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Abstract  

A custom-designed in situ optical cell is used to investigate the behavior of lithium (Li0) 

deposition in a symmetrical face-to-face setup. The experiment aims at monitoring the 

lithium deposition on both pristine and aged lithium foils, as a function of the waiting time 

between the lithium electrodes and the electrolyte (LP30: 1.0 M LiPF6 in EC: DMC (50/50 

(v/v))). Constant current and electrochemical impedance spectroscopy measurements are 

applied at ~28 °C. The experiments show that lithium metal deposits in a wide range of 

morphologies, which are cataloged in terms of forms, structures, textures and colors for 

better visualization and improved analysis. Pristine lithium electrodes show tree-like 

deposition morphologies over the entire range of applied waiting times, but aged samples 

provided fibrous, and spheroidal forms as dominant lithium deposition morphologies at 

waiting times ≥ 24 hours. Gas-treated metal foils (artificially aged by exposing pristine 

lithium to N2 at 25 °C for 1 hour) showed a similar deposition behavior as the aged-over-

time foils. The storage of lithium has a measurable influence on the deposition behavior on 

lithium foils. The obtained results help to further understand the lithium deposition 

behavior under different realistic conditions, which is for instance applicable to 

rechargeable lithium metal batteries. 
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Introduction  
In the last 150 years the effective energy density of rechargeable batteries increased from 

40 Wh kg-1 for lead-acid batteries to about ~250 Wh kg-1 for state-of-the-art lithium-ion 

batteries (LIB). Attempts to go beyond the horizon of the prevailing LIBs requires the 

introduction of new chemistries.1 In the road for high-energy and reliable Next-Generation 

batteries, the rechargeable lithium metal battery (LMB) is considered as one of the most 

promising battery technologies with a great potential to increase the energy density. The 

outstanding properties, such as the extremely high theoretical capacity (3860 mAh g-1)2, 

the very low negative redox potential (-3.040 V vs. SHE)2–4 and the low atomic weight 

([6.938 u, 6.997 u])5, are among the beneficial features hailing lithium (Li0) as a “holy 

grail” electrode.6 However, despite all its advantages, there are various obstacles that 

hinder the practical large-scale commercialization of LMBs.7 Lithium metal reacts 

continuously with the electrolyte due to its high reactivity, which leads to electrolyte 

depletion and forms deposition products on the electrode surface. Furthermore, lithium 

leads to the growth of sharp and spiky lithium depositions, called dendrites, on its surfaces. 

This results in low Coulombic and energy efficiencies and can lead to short-circuits, which 

are a safety-induced risk.8–12 

 

To exploit the advantages of lithium metal anodes by evading the above-mentioned 

hurdles, the scientific community has been engaged in exploring various mitigating 

strategies, and applying characterization techniques aiming at understanding the behavior 

of lithium deposition/stripping and the nature and behavior of the various lithium 

deposition morphologies. Numerous groups have recently attempted to better monitor and 

understand the behavior of lithium deposition by using various in situ analytical techniques, 

which include in situ X-ray photoelectron spectroscopy (XPS)13, in situ Auger electron 

spectroscopy / Auger electron microscopy (AES/AEM)14, in situ scanning electron 

microscopy (SEM)15–17, in situ transmission electron microscopy (TEM)18,19, in situ atomic 

force microscopy (AFM)20 as well as in situ optical cells21–34. 

 

Despite these global research efforts, the behavior of lithium deposition is still elusive and 

demands further in-depth investigations. This work investigates the electrochemical 

deposition characteristics and patterns of pristine and aged lithium metal electrodes as a 

function of the contact time between the metal surface and the electrolyte solution. 

Furthermore, we evaluate our working hypothesis, that nitrogen plays an important role in 

surface interactions on lithium metal foils with the surrounding atmosphere. Therefore, a 

custom-designed face-to-face in situ optical cell was designed to conduct real time studies 

with a digital microscope of various phenomena of lithium deposition during a constant 

current (CC) phase. Electrochemical impedance spectroscopy (EIS) measurements were 

recorded before, during and after a CC-phase. The obtained visual recordings of the lithium 

depositions were catalogued according to their morphology, texture and color. The results 

highlight further insights into the understanding of the lithium deposition behavior under 

various defined conditions.  

 

Experimental 
 

Investigated materials/samples  

Three different types of lithium foils were investigated. First, a pristine lithium foil by 

Albemarle Corporation, referred to as Li-PRISTINE. Secondly, Li-ARTIFICIALLY-



AGED (which will be abbreviated as LI-ART.-AGED), prepared by exposing Li-

PRISTINE to nitrogen gas (N2) for 1 h at 25 °C in the evacuation chamber of a glove box 

(both sides of the foil). Therefore, the lithium foil was transferred from the argon (Ar) gas-

filled glovebox into the Ar-filled evacuation port of the glove box. Vacuum (Leybold 

Trivac D16B, ≤ 2x10-3 mbar) was applied and N2 was injected. The lithium samples stayed 

inside the evacuation port for 1 h, before the port was five times evacuated and refilled 

with Ar. Thirdly, a pristine lithium foil provided by Rockwood Lithium Inc., which is 

referred to as Li-TIME-AGED. This Li-TIME-AGED material was stored for several 

years in an Ar-filled glovebox, it is ascribed as “aged-over-time”. All three lithium samples 

were immediately transferred and kept in Ar-filled gloveboxes, which were connected to a 

N2-removel unit. The electrolyte used throughout the whole study was LP30 (1.0 M LiPF6 

in EC: DMC (50/50 (v/v), battery grade), obtained from Sigma-Aldrich. 

 
Experimental setup 

 

We developed a custom-made optical electrochemical cell-setup to investigate the 

characteristics of lithium depositions on lithium metal electrodes. The optical cell consists 

of two modules. The first module M1 (Figure 1, green, shaded) is a gastight transport 

container, which was designed to keep the Ar-atmosphere inside and the ambient air and 

moisture outside. The container is equipped with connector pins, a gasket and a lid with an 

optical sapphire glass window. The optical window provides a direct view into the interior 

of the box on the targeted electrode surface. The M1-box was milled from a single 

polyetheretherketone (PEEK) block. Stainless steel connections (SSTL 1.4404) have been 

integrated to connect a second module with external devices, e.g. a potentiostat. The M1-

lid was milled from a separate PEEK-block. An optical window (sapphire glass) was 

integrated and sealed with a gasket. By placing a custom made gasket between the M1-box 

and the M1-lid, the system was sealed gas-tight and protected against contamination by 

moisture (H2O) and atmospheric gases (O2, N2, etc.). 

