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Abstract: Energy storage is currently one of the most significant technological challenges globally,
and supercapacitor is a prominent candidate over batteries due to its ability for fast charging and
long lifetime. Supercapacitors typically use porous carbon as electrodes, because of both the high
conductivity and surface area of the material. However, the state-of-the-art porous carbon described
in the literature uses toxic chemicals and complex procedures that enhance costs and pollute the
environment. Thus, a more sustainable procedure to produce porous carbon is highly desirable. In
this context, xerogel-like carbons were prepared by a new, cheap, simple route to polymerization
reactions of tannin-formaldehyde in a bio-oil by-product. Using bio-oil in its natural pH allowed a
cost reduction and avoided using new reactants to change the reactional medium. Textural properties
and electrochemical performances were improved by fast activating the material per 20 min. The
non-activated carbon xerogel presented a capacitance of 92 F/g, while the activated one had 132 F/g,
given that 77% of the components used are eco-friendly. These results demonstrate that renewable
materials may find applications as carbon electrodes for supercapacitors. Overhauling the synthesis
route with a different pH or replacing formaldehyde may enhance performance or provide a 100%
sustainable carbon electrode.

Keywords: xerogel-like materials; tannin; bio-oil; biosourced porous carbon; electrochemical perfor-
mances

1. Introduction

Clean energy generation is one of the hot topics in academic research, and both wind
and solar energy systems are intermittent and seasonal. An alternative solution is to store
energy to use during periods in which it cannot be generated. Li-ion or lead-acid batteries
could store energy, but they are heavy, slow-chargers, have a low lifetime, and contain toxic
elements. Supercapacitors have the capacity to overcome the issues involved with batteries
because they can charge faster, are lighter, have a greater lifetime, and can be made of
porous carbon [1]. Today, supercapacitors can cost 20 times more than a Li-ion battery and
100 times more than a lead-acid battery. One reason is that the porous carbon materials used
in supercapacitors are expensive to produce, may cause equipment corrosions, and produce
toxic by-products that require appropriate disposal [2]. Complex production strategies to
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make high surface area porous carbon, such as metal-organic frameworks, contribute to
the high costs [3,4]. Moreover, clean energy storage devices should not generate pollution
by using waste, recycled materials or by-products during production.

A great alternative that can be used to create porous carbon materials, commonly
known as biochars [5], is the thermochemical conversion of biomass, a rich-carbon renew-
able organic matter. Biochars have several applications that are described in the literature,
such as CO2 capture through adsorption [6], soil amendment [7], or heavy metal removal
from wastewater [8]. Other by-products could be generated during biomass’s thermochem-
ical conversion, such as syngas, synthesis gas, and bio-oil. The latter may contain different
types of compounds, like lignin-derived oligomers, acids, alcohols, phenols, aldehydes,
and others, depending on the biomass feedstock and pyro-gasification conditions. To date,
bio-oil can be used as liquid smoke and wood flavor, adhesives for asphalt bio-binder,
biodegradable polymers, resins, combustive for furnace, polyurethane and biocarbon
electrodes [9–11].

The most desirable feature for a carbon electrode is the high surface area, which
is achieved with a good distribution of micro and mesopores. Different compounds
present in biomass and bio-oil offer challenges to developing suitable porous carbon for
energy storage. The synthesis route is crucial to determine porosity, produced by one or
more mechanism, such as carbonization-activation, template-assisted carbonization, new
activation agents, self-template, direct pyrolysis of copolymer, self-activation, and laser
scribing [2].

There are few pieces of research in the literature about the electrochemical perfor-
mance of porous carbon made from bio-oil. Most use one or more techniques to enhance
performance, such as chemical activation, doping, or template [12–17]. However, several
steps that are used to produce suitable properties increase the final cost of the porous
carbon and represent a limiting factor in terms of scaling-up production.

Several efforts have been dedicated to using sustainable sources, such as biomasses,
wastes, and by-products, to develop cheaper, renewable porous carbon materials for
energy storage devices. One of these efforts is to reduce the usage of expensive, syn-
thetic, toxic compounds, such as phenol and resorcinol. Tannin is a natural biopolymer
polyphenolic-based compound that could replace the aforementioned compounds [18]. It
is well established that tannin-formaldehyde reactions produce porous carbon materials,
especially gels [19] and foams [20]. Generally, the production of tannin-gels uses pure
water [21], mixtures of water:ethanol [22,23] or water:methanol [24,25] as solvents, and the
reactions may occur in large ranges of mass ratio (4–40%) and pH (2–10), controlled by the
addition of alkali and acid [24]. Furthermore, most tannin-gels are dry under supercritical
CO2 drying, where it is mandatory to use pressure, temperature, and solvent exchange,
increasing preparation steps and costs.

