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lonic Liquid based EDLCs: influence of
carbon porosity on electrochemical
performance

Asa Noofeli? Peter J. Hall? and Anthony J. R. Rennié*
s DOI: 10.1039/b000000X

Electrochemical double layer capacitors (EDLCs) a@tegory of supercapacitors,
devices that store charge at the interface betwésttrodes and an electrolyte.
Currently available commercial devices have a lgdibperating potential that
restricts their energy and power densities. loigaills (ILs) are a promising
10 alternative electrolyte as they generally exhibsgager electrochemical stabilities
and lower volatility. This work investigates theeefrochemical performance of
EDLCs using ILs that combine the bis(trifluorometieaulfonyl) imide anion with
sulfonium and ammonium based cations. Differentvatéd carbon materials were
employed to also investigate the influence of viagypore size on electrochemical
15 performance. Electrochemical impedance spectros¢Bfy) and constant current
cycling at different rates were used to assesstasce and specific capacitance. In
general, greater specific capacitances and lowsstances were found with the
sulfonium based ILs studied, and this was attridutetheir smaller cation volume.
Comparing electrochemical stabilities indicatedt thignificantly higher operating
20 potentials are possible with the ammonium based Tk marginally smaller
sulfonium cation performed better with the carbahibiting the largest pore
width, whereas peak performance of the larger sulfim cation was associated
with a narrower pore siz&€onsiderable differences between the performandheof
ammonium based ILs were observed and attributetifferences not only in cation
25 Size but also due to the inclusion of a methoxykgmgup. The improved
performance of the ether bond containing IL wagiaed to electron donation from
the oxygen atom influencing the charge densityhef¢ation and facilitating cation-
cation interactions.

1 Introduction

a0 Electrochemical Double Layer Capacitors (EDLCs) awe category of
supercapacitors; electrical energy storage dewitashave the ability to operate at
substantially higher rates than similar sized etetiemical cells. They typically
exhibit long cycle lives (>500,000 cychesdisplay relatively high energy
efficiencies and a high degree of reliability.For these reasons, among others, they

s have become the subject of much research and arthéme of growing number of
reviews>*? To date, EDLCs have mainly been employed in apptioa where their
useful traits allow for the design of systems thetjuire less servicing/replacement
than those based on batterfes?®

EDLCs store energy through the physical separatibsharges at the interface

20 between electrodes and an electrolyte, and arécpkmtly useful when dealing with
systems where variations in power demand leads large mismatch between the
average and maximum power required. They are typiaiarged/discharged within
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seconds and can display values of specific poweapupkWkg™.5 7 10
An application where this is useful is in electvighicles where there are rapidly
changing demand profiles results in batteries belisgharged at rates that cause
reduced operating lifetimes.® Employing EDLCs to cater for peak demand,
s alongside batteries or fuel cells, not only allofes the design of smaller, lighter
systems but can increase the lifetime of the systethenables the efficient storage
of high charging currents generated by regenerdtiaging systemg>*°
However EDLCs would be a more viable option fornpapplications if greater
specific energy/energy densities could be achieteid; in turn is restricted by the
10 operating voltage of the device. Operating voltagdefined by the electrochemical
stability of the electrolyte, which limits not onthe amount of energy that can be
stored, but also the maximum rate at which eneggyle delivered.
Equation 1 shows that the energy stored by an EREYT varies with the
capacitance (C) of the device, and with the squéthke operating voltage (\):

1
E==CV?
2

15 The maximum power (P), that can be delivered by EDLC also varies
quadratically with the the operating voltage andeirsely with the equivalent series
resistance (ESR) of the device, as shown in Eqnatib

VZ
P=tsr

Equation 1 also shows that the majority of thefuisenergy (as well as higher

quality energy®) is delivered at elevated potentials, and by conaige the
20 relationships in Equations 1 and 2, it is evidévdttincreases in operating potential
enhancesoth the energy and power delivered by EDLCs.

