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Carbon materials have emerged as a new generation of catalysts for the crucial industrial hydrogenation of
nitroarenes. Activated carbon, known for its cost-effectiveness and facile modifiability, stands out among various
carbon materials. This study focuses on the preparation of N and P co-doped carbons for catalysing the hydro-
genation of 1-chloro-4-nitrobenzene. Comprehensive characterisation using thermal analysis (TGA-MS), X-ray

photoelectron spectroscopy (XPS), Raman spectroscopy, Ng adsorption at —196 °C, and ICP-MS was performed.
The synergistic effect of N and P was evident, with co-doped carbons outperforming their mono-doped coun-
terparts, underscoring the significance of nitrogen. N,P-codoped activated carbon emerges as a promising, active,
stable, and selective metal-free catalyst for the hydrogenation of 1-chloro-4-nitrobenzene, leading to 4-

chloroaniline.

1. Introduction

Aromatic amines constitute crucial building blocks in the chemical
industry for the preparation of high-value compounds such as fertilisers,
medicines, and fuels [1]. For example, p-chloroaniline, a vital aromatic
amine, is critical in producing dyes, pigments, and chemicals for agri-
cultural applications [2]. The synthesis of substituted anilines encom-
passes various methods, with the reduction of nitroarenes emerging as
one of the most technologically feasible and atomically efficient ap-
proaches [1-3]. Catalytic reduction of nitroarenes is a particularly
noteworthy route in this context [1]. Various catalysts have been
investigated for this reaction, including those derived from noble and
non-noble metals [3]. Catalysts based on noble metals exhibit excep-
tional catalytic activity but often suffer from selectivity issues toward
the desired substituted aniline [3]. Conversely, non-noble metal cata-
lysts, such as those utilising cobalt (Co), have demonstrated high activity
and selectivity [4]. Nevertheless, concerns related to potential leaching,
fluctuating metal prices, and environmental impact have prompted a
new approach to these catalysts’ design [3,5]. Consequently, consider-
able efforts have been directed toward developing metal-free catalysts
that are both environmentally friendly and economically viable.

Carbon-based catalysts have appeared as the next-generation cata-
lysts for hydrogenating nitroarenes [5] due to their chemical stability,
tunable physicochemical properties, and diverse fabrication methods [3,
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5]. However, studies of carbon materials for the hydrogenation of
nitroarenes have focused more on their use as catalyst support than as a
catalyst by itself [5,6]. In the realm of metal-free carbon catalysts, the
attention has been given to different carbonaceous materials such as
carbon nanotubes (CNTs), graphene and activated carbon [5]. This
nano-carbon-based catalyst utilisation can be attributed to their sub-
stantial surface area and facile surface chemistry modification [7].
Especially surface chemistry plays a pivotal role in the design of
metal-free catalysts for hydrogenation [5,7]. Nevertheless, while nano-
tubes enjoy popularity, there is a need for more comprehensive studies
on activated carbons in the context of the reaction mentioned above.
Activated carbons offer the same interesting properties as CNTs, such as
easy modification of their surface chemistry and high specific surface
area, all with greater cost-effectiveness, which is always an interesting
issue in academic and industrial catalysis [7].

As mentioned earlier, surface chemistry is of great catalytic impor-
tance and can be easily modified by the inclusion of heteroatoms [8].
Heteroatoms are species such as oxygen (O), boron (B), sulfur (S), hal-
ogens, nitrogen (N), or phosphorus (P), which can interact with the
carbonaceous structure, primarily altering the charge distribution in the
carbon [7,8]. Moreover, the nature of the heteroatom introduces various
structural modifications and influences the creation of acidic and basic
sites, directly impacting species adsorption and catalytic activity [9].
Consequently, the properties of carbon can be tailored to meet the
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specific demands of the reaction.

N-doping has significant attention and progress among researchers
due to its ease of incorporation into the carbonaceous lattice since N
(0.65 A) and C (0.70 A) have similar atomic radii [7,10,11], resulting in
the nitrogen groups shown in Scheme 1. Furthermore, nitrogen’s higher
electronegativity (3.04) compared to carbon (2.55) results in the for-
mation of basic sites, which can affect the activity in hydrogenation
reactions. Hence, numerous investigations have been conducted
employing diverse N-doped carbocatalysts for the hydrogenation of
nitroarenes [1,5,7,10-12]. For example, in a recent study, Shan et al.
synthesised N-doped CNTs using melamine as a precursor, achieving
commendable activities across various substrates [13]. They found some
results suggesting the quaternary-N species as one of the most active
species in the reaction [13]. However, the role of nitrogen groups in the
hydrogenation of nitroarenes is still a matter of discussion in the field.

In contrast, phosphorus, another heteroatom with versatile applica-
tions, has received comparatively less attention than nitrogen. Phos-
phorus, with a larger atomic radius than carbon (0.98 A), poses
challenges for structural integration, leading to a more significant gen-
eration of defects [14]. However, its lower electronegativity (2.19)
compared to carbon promotes the formation of acid sites, showcasing its
potential for catalytic applications [14,15]. Scheme 1 illustrates the
most prevalent N and P groups. Some works using CNTs and
phosphorus-doped activated carbons showed high activities towards the
corresponding aniline and a dependence of the activity on the number of
defects and the P content [16,17]. Therefore, both N- and P-doped
carbocatalysts have shown promising results for use in the reaction
mentioned above.

