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Bio-inspired synthesis of N-doped TiO,/C
nanocrystals using jellyfish mucus with high visible-
light photocatalytic efficiency
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Lutao Zhang,®® Bin Zhang*® and Song Sun®®

Non-metal doping of titanium dioxide (TiO,) has been widely investigated, because it can facilely improve
the optical response of TiO, under visible light excitation in environmental pollution treatments. In the
ongoing efforts, however, little consideration has been given to the use of harmful marine organisms as
dopants. Here, we employed the natural mucus proteins of the large harmful jellyfish Aurelia coerulea
and Nemopilema nomurai, which have frequently bloomed in East Asian marginal seas in recent
decades, to synthesize mesoporous nitrogen-doped TiO, nanocrystals modified with carbon (N-TiO,/C)
by a simple hydrothermal method. These nanocrystals were composed of predominantly anatase phase
and a small amount of brookite phase TiO,. Their mesoporous structures changed with the variation of
the volume ratio of jellyfish mucus added to tetrabutyl titanate (TBT). At the same ratio, larger surface
area and pore volume but smaller pore size were observed in N-TiO,/C nanocrystals from N. nomurai
rather than A. coerulea. Nitrogen was determinately doped into the lattice of the prepared nanocrystals
and the carbon species were modified on their surfaces, which narrowed the band gap, facilitated the
separation of photogenerated electron—hole pairs and favored the absorption of visible light, thus
improving their visible light photocatalytic activity. The photocatalytic degradation efficiency of
Rhodamine B (RhB) under visible light irradiation first increased and then decreased with the gradual
increase of the volume ratio of jellyfish mucus proteins to TBT. The maximum reached 97.52% in 20 min
from N-TiO,/C nanocrystals synthesized using N. nomurai mucus at the volume ratio of 4:1, which
showed a remarkably strong visible light absorption, lower band gap energy and smaller electron transfer
resistance. These N-TiO,/C nanocrystals also had a relatively stable crystal structure in multiple
degradation reactions. The main active species including superoxide radicals (*O,7), photogenerated
holes (h*) and hydroxyl radicals ("OH) were found to play a major role in the degradation process of RhB.
This study highlights the potential high-value reapplication of harmful jellyfish mucus as a natural organic
matrix in fabricating advanced materials with optimized functional properties.

1 Introduction

Photocatalysis by semiconductors has been receiving wide-
spread attention in environmental pollution control. It has been
considered as a green chemistry technology that could degrade
some environmental pollutants such as organic pollutants,
microplastics, etc.” Among numerous semiconductor mate-
rials, titanium dioxide (TiO,) shows good potential in practical
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engineering applications due to its strong oxidation ability, and
stable and non-toxic chemical properties.® However, TiO,
anatase and rutile can only be stimulated by UV light absorption
to generate electronic transitions in photocatalytic reactions
because of their large band gap (3.2 eV and 3.0 eV, respectively).
The high recombination rate of the charge carriers might result
in relatively low degradation efficiency and high energy
consumption.”™ In natural solar radiation, the UV light spec-
trum only accounts for approximately 4%, while most of the
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spectrum consists of visible light.*> Therefore, studies on the
improvement of TiO, visible-light efficiency have become one of
the hot topics in the practical treatment of environmental
pollution.

Some efforts have been made to synthesize a modified TiO,
photocatalyst with high reactivity under visible light by nar-
rowing its band gap or forming an interstitial gap.>**™® An
effective method is the doping of TiO, with non-metal
elements (e.g., C, N, S, etc.). Compared to metal-doped TiO,,
which usually exhibits poor thermal stability and easily suffers
from photo-corrosion,'"” non-metal doping has been re-
ported to yield higher efficiency in the process of transition
from the ultraviolet of TiO, to visible photocatalysis, since the
states of these modified TiO, nanocrystals prepared are close
to the edge of the valence band with minimized recombina-
tion.'™*® A variety of nitrogen and carbon sources (e.g., glycine,
guanidine hydrochloride, etc.) have been applied to synthesize
C and N modified-TiO, nanocrystals by numerous approaches,
including sol-gel methods, hydrothermal methods, pyrolysis,
calcination, etc.*** For example, Wang et al. (2012) used -
lysine as the dopant to prepare N-doped TiO, nanocrystals
sensitized with C (N-TiO,/C) by a one-pot hydrothermal
treatment.”* The photocatalytic activity of the as-obtained N-
TiO,/C improved well because the N-doping narrowed the
band gap and the C-modification heightened the visible light
harvesting and accelerated the separation of the photo-
generated electron-hole pairs.>* Apart from the chemical raw
materials, C, N modified-TiO, nanocrystals are actively ob-
tained by the application of some natural bioorganic materials
as dopants at present.**** By utilizing the extrapallial fluid
proteins of mussels as the doping source, Zeng et al. (2015)
fabricated N-doped TiO, photocatalysts with high visible-light
photocatalytic activity.>® Although the utilization of bio-
organic matter from nature as a non-metal element source was
considered to be not only able to produce modified TiO,
photocatalysts in a single process, but also beneficial to
reduce the production costs and pollution,*** currently re-
ported available sources are still few in the synthesis of C, N
modified TiO,,*** especially with regard to harmful marine
organisms (Table S17).

