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ABSTRACT

Current lithium ion battery with a graphite anode shows stable cycle performance
and safety. However, the lithium ion battery still has the limitation of having a low
energy density caused by the application of lithium intercalated cathode and anode with
low energy density. The combination of high capacity non-lithiated cathode such as
sulfur and carbon and lithium metal anode has been researched for a long time to
maximize battery’s energy density. However, this cell design also has a lot of technical
challenges to be solved. Among the challenges, lithium anode’s problem related to
lithium dendrite growth causing internal short and low cycling efficiency is very serious.
Thus, extensive research on lithium metal anode has been performed to solve the lithium
dendrite problem and a major part of the research has been focused on the control of the
interface between lithium and electrolyte. However, research on lithium anode design
itself has not been much conducted. In this research, innovative lithium anode design for
less dendrite growth and higher cycling efficiency was suggested.
Literature review for the lithium dendrite growth mechanism was conducted in
Chapter 2 to develop electrode design concept and the importance of the current density
on lithium dendrite growth was also found in the literatures. The preliminary test was
conducted to verify the developed electrode concept by using lithium powder based
anode (LIP) with conductive carbon materials and the results showed that lithium
dendrite growth could be suppressed in this electrode design due to its increased
electrochemical surface area and lithium deposition sites during lithium deposition.
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The electrode design suggested in Chapter 2 was extensively studied in Chapter 3
in terms of lithium dendrite growth morphology, lithium cycling efficiency and full cell
cycling performance. This electrode concept was further developed to maximize the
electrode’s performance and safety in Chapter 4. In this new electrode design, electrically
isolated super-p carbon agglomerates in the electrode were effectively reduced by adding
conductive fillers such as graphite and further improvement in cycling performance and
safety was also verified.
The lithium powder based anode with conductive carbon materials is very useful
concept as an alternative anode design instead of pure lithium metal anode for high
energy density lithium batteries such as lithium-sulfur and lithium-air. As shown in
Chapter 5, this electrode concept can be further developed and optimized through the
application of new carbon materials and structure.
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Chapter 1
Introduction

1.1. Background
The battery as an energy storage system has a long history of development. The
first batteries, such as Volta’s and the Daniell cell, were invented in the 1800s and battery
chemistries have since been continuously developed through Nickel-Cadmium (Ni-Cd),
Nickel-Metal Hydride (Ni-MH) and Lithium ion . Extensive research on lithium-based
batteries has been conducted because of lithium’s high theoretical capacity (3,860mAh/g)
and low standard reduction potential (-3.05V vs. SHE). Studies on materials involving
lithium intercalation reactions were actively performed; layer-structured TiS2 (LixTiS2, 0
≤ x ≤ 1), V4O10 and graphite (LiC6) are representative lithium intercalation materials
studied during this period [1, 2]. This research regarding the lithium intercalation
mechanism became a very important platform for the technology for the current lithium
ion battery.
Using the above technologies, lithium batteries with lithium intercalation material
as a cathode and pure lithium metal as an anode were developed and mass-produced, but
production was finally stopped because of safety issues related to the lithium metal anode
causing battery fires and explosions. It was found that the safety issues were caused by
internal short circuit within the battery cell caused by uncontrolled lithium dendrite
growth on the lithium metal anode during repeated charge and discharge, as shown in
Figure 1-1.
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A lot of ideas such as using a lithium-aluminum alloy anode and various
electrolytes were suggested to solve these safety problems, but these solutions were not
successful. After that, SONY successfully developed in 1991 a new battery design called
the lithium ion battery, using a graphite anode with a lithium intercalation mechanism
instead of a lithium metal anode. This lithium ion battery solved the safety problems and
greatly enhanced cycle performance by eliminating lithium dendrite growth on lithium
metal and applying lithium intercalation materials for both the cathode and the anode.
Thus, the combination of a stable graphite anode and various lithiated cathode materials
such as LiFePO4 (LFP) [3], LiNi1/3Mn1/3Co1/3O2 (NMC) [4], and LiNi0.8Co0.15Al0.05O2
(NCA) makes it possible to develop customized lithium ion batteries for various
applications such as mobile electronics, power tools, electric vehicles and energy storage
systems for the grid.
However, the lithium ion battery has the major drawback of having a low energy
density caused by the application of low energy density, lithium intercalation materials
(the theoretical capacity of lithium metal is 3,860mAh/g versus graphite 372mAh/g). The
disadvantage of the lithium ion battery has had little conflict with its major applications
such as in mobile electronics, however nowadays it is required to increase energy density
for high energy density transportation applications such as electric vehicles. To increase
energy density, alternative materials such as Silicon (Si) have been suggested as an anode
material because of Si’s huge theoretical capacity of more than 4,000mAh. However, the
Si anode has also its own problem of huge volume change during lithium alloying and
de-alloying. The huge volume expansion and contraction of Si makes new surfaces
continuously, which actively react with the electrolyte and cause the disconnection of the
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electrical contact in the electrode, leading to severe capacity loss during cycling, as
shown in Figure 1-2. Various studies on nano-sized Si composite materials with carbon
have been conducted to solve Si’s intrinsic problem [5]. However, Si-based batteries still
have the limitation of increasing the battery’s energy density due to the need for a lithium
intercalation cathode with low energy density as a lithium source.
Therefore, the combination of high capacity non-lithiated cathode such as sulfur
and air (carbon) and lithium metal anode has recently received much renewed attention
as a solution for the maximization of battery energy density because of the non-lithiated
cathode’s and lithium metal’s high theoretical capacities, as shown in (Figure 1-3) (the
theoretical capacity of sulfur is 1,680mAh/g versus LiCoO2 : 150mAh/g and LiFePO4 :
170mAh/g).
However, as mentioned previously, this concept still has the intrinsic lithium
metal anode’s safety problem related to lithium dendrite growth and also a lot of
technical challenges with the cathode. Current research on this concept has been focused
on finding the degradation mechanism and improvement of these high capacity nonlithiated cathode electrodes [6, 7]. It is impossible, however, to apply these high energy
density lithium metal-based batteries to a real battery system without solving the lithium
metal anode’s intrinsic problem even though the cathode is well developed. Therefore,
research on the lithium metal anode for the suppression of lithium dendrite growth and
improvement of cycling efficiency is very important. Below is a list of recent
achievements in lithium metal anode development:
(1) Li alloy anode [8]
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(2) Stable Solid Electrolyte Interphase (SEI) film with high Li ionic conductivity,
dense film, small thickness and high elastic strength to mechanically suppress the
breakthrough by Li dendrite [9] , by control of electrolyte [10, 11], salts [12, 13]
and functional additives [14, 15, 16]
(3) Ex situ-formed surface coating [9, 17, 18, 19]
(4) Mechanical blocking with high shear modulus [20] and higher mechanical
strength by polymer electrolyte [21, 22, 23], polymeric single ion conductors [24,
25] and inorganic-organic hybrid electrolyte [26, 27, 28, 29]
(5) Others : pressure [30], substrate [31] and charging condition [32]
As can be seen in above list, a lot of solutions for the suppression of lithium
dendrite growth and improvement of cycling efficiency have been suggested; however
those solutions are not sufficient for achieving future lithium metal batteries. Thus, the
effort to develop a stable lithium metal anode should be continued.

1.2. Motivation
As we can see in the introduction, a major part of the research on lithium metal
anodes has been focused on the control of the interface between the lithium and the
electrolyte. However, not only the interface between lithium and electrolyte but also
lithium anode structure itself greatly affects lithium dendrite growth, cycling efficiency
and internal short characteristics [63, 73, 74, 75]. Therefore, development of innovative
lithium anode design for less dendrite growth and higher cycling efficiency is very
important for next-generation lithium batteries. In addition, convenient manufacturing is
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required for this anode design to achieve design flexibility such as various structure and
N/P ratio (Capacity ratio between negative and positive electrodes).
A lithium powder-based electrode (LIP) was suggested as a new lithium anode
design. In this electrode design, the anode with optimized N/P ratio can be easily
fabricated because the amount of lithium can be easily controlled by lithium powders.
Furthermore, composite electrodes consisting of an LIP and other battery materials can
be made easily by simply adding other materials into the LIP to control lithium dendrite
growth and cycling efficiency, unlike the conventional lithium metal anode. Thus, varied
research on the relationship between lithium electrode structure and lithium dendrite
growth and cycling efficiency is possible using the LIP electrode.
In this research, lithium powder based anode with various structure will be
developed to achieve the anode design with less dendrite growth, higher cycling
efficiency and improved safety. Carbon materials which are chemically stable,
electrically conductive and cheap were used in making LIP with various structures.
Literature review for lithium dendrite growth and preliminary test for LIP with carbon
materials is conducted in Chapter 2. In Chapter 3, LIP with carbon materials is further
analyzed in terms of lithium dendrite growth, cycling performance and internal short
characteristics. In Chapter 4, the effect of graphite as a conductive filler on the LIP with
carbon materials is also studied to further improve the anode design developed in Chapter
3. Finally, future research direction for LIP with carbon materials is introduced in
Chapter 5.
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Figure 1-1. Lithium dendrites on electrodeposition of lithium [1].
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Figure 1-2. Schematic diagram of cracking in metal alloys [5].
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Figure 1-3. Practical specific energy, estimated driving distances and price for some
battery chemistries [6].
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Chapter 2
Literature Review for Li dendrite growth mechanism and
Preliminary Results for Li Powder based Electrode

