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Preface 

This journal was initiated in 2019 with full enthusiasm by a group of personals in NANOCAT 

with a vision to provide a new platform for the latest advancement in catalysis research, exchange 

and stimulate the cross-fertilization of seminal ideas and to facilitate the rapid dissemination of 

frontier research.  The journal was named Malaysian Catalyst – An International Journal (MCIJ) 

for the purpose of giving a distinct and unique local identity but nevertheless its open to the 

international arena where scientist and researches all over the world are welcome to contribute. 

We have been through tremendous challenges during initial days to formulated and conceptualized 

the idea of this journal while processing for the paper submission, evaluation, formation and 

production. However, despite all the challenges, we are ready to publish the inaugural first volume. 

MCIJ aim to be the premier scholarly publication in the field of catalysis and an indispensable 

source of information for scientist and engineers in both industrial and academic fields. It is an 

international open access journal of catalysts.  Our aim is to encourage scientists to publish their 

experimental and theoretical results in as much detail as possible. MCIJ publishes original, 

rigorous, and scholarly contributions in the fields of homogeneous and heterogeneous catalysis, 

bio related catalysis  including studies that relate catalytic function to fundamental chemical 

processes at surfaces and in metal complexes, novel concepts in surface chemistry, the synthesis 

and catalytic function of novel inorganic solids and complexes, spectroscopic methods for 

structural characterization, and theoretical methods of direct interest and impact in the science and 

applications of catalysts and catalytic processes.  MCIJ also publishes review articles, news and 

views, research highlights about important papers published in other journals, commentaries, book 

reviews, correspondence, commercialization, ethical and social issues. In this way, the journal 

aims to be the premier voice of the worldwide catalysis community. MCIJ offers readers and 

authors high visibility, access to a broad readership, high standards of copy editing and production, 

rigorous peer review, rapid publication, and independence from academic societies and other 

vested interests. MCIJ provides authors with high quality, helpful reviews that are shaped to assist 

authors in improving their manuscripts. I very much appreciate your support as we strive to make 

MCIJ the most authoritative journal in catalysis.  
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Abstract 

Titanium dioxide (TiO2) nanoparticles are used enormously for treating 

wastewater pollutants due to their unique optoelectronic and 

physiochemical properties. Though, wide bandgap, fast recombination 

of e- - h+ pair, and low adsorption toward organic pollutants limit their 

applications. However, immobilization of TiO2 on Chitosan (Cs) is 

believed to overcome these limitations. Cs with plenty of NH2 and OH 

groups in their structure are expected to enhance their adsorption and 

consequently photocatalytic performance. A series of TiO2/Cs 

photocatalysts have been prepared using a chemical co-precipitation 

method. Amount of TiO2 is varied from 0.25, 0.50, and 0.75 to 1.0 g. 

The photocatalysts are characterized by using FESEM-EDS, CHNS 

Elemental Analyser TGA, FTIR, and UV-Vis spectroscopy.  These 

characterization results revealed the formation of a good interface 

between TiO2 and Cs matrix. Increasing TiO2 content significantly 

increased the thermal stability of the photocatalyst up to 600ᵒC. The 

photocatalytic activity of Cs/TiO2 is observed under UV light which is 

found to be more significant with 1:1(TiO2: Cs) composition for the 

degradation of methylene blue dye at 85 % and be maintained up to 4 

numbers of cycles. This demonstrated open new insight into the 

application of Cs as a support materials and adsorption agent in TiO2 

based photocatalyst system 

Keywords: Chitosan; Titanium dioxide; adsorption; Photodegradation; Methylene 

blue 
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1. Introduction  

Wastewater pollution arises significantly during the past few decades due to increasing 

industrialization such as textile, packaging, dyeing, and plastic industries. Heavy metal ions, 

hormones, pathogen, aromatic compounds (including phenolic derivatives and polycyclic aromatic 

compounds), and dyes are added into the water stream as a pollutant [1-5]. Although waste 

discharge from industries has to be limited to 5 % of polluted water this percentage is still alarming 

for human and aquatic life [6]. Due to the shortage of freshwater supplies, wastewater needs to be 

treated to ensure the availability of clean and safe water to use.  

Many techniques introduced to treat polluted water, however, conventional methods like 

coagulation, flocculation, sedimentation, ultrafiltration and reverse osmosis [7-8] are not very 

effective due to non-biodegradability and chemical stability of pollutants [3;6]. Furthermore, some 

of these techniques generate huge amounts of sludge, increasing the cost of separation [2;4]. 

Alternatively, advanced oxidation procedures like photocatalysis utilizing semiconductor 

molecules gain special interests as it has a strong tendency towards pollutant degradation. This is 

due to the generation of electron-hole pairs by the illumination of light (UV or Vis) equal or greater 

than their bandgap energy of semiconductors, producing reactive species like H2O2, OH, and O2
. 

[6;9] (Figure 1). These reactive species degrade pollutant molecules into less harmful CO2, H2O, 

and H2 (1,3). 

Among semiconductors, TiO2 is widely utilized for the treatment of wastewater due to its photo-

stability, chemically/biologically inertness [5-8] and availability, and low cost [10-12]. However, 

electron-hole recombination, difficult separation, and agglomeration at higher loading are some 

properties that limit the applications of TiO2[11;13]. These series of limitations can be overcome 

by introducing some support such as natural or synthetic fabrics, polymer membranes, activated 

carbon, quartz, glass, optical fibers, zeolites, aluminum, stainless steel, and titanium metal [14-

16]. Support material must have strong surface bonding characteristics with catalyst, high specific 

surface area, good adsorption capability, high separation ability, and chemically inert [15].  
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Figure 1. Photocatalytic mechanism of semiconductors for photodegradation of synthetic 

compounds 

Chitosan (Cs) is a type of natural polymer found abundantly and has the potential to use as a 

support material [17-19]. It contains plenty of NH2 and OH groups in its structure (Figure 2), which 

gives specials properties to the Chitosan [18;20]. It can be used extensively as a support for the 

preparation of heterogeneous catalysts in the form of colloids, flakes, gel, and beads [21-22].  The 

promising hydrophilic character of Cs is due to the large number of OH groups gave advantages 

in absorption properties. Besides that, Cs will prevent TiO2 from agglomeration and make the 

separation process more efficient.  

