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Synthesis of Carbon-Nitrogen—Phosphorous Materials with an
Unprecedented High Amount of Phosphorous toward an Efficient

Fire-Retardant Material

Wenyao Zhang, Jesiis Barrio, Christel Gervais, AndraZ Kocjan, Aiping Yu, Xin Wang,* and

Menny Shalom*

Abstract: Phosphorus incorporation into carbon can greatly
modify its chemical, electronic, and thermal stability proper-
ties. To date this has been limited to low levels of phosphorus.
Now a simple, large-scale synthesis of carbon-nitrogen—
phosphorus (CNP) materials is reported with tunable elemen-
tal composition, leading to excellent thermal stability to
oxidation and fire-retardant properties. The synthesis consists
of using monomers that are liquid at high temperatures as the
reaction precursors. The molten-state stage leads to good
monomer miscibility and enhanced reactivity at high temper-
atures and formation of CNP materials with up to 32 wt %
phosphorus incorporation. The CNP composition and fire-
retardant properties can be tuned by modifying the starting
monomers ratio and the final calcination temperature. The
CNP materials demonstrate great resistance to oxidation and
excellent fire-retardant properties, with up to 90 % of the
materials preserved upon heating to 800°C in air.

Carbon materials are widely used for a range of applications
such as batteries, supercapacitors, fuel cells, heterogeneous
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catalysis, sensors, water treatment, among others.!'l Insertion
of heteroatoms with a different electronegativity into the
carbon network can dramatically alter its electronic,”’ mag-
netic,”¥! optical,™ and electrochemical properties® along with
its chemical reactivity.!’! For example, several studies have
shown that the introduction of nitrogen and phosphorus as
electron donors into a carbon structure alters its electronic
states,[’! (electro)catalytic properties®™ and its chemical sta-
bility to both oxidation and exposition to high temperatures.”!
More specifically, doping a carbon matrix with phosphorus
significantly enhances its thermal stability"! and its electrical
conductivity."!

The covalent radius of nitrogen permits its facile incor-
poration into carbon materials; structures with up to 70 %
nitrogen are easily synthesized.'” In contrast, the large
covalent radius of phosphorus strongly impedes its insertion
into the carbon matrix. During the traditional solid-state
synthesis of carbon materials, the carbon and nitrogen atoms
can build a uniform network which is energetically favorable,
whereas the phosphorus is mainly bonded to oxygen and
carbon atoms on the surface.’>'®! Furthermore, in materials
based on carbon and nitrogen, the phosphorus is seldom
bonded to nitrogen atoms. Therefore, up to now, only carbon
materials doped with low amounts of phosphorus have been
prepared and the presence of P—N bonds within the carbon
structure has rarely been reported.’™!*! Its presence within
a carbon network can strongly enhance its chemical and
thermal stability,™ as well as its electronic and catalytic
properties.'®! Polyphosphazenes are polymers with a P—-N
backbone, which are usually prepared from poly(dichloro-
phosphazene). The synthesis of the latter usually requires
a highly inert environment and involves the use of catalysts to
avoid crosslinking.['”)

Herein, we report the simple and large-scale synthesis of
carbon-nitrogen—phosphorus materials with a large amount
of heteroatoms incorporation and up to 32 wt % phosphorus
in the final materials. The new materials were obtained by the
calcination of mixtures of two monomers, namely hexachlor-
ophosphazene (abbreviated as PNCl) and 2,4-diamino-6-
phenyl-1,3,5-triazine (DPT), which form a uniform liquid
solution at high temperatures (250-400°C). The liquid state
facilitates the ring-opening of PNCI to poly(dichlorophos-
phazene), followed by their reaction with amines groups in
DPT. Subsequently, upon condensation at high temperatures,
a range of new carbon-nitrogen—phosphorus materials are
formed; their properties can be tuned by changing the initial
monomers composition and the final reaction temperature.
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The synthetic route, intermediates, and final materials
structure were thoroughly studied by a wide range of
techniques. The optimal nanocomposites demonstrate very
high stability to oxidation and act as efficient fire-retardant
materials.

