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Abstract

Abstract

Photocatalytic carbon dioxide reduction is one of the most promising strategies to solve
the energy crisis and achieve the global carbon cycle. Developing and designing highly
efficient photocatalysts for photocatalytic CO. reduction under visible light has become
a hot topic over the world. Metal sulfide-based materials have been widely used in
photocatalytic CO» reduction due to their low cost, high stability, and suitable band
structure. However, the metal sulfide photocatalysts still suffer obvious drawbacks, such
as high photogenerated electron-hole pairs recombination rate, less reactive sites, and so
on. To overcome these drawbacks, two fundamental strategies can be considered: the
construction of suitable electronic structures and abundant reaction sites. Therefore, this
thesis focuses on the rational design of metal sulfide photocatalysts with appropriate
electronic structures by modifying the elemental ratio and constructing more reactive sites
on the catalyst surface through surface engineering.

In chapter 1, a general background about semiconductor-based photocatalytic CO-
reduction and the concept of photocatalysts were introduced. Then, the key factors and
common strategies for enhancing photocatalytic activity were discussed. In the end, the

ongoing research beyond ternary metal sulfide was summarized.

In chapter 2, the facile fabrication of Cd-In-S (CIS) colloidal nanocrystals was
constructed as an efficient visible light-responsive photocatalyst for the conversion of
CO2to CO. Both experimental and theoretical investigations reveal the importance of Cd
to In ratio, which positively influences not only the charge carrier separation rate but also
the electronic structures of the CIS samples. In particular, the light absorption ability,
redox potential of photo-induced electrons, and charge transfer ability from CIS to the
cobalt-based cocatalyst were effectively modulated, endowing the optimized sample with
a high CO evolution rate of 22.9 pmol h! and selectivity up to 80% under visible light
irradiation. This work's findings provide guidance for designing and constructing ternary

metal sulfide materials for CO> conversion by modulating elemental ratio.

In chapter 3, the non-stoichiometric Ag-In-S quantum dots (QDs) was constructed as
highly efficient and robust photocatalysts for visible-light-driven photocatalytic reduction
of CO2 to syngas at atmospheric pressure and room temperature. The introduction of

Co(bpy)s?* (bpy = 2’°2-bipyridine) cocatalyst can promote the conversion of CO2to CO
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reaction and meanwhile improve the photo-stability of Ag-In-S QDs. The photocatalytic
activity and selectivity of Ag-In-S QDs are strongly dependent on the Ag to In molar
ratios, and the optimized sample exhibits the highest CO evolution rate of 9.20 pmol h™
and H; evolution rate of 3.13 pmol ht, corresponding to the CO selectivity of 74.61%,
outperforming most of the reported QDs based photocatalysts. This work provides a new
example of Cd and Pb free QDs photocatalysts for efficient and stable CO:

photoreduction.

In chapter 4, a CdSosCdSeo.» colloidal quantum dot was prepared by a simple method
as an excellent visible light reactive photocatalyst for the reduction of CO- to carbon
monoxide. In addition, vacancy defects were created on the quantum dot surface by a
simple acidic solution etching method to enhance the photocatalytic carbon dioxide
reduction activity. The optimal sample exhibited the highest CO production rate of 19.79
pmol ht and selectivity of up to 77%. It can be demonstrated that the surface vacancy
defects contribute to the outstanding performance of photocatalytic CO2 reduction. In this
paper, the role of the introduction of Cd vacancies in the photocatalytic CO> reduction
activity is presented and discussed. This work provides guidance and theoretical insight

for vacancy construction on QDs for potential photocatalytic CO> reduction.

In chapter 5, an overall summary of this dissertation work was presented. This thesis
presents a systematic study on the elemental ratio modification of metal sulfides and their
surface defects construction for efficient photocatalytic CO> reduction. By adjusting the
proportion of metal elements in the ternary metal sulfide, the electronic structure of the
catalyst can be effectively tuned, which is an effective way to improve photocatalytic
performance. The construction of more reactive sites on the catalyst surface by surface
etching can directly affect surface catalysis. The relevant findings of this study deepen

the understanding of metal sulfide photocatalysts for CO> reduction.
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Chapter 1 Introduction

1.1 Background of photocatalytic CO2 reduction

In the last century, as human society has advanced, the demand for finite fossil fuels
has risen. This has led to the release of substantial amounts of carbon dioxide during
combustion, resulting in an increase in the concentration of carbon dioxide in the Earth's
atmosphere. This increase has caused devastating consequences, including global
warming, melting of polar ice caps, and rising sea levels.[1-5] In response, there is a
growing interest in developing strategies to convert carbon dioxide from the atmosphere
into renewable fuels, such as carbon monoxide, methane, methanol formate, and other
hydrocarbons. This is considered to be one of the most promising approaches to address
both the issue of reducing CO- concentration and the challenge of energy shortages.[6, 7]

Up to now, several technologies have been developed to convert carbon dioxide into
hydrocarbon fuels and other chemicals. (1) biotransformation or biocatalysis using
outdoor photobioreactor of microalgae; (2) chemical transformation through organic
reaction or mineralization carbonation; (3) photochemical transformation; and (4)
electrochemical transformation. [8] Among these methods, photocatalytic reduction of
CO- to renewable fuels has many advantages and broad prospects, such as: (1) the original
carbon source can be wasted CO: released from human activities; (2) the driving force
(light) is renewable energy; (3) the catalytic conditions are relatively mild and
controllable, such as controllable temperature and normal pressure; and (4) the carbon
source can be utilized and recycled without secondary pollution. In short, by using
photocatalytic reduction of carbon dioxide, the concentration of carbon dioxide can be
reduced in the atmosphere in response to global warming while producing renewable

fuels to alleviate the severe energy crisis under mild conditions. [9]

Linear CO: is quite stable among various carbon-contained chemicals due to its much
larger bond energy of C=0 (750 kJ-mol™) than other carbon-contained bonds, such as C-
H (411 kJ-mol ™), C-C (336 kJ-mol?), and C=C (327 kJ-mol ™). [10] Thus, photocatalytic
carbon dioxide reduction usually requires a lot of energy to overcome the C=0 bond. It

is the main challenge to achieving CO. reduction at the current stage.
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1.2 Basic mechanism of photocatalytic CO:2 reduction

The photocatalytic reaction mechanism is based on the energy band theory of solid-
state physics. The photocatalyst has a band structure consisting of a conduction band (CB),
valence band (VB), and forbidden band (band gap). In low temperatures, the energy levels
of VB are full of valence electrons, while there are few electrons in CB. The detailed
process of photocatalyst can be explained as follows. When the photocatalyst receives the
proton, whose energy is equal to or larger than its band gap, the electrons (") in VB would
be excited to CB, leaving the same number of holes (h*) in VB. [11] The photo-generated
electrons and holes will migrate to the surface of photocatalysts and participate the redox
reactions with the adsorbent. At the same time, the photogenerated electron hole will also
recombine the surface of photocatalysts under the electrostatic force. [12] In particular,

photocatalytic CO- reduction mainly contains five steps as follows: [13]

CO; + 2H* + 2e- — HCOOH E Cocatalyst
Eo=-061V H.0 Product
Conduction band Product = 2 94
N e C CO, + 2H* + 26~ — CO + H,0 Oz&)
5 Co, E°=-053V \ /JJ
® Reduction p— + 4H* + 4e- — HCHO + H + Charge separation
W — 9% i 4: % CHO+.H0 . 5 + Catalysis
= hv> E, - ’ hv> E, i . ete.
g & baidgiE CO, + 6H* + 6e~ — CH;OH + H,0 : -
2| pC ’ E°=-038V T Ty
s . . i Recombination * Crystallini
£ s CO, + 8H" + 8e” — CH, + 2H,0 + Defect density
o Oxidation E°=-0.24V A + Composition
. etc.
H0 | = h* O, + 4H* + 4~ — 2H,0 Semiconductor particle
0, Valence band E°=+0.82V

Figure 1.1 A) The illustration of redox potential for CO. reduction and water oxidation.
B) The illustration of the total photocatalytic reaction process as well as the factors

affecting the photocatalytic process. [2]

1) The adsorption of CO> on the surface of photocatalysts. As the initial step of the
catalytic process, CO adsorption as well as activation play an essential role in the
subsequent CO. reduction reaction. On the one hand, if the catalyst surface has a good
ability of CO» adsorption, the photogenerated electrons are more easily captured by the
adsorbed COz on the catalyst surface after migration from the catalyst inside to the
catalyst surface, which can reduce the photogenerated electron-hole recombination rate
and improve the efficiency of photogenerated electron utilization. [14] On the other hand,
carbon dioxide as a very stable non-polar molecule has a linear structure whose high
activation energy needs to be overcome, as we have mentioned. [15] After adsorption on

the catalyst surface, CO; interacts with the surface atoms of the catalyst and becomes a
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locally charged active species. Compared to COz, the charged CO> undergoes bending,
and its LUMO energy level is lowered, further decreasing its energy barrier to accept
electrons. [16] Moreover, the morphology of CO> adsorption on the surface of catalyst is
determined by the chemistry property of the catalyst surface, which also has an essential

influence on the subsequent photocatalytic reduction process.

2) Photogenerated carriers are generated in photoexcited semiconductors. The number
of photogenerated carriers produced by semiconductor photocatalysts is decided by the
energy of the excitation photons and its band gap. In contrast, the energy band edges of
the semiconductor determine the redox ability. A positive VB edge of a semiconductor
could lead to a strong oxidation ability of h*, while a negative CB edge endows e with a
strong reduction ability. [17] [18] Besides, the delocalization of the VB and CB would
also influence the migration ability of e and h*. These properties of band structure

dramatically affect the photocatalytic ability. [19]

3) Migration of photoinduced electron-hole pairs to the catalyst surface. Since the rate
of charge carriers recombination (~10° s) is much faster than the reaction rate (~103-10"
85), the quicker the migration of photogenerated carriers would lead to a lower chance of
their recombination, indicating more effective photogenerated carriers could participate

the photocatalytic reaction. [20]

4) The photogenerated carriers react with the adsorbed carbon dioxide and water on
the catalyst surface. Theoretically, if the VB of the catalyst is higher than the redox
potential required for water oxidation (E® = 1.23 eV, vs. NHE), the holes diffusing to the
surface of catalyst will oxidize the H20 or hydroxyl groups and produce hydroxyl radicals
(OH), H™ and O,. After the generation of H*, it may further participate in the reduction
reaction of CO, or may compete with CO2 for electrons and be reduced to H..[21]
Currently, the reaction of CO; reduction with H* is now agreed to be a multi-step reaction
involving multiple electrons, with different reaction pathways, as shown in Table 1.1. [2]
By promoting the oxidation reaction of water, it not only increases the consumption rate
of photogenerated holes and inhibits the charge carriers recombination, but also provides
abundant H* for the reduction of CO, thus increasing the reaction rate of CO2 with H.
[22]

5) Desorption of CO2 reduction products. If the CO> reduction products are not

desorbed from the catalyst surface in time, the active sites at the surface will be covered,
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leading to a decreasing reaction cativity. Therefore, the desorption of the CO2 reduction

product also has an important influence on the yield of the product. [23] [24]

These five steps together determine the reaction kinetics of the catalyst photocatalytic
reduction of COz and the reaction products. If all five steps are carried out efficiently,

excellent, and durable CO2 conversion efficiency can be obtained.

Table 1.1 Possible CO> reduction pathway and their redox potential. [2]

Reactions EC (V) vs. NHE at pH=7
COx+e™—=CO2” -1.90
CO2+2H"+2e—~HCOOH -0.61
CO2+2H*+2e—~CO+H20 -0.53
CO2+4H*+4e—~HCHO+H,0 -0.48
CO2+4H"+4e—C+2H,0 -0.20
CO2+6H*+6e —CH30H+H,0 -0.38
CO2+8H*+8e—CH4+2H20 -0.24
CO2+9H"+9e —C2Hs0H+120H -0.33

1.3 Photocatalysts for CO2 reduction

The above discussions have indicated that the photocatalysis process contains five
steps: CO2 adsorption, photoinduced electron-hole generation, charge carrier migration,
redox reaction on the surface, and product desorption. Accordingly, the promising
photocatalysts have the following features: good CO> adsorption ability, suitable band
structure, low charge carrier recombination rate, abundant surface active sites, and
efficient product desorption ability. [25] In the past few decades, an enormous amount of
photocatalysts have been put forward and used for photocatalytic CO> reduction reactions.
According to composition of the material, | divided the photocatalysts for CO> reduction
into the following categories: oxide photocatalysts, carbon contained photocatalysts,
sulfide photocatalysts, and other photocatalysts.
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1.3.1 Oxide photocatalysts for CO2 reduction

Metal oxide photocatalyst is a large class of photocatalysts that have been widely
investigated because of their low toxicity, cost effective, and chemical stability. Among
the various oxide photocatalysts, TiO> is the photocatalyst that has been most studied
since it was first reported by Fijishima and Honda. [21] [26] The photocatalytic reduction
of COz using TiO; suffers from low photoconversion efficiency due to its fast charge
carrier recombination. Furthermore, bare TiO> can only utilize 5% sunlight for
photocatalytic reactions due to its relatively large band gap value. Accordingly, the
modification on TiO. photocatalysts mainly focuses on reducing the photogenerated
electron-hole pairs recombination rate and energy band engineering. [27] Liu and
coworkers described a La-modified TiO2 (La-TiO>) prepared by the sol-gel method for
photocatalytic reduction of CO,.[28] It was found that during the synthesis process, the
La>,O3 were generated on the TiOz surface. Due to the basic properties of LaxOs, its
presence could effectively adsorb CO: onto its surface, and the increase of CO:>
concentration on the TiOz surface was beneficial to promote the CO> reduction reaction.
At the same time, a small fraction of La atoms was doped into the TiO: lattice by replacing
Ti atoms. Due to the doping of La, the light absorption edge of La-TiO2 was red-shifted
compared to pristine TiO.. Furthermore, the electron paramagnetic resonance (EPR) tests
indicated that the surface Ti®* sites were generated dur to the La modification, which
facilitated the binding of CO and the migration of charge carriers. The photocatalytic
activity of La-TiO2 for CH4 production through CO- reduction was found to be 13 times
higher than that of pristine TiOz, as a result of the experiment.

Zinc oxide (Zn0) is typical non-titanium oxide, which has been extensively studied as
a photocatalyst for carbon dioxide reduction due to its unique electronic structures. Up to
now, developing and constructing ZnO-based photocatalysts using in CO2 photoreduction
have attached researchers’ attention. Similar to TiO2, ZnO also suffers drawbacks, such
as poor charge carrier mobility, high photogenerated electron-hole pairs recombination
rate, and dissolution at acidic pH. Many strategies have been applied to moderate ZnO to
enhance its photocatalytic ability to overcome these drawbacks. Doping ZnO with
nonmetallic anions, such as carbon, nitrogen, sulfur, etc., is considered a useful method
to improve the photocatalytic activity of ZnO by enhancing photogenerated electron-hole
separation ability and increasing light absorption. Recently, Oliveira and coworkers

reported a nitrogen-doped zinc oxide as efficient photocatalyst for CO> reduction.[29]
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They indicated that the O atoms were partially substituted by N, causing changes in the
crystallinity of ZnO, leading to an efficient photocatalytic CO- reduction by the presence
of exposed surface active sites in the photoreduction reaction. These surface exposed
active centers generated more structural defects, further improving the carrier Kkinetic
reaction. As a result, CH4 production rate as high as 0.21 mol L™ gth"* was obtained after
24 h of reaction of the 2 wt% N-ZnO photocatalyst in a NaOH solution at 40 <C under
UV-Vis light irradiation (254-400 nm).

In summary, metal oxide photocatalysts are mainly limited by insufficient charge
carriers separation ability and broad band gap. Even though TiO2 photocatalysts have
been extensively investigated, other metal oxides are still far from industrial applications

due to various drawbacks.

1.3.2 Carbon-contained photocatalysts for CO2 reduction

Carbon-contained photocatalysts, such as TisC,, MoC, and carbon nitride, have
received increasing attention due to their cost-effectiveness, chemical stability, good
electrical conductivity, and easy preparation. The potential applications of these materials
in CO2 photoreduction have been widely studied. Graphitic carbon nitride (g-C3Na4), since
it was first reported in 2009, it has received the most attention and become one of the
hottest fields in photocatalytic hydrogen generation. Compared to other widely
investigated photocatalysts, graphitic carbon nitride is usually regarded as an
environment-friendly and sustainable photocatalyst for CO2 reduction. [30] For example,
g-CsNa4 shows chemical stability in aqueous and organic solvents and can be easily
prepared from commercial chemicals (such as melamine, urea, and pyridine) with a high
production yield. Meanwhile, as a member of 2-dimensional semiconductors, g-CsNasalso
has a large specific surface area, exposing abundant possible active sites and adsorption
sites. However, g-CsNg still suffers from low photocatalytic activity, low visible light
utilization, and so on. For further improving the photocatalytic performance of g-C3Na,
many strategies have been applied to modify its band structures, morphologies, and active

sites.

Tang and co-workers [31] applied the in-situ hydrothermal deposition method for
synthesizing the Mg-doped g-CsN4 which showed a broadened light absorption region
and longer charge carrier lifetime compared to pristine g-CsNa4. They revealed that the

Mg atom acted as the electron mediate for enhancing the electron-hole separation ability
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and reduce the photogenerated electron-pair recombination rate (Figure 1.2a). The
optimal sample showed CHa production of 17.09 umol g and CO production of 4.13
umol gt under 6h irradiation, which was about 1.96 and 2.8 times compared to those of
pure g-C3N4. From Tang’s work, we could know that element doping as efficient method
successfully modulate and enhance the photocatalytic activity. Meanwhile, structural
design and noble metal loading are two effective methods to modify g-CsNa. As a typical
instance, Tu et al. [32] reported the g-CsN4 with controllable N vacancies by heating
pristine g-C3Naat different temperatures under hydrogen fluent. As shown in Figure 1.2b,
the characterization and DFT calculation revealed that there was an intermediate energy
level generated below the conduction band edge caused by nitrogen vacancies. As a result,
the photogenerated electrons could be more easily excited to CB or intermediate level,
which could enhance the electron-hole separation ability. The optimal g-CsN4 nanosheets
with the nitrogen vacancies exhibited an AQY of 4.2% at 420 nm and showed five times
activity of CO2 reduction compared to bulk g-CsNs. Another typical work reported by
Sun and co-authors demonstrated Pt nanoparticle loaded g-C3N4 for selectively reducing
CO2 to CH4 with H20. [33] The authors unraveled that Pt-support electronic interaction
between the nanoparticle and g-C3N4 improved the electron transfer between g-CzNa to
the Pt nanoparticle. Moreover, the competitive H> generation reaction was completely
suppressed by forming Pt?* species on the Pt nanoparticle. As a result, a CH4 production
rate as high as 14.8 umol gt h't with 100% selectivity was obtained under the optimal

sample.

