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ABSTRACT 

Lithium-ion Capacitor’s (LICs) performance is greatly influenced by the operating 

temperature. Many cell design factors such as electrolyte formulation and electrode material 

composition can determine such performance. The standards for today’s commercial LIC do not 

reach temperatures needed for extreme temperature applications. Research was completed to 

develop other electrolytes for wide temperature range applications and along the way side effects 

of lithium plating and stripping were explored in anode materials. Metrics for performance that 

were used for LICs were capacity, capacitance and ESR, cycle life retention, and electrochemical 

impedance spectroscopy (EIS). Wide temperature range electrolytes were developed from 70 oC 

to -40 oC and lithium plating in different anode materials was mitigated.  
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INTRODUCTION AND BACKGROUND 

1.1 Introduction 

 The material to be covered in this chapter is related to mechanisms and components 

typically found in electrochemical capacitors (EC). This chapter will begin with a comparison of 

ECs versus conventional capacitors. The next section will narrow the scope of EC by introducing 

the lithium-ion capacitor (LIC). The chapter will progress by discussing the mechanics and 

properties of LICs such as charge transfer. Lastly, the fundamentals of electrolyte in LIC will be 

discussed. 

 Dating back to the early 1800s, humankind has been using fossil fuels as their 

predominant means of generating and storing energy. For the past 200 years, fossil fuels have 

been our primary source to power vehicles, generate electricity, and heat our homes. The 

consumption of these sources grow exponentially as each new source was introduced. 

Unfortunately these sources have an extremely finite supply and as demand grows the supply 

cannot keep up.  Knowing this and seeing the reservoirs of fossil fuels rapidly depleting, humans 

have begun seeking more long lasting and efficient options. These options are renewable energy 

sources such as solar, and wind. As well as looking at ways to increase the efficiency and 

decrease resource consumption of existing technologies. Options such as electric vehicles instead 

of gasoline and the generation of energy through renewable sources has been slowly gaining 

ground the past few decades. ECs are playing a big role in this recent surge for a “greener” and 

more efficient technology. In the grand scope of energy storage devices, ECs are a relatively new 

technology because it has taken decades to have reached a point where they have such high 

capacity. These higher capacity capacitors are only possible because of refinements and 

advancements in materials and manufacturing that we have seen in the last fifty years.  
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1.1.2 Electrochemical vs Conventional Capacitors 

 In general, a capacitor is a passive two-terminal electrical component used to store 

electric energy. A capacitor consists of two conductors separated by an insulating dielectric [1]. 

When a voltage is applied to the two conducting plates, an electric field is created and charge is 

stored within the electrode material. Similar to a battery, a capacitor stores energy when charged 

but in contrast a capacitor is able to dissipates its energy at a far quicker rate. In electronics, 

capacitors are used as DC blocking elements and are measured in units of coulomb/volt (C/V) or 

Farad (F). 

 

 

 

Figure 1.1: Traditional capacitor simplistic representation with two plates and dielectric [1] 

 

 ECs, which are more commonly referred to as supercapacitors or ultracapacitors are a 

class of capacitors defined by having much higher energy densities compared to the conventional 

capacitor. The conventional capacitor stores energy through an electrostatic field whereas the 

supercapacitor stores energy through electrochemical storage. Typically the energy density for 

supercapacitors is measured in watt-hour per liter (Wh/L) and is on the order of thousands of 
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times greater in magnitude than a conventional capacitor. Supercapacitors also offer a much 

higher power density and cycle life than conventional batteries. Figure 1.2 below illustrates the 

differences in power and energy densities of supercapacitors versus batteries and conventional 

capacitors. Over time, supercapacitors have begun to possess qualities of both batteries and 

conventional capacitors. ECs are starting to be used more and more in applications where 

batteries were previously used due to their comparable capacity and faster response time. Areas 

of applications are very vast for ECs ranging from adjusting the pitch and angle on the blades of 

wind turbines for maximum efficiency to fully electric buses in dense urban cities. In newer 

applications, ECs are being used to replace battery banks in solar, off-grid facilities and more recently in 

HEV for the application of better efficiency when stopped.  

 

 

Figure 1.2: Ragone plot comparing energy density to power density of energy storage devices 
[2] 

 



4 

 

 

 

Figure 1.3: Shows the differences between supercapacitors, conventional capacitors and 
rechargeable batteries. Green is best, Blue is sufficient, and Pink is non-ideal 

 

1.2 Lithium-ion Capacitors 

  In recent years there has been a surge in research for EC development for energy 

storage applications. Although fairly new, the EC that has been gaining most of this attention is 

the lithium-ion capacitor. Lithium-ion capacitors (LICs) are a class of advanced asymmetric 

energy storage devices containing functionalities derived from both batteries and electric double-

layer capacitors (EDLCs). Qualities such as their capabilities of storing 5-10 times more energy 

than EDLCs and their benefits of high power, cycle durability, and high voltages have made 

them extremely appealing the EC market.   
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Figure 1.4: Summary of general specifications for LICs [3] 

 

 Unlike the EDLC which uses an activated carbon (AC) for both the positive (cathode) 

and negative (anode) electrodes, the LIC uses a high-surface area positive electrode and a pre-

lithiated lithium-carbon compound for the negative electrode. The electrodes are divided by a 

dielectric material called a separator which is soaked in a lithium-ion salt solution called 

electrolyte. The separator and electrolyte combination creates a barrier between the electrodes 

that hinders lithium ion diffusion and attempts to eliminate the possibility of a short circuit 

between the two electrodes. 

 

 

 

Figure 1.5: Basic diagram for an LIC including discharge and charge reaction visualizations [4] 
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 The pre-lithiated lithium on the anode can come from many different source 

applications. Pre-doping the anode can be achieved with a multitude of methods including a 

sacrificial thin lithium third electrode, carbonite coated lithium granules distributed at the anode 

surface or applying thin lithium foil strips to the anode surface. This process of pre-doping the 

anode with lithium is very important for the overall performance of the LIC and each method has 

its advantages and disadvantages. Depending on how the lithium is applied to the anode, this will 

contribute to many key qualities often tracked when testing and analyzing LICs. The amount of 

lithium loaded is contributed to the electrodes density matching and first cycle capacity loss. The 

lithium loading will directly contribute to the capacity, internal resistances, and overall cycle life. 

