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Highlights

• Ni V O /BiVO  nanocomposites are prepared by facile one-pot hydrothermal

method.

• Ni V O /BiVO  nanocomposites exhibits higher photocurrent intensities than

pure BiVO  and Ni V O .

• h  and OH˙ are playing vital role in the degradation of AO7 under VLI.

• Optimized NB-2 composite exhibits excellent photostability and reusability.

Abstract

Photocatalysis is one of the promising method to degrade harmful organic pollutants under visible light exposure. In

this work, a novel Ni V O /BiVO  nanocomposite has been prepared by one-pot hydrothermal method, and

investigated through X-ray diffraction, FT-IR, UV–visible diffuse reflectance spectroscopy, scanning and transmission

electron microscopy and photoluminescence techniques. Subsequently, the photocatalytic performance of

Ni V O /BiVO  nanocomposite has been examined by degrading AO7 under visible light illumination. The

photocatalytic efficiency of the optimized 1:2 ratio of Ni V O /BiVO  nanocomposite photocatalyst is found to be 87%

with a rate constant value of 0.03387 min  which are higher than those of other prepared photocatalysts. This
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nanocomposite exhibits excellent stability even after 3 three cycles, and shows 1.135- and 1.17-times higher

photocurrent intensity than pure BiVO  and Ni V O  respectively. The mechanism for the degradation of AO7 over

Ni V O /BiVO  nanocomposite photocatalyst has been proposed.
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Introduction

In the present situation, the pollutant-free water is the most essential requirement for all lives. The aquatic

environment is heavily polluted by the discharge of untreated industrial effluents, which has been increasing with

more modern industries and population (Saravanan et al., 2021; Ahmed et al., 2021). The highly toxic components

constitute harmful pollutants that results in severe health and ecological problems. As a model, AO7 is a one of the

rapidly used azo dye in the textile industries and particularly used as a hair coloring agent. After disposal, the azo

compounds are reduced to form the harmful products, which are highly toxic than its mother compound. These

components with wastewater might cause skin problems, mutagenic and carcinogenic diseases to the living organisms

and results in severe health issues. Thus, it is essential to treat the effluents before releasing into aquatic environment,

to possibly prevent all the above issues. Hence, different physical, chemical and biological treatment methods, like,

chemical coagulation, carbon adsorption, membrane filtration, ion-exchange and advanced oxidation processes are

employed to remove the contaminants from the polluted water (Malathi et al., 2018a, 2018b; Adeola and Forbes, 2021).

Of them, except advance oxidation processes (AOPs), all treatment methods require costly additional steps and

produces secondary pollutants at the time of operation. AOPs convert highly toxic organic pollutants into harmless and

biodegradable products by the in-situ formation of the hydroxyl radicals (Pandis et al., 2022; Malathi et al., 2018c).

Though, TiO  is considered as a benchmark photocatalyst, its wide bandgap energy (E ) (∼3.2 eV) makes it

disadvantageous for commercial applications (Chava et al., 2021, 2022; Wetchakun et al., 2015). Therefore, it is vital to

design a good visible light active photocatalyst. In the recent studies, bismuth-based semiconductor photocatalysts,

such as, Bi WO  (Malathi et al., 2017a), BiVO  (Gomes et al., 2021), BiFeO  (Bavani et al., 2021a), BiOX (X = F, Cl, Br, I)

(Arumugam et al., 2021a; Cen et al., 2021; Bavani et al., 2021b, 2022), Bi O  (Zhao et al., 2022), Bi S  (Arumugam et al.,

2021b), Bi MoO  (Stelo et al., 2020), BiFeWO  (Lu et al., 2021) have received much attention from researchers. Among

this, BiVO  photocatalyst with low E  (∼2.3–2.5 eV) is found to be highly visible light responsive and more economical

with easy preparation. However, its photocatalytic activity is unexpectedly limited because of its low separation and

migration of e /h  pairs leading to high recombination. However, it is possible to augment the photocatalytic activity of

BiVO  by the creating heterojunction with a suitable semiconductor photocatalyst having appropriate band potential,

which would possibly improve the catalytic activity under visible light exposure. Additionally, BiVO  based composites,

like, AgVO /BiVO  (Wang and Cao, 2017), g-C N /BiVO  (Li et al., 2022), BiVO /BiOI (Huang et al., 2015), BiFeWO /BiVO

(Malathi et al., 2017b), BiVO /FeVO  (Sajid et al., 2018a), BiVO /InVO  (Guo et al., 2015), BiVO /BiOBr (Li et al., 2016),
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BiVO /WO  (Selvarajan et al., 2017), Fe O /BiVO  (Ma et al., 2021), Co O /BiVO  (Long et al., 2006), BiVO /BiOCl (Ma et

al., 2017) and BiVO /FeOOH (Sajid et al., 2018b) are reported to show excellent photocatalytic activity in the

remediation of wastewater. However, Ni V O  is a reactive visible light semiconducting photocatalyst with narrow

bandgap (∼2.0 eV), easily available non-toxic, inexpensive and photochemically stable with high electron mobility and

hence it has been chosen to couple with BiVO . Recently, the Ni V O  composites, such as, g-C N /Ni V O  (Vesali-

Kermani et al., 2020) and V O @Ni V O  (Zheng and Zhang, 2021) are found to exhibit greater photocatalytic ability

under visible light irradiation (VLI). Thus, the creation of the heterojunction between BiVO  and Ni V O  is expected to

increase the charge separation by reducing the fast reconnection of e /h  pairs. The photocatalytic activity of

Ni V O /BiVO  heterojunction composite for pollutant degradation is not reported so far.

In the present study, Ni V O  is taken as a co-catalyst to load over the BiVO , due to its easy preparation,

inexpensiveness and high activity in the visible region. We have constructed the Ni V O /BiVO  composite using one-

step hydrothermal method by differentiating the molar ratios of Ni/Bi. The Ni V O /BiVO  heterojunction composite

photocatalyst has been tested for the decomposition of acid orange-7 (AO7) under visible light illumination. The

obtained photocatalytic degradation results of Ni V O /BiVO  composite are impressive and hence it could be

considered as a useful material for wastewater treatment purposes.

Section snippets

Materials

Nickel nitrate hexahydrate (Ni(NO ) 6H O), bismuth nitrate pentahydrate (Bi(NO ) 5H O) and ammonium

metavanadate (NH VO ) were obtained from Sigma Aldrich. Triton X-100, acid orange-7 (AO7), isopropanol (IPA) and

benzoquinone (BQ) were obtained from SD Fine Chemicals Limited, India. Ammonium oxalate (AO) and ethanol were

procured from Qualigens, India. Double distilled water was used for the preparation of all solution used in this study.…

Preparation of Ni V O /BiVO  composite

A simple one-step hydrothermal method was employed to…

Crystal structure and morphology

The structural units of the newly synthesized BiVO , Ni V O , NB-1, NB-2 and NB-3 nanocomposites were

characterized by FT-IR spectra. As shown in Fig. 1, pure BiVO  shows a peak at 426 cm , due to Bi–O bond and the

asymmetric V–O stretching peak appears at 676 and 841 cm . In the case of pure Ni V O , the band at 925 and

797 cm  are due to the asymmetric and symmetric stretching of VO , correspondingly (Zhang et al., 2010). The band at

667 and 424 cm  indicates the presence of V–O–V and…

Conclusions

In conclusion, Ni V O /BiVO  nanocomposite photocatalysts were prepared by hydrothermal method. The XRD, SEM

and TEM characterization results illustrated the formation of the Ni V O /BiVO  nanocomposite without any other

impurities. Furthermore, the optimized 1:2 ratio of Ni:Bi nanocomposite (NB-2) exhibited an excellent photocatalytic

ability among the prepared photocatalysts. This was mainly attributed to the formation of close contact between

Ni V O  and BiVO  which considerably increased…
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Abstract

Photocatalysis is one of the fascinating �elds for the wastewater treatment. In this regard,

the present study deals with an effective visible light active BiYO /g-C N  heterojunction

nanocomposite photocatalyst with various ratios of BiYO  and g-C N  (1:3, 1:1 and 3:1),

synthesised by a wet chemical approach. The as-synthesised nanocomposite photocatalysts

were investigated via different physicochemical approaches like Fourier transform infrared
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(FT-IR), X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive

spectroscopy (EDS), transmission electrons microscopy (TEM), UV–vis diffuse re�ectance

spectroscopy (DRS), photoluminescence (PL) and photoelectrochemical studies to

characterise the crystal structure, morphology, optical absorption characteristics and

photoelectrochemical properties. The photocatalytic degradation ability of the prepared

photocatalytic samples was also analysed through the degradation of RhB in the presence of

visible light irradiation. Of all the synthesised photocatalysts, the optimised CB-1 composite

showed a signi�cant photocatalytic ef�ciency (88.7%), with excellent stability and

recyclability after three cycles. O •− and •OH radicals were found to act a major role in the

RhB degradation using optimised CB-1 composite, and it possessed ~ 1 times greater

photocurrent intensity than the pristine g-C N  and BiYO . In the present work, a direct Z-

scheme heterojunction BiYO /g-C N  with a considerably improved photocatalytic

performance is reported.
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Highlights

• Novel Z-scheme FeMoO /g-C N  heterojunction photocatalysts were

constructed.

• Optimal FeMoO /g-C N  show excellent degradation of Rhodamine B.

• Optimal FeMoO /g-C N  exhibits excellent photostability under visible light.

• h  and O radicals are playing major role in the degradation of RhB.

• Plausible mechanism for direct Z-scheme FeMoO /g-C N  heterojunction was

proposed.

