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Abstract:

Nitrogen-doped graphenic materials (N-Gr) are attracting increasing interest in the field of
electrocatalysis, where their applications as noble metal-free catalysts or as catalyst supports are explored
worldwide. Solvothermal-based processes are an efficient way to produce large quantities of N-Gr,
without compromising their valuable properties. Reported in earlier publications, our elaboration route is
based on a solvothermal reaction between various organic alcohols, e.g. cyclohexanol, ethanolamine, 1-
(2-hydroxyethyl)piperidine, and metallic sodium, followed by a pyrolysis treatment under nitrogen flow.
Rarely investigated in the literature mainly due to their complex mechanisms, the understanding of such
processes opens many paths to tailor the properties of N-Gr, leading to high porosity (> 2200 m%.g™),
good crystallinity, high purity, etc. The present article focuses on the influence of the solvothermal
reaction experimental parameters on the final N-Gr, i.e. temperature, pressure, and sodium content. The
elaborated materials are studied through multi-scale and complementary characterizations techniques, i.e.
Raman spectroscopy, thermogravimetric analysis, X-ray photoelectron spectroscopy, N, adsorption at 77
K. An overview of the whole process follows the experimental part, giving quick access to optimized
experimental parameters depending on the desired N-Gr properties, e.g. yield, crystallinity or porosity. By
way of illustration, some trends were evidenced, such as (i) the larger conversion rate of solvent into
crystalline carbon material as the reaction temperature is increased (300 — 380 °C), (ii) the increase of the
surface area and the larger nitrogen content with increasing pressure (100 — 200 bar), and (iii) the
beneficial impact of the sodium content on the yield and the material crystallinity (Na/solvent ratio 1 — 2).
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1. Introduction

Large scale production of nitrogen-doped graphenic materials (N-Gr), which gather very large surface
area (up to 2200 m%.g™), high electric conductivity and good crystallinity, represents a challenge for the
field of energy conversion, and more especially for fuel cells operating at low temperatures. This type of
material presents significant activity towards the oxygen reduction reaction (ORR) in both acidic and
alkaline media [1-16], and can also provide nucleation sites for metal nanoparticles, increasing notably
their dispersion and stability, leading to higher catalytic properties [17-20].

Recently, our group has worked on a solvothermal-based process to elaborate N-Gr [21]. Although
studied here at the lab scale, the solvothermal reaction between an alcohol and sodium as well as the
following pyrolysis treatment, could be easily up-scaled to recover larger amounts of materials.

In a recent study, our group reported the mechanisms involved during the solvothermal reaction between
1-(2-hydroxyethyl)piperidine (subsequently noted HEP) and metallic sodium [22]. It was evidenced that
the early formation of gaseous molecules such as CH4, NH3 or CO, leads to subsequent reactions with
sodium, resulting in the formation of various sodium compounds, e.g. Na,COs3, NaH, and NaCN. In
addition to that, the solid carbon-rich phase starts its rearrangement into a hexagonal sp® network and
macromolecules containing aromatic cycles and m-conjugated bonds.

In the present paper, the influence of the solvothermal parameters on the final N-Gr has been studied.
Relations between the solvothermal products composition and the evolution of the graphenic materials
properties have been drawn out, allowing a better understanding of the whole process. Recommendations
concerning the experimental parameters conclude the paper, allowing the reader to easily optimized
various properties of the carbon phase, such as its crystallinity, its porous structure, or its homogeneity.

2. Materials and methods

2.1. Solvothermal reactions between metallic sodium and HEP

Under inert atmosphere (N, Air Liquide, Alphagaz 2), a mixture of 23 mL (0.17 mol) of 1-(2-
hydroxyethyl)piperidine (ACROS organics, 99%) was put into contact with metallic sodium (Merck
Millipore), whose mass was chosen to reach the desired sodium/HEP ratio, i.e. 3.91 g (ratio = 1), 5.87 ¢
(ratio = 1.5) or 7.82 g (ratio = 2). The reagents were inserted inside a 0.5 L Parr autoclave, which was
then hermetically sealed. Nitrogen (Air Liquide, Alphagaz 2) was injected inside the sealed autoclave so
that the internal pressure reaches its targeted value at the reaction temperature, either 100 bar or 200 bar.
Finally, the reactor was heated at 300 °C, 350 °C or 380 °C, at 8 °C.min™. The mixture was let to react
during 72 h, before turning off the heating system and allowing the autoclave to cool down to room
temperature. The solvothermal product was recovered and stored under nitrogen atmosphere, due to its
sensitivity to air.

