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A B S T R A C T   

Activated carbons doped with nitrogen and/or sulfur have been obtained by pyrolysis followed of steam acti
vation of a sulfur containing polymer (polythiophene) and two nitrogen-containing polymers (polyaniline and 
polypyrrole). These polymers were synthesized by oxidative chemical polymerization in aqueous media of their 
corresponding monomers. 

The influence of the steam activation on the textural properties and surface chemistry of the carbons has been 
evaluated and their catalytic activity has been determined in the hydrogenation reaction of 1-chloro-4-nitroben
zene. The degree of conversion in the reaction depends on the development of adequate porosity in the activated 
carbon (which is determined by the activation conditions) together with the presence of heteroatoms that act as 
active catalytic sites, with S showing considerably greater effectiveness than N. A compromise between an 
acceptable level of doping with sulfur and an adequate porosity is necessary, which has been achieved in a 
carbon obtained from polythiophene pyrolyzed at 900 ◦C and steam activated at 800 ◦C for 4 h, with a specific 
surface area of 742 m2/g and S content of 1.71 at%.   

1. Introduction 

Nitroarenes are widely used as pesticides, herbicides and explosives. 
They are toxic and represent a risk to human health as they can seriously 
harm kidneys, liver and nerves. They are frequently found in industrial 
effluents. Thus, removal of toxic nitroarenes from wastewater is an 
important environmental issue [1]. The transformation of the toxic 
nitroarenes into value-added compounds, such as anilines, which in 
turn, are intermediates for dyes, polymers and pharmaceuticals pro
duction in the chemical industry [2], is highly interesting [3]. Anilines 
are typically prepared by the catalyzed reduction of nitroarenes. 

Although some reductants are capable of generating hydrogen in 
situ, such as hydrazine hydrate, its high toxicity and cumbersome 
handling make its application on an industrial scale difficult [4]. Formic 
acid [5] and sodium borohydride [6], are interesting for their ease of 

use, however, some drawbacks associated to secure handling of formic 
acid as well as sodium borate generation as byproduct of sodium boro
hydride, makes necessary the search for alternative reducing agents. 
Thus, catalytic hydrogenation using molecular hydrogen is the most 
economical, environmentally benign, efficient, and straightforward 
approach for the reduction of nitroarenes [7,8]. 

The reduction of nitroarenes to produce anilines require the use of a 
catalyst. Highly efficient heterogeneous catalysts are preferred to ho
mogeneous catalysts due to the ease separation and recyclability of the 
former [9]. However, several scientific challenges remain, such as 
achieving the selective hydrogenation of the nitro groups when other 
groups, which should be retained to preserve products with high syn
thetic value, are present [10]. 

The reaction mechanism and corresponding active sites for the 
adsorption of the nitro group, hydrogen dissociation and subsequent 
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step-by-step hydrogenation are still under debate. H2 activation is a 
critical step in the catalytic hydrogenation. This can be produced by 
homolytic or heterolytic dissociation [11]. The first involves the cleav
age of the H–H bond and the formation of two hydrides. In this process, 
the metal catalyst accepts the σ electrons from H2 and provides d-elec
trons to its antibonding σ* orbital. The other way to activate H2 is 
through heterolytic dissociation, where H2 is cleaved into Hδ+ and Hδ−

under the action of a nucleophile. Then, the hydrogenation of polar 
groups such as the nitro (-NO2) group occurs. 

In addition to H2 dissociation, the adsorption and activation of the 
–NO2 group are also critical to control the reaction selectivity. Selective 
hydrogenation of –NO2 group in the presence of other reducible groups 
is a particular challenge, so the development of suitable catalysts is 
required. Many methods used to date, either cannot be considered as 
chemically sustainable or produce an improvement in selectivity at the 
expenses of activity. Thus, they are not satisfactory for practical appli
cations [11]. It is therefore necessary to develop suitable catalysts, 
which are environmentally friendly, economically worthy, as well as 
highly selective to the hydrogenation of the nitro group of nitroarenes to 
give the corresponding aniline. 

Catalysts based on precious, non-precious, mono- and bimetallic 
metals [12] have been extensively studied. Highly active metal catalysts 
for the hydrogenation reaction such as Pt [9,13–15], Pd [16–18], Rh 
[19], Ru [20] or Ni [11] generally have low selectivity towards the –NO2 
group in the presence of one or more additional reducible groups, 
especially the halogen group (F, Cl, Br and I) [21]. In the case of hal
onitroarenes, it is very common to obtain a mixture of haloanilines and 
dehalogenated products [9] at the experimental conditions required to 
obtain high conversion rates [8]. 

Although some satisfactory results have been obtained with non- 
noble metal catalysts such as Co [22] Ni [12] or Fe [23], they usually 
show low catalytic activity unless a promoter is added, and they suffer 
from irreversible deactivation due to the surface oxidation of metal 
particles. Besides, the problem of metal leaching into the solution makes 
necessary the search for metal-free alternatives. 

The use of activated carbons not only as catalysts supports [24–26] but 
also as metal-free catalysts [27,28] has recently experienced an increasing 
interest. Non functionalized activated carbons are not suitable catalysts for 
the hydrogenation of nitroarenes because the interaction of the carbon 
surface with H2 and the –NO2 group is very weak due to the uniform charge 
distribution in the carbon material that abates the interaction between the 
reactants and the catalyst, and blocks the electron transfer [10,29]. Doping 
with heteroatoms [30] improves the properties of activated carbons 
resulting in enhanced thermal stability [31] and resistance against oxida
tion [32]. Doping also changes the electronic structure [33] of the carbon 
materials favoring their use as metal-free catalysts with adequate activities 
and selectivities [34]. The introduction of the heteroatom into the sp2 

structure of carbon modifies its electrical and chemical properties. Het
eroatom binding to the carbon structure introduces new defects in nearby 
sites due to differences in bond length and atomic size between the dopant 
and the carbon atoms. This produces a local charge enrichment around the 
defect sites which favors H2 dissociation. 

Nitrogen doping has become popular in the recent decades [35,36]. 
N atom size (0.65 Å) is similar to that of C atom (0.70 Å), so it is easily 
inserted into the carbon lattice. Furthermore, the lone pair of electrons 
in the N atom can form π-conjugate bonds with π-bonds of the carbon 
lattice [29]. Because of the larger electronegativity of N atoms (3.04) 
with respect to that of C atoms (2.55), charge redistribution on the C 
atoms near the N dopant leads to an electron deficient area, which en
hances hydrogen adsorption, and consequently increases the carbon 
catalytic performance [29,37–39]. 

Different N species are frequently observed in the nitrogen-doped 
carbon lattice: pyrrolic nitrogen, pyridinic nitrogen, graphitic nitrogen 
(also known as N-quaternary) and pyridine N-oxide (Scheme 1) [40]. 
Each of these species modifies the electronic and transport properties of 
carbon in a different way [41]. Pyridinic N is coordinated to two carbon 
atoms and contributes with one p electron to the π system, while pyrrolic 
N substitutes one carbon atom in a five-membered ring and contributes 
with two p electrons to the π system. Quaternary or graphitic nitrogen is 
found bonded to three carbon atoms in the hexagonal ring planes of 
carbon. Because it satisfies a lower number of coordination sites in this 
arrangement, it is expected to act as an electron donor. In addition to 
these nitrogen species, it is also possible to find oxidized nitrogen species 
(pyridine N-oxide). Different N species play a crucial role in different 
catalytic processes. 