Co, CH,

Magnesium
a “’ \ e Reduction
Y. g ’L co,
\Lj (/;'\J
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. R incorporation AV ) " Gl :
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Figure 1.2 (a) Proposed mechanism for the photocatalytic CO> reduction and H20
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oxidation on Mg/p-CN photocatalyst. [31] (b) The model of nitrogen vacancies in g-C3Na.
(c) Schematic illustration of g-C3N4 with nitrogen vacancies (VN) for photoreduction of
CO2 to CO and Ha evolution. [32] (d) Illustration of frame structures and linked ligands
of mPT-Cu/Re MOFs and mPTCu/Co. [34] (e) A three-dimensional network of MOF-
525-Co is shown, highlighting its highly porous framework and integrated active sites.[35]

Metal-organic frameworks (MOFs) are carbon-containing materials that have been
extensively studied for their potential use in photocatalytic CO> reduction. They are
constructed from metal ions or clusters that are linked together with organic linkers.[36]
MOFs can be used in photocatalysis due to their following features: tunable light
absorption ability with a wide light absorption range, controllable electron-hole
separation ability; good CO> adsorption ability; well-dispersed active sites, and so on.
Recently, MOFs have been widely investigated as promising candidates for
photocatalytic CO> reduction and got the great achievements. The designing and
modification of MOFs for efficient photocatalytic CO reduction mainly focus on the
selection and modulation of metal clusters as well as organic linkers. As a typical work,
Feng and co-workers designed a multifunctional zirconium polyphenolate-decorated-
(metallo) porphyrin MOF containing Cu photosensitizers and Re catalysts. [34] The
designed MOF with electron-rich conjugated porphyrin linker centered with Co-
metallation showed excellent CO> adsorption ability and photocatalytic CO> reduction to
CO rate of 14 umol g*h** without loading any cocatalysts under visible light irradiation
as shown in Figure 1.2c. The ESR study and theoretical calculation unraveled that the
metalloporphyrin in the designed MOF was the most critical factor for enhancing CO>
adsorption ability to improve photocatalytic CO- reduction. Another representative work
reported by Zhang et al. demonstrated a porphyrin-based MOF (MOF-525(Zr)-Co) with
Co single atom for efficient CO> reduction to CHa. (Figure 1.2d) [35]. The mechanism
study indicated that the single atom Co could receive excited electrons from porphyrin
units due to its unsaturated coordination to accelerate the CO» reduction reaction. As a

result, the CH4 production rate reached as high as 36.67 mmol gth,

1.3.3 Sulfide photocatalysts for CO2 reduction

The catalytic activity of sulfide-based photocatalytic materials is very promising. In

the past few decades, there have been many reports about metal sulfide photocatalysts

10
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used for CO2. As shown in Figure 1.3, almost all sulfide photocatalysts are composed of
metal cations in the d10 configuration. The conduction band is generally formed of d or
sp orbitals of metal elements, while the valence band is usually formed by S3p orbitals.
This composition makes metal sulfides suitable energy edges, wide light response region,
and fast charge carrier migration ability, which is suitable for photocatalytic CO>
reduction. Furthermore, compared to previously mentioned metal oxides and carbon-
contained photocatalysts, metal sulfide photocatalysts have narrower band gaps and
abundant active sites, which could be used as photocatalysts directly in photocatalytic
CO- reduction. Metal sulfides can be classified into binary, ternary, and polynary metal
sulfides based on their composition. The following mentioned works are summarized in
Table 1.2.

H 1A WA IVA VA VIA ViA | He
Li | Be Blc|N|o| F|nNe
NaiMg | g v8 vB VIB VIB ViIB B s | Al| S| P Cl | Ar

K| Ca]| Se | Ti V| Cr|Mn| Fe | Co | Ni |Cu|Zn Ga| Ge | As | Se | Br | Kr

Pd| Ag| Cd In | Sn | Sb | Te I | Xe

Pt | Au | Hg | T1 | Pb Bi | Po | At | Rn

Rb| Sr | Y | Zr | Nb [ Mo | Te Ru | Rh

Cs | Ba|La| Hf | Ta | W | Re | Os | Ir

Figure 1.3. Chemical elements can be utilized to construct metal sulfide photocatalysts

for CO2 reduction.[37]

11
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Table 1.2 Systematic summary of metal sulfide photocatalysts for CO, photoreduction.

Family Photocatalyst Reactant Lightsource Product Productionrate Ref.
1IB-VIA hollow CdS Co(bpy)s 300W Xe lamp Cco 3758 pmol gt ht  [38]
particle H,0 H, 1588 pmol g ht
TEOA
CdS/TiO, NaHCO; LED lamps CH, 11.9mmol g*m?  [39]
H.0
Cd?* modified K2SO3 200 W HCOOH 11.19 mmol g'h? [40]
ZnS H.0 Hg-Xe lamp co 0.05 mmol gt h't
KHCO3 H. 0.54 mmol g ht
ZnS with Zn K2SO;  300W Xe lamp HCOOH 6.2 pmol ht [41]
vacancies H,0 co 0.04 pmol gt ht
KHCO3 H. 1.5 pmol gt ht
Cd~ZnyS H.0 LED lamps CH,4 0.22 pmol g*ht  [42]
CO 2.9 pmol gt ht
H. 0.16 pmol gt ht
[1B-11A- ZnIn,S, layer H20 300W Xe lamp co 33.2 pmol g*h*  [43]
VIA with Zn vacancies 0, 13.7 pmol gt ht
ZnxINySasx, (X=1— H.0 300W Xe lamp Cco 40.4 pmol gtht [44]
5)
In2S3-CdIn,Ss Co(bpy)s 300W Xe lamp Cco 825.4 mol g*h™  [45]
H,0O H, 260 pmol gth?
TEOA
CdInzS4/ZninzSs - Co(bpy)s  300W Xe lamp Cco 1194.5 pmol g* h*  [46]
KHCO; H,  475.7 pmol gt ht
TEOA
I-111-VI TiO2/CulnS; H,0O 350W Xe lamp CH4 2.5 pmol gt h? [47]
NaHCOs CH:OH  0.86 pmol g h't
H2SO4
1-1-IV-VI Cu2ZnSnSs H,0 Xe lamp AM CH,4 118.75ppm g*h*  [48]
1.5 filter
WOs/TiOa/ H,0O 400W Xe lamp Cco 26.6 pmol gt ht [49]
Cu2ZnSnSs CH:  2.47 pmol g h

12
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Binary metal sulfides are a series of chemicals which is composed by a metal element
as well as sulfur. They have attracted much attention because of their simple geometry
structure, facile synthesis, and photoluminescence properties. [50, 51] As shown in Figure
1.4a, binary metal sulfides usually show cubic zinc-blende and hexagonal wurtzite.
[52]Among the various binary metal sulfides, CdS is the most investigated metal sulfide
with many advantages, such as narrow band gap, negative CB position, and also abundant
exposed active sites (Cd atoms) for photocatalytic CO- reduction. [53, 54] As a result,
CdS-based materials have achieved fruitful results in visible light-driven catalytic
reactions, such as the hydrogen generation reaction and the reduction of carbon dioxide
into hydrocarbon fuels. However, severe photocorrosion during the photocatalytic
process dramatically frustrates the photoactivity of CdS. In addition, the charge
separation rate of pristine CdS still should be improved. Therefore, many strategies have
been carried out to enhance the photocatalytic performance, selectivity, and stability of
CdS in the conversion of CO; into solar fuels. Typically, Zhang et al. [38] designed a
unique hollow structured CdS in spheres and applied it in photocatalytic carbon dioxide
reduction, as shown in Figure 1.4b. Benefiting from the designed hierarchical topology,
the highest CO production rate as high as 1337 pmol g? h' was achieved with
Co(bpy)s**as cocatalyst under visible light irradiation, other phases of CdS showed a
relatively lower photocatalytic activity. Furthermore, the CO production rate was further
improved to 3758 pmol g h™t after loading an golden cluster as a co-catalyst (0.25 wt%
optimized deposition). Another representative work reported by Low and co-workers [39]
described a membrane-like CdS nanosheets and TiO. composite, which was applied in
the photoreduction of CO, to CHs4 reactions. They used in-situ irradiated X-ray
photoelectron spectroscopy (ISI-XPS) techniques, and first principle calculation to reveal
that the photogenerated electron-hole pair migration follows a typical Z-scheme pathway,
caused by the internal electric field. (Figure 1.4c) As shown in Figure 1.4d, the formation
of heterojunction in Z-scheme enabled the CdS/TiO. catalyst to efficiently extract
photogenerated carriers and maintain enhanced redox properties. As a result, excellent
CO2 photoreduction performance was achieved with a CH4 formation rate of 11.9 mmol
h't m2 under simulated solar light irradiation, which is 6.4 times compared to the

performance of pristine TiOx.
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Figure 1.4 (a) A diagram shown to illustrate the crystal structures of zinc-blende and
wurtzite.[52] (b) FESEM images, TEM images, and SAED pattern of CdS sample. [38]
(c) XPS spectra of Cd 3d states and Ti 2p states of TiO2/CdS sample. (d) A schematic is
presented to demonstrate the migration of charge carriers on TiO2/CdS under the
influence of an internal electric field. [39]

As another 11B-VIA binary metal sulfide, the ZnS with direct band gap has been much
investigated in the application of photocatalysis. [55-57] Figure 1.5a shows two main
polymorphs of ZnS, namely zinc blende with a band gap of 3.72 eV and wurtzite with a
band gap of 3.77 eV. [58] The former has a band gap of 3.72 eV. In 1998, Fujiwara et al.
demonstrated the ability of colloidal ZnS nanocrystals to form CO2 photoreduction to CO
and formate (HCOOQO). [59] To date, much research on the application of ZnS nanocrystals
in CO2 reduction has focused on achieving high catalytic efficiency. For example, our
group reported a Cd?*-modified colloidal ZnS photocatalyst. [40] Cd?* grafted on ZnS
nanocrystals successfully trapped photogenerated electrons and participated in the
photoreduction of CO., obtaining higher total yields of CO and HCOOH as high as 11.19
mmol g h?! and a high apparent quantum efficiency of 76% at 280 nm. (Figure 1.5b)
Another representative work reported by our group was using a simple acid etching
treatment on ZnS nanocrystal to achieve a high HCOOH production rate and a high
selectivity of 86.6%.[41] They used ESR measurement and EDS test to confirm the
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generation of Zn vacancies. Finally, the theoretical study indicated that the generated Zn
vacancies could be carried out as active sites for carbon dioxide reduction while

suppressing competitive Hz generation reaction. (Figure 1.5¢)
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Figure 1.5 (a) Three perspectives of the crystal structures of zinc-blende and wurtzite.[58]
(b) Illustration of how the Cd?* cocatalyst promotes the separation of photo-generated
electrons and enhances the selectivity of CO. reduction towards HCOOH. [40] (c) A
diagram depicting the free energy pathways for the conversion of CO; into formate on a
pristine ZnS surface and a Vzn-ZnS surface. [41]

Besides binary metal sulfides, ternary metal sulfides (TMSs) are showing more and
more potential for the photocatalytic CO- reduction. TMSs are a series of metal sulfides
that are composited by three elements. Compared to binary metal sulfides, TMSs show
more possibility in band structure engineering by composition modification. I divide the
TMSs photocatalysts into the following types according to their elemental composition:
I1B-VIA, IIB-111A-VIA, and IB-111A-VIA. [60, 61]
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I1B-VIA (11B=Cd, Zn; VIA=S, Se, Te) ternary sulfide is the solid solution of 11B-VIA
photocatalyst, such as CdxZnixS, CdSxSe1x, and so on. It is widely accepted that I11B-
VIA-VIA and II1B-11B-VIA solid solution photocatalysts always show better activity than
pristine 11B-VIA photocatalysts. [62, 63] Kozlova et al. reported Cd;-xZnxS solid
solutions by a simple two-step technique for efficient photocatalytic CO2 reduction. [42]
The Cdi—xZn«S solid solutions showed a highly elemental ratio dependent activity, and
the Cdo.9aZno.osS possessed the highest photocatalytic CO and CHs generation ability,
which was about twice and four times than those of CdS and ZnS, respectively.

I1B-111A-VIA have become promising catalyst for CO, photoreduction because of
unique photoelectric properties, controllable band structure, rapid electron migration
ability, and high stability compared to other ternary metal sulfide. To achieve valence
symmetry in the configuration of ternary metal sulfide, the S in the 11B-111A-VIA usually
exists in the reduced state of -2. At the same time, cation 1B exhibits an oxidation state
of +4 or +2, while cation Il1A has an oxidation state of +2 or +3. Thus, 1IB-111A-VIA
usually shows the ionic structure of 11B-111A2-VIAs4. In addition, the presence of p-
blocking ions withd10 conformation (e.g., In®) gives IIB-IIIA-VIA excellent
photocatalytic properties. Therefore, extensive studies have focused on I1B-I11A-VIA
photocatalysts (e.g., ZnIn2S4, CdIn2S4, CalnzSs, etc.) to enhance the performance of CO>

photoreduction.

ZnlnySy4 is a typical 11B-IIA-VIA sulfide. Because of its suitable band gap and
remarkable chemical stability, it has been widely investigated. [64-66] In the typical
layered ZnIn,S4 in hexagonal structure, all atoms located along the c-axis. The Zn and S
atoms are bound to form ZnS4 unit, while the In and S atoms form InS4 unit or InSe unit.
(Figure 1.6a) The construction of nanoscale Zn vacancies on a single cell ZnIn,S4 layer
surface with an very thin thickness of 2.46 nm was cleverly achieved via a simple tunable
method by Jiao et al. [43] (Figure 1.6b and c) In ZIS samples with high concentrations of
zinc vacancies, photoexcited electrons were transferred from the conduction band of as-
prepared ZnlnSs to Zn vacancy traps extremely fast (=15 picosecond) and a prolonged
photogenerated electron-hole lifetime was achieved, elucidating the enhanced charge
carrier lifetime and charge migration ability. (Figure 1.6d) Thus, the ZnIn,Ss with
abundant Zn vacancies on the surface exhibited a high CO production rate as high as 33.2
pmol g h't, Wu et al. found that structural defects caused by non-chemical components

were shown a bad influence on the separation and migration of photoinduced electrons
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and holes. [44] With more Zn/In ratio, defects caused by non-chemical components lead
to a wider band gap, which hinders the separation of photoinduced electron-hole. The
kinetics of the photoinduced electron-hole are suppressed because of the energy barrier
caused by geometry defects of the ZnxIn2Ss+x photocatalyst. Thus, perfect structural ZIS

catalysts showed the best CO> photoreduction performance under visible light. (Figure
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Figure 1.6 (a) View of structures of hexagonal, cubic, and rhombohedral ZnlInzSa4. [67]
(b) High-Angle Annular Dark Field Scanning-STEM images and (c) EPR spectra of Vz,-
poor and Vzs-rich ZnInySs layers. (d) Ilustration of the photocatalytic carbon dioxide
reduction to carbon monoxide on the Vzs-rich ZnIn,Ss layers. [43] (e) lllustration of

mechanism in our photoreduction of CO, with or without composites faults.[44]

As one of the critical components of the 11B-111A-VIA sulfides, the semiconductor
CdInyS4 [68-71] shows a cubic spinel configuration whose space group is Fd3m. The S
atom is linked to the Cd atoms to form the CdSs tetrahedron, while it is coordinated to
the In atom to forms the InSe octahedron (Figure 1.7a). The investigation of the electron
distribution characteristics of CdIn.S4 found that the energy levels of the conduction band
are formed by the states of the 5s and/or 5p orbitals of the Cd and In atoms. At the same
time, the edge of the valance band is composed of electron states of the S 3p orbitals.
Because of its suitable band gap of about 2.3 eV and broad photoresponsive area, CdIn,Ss
has been studied by researchers in a series of photooxidation reaction applications, such

as Ho production, COz reduction, and bacterial inactivation. Currently, the works using
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CdInzS,4 for photocatalytic CO> reduction mainly focus on the construction of CdIn,Ss-
based heterojunction. The representative work described by Wang and co-workers
demonstrated a hierarchical In2Ss-CdIn2S4 heterostructure nanotube as a catalyst for
photocatalytic CO> reduction. [45] (Figure 1.7b and ¢) The optimal sample showed about
13 times compared to the activity of In,Ss. They indicated that the superior photocatalytic
performance can be attributed to the unique heterojunction with a extended specific
surface area and charge carrier separation ability. Recently, Zhang and co-works
constructed CdIn2S4/Znin;Ss  heterojunction as an effective catalyst using in
photocatalytic CO> conversion. [46] The best sample exhibited a CO production rate of
1194.5 pmol g? h, 62.2% higher compared to the activity of pristine CdInzSs. The
mechanism study confirmed that the improved photocatalytic activity came from
abundant vacancies and Z-scheme transfer mode. (Figure 1.7d and e)
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Figure 1.7 (a) Crystal structures of CdInzSs. [37] (b) The illustration of the synthesize
process of the hierarchical In2Ss-CdIn2Ss heterostructured nanotube. (c) FESEM images
of hierarchical In2S3-CdIn,Ss nanotubes,[45] (d) EPR spectra of the as-prepared
photocatalysts. (e) Proposed Z-scheme charge transfer for (a) CdInzS4/ZnlIn,S4 and (b)
CdInzS4/ZnIn,S4-4/Pt.[46]

Ternary metal sulfide IB-11A-VIA, in which IB is Cu or Ag, llIA is Al, In or Ga; VIA
is S, has also been widely studied as semiconductor photocatalysts and attracted great
interest in the industrial field. These ternary sulfides are usually used as light absorbers
for solar cells or photoelectrochemical devices due to their suitable band gaps of 0.8 eV
to 2.0 eV. Especially CulnS; and AgInS;, they have widely used for photocatalytic

applications.
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Cu-In-S contains three typical crystal structure, including the chalcopyrite structure,
the cubic zinc-blende structure, and the hexagonal wurtzite structure. (Figure 1.8a) In
general, the chalcopyrite structure of CulnS; prefer to form below 1253 K, while the
remained 2 phases could be high-energy metastable states that transform from the
chalcopyrite phase at high temperatures. Because of the narrow band gap, CulnS; based
photocatalysts are developed as highly promising and sustainable catalysts in application
of photocatalytic H> generation, CO> conversion, and pollutant degradation. [72-74] Xu
et al. using a hydrothermal route synthesized TiO> nanofibers coated with CulnS;
nanosheets as thin as 10 nm, which exhibited excellent reduction performance towards
COg, producing CH4 or CH3OH (Figure 1.8b). [47] A maximum CHa production rate of
2.5 pmol ht gt and only a very small amount of methanol (0.86 pmol h* g1) was
achieved via TiO2 with an optimum support of CulnS; (2.5%). The result indicated that
the formation of TiO2/CulnS> heterojunction is able to facilitate charge migration and
extraction during photoexcitation, thereby increasing the yield of CO2-reduced

hydrocarbons. (Figure 1.8c)
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Figure 1.8 (a) structural models of zinc-blende CulnS,, wurtzite CulnS,, spinel CulnsSs.
[37] (b) SEM images of each samples. Energy dispersive spectrometry mapping of
titanium, oxygen, copper, indium, and sulfur elements of selected sample. (c) Schematic
illustration of the photoinduced charge carrier migration in CulnS2/TiO, after light
irradiation.[47]
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Until now, polynary metal sulfides for photocatalytic CO, reduction have been
investigated limited due to the difficulty of their synthesize process, complex structure,
and composition. However, the representative sulfides of the I>-11-1V-VI14 family, the
significant progress in solar photovoltaics of Cu2ZnSnS4 (CZTS) semiconductors has
been widely studied due to their environmental friendliness, unique photovoltaic
properties, and narrow band gap (=1.5 eV). [75] (Figure 1.9a) DFT calculations on the
band structure of CuZnSnSs indicate that the ideal positions of conduction band edge
and valance band edge are favorable for photocatalytic CO> reduction and the water
oxidation. [76] As a representative work, Kim et al. [48] constructed polycrystalline
CZTS-coated TiO2 by a double process of thermal injection method and annealing
treatment. The introduction of Cu2ZnSnSa significantly extended the photoresponse range,
which could promote the performance of the CZTS/TiO2> composite catalyst in the
photoreduction of CO». Furthermore, the extended specific surface area caused by the
mesoporous structure generated after annealing treatment. Meanwhile, the improved
electron-hole migration due to the inert electric field of the p-n heterojunction is also
critical reason contributing to photocatalytic performance. (Figure 1.9b) Recently, a
ternary hybrid heterojunction WOs/TiO2/CZTS was prepared by Raza and co-workers.
[49] In this experiment, the best CO2 photoreduction activities, respectively achieved CO
generation of 26.6 and hydrogen generation of 2.47 pmol g ht, with an AQE of 0.52%.
(Figure 1.9c) In addition, combining CZTS and broadband ZnO semiconductors to form
Z-junctions is also considered a promising method to improve the photogenerated
electron-hole migration ability and further enhance the photoreduction activity. (Figure
1.9d) The CZTS/ZnO photocatalyst exhibited higher CH4 evolution efficiency as high
as138.90 ppm g h%, 31 times higher compared to the activity of pristine ZnO nanorods

under simulated light.

