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Abstract

The electrochemical performance of alternative anode materials for Li-ion batteries is often

measured using composite electrodes consisting of active material and conductive carbon addi-

tives. Cycling of these composite electrodes at low voltages demonstrates charge storage at the

operating potentials of viable anodes, however, the conductive carbon additive is also able to

store charge in the low potential regime. The contribution of the conductive carbon additives to

the observed capacity is often neglected when interpreting the electrochemical performance of

electrodes. To provide a reference for the contribution of the carbons to the observed capacity,

we report the charge storage behavior of two common conductive carbon additives Super P and

Ketjenblack as a function of voltage, rate, and electrolyte composition. Both carbons exhibit
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substantial capacities after 100 cycles, up to 150 mAh g−1, when cycled to 10 mV. The capacity

is dependent on the discharge cutoff voltage and cycling rate with some dependence on elec-

trolyte composition. The first few cycles are dominated by the formation of the SEI followed

by a fade to a steady, reversible capacity thereafter. Neglecting the capacity of the carbon ad-

ditive can lead to significant errors in the estimation of charge storage capabilities of the active

material.

1 Introduction

The investigation of alternative anode materials for Li batteries is driven by the need for sustainable

materials exhibiting high, reversible capacity at low voltages, that can match high capacity conver-

sion cathode materials. Capacity matching the anode and cathode is an important consideration

in order to achieve similar thicknesses, weights, and volumes between the two electrodes in full

cells. Capacity mismatch issues are relevant for cathodes such as elemental S8, for example, which

has a theoretical capacity of 1675 mAh g−1, about five times higher than the conventional lithiated

graphite anode. Due to this capacity mismatch, Li-S cells rely on the use of unsafe Li metal anodes

that add significant challenges to the already complicated cathode chemistry.

Systems that have been explored as high capacity anodes include elemental electrode materials

such as Si,[1, 2] and conversion materials including transition metal oxides,[3, 4, 5] fluorides,[6, 7]

hydrides,[8] and sulfides.[9, 10] Conversion materials are of interest because the full oxidation

state of the transition metal can be utilized, enabling high theoretical capacities. The electro-

chemical activity of alternative anode materials is often evaluated in composite electrodes at low

potentials, close to that of Li/Li+, to demonstrate charge storage at viable anode potentials. The

composite electrodes contain varying percentages of conductive carbon and polymeric binder in

addition to the active material, as shown schematically in Figure 1, in order to enhance the con-
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ductivity and mechanical stability of the electrode.[11] The capacity of the electrode is usually

dominated by the charge storage behavior of the active material. However, the charge storage abil-

ities of the slurry could arise from a combination of the capacity of all three components (Figure 1).

In some cases, the contribution of the conductive carbons to the observed capacity of the

electrode is significant and cannot be neglected. Such contributions have been suggested

previously,[12, 13] but in practice they are not always quantified and analyzed in any great detail

as a function of, for example, rate, electrolyte composition, etc. Situations in which carbons could

contribute significant capacities relative to the active material include electrode slurries that con-

tain a large percentage of carbon, (which can comprise up to 50% when highly insulating materials

such as some oxides are examined) and electrodes that are cycled at low potentials, where carbon

materials are able to reversibly store charge. Understanding the magnitude of this contribution is

necessary to evaluate the activity of the active material itself accurately.

Carbons can store charge at low potentials through a variety of mechanisms including Faradaic,

capacitive, and pseudocapacitive charge storage and the distinctions between the different mecha-

nisms are often blurred and difficult to determine (Figure 1b). The activity of carbons is well estab-

lished as carbonaceous materials are widely used in electrochemical energy storage devices as the

active materials themselves. Ordered carbons such as the conventional Li-ion intercalation graphite

anode for example, can store around 350 mAh g−1 via Faradaic intercalation chemistry,[14] while

amorphous, high surface area carbons are often used as the active materials in supercapacitors[15]

and can achieve capacities around 250 F g−1.[16] The conductive carbon additives used in elec-