The carbon-nitrogen—phosphorus materials were synthe-
sized through a reaction involving a molten-state step and
a final solid-state condensation as shown in Figure 1a. Briefly,
DPT and PNCI powders in various molar ratios (6:1, 3:1, 1:1,
1:3 and 1:6) were ground into a homogeneous solid mixture.
Afterward, the mixture was transferred into a ceramic
crucible and heated to 260°C for 2h, followed by its
calcination under nitrogen atmosphere for another 2h at
a designated target temperature (450, 550, 650, 750, 850°C).
The obtained composites were labeled as D,PN,-T (x:y
denotes the molar ratio of DPT to PNCI, T denotes the target
temperature of the reaction). The reaction yields are given in
the Supporting Information, Table S1. The molten-state step
allows to shape the final structure as exemplified in Figure 1a.
The cylinder shape can be prepared by preforming the
reaction in a glass-tube. The confined reaction vessel together
with polyphosphazene structure lead to the formation of CNP
monolith.

X-ray photoelectron spectroscopy (XPS) measurements
show the typical evolution of the chemical states of P, C, and
N for all samples. The P 2p spectrum reveals four phosphorus
environments (Figure 1b). Two dominant species, attributed
to the terminal and bridging P environments from the
backbone of —[PNR],— polymer chains, appeared in all
samples. Importantly, the increase of DPT in the precursor
mixture led to a small shift of P 2p to lower binding energies.
This shift is due to the electron-donating substituents, from
the branched phenyl-modified carbon nitride (Ph—CN,) that

is covalently bonded to the PN chain. Additionally, the
spectrum for D¢PN;-550 showed two shoulder peaks, attrib-
uted to P 2p;, and P 2p,,, at lower binding energies, which
correspond to the ternary P atoms from PN chain end-groups.
This suggests that at high DPT amount mainly Ph—CN, is
formed and the polymerization with PNCI is inhibited.
Consequently, in the final structure, the result of PNCI
condensation mostly consists of PN oligomers. The detailed
reaction paths and the effect of monomers ratio are discussed
below.

C1s and N 1s XPS measurements show the evolution of
CN heterocycles (C and N atoms in C—N=C and N-(C);
species) at high amounts of DPT in the starting materials
reflecting the Ph—CN, formation. The substitution of PN
structure with Ph—CN, was further supported by X-ray
diffraction (XRD) measurements,”® Fourier transform infra-
red (FTIR) spectroscopy, and elemental analysis (EA) data.
The XRD patterns (Supporting Information, Figure Sla)
reveal that increasing the relative amount of DPT results in
the formation of more organized layered structure, as
witnessed by the typical stacking peak of carbon nitride
gradually appearing and shifting to higher angles, at around
27.5°. The FTIR spectrum of D;PNy-550 (Supporting Infor-
mation, Figure S1b) featured strong and broad absorption
bands at 1180 cm ™' and 874 cm ™!, corresponding to stretching
P=N"¥l and P-N vibrations,' respectively. For materials
prepared with a larger relative amount of DPT, the typical
peaks corresponding to i) the breathing vibration mode of tri-
s-triazine subunits at 810 cm™' and ii) vibrations of aromatic
C—N heterocycles at 1200-1600 cm™' were detected. EA
measurements (Supporting Information, Table S2, Table S4)
show that the starting monomers ratio is directly related to
the relative amounts of elements in the final materials: the
relative increase in DPT resulted in more C, N and less P, Cl in
the final materials and vice versa. The C/N atomic ratio
approached that for Ph—CN, when using higher DPT/PNCI
ratio.

All the above-mentioned measurements suggest that the
synthesis involves first the ring opening into linear —[PNCl],—,
followed by its substitution with DPT monomers. Afterward,
the attached DPT monomers are further condensed into Ph—
CN,. The alteration of the products by the change of the
monomers ratio indicates that there is a competition between
the DPT condensation and its reaction with the linear PN
polymer.

In the next set of experiments, the effect of the final
condensation temperature was explored. The thermal proper-
ties that are presented later in this manuscript indicate that
the D,PN; sample is the most stable to oxidation at high
temperature, so we focused on further studying materials of
this composition at different calcination temperatures. The
C 1s high-resolution XPS spectrum of the D,PN;-450 sample
confirms the creation of Ph—CN, phase (Supporting Infor-
mation, Figure S2) and C—N and C=N bonds were detected.
These carbon components show a negligible change upon
calcination at 450-650°C, suggesting that the basic structure
of DPN; was undamaged with increasing temperature.
Further increase of the calcination temperature to 750°C
leads to small decomposition of the structure. At 850°C, most



of the functional groups disappeared and mainly sp* carbon
was detected, accounting for the collapse of the polymer
structure. As reported in heteroatom-doped carbon materials,
the dopant atoms incorporate into the m-conjugated system
by delocalizing their p-electrons® this process occurs at
700°C or higher temperatures owing to the formation of
thermodynamically stable hybridized carbon. This carbon-
ization process can also be evidenced by the additional new
peaks in P 2p and N 1s XPS spectra comparing D,PN;-850
samples with the materials that were calcinated at lower
temperatures. Apart from XPS, EA and ICP data (Supporting
Information, Table S3) were used to demonstrate the varia-
tion of the elements ratio at D,PN; with varying calcination
temperatures. The EA data shows that up to 750°C, the
structure remained almost intact and more than 30% P was
incorporated within the structure. The increase in temper-
ature to 850°C resulted in the loss of most P and only 6 % was
detected.

