Heliyon 9 (2023) e16232

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

Research article :.) |

Check for

Z-scheme NiO/g-C3N4 nanocomposites prepared using | s’
phyto-mediated nickel nanoparticles for the efficient
photocatalytic degradation

Is Fatimah * ', Rizky Zenita Sulistyowati ?, Adytia Wijayana®, Gani Purwiandono ?,
Suresh Sagadevan"”

@ Department of Chemistry, Faculty of Mathematics and Natural Sciences, Universitas Islam Indonesia, Kampus Terpadu UIL, JL Kaliurang Km 14,
Sleman, Yogyakarta, Indonesia

b Nanotechnology and Catalysis Research Center (NANOCAT), Universiti Malaya, Level 3 Block A, 50603 Kuala Lumpur, Federal Territory of Kuala
Lumpur, Malaysia

ARTICLE INFO ABSTRACT

Keywords: Highly-effective photocatalyst of NiO/g-C3N4 with was successfully synthesized by using phyto-
G-CsNy4 mediated-synthesized nickel nanoparticles. The preparation was initiated by synthesizing nickel
NiO NPs

nanoparticles by using Tinosphora cordifolia stem extract under ultrasound-assisted method fol-
lowed by the dispersing onto g-C3Ny4 structure. The study focused on physicochemical charac-
terization and photocatalytic activity as function of the percentage of Ni in the nanocomposite.
The photocatalytic activity examinations were carried out to rhodamine B and tetracycline
photocatalytic oxidation. The results demonstrated that graphitic carbon nitride is effectively
improved the photocatalytic activity of NiO for both photocatalytic oxidation reactions. From the
varied Ni content of 5; 10; and 20 %wt., it was also found that the highest photoactivity was
achieved by the composite having 10 %wt. of nickel content. The high effectivity was showed by
degradation efficiency of 95% toward Rhodamine B and 98% toward tetracycline. The exami-
nation on effect of scavengers suggests that Z-scheme involved in the photocatalytic mechanism
which facilitated the efficient separation of the photogenerated electron-hole pairs under visible
light illumination. In summary, the present findings provide a green approach for fabricating the
effective photocatalysts for organic contaminant degradation.

Photocatalysis
Photodegradation

1. Introduction

The release of large number of dyes and antibiotics-containing wastewater from various industrial and medical activities to the
environment is one of the serious problems in environmental sanitation. In fact, the use of huge number of dyes has created the
development in many products such from printing, textile, pigment technologies, but during the industrial process, it is more than 10%
of the dyes released as waste [1]. As similar with the dyes, antibiotic-contaminated wastewater must be released from the pharma-
ceutical industries. Such wastewater release requires a sophisticated technology for removal before releasing to water bodies.
Advanced oxidation processes (AOPs) including photocatalytic oxidation mechanism is well-known technology for organic
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contaminated-water treatment [2]. Such organic compounds of dye, pharmaceuticals including antibiotics and other aromatic com-
pounds are the serious target of wastewater treatment in vast industrial area. Within the scheme, the oxidation process could be
conducted via photocatalysis, piezocatalysis, ozonization, wet peroxidation, etc. [3,4]. For the effectiveness of the industrial process,
designing effective photocatalyst with high stability, reusability, and capability to work in wide range of light have been attempted [5].

With smaller band gap energy (2.6 eV), graphitic carbon nitride (g-C3N4) has attracted great attentions. Its combinations with some
metal oxide photocatalysts in the nanocomposite formation have been attempted to improve photocatalytic efficiency [6]. The possible
heterojunction gives the advantages to reduce recombination rate. With this scheme, the combination of NiO nanoparticles (NiO NPs)
with g-C3N4 has been proven to have enhanced photocatalytic capability in visible light region [7]. By the combination of the band gap
energy of both NiO NPs and g-C3Ny, a Z-scheme photocatalytic mechanism could be reached as a strategy to enhance photocatalytic
efficiency. Based on many previous works, the mechanism will give benefit regarding to the turnover frequency of photocatalysis,
including the activity in photocatalytic degradation of dye molecule.