Commercially available devices are limited by deposition of the electrolyte,
which is typically acetonitrile or propylene carlaie based: > 1% 2 Yjonic liquids
(ILs) can possess relatively wide electrochemicédbidity windows (ESWSs)

»s allowing for significantly increased operating poti@ls. ILs are salts usually
consisting of poorly interacting anions and catiodse to these weak interactions
they display relatively low melting temperaturés100°C)}"?' In addition, ILs
typically possess several other physical propertiest are desirable in EDLC
electrolytes, such as non-flammability, high thelrmad chemical stability, and due

30 to their inherent low volatility can be consideredbe less hazardous than organic
solvent based electrolyté§.2? Physical properties other than the ESW of ILs @ay
crucial role in their performance as electrolytesd arary considerably with the
structure of their constituent ions. In partiailviscosity (which in turn influences
conductivity) affects not only the capacitance ofevice but the maximum power

s output?® High conductivities lead taa lower cell resistance, which remaires
challenge in the case of ILs as their conductitépnds to be at least an order of
magnitude lower than that of conventional electrey

In this study we investigate the effect that catsructure has on the performance
of IL based EDLCs using various cations paired withthe

40 bis(trifluoromethanesulfonyl) imide Tf,N]) anion. The partially delocalized charge
in the [Tf,N] anion imparts some flexibility into the strucéuand results in weak
interactions with cation&’ This generally results in ILs with relatively low
viscosities wide ESWs and it has been shown that ILs contairlrig anion can

2| Faraday Discuss., 2014, [172], 00-00
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form a stable protective layer passivating the aef of aluminium current
collectors?®

The most widely studied cations are pyrrolidinemimidazolium baset. When
coupled with the Tf,N] anion, pyrrolidinium based electrolytes are tally stable

sin the region of 3.5V; however, their relativelyghi viscosity results in poor
performance at high ratéé. % %28 |midazolium [Tf,N] electrolytes, on the other
hand, tend to be less viscous at room temperatuteale less electrochemically
stable and are limited to operating potentials atb8.2V1" 2% 23 2% 3%qr example,
the conductivity of 1-butyl-3-methylpyrrolidinumTf,N] is in the region of

102.2mScnt 24 whereas 1-ethyl-3-methylimidazoiurfpN] is 3.4mScnt.2° There is
therefore a compromise between the quantity of enstgsed in an IL based EDLC
and the rate at which this energy can be delivered.

In this work we report on the performance of ILssisting of sulfonium and
ammonium based cations coupled with thE,[N] anion as EDLC electrolytes.

15 Triethyl sulfonium [TEN] exhibits a remarkably high conductivity of 7.1mStrt
and has been shown to exhibit relatively high valoé specific capacitance when
compared with a carbonate based electrof§tin the sulfonium based ILs used in
this work the cation volume is smaller than thattieé anion. To investigate the
influence of carbon pore size on performance, bulki@®monium cation based ILs

20 were employed for comparative purposes.

The physical properties of ILs, in particular thiscosity/conductivity, can be
altered through the inclusion of ether linkageshia alkyl side chains of catiorid It
has been proposed that the inclusion of ether baedslts in increased specific
capacitances in EDLCs using mesoporous carbonreties by adding a degree of

2 flexibility into the anion and alteration of theatye density” Therefore to explore
this behaviour we compare the performance of butigtityl ammonium [N»o4
[Tf,N] with that of N,N-diethyl-N-methyl-N(2-methoxyey) ammonium [N21¢102]
[Tf,N].

As a substantial number of reports have shown thatpore characteristics of

w electrodes strongly influence the performance of EB?% 28 358 e also compare
the behaviour of these ILs when combined with etetes of differing average pore
size (d) in the small mesopore range (i.e. 2<d<1)0nm

2 Experimental
2.1 Carbon materials

3s Porous carbon materials were produced by carbaarsaind physical activation of
resorcinol-formaldehyde xerogels in a manner simila that used in previous
investigations> 3% ¥ The polycondensation of an aqueous solution oénasol, R
(Aldrich, 99%) with formaldehyde, F (Aldrich, 37wt,%tabilised with 10t5wt.%
methanol) was catalysed by the addition of sodiarbanate, C (Aldrich, N&O;,

40 >99.5%). R/F molar ratio was kept at 0.5 and R/ WalOgm3. R/C ratios of 200,
250, 300 and 350 were used to control the poreachearistics of the resultant gel
Gelation occurred over the following 3 days at anperature of 85°C. Organic
hydrogels then underwent solvent exchange withcaxeebefore being dried at 80°C
under vacuum.