trode slurries are largely amorphous and the surface areas are often 10-20 times smaller than those

used in supercapacitor electrodes. Amorphous carbons can exhibit graphitic character depending

on the pyrolysis temperature, allowing for the possibility of intercalative storage. Faradaic inter-

calation is normally signaled by a plateau in the galvanostatic discharge and charge profiles. In
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amorphous carbons, intercalation can manifest as a sloping profile due to the large distribution of

chemical environments.[17] Additional contributions due to capacitive storage, pseudo-capacitive

storage, and quasi-reversible electrolyte decomposition (reversible SEI formation) have also been

observed.[18, 19, 20] Double-layer capacitance tends to scale with surface area and the quantity

of H in the material[19] suggesting that this storage may be site specific and slightly pseudocapaci-

tive. Amorphous carbons have even been evaluated as possible alternatives to the ordered graphite

anode with advantage of better rate capabilites compared to ordered carbons.[21]

The variety of mechanisms by which amorphous carbons can contribute to the observed capacity

at low potentials necessitates a systematic study that quantifies their capacity under cycling condi-

tions used to evaluate alternative anode materials, i.e. in carbonate electrolytes at low voltages with

a variety of scan rates. Understanding the contribution of the carbon additives will enable a more

accurate interpretation of the electrochemical behavior of alternative anodes. Here, we describe

the activity of two common additives: Super P (TIMCAL) and Ketjenblack (AkzoNobel). The par-

ticle sizes of Super P and Ketjenblack are similar, around 40 nm[22] and 30 nm,[23] respectively.

Despite their similar sizes, Ketjenblack has a much higher specific surface area of 1447 m2 g−1[23]

compared to that of Super P at 62 m2g−1, according to the TIMCAL technical data sheet. The higher

surface area of Ketjenblack is due to the hollow morphology of the particles resulting in additional

internal surface area.[23]

We find here that Super P and Ketjenblack exhibit substantial reversible capacities, between

100 mAh g−1 to 175 mAh g−1, when cycled in carbonate electrolytes at low potentials, defined as

below 1 V vs. Li/Li+ for this study. The stable, reversible capacity is, of course, preceded by an ex-

ceedingly large first discharge capacity due to decomposition of the electrolyte to form the solid

electrolyte interphase (SEI).[24, 25] The composition of the SEI on Super P has recently been eval-

uated using solid-state NMR.[20] The high, reversible capacity of subsequent cycles, however, has
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not yet been quantified. This reversible capacity is important to consider when cycling alternative

anode materials that function at low voltages in composite electrodes. Although the contribution

of the carbon material to the overall electrode performance depends on a variety of factors that

include electrode composition, electrode preparation method, and the nature of the active mate-

rial, it is our goal to provide an estimate of the highest possible reversible capacity of conductive

carbon additives to be used as a reference when evaluating the performance of alternative anode

materials.

2 Experimental

Prior to cell testing, Super P and Ketjenblack were ground with a mortar and pestle and dried in a

vacuum oven at 120 ◦C for 24 hrs. The electrolyte solvents ethylene carbonate (EC), ethyl methyl

carbonate (EMC), dimethyl carbonate (DMC), and diethyl carbonate (DEC), were purchased in

anhydrousi form and used as received. Battery grade lithium hexafluorophosphate (LiPF6) was

used as received. All electrolyte solutions were prepared in an Ar glove box with 1 M LiPF6 and

were stirred for at least 24 hrs before use.

Stainless steel, 1/2” Swagelok cells with Kapton liners were used to evaluate the electrochemical

activity of the carbons. The cells were assembled in an Ar glove box using 2 mg - 4 mg of carbon

added directly to the stainless steel plunger. The carbons were separated from the 10 mm Li foil

anode with two 1/2” WhatmanTM glass fiber (GFD) separators. The GFD separators were dried at

70 oC under vacuum overnight prior to loading into the glove box. Ten drops of electrolyte were

added with a glass pipette to the top of the separators prior to placing the Li metal foil anode and

stainless steel current collector.