Jellyfish is a class of gelatinous invertebrates with a body
plan characterized by a high water and low carbon content,*”
most of which live in the ocean. In recent decades, jellyfish
blooms have frequently occurred around the world (Fig. S17),
causing severe ecological and socio-economic damages such as
stinging bathers, clogging the cooling water intakes of coastal
nuclear/coal-fired power plants, disturbing normal fishery
production, threatening fishery resources, impacting marine
ecosystem structure, etc.>®* Therefore, the prevention and
control of jellyfish blooms have become an important topic in
the global jellyfish research, among which the reuse of harmful
jellyfish is a popular direction. At present, many large harmful
jellyfish such as Aurelia coerulea and Nemopilema nomurai,
which frequently bloom in large numbers in the East Asian
marginal seas® (Fig. S21), have been reported to have abun-
dant mucus on their body surfaces, secreting more when
stimulated.®" Previous studies have found that jellyfish mucus
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has the potential to remove nanoparticles from contaminated
water by capturing them in water.*” Since jellyfish mucus is
generally rich in many types of proteins including metal-
loproteinase,**** it is not clear whether they could be used as
a natural doping source to regulate the functional properties of
TiO,. Therefore, in order to explore a new strategy for the
recycle of harmful jellyfish, mesoporous N-TiO,/C nano-
crystals were developed at a low temperature by a simple “one-
pot” method by using the mucus proteins of large jellyfish A.
coerulea and N. nomurai as the natural doping sources in this
study. The obtained N-TiO,/C nanocrystals exhibited high
visible-light photocatalytic activity for Rhodamine B (RhB)
degradation.

2 Materials and methods
2.1 Extraction of jellyfish mucus proteins

Fresh medusae of A. coerulea and N. nomurai with the respec-
tive umbrella diameters of approximately 10-15 cm and 50-
80 cm were captured in the coastal waters of Qingdao, China,
in June and August, respectively. The entire medusae in A.
coerulea and partial oral arms in N. nomurai were rinsed
thoroughly with fresh seawater filtered through a 0.45 pm
hybrid fiber membrane, respectively. Afterwards, their mucus
was collected into 50 mL centrifuges on ice using funnels
containing a layer of medical gauze (Fig. S31). The obtained
mucus was then centrifuged at 4000-12 000 rpm for 10 min to
remove impurities. The supernatant was extracted using
a disposable syringe and the protein concentration was
analyzed through the Bradford Assay (Bradford, 1976). The
protein bands were detected by 10% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE). The mucus
proteins were finally diluted or concentrated to the desired
concentration (600 pg mL ™', Fig. S41) by referring to the
reports of Zeng et al. (2015).>°

