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Abstract: A hybrid material based on the immobilization of H;PMo;,049 polyoxometalate nanoparticles (POM) was obtained by using
an activated carbon aerogel (ACPQ2-100) matrix, and was tested as a potential electrode material for a supercapacitor cell. A chemical
activation with KOH was carried out in the carbon aerogel matrix (ACP-100), obtaining a greater BET surface area (334g/cm’®) and differ-
ent electrochemical behavior (ACPQ2-100). Both matrices (ACP-100 and ACPQ2-100) were immersed in a 1.15mM POM solution in or-
der to determine the role of the chemical activation procedure in the immobilization of POM nanoparticles. All materials were character-
ized by Attenuated Total Reflection (ATR) and nitrogen isotherms. For the electrochemical characterization, the synthesized materials were
mixed with 10% of Teflon and 20% conducting carbon in weight ratio. Then, a film was made and a portion was pressed onto a stainless
steel grid as current collector. Cyclic voltammetry in 3-electrode cells using a 0.5 M H>SOy electrolyte was used to determine the electro-
chemical performance. The chemical activation of the aerogel matrix with KOH was the key factor to immobilize and disperse the POM
nanoparticles, which improved the capacitance behavior making this material suitable for its application as supercapacitor electrode ma-
terial.
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1. INTRODUCTION route introduces some functional groups to the carbon matrix,
aside from the increase of surface area in some cases.

Oxygen based functional groups are required to incorporate
polyoxometalate particles (POM) onto a carbon matrix. Therefore,
an activation process such as the chemical route with KOH can be
carried out in order to obtain POM-based hybrid materials with
carbon aerogels as the matrix. This KOH activation process in-
creases the number of micro-meso pores and surface area as men-
tioned before, by creating pores in the carbon structure as well as
incorporating functional groups (mostly OH groups) on the surface
of the carbonaceous material.

POM nparticles are of great interest in energy storage applica-
tions due to their reversible multielectron redox reactions, and
have been used as electrode materials for supercapacitors [4-6]. In
the current study, an aerogel-type porous carbon material was
prepared by using a molar ratio of resorcinol (R)/ formaldehyde
(F) of 0.5 and a resorcinol (R)/Na,CO; catalyst (C) of 100, in or-
der to obtain a high surface area aerogel matrix with pores in the

Carbon aerogels are porous materials where their porosity and
pore size distribution can be controlled by modifying the synthesis
parameters. In these materials, the electric conductivity is higher
than in typical activated carbons due to their continuous structure,
which avoids the use of binders. In addition, the electrolyte can
access almost all pores promoting high ionic conductivity. There-
fore, carbon aerogels are promising electrode materials for super-
cacitors [1].

From the literature, the electrochemical performance of carbon
aerogels, among other carbonaceous materials, greatly depends on
factors as specific surface area, pore size distribution, nature and
concentration of surface functional groups [2]. These parameters
can be tuned during the synthesis or the activation step. The acti-
vation of carbon materials proceeds via a chemical or a thermal
route. In a thermal activation the surface area increases, probably
due to mass loss in the material [3]. On the other hand, a chemical
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Figure 1. ATR spectra of ACP-100 (non-activated carbon aerogel matrix), ACPQ2-100 (activated aerogel), and ACPQ2-100/POM (hybrid

material).

molecular oxides as polyoxometalates (POMs) onto the surface of
chemically activated aerogel in order to improve capacitance.

2. EXPERIMENTAL

2.1. Synthesis of carbon aerogel and incorporation
of POMs

Carbon aerogels (CAs) were synthesized using a R/F molar ratio
of 0.5 and a molar ratio of R/C of 100. All reagents were used as
purchased: Resorcinol (99% purity) from Reasol, formaldehyde
from Fermont (37.4%; methanol stabilized), and sodium carbonate
from Fermont (99.7% purity). All solutions were prepared with
deionized water. First, all reagents in solution were stirred and
placed on a cylindrical crystal jar in an oven at 85 °C for 96 hours
to obtain the corresponding precursor gel (RF). In order to prepare
this RF gel for the supercritical drying, a solvent exchange was
carried out by adding acetone during three days by multiple re-
placement of residual water with fresh acetone. Subsequently the
CO, supercritical drying was carried out by keeping the RF gel at
30 °C and under 7.4 MPa, using a SFT-100 equipment. This proc-
ess was followed by a pyrolysis procedure during 30 min at 850 °C
in order to obtain the carbon aerogel (ACP-100) with high surface
area, as previously reported [7-9].

The chemical activation [10] of carbon aerogel (ACP-100) was
performed by dissolving KOH in ethanol and mixing with ACP-

100 using a KOH/ ACP-100 mass ratio of 5/1. The mixture was
dried at 110 °C and then heated in a tubular furnace at 850°C for 3
hours using a heating rate of 5°C/min. After the mixture cooled
down to room temperature, the resultant materials were washed
with a 10% HCI solution and deionized water. Finally, the material
was dried at 110°C for 6h (ACPQ2-100).

