DE GRUYTER OPEN

Mesoporous Biomater. 2016; 3:51-60

Mini Review

Open Access

A.K. Cuentas-Gallegos, N. Rayon-Lopez, L.M. Mejia, H. Villafan Vidales,
M. Miranda-Hernandez, M. Robles, and ). Mufiz-Soria

Porosity and Surface Modifications on Carbon
Materials for Capacitance Improvement

DOI 10.1515/mesbi-2016-0007
Received August 29, 2016; revised October 19, 2016; accepted
November 11, 2016

Abstract: Supercapacitors (SC) are energy storage devices
with higher power but lower energy density than Li bat-
teries. SC store energy based on two mechanisms: double
layer capacitance (non-Faradaic) and pseudocapacitance
(faradaic). Porous carbon materials have been extensively
used as electrodes in SC, where their great surface area
and pore size distribution have been the main properties
for capacitance improvement. Nevertheless, these proper-
ties have shown limitations since they cannot be highly
increased without losing electric conductivity, which is
detrimental for the power requirements of SC. An alterna-
tive approach to increase capacitance has been the surface
modification of carbon materials by introducing faradaic
contributions. In this mini review, the effect of surface
area, porosity, surface modification by doping or function-
alization, and introduction of electroactive oxides are dis-
cussed to show how these factors influences the intrin-
sic capacitance values of different carbon materials; and
some examples from our work are provided. The manip-
ulation of such properties, on carbon materials (porosity
and /or surface chemistry) not only are useful for devices
such as SC, but also are very useful for a wide variety of
Bio-applications (Bio-sensors, labelling and drug delivery,
impregnation with microorganisms for its use as biochar,
or for bio-fuel cells, etc.)
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1 Introduction

Supercapacitors (SC) are high power energy storage de-
vices with lower energy density compared to rechargeable
batteries [1-2]. SC cells are assembled using similar config-
urations as in capacitors and batteries, that is, two elec-
trodes, and a dielectric material or electrolyte solution.
Nevertheless, the charge storage mechanism is quite dif-
ferent. In a conventional capacitor, the electrodes are 2
conductive plates separated by a dielectric material, and
capacitance is given by the following equation:

C=¢A/ld )]

where C is capacitance, ¢ is the permittivity constant given
for a specific dielectric material, A is the area of the con-
ductive plates, and d is the distance between them. There-
fore, when A increases and d decreases the capacitance is
increased. In this conventional capacitor, charge is stored
due to the ability of the dielectric material to polarize,
keeping the electrodes or conductive plates charged, and
no charge mobility within the dielectric material is ob-
served as shown in Figure 1a. On the other hand, in SC
cells the electrolyte and separator are used instead of the
dielectric material, polarization occurs in the electrode-
electrolyte interface due to ion mobility in the electrolyte,
and the charge is retained by what is known as the double
layer (Figure 1b) [3]. This double layer mechanism to store
charge has a non-faradaic origin, which is increased as the
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surface area in the electrodes is increased, as can be per-
formed in carbon materials. If we consider for example a
carbon material with a BET surface area of 1000 m? /g, a
distance of 1 nm for the double layer formed between the
positive charges in carbon and the negative charges of the
electrolyte (Figure 1b), then the intrinsic capacitance will
resultin 100 F/g, and cyclic voltammetry will show the typ-
ical rectangular profile [4].
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Figure 1: Schematic representation of charge storage in a conven-
tional capacitor (a), and in a supercapacitor (b); where d is the
distance of charge polarization in the double layer formed at the
interphase electrode/electrolyte. Figure adapted from reference [3].

Commercial SC are assembled with carbon materi-
als with great surface area, using a symmetric assem-
bly, that is: 2-carbon electrodes separated by a poly-
meric or cellulosic membrane impregnated with organic
electrolytes, showing a good behavior during numerous
charge-discharge cycles. Nevertheless, their low specific
energy (=3-8 Wh/Kg), and the utilization of organic sol-
vents that are not environmentally friendly electrolytes,
are the main drawhacks of these commercial devices.

