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HIGHLIGHTS

® Presence of water in the electrolyte catalyzes the ageing of supercapacitor.
o Electrochemical ageing causes carbon oxidation and forms surface functional groups.

e By-products of BF4 hydrolysis react with acetonitrile to form soluble oligomers.
e Carbon surface functional groups plays an important role in the ageing mechanism.
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1. Introduction

ABSTRACT

Two acrivated porous carbon powders with different surface functional groups content have been electro-
chemically polarized in temaethylammonium tetrafluoborate (EtsNBF4) in acetonitrile electrolyte to study their
ageing mechanism as supercapacitor electrodes. Temperature-programmed desorption coupled with mass
spectromenty technique (TPD-MS) is used to rack the change of carbon surface chemisty - surface functional
groups and/or adsorption of degradation products occurring upon polarizations. A potentiostatic study of the
carbons in a two-compartmnent cell unveil the catalytic role of water in the ageing mechanism. Combining these
results with our previous work, we propose different scenarios to depict the ageing mechanisms of the two
carbons. For carbon A, hydrolysis of BF4 at the positive elecrode leads to carbon oxidation together with soluble
poly-acetonitrile oligomer occurred from reaction between BF; radicals and acetonitrile. Ageing mechanism is
also assumed to set off with the hydrolysis of BF4 for carbon B; but, in here the formed oligomers react with acid
functional groups present at the carbon surface to form a protective, passive-like layer at both positive and
negative electrodes which hampers a further electrode ageing.

[2--4]). Porous carbon-based ECs are the most advanced and competitive
candidates to date for industrial applications. So far, only small attention

Electrochemical Capacitors (ECs), also known as Supercapacitors,
were firstly introduced in 1957 by H. Becker [1] as energy storage de-
vices. ECs can store high energy density compared to conventional
dielectric capacitors and can harvest/deliver high power for tens of
seconds which make them useful in applications ranging from power
electronics to transportation (stop/start function in automobiles,
braking energy recovery in trams and buses, etc. And power grids

has been paid to the study of ageing mechanisms of supercapacitor
electrodes during long term cycling [5-7]. However, understanding the
ageing mechanism of carbon-based supercapacitors is of high impor-
tance for safety and security reasons as well as for further optimization
of EC performance particularly for long term utilization [8].

Among the few papers dealing with supercapacitor’s ageing mech-
anisms, Azais et al. [S] studied the ageing of porous carbons in 1.5M
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tetraethylammonium tetrafluoborate (Et4NBF4) in acetonitrile (ACN)
electrolyte during constant potential polarizations using NMR and XPS
spectroscopies. They proposed that the ageing of carbon-based super-
capacitor electrode operating innon-aqueous electrolyte is related to the
decomposition of the electrolyte onto the surface of active carbon sites
(surface defects). Two types of carbons, Maxsorb and OPTI, were
analyzed. OPTI carbon is a synthetic carbon made from the carboniza-
tion of a phenolic resin and then activated by water steam. Maxsorb
carbon is prepared from KOH activation at 850 °C of petroleum pitch.
X-ray photoelectron spectroscopy (XPS) and NMR spectroscopy analysis
showed that the presence of acid functional groupson the carbon surface

degrades the performance of the supercapacitors, especially in terms of
ageing. Also, they suggested that the presence of water is one of the
causes of supercapacitor ageing [5]. Based on the work of Azais et al.,
using the same electrolyte, by Raman spectroscopy, Zhu et al. [6] have
shown thatan amorphization of coconut shell-based carbons occurred as

a result of electrochemical ageing which consisted in a constant poten-
tial polarization at 2.9 V for 45 days. XPS spectroscopy measurements
evidenced the presence of nitrogen, fluorine and oxygen on the surface
of aged carbons which was further assigned, by infrared spectroscopy
analysis, to the presence of traces of pyridine (C=NC), amines (C-NH),
polyacetonitrile -[N—C(CH3)],~ and amides. These molecules were
assumed to result from the polymerization of acetonitrile present both at
the anode and at the cathode [6]. Such ageing is also favored by the
formation of BF3 and HF from the hydrolysis of (EtsNBF,) salt of the
electrolyte in presence of water trace, which can further oxidize the
carbon surface [9]. These results obtained in laboratory supercapacitor
cell were later confirmed by Bittner et al. [7] who carried out similar
analyzes using commercial supercapacitor cells. In particular, they evi-
denced by XPS analysis the presence of covalent nitrogen at the surface
of the carbon, probably due to the existence of polyacetonitrile -[N—C
(CH3]n*-