Although nitrogen has been extensively studied, there is a recent 
interest in sulfur doping of carbon [42,43], mainly for its application in 
electrochemical processes, due to the unique properties that sulfur 
provides to the carbon materials [44]. Sulfur [45] has an electronega
tivity (2.58) quite similar to carbon (2.55) but its size (1 Å) is consid
erable larger than that of carbon (0.70 Å) and nitrogen (0.65 Å). The 
introduction of sulfur atoms tends to induce structural defects in the 
carbon structures, which endows the carbon materials with unique 
electronic configurations, high specific surface areas and numerous 
active sites, which makes them very interesting in catalysis [46]. 

Among the different functionalities found in sulfur-doped carbons 
(Scheme 1) [40], some of them have a marked redox character, such as 
sulfone and sulfoxide groups, which are attributed to the improvement 
in the electrochemical properties of these carbons for their use in 
supercapacitors [40]. The most oxidized species (sulfoxide, sulfone or 
sulfonic acid) tend to be reduced to thioether or thiophene at high 
temperatures. In the thioether group, sulfur replaces one carbon atom 
within a six-atom ring and is bonded to two carbon atoms [47]. In the 
thiophene group, sulfur replaces one carbon atom in a five-atom cycle. 

Scheme 1. N and S functionalities that can be detected in doped carbons.  
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There is much controversy about which nitrogen or sulfur species are 
active for the hydrogenation of nitroarenes. There are studies [48] that 
consider that oxidized nitrogen species and pyridinic nitrogen are not 
active for hydrogenation, and that the observed improvement in activity 
with increasing graphitic (quaternary) nitrogen content is indicative of 
the predominant role of this species in hydrogenation. This is explained 
by considering that the introduction of quaternary nitrogen into the 
carbon lattice provides carbon with a d-band electronic structure similar 
to that of metals, which makes the catalytic performance of carbon 
similar to metals [49]. However, Li et al. [29] attribute the selectivity of 
an N-doped carbon to the increasing in the pyrrolic nitrogen content to 
an adequate level, which generates a synergistic effect with graphitic 
nitrogen. Furthermore, they consider nonpolar hydrogen radicals to be 
the active species. 

On the other hand, Xiong et al. [50] conclude that pyrrolic nitrogen 
is the most active species, which facilitates the heterolytic dissociation 
of hydrogen into Hδ+ and Hδ− . The reduction of nitrobenzene occurs by 
two pathways: the direct pathway with N-phenylhydroxylamine as the 
intermediate product, and the indirect pathway with azobenzene as the 
intermediate product [11]. In the mechanism they propose, Hδ+ in
teracts with pyrrolic nitrogen and the neighboring carbons combine 
with Hδ− . Next, nitrobenzene adsorbed on the carbon surface is reduced 
and hydrogenation occurs via the direct route. 

Besides, Hu et al. [42] studied the catalytic reduction of nitrobenzene 
using hydrazine hydrate (N2H4) as hydrogen source and a N, S-co-doped 
catalyst prepared from a mixture of trithiocyanuric acid, glyoxal and 
melamine. They propose a mechanism in which N2H4 is adsorbed on the 
catalyst and further activated at the N- and S-containing active sites. 
Then the heterolytic cleavage of N2H4 is produced. The resulting 
hydrogen species bond with electronegative N and S (N–Hδ+ and S–Hδ+) 
and with electropositive C (C–Hδ− ). In addition, based on the above 
detailed analysis of N, S dopants and the formation of defects, the main 
active sites are located at defects. Then, nitrobenzene is reduced by the 
assistance of N–H δ+, S–H δ+, and C–H δ− species at the defects, where 
the active sites are preferably located. 

Sulfur-doped carbons can be prepared directly from different sulfur- 
containing precursors. Sulfur can be added in a post-treatment as well, 
by making the carbon react with a sulfur-rich compound in the form of 
either a gas [44], a liquid or a solid [51,52]. The former method pro
duces carbons with a high doping level and a very good distribution of 
sulfur in the material [53], while the procedure based on mixing the 
carbon with a sulfur precursor may block part of the porosity, thus 
decreasing the carbon surface area. Besides, sulfur that is not incorpo
rated into the carbon lattice can easily leach to the solution, which is a 
detrimental consequence [54,55]. 

Taking this into account, in this work, an alternative method for 
obtaining sulfur-doped carbons has been considered. It is based on the 
pyrolysis of a sulfur-containing polymer, polythiophene. Polythiophene 
is a conducting polymer, although its interest in this work is not related 
to its electrical properties but to the regular distribution of sulfur in its 
polymeric structure. It can be synthesized either electrochemically or 
chemically, although the later produces a higher yield. Chemical syn
thesis is based on the oxidative polymerization of thiophene monomer 
usually in organic solvents, due to the low solubility of thiophene in 
water [56,57]. In order to avoid the environmental concerns inherent to 
this synthesis, an alternative environmentally friendly route in aqueous 
medium has been used in this work, which is quite challenging due to 
the low solubility of thiophene in water [58]. 

Sulfur-doped carbons have been used as metal phase-free catalysts in 
both oxidation and reduction reactions. For example, Anfar et al. [59] 
prepared sulfur-doped carbons from almond shells and compared their 
catalytic activity in the oxidation with sodium persulfate of various 
organic pollutants found in wastewater such as Orange G, Bisphenol A 
and Diuron. They found that the S-doped porous carbons were less active 
than the N or the N,S-doped carbons and that high levels of S in the 
carbon network negatively influenced the persulfate activation. On the 

other hand, Wang et al. [60] prepared sulfur-doped graphene using 
elemental sulfur. They found that a S content of 3.4 at.%, provided a 
high catalytic performance in the reduction of 4-nitrophenol to 4-amino
phenol using sodium borohydride as reductant. 

The benefits of doped carbon materials depend not only on the 
presence of heteroatoms, but also on the ability of the reactants to access 
the catalytic sites, especially in reactions involving the use of large 
molecules. For this reason, it is necessary to develop an adequate 
porosity. Polythiophene synthesized for this study was submitted to a 
pyrolysis treatment which resulted in a sulfur-containing carbon with 
very low porosity. Therefore, a further activation treatment was neces
sary. Steam activation under different experimental conditions of a the 
polytiophene-derived carbon were studied, and its physical and chem
ical properties evaluated. 

There are very few studies involving the use polymers as precursors 
of doped carbons for their application as metal-free catalysts for the 
hydrogenation reaction of nitroarenes. Having in mind the use of green 
and sustainable procedures, the catalytic performance of the 
polythiophene-derived S-doped carbon in the hydrogenation of 1- 
chloro-4-nitrobenzene using the benign molecular hydrogen have been 
compared to those of N-doped carbons obtained from polyaniline and 
polypyrrole and to that of a N–S doped carbon obtained from the py
rolysis of polypyrrole-co-polythiophene copolymer. In all cases the 
polymers were chemically synthesized in aqueous media under envi
ronmentally friendly reaction conditions. 