This work describes a simple synthesis route to make a gel-like material based on
tannin-formaldehyde reactions using bio-oil from Tilia Americana softwood residue as
a carbon-rich solvent and PMMA (Poly(methyl methacrylate)) as a shrinkage preven-
tion agent. The main aspects approached were: (i) producing xerogel-like sustainable
porous carbon through subcritical drying through a fast and simple methodology; (ii)
combining cheap, renewable, non-toxic, and natural phenolic with bio-oil, a by-product
of fast-pyrolysis of Tilia Americana wood residue; and (iii) evaluating the performance of
CO2-activated material and its carbonized precursor as electrodes for supercapacitors.

2. Materials and Methods
2.1. Raw Materials

The condensed tannin powder from Acacia mearnsii, commercially identified as WEIBULL
AQ and the microspheres of PMMA (Poly(methyl methacrylate)) were kindly provided by
TANAC S.A. (Montenegro, RS, Brazil) and UNIGEL Ltda. (São Paulo, SP, Brazil), respec-
tively. The tannin powder was industrially extracted from tree barks from planted forests
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dedicated to manufacturing tannins, chips, and wood pellets. The PMMA microspheres
were manually classified by sieving, presenting diameters ranging from 800 to 100 µm.

The bio-oil used in this study was supplied by ABRI-Tech Inc. (Namur, QC, Canada).
The primary biomass feedstock, Tilia Americana wood residue, was converted into bio-
oil using an industrial scale auger fast pyrolysis reactor at temperatures ranging from
400 to 500 ◦C.

2.2. Bio-Oil Characterization

The density and lignin content of the crude bio-oil measured by pycnometer bottles
and gravimetric methodology, respectively, are described elsewhere [9]. Briefly, the volume
and weight of five samples of bio-oil were accurately measured to calculate the density. The
lignin content was investigated by adding bio-oil in water (3:1) under rigorously magnetic
stirring at an ambient temperature and was then left to decant for two hours, forming
two phases: the top, aqueous phase containing water-soluble compounds; and the bottom,
solid, carbon-rich, called pyrolytic lignin. After removing the soluble products, the solid
phase was dried in an oven for 24 h at 40 ◦C.

2.3. Xerogel-like Synthesis

Gel-like materials were prepared by dissolving 6 g of tannin in 30 g of raw bio-oil and
introducing 12 g (37 wt.%) of an aqueous solution of formaldehyde and 12 g of PMMA
into the solution. The reaction was performed under continuous stirring at 85 ◦C until
the mixture’s gelation was completed after five hours. After gelation, the material was
naturally air-dried for five days and then left in an oven for 24 h at 103 ◦C to ensure
total drying. A different formulation was made without PMMA to estimate the preserved
porosity avoided by these polymeric spheres. Volumetric measurements were employed to
control the shrinkage of the xerogel-like material before and after drying. The final hard,
black solid was placed in alumina crucibles, heated at 10 ◦C/min up to 900 ◦C in a tubular
oven, and kept for two hours. The carbonized xerogel-like material was hand-grinded,
classified through a 100 µm sieve and labeled XGL-C. Particles smaller than 100 µm were
activated under a CO2 atmosphere at 1000 ◦C for 20 min, and the final powder was labeled
XGL-AC. The synthesized materials and their following physicochemical analyses were
repeated three times.

2.4. Chemical, Morphological and Textural Analysis

A high-resolution field emission gun scanning electron microscopy (FEG-SEM) (TES-
CAN microscope, model MIRA3) and a Transmission Electron Microscopy (TEM) FEI
Tecnai Spirit BioTwin (120 kV) were used for morphological analysis.

A Fourier transform infrared spectrometer (FTIR) (Agilent, Cary 660) was used for
spectral acquisition, recorded with a spectral resolution of 4 cm−1 between 4000 and 400 cm−1

by averaging 20 scans. The FTIR analysis samples consist of pellets with 2 mg of XGL,
tannin, or bio-oil mixed with 200 mg of potassium bromide (KBr) in a spectroscopy grade.
Each sample was mixed, ground, and pressed for producing the pellets. KBr, tannin, bio-oil,
and XGL were dried at 100 ◦C for 24 h previously.

