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Abstract: In this paper we propose titanium dioxide modified with cobalt(ll) 2-
ethylhexanoate (Co@TiO,) as photoactive material for the efficient visible light driven
production of H,0,. We demonstrate that visible light activity can be achieved thanks to a
photoinduced electron transfer from the excited complex towards the TiO, conduction band
that corresponds to a cobalt-to-titanium-charge-transfer transition. H,O- is synthetized by a
combination of oxygen reduction and water oxidation, that is possible thanks to the correct
band position of Co@TiO,. A mechanism of H,O, formation is suggested on the basis of
experimental evidences. Reactive oxygen intermediates, together with H,O; are responsible
for the photocatalytic degradation of a nonionic surfactant, of methylene blue and of phenol
for wastewater treatments. Finally, and quite interestingly, Co@TiO, can be also used in a
photoelectrochemical setup, where it can be adopted both as photoanode and photocatode, and
the switching potential corresponds to the redox potential of the adsorbed complex
Co(l11)/Co(ll) couple.



1. Introduction

The development of photocatalysts active under visible light irradiation represents one of
the most important research topics in the field of photocatalysis. Due to their high band gap
energy, many semiconductors, like TiO,, Cul or ZnO, absorb mainly ultraviolet light, a small
fraction of the solar radiation. A desired feature of a photocatalyst is visible light-induced
activity that allow to use a significant fraction of sunlight. Several methods of photocatalysts
photosensitization have been explored, including doping, surface modification by organic
dyes and metal complexes, coupling with narrow band gap semiconductors (composites of
two semiconductors) and deposition of metals (photosensitization due to the plasmonic effect)
[1,2]. The most common methods of photosensitization by surface modification are discussed
in the literature [3-6]. These methods are: direct photosensitization, photosensitization
involving electron injection, involving hole injection or surface plasmon resonance.
According to the first model (figure 1A), photosensitization can be achieved by a surface
charge transfer complex formation by binding a modifier (organic or inorganic) to the
semiconductor surface. The mechanism is based on a direct electron transfer through the
optical excitation of a surface moiety-semiconductor complex.

A Ligand-to-metal charge transfer (LMCT) or metal-to-metal charge transfer (MMCT)
leads to electron injection to the conduction band. As an example for MMCT, in the case of
TiO,, the MMTC produces a reduced Ti center (Ti**), which can be considered as an electron
trapped in the conduction band. Semiconductors modified with organic modifiers [7] as well
as inorganic cyanide complexes [8] can be given as examples of LMCT or MMCT systems.
In addition, two other two-steps mechanisms exist (Fig 1B, C): light excitation of the surface
bound chromophores, followed by a dark interfacial electron transfer from the excited state of
the sensitizer to the CB of the semiconductor (photoinduced electron transfer, according to the
Sakata-Hashimoto-Hiramoto model, figure 1 B), or a hole injection from the excited state of
the sensitizer to the valence band of the semiconductor (photoinduced hole transfer, figure
1C) [6,9]. The recent literature reports several examples of photocatalyst or dye sensitized
solar cells materials which follow these mechanisms. In particular, TiO, modified with
platinum(1V) chloride complexes [10], chromium (I11) complex [11], iron complexes with
nicotinic ligand [12] or N-heterocyclic carbine ligand [13] and Ru-phthalocyanine complex
[14] are examples of materials exhibiting mechanism based on electron injection. In turn,
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TiO, sensitized with chromium(V1) species [10] or Ru cluster [15] as well as copper oxide
modified with the so-called N3 dye [16] can be given as examples of photoinduced hole
injection mechanism. An ideal sensitizer should strongly absorb visible light, have long living
excited states, exists in stable oxidized and reduced forms and do not have the tendency to

aggregate or degrade.
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Figure 1. Mechanisms of wide band gap semiconductors photosensitization. A - direct
photosensitization (optical charge transfer), B - photosensitization involving an electron
injection from the excited photosensitizer, C -photosensitization involving a hole injection to
the valence band. The upper row shows simplified imagination of optical (red arrows) and
consecutive dark (blue arrows) charges transfer processes. (Denotation: A — electron acceptor,

D- electron donor, S- sensitizer, CB — conduction band, VB — valence band).

Photodriven H,O, production represents a very attractive approach for the sustainable
production of an advanced oxidant for purification of water and surfaces [17] [18]. Many
metallic and metal-free materials have been reported as photocatalysts for the synthesis of
H,0, [19-23]. However, their need of sacrificial electron donor such as alcohols, the poor
stability under irradiation, the use of expensive, poorly abundant materials (e.g. Pt decorated
TiO,) or the low activity demonstrated in H,O, synthesis request the need for better
performing, visible light absorbing, low cost alternative photocatalysts.

