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a b s t r a c t 

In this study, 1 M sodium perchlorate (NaClO 4 ) containing binary electrolytes based on propylene car- 

bonate and X ( X = dimethyl carbonate, diethyl carbonate, ethyl methyl carbonate, dipropyl carbonate, 

ethylene carbonate, 1,2-butylene carbonate, monoglyme, diglyme, tetraglyme, sulfolane) are studied due 

to their electrochemical and physicochemical properties as well as compatibility with sodium metal. 

The reactivity towards sodium is compared between mixtures with and without NaClO 4 and degrada- 

tion products are analyzed by gas chromatography. It is shown that NaClO 4 plays a crucial role in elec- 

trolyte decomposition and gas formation. It could be shown that mixtures of linear and cyclic carbonates 

form coupling products during storage with Na metal, namely dialkane propane-1,2-diyl dicarbonates, in- 

dependently of the presence of sodium perchlorate. Additionally, gas analysis of PC electrolyte over Na 

shows a pronounced formation of CO and propylene oxide during storage if NaClO 4 is present in the 

sample. Overall, the electrolyte “PC + EC + NaClO 4 ” is identified as most favorable system within the exam- 

ined series with respect to decomposition characteristics (formation of decomposition products) as well 

as acceptable physicochemical and electrochemical properties, e.g. plating-stripping behavior, cycle tests, 

conductivity and solubility. A sustainability screening of the electrolyte formulations reveals a high toxic 

concern in case of glyme-based mixtures as well as sulfolane. From a life cycle perspective, however, 

glyme-based mixtures have in overall lower environmental footprints. 

1. Introduction 

Rechargeable batteries are one of the most promising resource 

for providing electrical energy. Lithium-ion batteries are state of 

the art today despite some critical issues, such as the availability of 

battery materials, toxic considerations, and hazards associated with 

t

o

s

d

s

a

t

f

cost, chemical stability, electrochemical stability, non-toxicity, scal- 

ability as well as thermal stability [ 9 , 10 ]. Although effort was made 

to clarify the interaction between these electrolytes and sodium 

and/or electrode material by various techniques [10–16] , the inter- 

actions and reactions on the surface are still not yet fully under- 

stood. 
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hermal runaway of the cells. Such factors inspire the development 

f post-lithium technologies, e.g. sodium-ion based batteries [1] . 

Much effort s are t aken to develop novel electrode materials for 

odium-ion based cells, however, often the electrolyte is neglected 

uring the optimization process. Thus, up to now, only few solvent 

ystems are described which are mostly following the state-of-the- 

rt Li ion electrolytes composed of carbonate based solvent mix- 

ures [2–8] . An ideal electrolyte for sodium-based batteries has to 

ulfill similar characteristics compared to Li ion cells, namely low- 

∗ Corresponding author. 

E-mail address: andreas.hofmann2@kit.edu (A. Hofmann). 
A large number of studies in literature dealt with carbonate- 

ased electrolytes are using ethylene carbonate (EC) as solvent in 

he electrolyte [ 1 , 9 , 10 , 17–20 ]. However, EC exhibits a high melting 

oint of 36 °C, which in itself is unfavorable in the preparation 

f the electrolytes, but which can also cause EC to crystallize in 

he electrolyte at low temperatures. In contrast, propylene carbon- 

te (PC) exhibits a melting point of -49 °C due to its molecular 

tructure, and various properties as stability against Na, and key 

olecular properties ensure that it is often used as a solvent for 

a ion batteries [21] . PC is used in Na ion based battery research 

s a single solvent [ 3 , 6 , 22–32 ] or in PC + EC binary mixtures due 

o the favorable properties in half cells [ 3 , 27 , 33–40 ]. However, the 
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stability of PC against Na metal is far from being optimal with- 

out additives in the electrolyte, as being observed by simply stor- 

age sodium metal in PC based electrolytes [ 32 , 41 ]. The identifica- 
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of the electrolyte formulations was analyzed against sodium metal 

in-depth visually, and liquid as well as gaseous products were an- 

alyzed by gas chromatography in detail. Electrochemical measure- 
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ion of improved electrolyte formulations including concentration 

ariations based on known carbonates (EC, PC, butylene carbon- 

te, dimethyl carbonate, diethyl carbonate, ethyl methyl carbonate, 

ipropyl carbonate, etc.) is rather limited by the large number of 

otential combinations, especially when additives are additionally 

sed, so that individual combinations are often selected and de- 

cribed in the literature [38] . This is reasonable and can often not 

e done by any other way. As a result, the effects described have 

o be considered more or less isolated and consequently limit a 

eeper understanding of reaction mechanisms over sodium metal 

nd knowledge about electrode-electrolyte interfaces within a class 

f chemical compounds, in particular to the use of electrode ma- 

erials, on which the cell behavior also depends to a large ex- 

ent. Systematic studies on electrolytes are therefore essential to 

rovide correlations, comparative benchmarks and stability (data, 

tatements) in Na based batteries [ 12 , 21 , 31 , 32 ]. 

In sodium-ion batteries, additives are rarely investigated. Most 

nowledge is provided for 4-fluoro-1,3-dioxolan-2-one (fluoroethy- 

ene carbonate, FEC) in terms of sodium stability and increase of 

ell stability [ 6 , 11 , 16 , 37–39 , 42–44 ] due to the formation of a NaF- 

ich SEI layer [32] . However, FEC is only favorable in half cells in- 

luding Na metal, if at all [37] . In full cells, FEC shows mostly a 

orsening behavior due to overpotential and film formation. The 

ature of hard carbon (HC) indeed aggravates the investigation of 

dditives as a result of the dependence of the HC surface on the 

ayer composition and the HC material itself. The high reactivity 

f the sodium surface additionally complicates the investigation of 

dditive effects, since any contamination in the electrolyte from 

olvent, conducting salt or additive changes the surface of Na. Be- 

ides some of the most important additives used for Li ion batter- 

es may be not suitable in case of Na ion based batteries or only 

n particular formulations (e.g. vinylene carbonate [ 21 , 45 , 46 ], ethy- 

ene sulfite [21] , difluoroethylene carbonate [47] , etc.). For this rea- 

on, the following study largely exposes additive effects in order to 

ddress, as a fundamental understanding, the reactivity of the Na 

nterface in the presence of the electrolyte by itself. 

NaClO 4 is one of the most used conducting salts for Na ion bat- 

eries in spite of its oxidizing behavior, especially in academia re- 

earch. This results from advantageous properties, namely low wa- 

er sensitivity, high purity, cheap price and good solubility [48] , 

specially in comparison with NaPF 6 . Nevertheless, versatile func- 

ions of the NaClO 4 salt need to be further explored, e.g., in terms 

f stable SEI formation capability and synergistic support in an- 

horing Na ions in the storage materials. A main disadvantage 

f sodium perchlorate, especially at larger scales, are safety is- 

ues. Nevertheless, for research and development (R&D) investi- 

ations, NaClO 4 conducting salt offers a trouble-free handling re- 

arding the avoidance of HF in addition to long-term stable elec- 

rolyte mixtures in aluminum as well as glass bottles in contrast 

o NaPF 6 . It was also observed in the literature that the solu- 

ility of NaPF 6 in carbonate-based solvents is sometimes inferior, 

roducing an insoluble precipitate. Thus, Bhide was able to de- 

ect NaF as a hydrolysis product, making long-term stability of 

aPF 6 -containing electrolytes critical [48] . Other conducting salts 

s sodium bis(trifluoromethanesulfonyl)imide (NaTFSI) or sodium 

is(fluorosulfonyl)imide (NaFSI) are also used and applied in or- 

anic as well as aqueous electrolyte systems [ 49 , 50 ]. 

In the current study, the selected propylene carbonate and 

aClO 4 containing electrolyte mixtures with selected classes of sol- 

ent compounds were investigated with respect to their physic- 

chemical as well as electro-chemical properties. Temperature- 

ependent density, conductivity and dynamic viscosity data were 

elated to calculated data using the AEM software. The stability 
ents were performed to quantify surface effects and cell perfor- 

ance. 

. Reagents and methods 

.1. Chemicals and materials 

Propylene carbonate (PC, 99.7%, anhydrous, ACROS Organics), 

imethyl carbonate (DMC, ≥99%, anhydrous, Sigma Aldrich), di- 

thyl carbonate (DEC, 99%, anhydrous, ACROS Organics), ethyl 

ethyl carbonate (EMC, ≥99%, Merck Chemicals), dipropyl carbon- 

te (DPrC, ≥98%, BOC Sciences), ethylene carbonate (EC, Ultra- 

ure®, HUNTSMAN), 1,2-butylene carbonate (12BC, > 98%, Tokyo 

hemical Industry), 1,2-dimethoxy ethane (G1, monoglyme, ≥99% 

ltra-dry, ACROS Organics), Di(2-methoxyethyl) ether (G2, diglyme, 

99% ultra-try, ACROS Organics), Bis[2-(2-methoxyethoxy)ethyl] 

ther (G4, tetraglyme, 99%, ultra-pure, ACROS Organics) and sul- 

olane (SL, 99%, Sigma Aldrich) were dried over molecular sieve 

or 2 days before usage. Pentane ( ≥99%, anhydrous, Sigma Aldrich) 

as dried over molecular sieve or by immersing sacrificial Na 

akes. Sodium perchlorate (NaClO 4 , anhydrous, 98.0–100.0%, Alfa 

esar) was dried at 105 °C for 48 h under vacuum (vacuum oven 

nside glove box). Glass vials and tips for pipettes were heated 

t 75 °C at 48 h in vacuum. Sodium (cubes, stored under min- 

ral oil, 99.9% trace metals basis, Sigma Aldrich). Preparation of 

odium pieces: Cutting off the surface oxidation film of a sodium 

ube with a stainless steel scalpel and then cutting into thin slice 

t the fresh side of the sodium cube; sandwiching the slice in be- 

ween plastic foil and then extending the slice into homogeneous 

hin foil by using a hydraulic press; removing the surface oil on 

he sodium foil with filter paper and pentane; cutting the foil into 

he desirably sized Na pieces for further usage). Hard carbon (HC, 

 = 16 mm) and Cu (d = 12 mm) were punched out and dried at 

5 °C for 48 h. Handling of all chemicals and materials was done 

n an Ar filled glove box from Braun (O 2 and H 2 O concentrations 

ere below 0.5 ppm). 