Abstract

A novel FeMoO /g-C N -2D/2D Z-scheme heterojunction photocatalyst was prepared via wet chemical method. The

observed structural morphology of FeMoO /g-C N  reveals the 2D-iron molybdate (FeMoO ) nanoplates compiled with

the 2D-graphitic carbon nitride (g-C N ) nanosheets like structure. The photocatalytic activity of the g-C N , FeMoO ,

and FeMoO /g-C N  composites were studied via the degradation of Rhodamine B (RhB) as targeted textile dye under
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visible light irradiation (VLI). The optimal FeMoO /g-C N  (1:3 ratio of g-C N  and FeMoO ) composite show an

enhanced degradation performance with rate constant value of 0.02226 min  and good stability even after three

cycles. Thus, the h+ and O are the key radicals in the degradation of RhB under VLI. It is proposed that the FeMoO /g-

C N  Z-scheme heterojunction effectively enhances the transfer and separation ability of e /h  pairs, by the way

increasing the photocatalytic efficiency towards the RhB degradation. Thus, the newly constructed Z-scheme

FeMoO /g-C N  heterojunction photocatalyst is a promising material for the remediation of wastewater relevant to

elimination of toxic effect in marine environment.
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Introduction

Recently, a large number of synthetic dyes were used by the developing modern industries like textiles this and

printing industries, etc., using highly hazardous chemicals during the production processes (Jayaraman et al., 2015;

Arumugam et al., 2021; Theerthagiri et al., 2014, 2019, 2021; Naing et al., 2020; Hojjati-Najafabadi et al., 2022a, 2022b;

Mansoorianfar et al., 2022). The generated wastes after the production process containing huge number of synthetic

dyes were directly discharged into the waterbodies without any treatment, which contaminates the aquatic

environment and presents harmful threats to living organisms (Bavani et al., 2021a; Theerthagiri et al., 2017; P. A et al.,

2020; Theerthagiri et al., 2018; Zhang et al., 2022; Baladi et al., 2022; Akhoondi et al., 2021; Rao et al., 2022). Various

biological, physical and chemical methods are employed for the wastewater remediation, some of these methods are

operated with high cost and some other processes produce secondary pollutants. It is more essential to adopt a

treatment without secondary pollutants generation (Senthil et al., 2018; Karuppasamy et al., 2021; Lee et al., 2020;

Madhavan et al., 2019). Semiconductor photocatalysts in the advanced oxidation processes (AOPs) is considered as a

cost effective and environmentally friendly method without producing secondary by-products (Yu et al., 2021;

Mohammadi et al., 2022). Conventionally, titanium dioxide (TiO ) and zinc oxide (ZnO) are benchmark photocatalyst,

owing its inexpensiveness, non-toxicity and greater stability. However, its wide bandgap energy (E ) is unfavourable for

visible light absorption (VLA), to address this issue, its essential to develop semiconductors with more VLA. For that,

more research attention has been devoted by the researchers worldwide (Senthil et al., 2017; Pasternak and Paz, 2016;

Nemiwal et al., 2021). Recently, g-C N  has gained significant consideration, due to its high stability, strong reduction

ability, specific electronic properties and inexpensiveness. However, the metal free g-C N  has moderate E  values

(∼2.7–3.0 eV), photocatalytic ability is still not satisfactory, due to the fast reconnection rate of photoexcited e /h  pairs,

which is major barrier of the single semiconductor photocatalyst (Jiang et al., 2018; Theerthagiri et al., 2015). For this,

construction of heterojunction with another semiconductor photocatalyst is an operative strategy to increase the

photocatalytic degradation efficiency. Various composite like g-C N /Ni V O  (Vesali-Kermani et al., 2020a), g-

C N /BiVO  (Li et al., 2019), g-C N /BiOBr (Shi et al., 2020), g-C N /BiOI (Liang et al., 2021), g-C N /Bi MoO  (Vesali-
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Kermani et al., 2020b), V O /g-C N  (Shawky et al., 2021) and Bi WO /g-C N  (Guo et al., 2018) exhibits superior

photocatalytic performance towards the organic and inorganic pollutant degradation under VLI. Recently, Guang et al.

designed Z-scheme Bi O /g-C N  heterojunctions using in-situ thermal polymerization method for the degradation of

methylene blue under VLI. As a result, Z-scheme Bi O /g-C N  heterojunction photocatalyst possesses greater

photocatalytic degradation performance compared than pure Bi O  and g-C N  (Fan et al., 2021). Similarly, Yuzhen et

al. used impregnation-calcination method to prepare BiVO /g-C N  heterojunction Z-scheme photocatalyst to evaluate

the catalytic degradation of malachite green under VLI (Li et al., 2021). On the basis of obtained results, the constructed

Z-scheme heterojunction between BiVO  and g-C N  exposed an improving photocatalytic activity by an efficient

separation of charge carriers. The FeMoO  is a semiconductor with excellent redox nature, thereof it is used as

electrode material in supercapacitor and photocatalytic degradation as well as hydrogen production reactions. Due to

low cost and easy availability with appropriate bandgap energy value (E  = ∼1.6 eV) of FeMoO , it is chosen to combine

with g-C N .

Herein, we fabricated the FeMoO /g–C N –2D/2D Z-scheme heterojunction photocatalyst using wet impregnation

method. A series of FeMoO /g-C N  composite are synthesized through differentiating the ratio 1:3, 1:1, 3:1 of FeMoO

and g-C N . Further the synthesized FeMoO /g-C N  composites are employed to the RhB degradation in the existence

of VLI. The experimental outcomes reveal that the prepared FeMoO /g-C N  composite possess excellent photocatalytic

ability towards RhB degradation. Furthermore, a feasible mechanism for Z-scheme FeMoO /g-C N  heterojunction

towards the RhB as targeted textile dye degradation under VLI also been included.

Section snippets

Synthesis of g-C N

g-C N  was synthesized using thermal condensation method by heating 5 g of melamine at heating ramp of 15 °C per

minute in a tubular furnace at 550 °C for 4 h. Then, the attained yellow colour of g-C N  was powdered for further

use.…

Preparation of FeMoO  photocatalyst

FeMoO  nanocomposite was synthesized by taking equal ratio of ferrous sulfate heptahydrate (FeSo4.7H2O) and

sodium molybdate dihydrate (NaMoO ·2H2O) and separately dissolved in 30 mL of deionised (DI) water. After that,

these two solutions were mixed well with 60 min …

Structural analysis

FTIR was studies conducted to classify the functional groups of photocatalytic samples. Fig. 1 shows the FTIR spectra of

pristine FeMoO , g-C N , and FeMoO /g-C N  composite photocatalysts. g-C N  shows the broad absorption peaks

observed at 3078 to 3246 cm  corresponds to the presence of -N-H and -O-H stretching vibrations (Fig. 1a). The sharp

peaks appeared at 1203 and 1312 cm  are owing to the -C-N stretching vibration and 1471 and 1532 cm  reveals the

existence of –C N stretching band.…

Conclusions

In conclusion, the Z-scheme 2D/2D-FeMoO /g-C N  heterojunction composite was constructed through wet chemical

process and its photocatalytic ability on the RhB degradation was evaluated under VLI. Morphological studies illustrate

the 2D/2D-FeMoO  nanoplate on g-C N  nanosheet structure. The optimized FMCN-1 composite presents higher
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photocatalytic degradation efficiency (79%) with 0.02226 min  apparent rate constant value. Also, it possesses 1.24-

and 1.13-times higher photocurrent intensity…
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Abstract

Construction of the Z-scheme heterojunction photocatalyst achieved highly improved

photocatalytic ability by its high redox ability of the photoinduced e−-h+ pairs. In the study,

Z-scheme g-C N /BiYWO  heterojunction photocatalyst is prepared by the single-step

hydrothermal method. Further, its photocatalytic ability was assessed by degrading
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methylene blue under visible light exposure. Particularly, the optimized 30 wt% of g-C N  in

the g-C N /BiYWO  composite exposes almost complete degradation after 90 min, that is ~ 

3.0 times greater than the bare BiYWO  and g-C N  with the rate constant value 0.032 min−1.

Experimentally, the radical trapping studies indicate O ·− and ·OH radicals are playing a vital

role in the photocatalytic degradation process. Also, the Z-scheme g-C N /BiYWO

heterojunction photocatalyst exhibits excellent photoelectrochemical property and it is

stable after 5 cycles, which indicates its good reusability nature. These enhancements are

due to the newly formed heterostructure that facilitates the migration and separation

ef�ciency of the photoproduced e−-h+ pairs. Hence, the synthesized Z-scheme g-

C N /BiYWO  heterostructure could be an excellent material for wastewater remediation

works.
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Highlights

• A cost effective graphene supported NiS /MoS  heterostructure were prepared

by hydrothermal and wet-chemical method.

• The NiS /MoS @GNS showed good catalytic behavior for HER in 1.0 M KOH.

• The catalyst achieved low overpotential of 130 mV at 10 mA cm  in 1.0 M KOH.

• The NiS /MoS @GNS exhibited long-term stability for 10 h.

• The NiS /MoS @GNS composite has been used good alternative for hydrogen

evolution reaction.

Abstract

Modified bimetallic chalcogenides with numerous active sites of appropriate structures for extensive water splitting in

alkaline hydrogen evolution reaction (HER) are quite challenging. In this study, we have designed a graphene nano-

sheet anchored NiS /MoS  heterostructure through a facile two-step method and have employed them towards HER. To

evaluate the performance of the NiS /MoS @GNS, The crystalline phase, morphology and material purity are evaluated

by XRD, SEM, high resolution transmission microscopy HR-TEM and EDS. In addition, the electrochemical performance

of the as-synthesized NiS /MoS @GNS composites and other electrocatalysts are tested towards the HER in 1 M KOH

electrolyte. It is noted that the graphene nano-sheet (GNS) anchored NiS /MoS  composite shows an excellent
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electrocatalytic activity with a less overpotential of 130 mV at current density (|j|) of 10 mA cm  and a low Tafel slope

of 40 mV dec  compared with pristine NiS /MoS  material (141 mV at 10 mA cm  and Tafel slope of 48 mV dec ).

Furthermore, it possessed good stability for 1000 cycles and performed time-dependant current density for 10 h at a

limited overpotential of 130 mV. The high synergistic effect between NiS /MoS  and GNS in promotion of hydrogen (H )

generation efficiency is ascribed to more active sites, low charge transfer resistance and great electrochemical kinetics

which justified the use of NiS /MoS @GNS hybrid material as a best alternative to replace noble metal for efficient HER.
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Introduction

The usage of fossil fuel energy and environmental pollution stimulated the great attention of alternative and

sustainable energy sources. In this context, hydrogen has been considered as a source of green energy with the benefits

of free-carbon emission, high energy density, renewability and ecological sustainability. It can be applied as a

promising candidate to moderate climate change and to improve energy utilization productivity [1,2]. The

electrochemical water splitting is most promising research hotspot to generate molecular hydrogen (H ) in recent years

[[3], [4], [5]]. Achieving large-scale and economic water splitting depends on efficient electrocatalyst with cost

effectiveness and great durable properties that can greatly speed up the two half-cell reactions comprising of hydrogen

evolution reaction (HER) and oxygen evolution reaction (OER) [[6], [7], [8], [9]]. So far, noble metal based catalysts such

as Pt, Ru, Rh, Ir and Pd are regarded as the most promising HER candidates. Among them, Pt and Pt based materials

have been confirmed as significant candidate for efficient HER [[10], [11], [12]]. In general, hydrogen generation by

electrolysis of water have been great challenge, owing to the restriction of noble metal usage, cost effectiveness and

low natural abundance. Therefore, the new material design with high stability, activity and less expensive non-noble

metals is the best option for the wide practical application of water electrolysis.