Many efforts are being made to optimize the loading and form of lithium to pre-dope anodes 

with maximum utilization and efficiency.  

1.2.1 Graphitic Anodes 

When it comes to anode materials, graphite carbon is traditionally the most practical and 

commonly used material in lithium-ion devices. Graphitic anodes are safer than most other 

materials, support good cyclability, and have a structure convenient for the lithium intercalation. 

Lithium intercalates especially well in graphitic anodes due to graphite’s perfectly layered 

structures. Graphite anodes are constructed in a hexagonal arrangement where the lithium 

intercalates between the layers of the hexagonal arrays and ionic bonds are formed. 

 

Figure 1.6: Lithium intercalated in a graphite structure [5] 
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 Graphite also has some disadvantages like its limited theoretical capacity of 372 mAh/g 

compared to other anode materials like hard carbon which has a much higher capacity ceiling 

than graphite [5]. Hard carbon is a carbon composite that has shown to have better cell 

performance overall than graphite but is harder to fabricate consistently and cost more than 

graphite. 

1.2.2 Lithium Plating and Stripping 

 Another major downside to graphite compared to hard carbon is the effects low 

temperature cell performance. At lower temperatures graphite experiences a phenomena known 

as lithium plating. Lithium plating is the formation of metallic lithium on the anode of the LIC 

that occurs during the charging process.   

 

Figure 1.7: Illustration of lithium plating [6] 

 

Lithium plating is extremely detrimental to the overall cell performance and could cause internal 

shorts (dendrites) due to lithium metal build up that could potentially intrude in or through the 

separator and cause a short in the cell. Some reasons linked with lithium plating include low 

temperature charging, cell design factors, and charge rate [7]. Although lithium plating occurs in 

the charging process, research from NASA has shown that lithium plating in LIBs shows adverse 
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effects in the discharge curves. Shown in figure 1.8 is the discharge curve of a LIB which was 

initially charged and discharged at -20 oC (red) in comparison to the charge and a discharge 

curve of the same battery but charged at room temperature and discharged at -20 oC (blue). It can 

be seen that there is a slight voltage drop in the red curve between ~3.66 V and 3.5 V compared 

to the blue curve. This voltage drops directly correlates to a capacity loss and is the opposite of 

plating which is called stripping. So on the charge lithium plating occurs on the anode and 

stripping occurs during the discharge of the cell. Albeit batteries and capacitors Lithium plating 

will be discussed and analyzed in the coming chapters.  

Figure 1.8: NASA discharge curves for LIB [8] 

 

1.2.3 Charge Transfer Mechanisms   

 The LIC undergoes a chemical reaction in negative electrodes each time it charges and 

discharges called redox (reduction and oxidation). Redox is the chemical process involving the 

transfer of electrons between molecules. In an LIC the anode releases lithium ions which then 

diffuses across the electrolyte/separator barrier and intercalates on the anode. Incidentally, the 

Li+ intercalated releases electrons that create a current to power an electrical output. This 
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particular process would discharge the LIC. To charge the LIC, the lithium-ions intercalate back 

across the barrier to the anode to intercalation zones.   

 The charge transfer mechanism of LICs is fundamentally different to conventional 

capacitors including EDLCs. When the LICs voltage is less than the open circuit voltage (OCV), 

the charge transfer process can be expressed as:  

 

At the anode:  ��+ + �− ↔ ��                                                                                                                                           .  

 

At the cathode: 

 ��+// �− ↔ ��+ + �−                                                                                                                              .  

 

 The chemical process shown in Eq. (1.1) and (1.2) is when the LIC undergoes a 

discharge. ��+// �− represents the double layer charges at the cathode. The Li+ shuttles between 

the two electrodes and no electrolyte is consumed. Unlike the EDLC, the LIC consumes less or 

no salt in the electrolyte during the cycling of the capacitor [9]. However when the LICs is 

charge above its OCV, the salt in electrolyte will be consumed during the charge process. This 

charge transfer process would then be expressed as: 

At the anode:  

 ��+ + �−  ↔ ��                                                                                                                           (1.3) 

At the cathode: 
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 � 6− +  �−  ↔  � 6− // �−                                                                                                         (1.4) 

 

Making the overall charge reaction; 

 ��+ +  � 6− ↔ �� + � 6− // �−                                                                                                 (1.5) 

 

The entire charge transfer process can be depicted in Figure 1.9 below. 

 

Figure 1.9: Schematic ion transfer in the LIC when the cell voltage is greater (I and II) and 

lower (III and IV) than OCV [10] 

 

1.2.4 Electrolyte  

 Electrolyte serves as a catalysts to the LIC making it more conductive by promoting the 

movement of ions between the cathode and anode during charge and discharge [9]. The 

electrolyte found in LICs can be in the form of a liquid, gel or polymer. The liquid versions (also 

found in LIBs) is a solution of salts such as LiPF6, LiBF4 or LiClO4 with a mixture of organic 
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solvents such as ethylene carbonate (EC), dimethyl carbonate (DMC), diethyl carbonate (DEC), 

ethyl-methyl carbonate (EMC), methyl butyrate (MB) etc. [11]. Mixing solvents can enhance the 

performance by providing larger temperature ranges for cycling, higher conductivity, low 

electronic permittivity, prevent gassing issues found in Li-ion devices and many other variables 

depending on the application. The molecular diagrams for some of the salts and solvents can be 

seen in the figure below.  

