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Abstract: Titanium nitride and vanadium nitride—carbon-based composite systems, TiN/C and
VN/C, were prepared using a new synthesis method based on the thermal decomposition of
titanyl tetraphenyl porphyrin (TiOTPP) and vanadyl tetraphenyl porphyrin (VOTPP), respectively.
The structure of the TiN/C and VN/C composite materials, as well as their precursors, were
characterized using Fourier Transformed Infrared Spectroscopy, X-Ray diffraction (XRD), X-Ray
energy dispersive (EDS) and X-Ray photoelectron spectroscopy (XPS). Morphologies of the TiN/C
and VN/C composites were examined by means of scanning electron (SEM) and transmission
electron (TEM) microscopy. The synthesis of the non-metalated tetraphenyl porphyrin, the
titanium, and vanadium tetraphenyl porphyrin complexes were confirmed using FTIR. The thermal
decomposition of the titanium and vanadium tetraphenyl porphyrin complexes produced the
respective metal nitride encapsulated in a carbon matrix; this was confirmed by XRD, SEM, TEM,
and XPS. From the XRD patterns, it was determined that the TiN and VN were presented in cubic
form with expected space group FM-3M and 1:1 (metal:N) stoichiometry. The XPS results confirmed
the presence of both TiN and VN in the carbon matrix without metal carbides. The SEM and TEM
results showed that both TiN and VN nanoparticles formed small clusters throughout the carbon
matrix; the EDS results revealed a uniform composition. The synthesis method presented in this
work is novel and serves as an effective means to produce TiN and VN NPs with good structure and
morphology embedded in a carbon matrix.

Keywords: thermal decomposition; TIOTPP; VOTPP; TiN-C; VN-C; metal nitride carbon composite

1. Introduction

The current economic growth of societies requires the development, processing, and
production of electrode materials for energy storage. Typically, energy is stored using elec-
trochemical energy storage (EES) devices such as batteries and capacitors/supercapacitors.
Within these technologies, electrode materials are the key components determining the
utility of EES devices. The electrochemical performance of the electrode material can be
improved by increasing its energy density, specific power, reversibility, transport rates,
and cycle life [1,2]. In the last few years, different electrode materials were synthesized to
improve the electrochemical performance of lithium-ion batteries (LIBs), such as transition
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metal oxides (TMOs), carbides (TMCs), nitrides (TMNs), metal sulfides (MSs), phosphides
(TMPs), and carbon-based composite materials [3-5]. Transition metal nitrides have at-
tracted a lot of attention due to their high chemical and thermal stability, high melting
points, hardness, and electrical conductivity [1,3,6]. Thus, TMNs are considered promis-
ing electrode materials for LIBs, lithium—sulfur batteries, and supercapacitors [1,7]. In
addition to energy storage, TMNs have been used in water-splitting devices, catalytic dye
degradation systems, fuel cells, CO, reduction products, dye-synthesized solar cells, and
biosensors [8-10]. TMNs have been engineered to overcome their pulverization and air in-
stability by reducing active materials to nanoscale dimensions and developing customized
nanostructures with desired properties [11,12]. Carbon-based materials show promise for
use in electrochemical devices [13]. Metal nitrides embedded in a carbon matrix, such
as mesoporous carbon, carbon fibers, carbon nanosheets, graphitic carbon, hard carbon,
graphene, carbon nanocubes, or carbon nanotubes have been widely used to improve
the electrical/ionic conductivity and reduce the volume change in active materials in
LIBs [14,15]. The improved electrochemical performance of TMNs/carbon nanocomposites
has been attributed to their high surface area to volume ratio and electrical conductivity,
as well as high ionic diffusivity at the electrolyte-electrode interface [14,16,17]. Metal ni-
trides such as TiN, VN, GaN, MnN, NiN, MoN, FeN, and NizN have been used to prepare
carbon-based composites for EES devices [7,10,18]. Both TiN and VN exhibit promising
properties for electrochemical applications when embedded in carbon [19]. Several systems
of TiN/C and VN/C composites based on hard carbon [20-23], graphene [9,19,24-29],
nanosheets [30-34], and nanotubes [35-37] were synthesized and used as composite elec-
trode materials for EES devices.

