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Regular Article 

Operando insights into ammonium-mediated lithium metal stabilization: 
surface morphology modulation and enhanced SEI development 
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Catia Arbizzani a 

a Alma Mater Studiorum - University of Bologna, Dept. of Chemistry “Giacomo Ciamician“, via Selmi 2, Bologna, Italy 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• NH4PF6 dual beneficial role, hinders the 
dendritic growth and accelerate the SEI 
formation. 

• Stable lithium deposition stripping over 
1500 cycles. 

• Operando confocal Raman spectroscopy 
demonstrates the electrolyte degrada
tion in forming the SEI.  

A B S T R A C T   

Lithium-ion batteries (LiBs) with graphite as an anode and lithiated transition metal oxide as a cathode are approaching their specific energy and power theoretical 
values. To overcome the limitations of LiBs, lithium metal anode with high specific capacity and low negative redox potential is necessary. However, practical 
application in rechargeable cells is hindered by uncontrolled lithium deposition manifesting, for instance, as Li dendrite growth which can cause formation of dead Li, 
short circuits and cell failure. 

The electrochemical behaviour of a protic additive (NH4PF6) in a carbonate-based electrolyte has been investigated by operando confocal Raman spectroscopy, in 
situ optical microscopy, and X-ray photoelectron spectroscopy, elucidating its functional mechanism. The ammonium cation promotes a chemical modification of the 
lithium metal anode-electrolyte interphase by producing an N-rich solid electrolyte interphase and chemically modifying the lithium surface morphology by elec
trochemical pitting. This novel method results in stable lithium deposition and stripping by a decreasing the local current density on the electrode, thus limiting 
dendritic deposition.   

1. Introduction 

Because of their high specific energy and power, lithium-ion batte
ries (LIBs) are the most spread batteries on the market. The employment 

of graphite and, more recently of silicon/graphite, as anode in LIBs, 
alleviated the safety concerns that scientists encountered when utilized 
a Li metal anode in rechargeable batteries [1,2]. However, performance 
standards have shifted over the past few decades, and the demand for 
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more specific energy and power has risen, particularly in automotive 
industry. Li metal anodes appear to be at the cutting-edge once more, 
and have been proposed for the most modern batteries, especially Gen 4 
and Gen 5 [3]. The primary issue of Li-metal anodes is the tendency of 
non-uniform Li deposition, dendritic and mossy forms, leading to for
mation of dead Li, continuous electrolyte consumption and large volume 
changes [4,5]. 

Without control, the solid electrolyte interphase (SEI) formation 
inevitably produces morphological and compositional inhomogeneity. 
Thus, lithium-ion diffusion and deposition follow preferential pathways. 
Repeated cycling exaggerates this phenomenon, causing lithium depo
sition in the form of filaments and dendrites. Once dendrites are formed, 
they become preferential sites for further lithium deposition due to in
homogeneities of the electric field [6]. 

To counteract problem caused by non-uniform deposition, additives 
or co-solvents are introduce to the commonly used electrolytes to modify 
the SEI composition or induce the growth of an artificial SEI. Recently, 
the electrolyte composition has been varied to enrich the SEI layer with 
both inorganic compounds, namely LiF, Li2CO3, LixNOy or Li3N, and 
organic species. Generally, fluorine-containing additives have excep
tional reactivity, resulting in a stable SEI due to their dipolar nature [7]. 

Fluoropyridines (FP) are additives proposed for carbonate and ether- 
based electrolytes. In these molecules, the C-F bond breaking releases 
fluoride and enriches the SEI layer with LiF [8,9]. Hence, FP can regulate 
the initial Li nucleation process and induce a protective layer leading to 
uniform, dendrite-free, Li deposition. Lithium fluoro(oxalato)borates, 
additives can also modify the electrode’s surface layer composition. 
These additives produce a LiF-free surface film on the Li-rich cathode, 
while they produce a LiF-rich surface film on the anode. The presence of 
LiF in the SEI composition can decrease the diffusion barrier of Li+, 
limiting the formation of dendrites [10]. Similarly, hexafluoroisopropyl 
trifluoromethanesulfonate (HFPTf), heptafluorobutyric anhydride 
(HFA) and bisfluoroacetamide (BFA) [11,12] can be used to form a 
uniform LiF-rich SEI, increasing the surface lithophilic character. The 
homogenous lithium deposition is mainly obtained due to the rapid and 
uniform Li+ diffusion through the SEI. Alternatively, phosphorus pen
tasulfide (P2S5) forms a conductive coating on the Li metal anode, 
suppressing Li dendrite growth during cycling and as well as the shuttle 
reaction polysulfides in lithium sulphur cells [13]. 

The molecular structure of the additive must be tailored to reach the 
desired properties. For example, in phenyl sulfones (PS), the com
pound’s aromatic ring helps to maintain the stability of SEI, and the 
sulphur moiety ensures high ionic conductivity [14]. On the other hand, 
the vinyl ethylene carbonate (VEC) structure can solvate Li+ ions able to 
permeate through the SEI. The permeability can be controlled using 
donor solvents. In this system, the properties of the SEI layer formed by 
the VEC can be modified introducing a cyano-substituent [15]. 

Several nitrogen-containing species have also shown to form effec
tive SEIs. For this purpose, nitrogen-based interlayers, “artificial SEIs”, 
including lithium phosphorous oxynitride (LiPON) [16] and Li3N [17] 
are promising candidates. As an example, Li3N possesses high ionic 
conductivity (~10-3 S cm− 1), low electronic conductivity (less than 10-12 

S cm− 1) [18], and thermodynamic stability versus lithium metal 
[19,20]. It can be obtained by directly exposing the Li surface to N2 gas 
[21]. 

