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Abstract 
Beyond conductivity and viscosity, little is often known about the mass transport 
properties of next generation lithium battery electrolytes, thus, making performance 
estimation uncertain when concentration gradients are present, as conductivity only 
describes performance in the absence of these gradients. This study experimentally 
measured the diffusion resistivity, originating from voltage loss due to a concentration 
gradient, together with the ohmic resistivity, obtained from ionic conductivity 
measurements, hence, evaluating electrolytes both with and without the presence of 
concentration gradients. Under galvanostatic conditions, the concentration gradients, of 
all electrolytes examined, developed quickly and the diffusion resistivity rapidly 
dominated the ohmic resistivity. The electrolytes investigated consisted of lithium salt in: 
room temperature ionic liquids (RTIL), RTIL mixed organic carbonates, dimethyl sulfoxide 
(DMSO), and a conventional Li-ion battery electrolyte. At steady state the RTIL electrolytes 
displayed a diffusion resistivity ~ 20 times greater than the ohmic resistivity. The DMSO-
based electrolyte showed mass transport properties similar to the conventional Li-ion 
battery electrolyte. In conclusion, the results presented in this study show that the 
diffusion polarization must be considered in applications where high energy and power 
density are desired. 
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Introduction 

Lithium-ion batteries are found in nearly all portable electronics, and in technologies still to reach 

a wider commercial breakthrough such as hybrid, plug-in hybrid, and electric vehicles [1, 2]. In order 

to reach that breakthrough, batteries that can supply higher power densities are needed.  

The maximum power density a battery can deliver is limited by its electrolyte mass transport 

properties that describe the voltage losses associated with ion transport. These voltage losses 

(polarizations) cause the battery cell voltage to deviate from its equilibrium, i.e. the observed cell 

voltage is lower than the theoretical value during discharge and higher at charging, resulting in 

lowered energy efficiency, energy density, and power density of the battery.  

Instantly, when a current is applied to the battery, a polarization directly proportional to the 

current appears, it follows Ohm’s law and is thus referred to as ohmic polarization. In the electrolyte, 

the ohmic polarization is characterized by the ionic conductivity, κ, that measures the conductance 

in an electrolyte when no concentration gradients are present. Gradually, as current passes, 

concentration gradients develop in the battery due to the diffusion and migration of the ions 

(convection, being the third way of ion transport, can be neglected in a battery using a porous 

separator). Migration is the transport of ions in an electric field. It is described by the transport 

number, t +  and t −  for a cation and anion, respectively, describing the relative amount of current 

carried by each ion. Since cations and anions will have opposing directions of migration, there will 

be a resistance to mass transport, as electroneutrality cannot be violated, resulting in a polarization. 

Diffusion is the transport of species against a concentration gradient. It is characterized by the 

diffusion coefficient, D̃.  

As Li-ion and post Li-ion batteries keep developing there is an increase in the number of 

electrolytes used. The conventional Li-ion battery electrolyte is typically composed of a Li salt, such 

as lithium bis(trifluoromethulsulfonyl)imide (Li-TFSI) or lithium hexafluorophosphate (Li-PF6) , and 

an organic carbonate solvent mixture of for example ethylene carbonate (EC), propylene carbonate 

(PC), or diethyl carbonate (DEC). These electrolytes are thermodynamically unstable against the 

negative electrodes and rely on their ability to form stable passivating films (solid electrolyte 

interfaces) in order to be used [3]. Electrolytes based on room temperature ionic liquids (RTIL) have 

a wide electrochemical stability window making them stable against a larger number of electrodes 

compared with conventional Li-ion electrolytes [4]. RTILs are also praised for their high conductivity 

and safety [5]. These properties also make RTIL-based electrolytes possible candidates for lithium-

oxygen (Li-O2) batteries [6]. More frequently, electrolytes based on dimethyl sulfoxide (DMSO) have 

been used in Li-O2 batteries as conventional Li-ion electrolytes have been proven unstable in the 

presence of O2 [7].  

