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ABSTRACT

For their use in supercapacitors, aqueous electrolytes of acidic (H,SO,), neutral
(NaySOy4, K;SO4) and basic (NaOH, KOH) nature are studied, using two microporous
binder-free and self-standing carbon cloths as electrodes. The carbon cloths show
similar porosities and specific surface areas, but different contents in surface oxygen
groups. The working potential window and the specific capacitance associated with the
cations and anions are measured. From these parameters, the charges stored by the
cations and anions at the electric electrolyte/electrode interface are deduced. The charge
stored by the cations is higher than that stored by the anions for the three types of
electrolytes. The differences between cations and anions are higher for the acidic and
basic electrolyte than for the neutral electrolytes, and also higher for the carbon cloth
with the highest content in surface oxygen groups. The charge stored by the cations
follows the sequence H;O" >Na" or K from the basic electrolytes > Na" or K™ from the
neutral electrolytes. The charge stored by the anions follows the sequence SO, >HSO4
>0H'. The results here reported provide a better understanding on the electric double
layer of carbon-based supercapacitors. Those results are also of interest for asymmetric
and hybrid supercapacitors.
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INTRODUCTION

Carbon cloth (CC) or carbon fabric is a self-standing, flexible, light, conductive
and porous material suitable as binder-free electrode for supercapacitors, also called
electrochemical capacitors.'™ The CC, which is usually obtained from carbonization of
a woven polymer, consists of woven carbon threads made from bundles of carbon
fibers. The self-standing feature makes that CC does not require any binder to be
conformed as electrode unlike the powder carbons. Compared with other flexible
electrodes such as carbon films consisting of carbide-derived carbons,”® graphene-based
materials’'® and carbon nanofiber webs,'" the CC is more flexible and can be folded
several times obtaining the same electrochemical behavior.'* '* The high flexibility
together with the low density (ca. 0.2 g cm™) makes the CC a promising electrode for
flexible/wearable supercapacitors.'*'® Regarding the electrical conductivity and
porosity, the CC shows a sufficient electrical conductivity (in the order of magnitude of
0.1 S cm™) and a large specific surface area (up to 1000 m” g™'). Moreover, the CC is
inexpensive.

To improve the specific capacitance of the CCs, several approaches have been
tried: (i) Development of larger specific surface areas through activation of the CCs, e.g.
by activation of the carbon fibers with CO, or KOH or by partial exfoliation of the
carbon fibers through chemical or electrochemical oxidation followed by reduction;' ¢

(i1) Doping the carbon fibers with heteroatoms such as O, N, etc. for increasing the

pseudocapacitive contribution;*?’ (ii1) Coating the carbon fibers by other carbon
materials such as carbon nanotubes or graphene providing an additional capacitance;**’
(iv) Coating the carbon fibers by several oxides that contribute with an additional
pseudocapacitance; the coating can be obtained by chemical deposition,****
electrochemical deposition*>™’ or printable procedures.*®

3
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Looking at the electrolytes for carbon-based electrodes, aqueous electrolytes
provide higher power densities, but lower energy densities than the organic Et;NBF,
electrolyte and the ionic liquid electrolytes.‘w'55 Comparing the aqueous electrolytes of
acidic, basic and neutral nature in presence of carbon-based electrodes, the working
potential window seems to be slightly narrower than 1.0 V for the acidic and basic
electrolytes and 1.6-2.2 V for the neutral electrolytes.’®”* The specific capacitance
seems to be higher for the acidic than for the basic electrolyte and higher for the basic
than for the neutral electrolyte.57'6l’ 63-67.70.70 A pseudo capacitance in addition to the
double layer capacitance has been reported for the three types of aqueous electrolytes.””
58.61.63.67. 376 However, the specific capacitance usually reported is the total value, i.c.
the specific capacitance due to the combined contribution of the two types of ions,
cations and anions, and the working potential window reported is also the total window
due to the combined contribution of both, cations and anions. The specific capacitance
and the working potential window associated with each ion, cation and anion, are
scarcely studied. Such information, however, is important to get a better understanding
of the electric electrolyte/electrode interface. The charges stored, i.e. the charges
involved in the formation of the double layer plus the charges involved in
pseudocapacitive reactions at the electrolyte/electrode interface, are likely very different
for the cations and anions, and consequently one of the two types of ions could
dominate the total charge stored at the electrolyte/electrode interface. Knowing this
information could also be important for asymmetric and hybrid supercapacitors in order
to balance the mases of the negative and positive electrodes.

