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Abstract: The lithium metal anode is regarded as a promising
candidate in next-generation energy storage devices. Lithium
nitrate (LiNO3) is widely applied as an effective additive in
ether electrolyte to increase the interfacial stability in batteries
containing lithium metal anodes. However, because of its poor
solubility LiNO3 is rarely utilized in the high-voltage window
provided by carbonate electrolyte. Dissolution of LiNO3 in
carbonate electrolyte is realized through an effective solvation
regulation strategy. LiNO3 can be directly dissolved in an
ethylene carbonate/diethyl carbonate electrolyte mixture by
adding trace amounts of copper fluoride as a dissolution
promoter. LiNO3 protects the Li metal anode in a working
high-voltage Li metal battery. When a LiNi0.80Co0.15Al0.05O2
cathode is paired with a Li metal anode, an extraordinary
capacity retention of 53 % is achieved after 300 cycles (13 %
after 200 cycles for LiNO3-free electrolyte) and a very high
average Coulombic efficiency above 99.5 % is achieved at
0.5 C. The solvation chemistry of LiNO3-containing carbonate
electrolyte may sustain high-voltage Li metal anodes operating
in corrosive carbonate electrolytes.

S

ecuring long battery life between charges is a long-term
pursuit in mobile energy storage devices with high energy
density.[1] Lithium-ion batteries—one of the most mature and
widely adopted energy storage devices—are now approaching
a theoretical energy density limit. Therefore, alternative
strategies are needed to meet the increasing demands of
portable electronics, electric vehicles, and grid-scale energy
storage.[2] Lithium metal batteries (LMBs), which contain
a high-voltage cathode and Li metal anode, outperform other
candidates because they possess an ultrahigh theoretical
specific capacity (3860 mAh g1) and the lowest reduction
potential (3.04 V vs. standard hydrogen electrode (SHE))
among Li metal anodes.[3, 4]
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Nevertheless, severe problems impede the practical
application of high-voltage LMBs—and particularly Li
metal anodes, which first appeared in the 1970s.[5] Instead of
forming uniform deposits, Li tends to adopt dendritic
morphology during electrodeposition because of non-uniform
current/ion distributions.[6] Li dendrites commonly lead to the
formation of unstable solid electrolyte interfaces (SEI), low
Coulombic efficiency (CE) because of high chemical reactivity, and even severe safety hazards when the separator is
penetrated.[7, 8] The unstable SEI can further aggravate
dendrite growth, finally leading to rechargeable batteries
with a poor lifespan. Therefore, stabilizing the Li interface is
required to ensure that LMBs are practically viable.
Spontaneous reactions between Li metal and electrolyte
generate SEI,[7] and regulating the properties of the SEI by
altering the electrolyte components is a facile and feasible
approach. Lithium nitrate (LiNO3), with a high solubility in
ether solvent (typically 5 wt % in dimethoxyethane and
1,3-dioxolane) is regarded as a critical electrolyte additive in
lithium–sulfur (Li–S) batteries and plays a remarkable roles
in inhibiting the “shuttle effect” of lithium polysulfides and
dendrite growth of Li metal by stabilizing the Li interface.[9, 10]
Additionally, some other additives in ether-based electrolytes,
such as methyl viologen and lithium polysulfides, also require
the LiNO3 to jointly enhance the cycling efficiency of the Li
metal anode.[11] However, routine ether-based electrolytes
cannot be adopted in high-voltage batteries because of their
narrow electrochemical window.
Carbonate electrolytes are frequently applied in highvoltage battery systems, which possess a wider electrochemical window as well as a better high-temperature performance
compared to ether electrolytes.[12] Although LiNO3 can
function well with ether electrolytes, it has long been
considered incompatible with carbonate electrolyte because
of its poor solubility in carbonate electrolytes such as ethylene
carbonate (EC) and diethyl carbonate (DEC).[13] Therefore,
regulating the dissolution behavior of LiNO3 in carbonate
electrolytes and exploring its effect on cycling performance is
essential for the development of safe, high-voltage LMBs.
Herein, we describe the solvation chemistry of LiNO3 in
routine carbonate electrolytes (denoted by EC/DEC) and we
propose a strategy for dissolving 1.0 wt % LiNO3 by introducing a trace amount of copper fluoride (CuF2) as a dissolution
promoter. The insolubility of LiNO3 is altered because of the
emerging solvation structure. The blue color of the solution is
the result of copper ions (Supporting Information, Figure S1).
