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Role of C,N,-Triazine in Photocatalysis for Efficient
Hydrogen Generation and Organic Pollutant
Degradation Under Solar Light Irradiation

Chinh-Chien Nguyen, Nhu-Nang Vu, Stéphane Chabot, Serge Kaliaguine,

and Trong-On Do*

A critical drawback of existing materials, which restricts the photocatalytic
efficiency, is the fast recombination of charge carriers. To address this
challenge, loading reduction and oxidation co-catalysts on two opposite
surfaces of a hollow semiconductor is a critical approach to improve the
photocatalytic performance. These co-catalysts mainly act as oxidation and
reduction active sites, while suppressing the charge recombination. Moreover,
the development of a novel and efficient co-catalyst that boosts charge
separation is a very important feature for the photocatalytic performance.
Herein, we report the first synthesis of hollow Pt/TiO,/C,N,-triazine nano-
composite using carbon colloidal spheres as a hard template, in which Pt
and C,N,-triazine are located on the two opposite hollow surfaces. C,N,-
based triazine species formed from cyanamide during calcination do not only
stabilize the hollow structure and significantly enhance the surface area of
Pt/TiO,/C,N -triazine, but also act as an efficient oxidation co-catalysts. This
new type of nanocomposite exhibits one of the best TiO,-based photo-
catalysts working under solar light irradiation to date. It is 125 and 62 times
higher than that of Pt/TiO,—P25 for hydrogen generation and methanol

hollow semiconductor nanocomposites
possessing high surface area and two
separate co-catalysts that drive the migra-
tion of the photogenerated electrons and
holes to opposite directions have been
developed. This design not only improves
the charge separation, but also favors the
surface catalytic reactions by reducing the
activation energy.!®”)

We have recently reported a hollow
hybrid metal oxide-TiO, nanocomposite
(e.g., Pt-TiO,-Fe,0,) in which the reduction
(Pt) and oxidation (Fe,O,) co-catalysts are
located on two opposite surfaces of the
structure. The separated co-catalysts and
thin wall of this hollow nanocomposite
improved the electron-hole separation, and
as a result, enhanced the photocatalytic
activity for H, generation.®! Such nano-
composites afford the abundance of ex-
posed active sites on the surface and reduce

decomposition, respectively.

Solar energy is an attractive and sustainable solution for major
global energy and environmental issues.»? Semiconductor-
based photocatalysts are promising candidates for implement-
ing this strategy because the photogenerated electron-hole pairs
in an excited state can be used to either produce solar fuels or
decompose organic pollutants without the addition of strong
oxidizing agents.[’! Over the past decades, many semiconduc-
tors have been identified as potential photocatalysts.!*!
However, a critical drawback of the existing photocatalysts,
which restricts the photocatalytic efficiency, is the fast
recombination of charge carriers.”! To address this challenge,
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the diffusion length of the photogenerated

charge carriers to the surface, thereby

significantly enhancing charge separa-

tion.”) In addition to the studies of

reduction co-catalysts, discovering novel
oxidation co-catalysts has been gaining increasing attention over
the past few years.['” The aim of a robust oxidation co-catalyst is
to induce a significant change at the interface with semiconduc-
tor, which remarkably facilitates the charge transfer in a way that
photogenerated holes are promoted to the surface active sites to
oxidize the water molecules."” However, only a bit of
information about such a study of co-catalysts is reported.
Therefore, the development of a novel and efficient co-catalyst
that boosts charge separation and shows a superior photo-
catalytic performance is a great challenge.

In this study, we discover a new type of hollow Pt/TiO,/C,N,-
triazine nanocomposite (denoted as Pt-TiO,-C,N,) in which Pt
and C,N-triazine act as the reduction and oxidation co-catalysts.
This type of nanocomposite is synthesized by using carbon
colloidal spheres and cyanamide as the hard template and the
precursor of C,N,-triazine species, respectively. The three-step
synthesis of this nanocomposite is depicted in Scheme 1 (see
Supporting Information [SI] for details). The calcination step is
critical, as it not only generates pores within the hollow shells
and high surface area by removing the carbon core and
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Hollow Pt-TiO,-C,N,

Scheme 1. Schematic illustration for the synthesis of Pt-TiO,-C,N,: 1) one-pot synthesis of carbon@Pt, followed by coating titanate nanodisks (TNDs)
using a layer-by-layer technique to obtain core-shell carbon spheres@Pt-TNDs, as previously described; 2) loading of cyanamide at 70°C; and