Also, nitrogen-defective graphite-like carbon nitrides have been 
studied as coatings to attain homogeneous deposition of lithium metal 
and block the formation of dendrites [22]. 

The modification of lithium electrode to produce a high surface area 
lithium has been proposed by Ryou et al. in 2015, in which idea was to 
introduce a higher surface area on the Li metal electrode that alleviates 
high surface area lithium (HSAL) formation and in addition creates 
“defects by design”, that serve as preferred Li plating sites. The physical 
modification of lithium micro-needle surface structural modification 
technique took advantage of the ductile nature of lithium and uses roller 
head containing 20 lines of 200 μm length micro-needle arrays [23,24]. 

Several studies have focused on understanding interphase dynamics 
and the strategies to stabilize it. In particular, fundamental studies 
employed microscopy and dilatometric techniques [22,25–28]. Typi
cally, in situ TEM and SEM [25,29] experiments allow to reach a 
nanoscale imaging [25,29] with detailed local characterizations of the 
interphase, but are limited to electrolytes with low volatility and vis
cosity and it is important to consider the potential influence of the 
electron beam on the electrochemical reactions. Alternatively, operando 
7Li NMR spectroscopy was reported as a promising technique to monitor 
and recognize different lithium- containing compounds in SEI [30]. 
Synchrotron X-ray tomographic microscopy has been used to observe 
the early stage of dendritic lithium formation [31,32] but does not 
provide chemical information on the SEI. Confocal Raman spectroscopy 
represents a promising technique for performing operando measure
ments on batteries over extended number of cycles with a high acqui
sition speed (<60 s). The spatial resolution depends on the laser spot 
size. The latter can be regulated and reduced in the order of 1 µm or less 
depending on the sample. Its applications include materials develop
ment, SEI characterization, electrode reaction optimization, and inter
calation dynamics, offering real-time (electro)chemical insights. For 
example, operando Raman spectroscopy, complemented by operando 
mass spectrometry, was employed to elucidate the mechanism behind 
SEI formation. identifying major SEI products such as lithium carbonate 
and lithium oxide [33]. In the study of cathodic materials, in situ and 
operando Raman spectroscopy aid in understanding M− O bond elec
trochemistry and lattice dynamics in lithium metal oxides [34]. Raman 
spectroelectrochemistry was also used to explore Janus graphene’s so
dium intercalation in sodium-ion batteries [35]. In Li-S cells, with 
operando Raman spectroscopy, it is possible to track polysulfide speci
ation and migration, which is vital for enhancing capacity and inter
phase stability [36]. 

This work uses operando confocal Raman spectroscopy to study the 
lithium metal–electrolyte interphase in a carbonate-based electrolyte in 
the presence of the sacrificial additive NH4PF6. The aim is to perform an 
in situ modification of the lithium surface forming a three dimensional 
lithium electrode in the early stage of the cycling to reduce the local 
current density on the lithium surface by electrochemical pitting. This 
approach is proposed as an innovative strategy to reduce lithium den
dritic growth during long-term cycling. The electrochemical behaviour 
of Li symmetric cells has been explored through galvanostatic cycling 
and electrochemical impedance spectroscopy, to evaluate the effect of 
the additive on the electrochemical performance. Confocal Raman 
spectroscopy was used to probe the variation in the electrolyte compo
sition and the evolution of the interphase during the lithium deposition/ 
stripping experiments. 

2. Experimental section 

2.1. Materials 

The materials used for the preparation of electrodes and electrolytes 
have been the following: lithium metal ribbon (Sigma Aldrich, 0.75 mm 
thick, 99,9%), ethylene carbonate (EC, Sigma Aldrich, >99 %), dimethyl 
carbonate (DMC, Sigma Aldrich, >99), lithium bis(tri
fluoromethanesulfonyl)imide (LiTFSI, Sigma Aldrich, 99,5%), ammo
nium hexafluorophosphate (NH4PF6, Fluorochem Co., >99 %). The 
electrolyte solutions to study the effect of NH4PF6 as additive for the 
formation of a stable solid electrolyte interphase have been prepared 
starting from the electrolyte, 1 M LiTFSI in EC: DMC 1:1 wt./wt., 
without any additive. The concentrations of the ammonium salt additive 
are 50, 100 and 250 mM, which are about 1, 2, and 2.5 % wt/wt, 
respectively, in order. The base electrolyte (1 M LiTFSI in EC: DMC), has 
been chosen because of its low viscosity (2.88 mPa s− 1) in comparison to 
e.g. the commonly used electrolyte 1 M LiPF6 EC: DMC (4.15 mPa s− 1) 
[37]. 
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2.2. Electrochemical tests 

Electrochemical cells with two electrodes have been assembled in a 
glovebox (Mbraun Labmaster SP) in argon inert atmosphere (O2 < 0.1 
ppm and H2O < 0.1 ppm) using stainless steel cells (Swagelok, Swagelok 
Company) with glass microfiber separators (Whatman, GF/A), which 
were pre-dried and deaerated in an oven (B-585 Kugelrohr, BÜCHI) at 
120 ◦C under vacuum for 12 h. 

