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TiO, nanotube arrays (NTA) have attracted much attention among photocatalysts ‘A < o ¢CN
because of their large specific surface area and easy surface transfer of excited electrons, and in 4,» ﬂ To 4
10,

recent years, attempts have been made to further improve their properties by forming Z-schemes | 2y *
when they are composited with other photocatalysts. However, as the spacing within and between
nanotubes is only a few nanometers, the formation of heterojunctions is extremely difficult when
TiO,—NTA is composited with other photocatalytic materials with larger grain sizes. Creating
nanoparticle photocatalysts with dimensions smaller than those of the nanotube system is thus
required to effectively form heterojunctions. We have constructed an original vacuum chemical
vapor deposition (CVD) system with fine temperature control, an attribute that we believe is
necessary for the preparation of small nanoparticles. Using this system, it is possible to greatly
reduce the polymerization rate of melamine, the precursor of the carbon nitride (g-C;N,)
photocatalyst, which offers the benefits of increased reduction power and a metal-free
composition. As a result, g-CsN, small nanoparticles with particle sizes of about 10 nm were
successfully prepared, and heterojunctions could be formed even inside TiO,—NTA. The fabricated TiO,—NTA/g-C;N, composite
structure exhibited significantly improved redox power and photocatalytic hydrogen production compared to TiO,—NTA and g-
C;N, alone. In addition, while the hydrogen production rates for TiO,—NTA and g-C;N, were almost constant, TiO,—NTA/g-
C;N, showed a rapid increase in the hydrogen production rate after a certain period of light irradiation, which was presumably
caused by oxygen desorption from g-C;N,. The results of this study provide a method for supporting small nanoparticle materials on
nanotube substrates and their importance in improving photocatalytic properties, and will also make a significant contribution not
only to the field of photocatalysis but also to other fields requiring small nanoparticle materials.

TiO, nanotube arrays, carbon nitride, chemical vapor deposition, small nanoparticles, photocatalyst

Initially, TiO,—NTA was heated with melamine (a precursor
of g-C;N,) in the same crucible. After growth, a g-C;N, film

Titanium dioxide (TiO,) photocatalysis has been studied by
was found to have covered the TiO,—NTA, as shown in Figure

many researchers since it was reported by Honda et al. in

1972.! Among TiO, photocatalysts, TiO, nanotube arrays 1b. The experiment was then carried out again with a large
(NTA) have attracted much attention because of their large reduction in the amount of melamine in the crucible, but a
specific surface area and easy surface transfer of excited heterogeneous composite was synthesized with a thin film and
electrons (Figure 1a).” In addition, NTA is a substrate material large g-C5N, particles on top of the TiO,—NTA (Figure lc).
and can be used for a wide range of practical applications. This is not favorable for the formation of heterojunctions,
Recently, attempts to improve the performance of TiO,—NTA which are key to Z-scheme photocatalysis and have been found
have been carried out by combining TiO,—NTA with other to be a common problem in other previous studies.” One way
materials to enhance both the reduction power and spatial to overcome these problems is to thermally dissociate the g-

separation of electron—hole pairs, which have been weak
points of TiO,—NTA.”* This form of composite photo-
catalysts with enhanced oxidation and reduction power is
widely known as Z-scheme photocatalysts, and the key to an

C;N, powder into small nanoparticles and support the small
nanoparticles on TiO,—NTA.” However, the thermal dissoci-

efficient Z-scheme system is the formation of appropriate August 16, 2024 MATERIALS ™
heterojunctions. Photocatalysts with strong reducing power, November 6, 2024 Wi
November 25, 2024 e

such as CuZO,5 Cds,® and g—C3N4,7 have been investigated in
combination with TiO,—NTA. In this study, we attempted to
complex g-C;N, (which can be synthesized semipermanently,
inexpensively, and easily) with TiO,—NTA.
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Figure 1. (a) SEM image of the as-grown TiO,—NTA. (b) The SEM image of TiO,—NTA/g-C;N, synthesized by heating melamine (2 g) and
TiO,—NTA in the same crucible. (c) The SEM image of TiO,—NTA/g-C;N, synthesized by heating melamine (0.1 g) and TiO,—NTA in the

same crucible.

ation process leads to defects and amorphization of the original
g-C;N, material. In addition, physical vapor deposition is
undesirable because it weakens the adhesion of the film to the
substrate.

