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We report the one-pot mechanochemical synthesis of N-doped
porous carbons at room temperature using a planetary ball mill.
The fast reaction (5 minutes) between calcium carbide and cyanu-
ric chloride proceeds in absence of any solvent and displays a
facile bottom-up strategy that completely avoids typical thermal
carbonization steps and directly yields a N-doped porous carbon
containing 16 wt% of nitrogen and exhibiting a surface area of
1080 m? gt

Introduction

Tailoring the microstructure and the electrical properties of
carbon-based nanomaterials by molecular design is crucial for
many advancing applications? in fields such as sensors,* bat-
teries,”  supercapacitors,® electrocatalysis”® or opto-
electronics.” Doping the n-system of an sp>-hybridized carbon
framework with nitrogen is a straight-forward strategy to
increase wettability'®'" and to enhance catalytic activity (for
instance in ORR)."”* The comparable size of C and N atoms
makes their substitution feasible while the stronger electro-
negativity of the N changes the electronic properties of the
carbon network. Pyridinic nitrogen, for instance, induces
Lewis basicity at the adjacent carbon atoms'® whereas graphi-
tic nitrogen increases the electron density within the deloca-
lized n-system,'® consequently affecting the electrical conduc-
tivity of the graphene network.'®'”

A growing number of works report N-doping on carbon-
based materials by either direct synthesis (e.g. chemical vapour
deposition,"®'® solvothermal, arc-discharge,> segregation,>>

“Department of Inorganic Chemistry, Technische Universitit Dresden, Bergstrasse 66,
01069 Dresden, Germany. E-mail: lars.borchardt@tu-dresden.de,
miriancasco@gmail.com

bDepartment of Bioanalytical Chemistry, Technische Universitct Dresden,

Bergstrasse 66, 01069 Dresden, Germany

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
c9nr01019j

4712 | Nanoscale, 2019, 11, 4712-4718

Marcus Rauche, Eike Brunner {2° and Lars Borchardt (2 *@

condensation reaction,> thermal decomposition,** porous

polymer precursor approach®® or post-synthesis approaches
(e.g. thermal®”*® or plasma® treatment). However, most of these
syntheses suffer from a high energy penalty, multiple-step pro-
tocols and waste accumulation, which increase production
costs considerably. A facile synthesis approach towards
N-doped carbon-based materials at industrial quantity, while
preserving the environment, is fundamental to guarantee the
future commercial application of emerging technologies.

In this context, mechanochemical syntheses have attracted
much attention as sustainable and cost-effective alternatives to
conventional syntheses for a vast number of products ranging
from discrete molecules in organic***° and inorganic®' chem-
istry to polymers®*?* and porous materials.**** These synth-
eses rely on mechanical energy, which is provided by the col-
lision of milling balls in ball mills, and which is transferred to
the chemical educts. These reactions are fast, scalable and can
be conducted in a solvent-free environment, reducing waste
accumulation to a minimum.

Porous carbons have already been synthesized by mechano-
chemistry, among them ordered mesoporous carbons,*>*® and
nitrogen-doped carbons.”*”*® However, a crucial step in all of
these syntheses is a subsequent heat temperature treatment to
facilitate carbonization and to derive a graphitic conductive
structure. The heat treatment renders not only an additional
step but also one of the most energetic steps in the synthesis,
probably limiting its applicability.

In order to tackle this drawback, self-sustaining, high-temp-
erature synthesis (SHS) has been investigated to instan-
taneously form carbon materials from highly exothermic solid
state reactions by local heating of the mixture (with a hot wire,
electric spark, laser, thermal radiation pulse or ion beam).***
When the reaction is induced by ball milling rather than a pre-
heated solid state mixture, the process is called mechanically-
induced self-sustaining reaction (MSR) and is typically per-
formed at room temperature.*’ *® Takacs"” has nicely reviewed
MSR for several systems. Basically, the process consists on a
primary activation period during which size reduction; mixing

This journal is © The Royal Society of Chemistry 2019
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Fig.1 Concept scheme for the mechanochemical reaction between
calcium carbide and cyanuric chloride inside a planetary ball mill at
room temperature, resulting in N-doped porous carbons.

and inclusion of defect take place. After this time the mixture
ignites and the reaction propagates to form the product in a
matter of seconds.

