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Abstract

The persistent rise in fossil fuel consumption, driven by the need to satisfy current energy
demands, poses a significant environmental hazard, primarily due to the substantial emissions
of hazardous gases into the atmosphere. While it is evident that renewable energy sources must
replace a significant portion of fossil fuels, existing renewable energy production methods
often lack efficiency and still present environmental challenges. Photocatalytic water splitting
for hydrogen production stands out as a low-cost technique, offering a high solar to chemical
conversion efficiency while emitting zero hazardous gases. Over the last few decades, the
research community has explored various photocatalysts, including metal oxides,
chalcogenides, nitrides, and more. Despite considerable progress in the development of
photocatalytic materials, current synthetic methods often fail to provide precise control over
electrochemical properties, morphology, and size of particles, leading to subpar photocatalytic
performance.

In this dissertation, we introduce a new, cost-effective and environmentally friendly synthetic
protocol for fabricating mesoporous networks of interconnected thiospinel (MIn2Ss4, M = Zn,
Cd) nanocrystals, serving as versatile building blocks. This synthetic approach provides the
advantage of adjusting the size of the constituent inorganic nanocrystals, offering significant
benefits for photocatalytic energy conversion applications. Such a controllable synthesis
enables precise engineering of the optical and electronic properties of the resulting
photocatalysts. Namely, employing a straightforward polymer-templated self-assembly
process, the thiospinel nanocrystals are organized into three-dimensional (3D) mesoporous
networks with large internal surface area and we-defined pores. This structural arrangement
leads to improved charge transfer kinetics and better intraparticle diffusion of the electrolyte.
Given their advantageous characteristics, the mesoporous ensembles were investigated as
potential photocatalysts for the water splitting reaction towards hydrogen evolution.
Furthermore, by carefully selecting suitable co-catalysts such as Ni2P, Co.P, and B-Ni(OH)z,
we uncovered their significant impact on the photochemical properties of the resulting
composite structures. Utilizing a combination of spectroscopic and (photo)electrochemical
techniques, we identified that the formation of the thiospinel/metal phosphide/hydroxide nano-
heterojunctions significantly enhances the separation and transfer ability of the photogenerated
charge carriers, leading to high photocatalytic stability and activities. Notably, these
improvements exceed those reported for previously studied high-performance multicomponent

thiospinel-based photocatalytic systems. Overall, this research presents a novel synthetic
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perspective for the rational design of photocatalysts and advances our understanding of next
generation photocatalysts for clean energy conversion applications. By shedding light on key
aspects of inorganic synthetic chemistry, interface engineering and photochemical reactions,
the findings of this work make a significant contribution to the broader research endeavor

focused on the development of sustainable energy technologies.
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Iepidnyn

H ovveymg avénon e katavaimong 0puKTOV KOVGIHL®Y Yo TV KEAvYN Tov avEavOoueveoy
EVEPYEIOKADV OVOYKOV OTOTEAEL L0l ONUOVTIKN TEPIPAALOVTIKT OTEIAY AOY® TOL UEYAAOL
OYKOL EKTTOUTTAOV pLTOYOVOV aepiwv otnv atpudseatpa. Evod elval cagég 0Tt ol avaveDoLeg
TNYEC EVEPYELONG TPEMEL VO AVTIKATOCTNOOVV £Vo LEYAAO HEPOG TOV OPVKTOV KOVGIH®V, Ot
vrdpyovoeg HEHOOOL TOPAY®YNG EVEPYELDS OO AVAVEDGCIUES TNYEC OTEPOVVTAL VYNAN
anddoong kol e£akoAovBovv va poAvvouy 1o mepBailov. H pwtokataAvtikn d1dcmacn Tov
VvEPOU TTPOG TaPAY®YN LOPOYOHVOL lvar piol YoUNAOD KOGTOVS TEXVIKT, 1] OO0 TAPEXEL VYNAN
aOd00T LETATPOTNG TG NAOKNG GE YNUIKY Evepyeia pe undevikn| ekmoun aepiov poumov. Tig
TehevTaieg OekaetTieg, ol epeuvNTIKEG Tpoomifeleg £xovv 0dNYNGEL GTNV OVATTLEN €VOG
HEYOAOL aplOUOD QOTOKOTOAVTIKGOV VAIK®V, CLUTEPIAAUPAVOUEVOV O0EEWDIMV HETAAL®Y,
YoAkoyovidiov, virpdiov kot moAAd dAla. Ilapd ™ onuavtikn mwpdodo otn ocbvvbeon
(POTOKOTAAVTAOV, 01 TPEYOVGEG GUVOETIKEG HEHOSOL GUYVE ATOTVYYXAVOLV VO TAPEYOVY aKPPN
ELEYYO TOV NAEKTPOYNUK®OV W0TATOV, TNG LOpPoLoYiag kol Tov peyéBoug tov copatidimv
AVTO €xel ©G AmOTELEGLOL T ONULOVPYIO VAIK®V LE YOUNAT] QOTOKATAAVTIKY 0mdd00T).

2V mopovca dtotpiPr], Tapovstdalovpe Eva VEO, OIKOVOUIKE OmTOd0TIKO Kol GIAMKO TPOg TO
neplPdAlov cLVOETIKO TPOTOKOALO YL TNV OVATTUEN HECOMOPMIDY TAEYUATOV OO
oLVIESEUEVOVG VOVOKPLOTAALOVG Bgtoomvediov (MIN2Ss, M = Zn, Cd), ta omoia ypnoipebovy
¢ evéhikta dopukd otoryeio. H cvykekpiuévn ocvvBetikn pébodog mapéyet axpipr eAéyyo tov
peyEfoug Tv avopyavov SOUKOV LoVAd®V, KATL Tov givart 1d10itepo ETOPELES Y10 EQAPLOYES
QPOTOKATOAVTIKNG HLETATPOTNG evePYEinG. AVTOC 0 EAeYY0G EMITPENEL TOV PEATIOTO GYESOGUO
TOV  ONTIKOV KOl MAEKTPOYNUIKOV 1WOOTHTOV TOV  QOTOKATOAVTOV. ZVYKEKPLUEVOA,
YPNOWLOTOUDVTOAG [0 OAT SodIKAGio VTO-GUVAPUOAOYNONG e TPOTLTTO TOAVUEPES, Ol
vavokpiotairot Beloomveliov opyavdvovtor o€ Tpiodidotata (3D) pecomopdon mALyuata
HE UEYOAN ECMOTEPIKY] EMIPAVELD KO OLOIOUOPPOVS HEGOTOPOVS. AVTH 1 HLOVOOIKT] OOUIKY|
outaEn odnyel oe PeATIOUEVEG O10TNTEG LETAPOPAS POPTIOL KO KAAVTEPT OAYLOT| TOL
NAEKTPOADTY LETOED TOV VOVOCOUATIOIOV. AOY® AVTOV TV EUPETIKOV YOPAKTIPICTIKMV,
OVTA TO, LEGOTOPMOT VAIKE peAeTONKAY G dLVNTIKOT POTOKOTAAVTES Y10 T O146GTOCT TOV
vepoy Tpog mapay®yn Kabapov vopoyovov. EmmpdcOeta, pe v KoTAAANAN emAoym|
ovyKataAT®v 6mws Niz2P, CozP kot B-Ni(OH)z2, e€etdotnke n enidpacn Tovg 6TIg S10d1KAGIEG
LETAPOPAS GOPTION KoL TNV KIWNTIKN TOV NAEKTPOYNUIKAOV OVTIOPAGEDV GTO. GOVOETA LAIKA.
XPNOHOTOUDVTOG £VAY GUVIVACUO PUCLATOCKOTIKAOV KOl ((POTO)NAEKTPOYNLUK®V TEXVIKOV,

OMOTOGOUE  OTL O  OYNUOTIOUOS  VOVO-ETEPOOOUADV  Bel00TIVEAIOV/PWG P10V
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UETAAALOV/VOPOEELDTIOL EVIGYDEL CNUAVTIKA TNV IKOVOTNTO J0(OPICUOD Kol UETAPOPAS TWV
QPOTOTOUPAYOUEVOV  QPOPEMV, OONYDVIAG OCE VYNAN QOTOKATOALTIKY oTafepdtnto Kot
arotelecpoTikotnTo. Adloonueimto glvar 6Tt mapovceg amoddcelg vepPaivouy avTEG TOV
avaeépnkay o100 mapeABOV Yo TOpPOUO  POTOKOTOALTIKG GUOGTHUOTO  TOAAATAMDV
OLOTOTIKOV LYNANG amoOd0oons. AvT 1M EPELVNTIKY €PYOCIO TPOTEIVEL U0 KOVOTOUO
oLVOETIKN TPOGEYYIoN Yo TOV OPOBOAOYIKO GYESOGUO POTOKOTAAVTMV KOl GUVEICQEPEL GTIV
KOTAvONGo TNG AEITOLPYING TPONYUEVOV POTOKATOAVTIKOV GUOTNUAT®V EMOUEVNC YEVIAG Y10
EPAPLOYEG LETOTPOTNG EVEPYELNG. PiyvovTag pwg og Pacikég TTuyég Tng avopyavng cuvOETIKNG
ANUELOG, TNG UNYXAVIKTG SIETIPAVELDY KOl TOV QOTOYNUKOV AVTIOPACE®DYV, TO EVPNLOTA QTG
G €PYNCIOG CLVEICOEPOLY GNUAVTIIKE OGTNV €UPVTEPT] EPELVNTIKY TPOoTdbel Yo TNV

avamTuEn TEXVOLOYIOV PLOGIUNG EVEPYELOG.
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Chapter 1: Introduction

1.1 Hydrogen the future energy source: Photocatalytic water splitting

towards hydrogen production

The last few decades, the rapid industrialization along with the continuous growth of the
life-expectancy and life-quality has resulted to a growing energy consumption need. Until now,
amajor fraction of the energy produced to cover the ongoing demands derives from combustion
of fossil fuels [1-4]. This fossil fuel energy dependence has become an economic and
environmental burden [5,6]. The fact that the current fossil fuel reserves will be diminished
from the increased consumption rate provides an economic uncertainty, which may lead to a
global energy crisis with skyrocketed fossil fuel prices [7]. Also, due to the emissions of
greenhouse gases from the utilization of fossil fuels, it poses a major threat to the environment,
contributing to the global warming effect [8-10]. Hydrogen (H>) is considered as well-qualified
candidate to meet our energy demands due to high gravimetric energy density (120 MJ kg™)
and zero-carbon emission when converted into electricity or heat, yielding only water as

byproduct according to the following equation:
2H2(g) + O2 — 2H,0(g) + energy (1)

Hydrogen, as the most abundant element in the universe and non-toxic in its natural form,
represents a promising and sustainable solution to meet our current energy requirements [11].
Furthermore, hydrogen can be utilized as a fuel in power generation systems and internal
combustion engines, enabling its storage and usage in transportation systems [12,13].
However, despite the extraordinary properties of hydrogen, over 90% of it is currently
produced from fossil fuels using inefficient production techniques (e.g. steam methane
reforming), resulting in the emission of various hazardous gases into the environment (mainly
CO and CO») [14,15]. Hence, it is imperative to explore alternative methods of hydrogen
production that combine high efficiency, low cost, and environmental sustainability.
Photocatalytic water splitting has gained tremendous attention over the recent years [16—
18]. The rationale behind this approach lies in (a) its classification as a low-cost production
technique, leveraging sunlight irradiation, which stands as the cheapest and cleanest energy
source for chemical conversion applications. Moreover, it can exhibit (b) exceptional high
solar-to-hydrogen efficiency and (b) the capability of simultaneously producing H> and O>
gases in separation processes. During photocatalytic water splitting, (d) there is no production
of hazardous gases in the atmosphere, and (e) the tunable size of the photocatalytic reactors




offers significant flexibility to the industrial sector. Given the aforementioned advantages, the
significant interest of the research community in photocatalytic hydrogen production is well-
justified. For sustainable photocatalytic water splitting, the manufactured photocatalysts
(which utilize solar light for redox processes) must combine (a) high activity towards the
hydrogen reduction reaction, (b) exceptional photochemical stability, (c) high solar-to-
chemical conversion efficiency, (d) low-cost and (e) non-toxicity [19,20]. To this end, over the
last few decades, the research community has extensively investigated numerous materials,
focusing primarily on semiconductor materials to identify the optimal photocatalyst for large-

scale hydrogen [21,22].

1.2 Semiconductor-based photocatalytic hydrogen production

Mechanism and thermodynamics of the photocatalytic water splitting

The groundbreaking work of Fujishima and Honda in 1972 set the grounds for
photocatalytic water splitting in semiconductor materials [23]. Briefly, when a photocatalyst
absorbs light irradiation, the electrons (e°) in the valence band (VB) of the photocatalyst get
excited to the conduction band (CB), leaving photogenerated holes (h*) in the valence band.
After this process, the population of electrons and holes separates and emigrates to the
photocatalyst surface, where the photoexcited electrons act as reducing agents, producing Hz,
while the photogenerated holes act as oxidizing agents, producing O» [24,25]. The water
splitting reaction requires a standard Gibbs free energy change of AG® = +237 kJ mol™ or 1.23

eV as can be seen in following equation (eq. 2).

H20 — = 0z + Hz, AG=+237 kJ mol"* )

For this reason, the energy difference between the valence band and the conduction band of the
semiconductor (band gap energy, Eg), should be larger than 1.23 eV (or >1000 nm) in order for
the overall photocatalytic water splitting reaction to take place. A schematic of semiconductor-

based photocatalytic water splitting is depicted in Figure 1-1.
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Figure 1-1. Schematic illustration of semiconductor-based photocatalytic water splitting
toward hydrogen evolution. Reprinted with permission from ref. [24]. Copyright 2010

American Chemical Society.

The overall photocatalytic water splitting consists of two half reactions: (a) the hydrogen
evolution reaction (HER) or water reduction and (b) the oxygen evolution reaction (OER) or
water oxidation. The redox potentials (E®) of those half-reactions (V vs NHE) are pH dependent

and can be written as follows in acidic and alkaline solution conditions (eg. 3-7).

pH =0
(HER) 2H" + 26~ > Hz(g) Erea =0.0V (3)
(OER) 2H20¢y + 4h™ = Oz() + 4H" Eox =123V 4)
pH =14
(HER) 2H20q) + 2e™ = Ha() + 20H" Erea=-0826V  (5)
(OER) 4 OH +4h* - Oy + 2H20 Eox=10.404 V (6)

Overall water splitting reaction

2H200) > 2Hz(g) + Oz(g) AE =123V @)

The redox potentials are pH dependent, and they follow the Nernst equation as follows (eg. 8-
9):

Ered = -0.059 V x pH (vs NHE) (8)

Eox= 1.23 V — 0.059 V x pH (vs NHE) 9)




Considering the above, a photocatalyst must fulfill certain requirements for the photocatalytic
water splitting reaction to occur. Specifically, the conduction band (CB) must be located at a
more negative position than the reduction potential of the H*/H> couple, while the valence band
(VB) must be positioned at a more positive potential than the oxidation potential of the H.O/O>
couple. For instance, in a pH 7 environment (vs normal hydrogen electrode, NHE), the CB of
the photocatalyst must be positioned at potentials above —0.41 V (vs NHE), while the valence
band (VB) should be located at potentials below 0.82 V (vs NHE). Figure 1-2 depicts the

thermodynamic requirements for semiconductor photocatalytic overall water splitting.

Potential

(V vs. NHE) v A <

pH=7 <‘>

-0.41

0.82

Overpotential (AE) for OER

Figure 1-2. Overall water splitting thermodynamic requirements. The dashed lines represent
the water redox potentials in V (vs NHE), at pH 7. Reproduced from ref. [25] with the

permission of Royal Society of Chemistry.

When photocatalytic water splitting occurs on the surface of the semiconductor, multiple
processes take place simultaneously [26]. A more detailed photocatalytic water splitting
mechanism is depicted in Figure 1-3. As can be seen in Figure 1-3, the photocatalytic water
splitting reaction is consisted of five main processes (I-V): (1) photon absorption, (11) separation
of charge carriers, (111) migration of charges to the semiconductor/electrolyte interface, (IV)
charge carrier recombination and (V) redox reaction. Specifically, when photons with energy
greater than band gap energy of the semiconductor (Eg) are absorbed, electrons (e) are excited
to the CB, while holes (h*) are generated in the VB of the photocatalyst. Subsequently, the
separated electron/hole pairs migrate from the semiconductor to the semiconductor/electrolyte




interface, where the water oxidation and reduction reactions occur. Unfortunately, not all the
photoexcited charge carriers contribute to the redox reactions, as a significant fraction
undergoes recombination phenomena in the bulk region and at the surface of the photocatalyst,
generating thermally induced phonons. It is widely believed that charge recombination
phenomena play a significant role in the loss of photoexcited charge carriers, thereby limiting

the efficiency of solar-to-hydrogen conversion.

A* Reduction

AV

1l A
L — CB
g
By E, AV
-
T

D
Vv \
Oxidation D*+
Figure 1-3. Photocatalytic water splitting of a particulate photocatalyst. Five main processes
occur: () light absorption, (II) charge separation, (I1l) charge migration, (IV) charge

recombination and (V) redox reactions. Reproduced from ref. [26] with the permission of Royal

Society of Chemistry.

Designing photocatalysts at the nanoscale

Many semiconductor materials (especially metal oxides) suffer from sluggish redox
kinetics, low density of catalytic active sites and rapid recombination of the photoexcited
electron/hole pairs, resulting to poor photocatalytic performance. The rational synthetic design
of photocatalysts in the nanoscale has been proven quite effective, boosting the photocatalytic
activity. The radical size reduction to the nanometer scale results in an abundance of atoms or
ions on the surface of the photocatalyst, leading to an increased number of catalytic sites. The
plethora of surface-active sites results in a higher catalytic activity of the semiconductor

compared to larger bulk particles of the same material [27]. Also, the electronic and optical




properties are altered as a result of the size reduction [28-30]. Specifically, when the size of a
semiconductor is smaller than its Bohr radius, the movement of charge carriers is confined to
a very small physical space due to the quantum confinement effect. This leads to size-

dependent electronic and optical characteristics (Figure 1-4).

BO ¢ ¢ o

Decreasing size
Increasing band gap

CB

— ‘ Energy
$ I ‘ band gap

Bulk |
semiconductor Quantum dots

Diameter 6 nm ——  2nm

Figure 1-4. Schematic illustration of the electronic and optical properties alteration due to the

guantum confinement effect. Reproduced from ref. [30] with the permission of Elsevier.

Moreover, the size of the photocatalyst plays a crucial role in efficient light absorption.

Semiconductor light absorption also follows the Beer-Lambert law (eq. 10).
lg= lo-e™d (10)

The optical penetration depth (dp) is dependent on the wavelength-dependent absorption
coefficient (o) (eq. 11), thus the semiconductor ability to effectively absorb the incident light
is size-dependent and the existence of nanoparticles enhances the absorption ability of the

semiconductor.

8=~ (12)
The charge recombination during the photoexcitation of electron/hole pairs is one of the leading
causes of the poor photocatalytic performance in many photocatalysts. The very small size of
nanostructured catalysts allows photogenerated charge carriers to migrate efficiently to the

surface of the catalyst, reducing recombination rates within the material. However, while the




charge recombination rate inside the material is delayed due to the migration of charge carriers
to the surface, there is a possibility of a considerable increase in the charge recombination rate
on the surface [31]. To address the increase in surface charge recombination, the assembly of
nanoporous semiconductors, particularly mesoporous ones comprising closely packed
nanoparticles, can mitigate this effect.

The synthesis of mesoporous architectures (pore size ranging from 2 to 50 nm) has been at
the forefront of research. Recently, they have demonstrated significant catalytic potential in
environmental and energy conversion applications [32-34]. Especially, self-assembled
materials comprising semiconductor nanoparticles as building blocks, which create a three-
dimensional (3D) mesoporous network, combine the merits of mesoporous structures with
desirable electronic and optical properties from the nanoscale. Additionally, they offer a
plethora of catalytic active sites [35]. Although numerous synthetic methods have emerged for
constructing mesoporous materials in recent years, template-assisted methods are
predominantly utilized. The template-assisted strategies can be divided into two main methods:
() the soft-template and (b) the hard-template method [36]. Briefly, in the soft-template
method the mesopore architecture is constructed using soft-matter supramolecular aggregates,
such as block copolymers, which are co-assembled with the inorganic components [37]. Figure
1-5 illustrates the general soft-template strategies consisting of three main pathways for
devising mesoporous materials: (a) cooperative self-assembly (CSA), (b) true liquid-crystal
templating (TLCT), (c) evaporation-induced self-assembly (EISA) and (d) hard-template
strategy [38-42]. In the hard-template method, the synthetic route mainly involves using
mesoporous silica as a template to construct the mesoporous skeleton. In a typical procedure,
the desired precursors are deposited into the pores of the hard template and through thermal or
chemical treatment, along with the selective removal of the template (using HF or NaOH), the
desired mesoporous structure is obtained. In general, mesoporous architectures offer large
accessible surfaces, facilitating improved mass and charge carrier diffusion along the
mesoporous skeleton. Additionally, the porous nature of these materials enhances electrolyte
diffusion. When combined with unique electronic and optical properties derived from
semiconductor nanoparticles due to the quantum confinement effect, along with the abundance
of catalytic sites, the resultant photocatalyst may exhibit superior performance in the water

splitting reaction.
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Figure 1-5. Schematic representation of the main synthetic routes for obtaining mesoporous
materials. (A-C) Soft-template methods: (A) Cooperative self-assembly (CSA), (B) true liquid-
crystal templating (TLCT), and (C) evaporation-induced self-assembly (EISA). (D) Hard-
template method. Reproduced from ref. [42] with the permission of Royal Society of
Chemistry.

Interface engineering strategies for improving photocatalytic activity

In addition to synthetic engineering pathways, enhancing the photocatalytic performance of
semiconductors can be achieved through (a) the deposition of noble metals, (b) doping with
metals (such as Ag, Ni, Fe) or non-metals (such as N, S, F) into the crystal structure, and (c)
the construction of heterojunctions with co-catalysts. Among the above methods, constructing
heterojunctions between the semiconductor and another material (co-catalyst), is one of the
most effective ways of boosting photocatalytic activity. Given that rapid charge recombination
phenomena significantly reduce photocatalytic efficiency, the creation of heterojunctions is an

effective way to enhance the spatial separation of photogenerated electron/hole pairs. A




heterojunction can be formed by combining a metal and a semiconductor material, resulting in
a Schottky type junction. When the metal’s work function (gm) is higher than the
electrochemical potential of the semiconductor, the metal-semiconductor contact gives rise to
a Schottky barrier [43]. The work function of a metal is the energy required to transfer an
electron from the Fermi level (Er) of the metal to vacuum. In general, metals exhibit lower
Fermi level energy and are more conductive compared to semiconductor materials [44]. In most
n-type semiconductors, the Fermi level energy is located very close to the CB and is almost
equal to the electron affinity (nsm) of the semiconductor, which represents the energy required
for a CB electron to move to the vacuum [45] (Figure 1-6a). When a semiconductor and metal
come into contact during the formation of a Schottky junction, electrons migrate from the
semiconductor Fermi level (Er) to the Fermi level of the metal until a state of equilibrium of
both Er is reached [46] (Figure 1-6b). Such electron transfer results in an electron deficiency
in the semiconductor side and an accumulation of positive holes (h*) near the
semiconductor/metal interface. Simultaneously, a large number of electrons are accumulated
in the metal near the interface to maintain electrical neutrality. This process leads to the
formation of a depletion layer at the junction, creating an energy barrier for the charge carriers
known as the Schottky barrier (Figure 1-6¢). In order for the charge carriers to migrate from
the semiconductor to the metal, they must overcome this energy barrier. The Schottky energy
barrier provides an electron trapping state, forcing electrons to return to the semiconductor.
This reduces charge recombination of photoexcited carriers, leading to enhanced photocatalytic
activity [47,48].
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Figure 1-6. (a) Metal and n-type semiconductor band structures before contact. (b) Band
structures after contact of the metal and the n-type semiconductor. (c) Schematic representation
of the charge carriers flows and the formation of the Schottky-like energy barrier. Reproduced

from ref. [47] with the permission of Royal Society of Chemistry.




Except for metal/semiconductor contacts, semiconductor/semiconductor heterojunctions
can be formed to enhance the photocatalytic activity. Regarding the conductivity type of
semiconductor, whether it's p-type (where holes are the majority charge carriers) or n-type
(where electrons are the majority charge carriers), heterojunctions can be characterized as p-p,
n-n, and p-n. From two n-type (p-type) semiconductors, an n-n (p-p) heterojunction is formed,
while a p-n heterojunction derives from the contact of one p-type and one n-type semiconductor
material. Also, the semiconductor heterojunctions can further be categorized as Type I, Il and
I11 based on the band alignment of the two semiconductors (SC-1 and SC-1). In the Type |
band alignment scheme, the CB of semiconductor SC-1 is more negatively positioned than that
of SC-2, and the VB is more positively positioned than that of SC-2. In Type Il, the CB of SC-
1 is located in more negative values than that of SC-2, while the VB of SC-1 is in less positive
values than that of SC-2. In Type Ill, the CB and VB edges of SC-2 are located lower those of
SC-1[49]. Figure 1-7 depicts the possible band alignments for a semiconductor/semiconductor

heterojunction.
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Figure 1-7. Possible band alignments of two semiconductors in heterojunctions. Reproduced

from ref. [49] with the permission of Elsevier.

In particular,

e In Type | band alignment, when SC-1 exhibits a higher Er than SC-2, electrons from the
SC-1 will migrate to SC-2, until equilibrium of the Fermi levels of two semiconductors is
achieved. Due to the transfer of electrons from SC-1 to SC-2, the surface of SC-2 will

display a negative charge, while SC-1, having lost electrons, will exhibit a positive charge,
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creating an internal electric field directed from SC-1 to SC-2. During light irradiation, the
photogenerated holes (h*) will transfer from SC-1 to SC-2, facilitated by the internal
electrical field [46]. On the other hand, the migration of photoexcited electrons from SC-1
to SC-2 is obstructed, causing electrons from SC-2 to accumulate at the interface and
preventing their migration to SC-1 due to the more negative CB of SC-1 (Type I-1) [50].
Such an electron accumulation in the interface can be averted in the case of p-n type
heterojunction, in which SC-1 is p-type and SC-2 is n-type. In this scheme, the migration
of electrons from SC-2 to SC-1 is favored, while the photogenerated holes accumulate at
the interface (Type I-2). It should be noted that in both cases, there is enhanced charge
separation of electron/hole pairs.

e In Type Il band alignment, when the Er of SC-1 is higher than that of SC-2, an internal
electric field is generated from SC-1 to SC-2 (Type IlI-1). During light irradiation,
photoexcited electrons from the space charge region of SC-1 will transfer to the interior,
while the holes will migrate to the interface. Simultaneously, the photogenerated electrons
of SC-2 will transfer to the interface, while the holes will migrate to the interior, in contrast
to SC-1. This results in the interception of electrons from SC-2 and holes from SC-1,
leading to reduced charged carrier recombination [51]. Thus, the remaining population of
electrons from SC-1 and holes from SC-2 are free to take part in redox reactions. This type
of heterojunction is called the Z-scheme system because the processes of photoexcitation
and recombination display a Z-shaped route [52-54]. In the case where the Er of p-type
SC-2 is located higher than that of n-type SC-1, the internal electric field direction is from
SC-2 to SC-1 (Type 11-2).

e In Type HII band alignment, electrons and holes cannot transfer to the band of the other
semiconductor and accumulate at the interface (Type Il1-1). To facilitate the transfer of
electrons and holes from the interface in Type Ill heterojunctions, the introduction of a
suitable charge mediator is necessary. This mediator can connect the two semiconductors

via a Z-scheme [55].

A schematic representation of the different heterojunctions taking into account the internal

electric field is depicted in Figure 1-8.
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Figure 1-8. Different heterojunction types and proposed charge transfer characteristics, taking
into consideration the resulting internal electric field. Reproduced from ref. [49] with the

permission of Elsevier.

1.3 Metal-chalcogenides: Thiospinels a rising family of materials for

photocatalytic energy conversion applications

Metal chalcogenides are chemical compounds composed of at least one chalcogen anion
(such as S?, Se? or Te?) and at least one metal cation (such as Cd?*, Zn?* etc.). The last
decades, metal chalcogenides have attracted significant attention due to their unique physical
and chemical properties. The narrow band gap energy, high electrical conductivity, high redox
activity and low cost of metal chalcogenides make them ideal candidates for photocatalytic
energy conversion applications [56,57]. In recent years, thiospinel compounds and especially
ternary thiospinel materials A"B"';S4, where A and B are nominally divalent (Cd?*, Zn?*, etc.)
and trivalent (In®*, Co®" etc.) metal ions, respectively, have emerged as promising candidates
for electro- and photo-chemical applications [58]. The strong absorption ability of thiospinel
compounds in the visible light region (they have an energy gap of ~2.1-2.8 eV), along with
their multiple redox behavior and exceptional photochemical stability (especially in harsh
alkaline conditions), provides them with great potential for photocatalytic redox reactions.
Also, these materials are of low cost and non-toxicity. So far, several thiospinels compounds,
such as CdInzSas, ZnIn,Ss and CuCo2S4, have been investigated as photocatalysts for a range of

energy and environmental-related applications, including photocatalytic reduction of Cr(V1),
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CO2 and N2, as well as photocatalytic water splitting [59-63]. Among others, CdIn,Ss and
Znln,S4 have shown the greatest catalytic potential for the water reduction reaction and will be

the main focus of this dissertation [64,65].

Znln,S4 thiospinel compound

Zinc indium sulfide (ZnIn2Ss4 or ZIS) exists in three different crystal structures: (a)
hexagonal (P6smc), (b) cubic (Fd-3m) and (c) trigonal (R-3m), as illustrated in Figure 1-9 [66].
In hexagonal ZIS, Zn atoms exhibit a tetrahedral coordination geometry with S atoms, while
half of the In atoms display tetrahedral geometry and the other half display octahedral
geometry. In cubic ZIS, Zn atoms are tetrahedrally coordinated with S atoms, while In atoms
are octahedrally coordinated with S atoms. In the trigonal crystal structure, Zn and In atoms
share a mixed occupancy of the tetrahedral coordination sites. Several reports have
demonstrated that both hexagonal and cubic ZIS exhibit remarkable photocatalytic activity
under visible light irradiation thanks to their excellent photoconductivity and

photoluminescence properties [67,68].

R3m
Figure 1-9. Different crystal structures of ZninzSa4: (left) hexagonal (P6amc) ZnlIn2S4, (center)
cubic ZnInzSs (Fd-3m) and (right) trigonal ZnIn2S4 (R-3m). Reproduced from ref. [66] with

the permission of Wiley.
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To date, a variety of morphologies have been reported for Znin,S4 [66]. The morphologies
can be categorized into (a) zero-dimensional (0D), (b) one-dimensional (1D), (c) two-
dimensional (2D) and (d) three-dimensional (3D) structures (Figure 1-10). 0D ZIS compounds
mainly consist of nanoparticles and quantum dots, with a particle size typically ranging from
1-100 nm. The physical properties of these nanoparticles are significantly affected by quantum
confinement effects, leading to an increase in the energy gap compared to bulkier ZIS
compounds. As a result of the quantum confinement, 0D ZIS compounds exhibit greater redox
ability, improved light absorption efficiency and an abundance of catalytic surface-active sites.
Also, 1D structures of ZIS, such as nanowires and nanotubes, demonstrate superior
photocatalytic performance owing to their high aspect ratio and expansive specific surface area.
Due to the layered crystal structure, ZIS tends to grow into 2D shapes, such as nanosheets. The
2D morphology provides a large specific surface area, numerous surface-active sites and short
charge-carrier diffusion distance, thus limiting charge recombination. 3D morphologies of ZIS,
including hollow microspheres, microspheres and flower-like assemblies of nanosheets, have
garnered attention in recent years. These structures enhance light harvesting ability, provide an
abundance of surface-active sites, and suppress charge recombination due to the short charge

transfer distance along the structure.
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Figure 1-10. Schematic representation of the typical morphologies of ZnlIn,Ss catalysts.
Reproduced from ref. [66] with the permission of Wiley.
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The electronic and optical properties of ZIS vary with the different crystal structures. The
energy gap for the crystal polymorphs of ZIS ranges from 2.06 to 2.85 eV, rendering
appropriate for photocatalytic applications due to its strong visible light-harvesting capability.
Also, the CB position of ZIS in each crystal structure is more negative than the reduction
potential of the H*/H2 couple (approximately —1.0 to —0.8 V vs —0.4 V (NHE), at pH 7), making
it suitable for the hydrogen reduction reaction [69,70]. Over the years, the research community
has developed several synthetic strategies to obtain ZnlIn,Ss with the desired morphological,
textural, and optoelectronic characteristics. The most commonly used methods include (a)
hydrothermal, (b) solvothermal (c) microwave-assisted and (d) template methods (Figure 1-
11).

Hot-
injection

Ion-
exchange

Figure 1-11. Schematic representation of several synthetic strategies of obtaining ZnIn,Sa
catalysts. Reproduced from ref. [66] with the permission of Wiley.

