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ABSTRACT

Theoretical design and experimental proof of photocatalytic performance of Eosin Y (EY) on
anatase TiO, with pyridine linker were performed for increasing photobiocatalytic activity of water
splitting using visible light. Comparative studies on the hybrid interface of anatase and EY with
the carboxyl and pyridine anchor were performed by density functional theory (DFT), time-
dependent density functional theory (TD-DFT) calculations and experimental photoreduction of
methyl viologen (MV). The geometries, binding interactions between dyes and anatase, electronic
structures and electron transfer as well as the effect of isomers (ortho, meta, para) on the dye /
anatase systems were investigated. Theoretical results indicated that EY with carboxyl and
pyridine anchors had visible adsorption and electron transfer from the dye to the anatase titania.
Compared to carboxyl-para, which had the best optical performance among carboxyl groups, the
adsorption strength of pyridine-ortho was close to that of carboxyl-para, while the oscillator
strength increased significantly, which was more than 10 times higher than that of carboxyl-para.
Corresponding with the theoretical estimation, EY pyridine linked TiO, is active to MV reduction
under visible light irradiation by fast charge transfer, in particular, pyridine-ortho and para.
Furthermore, high stability is also achieved on pyridine-para. Apparent quantum yield higher than
2.00% and 0.67 % at 520 nm light was experimentally achieved on biocatalytic H, and NH;
formation, respectively, on EY pyridine linked TiO,, which was correctly predicted by the DFT

calculations.

1. INTRODUCTION

Energy transition, which involves reducing fossil fuel utilization and promoting the development

of clean energies, is a crucial issue to mitigate the negative effect of climate change and to pursuit
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a carbon-neutral society. Hydrogen is considered to be an ideal energy carrier due to its advantages
of high specific energy density, purity, versatility, and possibilities for renewable production, etc.
12'As a renewable secondary energy, hydrogen can be generated by many low-carbon-emission
pathways such as electrolysis, electro-photolysis, radiolysis, thermo-chemical etc. 3* In particular,
solar-driven hydrogen production has gained significant attention because it provides a promising
opportunity for renewable hydrogen energy so-called green hydrogen.

Since the photoelectrolysis method was proposed by Fujishima and Honda in 1972, 3 researchers
have steadily increased the attempts to directly harvest solar energy for efficient water electrolysis.
%7 In the photoelectrochemical water splitting systems the photocatalysts which use sunlight
energy to dissociate water molecules into hydrogen and oxygen play a key role in the efficiency
of hydrogen production. 8 Anatase has been one of the most studied photocatalysts because of its
appropriate position of conduction band (CB) edge (lower than the reduction energy of water, 0

V) and valence band (VB) edge (higher than the oxidation energy of oxygen, 1.23 V) to trigger

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

the photoelectrochemical reaction. 8! However, the band gap of anatase is ca. 3.20 eV which

corresponds to ultraviolet (UV) light (only 3~4% of the solar energy). !' Hence, it is important to
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narrow the band gap of anatase and to enhance its visible light response and photocatalytic activity.

To date, many modifications have been developed to improve the optical absorption of anatase
including dopant introduction and dye sensitization. The dopants could be divided into metal and
non-metal elements where metals were extensively investigated to act as a co-catalyst to increase
the solar absorption. Some metals such as Au, Pt, Pd, Rh, Ni, etc., have been found to improve the
photo electron-hole separation by trapping electrons at the interfaces of metal and anatase. 11213
For example, Murdoch et al. !> found that Au-doped anatase showed a broader visible light

absorption range and a high hydrogen production rate. This was due to the CB of Au was lower
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than that of anatase, thereby the excited electrons accumulated at anatase could easily transfer to
Au. The hydrogen ions trapped by Au at the interface with anatase enhanced the hydrogen
molecule reduction activity. On the other hand, Au, Ni, Cu, Al, Ag, etc., were reported to promote
visible light absorption due to the surface plasmon resonance (SPR) effect and localized surface
plasmon resonance (LSPR) effect. %1417 These effects could increase the energy intensity of photo-
excited electrons under visible light irradiation. Many studies of anatase doping with metal ions,
Fe, Mo, Ru, Os, etc., and non-metal anions, N, F, P, S, Si, etc., attempt to modify the inherent
bandgap of anatase TiO,. !%18-22 Metal ion-doping could form impurity energy levels within the
anatase bandgap, while anion-doping could shift the VB upwards and cause a narrowed bandgap
of anatase. However, the above methods may have some disadvantages such as the VB upwards
shifting could have a detrimental effect on the oxidation activity. Metal-ion dopants may become
recombination centers for electrons and holes, which have a negative effect on the photocatalytic
water-splitting reaction. '8

In a previous study, combination of inorganic photocatalyst with hydrogenase coupled with MV
as a redox mediator was studied. Efficiency of hydrogenase genetically formed in E. coli is 100 %
to transferred electron and so total apparent quantum yield (AQY) of TiO,/MV?*/hydrogenase in
E. coli is higher than 30 % in presence of sacrificial agent of triethanolamine (TEOA). However,
TiO, can be excited by only UV light (<350nm). Although high AQY is achieved, solar-to-
hydrogen efficiency of photobiocatalytic system using TiO, as inorganic photocatalyst was
reduced. 23

