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LiBF3CN as a New Electrolyte Additive
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Department of Chemistry, University of Rhode Island, Kingston, Rhode Island 02881, United States of America

A newly synthesized electrolyte additive, lithium trifluoro(cyano) borate (LiBF3CN), has been investigated for electrochemical
performance improvement of lithium metal batteries. The LiBF3CN has a structure where one fluorine atom of BF4

− is substituted
with a cyano group (−CN) prepared by the reaction of boron trifluoride etherate with lithium cyanide. The electrochemical
performance in symmetric Li/Li cells and NCM523/Li cells is significantly improved upon the incorporation of LiBF3CN as an
electrolyte additive into a carbonate-based electrolyte. Extensive characterization of the deposited lithium metal reveals that a thin
(≈20 nm) and robust SEI composed of LiNxOy, Li3N and Li2O is formed by the reductive decomposition of the LiBF3CN additive,
which plays an important role in decreasing the resistance and stabilizing lithium deposition/stripping. The insight into the
substitution effect of a functional group obtained from this work provides guidance for the design of new electrolyte additives.
© 2022 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
1945-7111/ac9d67]
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Lithium metal is considered to be an excellent negative electrode
material for next-generation high energy density batteries since it has
ten times higher theoretical capacity (3860 mAh g−1) than the
currently commercialized graphite (372 mAh g−1). Additionally, the
low operating potential (−3.04 V vs standard hydrogen electrode)
and low gravimetric density (0.534 g cm−3) are very attractive for
high energy density batteries.1–5 Despite the exceptional properties
of lithium metal, practical application is hindered by serious
problems caused by lithium dendrite formation during lithium
deposition/stripping.6–8 Unlike the graphite anode which undergoes
lithium intercalation/deintercalation for energy storage/release, the
lithium metal anode requires deposition/stripping, causing a repeated
change of the interface between lithium and the electrolyte during
cycling. Thus, the role of electrolyte and solid electrolyte interphase
(SEI) is more important for the reversible cycling of lithium metal
anodes.9–16 Recently, many strategies using electrolyte additives
such as fluoroethylene carbonate (FEC),17–19 lithium nitrate
(LiNO3),

20,21 lithium difluoro(oxalato)borate (LiDFOB),22–24

lithium tetrafluoroborate (LiBF4)
25,26 and multi-functional new

additives27,28 have been proposed for improving the electrochemical
performance of lithium metal anodes. Among them, LiBF4 has been
primarily investigated as an electrolyte salt in lithium ion batteries
due to its many favorable features including a lower charge transfer
resistance at low temperature, good thermal stability, and less
moisture sensitivity.29,30 However, LiBF4 has rarely been used in
lithium ion batteries due to the relatively low lithium ion
conductivity.31,32 Instead of using LiBF4 as the main electrolyte
salt, it has also been reported to be used as an electrolyte
additive.26,33

In this study, a new electrolyte additive, lithium trifluoro(cyano)
borate (LiBF3CN) has been synthesized and its electrochemical
features have been evaluated in carbonate-based electrolyte for
lithium metal batteries. In order to investigate the effect of
substituting a cyano group (−CN) for one fluorine atom of BF4

−,
the electrochemical performance of LiBF3CN has been compared to
LiBF4. The electrochemical performance evaluations using sym-
metric Li/Li cells and NCM523/Li cells illustrate that the
LiBF3CN-containing electrolyte affords significantly improved cy-
cling stability and rate capability. In particular, NCM523/Li cells
with the LiBF3CN-containing electrolyte exhibit excellent capacity

retention with 98.4% after 300 cycles whereas the cells with the
LiBF4-containing electrolyte have poor capacity retention of 83.1%
after 300 cycles. Various characterizations of the deposited lithium
morphology and the SEI film have been carried out using field-
emission scanning electron microscopy (FE-SEM), cryogenic trans-
mission electron microscopy (cryo-TEM), and X-ray photoelectron
spectroscopy (XPS), suggesting the generation of a thin (≈20 nm)
and robust SEI film including N-compounds (LiNxOy, Li3N) and
Li2O on the deposited lithium metal by reductive decomposition of
LiBF3CN and carbonate solvents. The favorable SEI layer plays an
important role in the decrease of interfacial resistance and the stable
lithium deposition/stripping, resulting in superior electrochemical
performance.

