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ABSTRACT 

Sum frequency generation spectroscopy has been used to characterise the potential dependent 

adsorption of the p-toluenesulfonate anion at the activated carbon/propylene carbonate interface 

of the commercial carbon YP50F. Spectra recorded from the interface between YP50F and a 1 M 

tetraethylammonium p-toluenesulfonate in propylene carbonate solution showed no ordered 

anion adsorption without an applied potential. In contrast, there is clear evidence of increasingly 

ordered anion adsorption with applied potential. Furthermore there is evidence of hysteresis such 

that the anion remains adsorbed when the applied potential was decreased back to 0 V. 

Significant reversal of polarity was required before the anion signal was lost. Changes to the 

propylene carbonate solvent peaks during the electrochemical cycle were also observed. The data 

indicate that the positive electrode charges either via a counter-ion adsorption mechanism or via 

an ion-exchange mechanism. 
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INTRODUCTION 

Electrochemical double layer capacitors (EDLCs) are high power electrical energy storage 

devices that store charge via the physical mechanism of charge separation. They have extremely 

long cycle lives and high discharge efficiencies compared to other electrical energy storage 

technologies, such as batteries or fuel cells.
1–5

 They are used in a wide range of applications, 

from powering small consumer electronics to larger scale applications such as use in hybrid 

vehicles or cranes.
2–8

 Many commercial EDLC electrodes are made from activated carbons. 

These provide a good balance between the high surface area and electrical conductivity required 

for good EDLC performance with low cost.
6,9

 

While EDLCs have very high power densities, allowing them to be charged and discharged 

extremely quickly, their energy densities are still notably lower than most batteries. In order to 

improve EDLCs' energy density, without compromising their power density or their long cycle 

lives, we need to further our understanding of the electrical double layer (EDL) in which they 

store their charge.  

A wide variety of both modelling and experimental techniques have been applied to address 

EDLC charging behaviour. Electrochemical measurements have suggested that the details of the 

charging mechanism and the EDL structure can vary depending on the electrode/electrolyte 

combination being studied.
10–15

 Modelling studies have indicated that at planar interfaces the 

electrolyte ions adopt a multi-layered structure in which the first layer over-screens the electrode 

charge.
16–23

 Atomic force microscopy, surface force balance and X-ray reflectivity measurements 

have been used to experimentally examine the EDL structure at planar electrodes and are 

generally in agreement with the structures predicted by the theoretical studies.
24–29

 Modelling of 

the EDL in porous electrodes has suggested more efficient structures are adopted than at planar 
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surfaces, allowing greater charge storage capabilities; with appropriate tuning of pore sizes so 

that they are close to that of the solvated ion, no over-screening occurs increasing 

capacitance.
23,30–36

 Experimental work, carried out using a similar variety of techniques, has also 

provided evidence for behaviours specific to porous electrodes. Partial electrolyte ion 

desolvation has been observed using nuclear magnetic resonance spectroscopy (NMR),
37,38

 

infrared spectroscopy (IR)
39

 and by electrochemical quartz crystal microbalance (EQCM) 

measurements
38,40–42

 and electrowetting phenomena have been seen for microporous electrodes 

using NMR, 
43

 IR
39

 and small angle neutron scattering.
44,45

 A number of different charging 

mechanisms have been proposed for different EDLC systems, which has led to the implication 

that the details of the charging mechanism depend strongly on the electrode/electrolyte 

combination being used.
38,40,42,46–49

 

Sum frequency generation vibrational spectroscopy is a technique that provides surface 

specific vibrational spectra. It is based around the non-linear optical phenomenon of sum 

frequency generation (SFG), which occurs when two incident laser beams overlap at an 

interface—both spatially and temporally—causing light to be emitted at the sum of the two 

incident frequencies (as shown in Figure 1).
50,51

 SFG spectra are surface specific and can yield 

information on the conformational order and polar orientation of surface molecules. SFG 

spectroscopy typically uses a fixed visible laser and a tuneable IR laser. The IR laser probes the 

vibrational modes of the molecules at the surface and the visible laser shifts the output signal into 

the visible region. A full mathematical description of SFG can be found elsewhere in the 

literature. 
50,51
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Figure 1: Sum frequency beam generation in a co-propagating geometry. Reflected IR and 

visible beams are not shown for clarity. 

