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Abstract: Investigating efficient and selective photocatalysts for water treatment can help address
the energy crisis and numerous environmental issues associated with the use of current fossil fuels.
As a shell, we used nickel-layered double hydroxide nanosheets on top of an anatase TiO;-carbon
core to create an integrated photocatalyst. Materials were characterized using FTIR, XRD, SEM,
HRTEM, and XPS methods for their physical-chemical properties. Using N, adsorption/desorption
at —196 °C, BET-surface area and pore structure were determined. Diffuse reflectance UV-vis
was used to determine the photocatalysts band gap. For the TiO,-C/NiLDH amalgam, showed
the lowest band gap (3.1 eV) with an exceptional ability to degrade methyl orange as an organic
pollutant. Core-shell symmetry in the TiO,-C/NiLDH amalgam provides a larger surface area
(72 m?/g) for interfacial interaction and a wider base for efficient charge transfer. In subsequent
tests, this photocatalyst showed a remarkable level of stability and water treatment efficacy. That the
TiO,-C/NiLDH amalgam can be used to alter solar energy and protect the environment has been
demonstrated by these promising results.

Keywords: solar energy; semiconductor photocatalyst; TiO;; Ni-LDH; amalgamated photocatalysts;
water treatment

1. Introduction

Finding alternate energy sources to reduce fossil fuel consumption and the resultant
emissions is indispensable to alleviating energy shortages and environmental crises [1-3]. In
the 21st century, industrialization and rapid population growth have been topics of dis-
cussion around the world, because of the rising demand for energy and incipient envi-
ronmental problems [4]. As the world’s population grows, so does its need for energy,
and as a result, the highly efficient utilization of solar energy has evolved into a huge
endeavor. As a potential source of new energy for this century’s sustainable development,
the sun’s never-ending supply of light and heat could be harnessed [5]. Photocatalysis
has been regarded as a viable technique for the efficient exploitation of solar energy, to
attain pollutant dilapidation, hydrogen creation, carbon dioxide lessening, and nitrogen
fascination, since the Honda—-Fujishima result was discovered. Precisely, light energy is
used to create electron-hole sets in the materials, the photoexcited charge carriers are then
separated and transferred to catalytic positions for reduction and redox reactions [6].

Many efforts have been ended to adventure supplies with advanced photocatalytic
properties [7]. Sequences of photoresponsive materials, counting noble metals, organic
molecules, metal complexes, and semiconductors, were used in photo-induced catalytic
methods. Among them, semiconductors offer protuberant returns in engineering cost,
material noxiousness, and constancy, associated with other cases [8]. Recently, it has
been reported that the catalytic performance of the immobilization of hybrid gold—cesium
nanoparticles (Au—Cs NPs) onto magnesium ferrites (MgFe,O4) surface reached 99% [9].
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Traditional waste treatment processes are insufficient for purifying a significant
amount of wastewater generated by various fabric dyeing and laundry operations. Re-
cently, various methods such as combined thickening, electrochemical oxidation, and active
mud, were studied and established to be tolerable to challenge this issue. Other methods,
including flocculation, inverse osmosis, and adsorbents were also explored. However,
these methods create a more concentrated pollutant phase. Modern wastewater treatment
has increased the oxidative breakdown of organic molecules dissolved or distributed in
water [10].

Photocatalysis can completely mineralize organic contaminants to harmless products
using only air oxygen. It is thus a nontoxic, non-energy overwhelming, and non-polluting
tactic. Photocatalysis is recurrently used to conquer organic pollutants due to its high
effectiveness, ease, duplicability, and ease of handling. Organic contaminants are treated
with strong oxidizing and reducing agents (h* and e™) on photocatalyst surfaces, using UV
or visible light [9,10]. It has been reported that AuSe QDs/Cs;Fe;O4 NCs show superior
stability and high photocatalytic performance as promising photocatalysts for water envi-
ronmental treatment [11]. Additionally, another study stated that the immobilization of
inorganic metal quantum dots on organic polymers to produce nanometal-polymer com-
posites (NMPCs) reduces the band gap and enhances the synergistic effect, resulting in high
photocatalytic activity which has potential applications in organic pollutant purification
area [12]. Recently, the assembly and interfacial coupling of BiVO4 nanoparticles with
high surface mesoporous silica was evaluated and showed an improved crystallinity with
2.4 nm and heightened photocatalytic activity to 90.8% [13].

Titanium dioxide (TiO,) was effusively considered in environmental protection due to
its high photocatalytic efficacy in water and air refinement methods. Among numerous
candidates for photocatalysts, TiO; is practically the only material appropriate for this
application because it has to exist the greatest effectual photoactivity, the uppermost
constancy, and the lowermost cost and nontoxicity [14].

TiO; can be used in various applications such as hydrogen generation, electricity pro-
duction through dye-stimulated solar panels, photokilling and self-cleaning effects, organic
contaminants photoxidizing, wastewater management, and organic synthesis [10,12,13].
It possesses high photocatalytic efficiency for water and air purification processes and
has thus been extensively studied for environmental protection. Among the many candi-
dates available for photocatalysis, TiO; is virtually the solitary solid appropriate for this
application [15].