The distribution of the total polarization of a battery during a hybrid pulse power characterization 

test on a conventional Li-ion battery with an organic carbonate electrolyte has been investigated 

[8]. It was found that the electrolyte polarization due to concentration gradients and the electrolyte 

ohmic polarization contributed to 15 % and 28 % of the total polarization, respectively. This means 

that 43 % of the total polarization was directly attributed to the electrolyte (remaining sources of 

polarization was attributed to contract resistance, diffusion in solid phase, ohmic resistance in solid 

phase, and activation overpotential). Furthermore, when enough time had passed for the 

concentration gradient in the electrolyte to reach a steady state its contribution to the polarization 

was larger than that of the ohmic polarization [9]. To fully describe the time-dependent mass 

transport, and its associated polarizations, in a non-dilute and non-ideal electrolyte a model based 

on concentrated electrolyte theory needs to be set up, and the parameters therein, such as diffusion 
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coefficients, transport numbers, and thermodynamic factors need to be determined, in addition to 

the conductivity. The full set of those mass transport parameters has been determined for some 

electrolytes [9-14], but since the methods for such comprehensive characterizations are still quite 

complex and time consuming there is also a need for quick benchmarking methods that yield 

relevant performance metrics.  

Little is known about the mass transport in DMSO-based electrolytes. For RTILs the most common 

electrolyte performance parameter found in the literature today is conductivity [15], although 

transport numbers have been determined [16], as well as self-diffusion coefficients obtained by 

NMR [17]. A problem with using parameters such as the above-mentioned ones for benchmarking 

is that they are intimately linked to the model that was used to define them. One consequence of 

this is that it makes it difficult to compare parameters for different types of electrolytes, for example 

a binary liquid electrolyte, a polymer gel electrolyte and an RTIL. A further problem is that the 

parameters do not give direct information about the magnitude of electrolyte polarization for a 

certain current density, i.e. the translation of diffusion coefficients and transport numbers into 

overpotential is not straightforward. A way of benchmarking electrolytes that meet these 

requirements was suggested by Nyman et al. [9] by introducing the concept of electrolyte mass 

transport resistivity (EMTR)1  

Aim  

The purpose of this study is twofold: (I) to demonstrate the usefulness of electrolyte mass 

transport resistivity (EMTR) as a method for benchmarking electrolyte mass transport limitations 

and (II) to highlight the essential lithium battery electrolyte properties by a direct comparison of a 

set of candidate electrolytes for the next generation of Li batteries. This is done by measuring the 

EMTR of electrolytes based on RTILs, organic carbonates, a mixture of RTIL and organic carbonates, 

and DMSO. Little is known about the diffusive mass transport in RTIL and DMSO based electrolytes 

beyond conductivity, thus, making the use of conductivity as the sole figure of merit potentially 

misleading. Therefore, the use of a method including concentration gradient polarization is well 

motivated. For all electrolytes, the time dependence of the electrolyte polarization was also 

examined.  

Theory - electrolyte mass transport resistivity  

Electrolyte mass transport resistivity (EMTR) was initially used as a figure of merit, to quantify 

polarizations with and without concentration gradients, for interpretation of results from full mass 

transport characterizations based on concentrated electrolyte theory [9,13,18]. It has been 

experimentally used alongside other techniques to evaluate the influence of flame retardants in Li-

ion battery electrolytes [19].  

The definition of the EMTR is shown in Eq. 1, where it is expressed in terms of the parameters in 

the concentrated electrolyte model [9]. However, it was also suggested that it could be determined 

experimentally in a relatively simple way, by rewriting Eq. 1 in the form of Eq. 2, where the variables 

only depend on the experimentally measurable quantities conductivity and diffusion potential at 

steady state. 

   
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1 In Nyman et al. it was called normalized potential gradient. 
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In these equations  is the electrolyte potential2 , 𝑖 the current density, κ the conductivity, t +  the 

cationic transport number with respect to the solvent and D̃ the diffusion coefficient with respect 

to the thermodynamic driving force. diff,s.s. is the potential drop caused by concentration gradients 

at steady state in a cell of length l. The influence of the porosity and tortuosity of the separator is 

taken into account by multiplying with the porosity, ϵ, raised to the power of the Bruggeman 

constant 𝛽. The first term on the right hand side of Eq. 2 is the ohmic resistivity, the second term is 

called the diffusion resistivity3. Note that when Eq. 1 is rewritten as Eq. 2 there is no longer a model 

dependence and Eq. 2 can therefore be used to describe any electrolyte. Further, the method is not 

limited to dilute and/or binary electrolytes.  

The diffusion polarization can be obtained in a relatively simple galvanostatic polarization 

experiment, and the conductivity is easily obtained by standard methods. By measuring both ohmic 

and diffusion resistivities the relative contribution of these two sources to the full steady-state 

electrolyte polarization is obtained. Another way of understanding the EMTR is that multiplied with 

a given current density it represents the corresponding electrolyte polarization in the electrolyte at 

steady state.  