Transition metal sulphides (TMS) such as NiS , CoS  and MoS  have been widely reported in different application due

to its exclusive electronic and mechanical properties that provides an enormous potential in catalysis behaviours,

supercapacitors, photocatalysis and hydrogen storage devices [[13], [14], [15], [16], [17], [18], [19], [20]]. Among TMS, 2-

D layered transition metal sulphides with coupled layer through a weak Van-der waals force had quietly developed as

effective catalytic materials for HER due to its high electrochemical stability and less expensive in price [21]. Recently,

bimetal sulphides and their heterostructures have shown accessible HER properties due to the easy reliability and high

abundancy of the active sites delivered by both the metal sulphide constituents [[22], [23], [24]]. Moreover, the

structure modification between the two components in heterostructure establishes a synergistic effect owing to more

active surface area and remodification of the electronic structure that also improves the HER behaviour, correlated to

their individual counterpart [[25], [26], [27]]. For instance, Zhang et al. [28] has demonstrated an excellent
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electrocatalytic water splitting reaction on MoS /Ni S  heterostructure interface in alkaline condition. Likewise, the

lattice interfaces in NiS /MoS  heterojunctions were reported to be optimum in separation of water under broad pH

condition [29]. Chen et al. [30] have developed an interface engineering strategy on NiS@MoS  microsphere to

construct an excellent and stable electrocatalyst for efficient HER in both acid and alkaline media. They reported on the

synergy between MoS  nano-sheet and NiS  plates, favour the chemical sorption of hydrogen. Which minimized the

reaction barriers and enhanced the HER process.

Carbon based materials have adjustable molecular structure, great surface area and excellent electrical transfer and

nontoxicity, and are widely utilized in the energy conversion field in both OER and HER [31]. In this context, graphene

and graphene-based nanocomposites have been utilized as heterogeneous electrocatalysts due to their unique

physicochemical properties such as superior electrical conductivity, tunable pore size, adequate mechanical strength,

and specific surface area, inertness toward side reactions, and able to synthesize in various shapes and sizes. However,

compared with transition metal-based catalysts, the carbon substance still endows low catalysis function and requires

more overpotential to reach a maximum |j| of 10 mA cm . In order to further modify the electrocatalyst, carbon nano-

composite materials are essential for the design of active metal phase structures. Various cost effective less expensive

transition metal based carbon composites such as FeSe /GO [32], Ni Fe Se /MWCNT [33], Ni N/Ni@C [34], Co-

NRCNTs [35], and WON@NC are been reported in the work [36]. Recently, many researchers have reported that the

graphene made by a simple hydrothermal approach, provides good electrical conductivity, easy modifiable

characteristics and a good supporting material for transition metal-based catalyst in efficient water electrolysis

process. Ji et al. [37] developed MoS /CoS  heterostructure embedded on N-doped carbon nanosheets. This material

has showed excellent catalytic activity at an optimum potential range of 215 mV to attain a maximum |j| of 10 mA cm .

Zhou et al. [38] designed a NiS/NiS  heterostructure grown on N-rGO nano-sheets, which exhibited superior catalytic

performance by interfacial contact between NiS/NiS  and N-rGO for enhanced HER application.

In this study, we have designed a graphene-supported NiS /MoS  heterostructure using hydrothermal and wet-

chemical approaches for HER application under alkaline medium. The electrocatalytic HER performance of as-prepared

material was tested via CV half-cell technique in alkaline electrolyte and the achieved results revealed the well

formation of desired alternate electrocatalyst for hydrogen generation.

Section snippets

Materials and reagents

Sodium molybdate dihydrate (Na MoO .2H O) was received from Sigma-Aldrich, India. Nickel nitrate hexahydrate

(Ni(NO ) ·6H O), Thiourea (CH N S), Chloroform (CHCl ) and metallic copper powder (Cu) were obtained through SD

Fine-Chem Ltd, India. Nafion solution (5%) was received through Sigma-Aldrich, India to make the catalytic ink. Ethanol

(C H OH) was bought from Merck Specialties Pvt. Ltd, India. Deionized (DI) water was served as a solvent in the entire

synthesis and purification process.…

Synthesis of NiS /MoS  heterostructure

In…

Powder XRD studies

The XRD pattern of the as-acquired powder of MoS , NiS /MoS  and NiS /MoS @GNS were exclusively studied by X-ray

powder diffraction method. As presented in Fig. 2, the XRD peaks at 2θ position clearly indicated the planes indexed to

(111) (200) (201) (211) (220) (311) (222) (023) of the cubic phase of NiS  [PDF 65–3325], [40]. The typical diffraction
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peaks of MoS  [PDF 37–1492] are confirmed to corresponding lattice planes of (002) (100) (103) and (110) respectively

[41]. In another spectrum of …

Conclusions

In summary, we have synthesized a non-noble metal and effective NiS /MoS  nano-sphere using one step

hydrothermal method. The NiS /MoS  heterostructure was composited with carbon network of graphene nano-sheet

to form NiS /MoS @GNS nano-flower by a simple wet-chemical method. The NiS /MoS @GNS composite was further

utilized as an excellent electrode material towards HER in 1 M KOH electrolyte. The obtained electrochemical results

exposed the enhanced NiS /MoS @GNS qualities of the composite…
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Highlights

• BiOBr/Bi Y WO  nanocomposites are prepared by one-pot hydrothermal

method.

• BiOBr/Bi Y WO  shows remarkable photocatalytic degradation activity

towards MB under visible light.

• OH and h  radicals are playing major part in the MB degradation process.

Abstract

A visible light driven BiOBr/Bi Y WO  nanocomposite photocatalyst of various compositions are prepared by the

addition of different amounts of KBr (0.5, 1.0, 1.5, 2.0 mmol) in Bi Y WO  by a one-pot hydrothermal method.

Furthermore, the photocatalytic properties of the as-prepared materials are analyzed by the decomposition of

methylene blue under visible light illumination. In particular, the BiOBr/Bi Y WO  nanocomposite prepared by taking

1.5 mmol of KBr present a superior photocatalytic ability (78.3%) with the rate constant value 0.016 min , a low

bandgap (E  = 2.51 eV) as well as photoluminescence emission intensity than other photocatalysts prepared in this

study. The radical scavenging studies revealed that OH and h  performed an imperative role in the decomposition of

methylene blue. Furthermore, the optimized photocatalyst is stable even after four cycles, which exposes the excellent

photostability and reusability properties of the photocatalyst. In addition, a plausible mechanism of decomposition of

methylene blue under visible light irradiation is also proposed.
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Introduction

Water is the vital source to the human being. Nowadays, the need of the resource increases with increasing industries

and population. Currently, modern industries uses large amount of synthetic organic dyes to improve their product

quality, which ends up toxicity and diseases threatening to human being and animals (Leena and Rajubhai, 2017; Ge et

al., 2019; Koutavarapu et al., 2021, 2022a, 2022b). Dye waste effluents contains high quantity of hazardous organic

water pollutants that are directly released into the aquatic environment, thus limiting the sufficiency of the potable

water. So, it is needed to eliminate the waste contaminants of the discharged effluents from the water bodies.

Nowadays, the development of material science is prominently connected with the saving of energy, low cost and

natural approachability (Babu et al., 2021; Babu et al., 2020; Theerthagiri1 et al., 2019; Ray et al., 2020; Bavani et al.,

2021a). The advanced oxidation process (AOP) is one such method that is extensively used to degrade the

contaminants without producing secondary pollutants and has been considered as a potential solution to tackle

environmental crises (Bavani et al., 2021b; Senthil et al., 2018, 2019a; Wu et al., 2017; Landge et al., 2021; Caglar et al.,

2021). To imply this method, semiconductor oxide photocatalysts like TiO  and ZnO are commonly used. However, due

to their wide bandgap energy their degradation efficiency is limited in the visible region. This disadvantage led to a

strong impetus to the growth of the visible light active photocatalysts (Chowdhury and Shambharkar, 2020;

Palanisamy et al., 2021; Liu et al., 2021; Priya et al., 2019).

Presently, bismuth-based semiconductor photocatalysts BiFeO  (Malathi et al., 2018a), BiFeWO  (Priya et al., 2018),

Bi MoO  (Lia et al., 2019), BiYWO  (Han et al., 2018a), Bi S  (Xu et al., 2018), BiVO  (Chala et al., 2014), BiPO  (Zhu et al.,

2017), Bi WO  (Ju et al., 2014) and BiOX (X = F, Cl, Br, I) (Alzamly et al., 2019; Han et al., 2018b; Hao et al., 2020; Malathi

et al., 2018b) are getting quite consideration, owing to its low cost, greater stability, high activity and nontoxicity.

