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ABSTRACT The release of industrial untreated wastewater creates a hazardous impact on the
environment. In this regard, the development of environment friendly catalyst is of paramount
importance. Here, we report a highly efficient and reusable core-shell TiN/SiO2/Cr-TiO>
(TSCT) photocatalyst which is composed of SiO-cladded titanium nitride (TiN) nanoparticles
(NPs) decorated with Cr-doped TiO> NPs for the removal of organic contaminant from water.
The TiN NPs serve as the main light absorber component with excellent visible light absorption
along with Cr-TiO2 NPs. The TSCT shows remarkable improvement in the
photodecomposition of methylene blue (MB) over Cr-TiO, and TiO2 NPs. An efficient
structural design is proposed by adopting calcium alginate beads (P-Marimo beads) as
transparent scaffold for supporting our TSCT which exhibits floatable nature on the water
surface and realizes easy handling as well as excellent reusability for multipurpose water

purification. Surprisingly, our TSCT is found to keep its catalytic activity even after the



illumination is turned off. Our proposed P-Marimo-encapsulated TSCT can be utilized as an
excellent green photocatalyst with high photocatalytic performance, recyclability and easy

handling.

1. INTRODUCTION

Currently, solar energy driven green nanotechnology is attracting great interest in many
countries to solve environmental hazards due to the release of toxic dyes, pesticides, volatile
organic compounds, harmful gases, and bacteria in different media 1. Serious efforts have
been devoted to develop hybrid nanomaterials for environmental clean-up, water purification,
antimicrobial activity etc #®. The organic contaminants can either be oxidized/reduced directly
by the photocatalysts or be eliminated by locally generated reactive oxygen species (ROS)
including the superoxide radical Oz *, hydroxyl radical ("OH), and peroxide (H202) 2. In this
context, TiO2 has been proved to be a material for the decontamination of industrial wastewater
®. However, TiO- has a large band gap (~3.2 eV), which means that it is inactive under visible
irradiation. There have been several attempts to improve the catalytic activity of TiO2. One of
the simplest method is to synthesize the mixtures of anatase and rutile phases of TiO2 which
has higher photocatalytic activity than those of the single phases %%, To increase the visible
light activity of TiO,, doping of TiO; is a quite effective approach 2. Among transition metal
ions, Cr¥* ions exhibit an isomorphic replacement of Ti** ions in TiO, crystal lattice and enables
TiO2 to absorb both ultraviolet (UV) and visible light 1314, Yet, the absorption capability of Cr-

TiOz in visible region still needs further improvement.

Aiming at enhancing visible light activity, incorporating plasmonic materials to photocatalysts
has recently come into focus . The surface plasmon resonance of silver (Ag) and gold (Au)
nanoparticles (NPs) incorporated with TiO2 has been investigated for the enhancement of photo
reactivity under the irradiation of UV and a broad range of visible light 18, However,
expensive noble metals are incompatible with large scale industrial applications. These
drawbacks were the driving force for investigating alternative plasmonic materials for
photocatalysis applications. Among alternative plasmonic materials, titanium nitride (TiN) is
one of the promising candidates. TiN is chemically stable, inexpensive, and has inherently
broad plasmon resonance covering the entire solar spectrum from the visible to the near
infrared (NIR) region. When TiN NPs are attached to a semiconducting photocatalysts, photo-
excited carriers in the TiN can be injected into the semiconductor 1°, thus enhancing the

photocatalytic activity. TiN has been successfully used to enhance the photocatalytic activities
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of TiO, 221, It is important to note that TiN NPs can also improve the photocatalytic activity
of photocatalyst by improving the conductivity of the photocatalytic composites 22, Separation
of both effects and the possibility of synergistic enhance of photocatalytic activities are yet to
be explored %2,

Here, we report a highly efficient and environmentally compatible photocatalyst consist of
core-shell nanostructure of chromium-doped TiO> (Cr-TiO2) NPs and SiO> cladded TiN NPs
(SIO2/TIN). The TiIN/SiO2/Cr-TiO2 (TSCT) nanostructure catalyst showed enhanced light
absorption and rapid separation of photogenerated electron-hole pairs as well as greater
specific surface area compared with Cr-TiO2 NPs. Ultrathin ~2 nm SiO; cladding layer to the
TiN NPs was the key for better chemical stability and higher heat resistance. We also adopted
anovel scheme to make this photocatalyst easy to handle and recycle 2%, We fabricated hybrid
structure by fixing TSCT into alginate network that has high solar transparency as well as water
permeability. This TSCT embedded alginate constituted 3D photocatalytic beads which
imitated the natural “Marimo algae (Aegagropila linnaei),” a rare growth form of a
filamentous green algae. We named this 3D photocatalytic balls as, “P-Marimo” (Figure 1)
and experimentally demonstrated its high photocatalytic activity together with its excellent
recyclability and its long lifetime.

The obtained photocatalytic activities of the synthesized photocatalysts were in the order as
TSCT > Cr-TiO2 >TiO2 under solar light irradiation. The 99% decomposition of 10 uM MB
was achieved within 10 and 15 minutes by TSCT and P-Marimo, respectively. Surprisingly,
after the light irradiation for short duration on TSCT/dye solution, it kept its catalytic activity,
even in the dark, to decompose organic dyes due to its ability of superoxides species generation.
Reaction mechanism was investigated to explain the observed phenomenon. The low-cost,
long-life, and environmentally friendly nature of our P-Marimo-supported photocatalysts will

open a promising route for solar water purification.