To solve the above problems, it is essential to create pure
small nanoparticles of g-C;N,, which can enter into nanotube
apertures of several tens of nanometers in diameter; it is
desirable to combine them using a simple deposition method.
Thus, we focused on chemical vapor deposition (CVD)
apparatus. The main role of the CVD apparatus is to deposit
films on devices. In fact, in previous research using a CVD
apparatus to combine g-C;N, with TiO,—NTA, a g-C;N, film
was coated onto TiO,—NTA."" In this work, to combine g-
C;N, in the form of small nanoparticles with TiO,—NTA, we
constructed an original CVD apparatus (Figure 2) that

10cm 15cm 30cm
Region 1 Region 2 .
— Precursor g Vacuum pumping
Ar gas
I Ti0,-NTA 0y artz tube

Heater Electric furnace

Figure 2. Schematic diagram of the original CVD system.

incorporated the following two new features. The first is that
the temperature can be adjusted by heaters in regions 1 and 2,
allowing the precursor (melamine) to be heated rather than
the target material being reheated. This makes it possible to
intentionally manipulate the thermal polymerization process
from melamine to g-C;N,, thus allowing for chemical
complexation with TiO,—NTA during the thermal polymer-
ization process, preventing the formation of nitrogen defects or
amorphization, controlling particle size during transport to the
substrate, and overall simplification of the synthesis process.
The second feature is that deposition is usually carried out at
atmospheric pressure, but our system is evacuated to a pressure
of 40—133 Pa. The resulting increase in mean-free path enables
ultrasmall state particles to penetrate into the nanotubes
because it suppresses polymerization caused by collisions of
gas molecules during vapor transport. Furthermore, if the
number of particles adsorbed on TiO,—NTA can be
controlled, excessive thermal polymerization after adsorption
can be prevented and the g-C;N, can be deposited as particles
rather than films. Also, the low-pressure conditions aid in the
formation of highly pure particles and facilitate the formation
of heterojunctions with TiO,—NTA.
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In this article, we first present the conditions for the
synthesis of g-C3N, small nanoparticles from melamine using
the modified CVD system. Next, observations of the interface
between TiO,—NTA and g-C;N, small nanoparticles are
discussed. Finally, the function of the combined TiO,—NTA/
g-C;3N, as a Z-scheme photocatalyst is evaluated by the redox
power and photocatalytic H, production. Although the current
study demonstrates how to composite small nanoparticle
photocatalysts into nanotubular substrate photocatalysts and
their importance in improving photocatalytic properties, the
results of this study are expected to contribute more broadly to
not only the field of photocatalysis but also to other fields that
require small nanoparticles.

In this study, the following chemicals and reagents were purchased
and used without any further purification: ethylene glycol (C,HgO,,
Nacalai Tesque; >99.5%), ammonium fluoride (NH,F, Nacalai
Tesque; >98%), titanium foil (T4, Japan Metal Service; >99.5%), 2-
propanol (C;HgO, Nacalai Tesque; >99.7%), melamine (C;HgNg,
Tokyo Chemical Industry; >98%), terephthalic acid (TA, CgHgO,,
Nacalai Tesque; >98%), sodium hydroxide (NaOH, Nacalai Tesque;
5 M), §,5-dimethyl-1-pyrroline-N-oxide (DMPO, C6H11NO, Tokyo
Chemical Industry; >97%), and methanol (CH;OH, Nacalai Tesque;
>99.5%).
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The electrolyte was prepared by stirring ethylene glycol (100 mL),
ammonium fluoride (0.559 g), and H,O (11 mL) for 30 min. Next,
the anode (titanium foil, 2.5 cm X 3.0 cm) and cathode (platinum
foil) were immersed in the prepared electrolyte and a 40 V DC was
applied for 1.5 h at room temperature. After application, the samples
were immersed in 2-propanol for 30 min for washing. Finally, the
washed sample was annealed at 400 °C for 1 h, followed by annealing
at 500 °C for 3 h for crystallization.