The hydrothermal reaction is the most ordinary method for the synthesis of ZIS due to its
high yield, speed, and cost-effectiveness. Also, this synthetic strategy offers the advantage of
controlling crystal size, resulting in ZIS photocatalysts with enhanced crystallinity and phase

purity. In the hydrothermal method, metal precursors (Zn and In) along with a sulfur source
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are introduced into a sealed autoclave, where they undergo a reaction under high temperatures
and pressures to yield the ZnIn,S,4 catalyst. Compared to the hydrothermal reaction, the organic
solvents used in the solvothermal synthesis have a more significant impact on morphology,
structure, and photocatalytic activity of the ZIS. For instance, in the study by Shen et al., ZIS
synthesized in water exhibited a flower-like morphology similar to when methanol was used
asasolvent [71]. However, when ethylene was used, the morphology of ZIS changed, resulting
in a micro-cluster morphology. Additionally, the results of this study indicated that the ZIS
catalyst synthesized in water solvent displayed the highest crystallinity and photocatalytic
activity among the others. The microwave-assisted strategy is characterized by its low-
temperature and rapid nature. The uniform heating of the sample facilitates the creation of
homogeneous nucleation centers, while its low energy consumption makes it highly
environmentally friendly, even for large-scale synthesis. The template method is a dominant
approach for constructing nanocomposites with adjustable shapes and sizes. It can be
categorized into soft-template and hard-template methods, as mentioned earlier. One of its
main advantages is the ability to achieve high specific surface areas and an abundance of
adsorption sites, which can enhance photocatalytic performance [72,73]. Besides the chemical
synthetic methods mentioned above, there are also physical methods for preparing ZIS, such
as spray pyrolysis and chemical vapor deposition. However, these methods are not commonly
used [74-76].

Although ZIS is a semiconductor material with photocatalytic potential, in many cases, it
exhibits a poor photon to hydrogen conversion efficiency. This is due to the poor utilization of
the photogenerated electrons for the hydrogen evolution reaction. For this reason, several
methods have been developed to modulate the charge carrier’s dynamics, such as metal
deposition, element doping, vacancy engineering and semiconductor combination (formation
of heterojunctions). As mentioned before, the deposition of metals onto semiconductor
photocatalysts represents an effective strategy for enhancing their photocatalytic behavior. In
the case of ZIS with Pt co-catalyst, Pt nanoparticles can serve as electron acceptors, enhancing
charge separation and migration efficiency. This results in improved photocatalytic
performance compared to pristine ZIS [77]. Element doping has also proven to be highly
effective for ZIS semiconductors. For instance, when molybdenum (Mo) was deposited onto
the surface of ZIS, the photocatalytic hydrogen evolution performance was enhanced by a
factor of 10 [78]. This improvement was attributed to enhanced light absorption and separation
of the photoexcited charge carriers. Vacancy engineering can also enhance the light absorption

capability of ZIS. The defective ZIS structure, with sulfur or metal defects, exhibits altered
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electronic and optical behavior. If ZIS contains sulfur vacancies (Vs), these vacancies can act
as electron traps for the photogenerated electrons, thereby reducing the electron-hole
recombination effect [79]. When metal defects are introduced into the ZIS structure (such as
Zn vacancies), they increase the carrier density. Overall, vacancy engineering in ZIS can
enhance photocatalytic activity by modulating the dynamics of charge carriers [80]. Lastly, the
formation of heterojunctions between ZIS and another semiconductor is one of most commonly
used techniques to enhance photocatalytic activity [81]. The strong electronic interactions
between ZIS and the co-catalyst can indeed facilitate efficient interracial charge transfer and

separation, thereby enhancing the overall photocatalytic activity [69].

CdIn2S4 thiospinel compound

CdInzS4 (CIS) thiospinel has received less attention in research compared to ZIS, primarily
due to its poorer catalytic performance. CIS, unlike ZIS, exhibits only one crystal polymorph,
the cubic (Fd-3m) structure, where the Cd atoms are tetrahedrally coordinated with the sulfur
atoms, while the In atoms are octahedrally coordinated [64]. The morphology of this thiospinel
also varies, displaying 1D structures such as nanoribbons, nanotubes and nanowires, as well as
2D structures like nanosheets, and 3D structures such as sphere-like particles. The 1D structure
of CIS exhibits enhanced photocatalytic activity due to the high crystallinity of the obtained
particles. For example, in the study by Wang et al., where In,S3 nanosheets were combined
with CIS nanotubes, the resulting composites displayed enhanced catalytic activity towards
CO- photoreductions [82]. The morphology of CIS nanotubes plays a crucial role in enhancing
the photoreduction activity. By facilitating more efficient charge carrier migration and
separation, the nanotube structure enables effective utilization of photogenerated charge
carriers, leading to improved photocatalytic performance. In addition, the nanotube
morphology provides an abundance of active sites for the adsorption of CO, molecules. The
nanosheet structure of CIS has gained a tremendous popularity due to its ability to facilitate
fast charge carrier migration, and its large specific surface area [83]. The fabrication of CIS
nanosheets is relatively straightforward, as they can be synthesized through a simple
solvothermal reaction. Similarly to ZIS, 3D CIS structures can be obtained via straightforward
synthetic routes, with hydrothermal and solvothermal methods being the most commonly used.
These 3D CIS materials exhibit enhanced photocatalytic activity attributed to delayed charge
carrier recombination, improved interfacial charge transfer, and the high crystallinity of the

thiospinel structure [84].
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CIS possesses an energy gap between 2.0 and 2.6 eV, which is ideal for photocatalytic
applications under visible-light irradiation [85-87]. Also, the band structure of CIS is suitable
for the water reduction reaction, showing strong reduction and oxidation abilities [88,89]. The
main synthetic procedures used to obtain CIS thiospinel are similar to those used for ZIS and
will not be discussed further [64]. Similar to ZIS, several techniques have been developed to
improve the charge transfer efficiency and thus the photocatalytic activity of CIS. The most
popular method is through the deposition of co-catalysts to form heterojunctions. These
modulation strategies have also been proved quite effective, especially when constructing p-n
junctions, which can effectively increase the stability of the thiospinel. For example, upon light
irradiation of the p-n junction between p-type CosO4 and n-type CIS, the electrons in both
semiconductors are excited from the valence band to the conduction band. Due to the band
alignment of the semiconductors, photoexcited electrons transfer from Co304 to the CIS
semiconductor, while photogenerated holes migrate from CIS to CosOa4. This prevents the self-
oxidation of CIS and improves photochemical stability and activity (Figure 1-12) [90]. Also,
element doping (both metal and non-metal) and surface modification are crucial for enhancing
the photocatalytic properties of CIS, although they are generally less effective than the
construction of heterojunctions in CIS [91-94]. Briefly, doping with elements can enhance the
light absorption of CIS and promote the charge carrier separation and migration, while surface
modification can significantly improve the redox capabilities of CIS, leading to higher
photocatalytic efficiency.
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Figure 1-12. (a) Band structures of CIS (n-type) and Cos304 (p-type) semiconductors. (b)
Schematic representation of a possible p-n junction mechanism during light irradiation.

Reproduced from ref. [90] with the permission of Royal Society of Chemistry.
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Overall, ternary thiospinels (A"B2""'S4) have attracted significant attention from the research
community in recent years owing to their desirable electronic and optical properties,
particularly for applications in energy conversion and environmental remediation. ZniIn,S4 and
CdIn2Ss indeed show great potential for photocatalytic reactions. Both thiospinels offer
versatility in synthesis methods and morphological structures, allowing for a wide range of
approaches to tailor their physical and chemical properties for specific applications. However,
the rapid charge recombination is a significant challenge for these materials, limiting their
photocatalytic efficiency. Efforts to mitigate this issue through various strategies, such as
heterojunction formation, element doping and surface modification, are crucial for enhancing

their photocatalytic performance.

1.4 Transition metal phosphides and Ni-based co-catalysts

Transition metal phosphides (TMPs) are typically represented by the general chemical
formula MxPy, where M denotes a metal cation [95,96]. The nature of the M-P bond can vary,
being either ionic or covalent, contingent upon the electronegativity difference between the
metal and phosphorus atoms. When the electronegativity difference is significant, the M-P
bond tends to exhibit predominantly ionic characteristics, whereas when the electronegativity
difference is minimal, the M-P bond tends to display more covalent properties [97]. In most
TMPs, the M-P bond exhibits a mixture of both ionic and covalent characteristics [98].
Moreover, TMPs can categorized into two main categories: (a) metal-rich phosphides, when
the x/y ratio is greater or equal to 1, and (b) phosphorus-rich phosphides, when the x/y ratio is
smaller than 1 [96,99]. In metal-rich phosphides, the electrons are not confined around
individual atoms, leading to stronger M-M interatomic interactions. This phenomenon
contributes to the metallic nature of the TMP [100]. On the other hand, in phosphorus-rich
phosphides, the lack of metal atoms leads to poorer electrical conductivity but higher reactivity
[101]. An illustration of different stoichiometries of TMPs is provided in Figure 1-13,
showecasing the diverse chemical compositions of nickel phosphides, ranging from metal-rich

to phosphorus-rich structures.
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Figure 1-13. Nickel phosphide various crystal structures. Reproduced from ref. [99] with the
permission of American Chemical Society.

TMPs exhibit remarkable electrochemical activity, a characteristic that can be attributed, in
part, to their chemical structure and electronic composition. If we consider TMPs as P-doped
metal alloys, then the introduction of P atoms plays a crucial role in catalytic activity [102,103].
Specifically, the P atoms, which are negatively charged can function as electron acceptors from
the metal atoms. Also, owing to their negative charge, P atoms can act as trap sites for positively
charged cations like protons (H"), thereby further improving catalytic activity (e.g., hydrogen
evolution reaction). Although the presence of phosphorus is advantageous in the structure of
TMPs, it can also lead to a reduction in electrical conductivity, potentially limiting the catalytic
activity. The Sabatier principle states that to achieve optical catalytic performance in the
hydrogen evolution reaction (HER), the material should possess moderate binding energies for
the reactive intermediates [104]. When the Gibbs free energy of hydrogen adsorption (AGH+)
on the catalyst’s surface approaches 0 eV, the catalyst has the potential to attain high activity
in the hydrogen evolution reaction. A smaller AGn= tends to delay the release of adsorbed
hydrogen (H*) because of the strong interaction between the material and H*, while a larger
AGn+ necessitates energy input (endothermal step) for proton-electron transfer to occur.
Jaramillo’s research group provided the initial evidence that TMPs exhibit favorable AGn+
values and demonstrate promising activity in the hydrogen evolution reaction (Figure 1-14)
[105]. This thesis dissertation will primarily focus on rich-metal phosphides due to their high
electrical conductivity and redox ability. Specifically, nickel and cobalt phosphides will be
investigated as possible co-catalysts for the photocatalytic water reduction reaction.
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Figure 1-14. Activity volcano for the HER showing the geometric current density from (A) at

an overpotential of 1 = 100 mV as a function of hydrogen adsorption free energy (AGw).
Reproduced from ref. [105] with the permission of the Royal Society of Chemistry.

Nickel phosphides

Nickel phosphides (NixPy) are one of most investigated materials among the TMPs [106].
NixPy exhibits a range of crystal structures, including metal-rich compositions like Ni2P, Ni12Ps,
and NisP, as well as phosphorus-rich forms such as NiP2 and NiPs, as illustrated in Figure 1-
13. Nickel phosphides with high P/Ni ratios, such as NisP4, demonstrate superior catalytic
activity for the hydrogen evolution reaction (HER) and photocatalytic water splitting, while in
lower P/Ni ratios, they exhibit an enhanced catalytic activity towards the oxygen evolution
reaction (OER) [107,108]. Among them, Ni2P stands out for its remarkable catalytic activity
in both the HER and OER, despite its metal-rich nature. In terms of chemical stability, metal-
rich nickel phosphides generally maintain their stability, while it tends to decrease with the
inclusion of more P atoms in phosphorus-rich compounds [109]. The rationale behind this lies
in the composition of metal-rich nickel phosphides, which feature metallic bonds (Ni-Ni)
alongside ionic bonds (Ni-P). With the introduction of phosphorus atoms, the metallic and ionic
bonds are replaced by P-P bonds, which are inherently less stable. Consequently, this renders
the phosphorus-rich variants more susceptible to corrosion phenomena.

Recently, it was found that Ni2P displays catalytic properties comparable to those of [NiFe]
hydrogenase. Notably, the (001) plane of Ni2P demonstrated higher thermostability and HER
activity similar to that of the [110] crystal plane of hydrogenase. Also, investigations revealed

a surplus of non-stoichiometric phosphorus atoms occupying the Nis hollow sites within the
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NisP2 layers of Ni2P, contributing to increased stability. Moreover, Ni>P demonstrates notable
catalytic activity for OER [111]. Indeed, the higher concentration of metal atoms in the
structure of Ni2P promotes the formation of Ni-O and Ni-O-O bonds, which enhance the
efficiency of oxygen evolution. Considering these characteristics, Ni2P shows remarkable
reduction and oxidative capabilities. Moreover, its semiconductor form exhibits a small energy
gap of approximately 1 eV, rendering it highly promising as a catalyst for the electro- and

photo-catalytic hydrogen evolution reaction.
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Figure 1-15. Schematic representation of the different synthetic routes of obtaining nickel

phosphides. Reproduced from ref. [106] with the permission of Royal Society of Chemistry.

In recent years, numerous synthetic procedures have been developed to achieve nickel
phosphide with desirable morphology and crystal structure. The most commonly used are the
(a) thermal decomposition [112,113], (b) hydrothermal or solvothermal reaction [114,115], and
(c) the solid-gas method [116,117], see Figure 1-15. The thermal decomposition synthetic
method relies on decomposing precursors in the liquid phase, making it the most efficient
approach for obtaining nickel phosphides. In this method, metal salts or metallic nickel react
with a phosphorus source in an organic solvent under inert atmosphere conditions. This
synthetic approach offers the advantage of producing nickel phosphides in the nanoscale with
diverse morphologies, such as nanoparticles and nanowires. Another wet chemical process is
the hydrothermal or solvothermal reaction. Here, metal precursors react with the inorganic
phosphorous source (red P, white P, or yellow P) under elevated pressure and temperature

conditions. The P/Ni ratio, choice of solvent, and reaction conditions all significantly influence
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the isolation of the desired phase structure of nickel phosphide. This method is particularly
favored for synthesizing Ni2P and Ni2Ps in a range of morphologies, including nanoparticles
and nanosheets. In addition to wet chemical synthetic routes, the solid-gas method is also
popular. Here, Ni-based precursors react with phosphorus sources (such as NaH2PO. or
NH4H2PO>) through a phosphidation process, during which the phosphorus sources decompose
to form highly active PH3 gas (Figure 1-16). This synthetic protocol is commonly employed
for the production of Ni2P and Ni12Ps phosphides, yielding materials with diverse sizes and
morphologies. In general, Ni2P co-catalyst enhances light absorption (due to its narrow energy

gap), while also accelerating charge transfer and reinforcing photostability. [118,119].

PH,gas

Ni pmcursur \all PO,

(Downstneam) s ‘ t (Upstream)

(300- 600°C)

Figure 1-16. Schematic representation of the solid-gas method to obtain nickel phosphide

materials. Reproduced from ref. [106] with the permission of Royal Society of Chemistry.

Cobalt phosphides

Cobalt phosphides (CoxPy) have received less attention compared to nickel phosphides
(NixPy), but they also exhibit significant catalytic potential [120-122]. Similar to NixPy, CoxPy
displays a range of crystal structures, spanning from the metal-rich compositions such as Co.P
and CoP, to phosphorus-rich variants like CoPs and CoPs. The Co atoms that are in the cobalt
phosphide structure can function as hydride-acceptors, while P atoms act as proton-acceptors;
this synergy results in remarkable activity for the hydrogen evolution reaction. Metal-rich
CoxPy usually exhibit metallic properties, featuring an electronic structure similar to noble
metals. On the other hand, phosphorous-rich CoxPy demonstrates semiconductor properties and
falls in terms of electrical conductivity compared to their metal-rich counterparts. The synthetic
methods currently employed to obtain CoxPy are identical to those used for nickel phosphides,
including thermal decomposition, hydrothermal or solvothermal reactions, and the solid-gas

method. Further analysis of these methods will not be pursued here.
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Overall, TMPs represent an intriguing class of materials with significant catalytic potential.
While predominantly utilized in electrocatalytic energy conversion applications, such as the
hydrogen and oxygen evolution reactions, their high electrical conductivity and redox
capabilities render them excellent candidates for serving as co-catalysts in photocatalytic

hydrogen production.

Nickel (oxy)hydroxide materials

Ni-based (oxy)hydroxide material represent an intriguing category of catalysts tailored for
energy conversion applications [123,124]. These materials have garnered significant attention
from the research community due to their cost-effectiveness in manufacturing, the abundance
of nickel in comparison to noble metals, and their remarkable catalytic efficiency. Among
them, nickel(Il) hydroxides (Ni(OH)2) demonstrate exceptional catalytic potential [125,126].
Ni(OH) exists in two crystal polymorphs, known as the o and B structures (Figure 1-17)
[127,128]. The a-Ni(OH). phase comprises Ni(OH). layers interspersed with intercalated
anions or water molecules and crystallizes in the R-3m space group. The B-Ni(OH). phase
shares the same crystal structure as brucite (Mg(OH)2) and crystallizes in the hexagonal crystal
system (P-3m1). The B-Ni(OH): crystal structure is characterized by a hexagonal close-packed
arrangement of hydroxyl anion groups. The Ni(ll) ions adopt an octahedral geometry, with

three oxygen atoms positioned above the plane of the nickel atom and the other three below.

(a) B-Ni(OH), (b) a-Ni(OH),

Layer X - Layer
Ni-Ni 7.7A s.oi\
e m 23} 'w
IRV VY VIS

a

a

Figure 1-17. Crystal structures of (a) B-Ni(OH)2 and (b) a-Ni(OH).. Reproduced from ref.
[127] with the permission of the Royal Society of Chemistry.
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Nickel (1) hydroxide can be synthesized through varioys synthetic methods [129], with the
chemical precipitation method being the simplest and most commonly used. Briefly, the
chemical precipitation method is a one-step process where the nickel precursor reacts with a
basic solution, such as NaOH@g) or NH4OHg), resulting in the precipitation of the desired
Ni(OH)2. The phase structure and crystallinity of Ni(OH)2 are influenced by the choice and
concentration of Ni precursor, temperature and pH of the solution. At room temperature
conditions, the a phase is typically favored, whereas at higher temperatures, a mixed o/p phase
or pure P phase can be obtained. Another method for synthesizing Ni(OH). is the
electrochemical precipitation method, where nickel cations react with OH™ anions generated
from water reduction. The resulting phase of Ni(OH)2 is influenced by the type of Ni precursor
and the cathodic current density applied. At low current densities, the o phase is favored, while
higher current densities can lead to the formation of the B phase. An interesting synthetic
process is the chemical ageing, where a-Ni(OH)2 can transform into f-Ni(OH)2 under alkaline
conditions at elevated temperatures (~80 °C). This method yields a product with improved
structural order and higher crystallinity. Another well-known method for synthesizing nickel
hydroxide is the hydrothermal and solvothermal method. This approach is straightforward,
requiring only the Ni precursor and solvent in an autoclave. Typically, hydrothermal synthesis
is employed to obtain the 3 phase, while the a phase is achieved through solvothermal reactions
with the addition of an intercalation agent. This versatile synthetic process is applicable in the
industrial sector for large-scale synthesis and can also produce Ni(OH). materials at the
nanoscale.

In recent years, Ni(OH).-based cocatalysts have been widely utilized due to their significant
advantages, which can enhance the photocatalytic performance of semiconductor
photocatalysts [126]. Specifically, Ni(OH)2 cocatalysts can promote the efficient separation of
the photogenerated charge carriers within the semiconductor by forming heterojunctions.
Because Ni(OH)> demonstrates a lower overpotential and reaction energy barrier for the
hydrogen evolution reaction compared to most semiconductors, the construction of
heterojunctions with Ni(OH) leads to an increase in catalytic active sites for photocatalytic
hydrogen evolution. Additionally, Ni(OH)2 is renowned for its exceptional stability even under
harsh conditions, such as alkaline and acidic environments, thereby offering robust photo-
corrosion protection for the semiconductor catalyst. Figure 1-18 provides a summary of the
advantageous utilization of Ni(OH).-based cocatalysts for photocatalytic applications.
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Figure 1-18. Ni(OH)2-based cocatalysts role in photocatalysis. Reproduced from ref. [126]

with the permission of Elsevier.

For a better understanding of the crucial role Ni(OH). can play as a co-catalyst, it’s noted
that the photocatalytic performance of the B-Ni(OH).-modified CdS significantly surpasses that
of Pt-loaded CdS [130]. The superior photocatalytic performance of B-Ni(OH)2/CdS
heterostructure can be attributed to the formation of a p-n junction between p-type p-Ni(OH)2
and n-type CdS. When exposed to visible light, electrons in the n-type CdS semiconductor get
excited, generating electron-hole pairs. The formation of the heterojunction enables
photogenerated holes from CdS to transfer to B-Ni(OH)2, leading to an increased electron
population in CdS. The increased electron density in CdS subsequently participates in the water
reduction reaction, thereby enhancing the photocatalytic performance for the hydrogen
evolution reaction. Figure 1-19 displays a possible photocatalytic mechanism of [3-

Ni(OH)./CdS p-n heterojunction for photocatalytic hydrogen evolution.
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Figure 1-19. Proposed mechanism of the p-n heterojunction between f-Ni(OH)2 and CdS at

pH 7. Reproduced from ref. [130] with the permission of American Chemical Society.
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1.5 Thesis statement and objectives

The develop of renewable energy sources to replace fossil fuels is of utmost importance.
Hydrogen, with its exceptional properties, is recognized as an alternative energy carrier.
However, existing hydrogen production technologies suffer from inefficiency and contribute
to environmental pollution through the emission of greenhouse gases. Photocatalytic water
splitting has emerged as a sustainable technique for generating hydrogen gas from water.
During overall water splitting, the simultaneous production of H, and O, gases poses a
challenge for separation. Hence, employing sacrificial reagents as electron donors (hole
scavengers) becomes essential. These reagents prevent O generation and exclusively
accelerates the water reduction reaction. The last decades, there has been a significant endeavor
to develop high-performing semiconductor photocatalysts. However, existing options still
suffer from low photocatalytic efficiency and stability. Consequently, there is an urgent need
to innovate and explore novel photocatalytic materials capable of simultaneously
demonstrating high photoactivity and photochemical stability. Building on this premise, the
new photocatalysts should undergo a rational synthetic design to achive optimal photocatalytic
activity. The synthetic engineering of three-dimensional (3D) mesoporous architectures,
comprising nanoparticles as building blocks, presents numerous advantages. In fact,
mesoscopic architectures of nanoscale building blocks could combine disparate functionalities
on the same material such as quantum-confined optical absorption and fast interparticle mass
transport, not found in traditional porous solids and isolated nanoparticles. Furthermore,
nanometer-scale structures can provide a notable boost in intrinsic photoactivity by retarding
bulk carrier recombination due to the shortened distance for charge carriers to access the
surface-active sites, a notorious problem in photocatalysis.

This dissertation comprises two primary aims. The first is to develop a novel class of 3D
mesoscopic structures as potential photocatalysts for the hydrogen evolution reaction. Metal
chalcogenides, particularly thiospinel compounds, stand out as excellent candidates due to their
intriguing physicochemical and electrochemical properties. Of particular note, 3D mesoporous
photocatalysts composed of thiospinel nanoparticles have not yet been reported. The second
aim is to enhance the photocatalytic activity of the newly-developed materials by forming
heterojunctions (using low-cost materials such as transition metal phosphides and Ni-based
materials), and to uncover the role that these cocatalysts in the charge carrier dynamics and the

photochemical activity of the semiconductors.

Overall, this Ph.D. thesis encompasses the following research objectives:
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(@) The development of a facile synthetic route for producing size-controlled thiospinel
nanoparticles (ZnlIn.Ss, CdIn2S4) and their assembly into 3D mesoporous structures.

(b) The structural and physicochemical characterization of these photocatalysts.

(c) The evaluation of their photocatalytic activity towards the hydrogen evolution reaction.

(d) The fabrication of mesoporous heterojunctions comprising thiospinel-based
photocatalysts and effective, earth-abundant co-catalysts (e.g., Ni2P nanosheets, CozP,
and B-Ni(OH)2 nanoparticles) to achieve superior photocatalytic performance.

(e) To investigate the role of the co-catalysts in the charge carrier dynamics and unveil a

possible mechanism for the hydrogen evolution reaction.
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Chapter 2: Experimental Section

2.1 Synthesis of ZnIn2S; and CdIn.Ss4 colloidal nanocrystals

ZnlnyS4 (ZIS) and CdinzS4 (CIS) colloidal nanocrystals (NCs) were prepared though a low-
temperature solvothermal reaction [35]. In a typical preparation, Cd(NO3)2'4H20 (1 mmol, 237
mg) for CdIn2Ss NCs or Zn(NO3)26H20 (297 mg) for ZnInzSs NCs, In(NO3)36H20 (2 mmol,
818 mg), 3-mercaptopropionic acid (3-MPA, 24 mmol, 3 mL) and NH4OH (25 % wt. %, 12
mL) were added in 15 mL of ethylene glycol (C2HeO2) under vigorous stirring and the resulting
mixture was heated at 150 °C. Then, thioacetamide (CH3CSNH>) (10 mmol, 750 mg) dissolved
in 10 mL ethylene glycol was rapidly injected into the above mixture. The resulting yellow
colloidal suspension was stirred under reflux conditions for a certain time (see table below).
After the mixture reached room temperature, the nanocrystals were isolated through
centrifugation with the addition of isopropyl alcohol, washed with copious amounts of

water/ethanol (1:1 v/v) mixture and dried at 40 °C for 24 hours.

Sample Nanocrystal size Reaction time
(nm) (hours)
ZnlnzS4 NCs 4.5 3
ZnIn2S4 and CdInzSa NCs 6 6
Znln,S4 and CdInzSs NCs 11 12

For reference studies, bulk CdIn2S4 and ZnlIn2S4 solids were also prepared by hydrothermal
reaction of Cd(NO3)24H20 (1 mmol, 237 mg) or Zn(NO3)26H20 (1 mmol, 297 mg) and
IN(NO3)26H20 (2 mmol, 818 mg) with thioacetamide (10 mmol, 750 mg) at 150 °C for 12
hours. The obtained products were centrifuged, washed with water and ethanol, and dried at 60
°C for 24 hours.

2.2 Synthesis of mesoporous ZnIn2Ss and CdIn:S4 frameworks

The synthesis of mesoporous nanocrystal frameworks (NCFs) composed of different particle
sizes (ca. 4-11 nm) of CdIn2S4 and Znln,S4 was achieved as follows: 250 mg of 3-MPA-capped
CdIn2Ss or ZnlIn2S4 nanocrystals were suspended in 2.5 mL of deionized (DI) water under
vigorous stirring at room temperature. A few drops of 10 M NH4OH were added to the

suspension in order to obtain a stable colloid solution. Then, the colloidal suspension was
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transferred in an aqueous solution of polyethylene glycol hexadecyl ether polymer (Pluronic
Brij-58, HO-(CH2CH20)n-(CH2)15-CHS3) (10 % w/v, 2.5 mL) and kept under stirring for 1 hour.
Then, 1.2 mL of H202 (3 % v/v) was added dropwise until gelation was observed (typically
within 30 min), and the obtained gel suspension was left to slowly evaporate the water at 40
°C under static conditions for 4 days. To remove the polymer template, the hybrid product was
washed twice with warm ethanol (~40 °C) for 2 hours and three times with DI water for 1 hour
each time at room temperature. The final product was filtered and washed several times with
ethanol and dried at 60 °C for 12 hours. For comparison purposes, random aggregates of
CdIn2S4 and ZnIn2S4 nanocrystals (RNAS) were prepared using the exact synthetic procedure,

except the addition of the template.

2.3 Synthesis of transition metal phosphides

2.3.1 Synthesis of Ni2P nanosheets

Nickel phosphide (Ni2P) nanosheets were prepared according to a modified literature synthetic
procedure [131]. NiCl26H20 (1 mmol, 240 mg) and ethylenediamine (C2HsN2, 2 mL) were
dissolved in 20 mL of DI water, forming a deep violet solution. Then, this solution was
transferred in a 50 mL Teflon-lined autoclave and red phosphorus (5 mmol, 150 mg) was
added. The autoclave was then sealed and heated at 150 °C for 12 hours. The final black product
was isolated through centrifugation, washed several times with DI and ethanol and dried at 60
°C for 12 hours.

2.3.2 Synthesis of CozP nanoparticles

Cobalt phosphide (Co2P) nanoparticles were prepared via a hydrothermal synthetic method
with modifications [132,133]. In a typical reaction, Co(NO3)26H20 (0.5 mmol, 145 mg) and
red phosphorus (5 mmol, 300 mg) were added in 20 mL of DI water and ultra-sonicated for 1
hour to form a homogenous suspension. Then, the resulting solution was transferred in a 25
mL Teflon-lined autoclave and was heated at 210 °C for 21 hours. The final product was
isolated by centrifugation, washed several times with DI water and ethanol and dried at 60 °C

for 24 hours.
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2.4 Preparation of CdlIn,Ss-based heterostructures

2.4.1 Preparation of Ni.P-modified CdIn,S4 heterostructures

Mesoporous heterostructures of NiP nanosheets and CdIn,Ss mesoporous materials were
obtained through a wet chemical deposition method. In a typical synthesis of 5 wt. %
Ni2P/CdIn,Ss sample, 95 mg of mesoporous CdIn,Ss were dispersed in 50 mL of DI
water/isopropyl alcohol mixture (2:1 v/v) at room temperature. In separate vial 5 mg of NiP
was suspended in 20 mL of the same mixture (DI water/isopropyl alcohol, 2:1 v/v) by
ultrasonication for 2 hours. Then, the Ni2P solution was added dropwise to CdInS4 suspension
and the resulting mixture was left under stirring for 1 hour at room temperature. The product
was collected by vacuum filtration, washed with ethanol, and dried at 60 °C for 12 hours. A
similar procedure was employed for the preparation of 10, 15, 20 and 30 wt. % Ni2P content

(see table below).

Ni2P NizP Mesoporous CdlInzS4
Sample (wt. %6) (mg) (mg)
5 wt. % Ni2P/CdInzSs 5 5 95
10 wt. % Ni2P/CdIn2S, 10 10 90
15 wt. % Ni2P/CdIn2Ss 15 15 85
20 wt. % Ni2P/CdIn2S4 20 20 80
30 wt. % Ni2P/CdIn2S4 30 30 70

For comparison, a reference bulk material of Ni>P/CdIn,Ss was prepared by wet chemical
deposition of 15 mg of Ni2P nanosheets on 85 mg of bulk CdIn2Ss (15 wt. % Ni2P).

2.4.2 Preparation of Co.P-modified CdInzSs heterojunctions

Mesoporous Co2P/CdIn.S4 heterostructures were also prepared via a wet-chemical deposition
method. For a typical synthesis of 5 wt. % CozP-modified sample, 5 mg of Co2P nanoparticles
were suspended in 50 mL of DI water/isopropanol solution (2:1 v/v) and was ultrasonicated for
1 hour. In a separate beaker, 95 mg of mesoporous assemblies of CdIn,Ss were suspended
under vigorous stirring at room temperature in 50 mL of the DI water/isopropanol (2:1 v/v)
mixture. Then, the CozP mixture was added to the CdIn,S4 suspension to form Co2P/CdIn,Ss
heterojunctions and was left under vigorous stirring for another 1 hour. The Co2P-modified
materials were isolated by vacuum filtration, washed with ethanol, and dried at 60 °C for 24
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hours. For the synthesis of 7, 10 and 15 wt. % Co02P/CdIn,S4 samples, the amounts of CozP

used was 7, 10 and 15 mg and the amounts of CdIn2Ss were 93, 90 and 85 mg, respectively.

Also, for comparison purposes, a bulk reference material was also prepared containing 10 wt.
% of Co2P nanoparticles (10 mg Co2P, 90 mg bulk CdInzSa).

2.4.3 Preparation of Ni-modified CdlIn2Ss heterostructures

Ni-modified CdInzSs heterostructures were prepared following a photochemical deposition
process with triethylamine (TEA) as hole scavenger [130]. In a typical synthesis, 100 mg of
the mesoporous CdInSs were dispersed in a 20 mL aqueous solution containing triethylamine
(10 % v/v). Then, in order to achieve the desired weight loading percentage (5-15 wt. %) of
Ni, the amount of Ni precursor was adjusted accordingly (NiCly6H20, 1 mg mL™). The
resulting mixture was sealed in an airtight custom-made photochemical reactor and degasses
with Ar gas for 30 minutes. After this, the mixture was illuminated for 90 minutes with a 375
nm light-emitting diode (50-W LED). The final product was collected by centrifugation,
washed several times with DI water and ethanol and was left to dry at 60 °C for 12 hours.

A reference material, containing 10 wt. % Ni on bulk CdIn,Ss was also prepared for
comparative study. Moreover, bulk B-Ni(OH)> was prepared by utilizing a chemical
precipitation method. In particular, in a 20 mL of 1M NiCl26H20 solution, 20 mL of 4M NaOH
were added dropwise until the formation of a light green precipitate is observed. Then, the
resulting mixture was transferred into an oven and was heated at 60 °C for 24 hours, under
static conditions. The final product was isolated by vacuum filtration, washed several times
with DI water and ethanol, and dried at 100 °C for 12 hours.

2.5 Physical characterization

X-ray diffraction (XRD) patterns were acquired on a PANanalytical X’ pert Pro MPD X-ray
diffractometer equipped with Cu Ka radiation (A=1.5418 A) in Bragg-Brentano geometry (45
kV and 40 mA).

Small-angle X-ray scattering (SAXS) patterns were collected on a Xeuss 3.0 (Xenocs, France)
system equipped with a 2D detector and a Cu (A = 1.5405 A) rotating anode. Measurements
were performed by transmission in samples that were ground and held in a Kapton capillary.

Scattering data were corrected for empty tube scattering.
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Filed-emission electron microscopy (FE-SEM) was performed on a JEOL JSM-IT700HR
microscopy.

Transmission electron microscopy (TEM) images were obtained with a JEOL JEM-2100
electron microscope (LaBs filament) operating at 200 kV. The samples were prepared by
suspending fine powders in ethanol using sonication and then drop-casting on a carbon-coated
Formvar Cu grid.