The nitrogen adsorption/desorption isotherms were recorded in a Micromeritics
ASAP 2020 Plus instrument at −196 ◦C. First, the samples XGL-C e XGL-AC were out-
gassed for 24 h at 200 ◦C. The specific surface area (SBET) and micropores volume (VDR)
were calculated through Brunauer-Emmet-Teller [26] and Dubinin-Radushkevic [27] meth-
ods, respectively. The estimated mesopore volume was calculated by the difference
between the total pore volume adsorbed at P/P0 = 0.97 and the micropores volume
(Vmeso = V0.97 − VDR). The density functional theory (DFT) was applied to calculate the
pore-size distribution (PSD).

Differential thermal analysis (DTG) was performed in a TA Instruments SDT-650,
using a temperature range from 40 to 1100 ◦C and a heating rate of 5 ◦C/min under a
nitrogen atmosphere.
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Elemental analysis (CNH) was used to determine carbon, nitrogen, and hydrogen
concentrations in the xerogel-like carbons, using 10 mg of sample in an elemental analyzer
(Perkin Elmer 2400 series ii). The carbon samples were placed in a tin capsule and sintered
at 925 ◦C under an oxygen atmosphere. The oxygen content was calculated by the difference
(%O = 100 − %CHN).

2.5. Electrochemical Characterization

The electrochemical characterization was performed with an Autolab PGSTAT 302N.
A conventional three-electrode electrochemical cell was prepared using a platinum plate
as a counter electrode and Ag/AgCl saturated KCl as a reference electrode in an aqueous
electrolyte KOH 6 mol/L. The Ag/AgCl saturated KCl electrode was always calibrated
with a saturated calomel electrode, before and after all of the electrochemical characteriza-
tions [28,29]. The carbon electrodes were prepared by an ultrasonic suspension containing
15 mg of XGL-C or XGL-AC materials, Nafion 5 wt.% (50 µL), and ethylene glycol (100 µL).
The suspension was deposited on a graphite plate and dried at 90 ◦C for two hours. Cyclic
voltammetry (CV) tests were performed at scan rates between 1 and 200 mV/s within
the potential range of -1 to 0 V. The voltage range used to test the cells corresponds to
the maximum potential window used for aqueous electrolytes. Galvanostatic charge-
discharge (GCD) experiments were carried out at constant density currents ranging from
0.05 to 20 A/g, based on the total mass of the electrode. The cycling stability was studied
through GCD tests up to 1000 charge-discharge cycles at 1 A/g current density.

The specific capacitance (Cs, F/g) was calculated from the galvanostatic discharge
curves using Equation (1):

Cs =
I. ∆t

m. ∆V
(1)

where I is the discharge current, t is the discharge time, V is the voltage change, and m is
the electrode active material mass.

The energy and power densities were determined from capacitance and the electro-
chemical voltage window. The energy (E, Wh/kg) and power (P, W/kg) densities were
calculated using Equations (2) and (3), respectively:

E =
1

2 × 3.6
CS.(∆V)2 (2)

P = 3600 x
E

∆tD
(3)

The electrochemical impedance spectroscopy (EIS) measurements were performed
at an open-circuit voltage (OCP) in the frequency range of 100 kHz to 1 mHz with an
alternation current amplitude of 5 mV. The EIS data were analyzed by using Nyquist plots.

3. Results and Discussion
3.1. Bio-Oil Properties and Condensation Reactions

Bio-oil is a carbon-rich by-product, mainly due to its significant lignin content, pre-
senting a high content of reactive oxygen groups, from 23 to 35 wt.% according to the
biomass source [30]. Those oxygen groups are suitable for polymerization reactions with
formaldehyde, especially because the -OH groups from phenolic compounds, such as
resorcinol and phenol, induce reactions in ortho- and para- positions in phenolic rings by
methylene bridges [31,32]. Furthermore, C=O groups from carbonyl and unconjugated
ketones might also participate in forming the crosslinks to create the network [33]. The
mixture of water with bio-oil allows the precipitation of a reactive hydrophobic organic
matter, mainly composed of lignin molecules. Thus, the reactive matter of the bio-oil used
in this study was about 31 wt.% ± 3.