Here we report on the synthesis of a nitrogen-doped carbon
via MSR at room temperature. We thereby adapt and develop
further a recent synthesis concept of our group, the mechano-
chemical reaction of CaC, with halogenated hydrocarbons.**
In particular, we use the reaction between CaC, with cyanuric
chloride (C3CI3N;) (Fig. 1). We show that changing the mass
ratio of reactants and the milling time allows us to tailor the
textural properties and the nitrogen content of the carbon-
aceous product, reaching values of surface area as high as
1080 m?> g~ " accompanied with a nitrogen content of 16 wt%.

Materials and methods
Sample preparation

Granular calcium carbide (CaC, < 75%) was purchased from
Sigma Aldrich and ground for 2 h at 500 rpm in a planetary
mono mill Pulverisette 6 classic line from Fritsch GmbH. The
main impurities of CaC, are CaO and Ca(OH),, although
traces of S can also be detected (ESI Fig. 1 and 27). 99% pure
cyanuric chloride (C3Cl3N3;) was purchased from Sigma
Aldrich. The synthesis of the carbonaceous materials was per-
formed by mixing both reactants in a 45 mL zirconium oxide
grinding bowl with 22 zirconium oxide balls (d = 10 mm,
~75.7 g) using a planetary micro mill Pulverisette 7 premium
line from Fritsch GmbH at the rotational speed of 500 rpm.
The system was prepared under argon atmosphere inside a
glove box. We tested four different CaC,/C;CI;N; mass ratios,
namely 0.5, 0.7, 2.3, 4.6. The evolution of pressure and tem-
perature inside the grinding bowl for all samples was moni-
tored by gas pressure and temperature measurement (GTM)
automatic system (45 mL zirconium oxide bowl and 22 zirco-
nium oxide balls), see ESI Fig. 3.7 After the ignition was
detected with the GTM system, the product was milled for
5 min or 120 min, giving 8 samples in total (see ESI Table 17).
The product was washed first with a HCI solution of 10% v/v
and then with hot water overnight using soxhlet system until
pH = 7 was reached and impurities were removed.

Sample characterization

The nitrogen physisorption isotherms were measured at 77 K
using a Quadrasorb EVO/SI apparatus from Quantachrome
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Instruments. Prior to all measurements, the samples were
degassed under vacuum at 150 °C for 12 h. The specific
surface area (SSAggr) of the N-doped carbons was calculated
using the equation from Brunauer-Emmett-Teller (BET) in
the range that fits to the consistency criteria proposed by
Rouquerol and Llewellyn.*® The total pore volume (V;) was cal-
culated at a relative pressure of 0.95. The sample composition
was measured in the CHNS analyser (Euro EA HEKAtech
GmbH). Ash content was determined by thermogravimetric
analysis (TGA) on a NETZSCH STA 409 C/CD system using
alumina crucibles under air stream with the heating rate of
5 °C min~". Transmission electron microscopy (TEM) image
was observed in a JEOL JEM 1400plus operated at an accelera-
tion voltage of 120 kV. The sample were collected by soaking
the TEM copper grid in the already with ethanol well-dis-
persed carbon suspension. Raman spectra were obtained
using a Raman-spectrometer DXR SmartRaman from the
company Thermo Scientific. The wavelength for the measure-
ment was 532 nm (100 scans). X-ray photoelectron spec-
troscopy (XPS, K-alpha, Thermo Scientific) was used to
analyse the C, N and O species. All spectra were collected
using Al-K radiation (1486.6 e€V), monochromatized by a twin
crystal monochromator, yielding a focused X-ray spot (ellipti-
cal in shape with a major axis length of 400 pm) at 3 mA x 12
kV. The alpha hemispherical analyser was operated in the con-
stant energy mode with survey scan pass energies of 200 eV to
measure the whole energy band and 50 eV in a narrow scan to
selectively measure the particular elements. XPS data were
analysed with Avantage software. Electric powder conduc-
tivities were measured with an Agilent 34420A combined with
a self-constructed cell with a diameter of 1 cm. The powder
was pressed with a mass of 2 t.

