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Improving the performance of supercapacitors in terms of energy density is a major technical challenge, espe-
cially in aqueous media where the operating voltage is limited by the electrochemical stability window of water
and by undesirable reactions at the electrode/electrolyte interface. Carbon/carbon supercapacitors using 1.0
mol L1 Li;SOy as electrolyte can achieve cell voltages of 1.8 V. Beyond this value, long-term supercapacitor
operation is limited by positive electrode degradation due to irreversible oxidation reactions at the carbon/
electrolyte interface. Such degradation processes can be minimized by selectively modifying the surface func-
tionality of the porous carbon active electrode material. An in-depth study of the effect of different surface
functionalities on the ageing of the supercapacitor, combining quantitative analysis of the gas generated during
operation with electrochemical techniques and physical characterization of the carbon electrode, showed that
among the different processes, the chemical grafting of low amounts of phenyl functionalities is the most
effective in preventing the oxidation of the carbon. The origin of the resistance to oxidation was a combined
effect of the blocking of active sites and the reduction of the local pH at the interface. The cell voltage can be
increased to 2.2 V and the energy density more than doubled by using an asymmetric system with the modified

carbon as the positive electrode and an unmodified carbon as the negative electrode.

1. Introduction

Today, the growing interest in supercapacitors as energy storage
devices is driven by the demand for power applications. Supercapacitors
are particularly valued for such applications due to their high charge/
discharge rates and long-term cycling capabilities. Current industrial
technologies for supercapacitors are based on porous carbon electrodes
immersed in an organic electrolyte. These organic electrolytes allow
operating voltages of 2.8-3.0 V, while equivalent systems in acidic or
alkaline aqueous electrolytes, such as H.SOs or KOH, cannot exceed
0.8-1.0 V. However, it has been demonstrated that neutral aqueous
electrolytes can be a reliable alternative to organic electrolytes for
symmetric carbon/carbon supercapacitors due to their higher operating
voltage and more favorable safety and environmental characteristics
[1-3]. In the particular case of sulfate-based electrolytes, some reports
indicate 2.0-2.2V as the cell voltage, although these conclusions are

often based on low-reliability galvanostatic charge-discharge cycling at
high current densities. However, by using voltage floating, the stability
voltage was revealed more likely to be 1.6-1.8 V, which is still higher
than in acidic or basic electrolytes [4,5].

The high operating voltage of carbon/carbon supercapacitors oper-
ating in neutral sulfate electrolytes could be attributed to the fact that
considering the low OH™ and H' concentration in such electrolytes, the
local pH at the electrode/electrolyte interface becomes easily acidic or
alkaline due to the oxygen evolution reaction (OER) or hydrogen evo-
lution reaction (HER), respectively [6-12]. As a result, the potential for
the two reactions is shifted and the total potential window can be
expanded. In fact, under negative polarization, the local pH increase of
the electrolyte is significantly influenced by the adsorption of nascent
hydrogen generated by water splitting at the carbon-electrolyte inter-
face giving rise to a Hy evolution overpotential [7,13]. Such an effect has
been shown to be more pronounced in neutral sulfate-based electrolytes
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than in acidic or alkaline electrolytes [1,2,4,6]. Therefore, in the
particular case of neutral electrolytes, the negative electrode does not
limit the operation voltage. However, the maximum operating voltage in
an aqueous medium is highly dependent on the positive electrode
degradation during cycling [4,5]. For carbon based electrodes under
positive polarization, electro-oxidation arises before reaching the ther-
modynamical limit for water oxidation. Such oxidation induces struc-
tural defects on the graphene layers that define the porous network of
carbon resulting in collapsing pores and therefore in losing the ability to
electroadsorb ions to form the electrical double layer [4]. Therefore, to
increase the cell voltage in an aqueous electrolyte, it is necessary to find
strategies to protect the positive electrode from oxidation.

The reactivity of a carbon material in an electrolyte will be related to
its texture/structure as it depends on the edges of the graphene layers. At
these edges, the surface functionalities can modify the electron donor/
acceptor character of the graphene layers and affect the charging of the
electrical double layer. In addition, highly reactive free edge sites are
present together with unpaired electrons stabilized by resonance [14,
15]. In the case of carbon-based supercapacitors in organic electrolytes,
some reports show that their reactivity is thought to be responsible for
electrolyte decomposition and poor cyclability [16], since others relate
the corrosion of the positive electrode to H-terminated edge sites and
oxygen-functional groups which are decomposed as CO during a thermal
treatment [17]. Since carbon materials with a larger number of edge
sites would be expected to have a larger number of surface functional-
ities and unpaired electrons and thus exhibit higher reactivity [15,18],
one solution that has been shown in such electrolytes is to use carbon
materials with a small number of carbon edge sites, such as graphene
mesosponges [19] or high graphitisation degree carbos [20]. However,
such an approach would require high-temperature processes resulting in
low specific surface areas, which are not plausible for SC applications, or
the synthesis of model materials that are not transferable to the indus-
trial scale.

The effect of the surface functionality of carbon-based electrodes in
aqueous electrolytes has usually been reported from the point of view of
introducing a pseudo-capacitive contribution to be added to the elec-
trical double layer capacitance, but very rarely from the point of view of
decreasing the carbon reactivity [21]. In fact, carbon materials doped
with heteroatoms can exhibit nobility or resistance to oxidation [22]. In
the particular case of neutral electrolytes, the importance of surface
functionality for stability was introduced by Gao et al. [2], demon-
strating that the carbon electrode can be stabilized to some extent by
controlled oxidation with HyO5. This hypothesis was later adapted with
the electrooxidation of an activated carbon cloth [23]. Moreover, elec-
trooxidation resistance has been shown in such electrolytes by incor-
porating P-based functional groups [24] or N-doped ones [25,26].
Another approach found in the literature is the use of redox additives
such as metallacarboranes, which act as electron consuming agents to
prevent carbon oxidation [27].

In this study, several approaches will be explored to modify the
surface functionality of the carbon electrode with the intent of reducing
the reactivity of the carbon to increase the potential oxidation limit.
Traditional chemical oxidation and reduction methods as well as graft-
ing will be included in these approaches. As for the more traditional
methods, the spontaneous functionalization of carbon with redox active
moieties through diazonium chemistry has been extensively studied
with the motivation to add a pseudocapacitive contribution to the
double layer capacitance [28-31].

