spectroscopy (XPS) analysis and SEM observations were car
ried out on the cycled Cu foils with various modifications. As 
expected, the interfacial composition of LLNcoated Cu main
tained consistent before and after cycling (Figure 3b), indicating 
the superb structural integrity of LLN film during longterm 
charging/discharging processes. In contrast, the LLZTOcoated 
Cu displayed a distinctive spectrum after cycling (Figure S13, 
Supporting Information). In Li 1s spectrum of the LLNcoated 
Cu, peak only arose at 55.9 eV, which was rationally assigned 
to the Li+ containing in LiNafion (Figure 3c, bottom), echoing 
with its S 2s spectrum to confirm that LiNafion is the only 
Licontaining component present on the surface of the cycled 
LLNcoated Cu (Figure S14, Supporting Information). However, 
multiple components of ROLi (55.5 eV), ROCO2Li (54.6 eV), 
and Li2CO3 (54.9 eV) were detected on the LLZTOcoated Cu 
besides the original components of LLZTO as well as a limited 
amount of LiNafion binder (Figure 3c, middle). The same com
ponents can also be observed on the cycled bare Cu (Figure 3c, 
top). The corresponding C 1s spectrum of the LLZTOcoated 
Cu after cycling (Figure S15, Supporting Information) further 
confirmed the existence of these SEI components.

The morphologies of the modified/unmodified Cu foil after 
longterm Li plating/stripping were also recorded (Figure 3d–f). 
Identical loose and porous structure can be observed on the 
bare Cu (Figure 3d) and LLZTOcoated Cu (Figure 3e), which 
is regarded as the resistive “dead Li” entangled with thick SEI. 
Many cracks of the originally compact LLZTO coating can be 
found after repeated Li plating/stripping processes, exposing 
fresh Li metal to the nonaqueous electrolytes. The electrolyte 
consumption and heterogeneous SEI formation occurred at 
these cracking spots inevitably result in selfamplified dendrite 
growth, which got disconnected easily from the current collec
tors during stripping, forming porous “dead Li” just as what 

occurred on the bare Cu current collectors. However, the LLN
protected Cu displayed a flat and uniform morphology even 
after 80 cycles under 1.0 mA cm−2 (Figure 3f). Such an efficient 
protection with a superior longterm stability enabled by LLN is 
derived from its predominant functional advantages of single
ionconducting nature to render a homogeneous ion flux, and 
structural merits combining rigid inorganic bottom layer and 
elastic organic top layer to further physically strengthen the 
interface while tolerating the volume variation.

Considering that there is heterogeneous nucleation on Cu 
substrate when Li is plating, which cannot exactly reflect the 
behavior of Li growth on lithium electrodes, symmetric Li cells 
are therefore employed to disclose the stability of Li plating/
stripping directly on Li substrates. Ultrathin Li electrodes with 
a thickness of 50 µm were utilized in the following experiments 
to provide a harsher evaluation in the case of reduced excess Li. 
The LLNprotected Li exhibited a slightly higher initial polariza
tion of 90 mV (65 mV for bare Li) under the constant current 
density of 1.0 mA cm−2, which slowly decreased to as low as 
45 mV at 100 h, even lower than the initial value of the con
trol sample (Figure 4a). This is believed to be as a result of the 
restrained concentration gradient formation and highefficiency 
transport of Li+ at the interface during longterm cell opera
tion. In contrast, the bare symmetric Li cell displayed a gradual 
increased polarization to 84 mV at 100 h, finally breaking down 
within 120 h. Longer galvanostatic time for 3 h was further 
examined in symmetric Li cell at 1.0 mA cm−2, and a stable 
polarization of the LLNprotected cell was also obtained as illus
trated in Figure S16 (Supporting Information). Even at higher 
current densities of 2.0 and 3.0 mA cm−2, considerable perfor
mance with small polarization (95 and 128 mV, respectively) of 
the protected cells can be still gained (Figure S17, Supporting 
Information).

Electrochemical impedance spectroscopy (EIS) was carried 
out to provide more insights on the cell performance. The real 
axis intercept of the asobtained EIS plot represents the bulk 
resistance of the liquid electrolyte, while the semicircle is 
related to the interfacial resistance. As depicted in Figure S18 
(Supporting Information), the initial interfacial resistance 
of both cells decreased due to the higher surface area of the 
electrode after cycling. Nevertheless, what differs is that 
the unprotected cell displayed a remarkable growth in bulk 
resistance after cycling for 100 h (Figure 4b), which is associ
ated with the excessive consumption of liquid electrolyte and 
the accumulation of thick “dead Li,” significantly impeding the 
bulk transfer of Li+. However, this phenomenon can be greatly 
alleviated by incorporating LLN coating layer, where a nearly 
constant bulk resistance can be observed upon cycling. The 
conclusions drew in the EIS analysis can be further supported 
by the distinctive morphology observed on the unprotected 
(Figure 4c) and LLNprotected Li (Figure 4d) after 100 h cycling. 
Thick “dead Li” formation is noticed from the side view of the 
cycled bare Li, in accordance with the polarization augment and 
fluctuation, whereas the LLNprotected one still remained a rel
atively compact morphology.

Full cells were assembled for an assessment of the LLN
protection strategy under practical conditions. Ultrathin 
(50 µm) Li anode, LiFePO4 (LFP) cathode, and conventional 
carbonate electrolyte of 1.0 m LiPF6EC/DEC (v:v = 1/1) were 

Adv. Mater. 2019, 1808392
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adopted in the cell assembly. As can be seen from Figure 5a, 
the capacity of bare Li began to sharply decline from only 60th 
cycle at 1 C, which reflects the extremely instability of Li in 
highly corrosive carbonate electrolyte. However, once disas
sembling the cycled cell and pairing the cycled cathode with a 
fresh Li metal, the capacity can recover to 120 mAh g−1, infer
ring that anode exhaust together with electrolyte consumption 
is the major factor responsible for the evident capacity fading. 
The depletion of active Li and liquid electrolyte strongly sug
gests the unstable electrode/electrolyte interface, which 
directly induces proliferate parasitic reactions and dendrite 
growth. In contrast, the LLNprotected Li delivered a signifi
cantly more stable cycling with a suppressed capacity decline 
from 135 to 120 mAh g−1 at the 150th cycle, equaling to a 
capacity retention of 87.4%. This discrepancy on cell degrada
tion can be further explained in the voltage profiles at the and 
the 100th cycle (Figure 5b), where the voltage polarization of 
LLNprotected cell increased much more slowly than that of 
the unprotected cell. This is on account of the wellsuppressed 
electrolyte consumption and “dead Li” accumulation upon cell 
operation, as has been confirmed in the previous symmetric 
Li cell tests.

Rate performance was also studied to probe the influence of 
asproposed LLN coating on cell capacity (Figure 5c). Initially, 
the cells with and without LLN protection exhibited nearly the 
same capacities of 157 (0.1 C) and 156 mAh g−1 (0.2 C). How
ever, higher capacities of 148, 135, and 116 mAh g−1 were 
obtained in the case of LLNprotected cell at 0.5, 1, and 2 C, 
respectively. When resetting to 0.1 C, the cell protected by 
LLN recovered to a considerable capacity of 158 mAh g−1, a bit 
higher than the control sample of 155 mAh g−1. The voltage 
polarizations of the protected/unprotected cells were further 
investigated (Figure 5d). A slightly larger polarization of 82 mV 
was observed of the LLNprotected cell comparing to 72 mV of 
the cell with bare Li at 0.1 C. However, it became comparable 
to that of the control cell at 0.2 C. Thereafter, the LLNprotected 
cell displayed a lower polarization (195 mV) than the unpro
tected one (217 mV) at 0.5 C, and the gap gradually increased 
with the increasing of the current density. The polarization volt
ages of 322 mV (protected) versus 386 mV (unprotected) at 1 C 
and 620 mV (protected) versus 705 mV (unprotected) at 2 C 
were recorded. The suppressed polarization augment observed 
upon current increase can be explained from two aspects:  
(1) The LLN coating is expected to prevent aggressive electrolyte  

Adv. Mater. 2019, 1808392

Figure 4. Electrochemical performances of symmetric Li cells with 50 µm thick Li foils. a) Cell performance of bare Li and LLN-coated Li at 1.0 mA cm−2, 
0.5 mAh cm−2 and the local enlarged voltage–time curve at 100 h. b) The bulk resistance variation after the 10th, 50th, and 100th cycles obtained from 
equivalent circuit fitting. Side-view SEM images of c) bare Li and d) LLN-coated Li after 100 h cycling, the scale bars of which are 20 µm.
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consumption, therefore minimizing the continuous accumu
lation of resistive SEI. (2) The suppression of the large Liion 
concentration gradient formation enabled by the singleion
conductive artificial film is believed to facilitate a facile Liion  
transport at the anode surface even under high current densities.

It is claimed that the strategy of LLN protective film dem
onstrated herein serves as a proof of concept. It can be further 
rationally refined as a universal strategy of a duallayer organic/
inorganic hybrid layer, where the organic and inorganic com
ponents should meet the standards of: (1) serving as singleion 
conductors, (2) endowed with sufficient thermodynamic sta
bility against Li metal, to provide a synergistic protection for 
working Li metal batteries. Additionally, this strategy of con
structing a duallayer organic/inorganic protective layer can 
also be potentially extended as a novel capsulation strategy to 
effectively protect Li metal from the corrosion of air and water, 
which is urgent and critical for the largescale deployment of Li 
metal.