In-situ SFG spectroscopy has been used to studied potential-dependent interfacial behaviour 

for some time, examining systems ranging from carbon monoxide adsorption on platinum (for 

catalytic poisoning)
52,53

 to metal ions at silica surfaces (for geological applications)
54

 to 

carbonate solvents on LiCoO2 (for lithium ion batteries).
55,56

 More recently it has been used to 

study the EDL in EDLC systems. The majority of these studies have focussed on metal 

electrodes and ionic liquid electrolytes for simplicity.
57–63

 Instead of the multi-layered EDL 

structure described by other techniques, these works have generally pointed to a structure where 

the electrode charge is balanced by a highly ordered and strongly bound, Helmholtz like, first 

layer of ions followed by a 'diffuse layer' with limited structural ordering. A similar lack of long 

range order has been seen in ex-situ studies of the graphene/ionic liquid interface.
64,65

 However, 

an in-situ investigation of the graphene/1-butyl-3-methylimidazolium dicyanamide ionic liquid 

by Xu et al. observed the more commonly seen multi-layer EDL structure, though it suggested 

only the first layer contributed to the charge storage mechansim.
66

 

While these SFG works have provided some interesting insight into possible potential-

dependent EDL structures, we know of no work that has attempted to apply SFG spectroscopy to 

commercially relevant activated carbon electrode materials. Hence this work will examine the 

potential-dependent adsorption of the p-toluenesulfonate anion on electrodes made using the 
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activated carbon YP50F. YP50F and other similar activated carbons have been studied using 

other techniques—primarily NMR and EQCM—and these have shown a variety of charging 

mechanisms for both the positive and negative electrodes when in combination with different 

electrolytes.
49

 When using tetraethylammonium tetrafluoroborate in acetonitrile and in propylene 

carbonate the positive electrode charging mechanism has been seen as a combination of anion 

adsorption and cation/anion exchange that varies with the applied potential.
40,46,47,67

 In contrast, 

when YP50F electrodes are combined with tetraethylphosphonium tetrafluoroborate in 

acetonitrile the positive electrode charges by an ion exchange mechanism and with 1-methyl-1-

propylpyrrolidinium bis(trifluoromethansulfonyl)imide the positive electrode charging 

mechanism lies somewhere between pure anion adsorption and ion exchange.
38,68

 A similar 

activated carbon, YP80, has also been observed to have an ion exchange charging mechanism 

when combined with a number of aqueous electrolytes.
48

 While these different studies have 

demonstrated how the charging mechanism can vary with different electrode/electrolyte 

combinations, in all cases the positive electrode charging mechanism has involved some degree 

of anion adsorption (either solely or in combination with loss of cations).  

Here an EDLC system made using YP50F electrodes and 1 M tetraethylammonium p-

toluenesulfonate in propylene carbonate was studied. The two most common solvents for organic 

EDLC electrolytes are acetonitrile and propylene carbonate.
5,6

 Propylene carbonate was chosen 

over acetonitrile in this case due to its lower volatility and toxicity. One of the most common 

salts used to make organic EDLC electrolytes is tetraethylammonium tetrafluoroborate,
5,6

 which 

due to its highly centrosymmetric structure was deemed unlikely to be SFG active. As previous 

studies have suggested that when using YP50F or other activated carbon electrode materials, the 

charging mechanism in the positive electrode involves some anion adsorption occurring it was 
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decided to choose an anion with known SFG activity but to use the tetraethylammonium cation 

to maintain EDLC performance as much as possible. As such, the p-toluenesulfonate anion was 

chosen as it both contains known SFG active vibrational modes and its aromatic modes are 

distinct from any propylene carbonate features occurring in the SFG spectra.
69–71

 

 