Quantitative microprobe analysis was conducted on a JEOL JSM-6390 LV scanning electron
microscope (SEM) equipped with an Oxford INCA PnetaFETx3 energy dispersive
spectroscopy (EDS) detector (Oxfordshire, UK). Data acquisition was performed on at least
ten different regions of every sample, using 20 kV acceleration voltage and 60 s accumulation
time.

X-ray Photoelectron Spectroscopy (XPS) was performed on a SPECS spectrometer that was
equipped with a Phoibos 100 1D-DLD electron analyzer and a monochromate Al Ka radiation
(1486.6 eV) as an energy source. A low-energy electron flood gun was employed for charge
neutralization. Prior to XPS measurements, the samples were pressed to form a pellet. All
binding energies were calibrated using the C1s peak of adventitious carbon (284.8 eV) as the
reference signal. Peak fitting of XPS spectra was performed using the SpecsLab Prodigy
software.

UV-vis/near IR diffusion reflectance spectra were taken using a Shimazu UV-2600
spectrophotometer, with BaSO4 powder as a 100% reflectance reference. Diffuse reflectance
data were converted to absorbance (a/S), according to the Kubelka-Munk function: o/S = (1-
R)?/(2R), where R is the reflectance and o, S is the absorption and scattering coefficients,
respectively.

Thermogravimetric (TGA) measurements were performed in a Discovery TGA5500 system
(TA instruments). The thermal analysis was conducted in a nitrogen atmosphere (under a flow
rate of ~200 mL min) using a two-step method where the first step the sample was maintained
at 100 °C to remove the moisture of the sample and the second step was conducted from 100
to 550 °C with an increase heating rate of 10 °C min. Differential scanning calorimetry (DSC)
were conducted in a Discovery DSC250 calorimeter (TA instruments).

Raman spectra were recorded on a Thermo Scientific DXR3xi Raman imaging microscope,
using a 532 nm laser.

Nitrogen physisorption measurements were performed at —196 °C with the use of a
Quantachrome NOVA 3200e volumetric analyzer. Prior measurement, each sample was

degassed at 100 °C for 12 hours under vacuum (<107° Torr). The specific surface areas were
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calculated using the Brunauer-Emmet-Teller (BET) method in the relative pressure (P/Po)
range of 0.04-0.24 [134]. The total pore volumes were determined from the N, adsorbed
amounts at P/Po of 0.98. The pore-size distributions were calculated from the adsorption data,
using the non-local density functional theory (NLDFT) method [135].

Photoluminescence and decay curve analysis was performed in room temperature conditions
using an Edinburgh FSS spectrofluorometer. Time-resolved photoluminescence (TRPL)
spectra were acquired at room temperature using 375 nm pulse laser excitation.

High-energy X-ray diffuse scattering (HE-XRDS) plots were collected were collected on a
Bruker D8 Venture diffractometer equipped with a PHOTION Il CPAD detector at room
temperature, using Mo Ka radiation (A = 0.7093 A) under a capillary geometry. Diffraction
data were corrected for the empty cell scattering. The X-ray total scattering data (1(q) = f(q),
where g is the wavevector) were Fourier transformed to obtain the pair distribution functions
(PDFs) using PDFgetX3 [136]. Modelling of PDFs was performed using PDFgui software
[137].

2.6 (Photo)electrochemical measurements

The electrochemical experiments were conducted in a single-channel VersaSTAT 4
electrochemical workstation (Princeton Applied Research). The electrochemical cell consists
of a working electrode, an Ag/AgCI (saturated KCI solution) reference electrode and a Pt wire
counter electrode. The working electrodes were prepared through drop-casting of the samples
on a fluorine-doped tin oxide (FTO, 10 Q sq?) glass substrates. Briefly, 10 mg of as-
synthesized catalyst was homogeneously dispersed in 1 mL ethanol by ultrasonication for about
1 hour. Then, 100 pL of the suspension was drop-casted on a FTO substrate and dried at 60 °C
for 1 hour. Mott-Schottky plots were reordered in 0.5 M NaSO4 aqueous solution (pH = 6.8)
using 1 kHz with a 10 mV AC voltage amplitude. All potentials were referred to a reversible

hydrogen electrode (RHE), using the following equation:
ErHE = Eagiagel + 0.197 V + 0.059 V x pH (12)
where, Eag/ager is the measured potential in the Ag/AgCl scale.

The donor concentration (Np) of the catalysts was calculated from the Mott-Schottky plots,
according to the following equation:

_ CL2(E—Epp)

£'€0°€Q

Np (13)
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where, Cs is the space charge capacitance, E is the applied potential, Erg is the flat-band
potential, € is the dielectric permittivity of CdIn2Ss (6.6) or (4.73) for ZnIn,S4 (4.73) [74,138],
go is the dielectric permittivity in the vacuum (8.8542 107 F cm™?) and ey is the elementary
charge (1.602 107'° C).

The width of the depletion layer (Wp) was calculated as:

2'80'8'(E—EFB)) 172
Np-eg

Wi =( (14)

Electrochemical impendence spectroscopy (EIS) measurements were conducted in a frequency
range of 1 Hz to 10 kHz under open-circuit potential or with an applied voltage of —1.2 V (vs
Ag/AgCI), using a modulation amplitude of 10 mV. The EIS data were fitted using Zview
software. Transient photocurrent curves were recorded under chopped visible-light (420-780
nm) irradiation at a fixed bias of —1 V (vs. Ag/AgCl) in 0.5 M Na>SOs electrolyte. Polarization
curves were recorded as linear sweep voltammetry (LSV) at a scan rate of 50 mV s~! under
visible LED light irradiation. LSV measurements were performed in a three-electrode cell in
0.5 M NaxSO;s solution, with the catalyst-modified FTO substrate as a working electrode and
Ag/AgCI (saturated KCI solution) and graphite rod as the reference and electrode, respectively.
The electrolyte resistance (Rs) was determined using EIS measurements and used for iR
correction of corresponding polarization curves. Open circuit potential measurements were
performed in a 0.5 M Na>SOs solution under under switching on/off sunlight (AM 1.5G)

irradiation. The light was illuminated through the FTO side (back-side illumination).

2.7 Photochemical water splitting study

The photocatalytic hydrogen evolution experiments were conducted in a custom-built gas-tight
reaction cell containing 20 mg of photocatalyst suspended in 20 mL aqueous solution of
triethanolamine (10% v/v) or 0.35 M Na>S‘9H-0 and 0.25 M NaSOsz mixture. The suspension
was purged with argon for 30 min prior to irradiation. A 300 W Xenon lamp (Variac Cermax)
equipped with a UV cut-off filter (A > 420 nm) was used to irradiate the sample and the
temperature of the suspension was maintained at 20 + 2° C using an external water-cooling
system. The evolving H2 was analyzed using a gas chromatograph (Shimadzu GC-2014)
equipped with a thermal conductivity detector (Ar carrier gas).

The apparent quantum yield (AQY) was determined by quantifying the amount of evolved
hydrogen at a given wavelength (A = 375, 420, 460, 520, 620 £10 nm), according to the
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following equation: AQY = (amount of produced H> molecules x 2)/(total incident photon
flux). The photon flux was measured with a StarLite power meter equipped with a FL400A-
BB-50 thermal detector (Ophir Optronics Ltd). The power density of the incident light was
2.55, 14.3, 14.8, 18.8 and 23.4 mW cm2 for 375, 420, 460, 520 and 620 nm wavelengths,
respectively.
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Chapter 3: Results and Discussion

3.1 Size Dependent Photocatalytic Activity of Mesoporous Znln;Ss

Nanocrystal Networks

3.1.1 Synthesis, structural investigation, and morphology

A schematic overview of the synthetic protocol of obtaining ZnIn,Ss (ZI1S) mesoporous
materials is depicted in Figure 3-1. Briefly, colloidal ZIS nanocrystals (NCs) with adjustable
diameters were initially synthesized through a solvothermal reaction between Zn and In nitrates
(in 1:2 molar ratio) and thioacetamide as sulfur source. To exert control over the crystal growth
kinetics and prevent the formation of large nanoparticles aggregates, we utilized 3-
mercaptopropionic acid (3-MPA) as a surface capping agent. By adjusting the reaction time,
we succeeded in obtaining ZIS NCs of adjustable particle size (see Experimental Section for
details). The gradual growth of ZIS NCs was indicated by the color change of the isolated
nanoparticles from light to bright yellow. Afterwards, taking advantage of the chemical self-
assembly method we prepared different 3D mesostructured frameworks using ZIS NCs as
building block units. This synthetic route involves the oxidative coupling of colloidal ZIS NCs
via diluted H2O> through the formation of S-S interparticle bonds around of block copolymer
aggregates [35]. Finally, the organic template was extracted from the pores by dissolution in
warm ethanol and water (~40 °C) to yield a continuous network of linked ZIS NCs with large
accessible surface area and well-defined pores (denoted as n-ZIS NCFs, where n =4, 6 and 12
refers to the average size (nm) of starting NCs). The thermogravimetric analysis (TGA) profiles
of the final products indicated that approximately 9.7-12.2 weight percent (wt. %) of organic

residue remains within the porous structure of n-ZIS NCFs (Figure 3-2).

ZIS NCs NCs self-assembly ZIS NCFs

Figure 3-1. Schematic demonstration of the size-control synthesis of ZIS nanocrystal
frameworks (NCFs) (step I: reflux synthesis of 3-MPA-capped ZIS NCs, step Il: polymer-
assisted self-assembly, step I11: template extraction resulting to open-pore structures).
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Figure 3-2. TGA profiles (black lines) and the corresponding differential thermogravimetric
(DTG) curve (red line) of (a) 4-ZIS, (b) 6-ZIS and (c) 12-ZIS NCFs. The weight loss at the
temperature range of 230 to 460 °C is due to the decomposition of the remaining organic

molecules in the porous structure.

The chemical composition of the obtained materials was investigated via energy-dispersive
X-ray spectroscopy (EDS). The EDS spectra obtained from multiple regions of samples
showed a non-stoichiometric structure for the 4-ZIS (Zn/In/S atomic ratios ~ 1.14:2.0:3.9) and
a nearly stoichiometric composition (Zn/In/S atomic ratios ~ 1:2:4, within experimental error)
for the 6-ZIS and 12-ZIS NCFs (Figure 3-3). According to the EDS results the percentage of
sulfur-defects in 4-Z1S NCF is ~2.5%. The defective structure of 4-ZIS NCF may result from
the slower kinetics of In®** ions in the ethanediol solution compared to the smaller and more
labile Zn?*. It is well known that the presence of unsaturated sulfur atoms or low-coordinated
metal sites can enhance the photocatalytic properties of metal sulfides. These sites may
function as electron-trapping sites, facilitating carrier separation and enhancing photo-
absorption as well as highly active sites for photon capture, accelerating the water reduction
kinetics (by lowering the overall activation barrier) [139-141]. However, an excess of defect
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sites on the catalyst’s surface may also serves as electron-hole recombination centers,
ultimately resulting in decrease in photocatalytic activity. As a reference sample, we also
prepared a polycrystalline bulk ZIS through a well-established hydrothermal method. This
material exhibited an elemental composition of Zn/In/S close to 1:2:4 ratio, as confirmed by
EDS analysis (Figure 3-3). The EDS data and atomic contents of the synthesized ZIS materials

are summarized in Table 3-1.
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Figure 3-3. Typical EDS spectra of mesoporous n-ZIS NCFs and polycrystalline bulk ZIS.

Table 3-1. Chemical composition of mesoporous n-ZIS NCFs and polycrystalline bulk ZIS

materials.
Zn In S
Sample (at.%) (at.%) (at.%) Zn:In:S2
4-Z1S NCF 16.2 28.4 55.4 1.14:2.00:3.90
6-Z1S NCF 14.7 27.6 57.7 1.06:2.00:4.14
12-ZIS NCF 14.4 27.2 58.4 1.05:2.00:4.25
ZI1S bulk 14.1 28.5 57.4 0.99:2.00:4.03

8EDS Zn/In/S atomic ratios based on In atoms.
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The surface chemical states of elements of the mesoporous ZIS photocatalysts were
characterized with X-ray photoelectron spectroscopy (XPS) (Figure 3-4). Consistent with the
EDS results, the XPS survey spectra revealed the presence of Zn, In and S elements, whereas
the presence of O signal can be attributed to the partial oxidation of the surface atoms upon
exposure to air (Figure 3-4a). The high-resolution Zn 2p XPS spectra show Zn 2pz/> and 2p12
core-level signals at 1024.4 and 1045.5 + 0.1 eV, respectively, indicating the presence of Zn?*
ions (Figure 3-4b) [69]. Similarly, the In 3d XPS spectra displays strong subpeaks of the In
3ds/2 and 3ds/2 spin-orbit states at 445.3 and 452.9 + 0.1 eV, respectively, confirming the In-S
coordination environment of In®* in ZnIn,Ss (Figure 3-4c) [142]. Meanwhile, a double
deconvoluted peak at 162.0 and 163.3 £ 0.2 eV binding energies in the S 2p XPS spectra is
consistent with the S 2ps2 and 2pa2 core-levels of the lattice S in ZnIn,Ss (Figure 3-4d)
[143]. All these characteristics provide compelling evidence for the formation of Znin,S4

thiospinel structure.
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Figure 3-4. (a) XPS survey scans and high-resolution XPS core-levels of (b) Zn 2p, (c) In 3d
and (d) S 2p of the mesoporous n-ZIS NCFs. In panel d: the XPS S 2p deconvoluted spectra of
S 2p32 and S 2pu2 core-levels are displayed as yellow and green curves. The red lines are fits

to the experimental data.
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Figure 3-5. (a) Typical XRD patterns of ZIS NCs and mesoporous n-ZIS NCFs. (b) Reduced

atomic pair distribution functions Gl of the mesoporous n-ZIS NCFs and polycrystalline bulk
Z1S. The standard diffraction pattern of the hexagonal ZnlIn,S4 (JCPDS card no. 65.2023) is

also given in red line. a.u. arbitrary units.

Figure 3-6. Crystal structure of hexagonal ZnIn,S4 (space group: P-3m1).

Figure 3-5a shows the X-ray diffraction (XRD) patterns of the 3-MPA-caped ZIS NCs and
mesoporous n-ZIS NCFs. All the XRD plots exhibit three broad diffraction peaks at 26
scattering angles of 20-60° due to the very small size of crystallites. Because of the broadness

of the XRD peaks, however, it is difficult to identify the crystal structure of the samples. Thus,
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to figure out the local atomic structure of n-ZIS NCFs, we conducted high-energy X-ray diffuse
scattering (HE-XRDS) experiments and pair distribution function (PDF) analysis [144]. The
corresponding PDF plots as a function of the interatomic distance for the mesoporous ZIS
samples along with that polycrystalline ZIS are depicted in Figure 3-5b. The PDF plots of n-
Z1S NCFs are very similar to that of the polycrystalline sample, signifying a similar atomic
configuration. Specifically, the PDFs of n-ZIS NCFs are consistent with the hexagonal crystal
structure of ZnIn,S4 (space group: P-3m1, Figure 3-6), showing intense interatomic vectors at
~2.5, ~3.9 and ~4.5 A that correspond to the M-S first (M = Zn/In), MM nearest and Zn-In
next nearest neighbor distances, respectively, within the hexagonal ZnInzSs. The crystal
structure of polycrystalline ZIS was indexed as the hexagonal P-3m1 phase of ZnIn,S4 (JCPDS
card no. 65-2023), according to the XRD data (Figure 3-7). Consequently, this analysis offers
unequivocal evidence supporting the hexagonal thiospinel structure of the synthesized ZIS
NCs. Moreover, a more detailed look at the pair correlation peak for In--'In and Zn--Zn second
neighbors in mesoporous samples from 11-ZI1S to 4-Z1S NCFs reveals a shift from 3.89 to 3.91
A, in contrast, the position of the Zn/In-S peak remains constant at 2.53 A. This shift can be
attributed to the slight distortions in the In-S—In/Zn-S—Zn bonds in the 4-ZIS NCF lattice,

likely caused by the presence of sulfur vacancies as evidenced by EDS analysis (Figure 3-8).

Intesity (a.u.)

. . ; et it

10 20 30 40 50 60 70 80
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Figure 3-7. Typical XRD pattern of the bulk-like ZnIn,S4 catalyst. The red line corresponds to

the standard diffraction pattern of the hexagonal ZnIn,S4 (P-3m1, JCPDS card no. 65-2023).
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Figure 3-8. The In-"In and Zn-Zn interatomic distances in the hexagonal crystal lattice of ZIS

(@) without and (b) with sulfur vacancies (Sv).

The crystallinity and morphology of n-ZIS NCFs were further investigated with field-
emission scanning electron microscopy (FESEM) and transmission electron microscopy
(TEM). Representative FESEM images of the 6-ZIS NCF are shown in Figure 3-9a. The
images reveal that the 6-ZIS NCF sample possesses a 3D porous network consisting of fairly
monodisperse nanoparticles with a size smaller than 10 nm. For comparison, the reference
polycrystalline ZIS that was synthesized via hydrothermal method consists of individual
microspheres of ~3—5 um diameter, which are composed of plenty of intersecting nanoflakes
with an average thickness of about 18-20 nm (Figure 3-10). Typical TEM images of
mesoporous 6-ZIS NCF are shown in Figure 3-9b-d, while the TEM images of 4-ZIS and 12-
Z1S NCFs are provided in Figure 3-11. According to TEM observations, these samples feature
a highly porous framework consisting of closely interconnected nanoparticles, which is
beneficial for interparticle electron transfer phenomena. Based on the TEM analysis, we
obtained an average size of the constituent ZIS nanoparticles from ~4 to ~12.2 nm in the series
of mesoporous n-ZIS NCFs materials, which is strongly related with the reaction time of
starting NCs (see Table 3-2). The nanoparticle sizes obtained from TEM align well with those
obtained by independent small-angle X-ray scattering (SAXS) analysis. The SAXS patterns
give an estimate of the ZIS NC size from ~4.5 to ~11.3 nm (Figure 3-12). Moreover, the crystal
structure of n-ZIS NCFs was further confirmed by high-resolution TEM (HRTEM). The
images support the hexagonal crystal phase of constituent NCs, in agreement with the PDF
results, displaying well-resolved lattice fringes with 2.4 A and 2.9 A interplanar distances,
corresponding to the (107) and (104) crystallographic planes of hexagonal Znin.Ss (JCPDS
card no. 65-2023), respectively (Figure 3-9d).
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resolution TEM (HRTEM)
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Figure 3-9. Typical (a) FESEM image, (b) TEM and (c and d) high

images of the mesoporous 6-ZIS NCF catalyst.
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Figure 3-12. (a) SAXS patterns and (b) Guinier plots [1(q) o« —q?Rq%/3, where q is the scattering

vector and Ry is the radius of gyration] of the mesoporous n-ZIS NCFs

Table 3-2. Textural parameters and energy bandgap of mesoporous n-ZIS NCFs, ZIS RNAs

and polycrystalline ZIS materials.

Sample Sl;:za;ce voPISrrr?ea Pore size | Dtem (Dsaxs)? Ener%y
(m? g (cm? g 1) (nm) (nm) bandgap® (eV)

4-ZIS NCF 207 0.17 6.4 4.0 (4.5+0.1) 2.75 (2.80)

6-ZI1S NCF 195 0.17 6.4 6.5 (6.2 £0.2) 2.66 (2.72)

12-ZIS NCF 187 0.16 6.3 12.2 (11.3 +0.2) 2.65 (2.66)

ZIS RNAs 76 0.04 1.6 - 2.64

ZIS bulk 47 0.05 - - 2.50

aCumulative pore volume at relative pressure (P/Po) equal to 0.98. PParticle size of constituent
Z1S NCs estimated from TEM and SAXS (in parenthesis) analysis. “The energy gap obtained
from the corresponding Tauc plots for indirect energy gap semiconductor. In parenthesis: the

energy bandgap of the precursor NCs.

The porosity of the prepared materials was probed by N2 physisorption measurements. All
n-Z1S NCFs samples display characteristic typical-1V N2 adsorption-desorption isotherms
accompanied by an Ho-type hysteresis loop (Figure 3-13 and 3-14), indicating the successful
preparation of mesoporous solids with interconnected pores [145]. These materials showed
Brunauer-Emmet-Teller (BET) surface areas as high as 187-207 m? g~* and total pore volumes
of 0.16-0.17 cm® g L. The slight decrease in surface is attributed to the larger size of ZIS NCs

forming the porous framework. However, all n-ZIS NCFs materials display an open-pore

46

—
| —



structure with a large internal surface area. Compared to the mesoporous samples, the bulk ZIS
analogue exhibits a much lower BET surface area of 47 m? g~*. Since the mesoporous n-ZIS
NCFs are obtained as inorganic replicas from the same polymer template, these materials
exhibit very similar pore diameters. By applying the nonlocal density functional theory
(NLDFT) model to the adsorption isotherms, we obtained narrow size distributions of pores
with an average pore size of ~6.3-6.4 nm. It should be stressed that this represents the first
example of mesoporous ZnlIn,S4 materials exhibiting such a high internal surface area and well-
defined pore structure. For comparative study, we also synthesized a ZIS RNAs reference
material (RNAs: random NC-aggregates) through a template-free oxidative coupling of 6-nm-
sized ZIS NCs. Compared to the templated counterpart (6-Z1S NCF), ZIS RNAs exhibit a type-
| adsorption isotherm (Figure 3-13), indicating a microporous structure with a lower BET
surface area (ca. 76 m? g-1) and small interstitial voids (ca. 1.6 nm in diameter). The aggregation
of ZIS nanoparticles is detrimental to catalysis, leading to the formation of dense agglomerates
with a reduced number of exposed active sites. All the textural parameters of the prepared ZIS

materials are summarized in Table 3-2.
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Figure 3-13. Nitrogen adsorption (filled symbols) and desorption (empty symbols) isotherms
at —196 °C for the mesoporous 6-ZIS NCF, random ZIS NC-aggregates (ZIS RNAs) and
polycrystalline ZIS bulk. Inset: the corresponding NLDFT pore-size distribution plots
calculated from the adsorption data.
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Figure 3-14. Nitrogen adsorption (filled symbols) and desorption (empty symbols) isotherms
at —196 °C for the mesoporous (a) 4-ZIS and (b) 12-ZIS NCFs. Inset: the corresponding
NLDFT pore-size distribution plots calculated from the adsorption data.

The ultraviolet-visible (UV-vis) diffuse reflectance spectra of the as-prepared ZIS NCs
showed a well-defined electronic structure with sharp optical absorption onsets (Figure 3-15).
The UV-vis spectra indicated a systematic increase in the energy bandgap of ZIS NCs from
~2.66 eV to ~2.80 eV as the nanoparticle size decreases from 12 to 4 nm, see Table 3-2. This
energetic shift of the bandgap is attributed to the size-induced quantum confinements
transitions, similar to those observed in individual quantum dots and nanoclusters [146]. The
optical absorption spectra of the mesoporous samples from 12-ZIS to 4-ZIS NCFs display a
similar trend to the starting nanoparticles, signaling a blue shift in the energy gap from 2.65 to
2.75 eV (see Table 3-2, Figure 3-16). This blue shift suggests that quantization of the intrinsic
band structure of the precursor NCs is well preserved in the assembled structures. The small
red-shift (by ~50 meV) in optical absorption from the starting NCs to the mesoporous
assemblies suggests strong electronic coupling and delocalization of electrons throughout the
mesoporous network. Compared to the bulk ZIS (ca. 2.50 eV), the n-ZIS NCFs materials
demonstrate a considerably higher bandgap absorption, possibly due to the substantial size
reduction of constituent NCs (ca. 4-12 nm in size, as determined from SAXS and TEM results)
that enables quantization of the band-edge electronic states. Consistent with its close-packed
structure, the bandgap of the ZIS RNAs was found to be slightly lower (by ~20 meV) compared
to that of the templated counterpart (6-Z1S NCF) (Figure 3-17).
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Figure 3-15. UV-vis diffuse reflectance spectra of as-prepared ZIS NCs, mesoporous n-ZIS
NCFs and polycrystalline bulk ZIS. Inset: the corresponding Tauc plots for indirect gap
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Figure 3-16. The bandgap energy as a function of the NC size for the obtained ZIS NCs and
mesoporous n-ZIS NCFs materials. The size of the constituent NCs was estimated via TEM

analysis.
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Figure 3-17. The corresponding Tauc plot for indirect gap semiconductors of ZIS RNAs
sample.

3.1.2 Photocatalytic hydrogen evolution activity

The photocatalytic hydrogen production activities of the as-prepared ZIS materials were
evaluated under A > 380 nm light irradiation in a custom-made air-tight photocatalytic cell
under Ar atmosphere. The photocatalytic H> evolution rates of mesoporous ZIS catalysts along
with that of ZIS RNAs and polycrystalline ZIS in the presence of NaS/Na,SOz pair as
sacrificial electron donor are depicted in Figure 3-18. Even though, ZIS microparticles display
an enhanced visible light absorption (it has an energy gap of ~2.50 eV), they demonstrate
limited hydrogen production activity (~3.5 umol h™t) due to the lower porosity and micro-grain
composition. In contrast, the open-pore morphology and large number of catalytic active sites
of the mesoporous ZIS materials have a strong impact on adsorption and photochemical
reactions. In particular, all n-ZIS NCFs exhibited enhanced photocatalytic hydrogen evolution
performance, yielding an Hz-production rate ranging from 13.5 to 37.5 pmol h™t. The highest
photocatalytic activity is achieved by the 6-ZIS NCF catalyst, which is more than 10-times
larger than that of the bulk analogue. As for the lower photoactivity observed for the
mesoporous ZIS made of smaller (4 nm) NCs (~13.5 umol h™?), this is attributed to deficient
charge-transfer kinetics induced by the defective structure (see chapter 3.1.3 below). Notably,

the hydrogen evolution activity of 6-ZIS NCF also exceeds that of ZIS RNAS (~29.0 umol h™
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1, that is obtained through direct coupling of colloidal 6-nm ZIS NCs, by a factor of 1.3x.
Altogether, these results explicitly suggest that the small grain size of the constituent
nanoparticles and the porous morphology are advantageous characteristics for improving the
photocatalytic activity by providing short diffusion pathway of the photoexcited charge carriers
and large catalyst/electrolyte interface area. Also, control experiments were conducted in dark
conditions and without catalyst, showing no hydrogen evolution. This observation suggests

that the detected hydrogen originates from the photocatalytic water splitting reaction.
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Figure 3-18. Hydrogen production rates of mesoporous n-ZIS NCFs, random ZIS NC-
aggregates (ZIS RNAs) and polycrystalline ZIS materials under non-optimized conditions
(0.35 M NazS and 0.25 M Na.SO3z mixed solution; UV-vis (A > 380 nm) irradiation).

To further optimize the catalytic conditions, we performed a series of control experiments
employing different hole scavengers and catalyst loads. As can be seen in Figure 3-19,
triethylamine (TEA, 10% v/v) has the ability to expedite the reaction kinetics of 6-ZIS NCF
catalyst, resulting in a Hz evolution rate of 209 umol h™* compared to the 58 pmol h™* and 20—
42 pmol h™! H-evolution rates obtained under triethanolamine (TEOA, 10% v/v) and
Na>S/Na SOz sacrificial conditions (at fixed catalyst mass), respectively. These results suggest
that the interfacial hole transfer for the oxidation process is the rate-determining step of the
overall photocatalytic reaction. Furthermore, the H>-evolution rate experiences an increase

with the catalyst load, reaching a maximum efficiency at 1.5 mg mL~ (Figure 3-20). Further
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increasing the above concentration, the photocatalytic performance slightly declines
presumably due to light-scattering effects by the catalyst’s particles. Thus, in optimum
conditions, 6-ZIS NCF presents an exceptional photocatalytic performance with a respective
H2 evolution rate of 234 umol h™! (or 7.8 mmol gear * h™! mass activity) and apparent quantum
yields (AQYs) of 25.0% at 375+ 10 nmand 17.2 % at 420 = 10 nm, assuming 100% absorption
of the incident light. To the best of our knowledge, this photoactivity is among the highest
reported thus far for thiospinel-based catalysts, and vastly higher than previously reported
single-component sulfide photocatalysts. Other sulfide-based materials that present such a high
H>-evolution activity usually possess a complex structure of multi-ingredient composition. A
comparison of the hydrogen evolution activity of our catalyst with other reported catalyst is

given in Table I in the Annex I.
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Figure 3-19. Photocatalytic hydrogen production activity of 6-ZIS NCF catalyst using different
hole scavengers: 0.35-1.4 M NaxS/0.25-1 M NaxSOs mixed solution, 10% (v/v)
triethanolamine (TEOA) and 10% (v/v) triethylamine (TEA). The photocatalytic experiments
were conducted at fixed catalyst loading (1 mg mL™?), under UV-vis (A > 380 nm) irradiation
(300-W Xe lamp) at 20 £ 2 °C.
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Figure 3-20. Photocatalytic H> production activity of 6-ZIS NCF catalyst using different mass
concentrations. Reaction conditions: 0.5-2 mg mL™! of catalyst, 20 mL aqueous solution

containing 10% (v/v) TEOA, UV-vis (A > 380 nm) irradiation (300 W Xe lamp), 20 £ 2 °C.
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Figure 3-21. Time courses of the photocatalytic hydrogen evolution (lines) and the Ho-
evolution rates (column) at the course of the photocatalytic stability study over 6-ZIS NCF
catalyst. The Hz-generation rates were averaged over the 5 hours of irradiation. The stability

test was conducted with 1.5 mg mL™? catalyst loading in triethylamine (10% v/v) solution,
under UV-vis (A > 380 nm) irradiation (300 W Xe lamp) at 20 £ 2 °C.
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The stability of the 6-ZIS NCF catalyst under photocatalytic conditions was assessed
through three 5-hour catalytic runs. After each catalytic test, the photocatalyst was obtained
from the reaction solution by centrifugation, washed several times with water and re-dispersed
in a fresh TEA (10% v/v) solution. The hydrogen production tests showed that 6-ZIS NCF
retained an exceptional photo-corrosion resistance, demonstrating no notable catalytic
performance decay within 15 hours of photocatalytic reaction (Figure 3-21). 6-ZIS NCF
exhibits an almost stable photocatalytic activity, yielding a total H> evolution of 3.25 mmol
(~78.2 mL) after 15 hours of irradiation (average release rate ~0.22 mmol h™t). Furthermore,
no obvious changes in chemical composition and oxidation states of 6-Z1S NCF reused catalyst
were observed by EDS and XPS analysis (Figure 3-22). Specifically, the EDS spectra indicated
Zn/In/S atomic ratios ~ 1:1.9:3.9, very close to the composition of the fresh sample.
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Figure 3-22. (a) Typical EDS spectrum and (b-d) XPS core-level spectra of the (b) Zn 2p, (¢)
In 3d and (d) S 2p of the reused 6-ZIS NCF catalyst.
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The Zn 2p XPS spectrum of the recycled 6-ZIS NCF catalyst depicts a doublet peak at 1022.4
and 1045.5 £ 0.1 eV binding energies, corresponding to the Zn 2ps;> and Zn 2p1 core-levels
of Zn?* ions, respectively. Also, in the In 3d region, the peaks at 445.4 and 452.9 + 0.1 eV, are
attributed to the In 3ds/> and In 3das, signals of In®* oxidation state. The S 2p XPS spectrum
displays two deconvoluted peaks at 162.1 and 163.0 £ 0.2 eV, which are associated with the S
2psrz and S 2pas2 core-levels of S valence state. Besides, the N2 physisorption measurements
indicate a very slight decrease in surface area (ca. 163 m? g1) and pore diameter (ca. 5.4 nm)
after the photocatalytic runs, suggesting the good structural stability of the 6-ZIS NCF catalyst
(Figure 3-23).
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Figure 3-23. Nitrogen adsorption-desorption isotherms at —196 °C and the corresponding
NLDFT pore size distribution plot (inset) of the 6-ZIS NCF catalyst isolated after 15 hours of

photocatalytic reaction.

3.1.3 Size-dependent electronic properties of mesoporous Znln,Ss structures

To uncover the effect of the nanoparticle size on the electronic structure of n-ZIS NCFs, we
performed electrochemical measurements. Figure 3-24 shows the Mott-Schottky plots, that is,
the reciprocal square capacitance (1/Csc?) versus applied potential (E), of the different ZIS
catalysts drop-casted as thin film onto fluorine tin oxide (FTO, 10 Q sq ) substrates measured
in 0.5 M NaSOs electrolyte. The flat-band potential (Erg) was determined by the intersection
point of the linear segment in these plots, and all the measured potentials were converted to

55

—
| —



reversible hydrogen electrode (RHE) at pH 7. The positive slope observed in the corresponding
Mott-Schottky plots confirms the n-type conductivity of the ZIS materials, consistent with
previous reports [147,148]. By combining the Ers potentials and the energy bandgaps (as
obtained from UV-vis diffuse reflectance spectra, Figure 3-15), the energy levels of the
valence band (Evs) for each catalyst were determined, and these results are summarized in
Table 3-3. In this analysis, Erg serves as a good approximation of the CB edge position, which
is quite feasible for heavily n-doped semiconductors (typically with >10*® donor density) [46],
such as the ZIS. Interestingly, the above analysis showed that the band-edge positions of n-ZIS
NCFs vary systematically with the NC size. Compared to the polycrystalline ZIS (Erg ~—0.78
V), the mesoporous ZIS samples demonstrate a gradual upshift of the Ers level. In particular,
the Erg potential ranges from —0.85 V for the 12-ZIS NCF to —0.91 V for the 4-ZIS NCF. This
progressive anodic shift of Erg with decreasing NC size is consistent with the widening of the
optical bandgap of n-ZIS NCFs (Figure 3-15), which is attributed to the quantum size effect
of the constituent NCs. These effects can be clearly observed in Figure 3-25, where the

systematic variation of the band-edge positions (Ers and Evs) with the NC size is depicted.
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Figure 3-24. Mott-Schottky plots of the as-prepared mesoporous n-ZIS NCFs and
polycrystalline bulk ZIS catalysts.
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Figure 3-25. Energy band diagrams (Ecg: conduction band energy, Evg: valence band energy,
Er: Fermi level, H"/H2 redox potential) of different ZIS catalysts.