.2. Solubility 

The solubility data were received by observation of the salt- 

issolution in every single solvent liquid. Briefly, 100 mg of salt 

as weighted in a vial, in which a controlled small amount of sol- 

ent (15–100 mg, dependent on the residual salt solid) was added, 

ntil the basic salt was totally dissolved. To obtain a very nearly 

aturated salt-in-solvent solution, a certain amount of salt (25 mg) 

as added again into the fully dissolved salt-solution formed at 

he last step, and then the controlled amount of solvent was fur- 

herly added, to dissolve the precipitated salt caused by repeated 

alt addition. By the repeated procedures the nearly solubility limit 

ould be calculated. The operation was done at 25 °C and a stable 

issolved status of a liquid was confirmed, by hand-shaking, slight 

apping, and observation over days, to ensure no more nucleation 

f crystals formed. 

.3. Conductivity 

The ionic conductivity of the electrolyte mixtures was mea- 

ured by standard complex impedance method with a Zahner Zen- 

ium IM6 electrochemical workstation in the frequency range from 

0 kHz to 1 MHz. The closed cell from RHD instruments was 

lled with 0.85 ml of solution for the measurement. In the phase 

inimum ( ≈ 0 °), the absolute value of complex impedance | → 

z | 
as used for calculating the specific conductivity κ according to 



κ = C / | → 

z | with the cell constant C . The cell constant C was 

obtained by measuring standard KCl-solution (1.413 mS cm 

−1 at 
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ion source temperature of 200 °C, MS transfer line temperature of 

200 °C; FID setup : 450 ml/min for synthetic air, 45 ml/min for hy- 

drogen gas FID temperature of 280 °C. The gas flow was split up 

b

a

a

w

m

o

u

t

a

v

m

w

e

t

i

i

i

2

b

m

(

m

v

r

h

v

c

E

u

l

0

c

c

t

2

v

a

m

I

w

t

2

4

w

a

w

2

2

d

I

5 °C, Hanna instruments, HI 70031). The value of the internal 

esistance, mentioned above, was extracted from | → 

z | of the Bode 

lot at the minimum of phase angle ( ≈ 0 °). 

.4. Viscosity 

The dynamic viscosity was measured with a Malvern Gemini 

R Nano rotational rheometer by using 40/1 ° cone geometry with 

 sample filling gap of 30 μm. A solvent-evaporation-protection 

over in air was used during measuring. The measurements were 

erformed at the temperature range of 15–70 °C and a series of 

ncreased shear rate (5–200 s −1 ) at each temperature. 

.5. Density 

The density values of the electrolyte mixtures were measured 

ith Anton Paar DMA 4500M at the temperature range between 

0 and 60 °C. 

.6. Cyclic voltammetry 

The cyclovoltammograms were measured with a Zahner XPOT 

otentiostat (software: PPSeries, Potentiostat XPot Zahnerelektrik 

.4). The cathodic scans were measured in a Swagelok-type cell 

ith bare copper foil electrode ( Ø = 12 mm) as working elec- 

rode and Na as counterpart ( Ø = 12 mm); the cathodic potential 

as applied between 2 and 0 V vs. Na/Na + for three cycles (the 

rst cathodic scan began from 3 V vs. Na/Na + , close to the open- 

ircuit-voltage) and subsequently between 2 and -0.5 V for further 

 cycles. The anodic scans were applied between 3 and 6.5 V vs. 

a/Na + in the 2-electrode configuration of a three-electrode cell 

EL-Cell GmbH, Hamburg, Germany) with Na ( Ø = 16 mm) and 

latinum ( Ø = 18 mm) as reference/counter and working electrode, 

espectively and in between a separator fiber (Ø = 19 mm, GF/B, 

hatman®) soaked with 175 μl electrolyte. The scan speed was 

 mV •s −1 for all tests. 

.7. Electrolyte stability 

Cutted sodium plates (approximately 0.1 cm 

2 ) were immersed 

nto electrolyte mixtures and the mixtures were stored inside of 

he glovebox at 25 °C. After 20 days, the visible observation was 

ocumented. 15 μl liquid was extracted from every mixture to pre- 

are the sample for gas chromatography analysis (after 4 month of 

torage). 

.8. Gas chromatography 

Gas chromatography (GC) experiments were performed as de- 

cribed in literature [51] in detail. Briefly, a Clarus 690 GC from 

erkinElmer Inc. (Waltham, USA) equipped with an autosampler, 

 flame ionization detector (FID) and a MS detector (SQ 8T) was 

sed for the measurement and Turbomass 6.1.2 and TotalChrom 

.3.4 software packages were used for data acquisition as well as 

ata analysis. Following parameters were used during the mea- 

urement: Gas : He 6.0 (Air Liquide), H 2 gas from hydrogen gen- 

rator PG + 160 (Vici DBS), Air (Air Liquide); Column : Optima 5MS, 

0 m length x 0.25 mm interior diameter, 0.5 μm film thickness; 

arameters during injection : split flow of 20 ml/min, inlet tem- 

erature of 250 °C, 0.5 μl injection volume, 175 kPa initial pres- 

ure, pressure controlled mode, oven temperature 40 °C; Oven and 

ressure parameters : 40 °C for 1.5 min, heating at 20 °C/min up 

o 320 °C. Pressure starting from 175 kPa for 2 min, increase at 

.8 kPa/min up to 300 kPa; MS setup : filament voltage of 70 kV, 
y a SilFlow 

TM GC Capillary Column 3-port Splitter after the sep- 

ration column in order to detect the signals in the MS as well 

s in the FID. The FID was used for quantification whereas the MS 

as used for identification. Therefore, the MS was used in the scan 

ode with a scanned range from 33 u to 350 u and an event time 

f 0.3 s (interscan delay of 0.02 s). The signals from the FID were 

sed for determining the peak area. All samples (electrolytes, mix- 

ures) were compared and corrected against pure dilution solvent 

s well as pure electrolyte solvent. Impurities in the electrolyte sol- 

ents were analyzed when possible, based on NIST search (EI frag- 

entation match) as well as measuring the pure substance. 

The formation of gas was tested in a PAT-Cell-Press (EL Cell) 

here the spring in the upper case was removed and a cup with 

lectrolyte and sodium was placed in the lower case. After closing, 

he pressure was monitored. The gas was extracted with a syringe 

ncluding a syringe lock to prevent atmospheric gas to penetrate 

nto the syringe. The gas was injected into the GC device and qual- 

tatively analyzed. 

.9. Cell testing 

Full-cells of hard carbon|Na 0.7 MnO 2 ( Ø = 16 mm) were assem- 

led in standard 2032-type coin cell in an Ar-filled glove box with 

oisture and O 2 content below 0.5 ppm. A glass fiber separator 

 Ø = 17 mm, QMA, Whatman®) wetted with a 110 μl electrolyte 

ixture was used. The electrodes and separators were dried under 

acuum (110 °C, 24 h) prior assembling within a cell. The theo- 

etical area capacity of the electrode plates was 2.2 mAh cm 

−2 for 

ard carbon and 0.5 mAh cm 

−2 for sodium manganese oxide. Gal- 

anostatic charge-discharge cycling were carried out with the cell 

ycler LICCY (developed by KIT, Institute of Data Processing and 

lectronics). Cell tests were firstly conducted at a series of contin- 

ally increased current rates (C-rate of charging/discharging as fol- 

owing: 0.1C/0.1C, 0.2C/0.2C, 0.5C/0.5C, 0.5C/1C, 0.5C/1.5C, 0.5C/5C, 

.5C/7.5C, 0.5C/10C for 1–3 cycles), and subsequently the cells were 

ycled at the reduced rate (0.2C/0.2C for 2 cycles, 0.5C/1C for 100 

ycles and 0.2C/0.2C for 2 cycles). The C-rate applied was based on 

he capacity of the cathode materials used. 

.10. Electrolyte simulation with AEM software 

The advanced electrolyte model (AEM) approach to calculate 

iscosity, density, conductivity, etc. values have been published 

nd result from various chemical-physical terms derived for multi- 

ember electrolytes [52–54] . We used the software package from 

NL to calculate these values. The Advanced Electrolyte Model soft- 

are may be available for licensing from Idaho National Labora- 

ory. Contact td@inl.gov for more information. 

.11. Thermogravimetry analysis 

The thermogravimetry analysis was done with the device STA 

49 F3 from Netzsch. 47.9 mg of PC + EC + 1 M NaClO 4 electrolyte 

as put in an Al 2 O 3 crucible (open) and measured under an dry 

ir atmosphere between 25 °C and 800 °C. The temperature ramp 

as set to 10 K •min 

−1 . In parallel, the DSC curve was recorded. 

