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Abstract: Lithium metal anodes have again attracted widespread attention due to the continuously
growing demand of cells with higher energy density. However, the lithium deposition mechanism
and the affecting process of influencing factors, such as temperature, cycling current density, and
electrolyte composition are not fully understood and require further investigation. In this article,
the behavior of lithium metal anode at different temperatures (25, 40, and 60 °C), lithium salts,
electrolyte concentrations (1 and 2 M), and the applied cell current (equivalent to 0.5 C, 1 C, and
2 Q). is investigated. Two different salts were evaluated: lithium bis(fluorosulfonyl)imide (LiFSI)
and lithium bis(trifluoromethanesul-fonyl)imide (LiTFSI). The cells at a medium temperature (40 °C)
show the highest Coulombic efficiency (CE). However, shorter cycle life is observed compared to
the experiments at room temperature (25 °C). Regardless of electrolyte type and C-rate, the higher
temperature of 60 °C provides the worst Coulombic efficiency and cycle life among those at the
examined temperatures. A higher C-rate has a positive effect on the stability over the cycle life of
the lithium cells. The best performance in terms of long cycle life and relatively good Coulombic
efficiency is achieved by fast charging the cell with high concentration LiFSI in 1,2-dimethoxyethane
(DME) electrolyte at a temperature of 25 °C. The cell has an average Coulombic efficiency of 0.987
over 223 cycles. In addition to galvanostatic experiments, Electrochemical Impedance Spectroscopy
(EIS) measurements were performed to study the evolution of the interface under different conditions
during cycling.

Keywords: lithium battery; temperature dependency; ether based electrolyte, insitu deposited
lithium-metal electrode; Coulombic efficiency; lithium deposition morphology

1. Introduction
1.1. Motivation

Lithium metal has always been one of the most attractive candidates for anode ma-
terials in lithium batteries. This is due to its potential to extend the energy density of
conventional lithiumion batteries. State-of-the-art Li-ion cells, depending on the cell chem-
istry, can deliver a specific energy density of 130 Wh-kg~! to 250 Wh-kg ! [1]. This is
already behind the U.S. Department of Energy’s (DOE) target for advanced batteries for
electric vehicles [2]. Lithium has a theoretical specific capacity of 3860 mAh-g~! and
a higher redox potential of ¢r;| |5, = —3.04 V versus standard hydrogen electrodes in
comparison to electrodes based on graphite. This means using lithium (Li) instead of
conventional intercalating anode materials like graphite (LiCg), which has a theoretical
specific capacity of 372 mAh-g~! that can increase the specific energy and volumetric
energy density of cells significantly. In one study, researchers reported a 35% increase in
specific energy and 50% increase in volumetric energy density when the graphite electrode
is replaced with a Li metal electrode [3]. In addition to the aforementioned change in
electrode material, they considered a solid electrolyte for the Li-metal cell and a liquid
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electrolyte for the conventional Li-ion cell in their estimates [3]. However, commercializ-
ing Li-metal batteries has been paused due to various challenges in both production and
performance of lithium cells [4]. The issues with the production are that the Li surface is
highly reactive and sensitive to humidity, oxygen and nitrogen, which are all present in the
air atmosphere [5,6]. The challenges of the performance are given by the unstable and dif-
ferent Li growth morphology, low Coulombic efficiency, and considerable volume change
during cycling [1]. Lithium metal cannot be utilized with known carbonate electrolytes
because its electrochemical potential causes the electrolyte to continuously decompose until
a passivating solid electrolyte interface (SEI) is built up [7]. One approach to utilizing the
Li-metal is creating a stable and uniform SEI layer on the lithium surface that can withstand
significant volumetric changes of Li during cycling. This is of critical concern to ensure
safe and efficient lithium metal cells. Local variations in the SEI layer’s composition might
cause uneven Li deposition, resulting in changes in Li-ion conductivity across the electrode
or SEI rupture, which can facilitate the creation of Li dendrites. Another approach is to use
solid membranes, such as solid polymer electrolytes (SPE), which are less reactive to the
Li [8] and their soft nature could withstand the extensive volume change of the Li anode [9].
In this study we focus on compatible liquid electrolytes in lithium cells. More experiments
investigating the influence of different electrolyte compositions and the cycling conditions
on effective SEI layer formation are much needed.

1.2. Relevant Literature

The high reactivity of metallic Li, which causes difficulty during the production
process, can also be a source of performance challenges. Potential corrosive reactions at
the surface of Li metal often lead to an increase in interfacial resistance, a reduction in
Coulombic efficiency (CE) and a poor lifetime. Additionally, the large volume expansion
of the electrode during repeated Li deposition/dissolution will seriously deteriorate the
interfacial stability and in general increase the gap between theoretical and practical
energy density of the Li cells. Continuous interface reactions, together with the surface
enlargement due to new depositions, consume the fresh Li more and more during the cycle
life of an Li metal anode. This means that an excess of lithium and electrolytes are strongly
needed to increase the cycle life and improve the stability of Li metal cells [10]. There are
studies implying that 20% is the optimum excess of lithium; a greater excess of lithium
will increase the possibility of side reactions and consequently shorten the cycle life of the
cells [11]. This required excess of Li and electrolytes is another limitation to increasing
practical energy density in Li-metal cells.