The incorporation of heteroatoms into carbonaceous materials can
be achieved through various methods, including the pyrolysis of pre-
cursors containing the heteroatom, such as polymers [8]. Alternatively,
carbon modification with doping agents is a widely adopted approach
due to its simplicity [8,14]. Several doping agents are employed to
produce N-doped carbons, with ammonia, urea, and melamine being
commonly used, particularly for their cost-effectiveness and low toxicity
[10]. In the case of P-doped carbons, prevalent dopants include phos-
phoric acid and sodium hypophosphite [14]. Notably, phytic acid stands
out as a promising yet less explored precursor attributed to its biomass
source, offering potential economic and sustainable advantages [14,16].

An interesting approach in the development of doped carbon cata-
lysts is co-doping, which involves the introduction of two different types
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Scheme 1. Common N- and P- containing groups in carbon materials.
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of atoms into the carbonaceous network [5]. This methodology has
demonstrated promising outcomes, revealing cooperative effects be-
tween distinct species, as observed in N-S and N-O [5,18]. However,
these co-doped systems on carbons are predominantly used as catalyst
supports for metals. Some studies with the N-P system have shown good
stability and activity; however, they have focused on its use as a catalyst
for photo thermochemical reactions or employing expensive carboca-
talysts such as graphene [9,19]. Consequently, investigations into
co-doped N, P systems on activated carbons for their utility as metal-free
catalysts in the hydrogenation of nitroarenes remain relatively limited.
Hence, recognising the potential of the N, P system for nitroarene
reduction, this study proposes the utilisation of activated carbon-based
catalysts in a co-doped configuration. Our investigation demonstrates
enhanced catalytic activity when introducing N and P simultaneously
into the system. Notably, P-doping on an N-doped carbon revealed a
superior stabilisation of P groups compared to an undoped carbon.
Moreover, these catalysts exhibited robust activities, high selectivities,
and considerable stability. Remarkably, upon multiple recycling cycles,
an enhancement in catalytic activity was observed, attributed to surface
modification.

2. Experimental section
2.1. Materials synthesis

A commercial low-ash activated carbon, RGC-30, obtained from
West-Vaco Co, was modified to synthesise doped carbons. The first step
involved nitrogen doping using melamine as a precursor, based on the
methodology proposed by Villora-Picé et al. [4]. A mixture of RGC-30
and melamine (99 %, Sigma Aldrich) in a 1:4 wt ratio was mechani-
cally homogenised and pyrolysed in a tube furnace under an inert Ny
atmosphere (100 ml min’l). The heating ramp was set at 3 °C~min’1,
and an 800 °C isotherm was maintained for 1 h. The resulting material
from this pyrolysis process was denoted as RMel_800.

Subsequently, phosphorus doping was conducted on the RMel 800
sample using phytic acid (PA) as a precursor (50 wt% in water, Sigma
Aldrich). Homogeneous mixtures of RMel 800 carbon with phytic acid
were prepared, varying the mass ratio of PA to RMel_800 to 1.5, 2.0, and
5.0. The mixtures were dried in an oven at 180 °C for 16 h. The materials
underwent pyrolysis in a tube furnace under an inert nitrogen atmo-
sphere (100 ml min™1), employing a heating ramp of 3 °C-min"* and a
900 °C isotherm period for 1 h. The resulting materials were labelled as
MelPhyx_900P, where “x” represents the mass ratio of PA used, “900”
identifies the pyrolysis temperature, and “P” indicates the pre-
polymerization treatment of the PA. For example, MelPhy1.5_900P in-
dicates a co-doped carbon from a mixture of RMel 800:PA of 1:1.5
pyrolysed at 900 °C with a pre-polymerization process of phytic acid,
whereas MelPhy1.5_900 indicates the same initial mixture mentioned
above, but without the pre-polymerizations treatment.

On the other hand, P-doped carbons were synthesised. For this, a
similar synthesis to the MelPhy series was performed, using RGC-30 as
the base carbon. The materials were denoted as RPhyx_yP, where “x” is
the mass ratio between RGC: PA, “y” is the pyrolysis temperature, and
“P” refers to the pre-polymerization of the phytic acid on the carbon. For
example, RPhy1.5_800P indicates a sample synthesised from a mixture
of 1:1.5 of RGC-30:PA, pyrolysed at 800 °C with a pre-polymerization
treatment.

2.2. Materials characterization

To determine the thermal characteristics of the precursors, ther-
mogravimetric analysis (TGA) was performed using a TGA/STA 449 F5
Jupiter from NETZSCH. The TGA measurements were executed over a
temperature range from room temperature to 1000 °C, employing a
heating ramp of 10 °C-min ' under an inert atmosphere. N, adsorption
isotherms were obtained at —196 °C, utilising a Quantachrome
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Instrument AUTOSORB-iQ-XR-2. Prior to the adsorption measurements,
samples were degassed at 250 °C for 4 h under vacuum using a Quan-
tachrome Instrument Autosorb Degasser. Raman spectroscopy mea-
surements were carried out on a Jasco NRS-5100 Raman machine
employing a 633 nm laser and 600 lines per mm slit. X-ray photoelectron
spectroscopy (XPS) was conducted with a K-Alpha spectrometer
(Thermo Scientific). All spectra were collected using Mg-Ka radiation
monochromatised by a double crystal monochromator with a hemi-
spherical analyser. The binding energy for the XPS measurements was
calibrated using the 1s transition of C in the C=C bond (284.60 eV).
Thermogravimetric analysis-mass spectrometry (TGA-MS) was per-
formed using a TGA/STA 449 F5 Jupiter coupled to a mass spectrometer
Aeolos QMS 403 Quadro, both from NETZSCH. Mass spectrometric
measurements with an inductive coupling plate (ICP-MS 8900, Agilent)
were carried out to determine the total P content in the carbons. For this
purpose, microwave digestion (Milestone Ultrawave) in aqua regia of
the materials to be studied was previously done.

