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Abstract: Herein, we report on the synthesis of Ni and Zn clusters on the surface of TiO,
as well as their bimetallic NiZn analogs. The materials were prepared by incipient wet
impregnation of colloidal TiO; followed by microwave (MW) irradiation to graft the clusters
to TiO, surface. The materials were further immobilized onto glass slides and exhibited
high surface area, high mechanical stability, and porosity with accessible pores. The main
species responsible for visible light degradation of microcystin LR via the interface charge
transfer (IFCT) of excited e~ to surface metal clusters were found to be O,*~ and h*. The
optimal nominal grafting concentration was 0.5 wt.% for Ni and 1.0 wt.% for Zn, while
for the bimetal modification (NiZn), the optimal nominal concentration was 0.5 wt.%.
Compared to monometallic, bimetallic grafting showed a lower kinetic constant, albeit still
improved compared to bare TiO,. Bimetal-modified titania showed a lower photocurrent
compared to single metal-grafted TiO, and poorer interfacial charge transport, namely,
more recombination sites—possibly at the interface between the Ni and Zn domains. This
work highlights the efficiency of using MW irradiation for grafting sub-nano-sized metallic
species to TiO, in a homogeneous way. However, further strategies using MW irradiation
for the structural design of bimetallic cocatalysts can be implemented in the future.

Keywords: photocatalysis; solar light degradation; TiO; surface grafting; metallic clusters;
microwave assisted synthesis

1. Introduction

Cyanotoxins pose a significant environmental threat globally due to algal blooms,
which are becoming increasingly frequent as a result of intensified farming, human pol-
lution, and other sources that lead to eutrophication. For example, the World Health
Organization (WHO) has set the concentration limit of the most potent of cyanotoxins
microcystin LR (MC-LR) at 1 pg/L [1]. Advanced oxidation processes (AOPs) generate
reactive oxygen species (ROS), e.g., hydroxyl (*OH), superoxide (O,* ™) radicals, and others,
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that are responsible for the abatement of the parent molecule and have been used to remedy
the MC-LR pollution problem. In this context, titanium dioxide (TiO;) remains one of the
most widely used semiconductors for producing these ROS. Notably, several papers [2—4]
describe the successful degradation of MC-LR with titania. Also, the overall toxicity is
commonly successfully lowered via TiO;, photocatalysis [5]. MC-LR binds at three sites of
the serine/threonine protein phosphatases: (i) Adda residue interacts with the hydropho-
bic groove region of PP-1¢, (ii) carboxyl group of the MeAsp residue of MC-LR interacts
with Arg96 and Tyr134 of PP-1c blocking the access to the active center of the enzyme,
and, lastly, (iii) MC-LR coordinates with the two catalytic metal atoms of the phosphatase
indirectly by binding two water molecules through the x-carboxyl group of its y-linked
d-glutamic acid moiety. The ability to bind to these sites makes MC-LR the most toxic of
cyanotoxins. It also means that attacking the molecule in any way, e.g., by hydroxylation
or hydrogen abstraction—phenomena commonly found in the photocatalytic degradation
pathways—drastically decreases its toxicity [2,6].

Although plenty research regarding TiO, photocatalytic removal of MC-LR has been
conducted lately, He et al. have recognized the following three major pitfalls of these
systems [2]. Firstly, TiO, has a large band gap, utilizing only around 5% of the energy in
the solar spectrum. Second is the low quantum efficiency of titania, which is caused by
relatively high recombination. Thirdly, the separation and recovery of nano-sized powdered
TiO, increases the cost of operation dramatically. Hence, more research effort is needed in
this area to produce better materials and discover novel ways to remedy this environmental
problem. Recently, these efforts have sprung novel types of materials, such as core—shell
TiO, with NIR-irradiation response, which was used for MC-LR decontamination study [3].

TiO, is widely used as a light absorbing semiconductor decorated with metallic
(nanoparticles and single atom) and bimetallic cocatalysts [7-9]. However, bimetallic
modification requires specific tailoring of the positioning of the cocatalysts on the surface
to fully utilize their potential [10]. Modification of the TiO, surface with Cu has recently
been reported to induce positive effects on photocatalytic performance due to the creation
of Cu—O-Ti bonds, through which the recombination of charge carriers is delayed [11,12].
Yet, at higher Cu loadings, i.e., >0.1 mol.% (0.13 wt.%), amorphous Cu(Il) oxides are
formed, which hinder photocatalytic activity. Other transition metals and certain rare
Earth metals have been used in similar approaches to increase the activity under solar
light [13,14]. We have shown [15] that activity is hindered at higher loadings of grafted
metals on the surface—which is the case for many transition metals—based on the positions
of the energy band gaps of the corresponding oxides. Following these research outcomes,
we chose nickel and zinc as grafting components due to their appropriate band positions.
For instance, Ni was proven to be an effective grafting species due to TiO,—generated
electrons that are transferred to the Ni moieties via the Ti-O-Ni linkage because of the
well-matched redox potentials of TiO, /Ti** (—0.67 V vs. NHE) with Ni?* /Ni (—0.26 vs.
NHE) [16]. Moreover, the redox potentials of Ni2*/0 and Zn?*/0 are close to the O,/0,*~
level, which facilitates the reduction of O, and hence promotes the cocatalyst activity of
such surface clusters [17]. Coincidentally, Ni and Zn also have one of the lowest nobility
indices (Z;) amongst transition metals, meaning they form a stable two-phase equilibria
with other compounds in a high degree [18]. Recently, this was corroborated in the activity
of Ni-grafted ZnO for the reduction in Cr(VI) and removal of several pharmaceuticals
from water [19]. Since O,°~ is the most important ROS under visible irradiation [20], we
hypothesize the synthesis of finely dispersed Ni or/and Zn clusters on TiO,’s surface
would increase the production of this ROS.

