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Nanocomposites for photocatalytic applications were obtained
by alchothermal modification of g-C3;N, with cobalt(ir) and
nickel(1r) phthalocyanine complexes. The nanocomposites
demonstrated higher photocatalytic activity than the bare matrix
and stability under actinic irradiation. In the optoelectronic
structure of the composites, the E value of the g-C5N, matrix
increased to 3.05 eV, while for MPc agents, it decreased from
1.96 to 1.82 eV.
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Photocatalytic materials have become more attractive due to their
capabilities in the last few decades. A wide variety of materials
have been successfully used in photocatalytic systems, and among
them, chalcogenides, mainly oxides, are the most common inorganic
materials due to their high stability. Titania, '~ zirconia,? zinc oxide®
and ceria’ find their application in hydrogen reforming, photovoltaic
systemsand others. Several photoactive organic aromatic chlorophyll-
like compounds are used in photoactive systems.® In order to
obtain materials suitable for UV-VIS applications, chemists have
used several methods to extend the operating wavelength ranges,
such as photosensitization with organic dyes,® the use of multi
semiconductor systems®0 and doping with noble metal
nanoparticles.111-13 Another aspect of efficient heterogeneous
catalysis is the working surface. Easily produced non-metallic
material with superior operating wavelength (up to 460 nm) can be
modified with graphitic carbon nitride (g-C3N,) to increase
surface area.-17

In this work, pure g-C3N, was modified by alchothermal treatment
with cobalt(i) and nickel(r) phthalocyanine (CoPc and NiPc)
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complexes to improve photocatalytic performance. Because metal
phthalocyanines (MPc) are known for their thermal and chemical
stability, visible light activity and high light absorbance, they are also
used in organic semiconductor assemblies, photovoltaic systems
and photosensitizers.1819 Alchothermal modification provides the
g-C3N,/MPc nanocomposite with a uniform distribution of MPc.

Powder X-ray diffraction analysis shows the formation of
MPc crystallites in the g-C5N,/MPc composite (Figure 1). Moreover,
the phthalocyanine peaks appear to be sharp, occupying the same
positions in the free form and composite structures. This result
indicates a well-crystallized structure, and the carbon nitride
peaks do not differ between the samples, which evidences the
absence of any changes in its structure during alchothermal
synthesis. The peaks of phthalocyanine derivatives are specific
for the monoclinic B-modification (ICDD #00-011-0744) with
space group P2,/c.20.21

The infrared spectra of the nanocomposites (Figure S3, see
Online Supplementary Materials) reveal an intense absorption
band at 1634 cm™1, corresponding to deformation vibrations of the
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Figure 1 Powder X-ray diffraction patterns of (a) initial NiPc and g-CsN,/NiPc composite, as well as (b) initial CoPc and g-C5;N,/CoPc composite; hkl values
marked with * correspond to g-C3N,. Insets: SEM micrographs showing the distribution of MPc in composites.

© 2022 Mendeleev Communications. Published by ELSEVIER B.V.
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Figure 2 (a) Change in UV-VIS absorption upon photocatalytic MB decolorization with g-C5N,/CoPc catalyst, (b) MB concentration variation and photocatalytic
MB decolorization kinetics using different photocatalysts, (c) point of zero charge curves and (d) pH kinetic curves for different photocatalysts. Photocatalysts

used: (1) pure g-C3N,, (2) g-C3N4/NiPc and (3) g-C3N,/CoPc.

O-H bonds in physically adsorbed water molecules. Other bands
can be attributed to g-C3;N, and metal phthalocyanine structures.
However, due to the similarity of structures and the higher
concentration of carbon nitride, some phthalocyanine peaks may
be low in intensity or indistinguishable. The absorption band in the
region of 1655 cm~ is caused by bending vibrations of the N-H
bonds. An intense absorption band at 816 cm~! and low-intensity
absorption bands with peaks at wavenumbers from 1572 to
1239 cm are assigned to deformation and stretching vibrations
of the C—N bonds of the heptazine ring of g-C3N,, respectively.
The band at 1318 cm™ is due to the vibrations of the C=N-C
fragment at bridge sites, and the tiny peak at 1164 cm™ is
characteristic of the Ni-N bond in NiPc.142?