.12. Sustainability 

.12.1. Hazard traffic light (HTL) 

This qualitative method is a color-code of potential hazards for 

ifferent substances first presented by Rodriguez García et al. [55] . 

t is based on the hazard statements described in the regulation 



of the European Parliament on classification, labeling and packag- 

ing and as registered by the European Chemicals Agency – ECHA 

( www.echa.eu ) for each material [56] . A total number of 62 haz- 

ard statements grouped in 28 hazard classes are defined, each with 
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on the basis of preliminary studies and on the widespread use of 

these substance classes in terms of comparability and comprehen- 

sive overview and inspired to obtain an overview about these sol- 
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 code, pictogram and signal words such as ‘danger ,́ ‘warning’ or 

o hazard word. An additional distinction between physical, health 

nd environmental hazard is also taken into account. It is often the 

ask of the producers and suppliers to classify their products fol- 

owing the previous guidelines, but for some specific substances a 

armonization is done at the EU level, when the perceived haz- 

rds are of major concern. Ultimately, a color is assigned to each 

azard statement based on the respective signal word that it has 

eceived, which allows for a visual distinction of the potential haz- 

rdousness of a material. Red color will be assigned to hazards la- 

elled as ‘danger ,́ whereas yellow will be used for those presented 

s ‘warning .́ Statements without a hazard word are colored in gray. 

.12.2. Hazard level (HL) 

Initially presented by the German Environmental Agency (UBA) 

57] , this quantitative methodology uses the hazard statements 

reviously described for the HTL. A ranking of each hazard is made 

ased on the maximum tonnage of a substance that can be stored 

ithout implementing specific safety measures, also referred as 

ajor-accident Prevention Policies (MAPP). This tonnage is de- 

cribed by the Lower Tier ( LT ) values presented in the 2012/18/EU 

irective of potential hazardousness of materials [58] . Ultimately, 

nly the minimum of all the LT of a material is used and the 

nverse value is calculated to express its hazard score more in- 

uitively. The method was further developed by Rodriguez-Garcia 

t al. [55] , who suggested that including all the LT for the different 

azards of a material would provide a more comprehensive picture 

f its hazardousness, as the original method reduces a material to 

 single hazard. The total HL of a substance can then be calculated 

y using the following Eq. (1) : 

L = 

n ∑ 

i 

1 

L T i 
(1) 

.12.3. Life cycle assessment (LCA) 

This method consists in an evaluation of the different environ- 

ental impacts of a product along the different stages of its life 

ycle, such as raw material acquisition, manufacturing, use and fi- 

al disposal, and follows the guidelines described by the ISO Stan- 

ards 14040/14044 [ 59 , 60 ]. Such impacts are associated to material 

nd energy flows as well as waste and other emissions produced in 

ach of these stages. For the specific case, a cradle-to-gate analy- 

is has been performed, meaning that the impacts are estimated 

nly until the final stage of electrolyte production. A functional 

nit of 1 L of electrolyte mixture has been chosen. The analysis 

as performed using the ReCiPe midpoint 2016 impact assessment 

ethodology, which describes a set of 18 impact categories each 

ith a specific reference unit [61] . Additionally, a calculation of the 

umulative energy demand (CED) can be found in Table DB-9 (Data 

n Brief). The CED describes the total energy consumption from 

on-renewable sources until the final step of production of the 

ixtures. The synthesis of precursor materials has been modeled 

ith data from published patents and literature sources as well as 

he commercial life cycle inventory (LCI) database Ecoinvent 3.7.1. 

he assessment was conducted using the software OpenLCA v1.10 

62–68] . 

. Results and discussion 

.1. Solubility of NaClO 4 in the solvents and thermal properties of the 

lectrolytes 

In this study, electrolyte formulations based on PC and NaClO 4 

ere investigated, namely binary mixtures of PC and commonly 
ents for Na ion batteries. Sodium perchlorate was chosen based 

n its widespread use in Na-based battery systems, its low reac- 

ivity and low hydrolysis sensitivity compared to NaPF 6 salt. Ad- 

itionally, the electrochemical stability against Al is much better 

han for the NaTFSI salt. Within this study, NaClO 4 was selected 

espite its pronounced tendency to oxidation, in particular to ex- 

lude side reactions not causally related to the Na contact during 

he preparation of the electrolytes due to decomposition with wa- 

er traces, HF, POF 3 , and others [49] . Table 1 summarizes the prop- 

rties of pure solvents as well as the solubility of sodium perchlo- 

ate in these solvents. With exception of EC and SL, all solvents are 

n liquid state at 25 °C ( p = 1 atm), and exhibit boiling points be- 

ween 90 and 285 °C ( p = 1 atm), which make them suitable as 

attery solvents. All electrolyte formulations with PC remain liquid 

own to 0 °C. PC, EC, 12BC, G4 as well as SL exhibit high flash 

oint values of > 100 °C, which further improve the electrolyte 

afety in terms of flammability and fire risk. Table 2 summarizes 

he properties of the binary mixtures. 

It is seen that all mixtures remain liquid and completely soluble 

own to 0 °C. The composition of the 1:1 mol/mol binary mixtures 

s provided also in wt./wt. ratios. Molar ratios were used to ensure 

he comparability of the number of molecules from each species in 

ach mixture. The solubility of NaClO 4 in linear carbonates (DMC, 

EC, EMC and DPrC) is relatively low, but 1:1 molar mixtures with 

C ensure a solubility up to 1 M NaClO 4 up to C 2 chain length of 

he linear carbonate. In case of DPrC (C 3 chain length) a 3:1 molar 

atio (PC:DPrC) is necessary to ensure full dissolution of the salt. It 

an be seen that due to the large molecular masses of the larger 

lyme derivatives, the wt. content of PC increases, (e.g. in PC + G4 

ixture). Other wt. ratios are almost balanced. 

.2. Density, conductivity and viscosity values of the electrolytes 

Temperature dependent conductivity and viscosity data of the 

ixtures were measured and calculated using the AEM model. The 

alues for all systems are depicted in Fig. 1 as an overview at 

5 °C. Detailed values of all measurements and calculated data are 

rovided in the Data in Brief article (Tables DB-1 to DB-5). It is 

bserved that the results based on the AEM model exhibit good 

greement to the experimental values for many of the electrolytes 

n spite of a complex electrolyte system. Two solvents (DPrC, 12BC) 

re not listed in the software database, thus these mixtures could 

ot be calculated accordingly. The data reveal that the calculation 

f these properties is a meaningful possibility to provide a first es- 

imation of the quantity of these values in case of unknown elec- 

rolyte formulations and to predict the temperature dependency of 

hese physicochemical characteristics. 

The density values of the electrolytes describe the electrolyte 

ass per volume and thereby directly influence the mass-related 

nergy density. However, density values are of course only one fac- 

or among several, with the chemical and electrochemical suitabil- 

ty of an electrolyte obviously taking priority. High density values 

re found for cyclic carbonates and PC + SL mixture, namely PC + EC 

 PC + SL > PC > PC + 12BC. In contrast, glyme containing mixtures 

xhibit smaller density values which favor the realization of higher 

nergy densities. Excellent matching is received for the density val- 

es with deviation less than 2% between experimental and calcu- 

ated data, enabling the corresponding density values to be pre- 

icted well with the AEM software. Known data in the literature 

e.g. PC + EC + 1M NaClO 4 ) show a precise matching of the density 

alues, e.g. 1.3297 g •cm 

−3 (this work) vs. 1.33 g •cm 

−3 in Ref. [40] . 
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Table 1 

Solubility data of NaClO 4 in pure solvents. The flash point ( fp .), melting point ( T mp ), the boiling point ( T bp ) 

of pure solvent and the dielectric constant ( εr ) is provided. NA = not available. 

solubility M fp . T mp T bp εr (T / °C) at 1 kHz 

g NaClO 4 / 1 kg solvent g �mol −1 ° C ° C °C 

PC 228 102.09 132 -55 240–243 66.4 (20) 

DMC 45 90.08 18 2–4 90 3,8 (20) 

DEC < 35 118.13 25 -43 126–128 2,8 (20) 

EMC < 35 104.10 23 -14.5 107 3.0 (20) 

DPrC < 35 146.18 55 -41 167–168 NA 

EC > 200 (60 °C) 88.06 143 35–37 238–244 95.3 (25) 

12BC 131–136 116.12 135 -45 281 57.5 (20) 

G1 500 90.12 5 -69 84–86 7.1 (25) 

G2 502 134.18 57 -64 162 7.4 (25) 

G4 262 222.28 136 -30 275–276 7.8 (25) 

SL 106 (60 °C) 120.17 165 27–28 285 NA 

NaClO 4 — 122.44 468 482 a —

a decomposition. 

