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Abstract: Lithium metal batteries are considered a promising technology to implement high energy
density rechargeable systems beyond lithium-ion batteries. However, the development of dendritic
morphology is the basis of safety and performance issues and represents the main limiting factor
for using lithium anodes in commercial rechargeable batteries. In this study, the electrochemical
behaviour of Li metal has been investigated in organic carbonate-based electrolytes by electrochem-
ical impedance spectroscopy measurements and deposition/stripping galvanostatic cycling. Low
amounts of tetraalkylammonium hexafluorophosphate salts have been added to the electrolytes with
the aim of regulating the lithium deposition/stripping process through the electrostatic shielding
effect that improves the lithium deposition. The use of NH4PF4 also determined good lithium
deposition/stripping performance due to the chemical modification of the native solid electrolyte
interphase via direct reaction with lithium.
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1. Introduction

Li-ion batteries (LIBs) are the most successful batteries on the market, suitable for a
wide range of applications due to their high specific energy and power. Their success came
from the safety issues that scientists faced when using a Li metal anode in rechargeable
cells [1,2]. The substitution of graphite as anode has created modern LIBs. However,
performance requirements have changed over the last several decades, and the demand for
more specific energy and power has been increasing, specifically in the automotive field. Li
metal anodes seem to again be cutting edge, and have been proposed for the most advanced
batteries, namely Gen 4 and Gen 5 configurations [3]. The reactivity of the electrolyte, both
with Li metal and graphite anodes, is the main reaction responsible for cell cycling stability.
The reaction produces a layer on the anode, i.e., the solid electrolyte interphase (SEI), that
prevents further reactions of the electrolyte. Understanding the phenomena governing SEI
formation and its dynamics is crucial, especially in the research field of Gen 4 and Gen 5
batteries. Li reacts almost instantly with most organic solvents, forming an SEI layer whose
chemical composition and characteristics are strictly dependent on the nature of the solvent
and the dissolved salts. In the case of alkyl carbonate electrolytes, the major constituents of
the SEI are alkyl lithium carbonates (ROCO;Li), formed by one-electron reduction followed
by a radical termination reaction. Radical reaction pathways can easily lead to various
products, and species with Li—-C bonds can be formed [4-6]. An SEI with good mechanical
stability, good adhesion to the underlying metal surface, and a chemical composition
ensuring low solubility in the electrolyte is required. A SEI layer made of elastic and
flexible components could accommodate the volume change and stabilize the interphase
during cycling. The stable passivation of the surface by a layer with infinitesimally small
electronic conductivity is crucial to prevent further consumption of the electrolyte and
the active material itself, which is the main cause of reduced coulombic efficiency and
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capacity fading. Eventually, high Li* conductivity is needed to prevent overpotentials due
to concentration polarization of the cell upon charge/discharge cycles [7].

Tetraalkylammonium cations are often components of ionic liquids with a wide electro-
chemical window. However, these electrochemically stable electrolytes are highly viscous
compared to organic electrolytes, which sometimes results in poor electrochemical perfor-
mance [8]. When tetraalkylammonium salts are used as additives in organic electrolytes,
the viscosity remains relatively low and the stability window wide. In addition, hexafluo-
rophosphate anion has been demonstrated to be beneficial even at low concentrations [9],
so that in absence of lithium hexafluorophosphate as the main salt, the advantage of
hexafluorophosphate anion as an additive can be exploited.

Another critical aspect deals with Li dendrite growth. During plating, a cation con-
centration gradient is formed between the electrodes. When the current density is above a
critical value, it can only be sustained for a definite period, called Sand’s time, after which
the cations near the plated electrode surface run out. Cation depletion causes the rupture
of electrical neutrality, building up a local space charge, which gives rise to the formation
of branched metal deposits [10]. The presence of the SEI layer induces localized variations
in the molar volume of the electrodeposited material [11]. In general, protrusions possess a
considerably higher electric field at their tips and tend to attract more lithium ions with
respect to flat parts. For very low current densities (~0.1 mA cm~2) a relatively planar
morphology is favored. Due to fast mass accretion, the system becomes diffusion-limited
for very high current densities (~10 mA cm™~2), inducing large concentration depletion
gradients in front of the dendrite so that a highly branched morphology is formed [12].

Blocking lithium dendrite growth is the main path toward developing safer batteries
with prolonged cycle life. The most intuitive approach is to provide a physical barrier
to the accretion of dendrites, using a separator with high elastic modulus, so that the
tips of lithium dendrites are bent and, thus, unable to pass through the separator [13,14].
Alternatively, the electrolyte composition can be tailored to stabilize the metal-electrolyte
interphase limiting the lithium dendritic electrodeposition [15].

For this purpose, solvents and salts can be varied to modify the composition of
SEI. Ethylene carbonate exhibits a peculiar film-forming ability by reduction at 0.8 V
vs. Li. It is used as a cosolvent in mixtures with other carbonates to form a good SEI,
thus preventing continuous electrolyte consumption. However, this is still insufficient
to inhibit the formation of dangerous cracks and dendrites in Li metal anodes. Several
additives have also been proposed to improve SEI quality, such as vinylene carbonate [16],
fluoroethylene carbonate [17], and ethylene sulfides [18,19], that produce a very stable layer
in carbonate-based electrolytes. SEI-forming sacrificial additives are extensively used to
enrich the SEI layer of inorganic and organic species, such as LiF, Li;COs3, LixNOy, LizN, or
species derived from polymerization reactions [20,21]. In ether-based electrolytes, LINO;
or additives that produce a LisN layer on Li metal are favorable to form a stable SEI in
lithium/sulfur batteries [22,23].