The function and properties of Li cells are strongly dependent on the growth mor-
phologies. However, predicting the kinetic structures is difficult as they are influenced
by different parameters. There are studies [12-15] investigating the parameters that have
an influence on the shape, morphology and growth of metal particles. Tao Yang et al. [12]
proposed three different growth modes: reaction limited, diffusion limited and the so-
called reaction—diffusion balance mode. The reaction limited mode is dominated by a slow
reaction rate. The reaction in the case of Li cells, which is the focus of this paper, is the
nucleation and transformation of an Li ion to deposited Li metal:

Lit +e — Li. (1)

The slow reaction rate combined with a sufficient mass transport diffusion in the
electrolyte from the cathode to the Li metal anode leads to a rich concentration of reactants
(Li ions) around the nucleus which further leads to a classic crystallization process. The
diffusion limited mode is dominant if the reaction rate is much faster compared to the mass
transport diffusion, which causes a lack of reactants around the nucleus. In both mentioned
conditions—reaction limited and diffusion limited—the particles’ growth is slow. However,
in the reaction—diffusion balance mode, the morphology is dendritic and the growth speed
is fast. In this region, there is a concentration gradient around the nucleus. Yang and his
group [12] examined the morphology evolution on silver, gold and copper, coming to the
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same conclusion that the relation between diffusion and reaction rate is the key factor in
predicting the shape of particle growth. With this as the background, the importance of
operation temperature and applied current, as the key kinetics definers for the performance
of lithium metal anodes, should be emphasized.

There are studies showing that a local temperature rise can have healing effects on Li
dendrites at different current densities [13,14]. By increasing the temperature, the diffusion
of Liions in the bulk of the electrolyte will be faster [15]; therefore, based on Tao Yang's
model, in comparison to the cell performed at T = 25 °C, elevated temperature should
move the cells either in the direction of reaction limited or to a balanced region. Yehu
et al. [13] investigated the temperature influence on the stability and efficiency of the Li
metal anode. They found out that in their studied system, temperature rise has a positive
influence on the efficiency and life time of the cells. They also studied the impact of
different temperatures and electrolyte compositions on the morphology of Li depositions.
They found out that bigger Li spheres form at the initial stage of deposition at elevated
temperatures, leading to a lower specific area of plated Li and consequently to reducing
the probability of dendritic formation [13].

At the same time, there are studies showing that the temperature rise leads to more
unstable lithium deposition [16-18]. The structural uniformity and mechanical strength of
the Solid Electrolyte Interface (SEI) play important roles in defining the type of deposition
as they directly influence the dynamic of Li plating and stripping [19]. As the SEI layer
consists of reduced and decomposed electrolyte components, different electrolytes induce
totally different SEI layers. One influencing component in the electrolyte is the used Li salt.
The salt lithium hexafluorophosphate LiPFg exhibits poor thermostability [20]; Lithium per-
chlorate LiClOy can strongly oxidize the Li metal [21] and causes low safety. An alternative
salt given by lithium bis(fluorosulfonyl)imide (LiFSI) is reported to form a robust SEI pro-
tecting layer [22]. In this work, the influence of LiFSI and lithium bis(trifluoromethanesul-
fonyl)imide (LiTFSI) and their concentrations in electrolytes on the cycle life of Li metal
cells is studied.

1.3. Structure and Technical Contribution

In this article, the influences of temperature, C-rate, type, and concentration of Li salt
in the electrolyte on the lithium deposition were studied. A variety of electrolytes including
LiFSI in 1,2-dimethoxyethane (DME) with a molar concentration of ¢ = 1 M, LiFSI in DME
with ¢ = 2 M and lithium LiTFSI in DME, also with a concentration of ¢ = 1 M, were
investigated. In addition to the Coulombic efficiency, EIS measurements were carried out
to evaluate the stability and aging behavior. The best performance is achieved by a high
concentration of LiFSI-DME electrolyte at 25 °C. The remainder of this article is structured
as follows. Section 2, presents the materials and methods for evaluating the degradation
of the cells. The cell preparation, the measurement procedure and matrix are discussed
in detail. The results of the conducted experiments, including the data on the Coulombic
efficiency and the Electrochemical Impedance Spectroscopy (EIS) measurements, are shown
and discussed in Sections 3 and 4. Finally, an outlook of the future work and a conclusion
are given.

2. Materials and Methods

In this section, the preparation of the cell structure consisting of the electrolyte and
the electrodes will be discussed first. Thereafter, the measurement procedure of the cycling
tests and the boundary conditions of the conducted experiments will be presented.