In order to design good SC cells, it is highly rec-
ommended to use cheap and non-toxic materials, high
power density, and the main issue is the energy density in-
crease [4]. The following general equations describe power
and energy density in SC:

P=V?/4R, E=CV? )

where V is the operational voltage window, R is the resis-
tance, and C is the capacitance of the SC cell. High power
cells are achieved by increasing the operational voltage
window (V), and by decreasing all contributions to the to-
tal resistance value; that is: electrolyte conductivity, poros-
ity characteristics in carbon, binders used in electrode fab-
rication, adhesion of electrode material to current collec-
tors, etc. On the other hand, to increase energy density
there are two main strategies: 1) increase the operational
voltage window by the correct electrolyte selection using
asymmetric assemblies, and 2) increase the capacitance
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by increasing the surface area and by controlling porosity
in carbon electrodes, or by introduction of pseudocapaci-
tance effects. The second strategy related with high surface
carbon materials, porosity control, and pseudocapacitive
effects will be the main focus for discussion in this mini
review.

2 Porous carbons

Amorphous carbon has a disordered structure that con-
sist mainly of sp? carbons, with up to 10 % of sp?, and
almost no sp carbons [5], and their properties depend
on the preparation method. From a crystallinity point of
view, amorphous carbons are considered to have local
crystalline properties with no long range order, where
this disorder and defects decreases electric conductivity.
Within this group of carbons, we can find activated car-
bons, which are low cost materials and are well known due
to their high surface area and micro-meso porous proper-
ties [6-9]. These carbons have been widely used as elec-
trode materials for charge storage among other applica-
tions, and have been normally obtained from pyrolysis of a
carbon precursor, followed by a physical or chemical acti-
vation procedure [10]. A great diversity of precursors used
to produce carbons and activated carbons, come from nat-
ural sources, known as biomass [10-17]. Industrially pro-
duced activated carbons come from wood, mineral carbon,
coconut shell, and animal bones [14-17]. Nevertheless, the
available great amount of agroindustrial waste has led to
proposed alternative materials to obtain these activated
carbons, and decrease solid waste [18].

Pyrolysis temperature has been one of the main pa-
rameter involved in the structural, and physicochemical
properties of carbons. At lower temperatures, between
873 K and 1173 K, structural disorder has been promoted,
resulting in carbons with higher surface area. At pyroly-
sis temperatures higher than 1173 K, carbon porous struc-
tures start to collapse, losing surface area and porosity,
and electric conductivity is promoted due to more graphi-
tization degree. Therefore, porous carbons with sufficient
electric conductivity give way to charge storage on the dou-
ble layer, like in supercapacitors, while carbons with a
more ordered structure (graphitized) have been typically
used for Li intercalation [19]. In Figure 2 we show simu-
lated carbon structures with different degree of graphiti-
zation, from very amorphous carbon structure (Fig. 2a) to
a more graphitized structure (Fig. 2c). As observed in the
figure, highly amorphous carbon structures show higher
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calculated surface area (2198 m?/g and 1950 m?/g) than for
carbons with a higher degree of graphitization (815 m?/g)

Figure 2
a) 2198 m?/g

b) 1950 m?/g

) 815 m%/g
+
Grafitization

Figure 2: Simulated carbon structures using Tersoff potential im-
plemented in LAMMPS software and applying a heating-quench
technique in order to obtain nanoporous samples with different
degrees of amorphicity. From these structures the surface areas
were computed using a Connolly based algorithm. a) Highly amor-
phous nanoporous carbon with slight graphitic regions. b) Amor-
phous nanoporous carbon with disordered graphitic regions. c)
Nanophorous carbon with a high degree of graphitization.