The shifts in the band-edge positions result from the limited number of electron
wavefunctions contributing to the density states of the conduction and valence band due to the
substantial reduction in particle size [149,150]. Eventually, this leads to the discretization of
the energy levels between electronic states, resulting in the widening of the energy bandgap.
Consistent with this assumption, the valence-band (VB) XPS spectra affirm a gradual upshift
of the Fermi level (Er) with decreasing the NC diameter. The results showed that 4-Z1S NCF
has the larger Fermi level offset from the VB maximum (2.61 eV), followed by 6-ZIS (2.51
eV) and then 12-ZIS (2.45 eV) NCFs (Figure 3-26). In general, the rise of the Er level as the
size of the ZIS NCs decreases is advantageous for the efficient surficial electron transfer. The
upshift in the Er of ZIS nanostructures can be attributed to the sufficient elevation of the CB
edge position through quantization of energy states. This assumption aligns well with previous
studies on metallic and semiconducting nanoparticles [151]. Also, an electron delocalization in
the space charge region of n-ZIS NCFs can be inferred by the changes in the charge carrier
density (Np), as determined from the slope of the 1/Csc®>~E lines (see Table 3-3). As the size
of ZIS NCs decreases from 12 to 4 nm, the Np of ZIS mesoporous materials experiences a
slight increase from ~2.4 to 3.6 x10'® cm™2, signifying an increase in n-type doping. The higher
Np values observed in n-ZIS NCFs could be attributed to a lower recombination rate of
excitons, facilitated by the short depletion width and concomitant increased band bending

within the ultrasmall nanoparticles. The depletion layer width (Wp) determined for the ZIS
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mesoporous materials ranges from 13.6 to 11.5 nm (as shown in Table 3-3) and it is comparable
to the size of ZIS NCs. This suggests a pronounced deformation of the band edge at the

catalyst/electrolyte interface.

Table 3-3. Electrochemical properties of the mesoporous n-ZIS NCFs and bulk ZIS as

determined via EIS analysis.

Sample = ‘ = Donor density Iai/zprl\e;vt:zl?h
(Vvs RHE, pH 7) (Np, cm™3) (We, nm)
4-Z1S NCF -0.91 1.89 3.58 x 10'8 11.5
6-ZIS NCF —0.88 1.84 3.32 x 10'8 11.8
12-Z1S NCF —0.85 1.80 2.41 x 10'8 13.6
ZI1S bulk -0.78 1.72 4.85 x 108 9.2

rrrrrrrrrrrrrrrrrrrrrrrrrrr ——4-ZIS NCF
~ 6-ZIS NCF

—— 12-ZIS NCF

Intensity (cps) (a.u.)

Energy (eV)

Figure 3-26. Valence band (VB) XPS spectra of mesoporous n-Z1S NCFs materials.

The above assumption is also supported by the results of the open circuit potential (Voc)
measurements conducted on n-ZIS NCFs under solar-light switching on/off transition. In fact,
the surface depletion field induced by band bending can be elucidated by the district variations

in Voc under dark and illumination conditions (AVoc = Voc,light — Voc,dark). AS can been seen
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in Figure 3-27, the light-induced Voc shift (photovoltage) for ZIS mesoporous follows the
trend: 6-ZIS (AVoc = 211 mV) > 12-ZIS (AVoc = 164 mV) > 4-ZIS (AVoc = 90 mV). The
higher photovoltage generating from 6-ZIS NCF suggest a sharper band bending, which
generates a driving force (internal electric field) for the spatial separation of the photoexcited
charge carriers, thus amplifying the photocatalytic hydrogen evolution activity. The lower
recombination rate of the photoexcited charge carriers in this sample is further evidenced by
the gradual decay of Voc signal over time after the light is switched off. On the other hand, the
diminished photovoltage amplitude and accelerated Voc decay in 4-ZIS NCF are related to the
surface pinning effect induced by midgap interface states (see below). Evidently, these results
collectively indicate that the substantial size reduction of the ZIS NCs dictates the electronic
structure and, consequent, the photo-redox activity of the resulting catalysts. We conclude that
quantization of the band-edge electronic states of ZIS NCs significantly promotes the
separation of photogenerated electron-hole pairs within the depletion region, thus enhancing

the interfacial charge transfer.
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Figure 3-27. Open circuit potential versus elapsed time for mesoporous n-ZIS NCFs under
switching on/off AM 1.5G illumination (10 s light on). The inset displays the change of the
Voc at the catalyst/electrolyte interface under chopped illumination, when the light is switched
on, a charge accumulation occurs at the interface of ZIS NCs, mitigating the surface band

bending.
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More detailed insights on the size-dependent charge carrier recombination and transfer
kinetics were obtained by electrochemical impendence spectroscopy (EIS). Figure 3-28
presents the EIS Nyquist plots of the mesoporous and bulk ZIS materials drop-casted onto FTO
substrates. The EIS data were fitted to an equivalent Randles circuit model, consisting of the
electrolyte resistance (Rs), double-layer capacitance (Cq)) and charge-transfer resistance (Rct)
(inset of Figure 3-28). This analysis indicated a more efficient migration of electrons withing
Z1S mesoporous architectures (Ret ~ 307-377.6 Q) compared to the bulk ZIS (395.1 Q). This
a direct result of the shorter charge diffusion distance in ZIS NCs. Notably, consistent with its
superior photocatalytic activity, 6-ZIS NCF showed the highest charge-transfer efficiency
(307.0 Q) across the catalyst/electrolyte interface, followed by 12-ZIS (359.3 Q) and 4-ZIS
(377.6 Q) NCFs, see Table 3-4. Indeed, the decreasing trend of Rct in n-ZIS NCFs catalysts is
in good agreement with the photocatalytic hydrogen production experiments shown in Figure
3-18. The effect of the surface-active sites of n-ZIS NCFs catalysts was also investigated
through a comparative analysis of the double-layer capacitances (Cai) obtained from the EIS
measurements. The Cq is proportional to the electrochemical active surface area (ECSA) at the
catalyst/liquid interface. This analysis showed an improvement of the active surface area
compared to the bulk ZIS of 1.2x, 2.8x and 1.5x for the 4-ZIS, 6-ZIS and 12-ZIS NCFs,
respectively, which is responsible for the enhanced photocatalytic efficiency and interfacial
charge transfer (Table 3-4). It is worth noting that the 6-Z1S NCF outperforms all other samples
in terms of ECSA, even surpassing the 4-ZIS NCF, despite the latter having a slightly larger
specific surface area. Altogether, these results demonstrate that manipulating the ZnIn;Sa4
morphology at the nanoscale can significantly improve the charge carrier transfer and
separation efficiency and provide an increased exposure of the catalytically active sites at the
interface, ultimately resulting in improved photocatalytic activity.

Table 3-4. Nyquist equivalent circuit fitted parameters of the mesoporous n-ZIS NCFs and
polycrystalline bulk ZIS materials.

Sample Rs () Cal (Fcm™) ECSA? Rct () X2

4-7ZIS NCF 11.6 75.1 x 10°® 1.2 377.6 1.8 x 10
6-ZIS NCF 11.8 180.0 x 10°® 2.8 307.0 2.2 %10
12-Z1S NCF 12.4 96.8 x 10°° 1.5 359.3 1.7 x 10
ZIS bulk 12.9 64.6 x 10°° 1 395.1 1.1 x 107

Electrochemically active surface area (ECSA) increment obtained as a ratio of the double-

layer capacitance (Cq) relative to that of bulk ZIS.
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Figure 3-28. EIS Nyquist plots of mesoporous n-ZIS NCFs and polycrystalline bulks ZIS

measured in 0.5 M Na>SO4 aqueous solution using a conventional three-electrode setup. Inset:

equivalent Randles circuit model.

The impact of the constituent NCs on charge-carrier delocalization dynamics in mesoporous
n-Z1S NCFs was also examined by time-resolved photoluminescence (TRPL) spectroscopy.
The PL decay data of different ZIS catalysts were recorded at the near band-edge emission and
were fitted to a biexponential function: F(t) = ou'e ™™ + aze ™, where a1 and oy are the relative
amplitudes of each lifetime component, and t1 and t2 reflect the surface-mediated (fast) and
intrinsic band-to-band (slow) relaxation of excited electrons, respectively (Figure 3-29). The
average lifetime (tav) derived from this analysis was found to be 4.20 ns for 6-ZIS NCF, which
longer than the fluorescent lifetime of mesoporous 4-ZIS (2.33 ns) and 12-ZIS (4.08 ns) NCFs
and bulk ZIS (3.20 ns). This indicates a more efficient charge carrier migration and separation
in 6-ZIS NCF mesoporous, in agreement with the above Voc results. Typically, in
nanostructures with very small grain sizes, the photogenerated electrons tend to preferentially
transfer to the catalyst interface, actively participating in surface reactions rather than
undergoing detrimental bulk recombination loss. The unexpected short-lived electron transfer
(2.33 ns) of 4-ZIS NCF suggests the presence of additional pathways for fast electron-hole
relaxations. This phenomenon can be attributed to the localized defect states introduced by
sulfur vacancies (as was evidenced by EDS and PDF analyses), which have the ability to

facilitate the trapping of photoexcited electrons, leading to swift transitions from sub-band
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levels to the VB. Taking into consideration the above EIS results, this suggests that the presence
of sulfur vacancies on the surface of 4-ZIS NCF diminishes electron accessibility at the catalyst
interface by promoting the recombination of the photogenerated carrier rather than their
separation. In accordance with this, a more cautious observation on the fast and slow decay
time constants unveiled an interesting correlation between the NCs size and t-components of
PL decay data. In mesoporous ZIS consisting of smaller (4.5 nm) NCs, the majority of the
photogenerated electrons are lost via surface and/or defect-mediated recombination (o1 ~ 83.3
%) due to the high defect trapping. On the other hand, as the NC size increases, the electron-
hole transitions associated with surface defect states are overridden (ay ~ 36.4% for 6-ZIS and
a1 ~ 20% for 12-ZIS NCF), with band-edge relaxation emerging as the more prominent
pathway for carrier recombination loss. The fitted TRPL parameters for the n-ZIS NCFs and

bulk ZIS are summarized in Table 3-5.
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Figure 3-29. Time-resolved photoluminescence (TRPL) spectra under 375 nm pulsed laser
excitation of mesoporous n-ZIS NCFs and bulk ZIS catalysts. Inset: magnified view of the PL

decay spectra.
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Table 3-5. Time-resolved photoluminescence decay parameters of mesoporous n-ZIS NCFs

and bulk ZIS materials.

T1 T2 o1 o2 Tav®
Sample ms) | @) | %) | %) | ()
4-7Z1S NCF 0.60 3.73 83.3 16.7 2.33
6-ZIS NCF 0.90 4.57 36.4 63.6 4.20
12-ZIS NCF 0.37 4.17 20.0 80.0 4.08
ZIS bulk 0.86 4.75 23.2 76.8 3.29

®The average lifetime (tay) was determined using the following equation: t,, =

(Ti)/(Tioim) (i=1,2).
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Figure 3-30. Transient photocurrent response at —1 V bias (vs. Ag/AgCI reference electrode)
for the mesoporous n-ZIS NCFs and bulk ZIS under visible-light (420-720 nm) illumination.

The migration of the photogenerated carriers in mesoporous ZIS structures was further
confirmed by transient photocurrent (TPC) experiments. The current-potential (J-V) curves
were obtained using visible light (420-720 nm) illumination. The results showed that 6-Z1S
NCF generates higher photocurrent (11.6 nA cm™) than the other mesoporous samples (8.4—
10.2 pA cm™) and polycrystalline ZIS (5.2 pA ecm™) (Figure 3-30), suggesting an efficient
separation and interfacial transfer of the photoexcited carriers. Taken together, all the above

results suggest that the photocurrent improvement and superior photocatalytic activity of the
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n-ZIS NCFs family primarily result from the enhanced charge separation and transfer
facilitated by the low dimensionality of the ZIS NC building blocks, rather than the increased
photon absorption or beneficial effect of surface trap states. Clearly, these charge separation
processes have significant implication for hydrogen evolution reaction as they facilitate the
dissociation of charge carrier under light irradiation, enabling more electrons and holes to

actively participate in electrochemical reactions at the catalyst’s surface.

3.1.4 Conclusions

In this project, we present the synthesis of new mesoporous frameworks consisting of
interconnected ZnInS4 nanocrystals with variable diameter (ranging from ~4 nm to ~12 nm)
using a low-temperature colloidal synthetic method, followed by a polymer-templated self-
assembly approach. To our knowledge this is the first example of porous thiospinel structures
with tunable grain composition and large internal surface area (up to 207 m? g1). Significantly,
these ensemble structures provide a unique opportunity for studying the size effect on charge-
transfer dynamics and catalytic performance in this system. Through comprehensive
physicochemical and (photo)electrochemical investigations, we unveiled an understanding on
the interplay between size-dependent electronic structure, interfacial charge transport and
intrinsic photocatalytic activity in these porous materials. The results suggest that the size
decrease of ZIS nanocrystal provides high interfacial charge-transfer kinetics, improving the
ability of the photoexcited carriers to initiate water-splitting reaction. For ultrasmall
nanocrystals (ca. 4.5 nm in size), the charge transfer and separation rates confirm the dominant
effect of the surface sulfur vacancies on carrier recombination loss, which is a fundamental
reason for depressed photocurrent and reduced photoactivity. Benefiting from proper charge
transport and separation phenomena within the NCs, the mesoporous assembles made of 6-nm-
sized ZIS NCs exhibit a remarkable photocatalytic performance towards the hydrogen
evolution reaction, yielding a 7.8 mmol geat h™! Hz-evolution rate and a photon-to-hydrogen
conversion efficiency of 25.0 % at 375 and 17.2 % at 420 nm. The above findings highlight the
importance of rational design of photocatalysts and provide fundamental insights into the
charge-transfer dynamics and electronic properties of nanoscale catalysts for clean energy
conversion applications. Moreover, the open-pore architecture of thiospinel nanostructures
offers significant opportunities for surface modification, thereby expanding the synthesis of

multi-component semiconductors with improved interfacial charge-carrier transport.
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3.2 Mesoporous Catalysts of Hexagonal CdIn,Ss Nanocrystals Decorated
with Ni2P Nanosheets

3.2.1 Synthesis, phase structure and morphology

The synthetic process for obtaining mesoporous networks of linked CdIn,S4 nanocrystals is
depicted in Figure 3-31. Initially, fairly monodisperse thiol-capped CdIn,Ss nanocrystals
(denoted as CIS NCs) were obtained through a one-pot reflux reaction of Cd?* and In®* nitrates
(in 1:2 molar ratio) and thioacetamide as sulfur source. To achieve kinetic control over the
formation of CIS NCs, a thiol-terminated ligand (3-mercaptopropionic acid) was used as a
capping agent. The use of the 3-mercaptopropionic acid is essential for impending crystal
growth and effectively stabilizing the colloidal nanoparticles in polar solvents. This synthetic
approach provides precise control over the grain size of the resultant CIS NCs, allowing the
particle size to be adjusted simply by modifying the reaction time. Small-angle X-ray scattering
(SAXS) analysis of the CIS NCs obtained after 6 and 12 hours of growing time revealed mean

Guinier diameters of approximately 6 nm and 11 nm, respectively. (Figure 3-32).
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Figure 3-31. Schematic illustration of the synthesis of CIS NC-linked frameworks (NCFs)
(step 1: reflux synthesis of thiol-capped CIS NCs; step 2: polymer-templated NC self-

assembly; step 3: template removal toward open-pore structures).

After obtaining the CIS NCs, they were utilized as building block units to assemble three-
dimensional (3D) polymeric networks thought a surfactant-directed coupling method. Briefly,
this method involves the self-assembly and slow oxidative polymerization of thiol-capped CIS
NCs in the presence of the commercially available polyoxyethylene-block-cetyl ether (Pluronic
Brij-58) copolymer as a structure-directing agent. A small addition of H.O> (3% v/v) into the
mixture of polymer/CIS NCs was employed to induce the formation of extended
mesostructures through cross-linking the thiospinel NCs via S-S bonding [33,35,152]. The

removal of the polymer template from the pores of the hybrid mesostructures was accomplished
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using a water/isopropyl alcohol (1:1 v/v) solution, resulting in the formation of mesoporous
CIS NC-linked frameworks (denoted as CIS (n) NCFs, where n represents the particle size
(nm) of starting NCs). This post-treatment method is quite effective in removing the organic
molecules and thermogravimetric analysis (TGA) indicated that only ~9-9.5 wt. % of organic
residual remains in the porous structure (Figure 3-33). The TGA profiles of the mesoporous
products exhibited a weight loss bellow 230 °C due to the liberation of solvent and a gradual
weight loss within the range of 230425 °C due to the decomposition of the organic molecules

remaining in the porous structure.
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Figure 3-32. SAXS pattens and Guinier plots [I(q) < —g°R¢%/3, where q is the scattering vector
and Ry is the radius of gyration] (inset) of the as-synthesized CIS NCs obtained after 6 hours
(orange) and 12 hours (blue) of growing time. The Guinier analysis for the two different

colloidal NCs yields an average particle size (dp) of ~6 nm and ~11 nm.
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Figure 3-33. TGA profiles (blue lines) of the post-treated mesoporous CIS NCFs consisting of
NCs building blocks of (a) 6 nm and (b) 11 nm size. The differential thermogravimetric (DTG)
curves (red lines), highlight the weight loss from the decomposition of the organic molecules

in the mesostructure.
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Figure 3-34. XRD patterns of the resulting 6 and 11-nm CIS NCs along with their mesoporous

materials. The XRD pattern of the polycrystalline bulk CIS and the standard X-ray diffraction
pattern of cubic CdIn,S4 (JCPDs card no. 27-0060) are also given.

The X-ray diffraction (XRD) patterns of the as-prepared NCs and mesoporous CIS NCFs
materials are shown in Figure 3-34. The XRD profiles of the samples display three wide Bragg

reflections in 20 scattering angle range of 20-60°, highlighting the existence of very small
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crystallite sizes. For comparative studies, a polycrystalline bulk CIS material (denotes as CIS-
m) was also prepared through a hydrothermal method. The XRD pattern of bulk CIS shows
several diffraction peaks that are readily assigned to the cubic crystal phase (Fd3m) of CdIn2Sa4
(JCPDs card no. 27-0060). However, due to the broadening of the XRD peaks makes it difficult
to conclusively determine the crystal phase of the CIS NCs. To this end, the local atomic
structure of CIS NCs was investigated by X-ray total scattering measurements and pair
distribution function (PDF) analysis. This method is sensitive to the distribution of interatomic
distances and can provide information about the atomic configuration in well-defined
structures, such as the CIS nanoparticles [144]. The PDF plots as a function of interatomic
distances for the 6-nm CIS NCs and bulk CIS material are depicted in Figure 3-35. While
preserving the chemical integrity and atomic displacement parameters of appropriate atomic
structural models, the calculated PDF plots were refined until they matched the experimental
data. Concerning the polycrystalline CIS, the modeled PDF plot is well consistent with the
face-centered cubic (fcc) structure of CdIn2Ss (Fd3m) with unit cell parameters o = 10.805(8)
A. Particularly, the PDF plot of bulk CIS shows three intense interatomic vectors at ~2.6, ~3.8
and ~4.5 A, which can be assigned to the M-S (M = Cd/In) bonds, and In-In and Cd-~In next
nearest-neighbor distances of the cubic CdIn2Sa, respectively. Compared to bulk CIS, the PDF
profile of CIS NCs is very different, indicating a distinct atomic configuration. By using the
fcc model refinement to describe the positions and relative intensities of the PDF peaks of CIS
NCs, the PDF fit shows unsatisfactory agreement across the entire range of 2-10 A (Figure 3-
36). Therefore, there is an imminent need to elucidate the atomic structure of CIS NCs using
an alternative structural model. The thiospinel materials, apart from the cubic phase, exhibit an
additional polymorphic phase, the hexagonal close-packed (hcp) structure. While CdIn,Ss has
been experimentally identified in the cubic crystal phase, ZnIn,S4 thiospinel exhibits both cubic
and hexagonal (P6smc) polymorphs. Here, our hcp structural model was derived from the
known crystallographic data of hexagonal ZnlnzSs4, in which Zn atoms were substituted by Cd
atoms. As can be observed in Figure 3-37, the calculated PDF of the hexagonal ZnIn,S4 closely

resembles that of CIS NCs, suggesting a similar atomic structure [153].
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Figure 3-35. Reduced atomic pair distribution functions G(r) of the 6-nm sized CIS NCs and
polycrystalline bulk CIS.
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Figure 3-36. Real-space refinement of the PDF plot of CIS NCs (6 nm), using a face-centered
cubic (fcc) model (space group, Fd3m). The corresponding black symbols are the experimental
data, the red line is the simulated PDF, and the bottom gray line is the fit residual. The fcc

model refinement does not correctly describe all positions and relative intensities of the PDF

peaks.
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Figure 3-37. Calculated PDF plot of the hexagonal ZnlIn,S4 (space group P6smc).

Interestingly, the hcp model produced excellent results, effectively capturing the structural
characteristics of 6-nm CIS NCs. Specifically, the interatomic vector at ~2.5 A corresponds to
the M=S (M = Cd/In) bonds, while those at ~4.0 and ~4.7 A arise from the MM and Cd-~In
next-nearest distances of the hexagonal CIS (Figure 3-35). The unit cell parameters obtained
from the PDF refinement were a = b = 3.976(9) A and ¢ = 20.281(0) A. As for the larger (11
nm) CIS NCs, the PDF refinement (using a hcp structural model) yielded unit cell parameters
of a = b = 3.968(5) A and ¢ = 20.615(8) A (Figure 3-38). It should be stressed that these
structural models describe the average structural arrangements and do account for potentially
defective lattice sites and locally disordered structural domains (as likely reflected by the fast
damping of the PDF peaks at r > 8 A distances).

To get further insight into the atomic structure of CIS, we conducted comparative analysis
between the theoretical 1(q) versus scattering wavevector (q = 2msinf/A, where 20 is the
scattering angle) patterns derived from the refined structural models with the experimental
XRD data of 6-nm NCs obtained using Mo Ka (A = 0.7107 A) radiation. As can be seen in
Figure 3-39, all X-ray reflections of 6-nm NCs can be indexed to the hexagonal CIS crystal
structure (P6smc), validating the credibility of the above analysis. In particular, the XRD
pattern shows a broad peak at ~1.93 A~ scattering vector, which can be assigned to either the

113 cubic (Fd3m) reflection or the (006) and (013) overlapped hexagonal (P6smc) reflections
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of CIS. Nevertheless, the distinct Bragg peaks at ~3.16 A and ~3.67 A scattering vectors
clearly correspond to the (110) and (116) reflections of the hexagonal CIS.

R,=13.8%

r(A)
Figure 3-38. PDF refinement of 11-nm size CIS NCs using an hcp structure model. The back
symbols are the experimental data, the red line is the simulated PDF and the bottom gray line

is the fit residual.
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Figure 3-39. X-ray diffraction intensity versus scattering wave vector (q) of 6-nm CIS NCs.
The orange and blue lines depict the simulated XRD patterns obtained from the refined

hexagonal (P6amc) and cubic (Fd3m) structural models, respectively.
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The coordination geometry of metal ions in CIS NCs and bulk CIS crystal lattice was also
investigated by Raman spectroscopy (Figure 3-40). For bulk CIS, the Raman shifts in the 215-
235 cm! region and at ~346 cm ™ are attributed to the breathing vibrations of the [CdS4] and
[InSe] edge-sharing polyhedral of the cubic CdIn2S4, in agreement with previous ZnInzS4 and
CdIn2Ss Raman investigations [154-156]. On the contrary, the Raman spectrum of CIS NCs
exhibited distinct characteristics, with pronounced shifts at ~219 cm™ and 300-340 cm™
region; these shifts can be assigned to the vibrational modes of the four-fold coordinated
[Cd/InS4] tetrahedral geometry (Tq) and six-fold coordinated [InSe] octahedral geometry (On),
respectively. Remarkably, this Raman signature closely resemble that of hexagonal ZnlIn,S4
[68]. Overall, these spectroscopic changes serve as a distinctive fingerprint indicating the
presence of mixed In Tq and On symmetries in CIS NCs, as collaborated by the PDF structural
refinements described above. Thus, it is strongly suggested that the CIS NCs indeed exhibit a
hexagonal spinel structure, which to our knowledge is the first example of hexagonal CdIn,S4
phase being reported so far. This crystal polymorph of CdIn,Ss has only been predicted

theoretically, primarily for its intriguing electronic properties [157].

—— CIS NCs
—Ll5-m

Intesity (a.u.)

150 200 250 300 350 400 450 500
Raman shift (cm™)
Figure 3-40. Raman spectra of 6 nm CIS NCs and bulk CIS.

After annealing the 6-nm CIS NCs at various temperatures, the X-ray total scattering data

of these samples revealed intriguing findings. (Figure 3-41a). It appears that the crystal

structure of CIS NCs undergoes a phase transition from hexagonal to cubic spinel phase at
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elevated temperature. The simulation results unveiled a gradual decrease in the c/a ratio from
5.10 to 5.05 and further to 4.99 as the temperature increases from 25 to 200 °C. This suggests
a progressive transformation of the thiospinel structure. Additionally, the PDF refinements
yielded an inward distortion of the [InS4] polyhedral, leading to a reduction in the In-S bond
lengths from ~2.341 A (25 °C) to 2.329 (200 °C) (Figure 3-41b). At a heating temperature of
250 °C, the resulting PDF plot is identical to that of the bulk CIS, suggesting similar atomic
configuration. Hence, this sample was effectivelly fitted using the fcc model, yielding a
calculated lattice parameter of a = 10.849(8) A. Furthermore, we observed that with increasing
annealing temperature, the intensity of PDF peaks at larger interatomic distances also increases.
This phenomenon occurs due to the expansion of the scattering domain size upon heating. The

results of PDF refinements with different structural models are listed in Table 3-6.
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Figure 3-41. (a) G(r) plots of the 6-nm CIS NCs annealed at various temperatures. The back
symbols are the experimental data, the red line is the simulated PDF and the bottom gray line
is the fit residual. (b) Mean In-S bond length of [InS4] tetrahedral units versus heating
temperature of 6-nm CIS NCs obtained from PDF analysis using the hcp structural model.

To provide further support for the phase transition of CIS NCs, we conducted differential
scanning calorimetry (DSC) measurements. (Figure 3-42a). The DSC profile of the 6-nm CIS
NCs showed a broad endothermic peak around 200-250 °C, which corresponds to the phase
transition from the hexagonal to the cubic crystal phase, in agreement with previous studies on
hexagonal Mn, Fe and Co-based thioindicates [158]. Moreover, the XRD patterns of the
annealed samples further confirm this phase transition. As can be seen in Figure 3-42b, the
crystallinity of CIS NCs is retained until 200 °C, displaying the characteristic broad reflections
of hexagonal CdIn,Sa. In stark contrast, the sample annealed at 250 °C exhibited a distinct XRD
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profile, which can be readily assigned to the cubic phase of CdInSs (Fd3m, JCPDs card no.
27-0060).

a o3 b
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Figure 3-42. (a) DSC profile of 6-nm CIS NCs using heating and cooling rate of 5 °C min.
(b) XRD patterns of 6-nm CIS NCs annealed at various temperatures (from 25 to 250 °C).

Table 3-6. PDF refinement results for bulk CIS and CIS NCs annealed at various temperatures.

Sample CISNCs | CISNCs CIS CIS CIS CIS-m
Name (11 nm) (6 nm) NCs@150C NCs@200C NCs@250C
Sample RT RT 150 °C 200°C 250 °C RT
Temp.
Space group P6smc P6smc P6smc P6smc Fd3m Fd3m
Lattice constants
a(A) 3.9685 3.9769 3.9933 3.9970 10.8498 10.8058
b (A) 3.9685 3.9769 3.9933 3.9970 10.8498 10.8058
c (A 20.6158 20.2810 20.1771 19.9258 10.8498 10.8058
a (°) 90 90 90 90 90 90
B 90 90 90 90 90 90
v (%) 120 120 120 120 90 90
Atomic positions and thermal parameter
Cdo1
X 0.0 0.0 0.0 0.0 0.0 0.0
y 0.0 0.0 0.0 0.0 0.0 0.0
z 0.4335 0.4204 0.4144 0.4074 0.0 0.0
Ucdoz (EQV) 0.0014 0.0134 0.0049 0.0084 0.0751 0.0344
In01
X 0.3333 0.3333 0.3333 0.3333 0.6250 0.6250
y 0.6667 0.6667 0.6667 0.6666 0.6250 0.6250
z 0.0961 0.0943 0.0953 0.0931 0.6250 0.6250
Uinoz (eqv) 0.0664 0.0566 0.0725 0.0427 0.0198 0.0201
In02
X 0.3333 0.3333 0.3333 0.3333 - -
y 0.6667 0.6667 0.6667 0.6666 - -
z 0.7539 0.7569 0.7561 0.7566 - -
Uino2 (eQV) 0.0664 0.0566 0.0725 0.0427 - -
S01
X 0.3333 0.3333 0.3333 0.3333 0.3868 0.3834
y 0.6667 0.6667 0.6667 0.6666 0.3868 0.3834
( ]
L %)




z 0.9520 0.9489 0.9646 0.9641 0.3868 0.3834
Uso(eqv) | 0.0209 0.0305 0.0641 0.0310 0.0004 0.0096
502
X 0.0 0.0 0.0 0.0 - -

y 0.0 0.0 0.0 0.0 - -

z 0.0446 0.0470 0.0433 0.0671 - -

Usz(qQv) | 0.0209 0.0305 0.0641 0.0310 - -
S03

X 0.3333 0.3333 0.3333 0.3333 - -

y 0.6667 0.6667 0.6667 0.6666 - -

z 0.2017 0.1977 0.2037 0.2006 - -

Uss(eqv) | 0.0209 0.0305 0.0641 0.0310 - -
S04

X 0.0 0.0 0.0 0.0 - -

y 0.0 0.0 0.0 0.0 - -

z 0.3138 0.3138 0.3068 0.3149 - -

Usos(eqv) | 0.0209 0.0305 0.0641 0.0310 - -

Ru (%) 13.76 14.95 12.64 13.25 20.82 16.16

To improve the photocatalytic efficiency of CIS NCFs, we modified the CIS mesostructure

(made of 6-nm sized CIS NCs) with NiP nanosheets via a straightforward wet chemical

process. The high charge carrier mobility and electron withdrawal ability of Ni2P (its Fermi

level lies at 4.8-4.9 eV) can synergistically enhance the photocatalytic activity of CIS NCFs

[159]. The coupling of Ni2P and CIS semiconductors to form heterojunctions may provide

multiple electron transfer pathways across the Ni2P/CIS heterointerface, which are anticipated

to enhance the separation and migration efficiency of charge carriers to the surface. The Ni2P

content on the Ni2P/CIS heterostructures was determined via energy dispersive X-ray

spectroscopy (EDS). On the basis of Ni/Cd atomic ratio, the Ni2P weight loading was found to

be approximately 5, 10, 15 and 20 wt. %, which is very close to the nominal compositions

(within ~8% deviation). Furthermore, the atomic ratios of Cd/In/S in all samples were found

to be ~1:2:4, indicating that stoichiometric CdIn2Ss was synthesized (Table 3-7, Figure 3-43).

Table 3-7. Elemental composition of CIS and Ni>P/CIS materials.

Sample Cd In S Ni P Ni2P content
(at. %) (at. %) (at. %) (at. %0) (at. %) (wt. %)
CIS (6 nm) NCF 14.1 27.9 58.0 - - -
CIS (11 nm) NCF 14.4 29.1 56.5 - - -
5-Ni,P/CIS NCF 11.3 22.7 57.8 3.9 4.3 5.06
10-Ni,P/CIS NCF 10.9 21.8 53.8 7.2 6.3 9.45
15-Ni,P/CIS NCF 10.5 21.1 43.9 11.5 13.0 14.75
20-Ni,P/CIS NCF 9.3 18.7 40.0 14.8 17.2 19.98
15-Ni,P/CIS-m 114 22.8 47.0 12.8 6.0 15.07
CIS-m 13.8 27.5 58.7 - - -
()
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Figure 3-43. Typical EDS spectra of mesoporous assemblies of NioP/CIS NCFs with (a) 5, (b)
10, (c) 15 and (d) 20 wt. % Ni2P content.
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Figure 3-44. X-ray diffraction patterns of different mesoporous Ni>P/CIS NCFs and Ni2P

10 80

nanosheets. The indexing of the diffraction peaks of Ni>P nanosheets was performed using the
standard JCPDS file of Ni2P (card no. 74-1385).

