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Abstract: The solid electrolyte interphase (SEI) film plays a significant role in the capacity and storage
performance of lithium primary batteries. The electrolyte additives are essential in controlling the
morphology, composition and structure of the SEI film. Herein, fluoroethylene carbonate (FEC)
is chosen as the additive, its effects on the lithium primary battery performance are investigated,
and the relevant formation mechanism of SEI film is analyzed. By comparing the electrochemical
performance of the Li/ AlF; primary batteries and the microstructure of the Li anode surface under
different conditions, the evolution model of the SEI film is established. The FEC additive can decrease
the electrolyte decomposition and protect the lithium metal anode effectively. When an optimal 5%
FEC is added, the discharge specific capacity of the Li/ AlF3 primary battery is 212.8 mAh g_l, and
the discharge specific capacities are respectively 205.7 and 122.3 mAh g~ ! after storage for 7 days at
room temperature and 55 °C. Compared to primary electrolytes, the charge transfer resistance of the
Li/ AlF3 batteries with FEC additive decreases, indicating that FEC is a promising electrolyte additive
to effectively improve the SEI film, increase discharge-specific capacities and promote charge transfer
of the lithium primary batteries.

Keywords: fluoroethylene carbonate; lithium primary battery; lithium metal anode; solid electrolyte
interphase; LiF

1. Introduction

A lithium primary battery is an energy storage device with lithium metal or a lithium
alloy as the anode and manganese dioxide, thionyl chloride, carbon fluoride, iron disulfide
and aluminum trifluoride as the cathode materials. Lithium is the lightest metal, with a
low relative density (half of water), a low potential (—3.04 V) and a high theoretical specific
capacity (up to 3860 mAh g~') [1-3]. Consequently, by combining a lithium anode with
other advanced cathode materials, a specific energy of more than 400 Wh kg ! can be
easily obtained. Compared to rechargeable lithium batteries, lithium primary batteries play
an important role in the electronic industry, automation devices, aerospace and military
equipment under some special conditions, due to the portability, wide operating temper-
ature, stable discharge performance and long storage life [4-7]; however, the chemical
nature of lithium metal is very active, where it will react quickly and release hydrogen
when it encounters water, causing great safety hazards. As such, non-aqueous electrolytes,
including lithium inorganic compounds as lithium salts and organic substances as solvents,
are usually used in lithium primary batteries. These lithium salts are usually LiClO4, LiPFg,
LiBF,, LiAsFg, etc., and the generally used organic solvents are propylene carbonate (PC),
ethylene glycol dimethyl ether (DME), dimethyl carbonate (DMC), ethylene carbonate (EC),
acetonitrile (AN), tetrahydrofuran (THF) and 1,3-dioxolane (DOL) or their mixtures [8-11];
however, the unstable discharge capacity and storage performance, as well as safety issues
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caused by the harmful dendrites, volume changes, and solid electrolyte interphase (SEI)
film instability, are still challenges for the further widespread commercialization of lithium
primary batteries.

Various strategies have been proposed to solve the above problems, such as the
surface coating of the lithium metal anode and the use of electrolyte additives [12]. A
coated artificial SEI film with a high ionic conductivity can promote lithium ion transport
and improve discharge performance, while the use of electrolyte additives is beneficial
to adjust the in situ SEI film that is formed on the lithium anode surface to improve the
storage performance of the lithium primary battery. The main principle of electrolyte
film-forming additives is that during the reaction between the lithium and electrolyte, the
additive molecule gains electrons at a higher reduction potential than the solvent molecule
for forming a stable SEI film, thus preventing the electrolyte decomposition and improving
the performance of the lithium primary battery [13]. Electrolyte additives do not change
the properties of the electrolyte, but mainly act on the modification of the SEI layer, for
example, a dense and more uniform SEI film with good mechanical properties that can
resist volume deformation well, such that the battery can be used in long-term storage and
maintain stability before use. Recently, experiments and theoretical studies have proved
that the fluoroethylene carbonate (FEC) preferentially decomposes during the process
of contact with the lithium metal and forms a SEI film containing the main component
LiF and some small molecular organics [14-16]. This SEI film can effectively provide
transport paths for lithium ions, reduce the generation of lithium dendrites, and increase
the lithium ion battery performance. FEC is a well-known additive and has been widely
researched in the field of rechargeable batteries, especially regarding the regulation of the
passivation layer on the Li anode of lithium metal batteries [15,17]; however, there are few
reports on the influence of FEC electrolyte additives on the lithium primary batteries, and
the composition, structure, formation mechanism of the SEI film and the impact of FEC
additive on the lithium primary battery performance are rarely reported.

