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ABSTRACT: An efficient hybrid photoanode based on the anodic ) »

TiO, layer covered with gold nanoparticles (AuNPs) and BODIPY ,E"h?"fed f”'ar'd_'":":' e s::'{'f'"g ll o] T Tose—ammaRy

(boradiazaindacene) microrods for solar-driven water splitting | R g 4 "5 2

experiments was developed. The BODIPY derivative (B-1) was < 101

synthesized, and their stability in different solvents was >

characterized in order to prepare the heterojunction photo- i

electrode. An insight into materials’ properties was gained by 3

evaluating their morphology, optical, semiconducting, and photo- £ 20

electrochemical performance. By combining the unique morphol- °E -
time /s

ogy of anodic TiO, nanotubes with the electron trapping abilities of
AuNPs and the light absorption properties of the BODIPY dye, a
novel heterojunction photoanode generating 15 times higher photocurrent (~120 gA cm™?) than pristine anodic TiO, (~8 uA
cm™2) was obtained.

1. INTRODUCTION There are very few reports on coupling the BODIPY dye
with TiO,** For instance, Jayworth et al*® studied the
covalent attachment of BODIPY and dipyrrin molecules to the
surface of TiO, nanoparticles. In the case of metal oxides, such

Given their unique geometry, anodic TiO, nanotubes show
extraordinary chemical, electrical, photocatalytic, and optical

prop'ertle.s that make them cons1dered. -for a variety of bonding typically requires the presence of an anchoring group
apphcatlcl)éls, for exam.plslei dye-sensitized ?olarsﬁcells (e.g., a carboxylic acid group). It was shown that even without
(DSSCSQ’ P I'lotcsaca.talyms, . pghotoelectrochemls.try,' gas the introduction of anchors in the BODIPY structure, the
sensors,” batteries,” biomaterials,” and more. Considering the unmodified dye can bind to the TiO, surface via its BE, group

limitations of its effective use in visible light, the engineering of through boron—oxygen surface bonds, as long as the 3 and
new hybrid materials based on coupling with co-catalyst,"” positions of the pyrrole rings are unsubstituted. It was also
doping,'" defects engineering,'” and sensitization'>'* (with reported that BODIPY-based dyes are characterized by
other semiconductors, polymers,15’16 or dyes) is still broadly ultrafast electron injection into the conduction band of TiO,
exploited. Sensitization of TiO, with dyes is often used for nanoparticles, indicating that the electron injection is not
creating solar cell systems. To date, anodic TiO, was coupled inhibited by any binding-induced structural changes.36

with a commonly studied Ru(II) complex dye (N719),»"77** Another interesting study devoted to nanotubular TiO,

P3DT [poly (3-decylthiophene)],”” and boradiazaindacenes sensitized with the BODIPY dyes was reported by Gonzalez-
known as BODIPY dyes™ as donors for heterojunction solar Valls et al.*® It was shown that DSSCs with BODIPY dye

cells. molecules have 27 times higher incident photon-to-current

BODIPY dyes are a very attractive group of compounds with efficiency (IPCE) than with a commercially available N719
useful fluorescent labels for biomolecules,”* and their new dye. It was demonstrated that the amount of B3 BODIPY
derivatives have found applications as chemosensors,” light adsorbed on the TiO, NTs surface was 100 times smaller than

absorbers,”® logic gates,”” theranostic agents for photodynamic the commercial N719 dye. This indicates a strong absorption

therapy,”® and photoinitiators for cationic photopolymeriza-

tion for 3D printing.”””" One of the advantages of BODIPY Received: February 10, 2023
dye sensitization for energy-related applications® ~* (DSSC or Revised:  April 26, 2023
photocatalytic) compared to commercial N719 is a metal-free Published: May 15, 2023

structure, which makes it more cost-effective and environ-
mentally friendly.>* What is more, the B—N bond offers good
dye stability in different solvents.”

© 2023 The Authors. Published b
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coefficient of the B3 dye, efficient photon-to-electron
conversion, and BODIPY dye injection efficiency, which was
especially evidenced for IPCE normalized to the quantity of
the dye for each solar cell. These results clearly showed the
great potential of BODIPY molecules as sensitizers.