Carbons obtained after pyrolysis do not have all their
porosity available, due to gasification products entrapped
on the carbon structure. Therefore, an activation process
is needed to generate and liberate the pores to obtain high
specific surface on carbons [20, 21]. The most effective ac-
tivation has been a chemical activation with dehydrating
agents, such as: H3POy, ZnCl,, KOH, or NaOH [10, 20, 22].
Specific surface areas up to 3000 m?/g have been obtained
with KOH activation [23]. Nevertheless, it is well known
that a surface area between 1000 m?/g and 2000 m?/g has
been useful for practical application for charge storage on
the double layer [24]. Therefore, chemical activation gives
higher carbon yield with higher surface areas, and the ap-
propriate requirements of micro-meso porosity for appli-
cations in SC cells [22, 25, 26]. Nevertheless, it is believed
that the disordered pore structure in these activated car-
bons has been responsible for the limited capacitance val-
ues obtained with very high surface area [20, 24, 27-30].
Therefore, the design of carbons with controlled poros-
ity, with similar specific surface areas or even less, are
needed to further improve capacitance values, as well as
the cycling rate [26, 28, 31-33]. It has been very impor-
tant to consider that when trying to control the porosity
properties in a carbon material, if the porosity has been
highly increased the electric conductivity will decay result-
ing in low volumetric capacitances [23, 34]. Carbons ob-
tained from templetes [31], carbides [35], or aerogels from
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carbon gel precursors [36-38] have been some examples
where the porosity has been highly tuned. In Figure 3, we
show cyclic voltammograms profiles of carbon aerogels
prepared in our lab with different pore sizes and BET sur-
face areas calculated from N, isotherms. We can observe
a rectangular-shape voltammetric profile for all aerogels,
which is related to a capacitive behavior due to charge stor-
age in the double layer formed at the electrolyte-electrode
interphase. In addition, we observe that as the pore size
decreased, the surface area increased, as well as the cur-
rent interval of the voltamogram profile, resulting in an
improved specific capacitance. Therefore, higher surface
area and smaller pore size results in higher capacitance
values, in good agreement with previous publications [31-
35]. The inset on Figure 3 shows the porous microstruc-
ture of the aerogel with the lowest pore size diameter and
higher surface area (ACP-100)

ACP-200 ACP-100
192 m%g 240 m¥/g
5.6 nm 3.5nm

ACP-500 °* \

107 m%g, o

28.5 nm

Figure 3: Cyclic voltamogram profiles of carbon aerogels with differ-
ent BET surface areas and pore size, obtained at 20 mV/s in 0.05M
H,S0, as electrolyte. Figure adapted from reference [9]. SEM image
of sample ACP-100 can be observed on the inset.

3 Surface modifications of carbons

Porosity properties, as well as surface area in carbon ma-
terials have shown a strong relevance in their capaci-
tive properties. Nevertheless, introduction of pseudoca-
pacitive processes has been usually more helpful than
increasing considerably carbon porosity, due to electric
conductivity loss, as mentioned before. Introduction of
heteroatoms (N, O, S), functional groups, and/or transi-
tion metal oxides can result in higher capacitance due
to pseudocapacitance contributions. Incorporation of het-
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eroatoms have been introduced intrinsically when using
biomass rich in a particular heteroatom. For example, sea-
weed has shown high nitrogen content, and has been
proven that when pyrolyzed to produce carbon, the re-
sulting carbon has been doped with nitrogen, showing
a voltammetric profile with pseudocapacitive contribu-
tions [16]. In Figure 4 we show a cyclic voltammogram
of a carbon obtained from a brown seaweed (Macrocis-
tis pyrifera) collected on the California coast. A rectangu-
lar profile typical of a double layer charge storage can be
observed, with very wide peaks around 0.55 V/0.14 V, re-
lated with faradaic contributions from nitrogen doping,
confirming previous observations. The inset on Figure 4
shows a type IV N, isotherm for such carbon, with hystere-
sis between adsorption and desorption, that is typically re-
lated to mesoporous materials. Even though the BET sur-
face area for this carbon was low (430 m?/g) compared
to other carbons [16], its intrinsic capacitance was high
(around 200 F/g average) due to the pseudocapacitance
contribution from nitrogen doping. This is a typical exam-
ple on how this type of pseudocapacitive contribution has
been more effective in improving capacitance than only in-
creasing surface area.
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Figure 4: Cyclic voltammetry profile of a carbon obtained from pyrol-
ysis at 650 °C of a brown seaweed from the coast of California. This
electrochemical characterization was performed at 20 mV/s, using
as electrolyte 0.5M H, S0, solution. N, isotherm from where BET
surface area was calculated can be observed on the inset.