Microwave-assisted (MW) irradiation is a clean, cost-effective, and energy-efficient
synthesis procedure that results in high yields in short reaction times [21]; MW has been
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shown to improve the size distribution of the grafted nanoparticles (NPs) or clusters and to
enhance the structural and morphological properties of nanomaterials [22]. MW-heating
could aid the synthesis by enhancing the adsorption of the grafting transition metals.
The chloride precursors of Ni and Zn were chosen due to the influence of Cl~ in the
MW synthesis since it was shown that Cl~ in the presence of O, (dissolved in a solvent)
more favorably form 1D, cubic, and bi-pyramid particles, especially with sharp edges [23].
Recently, MW-heating has been applied to anchor carbon [24], C-quantum dots [25] on TiO,
and to modify its surface with MW-heating to increase Ti** and Ti~OH content [26,27].

Herein, we provide a method for surface grafting of pre-crystallized TiO,. We achieve
this by introducing nickel or/and zinc chlorides into a water solution to graft the titania’s
surface with metal clusters and then applying MW irradiation to induce the binding of the
metal precursors to the TiO,’s surface, ensuring a monomodal size distribution of the grafted
metals. This way we show a low-energy-consumption method and a facile one-pot synthesis
of materials that can successfully treat water for detoxification of cyanotoxins with the goal
of finding the optimal loading degree. Additionally, bimetal grafting (NiZn) is studied to
examine the possible synergism between Ni and Zn clusters on the surface of TiO,.

2. Results and Discussion

The synthesized catalysts were tested for their visible light photocatalytic degradation
of microcystin LR (Figure 1B).

2.1. Photocatalytic Activities

We optimized both the catalyst synthesis and the reaction conditions. The optimization
of the former is thoroughly described in the supporting information file (Figure S1A)
while the results of the latter are shown in Figure 1C. Here, we present the results of
a crucial and often overlooked parameter in immobilized photocatalysis—mechanical
stability (Figure S1B).

The sonication test checks both adhesive and cohesive integrity. The highest resistance
to mechanical stress in the form of ultrasonic vibration was found for the sample with the
lowest amount of n-propanol. The results indicate that curing time is a crucial parameter
in the synthesis of coatings. Curing the coatings for one week instead of only one day
significantly improved the mechanical stability of the coatings (Figure S1B)—a consequence
of the prolonged crosslinking of the Si—-O-Si network during the longer aging. The results
are similar to those obtained by Kete et al. [28] and Tasbihi et al. [29] whose films lost
similar amounts of catalyst exposed to the same treatment. It should be noted that the test
is more stringent than the conditions in the reactor. This was confirmed by measuring the
detachment after each catalyst test, and no fouling of the catalyst was observed in any of
the samples. However, the test is also useful for possible scale-up and other applications
where stronger mechanical forces are encountered. Consequently, an optimal amount of
solvent (0.5 mL) was chosen for all further immobilizations. The samples were cured in air
for one week before being tested in photocatalytic reactions.

The adsorption properties of the coatings were then tested with different TiO, particles
(Figure S2). Unmodified TiO, showed noticeable adsorption within two hours of the
reaction, resulting in a removal efficiency of ~38%. The addition of Ni and Zn clusters
on the surface did not affect the final degree of removal, and the adsorption—-desorption
equilibrium was reached within the first 5 min. Thus, the degree of adsorption should not
affect the catalytic results of the differently grafted samples. This is to be expected since
the amount of grafted species was small (0-1.5 wt.%), and it is unlikely that the grafted
species would increase the degree of adsorption; similar results were obtained with 1 wt.%
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Fe-grafted TiO; [30]. The experimental design (Figure 1A) was then such that the light
source was turned on in conjunction with the addition of MC-LR to the system.
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Figure 1. Photocatalytic reactor set-up (A), temporal profiles of MC-LR during photocatalytic reactions
with samples of different surface densities (B). The inset shows the relationship between the apparent
first-order reaction rate constant, and the density of the catalyst immobilized on the glass; the chosen
surface density for all further tests is marked with a circle. MC-LR removal kinetics with Zn-modified
TiO, samples (C). Dependence of the reaction rates (r) on the nominal loading of nanoclusters of Ni
and Zn on the surface of titania (D). The dashed gray line represents the level with r of pure TiO,.
The dashed line marks a theoretical summation of rates with the bimetal modification. Error bars
represent standard error of the mean (1 = 3). Reaction conditions: T = 22 °C, mixing speed = 600 rpm,
Co =500 pg/L, P =500 W, m(cat) = 8.3 mg.

The optimization of catalyst mass, i.e., surface density loading, on reaction kinet-
ics is shown in Figure 1B. As the surface density of pure TiO, on the slides increased,
the degradation rate of MC-LR increased linearly upon illumination (inset in Figure 1B).
This means that in this region, all incoming photons are efficiently absorbed and there
are no shadowing, agglomeration, or supersaturation effects. In contrast, in the plateau
region, shadowing effects and mass transfer limitations become more important (in our
case > 2 mg/cm?) and hinder further enhancement of the photocatalytic rate. Since it is
important to compare the catalysts at their full operating capacity, a surface density of
1.0 mg/cm? was chosen. This ensured that the catalysts operated in the linear range with
complete absorption of incoming photons and minimal restriction of mass transfer on
the catalyst surface. In this way, the grafting of clusters onto the surface of titania can be
efficiently studied. If a decrease in activity is observed upon cluster loading, the effects of
shadowing, agglomeration, or supersaturation can be ruled out.



