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A Calcination-Free Sol-Gel Method to Prepare TiO,-Based
Hybrid Semiconductors for Enhanced Visible Light-Driven

Hydrogen Production

Kang Yang,” Dan Wei,” Chunman Jia,** and Jianwei Li*

In recent years, the sol-gel method has been extensively utilized
to develop efficient and stable organic semiconductor compo-
site titanium dioxide (TiO,) photocatalysts. However, the high-
temperature calcination requirements of this method consume
energy during preparation and degrade encapsulated organic
semiconductor molecules, resulting in decreased photocatalytic
hydrogen production efficiency. In this study, we found that by
selecting an appropriate organic semiconductor molecule, 1,4-
naphthalene dicarboxylic acid (NA), high-temperature calcina-
tion can be avoided in the sol-gel process, yielding an organic-
inorganic hybrid material with stable and effective photo-
catalytic properties. The uncalcined material displayed a hydro-
gen production rate of 2920415 umolg'h™', which was

Introduction

The urgent need for sustainable and eco-friendly energy
sources has led researchers to explore innovative materials and
methods for hydrogen production." Photocatalytic water
splitting, a process that uses sunlight to produce hydrogen
from water, offers significant potential for clean and renewable
energy generation.”” Titanium dioxide (TiO,), a widely studied
photocatalyst, has attracted attention due to its non-toxicity,
abundance, and excellent photoelectric  conversion
capabilities.”? However, the wide bandgap of TiO, limits its
efficiency in utilizing sunlight, calling for innovative approaches
to improve its performance.”

The sol-gel method has emerged as a popular technique for
synthesizing TiO, photocatalysts, as it offers precise control over
the material’s composition and structure.” This process involves
the preparation of a titanium precursor, hydrolysis, condensa-
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approximately twice the maximum production rate observed in
the calcined material. Likewise, the specific surface area of the
uncalcined material, at 252.84 m*g~', was significantly larger
compared to the calcined material. Comprehensive analyses
confirmed successful NA and TiO, doping, while UV-vis and
Mott-Schottky tests revealed a reduced energy bandgap
(2.1 eV) and expanded light absorption range. Furthermore, the
material maintained robust photocatalytic activity after a 40-
hour cycle test. Our findings demonstrate that by using NA
doping without calcination, excellent hydrogen production
performance can be achieved, offering a novel approach for
environmentally friendly and energy-saving production of
organic semiconductor composite TiO, materials.

tion, gelation, aging, drying, and finally calcination, resulting in
crystalline TiO,® However, traditional sol-gel methods often
require high-temperature calcination, which can be energy-
intensive and not in line with current green development
goals.”

In this research, a green and energy-efficient strategy for
synthesizing TiO, and organic semiconductor hybrid materials
using a low-temperature sol-gel method is presented. The
choice of 1,4-naphthalene dicarboxylic acid (NA) as an organic
semiconductor is motivated by its n-t stacking effect, produced
by a stable conjugated large m system on the naphthalene
structure, which is conducive to electron transport.® Further-
more, the carboxyl functional group (—COOH) of the NA
generates hydrogen bonds and m-m interactions between
molecules.”’ This innovative technique effectively addresses the
limitations associated with conventional high-temperature calci-
nation processes.

Using tetrabutyl titanate (Ti(OC,H,),) as the titanium source
at lower temperatures (25-60°C), the simple sol-gel method
with a small quantity of NA (2.5 wt%) for organic-inorganic
hybridization eliminates the need for high-temperature calcina-
tion, yielding a photocatalytic material with an impressive
hydrogen production rate and stable cycle performance under
visible light.

This research establishes a pioneering method for modifying
TiO,'s structure by decreasing its bandgap width, augmenting
its visible light absorption range, and substantially enhancing
its electron transport rate in the hybrid material. The successful
synthesis of NA—TiO, (2.5 wt%) exemplifies the potential of this
approach for mass production of photocatalytic materials.

© 2023 The Authors. ChemPlusChem published by Wiley-VCH GmbH


http://orcid.org/0000-0002-3682-6934
https://doi.org/10.1002/cplu.202300172
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcplu.202300172&domain=pdf&date_stamp=2023-06-12

Chemistry

Research Article Europe
doi.org/10.1002/cplu.202300172

European Chemical
Societies Publishing

ChemPlusChem

Moreover, the identification of a stable ester bond (Ti—O-
C=0) within the NA-TiO, (2.5 wt%) material and the increased
specific surface area attained without high-temperature calcina-
tion contribute to the novelty of this study. These break-
throughs lay the groundwork for novel strategies and concepts
in the development of eco-friendly, energy-efficient organic
semiconductor hybrid TiO, photocatalytic materials, presenting
promising applications across various industries pursuing green
and sustainable energy solutions.