20



Chapter 1

0%,
P o 0t [
7 Ny Z Ny S
.M’. .&f .. .L.f .. Mesoporous CZTS-TiO, 3k

T b b
KS ST PMCA LA

20 -
C &= d /T o Visible Light ™
C w24 CH % 1 2 \
o i 4 14
= 1] % = I—C0,/C0," (1,850
S 7 g | €0,/CO (05218
: % g1 L= C0}/HCHO (-0.485V/}
1 Z S i HOM,  (0414V)
g o a | €O,/CH;0H (-0.399V)f
> o e i —COY/CH,  (0246V)i [ | OWO, |
B % 2 H,0/0,  (0816V)1 ;
3 %/ B
o  HIEER
u- .7 / 1

TiO, &

WO, CZTS W-TIO, WO,-TiO,/CZTS

Figure 1.9 (a) The crystal structure of Cu2ZnSnSs in 3 typical structure, including KS,
ST as well as PMCA.[77]. (b) Schematic illustration for detailed mechanism of charge
carrier migration and surface reaction of CZTS-TiO, samples. [48] (c) The yield rates
over the as-prepared sample. The detailed mechanism of charge carrier migration and
surface reaction of over the WOs-TiO2/CZTS heterostructure. [49]

1.4 Modification of metal sulfide photocatalyst

Currently, the photocatalytic CO2 reduction activity by metal sulfide still falls short of
satisfactory levels for practical applications. In order to improve the photoreduction of
CO- ability of metal sulfide photocatalysts, the following points can be considered:
improve the separation and transfer of charges, construct more active sites, promote light
absorption, optimize the position of the band gap, reduce cost and toxicity, and improve
cycle stability. In order to achieve the above goals, a series of semiconductor modification
methods have been studied, including modifying the crystal structure and morphology,
loading co-catalysts, building heterostructures with other semiconductors, energy band
engineering, forming solid solutions, and so on. Recently, many researchers used these
methods to enhance the catalytic CO2 photoreduction performance and stability of metal
sulfide photocatalysts, and outstanding results have been achieved. In this section, | will

discuss some important and representative strategies in detail with some typical examples.
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1.4.1 Surface engineering

For semiconductor photocatalysts, the microstructure is directly related to
absorption of light irradiation, the surface area between the reactants (CO2, H-O, and so
on), and the exposure of the reaction sites. By surface engineering, such as morphology
modulation or defect engineering, the activity of the catalyst can be effectively increased.
[78, 79] For instance, by introducing cation or anion vacancies to photocatalysts, both the
band structure and the electron-hole separation ability could be tuned effectively to
control the performance of the photocatalyst. In addition to defect engineering,
morphology modulation is another widely used surface engineering method for
modifying photocatalysts. For example, by exposing different facets of photocatalysts,
the photocatalytic performance could be influenced dramatically because of the different
structural geometry and band structures. In consequence, surface engineering is widely
carried out for the enhancement of metal sulfide photocatalysts for improving their

photocatalytic efficiency.

Lou's group designed heterogeneously structured Znln,S4/In,Os catalysts as
potential candidates for solar-driven sustainable and efficient CO2 photoreduction
reactions. [80] The designed complex hollow scaffolds with bifacial heterogeneous shells
as well as ultrathin 2D nanosheet units greatly facilitate the migration of photoinduced
electrons and holes, enhancing CO> adsorption ability and exposing a wealth of active
sites for catalytic reaction on surface. Therefore, the best ZnIn,Ss-1n.03 sample exhibits
excellent activity in carbon dioxide deoxygenation reduction and a relatively high CO
production rate as high as 3075 umol h'lg?. As a representative work focused on
morphology modulation, Wang et al. designed the cadmium sulfide nanosheets (CdS NSs)
whose terminal planes were mainly S*layers along out-of-plane [001] direction as
efficient photocatalysts. [81] The prepared sample showed remarkable photocatalytic
performance of CO evolution rate as high as 2.13 mol g~!' h™! while the selectivity of CO
reached 99%. Moreover, a high AQE of 42.1% was achieved using light from the AM
1.5G simulator. The mechanism study indicated that the S* termination endowed the
prepared nanosheet with facet dependent redox active sites. Such excessive active sites
could efficiently improve photoinduced electron-hole separation ability and facilitates the
balanced extraction of photogenerated charge carrier pairs by decreasing the diffusion

distance of the hole along the (001) direction.
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1.4.2 Supporting co-catalyst

Currently, photocatalysts for CO> reduction usually suffer from lack of active sites,
fast charge carrier separation, and limited selectivity. Supporting appropriate co-catalyst
on semiconductor photocatalysts is an excellent way to solve the above issues. It is widely
accepted that cocatalysts serve four key roles for enhancing photocatalytic reaction as
follows: 1) lowering the activation energy of CO> reduction; 2) promoting photoinduced
electrons and holes migration ability to suppress charge carrier recombination; 3)
improving selectivity by enhancing the main rection or suppressing competitive reaction;

4) maintain the catalyst by consuming excess photoinduced charge carrier. [7]

Precious metal cocatalysts could effectively promote the photoinduced electron-hole
migration ability and improve the photocatalytic performance. Zhang et al. designed
effective Z-scheme photocatalysts g-CsNa4/ZnIn,S4 for solar induced carbon dioxide
conversion by choosing gold nanoparticles as co-catalyst. [82] The best CN/Au/ZIS
sample obtained the carbon monoxide evolution rate of 242.3 pmol h* g and the high
selectivity up to 94.1%. The enhanced performance was caused by the Au nanoparticles,
which could facilitate charge migration ability and enhance the photogenerated charge
carriers separation efficiency. However, though precious metal cocatalyst usually shows
excellent photocatalytic activity, the high cost is always a big drawback that limits their
industrialization. Recently, developing low-cost and effective cocatalysts has become a
hot research area. Ren et al. reported a well dispersed Co on black phosphorus nanoflakes
(BP-Co) as a co-catalyst using in photoreduction of carbon dioxide under irradiation of
the solar light (>420 nm). [83] The carbon monoxide production rate was as high as 88.6
umol h™! under optimal sample. The authors believed that the excellent CO, reduction
ability can be attributed to the interaction between Co and P, which show a high electron
concentration property for effective photocatalytic reduction. They believed that the high
electron concentration of BP-Co cocatalyst might generate extended electron density for
enhancing photo excited electrons to reduction reactions. Another representative work
reported by Jiang et al. [84] demonstrated a spinel-type CuCo0204 nanoplate as a cocatalyst
by the solvothermal way as well as appropriate air calcination treatment. They loaded it
on CdS and found that 1.0 wt% CuCo0204 loading on CdS showed the best photoreduction
of carbon dioxide performance with a carbon monoxide production rate as high as 40

pmol h't with a TON of 142. The mechanism study revealed that there were mesopores-
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rich in the prepared CuCo204, and the mesopores CuCo0204 in could promote the
generation of active sites on surface and facilitate the charge carrier separation ability to

improve the photocatalytic carbon dioxide reduction performance.
1.4.3 Heterojunction

By forming semiconductor/semiconductor heterostructures, narrow band gap
semiconductors can be used to sensitize wide band gap semiconductors. In a common
sensitization mechanism, photogenerated electrons are transferred from the CB of
semiconductors with small band gaps to the CB of semiconductors with large band gaps.
At same time, the photoinduced holes remain in the VB position of the narrow bandgap
semiconductors, which realizes the spatial separation of photogenerated charge carriers,
reduces the probability of charge carrier recombination, and enhances the lifetime of
photogenerated electrons. Among them, TiO> has been widely studied as a classic case
for ternary metal sulfide heterojunction. ZnIn;S4/TiO2 Z-scheme junctions were
constructed because of the suitable band structure of ZnIn,S4 and TiO- to facilitate charge
separation by Yang et al. [85] The best hierarchical ZnIn;S4/TiO> junction showed the
highest photocatalytic CO. reduction activity with a 39-times enhancement in CHs
evolution rate up to 1.135 pmol gt h* which is much higher than the pure Znin,Sns
without co-catalyst and sacrificial reagent. Huang et al. [86] constructed CdIn;S4/Co304
heterojunction by a single-point solvothermal way, endowing the effective charge carrier
separation along the interface of CdIn.Ss and Co30a. The shorter emission lifetime and
diminished PL peak compared to pure CdIn,Ss suggest that carrier separation and
diffusion are accelerated, and the opportunity for photogenerated charge recombination
is effectively reduced in CdIn;S4/Co304. As a result, the CO yield of the CdInzS4/Coz04

photocatalytic system increased to 26 pmol h.
1.4.4 Energy band engineering

Generally, the band structure could be optimized by introducing structural defects
or chemical impurities into the crystal lattice of the semiconductor. It can not only adjust
its conductivity, such as electron concentration, carrier mobility, and lifetime, but also
reduce its forbidden band to absorb more photons, which could be regarded as one of the

most efficient strategies in photocatalyst modulation.
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1.4.4.1 Doping

In most cases, the appropriate amount of impurities doping will result in the formation
of localized or delocalized electronic states. It not only enhances the absorption of
photons but also improves the migration efficiency of charge carriers. In addition, various
impurities are confined in a small nanocrystal, which can increase the disorder effect,
thereby changing its electronic structure due to the quantum confinement effect. During
the past few decades, metal cation doping, non-metallic anion doping, and non-metal

molecular doping have been widely investigated in photocatalytic CO> reduction.

The light doping with metal ions (with low doping content) can introduce local
electronic states, such as forming a donor level on the valence band or forming an
acceptor energy under the CB of the wide band gap photocatalyst, narrowering their band
gap and enhancing the photocatalytic performance. Generally, La®*, Rh®*, Cr, Zn?*, Sb®",
Nb>* and Ta>* cations can be used to form accept energy levels in the CB. The donor
energy levels in the VB can be formed by impurities Pb?*, Bi?*, Sn?*, Ag*, and Ni®*
cations. On the other hand, the heavy doping (with a relatively high dopant content) can
form an intermediate energy level by introducing a delocalized electronic state in the
middle of the band gap to achieve wide band gap multiphoton excitation. Metal ion
impregnation is also effective for narrow band gap photocatalysts that respond to visible
light. Metal ion impregnation can improve its electronic structure, such as carrier mobility
and conductivity, and promote carrier transport and separation, thereby greatly improving

photocatalytic activity.

Pang and co-workers [87] reported a nickel doped zinc sulfide for efficient
photocatalytic carbon dioxide reduction. The mechanistic investigation indicated that the
doped nickel could enhance light absorption ability and the introduced abundant S
vacancies to ZnS. As a result, the optimized sample (0.1% doping amount) achieved
outstanding selectivity with HCOOH evolution rate, and excellent QE of 59.1% at 340
nm and 5.6 % at 420 nm. The authors also researched the influence of doping amount on
the photocatalytic performance of ZnS and pointed out that the excessive doping amount
would instead result in a reduction of S vacancies leading to a diminishing of
photocatalytic CO; activity. As representative of heavy doping work, Sabban et al.
[88]used a simple hydrothermal method to fabricate carbon-doped (20.78 atomic %
amount) SnS; (SnS>-C) nanostructured photocatalysts. The photochemical quantum

efficiency of SnS»-C was extremely higher (=0.72%) compared to pristine SnS
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(=0.0028%), with a CH3CHO production rate of ~13.98 umol/100 mg cat™, almost 250
times higher compared to pristine SnS; (=0.055 pmol/100 mg cat™). The obviously
enhanced performance of SnS;-C was attributed to the lower conduction band edges
under influenced by the micro strains and the more effective adsorption ability of CO2 by

carbon doped.
1.4.4.2 Elemental ratio modification

The elemental ratio modification is an effective energy band engineering strategy
that can improve the photocatalytic performance of semiconductor materials. It could
make full use of the advantages of different elements and realize the continuity of the
band structure by controlling and changing the elemental ratio of multi-component
semiconductor materials. Adjust the elemental ratio to achieve the best balance between
visible light absorption and redox potential, thereby effectively improving photocatalytic
activity. So far, people have researched and explored a variety of molar ratio dependent
semiconductors that can be used for photocatalytic carbon dioxide reduction. Wang and
co-workers [89]reported CusSnSs with multi ratios of Cu (I/11) and Sn (1I/1V) for the
highly selective and effective photocatalytic reduction of carbon dioxide. They used first-
principle calculation to reveal that the CB edge of CusSnSs was composed by Sn(ll) 5p
orbital, which can be easily tuned by adjusting the Sn(ll) content. The optimal sample
achieved reactivity up to 22.65 umol g*h* for CH4 and selectivity as high as 83.10 % for
CHa.

1.4.5 Size modulation

It is widely accepted that the size of the photocatalyst highly influences
photocatalytic efficiency by affecting the reactants adsorption, the photoinduced charge
carriers generation as well as separation, and the surface reduction or oxidation reactions.
[90] Generally speaking, reducing the scale of photocatalysts could not only increase the
surface area to expose enough active sites and adsorb more reactants but also reduce the
distance of excited electrons transferring to the catalyst surface to inhibit the
photogenerated electron-hole recombination. Currently, researchers have developed
numerous micro-scale photocatalysts, such as nanoclusters, nanowires, nanosheets, and

SO on.
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Among different micro-scale materials, semiconductor quantum dots (QDs) show
unique photoluminescence properties and receive much attention from the photocatalysis
area. QDs are a class of materials whose radii are smaller than the exciton Bohr radius in
three dimensions, appearing unique properties different from both bulk semi-conductors
and single-atoms or separated molecules. QDs exhibit unique properties in light
absorption and exciton generation because of quantum confinement effects. For instance,
the redox potentials of the photoinduced charge carriers could be easily modulated by
size controlling. Moreover, the abundance of exposed active sites enhances probability
of reactant absorbed on QDs , thus enhancing the interfacial charge transfer ability for
photocatalysis. Nowadays. QDs have been widely investigated in photocatalysis,

especially photocatalytic CO> reduction.

Currently, QDs are usually used as light absorbers and combined with other
cocatalysts to perform photocatalytic CO- reduction. (Figure 1.10a) As a typical work, Bi
et al. reported a positively charged dinuclear cobalt complexes (CozL) as cocatalyst
coupling with water-soluble CdS QDs with the negative charge for efficient
photocatalytic CO> reduction. [91] The result indicated that negatively charged CdS QDs
showed excellent photocatalytic performance on carbon dioxide to carbon monoxide with
a turnover number or TON as high as 1380 with the assistance of the Co cocatalyst.
(Figure 1.10b) The authors attributed the excellent performance to the optimized charge
carrier transfer between quantum dots photocatalysts and co-catalysts in the assemble
electrostatic interaction. However, because there is a noncovalent interaction between the
QDs and cocatalysts, cocatalysts usually tend to fall off the surface of the QD, resulting
in a decrease in catalytic activity. Constructing strong interaction between the cocatalyst
and QDs surface is a good strategy to solve this problem. Wang et al. developed nickel
doped cadmium sulfide quantum dots (Ni:CdS) as effective photocatalysts for CO-
reduction by simply adding Ni?* into the precursor the during the synthesis process. [92]
The enhanced photocatalytic CO> activity achieved on optimal sample showed 3.9 and
4.9 times higher than pristine cadmium sulfide quantum dots with Ni?* cation and Ni-
contained ligand. Moreover, the selectivity of carbon dioxide reduction to carbon-
contained products in the Ni:CdS QDs-based photosystem is close to 100%. The
mechanism investigation indicated that the doped metal sites not only trapped

photoexcited electrons at surface catalytic sites but also suppressed the H generation
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reaction. These two features carried out by doped Ni?* synergistically enhanced the

photocatalytic CO reduction reaction. (Figure 1.10c).
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Figure 1.10 (a) Scheme of a typical photocatalytic system using QDs as light absorbers
for CO2 reduction. [93] (b) IHllustration of cadmium sulfide nanocrystal with linked
different functional group and mechanism of their photoconversion of carbon dioxide.
[91] (c) Band structure diagrams for cadmium sulfide quantum dots and nickel doped
cadmium sulfide quantum dots as well as the carbon dioxide reduction potentials at pH=7.
(d) Schematic illustration of the three different configurations obtained by combining
QDs with metal cations. (e) Proposed mechanism of the photocatalytic carbon dioxide

reduction over nickel doped cadmium sulfide quantum dots. [92]

1.5 Thesis motivations and organization

Using green and renewable solar energy as an energy source, semiconductor-based
photocatalysts to convert carbon dioxide to carbon monoxide or other valuable carbon-
contained fuels is regarded a hopeful approach to reach the carbon balance and solve the
energy crisis. Compared to other widely investigated photocatalysts, such as metal oxides,
carbon-based materials, and so on, metal sulfide photocatalysts have numerous
advantages, including narrow band gaps, suitable band edges, and abundant active sites.
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However, metal sulfides still suffer from several drawbacks, which limit their further
application. The optimization of photocatalysts can be approached from three aspects of
the photocatalytic reaction process: 1) photoabsorption, 2) charge separation and
transportation to surface, and 3) surface catalytic reduction and oxidation. The detailed
approaches include broadening the visible absorption range by reducing the band gap,
reducing the electron-hole recombination rate by modulating electronic structures,

increasing the surface reaction rate by constructing active sites.

In order to solve these problems, this thesis mainly focuses on modifying metal
sulfides towards highly efficient and sustainable CO> reduction. To achieve this target,
two strategies, defect engineering and energy band engineering, have been considered to
improve their photocatalytic performance. First, a series of Cd-In-S solid solution
photocatalysts with multi Cd to In ratios are designed, and the enhanced charge carrier
separation ability is achieved. Then, the Cd-free non-stoichiometric Ag-In-S quantum
dots are designed and investigated as novel photocatalysts for CO> reduction. Finally, the
Cd vacancies are constructed on CdSxSe1.x quantum dots, and both reaction efficiency
and light absorption ability are enhanced. This dissertation is divided into 5 chapters. A

summary of the remaining 4 chapters is described below:

Chapter 2 Selective conversion of CO2 to CO under visible light by modulating Cd
to In ratio: A case study of Cd-In-S colloidal catalysts

Ternary metal sulfides CdInzSs4 is considered promising candidates for photocatalytic
carbon dioxide reduction because of its low cost, high stability, and tunable band structure.
Previous works have mainly investigated CdIn,Ss-based heterojunction for photocatalytic
CO2 reduction, while there is less work focused on CdIn,Ss itself, which limits the
mechanism study over CdIn2S4. Moreover, elemental ratio modification as a fundamental
method can be considered to unravel the innate influence between elemental ratio and
photocatalytic carbon dioxide reduction performance. In this chapter, the Cd-In-S (CIS)
colloidal nanocrystals with different Cd to In ratio were constructed as efficient visible
light-responsive photocatalysts for the conversion of CO to CO. It is expected that the
different Cd to In ratios can result in different electronic structures influencing the
photocatalytic performance. By combining with the DFT calculation, the relationship
between the photocatalytic performance and elemental ratio can be unraveled.
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Chapter 3 Nanoscale Ag-In-S quantum dots towards efficient photocatalytic CO2

reduction with Ag/In molar ratio dependent activity and selectivity

Recent research has indicated that the size of photocatalysts usually influences
photocatalytic carbon dioxide reduction performance. By controlling the size of the
photocatalyst, both specific surface area as well as photoinduced carriers migration
distance can be efficiently modified to optimize the photocatalytic carbon dioxide
reduction performance. Semiconductor quantum dots (QDs) are a class of materials
whose radii are less than the Bohr radius and show unique photoluminescence properties.
The construction of ultra-small QDs has become a promising strategy for efficient
photocatalytic CO. reduction. However, the elements Cd and Pb, which are mostly used
in quantum dots, are toxic. It’s necessary to construct Cd or Pb free quantum dots as
effective photocatalyst for carbon dioxide reduction. In this chapter, Non-stoichiometric
Ag-In-S quantum dots (QDs) have been developed as a promising photocatalyst for the
efficient and durable visible-light-driven reduction of CO2 to syngas under mild condition.
It is expected that the novel QDs with suitable elemental ratios could show excellent
performance in photocatalytic CO; reduction. In addition, the origin of the enhanced

performance can be revealed by both experimental and theoretical investigation.