2. EXPERIMENTAL SECTION
Synthesis steps:

Chemicals: Sodium alginate used in our study was a commercial product of KIMICA
Corporation. Titanium (1V) butoxide, Ti[O(CH2)3CHz]4, chromium (I11) nitrate nonahydrate,
Cr (NOz3)3.9H.O and methylene blue (MB) were supplied from FUJIFILM Wako Pure

Chemical Corporation. MB dye solution was prepared using deionized water from a Milli-Q



purification unit. Titanium nitride NPs were purchased from Nisshin Engineering Inc, whose

size was around 40 nm 26,

Synthesis: To study the catalytic performance of TiN decorated with Cr-TiO2 and to compare
with the combination of TiN with different phases of TiO2, various photocatalysts were

synthesized.

Synthesis of conventional TiO2: To obtain the TiO2 NPs, in the first step, the 2 ml of
titanium(1V) butoxide (Ti[O(CH2)3sCHz]4) was slowly dropped into 5 ml ethanol and vigorously
stirred for 1 hour at room temperature (RT). In the second step, the mixture of 240 ul water, 5
ml ethanol and 260 pul HNO3z was added dropwise to the initial solution under vigorous stirring.
The resultant solution was stirred for an additional 60 minutes at room temperature to increase
its homogeneity; this further baked at 78 °C for 2 hours under vacuum condition. The obtained
powder was further thermally treated in ambient air at 400 °C for 4 hours. The heating rate was

1 °C/min to reach 400 °C. The obtained sample was used as it was for further characterizations.

Synthesis of visible-active Cr-TiOz2: The mixture of 5 ml ethanol and 0.120 g chromium (111)
nitrate (Cr(NO3)3) was vigorously stirred for 1 hour at RT and 2 ml of TiJO(CH2)3CHz3]s was
added dropwise into the solution. A green solution was obtained. Further, the mixture of 240
pl water, 5 ml ethanol and 260 pl HNOs was added dropwise in the solution. The Cr-TiO:
powder was obtained after thermal treatment of the solution by following the similar steps as

mentioned for the TiO; synthesis.

Synthesis of biphasic Cr-TiO2z (B-Cr-TiOz2): Initially adding the 1 weight (wt)% TiN NPs
solution in 5 ml ethanol and following the similar procedure used for synthesizing Cr-TiOg, the
biphasic-Cr-TiO2 (B-Cr-TiO2) powder was obtained. After the thermal treatment, the black
color of TiN disappeared and the synthesized materials showed pale yellow color, indicating
the metallic TiN NPs were lost and B-Cr-TiO2 was absorbing blue light component. The Figure

S1 show the optical camera images of different samples.

Synthesis of heat-resistive TiN NPs (SiO2/TiN NPs): To fabricate a very thin SiO2 protection
layer on TiN NPs, 500 ul of 5.0 mM 3- aminopropyltriethoxysilane (APTES) aqueous solution
was added in 5 ml water and stirred for 30 minutes. Then, 0.54 wt% sodium silicate aqueous
solution was added, and the obtained solution stirred for five minutes at 100 °C. Afterwards, 1

wit% TiN NPs powder was added and kept the solution on stirring for 1 hour at 80 °C as shown



in the supporting information Figure S2. The resultant sample was centrifuged and collected

from the un-reactant ions and re-dispersed into 5 ml ethanol for further use.

Synthesis of TiN/SiO2/Cr-TiO2 (TSCT): Using SiO2 cladded TiN NPs and following the
similar procedure used for synthesizing the B-Cr-TiO, the dark brown colored powder of
TSCT core-shell structure was obtained. The TiN/SiO2 to Cr-TiO2 weight ratio was 1:2 in
TSCT sample. The SiO. formed a conformal shell on the TiN NPs. Also, by varying the
TiN/SiO2 to Cr-TiO2 ratio, TSCT core-shell structure containing 0.5 and 2 wt% SiO2/TiN NPs
was fabricated. For the characterizations and catalytic measurements 1 wt% TiN/SiO2 in TSCT
core-shell structure was used, otherwise specified. The TSCT NPs size can be tuned by varying
the TiN NPs size and concentration of precursor, reaction time and temperature during sol-gel

preparation of Cr-TiOx.

Synthesis of recyclable 3D photocatalytic alginate balls (P-Marimo): 2 mg/ml of
photocatalyst (TSCT) powder and 2 wt% of sodium alginate aqueous solution were stirred
overnight. This solution was dropwise added in 1 wt% CaCl, (50 pul), using a micropipette to
obtain the TSCT embedded Ca-alginate beads (2-3 mm average diameter). The P-Marimo were
kept in the CaCl, solution at RT for 2 hours. The P-Marimo catalysts were washed with pure
water and used for dye degradation and after catalytic reactions again washed with pure water
and stored in 1 wt% CacCl; for reuse. Using the similar procedure, P-Marimo of TiO; and Cr-
TiO2 were fabricated.

Catalytic reactions: The catalytic experiments were performed for different concentrations
(5-15 uM) of the dyes with different loadings (1-3 mg/ml) of photocatalyst. The catalysis
experiments were carried out in 50 mL cylindrical pyrex vessel in dark and light environment.
For all the experiments of dye degradation, the 20 pl H.O> were added in the dye solution
which produced "OH radicals initially " ?’. The magnetic stirrer was used for stirring the
solutions. The stirring speed was kept constant at 500 rpm for all the experiments. A solar
simulator (XES-40S1, San-Ei Electric) at 100 mW cm irradiance was used as an artificial
sunlight source. After stirring the solution of reaction vessels in a dark box for 5 min, the
vessels were irradiated with the solar simulator for different time interval and the degraded dye
solution was then transferred to UV-Quartz cuvette to measure the dye degradation using a
UV-Visible spectrophotometer (V-570, JASCO). The absorbance spectra were measured by
taking out 2 ml solution with discrete time interval. The NPs were removed by centrifugation

at 10000 rpm for 5 min before absorbance measurement whereas in the case of P-Marimo,



water was separated directly without any further separation step. For the reusability test, the
catalyst was allowed to settle for 30 min, separated and rinsed with deionized water for several
times and used for next cycles. For the detection of radical scavenger effect, 2 mg/mL of
catalyst in 10 uM MB in the various solvents such as methanol (99.8%), N2 purged (2 h) H-0O,
5mM AgNOsz and 5 mM Naz-EDTA were used. For the detection of “OH radicals, 2 mg/mL of
catalyst suspended in aqueous solution of 0.5 mM terephthalic acid (TA) in 2 mM NaOH was
used and stirred. In a regular time interval, 1 mL solution was taken out and the

photoluminescence (PL) spectrum was recorded at an excitation wavelength of 315 nm.