The aim of the present work is to gain understanding on the electrochemical
behavior of the three types of aqueous electrolytes (acidic, neutral and basic) in

presence of microporous carbon electrodes (two kinds of self-standing carbon cloths
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having similar porosities and specific surface areas, but different contents of surface
oxygen groups). The potential of zero charge (PZ(C), i.e. the potential at which the same
amount of positive and negative charges are located at the electrolyte/electrode
interface, was measured and taken as the reference potential for determining the
working potential window of the cation and anion.”””” The specific capacitances due to
the cations and anions were also measured. Taking into account both the working
potential windows and the specific capacitances ascribed to the cations and anions, the
positive and negative charges stored at the electric electrolyte/electrode interface are

estimated under stationary and dynamic conditions for the three types of electrolytes.

EXPERIMENTAL SECTION

Two carbon materials are studied in this work: An original carbon cloth (CC),
and a heat-treated one. The original CC is an activated carbon material manufactured by
Carbongen SA. The heat-treated CC was obtained in our laboratory from the original
CC after heating under N, flow of 100 ml min™ at a rate of 5°C min™', up to a maximum
temperature of 800°C, which was held for 3 h. Then, the oven was cold down to room
temperature while N, flowed.

The microstructural characterization was carried out by scanning electron
microscopy (SEM) equipped with energy dispersive X-ray spectroscopy (EDS) in a
FEG HITACHI S-4800 instrument. The images were obtained in the secondary electron
(SE) mode.

Temperature-programmed desorption (TPD) experiments were carried out to
characterize the surface chemistry of the carbon cloths by quantifying the evolved CO
and CO; upon heating. The measurements were performed in TGA equipment (TA

Instruments SDT Q600), which was coupled to a quadrupole mass spectrometer
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(Balzers Instruments Thermostar GSD 300 T3). For the analysis, approximately 10 mg
of the carbon cloth were heated with a ramp of 10 °C min™ up to 950 °C in a helium
flow of 100 ml min™.

N; and CO; adsorption/desorption isotherms were measured with a
Micromeritics ASAP 2020. Prior to the adsorption, the carbon cloths were outgassed at
250 °C for 6 h. Specific surface areas were deduced from Brunauer-Emmett-Teller
theory (Sggr) and Non-Local Density Functional Theory (Sprr). Volumes of narrow
micropores < 0.7 nm (Vpr(CO,)) and total volumes of micropores with sizes <2 nm
(Vpr(N2)) were calculated, using the Dubinin-Raduskevich method. The volumes of
mesopores were deduced from the adsorbed amounts of nitrogen in the range from 0.2
to 0.9 P/P,.

Electrochemical measurements were performed in three-electrode cells. Circular
pieces of the two carbon cloths, of ca. 12 mm in diameter and 0.5 mm thick were
punched out. The weights of the original CC and heat-treated CC were ca. 12 and 9 mg,
respectively. These circular pieces were used as working electrodes. A platinum wire
was the counter electrode. The reference electrodes were: (i) Hg/Hg,SO, for the acidic
electrolyte 2M H,SOy, (i1) Ag/AgCl for the neutral electrolytes 1M Na,SO4 and 1M
K»SO4, and (iii) Hg/HgO for the basic electrolytes IM NaOH and 1M KOH. In some
particular cases, symmetric two-electrode cells were assembled. The two equal pieces of
the carbon cloth were separated by a glassy microfiber paper (Whatman 934 AH). Prior
to all the electrochemical measurements, the CCs were immersed into the electrolyte

under primary vacuum (ca. 10" Torr) for 2 h.
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RESULTS and DISCUSSION
Two carbon materials were used as electrodes in this work, an original carbon
cloth (CC), and a heat-treated one. The SEM images revealed that the original CC is

made from woven threads (Figure 1a), which consisted of bundles of ca. 600 carbon

Figure 1. SEM pictures showing a piece of the original carbon cloth (a) and two threads
consisting of bundles of carbon fibers (b).

fibers (Figure 1b). Each carbon fiber had 6-7 pm in diameter (Figure 2a). Despite the
anisotropy of the carbon fibers along and across the fiber axis (Figure 2a), their interior
looked rather isotropic and consisted of connected carbon particles of 15-30 nm size

(Figure 2b). Voids appeared between the carbon particles and were of similar size as the

Figure 2. SEM picture of the section of a carbon fiber (a) and a magnified picture of
that section (b).
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carbon particles themselves, from 15 to 30 nm. The presence of these voids could favor
the infiltration of the electrolyte into the carbon fibers. In order to confirm this, the
section of a carbon fiber that had been infiltrated with the KOH electrolyte was
analyzed by EDS. The results revealed that the potassium content was nearly the same
at the outer part (marked as 1 in Figure 2a) and at the inner part (marked as 4 in that
Figure) of the carbon fiber; the EDS results are outlined in Table S1. The morphology
of the heat-treated CC was similar to that of the original CC (not shown).