 

A second Module M2 (core unit) (Figure 1, magenta, bright) contains the electrodes and 

the electrolyte, is located in the center of M1 and can be seen as the “actual cell”. It is built-

up from milled PEEK-cuboids. Where required, cutouts were milled into the blocks to 

enable the integration of smaller parts, such as current collectors made from stainless steel 

(SSTL, 1.4404), cable connections (SSTL, 1.4404) and temperature sensors (NTC 

thermoresistor TDK / Epcos B57703M0103, 10 K, 3988K, 2 %). The core unit is built-up 

by three subgroups: (1) outer spacers with threads and cutouts for screws to fasten the 

various PEEK-parts together, (2) electrode holders containing the current collectors and 

cable connections, and (3) an inner spacer-block serving as an electrolyte reservoir and for 

fixing the lithium electrodes on their designed positions on the current collectors. 

Before assembling the optical cell, the modules M1 and M2 were first dried under vacuum 

at 40 °C for 24 h and were then transferred into an Ar-filled glovebox. The lithium foils 

were mounted on the current collectors, while the parts of the modules were still separated.  

After the lithium electrodes were attached, the individual module parts (M2) and gaskets 

(FPM) were joined and a torque of 3.7 Nm was applied. The current collectors were in the 

assembled state orientated face-to-face and each equipped with a temperature sensor. The 

surfaces of the lithium electrodes, which were not covered by the inner spacer, were 

referred to as accessible active lithium. The accessible electrode surface for a single 

electrode was 13.08 cm² and provided the basis for calculating the current density of 

1.00 mA cm-2. The distance between the two pristine lithium electrode surfaces was 



8.4 mm. No separator was installed, because the electrode surfaces were not in direct 

contact with each other. 

In the next step, the core-unit module M2 was put into the transport container module M1. 

Once all cable connections inside the optical cell were wired, 20 mL LP30 electrolyte was 

filled into the electrolyte reservoir (M2, inner spacer). This moment was referred to as tzero 

(TABLE I). For each experiment tzero was used to monitor the contact time between the 

lithium metal and the electrolyte. A custom-designed gas-tight gasket was placed on the 

edge of the reservoir to function as a second barrier against contamination by moisture and 

atmospheric gases and to prevent evaporation of the volatile components (i.e., DMC) of 

the electrolyte. Evaporation of electrolyte would change the electrolyte composition and 

bulk properties such as viscosity, conductivity, etc., thus impacting the performance. The 

M1-lid with the optical window was mounted on top of the M1-box and the whole assembly 

was sealed gastight. The fully assembled optical cell was then transferred out of the 

glovebox into the laboratory atmosphere to perform the combined optical and 

electrochemical experiments. 

 

The optical cell was then positioned under a digital microscope (KEYENCE VHX-6000) 

and the connector pins were connected in a two-electrode-setup (working electrode (WE) 

vs. a combined counter (CE) and reference electrode (RE)) to a potentiostat (Zahner 

ZENNIUM). The temperature sensors inside the optical cell were connected to a PID-

controller (OsTech PC-OS11-t85-683) using it as a thermometer. The electrochemical 

experiments were performed at room temperature (RT) in an air-conditioned laboratory 

(approx. 25 °C). Due to the applied light sources (HLQ3, HETHIS), which emit a low but 

constant heat radiation, approximately 28 °C was measured on both electrode sides during 

all experiments. 

For further optical characterization, a Keyence laser microscope (KEYENCE VK-9700) 

was used to record the surfaces of the lithium foils at 100x magnification. 

 
Experimental procedure 

In the first part of the study, we made in situ records of lithium deposition processes taking 

place on lithium metal electrode surfaces during the electrochemical test protocols. 

It has to be noted, that the surface layers of commercial, “pristine” lithium metal foils are 

covered with an inorganic “native” passivation layer. Pure lithium metal surfaces are very 

sticky and difficult to process. This is why lithium metal suppliers handle it under dry room 

conditions in the presence of O2, N2, ppm traces of H2O, and so forth, to form a non-sticky 

and processable surface layer. It has to be underlined that lithium metal is only in theory 

deposited on pure lithium metal surfaces, but the deposition takes in reality place on a thin 

ceramic layer consisting of e.g. lithium oxide (Li2O), lithium carbonate (Li2CO3) or 

hydroxides (LiOH). This notice is supported by Wu et al.35, where the authors obtained 

similar results during XPS measurements on “Li as received” samples. 

Every time a newly assembled optical cell was placed under the digital microscope, the 

same buffer time of 900 s (TABLE I) was employed for all experiments to transfer and set 

up the optical cell in the measurement setup. To study lithium metal depositions as a 

function of the contact time between the electrode and the electrolyte, the same test 

protocol with different initial waiting times was carried out: 3 h, 8 h, 24 h and 48 h. This 

initial waiting time was always before the first EIS measurements (500 kHz - 10 mHz) and 

the CC-phase, as can be seen in TABLE I. 

During the different stages of each individual experiment images were recorded in 

distinctive ways. In the first stage, under open circuit conditions (TABLE I, buffer time 



plus corresponding WAIT 1-phase A, B, C or D), photos of both electrode surfaces were 

taken at angles of 0°, 5° and 20° and magnifications of 5x, 20x and 50x (VH-Z 00T VH 

zoom lens 5x - 50x). 

 

The first EIS measurement (EIS 1) started after both the buffer time and the corresponding 

waiting time had elapsed. 

In the second stage, the lithium deposition process on the negative electrode was recorded 

during the CC-phase with a current density of j = 1.00 mA cm-2. A self-timer in the digital 

microscope took every 120 seconds images of the lithium metal deposition at an angle of 

5° and a 5x magnification (VH-Z00T VH zoom lens 5x).  