The apparent quantum yield (AQY) measurement was performed as follows: A 300W Xe arc
lamp equipped with glass filters consisting of band-pass and cut off filters to control the 440
nm wavelength regions of the incident light was used. A 50 mg of as-prepared catalyst was
spread firmly on a plate (area, 2.2 cm?). Then the isopropanol (IPA) (ca. 1000 pumol) was
injected into the vessel and a gas chromatograph and flame ionization detector was used to

detect the concentrations of IPA and acetone.
Characterization:

The morphology of the catalyst powder was studied by an SEM (Hitachi FE-SEM SU8230).
XRD measurements were taken by a Rigaku Ultima Ill, Rint 2000. TEM images and XPS
spectra were recorded by the JEOL JEM 2100F instrument, and Micro-XPS (Quantera SXM)
instrument having the resolution of ~0.5 eV, respectively. Raman spectra were obtained by a
WITec microscope 300 alpha with a 532 nm Nd:YAG diode laser. Brunauer—-Emmett—Teller
(BET) surface area was measured by Quantachrome, Autosorb-iQ. The PL measurements were
carried out by JASCO, FP8500 fluorescence spectrometer. The micro PL spectroscopy
(excitation wavelength 325 nm) were employed to check the optical properties. Diffuse
reflection spectra of the samples were recorded with a UV-VIS spectrometer equipped with an
integrating sphere. To measure the paramagnetic species, the electron paramagnetic resonance
(EPR) spectrometer (Bruker, Rheinstetten, Germany) was set to a center field of 3520 G, a
sweep width of 100 G, a microwave frequency of 9.876 GHz, a modulation frequency of 100
kHz, and power of 6.37 W.

3. RESULTS AND DISCUSSION

Figure 1 shows a scheme of the TSCT immobilization method in Ca-alginate beads. The

sodium alginate in water has sodium ions and alginate. After adding the sodium alginate



aqueous solution in the CaCly, the calcium ions functioned as connecting bridges (gel matrix)
between the alginate chains and immaobilizes the TSCT in between them, forming porous P-
Marimo structure. The porous structure of P-Marimo provides excellent permeability for water
molecules to freely move inside the P-Marimo. Figure S3 shows the SEM images of the as
prepared TiO2, Cr-TiOz, TSCT and TiN NPs. The TiO2, Cr-TiO2 and TSCT NPs have
approximately spherical shapes having average particle size of ~40 nm, ~40 nm, and ~80 nm,
respectively. The SEM image of TiN NPs shows their cubic structure having average particle

size of ~40 nm.

Fabrication of photocatalyst Fabrication of P-Marimo

Sol of Cr-TiO, Sodium alginate (aq)
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Figure 1. Schematic representation of TiN/SiO2/Cr-TiO2 (TSCT) and B-Cr-TiO2 nanostructure
fabrication using with and without SiO, cladded TiN NPs, respectively. Fabrication of TSCT

P-Marimo structure is also shown.

The XRD patterns of TiO2, Cr-TiO2, and TSCT are shown in Figure 2a. As synthesized TiO>
shows strong peaks of anatase phase, while Cr-TiO2 show broad peaks of anatase phase due to
the Cr doping 2. The TSCT sample containing 1wt% SiO2/TiN NPs exhibit strong and broad



peaks of both cubic phase TiN and anatase phase Cr-TiO, this confirm the formation of Cr-

TiO, decorated TiN NPs.

However, when bare TiN NPs (i.e. without coating thin SiO2 layer to form core-shell structure
of TiN/Cr-TiOz) were used, the TiN NPs oxidized during high temperature annealing to anatase
and rutile phases of TiO2, and forms a mixed phase, or biphasic Cr-TiO (B-Cr-TiO), this was
confirmed from XRD pattern (Figure S4) and illustrated in Figure 1 (fabrication of
photocatalyst). This indicate that to form TSCT, the thin SiO> layer on TiN NPs is required.
Further, the XRD pattern of varying SiO>/TiN NPs concentration i.e. 0.5 to 2 wt% in the TSCT
hybrid structure is shown in Figure S5. It is observed that the sample containing 0.5 wt%
SiO2/TiN NPs shows strong peaks of Cr-TiO2 and very weak peaks of TiN NPs. The sample
containing 2 wt% SiO./TiN shows strong peaks corresponding to TiN whereas Cr-TiO; signal
were suppressed. As the amount of TiN NPs increase, the TiN peaks become dominant and Cr-
TiO» peaks start to suppress. The peaks are indexed to the cubic phase of TiN (JCPDS no. 06-
4909) and rutile and anatase phase of TiO2 (JCPDS no. 21-1276 and 21-1272). The TiN NPs

(size ~40 nm) used in this study have cubic phase crystalline structure (Figure S5).
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Figure 2. (a) X-ray diffraction patterns (b) Raman spectra of TSCT (containing 1wt% SiO2/TiN

NPs), Cr-TiO, and TiO2 samples. Here, “A” stands for anatase phase.