The amounts of evolved CO and CO,, which originated from the oxygen groups
at the surface of the two carbon cloths, were deduced by TPD. The results shown in
Table 1 reveal that the CO and CO; content of the heat-treated CC are 3 and 4 times
lower, respectively, as compared with the original CC. These strong decreases indicate
that the surface oxygen groups of the original CC were efficiently removed after heating
under N, flow.

Table 1. Contents of CO and CO; deduced from TPD measurements, total
micropore volume (Vpr(Nz)), mnarrow micropore volume (Vpr(COy)),
supermicropore volume (Vpr(N2)- Vpr(CO:)), mesopore volume (Vyes ) and
specific surface areas deduced from DFT (Sprr) and BET method (Szg7).

Electrode CO C02 VDR(NQ) VDR(COQ) VDR(NQ)- VMeso SDFT SBET
pumol g pmol g’  cm’g’ em’g’ VpR(CO,)  em’g! m’g'  m’g’
3 -1
cm’g
Original CC 3253 1009 0.526 0.258 0.268 0.032 944 1047
Heat-treated CC 1122 248 0.696 0.265 0.431 0.038 972 1241

The N; and CO, adsorption isotherms of the original and the heat-treated CC are
shown in Figure 3. For the N, adsorption isotherms of both samples (Figure 3a), the
adsorbed volume sharply increases at relative pressures below 0.1, followed by a slight
increase in adsorbed volume at relative pressures between 0.2 and 0.9. The former

feature is ascribed to micropores, i.e. pores with sizes <2 nm, while the latter feature is
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ascribed to mesopores, i.e. pores with sizes in the range 2-50 nm. The CO, adsorption

isotherms (Figure 3b) show similar shapes and both carbon cloths adsorb similar
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Figure 3. N, (a) and CO; (b) adsorption isotherms of the original (circles) and heat-
26 treated (triangles) CC.

28 volumes. The textural results are shown in Table 1. The slight increase of the specific
30 surface areas, Sggr and Sprr, (19 % and 3 % , respectively) and the total micropore

32 volume, Vpr(Ny), (24 %) from the original to the heat-treated CC are mainly associated
with the decrease in weight (ca. 20 %) rather than with the development of additional
37 pores upon the heating. The values for the volume of narrow micropores with sizes <0.7
39 nm, Vpr(CO,), and mesopores, Vizs,, are similar for the two samples. The largest

41 difference between the two samples is found for the wider micropores, also called
supermicropores, with sizes in the range of 0.7-2 nm, which are calculated by Vpr(N>) -
Vpr(COy). This result agrees with (i) the pore size distribution deduced from the DFT
48 and shown in Figure S1 and (ii) the fact that the average size of all pores is similar for
50 the two carbon cloths, 1.8 nm for the original CC and 1.9 nm for the heat-treated one.
52 Therefore, the heat treatment, and the corresponding removal of surface oxygen groups,
leads to a slight generation of new porosity, mostly in the micropore range from 0.7 to 2

57 nm, and also, to a slight increase of the specific surface area.
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In the literature, sometimes the sulfuric acid is reported to be dissociated in
aqueous solutions with SO42' and H;0" as the dominant ions. However, the sulfuric
acid dissociates in water in two steps. In the first step, sulfuric acid is completely
transformed into bisulfate (HSO4') ions and hydronium (H;O") ions. In the second step,
the bisulfate ions are partially transformed into sulfate (SO4) ions and H;O" ions,
according to the equilibrium constant K.~10"%_ Therefore, the dominant ions in the
aqueous solution are HSO, and H;0". Sodium sulfate (Na,SO,) and potassium sulfate
(K»S0,) dissociate completely in water into the cations Na" and K", respectively, and
the anion SO4>. Sodium hydroxide (NaOH) and potassium hydroxide (KOH) dissociate
completely in water into the cations Na" and K, respectively, and the anion OH". The
main drawbacks of the neutral electrolytes as compared with the acidic and basic
electrolytes are their lower ionic conductivity and their higher freezing temperature
close to 0 °C;™ the latter limits their use at temperatures above 0°C.

