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Abstract

In this thesis report the mass transport properties of Li-TFSI salt in a Room Temperature Ionic Liquid (RTIL)
and an organic-RTIL mix electrolyte were evaluated. The performance of the electrolyte was determined by cal-
culating the Normalized Potential Gradient (NPG), this figure of merit includes both ohmic and diffusion losses
in the electrolyte. It was concluded that for all the electrolytes studied the high diffusion potential drop, i.e. poor
mass transport of Li+, had the largest impact on the overall electrolyte performance. Even though the conductiv-
ity of the RTIL was good the poor mass transport resulted in an overall poor performance. The best performance
was observed at high organic electrolyte and Li-TFSI content (low RTIL content). Elevated temperature also
improved the performance. The RTIL used was ethyl-methyl-imidazolium bis(trifluoromethylsulfonyl)-imide
(EMI-TFSI). Ethylene carbonate (EC) was used in the mixed electrolyte.

Sammanfattning

I denna studie har masstransporten hos Li-TFSI utvärderats. Som elektrolyt användes en jonvätska och en
jonvätska blandad med organiskt lösningsmedel. Elektrolyterna utvärderades genom att mäta den Normalise-
rade Potential-Gradienten (NPG). Detta prestandamått inkluderar både de ohmska och diffusiva delarna hos
elektrolyten. Det visade sig att även fast jonvätskan har en god konduktivitet gör de diffusiva förlusterna att
den totala prestandan blir väldigt låg. Bäst prestanda erhölls när mängden organisk elektrolyt och Li-TFSI var
hög (mängden jonvätska var lågt). En förhöjd temperatur förbättrade även prestandan. Jonvätskan som använ-
des var etyl-metyl-imidazolium bis(trifluorometylsulfonyl)imid (EMI-TFSI). Etylenkarbonat (EC) användes som
organiskt lösningsmedel.

1 Introduction
Room Temperature Ionic Liquids (RTILs) is a fairly new class of compounds with a wide electrochemical window
of stability, low vapor pressure, wide liquid temperature range, high decomposition temperature and good conduc-
tivity [1]. These features makes RTILs an attractive alternative to protic and organic electrolytes in electrochemical
applications such as batteries [2], supercapacitors [3], fuel cells, solar cells [4] and metal electroplating. The low vapor
pressure makes them a good additive to organic electrolytes since it makes them less flammable [5].

Lithium-ion batteries are found in nearly all portable electronics but are still to reach a major breakthrough in
hybrid, plug-in hybrid and electric vehicles. In order to reach that breakthrough Li-ion batteries need to supply
higher power densities. In order to achieve a high power density there is need for an electrolyte with fast mass
transfer and a wide window of electrochemical stability (to ensure a high voltage). An RTIL would be able to supply
the wide window of electrochemical stability but the mass transfer properties of RTILs need to be examined.

The most common electrolyte performance parameter found in the literature today is conductivity. Conductivity
is swiftly measured and accounts for one of the two electrolyte-associated polarizations; the ohmic potential drop in
the electrolyte. The other polarization associated with the electrolyte is the diffusion potential drop that develops
due to the resistance to mass transfer. In an electrochemical cell the electric field is shared by all charged species in
the electrolyte. The field makes the ions migrate along the field (anions will move in opposite direction of cations).
At infinite dilution there are no electrostatic forces between ions and the mobility of an ionic specie is not affected
by its counter ion. At higher concentrations the counter ion will affect the mobility thus creating a resistance to
mass transfer. Parameters describing the diffusion potential drop (e.g. diffusion coefficients and transport numbers)
are harder to obtain with a high accuracy. Nyman et al. [6] introduced a parameter called the Normalized Potential
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Gradient (NPG) that summarizes the ohmic and diffusion potential drop. The NPG gives a comprehensive view of
the electrolyte polarization for a system operating at steady state.

