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a CRMD, CNRS-University, 1B rue de la Férollerie, 45071 Orléans Cedex 2, France
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bstract

In order to understand what causes supercapacitors ageing in an organic electrolyte (tetraethylammonium tetrafluoroborate – Et4NBF4 – 1 mol L−1

n acetonitrile), the activated carbon electrodes were characterized before and after prolonged floating (4000–7000 h) at an imposed voltage of
.5 V. After ageing, the positive and negative electrodes were extensively washed with pure acetonitrile in neutral atmosphere to eliminate the
hysisorbed species. Then, the carbon materials were dried and transferred without any contact with air to be studied by XPS, 19F NMR, 11B
MR and 23Na NMR. Decomposition products have been found in the electrodes after ageing. The amount of products depends on the kind of

ctivated carbon and electrode polarity, which suggests redox reactions of the electrolyte with the active surface functionality. Nitrogen adsorption

easurements at 77 K on the used electrodes showed a decrease of accessible porosity, due to trapping of the decomposition products in the pores.
ence, the evolution of the supercapacitor performance with time of operation, i.e. the capacity decrease and the resistance increase, are due to

he decomposition of the organic electrolyte on the active surface of the carbon substrate, forming products which block a part of porosity. The
oncentration of surface groups and their nature were found to have an important influence on the performance fading of supercapacitors.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Although supercapacitors are known since the early 1970s
1–3], they recently received a renewed interest [4]. Taking
nto account that the energy stored in capacitors is propor-
ional to the square of voltage, high energy density prototypes
ased on activated carbons and organic electrolytes, operat-
ng with a voltage window of 2.5 V, have been developed by
everal industrial companies [5–9]. Within the last years, a
remendous number of studies were dedicated to improve the
erformance of supercapacitors by developing new types of

arbon materials: carbon nanotubes [10–14], carbon nanofibers
15], carbon aerogel [16,17], carbon xerogel [18] and glassy
arbon [19]. However, because of their low cost (1 F = $0.01)
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yte decomposition; Pores blocking

nd expected good cycleability, activated carbon-based super-
apacitors remain the lonely practical candidates for industrial
pplications, especially for electric vehicles and power quality
evices.

Nevertheless, after a prolonged operation, supercapacitors
ased on activated carbons and organic electrolytes may demon-
trate capacity fading and resistance increase, together with
acroscopic phenomena such as gas evolution, increase of the

lectrodes mass, local separation of the coating layer from the
etallic collector. Since long life is mandatory for the envisioned

pplications of supercapacitors, a better knowledge of the age-
ng mechanisms is required, in order to define strategies allowing
hese drawbacks to be circumvented. Surface functionality and
orosity of activated carbons [20] should be certainly optimised

n order to improve the long-term electrochemical performance
n organic medium.

Previous studies performed in SAFT laboratories have
emonstrated that ageing of supercapacitors based on activated

mailto:beguin@cnrs-orleans.fr
dx.doi.org/10.1016/j.jpowsour.2007.07.001
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arbons is not noticeably affected by the porous texture [21].
n exhaustive review of patents rather suggests that the surface

unctionality and the impurities (water, metals and heteroatoms
uch as oxygen) contained in the activated carbon electrodes
ould be responsible of the electrochemical fading and of the
acroscopic effects. The surface functional groups of activated

arbon affect capacitance [22,23], whereas the amplitude of
eakage current depends essentially on the acidic surface groups
24]. Few ppm of water in the organic electrolyte depress sig-
ificantly the potential window, having an influence on the
apacity fading [8]. Both adsorbed water and surface groups
ay be decomposed at a voltage higher than 2.5 V, which leads

o gases production and fading of the electrochemical perfor-
ance [25]. The evolved gases are expected to be blocked

n the pores of separator and activated carbon, giving rise
o a resistance increase [26]. The resistance increase and the
lectrodes damages could be also attributed to the presence
f oxygen [27] and metal impurities [28]. Finally, a progres-
ive transformation of the binder used for the realization of
he electrodes coating could be also responsible of the capac-
tance decrease and resistance increase during operating the
apacitors [29].