In other side, the green approaches in the synthesis of NPs are also intensively studied in the green chemistry perspective. The use of
phytochemicals-mediated reduction of metal precursor is valued as safer and get much interests. Such plants extracts containing
secondary metabolites were valued as effective bioreductor with the additional function as capping agent of the nanoparticles [8]. A lot
of interests have been expressed from the use of some plant’s extracts, and in addition, the studies toward controlling the particle size
and shape of the nanostructures by manipulating reaction parameters. The effectiveness of biosynthesized NiO NPs as catalyst and
photocatalyst has been reported for removal of many organic contaminants. Tinosphora cordifolia is one of the popular traditional
medicinal plants from Asian countries [9,10]. The functionality of the plant’s extract as anticancer, antibacterial, etc. is consequently
related with the high content of secondary metabolites such as flavon, flavanol, and flavonoids in the extract [11,12]. The Tinosphora
cordifolia stem extract (TCE) has been reported to be effective in the biosynthesis of Ag NPs, CuO NPs, and SnO3 NPs [13-15].

Based on these backgrounds, Z-scheme NiO/g-C3N4 nanocomposites was synthesized by using TCE as bioreductor, and the material
was tested as photocatalyst for the degradation of dye molecule, rhodamine B (RhB) and antibiotic of tetracycline (TC). Research was
aimed to study the physicochemical properties and photocatalytic activity of the prepared material. Rh B was chosen as dye molecule
due to its vast utilization in many industries such textile, ink and printing, paint, etc, meanwhile TC is a popular pharmaceutic which its
controlling and monitoring in environment need to be seriously taken. The advantages of the method utilized in this work is related
with the use of TCE as bioreductor which gives alternative as greener reagent in the synthesis, and in addition, the photocatalytic
activity examination on dye molecule will give a perspective for further material’s development in wastewater treatment.

2. Materials and method
2.1. Materials

Tinosphora cordifolia steam powder were purchased from traditional market in Sleman District, Yogyakarta Special province,
Indonesia. About 10 g of the powder were soaked in 100 mL water for overnight to get Tinosphora cordifolia extract (TCE). Chemicals
consist of rhodamine B (RhB), tetracycline (TC), NiCly-6H20, Hy0,, ethylene diamine tetra acetate (EDTA), isopropanol (IPR), and
H,SO4 were in pro analyst grade purchased from Merck-Millipore (Germany).

2.2. Preparation of nickel nanoparticles (NiO NPs)

Nickel oxide nanoparticles (NiO NPs) was prepared by previously synthesize Ni NPs by mixing 25 mL of the TCE and 25 mL of 0.1 M
of NiCly-6H50 solution followed by ultrasound irradiation for 15 min. The formation of Ni NPs was evaluated by using UV-Visible
spectrophotometry and transmission electron microscope (TEM) analysis. The conversion of Ni NPs into NiO NPs was performed by
calcining the Ni NPs solid, which obtained by solvent evaporation. The calcination was at 500 °C for 4 h, with a heating rate of 5 °C.

min~.

2.3. Preparation of NiO/g-C3N4 samples

The g-C3N4 powder was prepared by a facile thermal polycondensation of urea. Typically, 5 g of urea powder was put into a closed
crucible and heated at 500 °C in a furnace with a rate of 5 °C.min ! for 4 h [16]. The NiO/g-C3N4 nanocomposites were prepared by a
hydrothermal method using prepared g-C3sN4, and Ni NPs solution. The method was adopted from the preparation of NiO-ZnO/g-C3N4
which gave high surface area and homogeneous distributed NPs [17]. In a typical procedure, appropriate amount of g-C3N4 powder
was added into the solution at the certain Ni concentrations of 5, 10 and 20 % wt. Subsequently, the mixtures were stirred for 30 min
before were transferred into a Teflon-lined stainless-steel autoclave. The hydrothermal treatment was applied at the temperature of
150 °C for overnight. Later the product was collected followed by washing with deionized water. The solid was then dried in oven at
80 °C followed by calcination at 400 °C for 2 h. From the varied Ni content of 5, 10, and 20 %wt., the NiO/g-C3N4 samples were
encoded as 5Ni/C3Ny4, 10Ni/C3Ny4 and 10Ni/C3Ny4, respectively.