2. Experimental 

2.1. Synthesis of the carbon materials 

Polythiophene (PT) was synthesized by the oxidative polymerization 
of thiophene monomer in aqueous medium. This synthesis requires a 
combination of anhydrous FeCl3 as catalyst and H2O2 as oxidant to 
guarantee a high yield, thanks to the continuous regeneration of Fe3+ by 
oxidation of the Fe2+ formed by reaction with H2O2 [58]. The 
FeCl3/H2O2 ratio was 0.00422. The experimental procedure was as 
follows: 5.7 mL of thiophene monomer (C4H4S, Sigma Aldrich, ACS re
agent, ≥99 %) were dissolved in 180 mL of distilled water and added to a 
glass reactor fitted with a reflux condenser and a mechanical stirrer. 
Hydrogen peroxide (33.75 mL, 30 % w/w, Sigma Aldrich, ACS Reagent, 
>99 %) was added to the reactant mixture solution. 48.0 mg of anhy
drous iron (III) chloride (FeCl3, Sigma Aldrich, ≥99.99 %) were dis
solved in 15 mL of deionized water and slowly added to the reactant 
mixture solution with a syringe during 60 min. This mixture was then 
stirred at 300 rpm for 12 h at 50 ◦C. The initial colorless solution turned 
to orange and finally brown, indicating the polymerization process. The 
dark brown PT precipitated was washed with distilled water, filtered, 
and dried at 50 ◦C for 24 h. 

Polypyrrole (PPy) was prepared by the oxidative polymerization of 
pyrrole monomer (C4H5N, Sigma Aldrich, ACS reagent, ≥99.5 %) using 
iron (III) chloride hexahydrate (FeCl3 ⋅ 6H2O, Sigma Aldrich, ACS re
agent, ≥99.5 %) as oxidant, in a molar ratio (oxidant:monomer) of 2.33. 
The oxidant (9 g, i.e. 0.033 mol) was dissolved in distilled water (200 
mL) and then 1 mL of pyrrole monomer (i.e. 0.0144 mol) was added 
dropwise under stirring for 6 h at room temperature. The solution turned 
dark, this indicating the progress of the polymerization reaction. The 
precipitated PPy polymer was then filtered from the solution and 
washed with distilled water until the washing water turned colorless. 
Finally, PPy was dried in an oven at 80 ◦C for 12 h [61]. 

Polyaniline (PANI) was synthesized via oxidative chemical poly
merization of aniline (C6H5NH2, Sigma Aldrich, ACS reagent, ≥99.5 %). 
For the synthesis of polyaniline, ammonium peroxodisulfate was used as 
oxidant, so 14.8 g of (NH4)2S2O8 (Sigma Aldrich, ACS reagent ≥98 %) 
were dissolved in 300 mL of a sulfuric acid solution 0.2 M (H2SO4, Sigma 
Aldrich, ACS reagent, 95.0–98.0 %). Then 4 mL of aniline were added 
dropwise and the solution was stirred for 20 h at room temperature. 

J.-J. Villora-Picó et al.                                                                                                                                                                                                                         



International Journal of Hydrogen Energy 53 (2024) 490–502

493

After approximately 30 min, the solution acquired a dark green color 
that confirmed the formation of the emeraldine salt form of the polymer. 
The PANI product was then filtered, washed with distilled water until 
yellowish washing waters turned colorless and finally dried at 80 ◦C for 
12 h [62]. 

The synthesis of the PPy-PT copolymer was carried out by dissolving 
2.8 mL of pyrrole and 2.8 mL of thiophene in 180 mL of water. Then, 
33.75 mL of 30 % H2O2 was added to the mixture. Subsequently, 48 mg 
of FeCl3 were dissolved in 15 mL of deionized water and slowly added 
dropwise for more than 60 min to the reaction mixture solution using a 
syringe. This mixture was stirred at 300 rpm for 12 h at 50 ◦C. 

The synthesized polymers were pyrolyzed in a tubular furnace at 
900 ◦C for 4 h using a heating ramp of 5 ◦C/min under a nitrogen flow 
(100 mL/min). The resulting carbons exhibited low porosity and surface 
area, so an activation treatment with steam was carried out to improve 
their porous properties. Thus, the carbons were introduced into a 
tubular oven equipped with a peristaltic pump and a drop of water was 
added every 4 min. This steam activation treatment was carried out at 
800 ◦C for 4 h in the case of the carbons obtained from PPy and PANI. 
The carbon prepared from PT was submitted to steam activation at 
several temperatures (700, 800 and 900 ◦C) and activation times (4 or 6 
h). 

The following nomenclature was used for the activated carbons 
prepared from the carbonized polymers. First, the polymer is named 
with its acronym, then P refers to pyrolysis, the number refers to the 
pyrolysis temperature in Celsius degrees divided by 100; S refers to 
Steam activation, followed by a number that corresponds to the acti
vation temperature in Celsius degrees divided by 100. The last number 
indicates the activation time in hours. For instance, sample PT-P9-S8-4 is 
a carbon obtained from polythiophene (PT), Pyrolyzed at 900 ◦C (9) and 
activated with Steam (S) at 800 ◦C (8) for 4 h (4). 

2.2. Catalytic tests 

The catalytic behavior of the metal-free doped carbon materials 
prepared from the polymers was tested in the 1-chloro-4-nitrobenzene 
hydrogenation reaction. The reaction was performed in a high- 
pressure stainless-steel reactor (Biometa), equipped with a hydrogen 
inlet, a stirrer, a furnace, pressure and temperature controllers and a 
system for aliquots extraction. 500 mg of carbon were added to 100 mL 
of a solution (0.1 M) of 1-chloro-4-nitrobenzene (ClC6H4NO2, Sigma 
Aldrich, 99 %) in ethanol. Octane (200 μL) (CH3(CH2)6CH3, Sigma 
Aldrich, ≥99 %) was added as internal standard. Experimental condi
tions were set using H2 at 50 bar. The system was heated under slight 
stirring rate (10 rpm) until a temperature of 150 ◦C was reached. At that 
time, the stirring rate was increased to 300 rpm. Finally, aliquots of 2 mL 
were periodically extracted and analyzed in a gas chromatograph (QP- 
2010 GC-MS Shimadzu) coupled to a mass spectrometer and an HP-5 
capillary column using helium as carrier gas. 

Each doped carbon sample was tested five times in the hydrogena
tion reaction, and the average of the conversion data was calculated. The 
standard deviation was always less than 2 % (Table S1). The reusability 
of metal-free doped carbon materials was studied on the PT-P9-S8-4 
carbon sample for 5 cycles. Thus, the metal-free catalyst was recov
ered by filtration after each reaction cycle, washed with ethanol and 
dried in an oven at 80 ◦C for 6 h, before being reused. 

2.3. Characterization techniques 

The as-synthesized polymers were analyzed by Fourier Transform 
Infrared Spectroscopy in the Attenuated Total Reflection mode, (ATR- 
FTIR). A JASCO FTIR 4700 spectrometer equipped with an ATR PRO 
ONE accessory was used. The analysis was performed using a scanning 
speed of 2 mm/s, an aperture of 7.1 mm and a resolution of 4 cm− 1. 

TGA experiments were carried out in a TGA-DSC2 (Mettler Toledo) 
equipment. A heating rate of 10 ◦C/min and a nitrogen flow of 100 mL/ 

min were set. A sample mass of 3–4 mg was introduced into a 70 μL 
alumina crucible, which was allowed to stabilize for 20 min at room 
temperature. A temperature scan between 25 and 900 ◦C was 
performed. 

The textural properties of the carbons were determined by N2 and 
CO2 adsorption measurements at − 196 ◦C and 0 ◦C, respectively, using 
an AUTOSORB-6 equipment (Quantachrome Instruments). The samples 
were previously outgassed at 250 ◦C for 4 h under vacuum in an 
AUTOSORB DEGASSER (Quantachrome Instruments). 

SEM images were obtained with a Hitachi S3000 N scanning mi
croscope. Previously to the measurement, the samples were dried in an 
Electron Microscopy Sciences model EMS 850 critical point drier. 