Metal fluorides (MFy) are one of the most attractive cathode candidates for lithium bat-
teries because of their high conversion potential and large specific capacity, and for the high
ionic nature of MF3 cathodes, FeFs3, TiF3, VF3 and MnF3; have been widely studied [18,19].
Aluminum fluoride (AlF;3) is a new type of promising cathode material with a high theoret-
ical specific capacity (957 mAh g~!), abundant reserve and stable properties [20]. In this
work, the lithium primary battery is assembled using AlF; as the cathode, lithium metal as
the anode and 1 M LiPFg in dimethyl carbonate (DMC) and ethylene carbonate (EC) (1:1 in
volume) with different contents of FEC as the electrolyte. The evolution of the SEI film and
the influence mechanism of the FEC additive on the composition and structure of the SEI
film formed on the lithium anode surface were systematically studied, and the effect of the
SEI film on the long-term storage properties of the lithium primary battery was revealed.
The discharge specific capacity and storage performance of lithium primary battery were
improved by the addition of FEC. After adding 5% FEC to the commercial carbonate-based
electrolyte, the assembled Li/ AlF3 primary battery displayed the highest discharge specific
capacity of 212.8 mAh g~!. Even after storage for 7 days at room temperature and at
55 °C, the assembled Li/AlF; batteries could still deliver discharge specific capacities of
205.7 and 122.3 mAh g’l, respectively. Meanwhile, the SEI film models with and without
the addition of FEC in the electrolyte were preliminary established. This research highlights
the effect of the electrolyte additive on the SEI film and is of great significance to increase
the safety and stability of the lithium primary battery, which may also provide insight to
improve the storage performance and service life of rechargeable Li metal batteries.

2. Materials and Methods

A mixture of AlF3, Super-P and PVDF (mass ratio of 80:12:8) was ground and dispersed
into N-methylpyrrolidone (NMP) to form a uniform slurry which was evenly coated on
the Al foil and then dried for 5 h at 80 °C in a vacuum oven before cutting into electrode
pieces. Subsequently, the AlF3 cathode, lithium metal anode, porous polypropylene films
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separator (Celgard 2325) and commercial LB-301 electrolyte (1 M LiPFg in EC-DMC (1:1))
were used to assemble the 2032 coin cells in the glove box. In order to study the influence of
storage time and temperature on the lithium primary batteries performance, the assembled
coin cells were respectively stored at room temperature for 1 day and 7 days, and at 55 °C
for 7 days, named as the RT-1D, RT-7D and 55 °C-7D batteries.

FEC with different mass fractions (1%, 5%, and 10%) was added to the LB-301 elec-
trolyte and stirred to form the composite electrolytes. The 2032 coin cells were assembled
in a similar way as above in the glove box, except that the composite electrolytes were used
instead of the commercial electrolyte. The assembled coin cells were also stored at room
temperature for 1 day and 7 days, named as X-RT-1D and X-RT-7D (X represents the ratio
of FEC added, such as 1% FEC, 5% FEC and 10% FEC) batteries.

An Apreo S HiVac scanning electron microscope (SEM) was used to explore the
lithium anode surface morphology. An Escalab 250xi X-ray photoelectron spectrometer
(XPS) was used to measure the valence states and a Nicolet Is50 Fourier transform infrared
spectrometer (FT-IR) was used to analyze the functional groups of the SEI film on the
surface of the lithium anode. Atomic force microscopy (AFM, Dimension Icon, Bruker,
Billerica, MA, USA) was used to examine the roughness of Li metal anodes.

Charge and discharge tests were carried out with the Neware BTS (5 V, 50 mA).
The voltage window was 1.0~4.5 V for Li/AlF3 batteries. Electrochemical impedance
spectroscopy (EIS) data were recorded with the CHI660D electrochemical workstation
(frequency range 100 kHz~100 mHz, voltage disturbance of 5 mV).

