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A new Ru(i) polypyridyl complex as an efficient
photosensitizer for enhancing the visible-light-
driven photocatalytic activity of a TiO,/reduced
graphene oxide nhanocomposite for the
degradation of atrazine: DFT and mechanism
insights+
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TiO5 is one of the most widely used semiconductors for photocatalytic reactions. However, its wide bandgap
energy and fast charge recombination limit its catalytic activity. Thus, herein, a new Ru(i) polypyridyl complex,
[Run(tptz)(CH3sCN)CL,] (tptz = 2,4,6-tris(2-pyridyl)-1,3,5-triazine), was synthesized and used as a visible-light
photosensitizer dye for improving the light harvesting and quantum efficiency of TiO,. Accordingly, a well-
designed nanostructured photocatalyst was proposed using mesoporous TiO, nanocrystals coupled with
reduced graphene oxide (rGO) and the polypyridyl Ru(i) complex, which was tested for the photocatalytic
degradation of atrazine (ATZ) as a model of emerging water contaminants. Specifically, the Ru complex (Ru-
CMP) served as an electron donor, while rGO acted as an electron acceptor, and the synergistic effect
between them promoted the separation of electron—hole pairs and suppressed the charge recombination in
the hybridized species. Structural analysis indicated that the TiO, nanoparticles with an anatase crystal
structure had a mesoporous texture and were homogeneously coated on the rGO sheets. The detailed FT-
IR, Raman, XPS and UV-vis absorption spectroscopic analyses combined with EDS mapping clearly
confirmed the successful loading of the Ru complex onto the catalyst. The PL and EIS results revealed that
the addition of the Ru-CMP photosensitizer enhanced the charge separation and transport. The gas-phase
geometry and energies of the molecular orbitals of the Ru complex were evaluated via DFT calculations. The
results from the DFT calculations were consistent with the experimental results. Compared to pure TiO,, the
as-synthesized Ru-CMP-TIiO,/rGO hybrid exhibited significantly enhanced photocatalytic activity for the
degradation of ATZ. The rate of ATZ degradation in the developed photocatalytic process with the Ru-CMP-
TiO,/rGO hybrid was 9 times that with commercial TiO,. The enhanced photocatalytic activity of the
prepared catalyst can be attributed to its better light harvesting and efficient electron transportation due to
its more suitable LUMO position than the conduction band of TiO,. Moreover, the excellent conductivity and
adsorption capacity of graphene contributed to the increase in photocatalytic activity. Thus, these features
make the Ru-CMP-TiO,/rGO hybrid nanomaterial an excellent candidate for the photocatalytic purification
of contaminated water.

1. Introduction

Atrazine (ATZ) is a widely used pesticide for the control of
broadleaf and grassy weeds in both agricultural and nonagri-
cultural land." Its worldwide usage has made it a typical soil and

‘Department of Environmental Health Engineering, School of Public Health, Tehran
University of Medical Sciences, Tehran, Iran

“Department of Chemistry, Faculty of Basic Sciences, Tarbiat Modares University,
Tehran, Iran

“Institute of Physics ASCR, Na Slovance 2, 182 21 Prague, Czech Republic

(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c9ra06704c

22500 | RSC Adv, 2020, 10, 22500-22514

water contaminant, which has harmful effects on human health
including eye and skin irritation, endocrine disruption, cancer
and reproductive defects.' Previous reports have confirmed
the presence of ATZ in surface and groundwater.>* Moreover,
due to its low sorption affinity and resistance to biodegradation,
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it is considered an environmental concern.' In recent decades,
the heterogeneous photocatalytic oxidation (PCO) process has
shown great potential for the decomposition of pesticides into
less toxic products.* In the conventional PCO process, reactive
oxygen species (ROS) are produced through the irradiation of
a semiconductor using UV light, which generate electron-hole
pairs.* The unique properties of TiO, including high stability,
high photoactivity, and non-toxicity make it an unrivaled
semiconductor for PCO reactions.*® However, TiO, suffers from
the disadvantages of wide band gap energy, high electron-hole
recombination rate and low quantum efficiency, which limit its
catalytic activity.” Therefore, modification of the electronic
structure of TiO, to enhance its light harvesting ability,
quantum efficiency and charge carrier separation is necessary.
To date, most modification efforts have focused on two strate-
gies: doping TiO, with metals and/or nonmetals®® and/or
combining TiO, with other semiconductors.’®* However,
these strategies mainly address one of the challenges, while the
others remain unresolved. For instance, doping TiO, with
transition metals is an effective way to extend its absorption
edge towards the visible region; however, this approach
enhances the recombination rate of photoexcited electron-hole
pairs.”” On the other hand, doping TiO, with some metals and
non-metals efficiently improves its charge carrier separation,
but the shift in its band gap energy toward visible light is
small.” In addition, the solubility of coupled semiconductors in
water and their stability are major disadvantages. Furthermore,
sometimes the coupled semiconductors undergo photo-
corrosion and thus, their photocatalytic activity is negatively
affected. Accordingly, the use of metal-based complex photo-
sensitizers may be an impressive approach to improve the
catalytic activity of TiO,. In this strategy, the absorption range of
TiO, is extended to the visible region via the absorption of the
narrow-band gap sensitizer material on the catalyst. Moreover,
the photosensitizer can effectively reduce charge recombina-
tion. Under visible light illumination, the light absorption by
metal complexes as photosensitizers excites electrons from the
ground state (HOMO) to the excited state (LUMO). If the
potential of the LUMO is more negative than the conduction
band of the TiO, semiconductor, the excited electrons can be
injected from the excited state of the sensitizer to the conduc-
tion band (CB) of TiO,. Therefore, an efficient photosensitizer
should be photo-stable, absorb a wide range of light, and
possess suitable positioned excited- and ground-state potentials
for effective electron transfer to the conduction band of TiO,.**
Transition metal complexes are promising candidates as
photosensitizers because of their unique long term stability,*
attractive photophysical and photochemical properties,*® suit-
able excited state lifetime'” and wide absorption range.'®
However, the recombination of injected electrons in TiO, with
oxidized sensitizers may still occur in these systems.” Accord-
ingly, an electron acceptor support may be a solution to this
issue. Graphene oxide (GO) is known as a powerful electron sink
material.* The specific characteristics of GO such as easy
chemical functionalization, mechanical flexibility and extreme
charge carrier mobility make it an unrivaled electric shuttle.>***
Furthermore, the reduction of GO (rGO) improves the mobility
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of electrons on the graphene-like layer.>* Therefore the combi-
nation of TiO, with rGO has been considered an efficient way to
improve its quantum efficiency, and thus catalytic activity.” In
previous studies, rGO was used as an effective agent for the
separation of electron-hole pairs.*® Moreover, its excellent
surface area could significantly increase the reaction sites of
catalysts for photocatalytic reactions.”

