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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 TiO>
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, | 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
(A > 420 nm). Two different types of ZnIn,S4 based photocatalytic system were investigated in
detail: ZnIn,S4/CulnS; and BiOCI@ZnIn2S4. For ZninzS4/CulnS; photocatalytic systems, the
first part was related with the development of ZnInS4/CulnS; photocatalytic system via
hydrothermal method in the presence of pre-prepared CulnS; quantum dots. While the second
part was on a specific question related with the effect of the aggregation properties on PHE
performance of ZnIn,Ss. Lastly, the photocatalytic glycerol reforming for photocatalytic

hydrogen evolution was examined over BiIOCI@ZnInzSa.



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 stala si¢ bardzo atrakcyjna, poniewaz wodor ma wigkszg gestosé
energii w porownaniu z olejem napedowym czy benzyna, a co wazniejsze jest paliwem zero-
emisyjnym. Wodor moze by¢ dostarczany z kilku zrodet, jednakze kluczowa kwestig jest jego
metoda produkcji, ktora powinna mie¢ niewielki wptyw na srodowisko. Niestety rynek paliw
wodorowych opiera si¢ na reformingu, ktory wymaga przetwarzania paliw kopalnych pod
wysokim ci$nieniem i w wysokiej temperaturze, gdzie w duzej mierze wytwarzany jest gaz
cieplarniany- dwutlenck wegla. Elektrolize mozna uznaé¢ za metode¢ alternatywng produkcji
wodoru, poniewaz wykorzystuje ona energi¢ elektryczng do rozktadu wody na tlen i paliwo
wodorowe. Jednak te same kryteria majg zastosowanie do tej metody, gdy bierze si¢ pod uwage
zrodlo energii elektrycznej. Innymi stowy, w zalezno$ci od zrddla produkcji energii
elektrycznej, takiej jak energia wodna, wiatrowa lub stoneczna, proces elektrolizy moze by¢

procesem zréwnowazonym.

Pomyst na opracowanie systemu, ktory przeksztalca energie stoneczng bezposrednio w paliwo
wodorowe, moze by¢ kolejnym sposobem na produkcj¢ paliwa wodorowego z wody.
Fotokatalityczne generowanie wodoru (PHE) umozliwia bezposrednia konwersj¢ stoneczng
dzigki fotokatalitycznie aktywnym materialom polprzewodnikowym. Wsréd badanych
fotokatalizatorow, TiO2> wyrdznia si¢ tym, ze posiada odpowiednie potozenie pasm do
fotokatalitycznego procesu wydzielania wodoru. Jednak najwigkszym ograniczeniem TiO jest
to, ze moze by¢ on aktywowany tylko pod wptywem promieniowania UV, ktére stanowi tylko
czg$¢ promieniowania stonecznego. Dlatego nalezy podja¢ badania w celu opracowania
fotokatalizatora, ktory moze zainicjowac proces PHE w szerszym zakresie widma stonecznego,
a konkretnie promieniowania widzialnego. Proponowany fotokatalizator powinien by¢ takze
tani i wymaga¢ jak najmniejszej iloSci metalu szlachetnego (zwykle Pt) lub powinien

wykazywac znaczng wydajno$¢ fotokatalitycznego generowania wodoru bez obecnosci Pt.

W mojej rozprawie doktorskiej zbadalem kilka metod zwigkszenia efektywnosci siarczku
cynkowo-indowego (ZnIn;Ss), ktory jest jednym z najpopularniejszych fotokatalizatoréw w
literaturze, zwlaszcza w procesie fotokatalitycznego generowania wodoru pod wplywem
promieniowania widzialnego (A > 420 nm). Szczegdétowo zbadano dwa typy ukladow
fotokatalitycznych opartych na ZniInz2Sas: ZninzS4/CulnS; oraz BiOCI@ ZnIn2S4. W przypadku
uktadu ZnlIn,S4/CulnS;, pierwsza cze$¢ badan dotyczyla otrzymywania kompozytu

ZnlIn2S4/CulnS; metodg hydrotermalng, gdzie ZnIn,Ss byt syntezowany w obecnosci wezesniej

Vil



przygotowanych kropek kwantowych typu CulnS,. Natomiast druga cze$¢ badan zwigzana z
kompozytami ZnIn,S4/CulnS; dotyczyta badania wplywu agregacji kropek kwantowych na
wydajnos$¢ generowania wodoru. W kolejnej czgsci badawczej pracy zbadano efektywnosé
generowania wodoru w procesie fotokatalitycznego reformingu glicerolu w obecnosci
kompozytow BiOCI@ZnIn,Ss.

Niniejsza pracg rozpoczyna krotka informacja na temat publikacji naukowych sktadajacych si¢
na rozprawe doktorska, ktore w catej pracy zostaly oznaczone jako P1, P2 i P3. We wstepie
Czytelnik moze znalez¢ informacje, ktoére mogg przydatne do zrozumienia publikowanych
prac. Po przedstawieniu celu pracy, streszczono publikacje (P1, P2 i P3) opisujgc najwazniejsze
osiggnigcia kazdej z prac. Na koncu przedstawiono podsumowanie calej rozprawy oraz
propozycj¢ dalszych badan, Do rozprawy doktorskiej dotgczono opisywane publikacje wraz z

informacjami uzupetniajgcymi 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
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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]



reforming (STM) that is basically a utilization of natural gas with the steam under high

temperature releasing CO (Eq. 1) and COz (Eqg. 2) resulting in an overall reaction of STM (Eq.3)
[6].

CH, + H,0 — CO+ 3H, (Eq.1)
CO + Hzo — COz"" H2 (EqZ)
CH4 + 2H20 — COz"" 4H2 (Eq3)

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

s Oha
Exthod y Anode
athode . L
H+
2H* 26 S H,0 = 0, + 2H* 2e-

Proton Exchange Membrane

Figure 2 A basic representation of a polymer membrane electrolyser
and half reactions occurring on the cathode and anode



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
TiO photoanodes connected to the Pt plate where hydrogen ions are reduced to hydrogen fuel
[13]. The process occurred over the TiOz 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 TiO-
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*/H, (0 V vs NHE, pH = 0) and more
positive than oxidation potential of O./H20 (1.23 V vs NHE, pH = 0), respectively (Figure 3).
In the typical PHE evolution process, a charge carrier generation occurs (Route Il in Figure 3)
where electrons and holes over CB and VB upon light irradiation (Route I in Figure 3) with the
sufficient photon energy (hv) that is higher than band gap (Eg) resulting in proton reduction and
water oxidation over CB and VB (Route 111 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:

e toachieve avisible light induced (A > 420 nm) PHE. One of the biggest barriers for PHE
over TiOz 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.

e toinitiate 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



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.
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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*/H, (0 V vs NHE, pH = 0) and more positive than oxidation potential of O,/H,0 (1.23 V vs NHE,
pH=0)
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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 TiO»-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
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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

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 TiO. 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 TiOg,
similar SPR phenomenon over was observed [40,41]. Besides, Cu based nanoparticle
deposition in the form of Cu>O, 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 TiO> 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 TiOz. Lastly, coupling TiO2 with another

semiconductor photocatalyst can effectively improve the visible light induced PHE
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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 TiO, 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 TiO. surface or over a cocatalyst
through injected electron from TiO- (Figure 5b). Additionally, WS, [55], CaFe,O4 [62] and
black phosphorus [63], graphitic carbon nitride (g-CsNs4) [64] were investigated for
sensitization of TiO: as an alternative to CdS. Above-mentioned strategies for enhancing the
visible light activity of TiO; are also applicable to other extensively discussed wide-band-gap
metal oxide photocatalysts such as ZnO [65,66], SrTiO3[67—70], NaTaOz[71,72] and other UV

active materials [54,73]. In addition to those attempts, single crystal metal oxides were also
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Figure 5 Simplified representation of visible light induced photocatalytic hydrogen evolution
mechanisms over a) gold nanoparticle sensitized TiO; through hot electron injection originated from
SPR effect in gold nanoparticles and b) CdS/TiO; heterostructure in which photogenerated electrons

are produced over CdS and transferred on TiO; surface (Note: The presence of cocatalyst is not
shown).



reported for visible light induced PHE [74] including NiM2Oe (M = Nb; Ta) [75], InVO4 [76],
MCrO4 (M = Sr, Ba) [77], LaFeO3[78], ZnFe204 [79], Fe203 [80], Fe304 [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 TiO- as a desirable photocatalyst for PHE in larger scale than
laboratory scale [83-85]. What’s more, TiO> is very quickly emerged material last 20 years
[86] thus the information regarding TiO> 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 TiO; 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 ZnIn,S4 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] 2s? 2p* and S: [Ne] 3s?
2p*). 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 (Ss)
while elemental oxygen (O>) 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].



Metal sulfide based photocatalysts are usually composed of metals with d'° configuration which
hybridize with S [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
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Figure 6 Comparison of the energy levels of metal-oxide and metal sulfide based photocatalysts
(inspired from Kudo and Miseki [93])

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]
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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])

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 gt h™t PHE rate in presence of Sn?* as a cocatalyst and
glycerol under visible light (A > 420 nm) [95]. Similarly, Shi et al. obtained Se doped CdS
quantum dots which showed 29.12 mmol h™* g~ PHE rate from Na,S/Na,SO3 aqueous solution
under simulated solar irradiation (320780 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
IrSe, coated with a MoSe> shell. The heterostructure exhibited outstanding PHE rate (137 mmol
h™tg™) from lactic acid-water solution (20% v/v) under 405 LED irradiation (250 mW).
Another remarkable visible light (A > 420 nm) induced PHE rate was reported by Y. Chen in
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which NiSe, in-situ growth over CdS nanorods performed 167.1 mmol gth from
Na>S/Na SOz aqueous solution. Lu proved that MoS; tipped CdS nanorods resulted in higher
PHE rate (31.46 mmol h™ g1) than the MoS; coated CdS (7.32 mmol h™t g'1) from 10% lactic
acid-water solution under visible light (A > 420 nm) [100]. Look-alike morphology to nanorods,
CdS nanowires coated with g-C3sN4 performed 4152 umol h™* gt PHE rate from NazS/NazSOs
aqueous solution where Pt in-situ cocatalyst deposition (0.6 wt.%) was implemented [101]. 95.7
mmol h gt PHE rate from 20% lactic acid aqueous solution was reported by He et al. where
the ultra-thin g-CsN4 covered CdS nanowires was used. Accordingly, previously mentioned g-
C3Ng4 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™* g~ PHE rate
under visible light (A > 420 nm) [102]. Analogous 3D morphology of CdS photocatalyst were
also reported by Kadam et al. They synthesized CdS microparticles with MoS; shell which had
PHE rate around 4 mmol g h™* from Na2S/Na.SOs aqueous solution under simulated sunlight
[103]. Li et al. studied thermal assisted Pt cocatalyst loading on CdS nanoparticles surface.
10.25 mmol h™* gt PHE rate from lactic acid aqueous solution was observed under visible light
(A > 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't gt PHE rate from Na,S/Na,SOs 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, Cdi1xZn«S solid solutions and ZnIn,Ss

emerge as a substitute for CdS.

CdS+ 2ht— Cd2++S° (Eq.4)

10



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 TiO>. For
instance, 280 pmol h™* g~ PHE rate was obtained from 1% mol Ni doped ZnS under visible
light (A > 420 nm) without cocatalyst from aqueous solutions containing K>SOz and Na»S [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 Cu?* ions in which 2% mol Cu?* ion
doping was the optimum for the highest PHE rate of 973.1 umol h™* g under visible light (A
> 400 nm) from Na2S/Na,SOs3 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 umol h™* gt 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 umol h™* g* PHE rate from cocatalyst free ZnS from
aqueous Na»S/Na2SOz 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 pmol h™* g ! PHE rate from ZnS with Zn vacancies under visible light (A > 420 nm)
from Na>S/Na>SOz aqueous solution [116]. Then in their another study, they growth Zn vacancy
ZnS on g-C3Ng that exhibited 713.68 pmol h* g! [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
umol gt h~tunder visible light (A > 420 nm) without any cocatalyst addition from Na2S/NazSOs3

aqueous solution.

The strategy to mix ZnS and CdS that is known as CdixZnS 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 CdixZnxS was reported by Guo et
al. without cocatalyst with the PHE rate of 282.14 mmol h™* mg under visible light (A > 420
nm) from Na>S/Na>SOs aqueous solution [117]. Noble metal free Ni(OH)2 cocatalyst deposited
Cdo.3Zno.7S material obtained by Lv et al. even resulted in higher rate 58.9 mmol h* g from
the same conditions [118] as previously-mentioned report. From 20% v/v lactic acid aqueous
solution, amorphous MoS; decorated CdosZnoS performed PHE rate of 12.39 mmol gt h™
under visible light (A > 420 nm) [119]. 2128 umol h* g™! PHE rate was reported by Yu et al. in
which CdS quantum dots-sensitization was achieved over ZnixCdxS solid solution [120].
Additionally, CdixZnxS 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 ZnogCdo.2S
showed 33.81 mmol gt h™ PHE rate under visible light from Na,S/Na,SO3 based sacrificial
reagent solution [121]. Remarkable example for non-metal doping, P-doped Cdi-xZnxS porous
nano-spheres decorated with Ni>P 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~ h™* [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 ZnIn,S4 photocatalytic systems.

12



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 11). 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
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Figure 8 Two main functions of the cocatalyst in the photocatalytic system: (1) 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 (11) 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

ra A=
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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, VVolcano 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 NaBHa) 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 PtSy, 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. MoS; [133], Ni-based (NiOx, Ni(OH), 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].

CeHysNO; — CoHygNOE + e~ (Eq.5)
CeH,sNOt— C4H,,NO; + HY (Eq.6)
CeH,4NO; — C4H,,NOZ + e~ (Eq.7)
CeH,,NOF + H,0 — C,H;;NO; + CH5CH; + 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 H> release [123,143]. Ascorbic acid is another

encountered sacrificial reagent

CH,CH(OH)COOH + H,0 — CO, + H, + CH;COCOOH (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 Eqg. 10 where

15



H2A (ascorbic acid) forms ion (HA") that is oxidized to HA" radical and finally forms A™to A
(dehydroascorbic acid) and A (ascorbate) [141,144]

H,A— HA” > HA" - A~ —2A" — A+ A% (Eq.10)

Na.S/Na,SOz sacrificial reagent, maybe the most popular inorganic scavenger, is especially
favored for the metal sulfides due its several benefits. Firstly, Na,S/Na>SO3 sacrificial reagent
are more readily to be oxidized compared to TEOA and alcohols [145]. Moreover,
Na>S/Na SOz sacrificial reagent inhibits the corrosion of metal sulfides through self-repairing
mechanism as in the case of CdS based photocatalytic system where Cd?* ions react with S
and form CdS. Same mechanism can be also expected such as ZnS and other metal-sulfide
based photocatalytic systems. Finally, Na>2S/Na>,SOs 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.

$2= 4+ H,0 — HS™+ OH™ (Eq.11)

S0%~ + H,0 — HSO3+ OH~ (Eq.12)

The mechanism of hole scavenging through the oxidation of Na>S/Na>SOz3 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.
280%™ +2h*t— S,0%" (Eq.13)
S0%~ +20H™+2h*— S03™+ H,0 (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.

2§52~ + 2h*— S2- (Eq.15)

280%™ +S2~— S,0%" + 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].

25,023~ +2h*— S,0%" (Eq.17)

Na2S/Na,SOz 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 Na>S/Na>SO3 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.

C3H803+ H20 — 3C02 + 7H2 (Eq18)
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1.4 ZnlIn2S4 based photocatalytic systems for photocatalytic hydrogen evolution

As three different types of metal sulfide based photocatalyst materials have been shortly
summarized so far, ZnIn,S4, the main topic of the thesis, will be discussed in this section.

The first reports on ZnInSs 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 Znin,Ss 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 ZnIn,Ss [153].
Physiochemical characteristics of ZnlIn,Ss like photoconductivity, photoluminescence,
thermoluminescence, optical absorption were some of the research subjects on ZninSs
[151,154-160] along with its application in solar cells in which its reported n-type character

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

The pioneering research on PHE from aqueous solution mixture of Na;S/Na;SOz and ZnIn,Ss
photocatalyst was conducted by Lei et al. in 2003 (Figure 9) where the relatively mild
hydrothermal synthesis method was implemented to obtain ZnlIn,S4 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 pmol h't gt 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 (A > 420 nm) [161]. In 2006, Gou et. al proved that the
morphology-controlled synthesis methods of ZnlIn,S4 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 ZnlIn,S4 [148] and aqueous-, methanol- and ethylene glycol-mediated conditions via a
solvothermal/hydrothermal method on PHE performance [164] under visible light irradiation
(A > 430 nm or > 420 nm) from NaS/Na SOz (0.35 M/0.25M) with in situ deposited Pt

cocatalyst.

18



[ 12ZnIn,S, Photocatalyst

300

200

100

Number of Publications

;.....T.TWTHHHHHH....

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Year

Figure 9 Number of publications from the beginning of the first photocatalytic application of ZnlIn,S,
in 2003 to 2022. Data was accessed from Scopus (Elsevier) on December 14, 2022

The crystal structure of ZnInzSs in Lei’s work [161] was hexagonal, but ZnIn,Ss 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
Znln2S4 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 ZnIn,S4 photocatalyst in which the resultant polymorph was trigonal. Another
trigonal structured ZnIn,Ss 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
Znln,S4 is possibly related with its high temperature synthesis conditions even its crystal
structure is like the hexagonal polymorphed Znin,Sas. Hexagonal polymorph of ZniIn,Ss 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
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to hexagonal while S-S bonds are weaker [169]. On the other hand, the cubic structured ZnIn,Ss
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 ZnlnSs 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].
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Figure 10 a) Cubic, b) hexagonal and c) trigonal structures of ZnlIn,S, 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 m?g™* [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 *h™* 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 *h™!
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 umol g h* under visible light irradiation (A > 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 Na>S/Na;SOsz aqueous
solution under visible light with the PHE rate of 2120 umolh* g 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 CO- 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 h™* under the

visible light irradiation (A > 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 MoS; 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 h™! PHE rate was achieved

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

Combining another semiconductor photocatalyst with ZnIn,Ss forming heterojunctions is
broadly applied strategy to enhance the PHE performance. Heterojunction strategies were
categorized in this thesis into four types: Type I, Type Il, 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-CsN4 photocatalytic system with the PHE rate
of 5.02 mmol gt h™* 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-CsNa 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 Sb2Ss-ZIS photocatalytic system which
exhibited 1685.14 umol g~* h™* 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 umol h™ g~* from methanol aqueous solution (20% v/v) and 6429 pmol
h™ g™t from H,S under sunlight where SnS acted as a cocatalyst. Cheng et al. demonstrated
integration of ReS; (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 umol h™* g* as a result of oxidation of furfural
alcohols under visible light (A > 420 nm) [187].

In comparison with Type | mechanism, the main difference in Type Il 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 Il mechanism over
Type | might be related with the staggered charge carrier distribution in Type Il favors the
efficient charge separation (the electron and hole accumulation to SC2 and SC1, respectively)
while straddling path of charge carriers in Type | initiates all photogenerated electrons and holes
over SC2 which is more like to have tendency to recombine [188]. CdS/ZIS Type Il
heterojunction has shown 2260 pmol h™* g™t PHE rate under visible light (A > 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-CaN4/ZIS nanosheets with the Type Il construction energy level alignment.
The photocatalytic system exhibited 20738 pmol h™* gt PHE rate under visible light (A > 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~* h™* under visible light
(A > 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/WS, composites which
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achieved 76.6 umol h™* g~* PHE rate under visible light from NazS/NazSO3 (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 Il, 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 Il [168]. Multidimensional hierarchical hollow
Co0304/ZIS tubular core—shell heterostructures where growth of ZIS nanosheets (n-type SC) was
carried out over CosO4 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 umol h™* g%, which was 4.67
times higher than that of pristine ZIS from triethanolamine aqueous solution (9:1 vol ratio )
under visible light (A > 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 NiWO4where p-n junction was achieved
after the contact from Type-1 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 h, around 10 times higher than pure
ZI1S. The pre-prepared ZIS microspheres (n-type SC) and AgFeO: (p-type SC) nanoparticles
were combined using ultrasound-calcination process by Kong et al [197]. The ZIS (n-type
SC)/AgFeO, (p-type SC) composite performed PHE rate of 9.14 mmol htg?! from
Na>S/Na,SOz which was 30 folds higher than that of pristine ZIS. Noble metal-free
Z1S nanosheets on FeWO;, flowers was obtained by again Kong [198] to create p-n junction
that produced hydrogen from NaS/Na;SOs aqueous solution with the PHE rate of

3531.2 umol h™* gt 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 MoS; as an alternative cocatalyst is literally a low-bandgap p-type semiconductor
and some of the reported examples of the ZIS/MoS; 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 MoS; that displayed around 28 mmol g h"t PHE rate under
visible light (A > 400 nm) from Na>S/Na,SOz aqueous solution. Sun et al. synthesized
hierarchical 3D carbon nanofibers (CNFs)/MoS2/Z1S composites with p—n heterojunctions. The
photocatalytic system generated relatively high hydrogen with 151.42 mmol h™ g~* 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 pmol h™* g~ PHE rate from Na;S/Na;SO3 aqueous
solution [200].