2.2 Synthesis of TiO, materials

The schematic of the synthesis process of modified TiO, nano-
crystals by using proteins of A. coerulea and N. nomurai mucus as
the dopants is described in Fig. 1. Three volumes of mucus
proteins (10 mL, 20 mL and 30 mL) in A. coerulea and N. nomurai
were separately dropped into 5 mL of tetrabutyl titanate (TBT,
97%, Sigma-Aldrich) in a 50 mL beaker with the volume ratios of
2:1,4:1 and 6:1. They were constantly stirred for 2 h at 300
rpm min . After 4 h mineralization without stirring, the mixture
(ie., jellyfish mucus and TBT) was transferred to a Teflon-lined
autoclave and preheated at 50 °C for 30 min. Then tempera-
ture was adjusted to 150 °C at a heating rate of 5 °C min™~*. The
heat treatment process at 150 °C lasted for 12 h. When the
reactor naturally cooled to the room temperature, a mixture
including a light brown precipitate and a liquid appeared (Fig.-
S5at). Afterwards, the precipitate was collected by firstly centri-
fugation at 4000 rpm min " for 10 min, followed by separately
washing with anhydrous ethanol and distilled water 3 times, and
drying at 55 °C for 12 h. The modified TiO, nanocrystals were
finally obtained after thorough grinding (Fig. S5bt), which are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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denoted as JAT for A. coerulea and JNT for N. nomurai. According
to the volume ratio between the mucus proteins utilized and
TBT, the 6 TiO, nanocrystals are abbreviated as JAT-2, JAT-4 and
JAT-6, as well as JNT-2, JNT-4 and JNT-6, respectively.

2.3 Characterization of materials

The morphology of the obtained modified TiO, samples was
characterized by scanning electron microscopy (SEM, TESCAN
MIRA LMS) and transmission electron microscopy (TEM, JEOL
JEM 2100F). The crystalline phase was analyzed by X-ray
diffraction (XRD, Rigaku SmartLab SE) with Cu-Ko radiation
(operation voltage of 40 kv and current of 40 mA). The scan was
conducted between 10 and 80° at the scanning rate of 2°
per min. The nitrogen adsorption-desorption isotherms were
measured using an automatic adsorption unit (Quantachrome
Autosorb IQ) at 196 °C after degassing the samples for 8 h. The
pore surface area, volume and diameter distribution were
determined by the Barrett-Joyner-Halenda (BJH) method. X-ray
photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha)
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was used to know the surface elemental composition, chemical
bonding valence states and charge distribution of the samples.
The UV-vis absorption spectra of the samples were recorded
using a Shimadzu UV-3600i Plus equipped with an integrating
sphere attachment, using BaSO, as the reference in the wave-
length range of 200-800 nm. Photoluminescence (PL) spectra
were obtained (Edinburgh FLS1000) with a 300-700 nm excita-
tion wavelength. The active radicals during the photocatalytic
reaction process were identified using an electron paramagnetic
resonance spectrometer (ESR, Bruker EMXplus-6/1) at the
magnetic field strength of 3510G. Electrochemical impedance
spectroscopy (EIS) was performed using a CHI760E.

2.4 Photocatalytic activity measurement

The photocatalytic activity of the samples was evaluated by the
degradation of Rhodamine B (RhB) dye under visible-light irra-
diation. A 500 W mercury lamp equipped with a 400 nm filter was
used as the light source. 10 mg of the sample was added into
10 mL RhB (0.01 mM) aqueous solution. After stirring for 30 min

Stir & 150°C

\lmmlm

Centrifuge &
Wash & Dry

e | (8] —) B

Precipitate & liquid

ll\ drothermal
synthesis

N-TiO,/C nanocrystals

Fig.1 Schematic of the synthetic process of nitrogen-doped TiO, nanocrystals modified with carbon (N-TiO,/C) by using proteins of the large
harmful jellyfish Aurelia coerulea and Nemopilema nomurai mucus as dopants (MA: marker, ACS: A. coerulea mucus, NNS: N. nomurai mucus).

Fig. 2 SEM (a) and HRTEM (b and c) images and EDS elemental mappings (d—h) for JAT-4 nanocrystals.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in the dark, the solution was exposed to visible light. 1 mL
solution was taken out using a pipette every 5 min and the
supernatant was obtained by centrifugation. The concentration
of the degradation solution was determined by the absorbance at
554 nm using a microplate reader. The degradation rate (D, %) of
RhB was calculated as follows, eqn (1):

D = (Cy — CHCo x 100% (1)

where C, (mmol L") is the initial RhB concentration (ppm),
and C, (mmol L") is the RhB concentration at time t.

In order to better evaluate the reusability and stability of the
prepared photocatalysts, recycle experiments under the same
conditions were conducted. After each cycle experiment, the
photocatalyst was repeatedly washed with ultrapure water and
anhydrous ethanol, and then placed in a beaker and boiled with
ultrapure water to remove residual organic molecules. Subse-
quently, the photocatalyst was dried at 60 °C, and the above
experiment was repeated three times.