Specially, BiYWO  has perovskite layered structure with low bandgap energy and a wide visible light absorption (VLA)

characteristic. But, the photocatalytic activity (PCA) of BiYWO  is still constricted by its low charge separation and rapid

rejoining of the photoexcited e -h . Hence, it is imperative to devise an operative approach to improve the separation

ability and to reduce the rejoining of photoproduced e /h  pairs, to stand with greater photocatalytic degradation

ability of BYW in the visible region. The literature survey revealed the construction of heterojunction would

considerably improve the charge migration and suppress the rapid rejoining of the e /h  pairs. Thereby, various hetero-

structured materials like WO /AgCl (Senthil et al., 2019b), NiO/BiOI (Hu et al., 2020a), BiFeWO /BiOI (Malathi et al.,

2017), MoS /BiOI (Hu et al., 2020b), BiOCl/AgBr (Chang et al., 2018), CdWO /BiOI (Song et al., 2017), Bi MoO /ZnO

(Zhang et al., 2019) composite photocatalysts were reported to exhibit an enhanced photocatalytic ability and greater

photostability.
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Of the above mentioned photocatalysts, BiOX (X–F, Cl, Br, I) are gaining popularity among researchers, owing to its

nontoxic, environmental friendly, low cost, nature and greater photodegradation efficiency towards the pollutants

(Priya et al., 2018). In particular, the BiOBr possesses unique layered structure with suitable bandgap (∼2.75 eV) and

greater photostability as a good visible-light driven photocatalyst. Hence, BiOBr is chosen to combine with BiYWO ,

which is expected to show an excellent photodegradation efficiency by reducing electron-hole rejoining rate and

improved charge transfer kinetics. Additionally, the previous reports of BR based composite photocatalysts like

BiOBr/ZnO/BiOI (Zarezadeh et al., 2019), BiSbO /BiOBr (Wang et al., 2019), CuBi O /BiOBr (Huang et al., 2020),

BiOBr/ZnO (Geng et al., 2017), BiOBr/β-Bi O  (Xu et al., 2019), WO /BiOBr (Ling and Dai, 2020), SrTiO –BiOBr (Kanagaraj

and Thiripuranthagan, 2017), etc., were proved to show excellent PCA towards the decomposition of organic waste in

the aquatic environment. Recently Wang et al. prepared Sb WO /BiOBr 2D-nanocomposite photocatalyst by

precipitation-deposition method at room temperature. Further, its photocatalytic activity was evaluated towards the

oxidation of NO. Here, the formation of S-scheme between the Sb WO  and BiOBr enhances the photocatalytic activity

under VLI (Wang et al., 2020). Meng et al. fabricate BiOBr/Bi WO  heterojunction photocatalyst by one-step

hydrothermal method. Then, the photocatalytic performance of BiOBr/Bi WO  heterojunction photocatalyst was

investigated by the degradation of RhB under visible light exposure and its photocatalytic activity was significantly

improved than the pure BiOBr and BiWO  (Meng and Zhang, 2015). Hence, the BiOBr is a suitable material to couple

with the BiYWO , which may expected to reduce the rapid reconnection of the e /h  pairs to improve the

photocatalytic activity of the composite photocatalyst than the pure BiYWO  and BiOBr. In the present study, we have

prepared series of BiOBr/Bi Y WO  composite (BYWBR) photocatalysts by one-pot hydrothermal method by varying

the amount of KBr (0.5–2.0 mmol). Finally, the PCA of the BYWBR composite was explored against the decomposing

methylene blue dye, which revealed the BYWBR composite with enhanced PCA and stability than the pure Bi Y WO

and BiOBr photocatalysts. Currently, there are lot of research works related to BiOBr and a few on Bi Y WO , but no

reports on the compiste between these two materials i.e., BYWBR for the degradation of organic dyes. Therefore, the

newly designed BYWBR composite photocatalyst could be contemplated as a promising material to imply towards the

remediation of wastewater. A plausible mechanism explaining the degradation of methylene blue using BYWBR

composite photocatalyst has also been presented.

Section snippets

Materials

Sodium tungstate dihydrate (Na WO ⋅2H O), potassium bromide (KBr), yttrium nitrate hexahydrate (Y(NO ) ·6H O)

and bismuth nitrate pentahydrate (Bi(NO ) ·5H O) were acquired from Sigma-Aldrich. Ammonium oxalate, sodium

hydroxide (NaOH) and isopropyl alcohol (IPA) were obtained from SDFCL. Nitric acid (HNO ), methylene blue (MB),

Triton X-100 and benzoquinone were procured from Qualigens. All these chemicals were used without any

purification.…

Synthesis of BiOBr nanoparticles

The pure bismuth oxybromide (BiOBr) nanoparticles were …

FT-IR studies

The Fourier transformation infrared spectroscopy is a versatile method to identify the functional groups of the

materials. In Fig. 2 the pure BYW shows peaks at 546, 1350 and 716 cm  corresponding to Bi–O and Y–O symmetric

stretching and W–O–W bending vibrations respectively. The peaks located at 1610 and 3466 cm  are owing to the O–H
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bending and stretching vibrations. In the case of bare BR, the peak obtained at 500-1000 cm  codes to the symmetric

stretching of Bi–O bond and the band at…

Conclusions

In this work, a novel BiOBr/Bi Y WO  nanocomposite was fabricated using a simple one-pot hydrothermal synthesis

method by varying the amount of KBr (0.5–2 mmol) and its PCA is assessed through the decomposition of MB under

VLI. Here, the PCA of the BYWBR nanocomposite photocatalyst has shown greater degradation ability than that of bare

BR and BYW. Among all photocatalysts, BYWBR with 1.5 mmol KBr showed a superior photocatalytic degradation

performance of 78.3% with higher rate constant…
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Abstract

Visible light active 1D/2D-NiMoO /BiOI nanocomposite photocatalyst has been constructed

by single step solvothermal method. Various compositions of NiMoO /BiOI nanocomposites

are prepared by loading different amounts of nickel molybdate (NiMoO ) (1, 2, 3 wt%) to the

bismuth oxy iodide (BiOI) and investigated by XRD, FTIR, SEM, EDAX, TEM, UV–vis DRS,
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and PL analysis. Among the as-prepared photocatalysts, 1 wt% NiMoO  incorporated BiOI

(NMBI-1) showed superior photocatalytic activity with a rate constant of 0.0442 min−1 for

methylene blue degradation. While the bandgap values of pure BiOI and NiMoO  are 1.94 and

2.43 eV, respectively, the optimized NMBI-1 exhibited a lower bandgap energy of 1.64 eV, and

showed about 2 and 3.7 times higher photodegradation ability than the pure NiMoO  and

BiOI, respectively, towards MB removal under visible light. The NMBI-1 nanocomposite

photocatalyst is stable even after four cycles, indicating an excellent photostability and

recyclability. Charge carriers on the interface of NiMoO  and BiOI easily transferred via the

newly formed heterojunction, thereby increasing the photocatalytic performance.

Photochemically formed h+ and.OH are found to be the major species in the MB removal

under visible light illumination. Therefore, the 1D/2D-NiMoO /BiOI nanocomposite

photocatalyst materials may be considered for the wastewater remediation processes.
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Highlights

• Flower-lik P-doped rGO supported CoS/CoS  heterostructure were obtained via

simple hydrothermal method.

• The rGO-CoS/CoS  @ P5 delivered superior HER activity at low overpotential of

148 mV in acid electrolyte.

• Excellent long-term durability with negligible variation in current density after

20 h chronoamperometry analysis.

• The rGO-CoS/CoS  @ P5 composite can be used as a good alternative for water

splitting process.

Abstract

The electrochemical efficacy of an electrocatalyst can be improved by an elaborate surface modification. In this study,

phosphorus co-doped reduced graphene oxide embedded (rGO) flower like CoS/CoS  heterostructures have been

prepared, via one step hydrothermal process, by taking different mole ratio of phosphorus source for excellent

hydrogen evolution reaction (HER) in acid solution. The as-fabricated catalysts are studied by XRD, FT-IR, XPS, SEM,
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EDS, and HR-TEM analyses. The rGO-CoS/CoS  @P5 (5 mmol) catalyst exhibits a superior catalytic behavior for HER with

a less overpotential (148 mV), low Tafel slope (44 mV dec ) and enhanced cyclic durability (1000 cycles) in acid

condition in comparison with other composition. The synergetic effect of hetero-interface and rapid charge transfer

through rGO on the active sites of CoS/CoS  have improved the HER efficiency. This study demonstrated that the

component of rGO and P-incorporation on CoS/CoS  interface offered an achievable yet easy strategy to synthesize

platinum (Pt) free metal-based heterostructured catalyst as the favorable electrode material in sustainable energy

applications.

Graphical Abstract

Download : Download high-res image (���KB)
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Introduction

With rapidly increasing human population and extensive usage of fossil fuels, environmental pollution and energy

demand are considered as the most significant universal issues [1], [2], [3]. As a clean energy source with high density

and zero carbon emission (CO ), hydrogen (H ) is considered to be the best potential candidate to replace fossil fuels in

the future [4]. Among different methods of hydrogen production, electrocatalytic water splitting has proven to be a

sustainable approach for producing hydrogen with high purity. In this field, the performance of the electrocatalyst is

highly significant. Generally, Pt is the most efficient and stable electrocatalyst for hydrogen evolution reaction (HER) in

acidic media. However, due to scarcity and high cost, the practical use of Pt-based catalysts has been severely

hampered [5]. So there exists an urgency to prepare affordable, highly efficient and high active catalysts for hydrogen

evolution reaction (HER) in acid media in order to bring this process to commercial level [6], [7].

Recently, several research attempts to replace Pt-based materials have been reported [8], [9]. Among the various noble

metal-based catalysts, transition metals, such as, Ni or Co have attracted significant attention since they exhibit good

catalytic activity in the acid mrdia HER process wowing to their unoccupied and unpaired electrons in the d‐orbitals

[10], [11], [12]. In particular, Co-based catalytic materials are recognized as promising non-noble metal catalysts for

HER with a robust current density with low overpotential and notable long-term stability [13]. Interface engineering is

one such most promising method to achieve high efficiency HER catalyst through heterojunction that generates

concerted electric field, thus improving the electron conductivity and charge distribution on the heterointerface [14],

[15], [16], [17], [18]. By means of electronic modification, the heterostructure can be explored to activate its intrinsic

behavior. Information on extensive physical properties of the heterostructures have been broadly used in the catalyst

field, and also helps in improving the electrocatalytic activity [19], [20], [21], [22]. Yang et al. reported NiS@CoS

heterostructure on a carbon cloth substrate which resulted in a maximum number of widely distributed tiny pores all

over the core-shell structure [23]. The free energy of hydrogen absorption and more active edge sites are essential
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properties for an efficient electrocatalyst towards HER. Tang et al. [24] developed a facile self-assembled and self-

supported MoS /CoS  heterostructure with a remarkable HER activity in a broad pH electrolyte. They reported that

Gibbs’s free energy of hydrogen adsorption and energy barrier for water dissociation are dramatically reduced by

strong crystal interactions between MoS  and CoS . Wang et al. fabricated a 3D hierarchical NiS /MoS  heterostructure

on carbon fiber paper via facile two-step method which demonstrated an efficient hydrogen evolution reaction with

superior catalytic behavior through efficient electron transfer on the active edge sites [25].

Various modifications, such as, incorporation of other materials, doping non-metallic elements and compositing with

carbon supports are reported to improve the HER activity [26], [27], [28], [29]. Among them, doping of elements has

been considered as the most promising approaches in the development of the electrocatalyst with increased electron

conductivity and active sites [30], [31]. The hetero atoms, such as, nitrogen (N), phosphorus (P) and sulphur (S) are

usually employed as a dopant to metal sulphides for sustainable energy storage and conversion applications [32], [33],

[34], [35]. Among these, P-doping for altering the electron density of metal sulphide is beneficial for electrocatalytic

activity [36], [37], [38], [39]. Further, combining the carbon based materials, such as, carbon fiber paper (CFP) [40], [41],

[42], reduced graphene oxide (GO) [43], [44], multiwalled carbon nanotube (MWCNT) [45], [46], [47] and carbon cloth

(CC) [48], [49], [50] with transition metal based catalysts improves the surface area of the electrocatalyst. The P atom

creates a close connection to S element in metal sulphide as its atomic radius and electronegativity are closer to those

of S [51]. Hence, the synthesis of materials by compositing P and C with CoS  is expected to increase the active sites

and electron conductivity to enhance the electrochemical efficiency towards HER.