To the best of our knowledge, BODIPY dye-sensitized TiO,
layers were only considered until now as electrodes in DSSC
cells. Here, we present for the first time novel photoanodes
based on anodic TiO, layers covered with gold nanoparticles
(AuNPs) and BODIPY microrods for solar-driven water
splitting experiments. The BODIPY derivative was synthesized,
and its stability in different solvents was characterized to
produce the efficient photoelectrode. The material properties
were comprehensively elucidated by studying their morphol-
ogy, composition, optical, semiconducting, and photoelec-
trochemical performance.

2. EXPERIMENTAL SECTION
2.1. Synthesis of BODIPY B-1. All inorganic salts, organic

reagents, and solvents were analytically pure and used without
further purification. The chromophore 4,4-difluoro-1,3,5,7,8-
pentamethyl-4-bora-3a, 4a-diaza-s-indacene (BODIPY B-1)
was used in this research. The compound has previously
been used as a precursor/intermediate for the preparation of
iodonium salts to initiate cationic and radical photopolyme-
rization processes.”’ The synthesis procedure of the
chromophore consisted of 3 steps. In the first step, 2,4-
dimethylpyrrole (21 mmol) was dissolved in dichloromethane
(DCM, 8 cm?), purged with argon, and then acetyl chloride
(49 mmol) was added dropwise to the mixture for 30 min.
Subsequently, 40 cm® hexane was added, after which the
mixture was evaporated to dryness. In the next step, the residue
was dissolved in 97 cm® DCM, then triethylamine (61 mmol)
was added to the mixture, and the whole mixture was stirred
for 10 min under argon at room temperature. After that, in the
3rd step, 262 mmol boron trifluoride diethyl ether was added
to the mixture, and the overall mixture was continuously
stirred for 1 h under argon at room temperature. The progress
of the reaction was verified using thin-layer chromatography
(TLC). After completion of the reaction, the mixture was
washed with a saturated aqueous NaHCOj solution and dried
over Na,SO,, then the solvents were evaporated, and the
compound was purified using ethyl acetate crystallization. The
structure and purity of the obtained products were confirmed
by NMR and LC—MS analysis. The reaction scheme is shown
in Figure 1, and synthesis details as well as "H and *CNMR
spectra were presented in our previous article.”

1). 2 4-dimethyl pyrrole, DCM, acetyl chloride, 30 min, RT
2). triethylamine, 10 min, RT \
3). boron triflucride etherate, 1h, RT

B
N R

=
ﬁ\ ) N, =N=

Figure 1. Scheme for the synthesis of the chromophore 4,4-difluoro-
1,3,5,7,8-pentamethyl-4-bora-3a, 4a-diaza-s-indacene (BODIPY B-1).

2.2. Synthesis of Anodic TiO, Layers. The Ti foil (99.5%
purity, 0.25 mm thick) was degreased in acetone and ethanol
and subjected to electrochemical and chemical polishing
according to the procedure previously reported.”” The anodic
titanium dioxide layers were prepared by a three-step
anodization process in ethylene glycol containing NH,F
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(0.38 wt %) and H,O (1.79 wt %) at a constant potential of
40 V. The process was performed at 20 °C in a two-electrode
cell, where the Ti sample was used as an anode and the Ti plate
as a cathode. The first and second anodizing steps were carried
out for 3 h. The oxide films formed during the first and second
steps of anodization were removed using an adhesive tape.
Before the third anodization, the electrochemical cell was filled
with a fresh portion of the electrolyte, and the sample was
anodized for 10 min. Afterward, the sample was annealed in air
at 400 °C (with a heating rate of 2 °C min™") for 2 h using a
muffle furnace (model FCF SSHM Z, Czylok, Poland).

2.3. Photodeposition of AuNPs and Deposition of
BODIPY Microrods on the TiO, Surface. AuNPs were
synthesized by photoreduction of HAuCl, in the presence of
anodic TiO, and UV light.38 A mixture used for the
photoreduction process consisted of 0.24 M HAuCl, and 0.3
M citric acid solutions mixed in a 1:39 volume ratio. The
annealed TiO, sample was immersed in 2.5 mL of the as-
prepared mixture and was irradiated in a photoreactor
(Instytut Fotonowy, Poland) with UVA lamps for 15 min.
The absorbance of the solution before and after the synthesis
was measured using the Lambda 750S spectrometer
(PerkinElmer) in the range of 250—800 nm. The AuNPs
diameter and their zeta potential in the solution after
photoreduction were measured using the Malvern Zetasizer
Nano ZS. In the next step, SO mg of BODIPY (B-1) dye was
dissolved in 5 mL of acetone, and 2 uL of the solution was
drop-cast on the surface of annealed TiO, (1 cm?) and then
dried in air for 24 h.