Electrochemical measurements were performed on a Bio-Logic Variable Multichannel Potentio-

stat. Galvanostatic cycling was performed with a charging cutoff voltage of 2.0 V (vs. Li/Li+ and
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varying discharge cutoff voltage between 0 V (vs. Li/Li+) to 0.5 V (vs. Li/Li+). All subsequent

references to voltage are vs. Li/Li+. The cycling rate was varied between 3.72 A g−1, 0.744 A g−1,

0.372 A g−1, and 0.0372 A g−1 corresponding to 10C, 2C, C, and C/10, respectively, assuming

1 e− per 6 C. Electrochemical impedance spectroscopy (EIS) was performed before and after cell

cycling with a sinusoidal amplitude of 100 mV from 1000 kHz to 10 mHz.

3 Results and Discussion

The goal of this study is to provide an estimate of the reversible capacity expected for two common

carbon additives when cycled at low potentials in a variety of electrolytes at several rates. The

carbons are evaluated as loose powder electrodes compressed in a Swagelok cell, allowing us to

forgo the use of binder and evaluate the carbons themselves. Firstly, we will discuss the effect of

the discharge cutoff voltage on the reversible capacity of Ketjenblack. Figure 2 shows the behavior

of Ketjenblack electrodes discharged to 0 V, 10 mV, 100 mV and 500 mV at 0.372 A g−1, effectively

1C assuming 1 e− per 6 C, the maximum Faradaic capacity of graphite, in 1 M LiPF6 in EC/DEC

electrolyte. As expected, the first discharge capacity is anomalously high due to Faradaic reduction

of the electrolyte to form the SEI at 0.8 V (Figure 2a).[24, 25] The discharge profiles essentially

trace each other until the cutoff voltage is reached, however, a deviation is observed for the 100 mV

cutoff cell. This deviation is due to slight inconsistencies between cells possibly caused by differ-

ences in the way the loose powders were pressed, for example. Therefore, all subsequent data is

shown with error bars that represent the standard deviation between at least three replicate cells.

The curves shown in Figure 2 are representative curves.

As long as the discharge cutoff voltage is below the potential at which SEI is formed, which

will vary depending on rate and electrolyte composition (vide infra), contributions to the first dis-

charge capacity will be anomalously high due to SEI formation. Most of the charge passed due
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to SEI formation is irreversible, as evidenced by the much lower charge capacity (Figure 2a). The

discharge profile of the subsequent cycle, shown in Figure 2b, contains no obvious Faradaic plateau

and is dominated by a sloping profile. The capacity observed on the second cycle is still somewhat

irreversible, although it is more reversible than SEI formation. The discharge and charge profiles of

the 100th cycle are shown in Figure 2c and mostly sloping behavior with no apparent inflections or

plateaus. The Coulombic efficiency of the 100th cycle is significantly higher than the initial cycles

suggesting more reversible charge storage.

At all cutoff voltages, substantial, reversible capacity after 100 cycles is observed after an initial

capacity fade during the first 10 cycles (Figure 2d). The initial capacity fade is likely due to some

quasi-reversible Faradaic activity on the carbon surface due to electrolyte decomposition. Quasi-

reversible SEI formation has been suggested previously.[18, 19, 20] Hints of Faradaic activity are

observed in the 2nd charge and discharge profiles as evidenced by the inflection in the charge

profile at around 1.5 V and the long tail in the discharge profile below 0.5 V (Figure 2b). A purely

capacitive mechanism or a mechanism involving a large distribution of redox active species/sites

for Li ions would be void of such features and would show smooth discharge and charge profiles

with a consistent slope throughout. Additionally, if no oxidation of the SEI was occurring, then the

first charge capacity should more closely match that of the steady state capacity values obtained at

higher cycle indices. Instead, both the discharge and charge capacity gradually fade as the carbons

are cycled. This initial equilibration of the SEI layer occurs over the first 20 cycles followed by

gradual sloping discharge and charge profiles thereafter. The cells with higher cutoff potentials

reach the reversible, steady capacity in fewer cycles.

