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Abstract

Ordered mesoporous carbons (OMCs) obtained by the hard-templating method are
usually prepared using complicated infiltration procedures and/or relatively high-priced
carbon precursors. In this work, OMCs were obtained using creosote, a modestly priced
substance obtained from the distillation of coal tar, as a carbon precursor and an ordered
mesoporous silica (SBA-15) as the template. The porous network of the template was
infiltrated using a simple, one-step method in acidic medium at a moderate temperature,
making it potentially scalable for mass production. Optimization of the synthesis
conditions led to OMCs with a very well ordered porosity with a very narrow pore size
distribution in the mesopore region, together with a high surface area. This material was
tested as an electrode for electrochemical energy storage devices and as an adsorbent for
pollutant removal. Owing to its well-developed hierarchical pore network, the present
OMC showed a good performance as a supercapacitor electrode in aqueous electrolyte
and high rate of methylene blue dye adsorption.

Keywords: Ordered Mesoporous Carbons; Hard template; Coal-tar products;
Electrochemical Energy Storage; Dye Removal.
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1 Introduction

Conventional porous carbon materials are obtained from carbon-rich precursors such as
lignocellulosic residues or mineral coal. After the carbonization of the precursor
material, the product is submitted to an activation process to further develop the
porosity of the final activated carbon. Control over the activation conditions allows
tuning the porous texture [1]. However, high-demanding applications (e.g., energy
storage, electrocatalysis or water remediation) require materials with a very fine tuned
porosity, especially in the mesopore range (2-50 nm in size).

Different techniques have been developed to approach this problem. Amongst them, the
hard-templating method stands out as a powerful strategy for creating carbon materials
with strictly controlled porosity, including ordered mesoporous carbons (OMCs). The
templated carbon materials are synthesized by the infiltration of a carbon precursor into
the pore network of an inorganic porous solid that acts as a template [2—4]. After the
infiltration of the precursor, the mixture is carbonized and then the template is removed
by an appropriate etching procedure. Thus, a carbonaceous material is obtained with a
porous structure that is a replica of the walls of the material used as a template. By
using different templates, the main pore size and the pore morphology can be accurately
controlled. In the case of OMCs, the usual choice as a template are mesoporous oxides
like silica. However, the success in replicating the template depends largely on the
stringent control of a number of factors. A key point is the selection of a suitable carbon
precursor, which must infiltrate the template homogeneously, polymerize and afford a
high carbon yield after pyrolysis. Frequently used precursors are sucrose, furfuryl
alcohol, acrylonitrile, phenol resin, propylene, acetylene or acetonitrile, among others

[5].

Polycyclic aromatic hydrocarbons have been used as carbon precursors for the
preparation of hierarchical porous carbons [6—11]. These materials have been used also
to infiltrate the templates in the hard-templating method [12]. The OMCs obtained using
these carbon precursors exhibit better electrical conductivity than that of porous carbons
obtained using more conventional carbon precursors because of the higher aromatic
character of the former [13,14]. However, a comparatively small number of studies have
focused on the preparation of OMCs using these carbon precursors. Acenaphthene has
been employed as a precursor with Al-modified MCM-48, SBA-1, SBA-15 and KIT-6
silicas as templates for the synthesis of OMCs in an autoclave at high temperature and
high pressure [14,15]. Milder synthesis procedures are a priori more attractive and have
made use of naphthalene, anthracene, or pyrene dissolved in acetone as a carbon
precursor and SBA-15 [12] or MSU-H [16] as a template with sulfuric acid to act as a
polymerization catalyst at room temperature. A similar method has been followed to
infiltrate MSU-H with phenanthrene dissolved in acetone, but using toluene sulfonic
acid as a catalyst [17,18]. Anthracene has also been introduced in the pores of MCM-41
by dissolving it in dichloromethane [19]. More recently, only two studies have focused
on the preparation of OMCs using polycyclic aromatic compounds. Both of them used
phenanthroline dissolved in ethanol, in the presence of FeCl, [20] and H,SO,4 [21] as



catalysts, and SBA-15 and mesoporous silica spheres as templates, respectively. All
these previous studies made use of pure , relatively expensive polyaromatic compounds,
which are solid at ambient temperature, so the infiltration of the templates must be
either carried out in an autoclave at high temperatures and pressures or by dissolving the
carbon precursors in a solvent (e.g., acetone), thus making the process less amenable to
industrial upscaling. For example, the use of a solvent requires the repetition of the
impregnation step several times to achieve a complete filling of the template pores, and
the evaporation of the solvent after each step impedes an optimum impregnation.

To circumvent this issue, in the present work we have made use of creosote as a carbon
precursor for the preparation of OMCs by the hard-template method. Creosote is a low-
priced product obtained through distillation of coal tar in the temperature range between
240 and 350 °C, and is made up of a complex mixture of polycyclic aromatic
hydrocarbons, its main components being phenanthrene, acenaphthene, naphthalene,
fluorene and dibenzofuran, which collectively amount to ~50% of its total weight.
Creosotes are typically employed as wood preservatives and, to the best of our
knowledge, they have never been used as a precursor for the synthesis of any type of
carbon material (including OMCs). Creosotes are generally liquid at room temperature
or close to room temperature. This feature would avoid the need to use high
temperatures or solvents when infiltrating the creosotes into hard templates, making
them more convenient precursors in the synthesis of OMCs compared to pure, single-
component polycyclic aromatic hydrocarbons. We demonstrate here that high quality
OMC:s can be efficiently prepared using such low-value, multi-component substance as
the precursor, and the resulting carbons are competitive materials when used in
electrochemical energy storage and water remediation applications.

2 Materials and methods

2.1 OMC preparation

The OMCs were prepared following the hard template method as schematically
depicted in Figure SI 1 (Supporting Information). First, the pores of the template were
infiltrated with the carbon precursor (creosote). Then, the infiltrated template was heat-
treated to obtain a composite of the template with the carbon material. Finally, the
template was removed by chemical etching to give a stand-alone carbon material.