2.2. Pyrolysis treatments of the solvothermal products
About 5 g of solvothermal product was placed in an Inconel® 600 crucible and then introduced in a
vertical tubular oven. Depending on the planned conditions, the oven was heated at a heating rate of 20
°C.min™ up to the reaction temperature in the range 750 — 900 °C for 4 h, then cooled down to room
temperature naturally. The crucible was permanently kept under a nitrogen flow (Air Liquide, Alphagaz
1) to avoid the combustion of the carbonaceous phase and eliminate the pyrolysis gases. At this stage, the
product consists of a greyish black powder.

2.3. Washing of the N-doped graphenic materials
The pyrolysis product was crushed then sonicated 10 min in 200 mL of distilled water. The powder was
washed alternatively with 1 L 6 mol.L™ of hydrochloric acid (Sigma Aldrich, =37%) and 1 L of distilled
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water. The initially grey powder turned to black due to the removal of sodium carbonate and sodium
hydroxide formed during the pyrolysis. The sample was finally dried at 100 °C for 24 h and stored under
air.

The yield of the pyrolysis treatment is defined as the ratio of the mass submitted to pyrolysis and the mass
recovered after the washing treatment.

Table 1 gathers the conditions of elaboration for the materials studied in this work.

Table 1: Elaboration conditions of the characterized samples; solvothermal reaction pressure is given at the temperature of reaction;
reaction time =72 h.

Solvothermal reaction Solvothermal reaction Na/HEP molar Pyrolysis

Sample ID temperature (°C) pressure (bar) ratio temperature (°C)
N-Gr/S300 300 200 15 850
N-Gr/S350 350 200 15 850
N-Gr/S380 380 200 15 850
N-Gr/Pr100 380 100 15 850
N-Gr/Pr200 380 200 15 850
N-Gr/R1.0 350 200 1.0 850
N-Gr/R1.5 350 200 15 850
N-Gr/R2.0 350 200 2.0 850
N-Gr/P800 380 200 15 800
N-Gr/P850 380 200 15 850
N-Gr/P900 380 200 1.5 900

Raman spectroscopy investigations were conducted with a Renishaw inVia Quontor equipped with a 532
nm laser operating in the spectral range 100-3600 cm™ in synchroscan mode. Samples were first
dispersed in absolute ethanol then deposited on a glass slide.

X-ray photoelectron spectroscopy (XPS) analysis were achieved with a Kratos Axis Ultra DLD, using an
Al K,; X-ray source (1486.6 eV). C—C and C—H bounds were taken as C 1s signal references at 284.6 eV.
Analyzed surface is of 700 x 300 um? for 5-10 nm deep.

Physisorption of nitrogen at 77 K was performed with a Micromeritics ASAP2020 adsorption apparatus.
The samples were outgassed 12 h at 300 °C before analysis. Specific surface areas were calculated using
the BET (completed with the Rouquerol correction) and the 2D-NLDFT models The micropore volumes
and pore size distributions were obtained using the 2D-NLDFT model: this model can actually avoid
overestimation of the specific surface area by the BET model for microporous solids. 2D-NLDFT
calculations were carried out using the software SAIEUS, with a corrugation parameter A = 4.25 and an
integration range from 0.4 nm to 29.3 nm.

Thermogravimetric analysis (TGA) were carried out under dry air in a Setsys Evolution Setaram
thermobalance. Samples were heated at 1000 °C in a platinum crucible with a heating rate of 3 °C.min™
then cooled down to room temperature at 20 °C.min™. Accuracy in the masses is close to 0.1%.

3. Results and discussion

3.1. Influence of the pyrolysis temperature
The influence of the pyrolysis temperature on the N-doped graphenic materials properties has been
reported in a previous publication [21]. However, the solvents mix used for this first study was composed
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of a stoichiometric mixture of cyclohexanol and ethanolamine, instead of HEP. In this first part, we aimed
to show that the observations realized previously are still valid despite the change in the reagents, and
more generally, that the phenomena associated with the pyrolysis temperature can be generalized to other

similar carbon-based organic solvents.

Three samples have been characterized, corresponding to three different pyrolysis temperatures, i.e.
800 °C, 850 °C and 900 °C. The conditions of the solvothermal reaction are kept identical, i.e.
temperature of 380 °C, pressure of 200 bar and Na/HEP ratio of 1.5 (cf. Table 1).