2.1. Literature Review for Li dendrite formation and growth
Extensive research on lithium dendrite formation and growth has been conducted
over a long period of time. Major studies on lithium dendrite formation and growth show
that (1) various defects on lithium electrode surfaces such as pits, cracks [36] and grain
boundaries can make preferred deposition sites and irregular lithium deposition on
lithium metal surfaces during lithium deposition which finally grows to lithium dendrite
and (2) SEI formed on lithium metal surfaces with various physical and chemical
characteristics causes non-uniform current density on the electrode and non-uniform
lithium deposition which finally grows to lithium dendrite, as shown in Figure 2-1 [37,
38].
Thus, research on lithium dendrite growth has been focused mainly on developing
electrolytes, salts and additives to control lithium dendrite growth through controlling
SEI characteristics on lithium metal surfaces, as shown in Figure 2-2 [39, 40]. However,
fundamental understanding regarding lithium dendrite growth is also necessary to
develop new lithium anode designs which can suppress lithium dendrite formation and
growth through anode design itself.
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2.1.1. Mechanism for Li dendrite formation
Chazalviel suggested a growth mechanism for ramified metallic electrodeposits in
electrochemical systems through the simulation of ion concentrations and electrostatic
potential distributions [41]. In the research, the author assumed (1) a simple
electrochemical system including two metal electrodes with the distance of L between the
two electrodes; (2) dilute electrolyte solution with only one metal ion as a salt, and (3)
cation deposition and dissolution is the only electrochemical reaction within the cell.
Figure 2-3 shows the simulation result of the ion concentrations and potential
distributions in the cell based on the above assumptions.
As can be seen in Figure 2-3, the gradient of the ionic concentrations and
potentials occurs within the cell when voltage is applied to the cell because cations move
to the cathode side (x/L = 0) and anions move to the anode side (x/L = 1). Thus, anion
concentration is very high near the anode side because of the anion’s electro-migration
and cation concentration is also high near the anode side because cations are continuously
dissolved from the anode to maintain the cell’s overall electro-neutrality. However, the
behavior of ion concentration near the cathode side is totally different. Near the cathode
side, anion concentration decreases and finally falls to 0 as applied voltage continues
because the anions move to the anode side due to electro-migration. The cation
concentration should be increased near the cathode side because the cations also move to
the cathode side by electro-migration, but the cation concentration decreases near the
cathode side due to the consumption of the cations through the deposition of the cations.
In this region, the concentrations of the ions become different (Cc >> Ca), thus a spacecharge region can be formed by excess cations. Therefore, a strong electric field near the
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cathode is formed because of the difference in cation and anion concentrations in the
region and this causes instabilities on the cathode surface. Consequently, cation
deposition grows firstly toward the region of the highest cation concentration in the
space-charge region to minimize the strong electric field formation and cathode surface
instabilities, as shown in Figure 2-4. This is the mechanism for metal dendrite formation.
The time required for metal dendrite formation can be calculated based on this
model and it is known that the time is very close to Sand’s time. This has been verified in
other papers [42, 43, 44].

Sand’s time (τ) = 𝜋𝐷 (

𝐶0 𝑒 2

2𝐽𝑡𝑎

) ,

𝑡𝑎 =

𝜇𝑎
𝜇𝑎 +𝜇𝑐

In the above equation, C0 is initial concentration, D is diffusion coefficient, J is
current density and ta is anion transport number [42].

2.1.2. Mechanism for Li dendrite growth
Chazlviel’s theory shows not only the lithium dendrite formation mechanism but
also the lithium dendrite growth mechanism. According to the theory, lithium dendrite
growth proceeds toward the direction of the suppression of the strong electric field
(space-charge region) because the mechanism of lithium dendrite formation is to reduce
the strong electric field near the cathode surface. Therefore, it is expected that the spacecharge region follows the velocity of anion migration because this region is where Ca is 0
due to the anion’s electro-migration. As a result, the lithium dendrite growth rate can be
suggested by the velocity of anion migration as below [41].
𝐽

VLi dendrite growth = = −𝜇𝑎 𝐸 = −𝜇𝑎 ( )
𝜎
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Some papers which supported the relationship between the velocity of anion
migration and lithium dendrite growth rate experimentally were also published [42, 43].
There are also reports that show the inconsistency between lithium dendrite growth rate
and anion migration velocity. However, these results can be explained by nonhomogeneity of current densities on real electrode surfaces and it was also reported that
global velocity of lithium dendrite growth was still proportional to the degree of electric
field (E) in this case [42].
In addition to Chazalviel’s model, Monroe and Newman suggested another
lithium dendrite growth model. They assumed that mass transfer and surface forces
dominate dendrite growth kinetics as in the Barton and Bockris model [45]. In this model,
a major lithium dendrite growth mechanism is enhanced diffusion effect (spherical
diffusion effect) in front of a tip and high accumulated charges at the tips. These effects
lead to preferential growth of a lithium deposit at the tip, as shown in Figure 2-5.
Monroe and Newman also suggested the dendrite tip growth rate as below [46],
VLi dendrite tip =

𝐽𝑉
𝐹

Here, J is current density at the dendrite tip, V is molar volume of lithium and F is the
Faraday constant.
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2.1.3. Other mechanisms for Li dendrite growth
In addition to Chazalviel and Monroe and Newman’s model, Brownian statistical
simulations for lithium dendrite growth were also studied [47]. This model is more useful
in predicting macroscopic morphology evolution of lithium dendrite than microscopic
lithium dendrite formation and growth. Recently, Mayers et al. showed effective
suppression of lithium dendrite growth by using a pulse charging method [48]. In this
research, the authors suggested that the deposition morphology can be determined by the
competition between cation diffusion and reductive deposition. For example, in the low
deposition probability condition (i.e., low electrode over-potential) diffusion is more
dominant than the reduction reaction, thus lithium ions can permeate the deposition
substrate deeply making a more dense deposition structure. On the other hand, lithium
ions cannot permeate the deposition substrate deeply in high deposition probability
condition (i.e., high electrode over-potential), thus lithium ions are easily deposited on
deposition tips leading to relatively diffuse and porous lithium deposition morphology.
These results closely match the relationship between the dendrite growth rate and overpotential (VLi dendrite growth ∝ η or η2) in the Barton and Bockris model [45]. One example
of lithium dendrite growth morphology by simulation was illustrated in Figure 2-6
according to lithium ion’s diffusion and reduction characteristics.
It is found that lithium dendrite growth occurs only at the tips (Monroe and
Newman) or at the tips and in the substrate (Mayer et al.) using the above theories.
However, Yamaki et al. suggested a different lithium dendrite growth mechanism, as
shown in Figure 2-7 [49]. In this model, it is thought that lithium dendrite has a lot of
stress under SEI and finally penetrates through the weakest region of SEI to release
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accumulated stress. After the penetration, lithium dendrite is thought to grow by lithium
deposition on the lithium substrate, and not at the tips. No change of tip morphology
during lithium deposition is the evidence for this reasoning. However, lithium dendrite
can grow on tips and kinks, not on the substrate after the Li substrate is perfectly covered
with lithium dendrite (whisker) because lithium ion transport is very difficult on the
substrate surface. If there are a lot of tips and kinks as deposition sites, real current
density will be reduced and lithium deposition morphology will be changed to particlelike or amorphous morphology [49]. Lithium dissolution is the opposite process of the
lithium deposition in the model. That is, first lithium dissolves from the particle-like
lithium deposition on tips and kinks and then from whisker-like lithium deposition on the
substrate. However, lithium dissolution is still dependent on the ease of lithium ion
transport in the lithium dendrite layer. Sometimes lithium dendrite is easily detached
from the substrate forming isolated lithium (dead lithium), which is not electrochemically
active and is chemically active.
As can be seen in the above literature review, research on the mechanism of
lithium dendrite formation and growth has been extensively conducted, but
understanding remains imperfect. The theories mentioned previously have their own
limitations. For example, Chazalviel’s model is only effective in high potential
conditions and Monore and Newman’s model is effective for only one lithium dendrite
growth. The Brownian statistical model also includes many assumptions in order to
perform the simulation. Nevertheless, the direction of future research can be derived from
these fundamental studies, regardless of theoretical limitations therein. For instance, the
time taken for lithium dendrite formation and growth velocity can be easily controlled by
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changing the electrolyte’s diffusion coefficient, anion transport number (mobility) and
conductivity. Thus, research on electrolyte systems such as solvent, salt, additives,
polymer electrolyte and single ion electrolyte has performed extensively in order to solve
the lithium dendrite problem. The importance of the current density on lithium dendrite
formation and growth was also found in the theories. In other words, the time for lithium
dendrite formation can be delayed (Sand’s time, τ ∝ J-2) and lithium dendrite growth
velocity also can be reduced (VLi dendrite tip ∝ J) when current density decreases.
Current density per interfacial surface area has generally been considered as one
of the external factors we cannot control, thus it has not been much considered as a
control factor for solving the lithium dendrite issue. In this research, a lithium anode
design that can lower current density will be developed to suppress lithium dendrite
growth during cycling and to finally achieve enhanced safety and cycle performance.
Decrease of current density in the lithium anode can be achieved by increasing
electrochemical surface area of the electrode, which can be also achieved by applying
conductive carbon materials in the LIP. That is, conductive carbon in the LIP can provide
a lot of sites and additional electrochemical surface area for lithium deposition, and as a
result it can lower current density during lithium deposition and suppress lithium dendrite
growth. As can be seen in Table 2-1, the reduction in current density is basically
dependent on carbon materials’ characteristics, however it is very difficult to estimate the
degree of the reduction in current density exactly because real electrode structure
consisting of carbon materials is complicated compared to one carbon particle’s
characteristics and electrochemical area in the electrode also changes as lithium
deposition continues.
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2.2. Preliminary Results for Lithium Powder-Based Electrode (LIP)
2.2.1. Introduction
As can be seen in the above literature review, the decrease of current density in
the lithium metal anode can have two advantages. First, it can decrease dendrite growth
rate and increase the time until internal short circuit, leading to an improvement in overall
battery safety. Second, it can change lithium deposition morphology from irregular and
dendritic to globular in shape, thus the reaction between electrolyte and lithium
deposition can be suppressed because of decreased surface area of lithium deposits. As a
result, impedance increase and lithium loss during cycling also can be suppressed under
the condition with this reduced current density leading to enhanced performance. In this
section, an LIP with carbon as conductive filler was studied to verify that this concept
could increase electrochemical reaction area for lithium deposition, suppress lithium
dendrite growth . As shown in Figure 2-8, a lithium powder anode as a control electrode
and lithium powder anode with super-p carbon as a test electrode were fabricated and
compared to verify the effect of the carbon structure in the lithium powder-based
electrode.

