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Photocatalytic hybrid systems were realized by associating bismuth vanadate (BiVO,4) nanostructured thin
films with anchored organic and metal-organic complex molecules. The chosen dyes are based on
indoline and azo-based moieties. Optical and photoinduced charge transfer features were investigated
experimentally and analysed theoretically through the electron band alignment on the organic/inorganic
interface. Quantum calculations were carried out for the studied hybrid systems by using DFT and semi-
empirical approaches. The calculations were performed by implementing a cluster model applied for the
nanostructures and hybrid systems. The electronic density peculiarities point out efficient charge transfer

for D149 based hybrids compared to azo-based systems. The electron distribution in hybrid systems
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(KFM) maps the way to understanding the photoinduced charge transfer occurring at the interfaces
DOI: 10.1039/c9ra05373¢ between organic dyes and an inorganic photocatalyst. The presented approach helps to predict suitable

rsc.li/rsc-advances photoactive hybrid materials leading to efficient photocatalytic devices.
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Introduction

Modern technology strives to meet the expectations of today's
consumers, as well as placing a special emphasis on environ-
mental friendly materials. Therefore, in recent years there has
been rapid development of new classes of photoactive materials
for photocatalytic purification of water from harmful organic
substances, as well as production of hydrogen or oxygen by
water splitting.** Hybrid systems based on semiconductor
oxides such as zinc oxide (ZnO), titanium dioxide (TiO,) or
bismuth vanadate (BiVO,) were considered for the mentioned
purposes.®® Metal oxides as photocatalysts can be used in the
form of nanoparticles or thin films with high contact surface to
ensure anchoring of dye molecules. The objective of this
approach is to harvest a large spectral solar radiation enhancing
the photogenerated charge carriers and their lifetimes. The
organic sensitizers must satisfy the requirement of mutual
compatibility of their electronic structure (HOMO, LUMO) with
the levels of the conduction band minimum (CBM) and valence
band maximum (VBM) of a semiconductor to ensure efficient
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photoinduced charge transfer at the organic-inorganic inter-
faces.’ The main requirement for the hybrid interface assumes
low HOMO-LUMO energy difference for the organic molecule
and compatibility of its energy levels with respect to those of the
semiconducting structure. Thus, an efficient flow of photo-
generated electrons occurs from the dyes to the semiconducting
material where, in consequence, the number of photoelectrons
increases.” In this process, photoactivated electrons are
promoted from the dyes HOMO orbital to the conduction band
of a semiconductor media where electron-hole (e -h") pairs are
created and move toward the surface of the photocatalyst.'* The
electronic features of the underlying media define the charge
mobility within volume paths and the possible electron-hole
recombination time. The e~ and h* collected on the surface of
the material induce the key oxidation and reduction processes
of surface adsorbed species leading to superoxide and hydroxyl
radicals on the surrounding media. These processes represent
the bases of photocatalytic reactions for water or atmosphere
purification from harmful organic pollutants.*

The challenging approach developed in the frame of pho-
toactive media for the environment preservation refers to
anchored organic dyes at the surface of the oxide photocatalyst.
Anchoring dyes on photoactive semiconducting surfaces
enhances the light harvesting and then improves the photo-
catalytic efficiency of the whole hybrid material. In this case,
dyes possessing the carboxyl group are popular**~*® as those with
a catechol group (D-w-Cat) ensuring the anchoring moiety.®

This journal is © The Royal Society of Chemistry 2019


http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra05373e&domain=pdf&date_stamp=2019-09-27
http://orcid.org/0000-0002-0946-0025
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05373e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009053

Open Access Article. Published on 27 September 2019. Downloaded on 11/26/2025 6:22:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Additionally, these molecules possess a character of the donor-
acceptor structure (D-m-A)."”

The present work is devoted to study the association of
organic or metalorganic complex dyes with inorganic nano-
structured photocatalyst in the aim to enhance the photo-
catalytic efficiency of the hybrid system as a whole. The
investigations deal with exhaustive insights on the charge
transfer occurring between the different dye molecules and the
inorganic semiconducting nanocompound. The proposed
approach combine theoretical modelling supported by numer-
ical simulations and experimental probing of interactions on
the dye/semiconductor interface. As a semiconductor, the
bismuth vanadate (BiVO,) was chosen due to its demonstrated
properties as a visible light driven photocatalyst.'®' Two classes
of sensitizing organic groups were chosen due to their optical
properties. The first organic family consists in D149 dyes?® able
to be anchored on the inorganic surface via their carboxyl
moiety. The second class of molecules possessing the donor-
acceptor (D-1v-A) features is composed by a free ligand and its
corresponding zinc(r) complex referred below as LIGAND and
COMPLEX, respectively. The COMPLEX and LIGAND were syn-
thetized by our research group as the molecules relevant for
optical applications.”® We discovered that these molecules
absorb efficiently sun light and the idea was to test them for the
dye synthetized solar cells or photocatalytic applications.
Furthermore, these molecules are considered for the first time
as potential charge transfer groups in photocatalytic processes.