View Article Online
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3 Results and discussion
3.1 Morphology and pore analysis of photocatalysts

The SDS-PAGE electrophoresis map showed that A. coerulea
mucus and N. nomurai mucus were rich in various kinds of
proteins as previously reported®"** (Fig. 1). The protein bands
were mainly distributed at 40-50 kDa, 50-70 kDa and 70-150
kDa in A. coerulea, and 15-35 kDa and 40-50 kDa in N.
nomurai. By using A. coerulea and N. nomurai mucus as
dopants, the 3D network of structured TiO, was achieved
compared to pristine TiO,.”* The building units of the 6
prepared TiO, nanocrystals (3 JAT and 3 JNT) showed porous
nanostructures resembling a “cauliflower” in the SEM char-
acterization (Fig. 2 and 3a). This structure, which is similar to
the “nanoflowers” reported by Zhou (2021),** may be condu-
cive to the adsorption of pollutants and absorption of light,
thereby enhancing the photocatalytic activity of the materials.
The average size of the JAT and JNT nanostructures was
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0.2378 um !
2

150, (101)

Fig. 3 SEM (a) and HRTEM (b and c) images and EDS elemental mappings (d—h) for INT-4 nanocrystals.
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Fig.4 N, adsorption—desorption isotherms of JAT (a) and JNT (b) nanocrystals at different volume ratios of the mucus proteins utilized and TBT.
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Fig. 5 Corresponding BJH pore size distribution curve of JAT (a) and JNT (b) nanocrystals.

Table 1 Surface area, pore volume and pore size of JAT (a) and IJNT (b) nanocrystals at different volume ratios of their mucus proteins utilized

and TBT
Jellyfish species Photocatalyst Sgyu (m*> g71) Pore volume (cm® g~ ) Pore size (nm)
Aurelia coerulea JAT-2 237.887 0.545 7.841

JAT-4 236.802 0.543 7.788

JAT-6 250.189 0.568 7.831
Nemopilema nomurai JNT-2 245.225 0.560 7.778

JNT-4 249.036 0.610 7.783

JNT-6 258.772 0.649 7.722

estimated to be approx. 5 nm. The HRTEM images also clearly
demonstrated that the lattice fringes with the interplanar
spacing of 0.352 nm, 0.2378 nm and 0.29 nm corresponded
well to the (101) and (104) planes of anatase TiO, (JCPDS # 86-
1157), and the (121) plane of brookite TiO, (JCPDS # 29-1306),
respectively (Fig. 2 and 3b and c), which indicated that the 6
synthesized TiO, nanocrystals were composed of anatase and
brookite phases. The EDS elemental mappings suggested that
the four elements Ti, O, N, and C were uniformly distributed
throughout the entire materials (Fig. 2 and 3d-h), prelimi-
narily indicating that N and C elements modified the TiO,
nanocrystals according to previous studies.***”

The porous structures of JAT and JNT nanocrystals were also
confirmed by N, adsorption-desorption isotherms and the
corresponding BJH analysis. From Fig. 4, the N, isotherms of
JAT and JNT nanocrystals could be attributed to type IV
isotherms, suggesting that they were typical of mesoporous
materials according to the IUPAC classification. Their meso-
porous hysteresis loops belonged to the H3 type, which
appeared at a relative pressure ranging from 0.7 to 0.9. The
mesoporous materials usually have the regular mesoporous
channels, which are beneficial for the light scattering inside to
enhance the light harvesting.”**>** The corresponding pore size
distributions of JAT and JNT nanocrystals are shown in Fig. 5.
Their surface areas, pore sizes and pore volumes are given in

© 2024 The Author(s). Published by the Royal Society of Chemistry

Table 1. It can be seen that the surface area, pore volume and
average pore size of JAT nanocrystals first decreased and then
increased as the added volume of A. coerulea mucus increased.
In contrast, the surface area and pore volume gradually
increased with the added volume of N. nomurai mucus for JNT
nanocrystals, however, the average pore size showed an initial
increase followed by a decrease. At the same mucus volume, the
surface area and pore volume of JNT nanocrystals were larger
than those of JAT nanocrystals, but the pore size became
smaller. This indicated that JNT nanocrystals may be able to
provide more photocatalytic reaction sites for the adsorption of
reactant molecules, thus in favor of enhancing the photo-
catalytic activity.