First, melamine (2.0 g) was added to a quartz cell (12.5 mm X 12.5
mm X 45 mm) mounted on a heater in the CVD apparatus, and a
TiO,—NTA substrate was placed in region 2. Next, the pressure in the
CVD apparatus was lowered to about 40—133 Pa and a 1.5 CCM Ar
gas flow was established. Finally, the melamine was heated to 300 °C.
300 °C is the temperature at which melamine begins to sublimate in
the thermal polymerization process. The heating ramp time was set to
20 min and held for 10 min. The heating conditions for g-C;N,
deposition in the tube furnace were set to have a variable temperature
in region 1 and a constant temperature of 500 °C in region 2. Region
2 was set to 500 °C because the thermal polymerization temperature
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Figure 3. (a) XPS spectra of g-C;N, deposited on a TiO,—NTA substrate for different region 1 temperatures of the CVD apparatus. (b) XPS
spectra of g-C;N, deposited on a TiO,—NTA substrate at different holding times when the region 1 temperature of the CVD apparatus was set to
750 °C. (c) Model of the g-C;N, structure optimized by quantum chemical calculations and simulated defect formation free energy changes for

each carbon or nitrogen atom. (The calculation conditions are described in the Supporting Information). (d) XPS spectra of g-C;N, deposited on
TiO,—NTA substrates for different temperatures in region 2 of the CVD apparatus.
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Figure 4. (a) XRD spectrum of TiO,—NTA/g-C;N,. (b) XPS spectra of TiO,—NTA/g-C;N, prepared under optimal conditions and g-C;N,
prepared by the simple heating of powder. (c) FT-IR spectra of melamine, g-C;N, powder, TiO,—NTA, and TiO,—NTA/g-C;N, and a magnified

view of the 1200—1350 nm™' wavenumber region.

of g-C;N, is generally 500 °C and the stability limit of TiO,—NTA is
500 °C. The heating ramp times for regions 1 and 2 were set to be 30
min for heating followed by 30 min of constant temperature. The
heating of the region 1 heater was initiated when the temperature in
region 2 reached 500 °C.
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The morphology of the samples was investigated by using a scanning
electron microscope (SEM, JSM-7600F, JEOL). Fine structure
observation for TiO,—NTA/g-C;N, was carried out using a
transmission electron microscope (TEM) (Tecnai Osiris, FEI).
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Chemical state and bonding information were obtained using X-ray
photoelectron spectroscopy (XPS, JPS-9010TR, JEOL) with Mg Ka
radiation and Fourier transform infrared spectroscopy (FT-IR)
(ALPHA, Bruker). The crystal structure was investigated by using
an X-ray diffractometer (XRD, D8 ADVANCE, Bruker) with Cu—Ka
radiation. To explore the detailed energy band structure, diffuse-
reflectance ultraviolet—visible (UV—vis) absorption spectra were
monitored by using a UV—vis-near-infrared (UV—vis-NIR) spec-
trophotometer (UV-3600Plus, Shimadzu). In addition, the flat band
(FB) potential was determined by Mott—Schottky analysis with an
electrochemical impedance analyzer (VersaSTAT3, AMETEK). For
electrochemical impedance (EI) measurements, a 0.5 M Na,SO,
aqueous solution was employed as a liquid electrolyte, and Ag/AgCl
and platinum wires were used as reference and counter electrodes,
respectively. The light source was a xenon lamp (MAX-303, Asahi
Spectra, 300 < A < 600 nm, 500 W/cm?).

The oxidation potential of the photocatalytic material was evaluated
from a qualitative assessment based on the amount of OH radicals
produced using photoluminescence measurements (PL). First, 100
mL of pure water, 0.083 g of TA, and 0.2 mL of NaOH were added to
a 100 mL beaker and stirred for 1 h. Next, 10 mL of the prepared
solution was added to a 50 mL beaker, and a substrate sample cut into
2 cm X 1.5 cm was immersed and irradiated with UV—vis light (300
nm < 4 < 600 nm) for 15 min. Finally, the solution was placed in a 3
mL quartz cell, and the fluorescence spectrum was measured with a
fluorescence spectrophotometer (RF-6000, Shimadzu). The excitation
and emission wavelengths were 315 and 425nm for 2-hydroxytereph-
thalic acid (TAOH), respectively."

