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Abstract

Combining a rational design strategy with a simple synthetic method to produce an eco-friendly material presents a unique
challenge in photocatalysis technology. This work reports the successful synthesis of a heteroanionic titanium oxycarbide
photocatalyst—TiOy ,5C 75 (TiOC) via a solid-state reaction and employed for the decomposition of Congo red (CR) and
H,0, generation from water under visible light radiation. Initially, TiOC demonstrated a moderate CR degradation efficiency
of 54% (1 g/L) in 120 min and evolved a minimal amount of H,0, after 90 min (2 mmol) and 120 min (10 mmol) of light
exposure. This clearly indicates that the localization of hybridization of O-2p and C-2p orbitals and a more positive conduc-
tion band edge (CB) of TiOC lead to reduced carrier mobility and, consequently, high recombination of photogenerated
charge carriers. Therefore, sacrificial reagents such as H,O, and isopropyl alcohol (ISA) were employed to improve CR
removal and H,O, evolution rate, resulting in 70% and 21.5 mmol (120 min), respectively.

Keywords Photocatalysis - Titanium oxycarbide - Heteroanionic photocatalyst - Congo red - Hydrogen peroxide generation

Introduction

In the past few decades, research interest has risen in devel-
oping materials that can show the capability of both gener-
ating greener energy and degrading organic pollutants using
solar radiation [1-5]. Mainly, the discharge of organic dyes
and medical wastes into water bodies from the industries is
causing growing concern about water pollution [6]. More
specifically, Congo red (CR) dye is a highly hazardous and
carcinogenic anionic dye. It is used in the textile, and rub-
ber industries as a colorant. The consumption of CR mixed
water causes cancer and mutations in plants, animals, and
humans [7, 8]. Therefore, it is of the utmost need to create
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unique materials and approaches to combat this severe
problem to alleviate the pure drinking water shortage.
Moreover, the demand for clean and green energy sources
in recent years has created many challenges, including the
need to find alternatives to conventional energy sources,
which cause significant damage to the ecosystem. Based
on this demand, hydrogen peroxide (H,0,) was found to be
a promising eco-friendly compound that generates greener
energy during combustion without producing other toxic
compounds. Besides, it possesses good calorific value and
oxidation capability and evolves greener products (H,O and
O,) during combustion [9, 10]. These characteristics made
H,0, to play a significant role in the petrochemical indus-
try, making pulp and papers, sewage treatment for disinfec-
tion, etc., [11, 12]. The anthraquinone (AQ) process is the
most widely employed conventional method for generating
a large amount of hydrogen peroxide, which possesses few
drawbacks, such as the complex process yields toxic by-
products and is costlier [13, 14]. While considering these
bottlenecks, it is necessary to devise a cost-effective and
reliable approach for removing CR from drinking water
resources and generating hydrogen peroxide from water
using solar radiation.
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Therefore, photocatalysis is found to be a viable tech-
nique for effective CR removal and hydrogen peroxide pro-
duction due to its mild reaction conditions, lower energy
consumption, and absence of secondary pollutants [15, 16].
It is an emerging approach and has gained much popular-
ity in recent years since it uses safe, cheap materials that
harvest a large amount of solar radiation and are easy to
fabricate. The materials used in this approach have an excel-
lent capability to promote the redox reactions in the reaction
chamber, which plays a promising role in the decomposi-
tion of organic pollutants and solar fuel generation [17-19].
Using these advantages, researchers designed various types
of photocatalyst materials for organic pollutant degrada-
tion and solar fuel generation. Initially, conventional pho-
tocatalysts such as ZnO, TiO,, and Bi,S; were utilized for
the decomposition of organic dye and solar fuel generation
[20-23]. These photocatalysts were valued for their stability,
affordability, and non-toxicity. However, they encountered
significant issues such as a wider band gap, low visible light
absorption, photo-corrosion, and rapid recombination rate
[24-26]. The effectiveness of traditional photocatalysts in
meeting the increasing demand for energy and degrading
emerging stable pollutants is being questioned due to their
limitations. As a result, researchers have turned to heteroan-
ionic materials as a potential alternative for future energy
generation and water purification. These materials are attrac-
tive due to their superior light absorption capacity, narrower
band gap, and enhanced photo-corrosion resistance [27, 28].
Heteroanionic photocatalysts are primarily composed of
metal cations that are linked with oxygen and other anion
atoms. These photocatalysts have more than one anion in
their structure, which provides an opportunity for valence
band engineering by carefully manipulating the anions [29,
30]. In these materials, the valence band (VB) is occupied
by a combination of anion-p and oxygen-2p orbitals, while
the conduction band is composed of d° or d'° orbitals of
metal ions. This arrangement results in a narrower band gap
and a more negative valence band compared to conventional
photocatalysts [31, 32]. Heteroanionic photocatalysts can be
classified based on the type of anion present in their systems,
such as metal oxynitrides, oxysulfides, oxyhalides, and oxy-
carbides [27, 33].