3.2 Phase and composition analysis of photocatalysts

Fig. 6 shows the similar X-ray diffraction (XRD) patterns of JAT
and JNT nanocrystals. The diffraction peaks were exhibited at
25.32°, 37.86°, 48.06°, 54.62°, 55.09° and 62.96°, which agreed
with the (101), (004), (200), (105), (211) and (204) crystal planes
of anatase TiO, (JCPDS # 86-1157), respectively. The diffraction
peak at 2 = 30.81° could be indexed to the (121) crystal plane
of brookite TiO, (JCPDS # 29-1306). The broadening of the
diffraction peaks of anatase was indicative of the small size of
the obtained nanocrystals.** The low intensity of the peak

Nanoscale Adv., 2024, 6, 3759-3774 | 3763
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Fig. 6 X-ray diffraction patterns of JAT (a) and IJNT (b) nanocrystals at different volume ratios of their mucus proteins utilized and TBT.

referred to brookite implied its relatively low amount in these
nanocrystals as previously reported,' which may be because
some biological proteins could control the crystalline phase
and significantly prevent the formation of brookite.”®
Combined with the results of HRTEM, it can be deduced that
the synthesized JAT and JNT nanocrystals were a mixed phase
structure composed of the dominating anatase phase and
a small amount of brookite phase TiO,. Their coexistence may
improve the photocatalytic efficiency.”®

XPS spectroscopy was used to analyze the surface elemental
composition, chemical valence states and charge distribution of
JAT and JNT nanocrystals. The binding energies obtained in
XPS analysis were corrected by referring to the peak of Cis
(284.8 eV). Here the JAT-4 and JNT-4 nanocrystals were taken as
an example. Four elemental peaks of Ti 2p, O 1s, C 1s, and N 1s
were detected in the survey spectrum of JAT-4 and JNT-4
nanocrystals (Fig. 7 and 8a), suggesting that these four
elements were present in the TiO, nanocrystals prepared in this
study. Two peaks of Ti 2p,,, and Ti 2p3,, were found at 464.2 eV
and 458.5 eV, respectively, with a decrease of approximately 0.3—-
0.4 eV compared to the pure TiO, (ref. 16 and 24) (Fig. 7 and 8b).
This may be attributed to the formation of Ti-N bonds by the
partial replacement of O*> with N, which resulted in an
increase in the electron density on Ti ions owing to the intro-
duction of the smaller electronegativity of N ions.>** Ti** ions
were thus partially transformed into Ti**ions by the reduction
reaction and the binding energies of Ti 2p decreased corre-
spondingly. The results preliminarily implied that nitrogen was
incorporated into the lattice and substituted for oxygen in these
obtained nanocrystals. The O 1s spectrum showed three peaks,
which were located around 529.8 eV, 531.2 €V and 532.2 €V,
respectively (Fig. 7 and 8c). The peak at 529.8 eV was charac-
teristic of the lattice oxygen of TiO,.*****° The other two weak
energy peaks could be ascribed to OH groups and oxygen
adsorbed in water, respectively.'®****

For JAT-4 and JNT-4 nanocrystals, five peaks appeared in
the N 1s spectrum at 395-398 eV, around 400 eV and 401-

3764 | Nanoscale Adv., 2024, 6, 3759-3774

405 eV, respectively (Fig. 7 and 8d). The two N 1s peaks at 395-
398 eV could be attributed to the characteristic peaks of the Ti-
N-Ti linkages, further confirming that the nitrogen atom was
substitutionally doped into the TiO, lattice for these prepared
nanocrystals.”*® The N 1s peak located around 400 eV was
ascribed to the Ti-O-N bonds, which may come from the
interstitial N as previously reported.***® The other two peaks at
401-405 eV could be assigned to the nitrogen oxides (NO,)* and
nitrogen hydrides (NH,)** adsorbed by TiO,, respectively.
Because the electronegativity of O atom was larger than that of
the N atom, the electron density around N decreased in
comparison to that in the TiN crystal when the nitrogen was
substituted for the oxygen in the initial O-Ti-O structure.*>**
Thus, N 1s binding energy appeared higher in the O-Ti-N
environment than in the N-Ti-N environment. The relative
atomic concentration of N in the JAT-4 and JNT-4 nanocrystals
was estimated to be 0.63 atom% according to XPS data,
respectively.

