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Abstract

A Li/KNO3 composite (LKNO), with KNO3 uniformly implanted in bulk

metallic Li, is fabricated for battery anode via a facile mechanical kneading

approach, which exhibits high Coulombic efficiency and prolonged cycle life.

The mechanism behind the enhanced electrochemical performance of the

“salt‐in‐metal” composite is investigated, where KNO3 in metallic Li compo-

site electrode would be sustainably released into the electrolyte. The presence

of NO3
– stabilizes the solid electrolyte interphase by producing functional

Li3N, LiNxOy, and Li2O species. K+ from KNO3 also helps to form an elec-

trostatic shield after its adsorption on the electrode protrusions, which sup-

presses the dendritic growth of metallic Li. With the above advantages,

uniform Li plating with dense and planar structure is realized for the LKNO

electrode. These findings reveal a deep understanding of the effect of the “salt‐
in‐metal” anode and provide new insights into the use of nitrate additives for

high‐energy‐density Li metal batteries.
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1 | INTRODUCTION

Metallic lithium (Li) has been regarded as one of the
most promising anodes for next‐generation rechargeable
batteries owing to its highest theoretical specific capacity
(3860mA h g–1) and lowest electrochemical potential
(–3.04 V vs. standard hydrogen electrode).1–5 However,
the huge volume fluctuations, together with the high
reactivity of metallic Li, can result in repeated cracking/
reformation of solid electrolyte interphase (SEI) and

serious side reactions with electrolyte during the Li
plating/stripping processes, thus leading to nonuniform
Li plating/stripping behavior, low Coulombic efficiency
(CE), short lifespan, and even safety hazards.6–8 This
process continuously consumes active Li and electrolyte,
accompanied by quick SEI and dead Li accumulation. It
has been verified that SEI plays a crucial role in
determining the electrochemical performance of Li metal
anode.9 An ideal SEI should enable uniform Li plating/
stripping and suppress the side reactions between
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metallic Li and electrolytes.10 The structure and proper-
ties of SEI can be regulated by changing the components
of electrolytes, which is feasible in practical industry
application due to its facile preparation and low cost.11

The introduction of functional electrolyte additive into
conventional electrolytes helps to regulate the SEIs and has
shown improvement in electrochemical performance of Li
metal anode.12 The anions from additives can facilitate the
solvation of Li+ in electrolytes, and they can be reduced by
metallic Li to form an inorganic‐rich SEI layer on the elec-
trode surface.13,14 Inorganic compounds in SEI decrease the
bonding between Li metal anode and its surface SEI owing
to their higher interfacial energy with metallic Li, directly
resulting in Li preferential diffusion along the SEI/Li inter-
face.14,15 Also, inorganic‐rich SEI has an improved me-
chanical strength, which can suppress Li dendrite growth.16

Nitrates are representative inorganic electrolyte ad-
ditives.17–19 The NO3

– can react with metallic Li to form
inorganic Li3N, LiNxOy, and Li2O uniformly distributed in
the SEI, which improves the Li plating/stripping behavior
and enhances the electrochemical performance.16,20 With
high Li+ conductivity and electronic resistivity, Li3N and
LiNxOy can accelerate Li+ migration through the SEI layer,
leading to uniform and fast Li plating/stripping.21–23 The
existence of Li2O can improve the mechanical strength of
SEI and result in enhanced structural stability on cy-
cling.24,25 However, nitrates possess ultralow solubility in
carbonate electrolytes, which makes it difficult to directly
introduce these nitrates in carbonate electrolytes.26–28 In
recent years, abundant studies have been devoted to ad-
dressing this issue, including loading nitrates between se-
parator and electrode, in which nitrates can be released into
electrolyte during cycling, and using solubilizers in the
electrolyte to enhance the solubility of nitrates.16,17,21,27 In
our previous work, we proposed a “salt‐in‐metal” concept:
we designed metal/nitrate composite foils (such as Li/LiNO3

and Na/NaNO3) using a facile and low‐cost mechanical
kneading approach at ambient temperature, and nitrates
were successfully implanted in the electrode.29,30 Despite the
significant improvement in electrochemical performance,
the understanding of the mechanism/effect of nitrates on
electrolytes and SEI is still lacking.