Another way to introduce pseudocapacitive effects to
carbon has been through incorporation of oxygen-based
functional groups, such as: hydroxyls, ether, epoxy, alde-
hyde, carbonyls, carboxylic, lactone groups. Aside from
the pseudocapacitance contributions of some of these
groups, their presence has been very important because it
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changes the wettability properties of the carbons, which
has been important when using aqueous electrolytes.
These groups can be introduced to carbon by oxidation,
using acidic treatments that usually result in a cocktail
of functional groups [39]. If the interest is to selectively
introduce or graft a particular oxygen-based functional
group, the diazonium chemistry has been a good alter-
native where no significant destruction of carbon occurs,
compared to traditional oxidative treatments [39-41]. It
has been shown that the introduction of antraquinone
to carbon, resulted in a large faradaic contribution from
the redox activity, aside from the double layer of the car-
bon [42]. Another example is the grafting of OH groups per-
formed in our group. In Figure 5 we show the schematic
reaction for the diazonium chemistry used to graft this hy-
droxyl group, the N, isotherms performed to calculate the
BET surface area, and the ATR spectra showing the pres-
ence of the C-O stretching mode on the grafted carbon
(DLC-OH). The phenolic group grafting involved the in-situ
generation of the diazonium cation from the amine group
reduction with sodium nitrite, giving the aryl group that
permitted carbon modification, and nitrogen evolution, as
confirmed from the ATR spectrum (DLC-OH). This grafting
procedure takes place in the microporosity of the carbon,
as previously reported elsewhere [42], and is confirmed
in our results by the decrease of the starting point of the
isotherm on the grafted carbon (DLC-OH). Both isotherms
are Type I, which is related to microporous materials. BET
surface area was calculated for these two carbon materi-
als, giving values of 1673 m?/g for the un-grafted carbon
(DLC) and 1045 m?/g after grafting (DLC-OH), confirming
again less area after grafting the phenolic groups.
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Figure 5: Schematic illustration of the diazonium chemistry reaction
to graft hydroxyl groups to a Norit carbon (DLC). N, isotherms of un-

grafted (DLC) and grafted carbons (DLC-OH), from where BET surface
areas were calculated are also shown.
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We evaluated the electrochemical performance of
these carbons by cyclic voltammetry on different aqueous
electrolytes: a) 0.5 M H,SO4, and b) 0.5 M LiClO,. In Fig-
ure 6a we show the cyclic voltammetry profiles using an
acid based electrolyte, where we can clearly detect the typ-
ical capacitive behavior for the un-grafted carbon (DLC),
while in the modified carbon with OH groups (DLC-OH)
the electroactive behavior of the functional group through
its faradaic contribution was revealed, improving the ca-
pacitance value of DLC (100 F/g) up to an average value
of 250 F/g. In this case, it was clear that the BET sur-
face area decrease did not result in a penalized capaci-
tance value, but instead on a pseudocapacitance contri-
bution that ended on a higher total value of capacitance.
On the other hand, when using a neutral aqueous elec-
trolyte (Fig. 6b), the faradaic contribution of the hydroxyl
groups was not revealed, and only a capacitive behavior
was observed. The main contribution of the introduction
of this functional group to carbon in its electrochemical
behavior was the ionic diffusion improvement in this neu-
tral electrolyte (0.5 M LiClO,), which was related with the
voltammetry profile change to a more rectangular behav-
ior. Therefore, incorporation of oxygen-based functional
groups, phenolic groups in this case, helped to improve
wettability of the carbon, improving ionic diffusion, and
improving capacitance values by introduction of pseudo-
capacitance effects.

a) 0.5M H,SO, b) 0.5M LiCIO, pH=6.5

20mv/s
DLC-OH

i /

3
ce (F/g)

Specific Capacitan

Vohages s (1)

Figure 6: Electrochemical performance for un-grafted (DLC) and
grafted carbons (DLC-OH) performed by Cyclic voltammetry at

20 mV/s using an acidic aqueous electrolyte (a), and a neutral elec-
trolyte (b).