Morales et al. [16,17] synthesized nanocomposites of amorphous carbon and metal
nitride through the thermal decomposition of a metal-substituted phthalocyanine. The
method proved to be fast and efficient and had the advantage of using common, long
shelf-life precursors. The resultant nanocomposites were used as anode materials for LIBs.
The TiN/C composite electrode showed a specific capacity of 320 mAg~! after 100 cycles at
a current density of 100 mAg~!, while the VN/C composite delivered a specific capacity
of 307 mAh g~ after 100 cycles and Coulombic efficiency of 99.8 at the 100th cycle. In
the present work, TiN/C and VN/C nanocomposites were prepared by a new synthesis
method based on the thermal decomposition of titanium tetraphenyl porphyrin (TiOTPP)
and vanadium tetraphenyl porphyrin (VOTPP), respectively. The tetraphenyl porphyrin
was synthesized via a condensation reaction and was metal substituted using titanium
tetrachloride (TiCly) or vanadyl acetylacetonate (VO(C5H70O,)2). The non-metaled and
metalated TPPs were thermally decomposed by heating the samples in a tube furnace under
nitrogen at 750 °C for 5 h. The decomposition resulted in the formation of non-graphitic
carbon TiN/C and VN/C nanocomposites. The structure, chemical composition, and mor-
phology of the precursors and the TiN/C and VN/C nanocomposites were characterized
using XRD, FTIR, SEM, TEM, EDS, and XPS.

2. Methods
2.1. Material Synthesis

Analytical-grade reagents were used without further purification unless specified
explicitly in the procedure. TiOTPP and VOTPP were prepared using a two-step pro-
cess. First, a non-metalated porphyrin was synthesized (H,TPP), which was subsequently
metalated using Ti or V. Complexes were prepared using modified versions of existing
methods [38,39]. Freshly distilled pyrrole was added to benzaldehyde in propionic acid
at a molar ratio of 1:1, and then the solution was refluxed for three hours. The solvent
(propionic acid) was removed by evaporation under reduced pressure, while the remaining
solid was washed several times using methanol and dried. The metalation with Ti or V
was performed by mixing either TiCly or (VO(C5H70O;), with HyTPP with an 8:1 molar
ratio in 1-chloronaphthalene and refluxed for 4 h. Subsequent to the reaction, the solvent
was removed by evaporation under reduced pressure. The remaining solid was extracted
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using water-saturated dichloromethane (DCM), and the DCM layer was saved. The DCM
phase was added to a neutral alumina column and eluted using a mixture of DCM/hexane
(99:1 v/v). Once the sample was eluted, the metalated TPPs were recovered by solvent
evaporation under reduced pressure. The TiN/C and VN/C composites were prepared by
heating the metalated TPP in a Thermolyne horizontal tube furnace (model F79330-33-70,
Thermo Fisher Scientific, Waltham, MA, USA). The quartz tube was purged with UHP
nitrogen for 15 min, and the temperature was increased from room temperature to 750 °C
at a rate of 10 °C min~!. The final temperature of 750 °C was maintained for 5 h under
a constant nitrogen flow. After the reaction, the sample was cooled to room temperature
naturally under a constant nitrogen flow.

2.2. Characterization

The synthesized compounds were dried and finely ground using a mortar and pestle,
followed by characterization using FTIR, XRD, SEM, EDS, TEM, and XPS. The FTIR spectra
of the products were collected using a Perkin-Elmer Frontier FTIR spectrometer using the
attenuated total reflection (ATR) accessory. The range of the spectra was 4000-650 cm~!;
then 32 scans of each sample were collected at a resolution of 4 cm~!. The data were
analyzed using Spectrum software (Version 8.0, Perkin Elmer, Waltham, MA, USA).