Catalysts 2025, 15, 590

50f17

We have shown in the past that the grafting of Ni and Zn oxo-species onto the surface
of TiO; is concentration-dependent [13,15]. In other words, at a certain loading level, the
positive effects are the greatest, while further increase in the grafting concentration leads
to a decrease in activity, which is due to the shadowing effect, the growth of oxo-clusters,
their sintering, and the change in their flexibility in accepting and releasing electrons and
their function as cocatalysts [15]. Since no growth of titania NPs and no pore plugging was
observed in the grafted samples (see results below), the only plausible candidates for the
observed catalytic trends remain a change in IFCT function and a decreased recombination
rate of the photogenerated species.

The sole metals Ni and Zn (Figure 1C) showed a maximum reaction rate for the
degradation of MC-LR at metal loading of 0.5 and 1.0 wt.%, respectively (Figure 1D), similar
to previously reported results for terephthalic acid and resazurin ink degradation [15]. The
gap in optimal concentration may be a consequence of the different natures of the clusters.
The in-depth analysis of this phenomenon is beyond the scope of this paper. Both transition
metals exhibit two-electron transfer. However, the reduction potential of Zn is higher
than that of Ni (—0.76 and —0.28 V, respectively) and further from O,/0O,°~. It can be
deduced that a higher concentration of Zn species on the surface is required to reach
the same population of e~ available for the reduction of O,, which pushes the optimal
concentration to higher values. Interestingly, the drop in activity after reaching the optimum
concentration is not as deep for Ni as for Zn. Overall, nickel shows a wider concentration
range for optimal function as a cocatalyst than zinc. Surprisingly, Zn modification shows
negative effects at low coverage dosages. These cannot be attributed to shadowing or
sintering effects as described above. The reasons for this observation remain unsolved at
this point and would require additional research.

It is interesting to note that the combination of both metals together shows a much
smaller positive effect. The improvements in the bimetallic system are far from being syner-
gistic (dashed line in Figure 1D). In fact, only 0.5 wt.% of the combined clusters enhanced
the performance, while other concentrations of bimetallic clusters had a detrimental effect
on the activity.

2.2. Morphorogical and Structural Characterization

Several characterization techniques have been used to explain these observations.
Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) reveal
that titanium dioxide nanoparticles (NPs) in the pure TiO, samples are uniformly dis-
tributed around larger SiO, particles (Figure 2i), enabling the efficient use of incident light.
Thus, the use of fully hydrolyzed SiO, particles in combination with a sol-gel-derived
silica mesh that served as a binder allowed the TiO, NPs to be uniformly distributed on the
surface of the coatings. After grafting transition metal clusters, the structure of the catalysts
remained intact, with a relatively homogeneous distribution of the two phases, which
were clearly separated (Figure 2i,ii). No clear evidence of metal nanoclusters was seen
in the SEM imaging. However, in the TEM microphotographs (Figure 2), a very uniform
distribution of metal clusters is seen in all three selected grafted samples, and the clusters
do not show aggregation that would lead to clogged pores or impaired light penetration.
By using MW irradiation, the size of Ni and Zn clusters were kept as small as possible
but still ensured their uniform distribution. The Ni and Zn clusters are also uniformly
distributed in the bimetallic modified sample, with no preference for either oxide phase
(Si0; or TiO;y). Due to the low concentrations of Zn and Ni clusters, quantification by the
TEM EELS or EDXS methods was not possible. We performed ICP-OES analysis (Table S2)
to confirm the presence of clusters in samples with metal loadings according to their highest
photocatalytic activity (see Figure 1D). The data show that the measured concentration
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TiO,— Ni 1%

is approximately 2.5 times lower than the nominal value. This can be a consequence of
the removal of inadequately bonded clusters through extensive washing during the last
steps of catalyst synthesis. However, we notice the consistency in the ratio of measured
versus nominal values. XPS analysis showed no changes in the surface composition of
the samples, indicating that no detectable Ti>* or oxygen vacancies occurred during TiO,
grafting (Figures S4 and S5). These can be easily detected by the shift in the Ti 2p and
O 1s peaks to higher BE values [30]. Thus, the changes in the observed reaction kinetics
can solely be attributed to the presence of Ni and Zn clusters on the surface. In other
words, Ti**, oxygen vacancies, or TiO; inter-band states, commonly responsible for the
synergistic effects of similar semiconductor systems [30,31], give no contribution to the
observed effects since they are not present in the prepared catalysts.

BFframel) C———— 100 nm Mk ——=100nm WTj BN

ZInk ——— 03 pm .'i Zn

TiO, - Nizn 1%

8F  ——— 300 nm NIk —— 300 nm Znk ———03pm gTj Zn

Figure 2. TEM (A-O) and SEM (i-iii) images of Ni- (A-E) and Zn-modified (F-J) titania samples.
Combination of both modification metals is shown in panels (K-O).