Metal oxides with pseudocapacitance to obtain hy-
brid, nanocomposite, or composite materials with car-
bons, has been an effective way to improve capacitance
values of carbon materials [4, 43]. In our group, we have
worked with polyoxometalate nanocomposites with car-
bon nanotubes [44-47], nanofibers [48], aerogels [49],
and some activated carbons. These molecular metal ox-
ides have shown to be very interesting because of their
reversible multielectronic redox reactions, which have re-
sulted very useful for energy storage. For example, a
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nanocomposite prepared with oxidized multiwall carbon
nanotubes (MWCNT) decorated with PM012040 as the
polyoxometalate (POM), showed a cyclic voltammetry pro-
file with contribution from the double layer formed at
the interphase MWCNT/electrolyte, and the pseudocapac-
itance contribution of POM through its 3 reversible re-
dox multielectron reactions (Figure 7). Both contributions,
double layer and pseudocapacitance, added up to give
an intrinsic capacitance for this nanocomposite material
(MWCNT/POM) of up to 232 F/g, higher than for the re-
ported nanocomposites with activated carbon [50]. Sym-
metric supercapacitor cell has been assembled with this
MWCNT/POM hybrid, obtaining up to 30 F/g [45]. Another
example for this type of nanocomposites has been an acti-
vated aerogel carbon (Activated AG) prepared also in our
lab with the same POM, where its electrochemical char-
acterization by cyclic voltammetry is shown also in Fig-
ure 6. For the activated carbon AG we obtained a BET
surface area of 334 m?/g, and an intrinsic capacitance of
78 F/g. When POM was introduced, the surface area de-
creased almost 60 m?/g to give 274 m?/g. Nevertheless,
the capacitance value increased up to 94 F/g, showing
that the pseudocapacitive contribution of POM was more
effective than increasing surface area in the bare carbon
(244 m?/g, 59 F/g). This shows again the effective contribu-
tion of pseudocapacitance to improve carbon capacitance
values.

MWCNT/POM v Aerogel/POM

Activated AG/POM
274 m¥g
ga 'd 94 Fig

Pristine AG
244 g e

59 Flg

Activated AG
334 m?lg
78 Flg

02 01 00 01 02 03 04 05 0§ 07 0

EN vs Ag/AgCl

08 06 04 02 0 02 04 05
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Figure 7: Electrochemical performance evaluated by cyclic voltam-
metry of different POM nanocomposites, performed at 20 mV/s in

0.05M H,S0y as the electrolyte. MWCNT/POM is a nanocomposite
based on oxidized multiwalled carbon nanotubes, and a Mo-based
POM (left); Aerogel/POM nanocomposite compared to its activated
AG, and the pristine AG (right, figure adapted from Ref. 9).

Other oxides with pseudocapacitance may be used
to increase the capacitance performance of carbon elec-
trodes. In Figure 8 we show the XRD pattern, and cyclic
voltammetry for a tungsten oxide (WO3) synthesized from
tungsten at 1273 K using a green approach with a solar con-
centration oven [51]. This WO3 has a triclinic and mono-
clinic mixed structure with a crystal size of 40 nm, and
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its rectangular voltammetry profile with some bumps re-
sembles the typical pseudocapacitive material, as ruthe-
nium [52] and manganese oxides [53-56]. Even though,
the capacitance of the bare oxide was only 4 F/g, when it
was incorporated in 1.5 % to a Norit activated carbon (DLC)
during electrode fabrication, the voltammetric profile indi-
cated a more rectangular shape profile with less ionic resis-
tance, and improved capacitance value (Figure 9) for this
composite electrode. This hybrid, nanocomposite, or com-
posite approach that we have shown are excellent strate-
gies to increase capacitance values [3, 43].
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Figure 8: Powder XRD pattern obtained for WOs3, and its electro-
chemical performance evaluated by cyclic voltammetry at 20 mV/s
in 0.05M H,S04 electrolyte.