The powder XRD patterns were collected using a Bruker D2 Phaser powder diffrac-
tometer with a cobalt source (K, = 1.789 A) and an iron filter. The diffraction patterns were
collected over the range of 10 to 80° in 20 with a 0.05° step size and 5 s counting time. The
diffraction patterns were fitted using the Le Bail fitting procedure using the FullProf Suite
software (Version 5.10) and crystallographic data reported in the literature [16,17,40-46].
The morphology of the products were examined using SEM; the images were collected
using a Sigma VP Carl Zeiss scanning electron microscope (Carl Zeiss, White Plaines, NY,
USA) operated with accelerated voltages between 2.0 and 6.0 kV at a working distance
of up to 6.5 mm. Energy Dispersive Spectroscopy (EDS) (EDAX, Mahwah, NJ, USA) was
used to analyze the elemental composition of the samples. Elemental mapping and EDS
spectra analysis were used to analyze the distribution of C, O, N, and V, or Ti elements in
the samples. TEM images were collected using FEI Titan G2 60-300 and Thermo Fisher
Talos F200X microscopes (Thermo Fisher Scientific, Waltham, MA, USA), operated with an
accelerating voltage of 200 kV. The XPS spectra were collected using a Thermo Scientific
K-Alpha Photoelectron Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) using
a micro-fused monochromatic Al K-« (1486.7 eV) source with scans at 0.1 eV and a spot
size of 400 um and analyzed using the CASA XPS software (Version 2.3.25, Casa Software
Limited, Teignmouth, UK) [47].

3. Results
3.1. FTIR

The FTIR spectra collected for the HyTPP, TIOTPP, and VOTPP are shown in Figure 1.
The main IR absorption bands and assignments are presented in Table 1. The results
coincide with those reported on similar structures, which present the characteristic bands
and confirm the synthesis of the free-based and metalated compounds. The observed
bands in the high wavenumber region correspond to N-H stretching bands and stretching
vibrational motion of C-H bonds of the porphyrin ring [48]. The mid-wavenumber exhibits
the porphyrin skeletal, C-C pyrrole stretching, and N-H deformation modes [48]. The
bands at 1487 cm ™! to 1595 cm~! are associated with C—-C and C=C stretching modes,
respectively [49-51]. Bands observed in the low wavenumber region correspond to in-
plane bending, out-of-plane bending, ring rotation, and torsion modes of porphyrin skeletal.
Additionally, the bands located in the 650-750 cm ! range arise from bending and vibration
of the phenyl groups [48]. The free-based H,TPP presents the N-H bond stretching and
bending located at 3308 cm ! (in-plane) and 965 cm~! (out-of-plane); after the metalation,
the two hydrogens were substituted by the metal ion while the two bands were not present
in either the TIOTPP or VOTPP [51]. The stretches observed in the 1350 cm™! range
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correspond to the C=N stretching and were observed to shift from 1341 cm~! to 1359 and
1367 cm ™! in the Ti=O and V=0 TPP samples, respectively, indicating the coordination of
the metal ions to the nitrogen atoms and confirming the metalation of the free-based H,TPP.
The strong band located near 1000 cm ! also corresponds to the skeletal ring vibration of
the metal-substituted porphyrin [51]. The bands at 804 cm~! and 963 cm ! indicated the
presence of Ti=O and V=0 in the respective metalated products [52,53].
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Figure 1. FTIR spectra of HyTPP (bottom), TIOTPP (middle), and VOTPP (top).
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Table 1. FTIR bands position and assignments for the H,TPP, TIOTPP, and VOTPP.

Hz‘"le’P Banfl Ti(?TPP Barid V(?TPP Banﬁd Assignment
Position (cm~1) Position (cm~1) Position (cm—1)
656 658 656 C-H bending ring [49,54]
670 C-H bending of phenyl [49,54]
694 701 701 C-H bending of phenyl [54,55]
724 724 724 C-H out-of-plane vibration [49]
747 750 Pyridine fold and phenyl ring [48]
790 N-H out of plane bending vibration [49]
804 807
826
838 836 883 In-plane distortion of pyrrole ring [49]
877 882 881 N-H stretching coupling with isoindole deformation [52]
900 Aromatic ring deformation [56]
913 919 923 Phenyl ring [48]
963 967 Ti=O stretching [52,53]. V=0 stretching [16,57]
965 N-H vibration in pyrrole ring [51,58,59]
980 Stretching vibrations of pyrrole rings [48]
1001 1001 1006 ;’gf;;};zrgl \[g?,r;;l_%rﬁ of pyrrole rings [55] and skeletal ring vibration of metal
1033 1035 1038 C-H plane bending vibrations in benzene [62]
1053 C-H plane bending vibrations in benzene [62]
1069 1068 1070 C-N stretching vibrations in pyrrole and C-H bending of phenyl rings [55,58]
1138 Phenyl ring [48]
1158 1158 1159 C-H in phenyl [63]
1175 1173 1174 C-H bending vibrations [49]
1211 1200 1203 C=N [63]
1335 1334 1336 C=N stretching vibrations in pyrrole [49,51,64]
1341 C=N stretching vibrations in pyrrole [49,51,64]
1359 1367 C-N stretching vibration of metal-substituted porphyrin ring [65]
1398 C-H stretching vibration [62]
1440 1440 1438 Benzene vibration [58]
1468 Benzene vibration [58]
1489 1487 1486 C—C stretching vibration [49]
1556 C=C stretching vibration [51]
1575 C—C stretching vibration [49]
1596 1595 1595 C—C stretching in ring [50]
3022 3025 3022 C-H stretching in ring [56,62]
3053 3040 3040 C-H stretching in ring [51,56,62]
3109 3109 C-H stretching in ring [56,62]
3130 3130 C-H stretching in ring [56,62]
3308 N-H stretching and bending vibration [51,56,62,64]