In this work, we have followed a facile route for the fabrication of phosphorus co-doped reduced graphene oxide

embedded CoS/CoS  heterostructure as an effective electrocatalyst for HER in acid solution. A series of rGO-CoS/CoS

@P materials with different mole ratios (1, 3, 5, and 7 mmol) of P were prepared through a simple hydrothermal

method and their electrochemical activities for HER were explored in 0.5 M H SO  electrolyte.

Section snippets

Chemicals

Chemicals and reagents of analytical grade, without any further purification, were used to prepare aqueous solutions.

Cobalt nitrate hexahydrate (Co(NO ) .6 H O) and sodium dihydrogen phosphate (NaH PO  H O) were bought from

Himedia Chemical Laboratories Pvt. Ltd, India. Thiourea (CH N S) was purchased from SD Fine-Chem. Ltd, India.

Ethanol (C H OH) was obtained from Merck Specialties Pvt Ltd, India. Nafion solution (5%) was procured from Sigma-

Aldrich, India to make the catalytic ink. Double…

X-ray diffraction studies

The crystalline structure of rGO-CoS/CoS  @P composites were investigated using XRD studies. As shown in Fig. 2, the

sharp diffraction peaks noted for rGO-CoS/CoS  @P are clearly matching with the characteristic JCPDS patterns for

hexagonal phase of CoS (JCPDS No. 65-0407) and cubic phase of CoS  (JCPDS No. 65-3322). The crystalline peaks at 2θ

= 30.6, 35.3, 46.9 and 54.4° are indexed to the (100), (101), (102) and (110) planes of CoS and the peaks appearing at 2θ

= 27.8, 32.3, 36.2, 39.8,…

Conclusions

Phosphorus co-doped reduced graphene oxide embedded flower-like CoS/CoS  heterostructure has been investigated

as an efficient HER catalyst in acid media. The catalysts were synthesized using a fixed concentration of rGO and

different ratios of NaH PO  (1, 3, 5, 7 mmol) by a simple one step hydrothermal method. The synthesised materials
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were characterized through different techniques, viz., XRD, FT-IR, SEM, HR-TEM, XPS and EDS analyses. The prepared

rGO-CoS/CoS  @P5 composite exhibited a flower …
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Abstract

Eliminating harmful organic pollutants from contaminated water remains an urgent problem to be solved. Taking

Rhodamine B (RhB) as a representative organic water pollutant we sought to design a facile and scalable synthesis of a

BiFeO /CeVO  (BFO/CVO) nanocomposite catalyst for the degradation of organic pollutant under visible light. BFO

nanorods and CVO nanoparticles were fabricated using single-step hydrothermal routes and the resulting materials

could be easily combined using a simple wet-chemical precipitation method. From the morphological studies, pure

BiFeO  and CeVO  revealed the 1D-nanorod and 0D-nanoparticles, respectively. For the BFO/CVO composite, 0D-

nanoparticles were well attached on the 1D-nanorods of BiFeO . Also, the 10 % BFO/CVO composite provided efficient

photodegradation efficiency (92 %) of RhB with 0.0225 min  rate constant. Furthermore, the obtained photocatalyst

had a low band gap energy value (2.01 eV) and photoluminescence intensity when compared to pure BFO and CVO

under visible light illumination. The radical scavenging experiments proposed that the OH acted a substantial role in

the RhB decomposition pathway. The optimized BFO/CVO composite photocatalyst exhibits superior recyclability and

photostability. The superior photocatalytic action of the 10 % BFO/CVO composite could be explained by the

development of a heterojunction among BFO and CVO where electrons can migrate at the BFO/CVO interface. These

results imply that BiFeO /CeVO  composites are suitable photocatalysts for the elimination of organic toxins from

water.

Keywords

3 4

a b c d e

f g d a d

Share Cite

3 4

3 4

3
−1

•

3 4

4/26/24, 11:50 AM Synergistic combination of BiFeO3 nanorods and CeVO4 nanoparticles for enhanced visible light driven photocatalytic activity - S…

https://www.sciencedirect.com/science/article/pii/S1110016823002983?via%3Dihub 1/23

https://www.sciencedirect.com/science/article/pii/S1110016823003022
https://www.sciencedirect.com/science/article/pii/S1110016823002958
https://www.sciencedirect.com/journal/alexandria-engineering-journal
https://www.sciencedirect.com/journal/alexandria-engineering-journal/vol/72/suppl/C
https://www.sciencedirect.com/author/6603045211/bernaurdshaw-neppolian
https://www.sciencedirect.com/author/9041502300/myong-yong-choi
https://doi.org/10.1016/j.aej.2023.04.024
https://s100.copyright.com/AppDispatchServlet?publisherName=ELS&contentID=S1110016823002983&orderBeanReset=true
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.sciencedirect.com/topics/engineering/nanocomposite
https://www.sciencedirect.com/topics/engineering/nanorod
https://www.sciencedirect.com/topics/engineering/photodegradation
https://www.sciencedirect.com/topics/engineering/photocatalysts
https://www.sciencedirect.com/topics/engineering/band-gap-energy
https://www.sciencedirect.com/topics/engineering/recyclability
https://www.sciencedirect.com/topics/engineering/heterojunctions
https://www.sciencedirect.com/


Photocatalysis; Visible light; Nanocomposites; Wastewater remediation; Recyclability

1. Introduction

Rapid increases in population and industrialization are considered to be significant sources of land and surface water

pollution [[1], [2], [3], [4]]. Speaking in generalities, the cosmetics, pharmaceutical, textile, leather, pesticide, food

industries contribute the most to environmental water contamination. One of the biggest pollutants from the textile

industry are organic dyes. Even the very small concentrations that are discharged are hazardous because these

molecules are carcinogenic and mutagenic in nature. These discharges severely affect the aquatic environment, and as

many food chains link back to an aquatic environment, many living organisms can also be affected. To date, several

approaches have been evaluated for reducing organic contaminants, such as dyes, from water, including: activated

carbon, reverse osmosis, and ultrafiltration. However, these techniques do not destroy the water pollutants and tend to

produce other types of secondary pollution instead [[5], [6], [7], [8], [9]]. For eliminating the organic pollutants, several

methods have been explored, such as photocatalytic degradation using an oxidation treatment using visible light

irradiation (VLI) in the presence of effective semiconductor material [[10], [11], [12], [13], [14], [15]]. Several research

groups have focused on developing semiconductor materials for photocatalytic degradation because these reactions

tend to be faster and highly eco-friendly [[16], [17], [18], [19], [20]]. Visible light is readily available from green sources

and can convert the organic pollutant into harmless products without further environmental toxification.

Semiconductor materials like TiO  and ZnO are commonly utilized potential candidates for photocatalytic

decomposition of organic contaminants. However, their large band gaps restrict absorption in the visible region, and

the photocatalytic degradation efficacy of these semiconductors is still poor [[21], [22], [23], [24], [25], [26]]. To combat

this, an enormous volume of work exploring an effective photocatalytic material with improved photocatalytic

behavior toward the decomposition of organic contaminants is available [[27], [28], [29]]. Among the different visible

light responsive photocatalytic semiconductors identified, bismuth-based semiconductor photocatalysts, such as

Bi WO  [30], BiOBr [31], Bi MoO  [32], and CaBi O  [33], appear to be very active materials for the organic

contaminates decomposition in an aquatic environment. In particular, BiFeO  (BFO)-based materials have attracted

significant attention due to their convenient electronic structure and appropriate optical behavior, making them

potentially suitable for application in novel solar cells, photodegradation, optoelectronic devices, and sensors [34]. The

Fermi-level of BFO lies near the valance band, which makes it a promising visible light catalyst. BFO has a low band gap

energy (∼2.1–2.2 eV), is chemically stable, non-toxic, relatively inexpensive to produce, and possesses outstanding

ferro-electronic properties even at ambient temperatures [35]. Unfortunately, studies have shown that BFO is

unsuitable for large-scale photocatalysis applications due to its high rate of e –h  pair reconnection, low quantum

yield, and tendency for BFO nanoparticles to aggregate in water [[30], [31], [32], [33]]. To address these challenges,

numerous researchers have developed new methods to eenhance the photocatalytic efficacy of BFO nanoparticles.

These approaches include doping BFO with other metal and non-metal composites and semiconductors, co-catalyst

loading, and creating heterostructures to improve the separation of e  and h  [36]. Accordingly, some heterostructure

composite photocatalysts have been found to exhibit improved photocatalytic efficiency and photostability:

BiFeO /BiOI [37], BiFeO /AgVO  [38], BiFeO /BiVO  [39], BiFeO /BiOCl [40], and CoNiO –BiFeO –NiS [41].

For many of the same reasons to BFO, cerium vanadate (CeVO ), abbreviated to CVO, is of equal research interest. CVO

is a good visible light semiconductor photocatalyst with non-toxic and environmentally friendly properties that is

relatively inexpensive to produce [42]. CVO also possesses a special layered structure with an appropriate bandgap

(∼1.9 eV) and better photostability characteristics than BFO [43]. Previous reports on CVO-based composite

photocatalysts, like Ag@CeVO  [44], CeVO /BiVO  [45], Fe O /ZnWO /CeVO  [46], CeVO /TiO  [47], La O /CeVO @HNTs

[48], CeVO /g-C N  [49], and CeVO /rGO [50], have demonstrated excellent photocatalytic activity toward the

elimination of organic contaminants in wastewater. Therefore, the combination of CeVO  with BiFeO  is a logical next

step and was expected to produce enhanced photocatalytic performance compared to pure BFO or CVO individually by
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decreasing the e –h  pairs reconnection. To the best of our knowledge, no study has been reported earlier on the

degradation of organic dyes using visible light irradiation of the BFO/CVO photocatalyst.