Dye-sensitizer anchored to anatase to improve the photocatalytic performance have attracted
great attention in recent years. Dye could be excited upon visible light absorption and then excited

electrons could transfer from the dye to the CB of anatase. As a result, dye-sensitized anatase can
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be excited in the visible light region. Organic dyes are currently attracting much interest because
of their active visible-light responses, flexible structures, economical and eco-friendly. Some
organic dyes were examined for their light-harvesting capabilities and electron transfer properties
such as perylene, cyanine, riboflavin, Eosin Y (hereafter referred to as EY) and so on. 32426 Among
them, EY has been found to be an effective photosensitizer. 33! Raman spectrum of bare anatase
and EY adsorbed TiO, indicated that EY could effectively improve the intensity and the range of
light absorption on anatase. 2° The EY-sensitized anatase also exhibited a high photo energy
conversion efficiency. This is mainly because of the strong ester linkage formed between the
carboxyl anchoring group of EY and anatase, which allows efficient electron injection from EY to
anatase. However, this linkage was not stable in water due to hydrolysis and easily desorbed from
Ti0O, and deactivated. 830

The anchoring group has been confirmed to influence the interaction between dye and substrate.

Several experimental and theoretical studies reported that phosphonic acid was a potential

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

alternative anchoring group. 283 It had a strong binding interaction with anatase, showing better

long-term stability. Compared to the carboxylic acid anchors, the most prominent benefit of
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phosphonic acid is the greater adsorption strength, whereas the electronic properties did not
improve significantly. Pyridine group was found to be an efficient anchor for the charge injection
from fluorescent dyes to anatase. 3! The coordination bond between the pyridine ring and the Lewis
acid site behaved as a unique intermolecular charge transfer media. Moreover, the pyridine ring
exhibited high adsorption stability in water, enabling it to function effectively over extended
periods in water-splitting systems. It is necessary to consider both the binding strength and the
electronic properties of the anchoring group in order to design a high-performance water-splitting

system. Thus, we proposed the use of a pyridine ring as an anchoring group in place of the
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conventional carboxyl group to connect the EY and anatase. Since the position of the anchor
attached to the molecule plays an important role in electron transfer, the isomer (ortho-, meta, para-)
effect was considered in our theoretical study. The structures of the dye EY investigated in this
work are illustrated in Figure 1. Comparative studies on the hybrid interfaces of anatase and Eosin
Y with the different anchoring groups were performed by DFT and TD-DFT calculations. The
geometries, binding interactions between dyes and anatase, electronic structures and electron
transfer as well as the isomer effect on the dye / Ti;s0,60Hg clusters were investigated and
discussed. In addition, electron transport calculations were conducted by non-equilibrium Green’s
function at the DFT level of theory (NEGF-DFT) on the pyridine-based and the carboxyl-based
molecular junction.

Synthesis of modified Eosin Y was performed by using bromobenzaldehyde and pyridin-4-
ylboronic acid with catalytic amount of tetrakis(triphenylphosphine)palladium. Dye-sensitized
TiO, (dye/TiO,) as photocatalytic material was prepared. Photocatalytic reduction of methyl
viologen was performed to determine the light-absorbing capacity of photocatalytic materials.
Photobiocatalytic H, production of dye/TiO, coupled with E. coli was performed. Finally, we
demonstrated the photobiocatalytic NH3/H, production using dye/TiO, coupled with

cyanobacteria.

2. COMPUTATIONAL AND EXPERIMENTAL METHODS
2.1. Computational methods

Geometry optimizations of the isolated EY molecular structures shown in Figure 1 and their
complexes with charge neutral Ti;30,4)Hg cluster were performed by the DFT method with PBE

exchange-correlation functional. 32 Based on the optimized structures of dye / anatase, we studied
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the binding energies (which was the difference between the total energy of dye / anatase, isolated
dye and isolated anatase) and the optical properties of the six complexes, by performing TD-DFT
calculations with hybrid B3LYP functional. 3334 Karlsruhe def2-SV(P) 3 basis set was applied
for all atoms and N-1 Hay-Wadt 3¢ effective-core potential was employed for the titanium atoms.
Based on this method, the optimized lattice properties of anatase crystal were a=b=3.78 A and
¢=9.51 A, close to the experimental values of a=b=3.79 A and ¢=9.51 A. 37 The band gap of anatase
calculated periodic boundary condition (B3LYP functional and pob-TZVP basis set) was estimated
to be 3.28 eV, which was in good agreement with the experimental values of 3.20 eV. 3839 All the
dyes were adsorbed on the fivefold coordinated titanium atoms, which was the Lewis acid site

with high reactivity. 3340 The above calculations were implemented in the Turbomole 7.7 program.

41
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Figure 1. Molecular structures of the investigated Eosin Y isomers anchored with the conventional

carboxyl group and modified pyridine group.
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(100]

[010]<L—[001] CTT@OO®CONCH

Left lead Scattering region Right lead
Figure 2. Structures of the carboxyl-linked device (upper panel) and the pyridine-linked device
(lower panel). In all systems, the symmetrical electrodes had a length of 5.55 A, while the length
of the central region in the carboxyl-linked device and the pyridine-linked device was 30.02 A and

33.73 A, respectively.

To elucidate the mechanism of enhanced photocatalytic activity of the anatase / EY-pyridine,
electron transport calculations were performed by the NEGF-DFT method, 4> implemented in the
QuantumATK package. 43 Local density approximation (LDA) #* with the FHI 4> pseudopotential

was employed for the calculations. A single zeta-polarized basis set was chosen for the titanium

9
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atoms and a double zeta-polarized basis set was chosen for the other atoms. 4 The electric current
and transmission spectra at the carboxyl-linked molecular junction and the carboxyl-linked
molecular junction, as shown in Figure 2, were quantitively investigated in this work. The
electrode was modelled by the optimized anatase (001) - (4 x 4) surface with one O-Ti-O layer.
For the central scattering region, it was composed of the investigated anchoring group (i.e.,
carboxyl group and pyridine group), benzene and three layers from each (i.e., three O-Ti-O layers).
We used the simplest aromatic hydrocarbon benzene ring as the connection medium to investigate
the electric transport through anatase and the different anchors. During the calculations, only the
two top O-Ti-O layers as well as the investigated molecules in the scattering region were relaxed,

while the two layers on each side in the scattering region and the two electrodes were frozen.

