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Abstract: Three-dimensional carbon xerogels were synthesised via a
facile approach that included the use of ZnO nanostructures both as
a templating agent and as a catalyst for resorcinol-formaldehyde
resin (R-F) polymerisation simultaneously. Graphene oxide (GO)
served as a stabilising agent during the drying and pyrolysis
processes, avoiding the collapse of structure and improving the area
surface. The method enabled the as-obtained materials to possess
optimised 3D porous structures for energy-storage devices, such as
wires or spaghetti-like structures. Also, a high BET surface area was
obtained (1661 m?g™) without using an additional activating agent.
This great surface area improved the specific capacitance compared
to materials without GO (358.1 Feg* vs 170.4 Feg™). The carbon-
containing devices derived from resorcinol-formaldehyde resin, GO,

and Zn oxide showed better performance than the devices without GO.

In particular, the sample that contained 2.5% of GO in the synthesis
showed a specific capacitance of 166.6 Feg at 0.5 Aeg? and
remained at ~120 Feg! at 5 Aeg? current density. Also, it showed
interesting energy density values at 0.5 Asg! (14.8 Whekg™) and a
power density of 200.7 Wekg™. This reveals that the synthesis
process made it possible to obtain composite materials with large
surface areas without using a supercritical drying process. The

materials can be used in supercapacitor-type devices with high
performance in aqueous electrolytes.

Introduction

In recent years, the design and synthesis of materials with more
efficient electrochemical performancel!], good stability 2, and low
weight® has attracted considerable attention. Energy storage on
a large scale represents a significant challenge to the energy
transition because it requires materials capable of being used in
batteries and supercapacitors, among other devices, with high
energy and power density, long life cycles, and fast charge-
discharge rates. Supercapacitors are especially attractive
devices due to their advantages such as fast charge-discharge
rate, high power density, and long life cycles!. These devices can
be classified into electric double layer capacitors (EDLCs),
pseudocapacitors, and hybrid capacitors according to the energy
storage mechanism® In EDLCs, the capacitance is due to the
charge separation at the electrode-electrolyte interface, which is
favoured due to the diffusion of ions from the bulk of the
electrolyte into the pores of electrodes. This performance is
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typical of carbonaceous materials. On the other hand, the
pseudocapacitors store charge by a faradaic mechanism
(oxidation-reduction reactions, and intercalation mechanisms)®!,
while that the hybrid supercapacitors involves a faradaic
mechanism storage (battery-like charge storage process) and
one EDLC-typel™.

The nanostructured carbon materials!®, such as carbon
nanotubes, graphene, carbon aerogels, etc., are of interest due to
their large surface area, good conductivity, and good chemical
and thermal stability!®. For these reasons, the materials have
been employed successfully in energy storage and generation
devices*?. However, the synthesis processes are expensive and
difficult in most cases, due to the use and removal of hard
templates***? or the use of supercritical process. Researchers
are focussing their attention on new synthetic strategies*® that
allow obtaining carbon materials with better properties and can be
applied in energetic systems with high performance. According to
the previous commentaries, several synthetic strategies have
been used to obtain nanostructured carbon materials. One
approach employs templates such as surfactants or inorganic
nanoparticles (NPs) in combination with resin precursors based
on organic polymers. However, in these synthesis processes is
necessary to use catalysts. Using NPs or surfactants as template
agents (hard or soft) is one of the most common techniques in
synthesising carbon nanostructures®* 1. This is due to their
multiple advantages. For example, they can maintain their
microstructures during the synthesis processes!*6l.

On the other hand, the NPs based on inorganic oxides, such as
SiO,1], Fe,051*8, TiO,1*9, etc., have been successfully employed
in the synthesis of porous carbons. These materials are
characterised by having a large surface area and efficient ion
transport/diffusion for applications in fuel cells, batteries, and
supercapacitor electrodes. In this work, we propose ZnO as a
hard template for a new synthetic strategy. Zinc oxide is
interesting because it is a multi-use material that has been utilised
in a multiplicity of applications such as catalysts, antibacterial
agents, and photo-catalysts®?. Also, it is characterised as having
excellent optical properties?!, low cost, environmental
friendliness?? and a facile synthesis?®l. The use of ZnO as a
template in nanostructured carbon synthesis has been reported
in several scientific publications?*-2%l. However, some authors
highlight the ability of these oxides to act as a template, their
additional activation function (formation of micropores)?3, and
their graphitisation catalysis effect?®l. In order to design new
materials, we propose using facilely synthesised ZnO
nanostructures as templates and catalysts in the
polycondensation reaction of resorcinol-formaldehyde (RF) resin,
as carbon precursor. This new procedure avoids using the acidic
or basic catalyst agents commonly employed in RF
polymerisation.