 

(a)                                                                    (b) 

Figure 1.10: Electrolyte (a) salts and (b) solvents molecular diagrams [12] 

 

Out of the many different salts and solvents, LiPF6 and EC are two of the most common 

components found in every commercial available electrolyte formation. These two electrolyte 

components directly influence the temperature limits of LICs. At low temperatures, EC leads to 

high electrolyte viscosity and poor Li+ transport properties. The PF6
- anion is also unstable in 

electrolyte solutions at 60oC and above [12]. Although these two solvents are highly unstable at 

extreme temperatures they serve many roles. For instance EC is essential for healthy formation 

and LiPF6 has high conductivity, can effectively passivate an Al foil current collector and for 

MB 
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manufacturing purposes, is very lost cost. To mitigate some of these unstable effects, different 

electrolyte formulations are prepared from different salt additives and additional solvents.  

 In recent years, there have been attempts to achieve a wider temperature range for Li-ion 

manufactures to produce better cell performance by adding different lithium salts and solvents. 

On the salt side, there have been many studies with salt additives such as Lithium 

Difluoro(oxalato)borate (LiDFOB) and Lithium bis(oxalate)borate (LiBOB) to enhance low 

temperature capacity and cycle life and also improve overall cell stability and safety. As for the 

solvent, cosolvents such as methyl butyrate (MB) and vinylene carbonate (VC) are added to help 

with good ionic conductivity and reduction of overall cell resistance. These additions improve 

the cells performance below -20 oC and high temperature stability. Since the 1990’s electrolyte 

formations have decreased from 50% EC to a staggering 10% in recent devices [12]. Albeit the 

EC concertation are decreasing, they still do not meet the requirements for high discharge rates at 

low temperatures for military and HEV markets. 

 1.2.5 Solid Electrolyte Interphase 

 During formation in the first cycles of Li-ion devices a thin, passive film forms on the 

anode called the solid electrolyte interphase (SEI). This layer separates the cathode and anode 

and hinders movement of ions much like a separator would. A visual representation of SEI can 

be seen in figure 1.11. SEI must also adhere to the following principles [5]: 

 

(i) Infinitesimally small electronic conductivity in order to prevent further consumption 

of the Li metal or the electron reservoir in a Li-ion carbonaceous anode   

(ii) High Li-ion conductivity in order to prevent over-potentials due to concentration 

polarization of the cell upon charge/discharge cycles   



13 

 

(iii) Good adhesion to the underlying anode material  

(iv) Low solubility in the electrolyte   

 

Additionally, Li-ion battery systems with graphitic anodes must also consider the following 

features [5]:   

 

(v) The films produced on the carbonaceous anode, and especially on graphite, should 

have SEI flexibility, the ability to “breathe” with the expansion (Li-ion intercalation) 

and contraction (Li-ion deintercalation) of the anode upon repeated cycling  

(vi)  The passive film should be formed at potentials that are higher than the Li-ion’s 

intercalation potentials. 

 

 It is also important to state the SEI growth is not directly related to initial cycling but 

happens anyway as the cell ages. Although SEI is irreversible and slows ion movement, it 

stabilizes the LIC and prevents further decomposition of the electrolyte during cycling [5]. SEI is 

beneficial to the cell in that regard with the tradeoff of lower capacity. Eventually the SEI layer 

grows to a point where ions can no longer intercalate between electrodes and the cell is dead and 

can no longer hold charge. Considerable amounts of research are being done to try to slow down 

SEI growth rate to increase cell longevity. While the anode has an SEI layer formation, the 

cathode receives an electrolyte oxidation which occurs when the LIC is kept at high voltages and 

high temperature, which causes a permanent capacity loss as well. Using different mixtures of 

electrolytes can help prevent or mitigate some of these detrimental losses caused by SEI. 
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Figure 1.11: (a) Formation of SEI layer at initial cycling and (b) SEI layers after cell ages [5] 

1.2.6 Capacitance and Effective Series Resistance 

Two key aspects to understand when analyzing LICs are capacitance and equivalent 

series resistance (ESR). Capacitance and ESR are measured in units of Farad (F) and ohm (Ω), 

respectively. Traditionally in energy storage applications, capacitance is expressed as: 

 C =  ��                                                                                                                                         (1.6) 

 

Where q is charge measured in coulombs and V is the voltage. Where the ESR is equal to: 

 ESR =  ��                                                                                                                                     (1.7) 

 

Where I is the current applied in the capacitor. Capacitance is measured during the 

discharge of the LIC with a constant current source from its rated voltage to half its rated voltage 

[13]. The discharge curve for an arbitrary EC can be seen in figure 1.8 with every key parameter 

labeled.  
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Figure 1.12: Discharge curve for arbitrary EC [13] 

 

From figure 1.12, an equation can be derived for capacitance. 

 � = ��∗ ���−��                                                                                                                                   (1.8) 

 

Where Id is the discharge current, td is the time it takes for one discharge, Vw is max voltage and 

Vf is voltage after the cell stabilizes after a certain time after the end of discharging. Similarly, an 

equation for ESR can be formulated from figure 1.12.  

 = ��−� ���                                                                                                                             (1.9) 

 

Unlike the capacitance, the ESR is measured from max voltage to minimum voltage covering all 

resistances in just the discharge. If ESR was measured after 5 second stabilization then the total 

resistance would be larger giving the true ESR of the cell.  
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 Many commercial batteries and ECs are multi-layer devices. Multi-layers for EC cells 

are utilized to add more overall capacitance to the cell. For conventional capacitors and basic 

electric circuit theory, capacitors are connected in a parallel configuration (all positive terminals 

connected together; all negative connected together) to achieve higher capacitance. This is the 

same for ECs. A series of parallel connected capacitors can be expressed as: 

 1� =  1� + 1� + 1� … 1�                                                                              (1.10)   

                                                      

 Capacity, which is different from capacitance is a very important quantity when 

discussing energy story devices. Capacity is measured in Amp-hours or the amount of charge a 

device can provide in one hour. Capacity is calculated in terms of capacitance in equation 1.11. 

For ECs capacity is normalized by the weight of the cell – this is called the specific capacity. 

 ��� ∗ ℎ = � ∗ � �� −  � �           (1.11) 

 

More concrete analyzing of capacity, capacitance and ESR will be later discussed in the coming 

chapters.  