To assess the possible structural changes upon grafting metal clusters onto pristine
colloidal TiO,, samples were studied using nitrogen sorption technique. Isotherms at 77 K
show practically identical plateau values below 0.3 P/Pj value, proving similar specific
surface areas (the Sggr areas for all samples are in the 320-330 m?2/ g range). Furthermore,
all the curves exhibit the conventional H2 hysteresis loop, indicating partial obstruction
effects within the pore network between the particles. This hysteresis type commonly
occurs in the case of a wide distribution of independent pores with the same or similar
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Volume adsorbed (cm?3/g STP)

Intensiry

neck size or in a network where the neck size distribution is much narrower than the
size distribution of the main cavities (e.g., pore-blocking/percolation phenomena play
an important role). In our case, the former is a more probable scenario since NPs with
homogeneous size distribution were formed, and the degree of aggregation was relatively
low (see SEM and TEM images above). Pore sizes calculated from the PSD distribution were
slightly increased upon nanocluster loading, i.e., from 8.4 nm for unmodified TiO, to 10 nm
for 1% Ni-modified TiO,. This suggests that the space in between the particles increased
since the porosity in these materials is intrinsically of interparticle type. It is impossible to
reject the hypothesis that the slightly increased pore volume is due to increased interparticle
space based on this data; however, no clear proof is given. No intercalation of Ni or Zn
atoms inside the TiO, lattice was observed using powder XRD (Figure 3C). An analysis of
the peak widths at half maxima using the Scherrer equation resulted in crystallite sizes that
were all in the range of 8-10 nm, meaning that transition metal grafting did not modify the
crystallinity of titania, which is in line with previous reports [15].

B
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Figure 3. Characterization results of the samples; Nj-sorption isotherms (A), the corresponding
BJH pore-size distribution (B), XRD powder patterns with the major peaks indexed, (C) and optical
absorption properties of the films (D). The color labeling in (B) stands for facet (A) as well.

Electrical impedance spectroscopy (EIS) and photocurrent measurements were per-
formed to assess the charge transport through the prepared semiconductors. The samples
used in this test were loaded with 1 wt.% of metal clusters (Ni, Zn, and NiZn) for better
comparison since the bimetallic modification showed a negative contribution to the MC-LR
degradation kinetics at this concentration. The electrochemical impedance spectra were
analyzed by fitting them to an electrochemical equivalent circuit (EEC; shown as dashed
lines in Figure 4A). This model consists of the solution resistance (Rg), the charge trans-
fer resistance (Rct), the Warburg impedance (W), and a constant phase element (CPE)
(Figure S7). Rg reflects electrolyte and cell resistance, while Rcrt is crucial for evaluating
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the charge transfer efficiency at the semiconductor/electrolyte interface. The CPE models
the non-ideal interfacial capacitance due to surface roughness, and the Warburg element
accounts for ion diffusion and carrier transport within the porous photocatalyst layer.
Together, these elements provide insight into the charge dynamics that influence photocat-
alytic activity. A lower Rcr value indicates a more efficient charge carrier transfer process,
resulting in a longer “lifetime” of the charge carriers. Pure TiO; exhibited a high Rct
value of 1.263 M(). However, the incorporation of Ni and Zn significantly reduced the
Rt values, with the TiO,-Zn sample having the lowest Rct value of 0.258 M() among
the materials analyzed, which means that the former photocatalyst has a faster electron
transfer at the interface along its structure and to the electrode. In the Zn- and Ni-modified
samples, the electrons are thus transferred to the surface Zn and Ni clusters, respectively,
where they reduce the adsorbed molecules or/and are met with O, molecules to further
produce O,°~. The lowest e™ transfer resistance in the Zn-modified sample suggests the
easiest transfer of electrons, followed by the Ni-modified sample. However, an increase
in Rer value in the bimetallic sample suggests poorer interfacial charge transport, namely,
more recombination sites—possibly at the interface between the Ni and Zn domains, or
at poorly integrated mixed oxide zones. The latter is unlikely due to good distribution of
both phases, as evidenced by TEM. However, disruption of established electron pathways
is possible: Ni might normally trap e~ effectively while Zn could shift surface properties
to enhance hole mobility or adsorption. Together, due to random deposition of binary
cocatalysts, they likely create disordered or inhomogeneous energy landscapes that trap
both e~ and h* inefficiently [10].

Data B
—- Fitted N
Raw %
— E
1 40- - .
o = TiO,-Ni
=
—a— TiO;-Ni g — TIOFNIZn
- TiOyNizn 8 20 F F r e TIO,
T & TiOxZn
Tioyzn 5 ™ r" m
QO 04 =t b—t b . i .
0 100 200 300 400 500 0100 200 3060 400
Z (kQ) Time (min)

Figure 4. Electrochemical impedance spectra of prepared catalysts (A) and photocurrent densities
measured under intermittent visible light (Schott, model KL 2500 LED, Mainz, Germany, 410 nm
cutoff filter) irradiation in KOH (0.1 M) (B). All three modified samples in this series were loaded
with 1 wt.% of clusters.

The MC-LR degradation kinetics roughly follow the same trend, i.e., the Zn and Ni
modifications with 1 wt.% both show fast degradation kinetics, while the grafting with
bimetal NiZn clusters shows the slowest kinetics (Figure 1D).