The cyclic voltammetry (CV) measured for the cations (cathodic side) and
anions (anodic side) of an acidic (H,SO,), a neutral (Na,SO,) and a basic (KOH)

electrolyte, using the original CC are shown in Figure 4 as examples. The total CV, i.e.
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Figure 4. Cyclic voltammetries recorded for the electrolytes: H;SO4 (a), Na,SO4 (b)
and KOH (c) on the original CC. The voltage scan rate was 0.5 mV s™".

the CV recorded in the total potential window comprising the cathodic and anodic
response, is also shown for the three electrolytes. The significant increase in intensity at
very negative potentials and at very positive potentials is associated with water
electrolysis, the former causing hydrogen evolution and the latter oxygen evolution.
From the CV measurements, the lowest cathodic potential, the highest anodic potential
and the total potential window were determined. The CVs also provide information
about the open circuit potential (OCP) for each electrolyte; the OCP is refereed to
Hg/Hg,SO4 for the acidic electrolyte, to Ag/AgCl for the neutral electrolytes and to
Hg/HgO for the basic electrolytes. However, all the OCPs, and hence all potentials, can
be referred to the standard hydrogen electrode (SHE). The CVs associated with the
anions HSO,", SO4> and OH™ show rectangular shapes that are characteristic for the
double layer capacitance. The CVs associated with the cations H;O", Na" and K show
humps that are characteristic for a pseudo capacitance, in addition to the double layer
capacitance.’” >* 61 63-67- 7376 The humps are more noticeable for the cations of the
acidic and basic electrolytes than for those of the neutral electrolyte.

The total specific capacitance, Cy,,, 1.€. the specific capacitance measured in the
total potential window, and the specific capacitance associated with the cations, C;, and
anions, C_, measured in the cathodic and anodic potential range, respectively, were
determined from galvanostatic measurements at I mA cm™, i.e. under stationary
conditions (see Figure 5 as an example, using the sulfuric acid electrolyte with the
original CC). The three specific capacitances were determined according to C=I-t/AV-m,
where / is the current applied, ¢ is the time for the discharge in Fig. 5a and the time for

the electro-desorption “des” in Figs. 5b and 5c, AV is the potential range and m is the

11
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weight of the carbon cloth. The OCP, which is affected by the surface chemistry of the

electrode, cannot be taken as the reference potential. However, the potential of zero
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Figure 5. Galvanostatic charge/discharge plots recorded for the sulfuric acid electrolyte
on the original CC in the total voltage range (a) and in the partial voltage ranges from
the OCP to positive voltages (b) and to negative ones (c). The three plots were obtained
at 1 mA cm™.

charge (PZC), which is the potential when the same amount of positive and negative
charges are located at the electrolyte/electrode interface, is the reference potential taken
to determine the potential ranges for the cations and anions. The potential range from
the PZC to the lowest potential at the onset of the hydrogen evolution is the potential
range for the cation, AV;.. The potential range from the PZC to the highest potential at
the onset of the oxygen evolution is the potential range for the anion, AV.. The
parameters PZC, AV, and AV. were measured for each electrolyte in presence of the two
carbon cloths.

To determine the PZC value, the impedance plot -Z” vs. Z’ was recorded at
certain potentials in a broad potential range, from potentials below the OCP to

potentials above the OCP. Figure 6a shows the impedance plot obtained for the H,SO4

12
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electrolyte and the original CC as an example. Between 1 and 15 mHz, the vertical line

is ascribed to the capacitive response. Above 15 mHz, a small arc is also observed (inset

150 mHz
N\

°[100 kHz %

Z'/ohm

-Z" fohm

03 00 03 06 09 12
E/V (vs SHE)

Figure 6. (a) Impedance plot recorded for the H,SO, electrolyte at the OCP value on
the original CC. Inset: the magnified plot obtained at higher frequencies. (b) Variation
of the specific capacitance measured at 1 mHz vs. the potential for three electrolytes,
KOH, Na,SO,4 and H,SQOy, in presence of the original CC. Solid lines are the best
fittings for determining the PZC.