Later, Bittner etal. [7] et Tourillon etal. [10] proposed the formation
of oligomers from the interaction between BF} radicals and acetonitrile
according to following equations where BFj radicals are generated at
high voltage, which set off the formation of olyacetonitrile through
raction (2) and (3) [10]:

BF; - ¢~ — BF} (@)
BF} + CH3CN — *CH,CN + H™ + BE; @)
*CH,CN + n CH3CN — H(N—C(CHj3)),-N—CH(CH3) 3)

Recently, we reported about the understanding of the ageing
mechanisms of supercapacitor electrodes assembled with two different
carbons A and B [8]. From electrochemical characterizations, we iden-
tified two different ageing mechanisms upon cycling: while a commer-
cial activated carbon (carbon A) presented a continuous ageing with a
constant decrease of the capacitance and an increase of the series
resistance, carbon B (porous carbon used for water purification) ageing
was identified by a constant capacitance associated with an increase of
the series resistance after several weeks of cycling. The analysis of the
ionic diffusion coefficient change during cycling confirmed the differ-
ence in ageing mechanisms, while Thermogravimetry — Infrared Spec-
troscopy (TG-IR) Coupled Analysis and Raman spectroscopies revealed
the creation of defects in carbon A structure. Furthermore, in both car-
bons (A and B), structural modifications were found to be more signif-
icant at the positive electrode. However, these results fell short to
picture out clearly ageing mechanisms.

In this study, focused on the same carbon A and B, as mentioned in
our previous work, we used Temperature-Programmed Desorption
coupled with Mass Spectrometry (TPD-MS) technique to get a better
view of the porous carbon surface chemistry change upon ageing.
Together with our previous results [8], this study brings out new evi-
dences allowing to get a better understanding of the ageing mechanisms
of these two different carbons during cycling.

2. Experimental
2.1. Electrochemical characterizations

2.1.1. Swagelok supercapacitor’s ageing study

Experimental details of cell assembly and electrochemical ageing
have been detailed elsewhere [8]. Two activated carbons, A and B, were
tested in this study [8]. Carbon A is the YP-50F commercial microporous
carbon (Kuraray company) used for supercapacitor applications. Carbon
B is a porous carbon used for water purification applications. Gas
sorption analysis has been carried out using Ar gas at 77 K. Density
functional theory (DFT) kernels have been used, which are the most
up-to-date software analysis to extract porosity data from gas sorption
isotherms for meso- and microporous carbons and effectively avoid the
fundamental limitations of the BET theory. Table 1 below summarizes
the characteristics of the two porous carbons [11].

As observed in Table 1, carbon A is mainly microporous (92 %vol. of
micropores), within 49 %vol. are ultra-micropores (pore size smaller
than 1 nm); on the other hand, Carbon B exhibit a broader pore size
distribution since has a microporous porous volume of 66 %vol.,
including 32 %vol. of ultra-microporosity (pore size smaller than 1 nm).

Carbon electrodes were prepared by mixing activated carbon powder
with PTFE binder [8]. Porous carbon films of 15 mg cm ™2 were pre-
pared. 2-electrode Swagelok® cells were assembled in glove box by using
2 porous carbons disks as the electrodes, platinum disks for current
collectors and a cellulose membrane as the separator. Electrolyte used
for both cells was 1.5M EtyNBF4; (99%, ACROS Organ-
ics<SUP>TM</SUP>) dissolved in acetonitrile (HPLC Gradient,
ACROS Organics<SUP>TM</SUP>). Supercapacitors cells using car-
bon A and B will be respectively referred as supercapacitor A (SC A) and
supercapacitor B (SC B).

The supercapacitor cells (SCs) were tested under an accelerated
electrochemical ageing process. In this process, one ageing cycle con-
sisted of 12h of a potensiostatic hold, called “floating”, followed by 6
galvanostatic cycles, called “check-up”. The capacitance and the series
resistance were measured during the discharge portion at the 6th gal-
vanosatatic cycles of each “check-up”. End-of-life criteria was set as
follows: an increase of 500% of the resistance or a capacitance loss of
50%.