TiO, exists in three crystallographic phases: brookite, rutile, and anatase. Between
these three mineral assemblies, anatase and rutile are frequently used as photocatalysts [16].
As aresult, it can captivate ultraviolet light with an energy gap of 3.2 eV. However, just 5%
of the sun’s rays are in the UV range, thus TiO,’s applicability in the visible spectrum is
limited [17]. The TiO; surface’s photogenerated electron—hole recombination rate can be
reduced by improving the TiO,'s visible light usage through a series of adjustments [18].
An effective way to enhance water splitting performance is to build elaborate amalgam
semiconductors with high solar light utilization [19].

Layered double hydroxide (LDH) materials are gaining popularity as supports for
TiO, particles in LDH/TiO, nanocomposites. The nanosized TiO; on the LDH substrate is
photoactive and poses no hazard to the environment or human health [20]. These nanopar-
ticles are placed in a porous LDH, preventing the formation of macroscopic aggregates
that reduce efficiency [16]. Additionally, LDHs are harmless and affordable supports that
protect TiO; particles from washing or attrition [15-17]. The high visible light response,
controlled particle size, and programmable metal cation composition of layered double hy-
droxides (LDHs) have attracted much attention [21]. Based on earlier research, researchers
are now focusing on employing pure LDHs or pairing them with other species such as
metal oxide precursors [22].

The main objective of this study was to synthesize and characterize TiO,-C hollow
spheres/Ni-layered double hydroxide amalgam by participating TiO,-C hollow spheres
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and Ni-LDH for superior photocatalytic water treatment. We characterized the synthesized
coatings in terms of their physical, mineralogical, and morphological aspects. We further
tested the decomposition efficiency of methyl orange (MO) which was elected as the trial
reaction to investigate the photocatalytic activity of the manufactured catalysts.

2. Results
2.1. Characterization of Catalysts

The prepared TiO,-Carbon hollow sphere / layered double hydroxide (TiO,-C/NiLDH)
amalgams were fully characterized, using FTIR, XRD, SEM-EDS, TEM, N, physisorption
measurement UV-DRS, and XPS techniques.

2.1.1. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Figure 1 shows the FT-IR spectra of TiO;,-C, NiAl-LDH, and TiO,-C/NiLDH amalgam:s.
TiO,-C sample displayed peaks ranging between 3000 and 3500 cm ™!, which links to
substantially physically bonded water to the surface of the metal oxide. The peaks with
wavenumbers at ~1000-400 cm ! were credited to the Ti-O-Ti and Ti-O elongating vibration
modes [18,20]. The sharp peak at 1617 cm 1 is associated with O-H stretching and bending
vibrations of adsorbed water molecules [23]. The very intense band situated at 1701 cm !
belongs to the C=0 stretching vibrations, which indicated that TiO,-C is formed [24].
The sharp peak at 1617 cm ™! is caused by the O-H stretching and bending vibrations of
adsorbed water molecules [25]. The band at 3452 cm ™! in the FT-IR spectrum of NiAl-LDH
is associated with the symmetric vibration of the O-H groups between the LDH layers.
The interlayer CO32~ group is represented by the spectra at 1376 cm ™!, while the lattice
vibration modes of M-O, O-M-O, and M-O-M are represented by the peaks at 400-800 cm~!.
While the peak at 601 cm ™! is associated with the M-O metal oxide stretching vibration
spectra in the LDH sheets, the peak at 1634 cm~! corresponds to the H-O-H bending
vibration [26]. The FI-IR spectrum of TiO,-C/NiLDH amalgam has distinctive bands
associated with both TiO,-C and NiAl-LDH; the nickel layered double hydroxide bands
dominate, perhaps owing to the ultrathin NiAl-LDH nanosheets amalgamated with TiO,-C
with close contact [21].

TiO,-C/NiLDH :

NiAl-LDH

Transmittance (a.u)
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Figure 1. FT-IR spectra of TiO,, TiO,-C, NiAl-LDH, and TiO,-C/NiLDH amalgam samples.

2.1.2. X-ray Diffraction (XRD)

The XRD patterns of the carbon spheres (panel a), and TiO,, TiO,-C, NiAl-LDH, and
TiO,-C/NiLDH amalgam samples (panel b) are shown in Figure 2. The two distinctive
peaks in Figure 2a at 20 = 20° and 45°, respectively, correspond to the (002) and (101)
planes of the carbon spheres. Figure 2b the peaks at 26 = 25.3°, 37.8°, 48°, 54°, 55.2°, and
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62.7°, respectively, correspond to the (101), (004), (220), (105), (211), and (204) planes of
the anatase phase of TiO, and TiO,-C [16,18-21]. The sharpness of the diffraction peaks
indicates the extreme crystallinity of anatase TiO,-C [27]. The XRD shape of the original
NiAl-LDH unveiled diffraction heights at 26 values of 11.58°, 23.28°, 34.98°, 39.46°, 46.83°,
61.02°, and 62.29°, corresponding to the hexagonal NiAl-LDH phase with (003), (006),
(012), (015), (018), (110), and (113) planes, respectively (JCPDS No. 22-0452) [28]. All the
diffraction peaks observed in the XRD pattern of TiO,-C/NiLDH heterostructure are in
excellent correspondence with the reflections observed for TiO,-C and NiAl-LDH [21].
The pronounced intensity suppression of the XRD peaks of the fabricated TiO,-C/NiLDH
sample is credited to its amalgamated geometric fashion. The average crystallite size of
TiO,, TiO,-C, NiAl-LDH, and TiO,-C/NiLDH were calculated from the Scherrer equation
and was found to be 24.7 nm, 25.4 nm, 2.4 nm, and 25.6 nm, respectively. The relatively
small increase in the crystallite size of the TiO,-C/NiLDH amalgam sample was attributed
to the grafting of ultrathin NiAl-LDH nanoflakes into the TiO,-C hollow sphere cores [21].
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Figure 2. X-ray diffraction (XRD) patterns of (a) carbon spheres and (b) TiO,, TiO,-C, NiAl-LDH,
and TiO,-C/NiLDH amalgam.
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2.1.3. X-ray Photoelectron Microscopy (XPS)