3. Results and Discussion
3.1. The Effect of Storage Temperature and Time on the SEI Film in Lithium Primary Batteries

To study the influence of storage time and temperature on the formation of the SEI
film on lithium metal in the lithium primary batteries, the surface morphologies of the
original lithium metal and the lithium anodes used in the RT-1D, RT-7D, and 55 °C-7D
batteries were analyzed and are displayed in Figure 1. Obviously, the original lithium
metal possesses a relatively smooth surface (Figure 1a). Generally, when the electrolyte
is in contact with lithium metal, the organic solvent and LiPFg in the electrolyte will be
decomposed into organic lithium salts and inorganic lithium salts [21]. Figure 1b shows
that the surface of lithium metal anode used in the RT-1D battery became more uneven,
with some gullies after being stored at room temperature for 1 day, which may have been
caused by the extrusion of the products generated by the reaction between the electrolyte
in the cracks of lithium anode surface and lithium anode [22]. With the increase of storage
time, inorganic lithium salts were found on the surface of the lithium anode used in RT-7D
battery with gradually occurring deposits in the gullies of the organic lithium salts, which
improves the flatness of SEI film (Figure 1c). In addition, lots of particles were found on
the surface of the lithium anode used in the 55 °C-7D battery stored at 55 °C for 7 days
(Figure 1d), which may be due to the intensified reaction between the electrolyte and the
lithium anode at high temperature, resulting in a large number of inorganic lithium salts.
These results indicate that the storage time and temperature can change the morphology
and composition of SEI films, and probably affect the electrochemical properties of lithium
primary batteries.

XPS characterization was used to confirm the compositions of the SEI films on the
surfaces of lithium anodes used in the lithium primary batteries. As shown in Figure 2a,
there were two peaks of ROLi (56.3 eV) and ROCO;Li (55.1 eV) in the spectra of Li 1s.
According to the Equations (1) and (2), ROLi and ROCO;Li may originate from the de-
composition reaction of EC and DMC solvent, leading to the relatively smooth surface
(Figure 1b) [23]. As displayed in Figure 2b, the peak of Li,COj3 (54.2 eV) appeared with
the increase of storage time, which could be due to a further decomposition reaction of
ROCO;,Li as in equation (3), while the peak of ROLi disappears, which may be ascribed
to the coverage of plenty of Li;COj; (Figure 1c). Compared to Figure 2b, the new peak of
LiF (55.8 eV) appears and peak of ROCO,Li disappears in Figure 2¢c, indicating that the
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high temperature of 55 °C accelerates the decomposition reaction of EC, DMC and LiPFg
(as shown in Equations (1)—(4)) [24], resulting in the formation of both Li;CO3 and LiF,
consistent with the SEM image of Figure 1d.

2 C3H403 +2e +2Li" — (CH20C02L1)2 + CH2 = CH2 (1)
C3H603 +e +Lit — CHgOCOzLi + CH3 or (CH30CO+ CHgoLi) (2)
CH,0CO,Li), ™4 1i,C05 +3 CO 3
(CH,0CO;Li), 2CO;3 ®)

LiPFg + H,O — LiF + 2 HF + PF;0 @)

Figure 1. SEM images of lithium metal foils: (a) original; (b) RT-1D battery; (c) RT-7D battery;
(d) 55 °C-7D battery.

(@) Lils (b) Lils (c) Lits

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

60 58 56 54 52 58 56 54 52 50 60 5‘8 5‘6 5'4 52
Binding Energe (eV) Binding Energe (eV) Binding Energe (eV)

Figure 2. The XPS spectra for Li 1s: (a) RT-1D; (b) RT-7D; (c) 55 °C-7D batteries.