A viable strategy to limit the dendritic growth is facilitating the mass transport of
lithium ions in the electrolyte. For this purpose, new types of additives, such as zwitterionic
compounds, are used to promote ion dissociation and improve the ion conductivity of
the electrolytes [24]. Alternatively, additives with electron-deficient properties, such as
substituted boranes and phosphines, can sequestrate the anions from the Li* solvation
shell, increasing its mobility [25]. Another approach was suggested by Ding et al. who
prevented the formation of dendritic Li by a self-healing electrostatic shield mechanism,
introducing Cs* cations. These cations form a positively charged electrostatic shield on
the lithium protuberances during the Li deposition, thus mitigating the formation of Li
dendrites [26].

This work aims to study the lithium metal-electrolyte interphase, which is crucial
in determining the lithium electrode behavior. The electrochemical properties of two
carbonate-based electrolytes with the addition of ammonium and tetraalkylammonium
salts have been explored. To our knowledge, this is the first time that ammonium salts have
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been investigated as additives for Li batteries. Electrochemical impedance spectroscopy,
cyclic voltammetry and galvanostatic charge, and discharge measurements were used to
evaluate the effect of additives on the SEI layer and on the electrochemical performance.
Ammonium hexafluorophosphate (NH4PFg) has been investigated to perform an in situ
chemical modification of the native SEI layer. In contrast, tetramethylammonium hexafluo-
rophosphate (TMAPF) and tetraethylammonium hexafluorophosphate (TEAPF;) have
been used with the idea of limiting the formation of dendrites by electrochemically stable
additives that electrostatically cover the lithium asperities inducing a smoother plating.

2. Materials and Methods
2.1. Electrode and Electrolytes Preparation

For electrode and electrolyte preparation, we used the following chemicals: lithium
metal ribbon (Sigma Aldrich, 0.75 mm thick, 99.9%, Merck KGaA, Darmstadt, Germany),
LiNij ;3Mny /3Co01 /302 (NMC) electrode, 1 M LiPFg in ethylene carbonate:dimethylcarbonate
(EC:DMC) 1:1 wt/wt (LP30, Solvionic, 99.9%, Solvionic, Toulouse, France), propylene car-
bonate (PC, Sigma Aldrich, >99%, Merck KGaA, Darmstadt, Germany), lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI, Sigma Aldrich, 99.5%, Merck KGaA, Darm-
stadt, Germany), ammonium hexafluorophosphate (NH4PF¢, Fluorochem Co., >99%, Fluo-
rochem Limited, Glossop, UK), tetramethylammonium hexafluorophosphate (TMAPFg,
Sigma Aldrich, >99%, Merck KGaA, Darmstadt, Germany), tetraethylammonium hex-
afluorophosphate (TEAPF¢, Sigma Aldrich, >99%, Merck KGaA, Darmstadt, Germany).
The electrolyte solutions were 1 M LiPFg in EC:DMC 1:1 wt/wt (LP30), and 1 M LiTFSI
in PC. These solutions are indicated in the following as LP30, and PC, respectively. The
ammonium and alkyl ammonium salt additives were 50 mM, which is about 1 wt.%. So-
lutions with the additives are indicated with the name of the solution and the name or
abbreviations of the additive, i.e., NH4PF4, TMAPF, TEAPF;.

2.2. Cell Assembly

Two- and three-electrode electrochemical cells have been assembled in a glovebox
(Mbraun Labmaster SP, MBraun Inc., Stratham, NH, USA) in an inert argon atmosphere (O,
< 0.1 ppm and H,O < 0.1 ppm). A conventional cell (Lithium Battery Cell Gamry, Gamry
Instruments, Warminster, PA, USA) with stainless steel working and counter electrodes
(0.38 cm?), and a Li reference electrode was used to evaluate the electrochemical stability
window of the electrolytes by cyclic voltammetry. The deposition/stripping process of Li
by cyclic voltammetry was evaluated in Teflon T-shaped cells (BOLA, Bohlender GmbH,
Griinsfeld, Germany) (0.785 cm?), with the bare stainless steel plunger used as the working
electrode and the Li foil as the counter electrode (two-electrode mode). Stainless steel
T-shaped cells (Swagelok, Swagelok Company, Cleveland, OH, USA) with stainless steel
plungers were used for the galvanostatic Li deposition/stripping processes and electro-
chemical impedance spectroscopy (EIS), in two-electrode mode with a Li foil on both
plungers (0.88 cm?). BOLA and Swagelok cells have been assembled with glass microfiber
separators (Whatman, GF/A) predried in an oven (B-585 Kugelrohr, BUCHI Labortechnik
AG, Flawil, Switzerland) at 120 °C under vacuum for 12 h.

2.3. Physicochemical and Electrochemical Characterization

The electrochemical tests, including EIS, have been performed with a BioLogic VSP
potentiostat/galvanostat (Biologic, Seyssinet-Pariset, France). The galvanostatic cycling
with potential limitation (GCPL) measurements of Li| | Li cells were carried out at three
values of the current density to evaluate the deposition/stripping of lithium under different
conditions. The impedance spectra were carried out in the 100 kHz-0.1 Hz frequency range,
at £10 mV alternating voltage and collecting 10 points per decade. The test protocol was
the following: EIS (tp); 10 GCPL cycles at 0.125 mA cm~2; EIS (4); 10 GCPL cycles at
0.250 mA cm™~?; 100 GCPL cycles at 0.500 mA cm~2; 10 GCPL cycles at 0.125 mA cm™%;
EIS (t,); prolonged GCPL cycling at 0.125 mA cm 2. Each GCPL cycle lasts for 1 h (30 min
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oxidation and 30 min reduction). To simplify the discussion, the EIS measurements will be
indicated following their order in time as ty, t;, and t;. All the electrochemical tests were
carried out on the cell placed in a thermostatic oven at 30 °C. X-ray diffractograms (XRD)
were collected on carbon powders by using an x-ray diffractometer PANalytical X'Pert
PRO (Malvern Panalytical, Malvern, UK) equipped with an X'Celerator detector (Cu Ko
radiation, 40 mA, 40 kV).