Chapter 4 Construction of surface vacancies on colloid CdSxSe1-x quantum dots for

efficient photocatalytic CO2 reduction

To achieve highly efficient photocatalytic carbon dioxide reduction under mild
reaction condition, the construction of more surface-active sites is widely regarded as a
common method to modify the photocatalyst. For instance, the construction of vacancies
on the surface of the catalyst can usually influence the optical properties and charge
carrier separation ability. Moreover, many works have reported that surface vacancies
can act as active sites for photocatalytic reactions. In this chapter, a simple acid etching
method is carried out to construct the surface vacancies on colloidal CdSxSei1-x quantum
dots. It is expected that the surface vacancies can be successfully generated by this
method, and the generation of the surface vacancies could improve the photocatalytic
carbon dioxide reduction performance. Moreover, | expect to reveal the in-depth

mechanism that surface vacancies can enhance photocatalytic CO> reduction performance.
Chapter 5 General conclusions and future prospects

This chapter concludes with a summary of the main findings and presents an overall

conclusion. Furthermore, potential areas for future research are identified. This thesis
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presents a systematic study on the elemental ratio modification of metal sulfides and their
surface defect construction for efficient photocatalytic carbon dioxide reduction. By
adjusting the proportion of metal elements in the ternary metal sulfide, the electronic
structure of the catalyst can be effectively tuned, which is an efficient way to optimize
photocatalytic performance. The construction of more reactive sites on the catalyst
surface by surface etching can directly affect surface catalysis. The findings in this thesis

deepen the understanding of metal sulfide photocatalysts for CO> reduction.
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Chapter 2 Selective conversion of CO2to CO under visible
light by modulating Cd to In ratio: A case study of Cd-In-S

colloidal catalysts

2.1 Introduction

During the past decades, photocatalytic CO- reduction has been regarded as a green
chemistry and appealing approach for the conversion of CO; into value-added chemical
feedstocks (such as CO, CHs3OH, and C+ products), sustainable carbonaceous fuel
production, and carbon neutrality.[1-10] However, photocatalytic CO2 reduction in water
is an uphill reaction that requires high energy input due to the chemical inertness of CO>
molecules, resulting in an unsatisfactory solar-to-fuel efficiency for practical
application.[11] The design and construction of a photocatalyst that targets a long carrier
lifetime, wide light-harvesting region, and abundant catalytic active sites are highly
desirable for achieving efficient photocatalytic CO> reduction.[12-18]

Benefitting from the suitable electronic structures, metal sulfide-based photocatalysts
with excellent light harvesting and charge transfer ability have been widely studied for
visible-light-driven CO, conversion.[19-22] In order to further improve the catalytic
performance, introducing hetero-atoms into conventional metal sulfides to form bimetallic
sulfides, such as ZnInzS4, CulnS,, AgInSz, has been considered to be effective due to
suitable band gap and excellent photostability.[23-30] In addition, engineering the
stoichiometric ratio of metal cations within the bimetallic sulfides has been regarded as a
feasible and effective method for further enhancing photocatalytic performance.[31-34]
Chang et al. reported a nonstoichiometric Cu-In-Sas a catalytic photocathode.[27] In their
work, the band structures of Cu-In-S nanocrystals could be easily adjusted by tuning the
molar ratio of Cu to In, and good photon-harvesting ability as well as electrocatalytic
activity can be realized. Very recently, our group reported the construction of non-

stoichiometric Ag-In-S quantum dots for photocatalytic CO. conversion to CO.

Mechanistic investigations indicated that by changing the Ag/In ratio, both the electronic
structures and optoelectronic characteristics can be modulated, which synergistically
tailoring the photocatalytic performance. Among other bimetallic sulfides, cadmium
indium sulfide (CdIn2S4) has shown great potential for applications in optoelectronic and

photocatalytic fields due to its low cost, tunable band gap (2.0-2.4 eV), a good electronic
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conductivity.[35] Inspired by the previously mentioned works, we expect that changing
Cd to In molar ratio in cadmium indium sulfide (Cd-In-S) colloidal system would be an

efficient and compelling strategy for further enhancing the catalytic performance.

In this study, we demonstrated a facile and low-cost method to prepare Cd-In-S
colloidal nanocrystal (CIS), which enabled a feasible tuning of the Cd to In ratio by
simply controlling the amount of Cd precursors. Accordingly, the optimized CIS sample
(3-CIS), with the assistance of Co(bpy)s?* as the cocatalyst, demonstrated an efficient CO
production rate of 22.9 pmol h™ and selectivity up to 80%. The mechanistic investigations
reveal the critical contributions of Cd to In molar ratio to modulate the electronic
structures and charge carrier dynamics of the CIS colloidal system. In particular, the
changing of Cd to In ratio could regulate the conduction band positions of CIS, as verified
by the DFT calculations, which have a strong relationship to the light absorption ability,
photo-induced electrons reduction ability, and charge transfer behavior of the catalyst.
This work provides the fundamentals of tuning Cd to In molar ratio in colloidal CIS
nanocrystals and an in-depth understanding of manipulating the electronic structure to
improve the catalytic activity of bimetallic sulfide-based materials.

2.2 Experimental section
2.2.1 Materials preparation

In a typical synthesis process, a certain amount (0.07 mL, 0.175 mL, 0.35 mL, and
0.525 mL) of 1.0 M CdCl. aqueous solution and 2 mL of 1.0 M mercaptoacetic acid
solution were added to 8 mL of water under magnetic stirring. The resulting suspension
became transparent after the addition of 1.0 mL of 5.0 M NH4OH solution. Then, 0.7 mL
of 1.0 M InCl3z aqueous solution, which contains 0.2 M HNO3z was added to the as-
mentioned transparent solution. Meanwhile, 0.4 mL of 1.0 M NaS solution was added
under continuous stirring, and the resulting solution was kept at 96 <C for 1h in the oil
bath. After that, the solution was transferred to other bottles and cooled down to room
temperature, followed by adding 50 mL IPA into the solution to form precipitate. Finally,
the precipitate was washed several times by IPA and dried in a vacuum oven at 70 <C
overnight. The final products were named 1-CIS, 2-CIS, 3-CIS, and 4-CIS, respectively,
according to the molar ratios of Cd to In during the fabrication process. Pure CdS and
In2S3 samples were prepared by the same method without adding InClz aqueous solution

and CdCl, aqueous solution, respectively.
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2.2.2 Material characterization

The X-ray diffraction (XRD) patterns were recorded by powder XRD on the X-ray
diffractometer (X'pert powder, PANalytical B.V.). Transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy (HRTEM) images of
samples were measured from the TEM machine (JEM-2100F, JEOL). UV-Vis absorption
spectra were obtained by Ultraviolet-visible spectroscopy (UV-2600, Shimadzu). The
decay time spectra were obtained on the Hamamatsu instrument (C5680, Hamamatsu),
and the wavelength of excitation light is 400 nm. The chemical states of the prepared
samples were recorded on X-ray photoelectron spectroscopy (XPS, Escalab 250 Xi,
Thermo Scientific). The inductively coupled plasma-optical emission spectrometry (ICP-
OES) data were obtained on ICP-OES instrument (Agilent5800, Agilent). The Mott-
Schottky tests were conducted in the dark at 1000 Hz on an electrochemical station
(ALS/CH model 650A) using the CIS samples photoanode as the working electrode in a
typical three-electrode cell with 50 ml of 0.5 M Na>SOj4 solution as electrolyte.

2.2.3 Photoelectrochemical measurement

The photocatalytic CO> reduction reaction tests were carried out in a liquid-solid
reaction in an about 120 mL quartz reactor under mild conditions. Typically, 20 mg of
catalyst,10 mL of water, 25 mL of DMF, 20 mg of 2,2'-Bipyridyl, 1 pmol Co?" dissolved
in DMF solution, and 7 mL of TEOA were dispersed in a beaker and was sonicated for
30 minutes to obtain a well-dispersed solution. The well-dispersed reaction solution was
transferred to the quartz reactor and connected to a glass-closed reaction system, and then
evacuated for 15 minutes. After that, the closed system was filled with approximately 101
kPa of pure CO2 gas. The visible light irradiation was provided by a 300 W xenon lamp
with a UV cut-off filter (L40 filter, A> 400 nm), and the cooling water filter was set
between the light and the reactor to keep the reaction solution at room temperature. Gas
chromatography (GC-8A, Shimadzu) and (GC-14B, Shimadzu) was used to detect and

analyze the amounts of Hz and CO gas products.
The selectivity of CO is calculated based on the following equation:

Soloctivit CO (%) = amount of generated CO % 100%
electivity of o7~ amount of generated CO and H, ’

In order to trace the carbon source of products, the isotope labeling experiment was

executed under the same reaction conditions as described above, except using 3CO; as
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reactant. The gas chromatography-mass spectrometry (GC-MS) (JEOL-GCMS, JMS-K9,
6890N Network GC) were used to detect and analyze the product.

The apparent quantum yield (AQY) measurement was conducted by same light
source (the 300 W xenon lamp) equipped with monochromatic light band-pass filters
(MIF-W, Optical Coatings Japan Co.). The number of incident photons were measured
by using the radiant power energy meter (Ushio Spectroradiometer, USR-40). The AQY

of CO evolution was calculated by the following equation:

AQY(%) = number of reacted electrons x 100%
QY (%) = number of incident photons °

number of generated CO molecules X2
= X 100%

number of incident photons

2.2.4 Computational details

Density functional theory (DFT) calculations have been performed using the pwscf
code of the QUANTUM ESPRESSO package based on the DFT and plane-wave basis
set. The Perdew-Burke-Ernzerhof (PBE) functional of generalized gradient
approximation (GGA) was used for exchange-correlation potential. The Projector
augmented wave (PAW) method has been employed with the energy cutoff of 50 Ry and
charge density cutoff of 500 Ry for geometry structure relaxation. Gaussian smearing
with a smearing width of 0.005 Ry was used to speed up the convergence. The DFT-D
method of Grimme as a necessary tool is employed for van der Waals (vdW) dispersion
correction. The k-point sampling of the Brillouin zone was constructed using Monkhorst
and Pack mesh scheme. For different models, we used different k-point sampling as
follows: 3>3>3 k-point for bulk model relaxation and 5>6>6 k-point for bulk model
electronic structure; 3>3x1 for surface absorption relaxation. The convergence limit of
energy for the computation is set to 10° Ry. The models we used for calculations are all
based on stoichiometry. The CdInsSg and Cd2InsSg with In2Ss crystal structures were used
to represent 1-CIS and 2-CIS, while the model Cdgln,Sg and Cd+InSg with CdS structure

were used to represent 3-CIS and 4-CIS.
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2.3 Results and discussion

The fabrication procedure of Cd-In-S (CIS) colloids that is using facile colloidal
synthesis method was illustrated in Figure 2.1. The formation mechanism of CIS included
the self-decomposition with the ion exchange process. When mercaptoacetic acid solution
was added to the CdCl> solution, ion exchange led to the formation of Cd-mercaptoacetate
intermediate. During oil bath treatment, both Cd-mercaptoacetate and the residual InClz
decomposed to release Cd?*, In®*, and S?7, generating Cd-In-S phases to form CIS
samples. The samples were named 1-CIS to 4-CIS, with the order of increasing Cd
precursor contents in the synthesis process. Figure 2.3a showed XRD patterns of the as-
synthesized CIS. For comparison, pristine In.Ssz and CdS samples were also synthesized,
and their characteristic peaks were in agreement with those of B-1n2Sz (ICSD N0.202353)
and cubic CdS (ICSD No0.81925), respectively. The characteristic peaks of CIS gradually
shifted to lower diffraction angle with the increasing Cd contents, which could be
attributed to the larger ionic radius of Cd?* (0.95 A) than that of In®* (0.80 A).'® [36] No
diffraction peaks related to other phase was observed, indicating the formation of CIS
solid solution. Further adding excessive amount of Cd during the fabrication process with
a Cd/In molar ratio 0.84/0.13 (5-CIS) and 0.88/0.09 (6-CIS) resulted in the diffraction
patterns of cubic CdS (ICSD No0.81925) which were similar to those of 3-CIS and 4-CIS
(Figure 2.2). Compared to the B-In2Ss crystal structure, the formation of cubic CdS
crystalline structure was found to be more favorable during the whole crystallization
process. In order to further determine the crystal structure and explore structural changes,
an XRD Rietveld refinement was performed on the CIS samples using the TOPAS 3.0

1-CIS 2-CIS
s ek

program. The detailed crystallographic data are shown in Table 2.1.
aee &

HSCILCOOM PA
Ca*
NH,OH D
In** ‘ 3 ¢ ol

*d,In,$ suspension
N
¢
96°C oil bath ‘;‘Wl ‘\‘ \W!

3-CIS 4-CIS

Figure 2.1 Schematic illustration of the fabrication procedure of Cd-In-S (CIS) colloids.
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Figure 2.2 (a) XRD patterns and (b) UV-Vis absorption spectra of 5-CIS and 6-CIS.

Table 2.1 The atomic ratio of the as-prepared CIS samples measured by ICP-OES and

SEM-EDS.
1-CIS 2-CIS 3-CIS 4-CIS
ICP-OES (Cd:In) 0.26:1 0.70:1 1.55:1 3.79:1
EDS (Cd:In:S) 0.23:1:1.73 0.65:1:2.08 1.37:1:251 4.56:1:5.19

The ICP-OES was used to investigate the chemical composition of as-prepared CIS
samples (Table 2.1). The atomic ratios of Cd to In in CIS samples were changed when
increasing the amounts of CdCl. (1-CIS (0.26:1), 2-CIS (0.70:1), 3-CIS (1.55:1), 4-CIS
(3.71:1)), respectively, which was in consistent with the result of the energy dispersive
X-ray spectroscopy (EDS) (Table 2.2). From Table 2.1, we could observe that the
(Cd+In)/S ratios of 1-CIS and 2-CIS were below 0.8, and their stoichiometric ratios were
in good agreement with previously reported single crystal solid solution of CdaxInz-2xS3
formed by the substitution of In by Cd.[37, 38] In addition, it is noteworthy that the
(Cd+In)/S ratios of 3-CIS to 6-CIS were close to 1, which is consistent with the
stoichiometric ratio of CdS. The EDS result, in accordance with XRD measurement,
indicates that further increasing Cd contents into CIS solid solution could induce a
preferable crystallization following the structure of CdS. Based on these results, we
proposed that as Cd increased in the precursor content, Cd atoms could enter the cubic
structure of In2S3 to form substitutional In,Ss solid solution (1-CIS and 2-CIS). Moreover,

due to the solubility limit induced by different valence states of Cd and In, the feature of
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CdS crystalline structure became more evident in 3-CIS to 6-CIS samples after excessive

amount of Cd was introduced, forming In substituted CdS solid solution.
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Figure 2.3 (a) XRD pattern of each CIS samples as well as CdS and In,S3; (b-c) HRTEM
images of the 3-CIS samples; (d) selected area electron diffraction patterns and (¢) EDS

mapping images (Scale bar = 200 nm).
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Table 2.2 Summarized chemical composition and crystalline structures of each CIS

samples as well as pure In,Sz and CdS.

CIS Atomic percentage Composition  Lattice parameter Crystal
sample (at%) (A structure
Cd In S a=b=c

In2S3 0 39.8 60.2 IN2S3 10.770(3) B-In2Ss3
1-CIS 7.8 338 584  CdoslnossS  11.195(8) B-1n2S3
2-CIS 174 268 558  CdoailnossS  11.285(3) B-In2Ss
3-CIS 28.1 205 514 Cdoss1no.40S 5.793(3) Cubic CdS
4-CIS 42.4 9.3 483 Cdosgslno.1eS  5.801(7) Cubic CdS
5-CIS 425 6.7 50.8 CdogslnosS  5.804(6) Cubic CdS
6-CIS 44.7 4.7 50.6 Cdo.sslno.0eS 5.819(1) Cubic CdS
Cds 49.6 0 50.4 Cds 5.830(5) Cubic CdS

In order to further investigate the morphology and structures of the resulting samples,
TEM and HRTEM images of the CIS samples were demonstrated in Figure 2.3b-d and

Figure 2.4. A clear lattice fringe of 0.33 nm could be observed which could be attributed
to the (111) facet of Cd-In-S phase (cubic CdS structure) (Figure 2.3b). The diameter of
single CIS solid solution nanoparticle was estimated to be 15 nm (Figure 2.3c). The

selected area electron diffraction (SAED) was shown in Figure 2.3d, and the radius of the

most distinguished diffraction ring was 0.33 nm, corresponding to (111) crystal plane of

the cubic CdS. The radius of second and third diffraction rings were 0.20 nm and 0.17

nm, respectively, which could be assigned to (220) and (311) crystal planes. The EDS

mapping (Figure 2e) displayed a homogeneous distribution of Cd, In, and S elements in

whole sample, which is the typical feature of solid solution.
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Figure 2.4 HRTEM image of 3-CIS.

XPS was utilized to investigate the surface electronic states of each element. Figure
2.5 shows the XPS survey spectra of the 3-CIS sample. Cd 3d spectra of 3-CIS sample
exhibited two peaks with binding energies centered at 405.6 eV and 412.3 eV,
corresponding to Cd 3ds/, peak and Cd 3ds/» peak, respectively. The peaks of In 3ds. and
In 3dar were located at 444.7 eV and 452.3 eV, respectively. The S 2p spectrum could be
divided into two peaks centered at 161.7 eV and 163.2 eV, corresponding to the binding
energy of S 2ps2 and S 2p1/2, which indicated the -2 valence state of S in the resulting
sample.[33] In order to investigate the interaction between Cd and In in sample 1-CIS to
4-CIS, the Cd 3d and In 3d spectra of each sample were compared in Figure 2.6. With the
increasing amount of Cd source during fabrication process, the Cd 3d peaks shifted to
higher binding energy, gradually closing to pristine CdS, whereas the In 3d gradually
shifted to lower binding energy compared to pristine In2Ss. These results suggested that
an increased Cd valance and decreased In valence were achieved with the addition of Cd
atoms during fabrication process. We proposed that such an interaction between Cd and
In might play critical role during the crystallization process of CIS nanocrystals, and thus

endowing dramatic difference in the internal electronic structures.
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Figure 2.5 X-ray photoelectron spectra of the as-synthesized 3-CIS sample.
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Figure 2.6 X-ray photoelectron spectra of Cd 3d spectra and In 3d spectra of the as-

synthesized CIS samples as well as pristine CdS (a) and In2Ss (b) samples.