Elemental composition, empirical formula, chemical state, and electronic state can
all be determined by XPS, which can identify a material’s electronic state. (Figure 3a—c)
illustrates an envelope for the Ti 2p band at 459.1 and 464.2 eV in TiO, pure, TiO,-C,
TiO,-C/NiLDH amalgam which refers to the presence of Ti** corresponding to Ti 2p3;
and Ti 2py /», respectively, indicating that Ti exists in the tetravalent valence state [16,21-24].
Figure 3d shows two distinct peaks at 857.3 and 873.9 eV, which matches Ni 2p3,, and Ni
2p1 /2 because of the spin—orbit coupling. This suggests that Ni is in a high-spin divalent
state based on the attendance of concurrent shake-up satellite peaks in the NiAl-LDH.
For Ni 2p3,, and Ni 2p; /» BEs, the TiO,-C/NiLDH amalgam showed a largely positive
shift in comparison to NiAl-LDH associated with the Ti 2pBE (Figure 3e). As shown in
(Figure 3£,g), Al 2p spectra of both NiAl-LDH and TiO,-C/NiLDH core-shell amalgams
show a distinctive peak at 74.3 eV, demonstrating the trivalent oxidation state of Al [21].
TiO; has two peaks in its XPS band at 530.5 and 532.2 eV, which link to lattice O (OL; Ti-OL)
species and surface-adsorbed water, separately (Figure 3h). NiAl-LDH has two peaks at
531 and 532 eV, which resemble lattice oxygen species (M-OL; M = Ni, Al) and hydroxide
groups (O-H) that show in (Figure 3i). The O 1s spectra of the TiO,-C/NiLDH amalgam
show the presence of typical TiO, and NiAl-LDH O 1s components (Figure 3j) [29]. TiO,-C’s
and NiAl-BEs LDH’s altered in a positive and negative route, respectively, representing
that the two components cooperated powerfully [21]. Based on this result, the XPS shape
of the TiO,-C/NiLDH amalgamation has confirmed the presence of elements such as Ti,
Ni, Al, and O.
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Figure 3. Deconvoluted XPS spectra of TiO;, TiO,-C, NiAl-LDH, and amalgamated TiO,-C/NiLDH
samples. (a,f) Ti 2p, (d,g) Ni 2p, (c,h) Al 2p, and (b,e,i,j) O 1s.

2.1.4. Scanning Electron Microscopy (SEM)

SEM was used to portray the shape and size of the prepared nanohybrid [30]. The
SEM pictures (Figure 4a,b) displayed a spherical form, of TiO, and the TiO,-C samples.
It could be possible that the TiO, particles (found in plenty), are consistently deposited
on top of the external carbon spheres. However, the present micrographs could not
confirm this speculation. Accordingly, HRTEM images will be discussed extensively
in the next section. The SEM pictures of NiAl-LDH bare a typical lamellar assembly,
as demonstrated in (Figure 4c,d). The intimate incorporation of the TiO,-C core and
NiAl-LDH shell was confirmed by the TiO,-C/NiLDH amalgam enlarged SEM image
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(Figure 4d). These outcomes infer that ultrathin NiAl-LDH nano-sheets in the reaction
blend were securely joined on top of the surface of the TiO,-C hollow spheres throughout
the hydrothermal handling, resulting in the creation of amalgamated TiO,-C/NiLDH
photocatalyst.

Figure 4. SEM images of (a) TiO,, (b) TiO,-C, (c) NiAl-LDH and (d) TiO,-C/NiLDH amalgam.

2.1.5. Energy Dispersive Spectroscopy (EDS)

EDS was used to categorize the various components of the nanocomposites [30].
Figure 4 shows the EDS spectra obtained. The EDS spectrum of TiO, exhibit a peak
indicative of the Ti metal at 4.6 keV (Figure 5a). Table 1 lists the estimated atomic weight
percentages of the components detected in TiO,, TiO,-C, NiAl-LDH, and TiO,-C/NiLDH
amalgams. Our findings confirmed the existence of Ti and O, which are constituents of TiO,,
in the samples. An extra C was observed in the TiO,-C EDS spectrum (Figure 5b) [31]. The
intercalation of Ni and Al into the brucite-like layer was verified by their molar ratio of 3:1,
as shown in the figure (Figure 5c). This reveals that the coprecipitation synthesis effectively
enriched the LDH layer with Ni. The presence of carbon and oxygen in TiO,-C/NiLDH
confirmed by the EDS measurements can be attributed to the oxygen in the CO3%~ anions,
H,O molecules, and OH groups, which represent a brucite-like layer (Figure 5d) [32].