3) calcination in air at 550°C for 5h to obtain Pt-TiO,-C,N,.

polyethyleneimine, but also forms C,N-triazine species, instead
of the graphitic C3N4 (g-C3N4) obtained by using the
conventional methods. The obtained nanocomposite shows a
strong enhancement of photocatalytic activities for both
hydrogen generation and methanol degradation under solar
light irradiation, which originates from the critical contribution
of C,N,-triazine species, functioning as stabilizers and oxidation
co-catalyst. This new type of nanocomposite is one of the best
TiO,-based photocatalysts working under solar irradiation to
date.

The X-ray diffraction (XRD) pattern of Pt-TiO,-C,N, indicates
the presence of TiO, and Pt (Figure 1A). The peak at 20 = 25.2°
corresponds to the anatase phase of TiO, (110),">** and the peaks
centered at 20=39.8° and 46.3° are assigned to metallic Pt
nanoparticles in the material.'” Figure 1B shows the UV-Vis
spectra of Pt-TiO,-C,N,, and Pt-TiO,-550 prepared by using the
same procedure, but without cyanamide. Pt-TiO,-550 exhibits the
main absorption band below 400 nm which is assigned to anatase
Ti0,.2* However, Pt-TiO,-C,N,, shows two intense absorption
bands at ~260 and 350 nm; in addition, a weak and broadband at
400-650 nm was also observed. This is due to the presence of C,N,,
species in Pt-TiO,-C,N, nanocomposite. Moreover, as seen in the
inset of Figure 1B, for Pt-TiO,-C,N,, in the range of <400 nm, one
band gap energyat 3.2 eVis from TiO,, and the second oneat 3.4 eV
is assigned to the band energy of the C,N,, species in Pt-TiO,-C,N,.

The Fourier transform infrared (FI-IR) spectrum of Pt-TiO,-
C.N, (line a, Figure S2A) reveals multiple IR bands in the region
of 1300-1700cm ", which are attributed to C-N heterocyclic
stretches in the triazine units, while the band at ~3150cm ™" is
assigned to N-H stretching.'® Therefore, cyanamide loaded on
the outer surface of the carbon colloidal spheres induced the
formation of heterocyclic structures instead of graphitic g-C;Ny,
obtained by the conventional method from the same precursor
(line b, Figure S2A). As shown in Figure S2B, the FR-IR
spectrum of Pt-TiO,-C,N, shows the bands in the region of
3300-3700 cm ', which could be assigned to O-H stretching of
hydroxyl groups on TiO, surface, whereas these are absent in
g-C3N, and Pt-Ti0,-550, respectively.'”? This indicates the
remarkably high amount of hydroxyl groups on the TiO, surface
in Pt-TiO,-C,N,