Though several reasons, mainly related with the nature of the
lectrolyte or the surface functionality of activated carbons, are
iven to interpret the performance fading of organic electrolyte-
ased supercapacitors, there is not a clear description of the
hemical evolution of the electrodes and of the corresponding
echanisms. Therefore in this study, two activated carbons with

ifferent physico-chemical properties have been used for the
ealization of supercapacitors in organic medium. After a pro-
onged floating at 2.5 V, the aged electrodes have been analysed
y X-ray photoelectron spectroscopy (XPS), nuclear magnetic
esonance (NMR), and nitrogen adsorption. From the results
btained on these supercapacitor cells, we demonstrate clearly
hat the electrolyte is decomposed on the electrode materials
i.e. activated carbon), leading to changes of their chemical
omposition, and to the ageing phenomenon.

. Experimental

The two activated carbons used for building the supercapac-
tors are named Maxsorb and OPTI. OPTI is a typical synthetic
ctivated carbon prepared by steam activation of a phenolic resin
har. Maxsorb is obtained after activation of a petroleum pitch
arbon by KOH at 850 ◦C, according to references [30–32].
he oxygen content in the activated carbons outgassed 24 h
t 200 ◦C (Plimit = 2 × 10−6 mbar) was measured by elemental
nalysis at the “Laboratoire Central d’Analyse du CNRS” (Ver-
aison, France). The concentration of oxygenated surface groups
as determined by acid–base titration, according to the process
escribed in references [33,34]. Thermogravimetric analysis
TGA) has been performed on a Setaram 1600 analyser in order
o estimate the water proportion contained in the two activated

arbons.

Electrodes were prepared by coating an aluminium foil with
n aqueous suspension of the active material (activated carbon,
7 wt%) mixed together with a carboxymethylcellulose binder

o
N
1

a

urces 171 (2007) 1046–1053 1047

CMC, 4 wt%), a plasticizer (styrenebutyrene rubber (SBR),
wt%) and a percolator (carbon black, 5 wt%). SAFT 3500 F

upercapacitor prototypes [35], with symmetric electrodes, were
uilt with Maxsorb or OPTI using 1 mol L−1 Et4N+ BF4

− in
cetonitrile as electrolyte. The capacitor electrodes were aged
y the application of a 2.5 V constant voltage during 4000 h
nd 7000 h for Maxsorb and OPTI, respectively. Every 250 h,
mpedance spectroscopy spectra were recorded in the frequency
ange from 65 kHz to 10 mHz at open circuit voltage with 10 mV
mplitude, using a Solartron SI 1260 analyser (Schlumberger).
apacitance at a frequency of 10 mHz was estimated from the

mpedance spectrum using the formula C = 2π/(0.01.Z′′), where
′′ is the imaginary part of impedance. Self-discharge tests have
een performed with a potentiostat/galvanostat (VMP Biologic,
rance) every 250 h.

After applying 2.5 V permanent voltage, the capacitors were
isassembled in a glove box, and the aged positive and nega-
ive electrodes were washed with acetonitrile during one week
n a Kumagawa extractor under argon, in order to eliminate the
hysisorbed species. After washing, the electrodes were dried
t 139 ◦C under vacuum during 1 week, and stored in a glove
ox. All the transfers have been performed under air-free atmo-
phere (vacuum or ultra pure argon) to avoid any modification of
he aged electrodes by oxidation or hydration. For comparison
urpose, fresh electrodes were washed and dried in the same
onditions.

Nitrogen adsorption was measured at 77 K on the two acti-
ated carbons and on aged and fresh electrodes based on OPTI
nd Maxsorb, using an Autosorb 6 (Quantachrome). The OPTI
nd Maxsorb activated carbons were degassed at 200 ◦C for 15 h,
hereas outgassing temperature of electrodes was only 140 ◦C

n order to avoid any decomposition of the binder (CMC). The N2
dsorption data were used to calculate the BET specific surface
rea SBET.

The electrodes components (binder, plastifier, percolating
gent and pure OPTI or Maxsorb), the fresh and aged electrodes
ere analysed by X-ray photoelectron spectroscopy (XPS) using

n ESCALAB 250 (VG Scientific), after outgassing under sec-
ndary vacuum at 200 ◦C. The electrodes were progressively
ealed under inert atmosphere, using an adhesive tape, allow-
ng their composition to be determined by XPS as a function of
epth, from the electrode/electrolyte interface to the aluminium
oil.