The Raman spectra of the as synthesized samples are shown in Figure 2b. The TiO. and Cr-
TiO2 sample show Raman peaks which correspond to the Alg mode (515 cm™), B1g modes
(395 cm, 515 cm™) and strong Eg modes (144 cm™, 635 cmY), confirming the formation of
the anatase phase TiO2 2°%°, The vibrational mode peak exhibits significant shift as well as

asymmetrical broadening associated with phonon confinement effect in the case of TSCT core-
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shell structure, which further confirms the presence of TiN and Cr-TiO2. Raman peaks are very
sensitive to the local environment and substitutional doping can significantly influenced the
phonon vibrations. Therefore, the Cr-TiO2 shows broad Raman peaks compared to the TiO-
due to the substitutional doping of Ti** with Cr3* 33, The Raman spectra of TiN NPs (Figure
S6) shows the characteristic peaks at 235 cm™, 439 cm™ and 607 cm~* which can be assigned
to acoustic and optical modes of TiN 3*. The Raman peaks of TiN at 235 cm™ and 439 cm™
shift to 258 cm™ and 406 cm™ for TSCT, respectively. In Raman spectrum of TiN, the bands
below 300 cm™ are associated to the Ti-vibrating modes and the band around 550 cm™ is due
to the nitrogen associated optical modes %.Note that the intensity increase and blueshift in
titanium-vibrating modes indicates the increase in nitrogen vacancies, and the existence of
nitrogen-vibrating modes indicates titanium vacancies. Also, the grain size effects can produce
substantial shifting and broadening of the Raman spectrum. Overall, the variations in the peak
positions and intensity of TSCT compared to TiN peaks are associated with the variations in
Ti or N vacancies concentrations arisen in the annealing process of synthesizing TSCT. The B-
Cr-TiO2 sample exhibits the vibrational mode of rutile phase at 445 cm™ and 613 cm™ ¢, along
with anatase phase vibrational modes as shown in Figure S6, which confirmed the mixed phase
of B-Cr-TiO».

The nitrogen adsorption isotherms of TSCT, TiO, TiN, Cr-TiO2 and B-Cr-TiO2 samples are
shown in Figure S7. The specific surface area values are tabulated in Table S1 along with the
crystallite size which was calculated using the Debye—Scherrer formula from XRD peaks
(explained in Note S1). As can be seen, the specific surface area decreases from 104.778 m?/g
(for the sample TiO2) to 70.624 m?/g (for the sample Cr-TiO2) and 75.829 m?/g (for the sample
B-Cr-TiO2). The aggregation formed after the Cr doping in the TiO2 could reduce the specific
surface area than the undoped discrete TiO2> NPs. Due to the TiN core, the obtained specific
surface area of TSCT (149.3 m?/g) is almost twice as compared to Cr-TiO2 and B-Cr-TiO2. A
progressive increase in specific surface area of TSCT can be helpful to improve the surface
reaction of the NPs and dye loading in comparison with other NPs. The uncovered TiN has
larger surface area (206.89 m?/g) as compared with TSCT, which may result from the smaller

crystal size.

The TEM image of the TiN NPs (Figure 3a) shows cubic structures having the average size of
~40 nm, as also confirmed by the SEM image (Figure S3d). The TEM image of TSCT (Figure
3b) shows the cubic TiN NPs as a core cladded with thin SiO. and Cr-TiO> shell layers. It is
observed from the HRTEM image that TiN NPs have very thin SiO2 (~2 nm) capping layers



which covered the TiN NPs uniformly and Cr-TiO2 NPs were successfully coated on SiO2/TiN
NPs (Figure 3c). In the HRTEM image of TSCT (Figure 3d), from the inter-planer spacing the
TiN NP, SiOz and Cr-TiO; are clearly distinguishable. The lattice spacing of 0.349 £ 0.05 nm
is ascribed to the (101) plane of anatase TiO2 ¥. In the TEM, the selected area electron
diffraction (SAED) and HRTEM images of the Cr-TiO. were also taken as shown in Figure S8.
The results indicate an inter-planar spacing of 0.351 + 0.03 nm, which is similar to the Cr-TiO>
of TSCT. The TEM image of B-Cr-TiOz is shown in Figure S9a and from HRTEM image
(Figure S9b), the inter-planar spacing is observed to be 0.351 + 0.03 nm and 0.371 + 0.03 nm
corresponding to anatase and rutile phases of TiO, 3’. The SAED shows the diffraction rings

corresponding to anatase and rutile phase in inset of Figure S9a.

Figure 3. TEM images of (a) TiN NPs and (b) TSCT, where white boxes show TiN NPs covered
with Cr-TiO2 NPs. (c) HRTEM image of TSCT and (d) enlarged view of (c).

The TEM/EDX was also used to investigate the composition of core-shell TSCT sample. The
EDX mapping confirm the presence of TiN, SiOz, Cr and TiO. (Figure 4) and the EDX
spectrum in Figure 4b, indicates the peaks of N, O, Cr, Ti and Si. Further, the magnified EDX
spectrum distinguishes the nitrogen peak from carbon (Figure 4c). Note that carbon peak
appears due to the supporting carbon-coated copper grid. Also, the particle size distribution of
TiO2, Cr-TiOz, TiN and TSCT obtained from the TEM images are shown in Figure S10. The
average particle size of the TiOz, Cr-TiO2, TiN and TSCT are nearly 6 nm, 15 nm, 30 nm and
70 nm, respectively, which are slightly smaller than the average particle size measured from
SEM images (Figure S3). This difference is because, for the TEM measurements the samples
were dispersed in water for the sonication and only the smaller particles suspended in water
were used for the observation. During the synthesis of TSCT, the Cr-TiO> and TiN NPs
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aggregated, and the particle size varies from 50 nm to 70 nm as seen in the TEM images (Figure

$10d).
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Figure 4. (a) EDX mapping of TSCT, showing the bright-field image, elemental mapping of
Ti, O, Cr, Si, N and combined images (white arrow depicts the TiN NP covered with Cr-TiO).
(b) EDX spectrum of TSCT. (c) Magnified EDX spectrum of the colored area in sub-panel (b).