2.2. Synthesis of modified Eosin-Y (EY)

Synthesis of modified Eosin Y was performed by using bromobenzaldehyde and pyridin-4-
ylboronic acid with catalytic amount of tetrakis(triphenylphosphine)palladium gave corresponding
(pyridin-4-yl)benzaldehyde in 64-94% yields. The obtained products were reacted with resorcinol
in methanesulfonic acid to give fluorescein type derivatives. These obtained compounds were
reacted with excess amount of bromine in ethanol. The precipitated red colored powders were
corrected to give corresponding modified Eosin Y in 36-42% yields. Thus, obtained modified
products were analysis with 'THNMR to confirm the objected product obtained. Details of synthesis

method were mentioned in support information. From 'HNMR analyses, the obtained final

product is high purity and no bi-product was contained. The 'THNMR was recorded with a Bruker
AV600 (600 MHz) or a Bruker Avance 400 III HD (400 MHz) spectrometers. The 'H NMR

chemical shifts were reported to be o values (ppm) relative to Me,Si. The absorption spectra were

10
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recorded on a Shimadzu UV-3600. All the solvents and reagents were of reagent quality, purchased

commercially, and used without further purification.

2.3. Photocatalytic activity measurement

Photocatalytic reduction of methyl viologen aims to determine the light-absorbing capacity of
photocatalytic materials. In principle, photocatalysts can absorb light energy and transfer
photoexcited electrons to methyl viologen (MV) as an electron acceptor, facilitating the reduction
of oxidized MV?" to reduced MV**. Therefore, measuring the amount of reduced MV** formed in
the reaction directly indicates the capacity of the photocatalysts.

In this work, dye-sensitized TiO, (dye/TiO,) as photocatalytic material was prepared as follows.
The hydrothermal grafting of dye onto the surface of TiO, nanoparticles was conducted without
any coupling reagents. 47 First, 12.5 mmol of TiO, powder (1 g) was dispersed in 60 mL of H,O

using ultrasonication for 5 min, followed by stirring for 30 min to form a homogeneous slurry.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Next, 7.5 pmol of dye (approximately 5 mg) was added, and the mixture was stirred for 2 h in the

dark to create a dye/TiO, suspension. The resulting suspension was then transferred to a Teflon-
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lined autoclave and heat-treated at 160°C for 8 h. After cooling to room temperature, the product
was collected by centrifugation at 10,000 x g for 5 min, thoroughly washed with deionized distilled
water to remove any unabsorbed dye molecules and dried at 100°C under vacuum to obtain
dye/Ti0, nanoparticles.

To determine the visible light-absorbing capacity of dye/TiO, nanoparticles, the reaction
mixture comprised 100 mM L-cysteine pH 6-8, 1 mg/mL photocatalyst, and 5 mM methyl
viologen (MV?") solution, with a total reaction volume of 3 mL ina 10 mm x 10 mm quartz cuvette

with a screw cap and a polytetrafluoroethylene/silicone septum. Oxygen was displaced by

11
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bubbling nitrogen gas through the solution for 2 min. The reaction was initiated by irradiation
under visible light using a 300-W Xenon lamp (MAX-303, Asahi Spectra, Japan) equipped with a
520 nm bandpass filter (XBPAS520, Asahi Spectra, Japan). At each time point during the reaction,
the cuvette was centrifuged at 1,000 x g for 1 min to precipitate the particles that might interfere
absorbance measurements. The reduced MV** formed during the photocatalytic reaction of
dye/TiO, was monitored using a UV-Vis spectrophotometer (SH-1000Lab, Corona Electric Co.,
Ltd., Japan) and quantified using a molar absorption coefficient (&) of 1.3 x 10* M-! cm!, based
on the absorbance value at 605 nm. 4349 AQY analysis for photocatalytic MV** reduction is defined
as shown below: >°

Rate of reduced MV** (mol-s—1)
Rate of incident photon (mol-s—1)

AQY (%) = 100 x

Where light intensity at 520 nm is 0.013 W/cm?, irradiation area is 1 cm?, Avogado's number is

6.022 x 10 mol!, rate of incident photon is 0.0562 x 10-6 mol/s.

2.4. Photobiocatalytic H, production of dye/TiO, coupled with E. coli

The combination of photocatalyst and biocatalyst was carried out according to our previous
report *® with slight modifications for H, production. The reaction solution consisted of 100 mM
L-cysteine pH 8, 3 mg/mL dye/TiO, composite, 5 mM MV?2" and 5 mg/mL recombinant E. coli in
a quartz reactor with a total volume of 30 mL under anaerobic condition. After connecting the
reactor to a closed gas circulation system linked to a gas chromatograph, the air in the reactor was
evacuated and replaced with argon. The reaction was then initiated by irradiation with visible light
through a 300-W Xenon lamp equipped with a 520 nm bandpass filter. At each time point, H,
produced were sampled directly using argon as a carrier gas and monitored by a gas chromatograph

(GC-8A, Shimadzu Corp., Japan) equipped with a molecular sieve 5 A column (GL Sciences Inc.,

12
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Japan), a thermal conductivity detector at an oven temperature of 50 °C and an integrator (C-R6A,
Shimadzu Corp.). AQY analysis of H, production is calculated as shown below:

2 x Rate of H, production (mol-s—1)
Rate of incident photon (mol-s—1)

AQY of H (%) = 100 x

Where light intensity at 520 nm is 0.013 W/cm?, irradiation area is 1 cm?, Avogado's number is

6.022 x 10 mol-!, rate of incident photon is 0.0562 x 10-6 mol/s.