To reveal the reaction mechanism of DPT/PNCl we
focused on the elucidation of the synthesis path for the D;PNj;
sample. A melting point apparatus (MPA), solid-state NMR,
scanning electron microscope (SEM), and also thermogravi-
metric analysis (TGA) and differential thermogravimetry
(DTG) were employed to study the growth mechanism,
intermediate and final materials. Figure 2a displays photo-
graphs of DPT-PNCI mixture (molar ratio of 1:3) in a capillary
tube heated at various temperatures in the MPA. Two changes
can be observed from the MPA images; first, the solid mixture
turned into a quicksand-like mixture at 115°C owing to the
melting of PNCI. Afterward, slightly before 260°C the DPT
was melted and a transparent homogeneous molten solution
was observed. In accordance with the MPA data, TGA and
DTG curves (Supporting Information, Figure S3) show that
a significant weight loss occurs from 115-200°C due to the
monomers phase change, followed by their condensation up
to 600°C.

To confirm the critical role of the molten phase, we
performed a series of modifications to the reported synthesis.
In our experiments, calcination of PNCI alone led to its full
decomposition and no material remained after the same
synthetic procedure. The importance of choosing two mono-
mers that form a homogeneous molten state is demonstrated
by replacing DPT with other nitrogen-rich organic com-
pounds, namely dicyandiamide, melamine, and urea, which
are the common precursors to materials based on carbon and
nitrogen: none of these monomers exhibit a clear molten
phase. When mixed with PNCl and calcinated at high
temperatures, they did not form a molten phase: as a result,
the PNCI completely evaporated and only carbon-nitrogen
materials with a negligible amount of P were formed with
non-uniform distribution (Supporting Information, Figur-
es $4, S5).

Solid-state NMR measurements at various reaction tem-
peratures were acquired to elucidate the reaction path as well
the intermediates and final materials structure. “C CP MAS
spectrum of DPT molecule shows two broad signals centered
at 130 and 170 ppm, corresponding to carbon within the
phenyl and triazine units, respectively (Figure 3a). A more

precise assignment was obtained from the calculation of *C
chemical shift values on the crystalline structure of DPT.!
The full chemical shift values assignments are summarized in
the Supporting Information, Table S5. Little change is
observed in the carbon environments upon the reaction
with PNCI at 260°C (1:3 molar ratio of DPT:PNCI) as
illustrated by a broadening of the "“C signals without
significant shifts (Figure 3a.). After heating to 550°C, the
BC signals remain in the same chemical shift range and only
a significant broadening of the signals was observed, which is
probably due to the carbonization of the structure, suggesting
the formation of graphitic carbon nitride® and aromatic
carbon domains.



3P MAS spectrum of PNCI shows two narrow signals at
18.8 and 17.6 ppm (Figure 3b) that can be attributed to the
two phosphorous inequivalent sites (1:2 ratio) in the crystal-
line structure.?*! After reaction with DPT at 260°C, the
spectrum was drastically changed and broad signals ranging
from 10 to —40 ppm appeared. The prominent changes are
probably due to the formation of PN;Cl and PN, environ-
ments owing to the replacement of Cl group with the NH,
groups. To further elucidate the P chemical environment, we
applied structural modeling (Figure 3c) to calculate the
possible *'P chemical shift values (Supporting Information,
Table S6) on simple systems with representative phosphorus
first neighbors. The absence of signals between 20 and
50 ppm, where peaks for [PCI,N]; rings would be expected,
confirmed the opening of [PCI,N]; rings.

The formation of P—N bonds leads to phosphorous
environments which match our experimental data. Indeed,
the calculated chemical shift values for P(NP) (NH),_, and
P(NP),(NH)Cl cover the whole experimental observed range.
This suggests a large distribution of P environments at 550°C.
A more precise assignment would necessitate a much more
sophisticated modeling, but it can be noticed that after
calcination at 850°C (Supporting Information, Figure S6) the
signal becomes narrower and centered around —3 ppm. This
suggests the DPN lost most of its P and turns into carbon, in
a good agreement with XPS and EA results.