In this study, Li/KNO3 (LKNO) was fabricated as a
model system to investigate the effect of nitrates in “salt‐
in‐metal” composite on the electrolyte, SEI, and electro-
chemical performance, where KNO3 particles were im-
planted uniformly within the metallic Li. Experimental
results revealed that KNO3 in the LKNO composite could
be released into the electrolyte and remained as a stable
component on cycling, which could dynamically repair
the SEI and stabilize the Li metal electrode on cycling.
Importantly, K+ from KNO3 could adsorb on the protru-
sions of the electrode to form an electrostatic shield and

suppress the dendritic growth.31,32 With these advantages,
stable cycling in both LKNO||LKNO symmetric cells and
LKNO||LiNi0.6Mn0.2Co0.2O2 (LKNO||NCM) full cells with
high cathode loading (~15mg cm–2) were realized. A deep
understanding of the mechanism behind the enhanced
electrochemical performance of nitrate additives and the
exploration of advanced “salt‐in‐metal” composite anodes
provide new insights for the realization of practical Li
metal batteries and beyond.

2 | EXPERIMENTAL SECTION

2.1 | Materials synthesis

KNO3 powders and metallic Li foil were purchased from
Aladdin reagent Co., Ltd. and China Energy Lithium Co.,
Ltd., respectively. LKNO composite material was synthesized
via a simple mechanical kneading method in an Ar‐filled
glovebox. First, KNO3 powders (25wt% of the total weight of
Li/KNO3 mixture) were spread uniformly on metallic Li foil,
which was then folded to form a Li|KNO3 | Li sandwich.
Then, this Li|KNO3 | Li sandwich was repeatedly rolled and
folded to produce a homogeneous LKNO composite foil.

2.2 | Material characterization

The compositions and morphologies of metallic Li and
LKNO composite electrodes were identified via X‐ray
diffraction (XRD) patterns (Empyrean, PANalytical B.V.)
with Cu‐Kα radiation (voltage of 40 kV and current of
40mA), field emission scanning electron microscope
(SEM, GeminiSEM300), and X‐ray photoelectron spec-
troscopy (XPS, AXIS‐ULTRA DLD‐600W). Before the
characterization of cycled samples, the cycled cells were
first disassembled, and the electrodes were rinsed using
dimethyl carbonate (DMC) solvent and then dried in Ar‐
filled glovebox. All the samples for XRD, SEM, and XPS
investigation were sealed in Ar‐filled glovebox before the
measurement. The elements in electrolyte were detected
by inductively coupled plasma optical mission spectro-
metry (ICP‐OES, ELAN DRC‐e) source mass spectro-
meter. Cells after storage for 8 h or after 10 Li plating/
stripping cycles at 1 mA cm−2 and 1mA h cm−2 were
disassembled, and the electrolyte was transferred to a vial
and then diluted with water for ICP‐OES measurement.

2.3 | Electrochemical measurement

Coin‐type cells (CR2032) were assembled for all electro-
chemical tests. Electrolyte for full cells, Li||Cu cells, and
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LKNO||Cu cells was 1M LiPF6 in ethylene (EC)/ethyl
methyl carbonate (EMC)/DMC with 5 wt% fluor-
oethylene carbonate (FEC) as additive, and for others
was 1M LiPF6 in EC/EMC/DMC. Electrochemical im-
pedance spectroscopy (EIS) was collected on a Biologic
VMP3 workstation with a frequency range from 100 kHz
to 100mHz. Exchange current density was calculated
from the Tafel curves collected from the linear sweep
voltammetry at the voltage range from −0.13 to 0.13 V
with a sweep rate of 1 mV s–1. Li metal full cells with
NCM cathode were tested between 2.8 and 4.25 V for the
initial three activation cycles at 0.1 C (1C= 170mA g–1)
followed by cycling at 0.5 C. Li||LCoO2 and LKNO||
LCoO2 full cells were tested between 3 and 4.2 V, the
current density was 0.1 C (1 C= 140mA g–1) for the in-
itial five activation cycles and 0.5 C for the subsequent
cycling.