Results and discussion
Mechanochemical synthesis

In a typical synthesis, the powders of calcium carbide (CaC,)
and cyanuric chloride (C3Cl3N3) are placed into a 45 mL zirco-
nia grinding bowl with 22 zirconia milling balls (d = 10 mm,
~75.7 ). After milling at 500 rpm for a certain time and a con-
secutive washing step, the final N-doped carbon product is
obtained. They were labelled as ‘N-Carb’ following by the
CaC,/C;3CI3N; mass ratio (0.5, 0.7, 2.3 and 4.6). To track the
proceeding reaction, we used a vessel with integrated tempera-
ture- and pressure-sensors. The evolution of temperature and
pressure was recorded for all conditions (Fig. 2) and is charac-
teristic for mechanically-induced self-propagating or self-sus-
taining reactions.*>™*” At the beginning of the experiment, the
pressure remains at atmospheric value and the temperature
increases gradually only due to the balls friction. During this
time (mechanical induction period), the number of structural
defects and the particle surface increase. As a result, the reac-
tivity of the system rises significantly. After the induction time,
a sudden rise in the pressure and temperature are detected,
which is associated with the instantaneous formation of
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Fig. 2 Temperature (dashed line) and pressure (solid line) profiles for
the mechanochemical synthesis of N-doped carbons. Reactions were
followed using an easy GTM system (Fritsch GmbH, detailed description
ESI Fig. 3+1).

carbon. Macroscopically, a black powder is obtained opening
the bowl immediately after ignition.

The reactants quantities are selected according to the fol-
lowing hypothetical eqn (1) (symbol for mechanochemical
reactivity is adapted from ref. 49). Please, note that this is not
a defined stoichiometry. The experimentally obtained compo-
sition can be derived from elemental analysis, which will be
discussed later.

3CaCy + 2C3CI3N; — 3CaCl, + 2CgN; (1)

A CaC,/C;CI;N; mass ratio of 0.7 is calculated to be the stoi-
chiometric quantity, whereas 0.5 corresponds to an excess of
C3;CI3N; and 2.3 to an excess of CaC, (the purity of CaC, 75%
was taking into account for the calculation). Additionally, we
investigated the minimum amount of cyanuric chloride
needed to promote the reaction within 1 h, which resulted in a
mass ratio of 4.6. Therefore, we can draw two conclusions
from comparing the profiles in Fig. 2. Firstly, an excess of
CaC, promotes the mechanochemical reaction, leading to
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shorter induction times. This is 1 and 5 min for N-Carb-2.3
and N-Carb-4.6, in contrast to 30 and 60 min for sample
N-Carb-0.7 and N-Carb-0.5, respectively. In any of these cases,
the necessary times are extremely short compared to conven-
tional carbonization methods to prepare activated carbon
materials, which usually require around 2 h plus a cooling
period. Note that the registered global temperature rises gradu-
ally due to the milling process itself (attrition of milling
material) and suddenly shows a small spike (not higher than
50 °C) due to the exothermic nature of the reaction
(~—600 kcal). These results demonstrate that, even though the
reaction is highly exothermic and provokes a local over-
heating, the product can be synthesized at room temperature
and in a time scale of minutes. The second conclusion is
related to the maximal pressure reached by the system during
the ignition. The readers have to be aware that this type of
reaction can result in an uncontrolled explosion when large
quantities of reactants are used in stoichiometric ratios. The
pressure rises abruptly due to the expansion wave followed by
the propagation reaction front. The remaining pressure might
due to the gases formation during the ignition (e.g. light
hydrocarbons, CO, CO,), although the currently system does
not allow their extraction for further analysis. Oxygen and
hydrogen might come from the impurities of calcium carbide
(see ESI, S17 for detailed information). In our experiments, the
sample N-Carb-0.7 generated a maximal pressure of 2.3 MPa.
However, when using an excess of either calcium carbide or
cyanuric chloride, the reaction can be controlled and carried
out very safely. We observed maximal pressures of 0.1 MPa, 1.4
MPa and 0.9 MPa for samples N-Carb-4.6, N-Carb-2.3 and
N-Carb-0.5, respectively. All samples were milled for 5 and
120 min after the detection of the reaction (the milling time
was added to the sample’s name in subscript, see Table 1).
Longer milling time exerts rather low influence on the yield of
the reaction (Table 1), which indicates that most of the
product is formed during the ignition. In general, the yield