2.1.1 Template synthesis

The template used in this work was the ordered mesoporous silica (OMS) SBA-15,
which was prepared as follows [22]. First, 18.2 g of the non-ionic triblock copolymer
surfactant Pluronic P123 was dissolved in 477.75 ml of distilled water with 91.00 ml of
HCl (37 wt.%) by stirring the mixture for 24 h at 40 °C. Then, 40.57 ml of
tetracthoxysilane (TEOS) were added and the mixture was further stirred for 4 h to
allow the hydrolysis of the TEOS to take place. The solution was transferred to a 750 ml
autoclave to age the silica precursor material at 110 °C for 72 h. The mixture was
subsequently filtered, thoroughly washed with both distilled water and ethanol, and



dried at 80 °C overnight. Finally, the surfactant was removed by calcination at 550 °C
for 6 h.

2.1.2 Carbon precursor

The carbon precursor used in this work was a creosote oil (supplied by the company
Bilbaina de Alquitranes S.A., Spain), a low-value product obtained during the
distillation of coal tar. Creosote consists of a complex mixture of aromatic compounds
(see Table SI 1 in Supporting Information), with phenanthrene, acenaphthene,
naphthalene, fluorene and dibenzofuran as its main components. The crystallization
temperature of creosote used is 18.5 °C, so it is liquid at room temperature. However,
the occurrence of crystals at the crystallization temperature could cause changes in the
creosote composition, so working at temperatures above the crystallization temperature
was necessary in order to avoid any variation in the chemical composition when an
aliquot was taken from the original vessel. In addition, as will be discussed below, the
creosote was polymerized by mixing it with H,SO, at different volume ratios to
promote the retention of carbon product in the silica template after the heat treatment.

2.1.3 Template infiltration

The SBA-15 was infiltrated with the carbon precursor following the method described
in the scheme represented in Figure SI 2 in Supporting Information. First, 4.5 g of the
OMS were degassed at 110 °C under vacuum overnight. Then, the temperature was
decreased to the infiltration temperature, which was set to 40 °C to make sure that the
creosote was completely liquid and its components were well mixed. The reactor was
filled with argon, and the carbon precursor was put into contact with the OMS under
stirring. The volume of the carbon precursor introduced in the reactor was calculated as
125 vol.% of the total pore volume of the OMS, obtained by N, adsorption. The mixture
was kept under vigorous stirring while the reactor was vacuumed for 30 min. Then, the
reactor was pressurized with argon. The pressure was kept slightly above atmospheric
pressure for 30 min. This vacuum/pressure cycling was repeated until a homogenous
mixture was observed (usually 3-4 times). Finally, the sample was heated up to 110 °C
under argon pressure for 2 h. This procedure is similar to the one used industrially for
the protection of wood by impregnation with creosote [23-25].

2.1.4 Ordered mesoporous carbons

The OMS/carbon precursor composite was carbonized in a horizontal furnace at 950 °C
under an argon flow (heating rate: 1 °C/min; flow rate: 500 ml/min) to obtain a
composite of OMS and carbon material. The carbon material was released from the
template by washing the composite with 1 M NaOH solution at 40 °C for 24 h. The
effectiveness of the washing was assessed by thermogravimetry and the NaOH was seen
to be quite effective in dissolving the silica; less than 3 wt.% of SiO, remained. This
procedure allowed us to circumvent the use of strong acids such as HF, which gave
similar residual silica contents after the washing.



2.2 Characterization of materials

The amount of material infiltrated in the silica template was estimated in a
thermobalance (SDT Q600 from TA) from the weight loss after the combustion of the
sample in air at 850 °C for 1 h. The composition of the creosote and the H,SOy-treated
creosote were analyzed using an Agilent Technologies Model 7890N gas
chromatograph coupled to a mass selective detector 5975C and equipped with an
autosampler 7693 A. Separations were carried out on a fused-silica capillary column (25
m length x 0.22 mm i.d.) coated with HP-5MS stationary phase. The furnace
temperature was increased at a heating rate of 4 °C/min from 50 to 325 °C keeping this
temperature for 10 min. Identification was carried out by comparing their mass spectra
with those found in spectral libraries or by performing a complete study of their
fragmentation patterns. The microscopic morphology of the samples was studied by
field emission scanning electron microscopy (FE-SEM; Quanta FEG 650 microscope,
from FEI, at 25 kV). The nanometer-scale morphology and structure of the materials
were analyzed with transmission electron microscopy (TEM; 2000 EX-II from JEOL, at
160 kV), and X-ray diffraction (XRD; D5000 diffractometer from Siemens), and Raman
spectroscopy (LabRaman from Horiba Jobin Yvon), respectively. The porous texture of
the materials was analyzed by physical adsorption of N, at -196 °C in a volumetric
analyzer (Autosorb-1 from Quantachrome). The samples were degassed at 150 °C under
vacuum overnight prior to the measurements. The BET surface area, Spgy, was
calculated by the BET equation from the data in the relative pressure range of ca.
0.01 ~ 0.2 and the total pore volume, V7, was obtained by the Gurvitsch rule from the
amount of adsorbed N, at a relative pressure of 0.97 [26]. The micropore volume, V,,, pr,
was calculated by applying the Dubinin-Radushkevich method to the adsorption
isotherms [26], and the mesopore volume, V,,,, was estimated as V,,,=Vr -V, pr. The
pore size distribution (PSD) of the samples was calculated by applying the non-local
density functional theory (NLDFT) in the quenched solid density functional theory
(QSDFT) method developed by Quantachrome [27] to the N, adsorption branch using
the QSDFT equilibrium model, from which the main pore size, dprr, was obtained.