As soon as the end-of-life criteria was reached, supercapacitor cells
were disassembled, aged carbon electrode films were washed in 20 mL
of acetonitrile (99.9%, Extra Dry, AcroSeal™, ACROS Organics™) then
put in a Nalgene Centrifuge Tube for centrifugation. Carbons were
washed by centrifugation at 3000 rpm for 1 h (SIGMA Type Model 3-18
equipment); procedure was repeated 3 times by renewing acetonitrile
each time. Then, aged electrodes were dried for 1h at 120°C under
vacuum before being analyzed by following methods.

2.1.2. Ageing study of a cell with two separate compartments

Following original work from Ishimoto et al. [12], we used a
two-compartment electrolyte cell, separated by a fritted glass with a
porosity of 5pm diameter, in order to isolate the negative (catholyte)
and positive (anolyte) compartments during ageing to state about the
difference of ageing between the two polarities. Water content was

Table 1
DFT surface area of two porous carbons and their porous volumes according to
pore size.

Carbon  DFT Surface  Total pore Pore Pore Pore
Area (m>. volume volume volume volume
g (em®g b > (1nm - (<1nm)
(2nm) 2nm) (cm3.g h
(cm3. (cm3.g 1)
g "
A 1750 0.79 0.07 0.33 0.39
B 1297 0.76 0.26 0.26 0.24




measured using a Karl Fisher (KF 899 Coulometer, Metrohm). Glass

beads were used to minimize the electrolyte volume. Before use, the

carbon films with a weight loading of 15 mg cm™ 2 were placed onto Pt
disk used as current collectors. The cell was assembled in a glove box

operated under Ar atmosphere (water and oxygen content below 0.1

ppm), and filled with acetonitrile + 1.5 M Et4NBF4 electrolyte. The cell

was then sealed with epoxy resin (EA 3463, LOCTITE) and placed in a

FIBOX (FIBOX FEX PC-7 Enclosure) to ensure airtightness, and then

removed from the glove box to be tested.

2.2. Surface functional groups titration by the Boehm’s method

Raw porous carbon powders (binder-free) were analyzed by the
Boehm’s method. Three suspensions of activated carbon were prepared
by adding 30 gL~ ! of activated carbon powder in three alkaline solu-
tions at 0.1 M of HCOsNa (pKa 6.4), NaCOs (pKa 10.3) and NaOH
(pKa 15.7). After 12 h of stirring, the solution was filtered. 20 mL of
the filtered solution was titrated by 0.1 M hydrochloric acid. From the
titration curves, acidic functions can be classified into three groups of
decreasing acidity strength according to Boehm et al. [13] (Fig. 1).
According to Yoshida et al. [14], basic surface functions has less impact
on the performance of supercapacitors than acidic ones. For this reason,
the total basic functions are all titrated by preparing a 0.1 M hydro-
chloric acid carbon suspension. The amount of hydrochloric acid
remaining after 12 h was dosed with 0.1 M NaOH. Basic surface func-
tions of commercial activated are linked with the presence of electron-x
delocalization in the graphene network, for example: chromenes, ke-
tones and pyrone [15].

2.3. Temperature-programmed desorption coupled with mass
spectrometry (TPD-MS)

The carbon electrode samples were placed ina quartz tubein an oven
under vacuum. The heating rate was 5°C min~ lina temperature range
between 25 °C and 900 °C. When the temperature reaches 900 °C, the
sample is maintained at this temperature for 30 min. During the thermal
treatment, the released gases from the materials are continuously
analyzed by mass spectroscopy to determine the gas composition.

3. Results and discussion

3.1. Titration by the Boehm’s method

Boehm’s method was used to titrate the functional groups present on
the surface of as-received carbons. From the titration curves, acid
functions can be classified into three groups of decreasing acidity
strength [13] (Fig. 1).

Table 2 summarizes the titration results. As-received carbon A has
mainly basic functions with some phenolic acid function, while carbon B
exhibits a much higher phenolic acid function content (almost 3 times
more), whereas it has got a similar quantity of basic functions. Overall,
the Carbon B has clearly a higher amount of acidic functional groups
than the carbon A.