3.2. SEM/EDS

As shown in Figure 2, the elemental distribution of carbon in the TiN/C composite is
uniform throughout the sample, while the distribution of Ti, N, and O were all associated
with each other. The Ti, N, and O elements are dispersed homogenously throughout
the sample except for the brighter areas where higher concentrations of Ti, N, and O are
observed. The correlation of the Ti, N, and O maps indicates that the sample may consist of a
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Ti-N-O, which was already observed in the literature [16,17]. Figure 3 shows the elemental
distribution of C, V, N, and O in the VN/C composite, where carbon is distributed all over
the sample. V, N, and O elements consistently appear to be co-located at specific sites across
the mappings, which suggests that they are within the same compound [16,17].

aum

Figure 2. EDS mapping of the TiN/C composite sample showing the backscattered image (A), carbon
(B), nitrogen (C), titanium (D), and oxygen (E).
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Figure 3. EDS mappings of the VN /C composite sample showing the backscattered image (A), carbon
(B), nitrogen (C), vanadium (D), and oxygen (E).

3.3. TEM

The TEM images of the synthesized TiN/C composites are shown in Figure 4. The
HRTEM of the synthesized TiN/C sample (Figure 4A) shows that the TiN nanoparticles
appear to be clustered and supported within the carbon matrix. Figure 4B highlights one of
the clusters, revealing that the larger particles are a collection of smaller crystalline nanopar-
ticles with 5-10 nm in size. Figure 5 presents the HRTEM images of the VN /C showing
VN nanoparticles throughout the sample (Figure 5A). In addition, the larger nanoparticles



J. Compos. Sci. 2024, 8, 485

8 of 19

appear to cluster together, displaying morphology similar to TiN/C. Figure 5B shows a
higher magnification image of one of the clusters of crystalline nanoparticles with sizes
ranging 5-10 nm.

R

Figure 5. HRTEM images of VN/C sample at (A) 50 nm and (B) 10 nm.

3.4. XRD

The XRD patterns and Le Bail fitting for the H,TPP, TIOTPP, and VOTTP samples
are shown in Figure 6A-C, respectively. The associated fitting results and the determined
lattice parameters are summarized in Table 2. The H,TPP fitting results required two
phases: the tetragonal (I4) and the triclinic (P1) for the H,TPP crystals. The single-phase
fitting had a %2 of 13.2; however, the addition of the second phase reduced the %2 t0 2.90,
indicating a good agreement between the fitting and the experimental data [41,42]. The
I4 phase was the major phase at approximately 90-95%. The lattice parameters are within
the range of error for the Le Bail fitting procedure. The differences between the fitting and
existing data in the literature appear in the second decimal point. The Le Bail fitting of the
TiOTPP was found to be in the tetragonal phase with a space group of 14 (a =b = 13.37,
¢ =9.94, and all angles were 90°). The C-axis was determined to be a little longer than
that observed in the literature: 9.94 vs. 9.78 A. However, the x2 of the TIOTPP fitting was
3.2, which was slightly larger than the other fittings but still indicated a good agreement
between the data and the fitting. The VOTPP fitting was similar to that of TIOTPP with an
I4 lattice and lattice parameters a =b = 13.38 A,ac=976,and a x% of 2.81. Figure 7 shows
the powder XRD patterns for the TiN/C (A) and VN/C (B). The determined parameters
for the Le Balil fittings are shown in Table 2. Both the thermally decomposed samples
were found to fit well to the respective nitride lattices for TiN and VN. The TiN/C was
determined to be in the FM3M crystal lattice with a = b = ¢ = 4.24 A with all the angles
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equal to 90° and an x? = 1.16 [17,44]. The XRD pattern of the VN/C nanocomposite sample
was fitted using the VN lattice, which also has the FM3M lattice and a =b = ¢ = 4.13 A
and all the angles = 90° and a %2 of 1.20 [16,45]. Both the XRD patterns of the TiN/C and
VN/C samples have a large, broad peak around 29-31 in 26, which can be attributed to
the disordered C 001 plane observed in amorphous carbon samples [16,17]. All fittings
showed good agreement with the data reported in the literature, as was indicated by all
the x? values being below 5, which indicates that all the fittings are good and have low
residuals [66,67].
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Figure 6. X-Ray diffraction patterns and Le Bail fitting of the H,TPP (A), TiOTPP (B), and VOTPP (C).
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Table 2. Le Balil fitting of the X-Ray diffraction patterns collected for H,TPP, TIOTPP, VOTPP, TiN/C,

