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and carbon nano-onion (CNO) derivatives were synthesized and

infrared and Raman spectroscopy, scanning

Metallophthalocyanine (MPc)
characterized by using ultraviolet-visible spectroscopy,
electron microscopy with energy-dispersive X-ray spectroscopy and X-ray powder diffraction. The
unmodified CNOs and MPc—-CNO derivatives were used as photocatalysts for rhodamine B (RhB)
degradation under visible-light irradiation. The photocatalytic studies revealed that the MPc-CNO
nanostructural materials simultaneously exhibited a high absorption capacity and an excellent visible-
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Introduction

Degradation of water pollutants through semiconductor medi-
ated photocatalysis has attracted attention because it offers
a promising pathway for environmental pollution problems.'
Various systems have been studied and employed as photo-
catalysts in the past few decades.*® Among these studied pho-
tocatalysts, carbon materials,*® organic derivatives or
composites,”™ metal oxides," inorganic nanoparticles and
nanocrystals’*® and hybrid materials combining two or more
components with different chemical natures have been
used.>'*'7'8 Often, phthalocyanines (Pcs), derivatives of the
aromatic tetraazaporphyrins, also appear among these
systems.'>** Pcs are synthetic analogues of porphyrins, in which
the nitrogen atoms in the aromatic polyene ring connect the
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active photocatalysts for organic pollutant degradation.

four pyrrole groups instead of carbons.”* Pcs are planar
aromatic macrocycles consisting of four isoindole units with
delocalized electrons over the carbon and nitrogen atoms.
Because of their structures, Pcs exhibit interesting electrical
properties,”** strong absorption in the visible region,**>¢
a good thermal and chemical stability,”” and can be applied to
versatile organic reactions.”®*' The structure of Pcs enables
them to be combined with macromolecular structures and/or
metals, which broadens their applicability.**** The combina-
tion of Pcs with the metal atom (metallophthalocyanine, MPc)
in the complex optimizes the Pc properties, mainly by
increasing their photochemical,**** photocatalytic®*® and elec-
trochemical activity.?>37%*

MPc complexes exhibit an extraordinary molecular stability
and negligible toxicity.** To date, MPcs and Pcs have been
successfully incorporated as active components in semi-
conductor and electrochromic devices,**** organic field effect
transistors,*** light-emitting devices,** organic memristors,*
solar cells,** light-driven micromotors,*” and sensors,**** as
well as in photocatalytic applications,*****® applications
requiring antimicrobial and antioxidant activities,* imaging
and therapeutic applications,® etc. Within this context, Pc
applications are restricted by the difficulties connected with the
great tendency of the planar macrocycles to aggregate, which
impairs the physico-chemical activity. The successful incorpo-
ration of Pcs or MPcs into larger macromolecular systems
requires their self-organization and dispersibility to be
controlled. These connections provide unique properties, such
as increased surface areas, long lifetimes, facile recovery and
easy separation of the catalyst. Among these systems, poly-
mers*® and inorganic®*® and organic nanoparticles® have been

This journal is © The Royal Society of Chemistry 2020
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studied. Synthetic efforts have also been devoted to imple-
menting carbon nanostructures (CNs) into these macromolec-
ular systems.***%** In the case of these nanostructures, covalent
and noncovalent modifications were applied.®*** Although
covalent modification first influences the electronic properties
of CNs, noncovalent modification is relatively weak and can
lead to the easy removal of the immobilized molecule from the
surface, and hence, this type of modification is not applicable in
many areas.

Fullerenes and carbon nanotubes (CNTs) are a type of CN
that exhibit interesting photophysical properties,****%%" such
as an excellent electron acceptor ability, a small reorganization
energy and an ability to promote ultrafast charge separation
together with very slow charge recombination.® The first report
regarding a covalently linking a Ni(i)Pc moiety to Cgo through
a Diels-Alder reaction was published in 1995.%® To date, a large
variety of covalently and noncovalently modified fullerene and
CNT acceptor units have been synthesized, and their photo-
physical properties were studied both in solution and in the
solid phase.®"%*7°

In this study, we used perfectly spherical CNs, called carbon
nano-onions (CNOs). CNOs may have different sizes and shapes
and are strongly connected to each other with their formation
procedure.”*”* These structures, which are formed from nano-
diamond particles (NDs), are the most common CN in this
group, mainly because their high reactivity is connected with
their perfectly spherical structures.”””>’® CNOs derived from
NDs are recognized as ‘zero-dimensional’ nanostructures due to
their perfect spherical shape (6-8 graphitic shells and a diam-
eter of 5-6 nm).”” Due to these properties, many covalent reac-
tions can occur on CNOs to attach multiple groups to their
surfaces. Among these covalent reactions are amidation,”
oxidation,”>® 1,3-dipolar cycloaddition,***> [2 + 1] cycloaddi-
tion,* nucleophilic substitution,® diazonium addition,*
reduction,® fluorination® and radical addition.?”