CulnSz (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 pmol gt h* from Na,S/Na2SOs (0.35 M/0.25 M) with in situ Pt deposition (2 wt.%)
under visible light irradiation (A > 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 umol g* h™?) than that of Pt photodeposited
(0.05 wt.%) ZIS (237 pmol g+ h™t) [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.
HxMoOs@ZIS hierarchical direct Z-scheme heterojunction was obtained by Xing et al. 5.9
mmol g h™ 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 HxMoOs (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
CeO2nanorods. It was proposed that Z-scheme was achieved in CeO2/ZIS thanks to the contact
at the interface of CeO. and ZIS that induced charge separation and transfer. The system
performed 1496.6 umol g * h™* 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 BiVOa. 5.944 mmol g~* h™* PHE rate was reported which is about five

times higher than that of pure ZnInzSs4 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 BiOCI@ZIS was suggested not due to the
interaction between BiOCI and ZIS but to the in situ growth of Bi2Ssz in the interface between
BiOCI template-like structure and ZIS nanosheets where ZIS and Bi.Sz acted as SC 1 and SC
2, respectively. The Z-scheme reported in the photocatalytic system BiOCI@ZIS ,which was
literally a multicomponent photocatalytic system due to unignorable presence of Bi»>S3, 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 BiOCI

(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

ZI1S microsphere precursors for CIS QDs precursors for heating-up
hydrothermal synthesis method
ZnS04.7H0 Zn source Cul Cu source
In(NO3)3.H20 In source Indium acetate In source
Thioacetamide S source Thiourea S source

. _ 11-mercaptoundecanoic _
Cetrimonium bromide (CTAB)  Surfactant ) Surface ligand
acid (MUA)
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In P3, Zhang [208] and Shao [209] et al.’s methods were used for hydrothermal synthesis of
BiOCI microplates and oil-bath assisted method for ZIS nanosheets, respectively. BiOCI@ZIS
composite synthesis was conducted as in Shao’s method in addition with the different amount

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

Table 2 Reagents used in P3

Z1S nanosheet precursors for oil-bath BiOCI microplates precursors for
method hydrothermal method

ZnCl; Zn source Bi(NO3)3-5H20 Bi source

Indium acetate In source H20 O source

Thioacetamide S source KCI 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 Ko (A = 1.54 A) 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 Ka irradiation (hv = 1486.6 ¢V) 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, A > 420 nm)
was attached to the light source in addition with the water filter to remove the infrared

light (no transmittance above 1.2 um). The evolved hydrogen was determined using the
data collected from gas chromatography (Thermo Scientific TRACE 1300-GC, N
carrier) coupled with thermal conductivity detector (GC-TCD). The gas samples with
the volume of 200 uL 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
uL 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/H>) prepared
with different volumes of H> 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 Na>S/Na>SOz (0.35 M/0.25 M)
aqueous solution while in P3, 5% (v/v) glycerol agueous 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 (A > 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, ZnIn,S4 under visible light spectrum (A
> 420 nm). As will be seen in the summary of the publications section, the first goal of the
dissertation [P1] was to obtain CulnSz quantum dots through a heating-up method which can
be used as a support during hydrothermal synthesis of ZnIn,S4 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 CulnS; quantum dots which
was actual the scope of the P2: the effect of the CulnS, quantum dots aggregates on PHE
performance of ZnIn S4/CulnS; 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 CulnS, quantum dots in an aqueous media where ZnlIn,S4/CulnS;
photocatalytic systems can be produced. Lastly, in P3, the insights into a specific and almost
non-debated composite BiOCI@ZnIn,Ss were the main goal. BiOCI is a wide bandgap
semiconductor that is broadly investigated but rarely studied in the literature in the form of
BiOCl@ZnIn2S4 composite. But although BiOCI cannot be activated under visible light due to
the large bandgap, is it possible to use it as a support for ZnlIn.S4 to boost PHE performance?
In P3, this was the main objective in the thesis. Unlike Na,S/Na>SOs sacrificial reagents as in
P1 and P2, the photocatalytic glycerol reforming was the purpose of the study to investigate

PHE performances to examine BiOCI’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 ZnIn,S4 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.

56



4.1 Pl: “Remarkable visible-light induced hydrogen generation with ZnlIn2Ss

microspheres/CulnSz 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 (Z1S/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 pm 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.

Z1S/CI1S-Pt photocatalytic systems had higher PHE performance than of ZIS-Pt (Fig. 5b in P1).
The highest PHE rate of 1041 umol h™* g was performed by ZIS/CIS_100-Pt which is about
2.5 times higher than that of ZIS-Pt (411.17 pmol h'gt). ZIS/CIS_100-Pt sample was also
considerably active when the PHE experiment was conducted with higher range spectrum cut-
off filter (A > 455 nm). 1025.26 umol g* and 2745.32 umol g* 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 2" run under the same conditions both samples show a boosted
hydrogen evolution. Especially Z1S-Pt produced around 1.7 times higher hydrogen (1760 umol
gl) than in 1%t run. After the 2" run, the loss in PHE performance of both ZIS-Pt and
ZIS/CIS_100-Pt PHE was observed and in the end of the 4™ 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 (A > 420) nm to higher range spectrum
one (A > 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 Pt** 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 2" 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 S? 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 CulnS2 quantum dots decoration on, Znln2Ss
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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Z1S 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)s 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 umol h'g™?) (Fig. 6b in P2)
as it was the only sample containing In(OH)s 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/C1S-9.5/Pt exhibited 1180.46 umol g™ h? (the lowest among ZIS/CIS photocatalytic
systems) and 1300.46 umol g h%, respectively. While ZI1S/CI1S-10.5/Pt generated the highest
amount of hydrogen with the PHE rate of 1753.79 umol g h't 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 umol g ht) but followed by the rise from
ZIS/C1S-12.5/Pt (1670.16 umol g 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/C1S-10.5/Pt and Z1S/C1S-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. 6¢ 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/CI1S-12.5/Pt had higher stability than that of ZIS/C1S-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 (A = 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 Ol1s 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). even before the light irradiation (Eg. 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 Pt® and Pt with Cu, CO
and CxHxwas difficult the predict the exact oxidation state. The {-potential of the samples which
was reputed be influential on PtCl4? 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 (Na.S/Na>S0s) initiated the formation of OH- which was adsorbed by the
ZIS/CIS surface and the displacement of chloride in PtCls* forming (2) Pt(OH). 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/C1S-10.5 compared to ZIS/CI1S-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 (ZnIn2Ss) nanosheets grown on bismuth

oxychloride (BiOCI) microplates”

BiOCI, 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 BiOCI
with ZIS in which BiOCI microparticles has a role as a template-like (the “template-like”
definition is used instead of template only, because BiOCI is not stable during ZIS growth as
will be mentioned further). In this work [P3], BiOCI microplates’ effect on ZIS was investigated
for the first time to be used for photocatalytic glycerol reforming for PHE under visible light (A
> 420 nm). The optimization of the amount of BiOCI in BiOCI@ZIS photocatalytic system
showed that the highest PHE rate was achieved from 4% BiOCI@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 BiOCI. In other words, template-like BiOCI
was as a platform for the Bi.S3 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. TiO, 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, BIOCI@ZIS composites for different photocatalytic applications than PHE
such as N2 fixation, Cr(VI) reduction, rhodamine B and antibiotics degradation were
mentioned. BiIOCI@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 BiOCI@ZIS was specified in
which a simple oil-bath method was used for ZIS growth over different amount of
hydrothermally pre-prepared BiOCI (Fig. 1 in P3). PHE tests conditions were given in detail
along with the Hy 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 BiOCI, ZIS and 4% BiOCI@ZIS composite were given via
SEM images (Fig. 2a, b, ¢ in P3) while TEM characterization was conducted only over
4%BIOCI@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 Bi.Ss formation during the composite synthesis
but no obvious. XRD patterns (Fig. 3 in P3) showed the indexed hexagonal and tetragonal
structure of ZIS and BiOCI, respectively. Although the BiOCI in all the studied composite was
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not high, the presence of BiOCI in the composite were clear from the XRD patterns due to the
high crystallinity of BiOCI. Following the morphological and the crystal structure analysis,
detailed XPS study was given (Fig. 4 in P3). Firstly, Zn?*, In®" and S? were confirmed in ZIS
and BiOCI@ZIS composite form the Zn 2psz, In 3ds2, S 2psz 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%BiOCI@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 Bi2Sz in the 4%BiOCI@ZIS composite. The state of the in-situ Pt
deposited composites after 4 hours (4%BiOCI@ZI1S/0.0625 wt.% Pt 4h) and 16 hours
(4%BiOCI@Z1S/0.0625 wt.% Pt_16h) PHE process were identified via 4f spectra which were
assigned to the metallic Pt° and PtO- species, respectively.

DRS patterns of the samples confirmed that BiOCI cannot be activated by the visible light
irradiation (A > 420 nm) (Fig. 5 in P3). Also, a noteworthy elevation around 550 nm in the DRS
spectra of 4%BIOCI@ZIS and 8%BiOCI@ZIS were assigned to the formation of narrow
bandgap Bi.Ss. This elevation accelerated as BiOCI@ZIS samples constituted more BiOCI
content that is to say the highest amount of Bi2Ss should exist in 8%BiOCI@ZIS composite.

PHE performances of the samples were conducted in the presence of 1 wt.% Pt deposition
(precursor: K2PtCls) to evaluate the most active composite (Fig. 6a in P3). Amount of hydrogen
evolved from ZIS (1945.4 umol gt) and 4%BiOCI@ZIS (1992.2 umol gt) were proximate to
refer any synergetic effect in 4%BiOCI@ZIS composite in this case. Moreover, PHE
performances of ZIS (260 pmol g*) and 4%BiOCI@ZIS (165 pmol g) 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%BiOCI@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%BIOCI@ZIS sample. As can be seen from Fig. 6¢ in P3, 3 wt.% Pt deposition resulted in the
lowest PHE rate of 174 umol g h™* while PHE rate increased as Pt loading reached to 2 wt.%,
1 wt.% and 0.5 wt.% where PHE rates of 511 umol g** h%, 498 umol g* h™* and 503 pmol g hr
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%BiOCI@ZIS 0.0625 wt.% sample with 674 umol g™* h followed by 4%BiOCI@ZIS 0.125
wt.% (625.5 umol gt h') and 4%BiOCI@ZI1S 0.25 wt.% (637 umol gt h'). Meanwhile, 0.0625
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wt.% deposition over pristine ZIS sample exhibited around 384 umol g h™* PHE rate (Fig. 6¢
in P3). Lastly, the reproducibility of the results was shown in Fig. 6e in P3 in which mean
evolved hydrogen from ZIS and 4%BiOCI@ZI1S 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%BiOCI@Z1S/0.0625 wt.%
sample was significant, however, not the best considering the PHE rate of 74600 umol g* h
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%BIOCI@Z1S/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 2" 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 umol g. It can be suggested that the obtained 4%BiOCI@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%BiOCI@Z1S/0.0625 wt.% after 16 h PHE test (4%BiOCI@Z1S/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%BiOCI@Z1S/0.0625 wt.% 16h showed two emerging peaks (Bi 4fz, and Bi 4fsp)
corresponding to Bi®3). This can be a proof of the BiOCI was reduced not because of the self-
reduction but photoexcited electrons from ZIS transferred to BiOCI. 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 BiOCI (Eg ~ 3.35 eV). Then based on the
valance band values approximated from XPS spectra VBzis = 1.3 eV and VBsioci = 2.5 eV
(Fig S6 in the Supplementary data of P3). Thus, the estimated conduction band level of the
samples for ZIS and BiOCI was around -0.90 eV and 0.85 eV, respectively. Also, methyl
viologen reduction experiments showed that BiOCI, ZIS and 4%BiOCI@ZIS samples were able
to produce methyl viologen experiments upon the light irradiation (Fig S7 in the Supplementary
data of P3). Additionally, 4%BiOCI@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 Bi>Ss 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 Bi»Sz in BiOCI@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 BiOCI prompting reduction of BiOCI. Photogenerated electrons from
Bi»Sz 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 BiOCI@ZIS composite. In other words, template-like BiOCI was
as a platform for the Bi,Ss formation in the composite. As mentioned in P3, Bi2Ss 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 Bi2Sz in
4%BIiOCI@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 Bi>S3 was achievable in comparison to the other methods (i.e. coupling
pre-prepared Bi»Sz 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 Bi>Sz growth methods where the contact
is expected to be stronger in which pre-prepared ZIS is introduced to Bi2Sz 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
ZnIn,S4 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 CulnS; quantum dots synthesis somehow could have been carried out by the
treatment of prepared CulnSz (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 Znin,S4, | think BiOBr and Bi,WOs 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 BiIOCI@ZnIn2S4in the literature where the BiOCI based materials can be considered
as a alternative method to load Bi,Ss low-band-gap photocatalyst over ZnIn,S4. Especially,

controllable Bi»Ss loading using this technique is compelling and amenable topic.

To sum up, | believe this thesis constitutes valuable information for those who would like to

explore photocatalytic hydrogen evolution for Znin,S4 based photocatalytic systems as Znln,S4
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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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P1. Remarkable visible-light induced hydrogen generation with Znln,Ss

microspheres/CulnS; quantum dots photocatalytic system
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Introduction

As many efforts have being devoted to find the most prom-
ising green energy source, H; is one of the most conspicuous
fuel due to its high specific energy value (33 kWh/kg) and clean
by-products relatively to conventional fossil fuels [1,2]. How-
ever, the current H, market relies on mostly steam reforming
of natural gas which requires high energy input and releases
greenhocuse gas emission while another well-known method,
electrolysis requires an external circuit to split water to O, and
H; fuel [3]. After the work by Fujishima and Honda [4], pho-
togenerated H; evolution (PHE) by splitting water using TiO,
semiconductor photocatalysis via irradiation of semi-
conductors by a light source has been ranked as another green
way to generate H, fuel. Beyond TiO,, many other semi-
conductors have been studied also such as ZnS [5], ZnO [6],
SITiO; [7], Cos04 [8], LaFeOs [9], BasTa4045 [10], BaZrO, [11] and
CaTiOj [12]. Nevertheless, one of the limitations of those
materials is wide bandgap which make them active only
under UV light that comprise 4% of solar spectrum on the
earth surface [13]. Therefore, seeking for new materials which
are active under visible light spectrum is crucial to produce H,
fuel by PHE in terms of green technology.

One of the types of AB;X, family, ZnIn,S,, is considered a
promising candidate for PHE under visible light due its suit-
able band gap (2.3 eV) and stability [14]. Several synthesis
method have been proposed that allowed to cbtain various
shapes of that semiconductor photocatalyst such as micro-
spheres, nanotubes, nanoribbons, monolayers [15,16]. In order
increase performance of ZnIn,S; under visible light, it is
pivotal to inhibit the photo-generated hole and electron
recombination that leads to better charge separation on
Znln,S, surface or narrow the band gap of ZnIn,S,. Various
methods have been studied to achieve these goals. For
instance, visible light induced ZnIn,S4 has been reached by Cu
doping [17] whereas combination with different carbon-based
analogs [18] or formation of heterostructures using other
semiconductors BiVO, [19], MoSe; [20], g-C3N, [21], WO, [22]
have been investigated for better charge separation on
ZnIn,S, or boosting photogenerated electron transfer to the
catalytically active sites of heterostructures which is required
for better PHE performance. Another alternative for the for-
mation of heterostructures, using quantum dots have also
been studied to decorate larger semiconductor matrix mate-
rials and this approach has been widely studied for ZnO
[23,24], TiO; [25,26] and g-CsN. [27,28]. Quantum dots are
basically type of material that exhibits unique properties
which arises with particle size lower than the bulk-exciton
Bohr radius due to changes in the surface-to-volume ratio
and quantum confinement effect [29,30], Generally saying, a
presence of quantum dots on a larger semiconductor matrix
induces the activity more than of larger size of nanoparticles
due to the relatively higher surface to volume ratio of quan-
tum dots that creates more active site for PHE and high
capability of light-harvesting [31]. Among them, CdS [32],
MoS, [15,33] and carbon [13,18] dots have been used to deco-
rate Znln,Ss. Recently, CulnS; quantum dots have drawn
attention as its suitability for visible light-driven PHE appli-
cations [34]. Although there are several reports on PHE such as
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CulnS,/ZnS quantum dots [35,36] and CulnS, quantum dots
hybridized polymeric carbon nitride, nevertheless, there is no
report on CulnS; quantum dots decorated ZnIh,S. semi-
conductor for PHE application. To the best of our knowledge,
only studies regarding ZnIn,S,/CulnS; system have been re-
ported by Guan et al. and Guo et al. which have been based on
2D-2D structure [37] and core-shell structure [38], respectively.
Herein, ZnIn,S; microspheres (ZIS) in the presence of
different amount of CulnS; quantum dots (CIS) were synthe-
sized to obtain CIS decorated ZIS heterostructures (ZIS/CIS) for
PHE under visible light irradiation using simple hydrothermal
method for the first time. Fixed amount of Pt metal co-catalyst
was deposited on the obtained ZIS/CIS samples with different
CIS amounts using photodeposition method for photo-
catalytic hydrogen evolution experiments under visible light
irradiation. We find that optimum amount pre-prepared CIS
introduced to ZIS hydrothermal reaction medium enhance the
photocatalytic hydrogen generation activity of ZIS.

Experimental
Materials

Cetyltrimethylamonium bromide (CTAB, 95%) (Aldrich), in-
dium (III) nitrate hydrate (99.99%) (Alfa Aesar), thioacetamide
(J.T. Baker, Avantar performance materials), copper (I) iodide
(99.99%) and indium (III) acetate (99.99%) (Acros Organics),
zinc sulfate heptahydrate (CHEMPUR), chloroplatinic acid
hexahydrate (Sigma-Aldrich). All chemicals were used
without any further purification.

Synthesis of CulnS, quantum dots

CulnS; quantum dots (CIS) synthesis method has been adop-
ted from Booth [39]. The solid mixture of indium acetate,
copper iodide, thiourea and mercaptoundecanoic acid (MUA)
with 1:1:2:4 M ratio was added into a 50 ml 3-necked round
bottom flask. The flask was connected to the basic reflux
system with tap water cooling and placed into an oil bath and
the temperature was controlled by the immersing thermo-
couple into the oil bath (the temperature of the oil bath was
about 10 °C higher than the reaction mixture). The solid
mixture was mixed gently by a magnetic stirrer bar and
temperature of the oil bath was increased to 120 °C slowly.
Meanwhile, a yellow-red opaque thick liquid has been
observed between 90 and 100 °C (Fig. S1b). Then, the blocker
on the light neck was replaced with glass nozzle to purge the
reaction mixture with nitrogen gas for 30 min while the
temperature of the oil bath was slowly increased to 150 “C.
After that, the blocker was reset and the oil bath temperature
was heated to 190°C and the color changing was observed that
followed in order of yellow/red and dark red (Fig. S1b, c, d) as
indicated by Booth. As reaching the dark red product, the flask
was immediately placed into an ice bath. Following the tem-
perature drop, approximately 40 ml of isopropanol have been
added into the flask with as formed CIS and the flask were
sonicated for 15 min. Finally, the CIS-isopropancl mixture was
centrifuged and washed with isopropanol several times and
dried at 60 °C under atmospheric pressure for 12 h. The
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product was grinded using an agate mortar and the obtained
red powder was kept in a cool and dry place in a glass
container.