Accordingly, herein, the synthesis of a novel Ru(u) poly-
pyridyl complex, [Ru(tptz)(ACN)Cl,] (tptz = 2,4,6-tris(2-pyridyl)-
1,3,5-triazine, ACN = CH;CN), as a photosensitizer dye is re-
ported for sensitizing TiO, nanoparticles supported on rGO
under visible light irradiation. The main goal of sensitizing TiO,
with an organic or inorganic dye is improving its light har-
vesting potential. Therefore, many efforts have been paid for
enhancing the absorptivity and stability of dyes.>* Ru poly-
pyridine complexes have shown significant performances owing
to their strong absorption in the visible region and long-lived
charge-separated excited states.”* Additionally, ruthenium(u)
polypyridyl complexes display improved energy transfer prop-
erties due to their strong metal-to-ligand charge transfer
(MLCT) absorption bands in the visible region."” The synthe-
sized complex exhibited excellent light harvesting ability, which
resulted in a significant red shift in the band gap energy of the
nanocomposite. A facile method was used for the preparation of
the [Ru(tptz)(ACN)Cl,]-TiO,/rGO nanocomposite under
ambient conditions. The synthesized complex was character-
ized via single crystal X-ray crystallography, and electrochemical
and spectroscopic methods. In addition, the prepared nano-
composite was optimized and fully characterized, and its cata-
Iytic activity under visible light irradiation was investigated for
the degradation of ATZ. The mechanism for the degradation of
ATZ in the developed process was evaluated in the presence of
various scavengers.

2. Materials and methods

2.1. Materials

All chemicals were of analytical grade, purchased from Merck Co.
and used without further purification. Deionized water (DW) was
used for the preparation of all solutions in the experiments.

2.2. Catalyst preparation

2.2.1. Synthesis of GO, TiO, and [Ru(tptz)(ACN)CL,] complex.
GO was prepared via a modified Hummer's method (see ESI}).
TiO, nanoparticles were synthesized via a modified method,
which was described in our previous report (see ESIt).* For the
synthesis of the [Ru (tptz)(ACN)Cl,] complex, 0.3 mmol of
RuCl;-xH,0 was dissolved in 25 mL ethanol in a 2-neck flask and
sonicated for 10 min. In a separate beaker, 0.3 mmol tptz was
dissolved in 25 mL ethanol under sonication for 10 min and the
prepared solution was transferred to a lab flask decanter. The tptz
solution was injected into the Ru solution at the flow rate of 5
drop per min at 50 °C under vigorous magnetic stirring. The final
solution was refluxed for 4 h. The resulting mixture was allowed to
cool to room temperature, and then transferred to a crystallizer
and dried at room temperature under ambient conditions for one
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day. The product was dissolved in 25 mL acetonitrile and refluxed
for 2 h. The obtained solution was naturally cooled and its solvent
was evaporated in a rotary evaporator. An alumina column (grade
III, WA, 30 x 1 cm column) was used for the purification of the
product. A mixture of acetonitrile/toluene with the volume ratio of
1:2 was used for the elution. The applied purification system
achieved a violet fraction of the pure complex, which was dried at
room temperature and recrystallized via slow evaporation. After
14 days, single crystals of [Ru(tptz)(ACN)CL,] were formed, which
were significantly stable and suitable for X-ray crystallography.

2.2.2. Synthesis of TiO,/rGO nanocomposite. The TiO,/rGO
nanocomposite was synthesized based on an ultrasonic-assisted
solvothermal technique. A desired amount of GO powder was
dispersed in 10 mL DW/ethanol solution with a ratio of 3:1,
followed by sonication for 30 min to form a GO solution. 600 mg
of TiO, nanoparticles was homogeneously dispersed in 90 mL
DW/ethanol solution under sonication and magnetic stirring for
2 h. Then, GO solution was added dropwise to the TiO, dispersion
and the suspension was stirred at 1000 rpm for 30 min, followed
by sonication for 30 min. The stirring/sonication step was
repeated twice. Finally, the prepared mixture was poured into
a 120 mL Teflon-lined autoclave and heated at 130 °C for 3 h. The
final product was centrifuged, washed 5 times with DW and
finally dried at 60 °C overnight. The TiO,/rGO nanocomposite
with x wt% of GO was labeled as TG,.

2.2.3. Synthesis of [Ru(tptz)(ACN)Cl,]-TiO,/tGO nano-
composite. 80 mg of TiO,/rGO nanocomposite was uniformly
dispersed in 15 mL ethanol under sonication and magnetic
stirring for 2 h. A certain amount of [Ru(tptz)(ACN)Cl,] was
added in 5 mL ethanol in an ultrasonic bath and sonicated for
10 min. The prepared violet solution was injected into the TiO,/
rGO suspension dropwise. Then, the mixed solution was stirred
under ambient dark conditions for 24 h. The final product was
allowed to dry naturally at room temperature. The sample
prepared in the ruthenium complex (Ru-complex) solution with
a concentration of x mM was labeled as Ru-CMP,-TiO,/rGO.

2.3. Catalyst characterization

The prepared catalysts were characterized using specific analytical
methods. X-ray diffraction (XRD) measurements were performed
using a Philips X'pert diffractometer with monochromated Cu-K,
radiation (1 = 1.54056 A). The surface morphology of the products
was investigated using scanning electron microscopy (SEM, XL30
Philips) and high-resolution transmission electron microscopy
(HRTEM) with a Philips CM30 instrument. Fourier transform
infrared (FT-IR) spectra were recorded on a Shimadzu-8400S
spectrometer in the wavenumber range of 400-4000 cm™ ' using
KBr pellets. An Almega Thermo Nicolet Dispersive Raman spec-
trometer (laser second harmonic @ 532 nm of an Nd:YLF laser)
was employed to measure the Raman spectra of the samples.
Diffuse reflectance spectroscopy (DRS) was performed using
a Shimadzu-UV-2550-8030 spectrophotometer. The specific
surface area, volume, and pore size of the prepared catalysts were
determined from the N, adsorption/desorption data obtained
using a Micromeritic/Gemini-2372 surface area analyzer. Electro-
chemical impedance spectroscopy (EIS) measurements were
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conducted using Na,SO, (0.3 M) in the frequency range of 0.1-
106 Hz and amplitude of 0.01 V.

2.4. X-ray crystallographic analysis

Crystallographic measurements were performed at 95 K with
a four-circle CCD diffractometer SuperNova, Dual, Cu at home/
near, AtlasS2, with graphite-monochromated Cu-Ka radiation
(A = 1.54184 A). The crystal structures were solved by direct
methods with the SIR 2002 program* and refined with the Jana
2006 program package*® by the full-matrix least-squares tech-
nique on F*. All non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms were added at the calculated positions
and then refined using a riding model based on the parent
atom. The isotropic atomic displacement parameters of the
hydrogen atoms were evaluated as 1.2-1.5 Ueq of the parent
atom. Structural artworks were drawn with MERCURY.” The
CIF files were deposited with the CCDC and given the deposi-
tion number 1923285.

2.5. Computational

The Gaussian 09 program package® was used to perform the
calculations. The molecular geometry and frequency calcula-
tions were carried out using density functional theory (DFT) by
employing the B3PW91 functional and the SDDall*** basis set
for all atoms in the gas phase. The shapes and energies of the
molecular orbitals, including the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), were determined using the calculated optimized
structure of the complex at the same level of theory.