1.3 Electrochemical Impedance Spectroscopy 

 Electrochemical Impedance Spectroscopy (EIS) is a very powerful tool for investigating 

electrochemical reactions that occur in LICs and many other electrochemical devices for that 

matter. EIS can measure the dielectric and transport properties of materials, explore the 

properties of porous electrodes, and investigate passive surfaces [14]. The key fundamentals that 

apply when considering EIS are as follows: 
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(i) It is linear; therefore the results can be interpreted in terms of the Linear Systems 

Theory [14]. 

(ii)  If the system is measured over an infinite frequency range, the impedance contains all 

of the information that can be seen from the system by linear electrical perturbation 

[14]. 

(iii) The experimental efficiency is extremely high [14]. 

(iv) The accuracy of the data is readily determined using Kramers-Kronig transforms and 

those transforms are all independent [14]. 

 

 The guided principles of EIS are derived from the work of Oliver Heaviside. Heaviside’s 

developed two very important transforms s = d/dt and 1/s = ∫dt, where ‘s’ represents the Laplace 

frequency. These transforms allow simple algebraic equations to be formed to represent the flow 

of current in RLC circuits. The ability to solve these equations in Laplace space, and then 

convert them back to the time domain, leads to EIS.  

 Heaviside was also the first to give a name to terms like impedance, admittance, and 

resistance. He also defined operational impedance in the form of a simple equation expressed as: 

 � =  ��                                                                                                                               (1.12) 

 

Where V(s) and I(s) are the Laplace transforms of the voltage and current respectively.  

 To put it simply, the EIS response to a system is formulated from the frequency response 

when the system is subjected to a small sinusoidal signals. The output can further be fit to a 
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model of the experimental data using equivalent circuit modeling elements such resistors, 

capacitors, inductors, constant phase elements, etc. in different parallel and series combinations.  

With a firm grasp on the materials and reactions inside the specimen, the procedure in which the 

specimen was procured, and accurate experimental data, an EIS model can be formulated and 

can prove to be a very useful tool when analyzing and characterizing an energy storage device.  
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EXPERIMENT 

2.1 Introduction 

 Reliability, efficiency, and longevity are the main focus points when designing and 

implementing LICs and in general, any electrochemical device. These main design aspects 

translate directly into capacity, capacity retention, and cycle life. In a perfect world there would 

be a device that can optimize all three but there are always some tradeoffs. For example, using 

certain electrode materials may yield higher capacity results but only for a fraction of the cycles 

you may get with another. As mentioned in the previous chapter, electrolyte plays a huge role in 

the overall quality of LICs. Li-ion devices are being actively developed for wide temperature 

range applications. Currently, the limiting operating temperature range for Li-ion is 

predominantly due to the electrolyte itself. Refer to figure 2.1 for an illustration for the wide 

temperature demand for today’s Li-ion market.  

  

 

Figure 2.1: Temperature ranges for various Li-ion markets [12] 

 

 Previously, the effects of solvent concentration in electrolytes, like EC, were discussed 

briefly and how they affect the performance of LICs. This chapter will discuss in more detail the 
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effects and results five commercial electrolytes, with different concentrations, have on LICs at a 

wide temperature range. Several experiments, which will be explained in further detailed in the 

next section, will be conducted. For now we will summarize the experiments into separate tests 

which will explain different key aspects each electrolyte has on the cells.  

2.2 Fabrication of LIC Pouch Cells 

 The LICs were prepared using commercial active materials for both the positive 

(cathode) and negative electrodes (anode). The positive electrode (PE) and negative electrode 

(NE) consisted of commercially available activated carbon and graphite, respectively with a ratio 

of PTFE binder mixed in with both. The PE was coated to 20µm aluminum (Al) foil substrate 

and the NE was coated to 10µm copper (Cu) foil substrate. Then 25 cm2 (active area) square 

double sided electrodes were cut and prepared local in Tallahassee by General Capacitor LLC.  

 

 

Figure 2.2: Activated carbon on Al (left); graphite on Cu (right) 

 

The electrodes were initially dried at 160 oC for 3 hours in an oven with constant air flowing. 

The electrodes were dried for an additional 24 hours under 160 oC in a vacuum oven. They were 

then sealed and transferred to a dry room (Dew Point -40 o C environment and stored there. The 

desired thickness for only the active material for the double sided electrodes were 185-195µm 
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and 170-180µm for the PE and NE respectively. After drying, the surface of both sides of the 

anode were treated with 10% weight of the total NE weight of lithium with a thickness of 45µm. 

Once the lithium was added, eight layer (7 cathode/8 anode) LICs were constructed. After 

assembling the cell dry, they were transferred to the glovebox (<1 ppm oxygen and moisture) to 

add the electrolyte. Five electrolytes were added to three sets of LICs (15 total) and let soak 

overnight. All five electrolytes were provided by BASF with one baseline and four others with 

special formulation. Table 2.1 shows a summary of the electrolytes and their specific solvent 

formulations where E1 is the baseline solvent.  

 

Table 2.1: Five different electrolyte formulations to compare  

ID Formulation  

E1 1.0M LiFP6 in EC/DMC (1:1) 

E2 1.0M LiFP6 in EC/EMC/MB (20:20:60 by vol) + 0.1M LiDFOB 

E3 1.2M LiFP6 in EC/EMC/MB (20:20:60 by vol) + VC 2% by Vol 

E4 1.0M LiFP6 in EC/EMC/MB (20:20:60 by vol) + 0.1M LiBOB 

E5 1.2M LiFP6 in EC/EMC/MB (20:20:60 by vol) 

 

 

Figure 2.3: 8-layer pouch cell LIC 
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 These electrolyte formulations were chosen based on performance from various 

electrochemical journals [15 16 17 18 19]. After the electrolytes were added, the cells were 

vacuum sealed and transferred from the dry room. A completed cell is illustrated in figure 2.3. 