EXPERIMENTAL METHODS 

Electrolyte solutions were made by dissolving the required mass of tetraethylammonium p-

toluenesulfonate (Alfa Aesar, purity 98 %) in propylene carbonate (Sigma Aldrich, anhydrous, 

purity 99.7 %, water content < 0.002 %). The propylene carbonate (PC) was used as received and 

the tetraethylammonium p-toluenesulfonate (TEA tosy) was dried in vacuo overnight prior to 

use. The YP50F activated carbon (Kuraray Chemical Company Ltd.) was made into free 

standing films in the standard way by mixing the carbon powder (95 wt%) with 

polytetrafluoroethylene (5 wt%) (Sigma Aldrich, 60 wt% dispersion in water).
67,68

 Films were 

dried in vacuo at 100 °C overnight prior to use. 

SFG spectra were recorded using an Ekspla SFG spectrometer (Nd:YAG laser, 29 ps pulses at 

50 Hz) at the Department of Chemistry, University of Cambridge, which generates a visible 

green beam (   532 nm) and a mid-IR tunable beam. The two beams are incident on the sample 

in a co-propagating geometry (with angles of 60 ° and 55 ° to the electrode surface normal for 

the green and IR beams respectively). YP50F film electrodes were held in a custom designed, 

symmetric two-electrode EDLC-style cell with a calcium fluoride hemi-cylindrical prism, which 

is illustrated in the Supplementary Information, Figure S2. Spectra were recorded in SSP and 

PPP polarisations—where 'S' and 'P' denote beam polarisations perpendicular and parallel to the 

plane of incidence respectively and describe the beams in the order: SFG, visible, IR. In-situ 
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electrochemical measurements were carried out using a Metrohm Autolab PGSTAT101 

potentiostat. A constant potential was applied to the cell and SFG spectra were recorded once the 

current had equilibrated. The spectra shown in Figure 2 were recorded without an applied 

potential. The spectra shown in Figure 3 and Figure 4 were recorded during the first 

electrochemical cycle of the sample, while the spectra shown in Figure 5, Figure 6 and Figure 7 

are part of continuous electrochemical cycle begun with the spectra recorded in Figure 4. Spectra 

were fitted using the program Baseline2000. 

 

RESULTS 

YP50F/PC interface 

The SFG spectra recorded in the C-H stretching region for the YP50/PC interface are shown in 

Figure 2. Although there are a number of SFG spectroscopy studies that use carbonate 

solvents,
56,72–74

 little work has been done investigating PC containing systems and the work that 

has been done has tended to focus on the carbonyl stretching region.
55

 Therefore, the assignment 

of the peaks in the SFG spectra needs to be made by considering both the SFG spectra of similar 

molecules and the expected positions of the IR and Raman vibrational bands (IR and Raman 

spectra shown in the Supplementary Information). For the IR and Raman spectra the peaks 

around 2880 cm
-1

 and 2940 cm
-1

 have both been given varying assignments as CH3 and CH2 

stretches.
75–78

 In SFG spectra of long purely hydrocarbon tails and of simple alcohol molecules 

the peak seen around 2880 cm
-1

 is typically assigned to a CH3 symmetric stretch and the peak 

seen around 2940 cm
-1

 to the Fermi resonance of the CH3 symmetric stretch, while the CH2 

stretches occur at slightly different frequencies.
79–81

 However, the presence of the five membered 

ring and the oxygen atoms are likely to shift the peaks relative to simpler hydrocarbon systems. 
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In diol systems where there are CH2 groups next to an oxygen atom, as occurs in PC, the CH2 

symmetric stretch occurs around 2865–2870 cm
-1

 and the Fermi resonance of this stretch occurs 

around 2915–2940 cm
-1

.
82

 Such molecules however still do not include any effects due to the 

ring structure in PC. Closer molecular analogues would be provided by diethyl carbonate or 

more particularly by ethylene carbonate (EC). In an SFG study considering both these molecules 