The energy efficiency and power density of a battery are affected by the magnitude of the losses associated
with battery usage. These losses are activation overpotential, contact resistance, diffusion polarization in the solid
phase, diffusion polarization in the electrolyte, ohmic potential drop in the electrolyte and ohmic potential drop in
the solid phase. Two of these losses can be attributed to the electrolyte: electrolyte diffusion potential drop and
ohmic potential drop in the electrolyte. Another study done by Nyman et al. showed that in a commercial battery,
during a hybrid pulse power characterization test, diffusion polarization contributed to 15% and ohmic potential
drop contributed to 28% of the total polarization [7], i.e. 43% of the total polarization was directly attributed to the
electrolyte. During continuous polarization concentration gradients develop across the electrolyte and when steady
state is reached the contribution of the diffusion potential drop is greater than that of the ohmic potential drop [6].

This study measured the polarization, by considering both ohmic and diffusion potential drop, of a Li salt
in a RTIL (Li-TFSI in EMI-TFSI) and a Li salt in a RTIL-organic mix electrolyte (Li-TFSI in EC:EMI-TFSI).
For EC:EMI-TFSI these two polarizations are summed up into the NPG parameter and then compared between
different concentrations. By taking both ohmic and diffusion polarization drop into account a comprehensive picture
of electrolyte polarization at steady state is obtained. The temperature dependance of the NPG is also examined.

2 Room Temperature Ionic Liquids
An Ionic Liquid (IL) is a salt present in liquid form below 100°C. At lower temperatures, room temperature or below,
a salt in liquid form is called a Room Temperature Ionic Liquid (RTIL). ILs have a low vapor pressure making
them ideal as “green solvents” in organic chemistry were they are used as reaction medium or to provide additional
reaction phases in multiple phase reactions for numerous reactions [8]. The first industrial process to utilize ILs was
the BASIL process developed by BASF, it is used to produce alkoxyphenylphosphines [9]. There is a huge diversity
of ILs, more than a million binary (one cation and one anion) ILs and there is an estimated existence of 1018 (!)
ternary ILs [10]. This huge number of ILs results in numerous ways to tune the IL to optimize the desired properties.
The low melting point can be attributed to bulky or unsymmetrical ions making close packing in the solid state more
difficult. From a thermodynamic perspective the low melting point can be seen as the salt having a low lattice free
energy, ∆latticeG, and a negative free energy of solvation, ∆solvationG , in the Born-Fajans-Haber cycle [11] making
fusion spontaneous (∆fusion is G negative). A graphic representation of the Born-Fajans-Haber cycles can be seen
in figure 1. Melting point determination of RTILs is generally difficult since they tend to supercool by as much
as 200°C. Below its melting point a RTIL can solidify into an amorphous (non-crystalline) solid, this temperature
is the glass transition point. In the supercooled and amorphous state the RTIL is metastable (thermodynamically
unstable) and may therefore undergo a spontaneous transition into the thermodynamically favored crystalline state.
This supercooling effect is due to the increased viscosity. As for most substances, the viscosity of RTILs increases
with decreasing temperature. This makes it harder to form the initial nucleation needed to form a crystal. [5;12]

Figure 1: The Born-Fajans-Haber cycle, an application of Hess law saying that the free energy of fusion (∆fusionG)
is the same as the lattice energy (∆Glattice) minus the solvation energy (∆Gsolvation).
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2.1 RTILs as Li-ion battery electrolytes
The excellent safety properties, as an effect of having a low vapor pressure, is the main motivation for using RTILs
as electrolytes in electrochemical applications. A conventional Li-ion battery electrolyte is organic and flammable.
By adding an RTIL to a conventional electrolyte the flammability can be greatly reduced [5]. Another attractive
feature of RTILs are their thermodynamic stability over a wide potential window, ranging from 2-6 V, making
them a candidate for stable electrolytes for high voltage applications [1]. The Li ion has a preferred coordination
number of four. In a normal electrolyte lithium is solvated by the solvent, S, and is present as a [LiS4]+ solvation
complex. Many of the anions used in RTILs coordinate to lithium in a bidentate manner. In a system with a Li salt
and a RTIL with the same anion three species are found: Li+, Cat+ and An−. Due to the bidentate coordination
preference lithium will be present as [LiAn2]−. In the case were the anion of the Li salt and the RTIL differs (LiAn1
and CatAn2) there are two possible lithium complexes: [LiAn1An2]− and [LiAn22]−. By examining the binding
energies the predominant complex can be determined [13]. The viscosity of RTILs is generally high, in the range of
30-50 cP, sometimes as high as 500-600 cP (compared with water, 0.89 cP). A high viscosity together with a large
charge to volume ratio (an effect of large ions) results in a conductivity in the range of 0.1-18 mS/cm, close to
that of organic Li-ion battery electrolytes and one order of magnitude lower than that of aqueous electrolytes e.g.
30wt.% H2SO4 (730 mS/cm) or 30wt.% KOH (540 mS/cm) [1]. Addition of Li salt decreases conductivity [5]. When
the temperature increases the conductivity increases [14].