The magnitude of the reversible, steady capacity is strongly related to the cutoff voltage with

higher cutoff voltages leading to lower reversible capacity. The trend between the capacity at 100

cycles and the cutoff voltage is non-linear and closely mimics the shape of the discharge profile,
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which is overlaid in Figure 2e. This suggests that increasing the cutoff voltage simply prevents

access to the charge storage that can occur at the lower potentials.

In addition to evaluating the reversible capacity as a function of cutoff voltage, the effect of cy-

cling rate was also explored. The discharge capacity of Super P and Ketjenblack cycled from 10 mV

to 2 V at 0.0372 A g−1, 3.72 A g−1, 0.372 A g−1, and 0.744 A g−1 in EC/EMC are shown in Figure 3.

Ketjenblack supports the highest reversible capacity when cycled at 0.0372 A g−1 and a rate depen-

dence that would be expected from kinetically limited processes. In the Super P case, the capacity

at 100 cycles is less dependent on rate. At 3.72 A g−1, both materials show negligible reversible

capacity likely due to kinetic limitations at this fast rate. Interestingly, the cells cycled at 0.0372

A g−1 exhibit lower reversible capacities at higher cycles despite supporting larger initial capacities.

The capacity required to form SEI on Ketjenblack is much greater compared to Super P due to the

higher specific surface area of Ketjenblack. Additionally, the gradual capacity fade observed after

SEI formation occurs more slowly at lower cycling rates. Therefore, composite electrodes cycled

with carbon additives will suffer from higher capacity contributions from the carbon during initial

cycles, especially below 20 cycles, when cycled at slow rates. It is also important to note that the

capacity above 20 cycles is very stable.

The discharge and charge profiles for each carbon are shown in Figure 4 as differential capacity

curves. The first cycle exhibits a sharp peak corresponding to electrolyte reduction to form the

SEI. The first cycle is plotted on the secondary y-axis for clarity. The SEI is formed at a more

positive potential on Ketjenblack (0.67 V) compared to Super P (0.37 V) suggesting that electrolyte

reduction is more facile on Ketjenblack, likely due to the higher surface area. The voltage at which

SEI formation occurs is somewhat low for both carbons due to the relatively fast cycling rate of

0.744 A g−1 Oxidation is observed on the first charge for both Ketjenblack and Super P, although

the broad peak is difficult to observe in Figure 4 due to scaling issues. The first 15 cycles exhibit
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gradual changes in the discharge and charge profiles which cause the gradual drop in capacity

discussed above. The most significant change in the profiles from cycle 2 to cycle 15 is the decrease

in capacity contribution at the lowest potentials. Concurrently, the oxidation peak occurring around

1.2 V decreases steadily. The materials stabilize to a steady, reproducible profile after 50 cycles.

The shapes of the discharge and charge profiles are qualitatively different between the Super P

and Ketjenblack. The discharge profile for Super P has a low voltage tail, similar to the Ketjenblack,

however, the contribution of the capacitive features are relatively larger. An overpotential associ-

ated with the onset of the capacitive storage is observed only for Super P and it increases gradually

as the cell cycles on both discharge and charge. The increase in overpotential is the primary cause

for capacity fade as Super P cycles while in the Ketjenblack case, most of the initial capacity fade is

due to a decrease in capacity contribution from the low voltage region. Interestingly, both Super P

and Ketjenblack exhibit two oxidative waves during charging.