p 2 & 6 & 10 2 W 1® ©® AP 2. & 8 8 10 12 u ® ®
[Ful Scale 1248 cts Cursor. 0.000 keV|  [Full Scale 1078 cts Cursor. 0.000 ke

6 P 2 4 1) 8 10 2 W 1B 18 X
ull Scale 2021 cts Cursor: 0.000 keV|  Ful Scale 1259 cts Cursor: 0.000 ke!

Figure 5. EDS spectra for (a) TiO,, (b) TiO,-C, (c) NiAl-LDH and (d) TiO,-C/NiLDH amalgam.
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Table 1. Atomic weight percentages of the elements present in TiO;, TiO,-C, NiAl-LDH, and
TiO,-C/NiLDH amalgam catalysts.

Element (Atomic %) C Ti o Ni Al
TiO, - 4212 57.88 - -
TiO,-C 5.26 50.30 4444 - -
NiAl-LDH 8.48 - 52.19 29.77 9.56
CTL-Ni 10.21 11.97 56.02 14.78 7.02

2.1.6. Transmission Electron Microscopy (TEM)

As is obvious in Figure 6b, the lattice fringe spacing of TiO, nanoparticles was mea-
sured to be 0.384 nm. The lattice fringes with an interlayer distance of 0.384 nm are close to
the 0.352 nm lattice spacing of the (101) planes in anatase TiO,, which is in accordance with
XRD results. The mechanochemical agitation of TiO, with the carbon hollow sphere did
not affect the phase structure as evidenced by the unchanged lattice spacing at 0.352 nm
(Figure 6d). Stacked nanoflakes of NiLDH displayed in Figure 6e,f showed interlayer
distance lattice fringes at 0.252 nm which is close to 0.26 of the (012) LDH plane. The
HRTEM image (Figure 6h) illustrates lattice fringes with d-spacings of 0.35 nm and 0.28 nm,
which are allocated to the (101) plane of anatase TiO, and the (012) plane of NiLDH, respec-
tively [25,33]. A possible NiLDH nanoflakes definitely grafted onto the surface of TiO,-C
during the hydrothermal treatment, which results in the formation of an amalgamated
TiO, C/NiLDH photocatalyst.

0.35 nm

e

10225 nm

Figure 6. TEM and HRTEM images for TiO, (a,b), TiO,-C (c,d), NiAl-LDH (e,f) and TiO,-C/NiLDH
amalgam (g,h).
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2.1.7. Diffuse Reflectance Spectroscopy (UV-DRS)

Diffuse reflectance UV-vis (DR-UVvis) was used to determine the absorption band
edges of the synthesized nanocomposites. The observed DR-UV-vis spectra demonstrated
that the nanocomposite was active under visible light. These data were used to generate
Tauc plots, which were then used to calculate the bandgap of the composite photocat-
alysts [34]. Ultraviolet-visible diffuse reflectance spectroscopy studies stayed used to
examine the light-harvesting features of the TiO,-C, NiAl-LDH, and TiO,-C/NiLDH sam-
ples (Figure S1).

From the Tauc plots, we estimated the bandgap of TiO,, TiO,-C/NiLDH, and TiO,-C
tobe3.2eV,29 eV, and 3.1 eV, respectively. Evidently, TiO,-C/NiLDH has the smallest
bandgap among them all. Additionally, the bandgap of TiO, was consistent with previously
reported values [35]. The data indicate that NiAl-LDH incorporated with the TiO, lattice
structure is synergistically enabled to absorb photons of longer wavelengths. With its
broad bandgap and inherent UV-light reaction, TiO,-C, like TiO,, exhibits a sturdy absorp-
tion edge at around 400 nm. In the short term, NiAl-LDH has photosensitive captivation
bands in the full spectra range that can be stimulated by light. There is d—d transitions in
visible light, but the UV absorption band is linked with ligand-to-metal charge transmis-
sion (LMCT). TiO,-C/NiLDH amalgam DRS profile shows a high synergy between TiO,
and NiAl-LDH in the manufactured amalgam’s visible-light absorption bands as well as
TiO, UV-light absorption bands. Integrating both UV-stimulated TiO,-C and visible-light-
stimulated NiAl-LDH into the TiO,-C/NiLDH amalgam caused by frequent photoinduced
charge carriers is crucial for photocatalytic processes [21].