2.1. Material and Cell Preparation

Electrolytes preparation: LiTFSI and LiFSI (with a chemical purity of xytpsy Lirst > 99%,
manufactured by Ionic Liquid Technologies GmbH (Heilbronn, Germany), were purchased
and used as received. The electrolyte DME with a chemical purity of xpypE > 99% manufac-
tured by Thermo Fisher GmbH (Kandel, Germany) was used as the solvent. Three different
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ether-based electrolytes were prepared as follows: (1) LiTFSI 2M in DME, (2) LiFSI 2M in
DME and (3) LiFSI 1M in DME.

Electrode preparation: An oxygen-free copper (Cu) foil from SCHLENK Metal Foils
GmbH & Co. KG. (Roth, Germany) with a thickness of ¢, = 6 pm was purchased and
used as received. Current collector (CC) disks with a diameter of dcc = 18 mm were
punched out of the foil to be used as working electrodes. Lithium metal foil manufactured
by Sigma Aldrich (St. Louis, MO, USA) with a thickness of Ay ¢o;1 = 320 pm was used as
the counter electrode. The lithium surface was cleaned of an oxide layer before punching.
Disks with a diameter of dp; ¢ = 18 mm were made. All handling was performed inside
an argon-filled glove box from M. Braun Inertgas-Systeme GmbH (Garching, Germany)
with an oxygen (O,) and water (H,O) concentration co, 1,0 < 0.5 ppm. Both counter and
working electrodes had an effective surface area of A = 2.54 cm?.

2.2. Cell Degradation Experiments

Cell degradation experiments were conducted using EL-CELL PAT-Cell cases manufac-
tured by EL-Cell GmbH (Hamburg, Germany). Before cell assembly, Cu current collectors
were dried under vacuum for f4,, = 16 h at Ty,y = 120 °C and were transferred into the
glove box. Celgard 2500 from Celgard (North Carolina, USA) was used as a separator
and was also dried under vacuum for ¢4,y = 16 h at Ty, = 80 °C prior to use. Prepared
electrolytes were poured on both sides of the separator and the amount was determined
depending on the measurement temperature and applied current density. For the mea-
surements performed at Tce = 25 °C, an electrolyte amount of V. = 50 pL was used
for the current densities of ] = 0.5 mAh - cm 2 and | = 1 mAh-cm 2. The amount of
electrolyte was increased to V. = 100 uL for the experiments with an applied current
density of ] =2 mAh-cm—2. Regardless of current density, Vo = 100 nL was used for the
measurements at T = 40 °C and T = 60 °C.

In order to evaluate the degradation behavior, cycling tests were conducted. A segment
of the measurement procedure is visualized in Figure 1 with a C-rate of Icey = 1C. The
current is presented in Figure 1a and the corresponding voltage in Figure 1b.
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Figure 1. Segment of the measurement procedure of the conducted cycling tests example at Icey = 1 C.
The current data are presented in (a) and the corresponding voltage data are visualized in (b). Before
the first cycle and after each 20 full charge/discharge cycles, EIS measurements were conducted.
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The tests were conducted using a battery cell tester from Basytec GmbH (Asselfingen,
Germany) in combination with a Reference 3000 from Gamry Instruments (Warminster,
PA, USA) in a climate chamber manufactured by Memmert GmbH (Schwabach, Germany).
Prior to cycling, cells were relaxed at the considered measurement temperature for t =4 h
to achieve a homogeneous electrolyte distribution and a steady state temperature. The
Cu/Li cells showed an open circuit potential (OCP) of Upcp ~ 2.7 V which is observable
during the relaxation period in the first 4 h of the procedure.

The cells were continuously charged and discharged at the considered C-rate with the
maximum voltage limit of Unax = 1.5 V. In this set of experiments, no minimum voltage
limit (Upin) was defined and instead the specified time period based on the applied current
density limited the discharge process. The cells were not relaxed between the charge and
discharge cycles. After each 20th full charge/discharge cycle the impedance of the cells was
evaluated via EIS measurements. To consider the initial impedance behavior of the cells, an
EIS was also conducted after the first deposition period (discharge process) prior to 20 full
cycles repetition. The segment including the 20 full cycles and the EIS was repeated up to
20 times depending on the degradation level of the cells.

The cell current and the cell voltage were controlled and captured by the mentioned
battery tester. The EIS measurements were conducted using the Reference 3000 from Gamry.
The frequency of the EIS was varied between fgis min = 0.1 Hz and fgis max = 100 kHz.

The purpose of this article is to investigate the influence of the C-rate, cell temperature,
used salt and salt concentration on the aging behavior of the cells. The set boundary conditions
of the conducted experiments are given by the measurement matrix in Figure 2. The different
salts used are separated by color; orange measurement points correspond to experiments
with LiTFSI and for the measurement points colored blue, LiFSI was used as the salt.

Y 60
/ oLiFSI
Tean/°C — . LiTFSI
/! 140
¢ |/
| 1,
¢------L-4o
y /125
|4 I
0.5 -f------~ [ ¢
Rt
// : II
/ 17
2 -l e ¢
1 2 Concentration /M

C-rate/h™!