In this paper we present a TiO,-based material modified with cobalt(Il) 2-ethylhexanoate
for photocatalytic and photoelectrochemical formation of hydrogen peroxide as well as for
photoinduced degradation of a detergent (Triton X-100) as a model water contaminant. Triton
X-100 is a non-ionic surfactant that has a wide range of applications. In fact, non-ionic
surfactants are today one of the most widely used industrial-scale class of surfactants for the
production of detergents, emulsifiers, wetting agents and dispersants [24,25]. Recently, TiO,
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and other photocatalysts have been discussed as efficient materials for detergents degradation
[25-28]. Czech et al. suggested a mechanism of photocatalytic degradation based on a
reactive oxygen species such as hydrogen peroxide [28]. Moreover, they demonstrated that
the addition of H,O, influences the photo-oxidation of Triton X-100, often adopted as a
model pollutant. The mechanism of photocatalytic decomposition of Triton X-100 has been
proposed in the literature [25,29,30]. Four intermediates were identified:
tetramethylbutylphenol, tert-octylphenoxyethanol, tertoctyl phenoxyethyl formate, and tert-
octylphenoxydiethoxyl formate.

Titanium dioxide is a well-known photocatalytic material that offers a high chemical
stability and photostability, has low cost, low toxicity and low environmental impact [31]. In
a recent review, photocatalytic production of H,O, by TiO; is reported as being poorly
effective [32]. However, a TiO./graphene oxide composite has shown interesting H,O,
production capability by photoreduction of O, [33]. The stability of these systems for long
operation times has not been assessed. Moreover, TiO, loaded with metallic alloy
nanoparticles e.g. Au, Pt, Ag showed good efficiency for H,O, production and several hours
stability [34,35]. All listed photocatalytic materials require the presence of sacrificial electron
donor such as ethanol of propanol [33-35]. An alternative way to improve the photocatalytic
activity of TiO; is its association with other semiconductors [36].

In a previous work we demonstrated that Ni and Co titanates are promising materials for
the photocatalytic and photoelectrochemical synthesis of H,O, [18]. Both materials absorb
visible light thanks to their favorable band gap energy (2.4 eV and 3.0 eV, respectively).
Unfortunately, the stability is poor, probably due to photo-corrosion phenomena. As a
possible alternative, we here propose TiO, modified with a cobalt complex, where
photosensitization is achieved thanks to electron injection. We will demonstrate the effective,
efficient and long lasting semiconductor/cobalt complex coupling and that the resulting
sensitized photoactive material successfully produces hydrogen peroxide upon irradiation
with visible light, particularly when used in oxygen saturated solution and in the absence of a
sacrificial electron donor. The results suggest that hydrogen peroxide is generated both from
oxygen reduction (by photogenerated electrons) and from water oxidation (from
photogenerated holes). All these features have never been demonstrated for a single
photocatalyst for H,O, production in the millimolar scale. The high material’s performances

are also confirmed by the effective degradation of Triton X-100, methylene blue and phenol.



2. Experimental section

All commercial chemicals were used without further purification. Cobalt(Il) 2-

ethylhexanoate (Co(etx),) was purchased by Sigma-Aldrich.

Anatase preparation sol-gel method: 3 mL of TiCl, (>99.0%, SigmaAldrich) was added
dropwise to 10 mL of ethanol (absolute grade) under continuous stirring. A light yellow
solution was obtained and gelatinized for 100 h to form a gel. The latter was vaporized at
80 °C until a dry-gel was obtained, that was then calcined at 500 °C for 2h in air to form a

TiO, powder.

Preparation of Co(etx),@TiO,. TiO; has been modified with cobalt(ll) 2-ethylhexanoate
(Sigma-Aldrich). A cobalt(Il) 2-ethylhexanoate solutions (65%, 4 mL) was added to a TiO,
suspensions (0.75 g dm3) in DMSO in a 1:20 modifier/TiO, molar ratio. The suspension was
sonicated for 10 min and magnetically stirred for 12 h; afterward it was filtered, washed
several times with ethanol, and dried in the air at 60 °C. This material is denoted as Co@TiO,.

All powders were stored under inert atmosphere and in the dark.

Electrode preparation. Electrodes were prepared using FTO glass (fluorine doped tin
oxide - Sigma-Aldrich, surface resistivity of ~7 Q/sq) as a substrate. FTO was previously
washed with diluted H,SO,4, water, and ethanol under ultrasounds. The material suspension
was prepared in ethanol (1 mg mL ™) by sonication for 5 min. Subsequently, 200 pL of the

suspension were dropcasted onto clean FTO.