Solubility test for CulnS; quantum dots under alkaline
conditions

Due to the poor solubility of MUA capped CIS in water (pH 7)
and in ZIS microspheres precursor environment (pH 2), the
solubility and PL property of MUA capped CIS quantum dots
was also tested in an alkaline solution with different pH levels
whether their solubility is higher in alkaline conditions. For
that purpose, 20 ml water-CIS quantum dots mixture (1 mg/
ml) was prepared (pH = 7). The mixture was mixed for 30 min
using magnetic stirrer. As expected, CIS aggregated and could
not be dissolved in the water. Later, 25% ammonia water was
added dropwise to adjust pH. At each pH level, a sample was
collected with a Pasteur pipette and PL intensity was
measured swiftly (excitation wavelength: 330 nm). The pH
level was controlled using both pH meter and pH-indicator
paper.

Synthesis of CulnS, quantum dots decorated ZnIn,S,
microspheres

CIS decorated ZnIn,S; microspheres (ZIS) were synthesized
using hydrothermal method. ZIS preparation was adopted
from Shen et al. [17]. 6.1 mmol (1.75 g ZnSO4 7H,0,
12.08 mmol (3.85 g) In(NO3)5-H,0, 4.25 mmol (1.55 g) cetrimo-
nium bromide and 41.26 mmol (3.10 g) thioacetamide were
added to 120 ml deionized water (Mixture A) in a glass beaker
and mixed with a magnetic stirrer bar. The mixture A was left
for stirring while pre-prepared CIS—water mixture (Mixture B)
were prepared by adding 50, 100, 150 or 200 mg CIS to 10 ml
water in a beaker and sonicated for 30 min. Later, the mixture
B was added to mixture A and remaining CIS in the beaker
were rinsed 10 ml of water and transferred to mixture A. The
final mixture (140 ml) was stirred for 10 min vigorously and
finally transferred quickly to Teflon-lined stainless-steel
autoclave reactor with 200 ml volume for the hydrothermal
reaction. The weight ratios of CIS to ZIS precursors plus CIS in
the hydrothermal reaction were 0.57 wt%, 1.13 wt%, 1.69 wt%
and 2.24 wt% CIS for 50, 100, 150 or 200 mg CIS addition and
products were abbreviated as ZIS/CIS_50, ZIS/CIS_100, ZIS/
CIS_150 and ZIS/CIS_200, respectively The reaction was car-
ried out at 160 °C for 12 h and the reactor was cooled under
room temperature. The obtained product was washed with
excess amount of ethanol and centrifuged several times for
10 min at 6000 rpm. Later, the product was dried at 60 °C under
atmospheric pressure. ZIS without CIS decoration was syn-
thesized by the as mentioned method above, except without
any CIS in the hydrothermal reaction medium. Finally, the Pt
deposition (0.75 wt%) on ZIS and ZIS/CIS samples were carried
out using photodeposition technique.

Photodeposition of Pt

Pt was selected as a cocatalyst for ZIS and ZIS/CIS photo-
catalysts. To obtain Pt deposited ZIS/CIS, photodeposition
technique was used. 500 mg ZIS or ZIS/CIS was mixed with
17.5 ml ethanol in a glass beaker and ultrasonicated for

10 min. The mixture was transferred to quartz glass photo-
reactor with 25 ml volume, Then, H»PtCls-6H,O aqueous so-
lution was added to ethanol-photocatalyst (0.75 wt % of Pt)
mixture. The final mixture was mixed in the dark for 2 h and
the headspace of the reactor degasified with nitrogen for 1 h.
Finally, the reactor was irradiated using Xenon lamp (Oriel,
66,021, 1000 W) at 25 °C for 1 h. The dark yellow product was
washed with excess amount of ethanol and centrifuged at
6000 rpm. Later, the product was dried at 60 °C under atmo-
spheric pressure.

Characterization

The particle size, shape, and morphology of samples have
been analyzed by high-resolution transmission electron mi-
croscopy images and EDS maps were recorded in a double
aberration-corrected Themis Z microscope (Thermo Fisher
Scientific Electron Microscopy Solutions, Hillsboro, USA)
equipped with a high-brightness FEG at an accelerating
voltage of 200 kV. HAADF scanning TEM images were recorded
with a Fishione Model 3000 detector (E.A. Fischione In-
struments Inc., Export, PA, USA) with a semi-convergence
angle of 30 mrad, a probe current of 50 pA and scanning
electron microscopy (JEOL JSM-7001F and JEOL JSM-7610F
operating at 15 kV). Transmission electron microscopy (TEM)
was performed using bright-field (BF) to analyze ZIS/CIS_100
and ZIS/CIS_100-Pt samples with a Hitachi H-800 microscope
(Hitachi High-Technologies), operating at 150 kV. The TEM
samples were prepared by dry transfer of powder to carbon on
copper grid (Agar Scientific), and imaged with dose rate not
exceeding 20,000 e /nm?%s. Dose rate above 40,000 e /nm?/s
led to the remodeling of the substrate and the coagulation of
Pt species into larger nanocomplexes. X-ray diffractometer
(XRD, Rigaku MiniFlex 600) equipped with Cu K« irradiation in
the 26 range of 20—-80° was used to identify the crystalline
structure. The Pt and Cu content were analyzed by inductively
coupled plasma optical emission spectroscopy (ICP-OES) using
Agilent 5100 spectrometer, according to PN-EN ISO 11885:2009
standard. The mineralization was performed before the
samples’ analysis. The high-resolution (HR) XPS spectra were
recorded by a PHI 5000 VersaProbe - Scanning ESCA Micro-
probe (ULVAC-PHI, Japan/USA) using monochromatic Al-Ka
radiation (hv = 1486.6 eV) with the energy step size of 0.1 eV at
the pass energy of 23.5 eV and the X-ray source operating
under the following conditions: 15 kV, 25 W, 100 ym spot. The
analyzed area was 250 pm x 250 pm. The binding energy (BE)
scale was referenced to the C 1s peak with BE = 284.8 eV. The
UV-—vis spectra of samples were recorded in the scan range
200—800 nm using UV—vis spectrophotometer (Evolution 220,
Thermo Scientific) equipped with an integrating sphere and
BaS0, as the reference (Labsphere certified reflectance stan-
dard). The photoluminescence spectra (PL) were recorded
using a PerkinElmer Luminescence Spectrometer LS-50B
equipped with Xenon discharge lamp as an excitation
source. The samples were excited with 330 nm at room tem-
perature and the emission was scanned between 300 and
800 nm. Fourier-transform infrared spectroscopy (FTIR)
(Bruker, IFS66) was used to identify the surface characteristics
of CIS in the scan range of 500-5000 cm ™! in the diffuse
reflectance mode with a resolution of 0.12 cm * at room
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temperature. KBr was used as a reference material. Surface
area and pore volume were analyzed by Gemini V200 Surface
Area Analyzer (Micrometrics) equipped in degassing unit. The
apparatus was checked with Carbon Black reference material
with specific surface area of 30.6 m%g.

Photogenerated hydrogen evolution and stability

The photocatalytic hydrogen evelution performance (PHE)
test of obtained ZIS/CIS—Pt photocatalysts were carried out
using the procedure as follows. 100 mg photocatalyst powder
was mixed with 80 ml of 0.35 M Na;5/0.25 M Na,S0; aqueous
solution of sacrificial agent. The mixture was ultrasonicated
for 10 min and transferred to a quartz glass photoreactor
(V = 110 ml) with a cooling jacket. The mixture was then
irradiated using a 1000 W Xenon lamp (Oriel, 66,021) which
emitted both UV and visible irradiation. UV light was removed
by a cut-off filter GG420 (A > 420 nm). The temperature of the
reactor was kept at 10 °C by a thermostat. Before PHE, the
headspace of the reactor was purged with nitrogen gas with
10—12 dm?/h velocity for 30 min under dark while the mixture
was mixed with a magnetic stirrer bar. 200 pl of gas sample
were collected within every hour from the headspace of the
photoreactor using an air-tight syringe (Hamilton) and injec-
ted to the gas chromatograph (Thermo Scientific TRACE 1300-
GC), coupled with thermal conductivity detector (TCD). No
hydrogen generated by the irradiation of sacrificial agent so-
lution with the same conditions. Photostability cycle runs
were conducted under same conditions but using cut-off filter
GG455 (A > 455 nm). The calibration experiments for the cal-
culations to detect amount hydrogen evolution was followed
by introducing different volume of pure hydrogen gas to the
quartz glass photoreactor with the same conditions as
mentioned above and plus a digital manometer was con-
nected to the reactor to monitor the pressure change in the
headspace of the photoreactor. Ideal gas equation has been
used to calculate the amount of hydrogen in moles.

Action spectra analysis for photocatalytic hydrogen
evolution reaction

Action spectra analysis was performed in the presence of
sample with the highest hydrogen evolution rate, namely ZIS/
CIS_100-Pt, using the procedure as follows. 12.5 mg ZIS/
CIS_100-Pt sample was mixed with 10 ml of 0.35 M Na,5/0.25 M
Na,S0; aquecus solution of sacrificial agent and ultra-
sonicated for 5 min and transferred to a Teflon photoreactor
(V = 15 ml) with a quartz window and cooling jacket. The
photoreactor was connected to a measuring system consisting
of a tunable monochromatic light sources (1000 W Xe lamp —
LSH602 and monochromator — MSW306, LOT-Quantum
Design), GC-BID (BID-2010 Plus, Shimadzu) and FTIR (not
used in this study). Then, the headspace of the photoreactor
was purged with helium gas for 30 min under dark while the
suspension was mixed with a magnetic stirrer bar. The tem-
perature of the reactor was kept at ambient temperature. The
sample was irradiated with the following wavelengths: 420,
440, 460, 480, 500, 540 and 600 nm. Irradiation intensity (W)
was measured for individual wavelengths with optical meter
(ILT2400, International Light techmnologies). No hydrogen
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generated by the irradiation of sacrificial agent solution with
the same conditions. The calibration experiments for the
calculations to detect amount hydrogen evolution was fol-
lowed by introducing different volume of pure hydrogen gas to
the quartz glass photoreactor with the same conditions as
mentioned above and plus a digital manometer was con-
nected to the reactor to monitor the pressure change in the
headspace of the photoreactor. Ideal gas equation has been
used to calculate the amount of hydrogen in moles.

The apparent quantum efficiency as a function of wave-
length was calculated based on the ratio of rate of hydrogen
generation to the flux of incident photons, assuming that two
photons are required according to the reaction stoichiometry,
starting calculations from Eq. (1).

2 x number of evolved H, molecules
number of incident photos

AQE(%) = (1)

Results and discussion

The characteristics of CIS were investigated by their particle
shape, size distribution, PL emission and FTIR spectra HAADF-
STEM image of CIS (Fig. S2a) revealed that the size range of
dots ranged between 1.8 and 2.4 nm. Two peaks around 420
and 660 nm can be seen from PL spectra of CIS. The first broad
peak located around 420 nm can be attributed to nonradiative
transition of excited electrons on conduction band bottom to
sub-bands due to the surface defects or sulfur vacancies on
CIS whereas the second red shifted peak (660 nm) can be
based on the radiative transition of those electrons to the
valence band of CIS [40]. The presence of MUA on the CIS can
be confirmed by comparing the FTIR spectra of CIS and MUA.
The disappearance of small region around 2680 cm * which
corresponds to S—H stretching in the spectra of CIS confirms
the bonding between MUA and CIS surface. Moreover, O—H
stretch (broad region around 3000 cm ) and C]O stretch
(sharp peak around 1720 em™) in MUA [41] were cleaved in
CIS. Therefore, it can be suggested that MUA capping ligand
bonded to CIS surface not only by —SH group but also -COOH
group interacted with CIS surface. Finally, C—H stretch (sharp
peak around 2900 cm ') due to the alkene chain in MUA can be
seen in both samples. The results have revealed that the in-
crease in pH has led to improved solubility of MUA capped CIS
quantum dots. The PL characteristic peak from radiative
transmission signal was the highest at pH 9 which confirms
the uniformly dispersed MUA capped CIS QDs. However, after
pH 9, the PL signal decreased gradually and finally no char-
acteristic peak was observed at pH 12.5-13 (Fig. 53). This will
be discussed further.

The scanning electron microscopy (SEM) analysis showed
that all obtained ZIS and ZIS/CIS photocatalysts are in
microsphere shape which consists of many petals that results
in microporous or mesoporous structure (Fig. 2a—e) as previ-
ously reported which is characteristic morphology for ZIS
microspheres [13,17,32]. The size of all ZIS and ZIS/CIS range
between 3 and 5 pm whereas thickness of the petals that form
the microspheres are between 20 and 50 nm (Fig. 2a, b). The
presence of CIS can be observed on all ZIS/CIS as aggregated
form (Fig. 2b—e) probably due to the mercaptododecanoic acid
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Fig. 1 — The synthesis route for ZIS and CIS decorated ZIS
microspheres. Inset: SEM images of ZIS and ZIS/CIS.

anchored on CIS surface through not only thiol but also acid
group (Fig. S2d) [42]. In addition to that, the acidic of reaction
medium might cause decrease in electrostatic repulsion be-
tween MUA capped CIS which results in aggregation and

nonuniformly distribution of CIS on ZIS surface [43]. On the
other hand it was suggested that the better solubility of MUA
capped CIS in water can be achieved at basic pH level in which
the surface charge on MUA capped CIS increases due to the
dissociation of carboxylic groups (Fig. S3) [44]. The increase in
CIS on ZIS surface can be seen from the SEM images as in ZIS/
CIS_200 (Fig. 2d), CIS covers most of the surface of ZIS while
ZIS/CIS_50 (Fig. 2b) has lesser covered by CIS compared to ZIS/
CIS_200 The scanning transmission electron microscope with
high angle annular dark field (STEM-HAADF) imaging analysis
showed the presence of CIS in ZIS which agrees with SEM
results. Moreover, presence of CIS ranging between 1.8 and
2.4 nm (Fig. S2a, b) in accordance to comparison of STEM-
HAADF images of ZIS/CIS_50 and ZIS/CIS_200. ZIS/CIS_50 has
many gaps inside the between the layers of ZIS microspheres
whereas these gaps diminishes in ZIS/CIS_200 which can be
clearly seen by recognizable color change in the images due to
the more situated CIS between the porous of ZIS/CIS_200
(Fig. 2j, t). In addition to STEM-HAADF, energy dispersive X-ray
spectrometry (EDS) mapping approves the presence of CIS by
measuring Cu element on ZIS/CIS photocatalyst and clearly
reveals that CIS can be found in ZIS/CIS photocatalysts not
only nonuniformly but also uniformly (Fig. 2n, s, x). The TEM
images of the most active sample ZIS/CIS_100-Pt and without

Fig. 2 — SEM images of a) ZIS, b) ZIS/CIS_50, c) ZIS/CIS_100, d) ZIS/CIS_150, e) ZIS/CIS_200 (dashed red circles show the
aggregated CIS covering the ZIS surface), STEM-HAADF images of j) ZIS/CIS_50, o) ZIS/CIS_150, t) ZIS/CIS_200 with their EDS
mapping of k), 1), m), n) ZIS/CIS_50, p), q), 1), s) ZIS/CIS_150, u), v), w), x) ZIS/CIS_200 (blue, green, purple and yellow colors
represent Zn, In, S and Cu elements, respectively). (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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Pt deposition ZIS/CIS_100 was also compared (Fig. 3). The
aggregated CIS with excess amount of MUA can be observed
both in ZIS/CIS_100-Pt and ZIS/CIS_100 (Fig. 3a—c,e,f). Besides,
the Pt based nanoparticles in forms of dark dots in the images
with particle range around 13 nm can be observed in ZIS/
CIS_100-Pt (Fig. 3d—f) sample differently from ZIS/CIS_100
(Fig. 3a—c) as expected. The X-ray diffraction (XRD) patterns of
bare ZIS and ZIS/CIS exhibit same profile and any phase
related with CIS were not detected due to the low crystallinity
of CIS comparing to ZIS (Fig. S5a). XRD pattern of all ZIS/CIS,
ZIS and CIS whereas Fig. S5b shows the detailed XRD spectra
of CIS. All diffraction peaks of ZIS 20.65°, 28.1°, 28.5°, 47.4°,
51.8°, 56.37, 69.2°, 76.5° and 88.4° were indexed to hexagonal
crystal system in a sphalerite phase which are agreement with
the literature [45,46] whereas peaks of CIS 27.5°46.6°, 54.8°
and 74.4° were indexed to tetragonal crystal system in a
roquesite phase [39]. Moreover, the change in crystallography
of ZIS-Pt and ZIS/CIS_100-Pt samples after four cycle of PHE
performance experiment was also investigated by XRD
(Fig. S6) and the newly formed 23.5°, 32.80°, 34.35°, 35.95°,
48.20°, 59.60° and 59.60° peaks which are indexed to trigonal
structure of Na,SO; [47] in the XRD spectra of both samples
can be observed.

X-ray photoelectron spectroscopy (XPS) analysis identified
all elements originated from ZIS and CIS (Fig. 4) and ZIS/
CIS—Pt and evaluated the elemental surface composition of
these heterostructures (Table S1). Different amount of CIS
decorating ZIS were well controlled by atomic ratio Cu/Zn
(Table S.1). The chemical nature of elements detected in ZIS/
CIS—Pt (Zn, In, Cu, S and Pt) were determined by analysis of
the high-resolution (HR) XPS spectra of Zn 2p, In 3d, Cu 2p, S 2p
and Pt 4f, respectively (Tables S2 and S3). As a result, the
oxidation states of Zn, In, Cu, and Pt was identified as Zn?*,
In?', Cu', and Pt?'/Pt*", respectively (Tables S2 and S3). The
resulted data are presented in Tables S2 and S3 and Fig. 2(a—e).
The high-resolution (HR) XPS spectra of Zn 2p (a), In 3d(b), Cu
2p(c) and S 2p (d) agree well with the corresponding spectra

reported in literature for ZIS/CIS nanocomposites [48—52]. The
Zn 2p3/2 and In 3d5/2 peaks (BE of 1022.1 and 445.1 eV,
respectively, Table S2) confirm the oxidation states of Zn**
and In*' in ZIS and CIS decorated ZIS heterostructures. The Cu
2p spectra features of MUA-capped CIS (c) identify Cu as Cu?'
state (Cu 2p3/2 signal at 932.7 eV accompanied by shakeup
satellites at BE higher than 945.4 eV [53]). However, the Cu 2p
spectra of all ZIS/CIS nanomaterials (Fig. 4c) exhibit the Cu
2p3/2 signals at 932.3 eV, what indicates the oxidation states
of Cu to be closer to Cu™ [53]. The S 2p spectra of ZIS (d) are not
affected by different amount of doped CIS (the main S2p3/2
signals at BE of 161.9 eV). Moreover, for all ZIS/CIS specimens
we found a similar atomic ratio S/In close to 2 (2.16 + 0.19,
Table S1). The surface area of Pt deposited ZIS/CIS photo-
catalyst is also well characterized by the same set of Zn 2p, In
3d, Cu 2p and S 2p spectra (Fig. S7a—c, e). Additionally, the
successful doping of Pt was confirmed by the Pt 4f spectrum
(Fig. S7d). Unfortunately, the Pt 4f spectrum is overlapped with
the Cu 3p and In 4p signals. Thus, deconvolution of this
spectrum was necessary to separate the Pt signals and eval-
uate the Pt contents (Table S1). As a result, two Pt states,
represented by Pt 4f7/2 signals at 72.7 eV and 74.9.9 eV, were
distinguished. First, can be assigned to Pt?" surface species
(PtS, Pt-Oy) and second one to Pt** compounds (PtS,, PtO,) [54].
Also, the amount of the Pt in all photocatalysts were
confirmed by ICP-OES that proves all the ZIS/CIS—Pt have
about 1.26 wt% Pt (Table S.4).