Results and Discussion
Characterization of materials

The synthetic procedures of the TiO, materials hybridized with
the NA has been presented in the Experimental section. The
name of the resulting material is noted as NA-TIiO, (n wt%),
when the weight percentage of NA was n%. To analyze the
crystal phase relationship of the compound NA-doped material
NA-TiO,, Powder X-Ray Diffraction (PXRD) was employed for
spectral analysis. As illustrated in Figure TA and S2, the
positions at 25.28°, 37.80°, 48.05°, and 53.89° correspond to the
(101), (103), (200), and (204) crystal planes, respectively."” The
measured crystal planes of NA—TiO, were consistent with those
of anatase TiO,, indicating that the crystallization degree of
NA-TiO, formed through the hybridization process was similar
to that of anatase TiO,.

The morphology and Pt loading of the hybrid material
NA-TiO, (2.5wt%) were analyzed using scanning electron
microscope (SEM) and Transmission Electron Microscope (TEM).
The obtained SEM (Figure S3) and TEM (Figure 1) images of
NA-TiO, (2.5 wt%) and Pt(0.3 wt%)/NA-TiO, (2.5 wt%) materi-
als showed that the TiO, particle size was approximately 10 nm
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Figure 1. (A) X-ray diffraction pattern of NA-TiO, before and after calcina-
tion; (B) TEM plot of NA-TIO, (2.5 wt%); (C) SAED diagram; (D) and (E)
Pt(0.3 wt %)/NA-TiO, (2.5 wt %) TEM diagram, (F) HRTEM diagram, (G)
element mapping diagram.
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(Figure S3 A and S3B). Selected area electron diffraction (SAED)
results confirmed the polycrystalline nature of nano-TiO, in
hybrid materials (Figure 1C). Under full light, K,PtCl, was
reduced by methanol, resulting in the formation of Pt (0.3 wt %)
nanoparticles supported on the catalyst material’s surface. TEM
images reveal that the distribution of Pt particles on the surface
of the NA-TIO, (2.5wt%) material was uniform, with an
approximate size of 3 nm (Figure 1E). As shown in High
Resolution Transmission Electron Microscope (HRTEM) (Fig-
ure 1F), the lattice spacing of Pt nanoparticles was 0.196 nm,
corresponding to the Pt (200) plane, consistent with the crystal
plane of Pt particles."®'" Moreover, High-Angle Annular Dark
Field (HAADF) (Figure 1G) elemental mapping demonstrated
that Ti, O, C, and Pt elements were evenly distributed
throughout the hybrid material Pt (0.3 wt%)/NA < C-<TiO,
(2.5 wt%).

To analyze the impact of calcination on the pore structure
and specific surface area of hybrid materials, nitrogen adsorp-
tion-desorption isotherms, pore size distribution, and Brunauer-
Emmett-Teller (BET) measurements were conducted on NA-TiO,
and NA-TiO, (2.5wt%) hybrid materials with different NA
contents, under high-purity N, gas at 77 K. The results, depicted
in Figure 2A, 2B, S4, S5 and Tables 1, S1, show that when the
doping amount was 2.5 wt%, the BET value was 252.84 m’g™"
(pore size 4.42 nm), which was significantly larger than that of
pristine TiO, (179.25m?g™"), 05wt% (22259 m?’g™"), and
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Figure 2. Pore size distribution of NA-TiO, (2.5 wt%) (A) before and (B) after
calcination; Thermal stability analysis of (C) NA and (D) NA-TiO, (2.5 wt %)
hybrid materials. Measurements are performed from room temperature to
600 °C at a heating rate of 10°C/min.

Table 1. Specific surface area, pore size and pore volume of NA-TiO,
(2.5 wt %) before and after calcination on a 77 K adsorption isotherm.

Sample Surface area Pore size Pore volume
(m2/g) (nm) (cm3/qg)

native TiO2 179.25 6.13 0.275

NA-TiO2 222.73 4.97 0.278

(2.5 wt %) (calcined)

NA-TiO2 252.84 4.42 0.264

(2.5 wt %)

© 2023 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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4.5 wt% (248.58 m?g™") samples (Table S1). This increase could
be attributed to the dopant’s reduction of pores during the
synthesis process, which gradually increased the catalyst's
specific surface area.l'*'?