Scanning electron microscopy (SEM) images were acquired with SEM Leica/Cambridge
Stereoscan 360 and software package INCA. Lithium electrodes were cycled in the elec-
trolytes under investigation following the reported test protocol: 10 GCPL cycles at
0.125 mA ecm~2%; 5 GCPL cycles at 0.250 mA cm~—2; 5 GCPL cycles at 0.500 mA cm™2;
10 GCPL cycles at 0.125 mA cm 2. The cells were disassembled in a glovebox, and the Li
electrodes, which were placed on SEM stabs, were sealed in vials to minimize air exposure
before transferring them onto the SEM holders.

3. Results
3.1. Electrochemical Investigations

Cyclic voltammetry has been used to explore the electrochemical stability window of
the electrolytes. Figure 1 displays the cyclic voltammograms (CVs) at 20 mV s~ ! between
0.050-5 V for the LP30 and PC, without and with additives. LP30 is the most stable solution.
The presence of the additives enhances the reduction current. The reduction process starts
around 1.5 V in each system, and the reduction current can be reasonably attributed to
the electrolyte decomposition, which is strongly affected by the presence of NH4PF4. The
current density values are notably increased by NH4PFg and its behavior appears clearly
different from that of the alkyl ammonium salts. In oxidation, both LP30 and PC are
sufficiently stable up to 5 V, making their use compatible with high voltage operating
cathodes such as NMC and LiNipsMn; 504. The oxidation peaks between 1.5 and 2.0 V in
the reverse scan are present in all the plots, although they are less visible in the LP30-based
set. This is probably due to some impurity or a specific process involving the stainless steel
electrode surface.
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Figure 1. CVs at 20 mV s~ ! of (a) LP30 and (b) PC without and with the addition of 50 mM of
NH,PFs, TMAPF4, and TEAPF,.

The lithium deposition/stripping process has been studied in a two-electrode set up
on stainless steel working electrode. The CVs are reported in Figure 2. In all the electrolytes,
NH,PF seems to facilitate the deposition, causing a shift in the onset reduction (onset
reduction and oxidation peak values from the first CV cycle are reported in Table A1l in
Appendix A), anticipating the beginning of the process, which starts at higher potential
values. Both TMAPFg and TEAPFg show similar reduction onsets that make the deposition
in propylene carbonate electrolyte slightly easier during the first cycles. This effect, however,
is gradually lost. The oxidation peak potentials are variously shifted depending on the
cycle so that a clear trend about the effect of the additives cannot be rationalized. The same
is true for the variation in the current density with cycling. When ammonium ion is present,
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the current is higher but tends to decrease with cycling. This is particularly evident for
LP30-NH4PF¢ but is less pronounced for PC-NH4PFq.
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Figure 2. CVs at 20 mV s~ 1 of (a) 1st CV, (b) 10th CV in LP30, and (c) 1st CV, (d) 10th CV in PC
without and with the addition of 50 mM of NH4PFs, TMAPF; and TEAPF.

LP30 with the two alkylammonium additives show similar behavior, which results in
increasing current with cycling and in shifting the oxidation peak towards higher potentials.
The CVs of PC with the two alkylammonium additives do not seem to vary with the number
of cycles.

The GCPL cycles of the Lil | Li symmetric cells in LP30 are reported in Figure 3a.
The cell shows a constantly diminishing overvoltage during the final prolonged cycling at
the lowest current density, which is likely related to the increased electrode surface area
generated by dendritic electrodeposition. LP30-NH4PF¢ in Figure 3b displays even lower
overvoltage than LP30 at 0.125 and 0.250 mA cm 2. During and after cycling at 0.500 mA
cm~2, the overvoltage profile is considerably increased. The overvoltage, with a slightly
increasing trend, reaches a maximum value of about 55 mV when the current density was
brought again to the lowest value. LP30-TMAPF¢ (Figure 3c) behaves similarly to LP30
but shows a less regular profile with some abrupt change in the overvoltage (see at 900 h).
This is compatible with the detachment of dendrites, which could have caused a sudden
decrease in the electrode surface. LP30-TEAPF, (Figure 3d) shows similar behavior to
LP30-TMAPFg, but it has a higher overpotential at 0.500 mA cm~2 and a staircase profile
around 150 h of functioning. The latter could be explained by a massive dendritic accretion.
The low values of overvoltage after prolonged cycling could also be due to the reduced
effectiveness of the glass fiber separator, whose mechanical integrity can be damaged by
the formation of small amounts of HF generated by the reaction between LiPF4 and traces
of water.
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Figure 3. Deposition and stripping cycles of Li| | Li symmetric cells with (a) LP30, (b) LP30-NH4PF,
(c) LP30-TMAPFg, (d) LP30-TEAPFg electrolytes at 0.125 mA cm 2 (green), 0.250 mA cm 2 (red) and
0.500 mA cm~2 (blue).