Experimental

Synthesis of lithium trifluoro(cyano) borate.—Lithium trifluoro
(cyano) borate (LiBF3CN) was synthesized through the following
procedures. Boron trifluoride diethyl ether complex (48% BF3) and
solvents were purchased from Acros Organics and used as received.
Lithium cyanide was prepared via the literature procedure.34 At
room temperature, boron trifluoride diethyl ether (0.27 ml,
21.1 mmol) was added dropwise to a solution of lithium cyanide
(33 mg, 10.1 mmol) in anhydrous THF. The pale-yellow solution
was stirred overnight and then the volatiles were removed in vacuo.
To the obtained residue, dimethyl carbonate (1 ml), toluene (2 ml)
and hexane (2 ml) were added and stirred resulting in a white
precipitate. The solvent was decanted. Obtained precipitate was
washed with toluene and dried overnight in vacuo to obtain white
powder. Yield: 490.0 mg, 48%. 11B{1H} NMR (128 MHz,
acetone-d6) δ −1.1 (b); 19F NMR (376 MHz, acetone-d6) δ
−153.59(s), −153.64(s).

Materials characterization.—11B and 19F nuclear magnetic
resonance (NMR) spectra were obtained by using Bruker Ascend
400 MHz spectrometer. Field emission scanning electron micro-
scopy (FE-SEM, Zeiss Sigma) was used to observe the deposited
lithium metal morphology. X-ray photoelectron spectroscopy (XPS)
measurements were performed using a K-alpha spectrometer
(Thermo Scientific) to examine the surface film of lithium metal.
The X-ray spot size and pass energy were 400 μm and 50 eV,
respectively. The binding energy was corrected based on the C 1s
spectrum, assigning hydrocarbon to 284.8 eV. The lithium metal
electrodes for FE-SEM and XPS measurements were prepared as
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follows. The cells were disassembled after cycling, and the electrode
samples were harvested in the Ar-filled dry box. To remove the
residual electrolyte, the electrodes were washed with DMC (di-
methyl carbonate) and dried overnight under vacuum. Cryogenic
transmission electron microscopy (cryo-TEM) measurements were
carried out using a JEOL JEM-2100F at 200 kV, equipped with a
LaB6 electron emission source. To prepare the cryo-TEM samples,
300 mesh TEM grids were placed on a copper foil working electrode
and assembled with lithium metal foil counter electrode. After
lithium was deposited on the TEM grid, the cells were disassembled
and TEM grid was collected and washed with DMC in the Ar-filled
dry box and dried overnight under vacuum. The dried TEM grid was
quickly transferred into the TEM chamber using a cryo-transfer
holder (Gatan). The TEM images were acquired at cryogenic
temperature (−180 °C), which avoid beam damage to the samples.

Electrochemical measurements.—To prepare NCM523 elec-
trodes, the LiNi0.5Co0.2Mn0.3O2 powder (MTI Corporation) was
dispersed in N-methyl pyrrolidone with Super C as carbon additive
and poly(vinylidenefluoride) (PVdF) as polymeric binder (90:5:5 in
wt%). The resulting slurry was coated on aluminum foil that was
used as current collector. The electrode was pressed with a roll
presser and dried in a vacuum oven at 110 °C for overnight. The
areal capacity of NCM523 electrodes was ca. 1.0 mAh cm−2. The
electrolyte with lithium tetrafluoroborate (LiBF4) additive or lithium
trifluoro(cyano) borate (LiBF3CN) additive was prepared by adding
LiBF4 powder (5 wt%) or LiBF3CN powder (5 wt%) to baseline
electrolyte which is 1 M lithium hexafluorophosphate (LiPF6) in a
mixture of ethylene carbonate (EC) and ethyl methyl carbonate
(EMC) (3:7, v/v), and stirred overnight. For the symmetric Li/Li cell
test, coin-type cells (2032-type) were fabricated for each electrolyte
(100 μl) in Ar-filled dry box with lithium foil (0.75 mm thick, MTI
Corporation) as a working/counter electrode and a PP/PE/PP
separator (25 μm thick, Celgard 2325). To prepare the NCM523/Li
cell, coin-type cells (2032-type) were fabricated for each electrolyte
(100 μl) in Ar-filled dry box with lithium foil as an anode, NCM523
as a cathode and a PP/PE/PP separator was used. For the electro-
chemical tests, an Arbin BT2000 battery cycler was used at room
temperature (25 °C) in a constant temperature oven. The symmetric
Li/Li cells were cycled at a current density of 1 mA cm−2 for an
areal capacity of 1 mAh cm−2 and at a current density of 2 mA cm−2