and VN/C.

Compound Space Group a(Ad) b (A) c(A) () B () v (©) X2 Reference
HyTPPgsyn 14 15.15 15.15 13.93 90.0 90.0 90.0 2.93 This work
H,TPPgsyn P1 6.44 10.44 12.39 95.9 99.0 101.26 This work
H, TPPy; 14 15.13 15.13 13.94 90.0 90.0 90.0 N/A [41]
H,TPP} P1 10464 12395 6433 99.3 101.2 95.7 N/A [42]
TiOTPPsyn 14 13.37 13.37 9.95 90.0 90.0 90.0 This work
TiOTPP); 14 13.379 13.379 9.776 90.0 90.0 90.0 N/A [43]

TiN/C FM3M 4.24 4.24 4.24 90.0 90.0 90.0 1.16 This work
TiN-Cy;¢ FM3M 424(0)  424(0)  4.24(0) 90.0 90.0 90.0 1.50 [17]
TiNj;¢ FM3M 4244 4244 4244 90.0 90.0 90.0 N/A [44]
VOTPPsyn 14 13.34 13.34 9.75 90.0 90.0 90.0 2.81 This work
VOTPPy;; 14 13.34 13.34 9.75 90.0 90.0 90.0 N/A [46]
VN/C FM3M 4.13 4.13 4.13 90.0 90.0 90.0 1.20 This work
VN-Cj;¢ FM3M 4.13 4.13 4.13 90.0 90.0 90.0 N/A [16]
VNt FM3M 4.13 4.13 4.13 90.0 90.0 90.0 N/A [45]
A 2000+ TiN/C
—— Fitting
1500 - —— Difference
_ | Bragg Peaks
£
< 1000 -
)
e
2 500 -
(7]
=
2
c -
= 0 | |
=500 -
WN/C
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Figure 7. X-Ray diffraction patterns and Le Bail fitting of the TiN/C (A) and VN/C (B) samples.
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3.5. XPS

Figures 8-11 present the high-resolution XPS spectra for TiOTPP, TiN/C, VOTPP,
and VN/C, respectively. Table 3 shows the composition of the samples based on the
atomic percentages from the XPS spectra analysis. The XPS data and bonding interactions
associated with each peak are summarized in Tables 4 and 5 for the titanium and vanadium

compounds, respectively.

(A) . (B)
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Figure 8. XPS spectra for TIOTPP (A) Ti 2p, (B) C 1s, (C) N 1s, (D) O 1s.
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Figure 9. XPS spectra for TiN/C (A) Ti 2p, (B) C 1s, (C) N 1s, (D) O 1s.
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Figure 11. XPS spectra for VN/C (A) V 2p, (B) C1s, (C) N 1s, (D) O 1s.

Table 3. Atomic composition based on the XPS analysis of the synthesized TiIOTPP, VOTPP, TiN/C,
and VN/C and TiN and VN synthesized using a sol-gel method [16,17].

