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Abstract 

 

Synthesis of mesoporous (pore size from 2 to 50 nm) assembly architectures of well-defined 

inorganic nanocrystals (NCs) represents an important challenge in material science and chemical 

nanotechnology. Such self-assembled materials can incorporate complementary functionalities into 

the framework, such as nanoporosity and photocatalytic and quantum-confined electronic properties 

of individual NCs. These characteristics may endow them enhanced applications for photocatalysis, 

solar energy conversion, chemical sensing and size-selective adsorption and separation. Although 

great progress in the synthesis of nanoporous frameworks of metal and metal oxide nanoparticles 

with highly accessible pore surface and ordered mesoscale structure has been achieved, synthesis of 

assembled three-dimensional (3D) mesostructures of metal-chalcogenide NCs is still challenging.  

In this dissertation, a new and cost-effective synthetic strategy for preparing mesoporous 

networks of interconnected metal-sulfide NCs has been successfully developed and demonstrated.  

By utilizing a simple polymer-templated oxidative polymerization process, the resulting self-

assembled mesostructures comprise a unique combination of light-emitting metal-chalcogenide NCs 

and a 3D open-pore structure with large internal surface area and uniform mesopores. Through 

appropriate selection of the synthetic components, this assembly process provides the advantage of 

preparing mesoporous materials from metal chalcogenide NCs with various sizes and compositions, 

allowing the design and creation of tailored characteristics and desirable functionalities. Due to the 

large and accessible surface area and visible-light response, the present mesoporous NC-based 

assemblies (NCAs) were studied as potential catalysts, particularly in the challenging field of 

photocatalysis and photochemical water reduction for hydrogen evolution. Notably, the construction 

of mesoporous nanocomposite materials with different composition (e.g., CuS/CdS) or the deposition 

of active co-catalyst nanoparticles such as Pt and Ni(OH)2 on the CdS NCAs surface synergistically 

improve the photoactivity of the mesostructures through the formation of efficient nano-

heterojunctions; such heterojunctions can facilitate better separation and transfer of the 

photogenerated charges. We found that the hydrogen production activity and stability of all the 

examined mesoporous NCAs composites is remarkably enhanced, outperforming other reported CdS-

based photocatalysts and demonstrating their potential for practical use in photocatalytic hydrogen 

evolution. Overall, this research work wishes to contribute to the creation of new opportunities for 

designing and synthesizing novel metal-chalcogenide functional nanomaterials and to a better in-

depth understanding of some key features for efficient solar-to-hydrogen energy conversion. 
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Περίληψη 

 

Η σύνθεση μεσοπορώδων (μεγέθους πόρων από 2 έως 50 nm) δομημένων υλικών από 

ανόργανους νανοκρυστάλλους (NCs) αποτελεί μια σημαντική πρόκληση στην επιστήμη των υλικών 

και στη χημική νανοτεχνολογία. Τέτοια αυτο-οργανωμένα υλικά έχουν την ικανότητα να 

ενσωματώνουν συμπληρωματικές ιδιότητες στην δομή τους, όπως το νανοπορώδες και οι 

φωτοκαταλυτικές και ηλεκτρονιακές ιδιότητες των επιμέρους νανοκρυστάλλων. Αυτά τα 

χαρακτηριστικά μπορεί να τους προσφέρουν ενισχυμένες εφαρμογές για φωτοκατάλυση, μετατροπή 

ηλιακής ενέργειας, χημικούς αισθητήρες και εκλεκτική προσρόφηση και διαχωρισμό. Αν και έχει 

επιτευχθεί μεγάλη πρόοδος στη σύνθεση πορωδών υλικών από νανοσωματίδια μετάλλων και 

οξειδίων μετάλλων με υψηλή επιφάνεια και οργανωμένους μεσοπόρους, η σύνθεση τρισδιάστατων 

μεσοπορώδων πλεγμάτων από νανοκρυστάλλους χαλκογονιδίων-μετάλλων εξακολουθεί να αποτελεί 

πρόκληση στην επιστήμη υλικών και στη χημική νανοτεχνολογία. 

Στην παρούσα διδακτορική διατριβή αναπτύχθηκε με επιτυχία και παρουσιάζεται μία νέα και 

αποδοτική στρατηγική σύνθεσης μεσοπορώδων δομών από διασυνδεδεμένους νανοκρυστάλλους 

σουλφιδίου-μετάλλου. Με χρήση μιας απλής μεθόδου, η οποία περιλαμβάνει οξειδωτικό 

πολυμερισμό κολλοειδών νανοσωματιδίων παρουσία οργανικού πολυμερικού εκμαγείου, μπορούν 

να παρασκευαστούν αυτο-οργανωμένες μεσοδομές οι οποίες αποτελούνται από νανοκρυστάλλους 

χαλκογονιδίου-μετάλλου και εμφανίζουν τρισδιάστατη δομή ανοιχτού πόρου με μεγάλη επιφάνεια 

και ομοιόμορφους πόρους. Με κατάλληλη επιλογή των αρχικών δομικών μονάδων, αυτή η μέθοδος 

σύνθεσης μπορεί να οδηγήσει στην ανάπτυξη μεσοπορώδων υλικών από νανοσωματίδια 

χαλκογονιδίων-μετάλλων διαφορετικής χημικής σύστασης και μεγέθους, επιτρέποντας έτσι τον 

σχεδιασμό και τη δημιουργία προσαρμοσμένων χαρακτηριστικών και επιθυμητών λειτουργιών. 

Λόγω της υψηλής και προσβάσιμη εσωτερικής επιφάνειας και της ικανότητας απορρόφησης ορατής 

ακτινοβολίας, τα παρόντα μεσοπορώδη νανοδομημένα υλικά (NCAs) μελετήθηκαν ως πιθανοί 

καταλύτες, ιδιαίτερα στον τομέα της φωτοκατάλυσης και της φωτοχημικής αναγωγής του νερού προς 

παραγωγή υδρογόνου. Συγκεκριμένα, η παρασκευή μεσοπορώδων σύνθετων νανοϋλικών 

διαφορετικής σύνθεσης (π.χ. CuS / CdS) ή η εναπόθεση ενεργών συγκαταλυτών όπως νανοσωματίδια 

Pt ή Ni(ΟΗ)2 στην επιφάνεια του μεσοπορώδους CdS NCAs συνέβαλλαν στην συνεργιστική αύξηση 

της φωτοκαταλυτικής δράσης των υλικών αυτών λόγω του σχηματισμού αποτελεσματικών νανο-

συζεύξεων – αυτές οι νανοεπαφές μπορούν να ενισχύσουν το διαχωρισμό και τη μεταφορά των φωτο-

παραγόμενων φορτίων. Όλα τα σύνθετα μεσοδομημένα υλικά που εξετάστηκαν παρουσιάζουν 

αυξημένη σταθερότητα και αξιοσημείωτη φωτοκαταλυτική δραστικότητα στην παραγωγή 

υδρογόνου, υπερβαίνοντας σε απόδοση άλλους αναφερόμενους φωτοκαταλύτες με βάση το CdS, 
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επιδεικνύοντας έτσι την δυνατότητά τους για πρακτική εφαρμογή στην φωτοκαταλυτική παραγωγή 

υδρογόνου. Συνολικά, το ερευνητικό αυτό έργο επιθυμεί να συμβάλει στη δημιουργία νέων 

δυνατοτήτων για το σχεδιασμό και τη σύνθεση καινοτόμων λειτουργικών υλικών από χαλκογονίδια-

μετάλλων και στην καλύτερη κατανόηση ορισμένων βασικών χαρακτηριστικών για την αποδοτική 

μετατροπή της ηλιακής ενέργειας σε υδρογόνο. 
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Chapter 1: General Introduction 

 Brief overview to ordered porous materials 

1.1 Nanoporous materials 

In recent years, nanostructured materials — i.e., materials with grain size, layer thickness, or 

with any external or internal dimension in the range of 1–100 nm — have gained immense attention 

in nanoscience and nanotechnology, an ever-growing multidisciplinary field of study that attracts 

tremendous interest and efforts in research and development around the world. The nanoscale is 

fascinating because, on this scale, the atoms or molecules interact and assemble into structures that 

possess unique physicochemical properties. Indeed, these properties are dependent on the size and 

shape of the building block units. Most importantly, at this scale the molecular interactions, processes, 

and phenomena can be also controlled and directed to form desired material geometries and endow 

desirable functionalities. 

Nanoporous materials, as a subset of nanostructured materials, possess unique surface, structural, 

and bulk properties that underline their important uses in various fields of technology, such as ion 

exchange, molecular separation, catalysis, chemical sensing, biological molecular isolation, and 

purification. Nanoporous materials are of scientific and technological importance because of their 

ability to adsorb and interact with atoms, ions and molecules on their large interior surface within 

nanometer-sized pore spaces. [1] Generally, porous materials are solids that contain void spaces 

(pores) within their structure. There are varieties of porous materials having different structures, 

composition, and pore size and geometry, but they all share a common trait: a significant volume 

ratio of pore space to the total volume of the material (i.e., porosity). The presence of pores in 

materials provides increased surface area per unit mass ratios (i.e., large specific surface area), and 

thus render novel properties and functionalities that are not present in dense solids with highly close-

packed structures.  

According to the International Union of Pure and Applied Chemistry (IUPAC), porous solids 

can be distinguished in various ways depending on their size, shape (geometry) and accessibility of 

pores. [2] One classification is usually done by describing their accessibility to an external fluid. 

Pores that are isolated from their neighbors and from the external surface are called closed pores. 

These pores influence the macroscopic properties of the solid (e.g. mechanical stability), but they are 

inactive in terms of functional applications such as adsorption, catalysis and sensing. On the other 

hand, pores which are open to the external surface on one end (blind or dead-end pores) or multiple 

ends (through pores) are called open pores. The latter ones are necessary to ensure mass transport 
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through a material, as required for example in applications including chromatography (separation), 

catalysis, filtration etc. In addition, pores may also be classified according to their shape, which may 

vary from cylindrical, to ink-bottle-shaped, funnel-shaped or slit-shaped. However, the most 

prominent classification of pores (and hence porous solids) is mostly based on their size, i.e., pore 

diameter or width. In this respect, in line with the IUPAC definition, porous materials can be divided 

into three main categories: 

❖ Microporous materials — with pore widths smaller than 2 nm. 

❖ Mesoporous materials — with pore widths between 2 and 50 nm. 

❖ Macroporous materials — with pore widths larger than 50 nm. 

For most technological applications, though, pore sizes normally do not exceed 100 nm and therefore 

in the field of functional porous materials the term “nanoporous” is consistently used to refer to this 

class of materials, namely, materials having large porosity and pore size between 1–100 nm. 

In this context, inorganic nanoporous materials can be envisaged as solids that contain a 

nanoscale porous structure within an inorganic framework. The framework can be either amorphous, 

semi-crystalline or may consist of either a continuous crystalline phase (monocrystalline framework) 

or nanoscale crystalline grains (polycrystalline framework). In addition, with regard to the pore 

structure, nanoporous materials may exhibit long-range pore periodicity (periodically ordered 

structures) or disordered structure with uniform/or random pore morphologies and narrow/or wide 

pore-size distributions. As an example, nanoporous carbons, such as active carbons, have an 

amorphous very disordered structure, as revealed by various proposed model structures (Figure 1-

1a). [3-6] Although the models differ in detail, the essential feature of all of them is a twisted network 

of carbon chains or defective carbon layer planes, which are cross-linked by aliphatic bridging groups. 

They usually have high surface areas (typically 1000–2000 m2 g-1) and there is considerable 

microporosity in the form of an interconnected network of slit-shaped pores between the carbon 

stacks. [7] Moreover, typical examples of crystalline framework solids with ordered pore structure 

are zeolites. [8] Zeolites are open-framework microporous materials with ordered atomic 

arrangement in their inorganic framework, encompassing a network of well-organized pore channels 

and cages of strictly regular dimensions ranging from 0.2 to 1.5 nm (Figure 1-1b). Because of their 

high porosity and surface area, and the possibility of controlling their adsorption capacity as well as 

tailoring their surface functional centers (active sites), zeolites became the most widely used materials 

in the industry, serving as catalysts and molecular sieves. [9] However, in spite of the large number 

of zeolite structures and other novel microporous materials synthesized so far [10, 11], the size of 

their pores remains a strong limitation for applications involving absorption and separation of large 

bulky molecules. Hence there has been an ever-growing interest in expanding the pore size of 

microporous molecular sieves from the micropore to mesopore region. 
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1.2 Ordered mesoporous structured materials 

Roughly speaking, most of the nanostructured materials synthesized by common methods, such 

as hydrothermal reactions, have mesoporosity. However, this random mesoporosity does not usually 

serve any functional expectation since the mesopores are not ordered, and hence, the diffusion 

pathway is not straightforward; the pores might be blocked in the random arrangement. The answer 

to this problem came with the discovery of ordered mesoporous structured materials, which combine 

the ordered porous structure (similar to zeolites) with the advantage of tailoring the pore dimensions 

in the range of mesopores. Originally, the synthesis of an ordered mesoporous material was described 

in a patent in 1971 where Chiola and co-workers [12] reported on the formation of low-bulk density 

silica, while in 1990 Yanagisawa et al. [13] synthesized a kanemite-based (silica) mesoporous 

material. Nevertheless, due to an only limited description of the synthesis and material characteristics, 

the synthesis and the structural characteristics of these materials did not lead to any significant 

recognition until some years later. [14-16] The major breakthrough came in 1992 by Mobil group 

scientists, who described a generalized pathway to produce ordered mesoporous silicate materials. 

[17, 18] Mobil researchers proposed a self-assembling supramolecular templating mechanism in 

which ordered surfactant micellar structures served as structure-directing agents (SDAs) to direct the 

formation of SiO2 mesostructures. This is an important synthetic advance leading to the discovery of 

a new class of ordered mesoporous molecular-sieves designated as M41S. Among the members of 

this group, the MCM-41 (Mobil Composition of Matter No. 41) phase — with ordered hexagonally-

packed pore channels (Figure 1-1c), a surface area of approximately 1200 m2 g-1 and uniform pores 

that can be tailored from 1.5 to 10 nm in diameter — has received the most attention and is the most 

widely studied mesostructure. [19] In addition to the two-dimensional (2-D) hexagonal MCM-41 

pore structure, other known mesophases of the M41S family are the three-dimensional (3D) cubic 

MCM-48 and the more unstable lamellar MCM-50 materials (Figure 1-1c). These different 

mesophases, which were obtained by simply altering the surfactant concentration, were discovered 

several months later as a result of a detailed study investigating the effect of the surfactant/silica 

molar ratio on the formation of M41S. [20, 21] This clearly indicated the versatility of the proposed 

supramolecular templating mechanism in designing and constructing ordered mesoporous materials 

with tailored mesostructure geometries and desirable pore size characteristics.  
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Figure 1-1: a) Model structure example of amorphous disordered nanoporous carbon, reproduced from 

ref. [6]. b) Example of crystalline zeolite (ZSM-5) ordered microporous structure with estimated pore 

size 0.54-0.56 nm (Copyright © Karl Harrison 3DChem.com). c) Members of the M41S family of 

ordered mesoporous structured materials: MCM-41 (hexagonal), MCM-48 (cubic) and MCM-50 

(lamellar with the presence of surfactant molecules between lamellae). Adapted from ref. [22] with 

permission from Springer (Copyright © 2017, Springer International Publishing AG).  

 

Consequently, these results have triggered an interesting research line on the synthesis of new 

mesoporous materials, by using surfactants of various nature (cationic, anionic, non-ionic, block 

copolymers) in different synthesis conditions. This led to the preparation of a large number of families 

of mesoporous materials with different porous characteristics and physicochemical properties, some 

of the most representative being: SBA-15 (hexagonal, with controllable pore size from 5 to 30 nm, 

micropores connecting the mesopore channels and wall thicknesses of 3–6 nm) [23], SBA-16 (cubic) 

[24], HMS (hexagonal) [25], KIT-6 (cubic with a mesophase similar to MCM-48) [26], MSU-X 

(mesostructures with regular diameter pore-channels but lacking long-range pore ordering) [27], and 

others. Note that the acronyms for the aforementioned mesoporous materials generally represent the 

research institutes that they were discovered or some peculiarity of each material. For example, MCM 

is the acronym for the series of Mobil Composition of Matter type materials, the acronym SBA means 

Santa Barbara Amorphous, KIT indicates the Korea Institute of Technology, HMS means hexagonal 

mesoporous silica, and MSU means Michigan State University. A time scale with the 

chronologically-ordered discoveries of some representative mesoporous structures is presented in 

Figure 1-2. [28] 
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Figure 1-2: Time scale with the discoveries of some representative mesoporous materials. Adapted with 

permission from ref. [28]. Copyright © 2014 Elsevier B.V. All rights reserved. 

 

 

 

1.3 Synthesis strategies for ordered mesostructured materials 

The synthesis of ordered mesostructured materials can be considered an evolution of that of 

zeolites. In fact, the crystallization of microporous materials requires templates (or more properly 

defined as structure-directing agents, SDAs), that is, either organic molecules or hydrated inorganic 

cations (alkali or less commonly earth alkali metal ions) around which the (alumino)silicate species 

are polymerized to form 3D zeolite structures. Upon removal of the template by calcination or ion 

exchange, the porous structure becomes accessible to other molecules and ions. In a simplified view, 

the single SDA organic molecule/hydrated-cation determines the size of the pores, which in the vast 

majority of cases remains in dimensions lower than 1.5 nm. In the case of mesostructured materials, 

however, the concept of template moves from the single molecule to that of aggregates of surfactants, 

namely of micelles. [29] Surfactants are amphiphilic molecules containing a hydrophilic polar head 

group (either ionic or non-ionic) and a lipophilic non-polar chain. When dissolved in a polar medium 

(e.g. water) they aggregate to form micelles, constituted by a liquid-like core of non-polar chains and 

an outer rim (corona) of polar groups. It should be noted that micelles form when the surfactant 

concentration in solution exceeds a well-defined value, i.e. the critical micellar concentration (cmc). 

Only above this value micelles are created — with the driving force being the necessity of reducing 

the exposure of non-polar chains to the surrounding polar medium — forming various configurations 
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(spheres, rods or bi-layers) depending on the concentration and on the geometric characteristics of 

the particular surfactant. [30] Spherical micelles are considered to form first and as the surfactant 

concentration increases they approach each other until the stability limit is reached. After that, 

cylindrical micelles are formed so that the area/volume ratio decreases. Cylindrical micelles organize 

themselves into a liquid crystalline phase, forming a hexagonal array of parallel rods. A further 

increase of the surfactant concentration (beyond the stability limit of the cylindrical micelles) leads 

to a transition, first to the cubic and finally to the lamellar mesophases. 

In general, the ability of micelles to form liquid-crystalline mesophases is the determining factor 

that leads to the synthesis of inorganic materials with ordered mesoporosity. However, unlike a simple 

surfactant-in-water system where the geometry and concentration of the surfactant molecules 

dominate their packing mode, mesoporous materials are usually synthesized in a 

surfactant/water/inorganic multicomponent system. In this context, the involvement of inorganic 

species increases the complexity of the surfactant self-assembly in solution because the different 

interactions between the surfactant and inorganic species. Many studies have investigated the 

formation of mesoporous structures on the basis of surfactant/inorganic species interactions under 

various conditions (temperature, pH, concentration), but the general concept in all of them involves 

the condensation and polymerization (cross-linking) of the inorganic components on the surface of 

self-assembled micellar structures. These physico-chemical processes lead to the formation of 

intermediate hybrid organic-inorganic mesostructures. [31] Eventually, upon removal of the organic 

template by calcination or solvent extraction, the final ordered mesoporous material can be obtained 

with pore structure that resemble the structure of the liquid-crystal mesophase. To this general 

supramolecular templating strategy, the so-called “soft-templating”, three main pathways have been 

so-far proposed for the effective construction of ordered mesoporous materials: (i) the cooperative 

self-assembly (CSA) [32, 33], (ii) the true liquid-crystal templating (TLCT) [17, 34], and (iii) the 

evaporation-induced self-assembly (EISA) [35, 36], as illustrated in Figure 1-3a-c. [37] 

 

1.3.1 Soft-templating 

Cooperative self-assembly 

The “cooperative” aspect of this mechanism, termed cooperative self-assembly (CSA) or 

precipitation, derives its name from the observation that both inorganic and organic components are 

essential to achieve ordered mesostructures. According to this mechanism, it is unnecessary to have 

pre-formed liquid-crystalline mesophases to serve as templates for inorganic species polymerization. 

Instead, the ordered mesostructures can be formed in lower surfactant concentrations (usually around 
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the cmc value) via the simultaneous self-assembly of the inorganic precursors and surfactant 

molecules (Figure 1-3a). Briefly, the major points of this mechanism include the following: (i) 

preformed ordered arrays of surfactants are not necessary (i.e., the liquid-crystalline phase is formed 

after the addition of the inorganic species), (ii) interactions between the organic surfactant molecules 

and inorganic species are needed to facilitate the “cooperative assembly”, and (iii) the organic–

inorganic interactions, along with the hydrophobic interactions of the surfactant non-polar chains, 

determine the surfactant’s self-assembly behavior and, thus, the arrangement of the resultant 

mesostructure. From the viewpoint of the organic-inorganic interactions, the synthesis of ordered 

mesostructures can be achieved through either (i) electrostatic pathways, based on supramolecular 

assembly of ionic surfactants with charged inorganic precursors, or (ii) neutral pathways, in which 

other types of interactions such as hydrogen bonds or covalent bonds are responsible for the 

cooperative assembly of the surfactant and inorganic precursors. [31, 38] Another requirement for 

making the cooperative self-assembly possible is that the condensation of inorganic species cannot 

be too fast relative to the organization of the surfactant aggregates, otherwise phase separation would 

occur. Specifically, if condensation takes place to an appreciable extent before the liquid-crystalline 

phase is formed, precipitation of untemplated precursors may occur forming a disordered 

mesostructure. Since the condensation of silicates can be easily controlled, most mesoporous 

structures were originally fabricated with silica and the CSA mechanism was first suggested as a 

probable synthetic pathway by Beck et al. and Stucky’s group immediately after the discovery of 

MCM-41 [18, 23, 24, 25, 27, 32, 33, 39, 40]. However, extension of this method to other non-siliceous 

compositions of mesoporous materials, such as transition-metal oxides, has proven to be more 

challenging due to the fact that the hydrolysis and condensation rates for most transition-metal oxide 

precursors are generally much faster than they are for silica. Thus, special attention has to be paid to 

hydrolysis rates, redox reactions and phase transformations during the formation of the 

mesostructure. For instance, early attempts to synthesize stable mesoporous metal oxides, although 

led to the formation of ordered organic/inorganic composite mesostructures, result in poorly ordered 

materials mainly due to changes in crystallinity and/or redox reactions that occurred during the 

thermal decomposition of template. [33, 41] Since then, most of these difficulties have been largely 

overcome and a wide variety of non-siliceous mesoporous oxides including aluminum, zirconium, 

hafnium, molybdenum, manganese, tantalum, tungsten, niobium, tin, titanium oxides etc., as well as 

numerous mixed oxides such as alumino-, vanadophosphates, heteropolyoxides and chalcogenide 

composites, have been successfully prepared via the SCA route described above. [42-44]  
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Figure 1-3: Scheme of the main synthesis routes to mesoporous materials. (a-c) Soft-Templating 

methods: (a) Cooperative Self-Assembly (CSA), (b) True Liquid Crystal Templating (TLCT), (c) 

Evaporation-Induced Self-Assembly (EISA); and (d) Hard-Templating method or nanocasting.  

Adapted from ref. [37] with permission from The Royal Society of Chemistry.  

 

True liquid-crystal templating 

The second way to prepare ordered mesostructures is the “true liquid crystal templating” (TLCT) 

pathway (Figure 1-3b). Although the formation of a liquid-crystal mesophase is always involved at 

some point in a soft-templating synthesis route to mesoporous materials, the word “true” is used to 

describe the direct templating pathway by preformed lyotropic liquid-crystal phases; these organic 

mesophases are prepared under high surfactant concentrations (generally >20 wt.%). After the first 

suggestion of the liquid-crystal templating mechanism by Mobil scientists [17], the TLCT route was 

developed by Attard et al. [34, 45] and further investigated by Göltner and Antonietti et al. [46-48] 

by utilizing high concentrations of non-ionic surfactants or amphiphilic block-copolymers for the 

formation of the lyotropic mesophases. In general, this mechanism implies three steps: (i) the 
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surfactant molecules self-assemble to form a liquid-crystalline mesophase, (ii) the inorganic 

precursors are “cast” (deposit) on the surface of the preformed liquid-crystal template and (iii) the 

inorganic species interconnect to a continuous network forming the inorganic walls between the 

micelles. After removing the template, a highly ordered mesoporous inorganic structure can be 

obtained. In this case the pore size and the structure of the recovered materials can be predicted based 

on known surfactant/water phase diagrams, since the preformed lyotropic mesostructure is not 

affected by the presence of inorganic species and is preserved throughout the whole process. In some 

cases, however, the release of low weight alcohols upon hydrolysis and condensation of inorganic 

alkoxide precursors can disrupt the initial lyotropic liquid-crystal mesophase, limiting the 

applicability of the method. Also, significant inhomogeneities can result, either by inadequate 

diffusion of the inorganic components within the preformed liquid-crystal phase, or by uncontrolled 

phase separation due to inorganic polymerization taking place in viscous liquid-crystal media. 

Nevertheless, this path has led so far to the synthesis of new mesostructured hexagonal, cubic or 

lamellar silica materials, prepared in various forms such as gels, cast monoliths or films. Also, beside 

silica-based mesoporous materials, a wide variety of ordered mesostructured and mesoporous non-

silica materials, including crystalline oxides [49, 50] and especially metals and metal alloys, oxides 

and complexes [51-57], as well as chalcogenides [58-64], have been successfully prepared using the 

TLCT mechanism.  

 

Evaporation-induced self-assembly 

Another important route of the soft-templating strategy is the evaporation-induced self-assembly 

(EISA) process. The EISA denomination was first introduced by Brinker et al. to describe the 

synthesis methods used to produce mesostructured materials from solutions, upon solvent 

evaporation conditions. [35] This method is based on the formation of an organic-inorganic hybrid 

mesostructured phase after solvent evaporation from a dilute solution containing the inorganic 

precursors, the templating agent (surfactants or block-copolymers) and other additives (Figure 1-3c). 

In general, dilute solutions below the critical micellar concentration (cmc) permit to obtain materials 

with excellent homogeneity. Specifically, high dilutions discourage inorganic condensation, whereas 

the evaporation of volatile solvents (e.g., ethanol, water) promotes the co-assembly of both the 

organic and inorganic precursors into a hybrid liquid-crystalline mesophase, as the solution becomes 

more concentrated and the cmc is reached. Therefore, EISA can be understood as a TLCT-related 

method, although additional interactions (like those at the solid–liquid interface) are also impact the 

process. [36, 65] This evaporation-based procedure offers the opportunity to avoid the diffusion 

problems (commonly found in TLCT method) encountered when infiltrating a real liquid-crystal 
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structure with inorganic precursors. Also, the organic-inorganic hybrid mesophase formed upon 

solvent evaporation is flexible enough (the so-called tunable steady-state condition) due to the 

incomplete inorganic polymerization. Aging of these hybrid mesophases under controlled humidity 

conditions helps to improve the ordering of the final mesostructure. [65-67] Inorganic condensation-

polymerization can be “turned on” in a subsequent step by thermal or chemical treatment, which leads 

to the formation of a robust inorganic framework. A last step may also be needed for the removal of 

the organic template, the stiffening of the inorganic network and eventually the crystallization of the 

inorganic structure, usually by calcination. However, if the condensation reaction takes place too fast, 

large crystallites may grow within the inorganic structure and precipitation of untemplated material 

may occur (resulting to a dense structure). [68] This procedure permits materials to be processed in 

various forms, such as powders, gels, monoliths and thin films. The solution can be casted in order 

to form mesostructured gels or can be dip- or spin-coated to form mesoporous films. Except silica 

mesoporous films [69, 70], monoliths [71, 72] and particles [73], the EISA method is particularly 

interesting to work with non-silica systems, where condensation has to be thoroughly controlled. Over 

the past years, various EISA-based methods have been developed to produce porous metal oxides, as 

powders (xerogels) [74-76], thin films [77, 78] or microparticles [79]. 

 

1.3.2 Hard-templating 

In all the soft-templating routes outlined above (CSA, TLCT and EISA), the interplay of a 

number of physical and chemical factors (e.g. organic/inorganic interactions, condensation rates, 

surfactant concentration, humidity, temperature, crystallization, evaporation conditions etc.)  has to 

be considered and carefully controlled in order to design inorganic mesostructured frameworks with 

ordered mesoporosity. To overcome this complexity and its limitations, a “hard-templating” strategy 

referred to as nanocasting [80, 81] or exotemplating [82] has also been developed, using porous 

materials as hard templates to create replicas. The principle of the nanocasting strategy is shown 

schematically in Figure 1-3d. First, a hard template is synthesized, usually a highly ordered 

mesoporous silica with interconnected porous structure, such as SBA-15. In the second step, the 

porous hard template is impregnated with a suitable precursor (e.g., an organic compound or a metal 

salt), followed by thermal treatment under inert or reactive atmosphere. The precursor infiltration 

may be repeated to achieve high loadings, as this will facilitate the rigidification of the templated 

framework. Finally, when sufficient solidification has been achieved within the host pore system and 

eventual heat treatment has been carried out to form the desired phase, the exotemplate can be 

selectively removed (usually by HF or NaOH solutions) to give the final structure as a “negative” 
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replica of the initial porous structure. The first report on this method by Ryoo’s group in 1999 

described the synthesis of mesoporous carbon with an ordered structure. In this synthetic protocol, 

the replication of the MCM-48 structure led to the formation of a new type of ordered mesoporous 

carbon material called CMK-1. [83] Soon after, a new family of ordered mesoporous carbons with 

various pore structures was created by Ryoo and coworkers, designated as CMK-n (Carbon 

Mesostructured by KAIST), using mesoporous silicas or aluminosilicate templates with 3D pore 

connectivity. [84-86] In addition to ordered mesoporous carbons, the nanocasting method has been 

extended and proven to be a useful strategy for the preparation of various crystalline nanoporous 

materials, such as ordered mesoporous metals, and metal oxides, nitrides, carbides and sulfides [87], 

which are usually difficult to synthesize by conventional soft-templating processes due to their poor 

thermal and/or redox stability upon the template removal process. 

1.4 Mesoporous frameworks from colloidal nanocrystals 

Since the beginning of the 21st century, the push to develop new efficient materials for catalysis 

and other environmental and energy-related applications has produced a surge of interest in 

constructing mesoporous architectures from functional nanomaterials. As this field is continuously 

evolving, framework structural components are evolving as well. Today, although the preparation of 

porous frameworks from molecular precursors remains attractive, there is a growing interest to do 

synthesis using pre-formed nanocrystalline colloids. While, in most soft-templated nanoporous 

materials, the use of molecular precursors as building components provides nice control of the 

architecture in the nanometer-scale, there is much less control of the atomic-scale structure (e.g. 

crystallinity). For instance, since for many crystalline mesoporous materials (such as transition-metal 

oxides) the pore walls can be crystallized by thermal processing, in many cases, they do not fully 

crystallize resulting in semi-crystalline or amorphous pore walls. [78, 88] Moreover, the lack of 

control in crystal growth during the crystallization process can result in the destruction of the porous 

structure. To achieve good crystallinity special reinforcement is often needed to strengthen the 

inorganic structure so that the porosity is preserved without collapsing during the thermal treatment 

process. [89] Therefore, by using pre-formed nanocrystals (NCs) as building-units, the problems 

associated with the crystallization of the inorganic framework can be mitigated, and thus crystalline 

nanoporous architectures can be produced in a controllable and reproducible manner. Because 

thermal processing is needed only to remove the organic template and fuse the assembled NCs into a 

tightly connected network, the open-pore structure is well retained in the final product. The resulting 

materials exhibit a unique combination of an interlinked colloidal NC network with large and highly 

accessible pore surface. Another important advantage in using colloidal NCs as building blocks, 
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rather than molecular precursors, is that their physiochemical properties can be precisely controlled 

(through synthesis) prior to their assembly into a framework configuration. Recent advances in 

material chemistry now allow the synthesis of colloidal NCs with a diverse range of compositions 

and precise control over the size, shape and uniformity. [90-100] These characteristics can be 

deliberately configured to suit a particular application, thus offering tailored properties not available 

to conversional porous structures derived from small-molecule precursors.  

The prospect of tuning the optical, electronic and surface properties with size, shape and 

composition is a fascinating feature of small-sized NCs (typically 1–20 nm in diameter). This 

prospect greatly expands the applicability of these nanomaterials to a wide variety of technological 

fields, ranging from catalysis and photovoltaic cells to optoelectronic devices, as well as chemical, 

biological and biomedical applications. [101-107] For example, the tunable energy bandgap and size-

dependent optical absorption and luminescence are some of the intrinsic characteristics of small 

semiconductor NCs, explained by quantum mechanical effects; quantum confinement effects 

essentially arise from the presence of discrete, atom-like electronic states within the electronic band 

structure. [108] Nevertheless, despite their unique properties, individual NCs and most NC-based 

superlattice assemblies face several limitations for practical use in applications that that involve 

charge or energy transfer, such as catalysis and chemical sensors. One of the main problems is that 

colloidal NCs (and their resulting superlattice assembled structures) are coated with organic ligands 

adsorbed to the NC’s surface; such ligands are used to control their size and shape during the synthesis 

process and to provide colloidal stability [109] as well as to enable control over their self-assembly 

into desirable NC-ensembles [107, 110, 111]. However, these large organic surface molecules 

separate the inorganic components and create an insulating effect, thus restricting, for example, 

electromagnetic coupling and interparticle charge transfer processes, resulting in poor interparticle 

interactions. Typically, to improve conductivity between particles, the original surface ligands are 

either removed in-situ or replaced by small molecules. However, with this approach NC aggregates 

are usually obtained as close-packed superlattices or random NC networks with irregular morphology 

and porosity due to the strong tendency of small NCs to agglomerate. [112-115]  

Consequently, one of the most effective approaches to exploit the unique chemical, optical and 

electronic properties of colloidal NCs is to integrate them into extended network architectures, such 

as three-dimensional (3D) porous mesostructures. These materials — as a result of the combination 

of the inherent properties of the framework's NC-constituents and the mesoscale pore structure — 

can exhibit high chemical reactivity and electrical conductivity, by providing a large number of active 

sites and allowing molecular diffusion within the pores. [116, 117]  Such characteristics are expected 

to impart unique functionalities for various technological processes, especially those involving mass 

transport-related phenomena such as ion exchange, separation and catalysis, that substantially deviate 
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from those of starting materials (i.e., individual NCs) and conventional porous solids. However, the 

construction of ordered mesoporous frameworks from colloidal NCs is still a grand challenge for 

synthetic chemists. The major problem lies in the complexity of the overall process, where the 

assembly of the NC building blocks into ordered mesoscopic architectures requires precise control 

over their spatial organization at the nanoscale. In general, conventional supramolecular self-

assembly methods which rely on weak intermolecular interactions (e.g., hydrogen bond or van der 

Waals forces) are not as effective for colloidal nanoparticles (as they are bigger than molecular 

precursors), offering limited control over their spatial arrangement. 

 

1.4.1 Arranging colloidal nanocrystals in mesoporous architectures  

Polymer templating of inorganic materials has been regarded as an effective method to produce 

mesostructured frameworks with high surface area and uniform pores. This approach, initially 

proposed for the synthesis of ordered mesoporous metal oxides using molecular compounds, has also 

proven to be well-suited for self-assembling colloidal NCs into mesoporous structures. [118] This 

method manipulates well-dispersed colloidal nanoparticles as functional building units and relies on 

their controlled arrangement into mesostructured morphologies, with the aid of amphiphilic block-

copolymers (BCPs) serving as structure-directing agents (SDAs). The general idea includes the 

incorporation of uniform NCs within the polar domains of BCP micelles in order to produce 

nanostructured BCP/NC hybrid composites. The co-assembly of NCs with BCP templates occurs 

through supramolecular and colloidal interactions, often assisted by an EISA-based process. Namely, 

in this process, the evaporation of solvent drives the aggregation-assembly of the BCP/NC composites 

into a hybrid mesostructure. Finally, the organic components can be removed from the hybrid 

mesostructure by calcination or chemical/solvent extraction. If the concentration of NCs is 

sufficiently high at the BCP micellar interface, this process makes it possible to produce well-

connected NC networks that maintain their structural integrity and porosity after the template removal 

process. Indeed, the obtained mesostructure can be viewed as a negative replica of the BCP 

aggregates. 

A key aspect of this method is the surface functionalization of NCs with appropriate surface 

ligands (usually small organic molecules with functional groups or ions). In particular, the ligands 

attached to the NC surface must prevent the flocculation of NCs in the desired solvent (i.e., stabilize 

the colloidal solution), while promoting favorable enthalpic interactions with the BCP micelle 

interface during self-assembly. Generally, the thermodynamic and kinetic factors that govern the 

interfacial self-assembly can be manipulated by modulating the NC’s surface (with suitable ligands) 

or/and designing BCP polymers to enhance their enthalpy of interaction. More specifically, the 
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polyvalent NC-BCP interactions — that confine the NCs within a specific domain of the BCP matrix 

(usually within the polar segments) and drive the assembly process — primarily include molecular 

and nanoscale forces, such as van der Waals, hydrogen bonding and electrostatic forces. [119] 

Interfacial interactions based on van der Waals forces are generally too weak and inherently limit the 

inorganic volume fraction in the BCP/NC interface. [120] In these case, there are few NCs to stabilize 

the framework, which may collapse during the thermal treatment. [121] Interfacial hydrogen bonding 

solves this problem to some extent by enhancing the interaction strength between NC and BCP 

aggregates. [122-126] Even so, ordered framework mesostructures can still be difficult to achieve 

using certain combinations of NCs and polymeric SDAs. To date, the most successful NC assembly 

schemes to ordered mesoporous frameworks have employed electrostatics or ionic interactions (e.g., 

acid-base, ion-induced dipole, etc.) as an efficient interfacing strategy. In this case, the surface of NC 

components are ionic in character and, therefore, both ligand-coated or ligand-free (“stripped”) NCs 

can interact and assemble with BCP templates with suitable NC-tethering domains. [127] 

 

 

Figure 1-4: Assembly of ligand-coated NCs with BCP template through ionic interactions (ionophilicity) 

as an interfacing strategy for the formation of NC-network mesostructures under thermodynamic 

control. The co-assembly of ligand-stabilized Pt nanoparticles and BCP-template from ref. [128] is used 

here as example. (a) ligand (N,N-di-2-propoxyethyl-N-3-mercaptopropyl-N-methylammonium-

chloride) stabilized Pt NCs and (b) polyisoprene-block-poly(N,N-dimethylaminoethyl-methacrylate) 

BCP-template with appropriate NC-tethering domain. In order to achieve thermodynamic control, the 

BCPs are initially un-aggregated (c). With solvent evaporation, the Pt NCs sequester throughout the 

polar domains of the hexagonally organized BCP-micelle mesophase (d), yielding a well-ordered 

mesoporous colloidal Pt NC-framework upon thermal processing (e). Adapted with permission from 

ref. [127]. Copyright © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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For ligand-coated NCs, careful selection or design of the surface ligands, BCP templates and 

colloidal particle size are important factors that affect the assembling process and the structural 

characteristics of the final mesostructure. The ligands must have appropriate functional groups that 

allow them to bind to the NC surface and induce productively leverage interactions (electrostatic or 

ionic) with the polar domains of the polymer template. Regarding BCP templates, the composition of 

the NC-tethering domain should also be chosen to be complementary to the NC surface chemistry. 

Moreover, in order to achieve high NC loadings in the BCP/NC interface, the size of the colloidal 

particles should be below a critical limit relative to the size of the polar groups; this size is 

approximated by the root-mean-square end-to-end distance of the hydrophilic block of BCP. [129] 

Therefore, by meeting these criteria it is possible to control the BCP/NC assembly and maintain the 

structural integrity of the resulting mesoporous NC-linked frameworks after thermal processing (see 

Figure 1-4). Using this approach, the synthesis of ordered mesoporous networks from metal 

nanoparticles [128, 130] as well as metal-oxide NCs with various compositions [131-133] has already 

been achieved. All these materials feature an interconnected pore structure with large surface area 

and uniform mesopores. 

On the other hand, direct interactions between “naked” NC surfaces and BCP micelles may offer 

new opportunities for the construction of novel NC-assembled materials with well-ordered pore 

structures. As a result of the high loading and close proximity of colloidal nanoparticles at the BCP 

micelle surface, the templating self-assembly of ligand-stripped NCs can be accounted as a facile and 

efficient way to prepare mesoporous NC-based frameworks. Indeed, in these materials the well-linked 

network of NCs can provide high electronic conductivity throughout the whole structure and 

mechanical stability. A nice example of using ligand-free nanoparticles and BCP-template to produce 

highly stable and catalytically active porous frameworks can be found in a recent work, in which an 

ordered mesoporous NC-based titania structure was successfully synthesized. [134] In this work, the 

use of a polyoxoethylene-cetyl-ether diblock copolymer template (denoted as POE(20)-C16 or Brij 

58), with a high hydrophilic-to-lipophilic ratio, favored the strong enthalpic interactions between the 

hydrophilic POE moieties and the ligand-free TiO2 nanoparticles, thus directing their assembly within 

the micelles’ hydrophilic domains and eventually organizing them into a 3D mesostructured NC-

network. Importantly, the mesostructure remained thermally stable upon calcination and become 

catalytically active after template removal. Besides that, another interesting synthetic methodology 

to prepare NC-based porous thin films of different particle sizes and compositions was recently 

developed by the Milliron group, using ligand-stripped colloidal NCs as building blocks. [114, 135, 

136] In particular, they used nitrosonium tetrafluoroborate (NOBF4) or Meerwein’s salt (ROBF4) as 

reactive stripping agents to replace the native ligands attached to the NC surface (e.g., carboxylate, 

phosphonate, or amine passivating ligands) with weakly coordinating inorganic BF4
– anions. This 
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exchange process gives ligand-stripped NCs with open coordination sites (cationic sites) at their 

surface, which are electrostatically stabilized by BF4
– ions. [137, 138] The BF4

––stabilized NCs can 

then be readily dispersed in various polar solvents, such as ethanol and DMF, to form stable colloidal 

dispersions, while their cationic naked surfaces are available to interact with the polar segments of 

the BCP template, as illustrated in Figure 1-5 and Figure 1-6 (a-b). Upon evaporation of the solvent, 

the bare NCs can preferentially segregate into the hydrophilic domains of the BCP micelles (see 

Figure 1-5), producing ordered mesostructured organic-inorganic films. Next, these hybrid films can 

be thermally treated to obtain mesoporous NC-frameworks with high volume fractions of NCs, as 

shown in Figure 1-6 (c-e). Therefore, the selection of ligand-stripped NCs as starting materials has 

introduced further opportunities for constructing new types of functional mesoporous NC-networks, 

with various morphologies (e.g. thin films, xerogels and powders) and a broad range of compositions, 

such as oxides (e.g., Sn-doped In2O3 or ITO, CeO2, TiO2, Mn3O4, MnFe2O4, Fe2O3, Co-doped Fe2O4, 

CoO and Ni-doped CoO) [135, 139-144], fluorides (e.g., Yb,Er-doped NaYF4) and metals (e.g., FePt) 

[135]. 

 

 

 

 

Figure 1-5: A co-assembly example between DMF dispersed ligand-stripped (BF4
‾–stabilized) NCs and 

BCP [poly(N,N-dimethylacrylamide)-block-polystyrene, PDMA-b-PS] micelles. The stripped colloidal 

NCs are dynamically adsorbed within the polar PDMA domain of the BCP micelle. Reproduced from 

ref. [135] with permission. Copyright © 2012, American Chemical Society. 
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Figure 1-6: Leveraging Lewis acid–base interactions as an interfacing strategy for assembling colloidal-

NC networks under kinetic control (a, b). The assembly process of ligand-stripped ITO NCs with a 

poly(N,N-dimethylacrylamide)-block-polystyrene (PDMA-b-PS) BCP-template from ref. [135] is shown 

here as example. The BCP-template is present in the dispersion as kinetically frozen micelles, which are 

gradually coated with ITO NCs due to the attractive interactions between their naked cationic NC 

surfaces and the PDMA NC-tethering domains of the BCP-template (c). Once deposited onto a substrate 

and the dispersant is evaporated, colloidal packing rules govern their mesostructural organization and 

a hybrid organic-inorganic composite film is obtained (d). Finally, ordered mesoporous ITO NC-

framework films can be obtained after thermal processing for template removal (e). Reproduced with 

permission from ref. [127]. Copyright © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

1.4.2 Mesoporous networks of metal-chalcogenide nanocrystals  

In general, metal-chalcogenides are chemical compounds containing in their structure at least 

one chalcogen atom, such as sulfur (S), selenium (Se), and tellurium (Te), often exhibiting 

semiconducting properties. In recent years, metal-chalcogenide NCs have progressively attracted 

research attention because of their interesting size-dependent semiconducting behavior and tunable 

optical and electronic properties, making them promising building blocks for optoelectronic and 

semiconductor devices [145-152], as well as for electrochemical and photochemical (i.e., 

photoelectrochemical and photocatalytic) cells [153-156]. Moreover, this trend has been encouraged 

by the significant advances in chemical synthesis of robust and easily processable metal-chalcogenide 

NCs with a wide range of sizes, shapes and compositions. [157-166] Similar to many metal and metal-

oxide colloidal nanoparticles, the vast majority of these syntheses employ large passivating (organic) 

ligands on the metal-chalcogenide NC surface, which stabilize the NCs and prevent aggregation. 