2.3 Performance evaluation of the materials in electrochemical energy
storage and water remediation

2.3.1 Electrochemical energy storage (supercapacitors)

The materials were tested as electrodes for supercapacitors, which were prepared as a
paste by mixing the active material with a conductive additive (carbon black, CB,
Vulcan XC72R from Cabot Corp.) and a binder (polytetrafluoroethylene, PTFE, Sigma
Aldrich), in a weight proportion of sample : CB : PTFE = 85:5:10. A circular sheet
(10 mm in diameter) was prepared from the paste and pressed at 1000 kg for 1 min. The
electrodes (~8 mg), were tested in aqueous electrolyte (1M H,SO,) using a Swagelok-
type cell in 2- and 3-electrode cell configurations. In the 3-electrode cell, the reference
electrode was Ag/AgCl [3M KCl-saturated AgCl (REF321 electrode from Hach)]. The
counter electrodes were prepared in the same manner as described above but using a
total mass of ca. 10 mg made up of a commercial activated carbon fiber (FR-20 from



Kuraray Co., Ltd.) as the active component. A cellulose separator (Whatman) was
sandwiched between the working and counter electrodes. In the case of the 2-electrode
cell, two electrodes prepared from the OMC samples with the same mass were used.
The ensembles were soaked in the electrolyte for at least 48 h before the
electrochemical measurements. Impedance spectroscopy within a frequency range of 10-
2 ~ 10° Hz, cyclic voltammetry (CV) (potential window 3-electrode cell: -0.1 ~ 0.8 V vs.
Ag/AgCl: 2 electrode cell: 0-1 V), and galvanostatic charge/discharge cycling tests were
carried out in a potentiostat (Biologic VSP). The specific values were obtained referred
to the mass of the active material in the working electrode for the 3-electrode cell
configuration and in both electrodes in the case of the 2-electrode cell. A commercial
activated carbon (YP-50F from Kuraray Co., Ltd.) was also tested for comparison.

2.3.2 Water remediation (dye adsorption)

The carbon materials were tested as adsorbents for removing methylene blue (MB) from
water. For the sake of comparison, three commercial activated carbons typically used
for water treatment (S300, S1030 and P835, from Silcarbon Aktivkohle GmbH) were
also tested. The maximum MB adsorption capacity, g, of the samples was obtained by
soaking 10 mg of the sample in 10 ml of MB solution (2 g/l) solution at 25 °C for 48 h.
The adsorption kinetics of MB was determined by soaking 10 mg of the samples in
10 ml of a MB solution (0.5 g/I) at 25 °C for different time intervals. The amount of MB
adsorbed at a time ¢, ¢,, was calculated as:

4= (Co-C M

where C, is the initial concentration of the dye in the solution, C, is the dye
concentration at a time ¢, V' is the volume of the dye solution and m is the carbon sample
weight.

The equilibrium isotherms of adsorption of MB were obtained by soaking 10 mg of the
carbon samples in 10 ml of MB solutions of different initial concentrations at 25 °C for
48 h to ensure that the equilibrium was reached. The amount of MB adsorbed at the
equilibrium, ¢., was calculated as follows:

2= (Co-C.) @

where C, is the dye concentration at the equilibrium. The MB concentrations were
determined using a UV/Vis spectrophotometer (HeAios-a from Thermo Spectronic) at a
wavelength of the maximum of light absorption (665 nm).



3 Results and discussion

3.1 Ordered mesoporous carbons from creosote as the carbon
precursor

The SBA-15 template used here exhibited a very well developed mesoporosity with a
dprr=8.5nm and Spzr= 615 m?/g (see Figure SI 3 in Supporting Information). The
initial attempts of infiltrating the SBA-15 directly with the creosote gave rise to a
composite material SBA-15/creosote with ca. 30 wt.% of the carbon precursor within
the pores of the OMS. However, no carbon material could be retained after the
carbonization step. To overcome this issue, we used a catalyst to promote the
polymerization of the creosote components by electrophilic aromatic substitution.
Specifically, the mixing of the SBA-15 with the creosote was carried out in acidic
medium by adding H,SO, to the creosote in a 90 : 10 creosote : H,SO,4 volumetric ratio
(Xs) in a two-step process: first the template was mixed with the creosote and then the
H,SO, was added. In this case, the amount of carbon precursor infiltrated in the
template (Xcp) was 50.1 wt.%. The carbon content in the carbon/SBA-15 composites
(Xc) after the carbonization was a mere 14.0 wt.%, so the carbonization yield (y¢) was
16.2 wt.%. The carbon material obtained after removing the template exhibited a well-
developed mesoporosity, as it can be seen in Figure SI 3 in Supporting Information, but
its XRD pattern indicated that such a mesoporosity was not periodically ordered (see
Figure SI 4 in Supporting Information).

Importantly, it was observed that after the creosote was mixed with H,SO, and the
mixture was left still overnight, two liquid phases with different densities and viscosities
were formed. The density of the phases formed at the top and the bottom was
~1.1 g/em? and ~1.4 g/cm?, respectively. As explained in the following, the creosote
components were dissolved in the H,SO,4, which corresponded to the bottom phase (i.e.,
the high-density phase). Using only the high-density phase for the infiltration of the
template succeeded in attaining well-developed OMCs as it will be demonstrated.
Furthermore, with the aim of studying the effect of H,SO,, three different X ratios were
used for the polymerization of the creosote, namely, 95:5, 90:10 and 80:20. As shown in
Table 1, the density of the high-density phase (pyp) increased as the H,SO, ratio
increased (tending to the density of H,SOy, 1.84 g/cm?), so that the Xp obtained in the
SBA-15/Carbon precursor composites also increased. These values were slightly higher
than the maximum values of the carbon precursor that could be loaded on the template,
which were calculated by assuming that all of the pores of the template were filled with
the carbon precursor. Even though the amount of the high-density phase infiltrated in
the template was quite high, no agglomeration of the carbon precursor was observed in
the outer part of the SBA-15 particles, as can be seen from the comparison of the FE-
SEM images of the pristine template and the SBA-15/Carbon precursor composite (see
Figure 1 a and b).



Table 1. Density of the high-density phase obtained from creosote mixed with H,SO4 at different ratios, and the
filling ratios after the infiltration and carbonization of the SBA-15.