In the present investigation, we attempted to enhance the photocatalytic ability of BiFeO  by coupling it with CeVO  as

a potential co-catalyst. BiFeO /CeVO  nanocomposites, abbreviated BFO/CVO herein after, was prepared with the aim of

increasing charge separation efficiency, and thus, photocatalytic behavior. A simple one-pot synthesis was utilized to

fabricate pure BFO and CVO individually. Then, BFO/CVO nanocomposites are prepared with different weight

percentages (10 %, 20 %, 30 %) of BFO by a wet-chemical process. The produced nanocomposites were thoroughly

characterized structurally and electrochemically and then explored as photocatalysts for Rhodamine B (RhB)

degradation under VLI.

2. Experimental studies

2.1. Materials

Bismuth nitrate pentahydrate (Bi(NO ) ·5H O), iron nitrate nonahydrate (Fe(NO ) ·9H O), Triton X-100, and

ammonium metavanadate (NH VO ) were obtained from Sigma Aldrich, USA. Potassium hydroxide (KOH), isopropyl

alcohol (IPA), cerium nitrate hexahydrate (Ce(NO )∙6H O), sodium hydroxide (NaOH), and ammonium oxalate (AO)

were acquired from SDFCL chemicals, India. Benzoquinone (BQ), ethanol, and RhB were acquired from Qualigens, India.

2.2. Synthesis of BiFeO  nanorods

A straightforward hydrothermal procedure was employed to make the BiFeO  (BFO) nanorods. To double-distilled (DD)

water (20 mL) was added equal ratios of Bi(NO ) ·5H O (200 mmol) and Fe(NO ) ·9H O (200 mmol) and the solution

was magnetically stirred. Aqueous KOH (12 M, 20 mL) was then added over 30 min. Thereafter, the reaction vessel was

located into an ultrasonication bath for 10 min and then stirred for an additional 30 min to obtain a homogeneous

mixture. The prepared suspension was placed in a Teflon autoclave with a 100 mL volume size and was hydrothermally

treated at 180 °C for 12 h (Fig. 1a). After allowing the autoclave to cool to ambient temperature naturally, the as-

prepared yellow precipitate was gathered and washed repeatedly using ethanol, DD water, and dried in a hot air oven

overnight to obtain BFO nanorods. Fig. 1a provides a schematic presentation of the fabrication approach for BFO.
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Fig. 1. Schematic presentation of the fabrication process for (a) BiFeO  (BFO), (b) CeVO  (CVO), and (c) BFO/CVO

nanocomposites. BFO and CVO were synthesized separately via a hydrothermal process, and the BFO/CVO composites

were obtained via a wet-chemical process under continuous ultrasonication.

2.3. Synthesis of CeVO  nanoparticles

Synthesis of the CeVO  (CVO) nanoparticles followed literature procedures with minor modifications [43]. To beaker A

containing DD water (20 mL) was dissolved NH VO  (15 mmol). To beaker B containing DD water (20 mL) was dissolved

Ce(NO )∙6H O (15 mmol). The solutions in beaker A and beaker B were then simultaneously poured into a reaction

vessel and the subsequent mixture was stirred magnetically for 30 min at ambient temperature where the mixture

turned from pale yellow to a golden yellow. The reaction solution was stirred for an extra 30 min at 50 °C until a

uniform solution was achieved. Aqueous ammonia (0.1 M) was added to maintain a pH level of 9.0. After, the

suspension was moved to a Teflon autoclave and the sealed reaction vessel was subject to hydrothermal treatment at

120 °C for 18 h. After allowing the autoclave to cool to ambient temperature certainly, the precipitate was cleaned

liberally with DD water and ethanol to eliminate any impurities. The collected product was dried at 60 °C overnight to

obtain CVO as a yellow solid. Fig. 1b provides a schematic presentation of the fabrication process for CVO.

2.4. Fabrication of the BFO/CVO nanocomposites

A simple wet-chemical method was used to prepare the BFO/CVO nanocomposite. Various amounts (10, 20, and

30 wt%) of BFO were added to a 50 mL beaker containing 0.5 g of CVO in 20 mL of methanol. The mixture was then

ultrasonically agitated for 15 min to ensure complete dispersion. The resulting mixture was magnetically stirred at 80 °C

for 60 min, and the obtained BFO/CVO nanocomposites were collected. The different amounts of BFO (10, 20, and

30 wt%) in the BFO/CVO composite were labeled as 10 % BFO/CVO, 20 % BFO/CVO, and 30 % BFO/CVO, respectively. Fig. 1c

shows a synthetic scheme for the preparation of the BFO/CVO nanocomposite.

2.5. Characterization

Powder XRD (Bruker-advance D8, wavelength 1.5406 Å) was utilized to authorize the crystalline phase of the BFO/CVO

nanocomposites. FT-IR (Perkin-Elmer) measurements were obtained to evaluate the functional groups present in the

synthesized samples. The surface structure and elemental purity of optimal materials were obtained by FE-SEM

(Thermo Scientific Apreo) and HR-TEM (JEM-2100 Plus). UV–Vis-DRS (Analytik Jena, Specord 210 plus) measurements

were obtained to confirm the optical behavior of the samples. Photoluminescence properties of the materials was

studied on a Horiba, Fluorolog-QM. The elemental composition of the as-synthesized material was examined via XPS

(PHI VersaProbe III Scanning XPS Microprobe).

2.6. Electrochemical studies

The photocurrent response of the catalysts was studied using a three-electrode arrangement on an electrochemical

workstation (CHI660E, USA). The working electrode (WE) was the material-loaded FTO substrate, the counter and

reference electrodes were a Pt-wire and Ag/AgCl, correspondingly. A photoreactor with a tungsten 250 W halogen lamp

(G2E140-AE77-01) light source was employed, and the reaction media was 0.1 M aqueous Na SO . The FTO WE were

fabricated using the doctor blade process: Accurately measured active photocatalyst (5 mg) was ground in a ceramic

mortar and mixed with 1:1 v/v Triton X-100 and DD water to form a paste. Thereafter, paste was loaded on an FTO

plate (0.5 cm  surface area) and dried at 100 °C in an oven for 3 h.

2.7. Photodegradation studies

RhB was selected as a representative organic contaminant to assess the degradation competence of the BFO/CVO

nanocomposite. A tungsten 250 W halogen lamp was employed as the irradiation. Active catalyst (75 mg) was dispersed
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in an aqueous RhB dye solution (1 × 10  M, 75 mL) and the suspension was stirred in the dark for 60 min before being

exposed to the light source. During irradiation, aliquots (5 mL) of reaction solution were extracted using a syringe every

15 min and centrifuged to sediment out the particles. The dye solution concentration was measured using a UV–Vis

(JASCO V-630) spectrophotometer at an absorbance of 554 nm for RhB.

3. Results and discussion

Bare BFO, bare CVO, and the BFO/CVO composites were confirmed by powder XRD (Fig. 2A). The major peaks for BFO

can be noted at 2θ of 22.4°, 31.7°, 39.5°, 45.7°, 51.3°, 56.3°, 57.2°, 66.3°, 71.6°, and 75.6°, and corresponds to the (0 1 2),

(1 0 4), (2 0 2), (0 2 4), (1 1 6), (0 1 8), (2 1 4), (2 0 8), (0 3 6), and (1 2 8) planes, respectively, of the rhombohedral phase of the

BFO (JCPDS NO: 86-1518) [[51], [52]]. Similarly, the tetragonal phase of synthesized CVO was noted at 18.2°, 2.1°, 30.4°,

32.5°, 34.4°, 36,9°, 39.2°, 43.5°, 46.6° , 48.1°, 49.5°, 55.8°, 56.7°, 60.5°, 62.6°, 68.1°, and 71.5°, matching to (1 0 1), (2 0 0),

(2 1 1), (1 1 2), (2 2 0), (2 0 2), (3 0 1), (1 0 3), (3 2 1), (3 1 2), (4 0 0), (4 2 0), (0 0 4), (3 3 2), (3 2 3), (2 2 4), and (5 1 2) crystalline

planes, respectively (JCPDS NO: 79-1065) [53]. The diffraction intensity was significantly reduced by loading varied

amounts of BFO material into CVO, which can be attributed to the strong interaction between BFO and CVO in the

BFO/CVO composites. This suggests that the BFO sample is well mixed on the CVO surface. Furthermore, the addition of

BFO appeared to modify the inter-planer parameters of the CVO crystal.
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Fig. 2. (A) XRD of bare BFO, bare CVO and the various BFO/CVO composites. XRD results confirm the formation of pure

BFO in the rhombohedral phase, pure CVO in the tetragonal phase, and (B) FT-IR spectra of optimized bare BFO, bare

CVO, and 10 % BFO/CVO composite.
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The functional groups of the synthesized bare BFO, bare CVO, and 10 % BFO/CVO composites were evaluated by FT-IR

analysis (Fig. 2B). For bare BFO, the two absorption peaks near 441 and 544 cm  were allocated to the Fe-O and O-Fe-O

bands, correspondingly [[29], [30]]. For bare CVO, a stretching vibration mode near 450 and 810 cm  was accredited to

the Ce-O and V-O groups, respectively [[54], [55], [56]]. In addition, two vibration mode peaks near 1620 and 3432 cm

can be assigned to the asymmetric and symmetric stretching vibration modes of O-H groups on the BFO and CVO

surfaces, respectively. The primary essential representative peaks of both BFO and CVO are clearly present in the

BFO/CVO spectra. Therefore, these results prove the existence of both BFO and CVO in the composites.

FE-SEM was used to analyze the morphological properties of the BFO, CVO, and 10 % BFO/CVO composite photocatalysts

(Fig. 3(a–f)). The BFO (shown in Fig. 3(a & b)) displayed irregular 1D-nanorods overlapping each other. The CVO (shown

in Fig. 3(c & d)) consisted of 0D-nanoparticles with a particle size of ∼ 50 nm. The FE-SEM images of the 10 % BFO/CVO

composite (shown in Fig. 3(e & f)) revealed the presence of numerous 0D-nanoparticles of CVO closely attached to the

surface of the 1D-BFO nanorods. Similarly, the EDX spectra of the prepared material supported formation of the

appropriate catalysts. As shown in Fig. S1, bare BFO contained Bi, Fe, and O. The EDX spectrum of the CVO sample

contained Ce, V, and O (Fig. S2). The EDX spectrum of the optimized 10 % BFO/CVO composite displays the colocation of

Bi. Fe, Ce, V, and O elements (Fig. S3). The atomic percentages of the obtained materials are given as an inset of Figs.