The electrochemical tests have been performed with a BioLogic VSP 
potentiostat/galvanostat. Potentiostatic electrochemical impedance 
spectroscopy (PEIS) experiments have been conducted in the frequency 
range 100 kHz – 100 mHz, with a perturbation amplitude of 10 mV 
around open circuit voltage (OCV) and recording 20 points per decade. 
The PEIS have been fit using equivalent circuits composed of resistors 
(R) and constant phase elements (Q). Instead of ideal capacitor, the Q is 
used to account for nonideal capacitive behaviours originating from a 
rough and imperfect surface. The impedance of the constant phase 
element is ZCPE = 1/[Q(iω)a ] with Q expressed in F • s-(1-a) (or Ω− 1 sa) 
and angular velocity ω = 2πν. From the fitting results, the capacitance 
can be obtained as C = (Q R1-a)1/a [38]. Each (RC) component has its 
characteristic time constant τ = RC and it appears in the impedance 
spectrum at a relative frequency of ν = 1/(2πτ). The test protocol was the 
following: EIS (cycle number 0); 10 GCPL cycles at 0.125 mA cm− 2; EIS 
(cycle number 10); 10 GCPL cycles at 0.250 mA cm− 2; EIS (cycle number 
20); 100 GCPL cycles at 0.500 mA cm− 2; EIS (cycle number 120); 10 
GCPL cycles at 0.125 mA cm− 2; EIS (cycle number 130); prolonged 
GCPL cycling at 0.125 mA cm− 2. 

2.3. Confocal Raman spectroscopy measurements 

Operando Raman measurements were performed using a two- 
electrode cell (EL-cell). Lithium foil was cut into a 9 mm disk for the 
counter electrode that was placed at the bottom of the cell. A 10 mm 
lithium ring with a 2 mm hole in the centre was used as working elec
trode, and a 20 mm Cu ring with a 5 mm hole was used as current 
collector. The assembled cells were connected to a galvanostat/poten
tiostat Biologic SP-300. 

Raman measurements were performed on a LabRAM Confocal 
Raman Spectrometer with a Peltier cooled CCD, an x50 objective, 300 
and 600 grooves/mm gratings, and incident laser 633 nm (power 50 mW 
10 % filtered). Before analysis, the spectra were baseline corrected. The 
laser can be focused close to the lithium-electrolyte interphase in a 
confocal Raman spectrometer. During the experiments, different areas 
of the sample were probed with the laser to find a spot close enough to 
probe the variation in the electrolyte composition and far enough not to 

focus the laser on the lithium electrode directly. An acceptable 
compromise was found by focusing the laser ca. 50 µm far from the 
interphase. Hence, the laser spot was focused in two positions: between 
the Whatman separator and the working electrode, and ca. 50 µm away 
from the lithium metal electrolyte interphase. Stripping deposition 
measurements were made using a Li//Li symmetric cell with the base 
electrolyte or with the electrolyte containing the additive, by filling the 
internal volume of the cell with a syringe. Deposition/stripping cycles 
were carried out with an applied current density of 0.5 mA cm− 2 or 1 
mA cm− 2 with a capacity of 0.5 or 1 mAh cm− 2, respectively. 

During deposition stripping cycles, Raman spectra were recorded 
every 5 min with an exposure time of 60 s by averaging 4 acquisition of 
15 s (Fig. 1). The Raman spectra (Fig. S1) were integrated and divided 
into areas of interest. Table S1 shows the Raman shift ranges used to 
integrate the electrolyte vibrational band. In situ optical microscopy 
images were captured before and at the end of the measurements with 
the x50 objective. During the experiment, fluctuations in room tem
perature can cause the spectral peaks to shift. A decrease in temperature 
leads to a blue shift, while an increase in temperature results in a red 
shift [39]. In the experimental setup used, the maximum observed shift 
is approximately ± 3 cm− 1”. 

2.4. Physicochemical characterization 

Field emission scanning electron microscopy (FE-SEM) was per
formed by collecting secondary electron signals using a Zeiss (Oberko
chen, Germany) SUPRA 40VP instrument at primary beam acceleration 
voltages of 10–20 kV. Energy dispersive X-ray spectroscopy (EDXS) 
maps were acquired with an INCA x-act PentaFET Precision spectrom
eter. Lithium metal electrodes were cycled in the electrolytes under 
investigation in stainless steel cells (Swagelok, Swagelok Company) with 
glass microfiber separators (Whatman, GF/A). The cells were dis
assembled in a glovebox and the lithium metal electrodes placed on SEM 
stabs in an SEM transfer chamber keeping the argon atmosphere. Pits 
dimension distribution was obtained by analyzing around 600 pits 
coming from six different SEM images at different magnification of 
lithium electrodes by ImageJ software. 

X-ray Photoelectron Spectroscopy (XPS) measurements were carried 
out using a PHI5000 Versa Probe III XPS from ULVAC-PHI, with a 
monochromatic 1486.6 eV Al Kα X-ray beam. Li electrodes extracted 
from symmetric Li coin cells after 10 deposition-stripping cycles at 0.5 
mA with/without ammonium hexafluorophosphate were compared 
with Li foils that were soaked in the electrolyte solutions for 20 h, 
analogous to the cycling time, without any applied potential. Prior to the 
XPS analysis samples were washed with DMC inside an argon-filled 

Fig. 1. Schematic representation of the measurement protocol (a) and the sampled areas: ca. 50 µm away from the lithium metal electrolyte interface (b) and 
between the separator and the working electrode (c). 
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glovebox before being transferred into the XPS using an air-tight transfer 
vessel. XPS curves were fitted by the CasaXPS software and applying a 
Shirley-type background function. The shift in terms of binding energy 
was corrected assigning a value of 284.1/284.4 eV to the C1s peak 
attributed to sp2-type carbon. Atomic percentages (at. %) quantification 
was obtained using the sensitivity factors of integrated peak areas sup
plied by the software. Each experiment was performed in triplicate (or 
quintuplicate) to assess the reproducibility. 

3. Results 

3.1. Electrochemical test 

As a protic salt, the action exerted by NH4PF6 relies on direct reaction 
with lithium to modify the chemical composition of the interphase. It 
has been previously established that the chemical reaction between a 
protic additive and lithium metal is spontaneous [40]. As shown in the 
SEM images in Fig. S2, the reaction between lithium metal and ammo
nium results in chemical pitting on the lithium electrode. 