2.2.2. Experimental
In this test, a lithium powder-based electrode was fabricated as follows. First, the
‘lithium powder + binder’ electrode was fabricated by mixing 90 wt% of lithium powder
(Stabilized lithium Metal Powder, FMC) and 10 wt% of binder (Poly(Styrene Butadiene)
85:15, Polyscience), P-xylene (99%, Alfa Aesar) was used as a solvent instead of NMethyl-2-pyrrolidone (NMP) because unlike NMP, it does not react with lithium during

17

mixing process. The mixing process is as follows: (1) SBR binder solution was made by
ultrasonication process; (2) the lithium powder and pre-made binder solution were mixed
by hand mixing with agate mortar and pestle. After sufficient mixing time, the final slurry
was put on 10um Cu foil and coated by razor blade and dried for 24 hours at room
temperature. Then, the dried electrode was cut and pressed by pellet press for coin cell
assembly. All processes were performed in an argon-filled glove box (H2O < 1ppm,
MBrown) except for the ultrasonication and electrode press processes, which were
conducted outside the glove box with tight sealing (LIP0 electrode).
The ‘lithium powder + binder + super-p carbon’ electrode was fabricated in the
same way as that of the LIP0 electrode. This electrode consisted of 80 wt% Li powder +
10 wt% SBR + 10 wt% super-p carbon (Timcal). The mixing process for this electrode is
as follows: first, the binder solution was made by ultrasonication; next, the uniform
super-p and binder slurry was also made by the ultrasonication and finally, the lithium
powder and the slurry were mixed by hand mixing as in the LIP0 process. Coating,
drying and press conditions are the same as for the LIP0. Table 2-2 shows the basic
properties of the two electrodes.
A symmetric cell test was performed to investigate the electrodes’
electrochemical properties. The electrolyte composition for the symmetric cell is 0.91M
LiTFSI(Bis(trifluoromethane)sulfonimide lithium salt, Aldrich), 0.36M LiNO3(Lithium
nitrate, Alfa Aesar), 0.2M Li2S6, in 1,2-Dimethoxyethane and 1,3-Dioxolane (1:1, vol%,
Sigma Aldrich) and all materials were used in their received state and the electrolyte was
made in an Ar filled glove box. The same amount of the electrolyte (30ul) was applied to
all symmetric cells to eliminate the experimental deviation from the amount of
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electrolyte. CR2016 coin cells (MTI corporation) were used and Celgard 2025 was used
as a separator for all symmetric cells.
Cell evaluation was conducted at room temperature with a current density of
0.5mA/cm2 and a cut-off condition of 5mAh/cm2 for all charge and discharge conditions.
Voltage profiles of two symmetric cells were compared and Electrochemical Impedance
Spectroscopy (EIS) analysis was also conducted to investigate the interface
characteristics of both electrodes during cycling. The equipment used for EIS analysis
was the Solartron SI 1287 (Frequency analyzer: Solartron 1255B) and the measurement
conditions were AC 5mV and 500kHz to 0.1Hz.

2.2.3 Results and Discussions
2.2.3.1 Voltage characteristics of symmetric cells with LIP electrodes
Symmetric cells consisting of two LIP electrodes generally show the voltage
profile Figure 2-9 during charge and discharge. Electrode characteristics can be
understood by their voltage profiles during charge and discharge. As shown in Figure 2-9
and 2-10, electrode behavior is as follows: (1) 0% charged state; lithium in the lithium
deposition layer on the left electrode starts to dissolve and move to that on the right
electrode, (2) 50% charged state; as charging goes on, lithium in the lithium deposition
layer on the left electrode continues to move to the right electrode. In this state, the
symmetric cell becomes a real symmetric cell with two identical electrodes, and the
deposition and dissolution process is stable in the both electrodes, showing the lowest
over-potential (η50% charged); (3) 100% charged state; all reversible lithium in the lithium
deposition layer on the left electrode is completely consumed and lithium dissolution
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starts again from the left electrode itself showing increased over-potential (η100% charged)
compared to η50% charged.

2.2.3.2 Comparison between LIP0 and LIP1 electrodes
η50% charge and η100% charged were suggested as indicators for electrode
characteristics. That is, the symmetric cell at 50% charged state has two identical
electrodes, thus the value of 0.5 x η50% charged can represent one electrode’s characteristics
in this state. Likewise, the over-potential value in the 100% charged state also can
represent characteristics of an electrode when lithium dissolution occurs from the
electrode itself after consuming all the reversible lithium in the lithium deposition layer.
These η values can be easily derived from the value of η50% charged and η100% charged of the
symmetric cells as shown in Figure 2-11.
ηone electrode at 50% charge and ηLIP, bulk values during cycling were plotted in Figure 212. The LIP1 electrode continuously shows 2~3mV lower ηone electrode at 50% charge than the
LIP0 electrode during cycling, due to the decrease of Rohmic by the super-p carbon
network in the LIP1 electrode. This result also matches that of the EIS well in Figure 213. On the other hand, the LIP0 electrode also shows higher ηLIP,bulk than the LIP1 during
cycling, which means that lithium dissolution in the LIP1 electrode is easier than in the
LIP0. That is, the LIP0 electrode is expected to have flat, 2-dimensional surface during
lithium dissolution [76], while the LIP1 electrode is expected to have 3-dimensional
surface because of super-p carbon network in the electrode as suggested in Figure 2-8.
Therefore, the lower over-potential (ηLIP, bulk) in the LIP1 during lithium dissolution can
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be explained by the increased electrochemical surface area in the LIP1 caused by the
addition of super-p carbon.
Figure 2-13 shows impedance spectra of two symmetric cells in the 50% charged
state after 44cycles. In general, there has been extensive research on impedance spectra
for electrochemical systems. Figure 2-14 shows the general characteristics of impedance
spectra for noble metal, lithium metal and lithiated graphite electrodes. As can be seen in
Figure 2-14, (1) the impedance spectra in the noble metal electrode consists of 1st semiarc related to surface film in high frequency domain and 2nd semi-arc related to chargetransfer in the medium frequency domain which shows an enormous value because of the
initiation of metal nucleation on the substrate, (2) the impedance spectra in the lithium
metal electrode shows only one semi-arc related to the surface film on the lithium metal
in the high frequency domain. In this electrode, it is known that the impedance related to
charge transfer is not seen clearly because it is very small compared to that of the surface
film and, (3) unlike the noble metal substrate and the lithium metal electrode, the
impedance of lithiated graphite is very complicated. That is, the impedance shows all
lithium ion intercalation process in graphite as follows: (1) 1st semi-arc represents lithium
ion migration through the surface film on graphite in high frequency domain, (2) 2nd
semi-arc shows charge transfer reaction in medium frequency domain and (3) solid state
diffusion and lithium accumulation can be also found in the low frequency domain. The
intercept between the 1st semi-arc and X-axis is also known as ohmic resistance caused
by the electrolyte, and contact resistance within the cell [50, 51].
Based on the above explanation, it can be said that the 1st arc in high frequency
domain in Figure 2-13 is strongly related to the surface film on the lithium metal
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electrode [52, 53]. Furthermore, the surface film’s resistance (Rsurface film) generally
increases as cycling goes on because of SEI growth caused by the continuous reaction
between lithium and the electrolyte during cycling [54, 55]. As shown in Figure 2-13, the
LIP1 electrode shows lower Rohmic because of the super-p carbon network within the
LIP1 and also lower Rsurface film after 44 cycles compared to LIP0’s. This low Rsurface film
can be attributed to the suppressed SEI growth on the LIP1 electrode during cycling,
which can be explained by less reaction between the lithium deposition and the
electrolyte in LIP1. Thus, considering that less dendritic morphology of lithium
deposition can reduce SEI growth during cycling, it can be said that the lithium
deposition on the LIP1 is less dendritic than that on the LIP0.
The symmetric cell test continues until an internal short circuit happens to verify
the above expectation. As can be seen in Figure 2-15, the LIP1 symmetric cell showed
longer cycles until internal short circuit and this can be additional evidence for less
dendritic morphology of the lithium deposition on the LIP1 electrode. Therefore, it can
be said that the addition of conductive carbon into an LIP can cause increased surface
area and decreased current density for lithium deposition, leading to less dendritic
morphology of lithium dendrite during repeated cycling. However, the improvement of
the internal short circuit seems insufficient and the enhancement of cycling performance
of the electrode also cannot be clearly evaluated in the test.
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2.2.4 Conclusion
In this chapter, the effect of the addition of super-p carbon in the lithium powderbased electrode was studied using the symmetric cell test. Voltage profiles during lithium
deposition and dissolution were compared and the LIP1 electrode showed lower overpotential of ηone electrode at 50% charge and ηLIP, bulk than that of the LIP0 during cycling . This
is probably due to less Rohmic and increased electrochemical reaction area in LIP1 caused
by the super-p carbon, as suggested in Figure 2-8 . From the EIS results; it is also
expected that the cycled LIP1 has a lower amount of reaction products between lithium
deposition and electrolyte compared to the cycled LIP0, which means the lithium
deposition on the LIP1 electrode has less dendritic morphology. This expectation was
verified through cycling tests of symmetric cells until internal short circuit happens.
Although the suppression of lithium dendrite growth in lithium powder based electrode
with conductive carbon is possible, increased time until the internal short circuit was
insufficient in the LIP1 electrode and the improvement of cycle performance could not be
clearly evaluated in this test. Therefore, further improvement on the LIP electrode with
conductive carbon and direct evidence for improved cycle performance is necessary.
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Figure 2-1. Schematic drawing of the lithium metal-electrolyte interface [38] and simple
mechanism for lithium dendrite growth.
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Figure 2-2. Surface SEM images of Li deposition morphologies from 1.0M LiPF6-based
electrolytes containing (A) PC, (B) EC, (C) DMC and (D) EMC [39]
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Figure 2-3. Profiles of the ion concentrations and electrostatic potential as a function of
time; Cc = cation concentration, Ca = anion concentration, C0 = initial concentration, V =
electrostatic potential, L = distance between two electrodes; t = 100 s (solid lines), t = 103
s (dashed lines), t = 104 s (dotted lines) [41].
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Figure 2-4. Space charge region near the cathode surface under high voltage and the
direction of preferred metal deposition.
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Figure 2-5. Schematic of the current distribution near dendrite tip. Arrow: imaginary
current distribution line, dotted line: imaginary equipotential line.
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Figure 2-6. Snapshots of the simulation cell that employ continuous charging with
reduction probability p = 0.01(Left), 0.1(Middle), 1(Right) [48].
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Figure 2-7. Suggested model of Li deposition and dissolution [49].
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Figure 2-8. Schematic of Li powder electrode (Left) and Li powder electrode with superp carbon (Right).
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(Table 2-1) Decrease of current density in LIP with carbon materials
Material

