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Understanding the relationship between lithium anode and electrolyte is important to develop a more compatible lithium/electrolyte
system for stable and safe cycling of lithium-metal based batteries. However, to date, there has not been any work to quantify
the effects of electrolyte on the performance of electrode due to the complexity. Herein, we quantify the relationship between an
electrolyte additive, LiNO3, and the stability of lithium anode. It is found that, with increasing the amount of LiNO3, the cyclability
of lithium anode rises linearly and the risk of dendrite-induced short circuits can be reduced. Low Coulombic efficiency (CE) and
short circuits tend to occur in tandem. LiNO3 is found to be continuously consumed upon electrochemical cycling, which leads to a
low CE and a high risk of short circuits.
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Lithium is an ideal anode for batteries because it is the lightest metal
(6.94 g mol–1), which leads to a high capacity of 3861 mAh g–1, and
it has the lowest electrochemical potential (−3.04 vs. SHE). Hence,
lithium is used as an anode in high-energy sulfur- and oxygen-based
batteries to maximize the system’s performance.1,2 The energy density
of existing lithium-ion batteries would also be greatly enhanced should
lithium replace graphite as the anode.3–5 However, low Coulombic ef-
ficiency (CE) and dendrite formation have been preventing lithium
from being used as an anode in rechargeable batteries for several
decades.3,6–8 This is because the former leads to poor cyclability and
the latter causes safety issues.

Although pioneering work on lithium anode can be traced back to
late 1950s,9 intense work only began a few years ago due to the impor-
tance of using lithium in developing high-energy lithium-sulfur and
lithium-air batteries.4,10–12 Effort to date generally involves introduc-
ing an artificial interface,13–19 influencing lithium plate formation,20–22

use of lithium metal hosts23–25 and formation of advanced solid elec-
trolyte interface (SEI) layer through electrolyte modification.26–30 Al-
though significant progress has been made in past years, commercial-
ization of rechargeable batteries with lithium anode remains elusive,
which is mainly attributed to the cyclability requirement and the den-
drite formation concern.

To develop stable lithium anodes, as well as other battery systems,
it is highly desired to understand the relationship between electrode
and electrolyte. This is because it helps develop a more compatible
electrolyte/electrode system for stable and safe cycling. For example,
formation of SEI layer on high potential cathode (e.g., LiNi0.5Mn1.5O4,
LiMn1/3Ni1/3Co1/3O2) and low potential anode (lithium, silicon and
graphite) consumes electrolyte and it may also possibly release gases.
Thus, understanding the stability of electrolyte during electrochemical
processes is critical to improve the cyclability and safety of recharge-
able lithium batteries. However, although there have been intense
efforts devoted to understanding the compatibility of electrode and
electrolyte, they have only given qualitative results.4,31–33 Due to the
complexity, there has not been a work to quantify the effects of
electrolyte on the performance of electrode in rechargeable lithium
batteries.

In this work, we investigate the relationship between the stability
of lithium anode and a commonly used electrolyte additive, LiNO3.
We provide an example to show that it’s possible to quantify the effects
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of electrolyte additive on the stability of electrode. We show that, with
increasing the amount of LiNO3, the cyclability of lithium anode rises
linearly and the risk of dendrite-induced short circuits can be reduced.

Experimental

The electrolyte solvent used in this study was 1,2-dimethoxyethane
(DME). The electrolyte salts were LiTFSI and LiNO3. Different con-
centrations of salts and different amounts of electrolytes were used
in the measurements as introduced along the results and discussion.
For all the electrochemical measurements, the cell components were
assembled into a 2032 coin cell with a Celgard 2325 separator in an
Argon-filled glove box. For the evaluation of lithium plating/stripping
cyclability, a lithium disc with a diameter of ∼12.5 ± 0.3 mm was used
as a lithium source, and a copper disc with a diameter of ∼14.3 mm
was used as a lithium plating substrate. The lithium plating capacity
was set to be 1 mAh cm–2. The cutoff voltage for lithium stripping
was 0.08 V. The plating and stripping currents were the same to be
1 mA cm–2. All the measurements were performed at room tempera-
ture using Neware battery testers (Neware Electronic Co.).