Deposition/stripping cycles and PEIS experiments have been used to 
investigate the electrolyte behaviour. The voltage profiles of symmetric 
cells with the two different electrolytes, without and with additive, 
(Fig. 2) differ in shape and overpotentials. The overvoltage is higher and 
stable without the additive, showing the typical double peak shape of a 
Li//Li symmetric cell [41]. Meanwhile, when the additive is present, the 
overvoltage is initially lower, but increases progressively due to the 
interphase formation that increases the cell resistance. For the lowest 
additive concentration, the voltage profile stabilises around 20 mV after 
five cycles (10 h), suggesting that the formed interphase is stable. This 
process depends on the current density and the additive concentration, 
as shown Fig. 2. While the increase of the current density promotes the 

SEI formation, the increase of the additive concentration results in an 
increased overvoltage. Higher current densities are likely to promote a 
faster rate of electrolyte decomposition and thicker SEI formation. 
Indeed, ammonium ions are forced to shuttle from the electrolyte to the 
electrode because of migration. This can promote the interaction be
tween the electrolyte and the electrode surface, potentially promoting 
the decomposition of the electrolyte and the formation of a thick SEI 
layer. This suggests that the formation of the interlayer is promoted by 
the presence of the additive through an electrochemically promoted 
chemical reaction. 

Fig. 3 reports on the behaviour of the voltage profile over more than 
1500 cycles. With the base electrolyte (1 M LITFSI EC: DMC), the cell 
exhibits a steadily decreasing overvoltage in, most likely due to the 
increasing electrode surface area due to dendritic electrodeposition. 
After 1000 cycles, the overvoltage increases due to the detachment of 
dendritic lithium and formation of “dead lithium”. The formation of the 
SEI can be related to the increase of the overvoltage observed in the 
initial cycles (first 50 cycles). With the addition of NH4PF6 the over
voltage is stable, and increase with extended cycling is not observed, 
pointing to a stable interphase. 

The interphase properties and formation in the early stages of cycling 
were investigated by acquiring impedance spectra just after cell as
sembly, after the cycles at 0.125, 0.250, 0.500 mA cm− 2 and after 10 
cycles at 0.125 mA cm− 2, respectively (Fig. 4a, b). The PEIS were fitted 
with an Rel(RSEIQSEI)(RgbQgb)(RctQdl) equivalent circuit (details of the 
fitting in Supplementary Information). Rel corresponds to the ohmic 
resistance of the electrolyte, RSEI and QSEI are related to the SEI 
impedance, while Rgb/Qgb can be ascribed to the grain boundaries inside 
the SEI and between lithium and SEI. Rct/Qdl are related to the charge 
transfer process between the liquid electrolyte and lithium electrode 
across the SEI and the correspondent electrical double layer (Fig. 4c) 

Fig. 2. Deposition-stripping cycles of symmetric Li//Li cells in (a) 1 M LiTFSI EC: DMC, (b) 1 M LiTFSI EC: DMC + 50 mM NH4PF6, (c) 1 M LiTFSI EC: DMC + 100 
mM NH4PF6 at current density of 0.5 mA cm− 2 and a charge capacity of 0.5 mAh cm− 2, and (d) 1 M LiTFSI EC: DMC + 50 mM NH4PF6 at current density of 1 mA 
cm− 2 and a charge capacity of 1 mAh cm− 2. 
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[38]. Each process was assigned by considering the relative frequencies 
in which they are visible. It must be noted that the representative 
semicircles of the SEI component are easily recognized thanks to their 
low capacitive contribution with respect to the double layer of the 
lithium electrode (10-6F vs 10-2F). Without the additive, the contribu
tions related to the SEI are not easily discerned in the early stage of the 
measurements, and the contribution given by the bulk and grain 
boundaries of the SEI are not distinct. On the contrary, these contribu
tions are visible with NH4PF6 in agreement with the SEI formation 
inferred from the voltage profiles. 

Looking at the evolution of the impedance components with the 
cycling, the effect of the ammonium additive can be further compared 
with the base electrolyte. While adding the ammonium does not dras
tically alter the charge transfer resistance (Fig. 4d), the capacitance of 
the double layer increase over the first 20 cycles (Fig. 4e), indicating that 
NH4PF6 leads to an increase in the lithium surface area. In this 

electrolyte, the capacitance decreases after the cycles at high current 
density (0.5 mA cm− 2), indicating that the high current density cycles 
did not form a further porous morphology. Contrarily, the decrease in 
the Qdl suggests that the deposition at 0.5 mA cm− 2 does not produce 
dendrites, but rather fill the porosity formed by the electrochemical 
pitting, with the consequent decrease of the surface area. In both the 
electrolytes, QSEI is stable, but it is greater in the lithium electrodes 
cycled with the NH4PF6 due to the higher surface area of these samples. 
Hence, the addition of NH4PF6 causes the increase of the lithium surface 
area and, hence, the decrease of the local current density for Li depo
sition, preventing the lithium dendritic growth and stabilizing the SEI. 

In the base electrolyte (1 M LiTFSI EC/DMC), the SEI is less resistive 
with respect to the SEI formed in the presence of the additive. Indeed, if 
the lithium grows dendritically, freshly-deposited lithium reacts with 
electrolyte forming a new SEI that is less resistive than the native SEI. 

The Rel and the components describing the grain boundaries in the 

Fig. 3. Li//Li symmetric cell voltage profiles in 1 M LiTFSI EC: DMC (a), and 1 M LiTFSI in EC: DMC + 50 mM NH4PF6 in EC: DMC (b), 0.125 mA cm− 2, 0.25 mA 
cm− 2, 0.50 mA cm− 2. 