The possible effect of hydroxyl radicals on the chemical
stability of the azobenzene dyes has been simply tested by
observing the colour of the photocatalyst (Dye/BiVO,) solution
and measuring its optical absorption spectrum over time.
Normally, it is known that the hydroxyl radicals are used in
order to treat the wastewater containing azobenzene dyes by
their decomposition. In our case, when the experiment was
performed, no colour change of the photoactive solution was
observed and it may justify the chemical stability of the dyes
during the performed photocatalytic experiment.

In order to evaluate the relevance of LIGAND and COMPLEX
molecules for the considered applications, commercial dye as
D149 was used for comparison. The charge transfer peculiari-
ties were characterized by performing the experimental KFM
measurements for COMPLEX/BivVO,, LIGAND/BiVO, and D149/
BiVO, with and without illumination. These experiments were
quantitatively modelled by using quantum chemical calcula-
tions applied to the investigated molecules subject to irradia-
tion causing photoinduced charge transfer from dyes to
inorganic BiVO, nanocompound. Thus, D149 dyes anchored on
the surface of the BiVO, allow charge transfer from organic to
inorganic compounds. The LIGAND dyes proceed in a similar
way as D149 but completely different phenomenon was
observed for COMPLEX groups. In consequence, the aim of the
presented work is to compare the photoinduced charge transfer
performances for the three molecular groups by using suitable
optical and KFM experiments supported by theoretical model-
ling and numerical simulations.

This journal is © The Royal Society of Chemistry 2019
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Theoretical background

Until now, most of the theoretical works related to computa-
tional studies of hybrid systems based on semiconductor oxides
with anchored charge transfer organic dyes were carried out for
ZnO* or TiO, (ref. 23) nanostructures. To our best knowledge,
the study of charge transfer in hybrid systems based on the
BiVO, nanstructures was not undertaken up to now. The chal-
lenging work concerns the electronic properties of the D149/
BivO,, COMPLEX/BiVO,, LIGAND/BiVO, hybrids. Therefore,
the cluster model**** was applied to obtain the frontier orbitals
in the inorganic components as well as in the BiVO, based
hybrid materials. In this aim, quantum chemical calculations
were performed along with experimental probing of the charge
transfer on the hybrid interfaces. The implemented theoretical
approach allows better understanding the photoinduced
processes occurring in hybrid systems based on BiVO, used as
visible light driven photocatalyst.

The first step was to determine the electronic and optical
properties of the D149, LIGAND and COMPLEX molecules (see
Fig. 1) as isolated structures simulated in vacuum by using the
ab initio formalism implemented in GAMESS program
package.>*” The initial geometries were build using ACD/
ChemSketch, the integrated software package from Advanced
Chemistry Development, Inc. The minima of the potential
energy surface have been calculated at restricted Hartree-Fock
(RHF) level with the standard 6-31G basis set in C; symmetry.
The RHF SCF calculations were performed with an energy
convergence criterion chosen to be 10~® hartree. The geome-
tries of molecules were optimized applying the quadratic
approximation (QA) of the optimisation algorithm based on
augmented Hessian techniques.”® The gradient convergence
tolerance was equal to 10 * hartree per bohr. At the end of
a geometry search, the Hessian evaluation was performed to
exclude the structures giving rise to negative modes and ensure
the thermodynamic stability of the molecule.

Simulations of electronic properties were performed for the
optimised structures (see Fig. 1) applying the density functional
theory (DFT) implemented in Gaussian program.>-° The time
dependent DFT (TDDFT) calculations were performed using the
B3LYP functional according to the results reported in our
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Fig.1 Structures of the studied organic dye molecules: D149, LIGAND
and COMPLEX.
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previous work.”* The single point calculations were performed
with 6-31++G** basis set* and the RHF SCF energy convergence
criterion was chosen to be 10~ hartree. The UV-vis absorption
spectra were calculated using the iterative Davidson method**
with an accuracy equal to 10~ ' hartree. The electronic prop-
erties of the considered molecules were also calculated using
parametrised PM6 semi-empirical methodology at the RHF level
applying SCF convergence criterion equal to 10~ ° hartree. The
semi-empirical methodology was chosen to compare the data
obtained for isolated molecules with those related to hybrid
materials based on the BiVO, nanostructures.