The RF polymers have been used as precursors of highly porous
activated carbons?”! and allow obtaining materials with different
morphologies and structural properties according to the synthesis
conditions used. In the case of carbon aerogels based on RF, it
was observed that their surface properties depend on the type of
catalyst employed?®, the initial conditions of synthesis, and also
on the drying techniques®. However, the drying step is one of
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the most critical stages because the structure can collapse during
the elimination of water from RF hydrogel (to obtain a solid RF
gel), affecting the surface area and pore size of the final material.
The organic gel tends to collapse during drying because its gel
networks are too weak to withstand the capillary pressure built up
in the pore walls®Y.

In order to avoid this collapse in the structure, techniques such as
drying in an inert atmosphere, freeze-drying, and supercritical
extraction have been used®). Nevertheless, another alternative
uses graphene oxide as a stabilising agent in RF hydrogel.
Although their use has been reported in combination with other
materials, such as CNT, carbon fibres or spheres, etc. To the best
of our knowledge, the use of GO in combination with RF resin and
ZnO for synthesizing carbon xerogels has not been reported®%.
In this work, we report a new synthetic strategy for obtaining
carbon xerogels through the combination of RF resin, ZnO
nanostructures, and GORBY, The combination of these materials
allowed the design and preparation of novel micro/mesoporous
carbons using ZnO as a template, GO as a stabilising agent
during the drying of hydrogel, and RF as the carbon source. In
addition, we present the characterization and performance of the
materials for their application as advanced electrodes in
electrochemical supercapacitors. By varying the percentage of
GO in the synthesis, different samples were obtained while the
pyrolysis conditions were constant for all samples. The
performance of the synthesised carbon xerogels as
electrochemical supercapacitors was studied using aqueous
H.SO, and organic LiPFe-based solutions as electrolytes. In the
case of the H,SO, solution, a predominant double-layer
capacitive behaviour was observed for all samples. This showed
the influence of the textural properties of carbon xerogel on the
capacitance values of the system. When used as electrodes, the
materials showed good capacitance retention, high specific
capacitance values, and high stability.

Results and Discussion

Structural and chemical characteristics

The proposed synthesis procedure intended to obtain
nanostructured carbon xerogels with high surface area by a
combination of graphene oxide (GO), zinc oxide (ZnOx), and
resorcinol-formaldehyde (RF) resin as a carbon precursor. In this
process, using a simple one-step pyrolysis method, the ZnOx
nanostructures (wires or belts type) act as a template and catalyst
agent simultaneously and GO as a stabiliser agent for the 3D
xerogels. In order to evaluate the materials obtained by this
synthetic process, extensive structural, chemical, physical, and
morphologic characterisations were carried out (See schematic of
the synthesis process in Fig. 1).
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Figure 1. Schematic diagram of synthesis process and preparation of the 3D
carbon xerogels.

With regard to structural characterisation, the X-ray patterns of
the synthesised materials showed two broad diffraction bands at
20 values, one between 25-26° and another around 44° (Figure
2a). These bands are usually attributable to 002 and 100 planes,
respectively, which corresponds to reflections of graphitic carbon
(JCPDS card no. 41-1487)32El. However, the broad band around
of 44° can be formed for several planes, such as the (100), (010),
and (101) planes®l. The XRD experiments confirmed the
presence of crystalline ZnO (zincite) in all cases. The diffraction
peaks located at 31.7°, 34.4°, 36.2°, 47.4°, 56.5°, 62.8°, 68°, and
69.31° correspond to the (100), (001), (101), (102), (110), (103),
(112), and (201) planes of hexagonal structured ZnO, in
agreement with the JCPDS card no 89-139784. The presence of
ZnO is expected due to its use as a template in the synthesis
process. On the other hand, the GO added during the synthesis
is reduced (rGO) as a consequence of thermic treatment in an
inert atmosphere. This can be confirmed by XRD results due to
the absence of a diffraction peak at around 10.27°, a
characteristic of GO, which was simultaneously reduced
during the transformation of the polymer in carbon.

10.1002/batt.202400502

WILEY . vcH
: A ' |
= :
. - " Zn0
S l
= M J . O T
£
G — e
= i
— 24.1° | ! 436° — — CRFZn
_ | ——CRFZn-GO1
i L | — CRFZn-GO2
T ; | iq | ——CRFZn-GO3
) SR
i "M’tl'nh.uat‘"."‘ "-unu.ju--dlt-.! Y P
T T T T T T 1
10 20 30 40 50 60 T0 B0
2 0/ Degree
1000 =
b O CRFZn
< 900 @ CRFZn-GO1
o o CRFZn-GO2 .
g 8004 ®— CRFZn-GO3
o P
—~ 700 g
E £00 - .:‘l"':'l.
2 o-0-0-00 oot
B 5001 ‘ro—""
g 400-’ '._._..' s
S s ‘.,'_,.*....-.»l.-l:l"-i- i
200 +0p00+-0+0-0-0 Q0 0:0-0-0Ea7E