More specifically, titanium oxycarbide, a heteroanionic
photocatalyst, has demonstrated great potential in photoca-
talysis applications [34, 35]. This material contains a metal
ion that is linked to oxygen and carbon atoms, and its electri-
cal and thermal properties can be easily adjusted. In addi-
tion, its oxidation resistance, chemical inertness, and photon
absorption capabilities are exceptional. The valence band
of TiOC is occupied by hybridized C-2p and O-2p orbitals,
while its conduction band is composed of empty d orbitals of
metal ions [36]. Although there are very few reports on the
applications of TiOC in photocatalysis, it has been shown
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to exhibit good photocatalytic activity towards organic pol-
lutants [37, 38]. This is mainly due to its wider surface area,
good light absorption ability, and narrower band gap energy.
It is believed to have combined characteristics of its oxide
and carbide compounds. Moreover, Ti-based photocatalysts
generally show promising photocatalytic activity towards
organic pollutants because of their wider surface area and
good stability. These catalysts can also be used for solar-fuel
generation using sunlight [39—41].

Therefore, we chose titanium oxycarbide as a photocata-
lyst which was synthesized through a simple and cost-effec-
tive approach and employed it for the decomposition of CR
and H,0, generation from water using visible light radiation.
We also examined how the photocatalytic efficiency of TiOC
on CR degradation and H,O, generation was influenced by
its process parameters such as the amount of catalyst and the
presence of sacrificial agents. From the literature survey, it
was found that the adoption of TiOC photocatalysts for the
decomposition of CR and H,0, generation from the water
was not investigated elsewhere.

Experimental Procedure
Synthesis of titanium oxycarbide

All the chemicals were of analytical grade and were uti-
lized as purchased without any additional purification. Tita-
nium oxycarbide was synthesized by blending titanium (II)
oxide (TiO) and titanium carbide (TiC) in a mortar with
acetone for 4 h. The mixed powders were then dried and
compressed into pellets using a two-ton uniaxial press. The
resultant pellets were heated in two phases at 1000°C and
1500°C for 6 h, with a heating rate of 5°C/min in a vac-
uum atmosphere, as shown in Fig. 1. The chemical reac-
tions involved in the formation of TiOC are represented as
follows:

0.25(TiO) + 0.75(TiC) = TiOy ,5C; 75 (1)

Material characterization

The crystalline structure and morphology feature of syn-
thesized photocatalysts was studied using X-ray diffraction
(PANalytical X’accelerator, 4 = 0.15406 nm) and scan-
ning electron microscope (JEOL JSM-5600) and a trans-
mission electron microscope (JEOL-2010). Elemental
mapping of the synthesized samples was observed using
energy-dispersive X-ray spectroscopy (EDX) attached to
the SEM instrument. The optical characteristics were cal-
culated using the ultraviolet—visible diffuse absorbance
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Fig. 1 Preparation of
TiO ,5C, 75 using solid-state
reaction
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spectrum (UV-Vis-DRS) on a JASCO V-670 UV-Vis
spectrophotometer.