Super-p

Radius

Number

Total surface area

Decrease

(um)

of carbon

of carbon particles

of current

(cm2)

density

2.98x1013

1500

0.001xIinitial

2.4x105

3

0.33xIinitial

0.02

Graphite 10

Comment

Represents
large particle
size or
agglomeration
with small
particles

• Assumption : Electrode surface area 1.5cm2, amount of carbon materials on the
electrode : 1mg
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(Table 2-2) Properties of LIP0, LIP1 electrodes after press
Code

LIP0

Formulation

Li powder+Binder

Electrode Weight

Electrode Thickness

(mg)

(um)

12.8

141

12.8

141

(9:1, wt.%)
LIP1

Li powder+Binder+Super-P
(8:1:1, wt.%)
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Figure 2-9. Voltage profile of symmetric cell with LIP electrodes during charge and
discharge (during Li deposition and dissolution).

34

Figure 2-10. Schematic of LIP electrodes in symmetric cell during charge.
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Figure 2-11. Voltage analysis of symmetric cells with LIP electrodes.
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Figure 2-12. (A) ηone electrode at 50% charged and (B) ηLIP,bulk of LIP electrodes during cycling.
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Figure 2-13. Impedance spectra for LIP symmetric cells at 50% charged state after
44cycles (Blue: LIP0 symmetric cell, Red: LIP1 symmetric cell).
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Figure 2-14. A schematic illustration of impedance spectra, relevant equivalent circuit
analogs and the structure of the surface films for noble metal, lithium and lithiated
graphite electrodes polarized to low potentials in Li salt, non-aqueous solutions [51].
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Figure 2-15. Voltage profiles for LIP symmetric cells until internal short circuit (Upper:
LIP0, Lower: LIP1).
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Chapter 3
Development of Lithium Powder-Based Electrode with Super-p Carbon

3.1. Introduction
In the previous chapter, it was found that the addition of conductive carbon, i.e.
super-p, in the LIP electrode can decrease over-potential during lithium deposition and
dissolution and also suppress lithium dendrite growth. However, it is not clear if this
design can improve cycle performance or not. Therefore, lithium dendrite growth
morphology, cycling efficiency and full cell cycling performance in the LIP with super-p
carbon will be studied in this chapter.

3.2. Experimental
An LIP0 was fabricated using the same method as in Chapter 2 and an LIP with
increased super-p amount (referred to as LIP2), using 60 wt% Li powder + 20 wt% superp carbon + 20 wt% SBR was fabricated as a test electrode to study the effect of the
conductive carbon structure in the LIP. Mixing, coating, drying and press conditions are
the same as those in Chapter 2.
Lithium was extracted from the LIP electrodes after the coin cell assembly to
evaluate lithium cycling efficiency according to the electrode structure (Figure 3-1).
Electrolyte composition for the test was 1.0M LiTFSI (Bis(trifluoromethane)sulfonimide
lithium salt, Aldrich), 0.4M LiNO3 (Lithium nitrate, Alfa Aesar), in 1,2-Dimethoxyethane
and 1,3-Dioxolane (1:1, vol.%, Sigma Aldrich) and the preparation method was the same
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as previously described in chapter 2. The coin half-cell, including lithium foil (250um,
MTI Corporation) as a counter electrode and an LIP as a working electrode was
assembled with the application of 30ul electrolyte and Celgard 2025. The lithium cycling
efficiency test was conducted after full extraction of lithium sources from the LIP to
make the desired electrode structure. Lithium deposition condition was 0.5mA/cm2, cutoff 10.5mAh and lithium dissolution condition was 0.5mA/cm2, cut-off 1V. Cycling
efficiency was calculated by the ratio between lithium dissolution capacity (End
condition: 1V) and lithium deposition capacity (10.5mAh) per each cycle. EIS analysis
during the lithium cycling efficiency test was performed to check electrode properties as
in Chapter 2. Lithium dendrite growth morphology during cycling was observed by
Scanning Electron Microscope (SEM, FEI Qunta 200 Environmental SEM). Special
attention is certainly needed when observing the lithium metal anode because the lithium
metal anode is very sensitive to moisture and oxygen in air. The samples for lithium
dendrite morphology were prepared and handled by using a transfer cell to move them to
the SEM chamber without contamination as below [56]:
(1) Disassembly of coin cell
(2) Cleaning of electrode surface with DME solvent to eliminate residual salt
(3) Preparation of SEM samples in the transfer cell (Figure 3-2)
(4) Movement of the transfer cell to SEM chamber
(5) Transfer cell is automatically open after vacuuming SEM chamber
(6) Observation
After the lithium cycling test in the half cell, a full cell cycling test was also
conducted. Lithium titanate (LTO) was used as a cathode electrode in the full cell
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because (1) this material shows excellent stability with zero-strain during cycling, and (2)
no surface film formed due to its high lithium intercalation and de-intercalation potential
[5, 57, 58], thus the effect of cathode on full cell cycling performance can be neglected.
Electrolyte composition with 1.0M LiPF6, ethylene carbonate (EC) : diethyl carbonate
(DEC) : dimethyl carbonate (DMC) (2:1:2, vol.%) was used, current density of
0.45mA/cm2 and a voltage range of 1.2~2.5V were applied during the full cell cycling
test.