Similar trends are visible by measuring photocurrent (Figure 4B) under visible light
irradiation (A > 410 nm). The photocurrent intensities followed the trend TiO,-Zn > TiO,-Ni
> TiO,-NiZn > TiO,. This indicates an enhanced photoinduced e~ /h* separation, which
could be attributed to the synergistic effect of the presence of Ni or Zn clusters at the
surface of the TiO, semiconductor [32]. Interestingly, the bimetallic modification showed
a measurable photocurrent, while bare titania, which exhibited slightly faster kinetics in
MC-LR degradation, showed no response. This could imply that (1) the e~ /h* separation
was increased in all grafted samples while the O,*~ formation was suppressed in the NiZn-
modified sample and/or (2) the bimetallic cluster could act as a recombination center on the
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surface of the catalyst. The latter would be possible due to the collocation of both Ni and Zn
clusters on the surface of titania in NiZn modification (Figure 20). For example, Benz et al.
found [33] that in Pt-loaded TiO;, in the absence of O,, after collecting the excited electrons,
Pt acts more as a recombination center independent of the amount of Pt deposited.

2.3. Study of Active Species

Since surface clusters of Ni and Zn act as promoters for O, reduction [15,19], we
investigated the role of reactive oxygen species in the photocatalytic process of MC-LR
removal. Previous studies dealing with the visible light TiO, photocatalytic degradation
of MC-LR showed that O,°*~ radicals are the most important reactive species [2,4,20]. In
this study, the major reactive oxygen species *OH and O,°*~ as well as ecg ™, hyp* were
thus traced using appropriate quenchers (Figure 5). Although this method only gives a
qualitative assessment of the presence of radicals, comparing the materials under the same
conditions clearly shows different behavior under the influence of radical scavengers. Most
notably, p-benzoquinone, an O,°~ scavenger, influenced the bare anatase titania as well
as the one modified with 1 wt.% Ni. Additionally, scavenging holes (h*) also affected the
kinetics and final degradation degree of non-modified and Ni-modified samples. Both
radical scavengers did not, however, decrease the reaction rate for bimetal modification. In
this sample, none of the common quenchers impeded the reaction in a noticeable way.
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p-benzoguinone
Bl Nore i tert-butancl | Cu-NO:

Na-oxalate p-benzoguinone DMPO'Oz

Nt Syl 11 27 1S

] WMMMMB

VoA q oy M oy 0 20 Vs
PR (A i
PAIRA PP apompy 01701Ca G
| : M\W DMPODMSO IS
0% — —. — PPy I At O11POIDISO dark

TiOz-NiZn 0.5%

60% 4

40% A

20% {

EPR intensiry (a.u.)

N

uuuuuuuuuuuu

0 50 100 0 50 100

Time (min)

------

0 50 100 TIO, w/MW  TiO,-Ni 1% TiO,-NiZn 0.5% 332 336 340

Magnetic field (mT)

Remaining MC-LR after 120 min

Figure 5. Photocatalytic degradation of microcystin LR in the presence of radical scavengers using
different catalysts (A,B). The red dashed line represents a first-order kinetic fit to an unquenched
experiment. The quenchers chosen were tert-butanol for *OH, 1,4-benzoquinone for O,*~, Cu-nitrate
for e~, and Na-oxalate for h*. Reaction conditions: Cy = 500 pg/L, mixing = 600 rpm, T = 23 °C,
m(cat) = 8.3 mg. The results of in situ EPR spin trap measurements of DMPO in DMSO (C) carried
out in the presence of investigated photocatalysts under 15 min visible light exposure (Schott, model
KL 2500 LED).

To confirm the generation of superoxide anion radicals (O,°~), DMPO dissolved in
DMSO was used to stabilize the DMPO-O,°~ adduct. As can be observed in Figure 5C,
both pure DMPO under visible light illumination and DMPQO/ catalyst suspension in
the dark did not produce the characteristic signals of the DMPO-O,°~ adduct (1:1:1:1
quartet). Under 15 min visible light illumination, the bare TiO, support and the Zn and
NiZn catalysts did not generate a signal for the DMPO-O,°~ adduct (or it was below
the detection limit). On the other hand, the Ni/TiO; photocatalyst produced O,*~ as
the DMPO-O,°*~ adduct. Additionally, the broadness of the peaks can be ascribed to the
DMPO-OCHj3 adduct formed by the reaction with the solvent (DMSO) under visible light
illumination [34] or to the interactions of O, with the DMPO-0O,°~ adduct [35], as the
photocatalyst probably contained small amounts of adsorbed oxygen. The fact that the
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Ni-modified sample showed an EPR signal is consistent with the fact that the reduction
potential of Zn is higher than that of Ni (—0.76 and —0.28 V, respectively) and further from
0,2/0,°~ (—0.33 V) [36].

We notice the occurrence of a delay in the onset of degradation of MC-LR (approx.
10 min, Figure 5A) when using scavengers for *OH, 1,4-benzoquinone for O,°~ in the
modified samples but not in the bare TiO,. However, this delay did not appreciably
affect the kinetics of MC-LR degradation after this interval. Note that with Cu(NOj3) (e~
scavenger), such a delay in the onset of MC-LR degradation is not seen even though it
is known to have a high affinity for adsorption to TiO; [20]. For example, Pelaez et al.
reported that the adsorption of Cu?* onto TiO, decreased the reduction of O, by conduction
band e~ and partially inhibited the formation of ROS and the removal of MC-LR [20]. A
delay step in degradation kinetics is commonly observed with the TiO, photocatalytic
inactivation of bacteria, where multiple ROS attacks are required before cell membranes
are breached [37,38]. In our results, such a phenomenon is unlikely, since it is mostly O,°~
that is responsible for the degradation (EPR data). Hence, p-benzoquinone, tert-butanol,
and Cu-NO3 may all compete with MC-LR in the consumption of ROS, causing a setback
in the degradation of MC-LR. The exact nature of this delay is beyond the scope of this
manuscript; it does, however, indicate the presence of competition for adsorption sites as
well as the complexity of the degradation mechanism of MC-LR. This could negatively
affect the rapid water systems (e.g., rivers and streams) and real aquatic environments
where several competing species are present in water. Hence, recyclability and tests with
real river water were conducted.

