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Synthetic routes to phosphorus-doped graphene nanoflakes
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Phosphorous-doped graphene nanoflakes (GNFs) were first
synthesized by several methods, including pyrolysis of PPh;
solution in toluene, post-treatment of GNFs with H;PO, and
hydrothermal post-treatment of GNFs or oxidized GNF's with
PPh; solution in DMF. The products were characterized by
scanning and transmission electron microscopy, low-temperature
nitrogen physisorption and X-ray photoelectron spectroscopy.
Correlations between composition and structural features
were revealed.
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Phosphorous-doped carbon nanomaterials (CNMs) have a variety of
applications. The incorporation of more electronegative phosphorus
atoms into graphene layers strongly affects the properties of sp?
carbon materials, changing their electronic structure' and increasing
their structural defectiveness.? Such phosphorous-doped CNMs
can be used as electrode materials for lithium->* and sodium-ion’
batteries, as electrocatalysts for oxygen reduction,® as well as
adsorbents for the removal of imipramine,’ metal ions and other
contaminants® from wastewater. They also have a high potential in
other areas, for example, as matrices for biomedical contrast
agents and drug delivery systems.’

Phosphorous-doped CNMs can be produced by pyrolysis of
appropriate P-containing precursors or via post-doping of a
previously synthesized pure carbon structure.> For example,
P-doped carbon nanotubes (CNTs) were previously synthesized
by pyrolysis of PPh; in toluene solution,'” and graphitic nano
onion-like structures containing phosphorus and nitrogen atoms
were produced by pyrolysis of FeCp,, trioctylphosphine oxide,
benzylamine and THF precursors.!! The post-doping approach
was demonstrated in the synthesis of P-doped carbon quantum
dots by solvothermal treatment of graphene oxide (GO) with
PPh; in DMF as solvent,'? in the preparation of P-doped graphene
nanosheets by annealing a mixture of GO and 1-butyl-3-methyl-
imidazolium hexafluorophosphate'? or in the production of P-doped
carbon framework by calcination of phytic acid.!* It is important to
mention the widely used synthesis of P-doped CNMs by treating the
carbon material with an aqueous solution of HyPO,.'3 This method
effectively increases the specific surface area of the material and
can be used, for example, to obtain activated carbons from a
wide variety of biomass and waste.!¢-1?

This work is an extension of the study of different types of
carbon nanostructures, which was started almost 20 years ago
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under the supervision of Academician of the Russian Academy
of Sciences Valery V. Lunin. Previously, we reported on the
synthesis of undoped,”® N-doped?! and N,Si-doped*?> GNFs via the
decomposition of hexane, acetonitrile or a mixture of tetramethyl-
silane with acetonitrile, respectively, in the presence of a MgO
template, as well as on the modification of the GNFs surface
with hydroxyl and carboxyl groups by treatment with HNO,.23
In this work, GNFs were synthesized by the pyrolytic decomposition
of hexane (for details, see Online Supplementary Materials). We
demonstrated that the properties of GNFs and the interaction
between graphene layers in their structure depend on the nature
and content of heteroatoms.?? This work is devoted to a systematic
study of P-doped GNFs (P-GNFs) synthesized for the first time
by four different methods: (i) post-treatment of GNFs with H;PO,
at 850 °C, hydrothermal treatment of (ii) pristine and (iii) oxidized
GNFs with PPh; in DMF solution at 240 °C for 72 hand (iv) pyrolytic
decomposition of PPh; in toluene solution in the presence of MgO
template at 900 °C (Table S1, see Online Supplementary Materials).
The physicochemical properties of the obtained materials were
analyzed and compared. The characterization methods are described
in Online Supplementary Materials. The samples produced by
methods (i)—(iv) are denoted as P-GNFs_H;PO,, P-GNFs_ht,
P-GNFsox_ht and P-GNFs_pyr, respectively.

GNF and P-GNF particles contain 7-10 graphene layers
according to transmission electron microscopy (TEM) images
(Figure 1), while scanning electron microscopy (SEM) revealed
similar sizes of GNF [Figure 2(a)] and P-GNF_pyr [Figure 2(b)]
agglomerates. The nitrogen physisorption isotherms of the obtained
materials are a combination of type IVa and type II according to
the IUPAC classification [Figure S1(a), see Online Supplementary
Materials], indicating the contribution of both meso- and macropores.
The textural parameters of P-GNFs are summarized in Table 1.
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Figure 2 SEM images of (a) GNFs and (b) P-GNFs_pyr.

The calculated BJH mesopore size distributions demonstrate that
the narrowest pore size distribution is typical for P-GNFs_H;PO,
and P-GNFs_pyr [Figure S1(b)]. The phosphorous-containing
groups block the pores and reduce Sygr.'> Any treatment of raw
GNFs resulted in a decrease of the total pore volume due to an
increase of macropores in the structure, while the average pore
radius increased (see Table 1).