3.3. Results and Discussions
3.3.1. Properties of LIP electrodes
Table 3-1 shows basic information about the LIP electrodes for the lithium
cycling efficiency test. As mentioned above, lithium was fully dissolved from the LIP
electrodes (the capacities during the first dissolution are shown in Table 3-1) and then
charged and discharged several times to stabilize the electrodes structure. After 4 cycles,
lithium was fully dissolved again to make the desired structure for the lithium cycling
test. Voltage profiles and impedance spectra were observed during lithium deposition.
Figure 3-3 shows voltage profiles during lithium deposition on fully dissolved
LIP electrodes. As shown in this figure, LIP0 and LIP2 show different voltage behaviors
during lithium deposition. In other words, LIP0 shows a huge over-potential (~60mV) for
initial lithium nucleation on the Cu foil when lithium deposition starts, however LIP2
shows a high voltage of more than 0V because of lithium intercalation into super-p
carbon in LIP2 [59]. After that, LIP2’s voltage profile is rapidly stabilized to the potential
of lithium deposition (0V) and maintains it during lithium deposition. On the other hand,
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LIP2 shows the potential of the reaction between lithium and super-p carbon until the
reaction is completed (~0.5mAh) and then it keeps the lithium deposition potential during
lithium deposition. EIS analysis was conducted to understand more about the electrodes.
Figure 3-4 shows impedance spectra of two cells (A) before lithium deposition and (B)
after lithium deposition of 3.0mAh.
As can be seen in Figure 3-4, there is clear difference in impedance spectra
between LIP0 and LIP2. As explained in Figure 2-14, LIP0 in Figure 3-4-A shows two
clear semi-circles. One is related to the resistance of the surface film on the Cu foil (RSEI)
and the other is related to huge Rcharge transfer for lithium nucleation on the Cu foil.
However, impedance spectra of LIP2 show a totally different shape. In this condition,
LIP2 shows very small Rinterface where RSEI and Rcharge transfer are not clearly separated and
this is considered as a general feature of super-p’s impedance spectra [59]. Unlike LIP0,
LIP2 also shows a clear straight line related to solid state diffusion in the low frequency
region, typical impedance spectra of carbon electrodes. Figure 3-3-B shows impedance
spectra of two electrodes after enough lithium deposition. In the spectra, the two
electrodes show a difference in Rohmic and RSEI. As previously mentioned, the decrease of
Rohmic is attributed to the super-p carbon network in LIP2 and the decreased RSEI is also
due to the increased surface area in LIP2 because electrolyte composition in the two cells
is identical. In other words, because physical and chemical characteristics of SEI in the
same electrolyte are identical, different lithium deposition areas can produce the different
RSEI for two electrodes [60]. Furthermore, the difference in surface area can cause the
difference in current density for electrodes and this different current density also can
cause a difference in lithium deposition morphology [61]. Therefore, lithium deposition
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morphologies were observed in Figure 3-5 by using SEM to verify the effect of different
current densities on the electrodes. The samples for observation were prepared after
lithium deposition and dissolution with 6 cycles and lithium deposition with 4.1mAh.
As shown in Figure 3-5, there is large difference in lithium deposition
morphologies for the two electrodes. LIP0 morphology in Figure 3-5-A shows similar
dendritic morphology to previous research with the same electrolyte [62, 63] and it is
thought that lithium dendrite in LIP0 grows freely after lithium nucleation on Cu foil. On
the other hand, lithium deposition morphology in LIP2 shows platelet-like and dense
morphology. This can be explained by the effect of decreased current density in LIP2
which can change lithium deposition morphology. In the previous report, decreased
current density was reported to change lithium deposition morphology from dendritic to
particle-like [61]. In addition to current density, super-p carbon structure in LIP2 can also
give a lot of lithium deposition sites where lithium deposits grow and coalesce as lithium
deposition continues, leading to platelet morphology rather than dendritic morphology.
Figure 3-6 shows cross-sectional SEM images for the LIP electrodes. As can be
seen in the figure, lithium morphology in LIP0 has an irregular and porous structure
including fiber-like and chunk-like morphology compared to LIP2’s. On the other hand,
LIP2 mostly has a relatively compact lithium deposition with platelet shape. Fiber-like or
dendritic lithium deposition morphology was not found in LIP2. Figure 3-7 shows
lithium nucleation and growth process in LIP2 during lithium deposition.
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3.3.2. Lithium cycling efficiency test for LIP electrodes
A lithium cycling efficiency test was conducted for the two LIP electrodes to
compare their cycling performance. In fact, high lithium efficiency is very important for
high energy-density lithium metal batteries such as lithium/sulfur and lithium/air because
continuous lithium deposition and dissolution occurs in the lithium metal anode during
cycling. Thus, if lithium efficiency is low, excess lithium should be applied in cells to
compensate for the low efficiency and it can reduce battery energy density. In addition to
energy density, low lithium efficiency also can cause enormous reactions between lithium
and electrolyte during cycling, leading to thick SEI which makes battery performance
worse.
As can be seen in Figure 3-8, the LIP0 electrode shows high lithium efficiency
during initial cycling, but an abrupt drop at around 30 cycles and the efficiency does not
recover. In contrast, the LIP2 electrode shows relatively low lithium efficiency during
initial cycling due to the irreversible capacity of super-p carbon and the efficiency is soon
recovered to about 100% after 10 cycles. However, this electrode temporarily shows a
drop in lithium efficiency between 40 and 50 cycles, probably due to the formation of
isolated lithium (dead lithium) during repeated cycling, and it is then recovered. After
that, the LIP2 electrode still maintains high lithium efficiency, but after 70 cycles the
efficiency finally drops below 50%. The reason why these electrodes show a rapid drop
in lithium efficiency at a relatively early cycle number is their severe test conditions (i.e.
10.5mAh, 6.6mAh/cm2 in this research versus 1~3mAh/cm2 in other research) [62, 63,
64]. To understand degradation mechanism of the electrodes, voltage profiles during
cycling were analyzed as below.
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In Figure 3-9 voltage profiles for two cells were analyzed at around cycle 28
where the abrupt drop in lithium efficiency occurred in LIP0. LIP0 shows voltage
fluctuation and reduced over-potential (~10mV) at around cycle 28. To understand these
phenomena, the voltage characteristics of the LIP electrode should be analyzed. Below
Figure 3-10 are voltage characteristics of the Li/LIP cell. Normal lithium deposition
process onto the LIP electrode can be divided to 3 steps and has typical voltage profiles.
Thus, if the voltage profile is deviated from its typical profiles, finding a reason for the
deviation is necessary to understand electrode behavior. Some possible deviation is
shown in Figure 3-11
As can be seen in Figure 3-11, the LIP electrode’s voltage profiles can be widely
varied according to electrode’s situation during lithium deposition. For example, (1) if a
strong internal short occurs in the cell, the voltage will abruptly drop to 0V as is typical
voltage behavior of the cell with a strong internal short, (2) if a weak internal short
occurs, cell voltage will decrease slightly as a typical voltage behavior of the cell with a
weak internal short and (3) if internal short between strong and weak short happens, cell
voltage will show the voltage with a typical medium short, as in Figure 3-11. Thus,
various internal short modes can be understood through the change in voltage profile
shape and value during cycling. In addition to internal short, huge diffusional overpotential can be another common degradation mode (red dotted line in Figure 3-11). This
degradation mode can happen when lithium sources in electrolyte and/or electrode are
significantly consumed due to the continuous reaction between lithium and electrolyte
during cycling. Various phenomena caused by lithium dendrite growth is summarized in
Figure 3-12.
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As shown in Figure 3-12, lithium dendrite growth during cycling can cause dead
lithium (isolated lithium), and an internal short. Moreover, continuous reaction between
lithium dendrite with large surface area and electrolyte depletes lithium sources in the
electrode and electrolyte, causing huge diffusional over-potential which also can
accelerate lithium dendrite growth [45].
In Figure 3-9, it is found that the voltage profile of LIP0 deviates from the normal
behavior at around cycle 28. At this time, the lithium deposition voltage of LIP0 was also
reduced by about 10mV compared to the previous cycle. On the other hand, the Li
dissolution profile shows (1) low over-potential in the initial stage because of an internal
short made in the previous cycle and (2) that over-potential increases and reaches cut-off
condition as lithium dissolution continues. This voltage increase during lithium
dissolution means that an internal short generated in previous lithium deposition process
can disappear in the next lithium dissolution process. This phenomenon is known as
lithium dendrite’s fuse effect. As shown in Figure 3-13, the internal short caused by
lithium dendrite can disappear because lithium dendrite can melt due to continuous
current flowing through the lithium dendrite [65]. As can be seen in Appendix B, lithium
dendrite can melt under various situations when internal short happens. In contrast, LIP2
shows very stable voltage profile in the same cycles.
Figure 3-14 shows impedance spectra of these cells during cycling. As can be
seen, almost the same 1st arc related to RSEI is found in LIP2 cell as cycling goes on.
However, a large change in the overall shape of impedance spectra was found in the LIP0
cell and is due to the internal short generated in Li/LIP0 cell during cycling [65, 66,
Appendix A].
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The LIP2 cell also shows voltage fluctuation and starts permanent degradation
after around cycle 65. Considering voltage profiles in Figure 3-15, the LIP2 cell does not
show the sudden voltage drop or huge voltage fluctuation as the LIP0 cell. Thus, the
voltage profile of LIP2 cell can be classified as a medium or weak short according to
Figure 3-11 and it also shows a small over-potential drop (~2.5mV) after cycle 65. This
value is a relatively small one compared to the LIP0 cell’s (10mV) and it is expected that
a relatively strong internal short happens in the LIP0 cell while a weak internal short
occurs in the LIP2 cell during cycling. Li dendrite morphology on the cycled LIP
electrodes’ surface was observed to verify above expectation in Figure 3-16.
As shown in Figure 3-16, cycled LIP0’s surface shows very irregular, porous and
sharp lithium dendrite morphology. This irregular morphology can cause a strong internal
short. On the other hand, cycled LIP2’s show flat and relatively smooth surface compared
to LIP0’s. However, non-uniform lithium deposition is also observed on the electrode
surface and it is thought to be a possible cause for a weak internal short in the cell.
Considering LIP2’s less dendritic morphology during cycling, it can be concluded that
this electrode concept is effective in not only in improving lithium cycling efficiency but
also improving safety by delaying the time leading to an internal short.

3.3.3. Cycle performance of full cells with LIP electrodes
LIP2/LTO cell was tested to verify the cycling performance of LIP2 electrode at
the full cell level as below. Figure 3-17 shows the cycle performance of the full cell with
LIP2 and Li foil as an anode. As mentioned previously, cycle performance of this full cell
design is strongly dependent on the anode electrodes because the LTO cathode is known
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to be a very stable electrode material [5, 57, 58]. These cells show relatively poor cycling
performance because the electrolyte used in the test has low lithium efficiency during
lithium deposition and dissolution [39, 67]. However, although lithium cycling efficiency
of the electrolyte is same for two cells, LIP2 and Li foil cells show different cycling
performance and especially, LIP2 cell shows an improved cycling performance compared
to LIP0’s. That is, the LIP2 cell shows no sudden capacity-decrease and stable cycling
performance unlike the LIP0 cell. The difference between the two cells can be explained
by the dead lithium formed on the LIP0 electrode that can cause a sudden drop of lithium
cycling efficiency, while the suppressed formation of the dead lithium on the LIP2
electrode can maintain stable cycling performance without any sudden drop in lithium
efficiency.
Impedance spectra of these two cells are also analyzed to understand more about
the electrode degradation mechanism. As shown in Figure 3-18-A, the Li/LTO cell shows
very large Rinterface at the 1st cycle because of initial thick surface film on the lithium foil.
However, surface film is easily destroyed during initial lithium deposition and dissolution
process, thus Rinterface decreases rapidly because of the lithium ion’s ease of movement
through the destroyed surface film [57, 68]. After the rapid decrease in Rinterface, the LIP0
cell shows two clear semi-circles between cycle 100 and 200 due to RSEI of the newly
formed surface on the lithium anode and Rcharge transfer of the LTO cathode. It is difficult to
separate RSEI and Rcharge transfer clearly as cycling goes on, however increased Rinterface
comes mainly from increased RSEI by continuous SEI growth, not from Rcharge transfer of the
LTO electrode. Similarly, the LIP2 cell also shows relatively high impedance in the
initial stage because of initially formed surface film on the LIP2 electrode. But this is
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much smaller than LIP0’s. This may be attributed to the existence of super-p carbon on
the LIP2 electrode which can reduce direct contact between lithium powder and
electrolyte and also reduce Rinterface through lithium ions’ ease of movement into super-p
carbon. The LIP2 cell has similar impedance as the Li foil cell’s during the initial
200cycles, but increases in the rate of Rinterface in the LIP2 cell is significantly smaller
than in the Li foil cell’s as shown in Figure 3-18-C. That is, SEI growth rate on the LIP2
electrode can be smaller than that on the Li foil during cycling, which means that the
amount of reaction between the lithium deposition and the electrolyte is smaller in the
LIP2 electrode than those in the Li foil electrode during cycling. Thus, it can be expected
that the lithium deposition on lithium foil is more reactive with the electrolyte, due to its
dendritic morphology with a large surface area. On the other hand, those on the LIP2
electrode are less reactive due to their less dendritic morphology. Surface morphology of
cycled LIP2 and Li foil electrodes is observed in Figure 3-19 to verify the above
expectation. As can be seen in the figure, the cycled lithium foil surface shows a more
irregular and porous structure, in contrast to the cycled LIP2 surface showing a relatively
smooth and dense morphology. Therefore, it can be concluded that this morphology
difference between the two electrodes affects (1) lithium cycling efficiency and (2) full
cell cycling performance [64, 69].
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3.3.4. Conclusions
The effect of the super-p carbon structure in lithium powder-based electrodes was
studied by lithium cycling efficiency and full cell tests. As can be seen in the initial
impedance spectra and SEM images for the electrodes, the LIP with a conductive carbon
matrix has lower RSEI and not dendritic but platelet-like lithium deposition morphology.
This type of morphology is frequently observed under the lithium deposition with low
current-density, thus the lithium deposition morphology on the LIP2 electrode can be
explained by the low current-density caused by increased surface area by super-p carbon
in the LIP2 electrode. During the lithium cycling test, the LIP0 electrode showed strong
internal-short behavior and permanent degradation at around cycle 30. On the other hand,
the LIP2 electrode showed stable efficiency even after cycle 60 and medium or weak
internal short behavior. This improved performance of the LIP2 electrode was maintained
at the full cell level. The LIP2/LTO cell showed excellent cycling performance compared
to the Li foil/LTO cell, which is due to the improved lithium efficiency of the LIP2
caused by the uniform and dense lithium deposition morphology in the electrode.
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Figure 3-1. Schematic of LIP electrode preparation for lithium cycling efficiency test
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Figure 3-2. Transfer cell for air-sensitive samples for SEM [56].
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(Table 3-1) Basic information about LIP electrodes for the lithium cycling test
Code