2.3. Catalytic test

Following the doping treatment, the catalysts underwent testing for
the hydrogenation of 1-chloro-4-nitrobenzene (1-C-4NB). The catalytic
experiments were conducted under atmospheric pressure in a 100 mL
three-neck round-bottom flask equipped with an aliquot system. The
experimental conditions included 50 mL of a 50 mM solution of 1C-4NB
in ethanol, 100 mg of catalyst, and 22 mmol of hydrazine hydrate (35 wt
% in Hy0), which served as the reducing agent. The catalytic system was
maintained at 80 °C and 300 rpm. The samples were analysed using a
gas chromatograph with a mass spectrometer and an HP-5 capillary
column, employing helium as the carrier gas. The recycling test repli-
cated the conditions above. To this end, the catalyst was recovered post-
reaction through filtration and ethanol washing, followed by overnight
drying in an oven at 60 °C.

3. Results

N,P-codoped catalysts (MelPhy-series) were synthesised by pyrolysis
of RGC-30 with precursors of the corresponding heteroatoms, melamine
as the N source and phytic acid as the P source. This doping treatment
was performed in two steps. The first consisted of preparing nitrogen-
doped carbon using RGC-30 and melamine. Subsequently, the N-
doped carbon was used as a base carbon for P-doping using PA. A pre-
liminary study on the thermal behaviour of the precursors using ther-
mogravimetric analysis (TGA) was performed. To this end, a mechanical
mixture of RGC-30 with melamine in a 1:4 wt ratio of carbon to dopant
was studied (RMel Raw). The mixture of RMel Raw shows mainly two
mass loss processes (Fig. 1 - green line). These two steps occur between
230 and 650 °C and relate to melamine’s thermal dehydration and
condensation to form carbon nitride and release NH3 [20,21]. Subse-
quently, at temperatures higher than 650 °C, there is a gradual but
slower mass loss, which may be attributed to the sublimation of the
carbon nitride in the form of Ny and HCN, which will react with the raw
carbon [22]. Therefore, to obtain a carbon without melamine decom-
position residues, the pyrolysis temperature was chosen to be higher
than 650 °C. In this case, we chose 800 °C, and the sample was named
RMel_800.

On the other hand, the thermogram related to the RMel_800 treated
with phytic acid at 180 °C (MelPhy_Raw-blue line, Fig. 1) has different
behaviour from the RMel Raw mixture, showing similar thermal
degradation as the RGC-30 treated with phytic acid at 180 °C
(RPhy_Raw, purple line, Fig. 1). Five stages of mass loss were identified
during the analysis. The initial stage, spanning temperatures between
60 °C and 108 °C, is associated with the removal of residual water
present in the precursors. Following this, two distinct stages occur in the
range of 108 °C-450 °C, marked by the dehydration of phytic acid via
the condensation and decomposition of the hydroxyl (OH) groups [23].
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Fig. 1. TGA (solid line) and DTG (dots line) from the RGC-30 with melamine
mixture, RMel_ Raw (green), RMel_800 with a pre-polymerization of phytic acid
at 180 °C, MelPhy_Raw (blue), and RGC-30 with a pre-polymerization of phytic

acid at 180 °C, RPhy Raw (purple). (A colour version of this figure can be
viewed online.)

Subsequently, a substantial mass loss becomes evident, spanning the
temperature interval from 450 °C to 760 °C, predominantly attributed to
the decomposition of phytates [23]. Finally, a fifth stage emerges, rep-
resenting the complete carbonisation of phytic acid on RGC-30, occur-
ring at temperatures exceeding 760 °C. Consequently, from TGA data,
900 °C was selected as the pyrolysis temperature for the mix of RMel -
Raw and PA to ensure the thermal decomposition of the PA; further-
more, different RMel Raw: PA ratios were used (1.5, 2.0, 5.0) to study
the effect of the amount of PA in the final carbon.

The raw carbon sample (RGC-30) exhibits a combination of type I
and type IV isotherms, indicative of a micro-mesoporous carbon struc-
ture [24] (Fig. 2). Furthermore, an H4-hysteresis loop corroborates the
presence of mesoporos. The Ny adsorption data, as summarised in
Table 1, reveal that RGC-30 possesses a substantial surface area over
1518 m? g’l. Additionally, it boasts a total pore volume (Via1) of 1.14
cc- g’l, consisting of a total micropore volume (Vijcro) of 0.52 cc~g’1 and
a mesopore volume (Vpeso) of 0.62 cc-g_l. These characteristics show
that RGC-30 is a material with highly developed porosity, with potential
use in catalytic applications to avoid diffusional issues and ensure the
kinetic regime during the hydrogenation reaction. When treating
RGC-30 with melamine at 800 °C (RMel _800), a typical isotherm of a
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Fig. 2. Nitrogen adsorption isotherms adsorption at —196 °C for de N,P- doped
carbons. (A colour version of this figure can be viewed online.)
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Table 1
Textural parameters from nitrogen adsorption isotherms for the N,P-doped
carbons.