Photodegradation test of CR

The photocatalytic performance of TiOC was evaluated for
the decomposition of CR in an aqueous medium under vis-
ible light irradiation. A stock solution of Congo red (20
mg/L) was prepared by dissolving 20 mg of CR dye in one
liter of deionized water. Then, different concentrations
(0.25, 0.50, 0.75, and 1 g/L) of TiOC photocatalysts were
added to 100 ml of the CR solution. The TiOC-suspended
CR solution was kept in the dark for 1 h in order to achieve
the adsorption—desorption equilibrium. After reaching equi-
librium, the dark-treated solution was exposed to a 300 W
Xenon light source in the photocatalytic chamber (CAE-
HXF 300). The relative concentration of congo red in the
light-treated solution was evaluated using a Shimadzu UV-
Vis spectrophotometer at every interval of 30 min.

Photocatalytic H,0, production test

For the hydrogen peroxide generation test, 50 mg of TiOC
photocatalysts were added to 100 mL of deionized water.
Then, the prepared solution was kept under a 300 W Xenon
light source. The generation of H,O, was calculated based on
redox titration with KMnQO,, as per the previously reported
method [42—-44]. During the photocatalytic reaction, 1 mL
of the solution was withdrawn from the reaction chamber
at every 30-min interval and purified using a 0.45-pm filter.
Then, 1 mL of purified solution, 2 mL of KMnO, solution
(40 mM), and 1 mL of H,SO, solution (1 M) were mixed
together and held for 3 min to reduce KMnO, into MnSO,
by H,0,. To determine how much KMnO, was used in the
reaction, the intensity of the light absorbed by the solution
at 523 nm was measured at various reaction times. Based on
the following equation and formula, the concentration of the
generated H,0, can be determined.

2MnO,~ + 5 H,0, + 6H" — 2Mn** + 5 0, 1 +8 H,0
2)

Preparation of TiO,,sC, ;5 using solid-state reaction

Vacuum furnace

TiOC powder

Heated at 1000°C & 1500°C for 6 h
5  Ckmno, X Vkmno,
Cio, = 53 X — 3)
H,0,

Results and discussion
Powder XRD analysis on titanium oxycarbide

X-ray diffraction patterns of TiOC were measured in the
20 range from 30° to 90° at a scan rate of 1°/min, as shown
in Fig. 2. The synthesized TiOC depicts the moderately
intense peak, confirming the formation of well-crystalline
pure phase. It clearly revealed that the XRD signals of
TiOC are well-matched with the JCPDS files of TiO and
TiC as shown in Fig. 2 [45]. It provides a confirmation that
synthesized TiOC has a cubic structure with space group
Fm-3m. Mainly, all the peaks of TiO, ,5C, ;5 have shifted
and broadened a little towards higher 20 values, which
provides an additional clue for the addition of the carbon
atom in the TiO structure. A similar kind of observation

= Titanium Oxycarbide
Titanium Oxide (PDF#00-002-1196)
— Titanium Carbide (PDF#03-065-8805)

Intensity (a.u.)

T T T T T T T T T T T
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Fig.2 XRD patterns of TiO,,sC, ;s matching with standard JCPDS
files of TiO (red) and TiC (blue)
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Table 1 Crystalline strain and size of titanium oxycarbide

SL.no. Sample name  Sintering tem- Crystalline Strain
perature (°C)  size (no unit)
(nm)
1 Titanium 1500 ~152 6.53 1072
oxycarbide
(TiOg 5Co.75)

was reported in earlier research works on the TiOC [46,
47]. In addition, no other satellite peaks were found in the
XRD pattern confirming the purity of the synthesized TiOC
photocatalysts.

With the help of Williamson-Hall (W-H) formulas [48],
the crystalline size and strain of the prepared TiO ,5C ;5
photocatalysts have been calculated, as shown in Fig. 3. It
has been found that TiOC possesses a large crystalline size
and with less strain in it (Table 1). This may be due to the
decrease in crystalline defects and higher synthesis tempera-
ture applied for TiOy ,5C 75.