Xs PHD X' Xc le
(vol.:vol.)  (g/em®)  (wt.%) wt.%) (Wt.%)
95:5 0.9 50.0 (49.8) 25.8 34.8
90:10 1.4 64.0 (62.1) 37.9 34.4
80:20 1.6 70.5(65.3) 39.1 26.8

* The values in brackets are the maximum amount of carbon precursor that can be loaded in the
porosity of the template. p

Figure 1. FE-SEM micrographs of the SBA-15 template (a), SBA-15/Carbon precursor (b), SBA-15/Carbon, and
OMCreo (X5=90:10).

The distribution of the creosote components in the presence of H,SO4 was further
studied. To this end, the two phases formed after the addition of H,SO, in a 90:10 ratio
were separated, dissolved in acetone and analyzed by gas chromatography. As shown in
Figure 2, the main component in the original creosote was phenanthrene, its content
increasing in the high-density phase. In general, aromatic compounds are similarly
distributed in both phases, although some differences are observed, probably due to the
different solubility of the compounds in H,SO,. Interestingly, the high-density phase
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became substantially enriched in N-containing compounds (see Figure 2b). This is
expected since the N-containing compounds generally possess a basic character and
therefore they could have a higher solubility in the acidic H,SO4 medium (acid-base
interactions). As it was explained in Section 2.1.3, the last step of the infiltration
process consisted on heating the SBA-15/creosote mixture at 110 °C under atmospheric
pressure for 2 hours. The color of the composite became noticeably darker after this step,
suggesting that a certain polymerization of the aromatic compounds catalyzed by H,SO,
was taking place. No color change could be noticed for the composite without H,SO,.
Indeed, this polymerization step was of utmost importance to promote a rise in the
carbonization yield, as will be demonstrated below.

Aromatic compounds
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Figure 2. Relative abundance of the components of the creosote and its derivatives obtained in acidic media detected
by gas chromatography.

After the SBA-15/carbon precursor composite was submitted to heat treatment, the
particles still displayed the same morphology as shown by the FE-SEM images (Figure
Ic). The carbon content in the SBA-15/carbon composites (i.e., prior to removing the
silica template) as well as the carbonization yield increased as X5 decreased (see Table
). In the case of X¢=95:5, the amount of carbon that remains in the composite after
carbonization was rather low. The N, adsorption/desorption isotherm of the SBA-
15/carbon composite with Xi=95:5 (see Figure 3) showed that the material was mainly
mesoporous, implying that the volume occupied by the carbon in the SBA-15 porosity
was rather limited, so only a partial carbon filling of the template was achieved. As for
the composite with Xs=80:20, the amount of carbon in the composite was the highest
obtained, but the N, adsorption/desorption isotherm of the composite revealed that the
composite was also somewhat mesoporous, and thus the filling was not complete either.
The carbonization yield in this case was the lowest, probably because H,SO, was
present in excess. Thus, since the decomposition of H,SO, takes place at temperatures
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above 300 °C [28], a significant mass loss should be associated to the removal of this
reagent. Nevertheless, the amount of carbon in this sample was rather high.
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Figure 3. N, adsorption isotherms at -196 °C of the SBA-15/carbon composites prepared using the high-density
phase obtained from creosote mixed with H,SO, at different ratios.

On the other hand, the Xy ratio of 90:10 gave rise to a carbon precursor with a high
carbonization yield (Table 1) and led to a composite material with a high carbon content
and the most extensive filling of the OMS mesopores, since the N,
adsorption/desorption isotherm showed that this material was mainly microporous
(Figure 3).

The SBA-15/carbon composites were washed with NaOH to release the carbon material
from the template, and the carbon material was named as OMCreo. Figure 4a shows
that all the carbon materials obtained with different X ratios possessed type IVb N,
adsorption/desorption isotherms, according to the IUPAC classification, with an H2
hysteresis loop [29] typical of materials with a well-developed mesoporosity but
complex porous texture [30]. The N, adsorption/desorption isotherm of the OMCreo
obtained with X¢=95:5 did not reach a plateau, suggesting that its mesoporosity was
relatively heterogeneous, whereas the other two OMCreo samples exhibited a rather
homogeneous pore size distribution. The hysteresis loop in the case of the sample
prepared with Xg=80:20 was wider than that of the one obtained with Xs=90:10, which
indicated that the former sample had a less homogeneous pore size distribution in the
mesopore region. Thus, its pore size distribution was wider comparing with that of the
sample prepared with Xs=90:10. The micropore volume of the samples increased as the
amount of H,SO, increased, and so the specific surface area increased up to 1067 m?/g
(see Table 2).
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Figure 4. N, adsorption isotherms at -196 °C of the OMC prepared using the high-density phase obtained from
creosote mixed with H,SO, at different ratios.

Elemental analysis indicated that the sulfur content increased with the amount of H,SO,
included in the creosote/H,SO, mixture, but the nitrogen content tended to decrease
slightly (Table 2). On the other hand, the carbon content was maximum at Xs=90:10.

Table 2. Textural properties and elemental analysis of the OMC prepared using the high-density phase obtained from
creosote mixed with H,SOy at different ratios

X, N, adsorption Elemental Analysis

(vol.:vol.) Szer Vr Vup.or Vinp C H N S
(m¥g) (em¥g) (cm¥g) (em¥g)  (Wt.%) (Wt.%) (Wt.%) (Wt.%)