Characterization of materials. Diffuse reflectance spectra (DRS) in UV-Vis range were
recorded using a UV-2600 spectrophotometer (Shimadzu) equipped with an integrating sphere
(6 cm dia.). Previously dried BaSO, (puriss., Sigma-Aldrich) was used to dilute the sample in
1:50 wt. ratio (samples were ground with BaSO,). BaSO, was used also as a reference
material. Surface modification was studied using attenuated total reflectance-Fourier
transform infrared spectroscopy (ATR-FTIR) technique. ATR spectra were taken using
IRAffinity-1S FTIR spectrophotometer (Shimadzu) equipped with Quest ATR accessory

(Specac) with extended wavelength diamond. In case of measurement with previously used



photocatalyst, prior to the analysis the material was separated by centrifugation, washed 3
times with water and dried.

Structures were identified using X-ray diffraction (XRD) at X'Pert PRO (X-ray (Cu) 40
kV). EDS (Energy-Dispersive X-ray Spectroscopy) spectra were recorded using a scanning
electron microscope coupled to an energy dispersive X-ray spectrometer (SEM-EDS) TM-
1000 (Hitachi).

Photocurrents were measured in a 3-electrodes setup using an Autolab potentiostat
(PGSTAT204). FTO covered with the material under consideration was used as the working
electrode. A saturated calomel electrode (SCE) and a platinum plate were used as the
reference and the counter electrode, respectively. 0.1 M K;HPO, + KH,PO, (pH 7) was used
as supporting electrolytes. The working electrode was backside irradiated to eliminate the
influence of film thickness, using a LED (A= 350 nm, 400 nm or 565 nm purchased by Huey
Jann Electronics Industry). EIS (Electrochemical Impedance Spectroscopy) experiments were
performed in a three-electrode system, in which Co@TiO,/FTO was the working electrode,
Ag/AgCl and gold electrode were used as the reference electrode and the counter electrode,
respectively. A BioLogic SP-150 was used as a potentiostat/frequency response analyzer. The
frequencies for EIS measurement are scanned from 1 kHz to 1 mHz. Electrode was biased at -

0.3 V vs reference. The solution used for EIS tests was phosphate buffer (pH 7).

Photocatalytic tests towards H,O, formation were performed in a quartz cuvette. The
photocatalyst was suspended (1 g dm™) in an aqueous potassium hydrogen phthalate solution
(50 mL, 0.1 M, pH = 3.9). The suspension was purged with O, or N for 15 minutes before
and during the experiments. The suspension was irradiated using a LED (A= 400 nm or 565

nm).

Hydrogen peroxide was determined adopting an electrochemical method based on the use
of a Au disc (1.8 mm diameter) as the working electrode [18]. The Au disc was polished with
alumina powder 0.5 um for 3 min and then sonicated in distilled water for 10 s. Cyclic
voltammetry (CV, in range from 0 to 1.3 V vs SCE, scan rate 10 mV s™*) were performed
using an Autolab potentiostat/galvanostat (PGSTATZ204) in a conventional three-electrode
cell, where a saturated calomel electrode (SCE) and a platinum plate were used as the
reference and the counter electrode, respectively. H,O, concentration, Cyz0, Was determined
through a calibration straight line, described by the following equation:



I p+6.0241077
0.0274

CHZOZ -

where |, is the current of the anodic peak at about 1.1 V vs SCE. The calibration curve was
obtained using solutions containing known amounts of hydrogen peroxide in the

concentration range 0.001 — 10 mM.

Photocatalytic degradation of Triton X-100. 5 mg of photocatalyst were added to 50
mL of a 50 mg L™ Triton X-100 aqueous solution. The solution was sonicated for 5 minutes,
left in dark for 30 minutes and then irradiated under LED 400 nm illumination for 90 minutes.
The solution was sampled every 15 minutes, filtered using syringe filters (RC 0.22 um) and
analyzed using an UV-2600 spectrophotometer (Shimadzu). Similar tests were performed
with other model pollutants: 25uM aqueous thiazine dye - methylene blue (Chempur) and 0.5
mM aqueous phenol (Chempur).