Catalyst SpeT Vrotal Viicro Vineso
m>g™) (ccg™ (ccg™ (ccg™
RGC-30 1518 1.14 0.52 0.62
RMel_800 992 0.81 0.33 0.58
MelPhy1.5_900P 1158 0.83 0.39 0.44
MelPhy2.0_900P 1028 0.75 0.36 0.39
MelPhy5.0_900P 1002 0.68 0.36 0.32

micro-mesoporous material is still observed, accompanied by a change
in the textural parameters of the final carbon (Fig. 2, Table 1). A sig-
nificant reduction in the adsorption capacity at low relative pressure was
evident, indicating the primary impact of melamine treatment on
microporosity. This may be related to the NHj released during the
thermal decomposition of melamine, which has been shown to alter the
textural properties of coals at high temperatures [25]. Conversely,
marginal alterations were noted in relation to the Vy,e5o compared to the
RGC-30. Due to these changes in textural parameters, a substantial
modification in specific surface area is appreciated.

Like the other investigated carbons, the MelPhy samples displayed a
characteristic micro-mesoporous material adsorption isotherm, similar
to its starting material (RMel) (Fig. 2). A modest improvement in the
specific surface area can be observed, which is associated with a slight
increase in the Vpjcro (Table 1). Additionally, an increase in the amount
of PA used for doping decreases textural parameters, particularly in
mesoporosity. Despite these subtle changes, they do not significantly
impact adsorption capacity. Consequently, all samples can be regarded
as having a similar porous texture.

Raman measurements were carried out to observe how the doping
treatments affect the structure of the carbons (Fig. 3a—e). The spectra
show two prominent bands at 1350 cm™' or 1590 cm™}, related to
carbon materials’ D and G bands [26-28]. After normalisation, the
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signals were deconvoluted using the Gaussian function. The deconvo-
luted spectra of the investigated materials in the range of 750 cm ™! to
2000 cm ™! are composed of 4 contributions. The first peak at ~1200
em™!, D4, is related to the A1z mode of disordered graphite and ionic
impurity [27,29]. Later an intense peak at ~1345 cm™! is observed,
associated to the D1 band, which is related to high density of phonon
states near the Brillouin zone corner, from disordered graphite lattice
(A1g) [27,29]. The D3 is observed at ~1500 cm-1 at higher Raman
frequency, related to amorphous carbon [27,29]. Finally, at ~1595
cm ™% the fourth contribution corresponds to the G band; this peak is
related to the Epg symmetry of a graphitic structure (ordered carbon)
[26-29]. Therefore, the structure of these materials is composed of
partially ordered amorphous carbon.

To determine the degree of graphitisation of the carbons, the Ip;/Ig
and R2 index were calculated (Fig. 3f). The Ip;/Ig ratio indicates the
density of defects present in these materials; as it increases, the disor-
dered, amorphous and/or defective portion of the carbon increases [26,
27,29]. After treatment with melamine at 800 °C (RMel_800), there is an
increase in the Ip;/Ig index, which is related to an increase in the density
of defects in the carbon [26,27,29]. On the other hand, when the sample
RMel_800 is treated with phytic acid at 900 °C, the defect density tends
to decrease (Ip;/Ig value decreases). This may be because the structure
tends to become more organised when the carbon is thermally treated at
a high temperature [30]. However, the ratio of intensities between the
D1 and G bands has a certain degree of statistical uncertainty. Conse-
quently, Beyssac et al. proposed the R2 parameter as a statistically more
accurate and less variable way to measure the degree of ordering of
carbon [29]. This calculation is somewhat similar to the Ip;/Ig; how-
ever, instead of using the intensity ratio, the areas of the peaks D1, D2
and G are used, according to equation (1) [27,29]. Thus, if R2>0.5, the
coal has a high defect density, whereas if R2<0.5, the carbon can be
considered to have a highly ordered structure [29]. As shown in Fig. 3f,
the R2 values are greater than 0.5. Therefore, although there is a slight
tendency for the structure to become more ordered after treatment with
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Fig. 3. Raman spectra of the investigated carbons: a) MelPhy1.5_900, b) Melphy2.0_900P, c) MelPhy5.0_900P, d) RMel_800 and e) RGC-30 carbons, f) Ip;/Ig and R2

index from Raman data. (A colour version of this figure can be viewed online.)
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phytic acid at 900 °C, this ordering is not significant, and the resulting
material is a poorly ordered carbon

R2=D1/(G+D1+D2) Equation 1

Finally, at higher Raman frequencies (around 2000-3500 cm-1),
weak signals related to the D- and G-band overtones are observed: 2D,
D + G and 2G.

ICP-MS measurements determined the P content introduced into the
catalysts (Table 2). In these measurements, there is a slight increase in
the P content in the catalyst as the mass of PA initially used increases in
relation to RMel_800. The P content varies from 5.3 wt% for an initial
mass ratio (PA: RMel_800) of 1.5:1 to 6.9 wt% for the highest ratio (PA:
RMel_800 of 5:1 in the MelPhy5.0_900P sample).