2.4. Characterization Methods. Fluorescence emission
spectra of synthesized BODIPY B-1 in various solvents with
different polarities were recorded using a HORIBA spectro-
fluorometer at varied excitation and observation wavelengths in
the range of 200—800 nm. The emission spectrum was
collected in the range of 480—680 nm. The excitation
wavelength was 365 nm, and the spectral bandwidth was set
at 0.6 nm. 3D emission spectra were also recorded with the
spectrofluorometer FluoroMAX 4Plus with the MicroMax Plus
microwell plate reader (HORIBA, Kyoto, Japan), which was
used for standard 96-well plates (Thermo Scientific). The
scanning range of 3D fluorescence was 300—800 nm, in which
the excitation wavelength started at 300 nm and ended at 600
nm with a step of 2 nm and an emission bandwidth of 0.6 nm.

The morphology of prepared electrodes was examined using
field-emission scanning electron microscopy (FE-SEM/EDS,
Hitachi S-4700). Fourier-transform infrared spectroscopy
(FTIR) spectra were recorded using a Nicolet iS10 FT-IR
spectrometer with an attenuated total reflectance (ATR)
attachment (SMART iTX) (Waltham, MA, USA). AuNPs
were centrifuged at 10,000 rpm for 10 min and then dried
under a reduced pressure at 40 °C. Fluorescence microscopy
imaging was performed using a Nikon Eclipse LV100
microscope in fluorescence mode with a Prior Lumen 200
light source. The UV—vis diffuse reflectance spectra (UV—Vis
DRS) were recorded using the LAMBDA 750S spectrometer
(PerkinElmer) equipped with an integrating sphere module in
the range of 250—800 nm.

2.5. Electrochemical and Photoelectrochemical Tests.
Electrochemical measurements were carried out in a Teflon
cell with a quartz window in a three-electrode system, where
anodic TiO, layers were used as the working electrode (WE), a
platinum foil as the counter electrode (CE), and a saturated
calomel electrode (SCE) as the reference electrode (RE). The

https://doi.org/10.1021/acs.jpcc.3c00931
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Figure 2. 4,4-Difluoro-1,3,5,7,8-pentamethyl-4-bora-3a, 4a-diaza-s-indacene (BODIPY B-1) spectrum in acetonitrile in 2D (A) and 3D (B)
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Figure 3. (A) Normalized fluorescence emission spectra for 4,4-difluoro-1,3,5,7,8-pentametylo-4-bora-3a,4a-diaza-s-indacene (BODIPY B-1) in
solvents with different polarities. (B) Position of the emission intensity peak as a function of the normalized solvent polarity Ey for BODIPY B-1.
Inset: pictures of fluorescence vials filled with BODIPY B-1 in various solvents.

WE was illuminated with AM 1.5 G standard sunlight using a
xenon illuminator of 150 W (Instytut Fotonowy, Poland)
combined with the PalmSens4 (PalmSens BV, The Nether-
lands) potentiostat. The generated photocurrents were
measured in 0.1 M KNO; (pH = 6) and with the addition
of 10% vol ethanol.

The semiconducting properties of the studied materials were
studied using a Mott—Schottky analysis performed in a three-
electrode system using the Gamry Reference 3000 potentio-
stat. Measurements were carried out in the dark at frequencies
of 200, 500, and 1000 Hz during the cathodic scan.

3. RESULTS AND DISCUSSION

3.1. BODIPY Solvatochromic Effect. BODIPY dyes are
unique fluorophores that can be used in many fields due to
their remarkable photophysical properties, such as high molar
absorption, tunable absorption and emission energies, and high
fluorescence quantum yield.”® The synthesized BODIPY
derivative B-1 exhibits absorption up to 500 nm and emission
up to 640 nm in acetonitrile (Figure 2).