The reducing power of the photocatalytic material was evaluated
from a qualitative evaluation of the generated reactive oxygen species
(ROS) by using electron spin resonance (ESR). First, S mL of
CH;O0H and 5 mg of DMPO were added to a small container and
stirred. Next, the substrate sample was immersed and irradiated with
UV—vis light (300 < 4 < 600 nm) for 15 min. Finally, the spectra of
the ROS were analyzed by using ESR spectroscopy (E-500, Bruker).

A small cell with a quartz window at the top was attached to the
original closed system, and a gas chromatograph (GC, GC-8A,
Shimadzu) connected to the closed system was used to detect
photocatalytic H, production. First, 6.4 mL of pure water and 1.6 mL
of methanol were added to the small cell, and the mixture was stirred.
Next, a photocatalyst sample was added to the cell; the lid was closed,
and the entire closed system was filled with nitrogen gas. Finally, the
system was irradiated by UV—vis light (300 nm < 4 < 600 nm), and
the H, production was measured every hour for 5 h.

Figure Sla shows an X-ray diffraction pattern (XRD) that
indicates that the Ti substrate was oxidized to anatase TiO, by
anodic oxidation."® Furthermore, the XRD patterns shown in
Figures la and SIb, along with microscopy observations,
demonstrate that the synthesized TiO, forms NTA with an
orientation perpendicular to the substrate with a diameter of
about 80 nm and a depth of about 1.5 ym. From the Mott—
Schottky (Figure S2a) and Tauc plots (Figure S2b), the CB
and VB of the TiO,—NTA were estimated to be 0.1 and 3.4V
(vs normal hydrogen electrode (NHE)), respectively.*~"”

XPS spectra of g-C3N, deposited on a TiO,—NTA substrate
when the temperature in region 1 was set between 650 and 800
°C are shown in Figure 3a. The peak at 288.6 eV is the peak of
carbon nitride derived from the bonding of carbon and
nitrogen and appears strongly at temperatures above 750
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°C.'%'%'” The peak at 284.6 €V is reported to be due to
incomplete polymerization or C=C bonding due to defects,
and the peak appeared strongly at 650 and 700 °C.'®'®*%*!
The C/N ratio at 650 °C is C/N = 3:5.83, clearly indicating a
large ratio of nitrogen. On the other hand, at 750 °C, the C/N
ratio was close to the theoretical value, C/N = 3:4.07, and the
peak at 284.6 eV was clearly smaller than at 700 °C and
below.”” It is known that during the thermal polymerization
process of melamine to carbon nitride, the end group is
removed as ammonia and the content nitrogen decreases.”
Therefore, when the temperature in region 1 was set below
700 °C, the ratio of nitrogen is thought to have been larger
because melamine did not thermally polymerize completely to
g-C;N,. The g-C;N, yield was highest when the temperature of
region 1 was above 750 °C.

As can be seen in Figure 3b, when the temperature in region
1 was fixed at 750 °C and the holding time was changed from
30 min to 1 h, the peak intensity at 288.6 eV and N 1s clearly
decreased, while the peak intensity at 284.6 eV increased. This
is thought to be due to the longer holding time breaking
unstable bonds between carbon and nitrogen atoms, leading
nitrogen to desorb and the formation of a stable C=C
bond.”*** We have examined the relative defect formation
energies in g-C;N,, for a variety of sites (with density functional
theory (DFT)-based quantum chemical calculation) as shown
in Figure 3c. These calculations showed that a defect at the N3
site. had the lowest formation energy, supporting the above
XPS discussion. Details of the calculation process are reported
in the Supporting Information.

The XPS spectra for when region 1 was fixed at 750 °C with
a holding time of 30 min while region 2 was held at 400 and
500 °C are shown in Figure 3d. When region 2 was 400 °C, a
large peak indicating incomplete polymerization appeared at
284.6 eV. This result indicates that thermal polymerization
progresses not only during transport but also after deposition
on the substrate.