as the solvent in a battery electrolyte peaks at 2875 cm
-1

 and 2895 cm
-1

 were assigned to CH3 and 

CH2 symmetric stretches respectively and the peak at 2950 cm
-1

 was assigned to the CH3 

asymmetric stretch.
74

 A comparison between the YP50/PC and YP50/EC interfaces (shown in 

the Supplementary Information, Figure S6) shows that while the SFG spectra display peaks in 

the same positions (around 2880 cm
-1

 and around 2940 cm
-1

) the relative intensities of the two 

peaks are different in the two systems in the SSP polarisation. Given the similarity of the spectra 

of EC and PC we have assigned the peak at 2880 cm
-1

 to the CH2 symmetric stretch and the peak 

at 2940 cm
-1

 to the Fermi resonance of the CH2 stretch, but possibly with some contribution from 

a CH3 stretching mode. 
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Figure 2: SSP (blue) and PPP (red) SFG spectra of the YP50F/PC interface. Data are shown as 

hollow points and fits as solid lines. 

Since this is the first time YP50F activated carbon has been used as an SFG substrate the 

spectra shown in Figure 2 can be used to assess whether the carbon film is behaving as a 

dielectric substrate or not. On dielectric surfaces, CH3 and CH2 peak intensity depends on the 

nature of the vibration. Symmetric stretches are significantly more intense in the SSP 

polarisation, while the intensity of asymmetric stretches is significantly greater in the PPP 

polarisation.
82

 In contrast to dielectrics, metallic surfaces typically show much stronger signals in 

the PPP polarisation for all vibrations. The higher intensity of the peaks in the SSP polarisation 

relative to the PPP polarisation confirms that the YP50F carbon film is not behaving as a metallic 

substrate. This is to be expected as it lacks the ordered metallic structure required for the 

plasmonic resonances that give rise to the high PPP polarisation intensity on metallic substrates. 

However, the reduction in peak intensity in the PPP spectrum compared to the SSP spectrum is 
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somewhat smaller than might be expected if the YP50F carbon film were behaving in a purely 

dielectric manner.
82,83

 This presumably stems from two factors. Firstly, the conducting nature of 

the carbon powder prevents the film from being a truly dielectric surface. Secondly, the 

polarization behaviour at dielectric interfaces is not expected to match the behaviour at 

electrochemical interfaces
82

 and here the YP50F carbon film is acting as an electrochemical 

interface. 

Further to considering the dielectric/metallic character of YP50F under SFG spectroscopy, it 

must also be determined whether the SFG signal arises primarily from the internal or external 

surface of the carbon. As an activated carbon YP50F has a very large surface area and high 

porosity. As such the internal surface area makes up a high proportion of the total surface area. 

However, as a carbon black it also strongly absorbs visible light. This will not only limit the 

penetration depth of the incident green laser beam, but will significantly limit the depth from 

which SFG signals can detected. Hence it might be expected that only surface area in the top few 

tens to hundreds of nanometres are contributing to the SFG signal. Within such a depth range the 

external surface area of the film plays a more substantial role than if the full depth was being 

probed. For those pores close enough to the surface to be accessible to SFG spectroscopy the 

symmetry conditions for SFG activity must be considered. Any pores large enough for ions to 

adsorb on both the top and bottom surfaces are likely to act as macroscopically centrosymmetric 

and so not give rise to any SFG signals. The centrosymmetry of smaller pores is likely to be 

highly dependent on the orientation of the occupying electrolyte species. However, between the 

limited penetration depth of the SFG signals and the likely lack of SFG activity in some if not all 

of the pore spaces, we conclude that the signal seen in the recorded SFG spectra are likely to be 

primarily from the external surface of the film. 
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Initial YP50F/1 M TEA tosy in PC electrolyte solution interface 

Figure 3 shows the C-H stretching region SFG spectra recorded for the YP50F/1 M TEA tosy 

in PC electrolyte solution interface with and without an applied potential of 2 V (spectra 

recorded on the positive electrode, peak assignments given in Table 1). Without an applied 

potential the YP50F/electrolyte solution spectrum is very similar to the YP50F/pure PC 

spectrum, showing peaks at 2940 cm
-1

 and 2880 cm
-1

 but with no evidence of ordered tosy anion 

adsorption. With the application of the potential, the PC C-H stretches at 2940 and 2880 cm
-1