The calculated density of the liquid by-product at 20 ◦C was 1.11 g/cm3, which
agrees with values found for bio-oil from softwood (1.16 g/cm3). The bio-oil presented
a pH of 2.3 and, thus, was within the range considered corrosive (2 to 3.7) [34]. Hence,
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disposal or management of such liquid represents additional handling costs. However,
tannin-formaldehyde reactions can work in an extensive pH range, including at a corrosive
level [24]. Therefore, all of the reactions were performed at the actual pH of the bio-oil.
Figure 1 presents the curves of FTIR and TG/DTG analyses of bio-oil, tannin and XGL.
While FTIR presents the main chemical differences, TG/DTG analysis shows the primary
thermal decomposition of the raw materials and the final XGL product. By comparing
the curves of the three materials, the polymerization reactions could be evaluated during
the gel synthesis. Thus, the lignocellulosic matter, naturally found in bio-oil, could also
participate in the polymerization process by reactions of tannin-formaldehyde-organic
compounds, especially the phenolic groups, as already observed for synthetic [21,35],
natural [18] and raw compounds, like black liquor [36].
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Figure 1. (a) FTIR spectra and (b) thermal analysis TG/DTG of bio-oil, tannin and XGL.

Table 1 lists the prominent peaks found for bio-oil [9] and tannin [37]. The new,
distinct peak at 1380 cm−1 appears on the spectrum of XGL and could be assigned to CH2
and CH3 in the methylene bridges from phenolic resins [38], while a large band is found
on the region of the C-O stretching centered at 1060 cm−1 [39]. Furthermore, the peak at
1517 cm−1 which is attributed to lignin derivatives [40] presented on the bio-oil spectrum
also decreases on the XGL curve. The aromatic C-H stretching at 841 cm−1, observed in the
tannin spectrum, is not seen in XGL. Those observations suggest that tannin and bio-oil
were crosslinked into a tannin_formaldehyde_bio-oil network compound. The remaining
bands on XGL are originated from original biosource materials, tannin or bio-oil.

Table 1. Chemical groups obtained from FTIR analysis of bio-oil and tannin.

Bio-Oil Tannin

Bonds Wavenumber (cm−1) Bonds Wavenumber (cm−1)

Aromatic and aliphatic O-H 3800–3000 O-H groups 3800–3000
C-H in methyl and methylene groups 2935, 2845 C-H stretching vibrations 2927

carbonyl in unconjugated C=O 1708
Phenylpropane skeleton vibrations 1610, 1516, 1462 Aromatic C=C in phenolic groups 1618, 1453

C-O in syringyl groups 1370
C-H in guayacil rings 1273
C-H in aromatic rings 1115, 1033 Multisubstituted aromatic rings 1000–750

Aromatic C-H stretching 824 C-H in aromatic rings 841
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The essential weight loss of raw materials is most related to the degradation of
condensed tannins [41] and lignin [9] compounds. XGL does not present those degradation
peaks, showing that those compounds were probably reacted to form the backbone chain
of the biopolymer tannin_formaldehyde_bio-oil. In addition, the XGL shows the primary
degradation loss (58 wt.%) at 387 ◦C, which is typical of the decomposition of methylene
bridges in phenolic resins [40].

3.2. Evaluation of Costs and Sustainable Characteristics

The gel-like preparation was based on tannin-formaldehyde reactions in a carbon-rich
solvent, i.e., the bio-oil. Thus, a sustainable formulation was successfully achieved, as
shown in Table 2, producing a 77 wt.% renewable material. The amount of crosslinker
(33%), the only synthetic material used to produce the polymeric matrix, is among the
lowest employed to prepare gels derived from tannin-formaldehyde systems. Besides, the
xerogel-like material produced in this study went through a faster synthesis method than
the conventional synthesis of xerogels reported in the literature, usually performed by
heating the initial precursor solution for three to seven days.

Table 2. Percentage of renewable materials in the tannin-formaldehyde gel system.