Additionally, the BET value of NA-TiO, (2.5wt%) before
calcination was as high as 252.84 m*g™' (pore size 4.42 nm),
which was significantly higher than the 222.73 m*g™" (pore size
4.97 nm) value obtained after calcination. This difference was
likely due to the increase in pore size distribution resulting from
decomposition induced by high-temperature calcination, as
demonstrated in Figure 2A, 2B and Table 1. The mesoporous
structure (2.1-5.2 nm) of the NA-TiO, material was evident in
the pore size distribution diagram, indicating that the NA-TiO,
prepared using a simple sol-gel method possesses a distinct
mesoporous layered structure.™® This structure helps to
enhance the material’s porosity, increased the specific surface
area, and facilitated better contact between the catalyst and
substrate, ultimately improving photocatalytic performance.

To examine the combination of NA and native TiO, in the
synthesized hybrid material NA—TiO,, the materials NA, native-
TiO,, NA—TIO, (calcined), and NA—TiO, were measured using FT-
IR spectroscopy. As depicted in Figure S6, a strong broad peak
appears between 500-800 cm™' in native TiO,, which was
attributed to the characteristic broad peak of the anatase Ti-
O-Ti bond’s stretching vibration. The peaks at 3422 cm™' and
1637 cm™' correspond to the stretching and bending vibrations
of —OH in water molecules adsorbed on the TiO, surface. NA
exhibits a strong absorption peak at 1685 cm™', attributed to
the stretching vibration of C=0 in NA materials."”

In the hybrid material NA-TiO,, the peak at 3422 cm™
corresponds to the stretching vibration of the -OH bond in the
adsorbed H,0 on the material’s surface, and the absorption
peak at 500-800 cm™' was related to the Ti—O-Ti stretching
vibration in NA-TiO,. Additionally, new absorption peaks at
1625 cm™' and 1412 cm™', distinct from the peaks of NA and
TiO, emerge. The peak at 1685cm™ in the NA material
disappears, so the new peaks can be attributed to the
emergence of symmetric and asymmetric vibrational peaks
different from COO- in NA within the composite. The absorption
peak at 1508 cm™' was assigned to the symmetric stretching
vibration of C=C. The formation of a new chemical bond,
Ti—O—C=0, between the material NA and native TiO, can be
confirmed by considering the hybrid material sol-gel process.™
This bond resulted in a strong covalent bond interaction
between the two materials, broadening the absorption band of
native TiO, and effectively improving the hybrid material’s
performance in producing H, by light.

To investigate the hybridization mode and chemical bond
state of the hybrid materials Pt(0.3 wt%)/NA—TiO,(2.5 wt %) and
NA-TiO,(2.5 wt%) before and after calcination, native-TiO,,
NA-TiO,(2.5 wt %), and Pt(0.3 wt%)/NA—TiO,(2.5 wt%) were an-
alyzed using X-ray photoelectron spectroscopy (Figure S7, S8,
S9 and S10). Typically, with the C 1s peak’s binding energy at
284.8 eV (carbon-containing contaminants) as a reference, the
binding energies at 286.2 eV and 288.7 eV corresponded to
C—0O bonds and C=0 bonds, respectively (Figure S10 A). The
binding energy of O 1s at 529.6 eV was attributed to the Ti—O
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bond, and the binding energy at 531.4 eV was attributed to
surface-OH or C—O bonds (Figure S10B). The binding energies
at 458.5 eV and 464.2 eV in Ti 2p were assigned to Ti 2p;,, and
Ti 2p,,, respectively. These results were consistent with the
native TiO, test results (Figure S7), further confirming the
infrared tests (Figure S6) and indicating the formation of a new
chemical bond Ti—O-C=0 in the hybrid material NA-TiO, In the
Pt(0.3 wt %)/NA—TiO,(2.5 wt %) material, binding energies corre-
sponding to 71.70 eV and 75.1 eV were attributed to Pt 4f,,, and
Pt 4f;, peaks, respectively, representing the formation of Pt(0).
New peaks appeared at 72.7eV and 76.5eV due to the
presence of a small amount of unreduced Pt(ll) in K,PtCl,
(Figure S10D).1"%><

