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Abstract 

Hydrogen energy has become very attractive since it has remarkably high energy density in 

comparison to diesel or gasoline and more importantly it is a zero-emission fuel. Although it 

can be provided from several sources, the key point is that hydrogen production method should 

have low-environmental impact. Unfortunately, the hydrogen fuel market heavily relies on 

steam reforming which requires fossil fuel processing under high pressure and temperature 

conditions where a greenhouse gas, carbon dioxide, is produced largely. Electrolysis can be 

considered as an alternative method since it uses electricity to split water to oxygen and 

hydrogen fuel. However, the same criteria apply to this method for the source of the electricity. 

In other words, depending on the source of the electricity production such as hydropower, wind, 

or solar energy input, electrolysis process can be sustainable.  

The idea of developing a system that converts solar energy directly to hydrogen fuel could be 

another way to produce hydrogen fuel from water. Photocatalytic hydrogen evolution permits 

direct solar conversation on account of the photocatalytically active semiconductor materials. 

Among various of studied photocatalysts, TiO2 is prominent owing to its suitable band 

alignment for photocatalytic hydrogen evolution. Nevertheless, the biggest obstacle is that TiO2 

can be activated only via UV part of the solar spectrum. Thus, there is a massive effort that 

must be taken to develop a photocatalytic system that can initiate PHE process under wider 

range of the solar spectrum, specifically visible light spectrum. The candidate photocatalyst 

also should be cheap and require as low as possible amount of noble metal (usually Pt) or have 

promising Pt-free photocatalytic hydrogen evolution performance. 

In my doctoral dissertation, I investigated the several ways to improve the performance of zinc 

indium sulfide (ZnIn2S4) which is one of the most popular photocatalyst in the literature 

especially for the photocatalytic hydrogen evolution applications under visible light spectrum 

(λ > 420 nm). Two different types of ZnIn2S4 based photocatalytic system were investigated in 

detail: ZnIn2S4/CuInS2 and BiOCl@ZnIn2S4. For ZnIn2S4/CuInS2 photocatalytic systems, the 

first part was related with the development of ZnIn2S4/CuInS2 photocatalytic system via 

hydrothermal method in the presence of pre-prepared CuInS2 quantum dots. While the second 

part was on a specific question related with the effect of the aggregation properties on PHE 

performance of ZnIn2S4. Lastly, the photocatalytic glycerol reforming for photocatalytic 

hydrogen evolution was examined over BiOCl@ZnIn2S4.  
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This thesis begins with the short information about the published works constituting the thesis 

which are mentioned in the whole thesis as P1, P2 and P3. In the introduction part, The Reader 

can find concise information about the photocatalytic hydrogen evolution providing a strong 

background which is useful to understand the published works. After implying the aim of the 

thesis, the publications (P1, P2 and P3) are summarized defining the most important points of 

each published works followed by the summary of the whole thesis highlighting the suggested 

outcomes of the thesis and propositions for the further studies. Finally, the publications are 

given with their supplementary information followed by the scientific achievements at the end 

of the thesis.  
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Streszczenie 

Energia w postaci wodoru stała się bardzo atrakcyjna, ponieważ wodór ma większą gęstość 

energii w porównaniu z olejem napędowym czy benzyną, a co ważniejsze jest paliwem zero-

emisyjnym. Wodór może być dostarczany z kilku źródeł, jednakże kluczową kwestią jest jego 

metoda produkcji, która powinna mieć niewielki wpływ na środowisko. Niestety rynek paliw 

wodorowych opiera się na reformingu, który wymaga przetwarzania paliw kopalnych pod 

wysokim ciśnieniem i w wysokiej temperaturze, gdzie w dużej mierze wytwarzany jest gaz 

cieplarniany- dwutlenek węgla. Elektrolizę można uznać za metodę alternatywną produkcji 

wodoru, ponieważ wykorzystuje ona energię elektryczną do rozkładu wody na tlen i paliwo 

wodorowe. Jednak te same kryteria mają zastosowanie do tej metody, gdy bierze się pod uwagę 

źródło energii elektrycznej. Innymi słowy, w zależności od źródła produkcji energii 

elektrycznej, takiej jak energia wodna, wiatrowa lub słoneczna, proces elektrolizy może być 

procesem zrównoważonym. 

Pomysł na opracowanie systemu, który przekształca energię słoneczną bezpośrednio w paliwo 

wodorowe, może być kolejnym sposobem na produkcję paliwa wodorowego z wody. 

Fotokatalityczne generowanie wodoru (PHE) umożliwia bezpośrednią konwersję słoneczną 

dzięki fotokatalitycznie aktywnym materiałom półprzewodnikowym. Wśród badanych 

fotokatalizatorów, TiO2 wyróżnia się tym, że posiada odpowiednie położenie pasm do 

fotokatalitycznego procesu wydzielania wodoru. Jednak największym ograniczeniem TiO2 jest 

to, że może być on aktywowany tylko pod wpływem promieniowania UV, które stanowi tylko 

część promieniowania słonecznego. Dlatego należy podjąć badania w celu opracowania 

fotokatalizatora, który może zainicjować proces PHE w szerszym zakresie widma słonecznego, 

a konkretnie promieniowania widzialnego. Proponowany fotokatalizator powinien być także 

tani i wymagać jak najmniejszej ilości metalu szlachetnego (zwykle Pt) lub powinien 

wykazywać znaczną wydajność fotokatalitycznego generowania wodoru bez obecności Pt. 

W mojej rozprawie doktorskiej zbadałem kilka metod zwiększenia efektywności siarczku 

cynkowo-indowego (ZnIn2S4), który jest jednym z najpopularniejszych fotokatalizatorów w 

literaturze, zwłaszcza w procesie fotokatalitycznego generowania wodoru pod wpływem 

promieniowania widzialnego (λ > 420 nm). Szczegółowo zbadano dwa typy układów 

fotokatalitycznych opartych na ZnIn2S4: ZnIn2S4/CuInS2 oraz BiOCl@ ZnIn2S4. W przypadku 

układu ZnIn2S4/CuInS2, pierwsza część badań dotyczyła otrzymywania kompozytu 

ZnIn2S4/CuInS2 metodą hydrotermalną, gdzie ZnIn2S4 był syntezowany w obecności wcześniej 
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przygotowanych kropek kwantowych typu CuInS2. Natomiast druga część badań związana z 

kompozytami ZnIn2S4/CuInS2 dotyczyła badania wpływu agregacji kropek kwantowych na 

wydajność generowania wodoru. W kolejnej części badawczej pracy zbadano efektywność 

generowania wodoru w procesie fotokatalitycznego reformingu glicerolu w obecności 

kompozytów BiOCl@ZnIn2S4. 

Niniejszą pracę rozpoczyna krótka informacja na temat publikacji naukowych składających się 

na rozprawę doktorską, które w całej pracy zostały oznaczone jako P1, P2 i P3. We wstępie 

Czytelnik może znaleźć informacje, które mogą przydatne do zrozumienia publikowanych 

prac. Po przedstawieniu celu pracy, streszczono publikacje (P1, P2 i P3) opisując najważniejsze 

osiągnięcia każdej z prac. Na końcu przedstawiono podsumowanie całej rozprawy oraz 

propozycję dalszych badań, Do rozprawy doktorskiej dołączono opisywane publikacje wraz z 

informacjami uzupełniającymi oraz dorobek naukowy. 
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1 Introduction 

Seeking an alternative energy source to fossil fuels has been a hot topic since the first oil crisis 

in 1973 [1]. Indeed, those attempts escalated due to the concerns about global warming leading 

this effort with decarbonization to cut the greenhouse gasses emission by 2030 as depicted in 

Paris Agreement [2] and have spiked especially after Russian invasion of Ukraine on 22 

February 2022 concerning the energy security [1]. Clearly, there is a dire need for swift a 

transition to a reliable, secure, and green energy source that is necessary ever than before [3]. 

If the storage problem is set aside [4], hydrogen energy seems very attractive due to its high 

gravimetric energy density which is the highest compared to other fossil-based fuels (Figure 1) 

[5]. The most importantly it releases only water after its combustion. However, since a 

negligible amount of hydrogen molecules exist naturally, they must be derived from some other 

sources. Luckily, hydrogen atom is the most abundant in the universe and third in the Earth in 

the form of hydrocarbons, water, or other compounds. Converting hydrogen atoms to molecular 

hydrogen requires different strategies depending on the hydrogen atom sources and it needs an 

energy input regardless of a source. The most common method in the market is steam methane 

Figure 1 The gravimetric and volumetric density values of several fuels. The measure is 

based on lower heating values. JP-8 and E-10 mean “Jet Propellant 8” and petrol with 

10% ethanol content, respectively (Taken from U.S. Department of Energy) [5] 
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reforming (STM) that is basically a utilization of natural gas with the steam under high 

temperature releasing CO (Eq. 1) and CO2 (Eq. 2) resulting in an overall reaction of STM (Eq.3) 

[6].  

CH4 + H2O → CO+ 3H2      (Eq.1) 

CO + H2O → CO2+ H2      (Eq.2) 

CH4 + 2H2O → CO2+ 4H2      (Eq.3) 

Through a greener path, hydrogen fuel can be produced by water splitting via process called 

water electrolysis that requires electrical current input facilitating the water splitting reaction in 

an electrolyser unit consisting of cathode and anode in an alkali electrolyte (alkaline water 

electrolyser) or a proton exchange membrane between located between electrodes (polymer 

membrane electrolyser) (Figure 2). Depending on the source of the electricity production such 

as hydropower, wind, or solar energy input, this process can be sustainable [7] as the predictions 

for renewable energy share in global electricity production will increase from 18% to around 

31% between 2018 to 2050 [8,9]. Thus, surplus electricity production from those sources can 

be utilized to produce hydrogen to store this electricity in the form of stable chemical bonds 

[10]. This seems to be promising solution and especially huge efforts have been made in the 

Figure 2 A basic representation of a polymer membrane electrolyser 

and half reactions occurring on the cathode and anode 
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market to lower the cost of hydrogen production via electrolyser yet to be soon lower than steam 

reforming-produced hydrogen by 2030 [11].  

1.1 Short introduction to photocatalytic hydrogen evolution  

The idea of developing a system which can convert solar energy to hydrogen fuel could be an 

another way with the aim of simpleness and cost-effectiveness [12]. Suchlike system was firstly 

reported by Honda-Fujishima in 1974 from a installation with UV irradiated semiconductor 

TiO2 photoanodes connected to the Pt plate where hydrogen ions are reduced to hydrogen fuel 

[13]. The process occurred over the TiO2 layer is called Honda-Fujishima effect that is accepted 

by the photocatalysis community as a pioneer of photocatalysis research for hydrogen 

production. Since then, many efforts have been devoted to development of TiO2-based 

photocatalytic systems for photocatalytic hydrogen evolution (PHE) applications as it is one of 

the most widely studied photocatalyst in this discipline [14]. The fact of the popularity of TiO2 

is not surprising since it fulfills the one of the most important fundamental requirements of a 

photocatalyst for PHE that is suitable band alignment for PHE [15]. Location of conduction 

band (CB) and valence band (VB) in a photocatalyst with suitable band alignment for PHE 

should have more negative than redox potential of H+/H2 (0 V vs NHE, pH = 0) and more 

positive than oxidation potential of O2/H2O (1.23 V vs NHE, pH = 0), respectively (Figure 3). 

In the typical PHE evolution process, a charge carrier generation occurs (Route II in Figure 3) 

where electrons and holes over CB and VB upon light irradiation (Route I in Figure 3) with the 

sufficient photon energy (hν) that is higher than band gap (Eg) resulting in proton reduction and 

water oxidation over CB and VB (Route III in Figure 3). Overall water splitting is a challenging 

goal because the number of both holes and electrons should be 4 [16] which makes this reaction 

complex. In other words, both proton reduction and water oxidation should occur over a 

photocatalyst (Figure 2). However, in this thesis, the two main objectives are: 

• to achieve a visible light induced (λ > 420 nm) PHE. One of the biggest barriers for PHE 

over TiO2 is harvesting the visible light to start PHE reactions. This requires a design 

strategy to overcome this problem. After-mentioned reported strategies for TiO2 will be 

focused on only the examples around the light excitation wavelength above 400 nm. 

• to initiate half water splitting for PHE. This requires the use of sacrificial reagents (that 

will be explained in detail in the next section) to scavenge the photogenerated holes 

whose VB potential should be higher than that of the sacrificial reagent’s oxidation 
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potential to fasten the proton reduction kinetics. On the contrary electron scavengers are 

required for oxygen evolution reactions which is not part of this thesis.  

 

1.2 Visible light induced photocatalytic hydrogen evolution over TiO2 and other metal 

oxides 

The justification for the goal of the visible light application of photocatalysts originates from 

the one of the biggest limitations of the TiO2-based photocatalytic system that it can be only 

activated by UV light due to its wide band gap more than Eg > 3.0 eV. As the solar spectrum 

consists of only 3-5% UV light lower than 400 nm [17], it is crucial to build photocatalytic 

system that benefits the visible light spectrum that is around 43% of solar spectrum [18]. Indeed, 

this problem has been tried to be overcome by applying various strategies that can be 

categorized into two main methods: doping and surface modification. The significant 

distinction between the surface modification or doping definitions should be considered which 

was described by Kowalska et al [19]. In short, the doping is introducing of metal atoms [14] 

such as Ag [20] Fe[21], V [22], Cr [23], Bi [24], Co [25], Ru [26] or nonmetal atoms [27,28] 

(N [29], C [30], B [31], S [32], P [33], F [34]) in a target material during the synthesis causing 

intrinsic changes due to the emerged intragap localized states narrowing the band gap (Figure 

4) or even completely forming a different material lower band gap than that of TiO2 [35] while 

Figure 3 Schematic representation of overall photocatalytic water splitting over single photocatalyst. 