3 | RESULTS AND DISCUSSION

The LKNO composite electrode, featuring KNO3 particles
uniformly embedded within metallic Li bulk, was rea-
lized using a mechanical kneading approach according to
our previous study.29 The mechanism/effect of KNO3 on
the electrochemical behavior of metallic Li is illustrated
in Figure 1. When contacted with the electrolyte, KNO3

on the surface of the LKNO electrode was dissolved into
the electrolyte in the forms of NO3

− and K+. NO3
− would

be further reduced by metallic Li into Li3N, LiNxOy, and
Li2O to construct stabilized SEI with high ionic con-
ductivity and mechanical strength,21,25,31 while K+ ten-
ded to adsorb on the tips of pristine‐plated Li and formed
an electrostatic shield to ensure the planar Li deposi-
tion.26,31 Note that the SEI would be broken during the Li
stripping/plating process accompanied by a large volume
change. KNO3 in the electrolyte could help to repair the
SEI dynamically. Though KNO3 would be consumed
during such SEI repairing process, its dissolution from
the LKNO took place accompanied by the exposure of

fresh KNO3 to liquid electrolyte during the electro-
chemical Li stripping process. Such a process ensured the
long‐term existence of NO3

− and K+ with an adequate
concentration in the electrolyte to enable a stable Li
metal electrode. The as‐realized stable SEI with high io-
nic conductivity and mechanical strength could homo-
genize the Li plating/stripping processes and avoid the
formation of dendritic deposits. Figure S1 schematically
illustrates the cycling processes of pure Li and LKNO
composite electrodes. Due to the formation of abundant
mossy/dendritic Li with high surface area, SEI and “dead
Li” would quickly accumulate on the surface of the pure
Li electrode, which cut off the ionic transport and in-
creased the cell impedance, finally leading to fast cell
failure. Benefitting from the stabilized SEI with high io-
nic conductivity of the LKNO composite electrode, the
growth of Li dendrites and inactive Li accumulation were
suppressed, and thus superior cycling performance could
be achieved.

LKNO composite electrode with 25 wt% KNO3 was
used as a model example to investigate the effect of ni-
trates on the structure, property, and electrochemical
performance of the electrode. Li3N and Li2O species
could be produced due to the spontaneous reaction be-
tween metallic Li and partial KNO3. These species were
uniformly distributed within the entire composite elec-
trode, which enhanced the electrochemical stability of
the Li metal electrode. The related reactions are as
follows33:

⟶KNO + 2Li KNO + Li O

ΔH = −407kJmol ,

3 2 2

calculated
−1

⟶2KNO + 12Li 2Li N + 3Li O + K O

ΔH = −1437kJmol .

2 3 2 2

calculated
−1

The as‐fabricated LKNO displayed a high specific
capacity of ~2427.6 mA h g−1 according to the result of
electrochemical Li stripping measurement of LKNO||Li

FIGURE 1 Schematics for dissolution process of KNO3 from LKNO electrode to electrolyte and effect of KNO3 on cycling
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cell (Figure S2). The phase structure of the LKNO com-
posite electrode was revealed by XRD. Coexistence of
metallic Li and KNO3 was revealed in the LKNO com-
posite (Figures 2A and S3). Note that the existence of
KNO3 in the LKNO electrode provided sources for the
continuous release of KNO3 for SEI repairing on cycling.
The surface compositions of the LKNO composite elec-
trode were further detected using XPS. High‐resolution
Li 1s (Figure 2B), N 1s (Figure 2C), and O 1s (Figure S4B)
spectra revealed the existence of Li3N, LiNxOy, and Li2O
components,34–37 corresponding to the reduction pro-
ducts between KNO3 and metallic Li due to their spon-
taneous reaction. Besides the existence of these reduction
products, the peak at 407.24 eV in the high‐resolution N
1s spectrum,38 and peaks at 292.95 and 295.75 eV in the
high‐resolution K 2p spectrum correspond to the XPS
results of KNO3 powders (Figure S5), suggesting the co-
existence of KNO3 and its reduction products. SEM
measurement was also conducted to explore the surface
morphology of the LKNO composite electrode. Similar to
metallic Li foil (Figure S6A), a smooth and flat surface
was observed on the LKNO composite electrode, in-
dicating the successful fabrication of high‐quality LKNO
composite foil. The energy‐dispersive X‐ray spectroscopy
(EDS) mapping images were also provided to analyze
the surface element distribution of the LKNO composite
electrode (Figure 2D–G). Compared with the pristine
KNO3 particles with sizes above 50 μm (Figure S7),
the elemental mapping images of K, N, and O obviously
show the outlines of KNO3 particles (within 10 μm) after

being embedded within the Li bulk. These results reveals
the size reduction of KNO3 powders during the pre-
paration process of LKNO composite, which is helpful for
improving the mechanical strength and electrochemical
performance.