Monodisperse colloids of this type can be self-assembled into ordered superlattices, which may 
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contain one or more different types of NCs. [167-169] However, although compositionally and 

topologically diverse materials can be created in this way, they are often neither conductive (i.e., due 

to the insulating nature of the native surface-ligands) nor porous, thus preventing their practical use 

in many relevant technological applications. In many cases, the conductivity problems have been 

partially resolved by depositing a dense film of NCs and exchanging their native insulating ligands 

with smaller functional molecules. [170-172] In addition, various NC-based metal-chalcogenide 

materials have also been synthesized by using metal-chalcogenide complexes as inorganic surface 

ligands that can be thermally processed to produce NCs embedded in a conductive matrix. [115, 173-

175] While these methods may somewhat solve the conductivity problem, the resulting metal-

chalcogenide materials are mostly dense superstructures, thereby inhibiting access to their intrinsic 

interfacial area. Consequently, the key to their further development in various nanotechnological 

areas, such as catalysis and energy conversion, is the introduction of mesoscale porosity into their 

structures.  

Integrating metal-chalcogenide NCs into mesoporous framework architectures with a high and 

accessible surface area allows the semiconductor NC-based networks to interact chemically with 

infiltrating species, thus enabling new functionalities to be developed. To this end, even though 

polymer templating techniques for creating mesoporous metal (e.g., Pt) and metal oxide (e.g., Mn3O4, 

Fe2O3, TiO2, CeO2) NC-based networks have progressed markedly (as described earlier), the 

synthesis of ordered mesoporous architectures from metal-chalcogenide NCs is still challenging. 

Contrary to metal-oxide systems, thermal processing cannot be considered as a reproducible way to 

remove the polymer template and fuse the metal-chalcogenide NCs into an extended 3D 

mesostructure. One of the main reasons is that most chalcogenide NCs are thermally and oxidatively 

unstable at the elevated temperatures required for the degradation of polymer templates (usually > 

400 oC). At these conditions, chalcogenide NCs may undergo thermal oxidation (forming unwanted 

metal-oxides) or coalesce into larger particles (thermal coarsening or Ostwald ripening). [176, 177] 

Such structural transformations may lead to mechanical deformation and fracture of the porous NC-

framework or to unwanted changes in the optical, electronic and semiconducting properties of 

constituent NCs.  

Therefore, previous efforts to assemble porous networks from metal-chalcogenide NCs have 

employed template-free sol-gel synthetic routes, which have resulted in NC-based aerogels. [178-

187] Briefly, the methodology for aerogel formation is simple, comprising three major steps as 

illustrated in Figure 1-7: (i) Nanoparticle formation and thiolate-capping to stabilize the colloidal 

sols in polar solvents, (ii) oxidative condensation-aggregation (gelation) of the colloidal 

nanoparticles, through controlled surface-ligand loss, to form an extended NC-linked structure and 

(iii) supercritical CO2 drying to remove the solvent from the wet-gel while maintaining the open pore 



 

19 

 

19   Chapter 1: General Introduction   

structure. [182] With this strategy, highly porous aerogels have already been produced from various 

preformed chalcogenide NCs, including CdS [181, 182], CdSe [182, 187], CdTe [178, 183],  PbS 

[182], ZnS [182] and Ag2Se [179], as well as core/shell CdSe/ZnS quantum-dots [186]. Nevertheless, 

although these inorganic NC polymers feature large surface areas (up to 250 m2 g-1) and 

physicochemical properties similar to those of the individual NCs, they show poor ordering with a 

“pearl-necklace” framework morphology and a broad pore-size distribution ranging from micropores 

to meso- and macropores as shown in Figure 1-7. 

 

Figure 1-7: Schematic representation of the direct self-assembly of semiconductor nanoparticles into 

aerogel frameworks via a nanoparticle condensation strategy. Concentrated colloidal sols of thiolate-

capped nanoparticles are prepared in polar solvents and the gel formation is induced by oxidative 

removal of the surface-ligands over 1-21 days. The resulting wet-gel structures are dried under CO2 

supercritical conditions to remove the solvent and form highly porous superstructures (aerogels) with  

a broad pore-size distribution (ranging from micro- to macropores) and a “pearl-necklace” morphology 

composed entirely of nanoparticle networks. [180] 

 

Beyond the pioneering template-free assembling methods, attempts to create ordered porous 

networks of metal-chalcogenide NCs through polymer templating routes have so far met with limited 

success. For instance, Tolbert and co-workers have recently demonstrated a method to effectively 

assemble ligand-stripped CdSe NCs into stable mesoporous films, using appropriate BCPs as 

structure directing templates. [188] Upon deposition onto a substrate and solvent evaporation, the 

ligand-stripped NCs co-assemble with the polymer micelles and form  hybrid organic/inorganic 

mesostructured films. Typically, these hybrid films are then heated at 400 oC under inert conditions 

— in order to remove the polymer template without oxidizing the chalcogenide NCs — leaving 

behind an open porous network. For this purpose, they used a carefully selected poly(butylene-oxide)-

block-poly(ethylene-oxide) (PBO-b-PEO) diblock copolymer, which can be decomposed under non-

oxidizing conditions to prevent oxidation of CdSe NCs to CdO and SeO2. With this approach, the 

partial sintering of the NCs during thermal processing provided mechanical robustness, which 
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prevented the porous structure from collapsing. However, XRD analysis of the produced porous CdSe 

films showed the presence of both small-sized grains (~5 nm), which corresponded to the size of the 

starting NCs, and large domains (~18 nm in size) possible formed by the thermal fusion of NCs. This 

grain growth in the annealed films caused a bathochromic shift (i.e., a shift to longer wavelengths) in 

their optical absorption spectrum, which is indicative of a loss of well‐defined NC size. Furthermore, 

a similar co-assembly and thermal treatment process has also been reported by Milliron’s group, using 

ligand-stripped CdSe NCs and BCP template to control the porosity of the resulting films. The BCP 

template used in this work was obtained by chemically modifying the PDMA (poly(N,N-

dimethylacrylamide)) domain of a PDMA-b-PS (PS = polystyrene) diblock copolymer with 10% 

acrylic acid to produce a new PDMA-r-PAA-b-PS (PAA = poly(acrylic acid)) structure directing 

agent. They found that this new BCP template strengthened the polymer-NC interactions, resulting 

in the formation of polymer/NC hybrid films with a high degree of mesoscale order. Nevertheless, a 

partial loss of order was observed after annealing (at 350 0C under inert conditions to decompose the 

polymer template), although the final films retained much of the mesoscale ordering and 

mesoporosity (pore diameter ~38 nm). Also, it was demonstrated that the framework composition of 

the porous films can be varied through chemical transformations, where the original mesoporous 

CdSe film could transform into porous films of different composition (PbSe, Cu2Se, and Ag2Se) via 

cation exchange, during which the porous morphology remained intact. However, some grain growth 

in the original CdSe NC size and a redshift in optical absorption was also observed after the heat 

treatment procedure. Therefore, while these current methods for producing ordered mesoporous films 

from colloidal chalcogenide NCs can provide exquisite control over film morphology, the effects of 

thermal processing can be detrimental to other material attributes, such as the grain size and 

crystallinity. In addition, the often complicated and tedious synthesis of specific BCP templates with 

appropriate NC-tethering domains — to enhance the interactions between the BCPs and ligand-

stripped NCs and improve the conformation stability of the co-assembled structures — is also a 

downside for the widespread application of these methods. In this regard, it should be stressed that it 

would be very practical to use BCP templates that have a facile preparation method or are 

commercially available. 

To overcome the deleterious effects of thermal processing on the NCs’ grain size, Tobelt and co-

workers developed an alternative method to form stable mesoporous films of chalcogenide NCs. 

[189] In this method, ligand-stripped NCs are first assembled with an appropriate BCP template and 

the resulting hybrid films are then soaked in a solution containing small organic bidentate ligands. 

As shown in Figure 1-8, these ligands serve as binding agents that cross-link the NCs into a 

continuous structure, thus forming a robust NC-linked network. Due to the well cross-linked structure 
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of the obtained composite, the polymer template between the NCs can be gently removed by solvent 

extraction, leaving behind a porous film of connected NCs.  

 

 

Figure 1-8: Schematic representation of the polymer templated assembly of metal-chalcogenide 

nanocrystals into porous thin films by a solution-phase cross-linking method.  Ligand-stripped (BF4
‾–

stabilized) NCs in a polar solvent (e.g. DMF) interact with the BCP template and form a hybrid 

organic/inorganic film via evaporation induced co-assembly. The NCs in the organized hybrid 

mesostructure are then cross-linked with the help of small cross-linking molecules (ethanedithiol is 

shown here) to form a robust NC-network. The final mesoporous film can be obtained after washing 

out the polymer template. Reprinted with permission from ref. [189]. Copyright © 2016, American 

Chemical Society. 

 

The films produced by this method showed disordered but homogeneous porosity and optical 

properties very close to those of the starting NC building blocks, indicating that the initial NC size is 

preserved in the final structures. In this case, however, the small organic molecules used to cross-link 

the NCs coated the surface of the inorganic pore walls, thereby reducing the solvent-accessible pore 

volume of the films. [189] Also, the presence of an organic coating on the surface of NCs may have 

a detrimental effect on their chemical and catalytic reactivity. Generally, catalysis on solid surfaces 

occurs at surface active-sites that cause a reaction to take place through a specific reaction pathway 

at lower activation energy. To interact with the catalytically active sites, however, the reactants need 

first to reach the surface by diffusing through the boundary layer surrounding the solid catalyst. 

Therefore, the coating of the NCs’ surface with such organic molecules, although may allow 

interparticle electronic coupling and electrical conductivity, it could block the surface active-sites and 

prevent their direct interaction with adsorbate molecules, thereby limiting catalytic activity. 

Therefore, the synthesis of 3D mesoporous architectures from chalcogenide NCs with controlled 

porosity and catalytically active structure is still a great challenge. Such nanomaterials are expected 

to have a key role in the development of new functional catalysts, which could help us to tackle 

current environmental and energy challenges. 
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1.5 The hydrogen issue and prospect of photocatalysis 

1.5.1 Energy and sustainability challenges  

It is an undeniable fact that Human activity fundamentally changes the characteristics of the 

planet on which we live, in a way that until recently could only happen in geological time or through 

cataclysmic natural events. Overconsumption of natural resources, large-scale pollution and gas 

emissions of our modern civilization are persistently altering the natural cycles, causing biologic 

changes and affecting the chemical composition of soil, water and atmosphere (Figure 1-9). [190] 

This human-dominated time period has been called by many scientists as the “Anthropocene”. [191] 

 

 

Figure 1-9: The land–water-atmosphere processes under anthropogenic global change. [190] 

 

One of the primary attributes determining the Anthropocene is the linkage of human society with 

energy. For humans, the key not only of our survival through millennia but also for the realization of 

our well-being and the evolution of civilization has been inextricably linked to forms of energy that 

have enabled us to move beyond the energy outputs of our biophysical bodies. From the primitive 

fire regimes of the hunter-gatherer era to the pyro-technological advances of the agricultural 

revolution,  the discovery and use of fossil fuels – the stored “ancient sunlight” [192] – have 

revolutionized once more the human way of being. Fossil fuels, comprising oil, coal and natural gas, 

are extremely attractive because they are highly concentrated, enabling large amounts of energy to 
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be stored in relatively small volumes that are practically easy to distribute. For these reasons, the 

utilization of fossil fuels has provided incredible benefits and opportunities to humankind during the 

last centuries (18th - 20th century). Indicators like life expectancy, population, economic growth and 

living standards increased dramatically after fossil fuels became the main source of energy [193], 

consequently creating the belief that they could provide humanity with unlimited potential for ever-

expanding growth and living standards. However, although fossil fuels have offered such benefits, 

especially in the rich countries of the western world, the aforementioned belief has been totally 

disproved in the 21st century. As our population approaches 7.8 billion people (projecting at an 

estimated 9.8 billion by 2050) [194], the energy problem is becoming one of the most important 

issues [195] and mankind is now called upon to confront major challenges arising from the excessive 

exploitation of fossil fuels.  

Currently, our civilization is supplied by more than 18 Terawatts (TW) of power (statistics for 

2015) [196] and the demand is expected to nearly double by 2050. [197] This power is generated 

today from all sources of energy, namely fossil fuels and alternative sources (e.g., biofuels, solar, 

wind, hydropower and other), with the overall share of fossil fuel still reaching, however, around 81% 

[198]; a level that has remained stable for more than three decades despite the strong growth in 

renewables. So, from the energy generation perspective, our current society is still largely based on 

a carbon-fuel economy, which displays many weak points and challenges related to social, economic 

and environmental issues. First of all, fossil energy sources are nonrenewable. This means that the 

rapidly growing world population and the reasonable desire of less developed countries to increase 

their energy demand are now contributing to a faster depletion of the finite fossil fuel reserves, 

making them even more scarce and costly, exposing humanity to the risk of facing energy shortage 

soon. Moreover, a crucial challenge of our century is the pollution produced by the ever-increased 

use of carbon-fuels, which is considered one of the major causes of global warming and climate 

change. [199, 200] In particular, the current combustion rates of fossil fuels lead to vast emissions of 

trace greenhouse gases (GHGs) into the atmosphere (i.e. CO, CH4, NOx, SOx, CO2) and to huge 

production of other pollutants, including volatile organic compounds (VOCs), heavy metals and 

particulate matter, that cause adverse effects on human health [201]. Also, such pollutants are directly 

related to immense environmental problems, such as acid rain, ocean acidification and the enhanced 

greenhouse effect, associated with the accelerated global warming and climate change. [202, 203]  

The increasing awareness for the energy and environmental risks posed from the extensive use 

of fossil fuels have triggered governments and scientists around the world to search for new energy 

strategies. [197, 204, 205] In this context, although there is not a unique solution to answer all the 

energy-related problems, it is clear that any successful energy strategy in the 21st century must include 

the fundamental principles of energy conservation (more rational use of energy) and the use of 
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renewable resources. In addition, this cannot be separated from social and economic issues, as a 

primary energy source must be also abundant, free of monopolies and available for all at a low cost. 

All these requirements can be grouped under the concept of sustainability [206] and only a solution 

that meets these requirements can be considered as truly sustainable. In this regard, technologies that 

use wind-, solar-, wave-, hydro-, tidal-, biomass-, geothermal power, etc., appear to be very attractive 

solutions as they account for renewable and CO2 emission-free energy sources with acceptable 

efficiency. Nevertheless, despite their renewable potential, critical problems lie in their stochastic 

nature, high cost and construction limitations. With an intermittent and fluctuating energy supply and 

highly diffused spatial and temporal availability over the Earth, most of these renewable energy 

technologies either provide a poor ability to match the on-demand energy consumption, or have 

adverse impacts on local ecosystems and communities due to the necessity of capturing large areas 

in order to increase their energy supply. [207, 208] Therefore, in addition to the abundance and 

renewable nature of an energy source, it is essential from a sustainability viewpoint to be also easily 

storable, manageable, distributable and constant. 

 

1.5.2 Future fuel — Hydrogen  

Identifying and building a sustainable energy system is perhaps one of the most critical issues 

that today’s society must face. Replacing our current fuels with a sustainable energy carrier is one of 

the key pieces in that system. From this perspective, hydrogen (H2) fuel has attracted a great deal of 

attention as a promising alternative to fossil fuels that could contribute to tackling the current energy 

crisis and environmental pollution issues. [209] This conception stems from the fact that H2 possess 

the highest energy content (120-142 MJ kg−1) among the commonly used fuels [210] and because it 

has a clean reaction with oxygen, exhibiting a high specific enthalpy (ΔfH
0 ~ 242 kJ mol-1) and 

yielding water vapor as only byproduct, according to the following equation (eq.1). 

2H2(g) + O2(g) → 2H2O(g) + energy (ΔfH
0 = -241.8 kJ mol-1 of H2)  (eq.1) 

Therefore, hydrogen provides the opportunity to be used as a non-polluting fuel either in internal 

combustion engines like other fossil fuels or in electrochemical cells (hydrogen fuel cells), which can 

convert the chemical potential energy of H2 and O2 directly into electrical work. [211] In addition to 

the high energy potential, hydrogen provides also the ability to be stored in gaseous, liquid or solid 

(e.g. in metal hydrides) form, enabling its efficient distribution and management over large distances. 

[212] However, although hydrogen is one of the most abundant elements on Earth (~0.9% by weight 

of the Earth’s surface) [213], it does not occur in nature in the molecular form but is found mainly as 
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an element in chemical compounds (like water, biomass or hydrocarbons). So, unlike coal, hydrogen 

is not considered as a primary energy source itself, but rather as an “energy vector” or “energy carrier” 

(like electricity), with a capacity to store or deliver a great amount of energy.  

 Historically, after its identification as a distinct element by Henry Cavendish in 1766 [214], the 

idea of the potential use of hydrogen as fuel dates back to 1874 in the “Mysterious Island” by Jules 

Vern. Moreover, the concept of renewable hydrogen energy did not appear until 1923 (proposed by 

the geneticist J.B.S. Haldane [215]), while the perspective of a “hydrogen economy” was firstly 

coined by John Bockris in the 1970s [216]. Yet, a shift to a hydrogen economy is not a fictional break 

from the reality of mankind's energy history. On the contrary, it follows a rational trend that seems to 

accompany the evolution of energy sources over the centuries. Indeed, as shown in Figure 1-10a, 

there is a gradual transition over time, from solid-fuels (e.g., wood, coal) to liquid (e.g., petroleum) 

to gaseous fuels (e.g., propane, methane). [217] Surprisingly, as the energy studies during the past 

two decades reveal, the underlying process in all of these transitions is “decarbonization”, since the 

fuel molecules are progressively becoming smaller, leaner in carbon, and richer in hydrogen. [218, 

219] As shown in Figure 1-10b, from wood to coal to oil, the ratio of hydrogen (H) to carbon (C) in 

the molecule of each successive source is increasing (H/C ratio: wood ~0.1 ; coal ~0.5‒1 ; oil ~2), 

while the last major transition is to natural gas (methane), which has a ratio H/C = 4 and is currently 

the fastest-growing fossil fuel; as it is cleaner, lighter and burns more efficiently than gasoline. 

Consequently, the next logical step in this progression is expected to be hydrogen (Figure 1-10a and 

c), which has an H/C ratio of infinite and therefore could significantly contribute to a near-zero carbon 

economy.  

Still, before the World can face a new hydrogen-based energy scenario, there are several 

scientific, technical, and socio-economic challenges that need to be overcome. In this respect, the 

most crucial step is the realization of efficient H2 production processes. Ideally, such methods must 

take into account the long-term supply of the hydrogen source and the cost-effective production of 

hydrogen. In addition, although the use of hydrogen as fuel has a negligible contribution to 

environmental pollution, its indirect environmental “footprint” from its production and management 

methods may be significant. This means that to have an overall environmental impact close to zero, 

hydrogen must also be produced and managed in a clean, renewable and sustainable way. [220] 
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Figure 1-10: a) Global energy system transition 1850-2150; b) Atomic structure of typical molecules of 

coal, oil, and gas and their ratio of hydrogen (H) to carbon (C) atoms; (c) Evolution of the 

decarbonization process observed in the H/C ratio of the world fuel mix. [218, 219] 

 

 

In relation to hydrogen production, H2 can be produced in many ways from a broad spectrum of 

initial raw materials including carbon-based feedstocks (e.g. fossil fuels, biomass, wastes) as well as 

water as a primary hydrogen source. [221, 222] Nowadays, although H2 is produced in large quantities 

for various industrial and commercial purposes (e.g., ammonia and fertilizer production, 

petrochemical refining industry, etc.), the vast majority of it  (~96%) is currently obtained from fossil 

fuels: 48% from natural gas (methane); ~30% from oil; ~18% from coal, whereas other (renewable) 

sources like water and biomass had and still have a minimal contribution (Figure 1-11). [223, 224]  
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Figure 1-11: Feedstock used in the present global production of Hydrogen (data from Ref. [223]). 

 

Regarding carbon-based sources, there are several industrial processes for producing H2 from 

fossil fuel or biomass feedstocks, including steam methane reforming (SMR), auto-thermal reforming 

(ATR), fuel oil or gas partial oxidation (POX), coal or biomass gasification and other, as shown in 

Figure 1-12. [225] Among them, steam reforming of natural gas followed by the water-gas shift 

reaction (WGS) — which makes use of the produced CO in the first step to maximize H2 production 

— is to date the most commonly and widely used industrial process, responsible for the majority of 

the world’s production of H2 and synthesis gas (Syngas, i.e., a mixture consisting primarily of H2, 

CO and CO2).[224] 

 

 
Figure 1-12: Generalized process flow for industrial hydrogen and syngas production. (SMR = Steam 

methane reforming; ATR = Auto thermal reforming; POX = Partial oxidation). [225] 

 

 

However, these approaches cannot be considered sustainable on a long-term scale because of the 

non-renewable nature of fossil fuels and the limited supply of biomass for energy purposes (i.e., due 

to competition with food production), as well as the unavoidable production of GHGs (CO2, CO, 

NOx, SOx) and other pollutants from the (thermo)chemical processing of carbon-based materials. In 
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addition, most of these methods require harsh operating conditions (e.g., high pressures and 

temperatures) and face several limitations associated with low efficiency and high demand for energy. 

Other approaches for H2 generation such as enzymatic conversion of sugars [226, 227] or 

electrochemical, thermochemical and photobiological water-splitting [228-231] also suffer from low 

efficiencies or the need for high energy inputs in the form heat or electric power. Therefore, in order 

to achieve the benefits of a sustainable hydrogen economy, H2 must be produced in a cost-effective 

way using renewable carbon-free resources, such as water, and a renewable energy source.  

Owing to its abundance, solar energy is by far the most important renewable energy source. The 

incident solar power on the surface of the Earth is over 1.3 × 105 TW, which is roughly four orders 

of magnitude greater than the global energy consumption rate. [232] Thus, the utilization of only a 

small amount of this energy (i.e. around 0.01–0.03 %) could meet the current and future human 

energy demands. From this perspective, solar-activated routes combined with renewable water 

resources are presenting obvious advantages and have gained significant attention over the last years, 

as potentially sustainable methods for converting and storing the intermittent solar energy into solar 

fuels such as H2. [233] For these processes, two general approaches are so far available: 

a) “Indirect” solar-to-hydrogen production, which uses conventional solar panels combined with 

conventional electrolysers to run photovoltaic (PV)-assisted water electrolysis (PV-electrolysis 

systems). 

b) “Direct” solar-to-hydrogen production, corresponding to a direct free-standing process of 

performing both solar-light harvesting and photochemical water-splitting at the same time 

(photoelectrochemical (PEC) cells or photocatalytic (PC) systems).  

In brief, the indirect approaches benefit from the use of conventional and widely tested technologies, 

but they suffer from efficiency losses and high costs, owing to the additional step involved, that is, 

electricity has to be generated in photovoltaic cells first and then consumed in a subsequent 

electrolysis step in a separate device. [234] Instead, the direct solar-to-fuel methods are considered to 

perform “artificial photosynthesis” [235], a stand-alone process where solar energy can be directly 

captured, converted and stored as chemical energy in a product (e.g. H2) with the help of suitable 

catalysts. Although this technology is currently less efficient than the indirect processes and still far 

from practical industrial application [233, 234], the simplicity of the direct exploitation of sunlight to 

generate hydrogen from natural renewable resources, such as water and/or aqueous biomass 

components/derivatives [236, 237], makes it an extremely promising future strategy for sustainable 

Η2 production.  
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1.5.3 Sustainable hydrogen production — Photocatalysis 

Since the pioneering discovery of water photoelectrolysis in a photoelectrochemical water-

splitting cell by Fujishima and Honda in 1972 [238] — using TiO2 (photoanode) and Pt (cathode) 

electrodes to decompose water into H2 and O2 under ultraviolet irradiation — water splitting via 

heterogeneous artificial photosynthesis (i.e., using semiconducting solid-state materials instead of 

homogeneous molecular systems) [235, 239] has gained immense attention as a direct and effective 

way to convert and store solar energy into chemical fuel. As a result, during the past several decades 

significant research efforts have been undertaken to make the PEC approach more efficient and cost-

effective. [240-243] Nonetheless, some years after the discovery and alongside the photoelectrolysis 

method, the direct photocatalysis route has also started to evolve. After the demonstration of direct 

photochemical water-splitting on a single platinized-TiO2 photoelectrode in 1977 [244], Arthur Nozik 

formulated the concept of “photochemical diodes” [245] and Bard extended the principles of PEC 

cells to a design of a photocatalytic water-splitting system, which directly uses semiconductor 

particles suspended in water instead of fixed photoelectrodes immersed in aqueous electrolytes. [246-

248]  

Essentially, heterogeneous photocatalysis is defined as the process of catalysis induced by photo-

irradiation in the presence of solid semiconductor materials serving as light-absorbing catalysts. Such 

photocatalytic materials are able to facilitate and accelerate photochemical reactions with the help of 

a light source (e.g. sunlight), without being consumed or transformed. On this basis, the use of 

dispersed photocatalyst particles for water-splitting, instead of fixed photoelectrodes, is the simplest 

method as shown in Figure 1-13. In general, the basic operating concept of photocatalytic Η2 

production is simple. In a process that mimics photosynthesis, photocatalyst powders dispersed in 

water absorb solar energy and utilize it to promote photochemical redox reactions, converting water 

into H2 and O2 according to the basic water-splitting reaction (eq. 2).   

H2O(𝑙) → H2(g) + 
1

2
O2(g)    (ΔG

o = +237 kJ mol−1 of H2 )            (eq. 2) 

As shown in the energy profile diagram in Figure 1-13, photocatalytic water-splitting converts solar 

energy into chemical energy through a thermodynamically unfavorable “uphill” reaction, with a large 

positive change in the Gibbs free energy (ΔG0 = 237 kJ mol-1). This reaction resembles the endergonic 

(ΔG > 0) photosynthetic processes by green plants, which is the reason why photocatalytic water-

splitting is designated as an artificial-photosynthesis process. [249]  
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Figure 1-13: Photosynthesis by green plants and photocatalytic water splitting as artificial 

photosynthesis for solar Η2 production using powdered photocatalyst. Modified from ref. [237] with 

permission from the Royal Society of Chemistry.  

 

The photocatalytic water-splitting approach shows generally the following advantages: (i) 

reasonable solar-to-hydrogen efficiency, (ii) low cost, (iii) the ability to achieve separate hydrogen 

and/or oxygen generation during reaction, and (iv) simple reactor systems suitable either for 

household or large-scale applications. [237, 250, 251] In this respect, recent techno-economical 

analyses between basic PEC and dispersed-photocatalyst systems have also indicated that the latter 

can be more economically advantageous for H2 generation. [252, 253] Therefore, owing to the 

simplicity and lower cost of generating H2 by using dispersed photocatalyst particles and water in 

simple reactor designs (without the need of fabricating complex electrodes and circuits), the 

photocatalytic water-splitting technology is expected to be a key solution to sustainable H2 production 

in the future, if higher photocatalyst performance targets are met. [251, 254]  

 

1.5.3.1 Fundamentals of semiconductor Photocatalysis 

1.5.3.1.1  Band structure and electronic properties of semiconductors 

For photocatalytic materials to be active, they must foremost possess the ability to absorb energy 

from light and use it to promote chemical reactions. For this purpose, solid semiconductor materials 

and their electronic band electronic structure play an essential role in the mechanism of 

photocatalysis. In general, solid materials are formed from a large number (N) of densely packed 

atoms, which interact intensely. These interactions produce the mechanical, thermal, electrical, 

magnetic and optical properties of solids. According to the band theory, when N atoms come close 

together to form a solid material, their atomic orbitals overlap and each electron energy state is 

perturbed by the electrons and nuclei of the adjacent atoms. [255] Since the Pauli exclusion principle 

dictates that it is impossible for two electrons to have the same quantum numbers in a molecule, the 
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N overlapping atomic orbitals split into N discrete molecular orbitals (MOs), each with a different 

energy level:  

• Bonding MOs, which are lower in energy than the atomic orbitals that combine to produce them. 

• Antibonding MOs, which are higher in energy than the atomic orbitals that combine to produce 

them. 

So, as the number of atoms increases in the material, the number of MOs also increases and thus the 

energy levels are becoming denser. When the number of atoms becomes very large (N~1022), such as 

in a macroscopic solid, the accumulated orbital energy levels are so closely spaced (in the order of 

10−22 eV) that it is possible to consider them as a continuum of energetic states, forming what is 

termed an energy band. As an example, Figure 1-14 shows the evolution in the electronic structure 

of a solid semiconductor from a distinct atomic orbital to the formation of broad energy bands, as the 

number N of atoms increases from unity (isolated atom) to solids of more than 2000 units. [256, 257] 

 

 

Figure 1-14: Schematic example of the change in the electronic structure of a solid semiconductor 

material by increasing the number of monomeric units (N). N=1 corresponds to a distinct atomic orbital. 

For N=2 the two atomic orbitals overlap to form two molecular orbitals of different energy (HOMO-

LUMO). As N increases from 2 to more than 2000 units, orbitals in the material become denser and 

eventually form continuous energy bands composed of very closely-spaced orbitals. (HOMO = highest 

occupied molecular orbital, LUMO = lowest unoccupied molecular orbital, VB = valence band, CB = 

conduction band, and ΔE = energy gap, Eg = band gap). Adapted with permission from ref. [256]. 

Copyright © 1995, American Chemical Society.  

 

 Similar to isolated atoms where electrons are restricted to orbits with allowed energy levels, 

electrons in a solid are confined to a number of permitted energy bands, and forbidden from other 

regions. The inner energy bands are usually very narrow because the inner shell atomic orbitals 
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usually do not overlap to a significant degree. So, the formation of broad energy bands is mostly a 

feature of the atoms’ outermost electron shells (valence electrons), which are the ones involved in 

chemical bonding and electrical conductivity. These uppermost energy bands are of particular 

importance, since they are the ones associated with the various chemical, electrical and optical 

properties of solid materials. Taking the energy of an electron in the vacuum level as a reference, the 

higher energy band is called the conduction band (CB) and the one of lower energy is known as the 

valence band (VB), as shown in Figure 1-14. At ground state conditions (i.e., absolute zero 

temperature, T = 0 K) the VB is usually filled with electrons (valence electrons), whereas the CB is 

empty. Note that the filling of the bands in a solid is governed by the Pauli exclusion principle, thus 

each band may contain maximum 2N electrons, where N is the number of energy levels in a band. 

As in molecular compounds the energy levels of interest are the highest occupied molecular orbitals 

“HOMO” and the lowest unoccupied molecular orbitals “LUMO” (see Figure 1-14), the highest 

(occupied) energy level of the VB is called the valence band maximum “VBM” (i.e., the top edge of 

the VB) and the lowest (unoccupied) energy level of the CB is the conduction band minimum “CBM” 

(i.e., the bottom edge of the CB).  In terms of energy, between the valence and conduction band edges 

of semiconductors exists a forbidden region (energy gap, ΔE) called the bandgap (Eg), within which 

energy states do not exist (see Figure 1-14). Moreover, the filling of bands is also correlated to 

another important quantity in the band theory called the Fermi level (EF), or otherwise described as 

the chemical potential of materials and chemical species. The Fermi level is a theoretical 

thermodynamic quantity and is defined as the level of energy states that has a 50% probability of 

being occupied by electrons. Essentially, assuming a material with a single broad energy band (i.e., 

a continuum of energetic states without bandgap) the Fermi level represents the highest energy level 

in the solid that is filled at the ground state (T = 0 K), as all electronic energy levels below EF are 

occupied and those above EF are likely to be empty. [258] 

The size of the bandgap as well as the degree of band-filling determine the electronic 

characteristics and consequently most of the physicochemical properties of solid materials. 

Considering electronic conduction (i.e., the flow of free electrons through the material), together EF 

and Eg distinguish three basic classes of materials: conductors (or metals), semiconductors and 

insulators. Note that for an electron to become free, it must be promoted or excited into one of the 

empty and available energy states above EF. [255] As shown in Figure 1-15, the Fermi level in 

conductors (like metals) is located within the VB, which is either partially filled or overlaps with the 

CB to form a single (Eg=0) partially filled band. So, electrons can easily become free to flow through 

the material when an electric field is applied (i.e., sufficiently small excitation), thus making metals 

excellent electron conductors. On the contrary, EF of semiconductors and insulators lies in the 

forbidden gap (bandgap), the size of which is typically in the region of ~1–4 eV for a semiconductor 
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and above 4 eV for an insulator, and hence at T= 0 K both have a filled VB and a completely empty 

CB (see Figure 1-15). This means that there is not enough energy to create free electrons, resulting 

in a non-conductive behavior for both insulators and semiconductors at absolute zero. However, 

unlike the prohibitively large Eg of insulators, the bandgap in semiconductors is relatively small and 

can be bridged by excited electrons of sufficient energy. [255] For the bandgap bridging, the 

excitation of electrons can be realized either thermally (thermal excitation) or optically 

(photoexcitation). Under thermal excitation, lattice vibrations from heat absorption (phonons) can 

provide enough energy to promote electrons from the filled VB to the empty CB; especially in narrow 

Eg semiconductors or the ones containing a large number of impurities (doped semiconductors). 

Similarly, under optical bandgap excitation, photons with energy greater than Eg (emitted by a light 

source) can be absorbed by the semiconductor and transfer their energy to the VB electrons, exciting 

them into the CB. In each case, the promotion of negatively charged electrons (e-) to the CB leaves 

behind positively charged vacancies in the VB, which are referred to as electron-holes or simply holes 

(h+). The holes can be viewed as positively charged quasiparticles (like positively charged free 

electrons) moving through the material and therefore, like electrons, are considered to be mobile 

charge-carriers. [255] 

 

 

Figure 1-15: The various possible electron band structures in solids at T=0 K. (a) The electron band 

structure found in metals such as copper, in which EF lies within the VB and so empty states are available 

above and adjacent to filled VB states. (b) The electron band structure of metals such as magnesium, 

where there is an overlap of filled and empty bands and EF lies within the overlap region.  (c) The 

electron band structure characteristic of insulators showing the EF position within the bandgap. The 

filled VB is separated from the empty CB by a relatively large band gap (Eg > 4 eV). (d) The electron 

band structure found in semiconductors, which is the same as for insulators except that the band gap is 

relatively narrow (Eg < 4 eV). (VB = valence band, CB = conduction band, EF = Fermi level, Eg = 

bandgap). Adapted with permission from ref. [255]. Copyright © 2018, John Wiley and Sons. 

 

 



 

34 

 

34   Chapter 1: General Introduction   

Besides bandgap excitation, a common strategy to create or increase mobile charge-carriers in 

semiconductors is to introduce impurities known as dopants. A pure, undoped semiconductor is called 

intrinsic (i.e., has equal number of electrons and holes), while a doped is referred to as an extrinsic 

semiconductor. In extrinsic semiconductors, doping can be realized either by the addition of a 

different element (e.g., with different number of valence electrons) into the semiconductor or by a 

deviation from stoichiometry in compound semiconductors (i.e., composed of two or more different 

chemical elements), thus generating more electron-rich or deficient states within their band structure. 

Typically, dopants create allowed energy states within the bandgap that lie close to the energy band 

corresponding to that particular dopant type (see Figure 1-16). When more electron deficient dopants 

(relative to the host material) create states near the VB, they can easily accept thermally excited (even 

at room temperature) VB electrons and thus produce more mobile holes than electrons (i.e., holes are 

the majority charge carriers and electrons the minority). These semiconductors are known as positive-

charge doped (p-doped) or p-type and have a better hole conductivity. Conversely, when more 

electron-rich dopants create states near the CB, they can easily donate excited electrons to the CB 

and thus create more mobile electrons than holes. In this case they are referred to as negative-charge 

dopants and the semiconductors are called n-doped or n-type, which have better electron conductivity 

(electron conductors). For high doping densities, the introduction of intragap states can also modify 

the band structure and optical properties of the semiconductors, as shown in Figure 1-16. More 

specifically, because of the equal densities of electron and holes in intrinsic semiconductors, their EF
 

is placed at the mid-point of the bandgap (1/2 Eg). However, the presence of acceptor states (acceptor 

level) in p-type semiconductors increases the density of holes in the VB and shifts EF closer to the 

VB, whereas donor states (donor level) in n-type semiconductors increase the density of electrons in 

the CB and cause EF to shift just below the CB. In both cases, the new intragap states could narrow 

the effective bandgap of the semiconductors and create new optical-absorption transitions, 

consequently affecting their photoexcitation properties. [259]  

It should be noted that the charge-carrier density connection with the Fermi level position, as 

described above, represents what is expected under equilibrium conditions. However, when a 

semiconductor is placed in close contact with another phase or undergoes excitation, the redistribution 

of charge-carries with the other phase (electrostatic interactions) or the electron excitation by the 

energy delivered could change the mobile charge-carrier equilibrium in the semiconductor, and thus 

affect the Fermi and band-edge energy levels. [260] 
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Figure 1-16: Electronic band structures of intrinsic and doped semiconductors. Intrinsic (undoped) 

semiconductors have equal densities of electrons and holes and EF lies in the midpoint of Eg. Donor 

dopants in n-type semiconductors create filled states (donor lever) near the conduction band where 

electrons can be easily excited, thus increasing the electron density and causing EF to shift below the 

conduction band. In p-type semiconductors acceptor dopants create electron-deficient states near the 

valence band (acceptor level) and electrons can be easily excited from the valence band to the acceptor 

level, thus increasing the density of holes and shifting EF closer to the valence band. In both doping cases, 

the effective band gap (E′g) is decreased, and the electrical conductivity at a given temperature increases 

significantly.  

 

 

1.5.3.1.2 Interfacial Interactions in Semiconductor Junctions 

One of the key features of semiconductors is the ability to develop a built-in electric field when 

they come in close contact with another phase (junction). The presence of an internal electric field 

can facilitate the separation and transfer of charge-carriers, by allowing for example one carrier 

(electrons or holes) to flow in one direction and the other to move in the opposite direction. In general, 

junctions are formed between a semiconductor and a second phase when an initial difference in Fermi 

levels (or chemical potential of electrons) exists between the two phases, such that majority charge-

carriers are transferred to the second phase to equalize the Fermi levels and establish a thermo-

dynamic equilibrium. Since photocatalysis involves (photo)electrochemical interface interactions 

between solid semiconductor photocatalysts and water (or aqueous electrolytes), the 

semiconductor/electrolyte junction is a fundamental aspect of heterogeneous photocatalysis.  

To better describe the energetics of these electrochemical interactions, it is useful to utilize first 

the concepts of work function, electron affinity and ionization energy. The work function (Φ) is 

defined as the energy difference (usually measured in eV) between the Fermi level and the 

electrostatic potential energy in the vacuum level (Evac). Note that the electrochemical potential level 

of the electrolyte (Eredox) is generally considered analogous to the Fermi level (EF) of the 

semiconductor. The vacuum is taken as a reference of zero energy value (Evac = 0 eV), since the 

kinetic energy of free electrons in vacuum is zero. Accordingly, the electron affinity (χ) is defined as 

the energy difference (in eV) between the electrochemical potential level of the conduction band edge 
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(EC) and the electrostatic level just outside the semiconductor (Evac), whereas the ionization energy 

(Ei) refers to the energy potential difference (in eV) between Evac and the electrochemical potential 

level of the valence band edge (EV). [261] Because in electrochemical systems the values of the EF, 

Eredox, EC and EV levels are usually measured as redox potentials (in V) with reference to the normal 

hydrogen electrode (NHE), the following relationship (eq. 3) is used to convert the NHE scale (in V) 

to the absolute vacuum energy scale:  

E[abs] = −4.5 eV − e0V[NHE]                    (eq. 3)   

where, E[abs] is the corresponding energy value vs the vacuum scale (in eV), V[NHE] is the respective 

redox potential vs the NHE scale (in V), e0 is the elementary electronic charge and –4.5 eV is the 

work function (or Fermi level) of the NHE with respect to vacuum.  

So, considering for simplicity an n-type semiconductor immersed in an electrolyte solution (e.g., 

water), if the initial semiconductor Fermi level (EF) lies above the electrochemical potential (Eredox) 

of the electrolyte (or accordingly ΦS < Φredox) then equilibration of the two electrochemical potentials 

(EF = Eredox) occurs by transfer of electrons from the semiconductor to the electrolyte. This transfer 

of electrons leaves behind positively charged immobile donor-states in the semiconductor near the 

surface, which are compensated by negative charges that accumulate at the surface outer-layer, thus 

forming an electrical double-layer in the semiconductor. The positive charge built-up effect inside 

the semiconductor is most pronounced at a region with a width (W) ~100-1000 nm near the surface, 

called the space-charge region or the space-charge layer — also called a depletion layer since the 

region is depleted of majority charge-carriers — while at a distance sufficiently far away from the 

surface (i.e., in the bulk semiconductor) the effect diminishes. [260] In general, due to the oppositely 

charged regions developed in the double-layer, a built-in electric field is formed inside the 

semiconductor that causes a shift in the electrostatic potential and thus a “deformation” of the band 

structure across the space charge region. This deformation is manifested by a bending of the valence 

and conduction band levels denoted as band bending. [262, 263] Since the valence and conduction 

band levels are pinned at the surface of the semiconductor (due to interactions with the electrolyte), 

the corresponding potential drop between the positively charged depletion region and the negatively 

charged surface (induced by the adsorption of anions from the electrolyte or/and the trapping of 

electrons at surface-states) is reflected here in an upward bending of the bands towards the surface 

(upward band bending), as shown in Figure 1-17a. In this case, the upward band bending forms a 

potential barrier at the interface (ΦSC) that prevents the further flow of electrons from the 

semiconductor into the electrolyte, which is often referred to as “pseudo” Schottky barrier. [260, 264] 

At equilibrium, the direction of the formed electric field at the interface (i.e., from the semiconductor 
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to the electrolyte) is such that the minority carriers (holes in this case) are driven to the semiconductor 

surface, while electrons move to the opposite direction away from the surface and towards the bulk.  

 

 

Figure 1-17: Semiconductor/electrolyte junction formation for n-type and p-type semiconductors. a) 

and b) represent an n- and p-type semiconductor before contact with the electrolyte, showing the 

different initial positions between the respective semiconductor Fermi level (EF) and the electrochemical 

potential (Eredox) of the electrolyte. c) and d) shows the different charge distribution outcomes at the 

interface, after equilibration of the Fermi levels (EF, equil). In the n-type semiconductor the valence and 

conduction band levels bend upwards across the space charge region (SCR), while in the p-type 

semiconductor a downward band bending is observed, both forming a potential barrier (ΦSC) at the 

interface. Reproduced from ref. [265] 

 

Note that the inverse but analogous situation occurs with p-type semiconductors having an initial 

EF usually below Eredox (or accordingly ΦS > Φredox), and so electrons are transferred from the 

electrolyte into the semiconductor. The space charge region is then associated with a negative charge, 

compensated by a positive charge at the surface, thus causing a downward band bending towards the 

surface (Figure 1-17b) and forming a potential barrier (ΦSC) against further electron transfer from 

the electrolyte. For p-type semiconductors, the space charge region is also depleted of majority 

charge-carriers (i.e., holes) upon contact with the electrolyte and hence it is also referred to as a 

depletion layer. Also, the direction of the internal electric field in this case is from the electrolyte to 
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the semiconductor, thus driving electrons to the surface whereas holes flow towards the bulk 

semiconductor.   

On the other hand, a charged double layer is also formed in the electrolyte side of the interface, 

corresponding to the Helmholtz layer (HL), which is followed by the diffuse Gouy-Chapman layer. 

The Helmholtz double layer is considered to be composed of two planar sheets of charges: (i) the 

inner Helmholtz plane (IHP) close to the semiconductor surface that consisted of charged surface-

states and adsorbed ions and/or solvent dipole molecules from the electrolyte, and ii) the outer 

Helmholtz plane (OHP), a layer of solvated electrolyte ions of opposite sign to the IHP that are more 

loosely bound, see Figure 1-18. In electrolytes with high ionic strength, the dielectric Helmholtz 

layer is considered to be compact (also called Stern layer) with a width of a few Angstroms (10–100 

Å), and creates a surface charge at the semiconductor of opposite sign to the charge induced within 

the semiconductor space charge region. In electrolytes of low ionic strength, there may be insufficient 

ions available at the OHP to compensate all adsorbed charges at the surface and the excess charge is 

then compensated by solvated ions, forming a diffuse ion layer that extends much beyond the OHP, 

the so-called Gouy-Chapman layer. [245, 260, 266, 267] Due to the charge distribution between the 

specifically adsorbed ions on the semiconductor surface layer (IHP) and the counter ions in OHP, a 

potential drop may also occur across the Helmholtz double layer. For many semiconductors in 

aqueous electrolytes, H+ and OH– are the dominant adsorbed species at the surface and therefore the 

Helmholtz potential drop (VH) changes systematically with pH; usually by 59 mV per unit pH at 25 

℃ (Nernstian response) according to the relationship in eq. 4. [245, 260, 266] In eq. 4 the term PZC 

refers to the point of zero charge of the semiconductor surface, which in aqueous electrolytes 

corresponds to the pH where VH = 0.  

VH [V] = 0.059 (PZC − pH)                  (eq. 4) 

Depending on the pH and composition of the electrolyte solution, the Helmholtz potential drop 

markedly affects the semiconductor band-edge positions at the interface (i.e., positive or negative 

shift in the potential of the EC and EV levels) and therefore affects the extent of band bending induced 

in the semiconductor space-charge region. As shown in the band diagram in Figure 1-18, VH has an 

additional effect to the a priori work function difference of the two phases (i.e., ΔΦSC = ΦS ‒ Φredox). 

[245, 260] Taking the NHE energy scale as a reference, the total  potential drop in the semiconductor 

(VBB) after equilibrium with the electrolyte is given by the relationship: 

VBB [NHE] = −(∆ΦSC + VH) = (Φredox − 4.5) − (ΦS − 4.5 + VH) = Vredox − VFB       (eq. 5) 

where VBB is the total potential drop (total band bending) in the semiconductor (in V vs NHE), ΔΦSC 

is the work function difference between the semiconductor and the electrolyte (ΔΦSC = ΦS ‒ Φredox), 

VH is the potential drop across the Helmholtz layer (in V vs NHE), 4.5 is the NHE scale factor relating 
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the H+/H2 redox potential to vacuum, the part “Φredox - 4.5” refers to the potential (in V vs NHE) of 

the redox couple in the electrolyte (Vredox) and the part “ΦS ‒ 4.5 + VH” corresponds to the so-called 

flat-band potential (VFB).   