for an areal capacity of 1 mAh cm−2, respectively. The NCM523/Li
cells were cycled at a current density of 0.5 C (1 C = 155 mA g−1)
in a voltage range of 3.0–4.2 V (vs Li/Li+). The rate performance
tests of NCM523/Li cells were carried out at a voltage range of
3.0–4.2 V (vs Li/Li+) in various current density of 0.2, 0.5, 1, 2, 5
and 0.2 C. For electrochemical impedance spectroscopy (EIS)
measurements, BioLogic VSP was used in the frequency range of
0.5 MHz to 0.1 Hz with an amplitude of 10 mV.

Results and Discussion

Synthesis and characterization of LiBF3CN.—A new electro-
lyte additive, LiBF3CN, has been prepared by the reaction of boron
trifluoride etherate with lithium cyanide as shown in Scheme 1.
Boron trifluoride etherate was added slowly to a lithium cyanide
solution in tetrahydrofuran (THF) at room temperature to generate a
pale-yellow solution. A mixture of dimethyl carbonate, toluene and
hexane was added to the solution resulting in the formation of a
white precipitate. After the solvents were removed in vacuo, a white
powder was obtained in 48% yield. The obtained lithium salt was
characterized by 19F (Fig. 1a) and 11B{1H} (Fig. 1b) NMR

spectroscopy. The reaction of one equivalent of boron trifluoride
with cyanide anion forms a boron salt containing a single cyanide
group whereas the reaction of cyanide anion with excess of boron
trifluoride forms disproportionation products.35,36 It is noteworthy
that the potassium salt of trifluro(cyano)borate anion has been
previously reported.37

Electrochemical performance.—To compare the electroche-
mical performance between the 5 wt% of LiBF4-containing electro-
lyte and the 5 wt% of LiBF3CN-containing electrolyte, electroche-
mical investigation of symmetric Li/Li cells and NCM523/Li cells
has been conducted. Typical galvanostatic cycling performance
obtained for symmetric Li/Li cells cycled with the two different
electrolyte systems are provided in Figs. 2a, 2b. The deposition and
stripping cycling results of Li/Li cells at a current density of 1 mA
cm−2 for areal capacity of 1 mAh cm−2 (Fig. 2a) reveal that the cells
with LiBF3CN-containing electrolyte have more stable cycling with
lower overpotential than the cells with LiBF4-containing electrolyte.
The stable cycling of the cells with the LiBF3CN-containing
electrolyte is prolonged to 650 h while the cells with the
LiBF4-containing electrolyte have a sharp voltage increase and cell
failure after 400 h. The cycling results at a higher current density of
2 mA cm−2 also reveal that the LiBF3CN-containing electrolyte has
better cycling performance than the LiBF4-containing electrolyte.
Although initial overpotentials in both cells are similar, the
difference increases during cycling. The cells with
LiBF4-containing electrolyte exhibit a sharp increase in overpoten-
tial after 100 h. However, the cells with LiBF3CN-containing
electrolyte retain stable cycling with a smaller overpotential for
almost 200 h. Moreover, the favorable performance of
LiBF3CN-containing electrolyte is further supported by electroche-
mical impedance spectroscopy (EIS) of symmetric Li/Li cells after 3
cycles which are provided in Fig. 2c. The spectra have the Ohmic
resistance originated from electrolyte in the high frequency region
and the following overlapped semicircles represent the interfacial
resistance including the SEI and charge transfer resistances at the
surface of the Li metal. The cells with LiBF3CN-containing
electrolyte have smaller Ohmic and interfacial resistances than the
cells with LiBF4-containing electrolyte. In addition, the surface of
lithium metal cycled with LiBF4-containing electrolyte after 100
cycles at 1 mA cm−2 for 1 mAh cm−2 has a porous and rough
morphology with many dead lithium particles on the surface as
depicted in Figs. 2d and S1a. In contrast, the lithium metal cycled
with LiBF3CN-containing electrolyte (Figs. 2e and S1b) has a denser
and smoother surface morphology.