 

The measurement protocol stopped after the fourth EIS measurement (EIS 4) was 

completed. This marked the start of the third stage and images were taken from both 

electrode sides (deposition, pitting) at angles of 0°, 5° and 20° and with magnifications 

between 5x and 500x (VH-Z00T VH zoom lens 0x-50x, VH-Z50T VH zoom lens 50x-

500x). 

 

Results and Discussion 

 

Optical results 

 

First, we looked at the obtained lithium deposition characteristics from a macroscopic point 

of view (magnification ≤ 50x), which was followed by the evaluation of the individual 

lithium crystallites from a microscopic perspective (magnification ≥ 50x). On the 

macroscopic scale, the recorded structures of lithium metal depositions showed similar 

textures under the same experimental setup conditions and were thus meaningfully 

comparable. 

In order to catalog the observed lithium structures, the morphologies were classified in four 

super classes and twelve subclasses. The four super classes were classified as: “tree-like” 

(Figure 4, Type A), “spherical” (Figure 4, Type B), “planar” (Figure 4, Type C) and 

“spiky” (Figure 4, Type D) morphologies. 

The first superclass, referred to as “tree-like”, is the most frequently appearing deposition 

type in optical cell setups (gap between electrodes) at RT.24,25,27,33,34 Brissot et al. 

introduced terminologies such as “tree-like”36 and “arborescent like”37 to describe such 

morphologies. The tree-like representatives form voluminous structures with irregularly 

and protruding patterns that resemble branches of tree crowns. The full structure is built up 

from small, compact and knobby basic building blocks, which result in a rough and uneven 

surface texture. During a CC-phase, the individual branches grow outwards from the center 

of the structure. The individual branches interlock with each other and form voluminous 

but compact structures. Superclass type B summarizes all subclasses that show spherical 

deposition patterns. Love et al. identified curved lithium deposition structures at −10 °C in 

a LP30 electrolyte and attributed them as “mushroom-like” and “rounded dendrites”.27 

However, to better summarize the entirety of the identified subclasses, the term “spherical” 

is chosen for this superclass. 

 

Planar38 structures are identified as the third superclass. These deposition representatives 

do not form large voluminous structures as in the first two-super class types. The lithium 

metal deposits are found to be evenly distributed instead of forming a very local three-

dimensional, voluminous structures. The fourth superclass is referred to as “spiky”. In 



general, all representatives of this lithium deposition super class showed fine, longitudinal 

and often pointed shapes. 

The shape and patterns of the lithium deposition morphologies play a crucial role in the 

determination of the electrochemical and safety performance of LMBs. Among all 

observed morphologies, tree-like and spiky like-structures could be treated as more severe 

dendritic, thus worsening the lithium deposition/stripping efficiency and increasing safety-

induced risks.  

 

Furthermore, twelve subclasses are identified as can be seen in Figure 5, which in turn are 

assigned to the corresponding super classes. The subclasses “elliptical tree” and “bulky 

tree” are assigned to the superclass “tree-like“ and are the most common structures 

obtained in this study. The elliptical tree type (Figure 5a) grew more in length than in width 

(length:width ratio of about 2:1). In contrast, the bulky tree type (Figure 5b) expanded quite 

evenly in all directions during the lithium deposition as evidenced by the length to width 

ratio of ca. 1:1. For all three lithium types (Li-PRISTINE, Li-ART.-AGED, Li-TIME-

AGED), the waiting period between 3 h and 8 h led to the formation of tree-like 

morphologies. For Li-Pristine, this trend continued towards higher waiting times of 24 h 

and 48 h. 

The “spherical” superclass is divided into four subclass types, which are called “sea ball”, 

“steel wool”, “nugget” and “crumb” (see Figure 5c, d, e and f respectively).Spherical 

structures are the predominant type of lithium deposition patterns for waiting times ≥ 24 h 

for samples from the Li-ART.-AGED and Li-TIME-AGED foils. However, in the 

complete range of waiting times of 3 h, 8 h, 24 h and 48 h no spherical structures could be 

found in the case of Li-PRISTINE foils. 

 

The first subclass in the second superclass (“spherical”) presents isolated and stand-alone 

spherical structures. These crystallites are referred to as “sea balls” (Figure 5c), since they 

appeared similar to the fibrous marine materials one can find at the seashore. The surface 

textures did not show the knobby appearance of the tree-like structures. In contrast, fluffy 

networks of thousands of filigree and fibrous elements are observed. A more frequent 

phenomenon than the individual sea ball structures were agglomerations of sea balls 

connected by a network of lithium fibers. This structure is referred as “steel wool” (Figure 

5d). The third subclass “nugget” (Figure 5e) is found to have a solid, shiny, and drop-like 

structure. The shiny surface differ from the regular grey-matt appearance, because most 

lithium structures showed and appeared to be deposited as a solid piece of lithium metal 

(Li0). The fourth subclass within the spherical superclass is named as “crumb” (Figure 5f). 

This structure type combines the fluffy, and fibrous steel wool type as a basic building 

block upon which the tree-like solid lithium depositions crystallize to form small 

agglomerates. 

The third superclass, characterized as “planar”, contains four characteristic patterns 

enlisting “uniform”, “lamellar”, “blank” and “pitting”. Of these subclasses, only the 

“uniform” (Figure 5g) and “lamellar” (Figure 5h) type properly describe the actual lithium 

deposition behavior. The uniform-type describes lithium, which is homogeneously 

deposited on the electrode surface and covered a certain electrode area uniformly with tiny 

lithium crystallites. The lamellar-type is also deposited as tiny lithium crystals, but as its 

name implies, the characteristic patterns showed parallel oriented straight lines. The origin 

for this lamellar deposition behavior probably results from the original mechanical 

deformation at the lithium surface, which are barely visible to the naked eye. We assumed 

that these existing grooves might have been introduced in the lithium foil during the 



manufacturing process. A third subclass is named as “blank” (Figure 5i). During the lithium 

deposition process of the CC-phase, some regions on the electrode surface remained 

untouched/pristine and look like the initial state. As it is difficult to show this pattern, some 

other lithium deposition structures were intentionally not cropped in the image, to 

emphasize the untouched state of the corresponding electrode surface.  