2.1.8. Np Physisorption Measurement

The N, adsorption-desorption isotherms are displayed in Figure 7. TiO, and TiO,-C
samples were found to exhibit type II isotherms, without hysteresis referring to a non-
porous material as per the IUPAC classification [28]. NiAl-LDH exhibited a typical type
IV isotherm with an H,-type hysteresis loop indicating that the pore cavity size is wider
than the neck size, leading to a steep desorption step in the isotherm [29]. The pore size
distribution analysis of the samples, using pore diameter, revealed that they exhibited
bimodal distribution curves in the mesopore ranges. Table 2 summarizes the textural
properties of NiAl-LDH and TiO,-C/NiLDH catalysts. The BET surface area of TiO; in the
TiO,-C hollow spheres was found to be 9 ng_l, whereas that of NiAl-LDH nanoflakes
was 61 m?g~!. However, the TiO,-C/NiLDH amalgam, synthesized by the inclusion of
TiO,-C hollow spheres in NiAl-LDH nanoflakes, exhibited the highest BET surface area
(72 m*g~1). The pronounced increase in surface area is attributed to the good dispersion of
NiAl-LDH in the TiO,-C core-shell with a small micropore volume, as shown in Table 2.

Table 2. The textural properties for all the investigated catalysts.

Av. Pore
SBET V Vinic- .
Catalyst m2 g71 Cm3 1;_1 CmslnéC71 Diameter Cconstant
nm
NiAl-LDH 61 0.046 13.943 2.8591 85.449

TiO,-C/NiLDH 72 0.01259 16.536 4919 90.725
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Figure 7. N, adsorption/desorption isotherms and pore size distribution inset the figures for
all the investigated solids: (a) TiO, pure sample, (b) TiO,-C sample, (c) NiAl-LDH sample,
(d) TiO,-C/NiLDH sample.

2.2. Evaluation of Photocatalytic Activity
2.2.1. Photocatalytic Studies

Photocatalytic tests were performed on TiO,, TiO,-C, NiAl-LDH, and amalgamated
TiO,-C/NiLDH for 90 min. The photodegradation profiles and the effectiveness of MO
removal of different nanocomposites under UV and visible light irradiation are presented in
Figure 52. We investigated the removal efficiencies of the photocatalysts under visible and
UV irradiation and the results are displayed in (Figure S2a,b). An aqueous solution of MO
was used as a target pollutant to investigate the photocatalytic efficacy of TiO,-C/NiLDH
under both visible and UV irradiation, along with TiO,, TiO,-C, and NiAl-LDH for com-
parison. The amalgamated TiO,-C/NiLDH amalgam exhibited a removal efficiency of
approximately 100% in 90 min at pH 4 under visible light irradiation, whereas TiO,, TiO,-C,
and NiAl-LDH catalysts achieved removal efficiencies of 9%, 18%, and 98%, respectively
(Figure S2a). The TiO,-C/NiLDH amalgam exhibited a removal efficiency of approximately
93% under UV irradiation, while TiO,, TiO,-C, and NiAl-LDH had removal efficiencies
of 51%, 80%, and 88%, respectively (Figure S2a). Overall, these nanocomposites with an
anatase crystal phase supported on a NiAl-LDH-type matrix showed strong photocatalytic
activity under both UV and visible light irradiation. Furthermore, the removal efficiency
of the catalyst may be readily modified by changing the nature of the cations inside the
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stacked sheets. TiO, has a band gap energy of 3.2 eV, which implies that it can absorb only
UV radiation. The photocatalytic capabilities of the TiO,-C/NiLDH amalgam under UV
and visible irradiation were better than those of TiO, and TiO,-C. Moreover, the catalytic
efficacy of TiO,-C/NiLDH was found to be higher than that of NiAl-LDH.

Methyl orange has a strong characteristic peak in its UV-vis absorption spectrum at
465 nm and a weak absorption peak at 274 nm [36]. As the reaction time is prolonged,
these absorption peaks weaken and disappear. According to the UV-vis data, the reaction
resulted in the degradation of methyl orange. The homo- and hetero-polyaromatic rings in
the dye molecules were broken, which resulted in a decrease in the solution’s absorbance.
Under UV and VIS light, it was discovered that the TiO,-C/NiLDH amalgam was an
effective catalyst. Figure S3 showed degradation efficiency of methyl orange aqueous
solution at 25°C in the presence of the TiO,-C/NiLDH amalgam under UV and VIS light
where photocatalyst showed 98.6% degradation of methyl orange in 90 min of reaction,
and 100% degradation in the same reaction time, respectively.

A literature review on the comparison of catalytic activity of as-prepared samples
with some typical titania-based catalysts for degradation of MO displayed in Table 3. As it
can be noted, pure TiO; (anatase) showed 51% photocatayic degradation of MO (current
study). However, amalgamation of TiO; with different supports improved its catalytic
performance as shown in Table 3. Fe;04@SiO,@TiO,, showed 91% catalytic degradation
efficiency under UV irradiation [37]. While in our current study, TiO,-C/NiLDH amalgam
showed 100% photocatalytic degradation efficiency of MO.

Table 3. Literature review on comparison of the catalytic activity of as-prepared samples with some
typical titania-based catalysts for degradation of MO.