X-ray photoelectron spectroscopy (XPS) was performed in a K- 
ALPHA spectrometer (Thermo Scientific). All spectra were collected 
using Mg-Kα radiation (1253.6 eV), monochromatized by a twin crystal 
monochromator, yielding a focused X-ray spot with a diameter of 400 
nm, at 3 mA x 12 Kv. 

Raman spectroscopy was carried out in a Raman Jasco NRS-5100 
equipment using a 532 nm laser and 600 lines per mm slit between 
0 and 4000 cm− 1. 

Water adsorption isotherms were obtained with a Vstar Win instru
ment (Quantachrome) for water and organic vapors adsorption. Before 
the determination of the adsorption isotherms, samples were outgassed 
at 250 ◦C for 4 h under vacuum. 

3. Results and discussion 

3.1. Fourier Transform Infrared Spectroscopy (FTIR-ATR) 

The as-synthesized polymers were characterized by infrared spec
troscopy (Fig. 1). The FTIR-ATR spectrum of polythiophene shows the 
typical polymer bands. Besides, a broad band around 3400 cm− 1 that 
corresponds to O–H stretching shows the presence of adsorbed water on 
the surface. Two small peaks are distinguished at 3080 and 2916 cm− 1, 
which correspond to the C–H stretching vibration of the ring. At 1675 
and 1405 cm− 1 two peaks, characteristic of C––C asymmetric and 
symmetric stretching vibration, are shown [63]. The peaks around 1165 
and 1040 cm− 1 correspond to the C–H bending and C–H in-plane 
deformation respectively. At 790 cm− 1 a characteristic peak of 
out-of-plane bending mode of C–H appears, while at 700 cm− 1 the vi
bration corresponding to C–S bending is observed, this indicating the 
presence of sulfur [64]. 

A broad band between 2000 and 3000 cm− 1, corresponding to the 
O–H stretching of adsorbed water, is observed in the FTIR spectrum of 
polyaniline. Characteristic peaks of polyaniline appear at lower wave
numbers. The absorption peaks at 1580 and 1490 cm− 1 are attributed to 
the C––C stretching vibration of the quinoid and benzenoid rings of 

Fig. 1. FTIR-ATR spectra of the synthesized polymers.  
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emeraldine. The peak which is located at 1250 cm− 1 is due to the C–N 
stretching vibration of the secondary amino groups, and the peak at 
1190 cm− 1 is assigned to the C––N stretching mode of the quinoid rings. 
At 800 cm− 1 N–H bending appears [65]. 

In the FTIR spectra of polypyrrole, the absorptions at 2658 and 2324 
cm− 1 are characteristic of the N–H stretching. A peak around 1580 
cm− 1, due to C––C stretching, can be observed, whereas the peaks at 
1300, 1200 and 1050 cm− 1 correspond to the C––N bending, C–N 
stretching and =C–H bending vibrations, respectively. The absorptions 
around 700 and 800 cm− 1 may be due to out-of-plane vibration of the 
C–H bond of the polypyrrole ring. The peak at 980 cm− 1 corresponds to 
the stretching vibration of the C––N+-C group [66], which evidences 
that the oxidized form of polypyrrole has been produced during its 
synthesis. 

The FTIR-ATR spectrum of the polypyrrole-co-polythiophene (PPy- 
PT) copolymer mainly shows the polythiophene bands. A pronounced 
band corresponding to the bending vibration of the C–S bond over 700 
cm− 1 stands out. However, the C–N stretching band characteristic of 
polypyrrole can be observed around 1200 cm− 1. This suggests that 
copolymerization of thiophene and pyrrole has occurred, although the 
contribution of polythiophene units is considerably higher. Conse
quently, it is ruled out that it is a block copolymer, with blocks of pol
ythiophene and polypyrrole regularly distributed, where the absorptions 
with similar intensities of both polymers should be appreciated. The 
spectrum obtained suggests that the chains of polythiophene are 
considerably longer than those of polypyrrole. 

3.2. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) allows to determine the thermal 
stability of the pristine polymers, and to predict the carbonization per
formance at 900 ◦C (Fig. 2). The thermogravimetric curve of PT shows a 
weight loss between 80 and 100 ◦C attributed to the removal of occluded 
water and/or unreacted monomer. Next, 30 wt% loss in the interval 
between 200 and 400 ◦C corresponds to the removal of the counterion 
dopant of the polymeric chain. From 400 ◦C there is a linear weight loss 
due to the polymeric chain breaking and degradation [67]. At 900 ◦C 
there is a residue of 30 wt%. 

Several stages of weight loss are observed in the PANI thermogra
vimetric curve. The first loss, approximately 5 wt%, between 25 and 

100 ◦C, is due to the loss of occluded water. Subsequently, three stages of 
degradation of the polymeric chain centered approximately at 300, 500 
and 750 ◦C are observed [68]. The increase in temperature up to 900 ◦C 
originates an additional weight loss, producing a residue of approxi
mately 50 %. 

The PPy thermogram shows a 10 wt% loss step between 25 and 
150 ◦C, which corresponds to the loss of volatiles (occluded water, 
oligomers, and unreacted monomer) [69]. Subsequently, a linear weight 
loss occurs and a 50 wt% residue is obtained at 900 ◦C. 

The thermogravimetric curve of PPy-PT copolymer shows a loss of 
occluded water between 50 and 100 ◦C. The mass loss as a function of 
temperature then progresses steadily up to 900 ◦C. This thermogravi
metric curve shows similarities with the corresponding curves of PPy 
and PT polymers. Although the shape of the curve is more similar to that 
of PT (which is in agreement with the corresponding FTIR-ATR spectra), 
at 900 ◦C, a residue of approximately 55 % by mass is obtained, similar 
to that obtained from PPy, and higher than that obtained with PT (30 
%), so it can be deduced that the introduction of PPy units provides 
thermal stability to PT within the PPy-PT copolymer. 

3.2.1. Scanning electron microscopy (SEM) 
Once determined, by means of TGA, the weight of the residues ob

tained after submitting the polymers to a thermal treatment in nitrogen 
atmosphere from room temperature up to 900 ◦C, the polymers were 
pyrolyzed at 900 ◦C in nitrogen atmosphere to obtain the carbon ma
terials. Subsequently, the obtained carbons were steam activated at 
800 ◦C for 4 h. The surface topography of the carbons was determined by 
SEM (Fig. 3). The carbons obtained from the pyrolysis of the polymers 
have a globular morphology with agglomerates of spherical particles. 
The steam activation treatment does not change the morphology of the 
carbon materials. 

3.3. X-ray photoelectron spectroscopy (XPS) 

XPS provides information about the chemical composition of the 
carbon surface. As expected, nitrogen is detected in the carbons obtained 
from polyaniline and polypyrrole, although in different amounts 
depending on the raw polymer (Table 1). Thus, the polyaniline-derived 
carbon (PANI-P9) shows a nitrogen content of 4.5 at.% versus 1.5 at.% 
in the polypyrrole-derived carbon (PPy-P9). PANI was synthesized using 

Fig. 2. TGA curves of the synthesized polymers under nitrogen atmosphere.  
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sulfuric acid to provide a sulphate counterion to the polymeric chain, 
however, sulfur is not detected in the carbon obtained from the pyrolysis 
of PANI. 