Formulation

Thickness

Measured Capacity

(um)

during 1st Li dissolution
(mAh)

LIP0

Li powder+Binder

94

15

122

17

(9:1, wt.%)
LIP2

Li powder+Binder+Super-P
(6:2:2, Wt.%)
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Figure 3-3. Voltage profiles of LIP electrodes during Li deposition
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A

B

Figure 3-4. Impedance spectra for LIP cells during Li deposition: (A) before Li
deposition and (B) after Li deposition of 3.0mAh

57

A

B

Figure 3-5. SEM images of the LIP electrodes’ surfaces after Li deposition of 4.1mAh:
(A) LIP0 electrode and (B) LIP2 electrode (scale bar: 20um)
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A

B

Figure 3-6. Cross-sectional SEM images of LIP electrodes after Li deposition of 4.1mAh;
(A) LIP0 electrode and (B) LIP2 electrode (scale bar: 10um)
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Figure 3-7. Cross-sectional SEM image for the LIP2 electrode during Li deposition (scale
bar: 10um)
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Figure 3-8. Lithium cycling efficiency test for LIP electrodes (Li deposition: 10.5mAh,
Li dissolution: 1.0V cut off, current density: 0.5mA/cm2)
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A

B

Figure 3-9. Voltage profiles of Li/LIP cells during cycling; (A) Li/LIP0 (B) Li/LIP2
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Figure 3-10. Voltage profile characteristics of Li/LIP cell

63

Figure 3-11. Schematic of voltage deviations during lithium deposition in Li/LIP cell
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Figure 3-12. Possible phenomena of lithium dendrite growth during cycling
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Figure 3-13. Internal short test for Li symmetric cell; (a) variation of the potential with
time and (b) SEM picture of a dendrite [65]

66

Figure 3-14. Impedance spectra for LIP electrodes during cycling
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Figure 3-15. Voltage profiles of Li/LIP2 cells during cycling

68

A

B

Figure 3-16. SEM images of LIP electrodes’ surface; (A) LIP0 after 37 cycles and (B)
LIP2 after 75 cycles (scale bar: 20um)
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(Table 3-2) LIP2/LTO cell design for cycling test
Cathode

Electrolyte

Anode

Estimated

Test condition

N/P ratio
LTO

1.0M LiPF6,

Li foil

(0.8mAh)

EC:DEC:DMC (2:1:2,

(32mAh)

vol.%)

LIP2
(30mAh)

40

Current :
0.45mA/cm2

37

Voltage : 1.2~2.5V
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Figure 3-17. Cycling performance of Li/LTO cell (black) and LIP2/LTO cell (blue)
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A

B

72

C

Figure 3-18. EIS of Li/LTO cell and LIP2/LTO cell during cycling; (A) Li/LTO, (B)
LIP2/LTO and (C) Comparison of Rinterface of Li/LTO and LIP2/LTO cells
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A

B

Figure 3-19. Surface morphology of Li/LTO cell and LIP2/LTO cell after cycling; (A) Li
foil surface and (b) LIP2 surface (scale bar: 50um)
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Chapter 4.
Development of Lithium Powder-based Electrode with Super-p and Graphite (LIG)

4.1. Introduction
LIP with super-p carbon design was studied and the electrode showed compact
and platelet-like lithium morphology other than lithium dendrite. This morphology
transition is also thought to be a reason for the improved cycle performance and delayed
internal short time. In this chapter, the lithium powder-based electrode with conductive
carbon will be further improved by addition of graphite as a conductive filler because
graphite can connect electrically isolated parts of super-p carbon in the LIP, and as a
result, can provide more electrochemical surface area for lithium deposition and
maximize the electrode’s utilization .

4.2. Experimental
The fabrication and test method for the electrodes is basically same as in Chapter
2 and 3. In this chapter, the effect of graphite addition in LIP2 will be studied. The ‘LIP2
+ Graphite’ electrode (LIG) was fabricated as below. First, the SBR binder solution was
made through ultrasonication and second, the carbon and binder slurry was also made by
ultrasonication after adding carbon and graphite to the binder solution. The final slurry
was made by hand mixing with agate mortar and pestle after adding lithium powders in
the mixed carbon and binder solution. Well-mixed slurry was coated on 10um Cu foil
with a razor blade and dried for 24 hours at room temperature. Coin cells with lithium
foil as a reference electrode and LIP2 or LIG as a test electrode were fabricated and
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evaluated to compare the electrode’s characteristics. The separator, electrolyte
composition and quantities are same as those in Chapter 3. EIS analysis and SEM
observation were also conducted for LIP2 and LIG1 cells to check their properties after a
few initial cycles. The lithium cycling test was performed under the condition where the
amount of lithium deposition is 4.1mAh, the cut-off condition of lithium dissolution is
1V and current density is 0.5mA/cm2. Voltage profiles and EIS during the lithium cycling
test were also analyzed to verify their degradation mechanism. All electrodes used in the
test have similar capacities within ±5% as those shown in Table 4-1. A full cell test
consisting of LTO as a cathode and LIG as an anode was conducted to verify the
electrode properties at the full cell level. Full cells were tested with the voltage range
between 1.2 and 2.5V and the current density was 0.45mA/cm2.

4.3. Results and Discussions
4.3.1. Properties of LIG electrode
The further improved design of the lithium powder-based electrode with
conductive carbon was tried based on LIP2. Figure 4-1 shows LIP2 surface SEM images
after the coating process. The electrode surface, as can be seen in the figure, shows very
irregular morphology, especially for the distribution of the binder and carbon. As a result,
the utilization of the electrode during cycling is expected to be low, thus the mixing
condition was improved to make homogeneous slurry. Figure 4-1 shows surface
morphologies of (A) the current mixing process (hand mixing) and (B) the improved
mixing process by high speed homogenizer. The electrode surface under the improved
mixing process shows more uniform morphology compared to under the reference
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process, however the improvement was not very effective in terms of cycling
performance, as can be seen in Figure 4-2.
Therefore, a new electrode design should be developed instead of process
optimization such as mixing protocol to maximize electrode performance based on the
lithium powder electrode with conductive carbon. Figure 4-3 suggests the concept for
new electrode design. Based on SEM images in Figure 4-1, there may be a lot of
electrically isolated parts in LIP2 because of non-uniform distribution of carbon and
binder in the electrode. These isolated parts cannot participate in lithium deposition and
dissolution, thus the electrode shows inhomogeneity after lithium deposition as can be
seen in Figure 4-3, lower left. In the picture, the white region represents the lithium
deposition area and black represents the electrically isolated area of super-p which cannot
participate in lithium deposition and dissolution.
Therefore, a new design concept for LIP with conductive carbon can be derived
by minimizing these electrically isolated parts and maximizing the electrochemical
reaction area in the electrode by using conductive fillers. Metallic fillers are generally
used for the conductive filler, however a segregation phenomenon in the slurries easily
occurs when a metallic filler is used because of the huge difference in densities between
the metallic filler and carbon in the slurries [70] and this filler also can reduce
gravimetric energy density of the electrode. Thus, graphite was used in this study as a
conductive filler because its density is very similar to that of super-p carbon (graphite:
~2.2g/cm3, super-p carbon: ~1.95g/cm3), thus segregation is unlikely to happen during
the mixing process. Furthermore, the large particle size of graphite (~20um versus superp; ~40nm) also shows well-dispersion and prevents agglomeration in the slurry unlike
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nano-sized super-p carbon [71]. Therefore, graphite can be a very suitable conductive
filler for eliminating electrically isolated parts of super-p carbon in the electrode. The
right-hand picture of Figure 4-3 shows this electrode concept and the photo in the lower
right also shows the surface morphology of LIG after lithium deposition. This photo still
shows super-p’s electrically isolated parts represented by black spots, however it was
found that the amount of black spots were significantly reduced compared to those in
LIP2.
Voltage profiles, impedance spectra and surface morphology during lithium
deposition were observed for LIG to analyze the electrode’s characteristics. Figure 4-4
shows lithium deposition profiles for Li/LIG1 and Li/LIP2 cells. As shown in the figure,
two cells show the voltage profiles related to lithium intercalation into super-p carbon
and/or graphite during initial lithium deposition. These voltage profiles soon change to
the voltage profiles of lithium deposition. The increased capacity by lithium intercalation
into graphite in LIG1 is about 0.1mAh, which is very small considering the total amount
of lithium deposition and dissolution in the next lithium cycling test (4.1mAh).
EIS analysis was also conducted to find further differences between two
electrodes with similar voltage profiles. Figure 4-5 shows difference in impedance
spectra of two cells after the 1st lithium dissolution from LIP2 and LIG1. Two cells show
a typical impedance spectra of a carbon electrode; i.e., (1) 1st arc related to surface film,
intrinsic electronic properties and contact resistance of the particles in high-frequency
range, (2) 2nd arc related to charge transfer in medium-frequency range and (3) linear
slope related to diffusion in carbon materials [53]. Although there is a difference in 1st
semi-arc between two cells in Figure 4-5-A, it is difficult to find the exact reason for the
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difference because this 1st arc is related to surface film on carbon and lithium, carbon’s
electronic properties and reaction area, simultaneously.
Figure 4-5-B shows impedance spectra of two cells after lithium deposition of
2mAh. As can be seen in the figure, the 2nd arc related to charge transfer resistance and
linear slope disappeared, unlike impedance spectra in Figure 4-5-A. This phenomenon
can be explained by the continuous lithium deposition on carbon and graphite surface
because the lithium deposition can block and hinder the reaction related to lithium
intercalation and diffusion through these carbon materials. Therefore, these cells show
typical impedance spectra of a lithium metal electrode in this condition instead of carbon
electrode’s impedance spectra. In particular, two cells show a clear difference in 1st semiarc, due to the difference in lithium deposition area in the electrodes. Considering that
physical and chemical characteristics of SEI are the same for two cells with the same
electrolyte, the smaller 1st arc in LIG1 cell is attributed to the increased lithium
deposition area by adding graphite particles to the super-p carbon network.
Lithium deposition morphology was also compared for two electrodes by SEM.
SEM samples were carefully prepared and transferred to the equipment by using a
transfer cell as described in Chapter 3 to protect the electrodes from moisture and
oxygen. Figure 4-6 shows SEM images for two electrodes which were cycled with 5
cycles and lithium of 8mAh was deposited after cycling. Lithium deposition morphology
was observed under the condition of a relatively large amount of lithium deposition
(8mAh versus capacity of the electrode 4.6mAh) because it is difficult to find a clear
difference between the two electrodes under small lithium deposition condition. As
shown in Figure 4-6, the two electrodes basically show similar platelet-like lithium
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deposition morphology, but lithium dendrite growth also was observed in LIP2. In other
words, platelet-like lithium deposition morphology instead of lithium dendrite happens in
LIP2 and LIG1 electrodes because of their large lithium deposition area compared to
LIP0 and finally, lithium dendrite growth happens in LIP2 as lithium deposition
continues. Unlike LIP2, LIG1 still shows no lithium dendrite growth under this condition,
which means that the increased lithium deposition area in LIG1 can delay the initiation of
lithium dendrite growth.