The flat-band potential is the measured potential with respect to a reference electrode, at which 

the semiconductor bands are flat (zero space-charge condition). [245] Hence, the effect of the 

Helmholtz layer on the total potential drop in the semiconductor is related within the flat-band 

potential, according to the relationship:  

VFB [NHE] = (ΦS − 4.5 + VH)                 (eq. 6) 

 

 

Figure 1-18: Band diagram for an n-type semiconductor/electrolyte junction under equilibrium, 

illustrating the Helmholtz layer (HL) and the Depletion layer formed at the junction interface. IHP and 

OHP are the inner and outer Helmholtz planes respectively. The Helmholtz layer potential drop (VH), 

total band bending (VBB), and the work function difference (ΔΦSC) of the semiconductor (ΦS) and 

electrolyte (Φredox) with respect to the vacuum level (Evac) are also shown.  Note that Evac follows the 

potential changes that occur in the system. The red dashed lines correspond to the vacuum level at the 

flat-band situation (Evac, FB) and to the position of the flat-band potential (VFB). Modified with permission 

from ref.[260]. Copyright © 2017, Elsevier Inc. All rights reserved.  
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Essentially, the measured flat-band potential denotes the initial position of the semiconductor 

Fermi level at the flat band situation (i.e., with zero band bending). This means that in the case of an 

n-type doped semiconductor, VFB will be slightly below the conduction band edge and hence it can 

accurately reflect the position of the CB edge (or the position of the VB edge in the case of a p-type 

semiconductor) at a given set of conditions (solution pH, redox concentration, etc.). [266] From eqs. 

4 and 6 it is clear that the VFB will also change systematically with pH, following the same trend as 

VH. [245, 260, 266] Note that the aforementioned Nernstian dependence of VFB with pH (i.e., 59 mV 

per unit pH) is accurate mostly for metal-oxide semiconductors, but other non-oxide semiconductors 

(such as chalcogenides) may have a different response. Also, for semiconductors with moderate 

doping level, VH is usually negligible compared to ΔΦSC, and hence has an insignificant effect on the 

VFB position and the total band bending (i.e., VBB ~ ΔΦSC). But for higher doping levels (e.g., 1019 

cm-3) or high density of surface-states (i.e., localized electronic states at the semiconductor surface 

with energy levels that differ significantly from the allowed levels of the bulk), the Helmholtz 

potential drop can be considerable (VH ~ 0.1 ‒ 0.5 V) and should be taken into account. [268, 269] In 

this respect, if the density of surface-states is relatively high (> 1015 cm−2) compared to that of the 

bulk dopant states (∼108−1012 cm−2), the Fermi level of the semiconductor becomes almost 

independent from the allowed energy levels of the bulk and is essentially “pinned” at the energy level 

of the surface-states (see Figure A-1 in the Appendix). This situation is known as Fermi level pinning. 

[263, 269] This shift of the Fermi level to the level of the surface-states can affect the charge 

equilibrium in the semiconductor, by the transfer of majority charge-carriers from the bulk to the 

surface-states, thus inducing the formation of a space charge layer and a potential drop (band bending) 

near the surface (i.e., surface-state-induced band bending). The result is a semiconductor with an 

amount of band bending (and potential barrier ΦSC) that is determined by the work function of the 

surface-state layer. Therefore, in the case of large concentration of surface-states, the semiconductor 

Fermi level will be pinned at the level of the surface-states and the contact of the semiconductor 

surface with an electrolyte will not alter the amount of band bending. In this case, the additional 

potential drop from the semiconductor/electrolyte equilibration will occur exclusively across the 

Helmholtz layer, reflected in a shift (negative or positive) of the band edge potentials while band 

bending remains fixed. [269] In addition, this situation can also influence the measured flat-band 

potential, which due to Fermi level pinning would correspond to the potential of the charged surface-

states rather than the real Fermi level at the flat-band situation, resulting in an inaccurate estimation 

of the actual semiconductor band-edge positions. [270, 271] 

Considering the contact phase, other important cases besides the semiconductor/electrolyte 

junction include the metal/semiconductor (M-S) junction and the semiconductor/semiconductor (S-

S) heterojunctions. In all these cases, the same principles as with the semiconductor/electrolyte 
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junction — in the formation of an electric field, space-charge layer and potential barrier at the 

interface — apply, and thus will not be discussed here in detail for each separate case. Nevertheless, 

one of the most important features of M-S junctions is that the Fermi level of the semiconductor will 

be “pinned” to that of the metal due to the much higher electron density in metals (see Figure A-2 in 

the Appendix). For a given semiconductor-metal combination, this creates a constant potential barrier 

(Schottky barrier) at the junction interface [263], irrespective of whether the junction is in contact 

with an electrolyte or not. Consequently, when a metal/semiconductor Schottky junction is in contact 

with an electrolyte, the potential barrier and band-bending in the semiconductor remain constant 

(fixed band-bending), while the additional potential drop due to charge equilibration with the 

electrolyte will occur across the Helmholtz layer at the metal/electrolyte interface. [272] This 

situation also causes discrepancies in the estimation of the actual semiconductor band-edge positions 

from flat-band potential measurements, because the apparent VFB measured in this case will be the 

Fermi level of the contact metal. In typical M-S Schottky junctions, the electric field formed at the 

interface facilitates charge-carrier separation, where minority carries are transferred to the interface 

and majority carries are driven towards the bulk region of the semiconductor. However, this charge-

carrier separation condition is considered to be slightly different for small semiconductor particles in 

contact with nanosized metal particles, where it has been observed that electrons can be injected into 

the metal nanoparticles (which act as electron “sinks”) and holes remain in the semiconductor and 

transfer at the surface. [273-275] 

In the case of S-S heterojunctions, numerous different semiconductor contact situations can be 

inferred. Generally, heterojunctions can be formed by dissimilar crystalline phases of the same 

chemical composition (with different bandgaps), or by semiconductors with different chemical 

composition (heterostructures). Additionally, depending on the type of semiconductor (p-type or n-

type), the S-S heterojunctions can be categorized into p-p, n-n, and p-n type (or widely known as p-

n junctions), while according to the alignment of their band-edge positions at the interface there are 

three different types of heterojunctions (see Figure A-3 in the Appendix): Type-I (straddling gap), 

Type-II (staggered gap) and Type-III (broken gap). Moreover, based on the three different types of 

band alignment and the various situations of different EF positions between the semiconductors, S-S 

heterojunctions may be further categorized into five main types (see Figure A-4 in the Appendix), 

each with particular band structure and charge-separation characteristics. [276] Nevertheless, the 

common trait in all of them is the formation of a space-charge layer in each side of the junction, with 

band bending occurring in each semiconductor. This causes an internal electric field to form at the 

junction interface, in which the flow of charge-carriers is facilitated in one direction but hindered in 

another direction.  
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Overall, understanding and manipulating band bending in semiconductor junctions offer the 

ability to control the separation and transfer of charge-carriers from the semiconductor to the 

electrolyte or surface absorbed species, and thus can provide new opportunities for the better design 

and utilization of semiconductor-based materials, particularly for applications involving 

electrochemical processes such as catalysis and photocatalysis. 

 

1.5.3.1.3  Basic mechanism of heterogenous photocatalysis 

The fundamental working principle for semiconductor photocatalysis is generally based on the 

generation of photoexcited charge-carriers. In this regard, the band gap (Eg) of a semiconductor plays 

a crucial role in photocatalysis, since the energy of the incident photons from the light source (hv) 

must be equal or higher than Eg for the necessary excitation and activation of the photocatalyst to 

take place. More specifically, the basic processes of photocatalysis on a semiconductor particle, 

which are essentially similar to a photoelectrochemical (PEC) cell, can be described in five main 

steps as shown in Figure 1-19: (I) light absorption, (II) charge formation, (III) charge separation and 

migration, (IV) charge recombination and (V) redox reactions. [277]  

The first two steps (I and II) in Figure 1-19 involve the generation of photoexcited charge-

carriers by light absorption from the semiconductor photocatalyst (SC). If the condition of the photon-

energy (hv) ≥ band-gap (Eg) is reached, a photon is absorbed by the SC (step I) and an electron (e–) 

is excited from the VB into the CB leaving behind a positive charged hole (h+) in the VB, thus 

resulting in the formation of excited electron/hole pairs (e–/h+) called excitons (step II). This 

femtosecond (10-15 s) charge-carrier formation process is followed by relaxation of the electron and 

hole to lower excited states (radiationless internal conversion), namely to the bottom of the CB 

(CBM) and to the top of the VB (VBM) respectively (see Figure 1-20b), on a similar timescale (10-

14 to 10-12 s). [262, 278] Depending on the degree of band-bending and electrostatic interactions, as a 

result of the contact interfaces formed between the SC and other phases (solution, metal or other 

semiconductors as described previously), the photoexcited charge-carriers can separate and migrate 

to the photocatalyst surface (step III in Figure 1-19) on a ps to μs timescale ( 10-12 to 10-6 s). The 

photoexcited e–/h+ pairs can then be consumed by participating in redox reactions (step V in Figure 

1-19) with reactants adsorbed on the surface active-sites, on timescales usually longer than 

microseconds (>10-6 s) according to Figure 1-20a. At the surface, the SC can donate photogenerated 

electrons to reduce an electron acceptor (reduction pathway A in Figure 1-19), while a hole can 

combine with an electron from a donor species adsorbed on the surface, and thus cause oxidation of 

the donor reactants (oxidation pathway D in Figure 1-19). The probability and rate of the charge-
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transfer processes for electrons and holes depends greatly on the respective positions of the SC 

conduction and valence band edges and the redox potential levels of the adsorbed species.  

However, not all the photogenerated charge-carriers can be collected and finally contribute to 

chemical reactions. In fact, a portion of the photogenerated electron and holes is subjected to 

recombination (step IV in Figure 1-19) in the bulk due to poor e–/h+ separation or at the photocatalyst 

surface where trapped e– and h+ at surface-states may accelerate their recombination. Recombination 

dissipates the energy of  the photoexcited charge-carries either thermally by creation of heat (non-

radiative recombination) or optically by spontaneous photon emission (radiative recombination or 

photoluminescence). [279] Therefore, charge recombination is considered to be a major loss of the 

photoexcited charge-carriers and a critical factor that hinders the photocatalytic efficiency of 

semiconductor photocatalysts. Usually, charge-carrier recombination occurs at an average time-scale 

on the order of 10− 9 s (see Figure 1-20b), while the charge-transfer and redox reaction processes 

occur in similar and longer time scales ranging from ps to ms, as shown in Figure 1-20a. [35, 262, 

277, 280] 

 

 

Figure 1-19: Scheme illustration of a particulate photocatalyst. Note: (I) light absorption, (II) charge 

separation, (III) charge migration, (IV) charge recombination and (V) redox reaction. CB = conduction 

band, VB = valence band, Eg = band gap, A=acceptor, and D = donor. Reproduced from Ref. [277] with 

permission from the Royal Society of Chemistry. 

 

Over the last decades, heterogeneous photocatalysis has appeared as an emerging and promising 

“advanced oxidation process” (AOP), with more than 2000 recent publications on the subject. [281] 

Moreover, it has become increasingly attractive as an efficient method for green-chemistry processes  

in selective and synthetically useful transformations of specific organic compounds and in emerging 

AOPs. [280, 282-288] In most of these studies, the usual electron acceptor participating in the 

reduction reaction pathway is oxygen, which is usually present as dissolved Ο2 in an aerated reaction 

mixture. It is generally admitted that photogenerated electrons can reduce molecular oxygen to 
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superoxide anion radical (O2
•–), which can be subsequently transformed into other chemical species, 

such as HO2
•, HO2

−, H2O2, and possibly HO•
 radicals. These activated oxygen species may take part 

in oxidation of electron-donor reactants (i.e., organic or inorganic compounds). On the other hand, 

photogenerated holes can also oxidize the electron donor (also referred to as the “hole scavenger”), 

either via the formation of reactive species, such as surface-bound hydroxyl radicals (HO•), or through 

direct reaction with the adsorbed molecules. Together, these reactions can ultimately result in either 

complete degradation of organic compounds (e.g., photo-mineralization of pollutants) or to more 

selective oxidation and transformation of the target electron-donor molecules, depending on a variety 

of thermodynamic and kinetic factors that govern these charge-transfer and redox reaction processes. 

  

 

Figure 1-20: a) Timescales for photoinduced reaction steps; b) Primary photo-processes at the 

semiconductor/liquid interface (thick vertical bar). Note: After photoexcitation, radiative and 

nonradiative recombination can occur, depicted by straight and waved lines respectively. Electrons and 

holes gain stability when moving down and up in this scheme, respectively. The depicted band positions 

apply for TiO2 in contact with water at pH 7. The electron energy (eV) is given relative to the vacuum 

level (0 eV); e−
tr = electron trap, h+

tr = hole trap, e−
r = reactive electron surface site, h+

r = reactive hole 

surface site. Reproduced with permission from Ref. [35, 280].  Copyright © John Wiley & Sons. 
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1.5.3.2 Photocatalytic water-splitting: Requirements and challenges   

From a thermodynamic point of view, based on the Gibbs free energy change of reactions, the 

aforementioned photooxidation processes (i.e., degradation of organic pollutants or photooxidation 

of organic compounds) are generally considered to be “downhill” reactions (ΔG0 < 0). This means 

that these reactions may proceed irreversibly, once the proper amount of activation energy is 

delivered. On the other hand, as mentioned previously, the chemical dissociation of water into H2 and 

O2 is classified as a thermodynamically “uphill” reaction (ΔG0 > 0). This means that water-splitting 

requires a high energy input to meet the Gibbs free energy of the reaction, which is needed to 

rearrange the valence electrons and make the formation of H2 and O2 possible. In this respect, the full 

water-splitting reaction is an energy demanding multi-electron process, where two hydrogen 

molecules and one oxygen molecule (in 2:1 stoichiometric ratio) are produced, as follows: 

2H2O(𝑙) → O2(g) + 2H2(g) 
(ΔGo = 474 kJ mol−1 of O2) or 

   (eq. 7) 
(ΔGo = 237 kJ mol−1 of H2) 

According to eq. 7, four valence electrons of two water molecules have to be dislocated, requiring a 

total energy input of 474 kJ or ~ 4.9 eV. This energy can theoretically be produced by either one 

photon of ultraviolet (UV) light with a wavelength shorter than 253 nm or by two photons of 2.46 eV 

in the visible spectrum with λ < 504 nm or by four infrared (IR) photons of at least 1.23 eV (λ < 1008 

nm) energy. [289] Figure 1-21 presents the photon energy vs wavelength as a function of number of 

photons needed for the full water-splitting reaction to occur, i.e., the generation of one molecule of 

oxygen and two molecules of hydrogen. Concerning UV-light, the energy needed for direct 

decomposition of water molecules by light radiation (direct water photolysis) corresponds mainly to 

wavelengths in the UV-C region (100–250 nm) that are naturally absorbed by the stratospheric gases 

(ozone), and thus are not present at the Earth’s surface. Moreover, although infrared light makes up 

~49% of the solar spectrum reaching the biosphere, pure water absorbs only few frequencies and 

most of this IR radiation has not enough energy to split water molecules. Thus, the most useful energy 

of solar-light reaching the Earth’s surface is in the part of UV-A (320-400 nm, ~3-4% of the solar 

energy), the near-infrared (NIR) from 700–1000 nm, and particularly the visible spectrum (from 400 

to 700 nm) that has an energy content representing ~43% of the whole spectrum. However, because 

water is transparent to the wavelength span from 300 to 1000 nm, it cannot be decomposed directly 

under normal conditions. [238] All of the above are critical energetic and kinetic limitations that 

prevent water photolysis from occurring naturally, and hence make the use of a photocatalyst 

necessary. To this end, it is rational to employ photocatalysts that can “harvest” sunlight in a wide 
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spectrum range in order to utilize solar-energy efficiently. Particularly in the visible range, two or 

three photons are ideally necessary to conduct the water-splitting reaction, as shown in Figure 1-21. 

Therefore, developing visible-light-responsive photocatalysts is energetically and kinetically 

favorable for water-splitting and crucial for achieving high energy-conversion efficiencies.  

 

 

Figure 1-21: Energy of photons (eV) versus wavelength (nm), indicating the free energy (ΔG) as a 

function of number of photons needed for the full water-splitting reaction. Reproduced with permission 

from Ref. [289]. Copyright © 2016 Elsevier Inc. All rights reserved.  

 

The overall process of photocatalytic water-splitting can be envisaged as two half redox 

reactions: (i) the water reduction or hydrogen evolution reaction (HER), and (ii) the water oxidation 

or oxygen evolution reaction (OER). Depending on whether the reaction occurs in acidic or alkaline 

solution conditions, the basic half-reactions and their corresponding standard redox potentials Ε0 (in 

V vs NHE) can be written as follows (eq. 8-12): 

 

pH=0 
(HER) 2H+ + 2e− → H2(g) [𝐸red

0  
= 0.0 V ] (eq. 8) 

(OER) 2H2O(𝑙) +  4ℎ
+ → O2(g) + 4H

+ [𝐸ox
0  = 1.23 V] (eq. 9) 

pH=14 
(HER) 2H2O(𝑙) + 2e

− → H2(g) + 2OH
− [𝐸red

0  
= −0.826 V] (eq. 10) 

(OER) 4OH− + 4ℎ+ → O2(g) + 2H2𝑂 [𝐸ox
0  = 0.404 V] (eq. 11) 

Overall          

water-splitting 
2H2O(l)

catalyst
→     2H2(g) + O2(g) [ΔE0

 
= 1.23 V] (eq. 12) 
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Regarding the redox potentials, it is well known that the standard reduction (𝐸red
0 ) and oxidation 

(𝐸ox
0  ) potentials of water are pH dependent, following the Nernst relation with pH according to the 

following equations (eq. 13 and 14): 

Ered
0  

= −0.059 V ∙ pH       (vs. NHE)          (eq. 13) 

Eox
0  = 1.23 V − 0.059 V ∙ pH           (vs. NHE)           (eq. 14) 

Surprisingly, as mentioned before, the flat-band potential and the band-edge potentials for many 

semiconductor materials (mostly metal oxides) in aqueous solutions exhibit the same linear pH 

dependence with a slope of 0.059 V per pH. [290, 291] This means that the necessary matching of 

the CB and VB levels of the photocatalyst with the redox potentials of the H2 and O2 evolution 

reactions is usually independent of the solution pH, and thus it is an a priori thermodynamic 

requirement that has to be met in order to achieve overall water-splitting. More specifically, the 

photocatalyst CB edge (or the flat-band potential) must be located at a more negative position than 

the reduction potential of H+ to H2 (e.g., −0.41 V vs NHE at pH 7), while the VB edge must be more 

positive than the oxidation potential of H2O to O2 (e.g., 0.82 V vs NHE at pH 7), as shown in Figure 

1-22.  

 

Figure 1-22: Basic thermodynamic requirements of overall water-splitting on a SC-photocatalyst 

particle. Dashed lines show the water redox levels in V vs NHE at pH 7. The necessary reduction (ΔEH) 

and oxidation (ΔEO) overpotentials of the photocatalyst CB and VB levels to drive the H2 and O2 

evolution reactions (HER and OER respectively) are also shown. Reproduced from Ref. [292] with 

permission from the Royal Society of Chemistry.  

 

Moreover, since the standard potential difference (ΔE0) for the overall water-splitting reaction is 

1.23 V (eq. 12), the minimum bandgap (Eg) of the photocatalyst should axiomatically be at least 1.23 

eV to be able to convert the energy into H2 and O2. However, by taking into account various 

thermodynamic losses (~0.3–0.5 eV) and increased energy requirements to ensure sufficiently fast 
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reaction kinetics (~0.4–0.6 eV), some overpotentials are practically necessary to drive the H2 

evolution (ΔEH in Figure 1-22) and O2 evolution (ΔEO in Figure 1-22) reactions. Thus, the optimum 

Eg of a single photocatalyst should be in the range of 1.8–2.5 eV for water-splitting. [277, 292] 

Nevertheless, even if semiconductor photocatalysts meet the bandgap and band-edge thermodynamic 

requirements, photocatalytic overall water-splitting into H2 and O2 is difficult to proceed due to the 

kinetical complexity of the multi-charge-transfer processes. Specifically, compared to the two-

electron H2-evolution reaction (eq. 8 and 10) the oxidation of water is much more challenging because 

the formation of one O2 molecule requires at least four holes (eq. 9 and 11) and occurs on a timescale 

approximately five orders of magnitude slower than H2 evolution. [293] By means of spectroscopic 

techniques, the four-hole water oxidation process has been shown to be the rate determining step 

during water-splitting (timescale of seconds) and competes with recombination, which takes place on 

the order of ns to μs. Also, because the products have a higher free energy than the reagents, the 

reverse reaction is thermodynamically favored (ΔG < 0). This means that water-splitting 

photocatalysts must also be able to suppress the back reaction between O2 and H2 to produce H2O, 

thus making photocatalytic water-splitting a very challenging process.  

So, in addition to the energy band structure of semiconductors, other bulk and surface properties 

that strongly affect the chemical reactivity and the recombination process of photogenerated electrons 

and holes should be taken into consideration. [294] For instance, because structural or surface defects 

in semiconductor photocatalysts can act as recombination sites, developing highly crystalline 

semiconductor materials with a low number of defects can be beneficial for water-splitting 

applications. Nevertheless, in large crystal-size photocatalysts (e.g., defect-free single crystals), 

charge recombination (step IV in Figure 1-19) in the bulk can be significant due to the non-directional 

and long-distance migration of excitons from the bulk to the surface, thus decreasing the 

photocatalytic efficiency.[295] On the other hand, reducing the photocatalyst particle size increases 

the surface-to-volume ratio (i.e., surface area) and the number of surface active-sites and reduces the 

diffusion distances for excited electrons and holes to travel from the interior to the surface, thus 

improving the interfacial charge-transfer and photocatalytic performance. [296-298] However, these 

beneficial effects of small particle size are also offset by several disadvantages:  

(i) The interfacial space-charge region and band bending that tends to separate electrons and holes 

could be limited when the dimensions of the particle are comparable to the width of the space 

charge layer. [299] When particles become small enough, e.g., smaller than the width of the space 

charge region present for a bulk material, the bands do not completely relax to the bulk level and 

thus the potential drop (band bending) and internal electric field will be significantly smaller for 

small nanoscale particles. [263, 297] This can limit the electric-field-induced e–/h+ separation in 

the semiconductor photocatalyst and increase their recombination probability. 
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(ii) In small semiconductor particles, an increase in their bandgap is usually observed because of 

quantum confinement. [262, 296, 300, 301] With regards to photocatalysis, although quantum 

size effects may favorably modify the band edge positions of the photocatalyst (i.e., by shifting 

the CB level to more reducing and the VB to more oxidizing potentials), the increase in the 

bandgap limits their light absorption range, which means that less solar energy is harvested. 

(iii) Due to the lower particle volume, the reaction products (H2 and O2) are produced in close 

proximity on the surface of the particles and this makes the surface back reaction into H2O more 

likely. [297] 

(iv) Respectively, because of the high surface-to-volume ratio, surface defects may become dominant 

in small semiconductor nanoparticles, which can result in a significant increase of the e–/h+ 

recombination rates, especially when there is a lack of suitable active-sites for water splitting at 

the surface. [302, 303] 

Taken together, all of these key parameters (i.e., optical absorption, bandgap, band edge 

positions, water-splitting kinetics, surface-back-reaction, charge separation and transfer, crystallinity 

and particle size) must be comprehensively considered and optimized in order to develop highly 

efficient photocatalysts for water-splitting. The current obstacle for the practical application of 

photocatalytic water-splitting and H2 production still lies in the low energy-conversion efficiency of 

photocatalysts, which is strongly influenced by all the aforementioned factors. In addition, the lack 

of long-term structural and photochemical stability of photocatalysts is also a very important issue 

affecting their activity and practical use. [304] Therefore, the complexity of optimizing the bulk and 

surface properties and the electronic structure of a photocatalyst to meet the thermodynamic and 

kinetic requirements for overall water-splitting,  makes so far the development of efficient and stable 

water-splitting photocatalysts one of the most challenging tasks in photocatalysis. 

To address these challenges, intense efforts have been devoted to the continuous development of 

new efficient photocatalysts as well as the modification of existing photocatalysts. [292, 305] For 

example, aiming to achieve the balance between the thermodynamic and kinetic requirements for 

photocatalytic water-splitting, engineering strategies for better light-harvesting (e.g., bandgap 

engineering), boosting the charge-carrier separation and transfer (e.g., M-S or S-S heterojunction 

formation), and increasing the surface active-sites by nanostructuring or introducing co-catalysts, 

have been proposed and investigated. Among the various different engineering strategies, particularly 

the modification of base photocatalysts with co-catalysts that efficiently promote water-splitting has 

been extensively studied and reviewed. [237, 251, 277, 292, 305-309] In general, co-catalysts can be 

either H2 promoting, such as noble metals (e.g., Pt, Pd, Ru, Rh, Cu, Au, Ni), or O2 promoting, such 

as transition-metal oxides (e.g., NiOx, CoOx MnOx RuO2, IrO2, RhO2). They are usually loaded onto 
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the photocatalyst as a dispersion of nanoparticles (typically < 50 nm in size) and their typical role is 

to: (i) extract photogenerated electrons or holes from the photocatalyst, (ii) generate and/or introduce 

active sites, and (iii) reduce the activation energy for H2 and/or O2 evolution. Consequently, despite 

the fact that some photocatalysts have been reported to exhibit high activity without the presence of 

a cocatalyst, the modification with a cocatalyst usually enhances the overall water-splitting efficiency. 

However, the co-catalysts may also function as catalytic sites for the H2O formation back-reaction or 

as e–/h+ recombination sites, and therefore, their careful design and optimization are also required to 

promote overall water-splitting.  

Furthermore, in addition to the photocatalyst and co-catalyst engineering, different kinds of 

reaction systems that can promote separately one of the two half-reactions (the H2 or O2 evolution), 

using appropriate sacrificial reagents, are also generally accepted as a meaningful way to increase the 

photocatalytic efficiency. [295, 305, 309] In principle, sacrificial reagents are electron donor or 

acceptor species in the reaction solution that readily react with one type of charge-carrier (electron or 

hole), while letting the other to react with water molecules, thus facilitating either the Η2 or the O2 

evolution. Sacrificial electron-donors (hole scavengers), which consume the excited VB holes on the 

surface of the photocatalyst are used to facilitate water reduction by suppressing O2 evolution, 

whereas sacrificial electron-acceptors (electron scavengers) are usually used to quench H2 evolution 

and promote water oxidation. Generally, hole scavengers must be more readily oxidized than water 

by excited holes, while the electron scavengers must be more readily reduced than water by excited 

electrons. For this purpose, the most common sacrificial electron-donors used to scavenge holes are: 

methanol, ethanol, triethanolamine (TEA), EDTA, or an aqueous solution of Na2S/Na2SO3, whereas 

metal cations such as Ag+
 and Fe3+ or a solution of Na2S2O8 are usually utilized as electron 

scavengers. [305, 310] It is important to note, though, that the ability of a photocatalyst to both reduce 

and oxidize water separately with the aid of sacrificial electron donors or acceptors, does not 

guarantee the capability to achieve overall water-splitting without sacrificial reagents. This is because 

the sacrificial half-reactions are usually downhill processes associated with a decrease in the Gibbs 

free energy, and thus they are not directly correlated with the (thermodynamically and kinetically) 

more demanding overall water-splitting mechanism. [309] Nevertheless, from the viewpoint of H2 

production, adding sacrificial electron-donors to accelerate the consumption of VB holes is an 

effective measure to minimize charge-carrier recombination and enhance the activity of CB electrons, 

resulting in higher efficiency for H2 generation. Moreover, due to the absence of Ο2 evolution, the 

reverse reaction to produce Η2Ο is eliminated, thus increasing the H2 yield and avoiding the necessity 

for subsequent separation of the H2 and O2 gasses [310], which is also a difficult task for efficient 

and safe H2 storage. However, the downside of this strategy is the need to continuously add sacrificial 

electron-donors to sustain the reaction, since they will be consumed during photocatalysis, resulting 
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essentially in a system with no net storage of the photon energy. Even so, an attractive solution to 

this issue is to identify waste materials from industry that can be recovered and used as sacrificial 

electron donors in photocatalytic systems. One option, for example, is to use aqueous sulfide/sulfite 

wastes which can well act as hole scavengers to facilitate H2 production. For this purpose, many 

sulfurous waste streams can be recovered from petroleum and chemical industries. [289] In addition, 

other bio-available compounds, such as ethanol, glycerol, sugars and other organic oxygenates, 

originating from renewable biological substrates or wastes, are also attractive candidates for 

sacrificial electron-donors that can be utilized in photocatalytic reforming processes to enhance H2 

production. [309] Nevertheless, despite the huge progress made in understanding and improving the 

reaction mechanisms and conditions in photocatalyzed H2 production systems, the efficiency is still 

far from practical applications and it is clear that it depends primarily on material engineering, which 

should aim at improving the key parameters mentioned before (i.e., light harvesting, charge transfer 

and separation, band-edge positions, and surface active-sites).  

 

1.5.3.3 Materials for water-splitting – Choice of photocatalyst   

From 1972 until the middle of the 1980s, research on semiconductor photocatalysts for water-

splitting had largely been devoted to titanates, such as TiO2 and SrTiO3 materials. [311-314] Since 

then, several hundreds of semiconductors have been found to be capable of producing H2 and/or O2 

from water under light irradiation, summarized in many reviews. [237, 305, 307, 315, 316] In general, 

the various elements composing heterogeneous photocatalyst materials may serve several different 

purposes such as: (i) forming the band structure, (ii) constructing the crystal structure without direct 

contribution to the band formation (e.g., alkali, alkaline earth and some lanthanide ions), (iii) forming 

impurity levels as dopants (e.g., some transition metal cations with partially filled d orbitals such as 

Cr3+, Ni2+, Rh3+, etc.) and (iv) to be used as co-catalysts. [237] An overview of the basic elements 

and their usual role in semiconductor-based photocatalysts are shown in Figure 1-23. On the basis of 

band structure formation, metal cations with d0 electronic configuration (such as Ti4+, Zr4+, Nb5+, Ta5+ 

and W6+) or d10 electronic configuration (such as Ga3+, In3+, Ge4+, Sn4+ and Sb5+) have been usually 

used to construct CBs, whereas the VBs are mainly originated from the orbitals of non-metal 

elements, such as O, N, P, S, Se and others, as shown in Figure 1-23. [292]  
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Figure 1-23: Elements and their usual role in semiconductor-based photocatalysts for water-splitting. 

Reproduced from ref. [292] with permission from The Royal Society of Chemistry. © The Royal Society 

of Chemistry 2015 

 

Among the various kinds of metal-based photocatalyst materials, particularly transition-metal 

oxides whose CBs are formed from vacant d orbitals (d0 configuration) or empty hybridized sp 

orbitals (d10 configuration) of their metal cations, have been found to be effective for overall water-

splitting. [317-324] This is because for many of these oxides, their CB levels are usually positioned 

at more negative potentials than the hydrogen evolution potential (0 V vs NHE, pH 0), while their 

VB levels are composed of O 2p orbitals which are located at approximately 3 V (vs NHE at pH 0). 

Thus, both d0-type and d10-type oxides tend to exhibit a large surplus potential for water oxidation, 

as shown in Figure 1-24a. In this case, however, the more negative CB edge potential than the H+/H2 

energy level means that their bandgap will inevitably become larger than 3 eV, thus rendering them 

inactive in the visible-light region. [325] Therefore, as seen in Figure 1-24a, most of the metal-oxide 

photocatalysts capable of overall water-splitting are wide-bandgap semiconductors (Eg > 3 eV), which 

means that are active only under UV irradiation, and hence exhibit an inherently limited energy-

conversion efficiency since UV accounts for only 3–4% of the solar energy.  

Furthermore, various other metal-oxides, such as Cu2O, Fe2O3, WO3 and BiVO4, have also been 

examined owing to their smaller bandgaps and their ability to absorb visible light, but all have shown 

limited capability for photocatalytic water-splitting and H2 production. This is because, for example, 

Cu2O does not have adequate VB overpotential to drive water oxidation (see Figure 1-24a) and it is 

also known for its poor chemical stability (it forms CuO or Cu because the corresponding redox 

potentials of Cu2O lie within the bandgap), whereas the CB levels of Fe2O3, WO3 and BiVO4 are 
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generally more positive than the water reduction potential (Figure 1-24a) and thus cannot generate 

H2 under irradiation.  

Therefore, over the past decades major efforts have been made to develop new efficient 

photocatalysts for water-splitting and H2 production, including doping wide-bandgap semiconductors 

with metal ions or non-metallic elements or synthesizing modified-oxide or non-oxide materials such 

as (oxy)nitrides and (oxy)sulfides, in order to expand the response of UV-active photocatalysts to the 

visible region. [237, 251] In this regard, by adding transition metals with partially filled d orbitals 

(dn, n = 1–9) to wide-bandgap d0-type or d10-type oxides, the d bands of the transition-metal cations 

form donor or acceptor energy levels in the bandgap, thus leading to bandgap narrowing. In such 

doped photocatalysts, however, dopants in the photocatalyst act not only as visible-light absorption 

inducers but also as recombination sites between photogenerated electrons and holes. [237] Moreover, 

non-metal dopants such as nitride and sulfide have been reported to increase the activity and also the 

photostability over that of metal-doped catalysts, by introducing new energy states above the VB and, 

thus, reducing the effective bandgap and increasing the range of light responsiveness. [326, 327]  

Nevertheless, with this strategy, the introduced energy states are more likely to form a discrete energy 

level above the VB (because the doping concentration of the additive is usually low) and this is 

generally believed to be undesirable for water oxidation, because the photogenerated holes cannot 

migrate smoothly from the VB to the discrete dopant level. 

On the other hand, in contrast to the doping approach, the synthesis of (oxy)nitrides and 

(oxy)sulfides with d0 or d10 electronic configuration involves the incorporation of nitrogen or sulfur 

as constituent elements that replace oxygen into the crystal structure of metal oxides. In this case, the 

CB bottoms of these modified oxides will be similar to those of the corresponding metal oxide — 

consisted predominantly of the d orbitals of the constituent metal cations (with d0 or d10 configuration) 

— whereas their VBs will consist of N 2p or S 3p orbitals hybridized with O 2p orbitals. Therefore, 

since the potential of these hybridized orbitals is more negative than that of the O 2p, the new VBs 

will be higher (more negative) than those of the corresponding metal-oxides, resulting in materials 

with smaller bandgaps sufficient to absorb visible light. With this band engineering approach, various 

(oxy)nitride and (oxy)sulfide photocatalysts have been so far synthesized by partial or complete 

nitridation or sulfidation of metal-oxides and their photocatalytic activity in water-splitting and H2 

or/and O2 production has been thoroughly studied. [304] However, even though some of these 

modified-oxide photocatalysts have shown promising results for visible-light water-splitting and H2 

generation, their synthesis in pure form is rather difficult to reproduce and their reported efficiencies 

are comparatively moderate, possibly due to the presence of a significant number of surface or bulk 

defects that act as recombination centers for photogenerated electron and holes.  
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Figure 1-24: Band-edge positions with respect to the vacuum level and the NHE for selected 

semiconductors at pH=0: (a) various metal-oxides, silver phosphate (Ag3PO4) and carbon nitride (C3N4); 

(b) various metal-chalcogenides and silicon (Si). The top squares represent the conduction band edges 

and the bottom squares the valence band edges. The top numbers show the exact conduction band level 

vs vacuum and the number between squares denotes the bandgap energy in eV. The two dashed lines 

indicate the water redox reaction potentials in pH=0. Reproduced from ref.[277]  with permission from 

The Royal Society of Chemistry. © The Royal Society of Chemistry 2015. 
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Besides d0 and d10 metal-oxides, several metal-chalcogenides are also considered very attractive 

photocatalysts, especially for H2 production, owing to their relatively high CB position with respect 

to the water reduction potential. Generally, most of the metal-chalcogenide photocatalysts consist of 

metal cations with d10 configuration (e.g. group IB: Cu, Ag; group IIB: Zn, Cd; group IIIA: Ga, In; 

group IVA: Ge, Sn) and one or more chalcogen anions (group VIA: S, Se or Te), constructing their 

CB and VB respectively. Among them, the group II-VI chalcogenides and particularly ZnS, CdS and 

CdSe are the most popular photocatalysts for water-splitting and H2 production, due to their 

interesting optoelectronic and catalytic properties and their favorable band-edge positions, as shown 

in Figure 1-24b. However, despite their appropriate band-edge potentials for water reduction and 

oxidation, it is well-known that these chalcogenides are not stable in the water oxidation reaction 

because the S2- and Se2- anions are more susceptible to oxidation than water. This means that the 

photogenerated holes will preferentially oxidize the catalyst itself rather than water, resulting in the 

gradual degradation of the photocatalyst structure under long-term exposure to light-irradiation 

(photo-corrosion). [328-331] Photo-corrosion is actually a common problem for most metal-

chalcogenide photocatalysts, and therefore, the use of appropriate sacrificial electron donors (hole 

scavengers) — that have higher (more negative) oxidation potentials and show faster oxidation 

kinetics than that of water — is often needed to overcome this issue. Notwithstanding, by using 

suitable hole scavengers (e.g., lactic acid, ascorbic acid, tertiary-amines, triethanolamine, alcohols, 

EDTA, Na2S/Na2SO3 pairs and others), the II-VI chalcogenide semiconductors hold great promise as 

photocatalysts for H2 generation systems.  

For instance, CdSe has a bandgap of about 1.7 eV — very close to the ideal range for visible-

light photocatalytic water-splitting as mentioned before — and its CB edge has a suitable potential 

to catalyze the water reduction reaction (see Figure 1-24b). Nevertheless, even with the use of 

sacrificial reagents and metal Pt co-catalyst, bulk CdSe particles show none or very small 

photocatalytic activity for H2 generation, mainly due to slow charge-carrier mobility, high e–/h+ 

recombination rate and low redox overpotential that stem from its narrow bandgap. [332] Yet, the 

energetics of CdSe can be improved significantly through nanoscaling, taking advantage of the 

quantum size effect. According to this, Osterloh et. al showed that nanoribbons of CdSe have 

increased visible-light photocatalytic activity for H2 production in the presence of Na2S/Na2SO3 pairs 

as sacrificial reagents. They suggested that quantum confinement caused an increase in the bandgap 

of CdSe nanoribbons (compared to bulk CdSe) and raised their flat-band to a more negative potential, 

which is the reason for the enhanced water reduction activity. [333, 334] In addition, Holmes et al. 

studied the relationship between the degree of quantum size confinement in CdSe NCs and their 

photocatalytic activity over water splitting. [301] Higher hydrogen production rates were observed in 

CdSe quantum dots (QDs) with sizes between 2.25 and 3 nm, whereas NCs larger than 3.5 nm showed 
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zero activity, revealing that quantum size effects in CdSe NCs have a strong influence on their 

photocatalytic water-splitting activity. Also, their results emphasized the dependency of the charge-

transfer kinetics on the thermodynamic driving force of the reaction and the possibility of fine-tuning 

photocatalytic activity through particle sizing. Nevertheless, despite the promising size-dependent 

photocatalytic properties of CdSe, selenium is a rare and scarce element in Earth’s crust and this 

inhibits the large-scale production and application of CdSe and other selenide catalysts in H2 

evolution systems. [335, 336]  

Due the abundance of sulfur on Earth, metal-sulfides have therefore received most of the 

attention among the various chalcogenide catalysts. In this context, ZnS has been demonstrated to 

exhibit a high photocatalytic activity in H2 production from various electrolyte solutions (S2-, SO3
2-, 

S2O3
2-, H2PO2

-), even without the aid of metal co-catalysts (such as Pt). [337] However, with a wide 

bandgap of about 3.6 eV (see Figure 1-24b), ZnS can only absorb UV-light, which is a serious 

handicap for efficient solar-energy conversion and practical application. On the other hand, CdS is a 

n-type semiconductor with visible-light response, and thus it is extensively studied in photocatalytic 

water-splitting for H2 evolution. [338-347] The large interest in CdS stems from its prominent 

advantages such as: (i) long charge-carrier diffusion length up to the micrometer scale [348-351], (ii) 

high electron mobility (more than 350 cm2 V−1 s-1) [352], (iii) excellent visible-light response due its 

narrow bandgap ~2.3–2.4 eV, and (iv) suitable CBM and VBM positions — consisted mainly of the 

Cd 5s5p and S 3p orbitals, respectively [353] — that straddle the redox potentials for water-splitting; 

CBM ≈ ‒0.6 V vs NHE and VBM ≈ 1.7–1.8 V vs NHE (see Figure 1-24b). [341, 354] However, 

despite these advantages, single-component CdS catalysts generally exhibit low photon-to-hydrogen 

conversion efficiency and poor stability. These problems arise mainly from the insufficient electron-

hole separation capability and low hole-transfer rates of CdS, which lead either to high recombination 

rates or to the accumulation of photogenerated holes inside the material that cause the anodic-

decomposition of CdS, according to eq. 15. [355, 356]  

CdS + 2h+ → Cd2+ + S 𝐸decomp = +0.32 V (NHE, pH 7) (eq. 15) 

Where Edecomp = +0.32 V is the anodic decomposition potential of CdS with reference to NHE at pH 

= 7, which is more negative than the respective water oxidation potential (i.e., +0.82 V vs NHE. pH 

7) and hence makes photo-corrosion more feasible thermodynamically. [341] 

Therefore, the main challenge in developing effective CdS photocatalysts for H2 production is to 

eliminate the competitive process of charge-carrier recombination and improve the kinetics of charge-

transfer in CdS materials. In this aspect, over the past decades various practices have been adopted 

to increase the lifetime of photogenerated carriers and improve the photo-conversion efficiency and 

chemical stability of CdS materials. These include: (i) the use of suitable hole scavengers [341, 356-
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358], (ii) doping with metal cations [359-363], (iii) formation of CdS-based solid solutions [364-

367], and (iv) coupling CdS with noble-metal-based co-catalysts (e.g., Au, Pt, Pd, Rh, Ru and Ir 

metals, Pt-, Pd-, Rh-, Ru- and Ir-sulfides, RuO2, etc.) [339, 368-374], or/and various combinations of 

noble-metal-free co-catalysts (e.g., TiO2, CuxS, MoS2, WS2, Ni, NiOx, NiS, graphene oxide, carbon 

nanotubes, g-C3N4) [358, 375-395], to form CdS-based heterojunctions. Particularly the synergistic 

effects from the coupling of CdS with other co-catalysts can largely improve the photochemical 

activity of CdS and, thus, significantly increase its H2 production efficiency. 

In addition to heterojunction formation, the synthesis of crystalline CdS materials with nanoscale 

porous structures and high internal surface area is also an important strategy for improving the 

kinetics of both the mass and charge-transfer processes in CdS catalysts. In general, by combining a 

large nanoscale porosity with the high activity of a nanostructured semiconductor into the same 

material, it is possible to design novel catalysts with improved catalytic performance and reliability. 

As an example, Bao et al. have recently prepared a Pt-loaded nanoporous CdS catalyst with increased 

surface area (~113 m2g−1), exhibiting a very high visible-light photocatalytic efficiency for H2 

production from a Na2S/Na2SO3 solution. [396] The enhanced activity was attributed to the efficient 

charge-carrier separation, fast transport of the photogenerated carriers and the fast photochemical 

reactions at the enlarged CdS/electrolyte interface, thus demonstrating the advantage of introducing 

nanoporosity to an active nanostructured photocatalyst. However, despite the high activity, the CdS 

catalyst in this work was mainly composed of mesoporous nanosheets with sizes up to 60 nm and 

hollow nanorods with lengths up to 30 nm, hence presenting irregular size and morphology. In 

relation to this, as described in section 1.1, the design of semiconductor catalysts with ordered 3D 

mesostructured configurations, comprising a semiconducting framework with a nanocrystal network 

architecture and an interconnected mesoporous structure with uniform mesopores, is generally 

considered to be more favorable for achieving improved catalytic performance compared to 

respective dense materials or porous nanostructures with irregular morphology and porosity. This is 

because such ordered mesoporous catalysts are expected to benefit from the enhanced diffusion and 

transport of reactant molecules through the interconnected pores, the large interface area and number 

of surface active sites accessible to the reactants, and the increased light-harvesting efficiency, which 

can arise from the enlarged surface-area and multiple scattering of light inside the pores. [117, 397] 

Moreover, by using small-sized semiconductor particles (dimensions <10 nm) as building-units to 

construct the framework, the diffusion length of the photoexcited charge-carriers inside the 

semiconductor will become comparable to the particle size. This means that smaller semiconductor 

NCs can provide shorter paths for the electrons and holes to reach the semiconductor/electrolyte 

interface, thereby leading to increased charge transfer rates and resulting in an improved catalytic 

performance. [155, 296] However, in the case of CdS NCs, a very small particle size (< 3–4 nm) will 
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limit the visible-light responsiveness of CdS, because of the large increase in the bandgap arising 

from the quantum size effects. [398, 399] So, in order to achieve a balance between efficient visible-

light harvesting and short charge-collection paths, a CdS nanocrystal size of about 4–10 nm should 

be appropriate. Therefore, developing an effective synthetic method to integrate small uniform-sized 

CdS NCs into a 3D mesoporous network architecture with interconnected uniform mesopores and 

catalytically active surface is a key step to the synthesis of advanced functional CdS-based catalysts 

for highly efficient photocatalytic water-splitting and H2 production under visible-light iradiation. 