On the other hand, polythiophene pyrolyzed at 900 ◦C (PT-P9) gives 
rise to a carbon with a considerable sulfur amount (2.5 at.%). The car
bon obtained from polythiophene after pyrolysis at 900 ◦C was sub
mitted to a steam activation treatment at three different temperatures 
(700, 800 and 900 ◦C). A gradual loss of sulfur is produced as the acti
vation temperature increases, due to the decomposition or reaction of 
the thermally unstable sulfur species during the activation process [70]. 
The increase in the steam activation time at 800 ◦C from 4 to 6 h results 
in a more important sulfur removal (1.71 at. % in PT-P9-S8-4 vs. 1.54 at. 
% in PT-P9-S8-6). Despite of the gradual loss of sulfur with the 
increasing temperature, 1 at.% sulfur is detected at in the carbon steam 
activated at 900 ◦C (PT-P9-S9-4). At the activation experimental con
ditions of 900 ◦C for 6 h, the carbon was completely burnt out, and no 
carbon sample remained after the activation process. 

Both sulfur and nitrogen are detected in the PPy-PT copolymer, 
which are partially eliminated during the steam activation. On the other 
hand, the oxygen atomic percentage oscillates between 2 and 3 at.% in 
the carbons obtained from PT and PANI but is considerably higher in the 
PPy-PT copolymer [71]. 

Curve fit of the high-resolution XPS spectra provides information 
about the oxidation state, type of bond and chemical environment of 
each atom. Several nitrogen species can be identified in the high- 
resolution N 1s spectra. Nitrogen can be present in the form of 

pyridinic nitrogen (=N–H) (centered at 398.4 eV), pyrrolic (N–H), 
(centered at 400.0 eV), quaternary -also called graphitic nitrogen- (=N+- 
H) centered at 401.7 eV) and pyridinic oxides (N+-O-), centered at 402.1 
eV [72–74] (Scheme 1). 

Polypyrrole and polyaniline-derived carbons show the contribution 
of pyridinic nitrogen (=N–H) at ≈398.4 eV, quaternary nitrogen at 
≈400.8 eV and oxidized nitrogen at ≈402.2 eV (Fig. 4, Table S2). These 
nitrogen centers are potentially active for the catalytic reaction, but the 
relative amount of each species depends on the polymer precursor and 
the activation treatment. The most abundant species in the polyaniline- 
derived carbons is the quaternary nitrogen, both in the pyrolyzed 
polymer (PANI-P9) and in the steam activated polyaniline-derived car
bon (PANI-P9-S8-4). In the polypyrrole-derived carbon (PPy-P9), pyr
idinic and quaternary nitrogen are present on the surface. The activation 
process (PPy-P9-S8-4) introduces N-oxide species [75]. The carbons 
prepared from the PPy-PT copolymer show the presence of pyrrolic ni
trogen and some contribution of quaternary, which becomes the only 
species present when this carbon is steam activated. This great variety of 
nitrogen centers that are potentially active for the catalytic reaction, 
depend on the nature of polymeric precursor, and also on the pyrolysis 
and activation conditions. 

The deconvolution of the S2p band provides valuable information on 
the chemical state of the sulfur atoms incorporated into the carbon 
lattice. 2.5 at.% sulfur is detected in the carbon obtained from poly
thiophene (PT-P9) (Table 1), showing a single peak around 163.9 eV, 
which is ascribed to sulfur in C–S–C species (Fig. 5, Table S3). This 
confirms the incorporation of sulfur to the carbon lattice. Steam acti
vation of this carbon does not modify the nature of the sulfur species. On 
the other hand, the S2p curve fit corresponding to the carbons obtained 
from the PPy-PT copolymer, show, in addition to C–S–C species, the 
contribution to higher binding energy (168.08 eV) of -C-SOx species, 
which become more important after the steam activation treatment. 

3.4. Raman spectroscopy 

The carbons microstructure was analyzed by Raman spectroscopy 
(Figures S1 and S.2. in supporting information). Two main bands, 
characteristic of activated carbons, are detected. G-band (1580 cm− 1), 
typical of graphite, denotes the crystallinity of the carbon whereas D- 
band, typical of amorphous carbon (1355 cm− 1) is attributed to the 

Fig. 3. SEM images of the carbon materials.  

Table 1 
Surface elemental composition (at.%) of the carbons determined by XPS.  

Sample C 1s O 1s S 2p3/2 N 1s 

PT-P9 95.00 2.52 2.48 - 
PT-P9-S7-6 95.26 2.50 2.24 - 
PT-P9-S8-4 95.51 2.78 1.71 - 
PT-P9-S8-6 96.22 2.24 1.54 - 
PT-P9-S9-4 96.94 2.08 0.98 - 
PANI-P9 92.85 2.70 – 4.45 
PANI-P9-S8-4 93.89 2.84 – 3.27 
PPy-P9 90.84 7.63 – 1.53 
PPy-P9-S8-4 95.19 2.87 – 1.94 
PPy-PT-P9 85.62 9.98 1.40 3.00 
PPy-PT-P9-S8-4 91.42 7.23 0.94 0.41  
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Fig. 4. Curve fit of the high-resolution N 1s XPS spectra.  

Fig. 5. Curve fit of the high-resolution S 2p XPS spectra.  
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presence of defects and disorder in the structure [76,77]. The ratio be
tween the intensity of these two bands (ID/IG) shows the ordering level 
of the carbon lattice. 

The Raman spectra of the carbons obtained from polymers contain
ing nitrogen (PPy and PANI) (Figure S1.) show ID/IG ratios between 0.98 
and 0.96 (Table 2). These values denote a fairly ordered structure due to 
the regular chain structure of its polymeric precursors. The pyrolysis of 
the polymers produces the carbonization of the hydrocarbon chain but 
not the removal of heteroatoms, which remain anchored to the carbon 
matrix with a certain degree of order. The activation treatment produces 
only a slight decrease in the ID/IG ratio in the polypyrrole-derived car
bon, which can be ascribed to the loss of nitrogen during this process. 

The carbons obtained from polythiophene (Figure S2.) show ID/IG 
ratios close to 1, somewhat higher than in the N-containing carbons 
(Table 2). This can be explained considering that sulfur atoms, which are 
larger than the carbon atoms, contribute in a great extension to the 
creation of defects and the consequent increase of the disorder [78]. This 
is evidenced by the ID/IG ratio (1.05) of the N,S-co-doped carbon ob
tained from polypyrrole-co-polytiophene (PPy-PT-P9) due to the defects 
introduced by S, when it is compared to the ID/IG ratio (0.98) of the 
polypyrrole-derived carbon (PPy-P9). Nevertheless, the highest ID/IG 
ratio (1.23) is observed in the polytiophene-derived carbon steam acti
vated at 900 ◦C (PT-P9-S9-4), probably due to the higher development of 
porosity produced during the activation process [79]. Therefore, the 
carbons textural properties need to be analyzed and quantified. 

3.5. N2 adsorption-desorption isotherms at − 196 ◦C 

The textural properties of the carbons were determined by physical 
adsorption of nitrogen at − 196 ◦C. The corresponding textural param
eters have been calculated and are shown in Table 3. The shape of the 
nitrogen adsorption isotherms of the different carbons obtained from 
polythiophene is a combination of Type I(a) and Type IV(a) isotherms 
(Fig. 6a). Type I(a) isotherms are characteristic of microporous solids 
with narrow micropores (pore size less than 1 nm), while Type IV(a) 
isotherms present a hysteresis cycle that is due to capillary condensation 
in mesopores. This confirms the micro-mesoporous nature of the car
bons. However, the isotherm of the PT-P9-S9-4 carbon is somewhat 
different in the low relative pressures range, and it can be classified as 
Type I(b), which is characteristic of microporous materials with a pore 

size distribution that covers a broader range, including wider micro
pores and narrow mesopores. The hysteresis loop observed is of the H1 
type, which is associated with “ink-bottle”-shaped pores with a short, 
narrow neck or cylindrical pores open at both ends. 