Additionally, it is known that the DFT methodology under-
estimate the value of a calculated energy difference between
frontiers orbitals of molecules. At the same time, it should be
noted that the nanostructures in cluster approach are treated as
a large-size molecule during quantum chemical calculations.
However, the most severe shortcoming of the DFT methods is
the self-interaction error. Therefore, the energy of the HOMO
orbital does not correspond to the ionization potential and the
HOMO-LUMO energy gap splitting (AExomo-Lumo) becomes
too small for both polar ionic systems as well. As the nano-
particles exhibit generally polar behaviour, the semiempirical
PM6 and PM7 parameterised methods are relevant.

The construction of isolated BiVO, clusters was realized
according to our previous work.>* Then, the initial geometries of
hybrid configurations were built up with D149, LIGAND and
COMPLEX molecules anchored on the surface of the (BiVO,) s
clusters. Dye molecules were anchored on the surface of the
(BiVO,)1g cluster by vanadium atom. Geometries of the con-
structed hybrid structures were optimised by using the para-
meterised PM6 methods with SCF convergence criterion equal to
10~® hartree. The gradient convergence tolerance was equal to
10~* hartree per bohr. In this case, an organic dye molecule,
a linking vanadium atom and three neighbouring oxygen atoms
located on the BiVO, cluster surface serving as grafting sites for
the dye molecules were relaxed. The remaining part of the BiVO,
cluster was frozen as it was assumed in our previous work.>*

The hybrid systems with optimised geometries were used to
calculate their electronic and optical properties by using the
parameterised PM6 method and the calculations were per-
formed for isolated systems in vacuum using Gaussian
program. The SCF convergence criterion was equal to 10 ®
hartree.

Experimental details

Experimental studies were carried out on porous thin films of
monoclinic bismuth vanadate deposited on the borofloat glass
according to the procedure described elsewhere.*® The hybrid films
with anchored dyes were realized according to the following
protocol. The 5-[4-[4-(2,2-diphenylethenyl)phenyl}-1,2,3-3a,4,8b-
hexahydrocyclopent[s]indol-7-yl] methylene]-2-(3-ethyl-4-oxo-2-thi-
oxo-5-thiazolidinylidene)-4-oxo-3-thiazolidineacetic acid (D149)
was purchased from Sigma-Aldrich and used without further
purification. The other substances defined as N,N-dimethyl-4-((E(-
(pyridin-2-ylmethylene)amino)phenyl)diazenyl)aniline  (LIGAND)
and N,N-dimethyl-4-((E(-(pyridin-2-ylmethylene)amino)phenyl)
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diazenyl)aniline zinc chloride (COMPLEX) were synthesized in
MOLTECH-Anjou Laboratory according to a previous report.”* All
other solvents as tert-buthanol or acetonitrile were purchased from
Merck and Sigma-Aldrich. The sensitizing procedures consist in
using 3.34 mg of the D149, 4.8 mg of the LIGAND or 1 mg of the
COMPLEX dissolved in mixture of 7.5 ml acetonitrile and 7.5 ml
tert-butanol. To completely dissolve the organic dye powders, the
solutions were submitted to ultra-sonification and heated at 66 °C
for 30 min. After completing the dissolution process, the solutions
were cooled down at room temperature. Then, the mesoporous
thin films were immersed in the dye solutions (0.0003 mol 1%
during 4 h to ensure efficient adsorption of dyes on BiVO, surface.
The optical properties were investigated by using Ocean Optics UV-
vis spectrophotometer in the wavelength range from 190 nm to
1100 nm. The surface features of the hybrid films were charac-
terized by using a Bruker DI 3100 (Nanoscope V) atomic force
microscope. The morphology of the thin films and their roughness
were determined using the tapping mode™ AFM. Based on the
AFM setup, KFM measurements were performed to map the
surface electrical potential of the film and its evolution from dark
to light exposure with or without anchored dyes. For the illumi-
nation, the optical fiber integrated in the AFM setup was used. The
samples were illuminated by a white light. Morphology of the
hybrid mesoporous films and their electrical activity were probed
by using a two-pass KFM technique (Bruker DI3100-Nanoscope V
controller). All measurements have been done with the same AFM
probe coated by platine-iridium layer required for optimal elec-
trical properties. The nominal cantilever constant was 3 N m™ .
The measurements were done line by line to probe the topography
of the profile in a first step, and then by passing over the same
profile for measuring the contact potential difference (CPD) at
a given separation distance between the probe and the sample.
Therefore, the measurements were realized by using a two-pass
mode. Prior to the experiments, three AFM probes were selected
by doing force curve and KFM measurements on a referenced
silicon wafer. Images were taken after one pass over the sample to
be sure that the illumination of the sample was efficient.