The content and nature of heteroatoms in the P-GNF samples
(see Table 1) were determined by X-ray photoelectron spectroscopy
(XPS). The XPS spectra demonstrate C, O and P lines. The C 1s
XPS spectra were fitted to five components with binding energies
of 284.5, 285.2, 286.2, 287.3 and 288.7 eV, corresponding to
sp*- and sp3-hybridized carbon atoms, C—O, C=0 and carboxyl
groups, respectively [Figure 3(a)]. The analysis of the O 1s XPS
spectra revealed components at 530.3, 531.2,532.1 and 533.6 eV,
which can be assigned to the O~, O=C-0O, C-OH and O=C-0
species [Figure 3(b)]. The P content was below 0.4 at% (see
Table 1), similar to the reported data for P-doped CNTs!® and
P-doped carbon quantum dots.'? The P 2p XPS spectra were fitted
to three components with binding energies of 130.3, 132.8 and
134.4 eV, attributed to P-C, O=PR; and phosphate species
[Figure 3(c)]. The presence of the P-C component confirms the
successful incorporation of P into the carbon layers of P-GNFs_
H;PO, and P-GNFs_pyr. The P 2p spectra of P-GNFs_ht and
P-GNFsox_ht are dominated by the P=O component [see
Figure 3(c)]. The appearance of O=PPh; bonds in P-GNFs_ht
and P-GNFsox_ht can be attributed to the oxidation of PPh; or
the formation of O=PC; fragments.'? The defectiveness of the
obtained samples can be estimated from the ratio of sp*- to sp?-
hybridized carbon atoms. The percentage of edge unsaturated
sp3-hybridized atoms increases with increasing oxygen and
phosphorus content in the samples (Figure S2).
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Figure 3 High-resolution XPS spectra of (a) C 1s, (b) O ls and (c) P 2p of
samples (/) P-GNFs_H;PO,, (2) P-GNFs_ht, (3) P-GNFsox_ht and
(4) P-GNFs_pyr.

In summary, we evaluated the synthesis of P-doped GNFs via
pyrolysis of PPhj; in toluene, post-treatment of GNFs with H;PO,
and hydrothermal post-treatment of GNFs or oxidized GNFs
with PPh; in DMF solution. The uniform layered structure of GNFs
was confirmed by SEM and TEM. However, the efficiency of these
methods varied due to the significantly larger size of P atoms
compared to C atoms. Another factor increasing the complexity
of the synthesis was the affinity of phosphorus atom for oxygen,
resulting in the formation of C—P=0 fragments. The pyrolysis of
PPhj; resulted in the incorporation of P atoms into the carbon
structure, which was confirmed by XPS. The P content was below
0.1 at%, which agrees with the reported data for P-doped
CNTs.!'0 The treatment of GNFs with Hy;PO, decreased Sggy and
pore volume, while the pore radius increased. The final product
P-GNFs_H;PO, contains P atoms incorporated into graphene
layers and P atoms in the PO?( state. The hydrothermal synthesis
did not result in the incorporation of P atoms into the GNF structure.
Moreover, the amount of oxygen-containing groups after hydro-
thermal treatment of the P-GNFsox_ht sample decreased
significantly (see Table 1), indicating surface defunctionalization.
However, Sggr, pore volume and pore radius of the products
increased. We concluded that the pyrolytic decomposition of a
P-containing precursor can be considered the most promising
method for the preparation of P-doped GNFs.

This research was funded by the Russian Science Foundation
(grant no. 22-15-00072). The authors thank A.P. Kozlov for
assistance in the synthesis and S. V. Maximov for obtaining TEM
images. The authors acknowledge the support from the MSU
Equipment Center ‘Nanochemistry and Nanomaterials’, operating
within the framework of the Lomonosov Moscow State University
Program of Development.

Table 1 Textural parameters and XPS composition of GNF and P-GNF materials.

XPS composition (at%)

Sample Specific surface area (Spgr)/m? g=! Total pore volume/cm3 g=!  Average pore radius/A
P C (6]

GNFs 440 1.89 8.8 - 98.1 1.9
GNFsox 400 0.91 3.7 - 90.7 9.3
P-GNFs_H;PO, 230 0.83 345 0.4 96.9 2.5
P-GNFs_ht - - - <0.1 97.6 2.3
P-GNFsox_ht 510 1.25 18.8 <0.1 94.4 5.6
P-GNFs_pyr 390 1.00 34.6 <0.1 98.5 1.5
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Online Supplementary Materials
Supplementary data associated with this article can be found

in the online version at doi: 10.71267/mencom.7531.
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