The LiNO3-containing EC/DEC electrolyte (E-LiNO3) leads
to the formation of a uniform SEI film consisting of nitrogencontaining lithium compounds on the Li metal, producing
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the cell fails completely. The poorer capacity retention of the
EC/DEC electrolyte during cycling is mainly induced by
higher voltage hysteresis and larger cell impedance (Figure 1 d).
Electrochemical impedance spectroscopy (EIS) measurements of the full cells were carried out to uncover the kinetic
features of the electrode interfacial film. The Nyquist plots of
the cells are mainly composed of one semicircle at high
frequencies, of which the radius represents the Li+ migration
resistance through an interface. The cell in an EC/DEC
electrolyte exhibits a large total interfacial resistance. In
contrast, a LiNO3-containing cell shows an exceptionally
small total interfacial resistance even after long-term cycling
in Li j LFP and Li j NCA cells (Figures 1 e,f).
Scanning electron microscopy (SEM) was used to observe
the morphologies of Li metal anodes upon introduction of
LiNO3 to a working battery (Figure S2). SEM images of the Li
anode with LiNO3 present a smooth and dendrite-free
morphology after cycling; thereby convincingly demonstrating the integrity of the interface in response to LiNO3
inclusion.
Superior full cell performance in Li j LFP and Li j NCA
batteries demonstrates the remarkable role that the LiNO3contaning EC/DEC electrolyte plays in protecting the Li
metal anode and achieving a high discharge capacity and long
lifespan in high-voltage LMBs. To
determine the nature of the protective role of LiNO3 in EC/DEC
electrolyte, Li j Li symmetrical
cells and Li j Cu half cells were
used to determine the interfacial
stability and surface chemistry of
the Li metal anode.
The
interfacial
stability
between Li metal and electrolyte
was evaluated in Li j Li symmetrical cells. As shown in Figure S3,
monitoring of the voltage hysteresis revealed that cells with
E-LiNO3 present more stable voltage profiles at 1.0, 2.5, and
10.0 mA cm2 compared to those
with EC/DEC electrolyte. These
results demonstrate the poor stability of the interfacial film generated by the EC/DEC electrolyte,
which does not tolerate rapid Li
plating/stripping.
The morphology of Li deposits
after 100 cycles in symmetrical
cells was investigated (Figure S4).
Large dendrites and dead Li are
evident on the electrode surface in
the EC/DEC electrolyte, whereas
the Li electrode in the E-LiNO3
displays a dense and smooth morFigure 1. Electrochemical performance of Li j LFP and Li j NCA cells with and without LiNO3 in
phology. Additionally, the intercarbonate electrolyte. The cycle life and CE of a) Li j LFP cells at 0.5 C after one cycle at 0.1 C and
facial resistance (27.1 W) is effecb) Li j NCA cells at 0.5 C. Voltage profiles of c) Li j LFP and d) Li j NCA cells. EIS of e) Li j LFP cells
tively diminished after 100 cycles
after 100 cycles at 0.5 C, 2.5–4.0 V, and f) Li j NCA cells after cycles at 0.5 C, 3.0–4.3 V.
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spherical Li deposits and stable cycling. This unique protective film endows the Li anode with stability in carbonate
electrolyte, and thereby allows coupling with a symmetrical Li
electrode, copper electrode, LiFePO4 (LFP), or even a highvoltage LiNi0.80Co0.15Al0.05O2 (NCA) cathode. The uniform
morphology of the deposited lithium provides a high CE, low
interface resistance, and a long electrode lifespan.
In Figure 1, the electrochemical performance of Li j LFP
and Li j NCA batteries are presented. E-LiNO3 is compatible
with Li j LFP cells (Figure 1 a), presenting an extended
lifespan of 400 cycles with 80 % capacity retention. Compared
to the EC/DEC electrolyte, E-LiNO3 exhibits a lower hysteresis voltage of 160 mV at the 50th cycle (in contrast, 320 mV
for EC/DEC electrolyte; Figure 1 c), and a higher average CE
of 99.8 % (91.2 % after 120 cycles for EC/DEC electrolyte).