Ideal photocatalyst for water splitting purposes should have more negative than redox potential of 

H+/H2 (0 V vs NHE, pH = 0) and more positive than oxidation potential of O2/H2O (1.23 V vs NHE, 

pH = 0) 
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surface modification is the treatment of the pre-prepared bulk material that is furtherly 

processed in another step. For example, nano-sized Au can significantly improve the visible 

light response and PHE performance of TiO2 owing to the surface plasmon resonance (SPR) 

[36–39] effect. It was suggested that the SPR excited electrons over Au nanoparticles under 

visible light are transferred to CB of TiO2 and finally can reach the metal cocatalyst where the 

H+ to H2 reduction occurs (Figure 5a) [39]. As well as for Ag nanoparticles deposited TiO2, 

similar SPR phenomenon over was observed [40,41]. Besides, Cu based nanoparticle 

deposition in the form of Cu2O, CuO and Cu were proven to have capability to cause red-shift 

TiO2 thus improved PHE activity under visible light [42–44]. Graphene oxide was responsible 

for visible light activation of graphene oxide-TiO2 composite due its sensitization effect [45]. 

Same effect was reported for synthesized TiO2 with graphitic carbon material [46] and carbon 

quantum dots [47] Beyond the sensitization effect, structural changes established by reduced 

graphene oxide derived from graphene oxide via hydrothermal treatment were reported, where 

oxygen vacancies and crystal disorders on the surface of TiO2 promote the visible light activity 

[48]. Dye-sensitization are another widely proven technique in which dye molecules such as 

eosin Y, Ru-bipyridyl complexes [49], merbromine, 2’,7’–dicholorofluorescein, rhodamine 6G, 

rhodamine B are  anchored on TiO2 through chemical fixation [50] and as well as metal-based 

dye molecules like copper phthalocyanine (CuPc) [51] and zin phthalocyanine based (ZnPc) 

[52] exhibited good sensitization performance on TiO2. Lastly, coupling TiO2 with another 

semiconductor photocatalyst can effectively improve the visible light induced PHE 

Figure 4 Doping strategy for visible light induced photocatalytic hydrogen evolution purposes where 

a) dopants can create donor level above the valence band or b) acceptor level below the conduction 

band in the target doped photocatalytic material 
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performance [53,54]. The main criterion in this strategy is the selection of the proper 

semiconductor with a higher level of conduction band than TiO2 and the ability to utilize the 

visible light spectrum [55]. TiO2/CdS heterostructure is one of the most remarkable example 

[56–61] for PHE where H+ reduction occurs directly on TiO2 surface or over a cocatalyst 

through injected electron from TiO2 (Figure 5b). Additionally, WS2 [55], CaFe2O4 [62] and 

black phosphorus [63], graphitic carbon nitride (g-C3N4) [64] were investigated for 

sensitization of TiO2 as an alternative to CdS. Above-mentioned strategies for enhancing the 

visible light activity of TiO2 are also applicable to other extensively discussed wide-band-gap 

metal oxide photocatalysts such as ZnO [65,66], SrTiO3 [67–70], NaTaO3 [71,72] and other UV 

active materials [54,73]. In addition to those attempts, single crystal metal oxides were also 

Figure 5 Simplified representation of visible light induced photocatalytic hydrogen evolution 

mechanisms over a) gold nanoparticle sensitized TiO2 through hot electron injection originated from 

SPR effect in gold nanoparticles and b) CdS/TiO2 heterostructure in which photogenerated electrons 

are produced over CdS and transferred on TiO2 surface (Note: The presence of cocatalyst is not 

shown). 
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reported for visible light induced PHE [74] including NiM2O6 (M = Nb; Ta) [75], InVO4 [76], 

MCrO4 (M = Sr, Ba) [77], LaFeO3 [78], ZnFe2O4 [79], Fe2O3 [80], Fe3O4 [81]. 

Cleary, all those attempts show that continuing valiant efforts are high for the application of 

TiO2 for visible light induced PHE. Nevertheless, the motivation is more than a suitable band 

alignment. Low-cost, stability, corrosion resistance and environmental safety [82] are another 

key measures which promotes TiO2 as a desirable photocatalyst for PHE in larger scale than 

laboratory scale [83–85]. What’s more, TiO2 is very quickly emerged material last 20 years 

[86] thus the information regarding TiO2 has been soaring and likely it will continue to do so 

in the next years more than any other photocatalysts. Alternatively, as discussed above, 

researchers have been making effort to find an alternative to TiO2 either wide-band-gap metal 

oxide based photocatalysts by employing the similar strategies as for visible light induced PHE 

or designing narrow-band-gap metal oxide single crystals. However, one should consider while 

designing a photocatalytic system that if the full water splitting is not desired but particularly 

the half-reaction, then the reducing capability of the target photocatalyst should be the main 

interest along with the visible light spectrum harvesting capability.  

In the next title, the reasons why the metal sulfides fulfill those specifications will be widely 

discussed followed by the main interest of this thesis ZnIn2S4 based photocatalytic systems.   

1.3 Metal sulfides for visible light induced photocatalytic hydrogen evolution 

Before going into the detail of metal sulfide based photocatalytic system, the two very similar 

and in the same time drastically different oxygen and sulfur elements will be introduced as is 

clearly explained by Ao [87]. In short, the similarity between oxygen and sulfur bonding with 

metals arises from their similar valence electron configuration (O: [He] 2s2 2p4 and S: [Ne] 3s2 

2p4). That’s why almost all the metal oxides have analogues of metal sulfides. However, the 

distinctions between those two elements are even observable in our surroundings as in the case 

of the direct evidence of the formation of S-S bonding in elemental sulfur which is a solid (S8) 

while elemental oxygen (O2) is a gas. Also, the oxidation and reduction of sulfur are heavily 

influenced by the surroundings. Because sulfur can hold more than 10 to even 12 electrons in 

its valence shell by expanding to d orbital as d orbital in sulfur element is available due to its 

quantum number (n = 3) [88]. Therefore, the oxidation number of sulfur can range from -2 to 

+6. It was suggested by Ao that in consideration of those factors, the bonding characteristics of 

metal sulfides are more complicated than that of metal oxides [87].  
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Metal sulfide based photocatalysts are usually composed of metals with d10 configuration which 

hybridize with S2- [89]. The VB in metal sulfides is formed by the S 3p orbitals that is located 

higher valence band position than O 2p (Figure 6) due to its higher located atomic orbital energy 

than O [90]. Also, when an anion and a cation interact to form metal oxide crystals, the 

electrostatic potential is reduced as same as with metal sulfides. However, the higher electron 

affinity for sulfide anions than oxides cause narrower energy separation that is leading lower 

energy gap [90,91]. As a result, both conduction and valance band energies of the metal sulfides 

usually have higher energy than that of their oxide counterparts. Thus, metal sulfides are better 

candidates for visible light induced reduction applications (such as PHE), but poor oxidizer and 

non-stable compared to metal-oxide counterparts [92].  

Metals used for metal sulfide are usually d block element can be categorized into transition and 

nontransition metals. Examples of metal sulfide semiconductor photocatalysts in this section 

are on nontransition metal (a metal that can form stable ions with filled d orbitals) (Figure 6). 

Therefore, nontransition metals sulfides’ conduction band are formed usually s or p orbitals.  In 

transient metal sulfides as expected, the participation of metal d states can be observed within 

s/p orbitals or S 3p orbital that can be hybridized to the CB or VB [93] 

Figure 6 Comparison of the energy levels of metal-oxide and metal sulfide based photocatalysts 

(inspired from Kudo and Miseki [93]) 
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CdS maybe one of the most popular metal sulfides photocatalyst for visible light induced PHE. 

Detailed reviews about CdS for PHE applications have been made previously [16,94]. The two 

main structural properties of CdS can be found as wurtzite and zinc blende whose band gap 

values is around 2.4 eV and 2.3 eV, respectively [16]. Both polytypes have a suitable band 

alignment for hydrogen evolution reaction. Variety of morphologies were devoted for PHE such 

as 0-dimensional shapes (quantum dots), 1-dimensional (nanorods, nanowires), 3-dimensional 

(hierarchical structures) and 2-dimensional (nanosheets) [94]. Xian et al reported CdS quantum 

dots (QDs) which exhibited 1.61 mmol g−1 h−1 PHE rate in presence of Sn2+ as a cocatalyst and 

glycerol under visible light (λ > 420 nm) [95]. Similarly, Shi et al. obtained Se doped CdS 

quantum dots which showed 29.12 mmol h−1 g−1 PHE rate from Na2S/Na2SO3 aqueous solution 

under simulated solar irradiation (320–780 nm) without any cocatalyst [96]. Both reports have 

drawn attention to quantum dots’ high light-harvesting capability and large surface-to-volume 

ratio. Nanorods or nanowires were also another investigated morphology of CdS due the 

possibility to study migration of charges through long axis thanks to its geometry by placing 

the cocatalyst on the most prominent location on the nanorods to achieve the highest activity 

[97–99]. For example, Chen et al. produced nanorods whose tips were selectively decorated by 

IrSe2 coated with a MoSe2 shell. The heterostructure exhibited outstanding PHE rate (137 mmol 

h−1 g−1) from lactic acid-water solution (20% v/v) under 405 LED irradiation (250 mW). 

Another remarkable visible light (λ > 420 nm) induced PHE rate was reported by Y. Chen in 

Figure 7 The most common metals used for metal sulfide photocatalysts shown in periodic table with 

their electron configuration (inspired from Zhang et al. [89]) 
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which NiSe2 in-situ growth over CdS nanorods performed 167.1 mmol g–1 h–1 from 

Na2S/Na2SO3 aqueous solution. Lu proved that MoS2 tipped CdS nanorods resulted in higher 

PHE rate (31.46 mmol h−1 g−1) than the MoS2 coated CdS (7.32 mmol h−1 g−1) from 10% lactic 

acid-water solution under visible light (λ > 420 nm) [100]. Look-alike morphology to nanorods, 

CdS nanowires coated with g-C3N4 performed 4152 μmol h–1 g–1 PHE rate from Na2S/Na2SO3 

aqueous solution where Pt in-situ cocatalyst deposition (0.6 wt.%) was implemented [101]. 95.7 

mmol h−1 g−1 PHE rate from 20% lactic acid aqueous solution was reported by He et al. where 

the ultra-thin g-C3N4 covered CdS nanowires was used. Accordingly, previously mentioned g-

C3N4 coating strategy was applied by Yin et al. where they investigated the effect of coating 

amount on CdS nanospheres. Optimum amount of g-C3N4 resulted 4.39 mmol h−1 g−1 PHE rate 

under visible light (λ > 420 nm) [102]. Analogous 3D morphology of CdS photocatalyst were 

also reported by Kadam et al. They synthesized CdS microparticles with MoS2 shell which had 

PHE rate around 4 mmol g–1 h–1 from Na2S/Na2SO3 aqueous solution under simulated sunlight 

[103]. Li et al. studied thermal assisted Pt cocatalyst loading on CdS nanoparticles surface. 

10.25 mmol h−1 g−1 PHE rate from lactic acid aqueous solution was observed under visible light 

(λ > 420 nm). Lastly, the report by Xu et al. can be given as a noticeable example for CdS 

nanosheets. CdS nanosheets was stabilized by L-cysteine. The resulted nanosheets performed 

41.1 mmol h-1 g-1 PHE rate from Na2S/Na2SO3 aqueous solution under visible light without any 

cocatalyst [104].  

Obviously, CdS is very promising material for visible light induced PHE. However, one of the 

main problems cannot be overlooked: Cd leaching. Highly toxic Cd leaching [105] whose origin 

is a self-oxidation of CdS that is caused by photogenerated holes (Eq. 4) [106] can be considered 

an obstacle for its use in biological and aqueous systems. For this reason, many other metal-

sulfide based photocatalytic systems [107] like ZnS, Cd1-xZnxS solid solutions and ZnIn2S4  

emerge as a substitute for CdS.  

CdS+ 2h+→ Cd2++S°  (Eq.4) 
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Either cubic (sphalerite) or hexagonal (wurtzite), ZnS has the coordination geometry where Zn 

and S are of tetrahedral of crystal system with the band gap values of 3.72 eV and 3.77 eV, 

respectively [108]. Although its wide bandgap that limits its use for visible light induced PHE, 

ZnS is an attractive option for that kind of application by applying the strategies as in TiO2. For 

instance, 280 µmol h−1 g−1 PHE rate was obtained from 1% mol Ni doped ZnS under visible 

light (λ > 420 nm) without cocatalyst from aqueous solutions containing K2SO3 and Na2S [109]. 

Likewise, Cu doping effect on visible light induced PHE performance of ZnS was studied by 

Lee where the tunning of band gap was controlled by Cu2+ ions in which 2% mol Cu2+ ion 

doping was the optimum for the highest PHE rate of 973.1 µmol h−1 g−1 under visible light (λ 

> 400 nm) from Na2S/Na2SO3 aqueous solution without any cocatalyst [110]. Huang et al. 

investigated the effect of carbon group elements (C, Si, Ge, Sn, Pb) doping in ZnS using the 

first-principals of density functional theory concluding the absorptions of the doped structures 

in the visible light range are significantly enhanced while keeping their band alignment of doped 

ZnS still suitable for water splitting to generate hydrogen [111]. Efficient N-doped ZnS was 

outlined as a way to improve its stability and visible light activity by rising its VB level leading 

to decreased oxidation ability and bandgap where Zhou et al. reported relatively low PHE rate 

of 30 µmol h−1 g−1 without Pt cocatalysts deposition from an aqueous solution containing 

methanol (10 % v/v) was used as a PHE medium [112]. The sensitization is among the other 

strategies that has been applied to ZnS. Wang et al. showed the notable effect of graphene as 

sensitizer where they reported 7.42 μmol h−1 g−1 PHE rate from cocatalyst free ZnS from 

aqueous Na2S/Na2SO3 solution. The sensitization effect of graphene was also proven by Zhang 

et al [113]. Despite their focus was not hydrogen evolution but visible light induced selective 

oxidation of alcohols and alkenes under ambient conditions. It was suggested that the role of 

the reduced graphene oxide was not an electron reservoir but photosensitizer acting like an 

organic molecule. Meantime, one can expect that SPR effect of Au NPs on ZnS might be also 

a successful strategy as for TiO2. However, Zhang et al. have proven that it is not the case 

because of the highly located CB level of the ZnS which prevents the excited energetic electrons 

in the SPR state from injecting into the CB of ZnS [114]. Intrinsic property engineering is 

another sufficient method as widely applied one is Zn vacancies. Those defects can form 

another energy level resulting in narrower bandgap and accelerate the charge carrier dynamics 

reducing the recombination of photogenerated holes and electrons [115,116]. Hao et al. reported 

337.71 µmol h−1 g−1 PHE rate from ZnS with Zn vacancies under visible light (λ > 420 nm) 

from Na2S/Na2SO3 aqueous solution [116]. Then in their another study, they growth Zn vacancy 

ZnS on g-C3N4 that exhibited 713.68 μmol h−1 g−1 [115]. Combination with the other metal 
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sulfides can be mentioned as last example for visible light induced PHE from ZnS. 