Optical properties of ZIS/CIS, ZIS, CIS and ZIS/CIS—Pt were
determined by UV—Vis diffusive reflectance spectroscopy
(DRS) (Fig. S4a, b). The direct band gap value of ZIS [55] and
CIS [26] were calculated by Kubelka-Munk method (Fig. S9)).
CIS (1.87 eV) is more visible light responsive compare to all
obtained ZIS (2.5 eV) and ZIS/CIS photocatalysts which has
photoabsorption with the edge around more than 800 nm
whereas ZIS, ZIS/CIS_50, ZIS/CIS_150 and ZIS/CIS_100, ZIS/
CIS_200 are active with the edge about 630 nm and 660 nm,
respectively (Fig. S4a). The color change in ZIS powder from

5 Qo s —=

215 Microsphere

215 Microsphere

2IS Microsphere

Fig. 3 — TEM images of a, b, c) ZIS/CIS_100 and d, e, f) ZIS/CIS_100-Pt. Red and blue dashed lines represents CIS QDs and Pt
based particles, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)
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Fig. 4 — XPS spectra of a) Zn 2p, b) In 3d, c) Cu 2p, d) S 2p for ZIS/CIS and CIS with MUA samples.

yellow to reddish-yellow ZIS/CIS powders also confirms the
slight increase of visible light absorption between 400 and
600 nm of ZIS/CIS compare to ZIS (Fig. S4a). After the Pt
photodeposition on ZIS and ZIS/CIS surface, the significant
increase in the absorption edge can be easily identified in all
obtained photocatalysts which is much higher than of all
ZIS/CIS (Fig. S4b). This enhancement can be explained by the
increase in localized energy levels and surface plasmon
resonance effect created by Pt nanoparticles on ZIS and ZIS-
CIS surface [13,56,57]. Among ZIS/CIS—Pt photocatalysts, ZIS/
CIS_100-Pt has the highest absorption while the lowest ab-
sorption can be observed in ZIS/CIS_50-Pt and ZIS/CIS_200-

Pt. In order to investigate the recombination of photo-
generated electron-hole on the surface of ZIS, ZIS/CIS and
ZIS/CIS—Pt, photoluminescence (PL) spectra were studied by
fluorescence spectrometry (FS) [32,58]. The lowest PL in-
tensity detected in ZIS/CIS_100-Pt in comparison to all pho-
tocatalysts with and without Pt deposition which proves the
lowest electron-hole recombination takes place in that pho-
tocatalyst. Meanwhile, ZIS/CIS_200 and ZIS/CIS_200-Pt
exhibit highest PL (Fig. S4c, d) which reveals that ZIS/
CIS_200-Pt (2.24 wt%) increases the recombination of hole-
electrons. This increase might be explained due to the
excessive amount of CIS on the ZIS surface leading to
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formation of recombination centers in connection with the
narrow energy gap of CIS [59].

The amount of H, generated under visible light irradiation
(»>420 nm) from Na,S/Na,SO3 sacrifical agent solution by each
ZIS/CIS—Pt after 4 h can be seen in Fig. 3a. All the ZIS/CIS—Pt
photocatalysts have higher rate of H, than ZIS-Pt (Fig. 5b). The
highest H, evolution rate of 1041 ymol h * g * is exhibited by
ZIS/CIS_100-Pt which is about 2.5 times higher than that of ZIS-
Pt (411.17 pmol h~* g~%). Thus, for the best PHE performance by
ZIS/CIS can be reached with the ratio of 1.13 wt% of CIS. This
hydrogen evolution rate is around 3.4 times lower compare to
the 2D ZIS/CIS system with higher optimum amount of CIS
(5 wt%) and Pt deposition (2 wt%) but also around 1.3 times
higher than Cu doped ZIS with lower amount of Cu doping
(0.5 wt%) and higher Pt deposition (1 wt%) (Table S5). Moreover,
among ZIS/CIS—Pt, ZIS/CIS_50-Pt exhibits the lowest H, gen-
eration rate of 559.88 umolh~* g~*. Above 1.13 wt% CIS, the PHE
rate gradually decreases as is seen from the H; evolution rate of
995.27 and 902.07 pmol h ' g~ * by ZIS/CIS_150-Pt (1.6 wt%) and
ZIS/CIS_200-Pt (2.24 wt%), respectively (Fig. 5b). On the other
hand, the photostability of ZIS/CIS_100-Pt and ZIS-Pt were
investigated (Fig. 5c) under visible light irradiation (A > 455 nm).
ZIS/CIS_100-Pt and ZIS-Pt exhibit considerable H, evolution
performance even at longer wavelength in the 1st run, 1025.26

and 2745.32 ymol g~*. In the 2nd run, both samples show an
increase in H, evolution, more particularly ZIS-Pt produced
around 1.7 times higher H, (1760 umol g~*) than in 1strun. After
the 2nd run, both samples show a gradual decrease in the
amount of H, evolution. However, it is worth to mention that
the amount of hydrogen evolution by ZIS-Pt after 4th run
(1415.66 pmol g ) is still higher than that of its evolution
amountin the end of 1st run while around 25% decrease can be
observed from ZIS/CIS_100-Pt (1765.46 pmol g™*) (Fig. 5c).
Moreover, around 35% decrease in the rate of hydrogen evo-
lution can be seen in the both ZIS-Pt and ZIS/CIS_100-Pt as the
cut-off filter is changed from GG420 (x > 420) nm to GG455
(x> 455 nm) (Fig. 5d).

The mechanism of PHE of ZIS/CIS—Pt under visible light
can be estimated firstly by approximating band structure of
ZIS and CIS in accordance to valence band (VB) XPS spectra
and calculated bandgap values from DRS. Based on this, the
conduction band potential (Ecg) of CIS and ZIS can be deter-
mined [33,60,61]. Based on this, the valence band maximum
values of ZIS and CIS are 1.5 eV and 0.6 eV (V vs NHE) (Fig. S8),
whereas the direct bad gap (Eg) of ZIS and CIS were estimated
by Kubelka-Munk function [62—65] using Eq. (2):

F(R).hv = k (hv — Eg)"/" ¥i)
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where F(R) is Kubelka-Munk function, R is the reflectance
(Fig. S9) and n is the exponent depending the on type of
transition which is n = 2 for both ZIS and CIS. By using the plot
of (F(R). hv)? vs. hv., Eg of CIS and ZIS are about Eg = 1.87 and
2.49 eV, respectively. Finally, by considering the Eg and Evg,
the conduction band (CB) of ZIS and CIS was estimated around
—0.99 and -1.27 eV (V vs NHE), respectively. Thus, the CB
potentials of both ZIS and CIS are thermodynamically suitable
for PHE by considering the H*/H, reduction potential 0 eV (V vs
NHE) [32]. During the visible light irradiation, ZIS and CIS are
photoexcited and produces photogenerated electron (e”) and
holes (h™). The photogenerated electrons on the CIS surface
move to lower CB potential of ZIS and are captured by active
sites of ZIS/CIS—Pt where Pt nanoparticles acting as an elec-
tron sink for H, generation by capturing the photogenerated
electrons and prevent the recombination [66,67]. Meanwhile,
photogenerated holes in ZIS are captured by the VB of CIS that
results in inhibition of recombination of holes and electrons
on ZIS and the holes on CIS surface are scavenged by S0% and
S? ions to form SOF and S, respectively. So that the charge
separation over ZIS/CIS—Pt surface is facilitated [68,69]
(Fig. 6a, c). Moreover, it is worth to mention that the rise in PHE
rate of ZIS/CIS_100-Pt might be associated with the adsorption
mechanism on the photocatalysis surface [70]. In more detail,
the photogenerated electrons and holes-initiated reactions

are given below on the photocatalysis surface in the case of
Na,S/Na,S05 sacrificial agent solution [71].

2H,0 + 2e~ — H, + 20H~ [0}
SO%™ +2H,0 +2h — SO} +2H (11)
25> +2h" —Si (1)
S 4+ 503 — 5,08 +§? (V)
S02 +8* + 2h — S,0} W)

After charge carrier generation, photogenerated holes-
initiated reactions occur and SO3  and S*  ions form SO%
and S} ions, respectively. However, initial condition for these
surface reactions is competitive adsorption of Na,SO; and
Na,S on photocatalysis surface which follows Langmuir-
Hinshelwood model [72]. Therefore, the higher surface area
in ZIS/CIS_100-Pt (32.5 m?/g) comparing to ZIS-Pt (24 m?%/g)
might lead to more Na,SO; consumption on its surface thus
higher PHE rate. Consequently, the optimum amount of CIS
(1.13 wt%) in ZIS/CIS photocatalyst increases the charge sep-
aration efficiently by forming a heterojunction that leads to
enhancement of the PHE rate comparing to bare ZIS. To gain
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insight into the mechanism of photocatalytic hydrogen evo-
lution, the action spectra analysis was performed with ZIS/
CIS_100-Pt and apparent quantum efficiency (AQE) was
calculated as a function of the irradiation light (420, 440, 460,
480, 500, 540 and 600 nm). Indeed, the ZIS/CIS_100-Pt sample
had high ability to generate H, in the visible light range up to a
wavelength of 540 nm, which correlates well with its photo-
absorption properties — less light absorption capacity led to
less H; evolution and lower AQE values (Fig. 6b). For the longer
wavelength than 540 nm (600 nm), AQE reached the values of
0%. In addition, two regions can be distinguished, namely with
extremely high (up to 480 nm) and moderate (from 480 to
540 nm) power to evaluate H,. The highest AQE was observed
at 420 nm (30.6%). To the best of our knowledge this value is
second the highest results among the ZnIn,S,—based photo-
catalysts in the literature (Table S5) and the widest region with
observable H; evolution photoactivity. Thus, photocatalytic H,
evolution was mainly dependent on the photoabsorption
properties of the ZIS/CIS photocatalyst. As very low activity
was exhibited by both ZIS and CIS without Pt deposition
(Fig. S10), the effect of the Pt species on photogenerated
hydrogen evolution rate can be expected. In consideration of Pt
oxides, Pt-Ox and PtO,, it was suggested that maximization of
Pt*" sites are more efficient than that of Pt*" species in elec-
trochemical hydrogen evolution [73]. However, in the case of Pt
sulfides, PtS and PtS,, this might be different. During photo-
deposition process, excessive amount of sulfur in ZnIn;Ss
promotes more likely the formation of PtS semiconductor on
ZnIn,S, due to the adsorption of Pt*" on ZnIn,S, [74]. The same
phenomena might occur in ZIS/CIS_100-Pt and ZIS/CIS—Pt
samples as is seen from previously mentioned XPS results that
Pt*" state can be detected in ZIS/CIS_100-Pt and ZIS/CIS—Pt
surface. However, Pt*" was also detected which corresponds
according to PtO, or PtS; species in ZIS/CIS_100-Pt and ZIS/
CIS—Pt samples according to the XPS results. The increased
Pt(Il) component contribution by reduction of PtS; resulted in
induced the hydrogen evolution rate in PtS, [75]. Moreover it
was also reported that PtS; worked more efficiently than the
metallic Pt particles in case of Z-scheme employing metal
sulfide photocatalysis [76]. As a result, one can suggest that
different species of Pt have different activity: in case of Pt ox-
ides, PtO, > Pt-Ox whereas for Pt sulfides PtS > PtS, among Pt
sulfides. However detailed studies are crucial to reveal which
form of those species exist dominantly in ZIS/CIS_100-Pt and
ZIS/CIS—Pt samples. On the other hand, the decrease in Hj,
generation rate above the optimum amount of CIS can be also
highlighted. Above the optimum value of CIS, as clearly seen in
Fig. 1e, the ZIS surface is covered by CIS in which the photons
required for photoexcitation of ZIS might be blocked. There-
fore, photoexcitation of ZIS diminishes due to the insufficient
number of photons reaching ZIS surface. Thereby, induced the
number of photoexcited electrons and holes results in a drop of
PHE rate. Also, in higher amounts, CIS may locate the active
sites in ZIS for H, generation [/7] and creates recombination
centers competing with the active sites for H, evolution and
increases the recombination rate (Fig. S4d). Moreover, over CIS
decoration than the optimum might narrow the space charge
region in ZIS/CIS heterojunction system, and the penetration
depth of ZIS surpasses the space charge layer in which pho-
togenerated holes and electrons recombine easier [78]. In
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addition, the rapid decline in photocatalytic activity in both
ZIS-Pt and ZIS/CIS_100-Pt samples after the 2nd run can be
linked to the self-oxidation of S*~ in ZIS by photo-generated
holes in the valence band of ZIS [52]. That is supported by
XPS results of both ZIS-Pt and ZIS/CIS_100-Pt samples before
and after cycling experiments in which remarkable drop can
be seen in fraction of S* state (Table S3). Furthermore, that
decline can be also correlated to the notable decrease in Zn and
In contents in ZIS-Pt and ZIS/CIS_100-Pt samples (Fig. S7 and
Table S1 and S3). However, the XPS peak related with Cu 3p
orbital decreased also in ZIS/CIS_100-Pt sample after photo-
stability cycle runs, but this decrease is not significant as in Zn
and In contents (Fig. S7).

Conclusions

ZnIn,S; microspheres decorated with pre-prepared CulnS;
quantum dots were prepared successfully by simple hydro-
thermal reaction and modified by Pt photodeposition for the
first time. Introducing optimum amount of 1.13 wt% CulnS,
quantum dots to the hydrothermal reaction medium for
Znn,S, microspheres increased rate of bare ZIS about 2.5
times under visible light irradiation. This enhancement is
related with the improved light harvesting ability of ZnIn,S,
microspheres/CulnS, quantum dots system in consequence of
the formed heterojunction between CulnS; quantum dots and
ZnIn,S,; matrix. The broad visible range photoactivity up to
540 nm was observed with remarkable AQE at 420 nm (30.6%).
Further investigations are required to understand the fate of
the quantum dots during hydrothermal reaction, the effect of
the different reaction conditions on configuration of quantum
dots on ZnIn,S, matrixes and impact on photocatalytic activ-
ity. Moreover, the optimum amount of Pt deposition on ZnIn,;S,
microspheres/CulnS; quantum dots heterojunction system
must be investigated for the further studies. We suggest that
using GuInS, quantum dots as a reactant in a hydrothermal
synthesis can be an alternative approach to obtain hetero-
junction to improve the photocatalytic activity of ZnIn,S, for
photogenerated hydrogen evolution applications.
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Fig. S1 Step-by-step color change during CIS synthesis using heating up method at a) 60°C b) 90-100 °C
c) 120 °Cd) 160 °C e) 190 °C and f) irradiation of just synthesized CIS by UV light
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Fig. S2 a) HAADF-TEM image of CIS b) particles size distribution c) PL spectra of CIS and d) FTIR
spectra of CIS and MUA
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Fig. $3 Photoluminescence of MUA capped CIS QDs under different alkalinity levels
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Fig. S4 UV-vis absorption spectra of ZIS/CIS, ZIS, CIS Pt a) before, b) after Pt photodeposition and PL
spectra of ZIS/CIS, ZIS, CIS c) before and d) after Pt photodeposition. Inset images: color change
from pale yellow to dark yellow in a) ZIS, ZIS/CIS and b) ZIS/CIS-Pt, respectively
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Fig. S5 a) Comparison of XRD patterns of ZIS, ZIS/CIS and b) the detailed XRD spectra of CIS
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Fig. $6 XRD spectra of ZIS-Pt and ZIS/CIS_100-Pt before and after 4 runs of photostability experiment
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Fig. $10 Amount of hydrogen evolution under visible light irradiation (A > 420 nm) in the presence of
pure ZIS and CIS samples
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Table S.1 Elemental contents in the surface layer of bare ZnInyS4 (ZIS), CulnS; (CIS) with 11-

Mercaptoundecanoic acid (MUA) ligand and ZIS QDs decorated by CIS. Below the corresponding data
of ZIS-Pt and ZIS/CIS-Pt samples before and after 4 runs of photostability

Elements content (at.%)

Sample label Zn Cu In Pt S c (o] Na | S/In CufZn

CIS_MUA 0 1.87 3.24 - 8.09 75.81 10.99 0 2.50 -

ZIS 6.11 0 14.65 - 32,57 45.79 0.88 0 2.22 -
ZIS/CIS_50 6.85 0.09 16.92 - 3524 39.79 111 0 2.08 0.013
2IS/CI1S_100 558 013 1747 - 33.82 4128 171 0 1.94 0.023
2IS/CIS_150 588 0.16 15.62 = 31.27 4552 155 0 2.00 0.027
21S/CIS_200 643 017 16.37 - 3399 4191 1.13 0 2.08 0.027
ZIS/CIS_100-Pt_before | 8.05 0.24 16.98 0.37 3895 34.72 0.69 0 2.29 0.030
Z1S/CIS_100-Pt_after 475 024 849 0.24 2825 17.34 1878 2191 |3.33 0.050

ZIS-Pt_before 7.53 0 16.27 0.35 36.11 3872 1.03 0 2.22 -

ZIS-Pt_after 1.55 0 284 011 18.84 20.05 27.05 29.56 | 6.63 -
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Table S.2 Chemical Character of Zn, In, Cu, and S atoms detected in the surface layer of ZnIn254 (ZIS),
ZIS/CIS and CIS with MUA linker samples

Zn2pss2 In 3ds;2 Cu 2ps. S 2psp2
Zn* In* cu? cut s s* (sulfide)
Sample label (%) (%) (%) (%) (Z|5('>Q;|5) (%)
1022.1+0.1 445.1+0.1 932.7 932.310.1 161.9+0.1 163.0:0.1
eV eV eV eV eV eV
CIS_MUA - 100 100 0 66.9 33.1
ZIS 100 100 - - 90.1 9.9
ZIS/CIS_50 100 100 0 100 95.0 5.0
ZIS/CIS_100 100 100 0 100 96.6 3.4
ZIS/CIS_150 100 100 0 100 923 77
ZIS/CIS_200 100 100 0 100 95.0 5.0

11
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Table S.3 Chemical character of Pt and S atoms detected in the surface layer of ZIS-Pt and ZIS/CIS_100-

Pt samples before and after 4 runs of photocatalytic experiment

Pt 4f; S 2ps;
Pt-CO, Pt-Cu s s* S0s* S0.*
PL-CeHy Pt‘sf; A';"o' @is/cls) | (sulfide) sulfite sulfate
Sample label (%) (%) (%) (%) (%)
70.3-70.6 | 72.1-72.6 161.6- 162.6- 166.8 168.7
&V eV 162.0 163.1 &V &V
eV eV
ZIS/CIS_100-Pt_before 19.34 80.66 92.84 7.16 0 0
Z1S/CIS_100-Pt_after 23.65 76.35 69.53 8.69 15.58 6.19
ZIS-Pt_before 17.69 82.31 100 0 0 0
ZIS-Pt_after 20.21 79.79 45.69 0 43.15 11.16

12
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Table S.4 Amount of Pt and Cu elements detected in ZIS/CIS-Pt samples by ICP-OES

Sample label Pt (wt%) Cu (wt%)
ZIS/CIS_50-Pt 1.23 0.17
ZIS/CIS_100-Pt 1.25 0.22
ZIS/CIS_150-Pt 131 0.43
ZIS/CIS_200-Pt 1.25 0.65

13
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Table 5.5 Comparison of the ZnIn254 based photocatalysts in the literature

H2
Light evolution Quantum L
Photocatalysts Co-catalyst Sacrificial agent
¥ v source rate efficiency % €
mmolg*h?
300 W
0.35 M Na.S
Xe lamp,
2D/2D CulnSz/ZnIn,S,*¢ 2 wt% Pt 3.43 12.4@420 nm and
A > 420
0.25 M Na,S0s3
nm
300W 0.35 M NasS
Xe lamp,
Cu-doped ZnIn,S,* 1 wt% Pt 0.75 14.2@420 nm and
>
A>430 0.25 M Na,S0;
nm
300 W
Xe lamp,
T P Co-catalysts p 39 " 15v%
free A> 420 triethanolamine
nm
300 W
Xe lamp, 0.1 M Na,S and
CdS/ZnIn,Ss/graphene?® | 0.4 wt% Pt 2.7 56@420 nm
A>420 0.04 M Na;S0;
nm
300 W
2D/2D Co-catalysts | Xelamp, 20 v%
2.78 7.05@420 nm . .
g-Cqu@ZnInzSAH free A> 420 triethanolamine
nm
1000 W
Xe 0.35 M Na,S
CulnS, QDs/ZnIn,S:* | 0.75wt% Pt | 12mp, 1.04 | 30.6@420 nm and
A>420 0.25 M NaS0;
nm
* This work
14
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P2. Capping ligand initiated CulnS; quantum dots decoration on, ZnIn;S4
microspheres surface under different alkalinity levels resulting in different

hydrogen evolution performance
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ARTICLE INFO ABSTRACT
Keywords: Surface distribution of quantum dots (QDs) at the semiconductor matrix caused by synthesis condition (e.g. pH of
Culn52 solution during coupling) could lead to different photocatalytic activity. Thus, achieving an optimal covering of
Znin254 semiconductor matrix by QDs has been challenging. Herein, the influence of the alkalinity level of aqueous
Quantum dots decoration medium for the coupling of mercaptoundecanoic acid (MUA) capped CulnS; quantum dots (CIS) and

Visible light photoactivity
Hydrogen
Aggregates

ZnIneS,4 microspheres (ZIS) on photocatalytic hydrogen evolution (PHE) performance was investigated. Aqueous
decoration medium with different alkalinity levels for the formation of ZIS/CIS photocatalytic system resulted in
significantly different PHE performances in the presence of (0.5 wt%) Pt co-catalyst deposition without any

change in crystal structure of ZIS matrix up to pH 12.5. The photocatalytic system obtained at pH 10.5 possessed
the highest performance followed by the decrease at pH 11.5 and again the remarkable increase was detected at
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pH 12.5 that was the pH level for uniform dispersion of CIS in aqueous medium. This work remarks the
importance of the nanoparticle’s aggregates on PHE performance over non-toxic ZnlnzSs/CulnSy photocatalytic

system.