The incorporation of POM particles was carried out in both car-
bon aerogel matrices (ACP-100 and ACPQ2-100), but no hybrid
formation was obtained for the non-activated aerogel (ACP-100).
Therefore, only the activated ACPQ2-100 matrix was used to ob-
tain the hybrid material, and was performed by mixing 0.04 g of the
activated carbon aerogel in a 1.7 mM H3;PMo0,,04¢ (Fermont) solu-
tion in an ultrasound bath for 3h. The obtained suspension was
filtered off and washed with a pH=2 sulfuric acid solution, and
dried at 100°C for 1h.

Table 1. Surface area of carbon aerogel matrices and hybrids.

Sample Sper (m’/g)
ACP-100 244
ACPQ2-100 334
ACPQ2-100/POM 274
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Figure 2. Cyclic voltammetry of the aerogel carbon matrices without activation (ACP-100) and activation with KOH (ACPQ2-100), and
the hybrid material (ACPQ2-100/POM) at a scan rate of 10 mV/s in 0.5M H,SOj,.

2.2. Structure and physical properties

Porosimetry measurements were carried out in a Nova 1200e
(Quantachrome) equipment. The materials were degassed first at
120 °C under vacuum during 16 h, to remove all the adsorbed spe-
cies before nitrogen adsorption and desorption isotherms were ob-
tained. The surface area (Sger) was calculated using BET
(Brunauer-Emmett-Teller) equation in a relative pressure (P/Po)
from 0 to 0.3. Also, ATR analyses were performed directly over the
sample to detect the different vibrational frequencies related with
structural bonds from the different aerogel matrices, and to detect
changes related with functional groups and/or incorporation of
POM particles in the carbon aerogels.

2.3. Electrochemical characterization

Cyclic voltammetry (CV) technique was used to determine the
electrochemical performance of the prepared electro-active materi-
als, using an Arbin SuperCap model SCTS8 potentiostat. A 3-
electrode cell was arranged using a 0.5 M H,SO, solution as the
clectrolyte, a Pt gauze as the counter electrode, a sulfate saturated
electrode (SSE) as the reference electrode, and our electroactive
materials as the working electrode. All experiments were carried

out by first purging with nitrogen the electrolyte solution, to elimi-
nate oxygen contributions. The working electrodes were prepared
by mixing our grinded electro-active materials (CA and Hybrids)
(60%) with a Teflon suspension (10%, ALDRICH), and conducting
carbon (30%) in ethanol. This suspension was heated under con-
tinuous stirring until alcohol was evaporated (=1.5 h) to yield a
paste that was rolled to obtain a film. This film was cut in lem’
squares and was pressed on to a stainless steel grid current collector
(316L, chemically resistant to acidic media). The CV current is
normalized with the electroactive material weight.

3. RESULTS AND DISCUSSION

All prepared carbon aerogel matrices were first characterized by
nitrogen isotherms in order to calculate Sggr, and the results are
presented in Table 1. The surface area of the carbon aerogel matrix
(ACP-100) resulted in a value of 244 m%g, which significantly
increased, up to 334m%g, when the activation process with KOH
was carried out (ACPQ2-100). The incorporation of POM particles
to obtain the hybrid material (ACPQ2-100/POM) with this acti-
vated matrix resulted in a decrease of the surface area (274m%/g),
probably due to pore obstruction by POM particles. This phenome-
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non has been previously observed in other carbon matrices used for
POM immobilization [11-18], and incorporation of other functional
groups like anthraquinone [19]. The mesoporosity of the materials
was inferred from the hysteresis observed on the nitrogen isotherms
(not shown here).

Figure 1 shows the ATR spectra obtained for the non-activated
and activated carbon aerogel matrices, as well as the hybrid mate-
rial. In general, the characteristic bands of the structure of these
aerogel matrices are detected at 1557cm™ and 1384cm™, and are
related with the C=C stretching in the aromatic ring and with the
connecting bridges CH,-O-CH, formed during the gelation proce-
dure (polycondensation). There are significant differences between
both carbon aerogel matrices. One of these differences is the broad
band around 3169cm™ assigned to the vibrational stretching mode
of the OH group. This stretching mode is observed with more in-
tensity on the non-activated matrix (ACP-100) and could be related
to a greater extent of physisorbed water molecules in the pores of
the aerogel, or to residual byproducts formed during the synthesis.
On the other hand, the activated matrix (ACPQ2-100) showed less
intensity of this band probably due to the elimination of water and
byproducts from the pores, and addition of OH functional groups.
The addition of this functional group (OH) only on the activated
matrix (ACPQ2-100) can be confirmed by the vibrational mode
detected around 1000cm™, associated with C-O bonds. Neverthe-
less, we cannot rule out the presence of other type of ether (C-O-C)
functional groups as epoxides on this activated matrix. In addition,
around 880cm™ a peak related with the graphitic structure formed
during pyrolysis shows lower intensity in the activated matrix
(ACPQ2-100), probably due to the introduction of defects by the
previously detected functional groups. In order to confirm even
more this hypothesis, at 770cm™ and 820cm™ intense peaks ap-
peared only on this activated matrix (ACPQ2-100) and are related
with alcohol and ether type functional groups, which are derived
from the modification of the pristine aerogel by activation with
KOH.