Type of Material System Renewable Material (wt%) Reference

Aerogel Tannin-formaldehyde 57.5 [24,25]
Xerogel Tannin-formaldehyde-pluronic 57.5 [23]

Xerogel-like Tannin-formaldehyde-bio-oil 77.0 This work
Xerogel Tannin-resorcinol-formaldehyde- sodium dodecyl sulfate 83.2 [21]
Xerogel Tannin-formaldehyde sodium dodecyl sulfate 89.7 [42]

According to Szczurek et al. [25], the final price of the polymeric resin, i.e., the carbon
precursor, is based on the main costs of production following Equation (4):

0.8P + 0.04S + 0.19C (4)

where P and S are the costs of the precursor and the solvent applied, respectively, and C is
the regular costs, such as maintenance, laborers, gases, and energy.

The purified tannin extract (WEIBULL AQ), resorcinol (99%, Sigma Aldrich, 307521-
1 KG), and phenol (99%, Sigma Aldrich, 33517-1 KG) cost U$2.70, U$106 and U$232,
respectively. Tannin is significantly cheaper than synthetic phenolic precursors. Moreover,
no synthetic solvent was employed for either the dissolution of the reactants nor for
solvent exchange. Thus, the costs related to the solvent were negligible, and the other costs
remained constant. Therefore, the sustainable tannin-bio-oil resin estimated cost is around
5.5 and 5.9 times cheaper than resorcinol-formaldehyde resins and phenol-formaldehyde
resins, respectively.

3.3. Textural, Morphological and Structural Properties of XGL-C

The drying method of gels is crucial for producing highly porous materials, and
avoiding any shrinkage is still a challenge, especially for materials dried under subcritical
conditions; the so-called xerogels. The PMMA microspheres avoided the shrinkage of
the polymeric network during the drying process. The volumetric shrinkage values of
the sample synthesized with PMMA was 5%, while the sample without PMMA shrank
by 42%. The gel-like prepared with PMMA presented a negligible overall shrinkage
value comparable to xerogels from tannin-pluronic-formaldehyde (32–90%) [23]. This
value is smaller than the smallest values found for aerogels from natural phenolic sources,
such as tannin-formaldehyde (30–90%) [24], tannin-lignin-formaldehyde (26–39%) [18],
lignin-phenol-formaldehyde (20–70%) [33], soy-flour-tannin-formaldehyde (25–30%) [37],
and lignin-oligo (alkylene glycol) (30–60%) [43]. Thus, PMMA behaves as a shrinkage
prevention agent, ensuring a lighter and more porous material. The PMMA-based dried
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material looks like a hard porous material, while the material with no PMMA had a vitreous
aspect. After carbonization and milling, the powder material showed a visual appearance
of activated carbon powder. Table 3 presents the textural properties of carbonized (XGL-C)
and activated samples (XGL-AC).

Table 3. Chemical composition and textural properties of xerogel-like materials.

Samples C (%) H (%) N (%) O (%) SBET
(m2 g−1)

V0.97
(cm3 g−1)

VDR
(cm3 g−1)

Vmeso
(cm3 g−1)

Micro
(%)

Meso
(%)

XGL-C 84.6 1.1 0.4 13.9 286 0.15 0.11 0.05 69 31
XGL-AC 78.5 1.5 0.2 19.8 808 0.45 0.33 0.15 68 32

The 20 min activation showed an effective increase in the surface area, reaching a
value of 808 m2/g. Figure 2 shows the isotherms of carbonized and activated XGL. The
isotherms present type I and IV combinations for both samples [44], exhibiting the typical
behavior of micro-mesoporous materials. The desorption branch presented an H4-type
hysteresis loop, characteristic of capillary condensation in mesopores [45]. Interestingly, the
material showed the same type of isotherm (Figure 2a) and equal proportions of porosity
after the activation process, remaining at around 68% and 32% of meso- and microporosity,
respectively, indicating a successful activation step.
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Figure 2b shows the corresponding pore size distributions calculated by the DFT
model. The carbonized material showed micropores centered at 0.5 and 0.7 nm and
mesopores narrower than 20 nm. After activation, the microporosity presented a slight
shift to 0.6 and 0.75 nm, respectively. In addition, the activated material presented new
pores centered at 1.1 and 1.4 nm and the same mesopores as the carbonized material, but at
higher proportions.

Concerning their chemical composition, the carbon materials showed a typical high
carbon content, of 78.5% and 84.6%, for XGL-C and XGL-C, respectively. In addition,
the percentage of oxygen was relatively higher for the activated material than for the
carbonized one (19.8 vs. 13.9%). Both materials also presented a very low amount of
hydrogen and nitrogen, respectively, under 2 and 0.5%.