In order to provide information about the activity of the conductive carbons in electrode slur-

ries for a variety of systems, the carbons were cycled in several EC electrolytes including EC/EMC,

EC/DMC, and EC/DEC at ratios commonly used in the literature (Figure 5). The first discharge ca-

pacity for both Super P and Ketjenblack shows a strong rate dependence in all electrolytes (Figure

5a) due to the Faradaic nature of SEI formation. The capacity of the first cycle is significantly higher

for Ketjenblack compared to Super P in all electrolytes due to the much higher surface area. The ca-

pacity at 50 cycles and 100 cycles is also shown in Figure 5 to convey the reversibility of the charge

storage capabilities of the carbon materials after many cycles (Figure 5). The reversible capac-

ity observed on Ketjenblack electrodes does not depend on the electrolyte composition. EC/DEC,

EC/DMC, and EC/EMC all result in similar capacities from the 50th to 100th cycles. The reversible

capacity on Super P electrodes, however, shows a slight dependence on electrolyte composition

with the EC/DEC electrolyte resulting in slightly higher capacities followed by EC/DMC and finally
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EC/EMC. Interestingly, however, the capacity observed at higher cycle numbers is very similar be-

tween Ketjenblack and Super P despite their drastically different surface areas. Although the two

carbons have different surface areas, the particle size of the two carbons are very similar with the

higher surface area of Ketjenblack resulting from the internal surface area provided by hollow par-

ticles. The similar capacities at 50 and 100 cycles could therefore be explained by SEI filling up the

internal pores of the Ketjenblack leaving only the surface of the particle available for subsequent

charge storage.

In all cases, the capacity fade from the 50th to 100th cycle is negligible suggesting that the

capacity of the carbons at 50 cycles will persist throughout the cycling life, at least to 100 cycles.

The capacity of the carbons at each rate and in all three electrolytes is tabulated in Table 1 for

reference. The minimum reversible capacity generated from the carbons can be considered to be

the capacity at the 100th cycle, however, composite electrodes cycled at these low potentials will

suffer from larger capacity contributions due to the carbons during earlier cycles, as mentioned

previously.

Comparing the electrochemical impedance spectroscopy (EIS) of the two carbon additives in all

three electrolyte compositions before and after cycling gives further insight into the performance of

the materials and the nature of the SEI. The EIS data is represented as Nyquist plots with the real

part of the impedance (Z ′) plotted on the x-axis vs. the negative imaginary part of the impedance

(−Z ′′) on the y-axis in Figure 6. Nyquist plots can be fit with equivalent circuit models in order to

obtain resistance values corresponding to physical processes, however, here we will only consider

a qualitative comparison of the Nyquist plots. The semicircle at low Z ′ (high frequency) can be

represented by a capacitor and a resistor in parallel modeling the interface between the carbon

and the electrolyte. The radius of the semicircle is related to the charge transfer resistance of the

electrode.[26] Before cycling, the charge transfer resistance of the Ketjenblack electrodes is much
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Table 1: Discharge capacities in mAh g−1 of Super P and Ketjenblack electrodes cycled between
10 mV and 2 V in various carbonate electrolytes at varying rates. The effective C rate is given
assuming 1 e− per 6 C. The error represents the standard deviation of at least three replicate cells.

Super P Ketjenblack

discharge capacity (mAh g−1) discharge capacity (mAh g−1)

rate eff. 1st cycle 50th cycle 100th cycle 1st cycle 50th cycle 100th cycle

(A g−1) C rate

ethylene carbonate/diethyl carbonate (EC/DEC)

0.0372 C/10 402 ± 28 175 ± 13 144 ± 13 3430 ± 240 125 ± 43 105 ± 31

0.372 C 331 ± 56 161 ± 24 148 ± 31 1960 ± 130 113 ± 18 103 ± 18

0.744 2C 200. ± 31 110. ± 15 108 ± 11 1810 ± 810 116 ± 30. 108 ± 26

ethylene carbonate/dimethyl carbonate (EC/DMC)

0.0372 C/10 411 ± 109 100. ± 25 93.0 ± 30.5 3440 ± 600 130 ± 23 124 ± 22

0.372 C 288 ± 7 139 ± 19 132 ± 23 2590 ± 280 132 ± 19 114 ± 26

0.744 2C 223 ± 33 105 ± 27 99.3 ± 27.4 1620 ± 525 88.0 ± 23.5 80.2 ± 16.1

ethylene carbonate/ethyl methyl carbonate (EC/EMC)