The yield of the pyrolysis treatment varies from 3.5 wt.% for N-Gr/P850 to 0.6 wt.% for N-Gr/P900. This
decrease in the yield was expected due to the larger consumption of the carbon phases at higher pyrolysis
temperature.

The TGA measurements displayed in fig. 1 indicate a modification of the homogeneity and the purity of
the carbon-phase within the samples. With an increase in the pyrolysis temperature, the peak related to
the combustion of the carbon phases, usually appearing between 350 °C and 600 °C, shifts towards lower
temperature, from 536 °C for N-Gr/800 to 411 °C for N-Gr/900. This first observation can be associated
with the increase in the concentration of sodium compounds inside the materials, which are known to
catalyze the combustion of carbon materials [23]. Additionally, the combustion of sodium compounds is
visible between 600 °C and 800 °C (figure 1 (a)). The intensity of the related combustion peaks rises with
the increase in temperature, validating the increase in the concentration of sodium compounds inside the
materials. XPS measurements, not shown here, further confirm this tendency, the atomic quantity of
sodium increasing from possible traces to 1.5 at.% for N-Gr/P800 and N-Gr/P900 respectively.
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Figure 1: dTG of samples N-Gr/P800 — N-Gr/P900 (dry air, heating rate 3 °C.min™%); (a) focus on the
550-850 °C zone; (b) global TG signal.
The variation of the impurity rates, measured at 600 °C (fig. 1 (b)), i.e. after the combustion of the carbon
phases, and the full widths at half maximum (FWHM) of the carbon-related combustion peaks is similar
to the one previously reported for other solvents [21]. The pyrolysis temperature of 850 °C seems to be
optimal both in terms of purity and homogeneity of the carbon phases (fig. 2), as both the impurity rate
and the FWHM reach a minimum at 3.1 wt.% and 20.6 °C respectively.



%)

Impurity rate (wt.
FWHM of the carbon combustion
peak (°C)

800 850 900
Pyrolysis temperature (°C)

Figure 2: Impurity rate (black dotes) and FWHM of the carbon combustion peak (white dots) measured
from TG analysis.

Raman spectroscopy analysis allowed to precise the state of crystallinity of the carbon phases as well as
the defects fraction. The spectra presented in figure 3 (a) display a progressive reduction in the width of
the D and G bands, located at 1350 cm™ and 1580 cm™ respectively [24-26], associated with a diminution
of the defects bands intensity, namely T band at 1100 cm™ [27, 28], F band at 1500 cm™ [28, 29] and D’
band at 1620 cm™ [30] (fig. 3 (c)). The gradual rise in the G’ band, located around 2700 cm™ [24, 31],
tends to show that the stacking order of the graphene layers along the ¢ axis increases with the pyrolysis
temperature. The crystallites size La [32], indicator of the in-plane graphene layers crystallinity, can be
followed by looking at both the Ip/lg ratio and the FWHM of the G band (noted subsequently FWHM
(G)). These two parameters, plotted figure 3 (b), present similar variations and can therefore be correctly
interpreted. As the pyrolysis temperature increases from 800 °C to 850 °C, Ip/lg ratio diminishes from
1.31 to 1.06, indicating an increase in material crystallinity, expected for this kind of heat treatment.
Further increase in the pyrolysis temperature to 900 °C generates a low variation of the Ip/lg ratio and the
FWHM (G), implying the presence of a phenomenon whose action opposites the one of crystallinity.
Previously noticed for other solvents [21], high pyrolysis temperatures are believed to lead to
degradations of the carbon phases, thus limiting the overall crystallinity of the graphenic materials.
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Figure 3: (a) Raman spectra of samples N-Gr/P800 — N-Gr/P900; (b) evolution of the FWHM (G) (black
dots) and the Ip/lg ratio (white dots) with the pyrolysis temperature; (c) Raman intensities of the T, F and
D' bands.



Through this brief description of the graphenic-materials properties along with the pyrolysis temperature,
we aim to show that similar behaviors can be expected for solvothermal-based processes, even with
changes in the chosen solvent(s).

3.2. Influence of the solvothermal reaction temperature
Variations in the graphenic materials properties have been studied with the evolution of the solvothermal
reaction parameters. Correlations with the known mechanisms intervening during this reaction (described
in [22]) are of great use to further optimize the synthesis, leading to graphenic materials with desired
properties.