2.2 Ethyl-methyl-imidazolium bis(trifluoromethylsulfonyl)-imide - EMI-TFSI
The RTIL used in this study was primarily chosen for its low viscosity and wide electrochemical stability window.
It consists of an ethyl-methyl-imidazolium cation and a bis(trifluoromethylsulfonyl)-imide anion, see figure 2. Other
abbreviations found in the literature for the cation and anion are EMI, EMIM or EtMeIm+ and TFSI, Im or Tf2N−.
EMI-TFSI is toxic if swallowed or in contact with skin, it can also cause severe skin burn [15]. As for many RTILs,
melting point determination for EMI-TFSI is difficult; some of the reported melting points are -15 [12], -3 [16], -16 [17]
and -21°C [18]. It shows substantial supercooling with a point of solidification, i.e. glass transition, reported at
-50°C. It degrades at temperatures higher than 400°C, rendering it liquid across a wide temperature range. The
viscosity of 30 cP at room temperature is low compared to other RTILs. With the addition of 1M Li-TFSI there
is a tenfold increase in viscosity. The addition of Li-TFSI also reduces conductivity, from 10 to 2 mS/cm at room
temperature. The electrochemical stability window is 4.3 V, with cathodic limit at 1.78 V and anodic limit at 6.08
V vs. Li+/Li. A cathodic limit at 1.78 V vs. Li+/Li indicates that the electrolyte would be unstable when Li-metal
or graphite is used as negative material. Garcia et al. tested the properties of EMI-TFSI as an electrolyte in a
cell with Li4Ti5O12 negative electrode and a LiCoO2 positive electrode. The cell showed less than 10 % capacity
loss after 200 cycles at 1 C, the concluding capacity being 106 mAh g−1 [14]. EMI-TFSI forms a solid electrolyte
interphase (SEI) on graphite with the addition of vinylene carbonate (VC) [19]. In the presence of 1:4 mol Li:EC
(or VC) the Li-ion coordinates to the double bonded oxygen on EC instead to the oxygen on TFSI [20].

N+ N

F3C
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O

N−
S

O

O

CF3

Figure 2: The EMI+ cation and the TFSI– anion

3 Electrolyte Benchmarking Parameters - The Normalized Potential
Gradient (NPG)

One parameter is often overlooked when talking about electrolyte performance, the resistance to mass transfer. The
resistance to mass transfer can be quantified by calculating the diffusion potential drop. This is done by letting a
constant current pass through an electrochemical cell. Mass transport resistance will cause concentration gradients
to develop across the electrolyte. At steady state there is no more change in these gradients. When a cell is
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galvanostatically polarized to steady state the voltage reaches a plateau. This polarization voltage is the sum of all
losses associated with the cell. When the current is switched off there is an instant drop in potential attributed to
contact resistance, ohmic resistance and activation polarization. The remaining voltage observed at open circuit is
due to the concentration gradient of charged species. The potential observed at the moment of current switch-off
is used to calculate the diffusion potential drop.

Apart from the diffusion potential drop, the polarization of the electrolyte is also affected by the conductivity.
This part of the polarization follows ohm’s law and is sometimes denoted as the IR-drop. Determination of the
conductivity can be done in a short time using a conductometer. Conductivity is the parameter commonly used by
industry and academy when describing the performance of the electrolyte (parameters accounting for the diffusion
potential drop are harder and more time consuming to obtain). There is no single established parameter accounting
for both of the ohmic and diffusion potential drops.