0.0 0.2 04 06 08 10
Relative pressure (P/Po)

— c  —© CRFZn
S - CRFZn-GO1
< e CRFZn-GO2
2 —a— CRFZn-GO3
0.8
b}
E
2
g 0.6 4
v
§ os]
o
E 0.2 4
=
A 004
T

Pare Diameter / (nm)

Figure 2. (a) XRD patterns of carbon xerogels based in resorcinol-
formaldehyde with GO and ZnO after pyrolysed at 800 °C in an inert atmosphere,
(b) Nitrogen adsorption/desorption isotherms, and (c) Differential pore volume
(cm3.g71) vs pore diameter of carbon xerogels.

The morphological properties of the synthesized porous materials,
such as specific surface area (SSA) and porosity were evaluated
by nitrogen adsorption-desorption isotherms applying the
Brunauer—Emmett—Teller (BET) method (Figure 2b and 2c). The
results shown that the materials have high SSA: 693, 1661 and
992 m2eg* for CRFZn, CRFZn-GO1, CRFZn-GO2 and CRFZn-
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GO3 respectively (Table 1). The samples present a combination
of adsorption-desorption isotherms type | and IV, which can be
associated with the presence of different pore sizes or hierarchical
porous structure?®%7, In addition, a hysteresis loop at a relative
pressure (p/po) of 0.40-0.99 can be observed and this confirms
the presence of meso and macroporousf®8l.

The lager surface area is obtained for the CRFZn-GO2 sample,
which is in agreement with what is observed in Figure 2b and 2c
and assigned to the contribution from micro and mesoporous in
comparison with the other samples.

Three well defined regions can be observed in the pore size
distribution curves (See Figure 2c and Figure S1), where the
difference between synthetized materials is noted in the micro and
mesoporous regions, being the sample CRFZn-GO2 the one with
the highest total pore volume (See Table 1 and Figure S2 in SI).

Table 1. Textural properties of the CRFZn-based samples.
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CRFZn CRFZn-GO1 CRFZn-GO2 CRFZn-GO3
BET Surface 693 m2.g* 971 m2.g* 1661 m2.g* 992 m2.g*
Area (Sger)
Micropore 540 m2.g* 784 mz.g*t 1168 mz.g* 801 m2.g*
Area (Swicro)
Total pore 0.752 0.825 cme.g* 1.561 cm3.g* 0.956 cm2.g™
volume (VT)

cmi.g?t
Micropore 0.264 0.384 cme.g* 0.569 cma.g* 0.392 cme.g*
volume

cmi.g?t

Micropore data calculated by t-plot method.

In Table 1, it is possible to observe the differences in the textural
properties between the samples synthetized and the influence of
GO in the characteristics final of carbon material in terms of
surface area, micropore area and total pore volume.

A detailed XPS analysis was performed to study the composition
and evolution of the chemical environment of the different species
after thermal treatment. XPS is a powerful technique that provides
qualitative and quantitative information about the chemical nature
of the surface of a samplel®®. Analysing the survey spectra of the
different samples (Figure S3) shows that the only (detectable)
elements present are C, O, and Zn. The relative elemental atomic
percentages of C, O, and Zn were calculated and summarised in
Table 2.

Table 2. Atomic percentages (%At) of C, O, and Zn obtained after the analysis
of Cls, O1ls, and Zn2p components in XPS surveys. Individual percentages of
each atom in its different chemical environment and specific information are in
Figure S2.

CRFZn CRFZn- CRFZn- CRFZn-
GO1 GO2 GO3
C 742 % 90+2 % 88+1 % 83+1 %
(@] 261 % 10+2 % 11+1 % 16+1 %
Zn 0.41+0.03%  0.38+0.02%  0.33+0.03%  1.05+0.05 %