In order to get more relevant information on all the active
ass, Rotational Echo DOuble Resonance (REDOR) nuclear
agnetic resonance (NMR) experiments have been performed

n the powder from fresh and aged electrodes, using magic
ngle spinning (MAS) NMR on a DSX 400 (Bruker). This
ode allows the volumetric 3D proximity of two elements to be

etermined on small amounts of disordered materials (X MAS:
2.5 kHz, νRF = 20 kHz, use of T90, recycle delays: 1 s; 19F MAS:
se of Hahn Echo, 1 period, 12.5 kHz, νRF = 40 kHz; REDOR:
R = 10 kHz, νRF(X) = 20 kHz, recycle delay: 1 s, evol.: 10 peri-

ds, νRF(19F) = 40 kHz). The selected references are 1 mol L−1

aCl in water for 23Na NMR, the Et2O → BF3 complex for
1B NMR and CClF3 for 19F NMR. The powders were washed
nd dried according to the process described above. Rotor air-
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Table 1
Concentration of surface groups (mequiv. g−1) from the Boëhm [34] titration of OPTI and Maxsorb
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rial [36–38]. Fig. 2 shows that the capacitance of both materials
decreases with the increase of floating time, and the fade is
much higher for Maxsorb than OPTI. Simultaneously, the equiv-
alent serial resistance (ESR) measured at 10 mHz increases with
PTI 0.04 0
axsorb 0.60 0

ight probes were filled in a glove box under ultra pure argon
tmosphere.

. Results and discussion

.1. Physico-chemical and electrochemical characteristics
f the activated carbons

Generally, activated carbons contain oxygenated surface
roups, which type and concentration depend on the activa-
ion process [34]. From elemental analysis, the oxygen content
s 1.7% and 6.2% for OPTI and Maxsorb, respectively. OPTI
ppears rather as a neutral carbon (pH in water 8.5) whereas
axsorb is definitely acidic (pH in water 3.5). The results of

cid–base titration on the two carbons show that the type and
mount of oxygenated surface groups is very different (Table 1).
he high concentration of acidic groups of Maxsorb well cor-

elates with the oxygen content and macroscopic pH of this
ctivated carbon. The important weight loss due to water evo-
ution observed in the thermogram of Maxsorb below 200 ◦C
Fig. 1) confirms that the latter is more hydrophilic than OPTI,
hich fits well with its high concentration of acidic surface
roups. This hydrophilic character of Maxsorb could be respon-

ible of higher water retention in the electrodes fabricated from
his material. Besides, coupling TGA with mass spectrometry
nalysis of the evolved gas, indicates that the further weight loss
bserved above 300 ◦C for Maxsorb is related with the elimina-

ig. 1. Thermogravimetric analysis of Maxsorb and OPTI under argon atmo-
phere at a heating rate of 2 ◦C min−1.

F
a

0.88 0.1 0.33
2.17 0 0.12

ion of CO2, giving an additional confirmation for the presence
f surface carboxylic groups in this carbon.

The nitrogen adsorption isotherms of Maxsorb and OPTI are
oth of type I, typical of essentially microporous materials. The
ore size distribution is narrower for OPTI than for Maxsorb. The
alues of the BET specific surface area are close to 1600 m2 g−1

nd 2500 m2 g−1, for OPTI and Maxsorb, respectively.
The electrochemical performance of capacitors built with

PTI and Maxsorb in 1 mol L−1 Et4N+ BF4
− in acetonitrile

as been monitored as a function of the floating time at 2.5 V.
he values of the initial specific capacitance are 100 F g−1

nd 110 F g−1 of OPTI and Maxsorb, respectively. As already
laimed by several authors, these values are not directly cor-
elated with the BET specific surface area, demonstrating that
ther parameters, such as the pore diameter, are also very
mportant in the capacitance determination of a carbon mate-
ig. 2. Evolution of the capacitance of Maxsorb and OPTI with the floating time
t 2.5 V.
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Fig. 4. Time dependence of the open circuit voltage for supercapacitors based
on OPTI and Maxsorb. The capacitors were charged at 2.5 V during 30 min. (a,
black dot-line) capacitor based on Maxsorb electrodes; (b, black dot-line) the
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ig. 3. Evolution of the ESR at 0.01 Hz of Maxsorb and OPTI with the floating
ime at 2.5 V.