In order to demonstrate the advantage of as-prepared CIS catalysts, visible-light-

driven CO. reduction was carried out in pure DMF solution. There are two reasons why
DMF was employed as the solvent: (1) DMF has good CO> solubilization capacity, and
(2) the strong coordination of DMF on the surface Cd inhibiting the adsorption and
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reduction of protons.[39] During all measurements, CO and H were detected as the main
products. Figure 2.7 showed that after 6 h of visible light irradiation, 3-CIS exhibited the
best catalytic performance among all the catalysts with a CO production of 42 umol and
H> production of 64 pumol. The optimized photocatalytic CO, reduction analysis was
carried out in a water/DMF mixed solution, and the photocatalytic activities were shown
in Figure 2.8a. The previous report has demonstrated that water can act as both electron
donor and acceptor, and the close contact between water, TEOA, and photocatalyst would
facilitate for the photocatalytic CO> reduction. The 3-CIS sample showed a superior
photocatalytic CO, reduction ability for the production of CO (22.9 umol h't) as the main
product with a selectivity of up to 80%. The stability test of the CIS samples for
photocatalytic CO> reduction was carried out, and the 3-CIS sample can keep 92.1% of
the original activity without adding Co(bpy)s** or TEOA to the system after 4 times tests
(Figure 2.8b), which indicates a good stability.[29, 40, 41]

100

N co
N 11,

75 +

Production (umol)
3
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Figure 2.7 Photocatalytic CO> reduction activity in DMF solution.

Control experiments were carried out in water/DMF solution using 3-CIS as
photocatalyst (Figure 2.8c). The results showed that no CO was produced during the
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reaction without the existence of gaseous CO: reactant and/or TEOA, indicating a critical
role of CO, and TEOA during photocatalytic CO> reduction. Moreover, a small amount
of CO and H2 were produced even without adding cocatalysts of Co(bpy)s*, further
illustrating a good catalytic capacity of CIS for CO> photoreduction. The catalytic
performance using different cocatalyst (Co(bpy)s?* or Ni(bpy)s?*) was also compared,
and the results showed a much lower CO production rate and lower selectivity when using
Ni(bpy)s®* as cocatalyst (Figure 2.8d), which might be attributed to their redox potentials.
[42-44] The carbon source of produced CO was further verified using **CO. isotopic
labeling experiment. As shown in Figure 2.8e, 13CO was detected as the product for CO
photoreduction, excluding the carbon source from TEOA, DMF, or other carbon-
contained components. Apparent quantum yield (AQY) was used to determine the actual
efficiency of photocatalytic CO> reduction over 3-CIS sample (Figure 2.8f), and an AQY
of 1.75% was achieved at the wavelength of 400 nm, which is comparable to the
representative literatures using metal sulfide as photocatalysts in liquid solution as shown
in Table 2.3.[29, 40, 41]
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Figure 2.8 (a) Photocatalytic CO> reduction activity of CIS samples and CdS sample; (b)
the stability test of 3-CIS; (c) control experiments of 3-CIS; (d) photocatalytic CO-
reduction activity of 3-CIS sample with Co(bpy)s** and Ni(bpy)s?* as cocatalyst; (e) GC-
MS of CO obtained from photocatalytic reduction of **CO; over 3-CIS and (f) UV-vis
absorption spectrum and wavelength-dependent AQY of 3-CIS.
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To unravel the electronic structures and optical absorption properties of the materials,
UV-Vis spectra of each CIS samples in water were measured (Figure 2.9a). With the
introduction of Cd, the light absorption region of each sample was gradually extended,
and the bandgaps of 1-CIS to 4-CIS samples were calculated to be 2.88, 2.81, 2.75, and
2.64 eV, respectively, according to the Kubelka-Munk equation. Photoluminescence (PL)
emission spectra was employed to analyze the charge separation rate of each sample
(Figure 2.9b). During the measurement, the samples were excited by the light with a
wavelength of 360 nm, and broad emission bands centered at about 560-610 nm were
detected, which could be attributed to the large Stroke shift caused by defects and
vacancies.[36, 45] The 3-CIS showed a lowest PL intensity among all the CIS samples,
indicating the lowest charge carrier recombination which is beneficial to photocatalytic
reaction. Furthermore, time-resolved transient photoluminescence decay (PL decay)
spectra were employed to investigate the charge carrier dynamics. As shown in Figure
2.9c, the 3-CIS also showed the longest lifetime (t = 1.78 ns) of the photo-induced charge
carriers, which is in accordance with the PL measurement. According to Du's report, the
lifetime of the charge carriers is highly correlated with structural defects, which could
trap photogenerated electrons and prolong the charge carrier lifetime.[46] As we
mentioned before, there is a solubility limit due to the different valence states of Cd and
In. This difference in valence could induce incomplete coordination of Cd and In with S,
resulting in a large number of structural defects. During the continuous structural change
of Cd-In-S from In2S3 to CdS phase, the structural defects showed a trend of increasing
and then decreasing. The result is in accordance with the tendency of PL decay
measurement (Figure 2.9c), endowed the optimal 3-CIS the best charge carrier kinetics
among all the samples. In addition, the PL characterization in the aqueous solution
containing 3-CIS and Co(bpy)s®* cocatalyst was executed (Figure 2.9d). The PL intensity
obviously decreased after adding Co(bpy)s®*, indicating an enhanced charge carrier

separation ability which could be a key factor for improving reaction activity.
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Figure 2.9 (a) UV-vis spectra (b) PL spectra and (c) time-resolved transient
photoluminescence decay traces spectra of CIS samples in water; (d) PL spectra of 3-CIS
and 3-CIS combining with Co(bpy)a?*.
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Figure 2.10 (a-d) Simulated density of states of 1-CIS to 4-CIS; (e) band edges of CIS
samples; (f) proposed mechanism diagram.
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The photocatalytic performance depends on not only the separation rate of charge
carriers but also the reduction potential of electrons. To further illustrate how the Cd to
In ratio could modulate the electronic structure of CIS semiconductor, density functional
theory (DFT) based theoretical studies were carried. Figure 2.10a-d showed the density
of states of each CIS (The calculated models were shown in Figure 2.11). The simulated
band gaps of CIS samples showed a decreasing trend with the increasing Cd contends,
which was in consistent with the trend of UV-Vis measurement. The valence band edges
of CIS samples were mainly composed by S states, whereas the conduction band edges
were mainly affected by Cd, In and S states together. These results suggested that the
electronic structure of CIS samples was mainly influenced by the conduction band
position which controlled by the Cd to In ratio. Since the potential energy of Cd 3d was
much lower than that of In 5s, increasing Cd to In ratio would lead to lower conduction
band edge and narrower band gap which meant a stronger light absorption ability. To
further identify the band gap structure, Mott-Schottky test was utilized to estimate the
Fermi level position of each CIS samples. As shown in Figure 2.12, the flatting band (FB)
potentials of 1-CIS, 2-CIS, 3-CIS, and 4-CIS were estimated to be -1.02, -0.90, -0.70, and
-0.61 V to NHE, respectively, which could be regarded as the conduction band (CB) edge
of each CIS sample (a typical feature of n-type semiconductor). Accordingly, the band
positions of each CIS sample were estimated as shown in Figure 2.10e. All CB positions
of CIS were more negative than the potential of H*/H> and CO./CO, suggesting that all
the CIS photocatalysts were capable to initiate H> evolution and CO> reduction reactions.
The electronic structures of CIS were dramatically affected by the molar ratio of Cd to In.
Increasing the molar ratio of Cd to In induced a positive position of CB, which would
narrower the band gap but reduce the reduction potential of the photo-induced electrons

of CIS, thereby competitively affecting the photocatalytic performance.

Figure 2.11 Models of (a) 1-CIS, (b) 2-CIS, (c) 3-CIS, (d) 4-CIS
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Figure 2.12 Mott-Schottky plots of (a) 1-CIS, (b) 2-CIS, (c) 3-CIS, and (d) 4-CIS.

In addition to the electronic structure of the catalysts, the interaction between CIS light
absorber and cocatalyst could also play critical role in affecting the photocatalytic
performance. Previous studies indicated that the photogenerated electrons can transfer
from semiconductor photocatalyst to Co(bpy)s?* active site and participate in the CO2
reduction reaction. [47] The detailed reaction process can be described as follows: 1)
photo-induced electrons transferred from photocatalyst to Co'(bpy)s?*, producing
Co'(bpy)s™; 2) Co'(bpy)st reacted with CO, to generate the intermediate
[Co'(bpy)s(CO2)]*; 3) the reduced Co' of [Co'(bpy)3(CO2)]* delivered electron to CO; for
the corresponding reducing reaction; 4) Co' transferred back to Co" to complete the
reaction. The activity test and the PL intensity have demonstrated that the combination
between CIS and Co(bpy)s®* successfully enhanced charge carrier separation ability and
reaction activity, illustrating that Co(bpy)s?* could serve as the electron transfer channel,
pumping the photo-induced electrons from CIS to CO: for initiating the surface reaction.

Such an electron transfer process was dramatically affected by the conduction band edge
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of CIS samples, and more specifically, a negative band edge could facilitate the charge
transfer from CIS to Co(bpy)s?*. The increasing the Cd to In ratio, the conduction band
edge of CIS sample was positively shifted, decreasing charge transfer ability. To confirm
the reaction process, the in-situ Fourier-transform infrared spectroscopy (FTIR)
investigation was conducted. As shown in Figure 2.13, the broad peaks centered at 1542
cm? and 1354 cm™ appeared and gradually increased during the photocatalytic CO;
reduction process which are assigned to carbonate-type species and the adsorbed formate
(COOH™) species, respectively.[48] In addition, the broad peaks centered at 3726 cm™
gradually decreased during the photocatalytic CO2 reduction process which are assigned
to CO>. These peaks indicated that there was a formation of formate intermediate (from
CO2 to COOH*) during the photocatalytic CO> reduction process over CIS sample which
Is consistent with the previously reported mechanism for the conversion of CO; to CO.
[49]
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Figure 2.13 In-situ diffuse reflectance infrared Fourier transform spectroscopy for the

photocatalytic CO; reduction over 3-CIS.
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Table 2.3 Comparison of photocatalytic CO and H» evolution rates from CO2 over

different photocatalysts.

Photocatalysts | Reaction Product | Activity Reference
system ion
Cd-In-S 20 mg catalyst | CO CO 22.9 pmol ht (1145 | This work
nanocrystal IDMF+TEOA/Co(b | 1, pmol gt ht)
(Cdos51n0.40S) py)a?t Hz 5.7 pmol h? (285
pmol g h?)
CdIn2S4/ZnInzSs 10 mg catalyst | CO CO 1194.5 pmol gt h' | Chemical Engineering
/MeCN+TEOA+KH Ha H, 475.7 pmol gt ht Journal 442 (2022) 136309
COs/Co(bpy)s?*
CdInzSs 20 mg | DMM DMM 2968 pmol gt h? | Applied Surface Science
catalyst/methanol MF MF 5258 pmol g1 h't 288 (2014) 138-142
ZnxCd1—~In2Sa4/g- 50mg/ H20 TEOA H: H2 475.7 pmol g1 ht Chemical Engineering
CsN4 Journal 378 (2019) 122192
WO3 QDs/ CdInz2Ss | 10 mg catalyst/H.O | CO C0O 8.2 pmol gt h? Chemical Engineering
CHa CHs 1.6 pmol g ht Journal 428 (2022) 131218
In203-C/CdIn2S4 4 mg catalyst/ Cco CO 2432 pmol gt ht ACS Appl. Mater.
MeCN+H.0+TEOA | Hz Hz 793 pmol g h't Interfaces 2022, 14,
/ 20375-20384
Co(bpy)s?*
In2S3-CdIn2Ss 4 mg catalyst/ Cco CO 825 pmol gt ht J. Am. Chem. Soc. 2017,
MeCN+H.0+TEOA | Hz Hz 260 pmol g ht 139, 1730517308
/
Co(bpy)s?*
AgInS2 QDs 20 mg catalyst | CO C0 9.2 pmol h? Journal of Catalysis 401
IDMF+TEOA/Co(b | 1y, Hz 3.1 pmol bt (2021) 271-278
py)s**
CuGaS2/CdS 200 mg catalyst/ | CO C0 0.15 pmol ht Nanoscale 12 (16) 8693-
H20+ Hz Hz 34 pmol h't 8700
K2SO3+KHCOs3
Ni doped CdS | H2O+TEOA co c0 9.5 umol g-l h- | Angew. Chem. Int. Ed.
quantum dots Ho 1 2018, 57, 16447 16451
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From the above theoretical and experimental results, the modulated CO> reduction
performance upon Cd introduction can be ascribed by three aspects: 1) tailoring the
electronic structure, 2) regulating the charge transfer between photocatalyst to Co(bpy)s*
and 3) modulating the charge carrier lifetime, and all of them were ultimately controlled
by the Cd to In ratio of the catalysts. The band gaps of CIS samples were mainly affected
by Cd to In ratio, and an increased Cd to In ratio would lead to a narrower band gap which
is beneficial for light harvesting. Meanwhile, the position of conduction band edges
would be negatively affected by increasing Cd to In ratio, resulting in a decreased charge
transfer ability between CIS and Co(bpy)s>* and reduced reduction potential of electrons,
which is unfavorable for photocatalytic CO> reduction. In addition, the charge carrier
lifetime was also influenced by structural defects which are directly related to Cd to In
ratio. The optimized electronic structure, charge transfer behavior and charge carrier
lifetime rendered the 3-CIS sample an outstanding catalytic performance towards CO>

reduction.
2.4 Conclusions

In this study, Cd-In-S colloids samples with different Cd to In ratio was constructed
for high-efficient visible-light-driven CO> reduction. The CO production rate of 22.9
umol-ht was achieved at the optimized condition when using Co(bpy)s?* as cocatalyst.
Furthermore, an AQY up to 1.75% was reached at wavelength of 400 nm. The
mechanistic investigation revealed that by the introduction of Cd, both the electronic
structure of Cd-In-S solid solution and the charge transfer behavior between Cd-In-S and
cocatalysts can be modulated, which synergistically determine the overall catalytic
performance. The findings in this work offer a unique insight into the construction and
modulation strategy of bimetallic sulfide-based photocatalysts towards CO- reduction.
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Chapter 3 Nanoscale Ag-In-S quantum dots towards efficient
photocatalytic CO> reduction with Ag/In molar ratio

dependent activity and selectivity

3.1 Introduction

Syngas (synthesis gas, CO + Hz) has been proven to be a valuable and versatile fuel
because it can be not only directly utilized in internal combustion engines but also
converted into liquid hydrocarbon fuels through the Fischer—Tropsch processes.[1]
Currently, syngas is predominantly produced by the thermocatalytic and electrocatalytic
strategies, which require massive energy input and harsh reaction conditions.[2] The
production of syngas with low energy input is a great challenge in the sustainable
chemical industry. Photocatalytic CO> reduction to CO accompanies with Hz evolution
utilizing the solar energy as sole energy input under mild conditions represents an ideal
strategy for syngas production.[3, 4] During the past decades, tremendous efforts have
been devoted to design highly active, cheap and robust materials to achieve efficient
photocatalytic CO- reduction to produce syngas. Several homogeneous photosensitizers,
containing precious metals such as Re, Ru and Ir or earth-abundant metals such as Cu are
capable of photoreducing CO2 to syngas.[5-7] These photosensitizers, however,
commonly suffer from the high cost and complex synthetic process, as well as the severe
photo-corrosion and difficult recycling for long-term use, which significantly limit their
large scale practical applications.[5] The heterogeneous inorganic semiconductors
including metal oxides (TiOz, SrTiOs, BalLasTisO1s, etc.) and metal sulfides (CdS,
CdInzS4, etc.) have been recently intensively investigated as alternatives to homogeneous
photosensitizers for photocatalytic reducing CO> to syngas.[8-12] Nevertheless, their
photocatalytic performances are still far from satisfactory, largely because of the sluggish
kinetics of separation and transfer of photogenerated charge carriers, especially over bulk
semiconductors. Discovering novel photocatalysts that can efficiently convert CO; to

syngas is highly desirable but is a big challenge.

Semiconductor quantum dots (QDs) are emerging as attractive materials for solar
energy conversion applications, for example photocatalytic CO> reduction.[13]
Compared with bulk photocatalysts, QDs exhibit unique characteristics such as high

surface area-to-volume ratios, abundant surface active sites and short charge-transfer
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lengths, which enable them great potentials for CO, adsorption and activation.[13]
Besides, the abundant functional groups located on the surfaces of QDs can facilitate the
chemisorption of molecular cocatalysts to form quasi-static complexes that enable the
ultrafast charge transfer, which could provide long lifetime of electrons for promoting the
kinetics of multi-electron and multi-proton involved CO> reduction.[14] Up to now,
various QDs including CdS, CdSe, PbS, CulnSz, CH3NH3sPbls and CsPbBrz have
demonstrated their intrinsic advantages in photocatalytic CO> reduction.[15-20] However,
most of the reported QDs photocatalysts contain Cd or Pb heavy-metal elements, and
their practical applications are greatly hindered due to their high toxicity and their
instability to photon and air.[13] Thus, it is urgent to explore new kinds of Cd and Pb free
QDs photocatalysts for efficient, selective and stable CO, photoreduction to produce
syngas.

Herein, we report for the first time that non-stoichiometric Ag-In-S QDs can be used
as highly active and stable photocatalysts for visible-light-driven photocatalytic syngas
production from CO- reduction in the presence of Co(bpy)s®* (bpy = 2'2-bipyridine,
abbreviated to CoBPY) as a molecular cocatalyst. The CoBPY has been demonstrated as
an effective cocatalyst that not only promotes the conversion of CO2 to CO reaction but
also improves the photo-stability of Ag-In-S QDs. The experimental results show that the
photocatalytic activity and selectivity are strongly dependent on the Ag to In molar ratios
in Ag-In-S QDs, with the Ag to In molar ratio of 0.154:1 exhibiting the highest CO
production rate of 9.20 pmol h* and H, production rate of 3.13 umol h, corresponding
to the highest CO selectivity of 74.6%, outperforming most of the reported QDs based
photocatalysts. The mechanism investigation reveals that increasing the Ag to In molar
ratios in Ag-In-S QDs results in the enhancement of the charge carriers lifetime, improved
light absorption ability and decreased reduction potential of electrons, which play
competitive roles in the photocatalytic CO2 reduction reaction, therefore the optimized

activity is obtained when the Ag to In molar ratio in Ag-In-S QDs is 0.154:1.
3.2 Experimental section
3.2.1 Materials preparation

Preparation of QDs

The Ag-In-S QDs were synthesized according to the reported literature with a slight
modification.[21] In the typical synthesis of 2Ag-In-S QDs, 0.1 M AgNO3 (1.0 ml), 1.0
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M mercaptoacetic acid (2.0 ml) and 5.0 M NH4OH (0.2 ml) were added one by one into
8 ml of H»0, and a yellowish solution was formed under stirring and ambient conditions.
After quickly dropping 0.45 ml of 5.0 M NH4OH, the yellowish solution becomes
transparent. Then, 0.7 ml of 1.0 M InCls containing 0.2 M HNOs was added. After that,
1.0 ml of 1.0 M fresh NaS solution was added. After stirring for 5 min, the above solution
was transferred to oil bath at 90 °C for 30 min. After cooled to room temperature, 40 ml
of 2-propanol was added into the solution for the QDs precipitation. The QDs
precipitation was achieved by high-speed centrifugation and washing with 2-propanol for
several times. The QDs powder was achieved by drying in vacuum oven under 50 °C
overnight. The In.Sz QDs, 1Ag-In-S QDs, and 3Ag-In-S QDs were obtained in a same
procedure except that 0 ml of AgNOs3, 0.6 ml of AgNO3 and 1.5 ml of AgNO3 were added,

respectively.
3.2.2 Photocatalytic syngas production from CO2 reduction

The photocatalytic CO; reduction of QDs was conducted in a liquid-solid reaction
system at ambient conditions. In a typical procedure, 2"2-bipyridine (20 mg) and CoCl;
(1 pmol) were mixed with 35 ml of DMF in a quartz reactor. The solution was then stirred
for 10 min. After that, 20 mg of Ag-In-S QDs powder was added in above DMF solution,
which was stirred and sonicated for 5 min to achieve a well-dispersed solution, and then
7 ml of TEOA solution was dropped and the mixture was further stirred for 5 min. The
quartz reactor was set to the air-closed photocatalytic reaction system. After removing
the air by evacuation for 15 min, the photocatalytic system was injected with 1 bar pure
CO2 gas. The photocatalytic reaction proceeds by applying a 300 W Xe lamp combined
with a UV cutoff filter (A> 400 nm), and the light intensity is measured to be 254.7
mW/cm?. During the photocatalytic reaction, a cooling water filter was set between the
reactor and lamp to remove the heat effect. The CO was measured by gas chromatography
(GC-14B, Shimadzu Co., Japan) and the Hz was measured by gas chromatography (GC-
8A, Shimadzu Co., Japan).