Adding up the inverse of the conductivity and the diffusion potential drop gradient normalized with respect
to current density a figure of merit called Normalized Potential Gradient (NPG) is obtained, see equation 1. The
NPG takes into account all of the polarization associated with the electrolyte at steady state making it more
comprehensive compared to other parameters.

NPG =
1

κ
+

Φ

l
· 1

i
(1)

κ is the conductivity, Φ is the initial relaxation voltage, l is the distance between the electrodes and i is the
current density.

4 Experimental
All of the electrolytes tested in this study used the same Li salt; Li-TFSI. The first electrolyte tested was composed
of Li-TFSI dissolved in EMI-TFSI with a Li-TFSI concentration of 1 M. The RTIL-organic mix electrolytes were
composed of four species Li+, TFSI–, EMI+ and Ethylene carbonate (EC). The mixed electrolytes had a varying
Li-TFSI concentration and were prepared so that the Li+:EC molar ratio always was 1:4, see table 1. In a 1:4 molar
composition the Li ion coordinates to EC instead of TFSI– [20]. 1 M Li-TFSI in 1:1 EC:DEC was used as a reference
sample in order to observe the transport properties of the salt in an organic solvent.

Table 1: Electrolyte composition. Displays the change in molar ratios with increasing Li-TFSI concentration as a
result of keeping a constant 1:4 Li-TFSI:EC molar ratio.

Li-TFSI conc. /mol · dm−3 0.2 0.4 0.6 0.8 1.0 1.2
Li-TFSI:EC:EMI-TFSI molar ratio 1:4:17.4 1:4:8 1:4:4.7 1:4:3.2 1:4:2.2 1:4:1.5

The cells used for diffusion potential drop determination were assembled in an argon filled glove box. The test
cell is composed of two Li electrodes cut from Li foil. Since EMI-TFSI is unstable with respect to Li(m) LiFePO4
electrodes where also tested. A specified amount of electrolyte was soaked in a Whatman GF/A glass micro fiber
filter (0.9 porosity). The filter was placed in a Teflon ring (6 mm diameter) between the electrodes to assure
control over electrode distance (500 µm separation). The diffusion potential drop was obtained by galvanostatically
polarizing the cell. During the polarization a concentration gradient develops and, after enough time has passed,
it reaches a steady state. The galvanostatic polarization is followed by a switch-off in current. At this point the
developed concentration gradient in the cell starts to relax. In the experimental setup the galvanostatic polarization
time was set to 2 h to ensure steady state. The relaxation time was also set to 2 h to ensure long enough relaxation.
These times were not optimized, i.e. it would be possible to obtain reliable measurements in a shorter time. The
initial potential of the relaxation is used for the diffusion potential drop calculations. Four different polarization
current densities were used (ranging from 0.18 to 2.8 A·m−2) on each electrolyte. The current was chosen so that
the initial potential of the relaxation was between 5 and 50 mV. At potentials lower than 5 mV there was too much
measurement noise and due to dendrite formation it was hard to obtain reliable data above 50 mV.

The conductivity was determined by a Consort K912 conductometer. The conductometer also measured tem-
perature to ensure constant temperature. Calibration of the conductometer was done outside the glove box using
potassium chloride standard solutions.
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For experiments at 40 °C the test cells were placed in an oven for 5 h before the measurements started to ensure
an even temperature throughout the cell.

In order to prepare the electrolytes the partial molar volume of Li-TFSI in EMI-TFSI was determined from the
known Li-TFSI and EMI-TFSI concentrations in a fixed total volume of 10 ml with Li-TFSI concentration ranging
from 0.2 - 1 M. Li-TFSI salt was diluted with EMI-TFSI, with the mass of EMI-TFSI being monitored to ensure
the correct concentrations.

5 Results and Discussion
The results from the Li-TFSI and EMI-TFSI partial molar volumes measurements are plotted in figure 3. The
resulting mixtures had a total volume of 10 ml and Li-TFSI concentration ranging from 0.2 - 1 M.
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Figure 3: Concentration dependance of the Li-TFSI partial molar volume. The measured values (♦) shown with a
linear approximation.