The influence of the solvothermal reaction temperature has been investigated between 300 °C and 380 °C,
with an intermediary value at 350 °C, corresponding to samples N-Gr/S300, N-Gr/ S350 and N-Gr/S380
respectively (cf. Table 1). The yield of the pyrolysis treatment exhibits an important increase with the
elevation of the solvothermal reaction temperature (fig. 4), from 1.2 wt.% for N-Gr/S300 to 3.5 wt.% for
N-Gr/S380. The pyrolysis temperature remaining identical for all the samples (850 °C), this increase
could be linked to an enrichment of the intermediary solvothermal product in solid compounds capable of
leading to a carbon structure after pyrolysis. In addition, changes in the solvothermal product aspect were
previously noted with an increase in the solvothermal reaction temperature [22], turning from oily to dry,
and from dark brown to black. Therefore, the solvothermal reaction could act as a pre-pyrolysis treatment
that favors rearrangement reactions of the carbon phases, its action getting stronger as the temperature
increases.

Yield (wt.

350 380

300
Solvothermal reaction temperature (°C)

Figure 4: Variation of the yield of pyrolysis treatment with the solvothermal reaction temperature.

Raman spectroscopy characterizations indicate that the quantity of defects inside the graphenic materials
remains quite constant for the three samples investigated (fig. 5 (a)). However, the increase in the G and
G* bands (figure 5 (b)) (the latter being a harmonic of the G band, located around 3200 cm™ [33], and
used here to confirm the tendency of the G band) as well as the G band (figure 5 (c)), exposes an
enhancement of the overall N-Gr crystallinity. This observation corroborates the hypothesis previously
made about the rearrangement of carbon atoms during the solvothermal reaction, since it would very
likely have an associated impact on the materials crystalline state.
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Figure 5: (a) Raman spectra of samples N-Gr/S300 — N-Gr/S380; (b) evolution of the Raman intensities
of the G and G* bands; (c) evolution of the Raman intensity of the G' band.

The chemical composition of the samples, measured by XPS, reveals that for the lowest solvothermal
reaction temperature, i.e. 300 °C, the quantity of oxygen atoms is higher than in the other samples, to the
detriment of carbon atoms, from 6.5 at.% for N-Gr/S300 to about 3.3 at.% for N-Gr/S380 (fig. 6). This
finding might explain the enrichment of the intermediary solvothermal product in carbon-based
structures, from the elimination of oxygen functions at the highest reaction temperatures, in the form of
H,0 or CO, for example.
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Figure 6: Variation of the carbon (blue dots) and oxygen (grey dots) atomic quantities measured by XPS
with the solvothermal reaction temperature.

The investigations carried out on the influence of the solvothermal reaction temperature on the final N-
Gr, led to the conclusion that this parameter is mainly involved in the rearrangement of the carbon atoms
into a hexagonal conjugated network, as it has been evidenced in our previous study [22]. This pre-
pyrolysis treatment has a direct impact on the crystallinity of the final materials as well as the yield of the
pyrolysis treatment.

3.3. Influence of the solvothermal reaction pressure
Two pressures for the solvothermal reaction have been studied in this work: 100 bar and 200 bar,
corresponding to samples N-Gr/P100 and N-Gr/P200 respectively (cf. Table 1). During a solvothermal
reaction, the pressure can principally act according to three effects [34]: (i) the energy conveyed by the
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pressure on the reactional environment; (ii) the compression effect; (iii) the induced chemical reactivity.
The energy resulting from the application of pressure is directly correlated to the compressibility of the
considered medium. If this energy can reach fairly high values for gas, the energy transmitted to liquid or
solid is negligible. In all cases, the amount of energy brought by the pressure is far lower than the one
needed for a chemical reaction [34].

According to the Le Chatelier’s principle, the compression of a certain medium favors the reactions
leading to a diminution of the overall quantity of chemical entities in this medium. This effect can play an
important role as it allows the formation of denser structures, as well as shifting reactional equilibria.
Moreover, with a rise in pressure, an increase in the solubility of solvated species and a decrease in the
average distance between them is usually seen [34].