Table 1 Textural and chemical properties of the N-doped porous carbons. The theoretical weight composition of the polymer (CgNs),, (egn (1)) is

63 wt% C and 37 wt% (C/N = 1.7), while the atomic ratio C/N is 2

Elemental analysis’ XPS®
Yield®  SSAger’  Viowm© Ash? Il N C H S C/N N ¢ e} C/N
Materials (%) m?>¢g™  (em’g™) (Wt%) (nm)  (Wt%) (at%)
N-Carb-0.55 min 31 410 0.55 7.2 0.94 12.0 74.7 0.2 0.3 6.2 — — — —
N-Carb-0.5150 min 41 370 0.30 4.8 0.93 18.0 66.7 0.5 0.8 3.7 18.8 74.8 6.1 4.0
N-Carb-0.75 min 41 170 0.32 7.8 0.66 4.9 83.6 0.1 — 17 — — — —
N-Carb-0.7120 min 43 280 0.20 3.8 1.01 7.0 80.3 — — 11.5 7.1 88.9 3.8 12.5
N-Carb-2.35 min 110 230 0.60 6.7 0.92 1.7 81.9 — — 48.2 — — — —
N-Carb-2.315¢ min 98 450 0.36 3.7 1.47 2.0 85.2 0.1 0.8 42.6 1.6 95.2 3.0 53.3
N-Carb-4.65 min 92 1080 1.00 9.5 0.75 2.2 82.7 0.2 0.7 37.6 — — — —
N-Carb-4.615¢ min 110 1080 1.25 2.7 1.13 16.1 60.3 2.1 2.1 3.7 — — — —

“Yield (%) =

tant. MW, = 64.099 g mol™*

(Mfinar X X % Mwhmmng reactant X 100)/(mummng reactant X 2 X MW x ), where X is 3 (or 2) when CaC, (or C3Cl;3N3) is the limiting reac-
. MW cin, = 184.41 g mol ™. MWy, = 114 g mol ™. The yield is calculated according to the hypothetical eqn (1),

therefore ylelds higher than 100% indicates that more acetylene units than expected are reacting. b Multi-point BET-method for 0.05 < P/P, < 0.3.
¢ Ip/lg is the
intensities ratio of the D and G peaks./The remaining elemental composition (wt%) is supposed to be oxygen and Ca. ¢ The remaining compo-

“Total pore volume at P/P, = 0.95 (N, adsorption).

sition (at%) is sulfur coming from the CaC,.

4714 | Nanoscale, 2019, 11, 4712-4718

9 Ash content is the remaining mass of thermogravimetric analysis under air.
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increases when increasing the calcium carbide content in the
initial mixture. However, according to elemental analysis
(Table 1), this increment is accompanied with a decrease of
the nitrogen content. These opposing observations suggest
that CaC, can also react with itself to form carbon. Cyanuric
chloride, however, is necessary, since milling of pure CaC,
does not yield any product at all. A proposed mechanism
involves the nucleophilic substitution of the anion chloride by
the acetylide anion on the triazine ring with the corresponding
formation of CaCl, as a side product. Since triple bond was
not found by further structural characterization techniques on
the carbon products, the presence of the suggested polymer in
eqn (1) can be ruled out. The obtained product is a more
stable nitrogen-doped carbon, which structural and textural
characteristics will be analyzed along the manuscript.
Thermogravimetric analysis shows that the product is stable
up to 400 °C in air, with a maximal decomposition rate at
around 500-600 °C (see ESI Fig. 47). The ash content (mainly
CaO coming from the calcium carbide impurities) decreases
with the milling time (Table 1), since the continuous particle
size reduction of the formed carbon allows for a more effective
washing process. Traces of S can also be detected in the final
carbon by elemental analysis (Table 1).