This phenomenon could be explained by the presence of areas without lithium depositions 

next to areas with deposited lithium structures. The lithium depositions (elevations on the 

electrode) provide higher local electric fields compared to the flat surrounding areas39. 

Thus, the individual protruding branches and tips of the bulky structures affect the 

incoming lithium-ions much more and lithium metal is more-likely deposited on 

preexisting structures rather than forming new crystallites. This process is self-enhancing, 

as protruding structures continue to further grow and thus their electric field further 

increases39–41. For completeness of all observed planar lithium natural phenomena, the 

fourth representative of the planar super class is identified as “pitting” (Figure 5j).33,42–44 

Although pitting (formation of crater-shaped pits on the electrode surface due to dissolution 

of active material caused by an applied voltage) is the opposite of lithium deposition, it is 

defined as a planar structure. The pitting effect could be identified at the opposite electrode 

with the optical cell structure presented in this study. 

The fourth and last super class is described as “spiky” and grouped filigree elongated and 

often-pointed lithium deposition structures. The first representative of this superclass is 

called the “thorn” type (Figure 5k). The representatives of this subclass are shaped like the 

thorn of a plant, which is broader in the lower part and tapers towards the tip. A large 

number of differently dimensioned structures have been found, ranging from a few 

hundredths of a millimeter up to structures of millimeter size. The second subclass type is 

referred to as “whisker” (Figure 5l).32,45,46 Whiskers can be described as filamentous, fiber-

like lithium structures or as “fibrous crystals”45 with a constant diameter. Yamaki et al. 

reported, that lithium whiskers grow mainly from the base.45  

 

In the next section, the focus is on the surface properties/textures and color appearances of 

the lithium structures (see Figure 6). Four texture types were identified: “solid & smooth”, 

compact & rough”, “fibrous & fluffy” and “fibrous & chunky”. The “solid & smooth” 

texture (Figure 6a) corresponds to spherical nugget-type as well as to the planar empty-

type. The surface of these lithium morphologies is even and homogeneous and does not 

show any fibers or knobs on it. The “compact & rough” (Figure 6b) texture could be 

assigned to all tree-like types, partly to the spherical crumb-type as well as to the planar 

uniform- and lamellar types. The surface of this texture is rough and is build up from 

knobby-like particles.  

 

The “fibrous & fluffy” texture (Figure 6c) could be assigned to the spherical sea-ball and 

steel wool types as well as partly to the crumb-type. The surface property consists of a web 

/ network consisting of the individual thread-like structures (“whiskers”). The “fibrous & 

chunky” texture (Figure 6d) could be assigned to the crumb-type, where the surface 

property consists of a web / network consisting of individual thread-like structures and is 

additionally studded with solid knobby particles. 

 

Furthermore, extraordinary color phenomena have been found and are cataloged further. 

In contrast to the standard appearance of lithium depositions, with its range of matt shades 

of gray, very rarely but regularly recurring, colored appearances were spotted. The 

extraordinary color appearances were referred to as “metallic”, “bluish” and “orange”. 



The origin for the shiny surface property of the metallic-type (Figure 6e) could be attributed 

to a solid lithium metal surface on which the incident light is reflected due to the electron 

gas present in the metallic state47. The bluish (Figure 6f) and orange (“red-brown”) (Figure 

6g) appearances of the lithium depositions were already described by Sörgel48, who 

attributed the origin of the two colors to the nanostructured surface morphologies present 

on the electrodeposited lithium.  

To complete the optical part, Figure 7 shows laser microscope images with 100x 

magnification, recorded from the various lithium metal foils (Li-PRISTINE, Li-ART.-

AGED and Li-TIME-AGED). Li-PRISTINE (Figure 7a) shows a flawless surface with a 

lamellar pattern resulting from the lithium handling during production. Contours of 

existing fissure-like patterns on the surface can hardly be seen with a naked eye. In contrast 

to that, the fissure-like patterns are dominant for Li-ART.-AGED (Figure 7b) and Li-TIME 

AGED (Figure 7c). Even if the lamellar patterns from production are still visible, sharp 

and distinctive structures on the foil surface are dominant on the aged lithium foils samples. 

This indicates that both foil surfaces must be in a different chemical state than the original 

Li-PRISTINE foil. The aged lithium foils must have reacted with the surrounding 

atmosphere in the past, resulting in a modification of the surface.  

 

In situ observations showed that the voluminous tree-like and spherical structures grow up 

to a certain point perpendicular to the electrode surface. As it is tried to extract the lithium 

structures by carefully removing the electrolyte, they partly collapsed under their own 

weight and changed their morphology. Post-mortem investigations of the crystallites in a 

higher resolution scanning electron microscope were not possible, because the remaining 

structures were covered with a salt layer as the volatile components of the electrolyte were 

evaporated. Attempts to wash, and thereby remove the salt layer, with dry DMC resulted 

in destruction of the lithium structures.  

 

Figure 8 (a – c) shows in situ images taken during one CC-phase at three different time 

steps. At the first time step larger lithium crystallites have already been deposited on the 

lithium electrode surface (Figure 8a). With increasing duration of the CC-phase, lithium 

crystallites continue to grow perpendicular to the electrode surface. However, some 

structures (e.g. in the red circle) experienced a laterally directed force during the growth 

process and bend (Figure 8b). This bending could eventually even lead to the structure 

tearing off, which finally causes it to float to the electrolyte surface due to the small density 

(Figure 8c). 

 

These observations indicate, that the growth of the voluminous tree-like and spherical 

structures are particularly affected by the difference in the density between the lithium foil 

(ρLi = 0.534 g cm-3)2 and electrolyte solution (ρLP30 = 1.30 g cm-3). The red dot (Figure 8a) 

indicates one tip in the lithium structure, which is pointing out perpendicular to the 

electrode surface. Depending on the nature of the lithium structure, such as volume and 

quality of connection points on the electrode surface, the labeled structure was bend 

sideward (Figure 8b). We assume that the presence of a continuous buoyancy force (See 

Figure 8, orange arrow) in combination with the growth of the lithium deposition during 

the CC-phase is the driving force. A yellow curved arrow indicates the change in the 

direction of the corresponding tip (position of the red dot changed). The growing process 

continued as long as the structure remained electrically contacted to the electrode surface. 