 

1.6 Thesis statement and objectives 

As already mentioned in the previous sections, hydrogen fuel produced from abundant and 

renewable resources, such as water and solar energy, represents a green alternative energy vector 

capable of replacing fossil fuels and helping us overcome the imminent energy and environmental 

crisis of our century. To this end, the process of heterogeneous photocatalysis has received immense 

attention as a potentially sustainable way to convert and store solar-light into chemical energy in the 

form of hydrogen gas. In this context, the photocatalytic production of H2 from water can be realized 

mainly by two process systems, i.e., either by the direct splitting of water into H2 and O2, or by using 

sacrificial reagents as electron-donors (hole scavengers) that prevent the O2 generation and facilitate 

the H2 evolution half-reaction. Between the two, the latter system represents an attractive alternative 

way for more efficient and safer H2 production, because it can boost the H2 production yield, eliminate 

the difficult task for H2 and O2 gas separation, and also offer the possibility for simultaneous 

abatement of water pollutants if the sacrificial reagents originate from aqueous industrial or biomass 

wastes. Nevertheless, despite the great progress made so far, the practical application of this 

technology is still discouraged by the low efficiency of photocatalytic materials. Therefore, 

developing and exploring new functional photocatalytic materials with improved activity and 

reliability is a key step in achieving high photocatalytic efficiency for H2 production, and thus it is an 

important research target in the fields of materials science, chemistry and engineering. In this 

direction, designing nanostructured materials with 3D mesoporous nanocrystal-based network 

morphology, that combine the high reactivity of small semiconductor NCs with the large and 

accessible surface area of an interconnected mesoporous structure, is a meaningful and compelling 

strategy to improve the performance of photocatalysts.  

So, the general aim of this dissertation is to develop a new class of functional mesoporous 

photocatalytic materials based on the synthesis of novel 3D mesoporous structures of metal-

chalcogenide nanocrystal assemblies (denoted as NCAs) and to study their application in important 
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photocatalytic processes such as the water reduction for H2 production. Among the various active 

photocatalytic materials, the present research focuses on metal-chalcogenides and particularly on the 

II-VI sulfide semiconductors (ZnS, CdS) due to their attractive size-dependent electronic and 

photocatalytic properties and low cost. Also, the development of 3D ordered mesoporous catalysts 

from II-VI sulfide NCs and their application in photocatalysis has not yet been explored. In this 

respect, the specific research objectives of this Ph.D. thesis are: 

❖ The development and establishment of a new effective and simple templating synthetic method 

for assembling 3D ordered mesoporous structures from II-VI metal-chalcogenide nanocrystals. 

This method must allow for the synthesis of tailorable mesoporous architectures from metal-

chalcogenide nanocrystal assemblies (NCAs), where the nanocrystal size and composition, the 

pore size and morphology, as well as the optoelectronic and surface properties, can be easily 

controlled and modified separately.  

❖ To examine the synthesis of ordered mesoporous metal-sulfide NCAs with different size (e.g., 

from 4 to 6.5 nm) and composition (e.g. CdS, ZnS) of the nano-building blocks as well as 

different surfactant-templates in order to explore the flexibility of the proposed synthetic route.  

❖ To characterize all the obtained photocatalysts in terms of structural and physicochemical 

properties.   

❖ To evaluate the visible-light-driven photocatalytic activity of the newly-developed mesoporous 

NCAs in processes such as photooxidation reactions of organic compounds and photocatalytic 

H2 production from water.  

❖ To fabricate novel mesoporous CdS-based photocatalysts by modifying the surface of CdS 

NCAs with effective co-catalysts (e.g., Pt nanoparticles, CuS nanocrystals, and Ni(OH)2 

species), using simple and straightforward techniques such as photo-deposition or partial cation-

exchange. The aim of this part of research is to develop functional CdS-based mesoporous 

nanocomposites with nano-heterojunctions that shall have advanced charge-carrier dissociation 

and photocatalytic H2 production efficiencies under visible-light irradiation.  

❖ To investigate the mechanism of the hydrogen evolution reaction and clarify the role of the co-

catalyst components in the catalytic processes.       
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Chapter 2: Experimental Section 

2.1 Synthesis of colloidal CdS and ZnS nanocrystals 

Water soluble thiol-capped colloidal CdS and ZnS nanocrystals (NCs) were prepared in a direct 

and environmentally friendly way, according to a modified wet-chemical synthetic method from the 

literature. [400, 401]  Cadmium chloride (CdCl2) or zinc chloride (ZnCl2) and sodium sulfide (Na2S‧

9H2O) were used as reagents and 3-mercaptopropionic acid (3-MPA) as capping agent. Colloidal 

CdS NCs with different particle sizes of 4 nm and 6.5 nm in diameter could be prepared by varying 

the [Cd2+]:[3-MPA]:[S-2] molar ratio. [402] Also, colloidal ZnS NCs with 5 nm in diameter were 

obtained by changing the metal precursor. The more specific conditions for each synthesis were:  

CdS NCs (4 nm in size): For 4 nm-sized CdS NCs, a Cd:3-MPA:S molar composition of 1:2:1 was 

used. In a typical procedure, 5.5 mmol of CdCl2 and 5.5 mmol of Na2S‧9H2O were dissolved 

separately in 80 mL and 20 mL of deionized water (DI) respectively. After complete dissolution, 11 

mmol of 3-MPA were dropped into the CdCl2 solution and the mixture was left under continuous 

stirring for 15 min at room temperature (RT). Ammonium hydroxide (NH4OH) was then added to 

adjust the pH at ~10–11 for 30 min, followed by the addition of the Νa2S aqueous solution. The final 

mixture was then left under stirring at RT for 1 h, resulting in a clear, greenish yellow colloidal 

dispersion of 4 nm MPA-capped CdS NCs.  

CdS NCs (6.5 nm in size): For 6.5 nm-sized CdS NCs the exact same procedure was followed, but 

with the difference of using a Cd:3-MPA:S molar composition of 1:1:1 and adjusting the solution pH 

at ~7. The resultant colloid in this case was a clear, yellow colored sol with 6.5 nm MPA-capped CdS 

NCs. 

ZnS NCs (5 nm in size): ZnS NCs of 5 nm in diameter were obtained by the same synthetic procedure 

as that of 4 nm CdS NCs, using ZnCl2 as metal precursor and a Zn:3-MPA:S molar ratio of 1:2:1, 

resulting in a clear and colorless sol of 5 nm MPA-capped ZnS NCs. 

In all the cases, stable colloidal dispersions were formed and the 3-MPA-capped chalcogenide NCs 

were isolated by precipitation with addition of 2-propanol as a non-solvent to destabilize the colloidal 

sols, followed by centrifugation at 10,000 r.p.m. for 15 min and drying at 40 oC for about 24 h. The 

obtained nanocrystalline powders can then be re-dispersed in DI water to form stable and clear 

colloidal dispersions with concentrations up to 150 mg mL-1 by adjusting the pH in the alkaline region 

(pH ~9–10).    
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2.2 Synthesis of mesoporous CdS and ZnS NCAs 

The general synthetic procedure to prepare ordered mesoporous nanocrystal assemblies (NCAs), 

either with different particle size (4–6.5 nm) and composition (CdS or ZnS), or using different 

surfactant-templates, was as follows: Approximately 1.7–2.0 mmol of 3-MPA–capped chalcogenide 

NCs (either CdS or ZnS) were first suspended in 2.5 mL DI water to produce a stable colloidal 

dispersion. Next, the chalcogenide colloid was added dropwise to a 2.5 mL aqueous solution 

containing the surfactant (~10% w/v), and the resultant mixture was kept under stirring for 1 h at 

room temperature. To this colloidal sol, about 2–3 mL of a 3 wt.% H2O2 solution was dropped slowly 

under continuous stirring until gelation was observed (the clear sol becomes opaque), and then the 

mixture was left under stirring for an additional 1 h. The gel suspension was then transferred into a 

50 mL glass beaker and placed in an oven at 40 °C to slowly evaporate the solvent under static 

conditions (typically within 3–4 days). To remove the organic-template, the dry-gel product was 

treated once with ethanol (20 mL) for 2 h under mild stirring and low heating (40 °C), and then three 

times with DI water (20 mL) for 15 min each. In each treatment the sample was isolated by vacuum 

filtration and the final template-free mesoporous product was collected after several washings with 

water and ethanol and drying at 40 °C for about 24 h.  With this procedure, first reported in ref., 

various mesoporous nanocrystal assembly (NCA) materials were synthesized with different particle 

size, composition, and pore morphology [402], as described below: 

NCA-CdS-4: Mesoporous NCAs prepared from the 4 nm MPA-capped CdS NCs, using Brij-58 (i.e., 

a non-ionic polyoxyethylene-20-cetyl ether [HO(CH2CH2O)20C16H33] diblock co-polymer designated 

as POE(20)-b-C16 with average Mn ~1124 g mol-1) as structure directing template. 

NCA-CdS-6: Mesoporous NCAs prepared from the 6.5 nm MPA-capped CdS NCs, using Brij-58 as 

BCP template. 

NCA-CdS (T): Mesoporous NCAs prepared from the 4 nm MPA-capped CdS NCs using different 

surfactant templates (content 10% w/v). The symbol “T” corresponds to the commercial name of the 

various surfactants examined, which are: 

❖ Brij-S100: a non-ionic polyoxyethylene-100-stearyl ether [HO(CH2CH2O)100C18H37] diblock 

copolymer designated as POE(100)-b-C18 with average Mn ~4670 g mol-1. 

❖ P-123: or Pluronic P-123, a symmetric poly(ethylene-glycol)-block-poly(propylene-glycol)-

block-poly(ethylene-glycol) [HO(CH2CH2O)20(CH2CH(CH3)O)70(CH2CH2O)20H] triblock 

co-polymer, designated as PEG(20)-b-PPG(70)-b-PEG(20) with average Mn ~5800 g mol-1. 

❖ F-127: or Pluronic F-127, a poly(ethylene-glycol)-block-poly(propylene-glycol)-block-

poly(ethylene-glycol) [HO(CH2CH2O)106(CH2CH(CH3)O)70(CH2CH2O)106H] triblock co-
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polymer of the Pluronic family, designated as PEG(106)-b-PPG(70)-b-PEG(106) with ave-

rage Mn ~12600 g mol-1. 

NCA-ZnS-5: Mesoporous NCAs prepared from the 5 nm MPA-capped ZnS NCs, using Brij-58 as 

diblock copolymer template. 

 

2.2.1 Synthesis of CdS random NC aggregates 

Random nanocrystal aggregates (RNAs) of individual CdS NCs were prepared following a 

similar procedure described above but in absence of template. Briefly, 2 mmol of 3-MPA-capped 

NCs were dispersed in 5 mL DI water to form a clear colloidal solution. To this solution, about 2 mL 

of a 3 wt.% H2O2 solution were dropped slowly under continuous stirring to form a gel suspension. 

Then the sample was collected with centrifugation, washed several times with water and ethanol and 

dried at 40 °C for about 24 h. By using CdS NCs of different particle size, two materials of CdS 

RNAs were prepared: 

RNA-CdS-4: Random aggregates of 4 nm-sized CdS NCs (using 4 nm MPA-capped CdS NCs as 

starting materials)  

RNA-CdS-6: Random aggregates of 6.5 nm-sized CdS NCs (using 6.5 nm MPA-capped CdS NCs 

as starting materials). 

 

2.3 Synthesis of Pt-decorated CdS NCAs 

Mesoporous Pt-decorated CdS NCAs were prepared through a simple and straightforward 

photochemical reduction and deposition process, where Pt nanoparticles were deposited on the 

surface of mesoporous CdS NCAs using a three-component reaction approach. [403] For a typical 

synthesis, 0.1 g of CdS NCAs (NCA-CdS-4) was dispersed by ultrasonication for 15 min in an 

aqueous solution (20 mL) containing 2.5 mL of triethylamine (TEA ~25-fold excess compared to 

CdS). [404] After the addition of appropriate aliquots of 1 mg mL-1 K2PtCl6 aqueous solution 

(corresponding to various wt.% Pt loadings), the suspension was de-aerated under argon flow for 30 

min, and then illuminated for 1 h under visible light with a 300-W Xe lamp (Variac Cermax) equipped 

with a UV cut-off filter (Asahi Techno Glass, λ ≥ 420 nm). The product was collected by 

centrifugation, washed with DI water several times, and dried at 40 ⁰C overnight. The mesoporous 

Pt-loaded CdS composites prepared with this process are referred to as: 
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n% Pt-CdS NCAs: mesoporous Pt-decorated CdS NCAs, where n corresponds to the theoretical 

(expected from the stoichiometry of reaction) mass percentage (wt.%) of Pt in the composite structure 

(n = 1, 2, 5 and 7 wt.% Pt). 

5% Pt-CdS-b: mesoporous Pt-decorated CdS NCAs catalyst with 5 wt. % Pt loading, prepared in a 

similar fashion as the n% Pt-CdS NCAs sample, but using excess K2PtCl6 (corresponding to a 10 

wt.% Pt content) and a short illumination time (15 min). 

For comparison purposes, similar photo-deposition processes were also used to prepare Pt-decorated 

CdS catalysts with different morphologies than that of the mesoporous NCAs, as described below: 

5% Pt-CdS bulk: Pt-decorated bulk CdS microparticles with 5 wt.% Pt content, prepared via the 

direct reaction of CdCl2 with an equimolar amount of Na2S in water (at RT) to produce CdS bulk 

microparticles first, and then photo-deposition of Pt onto the bulk CdS using the same procedure as 

described above.   

5% Pt-CdS NCs: Pt-decorated CdS individual NCs with 5 wt.% Pt content, where Pt nanoparticles 

were deposited on the surface of 4 nm-sized MPA-capped CdS NCs (50 mg) by in situ photo-

reduction (prior to a photocatalytic test) of PtCl6 
2− ions (5.4 μmol of K2PtCl6) for 1 h under visible 

light irradiation (λ ≥ 420 nm). In this case, the reaction mixture was an aqueous solution (20 mL) 

containing 5 M NaOH and 10% v/v ethanol as hole scavenger.    

 

2.4 Synthesis of CuS/CdS NCAs heterostructures 

Mesoporous NCA networks of CuS and CdS NCs were prepared with different mol% Cu content 

by a chemical partial cation-exchange process. [405] For a typical synthesis of 5 mol% CuS/CdS 

NCAs, 4.22 mL aqueous solution of CuCl2 (1 mg mL-1) was added dropwise to 10 mL aqueous 

dispersion of CdS NCAs (10 mg mL-1) and the reaction mixture was kept under vigorous stirring for 

30 min. The final green-brown product was isolated by filtration, washed several times with water 

and ethanol, and dried at 40 ⁰C for 12 h. With this simple process, a series of mesoporous CuS/CdS 

NCA composites were prepared, by varying the initial Cu2+ concentration (using different aliquots of 

the 1 mg mL-1 CuCl2 solution) in the reaction mixture. The resulting materials were referred to as: 

n% CuS/CdS NCAs: where n corresponds to the theoretical (expected from the stoichiometry of 

reaction) mol percentage (mol%) of Cu in the composite structure (n = 3, 5 and 8 mol% Cu). 

For comparison, a CuS/CdS bulk catalyst with 5 mol% Cu content was also prepared, as described 

below: 
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 5% CuS/CdS bulk: CuS-modified bulk CdS microparticles with 5 mol% Cu content, prepared via 

the direct reaction of CdCl2 with an equimolar amount of Na2S in water (at RT) to produce CdS bulk 

microparticles first, followed by partial cation-exchange with Cu2+ to produce a CuS/CdS bulk 

composite, using the same procedure described above. 

 

2.5 Synthesis of Ni-modified CdS NCAs composites 

Ni-modified CdS composites were prepared by a photo-deposition process, carried out in a NiCl2 

solution containing triethylamine (TEA) as hole scavenger, where Ni-species (predominantly β-

Ni(OH)2 nanoparticles) were deposited on the CdS surface. [406] In a typical reaction to produce Ni-

modified CdS NCA composites, mesoporous CdS NCAs (0.1 g) were well-dispersed by 

ultrasonication for 5 min in 20 mL of TEA aqueous solution (12.5% v/v, which corresponds to a ~25-

fold excess compared to CdS). Next, the appropriate aliquots of (1 mg mL−1) NiCl2‧6H2O aqueous 

solution (corresponding to the desired loadings of Ni) were added to the above suspension, and the 

mixture was de-aerated by bubbling with Ar gas for 30 min to remove oxygen. After this, the reaction 

mixture was illuminated for 3 h under continuous stirring using a 365 nm light-emitting diode (50 W 

UV-LED) as the light source. The product was then separated by centrifugation, washed twice with 

DI water and ethanol, and kept at 40 ⁰C for about 18 h. By changing the concentration of NiCl2 in the 

reaction mixture, a series of mesoporous Ni-modified CdS NCAs composites were prepared, denoted 

as: 

n% Ni-CdS NCAs: where n corresponds to the theoretical (expected from the stoichiometry of 

reaction) mass percentage (wt.%) of Ni in the composite Ni-CdS NCAs structure (n = 5, 7, 10 and 

15 wt.% Ni). 

For comparative study, β-Ni(OH)2 microparticles were also prepared by a wet chemical 

precipitation route, in which sodium hydroxide (NaOH) solution (4 M, 50 mL) was slowly added in 

a NiCl2 solution (1 M, 50 mL) forming a light-green precipitate. The mixture was then left under 

continuous stirring at 60 oC for 24 h and the final green β-Ni(OH)2 product was separated by vacuum 

filtration, washed with DI water and ethanol and then dried at 60 ⁰C overnight. A physical mixture of 

mesoporous CdS NCAs and β-Ni(OH)2 particles was also produced for comparison purposes, as 

described below: 

10% Ni(OH)2/CdS: the physical mixture of β-Ni(OH)2/CdS NCAs was prepared by simply mixing 

two separate 50 mL aqueous dispersions (formed by ultrasonication for 15 min), containing proper 

amounts of the pre-formed β-Ni(OH)2 microparticles (corresponding to an equivalent 10 wt.% Ni) 
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and mesoporous CdS NCAs. The resulting suspension was stirred for about 24 h at RT and then 

separated by filtration and heated at 60 ⁰C overnight. 

 

2.6 Physical Characterization 

Thermogravimetric Analysis (TGA): TGA analyses were performed using a Perkin-Elmer 

Diamond analyzer. Thermal analysis was conducted from 40 to 600 ⁰C in a nitrogen atmosphere (N2 

flow ~100 mL min-1) with a heating rate of 5 ⁰C min-1. 

Small-Angle X-ray Scattering (SAXS): SAXS measurements were performed on a Rigaku S-

MAX 300 high-brilliance system using Cu Kα radiation (λ=1.5406 Å, operating at 80 kV and 40 

mA). The sample-to-detector distance and center of the beam were precisely measured using Ag-

behenate (CH3(CH2)20COOAg) as a calibration standard (d001 = 58.38 Å). The two-dimensional 

diffraction images were integrated into a one-dimensional diffraction pattern, as a function of the 

scattering vector q (eq. 16), with the Fit2D program. [407] Scattering data were corrected for dark 

current and empty tube scattering. The average size of nanoparticles was determined from the 

scattering data, using the Guinier approximation (eq. 17):  

𝒒 = 𝟒𝝅
𝐬𝐢𝐧𝜽

𝝀
 where 2θ is the scattering angle and λ is the X-ray radiation wavelength   (eq. 16) 

  𝑰(𝒒) ∝  𝐞𝐱𝐩 (−𝒒𝟐𝑹𝒈
  𝟐 𝟑⁄ )                (eq. 17) 

where I(q) is the intensity as a function of the magnitude q and Rg is the radius of gyration, which is 

related to the diameter of spherical particles (D) by the following equation [408] : 

  𝑫 = 𝟐𝑹𝒈(𝟓 𝟑⁄ )
𝟏 𝟐⁄                  (eq. 18) 

X-ray Powder Diffraction (XRD): Powder XRD patterns were recorded on a PANalytical 

X´Pert Pro MPD X-ray diffractometer, operated at 45 kV and 40 mA using Cu Kα radiation 

(λ=1.5406 Å) in the Bragg– Brentano geometry. The estimated average crystallite size (Ds) of the 

measured samples was calculated by XRD peak-width analysis and using the Scherrer's equation (eq. 

19) [409-411] : 

 𝑫𝑺 = 𝟎. 𝟗 𝝀/(𝜝𝐜𝐨𝐬 𝜽)              (eq. 19)  

where λ is the wavelength of X-rays (λCu =1.5418 Å); B is the full-width at half-maximum (FWHM) 

of the XRD peak centered at 2θ degrees (in rad) and θ is the scattering angle (in degrees). 
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Scanning Electron Microscopy (SEM): SEM images were obtained using a JEOL JSM-6390 

LV scanning electron microscope (SEM) operated at 20 kV. Samples were prepared by carefully 

mounting fine powders on copper or aluminum SEM specimen stubs using double-sided conductive 

carbon tape. 

Energy-dispersive X-ray Spectroscopy (EDS): EDS spectra were collected using the JEOL 

JSM-6390LV SEM system equipped with an Oxford INCA PentaFETx3 EDS detector (Oxfordshire, 

UK). For elemental microprobe analysis, data acquisition was performed at least four times (i.e., at 

different sample locations) for each sample using an accelerating voltage of 20 kV and a 60 s 

accumulation time.   

Transmission Electron Microscopy (TEM): TEM images were taken with a JEOL JEM-

2100 electron microscope, equipped with a LaB6 filament and operating at an accelerated voltage of 

200 kV. Samples were prepared by suspending fine powders in ethanol using sonication, followed by 

depositing a few drops of solution (drop-casting) onto a holey carbon-coated Cu grid.    

 

X-ray Photoelectron Spectroscopy (XPS): XPS measurements were performed on a Leybold 

EA-11 analyzer, equipped with an Al Kα X-ray source (hv=1486.6 eV) using a constant pass energy 

of 100 eV (FWHM of the Au 4f7/2 peak was 1.3 eV). The samples were prepared by pressing the 

powder on a Pb sheet in order to be introduced in an ultrahigh vacuum chamber. The analyzed area 

was approximately 2×5 mm2, and the XPS spectra was collected at a 0-degree takeoff angle. In all 

XP spectra, the C 1s peak at 284.8 eV (adventitious carbon) was used for calibration and as a reference 

binding energy (BE) to charge-correct all the measured BEs.   

 

Nitrogen (N2) Physisorption: N2 adsorption and desorption isotherms were measured at -196 

oC using a Quantachrome NOVA 3200e sorption analyzer. Prior to the measurement, all samples 

were outgassed at 80 °C under vacuum (<10-5 Torr) for 12 h. The isotherm types and related pore 

characteristics were classified according to the IUPAC recommendations [412], which are displayed 

and summarized at Figure A-5 in the appendix section. The specific surface areas were calculated by 

applying the Brumauer-Emmett-Teller (BET) method [413] on the adsorption data in the relative 

pressure range of P/P0=0.05‒0.24. The total pore volumes were estimated from the amount of 

adsorbed N2 at the relative pressure of P/P0=0.98, and the pore size distributions were derived from 

the adsorption branch of the isotherms using the nonlocal density function theory (NLDFT) method. 

[414] 
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UV-vis/NIR Diffuse Reflectance Spectroscopy (DRS): Diffuse reflectance UV–vis/ near-

IR (NIR) spectra were obtained on a Perkin Elmer Lambda 950 optical spectrophotometer, using an 

integrating sphere, in the wavelength range 200–2500 nm. BaSO4 powder was used as a 100% 

reflectance standard and as base material on which the powder samples were mounted for each 

measurement. Diffuse reflectance data were converted to absorption using the Kubelka-Munk 

function (eq. 20): 

𝜶 𝑺⁄ = (𝟏 − 𝑹)𝟐/(𝟐𝑹)                   (eq. 20) 

where R is the measured reflectance and α, S are the absorption and scattering coefficients, 

respectively. [415]  

The energy bandgaps (Eg) of the samples were estimated from the onset of absorption and from 

the (αhv)2 vs hv plots, according to the Tauc relation (eq. 21): 

𝜶𝒉𝒗 ∝  (𝒉𝒗 − 𝑬𝒈)
𝒓
                   (eq. 21) 

where α is the absorption coefficient, hv is the photon energy, Eg is the bandgap and exponent r=1/2 

for direct bandgap transitions. [416] 

The average size of CdS nanoparticles was calculated based on the optical data, using the Brus 

equation (eq. 22) [417]:  

𝑬𝒈
𝒏𝒂𝒏𝒐 = 𝑬𝒈

𝒃𝒖𝒍𝒌 +
𝒉𝟐

𝟖𝒎𝟎𝒓𝟐
(
𝟏

𝒎𝒆
∗
+
𝟏

𝒎𝒉
∗) − (

𝟏. 𝟖𝒆𝟐

𝟒𝝅𝜺𝜺𝟎𝒓
)           (eq. 22) 

where “Eg
nano” is the measured bandgap of CdS NCs from the Tauc plot, “Eg

bulk” is the energy 

bandgap of the bulk solid (2.42 eV for CdS), “h” is the Planlk’s constant (6.626‧10-34 J s), “r” is the 

radius of the nanoparticles, “me* (=0.21mo) and mh* (=0.8mo)” are the effective masses of the excited 

electrons and holes, “mo” is the real electron mass (9.11 10-31 kg), “e” is the elementary charge 

(1.602‧10-19 C), “εo” is the vacuum permittivity (8.85‧10-12 C2 N-1 m-1), and “ε” is the relative 

permittivity of CdS (5.7).  

 

Photoluminescence (PL) Spectroscopy: PL emission spectra were recorded at room 

temperature on a Jobin-Yvon Horiba FluoroMax-P (SPEX) spectrofluorometer equipped with a 150 

W Xenon lamp and operated from 380 to 800 nm. For the PL measurements, the samples were 

prepared by well-dispersing fine powders in DI water (with the same concentration of 1 mg mL-1) 

using sonication, followed by placing a small amount (2 mL) in a quartz cuvette and measuring the 

emission spectra using an excitation wavelength of 360 or 380 nm. 
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Zeta (ζ) Potential: ζ-potentials were measured with an electrophoretic light scattering method 

using a micro-electrophoresis cell and a Malvern Zetasizer Nano ZS90 zeta potential analyzer. The 

samples were prepared by dispersing a small amount of the fine-powders in 0.5 M Na2SO4 aqueous 

solutions (mass content 0.1 mg mL-1) and adjusting the pH to 7 with 0.1 M NaOH or 0.1 M H2SO4. 

 

2.7 Electrochemical Measurements 

Electrochemical Impedance Spectroscopy (EIS): Electrochemical impedance 

measurements were performed in a 0.5 M Na2SO4 aqueous electrolyte (pH = 7) using an 

electrochemical workstation equipped with an electrochemical cell and a Metrohm Autolab PGSTAT 

302N potentiostat. A three-electrode set-up, with a Pt wire (or a stainless steel SS316, 2 mm diameter) 

and a silver-silver chloride Ag/AgCl (3 M KCl) as the counter and reference electrodes respectively, 

was employed to study the samples. The sample working electrodes were fabricated by adding ~10 

mg of each sample in 1 mL of DI water, followed by ultrasonication of the mixtures in a water bath 

to form uniform suspensions. After that, 40 μL of each sample suspension was drop-casted onto 

fluorine-doped tin oxide (FTO, 9 Ω sq-1) glass substrates, which were masked with an epoxy resin to 

expose an effective area of 1 cm2, and heated for 30 min in 60 °C to produce thin films (see Figure 

2-1). Prior to the sample loading, the FTO glass-slides (1.5 × 2 cm2) were cleaned thoroughly by 

sonication once in acetone and next in isopropanol for 15 min, heated at 100 °C on a hot plate for 10 

min, and then further treated with UV-ozone plasma for 5 min. 

 

 

Figure 2-1: Typical examples of thin-film electrodes for EIS measurements, fabricated by drop-casting 

40 μL of the sample slurry onto FTO-coated glass substrates.   
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Mott-Schottky analysis: The Mott-Schottky plots of different samples were generated with 

impedance-potential technique, performed in the dark at 1 kHz with 10 mV AC voltage amplitude. 

The differential space-charge capacitance (CSC) of the working electrode-electrolyte interface was 

measured as a function of the applied potential (V), and Mott-Schottky plots were obtained by plotting 

(1/CSC
2) vs V, based on the Mott-Schottky relation (eq. 23): 

𝟏

𝑪𝑺𝑪
𝟐
=

𝟐

𝜺𝜺𝒐𝒆𝑵𝑫
 (𝑽 − 𝑽𝑭𝑩 −

𝒌𝑩𝑻

𝒆
) =  

𝟐(𝑽 − 𝑽𝑭𝑩)

𝜺𝜺𝒐𝒆𝑵𝑫
     (eq. 23) 

where “CSC” is the space-charge capacitance, “V” is the applied potential, “VFB” is the flat-band 

potential, “ND” is the donor density of electrode material, “o” is the vacuum permittivity (8.8542×10-

10
 F cm-1), “ ” is the material’s relative dielectric constant, “e” is the elementary charge (1.602×10-19

 

C), “kB” is Boltzmann’s constant and “T” is the absolute temperature. Note that, under normal 

conditions, the term “kBT/e” is small enough and therefore it is usually negligible. [260] The 

corresponding VFB values were determined from the intercepts of the extrapolated straight lines with 

the potential axis (1/CSC
2 = 0). The measured potential with reference to the Ag/AgCl electrode 

(VAg/AgCl) was converted to the normal hydrogen electrode (VNHE) scale using the following formula 

(eq. 24):  

𝑽𝑵𝑯𝑬 = 𝑽𝑨𝒈 𝑨𝒈𝑪𝒍⁄ + 𝟎. 𝟐𝟏𝟎 𝑽                 (eq. 24) 

Also, the donor density (ND) of the samples was calculated from the slopes of the Mott-Schottky 

plots, based on eq. 23, as follows: 

𝑵𝑫 =
𝟐(𝑽 − 𝑽𝑭𝑩) ∙ 𝑪𝑺𝑪

𝟐

𝜺𝜺𝒐𝒆
              (eq. 25) 

where the term (V-VFB)  Csc
2 is the reciprocal of the slope of the Mott-Schottky plot. 

Nyquist analysis: For Nyquist plots, the different current output was measured throughout a 

frequency range of 1 Hz to 1 MHz using a small AC perturbation of 20 mV, under open-circuit 

potential conditions. All the Nyquist EIS measurements were conducted in the dark and the steady 

state DC bias was kept at 0 V throughout the experiments. The obtained Nyquist impedance data 

were modeled with an equivalent electrical circuit using the EC-Lab software package (Bio Logic 

Science Instruments, version 11.16). 
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2.8 Photocatalytic Studies 

Photooxidation experiments: The photocatalytic oxidation reactions of 1-phenylethanol to 

acetophenone were carried out as follows: 0.2 mmol of substrate (1-phenylethanol, Sigma-Aldrich) 

and 0.25 mmol of catalyst were added in 3 mL of benzene (or CH3CN for experiments with Degussa 

P25) inside a 5 mL Pyrex glass reactor. Before switching on the lamp, the suspension was stirred for 

30 min in the dark to homogeneously disperse the catalyst in the solution and to ensure adsorption-

desorption equilibrium. Then the reaction was initiated by irradiation with a Variac Cermax 300W 

Xe lamp, using a UV cutoff filter (Asahi Techno Glass, λ ≥ 420 nm). During irradiation, the reaction 

mixture was cooled with water bath (20 ± 2 °C) and bubbled with oxygen at a flow rate of ∼1 mL 

min-1. The products analysis was performed using a Shimadzu GC‒MS QP2010 Ultra system 

equipped with a 60 m Mega-5 MS capillary column. For recycling experiments, the photocatalyst 

was recovered by centrifugation, dried under vacuum at 60 °C, and used for the next catalytic run. 

  

Photocatalytic H2 evolution experiments: Photocatalytic water reduction experiments for 

Η2 evolution were performed in an airtight Pyrex glass reactor, using the 300 W Xe lamp (Variac 

Cermax, Germany) system with a UV cut-off filter (Asahi Techno Glass, λ ≥ 420 nm). All the 

experiments were carried out at 20 ±2 °C using an external water-bath cooling system, as shown in 

Figure 2-2. For a typical reaction, 20 mg of catalyst (except otherwise noted) were dispersed with 

stirring in 20 mL of aqueous electrolyte solution containing a sacrificial hole scavenger. For each 

experiment, the reaction cell was first de-aerated by purging with Ar gas for at least 30 min to ensure 

complete air removal, and then irradiated laterally by visible light, as seen in Figure 2-2. The 

evolution of H2 was analyzed using a Shimadzu GC-2014 gas chromatograph equipped with a thermal 

conductivity detector (TCD) (using Ar as carrier gas) by injecting 100 μL of gas taken at various time 

intervals from the headspace of the reaction cell using a gastight syringe. 

The photocatalytic Η2 production efficiency of the catalysts was estimated by means of 

measuring the apparent quantum yield (QY). The apparent QYs were calculated by analyzing the 

amount of evolved Η2 at a given illumination wavelength, according to the following equation (eq. 

26):    

𝑸𝒀 (%) =  
𝟐 × 𝜨𝜢𝟐
𝜨𝒉𝒗 

× 𝟏𝟎𝟎%   (eq. 26) 

where NH2 is the number of evolved H2 molecules per unit time (i.e., H2 flux) and Nhv is the number 

of incident photons of a given wavelength per unit time (i.e., photon flux). All QY measurements 

were performed in the optimum reaction conditions of the corresponding photocatalytic experiments 
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but under monochromatic irradiation of different wavelengths (e.g., λ = 365, 420, 440, 510, 550 and 

620 ± 10 nm), by using the Xe lamp and appropriate optical band-pass filters (Asahi Spectra, Japan) 

or monochromatic LED light sources. For each wavelength, the average intensity of incident photons 

was measured using a StarLite power-meter equipped with a FL400A-BB-50 fan-cooled thermal 

sensor (Ophir Optronics Ltd., Jerusalem, Israel).   

 

 

Figure 2-2: Layout example of the photocatalytic H2 evolution experiments, showing: (A) the airtight 

Pyrex glass reactor (100 ml), (B) the Variac Cermax 300W Xe lamp, (C) the Asahi Techno Glass UV 

cutoff filter allowing only the wavelengths with λ ≥ 420 nm to pass through, and (D) the water-bath 

cooling system with a continuous flow of water to keep a steady reaction temperature at 20 ±2 °C. 
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Chapter 3: Results and Discussion 

 

3.1 Templated self-assembly of metal-chalcogenide 
nanocrystals into 3D mesoporous structures 

As mentioned in the first chapter, the synthesis of mesoporous assembly architectures from 

inorganic NCs represents an important challenge in material science and chemical nanotechnology. 

Such self-assembled materials are of great interest as they can incorporate complementary 

functionalities, such as nanoporosity and quantum-confined electronic properties of individual NCs, 

into the same structure. Beyond the distinctive optical, electronic and catalytic properties inherent to 

the nanocrystal building blocks, the 3D mesoporous networks of inorganic NCs are expected to 

benefit additionally from the large and accessible pore-surface and facile diffusion of target molecules 

within the pores. Moreover, self-assembled formulations of nanoparticles  may exhibit new collective 

properties due to interparticle interactions and coupling effects. [116] To develop such nanoparticle-

based mesostructures, significant research efforts have been devoted to using organic polymers as 

structure-directing-agents to direct the assembly of colloidal nanoparticles into mesoscopic 

architectures.  

In this section, the development of a new, simple, and effective templating synthetic strategy is 

presented, that allows the assembly of II-VI metal-chalcogenide colloidal NCs into ordered 3D 

mesoporous structures with high internal surface area, uniform pores and optical absorption 

properties consistent with that of the corresponding starting NCs. For this purpose, the 

mesostructuring of CdS NCs is primarily examined as a good model example of assembling 

mesoporous metal-chalcogenide networks because of the facile production of starting CdS 

nanoparticles and their attractive and well-studied optical, electronic and photocatalytic properties. 

[162, 166, 418, 419] Thus, by taking advantage of the recent synthetic techniques for elaborating 

ligand stabilized NCs, water-soluble colloidal CdS NCs with different particle size (i.e., 4 or 6.5 nm) 

were first prepared and then used as starting building blocks to assemble ordered mesoporous 

structures with the aid of surfactants. Besides the different particle size, it will be shown that this 

method can also enable the construction of ordered mesoporous architectures with different 

composition of the metal sulfide nano-building blocks as well as different porosities. 
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3.1.1 Synthesis of mesoporous NCA-CdS structures 

The synthesis of mesoporous CdS NC assemblies (NCAs) was accomplished via a single-step 

aqueous chemical process at room-temperature, in which the organization and self-polymerization of 

colloidal NCs into 3D polymeric networks were simultaneously achieved on the surface of surfactant- 

micelles, without the need of thermal processing to form a robust NC-linked network. A schematic 

overview of the overall synthetic route for preparing mesoporous CdS NCAs is illustrated in Figure 

3-1.[402] In brief, a commercially available polyoxoethylene-block-cetyl ether (designated as 

POE(20)-b-C16 or Brij 58) diblock copolymer (BCP) was typically utilized to template an organized 

cross-linking polymerization EISA process of ligand-stabilized CdS NCs. Among various capping 

agents for CdS NCs, the 3-mercaptopropionic acid (3-MPA) was selected as an effective ligand 

because it bears a thiolate group able to bind to the NC’s surface and an end-point propionic acid 

functional group which can provide good dispersion stability of the colloidal nanocrystal solution. 

More importantly, the propionic acid end-group is anticipated to engage in enthalpic interactions with 

the polar POE block of the polymer template, which are favorable for promoting the BCP-NC co-

assembly towards the formation of ordered mesostructured NC/polymer composites. For the self-

polymerization of CdS NCs at the polymer micellar-interface, a mild oxidative sol-gel process was 

employed. [187, 420-422] By adding a small amount of dilute H2O2 solution (~2 mL of 3 wt.% H2O2)  

into the BCP-NC solution, a controlled oxidation of the NC’s surface and slow depletion of the 

surface-bound thiolate ligands was achieved. This mild oxidation process is the key step in the cross-

linking polymerization of the colloidal metal sulfide NCs into 3D networks, which occurs by the 

progressive formation of disulfide (or polysulfide) bonds. [423] As proof of concept, when higher 

amounts of hydrogen peroxide ( >5 mL) were used for the gelation process, the CdS NCs 

agglomerated and precipitated in an uncontrolled manner, resulting in the formation of untemplated 

bulky CdS aggregates. [424] Finally, due to the covalent coupling of the CdS NCs and the cross-

linked nature of the porous network, the organic template was simply extracted from the hybrid 

mesostructures (obtained after slow evaporation of the solvent at 40°C) via a post-treatment process 

in ethanol and water, eventually producing mesoporous structures of CdS NC assemblies. Thus, by 

using 3-MPA-capped CdS colloidal NCs of ~4 nm or ~6.5 nm particle size, two mesoporous NCA-

CdS structures were prepared designated as NCA-CdS-4 and NCA-CdS-6, respectively. 
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Figure 3-1: (A) Schematic illustration of the evaporation-induced self-assembly (EISA) process, showing 

a possible reaction route for the formation of mesoporous CdS NCAs (NCA-CdS family): (i) self-

assembly and gelation/polymerization of 3-MPA-capped CdS NCs on the surface of BCP micelles (with 

the aid of 3 wt.% H2O2); (ii) progressive surface oxidation and cross-linking of the CdS NCs into a NC-

linked network structures by the formation of S‒S or polysulfide bonds; and (iii) extraction of the 

organic template from the hybrid NC/polymer mesostructure to produce a porous replica of the liquid-

crystal phase. (B) Typical photographs corresponding to the various stages during the synthesis, 

showing the visual evolution of the sample from a clear colloidal solution, to a gel suspension after the 

addition of H2O2, and finally to a powder of mesoporous CdS NCAs after template removal. Adapted 

with permission from ref. [402]. Copyright © 2015, American Chemical Society. 

 

3.1.2 Morphology and structural properties  

The mesoporous NCA-CdS products were characterized by thermogravimetric analysis (TGA) 

to assess the removal of organic molecules from the porous structures. The TGA profiles of the as-

prepared materials revealed a minor weight loss until 170 °C due to the liberation of adsorbed 

moisture, as shown in Figure 3-2. The gradual weight loss observed between 170 and 390 °C for 

NCA-CdS-4 and between 170 and 410 °C for NCA-CdS-6 is accompanied by a process of at least 

two steps (as indicated by the differential thermogravimetric, DTG, curves) and corresponds to the 

decomposition of organic molecules remained inside the pores. The TGA analysis for both the NCA-

CdS-4 and NCA-CdS-6 samples indicated that, although the ethanol and three water treatment cycles 

were sufficient to eluate most of the organic molecules, a ∼7‒8 wt.% of organic residue still remained 

in the pores. Further efforts to better remove the organic molecules with a prolonged five-cycle 

ethanol/water washing process still showed a ∼7.4% weight loss between 170 and 380 °C due to 

decomposition of the remaining surfactant molecules (Figure 3-3). However, as will be shown later, 

this remaining organic matter does not impose any significant pore restrictions or affect the surface 

properties of the as-prepared porous structures. Moreover, it is important to note that the thermal 
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annealing of samples (under N2 atmosphere), even though eliminates completely the organic 

molecules, it leads to the destruction of the NC-based network with consequent loss of porosity. 

 

 

Figure 3-2: TGA profiles (black lines) of the mesoporous (a) NCA-CdS-4 and (b) NCA-CdS-6 materials, 

obtained after template removal via ethanol treatment and three process cycles with water. The weight 

loss in these samples, indicated by the corresponding differential thermogravimetric (DTG) curves (red 

lines), is attributed to the decomposition of organic molecules.  

 

 

Figure 3-3: TGA profile of mesoporous (black line) NCA-CdS-4 material obtained after a prolonged 

five-cycle ethanol/water washing process. The weight loss in this sample, indicated by the corresponding 

differential thermogravimetric (DTG) curve (red line), is attributed to the decomposition of remaining 

surfactant molecules.  

 

Small-angle X-ray scattering measurements on the mesoporous materials NCA-CdS-4 and NCA-

CdS-6 were carried out to verify the mesoscopic ordering. The SAXS patterns in Figure 3-4a display 

a primary diffraction peak at scattering wave vectors (q) of 0.44 nm-1 for NCA-CdS-4 and 0.32 nm-1
 

for NCA-CdS-6, which correspond to a d-spacing (d = 2π/q) of about 14.3 and 19.6 nm, respectively. 

The presence of these peaks clearly indicates that the as-prepared assembled structures are ordered 
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(or at least have a low degree of polydispersity) at the mesoscale length. To elucidate the structural 

ordering of the polymer-templated assemblies, SAXS measurements were conducted for comparison 

on untemplated porous aggregates of 4 and 6.5 nm-sized CdS NCs. The untemplated materials were 

prepared following a similar oxidative self-polymerization procedure as described above, but in the 

absence of surfactant. In this case, the ligand-to-ligand interactions as well as interparticle forces play 

a dominant role and guide the nanoparticles into close-packed superlattice assemblies. [116, 425] As 

expected, these materials did not exhibit any distinguishable SAXS scattering peak (Figure 3-4 b), 

and thus can be considered to be random aggregates (RNAs) of individual 4 and 6.5 nm-sized CdS 

NCs (referred to as RNA-CdS-4 and RNA-CdS-6 respectively). 

 

 

Figure 3-4: Small-angle X-ray scattering patterns of (a) the mesoporous NCA-CdS-4 (blue line) and 

NCA-CdS-6 samples, and (b) the random aggregates of 4-nm (RNA-CdS-4) and 6.5-nm-sized (RNA-

CdS-6) NCs. 

 

 

Analysis of the X-ray scattering data with Guinier approximation (see eq. 17 and 18) showed 

that the average grain size of the starting CdS nanoparticles did not change during the synthesis 

procedure. The average particle size of the constituent CdS NCs was estimated to be ~3.9 nm for 

NCA-CdS-4 and ~6.5 nm for NCA-CdS-6 (Figure 3-5a), which is very close to the particle size of 

the respective starting colloidal NCs, i.e., 3.8 and 6.3 nm for NCA-CdS-4 and NCA-CdS-6, 

respectively (Figure 3-5b).  

 



 

77 

 

77   Chapter 3: Results and Discussion   

 

Figure 3-5: Guinier plots derived from scattering data of (a) the mesoporous NCA-CdS materials, giving 

an average CdS particle size of ∼3.9 nm for NCA-CdS-4 and ∼6.5 nm for NCA-CdS-6, and (b) the 

respective colloidal CdS NCs, estimating an average particle size of ∼3.8 nm for the CdS NCs (4 nm) 

and ∼6.3 nm for the CdS NCs (6.5 nm). The red lines are fit to the data. The radius of gyration (Rg) is 

measured from the slope according to eq. 17 and used in eq. 18 to calculate the particle diameter. 

 

Powder X-ray diffraction was employed to probe the crystallinity of the porous networks. As can 

be seen in Figure 3-6, the XRD patterns of the primary CdS NCs and mesoporous structures are 

almost identical, displaying three diffraction peaks in 2θ scattering angles from 20 to 60o which can 

be assigned to the (111), (220), and (311) reflections of the CdS zinc-blende structure (JCPDS card 

no. 42-1411), thus indicating a cubic crystalline phase of CdS NC building blocks that is persist 

throughout the assembly process. In XRD patterns, the mesoporous materials exhibit a remarkably 

peak broadening of the Bragg reflections, corresponding to a very small crystal size. A peak-width 

analysis using the Scherrer's equation (eq. 19) gives an average domain size of CdS crystallites of 

about 2.6 nm for NCA-CdS-4 and 3.2 nm for NCA-CdS-6, which is close to that of the respective 

starting materials, i.e., ∼2.1 nm for NCA-CdS-4 and ∼3.0 nm for NCA-CdS-6. These results, along 

with the SAXS analysis for CdS particle size, suggest that the CdS particles consist of polycrystal 

domains. 

Transmission electron microscopy and selected-area electron diffraction (SAED) were also 

employed to characterize the morphology and crystal structure of the as-prepared mesoporous 

assemblies. A typical low-magnification TEM image of the mesoporous NCA-CdS-4 sample is 

shown in Figure 3-7a. The image depicts uniform mesopores that are locally disordered throughout 

the assembled structure. A high-magnification image of the NCA-CdS-4 material is also shown in 

Figure 3-7b, where the presence of individual NCs that fully connect to form dense wall is visible. 