Results and discussion

Theoretical approach and simulation

Organic dye molecules. The DFT/B3LYP and the semi-
empirical parameterised PM6 method were applied to
compute the electronic properties of D149, LIGAND and
COMPLEX molecules. The semi-empirical approach allows
a pertinent evaluation of the physical features of systems with
large sizes and with the involvement of heavy atoms. The
method is also relevant for the calculations of electronic prop-
erties of hybrids.

The energy values calculated for the frontier orbitals of iso-
lated molecules and their energy splitting AEyomo-Lumo are
presented in Table 1. The AEyomo-Lumo Vvalues calculated by
DFT/B3LYP method for all three molecules correlate with the
optical absorption measured experimentally.”® With regard to
the criterion of energy levels at the interfaces, the performed
calculations suggest that the D149 and LIGAND dyes are
appropriate for sensitization of the BiVO, clusters as inferred

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05373e

Open Access Article. Published on 27 September 2019. Downloaded on 11/26/2025 6:22:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

Tablel Energy of the HOMO and LUMO orbitals, AEomo-Lumo and dipole moments of the D149, LIGAND and COMPLEX molecules calculated

by DFT/B3LYP and PM6 method

D149 LIGAND COMPLEX
DFT/B3LYP PM6 DFT/B3LYP PM6 DFT/B3LYP PM6
HOMO [eV] —-5.13 —8.19 —5.02 —7.86 —5.47 —-7.70
LUMO [eV] —2.55 —~1.54 —2.11 —0.95 ~3.30 ~1.92
AEgomo-Lumo [€V] 2.58 6.65 2.91 6.91 2.17 5.78
u [D] 12.22 10.37 4.28 3.91 13.70 12.54

from the reduction potential of the monoclinic BiVO, equal to
4.5 eV.”® Additionally, analysing the data collected in Table 1,
underlines that the LUMO energy of D149 and LIGAND mole-
cules is higher than the reduction potential of the considered
semiconductor in contrast to the LUMO level of the COMPLEX,
which is lower. On the other hand, as shown from the per-
formed calculation of a charge distribution, the D149 and
COMPLEX molecules exhibit a high polarity compared to the
LIGAND groups. The results presented in Table 1 show that the
PM6 method overestimates the calculated AEyomo-Lumo value
but the general tendency of the electronic properties changes
obtained by the DFT calculations is preserved.

The features of the HOMO and LUMO orbitals for the
D149, LIGAND and COMPLEX molecules calculated by the
DFT/B3LYP and PM6 methods do not show any significant
differences and the frontier orbitals obtained by the semi-
empirical approach are presented in Fig. 2. The HOMO
orbital of the D149 molecule is mainly located on the donor
part of the molecule (from biphenyl up to indoline group)
while the LUMO orbital is more shifted close to the carboxyl
group. It suggests that the HOMO to LUMO transition
represents important charge separation. Therefore, it can
confirm that an intramolecular charge transfer (ICT) occurs
when the HOMO-LUMO transition is induced. It is also
supported by a significant dipole moment of the molecule.
The HOMO orbitals of the LIGAND and COMPLEX molecules
are located on the dimethylamino group possessing donor
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Fig. 2 The HOMO and LUMO orbitals of the D149, LIGAND and
COMPLEX dye molecules calculated by the semi-empirical PM6
parameterized method.

This journal is © The Royal Society of Chemistry 2019

character. The iminopyridine group plays the role of acceptor
where the LUMO orbitals are predominantly located.
Comparing the frontiers orbitals distribution occurring in
LIGAND and COMPLEX molecules one may see that they are
more separated in the COMPLEX structure. It means that the
HOMO to LUMO electron transition creates significant
charge separation in COMPLEX molecule. In addition, the
HOMO and LUMO orbitals indicate a stronger donor-
acceptor behaviour in the COMPLEX. This is most likely
caused by the Lewis acid character of the ZnCl, fragment.** It
gives also impact at the dipole moment of these two mole-
cules. The dipole moment of the COMPLEX is higher than the
dipole moment of LIGAND. Concluding, one may say that in
all the studied cases the ICT may occurs qualifying the
selected molecules as dyes.