To further understand the thermal stability of the organic
compound NA in the hybrid material during high-temperature
calcination, NA and NA-TiO, (2.5wt%) were analyzed (Fig-
ure 2C and 2D) using a thermogravimetric analyzer and heating
from room temperature to 600 °C at a heating rate of 10°C/min.
The results show that NA maintained good thermal stability in
the temperature range of 100-300°C, with no significant mass
loss. However, significant mass loss took place in the range of
300-400°C, attributed to the decomposition of compound NA,
reaching a maximum decomposition rate at 388°C. The
decomposition rate was relatively slow between 400-500°C
and started to increase after exceeding 500°C, reaching the
maximum at 564°C. In the thermogravimetric analysis of the
hybrid material NA-TiO, (2.5 wt%), a small mass loss (2.13%) in
the range of 0-100°C was attributed to the evaporation of
adsorbed water molecules. The 4.62% mass loss in the 100-
170°C range may be due to the volatilization of the DMF
solvent used in the sol-gel synthesis process. The larger mass
loss beyond 200°C may be caused by the destruction of the
hybrid material's porous structure. The hybrid material started
to decompose at temperatures above 300°C, with the decom-
position rate reaching its maximum at 384°C. This further
explained the decrease in hydrogen production performance
for calcined NA-TiO, (2.5 wt%), while the performance of the
uncalcined material was significantly higher than that of the
calcined material."®

To evaluate the possible hydrogen production ability of the
hybrid material NA-TiO,(2.5 wt%), energy band gap calcula-
tions and Mott-Schottky tests were performed on the native-
TiO, and NA-TiO,(2.5 wt %) materials (Figure 3B, 3 C and 3D). In
the ultraviolet-visible region, the solid-state UV-Vis diffraction
spectra of materials NA, native-TiO,, and NA-TiO,(2.5 wt%)
were measured (Figure 3A). Native-TiO, showed no absorption
in the visible region, with only a strong absorption peak at
320 nm. Organic NA exhibited weak absorption at wavelengths
of 420-400 nm, while the hybrid material NA-TiO,(2.5 wt%)
displayed a broad absorption band at 400-600 nm. The light
absorption of native-TiO, was extended to the visible light
range through organic doping, significantly enhancing its
absorption capacity. This improvement is attributed to the
presence of Ti—O-C=0 bonds in the NA—TiO,(2.5 wt %) material,
which enabled native-TiO, to absorb visible light (Figure S6)."”

The energy band diagram of native TiO, showed a single
band gap of 3.2eV, whereas the hybrid material

© 2023 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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Figure 3. (A) UV-Vis spectra of native-TiO,, NA and NA-TiO, (2.5 wt %); (B)
bandgap plots for NA—TiO, (2.5 wt %) and native-TiO,; (C) Mott-SChottky
plots for native-TiO,; (D) Mott-SChottky plot for NA-TiO, (2.5 wt %).

NA-TiO,(2.5 wt %) displayed two distinct band gaps: a narrow
band gap of 2.1 eV, corresponding to visible region absorption,
and a wide band gap of 3.0 eV, corresponding to ultraviolet
region absorption (Figure S11). The formation of Ti-O-C=0 in
the hybrid material reduced the band gap of native TiO,,
effectively decreasing electron-hole recombination to capture
photogenerated electrons and enhancing the photocatalytic
hydrogen production.%'"®!

The Mott-Schottky test of the material confirmed the
feasibility of subsequent photocatalytic hydrogen production.
As shown in Figure 3C and 3D, the flat band points of native-
TiO, and NA-TiO,(2.5 wt%) are —0.70V and —0.76 V, respec-
tively. The flat band potentials for native-TiO, and NA-TiO, are
—0.50V and —0.56V, respectively. These values correspond to
the conduction band potentials (vs. NHE) of native-TiO, and
NA—TiO,(2.5 wt %), which are more negative than the reduction
potential (0 V) of H*/H,. Additionally, the conduction bands of
native-TiO, and NA-TiO, were calculated from UV-vis measure-
ments to be 2.70V and 1.54 V (vs. NHE), respectively. The more
negative conduction band potential of NA-TIO,(2.5 wt%)
confirmed its ability to produce hydrogen effectively."*®

Photocatalytic hydrogen production performance

The use of NA-doped native-TiO, successfully extended the
absorption range of NA-TiO, to visible light and reduced the
bandgap width. Additionally, Pt has a larger work function,
making it more conducive to photocatalytic hydrogen produc-
tion. Therefore, we used Pt (0.3 wt%) to support NA-TiO, and
evaluated their hydrogen production performance under visible
light using triethanolamine (TEOA) as a sacrificial agent.!*'®

To determine the optimal hybrid material for hydrogen
production, we tested NA-TIO, (0.5 wt %), NA-TIO, (2.5 wt%),
and NA-TIO, (4.5 wt%) for 5 hours. The results showed that the
2.5 wt% doped hybrid material exhibited the best hydrogen

ChemPlusChem 2023, €202300172 (4 of 8)

which further confirmed that high-temperature calcination
destroyed the pore structure of the material, resulting in
reduced hydrogen production performance (Figure 4A and
S13).