 

Figure 2. Chemical configuration of Cs biopolymer 



Julkapli N.M et al Malay. Catal. Int. J Vol 1 (2021) 1-14 

4 | Malay. Catal. Int. J., Vol 1. 2021 
 

The present work aims to synthesis Cs-TiO2 photocatalyst by varying concentrations of TiO2 to 

achieve the best ratio of Cs-TiO2 photocatalyst. It is expected that the optimized photocatalyst is 

thermally more stable and gives better interactions between TiO2-Cs matrix and performs 

efficiently in the photodegradation process.  

2. Methodology 

2.1. Preparation of TiO2/Cs photocatalyst 

TiO2/Cs photocatalyst beads were prepared by using the chemical co-precipitation method. Cs 

solution is prepared by dissolving 1g CS in acetic acid followed by the addition of TiO2 powder 

(0.25, 0.5, 0.75, and 1.0 g) with continuous stirring of 24 hours. The as-prepared TiO2/CS solution 

is sprayed into a precipitation bath containing NaOH (500 ml; 1.5 M). The NaOH solution 

neutralizes the acetic acid within the Cs gel and is transformed into spherical uniform gel beads. 

The wet TiO2/Cs gel beads were rinsed with distilled water to remove NaOH residues. The beads 

are filtered and air-dried for about 30 min/h.  

2.2. Characterization  

The photocatalyst TiO2/CS is characterized using various characterization techniques such as 

FTIR analysis is carried out using Perkin-Elmer Instrument (model FTIR spectrum 400) to 

determine the functional groups present on TiO2/Cs photocatalyst. The samples (2mg) are mixed 

with Potassium Bromide (KBr) powder (98 mg) ground and compressed at 400 psi to produce thin 

films. Thermogravimetric analysis is performed on a Perkin-Elmer Pyris 1 TGA Analyzer (25°C 

to 650°C at 10°Cmin-1) in a nitrogen atmosphere to determine the weight loss percentage over 

temperature. Elemental analysis is conducted using CHNS Elemental Analyzer 2 (Perkin-Elmer) 

to provide information on the carbon, nitrogen, and hydrogen element content of the sample. 

2.3. Adsorption–photodegradation Activity  

Photocatalytic tests were conducted under a UV lamp (96 Watt) provided with an air pump to 

ensure the continuous supply of oxygen.  10 ppm of MB solution is filled in a quartz tube and 

catalyst loading (TiO2/Cs photocatalyst) set at 0.01 g.  Before the UV light exposure, the solution 

is placed under the dark for 30 min to set adsorption-desorption equilibrium. The aliquots of 3 mL 

are taken at the 15 min interval for analyzing adsorption photodegradation by UV-Vis 
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spectroscopy. After the photodegradation process, an MB solution is centrifuged for 15 min at 

3000 rpm to separate the beads and solution. The recycling activities of the photocatalyst have 

been done according to the optimum composition of TiO2: Cs with optimum experimental 

conditions.  

3. Results and discussion  

3.1. FESEM-EDS analysis  

The morphology and homogeneity of TiO2 nanoparticles within the Cs matrix are analyzed using 

FESEM. SEM micrographs of the photocatalysts at varying TiO2 weight ratios are shown in Figure 

3. Furthermore, the elemental composition of all the synthesized photocatalysts at varying TiO2 

ratios is determined using EDS. SEM micrographs of all photocatalysts demonstrated that 

spherical TiO2 nanoparticles disperse uniformly; however, the uniformity and homogeneity 

increase as the weight ratio of TiO2 increases as obvious from Figure 3d. It indicated that TiO2 and 

CS with identical wt. ratios give good homogeneity of the photocatalyst.  Furthermore, EDS 

analysis indicated the presence of Ti, O, N and C elements which suggest the presence of TiO2 and 

its incorporation with the Cs matrix [5-9]. The presence of N suggests that the possible interactions 

between metal oxides (TiO2) are with the NH2 group of Cs [17]. 
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Figure 3. FESEM-EDS micrographs of TiO2/Cs with weight ratio of (a) 1.0:0.25 (b) 1.0:0.5 (c) 

1.0:0.75 and (d) 1.0:1.0   
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3.2. Elemental analysis 

Figure 4 demonstrated the EA results of the TiO2/Cs photocatalyst system on varying TiO2 content. 

It is evident from the bar diagrams that as the concentration of TiO2 increases the percentage of C, 

H, and N elements gradually decreased as CS is an organic polymer and these elements play a vital 

role in the bonding interactions with metal oxides [18-19]. Therefore, the gradual decrease of these 

elements indicates the successful synthesis of TiO2/Cs photocatalyst at varying TiO2 content; 

however, the overall bonding interaction is confirmed further by using other characterization 

techniques, including FTIR.  

 

Figure 4. The elemental composition of TiO2/Cs photocatalyst 

3.3. Thermogravimetry Analysis 

Thermogravimetry analysis (TGA) of TiO2/Cs photocatalyst at different TiO2 is shown in Figure 

5. As observed from the thermograms, all samples showed an almost similar pattern with three 

stages of decomposition except pure TiO2 which shows single-step degradation. The first 

degradation occurred between 50 °C to 100 °C which was attributed to the removal of moisture. 