Additionally, the XPS measurement was performed to investigate the energy states and
elemental composition of TSCT sample. High-resolution XPS spectra of Ti 2p, O 1s, Cr 2p and
Si 2p are shown in supporting information (Figure S11). In Figure S11a, the binding energy of
Ti 2ps peaks is determined to be 458.6 eV which matches with the literature values for
crystalline TiO2 8. For O 1s, the major peak at 530.1 eV (Figure S11b) is due to the formation
of TiO2 %, and the peaks corresponding to 577.2 and 587.0 eV were assigned to the 2pz and
2p1 core levels of Cr (Figure S11c) ¥. The spectrum of Si 2p shown in Figure S11d confirms
the valence states of Si at 102.7 eV “°, for SiO/TiN NPs. Unfortunately, information of the
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TiN core inside the TiO shell was not acquired due to the limited probing depth of XPS upto
10 nm.
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Figure 5. Absorbance spectra of TSCT, Cr-TiO, TiO», uncoated TiN and SiO2/TiN NPs.

Absorbance spectra obtained from the reflectance of TSCT, Cr-TiO2 and TiO2 along with
uncoated TiN and SiO2/TiN are shown in Figure 5. As TiO- is a wide band gap material (band
gap ~3.2 eV), it shows strong absorbance in the UV region, while after Cr doping the
absorbance is extended to visible region. Absorbance spectra of the uncoated TiN NPs and
SiO2/TiN NPs show broad peak in visible to NIR region. The SiO2/TiN NPs shows a minor red
shift in the absorbance band toward the higher wavelength region, as compared to the uncoated
TiN NPs. This minor shift can be attributed to the peak shift in the localized surface plamon
resonances induced by the refractive index increase of the surrounding #'. The absorbance
spectrum of TSCT becomes higher compared to that of Cr-TiO- but lower than those TiN NPs. The

reason is attributed to increased scattering by forming Cr-TiO> shells on the TiN NPs.

The electron paramagnetic resonance (EPR) spectroscopy was used for detecting trapped
charge carriers or paramagnetic species present in the samples. We have used fully dehydrated
TSCT, Cr-TiO2 and TiO2 NPs to obtain the EPR spectra for evidencing paramagnetic species
and trapping at room temperature where the spectra are as shown in Figure 6. The TiO2 and
Cr-TiO2 show O~anion signals constituting g value (spin-Hamiltonian parameter) of 2.009 and
2.008, respectively, which are the most prominent electron signal of paramagnetic materials

containing “F-centers” or oxygen vacancies 42,
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In contrast, a very intense EPR signals at g value of 2.003 was detected in the spectra of TSCT,
which confirms the high number of trapped electrons at the surface *4. These trapped electrons
could reduce Ti** and lead to the generation of Ti** paramagnetic species according to the
following equation,

e+ Ti*t = T3t

Ti3* + 0, > Ti*" + 0,
which has been extensively reported °°, and on the other hand it could reduce surface absorbed
O2 on TSCT active sites, to form superoxide ions. Since TSCT was synthesized at high
temperature, during thermal oxidation the formation of oxygen vacancies in TiO2 was expected,
which created Ti®* sites. The Ti®* species are also responsible for visible absorption and
prevention of electron-hole recombination *°, which could facilitate photocatalysis very
quickly and efficiently. However, no EPR signal was observed in the case of pristine TiN NPs
(Figure S12), suggesting the formation of Ti%* ions took place only during the TSCT sample

fabrication.
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Figure 6. EPR spectra of TSCT, Cr-TiO2 and TiO2 samples at room temperature.
The catalytic experiments were carried out using 2 mg/mL TSCT, Cr-TiO2 and TiO2> NP and

10 uM MB solutions under visible light irradiation with continuous stirring. Figures 7a, 7b and

7¢ show the UV-VIS absorbance spectra of MB recorded at different reaction time. All the
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UV-VIS measurements are done in parallel along with the dye degradation test. The strong
peak at 663 nm is the characteristic peak of MB “¢*/ which decreases with reaction time
(highlighted with pink color in absorbance spectra). No absorbance band appears around 255
nm (highlighted with grey color in absorbance spectra) indicating no leuco form of the dye is
formed during the course of the reaction “¢. No changes were observed at 663 nm after 30 days
of storage.

Figure 7d shows the relative concentration of MB with time. The reduction follows pseudo-
first order reaction rate kinetics (Figure 7e);

-In (C/Co) = kt,

where Co and C indicate initial concentration and the concentration of dyes at a reaction time
t, and k is the reaction rate constant. The reaction rate constants for 2 mg/ml of TSCT, Cr-TiO>
and TiO; catalyst loading were found to be 0.3, 0.09 and 0.06/min, respectively. The reaction
rate changes with the catalyst loading. The k value of TSCT sample is much higher than the
reported values for the other materials due to high catalyst loading. The comparison of
photocatalytic degradation of MB dyes by various nanomaterials reported in the literature is
shown in Table S2. For visual illustration, pictures of MB dye with TSCT sample before/after
dye degradation test and picture of obtained clean water after centrifuge step are shown in
Figure 7f. The blue colored MB solution becomes colorless after catalytic reaction. The high
photocatalytic performance of TSCT is mainly attributed to their strong visible light absorption,
large amount of paramagnetic species and large surface area, which enhances the trapping sites
and interfacial charge transfer to the dye.