2.6. Photocatalytic experiments

A batch-operated slurry glass circular photoreactor with an
inner diameter of 10 cm and a total volume of 100 mL was used
for the photocatalytic experiments. A quartz sheet was placed
above the reactor at a distance of 1 cm from the top of the
solution. The setup was placed in a box to prevent the influence
of external light. The reactor was equipped with a water-cooling
jacket, and illumination was provided by a 350 W (15 A) xenon
lamp without any cut filter. The lamp was placed 20 cm from the
surface of the reaction mixture. The photocatalytic activity of
the prepared samples was evaluated via the photodegradation
of ATZ under UV-vis light irradiation. In the photocatalysis test,
25 mg of catalyst was dispersed in 25 mL of ATZ aqueous
solution having a known ATZ concentration and pH. The reac-
tion solution was stirred for a predetermined time under UV-vis
light irradiation. After the set reaction time, 3 mL of the
suspension was taken and centrifuged (5000 rpm for 5 min)
immediately and the filtrate was analyzed for residual ATZ and
total organic carbon (TOC) (see ESI}). In addition, control
experiments were also conducted in the dark (lamp was
switched off) and in the absence of the catalyst. Commercial
TiO, (P25, Sigma Aldrich Co.) was also tested as a reference
catalyst under the same conditions. The kinetics for the
degradation and mineralization of ATZ was also determined.
The main oxidizing species involved in the degradation of ATZ

This journal is © The Royal Society of Chemistry 2020
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was investigated by performing the degradation process in the
presence of various radical scavengers.

3. Results and discussion

3.1. Catalyst characteristics

Single crystals of the [Ru(tptz)(ACN)Cl,] complex were obtained
by slow evaporation at room temperature with good quality. The
crystallographic data of this complex and its geometric
parameters are summarized in Tables S1 and S2,t respectively.
The X-ray crystallographic analysis revealed that this complex
crystallizes in the triclinic crystal system and P1 space group
with Z = 2. Its molecular structure and crystal packing diagrams
are shown in Fig. 1 and 2, respectively. In this structure, Ru is
six-coordinated, in which the tptz ligand coordinates to the Ru

Fig. 1 Ball and stick diagram of the molecular structure of [Ru(tpt-
z)(ACN)Cl,].

View Article Online
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atom in a tridentate-chelating mode. The coordination sphere
around the ruthenium center can be described as octahedral
with the nitrogen atoms of the tptz ligand [N1 (s-triazine), N6
(pyridine), and N7 (pyridine)] and acetonitrile [N(4)] forming the
equatorial plane, while the two chloride atoms occupy the apical
sites. The asymmetric unit of this complex consists of one Ru(u)
metal center, one tptz ligand, two chloride anions, and one
coordinated acetonitrile ligand. The Ru-N bond distances are in
the range of 1.923(18)-2.062(18) A and the Ru-Cl bond
distances are 2.379(6) and 2.398(7) A. The bond angles around
the Ru center fall in the range of 78.3(7)-178.1(8)°. The relevant
geometric parameters are listed in Table S2.t

For the [Ru(tptz)(ACN)Cl,] complex in the solid state, each
molecule is joined to an adjacent molecule by the head-to-tail
non-classical hydrogen bond C5-H2c5---Cl2 to form dimeric
molecular units (Fig. 2a). These dimers are further associated with
each other through C17-H1c17---Cl1 hydrogen bonds and 7t~
T,y interactions to generate molecular chains along the c-direc-
tion (Fig. 2b). The chains are laterally connected via several
intermolecular interactions to form a 3D network (Fig. 2c). In the
be-plane, the chains are held together by hydrogen bonds (C12-
Hic12---Cl2) and 7 stacking contacts (T0py—Trs.triazine and C12-
H1c12 T riazine), S Shown in Fig. 2b. The molecular chains are
firmly attached along the a-direction through a C14-H1c14---Cl1
hydrogen bond, C5-H3c5-+ -, and another 7, -7, interaction
(Fig. 2d). A summary of the parameters for the interactions
mentioned above is presented in Tables S3 and S4.F

The crystal structure of the TiO,, GO, TiO,@rGO and Ru-CMP-
TiO,/rGO samples were investigated using powder X-ray diffrac-
tion (PXRD), and the results are shown in Fig. 3. The as-
synthesized GO shows the characteristic (002) peak at 20 =
10.9°. For the other samples, all the diffraction peaks can be well
indexed to the photocatalytically active anatase TiO, (JCPDS No.

Fig. 2 Crystal structure of [Ru(tptz)(ACN)CL,]: (a) representation of its dimeric units, (b) association of dimers through hydrogen bonds and -7
interactions, creating a chain along the c-axis and joining the molecular chains in the bc-plane, (c) the three-dimensional supramolecular
structure of the complex, and (d) intermolecular interactions linking the adjacent chains in the ac-plane (non-interacting hydrogen atoms have
been omitted for clarity). Different colors represent different molecular chains.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 XRD patterns of the prepared samples. (a) TiO,, (b) TiO,@rGO
and (c) Ru-CMP-TiO,/rGO.

04-016-2837), which suggests that the synthesized Ru-CMP-TiO,/
rGO hybrid still preserved the anatase crystal structure. The
characteristic peaks at 29.6°, 44.2°, 56.4°, 63.7°, 64.8°, and 74.5°
correspond to the crystal planes of (101), (004), (200), (105), (211)
and (204) of anatase TiO,. There is no specific diffraction peak
related to GO or the Ru-complex in the XRD pattern of Ru-CMP-
TiO,/rGO, which is probably due to the low amount of these
materials in the nanocomposite. Furthermore, no systematic peak
position shift was observed upon sensitizing TiO, with the
[Ru(tptz)(ACN)CL,] dye.

The specific surface area of the synthesized TiO, and Ru-
CMP-TiO,/rGO samples was evaluated by measuring their
nitrogen adsorption/desorption isotherms, as plotted in Fig. 4a.
The isotherms of the samples can be classified as type IV, which
is characteristic of mesoporous solid materials. The Ru-CMP-
TiO,/rGO and TiO, samples exhibit adsorption/desorption
isotherms with H3-type and H4-type hysteresis loops at high
P/P, values, respectively. In the H3 hysteresis loop, the pores
have a wedge or slit geometry, resulting from agglomerates of
parallel plate-shaped particles.** The H4-type hysteresis loop is
related to pores with the same geometry as the H3 type, but with
smaller diameters,*® which indicates the decorated TiO, nano-
particles on the graphene sheets acted as a spacer to partially
prevent the aggregation of the graphene sheets, resulting in
a structure with specific macropores. The as-synthesized TiO,
had a BET surface area of 74.5 m”> g~', which is related to its
mesoporous structure. The BET surface area of the Ru-CMP-
TiO,/rGO hybrid was 113.8 m* ¢~ *, which was predictable due to
the high inherent surface area of GO (2600 m* g™ ).