The influence of the reaction pressure on the N-Gr has been firstly investigated with N, adsorption
measurements at 77 K. The experimental isotherms (fig. 7 (a)) present the aspects of type I(b) and type
IV(a) isotherms, as classified in the IUPAC’s recommendations [35]. These typical behaviors are related
to porous materials, containing a large fraction of micropores (< 2nm in diameter) and some wider
mesopores (2-5 nm in diameter). No significant change is noticeable between the two pore size
distributions displayed in figure 7 (b), the modification of pressure does not imply the formation of a new
population of pores. However, a reduction of the total pore volume, from 0.77 cm®.g™ to 0.69 cm®.g™, can
be seen with the increase of pressure from 100 bar to 200 bar (figure 7 (c)). This behavior corresponds to
a decrease in both the microporous and mesoporous volumes, likely resulting from a compression effect,
the lower pressure imposing less mechanical stress over the carbon-based network than the higher one,
therefore allowing lighter structures.
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Figure 7: (a) Adsorption isotherms (N, 77 K) of samples N-Gr/P100 and N-Gr/P200; (b) distribution of
the pore volumes with the pore sizes; (c) microporous, mesoporous and global porous volumes.

The crystallinity of samples N-Gr/P100 and N-Gr/P200 has been investigated via Raman spectroscopy
(fig. 8 (a)). Considering the spectra recorded on different areas for each sample, Ip/lg ratios and FWHM
(G) display similar values, around 1.1 and 92 cm™ respectively. The average intensity of the defect bands
T, F and D’ also shows comparable values. However, N-Gr/P200 presents a pronounced G’ band at 2700
cm™, along with a slight increase in the intensity of the G and G* bands (figure 8 (b)), resulting from a
better stacking of the graphene layers. This result tends to indicate that the pressure inside the



solvothermal reactor plays a role in the organization of the carbon-based particles, leading after the
pyrolysis treatment to better crystallized N-Gr.
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Figure 8: (a) Raman spectra of samples N-Gr/S300 — N-Gr/S380; (b) evolution of the Raman intensities
of the G, G' and G* bands.

If the C, O and Na content for both materials remains at a steady level, i.e. 94.4 at.%, 3.8 at.% and 0.2
at.% respectively, the quantity of nitrogen atoms rises with the increase in pressure, from 0.9 at.% for N-
Gr/P100 to 1.9 at.% for N-Gr/P200. This increase could be explained by a compression effect, and more
specifically from a shift in the reactional equilibria towards the formation of lesser number of molecules.
In our previous work [22], we showed that methanation reactions as well as other reactions were likely to
happen during the solvothermal process, leading to the formation of solid state nitrogen compounds.
Equations (1) to (3) give a possible route to explain the observed behaviour:

CO + 3H; = CH4 + HO Equation 1
CO;,+ 4H; = CH4 + 2H,0 Equation 2
N, + 3H, = 2NH;3 Equation 3

According to the compression effect, it appears that the formation of CH, and NH3 from the reactions (1)
— (3) is favored by high pressure due to the decrease in the overall number of molecules. Since these two
molecules are likely to be involved in the formation of solid nitrogen compounds according to reactions
(5) and (6), we can suppose that the higher the pressure the higher the quantity of nitrogen in the solid
phase. During the pyrolysis treatment, NaCN or NaNH; could be decomposed, and nitrogen atoms could
migrate inside the carbon network. Reaction pressure beyond 200 bar may further enhance this effect and
improve the N-doping.

CH; + NH3 = HCN + 3H; Equation 4
HCN + NaOH = NaCN + H,0 Equation 5
Na + NH; = NaNH: + 1/2H; Equation 6
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3.4. Influence of the Na/HEP molar ratio
The last parameter investigated was the Na/HEP molar ratio, for three different values: 1.0, 1.5 and 2.0,
corresponding to samples N-Gr/R1.0, N-Gr/R1.5 and N-Gr/R2.0 respectively (cf. Table 1). The yield of
pyrolysis greatly increases with the increase in the sodium quantity, from 0.6 wt.% for N-Gr/R1.0 to 4.7
wt.% for N-Gr/R2.0 (cf. figure 9). It is important to notice that despite the different quantities of sodium
inserted in the solvothermal reactor, the final materials exhibit similar Na contents, around 0.50.2 at.%.

Therefore, the increase in pyrolysis yield can be attributed to a higher proportion of carbon-based
structure.

Yield (wt.%)

1.0 1.5 2.0
Na/HEP ratio

Figure 9: Evolution of the yield of the pyrolysis treatment with the Na/HEP molar ratio.