Hydroxyl radical quenching. The determination of the amount of produced OHe was
carried out using the terephthalic acid fluorescence probe method. An aqueous solution (3.5
mL) containing 0.01 M NaOH, 0.5 mM terephthalic acid and 3 mg of Co@TiO, was prepared
and sonicated for 10 min in the dark. Subsequently, the suspension was transferred to quartz
fluorescence cuvette and irradiated for 10 minutes using LED 400 nm light source.
Fluorescence spectra of the suspension were measured with a fluorescence spectrophotometer

(FluoroLog-3, Horiba, Jobin-Yvon). Excitation wavelength was 315 nm.

Superoxide anion radical detection. A thin film of the photocatalyst was prepared on an
ITO foil (Indium tin oxide coated PET, Sigma Aldrich) from dichloromethane suspension
(Img mI™). The film was placed (on a sidewall to not disrupt the absorption measurements) in
the quartz fluorescence cuvette (lcm x 1 cm) filled with 0.1 M tetrabutylammonium
perchlorate solution in acetonitrile (extra dry) under N, or O, atmosphere. Thin film was
irradiated for 1, 2 and 3 minutes. UV-Vis absorption spectra were collected immediately after

irradiation using UV-2600 spectrophotometer (Shimadzu).



3. Results

Titanium dioxide (TiO,), being prepared by calcination at 500°C, is composed by the
anatase structure, as demonstrated by XRD diffractograms shown in figure 2A (anatase -
space group: | 41/am d (141)), where peaks at 20 = 25, 37, 48, 53, 54, 62, 69 and 71° were
assigned to the 101, 004, 200, 105, 211, 204, 116, 215, diffraction peaks of anatase TiO,
(JCPDS No. 21-1272) [37]. Modification of anatase with the Co-complex was performed by
impregnation. The presence of cobalt(ll) 2-ethylhexanoate complex does not affect the
structure of titanium dioxide as demonstrated by XRD (figure 2A).

In addition, ART-IR proved the success of semiconductor’s surface modification. The
ATR spectrum of neat TiO, shows a v(OH) stretching band between 3700 and 3300 cm™, as
shown in figure 2B. The broad band can be attributed to hydroxyl groups at TiO, surface [38].
High absorbance below 1000 cm™ origins form Ti-O-Ti bonds vibrations [39]. The spectrum
of titanium dioxide modified by cobalt(1l) complex showed a few additional bands, e.g. in the
region between 3020 and 2740 cm™ and in the region between 1690 and 1200 cm™. These
correspond to the main band of cobalt(Il) 2-ethylhexanoate. Since Co@TiO, was washed
several times with ethanol to remove the unbound complex, FTIR spectra prove the
adsorption of the Co complex at the TiO, surface.

The presence of surface modifiers is confirmed also by Energy-Dispersive X-ray
Spectroscopy (EDX). Characteristic peaks of Co (Ko 6.93 keV and K3 7.65 keV) were
observed, as shown in figure 2C. Moreover, the EDX mapping (Fig. 2D) indicated a fairly
uniform elemental distribution of titanium, oxygen and cobalt over the particles, confirming

that the cobalt complex was well dispersed on the semiconductor.
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Figure 2. Physico-chemical characterizations. A - XRD diffractograms for anatase (green
curve) and Co@TiO2 (light blue curve). B — ATR-FTIR spectra of neat and modified titanium
dioxide as well as spectrum of cobalt(ll) 2-ethylhexanoate. C — EDX spectrum of Co@TiO,.
D — SEM-EDX image of Co@TiO, overlayed with the composite elemental map (titanium,

oxygen and cobalt).

Surface modification is expected to affect the electronic properties of a photocatalyst. As
described above, the goal of this research is to make the semiconductor active in the visible-
light range, possibly using direct irradiation with solar light. Diffuse reflectance spectra,
transformed to Kubelka—Munk function, together with the absorption spectrum of the metal
complex are shown in Figure 3. The cobalt(Il) 2-ethylhexanoate spectrum, with a charge-
transfer band at about 500 nm, is typical of octahedral cobalt complexes [40]. In contrast to
bare TiO,, Co@TiO; absorbs visible light, which is in turn a consequence of spectral
properties of the adsorbed photosensitizers. Light induced metal-to-metal charge transfer (fig.
3, inset) results into a bathochromic shift of the absorption onset (about 70 nm in comparison
with neat TiO,), similarly to what observed for TiO, doped with Co ions [41]. In the case of a
similar material, based on a different metal but with the same ligand (TiO; / nickel(ll) 2-
ethylhexanoate) the bathochromic shift was not observed (see fig. S1 in Supporting

Information).