2.5. Photobiocatalytic NH;/H, production using dye/TiO, coupled with cyanobacteria

The combination of photocatalysts and biocatalysts was performed based on our previous report
4 with slight modifications. Cyanobacterium Anabaena variabilis ATCC 29413 was utilized in
this study. Cyanobacterial cells were aerobically cultivated in Allen & Arnon medium
supplemented with 20 uM Na,MoQO, to promote heterocyst differentiation under the light intensity

of 5,000 Lux (68 pmol/m?/s) at 26 °C and 140 rpm shaking incubator. At a cell density of 1.0 at

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Aggs and chlorophyll a (Chl a) content of ~12 pg/mL, the cells were harvested by centrifugation at

10,000 x g for 5 min for experiments. The reaction solution consisted of 100 mM L-cysteine pH

Open Access Article. Published on 16 September 2025. Downloaded on 9/21/2025 11:30:56 PM.

7, 2 mg/mL of dye/TiO, composite, 10 mM MV?* and 50 mg/mL of cyanobacterial cell mass in a

(cc)

quartz reactor with a total volume of 100 mL under anaerobic condition. After connecting the
reactor to a closed gas circulation system, the reaction was initiated by irradiating it with visible
light from a 300-W xenon lamp equipped with a 520 nm bandpass filter.

At each time point, H, production and N, consumption were monitored using a gas
chromatograph (GC-8A, Shimadzu Corp., Japan) equipped with a thermal conductivity detector
and an integrator C-R6A (Shimadzu Corp.), with the oven temperature set at 50 °C. The reaction
gas was passed through a molecular sieve SA column (GL Sciences Inc., Japan) using argon as a

carrier gas. *® For NH; determination, samples were collected and filtrated using Amicon® Ultra-

13
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15 Centrifugal Filters-10K (Merck Millipore) at 5,000 x g for 1 h to remove insoluble components.
A 1-mL filtrated was injected into a cation exchange chromatography (Dionex, USA) equipped
with an TonPac™ CGI12A (4 x 50 mm) guard column and an TonPac® CS12A (4 x 250 mm)
analytical column 45!, The concentration of NH} was calculated using a calibration curve
prepared with standard NH4Cl. AQY analysis of NH; production is calculated as shown below:

3 x Rate of NH3 production (mol-s—1)

AQY of NH; (%) = 100 x
QY o 3 (%) Rate of incident photon (mol-s—1)

Where light intensity at 520 nm is 0.013 W/cm?, irradiation area is 1 cm?, Avogado's number is

6.022 x 102 mol-!, rate of incident photon is 0.0562 x 10 mol/s.

3. RESULTS AND DISCUSSION

3.1. Computational design of Eosin Y (EY)

Optimized geometries of the EY isomers with the carboxyl and pyridine anchors shown in Figure
1 adsorbed on anatase nanoparticle are shown in Figure 3. Here we show the magnified views of
the adsorption points of the molecules on anatase. Regarding the full structures of the investigated
dyes on anatase, the Cartesian coordinates of the complexes can be found in Table S1 ~ Table S6,
in the Supporting Information. EY isomers with the carboxyl anchoring group on the anatase
particle were in the H-bonded monodentate adsorption mode with the H atom of the carboxyl
group connected to the two-coordinated O atom on the anatase substrate, whereas the pyridine ring
adsorbed on the anatase by a solely Ti-N bond. The length of the main electron transport path, Ti-
O bond in the anatase / EY-carboxyl, was around 2.15 A, which was close to that reported
previously between anatase and the dyes with the carboxylic acid group, indicating a strong
binding interaction between the carboxyl group and anatase. >3 This distance was not far from

the Ti-N bond connected the pyridine ring and anatase (in the region of 2.26 A to 2.28 A). As
14


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta05712d

Page 15 of 42 Journal of Materials Chemistry A

View Article Online
DOI: 10.1039/D5TA05712D

can be seen from the calculated binding energies in Figure 3, EY isomers anchored by the carboxyl
group bind stronger than the corresponding isomers anchored by pyridine to the anatase
nanoparticle. The total energies of the isolate dyes, isolate anatase and their combined systems are
given in Table S7. On the other hand, the dihedral angles (from 82.05° to 84.93°) formed by the
O and Ti atoms of EY-carboxyl / anatase were smaller than those of EY-pyridine / anatase. The
smaller dihedral angle could maximize the interaction between adsorbate and substrate, thus
contributing to the high binding energy. >* Though the EY-pyridine isomers had weaker binding,
they show the advantage in stabilization in water compared to the unstable carboxyl group in water
due to hydrolysis. 8

The frontier molecular orbitals of the EY anchored by the carboxyl group and pyridine group
are displayed in Figure 4 and Figure 5, respectively. The highest occupied molecular orbitals
(HOMOs) of all the dyes were delocalized over the three benzene rings and mainly consisted of

2p contributions of the C, Br, and O atoms of the EY. 3 The similar HOMO distributions imply

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

that the modification of the anchoring group for the EY dye retained its molecular character. The

lowest unoccupied molecular orbital (LUMO) contributions mainly came from the Ti atoms in the

Open Access Article. Published on 16 September 2025. Downloaded on 9/21/2025 11:30:56 PM.
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center of anatase nanoparticles. Furthermore, the LUMOs were spatially separated from the
HOMOs, which could reduce the probability of electron-hole recombination upon photoexcitation.
>3 Similar to the adsorption energy, the HOMO-LUMO gaps of the EY isomers anchored by the
carboxyl group were smaller than the corresponding isomers anchored by the pyridine ring. All
the linkage types were characterized with a narrow band gap (< 2.5 eV), in visible light absorption

ranges.