In order to support the reproducibility and stability of the
proposed TiO,/Au/BODIPY photoelectrodes, BODIPY B-1
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stability tests were performed in different solvents, and the
solvatochromic effect was studied. The solvatochromic effect
results from a change in the energy of a molecule in a solution
relative to the energy of a free molecule. The energy of the free
molecule consists of, among others, dispersion interactions—
mainly the polarization of the molecule, electrostatic
interactions, and the solvent Stark effect. The Stark effect
occurs when there is a fluctuation of the solvent in the vicinity
of a non-polar solute molecule, which in turn leads to the
electric field weakening. For this goal, the BODIPY
chromophore was dissolved in solvents having different
polarities, such as acetonitrile, acetone, ethyl acetate, chloro-
form, 1,4-dioxane, methanol, DCM, dimethylformamide,
diethyl ether, dimethyl sulfoxide, and toluene. The effect of
solvent polarity on the emission spectra of the BODIPY
chromophore was studied using the normalized solvent
polarity Ey scale. This scale assumes that tetramethylsilane
(TMS) is the least polar solvent and has the Ex value of 0,
while water is the most polar solvent and has the Ey value of 1.
The value of EY for a given solvent can be calculated from the
following eq 13940

https://doi.org/10.1021/acs.jpcc.3c00931
J. Phys. Chem. C 2023, 127, 9471-9480
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T _ E(solvent) — E1(TMS) _ E(solvent) — 30.7
N Ep(water) — Ef(TMS) 324

(1)
where Er is solvent polarity.

No significant changes in the emission spectrum of the
studied BODIPY chromophore were observed when solvents
with different polarities were used (Figure 3). This shows that
the BODIPY B-1 dye is extremely stable in solvents with
different polarities, which is extremely important for its further
applications (Table 1S, Supporting Information). In addition, a
correlation between solvent polarity expressed in the EY scale
and fluorescence emission intensity was also performed, from
which it is obvious that solvent polarity does not affect
considerably the emission spectrum of BODIPY B-1 (Figure
3B). Based on these data, we decided to use acetone as a
solvent to prepare a BODIPY solution for further studies.

3.2. Preparation of Anodic TiO,/Au/BODIPY Materi-
als. The schematic diagram of the fabrication process of
anodic TiO,/Au/BODIPY electrodes is presented in Figure 4.

lectrochemically and chemically
polished

3-step anodization
followed by annealing

anodic TiO:

| ©

Gold nanoparticles
deposition

BODIPY deposition

anodic TiO:/
Ti

anodic TiOz/  /
Ti

Figure 4. Schematic diagram of the fabrication process of (i) anodic
TiO, nanotubes, (ii) anodic TiO,/Au, and (iii) anodic TiO,/Au/
BODIPY.

It is widely recognized that a multi-step anodizing procedure of
some metals, for example, AI*"* and Ti,*"* results in highly
ordered porous/tubular oxide structures, which have a crucial
impact on photoelectrochemical applications.** It was reported
that the chemically and electrochemically polished Ti surface
facilitates the formation of TiO, layers with highly ordered
pore/tube arrangements.”’ Therefore, the polished titanium
surface was subjected to a 3-step anodization process at
constant voltage, and then synthesized layers were annealed at
400 °C to obtain the anatase TiO, phase (Figure 4, stage i).%*°
In the second step, annealed TiO, layers were used as a
catalyst and substrate for the deposition of Au nanoparticles by
the photoreduction of HAuCl, in the presence of UV light
(Figure S1A, Supporting Information). As a result, AuNPs
were synthesized on the surface of the nanotubular TiO,
substrate (Figure 4, stage ii). In the final step, the BODIPY B-1
dye was drop-cast on Au/TiO, materials to form the final
electrode (Figure 4, stage iii). The morphology of the obtained
materials at each preparation stage is presented in Figure 5.
The characteristic morphology of TiO, with an ordered
arrangement of nanotubes having a regular inner tube diameter
of ~55 nm is presented in Figure SA. As can be seen, after the
photodeposition, the surface of the semiconducting material
was evenly covered with AuNPs with a diameter of 20—30 nm
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(Figure SB). The hydrodynamic diameter of AuNPs estimated
in the remaining solution just after photodeposition (Figure
S1B, Supporting Information) was around 10 nm, which
suggests that during the drying of the electrode material,
nanoparticles agglomerate on its surface. The morphology of
the fabricated hybrid electrode (anodic TiO,/Au/BODIPY) is
presented in Figure SC,D (with the corresponding EDS
mapping, Figure SEJF). The BODIPY B-1 microrods are
dispersed uniformly over the whole TiO, surface and have a
diameter of 0.4—1.5 yum and a length of 1—90 ym. The energy-
dispersive X-ray spectroscopy (EDS) mapping confirmed the
presence of Ti, O, C, F, and Au. It is also clearly visible that
microrods are mainly composed of carbon and some traces of
fluoride, for which EDS maps evidently overlap with the SEM
image of the spindle BODIPY microrod (Figure SD).
Moreover, the distribution of AuNPs over the material surface
is uniform, as confirmed by the EDS elemental mapping
presented in Figure SE.