wileyonlinelibrary.com

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The chemical states of the elements in Pt-TiO,-C,N, were
investigated using X-ray photoelectron spectroscopy (XPS). The
presence of Pt, Ti, O, N, and C was confirmed by the survey
spectrum (Figure S3). The amount of C,N, and Pt were
determined to be 0.8 and 2.1%, respectively by XPS. As seen in
Figure S4, the peaks at 458.59 and 464.30eV in the XPS
spectrum of Ti2p are characteristic of Ti** in TiO, anatase.®
For the Pt4f XPS spectrum (Figure S5), the peaks located at 71.16
and 74.49 eV are assigned to metallic Pt on TiO,."” The C1s and
N1s XPS spectra were also analyzed to indicate the nature of
C.N, species. As shown in Figure 1C, the deconvolution of
the Cls spectrum reveals three peaks: the peaks at 285.0 and
286.5 eV are attributed to adventitious carbon and C—N bonds,
respectively, whereas, the peak at 289.0eV corresponds to
N =C-N in N-containing aromatic rings.*®’ The deconvoluted
N1s spectrum in Figure 1D exhibits the main peak at 398.2eV
assigned to sp>-hybridized aromatic N, bonded to carbon atoms
(C=N-C) in triazine. The peak at 400.35 eV is assigned to tertiary
N; bonded to carbon atoms (N—(C); or H-N—(C),), while the
peak centered at 405.18eV is attributed to m-excitation, as
depicted in Figure $6.*") Moreover, a small peak at 395.80 eV,
which is assigned to Ti-N bond in TiO, lattice, was also
observed.?? The interaction of C.N, and TiO, was examined by
comparing the O1s XPS spectra of Pt-TiO,-C,N, and Pt-Ti0,-550
(Figure 1E). The main peak centered at 529.97 eV is assigned to
O in the TiO, lattice, whereas, the other one is attributed to
hydroxyl groups on the surface. Notably, the hydroxyl group
content in Pt-TiO,-C,N, is much higher than that in Pt-TiO,-550,
which is consistent with the FT-IR results, indicating that the
former can trap more photogenerated holes, thus hindering the
electron-hole recombination.”>?* Importantly, a significant
shift was observed in the binding energies of the hydroxyl
group peak, which is induced by the presence of C,N, on the
TiO, surface. This shift toward lower binding energies for Pt-
TiO,-C,N, indicates a higher electron density on the surface of O
atoms derived from the strong interfacial interaction between
the C,N, species and TiO,, which should enhance the migration
of the photogenerated holes and help separate charge carriers.?”)
The above analyses afford two important findings: i) this
synthesis could produce C,N,-based triazine species rather than
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Figure 1. A) Powder XRD spectrum of Pt-TiO,-C,N, and B) UV-Vis spectra of Pt-TiO,-C,N, (red) and Pt-TiO,-550 (black). Inset: plot of (athv) versus
photon energy to determine band gap energies. C, D) C1s and N1s XPS spectrum of Pt-TiO,-C;N,. E) O1s XPS spectra of Pt-TiO,-C,N, and Pt-TiO»-550.

tri-s-triazine or graphite carbon nitride, both of which are formed
under conventional conditions®®*’); ii) the obtained C,N,
species induced a strong interaction with TiO, and enhanced
the interfacial electronic states. Consequently, the migration of
the photogenerated holes could be facilitated, which leads to a
significant improvement in the charge separation. C,N-triazine
species, could therefore, act as oxidation co-catalysts.

Figure 2 shows scanning electron microscopy (SEM) images
of the carbon colloidal spheres@Pt/titanate nanodisks (TNDs)
before (Figure 2A) and after calcination (Figure 2B), denoted as
Pt-TiO,-CiN,. In addition, the transmission electron microscopy
(TEM) image of P+-TiO,-C,N,, is also shown in Figure S7. As seen
in Figure 2A, after loading TNDs, the nanospheres are quite
uniform in size and shape. However, subsequently, after loading
cyanamide followed by calcination, this material changed its
morphology into the hollow Pt-TiO,-C,N, structure (Figure 2B).
TEM image of a broken Pt-TiO,-C.N, sphere in Figure 2C shows
the presence of Pt nanoparticles inside the hollow structure
(indicated by red dashed circles). The high-resolution TEM
image (Figure 2D) and the corresponding energy-dispersive
X-ray spectroscopy (EDS) results (Figure S8) show the lattice
spacing (0.352 nm) corresponding to d(101) of TiO, anatase and
a Pt nanoparticle size of ~12nm.?® Figure 2D also shows the
intimate contact between Pt and TiO,. This close contact
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between metal and semiconductor may enhance the charge
transfer between them, and thus, the photocatalytic efficiency.
Figure 3 shows the STEM image and corresponding EDS
elemental mapping over the selected area of Pt-TiO,-C,N,
indicating the homogeneous distribution of Pt, C, O, N, and Ti.
The C signal is relatively weak due to the small amount of C,N,
in the sample. Nitrogen could not be distinguished from Ti,
because the amount of N is very low and the N peak is convoluted
with Ti L alpha.