Since oxygen surface groups on carbonaceous materials can
decompose at different temperatures in the form of CO (28 m/z) and CO,
(44 m/z) when treated in an inert atmosphere [31], thermogravimetry
coupled to mass spectrometry (TGA-MS) measurements were performed
(Fig. 4). The TGA-MS data for the RGC-30 carbon shows the presence of
certain oxygenated groups, which decompose at high temperatures (T >
600 °C), such as lactones (LC, decomposition temperature: 600-800 °C
in CO3) and carbonyl/quinone (Cnyl/QN, decomposition temperature:
700-950 °C in CO) [31]. In addition, a small contribstion of carboxylic
acid (CA, decomposition temperature: 150-350 °C in COy) groups is
observed [31].

Fig. 4a shows that the mass loss profile of the RMel 800 sample is
similar to that of the RGC-30 sample up to 700 °C. Monitoring the TGA-
released gases, a small peak in HoO (18 m/z) over 100 °C was found
(Fig. 4a), associated with desorption of ambient humidity, indicating a
higher hydrophilicity compared to RGC-30. In addition, small changes
in the CO and CO4 signals (Fig. 4c) are observed compared to the RGC-
30 signals. Firstly, the contribution in the CO5 signal related to the CA
remains unchanged. However, an increase of O-groups in the surface,
such as Cnyl/QN and LC, and during melamine treatment was found.
Lastly, an increase in both signals (CO and CO,) related to the decom-
position of pyrones (Py, decomposition temperature >900 °C) is
observed [31]. However, the most interesting aspect of the TGA-MS of
the RMel_800 sample is the signal of HCN (27 m/z) , where a peak above
800 °C can be observed, which is related to the decomposition of
N-groups. This means that nitrogen was effectively incorporated into
RGC-30 during melamine treatment. MelPhy samples have a different
behaviour compared to RMel 800 and RGC-30. Firstly, a loss of mass is
observed at low temperatures. In addition, a progressive mass loss rate is
observed at higher temperatures (T > 800 °C). The initial mass loss is
related to HyO release (Fig. 4b), where a peak at 110 °C was observed in
18 m/z. This peak is associated with the desorption of ambient humidity
due to the increase of the hydrophilicity after the treatment with PA. The
amount of H,O desorbed increases with the amount of PA used in the
treatment and, consequently, with the P content measured from ICP-MS
(Table 2). As outlined above, two mass fractions are followed, CO (28
m/z) and COz (44 m/z), as they can provide information on the
oxygenated and phosphorus functionalities of carbon [31,32]. Thus, in
the CO and CO, signals of MelPhy samples, a peak is observed above
900 °C, which is an indication of the decomposition of P groups [32].
This peak can be associated with C-P=03 which gives rise to C-P spe-
cies generating CO5 and CO [14,32]. Furthermore, there is no evidence

Table 2

P content of the investigated carbons, as determined

by ICP-MS.
Catalyst P wt.%
MelPhy1.5_900P 5.30
MelPhy2.0_900P 6.08
MelPhy5.0_900P 6.98
RMel_800 N/A
RGC-30 N/A
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of the presence of C-O-P groups since no water generation or peaks
above 700 °C in CO and COs profiles are observed [32]. On the other
hand, an increase in oxygenated groups is observed after the PA treat-
ment in all MelPhy samples. In particular, the CO3 released shows an
increase in the contributions associated with the thermal decomposition
of CA and LC groups. In addition, it can be assumed that there is some
content of basic groups such as Cnyl/QN in the peaks above 900 °C in the
CO and CO; profiles. In brief, it is observed that the treatment with
melamine and phytic acid has effectively incorporated P and N atoms in
the RGC-30 carbon, accompanied by a slight oxidation of the carbona-
ceous material, highlighting the increase of acid groups such as CA and
LC, in addition to the generation to a lesser extent of Cnyl/Qn groups.

To better understand the impact of phytic acid and melamine on
surface chemistry, we conducted XPS measurements on the investigated
carbons. Fig. 5a shows the relative elemental variation of the investi-
gated samples. The introduction of N at the surface level can be observed
in the RMel_800 sample, while the surface oxygen content slightly de-
creases compared to RGC-30. On the other hand, when treating the
RMel_800 sample with phytic acid at 900 °C, a decrease in N content is
observed, regardless of the amount of phytic acid used. This can be
related to the decomposition of nitrogen groups during treatment with
PA (temperature used 900 °C) in the form of HCN, as observed during
TGA-MS. Furthermore, a bell-shaped trend is observed concerning the
surface P content, with the sample MelPhy2.0 900 P exhibiting the
highest surface P percentage. This agrees with what was observed during
TGA-MS, where the MelPhy2.0_900P sample releases more CO and CO;
gases associated with P-group decomposition than its counterparts.

XPS spectra in the high-resolution region of C 1s and O 1s show
(Fig. S2), as observed by TGA-MS, that RGC-30 is a carbon with a slight
degree of oxidation (about 3 at.% surface oxygen). It is composed of a
wide variety of C-O, COO, and C=0 groups. Upon melamine treatment
(RMel_800 sample), the oxygenated groups were still observable in the O
1s region, although the presence of C=0 groups was notably reduced
compared to the pristine carbon. On the other hand, the N 1s core-level
spectrum for the RMel 800 sample (Fig. 5b) shed light on the nitrogen
doping of the resulting material. This nitrogen doping primarily con-
sisted of pyridinic-N (398.30 eV) and pyrrolic-N (400.54 eV), with a
minor contribution from aminic-N at 399.50 eV, with a total surface N
content of 8.13 at. % (Table 4).