Until now, attempts have been already made to use these
CNs in photoactive devices. However, since then, no reports
using CNOs as photocatalysts for the degradation of organic
pollutants have been published, to the best of our knowledge.
For example, CNOs were used as a hole collection layer in zinc-
phthalocyanine-based organic photovoltaic devices.*®*** The
photocurrent was increased by a factor of 5.5 compared to that
of solar devices without CNOs.*® A device based on a perovskite
crystalline film with oxidized CNOs incorporated into the hole
transporting layer along with poly(3,4-
ethylenedioxythiophene):polystyrene sulphonate (PEDOT:PSS)
was prepared, resulting in a significant enhancement in the
power conversion efficiency (PCE) from 11.07 to 15.26%.* The
larger CNO structures (30 nm in diameter) were also applied in
dye sensitized solar cells and used as a counter electrode, but
the PCE was comparable to that of a commonly used platinum
electrode.”

We applied CNO as a platform for the assembly of MPcs. In
this study, we covalently modified the outer CNO shells to form
a chemically stable series of MPc-based CNOs. We tested these
MPc-based CNOs as visible-light photocatalysts for the
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degradation of organic pollutants. For this study, a model
system of rhodamine B (RhB) was used.

Experimental
Materials and methods

CNOs were obtained according to the method proposed by
Kuznetsov,”” in which diamond nanoparticles (NDs, Carbodeon
puDiamond Molto) with a diameter of 4.2 + 0.5 nm and a ND
content of =97 wt% were annealed. All the chemicals and
solvents were commercially available and used without further
purification: nanodiamond powder (uDiamond®Molto, Carbo-
deon); 1,2-dicyanobenzene (~98%, Sigma-Aldrich); ammonia
solution (25% pure p.a., Sigma-Aldrich); maleimide (~99%,
Sigma-Aldrich); tetrahydrofuran (pure p.a., Avantor); 2-propanol
(pure p.a., Avantor); acetone (99.5% pure p.a., Avantor); 2-
mercapto-4-methyl-5-thiazoleacetic acid (~98%, Sigma-
Aldrich); zinc chloride (=99%, Sigma-Aldrich); nickel(u) chlo-
ride (~98%, Sigma-Aldrich); copper(u) chloride (~97%, Sigma-
Aldrich); hydrochloric acid (35-38% pure p.a., Avantor); sul-
phuric acid (95% pure p.a., Avantor); sodium chloride (pure
p-a., Avantor); aluminium powder (~99.99%, Avantor); sodium
(Sigma); 1-octanol (=95%, Sigma-Aldrich); potassium perman-
ganate (Avantor); dimethyl sulphoxide (DMSO, pure p.a.,
Avantor); and methanol (99.5% pure p.a., Avantor).

Synthetic procedures

Synthesis of pristine CNOs. Commercially available ND
powder with a crystal size between 4-6 nm was used for the
preparation of the CNOs. First, the NDs were placed in
a graphite crucible, which was transferred to an Astro carbon-
ization furnace. The air in the furnace was removed by applying
a vacuum, which was followed by purging with He. The NDs
were annealed at 1650 °C under a 1.1 MPa He atmosphere with
a heating rate of 20 °C min~'.”° Finally, the CNOs were annealed
in air at 400 °C to remove any amorphous carbon.

Synthesis of H,Pc. Metal-free phthalocyanine (H,Pc) was
synthesized according to a procedure described in the literature
by using phthalonitrile and sodium alkoxide in an alcoholic
solution (Fig. 1). 1,2-dicyanobenzene (100 mg) was dissolved in
50 mL of 1-octanol. The reaction was carried out at ca. 150 °C for
5 hours, and then, AICl; (10 mg, synthesized by annealing
aluminium in the presence of hydrogen chloride) and NacCl (10
mg) were added carefully. This mixture was stirred at 180 °C for
12 hours. The obtained product was filtrated and washed with
a variety of solvents to remove impurities (water, ethanol,
acetone). '"H NMR (400 MHz, C¢Ds, ppm): 6 9.44-9.42 (m,
aromatic), 7.33-7.27 (m, aromatic), 6.82-6.78 (m, aromatic).