From Table 1, it can be noted that the total amount of C, O, and
Zn atoms detected by XPS analysis varies from sample to sample.
At first sight, it can be observed that the compositions of CRFZn-
GO1 and CRFZn-GO2 samples are quite similar. Nevertheless,
the most remarkable difference is the high amount of O atoms in
the sample without GO. As we shall describe later, it seems that
graphitisation in this sample is not as complete as in the samples
with the GO additive. It is observed that fewer carbon atoms are
present within the volume that XPS can detect (approximately 7
A) in the CRFZn sample. This behaviour is associated with the
higher amount of precursor carbon employed in the CRFZn-GOx
samples compared to the CRFZn. On the other hand, samples
with GO as an additive show similar compositions of C and O.
However, the amount of Zn in the CRFZn-GO3 is surprisingly
higher (1.05 % vs 0.38-0.33 %). This difference could be
attributed to a decrease in the inelastic scattering of the ejected
Zn photoelectrons due to the increased porosity of samples with
higher GO content. Also, the percentage of C decreases with
increasing GO in the synthesis, and this behaviour is
accompanied by an increase in the percentage of O, which is
associated with oxygen-containing functional groups provided for
the GO due to an insufficient reduction process after pyrolysis(“44,
Further analyses were performed comparing the C 1s, O 1s, and
Zn 2p spectra recorded for CRFZn, CRFZn-GO1, CRFZn-GO2,
and CRFzZn-GO3 samples (Figure 3). From the best fitting
procedure of C 1s spectra, five different components can be
distinguished: C1 at 284.4 eV, attributed to sp? carbon atoms from
graphitic carbon, C2 at 285.5 eV to C-O in defective sp? C and/or
C-OH (from incomplete resorcinol decomposition), C3 at 286.3 eV
related to O-C-O, C4 for C=0 species, and C5 attributed to
carboxylic species O-C=0, respectively (Figure 3). As mentioned
above, according to the O content calculated from surveys, it
seems that carbonisation is highly favoured by the presence of
GO in the synthetic process. Component C1 is the main feature
in CRFZn-GO1-3 samples, whereas it is a secondary peak in
CRFZn samples. That means that GO not only participates as a
template for pore generation but also could catalyse the
graphitisation process in combination with the ZnO.

Figure 3 shows the spectra of the samples in the O 1s and Zn 2p
regions. Analysis of the O 1s spectra is not straightforward
because this region (530.5-534.5 eV) is congested with signals
originating from organic compounds containing oxygen atoms,
hydroxyls, and water molecules, in most cases. Nevertheless, we
can identify 4 well-defined peaks: O1 at 530.5 eV attributed to
Zn-0y,c and Zn-0-C bonds, 243 whereas 02 at 531.8 eV, O3 at
532.5 eV, and O4 at 534.5 eV are attributed to C-O, C=0/C-OH,
and carbonates, respectively. The assignment of O1 is also
confirmed in Figure 3, and the characteristic Zn2p doublet at
around 1021.5 eV (and 1045.6 eV) is assigned to oxidised Zn
species?*¥. Summarising, according to the XPS measurements, it
can be observed that samples containing GO as an additive in the
synthetic process present a higher degree of graphitisation in
comparison to samples without GO.
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Figure 3. (a) XRD patterns XPS spectra of carbon xerogels in the C1s, Ols,
and Zn2p regions. (a) CRFZn, (b) CRFZn-GO1, (c) CRFZn-GO2 and (d)
CRFZn-GO3.

Additional information on the carbonaceous materials
synthesised in this work is revealed by the Raman spectra (See
Figure 4a). In all cases, the Raman spectrum exhibits a strong
peak at 1591 cm™ corresponding to the band G (Ezg symmetry)
and another peak centred at approximately 1339 cm™,
corresponding to Band D (mode Ay symmetry) of carbonl*l. A
band of low intensity is observed between 2300 cm™ and 3200
cm™, which can be attributed to the 2D band, which is
characteristic of graphitic materials“®. However, in this 2D band,
three signals can be differentiated through deconvolution
processing (Figure S4). Also, the low definition in these bands
would be related to the presence of disordered carbon, according
to previous work®7, On the other hand, the Ip/lg ratio (intensity
ratio values) was calculated and plotted vs % GO employed in the
synthesis process (Figure S5). In all samples, the Ip/lg ratio
values observed were less than 1. However, these values were
higher for the samples CRFZn-GO1, CRFZn-GO2, and CRFZn-
GO3 containing GO (Ip/lc=0.876, 0.914, and 0.885, respectively)
in comparison with CRFZn sample (0.868) without GO. This
increase in the Ip/lg values could be associated with an increase
in the percentage of structural defects!® being higher in CRFZn-
GO2 sample as a consequence of the RF/GO ratio used in the
synthesis.

In order to study the influence of GO on the thermal stability of the
carbon materials obtained, thermogravimetric analysis (TGA) was
performed, and the results are shown in Figure 4b. A significant
weight loss can be observed in the samples containing GO

10.1002/batt.202400502
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compared to CRFZn, without GO. This weight loss at low
temperatures is characteristic of partially reduced GO samples;
starting between 35 and 60 °C and reaching a plateau around
100 °C and it is associated with dehydration. For temperatures
greater than 100 °C, the mass loss continues to decrease slowly
as a consequence of the evolution of H,O and CO;, resulting from
the removal of remaining oxygen functional groups®®. The
presence of these surface groups is due to the fact that GO is not
completely reduced, as was observed by XPS experiments. Note
that the observed behaviour in this temperature range is not seen
in the CRFZn sample. The minimal mass loss observed in CRFZn
up to 500°C implies the presence of few original functional groups
in this sample. The thermal decomposition of xerogel carbons
starts in the vicinity of 450 °C, with a notable weight loss observed
around 550 °C. This mass lost is associated with carbon
combustion (thermal oxidation of carbon)%5U and represents
around 80 - 90% of the total mass of the composite.
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Figure 4. (a) Raman spectra of carbon xerogels and (b) TG measurements of
carbon xerogel samples.