The selectivity of CO is calculated based on the following equation:

Soloctivit CO (%) = amount of generated CO % 100%
electivity of o~ amount of generated CO and H, ’

The procedure for the isotope-labeled experiment were the same as described above

expect that 13CO, was used as reactant instead of '2CO,, and the produced gas was
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measured and analyzed by GC-mass (JEOL-GCQMS, JMS-K9 and 6890N Network GC
system, Agilent Technologies). We conducted the cycling experiment as described below.
The photocatalytic system after one cycle was evacuated to remove the gas completely,
and then 1 bar pure CO2gas was injected for the next photocatalytic reaction test.

3.2.3 Characterization

The crystal structures of QDs were analyzed by XRD patterns on X’Pert PRO
diffractometer (PANalytical). The optical properties of QDs were analyzed by UV-vis
spectrum on SHIMADZU UV-2600. The HRTEM images and EDX of QDs were
measured by a transmission electron microscope (TEM, 2100F, JEOL Co., Japan). The
elemental analysis and chemical states of Ag-In-S QDs were recorded by X-ray
photoelectron spectroscopy (XPS, VG-ESCA Mark 11). The PL decay lifetime data were
obtained from Hamamatsu instrument (Hamamatsu C5680, Japan), and the excitation
wavelength is set at 400 nm. The ICP-AES measurements were performed on Agilent
7900 ICP-MS. The Mott-Schottky tests were conducted in the dark at 1000 Hz on an
electrochemical station (ALS/CH model 650A, Japan) using the Ag-In-S QDs
photoanode as the working electrode in a typical three-electrode cell with 50 ml of 0.5 M

Na>SOj solution as electrolyte.
3.2.3 Computational details

Our DFT calculations were carried out through using PWSCF code from the Quantum
ESPRESSO program package. The generalized gradient approximation (GGA) in the
scheme of Perdew, Burke and Ernzerrof (PBE) were applied for exchange and correlation
potential. We relaxed all the geometry structures with the energy converged less than
1x10-6 Ry. We applied the cutoff energy of 45 Ry for the real-space integration grid. In
addition, the Brillouin zone was sampled by 3>3>3 and 5>5>& k-points grid for
optimization and density of states, respectively. We also used the DFT-D2 method for the

van der Waals correction.
3.3 Results and discussion
3.3.1 Characterization of Ag-In-S QDs

The In2.S3 QDs and Ag-In-S QDs with different Ag to In molar ratio were prepared
based on a modified literature procedure.[21] Three Ag-In-S QDs samples (named as

1Ag-In-S, 2Ag-In-S and 3Ag-In-S) were prepared and their Ag to In molar ratios were
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recorded by the Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES),
which were 0.094:1, 0.154:1 and 0.216:1, respectively. The Ag to In molar ratios in Ag-
In-S QDs are much lower than the stoichiometric ratio of Ag to In (1:1) in AgInS: crystal.
The In2S3 QDs is in white color, while the Ag-In-S QDs display from yellow to dark red
color as the Ag to In molar ratio increases (Figure 3.1a). The prepared QDs can be well
dispersed in DMF solution with obvious Tyndall effect (Figure 3.1a). Consistent with
these color variation results, the ultraviolet-visible (UV-vis) diffuse reflectance spectrum
in Figure 3.1b shows that the light absorption ability improves with the increase of Ag
to In molar ratio. The bandgaps are calculated according to the Kubelka—Munk function,
which are obtained by extrapolating the tangent to the x-axis. As shown in Figure 3.2,
the bandgaps of QDs show a gradual narrowing from 3.37 eV of In2S3 to 2.44 eV of 3Ag-
In-S. Such trend is consistent with the theoretical prediction that increasing the Ag/In

molar ratio in Ag-In-S structure leads to the decreased bandgap (Figure 3.1c and d).
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Figure 3.1 (a) Photographs of InS3 QDs and Ag-In-S QDs powder and their Tyndall
effect dispersed in DMF; (b) UV-vis absorption spectra of In.Sz QDs and Ag-In-S QDs;
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Simulation of (c) AgInisSie and (d) AgzIn14Sie structures and the corresponding

calculated density of states.
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Figure 3.2 Bandgap calculation results of (a) In2Ss QDs, (b) 1Ag-In-S, (c) 2Ag-In-S and
(d) 3Ag-In-S.

The high-resolution transmission electron microscopy (HRTEM) image of 2Ag-In-S
is shown in Figure 3.3a, whose particle size is dispersed in the range of 2.7 ~ 4.3 nm.
The lattice fringe with interplaner spacing of 0.33 nm can be observed, typical for the
(112) facet of tetragonal AgInS: phase.[22] The corresponding size distribution of 2Ag-
In-S is shown in Figure 3.3b, which reveals that the average diameter of 2Ag-In-S is 3.56
nm. The energy dispersive X-ray spectroscopy (EDX) of 2Ag-In-S is shown in Figure
3.4, which confirms the existence of S, In and Ag elements. The HRTEM images of 1Ag-
In-S and 3Ag-In-S, and their corresponding size distributions are shown in Figure 3.5.
The average diameters of 1Ag-In-S and 3Ag-In-S are 3.66 and 3.54 nm, respectively,
which indicates that changing the molar ratio of Ag to In will not significantly change the
particle size of the Ag-In-S QDs. Figure 3.3c shows the X-ray powder diffraction (XRD)
patterns of the In.Sz QDs and Ag-In-S QDs. In.Sz QDs display two strongly broadened
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peaks located at 28.1° and 48.5°, which are typical for the (019) and (221) planes of InzSs
crystal (ICSD no. 640360), respectively.[21] Ag-In-S QDs exhibit three peaks with 20
positions at 27.4, 46.1 and 53.4, ascribed to the (112), (024) and (132) planes, respectively,
of the tetragonal AgInS; crystal (ICSD no. 605413).[21, 22] The chemical states of Ag-
In-S QDs are revealed by X-ray photoelectron spectroscopy (XPS). As shown in Figure
3.3d, the high-resolution XPS spectrum of Ag 3d reveals a doublet at 373.7 eV and 367.7
eV with the splitting of 6 eV, which is typical for Ag*.[21] Also, the In 3d spectrum shows
two peaks at 452.4 eV and 444.8 eV with the splitting of 7.6 eV, which is typical for In®*
(Figure 3.3e).[21] The binding energy range of S 2p exhibits two peaks located at 162.7
eV and 161.2 eV, corresponding to S?* (Figure 3.3f).[22]
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Figure 3.3 (a) HRTEM image of 2Ag-In-S QDs; (b) Size distribution of 2Ag-In-S QDs
evaluated from the HRTEM image; (c) XRD patterns of In.Sz QDs and Ag-In-S QDs;
XPS spectra of (d) Ag 3d, (e) In 3d and (f) S 2p for Ag-In-S QDs.
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Figure 3.4 EDX of 2Ag-In-S QDs. The C and Cu elements come from the TEM substrate.
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3.3.2 Evaluation of photocatalytic performances

The photocatalytic syngas production reactions of the prepared QDs were carried out
in the presence of sacrificial reagent triethanolamine (TEOA) and cocatalyst CoBPY in
dimethylformamide (DMF) solvent under visible light irradiation and mild conditions
(ambient temperature and 1 bar CO,). Figure 3.6 shows the setup of the experiment for
photocatalytic reactions. Only the products CO and H» were detected in this
photocatalytic system, consistent with the previous reported works that were conducted
in the liquid-solid photocatalytic reaction systems with TEOA sacrificial agent, CO>
reactant and CoBPY cocatalyst.[23-27] The photocatalytic reactions were repeated for
three times and average gas evolution rates and error bars were shown in Figure 3.7a and
3.7b. Figure 3.7a shows the photocatalytic syngas production performances over
different samples. The In.Ss QDs only produce trace amount of gas products under visible
light, mainly due to its limited visible light absorption ability (Figure 3.1b). Once the
Ag-In-S QDs are employed, the photocatalytic performances are gradually improved
(Figure 3.7a). It clearly shows that both the activity and the selectivity of photocatalytic
syngas production over the Ag-In-S QDs are dependent on the Ag to In molar ratios, with
the trend displaying a volcano-shaped curve. In particular, the syngas evolution rate and
the selectivity of CO increase with the increasing of Ag to In molar ratios, and the 2Ag-
In-S sample displays the highest CO production rate of 9.20 umol h™* and H, production
rate of 3.13 umol h'%, corresponding to the highest CO selectivity of 74.61%, while further
increasing the Ag to In molar ratio results in the decreasing of syngas evolution rate and
selectivity. The reason for this trend will be discussed later. The photocatalytic CO>
reduction performnace of 2Ag-In-S QDs is much higher than the AgInS; particles,
demonstrating the superiority of non-stoichiometric Ag-In-S QDs for photocatalytic

reaction (Figure 3.8).
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Figure 3.6 The experimental setup for photocatalytic CO> reduction.
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Photocatalytic syngas production rates over 2Ag-In-S QDs under different conditions; (d)
Schematic illustration of photocatalytic CO reduction process over Ag-In-S/ CoBPY

system.
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Figure 3.8 (a) SEM image of AgInS; particles; (b) photocatalytic CO2 reduction
performance comparison of AgInS particles and 2Ag-In-S QDs, the photocatalytic

reactions were conducted in the presence of CoBPY cocatalyst.

When the photocatalytic reactions were performed in the absence of CoBPY, the CO
evolution rates and the selectivities of CO were greatly decreased (Figure 3.7b),
revealing the significant role of CoBPY as cocatalyst to facilitate the photocatalytic
reduction of CO2 to CO. This phenomenon is highly consistent with previous works in
which CoBPY has been demonstrated as an effective cocatalyst in photocatalytic CO>
reduction reactions.[11, 23-27] The photocatalytic performances were further evaluated
under different reaction conditions over 2Ag-In-S/ CoBPY system. No products are
generated in the absence of visible light or 2Ag-In-S QDs, indicating the CO is generated
via a visible-light-driven photocatalytic process over 2Ag-In-S QDs (Figure 3.7c,
column 1, 2). Moreover, the photocatalytic reaction is also evaluated without TEOA, and
no products are detected, suggesting that the TEOA behaves as both the proton source
and electron donor (Figure 3.7c, column 3). When CO: is replaced by Ar, only H>
evolution is observed, revealing the generated CO originates from CO. (Figure 3.7c,
column 4). On the basis of the above results and previous reported photocatalyst/ CoBPY
systems,[27, 28] a tentative reaction mechanism for photocatalytic CO> reduction over

Ag-In-S/ CoBPY has been proposed, as schematically illustrated in Figure 3.7d. Upon
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visible light irradiation, the electron-hole pairs are generated in Ag-In-S QDs, and the
electrons can be transferred to CoBPY cocatalyst to facilitate the CO, activation and
conversion, and the remained holes are consumed by TEOA. AgInS2 particles were
prepared as the control sample, which were obtained according to the reported article
(Catalysts 2020, 10, 857). Briefly, 20 ml of 4 mmol AgNO3 was mixed with 20 ml of 4
mmol InCI3, then 20 ml of 8 mmol L-cysteine was slowly added to the mixture. After
that the ammonia solution was added to adjust the final pH value of 7. After stirring for
30 min, the obtained slurry was then transferred into Teflon-lined stainless steel autoclave
and heated at 160 °C for 24 h. The AgInS2 particles were finally obtained by
centrifugation, washing and drying. The SEM characterization in Figure 3.8a shows the
morphology of AgInS2 has the irregular shape with particle size of dozens of nanometers.
The photocatalytic CO2 reduction performance of AgInS2 has been evaluated, which is
much lower than the Ag-In-S QDs sample, demonstrating the superiority of non-

stoichiometric Ag-In-S QDs for photocatalytic reaction.

The time-dependent yield of products over Ag-In-S QDs in the presence of CoBPY
cocatalyst are illustrated in Figure 3.8, which shows that the generation of CO and H»
increases almost linearly with reaction time, indicating the high stability of Ag-In-S QDs
in photocatalytic CO> reduction reactions. To further evaluate the stability, the 2Ag-In-S
QDs photocatalyst is repeatedly used to run the photocatalytic CO2 reduction reaction for
four cycles. As displayed in Figure 3.9a, no evident deactivation of CO and Hz evolution
rates are found during four cycles test, revealing the high stability of 2Ag-In-S QDs. The
wavelength-dependent apparent quantum efficiency (AQE) of syngas production was
measured to investigate whether or not the reaction proceeds photocatalytically. The UV-
vis absorption spectrum of the 2Ag-In-S sample together with the AQE of syngas
production at the different incident light wavelengths are exhibited in Figure 3.9b. It
indicates that the AQE decreases with the increasing of incident wavelength, with the
trend in good agreement with that of the optical absorption spectrum of 2Ag-In-S sample
in the visible light region, demonstrating that the syngas production originates from the
photocatalytic reaction. Noting that the measured AQE at the monochromatic light of 400
nm reaches as high as 3.65%. The obtained photocatalytic syngas production performance
over 2Ag-In-S QDs exceeds that of some reported photocatalysts (Table 3.1).[17, 29-35]
The effects of the solvent on the photocatalytic syngas production activity were tested.

As shown in Figure 3.9c, the highest syngas evolution rate is achieved in the aprotic
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DMF solvent, mainly due to its excellent solubility of CO. gas.[23] However, the
photocatalytic activity is significantly inhibited by using H20 as solvent, largely due to
the fact that H.O possesses a weak chemical affinity toward CO2 molecules.[23] The
evidence of the carbon source of the CO product was provided by *CO; isotopic
experiment. The measurement and analysis of the generated CO was carried out in gas
chromatogram (GC) and mass spectra (MS). As exhibited in Figure 3.9d, the CO product
appears at the peak of the retention time of 6.1 min, while other two signals at the retention
time before CO are demonstrated to be Oz and Ny, originating from the air leaking during
the sampling process.[36] The analysis of the CO peak in MS reveals the m/z= 29,
ascribed to the **CO. In contrast, when 1?CO; is used in the photocatalytic system, only
12CO is produced (Figure 3.10). These results definitely demonstrate that the CO
originates from the photocatalytic reduction of COx.
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Figure 3.9 (a) Time-dependent and stability test of syngas production over 2Ag-In-S QDs
in the presence of CoBPY as cocatalyst; (b) UV-vis absorption spectrum and wavelength-
dependent AQE of 2Ag-In-S QDs; (c) Photocatalytic syngas production rates over 2Ag-
In-S/ CoBPY in different reaction solution; (d) GC-MS of CO obtained from
photocatalytic reduction of *CO; over 2Ag-In-S QDs.
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Figure 3.10 GC-MS of CO obtained from photocatalytic reduction of 2CO, over 2Ag-

In-S QDs.

Table 3.1 Comparison of photocatalytic CO and H> evolution rates from CO2 over

different photocatalysts.

Photocatalysts/ cocatalyst

photocatalytic activity

references

Ag-In-S QDs/ Co(bpy);2*

CO evolution rate: 9.20 pmol h-!
H, evolution rate: 3.13 pmol h-!

This work

2-C3N,—CsPbBr; QDs

CO evolution rate: 1.19 pmol h-!

Angew. Chem. Int. Ed.
2018, 57, 13570 -13574

CdS QDs/ [Ni(terpyS),?*

CO evolution rate: 0.415 pmol h!
H, evolution rate: 0.312 umol h-!

J. Am. Chem. Soc. 2017,
139, 7217-7223

ZnSe QDs/ NiCycP CO evolution rate: ca. 0.25 umol h'' | Chem. Sci. 2018, 9,
H, evolution rate: ca. 0.55 umol h! 2501-2509
CdSe QDs CO evolution rate: 1.81 pmol h-! ChemSusChem. 2019, 12,
H, evolution rate: 0.10 pmol h-! 4617 —4622
CdS QDs/ Co,L CO evolution rate: 0.288 pmol h-! ACS Catal. 2018, 8,
H, evolution rate: 0.007 pmol h'! 11815-11821
CH, evolution rate: 0.008 pmol h-!
CsPbBr; QDs/ GO CO evolution rate: 0.02 pmol h-! J. Am. Chem. Soc. 2017,

H, evolution rate: trace
CH, evolution rate: 0.01 pmol h-!

139, 5660-5663

In,S;—CdIn,Sy/ Co(bpy)s2*

CO evolution rate: 3.3 pmol h'!
H, evolution rate: 1.04 pmol h!

J. Am. Chem. Soc. 2017,
139, 17305-17308

Helical g-C5Ny/ Co(bpy)s2*

CO evolution rate: 8.9 pmol h-!
H, evolution rate: 0.3 pmol h!

Angew. Chem. 2014, 126,
12120 -12124
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In this work, the introduction of CoBPY cocatalyst into the system not only improves
the photocatalytic CO evolution performance, suppresses the Hz evolution, but also
enhances the stability of Ag-In-S QDs. The colors of the reaction solutions turn dark after
photocatalytic reaction in the absence of CoBPY cocatalyst, while they remain almost
unchanged when the CoBPY cocatalyst is introduced (Figure 3.11). The change of color
results from the structural destruction of Ag-In-S QDs, as revealed by the XRD patterns.
As shown in Figure 3.11, the crystal structures of the used Ag-In-S QDs in the presence
of CoBPY cocatalyst after photocatalytic reactions remain almost unchanged, however,
the destruction of crystal structures can be observed in the absence of CoBPY cocatalyst.
It clearly demonstrates that the introduction of CoBPY cocatalyst in the reaction solution
significantly enhances the stability of Ag-In-S QDs. The Ag" in Ag-In-S QDs could be
easily reduced to AgP® by the photogenerated electrons (Figure 3.11). However, when the
CoBPY cocatalyst is introduced into the reaction solution, the photogenerated electrons
from Ag-In-S QDs will be captured by CoBPY cocatalyst, which protects the Ag* of Ag-
In-S QDs from reduction.
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Figure 3.11 Photographs of Ag-In-S QDs dispersed in DMF solution and the XRD
patterns of Ag-In-S QDs before and after photocatalytic CO- reduction reaction for 6
hours. (a) 1Ag-In-S QDs, (b) 2Ag-In-S QDs, (¢) 3Ag-In-S QDs.
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3.3.3 Clarification of mechanism

The above results have shown that the activity and selectivity of photocatalytic CO-
reduction are dependent on the Ag to In molar ratios in Ag-In-S QDs. We are now in the
position to reveal the mechanism behind it. Noting that the band positions, light
absorption ability and charge carrier lifetime of photocatalysts exert great effect on the
photocatalytic efficiency.[37] Increasing the Ag to In molar ratios in Ag-In-S QDs leads
to the enhancement of the light absorption ability (Figure 3.11b), which certainly
contributes to the improvement of photocatalytic performances. The charge carrier
dynamics of Ag-In-S QDs was revealed by time-resolved photoluminescence (PL) decay
measurements (Figure 3.12a). The corresponding lifetime fitted by the bi-exponential
functions are shown in Table 3.2. An increase of Ag to In molar ratio in Ag-In-S QDs
results in a slower of the PL decay dynamics and an increase of the average lifetime
(Figure 3.12a). Such behavior can be explained by the reason that the structural defects
gradually increased with decreasing the Ag to In ratio in non-stoichiometric Ag-In-S QDs,
resulting in fast decay of charge carriers.[22] The longer lifetime of charge carriers can
improve the probability of their involvement in photoreactions, which contributes to the

improvement of photocatalytic syngas production rates.