Having all the data at hand we suggest the following
growth mechanism. The heating of PNCI monomer to high
temperatures and its interaction with DPT molecules can
facilitate and initiate the opening of the cyclic structure to
a chain linear polymer. FTIR measurements suggest the
formation of a supramolecular assembly that is built from
hydrogen bonds interaction between the two monomers at
260°C (Figure 2b; Supporting Information, Figure S7). The
antisymmetric stretching vibration of PN ring was shifted
from 783 to 806 cm ' and the stretching vibration of the N—H
group in DPT fully disappeared. It is worth noting that the
ring-opening reactions usually require the utilization of
initiators/catalysts.™ Here, the hydrogen bonds network
leads to the opening of the ring without any additional
catalysts. Subsequently, the chlorine atoms linked to phos-
phorus are replaced by the active amine groups in DPT as
depicted in Figure 2b. At 350°C, the unreacted amine groups
in DPT start to polymerize and establish a scaffold based on
carbon and nitrogen. In this case, an ordered carbon-nitrogen
structure that substitutes —[PNR],— polymer chains with
a well-organized, dense, flat, and smooth morphology (Sup-
porting Information, Figures S8,S9) is obtained from a poly-
merization in the molten phase at high temperature. The
molten phase allows the two monomers to react similarly to
the traditional organic chemistry approach owing to the
molecules miscibility and reactivity. Therefore, as shown
before, it is simple to tune the final elements ratio by adapting
the initial monomers ratio. At higher calcination temper-
atures, the polymerization is followed by a full carbonization
of the structure to DPN. Our results indicate that the
materials compose from P—N—C bonds.

TGA in air was conducted to evaluate the stability of the
new materials to oxidation and their suitability as fire-

retardant materials. First, all the DPNs-550, with DPT:PNCI
ratio ranging from 6:1 to 1:6, were analyzed to probe the
effect of the elements ratio on the thermal stability (Fig-
ure 4a). The T,, (the temperature at 10% material loss)
strongly depends on the starting and final elements ratio and
dramatically increases with higher PNCI amounts (inset in
Figure 4a and the Supporting Information, Table S7). The
best Ty,, 747 °C, was obtained for the D;PN;-550 sample. At
higher PNCI ratio, a small decrease of T, to 731°C was
obtained. Noticeably, the T, of the carbon-nitrogen scaffold
from DPT-550 shows a lower T,, value of 574°C and the
material was fully decomposed at about 700 °C. The greater
stability of the DPN materials can be attributed to the strong
P—N linear backbones within the structure which are known
to be stable to oxidation.

We opted to further optimize the best sample (D,PN;) by
exploring final condensation temperatures from 450 to 850 °C
(Figure 4b; Supporting Information, Table S8). The increase
of the condensation temperature from 450 to 650 °C results in
an increase in Ty, up to an impressive 795 °C for D;PN;-650.
Further increase in the condensation temperature of the
synthesis to 750°C leads to a slight decrease in Ty, The
materials synthesized at 850 °C show a similar behavior to the
pristine carbon-nitrogen scaffold due to the massive loss of
PN units within the structure as shown before. Therefore,
based on these results, we conclude that D;PN;-650 exhibits
the best stability to oxidation and flame-retardant properties.



The fire-retardant behavior of D,PN;-650 was further
evaluated by burning it for 30 and 60 min under the hot flame
of an alcohol lamp (Figure 4c). Compared with the recent
state-of-the-art fire-retardant carbon-based materials,'® our
material displays an excellent stability enhancement and only
a slight mass loss was obtained (Supporting Information,
Figures S10, S11). Images of burned D,PN;-650 after soaking
it in ethanol are shown in the Supporting Information,
Figure S12. Importantly, the sample almost remained intact
and the flame did not self-propagate. The FTIR, XPS, and
SEM results (Supporting Information, Figures S13-S15) illus-
trate that the -[PNR],- polymeric chains remain even after
30 min burning, despite some P—O species inevitably appear-
ing. XPS data (Supporting Information, Figure S14) suggests
that the carbon was barely oxidized. We proposed that the P is
mainly oxidized, protecting the carbon from burning.
Recently it was reported that heteroatoms insertion into
carbon matrix may lead to the formation of noble carbons
with very high resistance to oxidation.”¥ The chemical
stability of D;PN;-650 was investigated by immersing it into
strong acid and base. The material demonstrated high stability
under these harsh condition as shown in Figure S16.