Composition-controlled CdS/ZnS heterostructure generated hydrogen with the PHE rate 830.95 

μmol g–1 h–1 under visible light (λ > 420 nm) without any cocatalyst addition from Na2S/Na2SO3 

aqueous solution.  

The strategy to mix ZnS and CdS that is known as Cd1-xZnxS solid solution whose band 

structure can be controlled by adjusting Cd/Zn ratio will be mentioned lastly. Cd1-xZnxS solid 

solutions are preferable for visible light induced PHE due to their lower toxicity compared to 

CdS and increased visible light harvesting property higher than ZnS. An impressive PHE 

performance from two different crystal phase junctions of Cd1-xZnxS was reported by Guo et 

al. without cocatalyst with the PHE rate of 282.14 mmol h-1 mg-1 under visible light (λ > 420 

nm) from Na2S/Na2SO3 aqueous solution [117]. Noble metal free Ni(OH)2 cocatalyst deposited 

Cd0.3Zn0.7S material obtained by Lv et al. even resulted in higher rate 58.9 mmol h-1 g-1  from 

the same conditions [118] as previously-mentioned report. From 20% v/v lactic acid aqueous 

solution, amorphous MoS2 decorated Cd0.8Zn0.2S performed PHE rate of 12.39 mmol g−1 h−1 

under visible light (λ > 420 nm) [119]. 2128 μmol h-1 g-1 PHE rate was reported by Yu et al. in 

which CdS quantum dots-sensitization was achieved over Zn1-xCdxS solid solution [120]. 

Additionally, Cd1-xZnxS solid solutions can be doped by metals [89]. Closely, Luo et al. 

investigated the effect of Ni doping where noble metal free 5 wt % Ni-doped Zn0.8Cd0.2S 

showed 33.81 mmol g−1 h−1 PHE rate under visible light from Na2S/Na2SO3 based sacrificial 

reagent solution [121]. Remarkable example for non-metal doping, P-doped Cd1-xZnxS porous 

nano-spheres decorated with Ni2P and reduced graphene oxide was studied by Sun et al. that 

produced hydrogen with the very high rate compared to the other reported metal sulfide based 

photocatalytic systems which was 616.8 mmol g−1 h−1 [122].  

Apparently, two terms “cocatalyst” and “sacrificial reagent” have been mentioned very 

frequently. Those are undoubtedly essential elements for photocatalytic systems for PHE 

applications. Shortly, alcohols such as methanol, isopropanol and ethanol are widely studied 

sacrificial reagents for PHE from metal-oxide based photocatalytic systems for scavenging 

photogenerated holes while cocatalysts are needed for several purposes such as electron 

capturer. Moreover, the sacrificial reagents which are effective for metal-oxide is not always a 

good fit for metal-sulfide based photocatalytic systems [123]. Thus, it is worth to clarify role 

of those terms in PHE mechanism before giving details about ZnIn2S4 photocatalytic systems. 
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1.3.1 Cocatalyst for photocatalytic hydrogen evolution  

Usually, the photocatalytic systems require a noble metal based cocatalyst to boost their PHE 

performance as the surface reaction that is necessary for PHE along with photogenerated charge 

transfer is inhibited by the charge carrier recombination [124,125]. At this juncture, one of the 

affirmed functions of the cocatalysts can be defined as an “electron sink”. The accumulation of 

the photogenerated electrons to the electron sink reduces the photogenerated electron-hole 

recombination. Basically, this is related with the work function of the cocatalyst where higher 

working function provides better capturing ability of electrons (Figure 8, route I). This is one 

the reason why Pt is one of the most widely used cocatalyst due its high work function (5.93 

eV) compared to other metals such as Pd (5.60 eV), Cu (5.10 eV), Ru (4.71 eV), and Ag (4.26 

eV) [126]. Moreover, cocatalysts facilitate the proton reduction providing active sites for H 

adsorption in accordance with the Volmer reaction (Figure 8, route II). Then the reaction route 

might go into two ways one Heyrovsky step or Tafel step in which an adsorbed hydrogen 

intermediate (H*) reacts with a second hydrogen ion (or water molecule in the case of alkaline 

condition) or another H*, respectively (Figure 8) [127–130]. As expected, a molecular hydrogen 

desorption occurs in both cases. On the assumption that Sabatier’s principle is the only factor 

affecting the surface reactions initiating the hydrogen evolution from cocatalyst surface,  the 

Figure 8 Two main functions of the cocatalyst in the photocatalytic system: (I) cocatalyst is an electron 

sink which is highly related with the work function that is the difference between the Fermi level 

(electrochemical potential) and vacuum level (inspired from Beasley et. al [126]). Cocatalyst should 

provide an active site for (II) proton reduction for hydrogen evolution in accordance with Volmer, 

Heyrovsky and Tafel reactions depending on the pH of the PHE medium (Volcano curve was taken 

from Guo et al. [127]). 
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ideal cocatalyst should bind to H*
 moderately, not too weak and too strong [127,131]. Thus, 

when viewed from this perspective, Pt seems as one of the closes to the ideal cocatalyst since 

its hydrogen adsorption energy is the nearest the zero (Figure 8, Volcano curve) [127].  

The methods for Pt cocatalyst deposition over the surface of the target photocatalytic system 

can be divided into ex situ and in situ deposition. The ex situ deposition technique is the method 

where the cocatalyst loading is achieved by chemical or photochemical methods in the 

designated conditions followed by the PHE test of cocatalyst deposited photocatalytic system. 

Chemical and photochemical ex situ methods both begin with addition of the Pt cocatalyst 

precursor solution to the dispersion of the photocatalyst. Then the reduction of the Pt complex 

ions is accomplished using reducing reagents (such as NaBH4) in the chemical deposition while 

in the photochemical deposition (mostly called photodeposition), the reduction of the precursor 

is achieved by the photogenerated electrons over the conduction band of the photocatalytic 

system. On the other hand, in situ deposition method requires the photoreduction of the 

precursor salt by adding the precursor solution to the PHE reactor just prior to PHE test. This 

technique leads to the photodeposition of the Pt cocatalyst while simultaneous generation of 

hydrogen fuel. As in this thesis, the applied method for cocatalyst loading was ex situ and in 

situ photodeposition. The condition of the cocatalyst deposition (dissolved oxygen in PHE 

medium and pH) can drastically change the state of Pt cocatalyst thus PHE rate [P1, P2]. 

Moreover, the oxidation state of Pt in the Pt precursor salt is another determining factor of PHE 

performance of the photocatalytic system [P3]. It is worth noting that Pt photodeposition in all 

the works [P1-P3] resulted in different Pt species, such as PtSx, Pt(OH)2 and PtOx due to the 

different conditions of the photodeposition, respectively. PtSx species are readily formed under 

neutral conditions as anhydrous ethanol was used as a ex situ photodeposition media [P1] while 

Pt(OH)2 was the dominant specie of in situ Pt deposition due to the highly alkaline PHE media 

originating from the sacrificial reagents [P2]. Glycerol-water mixture (5% v/v, pH ≈ 7) in the 

last study, the resultant Pt specie was PtOx. The effect of the cocatalyst depending on the 

deposition methods, oxidation number of Pt, pH of photodeposition media (the role of 

sacrificial reagent) were deeply discussed in the review by Wenderich and Mul [132] and also 

in Section 1.5. 

Not surprisingly, a noble metal free cocatalyst design have attracted a lot of interest due to the 

high cost of Pt. MoS2 [133], Ni-based (NiOx, Ni(OH)2, NiS, Ni2P) [134], Co-based (Co, oxides, 

hydroxides, sulfides) [135], metal-organic framework (MOF) based [136] or even hydrogenase 

enzyme [137] cocatalysts are some of reported alternatives to Pt. Besides, ultra-low Pt loading 
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can increase the PHE rate better than higher Pt loading [P3] depending on the deposition 

technique [138] or in some cases forming single-atom Pt cocatalyst over the matrix surface 

therefore the lower concentration results superior PHE rate than higher Pt loading [139].  

1.3.2 Sacrificial reagent for photocatalytic hydrogen evolution 

Sacrificial reagents are crucial factor for PHE applications since the photogenerated holes must 

be scavenged to improve the charge separation. Otherwise, the pure water splitting through 

PHE application is almost not feasible because PHE rate without them is too low [140]. The 

metal sulfide based photocatalytic systems have been studied with usually three different types 

of sacrificial reagent. Among them triethanolamine (TEOA) is an organic electron donor which 

is tertiary aliphatic amine whose degradation pathway during its oxidation through 

photocatalytic processes was very detailed discussed elsewhere [141,142]. Briefly, the 

oxidation pathway of TEOA starts with the electron transfer forming the positively charged 

radical followed by the deprotonation and lastly formation of secondary amine and ethanal 

(Eq.5-8) [123]. 

C6H15NO3 →  C6H15NO3
+ +  e−  (Eq.5) 

C6H15NO3
+→  C6H14NO3

∙  + H+ (Eq.6) 

C6H14NO3
∙  →  C6H14NO3

+ + e−  (Eq.7) 

C6H14NO3
+ +  H2O →  C4H11NO3 + CH3CH3 + H+    (Eq.8) 

Other widely used sacrificial reagent is lactic acid whose degradation way ends up with usually 

a formation of pyruvic acid with CO2 and H2 release [123,143]. Ascorbic acid is another 

encountered sacrificial reagent  

CH3CH(OH)COOH + H2O →  CO2 + H2 + CH3COCOOH  (Eq.9) 

Ascorbic acid is another encountered sacrificial reagent whose degradation pathway by 

photogenerated holes were described in detail by Pellegrin and Odobel  as seen in Eq. 10 where 



16 

 

H2A (ascorbic acid) forms ion (HA-) that is oxidized to  HA• radical and finally forms  A-• to A 

(dehydroascorbic acid) and A2- (ascorbate) [141,144] 

 H2A →  HA− → HA•  → A•−  → 2A•−  → A + A2−   (Eq.10) 

Na2S/Na2SO3 sacrificial reagent, maybe the most popular inorganic scavenger, is especially 

favored for the metal sulfides due its several benefits. Firstly, Na2S/Na2SO3 sacrificial reagent 

are more readily to be oxidized compared to TEOA and alcohols [145]. Moreover, 

Na2S/Na2SO3 sacrificial reagent inhibits the corrosion of metal sulfides through self-repairing 

mechanism as in the case of CdS based photocatalytic system where Cd2+ ions react with S2- 

and form CdS. Same mechanism can be also expected such as ZnS and other metal-sulfide 

based photocatalytic systems. Finally, Na2S/Na2SO3 aqueous solution forms highly alkaline 

PHE condition [P2] (Eq. 13-14) facilitating the hydroxylation of the metal sulfide photocatalyst 

surface which decrease the aggregation of the photocatalyst that might be favorable for PHE.  

S2− + H2O →  HS−+ OH−  (Eq.11) 

SO3
2− + H2O →  HSO3

−+ OH− (Eq.12) 

The mechanism of hole scavenging through the oxidation of Na2S/Na2SO3 sacrificial reagent 

can be given as follows. Briefly, both sulfite and sulfide ions are oxidized by the photogenerated 

holes on the VB level. Sulfite can transform into two different ions after the oxidation which 

are dithionate or sulfate. Dithionate occurs through bonding of the sulfite radicals that requires 

only photogenerated holes (Eq.13) while sulfate ions are produced via holes and hydroxyl ion 

(Eq. 14). The formation of dithionate is thermodynamically less favorable [140] than that of 

sulfate ions so one can assume that the dominant oxidation product of sulfate in the PHE media 

is sulfate.  

2SO3
2− + 2h+→  S2O6

2−   (Eq.13) 

SO3
2− + 2OH−+ 2h+→  SO4

2−+ H2O  (Eq.14) 
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On the other hand, sulfide ions are oxidized to disulfide ions (Eq. 15) that can be reduced by 

photogenerated electron which compete with the H+ ions [140]. Moreover, they act as a light 

filter in the PHE media [145]. However, the excess formation of disulfide ions is blocked 

because disulfide and sulfide ions undergo the formation of thiosulfate ion (Eq. 16) [146]. Thus, 

the presence of the sulfide ions is crucial to prevent the undesired effects of sulfide ions that 

inhibits the performance of photocatalytic system.  

2S2− + 2h+→  S2
2−  (Eq.15) 

2SO3
2− +S2

2−→  S2O3
2−  + S2−  (Eq.16) 

The formation of the thiosulfate ion is even beneficial for the PHE performance of the overall 

photocatalytic system because it can act also as a sacrificial reagent (Eq. 17) resulting 

tetrathionate [147]. 

2S2O3
2−  + 2h+→  S4O6

2−   (Eq.17) 

Na2S/Na2SO3 with the concentration of 0.35 M/0.25 M is somehow popularly selected for PHE 

studies in the literature. However, the motivation in this thesis was the work done by Guo et al. 

where 0.35 M/0.25 M Na2S/Na2SO3 was used [148].  

Lastly, in the last work [P3], glycerol has been preferred for the first time in the literature for 

the purpose of its photocatalytic glycerol reforming to achieve PHE, unconventionally. The 

degradation by-products are numerous during PHE but apart from the mechanism, the reaction 

pathway follows as in Eq. 18 [149,150]. Qualitative analysis of by-products of glycerol from 

the designed photocatalytic system in the work will be discussed further. 