SEM and TEM analysis on titanium oxycarbide

It is believed that the surface morphology feature of the
prepared TiOC plays a dominant role in improving its pho-
tocatalytic character. Therefore, the surface morphology of
synthesized TiOC was captured using SEM, as shown in
Fig. 4(a).

It has been found that the TiOC surface was made up
of uniformly distributed porous and spherical-shaped par-
ticles without much agglomeration. Moreover, the higher
temperature supplied during the synthesis process help to
create a wider surface area with a large crystalline size in
TiOC, which induces facial migration of excited electrons

0.0026 Titanium Oxycarbide
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y=0.000653x + 0.00091
0.0024
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Fig.3 Williamson-Hall (W-H) analysis for the TiOy ,5Cy 75
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and holes to participate in succeeding photocatalytic reac-
tions. This also creates a strong interface between differ-
ent anions in TiOC, acting as the charge carrier transfer
channel. For instance, Negi et al. observed similar obser-
vations when carbon was doped in the titanium dioxide
structure, which supports the reduction of its agglomera-
tion behavior and provides a wider surface area [49]. This
significantly increased the decomposition efficiency of
C-TiO, over the methylene blue (MB) dye. Moreover, the
SEM image of the C-TiO, closely matches the surface
morphology of TiO ,5C, ;5 found in our observations.
The elemental mapping using EDX also confirmed the
fact that elements such as Ti, O, and C are uniformly dis-
tributed throughout the sample, as shown in Fig. 4(b). The
TEM image and selected area electron diffraction (SAED)
pattern of the synthesized TiO, ,5C, ;5 photocatalyst are
displayed in Fig. 5(a) and (b). These observations again
confirmed the phase purity of the TiO, ,5C, 75 photocata-
lysts, as discussed in the XRD analysis.

UV-Vis-NIR analysis on titanium oxycarbide

The optical and energy band gap characteristics of the
synthesized TiOC were analyzed using UV-Vis absorp-
tion spectra and its tauc plot. As shown in Fig. 6(a), it was
found that TiOC exhibited an absorption edge around ~500
nm and possessed good light absorption characteristics.
The band gap energy (E,) of TiOC was computed using the
Kubelka-Munk (KM) function [50, 51], and its tauc plot is
presented in Fig. 6(b). The tauc plot indicates that TiIOC
has a narrower band gap energy (E,) value of 1.0 eV. This
result was primarily obtained by an upward shift of the VB
maximum, not by moving the CB maximum downward,
and also by strong hybridization between the C-2p and
O-2p orbitals. Furthermore, the VB of TiOC was occupied
by hybridized orbitals of carbon and oxygen, while its CB
was composed of d orbitals of Ti-ions. A similar kind of
band gap reduction was also found by Negi et al. [49] in
the C-TiO, structure. This kind of electronic arrangement
exhibits suitable band edge positions in TiOC, which are
crucial in promoting the reduction and oxidation reactions
during the decomposition of CR and H,O, generation.

Photocatalytic degradation activity of titanium
oxycarbide

The photocatalytic behavior of TiOC was assessed by
observing the degradation of the CR in an aqueous solu-
tion under visible light illumination. When no photocata-
lyst was present, the CR was found to be more stable under
visible light illumination. Then,TiOC photocatalysts of
different concentrations were suspended in the prepared
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Table 2 Pseudo-first-order

. . S1. no. Sample code

kinetics of different amounts

of TiOC and in the presence of

H,0, and ethanol
1 TiOC (0.25 g/L)
2 TiOC (0.50 g/L)
3 TiOC (0.75 g/L)
4 TiOC (1 g/L)
5 TiOC (0.50 g/L) + H,0,
6 TiOC (0.50 g/L) + ethanol

Pseudo-first-order kinetics CR deg-
- > radation
Slope k (min™") Standard error R value efficiency
0.00193 0.0001 0.98524  23%
0.00464 0.0003 0.97696  46%
0.00535 0.0003 0.9797 51%
0.00578 0.0003 0.98272  54%
0.00943 0.0003 0.99438  70%
0.00416 0.0003 0.96772  42%