Experimental 

Materials  

The salt used was Li-bis(trifluoromethanesulfonyl)imide (Li-TFSI, Sigma-Aldrich 99.95 % purity). 

The solvents used were dimethyl sulfoxide (DMSO, SigmaAldrich, Anhydrous), N-ethyl-N-methyl-

imidazoleum-TFSI (EMI-TFSI, Solvionic, 99.9 % purity), N-propyl-N-methyl-pyrrolidinium-TFSI 

(Pyr13-TFSI, Solvionic, 99.9 % purity) and N-propyl-N-methyl-piperidinium-TFSI (Pip13-TFSI, 

Solvionic, 99.9 % purity). The organic carbonate electrolyte consisted of Li-TFSI salt in ethylene 

carbonate:diethyl carbonate (EC:DEC) with a 1:1 weight ratio (Novolyte, battery grade). All 

chemicals were used as received. All RTIL electrolytes contained 1.0 M Li-TFSI, for the DMSO and 

EC:DEC electrolytes the Li-TFSI content was also varied. The experiments were conducted at 25° C 

in an argon-filled glove box.  

Ohmic resistivity experiment  

The conductivities were measured using a Consort K912 conductometer with a SK21T micro-

electrode probe. The conductometer was calibrated outside of the glove box using potassium 

chloride standard solutions. The ohmic resistivity was then calculated by using the first term on the 

right-hand side of eq. 2.  

Diffusion resistivity experiment  

In order to determine the diffusion resistivity a symmetrical test cell with two Li-metal electrodes 

was assembled. To ensure a constant inter-electrode distance the electrodes were separated by a 

Teflon spacer-ring with a thickness of 500 µm and an inner diameter of 6 mm. The electrolyte was 

                                                      
2 The electrolyte potential is defined and measured with a metal reference electrode of the same kind as the cation. The 
EMTR is therefore also defined for that species. 
3 Note that this term describes both migration and diffusion, it contains both 𝑡+  and 𝐷̃ , and both these modes of 
transport will give rise to concentration gradients. The term “diffusion resistivity” is simply chosen to agree with 
previously used terminology. 
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soaked into a Whatman GF/A glass micro fiber filter, placed inside the spacer-ring. The filter has a 

porosity of 0.9, and the Bruggeman coefficient has previously been determined to 3.44 [9].  

The diffusion potential (diff in Eq. 2) was measured in the test cell directly after a galvanostatic 

polarization. A schematic of the experimental raw data is seen in Figure 1. The evolution of the 

diffusion potential with polarization time could be followed by measuring the potential during 

current interrupts which were very short in relation to the time scale of the total polarization. 

Typically, a galvanostatic current was applied for several minutes followed by a two seconds 

interrupt. When the measured diffusion potential no longer showed any change with polarization 

time the electrolyte concentration gradients was assumed to be at steady state. The steady state 

diffusion potential was inserted into the second term on the right-hand side of Equation 2 in order 

to calculate the diffusion resistivity. The magnitude of the polarization current was chosen so that 

the potential directly after current switch-off was between 5 and 50 mV. The lower potential limit 

was chosen to give low noise contribution, and the upper limit was set to avoid dendrite formation. 

Each electrolyte composition was tested in at least four test cells and each cell was polarized with 

at least four different currents giving potential drops at steady state spanning over 5 to 50 mV.  
 

 
Figure 1. Schematic of the galvanostatic polarization experiment raw data. At the start of the experiment a 
constant current is applied. When steady state is reached the current is turned off, the potential remaining 

at this point is caused by the concentration gradients in the electrolyte and corresponds to the diffusion 

potential, .diff This value is used in Equation 2 in order to calculate the diffusion resistivity 

The measurements turned out to be sensitive to the surface of the Li foil, giving less spread in 

results when pristine Li foil was used. Due to thermodynamic instability between the electrolyte and 

the Li-metal electrodes, there might be mixed potential between the solvent reduction and the 

lithium oxidation, thus affecting the measured potential. Since the mixed potential would be solvent 

dependent its influence would differ from solvent to solvent. However, if the concentration 

gradients was allowed to fully relax after the galvanostatic polarization the potential difference 

between the two Li electrodes were in the order of µV for all electrolytes in this study, thus, 

indicating that the there was no significant influence of a mixed potential in this study.  