95:5 928 1.30 0.34 0.96 83.32 0.61 2.95 0.21

90:10 1017 1.19 0.38 0.81 87.67 0.46 2.81 0.71

80:20 1067  1.27 0.40 0.87 79.66 0.45 2.24 1.79

The XRD pattern of the SBA-15 showed three peaks at 26= 0.90°, 1.56° and 1.80°,
corresponding to the (1 0 0), (1 1 0) and (2 0 0) reflections (see Figure 5a). The
OMCreo sample obtained with Xs=90:10 and Xs=80:20 showed similar XRD patterns to
that of the SBA-15 template, which indicated that these OMCreo possessed a well
replicated mesostructure. The XRD pattern of the OMCreo obtained with X¢=95:5 still
showed a weak (1 0 0) peak at 26= 0.95°. In this case, the low carbon filling of the
template led to a material with a less ordered and rather heterogeneous pore structure.
The unit cell parameter obtained from the interlayer spacing in the (1 0 0) direction
(d;99) was 11.0 nm for SBA-15 and it decreased to 10.3 nm and 10.0 nm for OMCreo
with X5=90:10 and X=80:20, respectively, probably due to a contraction of the template
during the carbonization step [12,31]. The wide-angle XRD patterns (see Figure 5b)
presented two broad but well-defined peaks at 26= 25° and 43°, corresponding to the
(00 2) and (1 0) reflections. This indicated that the OMCreo materials had a relatively
disordered structure similar to that of the OMCs obtained from other aromatic
compounds [14], but with a higher graphitization degree than that of the OMCs
prepared using pitch or sucrose as carbon precursors [32]. The Raman spectra of the
OMCreo materials (see Figure SI 5 in Supporting Information) showed the typical
features of disordered carbon materials with almost no difference between the samples.
Therefore, the H,SO, ratio had almost no influence in the carbon crystallinity but it had
a strong effect on the mesostructure order.
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Figure 5. Low-angle (a) and wide-angle (b) XRD patterns of the SBA-15 used as template and the OMC prepared
using the high-density phase obtained from creosote mixed with H,SO, at different ratios.

The TEM images of the OMCreo (Xs=90:10) sample (see Figure 6) also demonstrated
that the material had a hexagonal array of pores, with a very well ordered mesoporous
structure. Moreover, the material was seen to be free of any amorphous carbon material
on the outer surface of its constituting particles, as it could have been the case if the
carbon precursor was not well infiltrated into the pores of the SBA-15 template.

100 nm

Figure 6. TEM micrographs of OMCreo (Xs=90:10).

Taking into account all these characterization results, a creosote to H,SO, ratio of
X=90:10 was considered optimal for the preparation of OMC with well-balanced
physicochemical properties. Indeed, this material showed a very well ordered
mesoporous structure with a very narrow pore size distribution, similar to the ones
obtained by impregnation of the same type of template with other carbon precursors
such as sucrose [31,32] but narrower than in the case of the ones obtained using
chemical vapor deposition [32]. The preparation method of OMC:s that is presented here
has several advantages over other methods reported in the literature. In the first place,
creosote is available in large quantities and at a low price, unlike in the case of single
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polycyclic aromatic compounds such as acenaphthene, naphthalene, anthracene, pyrene
or phenanthroline that have been used for the preparation of OMCs [12,14-19], and are
routinely obtained after the industrial distillation of tars and different purification steps.
Furthermore, H,SO, was used in this work, which is much less expensive than the
organic acids that have been used in the preparation of OMCs from some of the
mentioned polyaromatic compounds. Another advantage is that the preparation was
carried out at low pressures, low temperatures and resorting to a one-step impregnation,
unlike the case of impregnation with sucrose [31] or furfuryl alcohol [33], where the
impregnation step must be repeated several times to obtain good quality OMCs. All of
these advantages make the present method more cost-effective and attractive than those
previously used with other carbon precursors. The high surface area (1017 m?/g) and
substantial nitrogen content (2.81 wt.%) potentially make this material suitable for use
in electrochemical energy storage and pollutant removal, since a hierarchical pore
network with nitrogen doping could enhance the performance of porous materials in
such applications [34,35].

3.2 Energy and environmental applications
3.2.1 OMCireo as an electrode for supercapacitors

The performance of the materials as electrochemical capacitors was evaluated in 1 M
H,S0y electrolyte. A 3-electrode cell was used in the first place to study the behavior of
individual electrodes. Figure 7a shows the cyclic voltammograms of the electrodes
prepared from OMCreo (X5=90:10) and the reference activated carbon YP-50F. YP-50F
showed two redox peaks at ca. 0.3 V vs. Ag/AgCl, which is typically associated to the
presence of quinone groups on the surface of the carbon materials. Both electrodes
exhibited low intrinsic resistance (Rs) attributed to the cell assembly and the ionic
resistance of the electrolyte [36], the value of which are obtained from the interception
of their corresponding Nyquist plots with the real part of the impedance (Z,.,;) axis at
high frequencies (see Figure 7b). Rg was 0.17 and 0.13 Q/cm? for OMCreo and YP-50F
respectively. The charge transfer resistance, Rc7, comes from the electronic resistance of
the electrode and the electrode-electrolyte interface [37]. Rcris given by the diameter of
the semicircle observed at medium frequencies in the Nyquist plot (see Figure 7b), and
was slightly lower for YP-50F (1.13 Q/cm?) than for OMCreo (1.59 Q/cm?). However,
after the semicircle, at low frequencies, the imaginary part of the impedance (Z;,)
increased less steeply for YP-50F, probably due to a slow ion diffusion into the porous
structure of the YP-50F carbon, while the increase was rather sharp in the case of
OMCreo, owing to its ordered porous structure that allows a rapid ion transport [38,39].
The time constant (7) obtained from the position of the maximum of the plot of the real
part of the capacitance vs. frequency [40], yielded values of 25.7 s and 8.0 s for YP-50F
and OMCreo, respectively. This supports the conclusion of a better diffusion of the ions
in the less convoluted pore structure of OMCreo (the porous texture characterization of
YP-50F can be found in the Supporting Information).
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Figure 7. Cyclic voltammograms (sweep rate: 5 mV/s) (a) and Nyquist plots (the impedances were normalized to the
electrodes surface) at open circuit voltage of OMCreo and YP-50F measured in 1M H,SO, in a three-electrode cell.