Fig. 4. Li//Li symmetric cell EIS in 1 M LiTFSI EC: DMC (a), and 1 M LiTFSI in EC: DMC + 50 mM NH4PF6 in EC: DMC (b) after a different number of cycles at 30 ◦C. 
The impedance spectra were fitted with an equivalent circuit Rel(RSEIQSEI)(RgbQgb)(RctQdl). (c) equivalent circuit used to fit the impedance spectra. Evolution of the 
Rct (d), Qdl (e), RSEI (F), and QSEI at different cycle numbers with and without NH4PF6. 
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SEI (RgbQgb) seem to not depend on the presence of the additive 
(Fig. S3). The slight increase of the Rel and Qgb can be due to the elec
trolyte decomposition and the formation of grained structure of SEI, 
respectively. The PEIS data clearly shows that adding ammonium leads 
to a fast formation of a stable and porous interphase which is well- 
developed from the earliest stages of cycling. It is important to under
stand the composition of the formed interphase and insight about the 
species present and the evolution of speciation can be obtained by 
operando Raman spectroscopy. 

3.2. Operando Raman spectroscopy 

First, the Raman spectra of the electrolytic solutions must be studied 
to find the region of interest for the operando measurements. The Raman 
spectra recorded in the operando Raman cell of the electrolytic solutions 
are shown in Fig. S1a, and all the signals were assigned. The presence of 
NH4PF6 is hard to be detected at this low additive concentration. The 
only signal present is the one at 732 cm− 1 associated with the PF6

- anion 
[42,43]. For the analysis, two bands were identified with information 
from all the electrolyte components (Fig. S1b and c). 

In situ optical microscopy images of the Li-electrode in the Raman 
spectroscopy cell before and after cycling show the lithium surface 
evolution after ten deposition/stripping cycles in the electrolytes 
without and with additive (Fig. 5). 

In the absence of NH4PF6 (Fig. 5a and b), significant dendritic growth 
of lithium can be observed after cycling. This suggests that the density of 
the freshly deposited Li is lower than the bulk electrode due to the 
dendritic plating. In the presence of NH4PF6, the lithium surface is does 

not show any dendrites on the micrometre scale probed by optical im
aging, as also visible from the enlarged images in the insets (Fig. 5c and 
d). 

Raman spectra were recorded every 5 min during cycling, with a 
total sample exposure time to the laser of 60 s (Fig. S4). The variation of 
integrated intensity of representative bands of the electrolyte compo
nents during cycling provide information on the variation in the con
centration of respective component. (Fig. 6). As shown in Fig. 6a and c, 
in the absence of NH4PF6, the Raman signals fluctuate following the 
deposition/stripping cycles. The intensity generally decreases during 
deposition and increase upon stripping. Upon deposition, if dendrites 
are formed the lithium surface gets closer to the laser spot and the 
Raman signal related to the electrolyte decreases. After 14 h, the freshly 
deposited lithium comes into the field of view of the Raman laser; 
consequently, the electrolyte signals are not yet visible because the 
deposited lithium cover the whole field of view. 

When NH4PF6 is present, the Raman signal decreases rapidly in the 
first reduction, even though the lithium surface is far from the field of 
view. The EC and the Li+- EC signals show the most prominent decrease, 
which can be associated with their reaction at the electrode surface. This 
suggests that the additive’s presence can assist the reaction of the 
electrolyte component to form the interphase. After the 5th cycle, when 
the interphase is supposed to be formed, the signals related to the EC and 
LiTFSI are stable, while the signals of DMC and Li+-EC increase (zoom in 
Fig. S5). The latter indicates that once the EC is consumed at the 
interphase, its concentration in the sampled area is restored by diffusion. 
However, since the total concentration of EC in solution is lower, it is 
mostly coordinated with the Li ions and so present as Li+-EC in the 

Fig. 5. In situ optical microscopy images (50x) of cell in (a,b) 1 M LiTFSI EC: DMC and (c,d) 1 M LiTFSI EC: DMC + 50 mM NH4PF6 before (a,c) and after cycling (b, 
d) at 0.5 mA cm− 2. Lithium surface is in the bottom right corner of the image. The insets of figures (c) and (d) shows the enlargement of the lithium surface that 
appears in the bottom-right corner. 
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Raman spectra. 
The Raman laser was also focused on Li surface in the cell with ad

ditive. It wasn’t possible to perform the same test without additive 
because of the immediate decrease of all the signals of the electrolyte 
components. In the Raman spectra become visible a vibration at 1832 
cm− 1 related to lithium carbide that was reported as a degradation 
product of the SEI under the laser (Fig. S6). Assuming that the decom
posed SEI is preserved, or it is every cycle formed in a comparable 
amount, from the fluctuation of this signal (Fig. 7c) is possible to esti
mate the reversibility of the lithium deposition stripping (around 85 %). 
It is also evident the complementarity between the electrolyte signals 
and the lithium signal that confirms the correlation between the inter
phase growth and the signal observed (Fig. 7b and c). Once the lithium 
growth occupies the laser area after 6 h, the electrolyte signals drops 
while the interphase signals become the only ones visible. 