This might be due to the hydrophilic characteristic of Cs [12]. The second degradation was 

observed between 135 °C to 200 °C due to the decomposition of organic content Cs [19]. The third 



Julkapli N.M et al Malay. Catal. Int. J Vol 1 (2021) 1-14 

8 | Malay. Catal. Int. J., Vol 1. 2021 
 

degradation step occurred around 600 °C due to metal oxide and after that, no prominent 

degradation is observed. The sample with lower TiO2 content degrades earlier as organic 

compounds (Cs) thermally less stable. The addition of TiO2 into Cs increases its thermal stability 

[16-19]. Therefore, the thermal stability of TiO2/Cs is linearly increased with the content of TiO2. 

The weight loss percent went up to 56 % for pure Cs, 53.9 % (0.25 g), 37.4 % (0.5 g), 33.1 % (0.75 

g) and 26.2 % (1.0 g). The amounts of TiO2 in the samples can estimate from the residual mass 

percentages that are 24, 28, 40, and 45 % as increased TiO2 loading from 0.25 until 1.0 g.  

 

Figure 5. The thermal degradation of TiO2/Cs photocatalysis (35 to 600℃) 

3.4. Fourier Transform Infra-Red (FTIR) analysis 

The composition of photocatalysts and bonding interactions between a metal oxide and Cs is 

further confirmed through FTIR (Figure 6). The FTIR spectra of all the photocatalysts showed 

almost similar patterns with a prominent variation in peak intensity.  The peak in the range of 3450 

cm-1 is attributed to NH2 and OH groups of the Cs network. Literature shows the presence of Inter 

and intra-molecular hydrogen bonding co-existed at this range [19, 20]. The peak in the range of 

1661cm-1 corresponds to the bending vibration of the N-H group. Stretching vibration from C-O 

groups is observed at 1393cm-1. The characteristic peak of the C-N group of Cs is observed at 1156 
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cm-1. For raw TiO2, a prominent signal was observed at 580 cm-1 that corresponds to the O-Ti-O 

bond [3;5]. The FTIR spectra show a gradual decline in peak intensities (1661, 1393, 1156cm-1) 

as the TiO2 content increases. This might be due to the less availability of free NH and OH groups 

of CS and their involvement in bonding with metal oxide (TiO2) [10-13].  Hence the sample with 

a 1:1 ratio of Cs-TiO2 shows better interactions and expected to perform well in the photocatalytic 

process.   

 

Figure 6. The FTIR spectrum of TiO2/Cs at different compositions of TiO2 nanoparticles 

3.5. Photocatalytic Activity  

The photocatalytic performance of all the composite samples is assessed by degradation of the MB 

as a model pollutant under UV light. Figure 7 shows that comparing other photocatalyst TiO2/Cs 

with a 1:1 ratio shows the complete decolorization of dye solution within 2h of UV light exposure. 

This was due to the high amount of TiO2 which is responsible for the contribution of more free 

electrons and holes to undergo a faster degradation process. It can also be attributed that the equal 

ratio of TiO2 and Cs gives better interactions which consequently minimize the recombination of 

electrons and holes, and photocatalyst performs well in the degradation process [12-14].  
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Figure 7. The decolorization of MB by TiO2/Cs under UV Vis spectroscopy analysis 

Furthermore, an illustration of the mechanism of MB photodegradation over TiO2/Cs photocatalyst 

is represented in Figure 8 viz the whole photodegradation process, from the adsorption of MB dye 

molecules on the surface of the photocatalyst to the decomposition of MB molecules by reactive 

radicals by TiO2. The degradation of MB does not necessarily correspond to the oxidation and 

mineralization of the molecule, and the reduced form of MB which is colorless has been produced 

in the presence of light [9-12]. The lack of coincidence among the best performing samples 

concerning either decolorization or mineralization has been the result of different routes followed 

by MB during irradiation.  

The MB molecule can be transformed into Leuco MB through reduction by electrons in the 

conduction band or oxidized by interactions with the valence band holes or native OH species, 

starting with a de-methylation step to be finally mineralized. For long reaction times also Leuco 

MB can be further degraded and mineralized [11]. 
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Figure 8. Photodegradation mechanism of MB dye over TiO2/Cs photocatalyst 

3.6. Photocatalyst recovery and reusability 

To evaluate the performance of TiO2/Cs for environmental applications, the reusability test was 

performed for four catalytic cycles and the results are presented in Figure 9. After completing MB 

degradation, the TiO2/CS sample was collected and utilized for the next cycle under optimal 

conditions. The reusability results indicated that after four consecutive runs, the removal of MB 

by the TiO2/CS sample still reached 87-89 % within two hours of light exposure, indicating that 

there is a slight reduction in the catalytic activity of the TiO2/CS. The interactions between the 

constituent elements of TiO2/CS are sufficient to maintain its morphological and optical properties 

during the degradation process. As a result, the composite sample can be used effectively for 

wastewater treatment. 
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Figure 9. Reusability data over TiO2/CS in degradation of MB UV light 

Conclusion 

The present work reports the synthesis of TiO2/Cs photocatalyst on varying TiO2 concentrations. 