In summary, a robust inorganicrich artificial interphase with 
singleion pathways was proposed to guarantee an efficient pro
tection for Li metal anode during longterm cell operation. Mul
tiple merits have been enabled by this advanced artificial film: 
(1) Primarily, the singleionconducting nature affords a high
efficiency transport and spatially homogeneous distribution 

of Liion at electrode/electrolyte interface as revealed by FEM 
simulation, which strongly contributes to the subsequent den
dritefree Li plating mode. (2) The dense LLZTO bottom layer 
with high rigidity is expected to further physically reinforce the 
Li metal surface via mechanically smoothing the Li deposits.  
(3) Last but not least, the LiNafion top layer enables the inter
phase with sufficient deformability and robustness to accom
modate the volume changes of the electrodes. Therefore, Li | Cu 
cells protected by LLN delivered a significantly improved average 
CE of 98.5% for more than 350 cycles, which was greatly higher 
than that of the unprotected cell (dropping to 91.4% within only 
170 cycles). Suppressed augments in bulk resistance and “dead 
Li” layer thickness during longterm cycling were also observed 
in the LLNprotected symmetric Li cells. The LLNprotected cell 
demonstrated a stable cycling with a higher capacity retention 
of 87.4% after 150 cycles in the practical full cell with ultrathin 
Li anode and LFP cathode, while the control sample exhibited a 
sharp capacity decrease from only 60th cycle.

This work elucidates the significance of optimizing the 
interfacial property on the stabilization of Li metal anode, 
which is expected to provide a deeper insight on the protection 
of Li metal. Moreover, this strategy of constructing a rationally 
designed duallayer artificial protective layer is also implantable 
to the interfacial protection of other alkali metal (sodium)based 

Adv. Mater. 2019, 1808392

Figure 5. Electrochemical performances of Li | LFP full cells with limited Li excess. a) Specific capacity of Li | LFP cells with bare Li and LLN-coated Li 
at 1 C rate using conventional carbonate electrolyte; b) the corresponding voltage–capacity curves at the 1st and 100th cycles. c) Rate performance of 
Li | LFP cells with bare Li and LLN-coated Li at 0.1, 0.2, 0.5, 1, and 2 C; d) a comparison of the corresponding voltage polarizations under various rates.
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battery systems through facilely replacing the Li singleion 
conductors with sodium singleion conductors.
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Abstract: Lithium metal is used to achieve high-energy-density
batteries due to its large theoretical capacity and low negative
electrochemical potential. The introduction of quasi-solid
electrolytes simultaneously overcomes the safety problems
induced by the liquid electrolytes and the high interfacial
resistance issues confronted by all solid-state electrolytes. In-
depth investigations involving interfacial behaviors in quasi-
solid lithium metal batteries are inadequate. Herein an ultra-
thin Li3OCl quasi-solid-state electrolyte layer (500 nm thick-
ness) is used to cover a lithium anode. The polarization of the
anode is remarkably reduced by introducing the Li3OCl quasi-
solid-state electrolyte. In contrast to the decomposition of
solvents in a standard electrolyte (EC-DEC,1.0m LiPF6), the
established quasi-solid-state electrolyte interfaces can signifi-
cantly inhibit the decomposition of solvents when the cut-off
voltage is 4.5 V.

Since 1913 lithium metal has been considered as the “Holy
Grail” of anodes in rechargeable batteries owing to its high
theoretical capacity (3860 mAh g@1) and the lowest negative
electrochemical potential (@3.04 V vs. standard hydrogen
electrode).[1] However, the slow progress of research on
lithium metal regarding safety issues in liquid electrolytes
seriously hinders its practical application.[2] The investigations
on lithium-metal batteries have stagnated due to the appli-
cations of graphite anodes.[3] Fortunately, the lithium anode
has been revived as a result of the urgent demand for higher-
energy-density energy storage systems.[4, 5] Research focusing
on solid-state electrolytes simultaneously has been strongly
considered[6–8] because: 1. The high melting point of solid-
state electrolytes enable the battery to work normally, while it
induces the combustion of the vaporized organic electrolyte
in routine Li ion batteries.[9] 2. Most of the solid-state
electrolytes exhibit a wide electrochemical window and are
employed to match high-voltage (higher than 4.3 V) catho-
des.[10] 3. The good environmental compatibility between Li
electrodes and most solid-state electrolytes ensures the
formation of stable interfaces, drastically reducing the
continuous consumption of electrolytes. Actually, when

matching with Li anode alone, there are notorious contact
issues during cycling for either organic polymer electrolytes
or inorganic ceramic electrolytes.[8, 11] Therefore, there is
always a high interfacial resistance in all-solid-state-electro-
lyte batteries that hinders the demonstration of high-voltage
rechargeable batteries.

Extensive efforts have been devoted to reduce the
interfacial resistance.[5,12] The addition of a small amount of
liquid electrolyte to solid-state electrolytes was proved as an
effective method.[13] The intermediate state (mass fraction of
liquid lower than 5 wt% in the composite electrolyte)
between solid and liquid is denoted as the quasi-solid-state.
However, the mechanism on the quasi-solid-state electrolyte
interface has not been covered yet. How to distinguish the
potential in two-electrode cells is an open question. A clear
scenario is required to describe potential changes during
charge and discharge in lithium metal systems with both
routine electrolyte and quasi-solid-state electrolyte. Conse-
quently, precisely monitoring the potential of the lithium
electrode is urgently needed to probe the interfacial behavior
and understand the energy chemistry at the working inter-
faces.

In this contribution, a 4.5 V high-voltage rechargeable
battery is enabled by the reduction of polarization on a lithium
metal anode. Herein a 500-nm-thick antiperovskite Li3OCl
layer is coated on the surface of a lithium anode and the
cathode is wetted with a lean electrolyte (0.8 mL per gram of
cathode active materials) in a 4.5 V lithium metal battery. The
interfacial behavior of the quasi-solid-state electrolyte is
monitored by a three-electrode measurement. We propose
that the quasi-solid-state electrolyte can stabilize the inter-
faces to achieve a high utilization rate of lithium and
effectively reduce the polarization of lithium metal electrode
(Figure 1). The quasi-solid-state interphase can render a high
Gibbs free energy for electrochemical oxidation of electrolyte
interphases and broaden the redox window of liquid electro-
lyte,[7] leading to a Li chemical potential of the cathode
electrolyte interphase (CEI)/liquid electrolyte interface that
is higher than the oxidation limit of liquid electrolyte.[14]

Consequently, the decomposition of liquid electrolyte is
remarkably inhibited, leading to high average Coulombic
efficiency and high capacity retention rate in a 4.5 V high-
voltage lithium metal battery.

The nonflammable, thickness-controllable, and light-
weight features make Li3OCl[15] a potential alternative for
the realization of safe and high-energy-density batteries. The
synthesis and detailed related features are described in
Figures S1 and S2. The spherical particles of Li3OCl are
approximately 50 nm in diameter (Figure 1a), ensuring dense
stacking in the formation of a uniform protective layer. The
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orderly stacked Li3OCl nanoparticles effectively transport
lithium ions and inhibit the growth of lithium dendrites due to
the high ionic conductivity and high YoungQs modulus,
respectively. Besides, the unoccupied space between spherical
particles in the Li3OCl layer is filled with liquid electrolyte
and lithium salts, allowing rapid diffusion of lithium ions. The
transfer number of Li ions in the quasi-solid-state electrolyte
is 0.67 (Figure S3), well above the value of 0.34 in routine
electrolyte (volume ratio of ethylene carbonate (EC):diethyl
carbonate (DEC) is 1:1, 1.0m LiPF6),[16] indicating the anions
with large radius are significantly immobilized.

A three-electrode device was specially customized to
precisely record the potential of the anode in a working cell.
The schematic diagram of the three-electrode system is
exhibited in Figure S4. The three electrodes consist of lithium
foil (working electrode), lithium string (reference electrode),
and a LiNi0.85Co0.1Al0.05O2 (NCA) plate (counter electrode).
As a result, the overpotential was only 2 mV in quasi-solid-
state electrolyte; in contrast the overpotential of the anode
was 50 mV in routine electrolyte at a current density of
0.18 mAcm@2 (rate = 0.2 C), (Figure 1b,c). The 50 mV over-
potential was consistent with WinterQs report,[17] in which
50 mV is determined at 0.12 mAcm@2. Note that when the
electrochemical processes occur in a battery, the potentials of
both the cathode and anode deviate away from the equilib-
rium potential. There is a positive correlation between the
presented potential and the current density (Figure 1d). The
polarization of the anode induced by the quasi-solid-state
electrolyte is sharply reduced, efficiently stabilizing the

interphases and enhancing the ion transport in the solid
electrolyte interphase (SEI) layer.

Cyclic voltammetry (CV) and linear sweep voltammetry
(LSV) were applied to probe the details of the electro-
chemical behavior. The cells exhibit a typical oxidation peak
when the positive scan was recorded at a scan rate of
0.1 mVs@1. However, when the scanning voltage of the cells
was above 4.46 V, the routine electrolyte started to decom-
pose, resulting in erratic negative scan curves (Figure 2a). The

quasi-solid-state electrolyte renders a stable redox reaction
even when the voltage is above 4.5 V. The electrochemical
behavior remains constant in successive CV scans (Figure S5).
The following LSV results are also consistent with the CV
profiles. The response current exhibits a sharp increase when
the scanning voltage is over 4.5 V in routine electrolyte, while
this does not happen in quasi-solid-state electrolyte (Fig-
ure 2b).

It has been widely accepted that the practical potential of
an electrode has contributions from the thermodynamic
electrode potential, electrochemical polarization, concentra-
tion polarization, and ohmic polarization. Since the current
density of the Li anode was the same in both cells, the
thermodynamic electrode potential (0 V vs. Li/Li+) and
electrochemical polarization contribute little, indicting the
main factor is concentration polarization and ohmic polar-
ization. There is a quasi-solid-state electrolyte that regulates
the Li ion concentration covered on the lithium surface. This
favors the rapid transport of Li ions, further reducing the
concentration polarization and ohmic polarization. There-
fore, the quasi-solid-state interphase with high ionic conduc-
tivity renders the high Gibbs free energy of the electro-
chemical oxidation of the electrolyte interphase and broadens
the redox window of the liquid electrolyte.[7] As a result, the
Li chemical potential of CEI/liquid electrolyte interface is
higher than the oxidation limit of the liquid electrolyte,[14] and
solvent molecules are in an integrated state in the quasi-solid-
state electrolyte cell.Correspondingly, the solvent molecules
decomposed in a routine electrolyte cell.