EIS and discharge tests were carried out to analyze the impacts of various storage
conditions on the electrochemical performance of the lithium primary batteries. As shown
in Figure 3a, the distance from the origin to the left end of the semi-circular region is related
to the battery internal resistance (Rn), which characterizes the transfer of lithium ions in
the electrolyte. The diameter of the semi-circular region corresponds to the charge transfer
resistance (R.t), which characterizes the transfer of lithium ions in the SEI film [25]. The
slope of the straight line from the right end of the semicircular is ascribed to the Warburg
impedance, which characterizes the lithium ions diffusion within the bulk electrode. An
equivalent circuit (inset of Figure 3a) was used to fit the EIS curves. The Rt of the RT-1D
battery was about 337.2 (), which is lower than that of RT-7D battery (489.5 (2) and 55 °C-7D
battery (636.1 Q3). The increase of Rt in both RT-7D and 55°C-7D batteries may be caused
by the continuous accumulation of inorganic components with poor electrical conductivity
in the SEI film on the electrode surface as the storage time and temperature increase [26].
The discharge specific capacities at 0.01 C for the RT-1D, RT-7D and 55 °C-7D batteries
in Figure 3b were 57.4, 43.5 and 28.2 mAh g~!. With the increase of the storage time
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and temperature, the specific discharge capacity of the battery also decreased (Figure 3b)
and the discharge platform voltage reduced from 2.25 V to 2 V, which was caused by the
accumulation of reaction products in the SEI film and is consistent with the EIS results.
These results indicate that the storage time and temperature can change the decomposition
degree of EC, DMC and LiPF, thus adjusting the component and structure of SEI film on
the lithium anode surface, and further affecting the electrochemical performance of lithium
primary batteries.
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Figure 3. The EIS curves before the discharge test (a) and the discharge curves (b) of the RT-1D, RT-7D and 55 °C-7D
batteries. The inset in (a) is the corresponding equivalent circuit.

3.2. The Influence of FEC Additive on the SEI Film and Lithium Primary Battery Performance

FEC additives of different contents were added to the commercial electrolyte (1 M
LiPFg in 1:1 EC-DMC) to optimize the composition of the SEI film. After adding FEC in
the electrolyte, the FEC gains electrons ahead of the EC and DMC solvents to proceed
with the reduction reaction and generates LiF and small molecular organics [27]. As such,
the addition of FEC is expected to prevent the decomposition of both the EC and DMC
solvents and adjust the composition of the SEI film.

As shown in Figure 4a, after adding 1% FEC to the commercial electrolyte, fewer cracks
on the lithium anode surface could be observed when compared to the lithium anode used
in the commercial electrolyte (as shown in Figure 1b). According to the above-mentioned
reaction mechanism, the original cracks on the lithium anode surface may be filled by large
amounts of the inorganic and organic products of the reaction between the lithium anode
and FEC, especially for the inorganic LiF. The instable organic products will decompose
into Li;CO3 in the SEI film, which further decomposes into CO,. The production of gas
will make the organic layer of the SEI film loose and porous, leading to filling with LiF
particles [28]. After adding 5% of FEC to the commercial electrolyte, more decomposed
products via the reaction of FEC and lithium metal can fill the cracks on the surface of
the metal lithium. Consequently, compared to the SEM image of Figure 4a, the lithium
anode in Figure 4b exhibits a more compact surface morphology. As shown in Figure 4c, a
large number of aggregated particles unevenly cover the surface of lithium metal, which
may be ascribed to the uneven deposition of a large number of products by the reaction of
excessive FEC with lithium metal on the surface and in the cracks of lithium metal, thus
resulting in the non-uniform deposition of subsequent Li,COj3 on the LiF and part of the
organic layer. With an increasing storage time, a similar morphological evolution can be
observed from Figure Sla—c, further demonstrating that the change of FEC content can
regulate the morphology and composition of the SEI film on the lithium metal surface.
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Figure 4. SEM images of lithium anodes: (a) 1%FEC-RT-1D, (b) 5%FEC-RT-1D and (c) 10%FEC-RT-
1D batteries; (d) FI-IR spectra of lithium anodes used in RT-1D, 1%FEC-RT-1D, 5%FEC-RT-1D and
10%FEC-RT-1D batteries.