C3H8O3+ H2O →  3CO2 + 7H2   (Eq.18) 
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1.4 ZnIn2S4 based photocatalytic systems for photocatalytic hydrogen evolution 

As three different types of metal sulfide based photocatalyst materials have been shortly 

summarized so far, ZnIn2S4, the main topic of the thesis, will be discussed in this section.  

The first reports on ZnIn2S4 which is a ternary type chalcogenide (AB2X4) material started with 

Lappe et al. in 1962 [151] followed by the study by Shionoya and Tamoto in 1964 [152] on the 

photoluminescence and photoconductivity of ZnIn2S4 produced via the chemical transport 

reaction. Yet again in the same year, Shionoya and Ebina studied the refractive index, 

fundamental absorption, and infrared lattice absorption properties of ZnIn2S4 [153]. 

Physiochemical characteristics of ZnIn2S4 like photoconductivity, photoluminescence, 

thermoluminescence, optical absorption were some of the research subjects on ZnIn2S4 

[151,154–160] along with its application in solar cells in which its reported n-type character 

was combined with p-type CuInSe2 creating p-n junction [151] from 1970 to early 2000. 

The pioneering research on PHE from aqueous solution mixture of Na2S/Na2SO3 and ZnIn2S4 

photocatalyst was conducted by Lei et al. in 2003 (Figure 9) where the relatively mild 

hydrothermal synthesis method was implemented to obtain ZnIn2S4 photocatalyst compared to 

its counterpart, chemical transport method, to overcome limitations originating from the need 

of high temperature and vacuum and carrier reagent such as iodine. 333 µmol h-1 g-1 PHE rate 

was reported in the presence of in situ Pt deposition (2 wt.%) showing the stability up to 150 

hours under visible light irradiation (λ > 420 nm) [161]. In 2006, Gou et. al proved that the 

morphology-controlled synthesis methods of ZnIn2S4 using solvothermal method or surfactant 

assisted hydrothermal method initiating the formation of different morphologies. Solvothermal 

method with pyridine as a solvent produced nanoribbons while surfactant, polyethylene glycol 

or CTAB, assisted hydrothermal method resulted in microspheres [162]. This work has been 

followed by the three significant works by Guo et al. in 2008 where the effect of the 

concentration of CTAB in the hydrothermal synthesis medium [163], Cu-doping in CTAB 

assisted ZnIn2S4 [148] and aqueous-, methanol- and ethylene glycol-mediated conditions via a 

solvothermal/hydrothermal method on PHE performance [164] under visible light irradiation 

(λ > 430 nm or > 420 nm) from Na2S/Na2SO3 (0.35 M/0.25M) with in situ deposited Pt 

cocatalyst.  
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The crystal structure of ZnIn2S4 in Lei’s work [161] was hexagonal, but ZnIn2S4 has three 

different polymorphs in total including hexagonal, cubic, and trigonal. All the polymorphs have 

visible light absorption (band gap ranges between 2.06-2.85 eV) [165] however their 

photocatalytic performances differ. Probably the least studied polymorph is trigonal structured 

ZnIn2S4 whose PHE activity was reported only in two studies. Hodjamberdiev et al. [166] have 

treated ZnS from industrial waste with different fluxes containing indium salts using flux 

method to obtain ZnIn2S4 photocatalyst in which the resultant polymorph was trigonal. Another 

trigonal structured ZnIn2S4 synthesis has been accomplished by Liao et al. where a solid 

reaction method under 700 °C was utilized [167]. The unpopularity of the trigonal structured 

ZnIn2S4 is possibly related with its high temperature synthesis conditions even its crystal 

structure is like the hexagonal polymorphed ZnIn2S4. Hexagonal polymorph of ZnIn2S4 is the 

most popular for PHE among all polymorphs where Zn atoms and the half of the In atoms have 

tetrahedral coordination with S atoms whereas the other half of In atoms have octahedral 

coordination with S atoms which has ABAB stacking [165,168]. This configuration is likely 

identical to trigonal polymorph however it was suggested that main difference is the sulfur 

arrangement and metal site occupancy where the stronger Zn-S or In-S bonds exist compared 

Figure 9 Number of publications from the beginning of the first photocatalytic application of ZnIn2S4 

in 2003 to 2022. Data was accessed from Scopus (Elsevier) on December 14, 2022 
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to hexagonal while S-S bonds are weaker [169]. On the other hand, the cubic structured ZnIn2S4 

is much more studied polymorph than that of trigonal but lesser focused than hexagonal. In 

atoms and Zn atoms have coordination with S octahedrally and tetrahedrally respectively [169]. 

Beyond the thermal transformation under the extreme conditions from hexagonal to cubic and 

trigonal [169], mild synthesis methods can be also applied for the structure control by chancing 

precursor for ZnIn2S4 synthesis [170,171].  In this thesis, mostly hexagonal phase will be 

discussed, as the synthesis method in the experimental part was adopted from the previously 

mentioned work by Guo [148].   

Figure 10 a) Cubic, b) hexagonal and c) trigonal structures of ZnIn2S4 with d) their XRD patterns. 

Reproduced with the permission of  Ref. [169]. Copyright (2021) Elsevier. 
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It can be seen from the early examples of  ZnIn2S4 (ZIS) on PHE that it has all the positive sides 

of CdS such as reduction ability for PHE applications and suitable bandgap for visible light 

harvesting without owning the worst characteristic problem of CdS: the toxicity. However, the 

recombination is one of the main addressed troubles along with the stability due to the lack of 

active catalytic sites and low Brunauer–Emmett– Teller (BET) area around 20 m2 g-1 [P1] [172]. 

Indeed, doping techniques and vacancy engineering as reported in other metal sulfides are valid 

for ZIS to overcome those obstacles. For example, Zhang et al. reported that 5 mol % Cu doping 

created S-vacancies in ZIS forming nanosheet morphology which exhibited PHE rate without 

noble metal cocatalyst loading with PHE rate of 9.8647 mmol g−1 h−1 from 0.2 M ascorbic acid 

aqueous solution under visible light [173]. This significant performance without cocatalyst was 

attributed to the synergetic effect between atomic Cu and S-vacancy regulating the charge 

separation in the ZIS lattice. Another work on Cu-doped ZIS by Wang et al. has proven that 0.5 

wt.% Cu doping substituted Zn atoms in ZIS lattice causing the creation of electron acceptor 

level close to the VB of ZIS leading efficient charge carrier transport with 26.2 mmol g−1 h−1 

PHE rate under simulated sun with 1 wt.% Pt in situ loading from 0.75 M ascorbic acid aqueous 

solution [174]. More example can be given such as noble metal cocatalysts-free Co-doped ZIS 

nanotubes [175],  Ni- [176], Mo [177]-doped nanosheets and Mo-[178], Cr[179]-doped ZIS 

microspheres are other examples of metal doping while N-, and O-doped ZIS can be given as 

an example of nonmetal doping strategy. For instance, Du et al. obtained N-doped ZIS by 

adjusting the dosage of N,N-dimethylformamide in solvothermal reaction medium resulting in 

not only efficient charge separation but elevated conduction band where optimum N-doping 

performed 11086 μmol g−1 h−1 under visible light irradiation (λ > 400 nm) from 10% v/v 

triethanolamine aqueous solution without cocatalyst loading [180]. O-doping was applied Yang 

et al. where O-doped ZIS nanosheets that generated hydrogen from Na2S/Na2SO3 aqueous 

solution under visible light with the PHE rate of 2120 μmol h−1 g−1. without cocatalyst 

deposition [181].  

Introducing of vacancy can be either anionic, S vacancies, or cationic which is mostly Zn 

vacancies in the literature. However, S vacancy is broadly investigated strategy for PHE 

application while Zn vacancy was mostly examined for CO2 reduction and only one report was 

found in the literature for PHE. S vacancy in ZIS can trap the photo-generated electrons to 

inhibit  the recombination of photogenerated charge carrier as reported by Du et al. [182]. They 

reported  ZIS nanosheets with sulfur vacancies exhibiting 13.478 mmol g−1 h−1  under the 

visible light irradiation (λ > 400 nm) from 10% v/v triethanolamine aqueous solution without 
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cocatalyst loading. S vacancies can be also used as a site for effective MoS2 cocatalyst loading 

on  ZIS nanosheets surface to favor the direct electron transfer to cocatalyst to prevent vertical 

electron migration as shown by Zhang et al. where 6.884 mmol g–1 h–1 PHE rate was achieved 

from 10% v/v lactic acid aqueous solution under simulated solar irradiation [183].  

Combining another semiconductor photocatalyst with ZnIn2S4 forming heterojunctions is 

broadly applied strategy to enhance the PHE performance. Heterojunction strategies were 

categorized in this thesis into four types: Type I, Type II, p-n junction, and Z-scheme. The 

schematic description of those mechanisms in Figure 11 to simplify to follow the literature 

review given below.  

In Type I heterojunction systems, the electron and hole transfer are initiated from the one 

photocatalyst to the second semiconductor (SC 2) photocatalyst where both oxidation and 

reduction reactions take place. This is due to the SC 1 has higher CB level and lower VB than 

that of SC 2. Ji et al. obtained ZIS/ultra-thin-g-C3N4 photocatalytic system with the PHE rate 

of 5.02 mmol g−1 h−1 under Xe lamp irradiation (full spectrum) from 20% triethanolamine 

aqueous solution with ex situ NiS deposition where g-C3N4 and ZIS acted as SC 1 and SC 2, 

Figure 11 Mechanisms of different heterojunctions for PHE applications a) Type-I, b) Type-II, c) p-n 

junction and d) Z-scheme where SC and S are semiconductor and sacrificial reagent, respectively. 
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respectively. However, it was shown that the NiS deposition was also on the g-C3N4 surface 

therefore hydrogen evolution process occurred on SC 1 either [184]. ZIS performed the function 

as a SC 1 in the work by Xiao in the 1D/2D core/shell Sb2S3-ZIS photocatalytic system which 

exhibited 1685.14 μmol g−1 h−1 PHE rate 3 wt% Pt in-situ loading under the same irradiation 

and PHE media condition as Ji used [185]. ZIS as a SC1 can be seen also from SnS@ZIS 

heterostructure which was synthesized by Gunjal et al. [186]. The SnS@ZIS photocatalytic 

system performed 650 μmol h−1 g−1 from methanol aqueous solution (20% v/v) and 6429 μmol 

h−1 g−1 from H2S under sunlight where SnS acted as a cocatalyst. Cheng et al. demonstrated 

integration of ReS2 (SC2) on ZIS (SC1) microspheres which has obeyed the Type I 

heterojunction mechanism. Without a noble metal loading, the photocatalytic system generated 

hydrogen fuel with the PHE rate of 3092.9 μmol h−1 g−1 as a result of oxidation of furfural 

alcohols under visible light (λ > 420 nm) [187].  

In comparison with Type I mechanism, the main difference in Type II is that the oxidation and 

the reduction occur separately over SC1 and SC2, respectively. Basically, SC1 has higher CB 

level than SC2 while both having sufficient level of CB for proton reduction for hydrogen 

evolution but appears over SC2 whereas photogenerated hole transfer is towards the SC1 from 

SC2 as SC2 has lower level of VB than that of SC1. The advantage of Type II mechanism over 

Type I might be related with the staggered charge carrier distribution in Type II favors the 

efficient charge separation (the electron and hole accumulation to SC2 and SC1, respectively) 

while straddling path of charge carriers in Type I initiates all photogenerated electrons and holes 

over SC2 which is more like to have tendency to recombine [188]. CdS/ZIS Type II 

heterojunction has shown 2260 μmol h−1 g−1 PHE rate under visible light (λ > 420 nm) from 

triethanolamine aqueous solution (9% v/v) in the presence of Pt in situ deposition (the amount 

of the Pt loading was not given) where ZIS functioned as SC2 while CdS SC1 [189]. The reverse 

role of ZIS as SC1 can be seen in the work by Chen et al. where they obtained hierarchical 

hollow tubular g-C3N4/ZIS nanosheets with the Type II construction energy level alignment. 

The photocatalytic system exhibited 20738 μmol h−1 g−1 PHE rate under visible light (λ > 420 

nm) with the aid of  in situ 1 wt.% deposited Pt from 10% (v/v) triethanolamine aqueous 

solution [190]. Wang et al. proposed opposite role in the identical photocatalytic system as in 

Chen’s work where ZIS was SC2. The system exhibited 1.63 mmol g−1 h−1 under visible light 

(λ > 420 nm) from triethanolamine aqueous solution (9% v/v) with Pt in situ deposition (the 

amount was not described) [191]. Pudkon et al. synthesized ZIS/WS2 composites which 
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achieved 76.6 μmol h−1 g−1 PHE rate under visible light from Na2S/Na2SO3 (0.35 M/0.25 M) 

without noble metal deposition [192].  