The photocatalytic activity of Pt-TiO,-C,N, was carried out and
compared with those of other photocatalysts including Pt-TiO,-
550, Pt-TiO, (P25), and Pt-bulk C3N, for the hydrogen generation
and for the decomposition of methanol to CO, under simulated
solar irradiation (see SI for details). Pt-TiO,-C,N, exhibits a much
higher photocatalytic activity for the hydrogen generation than the
other photocatalysts under the same photocatalytic conditions
(Figure 4A). The generated amount of H, for Pt-TiO,-C,N, is 125
and 10.7 times higher than those of Pt-TiO, (P25) and Pt-bulk
C3N,, respectively. Importantly, the amount of hydrogen
produced by Pt-TiO,-C,N, is ~10 times higher than that of Pt-
Ti0,-550 (without C,N,-triazine), which confirms the critical
contribution of C,N,-triazine species to the photocatalytic activity.
It is also noteworthy that it also presented the highest
photocatalytic activity among the solar-driven TiO,-based
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Figure 2. SEM images of A) carbon colloidal spheres@Pt/TND and B) Pt-TiO,-C,N,;
C) TEM, and D) high-resolution TEM images of the interior of the broken Pt-TiO,-C;N,
sphere, respectively.
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photocatalysts (Table S1). Moreover, the improvement
factor (IF) was introduced to represent the ability of
the photocatalysts. It was measured by comparing the
photoactivity of the prepared samples to TiO, (P25),
which was considered as the reference photocatalyst,
in the same test conditions. It can be seen that Pt-TiO,-
C.N, shows the highestimprovement factor, as shown
in Table S1. Therefore, this new type of nano-
composite exhibits one of the most efficient TiO,-
based photocatalysts working under solar light
irradiation.

The photocatalytic efficiency (PE) of the material
was calculated to be ~0.472% in the full solar
spectrum (see calculations in SI). To the best of our
knowledge, this is the highest PE value reported for
TiO,-based photocatalysts for hydrogen production
to date. The photo-stability of Pt-TiO,-C,N, was
studied by multi-cycle photocatalytic experiments
under the same conditions (Figure S$10). No
significant change in photoactivity was observed
after three cycles (i.e., 15h of reaction), indicating
high stability for hydrogen production of this
material. The photo-degradation of methanol on
Pt-TiO,-C,N, was also investigated under simulated
solar irradiation (see SI). CO, as the final product of
methanol oxidation, the amount of evolved CO, in

Figure 3. A) STEM image and EDS elemental mapping of B) platinum, C) carbon, D) oxygen, and E) nitrogen and titanium in the selected region of

Pt-TiO,-C,N,,
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Figure 4. Production of (A) H, from water and (B) CO, from methanol degradation under simulated solar light (AM 1.5; 100 mW cm~?) using
a) Pt-TiO-C\N,, b) Pt-TiO2-550, c) Pt-C3Ny4, and d) Pt-TiO, (P25) photocatalysts.

the presence of Pt-TiO,-C,N, was considerably higher than that
of other catalysts (Figure 4B). The corresponding PE value for Pt-
TiO,-C,N, under full solar light is ~1.38%, which is also among
the highest values reported for the degradation of organic
compounds. Thus, the obtained Pt-TiO,-C,N, photocatalyst is
promising for environmental remediation.

To understand this remarkable enhancement in photoactivity
of this Pt-TiO,-C,N, material, its texture and the role of C,N,-
triazine species were also examined. The specific surface area is
an important parameter because the photocatalytic activity
strongly depends on the density of the active sites on the surface.
The porous nature of Pt-TiO,-C,N, was characterized using N,
physical adsorption at 77 K. The N; isotherm of Pt-TiO,-C,N, in
Figure S11A exhibits an extremely high adsorption capacity at a
high relative pressure (P/P,=0.85-1), suggesting a largely
porous structure.” Its specific surface area (e.g., 340 m?. gfl,
Table S2) is the highest reported value for TiO, materials,*>7
and ~7 times higher than that of commercial TiO,-P25
(e.g. 50m”-g™'). The pore size distribution in Figure
S11B, calculated from the adsorption branch using the
Barrett-Joyner—Halenda (BJH) method, stands in the range of
1-14 nm. The high specific surface area and large pore volume
of Pt-TiO,-C,N, could facilitate mass transfer and effectively
accelerate the photocatalytic reaction.®” The specific
surface area of Pt-TiO,-C,N, is twice than that of Pt-TiO,-500
(170m*-g~ ") in the absence of C,N, indicating the role of
C,N,-triazine species as a stabilizer to generate high surface area
during calcination.