Compared with LP30-based solutions, the symmetric cells in PC-based solutions,
as reported in Figure 4a—d, showed a higher overvoltage, which is appropriate for the
electrolyte system. PC (Figure 4a) reaches 300 mV overvoltage during the first cycles at
the higher current. Coming back to the lowest current value, the cell reaches the same
overvoltage of the starting cycles. In the long run, the stability of the overvoltage profile
is affected by a constant rise resulting from the formation of a thick layer of dead lithium
observed after the cell disassembly.
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Figure 4. Deposition and stripping cycles of Li| | Li symmetric cells with (a) PC, (b) PC-NH4PFg,
(c) PC-TMAPFg, (d) PC-TEAPF electrolytes at 0.125 mA cm 2 (green), 0.250 mA cm 2 (red) and
0.500 mA cm~2 (blue).
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The cell with the PC electrolyte is likely to be affected by the concomitant effect of
dead lithium accumulation and electrolyte depletion in the last 500 h. Both effects worsen
the performance of the cell, which exhibits a strong asymmetric polarization profile. All
the investigated additives, i.e., NH4PFs, TMAPF¢, and TEAPFg, appear to both be helpful
in decreasing the overpotential and have a stabilization effect (Figure 4b,d).

3.2. Impedance Spectroscopy Investigation

The impedance spectra were fitted using equivalent circuits composed by resistors
and constant phase elements, respectively indicated as R and Q. The constant phase
elements replace the ideal capacitors in the equivalent circuit when the system displays the
nonideal capacitive behaviour that originates from the rough and imperfect surface with
the characteristic depressed shape of the semicircles or sloped lines [27]. The impedance of
the constant phase element is

Zcpg = 1/[Q(w)?] )

with w = 27tv and having Q the dimension Fs?~! (or Q! s?).

Different equivalent circuits have been used depending on the spectrum. For the
equivalent circuit R;(Ry/Q2)(R3/Q3)(R4/Q4) (Scheme 1), Ry corresponds to the ohmic
resistance of the electrolyte, Ry /Q); are related to the bulk SEI impedance, while R3/Qs3
can be ascribed to the grain boundaries inside the SEI and between lithium and SEI layer.
R4/Qy are related to the charge transfer process at the lithium electrode/liquid electrolyte
interface, across the SEI [28,29].

AN \ LR
ir ! I
A a2 03 04 —
RT | S et LSS
R2 R3 R4

Scheme 1. Equivalent circuit.

In some cases, it was not possible to fit the low frequency portion. The equivalent
circuit Ry (Ry/Q2)(R3/Q3) was used in these cases, and the contribution of the charge
transfer was not included in the results. When it was not possible to fit the impedance
plots as mentioned before, the simple R;(R,Q5) equivalent circuit was used to describe the
system. All the results are reported in Table A2. The gradual increase of the electrolyte
resistance has been attributed by ]J. Woo et al. to the progressive electrolyte consumption
during cycling [30]. This is more evident from time t; to time t;, which has a much longer
time interval than that between ty and t;; it also contains the cycles at higher current
densities, during which more electrolyte decomposition is expected to occur. However,
LP30-NH4PF4 behaves in the opposite way during the latter step. This anomaly could be
due to the presence of a protic additive, which leads to a slight hydrogen evolution on the
lithium interphase that increases the electrolyte resistance [31]. During the following cycles,
the hydrogen gas is removed by reaction with lithium leading to a decrease in the electrolyte
resistance. The impedance spectra before cycling (at tg) further highlight differences among
LP30-NH4PF¢ and the other electrolytes (Figure 5a—d). An additional interphase is clearly
evident in the spectra just after the assembly of LP30-NH4PF¢. At the same time, the cell
with LP30-NH,PFg possesses the lowest impedance. In general, the total cell impedance
progressively decreases with cycling. This may be ascribed to the enlarged surface area of
lithium electrodes due to the formation of dendritic morphology. LP30-NH4PF¢ (Figure 5b)
presents an inversion after t;, when the impedance increases. Nonetheless, the resistance
values remain lower than those of other cells. An enhanced growth of a thick interlayer in
consequence of the cycling at higher current density could explain this opposite trend. At
t1, after 10 cycles, LP30-TEAPF; (Figure 5d) reaches an impedance value comparable to
that of LP30 without additives (Figure 5a). It also shows a well-developed semicircle in the
low frequency region, which is associated with the charge transfer. The only other value of
charge transfer resistance obtained at t; is for LP30-NH4PF¢. The latter owns a resistance
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one order of magnitude less than LP30-TEAPF¢. Apart from the nonideal capacitive features
previously mentioned, the depressed and asymmetric shape of some semicircles could
also be generated by slightly different contributions from the two electrodes. Although
they should be equal, some small differences in the electrode surface could determine the
presence of two almost identical, and therefore difficult to separate, semicircles. Based on
the values of the exponent a, this interpretation is particularly true in the low frequency
domain, where the charge transfer process occurs. This kind of asymmetry makes the
fitting procedure more difficult, which is confirmed by the deposition/stripping cycles
showing a correspondent lack of symmetry in the reduction and oxidation voltage profiles.

800 200
(a) = LP30t, (b) = LP30-NH,PFt,
4 LP30t 4 LP30-NH,PF4t,
600 - ¢ LP30Y, 150+ ¢ LP30-NH,PFgt,
S é
E 400 “E 100
T N
200+ - 501
f a5 -:e.e:‘.-'
% 200 400 ;;0\’800 0 %\ :\"
- 0 50 100 150 200
- Z,/Q
900
600Hc) = LP30-TMAPF4 ty (d) = LP30-TEAPFt,
4 LP30-TMAPFt, 750 4 LP30-TEAPFgt,
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Figure 5. Electrochemical impedance spectra of Lil | Li symmetric cells (a) LP30, (b) LP30-NHPFg,
(c) LP30-TMAPFg, (d) LP30-TEAPF; after different cycling time. The green, red and cyan lines in
the figures are the fitting results for the ty, t; and t, plots, respectively. The enlarged parts at high
frequency of Figure 5a,c,d are in Figure A1.