To understand the effect of surface chemistry on the reactivity of the
carbon surface, a detailed understanding of the degradation of the car-
bon/electrolyte interface during charging of the supercapacitor is
required. For this purpose, the gas evolution during charging, dis-
charging and aging of a symmetric carbon/carbon supercapacitor in a
sulfate-based aqueous electrolyte will be followed operando by coupling
a mass spectrometer to the electrochemical cell. A customized and fully
automated setup will be used for the quantitative study of low gas

Carbon 234 (2025) 119927

generation electrochemical systems such as supercapacitors [4]. Dif-
ferences observed in gas levels and compositions as a function of cell
voltage can thus be correlated with the evolution of the physicochemical
properties of the carbon electrodes and with the electrochemical per-
formances to obtain a complete picture of the processes taking place at
the electrode/electrolyte interface. Such a methodology reveals the in-
fluence of the different surface functionalities of the carbon electrodes
on the reactions occurring at the electrode/electrolyte interface and
allows the tailoring of the electrode material at the positive and negative
electrodes to improve the cell voltage. An asymmetric supercapacitor
configuration with an extended operating voltage will be proposed.

2. Experimental
2.1. Carbon modifications

The surface functionality of a commercial porous carbon (Norit, DLC
Super30), labelled AC, was modified using chemical oxidation, reduc-
tion with Hj gas and chemical grafting.

Chemical oxidation was performed by dispersing the carbon powder
(25 g) into a solution of nitric acid (Sigma Aldrich ACS reagent 70 %
diluted at 10 mol L’l, 500 mL). The mixture was heated up to 80 °C
under stirring for 2 h. The oxidized carbon (named ACox) was abun-
dantly washed with deionized water and dried in an oven at 80 °C
overnight.

Reduction with Hy gas was performed by heating the AC carbon up to
700 °C at 10 °C min " in a tubular furnace under 100 mL min~"! of a gas
flow containing 5 % of Hy in N». Afterwards the temperature was kept at
700 °C during 1 h under the same gas flow/composition. The material
collected after cooling down the furnace under a Ny flow of 100 mL
min~! was named ACH,.

The diazonium reduction technique was used for the chemical
grafting of benzoic acid and phenyl groups to the carbon surface (sam-
ples named AC-Ph-COOH and AC-Ph-H, respectively). The reaction was
conducted by dispersing 5 g of AC in hydrochloric acid solution (Sigma
Aldrich ACS reagent 37 % diluted at 0.5 mol, 150 mL) using magnetic
stirrer. For the AC-Ph-COOH, the 4-aminobenzoic acid precursor was
added in the solution (4.2 mmol, 0.01 molar equivalent toward carbon,
Alfa Aesar, 97 %) followed by sodium nitrite (8.4 mmol, Sigma Aldrich,
97 %) to generate the diazonium cations. For the AC-Ph-H, the same
procedure was used with aniline as precursor (4.2 mmol, 0.01 molar
equivalent toward carbon, Alfa Aesar, 99 %). In both cases, the mixture
were stirred for 12 h at ambient temperature, filtered, and washed
successively with deionized water (3 x 50 mL), dimethylformamide (3 x
100 mL), ethanol (3 x 50 mL) and acetone (3 x 50 mL). The powder was
then dried overnight at 80 °C.

2.2. Electrode preparation

Two different kinds of electrodes have been prepared with the pris-
tine and the modified carbons; self-standing and coated films over
metallic current collectors. Self-standing electrodes were prepared by
mixing, in a small volume of ethanol: i) carbon (80 wt%), ii) acetylene
carbon black (10 wt%, Timcal Super C65) used as conductive material
and, iii) polytetrafluoroethylene, PTFE, (10 wt%, dispersion in water
from Aldrich) used as binder. The mixture was stirred until a homoge-
nized paste-like consistency was obtained. The paste was cold rolled and
was dried overnight in an oven at a temperature of 80 °C. The electrodes
were then cut into disks of 10 mm diameter for being used in Swagelok®
cells.

Film electrodes over stainless steel foils were prepared by mixing: i)
active materials (85 wt%), ii) acetylene carbon black (5 wt%, Timcal
Super C65) and polyvinylidene fluoride binder, PVDF (10 wt%, Solex
from Solvay) in N-methylpyrrolidone solvent. The mixture was then
homogenized using IKA Ultra-Turrax device (T-25 Digital) for 20 min.
This slurry was casted onto a stainless steel foil (10 pm thickness) with
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Elcometer 4340 system at a temperature of 100 °C. The different elec-
trodes were calendared and then dried at 80 °C overnight. Average
thickness of the carbon films was 100 pm with a density of 0.875 g cm ™.
The films were cut into 5 x 4 cm ™! electrodes to be used in the cell

coupled to the mass spectrometer.
2.3. Electrochemical characterization

Electrochemical characterization was performed with two- and
three-electrode Swagelok® cells by cyclic voltammetry (2 mV s™1),
galvanostatic charge/discharge (0.2-10 A g™1), voltage floating and
impedance spectroscopy by using MPG-2 and VMP3 multichannel
potentiostats/galvanostats (Biologic, France). A three-electrode config-
uration was used in a one-compartment (3 mL) Swagelok® cell for the
electrochemical characterization of the carbon based electrodes. The
counter electrode was a graphite rod and a Hg/Hg»SO4 was used at
reference electrode. Two-electrode Teflon Swagelok® cells were
assembled with 10 mm diameter carbon electrodes over stainless steel
current collectors, and glass fiber paper (Whatman®, thickness 670 pm)
was used as a separator. An Ag/AgCl reference electrode was added to
the two-electrode Teflon Swagelok® cells for monitoring electrode po-
tentials during two-electrode cell operation. The electrolyte (Li»SO4, 2
mol L) was degassed before mounting the cells under helium at room
temperature. All potentials are referred to NHE electrode. Prior to any
measurement, the working electrode was dipped in the electrolyte for
20 min in order to allow the electrolyte to impregnate the electrode
porosity.

Ageing tests of carbon/carbon capacitors were performed by voltage
floating using a custom-built airtight and compact electrochemical cell
with 20 cm? electrodes. Gas evolution was monitored operando by
pulsed electrochemical mass spectrometry (PEMS) using the protocol
described elsewhere [4]. Various valves and flowmeters were
synchronised with the potentiostat/galvanostat (SP-50, Biologic,
France) using in-house developed software to transport the gases to a
mass spectrometer (QMS 403C Aeolos, Netzsch, Germany) at the desired
time during cell operation. Prior to ageing of the supercapacitor, the
electrodes were conditioned by a series of galvanostatic cycles (0.5 A
g~ 1) with a gradually increasing voltage from 1.0 V to 2.0 V. After
conditioning, ageing consisted of a 50 h float. At each hour of float, the
gas was sampled from the cell and the capacity measured after five cy-
cles of galvanostatic charge-discharge at 0.5 A g~!. Additional ageing
tests at 10 and 20 h were performed to characterize the evolution of the
physico-chemical properties of the electrodes during ageing.