 

both show a reduction in intensity and a shift to lower wavenumber. However, the main 

difference in the spectra on the application of a voltage is the appearance of a peak around 3060 

cm
-1

, which has been assigned to a combination of the tosy anion aromatic methyne (CH) 

stretching modes.
69,71,84,85

 The appearance of this peak indicates that ordered adsorption of the 

anion is occurring on the application of a positive potential. The causes of the changes to the PC 

peaks are more ambiguous. The intensity reduction may be due to a change in molecular 

ordering or orientation, but may equally well suggest a loss of solvent from the surface. This in 

turn may suggest that the tosy anion is directly adsorbed onto the carbon surface without a 

solvation layer, displacing some of the solvent molecules. As discussed above, the SFG signal is 

likely to come primarily from external surface area so the tosy anion adsorption indicated by this 

spectrum is also likely to be occurring at the external surface of the carbon. 
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Figure 3: Comparison of the the YP50F/1 M TEA tosy in PC electrolyte solution interface SFG 

spectra recorded without an applied potential (blue) and with a 2 V applied potential (red). 

Spectra were recorded at the positive electrode in the SSP polarisation. Data are shown as hollow 

points and fits as solid lines. 

 

Table 1: Peak details from the positive electrode YP50F/1 M TEA tosy in PC interface SFG 

spectra with and without an applied potential. 

Applied Potential Peak centre /cm
-1

 Relative peak area FWHM /cm
-1

 Peak Assignment 

0 V 2942 10.28 21.96 
PC CH2 stretch 

(symmetric) 

 2884 1.00 15.87 
PC CH2 stretch 

(sym. Fermi res.)
a
 

     

2 V 3061 2.05 13.81 
Tosy aromatic CH 

stretch 
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 2931 6.73 25.83 
PC CH2 stretch 

(symmetric) 

 2880 1.00 17.28 
PC CH2 stretch 

(sym. Fermi res.)
a
 

a
This peak may also contain some contribution from a CH3 stretching mode 

In order to verify that the signal seen in the SFG spectra was coming from the 

YP50F/electrolyte solution interface and not the prism/electrolyte solution interface, a 

comparison of the two systems was recorded, the results of which are given in the 

Supplementary Information, Figure S8. The spectra recorded at the prism/electrolyte solution 

interface showed a considerably reduced intensity compared to the YP50F/electrolyte solution 

interface. The change is significant enough in magnitude that the signal seen in the 

YP50F/electrolyte spectra can be confidently assigned to the interface of interest.  

 

Potential dependence of the YP50F/1 M TEA tosy in PC electrolyte solution interface 

Further to the simple comparison between spectra recorded at the positive electrode with and 

without an applied potential, spectra were recorded at multiple applied voltages between 0 and 2 

V during both the charge and discharge halves of a first electrochemical cycle. Figure 4 shows 

the spectra recorded during charging (the peak details are given in the Supplementary 

Information). The initial 0 V spectrum shows the expected PC peaks at 2880 cm
-1

 and 2940 cm
-1

 

and no 3060 cm
-1

 tosy anion peak. The anion peak appears when the first potential of 0.5 V is 

applied to the sample and it continues to grow as the applied potential is increased. Interestingly 

however, the intensity change is not a linear function with increasing applied potential. Since 

peak intensity correlates with both species number density and with how well ordered a species 

is this increasing intensity could relate to an increase in either the quantity of tosy anions at the 

YP50F surface or the ordering of the anions. Given that the peak intensity in SSP polarisared 
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spectra is generally less sensitive to orientational changes than in PPP polarised spectra, the scale 

of the change (just under a 3 fold increase between the 0.5 V spectrum and the 2.0 V spectrum) 

suggests that it is not solely based on increased ordering, but that there is an increase in the 

number of tosy anions present at the YP50F interface. In addition to the intensity increase, the 

peak centre undergoes a slight shift to higher wavenumber with increasing voltage. This may 

indicate a subtle change in the adsorption as the applied potential is increased—either an increase 

in the strength of the adsorption forces or a change in orientation of the adsorption to 

accommodate an increasing number of ions at the surface. 