45 Xerogels were carbonised in a tube furnace under flowing argdm avifinal
temperature of 850°C being maintained for 180 mins. Physical activatider flowing
CO, was then carried out in a tube furnace at a temperature of 88080 mins. The
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activated carbon materials were ball milled under argon for 60 mitdiss@red under
vacuum at 80°C prior to use in electrodes/characterisation.

Nitrogen adsorption/desorption isotherms at -196f@re obtained using a
Micromeritics TriStar 1l 3020 instrument; samplesne degassed at 200°C for 10h

s before analysis. Porosity distribution was evaldatsing the original DFT model
for nitrogen on carbon with slit shaped pores.

Electrodes were manufactured by mixing the carbon material with polginder
(KynarFlex® 2801) in an 85/15 ratio by mass. An homogeneous slurry ofrthisire
with acetone was spread to a wet film thicknes@5f um on 15 um thick aluminium

10 foil using a micrometer adjustable gap paint applicator. These sheetsinestaunder
vacuum, cut into individual electrodes, and paired with those of @ntass to
produce symmetrical cells.

2.2 lonic liquids

The ionic liquids used in this study were purchased frori{dec GmbH (Germany)
1s and had a stated purity >99%. Figure 1 illustrates the structuhe ébns contained in
these ILs along with the abbreviated name used throughout this report.

N/

A7y X
F /\ /\\ s*v
(@) ()
\/N+/V\ +/
> /)Nw o/
(d) (e)

Fig. 1 Schematic structure of the constituent ions in the cioliguids under study, (a)
bis(trifluoromethanesulfonyl) imide [IN], (b) diethyl methyl sulfonium [&q], (c) triethyl

20 sulfonium [S$24, (d) butyl triethyl ammonium [B>4, (€) N,N-diethyl-N-methyIN(2-methoxyethyl)
ammonium [NZl(lOZ]-

Prior to characterisation and cell assembly, the ILs were heated naqpid stirring for
several hours in an argon filled glovebox,(40.1ppm, Q<0.1ppm). The moisture
content of ILs dried using this technique was determined to be lessghanusing Karl

25 Fischer titration (KF899 Coulometdvletrohm). Viscosity was measured using a Bohlin
Gemini (Malvern Instruments Ltd.rheometer with 50mm diameter stainless steel
conical plates (°1) using a gap size ofidCfor shear rates from 10 to 1000s

Electrochemical tests were carried out using a Solartron Analytical 1470E
Multichannel Potentiostat/Galvanostat with 1455A Frequency Resporagsers. The

30 electrochemical stability window of the ILs was determinedngisinear sweep
voltammetry at 50mVS in a three electrode setup using a glassy carbon working
electrode (3mm dia.), Ag wire pseudo reference electrode and Pt wintecelectrode.
Swagelok®-type symmetrical cells using non-porous electrodes weem to identify
suitable operating potentials in a manner similar to that used in pramicstigations.

s Linear sweep voltammetry was performed between 0 and 45B0mVs', with
operating potentials identified using a cut-off current qf/8m2.

4 | Faraday Discuss., 2014, [172], 00-00
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2.3 EDLC assembly and characterisation

Two-electrode button cells (2016) were assembled using stainless steel gpeiceds,
electrodes, and glass fibre filter paper separator (Whatman, GF/Fsepheator was
soaked with the electrolyte under study and the cell componengstiren placed under

s vacuum in the glovebox antechamber for ca. 5 mins to encotimagmpregnation of the
electrolyte. Cells were then crimped closed inside the glovebox.

Electrochemical impedance spectroscopy (EIS) of symmetrical EDLEpeviormed
at a potential bias of 0.1V (vs OCP), using a 10mV perturbatienthe frequency range
100kHz to 10mHz. Cells were also cycled Galvanostatically betw&éerar the

10 operating voltage at various rates between 0.1 afdyi@where IR drop permitted)
using an Arbin SCTS instrument. Specific capacitance values are bagbe mass of
active material and are expressed on a three-electrode basis. Allreneasis were
performed in triplicate at 25°C.