Figure 2. Matrix of the conducted measurements. For the salt LiFSI the c-rate was varied with
1e{0.5,1,2} C at a salt concentration of ¢ = 2 M and a cell temperature of Tcey = 25 °C. The
temperature was varied with Tee = {25,40, 60} °C at the same concentration and Ie{1,2} C. Ata
concentration of ¢ = 1 M measurements at [ = 1 C and T = {25,40,60} °C for two salts: LifTSI
and LiFSI.

As presented in the measurement matrix, the C-rate was varied with Ic.;€{0.5,1,2} C
in order to evaluate the influence of the C-rate. For the current stress of I €{1,2} C the
cell temperature was varied with T = {25,40,60} °C. All mentioned measurements
were conducted with LiFSI and a salt concentration of ¢ = 2 M. To evaluate the impact of
the salt and salt concentration experiments at a molar concentration of c = 1 M and two
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different salts—LiFSI (blue) and LiTFSI (orange)—were performed. Some measurement
points were repeated in order to check the reproducibility and to determine the standard
deviation of the experimental data due to the measurement setup, procedure and cell
production. The number of measurements for each measurement point is listed in Table 1.

Table 1. Number of measurements for each condition considered.

LiFSI LiTFSI
2C 1C 05C 1C
25°C #1 #3 #3
2M 40°C #1 #2
60 °C #1 #2
25°C - #1 - #1
1M 40 °C - #2 - #1
60 °C - #2 - #2

3. Results

In this section, the results of the experimental data will be presented. First, the
reproducibility will be analyzed. Thereafter, the influence of the C-rate, temperature and
electrolyte composition will be shown.

3.1. Reproducibility of Measurements

To validate the reproducibility of the galvanostatic cycling measurements on Cu/Li
cells for selected points in the measurement matrix, up to three different EL-CELLs with
exactly the same cell chemistry were assembled and the cycling results of the conducted
measurements were compared (see Table 1). As an example, the cycling results of three
cells at one specific measurement point are illustrated in Figure 3, with the areal capacity
in Figure 3a and the Coulombic efficiency in Figure 3b. The cells contained LiFSI based
electrolyte with a concentration of ¢ = 2 M in DME and the measurements were performed
at a current density of ] = 1 mAh-cm ™2 and a temperature of Tcg = 25 °C.

(a) (b)
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Figure 3. Galvanostatic cycling performance of three identical cells with Cu/Li structure. Electrolyte
used in all cells is LiFSI 2M in DME. (a) areal capacity and (b) Coulombic efficiency over life time is
shown for cells running at Tcey = 25 °C with the current density of ] = 1 mA-cm 2.

Both the areal capacity (Figure 3a) and the Coulombic efficiency (Figure 3b) of all three
cells show a high comparability at the first 100 cycles. This is indicated by the calculated
standard deviation of ocg £ 0.005 for the Coulombic efficiency and the corresponding value
of 0a cap = 0.011 mAh - cm~2 for the areal capacity. Only cell 1 shows an instability from
cycle number 80 onward, which is not the case for cell 2 and cell 3. The ideal discharge
capacity that the cells could reach is 1 mAh-cm~2. The average Coulombic efficiency of
HCE-mean =~ 0.99 indicates the average areal capacity with a value of 0.99 mAh-cm~2 as



Batteries 2021, 7, 67

7 of 15

well. For cell 1 there were four cycles which had a areal capacity and Coulombic efficiency
above the theoretical maximum: ycg > 1. It has been reported that micro shorts can
happen during the Li deposition period using Li metal electrodes, which could be seen as
tiny fluctuations in the voltage behavior of the cell [23]. The micro shorts happen when
local dendrites can penetrate through the separator and contact the other electrode. In
these cases, the cell locally experiences the occurrence of charge and discharge processes
simultaneously. Due to this effect, the cell could show a longer deposition period, as
under normal conditions, causing values above the theoretical maximum. In the following,
only the Coulombic efficiency is presented and discussed as the areal capacity and the
Coulombic efficiency correlate to each other.

3.2. Influence of C-Rate

In Figure 4, the influence of the C-rate on the Coulombic efficiency is presented for
the measurements using LiFSI with a concentration of ¢ = 2 M and varying C-rates of
ICe11€{0.5, 1,2} Cat TCell =25°C.

L1l e
r .« 05C
~ 105 F » 1cC °
3 r e 2C
L]
> [ .. o . .
< 1Fat ® o o - ..“. -
— o .
2 :i -'m... . w..r 2N ‘.
S [e © ., .'.....o...
o 0.95 |-e ° ce * . o Se -
a o ° . . ‘:.'
§ . . e
—_— L]
3 09F T=25°C s
© Electrolyte: LiFSI 2M in DME
0.85-'"""""""""'"""""""'

0 50 100 150 200 250 300 350
Cycle number n/ -

Figure 4. Galvanostatic cycling performance of cells with Cu/Li structure using LiFSI 2M in DME as
the electrolyte. Cells are run each with an individual C-rate of I €{0.5,1,2} C and are shown with
orange, black and blue colors, respectively. The cell temperature for all three experiments was set to
Tcen = 25°C.