Three peaks at binding energies of 284.8, 286.3, and 288.3 eV
were observed in the C 1s XPS spectra (Fig. 7 and 8e). The
dominant peak at 284.8 eV was attributed to the residual
element carbon formed by calcination in air, which could not be
eliminated.'®*>*~*° The second peak at 286.3 eV was ascribed to
the existence of C-O-C bonds from the carbon oxygen complex
adsorbed on the surface of nanocrystals.”>*”~*° The lowest peak
at 288.3 eV was from the formation of Ti-O-C bonds.*»** No
C1s peak at 281 eV can be observed in Fig. 7 and 8e, which
indicated that no carbon was doped into the lattice of JAT-4 and
JNT-4 nanocrystals.?***** Thus, it was inferred that the carbon
was modified on the surfaces of both nanocrystals to form the
carbonaceous layers via Ti-O-C and Ti-OCO bonds as reported
previously.”>*” This structure is beneficial for the charge sepa-
ration, and maintains the high reactivity of the photogenerated
electrons and holes by taking up photogenerated
electrons.?**'>* Besides, the carbon in these N-TiO,/C nano-
crystals acts as a surface sensitizer to absorb more visible light
to improve the photocatalytic efficiency.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.3 Analysis of the photoelectric performance of the
photocatalysts

The UV-vis diffuse reflectance spectra of the JAT and JNT
nanocrystals are exhibited in Fig. 9a and b. They were found to
have a broad background absorption in the visible light region
compared to the pure TiO,. On the one hand, this can be

associated with the doping of nitrogen in N-TiO,/C

© 2024 The Author(s). Published by the Royal Society of Chemistry

nanocrystals, which were capable of narrowing the band gap to
shift the light absorption to the visible region.>>** On the
other hand, the carbon modifying the surface of N-TiO,/C could
also absorb visible light and reduce the reflection of light,
resulting in their absorption edge shifting to the visible light
range according to previous reports.”>*->* The significant red
shifts also matched with the light brown-yellow color of JAT and
JNT powders. It was obvious that the visible light absorption
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ability of JNT nanocrystals was better than that of JAT nano-
crystals at the same volume ratio of jellyfish mucus added to
tetrabutyl titanate (TBT). The JNT-4 nanocrystal exhibited the
strongest visible light absorption from 400 nm to 700 nm.

The optical band gap energies of JAT-4 and JNT-4 nano-
crystals were also estimated from Fig. 9c and d based on the
Kubelka-Munk function.** The linear equations were fitted in
the medium linear section of the plots, where the intercepts on

3766 | Nanoscale Adv, 2024, 6, 3759-3774

the x-axis showed that the band gap energy of pure TiO, was
3.20 eV. However, those of JAT-4 and JNT-4 nanocrystals were
2.95 eV and 2.91 eV, respectively. Therefore, the conduction
band and valence band of JAT-4 and JNT-4 nanocrystals were
more negative than those of pure TiO,. It suggested that these
N-TiO,/C nanocrystals had visible light photocatalytic activity
and their electrons could migrate from the valence band to the
conduction band upon absorbing visible light. Compared to the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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JAT-4 nanocrystal, the separation of photogenerated electron-
hole pairs under visible light irradiation may be more feasible
for the JNT-4 nanocrystal owing to its lower band gap energy
based on previous reports.'®*’

© 2024 The Author(s). Published by the Royal Society of Chemistry

The photoluminescence performance of JAT-4 and JNT-4
nanocrystals was evaluated from the PL spectrum. Both N-
TiO,/C nanocrystals have lower PL spectral peak intensity than
pure TiO, (Fig. 10a). It can be concluded that the N doping and
C modification in JAT and JNT nanocrystals may suppress the
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recombination of electron-hole pairs and promote the sepa-
ration of photogenerated charge carriers, thus resulting in the
improvement of their photocatalytic capability. EIS was used
to reflect the separation efficiency of photogenerated charge
carriers. The radius of the impedance arc in the Nyquist plot
represents the negative correlation with charge transfer and
separation efficiency, which significantly reduced for JAT-4
and JNT-4 nanocrystals compared to pure TiO, as shown in
Fig. 10b. It indicated that these modified nanocrystals had
lower electron transfer resistance, which was beneficial for the
transfer and separation of photogenerated electron-hole
pairs. Thus, they showed good photocatalytic performance.
The result also suggested that the JNT-4 nanocrystal might
show a more effective separation of photogenerated electron—
hole pairs and faster interfacial electron transfer compared to
the JAT-4 nanocrystal due to the smaller radius of its imped-
ance arc.