15
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Figure 3. Optimized geometries and the binding energies of the Eosin Y isomers anchored by the
carboxyl and pyridine group on anatase. (a) EY, (b) MEY, (c¢) PEY, (d) OPyE, (e)MPyE, and (f)

PPyE.
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Figure 4. Frontier orbitals and energy levels of the HOMO and LUMO for the Eosin Y isomers

anchored by the carboxyl group.
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Figure 5. Frontier orbitals and energy levels of the HOMO and LUMO for the Eosin Y isomers

anchored by the pyridine group.

Though all six forms could have visible adsorption and electron transfer from the dye to the
particle, their UV-vis absorption spectra differed significantly. The wavelengths, oscillator

strengths and assignments for the two most probable singlet excitation states are reported in Table

18
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1. The main difference is in the oscillator strength for singlet excitations of the composites, with
those linked by the pyridine ring showing the higher photoactivity, compared to those linked by
the carboxyl group. The oscillator strength of the anatase sensitized by EY anchored by OPyE was
the highest (4.76 x 10-2) among the investigated complexes, which was 10 times higher than that
anchored by PEY (4.44 x 10-3). The higher transition probability indicates the stronger optical
interaction of the designed EY with the anatase particle, as well as the intense transition
corresponding to the HOMO — LUMO+1 excitation. At the same time, Anatase / OPyE showed
a significant advantage in green light absorption, ca. 520 nm, whereas a red-shift of the maximum
absorption over the range of 606 nm to 655 nm was observed for anatase / PEY. It was worth
noting that the difference between the binding energies of anatase / PEY and anatase / OPyE was
only 1.78 kcal/mol. This slight destabilization caused by anchor modification could be masked by
the non-negligible optically excited transition. In other words, anatase / OPyE presented unique

features in binding interaction, stability in water, electron transfer and light absorption. In addition,

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

there were two absorption peaks appeared at 571 nm and 615 nm in the combined system of anatase

and PPyE, which were also stronger than those calculated for anatase / PEY. The intense

Open Access Article. Published on 16 September 2025. Downloaded on 9/21/2025 11:30:56 PM.
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absorption of visible light for the anatase / EY -pyridine will have a marked effect on its application

in harvesting solar energy photocatalytic systems.
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Table 1. Computed excitation properties of the combined systems of anatase and the Eosin Y
isomers anchored by the carboxyl and pyridine group. The two most intense singlet excitation

states are reported.

Excited  Wavelength Oscillator Strength Transition assignment ?
state (nm)
Caboxyl- g8, 6372 320 %105 HoL (74%), HoL+2 (15%)
Ey) S8 52812 1.62x 105 H—L+8 (33%), H—L+6 (18%)

Ca;'fgt’;yl' So—Ss 62624 428 x10*  H—L+3 (81%)

MEY) S0~ S 736.38 178 x 10%  H—L (95%)
Ca;t;(;;(yl- So— S, 605.68 4.44 x 103 H—L+1 (96%)

PEY) S—S 65519 116 103 H—L+3 (92%)
Py;rifﬁge' So—S;  523.67 476102 H—L+1 (42%), H—L+3 (40%)

©OPyE) S0~ 53039 458x 102  H-L+1 (50%), H—L+3 (28%)
Pyggti:e- Sy— Su 574.62 4.77 x 104 H—L+3 (95%)

MPyE) S0 61914 124104 H—L+1 (97%)
Py}l;ﬁgle- 0—> S4 571.11 8.05 x 1073 H—L+3 (95%)

PpyE) S 61473 1.89x10°  H—L+1 (98%)

2 Contributions over 15% are displayed. H and L refer to HOMO and LUMO, respectively.

The above results elucidate that modifying the anchoring group to the pyridine ring could
significantly improve the photocatalytic performance of anatase. To further understand the
electron transfer by the pyridine ring, we examined the electric current in the carboxyl-linked
device and the pyridine-linked device, respectively. In the plotted /-V curves in Figure 6a and b,
the current increased with the increasing bias voltage for the two devices. Particularly, the current
increased sharply at the voltage of 1.6 V, where the current in the carboxyl-linked molecular
junction was over three orders of magnitude lower than that in the pyridine-linked one. The

transmission spectra at 1.6 V bias for the two investigated devices are given in Figure 6¢ and d.
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Both transmission spectra were characterized by the sharp peak above the Femi level, which
originated from the LUMO of the molecules. In the case of the pyridine-based device, two peaks
appeared among the bias window of [-0.8 : 0.8] eV at 1.6 V. This indicated that LUMO served as
a conducting channel when the pyridine ring connected to the anatase. Meanwhile, the calculated
energy level of the LUMOs for the combined systems of anatase and EY anchored by pyridine
(PyE) in Figure 5 were closer to Fermi energy compared to the HOMO energy. Thus, it further
confirmed that LUMO dominated the electron transport through the pyridine-connected junction.
>6 This was in line with the lower energy positions of LUMOs for the pyridine-linked anatase and
EY compared to anatase / EY-carboxyl. The intense resonance tunneling at high applied biases
through the LUMO channel contributed significantly to the high current of the pyridine-based
device. The occurrence of the similar electron injection mechanism was found in other pyridine-
linked molecular junctions, such as pyridine bridged between two Ag, Au and graphene

nanoribbon °7° based on experimental and theoretical studies. The implications of the