Interestingly, the cycling results presented in Figure 4 show that increasing the current
density of charging and discharging positively influence the cyclability of insitu deposited
lithium electrodes. All three cells during the initial cycles have a relatively low Coulombic
efficiency which increases gradually with increasing cycle number for all three cells until
a Coulombic efficiency of 17cg ~ 0.99 is reached. This could be caused by a rapid SEI
formation during the initial cycles. Interface reactions consume electrolytes and a part of
the cyclable Li, which negatively influences the Coulombic efficiency during the formation
cycles, as can be seen in Figure 4. The cell with the lowest C-rate (Icey = 0.5 C), which is
highlighted with the orange color, illustrates an instability at the early cycles (y7cg > 1).
Further, a fast drop of the Coulombic efficiency was found and already after 50 cycles
the cell reached an efficiency below the set threshold value of 57cg < 0.95. Due to this
reason, the cycling of the cell was stopped after 100 cycles. The cell with the medium
C-rate (Icey = 1 C) presented in the black color is more stable at the first cycles and the
Coulombic efficiency of the cell is very high with cg ~ 0.99 for the first 160 cycles. This
leads to an increase of the maximum number of cycles by a factor of 3.2 compared to the
cell cycled at Ice = 0.5 C. Finally, the cell with the highest C-rate (Ice = 2 C, blue) shows
the most stable behavior. This is visible in the Coulombic efficiency, which drops below the
set reference value of 1cg < 0.95 not until the 220th cycle.
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3.3. Influence of Temperature

In order to investigate the effect of temperature on the kinetics of Li deposition and
consequently the stability and cyclability of insitu deposited lithium electrodes, experiments
were performed at three different temperatures with Tcey = {25,40,60} °C on the Cu/Li
cells using LiFSI with a concentration of ¢ = 2 M in DME as the electrolyte. The Coulombic
efficiency results obtained from cycling tests are shown in Figure 5. Two different C-
rates of Icee{1,2} C were investigated, and the corresponding results are displayed in
Figure 5a,b, respectively. The cells cycled at a temperature of T = 25 °C are presented
in the orange color, the results at Ty = 40 °C and T = 60 °C are visualized in black
and blue colors, respectively.

(a) (b)
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Figure 5. Cycle performance of cells with Cu/Li structure having LiFSI 2M in DME as the electrolyte.
(a) Cells are running with the C-rate of Iy = 1 C and each at the different temperatures of
Tcen = {25,40,60} °C shown in orange, black and blue colors, respectively. (b) Cells are running
with the C-rate of Ice = 2 C and each at the different temperatures of Tce = {25,40,60} °C shown
with orange, black and blue colors, respectively.

In both investigated C-rates, the most stable cycling results were reached at a temper-
ature of T = 25 °C. At this temperature, the cell cycled with Ice; = 1 C shows 160 smooth
cycles with a high average Coulombic efficiency of ycg > 0.99. After 160 cycles the
Coulombic efficiency drops below the threshold value of #jcp < 0.95. The cell cycled at
Tcen = 40 °C shows an instability at earlier cycles and reached a Coulombic efficiency
of cg < 0.95 already after 130 cycles. The worst cycling performance was obtained at a
temperature of T = 60 °C. The instability starts at the initial cycles and no smoothing
behavior, as was found at Tcep = 40 °C, could be achieved during the 70 cycles for which
the cell was running. The same trend is observable for the cells running with a C-rate of
Icenn = 2 C. The positive influence of higher C-rates is reflected in an increase of the number
of cycles reached for all three cells at the considered temperatures.

3.4. Influence of Salt, Concentration and Temperature

Motivated by the enhanced cycle life at lower temperatures of the cells containing
LiFSI with a concentration of ¢ = 2 M in the DME electrolyte, the influence of the salt
concentration and the used salt on the degradation was investigated. Therefore, the
concentration was reduced from ¢ = 2 M to ¢ = 1 M and the used salt was changed from
LiFSI to LiTFSI at a concentration of ¢ = 1 M. In Figure 6 the impact of the electrolyte
composition is visualized. The influence of the concentration is presented in Figure 6a,c,e.
The graphs differ for the considered cell temperatures. In Figure 6b,d.f, the effects of the
used salt are also given at different temperatures.