Table 2 

Experimental values of solubility, density ( d ), melting point ( T mp ), conductivity ( κ) and viscosity data ( η) of the PC + X elec- 

trolytes at T = 25 °C. 

solvent mix salt d (25 °C) liquid/soluble T mp (DSC) wt./wt. κ (25 °C) η (25 °C) 

1:1 (mol) g �cm 

−3 25 °C 0 °C - 30 °C °C solvent mS •cm 

−1 mPa •s 

PC 1 M NaClO 4 1.2616 + + + -54 100 5.8 7.3 

PC + DMC 1 M NaClO 4 1.2105 + + + -23 53.1/46.9 7.4 4.1 

PC + DEC 1 M NaClO 4 1.1439 + + + -48 46.4/53.6 4.3 4.1 

PC + EMC 1 M NaClO 4 1.1741 + + + -50 49.5/50.5 5.6 3.9 

PC + DPrC a 1 M NaClO 4 1.1726 + + + -52 67.7/32.3 3.6 6.4 

PC + EC 1 M NaClO 4 1.3243 + + + -4 53.7/46.3 7.1 6.8 

PC + 12BC 1 M NaClO 4 1.2353 + + + -48 46.8/53.2 4.2 8.3 

PC + G1 1 M NaClO 4 1.1082 + + + -46 53.1/46.9 10.0 3.4 

PC + G2 1 M NaClO 4 1.1241 + + + -52 43.2/56.8 7.9 4.3 

PC + G4 1 M NaClO 4 1.1363 + + + -45 31.5/68.5 3.2 10.9 

PC + SL 1 M NaClO 4 1.2984 + + – 18 45.9/54.1 3.2 14.7 

a PC/DPrC = 3:1 (mol/mol). 

Fig. 1. Density ( d ), conductivity ( κ) and viscosity ( η) values of the electrolyte mixtures at T = 25 °C. Experimental values (exp) are compared to calculated values (ANL) with 

AEM approach. 

The conductivity data of the electrolytes vary between 3 and 

10 mS •cm 

−1 and the viscosity data are in a range between 3 and 

1

e

n
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t

t

molecular structure of the pure compounds, e.g. the graded chain 

length from G1 to G4, which result in an increase of viscosity data 

a
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D
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s

5 mPa •s at T = 25 °C. These values are common for battery 

lectrolytes and ensure a suitable transport of Na + ions, which is 

ecessary for battery use. PC + G1 electrolyte exhibits the highest 

onductivity values and, accordingly, the lowest viscosity value at 

5 °C from all mixture, whereas PC + G4 and PC + SL based elec- 

rolytes exhibit the worst characteristics ( κ , η) in terms of bat- 

ery electrolyte use. The characteristics correlate well with the 
nd correspondingly a decrease of conductivity data. Such trends 

re also found from short to longer linear carbonates (DMC to 

PrC) accordingly. Interestingly, the conductivity is higher for 1 

 NaClO 4 electrolytes with the solvent mixture PC + EC than for 

C + DEC, PC + EMC and PC + DPrC, reaching almost PC + DMC val- 

es. This is remarkable due to the high boiling points of both 

olvents PC and EC. Ponrouch et al. provides comparable values 



Fig. 2. Temperature-dependent density (2a), conductivity (2b) and viscosity (2c) data of 1 M NaClO 4 in PC. 

Fig. 3. Temperature dependency of conductivity (3a) and viscosity (3b) values from all electrolyte mixtures (PC + X + NaClO 4 ). 

for conductivity and viscosity data, namely κ = 6.4 mS •cm 

−1 and 

η = 6.8 mPa •s (PC + 1 M NaClO 4 , 20 °C) [3] . Similarly, Benchaker at 
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der of magnitude, namely between 0.5 and 0.7, based on the ex- 

perimental values at 25 °C and 50 °C. 
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l. provided comparable results on the system EC + PC + 1 M NaClO 4 , 

amely κ = 7.57 mS •cm 

−1 and η = 6.27 mPa •s at 20 °C [40] . 

he temperature-dependent plot for electrolyte PC + NaClO 4 is ex- 

mplarily shown in Fig. 2 and the temperature dependent data of 

ll other electrolytes including the AEM calculated values is shown 

n the Data in Brief article (Figs. DB-1 to DB-10) for a detailed 

iew. The temperature-dependent viscosity and conductivity data 

xhibits the well-known behavior in terms of increase of the con- 

uctivity and strong decrease of the viscosity (both with increas- 

ng temperature). It is remarkable that the calculated AEM results 

how a significant flattening of the increase in conductivity be- 

ween 75 and 100 °C, but, in general, the calculated data match the 

xperimental data within the full temperature range magnificently. 

rrhenius plots of all experimental conductivity and viscosity data 

experimental values) as an overview are shown in Fig. 3 within 

 temperature range between 10 and 70 °C. Almost linear plots 

re received for the viscosity data within the temperature range 

nd for most of the conductivity data. If the conductivity values 

re compared directly at 50 °C and 25 °C, it is found that they 

iffer by a factor of 1.4–1.8 (factor of conductivity enhancement), 

hereas electrolyte PC + G4 is most pronounced (factor 1.83). The 

ecrease in the viscosity values is for all mixtures in the same or- 
Salt diffusion coefficients were calculated within the AEM 

pproach and listed at T = 25 °C in Table DB-2a (Data 

n Brief). High diffusion constants are obtained for PC + G1 

 D = 2.8 •10 −10 m 

2 s −1 ), PC + EMC ( D = 1.7 •10 −10 m 

2 s −1 ) and 

C + DMC ( D = 1.6 •10 −10 m 

2 s −1 ), whereas mixtures from PC + G4 

 D = 0.54 •10 −10 m 

2 s −1 ), PC + SL ( D = 0.58 •10 −10 m 

2 s −1 ) and pure 

C ( D = 0.87 •10 −10 m 

2 s −1 ) electrolyte exhibit significant smaller 

alt diffusion coefficients. This finding is in accordance with flow 

ctivation characteristics of the electrolytes. The experimental flow 

ctivation energy can be calculated according to the well-known 

rrhenius Eq. (2) with the ideal gas constant R and the tempera- 

ure T in Kelvin. 

n η = 

1 

T 
· �E A 

R 

+ ln η0 (2) 

Often, the linear behavior is only given in a limited tempera- 

ure range, thus the flow activation energy is dependent on this 

emperature. It is observed that the diffusion coefficients correlate 

ell with the flow activation energies in such a way that high ac- 

ivation energies lead to low diffusion coefficients. This is also con- 

istent with the intermolecular view in solution that ions exposed 

o a higher mobility barrier have poorer diffusion coefficients. All 



Table 3 

Selected samples of time-dependent aging of sodium/electrolyte mixtures. All data are shown in the Data in Brief (Table DB-6). 

Arrhenius flow activation energy data �E A cover a range between 

10.6 and 23.1 kJ •mol −1 . Trends are seen within related groups of 

electrolytes, e.g. PC + DPrC > PC + DEC > PC + DMC > PC + EMC and 
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chain length (highest content of decomposition in case of PC/DMC 

and PC/G1: DMC > EMC > DEC > DPrC and G1 > G2 > G4). Most of the 

colored products in both formulations (PC + carbonates, PC + glymes) 
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C + G4 > PC + G2 > PC + G1 ( �E A values is descending order). The 

raduation between EMC and DMC, which seems surprising at first 

iew, can be explained by the fact that the inter-molecular inter- 

ction leads to a disorder in the case of an asymmetric molecular 

tructure (EMC), which favors the flow properties compared to a 

ymmetric molecular structure (DMC). Electrolytes, which are com- 

osed of cyclic carbonates, exhibit E A values in a narrow range of 

izes, namely 19–21.5 kJ •mol −1 . 

.3. Visible formation of impurities between electrolyte and sodium 

etal 

It was investigated how the mixtures behave, when they come 

n contact with sodium metal and when NaClO 4 salt was added or 

ot. Selected results after 20 d of storage (each substance class) are 

hown in Table 3 and all data are presented in the Data in Brief ar- 

icle (Table DB-6). It is clearly apparent that even after short time 

f storage at room temperature, the mixtures begin to form vis- 

ble products, especially in case of sodium perchlorate presence. 

ure PC shows almost no reaction after 20 d with the presence 

f NaClO 4 (slightly yellowish color), whereas Pan et al. described 

 significant aging already after 7 days, which might be an ef- 

ect of the solvent purity (99.7% anhydrous vs. 99%) and different 

alt concentrations (1.0M vs. 0.8M) [32] . It is noticeable that the 

ixtures of “PC + linear carbonate” show extensive decomposition, 

hen NaClO 4 is present, which is also in good accordance to the 

esults from Pan et al. [32] , but almost no visible decomposition is 

een without the salt. In contrast, the “PC + glyme” mixtures indi- 

ate strong formation of decomposition products without salt, but 

uch less visible decomposition is found with NaClO 4 salt. These 

ndings are congruent within the class of linear carbonates (DMC, 

EC, EMC, DPrC) as well as glymes (G1, G2, G4), but a decreas- 

ng order of visible decomposition is observed from short to longer 
re solid ones (salts, oligomers, polymers), as filtration (syringe 

lter, 0.2 μm) resulted in pale yellowish colored solutions in all 

ases. It should be mentioned that decomposition products may 

e present even if no color change is observed. On the other hand, 

owever, colored samples clearly indicate the instability between 

a surface and electrolyte. It is assumed that NaClO 4 can promote 

r inhibit reaction pathways through complexation of ions, form- 

ng different Na surfaces (e.g. including Na-Cl) and interaction with 

olvents and intermediates, dependent on the solvent composition, 

hich influences the decomposition and electrolyte reactivity sig- 

ificantly. The high stability of PC and PC + EC electrolytes is in ac- 

ordance to electrochemical data from Ponrouch et al. revealing a 

igh stability for short periods of time [3] . 