The quasi-solid-state electrolyte was applied in Li metal
batteries to explore its electrochemical performance. When
a pristine lithium anode was matched with an NCA cathode
(Figure S6), improved battery performance was achieved with
the employment of Li3OCl layer even at lean electrolyte
conditions (0.8 mL per gram of cathode active materials). As

Figure 1. a) The morphology of the Li3OCl ultrathin solid-state electro-
lyte layer . b,c) Anode potential profiles in the quasi-solid and routine
electrolyte, obtained in three-electrode configuration, the current
density is 0.18 mAcm@2. d) Correlation between presented potential
and current density in the charge/discharge process.

Figure 2. Electrochemical behavior of the routine and quasi-solid state
electrolytes. a) Redox behavior tested with cyclic voltammetry, the scan
rate is 0.1 mVs@1; b) Potential window of electrolyte tested with linear
sweep voltammetry, the scan rate is 0.5 mVs@1.
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shown in Figure 3a, the capacity of the battery without the
Li3OCl layer decreases rapidly, the Coulombic efficiency is
seriously fluctuant, and the capacity even reduces to near
0 mAh g@1 after only 50 cycles at 0.5 C. In contrast, the
discharge capacity of a lithium battery with 500-nm-thick
Li3OCl layer (areal loading amount of 0.11 mgcm@2) stays at
100 mAhg@1 after 250 cycles and an average Coulombic
efficiency of up to 99.7 %, exhibiting a better capacity
retention and higher Coulombic efficiency. The capacity–
voltage profiles imply the constant overpotential during the
evolution of cycling. There is only approximately 49 mV
hysteresis voltage after 20 cycles, while the overpotential in
routine electrolyte is up to 382 mV (Figure 3b), indicating the
quasi-solid-state electrolyte renders the rapid transport of Li
ions during repeated cycles. According to SEM images of the
Li anode after the fifth cycle and long-term cycling (Fig-
ure 3c–f), the pristine Li exhibits cracks and mossy dendrites
while the protected lithium exhibits a smooth morphology,
indicating the highly reactive Li anode has been well
protected in a working cell. In addition, electrochemical
impedance spectroscopy profiles both before and after cycling
exhibit reduced interfacial resistance and charge transfer
resistance in the quasi-solid-state electrolyte than those with
routine electrolytes (Figures S7 and S8). The products of
decomposition and formation of inactive Li dendrites in
routine electrolyte covered on electrodes obviously increase
the interfacial resistance of the working battery. Therefore,
the application of a Li3OCl layer results in long-term cycling
and low resistance in the quasi-solid-state electrolyte NCA j

Li battery. This corresponds to the conclusion that the quasi-
solid-state interphase renders the rapid transport of Li ions.

X-ray photoelectron spectroscopy (XPS) was further
applied to detect the evolution of the chemical composition
(Figure S9). In the Li 1s XPS spectrum, the main character-
istic peaks related to Li-O (54.04 eV), Li-OH (54.42 eV), and
Li-Cl (54.87 eV) always appeared and no additional peaks
were observed during cycling. The bulk characteristic peaks of
Li3OCl (197.39 eV for Cl 2p3/2, 199.19 eV for Cl 2p1/2) are still
observed and LiCl (198.2 eV for Li-Cl 2p3/2, 198.8 eV for Li-Cl
2p1/2) is generated after the tenth cycle according to the Cl 2p
XPS spectrum, indicating interfacial Li3OCl is transformed
into LiCl to form a halogenated layer, which is consistent with
LiangQs report.[18]

Generally, the cut-off voltage of the NCA jLi battery was
4.3 V in order to achieve stable and long-term cycling, and the
structure of cathode materials and the solvents in electrolyte
was kept stable. When the NCA jLi battery was cycled at
a range of 3.0–4.5 V or higher and no other high-voltage
additive was introduced to the electrolyte, the liquid electro-
lyte usually suffers from serious decomposition (Figure 4a).
In Li3OCl quasi-solid-state electrolyte, the polarization of
lithium metal anode is significantly reduced, indicating rapid
transport of Li ions through the SEI layer. The lower
overpotential of anode renders a high Gibbs free energy of
electrochemical oxidation of the electrolyte interphase,[7]

leading to a large operating voltage window of the solvent
molecules (Figure 4b). Therefore, the employment of quasi-
solid-state ceramic interfaces benefits the long-term cycling in
4.5 V high-voltage lithium metal batteries.

In summary, high average Coulombic efficiency and a high
capacity retention rate in a 4.5 V high-voltage lithium metal
battery were achieved by introduction of lightweight antiper-
ovskite solid-state electrolyte Li3OCl on lithium metal anode
with a lean amount of liquid electrolyte. Compared to an all-
solid-state electrolyte battery, the application of small amount
of liquid electrolyte (mass fraction of liquid lower than
5 wt.%) has significantly improved interfacial contacts
between electrolytes and electrodes simultaneously, resulting
in an integrated buffer layer. The overpotential of lithium

Figure 3. Electrochemical performance of NCA jLi batteries and mor-
phology evolution of the lithium anode during cycles. a) The discharge
capacity and Coulombic efficiency curves in routine and quasi-solid
electrolytes, charge/discharge rate is 0.5 C and the voltage windows is
3.0–4.5 V. b) Polarization voltage for different cycles. c,d) Morphology
of the lithium anode after the 5th and 50th cycle in routine electrolyte,
large amounts of inactive lithium is generated. e,f) Morphology of the
lithium anode after the 5th and 250th cycle in quasi-solid electrolyte,
exhibiting smooth and integrated morphology.

Figure 4. Schematic of the influence of the reduced polarization on
lithium metal anode. a) The solvent molecules in routine electrolyte
decompose under 4.5 V high-voltage conditions. b) The Li3OCl quasi-
solid electrolyte layer that covers the lithium metal efficiently prohibits
the decomposition of solvent molecules.
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metal electrode was significantly reduced and the decom-
position of solvent molecules was markedly inhibited. In
addition, the quasi-solid-state ceramic interfaces also reduce
the polarization of lithium metal anode and enhance the ion
transport. The fresh understanding about quasi-solid-state
interface can enrich the knowledge about interfacial chemis-
try, which affords valuable references to achieve a better
quasi-solid-state interface and realize longer life-span lithium
metal batteries.
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Activating Inert Metallic Compounds for High-Rate Lithium–Sulfur
Batteries Through In Situ Etching of Extrinsic Metal
Meng Zhao+, Hong-Jie Peng+, Ze-Wen Zhang, Bo-Quan Li, Xiao Chen, Jin Xie, Xiang Chen,
Jun-Yu Wei, Qiang Zhang, and Jia-Qi Huang*

Abstract: Surface reactions constitute the foundation of
various energy conversion/storage technologies, such as the
lithium–sulfur (Li-S) batteries. To expedite surface reactions
for high-rate battery applications demands in-depth under-
standing of reaction kinetics and rational catalyst design. Now
an in situ extrinsic-metal etching strategy is used to activate an
inert monometal nitride of hexagonal Ni3N through iron-
incorporated cubic Ni3FeN. In situ etched Ni3FeN regulates
polysulfide-involving surface reactions at high rates. Electron
microscopy was used to unveil the mechanism of in situ catalyst
transformation. The Li-S batteries modified with Ni3FeN
exhibited superb rate capability, remarkable cycling stability
at a high sulfur loading of 4.8 mgcm@2, and lean-electrolyte
operability. This work opens up the exploration of multi-
metallic alloys and compounds as kinetic regulators for high-
rate Li-S batteries and also elucidates catalytic surface
reactions and the role of defect chemistry.

Surface and interfacial reactions play an essential role in
defining various energy-transforming processes, such as solar
fuel production and electrochemical energy storage.[1] TodayQs
growing demand for intermittent and discrete energy storage
drives the exploration of emerging battery chemistries, such
as lithium–sulfur (Li-S) and lithium–air batteries, which often
rely on reversible surface electrochemical reactions to afford
a high energy density.[2] Expediting these reactions enables
the devices with favorable rate performance but often
requires reaction mechanism with intrinsically fast kinetics.
If the surface reaction mechanism can be in-depth excavated,
energy chemistries and related technologies will be advanced
expectedly.

As a promising substituent to lithium-ion batteries, Li-S
batteries afford an attractive specific energy of 2600 Whkg@1

in theory.[3, 4] Among various strategies, introducing electro-
catalytically active components to the sulfur cathode is
recently regarded as an efficient and effective way to
accelerate the surface reaction kinetics.[5–8] Rapid surface
reactions simultaneously contribute to improving sulfur
utilization and mitigating the shuttle effect of soluble poly-
sulfide intermediates, which is often considered as the major
origin of capacity fading.[9, 10] However, the actual active
phases of currently developed electrocatalysis in working
conditions have hardly been vigorously validated. Owing to
the lack of rational understanding, it is usually by the
Edisonian approach to explore new electrocatalysts, render-
ing the exploration time-consuming and non-precise.[11]

Modern surface science indicates that the catalytic activity
often originates from the surface or subsurface defects and
vacancies of a solid catalyst.[8, 12] Such a general understanding
enlightens us to investigate the role of vacancy in electro-
catalysis for Li-S batteries and extract core design principles
of catalyst design. Thereafter, to explore novel catalysts for
polysulfide redox reaction, to enlarge their groups, and to
optimize their properties can be realized through composi-
tion, phase, and site engineering based on above rationales.

Herein, we demonstrate that the introduction of an
extrinsic metal to a monometallic compound, similar to the
alloying strategy for metal catalyst design,[13] activates the
originally inert phase for kinetic propelling of polysulfide-
involving surface reactions at a high rate. Hexagonal nickel
nitride (Ni3N), selected as a proof-of-concept pre-catalyst,
was found poorly active for polysulfide mediating, which was
transformed into highly active cubic nickel–iron nitride
(Ni3FeN) phase after the incorporation of iron. Both com-
pounds are conductive,[14, 15] but the more electropositive iron
(compared to nickel) at the corner sites, inclines to be leached
out through polysulfide etching, leaving abundant vacant
defects around the nickel site to activate it.