Characterization results indicate that the photolysis with the identical ratio of Cs and TiO2 is 

thermally more stable than samples with lower TiO2 content. Similarly, TiO2/Cs (1:1) shows the 

better interactions between TiO2 and polymer Cs as expressed from FTIR results which further 

corresponds to its higher degradation rates towards MB dye. Thus, the work provides a base for 

understanding the significance of metal oxide concentration in synthesizing photocatalyst systems 

and its application towards the photodegradation of various wastewater pollutants.   
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Abstract  

Poly(N-vinylimidazole) (PVIm), as a biocompatible, efficient, 

halogen-free, and reusable catalyst, was applied for the solvent-free 

synthesis of a library of bis(3-indolyl) methanes. The reaction was 

smoothly carried out under mild conditions, and the crude products 

were purified easily, and the pure products were obtained in high to 

excellent yields  

 

Keywords: Heterogeneous catalysis, Functional Polymer, Multicomponent reaction, 

Bis(3-indolyl)methanes, Ball mill Solvent-free technique

 

1. Introduction 

Indole and its natural and synthetic derivatives are important nitrogen-heteroaromatic scaffolds 

due to diverse biological properties in the drug synthesis and pharmaceutical industry [1-5]. Bis-

indolylalkanes are an essential class of bioactive metabolites of terrestrial and marine origin [6-8]. 

They are active cruciferous ingredients that promote beneficial estrogen metabolism [9]. Owing to 

the significant and unique biological properties of BIMs, numerous methods and catalysts have 

been reported for their synthesis [10-12]. The catalytic synthesis of BIMs is often conducted by 

condensing two moles of indoles with one mole of carbonyl compound using a Brönsted or Lewis 

acid catalyst. Many homogeneous and heterogeneous catalysts have been reported for this 
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synthesis route in the literature [13-23]. It is well-known that nitrogen-based catalysts, reagents, 

and reactants can deactivate and/or decompose Lewis acids [23, 24]. However, Lewis acids are 

often expensive, and their use in stoichiometric amounts and large scale may not be economical. 

Furthermore, the catalyst leakage in pharmaceutical processes can cause serious health problems 

for human beings. Some other drawbacks include the formation of by-products, prolonged reaction 

time, corrosion, and waste acid pollution problems [25, 26].  The research finds a safe and green 

methodology using stable and reusable catalysts under mild conditions to overcome the mentioned 

disadvantages and develop sound and green methods. 

Functional polymers are macromolecules containing functional groups [27]. Poly(N-

vinylimidazole) (PVIm) is a biocompatible [28], biodegradable [29], thermal stable [30], and 

water-soluble linear polymer with pKa around 6.0 [31]. PVIm, as a pH-sensitive functional 

polymer, can be protonated at acidic pH and de-protonated under basic conditions [32]. PVIm and 

its copolymers have been applied in the suppressing gene expression, as drug and protein delivery 

carriers [31], heavy metal removal via metal-binding chelating [33, 34], catalysis [35-38], 

pervaporation [39], fuel cell [40], CO2 separation [41], and nanofiltration separation [42].   

 

2.0 Experimental 

2.1 General procedure 

The chemicals, reagents, and solvents were analytical grade and purchased from Sigma Aldrich, 

ACROS organic, Alfa Aesar, and Fisher Chemical Companies and used as purchased. The purity 

determination of the products was accomplished by TLC on silica gel polygram SIL G/UV 254 

plates. The MS was measured under GC (70 eV) conditions. The IR spectra were recorded on a 

Perkin Elmer 781 Spectrophotometer. In all the cases, the 1H NMR spectra were recorded with 

Bruker Avance 400 MHz instruments. Chemical shifts are reported in parts per million in DMSO-

d6 and CDCl3 with tetramethylsilane as an internal standard.  

 

2.2 General Procedure for the Synthesis of BIMs 

Poly(N-vinylimidazole) (PVIm) was fabricated through free radical polymerization of N-

vinylimidazole in toluene at N2 atmosphere with azobisisobutyronitrile (AIBN) as the initiator 

[37]. The Mv value of PVIm was determined to be 302,000 g mol through viscometry using the 

Mark–Houwink–Sakurada equation [51]. PVIm (20 mg) was mixed and stirred at 80 °C with a 
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mixture of a carbonyl compound (1) (1 mmol) and indole (2a) or 2-methylindole (2b) (2 mmol) 

under solvent-free conditions. After appropriate reaction time (monitored by TLC), cold diethyl 

ether (30 mL) was added into the reaction mixture, and the catalyst was separated by simple 

filtration. Next, PVIm was washed with Et2O (5 mL) and acetone (5 mL) and dried at ambient 

temperature. The recovered PVIm was reused for the next run. The ethereal solution was dried at 

reduced pressure by a rotary evaporator, and the crude product was purified by recrystallization 

from a mixed solvent of ethanol: water (95:5 %). The physical and spectral data of the pure 

products were in good agreement with those previously reported in the literature [43].  

 

2.3 Color, melting point, and 1H NMR data of the selected products: 

3r: Orange solid, m.p. = 243-244 °C; 1H NMR (CDCl3, 400 MHz) δ = 8.80 (s, 3H), 8.35 (d, J = 

7.8 Hz, 3H), 7.88 (s, 3H), 7.49-7.42 (d, J = 7.8 Hz, 3H), 7.38-7.34 (m, 6H), 6.14 (s, 1H) ppm. 

3s: Pale yellow needles, m.p. = > 300 °C; 1H NMR (CDCl3, 400 MHz) δ = 8.11 (s, 2H), 7.74 (s, 

1H), 7.38-7.31 (m, 5H), 7.14 (dd, J = 7.6 and 8.0 Hz, 3H), 6.94-6.98 (m, 6H) ppm.  

3f': Yellow solid, m.p. = 298-299 °C; 1H NMR (DMSO-d6, 300 MHz) δ = 10.92 (s, 1H), 10.88 (s, 

1H), 10.58 (s, 1H), 7.26-7.21 (m, 3H), 7.17 (d, J = 7.4 Hz, 1H), 6.94 (d, J = 7.6 Hz, 1H), 6.90-6.82 

(m, 3H), 6.74 (d, J = 8.2 Hz, 1H), 6.67-6.62 (m, 2H), 6.48 (d, J = 7.4 Hz, 1H), 2.12 (s, 3H), 1.96 

(s, 3H) ppm.  