To select the best metal co-catalyst, we tested Cu, Ni, and Pt
for photocatalytic hydrogen production performance. Pt-
(0.3 wt%)/ NA—TiO,(2.5 wt %) exhibited a strong photocatalytic
hydrogen production performance from water, much higher
than that of Cu (0.3wt%) / NA-TIO, (2.5wt%) and Ni
(0.3 Wt %)/NA-TIO, (2.5 wt%) (Figure $14)." This is because Pt
maximizes the photocatalyst’s catalytic activity, increasing the
electron transfer rate, effectively absorbing the photogenerated
charge on the photocatalyst, promoting charge separation, and
allowing the separated charge to participate in redox reactions.
Based on this, we loaded different amounts of Pt onto NA-TiO,
(2.5 wt %) to study the material’s hydrogen production perform-
ance. The results showed that a small amount of Pt loading
significantly increased hydrogen production performance (Fig-
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Figure 4. (A) Effect of calcination temperature on hydrogen production
performance of NA-TiO, material in 20 mL water/triethanolamine solution
(9:1 volume ratio) under visible light (A >400 nm); (B) Stability test of

Pt(0.3 wt %)/NA-TiO, (2.5 wt %), photocatalytic hydrogen production cycle
under visible light (A >400 nm); (C) Instantaneous current response of native
TiO, (red line), NA (black line), NA-TiO, (2.5 wt%) (calcined) (green line) and
NA-TiO, (2.5 wt %) (blue line); (D) Electrochemical impedance plots of NA
(black square), native TiO, (blue upper triangle), NA-TiO, (2.5 wt %) (calcined)
(green triangle), and NA-TiO, (2.5 wt %) (red circle).

© 2023 The Authors. ChemPlusChem published by Wiley-VCH GmbH

85US0 |7 SUOWIWOD dAER.D a1 jdde au Aq pousenof ae saofe VO 88N J0 s3I 104 Ak 8UlUO AB|IM UO (SUORIPUOD-pUe-SLLRILICY" A8 |1 AfeIq 11 UO//SARY) SUORIPUOD PUe SWB L 84} 89S *[€202/20/90] U0 Ariqiiaujuo A8|im ‘pisuoiealidnd [eIIPS N wiospond Ag Z2T00£202 NIdd/Z00T 0T/10p/wod A3 1M Aeug 1 fpuluo adoure-Ans ey sany wo.j popeojumod ‘0 ‘90592612



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemPlusChem doi.org/10.1002/cplu.202300172

ure S15).2% In addition, compared with various reported photo-
catalysts for hydrogen production, the NA-TiO, also showed
excellent efficiency (see Table S5).

Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICP-AES) analysis was carried out on different loading contents
of Pt to further understand the loading of Pt nanoparticles on
the surface of NA-TiO, (2.5 wt%) material, confirming that the
Pt NPs were successfully loaded onto the material’s surface
(Table S2).

To verify the stability and repeatability of the hybrid
material NA-TiO, (2.5 wt%), a cycle stability experiment was
conducted, demonstrating that the material maintained high
activity after 40 hours (Figure 4B). The turnover numbers (TON)
H, calculated after the 40-hour cycle experiment reached 8988,
showing that low Pt content could effectively produce
extremely high hydrogen with high energy use value. The
results of hydrogen production indicated a good correspond-
ence between the absorption wavelength range of NA-TIO,
(2.5wt%) and the amount of hydrogen produced, further
suggesting that hydrogen generation was highly related to the
hybrid material’s absorption range (Table S3).

To further verify the photoelectric response ability of
NA-TIO, (2.5wt%), we conducted electrochemical tests on
native TiO,, NA, NA-TiO, (2.5 wt%) (calcined), and NA-TiO,
(2.5 wt%) using a three-electrode battery system. We obtained
photocurrent-time (I-t) curves for these materials under on/off
illumination and recorded their photocurrent response spectra
(Figure 4C). The results confirmed that uncalcined NA-TiO,
(2.5 wt%) has a stronger photo-responsive ability. In the
measured electrochemical impedance spectroscopy (EIS) (Fig-
ure 4D), the arc radius of NA-TIO, (2.5 wt%) was smaller than
that of NA-TiO, (2.5 wt%) (calcined), indicating lower carrier
transfer resistance and faster interface carrier transfer for
NA-TIO, (2.5 wt%). This property is more conducive to electron
transport and higher photocatalytic activity.

