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Abstract
The in situ X-ray photoelectron spectroscopy data indicate that butyltrimethylammonium bis(trifluoromethylsulfonyl)
imide (N4111(TFSI)) adsorbs strongly within the potential range −3.25 V < E < −2.25 V and specifically at E < −3.25 V 
(vs. Ag-QRE) at the Al electrode. Strong adsorption of the intermediates of N4111(TFSI) electrochemical decomposi-
tion was observed in electrochemical impedance spectroscopy and cyclic voltammetry measurements. At E < −4.25 V 
(vs. Ag-QRE), very intensive electrochemical reduction of N4111(TFSI) took place at the Al electrode giving gaseous 
products. In the potential range from − 2.25 to 0.00 V (vs. Ag-QRE), non-specific adsorption of N4111(TFSI) exists 
et al. surface.

Keywords  Room-temperature ionic liquid · X-ray photoelectron spectroscopy · Cyclic voltammetry · Electrochemical 
impedance spectroscopy · Aluminium current collector

Introduction

Butyltrimethylammonium bis(trifluoromethylsulfonyl)
imide (N4111(TFSI), CAS number 945715–39-9) is one of 
the quaternary ammonium-based room-temperature ionic 
liquids (RTILs) being suggested to use as an electrolyte 
in the supercapacitors and electrochemical power sources 
due to its very wide region of ideal polarizability at the 
carbon electrode—electrolyte interface [1, 2]. However, it 
has been predicted that N4111(TFSI) starts to electrore-
duce at glassy carbon electrode at E = −3.35 V vs. Fc/
Fc+ [3] (ca. −2.9 V vs. Ag/Ag+), and the linear fit method 
has given a cathodic stability limit for various quaternary 
ammonium cations at glassy carbon electrode at around 

E = −3.4 V vs. Ag/Ag+ [2]. On the other hand, Howlett 
et al. have reported the electrochemical instability of the 
TFSI− anions as early as at E < −2.0 V vs. Fe/Fe+ [4]. 
Therefore, the question about the initial potential for elec-
trochemical reduction of N4111+ cations and TFSI− anions 
at the carbon and metal electrodes remains.

Al is a commonly used inexpensive material for the 
production of the current collectors in supercapacitors, 
ref lecting its great importance in technology [5–7]. 
Therefore, it is essential that Al, as the current collector, 
is in direct contact with the electrolyte solution inside a 
supercapacitor [8–10]. Thus, it is essential to investigate 
and analyse the electrochemical processes at polarised 
Al current collectors, including Al passivation by the 
electrolyte and the re-activation at more negative poten-
tials, adsorption and desorption of the electrolyte com-
ponents and reaction intermediates, etc. In this work, 
the properties of the negatively polarised Al electrode 
in N4111(TFSI) were studied by in situ X-ray photo-
electron spectroscopy (XPS), electrochemical imped-
ance spectroscopy (EIS) and cyclic voltammetry (CV) 
methods.
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Experimental

Materials

The Al material was used as a working electrode (WE) 
in the electrochemical measurements and as an electro-
chemically polarised support for the low energy (“soft”) 
X-ray photoelectron spectroscopy (XPS) studies of 
N4111(TFSI). This Al material has also been applied as 
a current collector in a model electrochemical double-
layer capacitor containing molybdenum carbide derived 
high surface area micro-mesoporous carbon electrodes, 
the electrochemical and spectroscopic properties of 
which have been previously described [11, 12]. The Al 
was mechanically cleaned and polished by Buehler Carbi-
met® (SiC) grit 600 polishing paper and then washed with 
acetone (Honeywell/Riedel–de Haen, for HPLC, ≥ 99.8%) 
before the wetting with N4111(TFSI) and following anal-
ysis. The purity of the pre-cleaned Al current collector 
was determined by X-ray fluorescence spectroscopy, and 
the presence of 96.4% (w/w) Al, 1.9% (w/w) C and 1.7% 
(w/w) O at the material surface was indicated. Platinum 
gauze (with an apparent area of ca. 2 cm2 and grid size 100 
mesh, purity 99.9% (w/w)) as the counter electrode (CE) 
and a silver wire as the quasireference electrode (Ag-QRE) 
(next to WE) were located in the quartz electrochemical 
cell filled with 1 ml N4111(TFSI) [13]. Therefore, all elec-
trochemical potentials (E) noted in the text are given in the 
reference to Ag-QRE.