Synthesis of MPc. The metallophthalocyanines (CuPc, NiPc
and ZnPc) were synthesized according to a known procedure.*
The synthesis of the metallophthalocyanines involved the
reaction of 1,2-dicyanobenzene with either zinc chloride, nick-
el(u) chloride or copper(u) chloride in the presence of ammonia.
The reaction was carried out at 180-190 °C for 5 hours using
DMSO. Next, AlCl; (10 mg, synthesized by annealing aluminium
in the presence of hydrogen chloride) and NaCl (10 mg) were
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Fig. 1 Schematic illustration of the whole synthesis procedure for (a) Pc, (b) MPc, and (c) Pc—CNO and MPc—-CNO derivatives.

added carefully. This mixture was stirred at 180 °C for 12 hours.
The products were purified by washing with ethanol and
acetone and dried overnight at 50 °C.

Synthesis of Cl-H,Pc and Cl-MPc. Poly-
chlorophthalocyanine (with 1-16 chlorine atoms attached to the
4 benzene rings of the phthalocyanine molecule) was synthe-
sized by melting a mixture of AlICl; (synthesized by annealing
aluminium in the presence of hydrogen chloride), NaCl and
H,Pc or MPc under flowing chlorine at 180-190 °C for 14 hours.
The obtained product was filtrated and washed with a variety of
solvents (ethanol and acetone) to remove impurities and dried
overnight at 50 °C.

Synthesis of CNO-1. The CNOs (50 mg) were dispersed in
15 mL of N,N-dimethylsulphoxide (DMSO). Then, 24.5 mg of
maleimide was added to this solution, and the resulting mixture
was refluxed with zinc chloride (5 mg) at 110 °C for 24 hours.
The reaction mixture was poured into excess of tetrahydrofuran
(THF). Next, the mixture was washed several times with acetone.
The maleimide derivatives of CNO were dried under a vacuum
and heated in an oven at 50 °C overnight to give the product
CNO-1.

Synthesis of CNO-2. CNO-2 was synthesized by first dissolv-
ing 50 mg of CNO-1 in 5 mL of DMSO. Then, 23.8 mg of 2-
mercapto-4-methyl-5-thiazoleacetic acid was dissolved in 2 mL
of 2-propanol. The reaction was carried out at 70 °C for 10
hours. The reaction mixture was poured into excess of tetrahy-
drofuran (THF). The thiazole-maleimide functionalized CNOs
(CNO-2) were washed several times with deionized water and
acetone. The CNO-2 product was dried under a vacuum and
heated at 50 °C overnight.

Synthesis of Pc-CNOs (CNO-3, CNO-4, CNO-5, and CNO-6).
The products CNO-3 (H,Pc-CNO), CNO-4 (CuPc-CNO), CNO-5
(NiPc-CNO) and CNO-6 (ZnPc-CNO) were synthesized by
using 50 mg of CNO-2 and H,Pc or MPc (CuPc, NiPc and ZnPc).

10912 | RSC Adv, 2020, 10, 10910-10920

DMF was used as a solvent, and the reaction was carried out at
100 °C overnight. The products were washed with acetone.

Methods

The films were imaged by secondary electron scanning electron
microscopy (SEM) using an FEI Tecnai S-3000N instrument
(Tokyo, Japan). The accelerating voltage of the electron beam
was 30 keV. The energy dispersive X-ray spectroscopy (EDX)
analyses were performed with an ASPEX system fully integrated
and automated with a scanning electron microscope (S-3000N).
The "H NMR spectra were recorded with an Agilent VNMRS
system operated at 400 MHz, and CDCIl; was used as the solvent.
The powder diffraction data were measured at 293 K using
a SuperNova diffractometer (Agilent) with a CCD detector and
a Cu-K, radiation source, and the sample-to-detector distance
was 148 mm. Prior to the experiment, all the samples were
loaded into capillaries with a diameter of 0.5 mm.