S1–S3. Furthermore, the elemental mapping images of the synthesized 10 % BFO/CVO composite material shows a

homogeneous mixture of Bi, Ce, Fe, O, and V elements (Fig. 3(g–l)). This proves the successful incorporation of BFO onto

the CVO photocatalyst.
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Fig. 3. FE-SEM pictures of (a & b) pure BFO, (c & d) CVO, (e & f) 10 % BFO/CVO composite, and (g–l) elemental mapping

images of 10 % BFO/CVO composite.

The 10 % BFO/CVO composite was further analyzed to obtain the internal crystal structure through HR-TEM analysis

(Fig. 4). The obtained BFO nanorods are mostly overlapping with CVO nanoparticles, thus confirming the close

association between BFO and CVO photocatalysts (Fig. 4 a & b). Fig. 4c displays the lattice indexed HR-TEM image of the

as-synthesized 10 % BFO/CVO composite. Here, the exclusive lattice with a d-spacing value of 0.3871 nm for BFO and

0.3677 nm for CVO are related to their (1 0 0) and (2 0 0) planes, respectively. These planes match well with the XRD data

obtained in this study and the literature [[57], [58]]. Fig. 4d displays the SAED pattern of the BFO/CVO composite,

exposing the two peaks that match to the (1 0 0) and (2 0 0) lattice of BFO and CVO, correspondingly. Thus, these

outcomes strongly support the effective interaction of BFO and CVO in the composite.
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Fig. 4. (a–c) HR-TEM pictures and (d) SAED outline of the 10 % BFO/CVO composite.

The optimized 10 % BFO/CVO composite was studied by XPS to determine the chemical valance states (Fig. 5). Elements,

Bi, Fe, Ce, V, and O, can be noted in the full survey with binding energies (BEs) ranging from 0 to 1000 eV for the

prepared BFO/CVO composite (Fig. 5a). The XPS of Bi 4f displays two peaks at 158.8 eV and 164.3 eV with 5.5 eV

separation that resembles to Bi 4f  and Bi 4f , correspondingly (Fig. 5b) [59]. As presented in Fig. 5c, the Fe 2p

spectrum is separated into five peaks: Two peaks observed at the binding energy of 724.1 eV and 710.2 eV can be

assigned to Fe 2p  and Fe 2p , correspondingly, signifying the existence of Fe  in the synthesized material. The two

peaks located at 718.5 eV and 726.6 eV are satellite peaks and the peak at 711.9 eV corresponds to Fe  [[59], [60]]. The

fitted spectra (Fig. 5d) of Ce 3d shows the two peaks of Ce 3d  with assigned BEs of 882.0 eV and 885.9 eV. The Ce

3d  peaks are detected at the binding mode of 900.7 eV and 905.5 eV, indicating in the presence of Ce  [61]. The

obtained V 2p displayed in Fig. 5e contains two characteristic peaks at 517.2 eV and 524.9 eV, consistent to the V 2p

and V 2p , ascribed to V  [62]. Fig. 5f reveals the O 1s fitted with two peaks at 529.8 eV and 531.7 eV that are assigned

to lattice oxygen adsorption on the sample surface. Thus, XPS studies also support the successful synthesis of the

BFO/CVO nanocomposite.
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Fig. 5. XPS of the prepared 10 % BFO/CVO composite: (a) Survey spectrum, (b) Bi 4f, (c) Fe 2p (d) Ce 3d, (e) V 2p, and (f)

O 1s core spectra.

Photodegradation efficiency of catalysts can normally be correlated to light absorption efficiency and the optical band

gap. The UV–Vis DRS spectra of the bare BFO, bare CVO, and BFO/CVO composites are presented in Fig. 6a. Pristine BFO

and CVO materials display absorption edges at 610 and 760 nm, correspondingly. Moreover, the absorption edge of the

BFO/CVO composite is shifted to a higher visible level was the amount of BFO loading increases. As observed in the

spectra of Fig. 6a, the absorption edges of 10 %, 20 %, and 30 % BFO loaded into CVO were 748, 720, and 647 nm,

respectively. Thus, the fabricated photocatalysts have shown a notable shift in the absorption edge, indicating a

significant electronic interaction between BFO and CVO. Application of the Kubelka–Munk equation estimates the band

energy gap of the BFO/CVO composites. The E  values of spectra are plotted from the (αhv)  versus photon energy (hv)

and the attained results are exposed in Fig. 6b. The band gap values of bare BFO, CVO, 10 % BFO/CVO, 20 % BFO/CVO, and

30 % BFO/CVO composites are calculated to be 2.2 eV, 1.91 eV, 2.01 eV, 2.08 eV, and 2.11 eV, respectively. The 10 %

BFO/CVO exhibited the lowest band gap energy value for the composites; therefore, the 10 % BFO/CVO composite was

anticipated to perform the best for the photodecomposition activity toward RhB.
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Fig. 6. (a) UV–Vis DRS and (b) Kubelka–Munk plot of bare BFO, bare CVO and BFO/CVO composites.

The photocatalytic degradation curves of the bare BFO, bare CVO, and the three BFO/CVO composites are presented in

Fig. 7a. As a baseline control experiment, the degradation efficiency of RhB was measured in the absence of any catalyst

for 90 min under VLI. No significant changes were detected in the concentration of the RhB; likewise, the bare BFO

showed negligible degradation activity. However, the bare CVO sample lead to 52 % degradation of RhB after 90 min

under VLI. As expected, the 10 % BFO/CVO composite demonstrated the best photocatalytic ability, superior to that of

the bare BFO and CVO alone. The photodegradation percentages of RhB after 90 min of VLI for BFO, CVO, 10 % BFO/CVO,

20 % BFO/CVO, and 30 % BFO/CVO were 15, 52, 92, 80, and 76 %, respectively (Fig. 7b). The 10 % BFO/CVO composite’s

superior performance can be explained by its lower E  value and higher light absorption in the visible portion. To

optimize the degradation rate of the RhB, the as-synthesized materials were fitted to a first-order kinetic rate. As

shown in Fig. 7c, the rate constant values of pure BFO, CVO, and the BFO/CVO composites could be obtained from the

ln(C /C) vs time plot. As the plot is linear, the decomposition behavior of RhB can be interpreted to follow first-order

kinetics. As observed in Fig. 7c and d, the photocatalytic degradation of RhB over BFO/CVO composite photocatalyst

followed the pseudo-first-order kinetics relation (equation (1));
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Fig. 7. (a) Photodegradation plot, (b) Bar diagram of degradation efficiency, (c) First-order kinetic plot of RhB (1 × 10

M) degradation, and (d) Bar graph of rate constants from bare BFO, bare CVO, and the three BFO/CVO composites for

the degradation of RhB (1 × 10  M) under 90 min of VLI.

where k is the rate constant, t is the irradiation time (min), and C  and C are the concentration of RhB at initial and

different time intervals, respectively. The calculated rate constant value for the 10 % BFO/CVO was found to be

0.0225 min . From Fig. 7d, it can be observed that the rate constant values for the synthesized catalytic materials

varied with the 10 % BFO/CVO composite showing the greatest rate constant for the photodegradation activity of RhB.

The fabricated photocatalysts were also studied by photoluminescence (PL) spectroscopy with an excitation λ = 325 nm

(Fig. S4). All materials exhibited similar PL spectra at 436 nm; however, the intensity of the 10 % BFO/CVO composite

was notably lower than that of pure BFO and CVO. This low emission suggests less charge carriers recombination; thus,

the reconnection rate of the photogenerated carriers is considerably restricted in a BFO/CVO composite. The obtained

results clearly indicate that the synthesized 10 % BFO/CVO composite provides better charge separation and charge

transfer properties.

The photocurrent response of the samples was studied to better understand the observed photocatalytic behaviors of

the 10 % BFO/CVO composite. Fig. 8a presents the photocurrent curves of the bare BFO, bare CVO, and 10 % BFO/CVO

samples with on–off cycles of VLI. The 10 % BFO/CVO composite delivers an excellent photocurrent response when

compared with the corresponding pure BFO and CVO, clearly demonstrating an increase in the charge separation

properties that decrease the reconnection rate of the photoexcited charges. EIS was conducted to further evaluate the

charge transfer resistance (R ) of the various materials. Nyquist plots for bare BFO, bare CVO, and the 10 % BFO/CVO

composite are presented in Fig. 8b. With Nyquist plots, the smaller the semicircle, the smaller the R  values [[63],

[64]]. The 10 % BFO/CVO composite had the smallest R  and implied that the composition of 10 % BFO/CVO seems quite

beneficial for the charge separation process.
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Fig. 8. (a) Photocurrent response, (b) Nyquist plots of bare BFO, bare CVO, and 10 % BFO/CVO composite, (c) Influence of

radical scavengers on 10 % BFO/CVO nanocomposite (1 g/L) for mediated photodegradation in RhB (1 × 10  M) under

90 min of VLI, and (d) Photostability and reusability plots of 10 % BFO/CVO composite (1 g/L) for RhB degradation

(1 × 10  M) under 90 min of VLI.

We next studied the 10 % BFO/CVO photocatalyzed RhB degradation mechanism using radical scavengers. AO, BQ, and

IPA were added to separate reactions as h  quenchers, O , and OH, respectively. As seen in Fig. 8c, when AO (2 mM)

was added to the reaction mixture, little change was observed in the degradation efficiency, indicating h  were not

important to the degradation process. When BQ (5 mM) was added to a solution, the degradation was reduced to just

36 %. When IPA (1 mM) was added, the degradation effectiveness was reduced to just 11 %, effectively quenching the

RhB degradation reaction. These results suggest that the OH is a significant reactive species in 10 % BFO/CVO

photocatalyzed degradation of RhB.

The reusability of the fabricated 10 % BFO/CVO catalyst was then studied. The same catalyst was used for three cycles of

VLI and the findings are presented in Fig. 8d. The decomposition efficacy of the 10 % BFO/CVO photocatalyst was

observed to weaken slightly after three rounds of RhB degradation. These results are quite promising and suggest that

the 10 % BFO/CVO composites remain stable during the RhB degradation reaction and can be reused for multiple cycles.