Further to the changes to the 3060 cm
-1

 peak, the PC peaks at 2940 cm
-1

 and 2880 cm
-1

 show 

some variation during the charging process. Both the PC related peaks shift to lower 

wavenumber during charging, though the shift in the 2940 cm
-1

 peak is slightly larger. The 

intensity behaviour of the PC peaks is more complex. While both peaks exhibit a notable initial 

drop in intensity when the first potential (0.5 V) is applied, the 2940 cm
-1

 peak intensity then 

proceeds to recover back to nearly its original value while the 2880 cm
-1

 peak intensity remains 

roughly constant at its 0.5 V value. The final intensity values at 2.0 V are in general agreement 

with those seen in the simple 0.0 V/2.0 V comparison. The intensity changes continue to indicate 

that the potential does lead to changes in the adsorption behaviour of the PC. However, without 

more detailed information, no concrete conclusion can be drawn as to what those changes might 

be and whether they involve a change in the number density of PC at the YP50F surface. 
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Figure 4: SFG spectra of the YP50F/1 M TEA tosy in PC electrolyte solution positive electrode 

interface recorded during charging at 0 V (blue), 0.5 V (red), 1.0 V (green), 1.5 V (purple) and 

2.0 V (aqua). The inset shows a magnification of the 3020–3100 cm
-1

 region. 

The spectra recorded during the first discharge are shown in Figure 5, from which it is clear 

that the changes seen during discharge are not simply the reverse of those seen during the first 

charge (peak details given in the Supplementary Information). While the 3060 cm
-1

 tosy anion 

peak reduces in intensity during discharge, there is still a very definite peak present when the 

voltage is returned to 0 V. Furthermore, the intensity change follows a much more linear 

relationship with the applied potential than was observed during charging. Also in contrast to the 

charging behaviour, the peak centre remains essentially constant, rather than returning back to its 

initial value. The continued presence of the tosy peak at full discharge indicates that some of the 

anions remain at the surface even in the fully discharged state. 
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The intensity of 2940 cm
-1

 peak shows a gradual decrease in intensity, reversing the behaviour 

seen between 0.5 V and 2.0 V on charge. When the system returns to 0 V, the 2940 cm
-1

 peak 

intensity is similar to its value at 0.5 V during charge. However, while the 2940 cm
-1

 peak 

intensity behaviour on discharge seems to relate to that on charge (from 0.5 V onwards), the 

intensity of the 2880 cm
-1

 peak remains roughly constant throughout discharging. Additionally, 

in contrast to the charging behaviour, the positions of both peaks remain essentially unchanged. 

 

Figure 5: SFG spectra of the YP50F/1 M TEA tosy in PC electrolyte solution positive electrode 

interface recorded during discharging at 2.0 V (aqua), 1.5 V (purple) , 1.0 V (green), 0.5 V (red) 

and 0 V (blue). The inset shows a magnification of the 3020–3100 cm
-1

 region. 

The effect of reversing the electrode polarity, charging the initially positive electrode to 

negative potentials, was also investigated. The spectra recorded during the reverse polarity 

charge are shown in Figure 6 (peak details for these spectra and those shown in Figure 7 are 

given in the Supplementary Information). The tosy anion peak at 3060 cm
-1

 remains present at 



 18 

0.5 V (albeit at lower intensity than previously seen) and disappears in the 1.0 V spectrum. This 

indicates that by 1.0 V on the reverse polarity charge the ordered tosy anion adsorption can no 

longer be sustained, suggesting that it is driven off the surface as the negative charge on the 

carbon increases. 