N4111(TFSI) (>99.5%, Iolitec), containing 80 ppm 
water and less than 50 ppm halides (according to manufac-
turer’s certificate), was dried further at 100 °C and 10 kPa 
for 20 h. The three-electrode electrochemical system filled 
with N4111(TFSI) was degassed in the XPS sample prepa-
ration chamber for 12 h at 22 °C and p = 5 × 10−5 Pa before 
the in situ XPS measurements.

Equipment and data analysis

The CV and EIS studies of the N4111(TFSI) | Al inter-
face were performed in the mBraun Ar-filled glovebox 
(p = 101 kPa) containing less than 0.1 ppm water and 
oxygen. Reference 3000 (Gamry Instruments) and SP-300 
(Bio-Logic SAS) potentiostats were used to record elec-
trochemical data and to polarise the Al electrode during 
the in situ XPS and MS measurements. The values of the 
series and parallel resistances were calculated by fitting 
the calculated impedance spectra to the experimental 
Nyquist plots using a model combination circuit where the 
resistor was connected in series with the parallel combina-
tion of the second resistor and the constant phase element 
(Scheme 1). Autolab NOVA 1.11 software was used for the 

calculation of theoretical spectra and fitting of calculated 
data to the experimental ones.

The in situ XPS measurements were conducted in the 
high vacuum conditions (p = 0.08…1 × 10−4 Pa) at the syn-
chrotron initiated adjustable energy X-ray beamline FlexPES 
low density matter branch end-station (Max IV laboratory, 
Lund University, Sweden). The following excitation photon 
energies were used: for C 1 s –400.0 eV, for N 1 s –500.0 eV, 
for O 1 s –650.0 eV, for F 1 s –800.0 eV and for S 2p and 
Al 2p –270 eV. XPS data analysis and binding energy (BE) 
spectra fittings were performed using CasaXPS software 
(ver. 2.3.19). The C 1 s XPS spectra were fitted using a 
combined Gaussian-Lorentz function with the ratio 70:30, 
respectively. For the calibration of the BE scale, the BE of 
the C 1 s electrons originating from the aliphatic carbon 
atoms in the butyl chain (i.e. not connected with the ammo-
nium nitrogen atom and having sp3 electronic configuration) 
of N4111+ cation located at the non-polarised Al WE was 
fixed at 285.0 eV [14]. This method enabled to calibrate the 
measured XPS spectra internally. For precise fitting and the 
extraction of the C 1 s BE peaks, the two-peak model was 
selected for the analysis of the N4111+ cation core electron 
energies.

The N 1 s, O 1 s, F 1 s and S 2p X-ray photoelectron (PE) 
spectra were fitted using the same combination ratio of the 
Gaussian-Lorentz function as described for C 1 s XPS, leav-
ing the FWHM and peak positions free. Later the obtained 
individual peak BEs were corrected according to the BE of 
the aliphatic carbon measured for different fixed potentials.

All investigations were performed at room temperature 
(22 °C).

Results and discussion

In situ XPS measurements

The shapes of the C 1 s, N 1 s, O 1 s, F 1 s and S 2p X-ray 
photoelectron (PE) spectra were stable throughout the 
potential range investigated: from −4.25 to 0.00 V (Fig. 1). 