2.4. Physicochemical characterization

2.4.1. Porous texture

The specific surface area measurements were conducted on a
Quadrasorb-evo (Quantachrome Instrument, USA) at 77 K and the
QuadraWin software was used for data analysis. Before the measure-
ment, samples (50-70 mg) were outgassed for overnight under vacuum
at 120 °C. The specific surface area (SSA) was evaluated from the Ny
adsorption isotherm using the Brunauer-Emmett-Teller (BET) equation.

2.4.2. Surface chemistry

Temperature programmed desorption (TPD) was used to analyze the
surface functionalities of raw carbons and carbon electrodes at different
aging times. Samples (10-15 mg) were placed in an STA 449C Ther-
mobalance (Netzsch, Germany) coupled to mass spectrometer (QMS
403C Aeolos, Netzsch, Germany) and kept at room temperature for 1 h
under an helium flow of 100 mL min . The temperature was then raised
up to 1200 °C at a rate of 10 °C min~! under a flow of helium of 100 mL
min~!. The decomposition products of the samples were detected by on-
line mass spectrometry.

X-ray photo-electron spectra (XPS) on carbon powder were recorded
with a VG ESCALAB 250 spectrometer using an Al Ko monochromatic
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source (15 kV, 15 mA) and a multi-detection analyzer, under 1078 Pa
residual pressure.

The pH corresponding to the point of zero charge (pHpzc) was used to
determine the nature of the carbon surface. This was measured by the
mass titration method. The carbon was dispersed in a suitable volume of
distilled water with carbon water ratios from 1 to 16 w/w and kept
under constant stirring in a nitrogen atmosphere at room temperature
until equilibrium was reached (approximately 48 h). The pHpy¢ value of
the material corresponded to the plateau in the plot of equilibrium pH
versus solid weight fraction [32].

3. Results and discussion

3.1. Effect of oxygen surface functionalities on electrochemical
performance

Following previous studies [2,23], the first strategy followed to
protect the electrodes from the electrochemical degradation was to
introduce oxygenated surface functionalities at the carbon surface. The
oxygen functionalities have been introduced in the carbon surface by
chemical oxidation using nitric acid (ACox) and by chemical grafting
(AC-Ph-COOH). For the chemical grafting, the choice of a carboxyl
group as functionality has been done in order to decrease the pH at the
electrode/electrolyte interface. Carboxyl groups (-COOH) in contact
with an almost neutral electrolyte as 2 mol L' Li;SO,4 with a pH of
around 6 are able to give rise to negative charges on the carbon surface
and to H" (-COO™ + H") decreasing the local pH of the carbon surface.

3.1.1. Physicochemical characterization of as-received and modified
carbons

In order to study the effect of both oxidation methods on the surface
functionality of the AC carbon, Fig. 1 presents the TPD-MS profiles ob-
tained for the pristine and the oxidized carbons. The total amount of O-
containing groups was found of 1.0, 9.0 and 4.0 wt % for AC, ACox and
AC-Ph-COOH, respectively, showing the effectiveness of the selected
oxidation treatments.

Carbon material AC revealed a rather low oxidation degree, as
inferred from the low total mass loss ca. 2 % and low amount of CO
desorbed, between 600 °C and 1000 °C, corresponding to the presence of
phenolic or ether like groups. After an acidic treatment, sample ACox
showed a mass loss of ca. 15 % revealing the presence of a big amount of
oxygen surface functionalities. The CO2 gas evolution arises in a large
range of temperatures from 200 °C to 800 °C, indicating the presence of
a large amount of carboxylic acids, carboxylic anhydrides and lactones.
Similarly, the CO evolved between 200 °C and 1000 °C arising from the
decomposition of carboxylic acid, carboxylic anhydride, phenol and
carbonyl/quinone groups. These results show the non-selective oxida-
tion of the surface through the followed chemical oxidation treatment.
By contrast, the oxidation treatment consisting in a chemical grafting of
benzoic acid groups (AC-Ph-COOH) derives to desorption of CO3 and CO
in a narrower temperature range despite the total mass loss was found as
ca. 10 %. Both profiles showed a wide peak at 100-300 °C associated to
the presence of carboxylic acids, followed by a narrow peak between
300 °C and 500 °C assigned to decomposition of carboxylic anhydrides.
Scheme 1 illustrates the effect of the two oxidation methods on the
oxygen surface functionalities of the AC carbon.

These results have been confirmed by XPS. Table 1 summarizes the
amount and the nature of the O-containing functionalities. The XPS
experiments revels that only functionalities related with carboxylic
bonding can be found for the grafted carbon, while all types of func-
tionalities were detected for the chemically oxidized one. It is note-
worthy that while the oxygen content obtained by both techniques for
AC and ACox is comparable, the amount found by XPS for the sample
AC-Ph-COOH is twice that revealed by TPD-MS. This indicates that in
this sample, the oxygenated groups are predominantly located on the
external surface of the material, as the quantification provided by XPS
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Scheme 1. Surface functionalities of AC, ACox and AC-Ph-COOH carbons.

Table 1

O-containing amount obtained by TPD-MS and XPS analysis of surface func-
tionalities nature. pH of PZC and specific surface area calculated from Nj
adsorption isotherm at 77 K.

Material O wt. % PHpzc Oat. % C- [e==¢] -0O- SSA
(TPD- (XPS) OR at. % c=0 m?
MS) at. % at. % gt
AC 1.0 7.5 1.1 1.1 - - 1400
ACox 9.1 2.4 9.7 3.0 1.8 2.4 1240
AC-Ph- 4.0 3.0 7.9 2.7 - 2.5 1180
COOH

corresponds to the most external surface of the carbon, while TPD
analysis accounts for the total oxygen content. In fact, it is known that
chemical grafting can lead to a dramatic decrease in SSA caused by the
accumulation of molecules at the entrance of the micropores [30,31].
Therefore, in order not to decrease the double layer capacitance of the
carbons, it is necessary not to affect the porosity much during the surface
modification process.

In this sense, Fig. 1d and Table 1 show that both oxidation treatments
have a small effect on the SSA and the pore volume compared to the raw
carbon. In fact, for the specific case of the grafting method, different

amounts of precursor were tested, from 0.1 to 0.01 molar equivalents of
carbon, in order to find the best compromise between functionalization
and preservation of the porous texture. Since the use of 0.1 molar
equivalents results in a 23 % decrease in SSA, 0.01 molar equivalents
results in a slight porosity block with only a 15 % decrease in SSA
(Table 1). Finally, the amount was limited to 0.01 to avoid the formation
of multilayers at the pore entrances. These results show that a large
amount of oxygen can be selectively introduced into the carbon surface
without blocking the pores by controlling the precursor concentration.