300
250 DLC + 1.5% WO,
200 4 \

=)

L 150

8

S 100

s

S 50

(1]

&

o 0

=

£ 50

@

j= 8

@ 100
150 -
2004 20 mV/s
’250 1 1 1 1 , ] T 1 * 1

-0.2 0.0 0.2 0.4 0.6

V vs SSE

Figure 9: Comparison of the electrochemical performance by cyclic
voltammetry at 20 mV/s in 0.05M H,S0, electrolyte of a bare Norit
activated carbon (DLC) electrode, and a composite electrode of DLC
with 1.5% of WOs.
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4 Conclusions and closing remarks

The examples from our work provided in this minireview
confirmed that surface modifications performed on car-
bon materials had more impact on obtaining higher in-
trinsic capacitance values in aqueous electrolytes, than
increasing their surface area. For example, pristine car-
bon AG (ACP-100) with higher surface area and smaller
pores resulted in higher capacitance values. Nevertheless,
nitrogen doping of carbon as for carbon obtained from a
brown seaweed, was more efficient in improving capaci-
tance than only increasing surface area, as in carbon aero-
gels (AG). In addition, incorporation of O-based functional
groups by a grafting technique using a diazonium chem-
istry, was a very efficient way to improve wettability of the
carbon, improving ionic diffusion, and capacitance val-
ues. Finally, the hybrid, nanocomposite, or composite ap-
proach, as for the introduction of POM or W03 to carbons,
showed as in many other cases in the literature, an excel-
lent strategy to increase capacitance values. Nevertheless,
we must point out that cyclability in SC cells must be stud-
ied with all of this approaches. In addition, we must point
out that all these properties studied on carbon materials
(porosity, surface area, functionalities, etc) are not only
useful within the supercapacitor field. There have been
many studies related for example with biosensors [57], la-
belling and drug delivery [58], biochar for soils [59], or for
bio-fuel cells [60].

5 Experimental procedures

5.1 Simulated Carbon Structures

The nanoporous carbon samples calculated in this work
were generated using a thermal procedure of heating-
quenching, thermalization, and the Tersoff [61] poten-
tial implemented in LAMMPS [62] software. We report
here hexagonal supercells with densities of 0.71, 0.85
and 1.37 g/cm? which were generated using three differ-
ent quenching rates, being these 74.00x10'? K/s for the
0.71 g/cm? sample, 23.68x10'2 K/s for the 0.85 g/cm> sam-
ple, and finally 68.08x10'? K/s for the 1.37 g/cm’® sam-
ple. Each supercell has 6400 carbon atoms, and were con-
structed by the 20x20x4 replication of a hexagonal uni-
tary cell with the P63/mmm space group. The thermal pro-
cedure applied for each supercell consisted in the linear
heating of the cell from 300 to 4000 K in 50,000 simu-
lation steps of 1 fs, followed by the quenching rates de-
picted earlier; all the samples were quenched to 300 K. Af-
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ter this, a constant temperature molecular dynamics was
applied for 0.5 ns in order to reach thermal equilibration.
During all simulations, the volume was kept constant by
an isothermal-isobaric NVT canonical ensemble, and the
Nosé-Hoover thermostat [63-64] was used.

5.2 Materials

Carbons

Carbon aerogels (AG) were synthesized following the
procedure previously reported by our group [49]. Briefly, a
resorcinol (99 % purity)/formaldehyde (374 %; methanol
stabilized) molar ratio of 0.5, and molar ratios of resor-
cinol/catalyst (Sodium carbonate) of 100, 200, and 500
were used. All reagents in solution were stirred, aged at
358 K for 96 hours, followed by a solvent exchange with
acetone during three days, and dried by supercritical dry-
ing with CO, to obtain the corresponding precursor gels
(RF). Finally, a pyrolysis procedure at 1123 K for 30 min was
performed to obtain the different carbon aerogels. Chemi-
cal activation of carbon AG obtained with a moral ratio of
resorcinol/catalyst of 100 was performed with a solution
of KOH in ethanol, using a mass ratio of 5/1 of KOH/AG.
The mixture was dried at 383 K, then heated at 1123 K for
3 hours using a heating rate of 278 K/min. The AG was
washed with a 10 % HCl solution and deionized water, and
finally dried at 383 K for 6h (Activated AG).
Grafting OH groups