Independent of the operating temperature, decreasing the LiFSI concentration from
¢ = 2Mto c = 1M in the electrolyte drastically impaired the cell’s performance. This
is clearly evident in the reduced cycle life of the cell with lower concentrations. The
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limiting value of 7jcg > 0.95 is reached after 50 cycles for the experiments with c = 1 M at
Tcen = 25 °C. This is three times less than the lifetime of an equivalent cell at a concentration
of c = 2 M. Similar results were found at a cell temperature of T = 40 °C. The maximum
number of cycles increased from nmax = 40 to nmax = 130 as a consequence of the increased
concentration. The cells performing at Ty = 60 °C showed, in general, the worst stability.
The cell with 1 M LiFSI reached a cycle number of #1max = 20. The maximum number of
cycles was minimally increased to 11max = 60 by increasing the concentration to ¢ = 2 M.
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Figure 6. Cycle performance of cells with Cu/Li structure. All cells ran with the C-rate of Ic.y = 1C.
(a,c,e) Both cells use LiFSI Li salt in electrolyte with the different concentrations of ¢ = {1,2} M
represented by orange and blue colors, respectively. (b,d,f) Both cells use a salt concentration of ¢ = 1
M. Blue points represent the cell using LiFSI salt, and black points show the results of a cell using
LiTFSL. (a,b), cell temperature is set to Tcey = 25 °C. (¢,d), cell temperature is set to T = 40 °C.
(e,f), cell temperature is set to Tcep = 60 °C.

Replacing LiFSI at a concentration of ¢ = 1 M with LiTFSI at the same concentration
affects the cells’ performances drastically. Similar to the effects seen by reducing the salt
concentration, the use of LiTFSI negatively influences the cell degradation. At none of the
investigated temperatures did the experiments using LiTFSI show stable behavior, not even
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for a small number of cycles. Independent of the applied temperature, the cells show low
and random values for the CE and no trend in the degradation behavior is evident. The cells
with LiTFSI also frequently show values above the theoretical maximum value of #cg > 1,
which is a sign of the inhomogeneous, poor and weak SEI formation potential of LiTFSI
salt [24]. This might be because of the lower LiF content formed during the degradation of
LiTFSI, which plays a major role in stabilizing the cell performance, resulting in a longer
cycle life [25]. A general trend of CE development observed in Figures 46 is that the
random behavior (noise-like) is a sign of instability. The longer cells run smoothly, the
better the cycling performance and lifetime get. A CE value of higher than one could be a
sign of micro Li plating, while a CE value of lower than one could be caused by the loss of
deposited lithium in the form of SEI or dead lithium. A common behavior in all cells is
that the cell cyclability reduces significantly as soon as noises start.

4. Discussion

It has been realized that the type of lithium salt as well as its concentration can strongly
influence the performance and cycle life of Li-metal cells. To further investigate this issue,
EIS measurements were performed on the cells with different electrolytes of (1) LiFSI 2M
in DME, (2) LiFSI 1M in DME, (3) LiTFSI 1M in DME, different measurement temperatures
of Tce€{25,40,60} °C and different C-rates of Ice;€{0.5,1,2} C.

As explained in Figure 1, the first EIS measurement was carried out after the first Li
deposition on Cu and then was repeated every 20 cycles until the Coulombic efficiency of
the cell reached the value of 0.95. The spectra of cells with different electrolytes after the first
Li plating performed at Tcey = 25 °C and an applied current density of j = 1 mAh-cm™2
(C-rate = 1 C) are presented in Figure 7a. The EIS spectra of cells after the first Li plating
performed at different measurement temperatures, having LiFSI 2M in DME electrolyte
and a C-rate of Ice = 1 C, are presented in Figure 7b. The influence of aging on the EIS
spectra of a Cu/Li cell with LiFSI 2M in DME electrolyte, performed at T = 25 °C and a
C-rate of Ice) = 1 C, is visualized in Figure 7c. The spectrum #1 is the first EIS performed
after the first Li deposition, #2 is assigned to the second EIS performed after 20 full cycles,
#3 is the third EIS after 40 full cycles and so on.
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1cC o LiFSI2M #1
e = = i i i i
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Figure 7. EIS spectra of Cu/Li cells: (a) Three cells with different electrolytes after the first Li plating.
Orange represents LiFSI 2M in DME, black is LiTFSI 1M in DME, and blue shows LiFSI 1M in DME at
Tcen = 25°Cand j = 1 mAh-cm™2. (b) Three cells at different temperatures Teee{25,40, 60} °C after
the first Li plating. Electrolyte: LiFSI 2M in DME with an applied current density of j = 1 mAh-cm 2.
(c) EIS spectra of a single cell, performed every 20th cycle during the degradation test with LiFSI 2M
in DME, Tcey = 25 °C and j = 1 mAh-cm~2. EIS # 1 is after first plating, EIS # 2 is after 21 cycles and
EIS #7 is after 121 cycles.
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The correlation of EIS measurements with cycling results could be better realized by
considering the induced overpotentials of Li deposition nucleation p,ydeation and particle
growth pigrowin during one full cycle. The initial voltage drop at the beginning of plating
on Cu is considered to be nucleation overpotential and the steady potential during the
rest of deposition period is considered to be growth overpotential [13]. These values are
illustrated in Figure 8. The influence of the electrolyte variation is presented in Figure 8a,
the influence of temperature variation is visualized in Figure 8b, and at last the impact of
the applied current density is displayed in Figure 8c. The cells presented in Figure 8a,b are
identical to the cells shown in Figure 7a,b.
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Figure 8. Potential-Capacity profile at cycle number 10 for Li/Cu cells, (a) with different electrolytes
of LiFSI 1M in DME (orange), LiTFSI 1M in DME (black), and LiFSI 2M in DME (blue). Measure-
ments are performed at Tce = 25 °C and with an applied current density of j = 1 mAh-cm™2.
(b) performed with different C-rates of Ic.; = 0.5 C (orange), Icey = 1 C (black) and Icey = 2 C
(blue), with LiFSI 2M in DME as electrolyte at Tce;p = 25 °C. (c) performed at different temperature
of Tcenp = 25 °C (orange), Tcep = 40 °C (black) and Ty = 60 °C (blue), using LiFSI 2M in DME as
electrolyte and a current density of j = 1 mAh-cm~—2.