3g': Orange solid, m.p. = 258-259 °C; 1H NMR (DMSO-d6, 300 MHz) δ =10.69 (s, 1H), 10.66 (s, 

2H), 7.36 (d, J = 7.4 Hz, 1H), 7.20-7.18 (m, 2H), 6.90-6.86 (m, 5H), 6.67-6.64 (m, 2H), 6.18 (s, 

1H), 6.12 (s, 1H), 1.94 (s, 6H) ppm . 

 

2.4 Recovering and reusing of PVIm 

PVIm was filtered and washed with hot ethanol (2 × 5 mL) and then dried overnight at 80 ºC by a 

vacuum oven. The study of FT-IR spectra of fresh and 4th recovered PVIm demonstrated the 

chemical and thermal stability of PVIm during the reaction, workup, and recycling conditions. 

 

3.0 Results and discussion  

Developing cost-effective and eco-friendly processes and performing reactions with safe and 

greener reagents, solvents, and catalysts are crucial issues of organic synthesis research. In 
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continuation of our recent studies [35-37], herein, the efficient catalytic activity of PVIm, as a 

functional polymer, for the synthesis of various bis(3-indolyl)methanes (BIMs) is described. 

Initially, the synthesis of BIMs was carried out in different solvents using PVIm, and the results 

are summarized in Table 1. These results suggest that solvent-free was the best condition for the 

synthesis of BIMs. It may be because polar protic solvents tend to inactive the base sites, and polar 

aprotic solvents tend to favor attack at the nitrogen, whereas nonpolar solvents prefer C-3 attack. 

Table 1. Optimization of the solvent effect on the model reaction.a 

Entry Solvent Yield b (%) 

1 Dichloromethane 45 

2 Toluene 55 

3 Acetonitrile 50 

4 Ethanol 21 

5 Methanol 22 

6 Solvent-free 60c 

a Reaction condition: 4-chlorobenzaldehyde (1.0 mmol), indole (2.0 mmol), PVIm (10 mg), temperature (reflux), reaction time (2 h).  

b Determined by GC.  
c Reaction condition: 4-chlorobenzaldehyde (1.0 mmol), indole (2.0 mmol), PVIm (10 mg), temperature (80 °C), reaction time (2 h).  

 

Then, the effect of the catalyst loading was studied on the model reaction. As shown in Table 2, 

the catalytic efficiency of PVIm enhanced in the presence of more amount of the catalyst, and the 

best result was observed with 20 mg of the catalyst loading (14 wt. % per 4-chlorobenzaldehyde), 

which afforded the desired product 3b in 95% yield. No improvement was observed in the product 

yield using more catalyst loading above 20 mg of PVIm. In the case of PVIm, the catalytic activity 

can be mainly attributed to the basicity of free imidazole rings attached to the backbone of the 

functional polymer. The pKa value of PVIm was estimated at around 6.0 [31]. A linear relationship 

was observed between the catalyst loading and 3b yield at a range of 5 mg to 20 mg of PVIm. 

Table 2. Screening of PVIm loading in the model reaction.a 

Entry Amount of poly(4-vinylpyridine) (mg) Yield b (%) 

1 - No reaction 

2 5 41 

3 10 60 

4 20 95 

5 30 96 

6 40 96 

a Reaction condition: 4-chlorobenzaldehyde (1.0 mmol), indole (2.0 mmol), temperature (80 °C), reaction time (2 h).   

b Determined by GC. 
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The substrate scope of the new catalytic process was investigated by the reaction of various  

carbonyl compounds (1) with indole (2a) and 2-methylindole (2b) under optimized reaction 

conditions (Scheme 1).  

N
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+ 2
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1 2

27 examples
Isolated yield = 82-95%
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Scheme 1. Synthetic conditions of BIMs using PVIm. 

Table 3. The substrate scope of the new catalytic process for the synthesis of BIMs.a 

Entry Aldehyde R3 Product Time (min) Yield (%)b M.p. (C) 

Found Reported (43) 

1 C6H5-CHO H 3a 135 94 127-128 123-125 

2 4-Cl-C6H4-CHO H 3b 120 95  87-88 87-89 

3 2-Cl-C6H4-CHO H 3c 124 93 76-78 77-78 

4 4-CH3O-C6H4-CHO H 3d 135 90 191-192 195 

5 3,4-(CH3O)2-C6H4-CHO H 3e 140 90 200-201 197-199 

6 4-CH3-C6H4-CHO H 3f 120 93 96-97 99-100 

7 4-NO2-C6H4-CHO H 3g 120 95 243-244 245-246 

9 4-Br-C6H4-CHO H 3h 125 95 110-111 111-113 

10 C6H5-CH=CH-CHO H 3i 135 91 99-100 100-102 

11 Furfural H 3j 120 95 320-321 322-324 

12 4-OH-C6H4-CHO H 3k 135 90 208-209 210-212 

13 2-OH-C6H4-CHO H 3l 145 89 100-101 103-105 

14 CH3CH2CH2CHO H 3m 165 90 Oil Oil 

15 CH3(CH2)5CHO H 3n 160 91 65-66 68-70 

16 C6H5-CO-CH3 H 3o 180 82 167-168 169-171 

17 4-Cl-C6H4-CO-CH3 H 3p 175 84 108-109 109-110 

18 4-NO2-C6H4-CO-CH3 H 3q 170 89 271-272 274-276 

19 Indol-3-carbaldehyde H 3r 140 94 243-244 245-247 

20 Isatin H 3s 140 94 > 300 244-245 

21 C6H5-CHO CH3 3a' 140 94 239-240 244-246 

22 3,4-(CH3O)2-C6H4-CHO CH3 3b' 160 90 200-201 204-206 

23 4-NO2-C6H4-CHO CH3 3c' 140 95 242-243 240-242 

24 4-OH-C6H4-CHO CH3 3d' 155 89 237-238 240-242 

25 4-CH3-C6H4-CHO CH3 3e' 135 91 179-180 175-177 

26 Isatin CH3 3f' 160 91 298-299 300-301 

27 Indol-3-carbaldehyde CH3 3g' 165 90 258-259 260-262 

a The desired products were characterized by comparing their melting point and/or 1H NMR spectra with those of the known compounds.  

b Isolated yield.  
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As seen in Table 3, a variety of substituted aromatic and heteroaromatic aldehydes smoothly 

reacted with indole (2a) or 2-methylindole (2b) using PVIm as a heterogeneous catalyst under the 

optimized reaction conditions, and the respective BIMs were isolated in 82-95% within 2-3 h. 