Figure 4d shows the FI-IR spectra of the lithium anodes reacted with the different
contents of FEC added electrolytes. Obviously, the absorption peaks of RT-1D battery
appeared at 725 cm ™!, 766 cm ! and 1484 cm ! (marked with dashed lines), which can
be attributed to the in-plane swing and deformation vibration of the -CHj; bond [29]. The
peaks located at 1195 cm~! and 1770 cm ™! are caused by the antisymmetric stretching of
the C-O-C bond and the stretching of the C=0O bond, respectively [30]. These absorption
peaks indicate the existence of organic products caused by the decomposition of electrolyte
or reaction with lithium metal. Some other peaks appeared in Figure 4d may be the
interference peaks caused by water, oxygen, and carbon dioxide in the air during the
test. After the addition of FEC, parts of the characteristic peaks of the organic products
shift, which may be caused by the replacement of H in organic products by F during the
decomposition of FEC [31]. Meanwhile, after the addition of the 1% and 5% FEC additives,
the absorption peaks of organic products become weaken. Especially, when the content
of the FEC additive increased to 10%, parts of the absorption peaks of organic products
even disappeared, indicating a decrease in organic products, which may be caused by the
coverage of inorganic products originated from the reaction between excessive FEC and
lithium metal.

XPS characterization was used to further verify the composition and content of the
surface of the SEI film. In Figure 5a,b, only the ROLi (56.3 eV) and ROCO;Li (55 eV) peaks
appear in the Li 1s peak (similar to Figure 2a). This may be due to the fact that the LiF
particles that originated from the reaction between the added FEC and lithium metal were
deposited into the porous structure of SEI film and were undetectable on the surface. In
Figure 5c, the ROLi peak disappears and is replaced by the LiCOj3 peak (54.2 eV), which
can be ascribed to the coverage of LiyCO3 produced by the decomposition of the organic
ROCO;Li on the surface of organic layer. These results indicate that the main organic
components on the lithium metal surface are still ROLi and ROCO,Li after adding FEC in
the commercial electrolyte; however, if the FEC content is too high, it will react with the
lithium anode to produce excess LiF, which will accumulate on the lithium metal surface,
causing the subsequent decomposition product Li;COj3 to deposit unevenly on LiF, thus
showing the exposed Li,COj particles on the SEI film surface. This is consistent with the
previous SEM investigation (Figure 4c).
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Figure 5. XPS spectra of Li 1s and C 1s in 1% FEC-RT-1D battery (a,d), 5% FEC-RT-1D battery
(b,e) and 10% FEC-RT-1D battery (c,f).

Accordingly, the C-F (290.1 eV), C=0 (285.9 eV) and C-C (284.8 eV) peaks of the C 1s
spectra appear in Figure 5d,e; however, the C-F peak disappears and is replaced by the peak
of LiyCO3 (290.2 eV) in Figure 5f, which is also due to the coverage of LiyCO3 caused by the
decomposition of ROCO,Li. The added FEC can precede the electrolyte components of the
decomposition, thus replacing them as the main source of F-C formation and inhibiting the
decomposition of the electrolyte [32], which is beneficial to increase the lithium primary
battery performance. When the content is increased to 10%, the FEC will react with lithium
metal, causing too many inorganic products to be deposited on its surface, thereby covering
the organic layer, which is consistent with the above SEM and FT-IR analyses.

Atomic force microscopy (AFM) was used to evaluate the roughness and flatness of
the SEI film on Li anode from Li/ AlF; batteries both with and without the FEC additive.
As shown in Figure 6a, the surface of the original fresh Li foil is composed of some
agglomerated particles. Figure 6b shows that the surface of the Li anode disassembled
from the RT-1D battery is covered by some small particles formed by the decomposition
of electrolyte, indicating that the SEI layer formed on the Li anode surface without the
additive is not uniform and compact [33]. In contrast, the surface of the lithium anode
from the 5% FEC-RT-1D battery is composed of far smaller particles and became far more
uniform and denser, as shown in Figure 6c. From the three-dimensional morphologies of
Figure 6d—f, the root-mean-square roughness (Rq) and average roughness (R,) of original
lithium metal foil, Li metal anode from RT-1D battery and Li metal anode from the 5%
FEC-RT-1D battery were respectively 20.1 nm and 16.4 nm, 15.2 nm and 12.0 nm and 7.8
nm and 5.9 nm, further indicating that the roughness of the Li anode surface of the 5%
FEC-RT-1D battery was greatly decreased and the formed SEI layer was far more uniform.
Consequently, when the 5% FEC additive was introduced in the electrolyte, the surface
of the Li anode of the lithium primary battery after storage was uniformly covered by the
dense and uniform SEI film, and the battery performance is thus expected to improve from
the reduced corrosion and increased protection of the Li anode.