We used an Activated Carbon from Norit (DLC SUPRA
50) to graft phenolic groups, using the diazonium chem-
istry. We followed the same grafting procedure used previ-
ously in our group [65], and summarized is as follows: we
dispersed 500 mg of Norit Carbon (DLC) in 50 ml of deion-
ized water, then 4 mmol of 4-aminophenol was added with
two drops of HCl, after 1 hour of stirring we added 4 mmol
of NaNO, dissolved in 50 ml of deionized water, and fi-
nally the reaction was stirred for 16 hours under nitro-
gen bubbling. The grafted carbon was recovered by filtra-
tion, washed with deionized water, acetonitrile, dimethyl-
formamide, and methanol to remove unreacted reagents,
and finally dried at 353 K for 1 hour to obtain the modified
Norit carbon with OH groups (DLC-OH).
Incorporation of Metal oxides

We incorporated different oxides to different car-
bon matrices, such as: multiwalled carbon nanotubes
(MWCNT), carbon aerogel (AG), and Norit activated car-
bon. The oxides that we used were a commercial Mo-based
polyoxometalate (POM), and a tungsten oxide (WO3) pre-
pared with a green approach [51]. We will first describe
the procedures to obtain the hybrid materials from POM
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and then from WOs. The incorporation of POM to MWCNT
has been reported elsewhere [44]. Briefly, in this hybrid we
used a Cs salt of the POM, and the nanotubes were strongly
oxidized to obtain a high degree of dispersion. Also, POM
in its acidic form was incorporated in activated AG syn-
thesized with a resorcinol/catalyst ratio of 100, following
a procedure that has been already reported by our group
[49], that is: we added the activated AG to a 1.7 mM POM
solution, was sonicated for 3 hours, the solid was recov-
ered by filtration, then washed. The obtained suspension
was filtered off, washed with a pH=2 sulfuric acid dissolu-
tion, and dried at 373 K for 1h. The incorporation of WO3 to
Norit activated carbon was performed during the fabrica-
tion of the electrode, and is described in detail in the next
section.

5.3 Characterization Techniques

Physisorption characterization to calculate BET surface
area, and pore size was performed in a Quantachrome
NOVA instrument. First, we pretreated the samples under
vacuum at 393 K for 16 h to clean the surface. Then, we
performed nitrogen isotherm measurements at 77 K, and
calculated the specific surface area using the Brunauer-
Emmett-Teller (BET) theory between 0.02 and 0.3 P/Po and
the BJH method to calculate pore size. ATR (Attenuated
Total Reflectance) spectra was obtained using a Bruker
Infrared spectrometer, model ALPHA between ranges of
4000 cm™ to 375 cm ™. SEM was performed using a Bruker
HR-SEM model QUANTAX from Hitachi. Powder XRD was
performed in a DMAX Rigaku 2200 diffractometer with a
graphite secondary monochromator.

Electrochemical characterization by cyclic voltamme-
try in half cells was used to detect the charge storage mech-
anism in the different studied materials, and calculate the
intrinsic specific capacitance of the materials by dividing
the voltammetric current by the used scan rate, and elec-
troactive electrode mass. We used a Biologic VSP poten-
tiostat controlled by EC-Lab® software. The half-cell was
arranged with a reference electrode, a platinum mesh as
counter electrode, and our different materials as the work-
ing electrodes. The working electrodes were fabricated as
follows: we mixed in ethanol 60 wt% of our electroactive
material, 30 wt% of Super P conducting carbon (TIMCAL),
and 10 wt% of Teflon (Sigma-Aldrich) as the binder. We
must point out that for WO5 hybrids with Norit activated
carbon, we used 1.5 % of the oxide and 58.5 % of the car-
bon as the electroactive material. The prepared mixtures
were heated until a dough was obtained, which was cold-
rolled to prepare a film that was dried at room tempera-
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ture for 24 hours. From the films we cut 1 cm? squares, and
pressed them in a stainless steel mesh current collector
(Aisis 316L). Before the electrochemical characterization
was performed, the electrolyte was purged with nitrogen
for 20 min.
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