The color of the sodium surface shifts to an orange color when 

lymes are present (with and without salt), thus a reaction on the 

urface takes place additionally leading to a surface film on sodium 

etal. Pure PC as well as PC + EC mixtures exhibit almost no visible 

ormation of products, whereas PC + 12BC and PC + SL show a yel- 

ow color when sodium perchlorate is available. In repeated exper- 

ments it is found that the reaction rate regarding decomposition 

ay vary but it was observed for all samples. This might be due to 

he highly reactive sodium surface which is difficult to control even 

nder protective atmosphere. The reactivity of sodium towards or- 

anic mixtures is similar to that described by Pfeiffer et al. and Pan 

t al. for selected EC/DMC and PC based electrolytes and demon- 

trates the difficulty to use Na as electrode material, e.g. counter 

s well as reference electrode, or to study stripping/plating experi- 

ents [ 32 , 41 ]. 

.4. Gas chromatography analysis of the electrolytes 

Gas chromatography measurements of pure compounds, pure 

ixtures, salt-free mixtures as well as electrolytes including 



             

Table 4 

Results of pure solvents with gas chromatography including EI fragmentation. Measurement of pure compounds. 

solvent retention time (FID) retention time (MS) RI a RI b NIST mass fragmentation 

[min, Peak maximum] [min, onset] m/z in descending intensity order 

Propylene carbonate PC 6.66 6.67 985 931 57 43 87 44 58 

Dimethyl carbonate DMC 2.91 2.99 615 620 45 59 90 62 60 

Diethyl carbonate DEC 4.56 4.64 781 767 45 91 63 43 59 

Ethyl methyl carbonate EMC 3.70 3.78 697 (662) 45 77 59 44 43 

Dipropyl carbonate DPrC 6.49 6.57 975 (960) 43 63 59 41 104 

Ethylene carbonate EC 6.56 6.43 960 (814) 88 43 44 58 42 

1,2-Butylene carbonate 12BC 7.58 7.56 1085 – 43 87 42 44 86 

1,2-Dimethoxyethane G1 3.22 3.30 647 645 45 60 90 58 43 

Bis(2-methoxyethyl) ether G2 6.20 6.27 943 951 59 58 45 89 43 

Tetraethylene glycol dimethyl ether G4 10.54 10.62 1497 (1395) 59 58 103 45 87 

Sulfolane SL 8.71 8.69 1225 — 41 56 55 120 39 

a RI values are provided based on n-alkanes according to the method described in the manuscript, namely Eq. (1) . 
b NIST based RI values for capillary columns (experimental) are provided for comparison. Values in brackets are estimated non-polar retention index values. 

NaClO 4 were investigated to gain a more detailed insight about 

the formation of soluble, non-polymeric decomposition products 

in presence of sodium metal. In contrast, the composition of the 
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urface of Na metal was not taken into account for this work. 

able 4 summarizes the parameters of the pure solvents, namely 

etention time, retention index and EI fragmentation, whereas Ta- 

les DB-7 and DB-8 (Data in Brief) list selected impurities as well 

s decomposition products. The linear retention indices I L (S) (non- 

sothermal Kovats retention indices) were calculated according to 

he well-known Eq. (3) of Van den Dool and Kratz, where t n and 

 N are retention times of the reference n -alkanes (ideal: eluting di- 

ectly before and after the compound), i is the difference in length 

f both n-alkanes (ideal: i = N - n = 1), and t c is the retention 

ime of the proposed compound [ 69 , 70 ]. 

 L ( S ) = 100 n + 100 i 

(
t C − t n 

t N − t n 

)
(3) 

Unfortunately, such values are listed very rarely in literature in 

he field of battery research although they allow a direct com- 

arison of the detected species among different instrument se- 

ups. Thus, these data are valuable rather than mentioning re- 

ention times or displaying chromatograms only. All linear reten- 

ion indices I L (S) listed in the manuscript are determined based 

n capillary column: Optima 5MS, length of 30 m, inner diameter 

f 0.25 mm, film thickness of 0.50 μm, T ramp (see experimental 

onditions), column split and MS onset detection of all peaks (also 

ll n-alkanes). The onset time was used due to the fact, that the 

eak maximum sometimes varies in dependence of the concentra- 

ion in the sample, especially at high concentrations if the peak 

orm is not ideal (fronting and/or tailing due to worse substance- 

o-column interaction or high concentration). Exemplarily, tailing 

as observed for relative polar compounds, such as alcohols and 

ronting was observed in case of the solvent signals. In this case, a 

ompromise had to be found between column loading limits of the 

lectrolyte solvents and the most sensitive detection of impurities. 

ll n-alkanes are listed in Table DB-7 (Data in Brief). In Fig. 4 , ex- 

mplarily, the chromatograms are shown for mixtures containing 

C and EC. Chromatograms of all other mixtures as well as pure 

C solvent are shown in the Data in Brief article (Figs. DB-12 to 

B-21). It is found that solvents which are not available in battery 

rade, contain impurities, which may be relevant to the cell and/or 

odium reactivity, e.g. alcohols (found in 12BC and G4). Ether im- 

urities are detected in DPrC, G1, G2 and G4. In glyme-based sol- 

ents, butylated hydroxytoluene is contained as stabilizer. It should 

e noted that relatively large amounts of DMC and DEC are found 

n EMC, which is dependent on the EMC supplier and/or drying of 

he substance (e.g. molecular sieve). 

In Fig. 4 , the formation of soluble and non-polymeric de- 

omposition products is observed for the salt mixture (PC + EC + 1 
iglyme (FID peak max: 6.18 min; RI = 945). These compounds are 

onfirmed by the retention time of pure substance, RI comparison 

ith NIST database as well as their EI fragmentation. In contrast, 

o decomposition products are observed in the NaClO 4 free PC + EC 

lectrolyte over Na. This indicates a strong influence of NaClO 4 ei- 

her on the Na surface by forming a different interface layer or the 

omplexation of carbonate molecules in solution. 

Selected reaction products are determined based on the frag- 

entation, NIST comparison and/or retention (retention index) of 

he determined compound (Table DB-8, Data in Brief), however, 

 detailed analysis of all decomposition products of all mixtures 

as not possible. In Fig. 5 , an overview about all mixtures is pro- 

ided by showing the total sum of all decomposition products 

ound in the Na/electrolyte mixture with FID detector related to 

he total solvent amount (peak area of PC + X). Due to the fact that 

he area cannot directly used for a quantification, this is an at- 

empt to depict the variety of different products formed by sim- 

ly storage the Na/electrolyte sample and to provide a rough es- 

imation about the amounts of composition. PC + EMC electrolyte 

ontains a large extent of DMC as well as DEC (Data in Brief, Fig. 

B-22) which formed during storage, but which was neglected in 

ig. 5 for an overall comparison. It can be seen that in case of salt 

amples the formation of new compounds increases significantly 

or PC + carbonate as well as PC + SL mixtures, whereas PC + glyme 

lectrolytes exhibit a reduced reactivity. This is in good accor- 

ance with the visible decomposition ( Section 3.3 ). It can be ob- 

erved that PC + NaClO 4 electrolyte in contact with Na metal forms 

 variety of decomposition products, namely propylene oxide (FID 

eak max: 2.11 min; RI = 485), 1,2-propanediol (FID peak max: 

.04 min; RI = 734) and diisopropyl carbonate (FID peak max: 

.43 min; RI = 868). These products were found in almost all mix- 

ures due to their PC content. 

It is observed that for each electrolyte mixture mainly a few 

ompounds contribute to a large extent to the decomposition 

roducts. In case of “PC + linear carbonate” mixtures these com- 

ounds, which correspond to larger area bars in Fig. 5 , were in- 

estigated in a more detailed view. It is observed that solvent mix- 

ures based on linear and cyclic carbonates in contact with sodium 

etal (with and without NaClO 4 ) exhibit the formation of com- 

ounds which show similarities in retention times as well as mass 

ragmentation compared to the well-known dicarboxylates formed 

y ethylene carbonate and linear dialkyl carbonates [ 2 , 71–76 ]. The 

hromatograms as well as EI fragmentation of these compounds 

proposed structures: A - D) are shown in Fig. 6 in more detail and 

he proposed structures are depicted in Fig. 7 . Characteristic mass 

ragmentations are m/z = 44, 45, 58, 59, 73 and 103, 104. These 



Fig. 4. Gas chromatogram of MTBE, PC, EC, PC + EC + Na without NaClO 4 and PC + EC + Na with NaClO 4 (detector: FID). 

Fig. 5. Gas chromatography results of electrolytes with and without NaClO 4 salt including sodium metal after 4 months of storage. Same colors of the bars do not represent 

the same substances, each set of defragmentation products is individual for each mixture. All data are corrected regarding pure solvent impurities and impurities arising 

from the GC diluent MTBE. Decomposition of EMC to DMC and DEC is also neglected (see text). 

fragments can be caused by characteristic fragments like, [CO 2 ] 
•+ 

( m/z = 44), [H 3 C-CH 2 -O] •+ ( m/z = 45), [CH 2 -O-(CO)] •+ ( m/z = 58), 
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890/10 0 0 (compound C) and 862/10 0 0 (compound D) (EI fragmen- 

tation match), respectively as well as good accordance of the RI (C: 
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H 3 C-CH 2 -CH 2 -O] •+ ( m/z = 59), [H 3 C-O-(CO)] •+ ( m/z = 59), [H 3 C- 

H 2 -O-(CO)] •+ ( m/z = 73) [H 3 C-CH 2 -CH 2 -O-(CO)-O] •+ ( m/z = 103) 

nd [H 3 C-O-(CO)-O-CH-CH 3 ] 
•+ ( m/z = 103), [H 3 C-CH 2 -O-(CO)-O- 

H 2 ] 
•+ ( m/z = 103), [H 3 C-CH 2 -O-(CO)-O-CH 3 ] 

•+ ( m/z = 104). Ac- 

ording to the general trend within a compound class interact- 

ng with the Optima 5MS capillary column, the dicarboxylates ex- 

ibit increasing retention times with larger alkyl chain length: 

0.65 min (D) > 9.42 min (C) > 8.92 min (B) > 8.37 min (A). 

ompound C and compound D exhibit a good NIST match of 
ound: 1340, NIST: 1348; compound D: found: 1517, NIST: 1537). 

nfortunately, compounds A and B are not listed neither in the 

IST nor in the Wiley database. A distinction between B1 and B2 

as not possible within this study. Since the formation of the cou- 

ling products occurs independently of NaClO 4 , it can be assumed 

hat the interaction of the solvent molecules with the metal sur- 

ace is most crucial. Other than described by Simone et al. for 

C + DMC mixture containing NaPF 6 , the kinetic of the decompo- 

ition of PC + DMC + 1M NaClO 4 in the presence of sodium is sig- 



             

Fig.6. (6a) Chromatograms of mixtures of sodium and PC + linear carbonates (PC + DMC, PC + EMC, PC + DEC, PC + DPrC; without salt) detected by FID detector as well as (6b) 

the mass EI fragmentation from these peaks (detected from the mass spectrometer within the same analysis run). 