CR solution and kept in the dark environment to obtain
adsorption—desorption equilibrium. Subsequently, the
dark-treated solution was exposed to visible light illu-
mination, and the absorption spectra of the light-treated
solution were recorded at 30-min intervals using a UV-
Vis spectrophotometer. Most importantly, the impact of
various process parameters on the CR degradation activ-
ity, such as the various catalyst amount and the presence
of sacrificial agents, was examined. The CR degradation
efficiencies and its pseudo-first-order kinetics (Lang-
muir—-Hinshelwood model) of TiOC can be determined
using the following formulas [52, 53]:

o (CO - Cl) % 100
Efficiency, n(%) = — 4
0

In(Co/C,) = kt (5)

where, C, and C, are the concentrations of CR at times
0 and 7, respectively, under visible light exposure; “k” is
the pseudo-first-order rate constant of photodegradation
(min~") of CR degradation.

Initially, the effect of catalyst loading on the photocatalytic
degradation of Congo red was studied by varying the amount
of TiOC from 0.25 to 1 g/L. The photocatalytic degradation
of CR over time using different amount of TiOC is shown in

Fig.4 (a) SEM image and (b)
elemental mapping of prepared
TiO, ,5C, 75 photocatalysts

Fig. 7(a). From the figure, it can be observed that the con-
centration of CR gradually decreased with an increase in the
amount of TiOC catalyst. The maximum CR degradation effi-
ciency of TiOC was observed at 1 g/L, which took only 120
min to degrade 54% of CR. Similarly, at 0.25 g/L, 0.50 g/L,
and 0.75 g/L of TiOC, it degraded 23%, 46%, and 51% of
CR at 120 min, respectively. The CR degradation efficiency
for various TiOC photocatalyst amounts has been calculated
using eq. (4) and is plotted in Fig. 7(b). It is evident that at
higher doses of catalyst, more active sites were created on the
surface of TiOC due to the massive absorption of light, lead-
ing to the creation of an excessive amount of hydroxyl radicals
during the degradation of CR. Similarly, the first-order reac-
tion kinetics of CR degradation has been computed for various
TiOC amounts. The linear fitting is plotted in Fig. 7(c), and
the R? values are tabulated in Table 2.

Based on the above results, it has been found that TiOC
showed average CR degradation efficiency even at a higher
amount of catalysts compared to commercial photocata-
lysts. This may be due to the quick recombination of pho-
togenerated electron-hole pairs. Therefore, H,0, was intro-
duced as an electron sacrificial agent to prevent the quick
recombination of charge carriers and enhance the Congo
red degradation efficiency of TiOC. We dispersed 1 ml of
H,0, (1 mmol) and 0.50 g/L of TiOC into 100 ml of the
prepared CR solution. Surprisingly, after the addition of

Element Weight%
19.10
13.15
67.74
100.00
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Fig.5 (a) TEM image of the
synthesized TiO ,5C 75 pho-
tocatalysts, along with its (b)
SAED pattern

H,0,, it was observed that the CR decomposition increased
to 70%, performing even better than the CR solution with
1 g/L of TiOC, and its degradation characteristics can be
seen in Fig. 7(a), (b), and (d). This is because, when H,0,
was added to the CR solution, the photogenerated elec-
trons on the TiOC surface were captured by electron sacri-
ficial reagents, reducing the charge carrier recombination
rate and providing sufficient time for the creation of more
hydroxyl radicals (¢OH) using photogenerated charge car-
riers. In addition to this, the strong CR adsorption on the
TiOC photocatalysts could also play a promising role in
enhancing the photodegradation efficiency.