Ni3N and Ni3FeN nanoparticles were synthesized by
ammonolysis (Supporting Information, Figure S1a,b). Both
Ni3N and Ni3FeN are found as nanoparticles of 10–30 nm in
size, supported on wrinkled graphene sheets (denoted as
Ni3N/G and Ni3FeN/G, respectively). The X-ray diffraction
patterns of Ni3N and Ni3FeN samples indicate their distinct
crystal structures: a hexagonal phase for Ni3N (JCPDS No.
10-0280, a = b = 4.621 c; c = 4.304 c),[16] and a cubic phase
for Ni3FeN (JCPDS No. 50-1434, a = b = c = 3.760 c; Sup-
porting Information, Figure S1c).[15] The incorporation of iron
induces the hexagonal-to-cubic phase transformation. Trans-
mission electron microscopy (TEM) images further indicate
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well-indexed lattice fringes with a d-spacing of 0.292 nm for
the (101) plane of Ni3N and 0.217 nm for the (111) plane of
Ni3FeN, respectively (Supporting Information, Figure S1d,e).

X-ray photoelectron spectroscopy (XPS) was carried out
on Ni3FeN and Ni3N before and after reacting with poly-
sulfides to probe their interaction with polysulfides. The
incorporation of iron increases the electron density around
nickel and nitrogen, inducing obvious red-shifts of Ni0 2p3/2

peaks (from 852.7 eV to 852.0 eV) and N 1s peaks (from
397.8 eV to 396.9 eV) (Figure 1a and b).[17] The presence of
Ni2+ can be ascribed to the inevitable oxidation of surface
layer (Figure 1a).[15]

Static adsorption of Li2S4 by Ni3FeN/G and Ni3N/G aims
to simulate the working environment in batteries. A nearly
colorless solution after 3.0 h adsorption with Ni3FeN/G, and
a pale yellow solution with Ni3N/G, imply stronger interaction
between polysulfides and Ni3FeN than Ni3N (Supporting
Information, Figure S2). It can be easily deduced that the
more electropositive iron strengthens the adsorption to
negatively charged terminal sulfur (ST) in polysulfides,
which is confirmed by the blue-shifts of 0.5 eV for all peaks
in the Fe 2p3/2 spectrum of Ni3FeN after polysulfide adsorp-
tion (denoted as Ni3FeN/Li2S4 and the same for Ni3N/Li2S4),
indicating the electron transfer from Fe to ST (Figure 1c).

Nevertheless, the effects of extrinsic iron are more than
electropositivity. Neither the Ni 2p3/2 nor N 1s spectrum of
Ni3N/Li2S4 exhibits any change compared to that of pristine
Ni3N, indicating no spectroscopically validated chemisorption
(Figure 1a,b). The Ni@N plane of Ni3N is inert toward
polysulfides because of the full coordination of Ni@N in the
bulk hexagonal phase, rendering binding sites only available
on the surface (Figure 1e). With iron incorporation, the
originally inert Ni@N plane turns into strongly binding toward

polysulfides, as indicated by the significant blue-shifts in
Ni 2p3/2 (0.3 eV) and N 1s (0.6 eV) spectra of Ni3FeN/Li2S4

compared to Ni3FeN (Figure 1a,b). These blue-shifts suggest
the electron transfer from Ni-N to the ST plane.

The aforementioned difference in interaction paradigm is
also validated by the S 2p spectra. Pristine Li2S4 exhibited
typical 2p3/2/2p1/2 doublets in the S 2p spectrum at 162.3 and
163.2 eV (referring to 2p3/2 peaks), attributing to ST and
bridging sulfur (SB), respectively (Supporting Information,
Figure S4).[18] Extra peaks (166.8–169.3 eV) result from
oxidation during sample preparation.[19] Ni3N/Li2S4 hardly
exhibits a change in the S 2p spectrum (Figure 1d). In
contrast, a new peak at 161.0 eV emerges in the S 2p spectrum
of Ni3FeN/Li2S4 and is attributed to the formation of a sulfur–
metal (that is, iron and nickel) bond.

Based on above observation, it is speculated that extrinsic
iron activates the inert Ni@N plane through a polysulfide-
etching-induced vacancy-formation mechanism (Figure 1 f).
Iron atoms at the corner sites of cubic structure are leached
out via polysulfide etching, as iron is more electropositive
than nickel to react with ST. The removal of iron results in
a metastable cubic Ni3Fe1@dN phase (d refers to the stoichio-
metric number of vacancies left by iron), which is further
stabilized through trapping polysulfides within the vacant
defects of Ni3Fe1@dN.

Subsequent post-mortem analysis provides further evi-
dence for the above mechanism. As shown in the high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image and corresponding elemental map-
pings, pristine Ni3FeN particles exhibit uniform distribution of
nickel and iron (Figure 2a). The linear scan further indicates
the overlap of two elements with a small deviation in spatial
distribution (Figure 2b). However, the cycled Ni3FeN par-
ticles are shown with abnormally surface-enriched iron
element, implying the phase migration after polysulfide
etching (Figure 2c,d). The migrated species is further identi-
fied as a new phase of ferrous sulfide (FeS; Supporting
Information, Figure S5), while the cycled Ni3N sample
remains its original phase (Supporting Information, Fig-
ure S6). The phase migration is ascribed to the Kirkendall
effect and indicates the reaction between polysulfides and
Ni3FeN.

Figure 1. Illustration of the polysulfide-etching-induced activation
mechanism. Refined a) Ni 2p, b) N 1s, c) Fe 2p, and d) S 2p XPS
spectra of different samples with or without Li2S4 addition. e) Atomic
structure model of hexagonal Ni3N. f) Atomic structure model of cubic
Ni3FeN and illustration of the polysulfide etching process toward an
active Ni3Fe1@dN phase.

Figure 2. a) HAADF-STEM image of Ni3FeN-G and the corresponding
EDS element distribution. b) Linear elemental distribution of the
particle marked in (a). c) HAADF-STEM images of Ni3FeN-G and the
corresponding EDS element distribution after 5 cycles at 0.5 C.
d) Linear elemental distribution of the particle marked in (c).
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Kinetics of liquid–solid and liquid–liquid reactions were
probed to elucidate the effect of extrinsic metal incorpora-
tion/removal. Following previous reports,[20] chronoamper-
ometry was employed to probe the liquid–solid nucleation
behaviors of lithium sulfide (Li2S) on various hosts, that is, G,
Ni3N/G, and Ni3FeN/G (Figure 3a). All three cells reached
the highest potentiostatic current after approximately 3500 s,
but the integral areas of current peaks varied significantly,

resulting in Li2S nucleation capacities of 92, 72, and
123 mAhg@1 on G, Ni3N/G, and Ni3FeN/G, respectively. As
the electrode is of equal mass, the sacrifice in surface area for
solid precipitation led to small capacity for Ni3N/G. However,
because of the modulation of iron, Ni3FeN-derived
Ni3Fe1@dN/G enabled substantially more electrodeposition
despite the smaller surface area than G. The morphology
characterization of electrodes also reveals that unlike on G
and Ni3N/G, deposited Li2S layer on Ni3FeN/G is much
thicker, featuring a three-dimensional growth characteristic
(Supporting Information, Figure S8).

The liquid–liquid reactions were probed using symmetric
cells with a Li2S6 electrolyte for cyclic voltammetry (CV) and
electrochemical impedance measurements.[21] The redox cur-
rent responses at a voltage bias of 0.8 V increase in the order
of G<Ni3N/G<Ni3FeN/G (Figure 3b), while trends in
electrochemical impedance has a reverse sequence (Support-
ing Information, Figure S7). Furthermore, the redox current
of FeS/G is comparable to G, further indicating that the active
center in Ni3FeN is mainly the vacancy rather than the iron
site on FeS (Supporting Information, Figure S10). These
results indicate that the highest charge-transfer rate is
between polysulfides and Ni3FeN/G, which is attributed to
stronger ability of vacancies in etched Ni3Fe1@dN to adsorb
polysulfides than fully coordinated compounds.

The kinetic-regulating role of Ni3Fe1@dN after iron
removal was further demonstrated in actual Li-S batteries.

Owing to previous success of modified separators in enhanc-
ing Li-S batteries,[18, 22] Ni3FeN/G and Ni3N/G were filtrated
on separators as a catalytic membrane (Supporting Informa-
tion, Figure S11). The areal sulfur loading is 1.2 mg cm@2,
while the loading of Ni3FeN/G or Ni3N/G is 0.3 mgcm@2. The
CV curves of as-assembled Li-S cells exhibit typical redox
peaks: the two cathodic peaks at 2.2–2.3 and 1.9–2.1 V,
corresponding to the formation of soluble polysulfides and
solid Li2S, respectively, and two anodic peaks that are
partially overlapped, indicating the sequential oxidation of
Li2S and polysulfides (Figure 3c). Compared to non-activated
Ni3N/G, the cell with Ni3FeN/G possessed less severe polar-
ization for all redox peaks, suggesting better kinetics. Along
with the smaller impedance (Supporting Information, Fig-
ure S12), the kinetics enhancement is ascribed to the rapid
charge transfer between the Ni3Fe1@dN mediator and ad-
sorbed polysulfides.

For quantitative analysis, Tafel plots of the first reduction
and oxidation processes are obtained, respectively (Fig-
ure 3d,e).[5] The second reduction process was not considered
owing to the continuous background current induced by
polysulfide interconversion until the onset potential of Li2S
nucleation. For the first reduction, the fitted Tafel slopes of
Ni3FeN/G and Ni3N/G cells are 58.0 and 66.9 mVdec@1,
respectively (Figure 3 d); while for the first oxidation, they are
102 and 110 mVdec@1, respectively (Figure 3e). The smaller
Tafel slopes for Ni3FeN/G cell indicate more facile reactions
between liquid polysulfides and solid sulfur/Li2S under the
regulation of Ni3Fe1@dN than Ni3N. Besides, corresponding
onset potentials for Ni3Fe1@dN-mediated polysulfide redox are
about 37 mV positive for sulfur reduction and about 16 mV
negative for Li2S oxidation, also demonstrating the high
catalytic activity of Ni3Fe1@dN after iron incorporation/
removal.