Fig. 7. Proposed structures based on NIST validation (match C : 890/10 0 0; match D : 862/10 0 0), reasonable retention times compared to dialkyl ethane-1,2-diyl dicarbonates 

and EI fragmentation. Compounds A and B are neither in NIST nor in Wiley database available. 

nificantly lower, as can be seen from the relative intensities (Fig. 

DB-12) and which is supported from quantitative measurements 
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( ?2 , m/z = 117, 59, 73), PC + EMC ( ?4 , m/z = 117, 59, 131), PC + DEC 

( ?3 , m/z = 103, 131, 59) and PC + DPrC ( ?5 , m/z = 103, 44, 59). 
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not shown) [43] . This indicates a reduced kinetic behavior in 

ase of propylene carbonate compared to ethylene carbonate and 

ight be due to the additional methyl group contributing to strong 

teric shielding. The formation of the di-carbonate coupling prod- 

cts is often described by a radical mechanism including alkoxide 

erivatives (methoxide, ethoxide) [ 49 , 43 ]. In this context it should 

e noted that ethanol was detected in the “PC + DEC + NaClO 4 + Na”

ample in small traces, but not in the “PC + DEC + Na” sam- 

le without NaClO 4 , where also coupling product was also 

ound. 

It can be observed that a similar peak pattern as described for 

ompounds A-D occurs between 10.4 min and 13.5 min in case of 

MC, DEC, EMC as well as DPrC-containing mixtures. These peaks 

re mentioned as ?2, ?3, ?4 and ?5 in Table DB-8 (Data in Brief). 

trong signals from mass fragmentation are observed at PC + DMC 
ased on the fragmentation pattern described above, these frag- 

ents can be attributed to typical fragments which originate from 

arbonate containing compounds by EI fragmentation. However, a 

tructure clarification (e.g. with two isopropyl groups as described 

y Takeda et al. [71] for EC/DEC electrolytes) was not possible 

ithin this study (GC-MS/EI analysis), but such coupling products 

eem to be very likely. 

It was observed that the gas peak at the beginning of the chro- 

atogram increases significantly for almost all electrolytes with 

aClO 4 salt (Fig. DB-23, Data in Brief) after long-term storage (4 

onth). Based on a strong m/z = 44 signal this was attributed to 

O 2 formation. However, such a behavior is not observed, when 

he mixture is stored shorter times ( < 1 month). With the GC 

etup and the 5MS column it is not possible to separated CO 2 from 

he other gases (O 2 , Ar, N 2 ), but the mass signal ( m/z = 44) as well 



Fig. 8. 8a. Comparison of two electrolytes (PC, PC + NaClO 4 ) during storage over sodium metal. The cell pressure as well as the cell temperature is shown in dependence of 

the storage time. 8b. GCMS analysis of the gas phase from PC + 1 M NaClO 4 + Na metal and PC + Na metal. Assignment of compound, when possible (based on validation): 

A = gas peak (O 2 /Ar/N 2 /CO 2 ), B = propylene oxide (NIST, confirmed with pure compound), C = propylene carbonate (NIST, confirmed with pure compound), D = traces 

of MTBE, E = isopropyl acetate (NIST), F = Isopropyl methyl carbonate (NIST), G = isopropyl isobutyrate (NIST), H = diisopropyl carbonate (NIST, confirmed with pure 

compound), I = unknown (m/z = 41, 43, 57, 58, 102). 

Fig. 9. Reaction pathway of the formation of CO and propylene oxide in the presence of NaClO 4 at room temperatures. A significant formation of O 2 was not found thus we 

balanced the equation by using < O > . 

as its intensity compared to blank samples supports the interpre- 

tation as CO 2 formation. 
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To verify the gas evolution, a PAT-press-cell (EL-Cell) includ- 

ng a gas reservoir was used and a small vial with 0.6 ml elec- 

rolyte (“pure PC” or “PC + 1 M NaClO 4 ”) including sodium (several 

a pieces were placed in the electrolyte) was set and observed re- 

arding pressure and gas-formation qualitatively. Within 20 days, 

 pronounced increase of the internal pressure (approx. 100 mbar) 

as observed ( Fig. 8 a) for the “PC + NaClO 4 “-electrolyte whereas 

pure PC” shows no sign of gas evolution. The gas of both samples 

as taken after 20 days and injected into a GC device ( Figs. 8 b, DB- 

4, Data in Brief). In the gas of the sample “PC + NaClO 4 + Na”, fol- 

owing compounds were detected (with rough information about 

he signal intensity in the gas sample): H 2 (little), CO (strong), 

ropylene oxide (strong), isopropyl acetate (little), isopropyl isobu- 

yrate (little), di-( iso -propyl) carbonate (medium), propylene car- 

onate (medium) (two GC devices were used for the detection, 

ne for gas determination with MS/WLD and one with MS/FID de- 

ection). In the sample “PC + Na” only following compounds could 

e detected: H 2 (little), propylene oxide (little), propylene carbon- 

te (medium). In these samples, surprisingly no CO 2 was found 

detection limit ∼ 50 ppm). Since significant amounts of propy- 

ene oxide (retention time FID peak max: 2.12 min, RI = 489) 

re found in the GC measurements for almost all samples includ- 

ng NaClO 4 salt, this indicates that PC decomposes in the pres- 

nce of NaClO 4 and Na ( Fig. 9 ). In salt-free mixtures, such prod- 

cts were not detected or rather in small traces. While in the 

tudy of Pan et al. di-( iso -propyl) carbonate was also found [32] , 

he formation of the described ether compound (OBHE, called 

1,1-oxydi-bis(2-hydroxypropyl)ether” but the given structure in- 

icates “1,1 ′ -oxybis(propan-2-ol)” [32] ) could not be confirmed in 

his study. However, the assigned compound isopropyl isobutyrate 
tudy of the gaseous products for all mixtures is indeed beyond the 

cope of the manuscript. Thus, it seems that CO 2 is formed only in 

he later stage of very long storage, and initially the formation of 

O dominates. 

It is known that additives (e.g. FEC, LiBOB at room tempera- 

ure) can stabilize the surface of Na (forming a sufficient protec- 

ion layer) in order to avoid the decomposition of the electrolyte. 

hortly, these effects were observed clearly for the mixtures above. 

or this purpose, 3% FEC was added to individual NaClO 4 contain- 

ng electrolytes (PC + DMC, PC + DEC, PC + G1) and storage was re- 

eated over Na. Accordingly to literature results it was found that 

he mixtures containing FEC remained clear and showed no cloud- 

ng or discoloration over a period of 8 weeks at room temperature 

 32 , 39 , 41 ]. A concentration series (PC + DMC + NaClO 4 + FEC with FEC 

ontent between 0.1 and 3 wt.-%, stored over sodium metal) re- 

eals that this electrolyte protection can be observed over a pe- 

iod of 15 days starting from low FEC concentrations ( ≥ 0.25 wt.- 

; 0.1 wt.-% FEC was not able to protect the Na/electrolyte com- 

letely). This finding indicates a FEC-stabilized surface that blocks 

he corresponding decomposition of the solvents. Correspondingly, 

o coupling products were found via GC-MS, when FEC is present 

n at least 0.25 wt.-% content. 

New di-carbonate derivatives could be identified in the study 

nd a basis for comparison with other groups is provided by men- 

ioning retention index numbers. It was possible to consider the 

ole of NaClO 4 in the formation of decomposition products. The GC 

nalyses demonstrate that the use of Na as electrode material led 

o various gaseous and soluble side products which can affect the 

ell and the performance of any kind of half cells or other elec- 

rochemical set-ups. This aggravates the use of Na as counter elec- 



Fig. 10. ( Fig. 10 a) Cu-Na half cells. Current density at U = 0 V vs. Na/Na + as well as ( Fig. 10 b) the fitted circuit element R (SEI) from EIS spectra measured at U = 0 V vs. 