Further, the dye degradation performance of TSCT sample by varying the wt% (0.5 to 2 wt%)
of TiN in TSCT is shown in Figure S13a. It is observed that TSCT with 1 wt% TiN is the most
efficient among the three different concentrations. By increasing or decreasing the TiN NPs %
in TSCT sample, the catalytic performance decreases slightly than 1wt% TiN NPs sample. This
suggests that amount of TiN NPs in TSCT is crucial for efficient dye degradation. To detect
the effect of sample loading in the 10 uM MB solution, 1 mg/mL and 3 mg/mL TSCT sample
photocatalytic performance has been measured (Figure S13b) in addition to 2 mg/mL TSCT as
shown in Figure 7. It is observed that MB degradation occur faster with increasing the loading
amount of TSCT photocatalyst. For higher catalyst loading, the MB degradation occur faster
as the availability of active sites increases. Furthermore, the MB degradation performance of
TSCT sample under the UV component, visible light component and full solar spectrum of the

simulated solar light (AM 1.5G) is measured in Figure S13c. The TSCT shows remarkably
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high dye degradation rate under the visible solar light than the UV light component and

resultant dye degradation rate under the full solar spectrum also becomes very high.
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Figure 7. MB dye degradation performance with 2 mg/ml loading. Absorbance spectra of MB
dye for (a) TSCT (b) Cr -TiO2 (c) TiO2 NPs. The pink and grey regions in the absorbance
spectra represent the absorbance region for MB and leuco methylene blue, respectively. (d)
Relative concentration as a function of time (e) The relative concentration is fitted to a Pseudo-
first-order reaction rate equation, inset shows the rate constant values (f) Photos of before/after

MB dye degradation by TSCT and water obtained after centrifuge.

Similar to the measurements for the powder samples, the photocatalytic dye degradation
performances for P-Marimos loaded with the three NPs were investigated. The pictures of P-
Marimo without and with each NPs are presented in Figure S14. The absorbance spectra of
MB dye with TSCT-loaded P-Marimo shows 99% dye degradation within 15 minutes which is
much faster than the Cr-TiO>—loaded P-Marimo and TiO2 —loaded ones as shown in Figure
S15a, 15b and 15c. No absorption band is found at around 255 nm (highlighted with grey color
in absorbance spectra) indicating absence of leuco methylene blue formation in reaction. The
relative concentration with time is shown in Figure 8a and the fitted pseudo first order reaction
rate is shown in Figure 8b. The reaction rate constants of P-Marimo’s with TSCT, Cr-TiO2 and
TiO2 were found to be 0.20, 0.08 and, 0.03 /min, respectively, such that the order of rate
constant becomes, TiO2 < Cr-TiO2< TSCT, which is same as powder samples. The pictures of

before and after dye degradation by P-Marimo with TSCT along with the dye degradation
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mechanism are shown in Figure 8c. The possible mechanism is that the P-Marimo initially
adsorbed MB dye swiftly and then the dye degradation occurred due to the «OH and Oz~

radicals generation by the immobilized photocatalyst.
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Figure 8. MB dye degradation performance of P-Marimos of TSCT, Cr-TiO; and TiOz (a) The
relative concentration as a function of time. (b) The relative concentration is fitted to a Pseudo-
first-order reaction rate equation, inset shows the rate constant values. (c) Schematic of dye
degradation by P-Marimos and photos of before and after dye degradation by TSCT P-Marimos.

As shown in Figures 7d and 8a, the 99% degradation of MB were achieved within 10 and 15
minutes by TSCT and their P-Marimos, respectively. The use of suspended TSCT powder
provided better results than those obtained with their respective P-Marimo structure. The slight
reduction in the dye degradation efficiency was possibly due to the reduction in the area of
active surface after the immobilization as well as the reduced water mobility in porous structure
of Marimo beads. However, the immobilized system has the advantages over the suspended
photocatalysts in terms of handling. The use of P-Marimos eliminates the post-process filtration
step to remove the powder photocatalyst from treated water. It opens up a facile approach to

recycle the powder catalysts with eco-friendly alginate.
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Photoactivity retention in the dark: As a next step, the retention of the photocatalytic activity
in the dark for TSCT sample has been observed, however, this effect has not observed for bare
Cr-TiO2 and TiO2. The MB dye degradation in the dark has been evidenced for the
photocatalytic retention of TSCT and its P-Marimo as shown in Figure 9a and 9b, respectively.
The TSCT in MB dye solution was firstly pre-illuminated with different exposure times under
constant stirring, and stored in the dark environment for 1 hour. It is noticed that the MB dye
solutions became colorless after 1 hour in dark environment. A new peak appears near 350 nm,
due to the semi-reduced methylene blue radical “®*°. Figure 9c presents the comparison test of
relative concentration of MB dye as a function of time, under light illumination but without
addition of any photocatalyst (assigned as ‘No photocatalyst’) and with the addition of TSCT
photocatalyst keeping in dark environment (assigned as ‘“TSCT in D’). TSCT with MB in dark
shows slight decrease in concentration of MB and then saturate due to the reductive nature of
TSCT. Besides, the dye degradation rates of the samples which were pre-illuminated for
different time and stored in 1-hour dark environment (ascribed as TSCT in L&D, P-Marimo
TSCT in L&D, Cr-TiO2in L&D) are shown in Figure 9c. As a representative example, the
pictures of the MB dye sample with TSCT before the photocatalytic reaction, after 2-minute
illumination with TSCT and subsequently 1-hour in dark are shown in Figure 9d. This confirms

the TSCT sample showed retention in the photocatalytic activity in the dark environment.