2.4. Physicochemical characterization

Various spectroscopic techniques were applied to analyze the physicochemical properties of prepared NiO NPs and NiO/g-C3N4
samples. The identification of Ni NPs was confirmed using HITACHI U-2080 UV-Vis spectrophotometer (Tokyo, Japan) at scanning
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range of 200-800 nm. Fourier transformed infrared spectroscopy (FT-IR) with spectral ranges 400-4000 cm ™' were recorded on

Nicolet AVATAR instrument to verify the formation of nanocomposite and stabilizing properties of functional groups involved in the
synthesis. X-ray powder diffraction (XRD) of the as-prepared g-C3N4 and NiO/g-C3N4 photocatalysts was investigated on a Thermo ARL
SCINTAG X'TRA X-ray diffractometer using Cu-Ka radiation (A = 0.154056 nm). High-resolution transmission electron microscopy
(HRTEM, Tecnai G2 F30 S-Twin) was employed to observe the morphology and microstructures of as-prepared samples. The optical
absorption properties of the samples were investigated via UV-Vis diffuse reflectance spectroscopy (DRS) using a JASCO V-760
(Tokyo, Japan). The surface analysis of the NiO/g-C3N4 was conducted on a X-ray photoelectron spectroscopy (XPS) analysis using V.
G. Scientific ESKALAB MKII (Tokyo, Japan) instrument. For the analysis, a monochromatic Al K, radiation with a photon energy of
1486.6 + 0.2 eV was utilized. Electrochemical impedance spectroscopy (EIS) data were collected on an Metrohm Autolab PGSTAT 302
N electrochemical workstation. The electrolyte solution was sodium sulfate aqueous solution, and the electrodes are glassy carbon
electrode and nickel foam. Photoluminescence (PL) spectroscopy was monitored using a transient fluorescence spectrometer (Horiba
HJY FM- 4 P-TCSPC).

2.5. Photocatalytic experiments

Examination of the photocatalytic activity of NiO/g-C3N4 samples was conducted on RhB and TC photodegradation in a batch
reactor equipped with visible light (Xenon Lamp, Philips, 20 W). For a typical reaction, 0.2 g of catalyst was dispersed into 250 mL of
the tested solution, and then about 2 mM of HyO, was added. The kinetics of photodegradation was evaluated by monitoring the
concentration of solution by using UV-Vis spectrophotometry analysis, and in order to confirm the degradation, high performance
liquid chromatography analysis was performed on the HPLC Waters instrument (Singapore). The degradation efficiency (DE/%) was
determined based on following equation (eq. (1)):

Cy—C

DE (%):TxIOO (1)

With C, and C; are the initial concentration and the concentration of RhB and TC at time of t, respectively.
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Fig. 1. (a) Comparison on UV-Visible spectra of TCE and Ni NPs, (b) TEM image of Ni NPs, (c) Particle size distribution of Ni NPs.
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3. Results and discussion
3.1. Synthesis and characterization

The first and crucial step in the synthesis of NiO/g-C3N4 nanocomposite is the synthesis of Ni NPs by using TCE as bioreductor. The
monitoring of the Ni NPs formation was conducted by using UV-Visible spectrophotometry with the spectra in Fig. 1.

The comparison on TCE and Ni NPs spectra revealed the evolution of the solution composition as there is a characteristic peak at
401 nm with additional broad peak at around 500-550 nm. With different appearance, the TCE shows peaks at 250; 290; 320 and 380
nm, that are associated with the presence of high containing flavonoids in the extract [18,19]. Refer to the determination on plasmon
resonance spectra, the observed peak at 401 nm is associated with the smaller particle’s radii (~7 nm), and in addition the peak at 550
nm is indication for the bigger radii (from 7 to 60 nm) [20-22]. These identifications are in confirmation with the TEM analysis to the
Ni NPs solution as depicted in Fig. 1b. It is seen that the irregular spherical forms in range of 10-30 nm are appeared. Refer to previous
phytochemical screening remarked that tinocordicide is the dominant component in TCE [23], the reduction mechanism can be
described as scheme presented in Fig. 2. The Ni NPs are the particles surrounded by the secondary metabolites that reduced Ni**, and
furthermore the bonded metabolites are the capping agent [24].