The rapid polysulfide redox reactions mediated by in situ
etched Ni3FeN provide the Li-S batteries with a superb rate
performance (Figure 4a). The cell with a Ni3FeN/G-modified
separator delivered high average capacities of 1309, 1144,
1047, 974, and 905 mAh g@1 at 0.1, 0.2, 0.5, 1, and 2 C (1 C =

1672 mAh g@1), which are 9–14% and 11–31% higher than
those of Ni3N/G and FeS/G (Supporting Information, Fig-
ure S13). At a high rate of 3 C (6.0 mAcm@2), the Ni3FeN cell
still maintained a high capacity of 822 mAh g@1, while the
Ni3N and FeS cell lost its low discharge plateau. Such
a phenomenon is in accordance with the liquid–solid kinetic
study, where the Ni3FeN is shown to improve the Li2S
nucleation rate significantly through strong-binding vacancy
sites but the nucleation overpotential on inert Ni3N at such
a high rate is too large to be met by cutoff voltage, leading to
early termination of discharge.

The above argument is further validated by galvanostatic
discharge–charge profiles (Figure 4 b). At a low current
density of 0.1 C, the discharge voltages of both cells are
comparable despite the higher capacity of the Ni3FeN cell.
However, unlike the smooth transition for the Ni3FeN cell,
the discharge profile of Ni3N cell exhibits a huge and trailing
voltage “dip” at a high rate of 2 C, indicating the sluggish
kinetics of Li2S nucleation/growth on inert Ni3N and graphene
surfaces. Therefore, the sudden capacity decrease for the Ni3N

Figure 3. Electrochemical kinetics. a) Chronoamperometry curves of
Li2S8/tetraglyme solution discharged at 2.05 V on different surfaces.
The lighter and darker colored regions indicate the precipitation of Li2S
and the reduction of Li2S8/Li2S6, respectively. b) CV curves of Li2S6

symmetric cells employing different scaffolds as current collectors.
c) CV curves of Li-S cells applying a Ni3N/G- and Ni3FeN/G-modified
separator, respectively. Corresponding Tafel plots for d) the first
reduction peak and e) the oxidation peak.
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cell at 3 C is expected. Further to Li2S formation, the
incorporation/removal of iron in Ni3FeN also has a profound
influence on Li2S oxidation. The Ni3FeN cell generally
possessed a barrierless feature at the beginning of charge at
both 0.1 and 2 C; while the Ni3N cell still suffered from an
initial charge barrier. Similar to discharge, such a difference is
in agreement with Tafel slopes (Figure 3e).

Kinetic regulation enabled by an electrolyte has previ-
ously been shown to improve cycling stability of Li-S
batteries.[6, 10] In this sense, the Ni3FeN/G cell preserved its
78% of initial capacity after 180 cycles at 1 C, higher than
69% and 54% for the Ni3N/G cell and the G cell, respectively
(Supporting Information, Figures S14 and S15a). Ni3FeN/G
also enabled the cell to be cycled at a 3 C for more than 150
cycles while G and Ni3N/G could not (Supporting Informa-
tion, Figure S16a). This can be attributed to the shuttle
mitigation by a Ni3FeN/G separator as the lithium anode with
Ni3FeN/G preserved its morphological compactness mostly
when compared to those with G and Ni3N/G (Supporting
Information, Figure S17). Considering the very low mass ratio
of Ni3FeN to sulfur (approximately 1:100 based on thermog-
ravimetric analysis), it is kinetically regulated shuttle “bypass-
ing” rather than chemisorption that accounts for enhanced
battery stability.[9]

To further demonstrate the high activity of Ni3FeN for
polysulfide catalysis with an extremely low mass ratio of
Ni3FeN to sulfur (1:400), high-loading cathodes (sulfur
loading: 4.8 mg cm@2) were tested. After an activation process
induced by sulfur redistribution,[23] Ni3FeN/G enabled the
sulfur cathode to achieve maximum capacities of 1103 and
900 mAhg@1 at 0.2 and 0.5 C, along with capacity retention of
75% and 89% after 150 cycles, respectively (Supporting

Information, Figure S16b; Figure 4c). In contrast, the control
G and Ni3N/G cells delivered much lower capacities with
strong fluctuation of Coulombic efficiencies, suffering from
low sulfur utilization and severe shuttle effect at high current
densities (Figure 4c; Supporting Information, Figure S15b).
Ni3FeN/G catalyzed Li-S battery has higher rate performance
and area capacity, even compared to the recently reported
high-sulfur-loading performance (Supporting Information,
Table S1).

All of the above electrochemical tests were carried out
with substantial excess of electrolyte (electrolyte/sulfur (E/S)
ratios of 14–16 mL(electrolyte) mg(sulfur)

@1), which is detrimental to
the device energy density.[4] Therefore, it is necessary to
evaluate the electrocatalyst at a lean-electrolyte condition.[24]

At a low E/S ratio of 4.7 mL(electrolyte) mg(sulfur)
@1, the Ni3FeN/G

cell delivered high capacities of 1007 and 438 mAh g@1 at 0.1
and 0.2 C, 3.9 (4.6) and 4.8 (6.2) times than those of Ni3N/G
(FeS/G) (Figure 4d; Supporting Information, Figure S18a).
Similar to that at high rates (> 2 C), lean-electrolyte cells
exhibit typical charge–discharge curves with Ni3FeN/G but
lose the low discharge plateau with Ni3N/G and FeS/G
(Figure 4e; Supporting Information, Figure S18b). The lean-
electrolyte cell evaluation again illustrates the pivotal role of
iron incorporation/removal in regulating reactions at harsh
working conditions as the vacancy-rich Ni3Fe1@dN phase
strengthens the intermediate binding, lowers the reaction
barriers, and thus drives more complete sulfur/polysulfide/
Li2S conversion than Ni3N (Figure 4 f).

In summary, we have demonstrated a strategy to activate
inert Ni3N for polysulfide catalysis in Li-S batteries. With the
assist from advanced characterization tools such as HAADF-
STEM, it was validated that introducing an extrinsic metal
(that is, iron) in the Ni3N triggered the hexagonal-to-cubic
phase transformation and this metal can be leached out in situ
via polysulfide etching, rendering a highly active vacancy-rich
phase to promote the kinetics of polysulfide-involving surface
reactions. The Li-S batteries catalyzed by Ni3FeN exhibited
superb rate performance, with a capacity of 822 mAh g@1 at
3 C, remarkable cycling stability at a high sulfur loading of
4.8 mgcm@2 (89 % capacity retention after 150 cycles), and
lean-electrolyte operability. This work not only describes an
extrinsic-metal activation mechanism for non-active mono-
metal compounds but also elucidates the important role of
in situ phase evolution and vacancy formation in regulating
catalytic reactions. Therefore, this work opens up the
exploration of multimetallic alloys and compounds for Li-S
battery kinetics regulation and also enlighten understanding
of surface reactions and catalyst design.
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ABSTRACT: The stability of a battery is strongly dependent
on the feature of solid electrolyte interphase (SEI). The
electrical double layer forms prior to the formation of SEI at
the interface between the Li metal anode and the electrolyte.
The fundamental understanding on the regulation of the SEI
structure and stability on Li surface through the structure of
the electrical double layer is highly necessary for safe batteries.
Herein, the interfacial chemistry of the SEI is correlated with
the initial Li surface adsorption electrical double layer at the
nanoscale through theoretical and experimental analysis.
Under the premise of the constant solvation sheath structure
of Li+ in bulk electrolyte, a trace amount of lithium nitrate
(LiNO3) and copper fluoride (CuF2) were employed in
electrolytes to build robust electric double layer structures on a Li metal surface. The distinct results were achieved with the
initial competitive adsorption of bis(fluorosulfonyl)imide ion (FSI−), fluoride ion (F−), and nitrate ion (NO3

−) in the inner
Helmholtz plane. As a result, Cu−NO3

− complexes are preferentially adsorbed and reduced to form the SEI. The modified Li
metal electrode can achieve an average Coulombic efficiency of 99.5% over 500 cycles, enabling a long lifespan and high
capacity retention of practical rechargeable batteries. The as-proposed mechanism bridges the gap between Li+ solvation and the
adsorption about the electrode interface formation in a working battery.

■ INTRODUCTION

The state-of-the-art lithium ion batteries (LIBs) have reached a
bottleneck with the capacity limitation of graphite anode in
meeting the demanding energy density for high-end electronics
and electric vehicles.1 Alternatively, Li metal anodes are reviving
and ushering in the emerging opportunities due to their high
theoretical specific capacity (3860 mAh g−1) and low electrode
potential (−3.04 V vs the standard hydrogen electrode).2

Therefore, Li−sulfur, Li−oxygen, and solid state batteries,
which rely on the use of Li metal anodes, exhibit huge potentials
in portable electronics, unmanned aerial vehicles, and electric
vehicles.3 Actually, the fundamental research on Li metal
batteries (LMBs) was carried out before that of LIBs. However,
the highly reactive Li and its extremely air sensitive interfaces
seriously have hindered further progress.4

Nowadays, advanced characterization techniques and novel
modeling facilitate us to get closer insight into the actual
essence.5,6 Recent investigations concluded that Coulombic
efficiency (CE) as well as dendrite inhibition were strongly
relying on the stability of the electrode interface.7 Regulating the
solvation sheath structure of Li+ in bulk electrolytes affords a

facile and efficient method in controllable formation of the solid
electrolyte interphase (SEI).8−11 There are many chemical
species around the primary solvation sheath of Li+ that play a
more crucial role than the secondary sheath as the primary
sheath is preferentially reduced at the electrode surface.
Therefore, the relationship between Li+ solvation in bulk
electrolyte and the structures/properties of the SEI is strongly
requested.12−15

The inner structure of the electric double layer on the Li
surface is defined as the inner Helmholtz plane (IHP). The IHP
is strongly associated with the following formation of the SEI.
Note that the thickness of the IHP is at the nanoscale, indicating
solvated Li+ is not allowed in the IHP.16−18 The research
focusing on the IHP in aqueous Li-ion batteries has been studied
by Wang and co-workers.19,20 The surplus anions will
preferentially decompose to form a stable SEI in aqueous
electrolyte; thus, the water is almost excluded from direct
contact with the graphite surface. However, there is a
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fundamental understanding gap between the adsorption in the
IHP of the nonaqueous Li surface and solvated Li+ in
configuring the SEI layer.
In this contribution, we investigated different adsorption

species on the Li metal anode that consists of the IHP through
theoretical and experimental analysis under the premise of the
constant solvation sheath structure of Li+ in bulk electrolyte. By
correlating the initial competitive adsorption of the IHPwith the
formation of the SEI layer, we completed the whole scenario of
premier adsorption in the IHP and the solvation sheath structure
of Li+ in bulk electrolytes, which contribute to the fresh insights
into the interfacial chemistry of SEI formation on the Li metal
anode.