The chemical composition of the studied materials was also
confirmed by FTIR analysis (Figure 6A). A bare substrate
(TiO, nanotubes) does not show any visible oscillations, while,
after the deposition of AuNPs, peaks from Au (highlighted in
beige) appeared at ~1400 and ~1700 cm™'. These data are
consistent with those reported in the literature.*® For TiO,/
BODIPY, the appearance of dye is indicated by two peaks at
~1200 and ~1550 cm™ (highlighted in yellow).”** In the
final material (TiO,/Au/BODIPY), all the above-mentioned
oscillations are present, suggesting a successful surface loading
of both AuNPs and dye on TiO, nanotubes. Moreover, to
confirm that the BODIPY dye preserved its fluorescence
properties after deposition on the TiO,/Au material, a confocal
image was taken (Figure 6B). The fluorescence emitted by the
specimen was clearly detected. One of the key parameters
influencing the semiconducting properties of the materials is
their ability to absorb the radiation, which is expressed by the
band gap energy. The DRS UV—Vis spectra of the studied
materials (Figure 6C) show characteristic reflectance minima
at around 350 nm, which are related to the band gap energy in
the TiO, anatase structure. Enhanced absorption in the region
of 450—800 nm (compared to anodic TiO, layers) was
observed for the samples with deposited AuNPs, and the
presence of BODIPY microrods raised it even further.
Enhanced absorption of TiO,/Au materials at around 500—
550 nm is caused by localized surface plasmon resonance
(LSPR),* in which peak position and intensity depend on the
nanoparticle size and shape. Another important factor which
can potentially change the electronic structure of anodic TiO,
is the strong metal—support interaction (SMSI), which is an
interaction between the AuNPs and the surface of anodic
TiO,.**7>" 1t can result in the generation of local point defects
such as Ti** sites and oxygen vacancies in the oxide lattice,”>**
which in turn can enhance visible light absorption by TiO,.”” It
is widely recognized that the presence of point defects in the
semiconductor structure is responsible for the generation of
mid gap states, which result in the modification of absorption/
reflectance spectra. What is more, the deposition of dye on the
TiO,/Au substrate improved the absorption of the material,
especially in the visible range (600—800 nm) as previously
reported by Gee et al.*® To calculate the optical band gap
energy, the DRS spectra were transformed into the Kubelka—
Munk function and then plotted as Tauc’s relations (Figure
6D). It is widely recognized that anodic TiO, layers annealed
at 400 °C for 2 h in the air have the anatase crystal structure®
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Figure 5. SEM images of anodic TiO, layers (A), anodic TiO, with deposited AuNPs (B), and anodic TiO, with deposited AuNPs and BODIPY
B-1 microrods (C—F). Corresponding EDS analysis of the TiO,/Au/BODIPY material (E).

with a characteristic band gap of 3.3 eV, and consequently,
such a band gap is observed also for the studied TiO,/Au and
TiO,/Au/BODIPY materials (Figure 6B). Moreover, for the
modified materials, changes in the Tauc plots in the range of
2.6—2.0 eV are observed due to enhanced absorption caused
by AuNPs. What is more, for the TiO,/Au/BODIPY sample,
another band gap with an energy of 1.8 eV is clearly visible and
is related to the presence of the BODIPY dye, as previously
reported.”>**>*

The studied materials were used as photoanodes for light-
assisted water splitting (Figure 7) under monochromatic
(Figure 7A) and solar (Figure 7B—D) illumination. Mono-
chromatic light in the wavelength range of 300—450 nm was
used for the illumination of photoanodes polarized at 1 V vs
SCE in a 0.1 M KNO; solution (Figure 7A, inset). The
obtained photocurrent densities were converted into IPCE
values using the following eq 2%'*