of Figure 6a). At the lowest frequency of 1 mHz the imaginary impedance is much
higher than the real impedance and the real capacitance, C, can be estimated according
to C=-1/(Z"w); where -Z” is the value of the imaginary impedance and w=2-nv, v is
the frequency expressed in hertz. The dependence of the real C measured at 1 mHz as a
function of the potential, £, is shown for the three electrolytes, using the original CC
(Figure 6b). To compare the three plots, the potentials were referred to the SHE. For
each electrolyte, the OCP and the potential at the onset of the oxygen evolution (D) are
marked. The potential at the onset of the hydrogen evolution was not attained. For the
three electrolytes, C decreases first with the increase of £ and then increases showing a

minimum. The PZC is the potential determined at that minimum. For potentials below

13
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PZC the capacitance is dominated by the cations. For potentials above PZC the

capacitance is dominated by the anions.””””® The potential at the minimum was obtained

from the fitting of the experimental C(F) data to a polynomic equation (Figure S2).
Tables 2 and 3 summarize the values of OCP, PZC, AV+, AV.and AV

obtained for each electrolyte in presence of the original and heat-treated CC, res-

Table 2. The original carbon cloth in presence of several electrolytes. The open
circuit potential (OCP), potential of zero charge (PZC), working potential window
for the cation (AV,) and for the anion (AV)) from the PZC, and the total working
potential window (AV,,,;). The total specific capacitance measured (Cy,,;) and the
specific capacitance measured for the cation (C;) and for the anion (C.)). The
specific capacitance (C,y s1) calculated according to equation (1), and the charges
due to the cations (Q.) and anions (Q.) calculated according to the equations (2), (4)
and (3), (5), respectively.

Electrolyte ~OCP ~ PZC  AV. AV. AV Ciow  Cs c G 0. 0.

A \Y% A \Y \Y% Fg! Fg' Fg' Fmgﬁ Cghi% Cghi%
Ty A U T e A G S Y
T Y X I N (S S S
K5O Um0 oo 06 o3ms L 1010 I S 2
NaOH fd?gg; 26(.)33:) 0.840 0.010 0.8 ljgg 11389 1(7) 578 1i177;;i959 i})g;;ill
con DT O oy i es0 W Dy e w7

“OCP vs Hg/Hg,SO04; ® OCP vs Ag/AgCl; © OCP vs Hg/HgO; AVt =AV: + AV

Table 3. The heat-treated carbon cloth in presence of several electrolytes. The
open circuit potential (OCP), potential of zero charge (PZC), working potential
window for the cation (AV,) and for the anion (AV.), and the total working
potential window (AV,,.,) . The total specific capacitance measured (C,y,;) and the
specific capacitance measured for the cation (C;) and for the anion (C.). The
specific capacitance (C,y 1) calculated according to equation (1), and the charges
due to the cations (Q.) and anions (Q.), calculated according to the equations (2),
(4) and (3), (5), respectively.

14
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Electrolyte ~ OCP PZC AV  AV.  AVewd Cow C: C. Coat 0- 0.
\% \% \% \% vV  Fg' Fg' Fg' F"’g_’l Cg'% Cg'%
-0.010* -0.027° 150 154 122 143 94; 70 40; 30
H;30, L0001 +0.030 0613 0327 094 8 48 46 +7 +£5:44 +2:43
0.190°  0.145° 109 105 111 107 78: 61 51: 39
NasSOs 9001 20030 074 045 1200 1h 410 7 x10 +8:+6 +3:46
-0.082°  -0.004° 128 132 77 125 98: 92 8: 8
KOH +0.001 =+0.030 0.7460.104 0.85 +9 49 +8 +8 +7;£7 +1;+1

“OCP vs Hg/Hg,SO04; * OCP vs Ag/AgCl; © OCP vs Hg/HgO: ‘AVpa =AV+ + AV
pectively. The values of PZC are different from those of OCP, especially for the acidic
electrolyte and the original CC, the latter with the highest content of surface oxygen
groups. In the case of all possible electrolyte/electrode combinations, AV is higher than
AV_. The difference between AV, and AV.is more important for the acidic electrolyte
and the basic electrolytes than for the neutral ones. Comparing the two carbon cloths,
the difference between AV, and AV is higher for the original CC than for the heat-
treated one. The values of AV are similar for the three types of electrolytes. However,
the values of AV_are higher for the neutral electrolytes than for the acidic electrolyte
and the basic electrolytes. The total potential window, defined as AV, =AV+AV_, is
broader for the neutral electrolytes than for the acidic and basic electrolytes. These
results agree with those reported by other authors.®* 77! However, it is worth to note
that AV}, is affected by the potential scan rate or the current density chosen for the
electrochemical measurements. While the AV;,; value was of 1.6 V as measured at 10
mV s for the Na,S0; electrolyte in presence of the original CC, the AV,,,,; narrowed to
1.2 V as measured at 0.2 mV s (Figure S3). To avoid any side reaction associated with
water electrolysis, the AV, value taken in this work for the neutral electrolytes was 1.2