0.0372 C/10 361 ± 182 71.5 ± 4.6 57.5 ± 11.9 3430 ± 220 162 ± 18 159 ± 28

0.372 C 200. ± 33 99.7 ± 9.9 93.8 ± 9.3 2360 ± 103 125 ± 18 114 ± 18

0.744 2C 270 ± 49 87.8 ± 16.8 77.7 ± 15.6 1700 ± 160 89.9 ± 7.6 77.6 ± 11.0

3.72 10C 65.6 ± 13.2 41.0 ± 7.6 43.5 ± 6.1 471 ± 98 35.2 ± 3.3 37.3 ± 4.3
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less than that of the Super P electrodes in all electrolytes suggesting that the electrolyte is able to

wet the Ketjenblack more efficiently (Figure 6). The enhanced wettability is likely due to the higher

surface area of the Ketjenblack which increases the carbon-electrolyte interfacial area.

Due to the strong influence of surface area on the Nyquist plots, it is most informative to com-

pare the change in the EIS after cycling when evaluating differences between the two carbons.

In the Ketjenblack case, the cycled cell exhibits a much lower impedance compared to the uncy-

cled cell. The Super P cells also exhibit a decrease in impedance but not as significant as that of

Ketjenblack. The only condition that results in higher impedance after cycling is Super P cycled

in the EC/EMC electrolyte. Although only one cell is shown in Figure 6c, this was true for all

Super P electrodes cycled in EC/EMC. Cycling Super P in EC/EMC also results in lower capacities

compared to the other two electrolyte compositions (Figure 5). Additionally, Super P cells cycled

in EC/DEC exhibit lower charge transfer resistances after cycling which could be the cause for the

higher reversible capacity observed in this electrolyte.

In order to investigate the effect of the composition of the SEI on the reversible capacity in

more detail, the electrolyte composition was modulated by changing the relative concentration of

EC to DMC. When Super P is cycled in electrolytes of varied composition at 0.372 A g−1, reversible

capacity is observed even in 100% DMC electrolyte (Figure 7). The SEI plateau on the first cycle

disappears for the 100% DMC case confirming that the Faradaic plateau is mostly due to EC reduc-

tion (Figure 7a). Although the plateau is absent, the 100% DMC electrolyte still exhibits a high

initial discharge capacity indicating that SEI formation is occurring despite the absence of EC. In-

terestingly, the 100% DMC electrolyte also exhibits the lowest reversible capacity (Figure 7c). This

could be due to the change in composition of the SEI in the absence of EC. For example, the SEI

in the 100% DMC electrolyte could be more resistive, however, higher resistances should increase

the hysteresis between the discharge and charge curves, which is not observed. The cells that show
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the largest hysteresis, which can be attributed to SEI resistance, during the 25th cycle are the cells

cycled in the 88% DMC electrolyte composition. The 50% and 70% DMC compositions result in the

thickest SEI as evidenced by the high gravimetric capacity for the 1st cycle. These cells are also the

cells which have the highest reversible capacity thereafter suggesting that SEI formation is indeed

important for the charge storage of Super P. In order to prevent this process, it is necessary to cycle

composite electrodes to cutoff voltages above the voltage at which SEI formation occurs.

4 Conclusion

Super P and Ketjenblack conductive carbon additives are shown here to exhibit substantial, steady

capacity in carbonate-based electrolytes when cycled at low potentials (below 1 V). We have tab-

ulated the capacity that can be expected of both carbon additives at several rates in a variety of

carbonate electrolyte compositions. Cells cycled at slower rates are found to incur a higher capac-

ity contribution from the carbon additives during the first 20 cycles due to the longer time periods

spent at the low voltages where electrolyte decomposition, and SEI formation, occurs. Those cycled

at faster rates, ≥0.372 A g−1, exhibit high capacity due to SEI formation on the carbons on the first

cycle followed by a stable but nevertheless substantial reversible capacity. The formation of the

SEI appears to be important in stabilizing the capacity of the carbons over many cycles. In order

to prevent the activity of the carbons, composite electrodes must be cycled above the potential at

which SEI formation occurs (about 1 V) as SEI formation stabilizes subsequent reversible capacity.