The SEM images in Figure 3 present the microscopic structure of the materials. The
photos of XGL-C (Figure 3a,b) and XGL-AC (Figure 3c,d) show a rough surface matrix
containing clusters of spherical particles of different sizes. Such agglomerated particles
seem to be the typical structures of phenolic gels based on a nodular morphology, generally
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arranged in a microscale range and shifted to larger or smaller particles in function of the
pH or mass ratio [19]. However, the microscopic structure of xerogel-like materials shown
in Figure 3 is composed of nano-nodules particles. In addition, both samples presented
an irregular porosity, but the activated material had a more distinct porous structure.
These characteristics are observed on the TEM images as well (Figure 3e,f). The porosity
is better evaluated on the AC sample, which shows areas with visible parallel channels
(red arrows), usually classified as mesopores (pores between 2–50 nm) and found between
graphite nanosheets on carbon materials. Furthermore, the activated xerogel-like presents
an amorphous structure.
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The structural details from the Raman spectroscopy and the respective deconvolution
peaks with five bands for a satisfactory fit are presented in Figure 4a,b, respectively. The
first-order parts of the Raman spectra showed two broad bands at 1580 cm−1 (G band)
and 1320 cm−1 (D band), corresponding to the C-C bond vibrations of carbon atoms in an
sp2 electronic configuration, and the defect and disorder of structures of carbon materials,
respectively [46]. The intensity ratio of the D band to the G band (ID/IG) is a parameter that
is often used to estimate the graphitization degree of carbonized materials. Thus, greater
graphitization (lower ID/IG) is usually related to higher conductivity and crystallinity
materials [47]. As already observed elsewhere [48], this represents the highest disorder
structure. Furthermore, the intensity ratio of ID/IG for XGL-C and XGL-AC were 1.12 and
1.24, respectively, measured directly from the envelope of the spectrum and after baseline
correction. These findings suggest that the XGL-AC presents a lower graphitic degree,
lower conductivity, small ordered structure and higher oxygen functional groups than
XGL-C, corroborated by their elemental composition, as observed in Table 3.
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3.4. Electrochemical Characterizations

The cyclic voltammograms (CV) curves of the XGL-C and XGL-AC electrodes are
shown in Figure 5a, in a potential range from −1 to 0 V at a scan rate of 10 mV/s. XGL-AC
electrode presents a higher current density amplitude and a rectangular shape, generally
attributed to a double-layer contribution. Figure 5b shows the CVs measured at scan rates
from 1 mV/s to 100 mV/s. The galvanostatic charge⁄discharge curves (Figure 5c) also
indicate that a higher performance storage is achieved by the XGL-AC sample due to the
longer discharge time for the same constant current. The electrode specific capacitances
(Cs) (Figure 5d) were calculated from the discharge curves using Eq. 1. As expected,
XGL-AC presents the highest capacitance values in all current densities applied, reaching a
maximum of 132 F/g at 0.1 A/g and an improvement of 43% comparable to the carbonized
material XGL-C (92 F/g at 0.1 A/g). This behavior is related to the higher surface area
that provides excellent double-layer storage. A low scan rate induces diffusion through
the microporous surfaces and, consequently, produces higher capacitance values. In this
case, the produced materials might also work as CO2 capture [49], where low scan rates
are required.
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The electrodes present good long-term cycling stability (Figure 6a) for both samples at
a current density of 1 A/g up to 1000 charge/discharge cycles. The stability performances
of XGL-C and XGL-AC were quite similar, at 94% and 95%, respectively, showing that no
degradation occurs when the current density is constant and indicating their potential use
for at least 1000 cycles. The energy density of XGL-C and XGL-AC achieve maximums
values of 7.6 Wh/kg and 15.1 Wh/kg at 0.1 Ag, respectively. On the other hand, the
maximum power densities at 2.5 A/g were 0.7 kW/kg and 0.4 kW/kg for XGL-C and
XGL-AC, respectively. The maximum energy density developed from xerogel-like materials
is the second highest compared to other carbons prepared with bio-oil, as observed in
Figure 6b.
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The electrochemical impedance spectroscopy (EIS) (Figure 6c) presents the Nyquist
plots of the electrodes. The high-frequency region (inset graph) usually describes the
electrode-electrolyte interface resistance associated with the charge transfer and the double-
layer [50]. The total equivalent circuit is described by the equivalent series resistances (Rs),
the charge transfer resistance (Rct) and the constant phase angle element (CPE). The XGL-C
electrode shows low contact and low equivalent series resistance (1.04 Ω) compared to
XGL-AC (13.77 Ω), while the Rct values were very similar, 1.87 Ω to XGL-C and 1.96 Ω
to XGL-AC, showing a slightly higher conductivity of the non-activated material. Hence,
those specific capacitances of XGL-AC were slightly higher despite the enhanced surface
area developed by the physical activation. Furthermore, both samples presented the 45◦