The FT-IR spectra of the GO, TiO,, TiO,/rGO, [Ru(tptz)(ACN)
Cl,], Ru-CMP-TiO, and Ru-CMP-TiO,/rGO samples are presented
in Fig. 4b. For pure TiO,, three main peaks can be clearly
observed. The broad absorption peak in the range of 3300-
3500 cm ' is related to the stretching vibration of the hydroxyl

22504 | RSC Adv, 2020, 10, 22500-22514
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(-OH) group of physisorbed water on the surface of TiO,, the weak
signal at 1636 cm™ " is attributed to the O-H bending modes of
water molecules and the strong band below 800 cm™' corre-
sponds to the Ti-O and Ti-O-Ti bonds in the TiO, lattice.
Specifically the stretching vibration of the Ti-O bonds appear at
higher wavenumbers and that of the Ti-O-Ti bonds at lower
wavenumbers.” The FT-IR spectrum of the as-prepared GO dis-

played absorption peaks at 3343 cm™ ', 2925 and 2845 cm ',

1730 em™ %, 1615 cm ™, 1370 cm ™Y, 1220 ecm™ " and 1045 cm ™Y,
corresponding to the stretching vibration of the hydroxyl (-OH)
group, CH, stretching vibration, stretching vibration of oxygen-
containing functional groups (C=0), C=C stretching vibration,
C-O-C deformation vibration, epoxy (C-O) and (C-OH) of the
residual COOH groups, respectively.** These oxygen-containing
functional groups are crucial for the immobilization of titania
nanoparticles.** As seen in the FT-IR spectrum of the TiO,/rGO
nanocomposite, the absorption bands of most of the oxygen-
containing functional groups disappeared. However, this
sample showed a CO stretching band with a significantly lower
intensity, implying that the initial GO was reduced to graphene in
the presence of ethanol.*® The FT-IR spectrum of the [Ru(tpt-
z)(ACN)Cl,] complex exhibits a strong signal at 1576 cm™ ' with
a shoulder at 1656 cm ™', which is related to the stretching
vibration of C=N and »(C=N) vibration of the triazine ring.
Moreover, the absorption peaks at 1410 cm™ ' and 1374 cm™ ' are
attributed to the »(C=C) vibrations of the pyridyl rings. The weak
signals at 2344 cm™ " and 577 cm ™" correspond to the stretching
vibration of C=N of acetonitrile and Ru-Cl bond, respectively.**
For the Ru-CMP-TiO, sample, the absorption peaks located at
around 1323-1628 cm™ ' are attributed to the stretching vibration
of C=N and C=N, and stretching vibrations of the pyridyl and
triazine rings of the attached Ru-complex. Moreover, the absorp-
tion band related to the C=N band of acetonitrile was also
observed in this spectrum. The intense peak below 800 cm ™' is
associated with the Ti-O band. FT-IR spectra of the Ru-CMP-TiO,/
rGO hybrid showed a similar shape. Thus, the FT-IR results clearly
confirm the reduction of GO into rGO and attachment of Ru-CMP
on the TiO,/rGO nanocomposite.

To further evaluate the chemical structure of the as-prepared
catalyst, Raman spectroscopy was employed (Fig. 4c), which is
used as a powerful nondestructive tool to elucidate the carbon
structure in composite networks. As observed in Fig. 2c, the two
Raman shifts at 1353 and 1599 cm™* correspond to the D (for
vacancies, disorders and edge defects) and G (for sp® carbon
atoms) bands, respectively.>** Compared to GO, the D band and
G band for the TiO,/rGO nanocomposite shifted to 1342 cm ™" and
1604 cm™ ', respectively, indicating the successful reduction of
GO. In addition, the D/G intensity (Ip/Ig) ratio increased from 0.86
for GO to 0.97 for the TiO,/rGO nanocomposite, which further
confirmed that the reduction of GO occurred during the anneal-
ing process. The broader D bands for the TiO,/rGO nano-
composite indicate a reduction in the average size of the sp?
hybridized carbon and oxygen-functional groups on GO and the
generation of more defect sites during the annealing process.” The
TiO,/rGO nanocomposite presented characteristic anatase
features at 182 cm™*, 395 cm™ %, 512 cm ™ ' and 633 cm ™, corre-
sponding to the E,, By,, and A, and E, modes, respectively, with

This journal is © The Royal Society of Chemistry 2020
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no distinctive features for the rutile phase, which is in accordance
with the XRD results. To further characterize the attachment of
the Ru-complex on TiO,, the Raman spectra of Ru-complex and
Ru-CMP-TiO, were measured, and the changes before and after
complex loading were monitored. The backbone peaks in the
range of 1250-1600 cm ™" can be assigned to modes of the C-C
and C=N stretching vibration in the polypyridine skeleton, while
the peaks at 1163 and 1047 cm ™ * are related to the C-H bending
vibration of the ligand.*”** The weak band at 290 cm™" can be
attributed to the Ru-N stretching mode of the polypyridine
complex.”” Moreover, the signal at 1620 cm ™" is related to the N-
Ru-N in-plane bending with respect to the connected pyridine
group.** Compared with the Raman spectra of the pure [Ru(tpt-
z)(ACN)Cl,] and TiO,/rGO samples, all the vibration modes of
TiO, and [Ru(tptz)(ACN)Cl,] are observed for the [Ru(tptz)(ACN)
Cl,]-TiO, hybrid, which further confirms that [Ru(tptz)(ACN)Cl,]
was successfully loaded on TiO,.

To obtain further information on the chemical composition
and valence state of the elements, energy dispersive X-ray (EDX)

This journal is © The Royal Society of Chemistry 2020

mapping and XPS of Ru-CMP-TiO,/rGO were carried out and the
results are shown in Fig. S17 and 5, respectively. The elemental
mapping for Ru-CMP-TiO,/rGO for titanium, ruthenium,
carbon, and nitrogen can be observed in Fig. S1,f which
confirms the presence of these elements with a uniform
distribution in the prepared catalyst. The XPS and EDX results
are in good agreement, as confirmed by the presence of peaks
related to Ti, O, C, N, and Ru in the high-resolution XPS spectra.
The peak located at 284.6 is related to the C 1s core-level spec-
trum of GO. This peak could be devolved into three contribu-
tions, corresponding to C-C, C=C/C-H of the sp> carbon of
rGO, C-0 and C=0.° The weak signal for the oxygen-containing
functional groups suggests the reduction of GO into rGO during
the solvothermal process.** The binding energies of O 1s
centered at 529.8 eV could be deconvoluted into two main
bands at 529.1 and 530.1, which are ascribed to O*  in the
transition metal oxides and O-O, respectively.” The signal
located at 532.4 €V is attributed to the C-O bond.** The Ti core-
level XPS spectrum of TiO, exhibits two signals at 458.6 and