■ EXPERIMENTAL SECTION
Materials. Both the routine Li metal foil (500 μm) and ultrathin Li

metal foil (50 μm) were commercially available from China Energy
Lithium Co., Ltd. The solvents of 1,2-dimethoxyethane (DME) were
purchased from Beijing Institute of Chemical Reagents. Lithium
bis(fluorosulfonyl)imide (LiFSI), lithium nitrate (LiNO3), and copper
fluoride (CuF2) were purchased from Alfa Aesar. All lithium salts were
analytically pure. Lithium iron phosphate (LiFePO4, LFP) cathodes
(LFP coated on Al foil) were purchased from Shenzhen Kejing Star
Technology Co., Ltd., containing 80 wt % active materials, 10 wt %
super P, and 10 wt % polyvinylidene fluoride (PVDF) binder. The areal
loadings of LFP cathodes were about 13.7 mg cm−2 with a capacity of
2.0 mAh cm−2. All of the electrodes were dried under a vacuum at 100
°C for 6 h before use.
Structure Characterizations. The 13C nuclear magnetic reso-

nance (NMR) experiments were performed on a JNM-ECA600 NMR
spectrometer. The deuterated chloroform (CDCl3) was employed as
the dispersion to lock field of electrolyte, and the NMR spectra of
CDCl3 in nonaqueous electrolytes are shown in Figure S1. The total
mass of the electrolyte in NMR experiments is ca. 80 mg. The
deposition morphologies of the Li on copper substrate were
characterized by SEM (JSM 7401F, JEOL Ltd., Japan) operated at
10.0 kV. The structure and energy dispersion spectrum (EDS) of SEI
covered on the lithium anode after cycling were characterized by STEM
(FEI Titan Cube Themis G2 300). The first cycled anode was washed
with DME to remove residual lithium salt and then put into DME
solution for 2 h of ultrasonic cleanout. In order to minimize radiation
damage of electrons to the samples, the operating voltage is 60 kV. The
crystal phase of lithium foil was analyzed by X-ray diffraction (XRD, D8
Advance, Bruker Inc. Germany). Al K1α radiation (pass energy 55.0
eV) at a pressure lower than 10−7 Torr was applied to acquire XPS
spectra on PHI Quantera SXM (ULVAC-PHI, Inc. Japan). The
analyzed area of lithium foil was about 5 mm × 5 mm. The binding
energies of the involved elements were corrected by C 1s at 284.8 eV.
Both the copper substrates and lithium electrodes used in character-
izations were washed by DME solvents and then dried in the glovebox
until the solvent was volatilized totally. During the transferring process
before any characterization, all samples were protected in Ar-filled
containers to avoid direct contact with air.
Electrochemical Measurements. Different concentrations of

LiFSI salt were dissolved in DME to prepare the LiFSI/DME
electrolyte, and then, 20 mmol L−1 CuF2 and 20 mmol L−1 LiNO3
were added into LiFSI/DME to prepare NF-LiFSI/DME electrolyte.
The 20 mmol L−1 LiNO3 or Cu(NO3)2 was individually added into 2.3
mol L−1 (M) LiFSI/DME to prepare 2.3M LiFSI/DME−LiNO3 or 2.3
M LiFSI/DME−Cu(NO3)2 electrolyte. All of the solution was kept for
24 h until it completely dissolved. Cu foil was punched into disks with a
diameter of 19.0 mm as the working electrodes, and the Li metal foils
had a diameter of 17.0 mm. In linear sweep voltammetry (LSV)
measurement, Li metal was both the reference electrode and the
counter electrode, while the Cu foil was taken as the working electrode.
In the alternating current voltammetry tests, the frequency is 6 Hz and
the amplitude (A) is 5 mV, with a potential range extended from 2.0 to
1.5 V versus Li+/Li. The selective region of phase angles was 0 and 90°.

The capacitance is calculated with the method mentioned above.21 The
EIS measurements of coin cells under different temperatures were
conducted in a CT4005 high-low temperature chamber (Chongqing
SD Experiment Instrument Co., Ltd.), and the frequency ranged from
105 to 10−1 Hz under a voltage amplitude of 10 mV. All of the
electrochemical measurements were conducted on a Solartron 1470E
electrochemical workstation (Solartron Analytical, U.K.). The
Coulombic efficiency measurement was employed by Li|Cu cells, and
the stability test of the Li electrode was measured by Li|Li symmetrical
cells. The current density is 1.0 and 3.0 mA cm−2 with capacities of 1.0
and 3.0 mAh cm−2, respectively. The Li|LFP CR2032 coin cells with a
capacity of 2.0 mAh cm−2 were cycled at 1.0 C (≈172 mA g−1 based on
LFP cathode materials) within a voltage range of 2.8−4.0 V versus Li+/
Li. These battery cycling tests were all conducted using a LAND
multichannel battery cycler (Wuhan LAND Electronics Co., Ltd.). The
tests of cells were taken at a temperature of 25 °C. Except for some
special statements, 2032 coin-type cells were assembled in an Ar-filled
glovebox with O2 and H2O content below 0.1 ppm. The electrolyte
volume was 20 μL in total in both LFP|Li and Li|Li coin cells. The
pouch cell was fabricated through a layer-by-layer strategy with five
pieces of cathode and four pieces of anode as a group. The area of each
electrode was 15 cm2 (50 mm × 30 mm). A high areal LFP loading of
13.7 mg cm−2 and a total capacity of 250 mAh were achieved in a pouch
cell, and the electrolyte volume was 1000 μL in total in a LFP|Li pouch
cell. The type of separator is Celgard 2400, whose thickness is 25 μm.
The copper foil was immersed in 1.0M diluted hydrochloric acid (HCl)
for 15 min and followed by rinsing in ethanol before testing in a cell.
The lithium foils that were used in our experiments were polished with
tetrahydrofuran (THF) solvents. After that, the polished lithium foils
were washed with nonpolar solvent (n-hexane) and dried naturally.

Simulation Details. The first-principles calculations were con-
ducted in the Vienna ab initio Simulation Package (VASP) program
with projector augmented wave (PAW) for the electronic core
states.22−24 The generalized gradient approximation (GGA) with the
parametrization of Perdew−Burke−Ernzerhof (PBE)25 was used to
treat the exchange correlation energy of interactive electrons. The plane
wave cutoff energy is set to be 520 eV. Lattice parameters and atomic
coordinates were all fully relaxed to an energy convergence of 10−5 eV.
A vacuum of 20 Å was added into the z direction to avoid the periodic
interactions between slabs. The five-layer Li(100) slab with dimensions
of 10.3 Å × 10.3 Å × 26.9 Å was used, and the bottom two layers were
fixed. When considering the interaction between the slab and the
adsorbed species, two basic ion pair models were considered: Slab−
Li+−A− and Slab−A−−Li+, where A− represents the anions from Li salts
(FSI−, F−, and NO3

−). In the Slab−Li+−A− model, the Li+ was allowed
to relax on the Li slab and the A− was fixed in the vacuum, while, in the
Slab−A−−Li+ model, the A− was allowed to relax on the Li slab and the
Li+ was fixed in the vacuum.

The binding energy (Eb) between LiFSI/LiF/LiNO3 and the Li
metal surface was defined as follows

= − −E E E Eb total ion pair slab

where Etotal, Eion pair, and Eslab are the total energy of the adsorption
model, the energy of an ion pair of LiFSI, LiF, or LiNO3, and the energy
of the Li slab, respectively.

■ RESULTS AND DISCUSSION

Electrochemical Performance. By adding a trace amount
(20 mmol L−1 each) of LiNO3 and CuF2 into 2.3 M lithium
bis(fluorosulfonyl)imide (LiFSI)/1,2-dimethoxyethane (DME)
electrolyte (the 2.3 M electrolyte is denoted by LiFSI/DME,
while the modified electrolyte is denoted by NF-LiFSI/DME),
the solvation structure of Li+ in bulk solution is kept constant
(Figure S1). Nevertheless, the electrochemical profiles of the
LiFePO4 (LFP)|Li batteries at a cycle rate of 1.0 C and the Cu/
Li batteries at 1.0 mA cm−2 differ significantly in these two
electrolytes.
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The LFP|Li battery with NF-LiFSI/DME electrolyte exhibits
at least 11 times longer lifespan than the cell with LiFSI/DME
electrolyte (Figure 1a). The applications of NF-LiFSI/DME

electrolyte obviously postpone cell failure and reduce the
hysteretic voltage (Figure S2). Meanwhile, the utilization of Li
during cycling is remarkably promoted (average CE of 99.5%
even after 500 cycles) (Figure 1b), indicating the integrated
interphase formed on the Li anode. A very harsh condition with
a large current density of 3.0 mAh cm−2 and an ultrathin Li foil
(decreased from 200 to 50 μm in thickness) was configured in
Cu|Li and Li|Li cells, respectively, to further probe the stability
of the SEI. The average CE in NF-LiFSI/DME is 99.6% (Figure
S3a), and the Li interphase constantly remains unscathed even
after 1000 h of stripping/plating (Figure S3b). In contrast, the
CE in the cell with LiFSI/DME is highly fluctuant. The
symmetric batteries with ultrathin Li exhibit a short circuit after
790 h (Figure S3). The poor performances were ascribed to the
continuous damage/reconstruction of the SEI and the
continuous growth of Li dendrites.
In addition, the electrochemical performance of LFP|Li cells

in other liquid electrolytes was also tested. In contrast to the
severe decomposition of electrolyte in 1.0 M LiFSI/DME,
whose lifespan is only seven cycles (Figure S4), the addition of
trace amounts of CuF2 and LiNO3 in 1.0 M LiFSI/DME can
significantly prolong the lifespan up to 6 times (Figure S5a).
This confirms the CuF2 and LiNO3 induced SEI at the initial
cycle can inhibit the decomposition of electrolyte. However, the
poor solvation environment of electrolyte damages the SEI
formed on lithium metal during repeated cycling; the evolution

behavior of the SEI layer in dilute solution (1.0 M) was
abandoned in this contribution. The electrochemical perform-
ance of the LFP|Li cell in 2.3MLiFSI/DMEwith the sole LiNO3
or Cu(NO3)2 additive was also evaluated, the cycle lifespan of
which was 160 and 301 (Figure S5b and c), respectively.
Therefore, by summarizing the data of different electrolyte
systems (Figure S5d), we conclude that nitrate ion (NO3