To verify the dissolution of KNO3 from the LKNO
composite electrode to the electrolyte, the concentration
of K element in the electrolyte in LKNO||LKNO sym-
metric cells was measured by inductively coupled plasma
optical emission spectrometry (ICP‐OES) test. The con-
centration of K in the electrolyte reached ~450 ppm for
an LKNO||LKNO symmetric cell after storage for 8 h. The
electrolyte contained ~620 ppm of K in LKNO||LKNO
symmetric cells after 10 Li plating/stripping cycles at
1 mA cm−2 and 1mA h cm−2. These results indicate that
the KNO3 in the LKNO composite can dissolve into the
electrolyte during the cell resting and act as a supplement
during the Li stripping/plating processes to replenish the
irreversible consumption. The continued existence of
KNO3 in the electrolyte can adjust the solvent sheath of
Li+ in the electrolyte and stabilize the SEI, thus im-
proving the Li stripping/plating behaviors.

To reveal the effect of KNO3 on the electrochemical
properties of the LKNO electrode, Li stripping/plating
behavior was investigated. After initial Li stripping at
1 mA cm−2 and 1mA h cm−2, large curves of >20 μm
were observed for the pure Li electrode (Figure S8). In
contrast, the LKNO electrode exhibited a more flat sur-
face after initial Li stripping (Figure S9A,B), indicating
more uniform Li stripping behavior due to the existence

(A) (B) (C)

(D) (E) (F) (G)

FIGURE 2 (A) XRD pattern, high‐resolution (B) Li 1s, and (C) N 1s XPS spectra of LKNO composite. (D) SEM image of LKNO
composite and (E–G) the corresponding EDS mapping images. EDS, energy‐dispersive X‐ray spectroscopy; SEM, scanning electron
microscope; XPS, X‐ray photoelectron spectroscopy; XRD, X‐ray diffraction
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of Li3N, LiNxOy, and Li2O‐rich SEI that promoted uni-
form Li+ diffusion through the SEI. The EDS mapping
images of the LKNO electrode after Li stripping
confirm the uniform distribution of KNO3 and its re-
duction products (Figure S9C–F), supporting the homo-
geneous Li stripping behavior. Figure S10 schematically
illustrates the Li stripping behavior of pure Li and LKNO
composite electrode. Ionically conductive species (Li3N
and LiNxOy) in the LKNO electrode (interconnected
KNO3 derivatives) ensured the fast and uniform charge
transfer through the SEI as well as the even Li stripping
behavior. In contrast, the uneven SEI on the pure Li
induced inhomogeneous Li+ diffusion, thus leading to
the severely uneven Li stripping behavior. Also, the
morphology of Li dendrites was observed on the Li metal

electrode after initial Li plating at 1 mA h cm−2 and
1mA cm−2 (Figure S11). The synergistic effect of KNO3

enables stable Li plating behavior with chunky deposi-
tion (Figure S12), which is critical for the long‐term cy-
cling of Li metal anode.

The structure of the pure Li and LKNO composite
electrodes after different cycles was further investigated
using SEM. The pure Li electrode showed a loose
and porous structure after 10 cycles at 1 mA cm−2 and
1mA h cm−2 (Figure 3A). The porous structure layer
further evolved: micrometer‐sized cracks formed on the
electrode surface (Figure 3B) and the thickness of such a
porous layer reached ~100 μm after 50 cycles (Figure 3C).
The reason for the formation of a loose and porous layer
of pure Li metal electrode comes from continuous

(A) (B) (C)

(D) (E) (F)

(G) (H) (I)