The augmentation of oxygen content on the carbon surface was also
reflected on surface pH, which suffered a noticeable fall after both
oxidation treatments (Table 1). The raw carbon has a neutral nature
while the oxidized carbons present an acidic one with pHpy¢ of 2.4 and
3.0 for the ACox and the AC-Ph-COOH, respectively.

3.1.2. Effect of oxygen functionalities on carbon electrochemical
performance

Fig. 2a shows the cyclic voltammetry of the pristine and modified
materials carried out in a three-electrode cell in an aqueous electrolyte
as Li2SO4. All materials showed a quasi-rectangular shape ascribed to
the double layer capacitance contribution of the porous carbons. The
chemical grafted carbon presented a slightly lower electrical double
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symmetric supercapacitors manufactured by AC (d), ACox (e), and AC-Ph-COOH (f).

layer capacitance in line with the lower specific surface area. The vol-
tammograms revealed the presence of redox reversible humps related to
the pseudo-faradic reactions involving oxygen functional groups, at the
potential range between 0.0 and 0.6 V vs. NHE, being much more
remarkable for the sample ACox. Moreover, the presence of those O-
containing groups in oxidized samples also influences the capacitive
response, as the voltammograms for the ACox and the AC-Ph-COOH
carbons display more rectangular shape than the AC, presumably
linked to a higher surface wettability.

The common feature related to the two oxidized carbons is the
positive effect of the operating potential window. Either a chemical
oxidized carbon or the grafted one, push the limit for positive polari-
zation to higher values (up to 1.1 V vs NHE). This could be associated to
the decrease of the local pH at the interface electrode/electrolyte. In
fact, since the pH of the electrolyte is higher than the pHpyzc of the
modified carbons, functionalities as carboxyl groups and lactones will
give rise to negative charges and H" [33]. This decrease in pH at the
interface would shift the thermodynamic potentials for water splitting to
higher values according to Nerst’s law. These results indicate that
modified carbon materials require a higher potential to be oxidized than
the original.

3.1.3. Effect of oxygen functionalities on supercapacitor operation

Symmetric supercapacitors have been built with the pristine or the
modified carbons in order to assess the effect of the oxygen functional-
ities on the ageing of the system. For the purpose of establishing aging
conditions, Fig. 2b shows the capacitance retention for the pristine
carbon-based supercapacitor during floating tests at 1.8 Vand 2.0 V. The
Figure shows a similar initial decrease of capacitance during the first
hours, followed by a capacitance plateau. At 2.0 V, after 20 h floating,
there is a sharp decrease of capacitance to reach a capacitance loss of 26
%. However, at 1.8 V, the capacitance is maintained throughout the
floating experiment, with only a slight decrease, less than 5 F g7,
observed over 40 h of floating. These results confirm that 2.0 V is a too
high cell voltage for the symmetric AC/AC supercapacitor. Nevertheless,
a floating voltage of 2.0 V has been chosen to compare with the modified
carbon based supercapacitors in order to perform accelerated ageing
tests and to explore the possibility to increase the cell voltage by
modifying the surface chemistry of the carbon materials.

Before reaching the floating voltage, the supercapacitors were

gradually polarized from 1.0 V to 2.0 V performing some galvanostatic
charge discharge cycles every 0.2 V. To analyze the behavior of the
electrodes during this cell conditioning, the potential window of each
electrode was recorded by a reference electrode introduced into the
electrochemical cell while the symmetric carbon/carbon supercapacitor
was polarized. Fig. 2c shows the evolution of the potential measured at
cell voltage of 0 V, denoted as Egy, and the measured potential of the
positive (E*) and negative (E”) electrodes, for the supercapacitors built
using AC, ACox or AC-Ph-COOH electrodes. In the case of the super-
capacitor assembled with the non-modified carbon, the operating po-
tential range of the positive and negative electrode (AE'T and AE™,
respectively) has the same extension for any cell voltage from 1.0 to 2.0
V. However, for the supercapacitor built with the modified carbons the
operation of the electrodes during cell polarization is completely
different. From one side, all the potentials are shifted to higher values
corresponding to the increase of the local pH at the carbon/electrolyte
interface as discussed above. From the other side, there is an important
disymmetrization of the electrodes operating potential windows. For the
ACox and the AC-Ph-COOH based supercapacitors, the AE™ is much
wider than the AE™ indicating a higher capacitance of the negative
electrode than the positive one. Therefore, the maximum potential
reached by the positive electrode during the supercapacitor operation is
still shifted to higher values. Consequently, when the carbon material
contains surface oxygenated groups, the positive electrode in the
supercapacitor operates beyond oxygen evolution limit found in the
voltammetry (ca. 1.1 V vs NHE, Fig. 2a). However, in the case of the
negative electrode, all materials showed a potential far to reach that
required for the Hy evolution reaction (ca. —1.0 V NHE).

Aiming to analyze this behavior, Fig. 2d,e,f show the evolution of
gases during the polarization of the different supercapacitors from 1.0 to
2.0 V. In concordance with Fig. 2c, Hy was not detected at any voltage
since the negative electrode is not reaching the Hj evolution limit. For
the AC carbon based supercapacitor, there is a small evolution of CO
increasing with the cell voltage above 1.4 V, in line with the beginning of
an electrochemical oxidation of the carbon at the positive electrode
following the previously reported mechanism [4]. For the chemically
oxidized carbon based supercapacitors there is a considerable amount of
gases evolving as CO and CO; in all voltage range. These gases are
associated with either the decomposition of unstable oxygen surface
functionalities or the operation of the positive electrode at a potential
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where the carbon is electrochemically oxidized. However, in the case of
the grafted carbon based capacitor, even if the potential of the positive
electrode is as high as for the chemical oxidized carbon (ranged from 1.4
to 2.0 V vs. NHE), the amount of gases related with a possible oxidation
of carbon is very low. Such results could indicate that the grafted mol-
ecules at the surface of the carbon might in somehow protect the surface
from an electrochemical oxidation.

However, only an ageing experiment by floating at high voltage can
confirm that the modification of the carbon surface is preserving the
positive electrode to be oxidized. Fig. 3 presents the evolution of the
capacitance for the symmetric capacitors built with the as-received and
the modified carbons during 50 h floating at a cell voltage of 2.0 V.
During the first 5 h of voltage floating, the capacitance retention of the
three supercapacitors was similar with a capacitance decrease of around
8 %. For the ACox carbon based supercapacitor, beyond 5 h the capac-
itance continues to sharply decrease reaching a 15 % loss after 10 h
floating, but, during the next hours of ageing, the capacitance loss is
slower reaching a value of 23 % after 50 h floating. Despite this material
avoids the sharp capacitance decrease observed after only 20 h for the
non-modified electrodes, its capacitance retention is still too low to
consider 2.0 V as a reliable cell voltage. However, when AC-Ph-COOH is
used as electrode, the capacitance decreases by 10 % after 10 h of aging
and only a further 5 % is lost after 50 h of floating. These results indicate
that AC-Ph-COOH material allows the operation of the supercapacitor at
a cell voltage of 2.0 V for long time with a capacitance retention higher
than 83 %. Therefore, modifying the carbon surface by grafting a given
oxygen surface functionality seems to be somehow more efficient than
chemical oxidation to avoid irreversible reactions at the electrode/
electrolyte interface responsible for the capacitance loss.