RSC Adv, 2020, 10, 22500-22514 | 22505
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464.1, which are related to the Ti 2p3/, and Ti 2p,/, spin—orbital
splitting photoelectrons in the Ti'" state, respectively.* The
adsorption of the Ru-complex was evidenced by the presence
of N 1s and Ru 3d signals in the XPS spectrum. As shown in
Fig. 5d, the binding energies of N 1s show 2 types of N bonding
at 398.6 and 400.1, which are assigned to the sp* hybridized
nitrogen (C=N-C) involved in the triazine rings and the
nitrogen-center atom in the tri-s-triazine units, respectively.**
The peak centered at 278.5 eV is associated with Ru 3ds),
confirming that ruthenium is in the Ru®* oxidation state in the
sample.* The peak related to Ru 3d3/, was not observed for this
sample because the signal of C 1s core-level overlaps with this
peak. The signal of Ru 3ds5,, appeared at a lower binding energy
compared to that reported for Ru** (281.3 eV) in previous
works.*® This is due to the electron transfer from the ligands to
the central metal in the complex. In this process, the lone pairs
provided by the ligands can transfer to Ru, resulting in an
enhancement in the electron density on ruthenium. The
increase in electron density in ruthenium leads to a decrease in
the attraction for an extra nuclear electron, and therefore,
a decrease in the binding energy of ruthenium compared to the
normal binding energy of Ru*".**

The detailed microstructures and morphologies of the
prepared samples were evaluated by FESEM and TEM, as shown
in Fig. 6. Fig. 6a illustrates the structure of the two-dimensional
sheet for the as-prepared GO with silk veil waves, which is the
typical morphology for this material. The length and width of
the GO sheets are in the micrometer range. As seen in Fig. 6b,
the TiO, nanoparticles were found to be almost spherical in

22506 | RSC Adv, 2020, 10, 22500-22514

shape and uniform in size. As driven by the oxygen-containing
functional groups on the surface of GO, the TiO, nano-
particles were uniformly fixed on the GO shells. Fig. 6¢ and
d show the SEM images of the TiO,/rGO nanocomposite under
low and high magnification, respectively. Based on the low
magnification image (Fig. 6c¢), the TiO, nanoparticles were
homogeneously dispersed on the surface of rGO. As can be seen
in Fig. 6¢, the layered structure of GO and the shape and size of
the TiO, nanoparticles remained unchanged after the sol-
vothermal reaction. According to the high magnification SEM
image (Fig. 6d), it can be clearly seen that the TiO,/rGO product
was composed of three distinct parts, including a small part of
bare rGO sheet, a trace amount of unconnected TiO, and
a major portion of TiO, particles deposited on the rGO sheets.
This rGO-connected TiO, network plays a critical role in effi-
cient electron collection during the photocatalytic process.* It
can be found in Fig. 6e that the loading of the Ru-complex had
no remarkable effect on the microstructure of the TiO,@rGO
nanocomposite. To obtain more detailed structural informa-
tion, TEM imaging was carried out for the Ru-CMP-TiO,/rGO
sample. The TEM image totally supports the SEM results, dis-
playing that the TiO, nanoparticles are well-dispersed and
occupy most of the available surface of rGO and directly
anchored to its surface.

The optical properties of the prepared samples were evalu-
ated by UV-vis (Fig. 7a) and PL (Fig. 7b) spectroscopy at room
temperature. The optical band gaps were estimated from the
absorption data by plotting (ahv)” % against the photon energy,
hv, (Fig. S21). Based on Fig. 7a, pure TiO, exhibited an

This journal is © The Royal Society of Chemistry 2020
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Fig. 6
rGO hybrid.

absorption edge at around 389 nm, having a band gap energy of
3.23 eV. As can be seen in Fig. 7a, the TiO,/rGO sample
possessed a similar absorption edge with a small shift toward
longer wavelengths, which is related to the interaction between
TiO, and GO.** The value of the conduction and valence band
edge potential of a semiconductor can be predicted using the
following formula:

EVB =X — Ee + 05Eg (1)
ECB == EVB _ Eg (2)

where Eyg and Egp are the valence band (VB) and the conduction
band (CB) edge potentials, respectively, x is the electronegativity
of the semiconductor, which can be obtained by the electro-
negativity values of its constituent atoms, E, refers to the energy
of free electrons on the hydrogen scale (4.5 eV), and E, stands
for the band gap energy of the material.

This journal is © The Royal Society of Chemistry 2020

(a—e) SEM images of prepared samples: (a) GO, (b) TiO,, (c and d) TiO,/rGO, (e) Ru-CMP-TiO,/rGO and (f) TEM image of Ru-CMP-TiO,/

Therefore, the Eyg and Ecg values for TiO, were calculated to
be about +2.93 eV and —0.31 eV and that for the TiO,/rGO
nanocomposite about +2.91 eV and —0.29 eV, respectively.
According to the UV-vis absorption results, loading the Ru-
complex into TiO,/rGO led to a significant shift in its absorp-
tion edge toward the visible region and this Ru-CMP-TiO,/rGO
sample exhibited strong visible light absorption. The UV-vis
spectrum of the complex was recorded in ethanol solution, as
shown in the inset of Fig. 7a. This spectrum featured the most
intense absorption bands in the UV region at around 219, 259,
and 287 nm, arising from the intraligand n — w* and/or w —
m* transitions for the tptz ligand. The complex also exhibits
a broad absorption peak in the visible region at 450 nm due to
the metal-to-ligand charge transfer from d,. (Ru") to the empty
m* orbitals of the tptz ligand.*>*” As seen in Fig. 7a, the heter-
ojunction between rGO and TiO, did not have the capacity to
change the electronic structure, while inserting the [Ru(tpt-
z)(ACN)Cl,] sensitizer led to the absorption edge being extended

RSC Adv, 2020, 10, 22500-22514 | 22507
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(a) UV-vis spectra of the prepared photocatalysts. The inset shows the UV-vis spectrum of the [Ru(tptz)(ACN)Cl,] complex, (b) PL spectra

of the synthesized materials, (c) Nyquist plots of the TiO, and Ru-CMP-TiO,/rGO samples and (d) cyclic voltammograms of the [Ru(tptz)(ACN)

Cl,] complex and Ru-CMP-TiO,/rGO hybrid.

toward the visible light region, which is ascribed to the photo-
sensitizing effect of the Ru-complex. Indeed, the Ru-CMP-TiO,/
rGO sample exhibited a broad absorption band at 450 nm,
a fingerprint of the electron transfer from the d orbitals of the
ruthenium atom to the empty m* orbitals of the tptz ligand,
which further confirms the successful loading of the dye on the
catalyst.