As can be seen in figure 3 there is a linear concentration relation, meaning a constant partial molar volume over the
examined concentration range. By approximating the measured values to a straight line the partial molar volumes
were calculated from the equation:
cEMITFSI = 1

Vm,EMITFSI
− Vm,LiTFSI

Vm,EMITFSI
· cLiTFSI

to 0.166 dm3·mol−1 for Li-TFSI and 0.260 dm3·mol−1 for EMI-TFSI. The measured partial molar volumes were also
valid in the EC:EMI-TFSI electrolytes where the calculated electrolyte volumes concurred with observed volumes.

The galvanostatic polarizations were first tested on a cell with Li(m) electrodes and 1M Li-TFSI in EMI-TFSI as
electrolyte. The cell was galvanostatically polarized for 2 h and then left at open circuit for another 2 h, during the
entire experiment the voltage was measured. As an example of the obtained results the galvanostatic polarization
with current density 1.06 A/m2 is seen in figure 4.
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Figure 4: 1M Li-TFSI in EMI-TFSI with Li(m) electrodes. Galvanostatic polarization current density of 1.06 A/m2,
500 µm electrode separation.

When doing a galvanostatic polarization experiment a constant voltage should be reached, i.e. it is desired to have
a system where there is no time dependance of the voltage past the initial part of the galvanostatic polarization.
But during the galvanostatic polarization of 1 M Li-TFSI in EMI-TFSI (the first 2 h) there is a continuous
increase in potential. The same behavior was observed for all tested currents (current density ranging from 0.18 to
1.8 A/m−2, higher current densities ran off to the termination voltage of 2 V). At longer polarization times (up to
3.5 h) there was still a constant increase in potential. When experiments with longer polarization times were
made the voltage always ran off to the termination voltage. This observed behavior is not fully understood. When
the NPG was calculated after 2 h (eq. 1) very high values were obtained (in the order of 100 ohm·m). As
polarization time increased the measured NPG increased. Due to the time dependance and the slow potential
relaxation of Li-TFSI in EMI-TFSI no NPG values are presented due to poor reliability. It can qualitatively be
concluded that the mass transport of Li-TFSI in EMI-TFSI is very poor.

In order to obtain a system with acceptable behavior EC was added to the electrolyte. The electrolyte
compositions shown in table 1 in the Experimental section were then obtained. The galvanostatic polarization
experiments then produced results as those seen in figure 5.

0 0.5 1 1.5 2 2.5 3 3.5 4
0

0.01

0.02

0.03

0.04

Time / h

V
ol

ta
ge

 / 
V

Figure 5: 1M Li-TFSI in EC:EMI-TFSI with Li(m) electrodes. Galvanostatic polarization current density of 1.06
A/m2, 500 µm electrode separation.

During the galvanostatic polarization a constant voltage is reached, i.e. the system shows no time dependance
past the initial voltage increase. The relaxation is fast and reaches a value of zero volts. This system was the one
chosen for the ohmic and diffusion potential measurements. In the measurement in figure 5 the initial relaxation is
0.016 V, this value is used in the calculation of the NPG according to eq. 1.
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Li(m) is not stable in EMI-TFSI so EC:EMI-TFSI electrolyte was also tested in a cell with LiFePO4 electrodes
instead of Li(m) to see if the change of electrodes would influence the measurements. One of the galvanostatic
polarization experiments can be seen in figure 6.
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Figure 6: LiFePO4 electrode with 0.8M Li-TFSI in EC:EMI-TFSI. Galvanostatic polarization current density of
1.06 A/m2, 500 µm electrode separation.

When the current is switched off there is a small drop in potential corresponding to the IR-drop. When using
LiFePO4 electrodes the potential drop at current switch off is a lot smaller than for Li(m) electrodes due to the
different electrode kinetics and the higher surface area of the porous LiFePO4 electrodes reducing the activation
potential. The relaxation part showed higher voltage and relaxed more slowly than when Li(m) was used. This
behavior can be explained by considering the diffusion in the solid phase of the electrodes. In Li(m) there is no
solid phase diffusion process in the electrodes while as for an intercalation electrode like LiFePO4 solid phase
diffusion will be observed. The continuous increase in potential could also be explained by the solid phase
diffusion. Measurements like this are made in the Galvanostatic Intermittent Titration Technique (GITT) [21] and
have been used on LiFePO4

[22].