Table 3.2 Fitting data of time-resolved PL decays over Ag-In-S QDs.

samples Al tl A2 t2 Average
lifetime
1Ag-In-S 1365.9 0.44 729.83 4.59 3.96
2Ag-In-S 2102.9 0.72 719.9 8.07 6.54
3Ag-In-S 1214.7 0.82 730.1 10.35 9.24

The photocatalytic performance not only depends on the lifetime of charge carriers,
but also depends on the reduction potential of electrons. The band positions of Ag-In-S
QDs are estimated by Mott-Schottky test. As shown in Figure 3.13, the flat-band (FB)
potentials for 1Ag-In-S, 2Ag-In-S and 3Ag-In-S are -0.83 V vs. NHE, -0.66 V vs. NHE
and -0.51 V vs. NHE, respectively. In consideration of the small difference between the
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lowest conduction band (CB) edge and the value of FB potential for n-type
semiconductor,[38] and in combination with the bandgap results above, the estimated
band positions of the Ag-In-S QDs samples are shown in Figure 3.12b. The CB positions
of all the Ag-In-S QDs can drive the Hz evolution and CO; reduction reactions. It can be
seen that the band positions of Ag-In-S QDs are significantly affected by the Ag to In
molar ratio, and increasing the Ag to In molar ratio leads to the downshift of CB position.
The downshift of CB position could decrease the reduction ability of electrons generated
in the Ag-In-S QDs, which exerts negative effect on the photocatalytic performance.
Therefore, along with the increasing of Ag to In molar ratios in Ag-In-S QDs, the
enhanced light absorption ability, the increased lifetime of photogenerated charge carriers
and the decreased reduction ability of electrons play competitive roles in the
photocatalytic syngas production reaction, and the optimized syngas evolution rate is
achieved over 2Ag-In-S with the Ag to In molar ratio of 0.154:1.
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Figure 3.12 (a) Time-resolved PL decay spectra of Ag-In-S QDs; (b) Electronic band
structures. of Ag-In-S QDs.
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Figure 3.13 Mott-Schottky plots of (a) LAg-In-S QDs, (b) 2Ag-In-S QDs and (c) 3Ag-
In-S QDs.
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The selectivity of photocatalytic CO evolution is also dependent on the Ag to In molar
ratios in the Ag-In-S QDs. As shown in Figure 3.7a, the 2Ag-In-S sample shows the
higher selectivity of CO than the 1Ag-In-S sample, probably due to the fact that the
increased lifetime of photogenerated electrons in the 2Ag-In-S sample contributes to the
multi-electrons involved reduction of CO to CO. However, when further increasing the
Ag to In molar ratio in Ag-In-S, the effect of the reduction potential of electrons becomes
the dominant role in the photocatalytic syngas production reaction. Since the redox
potential of CO2/CO is higher than that of H*/H, (Figure 3.12b), the H2 evolution
becomes more competitive than CO evolution in the 3Ag-In-S sample when comparing

with the 2Ag-In-S sample, and finally resulting in the deceased selectivity of CO.
3.4 Conclusions

In summary, this work provides a strong evidence that non-stoichiometric Ag-In-S
QDs can be used as photocatalysts for efficient and stable visible-light-driven
photocatalytic syngas production from CO- conversion in the presence of CoBPY as a
molecular cocatalyst. The introduction of CoBPY into the reaction system not only
promotes the conversion of CO2to CO reaction but also improves the photo-stability of
Ag-In-S QDs. The photocatalytic syngas production rates and the selectivity of CO are
strongly dependent on the Ag to In molar ratios in Ag-In-S QDs, and the 2Ag-In-S QDs
sample with the Ag to In molar ratio of 0.154:1 exhibits the highest CO production rate
of 9.20 umol h'* and H: production rate of 3.13 pmol h, which outperform most of the
reported QDs based photocatalysts. The mechanism investigation reveals that the
increasing of Ag to In molar ratios in Ag-In-S QDs leads to the enhanced light absorption
ability, the increased lifetime of photogenerated charge carriers and the decreased
reduction potential of electrons, which play competitive roles in the photocatalytic syngas

production reaction.
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Chapter 4 Construction of surface vacancies on colloid
CdSxSe1x quantum dots for efficient photocatalytic CO-

reduction

4.1 Introduction

In recent years, carbon capture and storage have attracted worldwide attention, and
various technologies have been used to decrease the concentration of CO in the
environment. The photocatalytic reduction of CO; into value-added chemicals by solar
energy has emerged as a crucial strategy to address the greenhouse effect and energy
crisis. [1-8] In the past decades, most investigations are focusing on the design and
modification of novel photocatalysts to optimize catalytic reaction Kinetics pathway for
improving the photocatalytic activity and selectivity. However, CO; is a very stable
molecular, and thus CO> reduction needs high energy to overcome the stable state under
normal conditions. Meanwhile, hydrogen evolution reaction as the main competitive
reaction also seriously affects the selectivity of CO» reduction.[9] Previous investigations
indicate the energy barrier of COOH* generation and dissociation are key steps of CO2
reduction which highly correlated with the surface active sites. Therefore, adaptive
strategies are needed to be developed to construct and modify the active sites on catalyst

surface for achieving efficient photocatalytic CO> reduction.

Reducing the size of photocatalysts could not only increase the surface area to
expose more active sites but also reduce the transfer distance of excited electrons to the
catalyst surface and inhibit the photogenerated electron-hole recombination. As a result,
the photocatalysts with smaller size usually exhibit better performance than those of bulk
photocatalysts. In this consideration, semiconductor quantum dots (QDs) whose scales
are smaller than the Bohr radius, are regarded as promising photocatalysts for CO>
reduction due to unique characteristics such as high surface area-to-volume ratios,
abundant surface-active sites, and short charge transfer lengths, which enable them great
potential for CO2 adsorption and activation. [10-19] Among various QDs, 11B-VIA (CdS,
CdSe, ZnS, and etc.) quantum dots are widely investigated for photocatalytic CO>
reduction. Sahm et al. reported In-modified ZnSe QDs as photocatalyst for CO> reduction.
The as-prepared In-modified ZnSe QDs showed up to 2.4 mmolco gznse™ (TONgp > 370)
after 10 h of visible light irradiation without any transition metal based cocatalyst. As
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typical 11B-VIA QDs, CdS and CdSe QDs have been investigated as photocatalysts in Ha
generation reactions and showed good performance. However, both of them have obvious
drawbacks in the application of photocatalytic CO2 reduction. For example, CdS quantum
dots have relatively good light absorption, but their active sites for CO> reduction are
limited. As aresult, CdS quantum dots are generally used as light absorbers coupling with
co-catalysts for CO reduction. CdSe quantum dots, on the other hand, have better
catalytic performance in photocatalytic CO> reduction, but a fast electron-hole
combination rate due to its narrow band gap. [20-25] To address their drawbacks,
construction of CdSxSeix solid solution QDs is a promising strategy, because many
studies have reported that 11B-VIA solid solutions often exhibit better performance than
the original materials. However. there are still few studies on CdSxSeix QDs as
photocatalysts for CO reduction, which limits the in-depth understanding of IIB-VIA
solid solution QDs for CO> reduction. Accordingly, we expect that CdSxSe1.x QDs could

be a promising photocatalyst for CO> reduction.

Moreover, the surface defects engineering can be applied for modification of
photocatalyst to enhance the photocatalytic performance. [26-30] For example, acid
solution etching can endow the catalyst with more defects on the catalyst surface, which
can serve as active sites for photocatalytic reaction due to their large number of lone pairs
electrons. In addition, surface defects can usually affect the energy barrier of CO>
reduction pathway, altering the selectivity and activity of photocatalysis. Therefore,
creating defects by acid etching on the catalysts surface can often significantly modify
their photocatalytic activity. Recently, Pang et al. reported a simple acid solution etching
method to artificially construct cation vacancies on the surface of the ZnS photocatalyst.
[31] The authors used in situ attenuated total reflection-infrared (ATR-IR) spectroscopy
and first-principle calculations to unravel the CO> reduction pathways into formate and
confirmed that the surface cation vacancies could dramatically decrease the barrier of
CO2 reduction and inhibit the proton adsorption, resulting the highly selective CO>
reduction. Even though there have been several works about acid etched photocatalysts
for COz reduction, the works focus on acid etching QDs photocatalysts are still limited.
Inspired by their works, we want to apply the similar acid etching method to CdSxSe1x
quantum dots to construct surface vacancies defect for efficient photocatalytic CO>
reduction. It is expected that the photocatalytic CO> reduction could be enhanced after

such acid etching process.
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In this study, CdSxSe1x colloid quantum dots have been prepared as an efficient
photocatalyst for CO; reduction to CO. The Cd-vacancies are introduced to improve
reaction activity by an acid-etched method. The atomic ratio tests confirmed that Cd
vacancies were generated after acid etching. With the introduction of Cd vacancies by
acid etching, both selectivity and photocatalytic CO> reduction activity increased. The
theoretical calculation unraveled that the Cd vacancies could serve as efficient CO-
reduction active sites while suppressing the competitive H> generation reaction. This
work provides a simple and effective modification method to improve the efficiency of
quantum dot photocatalytic CO> reduction works by a simple and effective surface

engineering method.
4.2 Experimental section
4.2.1 Material preparation

Typically, 0.8 mL 1.0 M CdCl, aqueous solution was added to 6 mL of DI water.
Then, 1.8 mL 1.0 M mercaptoacetic acid (MAA) was introduced at intense stirring
resulting in the formation of a precipitate dissolving upon the addition of 1.0 mL 5.0 M
aqueous NH4OH. Finally, 0.4 mL aqueous 0.5 M Na>SeOz solution was added at vigorous
stirring, and the solutions were heated in a 96 <C oil bath for 45 minutes. After the solution
was taken out from the oil bath and cooled down to room temperature, 50 mL IPA was
added to the solution to form deposition. The deposition was washed several times by
IPA and dried in a vacuum oven at 70 <C the whole night. The CdS quantum dots were
synthesized by the same method while replacing Na,SeOs solution by the same amount
of NaxS solution. Acid etching was carried out directly over the following method. 100
mg of the prepared CdSxSe1.x QD powder was suspended in H2SO4/IPA solution with
different pH value (pH = 0.5, 1, 1.5). The flasks were positioned at the magnetic stirrer
and kept constant stirring over the course of 2 h. After etching, the resulting samples were

washed and dried overnight in the vacuum oven at 70 °C.
4.2.2 Photocatalytic activity test

The photocatalytic CO» reduction reaction was carried out in a liquid-solid reaction
mode in a 120 mL quartz reactor under ambient conditions. Typically, 20 mg of catalyst,
35 mL of DMF, and 7 mL of TEOA were dispersed in a quartz reactor. The reaction

solution was sonicated for 30 minutes to obtain a well-dispersed solution. The reactor

89



Chapter 4

was then connected to a glass-closed reaction system and then completely removed the
air by evacuation for 15 minutes (no O or N2 can be detected). After that, the closed
system was filled with about 101 kPa of pure CO- gas. The visible light source irradiation
was a 300 W xenon lamp with a UV cut-off filter (L40 filter, A> 400 nm), and a cooling
water filter was set between the light and the reactor. Gas chromatography (GC-8A,
Shimadzu Co., Japan) and (GC-14B, Shimadzu Co., Japan) were used to detect and
analyze the amounts of H> and CO gas products. The isotope labeling experiment used
13CO; instead of >CO,, and other conditions remained unchanged. The product was
detected and analyzed by gas chromatography-mass spectrometry (GC-MS) (JEOL-
GCQMS, JMS-K9, 6890N Network GC). The measurement of apparent quantum yield
(AQY) was conducted by applying a 300 W xenon arc lamp with monochromatic light
band-pass filters (MIF-W, Optical Coatings Japan Co.). The proton (1H) spectra were
recorded to determine the reaction solution composition on a 400 MHz nuclear magnetic
resonance (NMR) Spectrometor using deuterated water (D.O) as solvent and dimethyl
sulfoxide (DMSO, Sigma, 99.99%) as internal standard reference. The radiant power
energy meter (Ushio Spectroradiometer, USR-40) was applied to measure the number of

incident photons. The AQY of CO evolution was calculated by the below equation:

AQY (%) = number of reacted electrons « 100%
QY (%) = number of incident photons °

number of generated CO molecules X2
= X 100%

number of incident photons

The selectivity of CO is calculated based on the below equation:

Soloctivit CO (%) = amount of generated CO % 100%
electivity of o7~ amount of generated CO and H, ’

4.2.3 Materials characterizations

The X-ray diffraction (XRD) patterns were recorded by powder XRD on the X-ray
diffractometer (X'pert powder, PANalytical B.V.). Transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy (HRTEM) images of
samples were measured from the TEM machine (JEM-2100F, JEOL). UV-Vis absorption
spectra were obtained by Ultraviolet-visible spectroscopy (UV-2600, Shimadzu). The
decay time spectra were obtained on the Hamamatsu instrument (C5680, Hamamatsu),
and the wavelength of excitation light is 400 nm. The chemical states of the prepared
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samples were recorded on X-ray photoelectron spectroscopy (XPS, Escalab 250 Xi,

Thermo Scientific).
4.2.4 Computational details

Density functional theory (DFT) calculations have been performed using the pwscf
code of the QUANTUM ESPRESSO package based on the DFT, and plane-wave basis
set.[32, 33] The Perdew-Burke-Ernzerhof (PBE) functional of generalized gradient
approximation (GGA) was used for exchange-correlation potential.[34] The Projector
augmented wave (PAW) method has been employed with the energy cutoff of 50 Ry and
charge density cutoff of 500 Ry for geometry structure relaxation.[35] Gaussian smearing
with a smearing width of 0.005 Ry was used to speed up the convergence. The DFT-D
method of Grimme as a necessary tool is employed for van der Waals (vdW) dispersion
correction.[36] The k-point sampling of the Brillouin zone was constructed using
Monkhorst and Pack mesh scheme.[37] we used 3>3>3 k-point for model relaxation. The
convergence limit of energy for the computation is set to 10 Ry. The free energy of the

adsorbed state is calculated as follows:
NG =AE + AEzpg - TAS

, Where AE is the energy change, and 4Ezpe is the difference corresponding to the zero
point energy between the adsorbed state and the gas phase, S is the entropy and T is the

temperature.
4.3 Results and discussion

The fabrication process was illustrated in Figure 4.1. The formation mechanism was
demonstrated as follows. When the mercaptoacetic acid solution was added into the
CdCl; solution, the Cd(11)-MA white precipitate would generate. Then, the introduction
of ammonium hydroxide would form Cd(I1)-NHs-MA complex which was transparent.
After the addition of NaSeOs solution, the solution was transferred to oil bath at 96 <C.
Finally, the SeO3? was reduced to Se? by MA anions with the existence of Cd(11) and the
Cd(11)-NH3s-MA complex and reduced Se? would generated CdSxSei-«x quantum dots
during the oil bath treatment. The Figure 4.2a showed the UV-vis spectrum of original
CdSxSe1x quantum dots solution with the water as baseline. The spectrum showed
obvious exciton absorption peak at about 420 nm which is a typical feature of quantum

dots, indicating that our QDs were successfully synthesized. As shown in Figure 4.2b, the
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CdSxSe1x quantum dots solution was transparent in yellow color. The etched samples
were named 0.5 QDs, 1.0 QDs, and 1.5 QDs by the pH value of acid solution.

Pristine CdSySe, Etched CdSySe, x

Hb(.H LCOOH
Cd* Q
NI on
Se0,*

96°C oil bath

Figure 4.1 Schematic illustration of the fabrication procedure of CdSxSeix QDs and
etched CdSxSe1-x QDs.

V]

Normalized intensity (a.u.)

T T T T T T
360 400 440 480 520 560 600
Wavelength (nm)

Figure 4.2 (a) UV-vis spectrum and (b) the picture of original CdSxSe1-x quantum dots

solution.

The XRD patterns of each QD sample were shown in Figure 4.3a. The pristine QD
sample showed the three characteristic peaks of 25.8< 41.7< and 50.2 “ascribed to (111),
(220) and (311) of a typical cubic sphalerite structure (ICSD N0.81925) though the
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diffraction peaks were broad. [38] The etched samples showed the same peak positions,
but slightly weaker characteristic peaks height compared to those of the pristine samples.
No other discernable impurity peaks were detected, indicating there was nothing
generated during the etching process. The energy dispersive spectrometry (EDS)
investigation and X-ray photoelectron spectroscopy (XPS) were used to determine the
elemental ratio in pristine QD and etched samples. As shown in Table 4.1, the molar ratio
of Cd/(S+Se) was 0.99 in the pristine sample, which was consistent with the
stoichiometric ratio. Meanwhile, the molar ratio of Cd/(S+Se) of etched samples
exhibited a decreasing trend with the lower pH value of acid solution treatment. The
difference in molar ratio between EDS results and XPS results can be attributed to the
different detection depth of EDS (ca. 1pum) and XPS (5~10 nm), and the EDS results have
more information of the bulk composition while the XPS results have more of the near-
surface area. Accordingly, we believed that the removed Cd mainly came from the surface
of catalyst, indicating that Cd vacancies generated in the surface of CdSxSe1.x QDs after
acid etching process. For determining the detailed structure of as-prepared QDs, we use
the GSAS-II program to make an XRD Rietveld refinement was performed on the pristine
QDs sample. The relative information of our samples were shown in Table 4.2, indicating

that our as-prepared QDs sample was CdSosSeo.2 solid solution.

Table 4.1 EDS and XPS analysis of Cd/(S+Se) molar ratio of the pristine CdSxSe1.x QDs

sample and acid etched QDs samples.

Sample Pristine 1.5 QDs 1.0 QDs 0.5 QDs
EDS 0.99 0.95 0.91 0.88
XPS 0.97 0.91 0.82 0.73
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Table 4.2 Atomic percentage and lattice parameters of the pristine CdSxSe1x QDs sample
and CdS QDs samples.