I(4)
IPCE = 1240-
P

)
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where Ip(l) is the photocurrent density (A cm™2) at the
wavelength 4 (nm), P(1) is the incident power density of light
(W m™) at the wavelength A (nm), and 1240 is a constant (W
nm A™'). It can be seen that anodic TiO, and TiO,/Au are
characterized by maximum IPCE at 350 nm; however,
generated photocurrents at the AuNPs-modified TiO, photo-
anode are higher. Enhanced TiO,/Au properties are connected
to the excitation of Au LSPR that might promote photo-
catalytic reactions on the TiO, surface according to (i) hot
electron transfer from Au LSPR to the TiO, conduction band,
(ii) plasmonic-induced resonance energy transfer (PRET), or
(iii) plasmon-induced local heelting.“g’50 Moreover, the
presence of AuNPs may improve the electron lifetime and
reduce the rate of charge recombination.”

The additional deposition of BODIPY microrods on the
TiO,/Au surface affects the IPCE spectrum in the UV/violet
spectral region and increases its intensity in visible light (up to
c.a. 410 nm). This effect can be attributed to the enhanced
absorption ability of the created heterojunction.”® A second set
of photoelectrochemical tests was carried out under simulated
solar light at the same polarization conditions (Figure 7B). For
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simulated solar light illumination, the differences in the
effectiveness of the tested electrodes are much more
pronounced. Anodic TiO, generates a photocurrent density
of about 8 A cm™%; however, after the deposition of AuNPs, a
fourfold increase in photocurrent density can be seen. When
the photoelectrode is additionally sensitized with the BODIPY
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B-1dye, the photoresponse is over 14 times higher. For the
TiO,/BODIPY electrode, a photocurrent density of ~6 yA
cm™? is observed, which suggests a blocking effect of the dye
on the activity of the TiO, electrode rather than enhancing its
properties (Figure S2, Supporting Information). This clearly
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demonstrates that the presence of AuNPs is crucial to
obtaining an effective heterostructured photoanode.

To gain a better understanding of the photoelectrochemical
phenomena taking place during the exposure of photoanodes
to solar illumination, the electron—hole recombination kinetics
was calculated based on the following eq 3°7°*

J = = (t/D)
]0 - ]ss

()

where ], is the photocurrent peak, ], is the steady-state
photocurrent, J, is the photocurrent at time ¢, and 7 is the
transient time constant. The higher the transient time constant,
the slower the recombination of charge carriers. The
recombination of photogenerated charge carriers may occur
as a result of the accumulation of electrons in the semi-
conductor bulk and holes near its surface and/or the trapping
of electrons or holes at surface states. To determine a
recombination time constant, In D vs time curves were plotted
and are presented in Figure 7C. For the anodic TiO,, a steady-
state photocurrent was observed as a result of the applied
potential of 1 V vs SCE. This result fits into the voltage-
dependent charge recombination 5phenomenon of anodic TiO,
reported in our previous paper.”” Comparing the calculated
transient time constants for the modified anodic TiO,
photoanodes, it is visible that the presence of AuNPs on the
nanostructured TiO, surface is not as effective the charge
separation factor as the additional deposition of BODIPY B-1
microrods, which prolongs 7 by an extra 1.8 s. These results
clearly indicate that the organic component (BODIPY dye) of
the hybrid photoanode slows down the electron—hole
recombination process. To confirm this observation, a hole
scavenger (ethanol) was added to the electrolyte, and the test
was repeated (Figure 7D). The higher photoresponse of the
TiO,/Au/BODIPY electrode in the presence of ethanol can be
attributed to the effective scavenging of holes by alcohol
molecules, resulting in decreased recombination losses. What is
more, this effect is also connected with the current doubling
effect resulting from the direct oxidation of the ethanol radical
at the material surface, which gives an additional free
electron.®”!

Long-term stability tests were carried out over 3 months by
measuring, at certain time intervals, the photocurrent
generated at the TiO,/Au/BODIPY photoanode in the

9477

photoelectrochemical water splitting experiments (Figure
7E). The results showed a 20% decrease in the photocurrent
response after 3 months of storage at room conditions (Figure
S$3, Supporting Information). Nevertheless, the generated
photocurrent was still much higher than for the unmodified
TiO, and TiO,/Au samples.