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

photocatalytic performance for the pyridine-anchored EY-sensitized anatase are under continuous

experimental investigation. Our work provides a design of EY with a pyridine ring to maximize

Open Access Article. Published on 16 September 2025. Downloaded on 9/21/2025 11:30:56 PM.
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the electron injection. We perforemed Mulliken population analysis of representative EY/Ti0O,
complexes to quantify interfacial charge redistribution. The results are consistent with our
conclusions on electron distribution and interface charge dynamics. In case of MPyE, it donates
~0.29 ¢~ to the Ti;gO160Hg cluster, whereas OPyE donates ~0.47 e~, leading to the higher

charge-transfer ability of OPyE.
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Figure 6. /- V curves of (a) the carboxyl-based device as well as (b) the pyridine-based device,

and the transmission spectra of (a) the carboxyl-based device as well as (b) the pyridine-based

device at 1.6 V bias, where the insets show the magnified spectra around the bias window.
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3.2. Photo spectroscopic characterization of Eosin Y (EY) on TiO,

To validate the theoretical calculation suggestions, experimental measurements for the charge
transfer from surface modified Eosin Y (EY) to TiO, was conducted. Figure 7 shows UV-Vis
absorption spectra of organic dye/TiO,. Strong absorption peak was observed around 550 nm on
all EY modified TiO, and this absorption peak is typical peak to EY. On the other hand,
modification of EY shows peaks shift depending on the modified functional group and position.
Comparing to the pristine EY, carboxyl modified EY shows higher wavenumber of absorption
peak suggesting strong electronic interaction with TiO,, which is also suggested by DFT
calculation. Since the absorbance of peak around 520 nm was weak on QPyE, MPyE, PPyE

modified TiO, comparing with carboxyl EY. This suggests molecular photoexcitation coefficient

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

seems to be small on pyridine modified EY. Figure S1 shows photographs of dye modified TiO,

and Figure S1 shows photographs of dye modified TiO,. Almost the same color, however, in

Open Access Article. Published on 16 September 2025. Downloaded on 9/21/2025 11:30:56 PM.

agreement with UV-Vis, pyridine modified TiO, shows red color. Figure S2 shows 1M aqueous

(cc)

solution of modified EY and UV-Vis of 1M aqueous solution of modified EY and almost the same
order of absorbance with that on TiO, shown in Figure 7a was observed. So, molecular excitation
coefficient is changing by modified group and PyE is generally small molecular excitation
coefficient. This could be explained by expanding the conjugation length by pyridine group.
Photoluminescence spectra is effective for analysis of annealing efficiency of photoexcited
charge. Photoexcited charge is generally recombined with hole and electron formed, and

recombination of charge forms photoluminescence or heat. As shown in Figure 7b, broad
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photoluminescence peak was observed around 600 nm on pristine EY modified TiO,. On the other
hand, the peak intensity was decreased as the following order OPyE>MPyE>PPYyE>MEY>PEY>
EY. This peak intensity represents the charge transfer efficiency and weaker intensity suggests
photoexcited charge is transferred to conduction band of TiO, with more efficiently. Since
molecular excitation efficiency was changed, normalized photoluminescence (PL) intensity by
UV-Vis absorbance was shown in Table S8. Normalized PL intensity was as follows;
MPyE>OPyE=EY>PEY>PPyE>MEY, demonstrating that the charge transfer occurs easier on
PPyE and MEY which is suggested by theoretical calculation.

Life of photoexcited charge was further studied by transient photoluminescence spectra (Figure
S3 and Table S9 in the Supporting Information). Time dependence of photoluminescence decay
period is varied with modified group and its position. In agreement with the order of PL peak
intensity shown in Figure 7b, PL decay period is also longer. The estimated decay rate on each EY
modified TiO, is also summarized in Table 2. Since fast backward reaction shows fast decay of
PL, longer PL on pyridine modified EY (t =3.03 - 3.59 ns) suggests photoexcited charge has long
life which means photoexcited electron can transfer to TiO, conduction band and charge was
separated state. This long life of photoexcited electron may be effectively transfer to the active site
to photocatalytic reaction. As predicted by theoretical calculation, para-modified pyridine EY

shows the fast charge transfer to TiO,.
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Table 2 Spectrophotometric measurements of Eosin Y and its derivatives.

Dye/TiO, EY MEY PEY OPyE MPyE PPYE
Amax (nm) 527 539 537 544 535 537
Abs (a.u.) 0.83 0.85 0.87 0.29 0.18 0.26

¢(Lmol''cm™) 88,000 79,500 86,350 29,110 17,500 26,490
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Figure 7 (a) UV-Vis and (b) photoluminescence spectra of dye/TiO, nanoparticles.
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Figure 8 Methyl viologen (MV*") reduction of different dye/TiO, nanoparticles. (a) Effect of pH
on MV** reduction and (b) stability of the nanoparticles in the reaction solution determined by

testing their reusability up to three times. The raw data are shown in Figure S4 and Figure S5.