On the other hand, the p-n junctions, the configuration is identical to Type II, however the 

internal electric field is additionally created thanks to the combination of p-type and n-type 

semiconductors where the Fermi level located closer to VB maximum and the CB minimum in 

p- and n-type semiconductor, respectively. The origin of the electric field between the interface 

of the p- and n-type semiconductor (p- and n-type SC) photocatalyst is due to the contact 

initiating the electron flow from p-type to n-type whereas holes from n-type to p-type. After 

Fermi levels of both semiconductor reaches equilibrium, the charge flow is terminated that 

creates inner electric field [168,193,194]. Thus, it has been argued that p-n junctions are more 

suitable for charge separation than that of Type II [168]. Multidimensional hierarchical hollow 

Co3O4/ZIS tubular core–shell heterostructures where growth of ZIS nanosheets (n-type SC) was 

carried out over Co3O4 tubular structure (p-type SC) was achieved by Zhang et al [195]. It was 

proposed that the p-n junction originated internal electric field was the main factor of the 

synergetic effect in which the heterostructure exhibited 3844.12 μmol h−1 g−1, which was 4.67 

times higher than that of pristine ZIS from triethanolamine aqueous solution (9:1 vol ratio ) 

under visible light (λ > 400 nm) irradiation without noble metal cocatalyst [195]. Another noble 

metal cocatalyst-free photocatalytic system was investigated by Zhang et al [196]. The 

combination of ZIS with sulfur vacancies (VZIS) and NiWO4 where p-n junction was achieved 

after the contact from Type-I alignment. NiWO4 (p-type SC) was grown on the pre-prepared 

VZIS (n-type SC) using ion-precipitation method and the final VZIS/NiWO4 composite 

generated hydrogen with the PHE rate of 1.781 mmol g-1 h-1, around 10 times higher than pure 

ZIS. The pre-prepared ZIS microspheres (n-type SC) and AgFeO2 (p-type SC) nanoparticles 

were combined using ultrasound-calcination process by Kong et al [197]. The ZIS (n-type 

SC)/AgFeO2 (p-type SC) composite performed PHE rate of 9.14 mmol h–1 g–1 from 

Na2S/Na2SO3 which was 30 folds higher than that of pristine ZIS. Noble metal-free 

ZIS nanosheets on FeWO4 flowers was obtained by again Kong [198] to create p-n junction 

that produced hydrogen from Na2S/Na2SO3 aqueous solution with the PHE rate of 

3531.2 μmol h−1 g−1 under Xenon lamp irradiation (full spectrum).  
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Combining metal sulfide based with p-type characteristics with n-type ZIS photocatalyst  is 

other encountered example in the literature for p-n junction photocatalytic systems.  Broadly 

investigated MoS2 as an alternative cocatalyst is literally a low-bandgap p-type semiconductor 

and some of the reported examples of the ZIS/MoS2 photocatalytic systems were proposed as a 

p-n junction. Swain et al. showed very high PHE rate from Au-nanodot-promoted MoS2/ZIS 

with p-n junction between ZIS and MoS2 that displayed around 28 mmol g-1 h-1 PHE rate under 

visible light (λ > 400 nm) from Na2S/Na2SO3 aqueous solution. Sun et al. synthesized 

hierarchical 3D carbon nanofibers (CNFs)/MoS2/ZIS composites with p–n heterojunctions. The 

photocatalytic system generated relatively high hydrogen with 151.42 mmol h−1 g−1 PHE rate 

among all reported examples in this thesis [199]. Similar function can be seen from the report 

by Fan et al. where 3D CuS@ZIS hierarchical nanocages with 2D/2D nanosheet morphology 

with p-n junction were studied. It was discussed that thanks to the proper band structure of CuS 

and its cocatalyst function matching with n-type semiconductor ZIS to form p-n heterojunction, 

the composite exhibited enhanced 7910 μmol h−1 g−1 PHE rate from Na2S/Na2SO3 aqueous 

solution [200].   

CuInS2  (CIS) is another p-type metal sulfide based semiconductor that has been investigated to 

increase PHE performance of ZIS. The first study on CIS/ZIS photocatalytic system for PHE 

application was reported by Guan et al. in 2019. In their method, ZIS microspheres were 

prepared via hydrothermal method followed by the solvothermal growth of CIS on the ZIS 

surface. To achieve the strong contact between ZIS and CIS, the product was calcined at 200 

°C under N2 atmosphere. 5 wt.% CIS loading was the optimum for the highest PHE rate of 

3430.2 μmol g–1 h–1 from Na2S/Na2SO3 (0.35 M/0.25 M) with in situ Pt deposition (2 wt.%) 

under visible light irradiation (λ > 420 nm) [201]. Likewise, the second report regarding 

CIS/ZIS photocatalytic system was published in 2020 by Guo et al. where the function of CIS 

as a p-type match for forming p-n junction and cocatalyst were investigated. CIS growth over 

ZIS created core-shell structure where the optimum CIS loading (5 atom%) without Pt 

deposition even exhibited higher performance (292 μmol g–1 h–1)  than that of Pt photodeposited 

(0.05 wt.%) ZIS (237 μmol g–1 h–1) [202]. Additionally, P1 and P2 can be considered as detailed 

studies contributing to those achievements which proves CIS loading as a promising 

improvement method of ZIS photocatalyst that will be discussed in detail further (Section 1.5, 

Summary of the publications). Briefly, on the contrary, ZIS growth was achieved 

hydrothermally with the addition of pre-prepared CIS quantum dots (QDs) to achieve the 

contact between ZIS and CIS [P1] while in P2, comparatively mild method was preferred to 
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achieve the contact between ZIS and CIS QDs where both pre-prepared ZIS and CIS QDs were 

combined in aqueous solution by adjusting the pH level, to investigate the capping ligand 

initiated aggregation effect of CIS QDs on PHE rate of ZIS/CIS photocatalytic system. 

According to the given examples by Guan and Guo, the expected mechanism was p-n junction. 

Lastly, Z-scheme mechanism is the combination of two semiconductor photocatalysts with 

strong reduction (SC1 in Figure 11) and oxidation (SC2 in Figure 11) capability. The 

photogenerated electrons in CB of SC2 migrates to VB of SC1. This type of charge transfer 

mechanism extends the life span of charges and conserve the higher reducing ability of CB 

electrons of SC-II and the oxidizing ability of holes in VB of SC-I [203]. In fact, there are 3 

kinds of Z-scheme mechanisms. However, as-explained mechanism applies to direct Z-scheme 

mechanism in addition to traditional Z-scheme and all-solid-state Z-scheme where 

photocatalytic systems require shuttle redox ion pairs and solid-state mediator respectively. 

HxMoO3@ZIS hierarchical direct Z-scheme heterojunction was obtained by Xing et al. 5.9 

mmol g−1 h−1 PHE was achieved from 10% (v/v) triethanolamine aqueous solution without 

noble metal cocatalyst under visible light  where electrons in the conduction band of ZIS (SC 

1) and holes in the valence band of HxMoO3 (SC 2) efficiently involve in the H+ reduction and 

sacrificial agent oxidation reaction, respectively [204]. Z-scheme CeO2/ZIS photocatalytic 

system for PHE via oxidation of aromatic alcohols was obtained ZIS nanosheets growth on 

CeO2 nanorods. It was proposed that Z-scheme was achieved in CeO2/ZIS  thanks to the contact 

at the interface of CeO2 and ZIS that induced charge separation and transfer. The system 

performed 1496.6 μmol g−1 h−1 PHE rate under solar simulation with no noble metal cocatalyst 

addition to the photocatalytic system [205]. ZIS (SC 1)/BiVO4 (SC 2) heterojunction with Z-

scheme mechanism was achieved by Hu et al. by simple oil-bath growth of ZIS nanosheets on 

micro-sized decahedron BiVO4. 5.944 mmol g−1 h−1 PHE rate was reported which is about five 

times higher than that of pure ZnIn2S4 in the presence 3 wt.% in situ photodeposited Pt [206]. 

Bi-based photocatalysts seem a good match for a template-like structure as seen from Hu et al. 

[206]. Comparably, in P3, Z-scheme mechanism in BiOCl@ZIS was suggested not due to the 

interaction between BiOCl and ZIS but to the in situ growth of Bi2S3 in the interface between 

BiOCl template-like structure and ZIS nanosheets where ZIS and Bi2S3 acted as SC 1 and SC 

2, respectively. The Z-scheme reported in the photocatalytic system BiOCl@ZIS ,which was 

literally a multicomponent photocatalytic system due to unignorable presence of Bi2S3, used for 

photocatalytic glycerol reforming for PHE under visible light ultralow Pt in situ deposition 
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(0.0675 wt.%) was proven the highest PHE rate among the sample series with optimum BiOCl 

(Section 2, Summary of the publications).  

1.5 Details of experimental parts used in publication P1, P2 and P3 

All the details regarding the synthesis and characterization can be seen in the experimental parts 

of P1, P2 and P3. Here, the summary of the experimental parts will be given.  

1.5.1 Synthesis  

The hydrothermal method used for ZIS microsphere and heating-up method for CIS QDs 

synthesis in P1 and P2 were adopted from Shen et al. [148] and Booth’s doctoral dissertation 

[207], respectively. In P1, the pre-prepared CIS QDs were added to hydrothermal reaction 

medium of ZIS microspheres while in P2 pre-prepared ZIS microspheres were decorated with 

CIS QDs in the aqueous media with different alkalinities to obtain ZIS/CIS photocatalytic 

system. CIS QDs were prepared using heating-up method where all CIS precursors and long 

alkyl chain mercaptocarboxylic acid ligand as given above (Table 1) were added to the three-

necked flask and heated up controllably in the silica-oil-bath [P1].  

Table 1 Reagents used in P1 and P2 

ZIS microsphere precursors for 

hydrothermal synthesis 

CIS QDs precursors for heating-up 

method 

ZnSO4.7H2O Zn source CuI Cu source 

In(NO3)3.H2O In source Indium acetate In source 

Thioacetamide S source Thiourea S source 

 

Cetrimonium bromide (CTAB) 

 

Surfactant 
11-mercaptoundecanoic 

acid (MUA) 
Surface ligand 
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In P3, Zhang [208] and Shao [209] et al.’s methods were used for hydrothermal synthesis of 

BiOCl microplates and oil-bath assisted method for ZIS nanosheets, respectively. BiOCl@ZIS 

composite synthesis was conducted as in Shao’s method in addition with the different amount 

of BiOCl microplates in ZIS nanosheets reaction media [P3]. 

Table 2 Reagents used in P3 

ZIS nanosheet precursors for oil-bath 

method 

BiOCl microplates precursors for 

hydrothermal method 

ZnCl2 Zn source Bi(NO3)3·5H2O Bi source 

Indium acetate In source H2O O source 

Thioacetamide S source KCl Cl source 

 

1.5.2 Characterization 

- Morphological investigation of the photocatalytic systems was conducted using 

scanning electron microscope images  (SEM) which were recorded by  JEOL JSM-

7610F in P1, P2 and P3. The high resolution transmission electron microscope 

(HRTEM) images with energy dispersive spectrometry (EDS) in P1 (ZIS/CIS samples 

without Pt) were recorded in a double aberration-corrected Themis Z microscope 

(Thermo Fisher Scientific Electron Microscopy Solutions, Hillsboro, USA) equipped 

with a high-brightness field emission gun (FEG) at an accelerating voltage of 200 kV. 

Also, high-angle annular dark field (HAADF) scanning TEM images were recorded 

with a Fishione Model 3000 detector (E.A. Fischione Instruments Inc., Export, PA, 

USA) with a semi-convergence angle of 30 mrad, a probe current of 50 pA and SEM 

(JEOL JSM-7001F and JEOL JSM-7610F operating at 15 kV). The Pt deposition over 

the most active sample (ZIS/CIS_100-Pt) in P1 was studied using Hitachi H-800 

microscope (Hitachi High-Technologies), operating at 150 kV as well as in P2 and P3.  

- Crystalline structure was analyzed by X-ray diffraction (XRD) method. In P1, X-ray 

diffractometer, Rigaku MiniFlex 600 with Cu Ka irradiation was used while a Bruker 
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D8 Focus diffractometer with Cu Kα (λ = 1.54 Å) radiation and a LynxEye XE-T 

detector was used in P2 and P3.  

- Chemical composition of the surface of photocatalytic systems were determined in all 

studies in this thesis (P1, P2 and P3) by X-ray photoelectron spectroscopy (XPS) using 

a PHI 5000 VersaProbeTM spectrometer (ULVAC-PHI, Chigasaki, Japan) with mono-

chromatic Al Kα irradiation (hν = 1486.6 eV) and the high-resolution (HR) XPS spectra 

were recorded with the hemispherical analyzer at the pass energy of 23.5 eV and the 

energy step size of 0.1 eV. Fourier transform infrared (FTIR) spectroscopy (Bruker, 

IFS66) measurements were also conducted in addition to XPS in P2. 

- Amount of metal loading were analyzed in P1 (Cu and Pt) and P2 (Pt) inductively 

coupled plasma-optical emission spectrometry (ICP-OES) using Agilent 5100 

spectrometer, according to PN-EN ISO 11885:2009 standard.  

- Optical properties were studied based on absorbance and photoluminescence of the 

obtained photocatalytic system in P1, P2 and P3 using ultraviolet-visible (UV-vis) and 

photoluminescence (PL) spectroscopy.  

- Photocatalytic hydrogen evolution performances were tested using an artificial light 

source. In detail, in P1,  Oriel, 66021 (1000 W) Xe lamp was used while in P2 and P3 

Quantum Design, LSH 602 (1000 W). In all the works, cut-off filter (Optel, λ > 420 nm) 

was attached to the light source in addition with the water filter to remove the infrared 

light (no transmittance above 1.2 µm). The evolved hydrogen was determined using the 

data collected from gas chromatography (Thermo Scientific TRACE 1300-GC, N2 

carrier) coupled with thermal conductivity detector (GC-TCD). The gas samples with 

the volume of 200 µL were collected manually from the headspace of the photoreactors 

using airtight syringe (Hamilton). The photoreactor used in P1 and P2 was in the form 

of cylinder shape with another cylinder attached inside where PHE reaction took place 

(Volume = 110 ml). The space between the main body and the PHE reaction container 

acted as a cooling jacket. For the irradiation part of the reactor, a quartz glass with 3 

mm thickness was attached to the mentioned main glass body of the photoreactor as an 

irradiation area. The cooling was provided by thermostat in both P1 and P2. On the 

other hand, in P3 quartz made tube reactor with 12.5 ml volume and 1.5 mm thickness 

was used for PHE experiments. For the calibration in the works of P1 and P2, the 
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different volumes of pure hydrogen (99.99%) were introduced using air-tight syringes 

(Hamilton) to the reactor with digital manometer attached (SIKA) to monitor the partial 

pressure of hydrogen. Then, the amount of hydrogen in moles was calculated using 

calibration curve which was based on a collected data from GC-TCD after sampling 200 

µL from the head space of the reactor and the partial pressure value in accordance with 

the ideal gas equation. But in P3, the manually prepared gas mixture (N2/H2) prepared 

with different volumes of H2 was introduced to GC-TCD  and based on the data, amount 

of the evolved hydrogen in moles was calculated in accordance with the ideal gas 

equation. In P1 and P2, the sacrificial reagent used was Na2S/Na2SO3 (0.35 M/0.25 M) 

aqueous solution while in P3, 5% (v/v) glycerol aqueous mixture was used. In P2 and 

P3, Pt cocatalyst was introduced via in situ method whereas in P1 ex situ. The 

photoreactor configuration in P1 and P2 was a glass reactor with a quartz glass and a 

cooling jacket where the cooling water circulation was initiated by a thermostat while 

in P3, the quartz glass test tube was implemented as a reactor. The apparent quantum 

yield (AQE) was calculated only in P1.  The details can be found in Section 2 (Summary 

of the publications).  