As the NiO/g-C3Ny prepared, the structure identification was conducted. Analysis using XRD expressed the reflections in com-
parison between with g-C3N4 and NiO/g-C3N,4 samples and presented in Fig. 3. There are two obvious diffraction peaks around 13.13°
and 27.45° that are corresponding to the (100) and (002) planes of g-C3Ny structure, consistent with the standard value (JCPDS
87-1526) [16,25]. These peaks are attributed to the structure of the tri-s-triazine unit with interplanar spacing and the conjugated
aromatic system, respectively. Similar pattern of the reflections is exhibited by 5NiO/CsN4 and 10NiO/C3N4, meanwhile the
20NiO/C3N4 demonstrates the additional peaks instead of the characteristic peak of g-C3N4. 20NiO/C3N4 demonstrates sharp
diffraction peaks at 37.23, 43.26, and 62.81° which can be respectively indexed to the crystal planes of (1 1 1), (2 0 0), and (2 2 0) of
cubical structure of NiO nanoparticles, refer to JCPDS 47-1049 [26,27]. This is in accordance with the reflected peaks of NiO NPs
nanocomposite peaks located at same position. The interpretation from these results suggests a homogeneous distributed NiO NPs at
low concentration, while at higher concentration, the growth of NiO crystalline is identified. Moreover, the calculated average
crystallite sizes of NiO in NiO NPs and 20Ni/C3Ny4 from the diffraction angle, 20 of 37.23, 43.26, and 62.81° using Debye-Scherrer
equation are 27.6 nm and 39.8 nm, respectively.

Analysis of FTIR to confirm the NiO NPs attachment in the nanocomposite produced the spectra as presented in Fig. 4. In general,
the both NiO/C3N4 and g-C3N4 show similar absorptions, suggest that the overall structure of g-C3Ny is maintained as the original form
after NiO NPs loading. Such specific peaks at 1638 cm™! are attributed to C=N stretching vibration mode, and in addition, the ar-
omatic C-N bond is expressed by the absorption at around 1205, 1230, 1313, 1459, 1536, and 1571 em™! [28]. The broad peaks
centered at 3089 and 3158 cm ™! could be assigned to the stretching mode of the N-H bond. Some associated peaks are in higher
number at NiO/g-C3N4 compared to g-C3Ny4 suggests the NiO bonded to the g-C3N4 support. The occurrence of NiO NPs in the com-
posite is also identified by sharp peak at 600.7 cm™! as characteristics of NiO, which is consistent with that reported elsewhere. The
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Fig. 2. Reduction mechanism in Ni NPs formation by using TCE.
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Fig. 3. XRD pattern of materials.

confirmation on the presence of NiO nanoparticles is also seen by the comparison with the spectrum of NiO sample. There are some
observed peaks 3645 cm ! and 1636.7 cm ™! which are associated with the presence of OH from water and possible capping agent. In
addition, the absorption at 605.2 cm ™! is assigned to the Ni-O stretching band which confirm the formation of NiO nanoparticles.

The evolution of surface profile of the material was analyzed by using SEM analysis with the images presented in Fig. 5. It is seen
from Fig. 5a-b that lamellar structure is appeared by the pristine g-C3N4 sample, furthermore, after decoration with NiO NPs, it is
clearly to be seen from Fig. 5c-f that there is no significant change of the morphology of the surface representing that NiO NPs are
evenly distributed on the surface. By comparison on morphologies of Fig. 5c-f, slight porosity change is appeared by NiO dispersion as
the 5Ni/C3N4 and 20Ni/C3Ny4 exhibit less porosity compared to g-CsN4. Moreover, the EDX analysis results are presented in Table 1
confirmed the presence of NiO NPs in the NiO/g-C3N4 nanocomposites. It is seen that the suitability of the identified Ni content with
the intended Ni content expressed by all NiO/g-C3Ny4 samples as the synthesis method involved direct dispersion of Ni NPs solution
onto g-C3Ny4. As can be seen from the elemental mapping of 10Ni/C3N4 sample presented in Fig. 6, the elements of Ni, C and N are
homogeneously distributed. It represents that the NiO compounds are evenly dispersed in whole nanocomposite.

Moreover, TEM and HRTEM analysis results of NiO/g-C3N4 samples depicted in Fig. 7 represent the occurrence of NiO NPs.
Fig. 7a-b demonstrate the layered structure of g-C3N4, and after NiO dispersion, the particles in irregular forms are appeared (Fig. 7 c).
From Fig. 7c, lattice fringes identified in 20Ni/C3N4 from HRTEM analysis are with the spacing of 0.25 nm, associated with the (111)
spacing of NiO. This is also strengthened by the SAED spectrum (Fig. 7e) demonstrates the (111) and (200) lattices that are associated
with calculated d-spacing from XRD reflections analysis.