In addition, the spectrum of Co@TiO, shows a weak LMCT (ligand to cobalt) band
centred at about 600 nm, shifted in comparison with the free complex (when the band lays at
about 500 nm, blue curve in Fig. 3) thanks to interactions with TiO,. The material’s band gap
energy has been determined according to the Tauc theory [42] considering an indirect
semiconductors, as TiOz is since surface modifications is not supposed to have any influence
in this sense. The determined band gap of Co@TiO,is 2.95 eV, which differs significantly
from that of neat titanium dioxide (3.2 eV), thus demonstrating a significant influence of this
surface modification on the electronic structure of TiO,. It should be highlighted that a simple

mixture of TiO, and cobalt complex shows a different spectrum than Co@TiO..
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Figure 3. Diffuse reflectance spectra of neat and modified TiO, (left axis) and UV-Vis

spectrum of cobalt complex (right axis).

The redox properties of cobalt(ll) 2-ethylhexanoate complexes were studied using cyclic
voltammetry, as it is described in the Supporting Information (figure S2). The determined
redox potential of the cobalt complex is 0.79 V vs the reversible hydrogen electrode (RHE).

Considering an illuminated semiconductor immersed into an electrolyte and connected to
a counter electrode, the photocurrent density is directly related to the efficiency of charge
carriers (electrons and holes) generation and transfer. Not-modified titanium dioxide
generates anodic photocurrents within a wide potentials window and upon UV illumination.

However, its inactivity in visible light is well known [12,43]. On the contrary, Co@TiO,
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generates photocurrents upon ultraviolet (A =350 nm - figure 4 A) as well as under visible
light (A = 565 nm - figure 4 B). Moreover, a photocurrent switching effect is evident: either
anodic or cathodic photocurrents are generated, depending on the applied potential. This
phenomenon, sometimes referred to as anomalous photoeffect (APE) have been previously
observed as a crossover of dark and light current/potential characteristics [44]. The origin of
APE is still not understood, but is likely bound to either the presence of surface state, that can
induce a partial Fermi level pinning (band unpinning) and that are found to accumulate charge
around the switch potential [45], or to the presence of an adsorbed redox couple, inducing the
so-called PEPS (photoelectrochemical photocurrent switching) effect, which implies also a
photocurrent shift in dependence on the incident wavelength [46]. In the present case the
photocurrent sign switch appears to be independent on the incident light wavelength, still the
photocurrent density under UV is significantly higher than under visible light. Note that the
photocurrent switching effect was not observed in the case of a control material, i.e. titanium
dioxide modified with sodium tris-carbonatocobaltate(l11) (synthesis and
photoelectrochemical characterization are described in the Supporting Information, fig. S3).
This likely means that the photocurrent switching phenomenon is directly related to the
presence of the cobalt(I1) complex, while the adoption of a cobalt(l11) complex is not effective.
In addition, photocurrents in oxygen atmosphere are just slightly higher than in N-
saturated electrolyte. It is interesting to observe the role of dissolved O,: as expected,
photocathodic currents significantly increase in its presence, whereas photoanodic ones are
much less affected. Interestingly, the presence of methanol (MeOH) under 565 nm
illumination does not significantly improve the anodic photocurrent, meaning that the latter

has to be mainly assigned to water oxidation.
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Figure 4. Photoactivity of Co@TiO,. Photocurrent analysis upon ultraviolet (A) and visible
light (B) irradiation. Cyclic voltammetries on Au for determining H,O, concentration (C).
Results of photocatalytic tests as H,O, formation upon irradiation with light A=400 nm in
electrolyte (0.1 M potassium hydrogen phthalate solution) of pH 3.9 bubbled with O, or N, or

with addition of methanol in O, or N, atmosphere (D). The concentration of the powder
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dispersion was set to 1g L. Error bars added to the one curve is based on a standard

deviation from 3 independent experiments.

Co@TiO; was tested as a photocatalyst towards the formation of hydrogen peroxide in
the presence and absence of both oxygen and methanol. H,O, was detected in the irradiated
photocatalyst suspension, using cyclic voltammetry with a gold working electrode, as shown
in figure 4 C. The wavelength (400 nm) was chosen in order to be sufficient to excite
Co@TiO, but not a bare anatase powder (see figure 3). The highest rate of H,O, formation
was observed in oxygen saturated suspension (figure 4 D), whereas in its absence (nitrogen
saturated solution) H,O, was also formed but with noticeable lower rate. Methanol was added
as a sacrificial hole scavenger, and in this case hydrogen peroxide was produced only in the
presence of oxygen — methanol oxidation by positive charges is in competition with water
oxidation and therefore addition of methanol decreases the rate of H,O, formation. Therefore,
in the presence of methanol, H,O, comes from O, activation only. All results in turn suggest
that hydrogen peroxide is formed both after O, reduction by conduction band electrons and
because of water oxidation by valence band holes (by the HOMO of the oxidized Co
complex). In fact, Cyo02 doubles after 60 min in the case of the O, saturated solution with
respect to the N, saturated solution and in the presence of both O, and MeOH. A control was
performed using un-sensitized TiO, that resulted to be inactive (Figure 4 D). Another control
experiment proved that irradiating an aqueous solution of cobalt(l1) 2-ethylhexanoate solution
does not lead to H,O, formation (figure S4).