3 Results & Discussion
15 3.1 Viscosity of ionic liquids

Low viscosity is a desirable property in EDLC eletytes as lower viscosities are
associated with higher specific capacitances aneiaell resistance® Viscosities
determined for each of the ILs in this work areeagivin Table 1 along with literature
values of conductivity and cation volumes calcullatesing the Molinspiration

20 Property Calculation Servid8.(For comparison, the volume of the ||| anion is
148K%).

The viscosity of [$][Tf,N] was determined to be 38.4mPa.s, which in broad
agreement with that found in literature (fit.36mPa.s). However, reports indicate
that a significantly lower viscosity would be astted with [S,7][Tf,N] (lit.,3* 42

25 30-33mPa.s) which was not observed in this study;thiis case, [&J][Tf2N]
exhibited a viscosity almost equal to that of,(g[Tf,N]. This may arise from
differences in moisture content.

In contrast, the ammonium based ILs display reddyi high viscosities resulting
from their appreciably larger cation volumes. Thiscasity of [Nooo4[ TfoN]

a0 determined experimentally was 18tPa.s which also compares favourably with
reported values (lit*3 144.8mPa.s).
The ether group present in the jjNi0o] cation results in significantly lower
viscosity, (as reported for other ILs that incompter ether-bonds in alkyl side
chains$® %). Electron donation from the oxygen atom diminisiies charge of the
35 cation resulting in weaker anion-cation interacsi8hThe viscosity observed for

[N221102)[TF2N] of 66.5mPa.s agrees with the majority of publisketiies (lit.;* *°
64mPa.s at 24°C69mPa.s ) however it is noted that this is substégtidifferent
from the value reported by Sato et al. (120mPa.4gain, this disparity may arise
from differences in moisture content.

Faraday Discuss., 2014, [172], 00-00 | 5
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Table 1 Physical propertiesof the ionic liquids used in this work

IL n 0o0o00.0] o000 00 V. [A? ESW [V]
[Saz1][TF2N] 38.4 5.8" 116 3.8
[S22d[TfoN] 38.6 7.3 133 2.8
[N222d[ TfoN] 140.3 1.3° 196 3.9

[N221¢102][TF2N] 66.5 26% 171 47

a1 represents viscosity (at 25°@)conductivity (at 25°C), Ycation volumé&, ESW
electrochemical stability window determined in a theksstrode cell (cut-off current density
40uAcm?)

s From the properties given in Table 1 it can beicypated that the sulfonium
based ILs will be associated with increased vakfespecific capacitance, reduced
resistances and better rate performance when ceupeth the ammonium ILs.

3.2 Electrochemical stability of ionic liquids

Table 1 alsaeports the ESW determined using linear sweep voltatryrin a three-

w electrode cell, with a cut-off current density dfiAcm . These conditions result in
narrower ESWs when compared with the majority afsehreported in the literature.
For comparison, the ESW observed under these dondifor a 1 molt solution of
tetraethylammonium tetrafluoroborate (TEABR propylene carbonate was 4V.

ESWs are extremely sensitive to the conditionsiusedefine themThe point at

1s which the current density is deemed large enougimdaate significant electrolyte
decomposition is fairly arbitrarySeveral flaws in using this method to determine the
operating voltage of devices have been raised, altdrnative approaches
explored?®*® As the ESW tends to be asymmetric with respedhé open circuit
potential of symmetric EDLCs, the operating potehtihat can be used without

20 appreciable electrolyte decomposition is often sat$ally lower than the full ESW.

Operating potentials for the symmetric cells usedhis work were identified
using symmetrical two electrode cells in a mannienilar to that employed in
previous investigation¥ 3 (The operating potential determined under these
conditions fora 1 moll™* solution of TEABR in propylene carbonate was 2.1V.) It is

25 noted that higher operating potentials are achikevédr these ILs, perhaps through
the use of asymmetric electrode loadings to mak&rfuse of the ESW. The
conservative values used herein minimise the pdsgibof surface area being
rendered inactive by species generated by eleteralgcomposition.

6 | Faraday Discuss., 2014, [172], 00—-00
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Fig. 2 Electrochemical stability of ionic liquids and a typical EDLC electrolyte
determined in a symmetrical two-electrode cell at a sweep rate &f$S0m

Figure 2 shows that there is little difference vibm¢n the behaviour of the
sulfonium based ILs. However it is worth noting tH&,,][ Tf,N] is slightly more
stable than [8,][ Tf,N] in both the three electrode and two electrod¢hmeés. This
could suggest that the smaller cation volume ok |BTf,N] influences the charge
density of the ion resulting in slightly strongention interactions.