Surface analysis represents the elemental compositions in NiO/g-C3N4 by XPS analysis with the spectra presented in Fig. 8. The XPS
survey scan spectrum (Fig. 7a) demonstrates that the sample mainly composed of C, N, Ni and O. The existence of g-C3Ny is identified
by the deconvoluted N 1s peak XPS spectrum which shows three Gaussian—Lorenzian peaks centered at 399.2, 400.3, and 402.5 eV.
The peaks can be attributed to the pyridinic-like nitrogen (N—sp? C), graphitic nitrogen (N—(C)3), and amino groups carrying a
hydrogen atom (-CN-H). The occurrence of NiO NPs in the nanocomposite is confirmed by the XPS spectrum of NiO which demon-
strate the peaks at 873.2 eV and 855.8 eV that are associated with Ni2p3/2 and Ni2p1/2. Moreover, the spin- Ni2p orbital splitting
between Ni (2p1/2) and Ni (2p3/2) is calculated of 17.28 eV, with additional satellite peaks at 879.8, 872.2, and 862.5 eV are observed
(Fig. 8b). These peaks are in good agreement with those reported earlier for NiO NPs [27,29,30]. It is also strengthened by the
deconvoluted C 1s peak which presents two distinct peaks at binding energies of 284.6 eV and 288.2 eV. These peaks are attributed to
the sp2 (C-C bonds) and sp2 -bonded carbon in (N-C=N) (Fig. 8c and d).

Optical properties of the materials were studied by using UV-DRS analysis. Fig. 8 shows the absorption spectra of the materials. It is
seen that g-C3N4 expresses the absorption at UV and visible light region, meanwhile NiO NPs shows the absorption spectrum at the UV
region (Fig. 9a). The supporting NiO into g-C3N4 contributes to the absorption at the visible range. Furthermore, the band gap energy
values of the nanocomposites were determined according to the Tauc’s plot. From the determined edge wavelength of the plots, the
calculated band gap values of g-C3N4, 5Ni/C3N4, 10Ni/C3Ny4 and 20Ni/C3N4 are 2.59; 2.65; 3.10 and 3.00 eV respectively (Fig. 9b). In
addition, the band gap energy value of NiO NPs is 3.28 eV. Remarkably, the supporting g-C3N4 to NiO NPs decreases the band gap
energy which associated with the improved visible light utilization ability. Similar phenomena were reported by the supporting NiO
and TiO; on g-C3Ny4 support [7,31]. This is fit with the purpose of NiO modification for enabling photocatalyst to absorb light at wider
light range as the available light absorption of the photocatalyst increases, the generation of photogenerated electrons will be more
conducive, so it will give a better photocatalytic effect.
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Fig. 4. FTIR spectra of g-C3Ny4, NiO NPs, and NiO/g-C3Ny.

3.2. Photoluminescence and photoelectrochemical measurements

To understand the effects of NiO on the separation of electron—hole pairs in the g-C3N4 nanosheets, the photoluminescence (PL)
spectroscopy analysis was performed. The 10Ni/C3Ny4 was selected as representative of NiO/g-C3N,4 samples. As can be seen from the
PL spectra in Fig. 10a, the PL spectrum of the samples are in following order C3N4> NiO NPs > NiO/g-C3N4 with the strong peak
around 470 nm. The data suggest that NiO/g-C3N4 has a longest lifetime of photogenerated carriers or the lowest recombination rate
compared to C3N4 and NiO [32]. In addition, to strengthened that this is related with the improved photocatalytic activities of
NiO/g-C3Ny, the Nyquist plots from EIS measurement (Fig. 10b) was obtained, which clarify charge-transfer processes at an electrode
interface. As shown by the Nyquist plots, the NiO/C3N4 nanocomposite showed the smaller arc radius compared to g-C3Ny4 suggests the
faster charge-transfer efficiency. This should contribute to the improvement on photocatalytic efficiency of the photogenerated
electron—hole pairs. The higher-frequency arc in the Nyquist plots of g-C3N4 may be related to the reduction in charge transfer, which
is attributed to the double-layer capacitance (Cdl) and charge-transfer resistance (Rct) at the contact interface between the electrode
and electrolyte solution [33,34].