In order to corroborate the morphology of the synthesised carbon
materials, scanning electron microscopy (SEM) was carried out,
and the images are shown in Figure 5. The materials exhibit
characteristic morphologies attributed to the skeletal contributions
of ZnO on the nanoscale, as well as the inclusion of RF in the
synthesis process. Figure S6 shows a macroscopic monolithic
spaghetti-type structure of interlaced wires. In addition, changes
in the structure can be observed when the GO is involucrate in
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the process. Figure 5a shows a SEM image of the xerogel without
GO, where elongated wire-like or spaghetti-like network
decorated with carbonaceous material can be observed (Figure
S7). However, when GO is present in the synthesis process
(Figure 5b and 5c), the spaces between the microstructures are
further apart from one another. It is believed that the presence of
GO stabilizes the gel during drying (before pyrolysis), preventing
the collapse of its microstructure and providing structural strength
to the matrix®®. This observation is consistent with the changes
in the surface area measured through BET analysis when GO is
present in the appropriate proportion (See Table 1 and Figure 2c).
Figure 5d displays the carbon xerogels synthesized with the
highest GO proportion in their composition (5.0%). In this case,
the sample exhibits a structure primarily composed of sheets
associated with GO, sharing characteristics similar to the samples
obtained using GO and RF without ZnO. (Figure S8).

Figure 5. SEM images of carbon xerogels at different magnifications are
presented. (a) CRFZn, (b) CRFZn-GO1, (c) CRFZn-G0O2, and (d) CRFZn-GO3.

The wire-like or spaghetti-like nanostructures are observed in all
cases and are a result of the use of ZnO as a template and
catalyst. The impact of the absence of these wire-like structures
in the composite is observed in samples obtained using only GO
and RF (See Figure S8), resulting in a compact material (Figure
5a). This indicates the importance of structured ZnO as a template
for obtaining these 3D carbonaceous systems. On the other hand,
the presence of macropores (void spaces between the
nanostructure) is more appreciable in the samples CRFZn-GO1,
CRFZn-GO2, and CRFZn-GO3 compared to CRFZn. This
correlates with the results obtained by BET analysis and can be
associated with the stabilization effect induced by the presence of
GO, preventing or minimizing the collapse of the 3D structure
during the drying of the organogels®3. However, when the amount
of GO in the synthesis is increased beyond a certain value
(samples CRFZn-GO3), the GO sheets begin to spontaneously
stack, due to this increased their interfacial friction, affecting the
final structure of the obtained materials®®. Finally, the SEM-EDS
elemental mapping shows the presence of zinc and oxygen atoms
dispersed in the carbon matrix (Figure S9 and S10).

X-ray mapping, along with XPS, was conducted to demonstrate
the elemental content of the synthesized carbon xerogels. The
results suggest that the reported synthetic method allows for the
design of 3D carbon materials with morphological and surface
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properties that can provide reactive sites for charge-transfer
reactions and facilitate the transport of electrons and electrolytes.
This finding indicates potential applications in electrochemical
supercapacitors.
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Figure 6. Electrochemical performance. (a) CV curves at 10 mVs™ for CRFZn,
CRFZn-GO1, CRFZn-G0O2, and CRFZn-GO3, (b) CV curves of CRFZn-GO2 at
various scan rates, (c) specific capacitance at various scan rates of CRFZn,
CRFZn-GO1, CRFZn-G0O2, and CRFZn-GO3, and (d) Galvanostatic discharge-
charge curves at a current density of 1 Aeg™%. Three electrode cell with 0.5 M
H2S04 and Ag/AgCl as the reference electrode.

To test this hypothesis, electrochemical capacitors were
assembled and electrochemically tested. The electrochemical
characterization of the carbon xerogels was conducted in a three-
electrode configuration using 0.5 M sulfuric acid as the aqueous
electrolyte. Figure 6a presents the cyclic voltammetry (CV)
studies of CRFZn, CRFZn-GO1, CRFZn-GO2, and CRFZn-GO3
samples at a sweep rate of 10 mVes™. In these experimental
conditions, it is possible to see that all the CV curves showed
approximately symmetrical rectangular shapes, which indicates a
near-ideal double-layer capacitance behaviour®™. However,
broad peaks observed at around 0.3-0.35 V suggest
pseudocapacitive contributions that are probably associated with
the oxygen-functionalized group present on the carbon
surfacel®571. The origin of the stored charge was characterized by
analysing the CV data at different sweep rates; follows a power-
law correlation of the current (i) with the sweep rate (v), see
Equations 6 and 7 in SI. The b-values determined from the slope
of the plot of log i vs. log v give values close to 1 for all synthesised
materials (Fig. S11), indicating a surface-controlled charge
storage mechanism predominately!®l,