FIGURE 3 Morphology evaluation of the pure Li and LKNO composite electrodes on cycling. For SEM measurement, Li||Li and
LKNO||LKNO symmetric cells were disassembled after cycling at 1 mA cm−2 and 1mA h cm−2. (A) Top‐view SEM image of a pure Li
electrode after 10 cycles. (B) Top‐view and (C) cross‐sectional SEM images of a pure Li electrode after 50 cycles. (D) Top‐view SEM image of
the LKNO electrode after 10 cycles. (E) Top‐view and (F) cross‐sectional SEM images of a pure LKNO electrode after 50 cycles. (G) Nyquist
plots of the pure Li and LKNO composite electrodes after 50 cycles. Rs, RSEI, Rrl, and Rct represent the solution, SEI layer, reaction layer, and
charge transfer resistances, respectively. The inset shows an equivalent circuit model. (H) Activation energies of Li+ through the SEI layer
for pure Li and LKNO composite electrodes. (I) Tafel curves of the Li||Li and LKNO||LKNO symmetric cells derived from linear sweep
voltammetry tests. SEM, scanning electron microscope
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dendritic Li growth and accumulation of “dead Li,” ac-
companied with the consumption of electrolyte. In con-
trast, chunky Li plating with dense structure was realized
for LKNO electrode after both 10 cycles (Figure 3D) and
50 cycles (Figure 3E). Compared with the initial Li
plating (Figure S9A,B), the improvement of morphology
is consistent with the increase of KNO3 concentration in
the electrolyte. Also, the thickness of the porous layer of
the LKNO electrode was <50 μm, much smaller than that
of the pure Li electrode (Figure 3F), showing the super-
iority of the LKNO electrode in regulating Li plating
behavior and suppressing side reactions. EIS measure-
ment was conducted to further investigate the evolution
of electrode structure during cycling. Interface im-
pedance of LKNO composite was significantly reduced
compared with pure Li after 50 cycles (Figure 3G) due to
the suppressed side reactions, leading to relatively uni-
form Li plating behavior. There could be two reasons for

the improved Li stripping/plating behavior and reduced
electrochemical impedance of the LKNO electrode. At
the electrode side, the formation of Li3N, LiNxOy, and
Li2O‐rich SEI could homogenize charge transfer and thus
ensure uniform Li stripping/plating. At the electrolyte
side, KNO3 that dissolved into electrolyte from the
composite electrode could repair the SEI by reducing
NO3

− with metallic Li and distributing electrostatic
shield by K+ adsorbing on the tip of plated Li,26,32 leading
to stable SEI and smooth Li plating on cycling.

The interface properties of the LKNO electrode were
further evaluated by the Li+ diffusion energy barrier
through SEI via EIS measurement at different tempera-
tures. By fitting the Nyquist plots with the equivalent
circuit (Figure S13), the value of RSEI (resistance from
SEI) was obtained. The relationship between RSEI and
temperature can be described using the Arrhenius for-
mula: “RSEI

−1 =Aexp(−Ea/RT).” By fitting ln(RSEI
−1)

(A) (B)

(C) (D)

(E) (F)

FIGURE 4 (A) CE of Li||Cu and LKNO||Cu cells with the discharge capacity of 1 mA h cm−2 and charged to 1 V under 1 mA cm−2, and
(B) the corresponding voltage profiles. (C, D) Galvanostatic voltage profiles of Li||Li and LKNO||LKNO symmetric cells at 1 mA cm−2 and
1mA h cm−2. (E) Cycling performance of the Li||NCM and LKNO||NCM full cells at 0.1 C (the first three cycles) and 0.5 C (the following
cycles), and (F) the corresponding voltage profiles. CE, Coulombic efficiency
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with T−1 linearly (Figure 3H), the energy barrier Ea for
Li+ diffusion through SEI was obtained. LKNO electrode
showed obviously reduced value of Ea compared with
pure Li electrode (50.59 vs. 60.11 kJ mol−1), indicating
that Li+ diffusion through SEI was easier for the LKNO
electrode.30 Exchange current density was also measured
to compare the charge transfer kinetics for pure Li and
LKNO composite electrodes. From the Tafel curves (de-
rived using linear sweep voltammetry) in Figure 3I, ex-
change current densities were 0.1703mA cm−2 for the
LKNO electrode and 0.0482mA cm−2 for the pure Li
electrode, revealing the improved charge transfer kinetics
for the LKNO composite electrode.29