CPE

Rs

Rp

Scheme 1   The equivalent scheme (model) used to describe the elec-
trochemical behaviour of the N4111(TFSI) | Al interface. Rs series 
resistance, Rp parallel resistance and CPE constant phase element
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Fig. 1   In situ XPS spectra 
for Al electrode at various 
potentials marked in the figures: 
a for C 1 s, tick mark labels 
1.2·106 counts s−1; b for N 1 s, 
tick mark labels 3·105 counts 
s−1; c for O 1 s, tick mark labels 
3·105 counts s−1; d for S 2p, tick 
mark labels 3·106 counts s−1; 
and e for F 1 s, tick mark labels 
2.1·105 counts s−1
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Binding energies of the inner core electrons, correspond-
ing to the photoelectron peaks in Fig. 1, are presented in  
Supporting Information STable 1. Application of more 
negative potentials than E =  −4.25 V was impossible due 
to the increasingly rapid release of gaseous products. Sta-
bility of the shape of the PE peaks indicates that gaseous 
or insoluble products formed et al. WE. dBE vs. dE rela-
tionships, constructed using collected and fitted C 1 s, N 
1 s, O 1 s, F 1 s and S 2p X-ray PE spectra data, indicate 
that N4111(TFSI) adsorbed non-specifically et al. WE at 
E > −2.25 V, dBE · dE−1 = −1.0 eV V−1, as for all elements 
investigated. At more negative potentials E < −3.25 V strong 
adsorption (dBE · dE−1 ≈ −0.15 eV V−1) is possible for most 
of the elements investigated (STable 1 and Supporting Infor-
mation Figs. (SFigs. 1, 2, 3, 4, 5, 6, 7, and 8). Within the 
potential region −3.25 V < E < −2.25 V, a smooth change  
in the slope of the dBE vs. dE plot takes place having an  
average value of dBE · dE−1 ≈ −0.6 eV V−1 for inner core 
electrons of all N4111(TFSI) component atoms (STable 1 and 
SFigs. 1, 2, 3, 4, 5, 6, 7, and 8) indicating possible exchange 
of the adsorption nature of N4111(TFSI) in this potential 
range and very slow surface film formation. Thus, the in situ 
XPS data obtained are in a very good correlation with the 
Campana et al. [15] in situ atomic force microscopy meas- 
urement information collected for tetraethylammonium 
tetrafluoroborate solution in propylene carbonate at highly 
oriented pyrolytic graphite electrode.

Information collected in CV measurements

The CV data, performed within the potential range from 
0.00 to −3.00 V and reverse at the potential sweep rate 

v = 1.0 mV s−1, indicate the start of an electroreduction 
process at E ≤ −2.25 V (Fig. 2, grey line). The reduction 
process has the highest speed at the most negative poten-
tial applied (E = −3.00 V) and starts to reduce again as the 
potential is increased. However, Fig. 2 shows a hysteresis 
loop indicating the presence of adsorption–desorption pro-
cesses within the potential range −3.00 V < E < −1.80 V 
(Fig. 2, grey line). It should be also noted that no hyster-
esis loop formed in the CV measured in a narrower poten-
tial range from 0.00 to −2.50 V (Fig. 2, black line). Thus, 
it seems that strong adsorption of N4111(TFSI) takes 
place only at E < −2.50 V.

CV measurements over even wider ranges of poten-
tial, i.e. potential changes from 0.00 to −3.50 V, 0.00 
to −4.00 V and from 0.00 to −5.00 V and reverse, indi-
cate significant activation of the Al surface as the reduc-
tion current starts to increase already at ca. E < −1.0 V 
(Fig. 3a, b). It is unlikely that the residual water began 
suddenly to reduce at this potential, as this process should 
to be notable already in previous CV sweeps with less 
negative ending potentials (Fig. 2). Thus, we propose 
that at more negative potential than E = −1.0  V, the 
electrocatalytic reduction of N4111(TFSI) is possible at 
previously electrochemically activated Al electrode at 
E < −3.0 V. This increased electrochemical activity of 