3.3. Morphology and elemental analysis 

The morphology of cycled lithium electrodes was studied using SEM. 
Cells with electrolytes with and without NH4PF6 were cycled at a current 
density of 0.5 mAcm− 2. After 10 cycles, the cells were disassembled in 
the glove box and the Li electrodes placed on a SEM holder in the 
transfer chamber after washing with DMC. The lithium electrode from 
the cell cycled without the additive shows an inhomogeneous and rough 
surface (Fig. 8a-c). When the additive is present, the metal electrode 
surface shows a large number of pits (Fig. 8d and e), with the dimensions 
ranging from 100 nm to 1 µm. The formation of pits can be ascribed to 
the reaction of lithium with the ammonium cation. Hence, in the pres
ence of the additive the surface area is increased in the first 10 cycles, 
lowering the effective current density on the electrode which decreases 
the driving force for dendritic deposition. While the trend of the surface 
area in our approach might appear analogous to what is seen with 

Fig. 6. Operando Raman intensity of selected bands during lithium deposition-stripping in (a,c) 1 M LiTFSI EC: DMC, (b,d) 1 M LiTFSI EC: DMC + 50 mM NH4PF6 in 
the intervals (a,b) 880–945 cm− 1 and (c,d) 705–725 cm− 1. The Li//Li cell with glass fibre separator was cycled at 0.5 mA cm− 2 for 10 cycles. 

Fig. 7. Experiment recorded focusing the laser at the interface, (a) in situ optical microscopy images (50x) of cell in 1 M LiTFSI EC: DMC + 50 mM NH4PF6; operando 
Raman signals variation during lithium deposition-stripping in1M LiTFSI EC: DMC + 50 mM NH4PF6 in the intervals (b) 880–945 cm− 1 and (c) 1820–1840 cm− 1. The 
Li//Li cell with glass fibre separator was cycled at 0.5 mA cm− 2 for 10 cycles. 
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dendritic lithium deposition, the impact on lithium morphology is 
fundamentally different. Dendritic growth is characterized by the for
mation of needle-like protrusions that can pierce the separator, leading 
to safety concerns [43]. In contrast, the increased surface area in our 
system (Fig. 8d and e) arises from the three-dimensional internal 
structure of the electrode. This intricate architecture provides a larger 
surface area for lithium deposition without compromising the structural 
integrity of the separator. After 100 cycles at 0.5 mA cm− 2 in 1 M LiTFSI 
in EC: DMC + 50 mM NH4PF6, the pits that formed during the early 
stages of cycling are no longer visible. Instead, the lithium surface ap
pears uniformly flat, with clearly visible lithium nucleation points. 
Additionally, there are observable nanometric-scale dendritic struc
tures, as shown in Fig. 8i. Huang et al. previously demonstrated that pits 
or cavities on the lithium surface tend to act as nucleation sites for 
lithium deposition [44]. Therefore, the pits created by the additive may 
serve as preferential plating sites, thereby enhancing lithium cyclability, 
as demonstrated in Fig. 3. This observation aligns with the data from the 
EIS in Fig. 4e, where a reduction in Qdl after 100 cycles suggests that 
these pits are being filled with additional lithium deposits. 

SEM analyses evidence that the pits are uniformly present on the 
lithium surface. The pits formed are mostly submicrometric (as can be 
seen by the size distribution in Fig. 9) with a small fraction of bigger pits 
that can reach ca. 1 µm (Fig. S9). It must be considered that the chemical 
pitting, despite less control over the uniformity of the produced pits, can 
produce a high surface area lithium with pits in the range of 50–200 nm 
with a very low amount of additive in the electrolytic mixture. 

The chemical composition of the electrochemically formed SEI on 
cycled lithium electrodes was studied by EDS and XPS (Table 1). Elec
tron diffraction mapping was also used to evaluate the element distri
bution on the electrodes. Elemental maps (Figs. S8–S9) showed the 
prominent presence of the O, C, N and F on the edge of the pores in 
samples cycled 1 M LiTFSI in EC: DMC + 50 mM NH4PF6. The presence 

of Si is related to glass fibre separator residuals on the lithium surface 
after the cycling. The relative abundance of C, N, F, and S increases in 
the SEI with the addition of NH4PF6, accompanied by a decrease in the 
relative abundance of O. This suggest that the degradation of the EC and 
DMC, which are the source of oxygen in the SEI, forms different species 
in presence of NH4PF6. Indeed, the quantity reported are represented as 
relative percentages. When we consider the degradation of the electro
lyte in the system without the additive, the solvents DMC and EC pref
erentially form O-rich compounds (e.g., carbonates). On the other hand, 
in the system with NH4PF6, oxygen-rich species can be substituted by 

Fig. 8. SEM images of lithium electrodes after 10 deposition/stripping cycles in Li//Li symmetrical cell at 0.5 mA cm− 2 (0.5 mAh cm− 2) and 30 ◦C in (a-c) 1 M LiTFSI 
in EC: DMC and (d-f) 1 M LiTFSI in EC: DMC + 50 mM NH4PF6. SEM images of lithium electrodes after (g-i) 100 deposition/stripping cycles in Li//Li symmetrical cell 
1 M LiTFSI in EC: DMC + 50 mM NH4PF6. 

Fig. 9. Pit size distribution histogram in the region 10–350 nm of lithium 
electrodes after 10 deposition/stripping cycles in Li//Li symmetrical cell at 0.5 
mA cm− 2 (0.5 mAh cm− 2) and 30 ◦C in 1 M LiTFSI in EC: DMC + 50 
mM NH4PF6. 
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nitrogen-enriched species in the SEI (e.g., amides or carbamates). This 
results in a lower relative oxygen content in the SEI with NH4PF6. 