Samples Atomic percentage  Composition  Lattice parameter ~ Crystal
(at%) A structure
Cd S Se a=b=c
Pristine QDs 49.7 40.0 10.3  CdSosSeo2 6.009(7) Cubic
Cds 49.9 50.1 0 Cds 5.884(6) Cubic

The morphology of each sample was observed by transmission microscopy (TEM)
(Figure 4.3b) The high-resolution TEM (HRTEM) image of the pristine sample showed
that the samples gradually crystallize under the electron beam and display distinct lattice
stripes, where we observe a planar spacing of 3.40 A in size. This result was in good
agreement with the dense peak located at 25.8<in the X-ray diffraction (XRD) pattern,
corresponding to the (111) crystal plane of cubic CdS. The size of the as-synthesized
sample varied from 4 nm to 6 nm. The EDS mapping was carried out to confirm the
distribution of the composition elements. As shown in Figure 4.3c, the Cd, S and Se
elements exhibited a homogenous distribution among the whole sample. According to the
above results and the literature reporting this QDs[39], we believed that the as-prepared

QDs was colloidal alloy quantum dots.

a
J H " 0.5 QDs
# \.. i 1.0 QDs

1.5 QDs

Intensity

Pristine | &

ICSD No. 81925

T

30 40 50
2Theta (degree)

T T 5
10 20 60 70

Figure 4.3 (a) XRD patterns the pristine QDs sample and the acid etched QDs samples
(b) HRTEM images of pristine QDs. (c) EDS mapping of Cd, S and Se elements. (Scale
bar =5 pm)
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The surface states of QDs were examined by XPS analysis. As shown in Figure 4.4,
Cd 3d spectrum of QDs showed two distinct peaks at 412.09 eV and 405.26 eV. The 1.0
QDs was selected as the typical sample for comparison. After acid etching, two Cd 3d
characteristic peaks shift to 412.18 eV and 405.35 eV, respectively. S 2p spectrum of
etched QD shifted from 162.34 eV to 161.77 eV after acid etching. Meanwhile, the Se 3d
spectrum of etched QD showed a relatively slight shift from 53.96 eV to 53.81 eV. These
shifts indicated that the valence value of Cd slightly increased after acid etching while
the valence values of S and Se decreased. According to the studies on elemental ratio that
decreasing of Cd contents after acid etching, we proposed the generated Cd vacancies

could increase the long pair electrons concentration on S and Se atoms surrounded the Cd

vacancies.
a Cd 3d,, Cd 3dyp i, b S2p S C Se 3d L&
I 4 / X Etched ////,/ \\\\ Etched L ¥ 4 \‘\\ Etched
N 4\ — S g b
-*""/\_‘hc_\;\____ — BELS

!
Raw intensity

Raw ints ty
Raw intensity

T T T T T T T T T T T T r T T T T
416 414 412 410 408 406 404 402 400 168 166 164 162 160 158 15 58 56 54 52
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 4.4 XPS spectra of (a) Cd 3d, (b) S 2p, and (c) Se 3d of the pristine QDs sample
and the 1.0 QDs sample.

Previous results had proved that acid etching influenced the morphologies and
surface states of QD samples. For verifying the effect of Cd vacancies on photocatalytic
reactions, we carried out photocatalytic carbon dioxide reduction test to evaluate the
influence of Cd vacancies on photocatalytic activity. The CdSo.sSeo2 QD samples were
investigated in a DMF solution with triethanolamine (TEOA\) as the sacrificial regent and
proton donor under visible light irradiation in the pyrex cell. The previous work reported
by Fei and coauthor had indicated that the TEOA could donate both protons and electrons
in the photocatalytic carbon dioxide reduction reaction. [40] The system using for activity
test was shown in Figure 4.5. and the results were shown in Figure 4.6. After 6h light
irradiation, the 1.0 QDs system showed the most excellent photocatalytic activity and
selectivity, which produced 118.78 umol CO and 35.28 pmol Hz. The CdS QDs sample
was used for comparison and showed much lower activity (Figure 4.6a) It can be
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concluded that the photocatalytic performance of etched samples exhibited a volcano-
type trending, indicating that the excessive amount of Cd vacancies would suppress the
photocatalytic ability. No other common CO2 reduction products (formic acid, methanol,
CHa, and so on) were detected according to NMR test. (Figure 4.7) We use the cycle test
of the 1.0 QD sample to evaluate the stability, and the etched sample remained 86.2%
activity compared to first test, indicating a good stability. We also use control experiments
to show the reaction type. As shown in Figure 4.6b, there was no CO generated without
the CO2 and TEOA, showing the importance of reactant and sacrificial agent in our
reaction. Furthermore, there was nothing generated without light irradiation or
photocatalyst, indicating that this CO reduction reaction was a photocatalytic reaction.
(Figure 4.6c) The *CO- isotopic test was used to verify the origination of CO. The result
in Figure 4.6d indicated that the product CO originated from CO; because *CO was
detected while no ?CO indicated that CO was not come from organic component in our
system. In addition, we also test apparent quantum yield (AQY) to evaluate the photon
utilization efficiency in our photocatalytic CO- reduction over etched QD. An AQY as
high as 1.66% was reached at the wavelength of 400 nm, indicating a good photon
utilization efficiency among representative works about metal sulfide quantum dots for
CO: photoreduction. (Figure 4.6e) The obtained photocatalytic CO. reduction
performance over 1.0 QDs without any cocatalyst exceeds that of many represent reported
photocatalysts as shown in Table 4.3.

Figure 4.5 The experimental setup for photocatalytic CO> reduction.
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Table 4.3 Comparison of photocatalytic CO and H» evolution rates from CO2 over

different QDs-based photocatalysts.

Photocatalysts | Cocatalyst | Light source | Production | Activity Ref.
Etched N.A. 300 W Xe|CO 19.79 umol™* ht This
CdSo.sSeo. lamp (A>420 | p, 5.88 umol h! work
QDs nm)
ZnSe QDs N.A. AM 1.5G CcO 240 ummol?t ht gt |[26]
H> 960 ummol™* htg?
ZnSe QDs N.A. LED, 2>400 | CO 5.3mmol?thtg? [27]
nm H2 0.02 mmol* htg?
Ni:CdS QDs | N.A. 300W  Xe|CO 9.5 ummol*htg? |[41]
lamp
ZnSe QDs NiCycp AM 1.5G CcoO TONco > 280 [14]
Ho Twice of CO
Production
CdTe QDs Fe?* 300 W Xe|CHs Totally126 ummol? | [42]
lamp co htg?
Hz
CdSe  QDs | NiZ* 300 W Xe|CO 15 pmol* h g7 [43]
Aerogel lamp H> Trace amount
CdS QDs dinuclear | 300 W Xe|CO 4.71 pmol™ ht [44]
cobalt lamp (A >420 | cp, 0.24 umol* h't
complex nm)
CdS QDs nickel L > 400 nm | CO 0.25 pmol? ht [45]
terpyridine | (100 mW | H, 0.02 umol* h't
complexes | cm™2)
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The in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
investigation was conducted to confirm the reaction process. The 1.0 QDs sample was
used as photocatalyst. As shown in Figure 4.6f, the gradually generated peaks centered at
1547 cm™ and 1354 cm™ during the in-situ DRIFTS test are attributed to carbonate-

species. And the peak centered at 1744 cm™ were assigned to the adsorbed formate
(COOH*) species. [46, 47] These peaks indicated a formation of COOH* intermediate
during the photocatalytic CO> reduction process over the 1.0 QDs sample.

120 | ao 120 | CO| 120t co
a ‘ bz c H,
100 100 100
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g 80 L g 80 - 2: Without photocatalyst E 80 |
=4 = 3: Without irradiation 2
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B ®r T 60 5: Without CO, T or
S E] E
o o o
g o o
a 40 o 40 a 40}
20 20 20
0 9 ¢ 1 2 3 4
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Figure 4.6 (a) Reaction activity of each sample, (b) Control experiment and (c) cycle test
over 1.0 QDs sample, (d) GC-MS of CO obtained from photocatalytic reduction of 13CO;
over 1.0 QDs sample, (e) UV-vis DRS spectrum and wavelength-dependent AQY of 1.0
QDs sample, (f) In-situ diffuse reflectance infrared Fourier transform spectroscopy for
the photocatalytic CO> reduction over 1.0 QDs sample.
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Figure 4.7 1H NMR spectrum of reaction solution.

The photocatalytic CO; activity test had proven that the QDs with appropriate Cd
vacancies showed more excellent photocatalytic ability compared to pristine QDs. To
unravel the influence of Cd vacancies, both experimental characterization and theoretical
calculation were carried out. The UV-vis DRS spectra were measured to evaluate their
light absorption abilities and shown in Figure 4.8a. As Cd vacancies generated, the light
absorption region of etched sample become broad, while the band gaps of etched samples
decreased from 2.48 eV to 2.36 eV(by Kubelka-Munk method). Photoluminescence (PL)
emission spectra were shown in Figure 4.8b to analyze the photogenerated electron-hole
pairs recombination ability of as-prepared QDs. The QDs were excited by the light of 380
nm, and obvious peak centered at about 600 nm were observed. The PL intensity of each
sample exhibited the trend as same as that of photocatalytic activity, indicating that the
PL intensity may be key factor influencing the photocatalytic performance. Besides, time-
resolved transient photoluminescence decay (PL decay) spectra were carried out to
analyze the charge carrier lifetime. The 1.0 QDs sample also exhibited the longest lifetime
(t = 2.64 ns) while the 0.5 QDs sample showed the shortest lifetime (Figure 4.8c). The

structural defects have a large influence on the lifetime of the charge carriers, because the
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defects could trap photoinduced charge carriers. [48] Thus, we proposed that the adequate
Cd vacancies could prolong the charge carrier lifetime and endow the QDs lower PL
intensity and better performance for photocatalytic CO2 reduction. However, the
excessive Cd vacancies trapped too many photo-induced electrons, increasing the chance
of charge carrier recombination and lowing the PL intensity. As a result, the 0.5 QDs

showed much lower photocatalytic performance compared to other etched QDs sample.

— Pristine
——1.5QDs
——1.0QDs
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—] 5 ADE
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——0.5QDs
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——1.5QDs
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Figure 4.8 (a) Uv-vis DRS spectra, (b) PL spectra and (c) PL decay spectra of pristine

sample and etched samples.

Above experimental results had proved that introducing Cd vacancies to QDs could
enhance charge carrier separation ability and light absorption ability to improve
photocatalytic activity. In order to reveal the influence on reaction Kinetics, the DFT
calculations were performed. To clarify the effect of Cd vacancies on the kinetics of the
CO:2 reduction reaction on the defective QD surface, we calculated the free energy
diagram based on the adsorption process of the intermediate. First, we optimized the
proton (H) adsorption to elucidate why Cd vacancies can inhibit Hz production and give
high selectivity for the CO> reduction reaction. As shown in Figure 4.9a, the free energy
of H adsorbed on Cd was closest to zero, indicating that Cd was the reaction active site
of H> generation in CdSosSeo2 QD. We then simulated the CO2 reduction reaction
pathway based on the intermediates of the reaction. The previous in situ DRIFT study
had proven the COOH* intermediate generated during the photocatalytic CO> reduction
process, indicating that the photocatalytic CO2 reduction process on our QD samples was
hydrogen-dissociation path. In particular, CO could be reduced to CO through the
following steps: first, the gas phase CO. was adsorbed on the surface of catalyst; second,
the adsorbed CO; (CO2*) generated adsorbed COOH (COOH*) via a proton-coupled
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electron transfer (PCET process); then, COOH* was dissociated to CO* and OH*; finally,
OH* combines with a proton to form H20 and CO* was desorbed from surface to form
gas face CO. Based on the reaction path way, we carried out first principal study on the
CdSo.8Seo.2 cluster model with a Cd vacancy. The optimized models were shown in Figure
4.10. And the reduction of CO. to CO on Cd vacancy showed much lower energy
thermodynamic barrier of 0.58 eV compared to other site, indicating that the Cd vacancy
on CdSo.sSeo.2 model could decrease energy barrier of CO2to CO which is beneficial to
COz reduction. (Figure 4.9b) In order to investigate the interaction between the Cd
vacancies and adsorbate, the Bader charger analysis was carried out to analysis electrons
transfer behavior. The charge transfer amount between adsorbate CO2 and QD were
shown in Table 4.4. We defined the charge shifted from QD to adsorbate as a positive
number. The results showed that when the adsorbate was adsorbed by Cd vacancies, the
electron transfer between them was significantly stronger than that of other positions,
proving that the Cd vacancies generate more lone pairs of electrons due to the absence of
Cd. These long pair electrons could transfer to absorbed CO; to enhance the reduction
reactions. The theoretical research indicated that the introduction of Cd vacancies could
enhance CO; reduction performance by lowing the energy barrier while inhibiting H:
generation. Moreover, the Cd vacancies had more electrons for efficient CO, reduction.
They were the reasons why the introduction of Cd vacancies could enhance the QD’s
activity and selectivity during the photocatalytic CO> reduction process.
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Figure 4.9 (a) H free energy of Cd, S and Se on CdSo.8Seo.» model; (b) Reaction pathways
of CO2to CO on Cd vacancy contained CdSo.gSeg.. model.
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According to experimental and theoretical results, the proposed relationship between
photocatalytic CO» reduction performance and the introduction of Cd vacancies could be
put forward: 1) tailoring light absorption ability and charge carrier separation ability, 2)
act as active sites for photocatalytic CO> reduction and 3) suppress the H> generation
reaction. By introducing Cd vacancies to QDs, the light absorption ability was enhanced,
and the surface Cd vacancies could trap the photogenerated electrons to prolong the
charge carrier lifetime, which was beneficial for the photocatalytic reaction. In addition,
according to the DFT calculations, the generated Cd vacancies could act as active sites
for photocatalytic CO> reduction due to more long pair electrons generated in Se atoms
surrounding the Cd vacancies, which showed the lowest energy barrier in the CO>
reduction reaction. Moreover, the Cd atoms showed the lowest free energy of H*,
indicating that Cd atoms were the favorable active site for H> generation. The removal of
Cd was beneficial for suppressing competitive H> generation reaction to enhance the
reaction selectivity. The proposed mechanism was shown in Figure 4.11, when the light
irradiates the etched QDs, the photo-induced carrier will generate and migrate to the
surface of catalyst, and the excited electrons could be trapped by Cd vacancies. The
remained photogenerated holes would be consummated by oxidizing TEOA to TEOA*.
The Cd vacancies could act as CO2 reduction active sites, and the trapped excited

electrons could transfer to CO- to drive the reduction of CO- to CO.
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Figure 4.10 Optimized models of CO> reduction to CO over (a) Cd site, (b) S site, (Se)

site, and (d) Cd vacancy on Cd vacancies contained CdSo.sSeo.2 quantum dots.

Table 4.4 Charge transfer between surface site to adsorbed CO:..

Sites Cd S Se Cd vacancy

Charge transfer 0.62 0.32 0.11 0.71
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TEOA*

Figure 4.11 Proposed mechanism of CO; reduction to CO on Cd vacancies CdSo.sSeo.2

guantum dots.

4.4 Conclusions

In conclusion, our study demonstrates an efficient photocatalyst of CdSe.sSeo.2
quantum dots with Cd vacancies for CO> reduction under visible light. The Cd vacancies
were generated by a simple acid etching method, and the etched sample exhibited a higher
CO production rate of 19.79 pmol h'tand CO selectivity of up to 77%. Characterization
revealed that the Cd vacancies could extend the light absorption region and reduce the
charge carrier recombination rate. The DFT calculation indicated that the Cd vacancies
reduce the energy barrier of CO, reduction and inhibit Hz generation. These findings
provide guidance for the design and construction of highly efficient catalytic materials

for CO> conversion.
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Chapter 5 Conclusions and future prospects

5.1 General conclusions

In this thesis, the main objective is to construct ternary metal sulfides with suitable
electronic structures and abundant reaction sites by tuning the metal element ratios and
surface defect engineering and applying them to photocatalytic CO2 reduction. The results
of this study provide new insights into the design of metal sulfide based photocatalysts
and highlight the importance of tuning the electronic structure for the photocatalytic
reduction of CO.. The detailed study can be concluded in the following parts.

1. Selective conversion of CO2to CO under visible light by modulating Cd to In ratio: A

case study of Cd-In-S colloidal catalysts

In this part, Cd-In-S colloids samples with different Cd to In ratio were constructed for
high-efficient visible-light-driven CO> reduction. The CO production rate achieved 22.9
umol-ht at the optimized condition when using Co(bpy)s?* as cocatalyst. Furthermore,
an AQY up to 1.75% was reached at a wavelength of 400 nm. The mechanistic
investigation revealed that by the introduction of Cd, both the electronic structure of Cd-
In-S solid solution and the charge transfer behavior between Cd-In-S and cocatalysts
could be modulated, which synergistically determines the overall catalytic performance.
The findings in this work offer a unique insight into the construction and modulation

strategy of bimetallic sulfide-based photocatalysts toward CO- reduction.

2. Nanoscale Ag-In-S quantum dots towards efficient photocatalytic CO> reduction with

Ag/In molar ratio dependent activity and selectivity

In this part, non-stoichiometric Ag-In-S QDs were synthesized as photocatalysts for
efficiency. The introduction of CoBPY into the reaction system not only promotes the
conversion of CO2to CO reaction but also improves the photo-stability of Ag-In-S QDs.
The photocatalytic syngas production rates and the selectivity of CO are strongly
dependent on the Ag to In molar ratios in Ag-In-S QDs, and the 2Ag-In-S QDs sample
with the Ag to In molar ratio of 0.154:1 exhibits the highest CO production rate of 9.20
umol h™t and H, production rate of 3.13 pmol h, which outperform most of the reported
QDs based photocatalysts. The mechanism investigation reveals that the increasing of Ag
to In molar ratios in Ag-In-S QDs leads to the enhanced light absorption ability, the

increased lifetime of photogenerated charge carriers, and the decreased reduction
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potential of electrons, which play competitive roles in the photocatalytic syngas

production reaction.

3. Construction surface vacancies on colloid CdSxSeix quantum dots for efficient

photocatalytic CO> reduction

In this part, an efficient photocatalyst of CdSxSe:1.x quantum dots with Cd vacancies for
CO2 reduction under visible light were demonstrated. The Cd vacancies were generated
by a simple acid etching method, and the etched sample exhibited a higher CO production
rate of 19.79 pmol htand CO selectivity of up to 77%. Characterization revealed that the
Cd vacancies could extend the light absorption region and reduce the charge carrier
recombination rate. The DFT calculation indicated that the Cd vacancies reduce the
energy barrier of CO2 reduction and inhibit Hx> generation. These findings provide
guidance for the design and construction of highly efficient catalytic materials for CO>

conversion.

5.2 Future prospects

Although some achievements have been made in developing efficient metal sulfide for
COz reduction, there are many challenges towards the significant enhancement of

photocatalytic CO- reduction.

(1) Up to now, it is still dramatically challenging to achieve overall photocatalytic CO>
reduction in the current heterogeneous liquid-solid reaction system. The main reason is
that the photogenerated holes left after the photoelectron reaction cannot be easily
consumed. These remaining holes would oxidize the catalyst and cause photocorrosion
of the catalyst if they are not consumed in time. Currently, the common practice is to add
a sacrificial agent to the reaction for small photogenerated holes. However, the oxidation
products of these sacrificial agents are usually complex and of little use, resulting in
considerable waste. To solve this problem, one better approach is to develop novel CO-
reduction photocatalysts with the ability to oxidation of the sacrificial agent to the

specified product.

(2) There are still many possibilities for semiconductor quantum dots to be explored
for photocatalytic CO2 reduction. In our works, we have applied two approaches including
elemental ratio modification and acid etching to modify quantum dots for enhancing

photocatalytic CO> reduction ability. More approaches can be used on quantum dots to
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gain a more understanding of photocatalytic CO> reduction. For example, template
etching QDs, construction of QDs/MOF(COF) structure, and core-shell structure QDs.

(3) Although we have applied the acid-etching method to make surface defects and
achieved high photocatalytic performance, it was still not accurate enough to make
defects. More approaches can be explored, such as hydrothermal synthesis, elemental
doping, and organic etching, to gain more controllable surface defects to promote

photocatalytic CO> reduction.
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