Plated lithium on Cu was analyzed by X-ray photoelectron spec-
troscopy (XPS) and field emission scanning electron microscopy
(FESEM). For these measurements, the cells were disassembled in
an Argon-filled glove box and the plated lithium were rinsed with
DME. After drying, the samples were sealed in containers before be-
ing quickly transferred into the chambers. XPS experiments were per-
formed in a custom-designed UHV system with a base pressure better
than 2.0 × 10-10 mbar. Al Ka (hυ = 1486.6 eV) was used as the excita-
tion sources for XPS. All XPS measurements were performed at room
temperature, and the binding energies of all XPS spectra were cali-
brated and referenced to the Fermi level of a sputter-cleaned Ag(110)
surface. The microscope used was a JOEL JSM-6340F microscope.
Contact angles were measured at room temperature using a Data-
physics OCA 15Pro. The lithium was placed in a transparent home-
made chamber with a rubber seal on top. The chamber was filled with
Ar. 1.8 μL of electrolyte was used for each contact angle measurement.
The measurement was performed at least 4 times for each electrolyte
at different lithium positions and the average values are reported.

Density Functional Theory (DFT) Calculations. Lithium (110) sur-
face was cleaved from the face-centered and body-centered cubic crys-
tal structures and was modeled using an three atomic layers p(4 ×
3) super cell 72 atoms. Over the surfaces, a vacuum space of 15 Å
is set. The positions of top two layers atoms were relaxed and the
bottom one-layer atoms were fixed. The calculation was employed
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Figure 1. Lithium plating/striping properties using Li/Cu cells. (a) Cyclability using 30 uL of 1 M LiTFSI electrolyte containing different concentrations of LiNO3.
(b) Lithium plating/striping curves of the 10th cycle in (a). (c) Lithium plating/stripping voltage profiles of the cell with 30 uL of electrolyte containing 1 M LiTFSI/
1 M LiNO3. The CE becomes lower than 90% after 230 cycles. First short circuit occurs at the 240th cycle. (d) Voltage profiles of the 240th – 242th cycles of (c)
where the short circuits are indicated. (e) Linearity of the concentration of LiNO3 and the lithium plating/stripping cyclability with 30 μL of electrolyte containing
1 M LiTFSI. (f) Linearity of the amount of electrolyte and the lithium plating/stripping cyclability with the electrolyte containing 1 M LiTFSI/1 M LiNO3. (g)
Linearity of the amount of LiNO3 and the lithium plating/stripping cyclability using the data from (e) and (f). The region that has a high risk of short circuit is
indicated in (g) with shade.

by Vienna ab initio Simulation package (VASP) using spin-polarized
density functional.34 The projector augmented wave (PAW) model
with Perdew-Burke-Ernzerhof (PBE) function was used to describe
the interactions between core and electrons.35,36 An energy cutoff
of 500 eV was used for the plane-wave expansion of the electronic
wave function. A Methfessel–Paxton smearing method with a width
of 0.2 eV are used in the calculation. The Brillouin zones of all systems
were sampled with Gamma-point centered Monkhorst-Pack grids. A
4 × 4 × 1 Monkhorst Pack k-point setup were used for bulk geometry
optimization, while 9 × 9 × 9 for electronic structures calculation. and
Van der Waals (vdW) interaction was considered at DFT-D3 method
as proposed by Grimme.37 The force and energy convergence criterion
were set to 0.02 eV Å–1 and 10–5 eV, respectively. The adsorption en-
ergies of species at the surface site were calculated as follows: �Ead =
E(A∗) - E(A) - E(∗), where E is total energy obtained directly from
DFT calculation. E(A) and E(∗) represent the calculated total energies
for the isolated molecules and the bare surface.

Results and Discussion

We first investigated the influence of the concentration of LiNO3

on lithium anode. LiTFSI/DME electrolytes with 5 different LiNO3

concentrations, i.e., 0 M, 0.15 M, 0.25 M, 0.5 M and 1 M, were used.
The concentration of LiTFSI was fixed at 1 M and the amount of elec-
trolyte in each cell was 30 μL. Li/Cu cells were used as the testing
cells with Cu as a plating substrate. The lithium plating capacity was
set at 1 mAh cm–2 and the plating and striping currents were both
set at 1 mA cm–2 for all the cells in this work. Figure 1a shows the
lithium plating/stripping cyclability of the various electrolytes. We can
see that LiNO3 could significantly improve the CE of lithium plating
and striping. In the absence of LiNO3 (0 M), the CE is ∼50%. Upon
the addition of LiNO3, regardless of the concentration used, the CE
increases higher than 80% during the 1st cycle, before rising above
higher than 90% in subsequent cycles. This suggests that once there
is a sufficiently high concentration of LiNO3 (e.g., >=0.15 M) in
the electrolyte, the SEI layer on the plated lithium, which is derived
from the decomposition of the electrolyte,38,39 can effectively protect
the lithium electrode to achieve a high CE of >90%. The polariza-
tion curves during plating and stripping under various concentrations
of LiNO3 are shown in Figure 1b. Increasing the concentration of
LiNO3 gives only slightly change on voltage polarization, where the
voltage difference ranged ±0.01 V from 0 M to 1 M of LiNO3. This
is negligible in practical applications. Higher concentrations (0.5 M
and 1 M) of LiNO3 give larger polarization than lower concentrations
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(0 M, 0.15 M, 0.25 M). On the one hand, this may be possibly due to
decreased mobility of Li+ upon increasing the concentration of elec-
trolyte salt/additive (LiNO3).40 On the other hand, this may be also due
to the increased lithium grain size, i.e., reduced active surface area,
upon increasing the concentration of LiNO3, as will be discussed later.