−),
fluoride ion (F−), and copper ion (Cu2+) all functioned
positively in prolonging the battery life. The deep reason behind
the different ions in electrolytes is the distinct composition and
structure of the SEI. In the following discussion, we mainly focus
on the dynamical behavior for Li+ transport through the SEI
layer and the formation of the SEI layer in NF-LiFSI/DME and
LiFSI/DME electrolytes.
Ogumi and co-workers described that the transport of Li+

through the SEI and the so-called charge-transfer process
exhibited a close dependence on temperature, which had been
verified by electrochemical impedance spectroscopy (EIS)
measurement.26 Herein, the equivalent circuit models were
established according to the as-obtained EIS profiles at different
frequencies (Figure S6). The activation energies (Ea) represent-
ing the journey of Li+ were obtained through fitting the
separated semicircles (R1, R2) in Li|Li symmetrical batteries
(Figure 1c−f). Both Ea1 and Ea2 are in line with the law of
Arrhenius. Ea1, representing the transport process of Li

+ in SEI
film, is 71.2 kJ mol−1 in NF-LiFSI/DME, slightly smaller than
that in LiFSI/DME (86.1 kJmol−1). NF-LiFSI/DME electrolyte
renders a stable SEI layer with a low energy barrier for Li+

transportation. Ea2, representing the desolvation energy of Li
+, is

related to the solvation sheath structure as well as the SEI layer,
which is also denoted as the charge transfer activation energy.
This has been widely accepted as the dominant barrier in the
electrochemical process.27 However, it exhibits a distinct
decrease in NF-LiFSI/DME (Figure 1f). Even when the
solvation sheath structure of Li+ remains constant in bulk
electrolyte, disparity of Ea2 is nonetheless observed. It is inferred
that the initial electric double layers on the Li surface, including
the IHP and the outer Helmholtz plane (OHP), have a
significant effect on the formation of the SEI layer.

Competition of Adsorption. The IHP is defined as the
locus of the electrical center of specially adsorbed ions. The
components of the IHP are strongly related to the properties of
electrodes and electrolytes, although the specially adsorbed ions
are anions in most cases irrespective of the charge nature of the
electrode.28 Herein, first-principles calculations were conducted
to confirm the specially adsorbed ions on lithium metal anodes
and thus identify the IHP. Two basic ion pair models were
considered: Slab−Li+−A− and Slab−A−−Li+, where A−

represents the anions from Li salts (FSI−, NO3
−, and F−). In

the Slab−Li+−A− model, the Li+ was allowed to relax on the Li
slab and the A− was fixed in the vacuum, while, in the Slab−A−−
Li+ model, the A− was allowed to relax on the Li slab and the Li+

was fixed in the vacuum. The geometrical structures and binding
energies of these interactions are summarized in Figure 2 and
Figure S7. Generally, the Li slab affords a much larger binding
energy toward anions (−4.44 to −6.35 eV) than Li+ (−1.96 to
−1.50 eV), which is consistent with previous reports that anions
dominate in the IHP.29−31 The large binding energies of anions
are induced by the as-formed strong Li−O/N/F interactions as
well as a significant charge transfer. The Li−O/Li−N bond
lengths are 2.024/1.804 and 2.201/2.341 Å in the FSI− and
NO3

−models, respectively, similar to that in Li2O (2.017 Å) and
Li3N (2.108 Å) crystals (Figure 2f). The Li−F bond length is

Figure 1. Electrochemical performance of the Li anode based coin cell
in LiFSI/DME and NF-LiFSI/DME electrolyte. (a) The cycle life and
CE of Li|LiFePO4 coin cells at 1.0 C. (b) Cycling performance of Li|Cu
coin cells at 1.0 mA cm−2 with 1.0 mAh cm−2 capacity. (c and d)
Nyquist plots of the Li|Li cells at different temperatures. (e and f)
Arrhenius behavior and comparison of activation energies between the
R1 and R2 derived in Nyquist plots of Li|Li symmetrical cells.
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1.851 Å, which is slightly shorter than that in LiF (2.042 Å)
crystals (Figure S8). The anions can even be reduced and
decomposed on the Li slab in some conditions (Figure S9).
Comparing with FSI− and F−, NO3

− is of larger binding energy
to the Li slab, indicating NO3

− ions are the dominating ions in
the IHP on Li metal anodes. The NO3

−-rich IHP is supposed to
render a unique SEI on Li metal anodes and is therefore
responsible for the improved battery performance, which is in
accordance with previous reports that LiNO3 is an excellent
electrolyte additive for Li metal batteries.32−34

Faradaic and Non-Faradaic Processes. To further
understand the non-Faradaic double layer capacitance adsorp-
tion process as well as the Faradaic decomposition process in the
IHP, linear sweep voltammetry (LSV) at a range of 0−2.8 V
versus Li/Li+ was conducted (Figure 3a). The lithium foils were
polished with tetrahydrofuran (THF) and washed with n-
hexane. Scanning electron microscopy (SEM) and X-ray
diffraction (XRD) images of treated lithium foils are given in
Figure S10, exhibiting the smooth flat surface and pure lithium
phase. The non-Faradaic process took place between 1.5 and 2.8
V. Alternating current (AC) voltammetry was further employed
to record the adsorption behavior, and the capacitance of the
adsorption was calculated by data achieved in AC voltamme-
try.21 The potential of zero charge (PZC) describes the
condition when the capacitance on a surface is minimum.17 As
indicated in Figure 3b, the value of the PZC shifted with the
addition of LiNO3 and CuF2, reflecting the different adsorbed
species in the IHP. When referring to the Faradaic process, the
reduction potential of NF-LiFSI/DME electrolyte started at 1.5
V, indicating the preferential reduction of NO3

−,34 about 0.4 V
earlier than the reduction of FSI− in LiFSI/DME electrolyte.
The additional reduction peak appearing at 0.6 V represents the
underpotential deposition (UPD) of Li,35 which occurs in the

initial SEI formation. Meanwhile, a stripping process in LSV is
delivered and two new peaks appeared at 1.9 and 2.4 V in NF-
LiFSI/DME (Figure S11), indicating the reduction of new
components in NF-LiFSI/DME induced SEI layer. In order to
further exclude the influence when a tiny amount of water exists
in electrolyte, 6000 ppm water is intentionally added in these
electrolytes. Obviously different LSV lines are achieved (Figure
S12) with the presence of water, indicating the reduction
potential of 1.5 V is not contributed by water. Therefore, we
conclude that theNO3

− is not only preferentially adsorbed in the
IHP rather than Li+ and FSI−, but it also reduced prior to them
to initialize the formation of SEI film.

Figure 2.Optimized geometry and corresponding differential charge density distributions of (a) Slab−FSI−−Li+, (b) Slab−NO3
−−Li+, and (c) Slab−

F−−Li+. Yellow represents the electron-accumulation area, while cyan is the electron-depletion area. The iso-surface level is 0.002. The lithium,
nitrogen, oxygen, sulfur, and fluorine atoms are marked with purple, red, blue, yellow, and light blue, respectively. (d) The binding energies of the
Slab−Li+−A− and Slab−A−−Li+ models. (e) The Li−O and Li−N bond lengths in Slab−FSI−−Li+ and Slab−NO3

−−Li+.