 After the cells were properly assembled and allowed to undergo necessary chemical 

reactions, they were tested. First, they were charge-discharged under various temperatures from 

70 oC to -40 oC to observe the capacity retention under extreme conditions. Once the 

environmental chamber was stable at the desired temperature for at least on hour, the cells were 

charged from 3 V to 3.8 V at 40 mA and then held for 10 minutes at 3.8 V. Next the cells were 

discharged to 2.2 V at 80 mA and rested for 15 seconds. Lastly, after a full cycle the cells were 

charged back to their nominal voltage of 3 V at 40 mA and held there for 10 minutes. An Arbin 

BT-2000 Battery Testing Unit was used for this particular performance test. After each cell 

completed their charge-discharge cycle, an EIS test was performed in the frequency range of 

0.01-106 Hz with an amplitude of 10 mV using a Gamry Instruments Reference 3000 

Potentiostat/Galvanostat/ZRA. These tests were performed on every cell with the following 

temperatures staying constant from the start of cycling to the end of EIS in the order of: 30, 50, 

60, 70, 0, -10, -20, -30, and -40 oC. The high temperature tests were conducted first because the 

low temperature tests cause irreversible damages to the cell.  

An additional test was conducted to observe the effects of charging at room temperature 

and discharging at various low temperatures. The cells were again charged from 3 V to 3.8 V at 

40 mA and held for 10 minutes at 3.8 V at 30 oC and then discharged to 2.2 V at 80 mA at 

temperatures of: 0, -10, -20, -30, and -40 oC. The effects and results of each temperature and test 

will be discussed in later sections. Apart from temperature testing, a set of five pristine cells of 
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each electrolyte were cycled from 3.8 V to 2.2 V at 1 A for 5000 cycles to test cycle life 

durability at 30 oC. These cells were tested on a Neware BTS 3000. 

In Chapter 1, ideas of lithium plating and different types of anode materials were 

discussed. Literature suggests that a LIC with a hard carbon anode rather than a graphitic anode 

will produce higher capacities and eliminate the effects of lithium plating. In conjunction with 

the 15 multilayer LICs, four single layer (2 hard carbon and 2 graphite) with E2 electrolyte 

formulation were tested to compare. E2 was chosen for the single layer since initial testing shows 

this electrolyte performed best at low temperatures. The testing procedures were the same for the 

15 multilayer cells except for the charge and discharge rates had to modified to 5 mA and 10 mA 

respectively because they are single layer rather than 8-layered. In addition to four single layer 

graphite and hard carbon cells, six three-electrode (3 hard carbon and 3 graphite) cells were 

made to monitor the anode and cathode voltages during the temperature testing. These cells are 

important because as stated in Chapter 1, lithium plating and stripping occurs during the charge 

in the cathode and discharge of the anode, respectively. The testing protocols for the various cell 

configuration discussed will be as follows: 

 

Table 2.2: Testing protocol for LICs 
# Test Name Description   

1 Temperature Test 1 (T1) Charge/Discharge cells at various temperatures  

2 Temperature Test 2 (T2) Charge at room temperature; Discharge at low temperatures 

3 Electrochemical Impedance Spectroscopy 

(EIS) 

Shows internal impedances for cells at different 

temperatures 

4 Cycle Life  Cycle cell for 5,000 cycles to observe capacity retention 

 

 



24 

 

RESULTS AND DISCUSSION 

3.1 Introduction 

 As stated in the previous chapter, the LICs will undergo a series of testing to 

characterize how five different electrolyte formulations affect their performance. Each of the 

tests will explain something different about the cells including capacity, capacitance, and ESR at 

various temperatures, internal impedances, and capacity retention over many cycles. Some 

results of a comparison between graphite and hard carbon will also be presented and discussed. 

This chapter will systematically present the results and discuss results for each test respectively.  

3.2 Temperature Testing 

3.2.1 Temperature Test 1 

 In Chapter 2, the testing procedure for temperature test 1 (T1) was mentioned in more 

detail. To recap, T1 is when the cell was charged and discharged at the same temperatures in the 

order of: 30, 50, 60, 70, 0, -10, -20, -30, and -40 °C. The results in figure 3.1 show discharge 

curves for each cell at various temperatures with respect to 30 °C as 100% state of charge. Ten 

cells were tested (two each electrolyte) and the results for the best five are shown in figure 3.1.  

 The general trend for each of the ten cells and five electrolytes is the capacity and 

capacitance decrease when temperature decreases. This because the chemical reaction occurring 

in the cell have less energy to shuttle the Li+  through the electrolyte and separator barrier and 

hence increases the resistance. The general trend can be seen in figure 3.2. 
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Figure 3.1: Discharge curves for five cells with respect to 30 °C as 100% SOC for T1; (a) E1 (b) 

E2 (c) E3 (d) E4 (e) E5; The smaller graphs inside the larger graphs show a zoomed in version of 

some of the overlapping trends for the high temperatures 

 

 

(c) (d) 

(a) (b) 
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Figure 3.1: Continued 

 

What is denoted as the ten best cells mean which cells from each batch of five produced slightly, 

but better results than the other ones. Although the results are different between each batch, the 

values have no more than a 7% difference. A summary of capacity, capacitance and ESR are 

summarized in table 3.1 and 3.2 respectively. These values were calculated from charge-

discharge curves using equations 1.8, 1.9, and 1.11 for capacitance, ESR, and capacity 

respectively.  

 

Table 3.1: Capacity % with respect to 30 °C as 100% SOC for T1 

Capacity (mAh/g) % 

Cell Name -40 -30 -20 -10 0 30 50 60 70 

E1.1 - 49 75 88 93 100 101 101 101 

E2.1 35 55 73 88 94 100 102 102 103 

E3.1 35 56 70 82 92 100 102 102 103 

E4.1 18 44 67 83 92 100 102 102 102 

E5.1 52 63 78 89 94 100 101 101 102 

E2.1 - - 78 89 95 100 101 101 102 

(e) 
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Table 3.1 continued  

Capacity (mAh/g) % 

E2.2 37 60 75 87 94 100 102 101 102 

E3.2 34 57 72 83 92 100 102 102 103 

E4.2 21 46 79 83 92 100 102 102 102 

E5.2 45 65 79 89 94 100 101 101 101 

 

 

 

 

 
Figure 3.2:  (a) Capacity and (b) ESR general trends of electrolytes at different temperatures; 

Capacity and capacitance are related so the trend for capacitance is not needed 
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Table 3.2: Capacitance and ESR summary % with respect to 30 °C as 100% SOC for T1 

 

The control electrolyte cells E1.1 and E1.2 have no data for -40 °C because the electrolyte 

formulation does not allow the cell to charge or discharge, which is show in Figure 3.3. Figure 

3.1 illustrates how the control electrolyte can cycle at temperatures below -30 °C while the other 

four electrolytes performed at -40 °C, and some having as high as 66% capacity retention 

compared to room temperature. There is no data for E1.2 at -30 °C because this particular cell 

had internal shorts within the cell. Subsequently, this cell was not able to be tested any further in 

the current or future tests because of the internal malfunctions leaving less data points to verify 

this result.  