The trapping and release of photogenerated electrons enable many photocatalyst to be active
even after the light was turn off %94 We expect similar effect in case of TSCT. The
experimental observation clearly demonstrates that the degradation capability of TSCT sample
in the dark was due to its large number of trapped paramagnetic species (confirmed by EPR
measurement), which helped in storage of its memory of the light illumination prior to the dark
environment. The production of superoxides species could be responsible for photocatalytic
retention in the dark as discussed later. To further confirm the dye degradation was not due the
adsorption effect, the MB dye/TSCT solution which was pre-illuminated for 2 minute and
stored in the dark environment for 1 day, was heated at 50 °C for 15 min to see recovery of
adsorbed MB dye. From Figure S16a, it is clear that there is no color change in MB solution
after heating at 50 °C; this rule out the possibility of adsorption effect. In addition, we have re-
measured the absorbance spectra of our 1-year old samples carefully stored in a dark box (these
samples were pre-illuminated 2-minute and kept in dark for one year). The results of 1-year
old samples are shown in Figure S16b and S16c. For comparison, the absorbance spectra of

the one year old MB solution and MB dye/Cr-TiO; solution are also shown in Figure S16b. It
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is clear that there are no change in color or absorbance after one year of storage, this confirms
that TSCT completely degraded the dyes.
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Figure 9. MB degradation performance pre-illuminated for various times and after being stored
in the dark environment; (a) TSCT performance, and (b) P-Marimo TSCT performance. The
pink and grey regions in absorbance spectra representsthe absorbance region for MB and leuco
methylene blue, respectively. (c) MB dye degradation rate comparison for TSCT, P-Marimo
TSCT and Cr-TiO2 under different pre-illuminations time and then in the 1-hour dark. In the
legend, ‘L’ and ‘D’ represent light and dark, respectively. (d) Images of dye degradation sample
by TSCT, just after 2 minute pre-illumination and same sample after keeping 1 hour in dark.

To further study the catalytic activity of the TSCT, its photocatalytic degradation effect on
methyl orange (MO) dye was also examined under light illumination and in dark environment
as shown in the Figure S17. Figure 10 shows the comparison test of MO dye degradation rate,
without an addition of any photocatalyst in the presence of light (assigned as ‘No
photocatalyst’) and with TSCT in dark environment (assigned as ‘TSCT in D’). A slight
degradation has been observed without any light-illumination. The MO dye degradations were
also observed for the TSCT under light illumination (assigned as “TSCT in L’) and the TSCT
pre-illuminated for 1 to 15 minute and kept in dark for one hour (assigned as ‘TSCT in L&D).
Figure S17 shows the MO absorbance for “TSCT in L’ and pre-illumination time dependence
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for “TSCT in L&D’. The MO dye-containing solution becomes colorless after 5 minutes pre-
illumination and stored in dark environment for 1 hour as shown in Figure 10b. These results
clearly demonstrate the high degradation efficiency of TSCT for MO degradation and retention
of its photocatalytic activity even in dark.
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Figure 10. (a) MO dye degradation rate compared for TSCT in light and dark. ‘L” and ‘D’ in
the legend represent light and dark, respectively. (b) Optical images of dye degradation by
TSCT where the dye solution was pre-illuminated for 5 minutes and kept in dark for one hour.

Inset image shows the clear water after centrifuge.

In order to detect *OH and O™ radicals in this reaction, the effect of radical scavengers on the
degradation process was examined. We used 2 mg/ml TSCT in 10 uM MB in the various
solvent such as methanol (99.8%), N2 purged (2h) H2O and 5 mM silver nitrate (AgNO3) as
shown in Figure 11a. When «OH radical scavengers methanol was used as reaction medium,
the MB degradation rate decreased because of the formation of «OH radicals *°. The addition
of AgNO:s as electron scavenger significantly decreases the MB degradation in comparison to
H20 with no scavenger >6-°. This suggests that AgNOs prevented the reaction of electrons with
dye/O2 molecules and decreased the degradation rate. In addition, N2 was purged to perform
MB degradation test in oxygen free atmosphere. The reaction rate of MB degradation decreased
compared to air-equilibrated conditions. In the presence of dissolved O, the MB degradation
rate was higher indicating the role of dissolve oxygen in the degradation of dyes. These results
prove that the transfer of electron to MB and reaction with dissolved oxygen or water by

forming *OH, as well as O~ which further generates *OH for the dye degradation process.

To provide further proof of the presence of *OH and Oze~, the 5, 5-Dimethyl-1-pyrroline N-
oxide (DMPO) spin-trap EPR spectroscopy measurement was employed (Figure 11b). Due to
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difficulty in detection of *OH and Oy directly in EPR measurements due to their high
reactivities and short lifetimes, DMPO is often used as « OH or Oz traps to form relatively
stable species (DMPO—OH adduct) 8. In a 100 pL aqueous solution of TSCT NPs with the
addition of 10 pL of DMPO was added and the EPR spectrum was recorded. The EPR spectrum
of the DMPO is presented in Figure 11b. The EPR spectrum of aqueous TSCT suspension in
the DMPO shows the characteristic signal of the DMPO—OH adduct *°, because DMPO
captured the "OH and O radicals to produce in the solution and formed a DMPO—OH adduct

which shows an EPR signal.
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Figure 11. (a) Effect of different radical scavenger or quencher on the degradation process of
methyl orange (MB) in presence of TSCT. (b) EPR spectra of 5, 5-Dimethyl-1-pyrroline N-
oxide (DMPOQO) and an aqueous TSCT suspension to which DMPO and ethanol have been added.

In order to obtain more information about *OH and Oz¢~ radicals generation by TSCT, we used
2 mg/ml TSCT in 0.5 mM TA in 2 mM NaOH and stirred. The TA acted as probe molecule
which reacted with the «OH radicals and O2¢~ to produce fluorescent 2-hydroxyterephthalic
acid >, The PL spectra recorded after different time are shown in Figure 12. The PL intensity
increased with respect to the reaction time, which clearly indicates the formation of ROS during
the photocatalysis process as shown in Figure 12a.