Results and discussion 

By measuring the diffusion polarization at steady state, diff in a galvanostatic current-interrupt 

experiment and the conductivity, 𝜅,  using a conductivity meter, the diffusion and ohmic resistivity 
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was calculated for each electrolyte according to Equation 2. The calculated resistivities for the 

electrolytes examined at concentrations of 1 M Li-TFSI are seen in Table 1.  

Table 1. The mean ohmic and diffusion resistivity of the various electrolytes tested containing  
1 M Li-TFSI. The diffusion resistivities are reported with their standard deviations that show  

that there was a variation of the measured diffusion resistivity between cells  
(variation between consecutive experiments in the same cell was smaller) 

 Ohmic resistivity,  m Diffusion resistivity,  m 

EC:DEC 1.5 3.0±0.8 
DMSO 1.0 4.6±1.6 

EMI-TFSI 3 91±9 
Pyr13-TFSI 10 220±10 
Pip13-TFSI 31 590±50 

 

All electrolytes show a clear difference in the magnitude between ohmic and diffusion resistivity 

with diffusion resistivity being larger in all cases. Specifically, in the electrolytes based on RTILs the 

total polarization was dominated by the diffusion resistivity, whereas for EC:DEC and DMSO both 

ohmic and diffusion resistivity contributed more equally. For example, comparing EMI-TFSI with 

EC:DEC the ohmic resistivity was twice as high and the diffusion resistivity was  ≈30 times as high 

for EMI-TFSI, thus stressing the importance of evaluating the diffusion resistivity alongside with 

ohmic resistivity. Organic solvents and RTILs are miscible; it is therefore possible to create RTIL-

organic mixed electrolytes that combine the RTIL safety features with the lower viscosity of 

carbonate solvents. Figure 2 displays the two right-hand side terms of Eq. 2 separately for 

electrolytes consisting of 1 M Li-TFSI with varying amount of EMI-TFSI and EC:DEC in the solvent. 

Both the ohmic and the diffusion resistivity increased with EMI-TFSI content, with the diffusion 

resistivity being far greater in magnitude at high EMI-TFSI content.  

Electrolytes based on EC:DEC and DMSO showed similar ohmic and diffusion resistivity. This 

shows that DMSO is a suitable electrolyte for Li-O2 batteries from a mass transport perspective, 

however, how suitable DMSO is regarding other factors is still debatable.  

Both EC:DEC and DMSO electrolytes were tested at several Li-TFSI concentrations, see Figure 3. 

The lowest EMTR was observed at concentrations above 0.5 M Li-TFSI. Lower concentrations 

resulted in higher ohmic and diffusion resistivities. The spread in measurements was also larger at 

lower concentration. A resistivity vs. concentration graph was produced by Nyman et al. from a full 

characterization of LiPF6 in 3:7 EC:EMC [9] displaying similar results, although the diffusion resistivity 

is higher in the present study, which might be due to a larger anion inhibiting mass transport. This 

confirms that the method applied here provides results equivalent to those obtained from complex 

full characterizations based on physical models.  

A reason that the RTILs showed large EMTR may be found by looking at the constituents of the 

RTIL electrolytes. In the RTILs in this study there are three ionic species present: Li+, TFSI and a bulky 

cation (EMI, Pyr13 or Pip13). For 1 M Li-TFSI in EMI-TFSI the coordination number is a little bit lower 

than two [20] suggesting that the predominant coordination complex is [Li(TFSI)2]-.  

This would change the effective charge of the current-carrying specie from positive to negative 

i.e. changing the migration direction of Li, thus making diffusion the only means of transport carrying 

Li to the cathode. As the RTIL content increases in a mixed electrolyte, so does the viscosity [5]. 
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Figure 2. The effect on ohmic (□) and diffusion (∘) resistivity when EMI-TFSI was added to 

EC:DEC are shown in (a) and (b), respectively. All electrolytes contained 1 M Li-TFSI 

 

Figure 3. The diffusion (∘) and ohmic (□) resistivity at different LiTFSI concentrations in  
(a) EC:DEC and (b) DMSO measured at steady-state. The error bars show standard deviations 

However, explaining the variation in mass transport properties in terms of change in viscosity is 

not suitable since viscosity should affect the ohmic and diffusion resistivities equally and the results 

do not show this (see Figure 2). An alternative explanation could be found if looking at the system 

in a molecular perspective. When DEC is the only solvent present the Li ion coordinates to DEC in a 

[Li(DEC)3]+ complex [21]. In a mixed EC:EMI-TFSI solvent the predominant solvation complex of Li+ is 