The introduction of POM nanoparticles to the activated matrix to
obtain the hybrid material (ACPQ2-100POM) showed important
modifications in its spectrum. Thus, a decrease or elimination of
certain vibrational modes, such as the ones associated with CH,-O-
CH, (1384cm™) and functional groups (700cm™ and 820cm™),
confirms the interaction of POM with this activated matrix through
oxygen based functional groups. Finally, the vibrational modes
related with POM nanoparticles are detected at 1050cm™ (P-O),
900cm™ (Mo=0), and at 817cm™ and 856cm™ (Mo-O). The low
intensity of these bands is probably due to its low concentration in
the hybrid material.

Figure 2 shows the cyclic voltammograms obtained for the ACP-
100 carbon aerogel, ACPQ2-100 activated matrix, and the corre-
spondent ACPQ2-100/POM hybrid material. The most relevant

Table 2. Capacitance Values of all carbon aerogel samples and
hybrid material.

Sample Capacitance (F/g)
ACP-100 59
ACPQ2-100 78

ACPQ2-100/POM 94
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difference between the voltammograms of these samples is their
profile change. The bare ACP-100 carbon aerogel shows a rectan-
gular profile typical of a capacitive behavior, but the current range
is the smallest and is revealed in the low capacitance value (table
2). The activated carbon aerogel (ACPQ2-100) shows a voltammo-
gram profile deviated in the negative voltage range from the typical
rectangular shape characteristic of the capacitive behavior, which
indicates a resistive nature in this material probably due to the pres-
ence of functional groups. Nevertheless, the current range increased
considerably in comparison with the pristine matrix, making the
chemical activation with KOH effective to improve electrochemical
performance. On the other hand, the hybrid material voltammo-
gram shows a more evident rectangular profile, confirming its ca-
pacitive behavior and less resistive contribution compared with its
matrix (ACPQ2-100). In addition, three redox pairs at -0.13V/-
0.1V, -0.27V/-0.24V, and at -0.5V/-0.47V are detected and corre-
spond to the typical six electron transfer of POM particles confirm-
ing its presence [23]. In equation 1 we show these multiple reversi-
ble redox reactions.

PMoy,"' 04> +ne+nH UH,PMo, " Mo, 0.0 |

1
n=2,4or6. M

We must point out that in comparison with previous publications
from our group [17,18] the POM content in this hybrid material in
low, and can be deduced from the area of the redox peaks. These
results suggest that functional groups generated during the chemi-
cal activation are responsible for the resistive nature in the acti-
vated matrix (ACPQ2-100), since in the hybrid material this phe-
nomenon is considerably reduced probably due to the bonding of
these groups with POM particles, in good agreement with ATR
results.

From these voltammograms, capacitance values were evaluated

by applying eq. (2).

t
- I(Mj @

where C is the capacitance I is the applied current, t is the dis-
charge time, and AV is the voltage window as a function of the
discharge process. Capacitance values for all samples are reported
in Table 2, and a capacitance improvement from 59F/g for the pris-
tine carbon aerogel (ACP-100) to 78F/g for the bare activated ma-
trix (ACPQ2-100), were improved to a higher value of 84F/g for
the hybrid material. This capacitance improvement without any
doubt, is due to the incorporation of POM nanoparticles interacting
with functional groups from the activated CA matrix (ACPQ2-
100).

4. CONCLUSIONS

Incorporation of POM particles on to the surface of activated
carbon aerogel matrix (ACPQ2-100) was confirmed by the de-
crease in BET surface area, from 334 m%/g to 274 m*/g due to pore
obstruction, by the presence of vibrational modes characteristic of
POM in the ATR spectrum, and by the appearance of the three
typical reversible redox processes of POM. ACPQ2-100/POM
hybrid material showed an improved electrochemical behavior,
with a rectangular shape voltammogram profile indicative of a
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capacitive behavior with a smaller resistive nature compared to its
activated matrix (ACPQ2-100), aside from the faradic contribution
of the three redox process of the POM particles. These results show
a clear improvement of the capacitance value from 59F/g for the
pristine carbon aerogel to 94F/g for the hybrid material.
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