The separation and recombination of charge carriers play
a critical role in the photocatalytic activity of semiconductors,
and their photocatalytic performance is improved when charge
recombination is prevented.”® Thus, to study the charge
recombination process, the photoluminescence (PL) spectra of
prepared samples were recorded, as shown in Fig. 7b. As
observed in Fig. 7b, all the samples exhibit similar PL spectra,
while, the intensity of their emission bands is different. It is
assumed that quenching of the PL emission indicates a weaker
electron-hole recombination rate and higher charge carrier
lifetime.*>** As shown in Fig. 7b, the insertion of GO in the
composite reduced the emission intensity of the product in

22508 | RSC Adv, 2020, 10, 22500-22514

comparison with pure TiO,. GO with a two-dimensional -
conjugated structure is known as a competitive electron-
accepting material, and thus it could inhibit the recombina-
tion of photogenerated electron-holes.** Moreover, the results
reveal that loading Ru-complex into the sample significantly
reduced the PL peak intensity, which confirms that the ruthe-
nium complex greatly improved the effective separation of
photogenerated electron-hole pairs. Considering the CB band
position of TiO, and the LUMO of the complex, the efficient
electron transportation at the heterojunction interface can
induce a higher efficiency of electron-hole pair transport, more
efficient charge separation and rapid interfacial charge transfer.
Moreover, it is noted that the PL emission exhibits a red shift
from 386 nm for TiO, to 410 nm for the Ru-CMP-TiO, hybrid
due to the lower 7* orbital of the tptz ligand.*
Electrochemical impedance spectroscopy was carried out for
the TiO, and Ru-CMP-TiO,/rGO samples at the charged state,
and the corresponding Nyquist plots are shown in Fig. 7c. Both
curves show similar characteristics. The results indicate the

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Optimized structures of the complex and schematic representation of the calculated HOMO and LUMO.

reduced charge transfer resistance at the solid-state interface
after the introduction of rGO and addition of the Ru-complex.
The electron accepting and transporting features of rGO and
efficient charge transport due to Ru-complex can contribute to
the suppression of charge recombination, thereby resulting in
a high photocatalytic performance.

The redox behaviors of the Ru-complex and Ru-CMP-
TiO,@rGO samples were investigated using cyclic voltammetry.
The voltammograms were recorded in acetonitrile solution with
0.1 M TBAH as the supporting electrolyte and a glassy carbon
working electrode under an Ar atmosphere at room tempera-
ture, as shown in Fig. 7d. Three distinction reduction peaks
were observed in the voltammogram of the Ru-complex at
—0.87, —1.12, and —1.50 V vs. Ag/AgCl. The irreversible peak at
—0.87 V can be assigned to the Ru(u/1) couple. The couples at
potentials below —1.00 V are attributed to two sequential
reduction couples of the tptz ligand. The reduction of Ru(u) to
Ru(1) led to a change in electron configuration from a d°® low
spin with a very strong crystal field stabilization energy, CFSE, to
d” with a weaker CFSE. Therefore, it is expected that the
reduction of Ru(u) to Ru(1) occurred at a negative potential and
the oxidation of Ru(r) to Ru(u) occurred at a positive potential.
Similar redox behavior was achieved for the Ru-complex after it
was loaded in the TiO,/rGO nanocomposite, with a small shift
toward less positive potentials.

DFT calculations were performed to optimize the configu-
rations and electronic structure of the complex. Fig. 8 indicates
the optimized structure of the Ru-complex, which is consistent
with its crystal (solid-state) structures. The distribution and
energy gap of the HOMO and LUMO are also shown in Fig. 8. As
seen in Fig. 8, the HOMO of the complex, [Ru(tptz)(ACN)Cl,],
possesses a mixed ligand/metal character of chlorine as the
coordinated ligand and ruthenium as the central metal. In
addition, the LUMO is localized on the 7* orbitals of the tptz
ligand and d-orbitals of Ru(u). The energies of HOMO and
LUMO were calculated to be —5.12 eV and —3.21 eV vs. vacuum,
which give the band gap energy of 1.91 eV. Considering the
conduction band (CB) edge of TiO, (—4.5 eV vs. vacuum) and the

This journal is © The Royal Society of Chemistry 2020

band gap energy of 3.2 eV, the prepared complex can act as an
efficient visible light photosensitizer for TiO,. The prepared Ru-
CMP with a narrow band gap energy can simply be photoexcited
under visible light, and since the CB of TiO, stays at a more
negative potential than the LUMO of the Ru-complex, the photo-
excited electrons from the LUMO of the complex can be injected
with high efficiency into the conduction band of TiO,, which
results in improved charge separation.

3.2. Photocatalytic activity of the prepared TGA catalysts

TiO, has been widely studied as a photocatalyst for the degra-
dation of various pollutants®** due to its inherent properties
and high photocatalytic activity. However, some limitations
such as its fast charge recombination and wide band gap (3.2
eV) make it inactive under visible light, hindering the wide-
spread use of TiO, for industrial applications.*>*® Hence, in this
study, two general approaches were used to enhance the pho-
tocatalytic efficiency of TiO,, loading a trace amount of Ru-
complex and decorating the catalyst on rGO sheets. The pho-
tocatalytic activity of the prepared TiO,/rGO nanocomposites
with different TiO, to GO ratios was investigated for the
degradation of 20 mg L™" ATZ in aqueous solution (pH = 5.4) in
the PCO reaction with 1 g L™" of catalyst under visible light
irradiation for 60 min. Control experiments were also con-
ducted in the absence of the catalyst (direct photolysis) and in
the dark (adsorption) under similar conditions.

Before the photo-induced degradation reaction, the ATZ
solution containing the photocatalyst was stirred for 1 h in the
dark to reach adsorption equilibrium, and the results are
shown in Fig. 9a. It was found that ATZ adsorption increased
with an increase in GO to TiO, weight ratio due to the inherent
specific surface area of GO (2600 m? g~ ') and the -7 conju-
gation accumulation effect between the rGO sheets and ATZ
molecules. The photocatalytic performance of the nano-
composites was also evaluated under UV-vis irradiation.
According to the control experiments, no ATZ degradation was
observed in the absence of the catalyst (direct photolysis

RSC Adv, 2020, 10, 22500-22514 | 22509
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(a) Photodegradation of ATZ under UV-vis irradiation over the TiO,/rGO nanocomposite with various rGO contents. (b) Photocatalytic
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contact time. (d) ATZ degradation efficiency under visible light irradiation in the presence of selected radical scavengers (reaction conditions: pH:
5.4; ATZ concentration: 20 mg L™ reaction time: 60 min. The concentration of radical scavengers/inhibitors was 200 mg L™).

condition). A similar result was obtained when GO was used as
a catalyst (not shown). Thus, GO does not function as a pho-
tocatalyst independently. It was found that all the TiO,/rGO
nanocomposites possessed greater photocatalytic capacity
than pure TiO,. The improved photocatalytic performance of
the TiO,/rGO nanocomposites compared to that of pure TiO,
can be explained based on the various benefits provided by
compositing TiO, with GO, including better photogenerated
electron-hole separation, increase in light harvesting and
promoted reaction potential due to the enhanced reactant
adsorbability.®® GO with a two-dimensional m-conjugated
structure is a competitive acceptor material and acts as an
electron sink for photogenerated electrons from the conduc-
tive band of TiO,. Therefore, decorating titania nanoparticles
on rGO sheets provides the channels for electron trans-
portation, leading to a decrease in the charge recombination
rate. Reducing the recombination rate of photogenerated
electron-hole pairs leads to more electrons and holes
remaining available to interact with water molecules and the
production of more active radical species, and thereby higher
photocatalytic activity. It can be clearly seen in Fig. 9a that an
increase in GO content to 3.0 wt% in the nanocomposite
resulted in an enhancement of the removal efficiency

22510 | RSC Adv, 2020, 10, 22500-22514

(adsorption + photodegradation) to 41%. However, a further
increase in the GO percentage caused a slight reduction in the
photocatalytic performance of the catalyst. Although a higher
amount of GO may adsorb a greater amount of ATZ, it can
disadvantageously occupy some active sites of the titania
nanoparticles, resulting in partial shielding of the photons
arriving at TiO,, and thus reducing the photocatalytic activity
and performance.” Thus, based on the above discussion, the
TiO,/rGO nanocomposites with 3.0 wt% of GO was used for
evaluating the effect of sensitizing with the [Ru (tptz)(ACN)Cl,]
complex.