To further demonstrate the practicality of LiBF3CN-containing
electrolyte for applications in lithium metal batteries, NCM523/Li
cells were fabricated, and their electrochemical performance was
evaluated, which is provided in Fig. 3. The galvanostatic cycling
performance of NCM523/Li cells at a current density of 0.5 C
(Fig. 3a) shows that the cells with LiBF4-containing electrolyte
exhibit an abrupt sharp capacity loss after 100 cycles, and poor
capacity retention of only 83.1% after 300 cycles. In comparison, the
NCM523/Li cells with LiBF3CN-containing electrolyte have very
stable Coulombic efficiency and significantly improved capacity
retention of 98.4% after 300 cycles. Furthermore, the corresponding
voltage profiles in Figs. 3b and 3c, along with the dQ/dV plots in
Figs. S2 and S3, provide additional insight into the electrochemical
charge and discharge behaviors for both electrolyte systems. The
cells with LiBF3CN-containing electrolyte have low overpotential
and very stable charge/discharge voltage profiles for 300 cycles
whereas the cells with LiBF4-containing electrolyte exhibit unstable

Scheme 1. Synthesis processes of lithium trifluoro(cyano) borate (LiBF3CN).
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voltage profiles with higher overpotentials. It is expected that a
critical problem in the cells with LiBF4-containing electrolyte occurs

after 100 cycles since a large increase in polarization is observed
after 100 cycles. In addition, the rate performance and corresponding

Figure 1. (a) 19F NMR and (b) 11B{1H} NMR spectra of LiBF3CN powder in acetone-d6.

Figure 2. (a) Galvanostatic cycling results obtained for symmetric Li/Li cells using 5 wt% LiBF4-containing electrolyte and 5 wt% LiBF3CN-containing
electrolyte at 1 mA cm−2 for 1 mAh cm−2. The insets are the corresponding voltage profiles at 0, 250 and 440 h. (b) Galvanostatic cycling results obtained for
symmetric Li/Li cells using 5 wt% LiBF4-containing electrolyte and 5 wt% LiBF3CN-containing electrolyte at 2 mA cm−2 for 1 mAh cm−2. The insets are the
corresponding voltage profiles at 0, 60 and 120 h. (c) EIS spectra of symmetric Li/Li cells after 3 cycles using 5 wt% LiBF4-containing electrolyte and 5 wt%
LiBF3CN-containing electrolyte. (d) FE-SEM image of Li metal after 100 cycles at 1 mA cm−2 for 1 mAh cm−2 in symmetric Li/Li cells using 5 wt%
LiBF4-containing electrolyte. (e) FE-SEM image of Li metal after 100 cycles at 1 mA cm−2 for 1 mAh cm−2 in symmetric Li/Li cells using 5 wt%
LiBF3CN-containing electrolyte.
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voltage profiles of NCM523/Li cells between the two electrolyte
systems are compared in Figs. 3d and 3e. Although the capacity
difference is not very noticeable at low current densities such as 0.2,
0.5, 1 and 2 C, the cells with LiBF3CN-containing electrolyte exhibit
significantly improved rate performance at 5 C where the discharge
capacities in the LiBF4-containing electrolyte and in the
LiBF3CN-containing electrolyte are 89.9 and 109.8 mAh g−1,
respectively. The voltage hysteresis in the cells with
LiBF3CN-containing electrolyte at 5 C is significantly less compared
to the cells with LiBF4-containing electrolyte as shown in Fig. 3e.