slope at a low frequency related to the resistance diffusion of ions on the interface/interior
of the tiny pores, typical of porous carbon electrodes [51].

As seen in Table 4, the produced xerogel-like materials from bio-oil present capacitance
values that still need improvement. However, the other materials exhibiting higher capaci-
tance values present several steps for preparation, such as chemical activation, N-doping
by using ammonia gas or melamine, and synthetic chemicals as template agents. Thus, the
use of templates and the activation process with KOH require washing steps to prepare
the material. This washing uses corrosive solutions of HCL to remove the templates and
the impurities after activation reactions. In addition, it is followed by pure water washing,
thus increasing the final cost of the product. Therefore, the xerogel-like materials presented
in this study stand out as a simple, cheap production route with a high renewable feature,
meeting the current environmental requirements laws.

Table 4. Synthesis steps, electrochemical performance and SBET of carbons prepared with bio-oil from different bio-sources.

Bio-Oil
Source

Carbon
Material

Additional
Chemicals

Chemical
Activator Electrolyte CS

(F/g)

Current
Density

(A/g)

SBET
(m2/g) References

Grapeseed
Nitrogen-

doped carbon
nano-onion

Gas NH3 (Ns) KOH 2 M KOH 54 * 0.1 116 [15]

Pine
granule

Bio-oil
derived

hierarchical
porous carbon

Nano-MgO
(p-a.a) - 6 M KOH 344 ** 0.5 1409 [17]

Poplar
wood

sawdust

Bio-oil
honeycomb

carbon

Cetyltrimethy-
lammonium

bromide
(p-a.a)

KOH 6 M KOH 312 ** 1 1302 [14]

Poplar
wood

sawdust

Nitrogen-
doped porous

carbon
nanosheet

Melamine
(Ns) KOH 6 M KOH 289 ** 0.5 2566 [13]

Tilia
Americana

wood
waste

Xerogel-like
carbon - - 6 M KOH 92 ** 0.1 286 This work

Tilia
Americana

wood
waste

Xerogel-like
activated

carbon
- CO2 6 M KOH 132 ** 0.1 808 This work

Ns = nitrogen source; p-a.a = pore-adjusting agent; * single T-type cell; ** three- electrode system.
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4. Conclusions

This paper demonstrated a simple gel-like preparation based on tannin-formaldehyde
reactions. The production process took few hours to generate a gel-like material with an
enhanced sustainable feature. Tannin-formaldehyde reactions were preferred to obtain a
cheap, renewable porous material, replacing the synthetic phenolic systems based on costly
and toxic precursors such as resorcinol or phenol. Furthermore, the use of a carbon-rich
by-product like bio-oil as a solvent to this system reaction, and the PMMA as a shrinkage
prevention agent, were reported for the first time, resulting in an innovative process to
produce a cheap, highly renewable porous carbon. The proposed methodology resulted
in materials with a high sustainable fraction (77 wt.%) and a significant low-cost value
compared to synthetic resins, promoting large-scale advances.

Activating the material for 20 min enhanced the effective electrochemical material by
about 43% (132 F/g vs. 92 F/g) but presented a resistive behavior compared to the non-
activated material. The activated material also provided good performances in electrochem-
ical analysis by achieving a significant energy density value of 15.1 Wh/kg, comparable
to other bio-oil carbons. Further work should be carried out to: (i) optimize the synthe-
sis parameters (e.g., different pHs, activation conditions) to improve gels surface area;
(ii) replace formaldehyde with a crosslinking agent that is less toxic to consequently reach
a 100% renewable material; and (iii) test the xerogel-like materials with high microporosity
surface as CO2 capture and contaminant sorption in drinking water and wastewater.
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