76

—
| —



The X-ray diffraction (XRD) patterns of NiP/CIS NCFs exhibited the broad characteristic
reflections of the CIS host matrix, along with an additional weak yet well-resolved diffraction
peak at ~ 40.7°. This peak, which becomes more pronounced in samples with higher Ni2P
content, corresponds to the (111) diffraction of the hexagonal Ni2P (space group P62m, JCPDS
card no. 74-1385) (Figure 3-44).
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Figure 3-45. (a) Cd 3d, (b) In 3d and (c) S 2p XPS spectra of mesoporous CIS (made of 6-nm

CIS NCs) and 15-Ni2P/CIS (15 wt. % Ni2P loading) NCFs. (d) Ni 2ps2 and P 2p XPS core-

level spectra of 15-Ni>P/CIS NCF material. The XPS deconvoluted spectra of the different

chemical state of elements are displayed as blue, green, orange, and yellow lines. The red lines

are fit to the experimental data.
The chemical state of elements in the pristine CIS and 15% Ni2P-modified CIS (15-

Ni2P/CIS) NCFs was investigated by X-ray photoelectron spectroscopy (XPS) (Figure 3-45).
In particular, the Cd 3d XPS spectrum of mesoporous CIS (6 nm) NCF showed a spin-orbit
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doublet at 405.3 and 412.1 + 0.1 eV due to the Cd 3ds;2 and Cd 3ds, core-levels of Cd?* ions
[87]. In the In 3d core-level spectrum, the peaks at 444.8 and 452.5 + 0.1 eV are attributed to
the In 3ds;zand In 3ds/2 peaks of In® ions [160]. The S 2p spectrum exhibited a prominent peak
at 161.7 + 0.2 eV, corresponding to the S?~ valence state [161]. For the 15-Ni,P/CIS NCF
sample, the Cd 3d spectrum showed a double peak at 405.1 and 411.9 + 0.1 eV, assigned to the
Cd 3ds/2 and Cd 3ds/2 core-levels of Cd?* ions. In the In 3d XPS spectrum, the peaks at 444.7
and 452.4 + 0.1 eV are attributed to the In 3ds and In 3ds of In®" oxidation state. The
prominent peak of the S 2p spectrum at 161.6 + 0.2 eV is due to the metal sulfide phase in CIS.
Regarding the NizP chemical state, the Ni 2ps2 XPS spectrum showed a peak at 853.6 + 0.2
eV, which is assigned to the partially charged Ni®" (0 < § < 2) in NizP, and a peak at 857.9 +
0.2 eV along with the satellite feature at 862.4 + 0.2 eV, which is assigned to the oxidized Ni
species on the surface of catalyst (most likely as Ni-OH/POx species) [162]. The peak at 130.3
+ 0.1 eV and the broad signal at 133.5 + 0.2 eV in the P 2p core-level spectrum correspond
respectively to the slightly negatively charged P®~ atoms in the Ni2P structure and the oxidized
species (POx) at the surface of the catalysts, possibly due to air exposure [163]. Also, XPS
quantitively analysis indicated Cd/In/S atomic ratios of ~1:2:3.8 for the mesoporous CIS (6
nm) NCF and ~1.1:2:3.9 for the 15-NiP/CIS NCF, which is in good agreement with the
previous EDS results (Table 3-7). Moreover, from the In 3ds/> and Ni 2p3/ spectra, the surface
weight content of Ni>P was determined to be ~14.7%.

The morphology of the mesoporous CIS and 15-Ni>P/CIS NCFs was examined with field-
emission scanning electron microscopy (FESEM). Both materials consist of fairly
monodisperse nanoparticles with diameters of approximately 5-10 nm (Figure 3-46a-b),
which are interconnected to form a 3D porous network (Figure 3-49a). The grain size of
mesoporous CIS is significantly smaller than that of bulk CIS, which comprises microparticles
with diameters ranging from 8 to 10 um, as indicated by FESEM (Figure 3-46¢-d). Indeed,
these microparticles feature a flake-like morphology composed by a plethora of intersecting
nanoflakes. SEM-EDS mapping of the Cd, In, S, Ni and P elements revealed the presence of
Ni2P small flakes on the surface of CIS (Figure 3-47). The mapping images show a
homogenous distribution of Cd, In and S atoms throughout the Ni>P/CIS composite structure,
whereas Ni and P atoms are localized in certain regions. The nanoflake morphology of Ni.P
was further verified by FESEM observation (Figure 3-48). In Figure 3-49b, representative
TEM images of the Ni,P-modified sample (15-Ni2P/CIS NCF) reveal closely interconnected

NCs forming a porous structure, which is beneficial for enhancing interparticle electron
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conductivity. The particle size of CIS NCs was estimated to be ~5-7 nm, in very good
agreement with SAXs measurement (ca. 6 nm). The crystal structure of constituent NCs is also
confirmed by the well-resolved lattice fringes in the high-resolution TEM (HRTEM) image in
Figure 3-49c. In particular, the lattice plane distance of the crystallites measures approximately
3.3 A, which combined with previous PDF investigations, could be attributed to the (011)
crystallographic plane of hexagonal CIS. Moreover, Figure 3-49d provides additional
confirmation that Ni2P nanoflakes, with lateral sizes ranging from 15 to 20 nm, are indeed
deposited on the surface of CIS. The interplanar distances of 2.0 and 5.0 A are attributed to the
(021) and (010) lattice planes of hexagonal Ni.P. Overall, the above results confirm the
successful decoration of the CIS mesoscopic assemblies with Ni2P nanosheets, leading to the

formation of a robust Ni2P-CIS porous network.

Figure 3-46. Typical FESEM images of (a-b) mesoporous CIS NCF and (c-d) polycrystalline
bulk CIS.
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Figure 3-47. SEM-EDS mapping images of Ni, P, Cd, In and S elements of 15-Ni>P/CIS NCF

catalyst.

Figure 3-48. FESEM images of Ni2P co-catalyst, displaying a nanoflake-like morphology with
intersecting nanosheets forming a layered-assembled structure.
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Figure 3-49. Representative (a) FESEM and (b-d) HRTEM images of mesoporous 15-
Ni2P/CIS NCF (15 wt. % Ni2P content).

The porosity of the prepared samples was determined by nitrogen physisorption
experiments. The CIS NCFs exhibited a typical type-IV N2 adsorption-desorption isotherm
accompanied with a Ho-type hysteresis loop, being characteristic of mesoporous solids with
interconnected pores (Figure 3-50). In addition, the weak but notable steep adsorption in the
relative pressure (P/Po) range of ~0.5-0.6 indicates N2 adsorption and condensation within
narrow-size mesopores [145]. The CIS NCFs made of 6 and 11-nm sized CIS NCs exhibited a
Brunaeur-Emmet-Teller (BET) surface area of 135 and 107 m? g* and total pore volumes of
0.13 and 0.10 cm® g%, respectively. These values are significantly higher than those of the bulk

analogue (25 m? gt and 0.03 cm?® g2). Also, a reference material of self-assembled CIS NCs
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was prepared through the template-free oxidative coupling of 6-nm sized CIS NCs (denoted as
CIS RNAs). Compared to the templated analogue, this sample shows a type-l adsorption
isotherm, being characteristic of a microporous structure, and features a smaller BET surface
area of 63 m? g and narrow pore width of approximately 1.5 nm. These results suggest the
formation of randomly agglomerated NCs, which comprise small interstitial voids
(micropores) between the inorganic nanoparticles. The NixP-modified heterostructures
exhibited surface areas ranging from 25 to 90 cm? g and total pore volumes between 0.02 and
0.07 cm® g 1. The lower porosity observed in Ni,P/CIS NCFs is attributed to the deposition of
Ni2P sheets on the surface of CIS. The N, adsorption-desorption isotherms of the Ni2P/CIS
heterostructures are depicted in Figures 3-50 and 3-51. By applying the nonlocal density
function theory (NLDFT) model to the adsorption data, we obtained narrow size distributions
of pores with a maximum peak at ~5.6-5.8 nm for CIS NCFs and ~3.8—4 nm for Ni2P/CIS
NCFs.

100
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Figure 3-50. N2 adsorption (filled symbols) and desorption (open symbols) isotherms at —196
°C for mesoporous CIS (6 nm) and 15-Ni>P/CIS NCFs, random NC agglomerates (CIS RNAS)
and bulk CIS. Inset: The corresponding NLDFT pore size distribution plots acquired from the

adsorption data.
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Figure 3-51. N2 adsorption (filled symbols) and desorption (open symbols) isotherms at —196
°C for mesoporous CIS (11 nm) and Ni>P/CIS composites with 5, 10 and 20 wt. % Ni2P content.
Inset: The corresponding NLDFT pore size distribution plots calculated from the adsorption
isotherms.

The CIS nanostructures exhibited a well-defined electronic structure that differs from that
of bulk CIS solid (Figure 3-52). Compared to CIS microparticles (they show an absorption
edge at 2.35 eV), the ultraviolet-visible/near IR (UV-vis/NIR) diffuse reflectance spectrum of
6-nm sized NCs showed a notable blue shift in the absorption edge, indicating the intrinsic
excitonic (inter-band) transition (Eg) in CIS occurring at 2.56 eV. This blue-shift in energy gap
is related to the very small size of CIS NCs (ca. 5-7 nm, according to SAX and TEM results),
which results in strong quantization of the electronic states. In line with this, the bandgap of
larger (11 nm) CIS NCs also shifts to higher energy (2.51 eV) relative to bulk CIS, attributed
to size-induced quantum confinement effects. A similar behavior is observed in the mesoporous

materials consisting of different size NCs. In particular, the mesoporous architectures
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composed of 6 and 11-nm NCs preserve the quantum-confined properties of the starting NCs
to the mesoporous structures. The small shift (by ~20 meV) in the energy gap going from
isolated NCs to mesoporous materials could be attributed to the efficient delocalization of
excitons within the porous structure. Although, the change in the dielectric environment of
colloidal NCs resulting from the removal of capping agents is also a plausible explanation. The
modification of CIS mesostructure with Ni2P results in altered optical and electronic properties
of Ni2P/CIS heterostructures (Figure 3-53). The bandgap energy of the composite materials
ranges from 2.55 to 2.52 eV, depending on the NiP content. The strong change in the electronic
properties of CIS due to NizP deposition suggests intense electronic interactions and thus
efficient charge transfer between Ni2P nanosheets and CIS host matrix (see below). A summary
of optical and textural properties of the pristine and Ni>P-modified CIS NCFs are given in
Table 3-8.
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Figure 3-52. UV-vis/NIR diffuse reflectance spectra of as-prepared CIS NCs, mesoporous CIS
NCFs and CIS microparticles (CIS-m). Inset: The corresponding Kubelka-Munk plots.
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Figure 3-53. UV-vis/NIR diffuse reflectance spectra of mesoporous Ni2P/CIS NCFs and 15
wt. % NizP-loaded CIS microparticles (15-Ni2P/CIS-m). Inset: The corresponding Kubelka-
Munk plots.

Table 3-8. Textural and optical properties of as-prepared CIS NCs, mesoporous CIS and
Ni2P/CIS NCFs, and pure (CIS-m) and 15 wt. % Ni2P-loaded (15-Ni2P/CIS-m) CIS

microparticles.

Sample BET surface Pore volume | Poresize | Energy gap?
area (m?g?) (cm3g™) (nm) (eV)
6-nm CIS NCs - - - 2.56
11-nm CIS NCs - - - 2.51
CIS (6 nm) NCF 135 0.13 5.8 2.58
CIS (11 nm) NCF 107 0.10 5.6 2.49
5-Ni>P/CIS NCF 90 0.07 4.0 2.54
10-Ni,P/CIS NCF 68 0.05 3.9 2.55
15-Ni2P/CIS NCF 52 0.04 3.8 2.53
20-NioP/CIS NCF 25 0.02 3.9 2.52
15-Ni2P/CIS-m 12 0.03 - 2.37
CIS-m 25 0.03 - 2.35

90ptical bandgap estimated from the Kubelka-Munk plots.
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3.2.2 Photocatalytic study

The photocatalytic activity towards hydrogen production of the prepared materials was
assessed under visible light (A > 420 nm) irradiation. The photocatalytic experiments were
conducted in an air-tight quartz reactor, using triethanolamine (TEOA, 10 % v/v) as electron
donor. As can be seen in Figure 3-54, the mesoporous CIS NCF consisting of 6 nm NCs
exhibits a remarkable enhancement in the photocatalytic performance, yielding a H2 evolution
rate of 71 umol h™t, which is approximately 142 times higher than the photocatalytic activity
of bulk CIS (0.5 umol h™) under the same experimental conditions. Remarkably, the
mesoporous CIS composed of larger (11 nm) NCs exhibited poorer photoactivity (29 pmol h™
1y compared to the CIS (6 nm) NCF sample, possibly due to depressed charge transfer process
(see below) and low concentration of surface-active sites. It should be noted, that the
photocatalytic H2 production activity of CIS NCF (made up of 6-nm NCs) is superior to that
of the random aggregates of NCs (CIS RNAs, ~45 umol h™?). These results signify the
importance of the porous morphology and small grain size composition in enhancing
photocatalytic H2 production efficiency. These attributes induce a short diffusion pathway of
the charge carriers to reach the surface, a large catalyst/electrolyte interface, high density of
catalytic active sites, and improved mass transport characteristics. The modification of CIS
mesoscopic ensembles with Ni2P significantly enhances Hz production, highlighting the pivotal
role of NiP nanosheets as a co-catalyst. The photocatalytic experiments demonstrated a
significant increase in the Hz production rate with increasing NizP content up to 15 wt. %.
Specifically, the H production rate of 15-Ni,P/CIS NCF is ~586 pmol h™* (or 29.3 mmol gear
1 h! mass activity), which is approximately 1172 and 8 times higher than that of bulk and
mesoporous CIS, respectively. Comparatively, the other Ni>P-modified catalysts (with 5, 10
and 20 wt. % Ni2P content) exhibited hydrogen evolution rates between 299 to 541 umol h™?,
which is ~4-8 times higher than that of pristine CIS NCF sample. Moreover, the 15-Ni,P/CIS
catalyst also outperformed the Ni>P-modified CIS microparticles with the same Ni2P content
(denoted as 15% Ni2P/CIS-m, ~8.5 pmol h™) by 69 times. As it will be discussed below, the
large exposure surface due to the very small grain size of CIS NCs (NCs with particle size
smaller than 10 nm have almost all atoms exposed to the surface) and the strong built-in electric
field at the Ni2P/CIS interface lead to rapid surface photocatalytic reactions and efficient
delocalization of excitons through electron injection from CIS to the NizP co-catalyst.
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Figure 3-54. Photocatalytic H2 production activities of different mesoporous CIS and Ni2P/CIS
NCFs, random CIS NCs aggregates (CIS RNAs), and pure and 15 % Ni>P-loaded (15 %
Ni2P/CIS-m) CIS microparticles.

The optimal photocatalytic conditions of the best photocatalyst (15-Ni2P/CIS NCF) were
also determined. Interestingly, the hydrogen evolution activity of 15-Ni>P/CIS NCF is closely
related to the mass loading (Figure 3-55). The optimum activity was found at a concentration
of 1 mg mL%, while lower concentrations (0.5 mg mL™) resulted in inferior activity, likely due
to the low density of active sites. Also, at higher catalyst mass loads (1.5 and 2 mg mL™), the
poorer photocatalytic activity can be attributed to the light scattering effect of the catalyst’s
particles. Also, when TEOA is replaced by several other common sacrificial reagents, such as
isopropyl alcohol (10% v/v), 2 M NaOH-10% (v/v) ethanol (OH/*OH redox pair) and
triethylamine (10% v/v) at a fixed catalyst concertation of 1 mg mL2, the H; evolution rates
observed are approximately 45, 36, and 125 pmol h™?, respectively. (Figure 3-56). These
findings suggest that the photogenerated hole transfer process is the decisive step for the
catalytic efficiency of the catalyst. The apparent quantum yields (AQYs) were also determined
under monochromatic light sources. In particular, 15-Ni,P/CIS NCF display AQY's of 81.5%,
61.7%, 22.4% and 0.7% at 375, 420. 460 and 520 nm, assuming 100% absorption of the
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incident light. To the best of our knowledge, this photocatalytic efficiency is one of the highest
so far reported for CdlIn,Ss-based catalyst (see Table 1 in Annex 1). Remarkably, the
wavelength-dependent AQY's values of H. evolution closely follow the optical absorbance of
the 15-Ni>P/CIS NCF catalyst, suggesting that the photocatalytic reaction proceeds via band-
edge transition (Figure 3-57).
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Figure 3-55. Photocatalytic H2 production activities at different concentrations of 15-Ni>P/CIS

NCF catalyst.
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Figure 3-56. Photocatalytic H2 production activities of 15-Ni>P/CIS NCF using different hole
scavengers: isopropyl alcohol (IPA, 10% v/v), 2 M NaOH/ethanol (EtOH, 10% v/v) mixed
solution, triethylamine (TEA, 10% v/v) and triethanolamine (TEOA, 10% v/v).
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Figure 3-57. UV-vis diffuse reflectance spectrum of mesoporous 15-Ni2P/CIS NCF catalyst

and AQYs of Hz evolution under different incident light irradiations.

The stability of our best photocatalyst in optimized conditions was assessed under four five-
hour catalytic runs. After each run, the catalyst was isolated from the reaction mixture by
centrifugation, washed several times with water and reinserted in a fresh TEOA (10% v/v)
solution. Prior to each test, the photocatalytic reactor was degassed with Ar gas for at least 30
minutes to eliminate the presence of oxygen gas. As can be seen in Figure 3-58, the
photocatalytic activity of 15-Ni>P/CIS NCF showed no detectable deterioration after 20 hours
of visible-light irradiation. During this period, the catalyst produced 11.7 mmol of H or ~280
mL at 20 °C, corresponding to an average hydrogen production rate of ~580 pmol h™t. The
chemical and structural integrity of the reused catalyst was investigated with EDS
microanalysis and XRD measurements. The EDS spectra indicated that the chemical
composition of the catalyst is well retained after catalysis and no leaching of the Ni2P co-
catalyst is observed (~14.7 wt. % Ni2P). Also, the XRD pattern of the reused catalyst indicated
no obvious structural changes (Figure 3-59). The porosity of the recycled catalyst was
examined by N2 physisorption (Figure 3-60), revealing a BET surface area of 35 m? g%, a total

pore volume of 0.03 cm?® g* and a mean pore width of 4.9 nm, slightly smaller than those of
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the fresh sample. The slight decrease in porosity of the catalyst after reactions could be

attributed to mild photo-corrosion of the mesoporous structure.
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Figure 3-58. Time courses of the photocatalytic hydrogen evolution (lines) and the Ho-
evolution rates (column) at the course of the photocatalytic stability study over 15-Ni.P/CIS
NCF catalyst. The H-generation rates were averaged over the 5 hours of irradiation. The
stability test was conducted with 1 mg mL™ catalyst loading in triethanolamine (10% v/v)
solution, under visible-light (A > 420 nm) irradiation (300 W Xe lamp) at 20 + 2 °C.
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Figure 3-59. (a) Typical EDS spectrum and (b) XRD pattern (red line) of 15-Ni>P/CIS NCF
catalyst after 20 hours of photocatalytic reaction. In panel (b), the XRD pattern (black line) of
the fresh catalyst is also given.
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Figure 3-60. N, adsorption-desorption isotherm at —196 °C and the corresponding NLDFT

pore-size distribution plot (inset) of the 15-Ni>P/CIS NCF catalyst retrieved after 20 hours of

photocatalytic reaction.

The chemical state of elements of the recycled catalyst was also investigated via X-ray
photoelectron spectroscopy (XPS). The XPS results suggests that the chemical integrity of the
15-Ni2P/CIS NCF is preserved after the stability tests (Figure 3-61), In particular, the Cd 3d
spectrum exhibited a spin-orbit doublet signal at 405.0 and 411.8 + 0.1 eV, corresponding to
the Cd 3ds/2 and Cd 3ds/2 of Cd?* ions. The In 3d XPS core-level spectrum displayed a doublet
peak at binding energies of 444.8 and 452.4 + 0.1 eV, which are assigned to the In 3ds,2 and In
3da2 signals of In®* ions in CdIn,Sa. The S 2p XPS spectrum showed a single peak at 161.7 +
0.2 eV due to the S*~ valence state. As for the Ni 2ps2 XPS spectrum, the peak at 853.8 eV +
0.1 is characteristic of the partially charged Ni®* (0 < § < 2) of NizP, while the peak at 857.2 +
0.1 eV and the satellite feature at 861.1 + 0.2 eV originate from the Ni?* oxidized species (Ni—
OH/Ni—POy) on the catalyst surface. Similar to this, the P 2p XPS spectrum shows a peak at
130.1 + 0.1 eV, corresponding to slightly negatively charged P>~ atoms in NizP, and a peak at
133.4 £ 0.1 eV due to the oxidized POy species at the surface. Furthermore, XPS quantitative
analysis of the recycled catalyst showed Cd/In/S atomic ratios close to ~1.2:2:3.9, consistent
with the stoichiometry of CdIn,Ss4 (1:2:4), along with a Ni2P weight percentage of ~14.5 % (as
determined from the Ni 2pz. and In 3ds2 signals). Thus, the above findings suggest that the
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15-Ni2P/CIS NCF catalyst exhibits splendid photocatalytic performance towards hydrogen

evolution, along with remarkable photo-corrosion resistance and photo-chemical stability.
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Figure 3-61. High-resolution XPS spectra of (a) Cd 3d, (b) In 3d, (c) S 2p and (d) Ni 2p3and

P 2p of the recycled 15-Ni>P/CIS NCF catalyst.

3.2.3 Effect of Ni>P on the photocatalytic activity

In order to understand the charge transfer dynamics in Ni2P/CIS heterojunctions, Mott-
Schottky experiments were performed. Figure 3-62a depicts the inverse square-charge
capacitance (1/Csc?) as a function of the applied potential (E) plot for the mesoporous CIS and
Ni2P/CIS NCFs. The samples were drop-casted as thin-films on fluorine-doped tin oxide (FTO,
10 Q sq ') glass substrates and the flat band (Erg) potentials were determined by the tangent
lines of the 1/Csc>-E plots. All the reported electrochemical potentials were converted to the
reversible hydrogen electrode (RHE) at pH 7. The Ers potential combined with the optical
bandgap (as determined from UV-vis/NIR spectra, see Table 3-8) can provide the valence band

energy level (Eve) of the catalysts (Table 3-9, Figure 3-62b). This interpretation provides a
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good estimation of the conduction band (CB) edge position, which is quite feasible for heavily
n-type dope semiconductors [164], where the Ers typically is typically located ~0.1-0.3 eV
below the CB edge [46]. All Mott-Schottky plots exhibited positive slopes, indicating n-type
conductivity in our catalysts. The Mott-Schottky results revealed that the Erg level of CIS
NCFs consisting of 6-nm NCs undergoes an energetic elevation by 130 mV compared to the
bulk CIS, that is, from —0.77 V to —0.90 V. The shift in Erg is in good agreement with the
widening of the bandgap and the size-dependent optical absorption observed in UV-vis/NIR
experiments, highlighting the presence of quantized band-edge electronic states due to the
considerable particle size reduction of CIS. Similarly, the mesoporous CIS composed of 11-
nm CIS NCs exhibited a Erg of ~ —-0.81 V, further confirming that the quantum confinement
effects in the electronic band structure originate from the CIS NCs building blocks. The
employment of Ni2P nanosheets on the surface of CIS NCFs, has an immediate effect on the
electronic band structure of CIS. Specifically, the Erg gradually shifts from —0.83 V to —0.60
V as the Ni2P loading increases from 5 to 20 wt. %. The continuous down-shift of the Erg
position in the NiP/CIS heterojunctions can be attributed to the electron capture ability of Ni2P
and the rearrangement of the band-edge positions of the Ni>P and CIS semiconductors. The
energetic level alignment between Ni:P and CIS can result to a potential drop across the
Ni2P/CIS interface, leading to electron migration from CIS, which has a higher Fermi level, to
Ni2P until their Fermi level reach equilibrium. The Erg potential of Ni2P nanosheets was found
to be —0.41 V, significantly lower than that of CIS NCFs. Combined with its bandgap (Eg ~
1.05 eV), the energy band structure of Ni>P was also determined (Figure 3-62b, Figure 3-63).
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Figure 3-62. (a) Mott-Schottky plots and (b) electronic band structures of the mesoporous CIS
and Ni2P/CIS NCFs, bulk CIS and 15-Ni>P/CIS-m microparticles (VB: valence band, CB:

conduction band, red line: H*/H2 redox potential).

93

—
| —



a b 8
7
El 6.
& En
@ 5 51
3 o
o Y.
2 o
g 2 3
5 =
8 2]
<
14
T T T T 0 |'.' T T T T T T
0.5 1.0 1.5 2.0 25 3.0 -0.7 -06 -05 -04 -03 -02 -01 00
Energy (eV) Potential (V vs Ag/AgCl)

Figure 3-63. (a) UV-vis/NIR diffuse reflectance spectrum and (b) Mott-Schottky plot of Ni2P
nanosheets. In panel (b), the linear fit (red line) indicates a Erg potential of —0.41 V (vs RHE)
atpH 7.

Table 3-9. Electrochemical properties of mesoporous CIS and Ni2P/CIS NCFs, pure CIS and
15% NizP-loaded CIS (15-Ni2P/CIS-m) microparticles, and Ni2P nanosheets obtained from
Mott-Schottky experiments.

Sample Ers Evs Donor density
(V vs RHE, pH 7) (Nb, cm™)
CIS (6 nm) NCF -0.90 1.68 473 x 108
CIS (11 nm) NCF -0.81 1.68 1.26 x 108
5-Ni,P/CIS NCF -0.83 1.71 1.74 x 108
10-Ni-P/CIS NCF -0.74 1.81 1.49 x 108
15-Ni>P/CIS NCF -0.67 1.86 2.63 x 107
20-Ni,P/CIS NCF —0.64 1.88 2.20 x 10%7
15-Ni2P/CIS-m -0.60 1.77 2.28 x 107
CIS microparticles -0.77 1.58 6.65 x 107
Ni2P nanosheets -041 0.64 -

The progressive electron migration from CIS to Ni2P and the observed Erg shift of CIS are
further supported by the change in the slope of the 1/Csc? vs E lines. The charge donor densities
(Nb) of CIS NCFs made of 6-nm and 11-nm CIS NCs are approximately 4.73 x 108 and 1.26

x 10 cm~3, respectively. The bulk CIS sample exhibited a much lower Np concentration
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(~6.65 x 101" cm~3) compared to the mesoporous CIS, which is attributed to the large grain size
of CIS microspheres. Upon Ni2P decoration, the charge donor densities range between ~1.74
x 10 to ~2.20 x 10* cm with increasing Ni,P content (Table 3-9). Overall, the Mott-
Schottky results demonstrate that the band-edge alignment at NiP/CIS heterojunctions
determines the charge transport processes and the redox ability of the obtained catalysts. These
charge transfer pathways can enhance the efficient separation of photogenerated electron-hole
pairs and their migration to the catalytic active sites.
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Figure 3-64. EIS Nyquist plots (Inset: equivalent Randles circuit model [Rs (CPE/Rc)], used
for the simulation of EIS data) for mesoporous CIS and Ni2P/CIS NCFs, and polycrystalline
bulk CIS and 15-Ni,P/CI1S-m materials. The red dotted lines are fit to the experimental data.

The charge-transfer dynamics upon NizP functionalization were also investigated via
electrochemical impedance (EIS) and time-resolved photoluminescence (TR-PL)
spectroscopy. The obtained Nyquist data were fitted using an equivalent Randles circuit model.
The mesoporous CIS NCF composed of 6-nm NCs exhibited much lower charge-transfer
resistance (Rct ~ 79.3 kQ) compared to the mesoporous CIS sample made of larger (11 nm)
NCs (~110.6 kQ) and the bulk analogue (~187.2 kQ), indicating less resistive interfacial
charge-transfer kinetics (Figure 3-64). The high photocatalytic activity of Ni,P/CIS catalysts
stems from their efficient charge-transfer properties, characterized by markedly lower Rt
values. The best photocatalyst (15-Ni>P/CIS NCF) showed the lowest R resistance (~0.7 kQ)
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followed by 20-Ni2P/CIS (~2.0 kQ), 10-NiP/CIS (~4.9 kQ) and 5-Ni2P/CIS (~12.3 kQ) NCFs
(Table 3-10). The significant decrease in charge-transfer resistance observed in Ni2P/CIS
composites correlates well with the hydrogen evolution reaction results (Figure 3-54). Of note,
the bulk reference 15-Ni>P/CIS-m catalyst, although it possesses a similar electronic structure
to the mesoporous 15-Ni,P/CIS NCF counterpart (Erg ~—0.6 V and Np ~ 2.28 x 10" cm™3, see
Table-3-9), exhibits less efficient charge transport properties (Ret ~ 69.2 kQ). These results
thus explicitly indicate that the formation of Ni.P/CIS nanojunctions provides a more efficient
interfacial charge carrier pathway and an enhanced separation ability, leading to improved

photocatalytic activity.

Table 3-10. EIS Nyquist equivalent circuit model fitted parameters of different C1S-based

catalysts.

Sample Rs () Cal (F) Rt (kQ) X2

CIS (6 nm) NCF 13.36 15.53 x 10°® 79.3 1.8x10*
CIS (11 nm) NCF 19.04 21.43 x10°° 110.6 54x10*
5-Ni;P/CIS NCF 16.71 40.96 x 1078 12.3 1.1x10°38
10-NizP/CIS NCF 14.28 4453 x 1078 4.9 2.8x 10
15-Ni>P/CIS NCF 14.92 25.45 x 1076 0.66 2.7 x10%
20-Ni2P/CIS NCF 13.39 24.38 x 10°° 1.95 3.3x10%
15-Ni;P/CIS-m 15.01 11.73 x 10°® 69.2 8.5x107°
CIS microparticles 19.21 13.79 x 1076 187.2 2.4 %1073

TRPL studies were conducted to elucidate the role of the NiP/CIS interface in charge
delocalization and transfer phenomena. Figure 3-65 depicts the TRPL emission decay curves
for different CIS catalysts measured upon 375 nm excitation. To properly fit the PL decay and
obtain the carrier lifetimes, we utilized a biexponential function: F(t) = yo + Zi ai e /™ (i =1, 2),
where a; is the amplitude fraction and 7; is the carrier lifetime of each component (Zioi = 1).
The 11 an 12 charge-carrier lifetimes correspond to the surface-mediated (fast) and band-to-
band (slow) recombination of excitons, respectively. The obtained TRPL decay fitting
parameters are listed in Table 3-11. The catalyst containing 15 wt. % Ni2P (15-Ni2P/CIS NCF)
exhibits an average lifetime (tav) of ~3.57 ns, which is approximately 1.4 times larger than that
of mesoporous CIS (~2.55 ns) and bulk CIS (~2.53 ns). The combined results from TRPL and
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EIS Nyquist measurements advocate for an extensive electronic contact throughout the
assembles structure and a more efficient utilization of the photoexcited electrons in the H>
evolution reaction, which is attributed to faster electron migration through the NiP/CIS
nanojunction. Furthermore, a cautious observation of the decay parameters of bulk CIS
revealed a dominant recombination of localized carriers within the CIS structure. On the other
hand, the mesoporous CIS and NiP/CIS NCFs exhibited a higher contribution of the surface-
related radiative transitions (fast), which justifies lower bulk carrier recombination losses due
to the rapid electron migration to the surface. This is attributed to the increased band-bending
in the CIS mesostructures (due to the low dimensionality of the constituent nanoparticles) and
the deposition of Ni2P nanosheets, which act as “electron pumps” reducing the recombination

rate of excitons through spatial separation of the charge carriers.
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Figure 3-65. TRPL emission decay curves of mesoporous CIS and 15-Ni>P/CIS NCFs, and
pure (C1S-m) and 15% Ni>P-loaded (15-Ni>P/CIS-m) CIS microparticles excited under 375 nm

light. The red lines are fit to the experimental data.
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Table 3-11. Time-resolved PL decay parameters of mesoporous CIS and 15-Ni2P/CIS NCFs,
and pure (CI1S-m) and 15% Ni2P-loaded (15-Ni2P/CIS-m) CIS microparticles.

T1 T2 o (V5) Tav®
Sample

(ns) (ns) (%) (%) (ns)
CIS (6 nm) NCF 0.94 6.32 94.5 55 2.55
CIS (11 nm) NCF 0.84 4.94 91.8 8.2 2.22
15-Ni2P/CIS NCF 1.62 7.15 89.3 10.7 3.57
15-Ni2P/CIS-m 1.05 4.59 74.1 25.9 3.19
CIS microparticles 0.34 2.73 42.4 57.6 2.53

3The average lifetime (1ay) Was determined by the equation: t,, = (X o 2)/( X0 1;) (1 = 1, 2).
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Figure 3-66. J-V plots of mesoporous CIS and Ni2P/CIS NCFs, and bulk CIS drop-casted as
thin-films on FTO glass substrates.

The rapid scavenging of the surface-reaching electron by proton in Ni>P/CIS heterojunctions
is further elucidated by current-potential (J-V) experiments (Figure 3-66). The J-V curves
showed an earlier onset potential (by ~100-200 mV) and a steeper current response for the
Ni2P/CIS composites compared to the unmodified mesoporous and bulk CIS materials,
illustrating improved charge-transfer kinetics and lower energy barrier for H, production. For

instance, the 15-Ni,P/CIS NCF catalyst yielded a current density of 4.85 mA cm=2 at —1.5 V
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(vs Ag/AgCl), while mesoporous and bulk CIS showed current densities of 1.28 and 0.52 mA
cm™2 at the same potential, respectively. Also, the efficient migration of photoexcited charge
carriers due to NioP modification is further confirmed via photocurrent measurements (Figure
3-67). In particular, 15-Ni>P/CIS NCF exhibited a higher cathodic photocurrent (ca. —-0.16 mA
cm) than the mesoporous CIS NCF (ca. —0.09 mA cm) under visible light irradiation,
indicating better utilization of the photogenerated charge carriers due to the enhanced charge

migration at the Ni.P/CIS interface.
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Figure 3-67. (a) Transient photocurrent response of mesoporous CIS and 15-Ni>P/CIS NCFs
measured at a constant potential of —1 V (vs Ag/AgCl) under visible light irradiation (A > 420
nm). (b) Mechanism of cathodic photocurrent generation at the FTO/15-Ni.P/CIS NCF
electrode. Cathodic photocurrent generation occurs when the electrode potential facilitates
electron accumulation in the conduction band (CB) of NiP and CIS semiconductors, and
simultaneously promotes hole migration from the valence band (VB) of these semiconductors
to the electrode (FTO).