Based on these results, the optimal conditions for synthesiz-
ing g-C3N, by CVD are with the temperatures in regions 1 and
2 set for 750 and 500 °C, respectively, with a holding time of
30 min.

From the XRD patterns shown in Figures 4a and Sla, it was
confirmed that the crystalline phase of TiO,—NTA did not
change after CVD. The reason why no peaks corresponding to
loaded g-C;N, were observed is thought to be due to the small
amount of g-C;N, loaded.

XPS spectra comparing g-C;N, synthesized by CVD and
simple g-C;N, powder synthesized by the thermal polymer-
ization of melamine are shown in Figure 4b. It can be seen that
g-C;N, synthesized by CVD and g-C;N, formed by the
heating of powder lead to similar shapes.

Figure 4c shows the FT-IR spectra of melamine, g-C3N,
powder, TiO,—NTA, and TiO,—NTA/g-C;N,. Compared to
melamine, g-C;N, powder shows a characteristic peak at
1200—1400 cm~', which originates from aromatic C—N
groups.”® The enlarged FT-IR spectrum shows that TiO,—
NTA has no peaks between 1200 and 1400 cm™, while TiO,—
NTA/g-C;N, has a small peak therein. This result confirms
that g-C;N, is slightly loaded in TiO,—NTA.

By analysis of SEM images, we compared the grain size of g-
C;N, deposited on TiO,—NTA/g-C;N, (2.0 g) and TiO,—
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NTA/g-C;N, (0.2 g). As shown in Figure Sa, TiO,—NTA/g-
C5N, (2.0 g) had 30—100 nm of g-C;N, deposited on TiO,—
NTA. On the other hand, g-C;N, was not observed on TiO,—
NTA in TiO,—NTA/g-C;N, (0.2 g), as shown in Figure Sb.
This result contradicts the results of Figures 3 and 4 and
implies that g-C;N, of TiO,—NTA/g-C;N, (0.2 g) is
supported on TiO,—NTA as small nanoparticles so that it
cannot be observed in the SEM image. Therefore, a more
detailed image was obtained by using TEM (Figure Sc). The
results show that TiO,—NTA/g-C;N, (0.2 g) has evenly
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spaced g-C;N, deposits with a uniform size of about 10 nm on
TiO,—NTA. It was also confirmed that the lattice spacing of
this g-C;N, was 0.34 nm, indicating a 002 peak, which is an
interphase stacking of g-C;N,, (Figure $3).”” A large amount of
melamine was placed in a crucible for the growth of the TiO,—
NTA/g-C5N, (2.0 g) sample. g-C3N, growth of 30 to 100 nm
was observed to be nonuniform due to the high molecular
density, which facilitated thermal polymerization and aggrega-
tion. On the other hand, the TiO,—NTA/g-C;N, (0.2 g)
sample, which used a smaller amount of melamine, has a lower
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Figure 7. (a) Photocatalytic hydrogen production of TiO,—NTA/g-C;N, (0.2 g), TiO,—NTA, and g-C;N, (0.2 g). (b) Photocatalytic hydrogen
production cycling experiment with TiO,—NTA/g-C;N, (0.2 g). (c) Change in the XPS O 1s spectra of TiO,—NTA/g-C;N, (0.2 g) during a

photocatalytic hydrogen production cycling experiment.

molecular density, making polymerization and aggregation less
likely to occur and leads to deposition on the TiO,—NTA in
the form of uniform small nanoparticles of 10 nm in size. A
schematic diagram of the TiO,—NTA/g-C3N, (0.2 g) growth
process is shown in Figure 5d.

For electrochemical measurements, g-C;N, was synthesized
on indium tin oxide coated substrates (ITO) by placing them
in region 2. From Mott—Schottky (Figure S4a) and Tauc plots
(Figure S4b) of g-C;N, loaded on ITO, the CB and VB of g-
C;N, were estimated to be —0.8 and 1.9 V (vs NHE),
respectively.'*™"” The band diagrams of TiO,—NTA and g-
C;N, that are estimated from Figures S2 and S4 are shown in
Figure Se.