2.4. Recyclability and River Water Test

Reusability of the catalyst is one of the most important traits when considering its
practical use. Therefore, two samples, TiO,-Ni 0.5% and TiO,-NiZn 0.5%, were subjected to
four consecutive runs for degrading MC-LR at the initial concentration of Cy = 500 ug/L.
The samples were cleaned under UV-light (Amax = 365 nm) overnight in between the
runs. The results are shown in Figure 6A,B. Both catalysts showed approximately 20%
of remaining MC-LR after the second run; the less efficient was the bimetal-modified
sample (78% degradation efficiency in the second run). However, they both exhibited
regaining of the catalytic activity in the third and fourth reuse cycles, especially TiO,-Ni
0.5%, which showed a steady increase in the final degradation efficiency. It is worth noting
that reaction rate constants increased in the third and fourth reuse cycles and were close
to their initial (first run) values after a drop in the second run. This points out that these
samples performed well in several reuse cycles for MC-LR degradation.

ATR spectroscopy was used to study the surface of the spent materials (Figure 6D).
Fresh bare TiO, samples showed the typical band at ~600 cm~!, characteristic for Ti—
O-Ti vibration [39], while the absorption at 1100 cm ™! is ascribed to Si-O-Si siloxane
chains [40,41]. TiO,-NiZn samples showed characteristic bands at 1360 and 1738 cm L
These bands can be ascribed to CN stretch and carbonyl bending vibrations, respectively.
MC-LR contains C-N moieties in L-Arginine and L-Leucine parts and several carbonyl
atoms across the structure. Hence the detection of these suggests the presence of MC-LR
leftovers or, more plausible, their degradation products on the surface of the two spent
catalysts. Interestingly, these vibrations were not detected in both Ni and Zn single metal-
modified samples. This clarifies why the drop in degradation efficiency upon catalyst reuse
in the bimetal-modified sample is greater than in the single metal modification. However,
even this sample was able to retain its activity upon regeneration with UV irradiation, hence
these adsorbed species can be efficiently removed to a large extent via UV regeneration, as
has already been reported by others [42].
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Figure 6. Recycling tests with the use of two catalysts. Kinetic profiles (A) and degradation efficiencies
(B) where O represent reaction rate constants (kapp) and columns show final degradation efficiencies.
Degradation profile of the reaction with real river water with TiO,-Ni_0.5% (C). ATR spectra of fresh
(bare TiO;) and used samples (bare and modified TiO,_aft. signifies a spent sample) (D). The spectra
were vertically shifted in the inset in (D) for clarity. Reaction conditions: Cynicrry = 500 pg/L,
mixing speed = 600 rpm, T = 23 °C, catalyst dose = 8.3 mg; red dashed line represents an unquenched
experiment in deionized water.

The sample was modified with 0.5 wt.% Ni was thus tested for degradation of the
Ohio River water spiked with 0.5 mg/mL MC-LR (Figure 6C), where the water was first
filtered through a 0.45 cellulose filter to remove the turbidity. The characteristics of the
river water on the day of its sampling are given in Table 1, and the exact location is given
in the supporting information file (Figure S6). The data show relatively high turbidity,
but other than that, other parameters are in the expected range for river water. The
results show a much-decreased kinetics of MC-LR degradation—the degradation kinetics is
comparable to kinetics as with the use of hole scavenger albeit slightly slower. Although the
parameters such as the presence of natural organic matter greatly influence the efficiency of
the catalysts, the presence of specific ion species in the water body is of particular interest.
It is known that C1~ act as a hole scavenger in the TiO; photocatalytic process [43]. The
concentration of Cl1~ ions in the river sample (19.5 mg/L) was high enough to support this.
Although turbidity was almost completely removed by filtration, this, together with C1~
ion concentration and slightly higher pH, could be the plausible reasons for the observed
performance of the catalyst under these conditions.
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Table 1. Measured parameters of the Ohio River at the measurement point (Downtown Cincinnati)
on 21 March 2019, which was used in the river water tests of the catalysts.

Parameter Amount Unit
Bromide 0.04 mg/L
NO;3 091 mg/L
pH 7.8 /
Turbidity 66 NTU
Phosphorus 0.16 mg/L
Chloride 19.5 mg/L
TDS 171 mg/L
POy 0.125 mg/L

3. Materials and Methods
3.1. Preparation of Materials

Samples of colloidal TiO; nanoparticles (NPs) were kindly donated by Cinkarna, Inc.
(commercial name CCA 100 AS, Celje, Slovenia). NiCl,.6H,0O and ZnCl, were purchased
from Alfa Aesar™ (Stoughton, MA, USA). P-25 (Degussa, Berlin, Germany) C-doped TiO;
and vIp7000 (Kronos, Leverkusen, Germany) were used as reference photocatalysts. Trifluo-
roacetic acid (TFA) was purchased from Sigma-Aldrich (Saint Louis, MO, USA). For radical
scavenging tests, tert-butanol, sodium oxalate, cupric nitrate, and p-benzoquinone were
used to scavenge *OH, h*, and O,°~, respectively. Colloidal SiO, Levasil 200/30% was pur-
chased from Obermeier (Munich, Germany). TEOS and 1-Propanol were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Finally, MC-LR (dry solid, 500 ug) was purchased
from Enzo Life Sciences (Farmingdale, NY, USA).