To verify the protective effect of the FEC additives on the lithium anode and the
positive impact on the lithium primary battery performance, the corresponding EIS and
discharge specific capacities were measured and are shown in Figure 7. Figure 7a,b show
the Rt values of the lithium primary batteries with different FEC additives before the
discharge test. The Rt values of lithium primary batteries RT-1D, 1%-RT-1D, 5%-RT-1D
and 10%-RT-1D were 665, 377, 396 and 681 ohms, respectively. After adding 1% and 5%
FEC to the commercial electrolyte, the change in Rt was significantly reduced, indicating
that an appropriate addition of FEC can control the composition of the SEI film produced
on the surface of lithium anode and optimize the R value of the lithium primary batteries;
however, the addition of 10% FEC increases the Rt value of the lithium primary battery.
This phenomenon might originate from the fact that the reaction of excessive FEC with the
lithium anode greatly increases the formation of organic and inorganic products, making
the transmission of lithium ions more difficult, thereby increasing the charge transfer
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resistance and reducing the discharge specific capacity of the lithium primary battery.
The discharge specific capacities shown in Figure 7c further verify this point. The results
indicate that the FEC additives can effectively increase the discharge specific capacities
of lithium primary batteries due to a greater number LiF particles originating from the
decomposition of the FEC compared with commercial electrolyte, which can conduct
lithium ions more easily than organic products due to their lithophilic nature [34,35]. When
the addition of FEC increased from 1% to 5%, the discharge specific capacity at 0.01 C of the
lithium primary batteries increased from 93.0 to 212.8 mAh g~!, but when the FEC content
further increased to 10%, the excessive FEC reacts with the lithium anode to produce more
unstable organic products which can be decomposed into Li;CO3 and CO; on the lithium
metal surface, making the organic layer of the SEI film looser and more porous and thus
unable to effectively protect the metal lithium. In addition, the continuous progress of
the reaction will cause the continuous accumulation of products, thicken the SEI film and
extend the migration distance of Li* on the lithium anode surface during the discharge test.
As such, the 10% FEC-RT-1D battery displays a decreased discharge specific capacity of
23.0 mAh g~! compared to that of the 5% FEC-RT-1D battery. As shown in Figure 7d, the
specific discharge capacities of the 5% FEC-RT-1D, 5% FEC-RT-7D and 5% FEC-55 °C-7D
batteries were 212.8,205.7 and 122.3 mAh g~ !. As such, an appropriate addition of FEC
in the commercial electrolyte can contribute a protective effect on the lithium metal, thus
improving the electrochemical performance of the lithium primary battery.

Figure 6. AFM images of the lithium metal foils: (a,d) original; (b,e) RT-1D battery; and (c,f) 5%
FEC-RT-1D.

In order to further verify the composition distribution inside the SEI films of the
RT-7D and 5% FEC-RT-7D batteries, corresponding X-ray photoelectron spectroscopy (XPS)
depth curves were collected and are shown in Figures S2 and 8. Figure S2a,b display the
relationship between the etching depth and atomic concentration distribution in the SEI
film of the lithium metal anode. Within the top 10 nm etching depth, the C content in
the SEI layer decreases sharply, corresponding to the decrease of organic components in
SEI [36]. As the etching depth continues to increase, the contents of C, F, O and Li elements
in the inorganic layer become stable, as shown in Figure S2b. The C 1s and Li 1s spectra
(Figure S2c,d) indicate that the surface of SEI film is mainly composed of ROCO,Li (C 1s:
2859 eV and Li 1s: 55 eV) and ROLi (Li 1s: 56.3 eV) organic species. After removing
the top layer of the SEI film, the signal of ROCO,Li in C 1s disappears, but another peak
representing CO32~ appears at 290.2 eV. Correspondingly, the main species in Li 1s have
changed from ROLi and ROCO,Li in the top surface layer to LiyCOj3 (54.6 eV) and LiF
(55.8 eV) under the top layer [37]. Meanwhile, the LiF content shown in Figure S2e first
increases and then decreases as the depth of the SEI film increases. Thus, it can be inferred
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that the outermost part of the SEI film on the lithium anode surface of RT-7D battery is a
fluffy organic layer (mainly lithium alkyl carbonate), where the adjacent component of the
organic product is LiF layer and the inner part of LiF layer near lithium metal is a layer of
Li,COjs (Figure 9a).
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Figure 7. (a) The EIS plots, (b) Rct values, and (c¢,d) discharge curves of the lithium primary batteries
with different FEC additives.