3.3. Photocatalytic activity

The photocatalytic activity of the NiO/C3N4 samples was investigated in RhB and TC photocatalytic degradation under visible light.
Fig. 11a presents the kinetics of RhB degradation over NiO/C3N4 samples compared to the process using g-C3N4 samples and NiO NPs.
It is seen that the larger degradation rate achieved by NiO/g-C3N,4 samples compared to both NiO NPs and g-C3N4 corresponding to the
synergistic photoactivity created by the combination of NiO and g-C3N4 in the nanocomposite. From the initial change of RhB and the
DE values, it is seen that pristine g-C3N4 showed a poor photocatalytic activity as there is about 7.4 ppm/h of the initial rate value, and
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Fig. 5. SEM images of (a-b) g-C3N4 (c-d) 5Ni/C3N,, and (e-f) 20Ni/C3N4 with different magnifications.

Table 1
EDX analysis results of g-C3N,4 and NiO/g-C3N4 samples.
Element Percentage (% wt.)
g-C3Ny 5NiO/C3Ny4 10NiO/C3N4 20NiO/C3Ny4
C 33.95 20.59 20.12 23.02
N 63.83 60.77 59.21 46.10
(6] 2.22 10.91 9.92 9.59
Ni - 6.91 10.01 23.27

30% of degradation efficiency achieved for 2 h of treatment, meanwhile other samples exhibit the initial rate of 3.4-4.6 that of g-C3N4
and the DE of more than 80% at the same time. Moreover, by varied Ni content in the nanocomposite, the DE values are in following
order: 10Ni/C3N4 > 20Ni/C3N4 > 5Ni/C3N4. Even though the DE achieved by NiO NPs is higher compared to g-C3Ny the initial rate
expressed by NiO/C3N4 samples are at about 1.7-2.4 times that of NiO NPs. Moreover, photoactivity of the nanocomposite seems to be
correlated with the band gap energy and the absorptive capability of the materials as represented by UV-DRS analysis. The data suggest
that the enhanced photoactivity is owing to the reduced recombination of photogenerated electron-hole pairs by combining the NiO
and g-C3Ny4 band gap energy level. Furthermore, from the kinetic evaluation, it is concluded that the RhB degradation over NiO/C3N4
samples obey pseudo-second order kinetic equation as stated by following equation (eq. (2)):

1 1

RhB], [RhB), @

The pseudo-second order kinetics of RhB degradation is presented in Fig. 11c. Meanwhile, the degradation kinetics over NiO NPs
and g-C3N4 samples are fit to the pseudo-first order equation with following equation:
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where [RhB]y and [RhB], are initial concentration of RhB and the concentration at time of t, respectively, and k is the kinetics constant.
The higher order represents the significant role of the photocatalyst in producing radicals for propagation steps of the oxidation re-
action. In addition, the significance role of photocatalysis is reflected by the low or unappreciable RhB removal over adsorption process
(Fig. 11d). This suggests that the oxidation mechanism occurs over the presence of both photocatalytic active component and the
photon exposure is dominant. There is no such significant difference among the adsorption capacity of the varied samples. Considering
the NiO as photocatalytic active in NiO/C3N4 samples, the turn over number (TON) of the process was calculated by using following
equation (eq. (4)):

Removal (%)

TON = “NiO (%) (©)]
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From Fig. 11b, it is seen that the highest TON is achieved by 5Ni/C3Ny4 considering that the effective photocatalytic activity
occurred at the lowest amount of NiO in the nanocomposite, relative to other NiO/g-C3N4 samples.

Similar trend in the increasing photoactivity by NiO/g-C3N4 samples compared to NiO and g-C3Nj is reflected in the photocatalytic
activity test towards TC (Fig. 12 a and 12 b). The kinetics plot and the fitness of the kinetics data to pseudo-second order kinetics are
presented in Fig. 12 a and 12c. Similar with in RhB, the kinetics of TC photodegradation over NiO and C3N4 samples follow the pseudo-
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Fig. 12. (a). Kinetics of TC degradation by the prepared samples, (b). Compared initial rate of TC degradation, (c) pseudo-second order plot of TC
degradation over NiO/g-C3Ny4 samples, (d) HPLC analysis results to the initial and treated TC solutions.
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first order kinetics, representing that the crucial change in the kinetics and mechanism occurred by the presence of NiO in the
nanocomposite. In general, the photocatalytic activities of NiO/g-C3N4 samples are in similar order with the trend in RhB photo-
degradation, however, it is seen that faster reaction rate is expressed on TC degradation. The possible reason for this probably related
with the smaller molecular size of TC than RhB. From the interpretation of Fig. 12b, it is seen that different with RhB photodegradation
data on the initial rate, TC removal shows appreciable enhancement on initial rate data with insignificant different for all NiO/g-C3N4
samples, which gave the values at the range of 24 mg/L/min. However, the TON data expresses similar pattern with in RhB photo-
degradation, which the highest efficiency is expressed by 5Ni/C3N4-In addition, Fig. 12d provides the fact that there was degradation
mechanism rather than adsorption mechanism toward TC as from HPLC analysis, the degradation products are identified instead of the
TC as the target molecule. The initial TC solution shows single peak as representation of TC in the solution with the retention time of
2.04 min. After were treated for 15 and 60 min, the associated peak area was decreased along with the formation of other peaks at
lower retention time, indicating the degradation products with lower molecular weight.