Fig. 9b presents the photocatalytic activity of the TiO,/rGO
nanocomposites sensitized with different concentrations of
[Ru(tptz)(ACN)Cl,] as a function reaction time up to 60 min. For
comparison, the photocatalytic activity of commercial TiO,
(Sigma Aldrich P25) was also investigated under the same
conditions. When Ru-CMP, ,-TG was used as the photocatalyst,
the ATZ removal efficiency was only 41%. Significantly, the
removal of ATZ increased for the [Ru(tptz)(ACN)Cl,]-treated
samples to 68%, 88%, 100% and 86% over Ru-CMP, (-TG, Ru-
CMP, (-TG, Ru-CMP;,-TG and Ru-CMP;,-TG as the photo-
catalyst, respectively. Hence, the Ru-complex was used as
a visible light sensitizer, and electron transfer from the excited

This journal is © The Royal Society of Chemistry 2020
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dye to TiO, occurred efficiently. The PFO kinetics of the
degradation of ATZ in the PCO process with the prepared
hybrids was also calculated and the results are presented in
Table 1. As observed in Table 1, the loaded Ru-complex as
avisible light sensitizer exhibited a highly enhanced PFO rate of
0.42 mg L™ min~'. Moreover, inserting the Ru-complex at an
optimal concentration (0.003 mol L™ ') resulted in a more than 9
times higher rate constant for the degradation of ATZ than that
with the commercial TiO,.

Based on Table 1, loading the Ru-complex as a visible light
sensitizer dye promoted the photocatalytic performance. The
improvement in the photocatalytic activity of the samples after
loading the Ru-complex photosensitizer can be attributed to its
better light harvesting and efficient charge separation. The
photocatalytic performance of a photocatalyst directly depends
on its light absorption behavior, and light harvesting ability is
a key factor to improve its photocatalytic efficiency. The wide
band gap of TiO, makes it inactive under visible light irradia-
tion. However, after loading the Ru-complex, the absorption
edge significantly extended toward the visible region. These
results suggest the Ru-complex with extended visible light
absorption could act as an efficient photosensitizer for TiO, and
improve the light harvesting in the final product. This increase
in absorption in the visible light led to the generation of more
electron-hole pairs, which resulted in higher photocatalytic
activities. Furthermore, based on the PL and EIS results,
sensitizing the catalyst using the Ru-complex inhibited the
recombination of photogenerated electrons-holes and
improved the photocatalytic performance (Fig. 7). When the
prepared hybrid was irradiated by visible light photons, the
photogenerated electrons in the LUMO of the Ru-complex could
be directly injected to TiO, rather than recombine with the
holes by itself. Therefore, the formed junction between TiO,
and Ru-complex could serve as an electron sink to efficiently
inhibit the recombination of photo-generated e /h" pairs, and
thus significantly improve the photocatalytic activity. As the
concentration of the complex solution increased, the complex
loading capacity and ATZ removal efficiency increased. This
result was predictable because the higher complex level in the
catalyst led to the absorption of more visible light photons,
resulting in the generation of more electron-hole pairs, and
thus a better photocatalytic performance. However, above
a complex solution concentration of 3 mM, the ATZ removal
efficiency decreased because the dye precipitated on the TiO,
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nanoparticles.”” This phenomenon led to an enhancement in
inactive dye molecules on the surface of TiO, and prevented the
photogenerated electron injection processes.”” Moreover, as
mentioned before, the source of illumination was a lamp
without any cut filter, which emitted both UV and visible irra-
diation. Therefore, some of the contaminant could be directly
degraded using TiO, under UV irradiation. As seen in Fig. 9,
29% of ATZ was degraded over the TiO,/rGO photocatalyst
without the Ru-complex. Therefore, there was a synergistic
effect between TiO, and Ru-complex, but a high content of Ru-
complex resulted in the agglomeration of this dark material on
the surface of the TiO, nanostructure, which could block out the
light, resulting in fewer photogenerated charges and weaker
photocatalytic performances.*®* Furthermore, based on elec-
trochemical impedance spectroscopy (EIS) analysis, Tang and
co-workers® indicated that with an increase in Ru-complex
concentration in dye-sensitized solar cells above the optimum
concentration, the lifetime of photogenerated electrons
increased, and thus the charge recombination was reduced. A
similar trend was observed in this study. Electron-hole recom-
bination and light harvesting are the most important factors
limiting the photocatalytic efficiency of materials. Therefore,
adjusting the complex concentration is a crucial factor for the
efficient performance of a photocatalyst.

Fig. 9c displays the ATZ mineralization in the developed PCO
process with the most efficient catalyst (Ru-CMP; ,-TG). It can
be observed in Fig. 9c that the mineralization efficiency reached
71.8% with an increase in the irradiation time to 60 min. The
PFO reaction rate (R> = 0.99) constant for ATZ mineralization in
the selected process was determined to be 0.017 min~'. The
difference between the degradation and mineralization effi-
ciencies implies that a small amount of the intermediates from
the oxidation of ATZ remained in the solution, which was
further mineralized with an increase in the reaction time.

To further explore the possible photocatalytic degradation
mechanism of ATZ in the developed PCO process, the removal
of ATZ was compared in the absence and the presence of various
sacrificial agents. Four different quenchers, including tert-
butanol (TBT), p-benzoquinone (PZQ), persulfate (PS) and
EDTA-2Na, were used as 'OH, O, °, electron and hole (h")
scavengers, respectively, in the trapping experiments, and the
results are shown in Fig. 9d. Fig. 9d indicates that the addition
of persulfate and TBT to the photocatalytic reaction did not
have a considerable effect on the photocatalytic performance,

Table1 Kinetics information for the degradation and mineralization of atrazine in the visible light photocatalytic process with different catalysts

Reaction Catalyst R? kobs (min™) Tobs (Mg L™ min ™)
Degradation P25 0.996 0.009 0.14

TG 0.942 0.008 0.2

Ru-CMP;-TG 0.951 0.019 0.54

Ru-CMP,-TG 0.987 0.024 0.82

Ru-CMP;-TG 0.979 0.060 1.26

Ru-CMP,-TG 0.998 0.031 0.42
Mineralization Ru-CMP;-TG 0.980 0.017 0.36

This journal is © The Royal Society of Chemistry 2020
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while upon the introduction of EDTA-2Na, the photo-
degradation efficiency of ATZ decreased. In comparison, the
presence of BZQ significantly decreased the degradation of ATZ,
suggesting that ‘O, was the main active reactive oxidation
species (ROS) contributing to the ATZ degradation reaction.
Besides, holes can play a relatively important role and partici-
pate in the oxidation reactions to a minor extent.