N-Doped porous carbon

Elemental analysis confirms that nitrogen atoms are incorpor-
ated into the carbon network (Table 1). According to the
eqn (1), the reaction between calcium carbide and cyanuric
chloride might yield a triazine polymer bridged by acetylene
units with a theoretical C/N atomic ratio of 2, and a C/N mass
ratio of 1.7. However, the experimental results reveal C/N mass
ratios between 3.7 and 48, which confirm that the acetylene
units react with themselves and the cyanuric chloride is funda-
mental to start the reaction giving N-doped carbons and CacCl,
as products. A closer look at these values suggests that the
nitrogen incorporation process could be divided into two steps:
(1) in situ doping during the reaction and, (2) ex situ doping
during the subsequent grinding. The in situ doping majorly
determines the degree of nitrogen incorporation, which, in
principle, is more effective when increasing the amount of
cyanuric chloride in the initial mixture. For instance, the nitro-
gen content is 1.7 wt%, 4.9 wt% and 12 wt% for samples
N-Carb-2.35 min, N-Carb-0.75 min and N-Carb-0.55 min, respect-
ively. The ex situ doping, although less effective, still provides
further heteroatoms into the carbon network, e.g. the nitrogen
content for sample N-Carb-0.55 iy is enhanced from 12 wt%
up to 18 wt% after 120 min of milling. In the particular case of
N-Carb-4.6, in situ doping led to a nitrogen content of 2.2 wt%,
that is enhanced up to the value of 16 wt% with the subsequent
120 min of grinding. Please note, that we performed these
syntheses several times in order to test the reproducibility of
this mechanochemical reaction. As a result, we replicated the
product and the nitrogen content, thus confirming the success
of the ex situ doping for sample N-Carb-4.6.

Structural information about the nitrogen species in the
product are obtained by means of X-ray photoelectron spec-

This journal is © The Royal Society of Chemistry 2019
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troscopy (XPS). The survey spectra for samples N-Carb-0.515¢ min,
N-Carb-0.7150 min and N-Carb-2.31,, min are selected and
analyzed (Fig. 3a-d). The intensities of the N 1s spectra
decrease with the nitrogen content and the C/N ratios are in
close agreement with elemental analysis results (Table 1).
The fitting of the N 1s spectrum of N-Carb-0.5;59 min reveals
three major bands that correspond to pyridinic N (398.8 eV),
pyrrolic N (400 eV) and graphitic N (401.1 eV).”® In the cases of
N-Carb-0.7159 min and N-Carb-2.31,¢ min the pyridinic and pyr-
rolic functionalities dominate in the fitting (Fig. 3c and d).
The fitting of the C 1s spectra (see ESI Fig. 5a-ct) reveals two
main bands attributed to sp® graphitic structure at around
284.6 eV and sp® carbon bond at around 285.5 eV; and two
minor bands at around 286 eV and 288.5 eV which can be
assigned to the C=N double bond and the C-N single bond of
the triazine unit, respectively.>">> Therefore, the XPS results
indicate that triazine units are incorporated into the carbon
network, and the doping mainly led to pyridinic species (for
more detail about N, C and O species percentages refer to ESI

() —vamzaa ) s N-Carb-0.5,0m
= Cis ——N-Carb-0.7 0, S )
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Fig. 3 (a) Survey X-ray photoelectron spectra for samples N-Carb-
X120 min (X = 0.5, 0.7 and 2.3) obtained in the ball mill. N 1s deconvoluted
spectra of (b) N-Carb-0.5150 min, (¢) N-Carb-0.7129 min and (d) N-Carb-
2.3120 min- (€) Transmission electron microscopy image for sample
N-Carb-0.5 and a proposed scheme of a nitrogen-doped graphene
layer. (f) Raman spectra for samples N-Carb-X150 min (X = 0.5, 0.7 and
2.3) obtained in the ball mill and a zoom-in on the G band.
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Table 2). TEM image in Fig. 3e shows a flakes-like microstruc-
ture for nitrogen-doped carbon obtained in the ball mill, and a
proposed scheme for the N-doped graphene layer with inte-
grated triazine units.