1. Introduction

H; fuel has a great potential to reduce reliance on fossil fuels [1]. As
one of one the solar conversion technology, photocatalytic water split-
ting has been drawing intensive attention to produce green Hs [2]. For
that purpose, metal sulfide based photocatalysts have been widely
investigated due to relatively high conduction band edge that is ther-
modynamically suitable for H>0 reduction in the presence of sacrificial
agents [3].

Among the various type of photocatalytic metal sulfide semi-
conductors [4-8], n-type ZnInyS4 semiconductor based photocatalytic
systems became prominent because ZnInS, is easy to prepare, and has
adjustable bandgap through doping and wide absorption range [9].
Several type of ZnInyS4 based photocatalytic systems have been studied
to overcome its low photocatalytic activity due to the rapid recombi-
nation of photogenerated charge carriers [10-16]. One of the other
alternative method to induce the performance of ZnInsS4 is to incor-
porate it with other metal sulfide-based nanomaterials such Ag,S [17],
CuzS [18], CdS [19], MoSz [20], WSz [21]. Besides, ZnInaSs/CulnSz
based photocatalytic system also have been attracted attention [22-24]
owing to a large absorption coefficient of a typical p-type semiconductor
CulnSy [25]. In our previous report, we obtained ZnInyS4 microspheres
(Z1S) decorated with pre-prepared CulnS,; quantum dots (CIS QDs)
capped with mercaptoundecanoic acid (MUA) by simply introducing CIS
into ZIS precursors for hydrothermal treatment medium [26], This
approach resulted in significant increase in photocatalytic hydrogen
evolution activity of pristine ZIS in the presence of Pt deposition.
However, the formation of aggregates of CIS during the synthesis that
resulted in an uneven distribution of CIS on ZIS surface. This has led to
the question whether the different formation of those aggregates can
affect the photocatalytic activity of ZIS/CIS photocatalytic system or
not.

The pH dependent aggregation of mercaptocarboxylic acid capping
ligand, such as thioglycolic acid and mercaptopropionic acid, capped
quantum dots and its effect on their optoelectronic properties have been
reported generally with the purpose of bioimaging applications [27-29].
Beyond the aggregation effect, Xu et al. reported that there are several
reasons leading different optoelectronic properties of mercaptocarbox-
ylic acid ligand capped quantum dots including thiol group effect,
counter ions effect, and terminal group effect in which their contribu-
tions differ at different pH values [30]. However, to best of our knowl-
edge, there are very limited reports on the effect of aggregation
phenomenon on photocatalytic hydrogen evolution performance by
controlling the decoration medium of mercaptocarboxylic acid ligand
capped quantum dots on a surface of larger matrix. Yu et al. have studied
the assembly of MPA-regulated CdSe QDs on commercial photocatalysis
TiOy (P25) by adjusting the pH level of the interaction medium to
alkaline level in order to avoid the aggregates of quantum dots in acidic
conditions to be furtherly coupled with in-situ formed Ni(OH)» deposi-
tion [31]. On the other hand, PHE performances depending on the ag-
gregation of single or double nanoparticle photocatalytic systems were
investigated by several groups. For instance, Chang et al. reported that
aggregates of CdS QDs were more favorable than that of CdS with ag-
gregation preventing mercaptopropionic acid capping due to efficient
charge separation with reduced charge carrier recombination [32]
which was corroborative Park's work [33]. Moreover, Gao et al. sug-
gested that the interparticle hole transfer which was accelerated by the
formation of CdSe QDs-ZnSe QDs aggregation was the crucial factor for
boosting the photocatalytic hydrogen evolution performance of the
system [34]. Additionally, Sawaguchi-Sato et al. investigated the

aggregation induced photocatalytic hydrogen evolution from Pt
colloidal catalysts CdTe quantum dots photocatalytic system by means
of the type of mercaptocarboxylic acid capping ligand on quantum dots
surface that changed the formation of aggregation [35]. Considering
above-referred works, aggregation can have an important role on pho-
tocatalytic hydrogen evolution.

In this study, we investigated the effect of the aggregation formation
of mercaptoundecanoic acid capped (MUA) CIS by adjusting the alka-
linity of aqueous decoration medium for the formation of ZIS/CIS pho-
tocatalytic system. Despite all obtained photocatalytic systems
contained the same amount of CIS, the treatment of sample under
different alkalinity levels resulted in significantly different photo-
catalytic hydrogen evolution performances in the presence of same
amount of Pt cocatalyst under visible light irradiation. The possible
reasons behind that were discussed in terms of information on the
morphology, optoelectronic and surface chemistry properties.

2. Experimental
2.1. Materials

Cetyltrimethylammonium bromide (CTAB, 95 %) (Aldrich), indium
(1) nitrate hydrate (99.99 %) (Alfa Aesar), thioacetamide (J.T. Baker,
Avantar performance materials), copper (I) iodide (99.99 %) (Sigma-
Aldrich), indium (III) acetate (99.99 %) (Acros Organics), thiourea
(99.99 %) (CHEMPUR), 11-mercaptoundecanoic acid (95 %) (Sigma-
Aldrich), zinc sulfate heptahydrate (99.99 %) (CHEMPUR), potassium
tetrachloroplatinate (II), (99.9 %) (Alfa Aesar), methyl viologen
dichloride hydrate (98 %) (Sigma-Aldrich). All chemicals were used
without any further purification,

2.2. Synthesis of ZIS/CIS photocatalytic system

Z1S and CIS QDs were synthesized as mentioned in a previous report
[26]. To obtain ZIS/CIS photocatalytic system, the ratio of CIS was fixed
to 5 wt%. The pH level of aqueous medium (deionized water) for the
decoration was adjusted to 7, 9.5, 10.5, 11.5, 12.5 and 12.9 by adding
0.1 M KOH or HpSO4 aqueous solution and the concentration of CIS
quantum dots were always kept 2 mg/ml. After adding CIS to the
aqueous decoration medium with desired pH level, the mixture was
sonicated for 10 min and vigorously stirred for 30 min. Finally, ZIS
powder was added, and all mixture was stirred for 24 h. The products
were washed with ethanol and water and separated using centrifuge
(6000 RPM) and dried at 60 °C. The products were abbreviated ac-
cording to the pH level of aqueous decoration medium as ZIS/CIS-7,
ZIS/CIS-9.5, ZIS/CIS-10.5, ZIS/CIS-11.5, Z18/CIS-12.5  and
Z18/CI8-12.9. Samples during and after Pt in-situ deposition assisted
PHE tests were abbreviated as ZIS/CIS-7/Pt, ZIS/CIS-9.5/Pt,
Z1S/CIS-10.5/Pt, ZIS/CIS-11.5/Pt, Z1S/CIS-12.5/Pt and
ZIS/CIS-12.9/Pt.

2.3. Characterization

To prove all the samples, have the same amount Pt or CIS, Pt and Cu
content were analyzed by inductively coupled plasma optical emission
spectroscopy (ICP-OES) using Agilent 5100 spectrometer, according to
PN-EN ISO 11885:2009 standard. X-ray diffraction (XRD) technique was
used to determine the crystalline structure of the samples and detect
whether any changes has occurred in ZIS matrix during the preparation
of ZIS/CIS samples. Powder X-ray diffraction experiments were
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conducted at 20 °C on powdered samples with a Bruker D8 Focus
diffractometer with Cu Ka (A = 1.54 A) radiation and a LynxEye XE-T
detector, Data were collected from 5° to 70° 20 over a scan time of
30 min, LeBail refinement of the pXRD pattern was performed to
determine the crystal structure type of the tested samples, using High-
Score Plus ver. 3.0e software. The chemical composition of samples
surface (ZIS/CIS-7, ZIS/CIS-10.5 and ZIS-CIS-12.5) areas was analyzed
by X-ray photoelectron spectroscopy (XPS) using a PHI 5000 VersaP-
robeTM spectrometer (ULVAC-PHI, Chigasaki, Japan) with mono-
chromatic Al Ke irradiation (hv = 1486.6 eV) to highlight the reduction
of Pt precursor over the samples during PHE leading to formation of Pt
species. 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, The morphology of samples (215/CIS-7, Z1S/CIS-10.5 and
ZIS-CIS-12.5) was observed using scanning electron microscope (SEM,
JEOL JSM-7610F) and transmission electron microscope (TEM, Hitachi
H-800 microscope, Hitachi High-Technologies) operating at 150 kV. The
UV-vis spectra of samples were recorded using UV-vis spectrophotom-
eter (Evolution 220, Thermo Scientific). The photoluminescence spectra
(PL) were recorded using a PerkinElmer Luminescence Spectrometer LS-
50B equipped with Xenon discharge lamp as an excitation source. The
samples were excited with 330 nm at room temperature and the emis-
sion was scanned between 300 and 800 nm. Fourier-transform infrared
spectroscopy (FTIR) (Bruker, IFS66) was used to identify the surface
characteristics of CIS QDs and ZIS/CIS photocatalytic system in the scan
range of 500-5000 cm™? in the diffuse reflectance mode with a resolu-
tion of 0.12 cm ' at room temperature and KBr was used as a reference
material. Malvern Zetasizer Nano ZS or Mastersizer 3000 were used to
measure CIS aggregates size under different alkalinity levels by dynamic
light scattering (DLS) technique, the zeta potential of ZIS samples in the
aqueous decoration medium and ZIS/CIS samples in photocatalytic
hydrogen evolution reaction solution.

2.4. Photocatalytic hydrogen evolution experiments

50 mg photocatalyst was added inte 50 ml 0.35 M Na»S$/0.25 M
NapSQs aqueous solution in a beaker and the mixture was sonicated
using ultrasonic bath for 5 min. The mixture was transferred to a pho-
toreactor equipped with a quartz glass with 110 ml volume and 50 mM
KyPtCl4 aqueous solution was dripped to deposit 0.5 wt% Pt on ZIS/CIS
photocatalytic system’s surface. After sealing the reactor with a plastic
septum, the mixture was purged with Ny gas with 12 dm®/h flow rate for
30 min in dark. Finally, the mixture was irradiated by 1000 W Xenon
lamp external light source (Quantum Design, LSH 602) equipped with a
cut-off filter GG420 (Optel, A > 420 nm). The temperature of the PHE
process was always kept at 10 “C using a thermostat. The amount of
hydrogen gas was monitored by adding 200 ul of gas sample collected
from the headspace of the photoreactor within every using an air-tight
syringe (Hamilton) to the gas chromatograph (Thermo Scientific
TRACE 1300-GC, N3 carrier) No hydrogen was evolved in the absence of
ZIS/CIS photocatalyst under the same condition. The amount of
hydrogen was calculated using calibration curve which was based on a
collected data from GC-TCD and pressure value from a digital manom-
eter (SIKA) attached to the photoreactor following addition of different
volume of hydrogen (99.99 %) using an air-tight syringe (HAMILTON).
Later, the amount of hydrogen in moles was calculated using the ideal
gas equation [36]. The recycling performance tests were carried out
under the same experimental conditions. After each cycle, the sample
was collected and washed with deionized water by a centrifuge. The
fresh 0.35 M Nayg/0.25 M Na»SO3 aqueous solution was added in a
centrifuge tube with the sample and then the mixture was poured into
the photoreactor for the next cycle test. The pH of photocatalytic
hydrogen evolution solution after one cycle was around 12.

Colloids and Surfaces A: Physicochemical and Engineering Aspects 652 (2022) 129760

3. Results and discussion

To reveal the different optical characteristics of CIS aggregates under
different alkalinity levels, UV-vis and PL spectrum of samples was
compared (Fig. 1). To conduct those measurements, the samples were
dispersed in water with the pre-adjusted alkalinity level using 0.1 M
H»504 or KOH solution and stirred vigorously following for 30 min
following 10 min sonication. Particle concentration during all mea-
surements was 0.5 mg/ml. From pH = 7 to pH = 11.5, the red-shifted
absorption edge was observed that was followed by the drastic change
in UV-vis spectra at pH = 12.5, and the specific absorption shoulder
appeared at around 250 nm at pH = 12.5. Also, to check the spectrum
only originating from MUA, MUA has been dispersed in aqueous solu-
tion with pH = 7, 10.5, and 12.5 and their absorbance spectra were
recorded. The same peak at 250 nm can be observed from the absorption
spectra only from MUA in pH 12.5 which has shown the spectrum with
the similar trend as in MUA capped CIS (Fig. S1). However, considerable
red-shifting was exhibited by MUA-capped CIS compared to that of only
MUA. Likewise, the same red shifting is observed from the spectrum
originating from MUA capped CIS under pH = 7 and 10.5 attributing to
the coupling between the MUA and CIS [37]. Moreover, the aggregation
induced emission was proven comparing the PL spectra of CIS aggre-
gates under different alkalinity levels, as the emission intensity was the
highest at pH = 7 and significantly dropped at pH = 11.5 and finally
quenched at pH = 12.5 where the clear, red-colored dispersion of CIS
were achieved (inset in Fig. 1b). The change in the optical properties of
CIS aggregates which was mediated by alkalinity level can be explained
by the degree of the aggregation considering the aggregation induced
emission, To this respect, DLS was measured to show how the size of
aggregates were distributed depending on the level of the alkalinity of
aqueous medium. As seen from Fig. 2, all CIS aggregates displayed high
polydispersity with macro-sized aggregates around 100 ym at pH = 9.5
and 10.5. At pH = 11.5, the aggregate size decreased noticeably along
with the new peak formed corresponding 1 um particle size. After
reaching pH = 12, the size of aggregates was shifted to remarkably lower
size and two significant peaks formed around 5 nm and 100 nm at pH =
12.5 and 12.9. The reason behind the macro-sized aggregation between
the alkalinity level pH = 9.5-11.5 was due to the non-ionized carboxylic
acid end group in MUA ligand on CIS surface [38-40]. Thus, inter-
nanoparticle H-bonds through the hydrophilic groups on nanoparticle
surface resulted in aggregation in a weak basic aqueous solution [38].
On the other hand, after high pH = 12, the carboxylic groups in MUA on
CIS surface was deprotonated and stabilized CIS aggregates were ach-
ieved via electrostatic repulsion [41], so that the aggregation was
reduced [42].

Accordingly, as the aggregate sizes of CIS under different alkalinity
levels, it can be proposed that each CIS aggregates in aqueous medium
under different alkalinity behaves different that led to different
morphology of ZIS/CIS photocatalytic system. The SEM images
(Fig, 3a—c) indicated that, at the pH = 12.5, ZIS microparticles surface
were lesser overwhelmed by CIS and coating-like CIS on ZIS formed
smooth surface on ZIS/CIS photocatalytic system. While, at pH 7, non-
uniform shape of ZIS/CIS with rough surface formed. On the other
hand, at pH 10.5 both smooth and rigid surface can be observed in ZIS/
CIS photocatalytic system. Same observation can be seen also from TEM
images (Fig. 3d-f). Even in ZIS/CIS-12.5 sample, the presence of CIS is
distinguishable in the form of single dots on the ZIS surface (please refer
to Fig. 52 for the SEM image of pristine ZIS) and around the ZIS particles
(Fig. 3f). Additionally, layers in ZIS/CIS-7 (Fig. 3d) can be selected
easily, while the layers in ZIS/CIS-12.5 were almost covered by CIS
uniformly so that the layers were not noticeable easily.

Moreover, the obtained powder’s optoelectronic characteristics also
proved the differences between ZIS/CIS photocatalytic system. Fig. 4a
shows, UV-vis absorption spectra of pristine ZIS and all other ZIS/CIS
photocatalytic samples. As expected, all the ZIS/CIS samples showed
red-shifted absorption edge as similar to the previous report on ZIS/CIS
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Fig. 2. CIS aggregates size distribution by DLS measurement under different
alkaline levels a) pH 9.5-11.5 b) 12.5-12.9.

photocatalytic system [26]. However considerable red-shifting can be
seen especially in ZIS/CIS-12.5 and ZIS/CIS-12.9 samples probably
because of the uniform distribution of CIS on ZIS surface initiating the
higher light harvesting due to the increase in surface-to-volume ratio.
This is even observable from the significant color difference in obtained
ZIS/CIS photocatalyst powder (Fig. 53). On the other hand, all samples”
PL spectrum (Fig. 4b) have two characteristic peaks around 400-450 nm
and 500-550 nm band which can be attributed to defects (sulfur and
zine vacancy) and band-to-band transition, respectively [43-45]. It is
worth to mention that in all series of ZIS/CIS samples CIS decreased the
electron-hole recombination efficiency in all ZIS/CIS samples as the
lower PL intensity indicates lower recombination of photogenerated
charge carriers [46].

Powder x-ray diffraction patterns (Fig. 5) for ZIS/CIS-7, ZIS/CIS-
10.5, ZIS/CIS-12.5 and ZIS/CIS-12.9 shows the characteristic broad re-
flections were indexed by ZnIn,S, that forms in a hexagonal crystal
structure P63me with reported lattice constants a — 3.871 A and ¢
= 26,121 A. Expected positions for ZnIn,S4 phase are marked by the
vertical bars. A XRD pattern for pristine CulnSy with tetragonal crystal
structure in roquesite phase is presented in supplementary information
(Fig. 54). The strongest broad reflections appear at 20 = 27.7, 46.3" and
19.9° and except the second one (20 = 46.3") they overlap with the ZIS
reflections and hence cannot be observed. The only impurity phase — In
(OH)3 marked by stars - appears for ZIS/CIS-12.9 sample.

In addition to this, more insight regarding samples’ surface chem-
istry was also checked with FTIR (Fig. S5). All samples exhibited the
same pattern. C-H strech vibration peaks located at 2844 and 2921 em !

indicates the alkyl chain orginated from the presence of CTAB molecule
over ZIS/CIS and ZIS samples [47,48]. The peaks around 3415, 1620 and
1385 cm ! corresponded to the hydroxyl and surface-absorbed water
molecules, while the absorption peak related with the absorbed CO;
molecules around 1100 ecm ™" only can be seen in ZIS [49]. Interestingly
In-S streching vibration orginated peal at around 640 cm™ [49,50] can
be seen all samples expect ZIS/CIS-7. This may be related with rough
surface topology due to the overwhelmingly distributed CIS over ZIS
surface as ZIS/CIS-10 and ZIS/CIS-12.5 with relatively more uniform CIS
obtained that peak intensity is almost as high as in only ZIS especially in
the case for ZIS/CIS-12.5.