The role of C,N,- triazine species during photocatalysis was
also studied by the photocatalytic overall water splitting (e.g., in
the absence of sacrificial agent) for Pt-TiO,-C,N, and other
samples (Figure S12). The low specific surface area of the sample
of PtTiO,C,N, (denoted as PtTiO,-C,N, L, 110m®.g ',
Table S2) was prepared by using the same procedure as for
the synthesis of Pt-TiO,-C.N,, except that only one deposition
of TNDs was done. The amount of hydrogen produced with
Pt-TiO,-C,N, was ~2 times and ~19 times higher than those of
Pt-TiO,-C.N,-L and Pt-TiO,-550, respectively, while the amount
of hydrogen produced with Pt-TiO, (P25) was negligible. The
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presence of C,N, in Pt-TiO,-C,N,-L strongly enhances the
photocatalytic activity even at its lower surface in comparison to
that of Pt-TiO,-550. This could be assigned to the important role
of C,N-triazine species for the charge separation. Additionally,
the activity of Pt-TiO,-C,N, is nearly double than that of Pt-TiO,-
C.Ny-L, indicating that the high surface area significantly
contributes to the improvement of the photocatalytic activity.
Furthermore, photocatalytic activity for hydrogen generation in
the absence of Pt as co-catalyst was also studied. Pt-free TiO,-
C.N, (denoted as TiO,-C,N,), Pt-free TiO,-C,N,-L (denoted as
TiO,-C,N,-L), and Pt-free TiO,-550 (denoted as TiO,-550) were
prepared using the same procedures as for the synthesis of Pt-
TiO,-C,N, and Pt-TiO,-C,N,-L, except that no Pt and Pt/C,N,,
precursors were added, respectively. In the presence of the
sacrificial agent, the amount of hydrogen generated with TiO,-
C.N, was ~310 pumol-g '-h™", which was 2.2 and 32 times
higher than those generated with TiO,-C,N,-L and TiO,-550,
respectively, while no evolved hydrogen was detected with
commercial TiO,-P25 (Figure S13). It can be concluded that the
simultaneous presence of Pt nanoparticles (reduction co-
catalyst) and C,N,-triazine species (oxidation co-catalyst)
significantly boost the photocatalytic activities. Moreover, it
should be noted that during the photodecomposition of
methanol, for P+-TiO,-C,N,, the solution pH decreased (from
neutral to acidic), while it slightly increased for both Pt-Ti0,-550
and Pt-TiO,-P25. The decrease in pH is attributed to the
oxidation reaction as follows: H,O+h" — OH®*+H'.[BZ
Therefore, C,N,-triazines on Pt-TiO, nanocomposite can attract
photogenerated holes, thereby enhancing the charge separation
and producing strongly oxidizing radicals (OH®); this process
results in the production of H* from H,0, which decreases the
pH of the solution. Additionally, the separation of the
photoinduced electron-hole pairs was also shown in Figure
S14 by a photoluminescence (PL) spectra. The PL emission
intensity of Pt-TiO,-C,N, is significantly lower than that of Pt-
TiO, (P25), Pt-TiO,-550 and Pt-TiO,-C,N,-L, indicating the
remarkable improvement of charge separation for Pt-TiO,-C,N,.
Therefore, more carriers are available during the photocatalytic
reactions. These findings, which are consistent with the results
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obtained from characterization analyses and photocatalytic
evaluation, provide the evidence for the role of C,N, triazine
species as an oxidation co-catalyst, which attracts photogenerated
holes leading to a remarkably enhanced charge separation.

Based on these findings, a possible mechanism for the
enhanced photocatalytic activity of Pt-TiO,-C,N,, is proposed.
As depicted in Figure S15, electrons from C,N,-triazines
could transfer to the TiO, conduction band prior to being
injected into Pt sites for the reduction reaction. Due to the
presence of C.N,-triazine species on the surface of TiO,,
which function as oxidation co-catalysts, the migration of the
photogenerated holes is facilitated by C,N, for the oxidation
reaction of TEA (for hydrogen production) and water, to
produce strong oxidation radicals (for the decomposition of
methanol). This electron-hole separation, along with the very
high specific surface area, results in the impressive reactivity
of this photocatalyst.

In summary, we have prepared a new type of hollow Pt-TiO,-
CN, nanocomposite using colloidal carbon spheres as a
sacrificial template. The obtained photocatalyst shows an
efficient catalytic activity for both hydrogen production and
methanol oxidation under solar light irradiation. The enhanced
photocatalytic activity is associated with the presence of C,N,-
triazine species, as efficient co-catalysts, and the high specific
surface area. This type of material is stable under photocatalytic
conditions. We are currently trying to gain further insight into
the detailed mechanisms of these processes (especially the
structure and role of C,N-triazine species), as well as developing
materials with full solar spectrum absorption based on this
strategy.

Supporting Information

Additional supporting information may be found in the online version of
this article at the publisher’s website.
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