(BiVO,):5 cluster. The electronic properties of the (BiVO,);s
cluster were calculated using the semi-empirical PM6 para-
metrised method. The obtained data were analysed in details in
our previous work* and underline that the HOMO and LUMO
orbitals are located in the surface part of the cluster. The
analysis of the frontier orbitals distribution shows significant
similarities to the partial electron density of states calculated
for the bulk BiVO, material. The HOMO orbitals can be
compared to a valence band from where photogenerated elec-
trons flow, while the LUMO orbitals can be assimilated to the
conduction band. The VBM of the BiVO, crystal structure are
built from O 2p orbitals slightly hybridized with Bi 6s states.
Typically in metal oxides the valence band is derived from O 2p
orbitals and the conduction band is built by metal s or
d orbitals. In monoclinic BiVO, its CBM is dominated by the V
3d states with small contributions from Bi 6p and O 2p orbitals.
The partial DOS computed for partially reconstructed (BiVO,):g
cluster indicates that the highest occupied energy levels are
associated mainly to the O 2p states hybridized with Bi 6p.** The
LUMO orbital of the (BiVO,),5 cluster is composed by V 3d states
with small contributions from Bi 6p and O 2p states as it was
also observed for the bulk system. One could conclude that the
size reduction of the investigated cluster does not drastically
change its electronic features. The AEyomo-Lumo difference
calculated for the (BiVO,);s by semi-empirical PM6 para-
metrised method is equal to 2.40 eV.** Analysing data obtained
for the LUMO orbital of the (BiVO,),5 cluster one may conclude
that the vanadium atoms are the most appropriate to be
involved into molecular bonding between dye and the inorganic
nanostructure.

RSC Adv., 2019, 9, 30698-30706 | 30701
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Theoretical approach for hybrid systems

Based on the analysis of the LUMO orbitals in the studied dyes,
the -COOH and iminopyridine groups were chosen in D149,
LIGAND as well as in the COMPLEX molecules, respectively. The
carboxyl and iminopyridine groups are the moieties of the
molecules where a high electron density, forming the LUMO
orbital, is located. Hybrid systems were built combining organic
molecules via selected bonding groups with (BiVO,),s cluster.
The D149/BiVO, hybrid system was realized by anchoring the
carboxyl group of the D149 molecule to the vanadium atom
located on the surface of the nanocluster. For COMPLEX/BiVO,
and LIGAND/BiVO, systems, the connection occurs through the
nitrogen atom of the iminopyridine group. In order to preserve
a thermodynamic equilibrium of the hybrid system its geometry
was optimised according to the total energy minimization
process described in the paragraph Theoretical background. As
a consequence, the hybrid structure based on (BiVO,),g cluster
was stable with the possible lowest total energy.

Electronic properties of the investigated hybrid systems
referred below as HD for D149/(BiVO,);s, HL for LIGAND/
(BiVO,);5 and HC for COMPLEX/(BiVO,),s were calculated by PM6
method and the obtained results are summarized in Table 2. The
PM6 method was chosen due to its relevance to predict the results
compared to the experimental structural and electronic data of
BiVO, clusters* The anchored D149 molecule lowers the AEyomo-
rumo compared to the pure semiconducting cluster. Oppositely,
the COMPLEX group increase the energy gap of the (BiVO,)s
cluster while the LIGAND groups did not modify the AEyomo-
Lumo Of the sensitized BiVO, cluster. The AEyomo-1.umo calculated
for the (BiVO,)s cluster by using the parametrised PM6 semi-
empirical method is equal to 2.40 eV.** The obtained results
point out the relevance of the D149 dyes to sensitize the BiVO,
nanostructures in contrast to the LIGAND or COMPLEX. It may be
supposed because the D149 dye anchored on the surface of the
(BiVO,) s cluster decreases the energy gap of the nanostructure.

Such conclusion is also supported by the shape of the fron-
tier orbitals inferred from calculations on the optimized hybrid
structures as depicted in Fig. 3. In the case of HD hybrid system
the HOMO is located at the interface between dye and nano-
cluster. Its LUMO orbital is localized on the semiconducting
nanostructure. The observed localization of the HOMO and
LUMO orbitals leads to improved photoinduced charge transfer
from the D149 molecule to the BiVO, cluster able to enhance
the photocatalytic properties of the considered systems.