ncreasing the time of permanent voltage application (Fig. 3).
ne must notice that the highest value of ESR is observed

or the capacitor built with OPTI as electrode material. We
elieve that this difference of ESR between the two kinds of
ells is essentially due to the conductivity of the electrode mate-
ial itself. Indeed, the values of conductivity measured on the
aped powders are 0.53 S cm−1 for Maxsorb and 0.23 S cm−1

or OPTI.
The open circuit voltage of capacitors based on OPTI and

axsorb was measured after charging at 2.5 V during 30 min,
n order to determine their self-discharge. For freshly built capac-
tors, the decrease of open circuit voltage after 70 h is lower for
PTI than Maxsorb (Fig. 4). This result fits well with a previ-
us report showing that self-discharge depends on the amount of
arboxylic groups [24]. By contrast, floating during 500 h prior
easuring the evolution of open circuit voltage allows the self-

ischarge to be reduced, which is a confirmation of changes in
he electrodes. A capacitor based on OPTI electrodes keeps well
he charge after 500 h floating at 2.5 V.

.2. Surface analysis of activated carbons and electrodes
y XPS

XPS analyses indicate that pristine Maxsorb (Table 2) and
PTI (Table 3) powders contain quite small amount of oxy-
en (few percents). The fresh electrodes contain sodium and
high amount of oxygen, both elements being provided by the

inder (carboxymethylcellulose). The elemental composition of
ositive and negative aged electrodes is qualitatively and quan-
itatively very different. The positive electrodes contain more
itrogen than the negative ones, especially on the surface, and

s
p
k
a

able 2
tomic composition of Maxsorb based materials determined by XPS: as-received, fr

t 2.5 V

lement As-received powder Fresh electrode Aged e

Surface

0 0 0
a 0 1.1 0.8

0 0 2.2
0 0 0.9
4 17.7 9.2

nalysis of the aged electrodes has been performed on the surface and after removin
ame as (a) after 500 h floating at 2.5 V; (c, grey line) capacitor based on OPTI
lectrodes; (d, grey line) the same as (c) after 500 h floating at 2.5 V.

o sodium. The negative electrodes contain more fluorine than
he positive ones, especially on the surface, and almost the same
mount of sodium as in a raw electrode. One must note that, on
he basis of Et4N+ and BF4

− ions migration to the negative and
ositive polarities, respectively, just the opposite trend should be
bserved for the amount of nitrogen and fluorine in the two elec-
rodes. On the other hand, the aged negative electrodes contain a
ery small amount of boron. This fact might suggest the decom-
osition of BF4

−, as fluorine appears to be involved in different
roups evidenced by XPS (the binding energies of 685.5 eV and
89 eV suggest NaF and CF groups). A negative concentration
radient was observed for Na, N, F from the electrolyte/electrode
nterface to the aluminium support, indicating that the electrolyte
ecomposition mainly takes place on the electrodes surface. By
ontrast, the decrease of the oxygen amount at the electrodes
urface with ageing could be attributed to a partial dissolution
f the binder in the electrolyte. Hence, capacitors from OPTI and
axsorb seem to age by the same mechanism, probably due to

imilar electrochemical reactions involving electrolyte decom-

osition. Although the floating time was different for the two
inds of carbons, the surface chemistry of the electrodes after
geing is qualitatively similar.

esh electrode, negative and positive electrodes aged by floating during 4000 h

lectrode (negative) Aged electrode (positive)

Inside Surface Inside

0.3 0 0
0.3 0 0
0.6 0.7 1
0 12.5 4

19.8 13.2 18.6

g few layers.
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Table 3
Atomic composition of OPTI-based materials determined by XPS: as-received, fresh electrode, negative and positive electrodes aged by floating during 7000 h at
2.5 V

Element As-received powder Fresh electrode Aged electrode (negative) Aged electrode (positive)

Surface Inside Surface Inside

B 0 0 0.5 0.1 0 0.4
Na 0 1.6 1.7 0.4 0 0.3
F 0 0 5.6 0.6 0.8 0.9
N 0 0 1.5 1.1 16.6 1.5
O 9.3 21.3 13.8 23.6

A oving few layers.
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5.4 22.0 1

nalysis of the aged electrodes has been performed on the surface and after rem

Electrolyte decomposition was also proved by gas evolu-
ion from the supercapacitor cells during floating. The main
ases identified by gas chromatography were methane, ethane,
i-oxygen, di-hydrogen, carbon monoxide and carbon dioxide.
owever, the emission of CO and CO2 might be related with the
inder decomposition.