We found that the CE for plating and striping processes begin to
fade rapidly once it falls below ∼90%. Better cyclability could be
achieved at higher concentration of LiNO3. At 1 M of LiNO3, high
CE (>90%) values can maintain for 230 cycles (including the 1st

cycle). During the high CE (>90%) process, the cell overpotential is
low, for example, <0.05 V in 1 M of LiNO3 (Figure 1c). Low CE and
dendrite-induced short circuits tend to occur in tandem. For example,
the CE of the cell with 1 M LiTFSI/ LiNO3 electrolyte starts to be
<90% after 230 cycles, and the first short circuit happens at the 240th

cycle (Figures 1c and 1d). More examples are shown in Figure S1. Of
38 cells tested, 33 have a first short circuit in less than 30 cycles after
CE starts to be <90% and decreases to <80%; 5 have a first short
when the CE is >90% (the CE data of the 5 cells were not used for
relationship quantification in Figure 1). This suggests that there is a
high risk of short circuit when lithium plating/stripping CE becomes
low. Such a phenomenon should be related to the morphology change
during cycling as will be discussed later.

To evaluate the correlation between cyclability of lithium anode
and LiNO3, we plotted the number of cycles where CE was above
90% (including the 1st cycle), as a function of the concentration of
LiNO3. As per shown in Figure 1e, it clearly depicts that cyclability
and concentration of LiNO3 follow a linear trend: y = 212.5x, where
y is the number of cycles for which CE was above 90%, and x the
concentration of LiNO3, in M. The intercept is fixed at 0. Such a
linearity clearly shows the importance of using a high concentration
of LiNO3. It suggests that the cyclability of lithium anode should be
limited by the solubility of LiNO3.

In the above segment, we had used a fixed amount of electrolyte
(30 uL) for each measurement, while varying only the concentration
of LiNO3. Through this, we find a linear relationship between the con-
centration of LiNO3 and the cyclability of lithium anode. To further
reinforce this finding, we fixed the concentration of LiNO3 to be 1 M
and varied the amount of electrolyte used during the measurements.
Three additional amounts of electrolyte (10, 15 and 20 μL) were tested.
The cyclability of lithium anodes with the various amounts of elec-
trolyte, are shown in Figure S2. Even though all the measurements
used the same concentration of LiNO3, the cells show different cy-
clabilities. Instead, another linear relationship was observed to arise
between the amount of electrolyte and the number of cycles before
which the CE drops below 90% (Figure 1f): y = 7.667x − 0.48, where
y is the number of cycles for which CE was above 90% (including the
1st cycle) and x the amount of electrolyte, in μL. For comparison,
the data in Figures 1e and 1f are combined into Figure 1g by con-
verting the x-axis into the amount of LiNO3, in mmol. Finally, these
two groups of data can also be linearly fitted: y = 7287.0x, where
y is the number of cycles for which CE was above 90%, and x the
amount of LiNO3, in mmol. The intercept is fixed at 0. These re-
sults demonstrate that the cyclability of lithium anode and the amount
of the LiNO3 follow a linear trend. The shaded region in Figure 1g
refers to plating and stripping processes that have a high risk of short
circuit.

Through these results, we outlined a hypothesis that LiNO3 is con-
tinuously consumed during electrochemical cycling and that low CE
is attributed to the complete consumption of LiNO3. It is generally
realized that the electrolyte in Li-ion batteries can be continuously de-
composed during cycling. But it has yet to be demonstrated that LiNO3

is continuously consumed during lithium plating/stripping cycling. In
an early report, it is suggested that LiNO3 can be continuously con-
sumed during cell standing at an elevated temperature (50°C) by an
electrochemical impedance study.41 However, that conclusion can’t be
applied to our system because our study has a complete different con-
dition, i.e., electrochemical cycling. Thus, to confirm the hypothesis,
we performed XPS measurements on the plated lithium collected at
different cycles with 30 μL of electrolyte containing 1 M LiTFSI/1 M