V. This value is lower than that reported in other papers for neutral electrolytes.“’m

15
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Tables 2 and 3 also summarize the values measured for C-, C. and C,,,,; for each
electrolyte in presence of the two carbon cloths. For all possible electrolyte/electrode
combinations, the values of C are higher than those of C.. The difference between C-
and C.1is higher for the original CC, with higher content of surface oxygen groups and
slightly smaller surface area, than for the heat-treated CC. These results agree with a
pseudocapacitive contribution to the C value; the pseudocapacitive contribution is
higher for the acidic electrolyte than for the basic one and higher for the original CC
than for the heat-treated one as shown in Table S3. From the point of view of the double
layer capacitance, the minimum size of the electro-adsorbed H;O", K" and Na" is 0.4-
0.5 nm and that of the electro-adsorbed HSO4", SO4* and OH is 0.5-0.65 nm.>® 81-%4
Hence, the surface area available for the electro-adsorbed cations should be larger than
that available for the electro-adsorbed anions. Comparing the values of C., they follow
the trend H;O" > Na' or K' from the basic electrolytes > Na' or K from the neutral
electrolytes. This trend can be explained on the basis of (i) the contribution of the
pseudo capacitance according to the trend acidic>basic>neutral electrolyte and (ii) the
similar contribution of the double layer capacitance according to the similar sizes of the
electro-adsorbed cations. The specific capacitance C. is ascribed to a double layer
contribution only as already discussed. The values of C.follow the trend HSO4~SO4>
>0OH". These results agree with the smaller size of the electro-adsorbed bisulfate and

sulfate ion, of ca. 0.5 nm, **%*%

as compared with the size of the electro-adsorbed
hydroxyl ion, of 0.63 nm, * and hence with a larger surface area available for the
bisulfate and sulfate ion. Comparing C. for the two carbon cloths, the values of C. are
slightly higher for the heat-treated CC with slightly broader micropores and larger

surface area. The measured total specific capacitance, Ciyy, is higher for the acidic

electrolyte than for the basic electrolytes, the neutral electrolytes showing the lowest
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values. These results agree with those reported by other authors.’’ %! ¢3-¢7. 7071

Comparing the two carbon cloths, no appreciable differences of C;,,; are found for the
neutral electrolytes. When acidic and basic electrolytes are compared, higher Ci,y
values are measured for the original than for the heat-treated CC, despite the slightly
larger surface area of the latter. These results agree with the higher pseudocapacitive
contribution of the cations for the original CC (Table S3).

In this work, the total specific capacitance is calculated, C.,; 1., according to the
equation:

Ceattotar= (C*AVy + C- AV )I(AV + AV) (1)
Where C; and AV, are associated with the cation and C. and AV_are associated with the
anion. The values of C_; 1w (Tables 2 and 3) agree with those of C,;, €xperimentally
measured in the three-electrode cell, confirming the validity of eq. (1). Therefore,
during the discharge in the total potential range, first the anions are electro-desorbed and
then the cations are electro-adsorbed together with pseudocapacitive redox reactions.
During the charge, first the cations are electro-desorbed together with the return of
pseudocapacitive redox reactions and then the anions are electro-adsorbed (Figure 5 a).
The experimental specific capacitances, C,z, were also obtained from galvanostatic
measurements in symmetric two-electrode cells according to Cog = 2-I'ty/AV-m , where
the parameter /, ¢; and AV have the meaning already discussed and m is the mass of one
electrode only (Figure S4). The experimental values of C,z agree with those of Cyyyyy.
Thus, C;ya; Shows the values of 187, 140 and 106 F g'1 and C,r shows the values of 178,
144 and 99 F g'1 for the acidic H,SO,, basic KOH and neutral Na,SO, electrolyte,
respectively, with the original CC. The agreement between C.y sosa1, Crorar and Cog shows
that electro-adsorption/desorption of cations and anions together with pseudocapacitive

reactions of the cations are involved in each electrode of the symmetric two-electrode
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cell, and hence the two ions contribute to the capacitance of each electrode, Cp,
according to 1/Cyg =1/Cg + 1/Cg. This interpretation differs from the one, which
assumes that only one type of ion, either cation or anion, is involved in each electrode
of the symmetric two-electrode cell, and hence 1/Cyz = 1/C+ + 1/C. . This equation,
sometimes used, differs clearly from eq. (1).