The evolution of gases during the floating experiments has been
followed by PEMS in order to give insights on the interface reactions at
the origin of ageing. The evolution of Hy, CO and CO5 has been moni-
tored every hour of floating at 2.0 V for the three different super-
capacitors as it is presented in Fig. 4a and b and c. Results show that for
all materials, the gases evolving during ageing are mainly CO3 and Ha,
followed by small amounts of CO. As it has been previously discussed
[4], CO3 is a precise indicator of the positive electrode aging while Hs is
related with the decomposition of the electrolyte at the negative elec-
trode. For the non-modified material based supercapacitor, at the
beginning of the ageing experiment (below ca. 3 h) the only released gas
is CO (Fig. 4a) as a continuation of the gases evolved during previous cell
voltage increase (Fig. 2c). After a few hours of floating, CO is no longer
evolved, but an increase in CO; release is observed, since at high volt-
ages the oxidation of carbon causes more O-rich functionalities to desorb
preferentially as CO [4]. This CO, evolution reaches its maximum at 40
h, followed by an abrupt decrease during the last hours of floating. To
understand this behavior, Fig. 4d shows the electrode potentials (E*, E~
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Fig. 3. Evolution of capacitance retention as a function of floating time at 2.0 V
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and Egy) registered every hour during the floating experiments.
Although the maximum potential reached by the positive electrode (E*)
decreases during the first hours of floating, the important evolution of
CO-, indicates that such potential is still too high to avoid the oxidation
of the electrode. The variation of the potentials is directly related with
modifications in the physico-chemical properties of carbon materials
while keeping the cell voltage at 2.0 V. Indeed, Fig. 4g shows a
continuous oxidation of the positive electrode with an increase on the
oxygen surface content from 7.5 wt% to 20 wt% after 50 h voltage
floating. In addition, an abrupt decrease in the surface area of the pos-
itive electrode is observed. After 20 h ageing, the SSA is reduced by a
factor of 10, indicating that such oxidation of the carbon leads to a
collapse of the porosity. Conversely, the decrease in the potential of the
negative electrode during the first hours of floating (Fig. 4d) leads to a
small release of hydrogen without a significant impact on the specific
surface area of the electrode (Fig. 4g). Thus, the reason for the decrease
in capacitance observed in Fig. 3 is primarily related to the loss of
capacitance of the positive electrode due to the effect of oxidation on the
porosity.

The same experiments were carried out with the supercapacitors
assembled with the surface modified materials. Fig. 4b shows that for
the supercapacitor with the electrodes on chemically oxidized carbon,
the amount of released CO; is very extensive at the beginning of the
floating experiment. Actually, the high CO; levels at the beginning of the
floating experience correspond to the ones found at the end of the cell
conditioning to reach 2.0 V (Fig. 2c). The significant CO, evolution can
be related either to the desorption of functional groups present in the
ACox carbon or to further electrochemical oxidation, and is consistent
with the rapid capacity loss obtained during the first hour of floating
(Fig. 3b). However, the amount of CO, evolved decrease rapidly during
the first hours of ageing and in a more moderated manner up to the end
of the experience. The decrease in CO; release can be easily related to
the decrease in the maximum potential reached by the positive electrode
during the first hours of voltage floating, as observed in Fig. 4e.
Nevertheless, the potential seems to stabilize at a too high value, even if
the low pHpzc of the carbon after functionalization leads to an increase
in the carbon oxidation potential. In fact, Fig. 4h shows an increase in
the surface oxygen content from 11.1 wt% to 21.0 wt% after only 10 h of
floating. Thereafter, there is no further increase in the oxygen content,
but the continuous evolution of CO, is an indication of a continuous
oxidation of the carbon. This oxidation implies a reduction in the mass of
the positive electrode and a decrease in the electrode porosity (Fig. 4h).
Although the ACox positive electrode maintains a slightly higher surface
area than the unmodified one after 50 h, allowing the system to retain
78 % of its capacity, the non-selective carbon oxidation seems insuffi-
cient to prevent further electrochemical oxidation. However, Fig. 4h
shows that the porosity of the negative electrode has not changed during
ageing. Thus, like the AC supercapacitor, this oxidation of the carbon
material at the positive electrode limits the operating cell voltage.

In contrast, the AC-Ph-COOH based supercapacitor shows a different
picture; Fig. 4c shows a small amount of CO; released throughout the
ageing process. Fig. 4i shows that during the first 20 h of floating, the
amount of oxygen at the carbon surface of the positive electrode in-
creases from 5.6 wt% to 15.9 wt% with a small effect of the specific
surface area. The electrode potentials then stabilize at a value approxi-
mately 120 mV lower than that of the oxidized carbon supercapacitor
(Fig. 4f). These lower electrode potentials, together with the effect of the
pHpzc on the oxidation potential, are consistent with the lower CO,
evolution shown during the floating experiment. After 20 h of floating,
the oxygen content is no longer increasing and the decrease in SSA is less
than for the AC or ACox positive electrodes. Therefore, the smaller
extent of oxidation of the positive electrode results in the better capac-
itance retention observed in Fig. 3 for the AC-Ph-COOH based
supercapacitor.

In summary, the results confirm that the positive electrode is the one
that limits the operating voltage of the supercapacitor. Otherwise, the
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grafting of an oxygen functionality as -COOH seems to be a valuable
strategy to protect the positive electrode from oxidation in order to in-
crease the cell voltage. Besides lowering the pHpyc to increase the car-
bon limiting potential, the grafted functionalities seem to protect the
carbon from further oxidation.

3.2. Effect of H related surface functionalities on the electrochemical
performance

In order to understand whether the improvement in performance is a
consequence of the selective introduction of oxygen functionalities as
—COOH or because of the effect of grafting on the saturation of oxidation
active sites at the carbon surface, a bare phenyl group was chemically
grafted onto the AC carbon surface (sample AC-Ph-H). As it was
described above, the grafting method used is a chemical one in which
aryl radicals combine with active sites of the graphene layers of carbons
through a covalent bond [28]. Therefore, for comparison purposes, the
AC carbon has been also treated in a Hy atmosphere at 700 °C (sample
ACHby). A thermal Hj treatment is known to be efficient to remove sur-
face oxygen to leave a basic stable surface nearly free of highly energetic

sites with unpaired electrons capable to adsorb oxygen even at ambient
temperature [34]. Scheme 2 illustrates the surface functionalization of
the materials after treatment.