In order to calculate the NPG the conductivity needs to be determined. The conductivities measured from the
electrolyte compositions in table 1 are seen in table 2.

Table 2: Conductivity measured at different electrolyte compositions
Li-TFSI conc. /mol · dm−3 0.2 0.4 0.6 0.8 1.0 1.2
Conductivity /mS · cm−1 8.7 8.41 7.77 7.11 6.2 5.38

Compared to organic electrolytes these values are of the same order. The ohmic potential drop (the inverse of the
conductivity) at different Li-TFSI concentrations is plotted in figure 7.
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Figure 7: Ohmic Potential Drop as a function of concentration.

The trend observed of increasing ohmic potential drop (decreasing conductivity) with increasing Li-TFSI concen-
tration can be explained by looking at the electrolyte composition at different Li-TFSI concentrations in table 1. As
the Li-TFSI concentration increases the EMI-TFSI concentration decreases leading to a lower total concentration
of charged species and thus a lower conductivity.

To better understand the obtained diffusion potential drops and resulting NPG the values of the reference sample
is presented first. For 1 M Li-TFSI in 1:1 EC:DEC the diffusion potential was calculated to 10.8 ohm·m with a
standard deviation of 1.1 ohm·m. The ohmic potential drop was measured to 1.6 ohm·m giving a NPG of 12.4
ohm·m (standard deviation of 1.1 ohm·m) according to eq. 1. In a full characterization the minimum diffusion
potential was calculated to 1.5 ohm·m and a NPG of 2.5 ohm·m at a LiPF6 concentration ranging from 0.5 to 1.2
M in a 3:7 EC:EMC electrolyte [6]. The higher partial molar volume of Li-TFSI compared to LiPF6would explain
the bigger diffusion potential drop.

The diffusion potentials were measured from galvanostatic polarization experiments with four different polar-
ization current densities. Each concentration was tested with at least four different current densities. Within the
interval tested there was a small trend indicating a decreasing diffusion potential drop with increasing current. The
results, with standard deviation error bars, are shown in figure 8.
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Figure 8: Diffusion Potential Drop as a function of Li-TFSI concentration in EC:EMI-TFSI.

This is where the EC:EMI-TFSI electrolyte deviates a lot from an organic system. The results obtained from this
study shows a minimum diffusion potential at high Li-TFSI concentration, 1M Li-TFSI shows the lowest mean
value of 31.4 ohm·m with a standard deviation of ±2.6 ohm·m. At lower Li-TFSI concentrations i.e. at higher
EMI-TFSI concentrations, the diffusion potential drop is very large. All of the obtained diffusion potentials in
the concentration range tested are very high, compared to organic systems, suggesting very poor mass transfer in
EC:EMI-TFSI.

When adding up the diffusion potential with the ohmic potential drop the NPG is obtained (according to eq.
1). The NPG at different Li-TFSI concentrations are plotted in figure 9.
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Figure 9: Normalized Potential Gradient. The summation according to equation 1 of the two polarizations attributed
to the electrolyte seen in figure 7 and 8. The standard deviation for the NPG is the same as for the diffusion potential
measurements (the error of the conductivity measurements are a negligibly small).

At Li-TFSI concentration of 1.0 and 1.2 M there is a minimum NPG (in the order of 30 ohm·m). At 1.2 M Li-TFSI
the molar ratio in the electrolyte is 1:4:1.5, i.e. the electrolyte is more accurately described as an organic electrolyte
with an RTIL added instead of an RTIL with an organic additive. At this composition the NPG is high (NPG
of 34 ohm·m) compared to organic electrolytes. The contribution of the ohmic potential drop to the NPG is very
small, the good conductivity is over-shadowed by poor mass transfer. The resulting NPG plot is almost identical to
the diffusion potential drop plot i.e. it can be concluded that the diffusion potential drop is the main contributing
factor to the NPG.

When the 1:4 Li-TFSI:EC molar ratio is changed to a 1:8 Li-TFSI:EC molar ratio there is a decrease in NPG.
At a ratio of 1:8 the NPG is decreased to 23 ohm·m, see table 3.