From a comparison of impedance spectra at tp, with all plots fit with the same circuit,
it is possible to note that the charge transfer resistance is not particularly affected by
the presence of additives. LP30-TEAPF still has the greatest resistance but shows no
remarkable difference with respect to the others.

The impedance data are in good agreement with the polarization profiles obtained
from the deposition/stripping cycles. The progression followed by the lithium anodes
upon cycling is characterized by a significant increase in the surface area of the electrode.
This could be coupled with partial loss of the mechanical integrity of the separator, which
contributes to the decrease of the total impedance and polarization. Unlike the other
electrolytes, the interphase of LP30-NHyPF¢, which is already present at ty, continuously
grows even after cycles at the high current density.

The equivalent circuits used to fit the impedance spectra of PC-based solutions are the
same for the LP30-based solution set. The Nyquist plots are reported in Figure 6a-d, and
the results of the fittings are in Table A3. The expected enhancement of the R; resistance
of the electrolyte during cycling was not observed between ty and t;. After 10 cycles, all
the cells present no changes or are less resistive. A relevant growth in Ry occurs only at tp
and becomes more evident for PC-TMAPF;. This may occur because, in this case, the EIS
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spectrum indicated as t, was taken after 945 cycles (ca. 950 h after assembly and cycling

instead of 130 h).
(a) = PCt, (b) = PC-NH,PFgt,
400 s+ PCt, 120 4 PC-NH,PF; t,
+ PCt, + PC-NH,PF; t,
300
a a 90
“E b
N 200 r\l]‘ 60
100 ; \“ 30 P e ™
. \ s
0 L " \ 0 A L
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Figure 6. Electrochemical impedance spectra of Lil | Li symmetric cells (a) PC, (b) PC-NH4PFg,
(c) PC-TMAPFg, (d) PC-TEAPF; after different cycling time. The green, red and cyan lines in the
figures are the fitting results for the tp, t; and t, plots, respectively. The plot at t, in Figure 6¢ has been
recorded at the end of the test reported in Figure 4c (after 945 total cycles).

The total impedance growth from ty to t; in all the cells is due to the development
of a more resistive interphase. After the cycles at 0.500 mA cm 2, the enhanced dendritic
deposition is expected to generate the observed decrease in the impedance associated with
the bulk surface interphase. However, we observed an increase in the overall resistance
over cycling, with an evident growth of the grain boundary contribution in the solutions
containing the additives. The resistance increase after high current density cycles suggests
the formation of a thick, multigrain structured SEI.

3.3. Voltage Profile Analysis

The information obtained from EIS spectra supports the interpretation of the overvolt-
age profiles of subsequent lithium plating/stripping processes.

Typically, the deposition-stripping overpotential profile of a single electrode shows
the first deposition process starting with a peak due to the high kinetic hindrance of the
lithium nucleation on the smooth metal surface with a native passivation layer. In the
following cycles, the intensity of this peak decreases due to the lower resistance of the
already cycled lithium. After the nucleation peak, the overpotential decreases, evincing a
more favourable lithium deposition than is possible when the incomplete passivation layer
exposes fresh lithium and new lithium is preferentially deposited on it. On the other hand,
the first stripping originates preferentially on the previously deposited lithium as it has a
higher surface area and/or a not well-developed SEI. This partial lithium redissolution is
the origin of the dendrite’s erosion, which forms the electrically isolated lithium [32,33].

When all the freshly deposited lithium is completely dissolved or disconnected from
the electrode as dead lithium, the stripping process takes place on old lithium, leading
to an increase in overpotential. Specifically, the overpotential profile grows gradually as
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lithium becomes more difficult to strip with the maximum overpotential associated with
the bulk lithium electrode. In some cases, the overpotential decreases after the maximum
overpotential due to the beginning of the pitting process, which induces preferential
stripping from pitted areas, leading to more porous and roughened deposits [34].

All these phenomena produce the potential profile for a lithium electrode during
deposition-stripping cycles. In a two-electrode cell, the working and counter electrode
processes result in a voltage profile which is the sum of the contemporary contributions of
the processes occurring at the two electrodes. The profile features previously described
for the deposition and stripping processes at one electrode occur simultaneously at the
two lithium electrodes and provide the resulting two-electrode cell overvoltage profile,
as shown in Figure 7a, where in LP30 the simultaneous presence of the nucleation peak
current on the counter electrode and the stripping from the smooth metal surface with a
native passivation layer on the working electrode lead to a voltage profile characterized by
a double peak shape, specifically at the highest current densities. During the deposition,
the nucleation peak is evidenced because of the different dependency of the deposition
overpotentials with current density, as modelled by Barton et al. in 1962 [35]. On the other
hand, high stripping current density leads to a less uniform stripping, anticipating the
stripping of the old lithium (second peak). Continuous cycling at the lowest current density
forms a porous and low-density surface. After 600 cycles, the overpotential becomes
constant because the deposition/stripping only occurs on the porous area of the electrodes.
In the presence of tetraalkylammonium salts (Figure 7c,d), the voltage profiles at the
lowest current appear quite flat from the first cycle. A smooth and flat lithium surface is
attributed to uniform lithium deposition; supposedly, the freshly deposited lithium is the
only one stripped. In that case, the overvoltage is constant because the stripping takes
place on an area with constant surface resistance. This suggests a beneficial effect of the
tetraalkylammonium additives on lithium cyclability.
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Figure 7. Selected overvoltage profiles of lithium deposition/stripping of Lil | Li symmetric cells
with (a) LP30, (b) LP30-NH4PFg, (c) LP30-TMAPEF;, (d) LP30-TEAPF, electrolytes at 0.125 mA cm 2
(green), 0.250 mA cm~2 (red) and 0.500 mA cm~2 (blue).
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Also, LP30-NH4PF4 shows a constant and flat profile (Figure 7b) at 0.125 and 0.25 mA
m~2. At 0.500 mA cm~2 a profile characterized by the features described for the LP30
measurement is visible. Coming back to 0.125 mA cm 2, the overvoltage profile results
are flat. The overvoltage slowly increases due to the gradually increasing of the surface
resistance confirmed by EIS (Figure 5b at t; and tp). This behaviour suggests a more limited
formation of dendrites than in other LP30-based electrolytic systems.