If the connection point could not handle the mechanical deformation (bend), the structure 

ripped off and floated to the electrolyte surface (Figure 8c). 



 

Electrochemical results 

 

Electrochemical measurements (500 kHz – 10 mHz) were conducted and the results are 

evaluated. The focus of the measurements was set on monitoring the impedances of the 

tested systems. Figure 9 displays four representative EIS-spectra (Nyquist plots) recorded 

for the Li-TIME-AGED sample during the 8hWAIT-test protocol (see also TABLE I). It 

was of particular interest to assess whether the impedance values showed certain trends 

depending on (1) the time at which the EIS-measurement were performed during the 

electrochemical test protocol (See EIS 1, EIS 2, EIS 3, EIS 4), (2) the waiting time (buffer 

time + WAIT 1), over which the electrolyte and lithium electrode were in contact and (3) 

the type of applied lithium foil (e.g. Li-PRISTINE. Li-ART.-AGED, Li-TIME-AGED). 

 

Figure 9 shows an example of Nyquist-plots of the recorded EIS-spectra of a single Li-

TIME-AGED 8hWAIT measurement. Due to the symmetrical cell setup, the measured 

impedance spectrum is the product of two Li||LP30 interfaces. In this example, the data 

was recorded after a defined waiting time of 8 h (WAIT 1) has passed. No CC was applied 

before the EIS 1 measurement was completed. The first EIS measurement (EIS 1, black 

squares) has the largest semicircle diameter and therefore the highest impedance of all four 

indicated spectra. The second EIS measurement (EIS 2, red triangles) was conducted 

immediately after the CC-phase was completed. Its semicircle diameter is way smaller than 

the EIS 1 measurement. After the EIS-2 measurement was completed, two waiting times 

of 3600 s followed, each coupled with one subsequent EIS measurement. For the EIS 

measurements EIS 3 and EIS 4 an increase of the semicircle diameters could be observed. 

The increase can be seen between the EIS 2 (red triangles) and the EIS 3 (green circles) 

measurement as well as between the EIS 3 (green circles) and the EIS 4 (blue stars) 

measurement. The change of the impedance spectra can also be seen by the changing 

position of the data point, which corresponds to the measurement at 207 Hz (See Figure 9).  

 

To get a better insight of the scattering between the individual samples of a setup type, 

multiple measurements (multi-measurement, 5 - 7 times) were carried out for defined setup 

types (Li-PRISTINE-3h, Li-PRISTINE-8h, Li-ART.-AGED-8h, Li-TIME-AGED-8h and 

Li-TIME-AGED-24h). The remaining setup types were carried out as a single experiments. 

In summary, the overall picture for the EIS measurements can be summarized as follows: 

After the initial waiting times expired, the first EIS-measurements “EIS 1” were carried 

out. For the single-measurement setup types, one single corresponding semicircle was 

obtained. For the multi-measurement setup types, multiple EIS 1-spectra with varying 

semicircle diameters were recorded. Next, the CC-phase was carried out. Immediately after 

the CC-phase, the second EIS-measurement “EIS 2” was initiated. For the single-

measurement setup types, the individual EIS 2-spectra were shifted towards smaller 

impedances. The same effect was observed for the multi-measurement setup types. 

However, in addition, the scattering between the various semicircle diameters was reduced 

significantly and the measured spectra (EIS 2) were then located in the same area. Next, 

the EIS-spectra “EIS 3” and “EIS 4” were recorded. As a result of the 1-h-waiting times 

between EIS 2 and EIS 3 and EIS 3 and EIS 4, the semicircle diameters of all setup types 

(single/multi) generally speaking increased. This trend of initially shrinking and 

subsequently increasing semicircle diameters was observed in all recorded experiments 

without exception (Li-PRISTINE, Li-ART.-AGED, Li-TIME-AGED). 

 



To further identify and quantify trends in these impedance spectra, the measured 

impedance spectra were fitted using the Witzenhausen FittingGUI49. The fitting was based 

on data points of the semicircle (high and mid frequency area, 500 kHz – 4 Hz). The tail 

(low frequency area, 4 Hz – 10 mHz) was not taken into account for the fitting process. 

Figure 10 shows the electric equivalent circuit model (EEC), which consists of a serial 

connection of a resistor (Rser) and two ZARC-elements (ZARC,1 and ZARC,2), that is 

applied to fit the dominant semicircle. The “tails” of the impedance spectra with the lower 

frequency area were not taken into account for the fitting. 

 

Figure 11 shows the fitted data for the resistance of the second ZARC-element (RZARC,2). 

For reasons of clarity, we have plotted only the arithmetic mean value of the fits from the 

multi-measurements, indicated by neon shades. It is subdivided into spectra according to 

the respective initial waiting times (WAIT 1): 3 h (Figure 11a), 8 h (Figure 11b), 24 h 

(Figure 11c), 48 h (Figure 11d). The y-axis show the calculated resistances of the ZARC,2-

element in ohm. The x-axis show the number of the EIS-measurements performed during 

the test protocol. 

 

The fitted values of the first EIS spectra (EIS 1) were found to be in general higher in 

comparison to the subsequent values. Similar to the experimentally determined EIS 

semicircles, a trend of first shrinking and then increasing ZARC,2 resistances with 

increasing EIS number could also be observed for the ZARC,2 resistances. However, the 

deviations in some series of fitted data points are too large challenging the identification of 

trends. 

 

Looking only at the first x-data point in Figure 11, EIS-No. 1, the sample Li-PRISTINE 

(red) shows the lowest resistance values for all four waiting times (3 h, 8 h, 24 h, 48 h) 

among the tested lithium foils. The second highest resistance values can be found for Li-

TIME-AGED (blue), which is then followed by Li-ART.-AGED (green) with the highest 

resistance values at EIS-No. 1.  

 

Comparison and interpretation of results. 