Table 3: Electrolyte polarizations when the 1:4 molar ratio is changed to 1:8.
Li-TFSI:EC:EMI-TFSI Ohmic Potential Diffusion Potential NPG NPG standard dev.

molar ratio /ohm ·m /ohm ·m /ohm ·m /ohm ·m
1:4:2.2 1.61 31.4 33 2.3
1:8:1.1 1.21 21.9 23 1.8

With more EC added there is a decrease in both ohmic and diffusion potential drop resulting in a lower NPG.
The lowered NPG with a higher ratio suggest that the observed trend of decreasing NPG with increasing Li-TFSI
concentration is due to the also increasing EC concentration. In the concentration range tested, it can be concluded
from the results in figure 9 and table 3 that in order to get as low polarization of the electrolyte as possible the
amounts of Li-TFSI and EC should be maximized. It is very likely that the NPG will start to increase at higher
Li-TFSI concentrations than those tested, as was calculated for LiPF6 in 3:7 EC:EMC [6].

The 1M Li-TFSI electrolyte was tested at higher temperature. At an elevated temperature of 40°C the electrolyte
showed higher conductivity and lower diffusion potential drop. For 1 M Li-TFSI the ohmic potential is 0.96 ohm·m
(κ=10.38 mS/cm) and diffusion potential drop of 13 ohm·m giving a NPG of 14 ohm·m (at 25°C the NPG is 34
ohm·m for 1M Li-TFSI), see table 4.
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Table 4: Temperature dependance. 1M Li-TFSI at 25°C and 40°C
Temp. Ohmic Potential Diffusion Potential NPG NPG standard dev. Ohmic : Diffusion
/°C /ohm ·m /ohm ·m /ohm ·m /ohm ·m potential ratio
25 1.61 31.4 33 2.3 1:20
40 0.96 13.1 14 0.31 1:14

At an elevated temperature the NPG is of the same size as for the reference sample at room temperature (reference
12.4 ohm·m at 25°C). Both electrolyte losses are effected by change in temperature i.e. an elevated temperature
decreases both the ohmic and diffusion potential drop. At an elevated temperature the relative contribution of the
diffusion potential is decreased (the ohmic:diffusion potential ratio is decreased to 14 from 20).

6 Conclusion
This study has investigated the mass transport properties of Li-TFSI in EMI-TFSI and in EC:EMI-TFSI. This was
done using the Normalized Potential Gradient (NPG) as a performance parameter. The NPG accounts for both
ohmic and diffusion potential drop in the electrolyte thus giving a comprehensive view of the electrolyte polarization
at steady state.

Li-TFSI in EMI-TFSI failed to reach a stable polarization voltage. No NPGs were calculated for that system.
This behavior is not fully understood. It can qualitatively be concluded that the diffusion potential is high suggesting
poor mass transfer of Li+ in EMI-TFSI.

Li-TFSI in EC:EMI-TFSI and in EMI-TFSI showed that the ohmic potential drop is of the same size as conven-
tional organic electrolytes, i.e. if solely looking at the conductivity EC:EMI-TFSI and EMI-TFSI would be good
electrolyte alternatives. When adding up the ohmic and diffusion potential drop the NPG is obtained. It was then
seen that the big contribution of the diffusion potential over-shadows the ohmic potential.

It can qualitatively be said that the diffusion potential drop it is very high for all the concentrations tested.
The lowest observed diffusion potential drop at room temperature was found in the electrolyte with a molar ratio
of 1:8:1.1 of Li-TFSI:EC:EMI-TFSI. In conclusion, for the concentrations tested, if one would like to design an
electrolyte with as low NPG as possible the EC and Li-TFSI content should be high since this lowers the diffusion
potential drop.

At 1 M Li-TFSI in EC:EMI-TFSI there is a big temperature dependance of the NPG. At an elevated temperature
of 40°C the NPG is decreased from 33 to 14 ohm·m. When looking at the ohmic and diffusion potential drops
separately it can be seen that there is a stronger temperature dependance of the diffusion potential than the ohmic
potential drop.
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