HCO,Na

'7:

%

Na,CO,

Yo 20y '<‘; oy & '
F F

G 2
L

Table 2
Results of titration Boehm where the quantity and the type of surface func-
tional group is detailed.

Carbon name Quantity of surface functional groups

A (YP-50F) Phenol 0.09mmol g *

Basic functions 0.27 mmol g !
B Phenol 0.33mmolg '

Basic functions 0.23mmol g !

3.2. TPD-MS analysis results

Temperature-programmed desorption coupled with mass spectrom-
etry technique (TPD-MS) was used in complement to the Boehm’s
method to determine more finely the surface functional groups present
on the carbon surface. TPD-MS is more sensitive than Boehm method
(analysis under vacuum and detected by mass spectrometry). In our
experiments, we mainly focused onto the evolution of CO and CO, gases
during the heat treatment from room temperature to 900 °C. The tem-
perature at which the gases are released gives information about the
nature of the surface functional groups present onto the carbon surface
(see Fig. 2).

The presence of 5 wt% PTFE in the electrodes leads to a consequent
release of gaseous species (~550 °C) during the TPD-MS analysis (see
Fig. S1, Supplementary Information), which comes with two important
drawbacks. First, the set of results obtained from TPD-MS analysis is not
quantitative here but semi-quantitative only, that explains why the in-
tensity of detected gases is given in A.g”'. Second, the detected M/
z 28 and M/z 44 mainly assigned to CO and COj, respectively, can
also come from PTFE decomposition. To remove the contribution of
PTFE, the intensity of the gas detection signal was normalized according
to the following equation:

Liom Loy Iprre @
T C——= CO0,(200-400°C)

EEET > CO,+ CO (350-650°C)

C———>> CO0,(200-650°C)

> CO (700°C)

I

|
O ) CO (600-700°C)

O mmmmmp CO (>700°C)

25°C ‘ 900°C

Fig. 2. Correspondence between the oxygen-based surface functions and the
nature of desorbed gases at different temperature during TPD-MS analysis.
Schema redraw based on the work of Figuerido [16].

Fig. 1. Example of titration according to Boehm’s classification [13].



where I correspond to the measured intensity (Ampere per gram) and
I is the experimental signal. The contribution of PTFE can be found as

f?ﬁows: Ierre Icarbons+ eTFE— lcarbon- Here, Icarbon+erre IS the signal of the
raw carbon with PTFE and L.anoy is the intensity of the raw carbon. Our
normalized TPD-MS signal Ipom is obtained by subtracting the contri-
bution of PTFE (Ipyre) to the experimental signal Ieyp.

3.2.1. TPD-MS analysis of carbon A

Fig. 3 shows the normalized TPD-MS analysis results for masses M/
z 28, M/z 44,M/z 27 and M/z 20 for carbon A.

The CO (M/z  28) released from initial (raw) carbon A increases
from 700°C without obvious presence of CO,(M/z  44). According to
Fig. 2, phenol, ether and carbonyl surface functions are present on the
initial carbon A before ageing. This information confirms results of
Boehm titration (Table 2), however, carbonyl functions, which are less
acidic than phenol groups, could not be distinguished through Boehm’s
method.

Moving to aged electrodes, both positive and negative aged carbon
electrodes release a significantly larger amount of species with M/z 28
and M/z 44 than the initial (raw) carbon. However, the attribution of
M/z 28and M/z 44 peaks is more complex, since other species than
CO and CO3, respectively, are contributing to this mass especially in the
lower temperature range (T < 400°C). More precisely, the electrolyte
salt Et,NBF, can decompose into TriEthyl Amine (TEA) N(C;Hs)3 as an
intermediate product, which, by elimination reactions forms ethylene,
CH,=CH, (M/z) 28 and BF3 (M/z) 49 species according to Egs. (5)
and (6) [17]. The TriEthyl Amine (TEA) decomposition is accompanied

by simultaneous release of other masses, i.e., M/z 27 (CHz-CH),
M/z 29 (CH3~CH,), M/z 30 (CH;=NHj), M/z 42 (C,Hs-N*),
M/z 44 (CH3CH,N*H), M/z 58 (CH,=NHC,Hs), M/z 86

((CaHs) Nt  CHp)and M/z 101 (N*(C3Hs)3) [18,19], as observed in
the mass spectra of aged carbon A (Figure S2 and S3, SI) at T < 400 °C.
This confirm the decomposition of electrolyte TEA species, in good
agreement with other works [17]. Another pathway of electrolyte
decomposition can be achieved by nucleophilic substitution reactions
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which may lead to C,Hs—F (M/z
(Egs. (7) and (8)).