The textural parameters obtained from the adsorption isotherms 
(Table 3) show that the carbon obtained from polythiophene (PT-P9) has 
a specific surface area of 577 m2/g, mainly due to the presence of mi
cropores. Activation with steam at 700 ◦C is not capable of developing 
porosity (PT-P9-S7-6 has a BET surface of 548 m2/g). The increase in 
temperature, as well as in the activation time, results in an increase in 
the BET surface (742 m2/g in PT-P9-S8-4 and 853 m2/g in PT-P9-S8-6). 
Activation at 900 ◦C is the most effective in increasing the carbon sur
face area (1630 m2/g) due to the development of micro and meso
porosity. This is in agreement with the high ID/IG ratio (1.23) observed 
in the Raman spectrum of PT-P9-S9-4 carbon. 

When the carbons obtained from the different polymers are 
compared (Fig. 6b), it can be concluded that the pyrolysis of polypyrrole 
at 900 ◦C produces a non-porous carbon (PPy-P9), being necessary the 
steam activation of this carbon to create porosity and to increase its 
surface area. Carbons prepared from polyaniline (PANI-P9), and poly
tiophene (PT-P9) exhibit a combination of Type I(a) and Type IV(a) 
isotherms, denoting the presence of micro- and mesoporosity. It is 
observed that activation with steam at 800 ◦C for 4 h develops porosity, 
associated with an increase in the specific surface, which in the case of 
PT-P9-S8-4 carbon is due to the increase in the volume of micropores, 
while in PANI-P9-S8-4 and PPy-P9-S8-4 carbons is a consequence of a 
development of both micro- and mesoporosity (Table 4). These results 
show that the pyrolysis and steam activation treatments affect each 
carbon differently, depending on the polymeric precursor used. Under 
the pyrolysis and activation conditions studied (pyrolysis at 900 ◦C and 
steam activation at 800 ◦C for 4 h), the carbon prepared from poly
thiophene shows higher specific surface area (742 m2/g), than that 
obtained from polyaniline (715 m2/g), although PANI-P9-S8-4 shows a 
more developed mesoporosity. 

On the other hand, the N, S- co-doped carbon derived from the 
polypyrrole-co-polytiophene copolymer (PPy-PT-P9) exhibits lower 
surface area and pore volume than its polytiophene-derived carbon 
counterpart (PT-P9). The introduction of the smaller N heteroatoms, 
provided by polypyrrole, at the expenses of the larger S atoms, provided 
by polythiophene produced a decrease of the ID/IG ratios from 1.07 in 
PT-P9 to 1.05 in PPY-PT-P9 (Table 2). However, steam activation 
treatment produces a development of micro and mesoporosity. As a 
result, a micro-meso porous N,S-doped activated carbon (PPy-PT-P9-S8- 
4) with a considerable high BET surface area (893 m2/g) is obtained. 

3.6. CO2 adsorption-desorption isotherms at 0 ◦C 

A more exhaustive study of microporosity was carried out by 
comparing the volumes of micropores obtained by adsorption of N2 at 
− 196 ◦C and those obtained by adsorption of CO2 at 0 ◦C. CO2 
adsorption isotherms at 0 ◦C are shown in Figure S3 (a) in Supporting 
information. CO2 micropore volumes were obtained by applying the 
Dubining-Raduschkevich (D-R) model to CO2 adsorption data and were 
compared with micropore volumes obtained from N2 adsorption ex
periments (Table 5). Since the critical dimensions of both molecules are 
very similar (0.28 nm for CO2 and 0.30 nm for N2), the higher adsorption 
temperature for CO2 facilitates diffusion through the narrow micropores 
in which the diffusion of nitrogen molecules is hampered. 

It is observed that the isotherms of steam activated carbons at 700 
and 800 ◦C are similar to that of the non-activated carbon, this indi
cating that activation hardly contributes to the development of porosity 
in the range of narrow micropores. It stands out the fact that in the 
sample activated at 900 ◦C (PT-P9-S9-4) there is even less amount 
adsorbed, which is in line with the results of N2 adsorption that showed a 
widening of the microporosity and the formation of mesopores in this 
sample. Table 5 shows that Vmicro (CO2) > Vmicro (N2) values, what is 

Table 2 
ID/IG ratios of the different carbon materials 
prepared.  

Sample ID/IG 

PT-P9 1.07 
PT-P9-S7-6 1.02 
PT-P9-S8-4 1.04 
PT-P9-S8-6 1.04 
PT-P9-S9-4 1.23 
PANI-P9 0.96 
PANI-P9-S8-4 0.96 
PPy-P9 0.98 
PPy-P9-S8-4 0.96 
PPy-PT-P9 1.05 
PPy-PT-P9-S8-4 0.94  

Table 3 
Textural parameters calculated from the adsorption-desorption isotherms of N2 
at − 196 ◦C of the carbons prepared from polythiophene.  

Sample Vtotal (cm3/g) Vmicro (cm3/g) Vmeso (cm3/g) SBET (m2/g) 

PT-P9 0.35 0.29 0.06 577 
PT-P9-S7-6 0.33 0.27 0.06 548 
PT-P9-S8-4 0.44 0.37 0.07 742 
PT-P9-S8-6 0.51 0.42 0.09 853 
PT-P9-S9-4 0.95 0.63 0.32 1630  

J.-J. Villora-Picó et al.                                                                                                                                                                                                                         



International Journal of Hydrogen Energy 53 (2024) 490–502

498

indicative of very narrow microporosity in the non-activated carbon 
(PT-P9) and in the carbon activated at 700 ◦C (PT-P9-S7-6). As the steam 
activation temperature increases, this relationship inverts, so that Vmicro 
(CO2) < Vmicro (N2), which is indicative of a broader micropore size 
distribution. Consequently, activation with steam at elevated tempera
tures contributes to microporosity widening. 

When the carbons obtained from the different polymers are 
compared (Figure S3 (b) in Supporting information), the lack of porosity 
of the carbon from polypyrrole before being activated (PPy-P9) stands 
out. Steam activation at 800 ◦C for 4 h notably increases its micropo
rosity. This is in line with the conclusions extracted from the study of the 
N2 adsorption isotherms (Fig. 6). 

Regarding the copolymer-derived carbons, the CO2 adsorption iso
therms of PPy-PT-P9 and PPy-PT-P9-S8-4 are more similar to those of 
the polythiophene derived-carbons (PT-P9 and PT-P9-S8-4) (Figure S3.) 
than those of the polypyrrole-derived carbons (PPy-P9 and PPy-P9-S8- 
4). These findings evidence that the textural properties of the resulting 
N,P-co-doped carbon are mainly determined by the presence in the 
carbon precursor of S provided by polythiophene, rather than N pro
vided by polypyrrole. Besides, Vmicro (CO2) < Vmicro (N2) value in PPy- 
PT-P9-S8-4 (Table 6) confirms that the steam activation develops a 
broad micropore size distribution in this carbon, as well as develops 
mesoporosity, as evidenced by N2 adsorption measurements. This 
developed micro-mesoporosity contribute to the high BET surface area 
(893 m2/g) of the steam activated N,S-co-doped-carbon (Table 4). 

On the other hand, contrary to what was observed in the S.doped 
carbons, there is not a remarkable broadening of the micropores pro
duced by the steam activation in PPy-P9-S8-4 and PANI-P9-S8-4 car
bons, as it is evidenced from the small difference between Vmicro (CO2) 
and Vmicro (N2) values (Table 6). 