 

Figure 3.3: Charge and discharge curve for E1 at -40 °C 

Capacitance (F) and ESR (Ω) % 

Cell 

Name 

-40 °C -30 °C -20 °C -10 °C 0 °C 30 °C  50 °C 60 °C 70 °C 

C ESR C ESR C ESR C ESR C ESR C ESR C ESR C ESR C ESR 

E1.1 - - 64 8367 84 3587 92 1613 95 720 100 100 101 73 101 80 101 73 

E2.1 52 7655 71 5000 83 2869 91 1395 96 568 100 100 101 55 101 50 103 64 

E3.1 50 5567 75 4686 83 2839 89 1528 95 646 100 100 101 54 101 46 102 43 

E4.1 29 7644 59 5144 79 3148 90 1640 95 780 100 100 101 52 101 52 101 52 

E5.1 66 5479 76 4425 83 2430 92 1135 96 520 100 100 101 70 101 60 101 55 

E1.2 - - - - 85 2517 96 1130 97 527 100 100 101 65 101 53 101 53 

E2.2 54 7013 75 4447 85 2514 92 1194 96 534 100 100 101 57 101 61 102 61 

E3.2 56 7780 79 5428 86 3348 98 1766 96 808 100 100 101 58 101 42 102 50 

E4.2 33 7807 61 5309 81 3283 90 1751 95 809 100 100 101 62 101 59 101 54 

E5.2 61 6688 74 4553 87 2375 93 1054 97 639 100 100 101 71 101 58 101 55 
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 As stated from Chapter 1, on graphitic anodes in lithium-ion devices, lithium plating 

occurs at temperatures below -20 °C. Recalling that lithium plating happens during the charging 

process and directly affects the discharge of the cell, figure 3.1 clearly shows some 

abnormalities. For the discharge curves on four of the five cell configurations a clear bump can 

be seen starting at -20 °C and getting progressively larger to -40 °C. This “bump” shows a large 

capacity loss and is a clear indication of lithium plating on the cells anode. The following section 

will show a way to eliminate lithium plating in the cell.  

3.2.2 Temperature Test 2 

 Similar to the previous temperature test, T1, temperature test 2 (T2) was designed to 

illustrate the effect each electrolyte has on the cells when charging at 30 °C and discharging at 

various low temperatures (0, -10, -20, -30, and -40 °C). This approach was explored because of 

the lithium plating occurs from T1, and is a more practical approach when considering 

applications. The higher temperatures were excluded because they performed the same or better 

than at pure room temperature charge. Figure 3.3 shows the discharge data for a room 

temperature charge and discharge at low temperatures. The results show a significant 

improvement from T1 in cell performance and overall shape of the discharge curve.  

 

Figure 3.4: Discharge curves for five cells with respect to 30 °C as 100% SOC for T2; (a) E1 (b) 

E2 (c) E3 (d) E4 (e) E5 

(a) (b) 
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Figure 3.4: Continued 

 

The discharge curve for each cell -40 °C from T1 is included in the T2 plots to compare the 

differences the charging process makes and to show lithium plating is mitigated. 

 

Table 3.3: Capacity % with respect to 30 °C as 100% SOC for T2 

Capacity (mAh/g) % 

Cell Name -40 -30 -20 -10 0 30 

E1.1 - 65 84 92 97 100 

E2.1 62 76 86 92 97 100 

E3.1 54 70 81 98 98 100 

E4.1 57 72 84 92 95 100 

E5.1 64 81 96 90 92 100 

E1.2 - - - - - - 

(c) (d) 

(e) 
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Table 3.3 continued 

Capacity (mAh/g) % 

E2.2 59 76 95 94 97 100 

E3.2 53 68 81 91 94 100 

E4.2 57 71 83 92 96 100 

E5.2 65 77 86 93 96 100 

 

Table 3.4: Capacitance and ESR summary % with respect to 30 °C as 100% SOC for T2 

Capacitance (F) and ESR (Ω) % 

Cell 

Name 

-40 -30 -20 -10 0 30 

C ESR C ESR C ESR C ESR C ESR C ESR 

E1.1 - - 64 7828 92 3373 95 1548 98 700 100 100 

E2.1 87 7176 93 4686 96 2754 95 1091 98 482 100 100 

E3.1 82 6641 92 4747 95 2940 99 1114 101 521 100 100 

E4.1 85 7130 92 4821 95 2837 98 1488 99 748 100 100 

E5.1 86 6743 92 4338 96 2414 97 2275 99 1090 100 100 

E1.2 - - - - - - - - - - - - 

E2.2 80 6514 92 4481 94 2580 97 1303 97 594 100 100 

E3.2 84 7531 93 5425 96 3382 98 1870 101 874 100 100 

E4.2 83 7410 91 5171 93 3183 96 1689 97 863 100 100 

E5.2 85 8954 90 5854 93 3205 96 1549 96 688 100 100 

 

Again, E1.1 and E1.2 cannot discharge at temperatures lower than -30 °C regardless of the 

charging process and E1.2 malfunctioned during T1 so no data was collected for T2. Tables 3.3 

and 3.4 show much improvement when compared to tables 3.1 and 3.2. Charging at room 

temperature first and then discharging at various low temperatures clearly shows a much higher 

capacity retention, higher capacitance, and lower ESR.  