Table 2 Energy of the HOMO and LUMO orbitals, AEyomo-Lumo and
dipole moments of the (BiVOy)15/D149 (HD), (BiVO4)1g/LIGAND (HL)
and (BiVOy4)1g/COMPLEX (HC) hybrid systems calculated by semi-
empirical PM6 parametrised method

HD HL HC

HOMO [eV] —4.30 —5.06 —5.00
LUMO [eV] —2.19 —2.62 ~1.66
AEgyomo-Lumo [€V] 2.11 2.43 3.34
u [D] 21.94 36.09 29.54
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Fig.3 HOMO and LUMO orbitals of the D149, LIGAND and COMPLEX
dye molecules calculated by the semi-empirical PM6 parameterized
method.

In the case of HL system, both the HOMO and LUMO orbitals
are localized at the BiVO, cluster. It means that the anchored
dyes will not induce significant effect on the charge transfer
across the hybrid system. In this case, the dyes do not partici-
pate to the process of the photo-activated charge flow between
the dyes and the nanostructure. Significant difference is seen
for the HC system, where a photoactivated charge transfer
occurs from the inorganic cluster to the organic dye. It is
a completely different charge flow that is theoretically ordered.
In this case, the HOMO orbital is located at the semiconducting
nanoparticle but the LUMO is distributed at the COMPLEX
molecule. Therefore, the COMPLEX molecule works as an
inhibitor in photoactivated processes. Thus, the data summa-
rized in Fig. 3 indicate that the D149 molecule is the most
appropriate for the charge transfer from the organic group to
the inorganic semiconducting BiVO, nanocluster.

Optical characterization

Optical properties of dyes. In order to support the calcula-
tions of the electronic properties of dye molecules, the theo-
retical optical absorption spectra were compared to the
experimental ones. The spectra were simulated for isolated dyes
applying semi-empirical PM6 parametrised method and the
results are presented in Fig. 4a.

The UV-vis absorption spectra were prepared using Gabedit
program. Taking into account the oscillator strength, the
calculated absorption lines were convoluted using Gaussian
line shape where the half-width was equal to 20 nm.

The UV-vis absorption spectra were also measured for D149,
LIGAND and COMPLEX molecules dissolved in the acetonitrile/

This journal is © The Royal Society of Chemistry 2019
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Fig.4 UV-visabsorption spectra of the COMPLEX, LIGAND and D149 molecules calculated by semi-empirical PM6 parametrized method (a) and
measured experimentally for the same molecules dissolved in acetonitrile/tert-butanol (1/1) mixture (b).

tert-butanol as 1/1 volume ratio and the results are presented in
Fig. 4b. The D149 dyes dissolved in the acetonitrile/¢tert-butanol
exhibits strong absorption around 530 nm, ie. close to the
maximum irradiance of the solar spectrum.** The semi-empirical
PM6 parametrised method reproduces well optical properties of
the D149 molecule. The LIGAND molecules studied experimen-
tally (see Fig. 4b) exhibits strong electronic absorption band at
438 nm which is assigned to the n — 7* absorption bands of the
azobenzene moiety and the pyridyl ring together with a slight
intramolecular charge transfer (ICT) from the dimethylamino
donor group to the iminopyridine accepting unit.>»** The
quantum chemical calculations (see Fig. 4a) reproduce well the
nature of the UV-vis absorption spectrum of the LIGAND.
However, the spectrum is shifted towards long wavelength.

The UV-vis absorption spectrum measured for the COMPLEX
molecules shows a bathochromic shift of the first absorption
peak compared to the LIGAND molecule. It can be explained by
an increase of the electron acceptor behaviour of the COMPLEX
upon zinc complexation. The absorption peak located at 450 nm
in the theoretical spectrum of the COMPLEX molecule is
compatible with the first absorption peak observed in the
experiment. Calculations of the UV-vis absorption spectrum for
the COMPLEX molecules account also the small shoulder
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Fig. 5 Experimental UV-vis absorption spectrum measured for the
COMPLEX molecule dissolved in acetonitrile/tert-butanol (1/1).
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observed experimentally at 610 nm (Fig. 5). This peak is
observed when the chelation of iminopyridine fragment to the
zinc(u) ion is important.** The experimental UV-vis absorption
spectrum measured for the COMPLEX molecules dissolved in
acetonitrile/tert-butanol (1/1) mixture is presented in Fig. 5. One
may see that the intensity of the absorption peak at the 610 nm
depends on the chelation level of the iminopyridine moiety of
the molecules.