- Plus, to reveal the reduction power of the photocatalytic systems in which methyl 

viologen was used. This experiment has been conducted in P2 and P3 under 

monochromatic light (λ > 420 nm) to have tractable methyl viologen radical formation.  
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3 Aim of the dissertation 

The aim of this dissertation is to examine several the ways for the enhancement of the PHE 

activity of very promising metal-sulfide photocatalyst, ZnIn2S4 under visible light spectrum (λ 

> 420 nm). As will be seen in the summary of the publications section, the first goal of the 

dissertation [P1] was to obtain CuInS2 quantum dots through a heating-up method which can 

be used as a support during hydrothermal synthesis of ZnIn2S4 matrix where a coupling between 

quantum dots and the matrix can be achieved and thus improved PHE performance can be 

acquired in the presence of the ex-situ photodeposition of Pt cocatalyst. This study [P1] led me 

to investigate a particular question related with the dispersibility of CuInS2 quantum dots which 

was actual the scope of the P2: the effect of the CuInS2 quantum dots aggregates on PHE 

performance of ZnIn2S4/CuInS2 photocatalytic systems constituting same amount of quantum 

dots and in-situ Pt deposition. The purpose of this study [P2] was to test pH dependent 

aggregation properties of the CuInS2 quantum dots in an aqueous media where ZnIn2S4/CuInS2 

photocatalytic systems can be produced. Lastly, in P3, the insights into a specific and almost 

non-debated composite BiOCl@ZnIn2S4 were the main goal. BiOCl is a wide bandgap 

semiconductor that is broadly investigated but rarely studied in the literature in the form of 

BiOCl@ZnIn2S4 composite. But although BiOCl cannot be activated under visible light due to 

the large bandgap, is it possible to use it as a support for ZnIn2S4 to boost PHE performance? 

In P3, this was the main objective in the thesis. Unlike Na2S/Na2SO3 sacrificial reagents as in 

P1 and P2, the photocatalytic glycerol reforming was the purpose of the study to investigate 

PHE performances to examine BiOCl’s effect on PHE from BiOCl@ZnIn2S4 composites.  

4 Summary of the publications 

The background information on the photocatalytic hydrogen evolution applications under 

visible light of ZnIn2S4 based photocatalytic systems were discussed along with the referring 

the definition of cocatalyst and sacrificial reagents followed by the brief details on the 

experimental details in the publications P1, P2 and P3 in the previous sections.  

Herein, the summary for each publication P1, P2 and P3 will be given briefly by emphasizing 

the most important points.  
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4.1  P1: “Remarkable visible-light induced hydrogen generation with ZnIn2S4 

microspheres/CuInS2 quantum dots photocatalytic system” 

Usually, the pre-prepared matrix photocatalyst is introduced in the hydrothermal media for the 

growth of the quantum dots to form a heterojunction. However, in this work, the opposite 

approach has been applied where the pre-prepared CIS QDs was introduced to ZIS microsphere 

precursor solution for hydrothermal treatment. In the introduction part of the P1,  the “quantum 

dot” definition was mentioned. In short, QDs are nanoparticles whose size vary between 2-10 

nm. This  particular range of size is lower than the nanoparticles’ Bohr Radius, thus quantum 

confinement effect can be observed. QDs are considered as a beneficial support for enhancing 

photocatalytic activity of selected photocatalyst matrix due to their high volume-to-surface 

ratio. In addition, CIS is a p-type semiconductor that is good match for n-type ZIS for the 

effective charge separation and its high light adsorption edge (Fig. S4 in Supplementary data 

of P1) to improve the PHE rate under visible light irradiation of ZIS microspheres. As a result, 

those critical traits for the improvement of PHE performance of ZIS microspheres can be 

achieved by CIS in QD size.  

Accordingly, CIS QDs were synthesized through the “heating-up” method which was adopted 

from Booth’s doctoral dissertation. The critical factor was the presence of MUA during the 

synthesis (Fig. S1 in Supplementary data of P1), which is called “surface ligand” that was 

responsible for the stabilization of the nuclei of CIS during the synthesis, thus quantum-sized 

nanoparticles was obtainable. Indeed, the size of CIS QDs was proven by HAADF-STEM 

image of CIS (Fig. S2a, b in Supplementary data of P1) where the size of CIS QDs ranged 

between 1.8 and 2.4 nm. PL spectra of CIS QDs (Fig. S2c in Supplementary data of P1) gave 

two distinguishable peaks at around 420 and 660 nm which were attributed nonradiative 

transition of excited electrons on conduction band bottom to sub-bands due to the surface 

defects or sulfur vacancies on CIS and radiative transition of the electrons to the valence band 

of CIS, respectively. The comparison of the FTIR spectra of CIS QDs and MUA (Fig. S2d in 

Supplementary data of P1) was shown to reveal the fate of MUA on CIS QDs. The evanescent 

peak attributing S-H bonds in the FTIR spectra of CIS QDs demonstrated that the thiol group 

in MUA was bound to the surface of CIS QDs. Additionally, the pH initiated aggregation 

induced emission of CIS QDs (Fig. S3 in Supplementary data of P1), which was the main 

motivation of the next study in the section for P2, was mentioned briefly. Lastly, XRD analysis 

showed that CIS was in tetragonal crystal system (Fig. S5b in Supplementary data of P1).  
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After explanation of the characteristics of CIS QDs in P1, the synthesis of ZIS and ZIS/CIS 

photocatalytic system was given. The hydrothermal synthesis method for the synthesis of 

ZIS/CIS photocatalytic systems was described where the pre-prepared CIS QDs was introduced 

into the ZIS precursor solution. The investigation of the optimum amount of CIS QDs over ZIS 

to achieve the best PHE performance from ZIS/CIS photocatalytic system was conducted by 

introducing 50, 100, 150 and 200 mg CIS QDs into the ZIS hydrothermal medium (ZIS/CIS_50, 

ZIS/CIS_100, ZIS/CIS_150 and ZIS/CIS_200) (Fig. 1 in P1). For comparison, ZIS 

microspheres were obtained in the same way without CIS QDs. XRD proved that all ZIS and 

ZIS/CIS sample had the same crystalline structure while there was no diffraction originating 

from CIS QDs because of the weak diffraction (Fig. S5a in Supplementary data of P1). The 

morphological investigation by SEM and TEM showed that CIS was attached to the ZIS 

microspheres’ (the size of all ZIS and ZIS/CIS range between 3 and 5 µm while the thickness 

of the petals forming microspheres were between 20 and 50 nm) surface in the form of 

aggregates nonuniformly and but also uniform distribution can be seen from EDS mapping (Fig. 

2 in P1). Ex situ Pt cocatalyst deposition over the ZIS and ZIS/CIS samples was applied in an 

anhydrous ethanol photochemical deposition media (Xe lamp, UV-vis). XPS analysis has 

shown that all ZIS and ZIS/CIS photocatalytic systems have the chemical nature of elements of 

Zn, In, Cu, S determined by analysis of the high-resolution (HR) XPS spectra of Zn 2p, In 3d, 

Cu 2p, S 2p as well as the well-controlled CIS QDs decoration over ZIS microspheres was 

proven (Table S1, 2 in Supplementary data of P1). This was also confirmed by ICP-OES 

analysis of Cu amount in ZIS/CIS photocatalytic systems (Table S4 in Supplementary data of 

P1). It is worth to mention that the Cu oxidation state in CIS sample (CIS-MUA) before the 

hydrothermal treatment was +2 then to reduced +1 after the hydrothermal ZIS/CIS synthesis 

(Fig. 4c in P1). The Pt deposition was proven also in detail as the Pt oxidation was +4 or +2 

indicating that Pt species were arisen in the form of  PtSx (PtS or PtS2) or PtOx (PtO or PtO2) 

(Fig S7 and Table S3 in Supplementary data of P1). The Pt deposition can be seen also from 

TEM images of ZIS/CIS_100 and Pt deposited ZIS/CIS_100 (ZIS/CIS_100-Pt). Comparably, 

both ZIS/CIS_100 and ZIS/CIS_100-Pt had identical morphology expect visible dots in 

ZIS/CIS_100-Pt sample which was identified as “Pt species” (Fig. 3 in P1). Around 1.26 wt.% 

Pt loading in all tested sample series (ZIS-Pt, ZIS/CIS_50-Pt, ZIS/CIS_100-Pt, ZIS/CIS_150-

Pt and ZIS/CIS_200-Pt) via ICP-OES (Table S4 in Supplementary data of P1).  

Investigation into the optical properties of the samples were mentioned in P1 to give details 

regarding the light absorption (UV-vis) and recombination property (PL). CIS had the highest 
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photoabsorption with the edge around 800 nm while ZIS and ZIS/CIS samples had around 630 

nm to 660 nm (Fig. S4a in Supplementary data of P1). The Pt deposition radically enhanced 

the absorption properties of the samples and among all the samples, ZIS/CIS_100-Pt had the 

highest absorption (Fig. S4b in Supplementary data of P1). Meanwhile,  ZIS/CIS_100-Pt had 

the lowest electron-hole recombination in comparison to all photocatalysts with and without Pt 

(Fig. S4c, d in Supplementary data of P1). Excess amount of CIS in ZIS/CIS photocatalytic 

system led to the higher recombination due to the narrow energy gap of CIS. 

ZIS/CIS-Pt photocatalytic systems had higher PHE performance than of  ZIS-Pt (Fig. 5b in P1). 

The highest PHE rate of 1041 µmol h-1 g-1 was performed by ZIS/CIS_100-Pt which is about 

2.5 times higher than that of ZIS-Pt (411.17 µmol h-1g-1). ZIS/CIS_100-Pt sample was also 

considerably active when the PHE experiment was conducted with higher range spectrum cut-

off filter (λ > 455 nm). 1025.26 µmol g-1 and 2745.32 µmol g-1  hydrogen evolution was 

exhibited by ZIS-Pt and ZIS/CIS_100-Pt after 4 hours of PHE test, respectively. When the 

samples were assessed in the 2nd run under the same conditions both samples show a boosted 

hydrogen evolution. Especially ZIS-Pt produced around 1.7 times higher hydrogen (1760 µmol 

g-1) than in 1st run. After the 2nd run, the loss in PHE performance of both ZIS-Pt and 

ZIS/CIS_100-Pt PHE was observed and in the end of the 4th run ZIS-Pt was more stable than 

that of ZIS/CIS_100-Pt whose hydrogen evolution amount decrease around 25%. around 35% 

reduction in the rate of hydrogen evolution was noted in the both ZIS-Pt and ZIS/CIS_100-Pt 

as the cut-off filter is changed from the conventional (λ > 420) nm to higher range spectrum 

one (λ > 455 nm).  

Lastly, the mechanism was explained in terms of the estimated valance and conduction band 

levels according to the bandgap calculated using Kubelka-Munk function which was EgZIS = 

2.49 eV and EgCIS = 1.87 eV (Fig. S9 in Supplementary data of P1),  and valance band 

maximum were estimated from XPS spectra where 1.5 eV and 0.6 eV (V vs NHE) (Fig. S8 in 

Supplementary data of P1). Thus, the CB of ZIS and CIS QDs were estimated around -0.99 and 

-1.27 eV (V vs NHE), respectively. Not surprisingly, both ZIS and CIS were 

thermodynamically suitable for the proton reduction. Upon the visible light irradiation, both 

CIS and ZIS in the photocatalytic system were excited and photogenerated electron flow from 

the CB of CIS through that of ZIS took place while photogenerated holes transfer were expected 

from ZIS to CIS leading the oxidation of the sacrificial reagent (Fig 6a in P1). On the other 

hand, the action spectra analysis showed that the ZIS/CIS_100-Pt was active up to the 

wavelength 540 nm and the highest AQE was at 420 nm (30.6%) (Fig 6b in P1). The effect of 
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the oxidation state of Pt on PHE of ZIS/CIS_100 photocatalytic system was discussed based on 

the literature along with the XPS data on Pt oxidation states in ZIS/CIS_100-Pt sample. It was 

suggested that revealed Pt oxidation state Pt4+ and Pt+2 by XPS could both be an effective in 

PHE and however the detailed investigation was necessary. Moreover, the reason behind the 

decrease in the PHE performance of ZIS/CIS_150-Pt and ZIS/CIS_200-Pt was explained. The 

exceeding presence of CIS over ZIS microspheres blocked the active sites in ZIS for PHE 

leading diminished PHE performance. The drop in the PHE performance after 2nd cycle was 

clarified by XPS measurement where self-oxidation was observed as XPS analysis of the both 

ZIS/CIS_100-Pt and ZIS-Pt samples revealed the noteworthy drop of S2- fraction (Table S3 in 

Supplementary data of P1) as well as in Zn and In contents (Fig. S7 and Table S1 and S3 in 

Supplementary data of P1). 

In conclusion, for the first time pre-prepared CIS QDs introduction into a hydrothermal 

synthesis media of ZIS microspheres forming ZIS/CIS photocatalytic system was reported. The 

amount of the CIS QDs was optimized for the best PHE performance. The samples were needed 

to be loaded with Pt cocatalyst in which the dominating specie of Pt was not elemental Pt but 

PtOx or PtSx species. The broad visible range photoactivity up to 540 nm was observed with 

remarkable AQE at 420 nm (30.6%). 

 

4.2 P2: “Capping ligand initiated CuInS2 quantum dots decoration on, ZnIn2S4 

microspheres surface under different alkalinity levels resulting in different 

hydrogen evolution performance” 

The main question in this work was “how does the aggregation of CIS QDs effect the PHE 

performance of ZIS/CIS photocatalytic system?”. This question emerged from the fact that 

aggregation induced by alkalinity due to the presence of surface ligand (or capping ligand as 

mentioned in the title of P2) ,MUA, bounded over CIS surface. Thus, in this work, ZIS/CIS 

photocatalytic systems prepared in the aqueous decoration medium with various alkalinity 

levels resulting in the different size of aggregates over ZIS microspheres surface. Despite all 

ZIS/CIS photocatalytic systems prepared in different alkalinity levels had the same amount of 

CIS QDs, their PHE rate differed.  