The profile investigation was extended to PC-based electrolytes (Figure 8a—d). As
shown in Figure 8a, the voltage profile in the PC is comparable to the LP30 electrolyte.
However, it shows higher overvoltage, and at a high cycle number, the change in the shape
of the voltage curve in the single cycle shows the gradual appearance of the typical arcing
that can be associated with a hindered mass transport or a highly rough electrode surface
(Figure 8a) [36,37]. This is also supported by the EIS, where PC shows the highest resistance
and overvoltage attributed to the presence of dead lithium. In the presence of additives,
the profiles do not show the arcing at a high cycle number (e.g., 600th cycle). Specifically,
PC-TEAPF; shows the double peak shape that clearly arises from the lithium nucleation on
one electrode and the lithium stripping onto the other, following the behaviour described
for the first cycle of the LP30 electrolyte. This indicates that the lithium electrode was not
eroded and did not show a porous deposit, even after 600 cycles. In addition, all the profiles
(Figure 8b—d) show low hindrance to the lithium plating, indicated by the absence of the
nucleation peak in the voltage profile. PC-NH4PF; (Figure 8b) shows similar overvoltage
to PC-TEAPFg, with a slight arcing after prolonged cycling. By contrast, even if it shows
the lowest overvoltage, PC-TMAPF; (Figure 8c) presented a slightly arched profile after
continuous deposition-stripping, indicating a rougher lithium surface even after 600 cycles.
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Figure 8. Selected overvoltage profiles of lithium deposition/stripping of Lil | Li symmetric cells
with (a) PC, (b) PC-NH4PFg, (c) PC-TMAPFg, (d) PC-TEAPF electrolytes at 0.125 mA cm 2 (green),
0.250 mA cm~2 (red) and 0.500 mA cm 2 (blue).

3.4. Impedance Spectroscopy Investigation on Spontaneously Formed Interlayers

Two additional Li symmetric cells with PC and PC-NH4PF electrolytes were assem-
bled and let rest for one week. During this time, EIS spectra were collected. The spectra
are reported in Figure 9a,b. Considering a constant contribution related to the charge
transfer resistance, the percentage growth of the interphase resistance has been reported
in Figure 9c. The percentage has been calculated by considering the resistance values at-
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tributed to the big semicircle. The initial value has been subtracted from the values at time
t and divided by the initial value. The interphase changes more rapidly after 24 h in the
presence of ammonium salt, which is reasonable considering its reactivity in the presence
of lithium. Nonetheless, after a week, the impedance of the cell with the ammonium salt is
still approximately one-third of the other (Figure 9c¢).
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Figure 9. Nyquist plot of cells with (a) PC and (b) PC-NHPFg at different times in rest condition;

(c) percentage of the interphase impedance increase over time with respect to the impedance at ty in
PC (black) and in PC-NH4PFg (red).

3.5. XRD Investigation

To better understand what occurred at the Li interphase, we immersed two lithium
samples in LP30-NH4PF¢ and PC-NH,PF¢ solutions containing different concentrations,
50 mM and 250 mM, of ammonium salt. The samples became dark grey after a few minutes
of immersion in the solutions (Figure A2). The only difference that is detectable to the
human eye is a less intense but more prolonged gas evolution from the sample in PC, thus
suggesting slower kinetics of the process. From the XRD analysis of the samples, which
were sealed in glove box on glass slides with a mylar sheet, it is possible to notice an
intense signal at about 26° due to mylar. The lithium disks immersed in LP30-NH,4PFg
show a signal at 22° (Figure 10a,b) associated with the formation of Li3N (reference pattern
00-002-0301_6). At the same time, the most intense signal of lithium at 36° (reference
pattern 00-001-1131_3) decreases in intensity. This seems reasonable considering that the
surface becomes passivated by a thick layer. Unfortunately, the mylar signal covers the
region where other intense lithium nitride reflexes are expected. In PC, no signal related
to the presence of LisN was collected. In this case, the signal of lithium decreased in
intensity and almost disappeared in the sample immersed in the solution with 250 mM
ammonium salt. This can be due to effects of both the sample orientation and lithium
consumption. The reason we cannot see any Li3N signal can be ascribed to slower kinetic
hinderance of the layer formation. Even if it is thin, a nitride layer is expected to also be
formed in PC-NH4PF;. The most relevant difference between the two carbonate systems
is the salt, which may play some role in assisting the reaction. It should be noted that the
XRD measurement has been performed with an unfavourable set up, with instrumentation
designed to be used for powder samples. Thus, the detection of a relatively intense signal
supporting the presence of LizN can be deemed a good result.
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Figure 10. X-ray diffraction patterns of lithium samples after immersion in solution containing 50
and 250 mM NH4PFg. (a) Sample immersed in LP30 with added NH4PFj, (b) enlargement of signal
at 22°; (c) sample immersed in PC with added NH4PFg.