Na/Na + after every CV step ending from 2 V → 0 V at 2 mVs −1 (#1 = 3 V → 0 V; #2 = #1 → 2 V → 0 V; #3 = #2 → 2 V → 0 V). 

trode and reference electrode significantly, especially when no ad- 

ditives are employed. The lowest formation of by-products was ob- 

served in PC and PC + EC electrolytes without NaClO , while PC + G4 
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Fig. 11. Impedance model for data fitting procedure to obtain the R SEI resistance 

values. 

impedance measurement was fitted and the SEI resistance ( R SEI ) 

was determined. This reflects the resistance at the interfaces. It 

can be seen that in case of the glyme compounds very high re- 
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nd PC + SL in the presence of NaClO 4 were the mixtures where the 

inimum amounts of by-products were formed. 

.5. Electrochemical studies 

All electrolyte mixtures were investigated in electrochemical 

xperiments of the Na|Cu-cells. The cells were cathodically polar- 

zed between 2 V and 0 V vs. Na/Na + (same as below) for 3 cycles 

marked as #1, #2 and #3 in Fig. 10 a), followed by repeated cy- 

ling to more negative potential (-0.5 V) (marked as #4 and #5 

n Fig. 10 b). In this investigation, the intercalated anode materi- 

ls were avoided to be used as the working electrode, to exclude 

he influence of charge carrier storage but to take a glance at the 

omparison of the interface layers formed through the reduction 

ecomposition of various electrolyte components. 

First, the influence of applying a voltage to Cu-Na half cells (2 V 

o 0 V to 2 V) was measured ( Fig. 10 a). The current response dur- 

ng the potential scan from 2 V to 0 V indicates the decompo- 

ition of the different liquid electrolytes, related to the interface 

ayer formed at the copper side. It can be observed that the cur- 

ent density from 2 V to 0 V is consistently in a low range (mainly 

 0.1 mA •cm 

−2 range), but obviously dependent on the electrolyte 

omponent used. Especially, the current density at 0 V was also 

orrelated to the reduction current caused by the interface layer 

ormation reaction; the latter was usually considered to be a crit- 

cal factor at the very first cell-cycling, influencing the SEI-layer 

ormation and columbic efficiency. Moreover, within three cycles 

tudied, the current density becomes even smaller, which is also an 

ndication that no progressive reaction is taking place. That could 

e attributed to the isolated properties of the pre-formed interface 

ayer, reducing the current densities at 0 V (#2 and #3) by shield- 

ng the electronic transfer at the Cu-electrode. This is indicative for 

n evaluation of the SEI forming ability at cell anode, to impede 

he electrolyte continuous decomposition during the cell cycling. 

In parallel, the impedance at 0 V vs. Na/Na + was recorded, in 

ach case after a short relaxation as soon as the voltage of 0 V was 

eached ( Fig. 10 b). Using the equivalent circuit model in Fig. 11 , the 
istances in the k � range are found, whereas in the case of the 

arbonate samples, resistances in the lower hundred- � range are 

btained ( Fig. 10 b). This agrees well with the change in Na color 

n Section 3.3 ( Tables 3 and DB-6, Data in Brief), which suggests 

 pronounced reaction on the Na surface in case of glyme compo- 

ents. Accordingly, it is suggested that the developing orange color 

n the Na metal surface in the case of the PC + glyme electrolytes is 

ndication of a layer formation leading to a significant increase in 

esistance. Additionally, it is found that the SEI resistance in case 

f the glyme electrolytes increases over the cycle number continu- 

usly. This effect is less pronounced for the carbonate mixtures. 

his might specify a non-stable surface and an ongoing surface 

eaction as observed for the dark reddish-colored visual sample 

 Table 3 ). In other words, PC + glyme electrolytes strengthen the 

nterface layer in terms of shielding ability of the SEI layer. Gly- 

es might therefore be used to gradually adjust the SEI resistance 

hen used in lower amounts (few%) even by a continuous surface 

eaction. PC + SL exhibits a decreasing number of R SEI indicating a 

ore stable surface layer. 

Sodium deposition is not observed if the potential is decreased 

o 0 V vs. Na/Na + . Therefore, plating-stripping experiments were 

erformed by lowering the potential to -0.5 V vs. Na/Na + in Na- 

u cells. The results are shown in Fig. 12 . It can be seen that 

trong plating and stripping effects of Na are observed for PC + EC 

nd PC + DMC electrolyte, whereas almost no plating-stripping is 

een for glyme-containing electrolytes. In this case the overpoten- 

ial caused by the surface coating onto Na may be too large to see 



             

Fig. 12. Cu-Na half cells of 1 M NaClO 4 electrolytes with the composition mentioned were cycled between -0.5 V and 2.75 V vs. Na/Na + . 

Fig. 13. Images of Cu electrode and separators after dissembling the Cu/Na cells from plating-stripping experiments, exemplarily shown for “PC + 1 M NaClO 4 ” and “PC + G2 + 1 

M NaClO 4 ”. 

these effects (overpotential hampers Na to plate onto Cu). In all 

cases, the integral value of the Na plating step is much larger than 
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GC measurements. For this reason, additives are commonly used to 

stabilize this interface, such as FEC. However, the addition of addi- 
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hat from the stripping step. This is caused by overpotential effects 

nd irreversible reactions onto fresh Na surface. Less pronounced 

eposition of Na on Cu in the case of glyme-based electrolytes was 

lso observed when the cells were opened. Much less Na on Cu 

as found than in the case of carbonate-based electrolytes. 

Satisfactory agreement of the results are observed from the 

u electrodes and separators after disassembling of the coin cells. 

hen high current densities occurred within the plating-stripping 

est, a clear appearance of Na layers and/or black precipitate was 

bserved. Two samples are shown exemplarily, namely “PC + 1 M 

aClO 4 ” and “PC + G2 + 1 M NaClO 4 ” ( Fig. 13 ). While the deposition 

f Na on Cu and in the separator can be clearly observed in PC and 

he other samples showing plating-stripping behavior, the Cu elec- 

rodes and separators in the glyme-based electrolytes are almost 

lank. This corresponds to the finding that plating simply does not 

et occur in the glyme-based electrolytes, presumably due to the 

vervoltage caused by the inert layers that form. 

Half-cell tests in Na - hard carbon configuration are often done 

o examine the performance and aging of electrolytes. As described 

bove, the electrolyte will affect the cycling seriously in terms of 

orming decomposition products as it has been seen visually and in 
ives also changes the electrolyte properties, as mentioned, and ac- 

ordingly the electrolyte can no longer be compared directly with 

he electrolyte investigated above. For this reason, we decided to 

nvestigate the performance of the electrolytes directly in full cells, 

amely in the configuration hard carbon versus sodium manganese 

xide (NMO), to exclude metal-electrolyte reactions. In Fig. 14 , re- 

ults of the cycling are shown, specifically Fig. 14 a for 125 cycles 

or longer-term stability and Fig. 14 b for performance test. 

In this context, electrolyte stability is tested up to 125 cycles for 

 qualitative statement only. A cell cycling for 250 cycles without 

 performance test is shown in Fig. DB-25 (Data in Brief) exem- 

larily for PC electrolyte. It can be observed that glyme-containing 

lectrolytes exhibit the worst stability as well as the worst perfor- 

ance which is noteworthy as glyme based electrolytes are used 

or Na ion electrolytes widely. Even PC + G1 electrolyte exhibits 

oorer performance data if the current rate during discharge ex- 

eeds 2C than cyclic carbonate mixtures or PC + SL electrolyte. Nev- 

rtheless, all electrolytes show principally a relatively good reten- 

ion of charge for 100 cycles ( > 80%. See Fig. 14 b). 

In order to address the safety issues due to the NaClO 4 salt, 

 thermal gravimetric analysis (TGA) coupled with a differential 



Fig. 14. Cycling data of NMO//HC full cells at room temperature (coin cells). Fig. 14 a: Cycling within 125 cycles at various current rates is shown. All data are discharge 

capacities related to the second cycle which was done at 0.2 C discharge. The current rates are mentioned in the experimental section for detail. Charging was done at 

current rate of 0.5 C. Fig. 14 b: Percentage of discharge capacity retention is depicted for selected current rates. In brackets cycle number is provides, e.g. 1(25) means: 

current rate of 1 in the 25th cycle. 

scanning calorimetry (DSC) analysis was done for the PC + EC + 1 

M NaClO 4 electrolyte (Fig. DB-26, Data in Brief). As shown by Es- 

hetu et al., pure NaClO 4 is stable up to > 500 °C without any mass 

loss [49] . Additionally it was claimed that PC + EC mixtures release 
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for the stirring process of the electrolytes, calculated taking into 

account the specific density of each mixture. The results in this 

section are presented for 1 L of electrolyte mixture for two im- 

pact categories given the perceived relevance of the related topics 
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ower rates of exothermic heat independently of the conducting 

alt than mixtures of cyclic and linear carbonates [49] . Consis- 

ently, the TGA-DSC results of the PC + EC + 1 M NaClO 4 electrolyte 

onfirms both findings that (1) exothermic reactions occur only 

bove temperatures of 200 °C, after a strong endothermic peak, 

hich is caused by the evaporation/boiling of EC and PC (mass loss 

f ∼ 82%), and (2) the exothermic peak between 215 and 255 °C is 

f relative small intensity (-89.4 J •g −1 ). DSC measurements, which 

ere done by Ponrouch et al. of pure PC + 1M NaClO 4 additionally 

onfirms that such an electrolyte system is stable up to 350 °C [3] . 