Similarly, we also examined the role of the photogen-
erated holes in the degradation of CR. To analyze this fact,
we mixed 1 ml of ethanol into the prepared CR solution
along with 0.50 g/L of TiOC. The CR degradation charac-
teristics of TiOC using ethanol were plotted in Fig. 7(a),
(b), and (d). It was found that the CR removal rate of TiOC
decreased after the inclusion of ethanol. This clearly indi-
cates that the photogenerated holes of TiOC were entirely

" *111)

(220) (311)

consumed by ethanol for its self-degradation to generate
CH,;CHO and 2H" ions. Overall, the photogenerated holes
of TiOC played a vital role during the decomposition of CR.
A similar kind of experimental observation was observed by
Xinjian Xie et al. [54] during the decomposition of organic
pollutant MB using CuWO,. They used various sacrificial
reagents to suppress the effect of the quick recombination
rate of charge carriers.

Furthermore, the stability of TiOC was studied
towards CR with a continuous run of three cycles, each
lasting 2 h, for a total of 6 h. It was found that the sta-
bility of TiOC (1 g/L) remained almost constant until
the completion of the third run. After each cycle, the
titanium oxycarbide powders were recovered via a cen-
trifugation process and dried for 2 h in the oven. Then,
the dried recovered samples were reused for the photo-
degradation of CR under light illumination, which could
run for another 2 h. The absorbance values remained
almost the same for all runs. The graph representing the
reusability of TiOC is shown in Fig. 7(e).

Fig.6 (a) Represents the 1.00
UV-Vis absorption spectra of
synthesized TiOC photocata-

. 0.95
lysts and (b) its tauc plot

0.85
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(a) —Titanium Oxycarbide (E,= 1.0 eV)
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Fig.7 (a) Comparison of the
photocatalytic CR degradation
rates using different amounts of
TiOC photocatalyst and in the
presence of sacrificial reagents;
(b) its degradation efficiency;
(c) and (d) pseudo-first-order
kinetics of the photocatalytic
CR degradation rates using
different amounts of TiOC
photocatalyst and in the pres-
ence of sacrificial reagents, and
(e) reusability nature of TiOC
photocatalysts

Furthermore, a comparative analysis of the water
pollutant removal activity of a few heteroanionic

Table 3 Comparative analysis
on the water pollutant
degradation efficiencies of
various types of photocatalysts
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photocatalysts is shown in Table 3. It can be found from
the table that the efficiency of the prepared titanium

S. no. Name of heteroanionic catalyst Name of the pollutant Degradation Time (min)
efficiency (%)
1 TiOC (our work) Congo red 70% 120
2 BiFeO; [55] Congo red ~44% 120
3 Zn 75Nig ,5Se [56] Congo red ~60% 120
4 Gd:ZnO [57] Congo red ~68% 120
5 Ni, ,Cu, 3Al,O, [58] Congo red ~50% 120
6 SrAlL0,:Bi [59] Congo red ~60% 120
7 p-NiFe,0,/n-MnWO, [60] Congo red ~60% 120
8 BiOBr [61] Congo red ~65% 120
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oxycarbide is far better than that of other reported differ-
ent types of photocatalysts.

Photocatalytic H,0, generation using titanium
oxycarbide

Photocatalytic H,0, generation rates on TiOC photocata-
lysts were measured every 30 min with/without the addi-
tion of the sacrificial reagent such as isopropyl alcohol
(ISA) under visible light illumination. In order to make
the calibration curves, the absorption curve was evaluated
for different volumes of KMnO, (0.2 to 2 ml) which was
mixed with one ml of H,SO, and 2 ml of H,O and held
for 3 min. Then, a linear fitting plot was made based on
the absorbance value observed at 523 nm, as shown in
Fig. 8(a) and (b). Initially, the H,O, evolution rate for
TiOC was evaluated without adding ISA under visible
light radiation. It produced a minimal amount of H,0,,
such as 2 and 10 mmol, after 90 and 120 min of vis-
ible light irradiation, respectively, as shown in Fig. 8(c).
This indicates that pure TiOC is minimally active under
visible light illumination. This was reasonably antici-
pated because the photogenerated electrons in the CB
of TiOC do not possess enough reduction potential to
drive the proton reduction reaction and also faces a quick
recombination rate of charge carriers. These results con-
firmed once again that TiOC was capable of showing bet-
ter photocatalytic character only after 120 min of light

exposure, which was also observed during the photodeg-
radation of CR using different concentrations of the TiOC
photocatalyst.