UV/Vis and impedance spectroscopy measurements (Sup-
porting Information, Figure S17) disclose that D;PN;-650 is
a n-type semiconductor with a band gap of 1.45 eV (Support-
ing Information, Figure S17). The electric conductivity of
D,PN;-650 is slightly improved compared to DPT-550 (Sup-
porting Information, Figure S18).

The thermal properties of the D;PN;-650 were then
evaluated and the corresponding values for effective thermal
conductivity (Ay), diffusivity (k) and specific heat were
0.157(+0.009) WmK™", 0.31(+0.05) mm?*s™", and 0.52(+
0.05) MIm~K™". It should be mentioned here that both the
Ay and k are possibly slightly overestimated due to the
experimental set-up, where the carbonaceous foam was
partially crushed. The low thermal diffusivity can be com-
pared to some polymeric materials, silica or adobe bricks,
corroborates well with the observed flame-retardant stability
enhancement preventing the excessive propagation of the
heat front through the material as displayed in Figure 4c.
Analysis of mercury porosimetry shows that the D;PN;-650
sample possesses a rather small pore volume (0.144 cm*g ')
and a low mesoporosity (only a small fraction of mesopores
around 3.5 nm in size), which results the value of . that is
not as low as anticipated (< 0.100 WmK™).

In conclusion, we demonstrate a unique and straightfor-
ward approach involving a molten-state step to synthesize
CNP materials with unprecedentedly high amount of phos-
phorus, up to 32 wt %, and controllable elemental composi-
tion and chemical properties. To do so, we used two
monomers that melt at high temperatures and establish
a mixture that is a homogenous liquid up to 400°C. The
molten-state stage leads to excellent monomers miscibility at
high temperatures, allowing their reaction as in solution and
prevents PNCI evaporation. Detailed structural analysis of
the molten-state intermediates and the final carbon-nitro-
gen—phosphorus materials with various monomers ratio and
calcination temperatures reveals that the reaction occurs by
the opening of hexachlorophosphazene rings, followed by the

replacement of the chlorine atoms by amine groups of the
DPT monomer at the molten-state stage. We demonstrated
that the chemical composition and the thermal stability to
oxidation at high temperature can be tuned by the starting
monomers ratio and the final calcination temperature. Con-
sequently, the materials exhibit great resistance to oxidation
and for the best composite up to 90% of the materials are
preserved at 800°C under air. We believe that the molten-
state approach opens the opportunity to overcome some of
the traditional solid-state limitations in the synthesis of new
materials with controllable and tunable elemental composi-
tion as well as variable chemical and electronic properties
toward their utilization in fire-retardant materials and
electrochemical devices.
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Figure 1. a) lllustration of the process for preparing DPN samples
involving a molten-state step. b) High-resolution P 2p, C1s, N 1s XPS
spectra of i) DyPN,-550, ii) D;PN;-550, iii) D,PN,-550, iv) D,PN;-550, v)
D,PN,-550.

.0 Model Iil

20 20 180 160 140 10 100 8
Chemical shift (ppm)

(b)

)

|

6 4 2 o

20 40 -8

Chemical shift (ppm)

Figure 3. a) °C CP MAS NMR spectra of i) DPT and reaction products
with PNCI (molar ratio of DPT:PNCI of 1:3) at ii) 260°C and iii) 550°C.
b) *'P MAS NMR spectra of i) PNCI and reaction products with DPT
(molar ratio of DPT:PNCI of 1:3) at ii) 260°C, and iii) 550°C. c) Repre-
sentation of the models I, Il, 11I, and IV obtained through geometry
optimization.
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Figure 2. a) Melting of the DPT-PNCI precursor seen in the melting
point apparatus at controlled temperatures. b) Proposed reaction path
of CNP materials.
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Figure 4. TGA curves of DPN samples synthesized in a) various raw
materials ratio, and b) various calcination temperature measured in air
with a heating rate of 10°Cmin~". The insets are the T,, temperatures
vs. samples, i) DPT-550, ii) DgPN,-550, iii) D;PN,-550, iv) D;PN,-550, v)
D,PN,-550, vi) D,PN¢-550, vii) D,PN;-450, viii) D,PN;-650, ix) D,PN;-750,
x) D;PN;-850. c) Photographs of the D,PN;-650 exposed to

a flame (alcohol lamp) after various exposition times.
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