3.4. Photocatalytic mechanism

Evaluation on the mechanism of photocatalytic oxidation was performed by examined the kinetics of reaction under various
scavengers. For this purpose, the addition of IPR, BQ, and EDTA were examined as radicals (¢OH), 05, and hole (h") scavenger,
respectively. Fig. 13 shows the initial rate of the RhB and TC photocatalytic oxidation at varied condition. It is seen that for both target
molecules, the addition of IPR and BQ significantly reduce the initial rate, meanwhile, even though not very significant in RhB
photocatalytic oxidation, EDTA accelerate the reaction. In more detail, BQ suppressed the initial rate higher compared to IPR, indi-
cating that O plays a relatively important part in the photocatalytic mechanism of both target molecules. The inhibited reaction rate
by IPR addition occurred due to the trapping of radicals formed by the excitation produced by the interaction between photoactive site
and photon so the propagation steps is diminished. Contrarily, the presence of EDTA in the reaction system block the hole causing
slower recombination of electrons and holes. This leads to the actively electron migration to the surface of the photocatalyst for
furthermore react with Oy to form HOOe [35]. In addition, the diminished O in the reaction system inhibits the propagation steps of
the oxidation mechanism, which conclusively indicating the role of charge transfer process. It is noted that the formed ¢OH, Oz and h™
take part in photodegradation system, and consistence with the Z-scheme charge transfer system [36].

It is concluded that either the electron transferred from the CB or the interaction of hole in VB can oxidize adsorbed species. When
the photocatalyst absorb light, the electrons in the VB will be excited to their CB producing the holes in the VB. The radicals and super
radical electrons will be produced by the interaction of both CB and VB with ambient O and radical eOH released by the interacted
H,0; oxidant with light. The mechanism can be stated as follow:

NiO/g-C3Ny(s) + hv— NiO/g-CNy(s) (e— + h-+)
e— + Oy— Op—

h* + H,0 - HOe + H'

h" + CH,0, - CyH,0, " —Degradation products

The photocatalytic degradation mechanism by NiO/g-C3N4 nanocomposite is described by VB and CB of both NiO and g-C3N4. The
VB maximum and CB minimum positions of g-C3Nylie at ~1.58 eV and ~ —1.01 eV respectively. As the valence band (VB) and
conduction band (CB) edge positions of NiO calculated using Butler-Ginley equation, Eq. (5), and (6) these are respectively 3.00 and
—0.28 eV.

Eyg = X- E, +0.5 Eg ()
Ecp = Evp - Eg (6)

where, Eyp and Ecp are the VB and CB edge potentials respectively, E, is the energy of free electrons on the hydrogen scale, and X refers
to the absolute Mulliken electronegativity of NiO [7,37].

Refer to the identification of the effect of scavenger, Eyg and Ecg values of NiO and g-C3Ny, the photodegradation process follows Z-
scheme mechanism as represented in Fig. 14. The hypothesis is referred to that the CB potential of g-C3N4 is more negative than the
reduction potential of O, while the VB potential of NiO is more positive than the oxidation potential of H,0 to - OH. The excited
electrons would thermodynamically transfer from the CB of NiO to the VB of g-C3N4. The combined CB electrons of NiO and VB holes of
g-C3Ny4 will have enough thermodynamic energy to induce the reduction in adsorbed O3 and form - Oze—. Conclusively, the hetero-
junction construction of g-C3N4with NiO is beneficial for accelerating charge migration rate, increasing surface active sites, and then
promoting photocatalytic activity.