Based on the validity of eq. (1), the specific charges stored by the cations (Q.)
and anions (Q.) at the electric electrolyte/electrode interface can be estimated according
to:

Q+[C/g]: CAVL (2)

O[Clgl=C- AV 3)
where O, and Q. are expressed in Coulombs per gram.

The relative charges stored by the cations ((Q+) and the anions (Q.) can be
estimated according to the equations:

O+[%]= [C+AVL/(C-AVL + C- AV-)]-100 4)

O[%]=[C- AV/(C+ AV + C- AV)]-100 (5)
where Q- and Q. are expressed in percentages.

In the following, the charges O and Q. are compared with each other for the
three types of electrolytes and the two carbon cloths (Tables 2 and 3). The values of O+
are much higher than those of Q. for all the electrolytes independent of the carbon cloth
chosen. As an example, they can reach the values of 161 C g for HsO" vs. 11 C ¢! for
HSO,4 with the original CC and 94 C g'l for H;0" vs. 40 C g'1 for HSO,4 with the heat-
treated CC. The higher values of Q. as compared with to those of Q. come from two
facts: (i) C+ is higher than C. and (ii) AV is broader than AV.. Therefore, the cations
dominate the charge involved at the electric electrolyte/electrode interface for the three

types of electrolytes with the two carbon cloths. It suggests the preferential use of the
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two carbon cloths as negative electrodes in asymmetric and hybrid supercapacitors. The
values of Q. follow the trend H30" (from the acidic electrolyte) > Na" or K' (from the
basic electrolyte) > Na' or K™ (from the neutral electrolyte) for the original CC and the
trend H;0" =~ K" (from the basic electrolyte) > Na" (from the neutral electrolyte) for the
heat-treated CC. Owing to AV is similar for all the cations in a given CC, the
differences found in Q. come from the different values of C.. Comparing each cation
for the two carbon cloths, the value of Q. is higher for the original CC due to its slightly
higher values of C; and AV The slightly higher C; values are associated with the
presence of a pseudocapacitive contribution, which is higher for the original CC as
already discussed. The values of Q. follow the trend SO,> > HSO, > OH" for the two
carbon cloths. Despite the SO, anion shows values of C. slightly lower than those of
HSOy', the former anion shows values of AV clearly higher; it explains why Q. for the
SO42' anion is higher than for the HSO4 one. The OH™ anion shows lower values of both
C.and AV_, and consequently Q. is lower. Comparing each anion for the two carbon
cloths, the value of Q.is higher for the heat-treated CC due to its slightly higher values
of C_and AV.. The slightly higher values of C_seem to be associated with the slightly
larger surface area of the heat-treated CC.

Finally, the charges stored under dynamic conditions are studied through the

dependence of C. and C. against the current density (Figure 7). For the three types
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Figure 7. Dependence of the specific capacitance associated with the cations and anions
of the electrolytes H,SO4, Na,SO4 and KOH as a function of the current density for the
original (a) and heat-treated (b) CC.

of electrolytes and the two carbon cloths, C;+ and C.decrease with the increase of the
current density; however, the capacitance retention depends on the type of ion and also
on the selected carbon cloth (Table 4). The capacitance retention of the cations follows
the trend H;O" (from the acidic electrolyte) > K" (from the basic electrolyte) > Na"
(from the neutral electrolyte). This trend agrees with the trend observed for the ionic
conductivity of the three electrolytes, acidic>basic>neutral.** Comparing the two carbon

Table 4. Retention of the specific capacitance, in percentage, for the cations and
anions deduced from comparison of the specific capacitance measured at 1 and 30
mA cm’. The results are for the original and heat-treated carbon cloth.