A typical organic solvent-based electrolyte (1 hoITEABF, in propylene
carbonate) is demonstrably less stable with inéngapotential than the ILs as
illustrated in Fig.2. tl is also evident that the ammonium based Ls havategre
electrochemical stability than the sulfonium ILsialh can be mainly attributed to
the difference in cation volumes.

The methoxyethyl group in the side chain of,foo] reduces the positive
charge density at the ammonium centre when compaattd [Nooo4. For smaller
cations, it has been reported that this resulis diminished ESW? “° and this may
be expected to occur in the case of,{N\ioo][TfoN]. However [N1102J[Tf2N]
exhibits the widest ESW of the ILs studied using tihree electrode method. It
appears that the inclusion of the methoxyethyl grinfluences the degree of ionic
coordination occurring and enhances the stabilitgthe IL.**> In contrast with the
ESWs in Table 1, Figure 2 indicates that in a ti@cEode configuration the ether
bond reduces electrochemical stability, and thealeo ESW seen in three electrode
experiments does not result in an increased opgraibtential.

3.3 Characteristics of carbon materials

Pore characteristics of the activated carbon materivere investigated using
nitrogen adsorption/desorption isotherms at -19&Raracteristics determined from
the isotherms are given in Table 2. As the R/Coraitreases it can be seen that the
specific surface area determined by both the BET BRT methods increases There
is no substantial change in the micropore volunmayéver it increases slightly with
R/C ratio.

Faraday Discuss., 2014, [172], 00-00 | 7
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Table 2. Specific surface areas and pore characteristics cadui@m nitrogen sorption isotherms

at 77K.

00 Seer® Mg Sorr” [M?g7] Vie [em®g™] Vinic® [em®g"] Vimess [cm?g™] deaw’ [nm] doer® [nm]

200 670
250 720
300 750
350 790

530 0.48 0.21 0.18 4.3 5.4
580 0.53 0.22 0.21 5.1 6.3
620 0.62 0.23 027 6.3 7.2
630 0.67 0.24 0.32 7.5 8.1

3 specific surface area calculated using the BET métqmetific surface area determined using DFT

model“total pore

volume calculated at B#9.99° micropore volume determined using the t-plot

5 method® mesopore volume from DFT modehodal pore width estimated from BJH pore size
distribution.’modal pore width estimated from DFT pore size distribution

Mesopore volume increases markedly with increasing R/C ratio.iSHigstrated in
Figure 3, which shows the pore size distribution determined using themo@él for
each of the carbon materials in the small mesopore region. A&JGhetio increases, the

10 mode of the distribution shifts to larger pore sizes. Estimates of the modalvidth
attributed to each material from the DFT model indicate that increasing thatie®y
50 in this region results in an increase in the average pore @fidtughly 0.9nm. This
trend was also observed when applying the BJH model to the desdvpdiuch of the
isotherms, as indicated by the values gf,@jiven in Table 2

1.0

0.8

0.6

0.4

0.2

Differential pore vol. / cm®g”

0.0

——o—— RC 200
——e—— RC 250

o
(6]

10 15 20
Pore width / nm

15 Figure 3. Mesopore size distribution of resorcinol formaldehydévedractivated carbon materials

determined by the DFT model.

3.4 EDLC performance - sulfonium based ionic liquids

Firstly, considering the behaviour of cells assesdblsing sulfonium based ILs,
where the cation volume is smaller than that ofah®n, Figure 4(a) shows Nyquist

20 plots produced using each of the carbon materialseg with [S,,5][Tf,N]. These
spectra show that the cells do not behave as idagadcitors, (i.e. vertical response
at low frequencigshowever at lower frequencies the response can beritted as
approaching ideal as the R/C ratio, and therefaree idth, increases. Increased
pore widths are also associated with reduced spec#pacitances as determined

s from the spectra at 10mHz. Cell characteristicsam®d from the spectra are
summarised in Table 3.