3.7. Water adsorption-desorption isotherms at 25 ◦C 

Depending on the specific application of a given activated carbon, its 
water adsorption capacity can be considered as a problem or as a desired 
characteristic. Thus, it is a problem when trying to remove volatile 
organic compounds (VOC) such as benzene or toluene from gas streams, 
since the adsorption of these compounds by activated carbon can be 
hindered by the presence of water. On the other hand, the water 
adsorption capacity of carbon is desirable for other applications, such as 
those related to adsorption heat pumps. Although the surface of acti
vated carbons is inherently hydrophobic, some studies [80,81] report 
that the presence of O and N containing-functional groups, together with 
the presence of defects, can favor the adsorption of water at low hu
midity, since they act as anchoring sites for water molecules. In this 
sense, the adsorption of water at low humidity (or low relative pressure) 
can be used as an indication of the amount of surface functional groups 
in activated carbons. 

The adsorption-desorption isotherms of water at 25 ◦C on the car
bons obtained from polythiophene (Fig. 7a) can be classified as Type V, 
where adsorption occurs at high relative pressures due to a weak 
interaction between the adsorbate and the adsorbent. The samples with 
the highest sulfur content (determined by XPS, Table 1), which are those 
activated at lower temperatures (PT-P9-S7-6), show a greater adsorption 
of water vapor at low relative pressures. These results suggest that sulfur 
functionalities act as anchoring centers for water molecules. A strong 
dependence of the shape of the water adsorption-desorption isotherms 
on the activation temperature is also observed, which is related to the 
type of porosity developed at each temperature. A widening of the 
hysteresis loop is observed as the temperature and activation time in
crease. This is due to a development of porosity that favors the packing 

Fig. 6. Nitrogen adsorption-desorption isotherms at − 196 ◦C of carbons prepared from (a) polythiophene; (b) different polymers.  

Table 4 
Textural parameters calculated from the adsorption-desorption isotherms of N2 
at − 196 ◦C of the carbons prepared from different polymers.  

Sample Vtotal (cm3/g) Vmicro (cm3/g) Vmeso (cm3/g) SBET (m2/g) 

PPy-P9 0.01 0.002 0.01 6 
PPy-P9-S8-4 0.39 0.33 0.06 648 
PANI-P9 0.38 0.27 0.11 302 
PANI-P9-S8-4 0.63 0.38 0.25 715 
PT-P9 0.35 0.29 0.06 577 
PT-P9-S8-4 0.44 0.37 0.07 742 
PPy-PT-P9 0.23 0.16 0.01 439 
PPy-PT-P9-S8- 

4 
0.56 0.34 0.22 893  

Table 5 
Micropores volume determined by N2 and CO2 adsorption isotherms of carbons 
prepared from polythiophene.  

Sample Vmicro (N2) (cm3/g) Vmicro (CO2) (cm3/g) 

PT-P9 0.29 0.33 
PT-P9-S7-6 0.27 0.31 
PT-P9-S8-4 0.37 0.37 
PT-P9-S8-6 0.42 0.36 
PT-P9-S9-4 0.60 0.33  

Table 6 
Micropore volume determined by N2 and CO2 adsorption isotherms of the car
bons derived from the different polymeric precursors.  

Sample Vmicro (N2) (cm3/g) Vmicro (CO2) (cm3/g) 

PT-P9 0.29 0.33 
PT-P9-S8-4 0.37 0.37 
PANI-P9 0.27 0.23 
PANI-P9-S8-4 0.38 0.30 
PPy-P9 0.00 0.00 
PPy-P9-S8-4 0.33 0.24 
PPy-PT-P9 0.16 0.26 
PPy-PT-P9-S8-4 0.34 0.33  
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of adsorbed water molecules [82]. Consequently, PT-P9-S9-4 carbon 
shows an important water adsorption capacity at high relative pressures, 
as a consequence of its well-developed porosity. In addition, the pres
ence of sulfur atoms from polythiophene enhances adsorption at low 
relative pressures, even in carbons activated at high temperatures, 
where the S content is lower than those activated at low temperatures. 

It has been reported [82–84] that the adsorption of water at low 
pressures is due to the presence of surface groups, while the adsorption 
at high pressures is favored by the presence of a high volume of pores. 
The desorption mechanism is different depending on the type of porosity 
present in the activated carbon. When not properly developed, water 
adsorption is primarily determined by the number of active sites to 
which water molecules can attach. If the activated carbons have a 
well-developed porosity, the initial growth of clusters of water mole
cules is favored, which can be packed in the pores more effectively. It 
has been observed that at high relative pressures (>0.5), the adsorption 
of water is determined by the development of porosity, which favors the 
packing of water molecules as three-dimensional clusters. Consequently, 
the best adsorption capacity of water is shown by PT-P9-S9-4 carbon, 
which has been activated at 900 ◦C, despite its lower sulfur content 
(0.98 at.%, determined by XPS; Table 1). 

The water vapor adsorption capacity of the carbons prepared from 
the different polymers or copolymers at the same experimental condi
tions of pyrolysis (900 ◦C) and activation experimental conditions 
(800 ◦C, 4 h) is different depending on the polymeric precursors of the 
carbon and its different content in heteroatoms (Fig. 7b). It draws the 
attention that, together with a low water adsorption produced on the 
polypyrrole-derived carbon (PPy-P9-S8-4), the hysteresis loop between 
the adsorption and desorption branches of the isotherm fail to close, 

which may be due to the presence of very narrow porosity that causes 
adsorbed water to be occluded inside the pores. 

Regarding the copolymer-derived carbon, it can be observed that the 
isotherm corresponding to the polypyrrole-co-polythiophene-derived 
carbon (PPy-PT-P9-S8-4) is similar in shape to that of its counterpart 
obtained exclusively from polythiophene (PT-P9-S8-4), except for the 
widening of the hysteresis cycle and the considerable increase in the 
volume of water adsorbed at high relative pressures observed in the 
carbon obtained from the copolymer (PPy-PT-P9-S8-4). These results 
evidence the enhanced water adsorption capacity of this N,S co-doped 
carbon, compared to the S-doped carbon obtained exclusively from 
polytiophene (PT-P9-S8-4) or the N-doped carbon obtained from poly
pyrrole (PPy-P9-S8- 4). 

3.8. Catalytic test 

The catalytic activity of the carbons prepared from the different 
polymers has been evaluated in the hydrogenation reaction of 1-chloro- 
4-nitrobenzene. All the metal-free carbons are active in the reaction, 
with a selectivity of 100 % towards the hydrogenation of the nitro group. 

The carbon prepared from the pyrolysis of polythiophene (PT-P9) 
provides 50 % conversion after 1400 min of reaction (Fig. 8a). Steam 
activation does not improve these features, except for PT-P9-S8-4 car
bon, where a final conversion of 80 % is obtained. This degree of con
version (with a selectivity of 100 % towards the nitro group) is similar to 
that obtained by Liu and Chen [85] using a nickel catalyst. However, in 
this work it has not been necessary to use metallic particles, and are the 
functional groups of the activated carbon that act as catalytic sites. The 
results show that the carbon activated at 800 ◦C for 4 h maintains a 

Fig. 7. Water adsorption-desorption isotherms at 25 ◦C of the carbons prepared from (a) polythiophene; (b) different polymers.  