47) and BF3 (M/z  49) species [20]

[(C,Hs);N*-CHy-CH3] BF; — N(C2Hs); + CH;—CH, + HBF, )
HBF, — HF + BF; (8) (6)
[(C2Hs)sN*-CH>-CH3] BFs — N(C2Hs)s + [CH3CHa BFy] )
[CH:CH» BFy] > CH3CHxF + BF3 (g) )

Compared to raw electrode (before ageing), larger amounts of both
M/z 28 and 44 were found to be released at the positive electrode after
ageing. Beyond 400 °C, the masses M/z 28 and 44 are mainly due to
CO and CO, coming from oxygen functional groups, suggesting a more
advanced oxidation of the positive electrode during ageing. This is in
agreement with our previous work based on TG-IR and Raman spec-
troscopy analyses, showing that positive electrodes suffer from more
important oxidation than negative electrode after ageing [3). According
to Figs. 2 and 3, most of oxygenated surface functions are present at both
positive and negative electrode surface after ageing: basic groups
(lactone, ether, phenol and carbonyl) are released as CO at higher
temperatures (>400°C) while acidic groups (carboxylic, anhydride)
which are released as CO2 or concomitantly with CO species at low
temperatures (<400°C). The latter groups are more difficult to
discriminate since the signal of CO; is overlapped with that of the TEA
from the electrolyte salt (same M/z  44) [17].

ThemassM/z 27 andM/z 20 were also detected for the raw and
aged electrodes during the TPD-MS analysis; it corresponds mainly to
HCN and traces of HF which are assumed to come from the decompo-
sition of the electrolyte (acetonitrile and BFs, respectively) during
heating. Once again, the intensity of these species is more important for
the positive electrode than the negative one. The important HCN release
from the positive electrode between 400°C and 880°C is assumed to
come from the decomposition of polymerized acetonitrile species, linked
to some extent to the higher oxidation of the positive carbon which favor
the adsorption of the electrolyte solvent via the new formed oxygen
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Fig. 3. TPD-MS resulw for raw (inital) and aged carbon A electrodes, for masses M/z = 28, M/z = 44, M/z = 27 and M/z = 20.



functional groups. Taking into account that the ageing is done in non-
aqueous electrolyte, it can be proposed that the defects on the carbon
surface are firstly created during cycling due to the interactions of car-
bon with BF; species, which serve as anchoring sites for electrolyte
molecules and once the material exposed to air, to oxygen functional
groups creation.

From these results, we can conclude that after ageing, carbon elec-
trodes became more hydrophilic because of the presence of oxygen
functional groups. The presence of trace of HF confirm the hydrolysis or
partial hydrolysis of BFs during ageing [9].

3.2.2. TPD-MS analysis of carbon B

Differently from carbon A, the raw carbon B contains anhydride
functional groups as can be seen from the CO, (M/z 44) and CO (M/
z 28) peaks in the 400°C~-600°C temperature range in Fig. 4. No in-
crease in CO group (raw carbon B) at high temperature is noticed,
suggesting less basic carbon suirface functional groups. Results from the
titration by the Boehm method in Table 2 showed an important content
of phenol functions on carbon B. Although theslight difference in acidity
between anhydride functions and phenol functions makes it difficult to
distinguish between those two groups by Boehm’s titration method.
These results confirm that the surface groups present onto raw carbon B
before ageing are more acidic than carbon A.

Then, unlike carbon A, there is no major difference of intensity be-
tween the positive electrode and the negative electrode after ageing for
carbon B (Fig. 4); however, aged carbons were found to release more
gaseous species compared to the (raw) initial carbon. The most intense
peaks are observed for M/z  28.