The polarization voltage increases slightly after 120 cycles for
E-LiNO3 (220 mV) while it is 510 mV for the EC/DEC
electrolyte. Similar electrochemical behaviors were also
verified in Li j NCA cells (Figure 1 b). During the cycling
test, the Li j NCA cell with E-LiNO3 exhibits an extraordinary
capacity retention (53 % after 300 cycles) and a high average
CE above 99.5 %. In comparison, the unprotected Li anode in
an EC/DEC electrolyte exhibits a relatively low and fluctuating CE around 98.4 % in the first 100 cycles. The capacity
declines rapidly (13 % of initial capacity after 200 cycles) until
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compared to that in an EC/DEC electrolyte
(38.2 W; Figure S5) because of the high ionic
conductivity of the uniform SEI film.
The CE of electrolytes upon the Li metal
anode were examined using a method proposed
by Zhang and co-workers.[14] E-LiNO3 achieved
a much higher CE of 98.1 % compared to
EC/DEC electrolyte (87.8 %; Figure S6). A Li
anode with a high CE indicates that much less Li
is consumed through reaction with organic electrolytes, and as a direct consequence of the
uniform and intact nature of the SEI film created
E-LiNO3. The well-protected Li metal anode
facilitates rapid transport of Li ions, and delivers
a smaller voltage hysteresis and interfacial impedance (Figure S7), and thus contributes to a better
cell performance. Therefore, E-LiNO3 plays a pivotal role in the formation of the SEI film, leading
to outstanding stability between the electrode and
electrolyte.
It is generally acknowledged that LiNO3 can
be reduced on the surface of the Li electrode
when the potential is under 1.6 V in an ether
electrolyte; thus, LiNO3 is employed to protect
the Li metal anode in Li–S batteries.[10] E-LiNO3
exhibits a relatively low initial CE (73.8 %)
compared to the 83.6 % CE of the EC/DEC
electrolyte in Li j NCA cells, which is ascribed to
the irreversible formation of SEI with extra Li
Figure 2. Decomposition electrochemistry of E-LiNO3. a) CV curves of Li j Cu half
consumption (Figure 1 b). To gain further insight
cells scanned at 0–2.5 V, 5 mVs1. b) Galvanostatic voltage profiles of Li depositing
into the mechanism of SEI film formation and
onto the Cu substrate in the EC/DEC and E-LiNO3 at a current density of
reveal the electrochemical reduction potential of
0.05 mA cm2. c) Current response of Li j Cu cells scanned at 0.3–0.6 V, 10 mVs1.
d) CV curves of Li j NCA full cells at 3.0–4.3 V, 0.05 mVs1. Surface morphologies of
LiNO3 in carbonate electrolytes, both cyclic
the
lithium anode in e) EC/DEC and f) E-LiNO3 at a current density of 0.5 mA cm2
voltammetry (CV) and chronopotentiometry
with a capacity of 0.1 mAh cm2.
tests were conducted. A voltage range of
0–2.5 V was adopted for the CV test, allowing
LiNO3 to decompose while avoiding deposition of
(Figure 2 d); three pairs of reversible peaks were assigned to
Li ions (Figure 2 a). The reduction peak around 0.3 V is
phase transitions of the NCA lattice.[16] Therefore, oxidation
attributed to the underpotential deposition of Li,[15] which is
independent of LiNO3 additives. E-LiNO3 exhibits an addiat the cathode and lithium intercalation are not dominated by
these additives, suggesting compatibility of E-LiNO3 and
tional reduction peak starting at 1.4 V, which represents the
reduction of LiNO3, and is slightly lower than the decommost cathodes.
The morphology of Li deposits on Cu substrate is
position voltage in the ether electrolyte at 1.6 V.[10] When Li
presented in Figures 2 e,f. In contrast to the needle-like
deposits by a chronopotentiometry method at a constant
dendritic deposition in the EC/DEC electrolyte, Li tends to
current density (Figure 2 b), the lower voltage platform at
deposit into spherical structures in E-LiNO3. Consequently,
0.4 V indicates underpotential deposition while the upper
voltage platform at 1.3 V indicates the decomposition of
the nucleation and growth of Li metal can be regulated by the
LiNO3. Therefore, the CV chronopotentiometry results
chemical composition of the SEI film.