 

TABLE III summarizes the obtained data from the above sections. Three different types 

of lithium foils were investigated, namely Li-PRISTINE, Li-ART.-AGED and Li-TIME-

AGED. The recorded images of the lithium depositions from the optical in situ cell setup 

revealed different types of morphologies (see Figure 5). Considering the large variety of 

obtained morphologies, it is difficult to generally address the lithium depositions as 

“dendrites”. 

The optical data of various samples indicate that the morphology of the depositions seem 

to depend mainly on two factors, (1) on the surface condition of lithium samples and (2) 

the way lithium samples have been stored/treated (pristine, N2-treated, stored for a long 

time). The results from the laser microscope investigations (Figure 7) suggest that the 

surface character of aged lithium samples differs from that of pristine lithium samples. It 

is therefore plausibly inferred that aged lithium samples show a similar deposition 

behavior, but it is different in comparison to the pristine samples. For pristine lithium, no 

spherical morphologies could be identified in the full range of tested intervals. However, 

for aged lithium samples spherical morphologies were observed for waiting times equal or 

above 24 h. This means that, although lithium metal is stored under presumably ideal 



conditions in an Ar-filled glove box, trace amounts of moisture (H2O) and atmospheric 

gases (O2, N2, etc.) will alter the surface properties of the lithium metal foils over time. 

The contact time between electrolyte (LP30) and lithium metal seems to have an influence 

on the evolution of deposition morphologies. This can be seen for the aged samples, where 

for shorter waiting times (3hWAIT and 8hWAIT) tree-like structures were observed as 

predominant morphologies, while at higher waiting times (24hWAIT and 48hWAIT), 

spherical ones started to emerge. 

In order to provide reliable remarks on the possibly different influences of the lithium 

morphologies on the performance and safety of lithium metal based cells, further 

experiments and tests utilizing different analytical tools are required. With our preliminary 

results, one can state that handling of lithium films under different conditions leads to 

different lithium deposition morphologies, ranging from fibrous and fluffy properties, as 

found in sea ball structures, to compact and rough properties, as found in tree-like 

structures (see Figure 6). While the compact structures tend to form knobby, rough 

structures, many small fibrous whisker-like structures can be found in the fluffy structures. 

In LMBs, these fine structures could theoretically find their way through the porous 

separator and thus pose a potential safety risk. 

 

With regard to the interpretation of the EIS data, one can see that the first EIS measurement 

(EIS 1) generally represents one of the largest semicircle diameters of each setup type and 

thus one of the highest ZARC,2 values of the four EIS-spectra (see TABLE IV). 

 

The high impedance values of the EIS-No. 1 may be attributed to a less conductive native 

film on the lithium metal foil as obtained by the manufacturer in combination with the 

passivation film formed while the lithium metal is in contact with the electrolyte at open 

circuit voltage. Immediately after the subsequent CC-phase was completed, the second EIS 

measurement (EIS 2, red triangles) was conducted. The measured results showed that the 

diameter of the EIS 2 semicircles decreased significantly compared to the EIS 1 

measurements. We assume that lithium metal structures have grown from the top of the 

lithium surface through the passivation layers into the electrolyte. This would have 

generated a new and fresh lithium surfaces. The newly formed lithium metal structures 

could be thus covered with a thinner layer of decomposition products compared to the 

electrode state during the EIS 1 measurement, which results in a lower impedance for the 

EIS 2 measurement.50–53 The increasing diameter of the semicircles for the subsequent EIS 

measurements (EIS 3 and EIS 4) could be explained with the growth of a layer of 

decomposition products, e.g. from a decomposition of electrolyte (LP30) and reactive 

electrode surface (lithium metal) leading to a more resistive interphase.50,51 

 

Comment on the bold, underlined and blue values in TABLE IV: 

The Nyquist plots of the EIS raw data (see. exemplarily Figure 9) on which the fitting data 

in Table IV is based all show the same trend: EIS 1 (large semicircle), EIS 2 (semicircle 

becomes small), EIS 3 (semicircle becomes larger), EIS 4 (semicircle becomes larger). The 

Nyquist plots (sets of EIS raw data) were read in and processed using the Witzenhausen 

FittingGUI, yielding the fitting data in TABLE IV. The FittingGUI is designed in a way 

that virtual data points based on a fitting-model can be fitted to the original data points. By 

varying the input parameters so that the superposition of the output parameters matches the 

original data as closely as possible, the FittingGUI aims to keep the deviation between the 

virtual and the measured data points as small as possible. In this study, the applied model 

is mainly based on two ZARC elements resulting in a superposition of two semicircles. 



Generally, the resulting virtual fitting curve was best fitted by using a smaller ZARC,1 

semicircle and a larger ZARC,2 semicircle. However, for the above-mentioned outlier 

fitting data points, the size ratio for an optimal fitting of the virtual data points on the 

measured data points was inverse, which probably led to a deviation from the general trend. 

 

Our group approached this publication under the following assumption: Lithium metal 

deposition depends on the history of the applied lithium metal foil (electrode). According 

to our hypothesis different storage conditions have an influence on the character of the 

lithium metal electrode surfaces and thus a direct impact on the structure, morphology and 

texture of the lithium deposition. The various analyses of the differently stored/treated 

lithium foils in a symmetrical Li0||Li0 setup (gap between the electrodes, no direct contact) 

allowed to observe trends within the series of tests. Combining the obtained data of the 

three different types of lithium foils leads to the following conclusions: 

Li-PRISTINE, the lithium foil obtained from the manufacturer has not received any 

further treatment and was used directly in its original state for the investigations. The laser 

microscopic images show a flawless surface with a lamellar pattern resulting from the 

lithium handling during production. Furthermore, the fitting results (ZARC,2 resistance 

values, EIS-No. 1) revealed the lowest initial resistance values for Li-PRISTINE among 

all four tested waiting times and tested lithium metal foil types. Tree-like structures were 

the dominant observed lithium deposition type throughout the full range of tested waiting 

times. 