8 | Faraday Discuss., 2014, [172], 00-00
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Fig.4 Nyquist plots obtained using electrochemical impedapeetroscopy for sulfonium based
ionic liquids with controlled porosity carbons incladimagnified high-frequency regions (inset).
5 (@) S TfoN and (b) $2 TfoN

Table 3.Cell characteristics for sulfonium based ionic liquidmbined with controlled porosity
carbon materials

IL 0o 0o Rs[Q] R [Q] ESR[Q] Co.2 C2.0 Rac [Q]
000t ooo'] ooo'

200 27.4 3.4 55.3 41.1 39.1 17.1 39.6

250 26.8 3.2 48.3 37.9 43.0 23.0 37.7

[S2[TFND 300 181 33 46.3 36.9 322 17.4 32.2

350 243 4.2 13.6 17.0 38.7 27.5 10.0

200 228 3.9 35.9 31.9 35.4 16.4 26.1

[Swd[ TEN] 250 26.1 42 22.7 24.2 405 24.5 19.8

27720 300 18.0 3.0 30.9 29.0 28.8 16.5 25.5

350 19.2 3.4 28.2 26.1 29.5 175 21.1

2 csrepresents the specific capacitance (determined &s81gt 10 mHz), Rthe series resistance, R
ionic resistance, ESR equivalent series resistance (deeztrat 1 kHz), & specific capacitance

10 determined at a current density of 0.2Aand ¢ at 2.0 Agh) and R. represents the resistance
determined using pulses of current at 2mAcm

The inset of Figure 4(a) shows a magnified sectidnthe spectra at higher
frequencies and tlweintersection with the real axis {Rvaries little with the carbon
15 used. It can also be seen that the increased pidth vom RC200 to RC350 has an
influence on the diameter of the semicircle thgiegys in the high frequency region

This diameter is influenced by ionic mobility anebresents a measure of the ionic

resistance (R As the pore size increases; &d equivalent series of resistance

(ESR) are seen to decrease. This trend is also isegalues of resistancéRy.)

20 determined from théR drop using 10ms pulses at a current density of Zmi.

Increased resistances resulting from smaller gres are also evident in Figure

5(a), where the variation of specific capacitandéhwate is illustrated. At rates

greater than ca. 5Affor RC200, the iR drop was greater than the ofregatoltage

of the cell. The curves associated with each carlmaterial do not display any

Faraday Discuss., 2014, [172], 00-00 | 9
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obvious trend indicating that there are complicatedationships between the
migration of ions, the packing of these ions at #tectrode surface, and the pore
characteristics of the electrode. Specific capaciés determined during
Galvanostatic discharge at rates of 0.24g, ,) and 2.0Ad" (c,.¢) are given in Table

s 3. Unlike the specific capacitances determined gu&iS, the values of,g and ¢
in Table 3 are noticeably higher when RC250coupled with [$,4][ Tf,N] when
compared with RC200 and RC300.

c /Fg’

s

fog | BT ST A BN ST SR BT ST S | ol Ly by by by
0 2 4 6 8 10 0 2 4 6 8 10
@) I/ Ag (b) I,/ Ag’

10 Fig. 5 Specific capacitance determined at different rates of constant currévardisc
between 0 and 2.5 V for cells using sulfonium based ILs. ¢aJ[5>N] and (b)
[S22d[ TFN].

Considering the spectra in Figure 4(b), which shtiotie behaviour of cells
15 produced with[S,][Tf,N], it can again be seen that the cells do not displagl
capacitor behaviour and that there is no clearetation between low frequency
behaviour and variations in pore width.

From the detail in the inset of Figure 4(b), ah@ ttharacteristics in Table 3,
again it is seen that there is little variationtlre values of R However, unlike the

20 cells using[S,,(][Tf,N], there is no clear trend between the values;pEBR or R,
with the carbon material used. Specific capacitaiscgreatest when,g Tf,N is
paired with RC250 and, moreover,, ESR and R. are lowest for this combination.
This supports the idea that the performance of idigjoid based EDLCs can be
improved by utilising carbon materials with caréful controlled pore

2s characteristics” ® The highest values of,RESR and B. were observed with the
carbon displaying the narrowest pore size. Thidue to the increased fraction of
vacantpore volume in these electrodes, as a substantiatifra of pores are too
narrow to accommodate electrolyte ions.

Figure 5(b) shows that the combination of RC250thwi[S,,(][Tf,N]

30 unambiguously exhibits superior performance whemgared with the other carbon
materials.