3.4 Photocatalytic degradation of RhB

The photocatalytic degradation of RhB was measured to
examine the photodegradation abilities of the JAT and JNT
nanocrystals. According to the relationships between the
concentration ratio (C,/C,) and time for RhB degradation in
Fig. 11a, only 11.54% of RhB was degraded by pure TiO,, but

3768 | Nanoscale Adv,, 2024, 6, 3759-3774

the JAT and JNT nanocrystals exhibited excellent visible-light
photocatalytic activities for RhB degradation. Their photo-
catalytic degradation efficiency first increased and then
decreased along with the increase in the volume ratio between
their mucus proteins utilized and TBT. The JNT-4 nanocrystal
had the highest photocatalytic activity among the 6 N-TiO,/C
nanocrystals, and the concentration of RhB decreased by
97.52% (Fig. 11a). Thus, the visible-light photocatalytic activity
was obviously improved in the JNT-4 nanocrystal compared to
some other doped TiO, nanocrystals.****%*

The kinetics of the photocatalytic reduction of RhB is
described in Fig. 11b and c. The first order rate constant k
(min~") of 6 N-TiO,/C nanocrystals was calculated from the first
order equation In(Cy/C,) = —kt. The k value was only
0.00210 min " for pure TiO,, but reached 0.18579 min ™" for the
JNT-4 nanocrystal. These results indicated that jellyfish mucus
proteins could regulate the functional properties of TiO,. The
highest photocatalytic activity may be attributed to the optimal
balance of mesoporous structures, C, N content and amount of
residual proteins, as previously reported for the doped TiO,
nanocrystals derived from the extrapallial fluid of live mussels.*®
While the ratio of jellyfish mucus proteins to TBT reached 6: 1,
the reduction in crystallinity and the presence of residual
proteins may result in low photocatalytic activity. At the protein

© 2024 The Author(s). Published by the Royal Society of Chemistry
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recycling tests of photocatalytic degradation of RhB using JAT-4 and JNT-4 nanocrystals (c).

to TBT ratio of 4:1, JNT-4 nanocrystals showed higher photo-
catalytic activity than JAT-4 nanocrystals, which may be due to
the difference in mesoporous structures caused by the two
jellyfish mucus. The XRD spectra of both nanocrystals before
and after photocatalytic degradation showed that there was no
significant change in the crystal structure even through
multiple degradation reactions (Fig. 12a and b). During three
photodegradation cycles of RhB for the JAT-4 and JNT-4 nano-
crystals (Fig. 12¢), the photocatalytic activity did not exhibit any
significant loss. It implied that these N-TiO,/C nanocrystals
were relatively stable and did not corrode during the photo-
catalytic oxidation of pollutant molecules.

3.5 Free radical analysis in the photocatalytic process

The main active species in the degradation of organic pollut-
ants by the synthesized N-TiO,/C nanocrystals from jellyfish
mucus were tested by electron spin resonance (ESR) and
scavenger experiments referring to previous studies.'®*”* As
shown in Fig. 13, four active species including superoxide
radicals ("0, "), singlet oxygen (*0,), photogenerated holes (h")
and hydroxyl radicals ("OH) were detected. ‘O, ~, h* and "OH
were found to have obvious characteristic peaks. p-Benzoqui-
none (BQ), r-histidine, ethylene diamine tetraacetic acid
(EDTA), and isopropanol (IPA) were used as the scavengers for

© 2024 The Author(s). Published by the Royal Society of Chemistry

‘0,7, '0,, h" and "OH, respectively. For the JNT-4 nanocrystal,
the degradation rate of RhB reached 97.52% without the
scavengers (Fig. 11a). However, it decreased to 21.07%,
84.58%, 37.27% and 27.14%, respectively, when BQ, r-histi-
dine, EDTA, and IPA scavengers were added (Fig. 14). The
results indicated that ‘0, ~, h* and "OH played a dominant role
in the degradation process of RhB.