Figure 3. (a) The linear sweep voltammetry (LSV) curves of the LiFSI/
DME and NF-LiFSI/DME electrolytes. (b) The non-Faradaic
capacitance−potential curves for the copper electrode at 1.5−2.0 V
(vs Li+/Li). (c and d) SEM images of Li nucleation at the beginning
deposition.
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Mechanism Studies. The SEI layers induced by different
IHPs unambiguously guide different morphologies of Li
deposition (Figure 3c and d). Compared to the dendritic
growth of Li in the FSI−-rich IHP induced SEI, the NO3

−-rich
IHP induced SEI can guide the spherical growth of Li. The
spherical nucleation morphology is preserved even at increased
deposition capacities (Figure S13). Those results are well
consistent with our previous report on plating morphologies of
Li,34 further confirming the component and structure of the SEI
are closely dependent on the initial adsorption of the IHP in
addition to the inner solvation sheath structure of Li+ in bulk
electrolyte. Therefore, the SEI will not only determine the Li
deposition in thermodynamics but will also promote dynamics
behaviors in a working battery.
The whole scenarios of Li+ from the transport of solvation

sheath structure in bulk electrolyte to the electric double layer
capacitance on the electrode are undergoing cruel competition
for adsorbing in IHP with NO3

−, FSI−, F−, and DME solvents
(Figure 4). We believe that both solvation Li+ sheath structure

and specific adsorption in IHP are crucial in SEI formation. As a
result, a trace amount of Cu2+ cations is speculated to
incorporate in the Li surface due to the thermodynamic
replacement reaction with Li; meanwhile, NO3

− anions are
carried to IHP as the primary solvation sheath of Cu2+, leading to
the initial preferential decomposition in the formation of a Cu/
nitride mixed conductor interphase layer.
The Cu atoms have been detected by X-ray photoelectric

spectroscopy (XPS) after the first cycle in the NF-LiFSI/DME
Li/Li battery (Figure S14a), whose peaks appear at 933.0 eV (2p
3/2) and 952.3 eV (2p 1/2), which are not detected for the Li
metal surface in the LiFSI/DME electrolyte (Figure S15).
Additionally, the signal of Cu is not found at the initial
sputtering, indicating an electronic insulation film formed upon
the layer of mixed conductor interphases. Therefore, the highly
ionic conductive nitride interphases and domains are created by
discrete Cu atoms, leading to the integrated feature of a
protected film (Figure S14b). The result is in good accordance
with the electrochemical performance of LFP|Li cells in 2.3 M
LiFSI/DME with 20 mmol L−1 LiNO3 or Cu(NO3)2 additive
(Figure S5), further confirming the existence of Cu in the SEI
layer will raise the stability of the lithium interface. The features
of interfacial chemistry are preserved even after 100 cycles
(Figure S14c), indicating the protected film can commendably
sustain stress variation during repeated plating/stripping. The O
1s and N 1s in LiNxOy (binding energy at 530.8 and 398.2 eV,
respectively), as an important composition of the SEI, which was

induced by NO3
−, kept still after 100 cycles in NF-LiFSI/DME

(Figures S16 and S17). However, the O 1s and N 1s in
−N(SO2)2 (binding energy at 532.1 and 397.5 eV, respectively)
converted into Li2O (529.0 eV) and −N−S (399.5 eV) during
cycling (Figures S18 and S19). Therefore, the interfacial
chemical evolution of O 1s (Figure S16) and N 1s (Figure
S17) XPS depth profiles also demonstrates the indestructible
feature compared to the fragile pristine SEI layer LiFSI/DME.
The structure of the SEI was characterized via scanning

transmission electron microscopy (STEM). Figure 5a exhibited

the high resolution images of the SEI formed in LiFSI/DME,
where the components in most regions were amorphous.
According to the lattice fringe that was observed in the
crystalline region (Figure 5a), the lattice spacing was 0.203 nm,
corresponding to the {200} planes of LiF. The LiF was
generated by the decomposition of FSI−, which has been proved
in previous reports.9 Unfortunately, the NF-LiFSI/DME
induced SEI cannot be captured due to its extremely unstable
characteristics, and neither the amorphous nor crystalline was
observed even after several attempts. What we can see was the
melting and disappearing of certain materials (ja9b05029_-
si_002.mp4), possibly representing the irradiation damage of
LiNxOy. A high resolution image was also given after the
components in the field of vision were in a stable condition. The
lattice spacing was 0.317 nm, corresponding to the {100} planes
of Li3N. Li3Nwas generated from the reduction of LiNxOy under
a high voltage of 60 kV. It is worth mentioning that LiF was not
found in Figure 5b, confirming the absence of FSI− and F− in the
initial IHP. The additional EDS of the SEI layer exhibited

Figure 4. Schematic descriptions of a grim competitive journey of
solvated Li+ from bulk electrolyte to Li electrode (IHP stands for inner
Helmholtz plane, OHP stands for outer Helmholtz plane).

Figure 5. STEM study on the SEI structure. (a) The high resolution
images of SEI formed in LiFSI/DME. The lattice spacing is 0.203 nm in
circular areas, corresponding to the {200} planes of LiF. (b) The high
resolution images were also given after thematerials in the field of vision
were in a stable condition. The lattice spacing is 0.317 nm in circular
areas, corresponding to the {100} planes of Li3N. (c−e) HAADF−
STEM mapping of elemental Cu, N, O, F, and S.
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consistent changes in the elements Cu, N, and O (circular areas
in Figure 5c−f) but inconsistent changes with the elements F
and S (circular areas in Figure 5g and h). Therefore, the NO3

−

induced SEI was strikingly different than the FSI− induced SEI,
further influencing the dynamics of Li+.
Xu et al. claimed that the energy consumption of the Li+

desolvation process is the main and rate-determining energy
barrier in the migration of Li+, referring to Ea2.

27 Although Ea2 is
independent of Ea1, it generates an apparent increase of ca. 20 kJ
mol−1 with the presence of SEI. The SEI layer plays a crucial role
in breaking the coordinated chemical forces between solvents
and Li+, determining the total value of Ea2. Mizuno et al. also
identified both Ea1 and Ea2 as the activation energies related to
OHP and IHP, IHP, and electrode ion diffusion, respectively.18

Herein, we find the values of Ea1 in two-electrolyte systems are
slightly different, which is induced by the similar solvation in the
OHP. In detail, the Ea1 of NF-LiFSI/DME is slightly smaller
than that of LiFSI/DME, mainly ascribed to the Cu−NO3

−

complex induced film renders the rapid across of Li+ than FSI−

induced SEI layer. Both the higher ionic conductivity of the
nitride interphase and more domains (Figure S14) can afford
more ion channels, resulting in a smaller barrier for Li+ to get
through. However, there is a wide gap of Ea2 betweenNF-LiFSI/
DME and LiFSI/DME electrolytes. The Ea2 of NF-LiFSI/DME
is 48.1 kJ mol−1, about one-third of that in LiFSI/DME. The
energy barrier of the Li+ desolvation process, or the so-called
charge transfer process, is obviously reduced.
The different interfacial chemistry of the Li anode, including

chemical composition and space structure, contributes to the
significant difference of Ea2. The unique chemical compositions
have been confirmed by XPS results (Figures S14−S19). The
spectra of N 1s and Cu 2p exhibit a significant difference,
indicating that the nitride interphase and the discrete Cu atoms
can promote the desolvation of Li+. Unfortunately, limited by
the current experimental technique, another factor of space
structure is tough to be probed except for STEM. According to
our results and previous reports,18,26,27 the initial OHP derived
SEI of the Li anode mainly influences Ea1, while Ea2 is
determined by the initial IHP derived SEI (Figure 6). The gap
between solvation Li+ and the adsorbed species in the electric
double layer about the electrode interface formation is perfectly
filled at the nanoscale level. Regulating the adsorption species on
the IHP and the primary solvation sheath structure is an
important and effective strategy in exploring the thermody-
namics and dynamics of Li+ in a working battery.

There are three major related principles in regulating the
species in the IHP. (i) Charge properties. When a lithium metal
is brought into contact with a nonaqueous electrolyte, the anions
in solution tend to lose part of their solvation shell to absorb
directly at the closest surface, forming the inner Helmholtz
plane. The inner Helmholtz plane on the Li metal anode has
something in common with the IHP in the aqueous system
where both emphasize the adsorption of anions.36 (ii) Donor
number (DN). DN is related to the electrostatic force between
the anions and the lithium electrode. Anions with a high donor
number will take a good advantage in entropic force and win the
absorbed competition. Herein, in contrast to the FSI− and DME
with a low DN, NO3

− with a high DN will preferentially absorb
in the IHP. (iii) Spatial configuration. Despite that some anions
have a chelated structure with the central cations and
simultaneously possess a high donor number, the steric effect
of some anions will dominate the weak adsorption ability in
forming the IHP.
To further confirm the interfacial resistance of the Cu−NO3

−

complex induced film in the practical system, EIS of Li|LFP
batteries have been collected. Compared to FSI− induced SEI,
series semicircles with a smaller diameter and more stable values
are observed in Cu−NO3

− induced film (Figure S20). The
resistance hardly increases even after 700 cycles (Figure S21),
indicating a lower energy barrier for Li+ to cross the film.
Additionally, the semicircles inmiddle frequency are too small to
be detected for NF-LiFSI/DME, which can be considered
almost absent, while the semicircles appear to be obvious in
LiFSI/DME (Figure S21). Therefore, the high energy barrier for
desolvation of Li+ in LiFSI/DME eventually leads to the
decomposition of DME as well as the failure of the Li|LFP
battery.
In order to demonstrate this strategy in pouch cells, a 250

mAh pouch cell is assembled with LFP cathodes of an areal
capacity of 2.0 mAh cm−2 and 50 μm thick Li foil as the anode.
The pouch cell with NF-LiFSI/DME electrolyte delivered a
capacity retention of 99.82% at 0.2 C after 80 cycles and a stable
overpotential of electrochemical lithiation/delithiation within
80 cycles (Figure S22). The seamlessly integrated cycling
performance between coin and pouch cells is attributed to the
uniform and dense film formed on the Li anode.

■ CONCLUSION

In summary, there is fierce competition among the solvents,
cations, and anions in nonaqueous electrolyte building the
interface during the electrochemical process. Not only the
solvation Li+ in a working lithium metal cell but also the initial
constitutions of the electric double layer that are covered on the
electrode before cycling are very critical in achieving the initial
SEI layer. Taking advantage of the rapid chemical replacement
reaction, we employ Cu2+ as targetable anion and solvent
carriers, guiding the NO3

− to preferentially take part in the IHP.
The SEI film formed with similar solvation Li+ consumes the
almost equivalent activation energy (Ea1) for Li

+ to get through
the OHP. However, the charge transfer activation energy (Ea2),
mainly the Li+ desolvation process in the OHP and IHP derived
film, gets a sharp reduction. Therefore, the interfacial chemistry
and unique structure of the SEI are dependent on the adsorbed
species in the IHP in addition to solvation Li+, bridging the gap
between adsorption and solvation in forming the electrode
interface and completing the whole scenario about the journey
from the bulk electrolyte to the Li metal anode.

Figure 6.Correlation between the energy barrier of Li+ and the specific
adsorption in the inner Helmholtz plane (IHP) and outer Helmholtz
plane (OHP). The initial OHP mainly influences Ea1, while Ea2 is
determined by the initial IHP.
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