.3. Bulk NMR analysis

Contrary to XPS, magic angle spinning NMR allows all the
olume of the aged carbon materials to be analysed. However,
ne must keep in mind that the sensitivity of the technique lies
n particular on the natural abundance of the analysable iso-
ope, being this fact an important drawback in some cases, as
or example with carbon. Therefore, our experiments have been
imited to three elements with 100% abundance, included either
n the binder (sodium (23Na)) or in the electrolyte (boron (11B)
nd fluorine (19F)). The spatial proximity between two elements
as detected by REDOR NMR [39–41]. Spatial proximity is
etected when the elimination of the coupling signal between
hese two elements in each MAS NMR spectrum affects the
espective peaks.

The electrolyte (1 mol L−1 Et4NBF4 in acetonitrile) gives
single 19F NMR peak at −151.5 ppm versus CClF3 and a

ingle 11B NMR peak at −1.1 ppm versus BF3 in Et2O. The
resh electrodes are free of fluorine and boron. On the other
and, the 23Na MAS NMR spectra of fresh OPTI and Maxsorb

lectrodes present a single peak at 10.5 ppm versus 1 mol L−1

aCl in water, identical to that of the pure binder. The NMR
esults on aged Maxsorb and OPTI electrodes are summarised
n Tables 4 and 5, respectively.

s
a
t
i

able 4
MR data on the aged Maxsorb electrodes

11B NMR 19F NMR

Intensity (%) δ (ppm), contribution (%) Intensity (%

egative electrode 100 100−1.3, 14%
7.2, 86%

ositive electrode 77
−2.3, 27%

323.1, 73%

he intensities are expressed in % of the most important contribution, i.e. the negativ
ig. 5. Magic angle spinning NMR on the aged Maxsorb negative electrode.
a) 23Na NMR spectrum; (b) REDOR 23Na–19F, i.e. (a) after removal of the
oupling between Na and F; (c) difference (a) − (b).

.3.1. NMR analysis of the aged Maxsorb electrodes
Table 4)

The 19F MAS NMR signal of the aged Maxsorb negative elec-
rode is composed of two contributions. The amount of fluorine
n this electrode (100%) is higher than in the positive one (32%)
onfirming the XPS analysis. The 23Na MAS NMR spectrum
hows three peaks, the contribution at 10.5 ppm being attributed
o the original binder. The sodium content is higher in the nega-
ive electrode (100%) than in the positive one (43%) confirming
lso the XPS data. The difference between the 23Na MAS NMR

pectrum and the 23Na REDOR MAS NMR spectrum of the
ged Maxsorb negative electrode, obtained by annihilation of
he coupling signal between fluorine and sodium, is presented
n Fig. 5. The difference signal at ∼10 ppm indicates a coupling

23Na NMR

) δ (ppm), contribution (%) Intensity (%) δ (ppm), contribution (%)

100
10.5, 62%

−150.1, 11% 13.9, 33%
−188.7, 89% 25, 5%

−156, 57%
43 16, 100%−199, 43%

e Maxsorb electrode.
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Table 5
NMR data on the aged OPTI electrodes

11B NMR 19F NMR 23Na NMR

Intensity (%) δ (ppm), contribution (%) Intensity (%) δ (ppm), contribution (%) Intensity (%) δ (ppm), contribution (%)

Negative electrode 53

– –

96
10.5, 61%

−1.2, 18% 10, 32%
7.5, 82% 25, 7%
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ositive electrode 39 7.2, 100% –

he intensities are expressed in % of the most important contribution, i.e. the n

etween a part of sodium and fluorine. It confirms the closeness
f these two elements in the aged negative electrode. Neverthe-
ess, the presence of NaF can be excluded, because it should give
hemical shifts of 4 ppm and −126.7 ppm in 23Na NMR and 19F
MR spectra, respectively.
The same method was applied to investigate the cou-

ling between fluorine and boron. The 11B MAS NMR signal
hows two peaks at −1.3 ppm and 7.2 ppm, respectively. The
ignal/noise ratio of the difference obtained after tentative anni-
ilation of the coupling between fluorine and boron is negligible,
ndicating that boron and fluorine atoms are separated.