Characterization of deposited lithium metal.—In an effort to
understand the differences in the lithium deposition behavior
between the LiBF4-containing electrolyte and the
LiBF3CN-containing electrolyte, the deposited lithium morphologies
and surface films on lithium metal were investigated by using FE-
SEM and cryo-TEM after the first deposition at 1 mA cm−2 for 1
mAh cm−2. In Figs. 4a and S4a, the deposited lithium metal in the
LiBF4-containing electrolyte has non-uniform mossy and needle-like
dendrites. However, the lithium metal deposited from the
LiBF3CN-containing electrolyte (Figs. 4b and S4b) is observed to
be comparatively smooth. The modified morphology of the depos-
ited lithium in the LiBF3CN-containing electrolyte can be attributed
to the different SEI film formation by the preferentially decomposed
LiBF3CN additive. Generally, the smooth lithium form is considered

as more appropriate structure for stable cycling of lithium metal
batteries than the sharp and narrow lithium morphology due to the
favorable features such as suppressing dead lithium formation and
inhibiting electrolyte decomposition during the lithium deposition/
stripping cycling.38,39 Furthermore, the smooth morphology of
lithium deposition is more beneficial for battery safety since it can
reduce the probability of dendrite penetration into the separators
which can result in cell short circuit and thermal runaway.2,40,41

Thus, the cycling improvement in the Li/Li and NCM523/Li cells
with the LiBF3CN-containing electrolyte as shown above can be
attributed to the smooth lithium morphology. The difference of the
thickness of the SEI on the deposited lithium metal for the two
electrolyte systems is compared in Figs. 4c and 4d. Since the SEI is
very sensitive to beam damage and temperature, cryo-TEM (−180 °
C) provides more accurate information without sample damage.42

Thus, imaging of the SEI was carried out using the cryo-TEM
technique with careful inspection. The cryo-TEM images obtained
from the deposited lithium metal in the LiBF4−containing electro-
lyte reveals that a thick (≈40 nm) SEI film is formed on the lithium
metal (Figs. 4c and S5a). However, much thinner SEI films
(≈20 nm) are observed on the deposited lithium metal in the
LiBF3CN-containing electrolyte as shown Figs. 4d and S5b. This
suggests that the different electrolyte additives result in the genera-
tion of different SEI thicknesses where the reductive decomposition
of the LiBF3CN additive on lithium metal results in the generation of

Figure 3. (a) Galvanostatic cycling results obtained for NCM523/Li cells using 5 wt% LiBF4-containing electrolyte and 5 wt% LiBF3CN-containing electrolyte.
(b) Corresponding voltage profiles obtained for NCM523/Li cells using 5 wt% LiBF4-containing electrolyte. (c) Corresponding voltage profiles obtained for
NCM523/Li cells using 5 wt% LiBF3CN-containing electrolyte. (d) Rate performance of NCM523/Li cells using 5 wt% LiBF4-containing electrolyte and 5 wt%
LiBF3CN-containing electrolyte. (e) Corresponding voltage profiles of NCM523/Li cells using 5 wt% LiBF4-containing electrolyte and 5 wt%
LiBF3CN-containing electrolyte.
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a thin SEI. Generally, a thin SEI has lower resistance in which the
lithium ion diffusion through the thin SEI is faster than that through
a thick SEI.5,43 Thus, the thin SEI formed on lithium metal in the
LiBF3CN-containing electrolyte can play an important role in
improving the rate performance in addition to the decreasing the
interfacial resistance.

XPS analysis was also employed to investigate the chemical
composition of the SEI films generated on the deposited lithium
metal in the two electrolyte systems, which are provided in Figs. 5,
S6 and S7. In the C 1s spectra (Fig. 5a), both electrolyte systems
contain peaks characteristic of −CO3 (289.9 eV), −C=O (288.4 eV)
and C–O–C (286.5 eV)44 consistent with the presence the commonly
observed species such as lithium carbonate, lithium alkyl carbonates,
carboxylates, and polyethers. However, for the LiBF3CN-containing
electrolyte, the C–O–C intensity is significantly diminished, con-
sistent with a decrease in polymeric species in the SEI. In the F 1s
spectra (Fig. 5b), both electrolyte systems have similar peaks in the
range of 685–688 eV which can be deconvoluted into three
components centered at 685, 687.1 and 687.5 eV, corresponding to
LiF, B–F and LixPOyFz, respectively.