The chemical composition of the SEI film was probed by
demonstrate that LiNO3 reduction takes place at around
X-ray photoelectron spectroscopy (XPS) of the electrode
1.4 V in carbonate electrolytes, which precedes the reduction
after one CV cycle (Figure 2 a). The N 1s spectrum of the SEI
potential of EC solvents.
film formed in the EC/DEC electrolyte (routine SEI (R-SEI))
CV tests of Li j Cu half cells and Li j NCA full cells were
reveals an absence of N (Figure 3 a). The SEI film formed in
performed to further probe the decomposition electrochemE-LiNO3 (L-SEI) exhibits three peaks in the N 1s spectrum at
istry of LiNO3 additive in a working battery. The current
response in E-LiNO3 (Figure 2 c) increased significantly
398.6, 403.2, and 408.1 eV, corresponding to Li3N, LiNO2, and
during Li plating/stripping on Cu substrate, corresponding
LiNO3, respectively. The existence of Li3N, LiNO2, and LiNO3
to rapid Li+ transport and reversible reaction kinetics.
enhances the ionic conductivity as well as the stability of the
At a higher voltage range, CV curves of Li j NCA cells in
SEI film, which contributes to uniform and rapid deposition
the EC/DEC and E-LiNO3 nearly overlap with each other
of Li ions.[17, 18] In the F 1s spectrum, signals corresponding to
 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ability than PF6 . Notably, the 13C NMR spectra
present chemical shifts that indicate the EC/DEC
molecules are coordinated to Cu2+ (Figure 4 b;
Figures S10 and S11). The Cu2+ ion has a similar
ionic radius (0.73  vs. 0.76  of Li+) but a larger
charge compared to that of Li+. Therefore, Cu2+
possesses a stronger electron-withdrawing ability
and can achieve a deshielding effect on the
coordinated solvent molecules. The solvents interacting with Cu2+ generate new 13C NMR peaks
that are displaced downfield.
MD simulations were conducted to probe the
Figure 3. XPS characterization of the SEI films formed on Cu substrates after one
solvation structure and unveil the dissolution
cycle of CV test within 0–2.5 V (cells in Figure 2 a). Spectra of a) N 1s, b) Li 1s, and
mechanism of LiNO3/CuF2 in EC/DEC electroc) O 1s of R-SEI and L-SEI films.
lytes at the atomic level. The radial distribution
functions show peaks around 3.0 and 4.0 
indicative of CuO and CuN, respectively, which suggest
LiF and CF at 684.5 and 686.8 eV, respectively, are similar
that copper ions are coordinated by NO3 (Figure 4 c; Figin the L- and R-SEI films (Figure S8), indicating that trace
amounts of dissolved CuF2 contribute little to SEI formation
ure S12). Interactions between Cu2+ and NO3 are stronger
on the Li surface in dilute carbonate electrolytes.
than that between Li+ and NO3 because of the higher charge
The Li 1s spectrum in the R-SEI film demonstrates three
but similar radius of Cu2+ compared to Li+. The competition
peaks at 53.5, 54.9, and 56.0 eV (Figure 3 b), corresponding to
of copper ions and the as-formed Cu2+NO3 complex
Li2O, ROCO2Li, and LiF, respectively. The spectrum of L-SEI
unambiguously explain the dissolution mechanism of LiNO3
film exhibits an additional LiN peak at 55.5 eV, signifying
in EC/DEC solvents. Moreover, the Li-ion diffusion coeffiLi3N and LiNxOy. In the Li 1s spectrum, the relative intensity
cient in E-LiNO3 was determined to be 1.12  1011 m2 s1,
of Li2O and ROCO2Li decreased in the L-SEI film, which is
compared to 9.94  1012 m2 s1 in the EC/DEC electrolyte
also observed in the O 1s spectrum (Figure 3 c), indicating
(Figure 4 d). Improved Li mobility is beneficial to a cell
that O atoms are involved in the formation of NO bonds at
operating at large current density.
532.2 eV. The pivotal role of LiN and NO in the SEI film is
Based on insights from the FTIR, NMR, and MD results,
analogous to that of N-doped host materials for Li deposition,
the distinctive solvation structure in E-LiNO3 is responsible
which can guide the nucleation of Li metal.[19] The LiNO3for the blue color of the solution. The Cu2+ ions are
induced LiN inorganic (Li3N and LiNxOy) SEI film effeccoordinated by NO3 rather than F to form Cu2+NO3 ,
tively regulates the nucleation of Li, suppresses Li dendrites,
leading to dissociation of CuF and Li+NO3 . Therefore,
and boosts CE as a consequence of its high Youngs modulus,
Cu2+NO3 and the Li+-EC/DEC complex can dissolve in
[16]
high ionic conductivity, and low chemical activity.