According to these results, we can confirm that the electrolyte
as been partly decomposed at the negative electrode, because of
he appearance of new 19F NMR and 11B NMR peaks and of the
on-proximity of boron and fluorine detected by REDOR NMR
xperiments. Two new contributions have been also detected in
he 23Na NMR spectrum, demonstrating that sodium is involved
n other chemical interactions, one possible being with fluorine.

Table 4 shows that the 19F MAS NMR signal of the aged
axsorb positive electrode is composed of two distinct peaks,
hereas the 23Na MAS NMR spectrum contains a single line.
his later contribution is quite broad compared with the pris-

ine binder, suggesting a bulk modification of the binder in
he aged positive electrode. However, the 23Na REDOR MAS
MR with fluorine indicates non-proximity between fluorine

nd sodium, contrary to what is observed for the negative elec-
rode. The signal/noise ratio of the difference signal using 11B
EDOR MAS NMR with fluorine is negligible. It leads to

he conclusion that boron and fluorine are not close to each
ther and that the BF4

− anion from the electrolyte is decom-
osed. The presence of two peaks in the 19F NMR spectrum
f the aged positive electrode compared to one peak in the
ure electrolyte (Et4NBF4 in acetonitrile) leads to the same
onclusion.

From the XPS and NMR data, it is unambiguously demon-
trated that the chemical composition of the aged negative and
ositive electrodes from Maxsorb is different. Sodium has partly
igrated from the positive to the negative electrode. Since the

odium species in the positive electrode are different from the
riginal binder, this tends to demonstrate a change in the chemi-
al environment of sodium. The boron concentration of the aged
lectrodes is quite small, and NMR shows that BF4

− is decom-

osed. All these facts tend to show that redox decomposition
eactions of BF4

− take place on the surface of the Max-
orb electrodes, involving very likely the oxygenated surface
roups.

1

b
[
h

– 27 15.8, 100%

e Maxsorb electrode.

.3.2. NMR analysis of the aged OPTI electrodes (Table 5)
By contrast with the aged Maxsorb electrodes, fluorine was

ot detected by 19F MAS NMR on the aged OPTI electrodes,
hatever their polarity.
The 23Na MAS NMR spectra of the aged OPTI and Max-

orb electrodes are very similar. The 23Na MAS NMR and XPS
nalyses of the aged OPTI electrodes fit well together, showing
hat sodium is present in higher amount in the negative electrode
96%) than in the positive one (27%). This general fact demon-
trates that the essential contribution in the case of sodium is a
igration of ions from the positive electrode to the negative one.
he lower extent of self-discharge of the capacitors observed
fter floating is probably related with the trapping of sodium
ations in the negative electrode.

The 11B MAS NMR spectra of the aged OPTI and Maxsorb
egative electrodes are also very similar, showing two peaks.
ccording to these results, whatever the activated carbon, we can
ropose a similar redox decomposition mechanism of BF4

− on
he negative electrode. For the aged OPTI positive electrode, the
hemical shift of the 11B NMR signal (7.2 ppm) also indicates
hat the BF4

− anion is decomposed.

.4. Comparison of the aged OPTI and Maxsorb electrodes

Although the floating time was higher in the OPTI than in
he Maxsorb-based supercapacitor (7000 h and 4000 h for OPTI
nd Maxsorb, respectively), the amount of boron was found to
e about twice less in OPTI than in Maxsorb. Moreover, for the
ged OPTI electrodes, fluorine was found to be present below
he detection limit of 19F NMR, whereas it was detected by
PS. This discrepancy can be explained by the fact that XPS

s a local analysis (beam size: 250 �m; depth < 10 nm) by con-
rast with NMR which probes the bulk of the materials. Hence,

observed by XPS in aged OPTI electrodes is locally grafted
n some regions of heterogeneous surface, possibly on binder or
lasticizer. Taking into account that the cycle life of OPTI super-
apacitors is better than with Maxsorb, the NMR results tend to
onfirm that the electrolyte is less decomposed on OPTI than on
axsorb. We can suggest that BF4

− anions are more efficiently
ecomposed in presence of Maxsorb due to the higher amount
f oxygenated surface groups (Table 1) and/or adsorbed water in
his activated carbon. However, it is very difficult to attribute the

1B NMR chemical shift to a specific species because numerous
oron containing chemicals may present a shift at around 7 ppm
42]. Among the possible species, tetravalent BFxOy