The grafting of titania was carried out in a household microwave oven with a maxi-
mum power output of 700 W (EM720CGA.PM, Hamilton Beach Brands, Inc., Glen Allen,
VA, USA). The TiO, was first diluted to reach a TiO, concentration of 1.576 mol/L. To this
suspension, appropriate amounts of metal chlorides were added to reach metal nominal
percentages of 0.05, 0.2, 0.5, 1, 1.5, and 2 wt.%. The suspensions were first mixed for 1 h
at 300 rpm at room temperature, sonicated for 15 min at room temperature, and finally
transferred into the microwave and heated at 700 W for 3.5 min. As a reference, previous
synthesis involving oil bath at 90 °C required 60 min of heating time to reach adequate
grafting of Ni and Zn on the same titania [15]. The method is also comparable to the method
for grafting Ni-oxo-clusters on ZnO with an industrial MW reactor [19]. The suspensions
were naturally cooled to room temperature and centrifuged at 6000 rpm for 30 min (Sorvall
Biofuge Primo from Thermo Fisher, Waltham, MA, USA). The supernatant was discarded,
and the tube was refilled with Milli-Q water. The procedure was repeated 3 times to remove
residual chlorides.

Such suspension was mixed with a silica binder, which was prepared by mixing TEOS
(1.11 mL), Levasil 200/30% (1.7 mL), HCI (32%, 0.03 mL), and isopropanol (5.0 mL). The
two suspensions were mixed in a ratio of TiO;:5i0, = 1:2 (v/v), 1-propanol was then added,
and the suspension was kept under mixing overnight at room temperature.

The catalysts were then immobilized on glass slides (26 x 35 mm?) using the doctor-
blade technique; 50 pL of suspension was poured over the upper end of the glass and rolled
over with a Gardner 4116 Wire-Wound Rod (#16, 30 um wet thickness; BYK, Geretsried,
Germany). After coating, the slides were thermally treated at 150 °C for 10 min. The process
was repeated 3-10 times depending on the suspension formulation and the desired mass
loading, which were the two parameters of catalyst optimization (Figure 3). Then the slides
were activated under UVA-light overnight to remove any organic debris.
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3.2. Characterization

Nitrogen sorption measurements were conducted on a Tristar 2000 apparatus (Mi-
cromeritics Instrument Corp., Norcross, GA, USA) operating at 77 K; the samples were
degassed overnight. The determination of crystal phases present in TiO, particles was
carried out on 3DXPERT-PRO with Cu-K,; wavelength of 0.154 nm.

X-ray photoelectron spectroscopy (XPS) analysis was performed on a PHI-TFA XPS
spectrometer (Physical Electronics Inc., Chanhassen, MN, USA). The samples were excited
by X-ray radiation from a monochromatic Al-Ko source (1468.6 eV). The high-energy-
resolution spectra were acquired with an energy analyzer operating at a resolution of about
0.6 eV and a pass energy of 29 eV. During data processing, the C 1s peak at 285.0 eV was
used as the reference.

Elemental quantification of metal clusters was recorded in the degradation system
by inductively coupled plasma—optical emission spectrometry (ICP-OES, model 715-ES,
Varian, Palo Alto, CA, USA).

Autolab PGSTAT30 potentiostat/galvanostat (Metrohm, Herisau, Switzerland) and a
three-electrode electrochemical cell were used to evaluate the photo-response character-
istics of prepared materials under intermittent visible light illumination (LED SCHOTT
KL 1600 lamp (Amax = 450 nm), Mainz, Germany) with 0 V bias potential (vs. SCE). The
electrolyte was an aqueous solution of KOH (0.1 M). Then 10 pL of catalyst-ethanol suspen-
sion (12.5 mg of catalyst in 2.5 mL of absolute ethanol (Sigma Aldrich)) was dropped onto
the surface of the screen-printed DropSens electrode (model DRP-150, Metrohm, Herisau,
Switzerland). This presented the working electrode. A calomel electrode (model HI5412,
Hanna Instruments S.R.L., Woonsocket, RI, USA) was used as a reference electrode and
platinum electrode as a counter electrode.

Electrochemical impedance (EIS) spectra of prepared catalysts were obtained in the
frequency range of 0.1-10° Hz; 0.1 M KOH was used as the electrolyte. Also, in this case,
screen-printed DropSens electrode (DropSens DRP-150, Oviedo, Spain) was used as a
working electrode, platinum as a counter electrode, and Ag as a reference electrode.

3.3. Photocatalytic Activity Tests

The photocatalytic activity tests were conducted using a top-down irradiated reactor
consisting of a Petri dish (¢ = 100 mm, height = 30 mm) with a magnetic stirrer bar
positioned slightly off center beside the catalyst glass plate (stirring rate = 600 rpm). The
reaction was commenced when 20 uL. MC-LR (concentration of the stock solution was
250 mg/L) was injected into the reactor filled with 10 mL dH,O. It should be noted that
dark adsorption kinetics were measured in a separate experiment and shown to be finished
in 5 min independent of sample modification. Adsorption tests were conducted separately
and showed that samples adsorbed ~5% of initial MC-LR (Figure S1), hence the reactions
were carried out by turning on irradiation immediately after injecting the MC-LR. The
irradiation was provided with a solar simulator (Newport, Irvine, CA, USA) housing
a Xenon light (P = 500 W m~2) at a distance of 15 cm from reaction solution at room
temperature (22 °C, cooling provided with an air fan). Two light correction filters FSQ-
GG420 and FSQ-KG5 (Newport, Irvine, CA, USA) were used to omit UV and IR part of the
Xe-lamp irradiation, respectively.