Careful analysis of the mesoporous structure gives an average pore diameter of about 6 nm with an 

average pore-wall thickness of about 7‒8 nm. Moreover, the high-resolution TEM image 



 

78 

 

78   Chapter 3: Results and Discussion   

demonstrates that CdS NCs have a well crystalline structure, showing lattice fringes throughout the 

nanoparticles that correspond to (101) planes of cubic CdS (inset of Figure 3-7b). The crystallinity 

noted in the XRD patterns was also verified by electron diffraction, where the SAED pattern of NCA-

CdS-4 shows broad Debye-Scherrer diffraction rings indexed to the cubic phase of CdS (Figure 3-

7c).  

 

 

Figure 3-6: Wide-angle X-ray powder diffraction patterns of the mesoporous NCA-CdS materials and 

the respective CdS colloidal NCs. (i) CdS NCs (4 nm), (ii) CdS NCs (6.5 nm), (iii) NCACdS-4 and (iv) 

NCACdS-6. All the diffraction peaks were indexed to the (111), (220) and (311) reflections of cubic zinc-

blende phase of CdS according to the JCPDS card no. 42-1411. 

 

  

Figure 3-7: (a-b) Typical TEM images of the mesoporous NCA-CdS-4 structure. Inset of panel b: 

HRTEM image from an individual CdS NC demonstrating high crystallinity with lattice fringes 

assigned to the (101) planes of cubic CdS, and (c) SAED pattern showing diffraction rings indexed to 

the cubic scattering profile of CdS.  
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Nitrogen physisorption measurements indicated that the assembled mesoporous structures 

possess high porosity with regular mesopores between the connected nanoparticles. In Figure 3-8, 

the N2 adsorption and desorption isotherms represent typical type IV curves with an H2-type 

hysteresis loop according to IUPAC classification (see Figure A-5 in the Appendix section), which 

are characteristic of mesoporous solids with cylindrical pore channels. [426] The small but resolved 

adsorption step at mid-relative pressure region (0.4–0.5 P/P0) is related to the capillary condensation 

of nitrogen in narrow-sized mesopores. [427] The measured Brunauer-Emmett-Teller (BET) surface 

area of the mesoporous NCA-CdS-4 sample was found to be 234 m2
 g-1 and the total pore volume 

was estimated at about 0.28 cm3
 g-1. Also, a similar surface area (230 m2

 g-1) and pore volume (0.30 

cm3 g-1) was obtained for the mesoporous networks of 6.5 nm CdS NCs (NCA-CdS-6). 

 

Figure 3-8: Nitrogen adsorption (solid symbols) and desorption (open symbols) isotherms at -196 °C of 

the (a) NCA-CdS-4 and (b) NCA-CdS-6 mesoporous materials. Insets show the corresponding NLDFT 

pore size distributions calculated from the adsorption branch of isotherms.  
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The pore-size distributions, assessed from the adsorption data using the nonlocal density 

functional theory (NLDFT) method, were found to be quite narrow with a peak maximum of ∼6.8 

nm for NCA-CdS-4 (inset of Figure 3-8a), which is consistent with the interparticle edge-to-edge 

distance observed from TEM (ca. 6 nm), and ∼8.8 nm for NCA-CdS-6 (inset of Figure 3-8b). Given 

the respective CdS particle size derived from SAXS data, these results indicate that an average of two 

NCs compose the thickness of the pore-walls in these materials, which is also in line with TEM 

observation. For comparison, the adsorption-desorption isotherm obtained from the random 

aggregates (i.e. the RNA-CdS-4 sample) in Figure 3-9, indicates a combination of type-I and type-II 

curves with an H4-hysteresis loop (also see Figure A-5 in the Appendix section), which according 

to IUPAC classification is attributed to nanoporous solids with narrow slit-like pores. [427] The BET 

surface area of this material was measured to be 126 m2g-1, while NLDFT pore-size distribution 

analysis points to the formation of nanoparticle aggregates with ∼2.6 nm-sized interstitial voids. 

Therefore, these marked differences in the surface area and pore width between the random 

aggregates and the templated material are indicative of the different pore morphologies. Also, these 

results signify the role of the polymer-template in the formation of the NCA mesoporous structures. 

 

 

Figure 3-9: Nitrogen adsorption and desorption isotherm at -196 °C of the RNA-CdS-4 material. 

Analysis of the adsorption data with the BET method gives a surface area of 126 m2g-1
 and total pore 

volume of 0.08 cm3 g-1. Inset shows the NLDFT pore size distribution calculated from the adsorption 

branch of the isotherm, indicating a pore size of ~2.6 nm attributed to slit-shaped interstitial voids 

between the randomly aggregated nanoparticles.  

 



 

81 

 

81   Chapter 3: Results and Discussion   

 

 

Furthermore, to explore the surfactant-templating versatility and the effect of organic templates 

on the porous structure, NCA-CdS mesostructures (with 4 nm CdS NCs) were prepared with different 

templates and then characterized by N2 physisorption. The adsorption-desorption isotherm of the 

NCA-CdS (Brij S-100) material (Figure 3-10a), obtained after templating with a polyoxyethylene-

100-stearyl ether (designated as POE(100)-b-C18 or Brij S-100, Mn ~4670 g mol-1) diblock 

copolymer, shows a type IV curve with an H2-type hysteresis loop that corresponds to a mesoporous 

morphology with cylindrical pore channels, similar to that of the Brij 58-templated NCA-CdS-4 

material. The NLDFT analysis gives a narrow pore-size distribution with an average pore width of 

~7.8 nm (inset of Figure 3-10a), indicating that the use of Brij S-100 leads to the formation of larger 

mesopores compared to Brij 58. This enlargement in the pore width can be interpreted by the larger 

hydrophilic POE block of Brij S-100 polymer compared to that of Brij 58 (i.e., POE(100) vs POE(20), 

respectively). Also, a similar isotherm type and narrow pore-size distribution with a pore width of 

about 7.0 nm were obtained for the sample NCA-CdS (P-123) (Figure 3-10b) prepared using a 

poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) triblock copolymer 

(designated as PEG(20)-b-PPG(70)-b-PEG(20) or Pluronic P-123, Mn ~5800 g mol-1). The similar 

pore width of the NCA-CdS (P-123) material with that of the NCA-CdS-4 (prepared with Bri 58) can 

be also explained from the commensurate sizes of the hydrophilic blocks of the Brij 58 and Pluronic 

P-123 polymers, further suggesting that the hydrophilic block of the BCP templates plays a dominant 

role in forming the pore size in these NCA mesostructures. Consistent with this, the NCA-CdS (F-

127) material, which is produced using a triblock co-polymer of the Pluronic family (designated as 

PEG(106)-b-PPG(70)-b-PEG(106) or Pluronic F-127, Mn ~12600 g mol-1) with a higher hydrophilic-

to-hydrophobic ratio, exhibited larger mesopores with an average size of about 9.4 nm, as shown in  

Figure 3-10c.  

All together, these results demonstrate the flexibility of the present synthetic strategy in preparing 

porous architectures of CdS NCAs, where the pore size and morphology can be easily tuned by 

employing different structure-directing agents. The textural properties of all the prepared materials 

are summarized in Table 3-1. 
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Figure 3-10: N2 adsorption and desorption isotherms at –196 °C and the corresponding NLDFT pore 

size distributions (insets) for the NCA-CdS porous structures prepared with the 4-nm-sized CdS NCs 

using different templates (10% w/v concentration). (a) NCA-CdS (Brij S-100) prepared with the 

POE(100)-b-C18 diblock copolymer, (b) NCA-CdS (P-123) prepared with the PEG(20)‒PPG(70)‒
PEG(20) triblock copolymer and (c) NCA-CdS (F-127) prepared with the PEG(106)‒PPG(70)‒
PEG(106) triblock copolymer. 

 

Table 3-1: Textural properties of the materials prepared with different templates, and CdS and ZnS 

particle sizes.  

Sample Template 

Surface 

area 

Pore  

volume 

Pore  

width 

(m2 g-1) (cm3 g-1) (nm) 

NCA-CdS-4 POE(20)-b-C16  234 0.28 6.8 

NCA-CdS-6 POE(20)-b-C16  230 0.30 8.8 

RNA-CdS-4          ― 126 0.08 2.6 

NCA-CdS (Brij S-100) POE(100)-b-C18  228 0.28 7.8 

NCA-CdS (P-123) PEG(20)‒PPG(70)‒PEG(20)  222 0.26 7.2 

NCA-CdS (F-127) PEG(106)‒PPG(70)‒PEG(106)  214 0.33 9.4 

NCA-ZnS-5 POE(20)-b-C16  334 0.33 5.8 
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The mesoporous ensembles were found to exhibit a well-defined electronic structure, as 

interpreted by ultraviolet‒visible/near-IR diffuse reflectance spectroscopy (UV‒vis/NIR DRS). The 

optical absorption spectra of mesoporous materials produced with different CdS building blocks 

(Figure 3-11) show sharp absorption onsets associated with electronic transitions in the energy range 

from 2.50 eV (495 nm) for NCA-CdS-6 to 2.63 eV (471 nm) for NCA-CdS-4. This variation in the 

energy gap with the diameter of the CdS NCs is associated with quantum size effects of the constituent 

nanoparticles, supporting the notion that the quantum-confined electronic properties of the colloidal 

CdS NCs are persisted in the assembled structures. Note that the bandgap energy of a fine 

semiconductor, blue shifts as the particle size decreases. [428, 429] The resultant mesoporous 

assemblies showed a slightly narrower energy gap (by 30–40 meV) compared with the energy gap of 

the respective CdS building blocks (i.e., 2.53 eV and 2.67 eV for the 6.5 and 4-nm-sized CdS NCs, 

respectively), manifesting a greater delocalization of the excitons, possibly due to interparticle 

coupling effects. [353, 430, 431] 

 

 

Figure 3-11: Optical absorption spectra of the 4 and 6.5 nm-sized CdS NCs and the corresponding 

mesoporous NCA-CdS-4 and NCA-CdS-6 materials, derived from UV‒vis/NIR DRS measurements. 

Diffuse reflectance data were converted to absorption (α/S) using the Kubelka-Munk function. 

 

The emission properties of the 3-MPA-capped CdS NCs and the resultant mesoporous structures 

were investigated using photoluminescence (PL) spectroscopy. As seen in Figure 3-12, the 

mesoporous networks show an emission in the 450–700 nm range (~1.7–2.8 eV) at room temperature, 

when excited with photons of high energy (380 nm). The peak maximum of the PL spectra (∼2.3 eV) 

is located at wavelengths near the band-edge absorption of CdS, suggesting an interband 

luminescence process (i.e., between the quantized energy states of conduction and valence band), 
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although minor contribution of surface and deep-level states to the emission process due to residual 

thiolate ligands cannot be excluded. [432] The photoemission energy of the assembled mesoporous 

samples is very close to that of the respective individual NCs, suggesting that the assembly process 

does not significantly alter the PL response of the nanoscale CdS building blocks. The slight blue 

shift observed in the PL spectra of assembled structures compared to the PL signal of individual CdS 

NCs (by ∼30–50 meV) could be attributed to a lower density of interband states, due to the removal 

of thiolate ligands from the NCs’ surface. Moreover, a slight change in the quantum size effect, 

arising from some etching of the nanoparticles’ surface during the mild oxidation process, could also 

be a possible explanation. [433] 

 

 

Figure 3-12: Room-temperature PL emission spectra of the 4 and 6.5 nm-sized MPA-capped CdS NCs 

and the corresponding mesoporous NCA-CdS-4 and NCA-CdS-6 materials. The PL spectra are 

normalized to their maximum intensity. 

 

Besides different particle size and organic templates, the present synthetic method could be 

applicable to the synthesis of mesoporous assemblies from other metal-chalcogenide NCs, such as II-

VI semiconducting nanoparticles. To test this expectation, the preparation of a porous ZnS-based 

assembled structure (denoted as NCA-ZnS-5) was also examined, by using colloidal MPA-capped 

ZnS NCs (with 5 nm diameter) as starting building blocks and Brij 58 as template. As follows from 

SAXS, XRD and TEM analysis (Figures 3-13 and 3-14), the NCA-ZnS-5 material exhibits a similar 

structural morphology with that of the NCA-CdS-4 sample, comprising a relatively ordered structure 

(SAXS peak at q=0.47 nm-1) of connected 5-nm-sized ZnS nanoparticles (assessed from Guinier and 

TEM analysis) of zinc-blende cubic crystal phase (indicated by HRTEM, XRD and SAED patterns) 

with highly porosity (as inferred from low-magnification TEM in Figure 3-14). 
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Figure 3-13: (a) Small-angle X-ray scattering of mesoporous NCA-ZnS-5 sample. Inset: the 

corresponding Guinier plot indicating an average particle size of constituting NCs ~5 nm. (b) XRD 

patterns of (i) the 3-MPA capped ZnS NCs (5 nm in size) and (ii) the corresponding mesoporous NCA-

ZNS-5 structure. The diffraction peaks were indexed to the (111), (220) and (311) reflections of cubic 

zinc-blende phase of ZnS according to the JCPDS card no. 77-2100. 

 

 

Figure 3-14: (a and b) TEM images, (c) high-resolution TEM and (d) SAED pattern for mesoporous 

NCA-ZnS-5 material.  
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Nitrogen physisorption measurements (Figure 3-15a) revealed that the NCA-ZnS-5 sample 

possesses a mesoporous network with large BET surface area and pore volume, and a narrow pore 

size distribution (see Table 3-1). Also, similar to the CdS NC assemblies, the optical absorption 

properties of the NCA-ZnS-5 material are an intrinsic characteristic of the assembled nanocrystal 

network and depend on its ZnS NC constituents, exhibiting almost identical bandgap energies (i.e.,  

~3.88 eV for 3-MPA-capped ZnS NCs and ~3.87 eV for the corresponding mesoporous NCA-ZnS-5 

material) as shown in Figure 3-15b.  

 

Figure 3-15: (a) Nitrogen adsorption-desorption isotherms at -196 °C of mesoporous NCA-ZnS-5 

material. Analysis of the adsorption data with the BET method gives surface area of 334 m2 g-1
 and total 

pore volume of 0.33 cm3 g-1. Inset shows the NLDFT pore size distribution calculated from the 

adsorption branch of isotherms, indicating a pore size of ~ 5.8 nm. (b) Tauc plot derived from diffuse 

reflectance UV-Vis/NIR data according to the Tauc relation (eq. 21) for 5-nm-sized ZnS NCs (black line) 

and the corresponding mesoporous NCA-ZnS-5 sample (magenta). The onsets of the sharp linear 

increase are associated with electronic transitions in the energy range of ~ 3.88 eV for ZnS NCs (5 nm) 

and ~ 3.87 eV for mesoporous NCA-ZnS-5 material.  
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3.1.3 Probing photocatalytic activity of NCA-CdS mesostructure 

More importantly, owing to the large internal surface area, 3D open pore structure with uniform 

mesopores and visible-light response, the present mesoporous CdS NC assemblies are anticipated to 

excel in photocatalytic reactions. For this purpose, the photocatalytic activity of mesoporous NCA-

CdS-4 material was evaluated using the visible-light (λ ≥ 420 nm) aerobic photo-oxidation of 1-

phenylethanol to acetophenone as a probe reaction. For comparison, the photocatalytic activity of the 

random CdS NC aggregates (RNA-CdS-4) as well as of the commercial TiO2 Degussa (P25) catalyst 

(20–30 nm particle size with ca. 50 m2 g-1 BET surface area), which is a well-known photoactive 

material (i.e., Degussa P25 was selected as a benchmark catalyst), was also examined. The evolution 

of the photo-oxidation conversion of 1-phenylethanol to acetophenone presented in Figure 3-16 

shows that the mesoporous NCA-CdS-4 exhibits high reactivity, with a respective conversion factor 

of ∼98% in 1 h. Indeed, the visible-light photocatalytic activity of NCA-CdS-4 greatly exceeds that 

of the RNA-CdS-4 material (∼60%) and the Degussa P25 nanoparticles (∼34%); notwithstanding 

that the photoreaction over TiO2 nanoparticles was examined under UV light (λ > 320 nm). 

 

Figure 3-16: Conversion of 1-phenylethanol to acetophenone as a function of irradiation time for the 

mesoporous NCA-CdS-4 as well as the random aggregates of 4 nm-sized CdS NCs (RNA-CdS-4) and 

TiO2 Degussa (P25) nanoparticles. Reaction conditions: 3 mL benzene containing 0.2 mmol 1-

phenylethanol and 0.25 mmol catalyst, O2 bubbling (rate ~1 mL/min), steady temperature at 20 °C, 

visible-light irradiation (λ ≥ 420 nm). The photo-oxidation over TiO2 nanoparticles was performed in 3 

mL of CH3CN, under UV-light irradiation (λ > 320 nm). 
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Analysis of the catalytic data using the pseudo-first-order reaction model ln(Ct/Co) = kt reveals 

that the reaction proceeds at a faster rate over mesoporous NCA-CdS-4 (kinetic constant, k = 0.053 

min-1) than the random aggregates RNA-CdS-4 (k = 0.032 min-1) and Degussa P25 nanoparticles (k 

= 0.014 min-1), as shown in Figure 3-17. Assuming that the oxygen concentration remains constant 

during the reaction, the oxidation of alcohol can be considered a pseudo-first order process, in which 

the reaction rate is proportional to the concentration of substrate.  

 

 

Figure 3-17: (a) Kinetic profiles of 1-phenylethanol photo-oxidation over the NCA-CdS-4, RNA-CdS-4 

and Degussa P25 catalysts. Co and Ct are the initial and final (after time t) molar concentrations of 1-

phenylethanol, respectively. The lines are fit to the data. (b) Corresponding column plot of the kinetic 

rate constants (k).  

 

 

Figure 3-18: Recycling study of the mesoporous NCA-CdS-4 photocatalyst. Reaction conditions: 0.2 

mmol 1-phenylethanol, 0.25 mmol catalyst, ~1 mL min-1 O2, 3 mL benzene, 20 oC, visible-light 

irradiation (λ > 420 nm).  
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All these results consistently show that, despite the organic molecules remaining in the pores (ca. 

7–8 wt.% as indicated from TGA analysis), the pore surface of NCA-CdS-4 is photocatalytically 

active and accessible to the target molecules, contributing to the high catalytic activity. It should be 

stressed that the activity of the mesoporous NCA-CdS-4 is among the highest reported activities for 

CdS-based catalytic systems, including porous aggregates of sheet-like CdS [434], mesoporous 

polyoxometalate-Ag2S-CdS heterostructures [435] and CdS/graphene nano-composites [436]. The 

increased photocatalytic performance observed for NCA-CdS-4 can be ascribed to the small grain 

size of CdS NCs, which minimize the distance that photogenerated electrons and holes need to reach 

the solid/liquid interface, and to the 3D open pore structure which facilitates fast molecular transport, 

and possibly efficient light-harvesting via multiple scattering within the assembled nanoparticles. 

[397] Moreover, the NC-linked mesoporous networks constructed by this surfactant-templating 

process were also found to be quite stable under the present catalytic conditions. Catalyst recycling 

experiment showed that the high activity and selectivity are still retained after two consequent runs, 

giving a conversion percentage of 1-phenylethanol to acetophenone more than 95% in 1 h, as shown 

in Figure 3-18.  

Therefore, the proposed synthetic approach of linking metal chalcogenide nanoparticles together 

to construct ordered mesoporous architectures, opens up great opportunities for designing and 

fabricating new multifunctional materials. Such novel porous materials from semiconducting NCs 

hold great promise for potential technological applications including photocatalysis, energy 

conversion and production of renewable solar fuels such as hydrogen.  

 

3.2 Mesoporous Pt-decorated CdS NCAs Composites 

As mentioned earlier, hydrogen is considered an alternative and environmentally-friendly energy 

carrier that has attracted broad attention in recent years as a potential solution to the global energy 

problem and environmental pollution. For this reason, semiconductor photocatalysis has become an 

intriguing approach for the economical and eco-friendly production of hydrogen from water, by using 

solar energy. A key element of this approach is the development of efficient photocatalysts that 

exhibit high visible-light activity, long-term stability and low cost. In this direction, metal-sulfides 

hold great promise for photocatalytic water reduction and Η2 generation, owing to their generally 

lower bandgap (relative to most metal-oxides) and remarkable size-dependent optical and electronic 

properties. Among the various investigated metal sulfide-based materials (e.g., MoS2, EMoSx (E = Fe, 

Co), CuxZn1–xS, etc.) [344, 437-440], CdS-based catalysts are the most extensively used in 

photocatalytic H2 production from water [341, 371, 379, 390, 396, 441-443] due to the visible-light 

photoresponse (Eg ~2.3-2.4 eV), high electron mobility (~350 cm2
 V-1

 s-1) and favorable conduction 
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band-edge potential of CdS, which is well above the thermodynamic threshold for water reduction  

(–0.41 V vs NHE, pH = 7). However, the hydrogen evolution activity of single-component CdS 

catalysts is often plagued by the slow transfer of surface-reaching holes to electrolytes and poor 

electron-hole separation yield, which lead also to anodic photocorrosion and gradual degradation of 

the catalysts. Therefore, one of the main challenges in designing effective CdS-based photocatalysts 

is to eliminate the competitive process of charge-carrier recombination and improve the kinetics of 

charge-transfer processes. In this respect, one of the most effective methods to increase the lifetime 

of photogenerated carriers in CdS materials is the surface-modification with metal nanoparticles, 

especially noble metals such as Au, Pt, Pd, Rh and Ru, as co-catalysts (see section 1.5.3.3). These 

metal nanoparticles are considered to act as effective electron acceptors, facilitating the electron 

injection from semiconductor to metal and thus increasing the charge separation efficiency. [444, 

445] In addition, noble metal nanoparticles, can decrease the kinetic barrier for interfacial electron 

transfer across the semiconductor/electrolyte interface, thus promoting hydrogen evolution catalysis. 

To this end, metal Pt having a high work function (Φ ~ 5.6 eV) [446] and a lower metal-hydrogen 

bond strength (see Figure A-6 in the Appendix section) has been recognized as one of the most 

effective co-catalysts in photocatalytic hydrogen evolution reaction. [373, 447] On the other hand, to 

improve hole-transport properties and enhance the hydrogen evolution kinetics, a suitable hole-

scavenger that can be oxidized during the photocatalytic process is essential in this system. It has 

been suggested that usage of sacrificial reagents such as S2-/SO3
2- not only promote hydrogen 

evolution by consuming the photogenerated holes, but also prevent sulfur-containing catalysts (such 

as CdS) from anodic corrosion. [337, 341, 448] Also, recent studies have shown that hole removal is 

a rate-limiting step and the driving force for hole-scavenging is strongly related to the production rate 

of hydrogen in CdS-based systems. [356, 357] On this basis, Simon et al. recently demonstrated an 

efficient fast transport mechanism for photoexcited holes, by employing a •OH/‾OH redox couple, 

functioning as a shuttle to efficiently mediate the hole transfer from the CdS surface to the hole 

scavenger (ethanol), resulting in enhanced H2-evolution rates. [358] 

This section describes the design and fabrication of novel mesoporous composites of Pt-

decorated CdS NCAs with variable size of Pt nanoparticles, and the investigation their photocatalytic 

H2-production activity under visible-light irradiation. The reactivity of mesoporous CdS NCAs using 

different hole-scavengers as well as the effect of Pt nanoparticle-size on the H2-generation activity, 

are also explored. 
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3.2.1 Synthesis of mesoporous Pt-CdS NCAs 

Following the aqueous synthetic route as described previously ― involving an EISA process 

with oxidative coupling of thiol-capped CdS NCs in the presence of an amphiphilic polyoxoethylene-

b-cetyl ether (Brij-58) BCP-template [402] ― ordered 3D mesostructures of CdS nanocrystal 

assemblies (NCAs) were first prepared (using 4 nm-sized NCs as starting materials), and then the 

materials obtained after template removal were decorated with Pt nanoparticles of variable size 

(ranging from 1.8 to 3.3 nm). [404] The deposition of Pt onto the CdS NCAs surface was realized by 

a straightforward photochemical reduction method under visible-light irradiation (λ ≥ 420 nm), using 

appropriate amounts of K2PtCl6 (corresponding to various wt.% Pt loadings) and triethylamine (TEA) 

as hole scavenger (~25-fold excess compared to CdS). Besides effective hole scavenging, the 

presence of TEA creates an alkaline reaction solution (pH ~10) in which Pt4+ species can be easily 

reduced to metallic Pt0 by the photoexcited electrons on the CdS surface. It has been suggested that 

the promotional effect of alkaline conditions on Pt reduction is attributable to enhanced hydrolysis of 

PtCl6
2– to species containing fewer Cl– ions, such as Pt(OH)5Cl2– and Pt(OH)6

2–, which are more 

susceptible to reduction. [373] A schematic overview of the Pt photo-deposition process on the 

surface of mesoporous CdS NCAs is illustrated in Figure 3-19. By this procedure, a series of Pt-

decorated mesoporous CdS NCAs composites were prepared with various Pt loadings, denoted as n% 

Pt-CdS (where n = 1, 2, 5 and 7 wt.%).   

 

 

Figure 3-19: Schematic illustration of the photo-deposition process of Pt nanoparticles on the surface of 

mesoporous CdS NCAs. 
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3.2.2 Structural characterization of photocatalysts 

The chemical composition of the as-obtained Pt-decorated CdS NCAs was determined by energy 

dispersive X-ray spectroscopy. The EDS spectra of the samples showed strong Cd and S signals with 

a molar ratio of Cd/S very close to the expected 1:1 stoichiometry. Also, EDS analysis confirmed the 

presence of platinum at different Pt/Cd ratios (Figure 3-20), which correspond to Pt loadings from 

~1 to ~7 wt% as shown in Table 3-2. Note that the Pt content, as obtained by EDS, is very close to 

those expected from the stoichiometry of reactions (within ~0.2 wt.% deviation), suggesting the 

complete deposition of Pt onto the CdS NCAs surface.  

 

 

Figure 3-20: Typical EDS spectra of the mesoporous Pt-decorated CdS NCAs: a) 1% Pt-CdS, b) 2% Pt-

CdS, c) 5% Pt-CdS and d) 7% Pt-CdS. 

 

Scanning and transmission electron microscopy along with selected-area electron diffraction 

were utilized to characterize the morphology and crystal structure of the as-prepared materials. The 

SEM images of the 5% Pt-CdS NCAs sample, which is the most active catalyst in this study, indicate 

an irregular 3D porous morphology composed of a network of very small particles with sizes less 

than 7 nm (Figure 3-21).    
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Figure 3-21: Typical SEM images of the 5% Pt-CdS NCAs catalyst. 

 

 

The microstructure of the 5% Pt-CdS NCAs catalyst was further investigated by TEM and a 

representative image is shown in Figure 3-22a. The image shows a highly porous network consisting 

of connected CdS nanoparticles with diameter ~4–5 nm, which is consistent with the particle size of 

the starting CdS NC building blocks (ca. 4.6 nm). This indicates minimal coarsening of CdS NCs 

during the oxidative polymerization process. Note that the size of the starting thiol-capped colloidal 

CdS NCs was determined from their bandgap, obtained by UV-Vis absorption spectrum (see Figure 

3-22d), and using the Brus equation (eq. 22). A closer TEM observation also reveals small Pt 

nanoparticles (appearing as darker spots) that are randomly distributed over the CdS NCAs 

mesostructure. By means of this technique, the average diameter (dp) of the Pt nanoparticles was 

estimated to be ~2.6 nm (see inset of Figure 3-22a).  

Moreover, the high-resolution TEM image in Figure 3-22b confirms the good crystallinity of 

the 5% Pt-CdS sample, showing lattice spacings of 2.3 and 3.4 Å that correspond to the d spacing of 

the (111) lattice planes of face-centered cubic (fcc) Pt and zinc-blende CdS, respectively. Besides, 

the SAED pattern in Figure 3-22c displays a series of diffuse Debye-Scherrer rings, which can be 

assigned to the cubic phase (zinc-blende) of CdS, further confirming the well-defined nanocrystalline 

structure of CdS. 

 



 

94 

 

94   Chapter 3: Results and Discussion   

 

Figure 3-22: (a)Typical TEM image and Pt particle size distribution plot (inset), (b) HRTEM images 

showing the corresponding (111) crystal planes of cubic CdS and fcc Pt lattices (indicated by the circle 

frames), and c) SAED pattern of the mesoporous 5% Pt-CdS NCAs sample. d) Optical absorption 

spectrum of thiol-capped CdS NCs indicating a sharp absorption edge at 468 nm (2.65 eV). The average 

size of the starting CdS nanoparticles (ca. 4.6 nm) was calculated based on the estimated bandgap from 

the optical data and using the Brus equation (eq. 22). 

  

Furthermore, the size histograms obtained after TEM analyses (based on a count of more than 

50 individual Pt nanoparticles) on the respective Pt-CdS NCAs catalysts containing 1, 2, and 7 wt.% 

Pt, showed that the average diameter of the metal Pt nanoparticles was 1.8, 2.1, and 3.3 nm, 

respectively (Figure 3-23). Taken together, the TEM data for all the Pt-decorated samples reveal that 

the particle size of Pt on CdS NCAs consistently increased with increasing Pt content (see Table 3-

2), as expected. 
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Figure 3-23: Typical TEM images and (insets) the corresponding particle size distribution histograms 

of the Pt nanoparticles for mesoporous (a) 1% Pt-CdS, (b) 2% Pt-CdS and (c) 7% Pt-CdS materials.  
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The crystallinity of the as-prepared materials was also verified by X-ray diffraction. The XRD 

patterns of the mesoporous Pt-CdS NCAs show three intense diffraction peaks at 2θ scattering angles 

of 20–60o, which, according to the SAED diffraction pattern can be indexed as the (111), (220), and 

(311) planes of the cubic CdS (JCPDS card no. 42–1411), see Figure 3-24. Of note, the remarkable 

peak broadening of the XRD reflections suggests a very small grain composition, which is in 

agreement with TEM observations. A peak-width analysis using the Scherrer’s equation (eq. 19) 

gives an average domain size of CdS crystallites at ~2.1–2.4 nm. Convincing evidence of the presence 

of crystalline Pt was obtained in the XRD pattern of high Pt-loaded sample (7% Pt-CdS), which shows 

two weak features at ~40o
 and ~46o that can be assigned to the (111) and (200) planes of the fcc Pt 

structure. The lack of diffraction peaks due to metallic platinum in the catalysts with lower Pt loadings 

(<7 wt.%) is attributed to the small grain size and high dispersion of Pt nanoparticles on the CdS 

NCAs surface.  

 

Figure 3-24: XRD patterns of mesoporous CdS and Pt-CdS NCAs materials. The standard diffraction 

lines of zinc blende CdS (vertical solid lines) according to the JCPDS card no. 42–1411 are also given. 

The symbol (*) denotes the diffraction features corresponding to metal Pt.   

 

The porosity of the as-prepared materials was evaluated by nitrogen physisorption measurements 

at −196 °C. Figure 3-25a compares the N2 adsorption and desorption isotherms and the corresponding 

pore size distribution plots of the pristine mesoporous CdS and 5% Pt-CdS NCAs samples. The 

corresponding plots for the other Pt-decorated CdS NCAs samples are also shown in Figure 3-25b-

d. All the samples exhibit typical type IV isotherms with a pronounced H2-type hysteresis loop, 

which according to IUPAC classification (see A.1 and A.2 in the Appendix), which are characteristic 

of mesoporous materials with interconnected structure. [412] The small but resolved adsorption step 
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at mid-relative pressure range (P/Po = 0.4–0.5) is related to the capillary condensation of nitrogen in 

narrow-sized mesopores. [427] On the basis of the Brunauer-Emmett-Teller (BET) model, the Pt-

decorated CdS NCAs were found to have large specific surface areas (~225–260 m2
 g−1), which are 

slightly lower than the measured surface area (274 m2
 g−1) of the pristine CdS sample (see Table 3-

2).  

 

 

Figure 3-25: (a) N2 adsorption and desorption isotherms at -196 °C for the pristine mesoporous CdS 

(black) and 5% Pt-CdS (orange) NCAs materials. The N2 isotherms of 5% Pt-CdS NCAs are offset by 

30 cm3
 g−1

 for clarity. Inset: the corresponding NLDFT pore size distributions derived from the 

adsorption branch of isotherms. (b-d) The respective N2 isotherms and NLDFT pore size distributions 

(insets) for the 1% Pt-CdS (red), 2% Pt-CdS (blue) and 7% Pt-CdS (green) NCAs.  

 

The pore width in these materials was assessed from the adsorption branch of isotherms using 

the NLDFT method. [414] The fit results indicate quite narrow distributions of pore sizes with a peak 

maximum of ~6.6 nm for pristine CdS and around 5.7–6.1 nm for Pt-CdS NCAs, as shown in the 

insets in Figure 3-25. Associated with the TEM results, the continuous decrease in surface area and 

pore size for Pt-loaded materials is consistent with deposition of the Pt nanoparticles inside the pores 

of CdS NCAs. Regardless, the pore structure of the Pt-decorated materials still remains largely open 
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and accessible. The textural parameters of the pristine mesoporous CdS and the respective Pt-CdS 

NCAs samples are summarized in Table 3-2. 

 

Table 3-2: Analytical data and textural properties of the mesoporous CdS and Pt-decorated CdS NCAs. 

Sample 
Pt loadinga) 

(wt.%) 

Pt sizeb) 

(nm) 

Surface area 

(m2 g-1) 

Pore volume 

(cm3 g-1) 

Pore size 

(nm) 

Energy gap 

(eV) 

CdS NCAs 0 0 274 0.28 6.6 2.63 

1% Pt-CdS 1.14 1.8±0.4 260 0.26 6.1 2.51 

2% Pt-CdS 2.12 2.1±0.4 246 0.23 5.9 2.48 

5% Pt-CdS 5.08 2.6±0.5 230 0.21 5.9 2.43 

7% Pt-CdS 7.07 3.3±0.6 225 0.21 5.7 2.39 

a) Based on EDS analysis. b) Average Pt particle size (dp) on the basis of TEM analysis. 

 

 
Figure 3-26: UV–vis/ NIR absorption spectra of mesoporous CdS and Pt-decorated CdS NCAs. Inset: 

the corresponding Tauc plots [(αhv)2
 vs photon energy (hv), where α is the absorption coefficient, h is 

Planck’s constant and v is the light frequency].  

 

The electronic structure of the pristine and Pt-decorated CdS NCAs was investigated with UV–

vis/NIR diffuse reflectance spectroscopy. The optical absorption spectrum of CdS NCAs, 

transformed from the diffuse reflection data according to the Kubelka–Munk function (eq. 20), 

displays a sharp absorption onset at around 471 nm (2.63 eV), assigned to the interband transition of 

CdS NCs (Figure 3-26). The relevant blue shift in the energy gap compared to the bulk CdS (~2.4 

eV) is ascribable to the quantum size effects of the constituent CdS NCs due to their very small size. 
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As for Pt-CdS NCAs, with increasing Pt loading, a distinct red shift in optical absorption spectra and 

an enhanced absorption tail in the 550–760 nm region can be clearly seen. In particular, the energy 

bandgap of Pt-CdS NCAs materials varies systematically from 2.50 to 2.39 eV as the loading content 

of Pt increases from 1 to 7 wt% (see Table 3-2 and Figure 3-26, inset). This behavior is probably 

related to the strong exciton−plasmon interactions between quantum-confined electronic states in 

CdS NCs and dielectric-confined electromagnetic modes in Pt nanoparticles. [449] The broad 

absorption tail at wavelengths longer than 550 nm is possibly attributed to a dumping effect in the 

localized surface plasmon resonance (LSPR) of Pt nanoparticles. [273, 450, 451]  

3.2.3 Photocatalytic water reduction study 

The photocatalytic water reduction experiments were carried out in an airtight reaction cell filled 

with argon to evaluate the activity of Pt-decorated CdS NCAs towards H2 production. The evolved 

H2 was sampled with a syringe and analyzed using a gas chromatograph (GC) equipped with a thermal 

conduction detector. The catalyst amount was first optimized by measuring the H2 evolution for 

different concentrations of CdS NCAs in an aqueous solution containing Na2S (0.35 M) and Na2SO3 

(0.25 M). As shown in Figure 3-27, with increasing catalyst concentration the H2-evolution rate 

increased until reaching a maximum at 1.0 g L−1. The hydrogen evolution improvement with 

increasing the catalyst amount can be attributed to the increase in light absorption by the catalyst 

nanoparticles. On the other hand, additional increase in the CdS NCAs concentration (2 g L−1) slightly 

decreased the production rate of H2, probably due to a light-scattering effect from the excessive 

particles in the reaction solution.   

 

Figure 3-27: Photocatalytic H2 production (lines) and average H2 evolution rates over 3-h irradiation 

period (columns) under visible light (λ ≥ 420 nm), for various concentrations of mesoporous CdS NCAs 

catalyst. Reaction conditions: 20 mL of 0.35 M Na2S and 0.25 M Na2SO3 aqueous solution at 20 °C.  
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Next, the reactivity of surface-reaching holes towards various sacrificial electron donors ― such 

as triethylamine (TEA), ethanol, Na2S/Na2SO3, and ethanol/NaOH ― and its effect in the water 

reduction activity of CdS NCAs, was also explored. Among the various hole scavengers, ethanol 

(10% v/v) in a 5 M NaOH solution (pH ≈ 14.7) was found to be the most efficient, leading to a marked 

enhancement in H2 evolution rate (Figure 3-28). In agreement with previous work [358], this 

enhancement relies on the higher mobility of the molecular redox couple •OH/–OH and its great ability 

to react with both semiconductor and sacrificial agent (i.e., ethanol). Namely, in highly alkaline 

solutions (pH > 14), the photocatalytic oxidation process entails fast diffusion of hydroxyl anions      

(–OH) to the semiconductor surface, where they are rapidly oxidized by the VB holes into hydroxyl 

radicals (•OH). These •OH radicals can then diffuse away and oxidize ethanol to acetaldehyde (and/or 

acetic acid) at a higher rate than direct oxidation of ethanol by the photogenerated holes. Therefore, 

a kinetically hindered hole-transfer reaction is replaced with two faster reactions, thus preventing the 

competitive electron–hole recombination and accelerating the water reduction process. [358] 

However, in neutral solution (pH = 7), the redox potential of •OH/−OH pair lies in the range of 2.0–

2.1 V vs NHE, that is, more positive than the VBM potential of CdS (ca. 1.8–1.9 V vs NHE). This 

means that the VB holes of CdS are thermodynamically unable to oxidize −OH. [452] Nevertheless, 

as a common feature of many chalcogenide semiconductors, the band-edge potentials of CdS do not 

follow the Nernstian relation with pH (−59 mV per pH unit) but shift by about −33 mV per unit pH 

increase. [340, 358] As a result, a crossover between the VBM of CdS and redox potential of 

•OH/−OH pair is expected to occur at high pH values (pH ≈ 14–15), thus allowing the formation of 

•OH (see Figure A-7 in the Appendix).  

 

Figure 3-28: Effects of different hole scavengers on the H2 evolution rate of CdS NCAs catalyst under 

visible light irradiation (λ ≥ 420 nm). Reaction conditions: 20 mg catalyst, 20 mL water/sacrificial reagent 

solution, 20 °C, 3 h reaction time.  
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In the following, the effect of Pt surface-deposition on the H2-production activity of CdS NCAs 

was investigated. All photocatalytic reactions were performed under visible-light irradiation (λ ≥ 420 

nm) using a fixed catalyst concentration (1 g L−1), with ethanol (10% v/v) as a hole scavenger in 

alkaline (5 M NaOH) solution. The time-courses of photocatalytic H2-evolution for the Pt-CdS NCAs 

catalysts with different Pt loadings are compared in Figure 3-29a. It can be seen that the 

photocatalytic activity of the samples increases with increasing Pt content and reaches an optimum 

at 5 wt.%.  

 

Figure 3-29: (a) Time courses of photocatalytic H2 production (lines), and (b) the corresponding average 

H2-evolution rates (columns),  for the mesoporous CdS NCAs and Pt-decorated CdS catalysts. The 

respective results for the mesoporous Pt-loaded CdS sample (5% Pt-CdS-b) with smaller Pt 

nanoparticles (~1.9 nm), as well as the Pt-decorated colloidal CdS NCs (5% Pt-CdS NCs) and the Pt-

loaded bulk CdS (5% Pt-CdS bulk), are also shown for comparison. All photocatalytic reactions were 

performed as follows: 20 mg of catalyst dispersed in a 20 mL aqueous solution containing 5 M NaOH 

and 10% (v/v) ethanol; 300-W Xe light radiation with a long-pass cut-off filter allowing λ ≥ 420 nm.  
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Of particular note, the 5% Pt-CdS NCAs catalyst can achieve an average H2-evolution rate of 1.2 

mmol h−1 (Figure 3-29b) under the examined reaction conditions (or ~60 mmol h−1 g−1
 mass activity), 

exhibiting an unprecedented 70% apparent quantum yield (QY) at 420 nm (calculated according to 

eq. 26, with an average light intensity of 7 mW cm−2, corresponding to a number of incident photons 

of about 1.48 × 1016 s-1). Interestingly, this is the highest recorded H2-evolution quantum efficiency 

for Pt-loaded CdS photocatalytic systems without the combined use of oxidation co-catalysts. [292] 

For instance, Bao et al. have reported a nanoporous Pt-loaded (13 wt. %) CdS catalyst exhibiting a 

QY of ~60% at 420 nm [396], while Li et al. have demonstrated a very high QY (~93% at 420 nm) 

for a dual co-catalyst Pt-PdS/CdS system but with a QY of only 50% for the respective Pt/CdS 

catalyst (i.e., without the use of PdS as oxidation co-catalyst) [371]. Moreover, a ternary CdSe@CdS-

Pt photocatalytic system has also been reported recently, exhibiting a record QY of near-unity (i.e., 

~100% at 455 nm). [453] This photocatalyst, however, was consisted of single Pt-tipped CdS 

nanorods with CdSe-seeds embedded asymmetrically within the rod structure, which acted as hole 

collector co-catalysts. By comparison, the apparent QY obtained from a double Pt-decorated CdS 

nanorod was about 59%, which is significantly lower than that of the present mesoporous 5% Pt-CdS 

catalyst. Also, previous studies on similar unseeded (i.e., without CdSe) Pt-tipped CdS nanorod 

systems have shown very low quantum efficiencies for H2 production. [356, 357, 454] 

In order to reassess the catalyst amount in the 5 M NaOH/ethanol (10% v/v) reaction solution, 

further control experiments over the concentration of mesoporous 5% Pt-CdS NCAs showed that the 

H2-evolution rate reaches again a maximum at 1 g L−1
 (Figure 3-30), indicating that is the optimum 

catalyst concentration under the catalytic conditions.  

 

Figure 3-30: Photocatalytic H2 production (lines) and average H2 evolution rates over 4-h irradiation 

period (columns) under visible light (λ≥420 nm) for various concentrations of 5% Pt-CdS catalyst. 

Reaction conditions: 20 mL of 5M NaOH aqueous solution containing 10% (v/v) ethanol at 20 °C.  
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In addition to Pt loading, morphological effects are also contributing to the high photocatalytic 

activity of mesoporous Pt-CdS catalysts. To verify this, the hydrogen evolution activity of 

mesoporous 5% Pt-CdS NCAs was compared with that of 5 wt.% Pt-loaded bulk CdS microparticles 

and 3-MPA-capped CdS colloidal NCs. For this study, Pt deposition on CdS microparticles (surface 

area ~79 m2
 g−1) was performed using a similar photochemical reduction process as that of the Pt-

CdS NCAs. For the Pt-CdS NCs, Pt nanoparticles were deposited on the surface of 3-MPA-capped 

colloidal CdS NCs (size ~4–5 nm) by in situ photo-reduction of PtCl6 
2−

 ions for 1 h prior to the 

photocatalytic test. EDS and TEM analysis showed that both Pt-CdS bulk and Pt-CdS NCs samples 

contain about 5 wt.% of Pt with an average diameter of ~3–4 nm (Figure 3-31).  

 

 

Figure 3-31: (a and c) Typical TEM images of the 5% Pt-CdS bulk and colloidal 5% Pt-CdS NCs 

respectively, revealing that small Pt nanoparticles with diameter of ca. 3–4 nm are deposited on the 

surface of CdS particles. (b and d) The respective EDS spectra for the 5% Pt-CdS bulk and 5% Pt-CdS 

NCs. EDS analysis indicates that the loading amount of Pt is ~5.35 wt. % for the bulk CdS and ~5.28 wt. 

% for the thiol-capped CdS NCs. 
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In all cases, 20 mg of each catalyst was dispersed in 20 mL of 5 M NaOH alkaline solution 

containing 10% (v/v) ethanol as sacrificial reagent and irradiated under the same conditions; the 

catalytic results are presented in Figure 3-29 and Table 3-3. The results show that the mesoporous 

5% Pt-CdS NCAs sample is more active than its bulk counterpart and isolated NCs by approximately 

a factor of 17 and 2, respectively. This highlights the advantage of the interconnected porous structure 

and large accessible surface of the mesoporous nanostructures, which provide efficient transportation 

of electrolytes between the nanoparticles, thus leading to improved reaction kinetics. 

Furthermore, the mesoporous 5% Pt-CdS NCAs also demonstrated sufficient stability under the 

examined conditions. The stability of the catalyst was assessed by performing three consecutive 5-h 

photocatalytic tests. After each test, the catalyst was isolated from the reaction mixture by 

centrifugation, washed several times with deionized water, and re-dispersed in a fresh reaction 

solution, so as to replenish with hydroxyl ions and hole scavenger molecules (ethanol). Before each 

photocatalytic cycle, the reaction cell was de-aerated by purging with Ar gas for 30 min to remove 

O2 from the reaction mixture (according to GC analysis). As shown in Figure 3-32, the H2-evolution 

efficiency remains stable (within 5% deviation) at least for three catalytic cycles (i.e., over a 15-h 

total irradiation period) without any sign of decay. During the 15-h of irradiation, a total sum of 15.9 

mmol (~356 mL STP) of H2 was produced, corresponding to an average H2-production rate of about 

1.1 mmol h−1.  