The full survey XPS spectra (Fig. S10) of cycled lithium electrodes in 
the different electrolytes show the characteristic peaks of C1s (284 eV), 

O1s (532 eV), F1s (689 eV), N1s (400 eV), S2p (170 eV), Li1s (56 eV), 
P2p (134 eV), and Si2p (155 eV). Atomic percentage quantification is 
reported in Table S2 and there is an overall qualitative agreement with 
the results from XPS and EDS. The presence of the additive reduces the 
number of oxygenated species favouring the formation of S, F and N-rich 
SEI components. It must be noted that all the signals in the XPS spectra 
were more intense from the lithium electrode cycled in the electrolyte 
with NH4PF6 additive. Hence, the NH4PF6 clearly participates in the SEI 
formation. Indeed, signals in the Li1s, S2p and N1s regions were only 
visible in the spectrum from the lithium electrode cycled in the presence 
of the additive even across different electrode spot. The electrode cycled 
without NH4PF6 might have formed a less dense SEI than in presence of 
NH4PF6. Hence, it can be more susceptible to removal during the 
washing steps involved in sample preparation for XPS analysis. As a 
result, the XPS probe depth might not reach the underlying lithium 
metal or nitrogen-containing species within the electrode. Therefore, the 
absence of Li1s and N1s signals doesn’t necessarily imply their complete 
absence in the electrode. It highlights the importance of considering 

Table 1 
Chemical composition obtained by EDS, and atomic content obtained by XPS of 
cycled lithium electrodes, after 10 cycles at 0.5 mA cm− 2 in a Li//Li symmetric 
cell in 1 M LiTFSI in EC: DMC with and w/o 50 mM NH4PF6, respectively.  

Element w/o NH4PF6 50 mM NH4PF6  

EDS XPS EDS XPS 

O 58.00 51.69 43.29 36.86 
C 28.68 18.32 29.46 30.91 
N 3.32 0.94 18.44 3.39 
S 0.50 3.11 0.58 7.26 
F 9.50 5.88 6.05 17.83 
Si − 20.06 1.93 3.14 
P − − - 0.58 0.5  

Fig. 10. High-resolution XPS spectra of (a) C1s, (b) O1s, (c) F1s, (d) N1s, (e) S2p, and (f) Li1s regions from cycled lithium electrodes, 10 cycles at 0.5 mA cm− 2 in Li// 
Li symmetric cells with 1 M LiTFSI in EC: DMC with and w/o 50 mM NH4PF6, respectively. 
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factors like the removal efficacy of the separator residue and SEI layer 
characteristics when interpreting XPS data from cycled lithium metal 
electrodes, especially when the electrolyte composition is altered [45]. 
However, it must be noted that it is difficult to discriminate if the 
photoelectron peaks are related to the SEI or to electrolyte residues 
eventually present after electrode rinsing. A strong washing procedure 
may also remove SEI components, making the XPS analysis less reliable. 
A mild washing with DMC is not able to completely remove all the fibers 
of the separator and sometimes removes not only extraneous salt de
posits from the electrolyte but also LiF and LixPFy components of deeper 
layers of the SEI structure [46]. 

The highly resolved XPS spectra were fitted to get insights about the 
influence of the NH4PF6 on the SEI. Results of fittings are reported in 
Table S4 and Fig. 10. 

The C 1 s spectrum (Fig. 10a) of the electrode cycled in 1 M LiTFSI 
(without NH4PF6) shows characteristic peaks for C-sp2 (284.5 eV), C–H 
(285.2 eV), C––O (292.2 eV), and − C-F (295 eV) [45]. In contrast, the 
presence of NH4PF6 in the electrolyte increases the intensity of unsatu
rated carbons (C-sp3 and C–H) and introduces a new peak at 286.8 eV. 
This peak can be attributed to C–O bonds, but it also overlaps with the 
typical energy of C–N bonds [47]. Additionally, NH4PF6 leads to the 
presence of carbonate groups (289.2 eV) and CHF (290.5 eV) in the SEI. 

The O1s region (Fig. 10b) presents at least two contributions indi
cating the presence of C––O and carbonates at 532 eV and 534.7 eV, 
respectively [48]. With the addition of NH4PF6 to the electrolyte, C–O 
is visible at 528.8 eV. Furthermore, a peak at 533.8 eV suggests the 
formation of Li2O as a decomposition product of the electrolyte solvent. 

Fluorinated components on the lithium surface are evidenced by the 
F1s spectra (Fig. 10c). Without NH4PF6, the TFSI anion signal is visible 
at 688 eV. Degradation products are present at 688 eV and 685 eV 
ascribed to the CFx and LiF, respectively, the latter signal is quite intense 
when NH4PF6 is present in the electrolyte [49]. 

The N1s region (Fig. 10d) is dominated by the TFSI anion photo
electron peak at 400 eV. However, contribution at 398 eV is also 
observed that could be related to the presence of Li3N, as a reaction 
product of the ammonium cation with the lithium metal [50]. A 
degradation product of the TFSI anion is visible (Fig. 10e) in S2p region 
as a peak at 168 eV and a shoulder at 171 eV that The former can be 
ascribed to SOx, the letter analogous compound to Li2SO4 or LiSO3CF3 
that are already been reported as LiTFSI degradation products [51,52]. 
Signals in the Li1s spectrum (Fig. 10f) are not easy discernible because of 
the low signal, however two components in the spectra could be iden
tified and can be ascribed to LiF, Li3N, and Li2O, accordingly to what 
observed in the N1s and O1s spectra [53,54]. The P2p spectrum shows a 
peak at 134.5 eV that is shifted with respect to the photoelectron peak of 
the PF6 anion (≈ 136 eV) (Fig. S11). This signal could originate from a 
reduced compound formed in the reaction between lithium metal and 
the PF6 anion [55]. In summary, XPS analysis reveals significant dif
ferences in the SEI composition of Li electrodes cycled with and without 
NH4PF6. The presence of NH4PF6 promotes the formation of C–O, C–N, 
and LiF functionalities within the SEI layer, potentially influencing its 
properties. 