3.2.1. Physicochemical and electrochemical characterization of H-based
carbons

Fig. 5 and Table 2 presents the results of the physicochemical char-
acterisation of the H-based materials. The table shows that the specific
surface area obtained from the Ny adsorption isotherm presented in
Fig. 5a of the AC-Ph-H carbon after phenyl grafting is only slightly less
than that of the raw carbon. Indeed, the amount of phenyl precursor was
modulated to do not block the porosity. Moreover, during the chemical
grafting reaction in the liquid phase, there is a slight oxidation of the
carbon surface as 2.4 wt% of oxygen was found by TPD-MS (Fig. 5b). For
the ACH; material, the Hy treatment does not significantly change the
specific surface area of the carbon as seen in the Ny adsorption isotherm
in Fig. 5a and the amount of oxygen in the surface obtained by TPD-MS
(Fig. 5¢) is now less than 1.0 wt%. These two treatments have opposite
effects on the pHpzc of the untreated carbon. Whereas hydrogen treat-
ment leads to an increase in pHpzc up to 8.3 as a consequence of the

o on b

AC-Ph-H

| ACH, |

Scheme 2. Surface functionalities of AC, AC-Ph-H, and ACH, carbons.
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Table 2
O- amount obtained by TPD-MS, pHpyc and specific surface area, calculated from
N, adsorption isotherm at 77 K, of AC, ACH,, and AC-Ph-H materials.

Material O wt. % (TPD-MS) PHpzc SSAm? g~!
AC 1.0 7.5 1400
AC-Ph-H 2.4 3.9 1230
ACH, 0.8 8.3 1331

elimination of oxygen-containing groups [34], chemical grafting of a
phenyl group leads to a decrease in pHpzc down to 3.9 as observed for
the other modified carbon. Such a result suggests that the phenyl func-
tionalities are also capable of generating negative charges on the carbon
surface and H', thus lowering the local pH.

Fig. 6a shows the cyclic voltammetry of the two H-based materials
and the raw carbon. The figure reveals an increase in the positive limit of
polarization for AC-Ph-H towards 1.1 V vs. NHE compared to AC and
ACH; (positive limit of 0.9 V vs. NHE). Such an increase is probably
related to the lower pH at the carbon/electrolyte interface as a conse-
quence of the lower pHpyc of this material. In addition to the stability
window, these treatments have an important effect on the electro-
chemical signature of the carbon material. A H; treatment increases the
electrical conductivity of the carbon material as the voltammogram
becomes more rectangular. In addition, very pronounced peaks in the
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range of 0.0-0.7 V vs. NHE are observed, related to pseudo-faradic re-
actions involving surface oxygenated groups. This indicates the rapid
oxidation of the material during polarization. The extensive oxidation of
this material is also favored by the high pHpzc, which reduces the
oxidation potential of carbon. This indicates the inefficiency of the Hj
treatment in protecting the carbon surface against oxidation.

These results are consistent with previous studies of oxygen
adsorption on Hj-treated carbons. In fact, a Hy treatment at high tem-
perature was shown to be effective in removing high energy sites with
unpaired electrons capable of adsorbing O, to generate oxygen surface
functionalities at ambient temperature, since this was not the case for
the edge sites of the graphene layers that adsorbed oxygen at higher
temperatures [34]. Thus, it can be imagined that a high potential is
sufficient to overcome the energetic barrier for these non-stabilized sites
to react.

However, for the phenyl grafted carbon, the charging mechanism is
mainly the EDL, as redox peaks are not appreciated. These results could
indicate that the phenyl moieties have been grafted to those edge active
sites for the electro-oxidation of the carbon.

3.2.2. Effect of H related surface functionalities on supercapacitor
operation

Carbon/carbon symmetric capacitors were assembled using the H-
based materials to assess the effect of these functionalities on ageing.
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Fig. 6. Cyclic voltammograms of AC, AC-Ph-H, and ACH, materials recorded in a three-electrode cell at 2 mV s~! in 2 mol L™! Li,SO,. Fifth scan recorded (a).
Potential limits of positive (E") and negative (E~) electrodes during cycling from 1.0 to 2.0 V of AC, AC-Ph-H, and ACH, based symmetric supercapacitors in 2 mol
L~ ! Li;SO4. The Eqy values (dashed lines) correspond to the electrodes potential when the working voltage is shifted to 0 V before each change of maximum voltage
(b). Evolved gases amounts while polarization from 1.0 V to 2.0 V of symmetric supercapacitors built by ACH, (c), and AC-Ph-H (d).
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Again, the cell voltage was fixed at 2.0 V for the floating ageing
experiments.

Prior to floating, Fig. 6b shows the evolution of the potential of the
electrodes during the polarization of the symmetric configuration from a
cell voltage increasing from 1.0 V to 2.0 V using AC-Ph-H or ACH,
carbons as electrodes. The results for the AC based capacitors are shown
for comparison. For the ACH; carbon supercapacitor, the loss of sym-
metry of the operating potential ranges compared to the raw carbon
should be due to the extensive oxidation of the material during polari-
zation observed in Fig. 6a. Fig. 6b shows that the negative electrode
operates in the potential range where the redox reaction takes place,
resulting in a much higher capacitance than the positive electrode.
Therefore, in order to maintain charge equivalence between the two
electrodes, the positive electrode operates in a wider potential window
and the maximum potential reached by the electrode is outside the
stability window of the carbon even at 1.0 V cell voltage. As a conse-
quence, Fig. 6¢ shows the evolution of CO and CO5 over the whole range
of the cell voltage, resulting from the further electrochemical oxidation
of the positive electrode, which increases exponentially at a cell voltage
of 2.0 V.

In contrast, for the supercapacitor built with the AC-Ph-H electrodes,
the operating potential window of both the negative and positive elec-
trodes is similar at any cell voltage, in accordance with the EDL
behaviour of this modified carbon (Fig. 6b). In fact, the maximum po-
tential reached by the positive electrode during the polarization of the
cell remains at the same level as that of the supercapacitor made with
the non-modified carbon. The fact that both electrodes operate within
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their potential stability window is confirmed by the small amounts of gas
evolved during the polarization of the cell from 1.0 V to 2.0 V, where
only a few pmols of CO were detected above 1.4 V (Fig. 6d).