For the negative electrode, two well defined peaks are observed at
~280°C and ~400°C. A closer look in this temperature range (see
Figs. S4 and SI) suggests an origin from the decomposition fragments of
electrolyte (TEA) according to Egs. (5)-(8) and of polyacetonitrile (P-
ACN on Fig. S4 SI), respectively. The polyacetonitrile could be formed
on the carbon surface by polymerization of acetonitrile solvent (Eq. (3)).
Its decomposition in this temperature range is consistent with some TGA
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results reported in the literature, showing high stability of such com-
pound below 300°C and a decomposition beyond 400°C [21]. The main
decomposition species of this polymer are the ethylene (M/z 28),
hydrogen cyanide HCN (M/z 27), CoHs (M/z 29) and CH,CHCN
(M/z 42) as seen in Figs. S4 and SI and other works [22].

Considering the positive electrode (Figs. S4 and SI), the aforemen-
tioned peak observed at 280 °C (TEA) is no longer visible but the peak at
400°C is still present; a second peak shows up at higher temperature
range (~700 °C). The disappearance of the 280°C peak may be related
to the fact that TEA species are mainly adsorbed on the negative elec-
trode during cycling while BF3 species are mainly located on the posi-
tive electrode. The last peak at high temperature can be related mainly
to CO groups.

For both negative and positive electrodes, the M/z 28 signal for
T> 600°C is much higher than that of pristine carbon. Taking into
consideration that at this temperature range most of the electrolyte/
solvent species have already decomposed, it is likely that the observed
M/z are linked to CO coming from basic oxygen functional groups
release, therefore, a higher degree of oxidation after cycling. According
to Fig. 2, in this temperature range mainly ether, phenol and quinone
groups are identified [23]. Interestingly, the positive electrode was
found to be more oxidized than the negative one as demonstrated by the
intense and well defined peak at around 700°C, indicating high amounts
of ether and phenol groups.

For the M/z 44, a broad peak is observed between 200 and 500°C
for both positive and negative electrode (Fig. 4). As mentioned for
Carbon A, it is difficult to distinguish between the decomposition of
electrolyte salt or/and CO, coming from surface functional groups. In
addition, the M/z 27 masssignal of the negative electrode is splitinto
two peaks at ~250°C and ~500 °C which can be associated to decom-
position fragments of TriEthyl Amine (TEA) and HCN release, respec-
tively. For the positive electrode, the sole HCN contribution is seen,
suggesting once again that TEA is mainly found in the negative elec-
trode. Contrastly to carbon A, a HCN release is observed for carbon B on
both positive and negative electrodes. The release of species M/z 20
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Fig. 4. TPD-MS results for raw (initial) and aged carbon B electrodes, for masses M/z = 28, M/z = 44, M/z = 27 and M/z = 20.



signal is associated to HF coming from BF,4 (Eq. (6)) which occurs around
400 °C (the PTFE decomposition takes place at slightly higher temper-
ature, see Figs. S1 and SI). As observed, the HF peak is larger at the
positive electrode, suggesting a stronger interaction of BF4 ions with the
positive electrode. As a result, this may explain the higher oxidation
observed on the positive electrode [24].

In summary, TPD-MS analysis shows that carbons A and B are all
oxidized after electrochemical ageing tests. Particularly, carbon B looks
to be further oxidized upon cycling according to the presence of mainly
basic functional groups; the acidic groups being more difficult to
discriminate due to the electrolyte decomposition at the same temper-
ature range. Moreover, the negative electrode was found to be less
oxidized than the positive one and to release decomposed TEA molecule
whereas at the positive electrode the presence of BF3 HF was unveiled.
Interestingly, onboth positive and negative electrodes, the existence ofa
polyacetonitrile polymer layer was evidenced on carbon B on both
positive and negative electrode and not observed on carbon A.