Figure 3-68 illustrates a potential band bending model and reaction mechanism of
mesoporous Ni2P/CIS NCFs. Specifically, the equilibration of Fermi levels and the subsequent
electron flow creates a band-bending at the Ni>P/CIS interface, in which both CB and VB edges
of CIS shift upwards, while the band-edges of Ni2P nanosheets simultaneously descend. In the
case of the 15-Ni>P/CIS NCF catalyst, a CB offset of about 0.5 eV is established between Ni.P
and CIS semiconductors (as determined by the electron affinity (x) difference between the two
semiconductors) that results in a notched CB grading near the heterointerface, as depicted in

Figure 3-68. This leads to the formation of a potential barrier at the CB that impedes the
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electron flow from CIS to Ni2P side, even though the Ni.P CB is more favorable for electron
injection. Thus, the photogenerated electrons from CIS remain in the CB of CIS, whereas the
free electrons of Ni2P tend to accumulate at the Ni>P interface (accumulation region). These
localized interfacial states can act as electron traps in the vicinity of the heterointerface
(forming a 2D electron gas), facilitating the proton reduction reaction. At the same time, the
built-in electric field that has formed at the Ni2P/CIS contact can thermodynamically facilitate
the hole transfer from the CIS VB to Ni2P where they can oxidize the sacrificial reagent
(TEOA). Considering that the VB potential of isolated Ni2P is ~0.65 V (Table 3-9) and
accounting for an expected VB banding of about 0.2-0.3 eV, the VB maximum of NizP is
estimated to be ~0.4-0.5 V (vs RHE) after equilibrium with CIS, which is far above the VB
position of CIS (ca 1.86 V vs RHE). The net effect of this procedure is expected to generate a
migration and separation of excitons at the interface of Ni,P/CIS. The built-in potential (Vi)
at the Ni2P/CIS interface, which is defined at the energy difference between the Fermi levels
of Ni2P (ca. —0.4 V vs RHE) and CIS NCF (ca. —0.9 V vs RHE) is approximately 0.5 eV, which
is sufficient enough to induce the charge pair separation. The separation and migration pathway
of photoexcited carriers seen in the above EIS and TR-PL spectroscopic analyses is consistent

with this mechanism.

H, Accumulation

e H> Depletion H* region
region
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Figure 3-68. Proposed band-bending model, displaying a typical type-l (straddling) n-n
Ni2P/CIS heterojunction and possible photocatalytic H2 production mechanism over Ni2P/CIS
catalysts (Ece: conduction band energy, Evg: valence band energy, Er: Fermi level).
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3.2.4 Conclusions

A low-temperature synthetic protocol of obtaining high-surface-area 3D mesoporous
networks of unique hexagonally CIS NCs was demonstrated. Importantly, this synthetic
method provides the ability to construct mesoporous architectures of CIS nanoparticles with
different size. The combination of mesoporosity along with the small grain size of CIS (ca. 6
and 11 nm in diameter) results to significant advantages towards the photocatalytic activity,
deriving from the enhanced migration of charge carriers and interparticle mass transport.
Functionalizing the CIS nanostructures with Ni2P nanosheets significantly enhances the
photocatalytic activity of CIS by facilitating increased charge transfer that promote hole
transfer across the Ni2P/CIS interface (from CIS to Ni2P). As a result, the mesoporous Ni>P/CIS
catalyst containing 15 wt. % Ni2P demonstrates a remarkable photocatalytic activity for the
water reduction reaction, exhibiting a 29.3 mmol h™! gear * H2 production rate under visible light
irradiation with AQY's of 81.5% and 61.7% at 375 nm and 420 nm monochromatic light,
respectively. This photocatalytic activity is among the highest reported for CdInSs-based

photocatalytic systems.
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3.3 Mesoporous Mott-Schottky heterojunctions of Co.P-modified CdIn,Ss

nanocrystals

3.3.1 Synthesis and structural characterization

The mesoporous framework of linked CdIn2Ss nanocrystal (denoted as CIS NCF) was
synthesized via the oxidative coupling of colloidal CIS nanocrystals (with 6 nm in size) in the
presence of polyoxothylene-block-cetyl ether (Brij-58) copolymer, which is sufficient to
mediate the assembly of individual nanocrystals into a continuous 3D porous structure. The
polymer template was then removed from the pores by solvent extraction in warm ethanol and
water (~40 °C). This process produces a robust network of connected CIS nanocrystals with
large internal surface area and well-defined pores. The sufficient removal of the organic mold
was verified by thermogravimetric analysis (TGA), which indicated an inevitable ~9.3 wt. %

of organic residual remaining in the mesoporous CIS sample (Figure 3-69).
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Figure 3-69. TGA profile (black line) and the corresponding differential thermogravimetric
(DTG) curve (green line) of mesoporous CIS NCF.

Then, mesoporous CozP-modified CIS heterostructures (denoted as n-CP/CIS NCFs, where n
refers to the weight percentage of Co2P) with adjustable composition of CozP, that is, from 5
to 15 wt %, were prepared by chemical deposition of pre-formed Co2P nanoparticles on the
surface of CIS mesoporous. Also, a reference material was synthesized by chemical deposition
of 10 wt. % Co2P on the surface of CIS microparticles (denoted as 10-CP/CIS-m). The chemical
composition of the prepared materials was determined by energy dispersive X-ray spectroscopy

102

—
| —



(EDS). The EDS results confirmed that the resultant CP/CIS NCFs have a stoichiometric
composition of Cd:In:S = 1:2:4 and Co2P loadings very close to those expected from the
stoichiometry of reactions (within a ~5-8 % standard deviation) (Figure 3-70). The analytical

data and the estimated Co2P loadings of mesoporous samples are given in Table 3-12.
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Figure 3-70. Typical EDS spectra of the mesoporous (a) CIS and CP/CIS NCFs with (b) 5, (c)
7, (d) 10 and (e) 15 wt. % Co2P loading, and (f) 10% Co2P-loaded CIS microparticles.

Table-3-12. Element composition of Co.P nanoparticles and mesoporous CIS and Co2P/CIS

samples.

Sample Cd In S Co P Co2P loading?
(at. %) | (at. %) | (at. %) | (at. %) | (at. %0) (wt.%0)

Co2P NPs - - - 61.4 38.6 -

CIS NCF 145 29.1 56.4 - - -

5-CP/CIS NCF 15.7 30.0 47.1 5.2 2.0 4.98

7-CP/CIS NCF 15.1 28.7 46.0 7.2 3.0 7.02

10-CP/CIS NCF 13.9 26.4 44.6 9.6 5.5 9.84

15-CP/CIS NCF 13.6 25.9 38.5 15.6 6.4 15.32

10-CP/CIS-m 13.0 25.0 48.9 9.2 3.9 10.03

3 Based on the EDS Co to Cd atomic ratio.
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Figure 3-71. XRD patterns of (a) CIS NCFs and CP/CIS samples, (b) Co2P nanoparticles and
(c) 10 wt. % Co2P-modified CIS microparticles. The standard diffraction lines of (a) hexagonal
CdIn3Ss, (b) orthorhombic CozP (JCPDs card no. 32-0306) and (c) cubic CdInSs (JCPDs card

no. 27-0060) are also given.

The crystal structure of mesoporous CIS and CP/CIS NCFs was examined with X-ray
diffraction (XRD) analysis. The CIS NCF showed three broad diffraction peaks at 28 scattering
angles between 20° to 60° (Figure 3-71a), which can be assigned to the hexagonal phase of
CdInzS4 (see chapter 3.2). The broadness of the diffraction peaks implies the nanocrystalline
nature of the samples. The Co.P-modified samples with Co.P content up to the 10 wt. %
exhibited identical XRD patterns to the pristine CIS sample, with no detectable CozP
crystallites due to the small grain size and low content of Co2P. In higher concentration of Co2P
(15 wt. %), however, the Co.P/CIS heterostructures showed an additional diffraction peak at
20 ~ 40.7°, which can be assigned to the (112) lattice planes of orthorhombic Co.P, further
confirming the formation of Co.P/CIS heterostructures. The crystal phase of as-prepared Co.P
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was identified via XRD as can be seen in Figure 3-71b, in which all the diffraction peaks
correlate well with the orthorhombic phase of Co.P (JCPDS card. No 32-0306). No other
distinguishable XRD peaks were observed, suggesting the high phase purity of Co2P. The XRD
pattern of the reference 10-CP/CIS-m material showed only the characteristic diffraction peaks
of the cubic CdIn,S4 (JCPDs card no. 27-0060), with no additional Co.P XRD peaks due to the
low content and small grain size (Figure 3-71c).

The morphology of the mesoporous sample with 10 wt. % Co2P loading (10-CP/CIS) was
observed by field-emission scanning electron microscopy (FESEM). The FESEM images show
the formation of a 3D mesoporous network composed of fairly monodisperse CIS nanoparticles
of size ~5-10 nm (Figure 3-72a). Comparatively, the reference sample 10-CP/CIS-m,
synthesized via a simple hydrothermal method, is composed of microparticles of 5-10 um
diameter that consist of numerous intersecting ~250-nm-sized nanoflakes (Figure 3-72b).
SEM-EDS mapping on 10-CP/CIS mesoporous indicated a homogenously distribution of Co,
Cd, In and S element throughout the porous framework (Figure 3-72c), suggesting that Co.P
deposits uniformly on the CIS surface. Further structural characterization of 10-CP/CIS NCF
with transmission electron microscopy (TEM) display plenty of tightly interconnected
nanoparticles of 5-7 nm diameter forming the porous framework (Figure 3-72d-e), in
accordance with the results from XRD and FESEM. Such an intimate particle-to-particle
contact is crucial to maximize the electrical conductivity of the mesoporous structure. In
addition, uniform pores of about ~4-5 nm in size between the assembled structure can be
observed in the TEM images, which is beneficial to mass transport processes. The hexagonal
crystal structure of CIS was also verified by high-resolution TEM (HRTEM). The lattice
fringes with interplanar distance of 3.3 A in Figure 3-72¢ are assigned to the (001) crystal
planes of hexagonal CdIn,S4 (space group P6smc). The presence of different orientations of
the lattice planes suggests the polycrystalline nature of CIS. Moreover, HRTEM observation
also confirms the uniform distribution of Co.P nanoparticles on the CIS surface, clearly
showing Co,P nanocrystals (appeared as dark regions) with lattice planes of 2.8 A, which agree
well with the (200) crystal planes of the orthorhombic CozP (space group Pnma). A more
careful analysis of the TEM images shows that Co,P comprises nanocrystallites with an
average size of ~6-7 nm. Also, the HRTEM images depict distinct heterointerfaces between
the CozP and CIS materials (highlighted with white lines in Figure 3-72f), which are expected
to be beneficial for the dissociative adsorption of water molecules during the hydrogen
evolution reaction [165]. Overall, the chemical composition and crystal structure of the

obtained materials was confirmed through EDS and XRD analysis. The corresponding results
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suggest the successful preparation of mesoporous frameworks comprising of interconnected
Co2P and CIS nanoparticles with internal porosity, which allows for an efficient interparticle

contact and maximizes the electrical conductivity.

m 0.2um

Figure 3-72. (a-b) FE-SEM images of (a) mesoporous 10-CP/CIS and (b) bulk 10-CP/CIS-m
materials. (c) EDS elemental mapping of Cd, In, S, Co and P elements of 10-CP/CIS NCF. (d)

TEM and (e-f) high-resolution TEM (HRTEM) images of mesoporous 10-CP/CIS NCF.

The successful synthesis of Co.P/CIS composites was further confirmed by X-ray
photoelectron spectroscopy (XPS). The XPS survey spectrum of 10-CP/CIS NCF verified the
presence of Cd, In, S, Co and P elements (Figure 3-73a), in agreement with the results of EDS
analysis. It should be noted that the presence of O could due to the partial oxidation of surface
atoms as a result of exposure to air. The Cd 3d core-level XPS spectrum of 10-CP/CIS NCF
showed a doublet peak of Cd 3ds;2 and Cd 3ds/2 spin-orbit states at 405.1 and 411.8 + 0.1 eV,
respectively (Figure 3-73b), corresponding to the divalent Cd in metal sulfides [61,88].
Likewise, the In 3d XPS spectrum showed two peaks at 444.8 and 452.4 + 0.1 eV,
corresponding to the In 3ds2 and In 3ds, spin-orbit signals of In®* ions, respectively (Figure
3-73c). The deconvolution of the S 2p XPS spectrum revealed two signals at 161.7 and 163.3
+ 0.2 eV binding energies, consistent with the metal-S and S—-O(OH) bonds, respectively

(Figure 3-73d) [90]. The low-valence states of Co®" and P>~ elements in Co,P can be affirmed
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by the Co 2psi2 and P 2p core-levels at 778.2 eV and 129.6 + 0.1 eV, respectively. Also, the
presence of an additional Co 2p3/2 and P 2p sub-signals at 780.8 eV and 133.4 £ 0.1 eV refers
to the Co—OH/Co-POx species, indicating that the surface of Co2P is partially oxidized likely
due to air exposure (Figure 3-73e-f) [133,166,167]. The XPS quantitative analysis indicated
the nominal composition of 10-CP/CIS NCF, in accord with EDS results, showing a surface
Col/In ratio of ~0.28 that corresponds to a ~8.3 wt. % Co2P loading amount. We also measured
in-situ irradiated XPS (I1SI-XPS) to understand the charge transfer interactions between the CIS
and Co2P under light irradiation. As can be seen in Figure 3-73, when photoexcitation of 10-
CP/CIS NCF occurs, a positive shift (by ~0.2 eV) of Cd 3ds;2 (405.2 eV) and In 3ds2 (445.0
eV) XPS spectra and a simultaneously negative shift (by ~0.3-0.5 eV) of Co 2pz (777.9 eV)
and P 2p (129.1 eV) XPS spectra, in comparison to the corresponding ex-situ XPS spectra can
be observed. These binding energy shifts clearly confirm a photoelectron transition from Cd/In
3d states of CIS to Co/P 2p states to Co.P at the interface. These charge redistribution
phenomena are beneficial for the separation of photoexcited carriers, leading to improved
photocatalytic efficiency.
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Figure 3-73. (a) XPS survey and high-resolution XPS spectra of (b) Cd 3d, (c) In 3d, (d) S 2p,
(e) Co 2p and (f) P 2p core-levels of mesoporous 10-CP/CIS NCF. In-situ XPS spectra were
collected under visible light irradiation. The signal of Mo 3d in panel (a) is from the sample
holder. The XPS deconvoluted spectra of different chemical species are shown as blue, green

and orange curves. The red lines are fits to the experimental data.

107

—
| —



The nitrogen adsorption-desorption isotherms of mesoporous CIS and 10-CP/CIS NCFs are
compared in Figure 3-74, while the N2 isotherms of the other CP/CIS heterostructures are
displayed in Figure 3-75. All samples exhibited typical type-IV isotherms with an H»-type
hysteresis loop, according to the IUPAC classification, indicating mesoporous structures with
interconnected pores [145]. The hysteresis loop between the adsorption and desorption
branches is attributed to the pore blocking effects from cage-type or slit-shaped pores. The CIS
NCF exhibited a Brunauer-Emmet-Teller (BET) surface area of 132 m? g~* and a pore volume
of 0.12 cm® g~1. Upon Co2P modification, the BET surface area ranges from 55 to 106 m? g1
and pore volume ranges from 0.05 to 0.08 cm® g~ depending on the CozP content. Analysis of
the adsorption data with non-local density functional theory (NLDFT) method gave quite
narrow size distributions of pores with an average diameter of ~5 nm for CIS NCF and ~3.8—
4.0 nm for CP/CIS NCFs, in agreement with the interstitial pore spaces observed by TEM (ca.
4-5 nm). The gradual decrease in surface area and pore size for the Co2P-modified materials
is due to the deposition of Co2P nanoparticles inside the pores of CIS NCF. Nevertheless, all
the CP/CIS heterostructures still display an open-pore structure with highly accessible surface
area. Comparatively, the surface area of bulk CIS and 10-CP/CIS-m microparticles obtained
by hydrothermal synthesis is significant low (ca. 25 and 9 m? g%, respectively) (Figure-3-74),

suggesting the formation of a non-porous structure.
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Figure 3-74. N2 adsorption (filled cycles) and desorption (open cycles) isotherms at —196 °C
for the mesoporous CIS and 10-CP/CIS NCFs and bulk CIS. Inset shows the corresponding

NLDFT pore size distributions calculated from the adsorption isotherms.
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Figure 3-75. N2 adsorption (filled cycles) and desorption (open cycles) isotherms at —196 °C
for the mesoporous CP/CIS heterostructures containing (a) 5, (b) 7 and (c) 15 wt. % Co2P
content, and (d) 10 wt. % CozP-loaded CIS microparticles (10-CP/CIS-m). Inset: the
corresponding pore-size distribution plots.

The optical properties of the mesoporous samples were investigated with ultraviolet-
visible/near IR (UV-vis/NIR) diffuse reflectance spectroscopy. The CIS NCF exhibited a
strong optical absorption onset at ~471 nm (2.63 eV), corresponding to the band-edge transition
in CdInzS4 (Figure 3-76). The small grain size of the constituent CIS nanocrystals (ca. 5-7 hm
according to TEM analysis) has a considerable effect on the bandgap energy (Eg), which gives
rise to larger Eq values than the bulk CIS (2.30 eV). In general, such a blue shift in the optical
absorption spectra is a fascinating phenomenon of nanomaterials and it can be explained by the
size-induced quantum confinement effects, analogous to those realized in discrete

nanoparticles and nano-sized frameworks [146]. On the other hand, the Co.P-decorated

109

—
| —



materials showed a narrower energy gap by ~100-200 meV, which depends on the Co2P
content. Specifically, the Eq of CP/CIS NCFs varies systematically with the Co.P composition
from 2.51 eV for the 5 wt. % Co2P to 2.42 eV for the 15 wt. % Co2P-modified sample. This
red shift of the energy gap arises from strong interfacial electronic interaction between CozP
and CIS materials after Co2P deposition. Besides, the incorporation of Co.P onto the CIS
structure leads to an increase in the visible/near-IR light absorption owing to the light
harvesting capability (d-d charge-transfer transitions of tetrahedral Co clusters) of Co2P [168].
Notably, the as-prepared Co2P exhibited a systematic absorption over the entire UV-vis/NIR
spectrum, which indicates a metallic behavior (Figure 3-77). The metallic nature of CozP is
also confirmed by electrochemical measurements (see chapter 3.2.3). It is worth noting that the
Ey of 10-CP/CIS_m is about 300 meV smaller (2.26 eV) than the energy bandgap of
mesoporous 10-CP/CIS NCF, reasonably due to the larger grain-size composition (ca. 8-10
um in diameter, see Figure 3-72b). The textural and optical properties of the prepared materials

are summarized in Table 3-13.
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Figure 3-76. UV-vis diffuse reflectance spectra of mesoporous CIS and CP/CIS NCFs, and
bulk 10-CP/CIS-m material. Inset: the corresponding Kubelka-Munk plots.
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Figure 3-77. UV-vis diffuse reflectance spectra of as-prepared Co2P nanoparticles.

Table 3-13. Textural and optical properties of mesoporous CIS and CP/CIS NCFs, and 10%
Co2P-modified CIS microparticles (10-CP/CIS-m).

Catalyst BET surface area | Pore volume Pore size Energy gap
(m>g™) (cm®g™) (nm) (eV)
CIS NCF 132 0.12 5.0 2.63
5-CP/CIS NCF 106 0.08 4.0 2.51
7-CP/CIS NCF 87 0.07 3.9 2.49
10-CP/CIS NCF 75 0.06 4.0 2.50
15-CP/CIS NCF 55 0.05 3.8 2.42
CIS bulk 25 0.03 - 2.30
10-CP/CIS-m 9 <0.01 - 2.26

3.3.2 Photocatalytic study

The photocatalytic H> production activity of the prepared materials was investigated under
visible light irradiation (A > 420 nm) in an air-tight photocatalytic reactor cell, using
triethanolamine (TEOA, 10% v/v) as the hole scavenger. A comparison of the photocatalytic

activities of mesoporous CIS decorated with different amount of Co2P is shown in Figure-3-

111

—
| —



78. For comparative studies, the photocatalytic Ho-evolution activities of CIS microparticles
and 10-CP/CIS-m bulk catalysts were also investigated under identical conditions.
Interestingly, the CIS NCF exhibited a H, evolution rate of 110 umol h%, which is 220 times
larger than the bulk analogue (~0.5 umol h!), demonstrating a remarkable enhancement of the
Hzevolution efficiency. Upon Co2P modification, the evolution rate of Hz is significantly raised
to 417 pmol h™* by deposition of 10 wt. % amount of Co.P. This activity is an enhancement by
a factor of 3.8x compared to the pristine CIS sample. It should be noted that, even a small
amount of Co2P (5 wt. %) has a crucial impact in the photocatalytic activity, affording a H»
evolution rate of ~250 umol h™*. Deposition of higher concentration of CozP (15 wt. %) results
to a slight decrease in the photocatalytic performance (~205 umol h'?), likely due to the light-
shielding effect of Co2P (incident light absorbed by Co2P and not by CIS) and rapid electron-
hole recombination at the catalyst’s interface. Evidently, coupling of Co2P and CIS materials
remarkably enhances the charge separation efficiency and increases the availability of catalytic
active sites for water reduction, as confirmed by photoluminescence and electrochemical
measurements (see chapter 3.3.3). The refence 10-CP/CIS-m catalyst exhibited poor
photocatalytic performance, yielding a H evolution rate of only 4.5 pmol h™™. All these results
consistently indicate that the formation of Co2P-CIS heterostructures with large internal surface
area and nano-grain composition increases the number of active sites and shorten the diffusion
path of photoexcited carriers to the solid/liquid interface, thereby increasing the photocatalytic
performance. Furthermore, the presence of organic molecules in the porous structure (ca. 9 wit.
%) has a negligible effect on the accessibility of the pore surface and active sites of the catalyst.
As a comparison sample, the as-prepared Co2P particles showed no photocatalytic hydrogen
evolution activity under the same experimental conditions (results not shown). Also,
photocatalytic control experiments showed that no hydrogen evolution was observed in the
absence of the catalyst or in the dark, confirming that the catalyst and light irradiation were
indispensable for the photocatalytic water reduction reaction. The origin of hydrogen evolution
was also verified by a controlled photocatalytic reaction over the best catalyst (10-CP/CIS
NCF) in the presence of 0.1 M sodium iodate (NalOs) and 10% (v/v) TEOA, which acted as
electron and hole scavengers, respectively. The reduction of NalOs is thermodynamically more
favorable reaction than the reduction of water (the reduction potential is 1.2 V for NalOs versus
0 V for water, at pH 0), offering the potential to investigate the competitive TEOA oxidation
effect on the hydrogen generation. It has been suggested that TEOA oxidation may produce
acetaldehyde (CH3CHO) and diethanolamine (HN(CH2CH.OH)>), where sequential oxidation
of these products could generate hydrogen [169,170]. Interestingly, through this photocatalytic
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experiment no hydrogen production was observed (by gas chromatography) even after a 3-hour
illumination period, confirming that the hydrogen evolution exactly generated by water

reduction reaction.
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Figure 3-78. Comparison of photocatalytic hydrogen production rates of mesoporous CIS and

CP/CIS NCFs. The corresponding H production rate of 10-CP/CIS-m is also given.
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Figure 3-79. Photocatalytic hydrogen generation activity of mesoporous 10-CP/CIS NCF (1
mg mL™Y) using various sacrificial reagents: phenol (PhOH, 0.35 M), KI (0.05 M), methanol
(MeOH, 10% v/v), 5 M NaOH/ethanol (10% v/v), triethylamine (TEA, 10% v/v) and
triethanolamine (TEOA, 10% v/v).
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The influence of difference sacrificial reagents and catalyst concentration on the
photocatalytic hydrogen evolution activity was also investigated. The photocatalytic reactions
with various hole scavengers (at fixed catalyst load), such as phenol (0.35 M), Kl (0.05 M),
methanol (10% v/v), 5 M NaOH/ethanol (10% v/v), triethylamine (10% v/v) and
triethanolamine (10% v/v), produced notable variations in the H, production rates (Figure 3-
79), indicating that the oxidation process is the rate-limiting step in the overall photocatalytic
reaction. It was found that the photocatalytic reaction proceeds at a faster rate with TEOA as
sacrificial reagent. Also, the photocatalytic performance of 10-CP/CIS NCF over different
mass loadings of catalyst was investigated (Figure 3-80). A substantial increase of H>
generation rate was observed with increasing the catalyst load, until reacting a maximum rate
at 1 mg mL~1. When exceeding this concentration, the photocatalytic activity declines due to
the increased light scattering effect by the catalyst’s particles. Overall, the 10-CP/CIS NCF
catalyst at the optimal conditions exhibits an exception photocatalytic H2 evolution rate of 20.9
mmol ger ' h'! with an apparent quantum yield (AQY) of 56.1% under 420 + 10 nm
monochromatic light excitation, assuming 100% absorption of incident photons. To our
knowledge, the photocatalytic activity of 10-CP/CIS NCF is among the highest reported
activities for other high-performance thiospinel based-catalysts. Table I in annex | provides a

comparison of the Ha evolution activity of our catalysts with previously reported catalysts.
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Figure 3-80. Photocatalytic hydrogen generation activity of mesoporous 10-CP/CIS NCF in
various catalyst’s concentrations. Reaction conditions: 10-40 mg of catalyst, 20 mL of TEOA

solution (10% v/v), visible-light irradiation (300 W Xe lamp, A > 420 nm), 20 + 2 °C.
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Figure 3-81. Time courses of photocatalytic hydrogen evolution (lines) and hydrogen
production rates (columns) during the stability experiments over 10-CP/CIS NCF. The H:
evolution rates were averaged over 5 h of visible-light irradiation.

The stability of 10-CP/CIS NCF catalyst was evaluated by recycling photocatalytic
reactions. After each photocatalytic test, the catalyst was isolated by centrifugation and then
re-dispersed in a newly prepared TEOA solution (10% v/v). As can be seen in Figure 3-81,
10-CP/CIS NCF shows a remarkable photo-corrosion resistance with no detectable H>
evolution decay even after four 5-hour runs. During this period, the catalyst affords a constant
H evolution rate of ~406 pumol h™ (within 3% experimental error), thus indicating high
photochemical stability and recyclability. A small discrepancy in photoactivity after two runs
may be attributed to minor photo-corrosion and/or mass loss during the recycling process. In
addition, the chemical and structural stability of 10-CP/CIS NCF after photocatalysis was
studied with various analytic techniques. Elemental EDS analysis revealed that the reused
catalyst maintained its chemical composition, displaying Cd:In:S atomic ratios of ~1:2:4 and a
Co2P weight loading percentage (wt. %) of 9.87% (Figure 3-82a). Also, the XRD analysis of
the recycled catalyst showed no obvious charges in the crystal structure (Figure 3-81b).
Moreover, XPS measurements further supported the high photochemical stability of the Co.P-
CdIn2Ss heterostructure (Figure 3-83). Specifically, the Cd 3d spectrum of the reused 10-
CP/CIS NCF catalyst displayed a doublet peak at 404.9 and 411.7 + 0.1 eV binding energies,
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corresponding to the Cd 3ds;, and Cd 3ds/2 core levels of Cd?* ions. The In 3d XPS spectrum
showed two peaks at 444.9 and 452.5 + 0.1 eV due to the In 3ds/2 and In 3ds/2 core-level peaks
of In®* chemical state. The S 2p spectrum displayed a prominent peak at 161.5 + 0.1 eV due to
the S>~ valence state and a shoulder peak at 162.4 + 0.2 eV, corresponding to the surface SOx
species. In the Co 2p region, the spin-orbit doublet signal at 778.2 and 792.7 + 0.1 eV was
assigned to the Co 2ps2 and Co 2pi1/2 core-levels of the partially charged Co®" (0 < & < 2) in
Co2P, while the signals at 781.6 and 797.0 + 0.1 eV, along with the satellite peaks at 786.5 and
803.1+0.2 eV, were attributed to the partially oxidized Co species (Co—OH/POy) at the surface

of catalyst.
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Figure 3-82. (a) (a) Typical EDS spectrum and (b) XRD pattern of the 10-CP/CIS NCF catalyst
retrieved after 20 hours of photocatalytic reaction. EDS analysis indicates a 9.87 wt % Co2P

content.

Similar to this, the P 2p XPS spectrum showed a peak at 131.0 + 0.1 eV and a broad signal at
133.6 + 0.2 eV, which can be assigned to the slightly negatively charged P>~ atoms and surface
oxidized POy species of CozP, resulting from air exposure. The presence of Co suboxide
(CoO(OH)x) and phosphate-like (POx) species has been suggested to play an important role
towards hydrogen evolution reaction [171,172]. In particular, such oxide complexes may favor
the dissociative adsorption of water (through nucleophilic attack of OH™ on Co—O/OH) and the
electrochemical hydrogen evolution reaction (by donating electrons to the adsorbed H*), thus
providing more active sites to the catalyst. Nevertheless, the N2 physisorption isotherms
indicated a minor reduction in porosity after catalysis (Figure 3-84). The recycled catalyst

exhibited a slightly lower BET surface area of 59 m? g and narrower pore sizes of ~3.8 nm
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compared to the fresh one (ca. 75 m? g~ surface area; ~4 nm pore size). This slight decrease in
porosity can be attributed to minor photo-corrosion of the sulfide lattice and/or rearrangement
of CIS nanocrystals in the mesoporous structure. Overall, the 10-CP/CIS NCF photocatalyst
attains a remarkable photocatalytic performance, giving an average hydrogen evolution rate of
~417 umol h™t (or 20.9 mmol gear * ht) and an AQYs of 56.1% at 420 nm.
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Figure 3-83. High-resolution XPS spectra of (a) Cd 3d, (b) In 3d, (¢) S 2p and (d) Cp 2p and
P 2p core-levels of the reused 10-CP/CIS NCF catalyst. The XPS deconvoluted spectra of
different chemical species are represented as blue, green and orange curves. The red lines are

fits to the experimental data.
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catalyst after 20 hours of hydrogen evolution reaction. Inset: The corresponding NLDFT pore
size distribution calculated from the adsorption isotherm.

3.3.3 Charge transfer and reaction mechanism

The electronic properties of the prepared catalysts were assessed via Mott-Schottky plots,
that is, the reciprocal square capacitance (1/Cs?) versus the applied potential (E). The flat-band
potential (Ers) of the catalysts was determined by measuring the x-axis intercept of the 1/Cs>—
E lines, as can be seen in Figure 3-85a. All the Erg values are referred to the reversible
hydrogen electrode (RHE) at pH 7 (Table 3-14). The positive slope of Mott-Schottky plots in
all samples indicates that CIS is an n-type semiconductor, in agreement to previous reports
[61,64,173]. Considering that in heavily doped n-type semiconductors the Egs is positioned
slightly more positive (~0.1-0.3 eV) relative to the conduction band (CB), a rational band-edge
structure diagram for each catalyst can be obtained. The valence band energy (Evg) of the
catalysts was determined by subtracting the bandgap energy (as estimated from UV-vis/NIR
spectra) from the Ers. The results indicated that the mesoporous CIS NCF has an Ers of —0.88
V, which is well above the reduction potential for hydrogen, whereas Co.P modification of the
surface of CIS leads to a remarkable change in the band-edge structure of Co.P/CdInzSas
heterostructures (Figure 3-85b). In particular, a downward tendency of the Erg level can be

inferred from —0.79 to —0.60 V with increasing the loading amount of CozP from 5 to 15 wt.
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%. The anodic shift of Erg is due to the formation of Mott-Schottky nanojunctions between
Co2P and CIS nanoparticles upon contact, leading to an electron migration from CIS to Co2P
until their Fermi levels (Er) reach equilibrium. The work function of CozP is ~4.6 eV vs
vacuum level [133,174], which is much lower than the electrochemical potential of CIS NCF
(ca. 4.1 eV vs vacuum level). Overall, the CIS-to-Co2P electron injection can cause a potential
drop at the Co.P/CdInzS4 interface (from CIS to CozP), resulting in a decrease in the donor
density (Np) within the CIS semiconductor. Such charge-carrier redistribution between CIS
and Co2P could raise the Fermi level of CozP, thereby facilitating a better electron transfer from
the Co2P surface to participate in redox reactions. In accord with this, the inferred Np values
determined from the Mott-Schottky plots showed the following trend: ~1.1 x 108 cm= for CIS
NCF and ~1.8-9.1 x 10" cm™3 for Co,P-modified catalysts (Table 3-14). The gradual decrease
of Np with the deposition of Co2P confirms that an electron delocalization from mesoporous
CIS to metallic CozP occurs, which is in good agreement with the observed anodic shift of the
CIS’s Ers level. In comparison with the mesoporous 10-CP/CIS NCF, the 10-CP/CIS-m bulk
reference sample exhibited a less anodic shift of the Ers level (~ —0.67 V) and a lower Np
concentration loss (~1.3 x 101" cm~) compared to the pristine bulk CIS (Ers ~—0.77 V, Np ~
6.6 x 10" cm~3, see Figure 3-62), indicating that the electronic interactions between the CozP
and CIS microparticles are weak. Such a poor electronic communication results in a depressed

charge transfer from CIS to Co2P.
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Figure 3-85. (a) Mott-Schottky plots, (b) energy band diagrams for the mesoporous CIS and
CP/CIS NCFs and 10-CP/CIS_m samples (VB: valence band, CB: conduction band, red line:
H*/H. redox potential).
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Table 3-14. Electrochemical properties determined from EIS analysis for the mesoporous CIS
and CP/CIS NCFs, and bulk CIS and 10-CP/CIS-m microparticles.