The single electrodes exhibited a higher capacitance for YP-50F (see Table SI 2 in the
Supporting Information), which could be mainly attributed to the pseudocapacitance
observed in the voltammograms. However, the voltammograms measured in the 2-
electrode cells (see Figure SI 7 in Supporting Information) possessed a rectangular
shape indicative of almost purely capacitive behavior. The galvanostatic
charge/discharge profiles obtained in the 2-electrode cell, shown in Figure 8, are
triangularly shaped for both materials, but at high current densities (Figure 8b) the
better diffusion of the ions in the OMCreo electrode made the IR drop less significant
than in the case of the YP-50F. In this configuration, the capacitance values were
similar for both samples, as noticed in Table SI 2 of the Supporting Information,
obtaining capacitance values of the whole cells of 38 F/g and 39 F/g for YP-50F and
OMCereo, respectively at a current density of 50 mA/g. The capacitance value obtained
for OMCreo was very similar to the reported values for mesoporous carbon materials
prepared using the hard-template method with SBA-15 as template and sucrose as
carbon precursor [41,42] and higher than the capacitance reported for pitch derived
OMCs [41]. In general, the OMCreo exhibited capacitance values in agreement with
those reported in the literature for OMCs obtained from SBA-15 with similar surface
areas (see Figure SI 8 in Supporting Information) [12,41-46].
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Figure 8. Galvanostatic charge/discharge profiles of the electrodes prepared from OMCreo and YP-50F obtained at a
specific current of 50 mA/g (a) and 10 A/g (b) in 1M H,SOy in a two-electrode cell.
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The Ragone plots of the capacitors (Figure 9) showed that both samples yielded similar
maximum energy densities, but the better performance at high current densities of
OMCreo afforded higher power density values (0.43 kW/kg and 2.73 kW/kg for YP-
50F and OMCreo, respectively).
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Figure 9. Ragone plot for OMCreo and YP-50F in 1M H,SO,.

3.2.2 OMCereo as a dye adsorbent

The OMCreo (Xs=90:10) was also tested as an adsorbent for removing the dye
methylene blue (MB) from water. The performance of OMCreo was compared to that of
three commercial activated carbons, S300, S1030 and P835, used for a similar purpose.
The porous texture characterization of these samples can be found in the Supporting
Information. S300 and P835 have type I isotherms (see Figure SI 9), typical of
microporous materials, but with some contribution of mesoporosity. S1030 has a higher
presence of mesopores, with a wider isotherm knee and hysteresis loop. Thus, these
activated carbons are mainly microporous but with different contributions of mesopores,
with an increasing mesopore volume in the order P835<S300<S1030 (see Table SI 3).

The equilibrium MB adsorption isotherms (see Figure 10a) were analyzed by the
Langmuir model:

QmKLCe

fo= ——2 3)
T 1+K,C,

where ¢, is the maximum monolayer adsorbed capacity and K, is the Langmuir
constant (see Table 3). It is possible to define a dimensionless equilibrium parameter as:

1
=TTk, @
where C,, is the highest dye concentration. R; indicates whether the shape of the
isotherm is favorable (0<R;<1), linear (R;=1) or unfavorable (R;>1) [47]. Even though
all of the samples showed a very favorable isotherm shape, with very low R; values, the
lower the micropore volume of the carbon materials, the more favorable the MB
adsorption was (see Figure SI 11 in Supporting Information). However, the lower the
micropore volume was, the lower the maximum amount adsorbed MB (see Table 3 and
Figure SI 10 in Supporting Information). The MB molecular dimensions are 1.40 nm x

17



0.60 nm x 0.25 nm, which is in the micropore range, so the MB is likely to be adsorbed
in the micropores. The ¢,z values obtained compared favorably with those of activated
carbons [48] and other OMCs [49,50] reported in the literature.
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Figure 10. Time-resolved adsorption capacities (a) and equilibrium adsorption isotherms of MB on the commercial
activated carbons and OMCreo.

Table 3. Kinetic and equilibrium parameters of the adsorption of MB on the commercial activated carbons and
OMCreo.

Second order kinetic model Langmuir adsorption model
Sample qus
name (mg/g) 9e k2 ) qm K, R,

(mg/_g) (x10 g/mg/min) (mg/_g) (l/mg) (x10%)
OMCreo 579.6 369.2 19.864 365.2 5.00 4.99
S300 387.3 3133 1.779 364.7 5.09 3.92
S1030 570.8 385.0 2.460 342.2 5.05 7.88
P835 569.9 414.7 1.319 395.5 3.72 6.72

The adsorption kinetics data (see Figure 10b) were fitted using the second-order kinetic
model (see equation 5) [51] and the results are collected in Table 3:

LA 5)
qt  kyq% Qe

where ¢, is the adsorption capacity at a time ¢, k; is the rate constant and ¢, is the amount
of dye adsorbed in the equilibrium. The &, value obtained for OMCreo was very similar
to the ones obtained for other OMCs prepared by the hard-template method using SBA-
15 as template [49,50] and higher than the ones obtained for activated carbons, carbon
nanotubes, graphene or graphene oxide [52-54]. It is possible to establish an almost
linear correlation between the rate of adsorption and the mesopore volume of the
samples (see Table 3 and Table SI 3 in Supporting Information), as shown in Figure SI
12 in the Supporting Information. Thus, OMCreo showed a very high rate of adsorption
thanks to not only its high mesopore volume, but also due to its ordered mesostructure,
which would help to drive the adsorbate into the narrow porosity, where its adsorption
would be favored.
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4 Conclusions

Porous carbons with very well ordered mesoporosity were prepared via the hard-
template method using creosote, a low-value coal tar product, as the carbon precursor.
The preparation method was optimized via partial polymerization of the creosote in
acidic medium, obtaining a material with a high surface area and a very narrow pore
size distribution, confined mainly in the range of the mesopores. The well-developed
mesoporosity made the material very promising in applications such as electrochemical
energy storage and water remediation. Indeed, the material showed very good
performance as electrode for supercapacitors and as sorbent of dyes, exceeding the
performance of commercial activated carbons used in the same applications. The
preparation method can potentially be scaled up, since a rather inexpensive carbon
precursor was used, together with a facile template one-step infiltration method at low
pressures already used in the industry for the impregnation of wood.
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Hard template method
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Figure SI 1. Schematic of the preparation of ordered mesoporous carbons via hard template method.

Chromatography

Table SI' 1. Qualitative and quantitative (wt.%) chemical composition of the major components present in the coal
tar-derived liquid determined by gas chromatography.