We performed ICP-AE, XRD, and XPS tests on Pt (0.3 wt%)/
NA-TiO, (2.5 wt%) (Table S4, Figure S16 and S17) to further
study the stability of the material’s structure and composition
after 40 hours of cycling, and the content of the supported Pt.
The results showed that after 40 hours of cyclic hydrogen
production testing, the material still contained 0.0434 wt% Pt.
This finding proves that Pt (0.3 wt%)/NA-TiO, (2.5 wt%) can
effectively deposit Pt nanoparticles on the surface, enabling the
hybrid material to be reused and indicating its stability.

The XRD results demonstrated that the material maintained
high crystallinity after cycling, which positively impacts the
cycle activity of the NA-TiO, (2.5 wt%) catalyst. This finding
further illustrates that the material’s crystallinity did not change
with the number of cycles but could consistently promote the
generation and transfer of photogenerated carriers, which was
why NA-TIO, (2.5 wt %) can cycle stably. These results were also
consistent with the pre-cycling test results (Figure 1A). XPS
analysis showed that the binding energy of the C 1s peak at
2848 eV was used as a reference for carbon-containing
pollutants, and the binding energies corresponding to 71.6 eV
and 74.9 eV were attributed to the peaks of Pt 4f,,, and Pt 4f;,,
respectively. The chemical bond state of Pt(0) was consistent
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with that before the cycle, indicating that Pt (0.3 wt%)/NA-TiO,
(2.5 wt%) exhibited remarkable hydrogen production stability
and reusability.

Study on photocatalytic mechanism

To investigate the internal mechanism of photocatalytic hydro-
gen production for the hybrid material Pt(0.3 wt%)/NA-TiO,
(2.5 wt%), we conducted solid-state fluorescence tests on
hybrid materials with different doping amounts and before and
after calcination. The results revealed that the fluorescence
emission spectrum peak of NA-TiO, (2.5 wt%) was the lowest.
The other materials followed the order of fluorescence TiO, >
NA-TiO, (4.5 wt%)>NA-TiO, (0.5 wt%)>NA-TiO, (2.5 wt%)
(calcined) > NA—-TiO, (2.5 wt %) (Figure S18). This indicated that
materials with stronger fluorescence intensity absorb energy,
which was then excited in the form of fluorescence.'*?" This
process led to rapid recombination of electrons and holes,
resulting in a significant reduction in photocatalytic hydrogen
production ability. These findings demonstrated that NA-TiO,
(2.5 wt%) had strong photocatalytic performance.

Through FT-IR and XPS analyses of the hybrid material
NA-TIO, (2.5 wt%), it can be reasonably confirmed that the
organic semiconductor NA and native TiO, can be stably
combined without high-temperature calcination (Figure 5). The
valence bond Ti—O-C=0 connected the two materials, and the
bandgap of native TiO, was successfully reduced by NA
hybridization, as evidenced by UV-vis and Mott-Schottky tests.
This significantly improved the absorption wavelength range of
native TiO,, extending its absorption from the ultraviolet region
to the visible region. During the photocatalytic hydrogen
production process, photoexcitation facilitates the separation of
electrons and holes in the hybrid material NA-TiO, (2.5 wt%).
The generated electrons could be easily transferred to the Pt
nanoparticles on the material’s surface for redox reactions. This
efficient charge transport ability enabled rapid hydrogen
production from water splitting.*?

In order to further elucidate the photocatalytic mechanism,
the main active radicals (-OH and O,") in the Pt(0.3 wt%)/

> [Band gapl21ev |

\ ¢

TEOA ’\}
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Figure 5. Hydrogen production mechanism of NA-TiO, (2.5 wt %).
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NA-TiO,(2.5 wt%) photocatalytic reaction system were de-
tected by quenching experiments. Isopropanol (IPA 100 mM)
and benzoquinone (BQ, 1 mM) were used as quenchers for
hydroxyl radicals (-OH) and superoxide (O,7). As shown in
Figure S19, the hydrogen production decreased by 23% and
71% relative to that without the addition of quencher, which
was attributed to -OH and O, 7, respectively. Among them, the
influence of OH was negligible, while O,-~ played significant
roles in the photocatalytic reaction process. The reactive species
were identified by electron spin resonance (EPR). As shown in
Figure 520 and S21, DMPO-0O,:~ and DMPO--OH were performed
under dark and visible light irradiation for 10 min. The material
Pt(0.3 wt%)/NA-TiO, (2.5 wt%) was effective during the irradi-
ation, as both -:OH and O,-~ had detectable signals. However,
when the lamp was off, no signal was detected. Theoretically,
there should be no -OH generation due to the more negative
valence band of NA-TiO, (2.5 wt%) (1.56 eV vs. NHE) than -OH
(Eo(-OH/H,0) =2.27 eV vs. NHE. Thus, the detected -OH should
be attributed to the conversion of O,". In addition, in the Mott-
Schottky test plot (Figure3D), the CB (—0.56¢€V) of
NA-TiO,(2.5 wt%) was more negative than E,O,/O,")
(—0.33 eV), which suggested that electrons could react with O,
to form 02" All together, we proposed the mechanism in
the following steps:

Pt(0.3 wt%)/NA—TiO,(2.5wt%) + hv — e~ + h*
2H,0 + 4h* — O, + 4H*

O,+e —0,-~

0, " +e +2H' — -OH + -OH

2H' +2e” —H,

Conclusion

By the simple sol-gel method, high-temperature calcination was
not required, and only 2.5 wt% of NA was used to successfully
prepare the hybrid material NA—TiO, (2.5 wt%), which had the
characteristics of good stability, high specific surface area, small
porosity and mesopores. Under visible light irradiation, the
uncalcined NA-TIO, (2.5wt%) material exhibited a photo-
catalytic hydrogen production efficiency of up to 2920+
15 umolg ™" h~', which was much higher than that of pure TiO,
and calcined NA-TiO, (2.5 wt%). Comprehensive analysis of
XRD, FT-IR, XPS, ICP-AES and UV-vis showed that the compound
NA was connected to TiO, in the form of covalent bond
Ti—-O—C=0, which effectively reduced the band gap of TiO,,
expanded the light absorption range of hybrid materials to the
visible light region, greatly improved the photocatalytic
performance, and the photocatalytic activity of NA-TIO,
(2.5 wt%) was enhanced due to the strong absorption of
organic semiconductors in the visible light range. Efficient
electron transfer and the formation of stable Ti—O—C=0 bonds
between compounds NA and TiO,. This work provides a new
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way to construct a new photocatalytic hybrid material with low
energy consumption and high output value.

Experimental Section

Materials

All chemical reagents used in the experiments were of chromato-
graphic purity and required no further purification. tetrabutyl
titanate (Ti(OC4Hy), > 99.0%), acetic acid (CH;COOH, >99.5%), N,N-
dimethylformamide  (DMF, 99.9%), triethanolamine (TEOA,
>99.0%), anhydrous methanol (MeOH, >99.0%), anhydrous
ethanol (EtOH, 99.5%), Isopropyl alcohol (IPA >99.0%), benzoqui-
none (BQ, >99.0%) and 1,4-naphthalene dicarboxylic acid (NA,
98 %) were obtained from Innochem (Beijing, China).

Synthesis of NA- TiO, composites

The hybrid material NA—TiO, is presented in Figure S1 and prepared
using a straightforward sol-gel method with varying contents. The
preparation process (conducted at room temperature) involves the
following steps: First, mix 1 mL of DMF, 168 pL of glacial acetic acid,
and 106 pL of ultrapure water in a 20 mL sample bottle and stir for
2 minutes until fully combined, resulting in a colorless and trans-
parent solution. Then, quickly add 1 mL of tetrabutyl titanate,
followed by 1.25mg, 6.25mg, and 11.25 mg of compound 1,4-
naphthalene dicarboxylic acid, stirring vigorously for 5 minutes to
achieve a homogeneous mixture. The solution becomes yellow and
transparent at this stage. Finally, gradually increase the temperature
from 45 °C to 60 °C, causing the solution to become gel-like. Dry the
sample in a 60°C oven for 12 hours. After complete drying, extract
the product with water for 48 hours, yielding light yellow solids of
NA-TiO, (0.5 wt%), NA-TiO, (2.5wt%), and NA-TiO, (0.45 wt%)
hybrid materials.

Synthesis of Pt@NA-TiO, composites

Place 20 mg of NA-TiO, (2.5 wt%) hybrid material in a transparent
glass reactor, and sequentially add 10 mL of H,0 and 8 mL of
anhydrous methanol, stirring well. Then, add 30 uL, 60 pL, 90 uL,
120 pL, and 150 pL of potassium tetrachloroplatinate (K,PtCl,) and
irradiate under a 300 W xenon lamp for 1 hour to obtain a brown-
yellow homogeneous suspension (composite material containing Pt
nanoparticles). Centrifuge the suspension with H,0 and ethanol for
2 minutes each, yielding brown-yellow Pt(0.15 wt%)@NA-TiO,
(2.5 wt%), Pt(0.3 wt%)NA-TIO, (2.5wt%), Pt(0.45 wt%)NA-TIO,
(2.5 wt %), Pt(0.6 wt%)NA-TIO, (2.5 wt%), and Pt(0.75 wt%)NA-TIO,
(2.5 wt%) composite materials.