3.4. Analytical Procedures

The quantification of MC-LR was conducted on an Agilent chromatograph using a
column Discovery® HS C18 (150 mm x 4.6 mm ID, 5 pm) from Supelco (Bellefonte, PA,
USA). An isocratic method consisted of 45% mobile phase A and 55% of mobile phase
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B, where A is 0.5% TFA in acetonitrile is and B is 0.5% TFA in water, with the flow of
0.7 mL/min.

To determine the tendency for O,°~ generation, spin trapping experiments were per-
formed with DMPO (5-5-dimethyl-1-pyrroline-N-oxide, >98.0%, Sigma Aldrich) dissolved
in dimethyl sulfoxide (DMSO, >99.9%, Sigma Aldrich) as a solvent. Measurements of the
corresponding spin adduct (DMPO-O,°~) were performed at T = 25 °C using a 100 pL liquid
flat cell (Fluorochem, Glossop, UK, model WG-808_Q) and an X-band Adani CMS8400 EPR
spectrometer (Minsk, Belarus). The illumination source for the visible light in all cases was
the Schott KL 2500 LED lamp (Mainz, Germany). The center field was at 337.00 mT (sweep
width 10 mT) with a modulation amplitude of 200 T and a power attenuation of 15 dB
(gain value of 4 x 10%). The initial concentration of DMPO was 4 g/L and that of the catalyst
2 g/L. The DMSO/ catalyst suspension was stirred vigorously (300 rpm) and purged with air
(100 mL/min) for 15 min before being used to form the DMPO/DMSO/ catalyst suspension
and filled into the 100 pL liquid flat cell for in situ measurements.

4. Conclusions

Microwave-synthesized surface-grafted TiO, films were shown to be promising mate-
rial for detoxification of water polluted with cyanotoxin microcystin LR. The grafting using
MW was efficient and 17 x quicker than the previous heating method [15], and produced
uniformly dispersed sub-nano-sized clusters; the films were of excellent mechanical stabil-
ity. The main species responsible for visible light activity via the interface charge transfer
(IFCT) of excited e~ to surface metal clusters were found to be O,°~ and h*; the former
were confirmed with EPR study.

The optimal nominal grafting concentration was 0.5 wt.% for Ni and 1.0 wt.% for
Zn, while for the binary modification (NiZn), the optimal nominal concentration was
0.5 wt.%. The efficiency was highly sensitive to the concentration of the grafted species;
hence, caution is required during the synthesis as low loadings are required for the desired
effect. No synergism with the simultaneous presence of two metals was observed. In fact,
compared to single metal grafted TiO,, the bimetallic clusters (Ni and Zn) on the surface of
titania showed decreased photocurrent and increased recombination rate under the visible
light irradiation, due poorer interfacial charge transport, resulting in more recombination
sites. Nevertheless, the catalysts were easily regenerated using UV irradiation for long-term
use. To implement the activity of bimetallic samples in the future, one would want an ideal
scenario where Ni acts as reduction cocatalyst while Zn promotes h* transfer or adsorption of
oxidizable species. For this, we would use spatially controlled deposition, e.g., via sequential
grafting (Ni first, then Zn—or vice versa), core—shell structures, where one metal forms a shell
over another, or site-selective anchoring on different crystal facets (e.g., Ni on {101}, Zn on
{001}). All of these strategies can be achieved efficiently with the help of MW irradiation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal15060590/s1. Figure S1: Correlation between the number
of layers and the surface density using different formulations for the preparation of films (A) and
ultrasonic mechanical stability test for samples of AS TiO, with different amounts of final solvent
(n-propanol) (B). The inset photographs show the layers after enduring the specified sonication time.
In the sample “1 mL old”, the word old stands for a sample that has been aged in the dark for one
week. Figure S2: Adsorption kinetics of various films at 1 mg/cm? mass loading. Figure S3: The
results of Rietveld refinement of the samples: (a) TiO; w/o0 MW; (b) TiO; w/MW; (c) TiOp_Ni_0.5%;
and (d) TiO,_Zn_1%; with x- and y-axis showing 2 ® (°) and intensity, respectively. The positions of
the Bragg reflections of anatase (structure shown in the inset of A) are indicated by vertical bars ().
The difference curves between the experimental and the calculated intensities from the refined model
are shown in the lower part of the diagrams. Figure S4: XPS survey of samples: (a) TiO, w/0 MW, (b)
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TiO; w/MW, (c) TiO,-Ni 1%, (d) TiO-Zn 1%, (i) Ti2p, (ii) Ols, and (iii) C1s spectra. Figure S5: XPS
survey of the samples (a) TiO, w/0o MW, (b) TiO, w/MW, (c) TiO,-Ni 1%, (d) TiO»-Zn 1%, (i) Ti2p,
(ii) Ols, and (iii) C1s spectra. Figure S6: Location of the river sample at 13.00 on 21 March 2019. Table
S1: Crystallographic data and results of Rietveld refinement of XRD data of TiO, samples. Figure S7.
Scheme of electrochemical equivalent circuit model used to fit experimental impedance data. Figure
S8. Location of river sample at 13.00 on 21 March 2019. Table S2: Elemental composition of selected
samples as measured by ICP-OES. Results are shown in weight percent (wt.%).
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