Electrode H;0" Na* K HSO,s SO OH
Original CC 76+2 516 5743 6443 41+5 -
Heat-treated CC~ 85+1 5544 6443 6043 4544  --

cloths, the capacitance retention of the cations is slightly higher for the heat-treated CC
with lower content in surface oxygen groups and slightly broader micropores. The
capacitance retention of the anions follows the trend HSO,4 > SO42' > OH (see also

Figure 7). The lowest capacitance retention of the OH  anion could be associated with its
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larger size. Comparing the two carbon cloths, the capacitance retention of each anion is
nearly the same. This suggests that the broadening of the micropores was not sufficient
to mark differences. The comparison between the cation and anion of the same
electrolyte shows that the capacitance retention is higher for the cation, with smaller

36.8184 than for the anion. These results underline the dominance of

electro-adsorbed size,
the cations over the anions at the electric electrolyte/electrode interface also under

dynamic conditions.

CONCLUSIONS

The total specific capacitance following the trend acidic > basic > neutral
electrolyte is explained on the basis of the specific capacitance and the working
potential windows associated with the cations and anions according to eq. (1). The
specific capacitance associated with the cations follow the trend H;O" > Na" or K from
basic electrolytes > Na" or K' from neutral electrolytes. Higher values are reached for
the original carbon cloth, which has a higher content of surface oxygen groups. The
specific capacitance associated with the anions follows the trend HSO, > SO42' >O0H;
the reached values are slightly higher for the heat-treated carbon cloth, with slightly
larger specific surface area and broader microporosity. For the three aqueous
electrolytes, the specific capacitance associated with the cation is higher than that
associated with the anion.

The total working potential window following the trend neutral > acidic = basic
electrolyte is the sum of the working potential window measured for the cation and
anion. The working potential window for the cations is similar for the three electrolytes
and slightly broader for the original carbon cloth. The working potential windows for

the anions follow the trend neutral > acidic > basic electrolyte and are slightly broader
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for the heat-treated carbon cloth. For each aqueous electrolyte, the working potential
window associated with the cation is clearly broader than the one associated with the
anion.

The charge stored by the cations and anions at the electric electrolyte/electrode
interface has been deduced. The charge stored by the cations follows the trend
H;0"™>Na" or K" (from the basic electrolytes) > Na" or K" (from the neutral
electrolytes); the charge is higher for the carbon cloth with higher content of surface
oxygen groups. The charge stored by the anions follows the trend SO,>>HSO,>0H;
the charge is higher for the carbon cloth with slightly larger surface area and broader
micropores. For each electrolyte, under stationary or dynamic conditions, the charge
stored by the cations is much higher than that stored by the anions evidencing a
dominance of the cations over the anions at the electric electrolyte/electrode interface.
The dominance of the cations supports the suitability of the two carbon cloths as

negative electrodes in asymmetric and hybrid supercapacitors.

SUPPORTING INFORMATION

Experimental results deal with: the potassium content deduced from EDS on the
carbon fibers, the DFT pore size distributions for the two carbon cloths, fittings for
determining the PZC values, CVs obtained at different potential scan rates and Cyg

specific capacitances obtained from symmetric two-electrode cells.
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47 Figure 1. SEM pictures showing a piece of the original carbon cloth (a) and two threads consisting of bundles
of carbon fibers (b).
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Figure 2. SEM picture of the section of a carbon fiber (a) and a magnified picture of that section (b).
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47 Figure 3. N2 (a) and CO2 (b) adsorption isotherms of the original (circles) and heat-treated (triangles) CC.
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Figure 4. Cyclic voltammetries recorded for the electrolytes: H2S04 (a), Na2S04 (b) and KOH (c) on the
original CC. The voltage scan rate was 0.5 mV s-1.
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47 Figure 5. Galvanostatic charge/discharge plots recorded for the sulfuric acid electrolyte on the original CC in
the total voltage range (@) and in the partial voltage ranges from the OCP to positive voltages (b) and to
negative ones (c¢). The three plots were obtained at 1 mA cm-2.
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Figure 6. (@) Impedance plot recorded for the H2S04 electrolyte at the OCP value on the original CC. Inset:
the magnified plot obtained at higher frequencies. (b) Variation of the specific capacitance measured at 1
mHz vs. the potential for three electrolytes, KOH, Na25S04 and H2S04, in presence of the original CC. Solid
lines are the best fittings for determining the PZC.
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Figure 7. Dependence of the specific capacitance associated with the cations and anions of the electrolytes
H2S04, Na2S04 and KOH as a function of the current density for the original (a) and heat-treated (b) CC.
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