The room temperature Raman spectra obtained in the range
between 3500 and 100 cm ' were recorded with Renishaw
Raman InVia microscope equipped with a high sensitivity ultra-
low noise CCD detector. Radiation from an argon ion laser (514
nm) operated with an incident power of 1.15 mW was used as
the excitation source. The Fourier transform infrared spectros-
copy (FTIR) spectra were recorded in the range between 4000
and 200 cm ' with NICOLET IN10 MX infrared microscope
(Thermo Scientific) operated at room temperature under an N,
atmosphere. The microscope was operated mainly in the
reflectance mode, and the MCT detector was cooled with liquid
nitrogen. Additionally, the abovementioned MCT detector was
utilized to map the MPc derivatives. The spectra were collected
with a resolution of 4 cm™?, 256 scans were averaged to obtain
a single spectrum and apodized with a triangular function, and
a zero-filling factor of 1 was applied. The spectra were collected
for a 100 pm (0.01 mm?® area) square region of the sample. All

This journal is © The Royal Society of Chemistry 2020
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the spectra were corrected with conventional software to elim-
inate the variation of the analysed thickness with the
wavelength.

The photocatalytic degradation experiments were investigated
in a 50 mL glass cell. The reaction mixture consisted of 20 mL of
the rhodamine B aqueous solution (12.5 mg L™ ') and a photo-
catalyst (1.5 g L™ ). Prior the photodegradation studies, adsorp-
tion experiments were carried out. The suspension of the model
pollutant and the appropriate photocatalyst was kept in the dark
while stirring for 1 hour to attain equilibrium. To monitor the
progress of the degradation reaction during irradiation for 2
hours with simulated solar light (SUNTEST CPS+), samples were
collected and centrifuged every 15 min, and the supernatant was
analysed using UV-vis spectroscopy (HITACHI U-2800A).

Results and discussion
Synthesis of MPcs and MPc-CNOs

The synthesis of H,Pc was based on the most common proce-
dure using phthalonitrile.”>** The cyclotetramerization reaction
of phthalonitrile proceeded in the presence of a reducing agent,
sodium alkoxide in an alcoholic solution (Fig. 1a), that per-
formed the function of a template during ring formation. Bau-
mann et al. suggested that a nucleophilic attack by the alkoxide
anion on the cyano group of phthalonitrile leads to form 1-
alkoxy-3-iminoidoindolenine, and in the subsequent reduction
and cyclization reactions, forms H,Pc.*> The analogous reaction
was carried out in the presence of metal ions (Fig. 1b), which led
to the formation of Pc moieties with a complexed metal ion at
the centre of the ring (MPc). Compounds H,Pc and MPcs were
further employed in the preparation of Cl-H,Pc and Cl-MPcs,
respectively. Halogens were introduced at the periphery of the
macrocyclic scaffold (Fig. 1a and b). Halogenated H,Pcs and
MPcs were a starting point for the covalent modification of
CNOs and the subsequent formation of the Pc-CNO and MPc-
CNO derivatives.

Simultaneously, the thiazole-maleimide functionalized
CNOs (CNO-2) were synthesized using the two-step reaction
presented in Fig. 1c, which is described in detail in the Exper-
imental section. First, a Diels-Alder reaction was performed to
incorporate maleimide into the CNOs.” The sp® carbon atoms
of the CNOs serve as a dienophile and react with maleimide as
a diene through a Diels-Alder reaction to form [4 + 2] cyclic
adducts. The reaction results in maleimide-functionalized
CNOs (CNO-1), which were applied as a platform for the
further reaction with 2-mercapto-4-methyl-5-thiazoleacetic acid
to synthesize the thiazole-maleimide CNO derivatives (CNO-2).
Next, CNO-2 was used as a template for the synthesis of four
different Pc-CNO derivatives, one metal-free phthalocyanine
(HyPc-CNO, assigned later as CNO-3) and three metal phtha-
locyanines containing either copper (CuPc-CNO, CNO-4), nickel
(NiPc-CNO, CNO-5), or zinc (ZnPc-CNO, CNO-6).

Spectroscopic characteristics of the MPcs and MPc-CNOs

Fourier transform infrared spectroscopy (FTIR) and Raman
spectroscopy were utilized as the main experimental techniques

This journal is © The Royal Society of Chemistry 2020
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for the qualitative characterization of the metal-free and the
MPc-CNO derivatives. The FTIR spectra of the CNOs and their
MPc derivatives were recorded, as shown in Fig. 2. Additionally,
the spectra of H,Pc and the MPcs are presented for comparison
(Fig. 2.P(1)).

The broad, unshaped signals in the higher frequency range
(3500-3100 cm ™' with a maximum ca. 3350 cm ™) correspond to
free N-H stretching vibrations (Fig. 2.P(I)). The signals in the
range between 3100-2900 cm ' can be attributed to -C-H-
asymmetric and symmetric stretching vibrations.** Pcs have 18
T-conjugated electron aromatic ring systems, which are
composed of four pyrrole units linked by four aza (-N=C-)
groups at the a-carbon atoms of the pyrrole units.