Sample Ers ‘ Eve? Donor density Ret ()
P (Vvs RHE, pH 7) (Np, cm™3)

CIS NCF -0.88 1.75 1.1 x 108 3464
5-CP/CIS NCF -0.79 1.72 9.1 x 107 226
7-CP/CIS NCF -0.75 1.74 6.5 x 10%7 174
10-CP/CIS NCF -0.70 1.80 4.3 x 107 129
15-CP/CIS NCF -0.60 1.82 1.8 x 10Y7 282
10-CP/CIS-m -0.67 1.59 1.3 x 10Y7 10925
CIS-m -0.77 1.58 6.6 x 107 -

8 The valence band energy (Evs) was calculated from Ers—Eq,

The charge-transfer kinetics at the interface of catalysts were investigated with
electrochemical impendence spectroscopy (EIS). The EIS Nyquist plots of the catalysts (drop-
casted on FTO substrate) measured in 0.5 M Na>SO4 aqueous solutions are depicted in Figure
3-86. The corresponding EIS spectra were fitted using a simple equivalent circuit model
composed of the electrolyte resistance (Rs), constant phase element (CPE) and charge-transfer
resistance (Rct) (Figure 3-86, inset). All the Co2P-modified samples exhibited a much smaller
Ret values, ranging from 129 to 282 Q, than the pristine CIS NCF sample (3464 Q) (Table 3-
15). The decrease of the R resistance indicates that coupling of CIS mesoporous with highly
conductive CozP nanoparticles provides improved interfacial charge-transfer kinetics, which
promotes the photocatalytic hydrogen evolution reaction. Specifically, the CozP acts as an
effective electronic mediator to facilitate the transfer of photogenerated electrons from CIS to
the active sites. The ultra-high conductivity of Co2P is unveiled by EIS and voltage-current (J-
V) experiments. The EIS analysis of Co2P showed a very low R resistance of about 33 Q
(Figure 3-87a), suggesting high electronic conductivity, which is crucial for improved catalytic
performance. Similarly, four-probe J-V measurements performed on a pressed pellet of Co2P
showed a linear response in the current range of —100 to +100 mA (Figure 3-87b), further
confirming the ohmic conduction [175]. By comparison with the other prepared catalysts, 10-
CP/CIS NCF exhibited the lowest Rt value (129 Q), which indicates a superior interfacial
charge transfer in this catalyst, consistent with its superior photocatalytic activity. On the other
hand, 10-CP/CIS-m bulk catalysts suffers from enormous charge transfer inefficiency, as
evidenced by its high Rt value of 10925 Q (Figure 3-86). This accounts for poor electronic
contact between CozP and CIS microparticles — a behavior less relevant to the mesoporous
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CP/CIS materials due to the existing nanoscale junctions. Apparently, the above results

highlight the importance of the synthetic method in modulating the electronic interactions and

interfacial charge-transfer kinetics of CoP/CdIn,S; catalysts.

Table 3-15. Nyquist equivalent circuit fitted parameters of the prepared catalysts.

Sample Rs () Ca (F) Ret () X2
CIS NCF 15.12 37.24 x 10°® 3464 2.2x10%
5-CP/CIS NCF 15.30 55.37 x10°8 226 3.9x10*
7-CP/CIS NCF 16.57 47.82 x10°8 174 1.2 x 10
10-CP/CIS NCF 18.64 54.26 x10°° 129 75x10*
15-CP/CIS NCF 15.27 30.68 x10°® 282 15x 104
10-CP/CIS-m 14.68 86.82 x10°8 10925 25x10%
Co2P nanoparticles 15.28 90.94 x10°° 33 7.2x 10"
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Figure 3-86. Nyquist plots (Inset: magnification of the Nyquist plots and equivalent circuit
model used to fit the EIS data) for the mesoporous CIS and CP/CIS NCFs, and bulk 10-CP/CIS-
m catalysts.
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Figure 3-87. (a) EIS Nyquist plot of Co2P nanoparticles. Inset: equivalent Randles circuit
model [Rs(CPE/Rc)] used to fit the EIS data. (b) Voltage-current (I-V) curve of CozP
nanoparticles. The -V measurement was carried out on compressed pellet by a four-probe

method.

The dynamics of the photogenerated charge carrier recombination and migration were
investigated by steady-state photoluminescence (PL) and time-resolved PL (TRPL)
spectroscopy. The PL spectrum of CIS NCF is depicted in Figure 3-88a, in which the intense
peak at 468 nm (2.65 eV) is due to the band-edge emission and the weak features at 483 nm
(2.57 eV) and 494 nm (2.51 eV) correspond to the radiative relaxations of excitons through
sub-bandgap trap states. Figure 3-88b shows a comparison of the TRPL spectra measured near
the band-edge emission (Ew) of the mesoporous CIS and CP/CIS NCFs and bulk 10-CP/CIS-
m at 468 nm and 545 nm emission wavelength, respectively. Assuming negligible Auger-type
recombination, the lifetime of the photoexcited charge carriers could be determined by fitting
the PL decay data with a biexponential function: I(t) =a1e @™+ aye @), where the parameters
az and oy are the relative amplitudes of each lifetime component, and t1 and 12 are the radiative
recombination lifetimes of the trap-assisted (fast) and band-to-band (slow) decay components,
respectively. From the TRPL data, the average charge carrier lifetime (tay) of 10-CP/CIS NCF
was found to be 4.06 ns, which is significantly longer than that of unmodified CIS NCF (2.89
ns). Furthermore, the deposition of Co2P significantly inhibits the electron-hole recombination
due to efficient electron migration from the bulk region to the surface. Using the average PL
decay times of the samples, we further calculated the rate constant of Co2P/CIS interfacial
electron transfer as ket = 1/t10-cricis — 1/1cis, where 1/1cis IS the exciton recombination rate (ki)

and 1/t10-cpicis corresponds to the sum of the rate recombination and electron transfer processes
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[176,177]. From the above analysis, the band-edge ket (electron-transfer pathway 1, ET1) was
estimated to be ~0.1 x 10° s%. Also, the corresponding electron transfer efficiency (net) from
CIS to CozP, which is defined as net = ket/(ket+kr), was found to be ~29%. Notably, the PL decay
kinetics of the band-edge bleaching of bulk 10-CP/CIS-m (3.57 ns) shows a remarkably shorter
average lifetime than mesoporous 10-CP/CIS NCF, suggesting that the nanoporous nature and
the formation of Co.P/CIS nanojunctions are very effective for suppressing the bulk carrier
recombination. A careful examination of the mesoporous 10-CP/CIS NCF photoluminescence
(PL) decay results revealed a significantly smaller ti1-component of PL decay (32.8%)
compared to the pristine CIS NCF (79.0%) and bulk 10-CP/CIS-m analogues (70.0%), which
is attributed to its lower defect trapping. The TRPL decay parameters are summarized in Table
3-16. To better understand the inter-band photoemission processes, PL decay measurements at
the emission channels attributed to the trapping states were also performed. The trap-state PL
lifetimes measured at Ew= 483 (ET2) and 494 (ET3) nm wavelengths for 10-CP/CIS NCF were
found to be 0.94 and 0.92 ns, respectively (Figure 3-88b, inset), which are about two times
longer than those for unmodified CIS NCF (0.44 and 0.51 ns). The CIS trap-mediated electron
transfer rate (ket) and efficiency (net) into Co2P were determined to be ~1.21 x 10° st and 53%
for ET2 and ~0.87 x 10° s and 45% for ET3, respectively, which are markedly higher than
those observed by direct CB edge electron injection. The acceleration of both band-edge and
trap-state PL decay kinetics indicates that passivation of CIS surface with Co2P creates specific
electronic interactions between the Co2P nanoparticles and CIS surface-related emission
centers. These interactions facilitate the separation of electron-hole pairs by enabling ultrafast
electron transfer from CIS to CozP. The CP/CIS NCFs heterostructures undergo this
phenomenon in a matter consistent with their efficient separation and migration of
photoinduced carriers by virtue of their multi-pathway interfacial electron-transfer processes.
These results were also confirmed by transient photocurrent (TPC) measurements. Specifically,
Figure 3-89 shows that mesoporous 10-CP/CIS NCF exhibits a higher photocurrent response
compared to both the mesoporous CIS NCF and the bulk 10-CP/CIS-m. These charge-transfer
dynamics have important implications for the water reduction reaction, as they facilitate the
delocalization of electron-hole pairs under light irradiation, enabling them to participate

effectively in surface redox reactions.
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Figure 3-88. (a) Room-temperature steady-state PL spectrum of mesoporous CIS NCF
(excitation 380 nm). Inset: electron-hole recombination pathways in CIS. (b) TRPL spectra of
mesoporous CIS and 10-CP/CIS NCFs at 468 nm and bulk 10-CP/CIS-m at 545 nm emission
wavelength using a 375 nm laser pulse excitation. Inset: TRPL spectra of mesoporous CIS and
10-CP/CIS NCFs measured at 483 nm and 494 nm emission wavelengths. The red lines are fit

to the experimental data.

Table 3-16. Time-resolved photoluminescence decay parameters of mesoporous CIS and 10-

CP/CIS NCFs, and bulk 10-CP/CIS-m.

T T o o Tad
Sample (ns) (ns) o) | ©) | (09
CIS NCF 0.74 4.28 79.0 21.0 2.89
10-CP/CIS NCF 0.90 4.38 32.8 67.2 4.06
10-CP/CIS-m 1.10 4.85 70.0 30.0 3.57

3The average lifetime (tay) Was determined by the equation: t,, = (X o 2)/( 205 1;) (i = 1, 2).
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Figure 3-89. Transient photocurrent response of mesoporous CIS and 10-CP/CIS NCFs, and
bulk 10-CP/CIS-m conducted at a constant potential of —1 V (vs Ag/AgCl) under visible-light

irradiation (A > 420 nm).

The highly porous structures formed through the synthetic method have the potential to
possess a high density of catalytically active sites and facilitate efficient mass transfer kinetics,
thereby enhancing photocatalytic hydrogen production efficiency. Evidence of the high
permeability of 10-CP/CIS NCF catalyst to electrolyte was obtained from contact angle
measurements. Figure 3-90 indicates a higher diffusion rate and better penetration of water
through the mesoporous architecture of 10-CP/CIS NCF compared to the bulk 10-CP/CIS-m
cognate. The water contact angle is almost 0° for 10-CP/CIS NCF and ~32° for 10-CP/CIS-m
after diffusion for 170 ps. This confirms that the open-pore mesostructured is a vital feature for
increasing the electrolyte-catalyst interface area and, consequently, enhancing the wettability
of the catalyst. Linear sweep voltammetry (LSV) measurements were also conducted on
mesoporous CIS and 10-CP/CIS NCFs and bulk 10-CP/CIS-m photocatalysts under visible
light irradiation (A = 420—780 nm) to assess the impact of the 3D mesoporous architecture on
the reaction kinetics. Figure 3-91a displays typical cathodic LSV curves obtained by using a
three-electrode setup, consisting of sample-deposited working electrode, an Ag/AgCl reference
electrode and a graphite rod counter electrode in 0.5 M NaxSOs electrolyte. The LSV plots
reveal a significantly improved photocurrent density and lower onset potential for the hydrogen
evolution reaction over the 10-CP/CIS NCF compared to the CIS NCF and 10-CP/CIS-m
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electrodes. Specifically, at a potential of 1.4 V versus RHE (pH 7), 10-CP/CIS NCF yields a
photocurrent density of —13.1 mA cm™ versus —4.0 and —1.9 mA cm2 for CIS NCF and 10-
CP/CIS-m, respectively. Consistent with this observation, the calculated Tafel slope of the
photocatalysts, which is strongly related with the reaction kinetics, follows the order: 10-
CP/CIS NCF (192 mV dec™) < CIS NCF (237 mv dec?) < 10-CP/CIS-m (332 mV dec™?)
(Figure 3-91b). The lower Tafel slope of 10-CP/CIS NCF highlights better reaction Kinetics
for hydrogen evolution, which is consistent with the observed superior photocatalytic activity.
Notably, because the Tafel slope values are above 120 mV dec?, these studies confirm that
hydrogen evolution reaction over CP/CIS NCFs photocatalysts is mainly governed by the
Volmer process (H20 + e+ M = M—Hags + OH") in neutral condition, which is related to water
dissociation step, followed by the desorption step of Heyrovsky reaction (M—Hags + H20 + e~
s Hz + OH™ + M).

Figure 3-90. Contact angle measurements of the (a) bulk 10-CP/CIS_m and (b) mesoporous
10-CP/CIS NCF. The diameter of the water droplet was approximately 2 nm.
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Figure 3-91. (a) iR-corrected polarization curves (scan rate: 50 mV s) and (b) the
corresponding Tafel plots of the mesoporous CIS and 10-CP/CIS NCFs and bulk 10-CP/CIS-

m measured under visible light irradiation (A > 420 nm).
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Based on the above results, we propose a mechanistic model for the hydrogen evolution
reaction, as illustrated in Figure 3-92. Upon photoexcitation, the electrons at the CB of CIS
tend to migrate to the Co.P surface. This electron transfer pathway is thermodynamically
feasible due to the formation of Mott-Schottky contact between the semiconductive CIS
mesoporous framework and the metallic Co2P nanoparticles, which results to a potential drop
across the interface. Taking into consideration the electron affinity (x) of mesoporous CIS NCF
(ca. 4.1 eV) and the work function (¢) of CozP (ca. 4.6 eV), a Schottky barrier (¢sg) of about
0.5 eV is established near the interface of the heterojunction that results to a band-edge
deformation. Driven by the interfacial potential drop and the high-electron-withdrawing ability
of metallic CozP, photoexcited electrons can migrate though the metal/semiconductor nano-
junction and transfer from the photoactivated CIS to Co:P, where the hydrogen evolution
reaction occurs, as can be seen in Figure 3-92. Moreover, the surface passivation of CIS with
Co2P can retard to a great extent the thermal relaxation of the surface-reaching electrons to
lower energy states (trapping states). This process may provide additional pathways for
interfacial electron injection from trap (acceptor) states of CIS to Co2P nanoparticles. Here, we
assumed the trap states are located ~0.1-0.15 eV bellow the CB edge of CIS NCF, as inferred
by PL spectroscopy (Figure 3-88, inset). Such unique multi-pathway discharging events across
the Co2P-CdIn.Ss interface can effectively separate the photoexcited electron-hole pairs and
lead to an accumulation of the photoelectron on the Co2P surface. During photocatalysis, the
Co2P nanoparticles act as high-conductive electron mediators, which boost the separation and
utilization of photogenerated carriers for the hydrogen evolution reaction. A comprehension of
the CI1S-to-CozP electron transfer routes under light illumination was confirmed by ISI-XPS,
TRPL and TPC experiments. It should be noted that Co atoms in Co2P have been identified as
the active sites for Hz evolution. This supported by DFT calculations showing that Co d bands
contribute to the density of states near the Fermi level and Co sites exhibit optimal H*
adsorption strength [178]. Meanwhile, the photogenerated holes left on the VB of CIS NCF

transfer to oxidize the sacrificial agent (TEOA).
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Figure 3-92. Proposed photocatalytic H2 production mechanism and charge-transfer pathways
in Co2P/CdIn,Ss mesoporous heterostructures under visible light irradiation (¢sg: Schottky
barrier formed at the semiconductor/metal interface, ket: interfacial electron-transfer rate, Ev:
valence band energy, Ec: conduction band energy, Er: Fermi level).

3.3.4 Conclusions

In this project, we demonstrated the synthesis of highly dispersed metallic Co2P nanoparticles
on mesoporous CdIn,S4 nanocrystal frameworks to maximize their photocatalytic performance
for water splitting and hydrogen evolution. The combined effect of large accessible surface
area and small grain sizes (ca. 5-7 nm diameter) of CdIn,Ss4, along with the metallic Co2P
nanoparticles (ca. 6-7 nm in diameter), results in high efficiency in charge carrier separation
and migration. Through spectroscopic and (photo)electrochemical characterization techniques,
we unvealed the formation of Mott-Schottky heterojunctions at the CoP/CdIn,Ss interfaces.
These heterojunctions significantly enhance the migration of photogenerated electrons from
both the valence band and surface states of semiconductive CdIn,Ss to metallic Co2P, enabling
a more efficient utilization of charge carriers for photo-redox reactions. As a result, the
optimized photocatalyst containing 10 wt % Co2P demonstrates an excellent photocatalytic
performance with a respective H, evolution rate of 20.9 mmol gear * h™ and an AQE of 56.1%

at 420 nm, which is among the highest reported for thiospinel-based photocatalysts.
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Furthermore, the mesoporous ensembles of Co2P/CIS nanocrystals demonstrate outstanding
chemical and structural stability, leading to a sufficient preservation of its catalytic activity in

long-term operation.
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3.4 Mesoporous networks of p-n p-Ni(OH)2-CdIn.S4 nano-heterojunctions

3.4.1 Synthesis, structural characterization and morphology

Mesoporous Ni-modified CdIn.Ss materials were obtained through a two-step synthesis.
The first step includes the synthesis of thiol-capped CdIn>Ss NCs and their integration into
three-dimensional (3D) mesoporous frameworks (CIS NCF) via an oxidative polymerization
process in the presence of a polyoxoethylene-block-cetyl ether (Brij-58) block copolymer. In
the second step, Ni(OH). nanoparticles were deposited onto the surface of CIS through the
photo-deposition of soluble Ni(Il) precursor in the presence of triethylamine as a base and
sacrificial reagent. It has been demonstrated that upon light irradiation, photoexcited electrons
in semiconductors with suitable CB-edge position have the ability to reduce the Ni(ll)
precursors in the solution, resulting to the formation of Ni nanoparticles. Then, these
nanoparticles undergo a transformation into Ni(OH)2 in the presence of alkaline conditions
[130]. In general, the photochemical deposition method offers notable advantages over the
most commonly used wet-chemical deposition methods. These include the growth of small-
sized nanoparticles characterized by uniform distribution and, equally importance, intimate
contact with the host surface. By altering the concentration of the Ni(ll) precursor, we
successfully prepared a series of Ni-modified CIS materials, denoted as n-Ni/CIS NCFs, where
n represents the weight percentage (wt. %) of Ni. The Ni content of the as-prepared materials
was determined by energy dispersive spectroscopy (EDS) (Figure 3-93). The EDS spectra
revealed the presence of Cd, In, S and Ni atoms, which can be quantified to a Ni content (based
on Ni/Cd atomic ratio) ranging from approximately 5 to 15 wt. % (Table 3-17). Notably, the
experimental Ni loading is in good agreement with the targeted composition of each sample
(within 8% deviation), suggesting that all nickel atoms were effectively deposited on the

surface of mesoporous CIS.
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Figure 3-93. Typical EDS spectra of the mesoporous CIS and Ni-modified CIS NCFs

materials.

Table 3-17. Elemental composition of mesoporous CIS and Ni-modified CIS NCFs, and 10 %

Ni-modified CIS microparticles.

Sample Cd In S Ni Ni loading?
(at. %0) (at. %0) (at. %) (at. %) (wt. %)

CIS NCF 15.50 29.90 54.60 - -
5-Ni/CIS NCF 15.13 27.30 50.63 6.94 5.40
7-Ni/CIS NCF 14.12 28.10 48.98 8.80 7.22
10-Ni/CIS NCF 13.00 26.74 48.65 11.61 10.02
15-Ni/CIS NCF 12.67 24.86 44.40 18.07 15.11
10-Ni/CIS-m 13.07 26.68 48.33 11.92 10.20

3 Based on the EDS Ni to Cd atomic ratio.

The X-ray diffraction (XRD) patterns of the obtained materials are depicted in Figure 3-94.

All samples exhibited three broad diffraction peaks in the range of 20-60° 20 scattering angles,

indicating the presence of very small crystalline grains. These diffractions can be attributed to
the hexagonal (P6smc) crystal phase of CdIn.S4 based on previous studies. Notably, the XRD
patterns of the Ni/CIS NCFs heterostructures are very similar to that of CIS NCF, without

exhibiting extra diffraction peaks of Ni species. The absence of Ni XRD peaks is related to the
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very small grain size and homogenous dispersion of Ni complexes on the surface of CIS. To
obtain a clear picture over the crystal structure of the deposited Ni-species, a Ni-modified CIS
sample with high Ni content (30 wt. %) was also prepared through a similar photochemical
deposition method (30-Ni/CIS NCF) and characterized by X-ray diffraction. Compared with
the unmodified CIS, 30-Ni/CIS NCF exhibited two additional XRD peaks at 33° and 59° 20
scattering angles, which can be attributed to the (100) and (110) reflections of the hexagonal
(P-3m1) B-Ni(OH). (Figure 3-95). The XRD pattern of the isolated Ni(OH)> microparticles
obtained by a simple wet-chemical precipitation method showed well-defined diffraction peaks
consistent with the hexagonal phase of B-Ni(OH). (JCPDS card no. 14-0117).

I‘ &ﬂ -~ ||| 15-Ni/CIS NCF

10-Ni/CIS NCF

: I'J H" ﬁ' o 7-Ni/CIS NCF
lﬂl ‘“ | Iﬂ M 5-Ni/CIS NCF
i “ hll | IMI o CIS NCF

| | -Ni(OH), (JCPDS #14-0117)
| ' i Sk

10 20 30 40 50 60 70 80
26 (degrees)

Intesity (a.u.)

Figure 3-94. X-ray diffraction patterns of mesoporous CIS and Ni-modified CIS NCFs
materials. The standard diffraction data of the hexagonal CdIn2Ss and B-Ni(OH)2 (JCPDS card

no. 14-0117) are also given.
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Figure 3-95. XRD patterns of the as-prepared 30 wt. % Ni-loaded CIS (30-Ni/CIS NCF) and
isolated B-Ni(OH). microparticles. The diffraction peaks at 20 = 33° and 59° scattering angles
(marked with symbol *) in the XRD pattern of 30-Ni/CIS NCF correspond to the hexagonal
crystal phase of B-Ni(OH)2. The standard diffraction data of JCPDs card no. 14-1017 reference
card of hexagonal B-Ni(OH): is also given.

Furthermore, the atomic configuration of 30-Ni/CIS NCF was also characterized by X-ray
total scattering and pair distribution function analysis (PDF). The PDF analysis can provide
information on the local atomic structure of Ni species and CIS host material [144]. As can be
observed in Figure 3-96, the PDF plot of CIS NCF fully correlated with that of the hexagonal
(P63mc) CdInzSs. Specifically, the distinct interatomic vectors at ~2.5, ~4.0 and ~4.7 A are
assigned to the Cd/In-S bonds, and CdCd/In-"In and Cd/In"S next-nearest-neighbor
distances of hexagonal CdIn.S4, respectively. Compared with mesoporous CIS, the 30-Ni/CIS
NCEF displayed a similar PDF profile, indicating similar atomic configuration, although same
additional correlations in the short-range order (up to 8 A) can be resolved. Key structural
features of the Ni species can be obtained by differential PDF (d-PDF) analysis, which entails
subtracting the CIS PDF from that of the 30-Ni/CIS NCF sample. This analysis yielded a PDF
plot which resembles that of the isolated B-Ni(OH): particles, providing clear evidence that the
chemical identity of the deposited Ni species is hexagonal B-Ni(OH)2. In the d-PDF plot, the
scattering vector at ~2.1 A corresponds to the Ni—O bond, while those at ~2.6 and ~3.1 A are
consistent with the nearest OO and Ni~Ni distances of the hexagonal A-Ni(OH)2,
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respectively. These findings are in good agreement with the PDF plot of B-Ni(OH)2

microparticles. Thus, these findings provide clear evidence that hexagonal B-Ni(OH).

crystallites grown on the surface of CIS NCF during the photochemical deposition method.

A

Ni---Ni

30-Ni/CIS NCF

G (r)(a.u.)

CIS NCF

Figure 3-96. Reduced atomic pair distribution function G(r) of the mesoporous CIS and 30 %
Ni-loaded CIS (30-Ni/CIS) NCFs and B-Ni(OH)2 microparticles (M = Cd, In). The red line
corresponds to the differential PDF (d-PDF) plot obtained by subtracting the CIS PDF from
that of 30-Ni/CIS NCF.

The chemical state of elements of the 10-Ni/CIS NCF, which is the best catalyst in this
study, was characterized by X-ray photoelectron spectroscopy (XPS). Figure 3-97 depicts
typical high-resolution XPS spectra of Cd 3d, In 3d, S 2p, Ni 2p and O 1s lines. In XPS
spectrum of Cd 3d, the doublet peak at 412.0 and 405.1 + 0.1 eV binding energies correspond
to Cd 3ds/2 and 3ds/2 spin-orbit components of Cd?* (Figure 3-97a), while the signals at 452.5
and 444.9 £ 0.1 eV in the In 3d region (Figure 3-97b) are attributed to the In 3ds; and 3ds.
peaks of In®" chemical state, respectively, in CdIn,Ss [161,166,179]. Also, the S-metal (Cd or
In) bonding can be proven by the intense peak at 161.9 + 0.2 eV in the S 2p spectrum, while
the peak at 168.3 = 0.2 eV reveals the presence of some surface SOx species, likely due to air
exposure of the sample (Figure 3-97c¢) [180]. The paramagnetic Ni(ll) state was further
confirmed by the deconvoluted Ni 2ps2 and 2py1. peaks at 856.1 and 862.2 + 0.2 eV (Figure
3-97d). The O 1s signal at 531.8 £ 0.2 eV further confirms the presence of Ni hydroxide on the
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surface of mesoporous CIS NCF (Figure 3-97d, inset) [130]. Meanwhile, the O 1s peak at

534.0 £ 0.2 eV indicates the presence of adsorbed moisture (H20) on the sample.
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Figure 3-97. Typical XPS core-level of the (a) Cd 3d, (b) In 3d, (c) S 2p, and (d) Ni 2p and O
1s (inset) region of the 10-Ni/CIS NCF catalyst.

The morphology of 10-Ni/CIS NCF catalyst was characterized by field emission scanning
electron microscopy (FESEM) and transmission electron microscopy (TEM). Typical FESEM
images, shown in Figure 3-98a, display a network structure consisting of aggregated
nanoparticles with size smaller than 10 nm. Also, EDS mapping images confirm a homogenous
distribution of Cd, In, S and Ni atoms throughout the mesoporous structure, highlighting that
B-Ni(OH). deposition follows a homogenous growth on the surface of CIS (Figure 3-99). TEM
imaging further confirms the existence of a mesoporous network consisting of interconnected
nanoparticles as building blocks (Figure 3-98b). TEM and high-resolution TEM (HRTEM)
images show ~7-8 nm-sized -Ni(OH). nanoparticles in close contact with CIS NCs of ~5-7
nm diameter (Figure 3-98b-c). This morphology is advantageous for promoting interfacial

electronic interactions among the components. The structural identification of CdIn,Ss and p-
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Ni(OH). was also confirmed via HRTEM analysis. In particular, in Figure 3-98d, the
interplanar distance of 3.3 A corresponds to the (011) crystal planes of hexagonal CdInzSs
(P6smc), while the 2.7 A lattice plane distances are attributed to the (100) and (010) facets
along the [001] crystal direction of hexagonal -Ni(OH)2 (P-3m1). Ultimately, we can conclude
to the successful preparation of a 3D porous heterostructure consisting of close contact -
Ni(OH). and CdIn.Ss NCs, which is anticipated to induce enhanced charge carrier

delocalization and mass transfer kinetics.

(c-d) high-resolution TEM (HRTEM) images of 10-Ni/CIS NCF. Inset of panel (d): fast Fourier

transform (FFT) patterns indexed to the hexagonal CdInzSs (P6smc, orange outline) and

hexagonal B-Ni(OH)2 (P-3m1, red outline).
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Figure 3-99. EDS elemental mapping of 10-Ni/CIS NCF catalyst.

The porosity of the samples was probed by N> physisorption measurements. Figure 3-100
depicts the N2 adsorption-desorption isotherms of mesoporous CIS and 10-Ni/CIS NCFs along
with that of bulk CIS microparticles (CIS-m). The N isotherms of the other Ni-modified
catalysts are shown in Figure 3-101. The CIS NCF exhibited a typical type-1V adsorption
isotherm accompanied with an Ho-type hysteresis loop, which is characteristic for mesoporous
solids with interconnected pores [145]. Upon modification with B-Ni(OH),, the obtained
materials exhibited N, adsorption-desorption isotherms with a Hs-type hysteresis loop,
suggesting slit-shaped pore morphology. The Brunauer-Emmet-Teller (BET) surface area and
pore volume of the mesoporous CIS were determined to be 137 m? g and 0.12 cm® g},
respectively. Comparatively, the surface area and pore volume of CIS microparticles are
limited (ca. 25 m? g* and 0.03 cm® g%, respectively), suggesting non-porous morphology.
Upon B-Ni(OH). deposition, an increasing trend in surface area (from 139 to 185 m? g*) and
pore volume (from 0.17 to 0.23 cm® g?) is observed, indicating that B-Ni(OH). layered
nanostructures on the surface of CIS contribute to the overall porosity. The mean pore size of
the samples was calculated by the non-local density functional theory (NLDFT) method. All
the materials exhibited narrow pore-size distributions (insets of Figures 3-100 and 3-101) with
an average pore size of ~6 nm for CIS NCF and ~3.6—4.0 nm for Ni/CIS NCFs. Compared to
CIS NCF, the reduced pore size observed in the Ni-modified samples suggests the possible
growth of B-Ni(OH)2 nanoclusters within the pores of the CIS mesoporous framework. All the
textural parameters for the mesoporous CIS and Ni-modified CIS NCFs are summarized in
Table 3-18.
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Figure 3-100. Nitrogen adsorption (filled cycles) and desorption (open cycles) isotherms at —
196 °C of mesoporous CIS and 10-Ni/CIS NCF and CIS microparticles (CIS-m). Inset: the
corresponding NLDFT pore-size distribution plots calculated from the adsorption isotherms.
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Figure 3-101. Nitrogen adsorption (filled cycles) and desorption (open cycles) isotherms at —
196 °C for the Ni-modified CIS NCFs with 5, 7 and 15 wt. % Ni content. Inset: the

corresponding NLDFT pore-size distribution plots calculated from the adsorption isotherms.
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Table 3-18. Textural and optical properties of the mesoporous CIS and Ni-modified CIS NCFs
and bulk 10 wt. % Ni-loaded (10-Ni/CIS-m) sample.

Sample BET Sutface Pore volijme Pore size | Energy gap®
(m“g™) (cm3 g1) (hm) (eV)
CIS NCF 137 0.12 6.3 2.57
5-Ni/CIS NCF 139 0.17 4.0 2.59
7-Ni/CIS NCF 156 0.20 3.6 2.52
10-Ni/CIS NCF 185 0.23 3.9 2.48
15-Ni/CIS NCF 150 0.20 3.9 2.45
10-Ni/CIS-m 68 0.14 - 2.33

3 The energy bandgap was obtained from the corresponding Kubelka-Munk plots.

The optical properties of the prepared materials were investigated with ultraviolet-visible
(UV-vis) diffuse reflectance spectroscopy. The mesoporous CIS NCF exhibited a strong
absorption onset at 483 nm, which corresponds to the interband electron transition (Figure 3-
102). The energy bandgap (Eg) of CIS NCF, derived from the corresponding Kubelka-Munk
plot, was determined to be 2.57 eV (inset Figure 3-102). Compared to bulk CIS (2.35 eV,
Figure 3-52), the mesoporous CIS displayed a significant hypsochromic shift of the energy
gap, probably due to quantization effects in the electronic structure of the constituent CIS NCs
(ca. 5-7 nm in diameter, as determined from TEM images). The modification of the CIS surface
with B-Ni(OH). appears to have a considerable effect on the optical properties. In particular,
the Eq of the Ni-modified materials was progressively reduced from 2.59 eV to 2.45 eV with
increasing Ni content from 5 to 15 wt. % (Table 3-18). This variation in the energy gap
suggests strong electronic interactions between the two components within the mesoporous
framework. Moreover, the increased light absorption in the visible and near-IR region (~550—
1200 nm) observed for the Ni/CIS samples is attributed with the d-d interband transitions
(peaks at ~670 and ~1150 nm) of Ni(II) in B-Ni(OH)2, as inferred from the UV-vis spectrum
of pure B-Ni(OH). (Figure 3-103) [129,181]. Thus, the above results are entirely consistent
with the growth of B-Ni(OH)2 nanoparticles on the surface of CIS NCF, and importantly, with

strong electronic communication across the interface.
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Figure 3-103. Optical absorption spectrum of the as-prepared B-Ni(OH). microparticles,
showing characteristic d-d interband transitions at ~385, ~670 and ~1120 nm. The steep
absorption below 350 nm is attributed to the band-gap transition. Inset: the corresponding Tauc

plot for direct band gap semiconductor, showing an energy bandgap of ~3.65 eV.
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3.4.2 Photocatalytic hydrogen evolution study

The photocatalytic hydrogen production activities of the different catalysts were assessed
under visible-light irradiation (A > 420 nm), using triethanolamine (TEOA, 10% v/v) as
sacrificial reagent. As can be observed in Figure 3-104, the mesoporous CIS NCF displays a
moderate hydrogen evolution activity (~110 umol h™1), encountering fast charge carrier
recombination. Interestingly, modification with B-Ni(OH). has a notable effect on the
photocatalytic activity of CIS. Even a small amount of B-Ni(OH)2 (5 wt. % Ni) induces a ~3
times improvement of the activity of CIS NCF, yielding a hydrogen evolution rate of 350 umol
h=1. Further, the hydrogen generation activity exhibits a linear response to the Ni content,
reaching a maximum of ~400 pmol h™* (or ca. 20 mmol h™! gear ? mass activity) at 10 wt. % Ni
(10-Ni/CIS NCF). An additional increase in the Ni content (up to 15 wt. % Ni) results in a
notable reduction of the hydrogen evolution rate (~320 pmol h™1). This decline is attributed to
the relatively increased electron-hole pair recombination at the B-Ni(OH)./CIS interface in the
highly Ni-loaded sample. The impact of B-Ni(OH). modification on charge transfer and
photoactivity enhancement will be discussed in more detail thought spectroscopic and

electrochemical investigations (see below, chapter 3.4.3).
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Figure 3-104. H> evolution rates of the mesoporous CIS and Ni-modified CIS NCFs. The Ha-
evolution rate of the bulk 10 wt. % Ni-loaded CIS (10-Ni/CIS-m) catalyst is also given. The
rate of Hz evolution for each catalyst was determined by the average H> production over a 3-
hour irradiation period.
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In addition to the compositional effect, the open-pore architecture also significantly
contributes to enhancing the photocatalytic activity. To validate this, we prepared a 10 wt. %
Ni-modified CIS bulk reference sample (denoted as 10-Ni/CI1S-m) through Ni photo-deposition
on the surface of CIS microparticles and measured its hydrogen evolution performance under
the same conditions. The XRD pattern of 10-Ni/CIS-m confirmed the cubic thiospinel structure
of CIS, while the EDS results evidenced a 10.2 wt. % Ni loading (Figure 3-105a-b, Table 3-
17). Moreover, N2-physisorption measurement on this material indicated a BET surface area
of 68 m? gt (Figure 3-105c, Table 3-18). As can be observed in Figure 3-104, 10-Ni/CIS-m
displays a significantly lower Hz-evolution activity (~15 pmol h™) compared to the
mesoporous counterpart (10-Ni/CIS NCF), highlighting that the nano-grain composition and

large internal surface area are favorable for enhancing the photocatalytic performance.
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Figure 3-105. (a) Typical XRD pattern and (b) EDS spectrum of bulk 10-Ni/CIS-m. The blue
lines in panel (a) correspond to the standard diffraction of cubic CdIn2S4 (space group: Fd3m),
according to JCPDS card no. 27-0060. (c) Nitrogen adsorption (filled cycles) and desorption

(open cycles) isotherms at —196 °C for the bulk 10-Ni/CIS-m reference material.
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The effect of different hole scavengers and catalyst concentrations in this photocatalytic
system was also investigated by comprehensive control experiments. By keeping the catalyst
concentration constant (1 mg mL1), we examined various hole scavengers, such as methanol
(MeOH, 10% v/v), ethanol (EtOH, 10% v/v), 5 M NaOH/EtOH mixture (10% v/v),
triethylamine (TEA, 10% v/v) and triethanolamine (TEOA, 10% v/v). The notable variations
in the obtained hydrogen evolution reaction rates point to the oxidation process as the rate-
limiting step (Figure 3-106). Among the examined compounds, TEOA was found to be the
most effective electron donor for this photocatalytic system. Subsequently, assessment of the
photocatalytic activity using different mass loadings of the 10-Ni/CIS NCF -catalyst
demonstrated a notable increase in the rate of Hz evolution, reaching a maximum activity at 1
mg mL* (Figure 3-107). Further increasing the catalyst concentration (> 1.5 mg mL™?) led to
an abrupt reduction of the photocatalytic efficiency by a factor of ~2.3—2.5x. The reduction in
the photocatalytic activity is attributed to increased light scattering caused by the excessive
catalyst particles. Consequently, under optimized condition, an apparent quantum yield (AQY)
of ~52% is obtained at 420 = 10 nm, considering 100% absorption of the incident photons. To
best of our knowledge, this activity is among the best reported for CdIn.Ss-based and

thiospinel-based photocatalysts (Table I, Annex 1).
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Figure 3-106. H; evolution activity of 10-Ni/CIS NCF photocatalyst, using different sacrificial
reagents: methanol (MeOH, 10% v/v), ethanol (EtOH, 10% v/v), triethylamine (TEA, 10%
v/v), 5M NaOH/Ethanol (EtOH, 10% v/v) and triethanolamine (TEOA, 10% v/v). Reaction
conditions: 20 mg of photocatalyst in 20 mL aqueous solution containing the respective hole

scavenger, 300-W Xe-lamp equipped with a UV-cut off filter (A > 420 nm).
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Figure 3-107. H evolution activity of 10-Ni/CIS NCF photocatalyst, using different catalyst
loading. Reaction conditions: 10-40 mg of photocatalyst in 20 mL aqueous solution of TEOA
(10% v/v), 300-W Xe-lamp equipped with a UV-cut off filter (A > 420 nm).