For Li-TIME-AGED (the aged over time lithium foil, which was stored for several years 

in an Ar-filled glovebox) the laser microscopic images revealed dominant fissure-like 

patterns above the lamellar pattern from the manufacturing process, which indicate a 

change of the surface character compared to Li-PRISTINE. Furthermore, the fitting results 

(ZARC,2 resistance values, EIS-No. 1) showed medium initial resistance values for Li-

TIME-AGED foils among the four tested waiting times and tested lithium metal foil types. 

As a result, tree-like structures were observed as the predominant lithium deposition type 

for shorter waiting times (3 h, 8 h). For waiting times ≥ 24 h, spherical structures became 

the predominant deposition type. 

For Li-ART.-AGED, Li-PRISTINE foils exposed to nitrogen gas (N2) for 1 h at 25 °C in 

an evacuation chamber of a glove box, the laser microscopic images revealed dominant 

fissure-like patterns above the lamellar pattern from the manufacturing process, which 

indicate a change of the surface character compared to Li-PRISTINE. Furthermore, the 

fitting results (ZARC,2 resistance values, EIS-No. 1) showed the highest initial resistance 

values for Li-ART.-AGED foils among the four tested waiting times and tested lithium 

metal foil types. As a result, tree-like structures were observed as the predominant lithium 

deposition type for shorter waiting times (3 h, 8 h). For waiting times ≥ 24 h, tree-like and 

spherical structures became the predominant deposition type. 

Most optical results of Li-ART.-AGED are between those of Li-PRISTINE and Li-TIME-

AGED. This indicates, that the aging process in the glovebox might be influenced by slow 

chemical reactions between lithium metal and traces of nitrogen in the glovebox. The 

higher values for the impedance might indicate that the interphase is not yet in an 

equilibrium state. These results confirm our working hypothesis that nitrogen plays an 

important role in surface interactions on lithium metal foils with its surrounding 

atmosphere. From the obtained experimental results we derived the assumption that 

nitrogen (N2) has an unexpected and massive influence on the deposition behavior of 

metallic lithium. Since nitrogen can only be detected with cost-intensive equipment and 

thus probably is not monitored in most gloveboxes, nitrogen is our prime suspect to explain 



the variations of initial ZARC,2 resistance values (See EIS-No. 1). This finding seems to 

be significant for the handling of lithium metal foils.  

 

Conclusions 

In this study, an in-situ optical cell was built to investigate the behavior of lithium deposits 

on face-to-face orientated lithium metal electrodes. Three different lithium foils at various 

conditions were evaluated. The purpose of the study was to investigate the lithium 

deposition properties as a function of the contact time between lithium electrode (Li0) and 

electrolyte solution.  

It is concluded that referring to lithium depositions generally as “dendrites”, is too 

unspecific to describe the variety of possible lithium deposition morphologies. We suggest 

to catalogue lithium depositions obtained in optical cell setups according to their 

morphology, texture and color to facilitate future discussions. For each characteristic type 

of lithium morphology that is identified in this study, various literatures were reviewed to 

correlate proposed forms and nomenclatures with the corresponding morphologies. In the 

absence of previously reported attributes, new names are suggested. The study shows that 

the deposition of lithium metal on lithium metal electrodes stored under different 

conditions varies in terms of morphology and texture. 

Four super classes and twelve subclasses of lithium morphologies were identified. Towards 

shorter contact periods between the lithium electrodes and the electrolyte (twait ≤ 8 h), 

compact and rough structures such as “tree-like” structures have been found as dominant 

morphologies. At longer contact times (e.g. twait ≥ 24 h), fibrous and fluffy morphologies, 

such as “sea ball” and “steel wool”, are found to be the more dominant morphology. Laser 

microscopic images also indicated that the metal surfaces of Li-ART.-AGED and Li-

TIME-AGED were not as smooth and free of defects when compared to the Li-PRISTINE-

sample. For Li-TIME-AGED and Li-ART.-AGED foils, grain boundaries were clearly 

present, which indicate a change in the surface properties compared to the pristine sample. 

The evaluated data indicated that there is a correlation between the resistance values and 

(1) the time where the EIS-measurement were conducted (EIS 1, EIS 2, EIS 3, EIS 4), (2) 

the contact time between electrolyte and lithium electrode (WAIT 1) and (3) the type of 

lithium foil and aging condition (Li-PRISTINE. Li-ART.-AGED, Li-TIME-AGED).  

Our working hypothesis, that nitrogen plays an important role in surface interactions on 

lithium metal foils with the surrounding atmosphere, could be confirmed. We derived the 

thesis that nitrogen (N2) has an unexpected and massive influence on the lithium metal 

deposition behavior and is our prime suspect to explain the variations of initial ZARC,2 

resistance values (See EIS-No. 1). During the course of the experiments it became clear 

that the relation between the experimental conditions (e.g. lithium foil type, pre-

conditioning, storage, waiting time in the electrolyte) and the identified morphologies is an 

extremely complex parameter space. This reflects the current situation in lithium metal as 

well as lithium ion battery research, showing that e.g. dendrite formation is extremely 

difficult to predict and therefore almost impossible to avoid. The early unsuccessful 

attempts to commercialize lithium metal batteries by MoliEnergy have clearly shown 

dendrite and thus lithium morphology formations extremely difficult to control. In our 

current contribution we have attempted to control the experimental conditions as perfectly 

as possible, yet recognizing that it appears challenging to create straight relationships 

between waiting times, lithium type foils, storage conditions etc. and the observed 

morphologies. Nevertheless, our contributions are an attempt to controlled lithium 

deposition conditions on lithium metal surfaces as well as categorizing the identified 

morphologies of lithium deposition morphologies. 
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Figure 1. Module M1 (green, shaded): transport container with cable connectors, gasket 

and lid with optical window, Module M2 (magenta, bright): core unit with cuboid-shaped 

gasket on top of the edges of the electrolyte reservoir. 

 

 
Figure 2. Full in situ measurement setup consisting of (1) ZAHNER potentiostat, (2), 

OsTECH PID-controller, (3) custom-made optical cell, (4) two HETHIS light sources, (5) 

KEYENCE digital microscope (6) with KEYENCE screen and console. 