The high activity demonstrated by Co@TiO, on H,0; synthesis prompted us to further
investigate the reaction mechanism, in turn identifying the intermediate involved.

HO’ radicals were detected by quenching with terephtalic acid. The formation of
hydroxyl radicals and superoxide anion radicals has been investigated to clarify the
mechanism of photocatalytic H,O, production. Terephtalic acid is a well-known hydroxyl
radical scavenger, which does not react with other reactive oxygen species such as O, or
H,0, and can therefore be used as selective sensor for HO" [47]. The oxidation of terephtalic
acid by HO’ leads to 2-hydroxyterephthalic acid, that can be easily detected by fluorescence
measurement (Aexc = 315 NM, Aemm = 425 nm). Irradiation of a Co@TiO; suspension in the
presence of terephtalic acid resulted in increasing emission at 425 nm, as shown in figure 5A.
This is clear evidence of HO® formation upon irradiation. In turn, formation of superoxide
anion radical in water saturated with oxygen has been confirmed by the photo-spectroscopic

approach, described elsewhere [48]. Irradiation of Co@TiO, thin film placed in 0.1 M
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solution of tetrabutylammonium perchlorate (in acetonitrile) saturated with oxygen leads to
the increase of new absorption band at Amax = 253 nm (see fig. 5B), that can be associated to
the formation of superoxide anion radicals [48]. These changes were not observed when the

oxygen was removed from the solution by nitrogen bubbling.
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Figure 5. Detection of H,O, intermediates. A — fluorescence terephthalic acid probe for

hydroxyl radicals, B- detection of superoxide anion radical.

Thanks to the selectivity demonstrated towards O, and HO" formation, it is highly expected
to observe a high activity with respect to the oxidation of model organic pollutants.
Co@TiO, was thus tested in view of its possible use in water treatment using Triton X-
100 as a model pollutant [28]. Co@TiO, showed photocatalytic activity towards Triton X-100
degradation, as shown in figure 6. The surfactant concentration was determined by UV-Vis
spectroscopy (decrease of the 223 nm band), as discussed elsewhere [30]. The degradation
14



experiment was initially (for 30 min) performed in the dark to obtain dark absorption-
desorption equilibrium and to demonstrate the role of light. The decrease of Triton X-100
concentration in the dark was noticeable but it did not exceed 5% (that is likely compatible
with the experimental error of Triton concentration), whereas a significant improvement in
degradation efficiencies was observed when the light was turned on. Once again, this
evidence the role of both photogenerated holes and electrons: the comparison of efficiencies
in the presence and absence of oxygen points that typical oxidation by OH" is not the sole
pathway of Triton degradation, but is accompanied by O, reduction products. Under N,
atmosphere Triton X-100 can be degraded because OH" radicals from oxidation of water are
formed. In addition, the ongoing degradation after 2 h demonstrate the superior stability of the
here proposed photocatalyst. The degradation in the presence of unmodified titanium dioxide
is negligible, a very moderate decrease of Triton X-100 concentration is observed, most likely
due to its adsorption on the photocatalyst surface. A similar effect is visible in all other
conditions in the dark, where under O, and in air (blue and dark green curves, respectively),
there’s a more pronounced decrease of absorbance than under N, bubbling. We believe that
this is simply due to the error associated with the experimental determination of the
concentration (see the error bars in Fig. 6). Indeed, a prolonged test in the dark and under O,
bubbling, shown in the Sl (figure S5), reports a smaller decrease.
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Figure 6. Photocatalytic degradation of Triton X-100 using a 400 nm LED as source of
illumination. On the left — changes of UV-Vis spectra upon irradiation in the presence of

Co@TiO, (50 mg L™Y). Efficiency of photocatalytic degradation of Triton X-100 in the
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presence of Co@TiO, in oxygen and nitrogen saturated solution (blue squares and green
circles, respectively) and in still, not degassed (dark green stars) distilled water. Error bars are

based on double repetition tests. Control test — unmodified TiO, (black triangles).