In the beginning of P2,  the pH dependent aggregation of mercaptocarboxylic acids was briefly 

introduced which has been well-known for bioimaging applications however there have been 
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very limited reports on the links between PHE and the aggregation of QDs. This was followed 

by the details on the synthesis of ZIS/CIS photocatalytic systems prepared under different 

alkaline pH levels. Optical properties of CIS QDs aggregate firstly was shown by UV-vis and 

PL spectrums of the samples (Fig. 1 in P2). From pH = 7 to pH = 11.5, the aggregates exhibited 

red-shifted absorption edge and at pH = 12.5, noticeable peak at 250 nm appeared (Fig. 1a in 

P2). To highlight more this behavior, only MUA was tested where the same peak at 250 nm 

was seen (Fig. S1 in Supplementary data of P2). However, the red shifting in CIS QDs was 

more visible than that of only MUA under pH = 7 and 10.5 proving the coupling between MUA 

and CIS in CIS QDs. Moreover, the aggregation induced emission was shown by PL spectra of 

CIS QDs aggregates under different alkalinity levels (Fig. 1b in P2). The intensity of the 

emission intensity was the highest at pH = 7 followed by significant drop as the pH level was 

raised to 12.5 and the quenched PL emission at pH = 12.5 was observed where the clear and 

red-colored dispersion was obtained. Then size of the CIS QDs’ aggregates under the same 

conditions were investigated using DLS. Polydisperse aggregates were observed even with 

macro-sizes at pH = 9.5 and 10.5. However, sizes of CIS QDs expectedly dropped lower as two 

peaks in DLS formed around 5 nm and 100 nm at pH = 12.5 and 12.9 (Fig. 2 in P2). The origin 

of the macro-sized aggregates was discussed, and it was implied that the non-ionized carboxylic 

acid group in MUA ligand on CIS surface caused the inter-nanoparticle H-bonds through the 

hydrophilic groups resulting in the CIS QDs aggregation under the weak basic environment. 

This could be overcome with the high pH that was necessary for the deprotonation of carboxylic 

acid groups in MUA leading electrostatic repulsive force between the CIS QDs thus reduced 

aggregation was achievable.  

After providing the aggregation characteristics of CIS QDs, the information regarding the 

morphology of ZIS/CIS photocatalytic systems were given. Three critical sample was chosen 

among all the samples (ZIS/CIS-7, ZIS/CIS-10.5 and ZIS/CIS-12.5). Both TEM and SEM 

images (Fig. 3 in P2) revealed that the surface of ZIS/CIS-12.5 had the least irregularity and 

the coating-like CIS on ZIS have formed (Fig. 3c, f in P2). While on the contrary, at pH 7, non-

uniform shape of ZIS/CIS-7 with the rough surface was observed and CIS aggregates 

overwhelmingly covered the ZIS surface (Fig. 3a, d in P2). At pH 10.5, both smooth and rigid 

surface was discovered in ZIS/CIS-10.5 photocatalytic system, in other words, the surface 

morphology resembled between the ZIS/CIS-7 and ZIS/CIS-12.5 (Fig. 3b, e in P2). 

Significantly, the red-shifting can be seen especially in ZIS/CIS-12.5 and ZIS/CIS-12.9 

samples’ UV-vis spectra compared to the other samples as the smooth distribution of CIS on 
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ZIS surface promoted the higher light harvesting due to the increase in surface-to-volume ratio 

(Fig 4a in P2). XRD patterns of all the samples proved that the crystalline structure of the 

samples was stable during the preparation of ZIS/CIS photocatalytic systems, except ZIS/CIS-

12.9 where additional diffraction peaks were detected corresponding to In(OH)3 formation was 

discovered (Fig. 5 in P2).  

PHE rates of all ZIS/CIS photocatalytic systems were higher than that of ZIS. Firstly, PHE 

performances of the sample without Pt deposition (0.5 wt.% Pt in situ deposition) were clarified 

where the highest PHE rate was exhibited by ZIS/CIS-12.9 (105.31 µmol h-1g-1) (Fig. 6b in P2) 

as it was the only sample containing In(OH)3 crystals which acted as a cocatalyst. Then, 

ZIS/CIS photocatalytic PHE performances (PHE rate and the amount of the hydrogen evolved 

after 3 hours) (Fig. 6a, b in P2) in the presence of Pt deposition were shown. ZIS/CIS-7/Pt and 

then ZIS/CIS-9.5/Pt exhibited 1180.46 μmol g-1 h-1 (the lowest among ZIS/CIS photocatalytic 

systems) and 1300.46 μmol g-1 h-1, respectively. While ZIS/CIS-10.5/Pt generated the highest 

amount of hydrogen with the PHE rate of 1753.79 μmol g-1 h-1 signifying that the pH = 10.5 

was the optimum pH level for the ZIS/CIS synthesis aqueous decoration medium. Then, the 

drop in PHE rate from ZIS/CIS-11.5/Pt (1450.76 μmol g-1 h-1) but followed by the rise from 

ZIS/CIS-12.5/Pt (1670.16 μmol g-1 h-1). The optimum pH level for the aqueous decoration 

media was reported as pH = 10.5 for the highest PHE in the presence of in-situ Pt deposition. 

For the confirmation of the results of ZIS/CIS-7/Pt, ZIS/CIS-10.5/Pt and ZIS/CIS-12.5/Pt, PHE 

experiments were repeated (Fig.S7 in Supplementary data of P2). The stability tests of the 

selected samples as for the repetition of PHE tests were conducted (Fig. 6c in P2). Th highest 

stability was reported from ZIS/CIS-7/Pt comparing to ZIS/CIS-10.5/Pt and ZIS/CIS-12.5/Pt. 

On the other hand, ZIS/CIS-12.5/Pt had higher stability than that of ZIS/CIS-10.5/Pt indicating 

that stronger contact between two semiconductors in the photocatalytic system favored the 

stability. To prove the reduction ability of the three key samples, methyl viologen reduction 

experiments under monochromatic light (λ = 420 nm) were studied (Fig. 7 in P2). Methyl 

viologen radical formation was the highest from ZIS/CIS-10.5 after 9 minutes of irradiation 

which was detected by the characteristic peak at 605 nm corresponding to methyl viologen 

radical (Fig. 7b in P2). 

Later, the Pt species were detected by XPS (Table 1 in P2 and Table S1 in Supplementary data 

of P2). But before, ICP-OES characterization of three selected samples were conducted to show 

the equal amount of Pt and CIS (Cu) was loaded in three selected samples (Table 1 in P2). 

HRXPS spectra of those selected samples were discussed as Pt 4f and O1s HR spectra were 
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attributed (Table 1 in P2) to Pt(OH)2 due to the highly alkaline PHE media giving rise to the 

formation of Pt(OH)2 even before the light irradiation (Eq. 3 in P2). Then upon the light 

irradiation, the simultaneous formation of elemental Pt was expectable (Eq 4, 5 in P2). 

However, it was mentioned that the proximity in binding energies of Pt0 and Pt with Cu, CO 

and CxHx was difficult the predict the exact oxidation state. The ζ-potential of the samples which 

was reputed be influential on PtCl4
2- adsorption on the surface were debated as it might have no 

distinct role because the difference was little (Fig. S8 in Supplementary data of P2).  

The mechanism was shown in which the same was proposed as in P1 (Fig. 6a in P1) however 

the steps in the mechanism were divided into four. (1) In the dark, the hydrolysis of the 

sacrificial reagent (Na2S/Na2SO3) initiated the formation of OH- which was adsorbed by the 

ZIS/CIS surface and the displacement of chloride in PtCl4
2- forming (2) Pt(OH)2 over ZIS/CIS 

photocatalytic system. Then light initiated processes, (3) generation of holes and electrons, 

occurred resulting in (4) PHE.  

As a result, it was suggested that at this amount of CIS (5 wt.%) in the ZIS/CIS photocatalytic 

system acted as a recombination center hindering the PHE performance. Nevertheless, due to 

the relatively lower contact in ZIS/CIS-10.5 compared to ZIS/CIS-12.5, the recombination was 

higher in ZIS/CIS-12.5 while the light harvesting property was much higher. Thus, the balance 

between the charge recombination, light harvesting, and Pt species factors, the most suitable 

for PHE was reported in ZIS/CIS-10.5/Pt.  

4.3 P3: “Photocatalytic hydrogen evolution from glycerol-water mixture under visible 

light over zinc indium sulfide (ZnIn2S4) nanosheets grown on bismuth 

oxychloride (BiOCl) microplates” 

BiOCl, as a wide-bandgap (3.35 eV) semiconductor like P25, is widely studied material 

especially for photodegradation but also have gained attention for half or overall water splitting 

applications due its suitable band alignment. Several reports also showed that coupling BiOCl 

with ZIS in which BiOCl microparticles has a role as a template-like (the “template-like” 

definition is used instead of template only, because BiOCl is not stable during ZIS growth as 

will be mentioned further). In this work [P3], BiOCl microplates’ effect on ZIS was investigated 

for the first time to be used for photocatalytic glycerol reforming for PHE under visible light (λ 

> 420 nm). The optimization of the amount of BiOCl in BiOCl@ZIS photocatalytic system 

showed that the highest PHE rate was achieved from 4% BiOCl@ZIS composite in the presence 
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of in-situ ultra-low Pt deposition (0.0625 wt.%). Briefly,  this was attributed to the formation 

of Bi2S3 which was formed during ZIS growth on BiOCl. In other words, template-like BiOCl 

was as a platform for the Bi2S3 formation in the composite whose role cannot be overlooked as 

it is a low bandgap semiconductor. 

P3 starts with the short introduction to the several common utilization methods of glycerol 

which require high temperature ranging around 300-900 °C. As already mentioned through the 

thesis, photocatalysis also enables the photocatalytic glycerol reforming under relatively mild 

condition in comparison to the conventional ones. TiO2, indeed, is one of the most widely 

studied material for photocatalytic glycerol reforming for PHE applications but suffers from 

large bandgap that is considered as one of the biggest obstacles for visible light induced PHE. 

Investigated metal sulfide based photocatalytic systems for photocatalytic glycerol reforming 

for PHE were summarized emphasizing the fact that ZIS has been never reported for glycerol 

reforming. Then, BiOCl@ZIS composites for different photocatalytic applications than PHE 

such as  N2 fixation, Cr(VI) reduction, rhodamine B and antibiotics degradation were 

mentioned. BiOCl@ZIS composite is almost undebated in the literature which is discussed only 

in four different works in the literature for different applications than PHE hydrogen evolution 

from glycerol photoreforming.  

In the experimental part of P3, firstly the synthesis method of BiOCl@ZIS was specified in 

which a simple oil-bath method was used for ZIS growth over different amount of 

hydrothermally pre-prepared BiOCl (Fig. 1 in P3). PHE tests conditions were given in detail 

along with the H2 detection and additionally qualitative analysis of the liquid phase before and 

after PHE process to reveal the by-products using GC-MS head-space analysis where samples 

were prepared by derivatization (the detailed procedure is given in the description for Fig. S6 

in the Supplementary data of P3). It is worth mention that in P3, the Pt photodeposition 

technique was in-situ.  

The morphological investigation of BiOCl, ZIS and 4% BiOCl@ZIS composite were given via 

SEM images (Fig. 2a, b, c in P3) while TEM characterization was conducted only over 

4%BiOCl@ZIS composite (Fig. 2e, f, g in P3). Two main observations have been made in this 

part. (i) ZIS suffered from the aggregation but the nanosheet formation was visible and (ii) the 

cluster formation which can be related with the Bi2S3 formation during the composite synthesis 

but no obvious. XRD patterns (Fig. 3 in P3) showed the indexed hexagonal and tetragonal 

structure of ZIS and BiOCl, respectively. Although the BiOCl in all the studied composite was 
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not high, the presence of BiOCl in the composite were clear from the XRD patterns due to the 

high crystallinity of BiOCl. Following the morphological and the crystal structure analysis, 

detailed XPS study was given (Fig. 4 in P3). Firstly, Zn2+, In3+ and S2- were confirmed in ZIS 

and BiOCl@ZIS composite form the Zn 2p3/2, In 3d5/2, S 2p3/2 and S 2s peaks while Bi4f 

spectrum was observed in two different states, Bi(3+) and Bi(+3-x) from Bi 4f7/2 signals. One 

of the important observations in the XPS analysis in P3 was that the 4%BiOCl@ZIS composite 

had binding energy shift in the main Bi 4f7/2 signals to the lower energy level which can be 

attributed to the existence of Bi2S3 in the 4%BiOCl@ZIS composite. The state of the in-situ Pt 

deposited composites after 4 hours (4%BiOCl@ZIS/0.0625  wt.% Pt_4h) and 16 hours 

(4%BiOCl@ZIS/0.0625 wt.% Pt_16h) PHE process were identified via 4f spectra which were 

assigned to the metallic Pt0 and PtO2 species, respectively.  

DRS patterns of the samples confirmed that BiOCl cannot be activated by the visible light 

irradiation (λ > 420 nm) (Fig. 5 in P3). Also, a noteworthy elevation around 550 nm in the DRS 

spectra of 4%BiOCl@ZIS and 8%BiOCl@ZIS were assigned to the formation of narrow 

bandgap Bi2S3. This elevation accelerated  as BiOCl@ZIS samples constituted more BiOCl 

content that is to say the highest amount of Bi2S3 should exist in 8%BiOCl@ZIS composite. 