Interestingly, the H,O, evolution rate of TiOC was
significantly improved after adding 2ml of ISA as a sac-
rificial agent. ISA-loaded TiOC produced a good amount
of H,0, of 7.5 mmol at 30 min of light irradiation. Upon
the completion of 120 min, the H,O, production rate
increased to 21.5 mmol which found to be double the
amount of H,0, evlolved during the reaction without ISA
and is shown in Fig. 8(d). Therefore, the H,O, evolution
rate of TiOC can be increased further only after add-
ing sacrificial reagents, which react irreversibly with the
photogenerated holes to enhance electron/hole separation
efficiency.

Possible mechanism of the photocatalytic CR
degradation and H,0, generation using TiOC

The photocatalytic behavior of any compound can be pro-
posed based on its CB and VB edge arrangements. The
CB and VB edge positions of TiOC can be determined
using the Mulliken electronegativity method in order
to present the photocatalytic mechanism that occurred
during the degradation of CR and H,O, generation. This
method employs two equations to calculate the valence
(Eyp) and conduction band (Eg) edge positions of TiOC
[6, 53].

Fig.8 (a) UV-Vis absorption
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Ecy=X—-45(E,) —E,/2 (6)

Eyp =Ecp +E, @)

where X (~5.37 eV) and Eg (~1.0 V) is the electron-
egativity and band gap energy value of the TiOC; E, is
the energy of a free electron on a hydrogen scale (4.5 eV).

Based on this technique, the CB and VB edges of TiOC were
determined to be 0.4 and 1.4 eV, respectively. The acceptable
photocatalytic character exhibited by TiOC in the presence of
the sacrificial reagents can be attributed to the following factors:

During the CR degradation process, the TiOC absorb light
radiation larger/equal to its band gap energy and encourages
the creation of the electron-hole charge carriers and migrates
their electrons from the VB of TiOC to its CB, which acts as
the trapping site of electrons. In general, the electrons in the
conduction band generate superoxide radical (¢O, ") by react-
ing with O, molecules in the reaction chamber. Then these
superoxide radicals (eO,") react with H,O to create «OH.
At the same time, photogenerated holes in the VB oxidize
OH™ and H,0 to produce «OH radicals.

When the H,0, is introduced as a sacrificial reagent
in the reaction chamber, it helps to create more hydroxyl
radicals either by interaction with light radiation and super-
oxide anion or by reacting the electrons from the CB of
TiOC as shown in eqs. (13—15). Hydroxyl radical (eOH)
and superoxide radical (#0O,™) are the main species that
degrade CR into CO, and H,O under light irradiation.
Moreover, this reaction reduces the recombination rate of
the charge carriers by providing sufficient charge separa-
tion. This induces a strong internal electric field between
the different anions in TiOC, and increased the photocata-
lytic CR degradation efficiency.

The chemical reactions involved in the degradation of CR
using TiOC in the presence of H,0, are as follows;

TiOC + hv (light) - e~ +h* ¥

Fig.9 The possible mechanism
of photocatalytic congo red deg-
radation and H,O, production
from TiOC photocatalyst

Congo Red Degradation

0,

eceeeee

TiOC

SRRy

h*h*h*h*h*

';.?g_ -

T

o, &

Light"0,~ Intermediate products

(
onc:y/

2443
TIOC (e_)CB + 02 s .02_ (9)
*O,” +2H,0 — 2+ OH + 20H™ (10)
OH™ + TiOC (h*),, — «OH (11)
TiOC (h*),, +2H,0 — TiOC + «OH + H* (12)
H,0, + hv (light) - 2« OH (13)
(or)
(or)
H,0, + TiOC (¢”)cg = OH™ + «OH (15)
(or)
*0,” + CR — intermediate products
+ degradation (H,O + CO,) products (16)
*OH + CR — intermediate products
+ degradation (H,O + CO,) products a17)