EC/DEC solvents and form a Li-N inorganic (Li3N and
The dissolution chemistry of LiNO3 in carbonate electrolyte, and its contribution to formation of the SEI, are strongly
associated with the solvation structure of electrolytes. Fourier
transform infrared (FTIR) and nuclear magnetic resonance
(NMR) techniques, as well as molecular dynamics (MD)
simulations, were applied to investigate the solvation structure of E-LiNO3. Characteristic absorption peaks in the FTIR
spectra (Figure S9) remain unchanged after the introduction
of LiNO3 and CuF2, indicating that LiNO3 additives are
readily soluble without any destruction of the solvent
structure. However, the intensity of the absorption peaks at
1803 (C=O in EC), 1772 (C=O in DEC), 1196 (CO in EC),
and 1166 cm1 (CO in DEC) decrease notably, implying that
the concentrations of those organic functional groups is
reduced.[20] Therefore, a fraction of solvent molecules participate in the solvation with additional cations or anions,
forming a novel solvation structure in LiNO3-conatining
electrolytes.
The solvation structure was probed by 6Li and 13C NMR
spectroscopy. The 6Li chemical shift of E-LiNO3 is smaller
Figure 4. 6Li NMR spectra and MD Simulations of the electrolyte with
than that of EC/DEC electrolyte (Figure 4 a), indicating the
and without LiNO3. a) 6Li and b) 13C NMR spectra in electrolytes.
shielding effect of the solvation sheath on Li ions. This is
c) The MD simulation of Li/Cu-N/O/F radial distribution functions g(r)
possibly induced by the extra NO3 ions, which interact more
in E-LiNO3. d) The mean square displacement of Li+ ions in EC/DEC
strongly with Li ions and possess a larger electron-donating
and E-LiNO3 electrolytes.
www.angewandte.org
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LiNxOy) SEI film during cycling, thereby producing a lithium
metal battery with superior stability (Figure S13).
In conclusion, LiNO3 was dissolved in carbonate electrolytes for the first time by adding a trace amount of CuF2 as
a dissolution promoter. An ionically conductive, dense, and
stable SEI film was constructed on the Li surface to
effectively protect the Li metal. The solvation chemistry of
E-LiNO3 and its roles within high-voltage LMBs were
thoroughly investigated. Preferential reduction of LiNO3
occurs around 1.4 V versus Li+/Li in carbonate electrolytes,
thus forming a stable interfacial film, which is mainly
attributed to reduction products such as LiNxOy and Li3N.
The protective SEI film results in spheroidal deposition,
considerably reduced voltage hysteresis, and a longer cycle
life for the Li metal anode. A high average CE of 98.1 % is
achieved (in contrast to 87.8 % in EC/DEC electrolyte) and
dendrite-free Li deposition morphology is observed. When
the LiNO3-protected Li metal anode matches the NCA
cathode, a high initial capacity (186 mAh g1) and stable
cycling performance (53 % after 300 cycles) are achieved
compared to poor capacity retention (13 % after 200 cycles).
Additionally, a high average CE of 99.5 % is obtained even
after 300 cycles (in contrast to 98.4 % in EC/DEC electrolyte).
The proposed strategy provides a facile but effective way to
elevate the cycling performance of high-energy-density LMBs
composed of a Li anode and a high-voltage intercalation-type
cathode (NCA or LiNixCoyMnzO2 (x + y + z = 1)). This contribution combines LiNO3 additive and carbonate electrolytes
with a high voltage window. The LiNO3 additive has
a protective mechanism on the Li anode that may be
applicable to next-generation batteries.

Keywords: electrolyte additives · high-voltage cathodes ·
lithium anodes · lithium deposition · lithium nitrate
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Liquid assets: LiNO3 can be dissolved
directly in an ethylene carbonate/diethyl
carbonate electrolyte mixture by adding
a trace amount of copper fluoride to
promote dissolution. The solvation
structure of the electrolyte system protects the lithium metal anode in a working high-voltage lithium metal battery.
Key: LiNi0.80Co0.15Al0.05O2 (NCA) cathode.
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