 

 
Figure 3-32: H2-production (lines) and H2-evolution rates (columns) during the photocatalytic stability 

study over the mesoporous 5% Pt-CdS NCAs catalyst. The displayed H2-evolution rates for each cycle 

were averaged over the 5-h illumination period. All photocatalytic reactions were performed as follows: 

20 mg of catalyst dispersed in 20 mL aqueous solution containing 5 M NaOH and 10% (v/v) ethanol; 

300-W Xe light radiation with a long-pass cut-off filter allowing λ ≥ 420 nm.  
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Assuming that all Pt atoms are involved in catalysis, the turnover frequency (TOF) of the catalyst 

(eq. 27) during the 15-h reaction was calculated to be ~0.12 s−1, which is one of the highest among 

reported values for hydrogen evolution catalysts.  

𝐓𝐎𝐅 =
𝟐 × (𝐦𝐨𝐥𝐞 𝐨𝐟 𝐞𝐯𝐨𝐥𝐯𝐞𝐝 𝐇𝟐)

(𝐭𝐢𝐦𝐞 𝐮𝐧𝐢𝐭) × (𝐦𝐨𝐥𝐞 𝐨𝐟 𝐏𝐭)
         (eq. 27) 

For example, previous studies on MoS2 and CoP electrocatalysts have shown TOF values of 0.02 s−1 

and 0.046 s−1 respectively, whereas a highly active MoS2/CdS photocatalyst has demonstrated a TOF 

of 0.05 s−1. [379, 455, 456] 

Moreover, under the examined conditions the Pt nanoparticles remained stabilized on the surface 

of mesoporous CdS NCAs, with no evidence of detachment. Characterizations by EDS, XRD, and 

TEM reveal that the composition, crystallinity and morphology of the 5% Pt-CdS NCAs sample are 

well preserved after the catalytic reactions (Figure 3-33).  

 

Figure 3-33: Typical (a) EDS spectrum, (b) XRD pattern and (c, d) TEM images for the three times 

reused 5% Pt-CdS catalyst (obtained after 15-h photocatalytic reaction). The EDS results indicate a Pt 

loading of ~5.17 wt. %, the XRD data reveal that the constituting CdS nanoparticles retain the cubic-

zinc-blende structure, while the TEM images show a porous structure consisting of an interconnected 

network of CdS and Pt nanoparticles with diameters ca. 4–5 nm and 3 nm, respectively.  
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Also, N2 physisorption measurements of the regenerated sample showed a BET surface area of 

142 m2 g−1, which is lower than that of the fresh catalyst (ca. 230 m2 g−1), and a pore volume of 0.30 

cm3 g−1. In addition, pore size analysis points to the formation of a slightly wider pore-size 

distribution with a peak maximum at about 6.3 nm (Figure 3-34). Because this activity was obtained 

by using CdS structures loaded only with a Pt-reduction co-catalyst, some minor photocorrosion of 

the CdS lattice, and thus a rearrangement of CdS nanoparticles in the porous framework are possible 

explanations for the lower surface area observed after prolonged catalysis. However, further 

improvement of their long-term performance and stability are anticipated, for instance, if 

heterojunctions with suitable oxidation co-catalysts are introduced along with Pt. 

 

 

Figure 3-34: N2 adsorption (filled cycles) and desorption (open cycles) isotherms at -196 °C for the three 

times reused 5% Pt-CdS catalyst (obtained after 15-h photocatalytic reaction). BET analysis gives a 

surface area of ~142 m2 g−1 and a pore volume of ~0.30 cm3 g−1. Inset: The corresponding NLDFT pore 

size distribution calculated from the adsorption branch of isotherms, indicating an average pore size of 

~6.3 nm. 

 

3.2.4 Effect of Pt nanoparticles on the photocatalytic activity 

In order to elucidate the effect of Pt nanoparticles on the H2-production activity of mesoporous 

Pt-CdS NCAs, photocatalytic measurements were conducted under monochromatic irradiation with 

λ = 550 nm (using a bandpass filter, Asahi Spectra, Japan). In this study, no H2 evolution was detected 

over the mesoporous 5% Pt-CdS, even after 4 h of irradiation (results not shown). This clearly 

suggests that even though deposition of Pt nanoparticles on the CdS surface can extend the light 

absorption into the NIR region (as revealed by the optical absorption measurements), the reaction 

mainly proceeds through the photoexcitation of CdS NCs. Therefore, it can be concluded that the 
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activity enhancement for the Pt-CdS NCAs catalysts is related to the efficient charge-carrier 

separation at the Pt/CdS junction.  

Subsequently, two issues need to be addressed concerning the catalytic activity of Pt-CdS NCAs, 

that is, the loading amount and particle size of Pt. For this reason, further control experiments were 

performed using a 5 wt.% Pt-loaded CdS NCAs catalyst but with a different size of Pt nanoparticles, 

prepared via a similar photo-deposition method. As shown in Figure 3-35, the obtained catalyst 

(denoted as 5% Pt-CdS-b) possessed a similar composition as the 5% Pt-CdS NCAs sample, but 

featured smaller Pt nanoparticles (ca. 1.9 nm in size).  

 

 

Figure 3-35: Typical (a) EDS spectrum and (b, c) TEM images of the mesoporous 5% Pt-CdS-b sample. 

The EDS analysis indicates a Pt content of about ~5.34 wt.%. Inset of panel b: Particle size distribution 

histogram of Pt nanoparticles, showing an average particle size of 1.9 ± 0.6 nm. 

 

Interestingly, under identical conditions this catalyst showed a lower activity compared to the 

5% Pt-CdS NCAs, giving an average H2-evolution rate of 0.35 mmol h−1
 (see Figure 3-29 and Table 

3-3). On the basis of the above results, it can be concluded that the particle size of Pt has a more 

prominent impact on the catalytic activity of Pt-CdS NCAs materials. The photocatalytic H2 evolution 
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activity results for all the studied catalysts are summarized in Table 3-3. Also, to further highlight 

the impact of Pt particle-size in the photocatalytic reduction of water, the size of Pt nanoparticles in 

the mesoporous CdS NCAs catalysts can be correlated with the corresponding H2-evolution rates. As 

shown in Figure 3-36, the rate of H2 evolution on Pt-CdS NCAs increases proportionally with the Pt 

nanoparticle-size, reaching a maximum at 2.6 nm, and then decreases substantially when the Pt 

particle size exceeds 3 nm.  

 

Table 3-3: Photocatalytic H2 production and average H2-evolution rates of mesoporous CdS and Pt-

decorated CdS NCAs. The corresponding catalytic results for the 5 wt.% Pt-loaded CdS NCs (5% Pt-

CdS NCs) and CdS bulk material (5% Pt-CdS bulk), as well as the mesoporous 5% Pt-CdS-b sample 

with 1.9 nm average diameter Pt nanoparticles, are also given for comparison. 

Catalyst 
Evolved H2

a) 

[mmol] 

Average H2-evolution ratea) 

[mmol h-1] 

CdS NCAs 0.23 0.08b) 

1% Pt-CdS 0.74 0.28b) 

2% Pt-CdS 0.84 0.30 

5% Pt-CdS 3.42 1.21 

5% Pt-CdS-b 1.04 0.35 

7% Pt-CdS 0.98 0.34 

5% Pt-CdS NCs 2.07 0.70 

5% Pt-CdS bulk 0.23 0.07 

a)  Reaction conditions: 20 mg catalyst, 20 mL of alkaline (5 M NaOH) solution containing ethanol (10% 

v/v) as hole scavenger, visible-light irradiation (λ ≥ 420 nm using a cut-off filter), 4 h irradiation time, 

20 °C; b) Average H2-evolution rate over 3-h irradiation period. 

 

 

Figure 3-36: Correlation between the H2-evolution rates (bars) and average size of Pt nanoparticles 

(dashed line) for the mesoporous CdS NCAs and the Pt-decorated CdS materials. The vertical lines 

represent the standard error.  Τhe H2-evolution rates were measured under visible-light irradiation (λ 

≥ 420 nm) in a 5 M NaOH solution containing ethanol (10% v/v) as hole scavenger and 1 g L-1 catalyst 

concentration.  
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So, for the apparent correlation with the H2-production performance, there must be an effect of 

Pt particle-size on the electrochemical properties of Pt-CdS NCAs materials. As will be discussed 

below, this effect probably results from a balance between an increase in charge distribution due to 

the transfer of electrons from CdS NCs to Pt and a decrease in the available metal-support contact 

area. Thus, to give a clear picture of the band alignment between Pt and CdS NCs and to understand 

the role of Pt on the photocatalytic activity, the flat-band potentials (VFB) of mesoporous CdS and Pt-

decorated NCAs were measured using electrochemical impedance spectroscopy and Mott-Schottky 

analysis (Figure 3-37).  

 

 

Figure 3-37: (a-e) Mott-Schottky plots for the mesoporous CdS and Pt-loaded CdS NCAs samples. (f) 

Comparison of the corresponding linear fits of the Mott-Schottky plots (the lines darken with increasing 

Pt loading), indicating that the slope increases with increasing the Pt content in CdS NCAs. 
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Figure 3-37 shows the obtained Mott–Schottky plots (1/C2 vs applied voltage) and the respective 

fits of the linear portion of the plots for the mesoporous CdS and Pt-decorated CdS NCAs (measured 

as thin-film electrodes on FTO-coated glasses). The corresponding flat-band potentials (VFB), 

obtained from the intercepts of the extrapolated straight lines at 1/C2 = 0 (according to eq. 23) are 

listed in Table 3-4. From the Mott–Schottky plots, it can be clearly seen that all samples exhibit 

positive slopes, which is indicative of the n-type behavior of CdS (i.e., electrons are the majority 

charge-carriers). Based on the measured VFB potentials and optical bandgaps (determined from UV-

Vis/NIR absorption spectra) and assuming that the flat band lies very close to the CB-edge for heavily 

doped n-type CdS [457], a reasonable energy band diagram can be constructed for each catalyst, as 

shown in Figure 3-38. 

 

 

Figure 3-38:  Energy band diagram schemes of the mesoporous CdS and Pt-decorated CdS NCAs. The 

conduction band (CB) edges were estimated from the flat-band potentials obtained from Mott-Schottky 

plots, and the valence band (VB) edges by adding the bandgap of each sample (determined from the 

UV-Vis/NIR absorption spectra) to the respective flat-band potential. All the potentials were converted 

from the Ag/AgCl electrode scale to the normal hydrogen electrode (NHE) scale using eq. 24. 

 

From these band-edge diagrams and the Mott–Schottky plots, several important conclusions can 

be inferred: (i) the deposition of Pt nanoclusters lower the electron donor density of CdS, as indicated 

from the increased slopes in the Mott–Schottky plots of the Pt-decorated CdS materials compared to 

the slope of the pristine CdS NCAs, and (ii) the flat-band potential of CdS NCAs shifts to a more 

positive (anodic) direction, that is, from  –0.67 V to –0.52 V (vs NHE) as the Pt loading increases 
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from 0 to 7 wt.%. Given that the electron affinity (χS) of n-type CdS is approximately 4.8 eV (in 

vacuum scale) [458] and the respective work function (ΦM) of Pt is 5.65 eV [459], a Schottky contact 

should be established at the interface of Pt/CdS. When such contact is made, electrons can lower their 

energy by flowing from the semiconductor’s CB into the metal. Therefore, the resulting potential 

drop across the Pt/CdS junction may cause a deformation of the band structure that continues until 

the chemical potential of CdS reaches equilibrium with the Fermi level of Pt. Thus, it is not surprising 

that the flat-band potential of CdS NCAs shifts towards more positive values after the deposition of 

Pt nanoparticles. However, taking into consideration the size-dependent shift in the work function of 

small-sized Pt nanoparticles, as noted in the literature [460, 461], an opposite shift in the VFB of Pt-

decorated samples (i.e., cathodic shift) would be expected with increasing the Pt particle size; since 

the work function of Pt decreases with increasing the particle diameter according to (eq. 28): 

𝜱𝑴 = 𝜱𝒃𝒖𝒍𝒌 +
𝟏

𝒅𝒑
 

 
        (eq. 28) 

where, ΦM is the work function of small spherical Pt metal nanoparticles, Φbulk is the work function 

of bulk Pt (5.65 eV) and dp is the nanoparticle diameter.  

From eq. 28, the Φnano values for 1.8, 2.1, 2.6, and 3.3 nm-sized Pt particles were calculated to be 

6.25, 6.16, 6.07 and 5.98 eV, respectively (see Table 3-4). In this respect, one likely reason for the 

gradual anodic shift observed in VFB with increasing dp from 1.8 to 3.3 nm may be the lower Schottky 

barrier created at the Pt/CdS junction, as the Pt work function is decreased. The Schottky barrier 

height (SBH), which is defined as the difference between the work function of metal (ΦM) and the 

electron affinity of the semiconductor (χS) (eq. 29), will determine the ease with which charge-carriers 

can cross the metal/semiconductor junction. [263, 462] 

  𝑺𝑩𝑯 = 𝜱𝑴 − 𝝌𝑺                (eq. 29) 

This means that a decrease in the work function of Pt nanoparticles would lower the height of 

Schottky barrier, thus promoting efficient electron transfer across the junction [461] (from the 

photoactivated CdS to Pt), resulting in higher photocatalytic H2-production activity. The calculated 

SBH values for the mesoporous Pt-decorated CdS NCAs samples are listed in Table 3-4, where the 

systematic narrowing of the Schottky barrier height with increasing the Pt nanoparticle size is clearly 

indicated. 

To better assay the effect of Pt particle size on the electronic structure of CdS, the carrier 

concentrations (ND) of the catalysts were also calculated from the slopes of Mott–Schottky plots, 

according to eq. 25. As shown in Table 3-4, this analysis yielded ND values of 1.45×1017 cm−3 for 

pristine CdS and 1.05×1017, 1.16×1017, 9.46×1016, and 9.95×1016 cm−3 for the Pt-CdS NCAs loaded 

with Pt nanoparticles of 1.8, 2.1, 2.6, and 3.3 nm size, respectively. This descending trend in carrier 
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concentration is in reasonable agreement with the estimated Schottky barrier heights (SBH) of Pt-

CdS NCAs, further suggesting that a more efficient charge-transfer may take place as the Pt particle-

size is increased. However, although the deposition of Pt particles with larger diameter (3.3 nm) can 

create Pt/CdS Schottky contacts with lower barrier height, this seems to be rather detrimental to the 

charge-transport properties, as implied from the relatively higher donor density of the 7% Pt-CdS 

catalyst compared to that of 5% Pt-CdS. This observation suggests that, in addition to the energetic 

issues, the electron-transfer efficiency of Pt-CdS NCAs could be affected also by the number of 

surface Pt atoms at the interface with CdS support. Therefore, the density of Pt edge-sites (Ns) on the 

surface of Pt-CdS NCAs catalysts was calculated, based on the contact length between CdS and the 

perimeter Pt atoms for each Pt nanoparticle and the specific surface area of the CdS support, according 

to the following relation (eq. 30): 

𝑵𝑺 =
𝑳𝑪

𝒅𝒂𝒕𝒐𝒎,𝑷𝒕 ∙ 𝑺𝑪𝒅𝑺
 

 
        (eq. 30) 

where, datom,Pt is the atomic diameter of Pt (=0.35 nm), SCdS is the surface area of the CdS host material 

(274 m2 g-1), and LC is the total length of the contact between CdS and the perimeter atoms of Pt 

nanoparticles, derived from eq. 31 below:  

𝑳𝑪 = 𝟐𝝅𝒓 ∙
𝒎𝑷𝒕

𝑽𝑷𝒕 ∙ 𝝆𝑷𝒕
 

 
        (eq. 31) 

where, mPt is the loading amount of Pt, VPt is the volume of each Pt nanoparticle (V=(4/3)πr3) 

assuming spherical shape with average radius r, and ρPt is the mass density of Pt (21.45 g cm-3).  

The results, which are summarized in Table 3-4, show that Ns increases when the Pt loading rises 

from 1 to 5 wt.%, due to the moderate increase in the particle size. On the contrary, higher Pt loadings 

(7 wt.%) result to large nanoparticles that apparently afford a decreased number of Pt edge-atoms at 

the contact interface, as indicated from the lower Ns value of 7% Pt-CdS (~1.89×10−2 Pt sites per 

gram per nm2 of support catalyst) relative to that of the 5% Pt-CdS catalyst (~2.20×10−2
 sites g-1 nm-

2). This finding reveals that for catalysts with large Pt nanoparticles, the decrease in Schottky barrier 

height can be superimposed by the decrease in the contact area between Pt and CdS (assuming that 

all Pt/CdS junctions have similar interfacial interactions). Therefore, in addition to the energetic 

aspect, the contact area is an important factor to be considered during the optimization of the Pt-CdS 

junction, as it can deteriorate the smooth interparticle electron-transfer process even under 

energetically favorable conditions. This can be easily affirmed by comparing the electron donor 

densities and photocatalytic activities obtained from catalysts with 5 and 7 wt.% Pt loadings.  
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Table 3-4: Electrochemical properties and analytical data for the mesoporous CdS and Pt-CdS NCAs 

catalysts. The calculated density of Pt edge sites at the interface between Pt nanoparticles and CdS is 

also shown. 

Sample 

Flat Band 

pH=7 

(VFB) 

(V vs NHE) 

Pt Work 

Function 

(ΦΜ) 

(eV) 

Schottky Barrier 

Heighta) 

(SBH) 

(eV) 

Donor 

Concentrationb) 

(ND) 

(cm-3) 

Density of 

Edge Sitesc) 

(Ns) 

(Pt sites g-1 nm-2) 

CdS NCAs -0.67 - - 1.45×1017 - 

1% Pt-CdS -0.64 6.25 1.45 1.05×1017 1.03×10−2 

2% Pt-CdS -0.62 6.16 1.36 1.16×1017 1.40×10−2 

5% Pt-CdS -0.54 6.07 1.27 9.46×1016 2.20×10−2 

7% Pt-CdS -0.52 5.98 1.18 9.95×1016 1.89×10−2 

a) Calculated with eq. 29 using χs=4.8 eV for CdS and the obtained ΦM values for Pt nanoparticles from 

eq. 28; b) ND values were obtained with the help of eq. 25 using the slopes of the Mott-Schottky plots and 

the relative dielectric constant of CdS (ε = 8.9); c) NS values were calculated according to eq. 30 and 31 

assuming spherical Pt nanoparticles and circular contact area between Pt particles and CdS support.   

 

 

Figure 3-39: Room-temperature PL emission spectra of the mesoporous CdS NCAs and 5% Pt-CdS 

catalysts and starting 3-MPA–capped CdS NCs. All measurements were performed in water (1 mg mL-

1 sample concentration) using an excitation wavelength of 360 nm.  
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In addition, photoluminescence (PL) spectra showed a remarkable decrease in the band-edge 

emission at 470 nm for 5% Pt-CdS NCAs, and to a lower extent for pristine material compared to the 

3-MPA-capped CdS NCs (see Figure 3-39). This suggests that the majority of the photogenerated 

electrons at the CdS NCs are delocalized throughout the assembled network, reducing the 

recombination probability of charge carriers. The presence of Pt nanoparticles on the surface of CdS 

can further suppress the recombination of electron–hole pairs through the efficient charge-separation 

at the Pt/CdS nanojunctions. This is evident from the dramatic quenching of the excitonic emission 

of the mesoporous 5% Pt-CdS NCAs sample.  

Therefore, these findings suggest that the role of Pt nanoparticles on the prepared catalysts of 

this work is to promote a charge distribution in the band-edge states of CdS NCs by shifting the VFB 

potential to more positive values and to extend the lifetime of charge-carriers. This effect definitely 

plays a vital role in photocatalytic processes at the Pt/CdS junctions, in which the internal electrostatic 

field drives the transfer of photo-excited electrons from the CB of CdS NCs into Pt nanoparticles, 

where hydrogen evolution take place, while in the meantime the holes left on the VB of CdS migrate 

to the surface and oxidize –OH into •OH radicals. A schematic illustration of the photocatalytic H2-

generation process over mesoporous Pt-CdS NCAs is shown in Figure 3-40. 

 

 

Figure 3-40: Schematic illustration of the photocatalytic H2-production mechanism at the Pt/CdS 

interface under visible-light irradiation and in the presence of a •OH/−OH redox mediator (VB: valence 

band; CB: conduction band; EF: Fermi level; ΦΜ: metal nanoparticle work function; and SBH: Schottky 

barrier height). Adapted with permission from ref. [404]. © 2016 WILEY‐VCH Verlag GmbH & Co. 

KGaA, Weinheim. 

 

 



 

115 

 

115   Chapter 3: Results and Discussion   

Overall, the enhanced catalytic activity is attributed to the decrease in the work function of Pt 

nanoparticles by increasing the particle size and to the increased number of surface Pt edge-sites at 

the contact interface of CdS with Pt nanoparticles. These result in the decrease of the Schottky barrier 

height (SBH) created at the Pt/CdS junctions and the promotion of smooth electron transfer from 

photoactivated CdS to Pt. Moreover, the 3D open-pore structure and large accessible surface area 

also have a profound effect on the hydrogen evolution efficiency, by providing effective 

transportation of electrolyte-molecules between the nanoparticles, thereby improving the reaction 

kinetics. Consequently, the mesoporous Pt-CdS NCAs containing 5 wt.% Pt with ~2.5 nm average 

nanoparticle size exhibits a very high photocatalytic activity with an apparent QY of 70% at λ = 420 

± 10 nm. Thus, these results demonstrate the potential of the mesoporous Pt-CdS NCAs catalysts to 

serve as efficient and stable photocathodes for water reduction and H2-production under visible light. 

 

3.3 Mesoporous heterostructures of p-CuS/n-CdS NCAs 

Despite the advantageous properties of CdS, as described earlier, the development of effective 

CdS-based photocatalysts with low cost and enhanced photon-to-hydrogen conversion efficiency is 

a compelling challenge. An effective way to overcome the limitations of charge recombination and 

anodic photocorrosion in CdS materials is the coupling of CdS with other co-catalysts, which can 

increase its electron–hole separation yield through the efficient charge-carrier dissociation at the 

interface of the formed heterojunctions. To this end, a variety of CdS-based composite nanostructures, 

such as MoS2/CdS [379], WS2/CdS [381], NiS/CdS7 [390], Pt/CdS [396, 404] and CNT/CdS [463], 

have been developed and studied, showing promising results. However, even though these hybrid 

catalysts can achieve a significant increase in photocatalytic H2-production activity compared to pure 

CdS, most of them either offer low solid/electrolyte interface area or contain precious and rare metals 

(e.g., Pt), thereby limiting their practical application. Very recently, CuS/CdS nanoparticle aggregates 

has been suggested as a cost-effective and sustainable catalyst for the hydrogen evolution reaction. 

These studies indicated that CuS particles may expand the light absorption range and prolong the 

lifetime of the photogenerated charge-carriers in CdS. [377, 378] Nevertheless, the role of CuS in 

photochemical activity of CdS is still poorly understood. Also, these aggregated nanoparticle 

materials adopt close-packed structures with low surface area-to-volume ratio, which generally 

restricts their catalytic performance. Therefore, it is highly desirable to develop composite CuS/CdS 

nanostructures with high porosity and surface area, because enhanced catalytic performance might 

be obtained due to their unique morphology.  

In this section, the synthesis of new 3D mesoporous heterostructures consisting of interconnected 

CuS and CdS NCs is presented and their photocatalytic activity in water reduction reaction under 
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visible-light is studied. Also, the photoelectrochemical behavior of the prepared mesoporous 

CuS/CdS NCAs and the role of CuS on the enhanced photocatalytic performance of the 

heterostructures is investigated.   

 

3.3.1 Synthesis of mesoporous CuS/CdS NCAs 

Porous networks of connected CuS and CdS NCs were produced via the new polymer-templating 

oxidative self-polymerization process to assemble first thiol-capped CdS NCs into mesoporous NCAs 

structures. Next,  a cation-exchange treatment was performed to partially replace Cd2+ with Cu2+ on 

the surface of CdS NCAs. [405] During the partial cation-exchange process, the large disparity in the 

products solubility — i.e., the Ksp values between CdS (8×10-27) and CuS (6.3×10-36) — is the driving 

force for the spontaneous topotactic transformation of CdS into CuS (eq. 32), giving rise to the 

formation of CuS/CdS binary nanoheterostructures. [464] 

CdS + Cu2+ → CuS + Cd2+             (eq. 32) 

 

 

Figure 3-41: Schematic illustration of the partial cation-exchange process to prepare mesoporous 

nanoheterostructures of CuS/CdS NCAs. 
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A schematic representation of the synthetic process to prepare mesoporous nano-heterostructures 

of CuS/CdS NCAs is illustrated in Figure 3-41. By this procedure, a series of heterojunction 

composite assemblies of CdS and CuS NCs with different content of Cu (denoted as n% CuS/CdS 

NCAs, where n= 3, 5 and 8 mol %) was obtained by varying the initial Cu2+ concentration in the 

reaction mixture. In general, the partial transformation of CdS NCs into CuS/CdS composites is 

believed to occur through the following steps: (i) deposition of insoluble CuS nanoclusters on the 

surface of  CdS NCs, by preferential exchange with surface Cd2+ cations and nucleation reactions 

with S2- ions at the surface,  (ii) mutual diffusion of Cu2+ (inward diffusion) and S2- and Cd2+ ions 

(outward diffusion, that is, dissolution of CdS from the interior to the exterior), and (iii) interfacial 

bonding by the reaction between the Cu2+ and S2- ions at the inner surface of the formed CuS NCs in 

contact with CdS. [465] Significantly, the growth of CuS within the CdS NCs leads to an intimate 

contact between the two components, in a way that could not be achieved by a simple physical 

mixture of CdS and CuS particles. [377, 438, 465] This is particularly important for photocatalysis 

since, as will be discussed later, the interfacial transfer of photoexcited electrons and holes in the p-

CuS/n-CdS heterojunction region can suppress charge recombination and thus increase the 

photocatalytic activity towards H2 production. 

 

3.3.2 Structural characterization of photocatalysts 

The chemical composition of the as-prepared CuS/CdS NCAs was determined by EDS. EDS 

analysis of the mesoporous single CdS NCAs showed strong Cd and S signals with a molar ratio of 

Cd/S very close to the expected 1:1 stoichiometry (Figure 3-42a). The presence of Cu atoms in the 

composite heterostructures was confirmed by the EDS spectra obtained from different areas of 

samples, showing the presence of copper at different Cu/Cd atomic ratios, which correspond to a Cu 

loading from ~3 to ~8 mol % (see Figure 3-42 b-d and Table 3-5). The estimated copper content, as 

obtained by EDS microanalysis, is consistent with the expected composition from the stoichiometry 

of reactions, suggesting the complete incorporation of Cu ions into the CdS lattice.  

The crystallinity of all the samples was verified by powder X-ray diffraction. The XRD patterns 

of pristine CdS NCAs and CuS/CdS heterostructures in Figure 3-43 display three intense diffraction 

peaks in 2θ scattering angles from 20 to 60o, which can be assigned to the (111), (220), and (311) 

reflections of the CdS zinc-blende structure (JCPDS card no. 42-1411). In addition, the remarkable 

peak-broadening of the X-ray reflections points to the formation of crystalline materials with a very 

small grain composition. Α peak-width analysis using the Scherrer equation (eq. 19) gives an average 

CdS crystallite size of ~2.6 nm. However, XRD analysis does not provide convincing evidence for 

the presence of CuS, even in the XRD pattern of CuS/CdS NCAs sample with 8 mol% Cu. This can 
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be attributed to the small grain size and high dispersion of CuS nanocrystallites in the mesoporous 

CdS structure.  

 

Figure 3-42: Typical EDS spectra of the mesoporous (a) CdS NCAs and (b-d) as-prepared CuS/CdS 

NCAs heterostructures with 3, 5, and 8 mol% Cu2+ loading. 

 

 

Figure 3-43: Powder XRD patterns for the mesoporous CdS and CuS/CdS NCAs. The standard 

diffraction lines of zinc-blende CdS (JCPDS card no. 42-1411) are also given.  
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Moreover, the valence state of Cd and Cu atoms in the composite materials was investigated with 

X-ray photoelectron spectroscopy (XPS). A typical high-resolution Cd 3d XPS spectrum for the 5% 

CuS/CdS NCAs catalyst, which is the most active catalyst of the CuS/CdS NCAs series, shown in 

Figure 3-44a. This spectrum reveals a peak-doublet at binding energies (BE) of 404.6 and 411.4 eV 

corresponding to Cd2+ 3d5/2 and 3d3/2 core-levels in CdS, respectively. [466] In addition, Figure 3-

44b displays the XPS spectrum of Cu 2p for the 5% CuS/CdS NCAs, showing the BE of Cu 2p3/2 and 

Cu 2p1/2 core-level signals at 932.6 and 952.4 eV respectively, which are typical values for Cu2+ in 

CuS compounds. [467, 468] The symmetric shape of the Cu 2p peaks suggests that the copper species 

in the catalyst exist as a single-phase of CuS. Meanwhile, a weak satellite feature at BE ~943.2 eV 

further confirms the paramagnetic nature of Cu2+. [469] 

 

Figure 3-44: High-resolution XPS of (a) the Cd 3d and (b) the Cu 2p core-level photoelectron spectra 

for the mesoporous 5% CuS/CdS NCAs sample, before (orange lines) and after 20-h photocatalytic 

reaction (green lines). The symbol (*) in panel b shows the satellite peak at ~943.2 eV, characteristic of 

the Cu2+ ions. Inset of panel b: The Auger Cu LMM spectrum of the material retrieved after 

photocatalytic reaction, indicating the presence of Cu2S species (peak at 569.6 eV). 
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Typical transmission electron microscopy images of the 5% CuS/CdS NCAs catalyst are shown 

in Figure 3-45. The images reveal a disordered porous network consisting of connected nanoparticles 

with a grain size of about 5–6 nm, and pores that are formed between the assembled nanoparticles. 

To further probe the crystal structure of the mesoporous network, selected-area electron diffraction 

and high-resolution TEM were also utilized. The SAED pattern shown in the inset of Figure 3-45a 

displays a series of diffuse Debye-Scherrer rings that can be indexed to the zinc-blende structure of 

CdS, in agreement with XRD results. The HRTEM image in Figure 3-45b, however, reveals the 

composite structure of the 5% CuS/CdS NCAs material. It shows distinct lattice fringes with 3.4, 3.0 

and 2.0 Å interplanar spacings that correspond to the (111) facets of cubic CdS and, according to the 

fast Fourier transformation (FFT) pattern (inset of Figure 3-45b), and to the (012) and (008) facets 

(along the [100] direction) of the hexagonal P63/mmc lattice of CuS, respectively. Taken together 

with the XRD and XPS analysis, these results are consistent with the formation of mesoporous 

catalysts comprising of connected covellite (CuS) and cubic CdS NCs.  

 

 

Figure 3-45: (a) Typical TEM image showing a disordered porous structure of interconnected 

nanoparticles (inset: SAED pattern taken from a small area of the nanoparticle network), and (b) 

HRTEM image, for the mesoporous 5% CuS/CdS NCAs sample. Inset of panel b: FFT pattern recorded 

on the portion indicated by the white circle, showing the (008) and (012) lattice planes of hexagonal 

(P63/mmc) CuS.  

 

The porosity of the as-prepared materials was evaluated by performing nitrogen physisorption 

measurements at –196 °C. The N2 adsorption and desorption isotherms and the corresponding pore 

size distributions of mesoporous CdS NCAs and the CuS/CdS NCAs heterostructures with various 

Cu content, are displayed in Figure 3-46. All the samples exhibited typical type IV isotherms with a 

pronounced H2-type hysteresis loop, which according to IUPAC classification (see A.1 and A.2 in 
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the Appendix) are characteristic of mesoporous materials with interconnected structure.[412] The 

small but resolved adsorption step at relative pressure range (P/Po) of 0.4–0.6 is related to the capillary 

condensation of nitrogen in narrow-sized mesopores. [427] 

 

Figure 3-46: N2 adsorption (filled cycles) and desorption (open cycles) isotherms at -196 °C and (inset) 

the corresponding NLDFT pore size distributions calculated from the adsorption branch of isotherms, 

for the mesoporous (a) pristine CdS NCAs (black) and the (b) 3% CuS/CdS (blue), (c) 5% CuS/CdS 

(orange), and (d) 8% CuS/CdS (green) NCAs composites.  

 

The mesoporous CuS/CdS NCAs composites exhibited Brunauer–Emmett–Teller (BET) surface 

area of 198–203 m2 g-1 and total pore volume of 0.18–0.19 cm3 g-1, which are slightly lower than 

those of the pristine CdS NCAs sample (238 m2 g-1 and 0.21 cm3 g-1, respectively), as shown in Table 

3-5. The decrease in surface area and pore volume for the CuS-loaded materials is presumably due to 

a partial etching of the CdS NC surface during the cation-exchange process, leading to a 

rearrangement of CdS nanoparticles in the porous framework. Moreover, the pore width in these 

materials was assessed from the adsorption branch of isotherms using the non-local density functional 

theory (NLDFT) model. [414] The results for CdS NCAs and the respective CuS/CdS composites 

reveal a quite narrow pore-size distribution (see insets in Figure 3-46), with an average size of ~6.4–

6.5 nm (Table 3-5).  
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Figure 3-47: a) Optical absorption spectra of mesoporous CdS NCAs and the CuS/CdS composites with 

various Cu content, and b) the corresponding Tauc plots based on eq. 21, i.e., the curves of (αhv)2 versus 

photon energy (hv), where α, h and v are the absorption coefficient, Planck’s constant and light 

frequency, respectively.  

 

The electronic structure of the pristine and Cu-containing CdS NCAs was investigated with 

diffuse reflectance UV–vis/NIR. The DRS spectra of all the measured samples were converted to 

absorption using the Kubelka-Munk function (eq. 20).  The spectrum of mesoporous pure CdS NCAs 

shows a sharp optical absorption onset at around 488 nm (~2.54 eV), corresponding to the intrinsic 

interband electron transition in CdS (Figure 3-47a). The large blue shift in the energy gap of CdS 

NCAs compared to that of a typical bulk CdS (i.e., 2.42 eV) is reflective of quantum size-effects in 

CdS NCs due to their very small diameter (ca. 5–6 nm). Using the measured optical bandgap and 

Brus equation (eq. 22), the size of the constituent CdS NCs was estimated to be ~5.7 nm, which is 

consistent with TEM observations. The energy bandgaps of the mesoporous CuS/CdS NCAs, which 

are calculated from the corresponding Tauc plots based on eq.21 for a direct gap semiconductor 

(Figure 3-47b), vary systematically with increasing the Cu content from 2.52 eV for 3% CuS/CdS 

NCAs to 2.47 eV for the 8 mol% Cu-loaded sample; all the measured textural and electronic 

properties of the as-prepared catalysts are summarized in Table 3-5. This behavior is related to the 

strong electron interactions between quantum-confined electronic states in CdS and CuS NCs, 

indicating that CuS domains are in intimate contact with the CdS structure. In addition, careful 

analysis of the absorption shoulder seen in the range of 510–580 nm (as the Cu content increases), 

gives an absorption onset at 564 nm (~2.2 eV) that can be assigned to the bandgap transition of CuS. 

[470] Also, the absorption tails observed in the spectra of the Cu-loaded samples at wavelengths 

longer than 600 nm are associated with the d-d electronic transitions of Cu2+. [471] As expected, this 
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absorption increases with increasing the Cu content in the CuS/CdS composites, extending their light-

absorption in the NIR region.  

 

Table 3-5: Textural properties and analytical data for the as-prepared mesoporous CdS and 

CuS/CdS NCAs catalysts. 

Sample 
Cu loadinga) 

(mol%) 

Surface area 

(m2 g-1) 

Pore volume 

(cm3 g-1) 

Pore size 

(nm) 

Energy gap 

(eV) 

CdS NCAs 0 238 0.21 6.5 2.54 

3% CuS/CdS 3.14 203 0.19 6.4 2.52 

5% CuS/CdS 5.06 201 0.19 6.4 2.48 

8% CuS/CdS 8.11 198 0.18 6.4 2.47 

a) Based on EDS analysis 

 

3.3.3 Photocatalytic water reduction study 

All the photocatalytic water-reduction experiments for hydrogen evolution were carried out 

under visible-light (λ ≥ 420 nm) irradiation, using an aqueous solution containing Na2SO3/Na2S 

(0.25M/0.35M, respectively) as sacrificial reagents. As mentioned earlier, the usage of sacrificial 

electron donors such as S2-/SO3
2- is necessary for sulfur-containing catalysts (such as CdS) to promote 

hydrogen-evolution and prevent them from anodic photocorrosion by preferentially consuming the 

photogenerated holes. [337, 341, 448]  

As shown in Figure 3-48, the pure mesoporous CdS NCAs show a rather low H2-production 

activity, with an average H2-evolution rate of 0.03 mmol h-1, due to the fast recombination of 

photoexcited electron–hole pairs. In contrast, the CuS/CdS heterostructures showed a considerable 

increase in H2-production activity, clearly indicating that the incorporated CuS compound in the CdS 

structure plays an important role in enhancing the photocatalytic efficiency. In particular, the catalytic 

activity of mesoporous CuS/CdS NCAs increases with increasing Cu content and reaches an optimum 

at 5 mol%, achieving a H2-evolution rate of 0.16 mmol h-1 (see Figure 3-48b), which is about 5.3 

times higher than that of pure CdS NCAs. However, further increase in Cu loading to 8 mol% leads 

to a small reduction of the photocatalytic activity, as inferred by the lower H2-evolution rate of the 

8% CuS/CdS sample (0.12 mmol h-1). This is probably related to one or a combination of the 

following causes: (i) high Cu content presumably leads to excessive incorporation of CuS clusters 

that decrease the active surface area of CdS, (ii) excessive formation of CuS NCs on the surface of 

CdS may also reduce the light-harvesting ability of CdS nanoparticles and (iii) CuS at high content 

may act as charge-carrier recombination centers, deteriorating the photocatalytic performance.  
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Figure 3-48:a) Time courses for photocatalytic H2-production and (b) the corresponding H2-evolution 

rates, for the mesoporous CdS and CuS/CdS NCAs catalysts. The H2-evolution vs time for the 5 mol% 

Cu-loaded CdS bulk material (5% CuS/CdS bulk) is also given. The photocatalytic reactions were 

performed as follows: 20 mg of catalyst were dispersed in 20 mL aqueous solution containing 0.35 M 

Na2S and 0.25 M Na2SO3; steady reaction temperature at 20 °C; 300-W Xenon light irradiation with a 

long-pass cut-off filter allowing λ ≥ 420 nm.  

 

Notably, the mesoporous 5% CuS/CdS NCAs catalyst showed significantly higher activity than 

its bulk counterpart, composed of CuS-loaded CdS microparticles. In particular, when a CdS bulk 

solid containing 5.1 mol% Cu (as obtained by EDS analysis, Figure 3-49a) was used as catalyst 

(denoted as 5% CuS/CdS bulk), it exhibited a H2-evolution rate of 0.025 mmol h-1 under similar 

conditions (see Figure 3-48b), which is remarkably lower than that of mesoporous 5% CuS/CdS 

NCAs. This may be attributed to the low surface area of the 5% CuS/CdS bulk material (BET surface 

~45 m2 g-1, Figure 3-49b). Therefore, the enhancement in photocatalytic activity of mesoporous 

CuS/CdS NCAs is related not only to the formation of CuS/CdS nanoheterojunctions, but also to the 
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interconnected pore-structure and the enlarged catalyst/electrolyte interface area, which facilitate 

mass transport between the nanoparticles and provide more active-sites accessible to reactants.  

 

Figure 3-49: (a) Typical EDS spectrum of the Cu-loaded CdS bulk solid (5% CuS/CdS bulk), 

corresponding to a Cu content of ~5.1 mol%, and (b) N2 adsorption-desorption isotherms at -196 °C for 

the 5% CuS/CdS bulk material. Analysis of the adsorption data indicates a BET surface area of ~45 m2
 

g-1
 and a total pore volume of 0.08 cm3

 g-1.  

 

Afterwards, the reaction conditions were optimized by measuring the H2-evolution for different 

concentrations of the mesoporous 5% CuS/CdS NCAs catalyst, and the results are displayed in 

Figure 3-50. It can be seen that, with increasing catalyst concentration, the H2-evolution rate 

increased to reach a maximum at ~2 g L-1. This H2-production increase with the catalyst concentration 

can be interpreted to an enhancement in light absorption by the catalyst’s nanoparticles. On the other 

hand, excess amount of catalyst loading in the reaction (i.e., 2.5 g L-1) resulted in a slightly lower H2- 

production activity (0.24 mmol h-1), probably due to the light scattering effect from the particles.  

 

Figure 3-50: Photocatalytic H2-evolution rates over different amounts (concentrations) of the 

mesoporous 5% CuS/CdS catalyst. Reaction conditions: 20 mL aqueous solution containing 0.35 M Na2S 

and 0.25 M Na2SO3; steady reaction temperature at 20 °C; 300-W Xenon light irradiation with a long-

pass cut-off filter allowing λ ≥ 420 nm.  
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Of particular note, the mesoporous 5% CuS/CdS catalyst at 2 g L-1 concentration achieves an 

average H2-evolution rate as high as 0.28 mmol h-1 (or ~7 mmol h-1 g-1 mass activity). Under these 

conditions, an apparent quantum yield (QY) of 12.6 % (at λ = 420 ±10 nm) was obtained, according 

to eq. 26 and assuming all incident photons (Nhv = 9.3×1016 s-1) were absorbed by the catalyst’s 

nanoparticles. This efficiency is among the highest reported values for noble-metal-free metal sulfide 

photocatalysts, as compared to the respective photocatalytic H2-production activities of other metal-

sulfide nanostructures shown in Table 3-6.  

 
Table 3-6: Comparison of H2-production activities for different metal-sulfide-based photocatalysts 

without noble-metal co-catalysts, studied under similar experimental conditions. 

Photocatalyst 
Reaction conditions: 

catalyst mass, sacrificial 
Light source 

H2-production  

(QY at 420 nm) 
Ref. 

MoS2/CdS  

composites 

0.1 g catalyst,  

lactic acid (10 vol%) 

300-W Xe lamp 

(λ>420 nm) 
0.53 mmol h-1 [379] 

WS2/CdS  

particles 

0.1 g catalyst,  

lactic acid (10 vol%) 

300-W Xe lamp 

(λ>420 nm) 

0.42 mmol h-1  

(QY ~5%) 
[381] 

NiS/CdS  

composites 

0.3 g catalyst,  

lactic acid (30 vol%) 

300-W Xe lamp 

(λ>420 nm) 

2.18 mmol h-1  

(QY ~51.3%) 
[390] 

CuS/CdS NCAs 

(present catalyst) 

0.04 g catalyst,  

0.25 M Na2SO3/0.35 M Na2S 

300-W Xe lamp 

(λ>420 nm) 

0.28 mmol h-1  

(QY ~12.6%) 
[405] 

CuS/ZnS  

nanosheets 

0.2 g catalyst,  

0.25M Na2SO3/0.35 M Na2S 

350-W Xe lamp 

(λ>420 nm) 

0.21 mmol h-1  

(QY ~20%) 
[438] 

CdS/CNTs  

nanocomposites 

0.035 g catalyst,  

0.25 M Na2SO3/0.35 M Na2S 

300-W Xe lamp 

(λ>420 nm) 

0.17 mmol h-1  

(QY ~2.1%) 
[463] 

Co3O4/CdS  

nanocomposites 

50 mg catalyst,  

lactic acid (10 vol%) 

350-W Xe lamp 

(λ>420 nm) 

0.15 mmol h-1  

(QY ~9.7%) 
[472] 

Cu2S/CdS  

nanoparticles 

0.2 g catalyst,  

0.25M Na2SO3/0.35 M Na2S 

300-W Xe lamp 

(λ>420 nm) 

0.4 mmol h-1  

(QY ~9.5%) 
[473] 

Cd0.8Zn0.2S  

particles 

0.2 g catalyst,  

0.25M Na2SO3/0.35 M Na2S 

350-W Xe lamp 

(λ>430 nm) 

0.18 mmol h-1  

(QY ~10.2%) 
[474] 

CdS/Zn0.2Cd0.8S  

nanocomposites 

0.2 g catalyst,  

0.04 M Na2SO3/0.1 M Na2S 

350-W Xe lamp 

(λ>400 nm) 

0.11 mmol h-1  

(QY ~6.3%) 
[475] 

Cd0.1Cu0.01Zn0.89S  

particles 

0.3 g catalyst,  

0.3 M Na2SO3/0.2 M Na2S 

350-W Xe lamp 

(λ>430 nm) 

0.35 mmol h-1  

(QY ~9.6%) 
[476] 

(Zn0.95Cu0.05)0.67Cd0.33S  

nanocrystals 

0.3 g catalyst,  

0.35 M Na2SO3/0.25 M Na2S 

300-W Xe lamp 

(λ>420 nm) 

0.51 mmol h-1  

(QY ~15.7%) 
[477] 

ZnS-In2S3-CuS  

nanospheres 

0.3 g catalyst,  

1.2 M Na2SO3/0.1 M Na2S 

300-W Xe lamp 

(λ>400 nm) 

3.6 mmol h-1  

(QY ~22.6%) 
[478] 

CdS-ZnS-In2S3  

microspheres  

0.015 g catalyst,  

1.4 M Na2SO3/0.1 M Na2S 

300-W Xe lamp 

(λ>400 nm) 

0.12 mmol h-1  

(QY ~40.9%) 
[479] 

ZnS-In2S3-Ag2S  

nanostructures 

0.015 g catalyst,  

0.35 M Na2SO3/0.25 M Na2S 

300-W Xe lamp 

(λ>400 nm) 

0.05 mmol h-1  

(QY ~19.8%) 
[480] 
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Furthermore, the assembled mesoporous CuS/CdS NC network was also found to be stable under 

the examined conditions. The stability of the mesoporous 5% CuS/CdS catalyst was assessed by 

performing four consecutive 5-h photocatalytic tests. After each test, the catalyst was isolated from 

the reaction mixture by centrifugation, washed with a polysulfide solution and DI water to remove 

adsorbed sulfur species, and re-dispersed in a fresh reaction solution. Before each photocatalytic 

reaction, the reaction cell was de-aerated by purging with argon until no O2 was detected (by GC 

analysis). As shown in Figure 3-51, the catalyst exhibits a quite stable H2-evolution rate (within 5% 

deviation) over a total 20-h illumination period. A small decrease in the H2-evolution rate during the 

third and fourth cycle of reuse may hint some minor photocorrosion of the CdS lattice or accumulation 

of adsorbed disulfide species on the CdS surface that act as optical filter reducing the light absorption 

of CdS [341] ― although the partial loss of catalyst mass during the isolation-reuse process is a 

probable explanation for the slightly lower activity. 