3.3. Electrochemical tests at constant potential using two-compartment
cell

A two-compartment cell design has been used, previously proposed
by Ishimoto et al. [25] to study the influence of the water content on the
ageing behavior of the positive and negative electrode, separately. This
study has been focused on carbon A since, as found previously, it has
turned out that it becomes more hydrophilic after ageing. These cells
have been assembled with carbon A, with different water content in a
1.5M NEt4BF4 in ACN electrolyte. The cell potential was set at 2.5 V.
PVDF binder was used in these experiments to cast carbon films directly
onto the Pt current collector, to ensure a better active material adher-
ence. Electrolyte of Cell#1 has 250 ppm water content in both positive
(anolyte) and negative (catholyte) compartment while electrolyte of
Cell#2 has 2500 ppm water content. Each cell compartment was
initially filled out with 18 mL of electrolyte. The images in Fig. 5 show
that the anolyte of Cell#2 ([H20]; o; 2500 ppm) becomes yellow-colored
after only three days of floating test.

The change of the leakage currents of each cell versus ageing time
(center panel) was monitored as seen in Fig. 5. As expected, the leakage
current increases with the water content in the electrolyte evidencing
that the electrolyte water content plays a significant role in the ageing
mechanisms of carbon electrode. As mentioned before, Bittner et al. [7]
found a correlation between the coloration of the electrolyte and the
formation of a polyacetonitrile polymer —-[N—C(CHj3) ], onto the car-
bon electrode from XPS analysis [5-7]. The polymer was found to be
formed preferentially at the positive electrode. It could then be assumed
that the yellow species formed at the positive electrode are soluble short
polymer chains or oligomers of polyacetonitrile polymer —[N—C
(CH3)]n—

5 g T T T T
[H20l=o ; 250 ppm [H20]=0 ; 2500 ppm [H20]t=0 ; 2500 ppm
= 4k \y — Pum "
< 3} i
E . [Hz00ke0 ; 250 ppm
ko
=2 \ i
1
. S— Cell 2
8 o S - 2 o %@
S 3 2 2 o

Time /h

Fig. 5. Change of the leakage currents with time during floating at 2.5V of two
cells assembled with separate compartments (center), containing 250 ppm (left)
and 2500 ppm (right) of water in the electrolyte.

4. Carbon-based supercapacitor’s ageing mechanisms
hypothesis

The set of results obtained here is consistent with our previous work
[8] and allows for proposing a possible ageing mechanism. Our previous
work based on the combination of Electrochemical Impedance Spec-
troscopy (EIS) analysis, Raman and Infrared spectroscopies showed two
different ageing mechanisms for carbon A and carbon B. An increase of
the interface resistance of supercapacitor B allowed to propose the for-
mation of a protective, passive-like layer at the surface of carbon B.

Results obtained using the surface group analysis by Boehm and bulk
TPD-MS technique can help in going further into the details of the ageing
mechanisms. For the positive electrode of both carbon A and B, the in-
crease of surface functional group content is more important than that of
the negative electrode. For carbon B, the oxygen surface group content is
more important on the aged electrode compared to rawcarbon. It sug-
gests that the protective layer formed on carbon B mainly depends on
the nature and content of the functional groups present at the carbon
surface. Besides, results obtained using two-compartment cells with
carbon A suggest a polymerization process onto the carbon surface at the
positive electrode during floating test. This analysis also confirms that
the presence of water accelerates the carbon ageing process.

Based on the present TPD-MS study and previous results [8], we
propose two different ageing mechanisms for carbons A and B. Both
mechanisms share a common first step which consists in the formation of
a super-acid HF-BFj at the positive electrode, coming from the hydro-
lysis of BFy in presence of traces of water in the electrolyte, as already
proposed by Kurzweil et al. as described by following equations [9]. By
diffusion, a part of HF-BF3 can go to the negative electrode.

BF; - BF; + F~ 9
BF; + HF — HBF4 (10)
HBF, + H,O — HBF3(OH) + HF an
4 BF3 + 3H,0 — B(OH); + 3 HBF, (12)

In carbon A (Fig. 6 a), the formation of the super-acid is more
important at the positive electrode. The superacid and/or HF oxidize the
carbon resulting in defects creation, which further react with water
traces present in the electrolyte to form surface functions such as car-
boxylic, anhydride, lactone, ether, phenol and carbonyl groups. The
appearance of yellow color in the anolyte suggests that soluble poly-
acetonitrile oligomers are created by reaction between BFj radical
formed at high potentials and acetonitrile at the positive electrode [7,
10].