LiNO3. XPS has been used to determine the composition of the SEI
layer formed on lithium in LiNO3 electrolytes.38 Here we used it to
compare the amount of nitrogen on the plated lithium which is due to
the decomposition of LiNO3 and its reaction with DME.38,39 It shows
that the nitrogen peaks (such as NOx, N-O, C-N, graphitic N, pyri-
dinic N-O)38,42–44 becomes more pronounced upon cycling (Figure 2a),
while the lithium and oxygen peaks remain constant at different cy-
cles (Figures 2b, 2c and 2d). It confirms that LiNO3 is continuously
consumed during cycling. Thus, it is reasonable to conclude that the
linearity (Figures 1e, 1f and 1g) is due to the continuous consumption
of LiNO3. After complete consumption of LiNO3, effective protective
SEI layer will not form and hence, resulting in rapid CE decline and
short circuiting. These findings suggest that when there is always suf-
ficient LiNO3, lithium anode may have unlimited cyclability and short
circuit may never occur.

Density Functional Theory (DFT) study was used to understand
why there is the continuous decomposition of LiNO3 upon cycling.
Figures 2e and 2f show the initial and optimized adsorption structures
of NO3 group on lithium (110) surface. In the optimized structure (Fig-
ure 2f), three N-O bonds are broken and dissociated to N and O atoms.
The dissociated N and O atoms then bond with lithium. The calculated
adsorption energy of NO3 on lithium (110) surface is −10.3732 eV.
These results indicate that LiNO3 reacts strongly with lithium. The
products of the reaction may form a SEI layer that prevents further de-
composition reaction. However, upon plating/stripping cycling, there
is always fresh lithium exposed to the electrolyte. Thus, there is the
continuous decomposition of LiNO3.

To compare the LiNO3 decomposition rate during resting and cy-
cling, we tested the cyclability of cells after 5 days standing before
cycling while the cycling tests of all the cells used in Figure 1 were
started in less than 24 h after the cells assembled. Figure S3 shows the
cyclability of 2 cells after 5 days standing before cycling. 2 electrolyte
amounts, 10 μL and 15 μL, were used. The electrolyte contains 1 M
LiTFSI/1 M LiNO3. There is not much difference of the cyclability
for these 2 cells compared those tested in less than 24 h. For exam-
ple, the cell with 10 μL of electrolyte in Figure S3 maintained 75
cycles with a CE larger than 90% before shorting occurred. This is
in comparable with the cells with 10 μL of electrolyte in Figure 1f,
which can also have a CE larger than 90% for 70–80 cycles. Thus,
more than 4 days resting causes a negligible difference in LiNO3 de-
composition. And it takes only less than 6.7 days (i.e., less than 80
cycles) for almost all the LiNO3 in the 10 μL of electrolyte to be
decomposed. These mean that the LiNO3 decomposition during rest-
ing is negligible compared to cycling. This is also because there is
always fresh lithium exposed to the electrolyte upon plating/stripping
cycling.

The morphology of the plated lithium is often associated to the
battery’s stability.19,45,46 Thus, we investigated how the concentration
of LiNO3 affects the morphology. The scanning electron microscope
(SEM) images of the plated lithium and the histograms of the di-
ameter are as shown in Figures 3a, 3b and 3c. Corresponding low-
magnification images are shown in Figure S4, S5 and S6. The elec-
trolytes used for these measurements were 30 μL containing 1 M of
LiTFSI and different concentrations of LiNO3. The mean diameters
for the 0 M, 0.25 M and 1 M LiNO3 electrolytes are 0.74 μm, 2.5 μm,
and 4.4 μm, respectively. The results show that the grain size of the
plated lithium enlarges with increasing concentration of LiNO3 and a
more stable lithium anode is accompanied by a larger grain size of the
plated lithium.

To understand why increasing the concentration of LiNO3 leads
to larger lithium grain, we evaluated two key factors: conductivity of
electrolyte and lithium-electrolyte surface energy. The conductivity
of electrolyte is related to the overpotential of testing cell and hence,
affects the driving force of lithium plating. As shown in Figure 3d, the
conductivity of LiTFSI electrolyte is more than 1 magnitude higher
than LiNO3 at the same concentration. The addition of LiNO3 in a
LiTFSI/DME electrolyte causes a negligible change in conductivity,
e.g., 9.4 mS cm–1 and 9.1 mS cm–1 for 0.5 M LiTFSI electrolyte
and 0.5 M LiTFSI/0.5 M LiNO3 electrolyte, respectively. Thus, the
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Figure 2. Continuous decomposition of LiNO3 upon electrochemical cycling. XPS N 1S (a), Li 1S (b), O 1S (c) and wide-scan (d) spectra of the plated lithium at
different plating cycles with the electrolyte containing 1 M LiTFSI/1 M LiNO3, respectively. N-M in (a) represents N-containing groups possibly including N-O,
C-N, graphitic N, pyridinic N, pyridinic N-O and pyrrolic N.43,44 (e) Initial and (f) optimized adsorption structures of NO3 on lithium (110) surface.

addition of LiNO3 does not seem to lead to a conductivity difference
that can significantly affect the grain size of the plated lithium.