The infrared absorption band between ca. 1700 and
800 cm ™' is characteristic for metal-free and metal-containing
Pcs. The peaks located at ca. 1610 cm ' are correlated with
the conjugated carbons (-C=C-) and aza (-N=C-) groups. The

) o ; a
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Fig. 2 Panel () FT-IR spectra of (a) CNO-1, (b) CNO-2, (c) H,Pc, (d)
CNO-3, (e) CuPg, (f) CNO-4, (g) NiPc, (h) CNO-5, (i) ZnPc, and (j) CNO-
6. Panel (ll) FT-IR spectra of (a) CuPc, (b) CNO-4, (c) NiPc, (d) CNO-5,
(e) ZnPc, and (f) CNO-6.
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peaks located in the region 1330-880 cm ™ are correlated with
the structure of the Pcs and/or a substituted metal (Fig. 2.-
P(I1)).** The three strong signals located in this region can be
assigned to the pyrrole rings, -C-N- stretching and the -C-H-
deformation vibrations in the ring. The band at 1010 cm ™" is
attributed to the metal-free H,Pc (Fig. 2c.P(I)) and is used to
check the purity of the MPc complexes (the N-H deformation
modes).>*>* For the MPc derivatives, the peaks centred ca.
1540, 1490 and 1410 cm™* are attributed to the -C=N- and
-C=C- stretching vibrations of the phthalocyanine ring, and
the peaks ca. 1090 and 880 cm ! are attributed to the vibration
of the MPc macrocycles: the isoindole deformation and aza
vibration (Fig. 2.P(I1)).**°” In the lower wavenumbers range of
the IR spectra from 1100 to 800 cm™ ", a few more peaks were
observed and can be assigned to planar -C-H- bending and out-
of-plane deformations.**

The IR spectra analysis also showed some changes in the
CNO structures after covalent attachment of Pc moieties. The
spectra of the unsubstituted CNO (not shown) shows three
broad signals in the range of 1540-1510, 1270-1240 and 1050-
920 cm ™!, which may be assigned to the innermost shell of the
CNOs.” There are some similarities between the CNO deriva-
tives, the maleimide (CNO-1) and thiazole-maleimide func-
tionalized CNOs (CNO-2), in this region (Fig. 2b.P(1) and 2c.P(1)).
For these and the MPc-CNO derivatives, differences are visible
in the higher wavenumber regions. The two broad bands in the
range of 3430-3320 and 2960-2810 cm™ ' can be attributed to
C-H asymmetric and symmetric stretching vibrations and N-H
stretching vibrations of the succinimide groups, respectively.*®
These signals have higher intensities for the MPc-CNO deriva-
tives in comparison to those of CNO-1 and CNO-2.

After the functionalization of the CNOs with the MPcs, the
characteristics signals of phthalocyanines substituted with
metals are also visible in the infrared spectra (1700-800 cm ™),
which were discussed in detail. The peak located at ca.
1610 cm ' correlated with the conjugated carbon atoms (-C=
C-) has a higher intensity for the MPc-CNO derivatives than for
the MPcs (Fig. 2.P(u)). This observation successfully confirmed
the incorporation of metallophthalocyanines into the multi-
fullerene conjugated cages.

Fig. 3 shows the measurements performed using an infrared
mapping method. The measurement maps show the optical
distribution of the specific signals at a defined wavelength, with
the signal intensity imaged using an appropriate colour. The
red colour indicates the highest intensity signal for the whole
spectrum. The images captured by an optical microscope reveal
a fragment of the MPcs or MPc-CNO derivatives on the slide
with dimensions of 700 x 800 um. Fig. 3 illustrates the distri-
bution profiles obtained for the specific spectra of the MPc and
MPc-CNO derivatives and indicates the presence and uniform
distribution of MPcs on the carbon nanoparticle surface. The
arrangement profile obtained for the MPc based on the char-
acteristic peaks (at 1410, 1330 or 1100 cm ™~ ') shows the presence
of MPcs across the entire experimental area (0.01 mm? area).