The increase in the Na/HEP ratio is also responsible for a variation of the C/O ratio in the final N-Gr, as
shown in figure 10. The fraction of carbon atoms increases from 92 at.% to 96 at.% with the increase in
Na/HEP ratio, while the fraction of oxygen atoms diminishes from 6 at.% to 2 at.%.
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Figure 10: Variation of the carbon (dark green dots) and oxygen (light green dots) atomic quantities
measured by XPS with the Na/HEP molar ratio.

From these two observations, it can be concluded that sodium atoms are involved in a large number of
reactions, able to modify the chemical composition of the solid phase. The high reactivity of sodium
could explain the decrease in the fraction of oxygen atoms, since sodium can easily react with oxygenated
molecules, e.g. H,O or CO,, to form solid sodium compounds, e.g. NaOH or Na,COs, which can be
washed away with ease during the acidic washing of the N-Gr, resulting in a diminution of the O content.
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Reactions with oxygen functions located at the surface of the carbon-based structure can also be
imagined.

Moreover, sodium atoms are involved in reactions with carbon-containing molecules, e.g. CH, (eq. 4-5)
or CO,, which could act as a storage of carbon atoms in a solid state, e.g. NaCN or Na,COs, enhancing
the transfer of carbon atoms from the solvothermal reaction to the pyrolysis treatment. Without such
process, a large proportion of carbon atoms would be lost during the opening of the solvothermal reactor
in the form of CH4, NH3, CO,, HCN or other small molecules. This hypothetical mechanism could partly
explain the noticeable increase in the pyrolysis yield. A second idea comes from the evaluation of the
graphenic materials crystallinity.
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Figure 11: (a) Raman spectra of samples N-Gr/R1.0 — N-Gr/R2.0; (b) evolution of the Raman intensities
of the G and G* bands; (c) evolution of the Raman intensity of the G' band.

Looking at the Raman spectra measured for the three samples (fig. 11 (a)), one can notice that an increase
in the Na/HEP ratio participates to the improvement of the overall crystallinity of the carbon phase.
Indeed, the intensities of both G and G* bands follow an upwards evolution (fig. 11 (b)), a similar
behavior being also observed for the G* band (fig. 11 (c)). The reducing properties of sodium and other
sodium compounds such as NaH could actively favor elimination reactions during the solvothermal
reaction, resulting in larger fractions of conjugated and highly stable carbon networks, therefore
improving the crystallinity and the thermal stability of the carbon phase.

Even though Na/HEP ratios higher than 2 have not been investigated, the trends evidenced here are likely
to remain valid for higher quantities of Na inserted into the solvothermal reactor. However, this cannot
carry on indefinitely as these trends are the result of reactions between Na and other molecules, the latter
being consumed in the process. Additionally, some unexpected phenomenon could take place if the
composition of the gas and solid phases changes a lot due to the insertion of Na in large excess.

3.5. Discussion around the optimization of graphenic materials properties
The multitude of measurements done up to now allow us to have a detailed overview, even if not
exhaustive, of the influence of different experimental parameters on the N-Gr properties. Global trends
have been discerned, clarifying the solvothermal-based process, simple in its implementation, but
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complex in its numerous reactional mechanisms. This part aims to bring recommendations concerning the
choice of the experimental parameters, in order to optimize the graphenic material desired properties.

3.5.1. Yield of synthesis
The yield of synthesis, calculated as the mass ratio between the mass of solvothermal product submitted
to the pyrolysis treatment and the mass of N-doped graphenic material recovered after the washing step, is
mainly impacted by the chemical composition of the samples.
Previously reported in part 3.2., the higher the solvothermal temperature the higher the yield of synthesis,
within the studied range (300-380 °C). This increase could be ascribed to the better organization of
carbon atoms inside the samples treated at high temperatures, resulting in higher thermal stabilities.
The Na/solvent molar ratio presents a great influence on the yield of synthesis, the highest yield being
obtained for the highest Na/solvent ratio. Several hypothesis have been proposed in part 3.4.: (i) the
higher rate of elimination reactions, favored by reductant media, resulting in a higher fraction of double-
bounded C=C; (ii) the storage of carbon atoms in the form of sodium compounds such as NaCN or
Na,COs; (iii) the decrease in oxygen atom quantity, leading to fewer oxidation reactions during the
pyrolysis treatment. Whatever the mechanism involved, it has to be noticed that the increase in the yield
of synthesis is not related to an increase in the sodium compound quantities in the final materials, which
remain constant around 0.5 at.% in all samples.
The pyrolysis temperature also plays an important role, an increase in temperature resulting in a dramatic
decrease in the yield of synthesis. This observation takes into consideration the present publication as
well as our previous work [21]. At 900 °C and above, the synthesis yield becomes so low (< 1 wt.%) that
it cannot be considered as an efficient way to produce N-doped graphenic materials.