The capacitive and diffusive contributions for all systems were
calculated according to Equation 8 (see Sl) and the values
obtained at different scan rates can be observed in detail in Table
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Batteries & Supercaps

S1 and represented in Figure S12. It was observed that as the
scan rate increased, the contribution of the capacitive process vs
the diffusion process increased, due to this higher scan rate, it
surpasses the diffusion rate causing a loss of linearity making the
slope smallerd,

The CV studies for all materials obtained, measured at different
scan rates from 10 to 500 meVs™? (Figure S13), also showed
quasi-rectangular CV profiles in all cases. This fact demonstrates
an efficient and fast charge transfer and suggests a fast double
layer charge/discharge process too®®¢1. Considering that charge
storage in these materials involves a surface process, it is
expected that the material with the highest specific surface area
will exhibit the best capacitive performance. In Figure 6b shows
the CV curves at different scan rates for the CRFZn-GO2
electrode, allowing the influence of this parameter on the
behaviour of the electrode to be observed. The electrochemical
response maintained the same shape even at the highest tested
scan rate (500 mVes™), indicating low polarization resistance and
a fast response for ion and electron transportll. The specific
capacitances calculated at different scan rates for all synthesized
materials are compared in Figure 6¢. As expected, it is observed
that the sample CRFZn-GO2 (358.1 Feg') exhibited a higher
specific capacitance than CRFZn-GO1, CRFZn-GO3, and CRFZn
(284.6, 234.3, and 170.4 F+g!, respectively). Thus, at a low scan
rate, the specific capacitance of CRFZn-GO2 is about two times
higher than that of CRFZn. This result is in agreement with the
surface area data obtained by BET analysis (1661 m2sg? vs 692
m2eg™). As reported previously for other carbon xerogels, the
capacitance can be correlated to the amount of micro and
mesopores in the samples (Figure S14)62, Figure 6c also
indicates that the specific capacitance decreases moderately as
the scan rate increases. These results indicate that at relatively
high scan rates, most of the surface area and pores of the 3D
carbon electrodes are accessible to the electrolyte ions®3l. In
accordance with the literature, at a low scan rate, the ions have
enough time to penetrate the micropores and be efficiently
adsorbed into them. This results in smaller charge separation
distances between the ion centers, causing a significant increase
in capacitancel®364],

The supercapacitive performance of the synthesized carbon
xerogels was compared through galvanostatic charge—discharge
(GCD) measurements at a current density of 1 Aeg™ (Figure 6d)
and the efficiency obtained for each material was 98.34%, 94.36%,
88.25% and97.43% for CRFZn, CRFZn-GO1, CRFZn-GO2, and
CRFZn-GO3 respectively. The specific capacitance values
obtained are in line with the results obtained by CV experiments.
This result demonstrates that the obtained materials could be
employed in the development of electrochemical devices.
Following the trend observed in the CV experiments, the highest
capacitance was obtained for CRFZn-GO2 (316.5 Feg%), and the
lowest was for CRFZn (135.0 Feg™). The enhanced
electrochemical performance of carbon xerogels containing GO
can be attributed to the synergistic effects of the carbon sheets
(the stabilizing effect of GO in RF gels / contribution in specific
surface area) and the templating agent (ZnO) employed in the
synthesis process. In order to obtain more detailed information
about the electrode response, impedance spectroscopic analysis
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(EIS) was performed on the samples. The Nyquist plot measured
in the frequency range of 0.01HZ to 100 k Hz are shown in Figure
S15. The response in the high frequency region shows a
deformed semicircle, while in the low frequency region it
approaches a vertical line. The behaviour at high frequencies
shows a lower internal resistance and faster charge transfer, while
the line at low frequencies is almost perpendicular to the x-axis,
indicating an ideal capacitance behaviour with fast ion transfer in
the electrolytel63].
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Figure 7. (a) Galvanostatic charge—discharge curves CRFZn-GO2 carbon at
different density currents. (b) Comparison of specific capacitance between
CRFZn-GO2 and CRFZn electrodes in a three-electrode cell with 0.5 M H2SO4
electrolyte and Ag/AgCl reference electrode.

GCD curves were measured at current densities ranging from 0.5
to 5.0 Aeg"l (Figure 7a), and the corresponding specific
capacitance values can be observed in Figure 7b. The
capacitance for CRFZn-GO2 were 394.3, 343.1, 314.0, 226.0,
and 212.6 Feg* at 0.5, 0.75, 1.0, 2.0, and 5.0 A«g*, respectively.
As discussed above and in agreement with the CV results,
capacitance values decrease with an increase in current density.
The results indicate that the synthesized carbon xerogel materials
are suitable for supercapacitor applications, as the values
obtained in terms of specific capacitance are comparable to those
recently reported by other authors (See Table S2). However, we
focused our studies only on CRFZn-GO2 by building a
symmetrical supercapacitor.