All three cells presented in Figure 7a show a comparable ohmic resistance (Ronmic),
which is mainly correlated to electrolyte and contact resistances. This was expected as
the cells consist of the same electrodes and the cells are still too fresh to be influenced by
different aging rates due to different used electrolytes. The typical semi-circle is easily
noticeable in the EIS data of all cells. Additionally, all three cells in Figure 7a show a
second semi-circle at lower frequencies, which are partly overlapped with the first ones.
The semi-circles at higher frequencies are formed in a similar frequency range for the cells
having an LiFSI based electrolyte (see Figure 7a). The frequency values are different for the
cells containing the LiTFSI based electrolyte.

These results indicate that the first semi-circle is based on the interface or SEI related
impedance. The second semi-circle shows the impedance related to the charge transfer R:.
The consequence of a different impedance behavior of the cells due to the used electrolyte
can also be seen in the overpotential of cells during cycling. The voltage behavior of
one charge and discharge process (at cycle number #10) is illustrated in Figure 8a; these
are the cells identical to those presented in Figure 7a. As expected, the cell with the

LiTFSI based electrolyte shows the highest overpotentials (ynycleaion = —6.5 mV and
Hgrowth = —2.6 mV) and irreversible capacity among the rest. The two LiFSI based cells
show comparable overpotentials of pnycleation = —5.2 mV and pgrowtn = —1.4 mV for

LiFSI 2M and of pnyleation = —4-5 mV and pigrowim = —1.5 mV for LiFSI IM. The high
concentrated LiFSI based cell shows the minimum of irreversible capacity.

By varying the temperature it can be noticed that the cells have the most stable
performance at T = 25 °C (see Figure 7b). By increasing the temperature, the frequency
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which corresponds to a maximum of the semi-circle moves to higher values (from 5 kHz
at Teep = 25 °C to 12.5 kHz at T = 40 °C and to 20 kHz at T = 60 °C). The second
semi-circle at elevated temperatures is not distinct anymore and is hardly noticeable at
Tcen > 40 °C. This effect can be explained by the fact that with increasing temperature the
charge transfer resistance decreases and consequently the correlated semi-circle is more
overlapped to the SEI based semi-circle. The ohmic resistances (Ronmic) are comparable
in both cells at elevated temperatures and are smaller compared to the resistance of the
cell performed at Teepp = 25 °C. The cell cycled at Tee = 40 °C has the smallest length of
the SEI related semi-circle. This is a consequence of the improved kinetic at T = 40 °C
in comparison to Tce = 25 °C. This is in line with the seen voltage profile of the cells
presented in Figure 8b. The data at Tcey = 40 °C show the lowest overpotentials of
Hnucleation = —4 mV and pigrowmn = —0.7 mV. The cell cycled at Tcey = 60 °C also has
a low nucleation overpotential of pinycleation = —4 mV; however, pgowin in contrast to
the rest of the cells is increasing during the plating period and approaches bigger values
(Mgrowth = —2.8 mV). Cycling at a temperature of Teeyp = 60 °C has the maximum growth
overpotential and the worst cycling stability among all considered temperatures.