Sample % Ti % N % C % O
TiOTPP 0.5 4.1 83.2 12.2

TiN/C 1.2 4.1 82.9 11.8
TiNsol-gel 16.2 12.4 52.0 19.4
VOTPP 0.5 3.9 87.2 8.4

VN/C 0.7 2.6 91.8 49
VNiolgel 104 17.4 49.8 224
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Table 4. Summary of the XPS fitting for the elements observed in TIOTPP, TiN/C, and TiN(SG)y;; [17].

Sample Cls O1s Ti 2pqp Ti 2p3)» N 1s
Energy (eV) State Energy (eV) State Energy (eV) State Energy (eV) State Energy (eV) State
TiOTPP 283.7 C-C 529.2 Ads O, 457.1 Ti-N/O 463.0 Ti-N/O 397.8 N-Ti
284.4 C=C 531.4 Ti-O 398.4 N-C
285.7 C-N 532.7 Ads H,O 401.1 Sat.
TiN/C 284.3 C=C 530.1 Ads O, 456.6 Ti-N 460.2 Ti-O 398.3 N-Ti
285.1 Cc-C 531.8 Ti-N-O/Ti-O 458.2 Ti-N-O 462.4 Ti-N 399.9 N-Ti-O
287.8 C-O/C-N 533.3 Ads H,O 464.1 Ti-O
TiIN(SG) ¢ 284.8 Cc-C 529.9 Ads O, 455.5 Ti-N 461.3 Ti-N 396.1 N-O-Ti
286.1 C-O/C-N 531.7 O-N-Ti 456.7 Ti-N-O 469.3 Ti-O 397.1 N-Ti
2884 sat 458.4 Ti-O 398.8 N-O
400.8 =0

Table 5. Summary of the XPS fitting for the elements observed in VOTPP, VN/C, and VN(SG)y;; [16].

Sample Cils O1s V 2pip V 2p3)pp N1s
Energy (eV) State Energy (eV) State Energy (eV) State Energy (eV) State Energy (eV) State
VOTPP 283.6 cC 529.7 Ads O, 515.3 V-N/O 522.7 V-N/O 397.8 N-V
284.4 Cc=C 531.4 V-0 398.8 N-C
285.3 C-N 532.8 Ads H,O 401.0 Sat.
VN/C 284.4 C=C 530.1 Ads O, 513.1 V-N 523.2 V-N-O 398.3 N-V
285.2 cC 531.8 V-N-O/V-O 515.9 V-N/O 399.3 V-N-O
287.0 C-O0/C-N 533.2 Ads H,O 517.1 V-0
VN(SG)j;¢ 284.2 cC 529.8 Ads O, 513.6 V-N 521.1 V-N 396.8 N-V
285.4 Cc=C 531.2 O-N-V 515.3 V-N-O 523.7 V-N-O 399.0 V-N-O

288.1 C-N/C-O 516.7 V-0 401.2 Sat.
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Figure 8A shows the Ti 2p XPS spectrum for the TIOTPP precursor with two peaks
at 457.1 and 463.0 eV, which corresponds to the Ti 2p; /» and 2p3,, regions, respectively,
indicating the presence of the Ti** environment [68]. Figure 9A shows the Ti 2p XPS
spectrum for the TiN/C composite. The 2p;,, region was deconvolved into two peaks:
456.6 and 458.2 eV, identified as Ti®*-N and Ti®*-N-O environments, respectively. The
2p3 /> region was deconvolved in three peaks: 460.2, 462.4, and 464.1 eV, indicating the
presence of Ti-O, Ti-N, and Ti—O environments, respectively [17,69-73]. Figure 8B shows
the C 1s spectrum for TIOTPP where the region was deconvolved into three peaks at the
following binding energies: 283.7, 284.4, and 285.7 eV, corresponding to the C-C, C=C,
and C-N bonds, respectively [17,71,72,74]. Figure 9B shows the C 1s spectrum for the
TiN/C composite. The XPS signal was deconvolved into three peaks: 284.3, 285.1, and
287.8 eV, which correspond to C=C, C-C, and C-O/C-N bonds, respectively [17,71,72,75,76].
Figure 8C shows the N 1s XPS spectrum for TiOTPP. The region was deconvolved into three
peaks. A peak is present at 397.8 eV, indicating an N-Ti binding environment, at 398.4 eV,
indicating an N-C binding environment, and a satellite peak located at 401.1 eV [72,77].
Figure 9C shows the N 1s region for the TiN/C sample, which was deconvolved into two
peaks located at 398.3 and 399.9 eV. The peaks corresponded to N-Ti and N-O/N-O-Ti
binding environments, respectively [17,73,78,79]. Figure 8D presents the O 1s XPS spectrum
for the TIOTPP, which was deconvolved into three peaks: 529.2, 531.4, and 532.7 eV assigned
to oxygen adsorbed on the surface, Ti-O, and water adsorbed, respectively [70,71,80-82].
Figure 9D shows the O 1s spectrum for the TIOTPP. The region was deconvolved into three
peaks, 530.1, 531.8, and 533.3 eV, which were determined to be adsorbed oxygen on the
surface, Ti-N-O/Ti-O and adsorbed water, respectively [69,70,79,80,82].