Symmetric supercapacitor performance

This article is protected by copyright. All rights reserved.

5UB217 SUOWILIOD dAIIER1D 3|dedl|dde a3 Aq pautonoh afe sajoie YO ‘9N Jo Sa|nJ J0j ArIqIT SULUQ A3]1AA UO (SUO I} IPUOD-PUe-SWLLBY /W0 A3 | 1M AR.q 1 BUIUO//:Sd1Y) SUOIPUOD PUe SWIS au388s *[7202/60/50] Uo Ariqigauliuo 4] BunuablyeuelydoD Ag Z0S00r202 11ed/200T OT/I0pAuod A3 1m Aeld 1 putuo adoins-As ILweyo//:sdny woly papeojumoq el ‘€2299952



Batteries & Supercaps

The supercapacitor devices were constructed using two
electrodes with CRFZn-GO2 as the active material and were
tested in a 0.5 M aqueous H,SO, electrolyte (Figure 8a). To
analyse the electrochemical performance of the symmetric device,
GCD curves at different current densities were conducted. It can
be observed that the device exhibits good electrochemical
reversibility with an insignificant IR drop, indicating high electrical
conductivity*®8l. By analysing the slope of the voltage drop over
time, an equivalent series resistance (ESR) of 0.16 Q was
calculated. GCD experiments were performed using different
current densities of 0.5, 1.0, 2.0, and 5.0 Aeg™, which resulted in
specific capacitances of 166.6, 156.3, 149.2, and 119.7 Feg?,
respectively. The capacitance retention, calculated after 3000
cycles at 0.5 Asgl, was 97% of the initial capacitance (161.6
Feg™®) and efficiency Coulombic efficiency varied between 96.5
and 90% during operation (See S16). These results indicate both
high capacitance and a high retention rate after long-term cycling
(Figure 8b). The observed excellent rate capability can be
attributed to the porous 3D structure of the carbon material,
coupled with the contribution of GO. This contribution enhances
the gel stability before pyrolysis, preventing collapse during the
drying process, and improves the conductivity of carbon
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Utilizing the values of the initial specific capacitance, the obtained
energy density at 0.5 A.g™* was 14.8 Whekg™, and the power
density was 200.7 Wekg™ (refer to energy density values in Figure
S17). These values of energy density exceed those reported for
a commercial device (8 Whekg™%)i® and are comparable to values
reported for an asymmetrical device (19.1 Whekg™)8l and for a
device that employed bio-waste as the active material (12.5
Whekg™)®. On the other hand, it can be observed that at 1.0
Aegl, the energy and power density were 13.8 Whekg=* and 400.7
Wekg™, respectively, while that at 2.0 Aeg™ current density, the
energy and power density were 13.2 Whekg™ and 801 Wekg™.
Therefore, we can highlight the low loss of energy density at 2.0
Aegl, which represents 10% of initial energy density.

The variation of specific capacitance of the device with the current
density is shown in Figure 8c. It is found that when the current
density is increased from 0.5 to 5 Aeg?, the capacitance
decreases from 166 to 120 Feg?, representing a capacitance
retention of approximately 72%. However, at 2.0 Aeg?, the
capacitance retention was 90%, aligning with the low loss of
energy density observed in this device.
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Figure 8. (a) Galvanostatic charge—discharge curves for the device assembled using electrodes of CRFZn-GO2 in 0.5 M H2S04, (b) cycling stability at different

currents densities and (c) specific capacitance. (d) Galvanostatic charge—discharge curves for the device assembled using electrodes of CRFZn-GO2 in 1 M

LiPFe/ethylene carbonate-diethyl carbonate, (e) cycling stability at different currents densities and (f) specific capacitance.

To expand the possible applications in energy storage, the
performance of the device in organic LiPFs-based electrolytes
was explored. The organic electrolytes present advantages
compared with aqueous ones; they allow the device to operate in
a higher voltage window, achieve lower self-discharge rates, and

are suitable for high-energy-density applications, among other
potential benefitsl’. The results reveal specific capacitance
values of 72.25, 55.81, 28.42, and 11.37 Feg™* at current densities
of 0.5, 1.0, 2.0, and 5.0 Asg™, respectively (Figure 8d and 8e).
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In Figure 8e is observed a rapid decrease in specific capacity
during the first few cycles at 0.5, 1.0, and 2.0 Aeg™. This
performance may be related to the incorporation/intercalation of
anions in the active material, which can cause some deterioration
of the carbon structure, including from the initial cycles, as it has
been reported for other authors(™.