3.5.2. Homogeneity and purity of the carbon phase
The homogeneity and purity of the carbon phase in the graphenic materials are mainly influenced by the
pyrolysis treatment. It has been exposed that, no matter the solvent(s) used, the pyrolysis temperature of
850 °C gives the highest purity and homogeneity. At this temperature, no major thermal degradation
occurs yet, resulting in low quantities of impurities and few different carbon phases. If the influence of
the solvothermal reaction on the homogeneity and the purity of the carbon phase is not considered as null,
no general trend has been evidenced yet.

3.5.3. Crystallinity of the carbon phase

The crystallinity of the N-Gr still remains difficult to quantify properly at the macroscopic scale due to
the presence of several carbon phases. However, qualitative analysis from Raman spectroscopy
measurements allowed to point out general trends. From preliminary works not presented here, it has been
evidenced that linear molecules used as solvents, e.g. ethanol mixed with ethanolamine, do not permit the
elaboration of a well-ordered carbon network, the materials remaining mainly amorphous. The choice of
the solvents can then be considered as a critical parameter to reach high crystallinity, using single-
bounded hexagonal rings, such as cyclohexanol or 1-(2-hydroxyethyl)piperidine, is therefore
recommended.

An increase in the solvothermal reaction temperature, pressure or Na/solvent ratio results in an
improvement of the overall crystallinity, as developed in the previous paragraphs. However, the
intensities of the defect bands seen in Raman spectra, e.g. T, F and D' bands, remain quite stable
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regardless of the solvothermal reaction conditions. Therefore, it can be proposed that the solvothermal
reaction mainly influence the stacking of preexisting graphenic domains, while its impact on the
conversion of amorphous carbon fractions into ordered phases is quite limited.

In the other hand, the pyrolysis temperature has a greater influence on the crystallinity of the carbon
phase. It has been shown that the higher the pyrolysis temperature the higher the crystallinity. Moreover,
the decrease in intensities of the Raman defects bands implies a crystallization of amorphous carbon
phases. However, thermal degradation can occur for temperatures higher than 850 °C, limiting the
reachable crystallinity.

3.5.4. Textural properties and porous structure

The textural properties of N-Gr are principally characterized by their specific surface areas, their porous
volumes, and their pore size distributions. The solvothermal reaction pressure has a significant impact on
the surface area as well as the porous volume. A decrease in pressure, from 200 bar to 100 bar, leads to an
increase of these two parameters of about 5 % and 12 % respectively.

The pyrolysis temperature exhibits the greatest influence on the porous structure. With an increase in the
temperature, from 750 °C to 900 °C, a decrease in the surface area of 36 % has been observed, from 2195
m2.g™ to 1607 m2.g™* [21]. In the same temperature range, the pore size distribution is modified, resulting
mainly in microporous materials at low temperatures, to materials containing a larger population of
mesopores, macropores and non-porous surfaces at high temperatures. This variation can be associated
with a better stacking of graphene layers, limiting the microporosity accessible between two layers, as
well as an increase in the fraction of non-porous graphitic surfaces. Thus, depending on the desired
properties, the pyrolysis temperature appears as an easy way to control the porous structure of N-Gr.