3.6. SEM Images

SEM was used to investigate the morphology of cycled lithium electrodes. Additional
cells in PC, PC-NH4PFq, PC-TMAPFg, and PC-TEAPF; were assembled. After 30 cycles at
different current densities, the electrodes were disassembled in the glove box and mounted
on the SEM holder. Figure 11a,b reports the SEM images of the lithium before contacting the
electrolyte. It shows a flat surface with lines due to the sample lamination. After 30 cycles
at different current densities in PC (Figure 11c,d), the lithium sample shows a grain-like
morphology with grains diameter of ca. 1 um. This indicates the inhomogeneous deposition
achieved by using this electrolyte without additives. The metal electrode appears highly
porous when cycled in PC-NH4PF¢ (Figure 11e,f). The formation of pores (diameter ca.
10 um) is ascribed to the reaction of lithium with the ammonium cation and the hydrogen
produced at the interphase. The production of high porosity begins in the early stage of the
galvanostatic cycles and increases the electrode surface area, thereby lowering the effective
current density that is applied on the electrode. SEM images in tetraalkylammonium salts
(Figure 11g—j) show a flat surface with less evident asperities, indicating the beneficial
effect on the deposited lithium morphology. In particular, lithium cycled in PC-TMAPFq
(Figure 11g,h) does not appear rough or grainy, even at high magnification. On the contrary,
the sample appears rougher in PC-TEAPF4 than in PC-TMAPF. This can be ascribed to the
lower charge density of tetraethylammonium cation with respect to tetramethylammonium
cation, which lowers the shielding ability of the TEAPF, additive.
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Figure 11. SEM images of pristine lithium (a,b) and cycled samples in (c,d) PC, (e f) PC-NH4PF,
(g,h) PC-TMAPFg, and (i,j) PC-TEAPFg at two magnification.
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4. Discussion

In the long term, PC seems to suffer more than LP30 from the formation of dead lithium,
with the hinderance of mass transport development as its consequence. The addition of
NH4PF4 and TEAPEF; is beneficial to the cell operation, resulting in a remarkable decrease
of the total impedance, specifically of impedance associated with the SEl, k. The charge
transfer resistance value, evaluated from the fitting of the plots at t, of PC-NH4PF¢ and
t; for PC-TEAPF, agrees with the one obtained in LP30. The portion of the spectra of
PC-NH4PF; relative to the charge transfer is easier to fit. Although the semicircle is not
easy to distinguish, it is not completely flat, unlike other cells. This indicates that the
presence of the ammonium makes the two surfaces much more similar and even induces
the deposition/stripping process.

PC-based electrolytes exhibit the tendency to develop higher polarization profiles
because of prolonged cycling instead of showing diminishing impedance and overpotential,
like LP30-based electrolytes do. This suggests that the deposition/stripping process could
produce more electrically insulated lithium in the case of PC. However, it is necessary to
also consider that, in the absence of LiPFg, as in the case of the PC solution, the integrity
of the glass fibre separator is conserved for a longer time; this could result in a negligible
contribution. All the additives presented seem to exert a positive effect, specifically in
decreasing the tendency to develop high polarization and impedance. The combined chem-
ical inertia shown in the background CVs, along with the beneficial effect of TMAPF, and
TEAPF,, suggests an electrostatic shielding mechanism exerted by tetraalkylammonium
salts. This can be particularly true in the PC-TEAPFg system, where the additive leads to
a smooth deposit even after 600 cycles. In PC electrolytes, this attitude is suggested by a
positive effect on the polarization profile, which is stabilized during deposition/stripping
cycles. Meanwhile, it is less affected by the rise of the overvoltage related to the hindered
mass transport caused by the formation of electrically insulated lithium. TMAPF4 does not
show any clear effect on the electrochemical behaviour of the cells. However, the voltage
profiles in PC-TMAPF, show lower overvoltage, even at 0.500 mA cm 2. LP30-TMAPFq
behaves similarly to LP30, but the voltage profiles are less regular, with some abrupt
changes. By virtue of the chemical similarity with TEAPF, a possible beneficial action of
TMAPF¢ cannot be excluded if used in higher concentration. Morphologic investigation
in PC evidenced that tetraalkylammonium additive (especially TMAPF¢) leads to a more
uniform lithium surface.

The action exerted by NH4PFg is different and relies on direct reaction with lithium
with a consequential variation in the chemical composition of the native SEI layer. One
of the possible reactions occurring is based on the simple reaction of lithium with the
ammonium cation to form LizN,

Li+2NH;* — 2 LisN + 3 Hy + 2 H* @)

although a more complex reaction mechanism that also involve the electrolyte cannot be
excluded. The EIS measurements clearly indicate a less resistive behavior of the cell with
NH4PF; as well as the appearance of a well-developed interphase from the earliest stage of
the measurements. The former effect could be due to the formation of a peculiar porous
morphology of the electrode associated with the gas evolution during the chemical reaction,
which could create preferential transport pathways across the passivation layer.

SEM images highlighted that NH4PFg leads to a porous lithium morphology. The
formation of micrometric pores is ascribed to the reaction of lithium with the ammonium
cation and to the hydrogen produced at the interphase. The formation of highly porous
lithium increases the surface area leading to a generally lower overvoltage (Figure 4b). In
addition, the high surface area decreases the local current density applied to the lithium
electrode. This can lead to a less dendritic lithium deposition justifying the stability of the
cell over time. Considering that the formation of gas could be a potential safety issue, it will
be interesting to investigate the possibility of performing a pretreatment of lithium anodes
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beyond using the ammonium as an additive in solution. The addition of all the investigated
additives does not seem to alter the charge transfer process at the level of the lithium
electrode. The XRD observations confirmed the proposed mechanism for LP30-based
electrolytes (2). On the contrary, the presence of nitride is not detected in PC, which could
be due to the unfavourable analysis conditions. In fact, a passivation layer, whose chemical
composition needs to be further investigated, is clearly formed in both cases. In addition, it
needs to be clarified if the anion and/or the solvent have an active role during the reaction.
Operando measurements are ongoing and will be the topic of future publications.