Surface energy is always a key to control the growth of grain in
the synthesis of nano-/micro-structured materials. This is because the

synthetic system tends to have a lower surface energy. We calculated
the electrolyte (L) – lithium (S) surface energy (Figure 3e) for the three
electrolytes used in Figures 3a, 3b and 3c. The result shows that an
increment in concentration of LiNO3 leads to a higher surface energy.

Figure 3. SEM, conductivity and surface energy studies. SEM images of the plated lithium (after the 2nd plating on Cu) using 30 μL of 1 M LiTFSI electrolytes
with different concentrations of LiNO3: (a) 0 M, (b) 0.25 M and (c) 1 M. (d) Conductivity comparison of different electrolytes. (e) Electrolyte (L) – lithium (S)
surface energy and contact angle. (f) SEM image of the plated lithium (after the 71th plating on Cu) using 30 μL of 1 M LiTFSI / 0.25 M LiNO3 electrolyte. Insets
in the SEM images: corresponding size histograms of the plated lithium. Mean diameters of the plated lithium are indicated in the histograms. No conductive
coating layer, such as gold, was used for these SEM samples because it may react with lithium.
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As a result, the plated lithium will have a larger grain, so that it has a
lower surface area to reduce the total surface energy. This is consistent
with our result, i.e., a higher concentration of LiNO3 leads to a larger
lithium grain. Thus, we believe that the difference in surface energy
induced by the addition of LiNO3 is a major factor that results in
different lithium grain sizes. The surface energy was calculated using
contact angle data (Figure 3e). The method used for the calculation
can be found in Table S1.

The grain size of lithium is highly related to the safety of batteries
with a porous separator. The smaller the grain, the easier the lithium
penetrating through the pores of porous separator which results in
shorting. We tested 5 cells with 1 M LiTFSI/0 M LiNO3 electrolyte.
2 of them have a first short circuit at the 1st cycle (Figure S7a and
b). Another one has a first short circuit at the 2nd cycle (Figure S7c).
While for the cells with LiNO3, as mentioned above, most of them
have a first short circuit after the CE becomes lower than 90%. This
demonstrates that short circuits can occur easily at the very beginning
when the grain of plated lithium is small.

To analyze the morphology of plated lithium in the beginning of
the plating/stripping processes and after cycling, we obtained SEM
image of the plated lithium after the 71th plating using 30 μL of 1 M
LiTFSI/0.25 M LiNO3 electrolyte (Figure 3f). The mean grain size
is 0.76 μm, much smaller than the one after the 2nd cycle, which is
2.5 μm (Figure 3b). We also analyzed the size of the plated lithium
after the 1st plating (Figure S8a) and after 86th plating (Figure S8b)
using 10 μL of 1 M LiTFSI/1 M LiNO3 electrolyte. The mean grain
size decreases from 3.4 μm at the 1st cycle to 1.2 μm at the 86th cycle
for this electrolyte. We ascribe the decrease in grain size of the plated
lithium after cycling to the continuous consumption LiNO3 in the
electrolyte. This also explains why low CE and short circuits tend to
occur in tandem. This is because the concentration of LiNO3 becomes
low when CE starts to fail and the grain of the plated lithium become
small and gets easier to penetrate through porous separator.

Conclusions

We quantified the relationship between LiNO3 and lithium anode.
With increasing the amount of LiNO3, the cyclability of lithium anode
rises linearly and the risk of dendrite-induced short circuits can be re-
duced. Low CE and dendrite-induced short circuits are found to tend to
occur in tandem. LiNO3 is demonstrated to be continuously consumed
during electrochemical cycling which leads to a low CE and a high
risk of short circuits. The differences in grain size of the plated lithium
that is associated with short circuits is explained by surface energy. A
higher LiNO3 concentration leads to a larger electrolyte-lithium sur-
face energy, resulting in a larger lithium grain. Thus, lithium grain
becomes smaller and easier to penetrate the porous separator upon
cycling due to the consumption of LiNO3. This study also provides an
example to show that it is possible to quantify the effects of electrolyte
additive on the stability of electrode.
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