In order to prove that the here proposed photocatalytic decontamination is effective also
with other model pollutants, we report the results obtained adopting phenol and methylene
blue. Both compounds are often used for evaluating the photocatalytic activity and their
degradation mechanisms have been earlier proposed [49,50]. The results of photocatalytic
degradations of methylene blue and phenol are reported in Figure 7. The degradation of
methylene blue is witnessed by the decrease of peaks at 290 and 650 nm. The solution
bleaching is evident from the inset picture. A 1-hour irradiation in the presence of Co@TiO,
resulted in the degradation of approximately 60% of initial methylene blue, while neat
titanium dioxide showed a significantly lower activity.

The decomposition of phenol was followed by the decrease of the 265 nm peak and 30% of

phenol was removed after illumination for 90 min.
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Figure 7. Photocatalytic degradation of methylene blue and phenol as model pollutants. A -
UV-Vis spectra of methylene blue aqueous solution at different times during its photocatalytic
degradation. B - kinetic curves of photocatalytic degradation of methylene blue on Co@TiO»,
control tests were performed using unmodified TiO, using different wavelengths, as indicated
in the legend. C- UV-Vis spectra of phenol solution at different times during the
photocatalytic degradation.
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Material’s stability was investigated by means of long time photocurrent generation,
spectroscopic comparison between a fresh and a “used” photocatalyst as well as by EIS
measurements. As shown in Fig. 8A Co@TiO, deposited on a conductive support can
generate photocurrent under chopped light for at least 7 hours without significant decrease of
activity. Figure 8B shows an FTIR spectrum of freshly prepared Co@Ti0O, and material used
previously in 2 h photocatalytic H,O, formation. No significant changes of spectrum have
been found — spectrum of used material still showed bands assigned to the cobalt complex.

The EIS measurement was performed in the frequency range from 1 kHz to 1 mHz. Fig.
8C shows the Nyquist plots of new and used (in experiment shown in fig 8A) Co@TiO,
electrodes in the dark. The impedance spectra were fitted by the equivalent circuit containing
in series connected resistance with the parallel connected resistance and capacitance (see Fig
8C-inset). A larger curvature radius usually represents a larger charge transfer resistance and a
lower separation efficiency of the photogenerated electron-hole pairs [51,52]. The circular
radius of new Co@TiO, is smaller than that of previously used material indicating that during
irradiation some processes had occurred, that resulted in the rise of the electron-hole

recombination rate.
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Figure 8. Investigation of Co@TiO, stability. A — chronoamperometric measurement at 1 V

vs. RHE, in phosphate buffer (pH 7) under chopped light irradiation (dark time 16 s, light
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time 12s). Inset — a zoomed first 3 minutes of curve. B — FTIR ATR spectra of freshly
prepared Co@TiO, and material used previously in 2 h photocatalytic experiment. C —
Nyquist plot of Co@TiO, deposited on FTO and electrodes after 7 h irradiation under

chopped light (from experiment shown in fig 6A).

4. Discussion

In this paper, we demonstrated the effective photosensitization of titanium dioxide with a
cobalt(I1) complex, which is functional for the production of H,O, and in the wastewater
treatment of TritonX-100, as proven by photocatalytic and photoelectrochemical experiments.
Diffuse reflectance spectroscopy showed that Co@TiO; has a noticeable broader light
absorption range than bare anatase-TiO,. In fact: i) the band gap is reduced of about 0.25 eV
thanks to metal-to-metal charge transfer (cobalt—titanium), ii) an additional charge transfer
band (from the adsorbed complex) was observed in the visible light range at ~600 nm.

We can conclude that Co@TiO, allows visible light activity thanks to a photoinduced
electron injection from the excited complex to the TiO, conduction band, as an effect of a
MMCT transition (see fig. 1B). As expected, illumination of pure titanium dioxide with
ultraviolet light leads to anodic photocurrent [12,53]. On the other hand, here we observed the
generation of both anodic and cathodic photocurrents at wavelength that excite either the
semiconductor or the dye. In the first case, the mechanism could be related to what was
recently proposed in the case of BiVOy [45]: the partial band unpinning (in turn due to Fermi
level pinning caused by surface states) allows the possible shift of band edge energies, that is
not possible in the case of band pinning, and that is at the basis of the possibility of both
electrons and hole transfers. On the other hand, under visible light, the effect can be explained
by the mechanism schematically shown in figure 9: at E<0.79V, light absorption by the
reduced complex results in the excitation of the surface species with concomitant formation of
unoccupied energy levels within the band gap of titanium dioxide. Electrons from the excited
complex are injected into conduction band of titanium dioxide and can further promote the
reduction of an electron acceptor (A) such as oxygen; at more positive potentials (right part of
Fig. 10), the irradiation results in anodic photocurrents due to electron transfer from the excited
complex to the conduction band of TiO, and further towards the conducting support (FTO).