3.6 Analysis of the photocatalytic degradation mechanism
under visible light

The XPS valence band spectrum showed that the JNT-4 nano-
crystal had a valence band of 2.41 eV (Fig. S61). Its electronic
band structure was calculated in combination with the band
gap of 2.91 eV. The visible light photocatalytic mechanism was
thus inferred from Fig. 15. It has been widely reported that N
doping in the TiO, lattice would promote the formation of new
mid-gap energy states of N 2p orbitals above the O 2p valence
band, which could narrow the band gap and shift the optical
absorption to the visible light region.*>**® Besides, under
visible light irradiation, the carbon on the surface was capable
of increasing the visible light absorption and decreasing the
light reflection as a sensitizer.”»*® The carbon modified on the
surface could also develop the carbonaceous layer, which

Nanoscale Adv., 2024, 6, 3759-3774 | 3769
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contributed to the separation of the photogenerated electron-
hole pairs and maintained high reactivity.>>>

During the photocatalytic degradation of RhB, the JNT-4
nanocrystal was thus activated when the visible light was

3770 | Nanoscale Adv, 2024, 6, 3759-3774

irradiated. The photogenerated electrons (e”) and holes (h)
were formed (eqn (2)). The e~ easily migrated to the conduction
band, and the h* were produced in the valence band. Because
the redox potential of the conduction band position was higher
than that of O,/°0O,~ (—0.33 eV vs. normal hydrogen electrode
(NHE)),*® and the level of valence band was lower than those of
H,0/"0OH (2.27 eV vs. normal hydrogen electrode (NHE)) and
'0,7/'0, (0.34 eV vs. NHE),* the h* could oxidize water in the
reaction system to produce ‘OH (eqn (3)) and the e~ could trap
the O, to generate a large number of O, (eqn (4)). The 'O, was
then produced from the further reaction of h* and ‘O, (eqn
(5))- RhB was thus gradually photodegraded by the combined
action of the four active species (eqn (6) and (7)). It can be seen
that the synergistic heterostructure of N-TiO,/C nanocrystals
synthesized by jellyfish mucus not only acts as an electron
collector and transporter to inhibit the recombination of elec-
tron-hole pairs, but also provides easy access to the active
charge transfer transitions under visible light for the efficient
degradation of organic pollutants.

Photocatalyst + hv — h* + ¢~ 2)
h* + H,0 — "OH (3)
e + 02 - .027 (4)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Intermediates — Degraded products (7)

4 Conclusions

Mesoporous N-TiO,/C nanocrystals were successfully fabri-
cated by utilizing the mucus proteins of large harmful jellyfish
A. coerulea and N. nomurai, which had frequently bloomed in
East Asian marginal seas in recent decades, as natural doping
sources in this study. This bio-inspired synthesis was devel-
oped at a low temperature by a simple “one-pot” hydrothermal
method. The prepared N-TiO,/C nanocrystals were identified
as a mixed phase structure composed of the dominant anatase
phase and a small amount of brookite phase TiO,, where the
four elements Ti, O, N, and C were uniformly distributed
throughout the entire materials. The mesoporous structures
including surface area, pore size and pore volume varied with
the change in the volume ratio of jellyfish mucus to TBT. The
surface area and pore volume of N-TiO,/C nanocrystals from
N. nomurai were larger than those from A. coerulea at the same
volume ratio, but the pore size became smaller. The N doping
and C modification in these nanocrystals could narrow the
band gap, promote the separation of photogenerated charge
carriers and the absorption of visible light, thus resulting in

© 2024 The Author(s). Published by the Royal Society of Chemistry

the improvement of visible light photocatalytic activity. The
photocatalytic degradation efficiency of RhB first increased
and then decreased with the increase in the volume ratio of
jellyfish mucus proteins to TBT under the visible light irradi-
ation. The highest photocatalytic activity was observed in the
N-TiO,/C nanocrystal from N. nomurai at the volume ratio of
4:1, which exhibited the strongest visible light absorption,
lower band gap energy and smaller electron transfer resis-
tance. The synthesized N-TiO,/C nanocrystals have a relatively
stable crystal structure even through multiple degradation
reactions. The ESR spectroscopy and scavenger experiments
revealed that the main active species including "0,~, h" and
'OH played major roles in the degradation process of RhB.
Therefore, this study not only provides a new insight into the
synthesis of N-doped TiO, with C modification by a simple and
economical method, but also a new approach for the high
value re-utilization of harmful jellyfish A. coerulea and N.
nomurai in the East Asian marginal seas. The N-TiO,/C nano-
crystals synthesized using their mucus showed high visible-
light photocatalytic efficiency under the influence of a syner-
gistic heterostructure.
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