However, as discussed above, the effectiveness of a carbon surface
modification in preventing oxidation of the positive electrode can only
be evaluated through an ageing test. In this sense, Fig. 7a shows the
capacitance retention of both materials -AC is included for comparison-
over 50 h. The supercapacitor built with ACH, shows an excellent
capacitance retention up to 15 h, after this floating time the capacitance
starts to decrease progressively until reaching 82 % of the retention at
40 h, to finally decrease dramatically to a value of 45 % at 50 h. This
behavior suggests that the extensive oxidation of the positive electrode,
already observed during voltage conditioning to reach 2.0 V (Fig. 6c),
continues during aging. This point is confirmed by the rapid increase of
the evolved CO, during the first 15 h of floating (Fig. 7b). Although the
maximum potential of the positive electrode decreases during the first
hours of floating, the value remains well above the oxidation potential
limit during the aging experience (Fig. 7c). Fig. 7b shows that the
amount of evolved CO, suddenly decreases after the first 15 h of
floating. This again indicates a collapse of the carbon surface area as the
reason for the sudden capacitance loss observed in Fig. 7a. In fact, the
SSA of the positive electrode after 50 h of floating was only 20 m? g~ .
Therefore, it seems that hydrogen treatment does not deactivate the
carbon surface sites to avoid further electrochemical oxidation during
supercapacitor operation.

In contrast, the supercapacitor built with the carbon modified by
chemical grafting of a phenyl group shows a much better capacitance

— 025
o
S 0.20
g
Z0.15
g
= 0.10
E
£0.05
-

4
& 0.00

0.25

b0
<=0.20
g

Z0.15
g
£0.10
E
£0.05
30.00

0 10 20 30 40 50
Time / h

Fig. 7. Evolution of capacitance retention as a function of floating time at 2.0 V in 2 mol L~ ! Li,SO4, for carbon based symmetric supercapacitors built with AC, AC-
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retention during the ageing experience (Fig. 7a). The capacitance shows
a relatively fast decrease of about 10 % of the initial value during the
first hours, similar to that observed for the pristine material super-
capacitor, and then the decrease becomes very slow. This result points
out that the oxidation of the positive electrode should not be very
extensive. Fig. 7c shows that after a rapid decrease of the maximum
potential reached by the positive electrode during the polarization of the
cell up to 2.0 V, it stabilizes during the 50 h of floating at a value lower
than that obtained for the supercapacitor with pristine AC carbon. Since
the oxidation potential of the AC-Ph-H carbon is higher than that of the
AC carbon due to its lower pHpyc, this result indicates that the positive
electrode remains below the oxidation potential when the super-
capacitor operates at 2.0 V. The low evolution of gases during the float
time (Fig. 7d) confirms the resistance of the positive electrode to
oxidation. In addition, the analysis of the O content of the positive
electrode shows a slight oxidation during the first hours of floating up to
20 h. The amount of oxygen on the carbon surface of the positive elec-
trode increases from 4.6 wt% to 12.5 wt% during the first hours of
floating and then decreases to the initial values. Then, the degree of
oxygen functionalization during the ageing experiment is much lower
than for the other positive electrodes made of raw or modified AC car-
bons. Consequently, the oxidation of the AC-Ph-H positive electrode has
a smaller effect on the specific surface area than for the other super-
capacitors studied and therefore on the capacitance loss. In fact, after 50
h of floating, the capacitance retention for the AC-Ph-H supercapacitor is
86 %, exceeding the 74 % obtained with the not modified carbon or even
the 83 % obtained with the -COOH grafted material.

Finally, the better performance of the supercapacitors made with
chemically grafted materials is related to the different behavior towards
oxidation of the positive electrode during ageing at 2.0 V. To summarize,
Fig. 8 shows the amount of surface oxygen obtained from the TPD ex-
periments carried out on the positive electrodes made with the raw and
modified materials after conditioning the cell up to 2.0 V (denoted as 0 h
in the figure) and after 10, 20 and 50 h of voltage floating. The amount
of surface oxygen from functionalities evolving as CO or CO, was nor-
malised by the corresponding specific surface area of the electrode at the
given aging time, considering that the porosity of the electrodes was
modified during the aging (see Figs. 4 and 7). Fig. 8 a and b show that for
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the AC SC, the amount of oxygen fixed to the surface to generate oxygen
functionalities desorbing as CO (Fig. 8a) or CO2 (Fig. 8b) increases
continuously from the first to the 50th hour of aging. These results
indicate that the desorption of CO5 observed for this supercapacitor
during the ageing experiment (Fig. 4a) generates new sites for further
oxidation, in addition to the large number of active oxidation sites
initially present on the carbon surface. A chemical oxidation of the
carbon prior to the assembly of the supercapacitor leads to a protection
of the positive electrode surface, as the amount of surface oxygen is
significantly lower for the ACox electrode. However, the continuous
increase of the surface oxygen content during the ageing experiment is
an indicator of the limited efficiency of such an approach. In contrast,
the grafted materials have a significant oxidation resistance in com-
parison to the raw material. Fig. 8 a and b show that, compared to the AC
positive electrode, the amounts of surface oxygen for the grafted ma-
terials are not visible even after 50 h of voltage floating at 2.0 V. To have
a closer look at the comparison between the AC-Ph-COOH and the AC-
Ph-H, Fig. 8 presents a zoom on the amount of oxygen fixed to form
functionalities desorbing as CO (Fig. 8c) or CO4 (Fig. 8d) from these two
electrodes during the ageing of their corresponding symmetric capaci-
tors. The figure shows a similar behavior during the first hours of
floating, with a small increase of oxygen from functionalities desorbing
as CO. As the extent of oxidation is very small, the typical carbon electro-
oxidation mechanism can be observed, initially producing groups that
desorb as CO [4]. However, after 20 h of floating, since the AC-Ph-COOH
electrode continues the extension of oxidation with the generation of a
small amount of groups desorbing as CO,, the AC-Ph-H does not present
any further oxidation. In fact, the decrease in surface oxygen at the end
of the ageing experience indicates that the small evolution of gases
observed for the AC-Phi-H based supercapacitor (Fig. 7d) arise from the
removing of the oxygen functionalities present in the surface without
creating new active sites.

These results demonstrate that the grafted groups protect the elec-
trode by blocking the active sites. This protection seems to be more
efficient when the phenyl group covalently bonded to the active sites of
the carbon does not contain an electron withdrawing functional group as
a carboxylic acid. This active site blocking effect combined with
decreasing the pHpyc to increase the oxidation potential, results in an
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Fig. 8. Surface O amounts obtained from evolving CO (a) and CO, (b) by TPD-MS of the positive electrodes AC, ACox, AC-Ph-COOH, and AC-Ph-H after ageing the
symmetric supercapacitors at 2.0 V at different times. Zoom of plots of surface oxygen calculated from evolving CO (c) and CO, (d) gases of AC-Ph-COOH and AC-Ph-

H positive electrodes.
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efficient strategy to protect the positive electrode from oxidation and
therefore to increase the cell voltage and the energy stored.