(Cv\i>t@£<))nent Creosote Flgﬁ(\]/vsedenswty ;:?jgedensny
Benzofuran 0.365 0.178 —
Dibenzofuran 4873 5723 4114
Indane 1.662 2.006 1.081
Indene 0.74 — —
Naphthalene 10.811 11.327 10.712
1-Methyl naphthalene 3.712 3.193 2.315
2-Methyl naphthalene 4344 4838 3.147
Biphenyl 1.717 1.927 1.029
Acenaphthene 11.409 12511 1.855
Fluorene 6.952 7.447 3.992
Fluoranthene 3814 3.040 3.439
Pyrene 2.223 1.459 0.665
Anthracene or Phenanthrene 20.314 21.937 29.000
Quinoline 0.091 — —
Isoquinoline 0.382 — 0.729
1,2,7,8-Dibenzocarbazole — — 0.933
8-mnethy! quinoline — — 0.148
T;%:;Aethoxy%ﬁdioxocepho\otoxf - o 0.205
Azaphenanthrene — — 0.053
2,7-Diaminofluorene 0.085 — —
IH-ndole, 3«3-methyl2-butenyl)— — — 0.532
3-Penten—2-one, semicarbazone — — 2.185
Dibenzotiophene 1.541 — 1.489
Naphtho[2, 1-b]thiophene — 1.735 —
1-Methyldibenzothiophene 0.283 0.231 —
2-Benzothiophene — 0.577 —
Methylbenzo[b]thiophene 0.051 — —
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Infiltration of the template
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Figure SI 2. Schematic of the infiltration of the mesoporous silica.
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Figure S| 3. N2 adsorption/desorption isotherms at =196 °C (a) of the SBA-15 template and the carbon obtained using
creosote B as carbon precursor in acidic medium (Creo/H2S04/SBA-15) and their corresponding DFT pore size

distributions (b).
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Figure SI 4. Low-angle XRD pattern of the SBA-5 used as template and the carbon material obtained using
creosote B as carbon precursor in acidic medium.
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Figure SI 5. Raman spectra of the OMC prepared using the high-density phase obtained from creosote mixed with
H2SO4 at different ratios.
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Electrochemical performance

The specific capacitance values were obtained from the results obtained with different
methods as follows:

Cyclic voltammetry

The capacitance can be obtained from the cyclic voltammperograms as Cev:

where is the current intensity as a function of the voltage, ; s the charge and

and  are the voltage limits;  is the sweep rate; and  is the mass. In the case of the
3-electrode cell configuration, is the mass of the working electrode while in the 2—
electrode cell configuration it was the sum of the mass of both electrodes. In this work,
the specific values are given referred to the mass of the active materials in the electrodes.

Galvanostatic charge/discharge

The energy density, £, can be calculated from the charge/discharge cycles as:

In this technique the current intensity, , is constant. If the system behavior is nearly
capacitive, the energy can be calculated from the capacitance, Caep, as:

The specific power, P, can be obtained as:

Electrochemical impedance spectroscopy

The impedance of a capacitor, , can be expressed as:

where s the angular frequency and f is the frequency. The real part of the capacitance
at the lowest frequency (Cegis) is the same as the capacitance at galvanostatic discharge.
The representation of imaginary part of Cgis vs. f goes through a maximum. From the
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position of the maximum, it is possible to obtain the time constant, z=1/f, known as the
point at which the systemn behavior goes from resistive to capacitive.
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Figure S| 6. Evolution of the real and imaginary capacitance with the frequency at open circuit voltage in 1M H2SOx
for the OMCreo and YP-50F.

Table SI 2. Electrochemical performance parameters for the 3—and 2-electrode cells.

3-electrode cell 2-electrode cell
Sample  Co'  Ced”  Ceis T Cev Cecp™ E” P
(Flg)  (F/g) (F/9) () (Flg)  (Flg)  (Wh/kg) (W/kg)
YP-50F 170 178 157 257 34 38 49 217
OMCreo 132 120 128 8.0 38 39 5.0 21.7

" Specific capacitance obtained from cyclic voltammetry at a sweep rate of 5 m\V/s.

" Specific capacitance, energy and power obtained from the galvanostatic charge/discharge cycling at
50 mA/g.
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Figure SI 7. Cyclic voltammograms (sweep rate: 5 m\V/s) of OMCreo and YP-50F measured in TM H2SO4 in a two—
electrode cell.
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Figure S| 8. Specific capacitance of one electrode measured in H2SO4 electrolyte as a function of the surface area for
ordered mesoporous carbons using the hard<template method with SBA-15 as template and different carbon
precursors reported in the bibliography. The reference numbers are the same as the ones included in the manuscript.
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Commercial activated carbons porous texture
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Figure SI 9. N2 adsorption/desorption isotherms at 196 °C of the commercial activated carbons (a) and their
corresponding pore size distributions (b).

Table SI 3. Porous textural parameters derived from N2 adsorption isotherms at —196 °C of the commercial activated
carbon samples.

N2 adsorption
Sample
name SBeT VT Vip, DR Vinp
(m?/g) (cm’/g) (cm’/g) (cm®/g)
S300 842 0.43 0.33 0.07
S1030 1073 0.55 0.37 0.10
P835 1196 0.53 0.44 0.03
YP-50F 1563 0.72 0.56 0.06
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Dye adsorption
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Figure SI 10. Maximum MB adsorption capacity as a function of the micropore volume of the carbon materials.
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Figure SI 11. Equilibrium parameter as a function of the micropore volume of the carbon materials.
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Figure SI 12. Rate constant as a function of mesopore volume of the carbon materials.
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Figure SI 1. Schematic of the preparation of ordered mesoporous carbons via hard template method.

Chromatography

Table SI 1. Qualitative and quantitative (wt.%) chemical composition of the major components present in the coal
tar-derived liquid determined by gas chromatography.