The electrochemical performance was evaluated to
further show the superiority of the LKNO composite
electrode. LKNO||Cu and Li||Cu cells were assembled,
and their CE for electrochemical Li plating/stripping was
compared. LKNO||Cu cell showed a high average CE of
~95.0% for 100 Li plating/stripping cycles (Li plating at
1 mA h cm−2 and 1mA cm−2, and stripping with the
cutoff voltage of 1 V vs. Li+/Li at 1 mA cm−2, Figure 4A)
in comparison to ~66.1% for the Li||Cu cell for 30 cycles
(it failed after 30 cycles). Also, the LKNO||Cu cells dis-
played much smaller voltage polarization and nucleation
overpotential than Li||Cu (Figure 4B). FEC electrolyte
additive can stabilize the SEI of Li metal through the
formation of inorganic LiF with high interface energy in
the SEI layer, which is similar to nitrates.14,16 Interest-
ingly, introducing FEC as a solubilizer can enhance the
solubility of nitrates in the carbonate electrolyte, and LiF,
Li3N, and LiNxOy in the SEI have a synergistic effect in
stabilizing Li metal anode.39,40 Therefore, with 5 wt%
FEC addition in the electrolyte (Figure S14), LKNO||Cu
cells showed an even higher average CE of 97.9%, in
contrast to 91.8% for Li||Cu cells. The above results fur-
ther verify the advanced “salt‐in‐metal” composite anode
design utilizing the sustained release of nitrate into the
electrolyte for stable cycling.

LKNO||LKNO and Li||Li symmetric cells were then
assembled and cycled at 1 mA cm−2 and 1mA h cm−2

(Figure 4C). Supported by the enhanced charge transfer
kinetics through the interface, the LKNO electrode
showed flat and smooth voltage profiles with low over-
potential (~0.06 V after 400 h) in sharp contrast to
~0.18 V of pure Li electrode after 300 h. The sustained
release of KNO3 from LKNO into electrolyte ensured
dynamic repairing of SEI by NO3

− and dense Li plating
due to the electrostatic shield of K+ during long‐term
cycling.26,31,32 As a comparison, a fast increase of voltage
polarization occurred for pure Li electrode. In our pre-
vious reports, we have revealed that the coexistence of
Li3N, LiNxOy, and Li2O components can adjust the
pristine Li nucleation and reduce the nucleation

overpotential.29 Same phenomenon was found in this
LKNO composite electrode (0.1 V for LKNO compared
with 0.38 V for metallic Li), further confirming the ad-
vancement of the “salt‐in‐metal” composite electrode
structure (Figure 4D).

EIS results of the cells exhibit stable impedance of
the LKNO electrode after resting for different times
(6 and 12 h, Figure S15), indicating suppressed side re-
actions with electrolyte and superior interface stability of
the LKNO composite electrode on cycling. The LKNO
electrode is promising to improve the Li/solid electrolyte
interface in solid‐state batteries due to its enhanced
stability.41–43 LKNO||NCM and Li||NCM full cells with a
low negative/positive capacity ratio (<5) were in-
vestigated to explore the possibility for practical appli-
cation of the LKNO electrode. Due to the suppressed side
reactions of LKNO electrode with electrolyte, LKNO||
NCM full cells showed stable charge/discharge cycles up
to 100 cycles with high capacity retention above 81.7%
(Figure 4E,F). In sharp contrast, the Li||NCM full cells
failed at the 32th cycle, which may be caused by the fast
exhaustion of electrolytes (Figure S16). The superior cy-
cling stability of LKNO||LiCoO2 full cell compared with
Li||LiCoO2 full cell further confirmed the promise of the
“salt‐in‐metal” electrode design for practical application
(Figure S17).

4 | CONCLUSION

In conclusion, an LKNO composite electrode featured
with KNO3 embedded within the Li bulk was success-
fully synthesized, and the effect of nitrates of “salt‐in‐
metal” composite on electrolyte and SEI was investigated
in detail. Sustained release of NO3

− from the electrode
into electrolyte was realized, which stabilized the SEI.
Also, K+ tended to adsorb on the tip of deposited Li and
induce planar Li plating, leading to uniform Li plating/
stripping behavior of LKNO. The rational design of the
“salt‐in‐metal” electrode and its synergistic effect for
stable electrochemical cycling provide new insights for
the application of functional additives in stabilizing alkali
metal anodes.
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