24,26,44 The O 1s and Li 1s
spectra in Figs. 5c and S6 suggest that there is more Li2O (258 eV in
O 1s, 53.7 eV in Li 1s) present in the SEI of lithium deposited from
the LiBF3CN-containing electrolyte.24,45 The B 1s spectra (Fig. S7)
have similar peak trends including B–F and B–O in both electrolyte

systems.26 In the N 1s spectra as provided in Fig. 5d, two peaks
characteristic of LiNxOy (399.9 eV) and Li3N (398.6 eV) are
observed only in the LiBF3CN-containing electrolyte.26 The XPS
results suggest that the SEI film on deposited lithium in the
LiBF3CN-containing electrolyte contains N-compounds, more
Li2O and less polymeric species while the LiBF4-containing
electrolyte generates more polymeric species without N-compounds.
The compositional differences of SEI between the two electrolyte
systems can be ascribed to the presence of the novel electrolyte
additive. During the lithium deposition, the reductive decomposition
of LiBF3CN generates a dense and robust SEI film with N-
compounds (LiNxOy, Li3N) and Li2O, which can prevent excessive
decomposition of other organic electrolyte components, resulting in
the generation of a thin SEI with less polymeric species. However, a
dense and stable SEI film is not formed with the LiBF4-containing
electrolyte due to lack of the cyano group (−CN). Thus, a thick SEI
film with more polymeric species is formed due to the continuous
decomposition of organic electrolyte components. The polymeric
SEI is softer and more porous than the inorganic SEI and the organic
species in the polymeric SEI are more soluble in the electrolyte. The
unfavorable features of polymeric SEI cause a high probability of
SEI fracture and continuous side reactions of electrolyte, resulting in
a low Coulombic efficiency and poor cycling stability.46,47 However,
LiNxOy and Li3N are well-known as fast lithium ionic

Figure 4. FE-SEM images of the deposited Li in (a) LiBF4-containing electrolyte and (b) LiBF3CN-containing electrolyte at 1 mA cm−2 for 1 mAh cm−2. Cryo-
TEM images of the deposited Li in (c) LiBF4-containing electrolyte and (d) LiBF3CN-containing electrolyte at 1 mA cm−2 for 1 mAh cm−2.

Figure 5. (a) C 1s, (b) F 1s (c) O 1s and (d) N 1s XPS spectra obtained from Li metal after 50 cycles using 5 wt% LiBF4-containing electrolyte and 5 wt%
LiBF3CN-containing electrolyte at 1 mA cm−2 for 1 mAh cm−2.
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conductors48–51 and thus beneficial SEI components. In addition, the
Li2O is beneficial for the generation of a robust and stable SEI by
preventing excessive electrolyte decomposition.52–54 Consequently,
the N-compounds and Li2O in the SEI derived from the LiBF3CN
additive are critical components which decrease the resistance of the
SEI affording stable lithium deposition/stripping and resulting in
superior electrochemical performance.

Conclusions

A novel electrolyte additive, LiBF3CN, has been synthesized and
the effect of the novel additive for lithium metal batteries has been
examined. The electrochemical tests using symmetric Li/Li cells and
NCM523/Li cells demonstrate that the LiBF3CN-containing electro-
lyte improves cycling stability and rate performance. The NCM523/
Li cells with LiBF3CN-containing electrolyte exhibit superior
capacity retention with 98.4% after 300 cycles while the capacity
retention in the LiBF4-containing electrolyte degrades continuously
during cycling. The improved electrochemical performance can be
attributed the favorable role of the LiBF3CN electrolyte additive for
lithium deposition behavior. The thin (≈20 nm) and robust SEI film
including N-compounds (LiNxOy, Li3N) and Li2O derived from
reductive decomposition of LiBF3CN affords stable lithium deposi-
tion/stripping with low resistance, resulting in significantly improved
electrochemical performance.
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