The PL spectra were measured for 2 min pre-illuminated TA and TSCT sample and then after
keeping them in dark environment for different time (Figure 12b). The PL spectra of the
samples were measured and found to increase with respect to the dark environment time,
depicting the production of *OH and Oz~ species in dark by TSCT. In addition, the mixture of
TA and TSCT without any pre-illumination and kept in dark environment for an hour was

measured (marked as 1 hour (No pre-illumination) in Figure 12b). A weak PL intensity signal
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was observed from this sample. It confirms that pre-illuminated TSCT samples effectively

produce radicals in the dark even after the light illumination was turned off.
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Figure 12. PL spectra of aqueous solution of terephthalic acid (TA) to detect radical generation
during the photocatalytic process. (a) TSCT and TA under light illumination for different time.
(b) TSCT and TA in the dark after 2-minute pre-illumination.

Apparent Quantum Yield: The photocatalytic oxidation of isopropanol (IPA) at 440 £ 15 nm
was carried out to check the hydroxyl group generation by TSCT, Cr-TiO2 and TiO2 and to
calculate the AQY 8. The results of typical IPA photooxidation are shown in Figure S18. The
Cr-TiO2 and TiO2 shows smaller photooxidation activity compared to TSCT under the incident
light due to their lower optical absorption and low specific surface area. The significant
photoactivity enhancement of TSCT could be attributed to the generated large number of
hydroxyl radicals under light irradiation which oxidized IPA to acetone as per the following
reaction °,
CH;CHOHCH;+e™ + 0, + HY - CH3;COCH; + ¢ OH + H,0,

or,

CH;CHOHCH; + ¢« OH 4+ (h* + OH™) —» CH3COCH; + H,0 + H*+ e .
The calculated apparent quantum yields (AQYSs) at 440 £+ 15 nm for TSCT, Cr-TiOz and TiO>
are 36%, 15%, and 0.2%, respectively. The AQY was calculated by the following equation,

No.of generated acetone
g x 100%

AQY =

No.of incident photons
The AQY results quantitatively reveal that TSCT has the highest photocatalytic activity among

the three samples.
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Photocatalytic activity of TSCT: To understand the dye degradation mechanism of the TSCT
nanocomposite, Figure 13 shows an example of a schematic and energy band diagram of
proposed possible mechanism under solar illumination as well as in dark. The standard redox
potentials of dyes with respect to vacuum energy level and normal hydrogen electrode (NHE)
scale of different reactive species are shown in Figure 13a and S19. TiN forms heterojunction
with Cr-TiO2 NPs which improves the separation of photogenerated electron—hole pairs due to
the Fermi energy differences between TiN and Cr-TiO2 NPs. Using Kelvin force probe
microscope, the work functions of TiN and Cr-TiO, were measured to be ~ 4.5 eV %2 and ~
6.0+0.5 eV, respectively, and from the literature the electron affinity of the TiOz is 4.2 eV
65, When TSCT was illuminated with solar light, the TiN exhibited plasmonic behavior above
567 nm to have strong single-particle electronic excitation below-. The TiN helped to increase
the solar light absorption of the entire system and generated hot carriers to enhance the catalytic
reaction. Therefore, when TSCT sample was irradiated by sunlight, holes were expected to be
injected from TiN to Cr-TiO; (Figure 13b) 202166 Although TiN NPs were coated with ~ 2 nm
thick SiO> layer, it is possible for photoexcited carriers to tunnel through the SiO: layer,
generating superoxides species for degradation of organic dyes °% /%8 Additionally, the TiN

in TSCT photocatalyst contributed to increase the electrical conductivity.

Another pathway is that the electron storage in TiN NPs shifted the apparent Fermi level of the
Cr-TiO2/TiN composite to be more negative, and this in turn made the TSCT more reductive.
This reductive nature of the TSCT supplied electrons even in dark conditions, which dissipated
across the surface resulting in the formation of ROS that was also confirmed from the TSCT
and TA reaction study (Figure 12). Under light and in dark, the CB electrons as well as Ti**
ions could reduce surface-adsorbed oxygen on active sites of photocatalyst NPs to form O,e~
44,69 Moreover, the reaction of valence band holes with surface adsorbed H2O resulted in the
formation of «OH radicals instead of combining with electrons due to their strong oxidizing
ability °. The subsequent release of the electrons/holes in the dark may have triggered the
following reactions with oxygen and water:
0, +e — 0,
0, + 2H* — ¢ 20H.
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Figure 13. (a) A possible energy level diagram of TSCT and standard redox potential of
different oxidative species with respect to vacuum energy levels and NHE. (b) A schematic
illustration of the TSCT heterojunction and a possible photoinduced catalytic mechanism under

light illumination and in dark.

Finally, recyclability and stability of P-Marimo are studied. It was found that the degradation
rate of the P-Marimo remained unchanged after 10 times of repeated use. The recyclability test
clearly shows that TCSC P-Marimo were highly reusable (Figure S20). To examine the
stability of the P-Marimo in dye-containing water, its diameter was measured before and after
each degradation/decomposition cycle. The P-Marimo diameter remained the same in all the
experiments even after 25 cycles of water-purifications. This demonstration refines that the
amount of calcium present in the beads was enough to make the inter-chain associations firmly
sustained during the recycling. The long-lasting catalytic activity, even in dark, readiness in
the recyclability as well as facile separation of catalysts from the purified water, are certainly

advantageous for practical applications.
4. Conclusion

In summary, we have demonstrated the degradation of dyes by NPs and Marimo structure of
TSCT under sunlight as well as in dark. Our experimental results indicated that TSCT can
degrade the dyes by transferring electrons from Cr-TiO> to the dye molecules or by creating
superoxide and hydroxyl radical with and without irradiating visible light. The catalytic activity
of TSCT was several times higher than the biphasic and anatase Cr-TiO.. By embedding TSCT
powder into the gel structure of P-Marimo beads, easy handling and multiple uses of TSCT

catalysts were realized while keeping their catalytic activity nearly the same. Overall, highly
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efficient and long-lasting catalytic performance of P-Marimo TSCT under sunlight as well as
in dark will provide a simple, environment-friendly, and cost-effective industrial treatment

method for contaminated water.
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