Finally, the preliminary measurements in Li| |NMC cell with PC-based electrolyte
with and without additives, reported in Figure A3 in Appendix A.1, evidence good capacity
retention over cycling and coulombic efficiency, thus indicating no critical interactions of
the tetraalkylammonium cations with the NMC cathode occur.

5. Conclusions

For the first time, ammonium and tetraalkylammonium salts have been investigated
as additives for Li metal batteries with carbonate-based electrolytes. The investigated
tetraalkylammonium salts, TMAPF; and TEAPF, are likely to exert an electrostatic shield-
ing effect on the lithium deposition process, which is suggested in PC electrolyte by a
positive effect on the polarization profile. On the other hand, NH4PFg¢ directly reacts with
lithium with consequent variation in the chemical composition of the native SEI layer.
The EIS measurements clearly indicate a less resistive behaviour of the cell with NH4PFg
and the appearance of a well-developed interphase from the earliest stage of the measure-
ments. However, a more complex reaction mechanism also involving an active role of
the electrolyte cannot be excluded. Preliminary tests in an Li| NMC cell with PC-based
electrolytes demonstrated that the cathode is stable in contact with tetraalkylammonium
cations as evinced by the high coulombic efficiency and charge retention over galvanostatic
charge and discharge cycles. On the contrary, in the presence of NH4PFg, the cell shows
a low coulombic efficiency over prolonged cycles, thus indicating that the higher salt
reactivity may affect the overall cycling stability of the cell. Operando investigations are
necessary to highlight better the reactions occurring at the Li interphase and will be the
object of further studies.
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Appendix A

Table A1. Reduction and oxidation voltage data obtained from cyclic voltammetry of lithium
plating/stripping.

Reductiongnget/mV Oxidationpeak/mV
Electrolyte
1st Cycle 10th Cycle 1st Cycle 10th Cycle

LP30 —100 —100 150 160
LP30-NH4PF¢ —75 —80 160 150
LP30-TMAPEF, —100 -90 120 190
LP30-TEAPFq —100 -90 120 190
PC —140 —100 115 130
PC-NH,4PFq -90 —100 80 115
PC-TMAPF; —115 —115 130 110
PC-TEAPFq —135 —125 115 115

Table A2. Fitting parameters of the impedance spectra over deposition/stripping tests of Lil | Li cells
with LP30-based solutions. ty = before test, t; = after 10 cycles at 0.125 mA cm™~2, t = after additional
10 cycles at 0.250 mA cm~2, 100 cycles at 0.500 mA cm~2 and 10 cycles at 0.125 mA cm~2. The fitting
data with the highest relative errors are reported in grey.
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Table A3. Fitting parameters of the impedance spectra over deposition/stripping tests of Lil | Li cells
with PC-based solutions. ty = before test, t; = after 10 cycles at 0.125 mA cm 2, t, = after additional
10 cycles at 0.250 mA cm~2, 100 cycles at 0.500 mA cm~2 and 10 cycles at 0.125 mA cm~2. The fitting

data with the highest relative errors are reported in grey.
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Figure A1. Enlarged view at high frequency of the Nyquist plot of Figure 5a,c,d. The green, red and

cyan lines in the figures are the fitting results for the ty, t; and t, plots, respectively.
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Figure A2. Lithium disk samples immersed for 2 days in (a) LP30 and (b) PC, both with the addition
of 250 mM NHPF.

Appendix A.1. Test in Li| INMC Cells

Preliminary galvanostatic charge/discharge cycles of cells with lithium metal anode
and NMC cathode have been performed. The cathodes are made of NMC, PVdF, and C65
carbon in the ratio of 8:1:1. Coin cells (1.13 cm?) were assembled with electrodes having
mass loading ca. 8.2 mgnyc cm 2. The tests were carried out at room temperature (near
22 °C) by constant current-constant voltage charge and constant current discharge between
3.0 and 4.2 V. Three cycles at C/10 C-rate were performed, followed by cycles at C/2 C-rate.
The capacity retention and the coulombic efficiency of the cells with PC electrolyte and with
PC-NH4PFq, PC-TMAPF;, and PC-TEAPEF, are shown in Figure A2. The cells show minor
differences concerning the capacity retention, and those with alkylammonium additives
are the best performing. Other than PC-NH4PFg, all cells showed coulombic efficiency
values close to 99%, which indicates no critical interactions between tetraalkylammonium
ions and NMC cathode. The cell with the NH4PF¢ additive behaves like the cell without
additives in terms of capacity retention, but with a worse coulombic efficiency, especially
over prolonged cycling. It is likely that the chemical reaction of NH4PF; at the Li interface
forms by-products that negatively affect cell stability. This suggests the possibility of
using this salt in lower concentrations, or eventually in the same concentration during the

initial cycles only, to form a good SEI, and then replacement the electrolyte with a pure
PC-LiTFSI solution.

100
@ 100 180 &
= "w by
< 3
E 80 b o 60 qc)
= 5
3 o 5
% -40 o
o

o Mr . o opc £
= e o PC-NHFF, {20 2
Q 20 o o PCTMAPF, 8
(%) e o PC-TEAFF,

0 1 L 1 O

0 20 40 60

Cycles

Figure A3. Capacity retention (full circles) and coulombic efficiency (plein circles) data of Li| | NMC
cells with PC and PC-NH4PFg electrolytes over testing at C/2, after two formation cycles at C/10
C-rate.
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