However, as decreasing the pHpy also increases the potential for Hy
evolution, the potential reached by the negative electrode of the AC-Ph-
H supercapacitor during ageing (Fig. 7c) is now close to the limit at
which the Hj is produced, as indicated by the small amount of Hy
evolved during the floating experiment (Fig. 7d).

Therefore, using the surface modified electrode on the negative
electrode is not a good strategy to further increase the cell operation.

3.3. Electrochemical performance of asymmetric carbon/carbon
supercapacitor

According to all the above results, an asymmetric system was
assembled using the material with the best performance as positive
electrode (AC-Ph-H) and the non-modified carbon as negative electrode.

The ageing behavior of the asymmetric AC-Ph-H/AC system was
investigated at 2.0V. Fig. 9a shows that although the potential range in
which the positive and negative electrodes operate during cell condi-
tioning up to 2.0 V is different from that of the symmetrical AC/AC
system, the values of the positive and negative electrodes remain within
the stability window of both materials. This was confirmed by the
negligible amount of gas evolved at the different cell voltages (Fig. 9c).
Later, during the floating experiment at 2.0 V, the electrode potentials
decrease after the first hours of floating and continue to stabilize at
values lower than those of the symmetrical system (Fig. 9b). The com-
plete absence of gas emission during the floating of the supercapacitor
implies that in the asymmetric system both electrodes are operating
within their stability potential window (Fig. 9d). Therefore, the com-
bination of a positive electrode with a surface modification that protects
against oxidation and lowers the pHpyc to increase the oxidation po-
tential, together with a negative electrode with a higher pHpzc to
decrease the reduction potential, is optimal.

Fig. 10a shows the capacitance retention during the floating test at
2.0 V cell voltage. A slight decrease in capacitance was observed during
the first 10 h, from 100 to 90 F g~1. Beyond this time, the capacitance
remains quite stable up to 50 h of ageing, with capacitance retentions
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even higher than those of the symmetrical AC-Ph-H/AC-Ph-H super-
capacitor. These results confirm that the asymmetric system is the right
strategy to achieve cell voltages of 2.0 V, while for the symmetric system
1.8 V is the maximum voltage that leads to a correct ageing behavior
(Fig. 2b).

Given the excellent ageing performance of the asymmetric system at
2.0 V, the cell voltage was increased to 2.2 V. Fig. 10a shows the
capacitance retention during ageing at such a voltage. After a capaci-
tance decrease from 130 to 90 F g ! during the first 15 h, the capacitance
value stabilizes at the same value as that obtained at 2.0 V. Therefore,
even without optimizing the system in terms of electrode mass balance,
it is clear that such an asymmetric configuration allows the system to
operate at a cell voltage as high as 2.2 V.

At such a high cell voltage, the asymmetric system exhibits higher
capacitances than the symmetric system at low current densities
(Fig. 10b). However, the capacitance decreases to maintain the same
value as the symmetric system when the current density is increased
(Fig. 10c). In fact, Fig. 10c shows that after an initial decrease in
capacitance when increasing the charge density, the asymmetric system
presents an optimal charge capability.

Therefore, the asymmetric configuration combining a surface
modified carbon with the raw material will allow to increase the stored
energy and the power density compared to a symmetric configuration
using the raw material.

In this sense, Fig. 10d presents the Ragone plot showing the energy
and power densities for symmetric AC/AC and asymmetric AC/AC-Ph-H
supercapacitors at the maximum cell voltage found during the ageing
experiments (1.8 and 2.2 V, respectively). The maximum energy density
and power density, defined here as the energy density extracted at 10 s
discharge time, were improved by 2.1 and 4.5 times respectively for the
asymmetric device. In particular, the maximum energy density that can
be stored can be increased from 11.2 to 23.6 Wh kg™! from the sym-
metric to the asymmetric system, while the energy density for 10 s
discharge reaches 8.5 Wh kg ™! for the asymmetric system.
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Fig. 9. Potential limits of positive (E™) and negative (E~) electrodes during conditioning the cell from 1.0 to 2.0 V (a) and during floating cell voltage at 2.0 V (b) of
asymmetric and symmetric supercapacitors in 2 mol L™! Li;SO4. The Eqy values (dashed lines) correspond to the electrodes potential when the working voltage is
shifted to 0.0 V before each change of maximum voltage. Evolved gases amounts while polarization from 1.0 to 2.0 V (c) and as function of floating time at 2.0 V (d)

of asymmetric supercapacitors built as AC/AC-Ph-H.
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Fig. 10. Evolution of capacitance retention as a function of floating time of asymmetric AC/AC-Ph-H at 2.0 V and 2.2 V in 2 mol L™! Li,SO4 (a). Comparison of
electrochemical performance of AC/AC supercapacitor at 1.8 V of cell voltage and AC/AC-Ph-H supercapacitor at 2.2 V: galvanostatic charge/discharge at different
charges densities (b), specific capacitance vs. charge density (c); Ragone plot related to energy and power densities (d). The line in the Ragone plot corresponds to 10

s discharge time.
4. Conclusions

The effect of the surface functionality of carbon-based electrodes in
aqueous electrolytes has been investigated from the point of view of
decreasing the carbon reactivity at the positive electrode to avoid
electrode degradation and to increase the cell voltage. A detailed anal-
ysis was conducted by examining gas levels and compositions during
ageing, alongside the evolution of the physicochemical properties of
carbon electrodes and electrochemical performance.

The results show that the numerous active oxidation sites initially
present on the carbon surface cannot be fully removed by thermal
hydrogen treatment, which only saturates high-energy sites with un-
paired electrons. Similarly, chemical oxidation offers limited protection
to the positive electrode. In contrast, after a chemical grafting, the
carbon show significantly higher oxidation resistance, as grafted groups
block active sites at graphene layer edges. This protection is more
effective when the phenyl group bonded to active sites lacks electron-
withdrawing groups, like carboxylic acid. The combination of this
active site blocking effect with a reduction in the pHpy( to increase the
oxidation potential is an effective strategy for protecting the positive
electrode from oxidation, thereby increasing cell voltage and stored
energy. An asymmetric system using the best-performing material (AC-
Ph-H) as the positive electrode and unmodified carbon as the negative
electrode enables long-term operation at a cell voltage up to 2.2V.

Therefore, protecting the surface of the positive electrode by grafting
moieties that simultaneously lower the pHpzc and block active sites for
oxidation proves to be a valuable strategy. This approach increases the
energy density by 2.1 times and the power density by 4.5 times in
supercapacitors operating with aqueous electrolytes.
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