To understand better how the studied TiO,/Au/BODIPY
heterojunction works, the energy levels of the conduction and
valence bands of the electrodes should be estimated. The flat
band potential and donor densities were estimated at the
frequencies of 200, 500, and 1000 Hz using Mott—Schottky
analysis eq 4%

(4)

where C,. is the capacitance of the space charge region (F
ecm™?), Ny is the donor density (cm™3), € is the dielectric
constant of TiO, (100),° &, is the permittivity of free space
(8.85 X 107" F cm™), q is the electron charge (1.602 x 107"
C), E is the applied potential (V), Eg is a flat band potential
(V), T is the absolute temperature (K), and k is the Boltzmann
constant (1.38 X 107> J K™'). A linear dependence of C,. 2 vs
applied potential with a positive slope (Figure 8A) indicates n-
type semiconducting behavior. As can be seen, anodic TiO, is
an n-type semiconductor with a flat band potential of —0.29 V
vs SCE, which in fact represents the interfacial capacitance of
the electric double layer at the semiconductor-/electrolyte
interface. After the deposition of AuNPs on the TiO, surface, a
second more negative flat band energy can be observed, and it
is related to the formation of the Schottky barrier at the
semiconductor-/metal interface. These observations are
consistent with literature reports.”> Moreover, the donor
densities were estimated for both photoelectrodes (Figure 8B),
and an increase in the donor density from 1.2 X 107" cm™ for
TiO, to 1.5 X 107 em™ for TiO,/Au was observed (for
details, see Table S2, Supporting Information).

Figure 9 presents an energy diagram for the TiO,/Au/
BODIPY heterojunction photoanode exposed to solar
irradiation. The incident photon causes excitation of the
BODIPY dye molecule. The highest occupied molecular
orbital (HOMO) primarily consists of 7-electron framework
of BODIPY and styryl groups, with a significant contribution
from 7 electrons of the diphenylamino substituent, while the

https://doi.org/10.1021/acs.jpcc.3c00931
J. Phys. Chem. C 2023, 127, 9471-9480


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c00931/suppl_file/jp3c00931_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c00931/suppl_file/jp3c00931_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c00931?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c00931?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c00931?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c00931?fig=fig8&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c00931?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

TriosawsopiPY  ~Blok

'
W
1

\
plasmonic efect

S E,~1.8 eV
& =t " |BoDIPY
= B
55 o
Q@ 1
=
m_s__
.7—_

Figure 9. TiO,/Au/BODIPY heterojunction photoanode while
exposed to solar irradiation.

lowest unoccupied molecular orbital (LUMO) is typically
formed from 7 electrons of the anchor group.”* The reported
energies of the LUMO (—3.31 eV) and HOMO (—5.05 eV)
were used for the construction of our energy diagram.”’ The
electrons from the excited BODIPY B-1 dye are transferred to
the AuNPs, in which the plasmonic effect of gathering the
electrons helps for the delocalization of the photogenerated
electrons and, consequently, increases the efliciency of the
electron—hole pair separation. Then, the electrons that have a
higher energy than the Schottky barrier can be injected into
the conduction band of the semiconductor. Moreover, direct
tunneling of some electrons from the dye to the semi-
conductor, AuNPs, should be also considered.®*®*

4. CONCLUSIONS

By combining the unique morphology of anodic TiO,
nanotubes with the electron trapping abilities of AuNPs and
the light absorption properties of the BODIPY dye, a novel
efficient hybrid photoanode for photoelectrochemical water
splitting was developed. The BODIPY dye microrods had a
diameter of 0.43—1.5 ym and a length ranging from 1 to 90
um. BODIPY microrods were uniformly deposited over the
TiO, surface with dispersed Au nanoparticles.

The obtained TiO,/Au/BODIPY electrode generated over
14 times higher photocurrent than pristine anodic TiO,. The
calculated transient time constants indicated that at the applied
potential conditions, the presence of AuNPs on the surface of
TiO, nanotubes increased the rate of charge carrier
recombination, which was further inhibited by the additional
deposition of BODIPY microrods. Moreover, the TiO,/Au/
BODIPY photoelectrode showed a satisfying photoresponse
even after 3 months of storage, and after the storage period, the
generated photocurrent was still over 10 times higher than that
observed for pristine anodic TiO,.
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