PHE rates and the amount of hydrogen evolved from ZIS/CIS samples
under visible light irradiation for 3 h in the presence of 0.35 M/0.25 M
Na3S/NayS0O; as the sacrificial reagent can be seen in Fig. 6a and b,
respectively. In Fig. 6a, black bars represent the PHE performances
without in-situ Pt deposition, while red bars demonstrate with Pt. In case
of the comparison of the samples’ PHE rate without Pt, the highest rate
was exhibited by ZIS/CIS-12.9 with 105.31 pmol g~ ' h™". That result is
reasonable as ZIS/CIS-12.9 was the only sample among all ZIS/CIS in
which In(OH)3; was formed during the preparation due to the high
alkaline decoration medium (Fig. 5). Therefore, the presence of In(OH)3
induced PHE performance of ZIS/CIS-12.9 remarkably as it has acted as
a cocatalyst [11,51]. ZIS/CIS-7 and ZIS/CIS-9.5 showed very close PHE
rate around 21.41 and 13.10 pmol g~* h™?, respectively. Around two
folder PHE rate than ZIS/CIS-7 were achieved by ZIS/CIS-10.5 (55.65
umol g 1 h™1) and ZIS/CIS-11.5 (59.25 pmol g~ h™'). Interestingly, a
notable decline was displayed in PHE rate from ZIS/CIS-12.5 (21.39
pmol g 1 h 1), On the other hand, as the main scope of this study, the
remarkable effect of the in-situ Pt deposition on PHE is readily observ-
able in all ZIS/CIS/Pt samples. The lowest PHE rate was shown by
ZIS/CIS-7/Pt (1180.46 pmol g71 h™') and then ZIS/CIS-9.5/Pt (1300.46
pmol g~ h~1) whereas ZIS/CIS-10.5/Pt generated the highest amount of
hydrogen with the rate of 1753.79 pmol g ' h™" which implies that the
pH = 10.5 is the optimum pH level for the ZIS/CIS synthesis aqueous
decoration medium that leading most efficient photocatalytic system for
PHE. However, after reaching the optimum pH level for the decoration
medium, PHE rate of the sample prepared in pH = 11.5 decreased to
1450.76 pmol g~' h~!. The significant rise can be seen from
ZIS/CIS-12.5/Pt with the PHE rate of 1670.16 pmol g~* h™%. It seems
that the optimum pH = 10.5 of the decoration of ZIS microspheres with
CIS was the best for the hydrogen evolution from ZIS/CIS photocatalytic
system in the presence of in-situ Pt deposition. Besides, the treatment of
pristine ZIS or CIS sample in pH = 10.5 had no effect on PHE perfor-
mance as almost the same amount of hydrogen was evolved from ZIS/Pt
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Fig. 3. Schematic description of controlled aggregation induced CIS (red spheres) decoration of ZIS microsphere (yellow sphere) based on SEM and TEM images of a,

b
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In(OH)3, respectively.

with and without the treatment (Fig. 56). It is also worth to mention that
ZIS/CIS-12.9/Pt exhibited PHE rate of 1512.58 pmol g~! h™! but the
competition between the electron transfer from ZIS/CIS to two cocata-
lyst Pt species and In(OH); could inhibit the performance of
Z18/CI5-12.9/Pt in comparison to ZIS/CIS-12.5/Pt [52]. Fig. 6c. shows
the recycling performance experiments of three selected samples:
ZIS/CIS-7/Pt, ZIS/CIS-10.5/Pt and ZIS/CIS-12.5/Pt (The reason of that
selection will be discussed further). The samples were not stable after 3
cycles as a drop about 60 % in PHE for ZIS/CIS-10.5/Pt and
ZIS/CIS-12.5/Pt was observed while around 30 % for ZIS/CIS-7.
Particularly, around 50 % rapid decline was observed from
ZIS/CIS-10.5/Pt at the end of 2nd cycle. Higher stability in ZIS/CIS-7 /Pt
comparing to ZIS/CIS-10.5/Pt might be attributed to the relatively
larger CIS aggregates in ZIS/CIS-7 which are somehow lesser prone to
photocorrosion in ZIS/CIS photocatalytic system. On the other hand, the
core-shell like structure in ZIS/CIS-12.5 exhibited higher photostability
than that of ZIS/CIS-10.5 which indicates the stronger interaction
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between ZIS and CIS in ZIS/CIS-12.5 can be more beneficial for the
stability of ZIS/CIS photocatalytic system. Lastly, additional second PHE
tests were carried out over those selected samples (Fig. S7) to affirm the
above-mentioned PHE results, Very close PHE evolution performance
was proven from ZIS/CIS-10.5/Pt and ZIS/CIS-12.5/Pt whereas
Z15/CIS-7 /Pt exhibited lowest performance among the selected samples.

To acquire more insight to reveal the reason behind PHE activity, the
three key samples ZIS/CIS-7, 10.5 and 12.5 was highlighted. This is
because of the above-mentioned characteristic of CIS under different
decoration medium resulting in different aggregation properties of CIS.
The decoration under pH = 7 and 10.5 led to CIS aggregates with ag-
gregation induced emission property and CIS under pH = 12.5 was
relatively more uniformly dispersed with quenched emission while
keeping the polydispersity. To further verify photocatalytic reducing
power ability of selected ZIS/CIS samples, photocatalytic methyl viol-
ogen (MV?") reduction to radical (MV™*) was carried out ( Fig. 7) to
investigate the difference in reducing power ability (E (MVZ"/MV**)
= —0.44 V vs. NHE, pH 7) [53,54]. After 9 min the irradiation under
» = 420 nm, a change in color from yellow to dark blue as an indication
of MV** generation [55-57] was observed from all samples proving that
all samples’ photogenerated electrons are sufficient for MV~ reduction
[58]. Moreover, UV-vis absorption spectra of all samples displayed a
characteristic peak at 605 nm corresponding to MV** [59]. The highest
radical generation was observed from ZIS/CIS-10.5 that similar result as
in PHE activity. However, ZIS/CIS-7 produced higher MV ™* than that of
ZIS/CIS-12.5 that is incompatible with the trend as in PHE result. This
could be related with the adsorption of MV>" which is more favorable on
S-terminated surfaces with electron rich sulfur ions due to the positively
charged nitrogens on MV?* with poor electron [60]. Consequently, the
uniform coating like coupling of MUA capped CIS over ZIS surface in
Z18/CIS8-12.5 could block sulfur rich S-terminated surface in ZIS mi-
crospheres resulting in the poorest adsorption of MVZ* in comparison
with ZIS/CIS-7 and ZIS/CIS-10.5. Therefore, it would be sensible to
make comparison between only ZIS/CIS-7 and ZIS/CIS-10.5 in which
Z15/CIS-10.5 has higher reducing power ability than that of ZIS/CIS-7.

Optimization of the amount of Pt over photocatalytic systems is
required to achieve the highest PHE rate [61,62]. However, the type of
Pt species formed during in-situ deposition are very crucial as well as the
amount and the formation of the Pt species [63]. Besides, the content of
Pt species in ZIS/CIS can give an insight about PHE performances of
selected samples. To confirm this supposition, firstly the percentage of
weight loading of Pt in collected three selected samples after PHE tests
were confirmed by ICP-OES technique (Table 1). Then the XPS tech-
nique was used to analyze the chemical composition of the selected
samples (Table 1 and Table S1).

Indeed, the recorded Pt 4 f and O 1 s HR spectra confirm the presence
of Pt-(OH),, Pt-Ox and Pt-Sx species [26,64] over ZIS/CIS-7/Pt,
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Fig. 6. a) Amount of evolved hydrogen with Pt deposition and b) hydrogen evolution rate by ZIS and ZIS/CIS samples with and without in-situ Pt deposition (7, 9.5,
10.5, 11.5, 12.5 and 12.9 represent ZIS/CIS-7, ZIS/CIS-9.5, Z1S/CIS-10.5, ZIS/CIS-11.5, ZIS/CIS-12.5 and ZIS/CIS-12.9, respectively) ¢) Recycling performance of

three selected samples ZIS/CIS-7, ZIS/CIS-10.5 and ZIS/CIS-12.5.
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Fig. 7. Normalized UV-vis spectra originated from photoreduction of methyl viologen (MV2 +) over a 3 ml mixture composed of a) ZIS/CIS- 7, b) Z1S/CIS-10.5 and
¢) ZIS/CIS-12.5 samples (0.5 mg/ml), methyl viologen dichloride, [MV2{] = 1.8 mM and sacrifacial reagent Na2S/Na2503 (0.35 M/0.25 M). Prior to the mono-
chromatic light irradiation % = 420 nm, the mixture was purged with N2 gas with 4 dm3/h flow rate for 4 min to remove the O2 from the system to prevent the
reoxidation of MV te. Inset image shows the color change of mixture from yellow to dark blue as an indication of MV te,

Table 1
ICP-OES, XPS analysis of ZIS/CIS-7/Pt, 10.5/Pt and 12.5/Pt samples and their
PHE rate.

Sample 1CP-OES XPS PHE rate
(umol g '
- hh
Cu Pt(wt  Pt-CO,Pt- Pt- Pt
(weh) %) CxHy (%) OH, content
Pt- (at %)
Ox,
Pt-8x
(%)
ZIS/CIS-7/  0.36 0.36 30.40 69.60 0.21 1180.46
Pt
ZIS/CIS- 0.39 0.20 27.14 72.86 0.26 1753.79
10.5/Pt
ZIS/CIS- 0.39 0.25 30.72 69.28 0.18 1670.16
12.5/Pt

ZIS/CIS-10.5/Pt and ZIS/CIS-12.5/Pt samples (Fig. 8) and highly likely
originated from Pt(OH); that will be explained later. Moreover, the
highest content of those Pt species was identified for the ZIS/CIS-10.5/Pt
sample (Table 1) that is around more than 3 % higher than that of
ZIS/CIS-7/Pt and ZIS/CIS-12.5/Pt samples. Similar minor difference in
oxidative species was also reported elsewhere where 2 % higher
oxidative species resulted in significantly higher electrocatalytic
hydrogen evolution performance in alkaline media [65].

It is known that, highly alkaline aqueous solution in PHE solution can
be formed (pH = 13) because of the formation of bisulfide ion HS" and
HSOj3 from Na»S/NaySO3 through the hydrolysis [66] (Eqs. (1) and (2)):

S + H,0—HS + OH €8]

SO; + H,0 — HSO; + OH™ (2

Therefore, displacement of Cl" from PtCl3” by OH’ takes place resulted
in Pt(OH)3 by the adsorption of PtCl5 on OH on ZIS/CIS surface leading
the formation of Pt(OH); taking place before the light irradiation during
the nitrogen purging (Eq. (3)):

PICLE™ + 20H —Pt(OH), + 4CI @)

As acidic conditions are suitable for the formation of Pt-Sx, the for-
mation of Pt-Sx species are unlikely under high pH of PHE solution (pH
=13) [67]. On the other hand, Pt-CiHx and Pt-CO species might reveal
the simultaneous formation of metallic Pt° on Z1S/CIS surface during the
visible light irradiation induced PHE [68] (Eqs. (4) and (5)).

ZIS/CIS + hv—e'cp + h™un (4)

Pe* 4 2¢” —pt" (5)

However, it is worth to note that the proximity in binding energies
(BE) of Pt® and Pt with the Cu, CO and CxHx chemical environment
make difficult to predict the exact oxidation state whether is zero or
close the zero.

Supposedly, PHE evolution over ZIS/CIS sample were initiated by Pt
(OH)2 species, and taking into consideration that the formation of Pt
(OH)z occurs before the light irradiation as above-mentioned, PiClE
complex ion interaction with ZIS/CIS surface before the light irradiation
should be pointed out. For that purpose, {-potentials of the selected
samples was investigated in the PHE solution. Expectedly, the surfaces of
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Fig. 8. XPS High resolution Pt 4f and O 1s XPS spectra recorded on ZIS/CIS-7/Pt, ZIS/CIS-10.5/Pt and ZIS/CIS-12.5/Pt photocatalytic systems after PHE tests.

Deconvoluted peaks of Pt species are overlapped by Cu 3p and In 4p signals.

ZIS/CIS-7, 10.5 and 12.5 were negatively charged with a {-potential of
—18.3 £ 0.60, 15.56 +0.58 and — 14.46 +0.43 mV, respectively
(Fig. S8). {-potential of the samples decreases as their decoration me-
dium pH increase. Comparing with ZIS/CIS-7, Pt*" cations from PtClF
complex ion can be adsorbed relatively harder over ZIS/CIS-10.5 surface
than that of ZIS/CIS-7 by electrostatic interactions. Yet, the difference in
{-potential is little, thereby it might have no decisive role in the differ-
ence between PHE performances.

Consequently, the overall mechanism from before light irradiation to
PHE process can be proposed as follows (Fig. 9); (1) hydrolysis of NaS/
NayS0O; sacrifacial reagent results in formation of OH™ (2) which is

adsorbed by the ZIS/CIS surface and displace the chloride ligands in
PtCI3 complex ion. Upon the visible light irradiation, (3) photo-
generated electrons and holes over ZIS/CIS transferring across p-n
junction mechanism similar to the reports elsewhere [23,26] in accor-
dance to the conduction (CB) and valance band (VB) alignment in ZIS
(CBzis = —0.99 eV, VBzs = 1.5 eV) and CIS (CBgs = —1.27 eV, VBgs =
0.6 eV) [26] leading to (4) three different simultaneous reaction
including reduction of Pt(Il) to Pt(0), PHE hydrogen evolution over Pt
(OH); and simultaneously formed metallic Pt, and oxidation of sacrifa-
cial reagent by photogenerated holes. In addition, it is worth clarifying
the effect of the morphology of CIS in ZIS/CIS photocatalytic systems on

DARK

Step 1
§+ H,0 — HS + OH~

Step 2

S0 + H,0 — HSO; + OH~

PtCl2 + 20H- —P{OH), +4CI-

= Pt¥*+2e— Pt

2H'+te" — H,
§* + SO,*+h* — oxidation products

HY/H,0V

0,/H,0 123V

Fig. 9. Overall PHE mechanism before and after the light irradiation illustrated step-by-step.
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PHE performance. Based on UV-vis spectra (Fig. 4), the significantly
improved light harvesting property in ZIS/CIS-12.5 might be responsible
for the sudden increased trend in PHE performance in ZIS/CIS-12.5/Pt
(Fig. 6b), However, as PL spectra is a useful tool to explore the charge
separation of the photogenerated electron-hole carriers [69-71], the
lower recombination was observed in ZIS/CIS-10.5 compared to
ZIS/CIS-12.5 (Fig. 4). That can be interpreted in terms of the presence of
CIS in a form of single quantum size in core-shell like ZIS/CIS-12.5
photocatalytic system [72]. At this amount (5 wt%) of CIS in this pho-
tocatalytic system might act as a recombination center that inhibits the
electron transfer reducing the PHE performance. On the other hand, it
was not the case for ZIS/CIS-10.5 in which core-shell structure was not
obtained and the contact between ZIS and CIS was poorer. Thus, lower
recombination of charge carriers was observed in ZIS/CIS-10.5 There-
fore, although the light harvesting property is lower in ZIS/CIS-10.5
than that of ZIS/CIS-12.5, the recombination is higher in
ZIS/CIS-12.5. As a result, taken together with the Pt species factor and
the optimum balance between light harvesting and charge recombina-
tion property, the most suitable condition for PHE was achieved in
ZIS/CIS-10.5/Pt among other prepared ZIS/CIS photocatalytic systems.

4. Conclusion

The controlled aggregation of the photoluminescent CIS QDs over
hydrothermally obtained ZIS surface in aqueous media was initiated by
the mercaptocarboxylic acid capping ligand by adjusting the alkalinity
level of aqueous decoration medium. Despite the same amount of CIS
decoration (5 wt%) and in-situ Pt deposition (0.5 wt%) in prepared ZIS/
CIS photocatalytic samples, their photocatalytic hydrogen evolution
performances after 3 h of visible light irradiation (A > 420 nm) differed
significantly. Optimum aggregation control for the highest amount of
hydrogen evolution rate from ZIS/CIS-10.5/Pt was higher than that of
ZIS/CIS-7/Pt and ZIS/CIS-12.5/Pt where GIS formed uniform surface
topology over ZIS surface. Those results remark the importance of the
surface chemical states of most popular cocatalyst Pt noble metal which
was supported by the XPS analysis revealing that ZIS/CIS-10.5 exhibited
the highest content of Pt-Ox and Pt-(OH), species in comparison with
ZIS/CIS-7 and ZIS/CIS-12.5. Moreover, a similar trend was also
confirmed by the monochromatic light irradiation (k= 420 nm)
induced methyl viologen (MV?") photoreduction to radical (MV™*) over
samples in NayS/NapS03; (0.35 M/0.25 M) aqueous solution confirming
that ZIS/CIS-10.5 reduced highest amount of MV2* to MV"* implying
the reducing power is the highest in ZIS/CIS-10.5.

This work indicates the importance of the surface chemistry and the
topology in photocatalytic system’s hydrogen evolution performances
that requires Pt cocatalyst that is essential for the sustainable hydrogen
economy.
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Fig. S2 SEM image of ZnIn2S4 (ZIS)
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Fig. S3 Distinguishable color change of prepared ZIS/CIS-7, ZIS/CIS-10.5 and ZIS/C1S-12.5 samples from left to
right
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Table S1 The clements content at the surface layer of bare ZnIn2S4 (ZIS) and ZIS composites decorated by CulnSz (CIS) after

Elements’ content (at. %)

Sample label Zn Cu In S C Pt 0 C/(Zn+In+S) O/Pt
z1s 6.11 0 14.65 3257 4579 0 0.88 0.86 0
ZIS/CIS-7/Pt 842 051 1244 3301 4238 0.21 3.03 0.79 14.4
ZIS/ICIS-105/Pt - 950  0.55 13.70 3643  31.63 0.26 7.94 0.53 305
ZIS/ICIS-12.5/Pt . 858 040 1243  31.57 4439 0.18 2.46 0.84 13.7
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Fig. S2 SEM image of ZnIn2S4 (ZIS)
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Fig. S3 Distinguishable color change of prepared ZIS/CIS-7, ZIS/CIS-10.5 and ZIS/C1S-12.5 samples from left to
right
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Fig. S6 Amount of evolved hydrogen with Pt deposition from ZIS and CIS treated under pH 10.5. Dashed line

represents the data from ZIS/Pt without any treatment as a comparison

127

7 7007 s ZIS/Pttreated at pH = 10.5 .
3 600 o CIS/Pt treated at pH = 10.5 /o
g€ %001 L.o. zis/Pt
= 1 /r
< 500 - Va
(] 7’
2 /
S 400
[}
S 300
g ,.g?:'/
o e
3 200- /
2 100 P
§ t [N —— _o’/'//
E 0 ==
<
0 1 2 3
Time (h)



'-'E, 7000+ —=— ZIS/CIS-7/Pt

. ]

5 | —v— ZIS/C18-10.5/Pt

360007 . Zisicis-12.5/Pt ) 1
E 5000 -

2 |

2 4000 - 1

: ‘ 1

[1]

& 3000 ) )
_E o

Z 2000 -

z _ 1

£ 1000 /

= B

Q

E 04

< . T : ’

0 1 - :
Time (h)

Fig. $7 Repetition experiments for evolved hydrogen with Pt deposition from selected
three samples ZIS/CIS-7/Pt, ZIS/CIS-10.5/Pt and ZIS/CIS-12.5/Pt

128



0.35M/0.25M Na,$/Na,S0,
144 bH=13 %
S
£
= .16
S
t
3
[=]
Q.
~ 18-
-20

ZIS/CIS-7 ZIS/CIS-10.5 ZIS/CIS-12.5

Fig. S8 ¢ potential of the selected ZIS/CIS-7, 10.5 and 12.5 samples in photocatalytic hydrogen evolution solution

129



Table S1 The clements content at the surface layer of bare ZnIn2S4 (ZIS) and ZIS composites decorated by CulnSz (CIS) after

Elements’ content (at. %)

Sample label Zn Cu In S C Pt 0 C/(Zn+In+S) O/Pt
z1s 6.11 0 14.65 3257 4579 0 0.88 0.86 0
ZIS/CIS-7/Pt 842 051 1244 3301 4238 0.21 3.03 0.79 14.4
ZIS/ICIS-105/Pt - 950  0.55 13.70 3643  31.63 0.26 7.94 0.53 305
ZIS/ICIS-12.5/Pt . 858 040 1243  31.57 4439 0.18 2.46 0.84 13.7