− anions
ave a chemical shift in this region. The suggested BFxOy

− ions
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Table 6
BET specific surface area (m2 g−1) of OPTI and Maxsorb and of the fresh and
aged electrode materials

Maxsorb (m2 g−1) OPTI (m2 g−1)

Powder 2500 1600
Fresh electrode 2350 1400
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ould be formed through BF4
− decomposition in presence of

ater and/or oxygenated surface groups.
OPTI also differs from Maxsorb by a narrower pore size

hich may hinder the diffusion of solvated ions in OPTI.
ainly non-solvated ions can reach the active surface of
PTI [36,37,43] on which they are probably more stable

han solvated ions. For Maxsorb, the active surface is more
asily reached by the solvated ions. Due to the unavoidable
resence of moisture during the preparation of the superca-
acitor device, water molecules are also present in the pores
f Maxsorb, where they enhance the dissociation of the car-
oxylic surface groups. In these conditions, the ions could
ndergo a “catalytic” decomposition due the acidic char-
cter of Maxsorb. A part of the observed fluorine species
bserved on the aged Maxsorb carbon could be grafted on the
urface through C–F bonds. The oxygenated surface groups
resent on the carbon surface could favour such a fluorination
eaction.

.5. Nitrogen adsorption on fresh and aged electrodes

The objective of these measurements was to determine the
nfluence of ageing on the porous texture of the electrodes. The
resh and aged electrodes were washed and dried using the condi-
ions previously described in Section 2. By comparison with the
aw activated carbon powder, the nitrogen adsorption measure-
ents performed on the fresh electrodes reveal a small decrease

f the BET surface area (Table 6), which is attributed to the
lockage of some pores by the binder and/or the plasticizer. Nev-
rtheless, all isotherms are still of type I (typical of microporous
aterials). After ageing, the specific surface area noticeably

ecreased for all the electrodes (Table 6). This result confirms
hat the products formed through the electrolyte decomposition
n the electrodes block some micropores. However, at the ambi-
nt conditions of the floating experiments, this blockage cannot
e attributed to some trapping of the gases previously identified
y chromatography. Indeed, room temperature is extremely high
ompared to the temperatures allowing a noticeable adsorption
f these gases in the micropores of carbon. The relative decrease
f the BET specific surface area is more marked for the elec-
rodes based on Maxsorb, whatever their polarity. Taking into
ccount that the electrical double layer capacitance depends on
he surface area of the electrode/electrolyte interface, this fact is
irectly related with the higher capacitance loss demonstrated
y Maxsorb during floating (Fig. 2). The acidic surface groups
resent in larger amount in the case of Maxsorb might play a
ery significant role in the formation of decomposition products.
oreover, for both carbons, the decrease of specific surface area

Table 6), and consequently the amount of solid products formed
y the redox decomposition of the electrolyte, is more important
or the positive electrode than the negative one. Farahmendi et
l. [8] have demonstrated that the potential window of the elec-
rolyte is reduced by the presence of moisture, the effect being
ore pronounced for the positive range of potential than for the
egative one. Hence, trace amounts of water in the electrolyte
ight play a significant role in the extent of the redox reactions
hich occur on both electrodes.

[

[

ged negative electrode 1650 1130
ged positive electrode 1280 980

Other parameters, such as the decrease of electrolyte con-
entration related with its decomposition, might have also some
mpact on the capacitance and on the electrolyte conductivity
44,45]. Additionally, the increase of serial resistance during
oating (Fig. 3) can be interpreted by the formation of insulating
roducts in the pores and/or the hindrance of ions diffusion.

. Conclusion

Results presented here on SAFT 3500 F devices show that the
geing of supercapacitors is tightly related with the decompo-
ition of the organic electrolyte on the active surface of carbon.
he capacitance fading and serial resistance increase observed
uring the floating are directly related with the blockage of pores
y decomposition products. Since the surface functionality and
ore blocking are different for both electrodes, and since the
lectrolyte decomposition does not occur when electrodes are
imply dipped in the solution without applying a polarization,
his suggests that redox processes are responsible for ageing of
upercapacitors. A poor surface functionality of carbon, enough
arrow micropores and absence of moisture seem to be impor-
ant requirements for a good life cycle of supercapacitors. On
he other hand, we attribute the diminishing of self-discharge
fter floating to the trapping of the sodium ions, released by the
inder, on the negative electrode.
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