Optical properties of the hybrid (BiVvO,)/dye systems. Similar
optical characterization was carried out on hybrid systems and
the results are summarized in Fig. 6. The UV-vis absorption
spectrum measured for HD system exhibits an increased
absorption background up to 650 nm. The measured spectrum
is composed by the output of the inorganic thin film and the
absorption band related to the used organic dye (see Fig. 6a).
The broad UV-vis absorption band measured for HD system is
located between 480 nm and 630 nm. The UV-vis absorption
spectra did not match with superposition of respective
absorption bands of organic groups and inorganic BiVO,. An

——HD

—D

Absorbance (a.u.)
Absorbance (a.u.)

3 w0 40 50 S0 60 e 70 30 @0 4% S0 50 &0 60 70

‘Wavelength (nm) Wavelength (nm)

Absorbance (a.u.)

Wavelength (nm)

Fig. 6 UV-vis absorption spectra measured for BiVO,4 thin film (A),
organic dyes D149 (D), ligand (L) and complex (C), and their hybrid
systems HD (a), HL (b) and HC (c) dissolved in the acetonitrile/tert-
butanol (1/1).
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additional broad background is noticed on the optical absorp-
tion of hybrid systems, which we attribute to charge transfer
effects. It is probably due to the interaction between the
molecular orbitals of the dye with the BiVO, electron structure.
On may conclude that the D149 dye anchored to the BiVO,
surface extends its absorption capabilities in the visible range
compared to the pure semiconducting structure. The appear-
ance of the above mentioned absorption band illustrates the
influence of the dye on the sensitized network and traduces the
involvement of charge transfer band as it was described by Hori
et al.®°

The UV-vis absorption spectra were also measured for HL
and HC systems. An analysis of the data presented in Fig. 6b
and c indicates that the effect of the LIGAND and COMPLEX
dyes is not as significant as it is noticed for the HD hybrid
system. COMPLEX or LIGAND groups anchored to the BiVO,
nanocluster alters in minor extent the absorption spectrum.
The change has not reached the limit of absorption, which is
entirely in line with the absorption of the BivO, bare film and
no additional charge transfer band was observed. This allows us
to conclude that LIGAND as well as COMPLEX dyes are no
longer relevant as sensitizing elements for BiVO, photocatalyst.

KFM studies

The AFM and KFM measurements were performed for the
BiVO, thin films with anchored D149, LIGAND and COMPLEX
molecules. The AFM tip used for the measurements has a plat-
ine-iridium coated to ensure good electrical conductive prop-
erties and the nominal cantilever constant is 3 N m™'.
Topographic and contact potential difference (CPD) images
have been obtained by using the same AFM tip. To ensure that
no contamination occurs during the measurements, force curve
and CPD images have been regularly recorded on a reference
silicon wafer surface. Measurements without illumination were
obtained by checking that the laser light reflected on the
cantilever is located at the center of the cantilever and that no
interferences occur in between the sample and the cantilever.
Thus, the laser light intensity spreading on the sample surface
may be negligible. Measurements with illumination were ob-
tained by lighting the sample using the optical fiber of the AFM.
This optical fiber is independent of the laser/cantilever system
and it directly illuminates the sample at an angle without
interfering with the laser light.

In the Fig. 7a a surface topologies of the BiVO, structures
with anchored dyes are presented. The AFM images shows that
the sensitized mesoporous films exhibit grain sizes larger
compared to the pure BiVO, films. This illustrates significant
importance of the anchored species on film surface increasing
its effective thickness. In addition, the analysis of the KFM
measurements showed a net effect from the dye molecules on
the surface electrical potential distribution illustrated on an
area about 1 um x 1 um. The Fig. 7b shows the KFM surface
potential distribution without irradiation by visible light and
the Fig. 7c illustrates the situation under irradiation. The
characteristic phenomenon occurring in this case consists in
blurring the surface potential, especially under visible radiation
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Fig.7 Surface topologies of the BiVO, structures with anchored D149
(HD), ligand (HL) and complex (HC) dyes measured by AFM (a) and their
KFM surface potential distribution recorded without irradiation (b) and
under visible light illumination (c).

exposure. For the non-irradiated samples (Fig. 7b), the highest
potential is focused on the individual particles and corresponds
closely to the surface topography of the film. At the opposite,
under irradiation, the potential is blurred and does not corre-
late directly with the surface morphology (Fig. 7c) as clearly
shown for the HD and HL systems.