130



P3. Photocatalytic hydrogen evolution from glycerol-water mixture under
visible light over zinc indium sulfide (ZnlIn2Ss) nanosheets grown on

bismuth oxychloride (BiOCI) microplates

131



Journal of Colloid and Interface Science 640 (2023) 578-587

Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

journal homepage: www.elsevier.com/locate/jcis

Photocatalytic hydrogen evolution from glycerol-water mixture under )
visible light over zinc indium sulfide (ZnIn,S,) nanosheets grown on | Sy
bismuth oxychloride (BiOCl) microplates

Onur Cavdar**, Mateusz Baluk *, Anna Malankowska®, Andrzej Zak °, Wojciech Lisowski©,
Tomasz Klimczuk ®¢, Adriana Zaleska-Medynska *

2 Department of Environmental Technology, Faculty of Chemistry, University of Gdansk, Gdansk, Poland

® Electron Microscopy Labaratory, Faculty of Mechanical Engineering, Wroclaw University of Science and Technology, Gdansk, Poland
< Institute of Physical Chemistry, Polish Academy of Science, Warsaw, Poland

d Faculty of Applied Physics and Mathematics, Gdansk University of Technology, Narutowicza, Gdansk, Poland

© Advanced Materials Center, Gdansk University of Technology, Narutowicza, Gdansk, Poland

GRAPHICAL ABSTRACT
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T #7774 oxidation

BiOCI@ZnIn,S;  ciyeeral products

ARTICLE INFO ABSTRACT

Article history: Znin,S4 (ZIS) is one of the widely studied photocatalyst for photocatalytic hydrogen evolution applications
Received 3 November 2022 due toits prominent visible light response and strong reduction ability. However, its photocatalytic glycerol
Revised 26 January 2023 reforming performance for hydrogen evolution has never been reported. Herein, the visible light driven
Accepted 25 February 2023 BiOCI@ZnIn,S4 (BiOCI@ZIS) composite was synthesized by growth of ZIS nanosheets on a template-like
Available online 2 March 2023 . . . . . .

hydrothermally pre-prepared wide-band-gap BiOCl microplates using simple oil-bath method to be used
for the first time for photocatalytic glycerol reforming for photocatalytic hydrogen evolution (PHE) under
visible light irradiation (% > 420 nm). The optimum amount of BiOCl microplates in the composite was found
4 wit% (4% BiOCI@ZIS) in the presence of in-situ 1 wt#% Pt deposition. Then, the in-situ Pt photodeposition
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Photocatalysis
Photocatalytic hydrogen evolution

Photocatalytic glycerol reforming
Z-scheme

ZnIn254

BiOCl

optimization studies over 4% BiOCI@ZIS composite showed the highest PHE rate of 674 umol g"'h ™! with
the ultra-low platinum amount (0.0625 wt%). The possible mechanisms behind this improvement can be
ascribed to the formation of Bi,S; low-band-gap semiconductor during BiOCI@ZIS composite synthesis
resulting in Z-scheme charge transfer mechanism between ZIS and Bi,S; upon visible light irradiation.
This work expresses not only the photocatalytic glycerol reforming over ZIS photocatalyst but also a solid
proof of the contribution of wide-band-gap BiOCl photocatalysts to enhancement of ZIS PHE performance
under visible light.

© 2023 Elsevier Inc. All rights reserved.
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1. Introduction

Glycerol is the major byproduct of biodiesel production, and
its utilization methods for hydrogen production have been
widely investigated topic [1-3]. The most common methods for
overall glycerol reforming, such as steam reforming, autothermal
reforming, supercritical water reforming, partial oxidation
reforming, liquid phase reforming and gasification require tem-
perature in the range of 300-900 C [1]. On the other hand, pho-
tocatalytic glycerol reforming enables the glycerol reforming
process under ambient conditions thus relatively lower energy
input is expected for photocaralytic hydrogen evolution (PHE)
[4]. For this purpose, TiO;, as one of the most studied semicon-
ductors in PHE applications [5], was studied by many groups for
glycerol photoreforming [6-10]. Despite its thermodynamically
suitable band alignment for PHE, the implementation of PHE
from glycerol using TiO; is challenging under visible light spec-
trum due to its large band gap. Photogenerated charge carriers
over TiO; can be produced only via UV irradiation with wave-
lengths shorter than 400 nm that makes 3-5% of solar light har-
vestable to proceed chemical reactions [11,12]. Accordingly,
visible light harvesting photocatalysts design is crucial step
towards sustainable PHE from glycerol reforming. To achieve this
goal, various approaches have been explored from modification
of TiO3 such as non-metal doping [13,14] and noble metal dop-
ing [15] or loading [9,16-19] to design of other metal oxide pho-
tocatalysts beyond TiO, including Bi;WOgs [20,21], Fe;05 [22],
Zn0O 23], WO;3 [24]. Another remarkable alternative to metal
oxides is metal sulfide photocatalysts as their more responsive
nature to visible light and relatively higher conduction band
position [25,26]. However, reports on photocatalytic glycerol
reforming for hydrogen production from metal sulfide based
photocatalysts are very limited. ZnO@ZnS-Bi,S; core-shell
nanorod grown on reduced graphene oxide [27], Cd-doped
Sn0,/CdS heterostructures [28], ZnO/ZnS heterostructured nanor-
ods [29], hexagonal CdS [30], ZnO-ZnS/graphene photocatalysts
[31] and hybrid Pt-CdS-TiO; [32] have been reported so far.
Interestingly, IIB-IIIA-VIA sulfide semiconductor, ZIS has been
never reported for glycerol reforming despite its nontoxicity,
easy preparation method, uncomplicated modification and cou-
pling methods with other semiconductors to develop better pho-
tocatalytic systems [33-36]. To the best of our knowledge, only
glucose photoreforming from ZIS was investigated for PHE by
Liu et al. [37].

Recently, using 2D layered wide-band-gap photocatalyst
BiOCl as a template for ZIS growth has gained attention to
develop novel heterostructure for N fixation [38], Cr(VI)reduc-
tion [39], rhodamine B [40] and antibiotics degradation such as
tetracycline, ciprofloxacin and oxytetracycline [41]. Hence, the
aim of this work was to study ZIS growth on BiOCI microplates
surface creating visible light driven BiOCI@ZIS composite seeking
to overcome obstacle of recombination in single ZIS to improve
its photocatalytic performance [38] for PHE from glycerol-water
mixture under visible light (3 > 420 nm) for the first time. The
amount of BiOCl microplates in BiOCI@ZIS composite was opti-
mized for the best PHE performance in the presence of 1 wt%
Pt deposition. Over the optimized BiOCI@ZIS composite, the
effect of the type of Pt precursor (Pt and Pt*™) and then the
amount of the Pt deposition on PHE have been assessed. Our
results can be an important contribution for designing of effi-
cient photocatalysts based on BiOCI@ZIS for the green energy
production using visible light irradiation.
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2. Experimental
2.1. Materials

Indium (III) acetate (In(Ac)s, 99.99%) (Acros Organics), thioac-
etamide (99.99%) (Chemat), bismuth nitrate pentahydrate (Bi
(NO3)3 5H,0, 99.99%) (STANLAB), zinc chloride (ZnCl,, 98% ) (EURO-
CHEM BGD), potassium chloride (KCl, 99.5%) (STANLAB), potas-
sium tetrachloroplatinate (II) (KPtCl, 99.9%) (Alfa Aesar),
hydrogen hexachloroplatinate (IV) hexahydrate (H;PtCls-6H,0
99,99%) (Sigma-Aldrich), methyl viologen dichloride hydrate
(98%) (Sigma-Aldrich), glycerol (99.5%) (STANLAB). All chemicals
were used without any further purification.

2.2. Preparation of BiOCl microplates

2 mmol KCl and 2 mmol Bi(NOs); 5H,0 were mixed in 30 ml
water for 1 h. Later, mixture was transferred to the autoclave with
50 ml volume and treated for 24 h at 160 C [42]. The product was
cleaned with water and isopropanol using a centrifugation and
dried at 60 C for 24 h.

2.3. Preparation of BiOCI@ZIS composite

Different amounts of pre-prepared BiOCl (12.5, 25 and 50 mg)
were dispersed in 60 ml DI water with pH 2.5 (adjusted with
0.1 M H250.4) and sonicated about 5 min. Later, a certain amount
of ZIS precursors, 272 mg of ZnCl,, 602 mg of In(Ac); and 300 mg
of thioacetamide were dissolved in BiOCI dispersion. After 5 min
sonication, the mixture was transferred to a 100 ml three-necked
round-bottom flask with a condenser placed in an oil bath and
treated at 80 C for 2 h under magnetic stirring [43]. The products
were cleaned with water and isopropanol using a centrifugation
and dried at 60T for 24 h. The amount of BiOCl added were equiv-
alent to theoretical mass ratio of BiOCl 2%, 4% and 8% in BiOCI@ZIS
composites which were abbreviated 2% BiOCI@ZIS, 4% BiOCI@ZIS,
8% BiOCI@ZIS, respectively. Pristine ZIS was prepared as mentioned
above without the addition of BiOCI. The schematic representation
of the synthesis route can be seen in Fig. 1.

2.4. Characterization
The crystalline structure was determined with X-ray diffraction

(XRD) technique. Powder X-ray diffraction experiments were con-
ducted at 20 °C on powdered samples with a Bruker D8

BiOCI microplate synthesis
2 mmol Bi(NO,);,5H,0

Hydrathermal
treatment

2 mmol KCI

nanosheets grown on
\ BiOCl microplates

ZIS precursors

Fig. 1. Schematic representation of the synthesis route for BIOCI@ZIS composite.
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Focus diffractometer with Cu Ko (% = 1.54 A) radiation and a Lyn-
xEye XE-T detector. Data were collected from 5° to 70° 260 over a
scan time of 30 min. LeBail refinement of the pXRD pattern was
performed to determine the crystal structure type of the tested
samples, using HighScore Plus ver. 3.0e software. The chemical
composition of samples surface areas was analyzed by X-ray pho-
toelectron spectroscopy (XPS) using a PHI 5000 VersaProbeTM
spectrometer (ULVAC-PHI, Chigasaki, Japan) with monochromatic
Al Ko irradiation (hv = 1486.6 eV). 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. The binding
energy (BE) scale was referenced to the C 1s peak with
BE = 284.8 eV. The morphology was observed using scanning elec-
tron microscope (SEM, JEOL [SM-7610F) and transmission electron
microscope (TEM, Hitachi H-800 microscope, Hitachi High-
Technologies) operating at 150 kV. The UV-vis spectra of samples
were recorded using UV-vis spectrophotometer (Evolution 220,
Thermo Scientific).

2.5. Photocatalytic hydrogen evolution tests

15 mg photocatalyst was dispersed in 10 ml 5% (v/v) glycerol:
water mixture and sonicated for 3 min and all the mixture was trans-
ferred to a quartz made tube reactor with 12.5 ml volume and
1.5 mm thickness. Then a Pt precursor solution (K>PtCl, or HoPtClg)
with calculated amounts dripped to the PHE mixture. After the reac-
tor was sealed with a plastic septum, N, purging with 4 dm?/h flow
rate was applied to the mixture in the reactor for 10 minin the dark.
Finally, the mixture was irradiated by 1000 W Xenon lamp external
light source (Quantum Design, LSH 602) equipped with a cut-off fil-
ter GG420 (Optel, & > 420 nm). The temperature of the PHE reaction
medium during all experiments was around 40 C (the laboratory
temperature was kept always around 17-18 C). The amount of
hydrogen gas was monitored by adding 200 pl of gas sample col-
lected from the headspace of the photoreactor within every using
an air-tight syringe (Hamilton) to the gas chromatograph (Thermo
Scientific TRACE 1300-GC, N; carrier). No hydrogen was evalved in
the absence of photocatalyst under the same condition. The recy-
cling performance tests were carried out under the same experi-
mental conditions. The sample was collected using centrifugation
and washed with deionized water and isopropanol. After drying
the sample at 60 C, a fresh glycerol-water mixture was added to
the centrifuge tube containing the sample and the PHE mixture with
the sample was transferred to the reactor for the next cycle. Qualita-
tive analysis of the liquid phase was conducted using GC-MS (Schi-
madzu, GCMS-QP2010 SE). The column (Schimadzu, 30 m, 0.25 mm
ID, 0.5 pm df) is connected to the ionization source, For this purpose,
the derivatization [44]| was made as follows: 2.5 ml liquid phase was
mixed with 3.5 g NaHSO,4 and 0.5 ml anhydrous ethanol and trans-
ferred to the vial for the autosampling (Schimadzu, AOC-6000). After
30 min incubation at 80C, headspace was sampled and injected into
GC-MS system.

3. Results and discussion

SEM images of BiOCl, ZIS and 4% BiOCI@ZIS demonstrating the
morphology of the sample can be seen in Fig. 2. BiOCl microplates’
diameter was estimated around 1-5 pum (Fig. S1) and the thickness
of 100 nm (Fig. 2a) while the pristine ZIS suffered from the aggre-
gation but the nanosheet formation is observable (Fig. 2b). Appar-
ently, BiOCI@ZIS composite synthesis was accomplished as the ZIS
nanosheets grown on BiOCl is clear from Fig. 2c which was also
confirmed by TEM images of the 4%BiOCI@ZIS composite
(Fig. 2e). ZIS nanosheets formed overwhelmingly on BiOCl are vis-
ible with additional formation of clusters over the composite
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located on BiOCl in the 4%BiOCI@ZIS composite (Fig. 2f and 2g)
suggesting the Bi;S; formation during the composite synthesis
which was detected by XPS analysis that will be discussed further.

Crystal structure of the samples were analyzed using XRD tech-
nique (Fig. 3). Diffraction peaks of the ZIS can be indexed to hexago-
nalZIS structure (PDF No.01-089-3962)[ 45,46 ] represented by pink
bars while BiOCl microplates exhibited tetragonal structure with
high crystallinity (PDF No. 00-006-0249) [42]. All obtained compos-
ites exhibited the diffraction patterns originated from the ZIS and
BiOCl confirming that BiOCl structure was unchanged during the
ZIS growth.

The chemical composition of samples surface region was investi-
gated by XPS. The high-resolution (HR) XPS spectra recorded on ZIS,
BiOCl and 4% BiOCI@ZIS identified all elements originated from
these composites (Fig. 4). The Zn 2ps,, In 3ds;2, S 2ps;z and S 2s peaks
(BE 0f 1021.9, 445.2, 161.8 and 226.1 eV, respectively,) confirm the
oxidation states of Zn®*, In** and S*" in ZIS heterostructures
[47,48], The Bi4f spectrum of BiOCl consists of two states, Bi(+3)
and Bi(+3-x), representing by Bi 4f, signals at 159.5 and 157,6 eV,
respectively [47,49], whereas the Bi 4f spectra recorded on BiOCl@-
ZIS samples show the main Bi 4f;;, signals shifted to lower BE
(158.0-158.9 eV) what can indicate the Bi-S bond formation due
to BiOCl interaction with ZIS material [50] indicating the existence
of Bi;S3. The O 1s spectrum of the pristine BiOCl is characterized
by the main oxygen peak at 530.3 eV [47,49] whereas the O 1s spec-
tra recorded on all BiOCI@ZIS samples exhibit the main signal
located at 531.6 + 0.2 eV, which indicates formation of -OH groups
[47,51]. The Pt 4f spectra recorded on both 4%BiOCI@ZIS[0.0625 wt
% Pt samples, used for PHE test, are averlapped with the In 4p signals.
However, after deconvolution, the Pt 4f;, signal at 71.1 eV was well
identified. This peak can be assigned to metallic Pt° surface species,
but similar BE were also reported for Pt-CxHy and PtOx bonds [47].
The Pt 4f spectrum recorded on the sample after 16 h of PHE test (4%
BiOCI@ZI5/0.0625 wt% Pt_16h), exhibits in addition the small Pt 4f7;;
signal at 75.2 eV, which can be assigned to PtO, surface species [47].
Itis important to note that the oxygen contents in the surface layer of
4%BiOCI@ZIS samples is close to that, detected for pre-prepared ZIS
composite (Table S1) and becomes only slightly lower for samples
after 4 and 16 h photocatalytic test (see the atomic ratios In/O in
Table S1). Moreover, the atomic ratio In/Zn = 5.86 for pre-prepared
ZIS is much higher than corresponding stoichiometric ratio of ZIS
(InfZn = 2) and increase for all 4%BiOCI@ZIS samples (In/Zn = 6.85-
16.28, Table S.1). That indicates segregation of [n and formation of
InOy or In(OH), surface species. The presence of the last species is
well supported by the O 1s spectra (Fig. 4).

DRS patterns of the samples indicating the BiOCl sample has
absorption edge around 375 nm thus cannot be activated by visible
light irradiation while 550 nm edge can be seen from ZIS (Fig. 5).
Clearly all the composites’ absorption edge shifted slightly to UV
region (i.e. blueshift), showing that even the small amount of BiOCl
content in the composites affected the optical property. This could
be related the wide-band-gap nature of BiOCl prompting the blues
shifted spectra which s similar to the previously reported ZIS/BiOCl
photocatalytic system by Zou et al. [40]. Moreover, an elevation
around 550 nm in the DRS line of 4%BiOCI@ZIS and 8% BiOCI@ZIS
was observed that can be attributed to the formation of narrow
bandgap Bi,S; semiconductor during the synthesis of the composite
as was confirmed previously by XPS. This elevation was the highest
in 8%BiOCI@ZIS in comparison to the 2%BiOCI@ZIS and 4%BiOCI@ZIS
composites where the highest amount of BiOCl exists among all
BiOCI@ZIS composites forming more Bi,S; content in the composite.