MV** reduction experiment was performed to demonstrate the transport property of
photoexcited electrons generated by photocatalysts under light illumination. In the photocatalytic
MV** reduction by dye/TiO, nanoparticles, L-cysteine was employed as a sacrificial electron donor,
dye/TiO, composites served as the photocatalytic material, and oxidized methyl viologen
(colorless MV?") acted as an electron acceptor, with its reduced form (dark blue MV**) detectable
by spectrophotometry. It was found that no MV reduction activity occurred with pure TiO,,
indicating that pure TiO, cannot absorb visible light energy to excite electrons. In contrast, the
formation of reduced MV*" occurs in the presence of dye on the TiO, surface, implying that eosin
and its derivatives can absorb light energy at 520 nm to excite electrons to the LUMO level while

simultaneously receiving electrons from L-cysteine at the HOMO level. The reaction mechanism

of photocatalytic MV?" reduction by Dye/TiO, in this system can be proposed as follows:

hv
L-cysteine (reduced) + Dye/TiO, 520 nm Cystine (oxidized) + Dye*/TiO, + e~ (1)
e~ +MV?2* (colorless) —= MV"* (blue) 2

In general, several factors can affect the performance of photocatalyst that should be studied.
As shown in Figure 8a, the effect of pH reveals that carboxyl-eosin/TiO, composites exhibit higher
activity under acidic conditions, while pyridine-eosin/TiO, composites perform better under
alkaline conditions. This work reveals the range of optimal pH for each dye/TiO, nanoparticle in
practical applications. In addition to the pH effect, stability is another key factor to consider.
Generally, pure dye molecules dissolved in the reaction solution cannot be reused after

experiments. Therefore, dyes anchored on TiO, surface known as dye/TiO, composites have
26
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been developed to improve their reusability or more strong bonding. In this study, the reusability
of dye/TiO, nanoparticles was evaluated based on MV reduction activities at pH 8. Each
dye/Ti0, nanoparticle was reused three times for the reaction as shown in Figure 8b. Among the
different photocatalysts, AQY analysis clearly shows that only MPyE/TiO, and PPyE/Ti0, remain
stable after three reuse cycles, while the efficiency of other dye/TiO, photocatalysts decreased by
more than 50%. It is known that dyes bound to the hydroxy site of titanium dioxide by dye-carboxy
groups are easily desorbed by hydrolysis in the presence of water. %61 Although computer
modeling suggests that both carboxyl and pyridine eosin could bind on TiO,, the experimental
results indicate that only MPyE and PPyE are stable on TiO, surface in our reaction system.
Although reasonable high photoexcited property was achieved on EY without modification,
decrease in activity with time is the most serious drawback, however, MPyE and PPyE shows no
degradation during cycle uses. So, in addition to the high efficiency, high stability was achieved

by strong bonding of pyridine group of MPyE and PPyE to TiO,. Therefore, pyridine-meta and

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

pyridine-para eosin are the most suitable candidates for further development in future studies.
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Figure 9 Photobiocatalytic H, production of dye/Ti0, composite coupled with recombinant E.

coli expressing [FeFe]-hydrogenase. (a) A time-course and (b) AQY analysis of H, production
27


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta05712d

Open Access Article. Published on 16 September 2025. Downloaded on 9/21/2025 11:30:56 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

Page 28 of 42

View Article Online
DOI: 10.1039/D5TA05712D

obtained from the reaction mixture including 100 mM L-cysteine pH 8, 3 mg/mL of dye/TiO,
composite, 5 mM MV?" and 5 mg/mL cell mass of recombinant E. coli under visible light

illumination at 520 nm.

To demonstrate the usability of EY modified anatase photocatalytic for H, production, we
typically combined with a biocatalytic enzyme, hydrogenase, in photobiocatalytic process. In our
system, each dye/TiO, nanoparticle serves as a photocatalyst, while hydrogenase-expressing
bacterial cell acts as a biocatalyst in the presence of L-cysteine solution as a sacrificial electron
donor and MV?" as an electron mediator that transfers photoexcited electrons from the
photocatalyst to the biocatalyst for H, production. °° The mechanism of the photobiocatalytic
system in this work is illustrated below:

Photocatalytic reaction (light reaction):

hv
L-cysteine (reduced) + Dye/TiO, + MV?Z* 320 nm Cystine (oxidized) + Dye*/Ti0, + MV** 3)

Biocatalvtic reaction (dark reaction):

Hydrogenase in

MV + H* Recombinant E. coli MV2* + %Hz (4)

According to the results shown in Figure 9, all dye/Ti0, composites can be utilized visible light
in the photobiocatalytic system when coupled with hydrogenase-expressing recombinant E. coli
for H, production (Figure 9a). Among the five different photocatalysts, PPyE/Ti0, demonstrated
the highest activity, achieving an AQY of 1.97%, followed by OPyE/Ti0,, PEY/TiO,, MPyE/Ti0,,
EY/TiO,, and MEY/Ti0,, respectively (Figure 9b) under addition of sacrificial agent. In general,
pyridine-eosin/Ti0, composites exhibit higher efficiency than carboxyl-eosin/TiO, composites
corresponding to their photocatalytic reduction of MV?*, while pure TiO, cannot absorb light
energy at 520 nm for H, production. This indicates that dye-sensitized molecules on the surface of

Ti0; can absorb visible light energy at 520 nm, generating and transferring photoexcited electrons
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to the biocatalytic reaction in recombinant E. coli for H, production. In according with prediction,
this high AQY was assigned to the efficient charge injection of electron from dye to conduction

band of TiO,. This could be related with expanded w conjugated orbital.