The assessment of the C 1s and O 1s regions for MelPhy samples
(Fig. S2, Table S1) shows that there is an evolution concerning surface-
level oxygenated groups. A stronger signal is observed in the Ols region,
indicating an increase in oxygen content. This observation, in line with
TGA-MS results, may be associated with slight incorporation of
oxygenated groups into the carbon, particularly carboxyls, and lactones,
or it could be attributed to various P-O bonds. However, distinguishing
whether these oxygenates originate from P- or C-bonded oxygen is
challenging due to their closely matching binding energies.

Fig. 5 c depicts the high-resolution XPS spectra of the N 1s and P 2p
regions for the co-doped carbons. Within the N 1s core-level (Table 3),
we observed contributions from pyridinic-N (about 398.3 + 0.5 eV) and
pyrrolic-N (about 400.4 + 0.5 eV), accompanied by two notable changes
compared to sample RMel 800 [31]. Firstly, there’s a reduction in the
amount of surface nitrogen groups after treatment, as mentioned above.
Secondly, a new contribution emerges at a higher binding energy value,
corresponding to a more oxidised N species, quaternary-N (401.7 + 0.5
eV) [31,33,34]. It is essential to point out that for the MelPhy2.0 and 5.0
samples, there is a small shift to higher binding energies in this new
contribution. However, the presence of oxidised N is discarded since, in
the Ols region, no corresponding contribution from the oxidised N
group could be observed (534.0-534.8 eV) [33]. In addition, in the
N-doped and N,P co-doped samples in the C 1s region (Fig. S2 and
Table S1), contributions related to C-N bonds of the pyrrolic-N and
pyridinic-N groups and Csp3-N related to the quaternary-N are observed
in the C 1s region [33,34]. This confirms the presence of these nitrog-
enous groups in the carbons.
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measurements. b) H,O (18 m/z), ¢) CO (28 m/z), d) CO, (44 m/z). (A colour version of this figure can be viewed online.)

On the other hand, the deconvolution of the core-level P 2p spectra
reveals that all MelPhy carbons exhibit a single surface-level P group
(Fig. 5c-Table 4). In the case of samples MelPhy1.5 900P and Mel-
Phy2.0P_900P, this P group can be associated with the CoPO2 or CPO3
species (Table 4) [14,15]. However, distinguishing between these spe-
cies is challenging due to their overlapping signals at a binding energy of
approximately 133.0 eV. In the MelPhy5.0_900P sample, a significantly
reduced phosphorus content related to the C3PO species (132.7 eV) was
found [14]. This reduction could indicate that an excess of PA tends to
generate a more reduced amount of carbon. Nevertheless, it should be
noted that the binding energies of the P atoms in the synthesised ma-
terials are remarkably close, suggesting that they have similar electron
densities.

The catalysts were tested in the hydrogenation of 1-chloro-4-nitro-
benzene (1C-4NB) under mild conditions (80 °C, atmospheric pres-
sure) using hydrazine as a reducing agent (Fig. 6). The blank test shows
no catalytic activity from the reactor; however, the RGC-30 carbon
shows some catalytic activity, which is associated with its slightly oxi-
dised surface, as observed by TGA-MS and XPS [35]. However, the
RMel 800 sample shows an abrupt increase in catalytic activity. As ex-
pected, this improvement in activity is due to the nitrogen groups
introduced on the surface [36]. However, it should be noted that no
consensus has yet been reached on which nitrogen species is the most
active. However, an interesting study by Yuqing Chi et al., where they
used different treatment ramps to dope carbon nanotubes with chitosan
to obtain different N species, found that the most important nitrogen
groups in the catalytic activity are pyrrolic-N and quaternary-N [37]. On
the other hand, the introduction of P to the catalyst surface shows an
improvement in the final conversion, reaching 100 % conversion faster.
Finally, as observed in Fig. S3a, all carbons, both doped and undoped,

showed a selectivity of 100 % towards the corresponding aniline at all
reaction times.

Analysing the correlation between catalytic activity and physico-
chemical properties, it can be assumed that textural properties do not
have a high impact on catalyst performance. The RMel 800 sample ex-
hibits higher catalytic activity than the pristine carbon due to the
introduction of N-groups. Conversely, the introduction of P atoms on the
catalyst surface (MelPhy samples) enhances the conversion rate of 1-C-
4NB. When comparing the surface chemistry of the catalysts, a signifi-
cant decrease in the N content is observed, together with an increase in
the P content, which in turn increases with the amount of PA used during
synthesis. However, no clear dependence on phosphorus content and
type is observed in the N, P system. As the amount of nitrogen in the
MelPhy samples decreases considerably compared to the RMel 800
sample, and the catalytic activity does not decrease, it is presumed that
the activity is due to the cooperative effect of the remaining N and P.