PHE performances of the composites under visible light
(% > 420 nm) have been assessed in the presence of 1 wt% Pt depo-
sition (precursor: K»PtCly) to find the best performing composite
(Fig. 6a). 4%BiOCI@ZIS/1 wt% Pt exhibited the best
(19922 pmol g ') among the all composites while 2%
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Fig. 2. SEM images of a) BiOCl microplates, b) ZIS nanosheets and c) 4% BiOCI@ZIS composite (inset: the schematic representation of BiOCl, ZIS and BiOCI@ZIS composite,
respectively) and (e-g) TEM images of 4%BiOCI@ZIS. Red and yellow dashed lines microplates in ¢) and e-g) show BiOCl microplates and some of ZIS nanosheets in 4%
BiOCI@ZIS composite, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

BiOCI@ZIS/1 wt% Pt and 8%BiOCI@ZIS/1 wt% Pt produced
1469.9 pmol g ! and 1179.6 pumol g !, respectively. However,
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Fig. 3. XRD patterns of ZIS, BiOCl and BiOCI@ZIS composites in the range of 10-70.
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the amount of hydrogen evolved from the ZIS/1 wt% Pt was close
(1945.4 pmol g ') to 4%BiOCI@ZIS/1 wt% Pt indicating that no con-
siderable synergetic effect was achieved from this composite. The
composites’ PHE performances without any Pt deposition were
compared as well and very close PHE performance was obtained
from ZIS (260 pmol g~') and 4%BiOCI@ZIS (165 pmol g~') compos-
ites (Fig. S3). Nevertheless, the Pt amount was investigated from
the 0.0625 wt% to 3 wt% over 4%BiOCI@ZIS composite (Fig. 6b).
There was no notable change in PHE performance within the Pt
amount, in the range from 0.5 wt% (2013.4 pmol g') to 2 wt%
(2046.6 pmol g~') over the composite while drastic decrease can
be seen in 4%BiOCI@ZIS/3 wt% Pt (696.4 pmol g~'). Interestingly,
lower Pt amount range, 0.0625 wt%, 0.125 wt% and 0.25 wt%,
resulted in significant increase in the performance producing
2696.8 pumol g~!, 2502.5 pmol g~! and 2548.2 pmol g 'hydrogen
under visible light (. > 420 nm), respectively. Yet again, whether
the same effect of synergetic effect was achievable in the presence
of the same amount of 0.0625 wt% Pt, PHE performance test of
Z1S/0.0625 wt% Pt sample was evaluated (Fig. S2). Based on that,
around 1.75-fold enhancement was observed from 4%BiOCI@ZIS
0.0625 wt% confirming the synergetic effect originating from the
presence of BiOCl as a template for the ZIS growth. As a result,
the best PHE rate was achieved with 4%BiOCI@ZIS/0.0625 wt% Pt
sample around 674 umol g'h~' then followed by around 1.3-
fold drop as the lower in-situ deposited Pt amount from 0.5 wt%
(503 pmol g'h''), 1 wt% (498 pmol g'h ') and 2 wt%
(511 pmol g'h™') and finally ending up with a sharp drop in
3 wt% (174 pmol g'h~'). Meanwhile, the highest PHE rate from
in-situ deposited ZIS sample was detected from ZIS/0.25 wt% Pt
(513 umol g'h™') and 0.0625 wt% Pt in-situ deposition was poor
for the pristine ZIS as PHE rate was around 384 pmol g'h'
(Fig. 6¢) under visible light irradiation. Lastly, as shown in
Fig. 6e, the mean evolved hydrogen from the produced ZIS and
4%BiOCI@ZIS composites exhibited small standard errors under
the same testing conditions, proving the good reproducibility.
Based on the above results, the performance of the 4%
BiOCI@ZIS/0.0625 wt% Pt sample (674 pmol g 'h~') was remark-
able comparing to the other reported metal-sulfide based photo-
catalytic systems in the literature for the photocatalytic glycerol
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Fig. 4. XPS spectra of ZIS, BiOCl, 4% BiOCI@ZIS, 4% BiOCI@ZIS_4h and 4% BiOCI@ZIS_16h.

reforming for PHE especially taking into consideration the visible
light induced (% > 420 nm) PHE (Table S2). This PHE performance
might look poor and needs to be improved considering the note-
worthy report by Wang et al. on noble metal free CdS-Ni photocat-
alytic system where PHE rate of 74600 pmol g'h~! was achieved
under visible light (. > 400 nm) [52]. Also, it is worth to mention
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that the amount of the glycerol percentages reported in the litera-
ture significantly vary from low (5% (v/v)) [27,29,53] to very high
(90% (v/v)) [54]. In the view of this factor, our reported composite
in this study exhibited the highest when it is compared to the 5%
(v/v) glycerol concentration.
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The stability tests of the best performing composite, 4% BiOCl@-
ZIS in the presence of the optimum amount of 0.0625 wt% Pt in-
situ deposition under visible light (A > 420 nm) was given in
Fig. 6d. During 8 h continuous PHE test, two distinguishable slopes
can be seen in the first cycle as a quick PHE kinetic was noticeable
in the first 4 h later decelerating and almost stable at the end of 8 h.
In the 2nd cycle, the rate dropped vastly around 4-fold
(677 pmol g~') and around same amount of hydrogen as in the
2nd cycle was evolved at the end of the 3rd cycle suggesting that
4%BiOCI@ZIS composite was not quite stable for photocatalytic
glycerol reforming for hydrogen production as it is well accepted
that metal sulfide photocatalysts suffer from photocorrosion effect
[55]. However, to explore the reason behind the instability more,
XPS, XRD and TEM analysis of 4% BiOCI@ZIS| 0.0625 wt% Pt were
performed. Although no significant change was observed in mor-
phology and the crystal structure of the sample after 16 h of PHE
test (Fig. S4) two emerging peaks were attributed to Bi 4f;; and
Bi 4f;; in the XPS spectra of 4% BiOCI@ZIS/ 0.0625 wt% Pt sample
after 16 h PHE test (4% BiOCI@ZIS/ 0.0625 wt% Pt_16h) (Fig. 4)
which corresponds to Bi‘*** imply the photoreduction of BiOCl
[27]. However, this photoreduction should be induced by not the
self-reduction of BiOCl but the photoexcited electrons over ZIS
transferred to BiOCl as BiOCl is a wide-band-gap semiconductor.
This has been proven by also the predicted band alignment of
the two components of the composite. The photoreduction of BiOCl
was thermodynamically suitable that was induced by the photoex-
cited electrons from the conduction band of ZIS to BiOCl as the con-
duction band level is located higher level than that of BiOC| (this
will be discussed in detail further). Also, the acidification during
the photocatalytic reaction from pH = 7 to 5 proving the interme-
diate formation during the photoreforming process that can be
another factor influencing the stability of the photocatalytic sys-
tem [56].

Moreover, insight into the mechanism was investigated by the
qualitative analysis of the by-products arising from the photocat-
alytic reforming of the glycerol. GC chromatogram of PHE media
before the photocatalytic test shows that there were no generation
of by-products (Fig. S6). Only diethyl ether formation occurred due
to the dehydration of ethanol through derivatization before the
photocatalytic test. After 8 h of PHE test, the mass spectra analysis
of 5 peaks arising from the GC chromatogram revealed that pho-
toreforming of the glycerol leading to formation of by-products
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such as acetaldehyde, propanal, formic acid, acrolein and acetic
acid (Fig. S6). Therefore, it can be concluded that the involvement
of the hole mediating mechanism generating H" ions to be reduced
by the photogenerated electrons could be source of the hydrogen
evolution [4,57].

Direct [58] and indirect [59] band gaps of ZIS (E; ~ 2.20 eV) and
BiOCl (E; =~ 3.35 eV) were predicted using Tauc plot derived from
the UV-vis absorption spectra of the samples (Fig. S5) while the
valence band values were approximated from the XPS spectra
(VBzis =~ 1.3 eV and VBpioa ~ 2.5 €V) (Fig. S5). Thus, on the basis
of the equation: Ecg = Eyg - E; the conduction band level of the
samples was estimated for ZIS and BiOCl around —0.90 eV and
—0.85 eV, respectively [60,61]. Besides, thermodynamically suit-
able CB levels for PHE were furtherly confirmed by methyl viologen
(MV?") reduction experiments [51,62] under monochromatic light
irradiation over BiOCl, ZIS and 4%BiOCI@ZIS composites as all of
them were able reduce MV?* to methyl viologen radical (MV**)
in 5% (vfv) glycerol-water mixture with UV-vis spectra absorption
peak appearing at 603 nm [51,62] (Fig. S7). Additionally, the com-
parison of reducing power between the ZIS and 4%BiOCI@ZIS can
be seen, as the more methyl viologen radical was generated over
42%BiOCI@ZIS than that of ZIS which is accord with the PHE perfor-
mance results (Fig S6).

Considering all above, the photocatalytic mechanism under vis-
ible light can be proposed as follows (Fig. 7).

The photogenerated charge carriers produced only over ZIS
since all experiments were conducted under visible light irradia-
tion (L > 420 nm). However, the noteworthy effect of Bi>S; that
was formed during BiOCI@ZIS synthesis cannot be ignored in the
photocatalytic mechanism considering its proven existence by
XPS where Bi-S bonds were revealed (Fig. 4) and similar reports
on BiOCI@ZIS photocatalytic systems in the literature [38,39]. Thus,
photoexcited electrons in the composite originating from ZIS fol-
lows two different paths. H" ions are reduced to hydrogen gas
thanks to the presence of the Pt in-situ deposition forming simul-
taneously Pt nanoparticles (Route I). It is also worth to mention
that the Pt oxidation state in the precursor was crucial. Pt** oxida-
tion state acted lesser active than Pt?* (Fig. S8), which was the rea-
son why all the experiments were conducted with Pt** precursor
(K;PtCl,) in this work. This might be related with more time
required for the disassaociation of Cl” from H2PtClg than that of K>-
PtCl, that leads quicker formation of Pt nanoparticles [63] for the
photocatalytic glycerol reforming. However, there was no morpho-
logical evidence of the presence of the Pt nanoparticles as the
amount of Pt used was ultralow. In the meantime, the migration
of the electrons to electron capturing BiOCl took place and reduced
BiOCl in the composite (Route [[). Meanwhile, the photogenerated
electrons over Bi,S; surface migrated to the CB of ZIS via the Z-
scheme mechanism that was previously reported by Chachvalvu-
tikul et al. [64] and Li et al. [65]. On the contrary, the photogener-
ated holes from ZIS and BiyS; caused the oxidation of the water
molecule that generated the hydroxyl radical or self-reacted
hydroxy! radicals producing hydrogen peroxide leading the forma-
tion of the byproducts and H* ions from glycerol to be reduced by
the CB of ZIS to hydrogen fuel (Route III).

4. Conclusion

The visible light driven BiOCI@ZIS composite was obtained suc-
cessfully using a simple oil bath method for ZIS nanosheets growth
on the template-like BiOCI microplates. 4%BiOCI@ZIS was chosen
as a most promising among other composite for detailed Pt opti-
mization study for photocatalytic glycerol reforming for PHE under
visible light (2. > 420 nm). 0.0625 wt% Pt in-situ deposition over 4%
BiOCI@ZIS exhibited highest PHE rate (674 pmol g'h™!) that is
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around 1.75-fold higher than that of ZIS with the same amount of
Pt (384 pmol g'h ') which is a remarkable performance compar-
ing other metal-sulfide based photocatalytic system for photocat-
alytic glycerol reforming in the literature (Table S2). The
improved performance with ultra-low amount of Pt can be attrib-
uted to formation of low band gap Bi,S; semiconductor during the
preparation of the BiOCI@ZIS composite promoting the effective
charge separation through Z-scheme mechanism and the electron
scavenging effect of BiOCI capturing photoexcited electrons from
ZIS and inhibiting the recombination rate over ZIS. Moreover,
owing to this simultaneous Bi,S; growth originated from the
template-like BiOCl microplates, the strong interface contact
between Bi,S; and ZIS was achievable which is considered as one
of the determining factors for PHE activity of composites [G6]. In
comparison to the reported PHE performances from 5% (v/v) glyc-
erol aqueous solution over other metal-sulfide based photocat-
alytic systems such as ZnO/ZnS-PdS [53] (238 pmol g'h™"),
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Zn0@ZnS-Bi,S; [27] (310 pmol g'h™') and ZnOJZnS [29]
(384 pumol g'h '), the sample 4%BiOCI@ZIS[0.0625 wt% Pt com-
posite in our work showed the highest performance (674 pmol g
'h~") even under visible light. However, the photocatalytic system
was not stable due to the several above-mentioned factors such as
photocorrosion effect over ZIS, indirect BiOCl reduction and acidi-
fication of the PHE reaction conditions. Therefore, more research
is required to focus on stability problem in that kind photocatalytic
system.

In summary, our work paves the way toward designing BiOCl@-
ZIS composites photocatalyst for solar energy driven hydrogen pro-
duction via photocatalytic glycerol reforming. The optimized 4%
BiOCI@ZIS composite requires only 0.0625 wt% Pt cocatalyst load-
ing for the boosted PHE performance which is highly effective way
to lower the cost. Also, this study confirms the ZIS semiconductor
photocatalyst as a remarkable candidate for photocatalytic glycerol
reforming under visible light irradiation at neutral pH conditions.
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Fig. S2 Photocatalytic hydrogen evolution tests from Z1S/0.0625 wt.% and 4%BiOCl@Z1S/0.0625 wt.% Pt

“a0 300
TE: mZIS
El ® 2%BiOCI@ZIS //'
T A a%BiOCI@ZIS e

P
< 200 v 8%BiOCI@ZIS o
= 7 A
S 4
S 100- 7k >
f // . (e v
: T
§ P 8 N
£ 0 et T T T :
< 0 1 2 3 4

Time (h)

Fig. S3 Photocatalytic hydrogen evolution tests from ZIS, 2%BiOCI@ZIS, 4%BiOCI@ZIS and 8%BiOCl@ZIS
without any Pt deposition
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Thanks to the derivatization, the esterification products in the presence of ethanol under acidic condition,
cthyl formate (2.1 min) and cthyl acctate (2.5 min) were detected in accordance with the reaction (I) and
(IT) which is a proof of formic acid (I) and acctic acid (IT) formation. Other dctectable products also can
be seen such as acctaldehyde (1.65 min), propanal (1.91 min), acrolein (2-propenal) (2.3 min) by-
products that are formed directly from the photocatalytic reforming of glycerol without need of
derivatization for the GC-MS analysis.
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Fig. S6 Qualificative analysis of by-products before (up) and after (down) 8 hours of photocatalytic hydrogen evolution test over
4%BiOCI@ZIS/0.0625 wt.% Pt
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Fig. S7 UV-vis spectra of 5% (v/v) glycerol-water mixture solution with a) 4%BiOCI@ZIS and ZIS under monochromatic
irradiation (% > 420 nm) and b) BiOCI (& > 314 nm). Each 3 ml mixture contains [photocatalyst] = 1.5 mg/ml and [MV?*] = |
mM. Prior to the mono-chromatic light irradiation, the mixtures were purged with N2 gas with 4 dm¥h flow rate for 4 min to
remove the Oz from the system to prevent the reoxidation of MV-+e.
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Fig. S8 Photocatalytic hydrogen evolution tests from 4%BiOCl@ZI1S/1 wt.% Pt using K2PtCls or H2PtCls as a Pt precursor
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Table $1 Elemental contents in the surface layer of pre-prepared ZIS, BiOCl and 4% BIOCI@ZIS composites modified by Pt, evaluated by XPS

Llemental composition (atomic %.)

In/O Bil0 In/Zn

Sample label Zn In S o] C Bi Cl Pt
ZI8 438 | 2565 | 1408 | 4415 [ 11.74 - - - 0.581 5.86
BiOC1 - - - 1888 | 3520 | 2548 | 2045 - - 135 -
4% BiOCI@ 713 4.05 27.79 | 1330 | 4763 | 638 0.10 0.75 - 0583 | 00021 | 685
4% BIiOCl@ZIS/ P .

b 2.28 2.0 X X 3.04 . 16 .22 5 I .65
0.0625 W% Pt (KoPICL) 4 b 2200 | 960 | 4263 | 23.0 0.08 0.1 0.2 0.516 | 0.0019 | 9.6
4% BIOCK@Z1S/ N
0.0625 Wt % Pt (KaPICLy) 16 h 1.05 1708 | 686 | 3595 | 3859 | 020 0.06 022 | 0480 | 0.0056 | 1628

8
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Table $2 Reported works in the literature on photocatalytic glyeerol reforming over metal-sulfide based pholocatalytic system

Rate of Photocatalytic
Amount of glyeerol
Material Pt co-catalysts oviv) hydrogen evolution Light source Source
aviv,
(umol g by
ZnOiZnS - 5 384 450 W Xe arc lamp [1]
0.3 wt.% Pt,
Pt-CdS-Ti: 30 106.5 500 W Hg-Xe arc lamp, 2418 nm [2]
(Precursor: HaPtClg)
ZnO@ZnS-Bi,S; - 5 310 300 W Xe lamp [3]
ZnO-ZnS/graphene - 40 1070 300 W high pressure mercury lamp (4]
0.3 wt.% Pt,
Cd-doped SnO»/CdS 50 290 500 W Hg-Xe arc lamp, =400 nm [5]
(Precursor: H2PtClg)
0.3 wt.% Pt,
Cdi~Zn:S 50 239 500 W Hg-Xe arc lamp [6]
(Precursor: HaPtClg)
Cds - 90 50 60 W blue LEDs (455 + 5 nm) [7]
Zn0/ZnS-PdS - 5 238 500 W Xe lamp [8]
CuS-NiO = 25 400 300 W Xe lamp 91
Bi:Ss-CdS - 50 4380 300 W visible light source, 2420 nm [10]
Ni-CdS - 32 74600 500 W mercury lamp, 2>400 nm [11]
ZnOiZnS = 7 384.4 A solar simulated light source (Xe lamp, 500 W) [12]
ZnS/NiQ - 10 9300 Simulated solar light [13]
0.5 wt%
CdosZnosS 73 590 250 W high pressure mercury lamp, 2420 nm [14]
(Precursor; H2PtClg)
_ 0.0625 wt.% This
BiOCl@ZnIn:S4 5 674 1000 W Xe lamp, 3>420 nm
(Precursor: K;Pt(ly) work
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- Optymalizacja i wykonywanie syntez (ZnIn,S, nanosheets, BiOCI mikroptytki, wytwarzanie
kompozytéw BiOCI@2Znln,S,, fotoosadzanie Pt),

- Opracowanie i wykonywanie analiz (GC-TCD, UV-vis DRS),

- Wykonanie analiz zdolnosci redukcyjnych opratych na ZnIn,S, nanosheets, BiOCI mikroptytki,
kompozytéw BiOCI@ZnIn,S,

- Wykonanie krzywej kalibracyjnej do ilosciowego oznaczania wodoru w fazie gazowej,
- Wykonywanie proceséw fotokatalicznego generowania wodoru,

- Tworzenie oryginalnego manuskryptu (pisanie tekstu manuskryptu, interpretacja uzyskanych
wynikow, tworzenie wykreséw i rysunkéw).

Podpis

- KIEROWNIK K,
Katedra Technolo, rodowiska

prof. dr hab. inz. Adridkd 7 leska-Medynska



Prof. dr hab. inz. Adriana Zaleska-Medynska Z4
Gdarnisk, dnia 6.03.2023

imie/imiona i nazwisko

Katedra Technologii Srodowiska
Wydziat Chemii, Uniwersytet Gdanski
Ul. Wita Stwosza 63, 80-308 Gdarisk

adres korespondencyjny
604 189 143/ adriana.zaleska-medynska@ug.edu.pl

nr telefonu / adres e-mail

OSWIADCZENIE

M6j wktad w powstanie publikacji pt:” Photocatalytic hydrogen evolution from glycerol-water
mixture under visible light over zinc indium sulfide (Znin2Ss) nanosheets grown on bismuth
oxychloride (BiOCI) microplates ” jest nastepujacy:

1. krytyczna dyskusja stosowanych metod badawczych
2. krytyczna dyskusja wynikéw badan
3. korekta manuskryptu artykutu

Podpis
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ANNA MALANKOWSKA Gdansk, dnia 06.03.2023
imie/imiona i nazwisko

ul. Wita Stwosza 63, 80-308 Gdansk
adres korespondencyjny

(+48 58) 523 52 22, anna.malankowska@ug.edu.pl
nr telefonu / adres e-mail

OSWIADCZENIE

Méj wktad w powstanie publikacji pt:” Photocatalytic hydrogen evolution from glycerol-water
mixture under visible light over zinc indium sulfide (ZnIn.S;) nanosheets grown on bismuth
oxychloride (BiOCIl) microplates ” jest nastepujacy:

1. Nadzér merytoryczny nad prowadzonymi badaniami.
2. Analiza danych, dyskusja i interpretacja wynikow.

3. Recenzja i korekta publikacji.



GDANSK UNIVERSITY
OF TECHNOLOGY

FACULTY OF APPLIED PHYSICS AND MATHEMATICS

Prof. Tomasz Klimczuk

Zaktad Silnie Skorelowanych Uktadéw Elektronowych
Instytut Nanotechnologii i Inzynierii Materiatowej
Wydziat Fizyki Technicznej i Matematyki Stosowanej
Politechnika Gdariska

Gdansk, 03.03.2023

OSWIADCZENIE

M6j wktad w powstanie publikacji pt: “Photocatalytic hydrogen evolution from glycerol-
water mixture under visible light over zinc indium sulfide (ZnIn254) nanosheets grown on
bismuth oxychloride (BiOCI) microplates” polegat na przygotowaniu, wykonaniu a nastepnie
badar metodga dyfrakcji rentgenowskiej. Przygotowatem rysunki i opis dyfraktogramow.

Z wyrazami szacunku

GDANSK UNIVERSITY OF tel. +48 58 348 6611
TECHNOLOGY

ul. G. Narutowicza 11/12 e-mail: tomasz.klimczuk@pg.gda.pl
80-233 Gdansk



Mateusz Adam Baluk

imie/imiona i nazwisko

80-308 Gdansk, ul. Wita Stwosza 63

adres korespondencyjny

+48 783 343 995 / mateusz.baluk@phdstud.ug.edu.pl

nr telefonu / adres e-mail

OSWIADCZENIE

Z4

Gdansk, dnia 06.03.2023

Moj wkiad w powstanie publikacji pt:” Photocatalytic hydrogen evolution from glycerol-water
mixture under visible light over zinc indium sulfide (ZnIn,S) nanosheets grown on bismuth

oxychloride (BiOCI) microplates ” jest nastepujgcy:

1. Opracowanie metody analitycznej analizy produktéw rozktadu glicerolu podczas fotoprocesu

o Q»‘%W

Podpis
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