The intensity of the 2940 cm
-1

 PC peak shows a nearly 3 fold increase during the reverse 

polarity charge that is relatively linear with applied voltage. The peak intensity at 2.0 V in the 

reverse charge is notably higher than at any point seen in the first charge/discharge cycle. The 

peak also shifts slightly to higher wavenumber, reversing the shift seen during the initial charge. 

The 2880 cm
-1

 peak also shows a reasonably steady increase in intensity with applied potential, 

however its increase is much smaller than that of the 2940 cm
-1

 peak. In contrast, the shift in 

peak position is much more comparable between the two peaks. Additionally, at 2.0 V a new 

peak appears around 2910 cm
-1

 and the peak shape of the 2940 cm
-1

 peak is asymmetrically 

broadened, suggesting the presence of a second additional peak around 2925 cm
-1

. 

There are a number of possible explanations for the PC peak behaviour and the appearance of 

the two new peaks. One is that the changes relate purely to changes in PC adsorption behaviour. 

These may stem from the removal of the tosy anion giving more space for PC adsorption or from 

the presence of TEA cations that keep a full solvation shell on adsorption, leading indirectly to 

an increase of PC at the carbon surface. A second possible explanation is that direct TEA cation 

adsorption is occurring at the now negative electrode in such a manner as to break the cation’s 

symmetry and allow some of its vibrational modes to become SFG active. As the C-H stretching 

modes of tetraalkylammonium cations occur at similar frequencies to the PC modes,
86–88

 if these 

modes were to become active they might interfere with the PC modes, changing their 

appearance. However, where spectra from TEA cations have been recorded only a single, low 
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intensity peak around 2950 cm
-1

 has been seen,
89

 rather than the multiple new peaks recorded 

here suggesting this explanation is less likely than changes to the PC adsorption. A further 

possible explanation for the change would be the presence of      effects introduced by the 

strong electric field. These can lead to bulk solution contributions becoming visible in the SFG 

spectra. However, the asymmetry of the growth of the PC peaks at 2940 cm
-1

 and 2880 cm
-1

, the 

lack of any tosy anion contribution from 1.0 V onwards and the lack of any bulk contributions 

seen during the initial charge/discharge cycle makes this explanation unlikely. 

 

Figure 6: SFG spectra of the YP50F/1 M TEA tosy in PC electrolyte solution (now) negative 

electrode interface recorded during reverse polarity charging at 0 V (blue), 0.5 V (red), 1.0 V 

(green), 1.5 V (purple) and 2.0 V (aqua). 

Figure 7 shows the spectra recorded during the reverse polarity discharge. The tosy anion 3060 

cm
-1

 peak remains absent from these spectra, which is expected as it only appeared on the 

application of a positive potential to the interface. However, the new peak at 2910 cm
-1

 and the 
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asymmetry of the 2940 cm
-1

 peak that appeared during the reverse polarity charge remain present 

throughout the discharge half of the cycle and are still visible at complete discharge to 0.0 V. 

The 2940 cm
-1

 peak decreases in intensity, in a reasonably linear fashion with the applied 

potential, but at a slower rate than the increase in intensity seen during the reverse polarity 

charge. The final intensity value of the 2940 cm
-1

 peak is still larger than the initial intensity 

value before cycling was begun. In contrast the peak position undergoes a very small shift to 

lower frequencies to return to essentially the original recorded wavenumber. The 2880 cm
-1

 peak 

intensity continues to increase during the reverse polarity discharge, however its position 

remains essentially constant. Again, an exact assignment of the causes of the changes to the PC 

peaks cannot be concluded from the information recorded in the current spectra. 