These values obtained are lower than those calculated for
aqueous systems due to the larger size of Li* and PF¢~ ions (0.79
nm for both cation and anion”@): in comparison to H* and SO4*
ions (0.115 nm and 0.379 nm, respectively). The smaller size of
the latter ions allows for the accommodation of more ions in the
micropores, leading to an increase in specific capacitancel”.
However, a higher energy density (90.3 Whekg™) and power
density (750 W-ekg™) were obtained using non-aqueous
electrolyte compared to the device in aqueous electrolyte. The
comparison of the performance of both devices is shown in the
Ragone plots in Figure 9 and Figure S17.

The CRFZn-GO2 device exhibits higher power and energy
density in the 1 M LiPFs electrolyte due to the broader potential
window, compensating for the lower capacity compared to
aqueous electrolytes. These values of power and density are in
the range of values reported for carbon-based biomass’™¥ and
present a higher energy power density than other graphene
materials used in advanced Li-ion hybrid supercapacitors(’. The
data demonstrate the possibility of utilizing the materials
synthesized by employing GO, ZnO, and RF resin in
supercapacitors based on both aqueous electrolytes and lithium-
ion electrolytes.

10’
" 10° -@-H,SO, EElssmImED
o - @- LiPF, COMBUSTION
= 10f PGS A
> B
2> @ it
g 10" : o~
=
7] - o °
o 103_ & ® w..
hes (3] ® w @
2 102 i Toop i
] | -
o : ETE
101 i o
2
10°

102 100 10° 10" 102 10°
Energy density / WhKg!

Figure 9. (a) Ragone plot of supercapacitors with CRFZn-GO1 in a carbon
xerogel device in 0.5 M H2SO4 and 1M LiPFs.

The results showed that it was possible to fabricate new carbon
materials by combining structures capable of acting as a template
agent and catalyst of RF polymerisation, using GO as a possible
stabilisation agent of the hydrogel carbon precursor during the
drying and pyrolysis processes. In addition, the significant surface
area observed for these materials is related to ZnO, as it acts as
both a template and a catalyst, allowing the nanostructured
materials to be obtained after pyrolysis. Also, it has been reported
to be an activating agent by other authors. Which show its
additional activating function 231, The combination of ZnO, RF and
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GO allows obtaining carbon xerogels with a large surface area
and high values of specific capacitance. In this work, we
demonstrated a simple method that combines materials with
specific functions for the design of 3D carbon nanostructures,
aiming to obtain advanced materials for applications in energy
storage devices such as supercapacitors.

Conclusion

In summary, nanostructured 3D carbon xerogels were obtained
by a new, simple and reproducible synthetic approach which
consists of using ZnO as a templating agent and catalyst for the
polymerisation of R-F resin. The ZnO is used in combination with
GO that acts as a stabilising agent of R-F gels to avoid structure
collapse during the drying process. This method did not require a
supercritical process, which is more inexpensive than other
methods used in the literature.

The materials obtained were characterised by several techniques
and showed great surfaces, great porosity, and good conductivity,
which makes them promising materials for supercapacitor
applications. The results showed improvement in terms of surface
area (CRFZn-GO1 - 1661 m?sg?) and specific capacitance
(CRFZn-GO2 - 316.5 Feg!) when GO was used in the synthesis
in comparison with the samples without GO, where the surface
area was (CRFZn - 692 m?g), and the specific capacitance was
170.4 F+g* (CRFZn).

The symmetric supercapacitors fabricated containing our carbon
xerogel as active material demonstrated a specific capacitance of
166.6 Feg*in 0.5 M H,SO,4 at 0.5 Aeg™* and an energy density of
14.8 Whekg™ and a power density of 200.7 Wekg™. Also, this
material was employed in 1M LiPFs electrolyte, which may
broaden the application field of supercapacitors.
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This work proposes the synthesis of carbon-based nanostructured materials obtained using ZnO as both nanos- template and catalysts
simultaneously. During the synthesis, GO was used as a stabiliser, preventing the collapse of the 3D structure and improving its
properties in terms of capacitance and surface area. The obtained materials were used in supercapacitor type devices.

Institute and/or researcher Twitter usernames: ((optional))

This article is protected by copyright. All rights reserved.

351801 SUOLUWIOD SAERID 3[qedljdde au) Aq pauLeA0B afe PN YO 198N J0 3|40} ARIGIT 8UIUO A3]1A UO (SUOTIPUOD-pUE-SULBI 00" B M ARR1q 1jou! U/ Sd1il) SUORIPUOD pue SWLB 1 au) 385 [1202/60/50] Lo Areiqi8ulluo AB]iM BunusBivaURILR0D AQ Z0S00KZ0Z 1eA/200T OT/10p/wioo™ A |m AReqjpu U0 adoune-As LBy sdiy Wwoiy papeojumod el ‘2299952