(C‘;)tl.rzz;)nent Creosote :;l(:;s; ‘;iensny ;Ilizgllsledensuy
Benzofuran 0.365 0.178 —
Dibenzofuran 4.873 5.723 4.114
Indane 1.662 2.006 1.081
Indene 0.741 — —
Naphthalene 10.811 11.327 10.712
1-Methyl naphthalene 3.712 3.193 2.315
2-Methyl naphthalene 4.344 4.838 3.147
Biphenyl 1.717 1.927 1.029
Acenaphthene 11.409 12.511 1.855
Fluorene 6.952 7.442 3.992
Fluoranthene 3.814 3.040 3.439
Pyrene 2.223 1.459 0.665
Anthracene or Phenanthrene 20.314 21.937 29.000
Quinoline 0.091 — —
Isoquinoline 0.382 — 0.729
1,2,7,8-Dibenzocarbazole — — 0.933
8-methyl quinoline — — 0.148
ﬂlc:gr—llg/[ethoxy—S,8-dioxocephalotax- o o 0.205
Azaphenanthrene — — 0.053
2,7-Diaminofluorene 0.085 — —
1H-Indole, 3-(3-methyl-2-butenyl)- — — 0.532
3-Penten-2-one, semicarbazone — — 2.185
Dibenzotiophene 1.541 — 1.489
Naphtho[2,1-b]thiophene — 1.735 —
1-Methyldibenzothiophene 0.283 0.231 —
2-Benzothiophene — 0.577 —
Methylbenzo[b]thiophene 0.051 — —
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Figure SI 2. Schematic of the infiltration of the mesoporous silica.
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Figure SI 3. N2 adsorption/desorption isotherms at -196 °C (a) of the SBA-15 template and the carbon obtained using
creosote B as carbon precursor in acidic medium (Creo/H2SO4/SBA-15) and their corresponding DFT pore size
distributions (b).
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Figure SI 4. Low-angle XRD pattern of the SBA-15 used as template and the carbon material obtained using
creosote B as carbon precursor in acidic medium.
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Figure SI 5. Raman spectra of the OMC prepared using the high-density phase obtained from creosote mixed with
H2SOs4 at different ratios.
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Electrochemical performance

The specific capacitance values were obtained from the results obtained with different
methods as follows:

Cyclic voltammetry
The capacitance can be obtained from the cyclic voltammperograms as Ccy:

ty .
1Q 1), i®de 1

V2
__x e — (V)dV
mV m V,—-V; ”mZ(Vz—Vl)Ser1 ‘w

where i(V/) is the current intensity as a function of the voltage, V; Q is the charge and V;
and V, are the voltage limits; S, is the sweep rate; and m is the mass. In the case of the
3-electrode cell configuration, m is the mass of the working electrode while in the 2-
electrode cell configuration it was the sum of the mass of both electrodes. In this work,
the specific values are given referred to the mass of the active materials in the electrodes.

Galvanostatic charge/discharge

The energy density, E, can be calculated from the charge/discharge cycles as:

1 (@ 1 (¢ , 1 ¢
E=EL VdQ=EJOV(t)l(t)dt=alfoV(t)dt

In this technique the current intensity, i, is constant. If the system behavior is nearly
capacitive, the energy can be calculated from the capacitance, Cgcep, as:

1 5 2E
E=2Coco(V2 = V1)* = Cocp = ASAL
The specific power, P, can be obtained as:
E
P=-
t
Electrochemical impedance spectroscopy
The impedance of a capacitor, Z, can be expressed as:
Z="Zreq1 +JZ; =—L'C=C —JjC;
real T J4im wC’ real — JUim
Zim Zim
C = ———
real(w) (l)lZlZ ZT[lelz
Z Z
Cim(w) = = -

wl|Z|?  2nf|Z|?

where w is the angular frequency and f'is the frequency. The real part of the capacitance
at the lowest frequency (CErs) is the same as the capacitance at galvanostatic discharge.
The representation of imaginary part of Cgss vs. f goes through a maximum. From the

SIS



position of the maximum, it is possible to obtain the time constant, 7=1/f, known as the
point at which the system behavior goes from resistive to capacitive.
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Figure SI 6. Evolution of the real and imaginary capacitance with the frequency at open circuit voltage in 1M H2SO4
for the OMCreo and YP-50F.

Table SI 2. Electrochemical performance parameters for the 3- and 2-electrode cells.

3-electrode cell 2-electrode cell
Sample Cov' Ceep™ CEis T Cov' Ceep™ E” P
(F/g)  (F/g) (F/g) © (F/g)  (F/g)  (Wh/kg) (W/kg)
YP-50F 170 178 157 25.7 34 38 4.9 21.7
OMCreo 132 120 128 8.0 38 39 5.0 21.7

* Specific capacitance obtained from cyclic voltammetry at a sweep rate of 5 mV/s.

“* Specific capacitance, energy and power obtained from the galvanostatic charge/discharge cycling at
50 mA/g.
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Figure SI 7. Cyclic voltammograms (sweep rate: 5 mV/s) of OMCreo and YP-50F measured in 1M H2SO4 in a two-
electrode cell.
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Figure SI 8. Specific capacitance of one electrode measured in H2SO4 electrolyte as a function of the surface area for
ordered mesoporous carbons using the hard-template method with SBA-15 as template and different carbon
precursors reported in the bibliography. The reference numbers are the same as the ones included in the manuscript.
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Commercial activated carbons porous texture
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Figure SI 9. N2 adsorption/desorption isotherms at -196 °C of the commercial activated carbons (a) and their
corresponding pore size distributions (b).

Table SI 3. Porous textural parameters derived from N2 adsorption isotherms at -196 °C of the commercial activated
carbon samples.

N2 adsorption
Sample
name SBET Vr Vip.DR Vinp
(m’/g) (cm’/g) (cm’/g) (cm’/g)
S300 842 043 0.33 0.07
S1030 1073 0.55 0.37 0.10
P835 1196 0.53 0.44 0.03
YP-50F 1563 0.72 0.56 0.06
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Dye adsorption
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Figure SI 10. Maximum MB adsorption capacity as a function of the micropore volume of the carbon materials.
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Figure SI 11. Equilibrium parameter as a function of the micropore volume of the carbon materials.
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Figure SI 12. Rate constant as a function of mesopore volume of the carbon materials.
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