The energy separation and photocatalytic degradation mechanism of the fabricated BFO/CVO composite are presented

in Fig. 9. In the proposed reaction mechanism, the composite material absorbs visible light, and electrons are

stimulated from the VB to the CB alongside the formation of a h  in the VB. The E  and E  energy potentials of BFO

and CVO can be calculated with Equations (2), (3) [65].
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Fig. 9. Representative photocatalytic degradation mechanism for 10 % BFO/CVO composite under VLI.

where X is referred as the electronegativity of an atom, and E  is the energy of a free electron (4.5 eV). The

electronegativities of bare BFO and bare CVO are 5.89 eV and 5.54 eV, correspondingly. The optimal VB and CB

potentials of bare BFO are 0.29 eV and 2.49 eV, respectively. Similarly, the as-synthesized CVO has VB and CB potentials

of 0.085 eV and 1.99 eV, respectively. Based on the photo-illumination mechanism, both BFO and CVO are excited to

produce a photogenerated charge carrier. Due to the more negative potential of the CB of CVO, the photogenerated e s

are transferred from CVO to BFO while the h  are transferred from the VB of BFO to CVO  thereby reducing

recombination of the photoinduced charges. Thus, the fabricated BFO/CVO composites, especially with 10 % BFO

loading, exhibit superior photocatalytic activity compared to the pure components individually.

4. Conclusion

In conclusion, we have designed and reported a novel photo-responsive BiFeO /CeVO  composite for the

decomposition of organic pollutants under VLI. Pure BiFeO  (BFO) and CeVO  (CVO) were prepared via one-pot

hydrothermal approach. A rapid wet-chemical impregnation process was then utilized to produce BFO/CVO composites

with BFO loadings of 10, 20, and 30 wt%. Using RhB as a representative organic pollutant, all of the BFO/CVO composites

were able catalyze RhB degradation with visible light irradiation. 10 % BFO/CVO demonstrated the good photocatalytic

efficiency of 92 % within 90 min of visible light illumination with 0.022 min  rate constant. The effectiveness of this

catalyst is believed to derive from photogenerated e  being transferred from CVO into BFO while the h  are transferred

from the VB of BFO to CVO  thereby reducing recombination of the photoinduced charges. Through radical scavenger

experiments, the major reactive species for 10 % BFO/CVO photocatalyzed degradation of RhB were OH radicals. These

results imply that BiFeO /CeVO  composites could be suitable photocatalysts for eliminating organic pollutants in

wastewater.
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Highlights

• The electrocatalyst prepared by one-step co-precipitation reduction process.

• Synergistic effects of heteroatom's with carbon are highlighted in energy

application.

• NiWS/CNT showed highest activity towards HER. (175 mV current density).

• This finding offered an outstanding Pt-free electrocatalyst for energy

application.

• NiWS/CNT can be used an alternative for water splitting process.

Abstract

Hydrogen (H ) is the future energy carrier and it is quite challenging to produce at a large-scale on economic basis. The

water splitting technique has achieved a good place in H  production. To generate efficient electrocatalysts for the

Hydrogen evolution reaction (HER), low-cost synthetic designs are necessary. In our study, a one-step co-precipitation

reduction process was used to synthesize NiWS electrocatalyst. The crystalline structure, phase purity, elemental

composition and the surface morphology of the as-prepared samples have been examined by different characterization

techniques. These techniques have proved that the elemental presence and formation of NiWS with high crystalline

nature (rhombohedral). Furthermore, the performance of the electrocatalyst towards HER has been evaluated through

a a b c b

b c d
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electrochemical methods. On analysis, NiWS/CNT showed an excellent electrochemical activity of 175 mV, and pure

NiWS showed 201 mV at 10 mA/cm  in an alkaline electrolyte. These over-potential values are lower than HER in acid

and neutral electrolytes. Further, the as-prepared NiWS/CNT proved to be a highly stable and efficient platinum-free

electrocatalyst for HER.

Graphical abstract

Download : Download high-res image (���KB)

Download : Download full-size image

Introduction

Recent developments in energy production and electrocatalysts synthesis have always been a fascinating area to

researchers. Though all forms of energy are indispensable for human life, fuel energy and electrical energy are

considered important. Due to the increasing energy demand and environmental pollution, comprehensive efforts in

search of renewable and environmentally compatible alternative energy resources are gaining significant research

value. On this subject, splitting of water using sunlight or electricity made from renewable sources is considered as one

of the promising and appealing processes [1,2]. However, approximately 95% of H  is presently generated using coal

gasification and steam methane reforming that depend on traditional fuel resources such as fossil fuel. Whereas water

electrolysis is used to produce a mere 4% of H  [3,4]. So to improve the H  production from the water-splitting process,

cheap and highly deserved electrocatalysts are required in hydrogen evolution reaction (HER). The milestone HER

catalyst relies primarily on employing platinum (Pt), which is a scanty and exorbitant noble metal. These barriers have

challenged researchers to explore Pt-free electrocatalysts for HER applications.

So far, various transition metals with carbides, phosphides, and chalcogenides (sulfides, selenides and tellurides) have

been successfully examined as electrode materials by various synthesis protocols [5,6]. Among the earth-abundant

materials, metal sulfides, and transition metal chalcogenides have been recognized as efficient electrocatalysts. These

materials exhibit higher electrocatalytic performance, toxic-free nature, bio-compatible (in most cases), superiority

stability, and high abundance, thus making them advantageous alternatives for the electrocatalytic production of H

[7,8]. The metal tellurides are the chalcogenides that consists of tellurium as an electronegative element with different

electropositive metals [9,10]. Tellurium, selenium and polonium are metalloids, whereas sulfur and oxygen are

nonmetals in the oxygen family (16 A group of the periodic table). These characteristic properties of elements in 16 A

group play an essential role for structural dependent applications of metal oxides, sulfides, selenides and tellurides

[11,12].

In recent research reports, the most discussed transition-metal dichalcogenides (TMDs) with a general formula of MX

(M = Ni, Fe, Mo, Co and W, where X = S or Se) compounds are reported as capable electrocatalysts for HER [13,14]. Based

on the molecular orbital theory, the TMDs possess proper surface, proton and hydride acceptor sites, which aids them
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to function as a good bi-functional electrocatalyst [15]. This helps in promoting active electron transfer between the

surface site and the adsorbed reaction intermediates.

More recently, nickel-based composites have been elevated to the massive scale of research owing to its controllable

electrocatalytic activity by the synergistic action of the alloy compounds [16,17], with a special mention of nickel

sulfide as the finest catalyst with high activity and excellent electron transferability in both the media of alkaline and

neutral. Nickel compounds were reported to achieve much higher activity with the best composite combinations of

NiX, where X = Se, S, C, P [18,19]. Similarly, nickel-doped composites also have a superior effect than other transition

metals such as Co, Mo, Fe, Mn, W. In addition, Ni-based binary metals have modified electron density with Fermi level

and proper metal-H-bond binding energy. From the recent research reports, many substoichiometric types of tungsten

oxides with oxygen vacancies are found. The formation of plentiful oxygen vacancies sites induces the formation of

metallic phases. Here in, the tungsten has been composited with nickel for good electrochemical active catalyst [20,21].

The revolutionary developments of carbon research evolved with the innovation of carbon nanotubes (CNTs) [22], [23],

[24]. Owing to its extraordinary electrocatalytic performance and large surface areas [25], [26], [27], tungsten carbon

(W-WC/CNT) electrode exhibited an optimal HER performance with an overpotential of 155 mV at 10 mA/cm  and a

lowest Tafel slope 56 mV/dec [28]. In another study, NiP catalyst activated with the addition of CNT, (NiP@CNT)

exhibited 165 mV and 78 mV/dec Tafel slope with too long stability of up to 20 h [29]. Facile construction of N-doped

Mo C@CNT composites with 3D nanospherical structures exhibited an excellent HER performance with less

overpotential of 183 mV at 10 mA/cm  and smaller Tafel slope of 73 mV/dec [30]. Carbon nanomaterials activated

carbon, carbon fiber, graphene, carbon nanotubes are being actively used in electrode materials due to their high

specific surface area, excellent electrical conductivity, low cost and abundant availability. The pore structure of carbon

excellently supports to increase the catalytic activity of transition metal based composites [31]. In this present

investigation, nickel sulphide has been composited with tungsten, then the catalytic activity has been increased with

the addition of CNTs supports. This composition is explored as an efficient electrocatalyst with high current density at

low overpotentials at different pH electrolytes.

Section snippets

Materials

Nickel chloride hexahydrate (NiCl 6H O, 98.9% - GRM1394) was purchased from Himedia laboratory Mumbai, India.

Sodium tungstate dehydrates (Na WO 2H O, 99.0% - GRM1082) were purchased from Himedia laboratory Mumbai,

India. Sodium sulfide nonahydrate (Na2S·9H2O, 99.0% - GRM1572) was purchased from Himedia laboratory Mumbai.

Hydrazine hydrate (N H H O, 97.5% -ASH2558) was bought from Avra Hyderabad India. Sulphuric acid (H SO , 99.1% -

CL6C670881) from Merck, Mumbai, India. Potassium hydroxide…

Characterization studies

The XRD patterns of the synthesized pure NiWS and composite NiWS/CNT are depicted in Fig. 1a–d. The carbon

nanotubes (CNT) show diffraction peaks at 27.53° and 43.44°  as shown in Fig. 1a. The precursor NiS obtained peaks at

2θ values 19.50°, 27.53°, 31.08°, 35.10°, 36.8°, 43.44° and 54.72° (Fig. 1b) are indexed to the planes of (110), (101), (300),

(021), (220), (211) and (321) respectively, the spectra exhibiting rhombohedral phase, (JCPDS No. 86–2281), NiS 2 theta

peaks are well correlated…

Conclusions
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Fabrication of advanced electrocatalysts for sustainable H  production from water splitting is crucial in energy

research, as H  will be the future fuel on economy grounds. Therefore in the present investigation, we have reported on

nickel tungsten sulfide composite with CNT which was synthesized by a simple one-step co-precipitation reduction

method. The synthesized composite was found to exhibit a rhombohedral phase as confirmed by XRD. The FESEM

results revealed the tiny crystal morphology…
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…As shown in Fig. 4a, the electrochemical performances of catalysts are evaluated in 1 M KOH using a three electrode setup with a

scan rate of 10 mV s−1. As expected, Ov-NMO/np-Ni30(Mn) affords an overpotential of 130 mV at the cathodic current density of 10

mA cm−2, which is ranked only second to commercial Pt/C (90 mV), but superior to that of Ov-NMO/np-Ni25(Mn) (181 mV), Ov-

NMO/np-Ni20(Mn) (266 mV), NMO/np-Ni30(Mn) (199 mV), NMO/np-Ni25(Mn) (228 mV), NMO/np-Ni20(Mn) (270 mV) and other

reported alkaline HER catalysts (Fig. 4h and Table S3) [41–44]. It also reflects that the presence of OV could indeed improve

electrocatalytic activities of shell-core materials in this study.…
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