  

Table 4. The superiority of our catalytic process for the preparation of 3,3'-bis-

indolylphenylmethane compared with some previously reported methods. 

Entry Catalyst Reaction condition Time (min) Catalyst loading Yield (%)a Ref. 

1 CAN CH3CN (N2 atm) 30 0.3 mol 89 44 

2 Lanthanide triflate EtOH / H2O 720 0.1M solution 95 45 

3 Acetic acid H2O 10 days 0.01 mol 71 46 

4 Indium trichloride CH3CN 240 0.2 mol 96 47 

5 Zeokarb-225 CH3CN 450 0.5 g 95 48 

6 [Hmim]HSO4 EtOH 60 0.01 mol 97 14 

7 Aminosulfonic acid EtOH/H2O (N2 

atm) 

30 1.5 mol 93 49 

8 Ammonium chloride Solvent-free 120 h 0.5 mol 96 50 

9 Poly(N-

vinylimidazole) 

Solvent-free (80 

°C) 

135 min 20 mg 94 This work 

a Isolated yield. 

Based on previously reported mechanisms in the literature [14, 46], a schematic reaction route was 

proposed, as shown in Scheme 2. 
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Scheme 2. A plausible mechanism of the synthesis of bis(3-indolyl)methanes in the presence of 

a catalytic amount of PVIm. 
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The reusability was investigated to show the worth of PVIm as an easy separable and recyclable 

heterogeneous catalyst. For this purpose, the model reaction was carried out several times 

consecutively. The first run gave the conversion of 95% after two hours. Then, the catalyst was 

collected by filtration, washed with Et2O and acetone, and dried at room temperature overnight. 

The subsequent runs were carried out in the same procedures four times, and the catalytic activity 

of PVIm remained almost constant, as shown in Table 5. 

Table 5. Reusability of PVIm 

Run Time (min) Isolated yield (%) 

1 120 95 

2 120 95 

3 126 93 

4 126 92 
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Abstract 

Hydrogen (H2) has proved itself as a viable future energy carrier and 

alternative for fossil fuel in terms of ensuring a clean and sustainable 

energy supply. However, H2 must be made available at a lower cost 

so that everyone can benefit from it and prevent causing a worldwide 

ecological imbalance. The usage of photoelectrochemical water 

splitting (PEC) technology by using TiO2 photocatalyst can produce 

H2 using renewable solar energy. The essential milestones, as well as 

the mechanism in PEC H2 generation, are discussed in this article. 

 
Keywords: Photoelectrochemical cell, Solar illumination, Water splitting 

 

1. Introduction 

Nowadays, a variety of environmental problems affect our world. The increased growth in human 

population and industrial development has resulted in the generation of various waste products and 

high consumption of energy. As a result, developing a continuous, renewable, and clean energy 

supply to protect the environment by reducing pollution emissions is the most pressing concern 

for human civilization. H2 is now widely regarded as an ideal future energy carrier [1], [2]. The 

energy yield of H2 is approximate 122 kJ/g which this provided energy is larger than the energy 

provided by conventional hydrocarbon fossil fuels combustion [3]. Besides, the process to provide 

energy through H2 combustion is environmental friendly due to the harmless end product of H2O 

[4]. H2 can be generated through various methods using different raw materials, including fossil 

fuels and biomass [3], [5]. However, these methods contribute to problems such as energy 

depletion, environmental pollution, production of unwanted CO2, the need for huge electrical 

consumption, and low efficiency of H2 production [3], [5], [6]. Therefore, a suitable method must 

be invented to resolve all the disadvantages.  
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Solar energy is the largest, clean, renewable, and free energy source accessible throughout the 

world providing up to 1.2 x 1014 kJ of energy per second [7-8]. The amount of solar energy reaching 

our planet is approximately 100000 TW of which 36000 TW reaches land surface each year [9]. 

PEC water splitting is one of the most widely used techniques that use sunlight energy to separate 

water molecules into H2 and oxygen (O2) molecules (2H2O  2H2 + O2) and thus reduce electrical 

energy consumption [8-10]. This technique is effective and environment friendly to make it the 

most promising method for H2 production so far. In this method, H2 and O2 are going to be 

generated at two separated photoelectrodes, anode and cathode, respectively. Large varieties of 

semiconductor (metal oxide) materials are used as photocatalysts in the PEC water splitting 

process. Photocatalysts activated by solar irradiation produce photogenerated electrons and holes, 

and they will react with water to generate H2 and O2 effectively [1], [9].  

In this article, some of the early studies in heterogeneous photocatalysis start from solar 

photovoltaic to the solar H2 in PEC water splitting cell will be reviewed. The development of a 

TiO2 semiconductor photocatalyst capable of producing H2 efficiently through both the PEC cell 

and light activation will be reviewed.  