3.4. Dye-modified TiO, in photobiocatalytic NH; production
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Figure 10 Rate of (a) H, production, (b) N, consumption and (¢) NH; production produced from
photobiocatalytic system of dye/TiO, coupled with cyanobacteria in the reaction system including

100 mM L-cysteine pH 7, 2 mg/mL dye/TiO,, 10 mM MV?* and 50 mg/mL cyanobacterial cell

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

mass under visible light illumination at 520 nm. The raw data are also shown in Figure S6 and

AQY analysis in Table S10.
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In nature, the ability to synthesize NHj is observed in various species of bacteria, archaea, and
cyanobacteria under ambient conditions. Nitrogenase is the only biocatalytic enzyme capable of
fixing nitrogen by breaking the strong N=N triple bond of dinitrogen (N,) gas to NH3, as shown in

Equation (5): 62

N, + 16MgATP + 8H* + 8¢~ [MoFe] —Nitrogenase

2NH; + H, + 16MgADP + 16Pi (5)
Although N,-fixing microorganisms can produce extracellular NH; without generating

greenhouse gases or requiring high energy input, nitrogen metabolism in these organisms is tightly

regulated to maintain intracellular C-N balance and amino acid pool homeostasis. ¢ Due to the
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low productivity of natural NHj; synthesis through nitrogenase activity and ATP-dependent
photosystem I, the replacement of the photosystem with photocatalysts is the focus of this study.

In the filamentous cyanobacterium A. variabilis, nitrogenase is naturally expressed from the nif’
gene cluster within differentiated heterocysts, which function as specialized sites for N, reduction.
%4 Notably, it has been reported that methyl viologen (MV?"), as an electron mediator, can transfer
electrons to nitrogenase, mimicking the natural electron flow through the P-cluster to FeMoco at
the enzyme’s active site. ©-% This finding suggests the feasibility of developing an artificial
photobiocatalytic system to enhance NH3 production efficiency under mild conditions.

In this study, dye-modified TiO, was applied in a photobiocatalytic system coupled with
cyanobacteria A. variabilis for NH; production in the presence of MV?* and a sacrificial electron
donor under visible light (520 nm). During the reaction, the kinetics of H, production and N,
consumption were simultaneously monitored, as shown in Figure S6 (Supporting Information).
The rates of NH; production, H, production, and N, consumption are presented in Figure 10.
Among the different dye/Ti0, composites tested, pyridine-EY/TiO, (particularly PPyE/ TiO, and
OPyE/Ti0O,) demonstrated higher efficiency in this system, with superior rates and AQY compared
to carboxyl-EY/Ti0,, as shown in Table S10 (Supporting Information). However, no significant
differences were observed in the rates of N, consumption.

The results demonstrate that L-cysteine acts as an effective sacrificial reagent, donating
electrons to deplete the HOMO level of dye/TiO, particles. The excited electrons are transferred
to MV?2*, reducing it to MV** during the photocatalytic reaction, which proceeds similarly to the
light reaction of H, production described in Equation (3). The simultaneous production of NHj3
and H,, along with N, consumption, indicates that the reduced MV** molecules serve as electron

mediators, transferring electrons to cyanobacterial nitrogenase for N, reduction and NHs/H,
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generation under visible light (520 nm). The proposed reaction mechanism for artificial
photobiocatalytic NH; production using dye/Ti0O, and cyanobacteria is outlined below:

Photocatalytic reaction (light reaction):

hv
L-cysteine (reduced) + Dye/TiO, + MV?Z* 20 nm Cystine (oxidized) + Dye*/Ti0, + MV** (6)

Biocatalvtic reaction (dark reaction):

[MoFe] —Nitrogenase
in cyanobacteria

N, + 8MV**+ 8H* ONH; + H, (7)

4. CONCLUSION

This study explored the possibility of improving the photocatalytic performance of EY / anatase
Ti10, by anchoring modification. Pyridine ring was used to replace the conventional carboxyl group
linker. The structures, adsorption strengths, and electron transfer properties for the systems of
anatase and EY anchored by the carboxyl and pyridine ring position were investigated through

DFT and TD-DFT calculations and confirmed with experimental support. The adsorption of EY

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

with the carboxyl acid was found to be much stronger than that with the pyridine ring, irrespective

Open Access Article. Published on 16 September 2025. Downloaded on 9/21/2025 11:30:56 PM.

of the anchor positions (ortho, para, meta). While pyridine-linked EY and anatase showed

(cc)

prominent optical properties, the calculated oscillator strength of anatase / EY with pyridine-ortho
was the highest among the six investigated systems, which was over ten times higher than that
with carboxyl-para (the highest form among carboxyl anchors). NEGF-DFT calculations were
used to elucidate the electron transport in the pyridine-based device and the carboxyl-based device.
It was found that the electric current in the pyridine-based device was higher compared to that in
the carboxyl-based device. In the case of the pyridine-based device, the transmission spectra at the
applied bias showed that two peaks entered the bias window due to the strong electron transfer in

the conducting channel, contributing to the high oscillator strength and enhanced catalytic activity.
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The results imply the promising design of utilizing a pyridine anchor for the EY / anatase cluster
compared to the carboxyl anchor. Experimental validations support this design strategy in good
agreement. In particular, by modifying TiO, with para pyridine MY, AQY for H, and NH;
formation under irradiation of 520 nm visible light was achieved ca. 2 and 0.67 % under addition
of sacrificial agent, respectively. No decrease in activity over three times repetition suggesting
pyridine linker is effective not only for charge transfer but also stable adsorption on anatase. This
study demonstrated that molecular design for modified dye by DFT and NEGT-DFT calculation

is highly efficient and effective for finding new organic dye with more efficient charge transfer.
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