Another influencing parameter on the kinetics of Li deposition is the applied current
density. We have noticed that cells with a higher C-rate achieve a longer cycle life. This
can be seen in Figure 8c, which shows the data extracted from three Li/Cu cells containing
LiFSI 2M in DME electrolyte at Ty = 25 °C with different current densities. As expected,
the overpotential increases with increasing current density which causes a higher deviation
from equilibrium. However, the better cycling performance of the cells cycled at a higher
C-rate could be due to fewer interfacial side reactions as the cycling time is shorter. On the
other hand, however, the higher current density could be a trigger to side reactions. More
interfacial investigation (EIS and insitu observation) is needed for a better understanding of
this process. EIS measurements on the cell with LiFSI 2M in the DME electrolyte performed
at Tcep = 25 °C show that, after 20 cycles, the interface resistance significantly decreased.
This could be due to the SEI layer not being formed homogeneously and completely after
the first deposition. By continuing the cycling, however, the layer becomes denser and more
uniform and therefore after 20 cycles the semi-circle is significantly smaller than that after
the first deposition. By continuing the cycling, the second semi-circle at low frequencies
is still noticeable. This was not the case for the cells cycled at higher temperatures. By
cycling the frequency corresponding to the maximum of the first, the semi-circles move
towards higher values (similar to the high temperature behavior). The R increases by
cycling but is still smaller than that of the very first cycle. The ohmic resistance is also
slightly increased by cycling. A relatively sharp increase of Rgppc is noticeable between
cycle 100 and cycle 120. It is worth mentioning that, based on cycle performance results,
the cell starts to show slight instabilities in the CE trend from the 110th cycle. It can be
concluded that both Ropmic and Rt influence the cycle behavior and the cycle life of the
Li-metal cells.

5. Future Work

Another method for investigating lithium deposition during cycling is insitu observa-
tion using special cell holders. Insitu observations in the ECC-Opto Stud, manufactured by
EL-Cells GmbH (Hamburg, Germany), on battery cells were made in [26-33] using Raman
spectroscopy, X-ray diffraction (XRD) and optical analytics. Observations were made using
Raman spectroscopy [27,31,32] and XRD [26,28,33] to observe changes in electrodes and
SEI during aging. Merryweather et al. [29] used the above-mentioned cell housing for
optical interferometric scattering measurements to detect single-particle ion dynamics, and
Rittweger et al. [30] observed the reflectivity of cathodes during charge and discharge.

In future work, the above-mentioned cell holder ECC-Opto-5td cell, manufactured by
EL-Cell, will be used to conduct insitu measurements. The cell setups, like those described
in this article, consisting of Cu/Li, will be used. The experiments will also investigate the
influence of C-rate, temperature, used salt and salt concentration on the morphology of
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lithium deposition. Additionally, in order to better understand the behavior of the lithium
at different conditions, a fully developed model will be included.

6. Conclusions

In summary, the electrochemical performance of Cu/Li cells was investigated with
the motivation of understanding the kinetics of the deposition mechanism of Li metal
electrodes. The influence of temperature Tcee{25,40,60} °C and C-rate Ice€{0.5,1,2} C
was examined. Additionally, the variety of electrolytes, including LiFSI 2M in DME, LiFSI
1M in DME, and LiTFSI 1M in DME, were utilized to address the impact of type and
concentration of Li salt on the electrolyte. Coulombic efficiency and induced depositions
overpotential, as well as EIS measurements, were used to evaluate the aging behavior
of cells under different conditions. Based on our results, it is confirmed that cycling at
a temperature of Ty = 40 °C has the best kinetics in comparison to the cycling data
with Teey = 25 °C and Teeyp = 60 °C, as it shows minimum deposition overpotentials and
impedance. However, the best performance regarding the stability and long cycle life is
achieved at Ty = 25 °C. The LiFSI in general showed better cyclability in Cu/Li cells
compared to LiTFSI and the best performance could be gained by a high concentration of
the LiFSI-DME electrolyte.
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Abbreviations

The following abbreviations are used in this manuscript:

A Effective surface area

c Molar concentration

CH,0 water concentration

co, oxygen concentration

CC Current Collector

CE Coulombic efficiency

Cu Copper

dcc Diameter of the current collector
AL foil Diameter of the Lithium foil
DME 1,2-dimethoxyethane

DOE US Department of Energy

e electron

EIS Electrochemical Impedance Spectroscopy
SEIS, max Maximum frequency of EIS

SEIS, min Minimum frequency of EIS

H, Hydrogen

H,O Water
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hcy =6 Thickness of the Copper foil

I foil Thickness of the Lithium foil
Icen Cell current
j Current density
Li Lithium
LiT Lithium Ion
LiFSI Lithium bis(fluorosulfonyl)imide
LiTFSI Lithium bis(trifluoromethanesul-fonyl)imide
n Number of cycles
MNmax Maximum number of cycles
O, Oxygen
ocp Open Circuit Potential
Rt Charge transfer resistance
Rohmic Ohmic resistance
SEI Solid Electrolyte Interface
SPE Solid Polymer Electrolyte
t Time
Teen cell temperature
tary Time of drying
Tary Temperature of drying
Umin Lower voltage limit
Umax Upper voltage limit
Velec Amount of electrolyte
XLiTFSI,LiFSI Purity of LiTFSI and LiFSI
XRD X-ray diffraction
Zimag Imaginary part of the impedance
Zreal Real part of the impedance
1CE Coulombic efficiency
YCE-mean Average Coulombic efficiency
Hnucleation overpotential of Li deposition nucleation
Hgrowth overpotential of particle growth
PLil 1H, Potential of Li versus Hp
OCE Standard deviation of the Coulombic efficiency
UA Cap Standard deviation of the areal capacity
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