 

Figure 3-51: Recycling study for the mesoporous 5% CuS/CdS NCAs catalyst. The H2-evolution rates 

(columns) were averaged over 5 h of illumination. Reaction conditions: 40 mg of catalyst dispersed in 

20 mL aqueous solution containing 0.35 M Na2S and 0.25 M Na2SO3; steady reaction temperature at 20 

°C; 300-W Xenon light irradiation with a long-pass cut-off filter allowing λ ≥ 420 nm. 

 

In addition, X-ray microanalysis and nitrogen physisorption measurements were employed to 

examine the chemical and structural stability of the reused catalyst. EDS results showed a ~5.09 

mol% of Cu content (Figure 3-52a), while N2 physisorption analysis indicated a BET surface area of 

180 m2 g−1, pore volume of 0.20 cm3 g−1 and pore size of 6.2 nm (Figure 3-52b), which are similar 

to those of the fresh sample. However, after catalysis the XPS spectrum of the mesoporous 5% 

CuS/CdS sample (green line in Figure 3-44b), shows that a fraction of Cu2+ ions are reduced to Cu+, 

judging from the shift of the Cu 2p3/2 and Cu 2p1/2 signals to higher binding energies (at 933.2 and 

952.9 eV, respectively). [481, 482] Moreover, the accompanying Auger Cu LMM spectrum (see inset 
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in Figure 3-44b) reveals a peak at 569.6 eV, indicating also the presence of Cu2S species in this 

sample. [473, 483] Thus, it is apparent that CuS was partially reduced to Cu2S during the visible-light 

irradiation. On the contrary, the XPS spectrum of the regenerated 5% CuS/CdS sample showed Cd 

3d5/2 and 3d3/2 core-level signals with binding energies at 404.7 and 411.5 eV, respectively (green 

line in Figure 3-44a), which are almost identical to those of the fresh catalyst, thus indicating that 

CdS NCs are chemically stable under the examined reaction conditions.   

 

Figure 3-52: (a) Typical EDS spectrum corresponding to a Cu content of ~5.09 mol%, and (b) N2 

adsorption-desorption isotherms at -196 °C and the corresponding NLDFT pore size distribution (inset),  

for the mesoporous 5% CuS/CdS NCAs catalyst retrieved after 20 hours of photocatalytic reaction. 

 

3.3.4 Role of CuS in photocatalytic activity 

To gain a better understanding of the role of CuS in the H2-production activity of CuS/CdS 

NCAs, a controlled photocatalytic H2-evolution reaction was carried-out under monochromatic 

irradiation with λ = 550 ±10 nm (using a band-pass filter, Asahi Spectra, Japan). In this experiment, 

the mesoporous 5% CuS/CdS catalyst exhibited very low H2-production activity (ca. 4.65 μmol h-1) 

that corresponds to an apparent QY of about 0.94% (Nhv=1.65×1017 s-1). Considering that CdS 

absorbs photons with wavelengths shorter than 500 nm, this activity can be attributed solely to the 

photoexcitation of CuS. Of note, single-component mesoporous CuS assemblies, which were 

obtained by complete cation-exchange of CdS NCAs using a 10-fold molar excess of Cu2+ (relative 

to CdS), showed a negligible visible-light H2-production activity, even after 4 h of illumination 

(results not shown). The lack of activity can be attributed to the low reducing potential of the 

conduction band (CB) electrons (–0.33 V vs NHE, pH = 7) with respect to water-reduction and to the 

inefficient charge-carrier separation in CuS. Thus, the above results clearly demonstrate that CuS 

itself cannot generate significant amount of H2, although it can extend the light absorption of the 

composite heterostructures to the visible-NIR region (as inferred by UV– vis/NIR spectroscopy). 
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Therefore, it can be concluded that the improved photoactivity of the composite catalysts was mainly 

due to the efficient charge-carrier dissociation at the CuS/CdS interface, which lowers the charge-

recombination loss. Study of electronic relaxation in the as-prepared CuS/CdS heterostructures by 

photoluminescence spectroscopy indicates that this is indeed the case. Figure 3-53 compares the PL 

spectra of the mesoporous pure CdS NCAs and the corresponding CuS/CdS heterostructures with 

different Cu-loadings. The results reveal that addition of Cu into the CdS structure leads to a gradual 

quenching of the band-edge excitonic emission at 470 nm, which may indicate that the majority of 

the photoexcited carriers are delocalized in the formed CuS–CdS nano-heterostructures. Hence, the 

incorporation of CuS phase seems to impede the radiative recombination of charge-carriers through 

an effective separation of electron-hole pairs across the CuS/CdS nanojunctions. 

 

 

Figure 3-53: Room-temperature PL emission spectra for the mesoporous CdS NCAs and the respective 

CuS/CdS heterostructures with various Cu-content. All measurements were performed in water (1 mg 

mL-1 sample concentration) using an excitation wavelength of 360 nm. 

 

The effect of CuS loading on the electronic band structure, and thus on the electrochemical 

properties of CuS/CdS composites, was further investigated by electrochemical impedance 

spectroscopy. Figure 3-54 displays the Mott-Schottky plots (1/C2 vs applied potential) and the 

corresponding fits of the linear portion of the plots for the mesoporous CdS NCAs and CuS/CdS 

composites containing 3, 5 and 8 mol% Cu (measured as thin-film electrodes on FTO-coated glasses). 

The obtained flat-band potentials (VFB), measured from the intercepts of the extrapolated linear fits 

with the potential axis (1/C2 = 0, according to eq. 23), show that VFB shifts gradually to a more 

negative (cathodic) direction, that is, from –0.40 V to –0.53 V (NHE, pH = 7), as the Cu content 

increases from 0 to 8 mol%. Moreover, the electron donor density (ND) of CdS (calculated from the 
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slopes of Mott-Schottky plots, according to eq. 25) seems to decrease initially with the addition of 3 

mol% Cu (i.e., from  3.93×1016 cm-3 for pure CdS to 3.28×1016 cm-3 for 3% CuS/CdS NCAs), and 

then progressively increases with increasing the Cu content to 5 mol% (3.71×1016 cm-3 ) and 8 mol% 

(4.55×1016 cm-3), as evidenced by the change in slope of the Mott-Schottky plots. Of note, all the 

obtained Mott-Schottky plots showed positive slopes in the applied potential range from –0.7 V to –

0.4 V (Ag/AgCl, pH=7), which is indicative of the n-type behavior for CdS, as expected. All the 

measured electrochemical properties of CuS/CdS NCAs are summarized in Table 3-7.  

 

Figure 3-54: Mott-Schottky plots (dashed lines are fit to the data) of the mesoporous CdS NCAs and 

CuS/CdS composites with different Cu content. Inset: the respective plots for a wider range of applied 

potentials. 

 

Table 3-7: Analytical data obtained from Mott-Schottky plots for the mesoporous 

pristine CdS and different Cu-loaded CdS NCAs. 

Sample 

Flat Banda)
 

[VFB] 

(V vs NHE) 

Slope 

 

(F-2cm4V-1) 

Donor concentrationb) 

[ND] 

(cm-3) 

CdS NCAs -0.40 4.034 × 1010 3.93 × 1016 

3% CuS/CdS -0.43 4.825 × 1010 3.28 × 1016 

5% CuS/CdS -0.44 4.267 × 1010 3.71 × 1016 

8% CuS/CdS -0.53 3.466 × 1010 4.55 × 1016 

a) The flat-band potentials were converted from the Ag/AgCl electrode scale to the 

normal hydrogen electrode (NHE) scale using eq. 24.; b) The ND values were obtained 

with the help of eq. 25 using the slopes of the Mott-Schottky plots and the relative 

dielectric constant of CdS (ε = 8.9) 
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The observed cathodic shift in the flat-band positions and increase in donor (electron) density of 

CdS upon CuS addition may be explained by a possible unpinning of its Fermi level via passivation 

of surface-states on CdS NCs from CuS deposition. Such a behavior is suggested by the increased 

positive Mott-Schottky slopes of the Cu-loaded samples compared to the slope of pure CdS NCAs 

(see inset of Figure 3-54) and also by considering the formation of p–n heterojunctions between CdS 

and CuS NCs. CuS is a p-type semiconductor [470, 484-486]. This means that, when CdS and CuS 

NCs are placed in contact with each other, given that the Fermi level of n-type CdS (ca. 4.5–4.9 eV) 

is more negative than the Fermi level of p-type CuS (ca. 5.1–5.3 eV) [487], a built-in potential (ΔΦSC) 

of approximately 0.4–0.8 V will be formed at the interface of CuS/CdS junction. That results to an 

internal electric field which drives electrons from the CB of CdS to CuS until the system reaches 

equilibrium. Reasonable energy diagrams of the band alignment between CuS and CdS NCs before 

contact and after equilibrium conditions are illustrated in Figure 3-55. In Figure 3-55a, the 

conduction band (CB) and valence band (VB) levels of CdS and CuS (before contact) were estimated 

using the well-known Mulliken electronegativity theory [354, 488], according to the following 

equations: 

𝑬𝑪𝑩 = 𝝌𝒂𝒃𝒔 − 𝟎. 𝟓 ∙ 𝑬𝒈           (eq. 33) 

𝑬𝑽𝑩 = 𝝌𝒂𝒃𝒔 + 𝟎. 𝟓 ∙ 𝑬𝒈                         (eq. 34) 

where, ECB and EVB are the conduction and valence band-edge energy levels (in eV vs vacuum) 

respectively, Eg is the band gap of the semiconductor and χabs denotes the absolute electronegativity 

of the semiconductor. The reported χabs values for CdS and CuS are 5.18 eV and 5.27 eV, while the 

Eg values (measured by UV– vis/NIR spectroscopy) are 2.54 eV and 2.2 eV, respectively. Thus, the 

EVB and ECB of CdS NCs were estimated to be 6.45 eV and 3.9 eV (vs vacuum), respectively, while 

the corresponding band-edge levels of CuS NCs were found to be 6.37 eV for EVB and 4.17 eV for 

ECB (vs vacuum). At equilibrium condition, the redistribution of charge-carriers will generate a 

depletion layer (positively-charged region) in CdS and a negatively-charged region (accumulation 

layer) in the CuS side of the p-CuS/n-CdS junction. Indeed, the formation of a depletion region in 

CdS NCs also explains the observed initial decrease in the donor density of CdS when a small amount 

(3 mol%) of Cu is incorporated (see Table 3-7). By increasing the CuS loading, as a result of the 

internal electric field and accumulation of electrons in CuS, its CB will gradually shift and eventually 

rise above the CB level of CdS (Figure 3-55b). This assumption is also supported by the cathodic 

shift in VFB and the increase in ND values with increasing the Cu-content in the CuS/CdS NCAs 

composites.  
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Figure 3-55: (a) Energy band diagrams of the n-type CdS and p-type CuS semiconductors, before 

contact. The conduction band (ECB) and valence band (EVB) energy levels of CdS and CuS 

semiconductors were estimated from eq. 33 and eq. 34, respectively, according to the Mulliken 

electronegativity theory. (b) Band alignment scheme of the formed p–n junction upon contact 

equilibrium between CdS and CuS NCs. The shown band-edge potential positions are based on the UV–

vis/NIR and EIS results for the mesoporous 5% CuS/CdS sample, considering also a build-in potential 

(ΔΦSC) of ~0.8 eV.  

 

Overall, the nanoscale p–n CuS/CdS heterojunctions facilitate the efficient distribution of 

charge-carriers, through the cathodic shift of the VFB and the appropriate alignment in the band-edge 

positions of the composites. These effects, along with the large surface area provided by the 3D 

porous structure of the assembled NCs, definitely have a great impact on the enhanced photocatalytic 

activity of the mesoporous CuS/CdS heterostructures. Based on the obtained results, a possible 

mechanism for the photocatalytic H2-production on mesoporous CuS/CdS NCAs is proposed and 

illustrated in Figure 3-56. Under visible-light irradiation, both CdS and CuS get excited and generate 

electron-hole pairs. The favorable thermodynamic conditions of the band structure and the internal 

electrostatic field drive the transfer of photoexcited electrons from the CB of CuS to the CB of CdS, 

giving rise to an accumulation of electrons in CdS where H2-evolution take place. In addition, during 

the course of irradiation, a fraction of photoexcited electrons from the VB of CdS (EVB = 2 V vs NHE, 

pH = 7, as determined according to EFB from EIS and Eg from optical absorption measurements, see 

Tables 3-5 and 3-7) may be also transferred to the CuS NCs (interfacial charge transfer, IFCT), 

causing their partial reduction to Cu2S (Eo = –0.91 V vs NHE, pH=7). The excitation energy for this 

direct electronic transition is estimated to be approximately 2.9 eV (ca. 430 nm), and thus it is a viable 

option under the examined irradiation conditions (i.e., λ ≥ 420nm). [438] This is also corroborated by 

the presence of Cu2S in the reused 5% CuS/CdS NCAs catalyst, as evidenced by XPS spectroscopy 

(see Figure 3-44).  
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Figure 3-56: Schematic illustration of the photocatalytic H2-production mechanism at the p-CuS/n-CdS 

heterostructure, under visible-light irradiation and in the presence of S2-/SO3
2- sacrificial reagents. The 

shown band-edge potential positions are based on the UV–vis/NIR and EIS results for the mesoporous 

5% CuS/CdS sample. The respective redox potentials of the H+/H2 and CuS/Cu2S pairs at pH=7 are also 

shown. IFCT corresponds to the photo-induced interfacial charge transfer of electrons from the VB of 

CdS to the level of the CuS/Cu2S redox couple, where water-reduction into H2 also occurs according to 

eq. 35 and eq. 36 reactions. Adapted from ref. [405] by permission of The Royal Society of Chemistry. 

 

These in-situ formed CuS/Cu2S nanocrystals are proposed to serve as functional co-catalysts, 

further enhancing the separation and lifetime of photogenerated charge-carriers (through IFCT from 

the VB of CdS to the CuS/Cu2S), and contributing as well to H2-production according to the following 

reactions [438, 489]:   

2CuS + 2e− → Cu2S + S
2−           (eq. 35) 

Cu2S + 2H
+ + S2− → 2CuS + H2                         (eq. 36) 

Meanwhile, since the VB of CuS NCs lies in a higher (more positive) potential than that of CdS (see 

Figure 3-55b), the photoexcited holes can migrate to CuS where they oxidize the sacrificial S2-/SO3
2- 

reagents to S2O3
2-/SO4

2-. [310] As a consequence, an efficient charge carrier separation is successfully 

achieved through the nanoscale p–n junctions of CuS and CdS NCs, thus leading to an enhanced 

photocatalytic H2-production activity. As a confirmation of this assumption, the PL results have 

indicated the improved separation of photoexcited electrons and holes within the composite CuS/CdS 

structure. Therefore, these results suggest the great possibility for the implementation of this new 

mesoporous p-CuS/n-CdS NCAs heterojunctional photocatalyst as a sustainable and low-cost 

alternative in solar energy-conversion applications.  
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3.4 Mesoporous β-Ni(OH)2-modified CdS NCAs  

The previous sections of this chapter demonstrated that, through the combination of 

nanostructuring and the use of co-catalysts, the photocatalytic H2-evolution activity of CdS can be 

remarkably improved. We found that, although CuS NCs could serve as sustainable co-catalysts 

enhancing the visible-light photocatalytic activity of CdS [405],  their overall contribution to the H2-

production efficiency still cannot match that of noble-metal co-catalysts such as Pt [396, 404]. Hence, 

the development of cost-effective and highly active noble-metal-free CdS-based photocatalysts is of 

great importance in the search for efficient materials for sustainable H2-generation technologies. To 

this end, recent investigations have shown that inexpensive and more abundant Ni-based materials, 

such as nickel oxides/hydroxides and sulfides, can function as efficient photo- and electrochemical 

catalysts for hydrogen evolution. Thus, various CdS-based heterostructures, such as NiOx-loaded CdS 

particles [387], 3D NiO-CdS heterostructures [490], Ni-modified CdS particles [383], nanorods [358, 

382], nanosheets [384] and nanoparticles [491, 492], NiS-loaded CdS nanorods [493], nanowires 

[494] and microparticles [390], CdS/RGO composites [495], and Ni(OH)2-modified CdS [385] and 

CdS/g-C3N4 composites [394], have already been fabricated and examined as H2-evolution catalysts. 

The results of these studies indicated that the Ni-containing CdS heterostructures can achieve 

improved photocatalytic performance, owing to the high interfacial separation and transfer of the 

photoexcited charge-carries. As such, the photon-to-hydrogen conversion efficiency of these catalysts 

ranges from 2.8% up to 74.1% under 400 – 450 nm light irradiation, which is comparable to that of 

precious-metal-loaded CdS catalysts. [383, 385, 387, 390, 394, 490, 493, 496] Notwithstanding the 

remarkable progress, the underlying role of deposited nickel species in enhancing the photocatalytic 

performance for H2-evolution is still poorly understood. Moreover, the development of mesoporous 

3D hetero-nanostructures from Ni-modified ultra-small CdS nanoparticles with inherently large 

surface-area and interconnected open-pore structure has not been reported yet.  

In this section, we present the fabrication of new functional mesoporous CdS-based 

heterostructures, comprising of interconnected β-Ni(OH)2-modified CdS nanocrystal assemblies 

(NCAs) with high surface area and 3D porous network, and we demonstrate their high performance 

in visible-light photocatalytic H2-production from aqueous alkaline solution. Furthermore, the effect 

of β-Ni(OH)2 particles on the H2-production activity of these newly developed catalysts is 

investigated, and some insights into the photocatalytic reaction mechanism are also given. 
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3.4.1 Synthesis of mesoporous Ni-CdS NCAs  

Mesoporous networks of Ni-modified CdS NC assemblies (NCAs) were prepared by the 

oxidative coupling of thiol-capped CdS NCs in the presence of a block copolymer (Brij 58) as 

structure-directing template [402], followed by a straightforward photochemical reduction-deposition 

of nickel cocatalyst, using triethylamine (TEA) as sacrificial electron donor. With this procedure, a 

series of heterojunction Ni-CdS composite frameworks with different Ni loadings (i.e., 5, 7, 10 and 

15 wt.% Ni) were prepared by varying the Ni2+ precursor concentration (from 4.5 to 15 mM) in the 

reaction solution [406]. The catalysts, hereafter, are referred to as n% Ni-CdS, where n is the mass 

percentage of Ni atoms in the composite structure. As will be indicated later, during the photo-

deposition process, small metallic Ni0 nanoclusters are initially deposited on the CdS NCAs surface 

via photochemical reduction of the Ni2+ ions (eq. 37), and then a large part of them is oxidized to the 

β-Ni(OH)2 phase by reacting with excess OH– in the solution (eq. 38) [497, 498] (in particular, 

triethylamine with pKa ~10.8 forms alkaline solution). A schematic representation of the 

photochemical deposition of Ni0/β-Ni(OH)2 nanostructures on the CdS NCAs surface is illustrated in 

Figure 3-57. 

Ni2+ + 2e− → Ni0           (eq. 37) 

Ni0 + 2OH− → β_Ni(OH)2 + 2e
−                         (eq. 38) 

 
 

 

Figure 3-57: Schematic illustration of the photo-deposition process of Ni0/β-Ni(OH)2 nanoparticles on 

the surface of mesoporous CdS NCAs. 
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3.4.2 Morphology and structural characterization 

The elemental composition of the Ni-modified samples was determined by energy dispersive X-

ray spectroscopy. The EDS spectra showed strong Cd and S signals with an atomic ratio of Cd/S very 

close to the expected 1:1 stoichiometry of the CdS compound (Figure 3-58). Also, EDS analysis 

confirmed the presence of Ni at different Ni/Cd ratios, which correspond to Ni loadings from ~5 to 

~15 wt. %, see Table 3-8. Notably, the obtained Ni-content was found to be very close to that 

expected from the stoichiometry of reactions (within ~0.5 wt.% deviation), suggesting the complete 

deposition of Ni-species onto the CdS support. 

 

 

Figure 3-58: Typical EDS spectra of the mesoporous Ni-modified CdS NCAs,  a) 5% Ni-CdS, b) 7% Ni-

CdS, c) 10% Ni-CdS, and d) 15% Ni-CdS, with 5, 7, 10 and 15 wt. % Ni content, respectively. 

 

The crystallinity of the as-prepared mesoporous catalysts was characterized by powder X-ray 

diffraction. As shown in Figure 3-59, all samples exhibit three distinct diffraction peaks at 2θ 

scattering angles of 20ο–60ο, which are attributed to the zinc-blende structure of CdS (JCPDS no. 42-

1411). The broadness of the XRD reflections infers the presence of very small crystal-grain sizes, 

and a peak-width analysis of the XRD patterns using the Scherrer equation (eq. 19) indicates that the 

CdS NC-framework comprises nanocrystallites with an average size of 2–2.3 nm. However, no 

obvious diffraction peaks for Ni-species were observed, even in the XRD pattern of the 15 wt.% Ni-

loaded sample, possibly due to the high-dispersion and small size of their crystal grains.  
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Figure 3-59: Powder XRD patterns for the mesoporous CdS and Ni-modified CdS NCAs catalysts. The 

standard diffraction lines of zinc-blende CdS (JCPDS card no. 42-1411) are also given.  

 

Therefore, to elucidate the crystal phase of the Ni-deposited species, a photo-deposited 20 wt.% 

Ni-CdS NCAs sample was also prepared and its crystallinity investigated with XRD. This sample 

showed four new weak features at 2θ angles of about 19o, 33o, 38o and 59o (see Figure 3-60), which 

can be assigned respectively to the (001), (100), (101) and (110) diffraction peaks of hexagonal β-

Ni(OH)2 (space group P-3m1(164)), according to the JCPDS card no. 14-0117. 

 

Figure 3-60: XRD pattern of the mesoporous Ni-CdS NCAs sample photo-deposited with 20 wt.% Ni 

(20% Ni-CdS). The peaks noted with the symbol (*) correspond to the hexagonal phase of β-Ni(OH)2 

according to the JCPDS no. 14-0117. 
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Representative transmission electron microscopy images for the mesoporous Ni-CdS NCAs with 

10 wt.% Ni (10% Ni-CdS), which is the most active catalyst among the as-prepared Ni-CdS 

composites, are shown in Figure 3-61. The images in Figures 3-61a and b show an open-pore 

structure composed of interconnected CdS nanoparticles with diameters ~4–5 nm. Furthermore, from 

the high-resolution TEM investigation in Figure 3-61c, some small nanocrystals with a size of ~3–4 

nm can be discerned on the surface of CdS. A careful examination by fast Fourier transformation 

analysis (inset of Figure 3-61c) revealed that these nanocrystals adopt a hexagonal structure, showing 

well-resolved (100) and (011) lattice planes of -Ni(OH)2 with 2.7 and 2.3 Å spacing, respectively.  

 

Figure 3-61: (a, b) Typical TEM images at different magnifications of the mesoporous 10% Ni-CdS 

NCAs catalyst, displaying the porous morphology of the assembled NCs. (c) HRTEM image showing β-

Ni(OH)2 nanoparticles in intimate contact with CdS. Inset, the corresponding FFT pattern of the circled 

area, indicating the (100) and (011) lattice planes (along the [01̅1] zone axis) of the hexagonal -Ni(OH)2. 

(d) SAED pattern (inset: the corresponding profile of the SAED intensity) taken from a small area of 

the mesoporous 10% Ni-CdS NCAs structure. 

 

Besides, the selected-area electron diffraction pattern taken from a small area of the mesoporous 

structure (Figure 3-61d) displays a series of broad Debye-Scherrer diffraction rings, coinciding with 
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the (111), (220) and (311) planes of zinc-blende CdS structure, and an additional diffraction ring 

(with d-spacing of ~1.5 Å) that can be assigned to the (111) plane of hexagonal -Ni(OH)2, in 

agreement with the XRD and HRTEM results. Hence, all the above results firmly confirm the 

deposition of -Ni(OH)2 nanoparticles on the CdS surface and, more importantly, with intimate 

contact which is beneficial for the interfacial charge-transfer within the heterostructured catalyst. 

 

 

Figure 3-62: High-resolution XPS (a) Cd 3d and (b) S 2p core-level spectra for the 10% Ni-CdS NCAs 

catalyst before and after 20 h of photocatalytic reaction. 

 

To investigate the chemical state of elements constituting the mesoporous structure, X-ray 

photoelectron spectroscopy analyses were performed. Figure 3-62 presents typical Cd 3d and S 2p 

core-level spectra obtained from the mesoporous 10% Ni-CdS NCAs sample. The Cd 3d XPS 

spectrum (Figure 3-62a) shows two symmetrical peaks at 405.1 and 411.8 eV binding energies, 

which are assigned to the Cd 3d5/2 and Cd 3d3/2 spin-orbit components of Cd2+ in CdS. [499] As 

shown after fitting in Figure 3-62b, the XPS S 2p core-level doublet peaks at 161.4 and 162.6 eV 

correspond to the S 2p3/2 and S 2p1/2 levels in CdS, respectively. Also, the spin-orbit splitting of these 

peaks (i.e., 1.2 eV) and their ~2:1 area ratio, match well the respective values reported for S2– ions in 

CdS. [500, 501] The lack of further S 2p3/2 and S 2p1/2 peak splitting suggests that there are no S 

lattice atoms bonding with Ni, since the S 2p3/2 and S 2p1/2 XPS peaks of NiS are close to 161.9 eV 

and 162.8 eV, respectively, thereby indicating that there is no contribution of a NiS phase in the 

composite Ni-CdS heterostructures. [361, 390] This means that Ni atoms are not incorporated into 

the CdS lattice, but rather studded on the surface of CdS. This observation also agrees with the 

theoretical prediction based on the product solubility constants (Ksp) of NiS (3×10-19) and CdS    

(8×10-27), in which the substitutional replacement of the Cd(II) ions in CdS with Ni(II)                        

(Ni2+ + CdS → Cd2+ + NiS) is less efficient. [464] Moreover, the weak S 2p peak observed at higher 
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binding energy (ca. 168.2 eV) is probably due to the formation of some oxide (S–O) species on the 

surface of CdS, possibly after the synthesis process and exposure to air. [502, 503]  

 

 

Figure 3-63: Ni 2p XPS spectra for mesoporous 10% Ni-CdS NCAs before and after catalytic reaction 

for 20 h. The spectra were fitted by taking the Shirley background. Embedded peaks for the metallic Ni, 

Ni2+
 ions, and satellite peaks of the Ni 2p3/2 and 2p1/2 spin-orbits are represented as yellow, green, and 

orange curves, respectively. The red lines are the fits of the XPS peak analysis to the experimental data.  

 

As for the XPS Ni 2p core-level region in Figure 3-63, deconvolution of the spectrum shape 

reveals two intense peaks at 855.7 and 873.3 eV assigned to the Ni 2p3/2 and Ni 2p1/2 spin-orbits of 

Ni2+ (as in Ni(OH)2), and a small feature at 850.5 eV which can be ascribed to metallic Ni. [504, 505] 

Also, the broad XPS peaks appearing at binding energies of 861.3 and 879.5 eV (FWHM ~5.5–6.5 

eV) are attributed to the respective Ni 2p3/2 and Ni 2p1/2 shake-up satellite peaks of Ni2+ in Ni(OH)2. 

[506-508] Therefore, combined with XRD and TEM analysis, these results indicate the prevalence 

of the β-Ni(OH)2 phase with a small amount of metallic Ni (possibly embedded in the β-Ni(OH)2 

layers and/or at the β-Ni(OH)2/CdS interfaces). Further analysis of the XPS Ni 2p3/2 peaks gives a 

relative atomic percentage of 12% for Ni metal (see Table 3-10). From the above results, it can be 

deduced that metallic Ni nanoclusters were probably deposited first on the surface of CdS via the 

photochemical reduction of Ni2+ ions by the photo-exited electrons (eq. 37), and then partially 

oxidized to the hydroxide phase due to the alkaline reaction solution formed by the presence of TEA, 

according to eq. 38. Moreover, a quantitative analysis from the XPS data (i.e., intensity of XPS peak 

for each constituent element normalized by the corresponding relative atomic sensitivity factor) 

indicates a Ni/CdS atomic ratio close to 0.42 (see Table 3-10). Note that, although this value is much 

higher than that expected for a CdS material containing 10 wt.% Ni (i.e. ~0.29), implying some degree 
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of compositional heterogeneity in the sample, this discrepancy may be mainly due to the distribution 

of Ni-species on the CdS surface rather than within the CdS structure. 

The porosity of the all the prepared materials was determined with N2 physisorption 

measurements at –196 ⁰C. Figure 3-64 presents the N2 adsorption and desorption isotherms and the 

corresponding pore-size distribution plots for the mesoporous pure CdS NCAs and the Ni-modified 

CdS NCAs with 5, 7, 10 and 15 wt.% Ni loadings. All isotherms are associated with a typical type 

IV curve featuring a H2-type hysteresis loop, being characteristic of porous solids with interconnected 

mesopores according to IUPAC classification (see A.1 and A.2 in the Appendix). [412] In addition, 

the isotherms show a weak but noticeable adsorption step at relative pressure (P/Po) from 0.4 to 0.6 

that is attributed to the capillary condensation of nitrogen in uniform narrow-sized mesopores. [427] 

 

 

Figure 3-64: N2 adsorption and desorption isotherms at −196 °C of the mesoporous (a) pure CdS NCAs 

(black) and 10% Ni-CdS (orange) samples, and for the (b) 5% Ni-CdS, (c) 7% Ni-CdS and (d) 15% Ni-

CdS composites. The plot of 10% Ni-CdS (orange) is offset by 20 cm3 g−1 for clarity. Insets: the 

corresponding NLDFT pore size distributions calculated from the adsorption branch of isotherms.  
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The Brunauer–Emmett–Teller (BET) surface areas and total pore volumes of the mesoporous 

Ni-CdS heterostructures were estimated to be 164–207 m2 g-1 and 0.19–0.21 cm3 g-1, respectively, 

which are somewhat lower than those of the pristine CdS NCAs sample (223 m2 g-1, 0.24 cm3 g-1), as 

shown in Table 3-8. Moreover, the pore-size in these materials was estimated from the adsorption 

branch of isotherms using the non-local density functional theory method. [414] The NLDFT analysis 

indicated quite narrow size distributions of pores with a pore size at 6.6 nm for pure CdS NCAs and 

approximately 6–6.1 nm for the Ni-modified samples (see insets of Figure 3-64 and Table 3-8). The 

observed gradual reduction in surface area, pore-volume, and pore-size with increasing the Ni-content 

in the Ni-modified materials, possibly reflects the progressive deposition of Ni-species inside the 

pores of CdS NCAs. 

Furthermore, the UV–vis/NIR diffuse reflectance spectroscopy indicated that the as-prepared Ni-

modified materials have a well-defined electronic structure similar to that of pristine CdS. As shown 

in Figure 3-65a, the spectrum of CdS NCAs exhibit a sharp optical absorption onset at around 458 

nm (~2.71 eV), which is attributed to the excitonic absorption band of CdS. The large blue shift in 

the energy gap compared to that of a typical bulk CdS (2.4 eV) can be associated with the quantum-

confinement effect in CdS nanoparticles due to their very small size (~4.2 nm, as estimated by the 

Brus relation according to eq. 22). The optical bandgaps (Eg) for all the prepared catalysts were 

determined from their respective Tauc plots based on eq.21 for direct gap semiconductors (as shown 

in Figure 3-65b), and the results are presented in Table 3-8. Compared with pure CdS, the obtained 

Eg values of the Ni-modified catalysts exhibit a minimal blue shift (by ~10–20 meV), indicating that 

the bandgap of CdS does not change appreciably after modification with Ni. This leads also to the 

hypothesis that the Ni atoms are not incorporated into the CdS lattice, but exist instead on the surface 

of the host CdS material, supporting the HRTEM and XPS results. In relation to this, Ni-doping is 

known to induce a red-shift in the absorption onset of CdS due to the formation of new mid-gap 

energy states [509, 510], which is not evident here. Moreover, as shown in the inset of Figure 3-65b, 

the Ni-containing materials display also two absorption bands in the visible/NIR range (peaks at 670 

nm and 1200 nm), which can be ascribed to the d–d interband transitions of Ni(II) in β-Ni(OH)2. 

[511] Indeed, not unexpectedly, the intensity of these peaks progressively increases as the loading 

amount of Ni increases from 0 to 15 wt.%. Also, for comparison, pure β-Ni(OH)2 particles were 

prepared and examined with UV-vis/NIR spectroscopy. As shown in Figure 3-66, the UV-vis/NIR 

absorption spectrum of pure β-Ni(OH)2 exhibits an intense absorption band in the 350–440 nm range, 

which can be also ascribed to an interband d-d electronic transition of Ni(II) in Ni(OH)2. [511, 512] 

The energy level of this transition (~2.8–3.5 eV), however, lies in the same range as the optical 

absorption of CdS NCAs (onset at 2.71 eV). This suggests that the surface modification of CdS with 

β-Ni(OH)2 is not expected to cause any noticeable change in the apparent bandgap of CdS NCs, which 
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is also confirmed by the UV-Vis/NIR measurements of the Ni-modified samples. All the measured 

textural and electronic properties of the as-prepared catalysts are summarized in Table 3-8. 

 

Figure 3-65: a) UV-Vis/NIR absorption spectra (inset: the respective spectra in the wavelength region 

of 600−1500 nm) and b) the corresponding Tauc plots (i.e., the curves of (αhv)2 versus photon energy 

(hv), where α, h and v are the absorption coefficient, Planck’s constant and light frequency, 

respectively), for the mesoporous CdS NCAs and the Ni-modified CdS samples with 5, 7, 10, and 15 

wt.% Ni content.   

 

 

Figure 3-66: Optical absorption spectrum of the as-prepared pure β-Ni(OH)2 microparticles, showing 

the characteristic d-d interband transitions at 380, 670 and 1150 nm, and the steep absorption bellow 

320 nm corresponding to the band-gap transition. Inset: the corresponding Tauc plot for direct gap 

semiconductor, showing an energy band gap of 3.9 eV.  
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Table 3-8: Textural properties and analytical data for the mesoporous CdS NCAs and the as-prepared 

Ni-CdS NCAs catalysts. 

Sample 
Ni content† 

(wt.%) 

BET Surface  

(m2 g-1) 

Pore Volume 

(cm3 g-1) 

Pore Size 

(nm) 

Energy Gap‡ 

(eV) 

CdS NCAs - 223 0.24 6.6 2.71 

5% Ni-CdS 4.91 207 0.21 6.1 2.72 

7% Ni-CdS 6.98 196 0.21 6.1 2.72 

10% Ni-CdS 10.35 179 0.20 6.1 2.73 

15% Ni-CdS 15.01 164 0.19 6.0 2.72 

† Based on EDS analysis, ‡ Energy bandgaps as obtained from the Tauc plots based on eq. 21. 

 

3.4.3 Photocatalytic water reduction study 

The photocatalytic water-reduction activity for H2 evolution of the as-produced mesoporous 

catalysts was evaluated under visible-light irradiation (  420 nm) at 20 ⁰C. All the photocatalytic 

experiments were carried out in an airtight Pyrex cell using ethanol (10% v/v) in a NaOH solution (5 

M) as a sacrificial reagent. As outlined earlier, the •OH/OH– redox couple can effectively suppress 

the charge-carrier recombination by reacting more favorably than water and ethanol with the surface-

reaching holes. [358] More specifically, in highly alkaline solutions (pH > 14), the H2-evolution 

process entails fast diffusion of OH– anions to the CdS surface, where they are rapidly oxidized by 

the VB holes into •OH radicals. [452] Therefore, a kinetically hindered oxidation reaction is replaced 

with another faster (one-electron) oxidation reaction, preventing the competitive electron–hole 

recombination at the surface of the catalyst and accelerating the overall water-reduction process.  

Figure 3-67 displays the time courses and average rates of photocatalytic H2-evolution over the 

mesoporous CdS NCAs and the Ni-modified CdS catalysts with different Ni loadings. The Ni-free 

CdS NCAs exhibited a moderate H2-evolution rate of 0.08 mmol h-1 (see Figure 3-67b) due to the 

fast recombination of photoexcited electron-hole pairs. In contrast, the Ni-modified materials showed 

a remarkable improvement in the photocatalytic H2-production performance (Figure 3-67a), clearly 

indicating that deposition of -Ni(OH)2 onto CdS has a strong effect on the photoelectrochemical 

performance of the Ni-modified heterostructures. The results showed that the photoactivity for H2-

production was greatly increased with the loading amount of Ni and the highest rate, that is, 0.93 

mmol h-1 was obtained at 10 wt.% Ni-content (Figure 3-67b). This activity is about 12-times higher 

than that of single-component CdS NCAs. Further increment in the Ni loading (15 wt.%), however, 

results to a decrease in the photocatalytic H2-production performance, as indicated by the lower 
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activity (0.53 mmol h-1) of the 15% Ni-CdS composite. As will be discussed below, the lower activity 

of the high Ni-loaded sample may be attributed to the sluggish charge-transfer kinetics and loss of 

photogenerated carriers by recombination at the interface between β-Ni(OH)2 nanoparticles and CdS 

host catalyst, possible due to the poor interparticle contact and interfacial defects.  

 

 

Figure 3-67: a) Time courses of photocatalytic H2-production and b) the respective average H2-evolution 

rates (over 3-h irradiation period) for the mesoporous CdS NCAs and the Ni-modified CdS  catalysts 

with 5, 7, 10, and 15 wt.% Ni content. The H2-evolution results for the physical mixture of β-Ni(OH)2 

particles and CdS NCAs with 10 wt.% Ni-equivalent (10% Ni(OH)2/CdS) is also given. Catalytic 

reaction conditions: 20 mg of catalyst in a 5 M NaOH aqueous solution (20 mL, pH 14.7) containing 

ethanol (10% v/v) as sacrificial electron donor; steady reaction temperature at 20 ⁰C; 300 W Xe light 

irradiation with a UV cut-off filter (λ ≥ 420 nm).  
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Next, a series of photocatalytic H2-evolution tests were performed in order to optimize the 

amount of the 10% Ni-CdS catalyst. As seen in Figure 3-68a, the evolution rate of H2 increases with 

increasing catalyst amount and reaches a maximum at 40 mg (i.e., 2 mg mL-1 catalyst concentration). 

This increment in H2 production can be interpreted by the increased utilization of incident light by 

the catalyst’s particles. As for the higher catalyst loading (50 mg, or 2.5 mg mL-1 concentration), the 

reduced H2-evolution rate (1.1 mmol h-1) is related to the light scattering from the excessive particles 

in the reaction suspension. Moreover, comparative experiments using methanol as sacrificial reagent 

in a 5 M NaOH solution (pH 14.7), as well as ethanol in pH 10 and neutral (pH 7) solutions, indicated 

that these hole scavengers are less effective in promoting H2-evolution; the corresponding H2-

production rates were found to be ~0.7, ~0.2 and ~0.2 mmol h-1, respectively (see Figure 3-68b).  

The lower activity for the 5M-NaOH/methanol system is attributed to the slower rate of methanol 

oxidation by the hydroxyl radicals ― particularly, the rate constant of hydrogen abstraction by •OH 

radicals from methanol is 0.64×1012 cm3 mol-1 s-1 versus 2.25×1012 cm3 mol-1 s-1 from ethanol [513] 

― whereas for the ethanolic solutions at pH 7 and 10, the low efficiency is due to the direct oxidation 

of ethanol by the photogenerated holes, instead of the faster reaction with •OH radicals formed at high 

pH (>14).   

 

 

Figure 3-68: a) Photocatalytic H2-production activities for different amounts (concentrations) of the 

mesoporous 10% Ni-CdS catalyst in a 5M NaOH solution containing ethanol (10% v/v) as sacrificial 

reagent. b) Photocatalytic H2-evolution rates over the 10% Ni-CdS catalyst (40 mg) using different 

sacrificial reagents, i.e., ethanol (10% v/v) in neutral aqueous solution (pH 7) and in aqueous NaOH 

solutions of pH 10 and 14.7 (5M NaOH), as well as methanol (10% v/v) in a 5 M NaOH (pH 14.7) aqueous 

solution. All photocatalytic reactions were performed in a 20 mL aqueous solution containing the 

sacrificial reagent, under steady reaction temperature (20 ⁰C) and visible-light irradiation by a 300-W 

Xe light source with a UV cut-off filter (λ ≥ 420 nm). 
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Notably, the mesoporous 10% Ni-CdS catalyst under optimum conditions shows an impressive 

performance for water reduction, reaching a H2-production rate of 1.4 mmol h-1 (~35 mmol gcat
-1 h-1) 

and achieving an apparent quantum yield (QY) of 72% at 420 nm; measured according to eq.26 using 

monochromatic light irradiation and assuming all incident photons (Nhv=9.46×1016 s-1) were absorbed 

by the catalyst’s particles. As far as one can tell, this is one of the highest recorded efficiencies for 

photocatalytic systems containing a nickel-based co-catalyst [389, 514, 515] and among the best 

reported values for CdS-based photocatalysts [396, 404]. Table 3-9 shows a comparison of the 

photocatalytic H2-production activities of different CdS-based photocatalysts. 

 
Table 3-9: Comparison of the photocatalytic H2-production activities and quantum yields of different 

Ni-modified and Pt-loaded CdS-based photocatalysts. 

Photocatalyst 
Co- 

catalyst 

Light  

source 

Reaction  

solution 

Catalyst 

amount 

 (g) 

H2 evolution Ref. 

Activity 

(μmol·h-1·g-1) 
QY (%)  

CdS  

nanorods 
Ni 

Laser diode 

(λ = 447 nm) 

5 M NaOH 

Ethanol (10 vol%) 

(V=3 mL) 

- 63000 
53  

(447 nm) 
[358] 

CdS 

nanorods 
Ni 

300 W Xe 

(λ > 420 nm) 

1 M (NH4)2SO3 

(V=50 mL) 
0.1 25848 

27  

(420 nm) 
[382] 

CdS  

particles 
Ni 

300 W Xe 

(λ > 400 nm) 

Lactic acid 

(50 vol%) 

(V=50 mL) 

0.1 30048 - [383] 

CdS  

nanosheets 
Ni 

Laser diode 

(λ = 405 nm) 

Ethanol 

(90 vol%) 

(V=5 mL) 

- ~350000 
25  

(405 nm) 
[384] 

CdS  

nanoparticles 
Ni 

300 W Xe 

(λ > 420 nm) 

2-propanol 

(100 vol%) 

(V=5 mL) 

0.006 46600 
48  

(447 nm) 
[491] 

CdS 3D  

nanowires 
NiO 

500 W H 

(Uv-Vis) 

Na2SO3/Na2S 

(0.25 M/0.35 M) 

(V=50 mL) 

0.2 745 6 [386] 

CdS  

particles 
NiOx 

300 W Xe 

(λ > 400 nm) 

Methanol 

(30 vol%) 

(V=100 mL) 

0.1 5908 
9  

(400 nm) 
[387] 

CdS  

nanorods 
NiS 

300 W Xe 

(λ > 420 nm) 

Na2SO3/Na2S 

(0.25 M/0.35 M) 

 (V=80 mL) 

0.05 1131 
6  

(420 nm) 
[388] 

CdS  

nanowires 
NiS 

300 W Xe 

(λ≥420 nm) 

Lactic acid 

(20 vol%) 

(V=100 mL) 

0.005 158720  
74  

(420 nm) 
[389] 

CdS  

particles 
NiS 

300 W Xe 

(λ>420 nm) 

Lactic acid 

(30 vol%) 

(V=100 mL) 

0.3 7266.7 
51 

(420 nm) 
[390] 
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RGO-CdS 

composites NixS 
500 W Hg 

(λ>400nm) 

Ethanol 

(50 vol%) 

(V=10 ml) 
0.0005 17500 

3 

(410 nm) [393] 

Cd0.5Zn0.5S  

composites 
NiSx

a) 
300 W Xe 

(λ>430 nm) 

Na2SO3/Na2S 

(0.25 M/0.35 M) 

 (V=180 mL) 

0.1 44600 
94  

(425 nm) 
[516] 

CdS 

nanorods 
Ni(OH)2 

300 W Xe 

(λ≥420 nm) 

TEOA b) 

(25 vol%) 

(V=80 mL) 

0.05 5085 
28  

(420 nm) 
[385] 

CdS/g-C3N4  

nanorods 
Ni(OH)2 

300 W Xe 

(λ>420 nm) 

Na2SO3/Na2S 

(0.35 M/0.25 M) 

(V=80 mL) 

0.001 115180 
17  

(450 nm) 
[394] 

CdS NCAs β-Ni(OH)2 
300 W Xe 

(λ≥ 420 nm) 

5 M NaOH 

Ethanol (10 vol%) 

(V=20 mL) 

0.04 35000 
72  

(420 nm) 
[406] 

CdS  

nanoparticles 
Pt-PdS 

300-W Xe 

(λ>420 nm) 

Na2SO3/Na2S 

(0.5 M/0.5 M) 

(V=200 mL) 

0.3 29233 
93 

(420 nm) 
[371] 

CdS  

nanostructures 
Pt 

300 W Xe 

(λ>420 nm) 

Na2SO3/Na2S 

(0.25 M/0.35 M) 

(V=200 mL) 

0.15 27333 
60 

(420 nm) 
[396] 

CdS NCAs Pt 
300 W Xe 

(λ>420 nm) 

5 M NaOH 

Ethanol (10 vol%) 

(V=20 mL) 

0.02 60000 
70  

(420 nm) 
[404] 

CdSe@CdS 

nanorods 
Pt 

LED  

(λ=455 nm) 

KOH (pH 15)  

2-propanol (10 vol%) 

 (V=10 mL) 

0.002 142000 
99 

(455 nm) 
[453] 

a) Mixture of Cd0.5Zn0.5S twinned photocatalyst and an unanchored NiSx co-catalyst. b) TEOA: 

Triethanolamine. 