Process Operating % Photocatalytic

Catalyst Condition Degradation Reference
UV irradiation, A 100 W Hg
TiO, (anatase) lamp (Toshiba BLB 20 W), about 51% In this study
pH=4
. UV irradiation, o
GO-TiO, (A = 254 nm), 100 W about 18% [38]
. . UV lamp, (A = 400 nm), o
NiFe,04,@TiO, 300 W Xenon about 90.06% [39]
. . UV light o
Fe304@Si0,@Ti0O, 300 W, pH = 3 about 91% [37]
. . UV irradiation, A 100 W Hg
TiO-C/NiLDH lamp (Toshiba BLB 20 W), 100% In this study
amalgam pH = 4

2.2.2. Recycling Test

The reusability of the catalysts was tested over many reaction cycles, and under
optimal reaction conditions, after which the catalyst was removed by filtering, washed with
deionized water, and dried under a vacuum. We re-used the recovered catalyst three times
under identical reaction conditions. To assess the stability of the TiO,-C/NiLDH amalgam,
we used it to catalyze three different runs of MO removal. Our experiments demonstrated
the stability of the amalgam photocatalyst (see Figure S4). However, we observed a slight
decrease in the catalytic activity of the amalgam after the third run, which is presumably
due to the weight loss of the catalyst throughout each work-up. It is important to know
that stability and reusability are the main critical indicators of photocatalysts in real-world
applications and for the assessment of the catalysts [40,41].

It was testified that photocatalytic degradation primarily happens on the surface of
the photocatalyst, consequently, the surface characteristics of the photocatalyst play a con-
siderable influence over its degradation efficiency [42]. The amalgamatedTiO,-C/NiLDH
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exhibited reasonably more surface area and pore volume among the synthesized nanohy-
brids. It seems that the surface area of this particular nanohybrid is inclined by the size
of crystallite size of the synthesized sample; a drop in the crystallite size of NiLDH led
to an increase in the surface area. The amalgamated nanocomposite sample with a high
surface area owns further active sites to adsorb the methyl orange molecules and permits
the passage and mobility of MO fragments and reactive OH® species. Additionally, the
nanohybrid assistances transportation of e~ and h* to the surface from the crystal lattice
more and more after regeneration of the sample.

Furthermore, the stability of the catalyst was investigated using XRD analysis. Figure S5
shows no change in the XRD pattern of TiO,-C/NiLDH amalgam photocatalyst confirming
its excellent reproducibility and stability. However, a possible change in morphology was
detected from the change in the degree of crystallinity of the phase structure.

2.2.3. Photocatalytic Mechanism

By uniting light energy with semiconductors, photocatalysis can jump or speed up
certain reduction and oxidation reactions. There are three elementary steps in a photo-
catalytic reaction: electron-hole pairs are thrilled by photoexcitation. Photogenerated
electron-hole pairs are detached and diffused to the semiconductor’s surface. Reactions
at the semiconductor surface’s active site catalyze the reduction of some species and the
oxidation of others [43]. Since MO is an anionic dye, it is conceivable that at lower pHs, its
adsorption is favored on a positively charged surface [10].

UV-vis DRS in the preceding section revealed that the amalgamation of TiO,-C (3.1 eV)
and NiLDH (2.3 eV) resulted in a TiO,-C/NiLDH amalgam with a boosted photoabsorption
capacity. Photoexcited charges may consequence of this wide-spectrum light absorption.
To maximize photocatalytic degradation, one of the most important factors is the rate at
which photo-excited electrons and holes separate and recombine, which is determined
by the rate at which electrons and holes are separated and recombined [44]. The charge
departure and carriage mechanisms of amalgamated TiO,-C/NiLDH must be thoroughly
studied as a result. Z-scheme transfer or double transfer may occur at the interface between
TiO,-C and NiLDH because TiO,-C has higher CB and VB potentials than NiLDH. If the
current amalgamated system follows the Z-scheme transmission pathway, the reduction
and oxidation processes take place on the conduction band of NiLDH and the valance band
of TiO,-C, respectively. Both TiO,-C and NiLDH in the amalgamated TiO,-C/NiLDH are
photoexcited by light, subsequent in electrons (e ) in the CB of one and holes (h*) in the VB
of another when the amalgam is exposed to light. Excited electrons transmission from the
CB of NiLDH to the CB of TiO,-C, while holes transmission from the VB of TiO,-C to the
VB of NiLDH as a consequence of the band alignment and inner electrical field fashioned
between the two materials. The straight recombination of photoexcited electrons and holes
in both components was significantly delayed by this process of charge separation. Thus,
the VB of NiLDH and the CB of TiO,-C comprise additional holes than electrons. H,O
molecules trapped the holes in the VB of NiLDH, discharging protons (H*) and oxygen (Oy).
As a result of this reaction, harmless chemicals such as carbon dioxide and water can be
formed by the TiO,-C CB’s electrons reacting with organic pollutant molecules adsorbing
on the catalyst surface. There are a lot of electrons in the TiO,-C CB as a consequence of the
two-fold transference process. The slight photodeterioration observed and schematically
depicted in Scheme 1 may be caused by electrons remaining in the CB of NiLDH after
charge transfer. The following equations review the reactions that take place throughout
photodegradation:

TiO,-C/NiLDH + hv — TiO,-C/NiLDH (hyg* + ecp ) 1)
NiLDH (hyg*) + OH ~ — *OH @)
NiLDH (hyg*) + HO — H* + *OH 3)

TiO,-C (ecg ™) + Or — *O,~ 4)
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-0.70eV
-0.45eV

1.6eV

.027 + Hzo +H" = H202 + *OH (5)
H,O, + e — *OH + OH™ (6)
*OH + MO — C02 + H, (7)
UV light 0 Visible light

0,/0,(-0.33¢V)

OH/OH"(1.99eV)
2.75eV

OH*

OH

Scheme 1. The degradation mechanism of MO over TiO,-C/NiLDH amalgam.