3.5.5. Chemical composition
The chemical composition of the N-doped graphenic materials can be of great importance depending on
the targeted application. During the synthesis, each experimental parameter has a distinct influence on the
overall chemical composition, allowing a fine adjustment of the different quantities of the present atoms.
As the solvothermal reaction temperature increases from 300 °C to 380 °C, the quantities of carbon atoms
and oxygen atoms increase and decrease respectively, from about 91 at.% to 95 at.% and from 6.5 at.% to
3.5 at.%. This change could be connected to the higher proportion of well-crystallized carbon phase, more
stable during the pyrolysis treatment.
The solvothermal reaction pressure seems to have a limited influence on the chemical composition.
However, possibly due to shifts in the reactional equilibria (cf. Part 3.3), the quantity of nitrogen atoms
inserted inside the graphenic network greatly increases with the elevation of pressure, from 0.9 at.% at
100 bar to 1.9 at.% at 200 bar.
The guantity of metallic sodium inserted inside the solvothermal reactor, monitored as the Na/HEP molar
ratio, has an important impact on the reactions occurring during the synthesis. As a result, the amount of
carbon atoms increases with the Na/HEP ratio, from 91.6 at.% to 95.7 at.%, possibly due to their storage
in the form of solid sodium compounds such as NaCN. In the meantime, the amount of oxygen atoms
decreases, from 5.9 at.% to 2.3 at.%, which could be explained by the high reactivity of oxygen towards
sodium. It is important to remember that an increase in the Na/HEP ratio does not imply an increase in the
Na content inside the final N-Gr.
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Apart from the solvothermal reaction, the pyrolysis treatment also plays an important role in the chemical
composition. Interestingly, the higher quantity of carbon atoms as well as the lower quantity of oxygen
atoms are obtained for a temperature of 850 °C. As it has been presented in part 3.1, this temperature
corresponds to the optimal condition to limit the number of defects in the graphenic material. Thus, the
lower amount of oxygen atoms at 850 °C could be linked with the low proportion of carbon defects at this
temperature. Indeed, oxygen atoms are principally located on carbon defects and on the carbon network
edges. Additionally, the number of nitrogen atoms diminishes with the increase in the pyrolysis
temperature, from 2.4 at.% at 800 °C to 1.6 at.% at 900 °C. The low thermal stability of nitrogen surface
functions (-NHs, -CN, etc.) could explain this decrease. As presented in the TGA measurements, the
increase in the amount of impurities with the pyrolysis temperature, from traces at 800 °C to 1.5 at.% at
900 °C, should also be considered when choosing the treatment conditions.

Table 2: Simplified overview of the influence of the solvothermal-based process on the final N-doped graphenic material properties

Yield of Purity & homogeneity Cristallinity of Surface Chemical composition
pyrolysis of the carbon phase the carbon phase area Carbon qty. Nitrogen qty. Oxygen qty.
Solvothermal 380
reaction temperature / / - / - / - \
C) 300
Solvothermal 200
reaction pressure / - - / / - / -
(bar) 100
2.0
Na/SoIve.nt molar / _ /V ) / ) \
ratio
1.0
900
Pyrolysis \ \ e \ \ \ /
temperature 850
cC) /V \ \ \
750 [21] / / /

4. Conclusion

The elaboration of nitrogen-doped graphenic materials through a solvothermal-based process allows the
recovery of macroscopic quantities of powder, easy to handle, and containing particles with good
structural properties. The numerous chemical mechanisms involved during the synthesis give efficient
ways to control the overall properties of the materials, e.g. homogeneity, purity, crystallinity, porous
structure and chemical composition. In the present paper, it has been shown that, apart from the pyrolysis
treatment, the experimental parameters of the solvothermal reaction have a significant influence on the
final material properties. A brief summary gathering the principal properties investigated has been
proposed, allowing the optimization of a similar process in order to maximize one property or another.

In brief, the present study demonstrated the direct relationship between the solvothermal reaction
temperature and the structural organization of the carbon atoms, high temperatures favoring better
stackings of the graphenic plans, low O content and higher yields. Additionally, a compression effect was
observed, resulting in higher N-doping at 200 bar compared to 100 bar, which we attributed to a shift in
gas reaction equilibria. It was also noted that changing the quantity of metallic sodium introduced inside
the reactor can help reduce the amount of oxygen atoms in the final N-Gr, as well as increasing the yield
and the crystallinity of the carbon phase.

The present work could be extended by studying the influence of the solvothermal duration. Limited here
to 72 h for technical reasons, lower durations (24 h) yielded heterogeneous solvothermal products with a
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predominant oily phase (not shown here). The conversion of this oily phase to the dry powder recovered
here after 72 h could imply an important influence of this parameter on the organization of the carbon-
based network, favoring large networks for long reaction durations. In addition to that, the influence of
the chosen mix of solvents has not been fully understood yet. If cyclic molecules appeared necessary to
obtain well-crystallized graphenic materials, the role of each function and the reactions involved at the
beginning of the process remain unclear.

In addition, while giving an experimental guideline to optimize the graphenic material properties, this
work could also bring interesting theoretical aspects to help understand solvothermal-based processes,
which are rarely studied in the literature.
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