This potential could vary depending on the composition of the composite electrode, the electrolyte

composition, and cycling rate. Cycling electrodes above the potential at which SEI formation occurs

may not be realistic, however, due to the low operating voltage of viable alternative anodes. In this

case, Table 1 serves as a reference and allows for a rough deconvolution of the observed capacity

in a composite electrode. These values are especially important to consider for alternative anode
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materials that are insulating, and therefore require a higher percentage of carbon in the composite

electrode.
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Figure 1: (a) Alternative anode materials are commonly evaluated in slurry electrodes consisting

of the active material, conductive carbon additives, and binder. The capacity of slurry electrodes

can arise as a result of the charge storage capabilities of all three components. (b) Carbon additives

can store charge at low voltages via Faradaic mechanisms including solid-electrolyte interface (SEI)

formation and Li+ intercalation (not shown) in addition to capacitive and pseudocapacitive charge

storage.
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Figure 2: Ketjenblack electrodes cycled at 0.372 A g−1 in 1 M LiPF6 in EC/DEC electrolyte with

varied discharge cutoff voltages. The charge cutoff is 2 V in all cases. (a) The first discharge is

dominated by the decomposition of the carbonate electrolyte to form the SEI as evidenced by the

noticeable Faradaic plateau. (b) The 2nd cycle exhibits a sloping discharge profile with a slight tail

at lower voltages. (c) The features present in the initial cycles are absent in the 100th cycle. Note

that (a) is shown on a different x-axis scale compared to (b) and (c). (d) All cells cycle with high

initial capacities that fade quickly to a lower but significant reversible capacity. (e) As the cutoff

voltage is increased, the discharge and charge capacities exhibit a non-linear trend that matches

the shape of the discharge profile. A discharge profile is overlaid to show the relationship between

the capacity and the discharge profile.
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Figure 3: Discharge capacity of (a) Ketjenblack and (b) Super P electrodes cycled at varying rates

in 1 M LiPF6 in EC/EMC from 10 mV to 2 V. An average of at least three replicate cells is shown

with the standard deviation represented by the error bars. The carbons reach a steady capacity

after fewer cycle numbers when cycled at higher rates.

20



Figure 4: Differential capacity curves of (a) Ketjenblack and (b) Super P cycled between 10 mV and

2 V at 0.744 A g−1 in 1 M LiPF6 in EC/EMC. The first cycle for each both (a) and (b) is plotted on

the secondary y-axis (the secondary y-axis is ×10 the primary y-axis).
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Figure 5: Discharge capacity of Super P (left panels) and Ketjenblack (right panels) electrodes

cycled between 10 mV and 2 V at 0.0372 A g−1, 0.372 A g−1, 0.744 A g−1 corresponding to effective

C rates of C/10, C, and 2C, respectively, assuming 1 e− per 6 C. The electrolyte is 1 M LiPF6 in the

indicated carbonate solvents. The (a, b) 1st, (c, d) 50th, and (e, f) 100th cycles are shown. Each

data point represents the average of duplicate cells with the standard deviation indicated as the

error bar.

22



Figure 6: Nyquist plots before and after cycling of Super P (left panels) and Ketjenblack (right

panels) in all three electrolyte compositions. The cells were cycled for 100 cycles at 0.744 A g−1

between 10 mV and 2 V.
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Figure 7: Super P cycled in DMC at 0.372 A g−1 with varying EC content, as indicated. (a) The first

discharge plateau, which corresponds to electrolyte decomposition, is lost when Super P is cycled

in 100% DMC suggesting the plateau is due to EC reduction. (b) Capacitive storage on Super P

in higher DMC content electrolytes exhibits worse hysteresis probably due to a more resistive SEI

layer formed during the 1st cycle. (c) Super P is able to cycle reversibly in all electrolytes. 70%

DMC is the optimal electrolyte composition for the reversible capacity.
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