Similarly, Figure 8a,b show the relationship between the etching depth and the atomic
concentration distribution of the SEI film in the FEC-RT-7D battery. The C content in the
SEI film shows a sharp decrease in the first 10 nm depth and gradually remains stable,
indicating a gradual decrease of the organic component in the SEI film. In addition, the
inorganic components including LiF and Li;COj3 gradually increase with the increase of the
etching depth. Detailed analyses of the C 1s and Li 1s spectra are shown in Figure 8c,d, and
the results indicate that the SEI film surfaces are mainly composed of organic ROCO,Li
and ROLi components. In the subsequent etching, the ROCO;Li peak disappeared in C 1s,
confirming the disappearance of the organic layer and the appearance of the inorganic
layer at this time. Similarly, the dominant substances in the Li 1s spectrum change from
ROLi and ROCO;Li to Li;CO3 and LiF. Combining the change of LiF content in Figure 8e,
it can be found that the percentage of LiF content first decreases and then increases with
the increased etching depth, indicating that it is mainly distributed on the side of the SEI
film near the organic layer and on the side near the lithium metal, which is consistent with
the SEM characterization.

From the XPS characterization and FT-IR, it can be deduced that the SEI film on the
surface of lithium anode of 5% FEC-RT-7D battery can be described by a fluffy organic
layer (mainly alkyl lithium carbonate) on the outer side, while the inorganic layer can be
roughly divided into three layers, with LiyCOj in the middle part and LiF layer on the side
near the organic layer and on the side near the lithium metal (as shown in Figure 9b). The
high LiF content of the SEI film can reduce the impedance of the electrode interface film
and effectively reduce the diffusion impedance of Li*, thus increasing the performance of
the lithium primary battery [17].
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Figure 8. The surface chemistry of the 5% FEC-RT-7D battery investigated by XPS. The evolution
profiles of the (a) atomic percentages and (b) relative elemental intensities along the depth direction
are shown. XPS spectra of (c¢) C 1s and (d) Li 1s along the depth direction. (e) The distribution of LiF
along the depth direction.
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Figure 9. Schematic diagram of SEI film formation on the lithium metal anode with the FEC additive: SEI film model

generated by the reaction between lithium metal with commercial electrolyte (a) and 5% FEC (b).

4. Conclusions

In summary, FEC has been used as an electrolyte additive to adjust the SEI film
characteristics of a lithium anode and enhance lithium primary battery performance. The
structure and composition of the SEI layer generated on the lithium metal surface can be
optimized by an appropriate amount of FEC electrolyte additives in order to significantly
improve the storage performance of Li/AlF; primary batteries. The FEC additive can
improve the specific capacity of the lithium primary battery because of the decomposed,
small and dense LiF particles, which can not only provide better protection to the lithium
metal, but also conduct lithium ions due to their lithophilic nature. When the FEC content
is 5%, an appropriate amount of FEC reacts with the lithium metal before the solvent in
the electrolyte to form LiF and small molecular organic compounds. These products can
improve the Li* transport on the lithium surface and change the structure and composition
of the SEI film during the discharge process. In particularly, the increase of the LiF particles
in the inorganic layer can make the SEI film dense, thereby preventing further contact and
reaction of lithium metallic and electrolyte. Consequently, the storage performance of the
lithium primary battery may be significantly improved when using a 5% FEC additive. A
FEC-assisted SEI formation strategy is effective to improve electrochemical performance
and safety and is a promising technique to be applied to lithium primary batteries, which
may be also beneficial for improving the usage and storage characteristics of rechargeable
lithium metal batteries.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/en14227467 /s1. Figure S1: SEM images of lithium anodes used in (a) 1%FEC-RT-7D, (b) 5%FEC-
RT-7D and (c) 10%FEC-RT-7D batteries. Figure S2: The surface chemistry of RT-7D battery investi-
gated by XPS. The evolution profiles of (a) atomic percentages and (b) relative elemental intensities
along the depth direction. (c,d) XPS spectra of C 1s and Li 1s along the depth direction. (e) The
distribution of LiF content along the depth direction.
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