Figure 10A displays the vanadium spectra for the VOTPP precursor, which presents
two peaks representing V 2p3,, and V 2py /5. The V 2p3,, V 2p;/, peaks were located at
515.3 and 522.7 eV, respectively [16,83]. Figure 11A shows the V 2p XPS spectrum for the
VN/C composite. The V 2p; /, region was deconvolved into three peaks, 513.1, 515.9, and
517.1 eV, which can be assigned to V-N, V-N/O, and V-O environments, respectively. The
V 2p3,, region was located at 523.2 eV [16,83]. Figure 10B shows the C 1s spectrum for
VOTPP. The region was deconvolved into three peaks at binding energies: 283.6, 284.4,
and 285.3 eV, corresponding to the C—C, C=C and C-N bonds, respectively [16,71,72,74].
Figure 11B shows the C 1s spectrum for the VN/C composite. The signal was deconvolved
into three peaks: 284.4, 285.2, and 287.0 eV, corresponding to C=C, C-C, and C-O/C-N
bonds, respectively [16,71,72,75]. Figure 10C shows the N 1s XPS spectrum for VOTPP.
The region was deconvolved into three peaks. The peaks located at 397.8 and 398.8 cor-
respond to an N-V and N-C environment, respectively. A satellite peak was located
at 401.0 [72,84]. Figure 11C shows the N 1s region for the VN/C sample, which was
deconvolved into two peaks located at 398.3 and 399.3 eV. The peaks corresponded to
N-V and N-V-O binding environments, respectively [85,86]. Figure 10D presents the O
1s XPS spectrum for the VOTPP, which was deconvolved into three peaks: 529.7, 531.4,
and 532.8 eV. The peaks were assigned to oxygen adsorbed on the surface, V-O, and
adsorbed water, respectively [79,80,82,87]. Figure 11D shows the O 1s spectrum for the
VN/C; the region was deconvolved into three peaks, 530.1, 531.8, and 533.2 eV, which
were determined to be adsorbed oxygen on the surface, V-N-O/V-O and adsorbed water,
respectively [79,80,83,86]. Due to the small particle sizes of the metal nitrides suspended in
the carbon matrix, the surface of the nanoparticles is susceptible to surface oxidation under
certain conditions, which may distort the XPS data interpretation. Potential oxidation
during this analysis does not necessarily reflect the stability of the material; additional
studies should be conducted to evaluate the stability of the material over time and under
various environmental conditions.

4. Conclusions

Titanyl and Vanadyl tetraphenyl porphyrin are stable and well-known precursors
for the synthesis of titanium and vanadium nitride carbon-based composites (TiN/C and
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VN/C). The synthesis of TIOTPP and VOTPP was achieved using a slight modification to
the methods in the literature, and their formation was confirmed using FTIR and XRD. The
TiN and VN nanoparticles, entrapped in a carbon matrix, were prepared by the thermal
decomposition of TIOTPP and VOTPP at 750 °C. TEM and SEM analyses revealed that the
samples consisted of clusters and dispersed nanoparticles embedded within the carbon
matrix. The decomposition process yielded the respective metal nitride (1:1 stoichiometry)
in cubic form (space group of FM-3M). The XPS results confirmed the presence of the TiN
and VN phases in the composite materials. This synthesis process is simple and rapid and
results in a material with a relatively uniform distribution of the transition metal nitride
within the carbon matrix. However, these are less uniformly distributed metal nitride
particles in the carbon matrix, when compared to similarly synthesized metal nitride
particles using phthalocyanine precursors [16,17]
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