PHE performances of the samples were conducted in the presence of 1 wt.% Pt deposition 

(precursor: K2PtCl4) to evaluate the most active composite (Fig. 6a in P3). Amount of hydrogen 

evolved from ZIS (1945.4 μmol g-1) and 4%BiOCl@ZIS (1992.2 μmol g-1) were proximate to 

refer any synergetic effect in 4%BiOCl@ZIS composite in this case. Moreover, PHE 

performances of ZIS (260 μmol g-1) and 4%BiOCl@ZIS (165 μmol g-1)  without any Pt 

deposition, yet again, were almost the same (Fig. S3 in the Supplementary data of P3). Then, 

the Pt optimization study was conducted over 4%BiOCl@ZIS composite which exhibited the 

highest PHE rate in the presence of 1 wt.% Pt deposition. For this purpose, a wide range of Pt 

deposition amount from 0.0625 wt.% to 3 wt.% was selected (Fig. 6a in P3). The PHE rate 

dependent on the amount of Pt deposition can be divided into three regions in the 

4%BiOCl@ZIS sample. As can be seen from Fig. 6c in P3, 3 wt.% Pt deposition resulted in the 

lowest PHE rate of 174 μmol g-1 h-1 while PHE rate increased as Pt loading reached to 2 wt.%, 

1 wt.% and 0.5 wt.% where PHE rates of 511 μmol g-1 h-1, 498 μmol g-1 h-1 and 503 μmol g-1 h-

1 were observed, respectively. Lastly, the highest Pt deposition region was observed from 

0.0625 wt.%, 0.125 wt.% and 0.25 wt.% Pt deposition. The best PHE rate was achieved from 

4%BiOCl@ZIS 0.0625 wt.% sample with 674 μmol g-1 h-1 followed by 4%BiOCl@ZIS 0.125 

wt.% (625.5 μmol g-1 h-1) and 4%BiOCl@ZIS 0.25 wt.% (637 μmol g-1 h-1). Meanwhile, 0.0625 
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wt.% deposition over pristine ZIS sample exhibited around 384 μmol g-1 h-1 PHE rate (Fig. 6c 

in P3). Lastly, the reproducibility of the results was shown in Fig. 6e in P3 in which mean 

evolved hydrogen from ZIS and 4%BiOCl@ZIS samples displayed small standard errors under 

the same conditions confirming the good reproducibility.  

Above-mentioned PHE performances were compared with the other studies where glycerol 

photoreforming for PHE were tested over other metal sulfide based photocatalytic systems. 

(Table S2 in the Supplementary data of P3). The performance of 4%BiOCl@ZIS/0.0625 wt.% 

sample was significant, however, not the best considering the PHE rate of 74600 μmol g-1 h-1  

in one of the studies mentioned in the given Table S2 in the supplementary data of P3. It should 

be noted that in the literature, amount of the glycerol in water-glycerol mixtures vary drastically 

from 5% (v/v) to 90% (v/v).  

As the stability factor for photocatalytic system is one of the essential requirements from the 

perspective of the large scale application of PHE, the stability of the best performing 

4%BiOCl@ZIS/0.0625 wt.% sample was also tested (Fig. 6d in P3). 8 h continuous test showed 

that during the first 4 h, the PHE kinetic was remarkable however a drastic drop in the kinetic 

was observed thereafter. In the 2nd cycle the fresh glycerol-water mixture replacement was not 

helpful to recover the same level of the kinetic as during the first 4 h where the evolved 

hydrogen dropped to around 677 μmol g-1. It can be suggested that the obtained 4%BiOCl@ZIS 

was not stable but somehow expected as metal sulfides are widely known with their stability 

problem. The cause of the instability was investigated from XPS, XRD and TEM analysis of  

4%BiOCl@ZIS/0.0625 wt.% after 16 h PHE test (4%BiOCl@ZIS/0.0625 wt.%_16h). There 

was no significant change in morphology and crystal structure of the sample after 16 h of PHE 

test (Fig. S4 in the Supplementary data of P3). However, XPS spectra of 

4%BiOCl@ZIS/0.0625 wt.%_16h showed two emerging peaks (Bi 4f7/2 and Bi 4f5/2) 

corresponding to Bi(+3-x). This can be a proof of the BiOCl was reduced not because of the self-

reduction but photoexcited electrons from ZIS transferred to BiOCl. Moreover, the acidification 

of the of the PHE medium during the PHE due to the intermediate formation might be another 

factor causing the instability of the sample.  

Speaking of the intermediate formation, the qualitative analysis of the by-products as a result 

of the photocatalytic glycerol reforming of the glycerol was studied in P3. For that purpose, GC 

chromatogram of the PHE medium before and after the PHE experiments were compared. As 

the derivatization method was used for the identification of the by-products, only diethyl ether 
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formation was observed from the PHE medium before the PHE experiment. After 8 h of PHE 

test, the mass spectra analysis of GC chromatogram showed 5 different peaks in comparison to 

the chromatogram from before PHE experiments corresponding to by-products such as 

acetaldehyde, propanal, formic acid, acrolein and acetic acid (Fig S6 in the Supplementary data 

of P3). This was the direct proof of the contribution of glycerol as a H+ to be reduced by the 

photogenerated electron over the composite after photogenerated hole mediated glycerol 

oxidation.  

More details were given to explain the mechanism over the composite during PHE by firstly 

estimating the band gaps of ZIS (Eg ≈ 2.20 eV) and BiOCl (Eg ≈ 3.35 eV). Then based on the 

valance band values approximated from XPS spectra VBZIS ≈ 1.3 eV and  VBBiOCl ≈ 2.5 eV 

(Fig S6 in the Supplementary data of P3). Thus, the estimated conduction band level of the 

samples for ZIS and BiOCl was around -0.90 eV and 0.85 eV, respectively. Also, methyl 

viologen reduction experiments showed that BiOCl, ZIS and 4%BiOCl@ZIS samples were able 

to produce methyl viologen experiments upon the light irradiation (Fig S7 in the Supplementary 

data of P3). Additionally, 4%BiOCl@ZIS generated more radical than that of ZIS which 

confirmed the same trend as in PHE experiments with ultra-low Pt loading (Fig S7b in the 

Supplementary data of P3).  

The effect of the formation of Bi2S3 must be considered for the proposed mechanism (Fig. 7 in 

P3) over the composites. Therefore, it was concluded that the photoexcited charge carriers were 

produced only over ZIS and Bi2S3 in BiOCl@ZIS composites where photoexcited electrons 

from ZIS followed two paths where (i) H+ ions were reduced to hydrogen gas as the Pt precursor 

transforming to Pt nanoparticles simultaneously whereas (ii) some part of the electrons should 

have been captured by BiOCl prompting reduction of BiOCl. Photogenerated electrons from 

Bi2S3 transferred to the CB of ZIS creating a Z-scheme mechanism. Meantime, (iii) the 

photogenerated hole over the composite oxidized the water molecules directing the formation 

of by-products and H+ through hydroxyl radicals.  

To sum up, a wide-bandgap semiconductor enhanced PHE performance of ZIS by acting as a 

template-like structure in the BiOCl@ZIS composite. In other words, template-like BiOCl was 

as a platform for the Bi2S3 formation in the composite. As mentioned in P3, Bi2S3 is a low 

bandgap semiconductor whose role cannot be overlooked. The excess loading of low bandgap 

metal-sulfide semiconductor on a matrix surface can inhibit the light penetration leading lower 

photocatalytic activity. Those negative effects should be even higher when a noble metal 
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precursor is introduced to the composite. In this case, the amount of formed Bi2S3 in 

4%BiOCl@ZIS composite should have been already high for the efficient PHE. Thus, 1 wt.% 

in-situ loading of Pt co-catalyst might decrease the performance. Furthermore, the stronger 

contact between ZIS and Bi2S3 was achievable in comparison to the other methods (i.e. coupling 

pre-prepared Bi2S3 and ZIS) which is considered as one of the determining factor for 

photocatalytic applications of composites. It should be also noted that the method used in P3 

can be considered as an alternative method to the other Bi2S3 growth methods where the contact 

is expected to be stronger in which pre-prepared ZIS is introduced to Bi2S3 precursor solution 

for solvothermal assisted growth on ZIS surface. 

4.4 Summary 

The thesis has a strong introduction followed by the 3 publications that brought novelty and 

unique perspective to the current literature regarding photocatalytic hydrogen evolution from 

ZnIn2S4 based photocatalytic systems which can be also applicable with other type of 

photocatalytic system such as different types of metal sulfide or metal oxide based 

photocatalytic systems.  

Monodisperse CuInS2 quantum dots synthesis somehow could have been carried out by the 

treatment of prepared CuInS2 (sintering the quantum dots to remove the capping ligand) or 

sintering the whole photocatalytic systems after the wet preparation could have been 

investigated. The concentration of the photocatalytic system in the photocatalytic hydrogen 

evolution media might have been determined either that could have led to even higher hydrogen 

evolution than that of reported in the publications constituting the thesis. Beyond BiOCl as a 

template-like structure and support for the improvement of the photocatalytic hydrogen 

performance of ZnIn2S4, I think BiOBr and Bi2WO6 are some other Bi-based semiconductors 

which are worth to try to form heterojunction for hydrogen evolution from milder conditions as 

investigated in the last work published [P3]. Also, I confirmed the previously mentioned two 

reports on BiOCl@ZnIn2S4 in the literature where the BiOCl based materials can be considered 

as a alternative method to load Bi2S3 low-band-gap photocatalyst over ZnIn2S4. Especially, 

controllable Bi2S3 loading using this technique is compelling and amenable topic.  

To sum up, I believe this thesis constitutes valuable information for those who would like to 

explore photocatalytic hydrogen evolution for ZnIn2S4 based photocatalytic systems as ZnIn2S4 
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based photocatalytic systems have an enormous potential for solar hydrogen production if the 

stability issue in the metal sulfides will be resolved.  

5 Publications 

The publications with their supporting information will be given in this section.  
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Medynska, A., The Effect of AgInS2, SnS, CuS2, Bi2S3 Quantum Dots on the Surface Properties 

and Photocatalytic Activity of QDs-Sensitized TiO2 Composite (2020), Catalysts, 10 (4), art. 

no. 403, DOI: 10.3390/catal10040403 

IF: 4.146 

Malankowska, A., Kobylański, M.P., Mikolajczyk, A., Cavdar, O., Nowaczyk, G., Jarek, M., 

Lisowski, W., Michalska, M., Kowalska, E., Ohtani, B., Zaleska-Medynska, A. TiO2 and 

NaTaO3 Decorated by Trimetallic Au/Pd/Pt Core-Shell Nanoparticles as Efficient 

Photocatalysts: Experimental and Computational Studies (2018) ACS Sustainable Chemistry 

and Engineering,6 (12), pp. 16665-16682, DOI:10.1021/acssuschemeng.8b03919 

IF: 9.224 

Scientific conferences 

O. Cavdar, M.  Baluk, A. Malankowska, A. Żak, W. Lisowski, T. Klimczuk, A. Zaleska-

Medynska, Photocatalytic hydrogen evolution from glycerol-water mixture over ZnIn2S4 

obtained on Bi-based semiconductor as a template, SPASEC-25/AOTs-26, 29.08-01.09.2022, 

Rostock (Germany), University of Rostock 

Note: Poster presentation 

O. Cavdar, A. Malankowska, D. Amgar, A. Żak, M. Witkowska, P. Mazierski, J. Łuczak, W. 

Lisowski, T. Klimczuk, A. Zaleska-Medynska, pH-dependent CuInS2 quantum dots decoration 

on ZnIn2S4 microsphere for photocatalytic H2 evolution under visible light, 11th European 

Conference on Solar Chemistry and Photocatalysis: Environmental Applications 

(SPEA11), 06-10.06.2022, Turin (Italy), Palazzo Citta Metropolitana, Corso Inghilterra 7 

Note: Flash talk (5 minutes speech + poster presentation) 
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O. Cavdar, A. Malankowska, D. Amgar, A. Żak, M. Witkowska, P. Mazierski, J. Łuczak, W. 

Lisowski, T. Klimczuk, A. Zaleska-Medynska, Synthesis and applications of ZnIn2S4/CuInS2 

photocatalytic system for visible light induced photocatalytic hydrogen evolution, NanoTech 

Poland 2022, 01-03.06.2022, Poznań, Centrum Nanobiomedyczne Uniwersytet im. Adama 

Mickiewicza w Poznaniu  

Note: Speech (15 minutes) 

O. Cavdar, M. Baluk, A. Malankowska, A. Żak, W. Lisowski, T. Klimczuk, A. Zaleska-

Medynska, Photocatalytic hydrogen evolution from glycerol-water mixture over 

BiOCl@ZnIn2S4 composite with ultra-low in-situ Pt loading, NanoTech Poland 2022, 01-

03.06.2022, Poznań, Centrum Nanobiomedyczne Uniwersytet im. Adama Mickiewicza w 

Poznaniu  

Note: Poster presentation 

O. Cavdar, A. Malankowska, A. Zaleska-Medynska, Preparation, optical properties, and 

photocatalytic activity of CuInS2 Quantum Dots for H2 generation, CNM 2019, 6th 

Conference on Nano- and Micromechanics, 03-05.07.2019, Poland, Rzeszów, Politechnika 

Rzeszowska 

Note: Poster presentation 

O. Cavdar, M. Jarek, A. Malankowska, A. Zaleska-Medynska, Preparation, optical properties, 

and photocatalytic activity of CuInS2 Quantum Dots for H2 generation, PANIC 2019, PhoBIA 

Annual Nanophotonics International Conference, 15-17.05.2019, Poland, Wrocław, 

Politechnika Wrocławska 

Note: Speech (15 minutes) 
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Scientific projects and grants 

1. 2016/23/D/ST8/02682, SONATA (Narodowe Centrum Nauki), Photo-Bio Production 

of hydrogen by [NiFe] hydrogenase-MNPs/SiO2/MaSb hybrids under visible light, 

2016-2019, as the contractor 

2. 2018/31/N/ST5/00607, PRELUDIUM (Narodowe Centrum Nauki), Bismuth 

oxyhalides assisted with silver sulfide based asymmetric or multimeric nanoparticles, 

2019-2022, as the head of the project 

Scientific internships 

I completed a 3-month scientific internship in the field of heterogeneous photocatalysis at the 

University of Milan (Italian: Università degli Studi di Milano) in the period from September 

30, 2022 to December 30, 2022. 
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