Comparing the characteristics of cells usifi®,(][Tf,N] with those using
[So20][TfoN] there are marginally higher values of and ., associated with
[S224[Tf,N] for each carbon material. This may result from asge packing of ions

ss under polarisation at the electrode surface, orutilesation of a greater fraction of
poreshy the smaller[S,,;] cation. The absence of a methyl group[$3,,][Tf,N]
may also reduce the distance between the chargeecehthe adsorbed cation and
the electrode surface, thereby displacing a gresaterunt of charge in the electrode.

Resistances (RESR and R, exhibited by cells usinfS,,,][Tf,N] are larger than

a0 those using[S,x][Tf,N] when paired with RC200, 250 and 300. This could be

10 | Faraday Discuss., 2014, [172], 00-00
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expected due to the lower conductivity §8,,4[Tf,N]. Surprisingly when the
sulfonium based ILs are paired with RC35®,,([Tf,N] displays substantially
lower resistances despite exhibiting lower condtithan [Sy][Tf,N]. This is
also evident when comparing the rate performanad@®ulfonium based ILs paired
s with RC350 in Figure 5(a) and (b). It may be theethat by further increasing the
pore width of the carbon a similar drastic reductip resistances witliS,,][Tf oN]
would be observed.
This behaviour may arise from the smaller catioolume of [S,,q][Tf2N]
influencing the properties of the electrode-elelgt® interphase as it can be
10 anticipated that this region will display a conduity mechanism different to that in
than the bulk.

3.5 EDLC performance - ammonium based ionic liquids

Moving on to consider the behaviour of cells usamgmonium based cations, where
15 the volume of the cation is greater than that ef &mion, spectra for cells generated
using each of the carbons with JNJ[Tf,N] are presented in Figure 6(a) and with
[N221102)[ Tf2N] in Figure 6(b). The most ideally capacitive beioair is seen with
RC300 for both ILs and furthermore, the highestueal of specific capacitance and
lower values of Rand ESR are also observed with this carbon materia
20

- RC200
———— RC250 -800
———— RC300
——=—— RC350

———— RC200
———— RC250
———— RC300
——=—— RC350

-800

-600 -600

-150

z'1Q
z'1Q

-400 -400

-200 -200

75 150

0

0 200 400 600 800 0 600 800

(@

z/a ®) zi0

Fig. 6 Nyquist plots obtained using EIS for ammonium-based ILs with controlled
porosity carbons including magnified high-frequency regions (insefiN¢a)4[Tf ,N]
and (b) [Noy102)[TF2N].

25 In Figure 6(a) RC200 and RC250 are seen to bebamiarly when paired with
[N22-4[ TfoN], however the increase in pore width to RC300uhssin a marked
decrease in Rand increase in specific capacitance. This is aé&mm in the values of
specific capacitance determined through Galvanigstdischarge. However it is
noted that there is a substantial decrease in aheewf ¢ when RC350 is used that

30 is not seen in the values of £and ¢, This may be due to the high viscosity of
[N221102)[ Tf2N] hindering the perturbation signal at low frequis. Nevertheless,
Figure 7(a) shows that RC300 and RC350 behave alidestically with respect to
rate and perform significantly better than RC208 &C250.
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Table 4.Cell characteristiédor sulfonium based ionic liquids combined with colled porosity
carbon materials

IL oo 00s  Rs[Q] R[Q] ESRQ] co Co  Rac[Q]
ooo') ooo'] ooo'Y

200 15.1 16.6 60.6 45.0 20.8 11.4 57.8
250 16.6 17.2 84.0 48.8 22.1 13.3 63.8

Nozod[TEN 300 190 164 381 398 227 160 447
350 141 150 428 378 223 164 394
200 163 74 613 421 236 120 465
250 174 80 487 379 275 193 387
[N221102)[Tf 2N]

300 22.7 7.4 16.0 21.6 28.4 23.2 19.4
350 17.2 9.0 26.7 27.8 23.8 18.4 22.3

& csrepresents the specific capacitance (determined &gt 10 mHz), Rthe series resistance, R
ionic resistance, ESR equivalent series resistance (determifiddia), ¢ ,specific capacitance

s determined at a current density of 0.24@nd ¢, at 2.0 Ag') and R, represents the resistance
determined using pulses of current at 2mAcm

c,/Fg'

07||||||||||||||||||.| 0,||||||||||||||||||||

0 2 4 6 8 10 0 2 4 6 8 10
@ I/ Ag" (b) I,/ Ag”