4. Discussion 

The formation of the solid electrolyte interphase is due to the reac
tion of the electrolyte at the electrode surface that is promoted by the 
presence of NH4PF6. EIS and SEM evidenced the reactivity of NH4PF6, 
leading to the formation of pits and a high surface area of lithium in the 
early stage of cycling. In a symmetrical Li cell, the evolution of the 
interphase depends on both the current density and the additive con
centration. With higher current density, the formation of the interphase 
is favoured, and increasing the NH4PF6 concentration increases the 
overvoltage. This suggests that the additive participates in the devel
opment of the interphase in an electrochemically promoted chemical 
reaction. Long-term cycling with 50 mM of NH4PF6 in the electrolyte 

shows a steady overvoltage profile, which can be attributed to a 
decreased local current density on the lithium electrode. In the pre
sented system, the chemical pitting of the lithium surface results in a 
porous morphology of the lithium electrode which is not related to the 
presence of dendrites. As a result of the new morphology the local 
current density on the electrode surface is decreased which reduces the 
formation of dendrites. Similarly to physical modification to increase 
surface area and create preferred lithium plating sites, NH4PF6 addition 
aimed to achieve a similar effect through a chemical approach. This 
intricate architecture offers a significantly larger surface area for lithium 
deposition without compromising the integrity of the separator. SEM 
analysis confirms the presence of uniformly distributed pits on the 
lithium surface. These pits are primarily submicrometric in size with a 
small fraction reaching approximately 1 µm. While this chemical 
approach offers less control over the uniformity of the pits compared to 
physical methods, it has the advantage of achieving a high surface area 
with pits ranging from 50-200 nm by simply adding an additive to the 
electrolyte. As cycling progresses, the three-dimensional structure of the 
electrode surface creates multiple preferential sites for lithium nucle
ation. This, in turn, facilitates uniform lithium deposition, as the 
deposited lithium fills the pits created earlier, contributing to enhanced 
lithium cyclability. 

This approach is proposed as a suitable strategy to reduce lithium 
dendritic growth in long-term cycling. The participation of the electro
lyte in the interphase formation is confirmed by operando Raman 
spectroscopy. In the reported experiment, by integrating representative 
Raman vibrations of electrolyte components, it was possible to follow 
the variation in the electrolyte concentration by focusing the laser close 
to the electrode surface. The EC and the LiTFSI: EC electrolyte signals 
show the most significant drop in the first reduction. This suggests that 
the additive can assist the reactions of the electrolyte components to 
form the interphase. In this configuration, in situ optical microscopy also 
shows an unaltered lithium surface after 10 cycles at 0.5 mA cm− 2, while 
without NH4PF6 a clear formation of dendritic lithium was observed. 

The chemical composition of the interphase was studied with EDS 
and XPS spectroscopy. In the presence of NH4PF6, electron diffraction 
maps revealed a six time increase in nitrogen content and the appear
ance of the phosphorous signal, indicating a participation of the additive 
in the formation of the SEI, introducing N- and P-groups. This is further 
confirmed by the presence of stronger signals in the XPS spectra of the 
lithium electrode cycled in the electrolyte with the NH4PF6 additive. 
Indeed, signals in the Li1s, S2p, P2p and N1s areas were only evident in 
lithium samples cycled with the additive present. This suggests the 
formation of thicker SEI in the electrodes cycled with NH4PF6. 
Furthermore, the presence of N- groups was observed as Li3N in the N1s 
spectrum and as C–N in the C1s spectrum. Indeed, the high presence of 
LiF, Li2O and degradation product of the TFSI and PF6 anions suggest 
that the addition of the protic additive promotes the formation of the 
SEI. This could also be suggested by the carbonate peaks and a more 
intense C-F peak in the C1s spectra of the lithium cycled in NH4PF6 
electrolyte. Additionally, the presence of NH4PF6 promotes the decom
position of LiTFSI as observed in S2p spectra. In this regard, promoting 
the formation of the SEI can be beneficial to reduce the number of for
mation cycles of a cell. 

All this information was used to elucidate the mechanism exerted by 
the NH4PF6 (Scheme 1). The proposed mechanism involves the direct 
reaction of lithium with ammonium by forming lithium amide. This 
strong basis can react with organic carbonate by nucleophilic substitu
tion forming carbamates which are well known to be plastic and flexi
bles (e.g., urethanes). Side products such as hydrogen and organic 
alcohol can enrich the SEI of LiH and lithium organic oxides. These re
actions (examples in Scheme 1) produce a nitrogen-enriched SEI. 

5. Conclusions 

The addition of NH4PF6 has a dual beneficial role in terms of 
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hindering the dendritic growth and accelerating the formation of the 
SEI. The key points of ammonium cation action are the chemical 
modification of the lithium-electrolyte interphase by forming a thicker 
N-rich SEI and the change of the lithium surface morphology to reduce 
the local current density of the deposition process. The mechanism of 
action consists of pitting the lithium surface by the protic additive in the 
first cycles, which lead to a larger surface area. This approach yields 
stable lithium deposition stripping over 1500 h, because the increased 
surface area helps in maintaining low the current. SEM confirmed the 
pitting of lithium electrodes in the first 10 cycles, with pit dimensions in 
the range of 50–200 nm. The formation of the 3D electrode surface 
creates numerous preferential sites for lithium nucleation and decreases 
the electrode’s local current density. This, in turn, hinders the dendritic 
formation as demonstrated by in situ optical microscopy and SEM and 
contributes to maintain a homogenous current distribution on the 
electrode surface. The operando confocal Raman spectroscopy demon
strates the role of the additive in the electrolyte degradation in forming 
the solid electrolyte interphase, and EDS and XPS gave the chemical 
composition of the obtained interphase. A proposed mechanism 
involving the direct reaction of lithium with ammonium by forming 
lithium amide justifies the formation of a high surface area electrode 
with N-rich interphase. 
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