Fig. 8. Catalytic test of the carbons prepared from (a) polythiophene; (b) different polymers.  
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compromise between adequate textural characteristics, with SBET = 742 
m2/g, Vmicro (N2) = 0.37 cm3/g, Vmicro (CO2) = 0.37 cm3/g and Vmeso 
(N2) = 0.07 cm3/g, without considerable loss of sulfur (1.71 at.%, 
analyzed by XPS) produced by the steam activation treatment. Activa
tion treatments under more extreme conditions, although resulting in 
developed porosity, they also give rise to the loss of a large part of the 
surface sulfur, with a consequent decrease in catalytic activity. A 
compromise between sulfur doping level and porosity is therefore 
necessary. 

There is much controversy about which species are active for the 
hydrogenation of nitroarenes. XPS spectra of N-doped steam-activated 
carbons derived from polyaniline (PANI-P9-S8-4) and from poly
pyrrole (PPy-P9-S8-4) showed quaternary nitrogen as the predominant 
species, although pyridinic and N-oxide were also present (Fig. 4). N,S- 
codoped carbon obtained from the polypyrrole-co-polytiophene copol
ymer (PPy-PT-P9-S8-4), exhibited quaternary-N species and C–S–C and 
C-SOx sulfur functionalities. This N,S-codoped carbon, with just 0.4 at% 
N and 0.9 at% S shows a catalytic performance (Fig. 8b) similar to that of 
the N-doped carbon (PPy-P9-S8-4) with a nitrogen content five times 
higher (2.0 at.% N). 

What is more, the highest degree of conversion (Fig. 8b) is obtained 
with the S-doped steam-activated carbon (PT-P9-S8-4) with a sulfur 
content of 1.71 at. % in the form of C–S–C species. As this carbon lacks of 
nitrogen, these data suggest that sulfur is more active than nitrogen in 
the hydrogenation reaction of 1-chloro-4-nitrobenzene. Raman spec
troscopy evidenced the increased desorder produced by the introduction 
of sulfur into the carbon lattice. Based on the analysis of XPS and Raman 
spectra, it can be concluded that the formation of defects resulting from 
S doping is determinant to achieve a high catalytic performance. 

The reusability of PT-P9-S8-4 carbon was tested in the hydrogena
tion reaction of 1-chloro-4-nitrobenzene for 5 consecutive cycles. 
Although a gradual decrease of conversion was produced with the reuse 
(Fig. 9), probably due to a partial inactivation of the catalyst and a 
reduced accessibility to the active sites, conversion above 70 % was still 
achieved during the 5th cycle after 1440 min. Selectivity was not 
affected and a 100 % selectivity towards the hydrogenation of the nitro 
group was always achieved. 

Heteroatom doping [86] effectively facilitates adsorption and acti
vation of H2 and the nitro group and lowers the energy barrier of the 
aniline-producing process. The introduction of heteroatoms (even at a 
low level) can effectively change the electronic configuration of the 
carbon atom near the dopant atom [42,87]. The combination of the 
heteroatom dopant and the lattice defect in carbon can cause significant 
electron delocalization and thus both H2 and the nitro (-NO2) group are 
easily activated for selective hydrogenation. Therefore, the search for a 
suitable catalyst for the hydrogenation of 1-chloro-4-nitrobenzene with 
adequate catalytic activity, high selectivity and stability relies on a 
tunable concentration of dopant heteroatom, lattice defects and devel
oped porosity, which favors the access of the reactants to the catalytic 
sites. 

In this work it has been demonstrated that the degree of conversion 
achieved in the hydrogenation of 1-chloro-4-nitrobenzene, catalyzed by 
metal-free doped activated carbons relies on, an adequate porosity of the 
activated carbon, which is determined by the steam activation condi
tions, and also on the presence of heteroatoms that act as active catalytic 
sites. In this respect it has been demonstrated that S sites are more active 
than N. Thus, the main active sites are located at defects produced by the 
introduction of S in the carbon lattice. A plausible mechanism for the 
hydrogenation of 1-chloro-4-nitrobenzene must consider not only C, N 
and S relative sizes, but also the electronegativity difference between the 
doping atoms and C. Therefore, H2 adsorbed on the carbon surface 
would be activated at the N and S active sites. The resulting species 
produced after the heterolytic cleavage of H2 (Hδ+ and Hδ− ) would bond 
to the doped carbon producing either N-Hδ+ or S-Hδ+, and C-Hδ-. Then, 
1-chloro-4-nitrobenzene, would be reduced with the assistance of these 
species. As S is adsorbed preferably at the defects, the closer proximity of 

S-Hδ+ to the adsorbed nitrobenzene would enhance the catalytic per
formance of the S-doped activated carbons. 

4. Conclusions 

In this work, sulfur-doped carbons have been prepared from poly
thiophene, a sulfur containing polymer. The influence of the activation 
conditions on the porous properties of the prepared materials and on 
their surface chemistry has been evaluated, and their activity as metal- 
free catalysts in the hydrogenation reaction of 1-chloro-4-nitrobenzene 
has been determined. The chemical and physical properties, as well as 
the catalytic performance of the sulfur-doped carbons have been 
compared with those of nitrogen-doped carbons prepared from nitrogen- 
containing polymers (polyaniline and polypyrrole). 

The following conclusions can be extracted from the obtained 
experimental results. 

1. All the metal-free carbon materials prepared are active in the hy
drogenation reaction of 1-chloro-4-nitrobenzene, with a selectivity 
of 100 %. The degree of conversion in the reaction depends on the 
development of an adequate porosity in the activated carbon (which 
is determined by the activation conditions) together with the pres
ence of heteroatoms that act as active catalytic sites. In this study, it 
has been demonstrated that sulfur doping is considerably more 
effective than nitrogen in enhancing the catalytic activity of the 
activated carbons.  

2. The increased temperature and time of the steam activation allows to 
develop the porosity of the carbon but produces a loss of surface 
sulfur. Therefore, a compromise between an acceptable level of 
doping with sulfur and the development of adequate porosity is 
crucial for maximizing the catalytic performance of these materials. 
This balance has been achieved in a carbon obtained from poly
thiophene pyrolyzed at 900 ◦C and steam activated at 800 ◦C for 4 h. 

The importance of tailored activation and heteroatom doping in 
producing effective catalysts for the hydrogenation of 1-chloro-4-nitro
benzene has been demonstrated. 
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[83] Villora-Picó JJ, Pastor-Blas MM, Sepúlveda-Escribano A. N-doped activated 
carbons from polypyrrole – effect of steam activation conditions. Chem Ing Tech 
2022;94(1–2):94–100. 

[84] Fletcher AJ, Uygur Y, Mark Thomas K. Role of surface functional groups in the 
adsorption kinetics of water vapor on microporous activated carbons. J Phys Chem 
C 2007;111(23):8349–59. 

[85] Liu YC, Chen YW. Hydrogenation of P-chloronitrobenzene on lanthanum-promoted 
NiB nanometal catalysts. Ind Eng Chem Res 2006;45(9):2973–80. 

[86] Wei P, Liang J, Liu Q, Xie L, Tong X, Ren Y, Li T, Luo Y, Li N, Tang B, Asiri AM, 
Hamdy MS, Kong Q, Wang Z, Sun X. Iron-doped cobalt oxide nanoarray for 
efficient electrocatalytic nitrate-to-ammonia conversion. J Colloid Interface Sci 
2022;615:636–42. 

[87] Hu X, Long Y, Fan M, Yuan M, Zhao H, Ma J, Dong Z. Two-dimensional covalent 
organic frameworks as self-template derived nitrogen-doped carbon nanosheets for 
eco-friendly metal-free catalysis. Appl Catal, B 2019;244:25–35. 
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