3. Discussion

We prepared TiO,-C, NiAl-LDH, and TiO,-C/NiLDH and characterized them by
various techniques such as FTIR, XRD, SEM-EDS, TEM, N, physisorption measurement UV-
DRS, and XPS techniques. FTIR spectroscopy was used to identify the various functional
groups present in TiO,-C, NiAl-LDH, and TiO,-C/NiLDH amalgams. The crystal structure
of TiO; in the catalysts evidenced from XRD was found to be mostly anatase, which has
been proven to have higher photocatalytic activity than other phases [28]. SEM images of
the TiO,-C/NiLDH amalgam indicated that ultrathin NiLDH nanoflakes in the reaction
mixture were securely grafted onto the surface of the TiO-C hollow spheres, resulting
in the creation of a TiO,-C/NiLDH core-shell amalgam photocatalyst. EDS elemental
analysis revealed the presence of key elements in the produced amalgam. The performance
of the TiO,-C/NiLDH photocatalyst in the photodegradation of MO dye, which was
validated by UV-DRS data, revealed that the TiO,-C/NiLDH amalgam had the lowest
bandgap of 2.9 eV, among all the catalysts studied in this work. The synthesized amalgam
catalyst also exhibited the largest surface area, which improves the surface reactant contact
area for better photocatalytic exposure and degradation. TiO, and TiO,-C are known to
introduce mid-band states, allowing the utilization of low-energy light in photocatalytic
processes [29]. The TiO,-C/NiLDH photocatalyst’s ability to utilize visible light results
in a high quantum yield as visible light constitutes a significantly larger portion of the
solar energy spectrum (approximately 40%). This increases the likelihood of photons of
proper wavelength impacting the photocatalyst surface and activating them [21]. The
performance of the TiO,-C/NiLDH photocatalyst was also examined under both sunlight
and stringent UV light. Photodegradation of MO under visible light proceeded with
extremely high efficiency compared to that under UV light irradiation [25-29]. Future
studies could examine the potential of TiO,-C/NiLDH as a filtering medium to develop
an effective water treatment technique and for the photoreductive removal of heavy metal
contaminants from water and wastewater.

4. Materials and Methods
4.1. Materials

Agarose, titanium (P25), nickel (II) nitrate hexahydrate, aluminum nitrate nonahy-
drate, sodium hydroxide, sodium carbonate, nitric acid (69%), and sodium chloride were
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purchased from Sigma-Aldrich, Bengaluru, India. All other chemicals used in this study
were of analytical reagent grade and were used as received without further purification.
The deionized water used in this study was obtained from a Wellix Plus water purifica-
tion system.

4.2. Synthesis of Carbon Spheres

In a typical synthesis, 4.58 g agarose powder was dissolved in 70 mL de-ionized water
(preheated to 90 °C) with vigorous stirring. To this, 0.1169 g NaCl was added, and the
reaction mixture was stirred for 10 min. Following this, the mixture was placed in a 100 mL
Teflon-lined autoclave reactor and cooked at 180 °C for 12 h. The reaction mixture was
centrifuged to recover the final product as a dark brown precipitate, which was washed
three times with deionized water and ethanol, and subsequently dried at 80 °C to yield
carbon spheres [27].

4.3. Preparation of TiO,-Carbon Hollow Spheres

To prepare the TiO,-C hollow spheres, we ground 1 g of the as-prepared carbon
spheres with 0.1 g of titanium (P25) for 15 min. This ensures adequate diffusion of titanium
ions into the carbon surface layer to obtain TiO,-C powder.

4.4. Preparation of Amalgamated TiO,-C/Ni-LDH

Pure Ni-LDH was synthesized by vigorously stirring a mixture of Ni(NOj3),.6H,O
(0.3 M), AI(NO3)3.9H,0O (0.2 M), NaOH (1 M), and Nay,CO3 (0.5 M) at 25 °C while maintain-
ing a pH of ~10. The resultant precipitate was centrifuged, washed several times until the
pH reached ~7, and dried at 80 °C for 18 h. The TiO,-C/NiLDH core—shell amalgam was
created in the same way as the NiAl-LDH reference sample, except that TiO,-C powder
was employed in the synthesis technique [21]. TiO,-C/Ni-LDH core-shell amalgam was
created using a hydrothermal method. A precise quantity of TiO,-C powder was dis-
persed in 100 mL of water using ultrasonication. After adding Ni(NOs3),.6H,O (0.3 M) and
Al(NO3)3.9H,0 (0.2 M), the dispersion was magnetically agitated for 30 min. Following
this, the reaction mixture was mixed with NaOH (1 M) and Na,CO3 (0.5 M) and stirred
while maintaining a constant pH of ~10. The mixture was then transferred to a 150 mL
Teflon-lined autoclave reactor and heated at 120 °C for 6 h. The reaction mixture was then
centrifuged, and the resultant precipitate was washed with water until the pH of the wash
solution was neutral. We then dried the precipitate at 80 °C for 18 h.