SEM images and element mapping of g-CsN,/MPc samples
are shown in Figures 1 (insets) and S1. The synthesized nano-
composite is agglomerated g-C;N, particles consisting of smaller
fragments with a large surface area. MPc is deposited on the
surface of carbon nitride as needle-shaped crystals uniformly
distributed over the surface of g-C;N, particles. This crystal
structure is characteristic of the monoclinic type B-NiPc, usually
formed under solvothermal conditions. There is no significant
change in the morphology of carbon nitride, but the formation of
a heterojunction is possible upon contact with crystals of phthalo-
cyanine derivatives. Low-temperature N, adsorption—desorption
isotherms are shown in Figure S3. According to the IUPAC
classification, these isotherms can be classified as type 1V, which
means that the CoPc and NiPc composites with g-C3N, have a
mesoporous structure. Both isotherms have hysteresis loops in
the range of 0.85-1.0 relative values and are classified as H3.

This fact points out the slit-shaped type of pores. An analysis of
the differential curves of pore size distribution makes it possible
to determine that the predominant pore sizes in the structure of
nanocomposites are 10-30 and 30-85 nm. According to the insets,
the mean pore sizes for g-C5N,/NiPc and g-C;N,/CoPc are 17.9
and 19.9 nm, respectively. The surface area values measured by
the BET method are 78.4 and 66.8 m? g1, which are somewhat
lower than those of the initial g-C3N, (81.8 m? g1) used for the
synthesis.'*1% The decrease in surface area can be caused by several
factors, such as carbon nitride agglomeration, pore plugging by
phthalocyanine crystals or slight changes in morphology due to
the solvothermal process.

The electronic structure of the nanocomposites was calculated
from the DRS spectra using the Kubelka—Munk function shown in
Figure S4(b). The calculated band gap values for phthalocyanines,
graphitic carbon nitride and nanocomposites are shown in Table S1.
It can be noticed that the band gap of free agents changed after the
formation of the nanocomposite, leading, in particular, to an increase
in the band gap of g-C3N,, which can also be associated with
changes in surface groups due to alchothermal treatment. For MPc,
this type of deviation may be related to the recrystallization process
during synthesis or MPc-substrate interactions.823-25 Nevertheless,
a heterojunction is formed, so it can provide a wider operating
spectrum due to phthalocyanine derivatives.

The photochemical activity was tested on a Fenton-like system
by measuring methylene blue (MB) decolorization when exposed
to 70 W Xe lamp light through a UV cutoff filter [Figure 2(a)].
As can be seen from Figure 2(b), composites have a higher efficiency
than unmodified carbon nitride. The stability of the composite was
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also measured under the same irradiation conditions: the composites
did not show any significant changes after four hours of exposure
to actinic light, all deviations were within tolerance.

The surface groups were characterized by the point of zero
charge (PZC) method [Figure 2(c)] and the pH kinetic curve
method?® [Figure 2(d)]. From the PZC analysis, it was concluded
that all materials have acidic surface groups, but the PZC values
for composites are biased towards basic pH values. This trend can
also be observed in the pH kinetic curves related to the integral
acidity of the surface of a solid sample in contact with a solvent.
The pristine g-C3N, exhibits the behavior inherent in the presence
of acidic groups, in contrast to both MPc composites, which
exhibit exactly the opposite behavior (Table S2). The integral pH
value of carbon nitride is in the acidic region if the synthesis process
takes place in the air, which leads to oxidation of the edges of the
g-C3N, sheets and, presumably, to the formation of carboxyl
groups. The donor-type MPc complex causes a change in surface
behavior after modification with phthalocyanine. This type of
donor—acceptor interaction in the nanocomposite makes it
suitable for photocatalytic reforming and CO, reduction.

Insummary, the g-C5;N,/MPc (M = Niand Co) nanocomposites
were successfully obtained by alchothermal modification. It is
shown that the applied modification technique leads to a uniform
distribution of MPc crystals without significant changes in the
surface area of the samples. At the same time, the g-CsN,/MPc
heterojunction is formed, providing better absorption of visible
light and, consequently, higher photocatalytic efficiency is expected.
Moreover, surface modification alters the integral acidity, resulting
in the formation of basic sites. Therefore, the modification of
g-C3N, provides a wider operating spectrum due to the absorption
of phthalocyanine in the visible range, while the basic sites and
heterojunction structure promote photocatalysis. This work
proposes a simple alchothermal process for the production of
g-C3N4,/MPc nanocomposites for photocatalytic applications, as
well as other phthalocyanine-sensitized materials.

This work was performed using the analytical equipment of
the Engineering Center of the St. Petersburg State Institute of
Technology.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2022.05.008.
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