Additional catalysts were synthesised to obtain more information on
the influence of P on the N-P system, taking the MelPhy1.5_900P sample
as a reference. Two catalysts were synthesised at lower temperatures
without pre-polymerization (MelPhy1.5_650, MelPhy1.5_800) to obtain
different types of surface phosphorus species. In addition, homologous
carbons to the MelPhy samples without nitrogen were prepared,
following the identical heat treatment with PA applied to Mel-
Phy1.5_900P, MelPhy1.5_800, and MelPhy1.5_650 samples using RGC-
30 instead of RMel 800. These resulting samples are denoted as
RPhy1.5_900P, RPhy1.5_800, and RPhy1.5_650).

From the catalytic results (Fig. 7), as the MelPhy series, the RPhy
carbons showed 100 % selectivity towards 4-chloroaniline (4-CA)
(Fig. S3b). Nevertheless, a notable distinction is evident between
phosphorous-doped carbons (RPhy samples) and the N, P co-doped ones
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(MelPhy samples). All non-nitrogen-containing samples exhibited a
lower conversion rate of 1C-4NB. Various characterisation techniques
were employed on the new carbons for a more comprehensive under-
standing of the catalyst’s behaviour. The nitrogen adsorption isotherms
(Fig. S4) reveal that the catalysts exhibit the same type of isotherm as
observed for RGC-30, pointing to a micro-mesoporous carbon. Never-
theless, textural parameters vary depending on the pyrolysis tempera-
ture (Table 5). Thus, the most affected parameters by the temperature
treatment are microporosity and specific surface area. Three general
points can be observed: i) carbons pyrolysed at 650 °C have lower
textural properties (this aligns with TGA results showing a more
immature carbonisation process than at 800 and 900 °C); ii) porosity
recovers with higher treatment temperatures; iii) PA mainly affects

micropores. RPhy samples have more developed porosity at 650 and
800 °C due to the higher specific surface area of the starting carbon
(RGC-30). However, at 900 °C, both RPhyl.5900P and Mel-
Phy1.5_900P exhibit similar porosity.

Raman spectroscopy experiments unveiled the presence of D and G
bands typical of carbons in all the materials (Figs. S5a and b). XPS
measurements (Fig. S6) of the resulting carbons confirm the successful
doping and co-doping in both cases. Table 6 Presents the data derived
from the deconvoluted high-resolution XPS spectra in the N 1s region.
They indicate that the total nitrogen content at 650 and 800 °C stays
above 3.5 at.%, decreasing as the temperature rises, with pyrrolic-N
being the most prevalent species.

On the other hand, upon analysing the P 2p region (Table 7), it is
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Table 3
N 1s core-level resume from N,P co-doped carbons with different PA: RMel_800
ratios.

Catalyst N-specie % at. Binding energy Total N-
Rel. peak/eV content/%

MelPhy1.5.900P  Pyridinic-N 0.56 398.5 1.69
Pyrrolic-N 0.67 400.3
Quaternary- 0.46 401.7
N

MelPhy2.0_900P  Pyridinic-N 0.73 398.7 2.37
Pyrrolic-N 1.48 400.9
Quaternary- 0.16 402.2
N

MelPhy5.0_ 900P  Pyridinic-N 0.83 398.5 1.90
Pyrrolic-N 0.84 400.7
Quaternary- 0.23 402.1
N

RMel_800 Pyridinic-N 4.77 398.3 8.13
Aminic-N 0.93 399.5
Pyrrolic-N 2.43 400.5

Table 4

P 2p core-level resume from N, P co-doped carbons with different PA: RMel_800
ratios.

Catalyst P-specie % at. Rel. Binding energy peak/eV
MelPhy1.5_900P C2P0,/CPO3 3.6 133.0
MelPhy2.0_900P C,P0O,/CPO3 4.82 133.0
MelPhy5.0_900P C3PO 4.03 132.7
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Fig. 6. Catalytic performance of the investigated carbons in the hydrogenation

of 1-cloro-4-nitrobenzene. T = 80 °C, 5 mmol of substrate, 100 mg of catalyst, 2
ml of hydrazine. (A colour version of this figure can be viewed online.)

observed, as expected, that different P species could be obtained
depending on the treatment. At low temperatures, the main species is
COPOg; later, increasing the temperature to 800 °C in the RPhy and
MelPhy samples, contributions related to CPO3/C2PO2 emerge [14].
Finally, at high temperatures (900 °C), P is found to be more reduced
than in the other cases, in the form of the C3PO species [14,15]. An
important finding is that in samples where the starting carbon already
contained nitrogen, a higher surface P content was observed. This may
indicate that N promotes the inclusion of P in the carbon to a greater
extent. Additionally, in the MelPhy samples, the P species exhibit lower
binding energy values compared to the RPhy samples, indicating that P
is slightly more reduced in the MelPhy carbons than in the RPhy
carbons.

Considering the catalytic results alongside the characterisation
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Fig. 7. Catalytic performance comparison of the N, P co-doped, and P-doped
carbons in the hydrogenation of 1-cloro-4-nitrobenzene. T = 80 °C, 5 mmol of
substrate, 100 mg of catalyst, 2 ml of hydrazine. (A colour version of this figure
can be viewed online.)