Fig. 2   Cyclic voltammogram 
(CV) measured within the 
potential range from 0.00 
to −2.50 V (black line) and 
0.00 to −3.00 V (grey line) 
at the potential sweep rate of 
1.0 mV s−1. The second forward 
and reverse CV sweeps are 
presented
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the N4111(TFSI) | Al system relates to the cleaning of 
the Al surface and very strong adsorption of N4111(TFSI) 
at the Al electrode, notable from the dBE vs. dE data 
obtained at E < −3.25 V (STable 1). Additionally, a small 
electroreduction peak formed at E = −3.9 V in the CV 
measured within the potential range from 0.00 to −5.00 V 
and reverse (Fig. 3a).

Information collected from the potentiostatic EIS 
measurements

The information was collected within the modulation fre-
quency (ν) range from 300 kHz to 5 mHz with the appli-
cation of the modulation amplitude of 5 mV to measure 
the EIS data in the potentiostatic mode. The Nyquist plots 
measured are presented in Fig. 4. Within the potential 
range from −0.80 to 0.00 V, the impedance imaginary 
part vs. impedance real part (-Z” vs. Z’) relationships are 
almost straight lines and have very high -Z” vs. Z’ val-
ues at very low frequencies (Fig. 4a). This indicates the 
absence of faradic processes and marks that the Al surface 
behaves nearly like an ideal passivated (so-called blocked) 
electrode (capacitor) having the most ideal capacitor-like 
behaviour at E = −0.50 V. At E ≤ −0.90 V, the slope of the 
Nyquist plots starts slowly to reduce and bend. Parallel to 
that, the values of -Z” start to reduce indicating the start of 
very slow electrochemical processes. The log |-Z|” vs. log 
ν plots are straight lines with the slope of −0.91 (Ω cm2 s) 
within the potential range −1.30 V < E < 0.00 V and −2.3 
(Hz) < log ν < 2.0 (Hz) (SFig. 9). At E = −1.90 V, an arc 
seems to be formed (Fig. 4a) and the log |-Z”| vs. log ν plot 
straight line starts to deviate from linear dependence at log 
ν < −1.3 (Hz) (SFig. 9). Stepwise increase of the negative 
potential of the Al electrode leads to more curved Nyquist 
plots, and from a potential of −2.20 V, the semi-circles 
form (Fig. 4b). Parallel to that, the maxima in the log |-Z”| 
vs. log ν plot form as well (SFig. 9), moving toward higher 
modulation frequencies, and the slope of the log |-Z”| vs. 
log ν plots reduces (dlog |-Z”| · (dlog ν)−1 = −0.82 (Ω cm2 
s) at E = −2.50 V and 0.43 (Hz) < log ν < 2.55 (Hz)), thus, 
indicating the acceleration of the mixed-kinetic electrore-
duction of N4111(TFSI) (i.e. slow adsorption and faradic 
charge transfer steps) (SFig. 9).

The formation of the semi-circle at E ≤ −2.20 V (Fig. 4b) 
overlaps with the reduction of the slope of the dBE vs. dE 
relationships to −0.6 eV V−1 for the elements composing  
N4111(TFSI) at E < −2.25 V (STable 1), indicating the spe- 
cific adsorption with partial charge transfer of the RTIL 
at the Al surface. The formation of two semi-circles in 
the Nyquist plots at E < −2.70 V (Fig. 4c) is overlapping 
with the reduction of the slope of the dBE vs. dE relation-
ship to −0.1 eV V−1, indicating the strong interaction of  

N4111(TFSI) with Al surface. Parallel to the changes in 
the shape of the Nyquist plots, the sizes of the semi-circles 
reduce parallel with the reduction of the Al electrode poten-
tial, reflecting the remarkable increase in the speed of the 
charge transfer processes at the N4111(TFSI) | Al interface 
(Figs. 2, 3a and 4b, c). Unfortunately, the N4111(TFSI) | 
Al interface became instable at E < 3.30 V, and thus, it was 
impossible to analyse the EIS data collected at more nega-
tive potentials.