 

Table 3.5: -40 °C results and percent change from T1 to T2; (-) indicates a percent decrease 

Cell 

Name 

T2 T1 Percent Change 

C ESR Capacity  C ESR Capacity  C ESR Capacity  

E1.1 - - - - - - - - - 

E2.1 87 7176 62 52 7655 35 35 -479 27 

E3.1 82 6641 54 50 5567 35 32 1074 19 

E4.1 85 7130 57 29 7644 18 56 -515 39 

E5.1 86 6743 64 66 5479 52 20 1264 12 

E1.2 - - - - - - - - - 

E2.2 80 6514 59 54 7013 37 26 -499 22 

E3.2 84 7531 53 56 7780 34 28 -249 18 
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Table 3.5 continued 

E4.2 83 7410 57 33 7807 21 50 -398 36 

E5.2 85 8954 65 61 6688 45 24 2267 20 

 

Each electrolyte had at least a 20% increase in capacitance, and a 12% increase in capacitance. 

For most cells the ESR percentage went down as well. This was possibly due to the fact that T2 

was performed after T1 which put more wear on the cells resistance. To get more accurate results 

for the ESR pristine cells should be tested for each temperature test. Even though that is not how 

the cells were, they could show that the cells performed even better from T1 to T2. 

 

3.3 EIS 

The following is the plot of the 5 different electrolytes EIS curves at 30 °C and -40 °C: 

 
Figure 3.5: EIS plots for all 5 electrolytes at (a) 30 °C and (b) -40 °C; the smaller graphs inside 

the larger graphs show a zoomed in version near the point where the curves cross zero 

 

From the plots, the AC and DC ESRs are obtained. The ESRAC is the impedance at high 

frequencies and is first point on the x-axis where the y-axis (Z’’ohm) crosses whereas the ESRDC 
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is the last point on the plot where the frequency is lowest. The values for ESRAC and ESRDC for 

30 °C and -40 °C are tabulated in table 3.6. 

 

 Table 3.6: Summary of EIS data for each at 30 °C and -40 °C 

Cell 

Name 

30 °C -40 °C 

ESR AC ESR DC ESR AC ESR DC 

E1 0.018 0.064 0.274 115.00 

E2 0.017 0.059 0.037 62.54 

E3 0.018 0.071 0.036 86.02 

E4 0.018 0.095 0.077 96.33 

E5 0.019 0.087 0.032 94.04 

 

3.4 Cycle Life 

 The LICs were cycled to 5000 cycles to observe which electrolyte has the best capacity 

retention out of the five. These cells can cycle much longer but time restraints allow a percentage 

of the cycle life. 

 

Figure 3.6: Cycle life retention plot for all five electrolytes 
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The first cycle capacity is considered 100% and each cycle after that is taken as a percentage to 

illustrate capacity decay as the cells are cycled more. Typically, an energy storage device is 

considered dead when the cycle life reaches 80% decay. Once the cell reaches a certain level of 

decay, as in E3, the cell starts to break down quicker and decay at a non-linear rate. On the 

contrary, E2 had the best cycle life performance of the other three low temperature electrolyte 

and control electrolyte, E1 as well.  

 

3.5 Low Temperature Performance of Single Layer Graphite vs Hard Carbon LICs 

 This section is a consideration of a hard carbon anode material versus a graphite anode. 

A comparison between four single layers cells (2 hard carbon, 2 graphite) and four single layer 

three electrode (2 hard carbon, 2 graphite) were compared using the electrolyte E2 which 

exhibited the best performance from the results in the previous section. This section only tests 

the extreme low temperature of -40 °C since the problem arose earlier that graphite has poor 

performance and experiences lithium plating at this temperature.  

3.5.1 Capacity, Capacitance and ESR Performance 

 The results for capacity, capacitance and ESR results for graphite and hard carbon are 

tabulated in in table 3.7 and 3.8: 

 

Table: 3.7: Capacity retention for single layer graphite and hard carbon performance under T2 

Capacity % with respect to 30 °C as 100% 

Cell Name -40 -30 -20 -10 0 30 

HC1 77 88 95 96 98 100 

HC2 77 88 94 96 98 100 
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Table 3.7 continued 

Capacity % with respect to 30 °C as 100% 

G1 59 73 90 96 104 100 

G2 59 74 85 92 96 100 

 

 
Table: 3.8: Capacitance and ESR for single layer graphite and hard carbon performance under 

T2 

 

Capacitance and ESR Summary % with respect to 30 °C as 100% 

Cell 

Name 

-40 -30 -20 -10 0 30 

C ESR C ESR C ESR C ESR C ESR C ESR 

HC1 80 7308 88 3565 92 1588 94 689 96 339 100 100 

HC2 81 7493 88 3584 92 1558 94 669 96 340 100 100 

G1 68 7526 76 4957 84 2948 92 1567 100 733 100 100 

G2 64 8064 74 5364 82 3250 88 1755 92 820 100 100 

 

 

From table 3.7 and 3.8, hard carbon retains more of its capacity and capacitance, and has lower 

ESR values compared to graphite when tested at various low temperatures. Discharge trends for 

each material at various low temperature and room temperature charge can be seen in figure 3.6. 

The discharge curve for material at -40 °C when charged at -40 °C is also shown to seen the 

differences in T1 and T2 and to show lithium stripping occurs.  
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Figure 3.7: Discharge graphs at room temperature charge and various low temperatures 

discharge and -40 °C charge and discharge for (a) graphite and (b) hard carbon 

 

3.5.2 Temperature Test 1 & 2 Performance Comparison 

 Figure 3.7 illustrates the discharge curves for a charge and discharge at 30 °C, a charge 

and discharge at -40 °C and a charge at 30 °C and discharge at -40 °C from left to right. The first 

graph on the left shows that the cell’s performance of both the hard carbon and graphite have 

similar trends. The middle graph shows a comparison between hard carbon and graphite at -40 °C 

and shows the hard carbon does not exhibit the same characteristics as the graphite. The hard 

carbon has a smaller initial voltage drop compared to the graphite, a larger capacity retention, and 

more importantly does show lithium plating either which can be seen in the graphite plot. The 

graph on the right shows hard carbon versus graphite when charged at 30 °C and discharged at -

40 °C. As expected, there is no lithium plating in either anode material but the hard carbon, again 

shows a smaller initial voltage drop and better capacity retention than the graphite.   