Two characteristic areas of the CNs and Pc moieties are
presented in the Raman spectra (Fig. SI1 and SI2}). The Raman
spectra of carbonaceous materials are very sensitive to changes
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in the translational symmetry and the crystallite size.* Fig. SI1
and SI21 show the Raman spectra of the pristine CNO, CNO-1,
CNO-2, H,Pc, MPc, H,Pc-CNO and MPc-CNO samples. The
spectra were obtained with an excitation wavelength of 514 nm
using a He-Ne laser. The peak positions and intensities are
summarized in Table 1.

In general, the spectrum obtained for the pristine CNOs is
composed of three characteristic peaks, which correspond to
the contribution of the hexagonal mode characteristics of gra-
phene or graphite.'® For most Raman spectroscopic analyses of
carbon, two G and D bands are used to characterize CNs. The
graphite line (G line at 1580(+5) ecm ™) is assigned to the Eg
species of the infinite crystals.’®* The diamond band (D line at
1332(45) em™ ), also frequently called a disorder band, is related
to a zone-centre optical phonon with F,, symmetry.

It can be observed that the spectra obtained for the pristine
CNOs also have these two intense bands: G at 1576 and D at
1340 cm ™' (Table 1).'* These bands are attributed to the first-
order scattering band. From the spectrum of the pristine
CNOs, the G band is downshifted from the position of planar
graphite, which is correlated with the influence of bond
bending on the spherical CNO shells.’ In addition to the
strong G and D features observed in the Raman spectra of the
CNOs, some second-order scattering bands at 2667 cm ™" were
observed (Table 1) and detected at approximately twice the
wavenumber of the D band.

The Raman spectra of the Pcs and their metal complexes
have peaks in the region 1700-500 cm . The spectral range
1550-1350 cm ™' is characteristic of Pcs with different metal
atoms and is unique for each Pc.'**'** In the Raman spectra of
CuPc, we distinguish a band at 1524 cm™" (B,g). This band is
very important because it is sensitive to the size of the central
metal ion. The band at 1524 cm ™" is considered as a ‘marker’ of
crystal structure modification, and the shift in By, shifted by
50 cm~ " The band at 1524 cm ™" observed for CuPc shifts to
1551 and 1504 cm™ " in the Raman spectra of NiPc and ZnPc,
respectively (Fig. SI2t). This region also consists of overtones or
combination bands corresponding to the -C-H- stretching
modes in the 1550 to 1300 cm ™' range.”* Symmetric and anti-
symmetric -C-H- stretching modes are observed with similar
frequencies for both non-metallated and metallated
phthalocyanines.!

Additionally, in the 3200-2850 cm ™" region (Fig. SI2), the
-N-H- and -C-H- stretching vibrations observed for the
unsubstituted Pc (H,Pc) are recorded at 3008, 2989, 2946, 2902
and 2899 cm ™. The absence of these bands in the MPc spectra
may indicate the successful substitution of the H,Pc moieties
with metals.

Ultraviolet-visible (UV-vis) absorption was used as an effec-
tive approach to characterize the optical properties of the CNO
and MPc-CNO derivatives (Fig. 4). The UV-vis absorption
spectra of the CNO derivatives show (Fig. 4a) broad absorption
bands at 285 and 332 nm, which are characteristic of the w-7*
electron transition in the polyaromatic systems of the curved
graphite layers.'” The UV-vis absorption spectra of the MPcs
showed a typical shape for Pcs, with B-band (in the region
between 300 and 370 nm and centred at 320 and 335 nm) and Q-

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Infrared mapping set obtained for the MPc and MPc—CNO derivatives.

band (in the region between 550 and 750 nm and centred at 670
nm) with various intensities. The Zn-Pc and its CNO derivative
have an additional shoulder centred at 385 nm (Fig. 4d). Three
peaks and two shoulders were located in the absorption band in
the UV region, which is preceded by the ultraviolet band of the
Pc molecule.’ The analysis of the spectral data show differ-
ences between Zn-Pc (Fig. 4d), Cu-Pc (Fig. 4b) and Ni-Pc
(Fig. 4c).

The spectra recorded for Zn-Pc and its CNO derivative
exhibit a high extinction coefficient and sharp Q bands, while
the other two MPcs exhibit wider bands with lower intensities.
This phenomena suggests strong aggregation interactions
between the molecules. Additionally, the B-band in the spectra
of Cu-Pc (Fig. 4b) is more intense than the Q-band, which also
indicates significant aggregation.'”” The MPc-CNO derivatives
show the same trend and exhibit an obvious UV-vis light
absorption ability. The morphology of the pristine metallated
Pcs and their CNO derivatives were observed by scanning elec-
tron microscopy (SEM) (Fig. 5).