Apart from water reduction, the oxidation of TEOA may also contribute to the overall
production of hydrogen [182]. It is well known that TEOA oxidation can yield acetaldehyde
(CH3CHO) and diethanolamine (HN(CH2CH20H)2), where sequential oxidation of these
compounds may contribute to the generation of hydrogen [169,170]. To elucidate this, we
performed a control experiment on 10-Ni/CIS NCF using TEOA (10% v/v) and NalOz (0.1 M)
as the hole and electron scavenger, respectively. Since the reduction of 103 (Eo= 1.2 V vs
RHE) is thermodynamical more favorable than water reduction (Eoc = 0 V vs RHE), this
experiment can provide a means for exploring potential hydrogen generation via the photo-
oxidation of the sacrificial reagent (TEOA). In this process, the photogenerated electrons can
induce the reduction of 1037, while the photogenerated hole drives the oxidation of TEOA.
Interestingly, throughout this experiment, no hydrogen was detected (by gas chromatography)
even after a 3-hour illumination period, thus confirming that the water is the only hydrogen
source.

Moreover, the 10-Ni/CIS NCF photocatalyst exhibited excellent stability as evidenced by
the consistent hydrogen evolution rate obtained throughout the stability experiments. After
each catalytic run, the photocatalyst was isolated from the reaction solution by centrifugation,

washed with ethanol and water, and then redispersed in a fresh solution. As depicted in Figure
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3-108, 10-Ni/CIS NCF exhibit excellent photochemical stability even after four 5-hour
catalytic cycles, where no obvious activity decay can be detected. The total amount of hydrogen
generated over 20 hours of visible-light irradiation is 7.91 mmol (~190 mL at 20 °C), which is

equivalent to an average Hp-evolution rate of 0.40 mmol hL,
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Figure 3-108. Photocatalytic stability test of 10-Ni/CIS NCF. The columns depict the
corresponding H> evolution rate of each catalytic run. Reaction conditions: 20 mg of
photocatalyst in 20 mL aqueous solution of TEOA (10% v/v), 300-W Xe-lamp equipped with
a UV-cut off filter (A > 420 nm).

Moreover, post-catalytic XPS measurement of the catalyst showed no chemical degradation
under the examined conditions (Figure 3-109). The Cd 3d XPS spectrum of the recycled
catalyst (10-Ni/CIS NCF) showed a doublet peak at 405.1 and 411.9 + 0.1 eV, corresponding
to the respective Cd 3ds; and Cd 3ds of Cd** ions. Similarly, the In 3d XPS spectrum
displayed a doublet peak attributed to the In 3ds;2 (445.0 + 0.1 eV) and In 3ds; (452.5 £ 0.1
eV) core-levels of the In®* ions in CdInzS, thiospinel. The S 2p XPS signal at 161.9 + 0.2 eV
is attributed to the S?~ valence state, while the broad peak at 168.8 + 0.2 eV is due to the
formation of SOy species, originating from the surface oxidation of the sample and/or photo-
corrosion. In the Ni 2p XPS core-level region, the two prominent peaks of Ni 2ps/2 and Ni 2p12
at 856.1 and 873.9 +£ 0.2 eV, respectively, correspond to the Ni(ll) of Ni(OH)2, while the strong
satellite peaks at 861.9 and 879.7 + 0.2 eV further confirms the existence of paramagnetic Ni?".

Also, post-reaction EDS characterization further affirmed that 10-Ni/CIS NCF retained its
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chemical integrity even after 20 hours of light irradiation (Figure 3-110a). Nevertheless, N2
physisorption measurement (Figure 3-110b) revealed a slight deterioration in the mesoporous
structure of the recycled catalyst, possibly due to minor photo-corrosion and/or some

nanoparticle rearrangement in the porous structure.
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Figure 3-109. Typical XPS spectra of (a) Cd 3d, (b) In 3d, (c) S 2p and (d) Ni 2p of the 10-

Ni/CIS NCF photocatalyst after four-five hours catalytic experiments.
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Figure 3-110. (a) Typical EDS spectrum, showing a 9.95 wt. % Ni content, and (b) N2
adsorption-desorption isotherms at —196 °C of the of the reused 10-Ni/CIS NCF catalyst.
Analysis of the adsorption data gives a surface area of 133 m? g2, a total pore volume of 0.1
cm?® g~! and an average pore width of 4.0 nm.
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3.4.3 Energy band structure and charge transfer kinetics

The impact of B-Ni(OH). modification on the charge transfer and separation dynamics was
investigated by electrochemical spectroscopy. As can be seen in Figure 3-111, Mott-Schottky
plots of the inverse square space-charge capacitance (1/Csc?) as a function of applied voltage
(E) were measured for the mesoporous CIS and Ni-modified CIS NCFs catalysts. All samples
were drop-casted on fluorine-doped tin oxide (FTO, 1 Q sq!) substrate, and the reported
electrochemical potential values were converted to the reversible hydrogen electrode (RHE)
scale at pH 7. Apparently, the positive slope of the Mott-Schottky plots of mesoporous CIS
suggests n-type conductivity. On the other hand, a bell-shaped 1/Csc?>—E curve can be observed
for the Ni-modified materials, indicating the existence of p-n junction. As a proof of concept,
we have acquired the Mott-Schottky plot of B-Ni(OH)2 microparticles under identical
experimental conditions. In Figure 3-112, B-Ni(OH)2 microparticles clearly show a steep
negative gradient of the 1/Csc?>-E curve, providing direct evidence of the p-type conductivity.
As such, the formation of p-n junctions among the p-type p-Ni(OH). and n-type CIS NCFs
undoubtedly dictates the band edge alignment and, thus, the charge transfer and separation
dynamics at the interface. The flat band potential (Ers) of the samples was determined by the
intersection point of the Mott-Schottky plots (1/Csc? =0). Taking into consideration, the
calculated Erg potentials and the optical bandgap (Eg) (as determined form UV-vis/NIR
absorption spectra, Figure 3-102 and 3-103), the respective conduction (Ec) and valence (Ev)
band edge levels for each catalyst can be obtained. In this analysis, we assume the Erg potential
as a good approximation of the conduction or valence band edge position for heavily n-type
and p-type semiconductors, respectively. Typically, for many heavily doped semiconductors,
such as CIS and B-Ni(OH)2, the Fermi level is located within ~0.1-0.4 eV from the band edge
[46]. The calculated band-edge potentials are summarized in Table 3-19, and the
corresponding band diagrams of each catalyst are depicted in Figure 3-113. From this analysis,
the Ers level of CIS NCF is determined to be —0.97 V, while upon deposition of B-Ni(OH)a,
the Erg Of the Ni/CIS heterostructures undergoes a significantly change. Specifically, the
Ni/CIS NCFs materials present a systematic downwards shift of the Erg from —0.72 V to —-0.54
V. The anodic shift of the Ers level stems from the formation of p-n junctions between f-
Ni(OH). and CIS components. Since the Fermi level of f-Ni(OH)2 (ca. 5.2-5.4 eV vs vacuum)
[183] is much lower than that of CIS (ca. 4.0 eV vs vacuum), an electron flow from CIS to -
Ni(OH)2 nanoparticles will take place upon contact, until their Fermi levels align. The net effect

of this process will decrease the donor concertation (Np) in CIS. Supporting this conclusion,
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the Np of CIS NCF was determined to be ~1.1 x 10*® cm=3, much higher than those of the Ni-
modified samples (~0.55-5.0 x 10'” cm), see Table 3-19. The gradual reduction of Np

concertation confirms an electron migration from the mesoporous CIS to B-Ni(OH)2

nanoparticles, in good agreement with the observed potential drop of CIS’s Erg level. Notably,

compared to the mesoporous 10-Ni/CIS NCF, the bulk 10-Ni/CI1S-m reference sample exhibits

a less anodic shift of Ers (—0.57 V) and lower Np concertation loss (~3.7 x 1017 cm~3) compared

to the CIS microparticles (Ers ~ -0.77 V, Np ~ 6.6 x 10'” cm3, see Figure 3-62), suggesting

weak electronic interactions between B-Ni(OH)2 and CIS microparticles.
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Figure 3-111. Mott-Schottky plots measured in 0.5 M Na>SOs electrolyte (pH= 6.87) using a

standard three-electrode cell.

Table 3-19. Electrochemical properties of the different CIS and Ni/CIS catalysts.

Erg ‘ Evt Donor Ret
Catalyst (V vs RHE, pH 7) Co(rl'\fsf‘érr]f_t;;’ n Q)
CIS NCF -0.97 1.60 1.06 x 108 565
5-Ni/CIS NCF -0.70 1.89 5.04 x 107 346
7-Ni/CIS NCF -0.63 1.89 1.17 x 10Y 265
10-Ni/CIS NCF -0.62 1.86 8.15 x 106 238
15-Ni/CIS NCF -0.50 1.95 5.52 x 1016 373
10-Ni/CIS-m -0.56 1.77 3.70 x 10V 1104

TThe valence band energy (Ev) of the catalysts was estimated from Ev = Erg + Eg.
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Figure 3-112. Mott-Schottky plots of as prepared B-Ni(OH). microparticles measured in 0.5
M Na2SOg electrolyte (pH=6.87) using a standard three-electrode cell. The linear fit of the data

(dashed line) yields a Ers of ~1.30 V vs RHE, while the positive slope indicates p-type

conductivity.
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The position of the Fermi level, defined by the carrier concentration, also serves as valuable
descriptor for further investigating the electronic interaction between B-Ni(OH)2 and CIS
semiconductors. From valence band XPS (VB-XPS) experiments, the energy difference of the
Fermi level and the Ev of mesoporous CIS and 10-Ni/CIS NCFs is determined to be 1.93 and
1.78 eV, respectively (Figure 3-114). This downshift of the Fermi level upon B-Ni(OH)2
deposition clearly affirms an electron injection from CIS to B-Ni(OH)2, as inferred from the
above electrochemical analysis. Thus, we can conclude that the changes of the CIS band-edge
positions induced by B-Ni(OH)2 hybridization play a critical role to enhance photo-carrier

dissociation and transfer efficiency.

Photoelectron intensity (a.u)

Binding energy (eV)

Figure 3-114. Valence band XPS (VB-XPS) spectra of the mesoporous CIS and 10-Ni/CIS
NCEF catalysts.

In order to further investigate the effect of B-Ni(OH)2 deposition on the charge-transfer
properties in Ni/CIS mesostructures, the electrochemical impedance spectroscopy (EIS) and
time-resolved PL (TRPL) spectroscopy experiments were conducted as well. The EIS Nyquist
spectra of the pristine CIS and different Ni-modified samples drop-casted on FTO electrodes
are displayed in Figure 3-115. A simple equivalent circuit model (inset of Figure 3-115) was
employed to fit the EIS plots and extract the charge-transfer resistance (Rct) of the catalysts
(Table 3-20). The Rt values of the Ni-modified catalysts (238-373 Q) imply a much smaller
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impedance compared to the pristine CIS NCF (565 Q) and the isolated B-Ni(OH)2
microparticles (3437 Q) (Figure 3-116), suggesting an enhanced charge transfer efficiency at
the B-Ni(OH)./CIS contact, see Table 3-19. Notably, the decreasing trend of Rt observed after
B-Ni(OH). deposition correlates well with the results from the hydrogen production
experiments (Figure 3-104). It turns out that the catalyst containing 10 wt. % Ni (10-Ni/CIS
NCF) exhibits the lowest charge transfer resistance (Rct ~ 238 Q), which is consistent with its
superior photocatalytic activity. Interestingly, the bulk 10-Ni/CIS-m reference sample shows a
much lower charge transfer efficiency (Rct ~ 1104 Q) across the catalyst/electrolyte interface,
which a direct result of the poor electronic contact between B-Ni(OH). and CIS microparticles,

in agreement with our previous EIS results for 10-Ni/CIS-m.
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Figure 3-115. Nyquist plots for the mesoporous CIS and Ni/CIS NCFs and bulk 10-Ni/CIS-m.

Inset: equivalent circuit model to fit the EIS data.

Table 3-20. Nyquist equivalent circuit fitted parameters of the prepared materials.

Sample Rs (Q) Cai (F) Ret (Q) X2

CIS NCF 12.46 46 x 1078 565 3.60 x 103
5-Ni/CIS NCF 14.72 185 x 1078 346 1.95 x 10-*
7-Ni/CIS NCF 13.51 195 x 1078 265 3.06 x 10°°
10-Ni/CIS NCF 12.19 144 x 10°° 238 4.16 x 103
15-Ni/CIS NCF 12.70 221 x 1078 373 2.16 x 1073
10-Ni/CIS-m 13.79 58 x 108 1104 3.53 x 1073
B-Ni(OH) 13.36 39 x 108 3437 3.13x 1073
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Figure 3-116. Nyquist plot of the B-Ni(OH)2 microparticles. Inset: equivalent circuit model to
fit the EIS data.

Figure 3-117 depicts the PL decay curves of different catalysts measured under 375 nm
pump laser excitation. To investigate the kinetic characteristics of the photoexcited charge
carriers the TRPL spectra were fitted by a biexponential function: I(t) = yo + Ziai-e ¥ (i = 1,
2), where oj are the amplitude fractions (Zioi = 1) and i are the lifetimes for the surface-
mediated (11, fast) and intrinsic band-to-band (12, slow) recombination of excitons. All the
TRPL fitting parameters are listed in Figure 3-117. The fitting results indicated that the 10-
Ni/CIS NCF catalyst exhibits an average electron-hole pair lifetime ~1.3—1.4 times larger (4.68
ns) than that of the CIS NCF (3.41 ns) and bulk 10-Ni/C1S-m analogue (3.66 ns), suggesting a
more efficient migration of the photogenerated carriers for 10-Ni/CIS NCF catalyst.
Furthermore, a more detailed look of the t-component fractions indicateed a predominant
recombination of excitons on the surface for CIS NCF and 10-Ni/CIS-m; both sample exhibit
a ~69-70% contribution of the fast ti-component. On the contrary, a significantly lower
contribution (~30 %) of defect trapping was observed for 10-Ni/CIS NCF, indicating a lower
carrier-recombination loss at the nanostructure interface. Transient photocurrent (TPC)
experiments confirmed also the same conclusions. Figure 3-118 shows that the mesoporous
10-Ni/CIS NCF generates a much higher photocurrent density than CIS NCF and 10-Ni/CIS-
m, suggesting that a more efficient dissociation and migration pathway of the photogenerated

carriers exists over the nano-heterostructure photocatalyst. Obviously, the formation of p-n 8-
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Ni(OH)./CdIn2S4 nano-heterojunction instigates an improved interfacial charge transfer and
separation effect, resulting to a more effective utilization of the photogenerated carriers for

redox reactions at the catalyst surface.

T1 (1) T2 (a2) Tav
- e (ns,%)  (ns,%)  (ns)
g | CIS NCF 1.01(70) 4.64 (30) 3.41 |
g 1ONCISNCF  1.03(31) 468(69) 4.68
'g | 10-Ni/CIS-m 1.13(69) 4.96(31) 3.66
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Figure 3-117. Time-resolved photoluminescence (TRPL) spectra of mesoporous CIS and 10-
Ni/CIS NCF and bulk 10-Ni/CIS-m. Inset: the PL decay parameters of samples. The average
lifetime (tay) Was calculated as t,,=(Y;0;17)/(Xi o 7;) (i = 1, 2). The red lines are fit to the

experimental data.
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Figure 3-118. Transient photocurrent (TPC) response of mesoporous CIS and 10-Ni/CIS NCF

and bulk 10-Ni/CIS-m.
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In light of all the above results, a band alignment model and charge transfer mechanism for the
photocatalytic hydrogen evolution reaction over B-Ni(OH)2/CIS nano-heterojunctions is
proposed in Figure 3-119. Specifically, B-Ni(OH). is a p-type semiconductor with a Fermi
level well below that of CIS (~5.2-5.4 eV vs ~4.0 eV) and the close contact between these two
semiconductors can result to an electron flow from CIS to B-Ni(OH)2 until their Fermi levels
react equilibrium. The outcome of this process will generate a depletion region, that is, a
positively charged area in the CIS side, leading to an upward shift of both Ec and Ev edge
positions near the heterojunction interface. Simultaneously, an accumulation region, that is, a
negatively charged area will develop in the B-Ni(OH)2 side, shifting its band-edges to lower
energies. Thus, a build-in potential, defined by the electrochemical potential of CIS NCF (ca.
4.0 eV) and B-Ni(OH). (ca. 5.2-5.4 eV), of about 1.2-1.4 V will be established within the
interface, generating a strong internal electric field directed from CIS to B-Ni(OH).. The
redistribution of the charge carriers at the p-n B-Ni(OH)2/CdIn,S4 heterojunction is in line with
the observations from the EIS and VB-XPS analysis. Indeed, all these effects undoubtedly will
contribute positively to the photocatalytic activity of the Ni/CIS NCFs catalysts. Under visible
light irradiation, only CIS gets excited and generates electron-hole pairs, as 3-Ni(OH). does
not absorb light within this wavelength range (A > 420 nm) due to its substantial energy gap
(~3.64 V). Due to the favorable type-11 band scheme (CIS has a more positive Ev and Ec edges
than B-Ni(OH).) and the generation of strong internal electric field at the p-n junction, the
photogenerated holes in the VB of CIS are thermodynamically transferred to f-Ni(OH)2, where
they are effectively consumed by the sacrificial agent (TEOA). This 3-Ni(OH)2-mediated hole-
transport pathway has the ability to spatially separate the photogenerated charge carriers, thus
promoting the accumulation of electrons on the CIS surface (mainly on the adjacent Cd and In
atoms) [141], where they can reduce protons to hydrogen. This mechanistic model is in good
agreement with the experimental results from EIS, TRPL and TPC studies. Moreover, the
highly porous architecture of the Ni/CIS heterojunctions provides an increased active-site
exposure and enhanced mass transfer kinetics, both of which are crucial for improving the
efficiency of photocatalytic hydrogen evolution. Supporting evidence for the improved
electrolyte permeability of 10-Ni/CIS NCF was obtained through contact angle measurements.
The contact angle analysis in Figure 3-120 indicates a higher diffusion rate and better
penetration of water into the mesoporous architecture of 10-Ni/CIS NCF compared to both CIS
NCF and bulk 10-Ni/CIS-m. In particular, the water contact angle measures ~14° for 10-Ni/CIS
NCF, ~20° for CIS NCF and ~30° for 10-Ni/CIS-m after diffusion for 400 ms. This affirms that

both Ni modification and open-pore structure are crucial features of the Ni/CIS NCFs,
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enhancing the wettability of the photocatalyst and thereby increasing the water-catalyst

interface area.
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Figure 3-119. Energy bad diagrams of the n-type CIS and p-type p-Ni(OH)2 semiconductors
before (i) and after (ii) contact (Ev: valence band energy, Ec: conduction band energy, Ef:
Fermi level). The band alignment model of the p-n junction upon contact of CIS and -Ni(OH):
nanoparticles depicts the charge-transfer mechanism of the photocatalytic H> production by the
mesoporous Ni/CIS NCFs.

Figure 3-120. Contact angle measurements of the mesoporous (a) CIS and (b) 10-Ni/CIS NCF,
and (c) bulk 10-Ni/CIS-m. The diameter of the water droplet was approximately 2 nm.
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3.4.4 Conclusions

In this project, mesoporous networks of interconnected B-Ni(OH)2-modified CdInzS4
nanocrystals were successfully prepared by a polymer-templated chemical method, followed
by a photochemical deposition process. Characterization by UV-vis/NIR, electrochemical
impedance and photoluminescence spectroscopy unveiled that Ni deposition effectively tune
the kinetics of charge transfer and separation, resulting to a significantly improved
photocatalytic activity for hydrogen production. The p-type B-Ni(OH)2 nanoparticles serve as
efficient hole-transfer mediator, facilitating the transport of photoexcited holes from the n-type
CdIn2S4 photocatalyst to the sacrificial agent. Furthermore, the mesoporous structure of the
prepared materials provides a superior exposure of active sites for redox reactions and
facilitates the rapid electrolyte transport between the nanoparticles. Consequently, the catalyst
with 10 wt. % Ni loading displays a remarkable photocatalytic activity and stability for the
water reduction reaction, yielding a hydrogen evolution rate of 0.4 mmol h™* (or 20 mmol gear™
1 h! mass activity) under A > 420 nm light irradiation with an apparent quantum yield of ~52%
at 420 nm.
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Chapter 4: Concluding Remarks

A new cost-effective synthetic protocol for obtaining mesoporous architectures of thiospinel
nanocrystals has been successfully developed and reported. In contrast to conventional
solvothermal and high-temperature solid-state methods, this chemical process enables the
synthesis of ultrasmall thiospinel nanoparticles with tunable size and composition. Such
colloidal nanoparticles can constitute functional structural units to assemble 3D mesostructured
networks through a polymer-templating chemical method. Consequently, the controlled
synthesis of ZnInS4 nanoparticles with sizes ranging from 4 to 11 nm, and their subsequent
integration into mesoporous architectures with large internal surface areas and well-defined
pores, has been achieved. Benefiting from the open pore architecture and small grain size, the
synthesized mesoporous structures exhibit exceptional photocatalytic activity for hydrogen
evolution, yielding a hydrogen evolution rate of 234 pmol h™* and an apparent quantum yield
(AQY) of 25% at 375 nm and 17.2% at 420 nm.

We further demonstrated the versatility of our synthetic protocol by successfully preparing
mesoporous architectures consisting of CdIn,Ss nanoparticles of various sizes (from 6 to 11
nm). Interestingly, CdIn.S4 nanocrystals exhibited a unique hexagonal crystal structure, which
has not been previously reported. Moreover, by employing Ni2P nanosheets as co-catalyst
within the porous structure of CdIn;Ss, we successfully engineering Ni2P/CdIn;Sa
heterostructures with enhanced electronic properties and distinct structural characteristics.
These beneficial aspects led to a remarkable photocatalytic performance, achieving a hydrogen
evolution rate of 581 pmol h* and an apparent quantum yield of 61.7% at 420 nm. This activity
represents a record for CdInSs-based photocatalysts and ranks among the highest reported for

thiospinel-based systems.

Mesoporous networks comprising closely integrated Co:P nanoparticles and CdIn.Sa
nanocrystals with a high internal surface area were also constructed and investigated as
photocatalysts for the hydrogen evolution reaction. The results demonstrate that Co.P/CdIn,Ss
Mott-Schottky heterojunctions establish sustainable pathways for the photoexcited electrons to
transfer to the catalyst surface, thereby significantly enhanced photoactivity. Specifically, the
Co2P/CdIn2S4 photocatalyst containing 10 wt. % Co2P achieves a hydrogen evolution rate of

417 umol h* and an apparent quantum yield of 56.1% at 420 nm.

The photochemical deposition of Ni-species on the porous surface of CdIn,Ss mesoporous

frameworks led to the formation of high surface area B-Ni(OH)2-modified CdInzSa
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photocatalysts, which exhibited high photoreduction activity towards hydrogen production.
The p-type B-Ni(OH)2 nanoparticles act as efficient hole-transfer mediators, facilitating the
transportation of photoexcited holes from the n-type CdIn.S4 photocatalyst to the electrolyte,
thus enhancing the efficiency of electron-hole pair separation. Consequently, the catalyst
containing 10 wt. % Ni exhibits a hydrogen evolution rate of 395 pmol h™* and an apparent
quantum vyield of 52% at 420 nm, while demonstrating remarkable photo-corrosion resistance

during long-term operation.

The impact of each co-catalyst on the electrochemical properties of thiospinel materials and
the mechanism underlying hydrogen evolution were elucidated using a combination of various
physicochemical and spectroscopic  techniques, including electron  microscopy
(TEM/FESEM), X-ray diffuse scattering, in-situ irradiated X-ray photoelectron spectroscopy
(XPS), (photo)electrochemical spectroscopy, and time-resolved photoluminescence (PL).
Thorough these investigations, a comprehensive understanding of the intricate charge transfer
dynamics in these photocatalytic systems has been achieved. This knowledge is essential for
the rationally design of next-generation photocatalysts for clean energy production.
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Annex |: Photocatalytic comparison with other reported materials

Table I. Comparison of the photocatalytic Hz-production activities and quantum yields of

different thiospinel-based catalysts.

H, evolution Quantum
Photocatalyst Reaction . rate efficiency
Conditions Light Source (umol | (pmol (QE) Ref.
h™) | g*h™
3 wt. % Pt/ 5 wt. % 50 mg catalyst, | 300 W Xe lamp 54 1083.6 5.5% [160]
CogSg/ CdInyS4 20% v/v TEOA | (A>420 nm) ' at 420 nm
) 2 mg catalyst, 300 W Xe lamp 0.2% at 450 | [184]
CdInzS«@COAI-LDH | oo " TF = o (12420 ) 1.6 793.4 am
CdInSa/In(OH)yZn,G | 20 M CIAIYSL | 336\ e Jamp 0.1%at | [18°
eOu 0.35 M NayS, (3>420 nm) 71 1426.90 420 nm
0.25 M Na,SO3 -
1 Wt.% MoSy/ 50 mg catalyst, | 55\ yq lamp 5206at | L186]
CdIn,S4 0.35 MINazS, | (55470 nm) 47312385 1 400 nm
0.25 M Na,SO3 -
CdinSa/In(OH)/NiCr | 20 M CtAlYSt | 56\ e jamp 17%at420 | [187]
"LDH 822 m Hazg,o (0>420 nm) 54.65 1093 am
. 42003 B
CdIn,Sa/rGO/ZNnS 50 mg catalyst, | 300 W Xe lamp 341 6820 19.3% at [188]
QDs 6% viv TEOA | (A>420 nm) 430 nm
50 mg catalyst, [60]
; 300 W Xe lamp 16.3% at
0,
CdIn;S4/CNFs/C04S3 i(:)igo v/v lactic (0>420 nm) 1293.5 | 25870 420 nm
20 mg catalyst, 0 [189]
CdIn2S4/ZnS 0.35 M NaS, 300 W Xelamp | 74.8 3743 2.2 A;}s: 365
0.25 M Na,S03
4 mg catalyst, 0 [84]
CdInzS4/Znin,S, 0.35 M NaS, 3?34%)3; I)amp 50.7 12670 ?28 ﬁnit
0.25 M Na,S03 -
0
Co-Pi/CdIn:Ss ;8(;:?//3&‘5'3’5% aof %ﬁgamp 728 | 7280 | L [190]
i 50 mg catalyst, | 300 W Xe lamp 7.1% at 420 | [191]
g-CaNa/ZninaS, 20% viv TEOA | (A>420 nm) 139 | 2780 nm
20 mg catalyst, | 300 W Xe lamp 71.6% at [192]
Mo2C/ZninzS, 20% viv TEOA | (A>400 nm) 4422 | 22100 1 450 hm
50 mg catalyst, 5420 at [193]
M0S/ZnIn;S4/RGO 10% v/v lactic 300 W Xe lamp | 289.5 5791 42'0 r;)m
acid
20 mg catalyst, | 300 W Xe lamp 7.4% at 420 | [194]
CuzMoS4/Znin;S, 20% viv TEOA | (A=400 nm) 162 | 8103 am
50 mg catalyst, [195]
MoS; QDs/Vs- 0 ; 300 W Xe lamp 63.9% at
ZninsS ;gigo v/v lactic (0>300 nm) 344 6884 420 nm
50 mg catalyst, 3.8% at 420 | [196]
Sh2Ss/Znin,Ss 20% v/v TEOA 300 W Xe lamp 84 1685 am
60 mg catalyst, 0 [197]
MoSez/ZningS: 035 MNes, | SOWXRMD | 57 | gy | 2L
0.25 M NaxSO3 -
10 mg catalyst, [198]
. 300 W Xe lamp 13.3% at
PtS QDs/ZnIn,S, g.c%dM ascorbic (25420 nm) 207.7 | 20777 430 nm

159

—
| —




. 20 mg catalyst, | 300 W Xe lamp 9.3% at 420 | [199]
ZnIn,S4@NiC0,2S4 10% viv TEOA | (A>420 nm) 32 1950 nm
. 20 mg catalyst, | 300 W Xe lamp 6.1% at 420 | [200]
NiSe2/ZnIn,S4 10% viv TEOA | (3>420 nm) 29.7 1487 am
. 30 mg catalyst, | 300 W Xe lamp 23.5% at [201]
Niz2Ps/CdInzSs 10% v/v TEOA | (A>420 nm) 150.3 15010 | 460 hm
50 mg catalyst, 0 [202]
Ni2P/ZnInSs 10% v/ lactic 3)?0 WXelamp | 1933 | 506 | /7781420
acid (2>400 nm) nm
20 mg catalyst, 0 [203]
CoP/ZnIn,Sq 0.35 M NaS, g?i%ﬁ;amp 1755 | 8775 2442'(1) f]’nit
0.25 M NazSO3 -
50 mg catalyst, 0 [204]
Pt/CusP/ZnIn;Ss 0.35 M NaS, ?)?34\9/0)5; I)amp 128 2561 2422'3 f]’nit
0.25 M NazSO3 -
50 mg catalyst, 0 [205]
Ni12Ps/ZnIn,S, 0.35 M NaS, ?)?34\%);; I)amp 113 2263 Zfzg ﬁnit
0.25 M NazSO3 -
10 mg catalyst, | 300 W Xe lamp 16.2% at [206]
CoP@ZnInzSs 10% viv TEOA | (A>420 nm) 103 ] 10300 | "450 nm
25.0% at This
6-ZIS NCF 30 mg catalyst, 375 nm, work
(ZnInSs) 10% viv TEA | S00WXelamp | 234 1 7800 | 17504 5
420 nm
15-Ni,P/CIS NCF 20 mg catalyst, | 300 W Xe lamp 586 29300 61.7% at This
(Ni2P/CdIn3Sa4) 10% v/v TEOA | (3>420 nm) 420 nm work
10-CP/CIS NCF 20 mg catalyst, | 300 W Xe lamp 417 20850 56.1% at This
(Co2P/CdIn,S,) 10% v/v TEOA | (2>420 nm) 420 nm work
10-Ni/CIS NCF 20 mg catalyst, | 300 W Xe lamp 395 19750 52.0% at This
(B-Ni(OH)2/CdIn;Ss) | 10% viv TEOA | (A>420 nm) 420 nm work
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