Hydrogen production by photolysis of water

In the experiment, a Labsolar-6 A photocatalytic analysis system
was used for water photolysis to produce hydrogen under vacuum,
while a GC9790Plus gas chromatograph was employed to analyze
the hydrogen production, allowing for the measurement of the
hybrid material’s photocatalytic performance. The specific exper-
imental process included the following steps:

1) Weigh 20 mg of the hybrid material Pt@NA-TiO2 (2.5 wt%) in a
transparent glass reactor, then weigh 20 mL of triethanolamine
(10 vol %) aqueous solution, mix well and stir evenly.

2) llluminated with a 300 W xenon lamp and experimented with a
400 nm filter.
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3) Collect samples every hour and monitor hydrogen production,
recording the data accordingly.

Instruments and methods

Scanning electron microscopy (SEM) images of hybrid materials
were obtained using a Thermo Scientific Verios G4 UC field
emission SEM. Transmission electron microscopy (TEM), high-
resolution TEM (HRTEM), and energy-dispersive X-ray spectroscopy
(EDX) of the samples were performed with a JEM-2100F TEM at
200 kV. Physical adsorption and desorption tests were conducted
using an ASAP 2460 instrument under high-purity N, gas at 77 K,
with a degassing temperature of 200 °C and degassing time of 10 h.
Specific surface area was calculated using the Brunauer-Emmett-
Teller (BET) method, and ultra-high purity grade gases were used.

Powder X-ray diffraction (PXRD) tests were carried out on a Rigaku
Smart Lab diffractometer (Bragg-Brentano geometry, Cu—Ka1l
radiation, A=1.54056 A). Fourier transform infrared spectroscopy
(FT-IR) measurements were performed on a Nicolet iS50 spectrom-
eter (spectral range 4000-500 cm™', averaging 64 scans). X-ray
photoelectron spectroscopy (XPS) was conducted using a Thermo
Fisher Scientific K-Alpha+ instrument with an Al Ko X-ray source
(hv=1486.6 eV) and a 650 pm spot.

Thermal analysis (TGA) was performed using a TAQ600 thermal
analyzer under air conditions, with a temperature range between
room temperature and 600°C and a heating rate of 10°C min~".
The Pt nanoparticle content of the samples was determined using
an Agilent ICP-OES730 inductively coupled plasma atomic emission
spectrometer (ICP-AES). Solid-state UV-vis absorption spectra were

measured with a Shimadzu-2600 spectrometer.

The Mott-Schottky curve was tested using an IVIUMNSTAT electro-
chemical analyzer in a three-electrode cell, with the sample as the
working electrode, an Ag/AgCl electrode as the reference electrode,
and a platinum sheet as the counter electrode. The electrolyte was
a 0.25 M Na,SO, solution. The sample (2 mg) was dispersed in T mL
of methanol, mixed with 0.05 mL of Nafion, and sonicated for
30 min. A 50 uL drop was deposited onto FTO conductive glass,
forming a film with an area of 0.25 cm*

Photocurrent response (I-t) and electrochemical impedance (EIS)
tests were performed using three electrodes and a 0.25 M Na,SO,
electrolyte solution, with a 300 W xenon lamp and a 400 nm filter
as the light source. The hydrogen production system used in the
photocatalytic test was Perfect Light Lab Solar-6 A, and hydrogen
output was measured with a Fuli 97901l gas chromatograph.
Apparent quantum yield (AQY) measurements utilized a Zolix
MLED4-1 with incident wavelengths of 405 nm and 450 nm as the
light source. Hydrogen production was analyzed using a gas
chromatography-thermal conductivity detector (TCD), and AQY was
calculated using the formula: AQY (%)= (number of produced H,
molecules x 2/number of incident photons)x 100.
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The extensive i system in the
naphthalene structure and the car-
boxylic acid group of 1,4-
naphthalene dicarboxylic acid (NA)
render it an exceptional organic
semiconductor for doping TiO, using
a calcination-free sol-gel method.
The resulting catalyst exhibited a sig-
nificantly improved hydrogen pro-
duction rate by photolyzing water
molecules under visible light, outper-
forming the efficiency of the calcined
material.
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