The SEM images of an Au foil covered with the Pcs and the
Pc-CNO derivatives are shown in Fig. 5a-d and e-h, respec-
tively. The non-metallated Pcs and those with coordinated
metal ions in the centre formed needle-like structures with
different diameters and lengths. After covalent immobilization

Table 1 Raman parameters of the characteristic bands of the pristine
CNOs and their Pc derivatives

Sample D (cm ™) G (em™) 2D (em ™!
CNO 1339 1576 2667
CNO-1 1335 1576 2689
CNO-2 1345 1577 2684
CNO-3 1343 1585 2690
CNO-4 1338 1585 2681
CNO-5 1339 1597 2686
CNO-6 1333 1582 2678

This journal is © The Royal Society of Chemistry 2020

of these macrocycles on the CNO surface, the morphology of
these systems radically changes to a morphology similar to that
of carbon materials. The CNO-derivatives result in a homoge-
neous distribution of the Pcs on the CNO surfaces. The energy
dispersive X-ray (EDX) spectra (Fig. 5i-k) of the CNO-4, CNO-5
and CNO-6 systems reveal that the derivatives mainly contain
C, N, and the metals Cu, Ni or Zn. The EDX analysis confirmed
the successful functionalization of the CNO surface with met-
allated Pcs.

XRD was performed to identify the phase composition and
crystallinity of the synthesized Pc and the CNO-MPc derivatives.
The XRD patterns of the pristine NDs (Fig. 6a), the pristine
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Fig. 4 UV-vis spectra of (a) CNO-1 and CNO-3, (b) CuPc and CNO-4,
(c) NiPc and CNO-5, and (d) ZnPc and CNO-6.
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CNOs (Fig. 6b) and the functionalized CNOs (CNO-1, Fig. 6¢) are
presented in Fig. 6. The ND profile reveals the presence of
a mixture of various phases. In the ND materials, the strongest
reflection at 26 = 43.8° corresponds to the (111) basal plane of
the diamond structure, and the reflection at 20 = 21.5° corre-
sponds to a graphite-like amorphous phase.”®'*® The conversion

* .
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Fig. 6 XRD patterns of (a) NDs, (b) CNOs, (c) CNO-1, (d) HyPc, (e)
CuPg¢, (f) CNO-4, (g) NiPc, (h) CNO-5, (i) ZnPc and (j) CNO-6.
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(a—h) SEM images of (a) H,Pc, (b) CuPc, (c) NiPc, (d) ZnPc, (e) CNO-3, (f) CNO-4, (g) CNO-5 and (h) CNO-6. (i—k) Energy dispersive X-ray

from NDs to CNOs was observed during the annealing process
of the starting material (comparison of Fig. 6a and b).

An asymmetric broad reflection in the range between 23-27°
and a second one with a maximum at 43.0° were observed. They
are attributed to the (002) and (100) planes of graphite,
respectively (Fig. 6b and c).'® The broad signal centred
approximately 23-27° suggests the contribution of some sp?-
bonded carbons in the CNO samples, and can be assigned to
graphitic carbon. This signal is relatively broad, has a weak
intensity and is observed for every MPc-CNO derivative
(Fig. 6f, h and i). For these derivatives, a reflection at approxi-
mately 43.0° is also observed (a broad reflection peaks marked
with star in Fig. 6). Briefly, if H, (Fig. SI31) is substituted by the
metal centre, then the (400) and (800) peaks at 26 = 14.62 and
29.41°, respectively (marked in Fig. SI3f), have a lower inten-
sity."° All the profiles of the MPc-CNOs confirmed the presence
of CNO and MPC components in the obtained materials.

Photocatalytic activity of MPc-CNOs

To test the photocatalytic activity of the MPc-CNOs for the
degradation of organic pollutants, rhodamine B (RhB) was
selected as a model compound representing a group of dye
contaminants. The generally accepted mechanism for the
photocatalytic degradation of organic molecules, such as RhB,
is the formation of highly active species, which react with and
degrade the targeted molecules to form smaller molecules that
are less toxic, preferably water and carbon dioxide. Similar to
other carbon nanostructures, e.g., fullerenes, CNOs can be used