 

Further irradiation control experiments over the mesoporous 10% Ni-CdS NCAs catalyst showed 

that the apparent quantum yields at 365, 440, 510 and 620 nm incident light wavelengths are 77%, 

55%, 2% and 0.2%, respectively. Notably, as presented in Figure 3-69, the overall trend in the 

apparent QY correlates well with the optical absorbance of the catalyst, suggesting that the H2-

production activity of the Ni-CdS NCAs composites is initiated from the interband carrier 

photoexcitation in the host CdS photocatalyst. In agreement with this, as expected due to the large 

bandgap of β-Ni(OH)2 (ca. 3.9 eV, see inset of Figure 3-66), no hydrogen evolution was observed 

when β-Ni(OH)2 microparticles were employed as the catalyst (data not shown), indicating that β-

Ni(OH)2 alone is catalytically inactive for H2-production under visible-light irradiation. In addition, 

compared to the mesoporous 10% Ni-CdS NCAs, a much lower rate of H2-evolution (0.23 mmol h-

1) was obtained when a physical mixture of CdS NCAs and β-Ni(OH)2 particles (with equivalent 10 

wt.% Ni loading) was employed as catalyst (labeled as 10% Ni(OH)2/CdS) under identical conditions, 

see Figure 3-67. From the above results, it can be deduced that the close interconnection (as 
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evidenced from HRTEM) and, therefore, the strong electrical coupling between β-Ni(OH)2 and CdS 

nanomaterials plays a crucial role in the reaction mechanism, by facilitating the interfacial charge-

transfer and spatial separation of photoinduced electron-hole pairs across the heterojunction. Overall 

these attributes contribute to the improvement of the visible-light photocatalytic performance of the 

heterostructured materials.  

 

 

Figure 3-69: UV-vis diffuse reflectance spectrum of the mesoporous 10% Ni-CdS NCAs catalyst and the 

apparent QYs of H2-evolution under different incident-light irradiation wavelengths. The error bars 

refer to the wavelength range of the incident light. Reaction conditions: 40 mg of catalyst, 20 mL aqueous 

solution containing 5 M NaOH and 10% (v/v) ethanol, under LED light irradiation. The power density 

of the incident light was 2.55, 14.3, 14.8, 18.8 and 23.4 mW cm-2 for the 365, 420, 440, 510 and 620 nm 

wavelengths, respectively.   

 

The mesoporous 10% Ni-CdS heterostructure also showed sufficient stability after prolonged 

photocatalysis. The reusability of the catalyst was investigated by conducting four consecutive 5-h 

photocatalytic runs. Before reuse, the catalyst was separated from the reaction solution by 

centrifugation, washed several times with water, and re-dispersed in a fresh 5 M NaOH-ethanolic 

solution. Before catalysis, the reaction cell was de-aerated by Ar gas for at least 30 min, until no 

oxygen was detected (by GC analysis). As seen in Figure 3-70, after four successive photocatalytic 

runs, the H2-evolution rate still reached 1.2 mmol h-1, which corresponds to 86% of its initial activity, 

demonstrating very good stability. The total H2 amount evolved after a 20-h visible light irradiation 

period was 23.6 mmol (or ~566 mL, at 20 ⁰C) that corresponds to an average H2-evolution rate of 

about 1.2 mmol h-1. In addition, EDS and N2 physisorption measurements were employed to assess 

any changes in composition and morphology of the recovered catalyst after 20-h reaction. The EDS 

spectra (Figure 3-71a and Table 3-10) indicated a Cd:S ratio of 1:1 and a Ni content of ~10.6 wt.%, 
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while analysis of the obtained N2 adsorption and desorption isotherms revealed a surface area of 148 

m2 g−1, pore volume of 0.17 cm3 g−1 and pore size of 6 nm (Figure 3-71b), which are very close to 

those of the fresh material.  

 

 

Figure 3-70: Catalytic recycling tests over the mesoporous 10% Ni-CdS NCAs catalyst. The bars denote 

the rate of H2-evolution averaged over 5-h reaction time. All catalytic tests were conducted using 40 mg 

of catalyst in a 5 M NaOH aqueous solution (20 mL, pH 14.7) containing ethanol (10% v/v) as hole 

scavenger, and under visible light irradiation using a 300 W Xe light source equipped with a UV cut-off 
filter (λ ≥ 420 nm).  

 

 

Figure 3-71: a) Typical EDS spectrum and b) N2 adsorption-desorption isotherms at –196 ⁰C (inset: the 

corresponding NLDFT pore size distribution) for the mesoporous 10% Ni-CdS NCAs catalyst retrieved 

after 20-h of photocatalytic reaction.   

 

Furthermore, the recovered sample was also studied using XPS. The XPS spectra of the Cd 3d 

and S 2p regions (see Figure 3-62) showed no obvious changes in the chemical states of Cd2+ and 
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S2–, respectively, demonstrating the good chemical stability of CdS in the heterostructured catalyst. 

However, after 20-h photocatalytic reaction, the Ni 2p spectrum (see Figure 3-63) shows a noticeable 

difference in the chemical state of the Ni-species, where the respective Ni 2p3/2 and Ni 2p1/2 core-

level peaks at 855.7 and 873.3 eV remained unchanged but the peak at 850.5 eV appears to fully 

disappear, suggesting the complete transformation of Ni(0) to Ni(II). This assumption is supported 

by XPS elemental analysis on the reused sample, which revealed a Ni/CdS atomic ratio close to 0.43 

(see Table 3-10), very similar to that of the fresh catalyst (ca. 0.42), indicating that the disappearance 

of metallic Ni is due to its photochemical transformation to N(II) species and not by its detachment 

from the CdS surface; these findings are also in line with the EDS results (see Figure 3-71a). As will 

be discussed below, a possible explanation for the photochemical conversion of metallic Ni is due to 

the fact that the photoexcited holes may transfer from CdS to the Ni species, by which a portion of 

these holes oxidize Ni metal to Ni(II). The Ni(II) ions can then readily react with hydroxide ions 

(OHaq‾) due to the surrounding alkaline environment (5 M NaOH) to yield β-Ni(OH)2. This 

observation is also consistent with previous studies, which indicated that Ni/NiOx core-shell 

nanoparticles supported on SrTiO3 can be converted to β-Ni(OH)2 under photochemical reduction of 

water. It was suggested that a disproportionation reaction of NiOOH species (formed by the  

photooxidation of NiOx ) with metallic Ni leads to the formation of β-Ni(OH)2. [517]   

 

Table 3-10: Nickel characteristics and relative percentages of the mesoporous 10% Ni/CdS catalyst 

before (fresh sample) and after 20-h photocatalytic reaction. 

Sample 

(10% Ni-CdS) 

Ni loading a) 

(wt %) 

Ni0 metallic b) 

(%) 

Ni2+ as Ni(OH)2 
b) 

(%) 

Atomic ratio 

Ni/CdS b) 

Before catalysis 10.4 12 88 0.42 

After catalysis 10.6 - 100 0.43 

a) Based on EDS analysis. b) Based on XPS analysis. 

 

Clearly, all the above results indicate that the prepared 10% Ni-CdS NCAs sample is a highly 

efficient and stable photocatalyst. It should be stressed that the initially formed Ni(0) species have a 

negligible effect on the photocatalytic activity of the Ni-CdS NCAs heterostructures. To prove this 

notion, a fifth consecutive 5-h photocatalytic run was performed using a fresh NaOH-ethanol aqueous 

solution. The results showed that the reused 10% Ni-CdS NCAs sample (retrieved after a 20-h 

photoreaction) still achieves a high level of H2-production, showing almost the same H2-evolution 

rate of 1.17 mmol h-1 (Figure 3-72), indicating that the high activity and stability of the Ni-modified 

heterostructures is mainly due to the formed β-Ni(OH)2/CdS heterojunctions.  
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Figure 3-72: Time course of photocatalytic H2-production (line) and average H2-evolution rate (bar) for 

the four-times reused 10% Ni-CdS NCAs catalyst (retrieved after 20-h photoreaction).  

 

 

3.4.4 Effect of β-Ni(OH)2 on the photocatalytic activity 

To investigate the charge-transfer and separation efficiency of the mesoporous CdS NCAs and 

the Ni-modified CdS heterostructures, their photoluminescence (PL) was measured using a 360 nm 

excitation wavelength, as shown in Figure 3-73. The PL emission spectrum of mesoporous CdS 

NCAs exhibits an intense peak at 470 nm, which is ascribed to the band-edge transitions of the CdS 

nanocrystal framework. In contrast, deposition of Ni species onto the CdS surface led to a continuous 

quenching of the PL intensity, which is attributed to the suppressed charge-carrier recombination, 

arising from the efficient dissociation of photogenerated electron-hole pairs over the heterostructured 

framework. Here it is assumed that the contribution of non-radiative exciton relaxation through defect 

states is negligible. The downward trend of the PL intensity for the investigated samples is CdS NCAs 

< 5% Ni-CdS < 7% Ni-CdS < 15% Ni-CdS < 10% Ni-CdS. These results indicate that a Ni-loading 

of 10 wt.% is able to provide a higher charge-separation efficiency across the β-Ni(OH)2/CdS 

interface, giving rise to a more favorable charge-transfer process. As for the somewhat lower charge-

separation observed in the 15 wt.% Ni-loaded sample, as depicted in Figure 3-73, it could be related 

to surface defects created at the interface between β-Ni(OH)2 and CdS particles, which may function 

as recombination sites of photogenerated carriers. Of note, all the mesoporous CdS and Ni-CdS NCAs 

materials exhibited a lower PL intensity than that of the precursor colloidal CdS NCs, which is 

attributed to the efficient delocalization of excitons over the cross-linked NC-assembled structure.    
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Figure 3-73: Room-temperature PL emission spectra of the mesoporous CdS NCAs and the Ni-modified 

CdS composites, as well as of the precursor (thiol-capped) colloidal CdS NCs. PL experiments were 

carried out in water (sample concentration 1 mg mL-1) using a 360 nm excitation wavelength.  

 

In addition, electrochemical impedance spectroscopy measurements were also carried out to get 

a better understanding of the role of β-Ni(OH)2 in the reaction pathway and the enhanced 

photocatalytic activity of the Ni-CdS NCAs heterostructures. Figure 3-74 depicts the Nyquist 

impedance plots (plot of the real impedance (Z′) vs the negative imaginary impedance (-Z′′) or 

negative reactance) of pure CdS and the Ni-CdS NCAs with 10 and 15 wt. % Ni loadings. All samples 

were measured as thin-film electrodes, fabricated by drop-casting on glass substrates coated with 

fluorine-doped tin oxide (FTO) layer and the EIS measurements were performed at an open-circuit 

potential in a frequency range from 1 to 1×106 Hz. The measured EIS data were modeled with an 

equivalent electrical circuit Rs(Qf/(RdLad(Qdl/Rct))) (see inset of Figure 3-74) using the EC-Lab 

software package (Bio Logic Science Instruments, version 11.16), and the results are listed in Table 

3-11. According to the used equivalent circuit, Rs represents the electrolyte resistance, Rct and Qdl are 

the charge-transfer resistance and the double layer capacitance (Cdl), respectively, and Rd and Qf 

elements account for the defect resistance (associated with the pores, cracks and grain boundaries in 

the solid film) and material’s solid-film capacitance (Cf), respectively. Note that such a circuit model 

is a good approximation for studying solid electrodes with different degrees of surface roughness and 

physical non-uniformity. [518, 519] In addition, an inductor (Lad) to the proposed circuit model, 

which account for the pseudo-inductive behaviour in the high frequency domain, was also necessary 

for fitting the experimental results. As previously discussed in the literature, such a high-frequency 

pseudo-inductive behaviour is a rather common feature in electrochemical active materials containing 
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heterogeneity or energy disorder (e.g., conducting metal-oxides and nanostructured semiconductors), 

caused either by disordered charge-carrier relaxation and/or disordered movement of adsorbed redox 

species at the surface of the electrode (pores, cracks, grain boundaries, etc.). [520-523]  

 

 
Figure 3-74: EIS Nyquist plots (inset: equivalent circuit model used to simulate the impedance 

measurements as a function of frequency) for mesoporous CdS NCAs and the Ni-CdS composites with 

10 and 15 wt.% Ni loadings. The red lines are fits to the experimental data.  

 

Thus, the estimated charge-transfer resistance (Rct) for the 10% Ni-CdS sample was found to be 13.1 

Ω, which is lower than that of the 15% Ni-CdS (14.5 Ω) and pure CdS NCAs (15.3 Ω) materials, 

indicating a faster transport of photogenerated carriers in the 10 wt.% Ni-loaded catalyst. Also, the 

total polarization resistance (Rtot = Rd + Rct) for each electrode follows the order: CdS NCAs (~33.3 

Ω) > 15% Ni-CdS (~33.0 Ω) > 10% Ni-CdS (~28.6 Ω). In general, a lower charge-transfer resistance 

is anticipated to enhance the photoactivity of the catalyst by inducing high electron-transfer 

conductivity through the framework and prolonging the lifetime of photogenerated charge-carriers. 

Obviously, the catalyst loaded with 10 wt.% Ni (primarily as β-Ni(OH)2, as demonstrated by the TEM 

and XPS results) provides the most efficient separation and transfer of photoinduced charge-carriers, 

which correlates well with its outstanding photocatalytic H2-evolution activity. This is also consistent 

with the lower recombination rate of band-edge excitons in the mesoporous 10% Ni-CdS hetero-

structure, as revealed by the PL results (see Figure 3-73).   
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Table 3-11: EIS equivalent circuit fitted parameters for the mesoporous CdS NCAs and the Ni-CdS 

catalysts with 10 and 15 wt.% Ni loadings). 

Sample 
Rs 

(Ω) 

Rd 

(Ω) 

Cf 

(F) 

Lad 

(H) 

Rct 

(Ω) 

Cdl 

(F) 
x2 † 

CdS NCAs 4.23 18.04 60.54 x 10-9 6.63 x 10-6 15.29 15.34 x 10-6 0.029 

10% Ni-CdS 6.13 15.49 50.13 x 10-9 3.81 x 10-7 13.09 14.18 x 10-6 0.019 

15% Ni-CdS 8.49 18.48 40.57 x 10-9 3.88 x 10-8 14.54 15.71 x 10-6 0.028 

† chi-squared test of the model fitting. 

 

Furthermore, to attain a clearer picture of the electronic band structure and charge-transfer 

mechanism of the as-prepared mesoporous Ni-CdS heterostructures, EIS Mott-Schottky 

measurements were also performed at an AC frequency of 1 kHz in 0.5 M Na2SO4 electrolyte (pH = 

7). The Mott-Schottky plots and the corresponding fits of the linear portion of the inverse square 

space-charge capacitance (1/Csc
2) as a function of applied potential (V) (according to eq.23) for pure 

CdS NCAs and the Ni-modified CdS samples (with 5, 10 and 15 wt.% Ni-loadings) are shown in 

Figure 3-75. It is apparent that the mesoporous CdS NCAs shows a positive linear slope, indicating 

n-type conductivity, that is, electrons are the majority carriers. For the Ni-CdS NCAs 

heterostructures, however, a bell-shaped behavior in the Mott-Schottky plots was observed. This 

strongly suggests the formation of a p–n junction at the β-Ni(OH)2/CdS interface, which could further 

affect the separation and recombination dynamics of the photoinduced charge-carriers. The 

corresponding flat-band (VFB) potentials estimated from the intercept of the extrapolated straight lines 

with the potential axis (1/Csc
2 = 0) are listed in Table 3-12. The Mott-Schottky results indicated that, 

with increasing Ni content from 0 to 15 wt.%, the VFB potential of CdS gradually shifts to a cathodic 

(negative) direction, that is, from –0.71 V to –0.86 V vs NHE. Moreover, the deposition of β-Ni(OH)2 

on the surface of CdS NCAs increases slightly the donor density (ND) of CdS from 3.0×1017 to 

4.0×1017 cm-3, as inferred from the decreased positive slopes in the Mott-Schottky plots of the Ni-

modified samples. However, a different trend in the ND value of the 10% Ni-CdS sample can be 

observed, which is very close to that of pure CdS NCAs (see results in Table 3-12). These results can 

be explained possibly due to the lower charge-transfer efficiency of the 5 and 15 wt.% Ni-loaded 

materials, which could result in the accumulation of electrons at the junction interface with increasing 

the applied potential, whereas the increased transfer efficiency of the 10% Ni-CdS catalyst (as 

inferred by Nyquist measurements) denotes a smoother flow of carriers across the β-Ni(OH)2/CdS 

junction to the electrolyte, resulting to a more effective charge-separation and depletion of electrons 

at the contact interface. As for the observed up-shift in the VFB positions of the Ni-CdS composites, 
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this can be understood as a result of the CdS surface passivation by the β-Ni(OH)2 particles, thereby 

suppressing the band-edge pinning. In fact, as previously described in chapter 1, charged surface 

states and adsorbed surface charges can indeed induce a potential shift within the Helmholtz layer 

(VH), that can be altered by surface passivation (under the same electrolyte conditions). [272, 524] 

This shift of VH by surface passivation can, in turn, affect the VFB according to eq. 6 (i.e., VFB = VH + 

ΦS – 4.5, where ΦS is the work function of the semiconductor and -4.5 eV is the NHE redox level 

with respect to vacuum), leading to a shift towards more negative or positive potentials (cathodic or 

anodic shift respectively) depending on the net surface charge. To elucidate this possibility, the ζ-

potential of the catalysts was measured in a 0.5 M Na2SO4 solution at pH 7 condition (similarly to 

the EIS measurements). The obtained ζ-potentials for the 10% Ni-CdS, 15% Ni-CdS and CdS NCAs 

catalysts were found to be –15.6, –15.4 and –11.0 mV, respectively. Clearly, particles in these 

suspensions were all negatively charged. Nevertheless, compared to pristine CdS NCAs, the higher 

negative net charge of the Ni-modified materials (i.e., the 10% Ni-CdS and 15% Ni-CdS catalysts) is 

in line with the premise of a negative shift in VH [245], and thus the cathodic shift of the VFB level, 

upon surface-modification with β-Ni(OH)2. 

 

 

Figure 3-75: Mott−Schottky plots of the 1/CSC
2 as a function of applied potential (V) (according to eq. 

23) with reference to the of Ag/AgCl (3 M KCl) electrode potential, for the mesoporous CdS NCAs and 

the Ni-modified CdS NCAs materials with 5, 10 and 15 wt.% Ni-loadings.  
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Table 3-12: Analytical data obtained from Mott-Schottky plots for the mesoporous pristine CdS NCAs 

and the Ni-modified CdS catalysts with 5, 10, and 15 wt.% Ni-loadings.  

† The VB level of the catalysts was estimated by adding the bandgap (Eg) of each sample to its VFB value. 

‡ The ND values were obtained according to eq. 25 using the slopes of the Mott-Schottky plots and the 

relative dielectric constant of CdS (ε = 8.9). 

 

Based on the measured VFB values and optical bandgaps (as obtained from UV–vis/NIR 

absorption data), the energy band diagrams for each catalyst can be constructed, as illustrated in 

Figure 3-76. Here it is assumed that the VFB level serves as a good approximation of the CB-edge 

position, which is quite reasonable for heavily doped n-type semiconductors, such as CdS.[457] In 

relation to this, it is typical for the CB edge of many n-type semiconductors to be about 0.1–0.3 V 

higher (more negative) than the flat-band potential. [525, 526] 

 

Figure 3-76: Energy band diagram schemes of the mesoporous CdS NCAs and the Ni-CdS 

heterostructures with 5, 10, and 15 wt.% Ni-loadings. The conduction band (CB) edges were estimated 

from the flat-band potentials obtained from Mott-Schottky plots, and the valence band (VB) edges by 

adding the bandgap of each material to the respective flat-band potential. All the potentials were 

converted from the Ag/AgCl electrode scale to the normal hydrogen electrode (NHE) scale using eq. 24. 

Catalyst 
Flat Band 

(VFB) 

Valence Band† 

(EV) 
Slope  

Donor density‡ 

(Nd)  

       (V vs NHE, pH=7) (F-2 cm4 V-1) (cm-3) 

CdS NCAs –0.71 2.00 5.192×109 3.0×1017 

5% Ni-CdS –0.74 1.98 4.066×109 3.9×1017 

10% Ni-CdS –0.84 1.89 4.932×109 3.2×1017 

15% Ni-CdS –0.86 1.86 3.955×109 4.0×1017 
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Therefore, it can be deduced that the intrinsic electric field created at the p–n β-Ni(OH)2/CdS 

junctions, as corroborated by the aforementioned EIS results, dictates the charge-transfer processes 

through the negative shift of VFB and suitable band-edge alignment at the nanoscale β-Ni(OH)2/CdS 

contacts. Notably, Ni-hydroxide is known to be a p-type semiconductor with a Fermi level at ~5.4–

5.6 eV vs vacuum [527, 528 ], which is more positive than the Fermi level of CdS (ca. 4.5 eV vs 

vacuum). [487] This means that when β-Ni(OH)2 particles are anchored onto the CdS surface, an 

internal electric field is formed at the β-Ni(OH)2/CdS junction interface that promotes the transfer of 

electrons from CdS to β-Ni(OH)2 until their Fermi levels reach equilibrium. At this condition, the 

electron flow creates a space-charge region, i.e., a positively charged area in the CdS side and a 

negatively charged area in the β-Ni(OH)2 side, leading to the upward bending of the CB edge of CdS 

near the contact interface with β-Ni(OH)2 (Figure 3-77). For the β-Ni(OH)2-modified CdS 

heterostructures, the potential barrier-height (ΦSC) formed, defined by the energy difference of the 

Fermi level of β-Ni(OH)2 and the Fermi level of CdS, was found at ~0.9–1.1 eV.  

 

 

Figure 3-77: Schematic representation of the energy diagram of the β-Ni(OH)2/CdS heterojunction (at 

pH 14) and proposed mechanism of visible-light photocatalytic H2-production by the mesoporous Ni-

CdS heterostructured catalysts. Modified with permission from ref. [406]. Copyright © 2018, American 

Chemical Society. 
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All these effects definitely have an impact on the photocatalytic performance of the mesoporous 

Ni-CdS heterostructured catalysts. Specifically, as illustrated in Figure 3-77, upon visible light 

illumination the CdS nanoparticles get excited and generate electron-hole pairs, whereas β-Ni(OH)2 

itself cannot absorb light at this wavelength range (λ ≥ 420 nm) owing to its large band gap (ca. 3.9 

eV). Because of the intimate contact, the internal electric field, and the favorable Type-II band-

alignment formed between the p–n β-Ni(OH)2/CdS junctions (particularly, CdS holds more positive 

VB and CB edges compared to β-Ni(OH)2), the photoinduced holes generated in the VB of CdS can 

migrate to the β-Ni(OH)2 nanoparticles, thus leading to an accumulation of photogenerated electrons 

in the CB of CdS where the photocatalytic water-reduction reaction occurs. It is also worth pointing 

out that, due to the high internal surface area of the 3D open-pore structure, the mesoporous CdS NC 

assemblies can provide increased number of accessible reaction centers capable of reducing water to 

H2. In this regard, it has been established that, in alkaline medium, the H2-evolution reaction proceeds 

through the initial water-discharge step (Volmer reaction: H2O + e– + M → M–Hads + OH–) on a 

positively-charged metal site (M), followed by either the electrochemical Heyrovsky desorption step 

(H2O + e– + M–Hads → M + H2 + OH–) or the Tafel recombination step (2M–Hads → 2M + H2).[440, 

529] On the other hand, the photoinduced holes gathered in β-Ni(OH)2 can be effectively consumed, 

by oxidizing the sacrificial reagent (ethanol) through the •OH/OH– redox shuttle mechanism, as 

previously described.  

Furthermore, Mott-Schottky analysis on the pure β-Ni(OH)2 particles showed that their VFB level 

lies at about 1.31 V vs NHE (at pH = 7), confirming their p-type behavior (Figure 3-78). However, 

a common feature of p-type NiOx films is that their VB lies about 0.4 eV lower (more positive) than 

the Fermi-level. [530, 531] Therefore, the VB of β-Ni(OH)2 is expected to be approximately 1.7 V 

and 1.4–1.5 V vs NHE before contact and after equilibrium with CdS, respectively, which is 

comparable to the redox potential of surface adsorbed •OH/OHaq‾ pairs (1.36–1.49 V vs NHE, pH = 

7) [532]. Here, according to the Anderson’s affinity rule [533], the valence band offset (ΔEv) between 

CdS and β-Ni(OH)2 was found to be ~0.2–0.3 eV, calculated by eq. 39: 

𝜟𝜠𝑽 = (𝑬𝒈𝟏 + 𝝌𝟏) − (𝑬𝒈𝟐 + 𝝌𝟐)           (eq. 39)  

where Εg1 and Εg2 are the band gap energies and χ1 (3.8 eV) and χ2 (2.3–2.4 eV) are the electron 

affinities of the CdS and β-Ni(OH)2 semiconductors, respectively.  
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Figure 3-78: Mott-Schottky plot of the inverse square space-charge capacitance (1/CSC
2) as a function of 

applied potential (V) relative to the Ag/AgCl (3 M KCl) electrode potential, for the as-prepared pure β-

Ni(OH)2 particles. The negative slope of the corresponding linear fit indicates a p-type conductivity for 

β-Ni(OH)2.  

 

However, given that the band edge positions of CdS usually shift with pH by ca. –33 mV/pH 

unit [355, 358], at pH 14 the VB of CdS will shift to 1.77 V vs NHE and, in turn, the VB potential of 

β-Ni(OH)2 will also shift to approximately 1.2–1.3 V vs NHE. On the contrary, the •OH/OHaq‾ redox 

couple follows the Nernstian behavior (–59 mV/pH unit), and therefore, at pH 14 the VB of β-

Ni(OH)2 will eventually be below the redox potential of •OH/OHaq‾ pairs (i.e., 1.0–1.1 V vs NHE at 

pH = 14). On this basis, in solutions with pH ≥ 14, the photochemical oxidation of OHaq‾ species by 

the surface-reaching holes in the as-prepared Ni-CdS heterostructures is thermodynamically feasible. 

As a proof of concept, the production of •OH radicals was assessed by fluorescence (FL) spectroscopy 

measurements, using terephthalic acid (TA) instead of ethanol in the photocatalytic water-reduction 

experiments on mesoporous CdS and 10% Ni-CdS NCAs catalysts. Note that TA readily reacts with 

hydroxyl radicals to produce the fluorescent 2-hydroxyterephthalic acid (HTA). The results from the 

photocatalytic experiments conducted at pH 14, all showed an emission peak at about 440 nm that 

gradually increased during the reaction, suggesting the formation of hydroxyl radicals (see Figure 3-

79a). Notably, the production rate of •OH radicals from the 10% Ni-CdS catalyst, which is defined 

by the time evolution of the FL intensity of HTA (Figure 3-79b), is almost 3-times higher than that 

for CdS NCAs at similar conditions. Thus, it is reasonable to assume that the observed higher OHaq‾ 

oxidation kinetics for the Ni-modified catalyst are a result of the efficient separation of photoexcited 

electron-hole pairs at the β-Ni(OH)2/CdS junction. The separation and transport of photoexcited 

carriers have been manifested clearly in the above PL spectra and EIS results.  
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Figure 3-79: a) Comparison of •OH formation over the mesoporous CdS NCAs (cyan lines) and 10% Ni-

CdS (red lines) samples, illustrated by fluorescence (FL) spectra of 2-hydroxyterephthalic acid (HTA). 

The increasing FL peak at 440 nm indicates the formation of HTA as a product of the reaction of 

terephthalic acid (TA) with the hydroxyl radicals. The FL spectrum of TA in the presence of 10% Ni-

CdS NCAs catalyst in pH 10 aqueous solution after 3 h irradiation is also given for comparison (blue 

line). b) Time evolution of the HTA FL intensity at 440 nm for the CdS NCAs and 10% Ni- CdS NCAs 

samples. All the •OH radical formation tests were performed similarly to the photocatalytic H2-evolution 

reactions, but with adding TA instead of ethanol as electron donor. The exact reaction conditions were 

as follows: 40 mg of catalyst dispersed in 20 mL NaOH aqueous solution (pH 14.0 or pH 10.0) containing 

1.2 M terephthalic acid. Before irradiation, the mixture was purged with argon for at least 30 min to 

remove any dissolved air and then irradiated with a 440 nm LED light. Samples were collected using a 

syringe (1 mL) diluted with 9 mL DI water and centrifuged to remove the catalyst. The FL spectra were 

obtained at room temperature on a Jobin- Yvon Horiba FluoroMax-P (SPEX) spectrofluorometer using 

320 nm excitation wavelength.  
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For comparison, FL spectroscopy analysis over the 10% Ni-CdS/OH–/TA photocatalytic system 

at pH 10 was also conducted. As seen in Figure 3-79a, the FL spectrum does not show any emission 

peak at 440 nm after 3 h of photocatalytic reaction, indicating that no hydroxyl radicals are formed 

under these conditions. This means that at pH 10, the 10% Ni-CdS NCAs catalyst is not able to 

oxidize OH– to •OH radicals, thus resulting in lower photo-oxidation kinetics. The obtained FL results 

are in line with the low photocatalytic H2-generation rate (~0.2 mmol h- 1) that was observed for the 

10% Ni-CdS catalyst in the NaOH-ethanol (10% v/v) reaction solution with pH 10 (see Figure 3-

68b); herein, the direct oxidation of ethanol from the photogenerated holes is considered to be the 

rate-determining step. Based on the above findings, it can be deduced that β-Ni(OH)2 nanoparticles 

essentially serve as the oxidation active-sites (hole collectors) for the photo-oxidation of OH– to •OH 

radicals, thereby promoting electron-hole separation and greatly improving the photocatalytic 

efficiency. It is also noted that, during the course of irradiation, the transferred holes from the VB of 

CdS to β-Ni(OH)2 could cause the oxidation of remaining Ni(0) clusters to Ni(II), yielding β-Ni(OH)2 

species, as has been suggested by the previous XPS measurements. Also, the β-Ni(OH)2 nanoparticles 

are prone to further oxidation by the photoexcited holes, leading to the formation of nickel 

oxyhydroxide (NiOOH) species. [517] However, after 20-h photocatalytic reaction, no notable XPS 

peak corresponding to the NiOOH phase was detected in the examined catalyst. In the literature, the 

Ni 2p3/2 line of NiOOH has been reported to be in the binding energy range of 855.8–856.4 eV. [534-

536] Thus, this further implies that β-Ni(OH)2 behaves as an efficient hole-transfer mediator, that 

shuttles photogenerated holes from the catalyst to the (•OH/OH–) redox species. 

Overall, the remarkably improved H2-evolution efficiency of this system stems from the strong 

electronic coupling between n-type CdS and p-type β-Ni(OH)2 nanoparticles, which promotes the 

effective separation and transfer of photoinduced charge-carriers, as well as the permeable 

mesoporous structure, which provides more exposed active-sites for reaction and facilitates the fast 

transport of electrolytes between the nanoparticles. This work not only presents the possibility of 

using mesoporous networks of nanoscale p–n β-Ni(OH)2/CdS junctions as a viable hydrogen 

evolution photocatalyst, but also can offer new opportunities for the development and in-depth 

understanding of noble metal-free photocatalysts for efficient solar-to-chemical energy conversion.  
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Conclusions 

To summarize, a new and cost-effective synthetic method for preparing mesoporous networks of 

metal-chalcogenide NCs has been successfully developed and demonstrated in this work. This 

method utilizes a simple surfactant-assisted oxidative self-polymerization procedure, which entails a 

controlled destabilization of colloidal metal sulfide nanoparticles in the presence of nonionic 

surfactants. Remarkably, this new assembly process allows the construction of ordered mesoporous 

architectures with tailored characteristics, such as different composition (e.g., CdS and ZnS) and 

particle size (from 4 to 6.5 nm) of the chalcogenide nanobuilding blocks, as well as adjustable pore 

size by employing different structure-directing templates. Owing to the large surface area and three-

dimensional open pore structure, the NC ensembles of CdS showed high activity and stability in 

visible-light-driven oxidation of 1-phenylethanol into acetophenone. Therefore, the proposed 

synthetic approach for assembling mesoporous structures with interconnected metal chalcogenide 

nanoparticles opens up great opportunities for developing new functional materials for technological 

applications, including catalysis and solar energy conversion to renewable fuels such as H2. 

To this end, this work also demonstrated that the surface of mesoporous CdS NCAs can be easily 

modified with effective co-catalysts, such as Pt nanoparticles, CuS NCs, and Ni-species, to develop 

new and efficient nanocomposite catalysts for photocatalytic water reduction and H2 production under 

visible light. First, ordered mesoporous Pt-decorated CdS NCAs with different size of Pt 

nanoparticles (ranging from 1.8 to 3.3 nm) have been successfully prepared via this new method and 

a straightforward photodeposition process. The resulting materials are composed of a network 

structure of cross-linked CdS and Pt nanoparticles and exhibit accessible pore structure with high 

surface area. Photocatalytic studies revealed that these materials behave as highly efficient catalysts 

for H2 evolution using visible-light irradiation. The enhanced activity is attributed to the decrease in 

the work function of Pt nanoparticles by increasing the particle size, and the increased number of 

surface edge sites of Pt nanoparticles. Thus, this decreases the height of the Schottky barrier created 

at the Pt/CdS junction and promotes the smooth electron transfer from photoactivated CdS to Pt. 

Moreover, critical for efficient Η2 evolution was the 3D open-pore structure and large accessible 

surface area. As a result of this, the Pt-CdS NCAs catalyst containing 5 wt% of Pt with 2.5–3 nm 

diameter particles exhibits the highest photocatalytic activity. This activity corresponds to a H2-

evolution rate of ~1.2 mmol h−1 (or 60 mmol h−1
 g−1) with an QY of 70% at λ = 420 ± 10 nm, which 

is impressive considering that it is obtained by using only a Pt-CdS photocatalyst without any 

oxidation co-catalyst. Therefore, this study implies the promising potential of the mesoporous Pt-CdS 

NCAs to serve as an efficient and stable photocathode for water reduction under visible light.   
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Moreover, mesoporous networks of connected CuS and CdS NCs with high internal surface area 

and narrow pore-size distribution have also been synthesized, through a simple cation-exchange 

process, and investigated as photocatalysts for H2 generation. The results demonstrated that 

controlling the chemical composition can lead to the formation of efficient charge separation 

interfaces along the binary CuS/CdS semiconductor, which greatly enhance the photocatalytic 

activity. As a result, mesoporous CuS/CdS NC assemblies, which contain ~5 mol% Cu, achieve an 

average H2-evolution rate of 0.28 mmol h-1
 with a QY of 12.6% at λ = 420 ± 10 nm, while displaying 

good stability for at least 20 h of irradiation. The activity of this catalyst is about 5.3 times higher 

than that of pure mesoporous CdS assemblies, measured under identical reaction conditions. Using 

UV–vis/NIR, photoluminescence (PL) and electrochemical impedance spectroscopy, it is shown that 

the high H2-production activity of the CuS/CdS NC-networks mainly arises from the proper 

alignment of the band-edge positions of the materials. The nanoscale p−n heterojunction negatively 

shifted the band-edge potentials, enhancing the separation of photoexcited electron-hole pairs and, 

thus, the H2 evolution rate. These results suggest the great possibility for the implementation of this 

new mesoporous p-CuS/n-CdS heterojunctional photocatalyst as a sustainable and low-cost 

alternative in solar energy conversion applications.  

Finally, surface modification with Ni-species, by a photochemical deposition process, resulted 

in the formation of mesoporous networks of β-Ni(OH)2-modified CdS NCs with high internal surface 

area, that showed a very high photocatalytic activity and long-term stability for H2 generation. By 

optimizing the loading of β-Ni(OH)2, the Ni-modified CdS assemblies provide a high charge-carrier 

transfer and separation efficiency along the nanoheterojunctioned framework, in which  β-Ni(OH)2 

and CdS NCs are in intimate contact,  which results in a very high H2-production rate in  alkaline 

solution. Consequently, the Ni-CdS NCAs catalyst with 10 wt.% Ni loading achieved a H2-evolution 

rate of 1.4 mmol h−1 under λ ≥ 420 nm light irradiation with an apparent QY of 72% at λ = 420 nm, 

while demonstrating very good stability for at least 25 h in alkaline ethanol solution (5 M NaOH, 

10% v/v ethanol). Notably, this is one of the highest so far reported efficiencies for nonprecious-

metal CdS heterostructures. Using a  combination of UV−vis/NIR, electrochemical impedance, and  

photoluminescence spectroscopy techniques, it was shown that   the improved H2-evolution efficiency 

of this system stems from the strong electrical coupling between n-type CdS and p-type β-Ni(OH)2 

NCs, which promotes efficient separation and transport of photoinduced carriers, as well as the 

pertinent mesoporous structure, which provides more exposed active sites for reaction and facilitates 

fast transport of electrolytes between the nanoparticles. Therefore, this study not only presents the 

possibility of using mesoporous networks of nanoscale p−n β-Ni(OH)2/CdS junctions as a viable H2-

evolution photocatalyst, but also can offer new opportunities for the development and in-depth 

understanding of noble-metal-free photocatalysts for efficient solar-to-fuel conversion.  
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APPENDIX 

 

A.1 Surface-State Induced Band Bending 

 

 

 

Figure A-1: Schematic illustration of surface-state induced band bending: (a) undoped (intrinsic) 

semiconductor, where the Fermi level of the bulk semiconductor [EF(bulk)] is located at the mid-gap 

and is equal in energy to the surface Fermi level [EF(surf.)]. In this case the bands remain flat; (b) 

disequilibrium and (c) equilibrium between the bulk of n-type semiconductor and its surface, where 

initially EF(bulk) > EF(surf.) and thus under equilibrium the bands shift upwards (upward band-

bending); (d) disequilibrium and (e) equilibrium between the bulk of p-type semiconductor and its 

surface, where equilibrium causes the bands to bend downwards (downward band-bending) because 

initially EF(bulk) is lower than EF(surf.). In every case, the semiconductor Fermi level will be pinned at 

the energy level of the surface states after equilibrium (i.e., Fermi level pinning). Reproduced with 

permission from ref. [263]. Copyright © 2012, American Chemical Society.  

 

 

 

 

 



 

198 

 

198   APPENDIX   

A.2 Metal/Semiconductor Junction 

 

 

Figure A-2: Energy band diagrams of metal and n-type semiconductor contacts, where Evac = vacuum 

energy; EC = energy of conduction band; EV = energy of valence band; EF,m = Fermi level of metal; EF,s 

= Fermi level of semiconductor; Φm = metal work function; Φs = semiconductor work function; χs = 

semiconductor electron affinity; VBB = degree of semiconductor band-bending. If the metal work 

function (Φm) is higher than that of the semiconductor (Φs), that is, Φm > Φs as shown on the left panel, 

electrons will flow from the semiconductor to the metal. Under equilibrium, a charge double-layer and 

a build-in electric field will be established at the metal/semiconductor interface, where the metal is 

negatively charged and the semiconductor is positively charged near the surface, due to the depletion of 

electrons in the space charge region; forming a depletion layer. When Φm < Φs, as shown in the right 

panel, electrons are accumulated in the semiconductor space-charge region due to the electron transfer 

from the metal to the semiconductor, thus forming an accumulation layer in the semiconductor and a 

positively charged surface layer in the metal side of the interface. In general, when the Fermi level of 

the metal is below that of the semiconductor, charge will flow to the metal causing the semiconductor 

Fermi level to decrease, and vice versa. Because of the electric field at the interface, the energy band 

edges in the semiconductor will also shift continuously, causing band-bending across the space-charge 

layer. The energy bands bend upwards toward the interface when Φm > Φs, while the edges bend 

downwards when Φm < Φs. In each case, the semiconductor Fermi level will be pinned to that of the 

metal after equilibrium, creating a fixed band-bending. Reproduced with permission from ref. [263]. 

Copyright © 2012, American Chemical Society.  
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A.3 Semiconductor/Semiconductor Heterojunction 

 

 

Figure A-3: Possible types of band alignments for two semiconductors in a heterojunction. Blue lines 

represent the energy level of the CB (Ecb) and red lines the position of the VB (Ecb). In Type I, the CB of 

SC-1 is more negative than that of SC-2, and its VB is more positive than that of SC-2. In Type II, the 

CB of SC-1 is more negative than that of SC-2, while the VB of SC-2 is more positive than that of SC-1. 

In Type III, both the CB and the VB of SC-2 are lower (more positive) than the VB of SC-1. Reproduced 

with permission from ref. [276]. Copyright © 2017 Elsevier B.V. All rights reserved.  

 

 

 

Figure A-4: Possible situations of electrostatic interactions and band-bending in SC/SC hetero-junctions 

based on the three different types of band-alignment of Figure A-3. Adapted with permission from ref. 

[276]. Copyright © 2017 Elsevier B.V. All rights reserved.  
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A.4 Classification of Physisorption Isotherms 

 

The majority of physisorption isotherms may be grouped into six types according to IUPAC 

classification, as shown in Figure A-5a. 

❖ Type I isotherms are given by microporous solids having relatively small external surfaces, such 

as activated carbons and zeolitic molecular sieves, the limiting uptake being governed by the 

accessible micropore volume rather than by the internal surface area.  

❖ Type II isotherms are typical of non-porous or macroporous solids, on the surface of which 

unrestricted monolayer-multilayer adsorption takes place. Point B, is often taken to indicate the 

stage at which monolayer coverage is complete and multilayer adsorption about to begin. 

❖ Type III isotherms are not common. They are convex to the relative pressure (P/P0) axis over 

their entire range, and therefore does not exhibit a point B. In such cases, the adsorbent-adsorbate 

interactions play an important role. 

❖ Type IV isotherms are given by many mesoporous industrial adsorbents. Their characteristic 

feature is the hysteresis loop, which is associated with capillary condensation taking place in 

mesopores, and the limiting uptake over a range of high (P/P0). 

❖ Type V isotherms are uncommon and related to type III isotherms: the adsorbent-adsorbate 

interactions are weak. 

❖ Type VI isotherms represent stepwise multilayer adsorption on a uniform non-porous surface, in 

which the sharpness of the steps depends on the system and the temperature. 

 

 

A.5 Hysteresis Classification 
 

Hysteresis appearing in the multilayer range of physisorption isotherms is usually associated 

with capillary condensation in mesopore structures. Such hysteresis loops may exhibit a wide 

variety of shapes and important for determining the pore geometry and structure of the material. 

According to IUPAC recommendations, there are four types of hysteresis loops, as shown in Figure 

A-5b. 

❖ Type H1 hysteresis is often associated with porous materials known to consist of compact 

agglomerates of uniform spherical particles in fairly regular array, hence having narrow pore size 

distributions. 
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❖ Type H2 is given by more complex pore structures in which network effects are important. The 

very steep desorption branch, which is a characteristic feature of H2 loops, can be attributed either 

to pore-blocking/percolation in ink-bottle-shaped pores (narrow range of pore necks) or to 

cavitation-induced evaporation. H2 hysteresis loops are given by many porous adsorbents, for 

instance: inorganic oxide gels, porous glasses, as well as ordered mesoporous materials. 

❖ Type H3 hysteresis is observed with non-rigid aggregates of plate-like particles giving rise to slit-

shaped pores, but also if the pore network consists of macropores which are not completely filled 

with pore condensate. 

❖ Type H4 loop is often associated with narrow slit-like pores, but in this case the absorption branch 

is a composite of Types I and II character, which is indicative of microporosity. The H4 loops are 

often found with aggregated crystals of zeolites, some mesoporous zeolites, and micro-

mesoporous carbons. 

 

 

Figure A-5: (a) Physisorption isotherm types and (b) hysteresis classification according to the IUPAC 

recommendations. Adapted from ref. [412] 
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A.6 Volcano Plot for Metal Hydrogen Evolution Catalysts  

 

The established free-energy diagram of the Hydrogen evolution activity over various metal 

catalysts, the so-called volcano plot as shown in Figure A-6, provides a quantitative relationship 

between measured electrochemical activity and theoretical free energy of hydrogen adsorption, to 

evaluate the electrocatalytic properties of typical metallic catalysts. The catalyst’s performance can 

be quantitatively evaluated by the position of its j0 and ΔGH* values relative to the volcano peak (the 

closer the position of these values to the peak, the better is the catalyst). 

 

 

Figure A-6: Volcano plot of exchange current density (j0) as a function of DFT-calculated Gibbs free 

energy (ΔGH*) of adsorbed atomic hydrogen on pure metals. Metal Pt, with slightly negative hydrogen 

adsorption energy, has the highest Hydrogen evolution activity. Reproduced from ref. [537] with 

permission from The Royal Society of Chemistry.  
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A.7 pH Dependence of CdS Band Edge Potentials for 
Hydroxyl Radical Formation  

 

 

 

Figure A-7: Energy diagram for the two-step oxidation reaction. The electrochemical potentials of water 

reduction and oxidation, hydroxyl anion and ethanol oxidation follow Nernstian behavior (slope −59 

mV/pH), but the dependence of CdS conduction band (ECB) and valence band (EVB) on pH is only −33 

mV/pH. The green circle marks the region where EVB(CdS) is more positive than Eo (•OH/−OH); the 

violet arrows denote the possibility of a two-step oxidation pathway at high pH versus a single-step 

process at lower pH. Reproduced with permission from ref. [358]. Copyright © 2014, Springer Nature. 

 



 

 

 

 