In addition, we have proposed a possible mechanism
for the generation of H,0, using TiOC, as shown in Fig. 9.
When TiOC is exposed to visible light radiation, it gen-
erates electron-hole charge carriers. The electrons in the
CB of TiOC react with molecular oxygen in the reaction
chamber to create superoxide radicals. The holes at the
VB of TiOC oxidize water molecules to produce hydroxyl
radicals and protons. These hydroxyl radicals combine with
each other to form H,0,. Then, the generated protons and
superoxide radicals react with another electron to generate
H,0,. However, due to the quick recombination of charge
carriers in TiOC, it produces a minimal amount of H,0O,
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even after 120 min of light exposure. Therefore, ISA has
been introduced into the reaction chamber to consume the
excessive holes from the valence band to generate protons,
greatly enhancing the rate of hydrogen peroxide produc-
tion along with the conventional process. The reaction
involved during the H,O, evolution reaction using TiOC
can be described as follows [62-65].

TiOC +hv - e~ +h" (18)
TiOC (¢7)cp + O, = +0,” (19)
TiOC (h*),, + H,0 — TiOC + «OH + H* (20)
«OH + +«OH — H,0, Q1)
«0,” +2H* + ¢~ — H,0, (22)

When the ISA sacrificial reagent is introduced,

TiOC 2 (h*), , + CH;CH(OH)CH; — CH;COCH; + 2H*
(23)

0,” +2H* +¢~ — H,0, (24)

Therefore, supplying and separating sufficient elec-
trons and holes in TiOC will automatically trigger redox
reactions, leading to enhanced photocatalytic activity.

During the production of H,0,, some decomposition
reactions of H,O, occur simultaneously, which are una-
voidable. This decomposition is caused by the cumulative
electrons in TiOC, which decompose the generated H,O,
into H,O (water) and *OH (hydroxyl radicals). This process
drastically reduces the H,0O, production efficiency of TiOC
[66, 67]:

H,0, + H* + e~ - H,0 + «OH (25)

However, after the inclusion of the ISA sacrificial rea-
gent, the decomposition rate of H,O, may be reduced
because the cumulative electrons involved in the decompo-
sition of H,0, may be utilized for the production reaction.

Conclusions

In summary, titanium oxycarbide photocatalysts were
successfully prepared by supplying two calcination tem-
peratures such as 1000°C and 1500°C, for 6 h. The XRD,
SEM, TEM, and elemental mapping confirmed the purity
of the TiOC. It was found that the synthesized TiOC pho-
tocatalysts possess maximum absorption edge at ~500 nm

@ Springer

and exhibited a narrower band gap energy of 1.0 eV due
to the formation of hybridized C-2p and O-2p orbitals at
the valence band. During photocatalytic studies, TiOC
initially demonstrated a moderate CR degradation effi-
ciency of 54% using 1 g/L (TiOC) in 120 min and evolved
a minimal amount of H,0, after 90 min and 120 min of
light exposure. The results of CR degradation and H,0,
generation without any sacrificial agent reveal that due
to more positive CB position than the standard H*/H,O
reduction potential and localization of hybridization of
O 2p-orbitals and C 2p-orbitals lead to the reduced car-
rier mobility and increased quick recombination of pho-
togenerated charge carriers. However, in the presence of
sacrificial reagents such as H,0, and ISA, the CR removal
rate and H,O, evolution rate of TiOC are significantly
improved to 70% and 21.5 mmol in 120 min, respectively.
This enhancement in the photocatalytic activity is due to
the suppression of the recombination of photogenerated
charge carriers. It provided sufficient time for the crea-
tion of a large number of hydroxyl radicals (¢OH) and H*
ions after the addition of sacrificial reagents. In future
work, novel titanium oxycarbide photocatalysts with good
light absorption character and less recombination rate of
the charge carriers by adding dopant/formation of hetero-
structures with other visible light semiconductors. To the
best of our knowledge, this is the first investigation of the
photocatalytic activity of TiOC through the degradation
of congo red and H,O, generation experiment under vis-
ible light radiation.
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