The series capacitances (Cs), measured at the EIS modu-
lation frequency ν = 0.10 Hz and calculated as described 
in Refs. [9, 16], had very stable values from E = 0.00 
to −2.00 V. At more negative potentials, Cs values begun 
to increase gradually. Very steep increase of the Cs values 
started at E < −2.4 V, when a first capacitance peak formed 
at E = −2.60 V (Cs = 40 mF cm−2), followed by the second Cs 
peak at E = −2.90 V (Cs = 40 mF cm−2) (Fig. 5a). After that 
the Cs values stabilised at Cs = 30 mF cm−2 and E = −3.20 V 
(Fig. 5a). The parallel capacitance (Cp) values, measured at 
the modulation frequency ν = 0.10 Hz and calculated as in 
Ref. [16], show at E > −2.4 V very similar trend as for Cs 
values (Fig. 5a). At E < −2.90 V the Cp increased continu-
ously up to Cp = 0.9 mF cm−2 at E = −3.20 V (Fig. 5a).

The ratio of Cp · Cs
−1 being nearly unity (calculated at 

ν = 0.1 Hz) is an indicator of the ideal polarisability of the 
electrochemical system investigated (i.e. of N4111(TFSI) 
| Al interface) [16], having the closest values to unity (Cp 
· Cs

−1 = 0.97) within the potential range from E = 0.00 
to −1.20 V (Fig. 5b). At more negative potentials, the Cp · 
Cs

−1 values began slowly to decrease indicating the start of 
the electrochemical reduction of the residual contaminants 
remained in the N4111(TFSI) after previous very care-
ful drying at 100 °C and 10 kPa for 20 h. Steep reduction 
of the Cp · Cs

−1 values took place at E ≤ −2.00 V indicat-
ing the start of the intensive electrochemical reduction of 
N4111(TFSI) at the Al surface (Figs. 2, 3b, 4b, c). After that 
very steep decrease, the Cp · Cs

−1 values stabilised nearly at 
zero (Cp · Cs

−1 < 0.1) at E ≤ −2.40 V indicating the exist-
ence of very high intensity charge transfer processes at the 
N4111(TFSI) | Al interface (Figs. 2, 3b, 4b, c and 5b), thus, 
in an agreement with the XPS results discussed.

The values of series resistance (Rs) of the N4111(TFSI) 
| Al system were almost stable within the potential range 
from −2.50 to 0.00 V having an average value Rs = 184 ± 3 
Ω cm2 (Fig. 6). A Rs peak (Rs = 203 Ω cm2) at E = −1.20 V 
is notable, and it could be connected with the formation of 
non-conducting layer by electroreduction of the trace water 
adsorbed at the Al electrode. At E < −2.5 V, Rs decreases 
passing a minimum at −2.80 V < E < −2.70 V (Rs = 174 Ω 
cm2) and started to increase again at E < −2.80 V obtaining 
a value (Rs = 187 Ω cm2) that was very close to the Rs values 
at E > −2.50 V. This temporal reduction in the Rs values 
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Fig. 4   a–c Nyquist plots for 
N4111(TFSI) | Al system 
measured at the potentials noted 
in the figure

a)

b)

c)
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seems to be connected with the start of the electroreduction 
of the N4111+ cation and the formation of the gas bubbles 
(cleaning the surface) speeding up the mass transport at the 
N4111(TFSI) | Al interface [17].