The resulting behaviour for the hybrid systems is explained
by the efficiency of charge transfer between the constitutive
elements. Electrons excited from the HOMO to LUMO levels of
the organic molecules can be then transferred to the conduction
band of the semiconductor. The increased amount of charge
carriers at the interfaces leads to a free flow of surface charges.
In the case of the HC system, the situation is different than it
was observed for the HD and HL hybrids. The effect of the
irradiation causes the reverse charge transfer reaction exhibit-
ing the potential located at the individual BiVO, nanoparticles.
These experimental data are in good agreement with the ex-
pected behaviour from theoretical predictions and underline
a weak photoactive compatibility between the BiVO, thin film
and the COMPLEX molecule.

The problem of charge transfer can be analysed in the
general framework of the electronic band alignment and Fermi
level pinning as it occurs in hetero-junctions with acceptor (A)-
donor (D) model (see Fig. 8). As discussed in our former work**
on the BiVO, sensitized by the D149, the process of the charge
transfer mediated by the photon absorption by D groups causes
a shift of the Fermi energy. It can occur when difference of
a surface potentials exist at the dye/BiVO, interface. The KFM
investigations performed for the dye/BiVO, system probe the
surface potential, which is modified under light irradiation. The
difference between the work function of the inorganic layer and

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Electronic band alignment at the hybrid interfaces.

ionization energy of the organic groups correlate with the
electrical potential change probed by KFM technique. Based on
the electronic band alignment and the experimental optical
absorption spectra for the considered dyes we expect optimal
charge transfer for the D149/BiVO, and less effects for LIGAND/
BiVO, interfaces due to higher HOMO-LUMO energy but
a striking behaviour was noticed for COMPLEX/BiVO,.

As results of our study, we compare the energy diagrams for
the LIGAND/BiVO, and COMPLEX/BiVO, systems (Fig. 8). They
were plotted in the same convention as it was done for the D149/
BivO,."* The presented diagram convinces that in the LIGAND/
BivO, systems under illumination the charge is transferred
from dye to the semiconducting nanostructure as it is also
noticed for the D149/BiVO, hybrid. In the COMPLEX/BiVO,
system the excited nanostructure populates the dye levels. In
this case, the CB of the BiVO, is located above the LUMO of the
COMPLEX molecule. This situation is not appropriate for pho-
tocatalytic applications planed on such hybrid systems.

The described transfer model between the organic molecule
and the photocatalyst is based on the treatment of the hybrid
system as the tandem of the two components, as described in
the work of Hara and coauthors.?”*® The nature of the interac-
tion at the interfaces has been investigated for photovoltaic
systems and described as persistent chemical bonding.**** In
this case, the main reason of the difference between surface
potential in virgin and sensitized hybrids may be related to the
work function and its modification by the electrical activities
induced by the anchored dyes.

The performed studies point out the behaviour of photoin-
duced electrical activity on the BiVO, as function of the irradi-
ation and the involvement of anchored dyes able to facilitate
charge transfer from organic dyes to the BiVO, cluster through
the hybrid interface.

Conclusions

Based on a combined strategy of computational and experi-
mental investigations of the dye/BiVO, hybrid systems, the
charge transfer between the dye molecules and the nanocrystals
has been demonstrated. As efficient hybrid system, the BiVO,
sensitized by the D149 molecules exhibits compatible electron
band alignment for efficient charge transfer at the hybrid
interfaces. In the case of the BiVO, sensitized by LIGAND and
COMPLEX molecules, no significant changes in electronic or
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optical properties have been observed in relation to the bare
BiVO, thin films.

The analysis using AFM instrumentation in connection with
the investigations of the surface potential distribution (KFM) of
mesoporous BiVO, with anchored organic dye molecules
confirms the results obtained by applying theoretical analysis of
the electron density distribution on the frontier orbitals. The
investigations were carried out for the BiVO, thin film samples
with anchored D149, LIGAND and COMPLEX molecules before
and during light irradiation. For the HD and HL samples, the
surface potential under the additional irradiation was blurred,
while for the HC sample the reverse phenomenon was observed.
In this case, the potential is focused on the particles of the
material as it was confirmed from the frontier orbitals repre-
sentation supported by the KFM measurements.

The optical properties of the investigated hybrid systems
were described. The UV-vis absorption spectrum measured for
the HD system shows additional broad background that can be
related to prominent charge transfer band between the sensi-
tizing organic molecules and the underlying inorganic support.
In the opposite, anchored LIGAND and COMPLEX molecules do
not create any additional absorption band due to the peculiar-
ities of the HUMO-LUMO orbitals of the organic molecules
compared to the band features of the BiVO, cluster. The pho-
toactivity of the investigated systems is under consideration for
environmental issues.
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