Thus, based on the above discussion, a possible mechanism
for the photoactivity of Ru-CMP-TiO,/rGO under visible light
can be proposed, as shown in Fig. 10. TiO, as a wide band gap
semiconductor absorbs only a small portion of solar irradiation
(UV region). By sensitizing titania with the Ru-complex, two
fundamental processes can occur, an improvement in visible
light harvesting and the separation of charge carriers from each
other.®* At the heart of the photocatalyst, the [Ru(tptpz)(ACN)
Cl,] charge-transfer dye is illuminated and excited by visible
light to an excited state. Polypyridyl Ru(u)-type complexes are
known as the most efficient photosensitizers due to their broad
range of visible light absorption owning to their metal-to-ligand
charge transfer (MLCT) in this region, high photochemical
stability, high light-to-electricity conversion, long excited state
lifetime and tunable redox properties.®*>** The calculations
suggest that the synthesized Ru-complex possesses a suitable
ground state (HOMO) and excited state (LUMO) for efficient
electron injection to TiO,. The HOMO and LUMO edge poten-
tials are located at —5.12 eV and —3.21 eV for the Ru-complex,
and —4.05 eV and —0.85 eV for TiO,, respectively. Therefore,
since the CB of TiO, remains at a less negative potential than
the LUMO of the Ru-complex, the photo-excited electrons from
the LUMO of the complex can be injected with high efficiency
into the conduction band of TiO,. Owning to the band align-
ment of the Ru-complex and TiO,, this electron transfer process
is thermodynamically more favorable and efficiently reduces
the electron-hole recombination and promotes the photo-
catalytic efficiency. Besides this favorable pathway for the light-
induced electron transfer process, the direct recombination of

Fig. 10 Mechanism of the visible-light activity of the Ru-CMP-TiO,/
rGO photocatalyst.
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excited electrons with holes in the complex can occur as
a competing reaction.** Previous studies indicated that the
recombination between photoinjected electrons with oxidized
Ru-complex molecules occurs within microseconds, while
electron injection from the excited dye to TiO, occurs on the
femtosecond scale (10" s).%* Therefore, because the electron
transfer rate from the photo-excited complex is more than twice
the photogenerated electron-hole recombination rate of the dye
molecules, the contribution of the recombination mechanism
can usually be neglected.®® The electrons in the CB of TiO, can
react with the oxygen molecules dissolved in the solution to
produce superoxide anion radicals (O, ‘). The produced reac-
tive oxygen species can directly oxidize organic pollutant
molecules finally into CO, and H,O and mineral acids. The
holes (h") on the HOMO of the Ru-complex cannot react with
OH /H,O to form "OH because its potential is more negative
(0.995 eV vs. NHE) than that of ‘OH/OH "™ (2.72 eV vs. NHE, 1.99
C2).°® Hence, the holes migrate from the HOMO of the Ru-
complex to the surface of the catalyst and directly oxidize the
contaminant molecules, and therefore improve the photo-
catalytic activity. Therefore, as the aggregation of photo-
generated electrons and holes increases, the generation of
reactive oxidizing species is enhanced, resulting in the more
efficient degradation of ATZ. In addition, due to the interaction
between the oxygen-containing functional groups of GO and Ru-
CMP-TiO,, GO as an excellent electron sink, provides
a conduction path to move excited electrons from TiO, to rGO.
These trapped electrons on GO can also be captured directly by
oxygen molecules and OH  dissolved in the solution and
generate more O, ~ and ‘OH.* The barrier formed at the
network, which is termed the Schottky barrier, separates the
electron-hole pairs, and thus overcomes charge recombina-
tion.** Therefore, the synergistic effect between the broad
spectral response in the visible region and appropriate band
alignment of the Ru-complex, and the close contact between
rGO and TiO, lead to effective light harvesting and adequate
charge anti-recombination, and thus the greater generation of
effective radical species and much greater photocatalytic
activity compared to that of the bare TiO, catalyst.

4. Conclusions

To enhance the visible light photoactivity of TiO,, an effective
protocol was proposed based on the use of a novel Ru(u) pol-
ypyridyl complex, [Ru(tptz)(ACN)Cl,], as photosensitizer dye
for sensitizing TiO, nanoparticles supported on rGO. The
molecular structure of the complex indicated that the coordi-
nation sphere around the ruthenium center was octahedral
with the nitrogen atoms of the tptz ligand and acetonitrile
forming the equatorial plane, while the two chloride atoms
occupied the apical sites. By using a one-step approach,
a hybrid Ru-CMP-TiO,/rGO nanomaterial was synthesized,
where the loading of the Ru-complex molecules into catalyst
was confirmed based on spectroscopic analyses. The XRD,
BET, SEM and TEM results revealed that the prepared hybrids
with a hexagonal anatase crystal structure had a mesoporous
texture and TiO, nanoparticles were attached to the surface of

This journal is © The Royal Society of Chemistry 2020
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rGO. The reduction of GO during solvothermal treatment was
proven trough FT-IR and Raman spectroscopy. The ruth-
enium(u) polypyridyl complex exhibited improved energy
transfer properties due to the strong MLCT absorption bands
in the visible region. The PL results confirmed that supporting
the catalyst on rGO sheets as an inherent electron acceptor
material improved the separation efficiency of the photo-
generated electrons and holes pairs. Further studies revealed
that loading the synthesized ruthenium(u) polypyridyl
complex as a photosensitizer not only efficiently promoted
charge separation but also usefully extended the light
absorption of the photocatalyst. The gas-phase geometry and
energies of the molecular orbitals of the Ru-complex was
evaluated using DFT calculations. The DFT calculations were
consistent with the experimental results. The prepared nano-
material hybrid was examined for is activity in a lab-scale
photocatalytic oxidation process for the degradation of ATZ
solution. Compared to the pure TiO,, the prepared hybrid
exhibited significantly enhanced photocatalytic activity. The
rate of ATZ photodegradation was 9 times higher with the best
catalyst compared to that of pure TiO,. Based on the
comprehensive investigations, it was concluded that presence
of rGO and loading the Ru-complex photosensitizer remark-
ably increased the photocatalytic activity of the catalyst by
synergistically enhancing the quantity of photon absorption,
adsorption capacity and charge transport through the reduc-
tion of charge recombination. The prepared polypyridyl Ru(u)
complex with the band gap energy of 1.9 eV could simply be
photoexcited under visible light, and due to its more suitable
LUMO position than the CB of TiO,, the excited electrons in
the complex could efficiently be injected to TiO,, which
resulted in improved charge separation. Moreover, the excel-
lent conductivity and adsorption capacity of graphene also
contributed to the increase in photocatalytic activity. There-
fore, the synergistic effect between TiO,, rGO and the Ru-
complex resulted in the advantages of chemical stability,
extended solar spectral utilization, reduction in electron-hole
recombination and facilitation of charge transport. According
to the results from the trapping experiments, photogenerated
holes and "0, radicals were the main active species in the ATZ
photodegradation process. Thus, this study provides new
insights into a new strategy to prepare visible light-active TiO,
for the degradation and detoxification of emerging contami-
nants and can be extended to other applications such as dye-
sensitized solar cells.
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