2. Historical overview of PEC application 

As the demand for alternative energy sources grows worldwide, there is an increasing interest in 

cost-effective, conveniently produced energy sources with excellent performance. Alexandre 

Edmond Becquerel's early experiment based on photocatalysis was published in 1839 [11]. He 

discovered that an electrode made of silver chloride (AgCl) coupled to a counter electrode 

immersed in an aqueous electrolyte creates an electrical current and voltage during solar light 

irradiation. The discovery of capturing solar energy and turning it to electrical power sparked a 

slew of new ideas for scientists and academics looking for alternate energy sources. The 

photoelectric effect was then applied to a device for the first time in 1883 by Charles Fritts, who 

created a gold and selenium n-p junction device with a 1 percent efficiency [12]. There was a 

scarcity of information about heterogeneous photocatalysis in the early twentieth century. 

Bell Laboratories published and reported the first p-n junction solar cell design in 1954, with a 6 

percent efficiency [13]. Bell Labs' breakthrough resulted in the first commercially practical solar 

cell and revolutionized the photovoltaic industry. Improvements have been made to make 

photovoltaic more accessible in the global market. Solid-state junction devices built of silicon have 
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dominated the conversion of solar energy to electrical power. The most significant disadvantage 

of photovoltaics is that it does not work when the sun is not strong or in bad weather. As a result, 

energy storage is critical, which can be accomplished by creating H2 and storing the energy as 

chemical energy in H2. The stored energy is then can be released as electrical energy when needed. 

PEC cells have typically relied on nanocrystal structure materials. The nanostructure material is 

having many advantages such as high current generation efficiency, low cost, and chemical 

stability [14]. 

In 1972, Fujishima and Honda discovered the PEC H2 production using TiO2 electrodes [15-17]. 

Because crude oil prices had abruptly risen and a future shortage of crude oil was a real issue, this 

event heralded the start of a new era in heterogeneous photocatalysis. As a result, scientific 

interests in semiconductor photocatalysis based on TiO2 photocatalyst have grown significantly. 

To have a better understanding of the fundamental mechanisms and to improve the photocatalytic 

effectiveness of TiO2, research works have been published. TiO2 has emerged as the top candidate 

for PEC cells due to characteristics such as non-toxicity, low cost, excellent stability against photo-

corrosion, potent photocatalytic activity, and self-cleaning ability [16-18]. 

In the early 1980s, TiO2 in different forms such as solution suspension and solid photoelectrode 

was used to generate H2 through the PEC cell. However, this system has several flaws such as the 

appearance of trapping sites, long travel distances, and disordered contact areas between two 

particles or spheres. Therefore, the electron transporting time in the TiO2 bulk phase is relatively 

long, resulting in the scattering of free electrons with lower mobility. These drawbacks reduce the 

performance of PEC cells. Other than that, an appropriate substrate is needed to support the 

particles or spheres in the PEC system and a filtration process might be needed after using them 

[17], [19].  

In the early 1990s, TiO2 thin film photocatalyst was created in the PEC application because it 

provides a more resilient and cost-effective solution by removing the issues mentioned above and 

being reusable in the PEC application. However, thin-film photocatalysts do not have a 

significantly large surface area [20]. To achieve optimum overall efficiency without increasing the 

geometric area, it is critical to maximizing the active sites of TiO2 thin films. Advanced geometries 

of TiO2 thin films have recently garnered much attention, especially nanostructured TiO2, which 

has a large surface area (active sites) for photon absorption in PEC application [17]. 
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Zwiling and co-researchers reported the first generation of self-organized porous TiO2 by 

anodizing Ti foil in chromic acid electrolytes containing hydrofluoric acid (HF) in 1999 [16]. Gong 

and his research team later constructed self-organized TiO2 nanotubes arrays with excellent 

uniformity by anodizing Ti in an aqueous dilute HF electrolyte in 2001. The maximum nanotube 

lengths were approximately 500 nm. One-dimensional (1D) nanostructured TiO2 film can be 

simply removed and replaced after the photocatalytic process. Therefore, 1D nanostructured TiO2 

film is used in photoreactors for cost-effective purposes. Various methodologies such as 

hydrothermal, sol-gel, and anodization can be used to create 1D TiO2 nanostructures [16], [21–

23]. 

TiO2 nanotubes have recently been identified as a possible building element for a new generation 

of nanoscale devices. Self-organized TiO2 nanotube arrays bring much attention, not only because 

of their variable band gap due to the quantum confinement effect but also because of their larger 

surface area which allows for more photon absorption [15], [17]. However, a suitable method to 

produce nanotubes arrays must be researched and different effects such as wall thickness, length, 

pore width, and intertube spacing must be optimized to obtain preferred dimensions and 

morphologies. Many researchers have found that highly ordered TiO2 nanotubes are superior and 

highly efficient in PEC responses due to their higher surface area allows for better light scattering 

and thus more electron generation [17]. The improvement of charge transport favors PEC features 

that improve photocurrent resulting in more efficient H2 generation. As a result, TiO2 nanotubes 

have been proved to be a stable photocatalyst or semiconductor for efficient light absorption in 

water photo-electrolysis reactions.  

 

3. Principle and mechanism of PEC water splitting 

The main components of PEC water splitting device are made up of semiconductor 

photoelectrodes which can absorb light, electrolyte, and separation membrane. There are three 

main processes involved in a complete PEC water splitting process. The first process is light 

absorption by semiconductor photoelectrode. Different semiconductors are having different band 

gap energies. Band gap reading is the difference between the valence band (highest occupied 

molecular orbital) and conduction band (lowest unoccupied molecular orbital) of the 

semiconductor [9]. A pair of charge carriers is generated when the semiconductor material 

received photons (from sunlight irradiation) with energies larger than its band gap energy. Excited 
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electrons located in the valence band will tend to move to the conduction band and leaving holes 

in the valence band. In the water splitting process, the valence band potential of the semiconductor 

must be positive than the O2/H2O redox potential of 1.23 V vs. NHE (pH = 0) and the conduction 

band potential must be more negative than the H+/H2 redox potential of 0 V vs. NHE to carry out 

water oxidation and reduction reactions respectively [9], [10], [16]. 