Figure 6a shows the results of a series of PL measurements,
where the amount of g-C;N, deposited in TiO,—NTA was
varied. It can be seen that TiO,—NTA/g-C;N,(0.2 g)
produced the largest number of OH radicals. Figure 6b
shows ESR results for TiO,—NTA and TiO,—NTA/g-C;N,
(0.2 g).** No ROS peak was detected for TiO,—NTA, whereas
a ROS peak was detected for TiO,—NTA/g-C;N, (0.2 g). The
band diagram in Figure Se shows that TiO,—NTA satisfies the
formation potential of OH radicals but not that of reactive
oxygen species, while g-C;N, satisfies the formation potential
of reactive oxygen species but not that of OH radicals.””*’
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Therefore, taking into account the results of the PL and ESR
measurements, it is concluded that TiO,—NTA/g-C;N, (0.2
g) forms a Z-scheme reaction, meaning that efficient charge
separation occurred.

A comparison of the photocatalytic hydrogen production from
methanol aqueous solutions (20%) of TiO,—NTA, g-C;N,
(0.2 g), and TiO,—NTA/g-C3N, (0.2 g) is shown in Figure 7a.
TiO,—NTA/g-C;N, (0.2 g) generated more H, than did
TiO,—NTA and g-C;N, (0.2 g). The band structure of TiO,—
NTA does not satisfy the redox potential for generating
hydrogen from water, but the reason why it generates a small
amount of hydrogen is believed to be due to the band-filling
effect.’’ In addition, the results of a cycling experiment in
Figure 7b show that TiO,—NTA/g-C;N, (0.2 g) produced
more H, in the second cycle than in the first, while the amount
of H, produced in the second and third cycles remained
unchanged. On the other hand, there was no significant change
in the amount of hydrogen produced by TiO,—NTA in the
three cycle experiments (Figure SS). Considering that g-C3N,
is known as a material that easily adsorbs oxygen and the XPS
results in Figure 7c, the first reduction reaction is thought to be
a simultaneous proton reduction and adsorbed oxygen
reduction.”””” After a certain period of time elapses, it is
speculated that the adsorbed oxygen desorbs and the excited
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electrons of g-C;N, are active only for proton reduction,
suggesting that the photocatalytic hydrogen production in the
second reaction was higher than that in the first. The graph in
Figure 7b, which shows a change from a nonlinear to a linear
increase, confirms the validity of this premise. Previous
research has also shown that the initial stage of photocatalytic
hydrogen production by g-C;N, tends to have a nonlinear
increase in the amount of hydrogen produced.'® The fact that
the results of photocatalytic hydrogen production did not
change between the second and third cycles indicates that the
adsorbed oxygen was lost and that catalytic degradation did
not occur. The reason why the hydrogen production of TiO,—
NTA alone is linear is thought to be because of the absence of
impurities on the TiO, surface. The oxygen peak in the XPS O
Is spectra of TiO,—NTA measured before and after the
cycling experiment (Figure S6) also did not change. Since the
O Is signals in Figure S6 are due to oxygen derived from TiO,,
this cycling experiment suggests that TiO,—NTA does not
deteriorate even after long-term use. Finally, we confirmed that
this reaction was proceeded by photocatalysis (Figure S7).

This paper demonstrates that it is possible to uniformly
support g-C;N, small nanoparticles on nanotube TiO, by
adjusting the temperature and heating time in a CVD
apparatus operating at reduced pressure. Furthermore, it was
found that TiO,—NTA loaded with g-C;N, was more efficient
at various photocatalytic properties than TiO,—NTA and g-
C;N, alone. This indicates that g-C;N, small nanoparticles
prepared from melamine under CVD conditions function as a
semiconductor photocatalyst similar to g-C;N, powder
prepared by powder heating.

These findings are expected to lead to the development and
use of similar CVD apparatuses not only in the field of
photocatalysis but also in other fields requiring the support of
small nanoparticles.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmaterialsau.4c00084.
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