(a) (b) 
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Figure 3.8: Discharge curves for (a) charge and discharge at 30 °C (b) charge and discharge at -

40 °C (c) charge at 30 °C and discharge at -40 °C 

 

3.5.3 Three-electrode Testing  

 The fabrication of three electrode LIC pouch cells are not as straight forward as normal 

multi or single layer cells. They are designed to give a little more insight into how each 

individual electrode is performing with respect to a lithium reference electrode. The reference 

electrode is just a plain piece of lithium pressed to a copper current collector and placed covering 

a small area of the cells total area. Although this third electrode covers a percentage of the active 

electrodes, the capacity loss is negligible. Three electrode LICs are important for this experiment 

because it will show more information on each electrode and where the lithium plating and 

stripping is occurring. A blown-up and side of a three electrode cell is visualized in figure 3.8. 

 

(a) (b) 

(c) 
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Figure 3.9: Left: blown up view of LIC three electrode; Right: side view of LIC three electrode 

 

In the previous section hard carbon outperformed graphite at both room temperature charge and 

low temperature discharge, and low temperature discharge. From figure 3.10 and 3.11, it is 

shown each individual electrode potential for both T1 and T2 at -40 °C only. Figure 3.10(a-b) 

and figure 3.10(c-d) show T1 and T2 respectively for graphite. In Figure 3.10(a) during the 

charging process the graphite potential versus lithium drop below zero which reverses the cells 

polarity and plating occurs. The cell never quite makes it back above zero so even though the 

current density (pink) reaches a low value during the voltage hold, the cell cannot recover from 

the plating. Since the graphite plated during the charge, stripping should occur during the 

discharge, and figure 3.10(b) shows exactly that. During the discharge, the plated lithium is not 

in ion form but rather a quasi-metal, so when the discharge occurs the lithium that plated 

intercalates into the carbon rings rather than diffusing back towards the cathode. At the same 

time the percentage of lithium ions that were not plated during the charge are diffusing back to 

the cathode. This explains the non-linear region for all three electrodes and the large voltage and 
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capacity loss for the cell. Once the quasi-metal lithium ionizes, and intercalates to the anode, it 

eventually loses energy and diffuses with the rest of lithium ions, and the discharge trends 

regains its linear form. As for figure 3.10(c-d) this illustrates a room temperature charge and no 

plating happens at the anode since the potential never drops below zero. Since the anode never 

plates during the charge, no stripping occurs at the discharge and no large capacity loss or 

voltage drop can be seen.  

 

 
 

 
Figure 3.10: Graphite T1 (a) Charge at -40 °C; (b) discharge at -40 °C; T2 (c) charge at 30 °C; 

(d) discharge at -40 °C 

 

(a) (b) 

(c) 
(d) 
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 In figure 3.11 during both temperature tests, no plating or stripping occurs. Hard carbon 

potential never drops below zero potential regardless if it was charged at -40 °C. These results 

show that hard carbon has better performance and lithium plating and stripping does not occur 

which makes the cell safer and more reliable.  

 

 

 
Figure 3.11: Hard Carbon T1 (a) Charge at -40 °C; (b) discharge at -40 °C; T2 (c) charge at 30 

°C; (d) discharge at -40 °C 

 

 

 

 

 

(a) (b) 

(c) (d) 
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CONCLUSIONS AND FUTURE WORK 
 

 In science and engineering it’s always the goal to improve current technology or create 

something new that will be a benefit for humanity and the planet. Retrospectively, most 

technology involving harvesting energy has been inefficient and detrimental to the planet. Strides 

are being made every year to invest in cleaner and more efficient technology, especially in the 

field of energy storage. Electrochemical Capacitors (EC) are playing a huge role in this regard. 

Over the past 100 years EC efficiency, sizing, and design has increased immensely. One class of 

EC that is gaining momentum is the lithium-ion capacitor (LICs). Many design aspects of LICs 

are being researched everyday including electrode materials and electrolyte formulations. This 

paper presented ways to improve the performance of LICs at a wide temperature range through a 

comparison of different electrolyte formulation in graphitic based anode pouch cell LICs. The 

secondary goal which came later after being initially posed as a problem, was comparing hard 

carbon to graphitic anodes in LICs due to lithium plating and stripping occurring during low 

temperature charge and discharge. Through empirical experimentation and data analyzation, 

conclusions were made as to which electrolyte performed best at a wider temperature range. 

Experiments were ran multiple times on multiple cells of the same configurations to verify that 

the results are indeed repeatable.  

 The electrolyte E2 (1.0M LiFP6 in EC/EMC/MB (20:20:60 by vol) + 0.1M LiDFOB) 

performed best over three of the four of the tests in table 2.1 and only performed only marginally 

less in the other test. The salt additive LiDFOB in E2 has been shown to play a huge role in other 

literature to improve performance at low temperatures in lithium-ion batteries. This paper shows 

similar results but for LIC pouch cells which had never been seen before. Due to the 
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characteristics of the formulation and performance comparatively to the other electrolytes, E2 

would be the most practical for commercial application. 

 This paper has also shown that hard carbon compared to graphite, has much higher 

capacitance and capacity retention, and lower ESR values at lower temperatures. More 

importantly hard carbon seemingly does not show signs of plating or stripping during charge or 

discharge at low temperatures. Although hard carbon is more expensive to fabricate, the benefits 

it provides to LICs, makes it the front runner for the choice of anode material.  

 Moving forward, a deeper understanding of lithium plating and stripping kinetics in 

LICs should be explored in graphitic anodes.  Although only five electrolytes were tested for 

these experiments, there are many more formulations that have been developed and continue to 

be developed that may have better wide temperature performance. Also, even though a wider 

temperature range was achieved from the standard electrolyte, the temperature window should be 

continuously pushed, and tested beyond the limits set in this paper.  
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