 

  



TABLE I. Electrochemical test protocols at various applied waiting times: A = 3 

h, B = 8 h, C = 24 h, D = 48 h. The combination of buffer time and the 

corresponding waiting time WAIT 1 determined how long the lithium metal 

electrodes stayed in contact with the electrolyte before electrochemical 

experiments were conducted. 

 

Protocol step Time per step (s) Image recording 

1st Stage 

Start electrolyte filling: tzero initial time = 0 Angles: 

0°, 5°, 20° 

 

Magnifications: 

5x - 50x 

Buffer time 900 

 

One of the following (A, B, C or D): 

(A) 03h WAIT 1 phase 9,900 

(B) 08h WAIT 1 phase 27,900 

(C) 24h WAIT 1 phase 85,600 

(D) 48h WAIT 1 phase 171,900 

2nd Stage 

EIS 1 measurement 2,220 Angle: 

5° 

 

Magnification: 

5x 

CC-phase (J = 1 mA/cm²) 3,000 

EIS 2 measurement 2,22 

WAIT 2 phase 3,600 

EIS 3 measurement 2,220 

WAIT 3 phase 3,600 

EIS 4 measurement 2,220 

END - 

3rd Stage 

Further image recording -- 

Angles: 

0°, 5°, 20° 

 

Magnifications: 

5x - 50x / 50x-500x 

 

 
Figure 3. Macroscopic view through the cell’s optical window of the negative lithium 

electrode where lithium deposition took place during the CC-phase (5°, 5x magnification). 

  



 
Figure 4. Overview of the four identified deposition super classes from the various 

experimental setups: A: tree-like type, B: spherical type, C: planar type, and D: spiky type. 

 

TABLE II. Observed predominant lithium morphologies on the three tested 

lithium foil types after the defined waiting times of 3 h, 8 h, 24 h and 48 h. 
 

Lithium foil 3hWAIT 8hWAIT 24hWAIT 48hWAIT 

Li-PRISTINE Tree-like Tree-like Tree-like Tree-like 

Li-ART.-AGED Tree-like Tree-like 

Tree-like 

& 

Spherical 

 

Tree-like 

& 

Spherical 

 

Li-TIME-AGED Tree-like Tree-like Spherical  Spherical 

 

  



 
Figure 5. Overview of the twelve identified subclasses for morphologies of lithium 

depositions, which are obtained from the various electrochemical experiments. 

 



 
Figure 6. Overview of the identified textures and coloring of lithium deposition obtained 

from the experiments. 

  



 
Figure 7. Representative laser microscope images taken from the corresponding lithium 

metal surfaces at 100x magnification. The three lithium foils show different surface 

characteristics. This could be an indication for different chemical states of the surfaces. 

 

 
Figure 8. In situ images taken during one CC-phase at different time steps. A lithium 

crystallite growths perpendicular to the electrode surface (a). Depending on the volume 

and quality of the structure, it can first bend to the side (b) and then tear off and rise to the 

electrolyte surface (c). 

 

 
Figure 9. Representative Nyquist-plots for the recorded EIS-spectra (EIS 1, EIS 2, EIS 3, 

and EIS 4) of a single Li-TIME-AGED 8hWAIT-experiment. 

  



 
Figure 10: Electrical equivalent circuit (EEC) to model the symmetric Li0||Li0 cell. 

  



 
Figure 11. The fitted values for the resistance of the ZARC,2 element (Witzenhausen 

FittingGUI49). The neon shades indicate values from multiple measurements (neon shades). 

  



TABLE III. Summary of the obtained data 

 
 Li-PRISTINE Li-ART.-AGED Li-TIME-AGED 

Treatment Lithium in pristine 

state, as obtained 

from the 

manufacturer 

Pristine lithium foils 

treated with N2 for 

1 h at 25 °C 

Lithium foils stored 

for several years in 

an Ar-filled 

glovebox 

Predominant 

lithium 

morphologies (≤  

24 h WAIT) 

Tree-like 

 

 

Tree-like Tree-like 

 

Predominant 

lithium 

morphologies (≥  

24 h WAIT) 

Tree-like Tree-like 

      & 

Spherical 

Spherical 

Laser microscope 

results 

Homogeneous 

surface 

Sharp and 

distinctive 

structures on the foil 

surface 

Sharp and 

distinctive 

structures on the foil 

surface 

EIS results Lowest initial 

ZARC,2 values for 

EIS-No. 1 values. A 

rising trend with an 

increasing waiting 

time was observed: 

14.2 Ω (3 h), 16.3 Ω 

(8 h), 22.1 Ω (24 h), 

22.6 Ω (48 h). 

Highest initial 

ZARC,2 values for 

EIS-No. 1 values. A 

rising trend with an 

increasing waiting 

time was observed: 

53.0 Ω (3 h), 78.0 Ω 

(8 h), 90.2  Ω 

(24 h). Initial 

resistances for EIS 1 

at 48 h, is located at 

83.8  Ω. 

Medium initial 

ZARC,2 values for 

EIS-No. 1 values. A 

rising trend with an 

increasing waiting 

time was observed: 

31.2 Ω (3 h), 41.6 Ω 

(8 h), 71.9  Ω 

(24 h), 71.7  Ω 

(48 h). 

 

  



TABLE IV. ZARC,2 resistance values obtained from the curve fitting process for 

all setup types: Li-PRISTINE (P), Li-ART.-AGED (A) and Li-TIME-AGED (T). 
 

EIS-No. 3hWAIT 8hWAIT 24hWAIT 48hWAIT 

 
P 

multi 

A 

single 

T 

single 

P 

multi 

A 

multi 

T 

multi 

P 

single 

A 

single 

T 

multi 

P 

single 

A 

single 

T 

single 

1 14.9 53.0 31.2 16.3 78.0 41.6 22.1 90.2 71.9 22.6 83.8 71.7 

2 11.0 4.7 21.3 15.6 16.0 18.0 16.7 2.5 19.5 15.9 7.0 30.5 

3 7.5 7.7 17.9 14.0 18.4 26.1 19.2 25.0 36.7 21.0 41.8 37.1 

4 14.2 29.2 35.1 30.2 19.5 25.5 32.3 62.5 36.2 39.4 47.8 37.9 

 