The second process is the separation and transportation of photoexcited charge carriers. The third 

process is the redox reactions of water splitting. Fig. 1 demonstrates the set-up of a simple PEC 

device (type I) based on n-type semiconductor as the photoanode where (I) to (III) represent first 

to third processes.  In this type, I PEC device, a single semiconductor can be used either as a 

photoanode or photocathode to carry out water oxidation or reduction process.  

 

Fig. 1 Type I PEC cell with n-type semiconductor as photoanode and metal as the counter 

electrode. Reproduced from [9] with permission from the Royal Society of Chemistry. 

Metal oxide has gotten much attention in PEC water splitting process due to benefits including 

chemical and physical stability, low cost, easy accessibility, wide varieties, etc. [10]. Despite all 

the advantages, the problems of weak electrical characteristics, large band gap reading, fast 

photogenerated electron, and holes recombination need to be solved to enhance the H2 production 

in the water splitting process [18], [24]. Fig. 2 demonstrates different semiconductors together 

with their valence and conduction band edge readings. Band positions of the semiconductor 

depend on the pH of the electrolyte. It is important to research a low cost, efficient, high stability, 
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non-toxic, and easy to access material for PEC water splitting process. The suitable semiconductor 

used in the PEC systems must have four essential characteristics as shown below [9], [16-18]: 

i. Photochemical stability:  

The material must be stable in an aqueous solution to avoid photo-corrosion during the photo-

electrolysis reaction. Photo-corrosion occurs when the photoexcited charge carrier does not 

carry out water oxidation or reduction but instead decomposes the photocatalyst itself. 

Semiconductors such as zinc oxide, molybdenum disulfide, and bismuth vanadate are 

undergoing photo-corrosion easily.  

ii. Band gap: 

Sunlight is made up of approximately 5% of UV light (wavelength of 300 to 400 nm), 43% 

of visible light (wavelength of 400 to 700 nm), and infrared radiation (wavelength of 700 to 

2500 nm). Thus, the light absorption of the semiconductor must be within the visible region 

to enhance the efficiency of water splitting. The theoretical minimum band gap energy for 

PEC water splitting process is 1.23 eV (light absorption around the wavelength of 1100 nm) 

due to the O2/H2O redox potential as mentioned before. Besides, the possibility of both the 

thermodynamic energy losses during charge carrier transportation and overpotential 

requirement for surface reaction kinetics must be considered to evaluate suitable band gap 

energy reading. Thus, the semiconductor candidate must display a band gap energy of more 

than 1.8 eV (light absorption around 700 nm). The band gap reading should not be more than 

3.2 eV due to the possibility of low sunlight intensity for wavelength under 390 nm 

considering the possibility of overpotential losses and the initial energy required to begin the 

water splitting reaction.  

iii. Charge carrier separation and transportation 

The fast recombination rate of the charge carrier affects the water splitting efficiency. A study 

carried out by researchers shows that approximately 60-90% of photoexcited electrons 

recombine with holes within 10 ns. 

iv. Energy level: 

The reduction and oxidation potential of the photocatalyst must lie between the conduction 

and valence band edges for the immediate water splitting reaction.  

TiO2, as mentioned in the previous section is widely used in this application due to its distinctive 

characteristics [18]. Fig. 3 displays the layout of a simple PEC water splitting set-up using TiO2 
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photoanode and platinum photocathode. In Fig. 3, when TiO2 is irradiated with light energy larger 

than its band gap energy, charge carriers are formed. The exciting form of electrons produced by 

TiO2 will travel through the circuit towards the platinum electrode and undergoes a reduction 

process to synthesize H2 while holes carry out an oxidation process to form O2 [2], [16], [18]. The 

overall process is shown in Eq 1 to 3 as follow: 

TiO2 + 2 hv → TiO2 + 2e- + 2h+     (1) 

2H2O + 4h+ → O2 + 4H+      (2) 

2H+ + 2e- → H2        (3) 

However, TiO2 can only absorb UV light due to its large band gap reading (approximate 3.2 eV 

for anatase and 3.0 eV for rutile phase). Besides, the fast recombination rate of photoexcited 

electron-hole pairs also affects their water splitting efficiency [15], [18]. Today, methods including 

doping with other metal or non-metal materials [25]–[29] and formation of binary [30], ternary 

[31], quaternary composite heterostructures [32] have been reported in numerous publications to 

promote more efficient charge separation, longer charge carrier lifetimes, and improved interfacial 

charge transfer in TiO2. Furthermore, the recombination rate of electron-hole pairs can be 

enhanced by constructing a TiO2 heterojunction photoanode [31]. Furthermore, the formation of 

this structure also improves the efficiencies of both the surface reaction kinetics and photo-redox 

process [31].  

 

Fig. 2 Band positions of different semiconductors corresponding to the redox potential of water 

splitting at pH = 0. Reproduced from [9] with permission from the Royal Society of Chemistry. 
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Fig. 3 PEC water splitting using TiO2 photoanode and platinum photocathode. Reproduced with 

permission from [33]. 

4. Conclusion 

All in all, this review sought to provide an overview of the metal oxide semiconductor in the PEC 

H2 production application so that the reader may gain a better understanding of the historical 

context, basic fundamental investigations, and mechanism in PEC H2 generation. TiO2 

photocatalyst can be used as the photoanode material in PEC cells to generate H2 because of their 

distinctive characteristics such as low costs, chemically stability, long lifetime of charge carriers, 

powerful photocatalytic ability, high resistance towards photo-corrosion, and large surface area.  
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