4.2.2

Lithium cycling efficiency test for LIG electrodes
Lithium cycling efficiency tests were also conducted to study the electrodes

cycling characteristics during continuous lithium deposition and dissolution. An Li/LIP2
cell was prepared for a control set and Li/LIG1, Li/LIG2 cells were prepared for test sets
as in Table 4-1.
Figure 4-7 shows the result of lithium cycling efficiency tests for these cells. LIG
cells including graphite shows relative low efficiency during initial cycling compared to
LIP2 cells because of graphite’s irreversible capacities, however efficiencies for all cells
are stabilized soon. The LIP2 cell shows less than 80% after around cycle 80 and the
degraded lithium efficiency does not recover again. In contrast, LIG cells show more
stable lithium cycling efficiency compared to LIP2 until their efficiencies drop below
80% at around cycle 180.
Voltage profiles during cycling were also analyzed to find their degradation
mechanism in Figure 4-8. Similarly, as shown in chapter 3, LIP2 showed fluctuated
lithium deposition profiles from around cycle 80. This fluctuation seems to be from a
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medium or weak short rather than a strong short as suggested in Figure 3-8 since a large
reduction of over-potential was not observed. Normal voltage behavior was sometimes
observed in the LIP2 cell after voltage fluctuation, due to the fuse effect caused by
lithium dendrite’s melting during an internal short. Figure 4-8-B shows LIG1’s voltage
profiles during same cycling range. It shows very stable and similar voltage behaviors
with a typical LIP2 cell before degradation.
As mentioned above, the LIG1 and LIG2 cells still show stable lithium cycling
efficiency after the LIP2 cell shows severe degradation. However, these cells finally
show large degradation from around cycle 180 and the efficiencies do not recover again
after the degradation. These cells’ voltage profiles are also shown in Figure 4-9.
Figure 4-9-A shows voltage profiles of Li/LIG1 cell near permanent short.
Considering normal lithium deposition behaviors summarized in Figure 3-8, the cell’s
different profiles before permanent short seems to be due to a large diffusional overpotential in the cell which can also accelerate lithium dendrite. An internal short in the
Li/LIG1 cell causes the reduction of the cell voltage by about 20mV and minor shorts
occurs continuously during cycling after a strong short. On the other hand, voltage
profiles of the Li/LIG2 cell show normal behaviors before a permanent short. This cell
also shows a similar reduction of the cell voltage (~20mV) compared to the Li/LIG1 cell
through continuous internal shorts after the 1st short. Although the two cells show a
slightly different voltage profile near an internal short, it can be said that they have a
similar degradation mechanism considering the time for internal short and the degree of
cell voltage reduction. In addition, the LIG2 cell shows a relatively large R ohmic during
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cycling compared to LIG1’s, due to the expansion and contraction of more graphite in
LIG2 which can increase the electrode structure’s contact resistance.
Figure 4-10 shows the two cell’s impedance spectra during cycling. As reported
in Chapter 3, the LIP2 cell shows a very small Rinterface after the degradation. On the other
hand, LIG1 shows increased Rinterface as cycle goes on, however it finally shows a very
small Rintereface after the permanent short as LIP2. This impedance change can also
provide evidence for internal short of the test cells during cycling [63, 64, Appendix A]

4.2.3. Cycle performance of full cells with LIG electrodes
The full cell with LTO as a cathode and LIG as an anode was tested to verify
LIG’s cycling performance. Table 4-2 shows a cell design and test condition briefly.
Figure 4-11 shows the results of the cycling test for LIG/LTO cell and Li/LTO. As can be
seen in the figure, the two cells show very stable cycling performance up to around cycle
100. However, capacity-reduction begins after cycle 100 and drastic capacity-reduction
also happens just after cycle 150 in the Li/LTO cell. Although the N/P ratio is very large
for this full cell (more than 28), the reason for abrupt capacity-reduction at around cycle
150 is due to the electrolyte’s poor lithium efficiency for lithium deposition and
dissolution (~80%), which consume enormous lithium sources during cycling. Therefore,
the Li/LTO cell in Figure 4-12-A shows a large increase of over-potential as cycle goes
on because of increased diffusional over-potential caused by huge lithium consumption.
On the other hand, in Figure 4-12-B the LIG/LTO cell shows very stable voltage profiles
regarding lithium deposition and dissolution up to cycle 200. This result can be explained
by LIG’s better lithium cycling efficiency in the previous test. That is, the loss of lithium
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sources caused by the formation of dead lithium is less in the LIG, thus the LIG/LTO cell
can show better cycling performance with a longer cycling number even though the
initial lithium amount in the LIG is less than that of Li foil. One more interesting
phenomenon is the LIG/LTO cell’s voltage profile near cycle 300. As can be seen in
Figure 4-12-B, the voltage profile of the LIG/LTO cell changes between cycle 200 and
300 without large capacity reduction. This change is due to the change of the reaction
mechanism from lithium deposition and dissolution to lithium intercalation and deintercalation. That is, the electrode resistance increases as cycling goes on and finally
reaches that of graphite’s operation potential, where lithium intercalation and deintercalation happens instead of lithium deposition and dissolution occurs. Therefore, the
LIG can have a more stable cycling performance through the combination of (1) higher
lithium deposition and dissolution efficiency during initial-medium cycling and (2)
change of the reaction mechanism to lithium intercalation and de-intercalation during
final cycling.
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4.4. Conclusions
In this chapter, the LIG concept was suggested to improve and extend the concept
of lithium powder electrode with conductive carbon materials such as LIP2. An LIG was
fabricated by simply adding graphite as a conductive filler to LIP2. Initial electrode
morphology after lithium deposition, SEM images and impedance spectra show that the
addition of graphite can effectively reduce the electrically isolated part of super-p carbon
in the electrode and increase the reaction area, and as a result change the lithium
deposition morphology. Lithium cycling tests and full cell tests were also conducted to
verify the LIG’s characteristics in real battery situations. In the lithium cycling efficiency
test, LIG maintained its high efficiency for a long time (by more than 200% compared to
LIP2 in terms of cycle number) until permanent degradation occurs. The degradation
mechanism for LIP and LIG is thought to be the same (internal-short). Full cell test
results for the LIG electrode also show improved cycling performance. In the test, the
LIG shows a more stable lithium deposition and dissolution profile and cycling
characteristics compared to lithium foil, even though the initial lithium amount is less in
LIG. One more interesting thing about LIG is the change in voltage profile from lithium
deposition and dissolution to lithium intercalation and de-intercalation as cycling goes on.
An explanation for this is that LIG’s resistance increasing during cycling increases overpotential of the electrode to graphite’s operation potential; as a result lithium intercalation
and de-intercalation happens in the graphite, maintaining stable cycling performance
without abrupt capacity-reduction. However, above graphite effect is not practical in the
system with high N/P ratio (i.e. N/P ratio > 10) because graphite electrode with excellent
cycling performance can be solely used in the system with high N/P ratio instead of LIG.
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On the other hand, LIG will be effective in the system with low N/P ratio (i.e. N/P ratio
2~3) because this anode design can improve lithium cycling efficiency and also provide
graphite effect at the end of cycling, partly suppressing abrupt capacity decrease unlike
lithium foil anode.
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(Table 4-1) LIP and LIG electrodes for lithium cycling efficiency test
Code

Formulation

Thickness

Measured Capacity during

(Li powder:Binder:Super-

(um)

1st Li dissolution (mAh)

P:Graphite, wt.%)
LIP2

60:20:20:0

50

4.6

LIG1

45:20:20:15

57

4.6

LIG2

25:20:30:25

111

4.9
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A

B

Figure 4-1. Surface morphology of LIP2 electrodes according to mixing protocol; (A)
Ultrasonication for carbon and binder  Hand mixing for carbon slurry and lithium
powders and (B) Ultrasonciation for carbon and binder  High speed homogenizing for
carbon slurry and lithium powders (scale bar: 100um)
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Figure 4-2. Cycle life of LIP/LTO cells according to LIP’s mixing protocol; (Black)
LIP2 electrode under the reference process shown in (Figure 4-1-A), (Brown) LIP2
electrode under the improved process shown in (Figure 4-2-B)
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Figure 4-3. Comparison of LIP and LIG electrodes; (Left) LIP2 electrode (Right) LIG
electrode