This journal is © The Royal Society of Chemistry 2020
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as semiconductors, as they demonstrate a photocatalytic
activity. In the presented paper, we investigated the photo-
catalytic activity of the Pc-functionalized CNOs, which we
compared with the behaviour of pristine CNOs and MPc,
separately (Fig. 7). We found that both the unmetallated Pcs and
all of the metallated Pcs demonstrated poor photocatalytic
behaviours. The photodegradation efficiency (n) of RhB, defined

as
(G -C
"=\"c¢

did not reach more than 12% for the pristine MPcs (see Table 2).
However, when the MPc-CNOs were applied as catalysts, 7
significantly increased. The photocatalytic degradation effi-
ciencies obtained for the MPc-CNOs were significantly higher,
though very similar to each other, except for CNO-6. In the
presence of both CNO-5 and CNO-3, 98% of RhB was decom-
posed, and the degradation efficiency did not differ greatly
when CNO-4 was used (97%). However, the application of CNO-
6 led to a 70% photodegradation efficiency. Interestingly, the
pristine CNO was responsible for the degradation of not less
than 93% of the model pollutant. The pristine CNOs and MPc-
CNO derivatives have a high photocatalytic activity in compar-
ison with the other phthalocyanine-functionalized CNs. For
example, pristine multi-walled carbon nanotubes (MWCNTS)
had almost no photocatalytic activity towards RhB (18.5%).""* In
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Fig. 7 (a) The photocatalytic degradation profiles obtained for RhB
with CNO, H;Pc, MPcs and MPc-CNOs. (b) The photocatalytic RhB
degradation kinetics obtained with CNO and MPc—-CNOs.
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Table 2 Photocatalytic degradation efficiencies and rate constants
obtained for CNO and MPc-CNOs

Parameter CNO CNO-3 CNO-4 CNO-5 CNO-6
1 (%) 93 98 97 98 70
k (min’l) 0.0235 0.0466 0.0301 0.0494 0.0115

the presence of the MWCNTs functionalized with Zn-Pcs, 88%
of RhB was degraded using irradiation with visible light.***

Moreover, the photocatalytic reaction kinetics was investi-
gated based on the pseudo-first order time-dependent relation
expressed by the following equation:

—In <C£0) =kt 2)

The calculated photocatalytic degradation reaction rate
constant was the highest for CNO-5 (0.0494 min~ ") and
decreased in the following order: CNO-5 > CNO-3 > CNO-4 >
CNO > CNO-6 (Table 2). There are two factors that contribute to
the final photocatalytic activity of the applied material, namely,
(i) the adsorption of the dye and (ii) photocatalytic degradation.

In fact, for CNO-6, which was functionalized with ZnPc to the
higher extent, the smaller photocatalytic activity was observed.
On the other hand, the final photodegradation efficiency
depends also on the effective harvesting of the irradiation. In
that respect the HOMO-LUMO gap is important. Indeed, the
phthalocyanine-functionalized CNOs have lower HOMO-LUMO
energy band gaps, and that enhances the photocatalytic activity.
NiPc and CuPc have a smaller HOMO-LUMO band gap than
ZnPc.*'* The HOMO in CuPc is 3d metal-like, whereas in Ni and
Zn phthalocyanines, the HOMO is localized on the Pc ring.'"
However, the first ionization process removes an electron from
the Pc a;, orbital in all cases. Moreover, also the formation of
the stable and long-lived excited states plays a role. It was re-
ported elsewhere that CNOs due to their multi-shell structure
stabilize charge-transfer states."® Therefore, merging MPcs
with CNOs leads to the formation of the nanostructured catalyst
that upon excitation generates the MPc"" and CNO"~ ephemeral
species.” The latter, in the aqueous environment contribute to
the formation of hydroxyl and superoxide radicals, which are
responsible for RhB degradation. Based on the observed results,
we could conclude that the most advantageous effect of those
factors was reached for CNO-5, CNO-3 and CNO-4.

Conclusions

Several Pc- and MPc-based derivatives possessing unique
physico-chemical properties, including a photocatalytic activity
towards organic pollutants, were synthesized. The absorption
experiments showed that the functionalization of the CNO
cages with MPc moieties results in the formation of photoactive
systems. RhB was selected as a model compound representing
a group of dye contaminants. The photodegradation efficiency
of RhB did not reach more than 12% for the pristine MPcs.
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However, when the MPc-CNOs or pristine CNOs were applied as
catalysts, the photodegradation efficiency significantly
increased. The photocatalytic degradation efficiencies obtained
using the MPc-CNOs and CNOs were as high as 98% or 93%,
respectively. These pristine and MPc-based CNOs show a high
photocatalytic activity in comparison with other Pc-
functionalized CNs.
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