Fig. 7 Specific capacitance determined at different rateonstant current discharge between 0 and
10 3.0 V for cells using ammonium based ionic liquids anttredied porosity carbons. (a)
[N2224][Tf2N] and (b) [M21(102][Tf 2N]

[N221102)[Tf2N] could be expected to perform very differently 19,f,4[ Tf,N]
due to the lower cation size, lower viscosity andyhler conductivity. An
examination of Figure 6(b) shows that there aretlsulifferences between the

1s behaviour of the ammonium based ILs. At first glarthere are clear similarities
between the spectra obtained for RC200 and RC2B8cpwith each of the ILs, and
there are significantly smaller values offBr RC300, increasing slightly as the pore
width widens to RC350.

On closer inspection there is a noticeable difieee in the values of R

20 [N221102)[Tf2N] typically exhibits values of roughly 8 whereas [M,4[ Tf,N]
consistently produces resistances around2.1@lso, despite the values of; R
associated with RC200 being similar, there is aiceable difference in the
magnitude of Rfor the other carbon materials. This is a resd@lthe difference in
conductivity of the IL which may be attributed toet presence of the ether bond in

25 [N2211c9)][Tf2N]. In the case of RC200 (which exhibits the narrdwesre size), a
large fraction the resistance originates from thespnce of empty pores and
electrolyte conductivity has little influence orethialue of R

At high frequencies there is little difference ween RC300 and RC350 in the
case of [N,,4[ TfoN] however, as with the sulfonium based ILs, thisra minimum

0 R; that coincides with a peak specific capacitanceewhRC300 is paired with
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[N221(1021[Tf2N]-

From Figure 7(a) and (b) it can be seen tiN#,110,][Tf,N] displays better
performance than [N.4[TfoN] when paired with each of the carbons and thad it
clear that the best performance is a combinatioiRGBO0 with [N2z1102][Tf,N].

s Interestingly, Figure 7(b) shows distinct kinks time performance curves for the
carbons possessing the narrower pore sizes, (R@20®50) which are not present
in the curves obtained using the other ILs. Thisynradicate the existence of a
greater degree of ionic coordination resulting frothe ether bond.

4 Conclusions

w lonic liquids were studied in relation to their flmance as electrolytes in EDLCs
with carbon electrodes possessing different poraradteristics. ILs consisting of
sulfonium cations paired with the bis(trifluorometlesulfonyl) imide anion
generally produced greater specific capacitanceas lawer resistances than the
ammonium based ILs studied. This behaviour can thebated to their smaller

15 cation size, which strongly influences physicalgedies such as viscosity and ionic
mobility. However it was seen that the ammoniumedasations led to increased
electrochemical stability, indicating that highgrenating potentials, are achievable
with these electrolytes.

As the R/C ratio of the carbon precursor increasadsopore volume and the

20 average pore width increased, allowing for the carigpn of EDLC performance
with electrodes possessing different slightly diéfiet pore characteristics. Despite
displaying similar physical properties, the sulfomi based ILs performed
remarkably differently with respect to pore widffihe marginally smaller cation
([S221]) performed better with the carbon exhibiting tlaegest pore width whereas

s peak performance for pg)[Tf,N] was associated with a narrower pore size. A
substantial reduction in resistance was observedhat larger pore width for
[S224[Tf,N] which is likely to be responsible for the improveerformance.

Considerable differences between the performaricne® ammonium based ILs
were found and are related to their physical proger In this case it is not only the

30 smaller cation volume but also the inclusion of etlmoxyethyl group in place of an
ethyl side chain that affect physical propertied aasults in substantially improved
electrochemical performance. This may be relatecklextron donation from the
oxygen atom influencing the charge density of tlaion and facilitating cation-
cation interactions.

s This study suggests that by altering the structofréhe ions in the IL and by
careful control of the pore characteristics of thlectrode, the performance of
EDLCs can be improved substantially. The developgnm&nmore conductive and
electrochemically stable ILs, coupled with tailorel@éctrode materials, will enhance
the energy density that can be attained by EDLCd hroaden the range of

40 applications where they are employed.

2 Dept. of Chem. & Bio. Eng., University of SheftielSheffield, S1 3JD, UK Fax: (+)44 114 222
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