This mechanism represents an example of photosensitization based on electron injection
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mechanism [3]. These proposed mechanisms well explain the here collected results, which are
summarized in table 1.
For what concerns the photocatalytic activity of Co@TiO,, the concentration of H,O,

obtained under different experimental conditions (fig. 4) are summarized in Tablel.

cathodic photocurrent anodic photocurrent
Vs,
RHE :
CB o
0 » ho,.-..
0.79 =% oo
@
£ %
O =
3 3
v VB

Figure 9. The proposed mechanism of photocurrent generation on titanium dioxide modified
with cobalt(ll) complex. Left - cathodic photocurrents generated upon more negative
potentials and right - anodic photocurrents generated at more positive potentials. Grey vertical
bar indicates the electrode (e.g. metal or FTO) potential. The marked potential (0.79 V)
represents the redox potential of the cobalt complex.

Table 1. Concentration of H,0O, after 60 min of irradiation in various conditions

O, 0O, +MeOH N>

Co@TiO; (1g dm™) 1.71 mmol dm™ 0.53 mmol dm™ 0.65 mmol dm™

Different routes for photocatalytic or photoelectrochemical formation of H,O, can be
considered [18]. First of all, as illustrated in reactions 1—4, it can be formed via reduction of

oxygen by photogenerated electrons.

0,+ ecg » 0,"  (-0.33V vs NHE) (1)
0, + H* > HO, )

HO, + HO, » H,0, + O, ?)
20,” + 2H,0 > H,0, + 0, + 20H" (4)

Obviously, formation of H,O, via two-electrons oxygen reduction could also considered:
0,4+ 2H* + 2e~ - H,0, (0.68V vs NHE) (5)
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The second possible pathway is based on water oxidation to hydroxyl radical by a
photogenerated hole followed by radical recombination (eq. 6-7).

H,0+ hjzp » OH + H* (27V vsNHE) (6)

OH + OH — H,0, (7)

Indeed, we have proven the formation of O, " and OH" by spectroscopic methods.

It has been demonstrated in the literature that photocatalysts are able to remove organic
and inorganic pollutants as well as microorganisms by direct reduction and/or oxidation
processes (electron or hole induced reactions) or through generated reactive oxygen species
(ROS) such as hydrogen peroxide, hydroxyl radical, singlet oxygen [47,54,55]. H,0, is
known as a powerful oxidizing agent to reach complete mineralization (process leading to
H.O and CO;). Moreover, ROS are easily deactivated thus making the method useful for
drinking water treatment and industrial water purification. Using Triton X-100, methylene
blue and phenol as model pollutant, we here showed the effectiveness of the material towards
wastewaters treatment.

Different pathways have been proposed for the decomposition of Triton X-100. For
example, Pardo et al. described an oxidation sequence induced by an hydroxyl radical
attacking the polyethoxylated chain from two sides [29]. In the case of a photocatalytic
process, different reactive oxygen species can react with Triton X-100 simultaneously,
resulting in its mineralization. We proved that also H,O, may also decompose (in direct or
indirect process) the Triton molecule (see fig. S6) [56], but we can exclude that it is the sole
responsible. In fact, H,O, absorbs UV light in the same range as Triton, thus we would have
noticed its presence during photocatalytic oxidation experiments (Figure 6). This means that

Triton is most likely oxidized by a combined action by photogenerated radicals and H,O,.

5. Conclusions

Titanium dioxide has been modified by cobalt(ll) complexes to obtain photo(electro)catalysts
active under visible light. Surface modification by cobalt(l1) 2-ethylhexanoate has been
evidenced by spectroscopic analysis, electrochemical characterization as well as
photoelectrochemical tests towards hydrogen peroxide formation. We found that Co@TiO,
successfully produces a high concentration of H,O,, in particular in oxygen saturated
solutions. The collected results suggest that hydrogen peroxide is produced both from oxygen
reduction (by photogenerated electrons) and from water oxidation (from photogenerated

holes), in the absence of additional sacrificial electron donors.
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The material was also investigated as photocatalyst for water treatment, using Triton X-100,
methylene blue and phenol as model pollutants: its degradation was significantly higher in the
presence of oxygen than in a nitrogen saturated suspension thus suggesting that, using
Co@TiOg, pollutants can be degraded by a combined production of reactive oxygen species

namely ‘'OH, O, and H,0,.
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