.8. Sustainability of the solvents 

Table 5 presents the hazard level (HL) and hazard traffic light 

HTL) for each of the individual precursor materials as there is no 

ata available regarding the chemical behavior and consequent po- 

ential hazardousness of the electrolyte mixtures. No data available 

as found in the ECHA database for 1,2-butylene carbonate. The 

rst two columns, NaClO 4 and PC, relate to the salt and solvent 

hich are present in every mixture. The remaining columns relate 

o the additional solvent that distinguishes the mixtures from each 

ther. For each hazard statement, the single HL is presented and 

he total HL is calculated as described in Eq. (1) . The hazard lev- 

ls for the glymes (mono-, di- and tetra-glyme) have been found 

mong the largest values, with great contributions associated to 

ealth hazards such as germ cell mutagenicity, carcinogenicity and 

eproductive toxicity. The latter one is also critical for SL. The base 

ompounds (NaClO 4 and PC) entail the lowest hazard levels among 

ll the compounds. The G1 has the greatest amount of hazard 

tatements, a total of 8, including a d́anger ́one and three EU har- 

onized statements. The DMC has the lowest HL, corresponding to 

nly one hazard statement. 

A life cycle assessment (LCA) analysis was performed to gain a 

eeper understanding of the impact of each mixture which had 

een defined with a 1:1 mol:mol ratio of PC and a second sol- 

ent (namely solvent B), with the addition of a NaClO 4 salt with a 

oncentration of 1M. A base amount of electricity was considered 
n the research community: ćlimate change potential ́and ḿineral 

esource scarcity ́( Fig. 15 ). The results are expressed as kg of CO 2 

nd kg of copper equivalents, respectively. A detailed view of the 

emaining impact categories can be found in Table DB-9 (Data in 

rief). Regarding ćlimate change potential ,́ PC has been found to 

e the largest contributor in 10 out of 11 mixtures and the elec- 

rolyte based on PC carries the highest carbon footprint, a total of 

.8 kg CO 2 -eq. The synthesis of PC requires propylene oxide as an 

nput material, which has a more energy- and emission- intensive 

re-chain in contrast to the other precursor materials. 

The contributions of the NaClO 4 originate from the direct en- 

rgy consumption during its synthesis and from the supply chain 

f sodium chlorate. The synthesis of DPrC and 12BC have also been 

ound to entail significant CO 2 -eq. emissions. Regarding resource 

carcity, the electrolyte using PC only was found again to entail 

oderately larger impacts of about 1.8 kg Cu-eq. It was also found 

hat the NaClO 4 salt significantly contributes to the total impacts 

f every mixture. This is due to the fact that the synthesis of the 

alt is normally performed by means of electrolysis with a plat- 

num anode that is consumed in the process. Platinum has a high 

haracterization factor within this category, thus leading to the ob- 

erved high impacts. The pre-chain of propylene oxide for PC pro- 

uction also leads to relevant contributions within this category. 

The first part of the assessment, related to the potential haz- 

rdousness of the compounds used in each mixture, suggests that 

 higher record of hazards does not necessarily lead to a higher 

azard level. Compounds such as EMC or DPrC are presented 

ith seven different hazard warnings, but the total hazard level 

s well below some others. For instance, G4 only has one haz- 

rd statement and yet its hazard level is significantly higher. This 

s because the specific hazard ŕeproductive toxicity´is deemed as 

ritical, with a LT value several orders of magnitude lower than 

ost others. Most physical hazards relate to flammability but the 

cores for this statement are associated to high LT values in com- 

arison to those allocated to some health hazards. In particular, 

he hazard statements ǵerm cell mutagenicity ,́ ćarcinogenicity´and 

eproductive toxicity´entail the highest hazard levels, therefore, 



Table 5 

Hazard level (HL) and hazard traffic light (HTL) of the common solvent, common salt and additional solvent of each different mixtures including EU harmonized risk 

(labeled as “H ”). No data available for 12BC. Colored cells: rot = danger, yellow = warning, green = not toxic, no classification or not tested. 

Fig. 15. LCA results for climate change (15a) and mineral resource scarcity (15b). The stirring energy is very small, thus this is almost not visible on the top of the bars. 

 



compounds falling within those categories, as it is the case of the 

glymes, are perceived as potentially more hazardous. 

Regarding the LCA, as seen in Fig. 15 , the G4-containing elec- 
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dialkane propane-1,2-diyl dicarbonate coupling products in the 

presence of Na independent from the conducting salt. In addition, 

coupling products of higher molecular masses were also detected. 
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rolyte entails a more favorable environmental footprint, whereas 

he one using solely PC as solvent has in general the worst profile. 

his conclusion can also be extracted from the results presented in 

able DB-9 when comparing the values in all different impact cate- 

ories. In particular, the use of EMC is associated to toxicity issues 

nd the use of DEC records the highest cumulative energy demand. 

n general, most contributions from each mixture result from the 

umulated impacts of the pre-chain of the precursors and almost 

o individual hotspots have been identified. Special attention shall 

e given to the electrolyte mixture using SL. The synthesis of this 

ompound involves consumption of sulfur dioxide, which is in it- 

elf but also from its manufacturing process a critical air pollu- 

ant and acidic agent. The results must be interpreted as indica- 

ive, given that in most cases several manufacturing routes exist for 

ach precursor, meaning that a range of different environmental 

rofiles could be obtained. In this study, the most common com- 

ercial routes as found in literature have been chosen to model 

he synthesis of precursor compounds, but in some cases, these 

orrespond to outdated industrial processes that do not necessar- 

ly represent the current state-of-the art synthesis mechanisms. 

The results presented are complementary between methodolo- 

ies since they describe different sustainability aspects along the 

upply chain of each electrolyte mixture. On the one hand, the HTL 

nd HL are related to potential risks arising from mishandling of 

ifferent materials whereas the LCA relates to impacts generated 

long the life cycle of each product. For instance, the HTL and HL 

ethodologies suggest that G4 is a potentially hazardous agent, 

ut the LCA indicates a lower environmental footprint when this 

ubstance has been used. A combination of such methodologies is 

pecially recommended when assessing the sustainability of prod- 

cts that are largely composed by chemical agents. 

. Conclusion 

In this study, selected electrolytes are investigated, namely 

ixtures of PC, PC + DMC, PC + DEC, PC + EMC, PC + DPrC, PC + EC, 

C + 12BC, PC + monoglyme, PC + diglyme, PC + tetraglyme, and 

C + SL including NaClO 4 as conducting salt in 1 M concentration 

or application in sodium-ion batteries. The solubility of NaClO 4 

n all mixtures with exception of DPrC is sufficient for prepa- 

ation of the electrolytes. It is revealed that calculations based 

n the AEM approach are able to achieve good agreement with 

xperimental data in terms of density, conductivity and viscosity. 

he highest conductivity values at 25 °C are found for PC + G1 

10 mS •cm 

−1 ) > PC + G2 (7.9 mS •cm 

−1 ) > PC + DMC (7.4 mS •cm 

−1 ) 

 PC + EC (7.1 mS •cm 

−1 ) > others, while the lowest viscosity 

ata are received for PC + G1(3.4 mPa •s) < PC + EMC (3.9 mPa •s) 

 PC + DMC = PC + DEC (4.1 mPa •s) < PC + G2 (4.3 mPa •s) < 

thers. Temperature dependency of all electrolytes reveal an 

rrhenius-like behavior with flow activation energies in the order 

f 11.1 kJ •mol −1 (PC + G1) - 23.1 kJ •mol −1 (PC + SL). It is unveiled 

hat the reactivity of electrolyte regarding storage over Na metal 

epends severely on the presence of NaClO 4 . High reactivity is 

een in case of “PC + linear carbonates + NaClO 4 “ and “PC + glymes”

without NaClO 4 ). All glyme containing electrolytes show a visible 

olor-change of the Na surface indicating a film formation onto 

he Na surface. The most optically stable electrolytes are both PC 

nd PC + EC. In GCMS measurements decomposition products are 

etected and compared with a semi-quantitative approach. These 

easurements confirm the trend of less reactivity (storage over 

a) in case of cyclic carbonates (PC, “PC + EC”, “PC + 12BC”), “PC + SL”

s well as “PC + glymes + NaClO 4 “ and “PC + SL + NaClO 4 “. It is shown 

hat linear (DMC, DEC, EMC, DPrC) and cyclic carbonates (PC) form 
 clear difference in reactivity was observed in the analysis of 

aseous products. Thus, it was found that significant amounts of 

ases formed in the presence of NaClO 4 , namely CO and propylene 

xide. In contrast, this reaction proceeds only very slowly or not 

t all without NaClO 4 , since in this case CO was not detected 

nd propylene oxide only in traces. No pressure increase was 

een within 20 days of storage in this case. Electrochemical mea- 

urements expose that glyme containing electrolytes cause a film 

ormation onto Na metal which can be seen from high contact re- 

istances and suppression of stripping plating to -0.5 V va. Na/Na + . 
xtensive plating-stripping is found for 1 M NaClO 4 electrolyte 

PC + EC” (best) > “PC + DMC” > “PC” > “PC + other carbonates” ∼
PC + SL” � PC + glymes. In spite of high conductivity values for 

lyme-containing PC electrolytes, the performance in NMO//HC 

ells was found to be inadequate, especially at current rates above 

C. An in-depth hazard analysis of the mixtures discloses that 

ixtures containing glyme compounds as well as sulfolane exhibit 

ignificantly higher toxicity, which can be seen on hazard levels 

HL) of ≥ 0.02. Contrary, a life cycle assessment (LCA) analysis 

nfolds an almost balanced behavior of the electrolytes in terms 

f climate change potential and resources with minor favoring of 

he glyme based mixtures as well as PC + SL. The study supports 

he usage of PC + EC as a favorite electrolyte formulation, especially 

hen Na metal is present. 
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