For carbon B (Fig. 6 b), the ageing mechanism also starts with the
hydrolysis of BF4 in presence of traces of water. However, a protective,
ionically-conductive and electronically resistive passive-like layer is
formed on the surface of carbon as observed by TPD-MS which protects
the carbon surface from further oxidation and avoids structural change
[8]. Results of TPD-MS suggest that the formation of the protective layer
on positive and negative electrode is possible thanks to the presence of
acidic groups like carboxylic groups or anhydride functional groups
which could subsequently hydrolyzed into carboxyl functions in the
presence of water (Fig. 6 b) onto the surface of pristine carbon. It is then
assumed that soluble created polyacetonitrile oligomers can form an
insoluble polymer onto the carbon surface of carbon B via the creation of
hydrogen bonds, leading to the presence of a passive-like polymer film
onto the surface of carbon grains (Fig. 6 b).

5. Conclusion
In this article, we used TPD-MS and electrochemical tests at constant

potential using two-compartment cell to unveil details of two different
mechanisms studied in our previous work.
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Fig. 6. Proposed ageing mechanisms for SC A and SC B during electrochemical ageing in supercapacitor cells, using a carbon structure proposed by Terzyk et al. [26].

Results of TPD-MS analysis showed that both electrodes based on
carbon A and carbon B were oxidized after electrochemical ageing. For
both carbon A and B, the positive electrode was found to be more
oxidized than the negative one; both aged electrodes were more
oxidized than the initial carbon ones. Fragments of TEA and HCN release
were observed on the negative electrode on both carbons while a pol-
yacetonitrile polymer was evidenced mainly on carbon B. Additionally,
HF is detected on both aged electrodes A and B where the content of HF
is more important on positive electrodes.

Electrochemical tests at constant potential using two-compartment
cell revealed two ageing factors. First, the electrolyte water content
plays a significant role in the ageing mechanisms of supercapacitors.
Second, a yellow-colored electrolyte product in observed only in anolyte
and related to poly-acetonitrile polymer —[N—C(CHjs)],~ compounds.

Based on the present TPD-MS study, two different ageing mecha-
nisms for carbons A and B have been proposed.

For SC A, the hydrolysis of BF4 occurred in the positive electrode
during the ageing and it produce the HF-BF3 (super acid) and HF. This
super acid/HF caused the formation of defects in the carbon network
(where Raman results showed the positive electrode is significantly
more disordered than the negative electrode) which are reactive to-
wards the formation of oxygen functional groups. Corroborated with the
high voltage, the presence of BFj can initiate the polymerization of
acetonitrile at the positive electrode. This polymerization produces a
soluble oligomer which caused the yellow coloration. The hydrolysis of
BF4 and the polymerization also happened at the positive electrode of
SC B (yellow coloration of washed electrodes). The acid surface func-
tional groups probably attracted the oligomer derived from acetonitrile
polymerization and form a protective layer on the surface of carbon B.
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Figure S1: TPD-MS desorption curved for Carbon A (YP-50F) before ageing showing the

main masses m/z resulting from PTFE decomposition

According to Figure S1, the presence of 5 wt% PTFE in carbon electrodes release a consequent

quantity of gaseous species around 550 °C during TPD-MS analysis.
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Figure S2: TPD-MS profiles of Carbon A (YP-50) positive and negative electrodes before

normalization according to equation (4) used to remove the contribution of PTFE
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According to Figure S2 and S3, components of decomposed electrolyte species are observed in
the mass spectra of aged Carbon A. Peaks at 300 °C of M/z = 28, 44, 86, and 101 proved the

presence of TriEthyl Amine (TEA) on aged negative electrode A.
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Figure S4: TPD-MS profiles of Carbon B positive and negative electrodes showing the main

masses released during heating.

According to Figure S4, the polyacetonitrile (P-ACN) is present on both positive and negative
aged electrode B by polymerization of acetonitrile solvent. Peaks observed at 280 °C of M/z =
28, 30 42, 58 and 101 evidenced the presence of Triethyl Amine (TEA) on aged negative
electrode B. While the peaks at 280 °C are absent on aged positive electrode B, it can be related
to the fact that TEA species are mainly adsorbed on the negative electrode during cycling while

BF4 species are mainly located on the positive electrode.