Table 5
Textural parameters for the N, P- and P- doped samples.
Catalyst Ser Vrotal Viicro Vineso
(m*g™ (ccg™ (ccg™) (ccg™
RPhy1.5_650 242 0.32 0.072 0.25
RPhy1.5_800 957 0.80 0.34 0.46
RPhy1.5_900P 1194 0.91 0.44 0.47
MelPhyl.5_650 115 0.16 0.036 0.12
MelPhyl.5_800 678 0.53 0.23 0.3
MelPhy1.5.900P 1158 0.83 0.39 0.44
Table 6
N 1s core-level resume from N, P co-doped carbons, and P doped carbons.
Catalyst N-specie % at. Binding energy Total N-
Rel. peak/eV content/%
MelPhy1.5_900P Pyridinic-N 0.56 398.5 1.69
Pyrrolic-N 0.67 400.3
Quaternary- 0.46 401.7
N
MelPhyl.5_850 Pyridinic-N 1.32 398.4 3.66
Pyrrolic-N 1.58 399.83
Quaternary- 0.76 401.2
N
MelPhyl.5_650 Pyridinic-N 0.96 398.4 3.44
Pyrrolic-N 1.99 400.1
Quaternary- 0.49 401.9
N

Table 7
P 2p core-level resume from N, P co-doped carbons, and P doped carbons.

Catalyst P-specie % at. Rel. Binding energy peak/eV
RPhy1.5_650 COPO3 6.92 134.1

RPhy1.5_800 CPO3/C2PO, 1.79 133.7

RPhy1.5_900P C3PO 2.82 132.9

MPhy1.5_650 COPO3 8.27 133.9

MelPhy1.5_800 CPO3/C3PO, 4.29 133.1

MelPhy1.5_900P C3PO 4.03 132.75

outlined earlier, a clear correlation emerges between the species present
and catalytic activity. In all instances, the co-doping of N and P posi-
tively impacted substrate conversion. This is noteworthy because,
despite the MelPhy samples exhibiting less developed porosity, their
catalytic activity surpasses that of the RPhy samples. Furthermore,
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MelPhy samples show an activity proportional to the pyrolysis temper-
ature; however, RPhy samples pyrolysed at 800 °C showed lower ac-
tivity than those treated at 650 °C. However, when normalising the
catalytic performance of RPhy catalysts with their P content measured
by XPS, the pyrolysis temperature-dependent activity trend is consistent
for RPhy and MelPhy catalysts (Fig. S7). Showing that catalysts con-
taining C3PO are more active. Therefore, the activity organised by the P
group can be arranged as follows: C3PO, C;PO2/CPOs, COPOs3. A notable
case is observed in the homologous samples RPhy1l.5 900P and Mel-
Phy1.5_900P, possessing similar textural properties, but the MelPhy
sample clearly performs better than RPhy, showing a significant cata-
lytic difference. Furthermore, despite a lower N content in the Mel-
Phy1.5_900P sample than the RMel_800, the co-doped sample exhibits a
higher activity, while in the RPhy1.5_900P sample, the activity is lower.
So, a synergistic effect between N and P can be clearly observed. This
synergistic effect may be related, on the one hand, to the enhanced
adsorption of the nitro group on the N and P groups due to their polarity
[16,38]. Furthermore, Xi Jiangbo et al. by DFT study, suggest that the
synergistic effect between N and P occurs mainly by altering the charge
distribution in the carbonaceous network, given by a negative charge on
N atoms and a positive charge on P atoms [9]. In addition, the combined
introduction of N and P seems to increase the positive charge of P, which
distributes its charge uniformly over the surrounding C atoms [9]. This
could be the reason for the synergistic effect, as these C-atoms may play
arole as a medium for the transport of protons that react with the nitro
group of the substrate.

A recycling test was conducted on the MelPhy samples in the hy-
drogenation of 1C-4NB, with a reaction time of 15 min, (Fig. 8). After 5
cycles of use, the selectivity towards 4-chloroaniline (4-CA) remained at
100 %. Fig. S8a shows the comparative elemental composition obtained
from the sample after five cycles and the fresh sample. Three general
changes are observed: the first is a decrease in total P (from 3.6 % to 2.11
%), the second is an increase in surface N (from 1.69 % to 5.57 %), and
the third is a decrease in oxygen (from 10.31 % to 12.37 %). These
changes indicate that the species most involved during the reaction are
P, O and N, with oxygen related to P groups. On the other hand, the
increase in surface N is associated with the loss of P, leading to a loss of
O, thus leading to an increase in surface N. Otherwise, Fig. S8 b,c shows
no variations in species present, such as C3PO and the pyrrole, pyridinic
and quaternary N-groups. However, noticeable changes were observed
in terms of conversion as the cycles progressed, showing a gradual
decrease. This loss in conversion rate may be related to the loss of the
active P phase and inherent catalyst mass during each cycle.

4. Conclusions

The prepared nitrogen and phosphorus-doped carbons demonstrated
activity in the conversion of 1-chloro-4-nitrobenzene in mono-doped
carbons. However, samples with nitrogen and phosphorus surface
groups exhibited superior catalytic activity. Regardless of the P func-
tional group, the co-doped carbons outperformed those doped with only
P, indicating a synergistic relationship between the two heteroatoms.
Nitrogen proved to be crucial, contributing not only to catalytic activity
but also resulting in higher final P content in co-doped carbons prepared
from N-doped carbons. N,P-doped activated carbons show significant
potential as an active, stable, and selective metal-free catalyst in the
hydrogenation of 1-chloro-4-nitrobenzene towards 4-chloroaniline.
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