 

Figure 7: SFG spectra of the YP50F/1 M TEA tosy in PC electrolyte solution (now) negative 

electrode interface recorded during reverse polarity discharge at 2.0 V (aqua), 1.5 V (purple), 1.0 

V (green), 0.5 V (red) and 0 V (blue). 
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DISCUSSION 

The changes to the spectra recorded during the first and reverse polarity charge/discharge 

cycles can begin to provide insights into the charging behaviour of the YP50F electrode, 1 M 

TEA tosy in PC electrolyte solution system. The physical charge storage occurring in EDLCs 

can be achieved by a range of different mechanisms, using different counter-ion/co-ion ratios to 

balance the electrode charge.
49

 The two extremes of this range are pure counter-ion adsorption 

and pure co-ion expulsion. In pure counter-ion adsorption the number of co-ions remains 

unchanged and the electrode change is balanced by the adsorption of additional counter-ions at 

the electrode surface, while in pure co-ion expulsion the number of counter-ions remains 

constant but co-ions are expelled from the surface (with the changes in ion concentration being 

accompanied by changes in amount of solvent present at the surface to obey volumetric 

constraints). Pure ion exchange would lie exactly in the middle of these, combining equal 

numbers of additional adsorbed counter-ion and expelled co-ions.  

The ordered tosy anion adsorption seen during the initial charge cycle shows that the positive 

electrode cannot be operating by a pure co-ion expulsion mechanism. Furthermore, it suggests a 

mechanism between counter-ion adsorption and ion-exchange. Moreover, the non-linear 

behaviour of the peak intensity suggests that the charging mechanism may vary with applied 

potential. The rapid intensity increase between 1.5 V and 2.0 V during the initial charge 

compared to the much more gradual increase from 0.0 V to 1.5 V may suggest that, at least for 

the first cycle, the degree of anion adsorption is greater at higher potentials. This would imply 

that the charge storage mechanism moves more towards a pure counter-ion adsorption behaviour 

as the applied potential is increased. Such a change in charge storage mechanism with applied 
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potential has been seen before for carbon electrodes combined with organic electrolyte solutions 

using EQCM measurements.
40,49,90

  

The difference in the tosy anion 3060 cm
-1

 peak behaviour seen during charging and 

discharging in the initial cycle may also suggest that different mechanisms dominate the different 

halves of the cycle (at least for the first cycle). It also indicates that some of the changes 

occurring during the first charge may be irreversible, either with some form of irreversible 

adsorption of the anions at the YP50F surface or with electrowetting providing access to a 

greater proportion of the electrode's surface area. Such electrowetting has been observed for a 

similar system—activated carbon electrodes combined with tetraethylammonium 

tetrafluoroborate in acetonitrile electrolyte solution—using both NMR and small angle neutron 

scattering, particularly during first cycle charging.
43,45

 An irreversible change during the first 

charge cycle may also explain the different mechanisms acting during charging and discharging.  

Furthermore, the persistence of the tosy anion peak to negative voltages, along with some of 

the changes observed for the PC peaks, suggest that there is a degree of hysteresis within the 

charging (at least when a full cycle involving a reversal of the electrode polarity is considered). 

Such a hysteresis has been seen previously with SFG spectroscopy for ionic liquids on platinum 

electrodes.
59

 As with the initial irreversibility of the tosy adsorption, this may be specific to the 

first cycle due to a phenomenon such as electrowetting.   

 

CONCLUSIONS 

We have measured the potential dependent absorption of the tosy anion at the YP50F activated 

carbon/1 M TEA tosy in PC electrolyte solution interface using SFG spectroscopy. SFG spectra 

were recorded for the YP50F/electrolyte solution interface at multiple points during a first 
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charge/discharge cycle to positive potentials followed by a reverse polarity charge/discharge 

cycle to negative potentials. The tosy anion was found not to exhibit ordered adsorption at the 

YP50F surface before the application of a potential but ordered, potential dependent, absorption 

was seen on the application of a positive potential. The results indicated that the positive 

electrode in EDLCs formed of YP50F electrodes and 1 M TEA tosy in PC electrolyte solution 

store charge via a mechanism that involves some degree of counter-ion adsorption (somewhere 

between counter-ion adsorption and ion exchange) and that the charge storage mechanism may 

be potential dependent. The discharge half of the initial cycle and the reverse polarity 

charge/discharge cycle indicated that some of the changes occurring at the YP50F surface during 

the initial positive charge were irreversible and that there was a degree of hysteresis in the full 

electrochemical cycle from positive to negative voltages. 
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