Raman spectra were measured to complement the charac-
terization of the carbon structure (Fig. 3f and ESI Fig. 67).
There was no indication of sp hybridized carbon in the
Raman spectra and in turn the existence of the polymer pro-
posed in eqn (1). Three peaks characteristic of carbonaceous
materials arise at around 1570-1585 cm™ ' (G band),
1348 cm™" (D band), and 2688 cm ™' (2D). The G band corres-
ponds to the optical mode vibration of two neighbouring
carbon atoms on a graphene layer. The D band corresponds to
the breathing mode of sp> hybridized carbon in the presence
of a defect in the aromatic system. In addition, this defect is
also responsible for the small shoulder observed on the G
peaks at ~1610 cm™" (D’ band).>® The 2D band, which involves
a two-phonon process, is a signature for layer thickness and is
related to the number of graphene layers.>® This peak is
sharper for the carbonaceous materials obtained immediately
after the ignition (5 min milling time) and becomes smaller
after longer milling times due to the inclusions of defects. In
addition, a higher I/l intensities ratio is found when com-
paring same reactant ratio but higher milling time in parallel
with a higher degree of disordering in the sp” hybridized
carbon network. For N-doped carbon materials, the substi-
tution of C by N atoms must be accompanied by the introduc-
tion of defects into the graphene layer.>® Previous studies from
Ferrari and Robertson® revealed a down-shift of the G peak
position with the nitrogen content. Herein, a maximum shift of
~15 cm™" is observed in the G band position when comparing
N-Carb-0.5150 min (18 Wt%N), and N-Carb-2.3150 min (2 Wt%N).
This observation supports the XPS results that nitrogen is suc-
cessfully incorporated into the graphene structure.

The textural properties of the N-doped carbons obtained in
the ball mill were investigated by means of nitrogen physisorp-
tion technique (see ESI Fig. 7f for N, adsorption isotherms
and ESI Fig. 8} for pore size distribution). The surface area is
between 170 and 1080 m* g~ depending on the mass ratio
(Table 1). These surface areas are relatively high considering
that neither thermal carbonization nor activation processes
were applied. From this, we conclude that mainly the CaC,
and the graphitization of the acetylene units are responsible
for the porosity, while the cyanuric chloride, apart from being
C and N source, it is necessary to start the reaction. In
addition, we observed that further milling does not affect the
textural properties of the materials, but increase considerably
the nitrogen content, especially for sample N-Carb-4.6. In con-
sequence, all these results strongly point towards a nitrogen-
doped carbon rather than a polymer framework. Moreover,
X-ray diffraction reveals the typical pattern for turbostratic
carbon (Fig. 4).”°

We measure the electrical conductivity of the eight
samples obtained in the ball mill (Fig. 5). Results reveal a
decrease in the conductivity with the milling time. Two
factors may explain this trend: the nitrogen content and the
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Fig. 4 X-ray diffractrograms for the eight N-doped porous carbon
materials produced in the ball mill.
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Fig. 5 Electrical conductivities for the eight samples obtained in the
ball mill.

surface area. Increasing milling time enhances, at different
extent, both of them (Table 1). The high nitrogen content of
16 wWt% combined with a surface area of 1080 m> g~ give the
lowest electrical conductivity for sample N-Carb-4.615¢ min
(0.5 x 107" S em™"). The increasing trend in conductivity of
samples N-Carb-0.5, N-Carb-0.7 and N-Carb-2.3, either com-
paring 5 or 120 min, is in line with the decrease in the nitro-
gen content. It was reported in the literature the effect of the
nitrogen content on the electrical conductivity is determined
by a competition between electron doping and structure dis-
order.'®”” XPS results demonstrated that mainly pyridinic and
pyrrolic species are present in the carbon network, which
induce a more defective structure (confirmed by Raman).
Nonetheless, the obtained values (Fig. 5) are comparable with
that of commercial activated carbons, carbon fibers and car-
bonized anthracites reported on literature, usually <20
S em™'.”® These electrical conductivities are quite good con-
sidering that mechanical forces are the only external source of
energy.

This journal is © The Royal Society of Chemistry 2019
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Conclusions

We demonstrated that N-doped porous carbons can be syn-
thesized via the simple reaction between calcium carbide and
cyanuric chloride at room temperature inside a ball mill. We
reported further insight into the mechanochemical mecha-
nism. On one side, we found that the cyanuric chloride is criti-
cal to start the reaction while in situ incorporates nitrogen
species, mainly pyridinic. On the other side, we found that the
reaction evolves generating the acetylene units to react to each
other, and consequently more carbon 1is produced.
Furthermore, the influence of the nitrogen content on the elec-
trical conductivity was investigated. Results show an increment
on the electrical conductivity when decreasing the nitrogen
content and the surface area. The reported electrical conduc-
tivities are quite good considering that any thermal step was
avoided; being the mechanical forces the only external source
of energy.
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