The parallel resistance (Rp) increased from the ini-
tial value Rp = 0.76  MΩ cm2 at E = 0.00  V to a peak 
value Rp = 7.5 MΩ cm2 at E = −0.50 V (Fig. 6b). This 
Rp peak overlaps with the Cp · Cs

−1 vs. E maximum (Cp 
· Cs

−1 = 0.98) at E = −0.50 V and marks the potential of 
the highest electrochemical inertness of the N4111(TFSI) 
interface. At more negative potentials, steep reduction 

in the Rp values took place; however, a small Rp peak 
(Rp = 2.4 MΩ cm2) formed at E = −1.10 V indicating the 
possible short-term electrochemical passivation of the 
N4111(TFSI) | Al interface due to the electroreduction 
of the residual water. At E ≤ −1.20 V continuous smooth 
reduction of the Rp value took place indicating the intensi-
fication of the charge transfer processes at the Al electrode 
surface. At E < −2.50 V steep increase in a parallel cur-
rent density (ip, ip = E · Rp

−1) value is notable, reflecting 
the start of the intensive electroreduction of the N4111+ 
cations [17] (Fig. 6c).

Fig. 5   Series capacitance (Cs) 
and parallel capacitance (Cp) 
(a) and Cp · Cs

−1 (b) vs. Al elec-
trode potential (E) relationships 
measured at the electrochemical 
impedance spectroscopy modu-
lation frequency 0.10 Hz
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Fig. 6   Series resistance (Rs) 
(a), parallel resistance (Rp) (b) 
and parallel current density (ip, 
ip = E · Rp) (c) vs. potential (E) 
applied for N4111(TFSI) | Al 
system
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Conclusion

Collected in situ XPS, CV and EIS data show high electro-
chemical stability of the N4111(TFSI) | Al system within 
the potential range from −1.20 to 0.00 V (vs. Ag-QRE), 
where the Cp · Cs

−1 ≥ 0.97. At more negative potentials, 
electrochemical reduction of trace water still remained in 
the N4111(TFSI) after careful drying reduced somewhat the 
ideal polarisability of the N4111(TFSI) | Al interface. Due 
to electrochemical reduction of the N4111+ cations start-
ing at E < −2.00 V, the Cp · Cs

−1 values decrease sharply. 
With the start of the electroreduction of N4111+ cation, the 
dBE vs. dE relationship slope reduced from initial value of 
dBE · dE−1 ≈ −1.0 eV V−1 (characteristic of the non-specific 
adsorption of N4111(TFSI) et al.) at −2.25 V < E < 0.00 V 
to dBE · dE−1 ≈ −0.6 eV V−1 (corresponding to specific 
adsorption of N4111(TFSI) at −3.25 < E < −2.25 V. Within 
the potential range from −4.25 to −3.25 V, N4111(TFSI) 
adsorbed very strongly at the Al electrode surface (dBE · 
dE−1 ≈ −0.1 eV V−1). The dBE vs. dE relationships are very 
similar for inner core electrons of all elements composing 
N4111(TFSI). Measured EIS and CV data are in a very good 
agreement with the obtained in situ XPS data, indicating the 
high quality of the investigation method and measurements 
performed.

Finally, it should be noted that the investigated 
N4111(TFSI) | Al system behaves very similarly to the 
N4111(TFSI) | mmp-C(Mo2C) system (mmp-C(Mo2C) 
denotes micro-mesoporous molybdenum carbide derived 
carbon electrode) [17]. However, mmp-C(Mo2C) seems to 
be more active than Al, and there has been very sharp reduc-
tion of the dBE vs. dE relationship slope from the initial 
value of dBE · dE−1 ≈ −1.0 eV V−1 (at −2.00 V < E < 0.00 V) 
to value dBE · dE−1 ≈ −0.1  eV  V−1 in the potential 
range −4.25 < E < −2.00 V [17].

Thus, the collected data show that the application of 
N4111(TFSI) as an electrolyte (molten salt) for the elec-
trochemical double layer capacitors or for the deposition of 
high quality metal layers of the electrochemically active met-
als is questionable at E < −2.0 V.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10008-​022-​05281-0.
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