3.5. Effect of pH

Effect of initial pH of target solution on the kinetics of the photocatalytic oxidation was studied, and the resulted plots is presented
in Fig. 15a. As can be seen from two different target; RhB and TC, there is different pattern of pH effect to the initial rate of reaction.
The degradation of RhB exhibits the optimum reaction rate at neutral pH (7) and tends to decrease at the lower and higher pH.

Contrarily, the optimum pH for TC photodegradation is obtained at pH 10. This different phenomenon represents the different
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Fig. 14. Z-scheme mechanism in NiO/g-C3N4 photocatalysis.

molecular interaction occurred during the adsorption of molecule onto the NiO/g-C3N4 photocatalysts. As a neutral molecule, the
oxidation reaction to TC is controlled by the presence of radicals in the reaction system. The increased alkaline condition contributes to
provide more hydroxyl ions that can be converted into hydroxy radicals. However, at the enhanced basicity to pH 11, the provided
alkaline condition tends to terminate the radicals via recombination. Similar effect of acidity/basicity on the TC oxidation was also
reported by ozonization [38], and photocatalytic oxidation of TC over titanium dioxide [39]. From other side, the RhB photo-
degradation tends to decrease in basic pH. From the net positive charge availability in RhB, the photodegradation rate is strongly
correlated with the adsorption/desorption and electrostatic effect between the photocatalyst surface and the molecule. At low pH, the
photocatalyst surface will be more positive, which contributes to inhibit surface interaction by electrostatic repulsion. In other side, the
high alkalinity will provide more —OH that also reduce the interaction of RhB with surface by neutralizing RhB structure. In addition,
the RhB tends to form aggregation or dimer molecule which is more difficult to bind to the surface and pore structure of the photo-
catalyst [40]. From the measurement, the zero point charges of the photocatalysts surface are within the range of 6.2-7.2, suggesting
that the photocatalyst should be active at neutral pH.

3.6. Photocatalyst stability
Recycling and stability of Ni/g-C3N4 was studied by evaluating the DE of photocatalytic process using fresh and recycled
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photocatalyst. The 10Ni/C3N4 sample was chosen as the representative photocatalyst. The recycling was conducted by washing the
used catalyst with ethanol followed by drying in oven at 100 °C overnight. From the graph presented in Fig. 15b, it is seen that the DE
values of RhB and TC was found to be reproducible up to five cycles. Even though the slight reduction in DE in third cycle was appeared
from both target molecules, the declined DE values are less than 10%. The DE of RhB degradation changes from 95% in first usage into
84.7% in 5th cycle, meanwhile from TC degradation the change is from 98.9% into 90%, respectively. Further investigation using XRD
analysis revealed that there are no structural changes observed after 5th usage, suggesting that the prepared nanocomposites are stable
and recyclable for practical usage (Fig. 15c).

The photocatalytic activity of NiO/g-C3N4 prepared in this work is compared with other NiO-based photocatalysts. From various
previous papers, it can be summarized that the photocatalytic activity from this work towards TC degradation is lower compared with
NiO/rGO which demonstrated the high DE (99%) in 30 min [41], but comparable respect to the activity of NiO NPs and NiO/CuO
nanocomposite, ZnO/NiFe304/Co304V04,/NiFe;04 and NiAl-LDH [42-45]. From RhB photocatalytic oxidation experiment, the ac-
tivity of this work is also less than NiAl-LDH [42], but comparable with the activity of graphene oxide/Fe304/NiO [46], and MoS2/NiS;
[47]. The higher photoactivity is mainly related with the porous structure of NiAl-LDH and NiO/rGO which leads to the increasing
adsorptivity for supporting the degradation mechanism.

4. Conclusion

Nanocomposites of NiO/g-C3N4 were successfully synthesized by using nickel nanoparticles prepared using Tinosphora cordifolia
stem extract. Physicochemical characterization to the nanocomposites revealed the homogeneously distributed NiO NPs with the
enhanced photocatalytic activity of the nanocomposite in visible light range achieved. From the study on the effect of varied Ni
content, it is found that the photocatalytic activity is related with the band gap energy and particle size of NiO NPs in the nano-
composite. The experimental results demonstrated that NiO/g-C3N4 Z-scheme heterojunctions exhibited excellent photocatalytic
degradation activity of RhB and TC under visible light irradiation. The degradation efficiency reached 95% and 98% for RhB and TC for
60 min of treatment, respectively.
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