89

Figure 4-4. Voltage profile of Li/LIP2 (orange color) and Li/LIG1 cells (cyan color)
during Li deposition
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A

B

Figure 4-5. Impedance spectra of Li/LIP2 and Li/LIG1 cells, (Orange) Li/LIP2 cell,
(Cyan) Li/LIG1 cell; (A) Before Li deposition (b) After Li deposition (2mAh)
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A

B

Figure 4-6. Surface morphology of LIP2 and LIG1 electrodes by SEM after 5 cycles and
Li deposition with 8mAh; (A) LIP2 electrode and (B) LIG1 electrode (Scale bar: 5um)
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Figure 4-7. Lithium cycling efficiency test for LIP2 and LIG electrodes (Li deposition:
4.1mAh, Li dissolution: 1.0V cut-off, current density 0.5mA/cm2); LIP2 (Black), LIG1
(Green), LIG2 (Blue)
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A

B

Figure 4-8. Voltage profiles of Li/LIP2 and Li/LIG1 cells during cycling; (a) Li/LIP2 cell
and (b) Li/LIG1 cell
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A

B

Figure 4-9. Voltage profiles of Li/LIG1 and Li/LIG2 cells during cycling; (A) Li/LIG1
cell and (B) Li/LIG2 cell
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A

B

Figure 4-10. Impedance spectra of Li/LIP2 and Li/LIG1 cells during cycling (A) Li/LIP2
cell and (B) Li/LIG1 cell
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(Table 4-2). Full cell design for cycling test
Cathode

Electrolyte

Anode

Estimated

Test condition

N/P ratio
LTO

1.0M LiPF6,

Li foil

(0.8mAh)

EC:DEC:DMC (2:1:2,

(23mAh)

vol.%)

LIG
(20mAh)

29

Current :
0.45mA/cm2

25

Voltage : 1.2~2.5V
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Figure 4-11. Cycle life of Li/LTO cell and LIG/LTO cell; (Blue) Li/LTO, (Brown)
LIG/LTO
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A

B

Figure 4-12. Voltage profiles of Li/LTO cell and LIG/LTO cell during cycling; (A)
Li/LTO cell and (B) LIG/LTO cell
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Chapter 5.
Conclusion and Future Work

Lithium powder-based electrodes with various structures as alternative lithium
metal anodes were studied in this research.

First of all, lithium powder-based electrode (LIP) with super-p carbon was
suggested to reduce current density, known as a major factor which can control lithium
dendrite morphology and cycling efficiency. This electrode clearly showed the change of
lithium deposition morphology from dendrite shape to platelet-like shape due to reduced
current density and this change lead to the improvement of lithium cycling efficiency,
cycling performance of full cell and delay of internal-short time.
Second, lithium powder-based electrode with super-p carbon and graphite (LIG)
was also suggested to extend the LIP concept. Through lithium cycling efficiency tests
and full cell cycling performance tests, LIG also clearly showed improved cycling
performance and safety such as the delay of internal-short time compared to the LIP2.
Finally, it is expected that this lithium powder electrode with conductive carbon
structure can be further developed and optimized through the application of new carbon
materials and structure. Figure 5-1 shows the lithium cycling efficiency of a lithium
powder-based electrode with graphene nano-platelets.

If these new lithium anode designs with suppression of lithium dendrite and
improvement to lithium efficiency can be combined with (1) high capacity cathode
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design and (2) advanced polymer-based electrolyte, it is thought that these battery
designs can achieve an innovation in the field of battery technology as shown in Figure 52.
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Figure 5-1. Lithium cycling efficiency test on LIP electrode with and without graphene
nano-platelets
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Figure 5-2. The concept for future lithium battery technology (The values above are all
theoretical ones [6])
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Appendix A. Change of Impedance spectra after internal short

Internal short is frequently observed in lithium metal batteries as shown in Figures
3-8 and 4-7 and a large decrease of impedance spectra was also found as shown in
Figures 3-14 and 4-10. Thus, the reason for the impedance spectra changes was studied in
this Appendix.

Impedance analysis is an electrochemical analysis method which can get the
information about reactance, capacitance and inductance of an electrochemical cell when
AC voltage is applied to the cell [5]. If an internal short happens in the electrochemical
cell, the response during impedance analysis will be changed as below.

(Figure A-1) Schematic of Li symmetric cell; (Left) Normal cell and (Right) cell with
internal short

The picture on the left shows a normal symmetric cell without an internal short. In
this case, the electrochemical reaction (Li+ + e- = Li) happens corresponding to the
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applied AC voltage and the impedance value can get from the measured current
(Impedance = V(t)/I(t)). On the other hand, the right-hand picture shows a symmetric cell
with an internal short. In this case, more electrochemical reaction compared to a normal
cell is required to maintain the fixed AC voltage because of the leakage current caused by
the internal short. Thus, measured current value in the condition will be higher than those
in the normal cell. Finally, the impedance value in the cell with the internal short will be
reduced.

Also, in the reference 65, the authors analyzed the equivalent circuit of the
electrochemical cell with an internal short as below (Figure A-2).

(Figure A-2) Description of the Li/PEO/Li cell in terms of a simple circuit diagram [65]
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In above figure, R1 represents electrolyte resistance, R2 and C2 represent the
electrode’s resistance and capacitance, respectively and r3 shows the dendrite resistance
of an internal short. The total impedance can be calculated by
(1)

Before internal short

(2)

After internal short by a dendrite with r3 resistance

Based on above equations, approximation can be possible in low and high
frequency regions as below.

From above approximation and using Rb(bulk)=Z’∞ and Ri(interface)=Z’0-Z’∞, Rb
and Ri can be calculated as below.
Rb=r3R1/(r3+R1), Ri=r3(R1+2R2)/(r3+R1+2R2)-r3R1/(r3+R1)
Thus, the difference between the original resistance (Rb, Ri) and the resistance after the
internal short (R’b, R’i) according to the internal-short resistance (r3) can be compared as
below in Figure A-3.
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(Figure A-3) Variation of the bulk ratio αb and of the interface ratio αi with r3, for three
different values of the initial value of the interface resistance 2R2 [65]

In above figure, αb represents the ratio of Rb between with and without an internal
short (=R’b/Rb) and αi represents the ratio of Ri between with and without an internal
short (=R’i/Ri). It is found that Rb and Ri were greatly reduced after an internal short and
their values also decrease as the value of r3 decreases. Therefore, it is reasonable that the
impedance value of cycled LIP or LIG cells after an internal short is much smaller than
those of the normal cell without an internal short.
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Appendix B. Melting of lithium dendrite during internal short (Fuse effect)

Li dendrite can melt by current flow through the dendrite during internal short
(Fuse effect). The possibility for lithium dendrite’s melting under various situations was
studied.

Basic information
- Li dendrite melting temperature (=Li metal’s melting point) = 180.5oC
- Li dendrite’s resistance (R) = ρ*L/A (ρ : resistivity of lithium 92.8 nΩm, L and A :
length and cross-sectional area of Li dendrite)
- Generated heat by internal short = I2Rt (I: Current flow during short, R: Li dendrite
resistance, t: short duration time)
- Heat capacity of lithium : 3.58 J/gK

Maximum temperature of lithium dendrite was calculated to check if there is a
lithium dendrite melting or not. For example, maximum temperature of lithium dendrite
in Figure 3-13 was calculated as below.

- Li dendrite dimension (Figure 3-13): 20um diameter-100um length
- Li dendrite’s resistance : 30mΩ
- Current: 0.5mA, short duration time = 40min
- Generated heat by internal short for 40min = 1.67 x 10-5 (J)
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- Maximum temperature of lithium dendrite by the generated heat: 321oC (assumption: no
heat loss during internal short)
- Heat loss in the system during internal short: we can assume that the temperature of the
lithium dendrite is 180.5oC (melting point of lithium), not 321oC when fuse effect
happens. Thus, (321-180.5)/321=44% is considered as an estimated heat loss for this
system for the convenience of the calculation

By using above assumption, maximum temperature of lithium dendrite during
internal short was also calculated for various condition related to lithium dendrite’s
dimension, number of lithium dendrite participating in internal short, current flow and
short duration time as below.

(Table B-1) Maximum temperature of lithium dendrite during internal short
Li dendrite
dimension
(DiameterLength)
20um100um

No. of Li
dendrite
participating
in internal
short
1

4
5um100um
16

Short
duration
time (hr)

Current flow through Li dendrite
during internal short
0.1mA
0.25mA
0.5mA
(20%)
(50%)
(100%)

Comment

Reference
65
Heat loss
(44%)
Same heat
loss as
above

0.66

-

-

180.5 oC

1
10
1
10
1
10
1
10

35 oC
124 oC
26 oC
41 oC
180 oC
1584 oC
35 oC
122 oC

87 oC
643 oC
29 oC
64 oC
999 oC
9766 oC
86 oC
634 oC

272 oC
2495 oC
40 oC
179 oC
3922 oC
38992 oC
268 oC
2460 oC
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•

Internal short in the reference 65 shows strong short mode, thus current flow is

assumed to be 0.5mA, same as the test condition. However, internal short in this research
shows medium or weak short, thus current flow is assumed to be less than the test
condition (i.e. 0.1mA, 0.25mA).
•

Li dendrite melting (fuse effect) is assumed to happen at its melting point ( >

180.5oC)

As can be seen in above table, maximum temperature of lithium dendrite is
strongly affected by lithium dendrite dimension, number of lithium dendrite participating
in internal short, short duration time, current flow and heat loss of the system. Therefore,
the phenomenon of lithium dendrite melting (fuse effect) do or do not happen during
internal short according to the situations.
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