4.5. Experimental Techniques

A PerkinElmer UATR Two FT-IR spectrometer was used for the Fourier transform
infrared (FT-IR) spectroscopy. The measurements were performed in the transmission
mode in the range 4000-500 cm~! with a resolution of 4 cm™!; the measurements were
averaged over 32 scans. The samples were prepared using KBr pellets.

Powder X-ray diffraction (XRD) analysis was performed using a Bruker diffractometer
(Bruker D8 advance target, Karlsruhe, Germany). The measurements were performed at
room temperature using a Cu K1 source operating at 40 kV and 40 mA, and a monochro-
mator (A = 1.5405 A). The patterns generated with 20 vary between 2° and 80°.

To investigate the chemistry of the synthesized materials at the sub-micron scale, a
high-resolution field emission (JEOL FESEM 7600F) scanning electron microscope (SEM)
was connected to an energy dispersive X-ray (EDX) detector.

Transmission electron microscopy (TEM) was performed using an FEI Tecnai G2 F30
TEM microscope in bright field (BF) mode. The samples were prepared by dispersing the
catalyst powder in alcohol by sonication, and then drop-casting the dispersion onto an
ultrathin carbon layer.

The ultraviolet—visible diffuse reflectance spectra (UV-vis DRS) of the samples were
collected using a Thermo Scientific TM spectrophotometer UV-Visible Evolution TM 260
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Bio. The data were recorded in the range of 220-1100 nm and the optical band gaps of the
samples were estimated via the Tauc plots technique.

X-ray photoelectron spectroscopy (XPS) measurements were performed using a K-Alpha
(Thermo Fisher Scientific, USA) instrument with a monochromatic X-ray Al K-alpha source
(=10 to 1350 eV). The instrument was operated at a pressure of 10~? mbar, spot size
400 microns, broad spectrum pass energy of 200 eV, and narrow spectrum pass energy of
50 eV. The data obtained was calibrated with the binding energy of the adventitious carbon
(C 1s) line at 284.6 eV.

N, adsorption/desorption experiments were performed using a Belsorp Max II ana-
lyzer. The specific surface area was calculated using the Brunauer-Emmett-Teller (BET)
method and the pore size distribution was determined using the Barrett-Joyner-Halenda
(BJH) method for the desorption branch.

The photocatalytic activity of the catalyst was investigated by using methyl orange
(MO) as a model organic pollutant and irradiating it with ultraviolet (UV) and visible
irradiation (VIS) at a pH of ~4. The pH of the reaction mixtures was adjusted by using
a 0.1 M HNOs solution. In a typical experiment, an appropriate amount of the catalyst
was suspended (0.1 g) in MO solutions (solid/liquid) and stirred in the dark for 30 min
to establish adsorption/desorption equilibrium between the pollutant molecules and the
catalyst surface. Subsequently, the suspensions were stirred under exposure to UV and
visible light. A 100 W Hg lamp (Toshiba BLB 20 W) was used as the UV light source, and
a 150 W halogen lamp (Philips Lamps, TL-D,18W) [45] was used as the VIS light source.
Beer’s law was used to correlate the absorbance of the solution (which is indicative of
the dye concentration) with the evolution of photocatalytic degradation. Following the
degradation of the organic pollutants in the aqueous solution, the absorption profiles in the
range of 190-700 nm for the MO removal tests were measured using a Thermo-Electron
Evolution 300 UV-Vis spectrometer.

5. Conclusions

In this study, we fabricated carbon hollow spheres, TiO,-C, and TiO,-C/NiLDH core—
shell amalgams using an ecologically safe and cost-effective synthesis. Physicochemical
characterization using different techniques elucidated the functional groups (FTIR), crystal-
lographic structure (XRD), oxidation states (XPS), and BET surface area of the material. The
morphologies of the synthesized materials were investigated by SEM and TEM. The band
gap energy, calculated from the UV-VIS DSR data, demonstrated that the TiO,-C/NiLDH
amalgam catalyst had a lower bandgap (2.9 eV) than the pure TiO; (3.2 eV) and TiO,-C
catalysts (3.1 eV). The TiO,-C/NiLDH core-shell amalgam exhibited considerably higher
photocatalytic activity than TiO,, TiO,-C, and NiAl-LDH, for aiding the photodegradation
of organic pollutants under both visible and UV irradiation. This new material shows great
potential as a solar-powered catalyst for depolluting wastewater containing textile dyes.
As textile dyes deteriorate water quality and may cause several serious health effects if left
untreated, the water treatment technology mentioned here can help avoid such issues by
successfully depolluting wastewater.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal12101200/s1, Figure S1: (a) Tauc plots to determine the
optical band gaps and (b) UV-VIS DRS spectra of TiO,, TiO,-C, NiAl-LDH and TiO,-C/NiLDH
catalysts; Figure S2: (a and b) removal efficiency of all the investigated catalysts under UV and
VIS irradiation, respectively; Figure S3: UV-visible absorption changes of methyl orange aqueous
solution at 25°C in the presence of the TiO,-C/NiLDH amalgam samples; Figure S4: Recycling
tests of the photocatalytic degradation of MO over TiO,-C/NiLDH nanohybrid; Figure S5: XRD of
TiO,-C/Ni-LDH core—shell amalgam before and after the degradation [46—48].
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