[Li(EC)4]+ down to a Li:EC molar ratio of 1:4 [22,23]. At an EMI-TFSI content higher than 50 vol.% in 

EC:DEC there is not enough EC and DEC to fully solvate all Li ions. When the EMI-TFSI content is 

increased there is a steep rise in diffusion resistivity suggesting that the solvation of the Li ions is of 

key importance, see Figure 2. RTILs have promising safety features and addition of RTILs to organic 

solvents increases safety. An addition of 40 - 60 vol.% EMI-TFSI to 1 M LiPF6 in EC:DEC has been 

suggested as an optimal composition with no flammability, high conductivity and low viscosity [5]. 

However, this study shows that at 50 vol.% EMI-TFSI there is a fourfold increase in diffusion 

resistivity compared to when no RTIL was present.  

The time needed for the diffusion polarization to reach a steady state depends on the inter-

electrode distance, electrolyte, and the polarization current. In the galvanostatic polarization 
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experiment, currents varying by one order of magnitude was needed in order to get diffusion 

polarizations within the desired range of 5 to 50 mV. Therefore, the time needed to reach steady 

state also varied by one order of magnitude with larger currents needing more time. The diffusion 

polarization for the electrolytes based on EC:DEC and DMSO typically reached steady state within 

10 to 20 minutes for polarizations of 10 mV, see Figure 4a. For the RTILs this time was typically 4 to 

20 hours, see Figure 4b. Keep in mind that the test cell had an electrode distance of 500 µm and 

that if the electrode distance were to be reduced one order of magnitude, to better agree with a 

real battery, then the time would be reduced by two orders of magnitude (according to Fick’s second 

law). This would correspond to 2-12 min for the electrolytes based on the RTILs and 6-12 seconds 

for those based on EC:DEC and DMSO. Further, the time needed for the diffusion resistivity to equal 

the ohmic resistivity would be typically five seconds for the RTIL based electrolytes and 1-2 seconds 

for the electrolytes based on EC:DEC and DMSO. This indicates that losses due to concentration 

gradients in a Li battery must be considered in most usage scenarios where energy efficiency and 

power density is important.  

 
                                           Polarization time, h                                                                      Polarization time, h 

Figure 4. (a) The diffusion potential (-) for 1 M LiTFSI in EC:DEC shown as a function of time. The current 
normalized ohmic potential is shown as a time-independent horizontal line.  

(b) The current-normalized diffusion potentials of EMI-TFSI (−, black), Pyr13-TFSI (·, blue) and  
Pip13-TFSI (·−, red). The current-normalized ohmic potentials are shown as time-independent horizontal 

lines, EMI-TFSI (−, black), Pyr13-TFSI (·, blue) and Pip13-TFSI (·−, red). All electrolytes contained 1 M Li-TFSI 

Conclusions 

In this study, both ohmic and diffusion voltage losses, presented as resistivities, were measured 

in a quick and convenient way to examine the mass transport in next generation Li-battery 

electrolytes. The results highlight the importance of quantifying the diffusion together with the 

ohmic polarization when trying to estimate the total electrolyte polarization.  

When a conventional Li-ion battery electrolyte was examined the results showed good 

agreement with ohmic and diffusion resistivities from a full characterization based on a physical 

model, thus, validating the method used in this study. Electrolytes based on dimethyl sulfoxide 

(DMSO) showed mass transport resistivities similar to those of the conventional Li-ion electrolyte, 

making the DMSO based electrolytes suitable for use in Li-O2 batteries from a mass transport 

perspective. When examining electrolytes based on room temperature ionic liquids (RTIL) the mass 

transport resistivities were 25-130. The diffusion resistivity at steady-state was  ~ 20 times greater 
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than the ohmic resistivity for 1 M Li-TFSI in the RTILs tested. This ratio was only about two for 

conventional Li-ion battery electrolytes. For all the electrolytes examined, the concentration 

gradients developed quickly enough for the diffusion resistivity to become larger than the ohmic 

resistivity in short time. When a mixture of RTIL and organic carbonates was used as solvent the 

diffusion resistivity was larger than when pure organic carbonates were used. Adding more than 50 

vol.% RTIL drastically increased the diffusion resistivity.  

As concluding remarks, it can be said that the method employed here, measuring both the ohmic 

and diffusion resistivity, offers insight to the mass transport of a group of compounds where 

previously little has been known beyond conductivity and viscosity.  
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